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Preface

Macrophages are potent innate immune cells. In 1882, Elia Metchnikoff first discovered 
them as phagocytes in starfish larvae and the water flea (Daphnia). This discovery 
revolutionized the field of immunology and gave birth to innate immunity. Before this 
discovery, researchers were mainly focused on adaptive immunity (B and T cells). Now, 
macrophages are considered the most plastic cells in the hematopoietic system. They 
are present in every organ and tissue, previously regarded as an immune privilege. 
For example, they are present in the testes, brain (microglia), and eye retina. The liver 
macrophages are called Kupffer cells. The advancement in the biology of macrophages 
has established their role in different areas of biology, including reproduction, embry-
onic development, regeneration, neurosciences, metabolism, immunity, infection, and 
inflammation.

Macrophage biology and its role in different biological processes are ever-changing 
due to advances in the field and new technologies. The book covers the role of macro-
phages in various areas of biology in health and disease.

The book opens with Section 1, “Introduction” which includes the introductory 
chapter describing essential aspects of macrophages in the male and female repro-
ductive system, embryonic development, tissue or organ regeneration, neurological 
learning and behavioral mechanisms, and systemic metabolism. These functions of 
macrophages highlight their role beyond being innate immune cells.

Section 2, “Macrophages in Vertebrate Immunity”, includes seven chapters. Each 
 chapter in this section describes essential aspects of macrophages in vertebrate  biology. 
For example, they play a crucial immune function in lower vertebrates, including 
teleost fish. Other chapters in the section describe the importance of macrophages 
(pulmonary) in acute and chronic lung inflammatory diseases, wound healing, and 
innate immunity, as well as their regulatory role in gastrointestinal muscle layers.

Section 3, “Macrophages in Parasitic Infections,” describes the regulatory role of 
macrophages in parasitic infections. It focuses on macrophages and leishmaniasis 
(Kala-Azar), a protozoan parasitic infection most prevalent in developing countries, 
including India, Brazil, and South Africa.

Section 4, “Macrophages in Bacterial Infections,” focuses on the role of macrophages 
in bacterial infections. This section includes two chapters. The first chapter describes 
the role of macrophages in bacterial periodontitis, and the second chapter describes 
their function in pulmonary tuberculosis. Both these diseases affect a large portion of 
the population worldwide. For example, periodontal diseases affect 20%–50% of the 
global population. Similarly, 1.5 million people worldwide died from tuberculosis in 
2020. Tuberculosis is the 13th leading cause of death in the world.



VI

Section 5, “Macrophages in Viral Infections,” discusses the role of macrophages in viral 
diseases. It includes three chapters. The first chapter discusses macrophage polarization 
during viral diseases, and the second chapter discusses Ebola virus interaction with the 
innate immune system and the third chapter discusses Macrophages and HIV/AIDS 
Pathogenesis.

Section 6, “Macrophages in Neurological Diseases,” includes one chapter that discusses 
the role of macrophages in different neurological disorders, including neurodegenera-
tive diseases.

Section 7, “Macrophages in Breast Cancer,” includes a chapter that discusses 
macrophages in triple-negative breast cancer, their imaging, and their translating 
applications.

Finally, Section 8, “Stem Cells-Derived Macrophages,” includes one chapter that 
examines pluripotent stem cell-derived macrophages, their current applications, and 
future perspectives.

This book provides updated information for biomedical researchers working with 
macrophages in different conditions, including infections, regeneration, wound 
healing, neurosciences, cancer, and stem cell biology. It is a useful resource for 
researchers and scientists in the field.

Dr. Vijay Kumar, Ph.D.
Department of Interdisciplinary Oncology,

School of Medicine,
Stanley S. Scott Cancer Center,

Louisiana State University Health Science Center (LSUHSC),
New Orleans, LA, USA
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Chapter 1

Introductory Chapter: 
Macrophages – More than Sentinel 
Innate Immune Cells
Vijay Kumar

1. Introduction

Elia or Ilya Metchnikoff first described macrophages as phagocytes (eating cells) 
in 1882 in starfish larvae inserted with the tangerine tree thorns and later (1883–1884) 
in Daphnia magna or common water flea infected with fungal/yeast spores due to its 
transparent outer carapace [1–4]. Metchnikoff considered macrophages/phagocytes 
as homeostatic agents of the body, which continuously vigil on foreign invaders and 
maintain the host’s internal environment (homeostasis) and tissue/organ remodeling 
[5]. However, the term phagocytosis or phagocytes (Greek derivative for devouring 
cells) was not introduced by Elia Metchnikoff, instead given by Carl or Karl Claus 
(a German Zoology professor, who invited Elia Metchnikoff to publish his findings 
in his journal in 1883) [6, 7]. Elia Metchnikoff won the Noble prize (Physiology and 
Medicine) for this discovery with Paul Ehrlich in 1908. Thus, macrophages were first 
discovered as phagocytes or devouring cells that engulf any foreign material (size 
≥0.5 μm) entering the host almost 140 years ago [8, 9]. These comprise first innate 
immune cells responding in response to the invasion of the host by foreign particles 
(pathogens, allergens, and xenobiotics). Hence, macrophages are considered one 
of the sentinel innate immune cells of the immune system. They play a crucial role 
in immune homeostasis maintenance, host defense, inflammation, and different 
inflammatory and infectious diseases through different mechanisms (phagocytosis, 
secretion of different inflammatory mediators, and interacting directly with different 
immune (innate and adaptive) and non-immune cells) [10–14]. Hence, macrophages 
are potent innate immune cells with diverse immunological functions. This chapter 
discusses emerging non-immunological functions of macrophages.

2. Macrophages in the human reproduction and reproductive cycle

Macrophages are present in the male (testes) and female reproductive organs/tract 
(ovaries, fallopian tubes, uterus, and vagina) and serve as crucial accessory cells for 
reproduction (Figure 1) [15–17]. In the embryonic life of a male fetus, the yolk-sac 
macrophages regulate testes morphogenesis and vascularization [18]. Further stud-
ies have shown that the macrophage-specific genes/transcription factors Mafb and 
Maf are crucial mediators of morphogenesis and vascularization of testes during the 
embryonic development [19, 20]. The process involves distortion of the myeloid cell 
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ratios (profound increase in gonadal macrophages in the absence of Mafb) as Mafb 
regulates macrophages’ differentiation. The Maf loss causes testicular hypervascu-
larization, defective testis cord formation, deficiency of Leydig cells, and decreased 

Figure 1. 
Macrophages are crucial for different physiological process (sperm production, ovulation, fertilization, 
placentation, embryonic development, regeneration, neurogenesis, learning and memory) other than playing 
crucial role in immune function. Details are mentioned in the text.
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germ cell number [19]. Mafb also regulates the cholesterol efflux in macrophages and 
can control the Leydig cell function by regulating the 2—hydroxycholesterol (25-HC) 
secretion [21]. However, Mafb or macrophages are not crucial for the maintenance 
of spermatogenesis in the adult mice [22, 23]. Notably, the resident macrophages of 
adult testes are the derivatives of embryonic precursors of macrophages (fetal mac-
rophages) under normal conditions, and bone marrow-derived macrophages do not 
infiltrate testes [23]. On the other hand, in postnatal mice, testicular macrophages 
are crucial for steroidogenesis (sex hormone synthesis) by controlling Leydig cell 
proliferation and differentiation in the prepubertal stage [24–29]. For example, 
depletion of interstitial macrophages in testes inhibits Leydig cell development, and 
pro-inflammatory activation of macrophages also inhibits steroidogenesis by Leydig 
cells by producing a lipophilic factor that controls steroidogenesis or testosterone 
production.

The testicular macrophages secrete 25-HC, converted to testosterone by the 
neighboring Leydig cells [30]. However, the overproduction of 25-HC by testicular 
macrophages during infection or other inflammatory conditions impacting the testes 
inhibits the steroidogenic function of Leydig cells. The macrophage and Leydig cell 
interaction details are mentioned elsewhere [31]. The macrophage ubiquitin-specific 
protease 2 (USP2) contributes to the sperm motility, hyperactivation, capacitation, 
and fertilization capacity of the murine sperm, and myeloid-selective USP2 knockout 
(msUSP2KO) mice sperm has a decreased mitochondrial membrane potential for 
ovum fertilization [32]. The treatment of sperms derived from msUSP2KO mice with 
granulocyte macrophage-colony stimulating factor (GM-CSF) rescued their potential 
for fertilizing the ovum. Thus, testicular macrophages regulate steroidogenesis, 
spermatogenesis (maintenance of spermatogonial niche in adult testes), sperm motil-
ity, capacitation, and in vitro fertilization of mouse sperm that are crucial for sexual 
reproduction in mammals, including humans (Figure 1) [33–35]. Hence, testicular 
macrophages (peritubular macrophages) are close to peritubular myoid cells in 
seminiferous tubules where spermatogenesis takes place, and interstitial macrophages 
are located within the testicular interstitium in close contact with Leydig cells crucial 
for male reproductive function.

Macrophages are abundant in the mesenchymal and connective tissue stroma of 
the gravid and non-gravid uterus, comprising the necessary amount of villous or 
labyrinthine mesenchymal cells of human and mouse placenta (Figure 1) [36, 37]. 
The large (10–30 μm) human placental macrophages present in the fetal villi of the 
placenta (from the first trimester until birth) are called Hofbauer cells and maintain 
placental and fetal development and homeostasis (Figure 1) [38]. Thus, placental 
macrophages are composed of two different populations: (1) decidual macrophages 
and (2) Hofbauer cells [39]. Detailed ontogeny and function of placental macro-
phages have been discussed elsewhere [40, 41]. Recently identified, three different 
subsets of macrophages (CCR2−CD11clow, CCR2−CD11chi, and CCR2+CD11chi) express 
CD45 and CD14 differently in the human uterus during early pregnancy maintain 
maternal-fetal homeostasis [42, 43]. In the absence of pregnancy, these uterine or 
endometrial macrophages play a crucial role in menstruation and the maintenance of 
tissue integrity to prepare the uterus for reproductive events, including fertilization 
and implantation (Figure 1) [44]. However, the macrophage number varies (1–15%) 
in the endometrium depending on the stage of the menstrual cycle [45]. The number 
of macrophages also increases in the uterus and cervix preceding the parturition, 
indicating their involvement in childbirth through releasing several biological media-
tors [46]. A recent human study has indicated that women with recurrent pregnancy 
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loss have alternatively activated CD45+CD14+ICAM3− macrophages expressing low 
levels of CD209 and CD206 expression and have high expression of TNF-α in their 
proinflammatory CD45+CD14+CD80+HLA-DR+ macrophages in their uterus at the 
maternal-fetal interface [47]. Hence, any imbalance in the uterine/decidual macro-
phages in human females and in experimental mammals prevents pregnancy/blasto-
cyst implantation and induces recurrent pregnancy loss [48, 49].

In addition to the uterus and placenta, macrophages are also present in the ovary 
and regulate the ovarian cycle (ovulation, corpus luteum formation, and luteolysis) 
through different processes, including the phagocytosis of the apoptotic cells and 
the release of different mediators (Figure 1) [50, 51]. The details are beyond the 
scope of this introductory chapter and have been discussed elsewhere [50, 51]. The 
macrophage-derived multinucleated giant cells increase in the ovaries of aged mice 
indicating ovarian aging and a decline in its reproductive potential or ovum produc-
tion and release [52]. Of note, in aged male mice, the testicular macrophages show 
lipofuscin granule accumulation and altered morphology that are absent in testicular 
macrophages of young adult mice [53]. The lipofuscin granule accumulation in the 
testicular macrophages of aged mice occurs due to altered metabolism but not due to 
its phagocytosis.

Further studies are required to indicate the role of testicular macrophages in the 
event of andropause. However, the expression of transient receptor potential vanilloid 
2 (TRPV2, a cation channel) increased in CD206+MHC II+ testicular macrophages 
of aged mice due to inflammaging in the testes microenvironment may play a crucial 
role in andropause [54]. The TRPV2 expression affects the phagocytic potential 
of macrophages by controlling cytosolic Ca2+ levels and their motility [55–57]. In 
addition, aging impacts Leydig cell functions, including steroidogenesis (testosterone 
synthesis), and testicular interstitial macrophages are crucial in affecting these cells 
[58]. Hence, macrophages are crucial for sexual reproduction and developmental 
process.

3. Macrophages in organ and tissue regeneration

Abraham Trembley, a naturalist in the eighteen century, gave the idea of regenera-
tion and wanted to know about the process responsible for regressing the heads of 
hydra and earthworms [59]. Hence, the regeneration process involves regressing the 
lost tissue or organ in animals when they lose it. However, some animals (planarians 
(a class of flatworms considered masters of regeneration and can rebuild any body 
part once it is lost or cut) and cnidarians) are considered immortal under the edge 
of a knife [60–62]. Amphibians, including salamanders and axolotls, also regenerate 
their body parts [63]. In reptiles, regeneration is proper for lizards, geckos, and igua-
nas as they regenerate their lost tails, but it is not valid for snakes and crocodiles [64]. 
Birds can regenerate their lost mechanoreceptive sensory (auditory) hair cells in the 
inner ear responsible for hearing that is absent in mammals [65, 66]. Hence, the loss 
of auditory hair cells in humans leads to permanent deafness. In humans, liver and 
cardiac muscle cells have the power of regeneration only. Hence, the loss of auditory 
hair cells in humans leads to permanent deafness. In humans, liver and cardiac muscle 
cells only have the power of regeneration. The biology of regeneration is beyond the 
scope of this chapter.

Macrophages also play a crucial role in the process of tissue or organ regenera-
tion (Figure 1). For example, macrophages have been shown to play a crucial role in 
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the regeneration process in Salamanders (Figure 1) [67]. In these organisms, their 
recruitment at the site of limb amputation peaks around 6 days after the amputa-
tion in response to the profound release of macrophage chemoattractants [68]. 
Even heart regeneration in salamanders requires macrophage infiltration, which is 
essential for fibroblast activation and the extracellular landscape without affecting 
cardiomyocyte proliferation [69]. Macrophage depletion prevents heart regeneration 
and induces fibroblast activation, and alters collagenase deposition and arrangement 
process that may lead to fibrosis, a condition that may lead to organ malfunction and 
mortality [69, 70]. The details of macrophage function in tissue and organ (skin, 
heart, and liver) regeneration in mammals, including humans, have been described 
elsewhere [71–75].

4. Microglia or brain macrophages in neurogenesis, learning, and memory

Microglia are resident brain macrophages of the central nervous system (CNS), 
which solely originate from the embryonic yolk sac erythromyeloid precursors under 
normal conditions, which also give rise to macrophages in other tissues and organs 
[76, 77]. Of note, adult hematopoietic progenitors do not significantly contribute to 
the maintenance of microglia in the adult brain. In addition to their primary function 
as local innate immune cells of the brain and the maintenance of brain homeostasis, 
microglia also play a crucial role in neurogenesis, learning, and memory [78–80]. 
Recent studies have suggested the role of microglia in brain development or neuro-
genesis (Figure 1), and their dysregulation induces different neurodevelopmental 
diseases and other neurological diseases later in life [81–83]. The activation of the 
phosphatidylinositol 3-kinase (PI3K)/protein kinase B or AKT (PI3K-AKT) signaling 
pathway in microglia is crucial for inducing neurogenic protein expression in primary 
cortical cells [84]. For example, microglia in the CNS control synaptic pruning, which 
is crucial to promote synapse formation and the regulation of neuronal and synaptic 
plasticity via different signals involving complement proteins and CX3CR1 signaling 
[85, 86]. The microglia-based regulation of synaptic pruning, plasticity, and neuronal 
activity is beyond the current chapter’s scope and has been discussed in detail else-
where [87].

Deleting the circadian clock gene Bmal1, specifically in mice’s microglia (the circa-
dian clock regulates their function), increases their learning potential and memory in 
mice fed a high-fat diet [88]. On the other hand, the microglia-specific brain-derived 
neurotrophic factor (BDNF) depletion promotes working memory and stimulates 
neural precursor proliferation following traumatic brain injury (TBI) [89]. However, 
under normal conditions, BDNF depletion, specifically from microglia, impairs mem-
ory and reduces motor-learning-dependent synapse formation [90]. Thus, microglia’s 
memory and synaptic plasticity function vary with the brain’s homeostatic alteration. 
Further studies have shown that the repopulation of microglia in the rat brain after 
their depletion significantly improves their learning and memory performance [91]. 
Of note, microglia depletion does not impact short-term memory in rats acutely.

The microglia also regulate learning and memory through IL-33 (expressed in 
adult hippocampal neurons and also secreted by astrocytes) as they express IL-33 
receptor (IL-33R) along with controlling spine plasticity, synapse homeostasis during 
CNS development, newborn neuron integration, and remote fear memories [92, 93]. 
The IL-33 binding to the microglial IL-33R induces uptake of extracellular matrix 
(ECM), and its loss causes over-accumulation of ECM in contact with synapses 
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that affect synaptic plasticity and memory. Microglia inhibition in rodents with 
neurodegenerative diseases, including Alzheimer’s disease (AD) and other neuroin-
flammatory conditions with minocycline (a centrally penetrant tetracycline antibi-
otic), affects long-term potentiation (LTP), synaptic plasticity, neurogenesis, and 
hippocampal-dependent spatial memory [94–97]. However, the treatment with mino-
cycline impairs human spatial and temporal memory by disrupting striatal processing 
[98]. Hence, modulating the microglial function in humans is not a straightforward 
approach and is a two-edge sword to restoring memory and learning associated with 
different neurodegenerative diseases. The details of microglia in neurogenesis, learn-
ing, and memory are mentioned elsewhere [87, 99–101].

5. Macrophages regulating systemic metabolism

Metabolism plays a crucial role in the organism’s well-being and homeostasis. The 
disruption in the metabolic pathways through different factors (including intake of 
high-calorie or high-fat diet, lack of exercise, insulin tolerance, and different genetic 
factors) in individuals predispose them to type 1 or type 2 diabetes mellitus (T1DM 
or T2DM), obesity, hypertension, and atherosclerosis. However, the potential pro-
inflammatory action of macrophages in the pathogenesis of metabolic syndrome 
(obesity, insulin resistance, T2DM, atherosclerosis) has been well studied and 
established due to their direct involvement in the pathogenesis of inflammation 
and inflammatory diseases [102–105]. This section is not intended to describe the 
immunological function of macrophages in metabolism but to discuss their non-
immune role in regulating systemic metabolism.

The anti-inflammatory drugs show a modest effect on metabolism, as shown by 
many clinical trials that indicate the limited impact of inflammation on the metabo-
lism [106, 107]. However, the depletion of liver macrophages (LMs) or Kupffer cells in 
obese mice affects their metabolism and improves fatty liver, indicating their role in 
insulin sensitivity [108–110]. Notably, the pro-inflammatory phenotype of LMs does 
not play a significant role in obesity and insulin resistance in flies, mice, and humans 
[111]. Instead, LMs produce non-inflammatory insulin-like growth factor-binding 
protein 7 (IGFBP7) that directly controls liver metabolism. The IGFBP7 released from 
LMs binds to the insulin receptor, which induces lipogenesis and gluconeogenesis by 
activating extracellular-signal-related kinase (ERK) signaling [111]. Hence, LMs con-
tribute to systemic metabolism and associated diseases independent of their immune 
functions. Thus, the discovery of other non-immune factors in other macrophages, 
including adipose-tissue macrophages (ATMs) in obese people controlling systemic 
metabolism, may serve as a better therapeutic approach where their inflammatory 
role is secondary in the pathogenesis. Further studies are required in this direction.

6. Conclusion

Macrophages are first discovered as phagocytic innate immune cells. After 140 years 
of their discovery, they are ruling the world of immunology as a potent innate immune 
cell in almost every organ. They are present in even organs considered previously 
devoid of immune cells (brain, testes, and retina). Along with potent innate immune 
cells, which protect the host from foreign invasion, they also control the adaptive 
immune response by serving as potent antigen-presenting cells (APC). In addition, 
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they also serve as potent immune cells, which control different non-immune func-
tions (reproduction and embryonic development, regeneration, neurogenesis, and 
neurological functions, including learning and memory and systemic metabolism) 
that I have described in this chapter. Thus, macrophages are not only the body’s guards 
against pathogens but also maintain homeostasis through different mechanisms via 
controlling different biological functions varying from reproduction to regeneration 
and from metabolism to learning and memory. Thus, after 140 years of their discovery, 
macrophages sit over the top in immunology and biology.

© 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 2

Macrophage: A Key Player of 
Teleost Immune System
Ragini Sinha

Abstract

Fish, the free-living organisms, residing in aquatic environment, are earliest  
vertebrates with fully developed innate and adaptive immunity. Immune organs 
homologous to those of mammalian immune system are found in fish. Macrophages 
are best known for their role in immunity, basic function of which being cytokine 
production and phagocytosis. Due to environmental adaptation and whole genome 
duplication, macrophages in teleost are differently modulated (pro-inflammatory, 
M1-type, and anti-inflammatory/regulatory, M2-type) and perform a variety of 
different functions as compared with those of mammals. Phagocytosis is a major 
mechanism for removing pathogens and/or foreign particles in immune system and 
therefore is a critical component of the innate and adaptive immune system. One of 
the most competent phagocytes in teleost is found to be macrophages/monocytes. 
Increasing experimental evidence demonstrates that teleost phagocytic cells can rec-
ognize and destroy antigens to elicit adaptive immune responses that involve multiple 
cytokines. A detail understanding of teleost macrophages and phagocytosis would 
not only help in understanding the immune mechanism but will also help in disease 
prevention in teleost.

Keywords: inflammatory response, cytokine production, macrophages, phagocytosis, 
teleost

1. Introduction

Fish, the first vertebrate group, appeared in evolution after adaptive radiation 
during the Devonian period, presenting the most successful and diverse group of ver-
tebrates. Importantly, immune organs homologous to those of the mammalian system 
are found in fish. This population possesses complicated innate immune networks 
and are the earliest vertebrates that have fully developed both arms of the immune 
system, i.e., innate and adaptive immunity [1]. Macrophage lineage cells are integral 
to fish immune responses like any other vertebrate, and hence, recent fish immunol-
ogy research focuses on fish macrophage biology. Macrophages are one of the most 
important immune cells that bridge the innate and adaptive immunity. It plays a 
crucial role in tight regulation of immune response by secreting different immune 
mediators [2, 3]. Macrophages are present in most animal tissues and play crucial 
roles in host protection and homeostasis. They are known by different names such as 
amebocytes, hemocytes, coelomocytes, granulocytes, monocytes, and macrophages, 
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but have similar morphology and comparable functions [4–6]. Due to whole genome 
duplication and environmental adaptation, teleost monocyte/macrophages possess 
a variety of different functions and modulation compared with those of mammals. 
The basic functions of macrophages are production of cytokines and phagocytosis 
in vertebrates. Monocytes give rise to macrophages during inflammatory conditions 
in both mammals and fish [7]. Macrophages play multiple roles in immune system. 
Macrophages are potent innate immune cells, which exert a crucial antimicrobial 
defense through phagocytosis and release of different antimicrobial mediators, 
including reactive oxygen and nitrogen species (ROS and RNS). Additionally, they 
also serve as professional antigen presenting cells (APCs) to activate the adaptive 
immune system (T and B cells) [8]. Macrophages pose the phagocytic activity, which 
is the initial step in the immune response in fish and is the major line of defense for 
all foreign material, including pathogenic agents [9]. Measurement of macrophage 
activation serves as a bio-indicator and reveals the impact of environmental stress as 
well as chemical contamination of the aquatic bodies.

2. Development of macrophages

Teleost blood cell development occurs within primitive waves of hematopoiesis 
[7]. In mammals, macrophages are predominantly derived from the hematopoietic 
precursors born in the yolk sac (YS) and the aorta-gonad-mesonephros (AGM) where 
embryonic and adult hematopoiesis occurs [10–14]. Likewise, macrophages originate 
from the rostral blood island (RBI) and ventral wall of dorsal aorta (VDA), the fish 
hematopoietic tissue equivalent to the mammalian YS and AGM for myelopoiesis, 
respectively [15–19]. During primitive hematopoiesis, embryonic mesoderm becomes 
committed to produce monopotent hematopoietic precursors in the rostral blood 
island that give rise to macrophages [20–22]. Following monopoiesis, first multilin-
eage progenitor cells arise, known as erythromyloid progenitors (EMPs), which can 
develop into both erythroid and myeloid cells. Later, a population of hematopoietic 
stem cells (HSCs) arises in the AGM. The existence of renal marrow-derived HSCs has 
been documented in both zebrafish and ginbuna carp [23, 24]. The progenitor cells 
that are found in the kidney have been shown to be able to differentiate into erythro-
cytes, lymphocytes, thrombocytes, granulocytes, and monocytes. Monocytes mainly 
exist in the bone marrow, blood, and spleen. They can differentiate into inflammatory 
macrophages and dendritic cells during inflammation [25, 26]. Macrophages reside in 
a variety of tissues including lymphoid and non-lymphoid ones. Until recently, tissue 
macrophages were believed to arise from circulation monocyte precursors in response 
to different stimuli [27]. Recent evidence by fate-mapping blood cell lineages suggests 
that contribution of monocytes is limited in maintaining the population of tissue 
macrophages. Instead, tissue macrophages are “seeded” during primary haematopoie-
sis and self-maintain the resident population like that of the mammals [28–30]. There 
is a specific group of cytokines that act as hematopoietic group of cytokine, which can 
regulate the development of multiple cell lineages and can act individually or concur-
rently to stimulate a specific response. Hematopoietic cytokines are produced by a 
variety of cell types, which can act in paracrine, endocrine, juxtracrine, or autocrine 
manner on the target cells for their renewal and development [31, 32]. Cytokine 
sensitivity is determined by a complex regulatory network, a hematopoietic cytokine 
may induce different developmental changes in different circumstances. Specific cell 
lineage can be responsive to certain cytokines.
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3. Role of transcription factor in macrophage development

The regulation of hematopoiesis is carried out in and orchestrated manner 
involving cell-cell and cell-extracellular matrix. Transcription factors play a critical 
role in determining the fate of development of macrophages. Transcription factors 
are DNA-binding proteins that recognize specific domains. Improper expression of 
transcription factors and activity results in serious consequences within the hemato-
poietic system including inhibition of proliferation [33, 34]. Synergistic interactions 
between transcription factors are generally required for the activation of specific 
genes. Apart from that, negative interaction between transcription factors is also 
necessary for the control of hematopoiesis [31].

3.1 Role of colony-stimulating factor-1

Macrophage colony-stimulating factor-1 (CSF-1) is an important growth and 
differentiation factor of both fish and mammalian macrophages [35]. The survival, 
proliferation, differentiation, and functionality of most of the macrophage lineage 
cells are governed by CSF-1 through binding to its cognate receptor (CSF-1R). 
CSF-1R is expressed exclusively on committed myeloid precursors and derivative 
macrophage populations [36–42]. CSF-1 has recently been identified in several fish 
species including trout [43], zebrafish [43], and goldfish [43, 44]. Recombinant trout 
CSF-1 was found to promote the proliferation of trout head kidney leucocytes [43]. 
Reports suggest that the recombinant goldfish CSF-1 (rg-CSF-1) induced chemotactic 
response and enhanced antimicrobial functions of macrophages. It plays a central 
role in regulation of goldfish pro-inflammatory macrophage responses [35]. Many 
teleost fish species have two distinct CSF-1 genes (CSF-1.1 and CSF-1.2) [43], which 
happen to work by upregulating pro-inflammatory components [45, 46]. A variety 
of cytokines can induce the production of CSF-1 by monocytes and macrophages, 
such as GM-CSF [47], TNF-α [48], IL-1 [49, 50], and INF-γ [51, 52]. The capacity of 
monocyte/macrophages to produce CSF-1 suggests that these cells can auto-regulate 
their own proliferation and functions [31]. CSF-1 also stimulates the production 
of several cytokines including G-CSF, GM-CSF, IL-1, IL-6, IL-8, and TNF-α and 
interferons [38, 53]. Cyprinid fish produce a soluble CSF-1 receptor (sCSF-1R) that 
downregulates their pro-inflammatory responses by reducing available soluble 
CSF-1. The sCSF-1R is produced by mature macrophages and not by monocytes 
and efficiently removes a variety of inflammatory events including macrophage 
chemotaxis, phagocytosis, and production of ROS intermediates and recruitment 
of leukocytes [54]. Circulating CSF-1 can effectively be cleared by the process of 
CSF-1 receptor-mediated internalization followed by intracellular destruction of the 
growth factor. Liver and splenic macrophages have been demonstrated to be capable 
of absorbing approximately 94% of the circulating CSF-1 [55, 56]. Adding CSF-1 to 
primary cultures has proven to increase the longevity of the cultures and can drive 
the culture from a heterogeneous population of progenitor monocyte and macro-
phage cells, toward a homogeneous population of macrophages [57].

4. Activation of macrophages

Macrophage activation occurs under various intracellular as well as environ-
mental influences. Based on the activation cue and the following effector functions, 



Macrophages - Celebrating 140 Years of Discovery

22

macrophages have been broadly classified in two types: classically activated macro-
phages (M1) induced in a T helper 1 (TH1) cytokine environment and alternatively 
activated macrophages (M2) induced in a T helper 2 (TH2) cytokine environments 
[58]. In a different terminology, M1 macrophages have been termed to be “inflamma-
tory,” whereas M2 macrophages have been termed to be “healing” in nature. There 
have been studies indicating four different phenotypes of macrophages, which are 
innate activated, classically activated, and alternatively activated and regulatory 
macrophages. Classically activated macrophages present higher respiratory burst 
activity and iNOS expression as compared with innate activated macrophages [59]. 
Macrophages that are activated by microbial stimulus and innate danger signals 
without any influence of adaptive immune cells lead to the formation of the M1 popu-
lation [5, 59]. M2 macrophages that form in the presence of TH2 cytokines can again 
be classified into three groups: activated by IL-4/IL-13 or M2a macrophages [60], 
stimulated by Toll-like receptor (TLR) ligands in combination with second signal or 
M2b, developed in response to IL-10 or M2c [60].

4.1 M1 macrophage activation

Innate activation of M1 macrophages is induced by microbial stimulus, which 
can be detected by various receptors on the macrophage surface [61]. These micro-
bial stimuli can activate macrophages through a large array of pattern recognition 
receptors (PRRs) [62]. Fish species poses a wide variety of PRRs both putative 
mammalian orthologues and fish-specific family members [63] and can be activated 
in the absence of exogenous cytokines. M1 macrophages are induced by pathogen 
associated molecular patterns (PAMPs) such as lipopolysaccharides (LPSs), a major 
component of outer membrane of Gram-negative bacteria [5, 6]. A number of 
publications show that in vitro stimulation of fish macrophages with LPS leads to 
increased respiratory burst activity and increased secretion of pro-inflammatory 
cytokines [64]. Classically activated macrophages require a microbial stimulus 
plus the presence of the cytokine INFγ (Figure 1) [65]. INFγ has been sequenced 
in fugu [66], rainbow trout [67], zebrafish [68], Atlantic salmon [69], catfish [70], 
common carp [71], goldfish [72], Atlantic cod [73], and flounder [74]. Certain fish 
species possess two distinct types of INFs. Both the isoforms, initially named INFγ1 
and INFγ2, contain typical INFγ motifs and are now referred to as INFγ- related 
(INFγrel) and INFγ, respectively [75]. In carp and in grass carp, both isoforms are 
regulated by different stimuli [71, 76], in vivo bacterial infection in zebrafish embryo 
indicated that INFγ and INFγrel act partly redundantly, they have largely overlap-
ping functions [77]. Goldfish INFγrel induced significantly higher phagocytosis and 
nitrite production in monocytes and macrophages, respectively, when compared 
with INFγ [72]. Research studies suggest that most probably INFγrel proteins are 
antiviral proteins without direct effects on M1/M2 polarization in fish [78]. It is 
particularly notable that certain teleosts possess two INFγ-receptor-binding chains 
(IFNGR1-1 and IFNGR1-2) in comparison to other vertebrates that have a single INFγ 
receptor 1 (INFGR1) [72, 79, 80]. These suggest that fish have adopted very unique 
strategies surrounding their M1 activation cytokine system. INFγ as a combination 
stimulus with LPS induces inflammatory M1 population. These macrophages show 
higher respiratory burst activity and nitric oxide synthase expression [62].

Classically activated macrophages are induced by a combination of INFγ and 
TNFα [81, 82]. Like its mammalian counterpart, teleost TNFα is one of the mark-
ers of M1 macrophages [83, 84]. Multiple isoforms of TNFα have been found in a 
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variety of fishes. These isoforms have been shown to enhance inflammatory gene 
expressions, macrophage chemotaxis, and phagocytosis [85–96]. Functional evalu-
ation of fish TNFα has discovered some contradictory results. In some fish species, 
recombinant TNFα (rTNFα) was found to hardly activate macrophages [97–99], 
whereas the trout and goldfish TNFα1 and 2 are shown to be active in macrophages 
[87, 100]. Two different TNF receptors have been found in goldfish, namely TNF-R1 
and TNF-R2, which bind the goldfish TNFα1 and TNFα2 in a homodimeric confor-
mation unlike the trimeric conformations of mammalian TNF ligands and receptors 
[101]. The bacterial LPS readily induces the TNFα gene expression, which in turn 
plays a major role in polarizing the macrophages [99, 102]. From different studies it 
is clearly understood that fish possess a well-defined M1 polarization upon microbial 
stimuli.

Figure 1. 
M1 and M2 macrophage activation.
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4.2 M2 macrophage activation

M2 macrophages also known as alternatively activated macrophages can be 
generally characterized as having “anti-inflammatory” or “pro-healing” phenotypes 
(Figure 1) when developed in the presence of TH2 cytokines IL-4 and/or IL-13 [103]. 
To date, at least two genes have been identified in fish that share homology with both 
the mammalian IL-4 and IL-13 cytokines (IL-4/13A and IL-4/13B) [104] even though 
variable number of copies of these genes are present in different fish due to genome 
duplication events [105]. Of the two may be IL-4/13A shows complete synteny 
with other genes in TH2 cytokine complex [106]. There is a common homodimeric 
receptor subunit called IL-4Rα for both cytokines (IL-4 and IL-13) found in mam-
malian vertebrates [107], paralogues of which, IL-13Rα1 and IL-13Rα2, have also 
been identified in teleosts [108, 109]. Teleost recombinant IL-4/13A and IL-4/13B 
have anti-inflammatory roles including upregulation of immunosuppressive genes 
(TGF-β, IL-10, SAP1, and SOC3) and downregulation of pro-inflammatory cytokine 
gene expressions (TNFα, IL-1β, and INFγ) [110–112]. These M2 macrophages show 
increased arginase activity. In M1 macrophage, the iNOS enzyme converts L-arginine 
to L-cutrulin and NO. By contrast, in M2 macrophages, the enzyme arginase, a 
manganese metallo-enzyme, converts L-arginine to L-ornithine and urea [113, 114]. 
Mammals possess two arginase isoforms including arginase-1 located in cytosol and 
arginase-2 located in mitochondria [115]. Teleosts possess both the forms arginase-1 
and arginase-2, which are found to be mitochondrial forms unlike that of their 
vertebrate counterparts. In carp, arginase-1 gene expression was found mainly in 
the mid kidney, whereas arginase-2 expression was found in all organs with the liver 
having the maximum expression [116]. Under stimulation of exogenous cAMP, carp 
head kidney-derived macrophages show upregulation of arginase-2 but not arginase-1 
expression, suggesting that arginase-2 might be an excellent marker of M2 macro-
phages in fish.

M2 macrophages that are deactivated by glucocorticoids or by cytokines such as 
TGF-β or IL-10 are also referred to as regulatory macrophages. Glucocorticoids dif-
fuse across plasma membrane and alter the expression of immune-related genes [60]. 
It has been shown to be a strong inhibitor of NO production in goldfish macrophages 
[117] and increases fish susceptibility to diseases due to its immunosuppressive nature 
[118–120]. Grass carp recombinant IL-10 and recombinant TGF-β1 have found to 
attenuate LPS-stimulated inflammatory gene expressions in monocyte/macrophages 
[121]. The goldfish TGFβ downregulates the nitric oxide response of TNFα-activated 
macrophages [122]. Mammalian IL-10 functions through IL-10R1 and IL-10R2 lead-
ing to activation of STAT3 [123]. Similar to mammalian IL-10, carp IL-10 acts through 
a signaling pathway involving phosphorylation of STAT3 and leading to upregulation 
of SOCS-3 expression [124]. An IL-10R1 has been found in zebrafish, goldfish, and 
grass carp [125, 126], whereas IL-10R2 has been found in rainbow trout [127]. These 
cytokines demonstrate an evolutionary conserved role in fish immunology.

5. Function of macrophages

Macrophages and monocytes serve as professional phagocytes in fish [128]. 
Phagocytosis is a specific type of endocytic process by which cell engulfs solid partic-
ulate targets. These solid particles (including microbial pathogens) are internalized to 
form phagolysosome followed by antigen degradation [129–132]. Phagocytosis plays 
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an essential role of linking the innate and adaptive immune response in vertebrates. 
It is well established that fish have both the innate and adaptive immune system in 
which macrophages happen to play a crucial role. The phagocytic mechanism depends 
on recognition of the foreign particle by cell surface receptors and killing by oxygen 
radicals [133, 134]. Phagocytosis plays a crucial role in the macrophage inflamma-
tory immune response through hydrophobic interaction between the phagocytic 
membrane and the target particles. The multiple receptors present on the phagocyte 
can recognize their targets coated with opsonin molecules and form the phagosome 
by engulfing them [135]. Lysosome then fuses with the phagosome to form the 
phagolysosome, the vesicles in which the internalized microbes would be killed and 
degraded. Potent antimicrobial compounds including degradative enzymes (prote-
ases, nucleases, phosphatases, lipases) and antimicrobial peptides (basic proteins and 
neutrophilic peptides) are generated by active phagocytes, which help in destruction 
of the phagocytosed pathogens [136–141]. Both M1 and M2-type macrophages form 
phagolysosomes. Reports suggest that M1 macrophages form a phagosome with 
relatively neutral pH as compared with M2 macrophages that form phagosomes with 
acidic pH [142]. Macrophages are known to be “professional” phagocytes along  
with polymorphonuclear cells (PMNs), monocytes, and dendritic cells in vertebrates. 
Apart from this, some “amateur” phagocytic cells (epithelial cells, fibroblasts, and 
B lymphocytes) show a lower degree phagocytic activity [129, 143]. Research sug-
gests that succinate is critical in controlling phagocytosis in macrophages. Exogenous 
methyl-succinate was found to enhance phagocytosis, pro-inflammatory cytokine 
production, and expression of phagocytic genes [46].

The destruction of the internalized microorganism occurs by robust production 
of ROS (reactive oxygen species) by active macrophages. The multi-component 
enzyme NADPH assembles on the phagosome membrane during macrophage respira-
tory burst, which transfers electrons from NADPH to molecular oxygen-producing 
superoxide anion [144]. The functional sites of fish and mammalian NADPH oxidase 
are highly conserved. All of the components of NADPH oxidase have been found in 
teleosts, and fish ROS generation has been well documented following PAMP stimula-
tion [145–148] and antimicrobial responses [149, 150].

Classically activated M1 macrophages abundantly express high levels of inducible 
nitric oxide synthase enzyme iNOS, which catalyze the conversion of L-arginine to 
L-citruline, resulting in the production of nitric oxide (NO) [151]. iNOS serves as a 
marker of M1 macrophage and is upregulated in response to INFγ, TNFα, and microbial 
compounds [82]. The fish iNOS has been characterized with marked similarity to the 
mammalian enzyme counterpart. The fish iNOS gene expression is induced by antimi-
crobial and inflammatory stimuli including cleaved transferring products [152, 153]. 
iNOS plays an important role in protection of fish from a variety of pathogens.

Another hallmark of M1 macrophages is upregulation of the expression of 
indoleamine2,3-dioxygenase (IDO) enzyme that depletes local tryptophan levels 
[154]. Tryptophan degradation produces certain metabolites that may inhibit T cell 
proliferation. Teleost IDO is less effective in tryptophan degradation as compared 
with their mammalian counterparts [155].

6. Conclusion

Teleosts are found throughout the world and are highly susceptible to variations 
caused by natural as well as man-made external changes, which affect their immune 
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system. Macrophages are one of the basic immune cells found in teleosts like their 
mammalian counterparts, which play a crucial role in bridging the innate and adap-
tive immunity in fish. Macrophages of teleost fish exhibit many functions from that 
of homeostasis to host immune defense. They possess the phagocytic activity, which 
is initial step of defense in fish immunity. Measurement of macrophage activation 
serves as a bioindicator of fish health. Teleosts have shown to have different macro-
phage polarizations (M1 and M2) pathways under different stimuli, which provides a 
great support in understanding the evolutionary development of fish immune system. 
Despite having multiple isoforms of key macrophage cytokines in fish, functional 
studies of these have been limited. Whole-genome duplication events are responsible 
for the availability of multiple isoforms of immune mediators in different fish [156]. 
A greater understanding of teleost macrophages and their function with growing 
genetic resources would help widely in deciphering the minutes of fish immune 
system and its evolutionary linkage with that of their mammalian counterparts.
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Abstract

Macrophages are critical effector cells of the innate immune system that play 
central roles in the initiation and resolution of inflammation. They mediate resis-
tance in response to pathogens and “danger” signals mainly through phagocytosis. 
Macrophages and other cells co-operate and complement one another in host defense. 
As innate immune cells, they also contribute to the initiation of adaptive immune 
responses. Therefore, appropriate activation of macrophages would aid effective 
immune response in curbing many infections. This chapter explores how the interac-
tion and roles of macrophages influence outcomes during infections. It is expected 
that understanding these fundamental mechanisms may help stimulate research to 
exploit macrophages for therapeutic benefits.

Keywords: macrophage, phagocytosis, infection, innate immunity

1. Introduction

Macrophages are effector cells of the innate immune system that play central 
roles in the initiation and resolution of inflammation. They secrete a wide range 
of cytokines, chemokines, and antimicrobial mediators in response to pathogens 
and “danger” signals largely through phagocytosis [1]. Additionally, macrophages 
eliminate diseased and damaged cells and present antigens to activate the acquired 
immune system. Macrophages differentiate from hematopoietic stem cell-derived 
monocytes and embryonic progenitor cells. However, tissue macrophages mainly arise 
from the embryonic yolk sac and occur at sites of primary pathogen exposure [2–5]. 
Macrophages exist in the tissues of vertebrates, and phenotypes respond differently to 
different stimuli to direct the immune response. They are critical for the commence-
ment of inflammatory responses. Pattern recognition receptors (PRRs) on the surface 
of macrophages recognize pathogen-associated molecular patterns (PAMPs), danger-
associated molecular patterns (DAMPs) and as a result, activate intracellular signal-
ing cascades for host defense. Pattern recognition receptors such as mannose receptor, 
dectin-1, scavenger receptors, dendritic cell-specific intercellular adhesion molecule-
3-grabbing nonintegrin, toll-like receptors in macrophages recognize pathogens and 
initiate phagocytosis [6]. Plasticity and functional polarization are characteristics of 
macrophages. Macrophages exist in two different functional phenotypes: classically 
activated or M1 macrophages and alternatively activated or M2 macrophages. The M1 
are activated by PAMPs and DAMPs as well as Type 1 T helper (Th1) cytokines, such 
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as interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α). They func-
tion as microbicidal and tumoricidal agents by producing proinflammatory cytokines 
such as interleukin-1β (IL-1β), IL-6, IL-12, IL-23, and TNF-α, and also activate 
cytotoxic T cells [7]. M2 are induced by IL-4 and/or IL-13 and plays a crucial role in 
phagocytosis, tissue remodeling, and wound repair and produces anti-inflammatory 
cytokines such as IL-10 and transforming growth factor-beta (TGF-β) and usually 
attract regulatory T cells [8, 9]. M1 potentially induces Type 1 T helper (Th1) and 
Th17 cells, while M2 induces Type 2 T helper (Th2) cells [10]. The interplay between 
macrophages and T cells is regarded as a critical link between the innate and adap-
tive immune systems and is essential for host defense. This chapter explores how the 
interaction and roles of macrophages influence outcomes during infections.

2. Macrophage-neutrophil co-operation

Macrophage and neutrophils originate from stem cells that differentiate through 
common myeloid progeny and play essential roles to protect the host. They employ a 
wide variety of antimicrobial mechanisms, such as the production of reactive oxygen 
species, reactive nitrogen species, and granules in their defense through phagocy-
tosis. Macrophage-neutrophil interaction plays a critical role in both the initiation 
and resolution stages of inflammation. During the resolution of inflammation, 
macrophages produce IL-10 and downregulate IL-12, to promote tissue repair when 
apoptotic neutrophils are phagocytosed [11]. Macrophages secrete chemokines such 
as C-X-C motif chemokine ligand 8 (CXCL8) to attract neutrophils upon recognition 
of bacterial extracellular pathogens [12]. They secret granulocyte colony-stimulating 
factor (G-CSF), IL-1β, TNF-α, and granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) which prolongs survival of recruited neutrophils to the site of infection 
[13–16]. Moreover, as principal scavengers of aging and apoptotic neutrophils, they 
acquire potent neutrophil antimicrobial molecules to enhance their antimicrobial 
capacity [17]. Neutrophils transfer intracellular microbes to macrophages to be 
cleared when they are phagocytosed. Neutrophils also interact with macrophages by 
secreting antimicrobial agents to aid in the clearance of bacterial intracellular patho-
gens in mycobacteriosis [18–22], in oral [23] listeriosis, in salmonellosis [24], and in 
legionellosis [25]. Notably, the antimicrobial capacity of macrophages in macrophage-
neutrophil interaction depends on the pathogen encountered during the immune 
response. These include the use of neutrophil acquired lactoferrin, myeloperoxidase, 
against Candida albicans [26, 27], or Histoplasma capsulatum [28] and human neu-
trophil peptide-1 against Trypanosoma cruzi [29]. Therefore, macrophage-neutrophil 
co-operation boosts the antimicrobial capacity of macrophages to restore inflamma-
tion and homeostasis in innate immunity.

3. Macrophage-dendritic cell interaction

Macrophages and dendritic cells may impact the Thl/Th2 response and respond 
to T and B cells, through cellular co-operation and cytokine secretion. These include 
the use of interferon γ, IL4, IL 13, and antibodies which modulate their phagocytic 
and microbicidal activities. A recent study indicated that macrophages could transfer 
phagocytosed antigens to dendritic cells for effective antigen presentation to enhance 
T cell activation [30].
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4. Macrophage-basophil co-operation

Until recently, the function of basophils was not investigated as they were 
considered as small relatives of mast cells. Basophil-derived IL-4 causes monocyte 
differentiation into M2 macrophage which suppresses allergic inflammation or 
provides immunity against helminths [31]. Lung-basophil alveolar macrophage niche 
is essential in the differentiation, compartmentalization, and phagocytic effects of 
alveolar macrophage [32].

5. Macrophage and T cell interaction

Macrophages are professional antigen-presenting cells that initiate host protec-
tion by phagocytosing pathogens circulating in the host for destruction during 
inflammation. They recognize a broad array of PAMPs or DAMPs using PRRs. After 
phagocytosis, they present pieces of foreign antigens within a major histocompat-
ibility complex (MHC I or II) bound to its membrane surface to activate T cells. T 
cell activation requires three main signals which include T cell receptor (TCR)-MHC 
peptide, costimulatory and polarizing cytokines. T cells recognize MHC–peptide 
complex through TCR complexed with a cluster of differentiation 3 (CD3) for onward 
transmission into the cell. TCR-MHC II-peptide interaction triggers several signaling 
cascades within T cells. The activation of Lck and zeta-chain associated protein 70 
(ZAP-70) in turn activate downstream phospholipase C-γ. This gives rise to diacylg-
lycerol and inositol trisphosphate to switch on the cell’s transcription machinery [33]. 
The activation of phosphorylated tyrosine-based immunoreceptor motifs of TCR/
CD3 complex activates various pathways such as Ras/ extracellular-signal-regulated 
kinase, mitogen-activated protein kinase cascade, the protein kinase C/nuclear factor-
kappa B, and Ca/calcineurin/nuclear factor [34].

Macrophages express costimulatory and/or coinhibitory molecules to induce 
activation or inhibition of T cells. The modulation of costimulatory and coinhibitory 
molecules is vital to highlight the significance of macrophage functional role in T cell 
activation and suppression. The ultimate subset differentiation, survival, and role of 
T cell are determined by the costimulatory and coinhibitory ligand-receptor signal 
interaction between the macrophage and T cell. Different costimulatory molecules 
have been characterized, including coreceptor CD28, commonly expressed by naïve 
and primed T cells. CD28 interact with B7–1 (CD80) and B7–2 (CD86) on macro-
phages. The activation of T cells requires TCR-MHC–peptide complex and CD28-B7 
costimulation. This interaction is essential as it promotes T cell proliferation, survival, 
and cytokine production. Moreover, it induces an increase in response to the produc-
tion of B-cell lymphoma 2 (Bcl-2) and B-cell lymphoma-extra large (Bcl-xL) anti-
apoptotic proteins [35]. However, failure of CD28-B7 interactions results in anergy 
and apoptosis of T cells.

On the contrary, several key coinhibitory molecules including cytotoxic 
T-lymphocyte antigen 4 (CTLA4; CD152), programmed cell death-1 (PD-1), and 
killer inhibitory receptors interact with ligands on macrophages to suppress T cell 
activation [36, 37]. CTLA-4 binds with a much higher affinity to the B7 proteins on 
antigen-presenting cells (APCs) than CD28. However, CTLA-4 expressed ensuing 
T cell activation is predominantly high compared to that of naive T cells. During the 
initial priming event, T cells experience cell-cycle arrest if CTLA-4 binds to the B7 
proteins and prevent CD28 engagement. T cell-expressed PD-1 binds with PD-L1 on 



Macrophages - Celebrating 140 Years of Discovery

42

macrophages and serves as a negative regulator during T cell activation. This engage-
ment can affect the positive signals between CD28 and CD80/CD86 and inhibit T cell 
activation [38].

Finally, simultaneous engagement of TCR-MHC–peptide complex and costimula-
tory molecules requires cytokines produced by macrophages, other cells as well as 

Figure 1. 
Macrophages activate T cells through a series of critically important stepwise signals. After phagocytosis, 
macrophages (APCs) present peptide antigen within major histocompatibility complex (MHC)-II for T cell 
recognition. Effector T cells develop following appropriate costimulation and release of polarizing cytokines in the 
environment which also activates macrophages [40].
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T cells to effect cell activation. The activation of naïve CD4+ T cells by cytokines pro-
duces different subsets and dictates their functional outcome [39]. Th1 cells are pro-
duced by activation of CD4+ T cells with IL-12 and IFN-γ from APC (macrophages). 
Th1 cells secrete IFN-γ and TNF that activate macrophages to destroy pathogens and 
CD8+ T cells to combat infected cells. CD8+ T cells require cytokine signaling through 
IL-12 and type 1 IFN-α/β to maximize immune response. Effector CD8+ T cells kill 
infected cells through apoptosis by releasing perforin to act on membranes of the 
target cell and granzyme to enter and induce apoptosis (Figure 1) [41, 42].

6. Macrophages as a phagocytic cell

Macrophages defend the body against pathogens and play a key role in homeostasis 
through the removal of internal waste products and tissue repair. Phagocytosis, inges-
tion of large particles (>0.5 μm) into macrophages initiates the process of digestion 
and clearance. During phagocytosis, macrophages migrate in a chemotactic fashion 
toward the particles to be phagocytosed. Adhesion and particle uptake begin with the 
interaction of specific PRR with PAMPs or DAMPs of the particles or infected cells 
[6, 43]. Several PRRs have been identified to initiate phagocytosis upon recognition of 
PAMPs or DAMPs. These include scavenger receptor A (SR-A), c-type lectin recep-
tors (dectin-1), and opsonin receptors (Fc receptor mainly immunoglobulin G (IgG) 
antibodies conserved domain, complement receptor 1 (CR1) and CR3) that binds to 
bacterial and fungal cell wall molecules [6, 43, 44]. The adhesion leads to polymeriza-
tion of actin at the ingestion site, and the uptake through an actin-based technique 
[45, 46]. After absorption, F-actin is shed from the phagosome, and the newly formed 
phagosome matures through a series of fusion and fission events. The microbes and 
apoptotic cells are then destroyed by an oxygen-dependent or oxygen-independent 
killing mechanism.

The phagosomal NADPH-oxidase generates reactive oxygen species (ROS) and 
phospholipase A2 generates fatty acids for sterilization [47, 48]. Subsequently, 
myeloperoxidase (MPO), several hydrolases, and lysosomes fuse with the phagosome 
and deliver molecules that kill and degrade microbes. During this event, phagosomal 
pH is lowered by proton ATPase to activate an oxygen-dependent mechanism through 
halogenation or an oxygen-independent mechanism with lysosomal enzymes and 
basic sterilization proteins [49, 50]. Macrophages produce Fe2+ ions that bind with 
adenosine to substitute MPO.

7. The macrophage and complement system interaction

Macrophages and complement systems closely interact during which comple-
ment migrate in a chemotactic fashion and cover pathogens with C3b for efficient 
elimination through phagocytosis [51]. In human macrophages, a variety of comple-
ment components, including C1, C1q, C1s, C2, and C4 proteins, are expressed in the 
classical pathway; C3, factor B (FB) and factor D (FD) in the alternative pathway 
and C5 at the terminal pathway. Additionally, regulators such as factor H, factor P, 
factor I, and C1 inhibitor are secreted [52–55]. C2, C3, and FB are expressed, but C3 
is upregulated if macrophages are stimulated with oxidized low-density lipoprotein, 
acetylated low-density lipoprotein, IgA or IgG immune complexes [56]. Complement 
regulators, such as CD46, CD55, and CD59, have been demonstrated to be expressed 
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by cultured macrophages isolated from peripheral blood monocytes [57, 58]. Several 
complement receptors including the anaphylatoxin receptors C3aR, C5aR1, and 
C5aR2 [59–61] and the CR1, CR3, and CR4 have been found to be expressed on the 
surface of  macrophages [62]. Complement immunoglobulin receptor (CRIg) an 
opsonin receptor is known to be expressed on several tissue-resident macrophages, 
such as Kupffer cells [63, 64].

8. Macrophage and infection

8.1 Bacterial infection

M1 macrophages have strong microbicidal and tumoricidal agents that promote 
resistance against bacterial toxins and destroy infected cells [65–67]. Pathogen-
associated molecular patterns recognition by PRRs stimulates macrophages to secrete 
M1-like cytokines, including IFN-γ, TNF-α, IL-1, IL-6, and IL-12 [68]. These induce 
M1 polarization to promote prolonged production of ROS to kill invading microbes 
[7]. However, some intracellular bacteria promote the production of IL-4, IL-13, 
IL-10, and TGF-β to induce M2 phenotype polarization to reduce Th1 inflammatory 
response [69]. Mycobacterium tuberculosis (MTB) induces M2 phenotype by stimu-
lating the production of IL-10 to inhibit the maturation of phagosomes and promote 
their survival [70, 71]. Alveolar macrophages have distinctive M2 phenotypic charac-
teristics that promote the secretion of IL-10 and TGF-β with low oxidants and small 
antigen presentation capacity [72]. M1 promotes the potential bactericidal properties 
of macrophages during MTB infection and M2 the vice versa [73, 74]. Granulomatous 
macrophages within the lungs of MTB patients polarize to co-express proinflamma-
tory and anti-inflammatory markers, signifying polarization is not binary and can 
occur continuously [75]. Helicobacter(H) pylori, induce M1 phenotype in patients 
with atrophic gastritis [76]. However, a mixture of M1/M2 phenotypes has been 
observed in the biopsy of the gastric mucosa in patients infected with H. pylori [77]. 
Salmonella typhi-infected patients have also demonstrated M1-like/M2-like phenotypic 
transition [78].

8.2 Viral infection

Viruses attack macrophages and polarize their activation during viral infections. 
Polarization is essential in reducing damage to tissues. M1 phenotype polarization 
is key in anti-viral immunity [79]. In acute and chronic human immunodeficiency 
(HIV) infection, M1 macrophages are crucial in early and late anti-viral immune 
responses. Additionally, macrophages infected with HIV are associated with the clear-
ance of CD8+ T cells [79–82]. Hepatitis B virus (HBV) and hepatitis C virus (HCV) 
disease induce M2 phenotype [83, 84]. However, HCV suppressed monocyte polariza-
tion to M1-like or M2-like phenotype via TLR2. This leads to an impaired transducer 
and activator of the STAT pathway [85] or promotes a mixture of M1-like/M2-like 
cytokines [86]. Abnormal function of M1-like and M2-like phenotypes results in 
HCV infections. During human cytomegalovirus infection, infected monocytes are 
induced to promote M1-like/M2-like polarization in favor of M1 phenotype to upregu-
late IL-1, IL-6, and TNF-α secretion [87]. However, viral elimination is restricted in 
the late phase of the infection because of upregulated IL-10 secretion that promotes 
M2 phenotype activation [88]. M1 and M2 macrophages play crucial roles in both 
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early and late viral infection. Therefore, therapies that can inhibit M1/M2 polarization 
will promote better clinical outcomes.

8.3 Parasitic infection

Macrophages undergo a shift toward M1 or M2 with respect to the causative agent. 
M1 phenotype promotes parasite clearance and resistance to leishmaniasis while M2 
phenotype mediates the growth and survival of the parasite in the host [56, 58]. Th2-
derived IL-4 and IL-13 mediate worm killing in granulomas and induce clearance by the 
contraction of smooth muscle [89–91]. M2 macrophages in hookworm disease suppress 
glucose absorption and function in various immune responses [69, 92]. M2-polarized 
macrophage in helminthic infection plays an important role in worm elimination but pre-
disposes infected organs to cancer [89–91]. Protozoans, such as Plasmodium, Toxoplasma, 
Leishmania, and Trypanosoma, induce M1 macrophage phenotype that destroys the para-
site to control the infection. M1 to M2 switch occurs partially to inhibit inflammatory-
associated tissue damages but promotes chronic infection [9, 71, 89–91, 93–95].

8.4 Fungal infection

Disease-causing microbes induce a favorable environment inside their host to 
support proliferation, invasion, and survival of the microbes [96]. Activation of 
macrophage polarization is a mechanism used by the fungus to aid invasion and 
colonization of the host [96]. The macrophage polarization state of fungal patho-
gens within the lungs control disease progression or resolution [72]. M2-polarized 
macrophages possess a potent fungicidal effect against Pneumocystis pneumonia. M2 
polarization inhibition can suppress the growth of Aspergillus and several fungal 
pulmonary diseases that result in allergic airway infection [96]. Aspergillus fumigatus, 
Cryptococcus neoformans, and Histoplasma capsulatum infections are favored by M1 
polarized phenotypes [96]. Candida albicans induce an M1-like to M2-like phenotype 
to evade the host immune response [97].

9. Conclusions

Macrophages, other cells, and complement systems have overlapping and 
complementary potentials that are employed in a concerted first-line defense to fight 
infections. Macrophage-neutrophil co-operation aid each other to fight intracellular 
and extracellular pathogens, respectively. Macrophages play central roles in T cell 
activation by initiating a cascade of step-wise signals without which T cell apoptosis 
or anergy occurs. Macrophage activation is not fixed as they integrate many signals, 
such as those from microbes, dead cells, damaged and dying cells, and the normal 
tissue micro-environment to dictate phenotypes and direct the immune response. 
Different macrophage phenotypes have both protective and pathogenic decisive roles 
in a large array of infections. Therefore, appropriate activation of macrophages would 
aid effective immune response in curbing many infections developing to diseases.
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Chapter 4

Lung Macrophages: Pivotal 
Immune Effector Cells 
Orchestrating Acute and Chronic 
Lung Diseases
Stephan F. van Eeden and Don D. Sin

Abstract

Macrophages are key immune cells, where they play a pivotal role in host defense 
and tissue homeostasis. The lungs have two major subsets, alveolar macrophages (AMs) 
found in airspaces and interstitial macrophages (IMs) found in lung tissues. Lung 
macrophages (LM) are highly heterogeneous and have high levels of plasticity. A long-
lasting population of LM with self-renewal ability populate the lung during embryogen-
esis and monocyte-derived macrophages recruited during infection, inflammation, or 
tissue repair, which are more short lived. AMs have been the main focus of research due 
in part to their abundance, accessibility, and ease of isolation compared with IMs. With 
advances in multichannel flow cytometry and single-cell sequencing, the importance 
of IMs has been recently appreciated. LM’s functions in the lungs include maintenance 
of homoeostasis, immune surveillance, removal of cellular debris, tissue repair, clear-
ance of pathogens, and the resolution of inflammation. They also activate the adaptive 
immune response by functioning as antigen-presenting cells. LMs are pivotal in the 
pathogenesis of acute and chronic inflammatory lung conditions including lung cancer. 
This chapter will discuss the ontology, phenotypic heterogeneity, and functions of LM’s 
and how these characteristics orchestrate and impact common acute and chronic lung 
conditions.
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1. Introduction

Macrophages are immune effector cells that are present in most organs and  tissues, 
are highly phagocytic in nature and produce large amounts of a wide variety of 
mediators. They are either resident in tissues or are recruited and as part of the innate 
immune effector system, are activated to mount an appropriate immune response to 
neutralize harmful insults [1].

The lungs are continuously challenged by a variety of foreign inhaled substances 
which include allergens, microbial pathogens, chemicals, particulates matter and 
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noxious gasses. These insults require an exquisite capacity to appropriately calibrate 
inflammatory responses in the airways and lung tissues to maintain physiologic 
homeostasis (e.g., gas exchange). The lung macrophages have all the properties to 
orchestrate and calibrate such inflammatory responses given their location in the 
lungs, their large abundance in tissue and their high degree of functional plastic-
ity and ability to communicate with neighboring cells. Research over the past three 
decades has shed light on the origins of lung macrophages, their ability to adapt to the 
local microenvironment, their plasticity, and their functional responses to maintain 
tissue homeostasis. In addition, their pivotal role in orchestrating the innate immune 
response and activating adaptive immunity when airways are challenged with 
 pathogenic insults has also been elucidated [1, 2].

1.1 Macrophage populations in the lung

Two well-studied populations of lung macrophages have been defined: (1) alveolar 
macrophages (AMs), which are predominantly located on alveolar epithelial surfaces 
and can be harvested from the lungs by bronchoalveolar lavage (BAL) and (2) inter-
stitial macrophages (IMs), which are located within alveolar walls or interstitial lung 
tissue and can be harvested directly from lung tissue specimens through biopsy or 
surgical resections [3]. Two less well-defined populations of macrophages are airway 
macrophages, which are found on mucosal surfaces of the airways and intravascular 
macrophages, which reside on capillary blood vessel walls. Limited data suggest that 
airway macrophages are phenotypically and functionally very similar to AMs and may 
represent AMs that have migrated up the tracheobronchial tree [4]. Airway macro-
phages are usually grouped with AMs because of their phenotypic similarity and their 
ability to be captured by BAL. The intravascular macrophages are located on the inner 
side of capillaries, suggesting that they fight against blood-borne pathogens. Limited 
(older) data suggest that their function is comparable to that of AMs and that they 
may reflect an intermediate stage of differentiation between blood monocytes and 
AMs [5, 6].

It was previously thought that resident lung macrophages originate primarily from 
blood monocytes, which are produced and released from the bone marrow [7, 8]. 
The last decade this paradigm has been turned on its head as research has shown that 
most resident macrophages in different tissues throughout the body, including lung 
macrophages, arise predominantly from embryonic precursors. These macrophages 
are produced before birth, become colonized in the lungs in the prenatal period and 
are maintained throughout life by local proliferation [9–11]. Resident alveolar macro-
phages originate as erythromyeloid progenitors (EMPs) in the yolk sac on embryonic 
day (E) 8.5. EMPs colonize the fetal liver by E10.5, and then give rise to fetal mono-
cytes, which migrate to the lungs by E12.5 [12]. The maturation of fetal monocytes to 
alveolar macrophages occurs in the presence of granulocyte-monocyte colony stimu-
lating factor (GM-CSF) and is fully completed by the third postnatal day (Figure 1).

These resident lung macrophages are the primary “janitors” of the lung, protect-
ing the lungs from inhaled environmental insults. In contrast to resident alveolar 
macrophages, recruited monocytes, which enter airspaces 24-72 hrs after the onset of 
an inflammatory stimulus in the lung, differentiate into macrophages in the tissues 
where they initially take on a pro-inflammatory phenotype (by promoting inflamma-
tion) and later assumes a regulatory role by suppressing the inflammatory process. 
Classically, the initial phenotype has been described as M1 macrophages and the 
regulatory phenotype as M2 macrophages.
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While M1 macrophages promote inflammation, M2 macrophages induce effe-
rocytosis (phagocytosis of apoptotic and dead cells) to enable inflammatory clear-
ance, and secrete anti-inflammatory cytokines such as IL-10 and soluble (decoy) 
IL-1R [13].

Studies in animal models have shown that resident AMs can be replaced by IMs or 
be derived from circulating monocytes [8, 14, 15], underlining the adaptability of 
macrophage kinetics and function. Schneider and co-workers have shown that the 
nuclear receptor peroxisome proliferator-activated receptor gamma (PPAR-𝛾𝛾) is 
essential for the differentiation of AMs and that PPAR-𝛾𝛾 deletion in the myeloid 
lineage cells prevents the formation of mature AMs, resulting in impaired micro-
bial clearance and development of a clinical condition called pulmonary alveolar 
proteinosis, which is characterized by excess surfactant accumulation in lungs [16]. 
PPAR-𝛾𝛾 expression requires GM-CSF, which is produced largely by type II alveolar 
epithelial cells. A lack of GM-CSF leads to a loss of mature AMs, accumulation of 

Figure 1. 
The origin of alveolar (AM) and interstitial (IM) macrophages in mice. Resident AMs, derived from the embryo 
(yolk sac and/orfetal liver), are capable of self-replicating during homeostasis and when challenge in lung. IMs 
are derived from bone marrow monocytes and there are three unique IMs in murine lung in homeostasis: IM1, 
IM2 and IM3 (Gibbings et al.). During steady state, the maintenance of AM pool does not need the contribution 
of bone marrow -derived monocytes, but in the circumstance of inflammation, monocytes are strongly recruited to 
areas of inflammatory alveoli and differentiated into recruited monocyte-derived AMs. IM3 are originated from 
BM-derived monocytes and play different roles in diseases such as pulmonary fibrosis (Chakarov et al.).
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surfactant and ultimately alveolar proteinosis [9]. Recently the interesting concept 
of innate immune memory resulting from resetting of the cell’s epigenetic program 
and functional state after infection, leading to enhanced protection against a second-
ary infection in the ensuing weeks to months [17]. These “memory AMs” have been 
shown to originate from resident AMs following mild infection and are characterized 
by a high level of MHCII molecules and host defense-ready genes, and enhanced pro-
duction of neutrophil attracting chemokines and interferon-gamma (IFN-γ) derived 
from effector T cells, which are primed to respond during infection [18].

Interstitial macrophages are less well defined mostly because access to pure 
populations are difficult in humans. Studies in laboratory animals suggest that there 
are at least 3 different populations of IM: IM1, IM2 and IM3. Expression of CD11c 
and MHCII on IMs at a steady state classifies these population into three subsets, IM1 
(CD11cloMHCIIlo), IM2 (CD11cloMHCIIhi), and IM3 (CD11chiMHCIIhi) in mice [19]. At 
least two of these three populations have been identified in humans [20, 21]. Whether 
these IMs are resident, long lived cells possessing self-renewal properties similar to 
resident AMs, or represent derived cells from blood monocytes is still unclear.

Macrophages in the lungs have a range of function, including maintenance of 
homeostasis, immune surveillance, repair, removal of cellular debris and surfactant 
clearance, and elimination of microbes, allergens and particulate matter, and resolu-
tion of inflammation. These distinct functions are linked to the different subsets of 
macrophages, ontogeny, and location of the macrophages and influence of the local 
microenvironment.

2. Macrophage phenotypes

Similar to T helper 1/2 (Th1/Th2) cells, macrophages are categorized as either clas-
sically activated M1 macrophages or alternatively activated M2 macrophages. The clas-
sical or M1 macrophages are activated by microbial products and/or IFN-γ. MI cells 
are pro-inflammatory and possess anti-microbial functions, and ability destroy tumor 
cells [22]. Signal transducer and activator of transcription 1 (STAT1), interferon 
regulatory factor (IRF)3, IRF5, and nuclear factor-κβ (NF-κβ) are key molecules that 
become activated in M1 macrophages to generate pro-inflammatory mediators such as 
tumor necrosis factor-α (TNF-α), Interleukin-1 (IL-1), IL- 12 and IL- 23, [23], nitric 
oxide (NO), and reactive oxygen intermediates (ROI). They also promote increased 
expression of major histocompatibility complex (MHC) molecules (Figure 2). Over 
the inflammatory period, the microenvironment changes and Th2 cytokines, includ-
ing IL- 4 and IL- 13, stimulate monocytes or macrophages to transform into a M2 
phenotype. M2 macrophages promote resolution of the inflammatory process and 
stimulate wound healing, favoring a milieu of angiogenesis and tissue remodeling. IL- 
10, glucocorticoid hormones and IL-1R may also induce M2 macrophage polarization.

The M2 macrophage phenotype is not homogenous and consists of several 
subtypes including M2a, M2b, M2c and M2d (Figure 3). The M2a macrophages are 
produced by exposure to cytokine such as IL-4 or IL-13. They can also be induced by 
fungal and helminth infections. They are characterized by expression of high levels 
of the mannose receptor (CD 206), CD209, IL-4R and FcεR, secreting transform-
ing growth factor β1 (TGF-β1) and insulin-like growth factor. Functionally M2a 
macrophages contribute towards wound healing and tissue repair [24]. In contrast, 
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Figure 2. 
Paradigm of macrophage phenotypes. Naïve macrophages are activated to either a M1 phenotype (classical 
activation) or to M2 phenotype (alternatively activated) dependent on their microenvironment milieau. 
Macrophages are polarized to an M1 (or T-helper type 1 cell [Th1]) phenotype in response to IFN-g, 
granulocyte–macrophage colony–stimulating factor (GM-CSF), and bacterial products (e.g., LPS). They are 
characterized by a high production of the proinflammatory cytokines IL-12 and IL-23, and with high expression 
of major histocompatibility complex class II (MHCII) molecules and coactivation proteins (CD80 and CD86) 
are considered excellent antigen-presenting cells that can activate an adaptive immune response and fight 
foreign insults through the production of toxic intermediates such as reactive oxygen intermediates [ROI]). 
Macrophages are polarized to an M2 (or Th2) phenotype in response to macrophage colony–stimulating factor 
(M-CSF), IL-3 and IL-10 and antiinflammatoryfactors. They produce a variety of antiinflammatorycytokines, 
immunosuppressive mediators, and matrix-degrading enzymes, and promote angiogenesis and are involved in 
tissue remodeling and repair.

Figure 3. 
Different M2 macrophage phenotypes are generated by different microenvironments and stimuli. The functional 
responses of the four different M2 sub-phenotypes are determine by them producing different mediators.
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M2b macrophages are induced by immune complexes, IL-1β and lipopolysaccharide 
(LPS) exposure, and secrete abundance of IL-10, IL-1β, IL-6 and TNF-α, that have 
predominantly anti-inflammatory properties [25]. The M2c macrophages are induced 
cytokines such as IL-10, TGF-β and glucocorticoids and have increased expression of 
receptor for advance glycation and end products (RAGE), CD163 and CD206. M2c 
macrophages are thought to be involved in immunosuppression, tissue repair and 
matrix remodeling [26, 27]. Lastly, M2d macrophages, are activated by leukocyte 
inhibitory factor, toll like receptor (TLR) ligands and adenosine. They express low 
levels of CD206, and produce large amounts of IL-10, TGF-β and vascular endothelial 
growth factor (VEGF) which facilitate immunosuppression and angiogenesis [28].

A unique characteristic of macrophages is their plasticity and their ability to 
differentiate into several phenotypes and also to de-differentiate. For example, M2 
macrophages may revert to M1 macrophages under certain conditions. This switch 
in polarization is dynamic and induced predominantly by their microenvironment. 
The distinct M1 and M2 subtypes is an overly simplification of macrophage polar-
ization, for example, 5% of the macrophages in lung cancer specimens express 
both M1 and M2 markers [29], and mixed macrophage polarization have been 
described in other lung conditions [29, 30]. With the advent of genetic analysis 
and specifically single cell RNA sequencing technology, the basic macrophage 
characterization of M1 and M2 phenotypes has been challenged and may change in 
the near future [31].

3. Macrophages in lung infections

Airspace or resident AMs represent the first line of defense and play a central 
role in protecting the lungs against a range of respiratory pathogens. Yet, pulmonary 
immune responses need to be contained and refined to avoid excessive tissue dam-
age and safeguard gas exchange. Resident AMs (ResAM) are less responsive than 
recruited monocyte-derived macrophages in the context of infection in the lung [32]. 
As resident AMs are predominantly involved in lung tissue homeostasis, resident 
AMs are generally “anti-inflammatory”, which in part is linked to their production of 
type I interferons (IFNs) [33]. Notably Type I IFNs negatively regulate IL-1 produc-
tion and positively regulate IL-10 production in monocyte-derived macrophages 
[34]. AMs have low expression of complement-associated genes such as C1qa, C1qb, 
C1qc, C2, C4b and C3ar1 [19], in contrast to macrophages isolated from other tissues. 
Epigenetic profiling of AMs during inflammation has shown that while the C1q locus 
is inaccessible in ResAMs, complement genes are highly accessible in inflammatory 
AMs (InfResAMs) that arise in the AM pool during influenza infection [35]. With 
human SARS-CoV-2 infection, recruited macrophages were more C1qhi compared 
with the ResAMs, which were more C1qlo, suggesting that repression of the com-
plement-associated genes in ResAMs is conserved in humans [36]. Importantly, the 
overt activation of complements has been linked to coronavirus 2019 (COVID-19) 
severity [37, 38]. It is reasonable to suggest that the sharp drop in ResAMs and their 
replacement by recruited macrophages expressing high levels of the complement-
associated genes during SARS-CoV-2 infection may fuel the complement cascade 
and actively participate in the COVID-19 pathogenesis. Furthermore, it could be 
that repression of these complement genes in ResAMs is the result of evolutionary 
pressure to protect the lungs from complement-mediated collateral damage during 
infections.
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Kinetic studies have shown that bone marrow derived monocytes are recruited 
into alveolar space within 24 hrs following a focal instillation of Streptococcus 
pneumoniae into the lung [15]. These monocyte derived macrophages become the 
dominant immune cells in the airspaces during the resolution phase of pneumonia. 
Bacteria have developed strategies to take advantage of hypo-responsive ResAMs by 
enhancing their survival and promoting spread [39]. An example of this concept is 
the relocation of Mycobacterium tuberculosis-infected AMs into pulmonary tissues, 
which is a pivotal preparatory step for bacterial dissemination in the host [40]. 
Furthermore, following viral infection such as influenza, the resident AM popula-
tion are depleted and subsequently restored by monocyte recruitment from the 
bloodstream which differentiate into long-lived InfResAMs and partially replace the 
resident AM [41, 42]. These newly recruited monocytes replace the resident macro-
phages and the extend of this replacement is linked to the dose and/or virulence of the 
pathogen. The reduction of resident macrophages by viral infections renders the host 
more susceptible to other microbial infections until the resident macrophages recover 
their numbers via self-renewal [43]. InfResAMs that develop during a viral infection 
have been shown to differ functionally from the ResAMs that were present before the 
infection [16, 42]. For example, InfResAMs that developed during influenza infection 
are more responsive to TLR ligands and subsequent S. pneumoniae infection com-
pared with ResAMs. The InfResAMs acquired innate memory qualities via enhanced 
IL-6 production that provides protection against subsequent bacterial infections such 
as S. pneumoniae infection. Comparing the epigenetic signature of these ResAMs and 
InfResAMs shows that monocytes recruited by the virus infection have an epigenetic 
profile similar to tissue residency, but addition also acquire a more inflammatory 
signature induced by the viral infection. For example, the IL-6 enhancer regions are 
more accessible in InfResAMs that are recruited during an influenza lung infection 
compared with ResAMs. This altered epigenetic signature is still evident 1 month 
after the viral infection but started to alter at 2 months post-infection (Figure 4).

Long-term memory cells, which are characterized by altered gene expression, 
metabolism and antimicrobial responsiveness, have been proposed as a subset of 
ResAMs [44]. These cells have reduced phagocytic capacity by over-expressing signal 
regulatory protein α [45]. Similarly, InfResAMs that develop during an infection 
can acquire innate memory, thus altering their responses to subsequent infections. 
However, these InfResMacs show increased epigenetic plasticity. Much less is known 
about the impact of viral infections on resident IMs and their plasticity after an infec-
tious insult. These cells have a significantly shorter half-life compared with ResAMs 
and robust fate-mapping systems have not been developed for IM.

Our ability to separate lung ResMacs from InfResMacs has shown that InfResMacs 
are more strongly imprinted across a range of infectious stimuli. This imprinting 
has the capacity to generate long-lasting innate immune memory cells that alter 
macrophage function during subsequent challenges. Multiple lung infectious chal-
lenges may therefore allow the engraftment of many waves of InfResMacs into lungs. 
However, over time and in a steady state, InfResMac may lose their unique genetic or 
epigenetic signature, leading to a loss in memory. Recurrent infections or inflamma-
tory stimuli, on the other hand, could revive the memory of these InfResMacs. Innate 
memory in InfResMacs may be beneficial in some cases and may confer resistance 
to subsequent infections, but could also exacerbate tissue inflammation and injury 
during subsequent infections [46]. This has been proposed as a potential reason for 
the difference in severity of Covid-19 infection in older versus younger subjects and 
the generally mild inflammatory response seen in children. Therefore, the duration 
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of residence in a homeostatic environment such as the lung, becomes a key factor 
determining lung macrophage biology [47, 48].

4. Macrophages and COPD

Chronic Obstructive Pulmonary Disease (COPD) is a chronic inflammatory lung 
disease caused by the long-term exposure to toxic particles and gasses. Worldwide, 
tobacco cigarette smoke is the main culprit, though biomass exposure may be a more 
important cause of COPD in some parts of the developing world [49]. These expo-
sures elicit a persistent innate and eventually an adaptive immune response in the 
airways and lung tissues, which is characterized by overproduction of mucus in the 
central airways, fibrosis and obstruction of small airways and eventual destruction of 
the lung parenchyma leading to emphysema [50]. There is also evidence for impaired 
tissue repair responses and altered tissue remodeling that contribute to a progressive 
disease phenotype [51].

Lung macrophages are key immune effector cells in the pathogenesis of COPD. 
Airspace macrophages are directly exposed to inhaled antigens, pathogens and nox-
ious particles and gasses, and several studies have shown an increase in their numbers 
in subjects with COPD compared to controls [52–54]. Cigarette smoking is still the 
major cause of COPD in developed countries, but biomass exposure is a more impor-
tant cause of COPD in the developing world [49]. For both of these exposure types, 
lung macrophages play a pivotal role in processing and clearing these particles from 
the lungs. Due to the chronicity of these exposures in COPD, functional responses of 
lung macrophages to these exposures are thought to participate in the development 
of COPD. There is a significant increase in macrophages in induced sputum and BAL 
fluid (BALF) samples in COPD patients [55], supporting this notion [54]. In COPD, 
lung macrophages also secrete large amounts of potential tissue damaging enzymes 
such as elastase, matrix metalloproteinases (MMPs) MMP-2, MMP-9, MMP-12 and 
cathepsin S in response to exposure to cigarette smoke, ambient particulate matter 
or micro-organisms [55, 56]. In addition, continuous exposure to cigarette smoke or 

Figure 4. 
Inflammation and/or infection in the lung and subsequent resolution reshape the composition of the pulmonary 
macrophage pool. A) An infectious episode in the lung results in the resident macrophages (ResMac) send signals 
for recruitment of monocytes from the blood. B) Monocytes from the blood are recruited into alveolar spaces to 
help dealing with the infection. C) these monocytes change intotransitional inflammatory macrophages that help 
clearing the infection. D) some of these transitional macrophages change intoinflammatory resident macrophages 
(InfResMac), the rest disappear. The InfResMacremain in the airspaces for months and ResMacproliferate to 
slowly replace them over time.
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biomass markedly depletes intracellular anti-oxidants such as glutathione, causing 
excessive oxidative stress, which suppresses macrophage bacterial phagocytosis and 
efferocytosis [57]. Therefore, macrophages in COPD generate a more pro-inflam-
matory milieu that promotes tissue injury. They also demonstrate defective immune 
surveillance and protective (phagocytic) functions that collectively contribute to the 
progression of COPD. The majority of acute exacerbations of COPD are triggered by 
either viral or bacterial respiratory infections that could alter the airway microbiome 
and cause frequent exacerbations [58], a clinical phenotype that is associated with a 
poor long-term outcome [51].

In COPD, M1 macrophages demonstrate enhanced pro-inflammatory capacity 
producing more TNF-α and MMPs [59], leading to increased extracellular matrix 
(ECM) deposition, elastin breakdown and excessive accumulation of collagen in the 
lung parenchyma. In contrast, Stout and co-workers [60] showed that M2 macro-
phages have a lower pro-inflammatory capacity (TNF-α, IL-1β, and IL-6), when 
stimulated. Morphological studies have shown that macrophages accumulate in 
areas of persistent inflammation in lung tissues of COPD including airway walls that 
lead to airway narrowing and obstruction and destructive changes in lung paren-
chyma [50, 61]. Several studies have shown phenotypic shifts in lung macrophages 
in COPD airways. Dewhurst and co-workers showed that the total number of mac-
rophages in the airspaces of COPD subjects increased and morphologically became 
predominantly larger macrophages, which produced fewer pro-inflammatory cyto-
kines and demonstrated reduced phagocytic ability [62]. Berenson and co-workers 
showed that macrophages from patients with COPD have impaired phagocytosis 
of respiratory pathogens which strongly correlated with COPD severity (FEV1% 
predicted) [63]. Studies from our laboratory recently showed that the majority of 
airspace macrophages in COPD do not express either M1 or M2 markers and that 
these “non-polarized” macrophages have significantly reduced phagocytic capac-
ity compared to polarized (M1 or M2) macrophages [30]. In this study, airspace 
macrophages could be divided into 4 distinct groups using surface markers, as either 
M1, M2, dual positive for M1 & M2 (double polarized) or negative for both M1 & 
M2 markers (non-polarized). Using the phagocytosis of opsonized Staphylococcus 
aureus as a readout, we showed that the double polarized macrophages had the best 
phagocytic function while the non-polarized macrophages had the worst (Figure 5). 
These data highlight the importance of macrophage micro-environment that 
impacts polarization and ultimately function.

The inability of macrophages to polarize may render the airways in COPD more 
vulnerable for colonization with pathogens and subsequent infection resulting in 
COPD exacerbation. The presence of large numbers of non-polarized macrophages in 
COPD may collectively reduce phagocytosis of pathogens and noxious particles, and 
in certain cases promote a pro-inflammatory milieu that contributes to airway and 
lung tissue injury and remodeling.

The air spaces have their own unique microbiome shown by next-generation 
sequencing technologies, such as 16 s RNA gene measurement, and studies in COPD 
cohorts have shown alterations in this microbiome that vary with the severity of 
COPD, during and after an acute COPD exacerbations, and with the use of inhaled 
steroids and/or antimicrobial treatment [64]. Alterations in the lung microbiome may 
contribute to the pathogenesis of COPD by impacting inflammatory and/or immune 
processes in the lungs. Lung macrophages play a central role in clearing harmful 
bacteria such as Haemophilus influenzae, Moraxella catarrhalis and S. pneumoniae, 
from the lungs, and this macrophage function deteriorates as the disease progresses 
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[63] leading to colonization of airspaces and exacerbations of COPD [65]. Therefore, 
the defective phagocytic function of macrophages in COPD could contribute to the 
colonization of the airways with various bacteria, specifically those known to cause 
acute exacerbations and pneumonia during COPD.

One of the key functions of lung macrophages is to remove and clear cellular 
debris as well as dead or damage cells following an inflammatory insult to the lungs. 
This process, which is termed efferocytosis, is defective in subjects with COPD 
[66]. In most subjects with COPD, there are an access of neutrophils in the airspaces 
(as measured by bronchial alveolar lavage), which further increase during acute 
COPD exacerbations. Defective clearance of these recruited neutrophils results in 
the accumulation of necrotic neutrophils that indiscriminately release toxic granule 
proteins containing neutrophil elastase and proteases that has been associated with 
tissue damage and COPD progression [67]. Since LMs are the primary “janitors” of 
the lungs, dysfunctional processing and clearance of apoptotic and necrotic cells and 
cellular debris could contribute to ongoing lung tissue inflammation in subjects with 
COPD, even long after they stop smoking [68].

Lung macrophages are primary responsible for processing and removing of 
inhaled irritants and particulate matter from the lungs. In this process they release 
proinflammatory mediators that could also inflict damage to lung tissues, pro-
moting a dysregulated inflammatory response, which may lead to dysfunctional 
tissue repair and a persistent state of chronic low-grade lung inflammation, a 
hallmark of COPD. Studies that unravel the mechanisms promoting macrophage 
anti-inflammatory and reparative functions could contribute to the development 
of more targeted therapeutic interventions to reduce the destructive inflammatory 
response induced by cigarette smoke and environmental exposures that eventually 
lead to COPD.

Figure 5. 
Phagocytic activity of airspace macrophages, harvested from bronchial alveolar lavage, in subjects with COPD. 
CD40 was used to label M1 and CD163 to label M2 macrophages. The phagocytosis of flourescentlabelled 
StapholococcusAureas was measured using flow cytometry. Phagocytosis was reduced in COPD subjects compared 
to control subjects in all the different macrophage populations but was particular lowin the most abundant  
non-labeled or double negative cells.
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5. Macrophages and lung cancer

The majority of lung cancers (~80%) are diagnosed at an advanced stage with 
>50% in older subjects who are ineligible for surgery [69, 70] leaving chemotherapy 
as their primary treatment modality. A better understanding of tumor immunology 
and our body’s natural immune response to combat cancer over the last two decades 
have highlighted the key role macrophages play in containing the progression and 
metastasis of tumor cells. The tumor microenvironment (TME), characterized by 
low levels of nutrients, hypoxia and acidity, promotes tumor growth, invasion and 
metastasis [71]. The most abundant immune cells in or surrounding lung tumors are 
“tumor-associated macrophages” (TAMs), and the functions of these macrophages 
are determined by the TME [72].

The tumor microenvironment recruits both innate and adaptive immune cells to 
the tumor site, with macrophages abundant at all stages of tumorigenesis. Evidence 
suggests that TAMs originate predominantly from blood monocytes, and are 
recruited to tumor sites by tumor-derived chemotactic signals, including monocyte 
chemo-attractant protein-1 (MCP-1), which is also known as CCL 2 [73]. Initially 
these macrophages have an M1-like phenotype, activated by interferon-γ (IFN-γ), 
demonstrating pro-inflammatory functions with the capacity to facilitate tumor cell 
destruction. They are also characterized by a high production of nitric oxide (NO) 
and reactive oxygen intermediates (ROI), and pro-inflammatory cytokines, including 
TNF-α, IL- 1, IL- 12 and IL- 23 and MHC molecules [74]. These mediators recruit 
cytotoxic CD8+ T and NK cells that destroy the tumor cells [72] (Figure 6).

With tumor progression the TME changes to a milieu that converts macrophages 
to a more M2-like phenotype macrophages, which suppress anti-tumor immune 
responses. This in turn promotes cell proliferation, angiogenesis and ultimately 

Figure 6. 
The effects of tumor associated macrophages (TAMs) on tumor growth, progression and metastasis. The 
immune response elicited by lung cancer cells included recruitment of monocytes from the blood (via CCL2/
CCR2 interaction) that convert to macrophages and are recruited tothe tumor niche where they become either 
M1 type TAMs under the influence of mediators such as GM-CSF and INF-λand inhibit tumor growth via 
secreting mediators such as TNF-α, IL-1β, IL-12 and 23. Mediators such as IL-10, IL-4 and M-CSF will change 
the macrophages to a more M2 type TAMs that promote tumor growth via immuno-suppressive properties that 
include blocking NK-cell and other T-cells tumorcidaleffects. The M2-TAMsenvironment will also promote 
angiogenesis via mediators such as VEGF and PDGF and tumor invasion and metastasis via mediators such as 
MMPs and TGF-B. other mediators in the tumor environment produced by M2 macropahagessuch as IL-6,  
TGF-βand MMPs have also been shown to elicit chemotherapy resistance of tumors.
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metastasis. Damage-associated molecular patterns (DAMPs) from dead or dying cells 
in the tumor microenvironment promote polarization of macrophages to immuno-
suppressive TAM [75]. These M2-like TAM have a similar phenotype as LPS-tolerant 
macrophages and is thought to contribute to the immunosuppression in the tumor 
microenvironments. They express a variety of mediators that inhibit the host anti-
tumor immune responses. These include cell surface receptors, cytokines, chemo-
kines and a variety of enzymes. This anti-tumor immune response is via inhibition of 
direct cell-to-cell contact between TAM receptors and their ligand counterpart death/
inhibitory receptors expressed by the target immune effector cells. For example, 
TAMs express the ligand receptors for PD-1 and CTLA-4 that upon activation sup-
press cytotoxic functions of T- cell and NK cells. They also express the ligand for the 
death receptors FAS and TRAIL that triggers T-cells and induce caspase dependent 
apoptosis of tumor cells. The TAMs produce TGF-β that impedes the cytotoxicity of 
NK cells, and promotes expression of PD-L1 that impedes the anti-tumor activity 
of T cells [76]. They also secrete cytokines IL-10 that inhibit T cells effector func-
tions and chemokines such as CCL5, CCL20, CCL22 that recruit Treg cells that are 
immunosuppressive.

The density of macrophages, in particular M2 phenotypes, has been associated 
with a poor prognosis in almost all human cancer types including lung cancers in 
clinical trials [77]. The CD68+CD163+ or CD68+CD206+ markers on TAM are used 
to identify M2-like macrophages and these macrophages are associated with more 
dense peritumoral lymphatic microvessels, a pathological feature that relate to poor 
patients’ prognoses in subjects with lung cancer [78]. Furthermore, an increased 
density of CD68+CD163+ macrophages in tumor nests and stroma was associated 
with lymph node metastases [78] and Cao et al showed expression levels of CD 
68+CD163+on M2 macrophages were inversely correlated with overall survival, and 
disease free survival in non-small cell lung cancer (NSCLC) [77].

The overwhelming evidence that TAMs and especially M2 macrophages promote 
tumorigenesis has made TAMs a target for a novel anti-tumor strategy in lung can-
cer. Several strategies that have been explored include blockade of the CCL2-CCR 2 
interaction and the CSF1-CSF1R recruitment of monocyte pathways that decrease 
TAM infiltration, thereby reversing their immunosuppressive effects [73]. Mu and 
co-workers have suggested that reprogramming TAM macrophages can be a promis-
ing approach to address immunosuppressive failure in the cancer environment [79]. 
Re-educating TAMs to a M1 phenotype or switching M2 to M1 macrophages with 
several drugs has also shown promise including the use of BTH1677 (a yeast β-glucan 
immunomodulator), hydroxychloroquine, and celecoxib [80, 81]. Another approach 
is to block the levels of critical TAM-secreted cytokines involved in tumor biology such 
as CCL18, CCL 22, and MIP-3α, which are mainly produced by M2-type macrophages, 
and promote malignant behavior of tumors [82, 83]. Furthermore, nanoparticles or 
nanoparticle-based drug delivery are more reliable and effective in regulating the mac-
rophage phenotype by ensuring that the drug reaches the cancer site without off-target 
activities [84, 85]. In addition, materials used in nanoparticle production, including 
TiO2 and Ag, may preferentially polarize TAMs towards an M1 phenotype [86, 87].

6. Macrophages and their role in asthma

Asthma is characterized by chronically inflamed airways, leading to remodeling 
and constriction in response to a wide variety of stimuli. One of the prototypical 
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traits of asthma is airway hyperresponsiveness. Typical triggers of bronchoconstric-
tion are aero-allergens and viral pathogens but non-specific stimuli such as irritat-
ing chemicals, cold air, and exercise (increase flow) can also trigger this response. 
Airway inflammation is characterized by increased mucus secretion, thickening of 
all the components of the airway wall and luminal narrowing, leading to symptoms 
of shortness of breath, chest tightness, wheezing, and cough [88]. The inflamma-
tory response in the airways is typically type 2 (Th2) in which allergens are detected 
by pattern recognition receptors (PRRs) on epithelial cells, which, upon activation, 
secrete alarmins such as interleukin (IL)-33, IL-25 and thymic stromal lymphopoietin 
(TSLP) and cytokines such as GM-CSF. These mediators induce type 2 inflammation 
by activating dendritic cells (DCs) and type 2 innate lymphoid cells (ILC2s) and 
differentiating naïve T cells into T helper (Th) 2 cells, which produce IL-4, IL-5, and 
IL-13 [88, 89]. These type 2 cytokines are involved in producing IgE and recruiting 
eosinophils into the airways. A classic type 2 inflammatory response can be sup-
pressed by treatment with corticosteroids. In adults a substantial subset of patients 
with non-atopic asthma may be driven by a Th1 response, which is characterized by 
infiltration of neutrophils. Th1 inflammation is more difficult to treat, as it is often 
resistant to corticosteroids [90].

Macrophages are the most abundant leukocytes found in alveoli, and in small as 
well as conducting airways, suggesting that they have an important role in providing 
protection against foreign inhaled particulate matter including allergens, pathogens 
and noxious gasses. Links between lung macrophages and airway inflammation, 
including eosinophilic inflammation and airway remodeling are well documented in 
asthma [91–95]. However, it is not still unclear whether macrophages have a predomi-
nant pro-inflammatory or regulatory role in asthma.

As discussed previously, macrophages have the ability to adapt to their microen-
vironment (plasticity). In asthmatic lung inflammation this plasticity of macrophage 
function is most likely responsible for their apparent dual or contrasting roles as 
pro-inflammatory versus immunosuppressive effector immune cells. Zaslona and 
co-workers showed that during allergic inflammation, resident alveolar macrophages 
proliferate locally and exert a protective effect on allergic inflammation, whereas 
recruited monocytes/macrophages aggravate allergic inflammation [96]. These 
recruited monocytes are also involved in the characteristic chronic remodeling of 
airways [97]. When circulating monocytes were depleted by intravenous injection of 
clodronate, there was significant attenuation of allergic inflammation in the airways 
and when clodronate was administered via the intratracheal route to deplete resident 
airspace macrophages, eosinophilic inflammation was enhanced [97]. Collectively, 
these data suggest that resident macrophages serve to maintain lung homeostasis by 
suppressing inflammatory responses, while recruited monocytes primarily promote 
allergic inflammation. The picture that emerges is one of rapid recruitment of mono-
cytes to fight the perceived dangers of the allergen by mounting an inflammatory 
response and then subsequently expanding the pool of suppressive AMs in an attempt 
to restore homeostasis (Figure 7). The dominant macrophages in allergic asthma are 
alternatively activated AMs, which respond to IL-4/IL-13. Although the presence of 
these macrophages correlates well with the severity of airway inflammation, it is not 
clear whether these macrophages significantly contribute to the allergic inflammatory 
response or are the downstream consequence of the allergic inflammation [98–100]. 
This issue has been addressed in several experimental studies using transgenic 
murine models of asthma [101–103]. Together, these studies have shown distinct 
differences between resident and recruited macrophages in contributing to asthmatic 
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inflammation. However, as there may be significant differences between mice and 
humans, these findings should be interpreted cautiously. Recent studies have shown 
that there is a mixed population of macrophage phenotypes in both human and mouse 
models of allergic inflammation [101–103] with functional studies showing that IFNγ-
stimulated macrophages (M1) prevent the development of allergic inflammation in 
mice by suppressing DC maturation [104]. However in human studies of subjects 
with established asthma, there is a higher number of macrophages expressing the 
IFNγ-activated transcription factor, interferon regulatory factor 5 (IRF5), in airways 
which in turn correlates with the severity of airflow obstruction [102]. These studies 
highlight the potential dual role of classically activated macrophages (M1) in asthma.

The presence of type 1 cytokines, such as IL-6, would be expected during host 
responses to viruses and to a variety of exogenous and endogenous ligands that trigger 
asthma exacerbations [88, 105]. Infections with common respiratory viruses such as 
rhinovirus are a major trigger of asthma exacerbations and in these virus-induced 
exacerbations, there is direct interaction of the rhinovirus with airspace macrophages 
[105]. Asthma models in mice, support the role of macrophages in viral induced 
exacerbations, but interestingly, the pathogenic macrophage phenotype involved 
varies with the underlying inflammatory milieu. In mice with a predominant type 2 
inflammatory response, viral infection induces activation of alternative AMs, which 
amplifies eosinophil recruitment into the airways. However, mice with predominantly 
type 1 inflammation demonstrate mostly classical activation of AMs, skewing the 
phenotype to a more neutrophilic inflammation upon virus infection [106].

The role of lung macrophages in allergic asthma is still evolving. Current 
paradigms suggest that macrophages of different origins or phenotypes have the 
potential to be either protective and/or harmful in different stages of allergic airway 
disease. In asthma, macrophages may have a dual role: with induction of the allergic 

Figure 7. 
After allergen exposure, there is rapid recruitment of monocytes from the blood that become inflammatory 
macrophages that predominantly promote acute inflammatory responses in the airspace. Resident macrophages 
(ResMac), which are largely self-replicating, act to suppress the acute inflammation in an attempt torestore 
homeostasis. It is as yetunclear whether ResMaccan arise directly from recruited monocytes or from IMs as 
intermediate progenitors. These newly recruited monocyte-derived cells appear to oppose the suppressive actions of 
resident AMs. b inflammation becomes chronic after repeated exposures to allergen with the increased recruitment 
of immune cells and consequent elevated levels of cytokines such as IL-4, IL-13, and IFNγ. In response to these 
signals, ResMaccan polarize across a continuum of activation phenotypes, losing their suppressive functions and 
gaining pathogenic functions. IL-4/IL-13-induced AMs promote type 2/eosinophilic inflammation, and IFNγ-
induced AMs are associated with type I/neutrophilic inflammation. It is as yetunclear whether these activated 
phenotypes can arise from recruited monocytes directly or from IMs as an intermediate progenitor.
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inflammatory response they may be predominantly regulatory to resolve the inflam-
mation but when persistently activated, they may contribute to chronic inflammation 
and further damage of the airways (Figure 7). The role of resident and recruited 
macrophages as well as the macrophage phenotypes in the pathogenesis of allergic 
airways disease requires additional studies.

7. Macrophages in interstitial lung disease

Chronic and aberrant lung repair responses that lead to irreversible scarring 
and remodeling of the airways and lung parenchyma are hallmarks of pulmonary 
fibrotic diseases. These diseases are characterized by excessive deposition of ECM 
leading to fibrotic remodeling of lungs and irreversible lung dysfunction [107]. 
Alveolar macrophages have been shown to be involved in ECM processing by secret-
ing matrix metalloproteinases (MMPs) such as MMP9, a type IV collagenase known 
to degrade extracellular matrix, and numerous non-matrix protein, which have been 
demonstrated in a murine model of lung fibrosis induced by bleomycin [108, 109] 
These macrophages also endocytose collagen and produce soluble mediators required 
for collagen-degradation, and enhance the activity of fibroblast-specific protein-1 
(FSP-1) that increases the proliferation and production of ECM by lung fibroblasts 
[110]. Recent animal studies have shown that the AMs involved in the bleomycin 
murine lung fibrosis model are monocyte derived and not resident AMs. Depletion of 
resident AMs by intratracheal instillation of liposomal clodronate before bleomycin 
administration does not alter the fibrotic response, indicating that resident AMs are 
dispensable for the development of fibrosis [111]. To support this concept, deletion 
of the anti-apoptotic protein c-Flip in circulating monocytes (the precursors of 
monocyte-derived AMs) in mice showed that the number of monocyte-derived AMs 
decreased, which was accompanied by a reduction in lung fibrosis with bleomycin 
injury [112] Gene expression studies of resident AMs and monocyte-derived AMs also 
indicate that only monocyte-derived AMs have a profibrotic gene profile in bleomy-
cin induced model of lung fibrosis [112] Single cell transcriptomic studies support 
these findings [113]. Transgenic reporter mice that marked the Cx3cr1-expressing 
transitional macrophages showed that these macrophages localize to fibrotic niches 
suggesting that these transitional macrophages arise from monocytes and interact 
with fibroblasts to drive fibrosis, in concordance to studies of Misharin et al. and 
McCubbrey et al. [111, 112].

In human interstitial lung diseases, AMs show greater heterogeneity compared 
with healthy lungs. In subjects with idiopathic pulmonary fibrosis, lung tissues have a 
higher proportions of AMs lacking CD71, a transferrin receptor. These CD71 nega-
tive macrophages were also more immature and showed impaired phagocytosis and 
enhanced expression of profibrotic genes [114]. Single cell RNA sequencing analysis 
from eight normal compared to eight lungs from advanced lung fibrosis subjects 
(from patients undergoing lung transplantation) supports the idea of increased 
heterogeneity of macrophages in fibrotic lungs and subsets of AMs that were enriched 
with pro-fibrotic genes [115]. Together these studies suggest lung macrophages con-
tribute significantly to the pathogenesis of interstitial fibrotic lung disease. However, 
it is still unclear whether these macrophages are from the resident pool or newly 
recruited into the lung, what signals attract these macrophages or whether they are 
just secondary to the change in microenvironment, and lastly, what their contribution 
is to progression of the disease [116].
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Interstitial macrophages (IMs) are ideally positioned to participate in the lung 
fibrotic processes. In a radiation-induced lung fibrosis (RIF) mouse models, IMs have 
acquired a pro-fibrotic phenotype, and express high levels of CD206, a marker of 
alternatively activated M2 macrophages [117]. Interstitial macrophages isolated from 
RIF lungs promote fibrosis by inducing the differentiation myocytes to myofibro-
blasts. Myofibroblasts have been shown to be key players in the initiation and progres-
sion of lung fibrosis [118]. Depletion of IMs in the RIF mouse model with CSF1-R 
specific mAb exerts an anti-fibrotic effect, while the depletion of AMs by intranasal 
administration of clodronate liposomes has no effects on RIF [117]. Recent studies 
showed that lung fibrosis was exacerbated after depletion of Lyve1hiMHCIIlo IM1s 
during the induction of fibrosis, which suggested that these IM1 might have an early 
antifibrotic role. This is in keeping with expression of high levels of genes associated 
with wound healing, repair, and fibrosis in this subset of IMs [20].

8. Conclusion

It is clear that lung macrophages have an essential role in both lung homeostasis 
and in disease states. Here we have highlighted the specific origins, unique pheno-
types and functions of the two main populations of lung macrophages, AMs and IMs, 
and emphasized the distinct roles in common lung diseases. It is still not clear if lung 
macrophages derived from circulating monocytes eventually become indistinguish-
able from embryonically derived resident AMs in chronic lung diseases or if they are 
long lived in the lungs with a slightly different genomic and functional profile thereby 
changing the lung macrophage landscape. There is still a lack of knowledge of IMs 
in terms of how they are maintained and their importance in lung conditions. With 
the increasing power of phenotyping and genomic techniques, there will be oppor-
tunities to better characterize the origin, subtypes and functions of AMs and IMs in 
both health and disease. There is a pressing need to focus strongly on macrophage 
function, especially in regards to mechanisms of their role in inflammatory and anti-
inflammatory pathways, their turnover and survival during the immune response, 
and their interactions with recruited macrophages in promoting wound healing. 
Refining our understanding of macrophage plasticity and the role of distinct popula-
tions of macrophages in various pulmonary diseases will lead to the identification of 
novel macrophage-targeted therapies.
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Chapter 5

Macrophages in the Smooth Muscle 
Layers of the Gastrointestinal Tract
Gianluca Cipriani and Suraj Pullapantula

Abstract

Muscularis macrophages are a newly discovered population of immune cells 
populating the smooth muscle layers of the gastrointestinal tract. Beyond their  
well-established role in modulating innate immunity, these cells are emerging for 
their ability to communicate with cells required for gastrointestinal motility. This 
chapter will describe the factors contributing to muscularis macrophages’ phenotype 
and the functional connections these cells established with different cell types.

Keywords: macrophages, gut, enteric neurons, enteric glia, gastrointestinal motility

1. Introduction

The gut is home to the body’s largest population of immune cells [1, 2]. Beyond the 
frontline defenses against unparalleled exposure to foreign antigens, gut macrophages 
(MΦ) also constantly communicate with an intricate network of cell types orchestrating 
gastrointestinal (GI) functions [3, 4]. By now, the plasticity of MΦ in different organs 
of the body (inter-diversity) and within tissue layers (intra-diversity) has been estab-
lished. While the M1/M2 dogma has served to advance the field of Immunology and 
understand MΦ phenotype and function [5, 6], immunologists now generally agree that 
there is a spectrum of phenotypes between the two classifications [7–9]. This chapter 
will outline the phenotype and function of a population of MΦ in the GI tract, called 
muscularis macrophages (MMΦ). As the name states, MMΦ resides in the muscularis 
layers of the GI tract, called muscularis propria. MMΦ fulfills multiple functions across 
development, adulthood, and under disease conditions. This chapter will report the 
factors contributing to MMΦ’ phenotype heterogeneity and describe the functional 
interaction MMΦ establish with cells populating the same environment.

2. Identification of MMΦ: a new population of macrophages

Mikkelsen and colleagues first identified “macrophage-like” cells in the muscularis 
propria of the small intestine using combination of electron microscopy and immu-
nohistochemistry [10]. Subsequent studies by the same group confirmed these cells to 
be MMΦ after endocytosis of FITC-dextran and F4/80 labeling co-labeled. In addition 
to the identification of MMΦ by immunohistochemistry, electron microscopy analysis 
revealed distinct morphological features based on location within the muscularis 
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propria. These cells were noted to contain a nucleus, Golgi bodies, smooth and rough 
endoplasmic reticulum, and enveloped by the processes of interstitial cells of Cajal 
(ICC). The GI muscularis propria (Figure 1) is separated from the external environ-
ment by the mucosa, which is in constant contact with ingested food along with the 
gut microbes and other pathogens.

The primary function of the mucosa is to absorb the dietary nutrients and protect 
against the different external stimuli [11–13]. On the other hand, the muscularis propria 
is mainly responsible for coordinating contractions for proper food movement through 
the GI tract. The cellular anatomy of the muscularis propria is complex and characterized 
by different regions. The two muscular layers are called longitudinal and circular, respec-
tively, based on their orientation. The myenteric plexus, also known as the Auerbach 
plexus, contains a significant number of enteric neurons (ENs) and pace-making ICC, 
which regulate peristalsis between the two muscle regions [14–17] (Figure 1). Advanced 
technologies further demonstrated MMΦ’s heterogeneity within the muscularis propria, 
as recent studies described differences in MMΦ distribution and phenotype within differ-
ent regions of the GI muscularis propria. Current understanding revolves around MMΦ 
acquiring distinct phenotypes upon exposure to intrinsic GI cues. However, emerging 
evidence suggests that MMΦ display differences in their functions and phenotypes that 
are not exclusively driven by the GI milieu but also by their ontogeny.

3. MMΦ heterogeneity: ontogeny vs. environmental cues

For the longest time, the origin of MΦ was attributed entirely to circulating blood 
monocytes, which after engrafting the tissue, acquired tissue-resident MΦ resem-
blance [18–20]. However, studies in the late 2010s challenged this paradigm as scien-
tists theorized that populations of resident MΦ in homeostatic tissues also derived 

Figure 1. 
Different regions of the gastrointestinal tract along with the varying morphologies of MΦ.
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from embryonic progenitors of the yolk sac and fetal liver [21–23]. After this finding, 
there is now a consensus on the double origin of tissue-resident MΦ in multiple 
organs, where monocyte-derived- and embryonic MΦ coexist [24]. Embryonic MΦ 
are established before birth and their number is maintained by cell division, inde-
pendently of circulating monocytes’ recruitment. On the other hand, a population of 
MΦ is continuously replenished by a monocyte waterfall wherein circulating adult 
monocytes ingress into tissues and differentiate to tissue-resident MΦ [24].

While MMΦ ontogeny in homeostatic condition has been recently studied [25], 
most of the research in the last couple of decades has primarily been focused on 
disease models. Like microglia in the central nervous system (CNS), MMΦ contains 
populations of different origins, as cells of both embryonic and circulating monocyte 
origin constitute the entire pool of tissue-resident MMΦ. MMΦ as microglia in the 
brain express the high level of CX3CR1 as a canonical marker of tissue-resident cells.

Using a lineage tracing mouse model, CX3CR1 MMΦ were followed from the 
embryonic stage to adulthood. This population represents the totality of tissue-resi-
dent MMΦ at the embryonic stage and declines with time. This decline starts between 
4 and 20 weeks after birth and stops after this timepoint. Consequently, the popula-
tion that remains seeded has come to be known as long-lived MMΦ. Importantly, this 
population of embryonic MMΦ has a different transcriptional profile compared with 
monocyte-derived MMΦ. In fact, a population of tissue-resident MMΦ expresses 
high levels of CX3CR1, also known as CX3CR1hi. CX3CR1low MMΦ, on the con-
trary—as the name suggests—express low levels of CX3CR1 and highly express C-C 
chemokine receptor 2 (CCR2). CCR2 is involved in monocyte homing in response 
to inflammation in the local tissue environment [26, 27]. Resident MMΦ exhibits a 
general anti-inflammatory phenotype at steady-state conditions compared to the 
more inflammatory phenotype of mucosal MΦ. This is underscored by the expression 
of their wound healing and tissue-protective genes.

Long-lived MMΦ express genes responsible for cell-to-cell adhesion, cytoskeletal 
anchoring, and neuron development, suggesting their anatomical association with 
ENs. In addition, 26% of the genes enriched in a subpopulation of long-lived MMΦ 
is unique compared to the data set from tissue-resident MΦ populating other tissues. 
However, most of this population express gene previously associated with microglia 
in the brain, such as Fc receptor-like scavenger (FCRLS), cystatin C (CST3), platelet 
factor 4 (PF4), apolipoprotein E (ApoE), and disabled-2 (Dab2). Although a subtype 
of MMΦ is maintained by cell division, most tissue-resident MMΦ are continuously 
replenished by circulating monocytes. In fact, bone marrow transplanted CX3CR1 
EGFP cells engrafted into the muscle layers, and within 4 weeks of transplantation, 
they re-established the number of tissue-resident MMΦ [28].

A study aimed at differentiating between long-lived MΦ and monocyte-derived 
MΦ used Tim4 and CD4 as surface markers to separate the two populations [29]. 
Long-lived MΦ were Tim-4+/CD4+ as evidenced by the slower rate of turnover 
compared to Tim-4− /CD4− cells as expressed by chimerism of cells post-irradiation. 
Although the total pool of small bowel MΦ was considered, this segregation is largely 
driven by mucosal tissue-resident MΦ in commensal-rich areas as noted in the study 
due to the higher rate of monocyte-macrophage turnover. Interestingly, Tim-4 is as an 
important apoptotic cell uptake receptor indicating that these long-lived MΦ might 
be playing a crucial role in efferocytosis, a process which has been shown to resolve 
inflammation in the brain by microglia [30], and other tissue types [31].

A new population of embryonic MMΦ called perivascular (PVMs) was recently 
identified in anatomical association with blood vessels within the muscularis propria 
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of the ileum and small intestine [32]. The authors identified a gene—musculoaponeu-
rotic fibrosarcoma (Maf)—which is required for the development of this subpopula-
tion in white adipose tissue (WAT). This population, named vasculature-associated 
macrophages (VAMs), existed in all organs in proximity to blood vessels. This 
commonality led them to understand the effect of Maf regulation in the muscularis 
propria of the ileum and small intestine since they harbor MMΦ expressing similar 
markers to VAMs, specifically, VAM2. Furthermore, when the Maf gene was deleted, 
there was a total loss of CD206+ MMΦ in the small and large intestines, implicating 
its critical role in their phenotype and function.

All these data suggest the bivalent origin of tissue-resident MMΦ with the 
coexistence of monocyte- and embryonic-derived MMΦ. This level of heterogeneity 
has been recently described in the single-cell transcriptomic analysis of colonic 
MMΦ. Colonic MMΦ can be divided into three different populations, including 
“transient” monocyte-like MMΦ expressing high levels of calprotectin (heterodi-
mer of S100A8 and S100A9) and long-lived calprotectin-negative MΦ expressing a 
TRM phenotype [33, 34].

Further investigation is needed to outline the key similarities and differences 
between murine and human MMΦ distribution, morphology, and composition. 
Although the murine monocyte waterfall in the intestine depicts a detailed transition 
of Ly6Chi CX3CR1int monocytes to CX3CR1hi MHC-IIhi CD64+ MMΦ, information on 
human MMΦ is sparse, generally relied upon immunohistochemistry and morpho-
logical studies.

Another study by Bernardo and colleagues tracked the transition phenotype of 
human monocytes to tissue-resident MΦ [35]. It was found that CD14+ monocytes dif-
ferentiated into inflammatory monocyte-like cells upon entering healthy and inflamed 
colonic mucosa. These cells, identified by CD11chi CCR2hi CX3CR1+ expression, then 
transitioned through an intermediate phenotype of CD11cdim CCR2low CX3CR1low 
before finally becoming tissue-resident—or tolerogenic—MΦ with a CD11c− CCR2− 
CX3CR1− signature. As is true in the mouse model, CCR2 remains critical in recruiting 
monocytes in humans. Furthermore, the authors found that homing was abrogated 
when it was blocked on monocytes before migration. Whether this is true in MMΦ is 
yet to be elucidated. Changes to monocyte-derived or long-lived embryonic MMΦ can 
alter the total MMΦ number in diseases where homeostasis is challenged. For example, 
in diabetic and diabetic gastroparetic mice [36], there is an increase in MMΦ which is 
linked to the recruitment of inflammatory circulating monocytes.

MMΦ phenotype depends on regional distribution across the muscularis propria 
and the interaction MMΦ established with other cell types populating the same 
environment. MMΦ have a different morphology [37] in the different regions of 
the muscularis propria. MMΦ located in the myenteric plexus and serosal regions is 
multipolar, with many branches originating from the main body (Figure 1).

On the other hand, MMΦ distributed within the muscular layers have a bipolar 
shape that follows muscle cells’ orientation. Further data are needed to understand 
if morphological differences between these diverse MMΦ populations translate into 
functional changes. Such differences have been easier to study in the brain since the 
various CNS regions are accessible and can be separated. Whereas this has enabled  
the study of microglial phenotype residing in each area, it is more complicated to get 
the same type of information from the muscularis layers of the GI tract due to the 
technical difficulties in separating the different regions.

Long-lived MMΦ occupy a specific anatomical niche within the GI muscularis 
propria. De Schepper and colleagues [25] identified this MMΦ population as essential 
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for maintaining ENs, located within the myenteric plexus region where they interact 
with ENs. The critical role of the environmental cue in shaping MMΦ phenotype is 
evident as embryonic MΦ are also present in the mucosa, but they have an overall 
distinct phenotype compared to long-lived MMΦ. Interestingly, another population 
of embryonic MMΦ does not express CX3CR1, but in this case, it appeared to be 
anatomically coupled with blood vessels [32].

Another essential feature contributing to MMΦ heterogeneity is the location of 
MMΦ in different regions of the muscularis propria. Whereas in the small intestine 
MMΦ are mostly concentrated in the myenteric plexus, gastric MMΦ are evenly dis-
tributed between the myenteric plexus and smooth muscle layers [38]. Further studies 
are needed to understand if this difference in MMΦ distribution is also responsible for 
functional changes. Phenotypically, at resting, gastric MMΦ do not express high levels 
of CD206 as MMΦ from the small intestine does. MMΦ density also differs between the 
small intestine and colon in young mice, with a reduction of MMΦ density observed in 
the colon [39]. However, this type of difference was no longer observed in adult mice. 
It also appeared that MMΦ in the different gut regions responds to external stimuli dif-
ferently, suggesting a possible intrinsic phenotypic difference. For example, in diabetes, 
gastric MMΦ change their phenotype leading to gastric dysfunction, whereas, in the 
context of the same disease, MMΦ in the small intestine are unchanged [36].

Although we have a clearer picture of MMΦ distribution in different smooth 
muscle layers at steady-state conditions, we have only partial information about 
their distribution in states of altered homeostasis and disease. In aging, clusters of 
CD163-IR immune cells are visualized in proximity to sympathetic hyperinnervation 
in the jejunum of rats [40]. In a mouse model of diabetic gastroparesis, an increased 
number of MMΦ has been described with the onset of diabetes, but no changes in the 
MMΦ distribution have been reported [41].

More studies are needed to understand the differences between the populations 
of MMΦ residing in the different gut regions looking at (1) phenotypic changes, (2) 
changes in response to inflammation/stimuli, and (3) origin.

4. MMΦ: new players of gastrointestinal motility

As anticipated in the previous section of the chapter, the muscularis propria contains 
numerous ENs that work in concert with the CNS to control digestive function. The 
enteric nervous system (ENS) has 200–600 million ENs distributed in thousands of 
small ganglia [15, 16]. Importantly, the ENS can function independently from the CNS 
to control digestive function. The GI tract is innervated by intrinsic ENs and the CNS 
axons of extrinsic sympathetic and parasympathetic neurons.

Since some MMΦ are closely associated with ENs, this raises the following ques-
tions: Do these MMΦ functionally interact with enteric nerves, and what does such 
communication entail?

4.1 Functional interaction between MMΦ and intrinsic innervation

MMΦ-ENs functional interaction has been studied extensively in the homeostatic 
and diseased gut. Muller and colleagues showed for the first time an active interaction 
between MMΦ and ENs in 2014 [42]. In this study, the investigators showed that MMΦ 
expresses a high level of bone morphogenetic protein 2 (BMP2) compared to mucosal 
MΦ. Notably, certain ENs express the receptor (BMP2r) that, upon interaction with 
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BMP2, respond by a pSMAD1/5/8 related mechanism. This type of functional interac-
tion is regulated by microbiota, as microbiota-free mice have reduced BMP2 expression. 
Depletion of MMΦ results in poorly coordinated colonic contractions in an ex vivo model 
and abnormal colonic transit time in vivo. Adding exogenous BMP2 to the colonic rings 
from MMΦ -deficient mice decreases stretch-induced contractions. Enteric neuron 
number results from a dynamic balance between the ENs dying by apoptosis and the 
continuous production of new ENs by neurogenesis. As microglia in the CNS, MMΦ 
played an essential role in clearing cellular debris resulting from neuronal death. In vitro 
models have shown the bidirectionality of this interaction. Oxytocin (OT) is tradition-
ally considered a nonapeptide hormone synthesized in the hypothalamus that is released 
from the posterior pituitary into circulation and is involved in milk let-down and uterine 
contraction. Polarized pro-inflammatory MMΦ regulate the expression of OT and its 
receptor, OTR in cultured enteric neurons via STAT3 or NF-κB pathway [43].

On the other hand, TGF-β released by anti-inflammatory MMΦ induces the 
upregulation of OT/OTR [44]. Interestingly higher levels of pro-inflammatory 
cytokines correlated with a lower level of OT/OTR in DSS-colitis. In the colon, ENS is 
reduced by pro-inflammatory MMΦ via the GK1-FOXO3 pathway.

Most studies described a close association between MMΦ and nerve fibers. However, 
recently a paper for the first time also describes a rare population of MMΦ distributed 
within the ganglia [45, 46], which house the bodies of the ENs. In their study, the 
authors demonstrated that this population of MMΦ, called intra ganglionic macrophages 
(IGMs), has processes in this region of mouse colon, suggesting phagocytic capability. 
Colitis-induced mouse models are characterized by an increased level of pro-inflamma-
tory MMΦ and associated with a reduction of IGMs. Notably, the loss of IGMs in colitis is 
associated with enteric neuroinflammation, characterized by neuronal hypertrophy.

A series of studies questioned the role of MMΦ in regulating the total number and 
the genetic coding of ENs. CX3CR1 MMΦ [25] of embryonic origin persisted with 
aging and remained primarily associated with ENs in the myenteric plexus region. 
The conditional removal of this population of MMΦ during development results 
in the overall reduction of ENs, leading to GI dysfunction. Csf1op/op mice, which do 
not have MMΦ from birth, have an abnormal myenteric plexus and more ENs than 
control mice [41, 42]. Although the number of nitrergic ENs is increased in Csf1op/op 
mice [47], the number of cholinergic ENs is not altered, suggesting that MMΦ may 
regulate different subtypes of ENs (Figure 2).

In the same animal model, Cipriani and colleagues also showed that the absence of 
MMΦ from birth is associated with more ENs sharing cholinergic and nitrergic phe-
notypes, indicative of a more undifferentiated population of ENs. A reduced number 
of anti-inflammatory MMΦ in aged mice is linked to ENs loss [48, 49].

Figure 2. 
Bidirectional interactions between EN and MMΦ comparing homeostasis and disease.
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To further understand this intimate relationship between MMΦ and the ENS, papers 
understanding their dynamics during development have shed some light on this. MMΦ 
colonize the gut independently of ENs at E9.5. Although they engraft into the muscularis 
propria, tissue-resident MMΦ are not close to ENs but are closer to other cells populating 
the same environment during this period [50]. The investigators identified a plausible 
explanation for this observation as the absence of CSF1 release by ENs during this period, 
contrary to adulthood where ENs represent the primary source of CSF1. An increasing 
number of MMΦ engraft into the muscularis propria during development, where they 
occupy a distinct niche compared to mucosal MΦ and establish an intimate connection 
with neuronal processes [51]. Conditional depletion of irf8, a gene enriched in this popu-
lation of MMΦ, leads to impaired intestinal GI motility. More studies are needed to dissect 
further the possible role of MMΦ in orchestrating ENs differentiation and distribution.

4.2 Functional interaction between MMΦ and extrinsic innervation

The amount of data describing the functional interaction between tissue MMΦ, 
and peripheral nerves is limited, mainly because the number of MMΦ is minimal 
compared to the total number of tissue MΦ. For example, MMΦ expressing CX3CR1 
are closely associated with sympathetic nerve fibers of adipose tissue [52]. Precise 
extrinsic afferent (visceral sensory) and efferent (sympathetic and parasympathetic) 
innervation of the gut is fundamental for gut-brain cross talk. While the extrinsic 
nerves do not directly modulate gut motility, they can affect it by regulating other cell 
types within the ENS [53]. Interactions between MMΦ and extrinsic innervation and 
the effect of sympathetic and catecholaminergic signaling in the immune cells’ modu-
lation of multiple organs have been extensively studied in the past [54]. However, 
their possible involvement in modulating MMΦ polarization phenotype in the gut has 
been described only recently. In their study, Gabanyi and colleagues [37] suggest the 
regulation of MMΦ activation by the β-adrenergic receptor β-2AR receptor (β2AR). 
Β2AR+ MMΦ resides near neuronal cell bodies or processes of the myenteric ganglia. 
Because of this interaction, MMΦ expresses higher levels of β2AR, a neuropeptide 
receptor, than lamina propria MΦ. Notably, adrenergic signaling through this recep-
tor reduces ENs loss following infection [55].

Acetylcholine (Ach) represents the primary parasympathetic neurotransmitter 
released by preganglionic nerve fibers and the vagus nerve. Ach has been studied 
for its anti-inflammatory effects in the periphery, as its stimulation is sufficient to 
suppress systemic inflammation in response to endotoxin. Cholinergic neuronal 
release during vagal nerve stimulation (VNS) induces an anti-inflammatory MMΦ 
phenotype activation via the alpha7 nAChR (α7nAChR), ameliorating muscular 
inflammation [56]. In addition, vagal manipulation leads to an increased number of 
gastric MHCII+ MMΦ, resulting in delayed gastric emptying [57].

The vagal nerve represents the longest nerve in the body and the main component 
of parasympathetic innervation. It is well established that the vagal nerve innervat-
ing the GI tract originates from 2 central regions of the CNS: the ambiguous nucleus 
and the dorsal motor nucleus of the vagus. This indeed represents one of the most 
studied roots to access the ENS from the CNS [58]. VNS mediates MMΦ anti-inflam-
matory phenotype activation in a model of inflammation induced by mechanical 
stimulation of the mucosa. This pathway is independent of vagal stimulation from 
the spleen as vagus denervation from the spleen did not prevent MMΦ activation. In 
this mouse model, the activation of anti-inflammatory MMΦ through VNS reduced 
the overall level of inflammation in the tissue. It appeared that this type of pathway 
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is effective through the α7nAChR since MMΦ from α7nAChR knockout mice did 
not respond to VNS [56]. Extrinsic vagal innervation is involved in regulating 
contractions generated by the stomach. Preclinical studies underlined this pathway’s 
involvement and its possible therapeutic role in preventing muscularis propria 
inflammation in inflammatory bowel disease (IBD). Mice in which the vagus is 
resected develop severe colitis associated with increased pro-inflammatory cytokine 
levels such as IL-1β, IL-6, and TNF-α [59].

Interestingly, patients with depression and psychological stress are typically 
associated with adverse and worst forms of ulcerative colitis. This important asso-
ciation also translates into animal models of depression, which are more prone to 
develop forms of colitis [60]. Notably, the beneficial effect of antidepressant drug 
application is abolished after vagotomy. Although this mechanism is not entirely 
understood, the transfer of MΦ from animal models with depression made the 
recipient mice more susceptible to developing forms of colitis [61].

Gastroparesis is a disease that affects the stomach and is associated with impaired 
motility and increased pro-inflammatory MMΦ. VNS stimulation in patients with 
gastroparesis induced anti-inflammatory MMΦ activation and an incremental improve-
ment in symptom scores [62]. In addition, VNS prevents gastroparesis by inducing anti-
inflammatory MMΦ through STAT3-JAK2 mediated mechanism. Abdominal surgery is 
often associated with pro-inflammatory MMΦ activation leading to an overall inflamma-
tion of the muscularis propria and affected gastric motility, which VNS3 abolishes [63].

It appears that this interaction is bidirectional, as ENs can also affect MMΦ phenotype, 
differentiation, and maintenance. In an animal model in which pharmaceutical and 
genetic sympathetic innervation is deprived, there is an increase of circulating monocytes 
that ingress into the muscularis propria compared to controls [64]. In addition, isolated 
MMΦ from sympathetic-deprived mice have anti-inflammatory phenotype and con-
comitant increment of pro-inflammatory phenotype that led to accelerated GI transit 
time. Intestinal manipulation in postoperative ileus (POI) promoted an increased level of 
anti-inflammatory ED1 MMΦ [65] in the colon blocked by an anti-α7nAChR antibody. 
The authors proposed a mechanism in which ENs released acetylcholine upon intestinal 
manipulation that binds its receptor (α7nAChR) on the surface [56]. This represents a 
mechanism that could be targeted to prevent POI. A mouse model of post-infectious 
irritable bowel syndrome (IBS) is associated with subtype-specific neuronal loss via 
NRLP6 and caspase 11 mechanism and dysmotility. Notably, in this model, β2-AR signal-
ing depletion in MMΦ resulted in increased loss of ENs in the post-infectious IBS model. 
These results indicate that, while short-term depletion of MMΦ does not impact intrinsic 
enteric-associated neurons (iEANs) survival in the unperturbed state, MMΦ may play an 
iEAN-protective role during enteric infection [56].

5. MMΦ interactions with non-neuronal cells

5.1 MMΦ-ICC

The GI tract represents a highly heterogeneous system where multiple cell types 
coexist and contribute to GI contractility. Similar to the pacemaker cells of the heart, 
the gut contains cells called ICC that set up the GI contractility pattern. ICC was 
described more than 100 years ago by Ramon y Cajal. For many years these cells were 
characterized only by non-specific histological stains and later, more reliably, by electron 
microscopy. The ultrastructural features and the ICC’s anatomical distributions 
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suggested their critical physiological roles: (1) they are pacemaker cells and propagate 
slow waves [66, 67], (2) they mediate both inhibitory and excitatory neurotransmis-
sion [68–70], (3) they work as mechanosensory cells.

Limited data describe MMΦ-ICC interaction in homeostatic conditions in the ENS. 
Electron microscopy and immunofluorescence analysis showed that MMΦ populations 
are closely associated with ICC [10, 14], suggesting a potential functional role for this 
type of interaction. Ji and colleagues [38] recently demonstrated that despite their 
close association, MMΦ rarely touches ICC, but they are separated by a space of 300 
microns. In Csf1op/op mice, that do not have MΦ from birth, ICC appears to have a 
normal distribution, and the level of expression of kit, a specific ICC marker, is not 
different from controls (Figure 3).

The information relative to MMΦ-ICC functional interaction in GI disease is 
more extensive. Blockade of IL-17A signal reduced ICC loss in sepsis by affecting 
the overall number of pro-inflammatory MMΦ [71]. Numerous MMΦ are observed 
closely associated with ICC in the antiinflammation model compared to controls at 
ultrastructural level [72]. In the same model with the progression of inflammation, 
MMΦ has large phagosomes and lysosomes in the proximity of injured ICC, suggest-
ing a possible ongoing phagocytic activity. During development, ICC releases CSF1 
in the small intestine, thus contributing to MMΦ migration and survival during this 
period. IL-6 released by MMΦ during GI surgery promotes upregulation of miR-
19a responsible for ICC depletion [73]. An increase of pro-inflammatory cytokines 
produced by MMΦ is associated with decreased c-kit positive ICC in the dilated colon 
of Hirschsprung disease (HSCR) associated with enterocolitis [74].

Most of the information acquired in recent years describing a functional interaction 
between MMΦ and ICC has been produced in the context of diabetic gastroparesis, a 
functional disease affecting the stomach. One of the main cellular changes observed 
in both mice and patients with diabetic gastroparesis is ICC depletion and changes to 
MMΦ composition. Conditioned media from pro-inflammatory activated MMΦ reduces 
kit positive ICC in-vitro [75]. The ineffectiveness of the same conditional media in the 
presence of a TNF-alpha neutralizing antibody suggests this cytokine’s implication 
in regulating kit expression. Patients with diabetic gastroparesis have fewer CD206+, 
anti-inflammatory MΦ. This reduction correlates with ICC loss, suggesting a protective 
role of anti-inflammatory MMΦ on ICC, that is impaired in diabetic gastroparesis [76]. 
Anti-inflammatory MMΦ also secrete interleukin 10 (IL-10) to induce heme oxygenase 
(HO1) expression [77], an enzyme that has a protective effect on ICC. Mice with delayed 
gastric emptying treated with exogenous IL-10 return to regular gastric emptying with 
higher levels of HO1 and better connected, more organized, and evenly distributed ICC 
networks [78]. Thus, treatment to promote MMΦ polarization to an anti-inflammatory 
phenotype may be a viable treatment for diabetic gastroparesis. Progression of diabetes 

Figure 3. 
Bidirectional interactions between ICC and MMΦ in homeostasis and disease.
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and development of delayed gastric emptying is associated with increased levels of pro-
inflammatory MMΦ and reduced anti-inflammatory MMΦ.

A small number of data suggest the contribution of MMΦ-ICC functional 
interaction in the development of other GI diseases. For example, Crohn’s disease is 
associated with ICC injury and changes to MMΦ morphology [79]. In Achalasia, ICC 
closely related to immune cells are preserved [80]. Cytokines released by MMΦ have 
been considered responsible for ICC network disruption in endothelin-B receptor 
null rat, a model of Hirschsprung’s disease [81]. Other functional diseases, such 
as slow transit constipation, are associated with ICC loss. In this disease, ICC loss 
depends on the release of exosome miR-34c-5p from MMΦ [82].

5.2 MMΦ/smooth muscle cells and fibroblast-like cells

Although MMΦ exists in the muscle layers of the gut, the limited research 
surrounding their spatiotemporal dynamics with smooth muscle cells (SMCs) has 
hampered their full understanding. Only recently has their spatial interactions with 
SMCs been characterized in a paper. In it, MMΦ establishes membrane-to-mem-
brane contacts with SMCs forming structures akin to peg-and-socket joints observed 
using Transmission Electron Microscopy [38] (TEM) in both humans and mice. Due 
to this tight interaction, it is speculated that chemokines/cytokines that are released 
by SMCs and vice versa maybe be pertinent for the maintenance of homeostasis in 
the local environment and ensure proper gut motility (Figure 4).

In fact, a study revealed a transient receptor potential vanilloid 4 receptor (TRPV4) 
mediated interaction between MMΦ and SMCs in the colon of mice [83]. TRPV4 is a 
biosensor that can detect mechanical, thermal, and chemical cues and has been impli-
cated in various GI disorders. However, because its effect on gut motility was not estab-
lished, the authors sought to determine its role, specifically in colonic motility. Using 
TRPV4−/− and TRPV4+/+ as comparisons, they found various indications of impaired 
colonic motility. For example, they found that TRPV4−/− mice had a significantly 
increased number of pellets retained in the colons as opposed to their WT controls. 
This led to the identification of a subtype of MMΦ expressing the TRPV4 channel 
responsible for colonic contractions independent of ENS input. This independence was 
confirmed by optogenetic stimulation of the same MMΦ while applying tetrodotoxin 
(TTX) which resulted in prostaglandin E2 release leading to spontaneous contractions.

Postoperative ileus (POI) is a common abdominal complication almost after every 
intra-abdominal surgery characterized by a prolonged absence of bowel movement. 
This leads to symptoms such as a distended abdomen, nausea, vomiting, and other 

Figure 4. 
Bidirectional interactions between SMC and MMΦ comparing homeostasis and disease.
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complications that prolong patients’ stay in the hospital, furthering the epidemiologi-
cal burden for all parties involved. Shortly after intestinal manipulation in mice, the 
MMΦ network in the muscularis propria evokes a localized inflammatory response 
that recruits neutrophils and mast cells. The extravasation of leukocytes in tandem 
with MMΦ [84] results in the synthesis of prostaglandins and nitric oxide which 
directly impair SMCs contractility leading to POI. In the inflammatory cascade that 
ensues initially, there is an upregulation of MIP-1a, IL-1B, IL-6, ICAM-1, and MCP-1 
compared to WT controls, indicating that MMΦ recruits monocytes, which then 
become resident-MΦ, and subsequently attract more monocytes. The cytokines and 
chemokine released are injurious to the SMCs resulting in impaired contractility 
depletion of this MMΦ network has been shown to decrease overall inflammation and 
prevent POI completely [85].

Crohn’s disease is an inflammatory bowel disease (IBD) characterized by 
persistent inflammation that typically affects both terminal ileum and colon. Due 
to simplicity, reproducibility, and commonalities associated with humans, TNBS-
colitis in the murine model is used to study Crohn’s disease [86]. In this model, 
MCP-1 RNA and protein levels are upregulated in the muscularis layer of the gut 
[46]. Similarly, in humans, inflammation resulting from Crohn’s is associated with 
an increased number of pro-inflammatory MMΦ, neutrophils, and other immune 
cells recruited in the smooth muscle layers via a CCL2 and MCP-1 dependent 
mechanism [87]. Consequently, prolonged inflammation and hypertrophy of the 
surrounding smooth muscle layers have been observed [88]. Further studies are 
required to properly understand how MMΦ contribute to the pathogenesis of 
Crohn’s disease.

In the process of characterizing ICC at the ultrastructural level, cells with morpho-
logical similarities to ICC were discovered [89]. These fibroblast-like cells were shown 
to contain gap junctions with SMCs in mice, rats, and guinea pigs indicating their 
potential involvement in GI motility. Years later, they came to be known as PDGFRα 
positive cells/telocytes (TC) since they were positive for the platelet-derived growth 
factor receptor alpha (PDGFRα) and negative for c-kit thus differentiating them from 
ICC. These cells are located all throughout the GI tract but specifically in the muscula-
ris propria, as they can be found encircled around muscle bundles and ganglia. Their 
long processes form an intricate mesh-like network interacting with ICC networks, 
once again highlighting their importance in motility and function—specifically, 
purinergic motor transmission (Figure 5) [90].

Recently, it has been shown that MMΦ establishes cell-to-cell contacts with 
PDGFRα-positive cells using TEM. Due to the close association of PDGFRα-positive 
cells with SMCs and the connections made with MMΦ, it has further bolstered the 
notion that MMΦ contributes to homeostasis and GI motility in some fashion that has 
yet to be elucidated in greater detail.

Figure 5. 
Bidirectional interactions between PDGFRα-positive/TC and MMΦ comparing homeostasis and disease.
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5.3 MMΦ: enteric glial cells

Enteric glial cells (EGCs) are found in the muscularis propria surrounding the 
ENs, sharing similar features with the brain macroglia, represented by astrocytes and 
oligodendrocytes. As oligodendrocytes in the brain, EGCs contribute significantly 
to ENs maintenance, survival, and function [91–94]. As previously described, a 
subpopulation of MMΦ is specifically situated in this space, making the two cell types 
sharing the same anatomical space and a functional interaction possible.

EGCs as astrocytes in the brain can shift the phenotype in disrupted homeostasis 
conditions, such as inflammation. They actively mediate acute and chronic inflamma-
tion in the gut by regulating circulating monocyte recruitment during inflammation 
and the expression of pro-inflammatory cytokines. In vivo and in vitro studies dem-
onstrate that EGCs secrete several cytokines and chemokines, including interferon-γ 
(IFN-γ), chemokine ligand 20, TNF-α, and prostaglandin D2 [95, 96].

The increased number of CD68 MMΦ during inflammation, partially due to 
circulating monocyte extravasation, is reduced after conditional depletion of con-
nexin 43 (Cx43)—a gene which encodes for gap junctions—from EGCs. IL-1Β level, 
which is increased in inflammation, binds to its receptor on EGCs and regulates CSF1 
expression by a Cx43 dependent mechanism [97].

A similar mechanism involving EGCs-MMΦ crosstalk was also observed in POI, 
which is associated with an increased level of IL-1β. Intraperitoneal injection of IL-1β 
promoted the expression of pro-inflammatory genes, and deficient mice for IL-1R1, 
a receptor for IL-1β, are protected from POI. Interestingly, immunohistochemistry 
study showed that IL-1R1 in POI co-labeled with EGC labeled with GFAP. Culture 
enteric glial stimulated with 10 ng/mL of IL1-β for 24 h expressed a high level of 
MCP-1, suggesting the possible involvement of these cells on circulating monocyte 
recruitment [98].

Another study showed that EGCs, after inflammation, express CCL2, which 
promotes monocyte recruitment upon binding with its receptor CCR2 [99]. 
Another study on POI described the activation of ATP, which through the P2x 
receptor triggered IL6 production, which is selectively blocked by the P2x2 
antagonist ambroxol [100].

In colitis induced by Heligmosomoides polygyrus infection, transcriptome analysis 
of isolated MMΦ revealed the enrichment of IFNγ in the colon. This data is consistent 
with an enrichment of IFNγ from EGC from patients with undergoing inflammation. 
Interestingly IFNγ drives a feedback effect on EGC by eliciting chemokine interferon-γ 
inducible protein 10 kDa (CXCL10) and guanylate-binding protein 10 (GBP10) expres-
sion through STAT1, leading to reduced proliferation of EGC. CXCL10 and GBP10 are 
involved in host defense and mediate immune responses with regards to anti-bacterial 
immunity and cancer, respectively [101, 102]. In addition to directly impacting ECs, 
the IFNγ-EGC-Cxcl10 signaling axis regulates tissue repair after helminthes infection 
through MMΦ via CCL8, CCL7, CXCL2, and CCL2 activation [102].

α-Synuclein (α-Syn) aggregates are found in the brain of patients with 
Alzheimer’s disease. Most patients with this disease suffered from GI functional 
disorders, however, the mechanism is not understood. Application of α-synuclein 
(α-Syn) aggregates into the muscularis propria promotes the expansion of EGCs and 
overall tissue inflammation. Although it is not directly tested, it is possible that in 
this context, EGCs orchestrate the overall α-Syn mediated inflammation by talking 
with MMΦ, as multiple genes expressed following EGCs expansion are associated 
with MMΦ (Figure 6) [103].
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Pro-inflammatory MMΦ products, such as IL-1, IL-4, and TNF-α, promote EGCs 
activation like reactive gliosis in the CNS. It is also evident that MMΦ products can 
affect EGCs phenotype during inflammation. Esposito and colleagues showed that 
upon LPS treatment, EGCs acquire an activated phenotype that coordinates the 
inflammatory response in the ENS. Inhibiting the NF-κB pathway on EGCs amelio-
rated the overall inflammatory response in colitis and in-vitro models. On the other 
hand, treatment of EGCs in vitro with LPS promoted the expression of genes associ-
ated with an anti-inflammatory response [104].

As in the CNS, EGCs play a role in maintaining gut homeostasis by interacting 
with ENs. By interacting with EGC, MMΦ can potentially contribute to ENs main-
tenance. In fact, the application of TNF-α and IL-1β, 2 cytokines produced by pro-
inflammatory MMΦ, can induce the expression of nerve growth factor (NGF), which 
is implicated in neuronal outgrowth.

6. Conclusion and future directions for MMΦ in the GI tract

MMΦ are specialized phagocytic cells that fulfill an important role in regulating 
GI homeostasis and disease. They contain different subpopulations whose phenotype 
depends on their GI tract location and origin. These unique MMΦ, compared to 
mucosal MΦ, share an anti-inflammatory phenotype. It is evident now that MMΦ 
has a dual origin. The MMΦ pool is maintained by both monocytes derived- and 
embryonic-derived MMΦ. Although there is evidence suggesting the involvement of 
embryonic-derived MMΦ in regulating ENs, no information supports the possible 
contribution of circulating monocytes to tissue homeostasis. Depending on their 
location, MMΦ can interact functionally with cells that are important for GI physiol-
ogy. Further studies are needed to elucidate the underlying mechanisms regulating 
this type of interactions.

Figure 6. 
Bidirectional interactions between EGC and MMΦ comparing homeostasis and disease.
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of Inflammasome-Mediated 
Macrophage Activation and cAMP 
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Parasite Leishmania
Anindita Bhattacharjee, Arunima Biswas and Pijush K. Das

Abstract

Leishmania, being an intelligent protozoan parasite, modulates the defensive 
arsenals of the host to create a favorable niche for their survival. When the intracel-
lular parasite is encountered by the host, multimeric complexes of inflammasomes 
get assembled and activated, thereby leading to genesis of inflammatory response. In 
order to subvert host defensive strategies, Leishmania utilizes their cyclic adenosine 
monophosphate (cAMP) and cAMP-induced response to neutralize macrophage 
oxidative damage. In this chapter, we summarize our current understanding of the 
mechanisms of inflammasome activation in macrophages and cAMP homeostasis of 
the parasite, leading to parasite viability within the macrophages and establishment of 
infection. Furthermore, we took into account, recent progresses in translating these 
research areas into therapeutic strategies, aimed at combating macrophage associated 
diseases.

Keywords: inflammasome, NLRP3, cAMP homeostasis, phagosome, Leishmania, 
macrophage

1. Introduction

Leishmaniases involve a broad spectrum of neglected tropical diseases that are 
caused by kinetoplastid parasites belonging to the genus Leishmania, that is trans-
mitted by female sandflies belonging to the genus Phlebotomus [1]. From the clini-
cal manifestations and symptoms occurring in hosts harboring various species of 
Leishmania, three major forms of Leishmania can be delineated: visceral, cutaneous 
and mucocutaneous leishmaniasis. Visceral leishmaniasis is the chronic and often 
fatal, if left untreated, form of the disease primarily caused by Leishmania donovani 
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and Leishmania infantum, infecting visceral organs including bone marrow, liver and 
spleen. Cutaneous leishmaniasis, generally caused by Leishmania major, produces 
self-healing ulcerative lesions on the skin. Another variant of cutaneous leishmani-
asis is mucocutaneous leishmaniasis that is characterized by damaged oro-naso-
pharyngeal tissues. The infective stage, i.e., the metacyclic promastigotes, are found 
to be embedded in a proteophosphoglycan-rich gel derived from the parasite itself in 
the anterior mid-gut of the sandfly, which plays important role in parasite regurgita-
tion during blood meal feeding of the sandfly [1]. The moment the parasites enter 
the host system, they are rapidly phagocytosed by the macrophages where they 
differentiate into aflagellar, nonmotile amastigotes that multiply within the acidic 
phagolysosomal compartment of the macrophages [2]. In order to survive within the 
unfriendly environment of the macrophage, Leishmania evolved several approaches 
to counter the microbicidal power of the macrophage and to mount an effective 
immune response against the parasite. After the primary encounter of the parasites 
with neutrophils during early stages of host infection, the monocytes and macro-
phages in the blood stream participate in the act of engulfing Leishmania parasites 
by phagocytosis. Monocytes that express CD11-c on their surface have recently been 
identified as the major cellular micro-environment for Leishmania to proliferate and 
also acts as a reservoir of Leishmania, providing ample number of parasites required 
for infecting neighboring cells [2]. On the other hand, recruitment and activation of 
the inflammatory monocytes protect the host system by limiting proliferation of the 
parasites by reactive oxygen species (ROS) and inducible nitric oxide synthase (iNOS) 
generation. However, tissue macrophages become the primary host cells respon-
sible for parasite elimination after infection has been established in the tissues. The 
macrophages are activated by two components of the immune system like interferon 
gamma (IFN-γ) and tumor necrosis factor alpha (TNF- α), that synergistically induce 
iNOS expression, the enzyme responsible for production of free radical NO which 
actively kills Leishmania parasites through oxidative stress induction. Apart from the 
induction of oxidative stress by the macrophage, monocyte-derived macrophages 
were found to be responsible for activation of inflammasomes and secretion of 
cytokines like Interleukin-1 β (IL-1β) upon parasitic infection [3]. Inflammasomes are 
cytosolic complexes that gather upon sensing microbial molecules or cellular stress, 
leading to cytokine processing and an inflammatory programmed cell death called 
pyroptosis, activated by caspase-1. Different species of Leishmania, when subjected 
to analysis against inflammasome activation, were found to be capable of inducing 
the macrophages to release IL-β by activation of NLRP3 (Nod-like receptor), CASP1 
(Caspase-1) and ASC (Apoptosis-associated speck-like protein containing CARD) 
[4]. IL-1β production by activated NLRP3 inflammasome induces specific signaling 
pathways triggering NO synthesis leading to parasite killing and disease resistance. 
In a recent study, it is documented that Leishmania lipophosphoglycan (LPG) acti-
vates Caspase-11 which in turn activates the non-canonical NLRP3 inflammasomes. 
Strikingly, the amastigote form of the parasite causes lesser activation of inflam-
masomes owing to the fact that they display fewer LPG on their surface as compared 
to the promastigote forms. Moreover, the amastigotes destruct the NLRP3 inflamma-
some activation pathway in the macrophages by targeting histone H3 [5]. Therefore, 
it can be considered as an excellent strategy adapted by the parasites to combat the 
hostility offered by the macrophages against them.

Another major modulator of cytological events in Leishmania and other related 
kinetoplastids is cAMP (cyclic adenosine monophosphate), which is one of the 
primary factors responsible for parasite transformation and parasite survival. cAMP 
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plays a major role in differentiation-induced cell cycle arrest in G0/G1 phase in both 
Leishmania and Trypanosoma [6]. It has significant role in modulating promastigote 
proliferation, flagellar length and motility and regulation of mitochondrial mem-
brane potential [7]. Moreover, the oxidative burst that the parasites encounter as the 
first line of defense in mammalian macrophage is associated with elevation of cAMP 
in the parasite triggering cell cycle arrest and stage differentiation [8]. Thus, it is quite 
evident that there is a delicate interconnection between the immune response offered 
by the macrophage upon Leishmania infection and the cAMP homeostasis inside the 
parasite that prevents their killing withing the host. This chapter will discuss the 
host–parasite interaction, inflammasome activation by the infected macrophages and 
cAMP homeostasis within the parasite leading to parasite survival.

2. Epidemiology of leishmaniasis

Visceral leishmaniasis, also known as kala-azar, is a deadly disease and in over 
95% of instances it is found to be direful when left untreated. Approximately 
50,000–90,000 new incidents of visceral leishmaniasis seem to occur globally each 
year in countries like Bangladesh, Brazil, China, Ethiopia, India, Kenya, Nepal, 
Somalia, South Sudan and Sudan. Cutaneous and mucocutaneous leishmaniasis 
occur in South American countries, Mediterranean river basin, the Central Asia 
and Middle East. Over 90% of mucocutaneous leishmaniasis cases occur in Bolivia, 
Brazil, Ethiopia and Peru [9]. The diseases collectively affect more than 1 million 
people every year, visceral leishmaniasis being the main reason for the death of a vast 
population of about 20,000–40,000 people annually [10]. Apart from humans, the 
primary host of the diseases, dogs, rodents, other mammals and few reptilian species 
act as the reservoir hosts of leishmaniases [11].

3.  Parasite infection and activation of parasite-dependent host biology 
modulation

3.1 Initial events of parasite infection and macrophage activation

The disease manifestation of VL strictly relies on host immunocompetency rang-
ing from asymptomatic forms to severe disease conditions, which if left untreated, 
can be fatal. Clinical conditions such as HIV infection or immunosuppression due to 
any drug treatment leading to immunodepression in host weaken the efficiency of the 
host immune system to deal with the infection and permit recurrence of the disease. 
The contrast in host–parasite interactions between cutaneous and visceral leishmani-
asis is quite noteworthy, suggesting the role of infecting species of Leishmania in 
diversification of complexity of immune responses to the pathogen [12]. Resistance 
and susceptibility of the host to the infection is associated with various genetic factors 
impacting both severity of the disease and its diagnosis in case of visceral leishmani-
asis. One of the most crucial factors that determine the clinical outcome of the disease 
is host immune response upon parasite entry. One of the components of innate immu-
nity, the complement system, is activated immediately after penetration of the dermis 
by the promastigotes, resulting in effective clearance of about 90% of all injected 
parasites within a moment or two [13, 14]. Cells of the innate immune system includ-
ing dendritic cells, NK (natural killer) cells, T cells and the cytokines they release, 
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altogether participate to mount immune response against Leishmania. IL-12 released 
by the dendritic cells activates NK cells that produce IFN-γ that enhance killing 
mechanisms in macrophages, the main target of Leishmania [15]. Apart from interleu-
kins and interferons, tumor necrosis factors (TNFs) play a pivotal role in both parasite 
clearance and tissue damage in liver and spleen, respectively. Leishmania parasites 
modify the chemokine profiles of the host–parasite persistence is promoted. IFN-γ 
release triggered by Th1 response correlates with infection resistance by induction of 
some leishmanicidal mechanism in the phagocytes. However, Th2 response results in 
infection susceptibility and disease manifestation due to replication of intracellular 
parasite as macrophage activation is inhibited [16]. Thus, symptoms and extent of 
disease manifestation largely depends on immunocompetency of the host and the fine 
interplay between the pathogen and the immunological and genetic characteristics of 
the infected host.

3.1.1 Recognition and uptake

During the parasite’s transfer from its vector to the vertebrate host, neutrophils 
and macrophages are quickly recruited to the sand fly bite site [17]. The parasites 
secret proteophosphoglycans inside sandfly midgut which acts as a potent stimulator 
for recruiting macrophages at the site of infection as found in both L. mexicana and 
L. infantum [18, 19]. Parasites initially infect the neutrophils but since neutrophils are 
unsuitable for parasitic differentiation into the amastigote forms, they start infecting 
the macrophages, their actual site of transformation [20–22]. As a result, the macro-
phage is a crucial host cell for parasite infection and persistence. The parasite flagel-
lum initiates the contact between the promastigote and the macrophage. This may 
induce the parasite to release intrinsic survival factors, hence modulating phagocytic 
activity of the macrophages [20]. The complexity of Leishmania-macrophage inter-
action largely depends on the type of macrophage receptors involved with parasite 
recognition. Complement receptor-mediated uptake of the parasite results in parasite 
survival within the macrophage phagosomes because of inhibition of oxidative burst 
and inflammation, and lysosomal markers like Cathepsin D and LAMP1 accumula-
tion. On the other hand, increased inflammatory conditions developed by fibronectin 
receptor-mediated uptake leads to parasite clearance. Other receptors including 
mannose receptors and FCγ receptors trigger inflammatory responses and NADPH 
oxidase activation in the phagosomes, respectively [23].

After the event of parasite recognition by macrophage cell surface, promastigotes 
are internalized by cholesterol-rich caveolae for both L. chagasi and L. donovani 
uptake [24–26]. However, lipid microdomains is found to have no effect on amastigote 
phagocytosis, highlighting the importance of membrane lipid-microdomains in the 
phagocytosis of Leishmania by the mammalian macrophages [24]. It is demonstrated 
in recent studies that lipid microdomain synthesis is promoted by Leishmania pro-
mastigotes by conversion of sphingomyelin into ceramide, the main constituent of 
lipid microdomain, by the activation of host acid sphingomyelinase [27]. De novo 
ceramide production is induced by the parasite at late stage of infection leading to 
disruption of lipid microdomain and impaired antigen presentation [27]. Moreover, 
L. donovani targets a macrophage transcription factor, SREBP2, which promotes 
parasite internalization and persistence through regulation of macrophage membrane 
cholesterol and mitochondrial ROS generation [28]. As a result, precise modulation of 
lipid microdomains is likely to be one of the important actors in host–parasite interac-
tions in Leishmania infection.
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3.1.2 Phagosome maturation and parasite differentiation

Following phagocytosis of the promastigotes by the macrophages and their 
internalization into the phagosome, the parasites fuse with lysosomes and adapt 
to the hostile environment where they must survive for disease manifestations. 
Despite the fact that this is one of the most difficult habitats for most infectious 
pathogens, Leishmania is one of the few protozoan parasites that can survive and 
reproduce in such conditions. Phagosomes that contain L. donovani promastigotes 
showed reduced fusogenicity towards lysosomes and late endosomes [29, 30]. 
LAMP1, a lysosome marker, was employed to the parasitophorous vacuoles leading 
to reorientation of the parasites with their cell body facing the macrophage nucleus 
and the flagellum in the direction of the periphery of the cell. This orientation of the 
parasites endorsed the parasitophorous vacuole to move outwards causing cell injury, 
accelerated lysosome docking followed by exocytosis. Some of the parasite contain-
ing lysosomes might fuse with the parasitophorous vacuoles promoting transforma-
tion of promastigote into amastigote, whereas cell injury might disrupt the integrity 
of the plasma membrane and the capacity of the host to fight infection [31].

Differentiation from promastigote to amastigote is triggered by an increase in 
temperature from 22–37°C and a decrease in pH from 7.2 to 5.5 in mammalian pha-
golysosomes. Furthermore, iron uptake followed by hydrogen peroxide generation has 
been found to be a significant trigger for parasitic differentiation in L. amanzonensis 
[32, 33]. Leishmania iron transporter (LIT1) triggers the conversion of ROS into 
hydrogen peroxide by the enzyme iron superoxide dismutase; hydrogen peroxide being 
the major trigger for promastigote-to-amastigote differentiation to occur [34]. From 
previous studies, it was well documented that there is a close association between this 
transformation and the elevated levels of cAMP and cAMP-dependent Protein Kinase 
A (PKA) within the parasite [35]. cAMP plays a very crucial role in the transforma-
tion and regulation of the cell cycle of the parasites. cAMP acts as a cyto-protector 
which increase peroxide neutralizing capacity of the parasite increasing their chance 
of survival and is also known to trigger G1 arrest [8]. Several isoforms of leishmanial 
phosphodiesterases (LdPDEA and LdPDED) also showed roles in controlling the 
cAMP levels during transformation along with the leishmanial receptor adenylate 
cyclases (LdracA and LdracB) and pyrophosphatases (V-H+PPase) proving beyond 
doubt the importance of cAMP signaling cascade in the parasite [35, 36].

3.1.3 Macrophage activation: host: parasite interaction

Macrophages, apart from acting as a phagocytic cell, respond to and regulate 
different signaling molecules [37]. Circulating monocytes are the precursors of 
tissue macrophages that secrete various antimicrobial and immunoregulatory mol-
ecules capable of inactivating pathogens through ROS and NO generation [38–40]. 
Monocyte–macrophage lineage show notable plasticity and can modify their physiol-
ogy according to the environmental stimuli giving rise to diversified cell population 
with different functions [41, 42]. The state of activation of macrophages can be 
changed in response to different cytokines, growth factors and microbial molecules. 
When stimulated by TNF-α or IFN-γ or lipopolysaccharide, macrophages undergo 
classical activation that is characterized by surface marker CD80 expression [43, 44]. 
On the other hand, macrophages undergoing alternative activation is induced by IL-4 
and IL-13 by the activation of a common receptor, IL-4R [45]. Production of high 
levels IL-13, CCL14, CCL17, CCL18, CCL22, IL-10, TGF-β, urea, and ornithine which 
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is an essential substrate for both polyamine and collagen synthesis, are observed in 
alternatively activated macrophages [44, 46, 47]. One of the mechanisms for the 
establishment of intra-macrophage parasite infection is the inhibition of host defense 
mechanism which is achieved by inhibiting inflammatory cytokine secretion and 
apoptosis. One such target of L. donovani promastigotes is AKT signaling and its 
downstream components, β-catenin and FOXO-1, modulation of which inhibits both 
cytokine production and apoptosis [48]. Thus, the initial interaction of Leishmania 
with macrophages leads to their activation and polarization that is essential for 
the survival of the parasite inside the macrophage and establishment of disease 
manifestation.

3.2  Inflammasome activation by Leishmania: mastering the macrophage 
environment exploiting macrophage biology

Upon detection of pathogenic organisms, the cytoplasm of the cells of innate 
immunity assembles multiprotein complexes called inflammasomes that cause an 
inflammatory programmed cell death called pyroptosis. The nucleotide-binding 
domain leucine-rich repeat protein (NLR) family is the widely studied inflamma-
some that is activated by cell membrane damage-inducing pathogens and molecules 
(Figure 1) [49]. Caspase-1 activation is promoted upon NLRP3 activation and 
oligomerization which leads to ASC polymerization exposing the CARD domains 
of the ASC, leading to recruitment of Caspase-1 through CARD/CARD interaction. 
The NLRP3 inflammasome undergoes both canonical and non-canonical activation. 
Initially, TLR (toll-like receptors) or TNFRs are stimulated by microbial components 
or TNF-α leading to numerous inflammatory gene transcription, Nlrp3, Casp11 
and Il1b for instance. But inspite of the presence of a first signal, a second signal is 
required for canonical NLRP3 activation that occurs via pore formation by the micro-
bial toxins, and subsequent rupture of the host cell membrane, resulting in K+ efflux 

Figure 1. 
Interaction of Leishmania promastigotes with macrophage receptors triggers phagocytosis of the parasite and 
release of intrinsic survival factors by the pathogen that modify phagosome synthesis and results in inhibition of 
proinflammatory pathways. The schematic diagram is the summary of the fine interplay between inflammasome-
induced and cAMP-mediated differentiation of the parasite through modulation of ROS and activation by Ld 
receptor adenylate cyclases (LdRacs) by acidocalcisomal pyrophosphatase (V-H+PPase) resulting in upregulation 
of cAMP, respectively. PPi = inorganic pyrophosphate pool, AC = acidocalcisome.



109

The Tale of Mastering Macrophage Environment through the Control…
DOI: http://dx.doi.org/10.5772/intechopen.102671

and decrease in K+ concentration the cytoplasm [50]. Apart from potassium efflux, 
lysosomal cathepsin and ROS production is also essential for canonical activation of 
NLRP3. In contrast, non-canonical activation of NLRP3 inflammasomes is promoted 
by Caspase-11 which is activated by bacterial LPS. Different species of Leishmania use 
different strategies of limiting or inhibiting inflammasome activation in the macro-
phages. L. mexicana and L. major, as demonstrated by Shio et al., use GP63, a viru-
lence factor that inhibit IL1b production in THP-1 cells, either by ROS inhibition or by 
inflammasome components cleavage [51]. Inhibition of NLRP3 inflammasome by  
L. donovani is achieved by A20, a negative regulator of NF-κβ and UCP2, mito-
chondrial uncoupling protein 2 manipulation by inhibiting ROS generation [52]. 
Leishmania infection induces the expression of UCP2 leading to downregulation of 
ROS generation by the macrophage, thus probably averting ROS-mediated inactiva-
tion of protein tyrosine phosphatases which in turn suppresses defense mechanism of 
the infected macrophages [53]. In two recent findings, L. donovani and L. amazonensis 
was shown to transcriptionally inhibit the components of inflammasome in infected 
macrophages [52, 54]. Though inflammation activation might not be fully blocked 
by the pathogens, but the magnitude or extent of inflammasome activation is surely 
noticeably limited by Leishmania as compared to other infectious pathogens like 
bacteria or protozoan parasites like Trypanosoma cruzi and Toxoplasma gondii [4].

3.3 The NLRP3 inflammasome and its activation during Leishmania sp. infection

Initial stage of macrophage infection by Leishmania triggers inflammasome activa-
tion in the infected macrophages prompting Caspase-1 activation and production of 
IL-1b. The role of NLRP3 inflammasome in Caspase-1 activation was established by 
the absence of the process in NLRP3 or ASC deficient cells [55]. Macrophage inflam-
masome activation restricted parasite multiplication by Caspase-1 and IL-1b produc-
tion and stimulation of ROS generation via p47phox and arachidonic acid-NADPH 
oxidase signaling pathway in L. infantum [56]. In conjunction with these findings, it 
was revealed that L. amazonensis triggered Dectin-1 activation, which resulted in Syk 
kinase activation and ROS production by NADPH oxidase, a step required for NLRP3 
activation in macrophages [57]. Furthermore, inhibiting ROS and NADPH oxidase 
during the primary infection was sufficient to prevent inflammasome activation, 
demonstrating that the earliest signals for inflammasome activation occur during 
parasite phagocytosis [57]. These findings highlight the role of ROS in the activation 
of NLRP3 during Leishmania infection. Lipophosphoglycan (LPG) from several 
Leishmania species has recently been demonstrated to activate caspase-11 in macro-
phages, suggesting non-canonical NLRP3 inflammasome activation [58]. It was also 
observed that mitochondrial phosphatase phosphoglycerate mutase family member 
five, a protein involved in restricting Leishmania multiplication in macrophages, is 
required for the production of IL-1b in response to Leishmania infection, implying 
that this protein is involved in the NLRP3 inflammasome activation [59]. Compounds 
that activate inflammasomes and promote IL-1b production, such as polyester poly 
(lactide-co-glycolide acid) nanoparticles infused with an 11 kDa Leishmania antigen, 
the antiprotozoal drug diterpene kaurenoic acid, and the conventional anti-leishman-
ial drug Amphotericin B, have also been shown to limit parasite replication in mac-
rophages [60, 61]. In a visceral Leishmaniasis model, anti-IL-1b treatment inhibited 
parasite clearance by Amphotericin B. These investigations show indisputably that the 
inflammasome is activated as a result of Leishmania infection and plays a key role in 
limiting proliferation of Leishmania in macrophages.
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4. Leishmania evades host defense

4.1 Curbing inflammation

To counter host defenses, Leishmania exploits a multitude of intervention mecha-
nisms by targeting various signaling pathways in macrophages. Even before the parasites 
are inoculated by the sand fly vector, the proteophosphoglycan rich secretory gel pro-
duced by the parasites promotes L. mexicana viability by increasing alternative activation 
and arginase activity in the macrophages [18]. Interestingly, Leishmania amplified the 
production of the proinflammatory cytokines IL-1, TNF, MIP-1, and MCP-1 as well as 
the anti-inflammatory cytokine IL-10 induced by leishmanial LPS [62]. Murine perito-
neal macrophages infected with L. donovani promastigotes has recently been observed to 
stimulate expression of PPARγ of the host, which is believed to suppress inflammation 
and guard the host from irreparable damage. The parasite was easier to remove when 
PPAR was inhibited [63]. Leishmania also activated host PTPs (protein tyrosine phos-
phatases) such as PTP1B, TC-PTP, PTP-PEST, and SHP-1. PTP activation causes a wide 
range of beneficial events for the parasite, including a decrease in proinflammatory pro-
cesses, a decrease in IL-12, NO, TNF, phagolysosomal maturation, and antigen presenta-
tion by class II MHC molecules [64, 65]. TRAF3 is another newly discovered target of 
L. donovani promastigotes. In RAW 264.7 cells and bone marrow-derived macrophages, 
the parasite blocked TRAF3 (TNF receptor-associated factor) degradation to impede 
TLR4-mediated inflammatory response in the host. TLR4 activation requires TRAF3 
degradative ubiquitination. TRAF3 knockdown by shRNA reduced parasite load [66]. 
The preceding investigations demonstrate the wide range of host targets that Leishmania 
uses to avoid macrophage activation and the consequent proinflammatory response. As 
Leishmania develops infection and multiplies within the macrophage, the macrophage 
may ultimately undergo apoptosis. The parasite postpones apoptosis of macrophage but 
eventually uses the apoptotic cell to propagate to nearby non - infected macrophages 
with limited access to extracellular immune recognition systems. Hence, when it is at its 
most susceptible phases, Leishmania skillfully manipulates its host to escape immune 
detection and associated inflammation.

4.2 Interfering with host cell signaling

Leishmania-infected macrophages lack events associated with activation and are 
insensitive to IFN-γ [51]. It has also been found that IFN-γ receptors are downregulated 
by L. donovani promastigotes and promote the expression of the cytokine signaling sup-
pressor SOCS3 [67]. As a result, L. donovani promastigotes may effectively turn off the 
main signaling cascade of one of the most essential macrophage activators. L. donovani 
amastigotes, like promastigotes, suppressed IFN-induced MHC class II and iNOS expres-
sion. Infection with L. donovani amastigotes, on the other hand, reduced IFN-induced 
gene expression without changing STAT1 activation. Rather, amastigotes decreased 
IFN-induced nuclear translocation of STAT1 through interfering with STAT1’s interac-
tion with karyopherin importin-α5 [68]. The fundamental mechanics are yet unknown.

4.3 Avoiding oxidative damage

The reactions of Leishmania to oxidative stress is different for different Leishmania 
species and host cell they infect [69]. For instance, peritoneal macrophages infected 
with L. major, when elicited by thioglycolate, triggered ROS generation by stationary 
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phase promastigotes whereas the same was inhibited in macrophages infected with L. 
amazonensis [70]. To combat oxidative stress, various Leishmania species employ a vari-
ety of strategies. L. donovani axenic amastigotes, for example, were able to reduce both 
intracellular and mitochondrial ROS by inducing mitochondrial uncoupling protein 2 
(UCP2) upregulation, hence ROS inhibition [53]. Leishmania can also escape oxidative 
damage by inhibiting the assembly of phagolysosomal membrane NADPH oxidase and 
the formation of ROS within the parasitophorous vacuoles [71]. The parasite’s insertion 
of the surface glycolipid lipophosphoglycan (LPG) in the phagosomal membrane may 
further hinder recruitment of the NADPH oxidase components to the parasitophorous 
vacuoles [30]. In addition to directly damaging the parasite’s oxidative damage caused 
by ROS promotes macrophage apoptosis, destroying the parasite’s replicative niche.

4.4 Countering antigen presentation

Antigen cross-presentation is a significant aspect in pathogen immunity. It entails 
presenting phagocytosed cargo-derived foreign proteins on class I MHC for cytotoxic 
CD8+ T cells recognition and a systemic immune response coordination. The macro-
phage, as a specialized antigen presenting cell (APC), contributes in the cross-presenta-
tion of proteins generated from Leishmania. In macrophages infected with L. donovani 
or L. major, the parasite strategically escapes immune responses offered by the host by 
inducing SNARE VAMPS cleavage, thus preventing antigen cross-presentation [34]. No 
such inhibition is observed in L. donovani amastigote infected macrophages. VAMP8 
disruption inhibited assembly of NADPH oxidase, resulting in more effective phago-
somal acidification and proteolysis, and thereby reducing presentation by MJHC class I 
and activation of T cells [71–73]. The parasite also inhibited antigen cross-presentation 
by disrupting membrane lipid microdomains [74]. Indeed, infected cells had lower 
membrane cholesterol levels, and the defect in antigen presentation could be repaired 
with liposomal administration of exogenous cholesterol. Liposomal cholesterol was also 
found to be enhancing ROS and RNI degeneration, as well as expression of proinflam-
matory cytokine and intracellular parasite death, and was linked to cellular stress and 
ROS-induced apoptosis in peritoneal cells infected with L. donovani promastigotes [75].

4.5 Inducing autophagy

L. amazonensis amastigotes and stationary phase promastigotes increased intracel-
lular parasite survival by autophagy induction in peritoneal exudate cells or macro-
phages derived from bone marrow. Autophagy inhibitors like 3-methyladenine (3MA) 
or wortmannin lowered parasite burden, but autophagy inducers like rapamycin or 
starvation had little effect or increased parasite load [76, 77]. Autophagy induction 
was related with a decrease in NO, emphasizing the importance of this mechanism in 
infection establishment.

4.6  Exploiting macrophage environment to activate its antioxidant defense 
mechanism through cyclic nucleotide signaling pathway

Following phagocytosis by macrophages in the early stages of infection, the 
parasites are subjected to severe oxidative stress as a result of a respiratory burst 
offered by the macrophages releasing ROS and RNS [78, 79]. Superoxide dismutase, 
peroxidoxin, and trypanothione reductase are three Leishmania components 
involved in antioxidant defense against ROS and RNIs. The parasites are rendered 
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susceptible to death in the ROS producing macrophages upon the disruption of the 
above-mentioned genes [80–83]. Furthermore, resistance against oxidative damage is 
induced when the organism is pre-exposed to environmental stress [78, 84]. In many 
unicellular eukaryotes, the cAMP response has been linked as one of the key envi-
ronmental sensing machineries related with environmental stress response. Despite 
the fact that Leishmania parasites are subjected to extreme stress, which is a trigger 
for differentiation, and the relevance of cAMP in parasite differentiation has been 
documented, knowledge about the function of cAMP in Leishmania pathogenicity 
and resistance against oxidative stress is still obscure. A high temperature of 37°C, a 
low pH of 5.5 and nutritional starvation, all these collectively trigger cell cycle arrest 
in promastigote resulting in differentiation into aflagellar amastigote forms inside the 
macrophage. Occurrence of the major antioxidant gene upregulation was confirmed 
by analyzing the mRNA expression of these genes under stressed condition and maxi-
mum elevation of Ldpxn1 level was found indicating the activity of antioxidant genes 
in Leishmania during stress [8]. Not only that, antioxidant gene protein upregulation 
was also observed in Leishmania treated with cAMP analogues, suggesting a crucial 
role of cAMP in promoting antioxidant defense in Leishmania. Chemical or genetic 
inhibition of intracellular cAMP resulted in a decrease in the mRNA and protein levels 
of these anti-oxidant genes. The role of cAMP in parasite infectivity was reinforced by 
the discovery that promastigotes with a steadily overexpressed pde gene had a lower 
ability to infect IFN-γ activated macrophages than normal cells. The cAMP response 
is most likely one of several environmental sensing tools connected with Leishmania 
differentiation, and many other biochemical reactions may collaborate with cAMP in 
the process of differentiation resulting in parasite transformation.

5. Role of cAMP in survival and infectivity of the parasites

In eukaryotes, cAMP, a second messenger which is formed from ATP by the 
membrane- bound enzyme, receptor adenylate cyclases (RAC), is a key component 
that controls a wide range of cellular activities such as cytoskeletal modeling, cell 
proliferation, virulence, cellular differentiation, and death [85]. There have been 
reports of various isoforms of both membrane-bound receptor adenylate cyclases and 
soluble adenylate cyclases in Leishmania [86]. cAMP has been found to be involved 
in signal transduction processes that occur during transformations not only in 
Leishmania, but also in other similar kinetoplastid protozoa. In Trypanosoma brucei 
[87] and Trypanosoma cruzi [88], various life cycle phases have variable intracellular 
cAMP concentrations. Owing to the importance of cAMP and the role it plays in the 
transformation of kinetoplastid parasites, receptor adenylate cyclases in L. donovani 
have further been investigated. In L. donovani, the occurrence of receptor adenylate 
cyclase (RAC) has also been revealed, and a membrane associated RAC-A has been 
established to be functional when exposed to phagolysosome conditions (PC) actively 
catalyzing cAMP production [89]. In addition to the direct action of LdRAC-A in 
stress-induced intra-cellular cAMP generation, intracellular PPi and pyrophospha-
tases also perform a significant role in modulating cAMP concentration in the cell. A 
higher PPi concentration might be modulating adenylate cyclase reactions and thus, 
inhibits cAMP generation in the parasites (Figure 1) [90]. Aside from pyrophospha-
tases, which control intracellular cAMP synthesis by receptor adenylate cyclases, 
other aspects of cAMP regulation must be investigated. Intramacrophage cAMP 
concentration is increased upon infection-induced Prostaglandin E2 production in 
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the Leishmania-infected macrophage [91]. Intracellular cAMP level is maintained 
by phosphodiesterases (PDEs) which are universal enzymes that hydrolyze cAMP 
to 5′-AMP or cGMP to 5′-GMP to terminate the cyclic nucleotide signaling pathway, 
are the only mechanism for the cell to get rid of the cAMP generated for managing 
various cellular activities [92]. Cytosolic PDE activities decrease throughout stage dif-
ferentiation, although the activity of membrane bound PDEs remains constant. This 
data suggests that PDEs have a crucial function as a regulating factor during stage 
differentiation of Leishmania [93]. Not only membrane-bound phosphodiesterases, 
but cytosolic phosphodiesterase, PDED, is also important in the regulation of cAMP 
homeostasis by enhanced hydrolytic property through PKA-mediated activation of 
PDED [94]. PDED plays a role in the regulation of PKA activity and in turn maintains 
cAMP homeostasis in the parasite when initially exposed to stress conditions.

Despite the fact that cAMP-dependent protein kinase (PKA) exists and func-
tions in eukaryotes, the role of PKA in cAMP signaling in this specific parasite is still 
ambiguous. PKA, being the first downstream effector of cAMP in the RAC pathway, 
facilitate γ-P transfer to particular ser/thr residue from ATP [95]. Upon exposure 
of Leishmania to environmental stress, a significant upregulation of PKA activ-
ity, concomitantly with cAMP level increase, is observed, suggesting a connection 
between cAMP and PKA during parasite differentiation. PKA activity of five distinct 
Leishmania species was shown to be relatively high in logarithmic, as well as station-
ary phase promastigotes, with L. amazonensis being the most active and L. donovani 
being the least active [96]. A regulatory subunit of cAMP-dependent PKA, LdPKAR1, 
have been identified in L. donovani which plays significant role in metacyclogenesis, 
intra-macrophage survival and enhanced infectivity of the parasite [97]. Thus, cAMP 
is emerging as a key regulator of cytological processes in kinetoplastida parasites [98]. 
Despite the discovery of multiple cyclic nucleotide binding effector molecules, there 
is still lack of complete understanding on cAMP signaling from receptor to effector.

6. Conclusion

Being an intracellular parasite, Leishmania has adopted various ways to enter the 
host cells efficiently and then subsequently try to neutralize the hostile environment 
of macrophages. Although various strategies have been adopted by this parasite 
to establish successful infection, we are mainly concerned about stressing the role 
of inflammasome activation in host cells and cAMP homeostasis of the parasite in 
this chapter. To summarize, it can be stated that recent advances in research have 
increased our understanding of the role of cAMP signaling in kinetoplastid para-
sites such as Leishmania and its relationship to parasite infectivity. These findings 
shed light on the activity of many enzymes involved in cAMP metabolism. It can be 
suggested that modulating cAMP levels in the parasite might be one of the methods 
for controlling leishmaniasis, and that the molecules involved could be explored as 
powerful therapeutic targets against the leishmaniases.
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Chapter 7

Inflammation-Associated Wound 
Healing through a Monocytic Lens
Avi Petroff

Abstract

The development of macrophages from monocytes during wound healing is  
a complicated and convoluted process. Classically or alternatively activated  
macrophages result from a complex network of cytokine signaling between circulat-
ing monocytes entering tissue, resident macrophages, and stromal fibroblasts. This 
network of signaling constitutes a continuous communication between these cell 
types, influencing factors such as inflammatory duration, healthy or fibrotic tissue 
repair, and downstream macrophage functionality. “Forward talk” from monocytes 
to fibroblasts, as well as “back talk” from fibroblasts to monocytes, can greatly influ-
ence the behavior of each cell type. This cell-cell communication, though difficult to 
fully encapsulate in vitro, can be facilitated through implementation of specific cell 
culture techniques. 3D cell culture systems enable a more representative assessment of 
myofibroblast phenotypes that would likely be seen during wound repair. Co-culture 
systems further enable cell-cell interactions in the inflammatory and wound repair 
cascades to be assessed in coordination with each other. Looking ahead, these cell 
culture techniques, alongside novel concepts such as organ-on-a-chip models, can 
provide deeper insight into the myriad molecular mechanisms we claim to understand 
currently. Our improved understanding of these cellular interactions can lead to 
improved clinical outcomes for pathologies associated with these complex cell types.

Keywords: monocyte, macrophage, fibroblast, inflammation, communication,  
cell culture, wound repair, fibrosis, cytokine, cellular development

1. Introduction

To truly appreciate the history of our understanding of macrophages, we must 
first understand how macrophages manifest from earlier cellular lineages. Just as 
humans have common ancestors and lineages with other primates, so too do macro-
phages with other cells derived from myeloid progenitor cells. All this is to say, just as 
humans are complex organisms, macrophages have fantastic intricacies and potential 
fates. The whole world is its oyster, or petri dish, if you will.

So, how do macrophages come to be? We’ll go over some key points here, and some 
will be expanded upon in subsequent sections within this chapter. Discussion in this 
chapter will pertain to macrophages, monocytes, and fibroblasts in a broad cellular 
sense but will also have a focus on human physiology. Briefly, macrophages comprise 
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a heterogenous and highly variable group of myeloid cells that function within the 
innate immune system [1]. The functions of macrophages are largely attributed to 
inflammation, which will be discussed further below.

2. Mention of macrophage manifestation

What makes macrophages particularly fascinating is the plasticity of their mani-
festation. In other words, macrophages have the innate ability to alter their phenotype 
during development in response to, and in conjunction with, myriad environmental 
signals [1]. This plasticity in “activation” of macrophages is a growing area of research 
in fields such as immunology, disease progression, tissue and extracellular matrix 
homeostasis, and resolution of inflammation [2].

More specifically, the activation of macrophages can come about by stimuli such 
as cytokines—special cellular signaling proteins—that influence levels of gene and 
protein expression [2]. The unique composition of cell surface receptors, intracellular 
enzymes, and cytokines allows us to create distinctions that organize our understand-
ing of macrophage activation.

The exact categories of macrophage activation go beyond the scope of this chap-
ter, and such distinctions are still a point of ongoing scientific discussion. However, 
for the purpose of our understanding, there are two primary routes of macrophage 
activation. The first is commonly known as “classically activated” or “type 1” macro-
phages (M1), and the second is known as “alternatively activated” or “type 2” (M2) 
[2]. These states of activation have been described as polarized extremes within a 
continuum of macrophage functionality [3]. Indeed, various subsets of nomenclature 
have been established, such as M2a and M2b, that expand upon the basic M1 and 
M2 classifications, accounting for the possibility of activation within a spectrum of 
phenotypes [2]. For the purpose of this chapter, we’ll delve deeper into M1 and M2, 
bearing in mind the continuum within which we are exploring.

Classically activated macrophages are purported to be involved in the canonical 
response to tissue injury and/or infection. As expected, this pathway of activation is 
characterized by macrophage expression of many pro-inflammatory cytokines, such as 
TNF-α, and interleukins such as IL-1β, IL-6, and IL-12 [1]. These M1 macrophages are 
heavily involved in the inflammatory cascade discussed in subsequent sections within this 
chapter, primarily through the production of reactive oxygen and nitrogen species [1].

Alternatively activated macrophages, in contrast to M1 macrophages, secrete 
minimal pro-inflammatory cytokines [1]. Instead, M2 macrophages secrete numerous 
anti-inflammatory cytokines such as IL-10, CCL18, and CCL22 [1]. Further, alterna-
tively activated macrophages play a crucial role in counteracting pro-inflammatory 
and cellular immune mechanisms, with inhibitory and regulatory functions in such 
pathways [4]. In this respect, M1 macrophages are broadly categorized as the pro-
inflammatory side of the spectrum, whereas M2 macrophages pertain mostly to the 
anti-inflammatory side of the spectrum [1].

Though more complicated than necessary for the purpose of discussion in this 
chapter, there are various in vitro protocols employed to induce M1 and M2 pheno-
types [5]. Because M1 and M2 phenotypes represent such polarized and opposite acti-
vation states within the macrophage continuum, these basic classifications provide an 
opportunity to study and assess macrophages in a wound healing context. However, 
we must remember that in vivo macrophage phenotypes in tissue wounds would likely 
demonstrate a much more complex and variable phenotype.
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To conclude our introduction to the manifestation of macrophages, it should 
additionally be noted that IL-10 is a much more complex cytokine than previously 
thought. Difficult to describe and fully encapsulate in experimental data or scientific 
publications, IL-10 can behave as both a pro-inflammatory and anti-inflammatory 
cytokine in various environmental conditions [6, 7]. With the presence of IL-10 
during the developmental process of macrophages, it is exciting to consider that there 
is potentially still much to learn about macrophages, and that our history of under-
standing these cells continues into our future.

3. Inflammation during wound healing

Now that we understand a bit more about the manifestation of macrophages, let us 
now turn our attention to the myeloid cells from which macrophages are themselves 
derived—monocytes. Monocytes are another complex and intriguing cell type and 
will be one of our focuses for the bulk of this chapter. However, it would be inappro-
priate to discuss the functions and fates of monocytes without also discussing the role 
of another cell type involved in would healing—fibroblasts. Fibroblasts are largely 
involved in the structuring and maintenance of the extracellular matrix (ECM) of 
tissue and play a vital role in the wound healing process.

In most human tissues, healthy wound healing is predicted to occur following 
hemostasis (blood clotting) via orderly and efficient progression through various 
stages of a signaling cascade (Figure 1). These stages include local inflamma-
tion, inflammatory resolution, tissue cell proliferation, and tissue remodeling [8]. 
Fibrosis—the formation of dysfunctional and often distorted scar tissue—occurs 
when these sequential events are dysregulated by dynamic signaling pathways [9, 10].

The inflammatory phase of wound healing is when circulating monocytes, as well 
as neutrophils, infiltrate tissue at the site of injury via cytokine recruitment [8]. Upon 
arrival, these circulating monocytes, in addition to local tissue monocytes, may dif-
ferentiate into tissue macrophages (Figure 2) [8]. Classically or alternatively activated 
macrophages then play a role in tissue debridement, phagocytosis of foreign par-
ticles, and interaction with other cell types at the wound site such as fibroblasts and 
lymphocytes. This communication is in the form of secreted cytokines and growth 
factors, such as platelet-derived growth factor (PDGF), fibroblast growth factor 

Figure 1. 
Signaling cascade following hemostasis during wound healing. Progression through these stages, either subsequently 
or in an overlapping fashion, leads to the healthy remodeling of tissue. Dysregulation at various points within this 
cascade can result in aberrant wound repair, as is seen in fibrosis.
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(FGF), and transforming growth factor β (TGFβ) [8]. Macrophages also play a role 
in antigen presentation for T-lymphocytes for development of downstream memory 
immune responses [8]. Without the vital role of macrophages, there would be slowed 
growth of damaged tissue, persistence of cellular and particulate debris, and slowed 
progression through the subsequent stages of wound healing (Figure 1).

The plasticity of activated macrophages is quite impressive. The elegant balance 
between classically and alternatively activated macrophages is crucial for preventing 
pathologies or acute reactions within wounded tissue [11]. This balance is made possi-
ble by the macrophage phenotypic plasticity; classically activated macrophages within 
the wound site can kill pathogens, neutralize toxins, and debride the wound [11]. In 
turn, alternatively activated macrophages are recruited via cytokines to repair tissue 
and heal the wound [11]. To prevent recruitment of circulating monocytes beyond 
this point, classically activated macrophages can switch their apparent phenotype to 
alternatively activated macrophages, based on signals from the local stromal tissue 
(Figure 2) [11]. This interesting signaling between stromal tissue, macrophages, and 
circulating monocytes will be discussed further later in this chapter.

In many human tissues, wound healing initiates the TGFβ signaling pathway, distinct 
from macrophage-secreted TGFβ [10]. Exposure of tissue fibroblasts to TGFβ induces 
another type of cellular activation. In this situation, tissue fibroblasts can become 
activated into myofibroblasts, characterized by expression of α-smooth muscle actin 
(α-SMA) [8]. Myofibroblasts play a prominent role in wound healing by synthesizing 
and secreting large quantities of ECM material, and additionally obtain a phenotype of 
increased contractility. The ECM secretions and increased contractility of these cell types 
facilitate wound healing, though excessive levels are characteristic of tissue fibrosis [8].

Figure 2. 
Schematic of the central role of macrophages in wound healing. Circulating monocytes that differentiate into 
macrophages, in addition to tissue resident macrophages, can be classically or alternatively activated. Activated 
macrophages then contribute to various processes associated with wound healing. Cellular crosstalk between 
monocytes, macrophages, and stromal myofibroblasts further contributes to the complexity of the wound repair 
process.
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The magnitude and duration of the proliferative stage of wound healing is cor-
related to the duration of the inflammatory phase [12]. Indeed, the amount of col-
lagen deposited by myofibroblasts can be reduced by attenuating the inflammatory 
response [13]. During remodeling, fibrovascular tissue formed during the prolifera-
tive stage matures into scar tissue [12]. Normal reduction in myofibroblast numbers 
through apoptosis is important during this ECM remodeling, and prolongation of 
myofibroblast survival leads to excessive scar tissue formation [12].

Before moving to the next section of this chapter, let us connect these concepts 
and ideas surrounding cell types to form a clearer picture for our understanding. It 
certainly wasn’t an exaggeration on my part when I described monocytes, macro-
phages, and fibroblasts as complex cell types! In a vacuum, each of these cells can 
behave in unique ways, demonstrating variable phenotypes even when assessed indi-
vidually as a mono-culture of cells. This is a focal point of many in vitro studies that 
aim to articulate the innate behavior of these cells. However, the world of possibilities 
becomes even larger when considering these cells in coordination with each other. The 
myriad interactions between just these three cell types in vivo presents a niche area of 
modern cellular research, quite literally.

4. Stromal influence on monocyte signaling: a game of broken telephone

The canonical understanding of wound healing involves the “forward talk” from 
circulating immune cells to stromal cells, such as fibroblasts, to induce paracrine 
signaling or activation of these fibroblasts into myofibroblasts [8]. Indeed, it has long 
been accepted that the processes of monocyte recruitment, differentiation into clas-
sically or alternatively activated macrophages, and signaling to fibroblasts follow an 
organized and stringent process [14]. However, our general understanding is some-
what lacking when considering the “back talk” from stromal cells to monocytes, and 
the effects of this communication on monocyte cytokine production and downstream 
macrophage differentiation (Figure 2).

As a brief aside, a commonly used cell line for assessing monocyte cellular 
processes is the THP-1 cell line. THP-1 cells are immortalized human monocytes 
derived from an acute monocytic leukemia patient [15]. These cells are invalu-
able because they potentiate a simplistic but widely available in vitro cell model 
of inflammatory infiltrate. These cells allow for meaningful immune modulation 
analyses because they demonstrate few changes during cell culture periods, main-
tain minimal genetic variation, and present few obstacles in terms of ethical issues 
or donor availability [15]. Lastly, these cells are very useful because they can be 
classically or alternatively activated into macrophages through various experimen-
tal techniques. We will not go into these specific laboratory protocols, but it must 
be understood that THP-1 monocytes provide an informative tool for exploring 
macrophage differentiation.

However, as is the case with many in vitro studies, it is difficult to fully recapitu-
late cell-cell interactions that would occur in vivo, and thus studies using THP-1 
cells should be assessed with this in mind. In any experimental model that does not 
incorporate all physiological components, there are elements missing that can only be 
compensated to a certain degree. Even the most optimal in vitro models fails to include 
the plethora of microenvironmental and cellular niches that can contribute to cellular 
processes in vivo. Nevertheless, there is much to learn about the characteristics of 
monocytes using THP-1 cells, and so we’ll include these cells in our discussion.



Macrophages - Celebrating 140 Years of Discovery

128

Previous studies have shown that gene expression in THP-1 monocytes encoding 
macrophage differentiation markers is influenced by co-culture with fibroblasts [16]. 
However, there are currently few studies of this type that assess the relative effects of 
co-culture on both cell types, particularly in the context of wound healing. Could it be 
the case that multiple cell types influence each other’s behavior in cell culture? Let us 
explore this for a moment.

As outlined earlier, fibroblast activation into myofibroblasts is largely induced 
by mechanical properties of the ECM through various mechanotransduction 
pathways [14]. Strain caused by fibroblast focal adhesions within the collagen 
meshwork of the ECM enables efficient mechanical activation of latent TGFβ1 
through integrin-mediated cell-pulling [14]. Increased TGFβ1 signaling can then 
induce further fibroblast activation into myofibroblasts in a positive feedback loop. 
As well, myofibroblast activation facilitates active ECM remodeling during wound 
healing, producing mechanical cues for other cell types such as circulating blood 
monocytes [14]. Such signaling characterizes the “back talk” from ECM myofibro-
blasts to monocytes. Erroneous and persistent communication from ECM signals to 
monocytes can promote further myofibroblast activation and fibrosis [14], charac-
terizing a feedback loop of “forward talk”. Thus, a 3D cell culture model that closely 
resembles physiological ECM would likely be most appropriate for the assessment of 
myofibroblast activation via TGFβ1 signaling pathways.

That there have been relatively few studies assessing the relative effects of 
co-culture on circulating monocytes and fibroblasts is unfortunate. It is troubling 
because of a phenomenon previously demonstrated via in vitro fibrosis models in 
which immunologically-activated myofibroblasts promoted monocyte migration into 
tissue through cellular “back talk” [17]. This “back talk” could have been the result of 
pro-inflammatory stimuli of myofibroblasts inducing subsequent changes in mono-
cytic gene expression and physiological chemotactic recruitment [18]. In other words, 
the importance of co-culturing these cell types together is emphasized by the role of 
myofibroblasts as immunoregulatory “sentinel cells” [18].

All this is to say, there are complex cell-cell interactions between stromal 
fibroblasts in a 3D ECM and circulating blood monocytes. Indeed, stromal cells, 
specifically fibroblasts, are becoming increasingly prominent in research regarding 
pathogenesis of tissue inflammation, immunomodulation of tissue microenviron-
ments, transition from acute to chronic inflammation, and inflammation persistence 
associated with rheumatoid arthritis [19]. In this context, fibroblasts play a functional 
role in the progression of chronic inflammation, in addition to their role in tissue 
fibrosis highlighted earlier.

Beyond involvement in chronic inflammation and tissue fibrosis, fibroblasts and 
stroma in a broad sense play a functional role in another chronic pathology: malignant 
disease. In this instance, stromal cells lay down the components of the non-tumor 
ECM that potentiates growth of solid tumors [19]. However, stromal cells can also be 
a key driver of tumor progression through the inhibition of apoptosis in malignant 
cells in breast carcinoma [20]. Further, stromal cells and cancer-associated fibroblasts 
are purported to facilitate tumorigenesis and eventual metastasis through production 
of oncogenic signals and promotion of angiogenesis [19].

While reading this, you may notice that we have veered onto tangential thinking. 
Our main discussion involves monocytes, fibroblasts, and macrophages in the context 
of wound healing following acute inflammation. How, then, does chronic inflam-
mation and malignant disease progression relate to this? The answer lies within the 
interactions between the cell types involved in these processes. The “forward talk” 
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and “back talk” in each of these situations is critical for the progression of cell  
migration, development, signaling, and proliferation. Just as communication is vital 
for a healthy relationship between humans, so too is it vital for these cellular  
processes—even if pathological!

To realign our thinking regarding fibroblasts, it is purported that even in the 
absence of external stimuli, fibroblasts are capable of promoting monocyte migration 
through the production of similar protein signals to cytokines, called chemokines 
[17]. Further, this behavior is not limited to one cell type, but instead is an intrinsic 
property of fibroblasts [17]. This alludes to the concept of immunologically-activated 
myofibroblast “back talk” inducing monocytic migration, which then ties into our 
understanding of downstream fates of monocytes into classically or alternatively 
activated macrophages, for example.

With this in mind, lets tie a few more strings together. At a site of wound injury, 
circulating blood monocytes are recruited to the site of injury via the process of 
inflammation [21]. Through a multitude of cytokine signals between monocytes, 
tissue macrophages, and stromal cells, monocytes quickly acquire certain macrophage 
phenotypic characteristics once at the wound site [21]. The coordination between 
blood-derived and tissue macrophages allows for the synthesis and release of many 
different types of regulatory cytokines and chemokines that are crucial for the wound 
healing process [21]. This “forward talk” from monocytes and macrophages allows for 
stromal fibroblasts to acquire a myofibroblast phenotype in many cases, and facili-
tates processes such as matrix deposition, tissue contraction, and cellular reorganiza-
tion. The last point of discussion for the purpose of this chapter will thus be how the 
“forward talk” and “back talk” demonstrate an elegant interplay, influencing the 
quality and quantity of wound repair.

5. Implications toward our understanding of macrophages

Up to this point, we have discussed the key players of the inflammatory cascade, 
some cell types involved in wound repair, and the significance of the “forward talk” 
and “back talk” between some of these cellular driving forces. What implications, 
then, does all of this have with regards to our understanding of macrophages?

The answer to this question, as is the case with many scientific inquiries, lies in 
how we observe and assess the communicatory phenomena surrounding monocytes 
and macrophages. We’ve already alluded to how each cell type can innately behave 
one way when assessed in mono-culture, and how this behavior can be altered when 
assessed in co-culture. However, the extent to which we can improve our experimen-
tation on these cell types is dependent on how accurately we can recapitulate some of 
the physiological processes that occur in vivo using mimetic cell culture models.

Two potential ways through which the scientific community can better under-
stand the complex interplay of monocytes, macrophages, and fibroblasts is through 
the use of co-culture systems, but also through the use of 3D cell culture systems. 
Such 3D systems could more intimately mimic the biological interactions that occur 
in living tissues and can provide novel perspectives beyond those attainable through 
2D cell cultures [16, 22]. Current cell culture models that lack 3D and co-culture 
techniques are likely to underestimate potential immunomodulatory effects of 
stromal fibroblasts on monocytes and macrophage development due to the omission 
of complex bi-directional signaling that can occur between these cell types in living 
tissue [22].
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For example, a novel macrophage and fibroblast co-culture model was designed 
and employed to assess the effect of material surface properties on inflammatory 
response regulation in vitro [23]. This co-culture system was used because it more 
closely mimicked autocrine, paracrine, and juxtacrine signaling between these two 
cell types [23]. As well, the comparison between macrophage behavior in mono-
culture vs. co-culture was made possible [23]. Together, this exemplifies the useful-
ness of co-culture models when understanding the inflammatory processes that occur 
physiologically, particularly in the context of biomaterial assessment.

A similar model designed by many of the same authors was also used to assess 
physiological host responses of biomaterials in vitro [24]. This model maintained 
the advantage of spatially-controlled interactions between macrophages and fibro-
blasts in a co-culture system [24]. Further, data showed that macrophages could 
induce wound healing and even fibrotic responses via upregulation of fibroblast 
outgrowth, cytokine production, and myofibroblast activation [24]. Use of this 
model was also advantageous because additional factors, such as cytokines, could 
also be assessed in vitro for their effects on cell-cell communication in a co-culture 
system [24].

A step in the right direction toward a more comprehensive experimental system 
for monocytes, macrophages, and fibroblasts is the recent development of organ-
on-a-chip (OOC) models. These models employ microfluidic in vitro systems that 
markedly improve our ability to assess how immune cells interact with parenchymal 
cells to mediate immune responses to inflammation [25, 26]. These models are power-
ful and flexible, but they can be difficult to manufacture. In addition, they are not 
usually designed to accommodate cell-type specific nor sensitive analyses of cellular 
responses to co-culture conditions, such as changes in gene expression of cytokine 
markers [22].

6. Conclusion

Our understanding of macrophages has immensely improved over the past 
140 years. So too has our understanding of myriad cellular interactions, such as 
inflammation, wound healing, and tissue homeostasis. This has, in part, been made 
possible by our simultaneous understanding of other crucial cell types, such as 
monocytes and stromal fibroblasts, and the role these cells have in our greater under-
standing of macrophages.

The importance of experimental models that employ both 3D and co-culture 
techniques for assessing cellular responses to inflammatory cytokine stimuli thus 
cannot be understated. To that end, we must appreciate the potential to accumulate 
incomplete or perhaps even fallacious data from mono-culture or 2D systems that do 
not incorporate various physiological factors that are at play during the “forward talk” 
and “back talk” of these cellular processes.

Looking ahead, our understanding of macrophages can and should be expanded 
upon. By designing cell culture systems that better enable assessment of the many 
cell-cell communications during inflammation, wound healing, and tissue homeo-
stasis, we can continue to explore these incredible feats of nature. Advancements in 
these areas could improve clinical outcomes for patients suffering from numerous 
pathologies discussed in this chapter, such as chronic inflammation, tissue fibrosis, 
and even cancer formation. I look forward to the “forward talk” that we have yet to 
discover.
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Chapter 8

The Role of Macrophages in 
Controlling the Adaptive Response 
to Injury: Regeneration Vs. Scarring
Dale Feldman

Abstract

This chapter will cover the apparent role macrophages play in orchestrating the 
adaptive response to injury. The chapter will first explore the differences in adaptive 
response to injury for fetal vs. adult wound healing. In addition, the differences in 
adaptive response between animals that regenerate vs. ones that heal more by scar-
ring. This information will be used to propose a theory of how to control the adaptive 
response by controlling the macrophages response. Part of this theory will be what 
is the evolutionary change in macrophages that tips the scale between regeneration 
and scarring as well as what is different about the response of macrophages in fetal 
vs. adult wound healing. The body responds to changes (stimuli) with an adaptive 
response. Additional stimuli can be added to an injury to alter the response of macro-
phages to effect the overall adaptive response. The theory developed helped to explain 
why specific strategies to control the adaptive response are successful.

Keywords: macrophage, wound healing, adaptive response control, burn treatment, 
pressure ulcer treatment

1. Introduction

This chapter will cover the apparent role macrophages play in orchestrating the 
adaptive response to injury. Although macrophages are potent innate immune cells 
injury triggers an inflammatory response and a non-specific foreign body response 
virtually independent of an immune response (unless antigens such as bacteria are 
introduced into the wound).

As with any stimuli, there is a normal adaptive response to injury. Macrophages 
play an important role in controlling this adaptive response as well as why there are 
differences between species or as we age. The goal of this chapter is to explore the role 
of macrophages in this adaptive response to develop a theory on how macrophages 
control the response.

The chapter will first explore the differences in adaptive response to injury for fetal 
vs. adult wound healing. In addition, the differences in adaptive response between 
animals that regenerate vs. ones that heal more by scarring. This information will be 
used to propose a theory of how to control the adaptive response by controlling the 
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response of macrophages. Part of this theory will be what is the  evolutionary change 
in macrophages that tips the scale between regeneration and scarring as well as what 
is different about the response of macrophages in fetal vs. adult wound healing. This 
theory will be used to explain why specific strategies to control the adaptive response 
are successful.

2. Adaptive response to injury

The body responds to changes (stimuli) with an adaptive response. The goal of this 
review is to understand how macrophages control the normal adaptive response, in 
this case for a skin injury, as well as how additional stimuli can be added to alter the 
macrophage response to control the overall adaptive response.

This section will look at the normal adaptive response to a skin injury as well as 
differences between animals that regenerate and those that do not. In addition, the 
difference in adult wound healing vs. fetal wound healing will be explored. Based on 
these observations a theory will be presented on how the macrophage causes these 
differences in adaptive response to injury.

2.1 Adaptive responses to injury

The adaptive response to injury can be regeneration, grow larger to fill the space 
(hypertrophy), or use scar tissue to fill the space [1–4]. In many cases, it can be a 
combination of these responses. Although the adaptive response is seen at the tis-
sue/organ level [3] it is first triggered at the cellular level [4], which coordinates the 
ultimate response [5].

2.1.1 Regeneration

Regeneration in this case is to recapitulate structure and function of tissue after 
an injury. An important issue is how good are humans at regeneration? Of the four 
tissue types (epithelium, muscle, nerve, and connective tissue) only epithelium is 
totally regenerative [2, 3]. The regenerative ability, however, is limited and requires 
assistance in some cases.

For each tissue type, we have had successes in small amounts, but not large areas. 
The biggest reason is the inability to get blood supply fast enough for a large area. 
Even in skin grafts, they do not get blood supply fast enough (a few weeks in many 
cases), but it is able to recover sufficiently to take (heal in) [6]. This inability to 
form blood vessels in graft substitutes has hampered the ability to create actual graft 
substitutes that heal in [2, 6–16]. It also hampers the ability to seed scaffolds to use 
in vivo [2, 6–9, 14]. The cells in the middle do not get blood supply fast enough to 
survive [1, 2, 6].

2.1.2 Loss of regeneration

Limits on regenerative healing is driven by evolution [8, 17, 18]. Certain species 
still have the ability to regenerate large structures (epimorphic regeneration) [8]. 
In humans, the loss of regenerative ability is seen as we age [8]. In utero, healing is 
regenerative and scarless. Even newborns can regenerative digits that are accidently 
cut off [19]. The length that can regenerate, however, decreases over time [19].
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The question is how much of this ability can we get back? Understanding why 
we probably lost this ability and what changes occur between fetal and adult wound 
healing can shed some light on how we may be able to better control the healing 
response. It is likely that the normal adaptive response is genetic (evolutionary). 
However, adding additional stimuli will create additional adaptive responses that can 
alter the overall adaptive response. It is also likely that the differences that occur due 
to age are not genetic, since the genes do not change over time.

Through evolution and natural selection, the scale has tipped toward scarring over 
regeneration in humans [20]. Not entirely, however, since we can regenerate blood 
as well as other tissues and organs to a limited degree (e.g. bone, smooth muscle, 
liver, and epithelial tissue) [21]. It is not that we really lost it, since virtually all tissue 
is turned over at some rate (days to years depending on the tissue); most tissue has 
at least limited regenerative ability [1–3, 5, 8, 22, 23]; and we can increase the rate 
of regeneration with things like growth factors, stem cells, and electrical stimula-
tion [1, 2]. Typically tissue that heals quickly (higher mitotic rate) has the fastest 
turnover rate [3, 4]. For example, epithelium is the fastest growing tissue and has the 
quickest turnover rate [21]. Even in thick layers of epithelium like epidermis, it only 
takes about 30 days for a basal cell to move upward to form all the layers of stratified 
squamous epithelium [1, 3, 21].

Further, babies up until about 6 months can regenerate an amputated finger and 
in utero surgery is essentially scarless [8, 19, 22, 23]. So we have the machinery to 
regenerate, but scarring normally dominates; and even more so when healing time 
increases as in larger wounds, more inflammation, or less stem cells (as we get older or 
with certain diseases) [1, 2, 8]. So many strategies geared toward speeding up healing 
have the added benefit of reducing scarring [1, 2].

So what has tipped the scales from regeneration to repair or scarring? From an 
evolutionary standpoint it is probably related to speed of recovery [4, 18, 23]; possibly 
why scarring increases as healing rate decreases. It may be as simple as if a wound 
does not heal within a specified time frame, the wound contracts and scars. Also from 
an epimorphic regeneration standpoint it could be how quickly the skin can cover 
the wound. The only thing that seems to shift is the maximum length of healing time 
before scarring starts to replace regenerative healing. There also are individuals that 
have a more robust scarring than the average, which can lead to hypertrophic scarring 
for even small wounds.

Why is scarring an evolutionary advantage? In part, “survival of the fittest” 
(natural selection) is more about those who can reproduce vs. that only the strongest 
survive [18, 19, 22, 23]. Many animals can regenerate large parts of their body [18]. 
As the species and/or part gets larger (and more complicated) it takes longer to 
regenerate and in most higher animals it serves more as a defense mechanism than 
for healing [18]. For example, a lizard’s tail comes off easily and will distract the 
prey, but requires nine months to regenerate [18, 23]. The African Spiny Mouse (skin 
comes off) and the axolotl salamander are other good examples of larger animals 
regenerating [18, 23].

Although evolution and natural selection may have kept regeneration as a defense 
mechanism to help in survival, for many larger species, the length of time for regen-
eration and the metabolic demand probably made it an evolutionary disadvantage 
[3, 4, 18]. It could make an animal easier prey, reduce their ability to reproduce, and 
increase the risk of infection [18, 22]. To that end, many mammals will kill their 
young if they are injured or deformed and zoos often have to rescue babies who might 
be killed by their parents [24].
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Some claim it is partly due to mammals being warm blooded and becoming 
 terrestrial [18, 22]. Warm blooded, makes infection easier [23]. Terrestrial means 
that legs would need to be weight bearing during regeneration and could be easily 
damaged [18]. Also as animals got larger and warm blooded the length of survival 
time without food has diminished [18]. It has been shown that the shorter the time an 
animal can survive without food the less likely it can have regenerative healing [18].

This is all also consistent with the theory that the only evolutionary change is how 
quickly scarring starts replacing regenerative healing. This means that the normal 
adaptive response tips more toward scarring. In many cases, in today’s world, with better 
infection control and the reduction in the need for fast healing, it is probably beneficial 
to tip the scales more toward regenerative healing. Since waiting for an evolutionary 
change could take at least 50 generations, once the mutation starts showing up [18, 22], 
strategies to control the response are a better option.

It appears, therefore that the bioprocess to control is time to complete healing. 
There are two bioprocesses that affect the time to heal: the delay in healing due to 
inflammation (since healing is limited during inflammation) and the rate of healing 
in the repair phase.

2.1.3 Mammalian regenerative healing

To explore this concept of shortening the inflammation part of healing more it 
would be helpful to look at examples of regenerative healing in mammals (including 
fetal wound healing). There are very few cases in adult mammals that undergo true 
(epimorphic) regeneration [8]. These include deer antlers and the ear of a rabbit 
[8]. These require blastema formation and require the epidermis to seal the growing 
blastema [8]. A hole punched in the rabbit ear can undergo epimorphic regeneration 
where ears of dogs will scar vs. regenerate [8].

Most injured tissue in adult mammals heal by repair and scarring (going through 
the inflammation, repair, remodeling phases) [8, 17, 18]. In the case of small defects 
the tissue can expand (hypertrophy) without mitosis to fill the gap—skeletal muscle 
is one example [8]. Also part of repair and scarring is wound contraction to reduce the 
amount of hypertrophy necessary [1, 2].

Regeneration of the finger of an infant is like epimorphic regeneration, but is more 
outgrowth of the bone [9, 19]. Fetal wound healing is essentially scarless, but does 
not require a blastema [23]. Without a skin wound, some internal structures can heal 
scarlessly and do not have a blastema formed [8].

Although we have learned much about epimorphic regeneration, it is unlikely to 
be a useful strategy in adults [8]. Besides the examples of deer antlers and rabbit ears, 
the process has not been able to be recreated in mammals, even with similar tissue 
to those found in other animals [21]. This is because there are a few requirements 
that are difficult to recreate at the same time including: skin injury, epidermal tissue 
quickly covering the injury, enervation, low or no inflammation, and the ability to 
start repair quickly (local cells or recruited cells) [4, 8].

It is also probably both a size and complexity issue, which is why it is only found 
in small animals less complex than mammals [8]. This would be consistent with 
the theory that it is about time to heal (including the time with little healing due to 
inflammation) as the trigger for scarring. Even, if we could get it to work for large 
structures like digits or limbs, however, it is unlikely that the size would be an adult 
size; since it takes almost two decades for human digits and limbs to grow to adult 
size [23].
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Without a blastema, regeneration of structures such as digits and limbs has a 
number of hurdles we have not solved yet including: shutting down the natural 
scarring response, revascularization, re-innervation, acceleration of healing, and 
duplicating the 3D architecture macroscopically and microscopically [6, 23]. These 
would be both growing in vitro as a graft substitute or in vivo with a degradable 
regenerative scaffold [2, 6, 7]. A graft substitute has the additional problem of 
attachment to and integrating with the host [2, 6, 7].

2.1.4 Fetal wound healing

To further explore the theory that it is the time to heal that is the trigger for 
scarring, it is helpful to look at fetal wound healing vs. adult wound healing. Again 
since wound healing in utero is scarless and the regenerative ability decreases over 
time, understanding the differences between adult and fetal wound healing can offer 
some potential control strategies [23]. Although there are many specific differences, 
between the two, it is possible they are mostly related to two phenomena that change 
over time: the ability for cells to do multiple things (due to stem cells) at the same time 
and the size of the injury [4, 8, 25]. Both affect the time to start healing and the length 
of time for healing to occur [2, 4, 25]. In fetal wounds there are more local stem cells 
and therefore do not require as much homing of stem cells from the circulation (pri-
mary source in adult wounds) [2, 4, 25]. It also is possible that there is no true scarless 
healing without epimorphic regeneration and scarless healing is just no detectable 
scar [2, 23]. Then the amount of scarring increases as we age [17, 23].

Again, time to heal is both the length of the inflammatory phase and the length of 
the repair phase. The ability to heal during the inflammatory phase (due to stem cells) 
reduces the normal delay in healing due to the inflammatory response. The size differ-
ence between the fetus and the adult leads to a shorter repair phase for the same type 
of injury. Both of these advantages in fetal wound healing decrease as we age, helping 
to explain the decrease in regeneration as we age.

2.1.5 Developing strategies to reduce scarring and increase regeneration

Based on the differences between fetal wound healing and adult wound healing 
as well as potential reasons some animals have more regenerative ability than others, 
some control strategies can be developed. Again, the theory is that the length of time 
to heal is the trigger to start the scarring process. This is both the delay in healing due 
to inflammation as well as the amount of tissue to be healed determining the length 
of the repair phase. For example, incision wounds can heal without visible scarring 
even in adults, if clean and protected from forces that will break newly formed tissue 
[2, 25]. The amount of cleaning up (foreign material, necrotic tissue, bleeding, etc.) 
determines both the amount of inflammation and the length of the inflammatory 
phase [2, 25].

Although there are many biochemical differences between animals that regener-
ate (or fetal wound healing) and adults, the main evolution change could be just 
the length of healing time required to trigger scarring. This can be the total time to 
heal and/or the time required before healing is complete. Therefore, shortening the 
inflammatory phase or the repair phase should reduce scarring. In addition, increas-
ing the relative amount of regenerative healing vs. scarring during the inflammatory 
phase, which appears to occur in fetal wound healing, or repair phase should also 
reduce scarring.
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Looking at the typical adaptive response to injury can shed some light on what the 
specific evolutionary change might be as well as ways to control the adaptive response. 
This means, which bioprocesses control the time to heal and how they do it.

2.2 The usual adaptive response

2.2.1 Healing response

Since regenerative epimorphic healing is not an option in adults and hypertrophy 
only occurs to a limited extent, then healing occurs mostly through a repair process. 
Healing of an injury normally has four phases: hemostasis, inflammation, repair, 
and remodeling. The first step (hemostasis) is essentially stopping the bleeding. This 
normally occurs via the blood clotting cascade and ends up with fibrinogen, a blood 
protein, being cleaved by thrombin to allow polymerization into a fibrin clot [2, 21, 
25]. The next step is the inflammatory response, which is to clean up the wound [25]. 
This can be removal of foreign material, dead tissue, and or products of hemostasis 
including: red blood cells, edema, and fibrin clot [25]. Neutrophils and macrophages 
are responsible for this phase [2, 25].

In adults, typically, little healing occurs during the inflammatory phase. If any it 
is predominantly granulation tissue (repair tissue with inflammatory cells and well 
vascularized) and/or scarring to wall off the granulation tissue [2, 8].

Once the inflammation subsides it turns into the repair phase. In some cases, 
the inflammation never goes away and becomes chronic inflammation (common 
with non-degradable implants particularly ones that are fibrous scaffolds) [2, 8]. 
Therefore, there is not always a clear demarcation between the inflammation and 
repair phases. In the repair phase, new tissue is formed to fill the defect. It is a mix of 
granulation tissue and regenerated tissue (similar to the tissue being repaired). This 
requires a number of interrelated events. To form the extracellular matrix (ECM) 
repair, cells need to migrate into the wound space once cleaned up by inflammation. 
The cells need to produce the ECM scaffold in front of them to allow them to grow 
into the wound [2, 5]. The cells need enough oxygen to produce the ECM, which 
requires blood vessels to grow into the wound as well [2, 25]. The cells, usually 
fibroblasts, need the blood supply to be within 100 μm to provide enough oxygen 
via diffusion to produce the scaffold [2, 6]. This works in a centripetal fashion from 
the wound edges until the defect is repaired; shutting down probably due to contact 
inhibition [2, 5]. In most cases, the repair tissue gets remodeled (fourth phase) over 
time to be closer in structure and function to the normal tissue [2, 5, 6]. The closer the 
repair tissue is to the surrounding tissue the less remodeling needs to be done.

Due to underlying pathology, the defect may not completely heal. The most com-
mon problem, however, is the production of scar tissue, which reduces function  
[2, 21, 25]. Although not fully understood, it appears that the extent and time frame 
of the inflammatory phase is one of the most important factors to determine the 
extent of the scarring [2, 8, 23]. Also typically the more the repair tissue is granulation 
tissue vs. regenerated tissue, the more scarring will occur [2, 8].

There are a number of interrelated bioprocesses that determine the extent of 
scarring [5]. These include: the amount of inflammation, the length of the inflam-
matory phase, the length of the repair phase, and the activity of both macrophages 
and fibroblasts [2, 26]. Although, it is unclear, which bioprocesses are triggers for 
the other bioprocesses, the end result is less regenerative healing until wound closure 
(end of the repair phase), which leads to a higher percent of granulation tissue and 
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increased wound contraction (producing scar tissue) to reduce the size of the wound 
and thus shorten the healing time [2–5, 7, 25]. Many diseases are due to inflammation 
leading to scar tissue including: arteriosclerosis and cirrhosis of the liver [2, 5, 21].

Figure 1a shows granulation vs. regeneration tissue percentages (in the repair 
phase) as the amount or time of inflammation increases due to cleaning up the 
wound. It is likely that in some cases, particularly in small wounds, inflammation 
does not trigger granulation immediately.

2.2.2 Evolutionary control of the adaptive response

Although it is not known what the evolutionary change is to push toward scar-
ring, it is unlikely to be a biological clock. The difference is probably the amount 
of wound contraction due to the fibroblast/myofibroblast transformation, but the 
actual genetic difference has not been identified [1, 2, 26]. It is likely that macro-
phages control this transformation as well as any mechanical stress present. Many 
claim that macrophages orchestrate all the healing responses [2, 26]. The adaptive 
response of macrophages can be to help in the healing process or create a chronic 
inflammatory response. In addition, macrophages present antigens to lymphocytes to 
start the immune response [2, 26].

Although there has been work on identifying different phenotypes of macro-
phages (what they do and produce) and what are the triggers to change phenotype, 
there still is much to learn about how to control the phenotype of macrophages as well 
as if there are evolutionary differences in activation of macrophages between animals 
that heal more by regeneration vs. those that heal more by scarring. One change is the 
ability to form a blastema, for complete regeneration. The change between animals 
that heal without a blastema would be different. It is possible that the evolutionary 
change is the amount of stimulus to increase the ratio of pro-inflammatory macro-
phages to pro-healing macrophages as shown in Figure 1b. This could be a conversion 
of phenotype of resident macrophages or a recruitment of different types of macro-
phages from the blood. Macrophages, even in adults, can clean up some debris, like 
red blood cells and dead tissue without triggering an inflammatory response [26]. 
Figure 1b shows how the percentage of each type of macrophage could change based 
on the sensitivity of macrophages to cleanup/inflammation.

It is also possible that a given macrophage can be on the continuum from pro-
healing to pro-inflammatory in addition to the relative amount of macrophages that 
are pro-healing vs. pro-inflammatory. It is also possible that different types of macro-
phages recruit different types and or numbers of macrophages from the blood or that 
they can change phenotype after they get to the wound. All of these are still consistent 
with the theory. It is also likely that the more pro-inflammatory macrophages in 
the wound the longer the inflammatory process, since resolving the inflammation 
involves removal of the pro-inflammatory macrophages.

Lengthening the inflammation phase will increase the overall healing time, since 
little healing besides scarring occurs in the inflammatory phase. Much of the regen-
erative healing, during inflammation, could be due to recruited stem cells from the 
blood, which again is why fetal wounds heal more by regenerative healing due to the 
presence of more local stem cells.

In adult wounds, the type of tissue formed is mostly due to the fibroblast to myo-
fibroblast transition (Figure 1c), which is most likely controlled by the pro-healing to 
pro-inflammatory ratio. Myofibroblasts are responsible for the granulation tissue that 
contracts and leads to scarring (Figure 1a and d) [2, 23].
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Figure 1. 
Cell and tissue changes during the repair phase of wound healing. a. As the amount and time of inflammation 
increases (mostly due to cleaning up of the wound), the higher percentage of healing is granulation tissue. Part 
of the theory proposed is that animals that are more regenerative would require more clean-up/inflammation 
before increasing the percentage of granulation tissue formed (green and red lines). b. As the amount and time of 
inflammation increases (mostly due to cleaning up of the wound), a higher and higher percent of macrophages 
are pro-inflammatory vs. pro-healing. Again, animals that are more regenerative would probably require more 
clean-up/inflammation before increasing the percentage of pro-inflammatory macrophages (green and red 
lines). c. The ratio of pro-inflammatory macrophages to pro-healing macrophages should control the ratio of 
myofibroblasts to fibroblasts, which in turn will control the ratio of granulation tissue to regenerative healing  
(a), which will control the ratio of scarring to healing (d).
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So, the evolutionary change could be the amount of clean up macrophages can 
do in a wound without shifting to a pro-inflammatory phenotype where only scar-
ring can occur until the inflammation is resolved. There also is a trigger based on 
the length of time to close the wound (dependent on the application). This probably 
is a big factor in why adult wound healing scars relative to fetal wound healing.

Part of the theory is that the fibroblast to myofibroblast ratio set by the phenotype 
ratio of macrophages lasts through most of the repair phase, although a macrophages 
phenotype will revert back to pro-healing (unless there is a chronic inflammation). 
This ratio does set the granulation tissue/regenerative healing (G/R) ratio, however, it 
is likely that the granulation tissue healing rate is faster than the regenerative healing 
rate; leading to an increase in the G/R ratio over time. Therefore the longer the wound 
is in the repair phase the more there is tissue that contracts and scars relative to tissue 
that has regenerative healing.

Understanding the evolutionary changes as well as the fetal to adult wound healing 
differences can help in selecting designs to control the adaptive response. It can be by 
controlling the triggers for the transitions for macrophages and/or fibroblasts as well 
as controlling the biological responses to these transitions.

Although the theory presented is most likely a simplistic view of the actual mecha-
nisms, it will be used to justify the selection of control strategies. The goal is not to 
prove the validity of the theory, but to see whether control strategies selected based 
on the theory do lead to meeting the desired outcomes in animal and clinical studies.

3. Control strategies

Although the desired adaptive response can be different for different clinical 
presentations, the mechanisms for control are the same. The control strategies can be 
used in different ways to achieve the desired adaptive response. There are essentially 
two types of control strategies for wound healing, ones that control the inflammation 
phase and ones that control the repair phase.

3.1 Inflammation control

3.1.1 Causes of inflammation

Both the level of inflammation and the time to resolution can alter the adaptive 
response. Inflammation is the normal adaptive response to injury. In adults, it functions 
to prepare the wound for the repair phase. In the beginning, (acute inflammation) 
neutrophils and macrophages are recruited to clean up the wound from foreign debris, 
necrotic tissue and cells, and byproducts of hemostasis such as fibrin and free red 
blood cells.

The recruited cells produce cytokines to recruit cells and blood vessels for the 
repair phase [2–4, 21, 25]. The pathological response normally results when the 
inflammation becomes chronic and slows or delays the repair phase, resulting in 
scarring [1, 3–5, 7–9]. In addition, the cytokines and enzymes produced by the 
inflammatory cells can damage local healthy tissue (leading to more inflammation 
to clean it up) as well as produce systemic effects [1, 4, 21, 25–27]. Histamine and 
other substances produced by inflammatory cells can increase inflammation in other 
parts of the body [5, 25]. Although not well understood many inflammatory diseases 
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such as autoimmune (including arthritis) or colitis are made worse (exacerbated) by 
increases in histamine levels from injury or foods that are eaten [1, 4, 5].

3.1.2 Inflammation control strategies

These are mostly centered around reducing the amount of material that has 
to be cleaned up. In many cases, skin wounds are debrided to remove foreign 
material and necrotic tissue. This helps to reduce the inflammatory response that 
would have been necessary to remove the foreign material and necrotic tissue as 
well as reduces the likelihood of an infection, which stimulates both an immune 
and inflammatory response [1, 2, 21, 25, 26]. Similarly, limiting the bleeding and 
swelling reduces the inflammatory response by reducing the amount of clean up 
required [1, 5, 25]. Also in some cases, once repair has begun too much movement 
at the healing site can lead to microtears and a new cycle of inflammation [1, 2, 25]. 
In soft tissue, stabilizing the healing parts of the wound with sutures, staples, glue, 
etc. can limit this [1, 2, 25].

In many cases, foreign materials are used to stabilize the wound or help in the 
repair phase [1, 21, 25]. Reducing inflammation in these cases is tied to reducing 
macrophage activation [1, 5, 21, 23, 25, 26, 28–30]. As long as the materials chosen 
do not leach out chemicals that directly or indirectly activate macrophages, then size 
of the foreign material is the most important determination of inflammation [1, 2, 
21, 28]. Macrophages are most activated in the size range where the foreign material 
can be phagocytized, but either cannot be or it is not easily done [1, 21, 28–32]. This 
is normally in the 1–50 μm range [1, 2]. Below 1 μm the foreign material is easily 
removed and above 50 μm individual macrophages do not try to phagocytize or sur-
round it [28–32]. Figure 2 shows the change in activation of macrophages when fiber 
diameter is below 60 μm [1, 2].

The immune response can also occur in the inflammatory phase by using antigenic 
materials as the foreign material (proteins typically) as well as increased by increasing 
the response of macrophages, since macrophages typically present the antigens to the 
lymphocytes [1, 21, 25]. So, control of both the immune response and foreign body 
response is tied to the activation of macrophages.

Figure 2. 
Shows how size can affect the adaptive response of macrophages. As size of the fibers goes below 60 μm the 
response of macrophages increase in vivo. This suggests that the inflammatory response significantly increases for 
diameters (fibers and probably particles) below a certain threshold.
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There can also be chemical and environmental changes to reduce the inflamma-
tory response or enhance its efficiency. There are a number of anti-inflammatory 
drugs that work to either reduce the cellular response or the effect of what the cells 
produce. Environmental changes can also have an effect. Temperature can be used to 
slow bleeding or increase the efficiency of the clean-up. Oxygen can directly affect 
the activity of macrophages, with low oxygen (seen in the beginning of an injury) 
activating macrophages [1, 4, 5, 33–37].

3.2 Repair phase control

Assuming there is a defect, the speed in which new tissue fills the space determines 
the length of time it takes to repair the defect. In the case of skin, there is the connec-
tive tissue layer (dermis) and the epithelial layer (epidermis). The epidermis requires 
a vascularized layer to grow across, so the speed of dermal tissue formation controls it 
[2, 9, 38]. The dermal repair requires fibroblasts to grow into the defect [2, 9, 36, 38]. 
The fibroblasts require a scaffold to migrate into the wound [2, 9, 20]. The fibroblasts 
produce the collagen, but need oxygen from blood vessels to produce the collagen 
scaffold [2, 9, 16]. Therefore, fibroblasts, collagen, and the blood supply grow into the 
wound together [2]. The rate-limiting step is the blood vessel ingrowth (angiogenesis) 
[1, 37]. Speeding up fibroblast proliferation, migration, or ECM production is only 
effective if the angiogenic response is also enhanced. So controlling the angiogenic 
response controls the rate of dermal and epidermal repair [1, 25, 37]. If healing rate is 
distance the epidermal cells migrate inward toward the center of the wound, then it is 
both an epidermal healing rate plus a contraction rate [1, 2, 39].

To increase the rate of angiogenesis a scaffold can be used, to reduce the need for 
fibroblasts to produce ECM in order for blood vessels to grow in. [2, 25]. Fibroblasts 
still need to be within about 100 μm of a blood vessel to survive [2, 37]. There are 
different types of scaffolds that are used: different materials, different degradation 
profiles, different additives (cells, growth factors, etc.).

There are a number of strategies to increase the angiogenesis ingrowth rate into 
the defect. These include adding angiogenic growth factors or cell seeding with 
endothelial cells or endothelial progenitor cells [27, 35, 36]. Electrical stimulation and 
hyperbaric oxygen have also been used [1, 2].

4. Design selection

Previous sections have shown typical adaptive responses, why you want to control 
them, and general strategies of how to control the adaptive response. An important 
part of controlling the adaptive response is deciding the “best” strategy to do that. 
As it turns out there is hardly ever a best choice in design or for most things in life. In 
general, all you can do is select an option that has a reasonable probability of doing 
what you want it to do. In research, using the Scientific Method, we tend to think 
statistically better is good enough. It is critical to use the engineering design process 
vs. the Scientific Method to design a treatment.

In reality, the engineering design process uses the Scientific Method, but studies 
are design driven vs. hypothesis driven. In addition, there are other steps in the 
engineering design process, which do not have to be included when using the 
Scientific Method. Too often, based on previous studies, a treatment that is shown 
to be better than current treatments is tried clinically and although it proves the 
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hypothesis, fails to meet the desired clinical outcome. Researchers try to come 
up with reasons why it did not work; besides that it was not designed to meet the 
desired clinical outcome.

The engineering design process is typically taught as a linear process (Figure 3). 
Normally, however, in order to design a clinical treatment there are many feedback 
loops. This is typically because clinical performance design constraints (desired 
outcomes) may change over time as well as the performance requirements of the 

Figure 3. 
The engineering design process.
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treatment to meet the clinical performance design constraints are not always known. 
Also, most of the commercializability concerns require iterative processes as the 
design evolves.

This section (4) will describe the linear design process and then how some of the 
feedback loops could work. The specific design will depend on the desired clinical 
outcome (which is one of the steps left out by the Scientific Method) for a given clini-
cal presentation.

4.1 Engineering design process

The linear steps of the design process are shown in Figure 3 (without the parts 
in red). The Scientific Method part of the process does not occur until the testing 
phase (the last step), where studies are done to prove that the system meets the design 
constraints (design based experiments vs. hypotheses based). The other preceding 
steps are not required for the Scientific Method, but are essential to design a clinical 
treatment.

These steps also can be used to justify a research study that is suggesting a better 
design than current treatments. Without them, it is difficult to justify why a differ-
ent treatment option should be looked at. First, there needs to be a clinical problem 
that is not being met by current treatment, otherwise why do we need other options. 
Then what success looks like (performance requirements) have to be the listed and 
quantified. It is usually helpful to have a minimum level of acceptable benefits and a 
maximum level of acceptable harms. Also, additional design constraints can be listed 
as “would like to” design constraints that can be additional desires or higher levels of 
benefits as well as lower levels of harms.

Then there is brainstorming to come up with potential approaches. With the “best” 
one selected to develop further based on meeting all of the performance requirements 
and a desirable mix of the “would like to” constraints. Then the selected approach is 
fully developed and tested to assure it meets the performance requirements.

4.2 The real world engineering design process for skin wounds

4.2.1 Modified design process

In practice, however, this process is not linear and needs to be implemented with 
more detail. The more detailed approach is outlined in Figure 3 (with the text in 
red added) and the non-linear elements are described in the next section (4.2.2). 
The main difference is to make sure the right level of design constraints are used for 
selection. First, the clinical performance design constraints must be selected. This is 
again generally functional recovery rate (on the business side they are called “value 
propositions” if they are better than current treatments). Then the requirements of 
the system/treatment needed to meet the clinical performance requirements need to 
be specified. Then brainstorming is done for approaches and the “best” approach is 
selected.

4.2.2 Iterative nature of the design process

Again, there are two main reasons that this is not a linear process in practice: 
(1) performance requirements may change over time particularly after testing to see 
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if performance design constraints are actually predictive of the next level up design 
constraint (e.g., does meeting the system performance requirements assure meeting 
the clinical performance design constraints) and (2) many of the commercializability 
concerns require iterative processes as the design evolves.

In most cases, the feedback loop would be after testing to determine, if the design 
requirements can be met and are predictive of meeting the clinical performance 
requirements. This iterative process more closely approximates the Design Controls 
required for FDA regulatory approval.

Again many of the commercializability issues have to be determined in an iterative 
fashion and can be written as design constraints. Although they should be used to 
select approaches and specific designs, the commercializability is not really known 
until the design is complete. In general, they can be looked at as either value added 
(benefit) to each stakeholder or additional costs to each stakeholder. This risk/benefit 
analysis is also something typically left out of Scientific Method based studies.

5. Conclusion

The goal of this Chapter was to explain how macrophages can orchestrate the 
adaptive response to various stimuli, in order to understand the specific role of 
macrophages in controlling the adaptive response to injury as well as to suggest the 
introduction of additional stimuli to modify the response of macrophages in an 
attempt to get a more desired overall adaptive response. In many cases, the normal 
adaptive response to injury leads to a clinical outcome that falls short of the desired 
clinical outcome.

Although there has been much work on the different phenotypes of macrophages 
in vitro and in vivo [26, 40]. There does not seem to be an on and off switch between 
pro-inflammatory (M1) and pro-healing (M2a) macrophages [26, 40]. There prob-
ably is a continuum and likely that not all macrophages in a wound are in the same 
place [26, 40]. There is general consensus on what cytokine changes occur during 
healing of an injury (Table 1), however it has been suggested that instead of sorting 
out phenotypes and cytokine production it would be better to just look at functions 
(as was done in this review) [26, 40].

A theory was developed to help understand why the normal macrophage orches-
trated adaptive response was different in different situations. This theory was also 
used to suggest why specific clinical strategies could have a significant effect on 
activation of macrophages and therefore clinical outcome.

Cytokine Production during repair from onset to the end

Increasing Decreasing

TNFα X

IL-1β. IL-6 X

YM1 X

TGFβ X

CD206 X

Table 1. 
Changes in macrophage cytokine production during injury repair.
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To actually design a system based on this theory a specific application would have 
to be used. This is because different applications would have different desired clinical 
outcomes. Many of the references cited in this chapter go into more detail (including 
clinical studies): e.g. [1, 2, 41–44].

Another important aspect of design for injury is that the desired clinical outcome 
is almost always the rate of return of function to a certain percent of what it was pre-
injury. Although it was important to understand how sensitivity of macrophages to 
stimuli is probably the difference between animals that regenerate and those that do 
not, regeneration is hardly ever the actual clinical goal. This is mostly because, based 
on current technology, there are very few cases that we have the ability to regenerate 
the native structure.

A recent panel discussion at the Society for Biomaterials [45], asked the question 
“Is it better to regenerate in vitro (graft substitute) or in vivo (degradable regenera-
tive scaffold).” Both sides gave some very good arguments to justify their approach to 
a particular wound/injury. Someone from the audience made a good point that it is 
application dependent and our abilities are different in each area.

However, the panel discussion question missed the point. Again, it is not about 
regeneration but functional recovery. In particular, with skin wounds, we are not able 
to make graft substitutes that work like skin grafts nor are we able to make degrad-
able/regenerative scaffolds that completely regenerate skin. Although it may be 
possible someday, until we are able to, the design goal should not be to move closer to 
regeneration either in vitro or in vivo, but to achieve the desired functional recovery.

An important corollary to this is the importance of determining the minimum 
desired clinical benefits (functional recovery). This requires identifying the problem 
to solve and describing quantitatively what the minimum clinical outcome require-
ments are for solving the problem. Too often a researcher proves that a specific design 
is significantly (statistically at a high confidence level) better than current treatment 
in one or more desired clinical outcomes, but does not get the desired results clinically 
(even though it was statistically better than current treatments); and is uncertain why 
this happened. This is because, in design, it is only important if it allows a better than 
the minimum desired clinical outcome; better than current treatment is meaningless 
in design.
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Abstract

The host’s ability to eradicate or control infection caused by intracellular pathogens 
depends on early interactions between these microorganisms and host cells. These 
events are related to the organism’s nature and stage of development and host immune 
status. Pathogens are recognized by host cells, which respond to infection by either 
mounting an efficient response or becoming a replication niche. Early interactions 
between the protozoan Leishmania parasite and host cell receptors activate different 
signaling pathways that can result in microbe elimination or, alternatively, infection 
establishment and the migration of Leishmania infected cells to other host tissues. 
This chapter focuses on Leishmania-macrophage interaction via phagocytosis, which 
involves a range of parasite ligands characteristic of Leishmania species and parasite 
stage of development and diverse host cell receptors. We also discuss alternative 
Leishmania entry by cell invasion and review how Leishmania spp. survive and 
replicate within the phagocytic compartment they induce.

Keywords: Leishmania spp., early interactions, parasite survival, macrophage, 
phagocytosis

1. Introduction

Leishmaniasis is a wide-ranging group of diseases caused by different species 
of Leishmania parasites that result in a broad spectrum of clinical manifestations. 
Cutaneous leishmaniasis (CL) is characterized by skin and mucosal lesions. At the 
same time, Visceral leishmaniasis (VL) affects internal organs, such as the liver, 
spleen, and bone marrow, which can be fatal if left untreated [1]. The WHO has 
estimated that 30,000 new cases of VL and more than 1 million new cases of CL occur 
annually, with more than one billion people at risk of infection worldwide [2].

Clinical manifestations of Leishmaniasis are dependent on the infecting parasite 
species and host immune response [3]. The host’s ability to eradicate or control 
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infection caused by intracellular pathogens depends on early interactions between 
these microorganisms and host cells. Firstly, pathogens are recognized by host cells, 
which either respond to infection by mounting an efficient response or becoming a 
replication niche. Early interactions between the protozoan Leishmania parasite and 
host cell receptors result in microbe elimination or infection establishment and the 
migration of Leishmania infected cells to other host tissues. The dissemination of 
infected cells containing Leishmania is crucial to parasite survival and infection in the 
vertebrate host [4].

Macrophages are crucial in the host response to Leishmania infection since these 
cells are considered the primary host cell for Leishmania parasites [5]. This chapter 
focuses on Leishmania–macrophage interaction via phagocytosis, which involves a 
range of parasite ligands characteristic of Leishmania species and parasite stage of 
development and diverse host cell receptors. We also discuss alternative Leishmania 
entry by cell invasion and how Leishmania parasites survive and replicate within the 
phagocytic compartment they induce and macrophage’s effector mechanisms and 
parasite killing.

2. General aspects of phagocytosis

Phagocytosis is a metabolism-dependent process involving the internalization 
of particulate material (>0.5 mm) by professional and non-professional phagocytes 
that can differentiate self from non-self, modified or damaged self-particles. It 
occurs in a series of distinct and complementary steps [6, 7]. Initially, when the 
phagocyte recognizes ligands of the particulate material by receptors on cellular 
membranes, occurs an increase in phosphatidyl bisphosphate (PIP2) levels, fol-
lowed by a reduction in PIP2 mediated by the conversion of PIP2 to phosphatidyl 
triphosphate (PIP3) [8]. Next, PLCγ hydrolyzes PIP3 into diacylglycerol and inositol 
triphosphate (IP3) [9]. After the phagosome formation, maturation of this compart-
ment by the acquisition of different proteins begins [10]. The parasite can promote 
changes in the kinetics of recruitment to the membrane and activation of these 
molecules, interfering with phagosome maturation and the microbicidal activity of 
macrophages [11].

The best-known receptors that induce the attachment and ingestion of different 
particles, opsonized or not, are those for the complement fractions (CR1 and CR3), 
those for the Fc region of antibodies (Fc RI, RII, and RIII), as well as the mannose 
and beta-glycan receptors involved in the recognition and phagocytosis of particles 
derived from yeast [12] or by circulating collectins and pentraxins [13]. In addition, 
microbial products defined by Medzhitov and Janeway in 1997 [14] as “pathogen-
associated molecular patterns” (PAMPs) are recognized by pattern recognition 
receptors (PRRs), mainly the toll-like receptors (TLRs) [15] nod-like receptors 
[16] and dendritic cell receptors such as C-type lectins [17, 18]. The PRRs interplay 
between innate and adaptive immune responses by directly activating effector 
mechanisms and alerting the host organism to the presence of infectious agents, 
including the expression of a group of endogenous signals, such as inflammatory 
cytokines and chemokines [14, 19].

Like professional phagocytes, nonprofessional phagocytic cells have the machin-
ery, cytoskeleton, and components for signal transduction necessary for phagocytosis 
[20]. Although intestinal epithelial cells and many nonprofessional cell lines phago-
cytose bacteria such as Shigella, Yersinia, and E. coli, the mechanisms involved in 
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pathogen recognition by these nonprofessional phagocytes are less well-known than 
those by professional cells [21, 22]. The significant difference between the two types 
of phagocytes may be the presence of a broader spectrum and a more substantial 
number of receptors capable of performing phagocytosis on the membrane of profes-
sional cells [20, 23–25].

The molecular processes involved in the uptake of particulate material have been 
well studied using particles opsonized by immunoglobulins (Ig) class G (IgG) and 
cells expressing a receptor for the Fc region of IgGs. This interaction results in the 
clustering of ligand-associated receptors on the phagocytic cell surface. The signal-
ing steps leading to IgG engulfment of opsonized particles are also well studied. 
These steps comprise the recruitment and activation of kinases, phosphorylation 
of the cytosolic portion of the receptor, and stimulation of GTPases of the Rac and 
Cdc42 families, which cooperate with phosphatidyl bisphosphate promoting the 
stabilization of WASP family proteins. In turn, the WASP protein activates the Arp2/3 
complex, promoting actin filaments polymerization, followed by the emission of 
pseudopodia around the particle [26]. The phagocytosed agent will be internalized in 
a vesicle called a phagosome. The phagosome will then fuse with lysosomes, forming 
the phagolysosome. Phagocytosis depends on a complex network of vesicle trafficking 
pathways that interconnect most intracellular compartments linked to the membrane 
and actin cytoskeleton and requires the use of a large amount of plasma membrane 
for pseudopod extension around the target particle [27].

3. Phagosome biogenesis

By analogy with the flow of substances through the endocytic pathway, it is most 
likely that the ligands present on the surface of particles or microorganisms contrib-
ute to the determination of particle destiny within the cell [28, 29]. In addition, the 
particles and microorganisms’ composition present in vacuoles determines both the 
nature of the vacuolar contents [30, 31] and the ability of the organelles to fuse with 
other vesicles of the endocytic pathway [32, 33].

Newly formed phagosomes undergo a maturation process from the plasma mem-
brane, which comprises a series of modifications, usually leading to the internalized 
particle’s degradation [6]. In the past, biochemical analyses have been performed on 
phagosomes isolated and purified at different time points after uptake by antibody-
fixed and antibody-coated staphylococcus aureus present in J774 macrophages. These 
studies revealed that changes in the protein composition of phagosomes are similar 
to those already identified during endosome maturation or for compartments suc-
cessively formed during the internalization of soluble components. Identical to the 
maturation process of endosome compartments, the protein content within phago-
somes is partly recycled and sorted. These organelles, probably by fusion with pre-
lysosomes, produce a final compartment that presents at the membrane lysosomal 
glycoproteins, mannose-6 phosphate receptors, and the ATP-dependent proton pump 
[29]. The maturation of phagosomes containing IgG-opsonized particles has already 
been well described for the recognition process. This process involves the remodeling 
of membranes, gaining and losing proteins, and lipid markers during their biogen-
esis. These steps comprise acquisition of Rab5 with the participation of Rab20 [34]; 
acquisition of proton pump V-ATPases, with the release of protons in the phagosomes 
and acidification of the intracellular medium [35]; conversion of the membrane of 
the initial phagosome into a late one, due to the recruitment of some proteins such as 
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Mon1-Ccz1 by Rab5, which by the action of guanine exchange factor (GEF) recruit 
and activate Rab7. The formation of phagolysosomes culminates in the fusion between 
late phagosomes with lysosomes [36, 37].

4.  Host cell and Leishmania interactions during phagocytosis - binding 
molecules and internalization process

The contact of promastigote forms of Leishmania spp. with different cell types, 
such as neutrophils, dendritic cells, and mainly macrophages, when entering the 
vertebrate host organism and some cells of the immune system will play an essen-
tial role in the development of the disease. The role of different cells, immune or 
not, at each stage of the infection remains controversial; however, it is possible 
to state that the parasites are mostly confined within macrophages in the chronic 
phase of Leishmaniasis. Regarding the cell invasion mechanism employed by the 
promastigote forms inoculated by the insect vector, it is believed that the main 
route of penetration into the host cell occurs by phagocytosis. Once phagocytosed, 
the parasite travels through the host cell endosomal pathway and not only survives 
but also replicates inside acidic parasitophorous vacuoles that fuse with host cell 
lysosomes [38–40].

The first studies showing the interaction of infective promastigotes with mac-
rophages were carried out in the 70s [41] and focused on the observation of the 
interaction of the parasite with its host cell from the very first moments of interac-
tion until its complete internalization, passing by all intermediate stages of parasite 
uptake. These studies carried out using scanning electron microscopy also showed, 
in a pioneering way, that the phagocytosis seems to start preferentially by the tip of 
the parasite’s flagellum. Although parasites could be found being phagocytosed by 
the cell body, the flagellum appears to be the preferred portion to trigger the inter-
nalization process. The promastigote flagellum is an anterior structure, extremely 
active and motile, towards which the parasite moves its body. Interestingly, and due to 
these morphological characteristics, there is an increasing debate proposing that the 
promastigote flagellum is, in fact, a sensory structure and that it is probably the first 
portion of the parasite to interact with host cells. When macrophages were treated 
with cytochalasin-D, a potent phagocytosis inhibitor, about 75% of the infection was 
blocked [42].

Given that 25% of the cells continued to be infected even with the drug treat-
ment, these data showed the importance of phagocytosis as a way of invasion. 
Furthermore, they pointed to alternative routes of infection yet to be explored. As 
discussed below, we now know that these parasites can penetrate cells also through 
non-phagocytic pathways.

The internalization process of the Leishmania parasite is partially orchestrated 
like Fc receptor-dependent phagocytosis, particularly those steps involving the 
recognition of molecules on parasite surface by classical phagocytosis receptors or 
PRRs on the host cell membrane. Promastigotes have a dense glycocalyx on their 
surface, mainly consisting of lipophosphoglycan (LPG) molecules, which have 
long carbohydrate chains with repeating phosphoglycan units that are attached to 
the membrane by glycophosphatidylinositol (GPI) and glycoinositol phospholipid 
(GIPL) anchors [43]. The 63 kDa glycoprotein (gp63) is also abundant on the 
surface of amastigotes and exhibits proteolytic activity. Studies show that gp63 
degrades immunoglobulins, complement factors, and lysosomal proteins. Thus, 
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LPG and gp63 molecules protect the parasite from lysis by complement [44] and 
are involved in the interaction of the parasite with macrophages [45–47]. In addi-
tion to the direct interaction with parasite surface molecules such as LPG, gp63, 
and CR3 [48] the interaction of Leishmania with the macrophage can happen 
indirectly with receptors for complement fractions, such as CR1 and CR3, after 
opsonization of the parasite with C3b and C3bi, respectively [49–53]. Additionally, 
CR1 and CR3 act cooperatively with various receptors present on the macrophage 
surface, promoting phagocytosis of different Leishmania species [49, 52–54]. 
Complement receptors can interact with receptors for the Fc portion of Ig (FcR) 
when opsonized by IgGs [55–57]. Alternatively, the receptor for mannose and CR3 
may act together to bind and internalize L. donovani [50, 58, 59].  
In addition, the receptor for fibronectin [60, 61], as well as CR4 [48] and the 
receptor for C-reactive protein [62], may jointly participate in the phagocytosis of 
promastigotes of various Leishmania species, such as L. donovani, L. mexicana, and 
L. infantum.

In addition to classical phagocytosis receptors, PRRs also participate in the interac-
tion of Leishmania with macrophages, being involved not in parasite internalization 
but rather in macrophage activation [63] and control of parasite proliferation [64] 
These Leishmania-macrophage interacting receptors have an influence on phagocyto-
sis steps following ligand-receptor binding, such as actin polymerization [65] produc-
tion of microbicidal molecules [66, 67], and the formation of the parasitophorous 
vacuole [68]. Scavenger Receptors (SRs) are PRRs that are part of a protein family 
with multiple transmembrane domains involved in receptor-mediated endocytosis 
of polyanionic ligands, including LDL (low-density lipoproteins) [69]. MARCO 
(Macrophage Receptor with Collagenous Structure), a specific scavenger receptor 
of the SR-A family, has a collagenous structure, and SRCR (Scavenger Receptor 
Cysteine-Rich) domain has also been implicated in infection of L. major by macro-
phages in vitro and in vivo [70] (Figure 1).

Figure 1. 
Binding of Leishmania during parasite phagocytosis by macrophages. This image depicts the recognition step of 
the Leishmania internalization process by phagocytes. Before being internalized, promastigotes presenting several 
surface molecules, such as LPG, GPI, GIPL, and GP63, are recognized by host cell surface molecules, including 
CR1, CR3, CR4, Fc gamma receptors (FcγRs), fibronectin receptor, and the scavenger receptors, SRCR and 
MARCO. Some of these receptors, such as FcgRs and fibronectin, only recognize opsonized parasites. Alternatively, 
CR3 can bind to opsonized and non-opsonized Leishmania. For clarity, the opsonization process is not illustrated 
in this image.
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5. A non-phagocytic route of invasion for Leishmania spp.

The fact that Leishmania spp. infect phagocytic cells created the perception that 
these parasites have a passive role in their internalization process, needing only to 
survive after being actively captured by the phagocyte. However, several groups 
have already described the infection of non-phagocytic cells in vivo and in vitro 
[71–74]. Thus, as mentioned before, treatment with phagocytosis blocking agents 
did not abolish infection since a considerable percentage of parasites end up inter-
nalized in macrophages even in the presence of such blockers [41]. Taken together, 
these data pointed to something that remained unexplored until very recently: 
parasites of the genus Leishmania are capable of penetrating host cells through 
mechanisms that are independent of the host cell cytoskeleton, thus by non-phago-
cytic means. Recently, this mechanism was elucidated using non-phagocytic cells as 
host cells and promastigote forms of the parasite. It was clearly demonstrated that 
L. amazonensis promastigotes actively induce cell invasion without any cytoskeleton 
activity, therefore, by a mechanism distinct from phagocytosis [75]. Similar to what 
was observed for Trypanosoma cruzi [76], the infection involves calcium signal-
ing, recruitment, and exocytosis of lysosomes engaged in the process of plasma 
membrane repair and lysosome-triggered endocytosis. Briefly, when damaged, 
eukaryotic cells respond to repair the plasma membrane in a sequential process that 
involves calcium-dependent exocytosis of lysosomes and endocytosis of plasma 
membrane lesions [77]. Leishmania parasites use this endocytic process to invade 
host cells in a cytoskeleton-independent manner. In the presence of inhibitory 
drugs, for example, this is likely the pathway that allows promastigotes to penetrate 
macrophages even if they cannot phagocytose them. The study of non-phagocytic 
invasion by Leishmania spp. and the role of non-phagocytic host cells in maintaining 
the pathogen’s life cycle is a neglected aspect of the biology of these organisms with 
great potential yet to be explored. It is possible, for example, that different routes of 
infection play different roles in the intracellular destination of parasites, impacting 
their replication rates and their abilities to evade the immune response and manipu-
late their host cells.

6.  Establishment of Leishmania within host cell intracellular 
compartments

Phagolysosome biogenesis, also known as phagosome maturation, is a highly 
regulated membrane traffic process essential for pathogen intracellular fate, sur-
vival or intracellular death and degradation, and antigen processing presentation by 
professional phagocytes [78, 79]. This maturation process results from sequential 
fusion events between phagosomes and compartments of the endocytic pathway. 
Classical cell biology studies have revealed several aspects of the biogenesis of 
Leishmania-induced parasitophorous vacuoles [80–83]. To date, the mechanisms 
that explain the differences in morphological characteristics of parasitophorous 
vacuoles have not been fully elucidated. However, above all, the relationship 
between these morphological differences and the course of infection needs further 
investigation.

For pathogens that live in intracellular compartments, the process of phago-
some maturation does not necessarily follow the steps described for other particles. 
Once internalized, several microorganisms, including protozoa and bacteria, are 
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adapted to live at least one phase of their life cycle inside host cells. It has been 
described at least three strategies adopted by different pathogens to evade the 
defense mechanisms developed by the host following infection. Some microorgan-
isms induce the formation of vacuoles that do not acidify [84]. Other pathogens are 
phagocytosed and settle in acidified compartments from which they then escape to 
live in the cytoplasm of the host cell. The last group is formed by organisms adapted 
to survive in the phagolysosomes of the host cell, which is the case of Leishmania 
parasites [84].

After being recognized by receptors in the host cell surface, Leishmania 
parasites are internalized by macrophages and settle inside structures known as 
parasitophorous vacuoles. Once inside the parasitophorous vacuoles, the parasites 
transform into amastigote forms with a rounded shape without apparent flagellum. 
Recently, Batista et al. (2021) [85] have comprehensively revised several aspects 
of the dependence of host cell machinery on the biogenesis of Leishmania- and T. 
cruzi-induced parasitophorous vacuoles. It is well known that Leishmania-induced 
parasitophorous vacuoles are acidic compartments containing lysosomal enzymes 
that have access to soluble markers of the endocytic pathway [5, 86, 87]. Indeed, 
these compartments are bounded by a membrane enriched by late endosome and 
lysosome markers, including Rab 7, macrosialin, LAMP-1, LAMP-2, vacuolar 
ATPase, and MHC class II molecules [88–90] (Figure 2). These data support the 
hypothesis that Leishmania-induced parasitophorous vacuoles exhibit characteris-
tics of phagolysosomes [83, 90]. In addition, several other biomolecules, including 
lipids, proteins, and sialoglycoproteins, are exchanged by parasites and host cells 
following contact. One example is the identification of endoplasmic reticulum 

Figure 2. 
Model of the parasitophorous vacuole composition induced by Leishmania. This image illustrates a representative 
parasitophorous vacuole induced by Leishmania in macrophages. These compartments generated by Leishmania 
interact with the endocytic pathway and endoplasmic reticulum compartments. These compartments acquire by 
fusion markers from the late endosome and lysosome vesicles, such as Rab 7, macrosialin, LAMP-1, LAMP-2, 
vacuolar ATPase, Nramp1, SLC38A9, and MHC class II molecules. In addition, these compartments also acquire 
some molecules from host cell membrane, the integral membrane protein CD36, and the secretory pathway, 
including calnexin, SEC22b, and syntaxin 5.
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(ER) markers in the early steps of Leishmania-induced parasitophorous vacuole 
formation, indicating the participation of ER during phagosome membrane forma-
tion [91, 92].

Despite similar characteristics among Leishmania-induced vacuoles, the kinet-
ics of their formation [89, 93] and the morphology of these parasite-containing 
compartments vary depending on the species and growth stage of Leishmania. It has 
been shown that, after phagocytosis of promastigotes of [90] L. donovani or 
L. major, the parasites localize in transient phagosomes with little ability to fuse with 
late endosomes [89]. This delay probably favors promastigote differentiation into 
amastigote forms if parasites settled within an acidic lysosomal enzyme-rich parasi-
tophorous vacuole induced by L. donovani. Another possible mechanism involved in 
maturation delay by L. donovani-induced parasitophorous vacuole is the upregula-
tion of Rab5a, an early endosome protein, along with the recruitment of its effector 
protein EEA1 [94]. In contrast, Rab5a and EEA1 are early recruited to L. amazonensis 
parasitophorous vacuole and then rapidly exchanged by late endosome and lysosome 
markers [95, 96]. On the other hand, after internalization, amastigotes of  
L. donovani, L. amazonensis, and L. mexicana are found in compartments that 
rapidly fuse with late compartments of the endocytic pathway, an environment 
in which parasites seem to be resistant [93, 97]. Another difference found to exist 
among parasite-induced parasitophorous vacuoles regards to their size. Despite 
L. major, L. infantum, and L. braziliensis living in tight vacuoles containing only 
one parasite inside [83], parasites from the Mexican complex are phagocytosed 
and settle in tight vacuoles that increase in size and become large parasitophorous 
vacuoles with a high number of parasites [80, 98, 99] (Figure 3). The usual large size 
of these parasitophorous vacuoles seems to be dependent on host cell factors, includ-
ing lysosomal traffic regulator LYST/Beige [100] CD36 receptor [101] and V-ATPase 
subunit d isoform 2 (ATP6V0d2) [102] as recently revised by Bahia et al., 2021 [85]. 
Interestingly, the large size is shown to be related to infection success because in host 
cells lacking CD36 receptors, parasitophorous vacuoles are small in size, and parasite 
multiplication is impaired [101].

Figure 3. 
Model of the parasitophorous vacuole induced by different Leishmania species. Shown here a representative image 
of a tight parasitophorous vacuoles containing only one parasite inside induced by L. major and L. donovani, and 
a large parasitophorous vacuole with a high number of parasites induced by L. amazonensis and L. mexicana.
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7.  Macrophage effector mechanisms, parasite replication and infection 
amplification

Once internalized within the parasitophorous vacuoles, the amastigotes multiply 
by binary fission, facilitating infection amplification, and persistence in the mam-
malian host (Figure 4). It is commonly assumed that amastigotes are released after 
host cell burst, which could be occasioned by the burden imposed by the unrestrained 
replication of the parasite. However, this is still an unproven hypothesis. Thus, the 
process of infection amplification during leishmaniasis is still a black box. Therefore, 
our knowledge about the mechanisms that lead to infection amplification during 
Leishmania infection is, in fact, quite limited. However, some crucial clues come 
from important observations made from in vivo experiments depicting the very first 
moments of the infectious process using mice and promastigotes of Leishmania major 
naturally transmitted to the mammalian model through the infective bite of the insect 
vector [38]. These experiments showed that just after promastigote inoculation, 
neutrophils are the first immune cells to reach the site of infection and phagocytose 
the parasite. It has been also demonstrated that the parasite could modulate neutro-
phil viability, which may delay or accelerate the host cell death through apoptosis 
[103, 104]. The modulation of neutrophil viability helps the survival of the parasites 
until their final targets and the macrophages. These cells reach the site of infection 
being attracted by different chemotactic factors such as MIP 1β, which stimulates 
the phagocytosis of infected apoptotic bodies [104]. Together with the macrophage 
recruitment, the inhibition of IL-12 secretion and the high secretion of IL-10 and 
TGF-β generate an anti-inflammatory environment, favoring the parasite’s survival. 
This process of initial neutrophil invasion followed by phagocytosis of these infected 
and apoptotic cells by macrophages is known as the “Trojan horse” mechanism [105, 
106]. From all this, at least one major conclusion can be made: macrophages do not 
need to be initially infected by the promastigotes inoculated by the vector. They 
can instead get infected by the ingestion of apoptotic cells or apoptotic cell bodies 
containing viable amastigotes previously internalized within another cell type. This 

Figure 4. 
Human macrophages infected by L. amazonensis. Cells were infected in vitro using parasites expressing a red 
fluorescent protein, host cell cytoskeleton (F-actin - green) was labeled by Alexa 488-conjugated phalloidin (life 
technologies), and nuclei were labeled by DAPI (blue). The images show macrophages harboring L. amazonensis 
amastigote forms (red). Original images kindly provided by Prof. Jane Lima-Santos from Universidade Estadual 
de Santa Cruz, Bahia, Brazil.
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would be an interesting strategy for the parasite because apoptotic mechanisms do not 
trigger inflammation, as it would lead to a silent infection of macrophages, favoring 
parasite replication.

As mentioned earlier, cell disruption with the release of amastigotes into the 
extracellular environment has never been demonstrated despite being often assumed 
to be a mechanism of amastigote spread. On the other hand, it is entirely plausible 
to hypothesize that the amplification of infection in leishmaniasis occurs by the 
ingestion of apoptotic bodies of dead infected macrophages by new macrophages. 
This is even more logical if we consider that the clearance of dead cells is one of the 
leading roles these phagocytes play in tissue remodeling. This lack of knowledge about 
whether amastigotes are released extracellularly is also reflected in the few studies 
approaching cell invasion by free amastigotes [107–109].

Still, it is necessary to emphasize that other mechanisms have also been proposed 
regarding the infection amplification process. Leishmania amastigotes can be trans-
ferred cell to cell, from macrophage to macrophage, as already observed in in vitro 
studies [110]. Furthermore, other studies have shown that amastigotes can also be 
released by exocytosis of the parasite after the fusion of the parasitophorous vacuole 
membrane with host cell plasma membrane, thus without cell rupture [72]. Hence, 
several possibilities explain the spread of amastigotes and the amplification of infec-
tion during leishmaniasis, which do not involve the rupture of the parasitized cell. It is 
entirely plausible to hypothesize that these silent and non-necrotic pathways of infec-
tion amplification, without cell leakage or release of free amastigotes in the extracel-
lular environment (which could be quickly cleared by immune effectors, such as the 
complement system) have been evolutionarily selected and are responsible for the 
susceptibility of macrophages to the infection and the amazing ability of Leishmania 
spp. to survive within the cell type that was supposed to kill them.

The dissemination of infected cells containing Leishmania is critical to parasite 
survival and the establishment of infection in the vertebrate host. Thus, the ability 
of Leishmania-infected host cells to migrate may be necessary for lesion distribution 
on the host and the dissemination of disease. As the main host cells for Leishmania, 
macrophages are crucial for the establishment of infection. However, the role played 
by these cells in parasite homing to specific tissues and how parasites modulate 
macrophage function is still poorly understood. Previously published work has shown 
that infection with Leishmania modulates phagocyte functions associated with cell 
migration [111–114]. Some of these studies have shown that infection with different 
Leishmania species reduces macrophage adhesion, which could facilitate parasite 
dissemination in vivo [113–115]. However, other authors have demonstrated that 
infection with Leishmania impairs the ability of macrophages to migrate [3, 111]. 
In contrast with previous work, it has been shown that the modulation induced by 
Leishmania could depend on parasite species [116]. Thus, the modulation of macro-
phage migration induced by Leishmania, as well as impacts on parasite dissemination, 
remains unelucidated.

In leishmaniasis, macrophages function as a replicative niche for Leishmania 
parasites and work as anti-leishmanial effector cells, as immunoregulators, and as 
permissive host cells for the long-term survival of persistent parasites [117]. Parasite 
recognition by macrophages and priming by cytokines, such as IFN-γ, lead to the 
activation of the macrophage’s microbicide machinery and production of reactive 
species, especially superoxide by the multimeric enzyme NADPH oxidase and nitric 
oxide (NO) by inducible nitric oxide synthase (iNOS) [118]. These critical molecules 
are known to be involved in the macrophage-mediated innate host defense against 
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Leishmania parasites. Previously published studies have demonstrated that the 
killing of different Leishmania species (e.g., L. major, L. donovani, L. braziliensis) 
in vitro depended on ROS production. In addition, several studies in mouse models 
have provided convincing evidence for the crucial role of NO in Leishmania parasite 
killing [39, 117]. However, although IFN-γ has been recognized as the key activator 
of the leishmanicidal activity of human macrophages, the importance of both iNOS 
expression and NO production remains controversial in humans [119–121]. Thus, to 
survive within the hostile environment of macrophages, Leishmania parasites have 
evolved different strategies to circumvent the antimicrobial mechanisms developed 
by these cells.

8. Conclusions

Undoubtedly, Leishmania spp. parasites have evolved a series of adaptations to 
be captured by macrophages and, instead of succumbing after internalization, they 
not only survive in the endocytic pathway but also replicate within the intracellular 
compartment where several other parasites would meet death [122]. The mechanism 
involved in parasite survival within macrophages and their dissemination in the 
vertebrate host is still poorly understood. Thus, further studies to dissect the mecha-
nisms involved in the early steps of Leishmania-macrophage interaction are critical for 
the full understanding of Leishmania pathogenesis.
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Chapter 10

Shifting Macrophage Phenotypes in 
Leishmaniasis
Natália S. Vellozo, Flávia L. Ribeiro-Gomes  
and Marcela F. Lopes

Abstract

Macrophage phenotypes, such as macrophage (M) 1 (classically activated  
macrophage) and M2 (alternatively activated macrophage), determine the macrophage 
role as an effector immune cell or as a permissive host for the intracellular pathogenic 
protozoan Leishmania spp. Leishmania parasites and the host immune system shape 
macrophage phenotypes, which in turn can help parasite control or promote infec-
tion. Here, we discussed how shifting macrophage phenotypes might change disease 
outcome in leishmaniasis, by addressing: (1) macrophage phenotypes in leishmaniasis;  
(2) the functional phenotypes of resident and inflammatory macrophages; (3) the 
interplay with neutrophils modulates macrophage function; (4) the crosstalk with 
T cells shapes macrophage phenotypes; and (5) potential therapeutic tools to skew 
macrophage phenotypes and disease outcomes.

Keywords: macrophage phenotypes, M1 and M2 macrophages, neutrophils, T cells, 
potential therapeutic tools, Leishmania

1. Introduction

Leishmaniasis is a neglected tropical disease caused by more than 20 different 
species of protozoan parasites belonging to the genus Leishmania [1]. About 1 billion 
people live in endemic areas of leishmaniasis in 92 countries. Currently, 11 million 
people are infected, with an estimated 1.5 million new cases each year [2]. The clinical 
manifestations of the disease range from localized skin lesions to disseminated or 
visceral forms [1], depending on the Leishmania species, host features, and the type 
and magnitude of the immune responses [3]. Cutaneous leishmaniasis (CL) is the 
most common clinical manifestation, with 700,000 to 1 million new cases worldwide 
annually. Other disease forms include mucocutaneous leishmaniasis (MCL), dif-
fuse cutaneous leishmaniasis (DCL), and the aggressive and more lethal form of the 
disease, visceral leishmaniasis (VL), which can progress to post-kala-azar dermal 
leishmaniasis (PKDL) [4, 5]. Leishmania species responsible for the cutaneous clinical 
forms include the Leishmania mexicana complex (L. mexicana, L. amazonensis, and L. 
venezuelensis), the Leishmania Viannia complex [L. (V.) braziliensis, L. (V.) guyanensis, 
L. (V.) panamensis, and L. (V.) peruviana], Leishmania tropica, Leishmania major, 
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and Leishmania aethiopica. Some of these species are also responsible for the MCL 
and DCL forms. Leishmania donovani, Leishmania infantum, and Leishmania chagasi 
mainly cause VL and PKDL [5].

Leishmania spp. parasites can induce distinct immune responses, depending 
on species-specific parasite components and/or the type and strength of the host 
immunity [3]. Early upon infection, the interactions between Leishmania parasites 
and neutrophils, dendritic cells (DCs), and macrophages shape the type of acquired 
immune response, crucial for disease progression or control of infection [6, 7] 
(Figure 1). Macrophages are permissive host cells for Leishmania parasites, but once 
activated, they can destroy intracellular parasites. Therefore, macrophages play a 
key role in innate immunity and in the development of acquired immune response, 
ultimately leading to the resolution of infection or disease progression.

Macrophages can assume a plethora of functional phenotypes, ranging from 
M1 to M2, depending on the signals provided by the environment, including Th1 
and Th2 cytokines [8–10]. Whereas M1 designates macrophages that eliminate 
intracellular parasites, at the M2 opposite pole, macrophages can sustain Leishmania 

Figure 1. 
Macrophages play a key role in immunity to Leishmania spp. Leishmania parasites infect (a) macrophages,  
(b) neutrophils, (c) monocytes, and (d) dendritic cells (DCs). (a) Dermal-resident M2 are parasite-permissive 
host cells, maintained by eosinophil-derived IL-4. (b) Neutrophils interact with infected macrophages to induce 
either tumor necrosis factor (TNF)-α-mediated parasite killing or TGF-β-promoted infection in different mouse 
strains. Infected “trojan horses” neutrophils transfer parasites to macrophages and DC upon TAM-receptor-
mediated efferocytosis. (c) Infected monocytes either kill parasites through ROS and NO production or turn into 
parasite-permissive Arg-1+ host cells. Monocytes can also differentiate into macrophage and DC. (d) Infected DCs 
secrete IL-12 and induce interferon-γ-(IFN-γ) producing Th1 cells that activate M1 to kill parasites. Otherwise, 
DCs that interact with apoptotic neutrophils inhibit T cell activation. Upon interaction with apoptotic/infected 
neutrophils, macrophages became infected and induce IL-4-producing Th2 cells, which alternatively activate 
(M2) macrophage to perpetuate infection and inhibit M1-mediated parasite killing.
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replication [10]. However, an unbalanced M1 response may lead to exacerbated 
inflammation and tissue damage [10, 11]. The balance between the microbicidal M1 
responses and M2/regulatory macrophages might be the key to successfully overcom-
ing leishmaniasis. Here, we will discuss how the interactions between Leishmania 
parasites and the host immune system affect macrophage phenotypes and how 
these phenotypical changes determine disease outcomes in leishmaniasis. A better 
understanding of factors involved in the development of macrophage phenotypes 
during Leishmania infection is important to design therapeutic strategies capable of 
modulating the pathogenesis of disease.

2. Macrophage phenotypes in leishmaniasis

Although different species of Leishmania trigger distinct immune responses 
[12–14], seminal work catalyzed advances, by employing the experimental L. major 
model of CL, where C57BL/6 (B6) and BALB/c mice are, respectively, resistant and 
susceptible to infection. In B6 mice, the Th1 cytokine interferon-γ (IFN-γ) induces 
classically activated macrophages (M1), which express induced nitric oxide syn-
thase (iNOS) and produce NO (nitric oxide) to kill L. major parasites [8, 15–17]. By 
contrast, in BALB/c mice, the Th2 cytokine IL-4 [18] induces alternative activation 
of macrophages (M2), characterized by arginase-1 expression and pro-infection 
activity [19]. While the Th1 versus Th2 paradigm explains relatively well macrophage 
phenotypes in murine L. major infection, a more complex picture emerges from 
infections with different Leishmania spp [20, 21]. Whereas L. major-infected macro-
phages rely on T cell cytokines to control infection, L. braziliensis directly activates 
macrophages for parasite killing [22]. Moreover, despite the intrinsic phenotypical 
differences in B6 and BALB/c macrophages [8], both mouse strains are resistant to 
L. braziliensis infection [23]. Likewise, L. braziliensis, but not L. major parasites, 
induces M1 phenotype in inflammatory macrophages from both B6 and BALB/c mice 
[24]. In human peripheral blood mononuclear cells (PBMCs), L. braziliensis induces 
CXCL10 proinflammatory cytokine, a M1 feature [25]. Furthermore, ML caused by 
L. braziliensis and L. panamensis is characterized by Th1-type responses that produce 
pro-inflammatory cytokines and the presence of macrophages with low parasit-
ism [26]. Accordingly, the induction of M1 macrophages in vivo may underlie host 
resistance following L. mexicana and L. braziliensis infection [27].

Recently, M1 and M2 macrophages were analyzed in skin biopsies from patients 
infected with several Leishmania spp. M1 macrophages were detected in L. chagasi 
infection, whereas more M2 macrophages were observed in patients infected with 
L. amazonensis than in L. braziliensis lesions [14]. In agreement with these findings, 
DCL caused by L. (L.) amazonensis is characterized by a Th2-type immune response 
with production of anti-inflammatory cytokines associated with highly parasitized 
macrophages [26, 28, 29]. Moreover, the enhanced survival of intracellular parasites 
has been correlated with the M2 phenotype [10, 30–32]. Likewise, in PKDL caused by 
L. donovani, there is a decrease in the production of radical oxygen species (ROS) and 
NO by macrophages that express CD206 and arginase-1, indicating that M2 macro-
phages are deleterious [33].

Other studies also suggest that preferential infection in M2 cells plays a role in 
the severity of CL, DCL [30, 31, 34, 35], and VL [36–40]. Intrinsic characteristics of 
the parasites that result in enhanced survival within human macrophages, such as 
resistance to NO [41] or, otherwise, increased expression of IL-4 and arginase-1 [42] 
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have been associated with defective parasite control, larger lesions, and longer disease 
duration. The results discussed here suggest that the polarization of macrophages to 
M1 or M2 phenotypes following infection with different Leishmania species might 
underlie the disease outcomes.

3. The phenotypes of resident and inflammatory macrophages

Tissue-resident macrophages maintain homeostasis, carry out immunological 
surveillance, and act in the initiation and resolution of inflammation, depending on 
environmental factors that induce activation and gene expression [43]. In addition, 
tissue-resident M2 macrophages promote tissue repair [43, 44].

Dermal-resident M2 macrophages are preferentially infected by L. major Seidman 
(LmSd) strain, isolated from a patient with nonhealing skin lesions. The eosinophil 
cytokines IL-4 and IL-10 maintain the M2 phenotype [45], even in the Th1-biased B6 
mice. Furthermore, dermal-resident M2 macrophages, characterized by high expres-
sion of arginase-1 and mannose receptor, are not replaced by inflammatory macro-
phages after infection [31]. Remarkably, M2 macrophages use mannose receptor, a M2 
hallmark, to internalize Leishmania parasites [31]. Dermal-resident M2 macrophages 
were also the predominant cell type infected with the L. major Ryan strain at 1 hour 
and 24 hours after sand fly bite [46]. The preferential parasite growth in resident M2 
macrophages may correlate with oxidative deficiency compared to that of inflamma-
tory macrophages [19, 47]. Likewise, liver-resident Kupffer cells have defective ROS 
generation after infection with L. donovani in vivo or in vitro compared to monocyte-
derived macrophages [48, 49].

After recognition of the pathogen, resident macrophages drive neutrophil and 
monocyte influx from the blood. The importance of resident macrophages in the 
initiation of inflammatory responses is evident after their depletion, which affects the 
production of chemokines and, consequently, the influx of neutrophils and mono-
cytes [50]. The number of recruited cells exceeded the number of resident cells by 
500-fold 14 days after B6 mice infection with L. amazonensis [51]. Similarly, F4/80hi 
peritoneal macrophages were replaced by CD11b+Ly6C+F4/80int monocytes 1–2 days 
after peritoneal infection with L. major or L. braziliensis [24].

At the beginning of L. major infection, parasites are observed inside immature 
monocytes recruited to the site of infection both in susceptible BALB/c and resistant 
B6 mice [52]. Over the first few days, inflammatory monocytes become the main 
infected cells [53]. However, as the infection progresses, monocytes eliminate the 
parasites while they differentiate into macrophages [52, 54]. In B6 mice, inflammatory 
monocytes recruited at 4 h post intraperitoneal infection with L. major efficiently 
kill parasites via ROS [55]. In addition, inflammatory monocytes recruited 24 h after 
L. major infection show NO-dependent leishmanicidal activity [56]. Furthermore, 
in vivo injection of these cells at the time of infection helped infected B6 mice to 
control skin lesions and reduce parasite burden [56]. Therefore, B6 inflammatory 
monocytes are effector cells against L. major parasites [55, 56].

Leishmania parasites that infect resident macrophages or inflammatory monocytes 
may have different fates, depending on the different stages of maturation and func-
tional profiles of their host cells. In L. major infection, immature inflammatory mac-
rophages fail to induce an M1 response in BALB/c mice. By contrast, in L. braziliensis 
infection, both B6 and BALB/c convert inflammatory macrophages to M1 (IL-12+ and 
iNOS+) phenotype and reduce arginase-1 expression [24]. Overall, these results agree 
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with the idea that resistance to Leishmania infection correlates with inflammatory 
macrophage maturation into M1 in a mouse strain and Leishmania spp.-dependent 
fashion.

Nonetheless, monocytes may stand as a highly permissive niche for replication of 
Leishmania parasites in the dermis [51, 57, 58]. CD11b+Ly6C+ CCR2+ monocytes acquire 
an alternatively activated phenotype (CD206+arginase-1+) and provide a primary res-
ervoir for parasite replication during the first few weeks of L. amazonensis infection, in 
spite of a strong Th1 response [51]. The dichotomy between the studies can be explained 
by the difficulty of identifying the resident or inflammatory macrophages, as well as the 
use of different mouse lineages, sites of infection, and Leishmania species (and strains), 
which can preferentially infect distinct host cells. Further investigation is required to 
address the functional phenotypes of resident and inflammatory macrophages and their 
consequences on parasite replication and the outcome of leishmaniasis.

4. The interplay with neutrophils shapes macrophage phenotypes

The interactions between macrophages and neutrophils may regulate the course 
of Leishmania infection (Figure 1) [7]. There is a rapid recruitment of neutrophils to 
the site of infection with several Leishmania species in mice and hamsters [52, 59–62]. 
Neutrophils can modulate the development of an anti-Leishmania immune response 
by secreting cytokines, chemokines, and granule contents, and by interacting with 
inflammatory monocytes, macrophages and DCs at the infection site [53, 63–66]. The 
presence of neutrophils at the site of infection may contribute to the induction of a 
Th2-M2 response and correlate with susceptibility to L. major infection in BALB/c 
mice, where the percentage of neutrophils is maintained high and stable for weeks in 
the inoculated footpad. Accordingly, the depletion of neutrophils 6 h before chal-
lenge with L. major promotes partial resistance [63]. By contrast, neutrophils are only 
transiently recruited to the infection site in resistant B6 mice, while mononuclear 
phagocytes become the predominant cell population (80%) [52]. Nonetheless, by 
using the sandy fly model of L. major infection, the images obtained from the infec-
tion site revealed that many parasites are phagocytosed by neutrophils [62] and 
that dermal-resident macrophages became infected via phagocytosis of parasitized 
neutrophils [46]. These studies provide in vivo evidence for the “Trojan Horse” 
hypothesis in leishmaniasis, whereas the silent entry of the parasite into macro-
phages through the phagocytosis of infected and apoptotic neutrophils had been 
observed in vitro [67, 68].

Other studies that employed cocultured neutrophils and infected macrophages 
suggest that the interactions between these cells can have different consequences in 
L. major infection in a mouse strain-dependent manner [7, 65]. Neutrophil interac-
tion with infected macrophages from B6 mice reduces parasite burden by activating 
macrophages to a leishmanicidal and tumor necrosis factor (TNF)-𝛼𝛼-producing 
phenotype via a TLR4 and neutrophil elastase (NE)-dependent pathway [64]. On the 
other hand, phagocytosis of apoptotic neutrophils by infected BALB/c macrophages 
promotes parasite growth [65]. Interestingly, B6 neutrophils release 2–3 times more 
NE than BALB/c neutrophils [64]. These results suggest that recruited B6 neutrophils 
shape macrophage phenotype to control parasite infection. However, if the clearance 
of B6 apoptotic neutrophils occurs prior to macrophage infection, it imprints an M2 
regulatory phenotype (IL-12lowIL-10high), which is permissive to L. major replication 
and helps to establish infection [69]. It is conceivable that neutrophils might interact 



Macrophages - Celebrating 140 Years of Discovery

184

with macrophages both prior and after their infection with Leishmania parasites, 
leading to opposite outcomes.

Several receptors, including the Tyro-3, Axl, and Mer (TAM) receptors, con-
tribute to the phagocytosis of apoptotic cells or efferocytosis. The TAM Axl and 
Mer receptors may play a role in the efferocytosis of infected apoptotic neutrophils 
and parasite transfer to macrophages and DCs in Leishmania infection [46, 70]. In 
addition, dermal-resident macrophages from Axl- and Mer-deficient mice showed 
reduced frequency of arginase-1+ cells and increased expression of iNOS. Therefore, 
the efferocytosis via TAM receptors polarizes dermal-resident macrophages to an M2 
phenotype and contributes to early infection [46]. Axl−/−Mertk−/− mice also exhibited 
reduced parasite loads but had more severe pathology after sand fly-borne L. major 
infection [46].

The phenotypes of macrophages after interacting with neutrophils may also 
depend on the parasite species. Neutrophils and macrophages cooperate in L. bra-
ziliensis infection by promoting resistance in infected B6 and BALB/c mice [71]. 
In BALB/c experimental model, the depletion of neutrophils leads to a significant 
increase in the parasite load [72]. In addition, BALB/c mice inoculated with parasites 
and neutrophils exhibited lower parasite load at the site of infection and draining 
lymph nodes. In vitro, it was observed that neutrophils significantly reduced the 
parasite load in macrophages from BALB/c mice infected with L. braziliensis, an 
effect associated with an increase in TNF-α and superoxide production [72]. This 
outcome differs from the previous mentioned studies with L. major infection, where 
the interaction of infected BALB/c macrophages with apoptotic neutrophils favors the 
multiplication of the parasite [63, 65].

Neutrophils can also intervene in the macrophage phenotype by indirectly 
influencing the T cell response after interacting with DCs. DCs infected through 
efferocytosis of apoptotic and infected neutrophils fail to activate T cells in lymph 
nodes [53] and probably delay the Th1 responses that would activate M1 macrophages. 
There are other factors that can regulate macrophage phenotype during interaction 
with neutrophils. In natural Leishmania infection, sand fly saliva is inoculated in the 
dermal site of infection. The saliva components accelerate the apoptosis of inflam-
matory neutrophils [73] and upregulate the Th2 response while downregulating the 
Th1 response during L. major infection [74]. In addition, sand fly saliva components 
positively interfere with the production of prostaglandin E2 and IL-10 which can 
inhibit macrophage activation and reduce the production of TNF-α, NO, and H2O2, 
leading to a M2-parasite-permissive phenotype [75].

5. The crosstalk with T cells modulates macrophage phenotypes

Many studies have characterized the participation of CD4 and CD8 T cells in both 
protection and pathology in Leishmania infection in mice and humans. M1 (classi-
cally activated) and M2 (alternatively activated) macrophages have been studied in 
the context of the Th1-Th2 paradigm [76]. The crosstalk between T cells and macro-
phages has been correlated with resistance versus susceptibility in models involving 
different Leishmania species and animal strains. While some studies demonstrate that 
Th1/M1 responses mediate immunity to L. major parasites in resistant B6 mice, Th2/
M2 cells underlie susceptibility to L. major infection in BALB/c mice [10, 77]. The 
Th2 cytokines IL-4, IL10, and IL-13 produced during infection with L. amazonensis 
and L. panamensis can drive macrophage polarization toward the M2 phenotype, via 
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activation of the enzyme arginase-1 and production of L-ornithine, favoring the sur-
vival and growth of Leishmania in macrophages, as well as disease progression [10, 
32, 78]. In L. major-susceptible mice, arginase activity is directly related to parasite 
growth [79, 80] and the inhibition of its activity reduces parasite load [80, 81]. In 
vitro studies have already shown that L. amazonensis-infected BALB/c macrophages 
show increased L-arginine uptake and arginase expression [82].

The correlation between Th1-IFN-γ and macrophage-NO is reinforced in  
studies showing that mice deficient for the expression of IFN-γ or IFN-γ receptor 
in macrophages do not produce NO in response to various stimuli, suggesting that 
IFN-γ is a key inducer of iNOS [83, 84]. In addition, mice otherwise resistant to  
L. major infection that were deficient for the gene encoding iNOS [85] or treated 
with an iNOS enzyme inhibitor [86] became susceptible to infection. Similarly, 
other studies link the Th2-IL-4 and macrophage-arginase-1 axis to Leishmania 
susceptibility [87]. Although the role of IL-4 in Leishmania infection remains 
overall controversial [7, 20, 88–90], Holscher et al. have shown that interleukin-4 
receptorα (IL-4Rα) deficiency in phagocytes results in a delay in the progression of 
leishmaniasis [87], probably by blocking alternative macrophage activation.

Finally, type 1 immune responses are not always beneficial to the host. An exac-
erbated Th1 cytokine response may contribute to the pathology in mucocutaneous 
leishmaniasis, for example during L. braziliensis infection [91, 92]. Interestingly, 
the IFN-γ produced by Th1 cells early during L. amazonensis infection mediates the 
expansion and recruitment of CCR2+ inflammatory monocytes that provide,  
at the site of infection, a reservoir of parasite-permissive cells that undergo alterna-
tive activation [51]. Therefore, the paradigm that establishes that resistance versus 
susceptibility correlates with macrophage activation is not absolute and needs 
further studies. Part of the problem relies on the need of complex subtyping of 
intermediate phenotypes lying between the extreme poles (M1 and M2) of macro-
phage activation [93].

6. Tools for skewing M1 and M2 phenotypes and disease outcome

Leishmaniasis represents a major challenge for Public Health owing to the lack of 
vaccines, toxicity of available CL treatment, and their incomplete effectiveness [94]. 
Multiple factors can explain the difficult in generating new effective vaccines and 
lower toxic therapies, mainly the diversity of Leishmania species and the complexity 
of the host immune responses [95]. As an obligate intracellular parasite, residing 
inside macrophages, Leishmania evolved in contact with the host immune system, 
developing mechanisms to evade or modulate the immune response, which further 
hamper the development of vaccines [17, 33]. New avenues for the development 
of therapies aimed at the regulation, activation, or polarization/repolarization of 
macrophages bring hope for the treatment of leishmaniasis. Here, we discuss some 
studies (2011–2020) that show the potential use of therapies targeting M1/M2 plastic-
ity in different Leishmania spp. infection and how each one can directly modulate 
macrophage phenotypes.

In PKDL caused by L. donovani, there is a decrease in the production of ROS 
and NO by monocytes and an increase in the expression of CD206 and arginase-1, 
which are hallmarks of M2 macrophages [33]. However, after chemotherapy with 
anti-leishmanial drugs, macrophages show an M1 profile, indicating that M2 to M1 
repolarization can be considered as a therapeutic approach [33].
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Macrophages infected with L. donovani acquire an M2 phenotype through the 
mammalian Target of Rapamycin (mTOR) pathway, as demonstrated in experi-
ments where mTOR inhibition reduced M2 macrophages and parasite load. In vivo, 
the blockade of mTOR pathway increased NO, IL-12, and IFN-γ and reduced IL-10 
and arginase-1 and parasite burden in the spleen [39]. Likewise, the treatment of 
L. amazonensis-infected macrophages with the snake venom component crotoxin 
increased the production of NO, IL-6, and TNF-α, which are hallmarks of M1 activa-
tion profile associated with leishmanicidal activity [96].

The alteration of miRNA expression in parasite infection has been studied in 
the context of macrophage plasticity. L. donovani, L. major, and L. amazonensis 
induce alterations of miRNA profiles in infected human and murine macrophages 
[32, 97, 98]. Inhibition of miR-294 or miR721/Nos2 interactions increased iNOS 
expression and NO production and reduced L. amazonensis infection. The role of 
miR-294 and miR-721 in the regulation of iNOS expression during Leishmania  
replication in infected macrophages points to miRNAs as targets for drug develop-
ment [32]. Thus, microRNAs control macrophage plasticity, as mechanisms that 
sustain or impair the expression of M1/M2 genes, with the redirection of macro-
phage phenotype according to environmental signals [99].

In vitro activation of glucose-6-phosphate dehydrogenase (G6PDH) in L. major-
infected macrophage regulates macrophage function, by increasing NO production 
and parasite killing [100]. The modulation of host metabolism during infection may 
represent a potential therapeutic target for treating leishmaniasis, and metabolic 
reprogramming of immune cells such as macrophages and monocytes could dictate 
their ability as effector cells or parasite-permissive reservoirs [101].

Recent studies showed that B6 peritoneal macrophages express the receptor 
RANK and the M2 markers CD301 (MGL) and CD206. The treatment of B6 mac-
rophages with the T cell cytokines RANKL and IFN-γ induced M1 macrophages 
capable of producing IL-12, TNF-α, and NO but reduced MGL and arginase-1 
expression. In addition, RANKL and IFN-γ increased NO production by BALB/c 
macrophages. Therefore, RANKL helps IFN-γ to induce a shift in macrophage 
phenotype from M2 to a M1 profile that is effective in controlling L. major  
infection [102].

By contrast, treatment of bone-marrow-derived macrophages with ATRA 
(all-trans retinoic acid) prevented the induction of M1 macrophages, promoting a 
shift from M1 to M2 phenotype [24]. After treatment with ATRA, inflammatory 
macrophages from B6 mice lost their ability to eliminate L. major parasites  
[24, 56]. In addition, mice treated with ATRA developed increased footpad lesions 
and parasite burden in draining lymph nodes [56]. After intraperitoneal injection, 
ATRA reduced pro-inflammatory cytokines, iNOS expression, NO production, and 
increased parasite infection in macrophages [24]. Possibly, ATRA downregulates 
inflammatory responses, by reducing the activation of nuclear factor-κB (NF-κB) 
in macrophages [103], whereas RANKL, in turn, induces the NF-κB signaling 
pathway and M1 responses [102]. Therefore, the NF-κB pathway might be at the 
crossroads of M1-M2 regulation and stands as a potential therapeutic target to 
potentiate immunity to infection or otherwise to reduce inflammation [103]. 
Whereas manipulation of macrophage phenotypes is a new perspective to direct 
the development of therapeutic strategies to intervene in multiple diseases, care is 
advised, considering the potential side effects on inflammation and host suscepti-
bility to intracellular pathogens.
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7. Conclusion

The studies discussed here show that different manifestations caused by 
Leishmania infection rely on parasite-host cell interface. We also discussed how 
interactions with different species of Leishmania, innate cells, and adaptive immunity 
during infection generate changes in macrophage phenotypes and how this change 
of phenotype can alter the disease outcome in leishmaniasis. Leishmania species and 
different virulence factors may have an immunomodulatory effect on macrophages, 
leading to polarization toward an M2 phenotype, thus circumventing the host micro-
bicidal mechanisms to favor their proliferation. On the other hand, M1 macrophages 
equilibrate between beneficial microbicidal activity and deleterious inflammatory 
response that can exacerbate lesions. The key to prevent pathogenesis in Leishmania 
infection may lie in a balance between resident and inflammatory macrophage phe-
notypes, particularly early in the infection, aiming to provide the best outcome to the 
host. Further studies will unveil the details involved in the complex balance between 
parasites and macrophages, providing new targets for future treatments and vaccines 
that shape macrophage phenotypes and control the pathogenesis of leishmaniasis. 
Finally, as immune responses against different types of leishmaniasis are multifacto-
rial and distinct, we agree that the generation of different treatments or vaccines may 
be more effective than a single solution for leishmaniasis [17].

Acknowledgements

The authors’ work cited here was supported by the Brazilian National Research 
Council (Conselho Nacional de Desenvolvimento Científico e Tecnológico, CNPq, 
Brazil), the Rio de Janeiro State Science Foundation (Fundação Carlos Chagas Filho de 
Amparo à Pesquisa do Estado do Rio de Janeiro, FAPERJ), the American Association 
of Immunologists (AAI), and the Oswaldo Cruz Foundation (Fundação Oswaldo 
Cruz, FIOCRUZ).

Conflict of interest

The authors declare no conflict of interest.



Macrophages - Celebrating 140 Years of Discovery

188

Author details

Natália S. Vellozo1*†, Flávia L. Ribeiro-Gomes2† and Marcela F. Lopes1

1 Carlos Chagas Filho Institute of Biophysics, Federal University of Rio de Janeiro 
(UFRJ), Rio de Janeiro, Brazil

2 Oswaldo Cruz Institute, Oswaldo Cruz Foundation (FIOCRUZ), Rio de Janeiro, 
Brazil

*Address all correspondence to: nataliavellozo@biof.ufrj.br

† These authors contributed equally to this work.

© 2022 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. 



Shifting Macrophage Phenotypes in Leishmaniasis
DOI: http://dx.doi.org/10.5772/intechopen.105571

189

References

[1] Burza S, Croft SL, Boelaert M. 
Leishmaniasis. Lancet. 2018;392:951-970

[2] Alvar J, Velez ID, Bern C, Herrero M, 
Desjeux P, Cano J, et al. Leishmaniasis 
worldwide and global estimates of its 
incidence. PloS One. 2012;7:e35671

[3] Scott P, Novais FO. Cutaneous 
leishmaniasis: Immune responses in 
protection and pathogenesis. Nature 
Reviews in Immunology. 2016;16:581-592

[4] Chappuis F, Sundar S, Hailu A, 
Ghalib H, Rijal S, Peeling RW, et al. 
Visceral leishmaniasis: What are the 
needs for diagnosis, treatment and 
control? Nature Reviews in Microbiology. 
2007;5:873-882

[5] Pace D. Leishmaniasis. The Journal of 
Infection. 2014;69(Suppl 1):S10-S18

[6] Liu D, Uzonna JE. The early 
interaction of Leishmania with 
macrophages and dendritic cells and its 
influence on the host immune response. 
Frontiers in Cellular and Infection 
Microbiology. 2012;2:83

[7] Lopes MF, Costa-da-Silva AC,  
DosReis GA. Innate immunity 
to Leishmania infection: Within 
phagocytes. Mediators Inflammation. 
2014;2014:754965

[8] Mills CD, Kincaid K, Alt JM,  
Heilman MJ, Hill AM. M-1/M-2 
macrophages and the Th1/Th2 
paradigm. Journal of Immunology. 
2000;164:6166-6173

[9] Murray PJ, Allen JE, Biswas SK, 
Fisher EA, Gilroy DW, Goerdt S, et al. 
Macrophage activation and polarization: 
Nomenclature and experimental 
guidelines. Immunity. 2014;41:14-20

[10] Tomiotto-Pellissier F, Bortoleti B, 
Assolini JP, Goncalves MD, Carloto ACM, 
Miranda-Sapla MM, et al. Macrophage 
polarization in leishmaniasis: Broadening 
horizons. Frontiers in Immunology. 
2018;9:2529

[11] Laskin DL, Sunil VR, Gardner CR, 
Laskin JD. Macrophages and tissue 
injury: Agents of defense or destruction? 
Annual Review of Pharmacology and 
Toxicology. 2011;51:267-288

[12] Mendonca SC. Differences in immune 
responses against Leishmania induced 
by infection and by immunization with 
killed parasite antigen: Implications for 
vaccine discovery. Parasites & Vectors. 
2016;9:492

[13] Silveira FT. What makes mucosal and 
anergic diffuse cutaneous leishmaniases 
so clinically and immunopathogically 
different? A review in Brazil. 
Transactions of the Royal Society 
of Tropical Medicine and Hygiene. 
2019:trz037

[14] Sandoval Pacheco CM, Araujo 
Flores GV, Gonzalez K, de Castro 
Gomes CM, Passero LFD, Tomokane TY, 
et al. Macrophage polarization in the skin 
lesion caused by neotropical species of 
Leishmania sp. Journal of Immunology 
Research. 2021;2021:5596876

[15] Assreuy J, Cunha FQ , 
Epperlein M, Noronha-Dutra A, 
O'Donnell CA, Liew FY, et al. Production 
of nitric oxide and superoxide by 
activated macrophages and killing of 
Leishmania major. European Journal of 
Immunology. 1994;24:672-676

[16] Mantovani A, Sozzani S, 
Locati M, Allavena P, Sica A. Macrophage 
polarization: Tumor-associated 



Macrophages - Celebrating 140 Years of Discovery

190

macrophages as a paradigm for polarized 
M2 mononuclear phagocytes. Trends in 
Immunology. 2002;23:549-555

[17] Rossi M, Fasel N. How to master 
the host immune system? Leishmania 
parasites have the solutions! International 
Immunology. 2018;30:103-111

[18] Chatelain R, Varkila K, 
Coffman RL. IL-4 induces a Th2 response 
in Leishmania major-infected 
mice. Journal of Immunology. 
1992;148:1182-1187

[19] Pessenda G, da Silva JS. Arginase 
and its mechanisms in Leishmania 
persistence. Parasite Immunology. 
2020;42:e12722

[20] Alexander J, Bryson K. T helper (h)1/
Th2 and Leishmania: Paradox rather 
than paradigm. Immunology Letters. 
2005;99:17-23

[21] McMahon-Pratt D, Alexander J. 
Does the Leishmania major paradigm 
of pathogenesis and protection hold for 
New World cutaneous leishmaniases 
or the visceral disease? Immunological 
Review. 2004;201:206-224

[22] Scott P, Sher A. A spectrum in the 
susceptibility of leishmanial strains 
to intracellular killing by murine 
macrophages. Journal of Immunology. 
1986;136:1461-1466

[23] Rocha FJ, Schleicher U, Mattner J, 
Alber G, Bogdan C. Cytokines, signaling 
pathways, and effector molecules 
required for the control of Leishmania 
(Viannia) braziliensis in mice. Infection 
and Immunity. 2007;75:3823-3832

[24] Vellozo NS, Pereira-Marques ST, 
Cabral-Piccin MP, Filardy AA, 
Ribeiro-Gomes FL, Rigoni TS, et al. 
All-trans retinoic acid promotes an 
M1- to M2-phenotype shift and inhibits 

macrophage-mediated immunity 
to Leishmania major. Frontiers in 
Immunology. 2017;8:1560

[25] Vargas-Inchaustegui DA, Hogg AE, 
Tulliano G, Llanos-Cuentas A, Arevalo J, 
Endsley JJ, et al. CXCL10 production 
by human monocytes in response 
to Leishmania braziliensis infection. 
Infection and Immunity. 2010;78: 
301-308

[26] Silveira FT, Lainson R, De Castro 
Gomes CM, Laurenti MD, Corbett CE. 
Immunopathogenic competences of 
Leishmania (V.) braziliensis and L. (L.) 
amazonensis in American cutaneous 
leishmaniasis. Parasite Immunology. 
2009;31:423-431

[27] Diaz-Gandarilla JA, Osorio- 
Trujillo C, Hernandez-Ramirez VI, 
Talamas-Rohana P. PPAR activation 
induces M1 macrophage polarization 
via cPLA(2)-COX-2 inhibition, 
activating ROS production against 
Leishmania mexicana. BioMed Research 
International. 2013;2013:215283

[28] Afonso LC, Scott P. Immune 
responses associated with susceptibility 
of C57BL/10 mice to Leishmania 
amazonensis. Infection and Immunity. 
1993;61:2952-2959

[29] Ji J, Sun J, Soong L. Impaired 
expression of inflammatory 
cytokines and chemokines at early 
stages of infection with Leishmania 
amazonensis. Infection and Immunity. 
2003;71:4278-4288

[30] Farrow AL, Rana T, Mittal MK, 
Misra S, Chaudhuri G. Leishmania-
induced repression of selected 
non-coding RNA genes containing 
B-box element at their promoters in 
alternatively polarized M2 macrophages. 
Molecular and Cellular Biochemistry. 
2011;350:47-57



Shifting Macrophage Phenotypes in Leishmaniasis
DOI: http://dx.doi.org/10.5772/intechopen.105571

191

[31] Lee SH, Charmoy M, Romano A, 
Paun A, Chaves MM, Cope FO, et al. 
Mannose receptor high, M2 dermal 
macrophages mediate nonhealing 
Leishmania major infection in a Th1 
immune environment. Journal of 
Experimental Medicine. 2018;215:357-375

[32] Muxel SM, Laranjeira-Silva MF, 
Zampieri RA, Floeter-Winter LM. 
Leishmania (Leishmania) amazonensis 
induces macrophage miR-294 and miR-
721 expression and modulates infection 
by targeting NOS2 and L-arginine 
metabolism. Scientific Reports. 
2017;7:44141

[33] Mukhopadhyay D, Mukherjee S, 
Roy S, Dalton JE, Kundu S, Sarkar A, 
et al. M2 polarization of monocytes-
macrophages is a hallmark of indian 
post kala-azar dermal leishmaniasis. 
PLoS Neglected Tropical Diseases. 
2015;9:e0004145

[34] Franca-Costa J, Van Weyenbergh J, 
Boaventura VS, Luz NF, Malta-Santos H, 
Oliveira MC, et al. Arginase I, polyamine, 
and prostaglandin E2 pathways 
suppress the inflammatory response 
and contribute to diffuse cutaneous 
leishmaniasis. The Journal of Infectious 
Diseases. 2015;211:426-435

[35] Abebe T, Hailu A, Woldeyes M,  
Mekonen W, Bilcha K, Cloke T, et al. 
Local increase of arginase activity 
in lesions of patients with cutaneous 
leishmaniasis in Ethiopia. PLoS 
Neglected Tropical Diseases. 
2012;6:e1684

[36] Chan MM, Adapala N,  
Chen C. Peroxisome proliferator-
activated receptor-gamma-mediated 
polarization of macrophages in 
Leishmania infection. PPAR Research. 
2012;2012:796235

[37] Abebe T, Takele Y, Weldegebreal T, 
Cloke T, Closs E, Corset C, et al. Arginase 

activity - a marker of disease status in 
patients with visceral leishmaniasis 
in ethiopia. PLoS Neglected Tropical 
Diseases. 2013;7:e2134

[38] Silva RL, Santos MB, Almeida PL, 
Barros TS, Magalhaes L, Cazzaniga RA, 
et al. sCD163 levels as a biomarker of 
disease severity in leprosy and visceral 
leishmaniasis. PLoS Neglected Tropical 
diseases. 2017;11:e0005486

[39] Kumar A, Das S, Mandal A, 
Verma S, Abhishek K, Kumar A,  
et al. Leishmania infection activates 
host mTOR for its survival by M2 
macrophage polarization. Parasite 
Immunology. 2018;40:e12586

[40] Roy S, Mukhopadhyay D, 
Mukherjee S, Moulik S, Chatterji S, 
Brahme N, et al. An IL-10 dominant 
polarization of monocytes is a feature of 
Indian Visceral Leishmaniasis. Parasite 
Immunology. 2018;40:e12535

[41] Giudice A, Camada I, Leopoldo PT, 
Pereira JM, Riley LW, Wilson ME, et al. 
Resistance of Leishmania (Leishmania) 
amazonensis and Leishmania (Viannia) 
braziliensis to nitric oxide correlates 
with disease severity in Tegumentary 
Leishmaniasis. BMC Infectious Diseases. 
2007;7:7

[42] Costa DL, Carregaro V, 
Lima-Junior DS, Silva NM, Milanezi CM, 
Cardoso CR, et al. BALB/c mice infected 
with antimony treatment refractory 
isolate of Leishmania braziliensis present 
severe lesions due to IL-4 production. 
PLoS Neglected Tropical Diseases. 
2011;5:e965

[43] Davies LC, Jenkins SJ, Allen JE, 
Taylor PR. Tissue-resident macrophages. 
Nature Immunology. 2013;14:986-995

[44] Wynn TA, Vannella KM.  
Macrophages in tissue repair, 



Macrophages - Celebrating 140 Years of Discovery

192

regeneration, and fibrosis. Immunity. 
2016;44:450-462

[45] Lee SH, Chaves MM, 
Kamenyeva O, Gazzinelli-Guimaraes PH, 
Kang B, Pessenda G, et al. M2-like, 
dermal macrophages are Maintained 
via IL-4/ CCL24-mediated cooperative 
interaction with eosinophils in cutaneous 
leishmaniasis. Science Immunology. 
2020;2016:eaaz4415

[46] Chaves MM, Lee SH, Kamenyeva O, 
Ghosh K, Peters NC, Sacks D. The role 
of dermis resident macrophages and 
their interaction with neutrophils in the 
early establishment of Leishmania major 
infection transmitted by sand fly bite. 
PLoS Pathogens. 2020;16:e1008674

[47] Locksley RM, Heinzel FP, 
Fankhauser JE, Nelson CS, Sadick MD. 
Cutaneous host defense in leishmaniasis: 
Interaction of isolated dermal 
macrophages and epidermal 
Langerhans cells with the insect-stage 
promastigote. Infection and Immunity. 
1988;56:336-342

[48] Lepay DA, Nathan CF, Steinman RM, 
Murray HW, Cohn ZA. Murine Kupffer 
cells. Mononuclear phagocytes deficient 
in the generation of reactive oxygen 
intermediates. Journal of Experimental 
Medicine. 1985;161:1079-1096

[49] Kausalya S, Kaur S, Malla N, 
Ganguly NK, Mahajan RC. Microbicidal 
mechanisms of liver macrophages in 
experimental visceral leishmaniasis. 
APMIS : Acta Pathologica, 
Microbiologica, et immunologica 
Scandinavica. 1996;104:171-175

[50] Cailhier JF, Partolina M, Vuthoori S, 
Wu S, Ko K, Watson S, et al. Conditional 
macrophage ablation demonstrates that 
resident macrophages initiate acute 
peritoneal inflammation. Journal of 
Immunology. 2005;174:2336-2342

[51] Carneiro MBH, Lopes ME, 
Hohman LS, Romano A, David BA, 
Kratofil R, et al. Th1-Th2 cross-regulation 
controls early Leishmania infection in 
the skin by modulating the size of the 
permissive monocytic host cell reservoir. 
Cell Host Microbes. 2020;27:752-768

[52] Beil WJ, Meinardus-Hager G, 
Neugebauer DC, Sorg C. Differences in 
the onset of the inflammatory response 
to cutaneous leishmaniasis in resistant 
and susceptible mice. Journal of 
Leukocyte Biology. 1992;52:135-142

[53] Ribeiro-Gomes FL, Peters NC, 
Debrabant A, Sacks D. Efficient capture 
of infected neutrophils by dendritic 
cells in the skin inhibits the early anti-
Leishmania response. PLoS Pathogens. 
2012;8:e1002536

[54] Sunderkotter C, Kunz M, 
Steinbrink K, Meinardus-Hager G, 
Goebeler M, Bildau H, et al. Resistance 
of mice to experimental leishmaniasis is 
associated with more rapid appearance 
of mature macrophages in vitro and 
in vivo. Journal of Immunology. 
1993;151:4891-4901

[55] Goncalves R, Zhang X, Cohen H, 
Debrabant A, Mosser DM. Platelet 
activation attracts a subpopulation of 
effector monocytes to sites of Leishmania 
major infection. Journal of Experimental 
Medicine. 2011;208:1253-1265

[56] Pereira WF, Ribeiro-Gomes FL, 
Guillermo LV, Vellozo NS, Montalvao F, 
Dosreis GA, et al. Myeloid-derived 
suppressor cells help protective 
immunity to Leishmania major 
infection despite suppressed T cell 
responses. Journal of Leukocyte Biology. 
2011;90:1191-1197

[57] Romano A, Carneiro MBH, 
Doria NA, Roma EH, Ribeiro-Gomes FL, 
Inbar E, et al. Divergent roles for 



Shifting Macrophage Phenotypes in Leishmaniasis
DOI: http://dx.doi.org/10.5772/intechopen.105571

193

Ly6C+CCR2+CX3CR1+ inflammatory 
monocytes during primary or secondary 
infection of the skin with the intra-
phagosomal pathogen Leishmania major. 
PLoS Pathogens. 2017;13:e1006479

[58] Heyde S, Philipsen L, Formaglio P, 
Fu Y, Baars I, Hobbel G, et al. CD11c-
expressing Ly6C+CCR2+ monocytes 
constitute a reservoir for efficient 
Leishmania proliferation and cell-to-
cell transmission. PLoS Pathogens. 
2018;14:e1007374

[59] Wilson ME, Innes DJ, Sousa AD, 
Pearson RD. Early histopathology of 
experimental infection with Leishmania 
donovani in hamsters. The Journal of 
Parasitology. 1987;73:55-63

[60] Pompeu ML, Freitas LA, Santos ML, 
Khouri M, Barral-Netto M. Granulocytes 
in the inflammatory process of BALB/c 
mice infected by Leishmania amazonensis. 
A quantitative approach. Acta Tropica. 
1991;48:185-193

[61] Hurrell BP, Schuster S, Grun E, 
Coutaz M, Williams RA, Held W, et al. 
Rapid sequestration of Leishmania 
mexicana by neutrophils contributes to 
the development of chronic lesion. PLoS 
Pathogens. 2015;11:e1004929

[62] Peters NC, Egen JG, Secundino N, 
Debrabant A, Kimblin N, Kamhawi S, 
et al. In vivo imaging reveals an essential 
role for neutrophils in Leishmaniasis 
transmitted by sand flies. Science. 
2008;321:970-974

[63] Tacchini-Cottier F, Zweifel C, 
Belkaid Y, Mukankundiye C, Vasei M, 
Launois P, et al. An immunomodulatory 
function for neutrophils during the 
induction of a CD4+ Th2 response in 
BALB/c mice infected with Leishmania 
major. Journal of Immunology. 
2000;165:2628-2636

[64] Ribeiro-Gomes FL, Moniz-
de-Souza MC, Alexandre-Moreira MS, 
Dias WB, Lopes MF, Nunes MP, et al. 
Neutrophils activate macrophages 
for intracellular killing of Leishmania 
major through recruitment of TLR4 
by neutrophil elastase. Journal of 
Immunology. 2007;179:3988-3994

[65] Ribeiro-Gomes FL, Otero AC, 
Gomes NA, Moniz-De-Souza MC, 
Cysne-Finkelstein L, Arnholdt AC, 
et al. Macrophage interactions with 
neutrophils regulate Leishmania major 
infection. Journal of Immunology. 
2004;172:4454-4462

[66] Charmoy M, Megnekou R,  
Allenbach C, Zweifel C, 
Perez C, Monnat K, et al. Leishmania 
major induces distinct neutrophil 
phenotypes in mice that are resistant 
or susceptible to infection. Journal of 
Leukocyte Biology. 2007;82:288-299

[67] van Zandbergen G, Klinger M,  
Mueller A, Dannenberg S, 
Gebert A, Solbach W, et al. Cutting 
edge: Neutrophil granulocyte serves 
as a vector for Leishmania entry into 
macrophages. Journal of Immunology. 
2004;173:6521-6525

[68] Gueirard P, Laplante A, Rondeau C, 
Milon G, Desjardins M. Trafficking of 
Leishmania donovani promastigotes in 
non-lytic compartments in neutrophils 
enables the subsequent transfer of 
parasites to macrophages. Cellular 
Microbiology. 2008;10:100-111

[69] Filardy AA, Pires DR,  
Nunes MP, Takiya CM, Freire-
de-Lima CG, Ribeiro-Gomes FL, et al. 
Proinflammatory clearance of apoptotic 
neutrophils induces an IL-12(low)
IL-10(high) regulatory phenotype in 
macrophages. Journal of Immunology. 
2010;185:2044-2050



Macrophages - Celebrating 140 Years of Discovery

194

[70] Ribeiro-Gomes FL, Romano A, Lee S, 
Roffe E, Peters NC, Debrabant A, et al. 
Apoptotic cell clearance of Leishmania 
major-infected neutrophils by dendritic 
cells inhibits CD8(+) T-cell priming in 
vitro by Mer tyrosine kinase-dependent 
signaling. Cell Death Diseases. 
2015;6:e2018

[71] Carlsen ED, Jie Z, Liang Y,  
Henard CA, Hay C, Sun J, et al. 
Interactions between neutrophils and 
Leishmania braziliensis amastigotes 
facilitate cell activation and parasite 
clearance. Journal of Innate Immunity. 
2015;7:354-363

[72] Novais FO, Santiago RC, Bafica A, 
Khouri R, Afonso L, Borges VM, et al. 
Neutrophils and macrophages cooperate 
in host resistance against Leishmania 
braziliensis infection. Journal of 
Immunology. 2009;183:8088-8098

[73] Prates DB, Araujo-Santos T, Luz NF, 
Andrade BB, Franca-Costa J, Afonso L, 
et al. Lutzomyia longipalpis saliva drives 
apoptosis and enhances parasite burden 
in neutrophils. Journal of Leukocyte 
Biology. 2011;90:575-582

[74] Mbow ML, Bleyenberg JA, Hall LR, 
Titus RG. Phlebotomus papatasi sand 
fly salivary gland lysate down-regulates 
a Th1, but up-regulates a Th2, response 
in mice infected with Leishmania 
major. Journal of Immunology. 
1998;161:5571-5577

[75] Brodie TM, Smith MC, Morris RV, 
Titus RG. Immunomodulatory effects 
of the Lutzomyia longipalpis salivary 
gland protein maxadilan on mouse 
macrophages. Infection and Immunity. 
2007;75:2359-2365

[76] Muraille E, Leo O, Moser M. TH1/
TH2 paradigm extended: Macrophage 
polarization as an unappreciated 
pathogen-driven escape mechanism? 
Frontiers in Immunology. 2014;5:603

[77] Sacks D, Noben-Trauth N. The 
immunology of susceptibility and 
resistance to Leishmania major in 
mice. Nature Reviews in Immunology. 
2002;2:845-858

[78] da Silva MF, Zampieri RA,  
Muxel SM, Beverley SM, Floeter- 
Winter LM. Leishmania amazonensis 
arginase compartmentalization in the 
glycosome is important for parasite 
infectivity. PloS One. 2012;7:e34022

[79] Iniesta V, Carcelen J, Molano I, 
Peixoto PM, Redondo E, Parra P, et al. 
Arginase I induction during Leishmania 
major infection mediates the 
development of disease. Infection and 
Immunity. 2005;73:6085-6090

[80] Kropf P, Fuentes JM, Fahnrich E, 
Arpa L, Herath S, Weber V, et al. Arginase 
and polyamine synthesis are key factors 
in the regulation of experimental 
leishmaniasis in vivo. FASEB Journal: 
Official Publication of the Federation 
of American Societies for Experimental 
Biology. 2005;19:1000-1002

[81] Schleicher U, Paduch K, Debus A, 
Obermeyer S, Konig T, Kling JC, et al. 
TNF-mediated restriction of arginase 
1 expression in myeloid cells triggers 
Type 2 NO synthase activity at 
the site of infection. Cell Reports. 
2016;15:1062-1075

[82] Muxel SM, Aoki JI, Fernandes JCR,  
Laranjeira-Silva MF, Zampieri RA,  
Acuna SM, et al. Arginine and 
POLYAMINES FATE in Leishmania 
infection. Frontiers in Microbiology. 
2017;8:2682

[83] Dalton DK, Pitts-Meek S,  
Keshav S, Figari IS, Bradley A, 
Stewart TA. Multiple defects of immune 
cell function in mice with disrupted 
interferon-gamma genes. Science. 
1993;259:1739-1742



Shifting Macrophage Phenotypes in Leishmaniasis
DOI: http://dx.doi.org/10.5772/intechopen.105571

195

[84] Huang S, Hendriks W, Althage A, 
Hemmi S, Bluethmann H, Kamijo R, 
et al. Immune response in mice that lack 
the interferon-gamma receptor. Science. 
1993;259:1742-1745

[85] Wei XQ , Charles IG, Smith A, Ure J, 
Feng GJ, Huang FP, et al. Altered immune 
responses in mice lacking inducible nitric 
oxide synthase. Nature. 1995;375:408-411

[86] Stenger S, Donhauser N, Thuring H, 
Rollinghoff M, Bogdan C. Reactivation 
of latent leishmaniasis by inhibition 
of inducible nitric oxide synthase. 
Journal of Experimental Medicine. 
1996;183:1501-1514

[87] Holscher C, Arendse B,  
Schwegmann A, Myburgh E, 
Brombacher F. Impairment of alternative 
macrophage activation delays 
cutaneous leishmaniasis in nonhealing 
BALB/c mice. Journal of Immunology. 
2006;176:1115-1121

[88] Biedermann T, Zimmermann S, 
Himmelrich H, Gumy A, Egeter O, 
Sakrauski AK, et al. IL-4 instructs TH1 
responses and resistance to Leishmania 
major in susceptible BALB/c mice. Nature 
Immunology. 2001;2:1054-1060

[89] Radwanska M, Cutler AJ, Hoving JC, 
Magez S, Holscher C, Bohms A, et al. 
Deletion of IL-4Ralpha on CD4 T 
cells renders BALB/c mice resistant 
to Leishmania major infection. PLoS 
Pathogens. 2007;3:e68

[90] Hurdayal R, Nieuwenhuizen NE,  
Revaz-Breton M, Smith L, 
Hoving JC, Parihar SP, et al. Deletion of 
IL-4 receptor alpha on dendritic cells 
renders BALB/c mice hypersusceptible 
to Leishmania major infection. PLoS 
Pathogens. 2013;9:e1003699

[91] Gaze ST, Dutra WO, Lessa M, 
Lessa H, Guimaraes LH, Jesus AR, et al. 

Mucosal leishmaniasis patients display an 
activated inflammatory T-cell phenotype 
associated with a nonbalanced monocyte 
population. Scandinavian Journal of 
Immunology. 2006;63:70-78

[92] Giudice A, Vendrame C, Bezerra C, 
Carvalho LP, Delavechia T, Carvalho EM, 
et al. Macrophages participate in host 
protection and the disease pathology 
associated with Leishmania braziliensis 
infection. BMC Infectious Diseases. 
2012;12:75

[93] Mosser DM, Edwards JP. Exploring 
the full spectrum of macrophage 
activation. Nature Review in 
Immunology. 2008;8:958-969

[94] Caridha D, Vesely B, van Bocxlaer K, 
Arana B, Mowbray CE, Rafati S,  
et al. Route map for the discovery 
and pre-clinical development of new 
drugs and treatments for cutaneous 
leishmaniasis. International Journal for 
Parasitology Drugs and Drug Resistance. 
2019;11:106-117

[95] Kaye PM, Cruz I, Picado A, Van 
Bocxlaer K, Croft SL. Leishmaniasis 
immunopathology-impact on design 
and use of vaccines, diagnostics and 
drugs. Seminars in Immunopathology. 
2020;42:247-264

[96] Farias LHS, Rodrigues APD, 
Coelho EC, Santos MF, Sampaio SC, 
Silva EO. Crotoxin stimulates an M1 
activation profile in murine macrophages 
during Leishmania amazonensis infection. 
Parasitology. 2017;144:1458-1467

[97] Frank B, Marcu A, de Oliveira 
Almeida Petersen AL, Weber H, 
Stigloher C, Mottram JC, et al. Autophagic 
digestion of Leishmania major by 
host macrophages is associated with 
differential expression of BNIP3, CTSE, 
and the miRNAs miR-101c, miR-129, and 
miR-210. Parasites & Vectors. 2015;8:404



Macrophages - Celebrating 140 Years of Discovery

196

[98] Mukherjee B, Paul J, Mukherjee S, 
Mukhopadhyay R, Das S, Naskar K, et al. 
Antimony-resistant Leishmania donovani 
exploits miR-466i to deactivate host 
MyD88 for regulating IL-10/IL-12 levels 
during early hours of infection. Journal 
of Immunology. 2015;195:2731-2742

[99] Locati M, Curtale G, Mantovani A. 
Diversity, mechanisms, and significance 
of macrophage plasticity. Annual Review 
in Pathology. 2020;15:123-147

[100] Zamani S, Hoseini AZ, Namin AM. 
Glucose-6-phosphate dehydrogenase 
(G6PD) activity can modulate 
macrophage response to Leishmania 
major infection. International 
Immunopharmacology. 2019;69:178-183

[101] Ferreira C, Estaquier J, Silvestre R. 
Immune-metabolic interactions between 
Leishmania and macrophage host. 
Current Opinion in Microbiology. 
2021;63:231-237

[102] Rigoni TS, Vellozo NS, 
Cabral-Piccin MP, Fabiano-Coelho L, 
Lopes UG, Filardy AA, et al. Rank ligand 
helps immunity to leishmania major by 
skewing M2-like into M1 macrophages. 
Frontiers in Immunology. 2020;11:886

[103] Hong K, Zhang Y, Guo Y, Xie J, 
Wang J, He X, et al. All-trans retinoic 
acid attenuates experimental colitis 
through inhibition of NF-kappaB 
signaling. Immunology Letters. 
2014;162:34-40



197

Chapter 11

Macrophage as the Game Changer 
of the (Future) Therapeutic 
Paradigm
Ranjan Bhadra

Abstract

Macrophages, the executioner of phagosome maturation, are central to coordinate 
and cooperate as the bridge between innate and acquired immunity. Mice primed 
with attenuated Leishmania promastigote showed host defense, such as total protec-
tion against LPS-induced endotoxic shock and, diarrhoeagenic E. coli lethal infection. 
Cell-based empirical preparations and isolated lipids, sphingolipids and lipoproteins 
were made out of the promastigotes. Host macrophage-mediated enhancement of 
microbicidal actions, non-specific and specific host immunity boosting and mitiga-
tion of antomicrobial resistance by the empirical preparations and, the cancer cell 
apoptosis, resolution of sepsis, combating autoimmune disease by isolated chemical 
constituents were evident, respectively. Macrophage phagosome maturation is the 
key factor of all these changes and indeed the attenuated Leishmania promastigote 
was found as an efficient agent for such maturation. To assess clinical impact of the 
studies, the therapeutic aspects of isolated total promastigote lipid were investigated 
on the synovial fluid mononuclear cells of RA (rheumatoid arthritis) patient as a case 
study including an animal model of the disease in parallel. The use of the attenuated 
Leishmania promastigote to produce human therapeutic vaccines that served Indian 
people for decades (1954–2005) by a nearly unknown Kolkata (India) based firm 
(IBL) was rediscovered recently.

Keywords: leishmania promastigote, macrophage, therapeutics

1. Introduction

‘There is at bottom only one genuinely scientific treatment for all diseases, and 
that is to stimulate the phagocytes’. Gorge Bernard Shaw in ‘The Doctor’s Dilemma’ 
(1906).The human host and other mammals are continuously exposed to the envi-
ronment along with numerous microorganisms, including disease-causing dread-
ful infectious pathogens. Before the advent of the age of antibiotics, human host 
defended against the infection with his own in-built immune system or through its 
modulation and, possibly traditionally experience-based useful therapeutic agents. 
The miraculous success of the penicillin and other antibiotics to combat the bacterial 
pathogens primarily made an impact of historical significance. More so when the 
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dominant dogma ruled the world that diseases are originated essentially from a germ. 
If the germs are not identified, would be identified in future course of time. Pasteur’s 
discovery of vaccine and diseases of especially bacterial pathogen originated ones 
have been combated profoundly by useful and effective antibiotics. So the clinical 
world was on the verge of declaring that war against infection has been won. But 
slowly at a creeping mode, the pathogens developed strategies to defeat the assault 
of antibiotics and what it is now is an emerging threat of antibiotic-resistant patho-
gens. So it is time to pay attention to the old guard ‘the host own immune-mediated 
defence’ for the betterment of health care or the mode of treatment paradigm.

An attenuated Leishmania donovani or L. donovani (UR-6MHOM/1978) was 
maintained over decades in the institute, Indian Institute of Chemical Biology, where 
the author joined as an independent investigator way back in the 80s of the last 
century. The protozoan parasite being attenuated lacks disease-producing capacity. 
It can infect host cell macrophage but in the next generation, it ceased to survive. 
The author out of curiosity planned to see whether the promastigote as a heat-killed 
preparation would be capable to modulate the immune response of the host. He 
administered it into healthy normal BALB/c mice to monitor the changes that might 
take place in the host immune system. He chose bacterial LPS or endotoxin to induce 
shock in the host as the host macrophage is the target to interact with both the LPS 
and the promastigote. After 3 days of priming the mice could withstand lethal blow 
of LPS, indicating that the macrophage had a real change in the responsiveness. After 
1 month of priming, the mice showed the development of delayed type of hypersensi-
tivity (DTH) indicating macrophages not only acquired protecting ability against LPS 
but also had undergone fundamental functional changes that included the changes in 
T-cell repertories. The mice displayed antibody raising ability against an antigen when 
the promastigote was used as an adjuvant [1]. The principal effectors of DTH reac-
tions are Th1 lymphocytes mediated events where macrophages function as APC. The 
antibody raising capacity of a host acquired by B-lymphocyte maturation and APC 
mediated antigen presentation along with helper Th2 cells in case of protein antigen. 
Therefore, the priming of the mice with the promastigote of attenuated Leishmania 
had a profound effect on the overall functional changes of the macrophages, to a 
larger extent in the entire immune system. It must be mentioned that attenuated 
promastigotes of Leishmania have been tried for vaccine development of mammals as 
a vaccine candidate. Over the decades, it has been extensively tried, but no adversity 
was reported though no acceptable vaccine candidate fulfilled all the criteria to make 
one a successful vaccine. It was however not explored to develop any therapeutic item 
or an adjunct therapy exploring the attenuated promastigote till then.

1.1 The attenuated leishmania promastigote and watery diarrhoea control

The bacteria E. coli colonize the infant gastrointestinal tract within hours of life, 
and thereafter, it remains harmless usually deriving mutual benefit with the host. But 
the barrier of the gastrointestinal tract may be breached under conditions of immune 
suppression or other debilitating attacks resulting in damage or leakage.  
Then, it can cause infection even being harmless ‘non-pathogenic’. Several distinct 
diarrheal syndromes accompanying the bacterial infection including diarrhoeagenic  
E. coli infection are very often faced by clinicians. One such strain was available in our 
laboratory and the organism caused diarrhoea in mouse when injected through the 
intraperitoneal (i.p.) route. The animal succumbs within 3–4 days after the infec-
tion. The infected animal showed profuse watery diarrhoea. It is documented that 
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Enteropathogenic E. coli (EPEC) infection rapidly modulates electrolyte transport 
and induce watery diarrhoea [2]. The hallmark of this bacterial pathogenic infection 
is the development of an A/E (adhesion/effacing) lesion in the intestinal lumen. The 
Payer’s patch (PP), lamina propria (LPr) like immune organs lay as an embedded 
component below the mucosal surface constituted by the enterocyte monolayer and 
play a very important role in the regulation of immune response to resolve injury such 
as A/E lesion. LPr macrophages participate in the sampling of luminal content, via 
extension of transepithelial dendrites and phagocytose transgressing pathogens. By 
priming the mice with the attenuated Leishmania promastigote and after 2–3 days 
they were infected with this diarrhoeagenic bacterial pathogen. These animals instead 
of developing lethal diarrhoeal assault and dying found unaffected and protected 
completely [3]. The mechanism remained to be elucidated but constitutive IL-10, 
anti-inflammatory cytokine production by the intestinal macrophage and apoptosis 
induction could be proposed and that might have an impact in this case.

Intestinal macrophages inherently produce both pro-and ant-inflammatory 
cytokines including the anti-inflammatory IL-10. Macrophages are M1 phenotype 
when coming in contact with attenuated Leishmania promastigote or promastigote at 
first with immediate encounter causing the release of pro-inflammatory cytokines. 
Gradually, it alters to M2 phenotype, especially when promastigotes after being 
degraded release its constituent lipids, proteins etc. along with resultant anti-inflam-
matory cytokine release. So the resolution of enteropathogenic E. coli infection-medi-
ated damage could be assumed due to the therapeutic aspects of macrophage response 
modification towards homeostasis attainment [4, 5].

1.2  Role of empirical preparations of the attenuated Leishmania promastigote on 
non-specific host defence

The preparations were made of 106–107 promastigote per ml. cell count based 
on six different lots and then used for macrophage stimulation in an in vitro system. 
The designed preparations were IC (intact cell), CH (cell homogenate), CD (cell 
debris) and CS (cell soup obtained after CD collection by centrifugation). Mouse 
peritoneal macrophage, human monocyte–macrophage, a permanent murine cell line 
macrophage J.774 and mouse splenocytes were the test cells. TNF-α, LPS, BCG and an 
immune suppressor betamethasone were selected as the test compounds or specimen 
as well documented macrophage response modifier.

The parasite Leishmania has two important ligands, gp63 and LPG (lipophosphoglycan) 
to interact with host macrophage but the LPG moiety was devoid of this strain. Only its 
gp63 moiety as a well-recognized ligand to interact with the host macrophage was pres-
ent. Macrophage MR (mannose receptor) is presumably the most efficient among others 
such as CR1, CR3 and fibronectin receptors for its response modifying interaction.

Cell homogenate or CH appeared most potent than the IC (intact cell). The macro-
phage response modulation by the IC, CH and CD resulted in generation of both the 
reactive oxygen species, ROS and nitrogen intermediate NO significantly but not as 
high as that of LPS or TNF-α associated induction. The LPS stimulation was very sharp 
and massive compared to IC and CH effect. However, these were not as sharp as the 
action of LPS in terms of TNF-α release and time kinetics. When the LPS response was 
suppressed in combination with IC or CH preparations, the ultimate product formation 
to TNF-α was blocked somewhere at an intermediate step before reaching the penul-
timate step. But the effect of externally added TNF-α along with IC or CH, in terms of 
total cytokine release, indicated an additive effect. This observation was of critically 
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significant because once the LPS response attained its ultimate manifestation to TNF-α, 
its formation has not interfered further with respect to the presence of promastigote 
components. Macrophages pre-treated with IC, CH and CD did not respond to NO 
generation by LPS stimulation. The fraction CD or cell debris possibly contained DNA, 
RNA, insoluble membrane glycoprotein, glycolipids, lipids and lipoprotein, primarily 
a combined mixture of all these. DNA has no stimulatory or response modifying effect 
on LPS activity so the blocking of LPS action on macrophage activity by lipids and/or 
lipoprotein might be proposed and it was indeed the case as was evident subsequently.

IC, CH and CD pre-exposed macrophages showed higher phagocytic activity 
and intracellular killing of bacteria. This was confirmed by demonstrating in the IC 
mediated enhanced phagocytosis using engulfed GFP-E. coli (Green Fluorescence 
Protein expressing E. coli) bacteria. But such phagocytic up take by CH pre-exposed 
macrophages was slightly higher. In respect of antibiotic or drug resistance or even 
multidrug resistant clinical isolates of both Gram-positive and Gram-negative bacte-
rial pathogens, no marked discriminatory action was noted apparently.

The in vivo study was conducted taking live animals (mice) such as BALB/c, 
Swiss, CBA/j and a wild strain. They all were primed with most of the promastigote 
preparations and after 5 days of priming challenged with lethal doses of E. coliR (drug 
resistant), S. aureusR (drug resistant) and E. coli K-13 (the diarrhoeagenic strain). The 
unprimed and carrageenan treated groups were also challenged in parallel. The differ-
ences in survival rate between the two groups, primed and unprimed was remarkable 
as the primed groups showed considerable improvement (80–30% or 50% higher). 
The preparation CH was used for priming of BALB/c mice mainly with multiple 
(seven arbitrarily chosen) doses at an interval of 4–5 days, and then challenged 
with diarrhoeagenic E. coli K13. It is not known how far the attenuated leishmania 
promastigote lipoprotein(s) relates to bacterial outer membrane protein. Whether 
it functionally correlated and arguably induce protection for a long time against the 
bacterial infections remained as a guess. But the effect of multiple doses priming of 
mouse with IC showed absolutely safe and acquirement of long-term protection. One 
of the interesting findings was that the spleen cells of multiple doses of CH primed 
mouse when cultured in the presence of CH or CH coupled E. coli K-13, the culture 
soup demonstrated the presence of IL-2, and confirming Th1 cell-mediated immunity 
or CMI development. The protective ability is acquired even by priming with one or 
two doses. Multiple doses and the frequencies of administration with respect to time 
gap made a remarkable difference in the protection profiles, namely using CH, IC 
and lipoprotein (LP), but a safe gap of 3 days is desirable between two injections of 
the promastigote preparation [6]. The impact of phagosome maturation and over all 
immune response modulation by the host is possibly most critical in view of mac-
rophage as a game changer, and now IC, the intact promastigote of the attenuated 
Leishmania donovani (UR-6MHOM/1978)-mediated phagosome maturation would be 
dealt in details.

2.  Phagosome maturation by the attenuated Leishmania donovani  
(UR-6 MHOM/ 1978) promastigote

Phagosome maturation is essentially the most crucial biological process that 
performs the engulfment of the microbial pathogens and then degrades it to clear the 
infection. Macrophages are the key effector cells to furnish all the jobs successfully 
through the orchestration of its phagosome functions. Thus, the macrophages carry 
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out two functions, one is phagocytosis as the ‘housekeeping’ or scavenging function 
and the other one is meant for host defence. Particularly the same macrophage has to 
perform both the functions to achieve a successful host defence strategy. There is also 
another aspect of phagosome maturation, the maintenance of tissue homeostasis, a 
determinant to recon as the basic function of macrophage assigned to the fulfilment 
of phagosome maturation. The removal of apoptotic cells and other extracellular 
component derived as by-products are a daunting task that is to be completed by mac-
rophages. These are also the responsibilities of mature phagosomes and occur during 
the process of maturation. In case of the apoptotic cells, they display well known ‘eat 
me’ signals which recognizes various type of collectins, scavenger receptors, integrins 
and bridging molecules that link the surface structures to the macrophage recep-
tors. The viable cells express specialized receptor such as CD47 that acts to inhibit 
the phagocytosis through receptors such as SIRP-α as apoptotic cell undergo silent 
absorption instead of degradation and elimination.

Thus, the phagocytosis of both microbes and apoptotic cell is carried by the same 
macrophage but there is a fundamental difference. The apoptotic cell phagocytosis by 
macrophage is trigged by anti-inflammatory responses, such as through the production 
of growth factor (TGF)-β while, in contrast the microbial cell phagocytosis occurs upon 
triggering the inflammatory response through production of TNF-α, IL-1 and IL-6 
and make alert to the infection. The objective of the phagosome maturation by intact 
promastigote of attenuated Leishmania was described for the first time implicating the 
role of macrophage to act as infection eradicating agent. The maturation indeed under-
goes, a full range of changes and it progresses through subsequent modification out of 
sequential fusion with endosomes when the microbe already is inside the macrophage.

2.1  Phagocytic phase of the phagosome maturation by attenuated Leishmania 
promastigote

This is the demonstration of the phagocytosis associated events that were 
described with the empirical preparations of the attenuated Leishmania promas-
tigotes. Here described possibly the more documented evidence. The parasite 
Leishmania ensures their survival by inhibiting macrophage phagolysosomal fusion 
and so maturation is imperfect through a complex enzymatic process and reorganiza-
tion of cytoskeleton structure, accumulating peri-phagosomal actin and reducing the 
recruitment of late phagosomal marker Rab7 and delaying recruitment of LAMP1 
probably. Other strategies include modulation of macrophage for lower NO genera-
tion, reduced ROS, IL-12 and TNF-α production, NF-kB and AP-1 activation. The 
resolution of microbial infection, in contrast, depends on the arms of inflammatory 
response but at the later stage, it necessitates the induction of the anti-inflammatory 
cytokines such as IL-10, TGF-β and IL-4, the Th2 type cytokines. Activated protein 
kinase (MAPK) plays also a critical role because activation of p-44/42 MAPK leads to 
IL-10 production and p38 MAPK downregulation results in abrogated IL-12 produc-
tion. This is now clear that within the same macrophage phagocytosis of microbial 
agents assigned to the destruction through the association with pro-inflammatory 
macrophage effector function and its apoptotic cell resolution requires anti-
inflammatory or silent absorption. These are the characteristic feature of pathogenic 
Leishmania to establish infection, but its counterpart attenuated Leishmania strain 
was reported as a booster of respiratory burst and TNF-α production [7]. In the latest 
study, it was reported that attenuated strain of leishmania simultaneously induces 
both the forms of the cytokines to accomplish the jobs.
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The macrophage exposed to the heat-killed intact attenuated L. (L. stands for 
Leishmania) promastigotes showed augmentation of ROS and NO generation, the 
former develops in a steady state with a gradual increase up to 24 hrs. to reach the peak 
while NO production was also time-dependent but noticed at 24 hrs. Both the species 
were highly microbicidal in action the attributes to combat the infection with bacte-
rial pathogens. Macrophage phagosome membrane-associated gp91 phox and iNOS 
or induced nitric oxide synthase are instrumental behind the ROS and NO generation 
As already mentioned, the phagocytic uptake was significantly enhanced by latex 
particles, which were really non-physiological but provider of an index to mark the 
extent of response. E. coli-GFP (green fluorescence protein) expressing one was used to 
confirm the enhancement firmly. The fascinating observation was the enhanced uptake 
of pathogenic Leishmania strain (AG 83), as it is known that such pathogenic parasite 
usually limits the uptake, thus the action of the attenuated strain surpasses or overpow-
ered the influences of the pathogenic strain-mediated interference. So, the strength of 
phagocytic engulfment appeared more forceful. It is not known if the time gapped mul-
tiple doses priming under in vivo would be more effective or force bearing to combat 
infection. Upon pre-exposure to macrophage with the promastigote, the Th1 type cyto-
kines level raised significantly, such as the level of IL-12, IL-1β, TNF-α and IL-6 were 
induced markedly. Expression of Th2 cytokine namely TGF-β was lowered but another 
anti-inflammatory cytokine IL-10 had a significant increase. It might be mentioned 
that phagocytosis of microbial pathogen and apoptotic cell when to take place in the 
same macrophage then the former is under the regulatory dictum of pro-inflammatory 
cytokine while the latter is under the aegis of anti-inflammatory cytokine. It tells us 
that the clearance of both the microbial infective agents and the apoptotic dead cell is 
mediated by the macrophage simultaneously. The same macrophages on account of 
attenuated L. promastigote activation carry out the desired functions efficiently.

The heightened level of the expression and translocation of NF-kB and c-Jun, the 
crucial transcription factors were evident due to the attenuated L. promastigote expo-
sure to the macrophages. It provides clearly the effect of the promastigotes, making host 
responses towards better defence. Both the transcription factors are critical regulators of 
pro-inflammatory cytokine release. The flow cytometric analysis of the L. promastigote 
pre-exposed macrophage for 4 hrs, confirming the increased accumulation of NF-kBp65 
and c-Jun in the nuclear extract of the activated cell. It means that the macrophage 
function as progress towards the late phagosome with the received cues from within 
and as the consequences of released constituents of the attenuated L. promastigote. For 
example, as it would be shown later in detail that lipids isolated from the promastigote 
decrease the accumulation of these nuclear transcription factors in the Synovial Fluid 
Mononuclear Cell (SFMCs) of RA patients implicating benefit to the patients.

The increase in pro-inflammatory cytokine activity was mediated through 
p38MAPK and p44/42 MAPK activation. The enrichment of the attenuated promas-
tigote exposed macrophage-mediated release of Th1 type cytokine over the Th2 type 
was observed as indicated by higher level of IL-12 over IL-10 though both the MAPK 
were involved here simultaneously. Other markers of the phagosome maturation are 
indicated by the co-localization of Rab7, Lysosomal Associated Membrane Protein-1, 
Cathepsin D, Rab 9 and V-ATPase. Inhibition of V-ATPase was found to cause signifi-
cant hindrance in phagosome maturation. Acidification and phagosome maturation, 
a coupled phenomenon occurs in unison in the attenuated promastigote exposed 
macrophages ([8] and ref. therein). Thus, the achievements of macrophage phagosome 
maturation, the crucial functional attainment have been well documented with crucial 
manoeuvring capability using the promastigotes of attenuated Leishmania.
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3. Impact of phagosome maturation as a macrophage game changer

Phagosome maturation is considered the end of the phagocytic process. In this 
process macrophages, the classical phagocytes, among others if properly activated, 
the efficient clearance is ensured. As it has already been evidenced that attenuated 
L. promastigote is highly efficient in achieving this feat. The internalized particulate 
matter both apoptotic cell and bacteria or any other microbial pathogen are regarded 
as garbage for clearance. They must be degraded and digested or defects in degrada-
tion have a number of consequences. For example, the lack of degradation (of DNA 
during apoptosis) or lysis of the apoptotic cell within macrophage results in autoim-
mune disease [9]. Neutrophil-mediated killing is hampered by the slow or inadequate 
phagosome maturation and certain pathogens seem to use the phagocytic machinery 
to enter and/or live within the host, all these have the better opportunity to survive in 
the context of knowing the various steps of cargo handling by macrophages. However, 
the attenuated L. promastigote exposure to macrophages caused its activity modula-
tion to a great height. It might lead to the attainment of the homeostasis of immune 
system by way of providing optimum and therapeutic attributes.

The macrophages, as the pivotal host cells whose response modification through 
L. promastigote-mediated phagosome maturation, have been described elaborately. 
Properly time gapped multidose administration of this promastigote-derived material 
could lead to the repeated response modification of macrophages in sequences. It can 
act as a disease combating agent after attaining appropriately stimulated physiological 
state without damaging the host. The intact cell (promastigote) or its preparations 
were empirical but there is provision to use it for the disease cure. However, such 
macrophage activity changes could be manoeuvred using its identified individual 
component(s). In view of this total lipids and sphingolipids were isolated and exam-
ined for i) the potentiality of the compounds to treat human diseases in future and 
ii) the compatibility of their use in humans. The attenuated heat-killed promastigote 
is unique in the sense that it did not elicit any harmful consequences and its safety is 
assured through the vaccine trial.

4.  Leishmanial lipid, macrophages and rheumatoid arthritis, an 
autoimmune disease

A cohort of patients in the department of Rheumatology, Calcutta Medical 
College, Kolkata, India, have fulfilled the criteria of RA (Rheumatoid Arthritis) 
as per the American College of Rheumatology [10] were selected for study. After 
approval of the medical college ethical committee and having patients’ consent 
Synovial Fluid (SF) collection was made from the patients showing knee joint 
swelling with signs of active synovitis. The adherent Synovial Fluid Mononuclear 
Cells (SFMCs) were then prepared and cultured in presence of total lipids isolated 
from the attenuated Leishmania promastigote, the working material here. The lipids 
isolated by Bligh and Dyer [11] method showed six spots upon TLC analysis follow-
ing standard technique.

The pathophysiological and therapeutic eventuality involving inflammation and 
cartilage destruction are of crucial significance of activated macrophages associated 
with the synovial membrane and knee joint. Permanent joint damage prompted a 
critical re-evaluation of therapeutic regimens currently used with anti-inflammatory 
and disease-modifying treatments for RA.
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One of the major targets is the regulation of proinflammatory cytokines released 
by the monocytes –macrophage in Rheumatoid Arthritis or RA. TNF-α, here acts as 
pleiotropic cytokine reported to have an inductive effect on the enhanced expression 
of other cytokines, adhesion molecules etc. but mostly produced by macrophages in 
the synovial membrane. It is a proximal cytokine in the inflammatory cascade and the 
degree of expression depends on the histological configuration.

The leishmanial lipids were used to modulate responses of the macrophage of RA 
patients with a view to the resolution of the disease. In presence of the leishmanial 
total lipids, the aggravated inflammatory condition of SFMC was down-regulated 
showing its responses modification distinctly as if it was acting like a response modi-
fying therapeutic agent. The response modifying, in terms of TNF-α release primarily 
was assayed experimentally both in an in vitro and in vivo system, in the latter case 
using animal models.

The pro-inflammatory cytokines, namely TNF-α, IL-1β and reactive nitrogen inter-
mediate NO (nitric oxide) and enzymes are abundantly released by the synovial tissue 
lining cell, synovial fluid cell and infiltrating monocyte–macrophage involved in driving 
the inflammatory response and joint destruction mainly [12]. So the study included 
estimation of the release of TNF-α, IL-1β and NO production by adherent SFMC, primar-
ily the infiltrating monocytes-macrophage after treatment with the leishmanial lipids. An 
anti-inflammatory cytokines IL-10 was also induced by macrophage as it was evidenced 
during phagosome maturation and found to be released by the macrophage. So it was 
also included to be monitored whether countering the effect of the pro-inflammatory 
cytokines also takes place or not or could be quantifiable. During phagosome maturation, 
such anti-inflammatory cytokine, IL-10 release was observed by the intact attenuated 
L. promastigote treatment so its level was thought to be determined to have an overall 
picture. Then, the changes in the level of NF-kB p65 in the nuclear extract of the SFMCs 
were determined to substantiate the basis of the effect of the lipids for lowering of the 
release of proinflammatory cytokines. SFMCs were a heterogeneous cell population 
composed of primarily monocyte–macrophage, fibroblast and synovial cells whose 
hyperplasia was a characteristic feature of the disease RA. So apoptotic cell death of the 
viable SFMCs was also used as a parameter to monitor the other aspect of the leishmanial 
lipids action. Currently, therapeutic intervention includes the treatment of RA patients 
with biological such as infliximab or etanercept and those are highly clinically efficient 
for RA suggesting that the neutralization of the TNF-α is the primary target of the disease 
control. These treatments were also found to delay joint destruction. So the treatment is to 
be targeted to the suppression of TNF-α release rather than neutralization and simultane-
ously to decrease the NF-kB p65 level both in extent and translocation parameter by the 
lipids. A rat model of Rheumatoid Arthritis developed by collagen-adjuvant induced RA 
was also used in parallel to see effect of leishmanial lipids.

The adherent SFMCs, primarily monocyte-macrophage were stimulated with 
human gamma interferon (IFN-γ) or phorbol myristate acetate (PMA) before expo-
sure to leishmanial lipids. The decreased release of the cytokine, TNF-α in the culture 
media confirmed the effect of leishmanial lipids as a suppressor. The distinctly 
diminished release of IL-1β and decreased NO production were found in parallel. The 
changes were observed with the lipids in a dose- and time-dependent manner. But an 
increased IL-10 release was established clearly as the effect of the promastigote lipids, 
demonstrating the leishmanial lipids functioned as an anti-inflammatory cytokine-
releasing agents in a dose-dependent manner. Both the anti- and pro-inflammatory 
cytokine release were affected, though the release of the former increased while 
decreased secretion of the later favoured the relief or resolution of the disease. Thus, 
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at the cytokine level, the lipid action was highly therapeutic in nature. With respect 
to the status of the transcription factor NF-kBp65 of SFMCs, a decrease in its level 
was evident in a dose-dependent manner. Thus, it was clear that the transcription 
factor expression in SFMCs of RA was also highly specific or sensitive to the presence 
of leishmanial lipids. The cytosolic protein content level was also suppressed by the 
leishmanial lipids in a dose-dependent manner.

The total viable cells present in adherent SFMCs of the RA patient as determined by 
MTT assay showed dramatic reduction of the viability in a dose- and time-dependent 
manner upon exposure to the leishmanial lipids. Sphingolipids comprise 5–10% of the 
leishmanial membrane lipids and it was shown that a sphingolipid-enriched preparation 
obtained from this attenuated L. promastigote induced apoptosis of both mouse and 
human melanoma [13, 14]. In this case of RA patients, the total lipid-mediated apoptosis 
of SFMCs was nearly 70% and 22–25% at a dose of 100 μg and 50 μg /ml of total leish-
manial lipids for 48 hrs. Treatment. It was reported that normal peripheral mononuclear 
cells obtained from healthy donors suffered no significant cytotoxicity at a dose of 100 μg/
ml. It might be referred that normal melanocytes were not vulnerable to leishmanial 
sphingolipids unlike its cancer counterpart, melanoma. The leishmanial lipids acted prob-
ably as an apoptosis inducer in a wider spectrum of cells other than cancerous one. Cells 
functionally altered due to pathological changes found susceptible to apoptosis after being 
treated with the attenuated L. promastigote lipids, but normal cells did not suffer such 
cytotoxicity (unpublished observation). Because the dead SFMCs cells revealed all the sig-
natures of the apoptosis; the activation of caspase-3 and -9 and Bax, DNA fragmentation, 
cytochrome c release along with the alteration of mitochondrial membrane potential and 
downregulation of Bcl-2 [13, 14]. All these observations indicated and supported strongly 
that leishmanial lipids are a powerful suppressor of cytokine expression in relation to RA 
pathogenesis. It was further interesting to note that the effect of the leishmanial lipids was 
probably at the nuclear induction level rather than an individual constituent level such 
as neutralization of TNF-α or TNF-α receptor blocker level or anti-proliferative action 
provider like methotrexate, a drug used for RA management.

It has been reported that a higher expression of tm-TNF-α (transmembrane TNF-α)  
in RA patient resulted in an increase in apoptosis by tm-TNF-α, compared with 
healthy donors. After infliximab treatment, the tm-TNF-α binding was proposed as 
a regulator of the reverse signalling to improve the pathological condition and also as 
a result of cell-targeted therapeutic action [15]. Thus, the effect of leishmanial lipids 
was comparable to a cell-targeted therapeutic action in case of SFMCs of RA but no 
confirmed interaction could be proposed with tm-TNF-α binding. The advantage of 
higher dose (a dose 100μgm/ml) of leishmanial lipid could be exploited when higher 
(76–78%) apoptotic cell death of SFMCs of RA patients was observed indicating 
better recovery. SFMCs were diseased cells and not per say cancerous cells, and they 
acted as the target of leishmanial lipids.

Taking RA as representative case, the in vitro studies have been illustrated here 
but for in vivo studies, rats were used to conduct the experimentation in an animal 
model. Here, RA was induced by collagen-adjuvant (FCA)-mediated procedure with 
confirmation of paw swelling in 14 days. The rat serum level of TNF-α, IL-1β, and 
NO produced was reduced after the treatment with the leishmanial lipids. The paw 
swelling was reduced on 16th days returning close to normal. But it was interesting to 
observe that normal healthy mouse not having induced AR if treated with leishmanial 
lipids showed a higher levels of serum TNF-α and IL-1β but not show any detrimen-
tal consequences, compared with control (lipid untreated). It was possibly due to 
enhanced nonspecific host defence [16].
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5.  Macrophage, lipids of attenuated Leishmania donovani promastigote, 
sepsis attenuation

The macrophage-mediated therapeutic applications based on the L. promastigote-
derived bioactive molecules namely lipids, sphingolipids and lipoprotein and the 
intact promastigote itself have been described here briefly. As the clinical studies are 
far away from the concept and so organized studies are to be focused to compare some 
old experience-based therapies and a prospective experimental therapy.

5.1 The case of sepsis

Prospective experimental therapy vs. experience-based therapy (or therapeutic 
vaccine or vaccine in bed).

An experimental therapy of sepsis has taken at first for discussion:
Mice not treated with pLTL (pathogenic Leishmanial Total Lipid) but challenged 

with LPS lethal shock had a survival rate of 41% and 9% at 24 hr. and 48 hrs, respec-
tively, but displayed total death within 72 hrs. Mice primed for 3 consecutive days 
with pLTL at doses, 50 and 25 mg/ml and exposed to lethal dose of LPS had 78.8% 
and 53.8% survival without further loss of life. The reduced cytokine release was 
evident due to pTLT priming and factors [(IL-12p40, IL-17, IFN-γ, MIP-2, KC and 
RANTES (C–K)] were further included to prove its existence and they were detected 
by ELISA based assay. High dose pLTL, 50 mg/ml pre-treated animals showed the 
reduction of the vascular permeability factors, such as VEG, and suppressed the 
expression of cell adhesion molecules, including ICAM-1, VCAM-1, PECAM-1, 
P-selectin and E-selectin, compared with its level in liver of septic mice. Thus, endo-
toxin associated liver damage was improved considerably in the pLTL treated group.

Macrophages, the key regulators of the host immune response expression, play an 
important role in the pathogenesis of inflammation. They secrete quite a large num-
ber of inflammatory mediators such as prostaglandins, reactive oxygen and nitrogen 
species, inflammatory cytokines including tumour necrosis factor-alpha (TNF-α), 
interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-12 (IL-12), and interleukin-17 
(IL-17), chemokines, including macrophage inflammatory protein (MIP), and bioac-
tive lipids. These are regulated by the ubiquitous transcription factor, nuclear factor 
B (NF-kB). The consequences of complex immune reactions are described as sepsis 
that represents an uncontrolled inflammatory outburst from harmful host responses 
to infection, causing disruption and damage to several cells and tissues. IkB appears to 
function as a strong negative feedback mechanism elicitor that allows a fast turn-off 
of the NF-kB response to control inflammation-associated diseases. But identification 
of new therapeutic targets for the management of septic shock remains imperative 
as all investigational therapies, including anti-tumour necrosis factor (TNF-α) and 
anti-interleukin (IL-1) agents, have uniformly failed to lower the mortality of criti-
cally ill patients with severe sepsis. Though different bacteria have been identified as 
causative organisms in sepsis, gram-negative bacteria like Escherichia coli remain as 
one of the most common pathogens (up to 60%) in intraperitoneal infections with 
high mortality rates. Moreover, the recognition of CD14-TLR4 complex by cell wall 
components of Gram-negative bacteria (E. coli) may lead to activation of the inflam-
matory responses. The overproduction of inflammatory cytokines generates systemic 
activation which affects vascular permeability and gives rise to metabolic changes that 
can lead to tissue injury and eventually to the failure of various major organs to induce 
mortality. Infectious inflammatory stimuli elicit acute lung distress which may be 
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perceived as the most fatal cause affecting the initiation of various cellular cascades. 
It may also lead, firstly, to pre-eminence of inflammatory cells in the interstitium and 
alveolar spaces and, secondly, to an increase in PMN-derived proteases and oxidative 
metabolites in the bronchoalveolar lavage fluid (BALF). Local inflamed cells in the 
lung interstitium activate the pulmonary capillary endothelium culminating in the 
expression of adhesion molecules on the endothelial cell. Strategies aimed at prevent-
ing such cell activation, and thus attenuating systemic inflammation relevant to lung 
injury are proposed to control the sepsis.

To decipher the molecular approaches by which LTL (Leishmania Total Lipids 
of attenuated promastigote) inhibits the inflammatory responses of Gram-negative 
bacterial sepsis, attempts were made to evaluate the survival rate and body weight 
improvement of mice in the E. coli challenged murine sepsis model. The inhibi-
tion of production of serum cytokines including TNF-α, IL-1β, IL-6, IL-12 and IL-17 
and of the chemokine MIP-2, was achieved by administering LTL. In the in vitro 
culture of macrophages, such inhibition of the sepsis mediators by LTL was evidenced 
after E. coli induced stimulated release of the cytokines and chemokines. TNF-α and 
IL-1β are known as signature cytokines that initiate an acute inflammatory cascade 
to cause inflammatory injury leading to the recruitment of inflammatory cells to the 
affected organ. TNF-α a pleiotropic cytokine plays a central role to regulate other 
cytokines especially IL-17 and IL-12 that are rapidly generated in bacterial E. coli 
infection. LTL showed attenuation of the systemic inflammatory reactions and mul-
tiple organ failures associated with abdominal sepsis syndrome. It is well known that 
E. coli provokes the signalling through its receptor cluster involving CD14 and TLR4. 
The activation of the IκB kinase complex (IKK) led to phosphorylating the inhibitory 
IκB proteins that is necessary for ubiquitination and degradation leading to the release 
and subsequent translocation of NF-κB p65 from the nucleus. TNF-α and IL-1β, 
macrophage induced cytokines stimulate the production of a variety of chemokines, 
namely, macrophage-inflammatory protein-2 (MIP-2), this was attenuated by LTL 
together with functional effectors in the bronchoalveolar lavage fluid (BALF).

The recruitment of leukocytes at the inflammatory site required coordinated 
expression of specific combination of adhesion molecules and those are diverse in 
nature, sequentially develop to organize the pathophysiological condition with epi-
thelial cells. The main endothelial CAMs(cell adhesion molecules cascade) involved in 
the inflammatory response are E-selectin and two members of the Ig-gene superfam-
ily, intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule 
(VCAM)-1 that are expressed sequentially, but LTL addition alters the sequences of 
events towards attenuation. The study referred to is possibly the first evidence that 
attenuated leishmanial total lipid contributes to host defence during bacteremic 
sepsis caused by E. coli. And this was proposed by the observation that combating the 
inflammatory response to infection and exaggerated inflammation related to tissue 
injury have been successfully compromised. In the present case, lung injury was 
reduced by the suppression of the expression of macrophage cytokine-induced cell 
adhesion molecules. Thus, macrophage functional modulation improved the surviv-
ability with alteration of pathological changes in mice with septic mice lungs [17, 18].

5.2.  The case of an experience-based therapy or a therapeutic vaccine for sepsis

It is said that if there is sepsis, an infection must be sought at a first instance. Then 
why there would be no vaccine? The term therapeutic vaccine means to get a patient 
vaccinated while in bed. The question is how it could be possible? The first dose would 
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begin with 0.1 ml of the vaccine. This was a verified approach and practised over the 
decades.

The doctor who developed it was an M.D. degree awardee trained abroad (possibly 
in Germany) and provided it for treatment way back in early 40s of the last century and 
set up the first biomedical research institute in India. His name is Dr. J.C. Ray M.D. and 
became the first director, as a founder director of the renowned biomedical research 
institute of India, currently Indian Institute of Chemical Biology, Kolkata, India.

The author became interested in the vaccine because it works on the basis of 
macrophage functional modulation. This vaccine served the people here (India) 
for over 50 years (1954–2005) as per the document available. Name of the pro-
ducer firm is Immuno Biological Laboratories or IBL and the product is named 
ANASEPSIN (IBL) but technically Streptococcus and Staphylococcus Anti pyo-
genic Vaccine. Besides the two mentioned microorganisms, others included were 
Pneumococcus, E. coli (B. coli as described at that time) and Pseudomonas aeruginosa 
(pyocyaneus as described at the then time).

The documents were reached to the author in 2007, after 2 years of his retirement 
and Dr. J.C. Ray M.D. passed away in the late seventies (1975) of the last century. The 
author joined to Indian Institute of Chemical Biology in 1984 as an independent inves-
tigator. So, no scope of communication was possible with the great Scientist who saved 
lives over the decades. For not complying with the GMP norms, the unit remained 
closed since 2005, but few documents were made available to the author as stated.

What were in the vaccines? The above bacteria, especially pathogenic but non-patho-
genic types were also picked up and heat-killed preparations were made up. Then respec-
tive count was made by O.D. measuring against standard count in a spectrophotometer or 
any convenient equipment. Initial cell count was stated 100 to 10 million of the different 
bacteria and then suspended in homogenized leishmania promastigote (it was made of 
the promastigote of attenuated Leishmania as per available information). The injection 
begins at 0.1 ml, then 0.2, 0.4, 0.6, 0.8 and 1 ml dose subcutaneously and progressively at 
an interval of 3 or 4 days. Then doses with higher count containing killed bacteria were 
used and time gapped injections were scheduled enhancing to 4–5 days interval.

This is a crude type of vaccine (based on whole cell) prepared long back and used 
till 2005 as per the documents available, and no detailed clinical data were recorded 
systematically. This is a separate chapter with the potential to revive the products 
though it was very primitive, but as per hearsay, it was very efficacious and affordable 
financially for commoners.

6.  Cues to the manoeuvrability of macrophage function to be a game 
changer

Macrophages are capable of integrating an enormous and impressive amount of 
information regarding the identity and virulence of pathogens, as well as endogenous 
cues present in their microenvironment, in order to modulate the immune response 
to best protect the host. Over 30 years of extensive studies that advanced our under-
standing that the NF-kB signalling module consists of five NF-kB monomers (RelA/
p65, RelB, cRel, NF-kB1 p50 and NF-kB2 p52) which can dimerize to form up to 15 
unique transcription factors and interact with the kB consensus motif found in many 
gene promoters, as well as five inhibitory proteins (IkBα, β, ε, γ and δ) that make up 
the IkB protein family. What the author is trying to focus on is that so many genes 
involved in the functional manoeuvrability of the macrophage have been deciphered 



209

Macrophage as the Game Changer of the (Future) Therapeutic Paradigm
DOI: http://dx.doi.org/10.5772/intechopen.102566

but any control or more precisely in the domain of therapeutic regulatory aspects are 
yet to be discussed, except the revelation of the Leishmania promastigote-mediated 
events and more defined the lipids of this parasite promastigote covered very recently. 
The ‘promastigote tricks’ were discovered and explored way back in the early 50s of 
the last century by Dr. J.C. Ray, M.D. founder director of present Indian Institute 
of Chemical Biology, Kolkata, India. The lack of publicity and scientific exposition 
might be the reasons other than meeting the fund crunch for his research endeavour 
Dr. Ray, kept the firm (IBL) in a kind of obscurity about his novel and great service 
as a developing giant of therapeutic vaccine. But recently, the disclosure of the lipids of 
the said promastigote and some scientific endeavour made it possible to indicate that 
the changes in functional aspects of the macrophage are possible to manoeuvre its 
activities during the NF-kB nuclear transcription factor expression dynamics. What 
is more pertinent is the non-haematopoietic cell of bone marrow origin possibly lung 
epithelial cell, after having been injured, was also found to have remedial fate during 
the leishmanial lipid’s exposure to it under in vivo system. The author has discussed 
the promastigote and lipids already and mentioned the attributes to the effect of 
leishmanial lipoproteins in host defence, especially protection against LPS threat. 
But the severe downregulation of the expression of LPS induced cytokine release in 
terms of TNF-α production and survival improvement after infecting the lipoprotein 
primed mice with the bacterial pathogens have been described as a phenomenon of 
host protection and an example of macrophage-mediated defence.

Negative regulation of NF-kB signalling was stated in an interesting mode. The 
synthesis of new IkB proteins or modules and subsequent reactivation of the pathway 
can lead to a periodic oscillation of active NF-kB translocation between the nucleus 
and cytosol. The newly synthesized IkB proteins bind to active NF-kB dimmers and 
remove from DNA binding and shuttling back to the cytoplasm where the complex 
can be reactivated and IkB can again be ubiquitinated and degraded via the protea-
some. This is a powerful negative feedback loop. The balance of positive and negative 
feedback signals has a profound impact on the transcriptional outcome of NF-kB 
activation. Recent studies showed that immune cells challenged with traditional 
immune stimuli showed substantial and significant variations in the NF-kB response 
dynamics in the different contexts of at different times in the cell cycle. The positive 
feedback and sustained NF-kB nuclear occupancy was also proposed and described as 
dose-dependently induced by LPS action. Recurrent NF-kB oscillations between the 
cytosol and nucleus are linked to gene expression and studied at the single-cell level to 
decipher the transcription dynamics. But in case of an individual cell and its effect it 
is segregated, the body system during illness undergoes multi-cellular cross-talk based 
events. The NF-kB activation, transcription dynamics and gene expression studies 
in a single cell might result in better outcome of multiple NF-kB, IkB and IKK genes 
functioning to monitor or perturb or to better investigate how they can be controlled 
to interact between macrophages and other immune cells. Central to this ability, there 
are ways in which NF-kB signalling is modulated based on shifting thresholds of 
activation, capacity of various classes of the PRR to integrate information acquired 
and keeping over all tight regulation of transcription through rigorous positive and 
negative feedback loops. Fitting of these components together in the diverse context 
and how we may be able to modulate or interfere with them to the benefit of patients 
is an important field of research as envisaged. In this context, the interference to 
the action of leishmanial lipids to the NF-kB expression control, the mechanisms 
involved thereby needs to be demonstrated in an experimental set-up. But so long 
the beneficial aspects could be exploited and if it is proved to be satisfactory then 
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therapeutic application would be well come. It is therefore imperative how we can 
harness the benefit of the leishmanial lipids or the preparations based on the use of 
the whole promastigote. The reader may go through the review [19] for a better and 
more detailed understanding.

The lipid(s) like the ones isolated from attenuated strain showed no toxicity at 
a dose of 500 mg per kg of body weight and no body weight loss treating at a dose 
50 mg per kg. body weight in mice. The macrophage cell, RAW264 stimulated by LPS 
(bacterial endotoxin) showed ROS production and enhancement of active phagocytic 
uptake but upon treatment with leishmanial lipid both the stimulatory responses were 
reduced to more than half.

7.  Antimicrobial resistance, attempted mitigation, Leishmania 
promastigote nonspecific host defence

Antibiotic resistance has become one of the greatest threats in human health care 
set-ups dealing with the issues for successful prevention and treatment of persistent 
infections. Misuse and overuses of antibiotics including in the agriculture sectors 
and allied fields have made a tremendous impact in the field of antibiotic resistance 
development. But spontaneity of environmental evolution, enormous mutational 
ability of bacteria and the capacity for passing the resistant genes through horizontal 
gene transfer system created significant impending factors to antimicrobial resistance 
mitigation. Multifactorial threats of antimicrobial resistance have posed numerous 
complex issues affecting countries across the globe. However, three categories have 
come out remarkably as patients, health care and economics to name them succinctly. 
At present, ‘Stewardship’ has been objectively imposed to get out of the problem to 
the rescue in the situation.

Israel, one of the most advanced countries in the world, whose health care system 
run wholly by the state, imposed the best possible ‘Stewardship’ in 2007–2008 by the 
introduction of containment for the country-wide outbreak of antibiotic-resistant 
Klebsiella pneumonia (CRE—carbapenam-resistant Enetrobacteriaceae) in her 27 
hospitals, as a nationally implemented intervention strategy. The incidence of noso-
comial CRE was significantly reduced from 55.5 to 11.7 cases per 100,000 patient 
days [20]. But total prevention or mitigation of the problem of antibiotic resistance 
remains at a level of concern.

There was another study that reported that the faecal, oral and skin bacterial micro-
biome and antibiotic resistome of the members of an isolated Yanomami Amerindian 
village in Venezuela were analysed with the revelation of very interesting observations. 
Their ancestors arrived in South America more than 11,000 years ago and had no 
known exposure to antibiotics till at the time of this investigation. In their microbiome, 
they carry bacteria that harbour functional antibiotic resistance genes, including those 
that confer resistance to synthetic antibiotics [21]. Thus, it appears that functional AR 
genes occur as a feature of human microbiome even in the absence of exposure to com-
mercial antibiotics. Thus, overexposure to or misuse of antibiotics does not essentially 
poise the dangers of antibiotic resistance though it is a factor no doubt.

The report described in 1992 that most of the bacteria associated as a contami-
nant with Leishmania major lesion was eliminated during parasite treatment. Only 
Klebsiella and E. coli were retained when treated even with paromomycin and were 
considered antibiotic-resistant contaminants. Surprisingly, total elimination of these 
antibiotic-resistant contaminants was evidenced only during the healing process and 
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took 20 days following the completion of the parasite removal by treatment [22]. It 
implicated that as a consequence of parasite clearance the host immune system was 
altered and acquired the capacity of resolving the resistant bacteria.

In another study in Iran, among the 84 (patients) studied, 65 (77.4%) had a positive 
culture of bacteria in the L. major lesions indicating of secondary bacterial infection. 
The infections are usually treated with antibiotics but there were controversies about 
whether any positive gain of antibiotic treatment is rendered by antibiotics. Here, the 
treatment of cutaneous lesion with glucantine not only resolves the lesions but also 
cured the secondary infection in the presence or absence of antibiotics for selected 
groups. It clearly implicated that during the treatment and cure of cutaneous leish-
maniasis the host immune response has been modulated and that helped the patients 
get rid of secondary bacterial infection even in the absence of antibiotics. It led to 
suggest that the secondary bacterial infection associated with lesions of cutaneous 
leishmaniasis was cleared (irrespective of sensitive or resistant varieties of bacterial 
pathogens) due to immunomodulation resulting upon curing the parasitic disease [23].

Lastly in the laboratory of the author, the mice were primed with attenuated 
Leishmania promastigote (heat-killed) preparations remained unaffected after 3 days of 
priming, if challenged with the pathogenic as well as drug-resistant clinical isolates [6].

Immuno Biological Laboratories or IBL described a curative vaccine with the 
heat-killed typhoid germs, namely Salmonella typhi., S. typhi A and S. typhi B in a 
colloidal preparation of attenuated Leishmania promastigote and claimed as an useful 
item for enteric fever treatment and sold for years (over 50 years). It was an excellent 
typhoid bacterial antigen mix capable of generating specific antibodies, stated by the 
product [IMMUNO-T.A.B(IBL) curative vaccine for the treatment of enteric fevers] 
literature. The company also described that the patients’ recovery was quicker and no 
relapse was noticed even though there were reports of chloramphenicol resistance in 
regular treatment with the antibiotic. This was probably the case because the phago-
some maturation and innate immune response enhancing in the presence of promas-
tigote-derived substances, all kinds of host-mediated events would be elicited towards 
enhanced pinocytosis, endocytosis and phagocytosis either sequentially or overlap-
ping simultaneously. As the events are host-mediated and (heat-killed) Leishmania 
cell-mediated phenomenon where immune responses were never detrimental on the 
contrary it was to attain the condition of homeostasis upon curing.

The questions of anti-immunology, one of the fundamentals, need to be addressed 
in the view of AMR (antimicrobial resistance). The pathogenic bacteria, virus and 
even fungal cellular constituent conventionally exert their anti-immunology strate-
gies through their first encounter with the host macrophage after invasion. Here, 
the surface molecules of the interacting species, the macrophages and the invading 
agents must have direct molecular encounter. The antigenic/pathogenic component 
of the infectious agent having been masked with the promastigote-derived molecules 
supposedly, would surely be blocked to interact with the host cell (macrophages 
presumably). The pathogen would have very limited scope to make open the strate-
gic options to compromise with the host cell. Again within 2–3 days, if there is any 
opportunity the pathogen could have to interact, a fresh injection (progressively) 
with a higher dose would result in the contact between the leishmanial constituents 
and host intracellular components along with antigens. By that time, their effective 
co-localization would result through fusion of late phagosome and lysosomal enti-
ties within macrphages. The lipoprotein acting as the pro-inflammatory cytokine 
inducer or lipids of the promastigotes acting as anti-inflammatory cytokines produc-
ing agents might have a regulatory role. For example, Salmonella, an intracellular 
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pathogen undergoes apoptosis in a macrophage with cell death, instead of escape 
when apoptosis is regulated by promastigote factors. There are two options of the 
host macrophage—either enhance the apoptosis in such a way that the pathogen gets 
involved in the apoptosis-mediated clearance and the other one is to face the detri-
mental phagocytic assault that the pathogen may suffer by degradation in a necrotic 
fashion. The promastigote sphingolipids are strong apoptosis inducers or powerful 
phagocytic assault creators by their capacity of proinflammatory cytokine/oxidative 
species release. So, it is apparently suggestive that the claim of the company, Immuno 
Biological Laboratories that no relapse of the Salmonella infection might be valid. 
The pathogen covered/sealed within the promastigote material could be engulfed by 
macrophages easily and such enclosed invader hardly has any opportunity to escape, 
but experimental demonstration demands to prove it.

8.  Leishmanial promastigote Sphingolipids, apoptosis, and cancer

Attenuated leishmanial sphingolipids induce apoptosis in Sarcoma 180 cancer 
cells through the regulation of tumour development via angiogenic switchover. 
These bioactive leishmanial agents induce human A375 melanoma cell death via both 
caspase-dependent and independent cell death pathways or apoptosis. Both mouse 
and human melanoma in vitro displayed antineoplastic impact in tumour survival and 
heat-killed attenuated Leishmania promastigotes induces apoptosis of HepG2 cells 
through ROS-mediated p53-dependent mitochondrial pathway. The sphingolipids 
isolated from the attenuated promastigote Leishmania donovani (UR-6) indicated 
that their characteristic features might be to destroy the diseased cells of the host. 
For example, it induced apoptosis not only of cancerous but also of synovial fluid 
mononuclear cells of RA patients. But normal melanocytes and PMN do suffer any 
cytotoxicity upon exposure to the attenuated Leishmania promastigote or lipids, 
sphingolipids and lipoprotein derived from it while responding to functioning as 
expected. Once the apoptosis initiation is sensed, the macrophages come forward to 
clear the cargo within its sphere of activity. Apoptotic innate immune response is a 
state of immune-suppressive condition as the death is silent and the molecules in the 
fluid state of the promastigote preparation manipulate macrophage function through 
pinocytosis. Regarding melanoma destruction by apoptosis is an unique feature of 
Leishmania sphingolipids as there is no convenient way destined to eliminate these 
skin cancer cells. Intracutaneous injection starting from a very small dose, one can 
attempt to treat melanoma through apoptosis induction [24, 25].

As the theme of this chapter is the macrophage as game changer in the future 
treatment paradigm, the author invented a method for drug delivery system using IgG 
(intravenous fluid) and a schematic representation of the process has been given in 
Figure 1 [26] along with Figures 2 and 3. Figures 2 and 3 described the experience-
based therapy or therapeutic vaccine developed by Immuno Biological Laboratories 
and peer-reviewed published works based experimental therapies using the materials 
derived from attenuated as well as pathogenic Leishmania promastigotes characterized 
at molecular level in Figure 3 respectively. All schemes are given below.

A glimpse of the products (used by people of India over 50 years) of a local 
company Immuno Biological Laboratories or IBL, Kolkata, India [27].

1. Immuno- T.A.B (curative) vaccine for treating enteric fever or typhoid.  
2. Deneurin. A product developed by IBL that included dried substance of cobra 
venom and neurotropic bacteria. Dedicated to the treatment of cancer patients having 
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been painful morbidity, a palliative therapy for cancer patient, here pain is compro-
mised with snake venom, but no addiction developed like Morphin. 3. Dellergen. A 
product represents combination of specific and heterospecific hyposensitization antigens. 
Meant for treating the allergy and asthma. 4. Halsidin. Meant for anti-influenza and 
catarrhal vaccination. 5. Anasepsin. Already discussed for the treatment for sepsis.  
6. Protodin (IBL). It is like the adjuvant or the non-specific vaccine can be used 
alone as an immunomodulator to enhance host immunity, even a patient receiving it 
at first visit to clinic would have no adversity, but could get time to diagnose properly. 

Figure 1. 
Macrophage mediated delivery of P, D or a through immunoglobulin encapsulated particles (future treatment 
paradigm using macrophage as the game changer – Hypothesis).

Figure 2. 
Proposed treatment paradigm (experience based therapy – IBL evidence linked therapeutic items).
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It can be used for boosting immunity in case a patient having milder symptoms or 
prior to COVID-19 infection as the author envisaged.

All the products are injectable and contained protodin (IBL) as base material. All 
the information is given on good faith and may need proper clinical evaluation at 
user end but an expert clinical trial conducting physician valued these items as highly 
contributory (personal communication).

9. Conclusion

The two figures are the representations of Figures 2 and 3, displaying the 
attenuated Leishmania promastigote-derived molecular constituents and the whole 
cell-based material-mediated macrophage activity modulation, respectively, towards 
its game changing parameter. It had been stated as self-explanatory styles with the 
emphasis of disclosing scientific basis by the peer-reviewed publications (Figure 3). 
This was only for the events not known prior to the experience-based therapeutic 
vaccine (Figure 2) that served people over more than 50 years. The third one or  
Figure 1 is a novel strategy envisaged by the author back in 2003 and provided with 
support for its experimental evidence. The explanation is omnipresent and interest-
ing, as he did not find such an approach over the period since that time and desired 
exploration by the scientific world.

Figure 3. 
Proposed treatment paradigm (experimental).
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Abstract

Tuberculosis persists among the top 10 causes of death globally; causing 1.7 
million deaths and 10 million new infections in 2018. Approximately 1/3 of the global 
population is infected with Mycobacterium tuberculosis; 10% of which are expected to 
develop active TB at some point in their life. The high burden of tuberculosis in the 
world is owed to lack of adherence to treatment, diminishment in treatment options 
and post-infection bacterial metabolic dormancy called latent TB (LTB), along with 
logistic, financial and political obstacles impeding successful TB control programs 
globally. Infections with M. tuberculosis leave no component of the immune system 
unengaged, hallmarked with granulomatous pathology as a function of the adaptive 
immune system. The hallmark of infection is a granulomatous pathological course, 
with the purpose of containing the difficult-to-kill bacilli, although the nature of the 
granuloma remains moot. The cells responsible for granuloma formation are profes-
sional alveolar macrophages, which seem to have both a beneficial and detrimental 
role in TB immunopathology. Herein, we discuss relevant immunological intricacies 
of macrophages in TB, ranging from immunogenetics, receptor-mediated uptake, 
macrophage-mediated immunopathology and the infamous tuberculosis granuloma.

Keywords: tuberculosis, tuberculosis granuloma, macrophages and tuberculosis, 
tuberculosis immunopathology, macrophages

1. Introduction

Pulmonary tuberculosis (TB), a severe respiratory infection whose causative 
agent is Mycobacterium tuberculosis (Mtb), persists as one of the top 10 causes of death 
in the world and has successfully maintained its position as the leading infectious 
cause of death from a single infectious agent. Approximately one third of the global 
population (2.3 billion individuals) is considered to be infected with Mtb in a clini-
cally silent manner, although determining the exact number has proven to be quite 
difficult [1, 2]. Concern regarding this infectious disease is rising due to the emer-
gence of resistant strains that are not adherent to specific geographies [3]. Numerous 
lineages of Mtb have to date been identified, three of which (lineages 2, 3, and 4) are 
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considered the ‘modern lineages’ to which the global TB epidemic has been ascribed 
[3]. Emergence of these severely pathogenic and geographically unanchored lineages 
occurred due to the loss of theMmpS6/MmpL6-encoding Mtb-specific deletion 1 
region (TbD1) throughout the evolutionary course of Mtb [3].

Pulmonary tuberculosis is divided into asymptomatic infection and active TB 
disease (ATB) [4]. Asymptomatic (latent) TB (LTB) is a clinically dormant form 
of infection whose mechanisms of activation and physiological maintenance 
with respect to host-pathogen dynamics are not fully characterized and although 
advances in imaging and high-throughput approaches have allowed for findings of 
tremendously higher resolution, details of the intricate dance between Mtb and the 
host remain moot [5]. Active tuberculosis is characterized with a wide spectrum of 
clinical manifestations, hallmarked by a purulent, bloody cough that aerosolizes 
into infectious droplet nuclei containing the pathogen [6, 7]. Although progress has 
been made in studying the immunogenetics and antimycobacterial mechanisms of 
the host, developing a broader comprehension of the matter has stagnated due to the 
underlying complexity of the relationship between the host and Mtb. Regardless, 
the innate immune response to inhalation of viable Mtb cells has been well studied 
and characterized with modest comprehensiveness, with a rigorously preserved 
hypothesis ascribing the most pathological importance to the TB granuloma [8–11]. 
Whether inhalation of infectious droplet nuclei will result in active TB disease or 
LTB, depends on a plethora of genetic and external factors, some of which are better 
understood than others, and research is currently being directed at understanding 
these issues [12]. One such factor is the natural degree of resistance humans possess 
to the development of active TB disease upon being infected [8, 9, 13, 14]. Resistance 
to TB disease, however, is evidently influenced by numerous factors originating from 
the host, the pathogen and the environment. Innate resistance to the Mtb, however, is 
not fully understood from the aspect of human immunogenetics, although significant 
progress has been made in this field [15]. Furthermore, primary and post-primary 
tuberculosis—two entities of infection with distinct immunopathologic continua—
seem to be studied in a disproportionate manner; primary TB is at the forefront 
of research, whilst the relevance of secondary TB is substantially overlooked [15]. 
Available evidence, however, suggests that the subsequent initiation of secondary TB 
is essential for Mtb survival in the host, which may elicit a need for a broadening of 
research focus within the domain of TB prophylaxis [2, 16, 17]. Regardless, the innate 
response to Mtb inhalation has been a topic of intense study in the field of immunol-
ogy. These molecularly-oriented studies have synthesized a rather large number of 
vaccine candidates, many of which are currently undergoing clinical trials [17, 18]. In 
fact, nearly each novel human vaccine candidate primarily functions by amplifying 
the TH1 innate immune response; an approach owed to the general understanding 
that an insufficient magnitude of TH1 immunity leads to poor control and subsequent 
proliferation of Mtb; something based in a rather large body of literature [17, 19–21].

Immunization strategies for tuberculosis currently undergoing clinical trials 
include killed, whole cell mycobacteria (DAR-901, Mycobacterium vaccae, MIP), 
live, attenuated mycobacteria (MTBVAC, VMP-1002); adjuvanted protein vaccines 
(M72/AS01E, H56:IC31, ID93 + GLA-SE), and viral-vectored vaccines (Ad5Ag85A, 
ChAdOx185A/MVA85A, TB/FLU-04 L) [2]. Quite prominent emphasis on the obscu-
rity of substantial progress in regards to research and development of immunization 
methods for TB, is the fact that, in August 2019, there were 14 vaccine candidates 
being clinically assessed [19]. Ironically, a recent study on macaques concluded that 
intravenous (iv) administration of the Bacillus Calmette-Guérin (BCG) vaccine—the 
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only clinically approved vaccine for tuberculosis—dramatically improved the efficacy 
of the vaccine in this animal model [22]. Considering the generally limited efficacy 
and temporary protection of the BCG vaccine when administered intramuscularly, 
subcutaneously, orally, and intranasally, this new study has placed the 99-year-old 
immunization method under the spotlight, once again [19].

This chapter comes at a crucial and exciting epoch in the domain of tuberculosis 
research, primarily facilitated by the rise of extensively-drug-resistant tuberculosis 
(XDR TB), multiple-drug-resistant tuberculosis (MDR TB) and totally-drug-resistant 
TB (TDR TB) across the world, and the diminishment of sensical and safe treatment 
options for all forms of TB [2, 23]. An imperative to expedite current research efforts 
directed towards development and discovery of more efficient treatment and diag-
nostic methods, has even been a topic of discussion by the United Nations, although 
this did not prove to be as fruitful as initially [2, 24]. Recent studies have incorporated 
other therapeutics into this treatment protocol, however the results on their efficacy 
appear to be population and circumstance-specific [23, 25–27]. Thus, tuberculosis is 
currently categorized as a global health ‘emergency’ by the WHO. It seems a rather 
sensical approach to focus research and provide comprehensive reviews on the 
immunopathologic course of TB and the relevant underlying genetic background that 
influences the outcome of TB infection.

The scope of this chapter includes the variability of the immune response to Mtb 
infection, concordant to differences in the immunogenetic profiles of the infected 
hosts across different populations in the context of immunoreceptors expressed on 
macrophage surfaces. We aim to present the most relevant findings in TB-related 
immunopathology and the corresponding implications in treatment and patient 
outcome in the context of macrophage involvement.

1.1 Immunopathological events of primary infection

Five stages of pulmonary tuberculosis (Figure 1) have been distinguished by 
Lurie’s 1964 study on rabbits [5, 12, 18, 28, 29]. The importance of this study is seen 
in its high degree of fidelity with respect to the natural mode of contagion, which 
cannot be replicated by in vitro conditions [30]. Upon inhalation of even as few as 
10 Mtb cells, the first stage is characterized by the rapid action taken by the innate 
immune defenses; phagocytosis of Mtb cells by resident macrophages (Mɸs) and 
other antigen-presenting cells (APCs) such as pulmonary dendritic cells (DCs) [31]. 
Varying immunopathologic continua may be observed for different phagocytic cells 
lines that phagocytize Mtb once it reaches the lung tissue upon inhalation, as the 
pathogen is able to employ different tactics to evade the host’s immune defenses and 
interfere with every involved component of the immune system [7, 13, 32]. The evo-
lutionary battle between the human host and Mtb prompted the pathogen to enhance 
its entry tactics into phagocytes by engaging a specific set of phagocytic receptors 
and efficiently modulating and interfering with every immunobiological process that 
plays a role in TB infection, often with staggering success [7]. Ergo, the ability of Mtb 
to create a survivability niche within the bactericidal environment of phagocytes is 
considered essential for bacterial survival and intracellular persistence.

Pattern recognition receptors (PRRs) located on the surface of APCs and respira-
tory epithelial cells that are engaged by Mtb include complement receptors (CRs), 
immunoglobulin fragment carrying the constant region of the heavy chain (Fc), 
C-type lectins (CTLs), toll like receptors (TLRs) and the scavenger receptors (SRs) 
(Image 1) [29]. Despite several receptors displaying partial redundancy in knockout 
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murine models, engagement of each receptor has pathologically relevant implica-
tions in TB pathogenesis. For instance, studies on murine models revealed significant 
reduction in the number of opsonized mycobacteria actively internalized by Mɸs and 
other phagocytes in the absence of CR3s [28, 33]. C-type lectins located on Mɸs and 
DCs are likely favored by Mtb since their engagement opens an opportunity for the 
pathogen to modulate the intensity of the associated inflammatory responses [34]. 
Specifically, Mtb has the ability to suppress the MR-TLR2-associated pro-inflamma-
tory response by secreting the early secreted antigenic target protein 6 (ESAT-6), 
which inhibits the activity of NF-kappa (NF-κB) by downregulating reactive oxygen 
species (ROS) production [26, 35, 36]. Relevant to this discussion is that ESAT-6 is 
used in the IGRA due to its potency as a T cell antigen; thus, this secretory mycobacte-
rial protein is an important hallmark of TB infection [37]. Fcγ receptors (FcγR) play 
a role in regulating the intensity of the host immune response and are concordantly 
divided into activating and inhibiting types. Toll-like receptors (TLRs) play a cardinal 
role in priming both pro-inflammatory and anti-inflammatory responses [38]. The 
cytoplasmic domain of these phylogenetically conserved transmembrane proteins 
is homologous to the interleukin-1 receptor (IL-1R) signaling domain, which links 
to IL-1R-associated kinase (IRAK) in order to activate transcription factors that will 
promote cytokine production. Furthermore, phagocytosis of Mtb does not lead to a 
pro-inflammatory immune response in the absence of TLRs; particularly relevant is 
the TLR2, although other TLRs have demonstrated notable roles in immunopathology 
[7, 32]. With regards to an efficient immune response, TLR recognition of Mtb cell 
wall lipoproteins will induce the secretion of IL-12—a proinflammatory cytokine that 
promotes maturation of naïve T cells into Th1 cells—by infected phagocytes [7, 13]. 
Mutations or genetic polymorphisms will likely, therefore, compromise the ability of 

Figure 1. 
The immune response to inhalation of Mycobacterium tuberculosis within the context of Lurie’s five stages of 
pulmonary tuberculosis. Abbreviations: MΦ-macrophage PRR-pattern recognition receptor: M. tuberculosis—
Mycobacterium tuberculosis; DC—dendritic cell; MHC II—major histocompatibility complex type II; 
CD4—cluster of differentiation 4; CD8—cluster of differentiation 8; CD8T—cytotoxic T; IFNγ—interferon 
gamma; PNG—polymorphonuclear granulocytes; IL17— interleukin 17; Th17—T helper cells 17; CD4T—T 
helper cells; Th2—T helper cell type 2; IL4—the interleukin 4; B—B lymphocyte; Treg—regulatory T cells; L10—
Interleukin-10; TGFβ—transforming growth factor beta, IL2—Interleukin-2; TNF—tumor necrosis factor; T—T 
lymphocyte.
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the human host to mount an appropriately controlled inflammatory response to TB 
[39–46]. Aforementioned avenues for phagocytic receptor engagement make it all 
the more sensical that Mtb favors entry routes that seldom elicit a pro-inflammatory 
response, at least in early stages of infection. Pathways activated through the engage-
ment of these receptors allow for immunobiological modulations that comprise the 
mycobacterial intracellular and intragranular persistence mechanism [37]. Although 
the intrinsic potency of Mɸs to kill internalized mycobacteria is evidently high 
through utilization of a barrage of bactericidal tactics, sufficiently virulent Mtb cells 
manage to evade or block these mechanisms [4, 47]. Thus, the intrinsic Mɸ compe-
tence and mycobacterial virulence significantly influence the course of the infection 
upon phagocytosis. Mycobacterial cells that evade the intrinsic killing mechanisms of 
phagocytes trigger an immunopathologic continua designated as the second stage, in 
which logarithmically multiplying Mtb cells inhibit the process of phagosome matu-
ration and disrupt other incoming immune cells [18, 28, 48–55]. Immature phagocytes 
infected with multiplying mycobacteria attract monocytes and other inflammatory-
oriented immune cells in an attempt to swiftly contain the bacilli [56–58]. Studies 
conducted on murine models and human monocytic cell lines have somewhat eluci-
dated the process by which Mtb blocks the phagosome maturation process, and are 
further discussed in the following sections.

Approximately 2–3 weeks after engulfing Mtb, infected phagocytes release cyto-
kines in order to recruit antigen-specific T cells (CD4+) to primary tubercle lesions 
in order to form adaptive immunity [32, 49, 56]. Activated T cells undergo clonal 
expansion and initiate the killing mechanisms of Mɸs infected with mycobacteria. 
Within the Mɸ environment, the third stage commences, whereupon logarithmic 
Mtb growth is halted through various bacteriostatic mechanisms [26, 37]. Infected 
Mɸs generally go through apoptosis, a consequence of recruiting the tumor necrosis 
factor alpha (TNF-α), whose inhibition significantly improves Mɸ survivability in 
the host lungs [37]. Progressive intragranular apoptosis leads to central solid necrosis, 
which may be followed by liquification of the caseous foci [26]. Survivability of Mtb 
in dead phagosomes, however, has been continuously reported throughout the years, 
as necrosis is an outcome favorable for pathogen dissemination and immune evasion 
[58–60]. Progression of the solid necrotized lesions containing metabolically dormant 
bacilli into liquified caseous lesions forms ideal conditions for bacterial re-activation 
and rapid multiplication [5, 7, 13–15, 61–65]. Although immunocompetent patients 
are evidently able to suppress the development of TB disease, host genetics and 
pathogen virulence determine whether dormant Mtb bacilli remain contained in 
the granuloma, or cause the formation of liquified caseous foci [8, 9, 59]. These foci 
progress to form cavities in which Mtb extracellularly multiplies, causing subsequent 
bronchial rupture and migration of the bacilli outside of their containment [10].

2.  The innate immune response to M. tuberculosis: the pivotal role of 
macrophages

Perhaps the most direct evidence of constitutional human resistance to TB infec-
tion and disease may be extrapolated from the 1926 Lübeck disaster, in which 251 
neonates were orally administered a large dose of live, virulent M. tuberculosis [22]. 
Clinical or radiological signs of infection were detected in 173 infants that were able 
to survive the infection, whereas 72 died from TB disease [12, 22]. The remarkable 
ability of the surviving 173 infants to survive the clinical manifestations of TB clearly 
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demonstrates the efficacy and undisputable relevance of the innate immune response 
to Mtb, a large portion of which belongs to macrophages [12]. Studies spanning over 
recent decades have shown that development of symptomatic TB does not always 
occur upon initial infection in humans, cattle, mice and rabbits [12]. Further per-
plexing is the fact that a relevant portion of close contacts with microbiologically 
confirmed TB cases displays no diagnostically valuable immunopathologic changes 
(ex. negative tuberculin skin test (TST) and interferon gamma (IFN-γ) Release Assay 
(IGRA)) [66]. Interestingly, even data on acquired sensitivity to the TST is incon-
sistent for individuals considered to be at risk of infection; some develop sensitivity 
sooner than others [12, 18, 22, 28, 67, 68]. The source of this perplexity may very well 
be located in the host’s immune genes and their functionality rather than the sole 
virulence of the pathogen, although both factors play relevant roles in TB patho-
genesis. Disputed among clinicians and researchers is data suggesting that patients 
immunized with the standard BCG vaccine test positive for tuberculosis, regardless 
of the presence of an active or latent infection [66, 68, 69]. Conclusively to the TST 
cut-off research, an increase in TST cut-off criteria up to >15 mm, as opposed to 
the standard >5 mm cut-off, has been recommended for BCG-immunized patients; 
optimally throughout a time interval of 15 years after immunization [70]. Evidently, 
the response to inhalation of Mtb is not uniform in phenotypic manifestation for 
all individuals. The aforementioned variability is owed to the immunopathology 
governed by the host’s immunogenetic profile, potential presence of comorbidities, 
pathogen virulence and prominence of numerous environmental factors, along with 
factors pertaining to receptor-specific internalization of the bacillus by macrophages 
[71]. Mutations and polymorphisms in genes coding for phagocytic receptor proteins 
seem to influence the competency of the host’s constitutional resistance to progres-
sion from primary infection to primary disease or post-primary symptomatic infec-
tion [40, 41, 43, 44]. Significant and perhaps disproportional attention has been 
given T cell mediated immunity in contrast to humoral immunity. Whether humoral 
immunity poses a significant role in Mtb immunopathology has not been sufficiently 
elucidated yet, although there is evidence linking B cell immunity and immune 
competence in murine models [4].

Innate immunity is critical for early anti-mycobacterial responses, it is also 
important for the progression of infection and long-term control of Mtb by continu-
ally priming and educating adaptive immune responses and by regulating inflam-
mation [28]. The system comprises two components, cellular and humoral, the latter 
including circulating complement proteins, defensins, cytokines and chemokines 
secreted by innate immune cells [72]. The cellular component which requires our 
attention comprises of innate immune cells which consist of epithelial cells, endothe-
lial cells (ECs), granulocytes (neutrophils, basophils, eosinophils, mast cells (MCs)), 
monocytes, macrophages, natural killer (NK) cells, dendritic cells (DCs), invariant 
NKT cells (iNKT cells), γδT cells, innate immune T cells called mucosal invariant T 
cells (MAIT) cells and innate lymphoid cells (ILCs). These cells are crucial for the 
maintenance of the immune homeostasis and regulation of the adaptive immune 
system; they act as antigen presenting cells (APCs) as well as provide other signaling 
molecules/factors required in the effective adaptive immune response in response to 
infection or chronic inflammatory diseases [72].

In the case of TB, the earliest encounter between the host’s immune system and 
Mtb occurs at the interface between resident lung (alveolar) macrophages and the 
virulent bacterial cells. These cells are often niches for bacterial replication and Mtb 
utilizes a myriad of strategies that subvert innate immune responses to establish a 
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chronic infection [4]. During the past several decades, much has been uncovered and 
mechanisms through which the immune system responds to Mtb are in many ways 
illuminated, even though much still lingers in the shadows, which will hopefully be 
cast away over time. The first step is the recognition of mycobacteria as invading 
pathogens, followed by activation of innate host defense responses, and the subse-
quent initiation of adaptive immune responses [4]. Knowledge about these processes 
is crucial for understanding the pathophysiology of tuberculosis and for the develop-
ment of novel strategies for vaccination and treatment such as immunotherapy.

The initiation process of the innate immune response starts with pattern recogni-
tion of microbial structures called pathogen-associated molecular patterns (PAMPs). 
Recognition of PAMPs is performed by germline-encoded receptors expressed mainly 
on immune cells termed pattern recognition receptors; in this case, being alveolar 
macrophages [26].

2.1  Expression levels of cytokines and cytokine receptors influence the extensity 
of immunopathology

Recruitment of innate immune cells in the early stages of infection is the result of 
secretion of cytokines and chemokines either by infected phagocytic cells or respira-
tory lung epithelial cells [56]. Studies have shown that primary lung epithelial cells 
possess the ability to cross-talk with infected macrophages, which benefits the process 
of monocyte recruitment. Infected phagocytic cells, inside of which the first stage 
of Mtb infection commences, may either migrate to the mediastinal lymph nodes 
in order to prime a T cell response via antigen presentation, or directly prime naïve 
T cells [73]. In the context of innate immunity, recruitment of polymorphonuclear 
leukocytes (PMNLs) to the sight of infection seems to be a ‘double-edged’ sword that 
either leads to effective control of infection, or damaging inflammation [73]. A mouse 
study on the recruitment of PMNs by alveolar epithelial cells during early stages of 
infection, concluded that severely damaging inflammation can occur as a conse-
quence of this process [73]. It was discovered that CXCR2 and CXCL5 significantly 
contribute to a high influx of PMNLs, which is the mechanism behind the destructive 
inflammatory response during the initial stages of infection in mice and non-human 
primates (NHP) [73, 74]. Numerous CXCR2 ligands seem to positively regulate PMNL 
recruitment in murine models.

With regards to TB in vivo infection, TLR2 recognition of Mtb molecular pat-
terns induces expression of CXCL5 by alveolar epithelial cells, which subsequently 
recruits PMNLs via CXCR2. Tlr2−/− mutants demonstrated significantly diminished, 
although not abolished, secretion of CXCL5 in vivo [73, 75]. Considering that alveolar 
epithelial cells are not the only cells present in the bronchoalveolar space during Mtb 
infection, and that those cells secrete inflammatory mediators that promote secretion 
of CXCL5, this finding is not at all surprising. There is an absolute dependency on 
CXCR5 for recruitment of PMNLs into the bronchoalveolar space during Mtb infec-
tion [73]. In contrast, PMNL recruitment induced by CXCL5 was found to account for 
roughly 60% of PMNLs recruited to the airspaces in vivo [73]. Exacerbated inflam-
mation occurs with an incredibly high degree of dependence to CXCL5 secretion and 
the dose of Mtb that has infected the host [56, 73]. CXCL5 is not only expressed by 
alveolar epithelial cells, but rather a variety of other tissue-resident cells, making its 
role in tissue inflammatory responses well emphasized [76]. Although much work lies 
ahead in understanding the implications of CXCL5 and CXCR2 in TB immunopathol-
ogy in the context of innate and acquired immunity, having a better understanding 



Macrophages - Celebrating 140 Years of Discovery

228

of these pathways could aid in devising treatment approaches that would allow for 
avoidance of the devastating inflammatory damage seen in certain subpopulations 
of TB patients. As for these findings corresponding to human immunopathology in 
TB, the ENA-78 neutrophil attractant secreted by human pulmonary epithelial cells is 
very similar to murine CXCL5 [77]. Of course, further studies should be conducted in 
order to comprehensively understand whether the studies on CXCL5 could be trans-
lated to human TB. Unfortunately, this particular aspect of Mtb infection in humans 
has thus far received modest attention, however current research is indicative of this 
likely being the case.

2.2 The behavior of macrophages infected with M. tuberculosis

The continuous development in the field of immunology has established their role 
in various immunological and non-immunological processes including embryonic 
development. Along with acting as phagocytic cells involved in the phagocytosis of 
pathogens, xenobiotics, these cells also secrete various cytokines, chemokines, and 
growth factors including TNF-α, TGF-β, platelet-derived growth factor (PDGF), 
endothelial growth factor (EGF), and vascular endothelial growth factor (VEGF) [72].

Alveolar macrophages encounter Mtb within the first 48 hours of infection, 
thereby representing the primary replicative niche for the bacillus [77]. Once Mtb is 
recognized by alveolar macrophages, it is engulfed through surface receptors, which 
leads to phagocytosis of the bacterium into phagosomes, which typically fuses with 
lysosomes for pathogen eradication and further consequent acidification of the 
pathogen-containing phagolysosome. Until recently the mechanism behind the estab-
lishment of a chronic infection in mammalian primates remained rather obscure; the 
lung interstitium, however, was definitely known to be the focal point of the infection 
based on previous studies [77]. In a 2018 study, performed by Cohen et al., discovered 
that alveolar macrophages transport Mtb from the alveoli to the interstitial tissue, 
under the influence of interleukin-1 signaling and the Mtb ESX1 secretion system 
[77]. Furthermore, localization of infected alveolar macrophages to the lung inter-
stitial tissue leads to virulent Mtb cells being introduced to replication-permissive 
monocytes [13, 78]. Involvement of IL-1 in this process is not surprising considering 
that Mtb is a potent stimulator of the inflammasome, which regulates IL-1 production 
[79]. Contextually to recognition of mycobacterial antigens, one of the most impor-
tant receptors for mycobacteria is the complement receptor 3, while other receptors 
such as CR1 and CR4, mannose receptor, surfactant protein A receptor, CD14, Fcγ 
receptor, scavenger receptors, have also been implicated in phagocytosis and internal-
ization of mycobacteria inside the Mɸs [57].

The mycobacterial surface glycoprotein, mannose-capped lipoarabinomannan 
(Man-LAM) is recognized by the C-type lectins and the macrophage mannose recep-
tor (MMR). An important role of toll-receptors, mainly the TLR2, has been demon-
strated for the attachment of mycobacteria to macrophages [57]. Mtb is capable of 
inhibiting that process of phagosome maturation, as a result of which acidification of 
the phagosome is compromised, thus avoiding degradation and antigen processing 
[57]. Mtb is equipped with a variety of mechanisms that enable such form of survival, 
the key ones of which are stress-adaptive genes that are expressed in Mtb in order 
to counter the nitrosative, oxidative, hypoxic, and nutrient-diminished phagosome 
environment [80]. From an evolutionary point of view, it is clear that Mtb has devel-
oped alongside humans and thus adapted for a lifestyle inside the Mɸ, employing 
many strategies to survive within these cells.
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Mtb entry intro Mɸs through different receptors can induce the activation of 
different pathways that can either inhibit or promote bacterial replication. Mɸ 
defenses include antimicrobial peptides (AMPs), nitrosative stresses, phagolysosome 
fusion and autophagy and may operate independently of or subsequent to IFN-γ 
signaling [7]. The overall interaction of multiple receptors and their engagement 
with Mtb ligands is a complex and dynamic issue. For instance, TLR-2 recognition of 
mycobacterial ManLAM activates NF-κB and NOS2 gene transcription that leads to 
antimycobacterial nitric oxide (NO) production, which is strongly associated with 
resistance to Mtb, even though evidence for that is stronger in mouse models [72, 81]. 
It has been shown that the reactive nitrogen intermediates (RNI) in mice are toxic 
to mycobacteria in vitro and by inhibition of NOs in vitro or in vivo infection can be 
exacerbated [44]. In relation, mice with disrupted NOS2 alleles display exacerbated 
disease following Mtb infection [44]. As for humans, in vitro studies using human 
alveolar macrophages and primary monocytes showed no anti-mycobacterial proper-
ties for NO, but specific staining for NOS2 in the bronchoalveolar lavage (BAL) of TB 
patients revealed upregulation in infected individuals compared to healthy controls. 
Another interesting fact is that mutations in Gp91phox, encoded by CYBB, a subunit 
of phagocyte oxidase enzyme complex (NADPH), pivotal for ROS (reactive oxygen 
species) are significantly correlated with reduced risk of TB [44].

In human macrophages, TLR-mediated recognition of Mtb is reported to synergize 
with the vitamin D pathway to induce the antimicrobial peptide (AMP), cathelici-
din [77]. That process happens through calcitriol, a biologically active vitamin D 
metabolite, which induces the hCAP-18 gene encoding the pro-form of cathelicidin, 
following TLR ligation of macrophages. Studies have shown that cathelicidin exerts 
antimicrobial functions by activating transcription of host autophagy genes Beclin-1 
and Atg5 [4]. Besides that, the vitamin D pathway also synergizes with IFN-γ secreted 
by T-cells to induce IL-15 autocrine signaling to promote autophagy and phagosome 
maturation in Mtb-infected human macrophages [4, 79].

Autophagy also plays a role in promoting phagosome maturation to enhance bacte-
rial killing and it is integrated into the host response to Mtb infection by synergizing 
with pathogen sensing, phagosome maturation, and IFN-γ inducible pathways to 
mediate anti-mycobacterial immunity [4]. Autophagy-related proteins are likely to 
perform multiple functions and care must be taken when interpreting specific knock-
outs or knockdowns of individual genes. For instance, myeloid cell-specific ablation 
of Atg5 compromised control of Mtb in mouse studies. Deletion of autophagy-related 
genes Ulk1, Ulk2, Atg4B, or p62 compromised the ability to induce autophagy, but 
were dispensable for control of M. tuberculosis. Further analysis of lung sections from 
Mtb-infected mice showed that Atg5 knockout indicated that it may be involved in 
regulations of neutrophil responses during infection.

The factor responsible for macrophage activation is IFN-γ produced by CD8+ 
cytotoxic T (Tc1) cells, CD4+ T helper 1 (Th1) T cells, and natural killer (NK) cells. 
IFN-γ activation leads to conversion of macrophages to potent phagocytotic cells with 
increased production of reactive oxygen intermediates and reactive nitrogen inter-
mediates, superoxides and proinflammatory cytokines helping the cells to efficiently 
kill the intracellular pathogens. This type of IFN-γ-mediated activation induces M1 
macrophages [57].

On the other hand, T helper 2 (Th2) type of cytokines, IL-4 and IL-13, induce a 
response different from the one induced by IFN-γ with distinct set of genes being 
expressed to form what is known as the alternative activation pathway of macrophages, 
and the cells are named as alternative activated type 2 or M2 macrophages [13, 72]. 
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Various immune complexes, IL-10, vitamin D3 can also contribute to the activation of 
M2 macrophages [57]. M2 macrophages generally exhibit a higher phagocytic activ-
ity, mannose and galactose receptors, produce higher concentration of ornithine and 
polyamines due to high arginase pathway, secrete high amount of IL-10 and express 
higher levels of the IL-1 decoy receptor and IL-1RA. Having all these characteristics, 
M2 macrophages play a crucial role in anti-parasitic immune response [72].

3.  Immunoreceptors expressed on macrophages and their role in the 
immunopathological course of TB

3.1  M. tuberculosis is capable of turning macrophages into non-bactericidal 
environments in an Immunoreceptor-specific manner

Mannose receptors (CD206) play an important role in TB innate immunity due to 
their efficacy and specificity as endocytic receptor through engagement of virulence-
associated mycobacterial cell wall components that contain mannose, particularly 
glycoproteins and sulphated and non-sulphated polysaccharides [82]. MR-positive 
immune cells are able to deliver various antigens to sites where humoral and cellular 
responses occur, therefore playing a role in bridging innate and acquired immunity 
[83–86]. This CTL is a Ca2+-dependent type I transmembrane glycoprotein contains an 
extracellular N terminal, cysteine-rich (CR) domain, a fibronectin II (FNII) domain, 
eight carbohydrate recognition domains, a cytoplasmic tail and a transmembrane 
domain. The cytoplasmic tail contains 49 amino acids and there is a tyrosine residue on 
the 18th position that has been heavily implicated in endocytosis [51]. Much has been 
uncovered about the signaling pathways of CD206 in recent years, implicating this 
receptor in functions such as M2 macrophage polarization, antigen presentation, entry 
trafficking, macrophage-associated tumor biology and receptor targeting for thera-
peutic purposes [71, 79, 87]. CTL signaling is achieved through various adaptor pro-
teins, of which the FcRγ chain is the most common [51]. Although the implications of 
this remain in question, heat shock proteins (HSP) in unstimulated cells interact with 
CD206 [88, 89]. Furthermore, it is not fully understood how this alters the structural 
configuration of MR upon their activation in vivo, although strides have been made in 
uncovering the significance of actin remodeling in this process, and its implication in 
phagolysosome maturation [51]. Phagocytosis is an actin-dependent process, therefore 
MR-mediated phagocytosis requires receptor clustering, recruitment and engagement 
of various adaptor proteins and activation of the Rho family of small GTPases in order 
to facilitate cytoskeletal remodeling [51]. Surface localization of CD206 depends on 
its ability to interact with FcRγ, which likely occurs at the interface of the positively-
charged transmembrane region of the receptor [51]. This is where the value of murine 
models in understanding receptor-related aspects of TB immunopathology in humans 
sees its shortcomings: the cytoplasmic tail and TM region of the murine MR is neu-
trally charged, likely leading to reduced FcRγ tail binding and diminished surface MR 
exposure [51]. In the contest of human macrophages, recruitment and activation of the 
Src homology region 2 domain-containing phosphatase 1 (SHP-1) is an MR-dependent 
event that occurs during Mtb infection; SHP-1 phosphorylates and co-localizes with 
phagosomes containing Mtb [51]. As a consequence of this, SHP-1 reduces the activity 
of class III PI3P by interfering with the serine/threonine-protein kinase Vps15 and the 
phosphatidylinositol 3-kinase (PI3) hVPS34 [29, 87, 90]. Inhibition of SHP-1 has been 
found to lead to enhanced phagolysosome fusion [34].
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Once Mtb is phagocytosed through CD206 engagement, subsequent immu-
nomodulation facilitated by mycobacterial cell wall components may lead to the 
development of active disease. Mycobacterial ManLAM heavily influences several 
immunobiological processes throughout the continua of the immune response 
(Figure 2) [91]. ManLAM inhibits the process of phagolysosome fusion, which is 
considered a key aspect of TB infection with regards to mycobacterial intracellular 
persistence. It does so by blocking a crucial phosphatidylinositol 3-phosphate (PI3P)-
regulated pathway involved in transportation of lysosomal and other crucial com-
ponents from the trans-Golgi network to immature phagosomes; a process required 
for phagosome maturation [29, 87, 92, 93]. Two rab5 effector hVPS34 and the early 
endosomal antigen 1 (EEA1) are components crucial for phagosome maturation [32]. 
EEA1 binds to the membrane-associated PI3P via its FYVE and PX domains, to which 
ManLAM may competitively bind and thus preclude phagolysosome fusion. It was 
discovered that Mtb ManLAM interferes with a pathway involving Ca2+, calmodulin 
and the Ca2+/calmodulin-dependent protein kinase II (CaMKII) [29, 32, 87, 91, 92, 94]. 
EEA1 and Syntaxin 6 deliver various lysosomal components from the trans-Golgi 
network to immature phagosomes, making them crucial for phagosome maturation. 
However, Mtb uses ManLAM to disrupt recruitment of EEA1 to phagosome mem-
branes by inhibiting the rise in cytosolic Ca2+, thus rendering the Ca2+/Calmodulin 
pathway, impotent [7]. Considering that hVPS34 interacts with calmodulin in order 
to generate PI3P, physiological maintenance of PI3P on phagosomes and other intra-
cellular membranes requires calmodulin [91]. In summary, Mtb-associated ManLAM 

Figure 2. 
The process of successful and unsuccessful phagosome-lysosome fusion during pulmonary tuberculosis. 
Abbreviations: Golgi—Golgi apparatus, ER—endoplasmic reticulum, PRRs—pattern recognition 
receptors, Mtb—Mycobacterium tuberculosis, PtpA—protein tyrosine phosphatase, SapM—secreted acid 
phosphatase, CISH—cytokine-inducible SH2-containing protein, TACO—tryptophan-aspartate containing 
coat protein, IFNβ—interferon beta, IRF3—interferon regulatory factor 3, DIM/PDIM—Phthiocerol 
dimycocerosate, cGAS—cyclic GMP-AMP synthase, STING—stimulator of interferon genes, TBK1—TANK-
binding kinase 1, P62—nucleoporin 62, Ubi—ubiquitin, Gal8—Galectin-8 protein, INDP52—calcium-
binding and coiled-coil domain-containing protein 2, AIM2—absent in melanoma 2, NLRP3—NLR 
family pyrin domain containing 3 inflammasome, IL1β—interleukin 1β, LC3-II—microtubule-associated 
proteins 1A/1B light chain 3B, parkin—E3 ubiquitin ligase, K63-Ubi—polyubiquitinations K63, K48-Ubi—
ubiquitination K48, NBR1—next to BRCA1 gene 1 protein, Smurf1—E3 ubiquitin-protein ligase SMURF1.
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provides a survivability niche within macrophages by blocking the increase in Ca2+ 
transients, therefore effectively disrupting a Ca2+/Calmodulin associated pathway 
required for phagosome maturation. Physiological increase in cytosolic Ca2+ is 
heavily influenced by sphingosine kinase (SK), whose signaling pathways is trig-
gered by FcR clustering. Studies suggest that the mechanism by which ManLAM 
disrupts the increase in cytosolic Ca2+ is likely through interference with SK signal-
ing pathways [30].

Cytotoxicity of ManLAM, however, is diminished when dissociated from myco-
bacterial cells via the activity of the respiratory mucosa [92]. ManLAM debris are 
incapable of inhibiting the process of phagolysosome fusion, allowing for the attrac-
tive assumption that the human respiratory tract evolved in such a way to amplify 
the immune response to Mtb by creating these highly immunostimulatory debris in 
the early stages of infection [92]. Despite the evident potency and relevance of this 
Mtb-associated mechanism, ManLAM-mediated prevention of phagolysosome fusion 
is but one of the several mechanisms in the arsenal of Mtb, some of which have only 
been recently discovered [92].

Preferred engagement of the CR and MR-dependent phagocytic pathways 
was a sensical evolutionary approach by Mtb, since engulfment of microbes via 
CRs and MRs do not necessarily incite an inflammatory response by the host, and 
MR-abundant alveolar macrophages act as chaperones that deliver Mtb to replication-
permissive cells [26, 30]. The mechanism by which CTLs elicit an anti-inflammatory 
response is found in the ManLAM-mediated stimulation of a nuclear receptor 
peroxisome proliferator-activated receptor gamma (PPAR-γ), which in turn triggers 
such a response. Limited phagosome-lysosome fusion is specific only for monocytes 
expressing MR, whereupon absence of this receptor on Mɸs and DCs does not lead 
to the inhibition of phagosome maturation. LAM may be exported from the infected 
Mɸs and presented to T-cells via the MHC I CD1 molecules [21, 95]. Previous research 
suggests that Mtb uses LAM to recruit host immune cells whose function it will 
subsequently modulate in order to facilitate survival.

3.2 Macrophage Toll-like receptors and their implications for tuberculosis

Toll-like receptors are type 1 transmembrane pattern recognition receptors 
instrumental to animal immunity [96]. They contain an extracellular leucine-rich 
repeat (LRR) domain—involved in signal transduction and molecular recogni-
tion—and intracellular toll/interleukin-1 receptor (TIR) domain, which represents 
a highly conserved protein-protein module. These receptors are expressed in a wide 
range of cells, with the most relevant for this discussion being Mɸs. Thus far 10 TLRs 
have been nominated in humans, with each of them playing cardinal roles in both 
innate and acquired immunity to Mtb infection. Upon recognition of Mtb molecular 
patterns via the receptor LRR domain, the Myeloid Differentiation Primary Response 
88 (MyD88) is activated, which is utilized by all TLRs lest except for TLR3 (Figure 3). 
A wide spectrum of anti-mycobacterial actions taken by the immune system involve 
the synergic activity of TLRs and MyD88, leading to the subsequent involvement of 
IRAK, TNF receptor associated factor 6 (TRAF6), transforming growth factor beta-
activated kinase 1 (TAK1) and mitogen-activated protein kinases (MAPK); it should 
be noted, however, that each TLR alone is capable of initiation a separate immuno-
pathologic continua as means of amplifying the anti-Mtb immune response. Each 
TLR can bind a specific subset of pathogen-associated molecular patterns (PAMPs), 
they activate the innate immune system and help with the host protection. TLR2, 
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TLR4, and TLR9 are the most common TLRs that detect Mtb, with TLR2 playing the 
most important role 5. TLRs recognize Mtb PAMPs, which triggers an intracellular 
signaling cascade that binds the myeloid differentiation primary response protein 
88 (MyD88) to TLRs intracellular domains6. MTB is an acid-fast bacterium because 
its cell wall is mostly made up of hydrophobic mycolic acids. This is a component of 
the mycobacterial cell wall that accounts for half of its dry weight. The admission 
of nutrients is slowed by this thick layer of mycolic acids, causing mycobacteria to 
proliferate slowly, but it also boosts cellular resistance to lysosomal enzyme destruc-
tion. The mycolic acids are typically found in a thick layer on the cell wall’s exterior 
surfaces7. Lipids and polysaccharides make up the mycobacterial wall, which also 
contains a lot of mycolic acid.

TLR2 and TLR4 are activated by purified cell wall components of mycobacteria 
[81]. Lipomannan and lipoarabinomannan are two lipoglycans with substantial 
immunomodulatory properties [30, 38]. TLR2, in conjunction with TLR1, can 
identify Mtb cell wall lipoprotein antigens, which cause macrophages to produce 
cytokines. TLR9 is triggered by mycobacterial DNA. The engagement of IL-1 
receptor-associated kinases, TNF receptor-associated factor 6, TGF-activated protein 
kinase 1 and mitogen-activated protein kinase is then enhanced by MyD88 [97]. The 
transcription factor NF-κB is activated and translocated to the nucleus as a result 
of this signaling cascade. Multiple pro-inflammatory cytokines, including tumor 
necrosis factor, interleukin-1 and interleukin-12, are produced as a result [98]. Tumor 
necrosis factor and interleukin-12 are then secreted, causing nearby natural killer 
and T cells to produce IFN-y. IFN-y is a key macrophage stimulator and activator of 
major histocompatibility complex class II molecule production. IFN’s importance in 
the immune system arises from its capacity to directly suppress virus replication, as 
well as its immunomodulatory properties. IFN-y stimulates macrophages, enhancing 
antigen presentation and promoting anti-mycobacterial effector mechanisms such as 
reactive oxygen and nitrogen intermediates, autophagy, phagolysosome fusion and 
acidification autophagy [99, 100].

Figure 3. 
Schematic representation of toll like (TLR) signaling. NF-κB gets translocated into the nucleus to initiate the 
transcription of inflammatory cytokine genes. Abbreviations: MyD88—Myeloid differentiation primary response, 
TRIF—TIR-domain-containing adapter-inducing interferon-β, NF-κB—NF-kappa B.
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For instance, TLR2 has been implicated in regulating T cell trafficking by induc-
ing the production of CCL8, a CD4+ chemokine, and in recruiting regulatory T 
cells (Treg) to infection foci in order to regulate inflammation. Tampering with the 
inflammatory response in the context of TLR2 is at least in part owed to the TLR2-
induced secretion of CXCL5, considering that PMNL recruitment by this chemokine 
has the potency to drive destructive inflammation during early stages of infection 
[81]. Mycobacterial ESAT-6 readily promotes macrophage apoptosis by activating the 
TLR2/NF-κB [101]. One of the ways that Mtb causes a delay in priming the adaptive 
immune response is through the activities of mycolic acid and various mycobacterial 
lipoproteins, which have potency to downregulate MHC II expression and pro-
inflammatory responses. Furthermore, TLR2 enhances the expression of vitamin 
D receptor genes [81, 102–104]. It should be noted that induction of ROS can be 
achieved through TLR2/dectin-1 cooperation [105]. Induction of a rather wide range 
of anti-mycobacterial mechanisms is also partly owed to TLR2 [63–65, 106, 107]. 
TLR2−/− mice have also exhibited increased inflammation, pneumonitis of the inter-
stitial lung tissue and abnormal granuloma morphology, with a very modest increase 
in bacterial burden [108]. Concordantly to these findings, concluding that TLR2 plays 
both beneficial and detrimental roles in Mtb infection seems to be rather prudent, as 
TLR2 signaling is influenced by numerous components of both the immune system 
and mycobacterial virulence, with notable implications in innate immunity and prim-
ing of adaptive immunity.

Functions of TLR4 have been reported to include promotion of CD4 and CD8 T 
cell recruitment, polarization of T effector cells towards a Th1 cell phenotype and 
numerous other activities that may be construed as both beneficial and detrimental 
[81]. Mycobacterial phosphatidyl inositol mannosides can inhibit the production of 
proinflammatory cytokines and NO by interfering the synergic activity of TLR4 and 
MyD88. Repressing the host’s ability to produce NO is a sensical approach, as low 
levels of NO have been associated with the activation of dormancy-related genetic 
programs such as the DosRST regulon [106]. With the recently uncovered detri-
mental role of alveolar macrophages during early stages of infection, this could be a 
mechanism used by Mtb to ensure survivability of infected phagocytes in order to be 
transported to the lung interstitial tissue abundant in replication-permissive mono-
cytes. The Mtb-associated resuscitation-promoting factor B (RpfB) interacts with 
TLR4 on DCs, activating the synergic signaling of MyD88 and toll/IL-1R homology 
domain-containing adapter-inducing IFN-β (TRIF), in order to ensure downstream 
signaling to MAPK and NF-κB [108]. This signaling pathway promotes education of 
naïve T cells and their subsequent polarization to CD4+ and CD8+, which will secrete 
IFN-γ and IL-2 [105]. Furthermore, this pathway induces T cell proliferation and 
polarization in the context of Th1 immunity, further emphasizing the importance of 
TLR2 signaling in TB immunopathology [105].

Plasmacytoid DCs (pDC), a special subset of DCs, function in close cooperation 
with TLR9 in such a way as to allow these immune cells to conduct their immune 
functions, including initiation of the immune response and control of inflamma-
tion through the induction of chemokines (Figure 4). pDCs are known to play an 
important role in recruiting NK cells; pDC−/− mice show a drastic reduction in NK 
cell recruitment upon intraperitoneal injection. Considering that pDCs express the 
CCR5, CCR2 and the CXCR3 ligand receptors on their surface, this likely translates 
to diminished binding of chemokines CCL2, CCL3, CCL4, CXCL10 and CXCL9 
[109]. Mycobacterial DNA, the unmethylated CpG oligodeoxynucleotide motif in 
particular, acts as a TLR9 ligand and initiates the signaling pathway that promotes 
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such pDC activity in Mtb infection [105]. Abrogation of TLR9 in mutant mice leads 
to higher susceptibility to TB diseases, in contrast to wild-type mice. Interestingly, 
previous studies on the synergic activity of TLR9 and TLR2 found that TLR9−/− mice 
demonstrated only mild differences in overall lung histopathology and granuloma 
formation [105]. However, focal necrosis was seen in TLR9/2−/− mice, a patho-
logical outcome that also occurs for MyD88−/− mice, albeit the lung pathology in 
MyD88−/− mice is evidently more severe, further emphasizing the importance of 
MyD88 in TB immunopathology [109]. It should be noted, however, that no relevant 
difference in susceptibility was discovered in either TLR9−/− or TLR2−/− mice; 
alterations in granulomatous pathology and TNF-α secretion occur only for high-
dose inoculums of Mtb as a consequence of TLR9 deficiency [105]. Considering that 
pDCs secrete IL-12—a cytokine that induces and controls the production of IFN-γ by 
CD4+ T cells—the relevance of TLR9-mediated signaling is evidently pivotal in both 
innate and acquired immunity [110, 111]. It would appear that synergic activity of a 
minimum of two TLRs is important in the signaling pathways that initiate competent 
immune responses to TB, although each receptor alone has proven to be relevant in 
vivo in gene knockout studies conducted on mice. Interestingly, a recent mouse study 
has concluded that TLR2 and TLR9 signaling is not necessary for vaccine-induced 
immunity [24, 112]. It should be noted, however, that an immunization strategy based 
on the combination of enhancement of TLR4, TLR3 and TLR9 signaling and the Mtb 
antigen Rv2034—a powerful CD4+ cell stimulant—has been successfully explored in 
mice and guinea pigs [113].

Although certain TLRs are part of signaling pathways relevant to TB immunopa-
thology, they alone are only but a cog in a very complex machinery that comprises 
the TLR-mediated immune response to Mtb infection. It is attractive to speculate 
that devising immunotherapies guided towards enhancing TLR signaling due to 
their pivotal role in priming Th1 immunity through cytokine secretion, could be a 
fruitful avenue to pursue. Rampant inflammation at the level of innate immunity, 
influenced by TLR signaling, may also be a target of novel immunotherapies directed 
at diminishing the violent effects that excess PMNL recruitment has on the lung 
tissue [33, 105, 108]. However, to infer that enhanced TLR signaling alone would be 
sufficient in combating tuberculosis, would be rather misinformed. Namely, it was 

Figure 4. 
Plasmacytoid cells in tuberculosis immunopathology. Abbreviations: IFNα/γ—interferon α/γ; IL-2/6/10/12—
Interleukin-2/6/10/12, Ab—antibodies, NK cells—natural killer cells.
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discovered that, in murine models, XDR TB reduces the expression of TLR2 and 
TLR4 and consequently the production of cytokines that were otherwise abundantly 
present in mice infected with DS Mtb [114]. The inhibitory effects of XDR strains 
reduced the overall lung pathology in such a way that alveolar damage was reduced 
and granulomatous formations were smaller in size, in contrast with the detrimental 
immunopathologic events that were caused by DS TB. In light of this particular find-
ing, one may infer that XDR TB was less virulent due to its down regulating effects 
on TLRs than DS strains, although much work is needed to further understand the 
implications of these results.

3.3 Implications of specific macrophage TLRs in tuberculosis pathogenesis

TLR2 signaling is triggered by heterodimerization with TLR1 or TLR6, and it 
follows a well-known signaling pathway. The “bridging adaptor” Mal is recruited by 
dimerized receptors, which aids in the recruitment of MyD88 and the formation of 
the myddosome complex, which consists of Mal, MyD88, and IRAK proteins. The 
nuclear translocation of NFkB and AP1 to commence transcription of cytokine and 
chemokine genes is triggered by the activation of IRAK4 followed by IRAK1/IRAK2 
and activation of TRAF6 and TAK112. Mtb produces a vast number of TLR2 ligands 
[97]. It’s secreted antigen 19 kDa lipoprotein (LpqH) was the first M. tuberculosis 
ligand to be demonstrated to signal through TLR2 [115]. TLR2 receptors sense myco-
bacterial lipoproteins LprA (Rv1270), LprG (Rv1411c), and PhoS113 [98, 116]. TLR2 
is usually thought to play a minor function in Mtb immunity [97]. In Mtb infection, 
TLR2 signaling promotes three functional responses: protection, evasion, and regula-
tion [97]. These responses are not required for the control of acute Mtb infection, but 
they may be required in chronic infection [81]. TLR2-activated pro-inflammatory 
cytokines induce protective mechanisms that keep Mtb control, while immune eva-
sion mechanisms allow Mtb to evade antibacterial effector molecules [115–117]. TLR2 
signaling is inhibited by immune regulatory pathways that have been activated by the 
pathogen, much like in the case of MRs. Mtb persists with low immunopathology and 
collateral harm to host tissue as a result of the multi-factorial functional response’s 
combinatorial effect. In chronic infection, TLR2 signaling benefits both the host and 
the bacteria [97]. While TLR2 activation in macrophages is critical for controlling Mtb 
infection, it may not always be advantageous to host cells because Mtb has developed 
strategies to exploit TLR2 activation for its own gain. TLR2 has the capacity to engage 
several, structurally unique ligands and elicit different signals, and is one of the few 
receptors that can heterodimerize with TLR1 or TLR6, and also connect to additional 
co-receptors like CD14. One theory is that TLR2’s interaction different binding 
partners helps to diversify ligand recognition [104].

TLR4 is best known for recognizing the Gram-negative bacteria’s lipopolysac-
charide (LPS) [118]. TLR4 detects lipids in cell walls, glycoproteins, and secretory 
proteins in Mtb [118]. The LAM precursor LM, as previously mentioned, causes 
macrophages to produce pro-inflammatory cytokines. Because BMDMs produce 
TNF and reactive nitrogen intermediates (RNI) in a TRL4-dependent manner in 
the presence of Ac4LM, the tetra-acylated version of LM (Ac4LM) operates as a 
particular TLR4 activator [119]. TLR4 is activated by a variety of mycobacterial 
proteins, including several heat shock proteins, Mtb H37Rv 38-kDA glycoprotein 
and the Mtb 50S ribosomal protein Rv0652. TLR4 stimulation can initiate the 
MyD88-independent TIR-domain including adapter-inducing IFN-β pathway [118]. 
It later on increases the expression of IRF3 to generate IFN-β secretion in this route, 
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and both IRF-3 and IFN-β have important parts to play in TB pathogenesis [120]. 
While some Mtb strains only engage TLR2, others trigger TLR4, resulting in distinct 
cytokine profiles marked by varied IFN-β production and as a result different bacte-
rial pathogenicity ensues [30, 81].

TLR9 has been found in endosomes and phagolysosomes, where it can be 
activated by mycobacterial DNA upon pathogen uptake [105]. Thus, TLR9 is an 
important pattern-recognition receptor that could explain the host resistance to Mtb 
being dependent on MyD88. It identifies CG motifs (CpG) in bacterial DNA that 
are undermethylated, including Mtb DNA [121]. CpG sites are DNA areas in which 
cytosine is followed by guanine in a 5′ → 3′ direction linear sequence of bases. TNF-α, 
is produced with treatment of primary macrophages which can be inhibited with a 
TLR9 blocker or DNA methylation [121]. Mtb is a powerful stimulator of TLR9-
dependent proinflammatory cytokine production by dendritic cells and macrophages, 
and these cells’ in vitro responses to live mycobacteria are also TLR9-dependent [105]. 
Furthermore, this suggest that TLR9 is involved in the control of mycobacteria-
induced Th1 responses in vivo during Mtb infection [105].

4. Macrophages and their role in tuberculosis granuloma formation

Many have questioned the purpose of the granuloma (Figure 5) within the body, 
but some would argue that the formation of the granuloma by the various white blood 
cells and macrophages in the body is an attempt by the adaptive immune system to 
contain the cells already infiltrated by Mtb cells [58]. It is begun as an innate immune 
system response but evolves in complexity as the adaptive immune system takes over 
[122]. The granuloma will begin forming as a group of macrophages who have been 
infiltrated and infected by Mtb, which are then surrounded by other macrophages 
and white blood cells in order to isolate these infected macrophages with their sur-
rounding environment [123]. The granuloma will then be enclosed by a fibrous cuff 
and the surrounding area will undergo significant angiogenesis, similar to what 

Figure 5. 
Graphic illustration of the tuberculosis granuloma.
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occurs when a cancerous tumor forms [124]. The macrophages and white blood cells 
within the granuloma will trigger conditions of hypoxia and lower nutrient avail-
ability [122]. Within the granuloma, it is believed that the bacteria do not continue 
replicating but instead focus their resources on gluconeogenesis to ensure their 
survival [58].

Of course, this also has a negative effect on the human body’s own cells, and can 
eventually result in a necrotic or caseating granuloma [125]. This is partly due to 
“foamy” or lipid droplet-containing macrophages, which are formed by increased dif-
fusion of LDL vesicles in the macrophage cells, and whatever is not exported by ATP 
active transport methods is esterified to convert it into lipid bodies, which give the 
cell its foamy appearance [123]. These cells are proinflammatory, and the increased 
presence of them promotes Mtb within the granuloma, enhancing the deteriorating 
conditions around and inside it and leading to eventual necrosis [55]. Lipid droplets 
released from the cell in the form of triglycerides can be absorbed by Mtb-infected 
macrophages, where they are then used by the Mtb bacteria for lipid metabolism 
[123]. Additionally, superoxide and NO production from the macrophages is severely 
limited due to the hypoxic conditions, so many times in the case of a granuloma, 
the best that can be hoped for is an isolated environment containing the bacteria, 
as bactericidal action by the macrophages becomes more difficult [123]. The most 
devastating problem presented by the granuloma is Mtb’s ability to hijack the process 
for its own survival. Mtb bacteria have adapted to the formation of the granuloma, 
and mycobacterial recruitment proteins like ESX-1 release compounds to recruit 
macrophages to form the granuloma [4]. The reason for this is to provide the bacteria 
a fresh supply of macrophages for them to infect while simultaneously cutting them-
selves off from lymphocytes, who have a more pronounced bactericidal action against 
them [123]. The structure of the granuloma also creates difficulty for penetration by 
drugs and other therapies, and some have even considered treating the granuloma 
using similar methods to cancerous tumor treatment [126]. There are various types 
and stages of the granuloma ranging from primary granulomas to acute caseating 
granulomas. Caseating granulomas will begin descending into necrosis, releasing the 
Mtb into the surrounding lung tissue, which can then further infect others by being 
released in aerosolized droplets [18, 127].

4.1  Macrophages transport living M. tuberculosis into replication-permissive 
interstitial tissue

The bacillus once engulfed by the alveolar macrophage (AM) into the phagolyso-
some sabotages the lysosomal pathways. By incorporating proton pumps into the 
phagolysosome membrane, fusion to lysosomes is blocked, as they accommodate 
the environment suitable for replication and hence polarize into the M2 macrophage 
phenotype [128, 129]. In later stages, the bacillus may subvert the functional role of 
lysosome pathways by inducing cell necrosis as a means of dissemination, creating 
granulomas in the lung interstitium [130, 131]. Granulomas exist in several types 
wherein diverse macrophages are primary residents, leading to a range of unique 
microenvironments that are statistically independent of each other in a host body 
[132]. The outcome of the infection will depend on the phenotype of macrophages 
present (M1/M2 polarization) altered by the bacillus within the granulomas. The 
precedent to granuloma establishment—the translocation of the AM from the 
alveolus to the lung interstitium—depends on several signaling pathways. ESX-1 
secretion system is necessary for the bacillus’ escape from the AM phagolysosome by 
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potentiating inflammasome (comprised of NLRP3, ASC and caspase-1) activation 
within the AM and hence interleukin-1β (IL-1β) release, which increases alveolar 
permeability once bound to IL-1R on the epithelial barrier [133]. The RD1-dependent 
inflammasome signaling pathway transfers the living Mtb-infected AM whereas the 
STING pathway facilitates movement across the epithelial barrier by transferring the 
bacillus from the AM to a mycobacterium growth-permissive monocyte for crossing 
[134]. This is accomplished primarily by the glycolipids on the cell-surface of bacillus. 
Specifically, the phthiocerol dimycoceroserate (PDIM) lipid prevents recognition of 
pathogen-associated molecular patterns (PAMPs) by Toll-like receptors (TLRs) [135]. 
The phenolic glycolipid (PGL) thereon induces chemokine CCL2 via cytosolic signal-
ing pathway STING to recruit growth-permissive monocytes for bacterial transfer 
by leveraging their CCR2 receptor [135]. STING activation does not induce CCL2 
through type 1 IFNs therefore is independent to type 1 IFN involvement in contrast 
to the RD1-dependent inflammasome signaling pathway [134]. The CCL2 elicited 
monocytes then play an inflammatory role in the interstitium- however, the mono-
cytes may switch roles to favor the host by offering antigens to pulmonary lymph 
nodes for T cell response.

5. Conclusions

Human tuberculosis is a tremendously complex infection, leaving no compart-
ment of the immune system spared. Thus, conclusive studies on this disease from an 
immunological standpoint are difficult to conduct, due to the heterogenicity present 
within different populations in the context of host immunogenetics and potential 
previous exposure to pathogenic and non-pathogenic mycobacteria. Though other 
innate immune cells eventually come into play, macrophages play a pivotal role in the 
immune response to infections with Mycobacterium tuberculosis, as they represent 
the first professional line of defense against respiratory infections in general. Indeed, 
macrophages are equipped with the necessary bactericidal mechanisms to effectively 
destroy infectious agents, however Mtb has successfully developed a barrage of 
methods by which they may be circumvented, thereby converting the macrophage 
from a foe into a safe confinement. Macrophages that have failed to eliminate the 
bacillus tend to shuttle and localize the pathogen in environments that are rich in 
replication-permissive cells, thereby perpetuating further bacterial replication and 
dissemination. Failure of macrophages to clear out the infection is primarily rooted in 
receptor-mediated uptake of Mtb, where the pathogen favors MR-mediated uptake, 
as it allows for the bacillus to manipulate the intracellular environment in order to 
avoid destruction in the phagosome by preventing phagosome-lysosome fusion. 
However, even in the case where infected macrophages shuttle the pathogen the 
replication-permissive lung interstitium, the cytokines produced by these infected 
cells recruit novel APCs, seemingly in order to physically entrap Mtb. This results in 
the formation of a tuberculosis granuloma, characterized by an infected core, sur-
rounded by non-infected APCs such as macrophages, with the granuloma exterior 
being further supported by T cells. Though these granulomas seem like a sensical and 
efficient method of preventing further dissemination of the pathogen, mycobacte-
rial survivability within the hypoxic and noxious granuloma environment is enabled 
through reprogramming of the metabolic profile of Mtb. This reprogramming enables 
a state of metabolic dormancy, clinically distinguished by the term latent tubercu-
losis—an asymptomatic form of TB. When in this state, Mtb is capable of utilizing 
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the abundant concentration of lipids, among other molecules, present in foamy 
macrophages in order to facilitate survival. In spite of this, the human immune system 
is capable of continuously maintaining the structural integrity of the granuloma and 
ensure that viable but dormant mycobacterial cells are contained. Whether a dormant 
infection will become activated depends on the competence of the host’s immune 
system. Erosion of the granuloma leads to rapid activation and replication of the 
bacillus and its dissemination through the airways. Furthermore, eroded granulomas 
are characterized by extensive caseous necrosis which leaves radiographically observ-
able lung cavities in TB patients. Thus, professional macrophages that are engaged 
in combating Mtb infection are difficult to categorize in terms of their efficiency at 
resolving the infection. It appears that every infection with Mtb, in the very least, 
leads to latent TB, thereby making the conversation of complete elimination of the 
bacillus from the immune system, rather improbable. Rather, it is more prudent 
to understand the immune response to Mtb infection as containment rather than 
infectant elimination, and this is primarily owed to the ambiguous dual role those 
professional macrophages play in infectious with Mtb, supplemented by factors that 
include macrophage immunoreceptors, cytokine expression profiles and the overall 
virulence of the bacillus itself.
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Abstract

Monocytes are immune cells that form an important bridge between the innate 
and adaptive immune response. These cells exist in various phenotypes based on 
cell surface marker expression and participate in the pathobiology of many systemic 
diseases. Periodontitis is an inflammatory condition of the tooth attachment appa-
ratus caused by microbial assault from the dental plaque biofilm. It is noteworthy 
that monocytes play a key role in mediating tissue destruction in periodontitis. The 
CD14+ CD16+ monocytes that bear both the surface markers are especially involved 
and upregulated in periodontitis and produce increased amounts of proinflammatory 
cytokines following microbial challenge. In this context and exploring the available 
literature, the present chapter aims to unravel the role of CD14+ CD16+ monocytes in 
periodontitis and systemic disease and also aims to elucidate the possible pathways by 
which periodontitis could be a key risk factor for systemic disease based on monocyte 
selection and participation.

Keywords: monocytes, periodontitis, antigens CD14, receptors IgG, periodontal 
diseases

1. Introduction

Periodontitis is a currently recognized as an inflammatory disease affecting the 
supporting structures of teeth, having its origin in microbiome of the oral cavity, 
influenced by plethora of local and systemic factors. Many evidences regarding 
periodontal disease are accumulated over a century now. It is consistently shown 
that the disease is initiated by bacteria, progressing at various stages, leading to 
tooth loss. However, over and above the loss of tooth, its immense contribution to 
systemic inflammatory level and load of cytokines is what affords high importance 
to this disease [1]. Evidence also supports that the sequel of complex interactions 
amongst the dysbiotic bacterial biofilm and the immune response of the host leads 
to disruption of homeostasis, setting a vicious cycle in to motion [2]. Therefore, the 
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host immune system is unable to restore the homeostasis leading to the characteristic 
pathogenesis of periodontitis. In addition, this is also modified by various risk factors 
such as diabetes mellitus and smoking habits. They complicate the existing complex 
relationship between the host and the flora.

In this inflammatory process, monocytes and macrophages are considered to 
be the major cellular components of the innate immunity. Macrophages are seen 
as the primary host defense mechanism to neutralize the threat from microbes. They 
are derived from monocytes from blood and hence can migrate to the site of inflam-
mation quickly [3]. The monocytes leave the blood stream in case of inflammation 
and differentiate into macrophages. In this process, various cellular subtypes have 
been identified in monocytes. Of the three monocytes- viz. classical, non-classical, 
or intermediate monocytes, the classical monocytes are the ones that become mac-
rophages at the site of inflammation [4]. While non-classical monocytes take care of 
vasculature surveillance, the intermediate monocytes participate in the inflammatory 
cascade. Monocyte life is short and non-classical monocytes live longer than classical 
monocytes [4].

With regard to the subtypes, monocytes are also seen to express Cluster of dif-
ferentiation molecules leading to the classification into various immunophenotypes. 
These molecules act as receptors or ligands mediating various functions of the cell. 
These molecules are designated by unique numbers and CD14 and CD16 are con-
sidered to be of importance in periodontal inflammation.CD14 cells are involved in 
recognition of microbial cell wall components and clearance of apoptotic cells [5]. 
CD16 monocytes induce IL-1beta production and leukocyte recruitment under non-
infectious conditions [6].

In the past decades relation between increased presence of these CD14/16 
monocytes in blood has been related to periodontal disease [7]. Further, these cells 
acquire macrophage like features while in circulation in blood [8]. The evidences for 
implicating them are on the rise. If well understood, these can have immense clinical 
implications, leading to clues to solve complex clinical conditions. Therefore, a these 
cells can be channels by which systemic inflammation is increased during periodontal 
disease. Therefore, it is necessary to understand their role in periodontal disease, 
based on the existing evidence.

2. Immune system in relation to periodontal disease

The immunology of periodontal disease deals with the interaction of host and the 
microorganisms in the micro-anatomical regions around the tooth. While the area of 
concern is small in size, it has complex local and systemic interactions. The science 
begins with the microbiological aspect. In this sense, the microbial population was 
initially identified and cultured. The implication of a pathogen to a disease requires 
satisfying the Socransky’s criteria. According to this theory, the relative severity 
of disease was related to various groups of pathogens like the red, orange, green, 
orange-associated and Aggregatibacter actinomycetemcomitans complexes [9].

Subsequent to this stage of understanding, research took a different track to iden-
tify the molecular pathways involved in the host-bacterial interactions, which occur 
as a result of host responding to the microbial attack. It was also seen that response of 
the host is frequently detrimental to the host itself. In current scenario, the molecular 
pathways are being constantly studied in addition to identification and characteriza-
tion of unculturable bacteria by metagenomics.
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In current understanding, rather than implicating a single or group of microbes in 
periodontitis, the focus has shifted to characterizing the so called “dysbiosis” of the 
oral cavity. It is said that the shift of concentrations of various bacterial species are 
known to cause disease. Here the shift happens by reducing the symbiotic microbes 
and increasing the pathogenic ones. Further, what was not a pathogen earlier may 
become a virulent pathogen when the dysbiosis happens. For the host to be in the state 
of homeostasis, immune system helps to control the microbial colonization. It may be 
constituted by the salivary, the systemic and the gingival tissue immune systems.

This discussion pertains to local factors and hence salivary and gingival components 
take the major role. Gingival crevicular fluid (GCF), derived from gingival capillary 
beds has both resident and emigrating inflammatory cellular components and a wide 
range of innate, inflammatory and adaptive immune molecules. Saliva is known to 
contain enzymes and other defense molecules that act synergistically with GCF com-
ponents [10, 11]. Therefore, due to interaction with pathogens the transudate of GCF 
becomes inflammatory exudate, kick starting the classical periodontal pathogenesis.

With respect to the cell mediated component of immunity, both T and B lympho-
cytes are observed. Further, there is an observation of unique subsets of helper and 
cytotoxic T-cells were involved in: modulating immune response, co-operating with 
B-cells in the induction of antibody synthesis, stimulating the release of cytokines for 
cellular communication to activate phagocytic cells; and aiding in the elimination of 
many intracellular and viral pathogens. Most circulating T-cells express a combination 
of cluster determinant (CD) markers, including CD2, CD3, CD4 (helper T-cells) or CD8 
(cytotoxic T-cells), and a T-cell antigen receptor [12]. In addition to T-lymphocytes, the 
second primary cell type involved in activating the adaptive immune response is the 
monocyte/macrophage, which is responsible for antigen recognition, immune stimula-
tion and the tissue consequences that follow immune stimulation.

Therefore, gingival health at the immune-histological level is the delicate balance 
between the subgingival microbiota and host resistance. Therefore, even under nor-
mal conditions, there exists a minimal inflammation with some inflammatory cells in 
the tissues. This seems to be crucial in maintaining the local homeostasis [13].

3. Monocytes as an integral part of the immune system

Monocytes are one of the major cellular elements of the innate immune system 
and have crucial roles to play in the tissue homeostasis. Monocytes are called the 
largest leucocyte, with their diameter between 12 to 20 μm [14]. These cells are easily 
identified in the blood due to their relatively large size and convoluted bilobed or 
kidney shaped nuclei [14]. Macrophages are derived from the monocytes and serves 
as a phagocyte that gulps the microbes in their vicinity. They can reach the site of 
inflammation in a very short time [15].

A monocyte can differentiate into various populations of macrophages and 
dendritic cells in order to regulate cellular homeostasis during infection and inflam-
mation [16]. Monocytes are known to perform two distinct roles as follows:

1. They are the patrolling cells and identify microbial cells to orchestrate an 
immune response.

2. They express different pattern recognition receptors (PRRs), including toll-like 
receptors on their surfaces which interacts with pathogen-associated molecular 
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patterns present on the invading microbial cells [17]. It is in response to this 
stimuli, monocytes exit the bone marrow into the circulating blood to reach and 
infiltrate the tissues with infection within 12 to 24 hours [18].

Subsequent to their arrival at the affected site, the monocytes attach themselves 
to the endothelium and roll along the vascular surface. Subsequently, they extrava-
sate and perform diapedesis to reach the area of inflammation. This is regulated by 
monocyte related, endothelial related and chemotaxis related factors. Monocytes 
from here on function as phagocytes, which present antigens from the foreign cells, 
to facilitate ingestion and removal of microbes, foreign materials, and necrotic cells. 
Further, antigen-presenting cells may also include macrophages, dendritic cells, B 
lymphocytes, and activated endothelial cells [19].

The role of monocytes is in the immune system is very versatile and is cru-
cially related to various types of disorders of infectious and inflammatory origin. 
Monocytosis is a characteristic feature of numerous inflammatory and immune 
disorders such as rheumatoid arthritis, systemic lupus erythematous, and sarcoidosis. 
Hence, monocytes in periodontal inflammation and systemic circulation has been 
related in the recent days. Monocytes mediate inflammatory reaction by producing 
both cytokines mounting an substantial immune response and promoting healing by 
secreting anti-inflammatory cytokines [20].

Macrophages, present in all tissues are formed by differentiation of circulating 
peripheral-blood mononuclear cells. Monocytes form the blood stream, migrate into 
the tissue to old tissue-specific macrophages of the tissue. They become tissue specific 
as they perform their function. These macrophages can further differentiate into vari-
ous specialized macrophages based on their location. Examples of this may include 
histiocytes in the connective tissue and osteoclasts in the bone [21].

4. Monocyte subpopulations

While monocytes are characterized for various functions, it is inevitable to classify 
it according to the function. Generally, they are classified as classical, non-classical, 
or intermediate monocytes [22]. Classical monocytes are those that can turn into 
macrophages at the site of injury. While, non-classical monocytes are mainly involved 
in vasculature surveillance, the Intermediate monocytes, called hyperinflamma-
tory monocytes have major role in the inflammatory cascade [23]. The non-classical 
monocytes group accumulate at the sites of chronic bacterial infection, producing low 
levels of pro-inflammatory, but high levels of anti-inflammatory cytokines. Hence, 
this is more relevant to periodontal infections.

Recently, macrophages are designated pro-inflammatory macrophages (M1) 
and anti-inflammatory or resolution macrophages (M2) [24]. M1 macrophages are 
linked with the inflammatory mediators - interleukin (IL)-12 and IL-8. Hence they 
activate type 1 T helper cells. On the other hand, M2 macrophages are related with 
transforming growth factor-beta, vascular endothelial growth factor and epidermal 
growth factor, activating type 2 T helper cells. Therefore, there is a distinct differ-
ence in the roles of various subpopulations. During inflammation, subsequent to 
 diapedesis for reaching the site of action, activation of M1 macrophage occurs, leading 
to production of tumor necrosis factor -α and IL-12. However, during the resolution 
of inflammation, M2 macrophages are activated inducing VEGF etc., leading to  
neo-angiogenesis and healing [25].
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In this connection, description of monocytes in relation to CD factors is crucial 
for the critical understanding about its role. CD14 is known as monocyte/macrophage 
differentiation antigen on the surface of myeloid lineage. This protein has a major 
role in immune recognition and reactivation. However, recently CD14 is shown to be 
associated with the phagocytic clearance of apoptotic cells. The CD14 protein acts as a 
receptor for binding the lipopolysaccharides [26].

CD16− monocytes are known to produce both pro- and anti-inflammatory cyto-
kines production in addition to leukocyte recruitment during infections, while CD16+ 
monocytes induce IL-1beta synthesis and leukocyte recruitment under non-infectious 
conditions [26].

It has been reported that various systemic diseases are associated with change in 
these proportions of monocyte subpopulations. This lower percentage of CD14+/
CD16+ monocytes was found in rheumatoid arthritis [27]. Chronic kidney disease 
patients also show change in these monocytes [28]. With relevance to the original 
discussion, CD14 and CD16 were increased in chronic and aggressive periodontitis 
patients respectively [29]. The CD14+/CD16+ cells occur as about 10% of all blood 
monocytes. They have allow level expression of the CD14 molecule and a high level 
expression of the CD16 (Fc gamma R III) molecule. Specifically, phenotypic mark-
ers of the CD14+/CD16+ blood monocytes resemble tissue macrophages [30]. In 
this regard, it is worthwhile to note that these monocytes acquire phagocyte like 
properties even when they are in the blood stream. Therefore, increased produc-
tion of these cells due to any reason may raise the systemic phagocyte load leading 
to unexpected mounting of immune response at a location unrelated to the site of 
production of these cells. In this regard, periodontal inflammation can play a major 
role in increasing the systemic inflammatory load, both on the basis of humoral and 
cell mediated pathways.

5. Periodontitis as an oral disorder with immune system role

Periodontitis as generally known, is characterized by a chronic inflammation 
of periodontal tissue associated with pathogens and modified by various local and 
systemic factors [13]. Therefore, the pathogenesis is complicated and slow process. In 
this regard, various imbalances of the immune system precipitated by the oral floral 
dysbiosis considered as an important factor in the etiopathogenesis of periodontitis 
[13]. Numerous works have focused on the external pathogenic factors and the clini-
cal treatment of periodontitis. However there is limited documentation of changes in 
the molecular aspects of the immune system in such cases [13]. In the recent litera-
ture, the importance of the imbalance of the periodontal immune system is being 
focused. The abnormality of cytokines in the host immune response can have a far 
reaching impact on the human body [13].

6. Role of monocytes in pathogenesis of periodontitis

In a healthy or normobiotic gingival environment, Gram-positive cocci and rods 
predominate the system. As the plaque matures, there is a gradual transition in to 
a complex community that is predominated by gram-negative rods, filaments and 
the fusiforms [31]. This is one of the first steps towards progression to periodontal 
inflammation. Previous studies have demonstrated high prevalence of prevotella and 
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fusobacteria in early periodontitis [31]. P. intermedia was found to be the predominant 
anaerobic species that predisposes to periodontitis [31]. Major periodontal pathogens 
are Porphyromonas gingivalis, Tannerella forsythia and Treponema denticola. When 
there is a shift in the microbiome, the host response is stimulated and inflammatory 
reaction sets in. The reaction may be modified by the composition of the flora. It is 
also known that this dysbiosis may facilitate a non-pathogenic organism to become 
a pathogen and express virulence. Therefore, this composition may be important to 
identify the stage of periodontal disease.

In this line of thinking, the CD14 molecule is recognized as primary factor for the 
innate recognition of bacteria. This CD14 is a 55-kDa glycoprotein that exist in both 
soluble and membrane bound form, represented as sCD14 and mCD14 respectively. 
The membrane bound form is immobilized by glycosylphosphatidylinositol tail and 
is found mainly on mature monocytes, macrophages, and activated neutrophils. 
Further, the soluble formin circulation is attributed to protease-mediated shedding/
cleavage of mCD14. The main role of sCD14 is to provide non-CD14 cells, sensitivity 
to bacterial products. These cells may be epithelium, fibroblast and so on. Therefore, 
it should be recognized that all forms of CD14 function as a receptor for byproducts 
of bacterial cell wall [32].

With regard to periodontium derived mesenchymal stromal cells, soluble CD14 
causes radical increase in inflammatory response to bacterial products. Therefore, 
CD14 acts as a major factor for mounting an inflammatory response. On the other 
hand, CD16, a type III Fcγ receptor, is involved in antibody-dependent cell-mediated 
cytotoxicity. In the absence of CD16, this immunological activity is absent in cells. 
Further, treatment of CD16- monocytes with inflammatory mediators, would result 
in expression of CD16 in the cell membrane making them CD16+. Hence production 
of inflammatory mediators by CD14+ monocytes may result in up-regulation of CD16 
in monocytes. This CD16+ monocytes require cell-cell contact by integrin for killing 
the target, by releasing cytotoxic granules [33].

While mechanisms of the host response to periodontal infection have been exten-
sively studied, CD14 still remains an interesting molecule as its role to periodontitis 
still remains unclear. Reports have associated increased CD14 and CD16 monocytes in 
the vicinity of periodontitis [34]. Further, CD14+ monocytes are related to osteoclast 
development leading to influence on bone homeostasis [35]. Some reports have said that 
the expression of mCD14 in peripheral monocytes decreased in periodontitis, while 
some authors report no difference. However, majority of the reports show a positive 
association of sCD14 levels with periodontal disease. Therefore, an increase in produc-
tion of sCD14 in moderate-to-severe and generalized periodontal breakdown cases may 
be expected. As a corollary, local levels of sCD14 can be observed in saliva and GCF. As 
an additional finding, scaling and root planning reduced salivary sCD14 levels.

Further, soluble CD14 can stimulate inflammation even in the absence of bacterial 
by products, thereby increasing the secretion of pro-inflammatory cytokines, chemo-
kines, and mediators in the local and systemic cells [35].

An important finding is that P. gingivalis outer membrane vesicles can inactivate 
the CD14 receptor, cleaving the mCD14 from monocytes, resulting in decreased 
phagocytosis and pathogen elimination [36]. Therefore, Gingipains of P. gingivalis 
bypass the CD14 based immunity and invade the tissues. Therefore, resultant sCD14 
may sensitize adjacent tissues and may enter blood stream leading to sensitization 
of somatic cells to bacterial byproducts. While host tries to produce more CD14 cells 
at the inflammatory site, bacteria cleave the CD14 locally, destroying tissues for its 
nourishment. In this pathway, it also leads to systemic complication.
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In interesting phenomenon here is the vicious cycle of monocyte production by 
body and inactivation by pathogens, leading to flooding of location with cell debris 
and inflammatory mediators leading to progress of the disease. Other cells of the 
immune system contribute substantially to this process, thereby contributing to tissue 
destruction. Other cells of the immune system lead to secretion of various cytokines 
that directly and indirectly destroy the pathogens. In this nexus of interaction, if the 
intervention is successful, the periodontium restored to healthy state.

7. Periodontitis as a risk factor for systemic disease

Periodontal inflammation and systemic inflammation appear to be a two way 
traffic and is demonstrated in many instances. Several authors have reported the 
association between systemic diseases and periodontal diseases. Periodontium acts 
as a constant reservoir of infection due to periodontal flora that enters the blood 
stream, causing stimulation of systemic immunity. This stimulation leads to produc-
tion of inflammatory mediators that adversely affects various systems of the body 
(Figure 1) [37].

Aspiration of oral flora can lead to respiratory infections. Constantly high levels 
of periodontal inflammation leads to increase of systemic C-reactive protein and 
interleukin (IL)-6 levels and consequent changes in atherosclerotic lesions. This 
would give rise to various cardiac or cerebrovascular events [38]. It is also reported 
that rheumatoid arthritis and periodontitis share common immunological processes 
[39]. In this line, well known bidirectional link exists between Diabetes mellitus 

Figure 1. 
Schematic representation of the role of non-classical monocytes.
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and periodontitis [40]. It is also observed that periodontal flora can also worsen 
Alzheimer’s disease by two mechanisms, viz. increased inflammatory cytokines and 
invasion of brain by microbes from periodontium. Other systems like renal, skin, 
reproductive and so on are affected by rise in systemic inflammation [38].

As discussed above, the relation between periodontal inflammation and systemic 
diseases is well established. The mechanism widely proposed is through increase in 
systemic inflammation. It is sensible to relate this with other systemic inflammatory 
diseases like rheumatoid arthritis, lupus erythematous, etc. This rise in systemic 
inflammation stimulates various organ systems to secrete their specific inflamma-
tory mediators leading to inflammation in that organ. Like the well-known concept 
of “focus of infection”, this may be called “focus of inflammation” for the purpose of 
understanding. Every bite or masticatory process would pump the periodontal inflam-
matory products into blood stream. In the initial stages the stimulus would be well 
below the threshold of other organs. With continuous and repeated stimulation of 
tissues by chemical messengers of inflammation, this would cause multiple pathways 
to be activated. As every organ system responds uniquely to inflammation, the mani-
festation may bring the patient to a clinician, who may not have any clue of the origin 
of inflammation. In the recent general medical practice, awareness of clinicians to this 
focus of inflammation has increased, and they regularly refer patients for clearance 
from dentist prior to any procedure or devising a treatment plan. The inflammatory 
condition most commonly manifests as a non-communicable disease like arthritis, 
cardiovascular disorders and so on, but indeed it is a product of infection.

Management of such infections systemically frequently includes anti-inflammatory 
drugs and seldom antibiotics. As periodontal infection is identified as a culprit in 
systemic disorders of wide range, proper administration of antibiotic is needed to 
solve the problem completely. Further, rise in periodontal inflammation can also be a 
byproduct of rise in systemic inflammation. For instance increased blood sugar level 
can bring about increase in systemic inflammation and its influence of periodontal 
inflammation. Uncontrolled diabetes is well known to increase periodontal inflam-
mation. Hence therapeutics of periodontal inflammation is well intertwined with 
systemic inflammatory processes. Therefore, dentist must have opinion from a physi-
cian to completely assess and address the condition, to afford a proper and complete 
treatment.

8. Monocytes role in periodontitis systemic disease link

Monocytes are trafficked during chronic inflammation in a slow and  
well-orchestrated way. Increased monocytes in a location contributes significantly to 
the pool of monocytes available in circulation. Monocytosis could be initiated by the 
infection and it drives the monocyte precursor proliferation. As we have discussed 
amount of monocyte can be proportional to the size of inflammation. Further, 
removal of monocytes from circulation would leads to reduction in macrophage in 
the inflamed tissues. Therefore, periodontally stimulated monocytes can reach the 
systemic circulation and lead to recruitment of macrophages elsewhere in the body. 
As with inflammatory mediators stimulating inflammation in various far off organs, 
monocytes can do the same effect, driving cell based inflammation in the visceral 
and other organs, presenting clinically with a disease of unknown etiology. In this 
context, when monocytes reach other organs, the interaction of monocyte with that 
organ entirely be different and specific [41].
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Further, monocytes recruited in chronic inflammatory condition can lead to increase 
in inflammation while those recruited in acute phase can heal the inflammation. This is 
due to change in subpopulation and difference in release of mediators of inflammation.

In this regard, many questions remain unanswered with respect to monocytes in 
chronic inflammation. We know that monocyte recruitment increases inflammation 
in chronic diseases, however, specific subpopulation that works in every organ is not 
yet found out. To elaborate, the questions to be answered are:

• What is the phenotype of monocyte that is released in to blood stream from 
periodontal inflammations?

• What are the systemic organs that are affected by released monocyte 
subpopulations?

• Does every organ get equally stimulated by released monocyte subpopulation or 
certain organs are resistant to periodontal inflammation induced monocytes?

• Do CD14+ and CD16+ monocyte alone drive the systemic inflammation? If not, 
what are the modifying factors?

• Will systemic suppression of monocyte lead to lesser recruitment of macrophage 
in periodontal inflammation?

• Will subpopulations interact in such a way as to stimulate each other destruc-
tively leading to destruction of periodontium?

As previously stated, monocytes appear to be a key factor in periodontal inflam-
mation in this situation. Their CD14 and CD16 play an active involvement in peri-
odontal inflammation that is “yet to be fully investigated.” The role of CD14 and 
CD16 monocytes in systemic immunity, on the other hand, has been thoroughly 
investigated. As a result of the spillage of monocytes and their by-products into the 
bloodstream, somatic cells are stimulated, and inflammation increases brutally. By 
increasing inflammation, this rise in systemic inflammation would have a vicious 
effect on periodontal tissues.

9. Clinical implications

Though the complete knowledge of monocytes is yet to be achieved, its clinical 
implications are profound and need attention by not just dentists but also by physi-
cians and other specialists. As explained in the previous section, every system in the 
body can be potentially affected by this pathologic process.

With respect to the cardiovascular system, chronic periodontitis is well associated 
with coronary heart disease (CHD) and increases the risk with other contributory 
factors. The link may be through direct infection or due to increase in systemic 
inflammation, coupled with genetic factors. Elevated inflammatory markers reaching 
the atherosclerotic lesions may increase the risk for cardiac or cerebrovascular events 
[42]. Further, monocyte increase is associated with cardiac diseases [43].

With respect to respiratory system, in addition to flora directly contributing 
to various diseases, it is important to note that there is an association of monocyte 
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increase in fibrotic diseases [44]. Hence periodontitis may contribute to poor outcome 
in such cases.

With regard to muscular system, macrophages are needed to repair the injured 
skeletal muscles [45]. Circulating monocytes contribute to this process. However, 
with increase in systemic inflammation due to periodontitis, this healing may be 
delayed. Nevertheless, evidence to this statement is not clearly available. With regard 
to skeletal system, it has been well discussed about rheumatic arthritis and periodon-
titis have similar pathophysiology. Therefore, monocytes from periodontal inflamma-
tion can increase the arthritis and lead to poor outcome.

As a major observation, CD16+ and CD14+ monocytes are associated with 
preterm labor. It has been suggested that CD16 can be a marker of preterm labor 
[46]. In addition, low birth weight and other adverse pregnancy outcomes have 
been reported to be associated with periodontitis. However, the contributory role 
of monocytes, especially CD14+ and CD16+ have not been reported. However, 
even subclinical periodontal infections can trigger adverse pregnancy outcomes as 
reported by Raj et al. [47].

Diabetes mellitus and periodontal infection is previously discussed. In addi-
tion, role of monocytes in diabetes is well explained recently by Kantar et al. [48]. 
According to them, monocytes and macrophages may be considered as “protagonists” 
in the inflammatory pathways of Diabetes mellitus and actually mediate all complica-
tions in various organs. However, they do not instigate the process, but only do role 
play of destruction. Previous authors have also associated obesity with increases 
CD14+ and CD16+ monocytes [49]. It has been said that periodontal inflammation is 
associated with malignancy [50]. However, role of monocytes in this mediation is yet 
to be reported in the literature.

In connection with nervous system disorders, Alzheimer’s disease has been associ-
ated with periodontal disorders. Monocytes are useful in clearing the amyloid plaque 
deposited, but it also increases the pre-existing inflammation in the central nervous 
system [51]. However, specific role of CD14+ and CD16+ monocytes from periodontal 
origin is yet unexplored.

With this information, it is to be understood that periodontitis is associated with 
all these disorders. Immune system of the body is involved with all other systems for 
defense. However, periodontitis interferes with this system through various pathways 
including monocytes. Therefore, periodontitis assumes phenomenal importance in all 
disciplines of medicine and dentistry. The awareness should be spread to all medical 
and paramedical experts to aid in proper management of patients who come with 
pain and suffering.

10. Conclusion

With the previous collection of evidence discussed in this chapter, apparently 
monocytes have large number of roles in the immune system. It has various subpopu-
lations catering to specific needs in specific tissues. In this discussion, CD14 and CD16 
cells are focused upon. However, the evidence from literature is scanty in several 
aspects. It is necessary to study the immunological pathways that involve the said 
monocytes from periodontal origin. This lacuna should be addressed to improve the 
standard of care provided to patients. Systemic manifestations of periodontitis may 
present as a disorder of specific system and the patient may seek advice either from 
a physician or a specialist of that organ system. In the absence of this background 
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knowledge, the therapy may not be successful, as origin of the disorder is not 
addressed. Furthering the research in this direction can solve a lot of puzzles in both 
medicine and dentistry.

In the other direction, role of systemically originated monocytes in periodontium 
should also be further explored. This bidirectional approach is the key to breaking 
this vicious cycle. Very few diseases have been thoroughly explored in this regard like 
Diabetes Mellitus. However, potential role of other inflammatory disorders should be 
explored. An important fact here is that, in a vicious cycle involving periodontium 
and other organs, periodontium is easily accessible for therapy that breaks the said 
cycle compared to other visceral organs. Hence physicians should advice patients to 
consult dental clinicians to get their periodontitis under good control so that other 
organs may be prevented from damage. If periodontal therapy can stop a lot of disor-
ders, then the burden of care and expenditure for health would reduce considerably in 
the global level.
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Chapter 14

Interaction of Ebola Virus with the 
Innate Immune System
Parastoo Yousefi and Alireza Tabibzadeh

Abstract

The Ebola viruses (EBOVs) are known as one the most lethal viruses. EBOV 
systemic infection can cause damage to vital organs and lead to death. The immune 
responses of the innate immune system and inflammatory cascade are critical  
elements in the EBOV pathogenesis and mortality. The primary innate immune 
system response can shape the adaptive immune responses. The innate immune 
response, due to the pattern-recognition receptors (PRRs), can induce interferons 
(IFN). IFN is a critical element in the antiviral response. The EBOV can evade the IFN 
and innate immunity using different mechanisms, whereas a well-controlled and suf-
ficient innate immune response is vital for limiting the EBOV infection. In this regard, 
a hyperactive inflammation response may lead to cytokine storms and death. In this 
chapter, we have tried to provide a perspective on the pathogenesis and molecular 
mechanisms of the innate immune system and its interaction with EBOV infection.

Keywords: Ebola virus, immunity, innate immune responses, macrophages, VP35

1. Introduction

The Ebola virus (EBOV) genus and Marburg viruses are classified in the 
Filoviridae family and Mononegavirales order [1]. The EBOV contains a linear 
single-stranded RNA genome of 18.9-kilobase length and a membrane glycoprotein 
[2, 3]. Over the past 40 years, there have been 34 episodes of EBOV outbreaks in 
11 different Sub-Saharan African countries. The first outbreaks occurred in 1971 
in the Democratic Republic of the Congo (DRC) and Sudan [3]. These outbreaks 
amassed a total of more than 34000 cases and led to 14000 deaths [3]. EBOV Sudan, 
Bundibugyo, Zaire, and Reston are important species of the EBOV infection in 
humans [4]. The basic reproductive number (R0) of the EBOV is estimated to be in 
the range of 1.51–2.53 [4].

Some therapeutic and vaccination strategies have been introduced against the 
EBOV so far. The remdesivir, monoclonal antibodies [5], and rVSV-ZEBOV (vesicular 
stomatitis virus-based vaccine which is expressing the glycoprotein of a Zaire Ebola 
virus) [6] are considered ongoing advances in this area for EBOV treatment and 
transmission control.

Innate immunity and interferons (IFN) production are one of the most impor-
tant immune responses to viral infections. Interaction between the Ebola virus and 
innate immunity with a well-regulated inflammation response can be life-saving in 
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patients with the Ebola virus disease (EBD) [7]. The interaction of the EBOV with 
the innate immune system is a multifactorial condition, and it is largely associated 
with cytokines, chemokines, inflammation mediators, the NK cell receptors, and 
pathogen-associated molecular patterns (PAMPs), such as killer immunoglobulin-
like receptor (KIR) and Toll-like receptors (TLRs) [8, 9]. The signaling pathways in 
the innate immune system are triggered after PAMPs detected by pattern-recognition 
receptors (PRRs) [10]. Based on protein domain homology, the PRRs are classified 
into six groups TLRs, a retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), 
nucleotide oligomerization domain (NOD)-like receptors (NLRs), C-type lectin 
receptors (CLRs), absent in melanoma-2 (AIM2)-like receptors (ALRs), and cyclic 
GMP-AMP synthase and stimulator of interferon genes (cGAS-STING pathway) 
[11, 12]. PRRs are also able to recognize molecules released by damaged cells (The 
damage-associated molecular pattern-DAMPs) and activate natural immunity 
[13, 14]. The detection of PAMPs or DAMPs by PRRs increases the transcription of 
genes encoding cytokine and chemokine, IFN type 1, and antimicrobial proteins 
(AMPs) [15]. Furthermore, most of the TLRs recognize double-stranded RNA 
(dsRNA) whereas TLR7 and TLR8 bind single-stranded RNA (ssRNA) in endosomes 
[16]. After recognition, TLRs recruit several adaptor proteins, including Myeloid 
Differentiation primary response 88 (MyD88), TIR-domain-containing adaptor 
protein (TIRAP), TIR-domain-containing adapter-inducing interferon-β (TRIF), 
and TRIF-related adapter molecule (TRAM) [17]. This initiates downstream signal-
ing cascades that lead to the activation of transcription factors, such as transcription 
factors NF-κB, interferon regulatory factor 3/7 (IRF3/7), and activator protein-1 
(AP-1). These factors stimulate the transcription of genes in the cell nucleus and 
increase the secretion of pro-inflammatory cytokines and IFN [15, 18]. RIG-1 and 
melanoma differentiation-associated gene 5 (MDA5), recognize viral ss/dsRNA 
molecule leads to the translocation of NF-kB, mitogen-activated protein kinases 
(MAPKs), as well as interferon regulatory factors IRF3, IRF7 [19]. RIG-1 signaling 
pathway plays a crucial role in the antiviral innate immune response. Activated 
RIG-1 can interact with signaling adaptor protein mitochondrial antiviral signaling 
protein (MAVS), also known as IFN-β promoter stimulator 1 (IPS-1), to induction 
of NF-κB signaling or interferon pathways. It was revealed that upon viral infection, 
MAVs form high-molecular-weight aggregates downstream of RIG-1 and MDA5 
signaling [20]. Activated MAVS–RIG-I signaling ultimately results in the activa-
tion of the antiviral IFN-I pathway [21]. The binding of type I and III IFNs to their 
receptors activates the Jak–STAT pathway, which is responsible for enhancing IFN-
stimulated gene expression, which includes antiviral genes, such as Viperin, MxA, 
MxB, IFITMs, OAS, and PKR [22, 23]. One of the most important complexes, which 
participate in host defense by sensing viral infection and promoting innate immune 
system response, is the inflammasome, first described by Martinon in 2002 [24]. The 
best-studied inflammasome sensor is NOD-like receptor pyrin domain-containing 
protein 3 (NLRP3), which consists of a sensor molecule (NLRP3), the adaptor pro-
tein ASC, also called PYCARD, and an effector pro-caspase-1 [25]. Activated caspase 
is required for the cleavage of the inactivated interleukin-1 family (IL-1), such as 
pro-IL-18 and pro-IL-1β to the mature forms to initiate inflammasome [26].

Dendritic cells (DCs) and macrophages are one of the main axes for filoviruses 
infections due to the activation of the adaptive immune [27, 28]. In addition, the 
macrophage’s infection and attachment by EBOV result in downstream signaling 
for alteration of the expression profile in these cells. This alteration leads to the 
pro-inflammatory cytokine release and virus spreading, which both are important 
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elements in the disease progression and outcome [29, 30]. In this regard, in the 
current chapter, we tried to provide a perspective on the pathophysiology and 
molecular mechanisms of the innate immune system and its interaction with EBOV 
infection.

2. Ebola virus: history and epidemiology

Over the past 40 years, there are 34 episodes of the EBOV outbreak in more than 
10 different Sub-Saharan African countries leading to numerous cases and deaths 
[31]. Different species of the EBOV have been reported thus far. Three important 
species are known as Sudan, Bundibugyo, and Reston [32]. The responsible species 
for the 2014 outbreak of EBOV was identified as the Zaire ebolavirus [32]. The EBOV 
disease is a zoonotic disease in nature and the major route for transmission is contact 
with the infected animal especially chimpanzees, fruit bats, and antelope [2, 33]. The 
virus genome could be detectable for 10 weeks postmortem [34]. Any contact with 
bodily fluids is a major route for transmission of EBOV [35]. Even after the survival 
from the disease the viral genome can be detected in semen for 179 days and leads 
to sexual transmission in some cases [36]. Fever, fatigue, diarrhea, and tachycardia 
are the most common symptoms and based on the infected strain and the patient’s 
age, 43% of mortality is reported over the 8 days following the infection [37]. In 
convalesce or a long time after the remission, some rare complications and long-term 
sequels, such as uveitis or blurred vision, sleeping problems, and meningoencephalitis 
are reported [38–40].

3. EBOVE virology and pathogenicity

3.1 Virology and classification

The Ebola virus (EBOV) genus in Filoviridae is a member of the great order of 
Mononegavirales [1]. There are seven important genes in EBOV. The nucleoprotein 
(NP) is curial for replication and virus formation. Also, viral protein 35 (VP35) is 
important in the IFN synthesis blocking and virus replication while VP40 acts as an 
element in virus formation and intracellular trafficking. The glycoprotein (GP) is 
a major element for viral entry and induces lymphocyte apoptosis by soluble GPs. 
EBOV VP30 has been assumed to function as a transcription activation factor, which 
is essential for viral replication. VP24 is necessary for the formation of nucleocapsids 
(NC) and nucleocapsid-like structures, and Ebola virus L proteins act as subunits of 
RNA-dependent RNA polymerase, which along with VP35, is necessary for viral rep-
lication and transcription [41–43]. A summary of the function of genes is provided in 
Table 1.

The VP35 is a key viral protein in the EBOV virulence. This unique protein inhibits 
the induction of IFN type I in the infected cell. The IFN type I has long been declared 
a key element in the host’s innate antiviral response [45]. In this regard, the VP35 is 
considered the most important for virus immune evasion [46]. The IFN blocking 
strategy in EBOV is not limited to VP35. Other EBOV protein VP24 can actively bind 
to the karyopherin alpha (KPNA) and interfere with the IFN STAT1 downstream 
signaling [47]. Furthermore, VP24 seems to be essential for the EBOV replication in 
macrophages of the guinea pig as an animal model [48].
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3.2 Pathogenicity and treatment

The EBOV represents an affinity to a wide range of the cellular receptors for virus 
attachment to the cells. Following the systemic virus infection, viral cytopathology 
and immune-mediated cell damage are two essential steps of the EBOV pathogenesis 
and tissue damage [49]. One of the suggested pathogenic mechanisms of the EBOV 
is the antibody-dependent augmentation of the infection through the attachment of 
the antibodies to the virus and the C1q-C1q receptor of the complement in the cell 
surfaces [50].

One of the most important therapeutic agents for EBOV is the remdesivir. The 
remdesivir acts as an inhibitor of the virus RNA polymerase and leads to chain 
termination [51]. Efforts for the treatment of the EBOV also lead to some monoclonal 
antibodies against this virus; for instance, old and newer versions of these monoclo-
nal antibodies are ZMapp, MAb114, and REGN-EB3 [5].

4. Innate immune system and EBOV

4.1 Primary innate immune response and inflammation

Interaction between the Ebola virus and innate immunity suggested that a fast 
and well-regulated inflammation response could be life-saving in patients with 
the Ebola virus disease (EBD). While a massive monocyte/macrophage activation 
could be lethal [7]. The mononuclear phagocytes are import element in the EBD 
pathology [52].

Biomarkers are suggestive elements for disease prognosis and pathogenesis. Some 
markers such as apoptosis antigen-Fas, IFN-β, IL-29, IL-5, TNFR-II, and FAS ligand 
levels are associated with the moderate disease while the D-dimer, Granzyme B, 
IL-10, IL-6, IL-8, TNFR-I, vWF (von Willebrand factor), monocyte chemoattractant 
proteins and thrombomodulin are associate with severe disease [53]. Furthermore, 
up-regulation of the IL-1β and IL-6 can suggest a non-fatal infection while the 
increase in TNF-α, IFN-ɤ, IL-10, IL-1 receptor antagonist, neopterin, IL-8, IL-15, and 
IL-16 is associated with the lethal outcome [7, 54–56]. By considering all these mark-
ers, it has been suggested that in a general view an increase in cytokines and cytokine 
storm, which it is, represents a hyperactive of the innate immune responses and in the 

Viral gene name Important functions

VP24 formation of nucleocapsids (NC) and nucleocapsid-like structures, inhibit IFN signaling

L RNA-dependent RNA polymerase

glycoprotein 
(GP)

viral entry induces lymphocyte apoptosis and reduces neutralizing antibodies by soluble 
GPs

NP Nucleoprotein formation

VP40 Virus assembly

VP35 inhibits the induction of IFN type I

VP30 transcription activation factor

Table 1. 
A summary of the important functions of the Ebola virus genes [41, 44].
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other way, suppression of the adaptive immune responses and lymphocyte apoptosis 
is the main pathogenesis feature of the EBD and lethal infections [55].

The lymphocyte apoptosis leads to lymphocyte depletion. This apoptotic feature 
is not due to the replication and infection of the lymphocytes but it mediates through 
viral and immune system stimulations [57]. sGP, a viral protein produced during EBOV 
infection and accumulates at high concentrations in the serum, serves as a decoy to 
prevent the immune system from fighting the infection by binding EBOV-neutralizing 
antibodies [58]. It is assumed that glycosylation of transmembrane GP may affect neu-
tralizing antibody binding [59]. Virally infected cells, release inflammation mediators 
that induce Fas and TNF-associated apoptosis-inducing ligands (TRAIL) pathways that 
can result in lymphocyte apoptosis and lack of an effective adaptive immune response 
[60–62]. In EBOV infection, lymphocytes are not directly infected, but apoptosis of 
lymphocytes is a pathological feature of infection. It is hypothesized that the factors 
(such as TRAIL, TNF-a, and Fas ligand) secreted by macrophages and dendritic cells 
infected in EBOV, cause lymphocyte apoptosis [52, 60].

Investigation of the EBOV infection in asymptomatic people suggested strong 
activation of the innate immune system and inflammation, which leads to adaptive 
immune activation and cytotoxic T cell responses. The strong activation of the innate 
immune system, inflammation and adaptive immune activation are considered as the 
optimum immune response to EBOV [63]. The main concept of the current section 
is summarized in Figure 1. The figure represents the EBOV infection in lethal and 
non-lethal scenarios and the role of the innate immune and inflammation in this 
process. In addition, some important interactions of the EBOV proteins are noted, for 
instance, the role of the VP35 and VP24 in type I interferon blocking or the role of the 
soluble glycoproteins in lymphocyte apoptosis.

Figure 1. 
A summary of the EBOV infection in lethal and non-lethal scenarios and the role of the innate immune and 
inflammation. After the EBOV, infection such as any other viral infection innate immunity induces inflammation 
and IFN. The VP35 and VP24 of the EBOV block the IFN production. A well-controlled and sufficient innate 
immune response, while it leads to the adaptive immune response, is assumed main cause of asymptomatic or 
non-lethal infections.
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4.2 Innate immunity receptors and EBOV

The interaction of the EBOV and the innate immune system is not only limited to 
the cytokines, chemokines, or inflammation mediators. In this regard, the NK cell 
and T cell receptors, which are known as killer immunoglobulin-like receptors (KIR), 
are critical. The role of the NK cells in response to the EBOV viral-like particles high-
lighted the importance of these cells in the innate immune response to the EBOV [64]. 
The KIRs are important elements in the host response to infectious diseases. KIR2DS1 
and KIR2DS3 of repertoire genotypes of the KIR represent more susceptibility to fatal 
EBOV [8].

In the EBOV infection, the interaction of the innate and adaptive immune 
responses is critical for the disease outcome. The Toll-like receptor 4 (TLR4) is a vital 
element in response to the EBOV glycoprotein and activation of the antigen-present-
ing cells and T cells. By considering this, TLR4 responses represent a vital role in the 
regulation of innate and adaptive immunity [9]. The interaction of the TLR4 and 
monocytes (as antigen-presenting cells) highlighted the importance of the monocytes 
in the regulation of the immune response. The evidence supports the alteration of the 
transcriptional patterns in monocytes in EBD [65]. Furthermore, one of the major 
elements in inflammation and IFN stimulation is NLRP3 [66]. The EBOV infection 
could increase the IL-1β and IL-18 by the NLRP3 inflammasome activation [67]. This 
factor highlights the importance of the NLRP3 in pro-inflammatory cytokine produc-
tion and innate immune system responses.

5.  Macrophages and other important innate immune cells in Ebola virus 
innate immune responses

The DCs and macrophages infection with the EBOV is critical for adaptive 
immune activation. The EBOV infection leads to macrophage activation (by increas-
ing the CD163 marker) and decreases T cell activation (by reducing in CD25 marker) 
in severe cases [68]. The macrophage’s infection leads to reductions in the co-stimula-
tory molecules in these cells, which are known as the main adaptive immune activa-
tion and the axis of the antigen presentation [27, 28]. The macrophage infection also 
leads to alteration in pro-inflammatory cytokine releases, such as IL-1β, TNF-α, and 
IL-6, which could dysregulate the inflammation [69]. Furthermore, monocytes infec-
tion with EBOV is a toll on the virus spreading all around the body [69]. The EBOV 
uses a mimicking of the apoptosis process for attachment and entry macrophages 
due to the TAM receptor tyrosine kinases and integrin αV [70]. However, it seems 
that other cell surface receptors such as DC-SIGN and DC-SIGNR or macrophage 
galactose-type calcium-type lectin (MGL) are critical for the EBOV infection in DC 
and macrophages [71, 72]. The attachment of the virus to macrophages regardless of 
the virus entry or macrophage infection affects the macrophage’s expression profile. 
This alteration is led macrophages to produce high levels of pro-inflammatory and 
pro-apoptotic signals [30].

Macrophages and dendritic cells are important cell targets of EBOV and the main 
innate immune cells that secrete cytokines, and chemokines following infection 
[29, 69]. Although macrophages and DCs are still able to initiate coagulation and 
inflammation, they are not able to stop the spreading of the Ebola virus systemi-
cally due to their impaired ability [28, 73]. These dysfunctions have a major impact 
on the innate and adaptive immune systems [74]. Macrophages and DCs are the 
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essential cells of innate immunity and provide a bridge between innate and adaptive 
immunity [75]. It will highlight the importance of these cells in the disease outcome 
(Figure 1). Furthermore, VP24 and VP35 block latent lymphocyte stimulation 
through the IFN response [73]. All these clues are critical to combine and work 
as chains for limiting the infection through sufficient and well-controlled innate 
immune response activation, which leads to adaptive immune responses.

6. Conclusions

In this chapter, we tried to provide a perspective on the EBOV infection and innate 
immune responses. In a glimpse, it is worth mentioning that innate immune responses are 
critical in the EBOV infection. Sufficient and well-controlled innate immune responses 
may lead to optimum cytokine release and adaptive immune activation. In contrast, an 
overreacted innate immunity could affect and hyper-inflammation response.

The macrophages and DCs are also key elements in EBOV infection due to pro-
inflammatory response and virus spreading. The EBOV uses different strategies to 
dysregulate and evade innate immune responses.

VP35 and VP24 of the virus inhibit the IFN type I stimulation in infected cells. 
Furthermore, the soluble GPs of the EBOV can induce apoptosis in T cells. The 
interaction of the EBOV with innate immunity is the most fundamental feature of the 
infection and determines the disease outcome.
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Chapter 15

Macrophage Polarization in Viral 
Infectious Diseases: Confrontation 
with the Reality
Perla Abou Atmeh, Soraya Mezouar and Jean-Louis Mège

Abstract

The role of macrophages in viral infections is well documented. Their activation 
status also called macrophage polarization categorized by the dichotomy of M1 and M2 
phenotype remained poorly investigated. Recent studies have shown the complexity 
of macrophage polarization in response to viral infection and the limits of its use in 
infected individuals. The aim of this chapter is to reappraise the concept of macrophage 
polarization in viral infectious diseases, which are more complicated than the models of 
macrophage-virus interaction. If this concept has been largely used to describe activa-
tion status of myeloid cells in experimental conditions, it has to be assessed in light of 
high-throughput technologies at molecular and phenotypic levels. We update knowl-
edge on macrophage polarization in viral infectious diseases with a special attention 
for severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection leading 
to coronavirus disease (COVID-19). Hence, we propose an overview of the concept of 
macrophages as targets for therapeutic intervention in viral infectious disease. Finally, 
we tempted to focus our approach on patient investigation restricting the use of in vitro 
experiments and animal models to mechanistic questions.

Keywords: macrophages, myeloid cells, polarization, viral diseases

1. Introduction

First described in 1882 by Ilya Mechnikov, macrophages or “phagocytes” are 
distributed widely in the body where they acquire specific tissue identities and func-
tions [1]. Macrophages are key effectors of tissue homeostasis contributing to wound 
healing and tissue repair. When tissue homeostasis is altered, monocytes are recruited 
from blood to tissues where they differentiate into macrophages. These latter are 
critical components of innate and adaptive immunity and contribute to inflammation 
and host defense.

During infection, macrophages represent the first cells on the battle front. They 
can act as scavengers by engulfing and destroying pathogens or altered host cells, 
alert the immune system through the secretion of lipid mediators, cytokines, and 
chemokine; or present antigens to T lymphocytes [2]. The expression of lectins, 
scavenger receptors, and immunoglobulin receptors enables macrophage phagocy-
tosis, antibody-dependent cell phagocytosis (ADCP) and cytotoxicity (ADCC) [3]. 
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They are also equipped with pattern recognition receptors (PRRs) that following their 
stimulation lead to the activation of transcription factors, the release of toxic media-
tors (reactive oxygen intermediates, proteases, inflammatory molecules) [3]. Because 
of their ability to promote adaptive immune response to virus via antibody release and 
CD8 T cell activation, macrophages can contribute to the cure of viral infections.

According to their function in pathological conditions, macrophages are consid-
ered as activated or alternatively activated also referred to as M1 and M2 polarization 
phenotype, respectively. The polarization of macrophages is a concept introduced 
to describe the features of myeloid cell activation and to classify them in functional 
categories (Figure 1), according to initially reported polarization of immune response 
into Th1 and Th2 types [4–6]. The M1 macrophages are induced by Th1 cytokines 
such as interferon (IFN)-γ and/or lipopolysaccharide (LPS) and present a pro-
inflammatory phenotype. They are characterized by the secretion of inflammatory 
cytokines including tumor necrosis factor (TNF), interleukin (IL)-1α, IL-1β, IL-6, 
IL-12, IL-23, and also the expression of several markers including CD80, CD86, and 
CD68. The M2 macrophages are likely more heterogeneous: they have been classified 
into four categories, M2a, M2b, M2c, and M2d, depending on the stimulus [7, 8]. As 
described in Table 1, macrophages stimulated by IL-4 or IL-13 lead to an M2a profile 
associating the expression of CD206, IL-1 receptor type 2 (IL1-R2) and arginase and 
the secretion of transforming growth factor (TGF)-β and IL-10. M2b macrophages 
are induced by immune complexes, Toll-like receptor (TLR) ligands, or IL-1β. This 
profile is associated with the secretion of inflammatory cytokines (TNF, IL-1β, IL-6), 
IL-10, and the chemokine CCL1. M2c macrophages are induced by IL-10, TGF-β, or 
glucocorticoids; they expressed CD163 and CD206 and exhibit anti-inflammatory 
activity through the secretion of IL-10 and TGF-β. Finally, M2d polarization is initi-
ated by TLRs (TLR2, TLR4, TLR7, and TLR9) or adenosine receptor ligands (A2A) 
with the secretion of vascular endothelial growth factor (VEGF) supporting pro-
angiogenic and pro-tumoral functions [9–11]. It is becoming evident that these cat-
egories of activation states are an over-simplification of the diversity of macrophage 
activation modes. We have tried to reappraise the concept of macrophage polarization 
by associating the type of polarization with the agonist [12]. This approach allows 
to propose several activation profiles with LPS, IFN-γ, or their combination instead 

Figure 1. 
In vitro and in vivo macrophage polarization markers and protein secretion.
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of a unique M1 activation state [13, 14]. In clinical situations, it has been shown that 
tumor-associated macrophages (TAMs) are clearly specialized cell populations in 
which polarization and functions are related: M1-like and M2-like TAMs have anti-
tumoral and pro-tumoral activities, respectively [15]. In other clinical situations 
including infectious diseases, such functional dichotomy is rarely observed [7], and 
the functional role of macrophage polarization remains an exception.

The mechanisms of macrophage polarization have been the object of a broad 
literature. It appears now that the metabolism of macrophages is different accord-
ing to their polarization. Hence, M1 macrophages exhibit increased glycolysis and 
broken tricarboxylic acid (TCA) cycle, leading to the accumulation of succinate and 
citrate. In contrast, M2 macrophages have intact TCA cycle leading to the generation 

Stimuli Marker 
expression

Cytokine 
production

Chemokine 
production

Functions

M1 IFN-γ, LPS, 
GM-CSF, TNF

CD68, 
CD86, 
CD80, 
MHC-II, 
IL1R, TLR2, 
TLR4, 
iNOS, 
SOCS3, 
IL-12high/
IL-10low, 
IL-6, TNF

TNF, IL-1β, 
IL-6, IL-12, 
IL-23

CCL10, 
CCL11, 
CCL5, 
CCl8, CCL9, 
CCL2, 
CCL3, CCL4

• Pro-inflammation

• Microbicidal

• Tumor resistance

M2a IL-4, IL-13 CD163, 
CD206, 
MHC-II, 
TGM2, 
IL-1R II, 
scavenger 
receptors, 
Arg-1

IL-10, TGF-β, 
IL-1ra

CCL17, 
CCL22, 
CCL24

• Anti-inflammatory

• Wound healing

M2b LPS + immune 
complexe, IL-1 
β, immune 
complexes, 
TLRs

CCL1, 
CD86, IL-6, 
IL-10high/
IL-12low, 
TNF, 
MHC-II

IL-1β, IL-6, 
IL-10, TNF

CCL1 • Immunoregulation

• Tumor progression

• Promoting infection

M2c Glucocorticoids, 
IL-10, TGF-β

CD163, 
TLR8, 
TLR1, 
CD206

IL-10, TGF-β CCR2 • Phagocytosis

• Immunosuppression

• Tissue remodeling

M2d IL-6, adenosine, 
leukocyte 
inhibitory 
factor, TLRs

VEGF IL-10, TGF-β,
TNF, IL-12

CCL5, 
CXCL10, 
CXCL16

• Angiogenesis

• Tumor progression

IFN: interferon, LPS: polysaccharide; GM-CSF: granulocyte macrophage colony stimulating factor; TLR: Toll like 
receptor; MHC: major histocompatibility complex; iNOS: inducible nitric oxide; Arg: arginase; TNF: tumor necrosis 
factor; IL: interleukin; TGF: transforming growth factor; VEGF: vascular endothelial growth factor.

Table 1. 
In vitro macrophages polarization sub-types.
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of adenosine triphosphate (ATP) [16, 17]. It is becoming evident that the polariza-
tion of macrophages is determined by transcriptional changes, as shown by using 
new technologies [4]. In aortic macrophages studied in vivo by scRNA-seq, Chang 
et al. identified three classes of macrophages: resident-like, inflammatory, and a 
final group with strong expression of triggering receptor expressed on myeloid 
cells 2 (TREM2) [18]. Interestingly, M2 markers are found in the inflammatory 
macrophage population, suggesting that the traditional classification of macrophage 
polarization does not fully reflect the diversity of the in vivo macrophage popula-
tions (Figure 1). Quantitative mass spectrometry imaging has also been proposed to 
investigate macrophage polarization in situ. It enabled the cartography of functional 
macrophage population and the visualization of their distribution in normal and 
pathological tissues [19–22]. In addition, macrophage polarization requires dynamic 
and reversible epigenomic marks at enhancers and promoters of signal responsive 
genes [4]. The epigenetic mechanisms of M2 polarization reveal the role of histone 
methylation and acetylation. Hence, the overexpression of DNA methyltransferase 
3B or the loss of histone deacetylase-3 (HDAC3) promotes M2 phenotype. The 
histone demethylase JMJD3 (lysine demethylase 6B, KDM6B) is activated by IL-4 
and binds M2 genes, leading to repress M1 inflammatory program. In contrast, 
IFN-γ increases chromatin accessibility [4, 23]. Finally, polarization and functional 
responses of macrophages are influenced by differential expression of microRNAs: 
the literature has reported miRs specialized in M1 polarization and miRs increasing 
M2-like responses [24].

Is the specialization of M1/M2-like macrophages evolutionary conserved? Two 
ancient molecular mechanisms, inducible nitric oxide synthase 2 (iNOS2) and 
arginase (Arg), characterize macrophage polarization. If the ability to produce large 
amounts of nitric oxide in response to microbial agonists, a hallmark of M1 mac-
rophages, has emerged with vertebrates, the Arg pathway is described in both pro-
karyotes and eukaryotes [25]. The cytosolic and mitochondrial Args are encoded by 
two genes, and it has been shown that the duplication of Arg gene occurred after the 
separation of vertebrates and invertebrates [26]. Hence, it is likely that macrophage 
polarization occurs during early vertebrate evolution [27].

The aim of this chapter is to update the knowledge about macrophage polariza-
tion in viral infections with a special focus on severe acute respiratory syndrome 
coronavirus-2 (SARS-CoV-2) infection. We are deciding to analyze papers report-
ing infections in humans and to restrict animal models for specific questions. 
The analysis of the literature reveals the heterogeneous definition of macrophage 
polarization and the frequently inappropriate use of this concept. It is the reason 
why the final paragraph will describe how macrophage polarization can be studied 
in patients (Table 2) and to propose some recommendations for investigating 
infected patients.

M1 macrophage M2 macrophage

Marker expression CD68, CD86, CD80 CD68, CD86, CD80, CD163, CD206

Cytokine TNF, IL-1β, IL-6, IL-12, IL-23, IL-18 IL-10, TGF-β, TNF, VEGF, IL-1β

Functions Pro-inflammatory and anti-tumoral Pro- and/or anti-inflammatory

TNF: tumor necrosis factor; IL: interleukin; TGF: transforming growth factor; VEGF: vascular endothelial growth factor.

Table 2. 
In vivo polarization of macrophage sub-types.
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2. Viral infectious diseases in humans

As obligate intracellular pathogens, viruses require host cells to replicate. Innate 
defenses are essentials to block or inhibit cell infection, to eliminate virus from 
infected cells, and to alert cells the adaptive immunity. This crucial stage is regulated 
by myeloid cells including, dendritic cells, and mainly by macrophages. The early 
response is based on [1] the recognition of pathogen-associated molecular patterns 
(PAMPs) by PRRs, [2] the elimination of foreign agents [3] and the activation of type 
I and II IFNs, and interferon-stimulated gene (ISG), which have broad-spectrum 
antiviral activity [28, 29]. Although this defense is effective, a complete cure of the 
infection requires mounting adaptive immune response that is controlled to prevent 
immune pathogenicity. Macrophage-mediated immune response can be circumvented 
or hijacked by the virus to allow its replication and persistence in the host.

The first studies highlighting the interaction between myeloid cells and viruses 
date back to the end of 1970s [30, 31]. In a general point of view, macrophages polar-
ize into M1 following a contact with viruses, which induces a pro-inflammatory 
response while the phenotype M2 is often found at late stages of infection [32]. It has 
been reported that virulent strains of viruses will “bias” the M1 polarization profile 
of macrophages into M2. In contrast, attenuated viruses lead to an M2 polarization 
profile M2 [33]. M1-activated macrophages play a key role in the elimination of viruses 
through several strategies, including the secretion of reactive species [34], secretion of 
antiviral cytokines [35], or activation of other immune cells such as T cells and natural 
killers [36, 37]. Hence, some viruses are able to counteract M1 macrophages in order 
to obtain an environment favorable to their replication. Indeed, some viruses are able 
to inhibit production of nitric oxide [38–41] or pro-inflammatory cytokines [42–44], 
suppress antigen presentation [45–48], or simply modulate the signaling pathways 
associated with polarization by inducing M2 phenotype [8, 49–51]. We previously 
addressed the role of macrophage polarization in bacterial infections [7, 52]; the aim 
of the present talk is to assess the role of macrophage polarization in viral infections by 
selecting typical viral infections.

2.1 Hepatitis viruses

Five viruses, known as hepatitis A, B (HBV), C (HCV), D, and E, are responsible 
for the majority of acute and chronic hepatitis. HBV infection is responsible of acute 
self-resolving disease in adults but not in early life. Hepatic macrophages whatever 
their origin are involved in host response to HBV. HBV antigen and nucleic acids are 
detected in monocytes and macrophages from patients with hepatitis. The interaction 
of HBV with macrophages including hepatic macrophages may affect macrophage 
polarization by suppressing M1 polarization and promoting M2 polarization [53]. 
M1-associated cytokines are likely protective as shown by higher risk of HBV reacti-
vation and hepatotoxicity in patients with anti-TNF treatment given for inflammatory 
diseases [54]. During the progression of HBV-related disease (from mild chronic 
hepatitis B to decompensated cirrhosis), M2-type monocytes expressing CD163 
and CD206 are increased, whereas the frequency of cells expressing M1 markers 
decreases. Monocytes and Kupffer cells expressing an M2 profile are predicting a poor 
clinical outcome [55]. The non-protective effect of M2-type polarization is illustrated 
by the observation that IL-10 gene promoter polymorphisms are associated with HBV 
progression [44]. The measurement of soluble CD163 and soluble mannose receptor 
may be a pertinent approach of follow-up of patients with chronic hepatitis. Both 
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markers are released during liver damage and are associated with M2 polarization 
and fibrosis; their levels are reduced after antiviral treatment [56]. The relationship 
between chronic evolution of hepatitis B, fibrosis, and infiltration of liver by M2-like 
macrophages has been demonstrated in a humanized mouse model of infection [57].

HCV is transmitted between adults and is responsible for a high percentage of 
chronic infections with a major risk of liver cirrhosis and hepatocellular carcinoma 
[58]. The co-culture of monocyte-derived macrophages with HCV-infected hepato-
cytes induces M2 surface markers. TGF-β produced by these polarized macrophages 
activates hepatic stellate cells, leading to fibrosis. However, monocytes and macro-
phages do not seem completely polarized at the cytokine level [59]. Cell-free virus or 
exosome-packaged HCV induces the differentiation of monocytes into macrophages 
with M2 phenotype and non-polarized cytokine production under the control of 
TLR7/8. Interestingly, TLR7/8 is overexpressed in pro-fibrotic monocytes from 
chronic HCV-infected patients [60]. It has been also shown that HCV core protein 
inhibits phagocytosis activity of M1 and M2 macrophages and CD4+ T cell activation 
induced by M1 macrophages but promotes that induced by M2 macrophages [61]. 
M1 and M2 macrophages generated from chronic HCV patients lose their phenotypic 
characteristics, suggesting that chronic HCV infection is rather associated with an 
impaired polarization than a reprogramming of macrophages [62]. Finally, in biopsies 
of HCV-infected patients, it has been shown that non-infected cells such as Kupffer 
cells are a source of IFNs, demonstrating the interplay between hepatic cells [63]. 
Taken together, these data suggest that HBV and HCV share the ability to interfere 
with M1-type macrophage polarization, thus accounting for viral persistence, hepatic 
fibrosis, and evolution to carcinoma.

2.2 Human immunodeficiency virus (HIV)

The permissivity of monocytes and macrophages to HIV depends on their differ-
entiation stage, polarization status, and tissue location [64]. The M1/M2 polarization 
of macrophages impacts the steps of viral cycle including entry, reverse transcription, 
transcription, and posttranscription. As the level of inflammatory cytokines is high 
in the early stage of HIV-1 infection [65, 66], it is likely that M1-like macrophages 
play a role in HIV infection. The entry of R5 and R5/X4 HIV in M1-like macrophages 
is decreased because of cytokine-mediated downregulation of CD4 and CCR5. In 
contrast, M1 cytokines such as TNF increase viral transcription. In M2 macrophages 
elicited by IL-4/IL-13 and/or IL-10-mediated deactivated macrophages, both entry 
and replication of HIV-1 are decreased [64]. The implication of TNF in M1 polariza-
tion of HIV-infected macrophages is debated [67]. Hence, it is likely that M1 macro-
phages enable the formation of viral reservoirs early in the disease. At later stages, 
an M2 shift of macrophages is observed. At the onset of acquired immunodeficiency 
syndrome (AIDS), deactivated macrophages predominate via enhanced clearance of 
apoptotic cells, which is known to promote M2-like macrophages [68]. Severe evolu-
tion of HIV infection is associated with elevated IL-10 levels, but not IL-4 levels, 
suggesting that AIDS is characterized by IL-10-mediated M2-like phenotype [69]. 
These findings have been confirmed in acute and chronic HIV and SIV infections. 
Hence, at the beginning of the infection, the central nervous system, heart, and blood 
vessels exhibit M1-like macrophages, whereas M2-like macrophages are observed in 
later responses [32]. It is likely that CD163+ M2 macrophages play a protective role in 
SIV-infected macaques through their anti-inflammatory functions [70]. It has been 
proposed that the persistence of initial activation in patients with chronic infection 
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and successful antiviral therapy is correlated to non-AIDS complications such neuro-
cognitive disorder and cardiovascular dysfunctions [71]. Unfortunately, few markers 
have been investigated in these studies, and it is likely that more precise data will be 
necessary to reanalyze the polarization of macrophages in HIV infection [71, 72].

2.3 Flavivirus

Flavivirus is responsible for infections essentially dominated by dengue virus 
(DENV) and Zika virus (ZIKV). First, DENV infection presents a large spectrum of 
clinical presentations from moderate symptoms to classical dengue and hemorrhagic 
dengue. Monocytes and macrophages are involved in the infection pathogenesis. 
Macrophage-colony-stimulating factor (M-CSF)-differentiated macrophages 
(M2-like macrophages) are poorly sensitive to DENV infection. In contrast, granu-
locyte macrophage CSF (GM-CSF)-differentiated macrophages (M1-like macro-
phages) are highly susceptible to DENV infection with high release of cytokines and 
activation of NLRP3 inflammasome [73]. Nevertheless, some biomarkers such as 
soluble CD163, known to be associated with M2 polarization of macrophages, seem 
predictive of severe dengue [74]. In pediatric dengue patients compared with healthy 
individuals, the number of M2-like macrophages is increased with decreased number 
of M1-like macrophages. In dengue patients with bleeding trend, both macrophage 
subsets are decreased and are associated with decreased platelet count [48]. Second, 
ZIKV is associated with numerous cases of microcephaly and/or central nervous sys-
tem malformations. ZIKV infects myeloid cells and has a tropism for placenta includ-
ing maternal and fetal tissues. It has been shown that ZIKV replicates in both placenta 
macrophages, also named Hofbauer cells, and trophoblasts [75]. Two lineages of 
ZIKV, African and Asian, have been described, and it has been shown that they 
exhibit differences in pathogenicity despite close sequence homology [76, 77]. While 
the Asian strain of ZIKV elicits an expansion of non-classical monocytes from healthy 
donors and M2-skewed immunosuppressive program, African strain promotes a M1 
program [78].

2.4 Cytomegalovirus (CMV)

Human CMV (hCMV) uses TLR2 and intracytosoplasmic sensors to invade 
monocytes and macrophages [79]. In monocytes, hCMV stimulates a transcriptomic 
program in which M1 genes are enriched [80]. On the other hand, a product of 
hCMV genome, UL111A gene, encodes functional homologs of human IL-10 during 
both productive and latent phases of CMV infection [81]. In CD14+ monocytes, the 
viral IL-10 induces M2c phenotype associating increased expression of CD163 and 
CD14 and downregulation of HLA-DR. The viral IL-10 also upregulates heme oxy-
genase 1 (HO-1), a driver of phenotype shift to M2 macrophages [82] known to also 
down-modulate M1-associated cytokines and poorly stimulate CD4+ T cells [83]. We 
hypothesize that CMV triggers an M1 program in monocytes and that the release of 
viral or human IL-10 leads bystander monocytes to be reprogrammed toward an M2 
phenotype. The polarization of monocytes in response to hCMV is likely necessary 
for their differentiation into macrophages. Recently, it has been shown that hCMV 
stimulates the expression of M1 and M2 markers in monocytes and activates PI3K-Akt 
axis, leading to caspase 3 activation [84]. CMV susceptibility is dependent on polar-
ization of myeloid cells. M1-like macrophages are more resistant to CMV than M2-like 
macrophages, and it is likely that this resistance is related to the ability of M1-like 
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macrophages to induce IFN-γ production by natural killer (NK) cells [85]. This 
hypothesis is supported by two other studies. Although hCMV susceptibility is higher 
in M2-like macrophages, productive and persistent viral infection is observed in both 
M1- and M2-like macrophages. Infected M1- and M2-like macrophages are efficient in 
stimulating proliferation of autologous T cells from hCMV-seropositive donors [86]. 
The susceptibility of M2 macrophages is optimal in the early phase of hCMV infec-
tion, whereas, in the late phase, macrophage activation necessary for viral replication 
is dependent on the activation of mammalian target of rapamycin (mTORC)1 com-
plex, as confirmed with experiments including rapamycin [87].

2.5 Influenza virus

Four influenza virus genera (A, B, C, and D) belonging to orthomyxoviridae are 
responsible for flu, a seasonal respiratory epidemics, or pandemics, such as the “Great 
Influenza” pandemics of 1918 [88]. The severity of influenza pneumonia depends 
on host susceptibility and strain diversity and can lead to acute respiratory distress 
syndrome and lethality. These latter complications are associated with uncontrolled 
inflammatory response. Numerous evidences show that macrophages including alveo-
lar macrophages are involved in the pathophysiology of influenza virus infections via 
a direct viral infection or the overproduction of cytokines. This is emphasized by the 
observation that over-pathogenic strains of influenza virus productively infect mono-
cytes [89]. Animal models demonstrate that macrophage reprogramming is critical in 
outcome of influenza virus infections. Hence, GM-CSF protects from mortality and 
morbidity and redirects responses of alveolar macrophages from M1-like to M-2-like 
activation. This finding was unexpected because GM-CSF is known as an M1 inducer 
and depresses arginase, a canonical marker of M2-like status [90]. The inactivation 
of NOS (nitric oxide synthase) 2 and IFN-γ favors M2 reprogramming and improves 
outcome of viral infection [91]. In contrast, the treatment of macrophages with 
baicalin that possesses antiviral properties stimulated an M1 phenotype shift associ-
ated with activation of IFN pathway and inhibition of influenza virus replication [92].

The evidences of macrophage polarization in humans infected with influenza 
virus are scarce. In one study of patients from the 2009 to 2010 pandemics, mono-
cytes have been reported as a marker of severity independently of viral load [93]. 
Monocytes from patients with severe infection exhibit increased expression of M1 
markers and TNF production and a down-modulation of CD163, an M2 marker. 
Murine models of influenza virus infection also show high proportion of recruited M1 
monocytes and decreased number of resident M2 alveolar macrophages, confirming 
that the severity of influenza virus infection is associated with macrophage repro-
gramming toward an M1 phenotype [93].

2.6 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

SARS-CoV-2, a strain of the coronavirus family, causes coronavirus disease-2019 
(COVID-19) characterized in the most severe cases by an increased production of 
cytokines including IL-1α, IL-1β, IL-6, IL-7, TNF, type I and II IFN, CCL2, CCL3, and 
CXCL10 [94, 95]. This cytokine storm was initially observed in influenza syndrome 
that occurs after systemic infection and immunotherapy [96] before it was extended 
to describe immune response in COVID-19 patients [97]. To better understand the 
pathophysiology of this emergent disease, the researchers focused on the response 
of myeloid cells such as macrophages or dendritic cells. Macrophages are permissive 
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to SARS-CoV-2 infection but no viral replication is observed in vitro [98, 99]. 
Interestingly, the production of inflammatory cytokines and chemokines is observed 
after SARS-CoV-2 infection of macrophages but not after infection of monocyte-
derived dendritic cells [98, 100]. The release of TNF, IL-1β, IL-10, IFN-α/β, and IL-6 
by infected-macrophages leads to type I IFN-immune response, suggesting a protec-
tive role against viral infection [100].

The polarization of macrophages in COVID-19 has also been investigated. Alveolar 
macrophages respond differently to infection depending on their polarization status. 
After SARS-CoV-2 infection, M1 macrophages are associated with viral spreading, 
whereas M2 polarization induces virus degradation and infection limitation. Indeed, 
macrophages from human ACE2 transgenic mice present an increased infection rate 
after in vitro treatment by IFN-γ or LPS compared with IL-4 treatment [101]. These 
results are controversial because the SARS-CoV-2 infection of M1 and M2 macro-
phages from the THP-1 cell line is similar [99]. The gene expression study of lung 
alveoli from COVID-19 patients reveals different macrophage patterns depending on 
their polarization profile. The gene expression study of lung alveoli from COVID-19 
patients shows that highly inflammatory macrophages are mostly found in patients 
with severe COVID-19 [102, 103]. Thus, the polarization of macrophages during 
infection by SARS-CoV-2 is suggested as determining the severity of the disease, even 
if involved molecular mechanisms remain unexplored to date.

3. Macrophage polarization and treatment of viral infections

The role of deregulated immune response in pathogenesis of viral infections such 
as COVID-19 pandemics justifies the use of drugs that target host response and exhibit 
anti-infective properties. Hence, chloroquine and hydroxychloroquine are known for 
their antiviral and immunomodulatory effects, which lead to propose these molecules 
in the treatment of SARS-Cov2 infection [104]. Beyond the debate about the efficiency 
of chloroquine and hydroxychloroquine, their immunomodulatory properties affect the 
macrophage polarization. It is established that treatment with chloroquine can reverse 
the polarization of TAMs from M2 to M1 phenotype in tumor models [105]. Similarly, 
chloroquine and hydroxychloroquine interfere with LPS-mediated M1 polarization 
of macrophages [106]. The combination of hydroxychloroquine and azithromycin is 
interesting since this latter molecule is known to induce M2 macrophage polarization 
[106, 107]. Ivermectin, a macrocyclic lactone known for its antiparasitic effect, has an 
anti-inflammatory effect promoting M2 polarization of macrophages without effect 
on viral load; it has been proposed to limit the inflammation of respiratory tract and to 
improve COVID-19 outcome [108]. Remdesivir, an adenosine analog, reduces inflam-
matory gene expression and has been largely used in COVID-19 treatment [109].

As mentioned above, M1 polarization of macrophages is a determining phenotype 
against viral infections. The artificial induction of macrophage M1 polarization 
may be an interesting adjuvant to antiviral treatment for non-COVID19 infectious 
diseases. Baicaline has been proposed to limit influenza virus infection via the M1 
polarization of macrophages, thus activating their antiviral function via the IFN 
signaling pathway [92, 110]. It is important to note that viral infections can lead to 
hyperactivation of macrophages, leading to an excessive inflammatory response 
known as macrophage activation syndrome. In this context, anti-inflammatory mol-
ecules such as tofacitinib, anti-IL1R, or IL-6R have been clinically tested, particularly 
for COVID-19 [111, 112].
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4. Conclusion and perspectives

As the first line of defense, macrophages represent key immune cells against viral 
infections. In general, the antiviral response is mediated by a pro-inflammatory 
response of polarized M1 macrophages. Some viruses are able to counteract the 
antiviral response of macrophages by modulating their polarization by switching 
the M1 phenotype to M2 phenotype. It should also be noted that viruses such as 
influenza and SARS-CoV-2 are capable of modulating an M1 over-polarization of 
macrophages responsible for severe diseases. Interestingly, modulation of macrophage 
polarization has been investigated as a therapeutic strategy. However, the in vivo 
polarization profile remains more intricate compared with in vitro situations. This can 
be explained by the techniques classically used for investigating macrophage polariza-
tion (gene or protein expression) whose limitation is that the observed signals result 
from a mixture of diverse cells. Hopes for quantitative mass spectrometry imaging 
as a tissue-level investigative tool remain unanswered to date. Thus, clarifying the 
tools for investigating macrophage polarization in clinical settings and the associ-
ated molecular mechanisms are key steps in the development of therapies in viral 
infections.
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Chapter 16

Macrophages and HIV/AIDS 
Pathogenesis: Lessons from the 
Rhesus Macaque Model
Elizabeth S. Didier and Marcelo J. Kuroda

Abstract

Destruction of CD4+ T cells is a primary cause of immunodeficiency in Human 
Immunodeficiency Virus (HIV)-infected humans and Simian Immunodeficiency 
Virus (SIV)-infected rhesus macaques. Tissue macrophages, however, also contribute 
to AIDS pathogenesis. Studies on rhesus macaque lung revealed the presence of at 
least two types of macrophages comprising short-lived lung interstitial macrophages 
in the parenchyma that are not present in bronchoalveolar lavage (BAL), and the 
long-lived alveolar macrophages that predominate in BAL and rarely divide. Increased 
blood monocyte turnover was associated with death of infected short-lived tissue 
macrophages and terminal disease progression during AIDS. Antiretroviral therapy 
(ART) treatment of SIV-infected macaques effectively prevented active infection 
of short-lived macrophages in tissues and delayed disease progression. Interestingly 
however, longer-lived macrophages remained infected and survived despite ART. This 
suggests that the long-lived macrophages contribute to establishing a virus reservoir 
and that these infected persistent cells likely become dysregulated to promote chronic 
inflammation. Furthermore, macrophages are the predominant immunological cells 
in heart, adipose tissue, and lung, and these were primarily of the long-lived macro-
phage subset. Information about macrophages garnered from the SIV rhesus macaque 
model provides a basis to further develop intervention strategies that target macro-
phages for reducing chronic inflammatory co-morbidities and remove a contributing 
viral reservoir for achieving cure.

Keywords: Macrophage, HIV, SIV, pathogenesis, inflammation, rhesus macaque,  
virus reservoir

1. Introduction

Macrophages are immune cells located in tissues throughout the body that early 
in life, originate from the yolk sac during development and later from bone marrow-
derived blood monocytes. Macrophages regulate inflammation and tissue repair to 
maintain or re-establish homeostasis in response to environmental exposures [1–4]. 
These cells exhibit tremendous plasticity and have been categorized in relation to their 
surface marker expression as well as pro- and anti-inflammatory responses [5–7]. 
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Results from murine studies initially drove the categorization of polarized macrophage 
populations and origins. These contributed to better understanding monocyte and 
macrophage differentiation and plasticity in humans [5, 6]. Nonhuman primates that 
physiologically resemble humans, also contributed to the in vivo characterization of 
short-lived and long-lived macrophages using approaches that are difficult to perform 
in humans [8]. In addition, studies using the SIV-rhesus macaque infection model 
that simulates the disease pathogenesis observed in humans with HIV infection have 
afforded further characterization of macrophages in vivo [9–11].

Prior to the era of antiretroviral therapy (ART) application, HIV or SIV infection 
commonly led to AIDS resulting from a loss of CD4+ T cells [12, 13]. We also learned 
that an increase in monocyte turnover apparently required to replace damaged 
tissue macrophages, also correlated with terminal disease progression [14, 15]. The 
loss in CD4+ T cells and infected short-lived macrophages facilitated the develop-
ment of opportunistic infections and cancers leading to death. HIV- or SIV infected 
hosts administered ART, however, survive with low-to-undetectable plasma viral 
levels, but typically develop HIV/SIV-associated non-AIDS conditions resembling 
chronic inflammatory diseases that occur in the elderly but at an earlier age than 
in non-HIV/SIV-infected individuals, a process sometimes considered accelerated 
or accentuated aging [16]. Chronic inflammation is likely a result of macrophage 
dysregulation which can be more readily evaluated in rhesus macaques infected with 
SIV and treated with ART. And, although, CD4+ T lymphocytes serve as a primary 
target of infection, HIV and SIV are lentiviruses that also infect macrophages, 
especially as CD4+ T cells decline in numbers leaving macrophages more available 
for infection [3, 17–23]. These macrophage subpopulations appear to exhibit distinct 
functions during progressing stages of HIV/SIV infection [22, 24–26]. Thus, studies 
on SIV in rhesus macaques are relevant for addressing macrophage subpopulations 
and their roles in pathogenesis in vivo.

2. Macrophages plasticity

Metchnikoff described macrophages as large (macro) cells that eat (phage)  
particles and phagocytize dead cells, debris, and pathogens as a first-line of 
innate immune responses, which remains a primary function of these cells [5, 6]. 
Macrophages also present antigen in the context of major histocompatibility complex 
antigens to promote adaptive immune responses by lymphocytes. To facilitate these 
functions, macrophages exhibit plasticity or polarized activation states that impact 
secretion of and responsiveness to a wide range of cytokines and chemokines to 
regulate inflammation, tissue repair, and (re)establishment of homeostasis [5, 6]. 
The activation of macrophages to perform these functions is multi-dimensional and 
impacted by intrinsic and extrinsic tissue environmental stimuli. Exposures to extrin-
sic stimuli including cell debris, pathogenic agents, or toxins trigger innate immune 
responses, recruitment of immune cells and secretion of a wide array of chemokines 
and cytokines. These extrinsic stimuli were further characterized using in vitro mod-
els of macrophage polarization. At one end of this spectrum, Th1 signals such as inter-
feron stimulate M1 “classical” macrophages to promote acute inflammatory responses 
in response to intracellular pathogens. On the other end of the spectrum, Th2 factors 
such as IL4 stimulate M2 “alternative” macrophages to exhibit anti-inflammatory and 
anthelmintic responses as well as wound healing or tissue repair. These categoriza-
tions were further refined into a range of intermediate activation states and chronic 



305

Macrophages and HIV/AIDS Pathogenesis: Lessons from the Rhesus Macaque Model
DOI: http://dx.doi.org/10.5772/intechopen.103020

or smoldering inflammation [6, 27]. Intrinsic factors impacting function consider 
macrophage origin via monocyte derivation versus resident embryonic progenitor 
status. Resident macrophages of embryonic yolk sac origin function in tissue remod-
eling and clearance of dead cells while monocyte-derived macrophages appear to 
function in microbial defense. It had long been believed that tissue macrophages are 
continually replaced by recruited blood monocytes that differentiate into tissue mac-
rophages. More recently, studies in mice demonstrated that resident macrophages can 
undergo self-renewal [28]. In addition, monocyte-derived macrophages may acquire 
resident macrophage characteristics yet retain some epigenetic and transcriptional 
distinctions, suggesting that tissue environment may be more physiologically relevant 
than macrophage origin [6, 28, 29]. However, it is less clear and has been difficult 
to determine if embryonic-derived resident macrophages self-renew in nonhuman 
primates or humans throughout life [6, 28].

3. Tools to study macrophage populations in vivo in rhesus macaques

Rhesus macaque monocytes and macrophages express a wide range of biomarkers 
and cytokines / chemokines similar to those in humans, which can be identified via 
immune-detection and molecular biology methods. Surface biomarkers for CD14 and 
CD16 expression are commonly used to identify subpopulations of classical (CD14+, 
CD16−) pro-inflammatory, intermediate / transitional (CD14+, CD16+) and non-
classical (CD14+/−, CD16−) anti-inflammatory monocytes that traffic to tissues where 
they differentiate into macrophages [6]. Among surface markers, tissue macrophages 
express scavenger receptors (e.g. CD163), Toll-like receptors (TLR), scavenger and 
lectin receptors (e.g. CD163, CD206), glycoproteins (e.g. lysosomal-associated 
membrane protein CD68) and MHC class II moieties for recognition of pathogens 
and antigen presentation.

In addition to analyzing surface biomarker expression, these cells have been char-
acterized as short-lived macrophages having recently differentiated from trafficking 
monocytes or as longer-lived (i.e. resident) macrophages. An approach to identify 
shorter-lived macrophages in rhesus macaques is to monitor the incorporation of thy-
midine analogues such as 5-bromo-2′-deoxyuridine (BrdU). BrdU has a short half-life 
of a few hours in vivo and incorporates in cells dividing during this time, including 
monocyte precursors in bone marrow. Immunostaining then can be applied to detect 
the recently dividing monocytes and follow their trafficking patterns from bone 
marrow to blood to tissues, as well as their turnover rates [14, 22, 24–26, 30, 31]. To 
detect longer-lived macrophages, dextran, a branched polymer of anhydroglucose can 
be administered. Phagocytic cells take up fluorescein-labeled dextran, and long-lived 
macrophages containing the conjugated dextran can be identified weeks or months 
later whereas the shorter-lived cells with dextran die in a few days and are replaced 
with recently-recruited unlabeled cells [22, 32].

4. SIV infection in nonhuman primates

SIV infections in nonhuman primates have served as invaluable animal models 
for HIV infection and AIDS research [12, 13, 33]. Nonhuman primates are similar 
to humans physiologically and immunologically. Advantages to using nonhuman 
primates in SIV/HIV research is the ability to closely regulate parameters such as time, 
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dose, and route of infection, as well as control for confounders such as smoking, diet, 
or illicit drug use. Experimental procedures for longitudinal tissue sampling, experi-
mental vaccine testing, and therapeutic investigations also can be performed more 
readily in nonhuman primates. Naturally-infected nonhuman primate hosts such 
as African green monkeys and sooty mangabeys exhibit few clinical signs of disease 
from persistent or non-progressing SIV infection. Conversely, non-natural nonhu-
man primate hosts experimentally infected with SIV such as rhesus macaques, pigtail 
macaques, and cynomolgus macaques, exhibit a course of disease similar to that in 
humans with HIV infection. The differences between these non-pathogenic and 
pathogenic nonhuman primate models, respectively, provided opportunities to study 
comparative mechanisms of pathogenesis and immunity related to distinct outcomes 
of infection [34].

5.  Increased monocyte turnover correlated to onset of terminal  
disease/AIDS in the absence of ART

Declining CD4+ T cells is a key biomarker for immune-deficiency, morbidity, and 
mortality during HIV and SIV infections of rhesus macaques [13, 35]. However, in 
SIV-infected rhesus macaques, we observed exceptions whereby a few animals with 
relatively higher levels of CD4+ T cells still developed AIDS while others exhibited 
low CD4+ T cell numbers (≤10% of baseline) with no obvious clinical signs of AIDS 
[14, 15, 36, 37] (Video 1: https://www.youtube.com/watch?v=g-RfAJyZsg0&t=23s 
and Video 2: https://www.youtube.com/watch?v=ynIom7fefxs&t=68s). Interestingly, 
while the number of monocytes in blood remained level, the percentage of recently 
dividing blood monocytes undergoing turnover, based on incorporation of BrdU 
administered 24 hours previously, drastically increased during terminal disease 
progression to AIDS in SIV-infected macaques [14, 25, 36–38]. To assess this obser-
vation further, machine learning algorithm modeling was applied to measure the 
relative contribution of covariates (singly or in combination) of monocyte turnover 
rate, percent CD4+ T-cell loss, plasma viral levels, and viral strains to survival time or 
days until necropsy based on clinical AIDS criteria [15]. Matched time-point data sets 
were used (not imputed) and results from animals surviving to experimentally-timed 
endpoints were excluded. By Boosted Forest regression, monocyte turnover had the 
highest proportion of contribution to days until AIDS-associated necropsy (0.475 or 
47.5%) followed by CD4+ T-cell loss (0.216 or 21.6%), viral load (0.187 or 18.7%) or 
virus strain (below random) [15]. Classification categorization using decision tree 
algorithm modeling to analyze the flow chart-like proportion of the co-variates in 
predicting survival time in SIV-infected rhesus macaques further demonstrated that 
monocyte turnover (MTO) predicted a significantly shorter survival time among 
animals with ≥13.2% monocyte turnover rate followed by CD4+ T cell decline. These 
results led to further investigations to delineate macrophage subpopulations and their 
roles in SIV/HIV infection pathogenesis.

6. Tissue macrophages in the pathogenesis of HIV/SIV infection

Increased monocyte turnover during terminal disease progression to AIDS sug-
gested that monocytes and macrophages contribute to pathogenesis. While CD4+ 
T cells are preferentially targeted by HIV/SIV, macrophages also become infected 
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with HIV/SIV, especially if a tissue contains few T cells (i.e. brain) or after CD4+ 
T cell decline [19, 39, 40]. Infected macrophages are detected throughout the body 
[3, 4, 41–50]. Furthermore, resident macrophages infected with virus are resistant to 
apoptosis [17, 42, 51–53] and cytotoxic CD8 T cell lysis [54] thereby supporting their 
likely contribution to the virus reservoir.

a. Lung. In lung tissues and BAL fluids of rhesus macaques, two predominant 
populations of macrophages have been identified and characterized using in 
vivo administration of BrdU and dextran in conjunction with immunostain-
ing methods to identify short-lived and long-lived macrophages, respectively 
[24]. Short-lived interstitial macrophages were relatively smaller in size, express 
CD163 (scavenger receptor) and primarily located in the lung interstitial tissue. 
Long-lived alveolar macrophages were relatively larger, double-positive (DP) for 
expressing both CD163 and CD206 (mannose receptor), and predominated in the 
alveolar spaces but also found in the interstitial tissue [24]. During terminal dis-
ease progression in SIV-infected rhesus macaques, the short-lived single-positive 
CD163+CD206− macrophages in the interstitial lung tissues were readily infected 
and destroyed by SIV infection [25]. This loss in short-lived tissue macrophages 
may induce the increased production and turnover of monocytes to traffic and 
replace the damaged tissue macrophage that occurs during the transition from 
chronic to terminal disease progression after SIV infection. Furthermore, lung 
tissue lesions were progressively more severe with increasing monocyte turnover 
rates and macrophage accumulation (Figure 1) [25, 26]. Interestingly, resident 
long-lived double-positive CD163+CD206+ alveolar macrophages survived SIV 
infection despite efficacy in ART for reducing plasma viral loads to possibly 
become a virus reservoir [25]. In addition, while SIV-infected as well as uninfected 
CD4+ T cells were killed in lungs of infected rhesus macaques, macrophages did 

Figure 1. 
Proposed mechanism of lung tissue damage in SIV-infected macaques undergoing ART. The lung contains at 
least two populations of macrophages; shorter-lived interstitial macrophages (IM) and longer-lived alveolar 
macrophages (AM). IM become massively infected with SIV and undergo a high rate of apoptosis that correlates 
with increased blood monocyte turnover. Conversely, SIV infection of the longer-lived AM does not lead to high 
rate of apoptosis compared to that of IM. ART appears to successfully block or inhibit SIV infection in IM but 
not in longer-lived AM. We thus expect that elimination of SIV-infected longer-lived AM, as well as SIV-infected 
CD4+ T cells, is crucial to reduce inflammation and reverse pulmonary disease progression in SIV-infected aged 
macaques undergoing ART.
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not decline and persisted, even if infected further indicating a population of long-
lived macrophages that likely contribute to the virus reservoir [19].

b. Brain. Four populations of microglial, meningeal, choroid plexus, and peivas-
cular macrophages exist in the brain [40, 55]. Resident microglial macrophages 
and macrophages of the meninges and choroid plexus exhibit low turnover rates 
and although infectable, are not major sites of HIV or SIV infection. Perivascular 
macrophages are located at the intersection between the central nervous system 
(CNS) and blood where systemic stimuli are encountered. These macrophages 
function in antigen presentation via MHC class II expression, exhibit a relatively 
higher turnover rate than parenchymal microglia during homeostasus, and are 
repopulated by peripheral monocytes that express CD14highCD16intermed to then 
express CD206 and CD163 [56]. In SIV-infected macaques, perivascular mac-
rophages that were replaced by trafficking infected monocytes establish CNS 
infection, whereas direct intrathecal injection with virus failed to produce brain 
infection [55, 57, 58]. The virus-infected perivascular macrophages were immu-
nophenotypically similar to the trafficking activated (CD16+) blood monocyte 
subsets and expressed CD163 [59]. Furthermore, increased monocyte turnover 
via BrdU kinetics, recruitment to brain, and accumulation of macrophages cor-
related with severity of encephalitis and neuronal injury in SIV-infected rhesus 
macaques. Encephalitic lesions were primarily comprised of myeloid cells includ-
ing parenchymal macrophages, i.e. microglia, and perivascular macrophage cuffs, 
and macrophage accumulation better correlated with neurocognitive decline 
severity than did virus production [60, 61]. In addition, macrophage activation in 
relation to production of soluble CD163 (sCD163) in plasma and cerebral spinal 
fluid correlated with reduced neurocognition and virus levels further supporting 
macrophage contributions to SIV/HIV disease [38, 59, 61]. Macrophages of the 
brain could be reactivated to produce infectious virus using a virus outgrowth 
assay to also support their potential as a virus resevoir [41].

c. Intestine. The intestinal tract is a primary and early site of HIV/SIV infection that 
leads to massive depletion of intestinal CD4+ T cells and high rate of viral replica-
tion [12]. The intestine also houses among the largest population of macrophages 
[62], and increased accumulation of intestinal macrophages was reported in 
HIV-positive patients [63] as well as in the ileum of SIV-infected rhesus macaques, 
especially during acute SIV infection and AIDS, but not during the chronic stage of 
infection [21]. The accumulated CD163+ macrophages exhibited reduced phago-
cytic function that appeared to contribute to loss of intestinal integrity fueling 
further recruitment of macrophages in attempt to remove debris [64]. In rhesus 
macaques, two subsets of macrophages that comprised CD163+ CD206+ double-
positive (DP) macrophages and CD163+ CD206− single-positive (SP) macrophages 
were detected in the intestines using flow cytometry analyses [22]. In uninfected 
macaques, DP macrophages predominated over the SP macrophages. Forty-eight 
hours after BrdU administration, the majority of recently-dividing labeled cells 
were CD163+ macrophages in the jejunum and colon in uninfected rhesus macaques 
that increased in SIV-infected animals [15]. Thus, monocytes appeared to migrate 
more rapidly from blood to intestine (lamina propria) during progression to AIDS.

DP macrophages predominated over SP macrophages in the lamina propria of 
uninfected rhesus macaques but SP macrophages were more common in the 
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lamina propria of SIV-infected animals with increased monocyte turnover. 
Interestingly, in the submucosa and muscular mucosa, DP macrophages were 
more frequent than SP macrophages in both infected and uninfected animals and 
there was a statistically significantly higher mean DP:SP macrophage ratio in the 
lamina propria of uninfected macaques compared to infected animals exhibit-
ing higher monocyte turnover. In contrast, there were no significant differences 
in the submucosa DP:SP macrophage ratios of uninfected versus SIV-infected 
macaques with intermediate-to-higher monocyte turnover. Similar trends were 
observed for the DP:SP macrophage ratios in the jejunum of uninfected com-
pared to infected animals with higher monocyte turnover [22]. This suggested 
that during terminal stages of SIV infection in animals with higher monocyte 
turnover, there was a loss in DP macrophages with concurrent increases in SP 
macrophages in the lamina propria, whereas submucosal DP and SP macrophage 
levels remained steady even after SIV infection and disease progression.

DP macrophages appeared to localize and remain primarily in the submucosa 
regardless of SIV infection status and appeared to comprise a long-lived mac-
rophage population. This is relevant because long-lived (vs short-lived) mac-
rophages would more likely serve as a virus reservoir, become dysregulated, 
and thereby contribute to chronic inflammation and pathogenesis. To explore 
this, we analyzed the distribution of colon macrophages that incorporated and 
retained the dextran (i.e. long-lived macrophages) relative to those that were 
labeled with thymidine analogues, BrdU or EdU (i.e. recently-dividing short-
lived macrophages) [22]. BrdU+CD163+ macrophages were only in the lamina 
propria but not in the submucosa. Conversely, two months after dextran in-
jection, dextran+CD163+ macrophages exclusively localized in the submucosa 
where there were ~ 10 times more DP macrophages than SP macrophages. These 
findings suggested DP macrophages in the submucosa are long-lived cells and 
that short-lived macrophages migrate from blood to lamina propria where they 
remain for shorter periods of time [22]. The presence of HIV-infected macro-
phages in human intestine and SIV-infected macrophages in rhesus macaque 
intestine supports the contribution of macrophages to gut pathogenesis and 
another tissue site of the virus reservoir [22, 23, 39].

d. Heart. In an early study characterizing heart tissues of rhesus macaques,  
macrophages were uniformly distributed throughout the heart in animals of all 
age groups ranging from infants to elderly adults, and were more prevalent than 
CD3+ T cells and CD20+ B cells [32]. Macrophages comprised approximately 2% 
of heart tissue cells in the younger animals and increased to a mean of nearly 
4% in the older adults. CD163+ macrophages predominated over HAM56+ and 
CD206+ macrophages, and were detected at significantly higher percentage in the 
older animals between 13 and 24 years of age as well as in heart tissues exhibiting 
severe histopathology or inflammation in animals of all age groups. In vivo dex-
tran labeling and retention indicated that at least half of the macrophages were 
longer-lived in healthy adult heart tissues and may comprise the tissue-resident 
population of macrophages.

In heart tissues of SIV-infected rhesus macaques, increased numbers of CD163+ 
macrophages were associated with pathology and fibrosis, and macrophages 
infected with SIV expressed CD163 with some also expressing HAM56 [65, 66]. 
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In our studies of rhesus macaques, the majority of heart tissue macrophages were 
CD163+ and long-lived (i.e. retained dextran), regardless of whether animals 
were chronically infected with or without ART [32] and Petkov et al., submit-
ted]. Short-lived macrophages were rarely detected in the hearts of SIV-infected 
macaques at low monocyte turnover stage and of uninfected macaques with low 
histopathology scores [32]. In uninfected animals with higher histopathology 
scores (i.e. cardiac disease) or in SIV-infected animals with increased monocyte 
turnover, higher percentages of BrdU+ short-lived macrophages were detected 
in heart suggesting infiltration of monocyte-derived short-lived macrophages 
during disease progression. Reduction in monocyte traffic to the heart of SIV-
infected rhesus macaques via anti-alpha-4 integrin antibody reduced lesion 
severity in the heart and decreased levels of CD163+CD68+ macrophages, impli-
cating accumulation of short-lived macrophages as a promoter of SIV-associated 
heart disease [67]. Unpublished results from our lab suggested that the level of 
long-lived macrophage infection also influences the dynamics and recruitment 
of short-lived macrophages related to heart tissue damage during HIV infection. 
In addition, HIV and SIV infections appear to accelerate biological aging based 
on increased or earlier onset of chronic inflammatory diseases, including CVD 
[68–75]. Cellularity of heart tissues declined with age in rhesus macaques [32] 
and there also was a reduction in heart tissue cellularity in SIV-infected younger 
adult macaques similar to that in uninfected older animals. Thus an increase in 
macrophages relative to tissue cellularity may contribute to loss of tissue homeo-
stasis during natural aging and SIV/HIV-associated accelerated aging.

e. Adipose tissue. Tissue macrophages also constitute a major portion of the 
immune cell population in adipose [76–78]. Macrophages in subcutaneous 
adipose tissue of rhesus macaques and humans expressed CD68 and predomi-
nated over T cells and B cells [79]. CD68 was heavily expressed on cells of the 
monocyte and macrophage lineage [80] along with CD163 and CD206 that 
appear to reflect ‘anti-inflammatory’ macrophages [81, 82]. In subcutaneous 
adipose tissue of rhesus macaques, there were at least two major macrophage 
subsets. CD68+CD163+CD206+ macrophages were more common than the 
CD68+CD163−CD206− macrophages, suggesting the predominant population 
exhibited an ‘anti-inflammatory’ phenotype. While triple-positive adipose tissue 
macrophages were found throughout the tissue, CD68+CD163−CD206− were 
mainly detected inside crown-like structures and interstitial clusters, intimating 
these macrophages may be associated with pathology and inflammation [79]. 
As also observed in heart tissue macrophages, the vast majority of subcutaneous 
adipose tissue macrophages in rhesus macaques were longer-living (i.e. retained 
in vivo administered dextran) [32, 79]. These longer-lived subcutaneous adipose 
macrophages co-expressed CD68, CD163, and CD206. The CD68+ macrophages 
that did not contain dextran were generally found in the crown-like structure 
and interstitial spaces, and also were negative for CD163 and CD206. A small but 
distinct subpopulation of these macrophages simultaneously expressed Ki67 in 
their nuclei, located to the crown-like structure and interstitial clusters, but also 
to the interstitial spaces, suggesting that they were self-renewing at the time of 
sampling. Though only a small proportion of macrophages were self-renewing 
at any one time, these observations provide evidence that, like in mice, adipose 
tissue macrophages from rhesus macaques are predominantly long-lived and may 
self-maintain in tissue via slow local proliferation.
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Adipose tissue macrophages also have provided evidence that CD14+ adipose 
tissue macrophages become infected with HIV and simian immunodeficiency 
virus (SIV) [45]. During SIV infection of cynomolgus macaques, subcutaneous 
macrophages also exhibited a pro-inflammatory phenotype expressing CD14 
but not CD163 or CD206 [83] thereby contributing to the chronic inflammation 
often observed during SIV/HIV infection.

7. Future goals: targeting macrophages to reduce pathogenesis

Macrophages regulate inflammation and contribute to the SIV/HIV reservoir, 
thereby affecting pathogenesis of infection. Two general approaches have been 
applied experimentally to target macrophages in macaques that may benefit treat-
ments for HIV. Bisphosphonates have been used for treating osteoporosis and other 
bone diseases, and target bone macrophages or osteoclasts to inhibit bone resorption 
[84]. In rhesus and cynomologus macaques, liposome-encapsulated alendronate 
administered intravenously reduced levels of CD14+CD16− and CD14−CD16+ 
monocytes as well as CD163+ tissue macrophages with relatively low or no toxicity 
[85]. Liposome-clodronate inoculated intracisternally selectively depleted CD206+ 
perivascular macrophages of the brain as well as CD14+ monocytes in SIV-infected 
rhesus macaques [56]. A second approach was to apply natalizumab, an antibody to 
α-4-integrin that inhibits monocyte/macrophage trafficking. This antibody reduced 
neuropathology and cardiac pathology in SIV-infected rhesus macaques [56, 67]. 
Increasing evidence for the presence of SIV/HIV-infected and persistent macrophage 
reservoirs supports further studies and approaches for modulating or targeting 
macrophages to achieve cure.
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Infectious Diseases
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Abstract

Macrophages have a critical role in the outcome of neurological diseases, including 
neurodegenerative, autoimmune, vascular and microbial diseases. Macrophage role 
ranges from beneficial to pathogenic depending upon genetics, other components of 
innate and adaptive immunity, lifestyle and macrophage targets: aggregated molecules 
or bacterial and viral pathogens. Macrophages are attracted by chemokines to migrate 
into the brain and remove or inactivate pathogenic molecules. In the patients with 
neurodegenerative diseases, macrophages target aggregated molecules, amyloid-β1–42 
(Aβ) and P-tau in Alzheimer’s disease (AD), and superoxide dismutase-1 (SOD-1) in 
amyotrophic lateral sclerosis (ALS), but also have autoimmune targets. In AD and ALS 
patients, macrophages in the pro-resolution M1M2 state are adapted to brain clearance 
and homeostasis, whereas in the proinflammatory M1 state are modulate to an anti-
viral and antibacterial role, which may be associated with collateral damage to tissues. 
In HIV-1 and CoV2 viral infections, macrophages in M1 state are anti-viral but also 
pathogenic through inflammatory damage to the heart and the brain. In neurodegen-
erative diseases, the natural substances polyunsaturated fatty acids (PUFA), vitamins 
B and D, energy molecules, and flavonoids have beneficial effects on macrophage 
transcriptome and functions for brain clearance, but the effects are complex and 
depend on many variables.

Keywords: Alzheimer’s disease, amyotrophic lateral sclerosis, inflammatory response, 
cytokines, macrophage, transcriptome, glycome

1. Introduction

Macrophages and dendritic cells are key players in activation of the innate and 
adaptive immune systems. In viral infections, such as HIV-1 and COVID-19,  
macrophages assume either a more protective or a pathogenic role depending on  
their classification.

Macrophages are polarized by cytokine signaling from CD4 T cells into the M1 
or the M2 type. M1 macrophages are classically activated by interferon-γ (INF-γ), 
whereas M2 macrophages are activated by interleukin-4 (IL-4) and IL-13 [1]. 
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M1 macrophages have a role in combating infection, whereas M2 macrophages in sup-
porting homeostasis. This inflammatory response, while beneficial against microbes 
and aggregated molecules, when hyper-activated can lead to tissue damage in the 
lungs, heart, and brain.

Under conditions of high microbial activity, M1 promote inflammation, synthesize 
nitric oxide, and induce cytokine production IL-6, IL-12 and tumor necrosis factor 
(TNF). Type M2 macrophages secrete arginase-I, IL-10 and TGF-β and other anti-
inflammatory cytokines promoting wound healing but also contributing to tumor 
growth. M1 macrophages phagocytize microbes and initiate an adaptive immune 
response by T cells while M2 macrophages induce collagen repair to maintain tissue 
repair [1].

The roles of M1 macrophages in opposing the disease and the M2 macrophages in 
promoting homeostasis, while evident in infectious diseases, is less evident in neuro-
degenerative diseases. Macrophages of AD patients were classified according to the 
ratio of cluster of differentiation (CD) surface markers: CD54+ CD80/CD163+ CD206 
[2] as follows: the inflammatory M1 macrophage type has the ratio > 4, the anti-
inflammatory M2 type has a ratio < 1. Both M1 and M2 are associated with progres-
sion of dementia. In AD patients, however, the intermediate M1M2 phenotype with a 
ratio between 1 and 4 is a pro-resolution type promoting homeostasis and protection 
against dementia. Infection or other stress can cause an imbalance in the expression of 
these two macrophage types, as seen by others [3].

Macrophages were first appreciated in tuberculosis, where the dual role of macro-
phages in containing vs. replicating Mycobacterium tuberculosis (Mtb) has been known 
for a century. A successful response to mycobacterial infection is a granuloma consist-
ing of lymphocytes, macrophages, Langhans giant cells (fused macrophages around 
mycobacteria) and fibroblasts [4].

In recent years, the role of macrophages in neurodegenerative diseases, 
Alzheimer’s disease (AD) and amyotrophic lateral sclerosis (ALS), has been appreci-
ated as a result of immunochemical demonstration of central nervous system (CNS) 
invasion by peripheral blood monocyte/macrophages (MM) in AD patients [5]. 
Macrophage targets in AD are amyloid-beta (Aβ) and P-tau, while in ALS macrophage 
targets are aggregated superoxide dismutase (SOD-1) and microbial nucleic acids. 
Autologous DNA released into the cytoplasm could be a target in the cGAS-STING 
pathway [6].

This chapter will discuss the integral role and modulation of macrophage role in 
the therapy of neurodegenerative and infectious diseases. The natural substances 
polyunsaturated fatty acids (PUFA), circuminoids, vitamin D, and polyphenols 
improve macrophage transcriptome and functions for brain clearance in neurological 
diseases, but their mechanisms depend on many variables that are under study. The 
effects of natural substances on macrophage transcriptome and clearance of Aβ and 
P-tau could potentiate therapeutic outcome of monocl0nal antibodies, which increase 
phagocytosis but not degradation or export of Aβ and P-tau.

2.  Macrophages of Alzheimer’s disease patients fail in clearance of the AD 
brain

In AD patients, microglia are the first responders to accumulation of Aβ in the 
brain, which attract monocyte/macrophages (MM) from the blood into the CNS 
by chemokines, in particular CCL5 (RANTES) [7]. In non-demented individuals, 
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post-mortem immunochemistry and results from a blood-brain barrier (BBB) 
model suggest that MM migrate across BBB in both directions, clear Aβ in plaques, 
degrade or export Aβ from the brain without disruption of BBB or accumulation of 
macrophages around vessels [5, 8], and deposit Aβ into cervical nodes or further 
downstream [9]. MM of healthy subjects with the pro-resolution M1M2 phenotype 
effectively upload Aβ into endosomes, fuse endosomes with lysosomes, and degrade 
Aβ by lysosomal enzymes. MM of AD patients are defective in internalization and 
degradation of Aβ in endosomes [8].

In the AD brain, MM immigrate into CNS through disrupted tight junctions 
between endothelial cells. In addition, opening of tight junctions in the blood-brain 
barrier (BBB) permits brain entry of fibrin and components of the complement. In 
the brain parenchyma, AD macrophages invade the plaques but upload Aβ only on its 
cell surface, do not transport Aβ into endosomes and fail to degrade Aβ. Clearance of 
individual Aβ plaques by macrophages is functionally stochastic, thus some plaques 
are not fully cleared [5]. After uploading Aβ, MM migrate to vessels but fail to emi-
grate across BBB, suffer apoptosis and release Aβ into vessels, which develop cerebro-
vascular angiopathy (CAA) (Figure 1) [10].

2.1 Natural substances have mixed results in prevention of Alzheimer’s disease

Natural substances, prominently PUFA, have a long history in prevention of AD 
in the patients with mild cognitive impairment (MCI). PUFA supplementation had 
positive cognitive effects in MCI patients, but only in those with very mild MCI [11]. 
A large controlled clinical trial of PUFA supplementation, however, did not slow the 
rate of cognitive and functional decline in patients with mild to moderate Alzheimer 
disease [12].

Nevertheless, proven effects of PUFA on macrophage transcriptome and func-
tions designate PUFA for immunotherapeutic studies controlled for baseline immune 
phenotype, APO E genotype, stage of disease, diet and lifestyle using a high-quality 
omega-fatty acid preparation protected against oxidation [2]. In an uncontrolled 
study of mild cognitive impairment (MCI) patients supplemented by the omega-3 

Figure 1. 
Macrophage pathway in the AD brain. Created with BioRender.com.
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fatty acid drink Smartfish, macrophage phenotype changed from either a highly 
inflammatory M1 or a very low non-inflammatory M2 to the desired pro-resolution 
M1/M2 (Table 1) [2]. Importantly, in this study, PUFA supplementation improved the 
cognitive status of MCI/AD patients for 4–17 months and protected against dementia 
for 4.5 years in certain patients [13]. In vivo supplementation and in vitro stimulation 
by the Smartfish drink stimulated the pro-resolution M1/M2 macrophage type with 
increased phagocytosis and energy [14].

A clinical study of supplementation with a high dose of vitamin B complex, 
including vitamins B6 (pyridoxine), B9 (folic acid), and B12 (cobalamin), 
showed a reduction in the rate of brain atrophy in MCI patients with elevated total 
 homocysteine [15].

2.2  Alzheimer’s disease patients’ macrophages have transcriptomic defects that 
underlie their defective function

AD brain cells and macrophages lack energy due to oxidative damage and 
nitrosylation by reactive oxygen species (ROS) of the glycolytic enzyme transcripts 
GAPDH, PKM1, and PDH, and the citric acid cycle enzymes ACO2 and OGDH [16]. 
The defects in macrophage transcriptome in protein-coding and regulatory sequences 
for energy, glycosylation, unfolded protein response, glymphatic system, Toll-like 
receptors, and other genes lead to macrophage malfunction and apoptosis [14]. 
Macrophages exhibit a faulty unfolded protein response (UPR) to endoplasmic reticu-
lum (ER) stress from Aβ phagocytosis. These defects lead to macrophage apoptosis 
and inflammation [14].

2.3 Natural substances have positive effects on macrophage biochemistry

The anti-inflammatory molecule bisdemethoxycurcumin up regulated MGAT3 
transcripts and increased macrophage phagocytosis of Aβ. 1,25 dihydroxy vitamin 
D3 potentiated the 4,4-diisothiocyanostilbene-2,2-disulfonic acid-sensitive chloride 
channel ClC-3 currents essential for Aβ phagocytosis [17]. A clinical study of supple-
mentation with a high dose of vitamin B complex, including vitamins B6 (pyridoxine), 
B9 (folic acid), and B12 (cobalamin), showed a reduction in the rate of brain atrophy 
in MCI patients with elevated total homocysteine [15].

RNA-seq analysis of single blood cell types in PUFA-supplemented MCI patients 
showed up-regulation of the transcripts for glycolysis, tricarboxylic acid cycle, 

AD patients PUFA-supplemented AD patients

M1-type macrophages ↑ ↓

M2-type macrophages Variable ↑

M1/M2 pro-resolution-type macrophages ↓ ↑↑

MGAT3 transcription ↓ ↑↑

Inflammation ↑↑ ↓

Aβ phagocytosis by macrophages ↓ ↑

Table 1. 
The effects of PUFA-supplementation on Alzheimer’s disease (AD) patients.
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OX-PHOS, nicotinamide dinucleotide (NAD+) synthesis in monocytes, neutrophils, 
regulatory T cells, memory CD4 and CD8 T cells, and NK cells, but the most con-
sistent effects across the whole spectrum were in monocytes/macrophages (MM). 
Importantly, the supplementation showed that PUFA provide energy for immune 
clearance of the brain throughout the diurnal cycle and even in hypo- or hyper-gly-
cemia [13]. Both hypo- and hyper-glycemic glucose concentrations in the medium of 
macrophages in vitro inhibit Aβ phagocytosis, but phagocytosis is restored in presence 
of PUFA in the medium. Diabetic patients have an increased risk of AD and may 
benefit from PUFA supplementation to provide missing energy in hypoglycemia and 
to enhance correct glycation and protect against glucose adducts in hyperglycemia of 
mild cognitive impairment (MCI) patients.

2.4 Monoclonal antibodies and PUFA in therapy of AD

The approval of aducanumab in 2021 increased enthusiasm for immune therapy 
by monoclonal antibodies. Aducanumab cleared both soluble oligomers and aggre-
gated Aβ in a dose- and time-dependent fashion according to amyloid positron 
emission tomography (PET) imaging and slowed disease progression [18]. Both 
aducanumab and another monoclonal antibody ponezumab, however, have been 
associated with cerebro-vascular amyloid angiopathy (CAA) in models and with 
amyloid-related imaging abnormalities (ARIA) in patients [19]. Although the exact 
mechanisms of CAA related to aducanumab are not known due to the lack of patho-
logical and biochemical studies, this complication appears to be due to macrophage 
shuttling Aβ from plaques to vessels, failure of macrophages in Aβ degradation and 
macrophage apoptosis with a release of Aβ into CAA vessels [10]. As PUFA up regu-
late the transcription of Aβ degradation enzymes, PUFA supplementation could be 
synergistic with the monoclonal antibody therapy.

3. Macrophages in amyotrophic lateral sclerosis

In amyotrophic lateral sclerosis (ALS), macrophages target aggregated super-
oxide dismutase (SOD-1) [20] and may be targeting free autologous DNA in the 
cytoplasm.

Immunopathological studies of sporadic amyotrophic lateral sclerosis (sALS) 
patients demonstrated an inflammatory attack by macrophages, cytotoxic T cells, NK 
and mast cells on motor neurons in the spinal cord [21, 22]. The attack includes gray 
matter and white matter of the spinal cord as well as peripheral nerves. The invading 
macrophages are inflammatory expressing cyclooxygenase-2 (COX-2), inducible 
nitric oxide synthase (iNOS), IL-6 and TNF-α, and they attack both caspase-positive 
and caspase-negative neurons. In addition, cytotoxic CD8 T cells and NK cells partici-
pate in the autoimmune attack expressing the cytotoxic enzymes granzymes.

Aggregated superoxide dismutase-1 (SOD-1) stimulates peripheral blood mononu-
clear cells (PBMC) of sALS patients inducing IL-1, IL6, and IL23. These cytokines enhance 
production of the auto-immune pro-inflammatory cytokine IL-17A, which is increased in 
the serum and spinal cord of ALS patients [23]. The induction of inflammatory pathology 
in sALS by SOD-1 in aggregated form is an example that in neurodegenerative diseases 
the aggregated state of the putative culprits SOD-1 in ALS and amyloid-β and P-tau in 
Alzheimer’s disease is sufficient for induction of inflammatory neuropathology.
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4. Macrophages in HIV-1 infection

Trojan transport is the main path for virus penetration the blood-brain barrier in 
HIV-1 encephalitis. In addition, HIV-1 penetrates across coronary endothelia by trans-
cytosis or by a paracellular route through disrupted tight junction protein ZO-1 [24].

Infiltration of target organs by inflammatory macrophages has a critical role in 
the progression of HIV-1 encephalitis and HIV-1 myocarditis. Other target organs 
in AIDS, the liver and the kidneys, are also infiltrated by macr0phages. In patients 
with HIV-1 encephalitis, cognitive impairment is proportionate to the number of 
macrophages infiltrating the brain [25]. In a study of postmortem heart tissues from 
15 AIDS patients, the failing hearts showed significantly higher infiltration in the 
left ventricular myocardium by COX-2-positive and iNOS-positive macrophages 
compared to the functioning hearts. In the hearts with HIV-1 myocarditis, productive 
infection was exclusively in infiltrating macrophages and T cells, not in cardiomyo-
cytes [26]. Significant infiltration of the failing heart by COX-2-positive macrophages 
(demonstrated using an antigen-retrieval technique) and production of inflamma-
tory cytokines and mediators, such as NO, quinolinic acid, free radicals, is considered 
as the main mechanism of heart failure in HIV-1 myocarditis [26].

5. Macrophages in patients with COVID-19 infections

The recent epidemic of SARS-CoV-2 viral infection is associated with severe 
complications in subjects with risk factors, including older age, obesity, diabetes, 
renal failure; cancer; chronic obstructive pulmonary disease from smoking; and 
immunosuppressive conditions. In contrast, SARS-CoV-2 infected subjects without 
risk factors may suffer only mild pulmonary damage [27].

SARS-CoV-2 and previous coronaviruses responsible for severe acute respiratory 
syndrome (SARS) and the Middle East respiratory syndrome (MERS) induce inflam-
matory activation of monocytes/macrophages (MM). Patients with a low expression 
of interferon–α/β/γ in macrophages may suffer severe pulmonary damage by lung 
infiltration with inflammatory MM in a cytokine release syndrome (CRS), a.k.a. 
cytokine storm. MM are attracted into the lungs by chemokines produced by lung 
epithelia and fibroblasts. MM are activated by GM-CSF and IL-6, therefore, a block-
ade with IL-6 receptor antibody (tocilizumab, ActemraR) is used in presence of a high 
inflammation [27]. CRS is related to the release of IL-1, IL-6 and nitric oxide (NO) 
from monocyte/macrophages, as shown in vitro and in an animal model by depletion 
of macrophages. CRS is similar to macrophage activation syndrome (MAS), a com-
plication of several autoimmune diseases, in which well-differentiated macrophages 
show uncontrolled proliferation. CRS is also a complication of chimeric antigen 
receptor (CAR) therapy of B cell malignancies, in which macrophages produce IL-6, 
IL-1 and NO and where IL-1 blockade is therapeutic. COVID 19 pneumonia may be 
complicated by disseminated intravascular coagulation (DIC), therefore anticoagula-
tion with enoxaparin (LovenoxR) is routinely used in severe CoV2 infections.

In COVID-19 pneumonia, macrophages have a dual role with a beneficial anti-
viral role and a detrimental role through excessive release of inflammatory cytokines 
[28]. The lung has two types of macrophages, interstitial and alveolar macrophages. 
The alveolar macrophages with M1 type are pivotal in defense against pathogens by 
phagocytosis of microbes, enhancement of development of cytotoxic T cells and type 
I interferon production. The M2 type alveolar macrophages dampen the inflammation 
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and repair the damage in association with other immune tissue cells. Macrophages 
infected by CoV2, however, accumulate lipid droplets in association with virus 
replication [29].

Angiotensin-converting enzyme 2 (ACE2) is a cell receptor for SARS and CoV-2 
on lung epithelial cells. SARS-CoV-2 can infect monocytes and macrophages through 
ACE2-dependent and ACE2-independent pathways [27]. A second study with similar 
findings detected ACE2-expressing CD68+ and CD169+ macrophages containing 
SARS-CoV-2 nucleoprotein antigens in the sinuses of the lymph nodes of COVID-19 
patients. These infected macrophages up regulated the pro-inflammatory cytokines 
IL-6 [30] and IL-1B [31]. The increased production of these cytokines by infected 
monocytes and macrophages induces hyper-inflammation and the onset of cytokine 
storm, leading to excess tissue damage and the potential harm of other vital organs 
in addition to the lungs (Figure 2) [27]. In addition, a subset of macrophages isolated 
from Covid-19 patients have been found to express genes that promote fibrosis 
generation and tissue repair. Therefore, the infection of infiltrating macrophages 
might not only be detrimental because of the promotion of acute inflammation, but 
also because of fibrotic complications that may arise and that have been observed in 
patients under mechanical ventilation. Long-term increases in the pro-inflammatory 
M1 type macrophages are associated with elevated reactive oxygen species (ROS) 
[32], which can produce harmful long-term side effects.

6. Macrophages in tuberculosis

Similar to in COVID-19 infections, macrophages play a dual role in tuberculosis. 
Macrophages permissive for M. tuberculosis (Mtb) replication, they may control 
and eliminate the infection in the presence of appropriate innate and acquired 
responses [4].

M1 and M2 macrophages are distinguished by their activation type. M1 cells 
are activated by the T helper type 1 (Th1) cells. These cells pertain to cell mediated 
immune responses and emit interleukin-2 (IL-2), IFN-γ, and lymphotoxins [33]. 

Figure 2. 
Monocyte infiltration of the lungs with differentiation and activation of macrophages with production of 
cytokines and chemokines. Created with BioRender.com.
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Th1 cells lead to an increased M1 activation due to the production of IFN-y. Nitric 
oxide production is stimulated by the Th1 activation, rather than T helper type 2 
(Th2) cells [34]. Th2 cells cause the activation of M2 macrophages. These cells are 
responsible for the stimulation of humoral immunity and secrete interleukin-4 
(IL-4), interleukin-5 (IL-5), and interleukin-10 (IL-10). Th2 responses are a result 
of the production of ornithine which activates the M2 response allowing for tissue 
repair [1]. In tuberculosis, the intersection of Th1 and Th2 activation of M1 and M2 
respectively leads to the immunity against pathogens. Along with the production 
of IFN-y, immunoglobulin A (Ig-A) is necessary for defense against tuberculosis 
(Table 2) [35].

Alveolar macrophages (AM) and dendritic cells phagocytize Mtb in the alveolar 
space in the lungs. Mtb is transmitted by macrophages to other organs via lymph 
nodes and blood vessels [36]. Alveolar macrophages present Mtb antigens to the 
adaptive immune cells to initiate an immune response. Subsequently, granulomas 
are formed because of the early inflammatory response caused by the AM [37]. 
Granulomas contain a variety of immune cells in order to contain the antigen. Some 
of the immune cells present in granulomas include foamy macrophages, epithelioid 
cells, neutrophils, and dendritic cells.

7. Conclusion

The phenotype of macrophages infiltrating the lesions in AD, ALS, HIV-1 myo-
carditis and encephalitis should be determined first, as it is the initial information 
necessary for analyzing macrophage role in each disease. M1 phenotype should be 
confirmed by staining of NOS, COX-2, TNF alpha, IL1, and IL-6 on macrophages.

Preliminary data suggest the following: (a) the pro-inflammatory M1 macrophage 
phenotype = CD54 + CD80/CD163 + CD206 > 4.0 is associated with an increased 
macrophage effector function in viral infections, but also with organ damage best 
known in HIV-1 myocarditis; b) the pro-resolution phenotype M1/M2 phenotype 
CD54 + CD80/CD163 + CD206 = in AD is associated with a beneficial role of macro-
phages in AD. The natural substances polyunsaturated fatty acids, vitamins B and D, 
energy molecules (carnitine), and flavonoids (resveratrol) may have individual health 
effects by improving macrophage transcriptome and macrophage pro-resolution type 
for brain clearance in AD, but the effects are complex and depend on many variables. 
In ALS patients, the M1/M2 phenotype promoted by fatty acids could be beneficial, 
but the data in human patients are not yet available.

Type 1 macrophages Type 2 macrophages

Marker expression CD80, CD54 CD163, CD206

Activation Th1, INF-γ, GM-CSF Th2, IL-4

Pro-inflammatory cytokines High Low

Antigen presentation Yes No

Production of ROS/NO High Low

Purpose Destruction of microbes Construct extracellular matrix

Table 2. 
Type 1 and type 2 macrophage distinction.
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Targeted Regulation and Cellular 
Imaging of Tumor-Associated 
Macrophages in Triple-Negative 
Breast Cancer: From New 
Mechanistic Insights to Candidate 
Translational Applications
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Fernanda I. Staquicini, Wadih Arap, Renata Pasqualini  
and Pranela Rameshwar

Abstract

The complex interplay between immune cells and tumor cells within the tumor 
microenvironment (TME) can lead to disease progression. Specifically, signals 
generated in the TME can cause immunosuppression, promoting angiogenesis and 
immune evasion, which leads to tumor development. The interplay of M1 and M2 
macrophage populations that coincide with these tumor markers is particularly 
important in the TME. Triple-negative breast cancer (TNBC) often presents as 
advanced disease, and these tumors are also often bereft of recognized molecular 
targets that can be found in other subtypes, limiting their therapeutic options. 
However, tumor-associated macrophages (TAMs) infiltration in TNBC is frequently 
observed. Moreover, a high density of TAMs, particularly M2 macrophages, is 
associated with poorer outcomes in various cancers, including TNBC. This provides 
a strong basis for exploiting TAMs as potential therapeutic targets. Specifically, 
efforts to increase M2 to M1 repolarization are promising therapeutic approaches in 
TNBC, and four recent studies wherein divergent approaches to target the M2-rich 
macrophage population and reverse immune subversion are described. These and 
similar efforts may yield promising diagnostic or therapeutic options for TNBC, 
a great clinical need.

Keywords: cancer, dormancy, bone marrow, microvesicle, macrophage, cytokine
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1. Introduction

The cellular microenvironment of metastatic solid tumors is composed of  
heterogeneous malignant cells and other supporting nonmalignant cells such as 
cancer-associated fibroblasts, angiogenic endothelial cells, mesenchymal stem cells, 
and pericytes, along with lymphoid and myeloid immune cells. The latter includes  
B- and T-cells, dendritic cells, and tumor-associated macrophages (TAMs).

TAMs form a major component of the tumor microenvironment (TME) and likely 
are the most abundant cell [1–3]. Macrophages, which are differentiated from mono-
cytes, are heterogeneous and belong to the inherent myeloid cells present in TME. The 
roles and phenotypes of macrophages depend on their homeostatic and pathological 
microenvironment. Macrophages can aid in enhancing immunity by clearing cellular 
debris and tumor cells, as well as boosting adaptive immunity [4, 5]. In contrast, 
continued or prolonged activation of macrophages can result in a dysregulated host 
immune defense, ultimately resulting in pathogenetic outcomes [4].

Macrophages can release soluble factors such as cytokines and stimulate the 
complement system, contributing to inflammation [6]. In the case of a large tumor 
volume, the microenvironment can have low oxygen tension and acidic pH to cre-
ate conditions that are identical to tissue damage seen in inflammatory conditions 
[7, 8]. In turn, the macrophages within an inflammatory microenvironment can 
initiate mechanisms to repair the “damaged tissue.” These include triggers to initiate 
neoangiogenesis, tissue remodeling, and removal of dead and damaged cells as well as 
promoting immunosuppression [8–11]. In this regard, tumor growth can behave as an 
aberrant but complex interaction between tumor cells, immune system, and stromal 
cells in which proliferating and dying cells coexist similar to a wound [8, 9, 12].

The prognostic value of TAM infiltration in several different kinds of cancer, such 
as breast [13], lung [14], prostate [15], and gastric [16], has been demonstrated in 
various studies. Other studies reported on a correlation between TAM density and 
poor prognosis [17, 18]. Zhao et al. have also demonstrated that increased penetration 
of TAMs correlated with poor prognosis and reduced patient survival in breast cancer 
[19]. Further subset analysis has shown differential prognostic association between 
M1 and M2 macrophage phenotypes. A high M1 phenotype density has been shown 
to correlate with better prognosis due to the pro-inflammatory role of this subtype. 
In contrast, predominance of M2 phenotype correlated with a poorer overall survival 
as found in gastric cancer, partly due to their anti-inflammatory property, including 
increased regulatory T-cells [20].

Malignant transformation is associated with an “angiogenic switch,” marked by 
an increase in the number of new blood vessels [21, 22]. Macrophages also appear to 
be important players in angiogenesis. TAMs may stimulate the tumor neovasculariza-
tion by producing angiogenic factors. Leek et al. have shown a positive relationship 
between high vascular grade and increased macrophage infiltration in breast carci-
noma, which leads to reduced disease-free survival and overall survival [23]. TAMs 
residing in hypoxic tumor areas have increased expression of vascular endothelial 
growth factor A (VEGFA) [24]. This correlates with TAM-mediated induction of 
metalloproteinases (MMPs), contributing to increased tumor angiogenesis, which 
is consistent with findings of TAMs as major source of MMP9 in a mouse model of 
human ovarian cancer [25]. Chen et al. have shown that a hypoxic TME can be crucial 
for preferential polarization of recruited macrophages into M2 subtype [26]. These 
recruited M2 macrophages significantly enhance tumor neovascularization while 
protecting the cancer cells of the immune system.
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1.1 TAM polarization

Macrophages that express high levels of tumor necrosis factor (TNF), inducible 
nitric oxide synthase (iNOS), or major histocompatibility complex (MHC) class II 
molecules have been considered antitumorigenic. Expression of high levels of argi-
nase-1 (ARG1), interleukin (IL)-10, CD163, CD204, or CD206 by macrophages has 
been associated with pro-tumorgenic behavior [27]. Macrophage polarization is an 
area of intense immunological research [28–30]. In a conventional dualistic approach, 
M1 macrophages refer to macrophages activated through lipopolysaccharide (LPS) or 
the polarizing cytokine interferon gamma (INFγ) [31, 32]. These are identified by the 
expression of “M1 marker genes” such as NOS2, IL12, and MHC class II transactivator 
(CIITA) [28]. M2 macrophages are IL-4 stimulated and typically express “M2 marker 
genes” such as ARG1, among other signal transducer and activator of transcription 6 
(STAT6)-induced markers [8, 28–30, 32].

However, macrophages can express both ARG1 and NOS2 simultaneously, suggesting 
the inadequacy of the strict dichotomous model to address layers of complexity. This 
dualistic model has been replaced by a spectrum model, wherein M1 and M2 are thought 
to represent ends of a continuum. Heterogeneity in the microenvironment along with 
other development factors must be considered for TAM phenotyping. Metabolic changes 
within the TME have significant potential to change polarization of macrophages. It has 
been shown that oxidative pathways result in M2 polarized macrophages, whereas M1 
macrophages depend more on glycolysis [6, 32].

2.  Triple-negative breast cancer: an unmet need in contemporary cancer 
medicine

Breast cancer ranks as the second most common cancer type worldwide with 
higher incidence being seen in African Americans and Hispanics. Lifetime risk 
of breast cancer remains at one in every eight women equating to about 13% of 
American women developing breast cancer in their lifetime. It is estimated that in 
2022, approximately 288,000 new cases of invasive breast cancer will be diagnosed 
in women within the United States and over 43,000 will die from their breast cancer 
(SEER database; http://cancer.gov).

Triple-negative breast cancer (TNBC) refers to tumors lacking expression of  
estrogen receptor (ER), progesterone receptor (PR), and receptor tyrosine-protein 
kinase erbB-2 (HER2), all of which are molecular targets of therapeutic agents, ensur-
ing TNBC remains difficult to treat. Chemotherapy remains the mainstay for standard 
of care treatment of TNBC, with preferential use of platinum compounds in BRCA1/2 
mutated breast cancer that are triple-negative. About 10–20% of all diagnosed breast 
cancers are triple-negative. TNBCs will often present with higher grade tumors 
that clinically correlate with a poorer outcome as compared to other breast cancer 
subtypes. In particular, patients with TNBC tend to present with clinically more 
advanced disease in the form of larger tumors and a higher burden of nodal involve-
ment. This is reflective of their inherently aggressive nature [33]. Despite responses 
to treatment, these cancers can present with earlier relapses involving the visceral 
sites [34–39]. Despite multi-agent systemic treatment, fewer that 30% of patients 
with metastatic breast cancer survive longer than 5 years and virtually no patient 
with metastatic TNBC will be alive after that [40, 41]. Despite a higher risk of recur-
rence for TNBC, better clinical and pathological initial response to chemotherapy 
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has been seen in TNBC compared to other breast tumors, an interesting but para-
doxical contrast [41, 42]. In a large majority of residual TNBCs that persist after 
initial chemotherapy, there may be targetable pathway alterations that could serve 
as therapeutic targets [41, 43]. Use of poly ADP ribose polymerase (PARP) inhibi-
tors, phosphoinositide 3-kinase (PI3K) inhibitors, mitogen-activated protein (MAP) 
kinase (MEK) inhibitors, heat-shock protein 90 (HSP90) inhibitors, histone deacety-
lase inhibitors, etc., are notable examples [41]. Some of these interventions have been 
approved by the US Food and Drug Administration (FDA) and others remain investi-
gational. The standard of care for TNBC remains multiagent chemotherapy; however, 
use of PARP inhibitors (such as olaparib) and immune checkpoint inhibitors (such as 
pembrolizumab) have recently been incorporated as part of adjuvant or neoadjuvant 
potentially curative options approved in certain settings [39, 44–47]. Unfortunately, 
TNBC patients display remarkable clinical diversity, making treatment decisions 
challenging, as seen with the recent voluntary withdrawal of the expedited approval 
of atezolizumab in combination with chemotherapy against metastatic TNBC, despite 
initial approval for use in this setting. In summary, TNBC remains a major unmet 
need in contemporary cancer medicine.

2.1 PDL-1 and triple-negative breast cancer

Immunotherapy has been of interest and a focus for the development of thera-
peutics for many years. Clinical trials have yielded mixed results. Vaccine trials have 
exploited the idea of increasing immune system engagement by increasing tumor 
recognition by the immune system but without consistent results. Active engagement 
of the immune system using immunotherapies continues to be both of clinical and 
investigational interest [41].

TNBCs are known to have genomic instability and have been shown to have higher 
degree of tumor-infiltrating lymphocytes [48] along with increased expression of 
programmed cell death ligand 1 (PD-L1) in comparison with other breast tumor 
types [49, 50]. Immune tolerance regulation has been linked to PD-L1 and its receptor 
programmed cell death protein 1 (PD-1). PD-1 is a receptor expressed on the surface 
of cells, like T-cells in the adaptive immune environment. These cells can then bind to 
either PD-L1 or PD-L2 which can be found on both tumor cells and tumor-infiltrating 
cells. This can in turn induce inhibition and depletion of T-cells which limits the tumor 
cell clearance and allows the tumor cells to evade innate and adaptive immune mecha-
nisms [51–53]. Therefore, inhibition of immune checkpoints can reverse the immuno-
suppressive environment to promote an effective local immune response [54, 55].

TNBC has been shown to harbor mutations and tumor-infiltrating lymphocytes, 
along with a higher expression of PD-L1, making immunotherapy an attractive 
therapeutic approach [56–58]. In KEYNOTE-012, a phase 1b study, the PD-1 inhibi-
tor pembrolizumab was evaluated as monotherapy for TNBC patients whose tumors 
expressed PD-L1. An overall response rate of 19% was seen in the study with one 
complete response. There were four partial responses seen, and 29% of patients had 
stable disease on treatment [59]. KEYNOTE-086 further explored the use of pem-
brolizumab in patients with metastatic TNBC. This study characterized patients by 
treatment history for their metastatic disease as well as PD-L1 expression on tumor 
cells [53, 60]. Progression-free survival (PFS) was similar with an overall response of 
4.7% in both PD-L1 positive and negative previously treated patients of Cohort A in 
this study. Cohort B consisted of untreated patients with positive PD-L1 expression 
and showed a higher overall response rate of 23.1% [53]. KEYNOTE-119 evaluated 
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advanced TNBC patients with 1:1 randomization to single-agent pembrolizumab 
vs. physician choice of chemotherapy and failed to meet its primary endpoint [61]. 
KEYNOTE-522, a prospective randomized trial evaluating neoadjuvant and adjuvant 
pembrolizumab for patients with TNBC assigned to pembrolizumab plus chemo-
therapy and placebo plus chemotherapy in a 2:1 ratio, showed a pathological complete 
response of 64.8% vs. 51.2% between the two groups. Patients with early TNBC who 
had received pembrolizumab with neoadjuvant chemotherapy had a significantly 
higher complete pathological response compared to the group that received placebo 
with neoadjuvant chemotherapy [62, 63]. Atezolizumab, a monoclonal antibody 
targeting PD-L1, was the first immune checkpoint inhibitor to be approved in com-
bination with Nab-paclitaxel for unresectable locally advanced and metastatic TNBC 
expressing PD-L1 [64]. Approval was withdrawn when results of IMpassion131 
showed failure to meet the primary endpoint of PFS superiority compared to the 
frontline treatment. Additionally, there was no survival advantage seen in the PD-L1 
positive population nor in the intention to treat population. In fact, the study inves-
tigators observed a negative trend for overall survival [65], highlighting the urgent 
need for new treatment options.

3.  Targeted preclinical imaging and therapy of tumor-associated 
macrophages in models of triple-negative breast cancer

As immunotherapies targeting co-stimulatory blockade move to the forefront of 
cancer therapeutics, it becomes increasingly important to understand the contribu-
tion of inflammatory cells to tumor progression and their potential use for targeted 
therapy. As discussed earlier, TAMs are critical components of the TME in many solid 
tumors, including breast cancers, and play key roles in facilitating tumor progres-
sion and metastases [30]. This pro-tumor effect of TAM appears to be mediated by 
increased proliferation of tumor cells, angiogenesis, matrix remodeling, and the sus-
tained release of growth factors and cytokines within the TME. Although both pheno-
typic and functional heterogeneity are well documented for the macrophage lineage, 
and the activation state can be clearly defined as a spectrum (see Section 1.2.), here 
we will utilize two distinct states of polarized activation to demonstrate macrophage 
targeting in translational experiments. Specifically, the classically activated (M1) 
macrophage acts in response to IFNγ and/or LPS, and the release of IL-12, IL-23, and 
tumor necrosis factor (TNF), resulting in efficient antigen presentation and antitu-
mor activity. The alternatively activated (M2) macrophage was originally discovered 
to respond to IL-4 [66] and can be characterized by low IL-12 and high IL-10 expres-
sion, dampened inflammation, increased parasite clearance, tissue remodeling, and 
promotion of tumor progression [30].

Macrophage dysregulation is central to the pathogenesis of human TNBC. Given 
that TAMs are influenced by their TME, it becomes important to explore how disease-
specific changes in TNBC, specifically the large TAM population within the TME, 
can be selectively exploited for clinical applications. Thus, a main goal of this book 
chapter is to provide a few recent selected examples of basic and applied research 
programs that study TAM biology in the setting of TNBC, toward bringing discover-
ies and new mechanistic insights into translational applications.

Here, we have highlighted four specific examples of reversal of immune subver-
sion in TNBC and targeted cellular imaging in vivo of TAMs in preclinical models of 
disease, namely:
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• Attenuating TNBC with a lysosome-targeted DNA nanodevice [67] (Figure 1A).

• Ligand-directed targeting a vitamin D receptor in the cell surface of TAMs in a 
TNBC model for tumor ablation and immune subversion reversal [39] (Figure 1B).

• Magnetic resonance imaging (MRI) of superparamagnetic iron oxide nanopar-
ticle (SPION)-loaded TAMs in vivo in an isogenic mouse model of TNBC 
(Figure 1C) [68].

• Controlling TNBC dormancy through differentially activated TAM-derived 
exosomes and their cargo (Figure 1D) [69].

3.1 Attenuating TNBC with a lysosome-targeted DNA nanodevice

Cui et al. recently reported a novel approach to exploit the known lysosomal 
trapping phenomenon of DNA-based agents [67]. Nucleic acid therapies seem to be 
preferentially trafficked to the lysosome via the endo-lysosomal pathway [70, 71]. 
Rather than reinvent the wheel—re-engineer the nucleic acid—for alternative organ-
elle targeting, the authors identified lysosomal functions that could be co-opted for an 
antitumor effect, specifically that an increase in cysteine protease activity in lyso-
somes diminishes antigen presentation on M2 macrophages, avoiding T-cell activation 
and tumor immunity [67].

Cui and team [67] completed a proteomic analysis of M1 and M2 macrophages to 
identify distinct markers of tumorigenesis associated with M2 polarization. In addi-
tion to validating known mitochondrial and adhesion proteins, the M2 macrophage-
specific profile included a panel of elevated lysosomal proteins, findings confirmed 
in TAM samples from TNBC patients. Specific deletion of transcription factor EB 
(TFEB), a regulator of the concerted network of lysosomal enzymes responsible for 
degrading proteins [72] and transcriptional regulation of autophagosome-lysosome 
fusion and function [73], resulted in delayed tumor growth and decreased lysosomal 
activity, likely caused by increased antigen presentation by TAMs and the recruitment 
of CD8+ T-cells [67].

The cysteine proteinase inhibitor E64 [74] was then selected to develop a therapeu-
tic agent with the same effect as TFEB depletion [67]. Increased lysosomal cysteine 
protease activity is known to improve antigen cross-presentation [75], so E64, a specific 
inhibitor of cysteine proteases [76], was conjugated to a 38 base pair DNA sequence that 
could be picked up by scavenger receptors on TAMs for autophagolysosome processing 
[67]. The benefits of this approach would be twofold: 1) direct antitumor activity from 
immunomodulation [77] and 2) to sensitize cells to cancer drugs [78].

Trafficking of the E64-DNA compound to lysosomes was confirmed with a 
fluorescent reporter [67]. E64-DNA inhibited cysteine protease activity specifically, 
which increased antigen presentation and CD8+ T-cell recruitment [77]. When tested 
in the E0771 TNBC tumor model, E64-DNA was able to selectively target TAMs, inter-
nalize via scavenger receptors, and localize to lysosomes. Further analyses revealed 
M2 macrophages were preferentially targeted. After E64-DNA administration, tumor 
growth was hampered, and the number of CD8+ T effector cells increased, as did 
markers of both T-cell proliferation and activation. Further investigation confirmed 
that E64-DNA acts on the M2 macrophage population to reduce cysteine protease 
activity, which facilitates antigen presentation on the TAM cells, leading to activation 
of CD8+ T-cells and slowed tumor growth [67].



341

Targeted Regulation and Cellular Imaging of Tumor-Associated Macrophages in Triple-Negative…
DOI: http://dx.doi.org/10.5772/intechopen.105654

Finally, in addition to this nascent antitumor immunomodulatory activity, E64-
DNA enhanced chemosensitivity, and combination therapy with E64-DNA and 
cyclophosphamide led to longer-term efficacy and tumor regression. The increase 
in tumor cell death provides a ready supply of antigens TAM presentation leading to 
antitumor immunity [67]. This report exemplifies the potential of exploiting what 
some might originally write off as a negative (lysosomal trapping of nucleic acids) 

Figure 1. 
Selected examples of targeting TAMs in TNBC for therapeutic or imaging applications in pre-clinical models 
of disease. (A) Administration of E64, an inhibitor or cysteine proteases, conjugated to DNA, leads to selective 
autophagocytosis and lysosomal uptake, where cysteine protease activity is blocked selectively, enabling TAMs to 
display tumor antigens and activate CD8+ T cells for anti-tumor activity [67]. (B) PDIA3 is a novel biomarker 
of TNBC, and it can be selectively targeted with the CSSTRESAC peptide ligand. CSSTRESAC displayed on 
a hybrid AAV/phage engineered to deliver HSVtk specifically homes to TAMs in EF43.fgf4-derived mammary 
tumors. Administration of appropriate HSVtk substrates for imaging (radiolabeled reporters) or suicide gene 
therapy (GCV) enables tumor monitoring and treatment [39]. (C) Ferumoxytol-contrasted MRI enables TNBC 
imaging and quantification and localization of the iron-containing TAM population in the TME of a mouse 
model of TNBC [68]. (D) Breast cancer metastasized to the bone marrow (BM) can become dormant, rendering 
the site invulnerable to circulating chemotherapy. Activating TLR4, for example by LPS administration, can 
repolarize M2 macrophages to M1. These M1 TAMs can secrete exosomes that interact with cancer stem cells to 
reverse their quiescent state, enabling effective anti-tumor therapy [69]. Created with BioRender.Com.
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to counterintuitively engineer an organelle-specific DNA conjugate for affecting 
lysosomal functions toward immunotherapeutic applications.

3.2  Ligand-directed targeting a vitamin D receptor in the cell surface of TAMs in a 
TNBC model for tumor ablation and immune subversion reversal

3.2.1 Viruses as therapeutic agents

The use of oncolytic viruses to selectively target cancer cells is fairly widespread. 
Multiple viruses have been selected or engineered for specific purposes, often tumor 
cell destruction with minimal impact to nonmalignant tissues. Some of the most 
common—and clinically advanced—are adenoviruses [79, 80] and adeno-associated 
viruses [81]. AAVP is a unique hybrid AAV and bacteriophage (phage) vector first 
described in 2006 [82]. AAVP contains cis-elements from AAV within the single-
stranded phage genome that facilitates tumor-targeted delivery of a transgene cassette 
for noninvasive tumor imaging and/or therapy [82]. Unlike mammalian viruses that 
are conventionally used for gene therapy, AAVP has been extensively characterized 
and has several safety features built into the vector design, such as: (i) targeting 
peptides to ensure receptor-mediated transduction and tumor-specific gene expres-
sion, (ii) well-characterized fate of the genome (concatemerization and integration of 
intact genomes) [82], and (iii) the ability to avoid neutralization, as proven in repeat 
dose studies using pet dogs with spontaneous tumors [83] and several mouse models, 
including transgenic tumor models with intact immune systems [82, 84]. Receptor-
mediated AAVP internalization is required for transduction, eliminating off-target 
effects, even during phage particle clearance through the reticuloendothelial system 
(RES), sparing healthy tissues while a strong promoter drives the transgene expression 
of the within tumors. In the following section, we report one translational approach 
utilizing AAVP to selectively target the TAM population for theranostic gene delivery.

3.2.2 Novel molecular markers of TAMs in TNBC

A recently reported study describing the identification and validation of the 
CSSTRESAC (single letter amino acid code) peptide and its receptor, a novel TAM 
biomarker, is summarized here. Staquicini et al. devised a combinatorial peptide 
library-based screening that allowed the identification of peptides selectively target-
ing the TAM-rich TME of mammary tumors [39]. Assuming that peptides binding 
to mammary tumors in vivo, but not to the corresponding breast cancer cells (BCCs) 
in vitro, would selectively target the TME, an in vivo combinatorial selection was 
performed by injecting a naive CX7C (C, cysteine; X, any residue) phage peptide 
library into EF43.fgf4 tumor bearing mice. These cells produce a rapidly growing, 
aggressive syngeneic model of TNBC that is highly infiltrated with F4/80+ TAMs. 
After 24 hours, tumor homing peptides were recovered by bacterial infection, ampli-
fied, and re-injected for two additional rounds of screening. To facilitate the selection 
of microenvironment-specific binders, peptides enriched in the tumor were selected 
based on negative binding to the cancer cells. The peptide CSSTRESAC targeted 
tumors in vivo but did not bind EF43.fgf4 breast cancer cells in vitro [85], suggesting 
specific targeting of the TME. Binding assays to cellular components of the TME 
showed that CSSTRESAC bound exclusively to F4/80+ TAMs [39].

Peptide affinity chromatography and mass spectrometry identified protein disulfide-
isomerase A3 (PDIA3) and vitamin D-binding protein (DBP) as targets of CSSTRESAC 
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on the surface of TAMs. Because the CSSTRESAC phage bound specifically to the 
CD11b+ F4/80+ TAM population, and because PDIA3 was validated as its receptor, PDIA3 
expression on the surface of TAMs was investigated. TAMs were isolated from EF43.fgf4 
tumors based on CD11b, IL-10, IL-12, and PDIA3 expression. Expression of PDIA3 on 
the surface of CD11b+ IL-10high IL-12low macrophages was confirmed by flow cytometry, 
suggesting PDIA3 is a novel surface marker of M2-polarized macrophage [39]. With a 
novel ligand/receptor interaction confirmed in TAMs in the TNBC model, the diagnostic 
and therapeutic utility of this finding was then investigated.

Homing of CSSTRESAC phage to the tumors in two aggressive breast cancer 
models [86, 87] was robust and specific, and, when displayed on AAVP to deliver the 
Herpes simplex virus thymidine kinase (HSVtk) gene, markedly slowed tumor growth, 
at least partially due to ganciclovir (GCV)-mediated cell death via HSVtk suicide gene 
therapy (Figure 1B) [39]. HSVtk expression levels over time, as well as the response to 
GCV therapy, can be monitored with positron emission tomography (PET) using an 
HSVtk reporter probe such as [18F]-FEAU [82, 88, 89] or [124I]-FIAU [90].

Importantly, upon binding, the CSSTRESAC peptide—alone or displayed on 
phage—induced the expression of pro-inflammatory cytokines IL-6, TNF, and IL-1β 
in CD11b+ F4/80+ TAMs, reverting from an M2-rich macrophage population toward 
an inflammatory TME reminiscent of classical M1 macrophages and further inhibit-
ing tumor growth (Figure 2A) [39]. Collectively, these data confirm the binding 
specificity of the CSSTRESAC peptide to the TME, specifically the M2 macrophage 
population expressing PDIA3 on the cell surface, and the potential for an immu-
noregulatory response that shifts the cytokine profile toward an inflammatory M1 
population and further induces antitumor activity.

Extrapolating from publicly available datasets, high PDIA3 transcript expression 
levels in TNBC patients were associated with markers of immune suppression and 
M2 polarity as well as angiogenic markers associated with poor prognosis, confirm-
ing the potential clinical utility of CSSTRESAC-based therapeutic agents [39]. With 
these promising data confirming the ability to target the TAM population of the TME 
specifically, the potential effects of CSSTRESAC-targeted agents in TNBC warrant 
further investigation, for both immunoregulatory and theranostic applications.

Figure 2. 
Immunomodulation roles of CSSTRESAC and ferumoxytol remain untapped. (A) The CSSTRESAC peptide 
alone or displayed on phage/AAVP functions in an immunoregulatory role in TAMs in an EF43.fgf4-derived 
mouse model of TNBC. After treatment with CSSTRESAC, the tumors decrease in volume, and the macrophages 
revert from an M2-rich population to an M1-polarized population with the expression of several pro-
inflammatory cytokines [39]. (B) Similarly, iron agents like ferumoxytol can trigger re-polarization from M2 
to M1 TAMs after phagocytosis; IL-10 levels drop while levels TNF and other inflammatory cytokines increase 
[91–93]. Created with BioRender.com.
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3.3  MRI of superparamagnetic iron oxide nanoparticle (SPION)-loaded TAMs in 
vivo in an isogenic mouse model of TNBC

Breast cancer patients undergo a series of imaging studies in order to diagnose 
disease, monitor disease progression, and evaluate responses to therapy. The pres-
ence of TAMs in the microenvironment of TNBC, in particular, promotes tumor 
growth and metastasis formation. Accordingly, a method of imaging this cell popula-
tion specifically would be of clinical interest, particularly relating to response to 
immunotherapies utilized in these patients. Sillerud et al. recently reported one such 
approach, wherein an iron (Fe) nanoparticle is selectively phagocytosed by TAMs in 
mouse models of breast cancer for visualization by MRI [68]. A decrease in signal is 
detectable with T2-weighted MRI, and the spatial and temporal dynamics of particle 
uptake can be quantified and monitored [68].

Ferumoxytol is a superparamagnetic iron oxide nanoparticle (SPION) that has 
been approved by the FDA for patients with iron-deficient anemia. Its off-label use as 
a contrast agent for MRI has been studied for almost two decades in parallel with its 
role as an iron replacement therapy [91, 92, 94–96]. Importantly, a multicenter study 
found ferumoxytol was generally well tolerated and safe for administration [93].

More importantly, both M1 and M2 macrophages—but not tumor cells—can 
internalize ferumoxytol [97]. When combined with work done to validate ferumoxytol 
uptake and detection in lymphomas and sarcomas, known to have CD68+ and CD163+ 
TAM populations, ferumoxytol can function as an “imaging biomarker for TAM” [98]. 
When in a macrophage-rich TME, ferumoxytol might also induce some cytotoxicity 
and M1 macrophage polarization, making the tumor more susceptible to immunother-
apeutic agents [99–101] (Figure 2B). Yet another application of clinical importance 
would be to use MRI to image ferumoxytol-containing TAMs as a surrogate for tumor 
localization. Specifically, on T2-weighted MRI, ferumoxytol produces a decrease in 
signal, darkening dramatically from a hyperintense image at baseline [68].

The EF43.fgf4 mouse model of TNBC [87] introduced earlier was utilized for this 
work as well [68]. Initially, tumor and nonmalignant tissues were imaged at baseline, and 
then tumor and off-site ferumoxytol accumulation after administration was assessed. By 
24 hours, dramatic contrast changes were evident in the MR signal from the tumor, while 
no significant change was evident in the control tissues (Figure 1C) [68]. This decrease 
was most evident in T2-weighted images, with about a 10-fold difference from baseline 
starting 1 day after ferumoxytol administration and remaining evident up to 4 days later, 
before returning to baseline by 7 days. The level of iron within the tumors can be quanti-
fied, revealing the distribution of TAMs in the tumor [68]. Higher levels of macrophages, 
and M2 macrophages in particular, are associated with metastatic potential, resistance 
to treatment, and an overall worse prognosis [102], information that would be relevant 
for clinicians and patients. Further elucidation of the role of ferumoxytol in M2 to M1 
polarization [99] could broaden treatment options or otherwise combine Fe-based imag-
ing with immunotherapies, chemotherapies, etc., for theranostic applications [103, 104].

3.4  Controlling TNBC dormancy through differentially activated TAM-derived 
exosomes and their cargo

3.4.1 Breast cancer dormancy in bone marrow

Breast cancer cells (BCCs) preferentially disseminate to the bone marrow (BM) 
[105]. The BM niche contributes to the survival of BCCs by allowing their transition 
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into dormancy [106]. Dormant BCCs can remain undetected for extended periods by 
acquiring a cancer stem cell (CSC) phenotype [107]. Cancer stem cells (CSCs) share 
properties with nonmalignant stem cells such as self-renewal, cell cycle quiescence, 
and drug resistance [108]. Reactivation of dormant BCCs/CSCs in BM is associated 
with poor patient prognosis and results in cancer resurgence [109, 110]. Targeting 
dormant BCCs/CSCs is challenging because current treatments mostly target the 
active cycling cells [111]. Additionally, dormant BCCs home to the endosteal niche of 
the BM close to endogenous hematopoietic stem cells (HSCs) and utilize strategies 
similar to those of the endogenous HSCs to survive and remain dormant [105, 112]. 
More importantly, the method of survival includes the marrow microenvironment 
with macrophages comprising a major component of the supporting cells. Thus, any 
treatment aimed to eliminate the BCCs can also target the survival and/or function of 
the HSCs found within the same niche. This could result in disruption of hematopoi-
etic activity, which will affect the individual’s immune system and other organ func-
tions that require immune competence. Hence, it is imperative to elucidate the precise 
mechanisms of communication between cells in the BM microenvironment and BCCs 
to understand how dormancy is achieved and how the same microenvironment can 
reverse the dormant phase. Such understanding will lead to effective methods to 
selectively eliminate malignant stem cells without harm to the endogenous HSCs.

The BM is a complex organ composed of various niches that aid in hematopoietic 
activity and maintain dormancy [112–114]. The cellular component of the BM niche 
includes mesenchymal stem cells, fibroblasts, and macrophages, all contributing to 
the survival of BCC dormancy [69, 115, 116]. Intercellular communication between 
BM niche cells and BCCs is fundamental for BC dormancy [105]. The interaction 
between components of the BM niche and BCCs can be direct through intercellular 
communication such as gap junctions and/or contact-independent, which involves 
soluble and insoluble factors such as cytokines and microvesicles (i.e. exosomes). 
Both forms of the aforementioned interactions facilitate and maintain BC dormancy 
[116, 117]. Disrupting these interactions can reverse the dormant phenotype of BCCs 
resulting in cancer recurrence [115, 118, 119]. The next section addresses the role of 
macrophages in BC dormancy and provides evidence supporting that intercellular 
communication between the niche and BCCs is essential for dormancy.

3.4.2 Role of macrophages in breast cancer dormancy

BCCs recruit macrophages to the TME by upregulating chemokines such as C-C 
motif chemokine ligand 2 (CCL2) [120]. Recruited macrophages have been shown 
to modulate BC dormancy or reversal. For instance, Ma et al. demonstrated that a 
macrophage subset expressing high levels of CD204 and IL-4 receptor facilitated 
BC metastasis to the bone [121]. Depletion of this macrophage subset halted BCC 
proliferation [121]. Depletion of CD11b+ VEGFRhigh CCR2high macrophages prevented 
extravasation and growth of BCCs within the lungs [122]. This macrophage subset 
is significantly present in lungs with BC metastasis compared to healthy lungs [122]. 
Although these findings are related to BC metastasis to the lung, it is plausible that a 
similar mechanism is occurring upon BC metastasis to the BM or bone.

Endogenous BM-derived macrophages have a crucial role in BC dormancy and can 
be polarized into M1 or M2 phenotype depending on microenvironmental cues [69]. 
Classically activated macrophages (M1) exert antitumor response in BC, whereas 
alternatively activated (M2) macrophages employ a pro-tumorigenic effect [123]. 
However, with respect to dormancy, M2 macrophages maintain cycling quiescence 
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whereas M1 macrophages can reverse dormancy [69]. Such polarization has been 
demonstrated when the toll-like receptor was activated, suggesting that infectious 
agents that activate these receptors could be a method to reverse dormancy.

M1 macrophages facilitate reversed dormancy by releasing microvesicles 
that promote NF-κB signaling in quiescent BCCs to mediate cell cycle activa-
tion (Figure 3) [69]. As a result, M1-derived microvesicles sensitized BCCs to 
chemotherapy by reducing BCC stemness. Conversely, M2 macrophages form gap 
junctions with CSCs to support dormancy and chemoresistance of BC in BM [69]. 
Mechanistically, the polarization of M2 macrophages into an M1 phenotype was 
shown to be mediated by LPS, which activated toll-like receptor 4 signaling. This 
study showed the role of contact-dependent and contact-independent interactions 
between BCCs and macrophages in BC dormancy.

In TNBC cells, macrophage polarization toward an M2 phenotype is facilitated 
by the oncogene multiple copies in T-cell malignancy-1 (MCT-1) [124]. Silencing 
of MCT-1 in TNBC reduced overall tumor volume and the total number of M2 
macrophages within the TME [124]. Interestingly, MCT-1 enhances mammosphere 
formation in TNBC cells through IL-6 signaling. Blockade of IL-6 signaling with the 
IL-6 receptor (IL-6R) monoclonal antibody tocilizumab reduced mammosphere 
formation and downregulated MCT-1 expression [124]. Another strategy to target 
MCT-1 expression was shown by miRNA-34a reducing stemness in TNBC cells and 
prevented M2 polarization. Macrophage polarization in the TME can also be medi-
ated by oncometabolites such as lactate which enhance BCC proliferation through the 
ERK/STAT3 signaling pathway [125]. Pharmacological inhibition of ERK/STAT3 with 
selumetinib and stattic, respectively, abrogated lactate levels within the TME and 
prevented macrophage polarization to M2 phenotype [125]. Collectively, these studies 
provided evidence of the importance of macrophage polarization in BC dormancy 
and reversal.

Figure 3. 
Left panel shows the bone marrow cavity and the predominant region for dormant breast cancer cells within the 
endosteal niche. The established dormant phenotype is highlighted in boxed region, which is enlarged. The latter 
shows M2 macrophage sustaining gap junctional-mediated dormancy. Activation of M2 macrophages to M1 type 
release microvesicles to reverse dormancy.
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As stated earlier, the chemokine CCL2 is crucial in macrophage recruitment to the 
TME. Thus, efforts to prevent macrophage recruitment and polarization in the TME 
aimed to target the chemoattractant CCL2. However, although preclinical studies 
showed promising results and effectively abrogated macrophage recruitment to the 
TME, anti-CCL2 antibodies failed in clinical studies [126]. Therefore, studies need to 
be conducted to develop strategies to target macrophage recruitment or polarization 
into M2 phenotype to inhibit tumor progression.

4. Conclusion

Macrophages are key to the behavior of tumors and metastatic dissemination. 
TNBC, while missing specific targetable markers amenable to treatment, is rife with 
a potentially vulnerable population of macrophages, M2 polarized macrophages in 
particular. This population in primary tumor sites can be specifically and selectively 
targeted to (1) induce antitumor immunity and drug sensitivity, (2) produce a ther-
anostic gene for imaging and treatment of the TAM population, and (3) image TAMs 
in TNBC for diagnosis or assessing response to therapy. Furthermore, M2 macro-
phages interact with non-hematopoietic cells in BM to maintain cellular quiescence/
dormancy, which can be selectively repolarized to an M1 type population to reverse 
tumor cell quiescence/dormancy and enable systemic therapy.
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Chapter 19

Pluripotent Stem Cell Derived 
Macrophages: Current Applications 
and Future Perspectives
Shyam Sushama Jose and Lesley M. Forrester

Abstract

The ability to derive macrophages from human-induced pluripotent stem cells 
(iPSCs) provides an unlimited source of genotype-specific cells with the poten-
tial to play a role in advancing our understanding of macrophage biology in both 
homeostasis and disease. While sharing many of the functional characteristics of 
monocyte-derived macrophages, iPSC-derived macrophages have also been shown 
to have phenotypical and functional features associated with tissue resident macro-
phages. These features present new opportunities to develop models of human disease 
and to understand the role of developmental or tissue context in innate immune cell 
function. iPSCs-derived macrophages have also been identified as a highly attractive 
source for cell and gene therapy in the treatment of diverse degenerative diseases 
based on their anti-inflammatory activity, their ability to clear scarred cells by phago-
cytosis, and providing extracellular matrices. We review and present a concise discus-
sion on macrophage differentiation from stem cells highlighting their advantages over 
classical monocyte-derived macrophages in modelling organ specific macrophages. 
We summarize the various disease models utilizing iPSCs-derived macrophages 
including hereditary syndromes and host-pathogen interactions in tissue repair and 
the strategies used to mimic pathological phenotypes. Finally, we describe the pre-
clinical studies that have addressed the application of iPSCs-derived macrophages as a 
therapeutic intervention.

Keywords: iPSCs, macrophages, polarization, inflammation, regeneration, cell therapy

1. Introduction

Macrophages were historically considered as specialized immune cells that are 
resident in every tissue. They are professional phagocytic cells and are considered to 
be one of the most evolutionary conserved components of the innate immune system 
[1]. However, studies of the past two decades identified several additional functions 
of macrophages particularly those involved in maintaining tissue homeostasis such 
as wound healing and regeneration [2]. Macrophage populations within the tissue 
were originally assumed to be continuously replaced by the differentiation of mono-
cytes derived from peripheral blood [3, 4]. However recent studies using methods 
such as lineage tracing and single cell transcriptomics have established that several 
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macrophage populations resident in organs including brain, lung, intestine and liver, 
originate from yolk-sac (YS) myeloid precursor cells that were seeded within the 
tissues during early embryonic hematopoiesis [5]. These myeloid precursors differ-
entiate into macrophages (microglia in case of brain) within their resident tissue site, 
and are self-maintained throughout the life course of the organism [5]. Tissue resident 
macrophages (TRMs) are functionally distinct from macrophages derived from the 
more accessible circulating blood monocytes but their yolk sac origin makes them dif-
ficult to study [5]. In order to successfully study these cells in vitro, researchers have 
develop methods that permit functional TRMs to be isolated [5]. In vitro strategies 
to replicate the tissue resident differentiation of macrophages in a way that mimics 
their tissue specific developmental and differentiation pathways have been developed 
using a variety of growth factors and cytokines [6]. However, cells produced using 
these methods do not completely recapitulate the properties of TRMs and it would be 
challenging to scale up and produce large numbers of cells.

The ground-breaking discovery that human somatic cells could be reprogramed 
into induced pluripotent stem cells (iPSCs) that are capable of differentiating into any 
cell type has revolutionized many areas of medical research including macrophage 
biology [7]. Several studies have shown that human iPSCs can be differentiated into 
macrophage populations that are phenotypically and functionally comparable to 
human macrophages. The major advantage of the iPSCs-derived macrophages is that 
they share some phenotypic and functional profiles with both tissue resident macro-
phages and monocyte derived macrophages (MDMs) [8]. Here, we review the poten-
tial of iPSCs derived macrophages in both classical immune function as well as their 
tissue repair and regeneration properties. We summarize the various protocols that 
have been used for macrophage production from iPSCs, discuss their disease model-
ing potential including hereditary and pathogen associated diseases and describe 
some of the pre-clinical trials lay the foundations for their use in cell therapies.

2.  Human induced pluripotent stem cells for macrophage production  
in vitro

The generation of iPSCs from adult somatic cells by the introduction of four genes 
encoding the “Yamanaka” transcription factors, octamer-binding transcription factor 
3/4 (OCT3/4), sex determining region Y-box 2 (SOX2), Kruppel-like factor 4 (KLF4), 
and myelocytomatosis viral oncogene homolog (MYC), was first reported in 2006 
[9]. Resultant iPSCs were shown to be comparable to embryonic stem cells (ESCs), 
thus providing an ethical strategy for creating clonal PSC lines that did not involve the 
destruction of human embryos [10]. Initially reprogramming of somatic cells to iPSCs 
was successfully performed using genome integrating retroviral or lentiviral vectors 
such as retroviruses and lentiviruses [7]. Though viral integration was efficient, it 
was associated with risks of random mutational insertions into the genome. Alternate 
non-viral integration methods such as plasmids, synthetic mRNA, minicircle DNA 
molecules and small chemical molecules to generate iPSCs reduced random mutations 
but the efficiency of generating iPSCs was low [7, 8]. Sendai virus is now commonly 
used for iPSC generation as its replication is limited within the cytoplasm and it does 
not integrate into the genome. Initially skin fibroblasts were used for reprogramming 
iPSCs, but other easily accessible cells such as peripheral blood monocytes and renal 
epithelial cells from urine have been successfully used as the starting cells [11, 12].  
iPSCs are able to be differentiated into the three embryonic germ layers namely 
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ectoderm, endoderm and mesoderm and can differentiate into somatic cells associated 
with all cell lineages [13].

Following the generation of stable iPSCs, their pluripotent properties are main-
tained using specific growth factors [9]. Removal of these maintenance factors results 
in spontaneous differentiation and, under appropriate conditions the formation 
of 3-dimensional (3D) embryoid bodies (EBs) that are considered to mimic early 
embryogenesis [14]. Differentiation factors such as cytokines and small molecules 
have been used to stimulate specific differentiation pathways resulting in the produc-
tion of cells displaying phenotypes and gene expression patterns of almost any cell 
type including cells of the blood and immune system [15].

Doetschman and colleagues were the first to report that hematopoietic cell types 
could be produced from mouse embryonic stem cells (ESCs) by demonstrating struc-
tures resembling blood islands in cystic embryoid bodies (EBs) that were comparable 
to the primitive wave of hematopoiesis in the yolk sac [16]. Differentiation protocols 
were subsequently developed and refined to include the use of feeder cells, extracel-
lular matrices and specific growth factors [17–20]. Many of these protocols failed to 
generate the long-term reconstituting hematopoietic stem cells (HSCs) associated 
with the definitive wave of hematopoietic development and a significant amount of 
research has gone into addressing this problem in both the mouse and human systems 
[21–24]. The production of macrophages was reported even in the first, rather crude 
differentiation protocols with the ability to harvest on regular basis for several weeks 
represented a significant advance in the field [18, 25]. The fact that these differentia-
tion protocols most likely mimic the primitive wave of hematopoiesis it is not surpris-
ing that resultant cells have some features that are comparable to TRMs.

The production of macrophages from human iPSCs is now well established and 
they are considered to have features associated with both YS-derived TRMs as well as 
MDMs [5]. As iPSCs can been maintained indefinitely in culture and can be read-
ily genetically manipulated, they can therefore provide an inexhaustible source of 
macrophages carrying any desired genetic alteration. The first protocols that were 
developed involved the co-culture of iPSCs with OP9 mouse stromal cell monolay-
ers to induce hematopoietic differentiation, followed by expansion of myeloid 
progenitors and selective differentiation into macrophages by using growth factors 
to differentiate dendritic cells and macrophages [26, 27]. These protocols were 
further modified to establish embryoid body (EB)-based protocols for IPSC-derived 
macrophage differentiation. We have used a modified serum-free protocol in which 
EB-based hematopoiesis is used to generate monocyte-like cells in suspension that 
can then be differentiated into mature macrophages [28]. Briefly, differentiation from 
human iPSCs is initiated by the removal of pluripotency factors and the addition of 
stem cell factor (SCF), bone morphogenetic protein (BMP)-4 and vascular endothe-
lial growth factor (VEGF) to induce EB formation. The addition of interleukin (IL)-3 
and macrophage colony stimulating factor (M-CSF) to EBs that are then plated down 
onto the culture plates results in the production of monocyte precursors that are 
released into suspension. Monocyte-like cells are then plated down and differentiated 
into mature macrophages by the addition of M-CSF [29]. iPSCs derived macrophages 
express macrophage-specific markers including cluster of differentiation (CD)11b, 
CD163, and CD169 [30]. Macrophages generated from iPSCs that carried the Zeiss 
Green reporter gene integrated into the adeno-associated virus integration site 1 
(AAVS1) locus showed that neither expression of the reporter nor the targeting of the 
AAVS1 locus affected of macrophage phenotype confirming the idea that genetically 
manipulated macrophages can be generated using this strategy [30].
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2.1 iPSCs-derived macrophages share features of MDM

Yeung and colleagues demonstrated that the iPSCs-derived macrophages exhibited 
gene expression profiles and responsiveness to external stimuli that were comparable 
to MDMs. Their data demonstrated that untreated iPSCs-derived macrophages and 
MDMs expressed 12,599 human genes overlapping and a further 93% of these genes 
were expressed to a similar level [31]. This pattern of gene expression iPSCs-derived 
macrophages and MDMs remained consistent even after stimulation, as upon 
Chlamydia trachomatis infection, the two cell types had more than 2000 differentially 
expressed genes in common [31].

iPSCs-derived macrophages secrete comparable levels of cytokines as MDMs upon 
stimulation with pattern recognition receptors such as toll-like receptor (TLR) agonist 
[32]. They are able to phagocytose live Salmonella typhi or fungal particles like zymo-
san [30, 33]. Most importantly, iPSCs-derived macrophages retain plasticity which 
is one of the key characteristic of macrophages [34]. Naive macrophages express 
an M0-like steady state phenotype, which can be switch to either an inflammatory 
(M1) or immunosuppressive (M2) function based on their microenvironment. It is 
proposed that due to the genetic and functional similarities between iPSCs-derived 
macrophages and primary macrophages, the former could be used as a tool to model 
macrophage polarization in inflammatory diseases and genetic diseases such as auto-
somal recessive disorders. A study from Matsuo et al modeling a disease fibro dysplasia 
ossificans progressiva using iPSCs derived macrophages showed the potential of 2D and 
3D based differentiation of macrophages having a differential role in their polariza-
tion potential [35]. While the 2D iPSCs-derived macrophages could be polarized to 
either M1 or M2, the 3D differentiated macrophages showed a mixed M1 and M2 like 
functional features, highlighting the complexity of macrophage plasticity.

2.2 iPSCs derived macrophages model tissue resident macrophages

Although iPSCs-derived macrophages have demonstrated similar phenotypic, 
functional, and transcriptomic characteristics to MDMs as discussed above, they 
are also reported to have comparable characteristics to tissue resident macrophages 
(TRMs). This TRM like phenotype gives iPSCs-derived macrophages an advantage 
over other models such as MDMs or monocytic cell lines such as THP-1. It has been 
recognized that the standard hematopoietic differentiation protocols of iPSCs resem-
ble the primitive rather than definitive wave of hematopoiesis in vivo [36]. To confirm 
this theory, Vanhee and colleagues used a reporter PSC line with myeloblastosis 
proto-oncogene with a green fluorescent protein (MYB-eGFP), a marker for definitive 
hematopoietic stem cell (HSC)-dependent hematopoiesis, and as expected the in vitro 
generation of EB-based iPSCs derived macrophages lacked MYB+ HSCs [37]. The 
results were further validated by demonstrating that clustered regularly interspaced 
short palindromic repeats and its associated protein 9 (CRISPR/Cas9) knockout of 
MYB in human iPSCs, did not impact macrophage differentiation [38]. The theory 
was further verified in experiments where two important transcription regulators 
of YS hematopoiesis transcription factor PU.1 encoding gene SPI1 and Runt-related 
transcription factor 1 gene RUNX1 were knocked out in iPSCs, they were unable 
to produce mature macrophages [37, 38]. Several studies have indicated the TRM 
nature of iPSCs-derived macrophages is based on in vitro microglia modeling. Indeed, 
several cytokine mediated iPSCs to microglia-like cell differentiation protocols were 
published in recent years using coculture with iPSCs-derived neurons and astrocytes 
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or using conditioned media from those cell types to recapitulate organ-specific 
microenvironment [39]. Takata and colleagues further demonstrated by macrophages 
derived from iPSCs using a protocol that specifically resembles primitive hematopoi-
esis and yolk sac macrophages that they are very similar to TRMs [5]. They did this by 
engrafting iPSCs derived macrophages into the mouse brain which then underwent 
functional and morphological changes to become microglia, while the iPSCs derived 
macrophages engrafted to the lung of the Pulmonary Alveolar Proteinosis (PAP) 
mouse model matured into alveolar macrophages. This study showed that the iPSC-
derived macrophages developed to microglia-like cells in vivo and showed genomic 
profile similar to that of both human adult and foetal microglia, while in the lung of 
the PAP mouse model they eliminated the surfactant protein that had accumulated as 
a result of the disease. Our lab recently used iPSCs-derived macrophages to model the 
erythroblastic Island (EBI) niche in vitro by genetic programming with the transcrip-
tion factor, KLF1 [29].

2.3 iPSCs derived macrophages in disease modeling

Another important feature of human iPSCs derived macrophages is that iPSCs are 
amenable to genetic engineering and thus can be manipulated to be model genetic 
disease. Disease modeling can be achieved either through the production of iPSCs 
from patients carrying disease-causing mutations and/or specific genome-wide 
associations or by targeted gene edited using the (CRISPR)/Cas9 system. iPSCs-
derived macrophages are increasingly being used to study genetic disease, including 
validation of known causative genes or identifying novel mutations associated with 
single nucleotide polymorphisms (SNPs) [40]. iPSCs-derived macrophages helped 
overcome the limitations of the poor availability of disease-specific primary macro-
phages in studying these rare genetic diseases. The ability to derive macrophages from 
iPSCs provided new opportunities to develop models relevant to human genetics, 
resulting in a progressive accumulation of studies describing macrophage functions in 
both tissue homeostasis and disease. For example, patient iPSCs-derived macrophages 
have been utilized to investigate several genetically inherited diseases including Blau 
Syndrome, Tangier disease and Gaucher disease. In additions there are studies where 
a diseased condition such as Dyskeratosis Congenita has been generated in iPSCs 
using genetic engineering technology and macrophages or myeloid cells derived from 
these used to understand the disease mechanism [41–44]. Table 1 lists some of the 
genetic studies performed using patient iPSCs-derived macrophages, that would not 
have been possible using primary cells.

As well as generating valuable disease models these studies also described the novel 
approach of immortalizing iPSCs-derived myeloid cells using transducing lentiviral 
vectors that encoded genes MYC, polycomb complex protein gene BMI1 and mouse 
double minute 2 homolog gene MDM2, creating a strategy to generate monocytic cell 
lines, with the diseased phenotype [53]. These iPSC-derived immortalized myeloid 
cell lines have the advantage that they can be stored and differentiated into terminally 
differentiated progenies and expanded from one experimental batch with reduced 
financial and labour costs, overcoming many of the hurdles associated with iPSCs.

2.4 iPSCs-derived macrophages in host-pathogen interactions

iPSCs-derived macrophages have also been used widely in studies relating to 
their classical role in infection biology. iPSCs-derived macrophages can polarized 
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Studies utilizing iPSCs derived macrophages for disease modeling

Disease Research findings References

Tangier Disease 
(TD)

iPSC-derived macrophages from TD patients recapitulate 
the clinical defect of failed cholesterol efflux resulting in 
reverse cholesterol transport.

[45]

TD effect of reverse cholesterol transport in macrophages 
derived from CRISPR/Cas9 induced adenosine triphosphate 
binding cassette subfamily A member 1 gene (ABCA1) 
knockout iPSCs.

[43]

Gaucher disease 
(GD)

iPSCs-derived macrophages from GD patients exhibited 
delayed clearance of phagocytosed RBC which was reversed 
when treated with recombinant glucocerebrosidase enzyme.

[42]

Reversal of GD phenotype in iPSCs-derived macrophages 
using small-molecule chaperone drug.

[46]

Chronic 
granulomatous 
disease

iPSCs-derived macrophages from dihydronicotinamide-
adenine dinucleotide phosphate (NADPH) oxidase defective 
patient showed normal phagocytic properties unlike patient 
MDMs, however showed a lack in reactive oxygen species 
production, correlating with clinical diagnosis.

[47]

Blau syndrome iPSCs-derived macrophages from nucleotide-binding 
oligomerization domain-containing protein 2 (NOD2) 
mutated patient showed ligand-independent pro-
inflammatory cytokine production in vitro upon Interferon 
(IFN)-γ treatment. The cytokine production was terminated 
upon NOD2 mutation correction by CRISPR/Cas9.

[41]

Type 1 diabetes iPSCs-derived macrophages from Diabetic patient showed 
potential for antigen presentation to proinsulin-specific T 
cell receptors from donor-matched islet-infiltrating T cells.

[48]

Familial 
Mediterranean 
fever

Patient iPSCs-derived macrophages exhibited the disease 
characteristics including enhanced IL-1β secretion and 
hyperactivation of the pyrin inflammasome.

[49]

Mendelian 
Susceptibility to 
Mycobacterial 
Disease (MSMD)

iPSCs-derived macrophages from MSMD patients with 
autosomal recessive complete- and partial IFN-γR2 
deficiency, partial IFN-γR1 deficiency and complete 
STAT1 deficiency demonstrated varying phenotypes 
including cytokine secretion for the partial and complete 
deficiencies.

[50]

Idiopathic 
Parkinson’s 
disease

Patient iPSCs-derived microglia to confirmed findings 
in patients brain tissue of having elevated IL1B, IL10 and 
NLRP3 expression after in vitro LPS stimulation. iPSCs-
derived microglia showed high phagocytic capacity under 
basal conditions that was exacerbated upon stimulation with 
LPS.

[51]

Chronic infantile 
neurologic 
cutaneous 
and articular 
syndrome

iPSCs-derived macrophages from NLRP3 mutated patient 
showed the disease relevant phenotype of abnormal IL-1β 
secretion which were inhibited by anti-inflammatory 
compounds.

[52]

Immortalized iPSCs-derived myeloid cells from patient 
recapitulated the disease phenotypes in vitro.

[53]

Table 1. 
Summary of studies that have used iPSCs-derived monocytes and macrophages for in vitro modeling of genetic 
diseases.
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to a pro-inflammatory or anti-inflammatory phenotype by treating with lipopoly-
saccharide (LPS)/IFN-γ or IL-4/IL-10, respectively [30]. These features make 
them a powerful in vitro tool to study bacterial, viral, and parasitic infections and 
their resultant immune responses. Hale et al infected iPSC-derived macrophages 
with Salmonella enterica serovar Typhimurium (S. Typhimurium) and S. Typhi 
and reported comparable data to that observed using the commonly used human 
monocyte-like THP1 cell line thus opening the way for their application to other 
bacterial infections [33].

One such example was the study of the interaction between Staphylococcus aureus 
toxin leukocidins with macrophages, which are the initial targets during S. aureus lung 
infection [54]. iPSCs-derived macrophages were susceptible to the leukocidins and 
triggered NLPR3 inflammasome activation resulting in IL-1β secretion and eventual 
cell death. CRISPR/Cas9-mediated deletion of the leukocidin receptor, complement 
component 5a receptor 1 (C5aR1) also known as CD88 protected the macrophages 
from cytotoxicity [54]. Another bacterial study using the iPSCs-derived macrophages 
model was on C. trachomatis, which causes bacterial sexually transmitted infections 
and preventable blindness worldwide. Yeung and colleagues demonstrated that 
iPSC-derived macrophages supported the full infectious life cycle of C. trachomatis 
in vitro in a manner that resembled the infection of human blood in vivo [31]. Using 
transcriptomic and proteomic profiling of the macrophage they identified that the 
key players in response to chlamydial infection are type I interferon and interleukin 
10. This was further confirmed by knocking-out IRF5 and IL-10RA in iPSCs, which 
resulted in limited chlamydial infection in genetically-deficient macrophages. Though 
the studies mentioned above showed that bacterial infection studies using iPSCs-
derived macrophages are comparable with the data generated using MDMs, one 
recent study clearly highlights an additional advantage of using iPSCs-derived mac-
rophages. Nenasheva et al reported that iPSCs-derived macrophages differed from 
MDMs by an low-activated/low- polarized naïve-like (HLA-DRlow CD14+CD16int) 
phenotype compared to the HLA-DRhigh CD14+CD16+ phenotype of mature macro-
phages shown by MDMs, where HLA-DR stands for human leukocyte antigen – DR 
isotype [8]. These naïve-like iPSCs-derived macrophages were transcriptionally 
similar to pulmonary macrophages and restricted Mycobacterium tuberculosis growth 
in vitro by >75% higher phagocytic potential than MDMs [8]. Similarly, a study from 
Hong et al also showed that iPSCs-derived macrophages perform the immunological 
functions in response to Bacillus Calmette-Guérin a vaccine against M. tuberculosis, 
similar to MDMs by undergoing apoptosis, increased production of nitric oxide and 
elevated expression of Tumor necrosis factor (TNF)-α, thus demonstrating their 
suitability as a potential drug target [55].

Viruses require a specific cellular host for replication and so the readily available 
supply of infectable cells is crucial in viral research. iPSCs are ideal for this purpose 
because they can be differentiated into the specific cell type associated with an 
infectious agent, including endothelial cells for cytomegalovirus, neurons for herpes 
simplex virus, hepatocytes for hepatitis viruses, CD4 T-cells for human immu-
nodeficiency virus (HIV) [56]. The field of HIV research has used iPSCs-derived 
macrophages widely. Using various genetic editing techniques, Kambal et al and Ye 
et al introduced mutations into C-C chemokine receptor type 5 (CCR5), the major 
coreceptor required for macrophage trophic strains of HIV and demonstrated that 
monocytes and macrophages differentiated from CCR5-mutated iPSCs were resistant 
to HIV-1 challenge [57, 58]. Kang et al confirmed this study by demonstrating that 
CCR5-mutant iPSCs derived macrophages showed unique and enhanced resistance 
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to CCR5-tropic HIV challenge but were susceptible to CCR4-tropic viruses [59]. 
One of the most elegant studies that utilized human PSCs-derived macrophages 
characterized the molecular and cellular basis involved in both Zika and Dengue viral 
infections [60]. Using macrophages derived from both human ESCs and iPSCs, Lang 
et al showed that though both these viruses are closely related, their mechanism of 
infection was different. Zika virus disrupts the nuclear factor κB (NF-κB)-migration 
inhibitory factor (MIF) positive feedback loop by inhibiting the NF-κB signal-
ing pathway and thus the infected macrophages exhibit prolonged migration but 
expressed low levels of pro-inflammatory cytokines and chemokines. In contrast, 
Dengue virus strongly activates MIF secretion and results in decreased macrophage 
migration. In summary the characteristics of iPSCs-derived macrophages together 
with genetic editing tools such as CRISPR/Cas9 has significantly enhanced our ability 
to study host–pathogen interactions as well as the role of human genetic variations in 
influencing the susceptibility to specific pathogens and disease outcomes.

2.5 iPSCs-derived macrophages in cell and regenerative therapy

Several studies performed in the last decade identified macrophages to have a 
prominent role in tissue repair and regeneration by their injury response features 
including clearing cell debris by phagocytosis, activating and resolving inflamma-
tion and promoting fibrosis by providing growth factors [61, 62]. For example the 
transplantation of mouse bone marrow-derived macrophages into a CCL4 mediated 
advanced liver injury mice model resulted in the reduction of fibrosis by increased 
recruitment of host effector cells such as neutrophils and secretion of regenerative 
factors such as matrix metallopeptidase 9 (MMP9), insulin-like growth factor 1 
(IGF-1), M-CSF, vascular endothelial growth factor (VEGF) and IL10 [63]. Similarly 
exogenous macrophage treatments were shown to promote injury resolution in a 
several murine models of inflammatory and degenerative diseases including pul-
monary fibrosis and osteochondral defect [64, 65]. This successful demonstration 
of macrophage therapy in pre-clinical models led to the use of autologous macro-
phages in therapeutic interventions in clinical studies against chronic liver injury 
and neurodegenerative diseases [66, 67]. It is thought that these repair functions are 
performed by the anti-inflammatory or resolving M2-polarized macrophages and 
several studies identified iPSCs-derived macrophages to be able to be polarized into 
an M2-phenotype similar to MDMs [30]. The polarization potential together with 
their ability for unrestricted production makes the iPSCs-derived macrophages ideal 
candidates for future cell therapies. Some of the studies highlighting these in vivo 
studies using iPSCs-derived macrophages as exogenous interventions are summarized 
in Table 2.

Studies from our lab demonstrated that in vitro generated macrophages from 
mouse ESCs had the capacity for repair in vivo in a murine model of liver fibrosis 
[68]. Using a chemokine (C-C motif) ligands 4 (CCL4)-mediated liver injury model, 
the effect of injecting ESCs-derived macrophages or bone marrow derived macro-
phages (BMDMs) were assessed. ESCs-derived macrophages had a higher capacity 
to repopulate the Kupffer cell compartment of injured liver compared to BMDMs, 
supporting the theory that PSC-derived macrophages have a phenotype more akin to 
tissue resident macrophages. In addition, markers of liver damage were significantly 
lowered in mice that received ESCs-derived macrophages compared to controls indi-
cating their reparative capacity. Another study assessed the effects of human iPSCs-
derived macrophages polarized to an M1 or M2 phenotype on CCL4-induced fibrosis 
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of immunodeficient recombination activating gene knock-out (Rag2−/− γc−/−) mice 
[69]. These human iPSCs-M1 (in presence of IFN-γ and LPS) and M2 (in presence of 
IL-4 and IL-13) macrophage subtypes demonstrate distinct pro-inflammatory and 
anti-inflammatory phenotypes at both gene and protein level, which was confirmed 
by their RNA-seq analysis. Interestingly administration of both M1 and M2-polarized 
macrophages led to reduced liver fibrosis and inflammation. iPSCs-M2 as expected 
demonstrated a stronger downregulation of clinically relevant fibrotic markers. 
However, the profound antifibrogenic potential and resolution in the presence of 
iPSCs-M1 was unexpected based on currently thinking on the reparative phenotype 
of macrophages. The scenario of iPSCs-M1 showing a resolving phenotype could be 
corroborated by a previous study reporting the therapeutic potential of M1 polarized 
BM-derived macrophages to ameliorate fibrosis by the recruitment of endogenous 
macrophages as well as promote apoptosis through mediators of inflammation includ-
ing MMPs, transforming growth factors (TGFs) and TNF related apoptosis inducing 
ligand (TRAIL) [73]. This could be the situation as the iPSCs-M1 macrophages in 
this study were shown to secrete MMP9 and TGF-β [69]. However more detailed 
study is required to understand the mechanisms underlying this resolving capacity 

Studies demonstrating iPSCs derived macrophages as therapeutic interventions

Disease Research findings References

Liver Fibrosis Mouse ESC-derived macrophages showed repair capacity in CCL4 
murine model.

[68]

M1 and M2 polarized human iPSCs-derived macrophages 
ameliorated fibrosis in an immunodeficient CCL4 murine model.

[69]

Pulmonary Alveolar 
Proteinosis (PAP)

Mouse iPSCs-derived macrophages gained an alveolar phenotype 
lung of PAP model and improved alveolar protein deposition.

[34]

Human iPSCs–derived macrophages transplanted into the lung of 
humanized PAP mice showed in situ differentiation to an alveolar 
macrophage-like phenotype and disease remission.

[70]

Human iPSCs-derived macrophages engrafted into the lung of the 
PAP mouse model differentiated into alveolar macrophages and 
eliminated disease associated surfactant proteins.

[5]

Macrophages derived from gene corrected PAP patient-derived 
iPSCs showed restoration of normal phenotype.

[71]

Inflammatory Bowel 
Diseases (IBDs)

Very early onset of IBDs in patients leads to decreased bacterial 
killing ability in macrophages, which was reverted by the 
pharmacological inhibition of PGE2 synthesis and PGE2 receptor 
blockade.

[72]

Genetic correction of patient iPSCs-derived macrophages in vitro led 
to reinitiating of the anti-inflammatory response and reduction of 
IBD associated traits.

[73]

Solid Tumors Engineered iPSCs-derived CAR-macrophages with antigen-
dependent anti-cancer functions demonstrated pro-inflammatory/
anti-tumor state, enhanced clearance of tumor cells by phagocytosis.

[74]

Designer iPSCs-derived macrophage cell line to secrete IFN-β 
(opinion)

[75]

Table 2. 
Summary of studies that have used iPSCs-derived macrophages as a source of therapeutic cells and/or to study 
mechanism of disease.
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of iPSCs-M1 macrophages. Nevertheless, the study clearly confirms the potential of 
iPSCs-derived M2 macrophages as a therapeutic option against liver fibrosis.

The therapeutic potential of iPSCs-derived macrophages has also been assessed 
in lung fibrosis particularly in the case of pulmonary alveolar proteinosis (PAP). 
Hereditary PAP is a disorder known to be originated by a defect in the CSF2RA gene 
coding for the granulocyte-macrophage colony-stimulating factor (GM-CSF) receptor 
alpha-chain (CD116). Happle et al demonstrated for the first time that transplantation 
of human iPSCs–derived macrophages into the lung of a humanized PAP mice model 
led to their pulmonary engraftment and their differentiation to an alveolar macro-
phage like phenotype in situ [70]. They also showed that this engraftment resulted 
in a reduction of alveolar proteinosis as measured by diminished protein content and 
surfactant protein D levels, decreased turbidity of the BAL fluid, and reduced sur-
factant deposition in the lungs of transplanted humanized PAP model mice. Similar 
results were observed using the aid of wild type murine iPSCs-derived macrophage in 
vivo transplantation to a CD116 (CSF2RA) deficient PAP mice model resulted in the 
former’s integration into the diseased lung, gaining an alveolar macrophage phenotype 
and improving alveolar protein deposition [34]. Kuhn et al gene-corrected patient-
derived PAP-specific iPSCs carrying a defective CSF2RA gene using targeted insertion 
of a codon-optimized CSF2RA-cDNA into the AAVS1 locus [71]. This strategy resulted 
in robust expression of the CSF2RA gene in both undifferentiated iPSCs as well as in 
differentiated macrophages. The authors further demonstrated that these genetically-
modified macrophages showed that the exogenous CSF2RA protein was functional 
by STAT5 phosphorylation and GM-CSF uptake studies, supporting the idea that 
these functionally restored iPSCs-derived macrophages could serve as a source for an 
autologous cell-based gene therapy for the treatment of PAP.

Inflammatory bowel disease (IBD) is another group of inflammatory syndromes 
where the potential role of iPSCs-derived macrophage mediated therapy has been 
evaluated. Studies have demonstrated that these macrophages can be used in disease 
modeling and to reduce the disease pathology in vitro. A recent study showed that 
macrophages derived from an infantile-onset IBD patient iPSCs were unable to 
phosphorylate signal transducer and activator of transcription 3 (STAT3), and failed 
to reduce LPS induced inflammatory cytokines even in the presence of exogenous 
IL-10 [72]. These macrophages exhibited a functional defect in their ability to kill S. 
Typhimurium, but were rescued by the introduction of a functional IL10RB gene. The 
study also showed that macrophages derived from patient iPSCs produced higher 
amounts of eicosanoid prostaglandin E2 (PGE2) after LPS stimulation and that 
pharmacological inhibition of PGE2 synthesis and PGE2 receptor blockade enhanced 
their bacterial killing ability. This study identified a regulatory interaction between 
IL-10 and PGE2 and that their dysregulation contributed to IBD pathogenesis. Gene 
correction in an independently-derived iPSC line from another IL10RB−deficient 
IBD patient led to reconstitution of the anti-inflammatory response - reinitiating 
the IL-10RB expression, IL-10-inducible phosphorylation of STAT3, and subsequent 
SOCS3 expression [76]. This second study also showed that LPS-mediated TNF-α 
secretion could be modulated by IL-10 stimulation in gene-edited iPSCs-derived 
macrophages. Taken together, these established iPSC-derived macrophages based IBD 
models provide the opportunity to identify and validate new curative molecular and 
cellular therapies against IBD and other inflammatory syndromes.

The iPSCs-derived macrophage strategy has also been applied to the exciting field 
of cancer immunotherapy. Chimera antigen receptor (CAR)-T cells and NK cells 
re shown to have potent cytotoxicity against tumor cells with CAR-T cell therapy 
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having gained great success in the clinic [77]. Recently CAR-macrophages have been 
developed by engineering an adenoviral vector to express a CAR targeted against 
human epidermal growth factor receptor 2, (a biomarker in many solid tumors) and 
imparted a sustained pro-inflammatory (M1) phenotype [78]. The model showed 
great success by demonstrating antigen-specific phagocytosis and tumor clearance 
in vitro as well as decreasing tumor burden and prolonged overall survival in two 
solid tumor xenograft models [78]. These successful pre-clinical data have led to 
an Phase-1 clinical trial using HER2 re-targeted CAR-macrophages for the treat-
ment of solid tumors [77]. Other examples of iPSC-derived CAR-macrophages with 
antigen-dependent anti-cancer functions include those expressing either CD19 
and mesothelin-specific fusion receptors [74]. CAR-macrophages demonstrated 
functions including expression and secretion of cytokines, polarization toward the 
pro-inflammatory/anti-tumor state, enhanced phagocytosis of tumor cells, and 
in anti-cancer cell activity in vivo when stimulated by tumor antigens. These data 
demonstrate the technology platform of iPSC-derived CAR-macrophage to eliminate 
cancer cells. These CAR engineered iPSCs-derived macrophages is a ground break-
ing technology in cancer immunotherapy and when combined with novel methods 
of bioreactor based bulk macrophage differentiation from iPSCs will provide an 
unlimited source of therapeutic cells [79].

3. Conclusion

In summary, the phenotypic, functional, and transcriptomic characteristics of 
iPSCs-derived macrophages share many similarities with both tissue resident mac-
rophages and MDMs. The unlimited replication potential of iPSCs and the ease of 
genetic manipulation thus provides a valuable platform for disease modeling, drug 
screening, and studying the mechanisms of infection biology in various genetic 
backgrounds. Their autologous nature and polarization potential could also make 
them ideal tools for cell and regeneration therapy. iPSCs-derived macrophages have 
enormous potential in advancing our understanding of diseases that involve human 
macrophages and to date have demonstrated proof of principle utility in the develop-
ment of disease models and in novel cell therapies. The use of iPSCs-derived macro-
phages does not eliminate the need for other models such as MDMs or BM-derived 
macrophages, but rather provides a complementary or alternative approach to further 
ensure validity and reproducibility. Together with genetic manipulations techniques 
such as CRISPR/Cas9 they can facilitate clinical and therapeutic translation for 
diseases such as liver fibrosis or inflammatory lung diseases where macrophages play 
an important clinical modulatory role. This is well highlighted by a research article 
under peer-review where M2 polarized iPSCs-derived macrophages are studied in 
context with COVID19 therapy [80]. The clinical potential of the macrophage cell 
therapy is highlighted by several clinical trials approved for autologous macrophages 
as intervention in various diseases including chronic liver injury, spinal cord injury, 
non-acute stroke, chronic anal fissure and as an anti-fibrotic treatment following 
COVID-19 infection [clinicaltrials.gov]. The future of iPSCs-derived macrophage 
therapy could be focused toward increasing their universality or increasing their bet-
ter storage and differentiation as demonstrated by the studies of developing iPSCs-
derived myeloid lines, continuous differentiation or cryopreservation  
[53, 81, 82]. An overview of the iPSCs-derived macrophages features and applications 
covered in this review is summarized as Figure 1.
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Figure 1. 
Summary of iPSCs-derived macrophages attributes and applications.
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