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Preface

The immune system is one of the plastic systems of the body and is heavily engaged in 
managing equilibrium in all systems. Interferon (IFN) is the key soluble component 
of the immune system, a potent inducer of tumor necrosis factor (TNF) and the inter-
leukin network, and, by and large, sufficient to control various infections, cancer, and 
immune deficiencies. 

The double-edged IFN signaling network largely dictates the plasticity in the immune 
system by tuning the system’s functioning to orchestrate immunity against invaders 
and cancers while maintaining homeostasis. Apart from managing infections and 
cancer, the IFN system has the potential for managing a large variety of infectious 
diseases including COVID-19, in which type I IFN/gamma IFN rheostat can limit the 
spread of the infection in the host while adjusting the host immunity in its favor. 

Several recent studies have demonstrated the impact of IFN signaling on immune-
related metabolism, for which underlying molecular/immune mechanisms are not 
clear. As such, this book discusses IFN biology, chemistry, and physiological aspects, 
all of which are important for immune-related metabolism in the host. The book 
also emphasizes how IFN can assist various targeted interventions, harness their 
therapeutic potential, and benefit the health sector. It examines the plausible impact 
of GAS(an Interferon gamma-activated site) and/or IRES(Internal Ribosome Entry 
Sites) elements with miRNA/lncRNA components for controlling the immune-related 
metabolism of host cells. 

Hridayesh Prakash 
Department of Biotechnology,

MM College of Engineering,
Maharishi Markandeshwar University, 

Mullana, Ambala, Haryana, India
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Chapter 1

Perspective Chapter: Macrophages 
Plasticity and Immune Metabolism
Filex Otieno and Cynthia Kyalo

Abstract

Macrophages are phagocytic cells that reside within body tissues. They can either 
be derived from circulating monocytes or can arise during the embryonic stage of 
fetal development. Tissue macrophages are predominantly of embryonic origin. But 
can result from differentiation of circulating monocytes to become resident macro-
phages either in pathological or physiological state. Macrophages are classified based 
on their tissue location and method of activation. Classically activated macrophages 
are the M1 phenotype while alternatively activated macrophages are M2 phenotype. 
M1 macrophages are pro-inflammatory since they secrete cytokines that attract 
inflammatory mediators. They are majorly activated by either interferon-gamma or 
lipopolysaccharide molecules. M2 macrophages are anti-inflammatory and mediate 
tissue healing and repair. They are activated by cytokines such as interleukin four, ten, 
and thirteen. The metabolic profiles of these classes of macrophages are intrinsically 
different and complex yet intertwined. M1 macrophages depend on aerobic glycolysis 
for energy production while M2 macrophages rely on aerobic fatty acid oxidation 
pathways. These metabolic pathways optimize macrophage functioning. Regulation 
of both activation and metabolism depends on transcriptional factors such as STAT 1 
and 6, and IRF. Defects in these pathways lead to development of disorders related to 
macrophage activation and metabolism.

Keywords: polarization, glycolysis, cytokines, immune metabolism, Krebs cycle, 
activation, inflammation, diapedesis, translocation, margination, inflammation, 
immune surveillance

1. Introduction

The immune system is responsible for protection against infections and diseases. 
It is made up of a complex network of cells and proteins, working in harmony to 
protect the body against pathogens. White blood cells make up the larger component 
of this system comprising granulocytes and agranulocytes. Human macrophages can 
be formed through the differentiation of monocytes. Monocytes are a population 
of mononuclear leukocytes that are generated in the bone marrow. They constitute 
approximately 10% of peripheral blood cells in the human body. The monocytes move 
into the blood from the bone marrow, where they migrate to various body tissues 
through blood circulation. Once in the tissues, they differentiate into different types 
of macrophages depending on resident tissue. Some tissue-resident macrophages 
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are non- monocyte-derived. However, their origin, proliferation, self-renewal, and 
mechanisms of replacement are vaguely well known and will be elaborated on later on 
in this chapter.

The term “macrophage” is a combination of two Greek words: makros which 
means “large” and phagein which means “to eat”. They are thus cells that carry 
out phagocytosis through engulfment and digestion of any pathogen or foreign 
particle that is opsonized. These include cellular debris, foreign substances, cancer 
cells, and microbes. Ilya Metchnikoff, a Russian Zoologist was the first to discover 
macrophages in the nineteenth century (1884) [1]. Van Furth in the 60s proposed 
that tissue macrophages were effector cells derived from circulating monocytes [1]. 
Evolutionary, macrophages are conserved phagocytes that have existed for the last 
500 million years and belong to the Metazoan phylogeny. Studies in recent years have 
shown that the majority of resident-tissue macrophages are established at the embry-
onic stage and persist into adulthood [1]. The function of blood monocytes that get 
differentiated into macrophages is to replenish the lost pool or aid in situations such 
as inflammation.

2. Formation and development of macrophages

Macrophages form the major part of the mononuclear phagocytic system. These 
cells are distributed widely within the body in various organs displaying heteroge-
neity in terms of their structure and function. Their sizes range between 15 to 50 
microns with an ovoid nucleus of about 6 to 12 microns [2]. The cytoplasm is granu-
lated with vacuoles located towards the periphery of the cell. The granules are finely 
divided especially towards the periphery of the cytoplasm and azurophilic in nature 
[1]. Macrophages can either arise from the differentiation of recruited macrophages 
or early in life through macrophage progenitor cells of embryonic origin.

2.1 Blood derived macrophages

Macrophages can be derived from blood monocytes that have migrated from the 
circulatory system into the tissues. Monocytes are white blood cells formed through 
hematopoiesis in the bone marrow. They form approximately 10% of the white blood 
cell composition circulating within the blood, the spleen, and the bone marrow. 
Structurally, monocytes are irregularly shaped with a kidney-shaped nucleus besides 
a high ratio of cytoplasm to the nucleus.

Precursor cells for monocytes arise from the bone marrow in a series of steps acti-
vated by cytokines and stimulating factors. Sequentially four stages are involved in 
the formation and development of macrophages i.e. hematopoietic stem cells develop 
into the common myeloid progenitor cells which then differentiate into granulocyte-
macrophage progenitor cells [3]. The latter group of cells differentiates into the 
common macrophage and dendritic cell precursor before finally committing to the 
committed monocyte progenitor group. The newly formed monocytes stay within 
the bone marrow for the first 24 hours before being recruited into circulation [3]. The 
mature monocyte remains in circulation for about 1 to 2 days before translocating into 
the tissues. If after that period they have not translocated, the circulating monocytes 
die and are removed from the blood circulation.

Sequential formation of these cells is governed by cytokines and stimuli fac-
tors resulting in either expression of new or loss of specific surface proteins. 
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Colony-stimulating factor 1 (CSF-1) (also known as monocyte colony-stimulating fac-
tor- M-CSF) largely influences the development of monocytes under normal healthy 
hemostatic conditions. The factor is secreted by bone marrow stromal cells and also in 
tissues. CSF-1 is removed from circulation by the mononuclear phagocytes reducing 
hematopoiesis of monocytes. Interleukin 34 (IL-34) found in the central nervous sys-
tem and the epidermal tissues is responsible for the proliferation of macrophages from 
monocytes within that specific tissue type. Interleukin 1 (IL-1) and tumor necrosis 
factor (TNF) on the other hand induce endothelial cells and fibroblast to secrete CSF-1 
and CSF-2 [4]. During inflammatory periods, the formation and development of 
monocytes till their differentiation into macrophages is governed by the granulocyte-
macrophage colony-stimulating factor (GM-CSF/CSF-2) and interleukin 3 [4].

Mature monocytes differ in terms of expression of CD16 and CD14 molecules [3, 4]. 
Classical monocytes express a high CD14 but lack expressed CD 16. They form the major 
portion of the total monocytes (approx. 90%). Intermediate monocytes lowly express 
CD16 molecules but high CD14 expression. Alternative monocytes highly express CD16 
molecules but CD14 in low amounts. Classical and intermediate monocytes are inflam-
matory mediators highly expressing the chemokine receptor CCR2 while the alternative 
monocytes function to patrol the circulatory system for foreign bodies and express the 
chemokine receptor CX3CR1 [3].

Monocytes that migrate into tissues from the circulatory system differentiate 
to macrophages. Translocation of monocytes to tissue spaces involves endothelium 
adherence, diapedesis in between the endothelium, and subsequent migration through 
the sub-endothelial layer into interstitial space. Monocytes express ligands e.g.CD11a/
CD18 (lymphocyte function-associated antigen 1) that bind receptors e.g.CD54 
(intercellular adhesion molecule-1) located on the surface of endothelial cells [3]. 
Interleukin 1 and interferon-gamma (IFN-γ) enhance the expression of CD54 further 
increasing the margination of monocytes. Upon arrival at the target site, these mono-
cytes differentiate into macrophages. Differentiation largely affects cellular respira-
tion and phagocytic activity. Mitochondria increase in number and their enzymes 
also show an enhanced rate of activity which ultimately leads to an increased rate of 
respiration. In addition, lysosomes and their enzymatic activity also increase.

2.2 Macrophages derived from embryonic tissue

Macrophages can also arise from progenitor cells of embryonic origin. These cells 
are found in almost all tissue types forming approximately 12% of the tissue cells [4]. 
Depending on the tissues, the macrophages are named differently and epigenetics 
studies illustrate each of these different tissue macrophages have different transcrip-
tional profiles but all perform similar functions [1, 4]. Their gene expression profile 
is different from that expressed by bone-marrow-derived macrophages. Primitive 
hematopoiesis that occurs in the ectoderm of the yolk sac during embryogenesis 
results in the formation of macrophages that do not follow the monocytic system of 
development. During subsequent fetal development, definitive hematopoiesis occurs 
in the fetal liver to give rise to hematopoietic progenitors and stem cells. These cells 
afterward colonize the spleen and bone marrow taking residency. In adults, the bone 
marrow becomes the major site of hematopoiesis.

Adult tissue macrophages that were formed from the progenitor cells in the yolk 
sac and fetal liver have the capacity for self-renewal. CSF-1 and IL-34 still mediate 
activation and proliferation of these progenitor cells into macrophages depending on 
the transcription factor PU.1 [1]. These cells upon stimulation directly convert into 
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macrophages. As such, the pool of tissue macrophages is minimally dependent on the 
translocation of monocytes during steady-state conditions. Macrophages irrespective 
of origin have to be activated before they can function properly. Macrophages can be 
activated classically or alternatively.

3. Activation of macrophages

Activation of macrophages comprises an enhanced cellular metabolism, lysosomal 
activity, mobility, and cytotoxic activity. Activation of macrophages requires a prior rec-
ognition of pathogens. Macrophages express an array of receptors that do not normally 
occur in a healthy cell. These receptors are generally termed pattern recognition receptors 
(PRRs). They include the toll-like receptors (TLRs), clathrin receptors (CLRs), NLRs, 
scavenger receptors, and, retinoic acid-inducible gene 1-like helicase receptors. These 
receptors receive a signal from the damage-associated molecular patterns (DAMPS) and 
pathogen-associated molecular patterns (PAMPS) present on damaged cells and invad-
ing pathogens respectively [5]. PRRs such as mannose receptors are crucial for the pro-
cess of pathogen binding and phagocytosis. NLRs, TLRs, and RLRs on the other hand are 
key for the recognition of microbial by-products expressed on other cell surfaces. Though 
there exists a variety of the PRRs, upon stimulation, the downstream mechanisms result 
in activation of transcriptional pathways involving mitogen-activated protein kinases, 
interferon regulatory factors (IRF), and nuclear Factor-kappa B (NF-Κb) [5]. These 
pathways ultimately lead to the expression and secretion of specific cytokines, phagocy-
tosis, chemokine secretion, cellular activation, and secretion of inflammatory mediators.

Macrophages are activated through two pathways depending on their polariza-
tion. Microphage polarization refers to the ability of macrophages to differentiate 
into functionally different phenotypes [5]. Activation through polarization enables 
macrophages to optimize the cell to perform a particular function. Macrophages can 
be polarized to result in the formation of two distinct groups of cells: M1 macrophages 
and M2 macrophages [6]. The latter is further divided into M2a, b, and c types. M1 
macrophages are classically activated while M2 cells are alternatively activated. This 
classification is based on the metabolic functions of macrophages that can broadly be 
classified as either pro-inflammatory in nature or anti-inflammatory in nature.

Metabolism of arginine in M1 cells results in the formation of citrulline and nitric 
oxide. Nitric oxide has a microbicidal activity besides inhibiting cellular proliferation. 
On the other hand, in M2 macrophages, the metabolism of arginine shifts to result in 
the formation of polyamines and ornithine. Ornithine enhances cellular proliferation 
and healing by mediating collagen synthesis, cell repair through polyamines, and 
fibrosis. By default, resident macrophages are usually polarized to form predomi-
nantly M2 macrophages. M1 macrophages are formed in situations where inflamma-
tion is warranted such as in cases of infections [7].

3.1 Classical activation

Classical activation of macrophages results in the formation of M1 macrophages 
which are pro-inflammatory in nature. Ligands such as lipopolysaccharide (LPS) 
and IFN-γ are key stimulators of macrophages towards the M1 pathway [8]. These 
ligands stimulate TLRs present on the surface of macrophage membranes resulting 
in a downstream pathway that leads to the production of chemokines (CXCL2, CCL5, 
CXCL4, and CCL8), and cytokines (IL-6, TNF-alpha, IL-23, IL-1β, IL-12) [8, 9]. 
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In addition, the pathways activate the expression of inducible nitric oxide synthase 
(iNOS) leading to the production of nitric oxide. M1 macrophages also express high 
levels of major histocompatibility molecules II (MHC II) molecules and CD80/86 
making them functionally potent antigen-presenting cells (APCs). Six transcriptional 
factors are activated upon stimulation of TLRs by PAMPS. These are the Signal trans-
ducer and activator of transcription 1 (STAT-1), NF-κB, PU.1, IRF5, Activator protein 
1 (AP-1), and CCAAT/enhancer-binding protein alpha (C/EBP-α) [5, 8, 9]. NF-kB is 
activated upon stimulation of macrophages by infectious agents, stress, or inflamma-
tory cytokines. Activated NF-kB activates genes that ultimately lead to the relocation 
and activation of macrophages in the affected region [10] through modulation of the 
expression of mediators of inflammation and also macrophage differentiation.

When macrophages are exposed to growth factors, infectious agents, cytokines, 
apoptotic products, and oncogenic stimuli, the transcription factor AP-1 is activated 
[9]. This factor reduces angiogenesis in a tumor by reducing the production of reac-
tive oxygen species (ROS). The factor also induces the expression of TNF-α during 
inflammatory responses and also induces mitogen-activated protein kinases (MAPK) 
thereby stabilizing mRNA that encodes inflammatory cytokines.

PU.1 is a key transcriptional factor during hematopoiesis. It upregulates the 
expression of the M-CSF receptor thereby enhancing the proliferation of macro-
phages [3, 5]. In addition, the factor also modulates the expression of genes respon-
sible for the differentiation of macrophages by regulating the expression of GM-CSF 
receptors thereby affecting the maturation of such cells. In cases where the factor 
is inappropriately expressed or deficient, carcinogenesis may occur leading to the 
development of lymphomas.

3.2 Alternative activation

Activation of macrophages in the direction of M2 polarization is predominantly 
done by cytokines including IL-4, IL-33, IL-13, and IL-10 [3, 5, 8]. M2 macrophages 
have anti-inflammatory and tissue repair roles within the body. During tissue 
injury or in response to fungal and parasitic chitin or as a result of adaptive immune 
responses, IL-4 is released by cells such as basophil and mast cells as one of the earlier 
mediators of wound healing. This cytokine binds to its receptors on the surface of 
macrophages inducing a downstream signaling pathway that results in stimulation 
of arginase activity. Arginase enzyme converts arginine in macrophages to ornithine 
which is a precursor for the formation of polyamines and collagen. As a result, the 
increased levels of ornithine are used to form collagen fibers necessary for the wound 
healing process [7].

In response to parasitic and fungal chitin, the downstream pathway leads to the 
activation of chitinase enzymes that aid in the interruption of parasitic or fungal 
cellular integrity. However, Dysregulated activation of macrophages via this path-
way can lead to excessive deposition of extracellular matrix leading to fibrosis [7]. 
Activated M2 macrophages thus secrete IL-1 antagonist, TGF-β, and IL-10 besides 
blocking iNOS. IL-4 and -13 induce the development of M2a macrophages responsible 
for wound healing. Immune complexes formed from microbial ligands binding to 
TLR activate macrophages to develop into the M2b phenotype. However, such cells in 
presence of IL-10, glucocorticoids, and TGF-βdifferentiate into M2cphenotypes [5].

Five transcriptional factors enhance the activation of macrophages towards the 
M2 phenotype. These factors include STAT6, IRF4, Krüppel-like factor 4 (KLF4), C/
EBP-β, and peroxisome proliferator-activated receptors (PPAR-γ) [11]. KLF4 is part 
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of the zinc family transcription factors and regulates the development, differentia-
tion, and activation of cells. IRF4 regulates the expression of interferon genes. IRF4 
has a pivotal role during the polarization of macrophages towards the M2 phenotype. 
The binding of IL-4/IL-13 to their receptors induces phosphorylation and subse-
quent dimerization of STAT6 that in turn recruits IRF4 stimulating expression of 
M2-associated genes such as mannose receptor and chitinase receptor. In addition, the 
IL4-STAT6 pathway induces expression of nuclear receptor peroxisome proliferator-
activated gamma which inhibits the transcriptional factors AP-1, STAT, and NF-kB. 
The IL4-STAT6 phosphorylation also promotes KLF4 expression which leads to the 
expression of the M2 gene.

4. Types of macrophages

Microphages can be classified based on the method of activation or based on the 
resident tissues where they are located. Though macrophages, in general, have similar 
functions, they are specialized to perform specific tissue functions [12].

4.1 Classification based on location

Macrophages are given different names depending on the tissue they reside in. 
Table 1 below shows the different macrophages, their location, and their functions.

Type of macrophage Residing body tissue functions

Microglia Brains (central nervous 
system)

Development of brain,
Immune surveillance,
Remodeling of brain synapses

Osteoclasts Bone marrow tissue Remodeling and resorption of bone tissue.
Hematopoiesis [12]

Heart macrophages Cardiovascular system Immune surveillance

Kupffer cells Liver Remove toxins
Lipid metabolism
Recycling of iron
Clearance of microbes, debris, and red blood cells.

Alveolar macrophages Lungs Clearance of surfactant,
Immune surveillance

Adipose tissue-associated 
macrophages

Adipose tissue Lipid metabolism,
Adipogenesis,
Thermogenesis [13]

Bone marrow 
macrophages

Bone marrow tissue Reservoir of monocytes waste disposal [12]

Intestinal macrophages Gut tissue Development of microbiota tolerance,
Intestinal homeostasis,
Defense against pathogens [12]

Langerhans cells Skin tissue Immune surveillance

Marginal zone 
macrophages

Spleen Trapping of microbes from blood,
Red blood cell clearance,
Iron processing
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4.2 Classification based on activation

Microphages can be either activated classically or alternatively. The activation 
depends on the inducing stimuli. In addition, specific cytokines also activate macro-
phages as shown in the Table 2.

5. Functions of macrophages

Macrophage’s main role involves maintenance of the integrity of an organism either 
by direct pathogen elimination or tissue repair under sterile inflammatory conditions.

Macrophages are immune cells tasked with eliminating pathogens within the body 
and damaged body cells. This they do in various specific ways but in general, will lead 
to pathogen elimination.

5.1 Immune surveillance

Macrophages recognize PAMPs and DAMPs through their wide array of recep-
tors. As professional phagocytes, they phagocytose pathogenic microorganisms and 
cellular debris. The process involves phagosome formation through endocytosis. 
The phagosome is then fused with a lysosome forming phagolysosomes, where the 
pathogen is enzymatically broken down.

5.2 Induction of inflammation

Macrophages take part in the initiation of inflammatory responses. Once the 
macrophages have detected possible infectious agents and subsequently bind  
the PAMPs, they are activated to start producing proinflammatory cytokines. The 

Type of macrophage Residing body tissue functions

Tumor-associated 
macrophages(TAM)

Tumors Create an immunosuppressive tumor 
microenvironment through the production of 
cytokines, chemokines, and growth factors

CD169+ macrophages Lymphoid organs and 
tissue

involved in immune tolerance
antigen presentation
immune system regulation
erythropoiesis regulation [13]

TCR+ macrophages Strong phagocytic activity

Table 1. 
Classification of macrophages based on their location.

Type of microphage Method of activation Activators

M1 macrophages Classical activation IFN-γ from Th1 cells, cytotoxic T lymphocytes, Nk cells.
Lipopolysaccharide [8]

M2 macrophages Alternative activation exposure to IL-4, IL-10 and IL-13, CSF-1, TFG-beta
Fungal and helminthic infections [11]

Table 2. 
Classification of macrophages based on method of activation.
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resident macrophages together with other resident immune cells, such as mast cells, 
stromal cells, and dendritic cells, initiate an influx of inflammatory leukocytes into 
the site mainly neutrophils and cytotoxic T lymphocytes.

5.3 Adaptive immunity

Macrophages and dendritic cells are antigen-presenting cells (APCs). Damaged 
cells and pathogens, once ingested are broken down into smaller molecules. These 
molecules are complexed with MHC molecules and expressed on the surface of 
macrophages. The expressed molecules act as antigens that stimulate lymphocytes. 
Lymphocytes recognize the antigens, become activated, and proliferate to effector 
cells that eliminate the pathogen.

5.4 Wound healing

Functions of M2 macrophages predominantly involve wound repair and anti-
inflammatory action. Monocytes from the bloodstream are recruited to a wounded 
tissue by growth factors secreted by platelets and other cells at the site and then 
mature into macrophages. They degrade pathogen or cellular debris available to clear 
them from the tissue. They also secrete growth factors and cytokines that attract 
fibroblast involved in healing. The low oxygen concentration of the wounded tissue 
surroundings stimulates macrophages to secrete cytokines that induce and speed up 
angiogenesis. They also stimulate granulation of affected tissue by laying down new 
extra-cellular matrices.

5.5 Tissue homeostasis

Tissue-resident macrophages are specialized both physically and functionally to 
the role they play in the specific tissues they reside. The resident macrophages are 
non-migratory residing permanently at the tissue they are adapted to function. They 
support the physiological function of the tissue by providing essential growth factors. 
They also actively protect the tissue from inflammatory damage.

5.6 Iron homeostasis

Red blood cells live up to 120 days after which they are destroyed and removed 
from the circulation in the spleen and liver. The macrophages carrying out this role 
can engulf macromolecules. They play a role in the control of the distribution of 
parenteral irons. Iron released from destroyed erythrocytes is stored internally in fer-
ritin or released into circulation via ferroportin. During inflammation, the elevated 
level of hepcidin leads to the retention of iron in the macrophages. This is through the 
regulation of macrophage ferroportin channels.

5.7 Muscle regeneration

Phagocytic macrophages are recruited during periods of increased muscle use, 
causing muscle membrane lysis and membrane inflammation. Their peak concentra-
tion at the site is usually reached about 4 hours following the onset of some form of 
muscle cell injury or reloading. They degrade the contents of injured muscle fibers. 
M2 macrophages on the other hand are usually distributed near regenerative fibers. 
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They release soluble substances that influence proliferation, differentiation, growth, 
repair, and regeneration of muscle [1]. The number of M2 macrophages remains 
elevated for several days until muscle tissue rebuilding is done.

5.8 Pigment retention

Melanophages which are a subset of macrophages can absorb and retain pigments. 
The pigment could either be native to the organism or exogenous from extracellular 
spaces such as tattoo ink. The pigment from dead dermal macrophages is phagocytosed 
by their successors thereby accumulating phagocytosed melanin in lysosome-like 
phagosomes. The ultimate effect is the retention of the pigment at the same place [14].

6. Macrophage immune metabolism

Macrophages can be found in nearly all the tissues in the body. The microenviron-
ment around such tissues dictates the metabolic profile of macrophages which in turn 
affects their function. Moreover, the microenvironment also influences polarization 
that a microphage cell will undertake within a given tissue. The influence of tissue 
microenvironment on macrophage functions is indirect through modulation of their 
metabolic profile. The genetic makeup of macrophages regulating their metabolic 
pathway is highly plastic due to the influence of the micro-environment [7]. This makes 
microphages sensitive to metabolic changes both intracellularly and extracellularly. 
Moreover, incoming monocytes from systemic circulation that are translocating into the 
tissue are influenced by the niches within the various organs to differentiate into tissue-
specific macrophages ensuring the macrophage pool of a given tissue is not exhausted.

Cellular metabolism comprises a network of pathways that utilize fuels from 
nutrients for energy production and structural formation. Immuno-metabolism illus-
trates the sub-domain of the immune system that looks at how bioenergetics, usage of 
nutrients, and metabolite generation all influence and impact the function of immune 
mediators-in this case, the macrophages. As such, the functional phenotype of a 
macrophage expressed in a given tissue can be said to be the resultant effect of local 
environmental signals and metabolic settings. This versatility is attributable to a large 
number of metabolic and transcriptional profiles. Macrophages, just like any other 
cell, utilize fuels (glucose, amino acids, and lipids) to generate metabolites (pyruvate, 
TCA metabolites) and energy in form of ATP through biochemical processes such as 
glycolysis, and glutaminolysis.

6.1 Intracellular mechanism of macrophage metabolism

Three characteristics are manifested by M1 macrophages activation: secretion of 
proinflammatory cytokines, expression of iNOS, and cellular metabolism through 
glycolysis [12, 15]. The major stimulating signals are LPS and IFN-γ. These ligands 
bind to their receptors and upon ligation, such macrophages undergo increased 
uptake of glucose [16]. This activates the glycolytic pathway leading to increased 
formation of glycolytic intermediates. The intermediates are thus shifted into the 
pentose phosphate pathway (PPP) which leads to the regeneration of NADPH used 
for nucleotide synthesis and production of ROS. In addition, excess amounts of pyru-
vate molecules are produced. Some of these molecules are converted into lactate while 
others enter the Tri-carboxylic acid cycle. However, the pyruvate that enters the TCA 
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cycle is not completely metabolized through the pathway rather two breaks occur 
within the cycle that shifts into other pathways [12, 17]. One of the breaks occurs 
during the conversion of isocitrate to alpha-ketoglutarate by the enzyme isocitrate 
dehydrogenase [12, 15, 18]. Macrophages downregulate this reaction step leading to 
the accumulation of citrate. The accumulated citrate is in turn shunted to the pathway 
used to form itaconate which is a potent microbicidal metabolite. The excess citrate is 
also converted to Acetyl-CoA which is used to acetylate histones within inflammatory 
genes. This acetylation activates the expression of inflammatory genes. The formed 
Acetyl-CoA is also used for de novo synthesis of fatty acids that are used to expand 
cell membranes, synthesize prostaglandins and arachidonic acids.

The second break occurs in the reaction step where succinate is converted into 
fumarate by succinate dehydrogenase [12]. The earlier formed itaconate mediates this 
inhibition leading to the accumulation of succinate metabolite. Increased amounts of 
succinate molecules function as stabilizers for the hypoxia-inducible factor-1α (HIF-
1-α) [18]. This in turn decreases oxygen tension within tissues leading to a decrease in 
mitochondrial respiration. Thereby, macrophages have to be dependent on glycolysis 
for energy production. The accumulated HIF-1-αpromotes the transcription of IL-1β 
(a pro-inflammatory cytokine) and enhances the expression of hexokinase1 and glu-
cose transporter1(GLUT1) [18]. This increases the uptake and metabolism of glucose 
via the glycolytic pathway. Moreover, the little oxidation of succinate by succinate 
dehydrogenase in macrophages stimulated by LPS induces the generation of mito-
chondrial reactive oxygen species (mtROS) [18, 19]. These byproducts are recruited 
into phagosomes for bacterial killing. In addition, the ROS cause oxidative damage 
to the DNA, and as a result, the poly (ADP-ribose) polymerase (PARP) enzymes are 
activated [19]. These enzymes consume a lot of NAD leaving the M1 macrophages to 
rely on salvage pathways for NAD+. Apart from succinate, the induced nitric oxide 
also reduces mitochondrial respiration. This leads to a reduction in the ATP: ADP 
ratio dampening the inflammatory process.

Activation of macrophages towards the M2 phase is often induced by IL-4 and 
IL-13 [5, 17, 18]. Such cells have enhanced mitochondrial respiration, production of 
anti-inflammatory cytokines, and increased expression of arginase-1. The increased 
arginase-1 activity shifts the metabolism of arginine to result in the formation of 
ornithine metabolites. The ornithine is used in the biosynthesis of various poly-
amines such as spermidine [18]. Spermidine activates eukaryotic initiation factor 
5A (EIF-5A) which is a translation factor. This factor facilitates the expression of 
mitochondrial proteins needed for the oxidative phosphorylation-dependent dif-
ferentiation of M2 cells [20]. The overall effect is increased energetic profile of the 
macrophage and this energy is shifted towards uptake, transport, and oxidation of 
fatty acids besides increased glucose uptake. M2 macrophages unlike M1 macro-
phages rely on glutamine and fatty acid oxidation for metabolic processes, especially 
if the activating stimuli is IL-4.

Transcriptional factors such as STAT6, IRF-4, and PPARy are highly activated and 
expressed in M2 macrophages as earlier discussed [5, 18]. These factors in addition 
increase the expression of CD36 on surfaces of M2 macrophages. CD36 enhances the 
endocytosis of lipoproteins containing triglycerides. This increased uptake of lipids 
leads to an even higher rate of fatty acid oxidation and mitochondrial biogenesis 
enhancing the consumption rate of oxygen within cells.M2 cells also have a higher 
rate of glutamine catabolism resulting in the accumulation of alpha-ketoglutarate 
which is one of the metabolites of the TCA cycle. Alpha-ketoglutarate in turn acti-
vates the jumonji domain-containing protein D3 demethylases which promote histone 
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demethylation on M2-specific gene promoters which as a result leads to macrophage 
polarization towards the M2 direction.

7. Role of IFN-γ in macrophage activation, metabolism, and functioning

Interferons are a group of potent cytokines that are pleiotropic in nature and carry 
out paracrine and autocrine actions [21]. Their secretion is majorly induced during 
viral infection but also to a lesser extent during bacterial or autoimmune disorders. 
Three types of interferons exist IFN α, -β, and -γ. The former two are grouped and 
known as type I interferons while the latter is commonly grouped under type II 
interferons [21]. The three molecules exhibit different primary molecular structures. 
IFN-α, and -β have more or less similar properties, unlike IFN-γ [21]. These different 
characteristics and properties are illustrated in the Table 3.

Type I interferons do not have much of important roles in macrophage activation 
and metabolism as seen it has on plasmacytoid dendritic cells [21]. IFN-γ on the other 
hand regulates the activation and metabolic profile of macrophages. IFN-γ does this 
indirectly by either activating macrophages towards the M1 direction and upregulat-
ing or downregulating the expression of genes that enhance energy production via 
the glycolytic pathway. IFN-γ binds to its receptor IFN-γR activating Janus Kinase 1 
and 2 associated protein tyrosine kinase [21, 22]. This causes phosphorylation of the 
tyrosine residues and activation of signal transducer and activator of transcription-1 
(STAT1). STAT1 translocates into the nucleus and activates IFN-y related interferon-
stimulated genes. As a result, the activated genes encode for various proteins that 
manifest the downstream effect of IFN-y on macrophage metabolism.

IFN-γ acts on three major enzymes when it comes to modulating macrophage 
metabolism [22]. These are the mammalian target of rapamycin complex 1 
(mTORC1), glycogen synthase kinase 3 (GSK3), and 5’-AMP-activated protein kinase 
(AMPK) [23]. IFN-γ inhibits the activity of mTORC1 in macrophages resulting in 
decreased mitochondrial function, decreased secretion of anti-inflammatory media-
tors, and synthesis of purine nucleotides. In addition, this inhibition to leads to more 
autophagy by macrophages enhancing the process of microbial killing. GSK3 upon 
stimulation by IFN-γ modulates the activity of NF-kB such that an increase in the 
production of inflammatory cytokines is seen [21]. AMPK acts as a control point. It 
senses energy deprivation during metabolic processes in M1 macrophages and shifts 

IFN α/β IFN-γ

Their genes are not split by introns The gene is split by introns

The molecule is stable at pH 2.0 It is acid-labile

Both have a common receptor different from that of 
IFN-γ (IFNAR1 and IFNAR2)

Its receptor is different from that of type I 
interferons (IFNGR1 and IFNGR2)

Stimulate mainly natural killer cells Stimulates manly macrophages

Rapid induction of an antiviral state Slow induction of an antiviral state

Mainly secreted by IFN-α (B-cells and macrophages), 
IFN-α(epithelial cells and fibroblasts)

Mainly Secreted by T cells and NK cells

Table 3. 
Differences between type 1 interferons and type II interferons.
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the metabolism towards the M2 direction [23]. As a result, aerobic respiration and 
energy production are revamped within the cells.

8. Disorders associated with dysfunctional macrophages

Macrophages just like any other cell can be dysfunctional. These disorders can 
directly affect the activation, metabolism, and functions of macrophages or indirectly 
aid in the development of systemic diseases such as metabolic syndromes.

Activation of macrophages leads to their expansion to different functional cell 
lines. Disordered expansion of macrophages leads to a collective group of disorders 
known as hemophagocytolymphohistiocytosis (HLH) [24]. This group of ill-
nesses can either be familial/primary or secondary/reactive. Familial HLH is due 
to inherited autosomal recessive immune disorders caused by genetic defects of 
genes controlling the cytolytic pathway of macrophages. Secondary HLH is caused 
by infections particularly Epstein-Barr virus (EBV), Cytomegalovirus (CMV), and 
cancer [25].

One of the disordered related to macrophage activation is the macrophage 
activation syndrome [25]. This syndrome is caused by too much activation and 
subsequent differentiation of macrophages. Clinically it manifests as cytopenias, 
dysfunctional liver state, hyperferritinemia, and coagulopathy [26]. It is a life-
threatening condition with mortality rates of between 20 and 30%. This syndrome 
occurs mostly and is associated with systemic lupus erythematosus (SLE), systemic 
juvenile idiopathic arthritis (SJIA), Kawasaki disease, and other rheumatic condi-
tions [27]. Cytotoxic cells induce apoptosis of activated macrophages. Failure of this 
to occur leads to prolonged expansion of macrophages leading to excessive produc-
tion of proinflammatory cytokines. This induces a state of cytokine storm and 
hemophagocytosis is related to changes in metabolic pathways of macrophages [13]. 
The alveolar macrophages first utilize glycolysis for energy production but then 
switch to fatty acid metabolism. This process is dependent on the mitochondrial 
calcium channel and levels of mitochondrial reactive oxygen species. This activa-
tion sustains fibrosis within the ling tissues. However, administration of itaconate 
or when systemized by the macrophages reverses the glycolytic process and protects 
from fibrosis [13].

Tuberculosis is one of the communicable diseases with a high mortality rate. It 
is caused by the bacteria mycobacterium tuberculosis. Usually, during infections, 
macrophages are activated to ingest and present these pathogens. Infection chronic-
ity leads to the formation of granulomas that prevent the spread of the bacteria. 
However, a section of the population is highly susceptible to severe tuberculosis. This 
is because they have a defect in genes encoding receptors for IFN-γ on the surface of 
macrophage cells. As such, during infection, the macrophages are not activated to 
induce inflammation and present the pathogen for destruction but remain insensitive 
to IFN-y stimulation. The macrophages are thus unable to kill the bacteria. Moreover, 
the granulomas do not effectively form and systemic infection may occur.

In addition, macrophages contribute to diseases whose etiology does not primarily 
lie on defects associated with the activation, metabolism, and functioning of macro-
phages. These diseases include inflammatory diseases (inflammatory bowel disease, 
arthritis), infections (HIV), and metabolic diseases (such as atherosclerosis, obesity, 
and diabetes). The pathogenesis of such diseases usually utilizes the macrophage 
inflammatory process to develop its pathophysiology.
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9. Conclusion

Macrophages are phagocytic immune cells. They function in both homeostasis 
and pathology. Macrophages are activated through two pathways depending on 
their polarization. Polarization refers to the ability of such cells to differentiate into 
functionally different phenotypes. Classically activated macrophages are also known 
as M1 macrophage, are pro-inflammatory in nature and thus mediates inflammatory 
reactions. M2 macrophages on the other hand results from alternative activation of 
macrophages. The M2 macrophages are anti-inflammatory in nature functioning in 
wound healing and tissue repair. Macrophages can be classified based on their mode 
of activation and based on the tissue they are located in. based on activation, macro-
phages can fall into either M1 or M2 macrophages as stated above.

Different tissues have different types of macrophages depending on their roles 
and phenotypic expression. Kupffer cells in the liver, alveolar macrophages in the 
lungs, osteoclasts in bone tissue, Langerhans cells in the skin, intraocular macro-
phages in the eye, microglia in the brain, splenic macrophage, intestinal macrophage, 
and subscapular sinusoidal macrophages in lymph nodes. These macrophages have 
specific tissue functions in addition to the generalized functions of a macrophage 
cell. The generalized functions of a macrophage cell include induction of inflamma-
tion, immune surveillance, antigen processing, presentation wound healing, iron 
metabolism, and muscle regeneration. All these functions either fall into anti-
inflammatory or proinflammatory. The mechanism of these functions is integrated 
with the metabolic profile of a macrophage and the type of polarization it acquires. 
M1 macrophages are activated mainly by IFN-γ and lipopolysaccharide while M2 
macrophages are activated by interleukin 4. M1 macrophages primarily utilize aero-
bic glycolysis for energy production through inhibition of the Krebs cycle and cellular 
respiration. The resultant effect is the formation of metabolites such as itaconate with 
microbicidal effect and immediate provision of energy. In addition, M1 polariza-
tion results in the formation of reactive oxygen species due to inhibition of cellular 
respiration. These species get integrated into the phagosome to aid the phagocytic 
process. M2 macrophages on the other hand utilize fatty acid oxidation and cellular 
respiration to carry out their functions. Macrophages also have a role to play in the 
induction of pathological conditions. Primary defects in macrophage pathways result 
in the development of disorders such as increased susceptibility to tuberculosis, 
idiopathic pulmonary fibrosis, and macrophage activation syndrome. Secondarily, 
macrophages also aid in the pathogenesis of inflammatory diseases, infections, and 
metabolic syndromes.
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Abstract

Interferons (IFNs) are a family of multi-functional proteins, called cytokines, 
that are produced by immune cells such as leukocytes, natural killer (NK) cells, 
macrophages, fibroblasts, and epithelial cells. The minute amount of these α-helical 
glycoproteins, produced by mammalian cells, are firm components of the innate arm 
of the immune system providing rapid and broad protection against numerous types 
of invading pathogens. Interferons, from their discovery in the 19th century, have 
always held out a promise of important clinical utility first as an antiviral agent and 
more recently holding anti-inflammatory and regenerative effects for treating various 
neurological diseases such as multiple sclerosis, encephalopathies, Alzheimer’s disease 
(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), etc. IFNs elicit 
anti-viral and anti-inflammatory properties by inducing transcription of multiple IFN 
stimulated genes (ISG), a response that is partly mediated by Interferon regulatory 
factors (IRFs). This chapter provides a brief introduction of the interferon system 
as well as an in-depth assessment of the interferon signature and the various assay 
procedures for synthesizing non-natural interferon analogs for structural analysis, 
which may be helpful in designing improved products and act as a diagnostic tool for 
neurodegenerative disorders.

Keywords: cytokines, cancer, inflammation, interferons, interferon regulatory factors 
(IRFs), neurodegenerative disorders

1. Introduction

The name of the interferons comes from their capability to intrude with the 
product of new contagion patches. When the vulnerable system is attacked, they 
get actuated due to viral infection or other unknown substances and the white 
blood cells in the body produces interferons, which are a group of proteins called 
cytokines. Interferons (IFNs) are a group of soluble α-helical glycoproteins 
[1] that are produced and released by the innate arm of immune cells such as 
leukocytes, natural killer (NK) cells, fibroblasts, and epithelial cells in response 
to virus infection (or any other stimuli). They bind to specific IFN receptors 
on cells to trigger multiple signaling pathways that result in the expression of 
IFN-stimulated genes (ISGs). The ISG products then render the cell resistant to 
subsequent virus infection. Interferons do not directly kill the virus or cancerous 
cells rather they boost the vulnerable system response and reduce the growth of 
cancer cells by regulating the exertion of several genes that control the stashing 
of multitudinous cellular proteins that affect their growth. In extreme cases, an 
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indecorous prosecution of these pathways or their inordinate activation can result 
in cell death. IFNs can play beneficial roles in the nervous system because of 
their tremendous capacity for upregulating immune responses. The three major 
types of interferons, that is, IFN-α, β and γ act as implicit curatives for a number 
of diseases. IFN-α has been used for the treatment of hepatitis B and C, and in 
several types of cancers, including hairy cell leukemia, chronic myeloid leuke-
mia, Kaposi's sarcoma, and Erdheim–Chester disease (or polyostotic sclerotic 
histiocytosis), a rare complaint of bone marrow inflammation that can also affect 
the cerebellum [2]. IFN-β, an immunosuppressive cytokine, is the first medicine 
shown to promote clinical improvement in multiple sclerosis by inhibiting IL-12 
production and inducing IL-10 [3]. Genetic research reveals the role of IFN-β in 
regulating mitochondrial dynamics to prevent neurodegeneration. IFN-β rescues 
mitochondrial abnormalities and neuronal survivance in Parkinson’s disease in 
vivo [4]. Finally, IFN-γ has been used in the treatment of chronic granulomatous 
disease, a rare hereditable complaint in which the phagocytic cells have disabled 
capacity to kill ingested microbes, resulting in recurring bacterial and fungal 
infections [5]. IFNs, presumably in confluence with other cytokines, hold a 
prominent role in various therapies against diseases due to their incredible wide-
ranging and pronounced immunological properties.

2. Origin and classification of interferons

Among the major discoveries in science, the discovery of interferon was a for-
tuitous one. The 60-year history of exploration on IFN abounds with big and small 
breakthroughs and are been recorded in the literature. However, information on the 
succession in lines of thought that led from one discovery to the next is dispersed, 
and many of those linkages may only be recorded in the memory of ‘veteran’ inter-
feron workers. New generations of interferon workers tend to rely on handbooks or 
laboratory manuals, whereas background about sophisticated pathways of discovery 
is usually omitted. Therefore, this historical section related to molecular structure, 
production, and action of IFN will be considered from the viewpoint of how our 
insights have grown within the environment of evolving tools and general knowledge 
in cellular and molecular biology.

The basic phenomenon of interference was first described in the year 1935 with 
the capability of one contagion to interfere with the replication of another (challenge) 
contagion [6]. Thus, the hunt was underway for the mediator of viral interference 
for about 20 years until Alick Isaacs and Jean Lindenmann coined the term interferon 
(IFN) to it, in 1957 [7]. When heat- or UV-inactivated influenza virus was injected 
into the 10-day-old fragmented chorioallantoic membrane of chick embryos, a 
substance was released that inhibited viral multiplication. Hemagglutination, or the 
virus's ability to interact with and agglutinate red blood cells, was used to quantify 
influenza viral production (or inhibition). The interfering chemical was given the 
name "interferon." The titration ended when a well (on a plate of tiny wells) was 
identified with partial agglutination; the reciprocal of the influenza dilution thus 
measured was used as the interferon titer (concentration). Interferon molecules 
produced by infected cells function via autocrine and paracrine signaling to transform 
host cells into antiviral cells [8]. They have profound immunomodulatory as well as 
antiviral properties. They were initially classified as leukocyte, fibroblast, or immune 
IFNs, based on their cellular origin. Type I IFN (leukocyte and fibroblast IFN) and 
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type II IFN (immune IFN) are two types of IFNs that are now known to be made up of 
over 20 distinct proteins [9].

3. IFNs family background

Even though IFNs were initially classified as antiviral agents, Isaac and 
Lindenmann could not have anticipated the enormous impact their discovery would 
have, and the extent to which they would be pertinent far beyond the discipline of 
Virology. From the discovery in the 1960s that IFNs also played a role in the control of 
cell growth and animal tumors up to the recent findings that they are pivotal regula-
tors of both innate and adaptive immune responses, the result is that vertebrate life 
would be permanently threatened without IFNs.

Multiple criteria, including sequence identity, genetic loci, cell of origin, receptor 
distribution, and downstream reactions, have been used to classify IFNs. Although 
IFNs are expressed at low levels in the body at rest, they are activated to varying 
degrees depending on the stimuli, as a result, they play a dynamic and pathogen-spe-
cific function in the immune response. IFNs modulate the immune system’s ability by 
promoting transcription of interferon signaling genes (ISGs) after they are generated 
and released by immune cells.

IFNs were classified as type-I (pH stable) or type-II (pH unstable) based on their 
pH sensitivity. The designation of IFN-α/β and IFN-γ as type-I and type-II IFNs, 
respectively, was further verified by analysis of their unique amino acid sequences 
and crystal structures [10–13]. The type-I family has been expanded to 16 members 
which include 12 IFN-αs that are encoded by 13 genes (IFN-α1/13 encode the same 
protein) [14–18], IFN-β (the well-known IFNs and the first to be cloned, purified, 
and sequenced) [17, 19, 20], IFN-ϵ [21], IFN-κ [22], and IFN-ω [23]. Type-II family 
includes only one member, that is, interferon- γ, produced by NK cells and T-cells 
(in response to cytokines IL-12 and IL-18). Both types of IFN promote an “anti-
viral state” by snooping with cell proliferation and viral replication mechanisms. 
Moreover, IFNs render infected cells to become more susceptible to apoptosis 
(procaspase activity) and recognition by CD8+ cytotoxic T-cells by upregulating 
the expression of class I-major histocompatibility complex (MHC-I) on infected 
cells [24]. In 2003, the genome analysis discovered a novel type-III family of IFNs 
(IFN-λ), which were shown to be comparable to the IL-10 family of cytokines [16, 
25–27], particularly IL-22 [28] based on sequence and subsequent structural studies. 
In humans, there are four different subtypes of Type III IFN, namely, IFN-λ1 (IL-
29), IFN-λ2 (IL-28A), IFN-λ3 (IL-28B), and IFN-λ4 [29]. These IFN present similar 
biological effects to type-I IFNs, playing an important role in host defense against 
viral infections.

After a brief introduction of some of the cardinal features of the three types of 
interferons, we will now discuss the type of receptors involved in signal transduction 
pathways and biological activities elicited by them and then focus on the regulation of 
these IFN responses using transcription regulatory factors.

4. IFN induction and signaling mechanism

IFNs are incredibly effective at limiting virus replication and transmission, but 
because they are not normally expressed, IFN synthesis must be triggered promptly 
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and strongly upon host contact with the virus. Because all viruses proliferate inside 
host cells, identifying bacterial or viral nucleic acids (e.g., RNA or DNA genome) 
upon microbial challenge, is an efficient technique for eliciting innate immune 
responses. These foreign substances are firstly identified by a specialized group of 
proteins known as Toll-like receptors (TLRs) which are, further, a type of pattern-
recognition receptors (PRRs), that are expressed on sentinel cells. These receptors 
are either cytosolic or endosomal membrane proteins [30]. The binding of dsRNA/
dsDNA to the helicase domain of RIG-I (Retinoic acid-inducible gene-I) and MDA5 
(melanoma differentiation-associated gene-5), respectively, induces caspase activa-
tion following activation of tumor necrosis factor (TNF) receptor-associated factor 
(TRAF)-associated NF-κB activator, TANK binding kinase 1 (TBK1) and inhibitor 
of NF-κB kinase IKKε Figure 1 [31–33]. IRF-3 and IRF-7 are expressed ubiquitously 
as inactive monomers in the cytosol but when cells are stimulated with poly (I:C) or 
virus infection, they get phosphorylated by the serine/threonine kinases, homodi-
merized, and are then translocated from cytosol to nucleus and binds to responsive 
elements for IFN-β gene transcription. After this, the secreted IFN binds to their 
specific cognate cell surface receptors, the heterodimeric IFNAR1/IFNAR2 complex 
for type I IFNs, dimers of the heterodimeric IFNGR1/IFNGR2 complex for type II 
IFN and the heterodimeric IFNLR1/IL10R2 complex for type III IFNs as represented 
in Table 1 [32], present on the infected cell's surface, causing an autocrine signal-
ing cascade that mobilizes other interferon response components and changes the 
gene expression patterns, resulting in an interferon response. IFNs can also bind to 
the interferon receptor produced by nearby non-virus infected cells, operating in a 
paracrine manner to enhance interferon response and aid these cells in combating 
viral infection [33].

The IFN signal transduction pathway has been appropriately described in multiple 
comprehensive reviews Figure 2 [17, 29, 38, 40–42, 44–57]. The type I IFNs bind 
to their related heterodimeric cell surface receptors, IFNAR1 and IFNAR2, which 
signals through the activation of Janus activated kinases (JAKs), specifically TYK2 
(Tyrosine kinase 2) and JAK1, respectively, causing tyrosine phosphorylation of the 

Figure 1. 
The Mechanism of production of IFNs [30–32].
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receptors’ intracellular domains and recruitment of signal transducers and activator 
of transcription (STAT), STAT1 and STAT2 proteins, which in turn forms a trimeric 
complex, called ISGF3 (IFN stimulated gene factor 3) that consists of STAT1, STAT2, 
and IRF9 [17, 38]. The ISGF3 then translocate to the nucleus and binds to the IFN 
stimulated response element (ISRE) in the promoter region of IFN-stimulated genes 
(ISGs) and initiates transcription of antiviral genes. IRF2 acts as a transcriptional 
attenuator of ISGF3-mediated transcriptional activation within the nucleus, hence, 
the absence of IRF2 would result in increased Type I IFN signaling [46]. IFNAR 
activation also activates STAT1, STAT3, STAT4, STAT5, and STAT6 homodimers, as 

Figure 2. 
Signal transduction mechanism by Type I, Type II and Type III IFN receptors and production of ISGs [17, 29, 33, 
38–40, 42, 43, 45–55].

Interferons Discovery Gene Family 
members

Receptors IFN- producing 
cells

Signalling References

Type-I IFN 1957 Chr 9 IFN-α (13 
subtypes), 
IFN-β, IFN-
ε, IFN-κ, 
IFN-ω

IFNAR1/
IFNAR2 
subunits

All nucleated 
cells

TYK2, 
JAK1, 
STAT1/2 
forms 
ternary 
complex 
ISGF3, bind 
to ISRE/
GAS

[17, 34–38]

Type-II IFN 1965 Chr 
12

IFN-γ IFNGR1/
IFNGR2 
subunits

B and 
T-lymphocytes, 
NK cells, APCs

JAK1/2, 
STAT1, 
bind to 
GAS/ISRE

[34, 35, 
39–42]

Type-III IFN 2003 Chr 
19

IFN-λ1, 
IFN-λ2, 
IFN-λ3, 
IFN-λ4

IFNLR1/
IL10R2 
complex

All nucleated 
cells, dendritic 
cells, and 
epithelial cells

TYK2. 
JAK1, 
ISGF3, bind 
to ISRE

[29, 34, 35, 
43–45]

Table 1. 
Classification of interferons in humans.
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well as STAT1–STAT2, STAT1–STAT3, STAT1–STAT4, STAT1–STAT5, STAT2–STAT3 
and STAT5–STAT6 heterodimers which bind and activates GAS (IFN-γ activated 
sequence) motifs, found in the promoter region of ISGs resulting in their gene expres-
sion [47–51]. Type I IFN signaling may also activate other signaling pathways that 
do not rely on the so-called JAK/STAT pathway. They are the non-canonical modi-
fiers of Type I signaling called the mitogen-activated protein kinase (MAPK)/c-Jun 
amino-terminal kinase (JNK) pathways and the phosphoinositide 3-kinase (PI3K) 
pathway, which leads to diverse effects on the cell [52]. Furthermore, there is suf-
ficient evidence that the function of distinct STATs may be modulated to account for 
individual responses. For example, a recent study found that STAT1 inhibits the IFN-α 
dependent induction of IFN-γ expression, whereas surprisingly, IFN-α or IFN-β 
mediated activation of STAT4 is essential for the IFN-γ synthesis during viral infec-
tion [53]. As a result, the functional diversity of type I IFN-regulated pathways allows 
for the transcriptional activation of a plethora of genes that facilitate the induction of 
physiologic responses.

Type II IFNs or IFN-γ is biologically active in its noncovalently coupled homodi-
mer form. The extracellular domain of the two IFNGR1/CD119 subunit attaches 
to this homodimer, which then interacts with IFNGR2 to form a functional IFN- γ 
receptor complex. The receptor complex's IFNGR1 subunits are linked to JAK1, while 
the IFNGR2 subunits are linked to JAK2 [40]. When JAK1 and JAK2 are activated, 
the receptor is phosphorylated, and STAT1 is recruited and phosphorylated. The 
phosphorylation of STAT1 causes it to homodimerize and translocate to the nucleus. 
STAT1 homodimers attach to Gamma activated sequence (GAS) sites in the promot-
ers of target genes once they reach the nucleus, regulating their transcription [41, 
42]. IFN-γ signaling is dependent on weak type I IFN signaling, which is mediated 
by low type I IFN constitutive production [54]. Many of the IFN-gamma/STAT1 
signaling-induced target genes are transcription factors that cause the expression of 
secondary response genes. IFN-gamma signaling can also activate the MAPK, PI3K/
AKT/mTOR, and NF-kappa B signaling pathways, which control the expression of 
a variety of additional genes [55]. IFN-gamma signaling plays an important role in 
host defense by promoting macrophage activation, upregulating the expression of 
antigen processing and presentation molecules, driving the development and activa-
tion of Th1 cells, enhancing natural killer cell activity, regulating B cell functions, and 
inducing the production of chemokines that promote effector cell trafficking to sites 
of inflammation.

Type III interferons (IFN-λs) communicate with the body via a unique heterodi-
meric receptor complex, comprising of the IFN-λR1 subunit and interleukin-10R 
(IL-10R), shared by a number of cytokines in the IL-10 superfamily [29]. Despite the 
fact that IFN-λ and type I IFNs are structurally disparate and are engaged in different 
types of receptors, they both share the same JAK/STAT signal transduction pathway to 
trigger interferon-stimulated genes (ISGs), which have antiviral and immunoregula-
tory functions. So, these findings initially surmised that the Type I and Type III IFNs 
were functionally redundant. They were further distinguished by the kinetics of Type 
III interferons, which had a lower amplitude than Type I interferons while having 
long-lasting ISG expression [44, 45].

However, dysregulation of the IFN production and function would lead to immu-
nological pathogenesis, such as inflammatory diseases, autoimmune and neurode-
generative disorders, via inappropriately stimulating inflammatory responses or 
dampening microbial controls. Thus, IFN response must be tightly regulated in order 
to develop protective immunity against microbial infections, curing autoimmune 
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disorders and neurodegenerative diseases while avoiding detrimental toxicity induced 
by improper or prolonged gene expression.

5. IRF-mediated regulation of IFNs

Interferon regulatory factors (IRFs) are a group of transcription factors that are 
involved in a range of aspects of the innate and adaptive immune responses, includ-
ing immune cell proliferation and differentiation, as well as modulating pathogenic 
responses [58]. Were first discovered and identified in the promoter region of the 
human interferon-β gene (IFN β1) during 1988, when a mouse cDNA clone encodes a 
protein that has specificity towards the IFN-β gene containing virus-inducible enhancer 
element, was identified [59]. During that period, there was no other homology pres-
ent in accordance with this gene or other proteins. So, it was recognized and named 
as the IFN-regulatory factor 1 (IRF1). Further, cDNA clone that was identified later, 
subsequent cross-hybridization with IRF1 cDNA was named as IRF2. This signified 
the formal acknowledgment and birth of the massive IRF family [60]. IRFs specifi-
cally recognize the ISRE (Interferon-Stimulated Response Element), a conserved 
DNA consensus sequence, and become functionally active in the form of homodimers 
or heterodimers. The IRF family of transcription factors comprises of several mem-
bers, namely, IRF1, IRF2, IRF3, IRF4 (also known as PIP, LSIRF or ICSAT), IRF5, 
IRF6, IRF7, IRF8 (also known as ICSBP), and IRF9 (also known as ISGF3γ/p48) were 
identified in Mus musculus and Homosapiens [61, 62]; IRF10 is observed in birds 
[63] and fishes [64], IRF11 is found in lower vertebrates, such as teleost fishes and 
zebrafish [65]. IRF1 and IRF2 have been extensively studied at the molecular level 
due to their unique properties of regulating gene expression despite having structural 
similarities. Although the former functions as a transcriptional activator and the 
latter repress IRF1 function by competing for the same cis-elements within type-I IFN 
(IFN-α/β) and IFN-inducible genes, they possess a high degree of structural similar-
ity [66]. IRF-3, IRF-5, and IRF-7 are the three members of the IRF family which are 
induced by Type I IFNs, downstream of PRRs that detect viral DNA/RNA, resulting 
in a feedforward loop that maximally drives IFN expression [67]. Other members 
such as IRF-4, IRF-5, and IRF-8 are some of the key regulators of myeloid cell prolif-
eration and phenotypic differentiation, which aids in modulating the inflammatory 
responses [68]. The fourth member of the family, IRF-9, controls the expression of a 
wide range of IFN stimulating genes. Researchers have discovered that, like the IFN-β 
gene, the IFN-λ1 gene is controlled by both IRF3 and IRF7, but IRF7 is the primary 
regulator of the IFN-λ2/3 genes [69, 70]. Understanding how their levels and activ-
ity are controlled is crucial since changes in either can lead to dysregulated immune 
responses and the development of autoimmune and neurodegenerative diseases.

6. Interferon system dysfunction and related disorders

Interferons are used to treat a number of diseases such as those that are caused by 
viruses (such as hepatitis B and C virus) or due to inflammation (like multiple sclero-
sis and systemic sclerosis) as depicted in Table 1 [34, 71, 72]. They also act as antineo-
plastic agents to treat malignancies (such as breast carcinoma, nodular lymphoma, 
chronic myelogenous leukemia (CML), Kaposi’s sarcoma, and renal adenocarcinoma) 
[73]. The expression levels of IFNs, as well as their actions, are superbly controlled in 
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order to protect host cells from potential toxicity resulting from excessive responses. 
However, persistent and dysregulated IFN expression causes many diseases such as 
Type I interferonopathy, a type of inherited CNS disease. They have also been associ-
ated with the development or worsening of autoimmune diseases such as psoriasis, 
systemic lupus erythematosus (SLE), and, in rare cases, rheumatoid arthritis (RA) 
[74]. This was observed in their mRNA expression patterns that contain the interferon 
signature. Moreover, a lot of murine Alzheimer's disease (AD) models, as well as 
wild-type mouse brains challenged with generic nucleic acid-containing amyloid 
fibrils, showed an increased IFN-stimulated gene (ISG) signature [75]. These findings 
all point to IFNs that have a negative impact on the brain. Interferon overactivation is 
also associated with low levels of apoptotic particle clearance, resulting in an accumu-
lation of apoptotic products (such as DNA-CpG motifs and U-RNAs). Similar abnor-
malities are seen in patients with primary Sjogren's syndrome, systemic scleroderma, 
and polymyositis, as well as a few cases of rheumatoid arthritis. Immunomodulation 
treatments aiming at lowering interferon overactivity are being tried in people with 
such diseases [76].

Shreds of evidence have shown that the development of autoimmune illnesses 
in certain people who were given IFN-α suggests that this cytokine plays a key role 
in breaking tolerance and triggering autoimmune responses in such patients [77]. 
Similarly, IFN-γ may also contribute to autoimmune disorders in addition to its host 
defense actions. Although IFN-γ production has been reported to be disease-limiting 
in experimental allergic encephalomyelitis (EAE), it may have a role in autoimmune 
nephritis [78]. Moreover, increased vulnerability to infection with certain viruses and 
intracellular bacteria appears to be linked to the loss of functioning IFNGR1 that is 
involved in Type II IFN signaling [79].

Recent research suggests that even mild-to-moderate acute COVID-19 infection 
results in a continuing, prolonged inflammatory response, which is not seen with 
common coronavirus infection [80]. After surviving acute coronavirus disease 2019 
(COVID-19) infection, some individuals develop post-acute COVID syndrome (long 
COVID (LC)) that lasts longer than 12 weeks. The mechanisms behind this activation 
are still being investigated, but they might include antigen persistence, autoimmunity 
triggered by antigenic cross-reactivity, or a reflection of damage repair. These find-
ings show that individuals with COVID-19 have an aberrant immunological profile at 
long intervals after infection, indicating the presence of an LC syndrome [80]. In this 
aspect, learning more about the immunological components of diverse pathologies 
has yielded common themes. Because of these unifying concepts, immune-based 
therapeutics for viral respiratory diseases, autoimmune and neurodegenerative 
disorders must be identified.

7. Closing remarks and outlook

There is a worldwide interest in repurposing existing drugs and understanding 
mechanisms against viral, autoimmune, and neurodegenerative diseases. Structural 
determination, interaction with different co-solutes, and binding studies can facili-
tate the process of vaccine development, help in understanding the mechanism of 
anti-inflammation, and design a potent inhibitor for drug discovery. The interaction 
studies with different proteins will stabilize and/or destabilize, allowing deeper 
insight into various interactions (attractive and repulsive forces) to maintain a 
high functional protein population as this can probably be helpful for pre-clinical 
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toxicological studies. Furthermore, beyond the therapeutic benefit to the individual 
patient, IFN therapy may aid public health measures aimed at delaying the spread 
of pandemic diseases and also minimizing the deterioration of symptoms in cases of 
autoimmune diseases and neurodegenerative disorders by reducing the time it takes 
for their symptoms to deteriorate. However, the most difficult element of creat-
ing therapy options for immune modulation against such illnesses is disentangling 
beneficial from harmful signals. So, for that purpose, targeted immune regulation can 
temper maladaptive factors enabling beneficial immune response against disorders 
which might help reduce its severity in the future.

© 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. 
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Abstract

It has been noted that interferon can exert an antiproliferative effect by  
stimulating cells of the immune system. Interferon has been shown to be effective in 
the treatment of chronic myeloproliferative neoplasms. Over the years, interferon 
alpha-2a and interferon alpha-2b have been introduced into the treatment of chronic 
myeloproliferation, followed by their pegylated forms. Studies have been showing the 
effectiveness of interferon alpha in reducing the number of platelets in essential throm-
bocythemia, reducing the need for phlebotomies in patients with polycythemia vera 
and also in reducing the number of leukocytes. Additionally, it turned out to be effec-
tive in reducing the size of the spleen. Interferon has also been shown to be effective in 
inducing long-term molecular remissions. The introduction of new forms of interferon 
such as ropeginterferon and the combination of interferon alpha with newly introduced 
drugs from other groups causes that interferon remains an important drug in the field 
of chronic myeloproliferative disorders. The chapter presents the results of clinical trials 
and the experiences of various centers in its usage for mieloproliferative neoplasms.

Keywords: chronic myeloproliferative disorders, polycythemia vera, essential 
thrombocythemia, myelofibrosis, ropeginterferon, pegylated interferon alpha

1. Introduction

Chronic myeloproliferative disorders are a group of clonal diseases of the stem cell. 
It is a group of several diseases with some common features. They derive from a mul-
tipotential hematopoietic stem cell. A clone of neoplastic cells in all these neoplams 
is characterized by a lower proliferative activity than that of acute myeloproliferative 
diseases. In each of these diseases, leukocytosis, thrombocythemia, and polyglobulia 
may appear at some stage, depending on the diagnosis [1, 2].

The research on interferon has been going on since the 1950s [3]. Then, the 
attention was paid to its influence on the immune system. It has been noted that it 
can exert an antiproliferative effect by stimulating cells of the immune system [4]. In 
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1987, a publication by Ludwig et al. was published, which reported the effectiveness 
of interferon alpha in the treatment of chronic myeloproliferative disorders [5].

More and more new studies have been showing the effectiveness of interferon 
alpha in reducing the number of platelets, reducing the need for phlebotomies in 
patients with polycythemia vera and also in reducing the number of leukocytes. 
Moreover, interferon reduced the symptoms of myeloproliferative disorders such as 
redness and itching of the skin. Additionally, it turned out to be effective in reducing 
the size of the spleen.

Further studies on the assessment of remission using molecular-level response 
assessments indicate that the interferon action in chronic myeloproliferation diseases 
targets cells from the mutant clone with no effect on normal bone marrow cells [6].

Over the years, interferon alpha-2a and interferon alpha-2b have been introduced 
into the treatment of chronic myeloproliferation, followed by their pegylated forms. 
The introduction of pegylated forms allowed for a reduction in the number of side 
effects and less frequent administration of the drug to patients. In recent years, mon-
opegylated interferon alpha-2b has been used to further increase the interval between 
drug administrations while maintaining its antiproliferative efficacy.

The exact mechanism of action of interferon alpha in the treatment of chronic 
myeloproliferative disease is still not fully understood, but it has an impact on JAK2 
(Janus Kinase) signal transducers and activates the STAT signal pathway (Janus 
Kinase/SignalTransducer and Activator of Transcription).

Interferon alpha binds to IFNAR1 and IFNAR2c, which are type I interferon 
receptors. Interferon alpha has an impact on JAK2(Janus Kinase) signal transducers 
and activates the STAT signal pathway. The disturbances in this signaling pathway are 
observed in chronic myeloproliferative disorders [7].

Interferon inhibits the JAK-STAT signaling pathway by directly inhibiting the 
action of thrombopoietin in this pathway [8].

So far, three driver mutations have been described in the course of chronic myelo-
proliferative diseases that affect the functioning of the JAK-STAT pathway.

JAK2 kinase and JAK1, JAK3, and TYK2 kinases belong to the family of non-recep-
tor tyrosine kinases. They are involved in the intracellular signal transduction of the 
JAK-STAT pathway. It is a system of intracellular proteins used by growth factors and 
cytokines to express genes that regulate cell activation, proliferation, and differentia-
tion. The mechanism of JAK activation is based on the autophosphorylation of tyrosine 
residues that occurs after ligand binds to the receptor. JAK2 kinase transmits signals 
from the hematopoietic cytokine receptors of the myeloid lineage (erythropoietin, 
granulocyte-colony stimulating factor thrombopoietin, and lymphoid lineage [9].

A somatic G/T point mutation in exon 14 of the JAK2 kinase gene converts valine 
to phenylalanine at position 617 (V617F) in the JAK2 pseudokinase domain, which 
allows constitutive, ligand-independent activation of the receptor to trigger a prolif-
erative signal [10].

Mutation of the MPL gene, which encodes the receptor for thrombopoietin, 
increases the sensitivity of magekaryocytes to the action of thrombopoietin, which 
stimulates their proliferation [11].

Malfunction of calreticulin as a result of mutation of the CARL gene leads to 
the activation of the MPL-JAK/STAT signaling pathway, which is independent 
of the ligand, as calreticulin is responsible, for the proper formation of the MPL 
receptor. Consequently, there is a clonal proliferation of hematopoietic stem 
cells [12].
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Below, we provide an overview of some clinical studies on the efficacy of inter-
feron in chronic myeloproliferative disorders.

2. Chronic myeloproliferative disorders

2.1 Polycythemia vera

Polycythemia vera (PV) is characterized by an increase in the number of erythro-
cytes in the peripheral blood.

Polycythemia vera is caused by a clonal mutation in the multipotential hemato-
poietic stem cell of the bone marrow. The mutation leads to an uncontrolled prolifera-
tion of the mutated cell clone, independent of erythropoietin and other regulatory 
factors. As the mutation takes place at an early stage of hematopoiesis, an increase of 
the number of erythrocytes as well as of leukocytes and platelets is observed in the 
peripheral blood. The cause of proliferation in PV independent from external factors 
is a mutation in the Janus 2 (JAK2) tyrosine kinase gene. The V617F point mutation 
in the JAK2 gene is responsible for about 96% mutation, and in the remaining cases 
the mutation arises in exon 12. Both mutations lead to constitutive activation of the 
JAK-STAT signaling pathway [13].

As a result of the uncontrolled proliferation, blood viscosity increases, which 
generates symptoms such as headaches and dizziness, visual disturbances, or eryth-
romelalgia. As the number of all hematopoietic cells, including the granulocytes ones, 
increases, the difficult to control symptoms of their hyperdegranulation may appear, 
among which gastric ulcer or skin itching is often observed. During the disease 
progression, the spleen and liver become enlarged.

The most common complication of the disease is episodes of thrombosis, espe-
cially arterial one. During the course of the disease, it can also evolve into myelofibro-
sis or acute myeloid leukemia.

The treatment of PV is aimed at preventing thromboembolic complications, 
relieving the general symptoms, the appearance of hepatosplenomegaly as well as 
preventing its progression.

Each patient should receive an antiplatelet drug chronically, and usually acetylsali-
cylic acid is the choice. Most often, the treatment is started with phlebotomy in order 
to rapidly lower the hematocrit level. If cytoreductive therapy is necessary, the drugs 
of first choice are hydroxycarbamide and interferon [2].

However, the research on the mechanism of the action of interferons is still ongo-
ing. In vitro studies with CD34+ cells from peripheral blood of patients diagnosed 
with polycythemia vera showed that interferon inhibits clonal changed cells selec-
tively. It was found that interferon alpha-2b and pegylated interferon alpha-2a reduce 
the percentage of cells with JAK2 V617F mutation by about 40%. Pegylated interferon 
alpha-2a works by activating mitogen-activated protein kinase P38. It affects CD34+ 
cells of patients with polycythemia vera by increasing the rate of their apoptosis [6].

A case of a patient with PV with a confirmed chromosomal translocation t(6;8) 
treated with interferon alpha-2b, which resulted in a reduction of the clone with 
translocation by 50% from the baseline value, was also described [14].

In 2019, the results of a phase II multicenter study were published, which aimed at 
assessing the effectiveness of recombinant pegylated interferon alpha-2a in cases of 
refractory to previously hydroxycarbamide therapy. The study included 65 patients 



Basic and Clinical Aspects of Interferon Gamma

40

with essential thrombocythemia (ET) and 50 patients with polycythemia vera. All 
patients had previously been treated with hydroxycarbamide and showed resistance 
to this drug or its intolerance.

The assessment of the response was performed after 12 months of treatment. 
Overall response rate to interferon was higher in patients diagnosed with ET than 
in patients with polycythemia vera. In essential thrombocythemia, the percentage 
of achieved complete remissions was 43 and 26% of partial remissions. The remis-
sion rate in ET patients was higher if calreticulin CALR gene mutation was present. 
Patients with polycythemia vera achieved complete remission in 22% of cases and 
partial remission in 38% of cases.

Treatment-related side effects that follow to discontinuation of treatment were 
reported in almost 14% of patients [15].

The duration of response to treatment with pegylated interferon alpha-2a and 
the assessment of its safety in long-term use in patients with chronic myeloprolifera-
tive disorders was the goal of a phase II of the single-center study. Forty-three adult 
patients with polycythemia vera and 40 patients with essential thrombocythemia 
were enrolled in the study. The complete hematological response was defined as a 
decrease in hemoglobin concentration below 15.0 g/l, without phlebotomies, a resolu-
tion of splenomegaly, and no thrombotic episodes in the case of PV, and for essential 
thrombocythemia—a decrease platelet count below 440,000/μl and two other condi-
tions as above. The assessment of the hematological response was performed every 
3–6 months. The median follow-up was 83 months.

The hematological response was obtained in 80% of cases for the entire group. In 
patients with polycythemia vera, 77% of patients achieved a complete response (CR) 
while 7% a partial response (PR). The duration of response averaged 65 months for 
CR and 35 months for PR. In the group of patients diagnosed with essential thrombo-
cythemia, CR was achieved in 73% and PR in 3%. The durance of CR was 58 months 
and PR was 25 months.

The molecular response for the entire group was achieved in 63% of cases.
The overall analysis showed that the duration of hematological remission and its 

achievement with pegylated interferon alpha-2a treatment is not affected neither by 
baseline disease characteristics nor JAK2 allele burden and disease molecular status. 
There was also no effect on age, sex, or the presence of splenomegaly.

During the course of the study, 22% of patients discontinued the treatment, 
because of toxicity. Toxicity was the greatest at the beginning of treatment. The start-
ing dose was 450 μg per week and was gradually tapered off.

Thus, on the basis of the above observations, the researchers established that 
pegylated interferon alpha-2a may give long-term hematological and molecular 
remissions [16].

The assessment of pegylated interferon alpha-2a in group of patients diagnosed 
with polycythemia vera only was performed. The evaluation was carried out on a group 
of 27 patients. Interferon decreased the JAK2 V617F allele burden in 89% of cases. In 
three patients who were JAK2 homozygous at baseline, after the interferon alpha-2a 
treatment wild-type of JAK2 reappeared. The reduction of the JAK2 allele burden was 
estimated from 49% to an average 27%, and additional in one patient the mutant JAK2 
allele was not detectable after treatment. It can therefore be postulated that the action 
of pegylated interferon alpha-2a is directed to cells of the polycythemia vera clone [17].

In 2005, the results of treatment by pegylated interferon alpha-2b of 21 patients 
diagnosed with polycythemia vera and 21 patients diagnosed with essential thrombo-
cythemia were published. In the case of polycythemia vera in 14 patients, PRV-1 gene 
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mutation was initially detected. In 36% of cases, PRV-1 expression normalized after 
treatment with pegylated interferon alpha-2b. For the entire group of 42 patients, 
the remission assessment showed that complete remission was achieved in 69% cases 
after 6 months of treatment. However, only in 19 patients remission was still main-
tained 2 years after the start of the study. Pegylated interferon alpha-2b was equally 
effective in patients with PV and ET. The use and the type of prior therapy did not 
affect the achievement of remission [18].

Another study with enrolled only PV patients included 136 patients. They 
were divided into two arms. One group received interferon alpha-2b and the other 
group received hydroxycarbamide. Interferon dosage was administered in 3 mil-
lion units three times a week for 2 years and then 5 million units two times a week. 
Hydroxycarbamide was administered at a dose between 15 and 20 mg/kg/day.

In the group of patients treated with interferon, a significantly lower percentage 
of patients developed erythromelalgia (9.4%) and distal parasthesia (14%) compared 
with the group treated with hydroxycarbamide, for whom these percentages were 
respectively: 29 and 37.5%. Interferon alpha-2b was found to be more effective in induc-
ing a molecular response, which was achieved in 54.7% of cases, in comparison with 
hydroxycarbamide—19.4% of cases, despite the fact that the percentage of achieved 
general hematological responses did not differ between the groups and amounted 
about 70%. The 5-year progression free period in the interferon group was achieved in a 
higher percentage (66%) than in the hydroxycarbamide group (46.7%) [19].

2.1.1 Ropeginterferon (monopegylated interferon alfa-2b)

The most recent form of interferon approved by the European Medicines Agency 
(EMA) for the treatment of patients is ropeginterferon. It is human recombinant 
interferon alpha-2b. Ropeginterferon is a monopegylated form of interferon alpha-2b. 
Ropeginterferon is conjugated with a two-arm methoxypolyethylene glycol (mPEG).

Thanks to these changes to the structure of the molecule, it was possible to achieve 
a significant increase in its half-life. Ropeginterferon can be administered subcutane-
ously to patients every 14 days. The clinical trials conducted so far have assessed the 
ropeginterferon dose from 50 micrograms to a maximum dose of 500 microgams 
administered as standard every 2 weeks. The possible dose change in case of side 
effects includes not only the reduction of the drug dose itself, but also the extension 
of the interval between doses. The extension of the dosing interval up to 4 weeks was 
assessed.

Ropeginterforn was approved in 2019 by the EMA for the use in patients diagnosed 
with polycythemia vera without splenomegaly, as monotherapy.

Ropeginterferon, like the previous forms of interferons used in treatment, is 
contraindicated in patients with severe mental disorders, such as severe depression. 
It is also a contraindication in patients with noncompensatory standard treatment of 
disorders of the thyroid gland as well as severe forms of autoimmune diseases. The 
safety profile of ropeginterferon is similar to that of other forms of alpha interferons. 
The most common side effects are flu-like symptoms [20].

Ropeginterferon has been shown to exhibit in vitro activity against JAK2-mutant 
cells. The activity of ropeginterferon against JAK2-positive cells is similar to that of other 
forms of interferons used actually for standard therapy. Ropeginterferon has an inhibi-
tory effect on erythroid progenitor cells with a mutant JAK2 gene. At the same time, it 
has almost no effect on progenitor cells without the mutated allele (JAK2-wile-type) and 
normal CD34+ cells. A gradual decrease of JAK2-positive cells was observed in patients 
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with PV during ropeginterferon treatment. The examination was performed after 6 and 
12 months of treatment. In comparison, the reduction in the percentage of JAK2 positive 
cells in patients treated with hydroxycarbamide was significantly lower.

These results may suggest that ropeginterferon may cause elimination of the 
mutant clone, but further prospective clinical trials are needed to confirm this theory. 
The evaluation was performed on a group of patients enrolled in the PROUD-PV 
study who were treated in France [21].

In 2017, a multicenter study was opened in Italy. The study was of the second 
phase. In total, 127 patients with polycythemia vera were included in the study. All 
patients enrolled on the study had low-risk PV. The clinical trial consisted of two 
arms. Patients received phlebotomies and low-dose aspirin in one arm and ropegin-
terferon in the other arm. The aim of the study was to achieve a hematocrit of 45% or 
lower without any evidence of disease progression. Ropeginterferon was administered 
every 2 weeks at a constant dose of 100 μg.

The response to the treatment was assessed after 12 months. The reduction of 
hematocrit to the assumed level was achieved in significantly higher percentage of 
patients in the ropeginterferon group than of patients who received only phleboto-
mies and aspirin. In addition, none of the patients treated with ropeginterferon 
experienced disease progression during the course of the study, while among those 
treated with phlebotomies, 8% of patients progressed.

Grade 4 or 5 adverse events were not observed in patients treated with ropeginter-
feron, and the incidence of remaining adverse event (AE) was small and comparable 
in both arms. The most common side effects in the ropeginterferon group were flu-
like symptoms and neutropenia; however, the third-grade neutropenia was the most 
common (8% of cases) [22].

One of the most important clinical studies on the use of ropeginterferon was the 
PROUD-PV study and its continuation: the CONTINUATION-PV study. These were 
three-phase, multicenter studies. The aim of the study was to compare the effective-
ness of ropeginterferon in relation to hydroxycarbamide. The study included adult 
patients diagnosed with polycythemia vera treated with hydroxycarbamide for less 
than 3 years and no cytoreductive treatment at all. In total, 257 patients received this 
treatment. The patients were divided into two groups: those receiving ropeginterferon 
or the other being given hydroxycarbamide.

During the PROUD-study, drug doses were increased until the hematocrit was 
achieved below 45% without the use of phlebotomies, and the normalization of the 
number of leukocytes and platelets was reached.

The PROUD-PV study lasted 12 months. After this time, the patients continued 
the treatment under the CONTINUATION-PV study for further 36 months. After the 
final analysis performed in the 12th month at the end of PROUD study, it was found 
that the hematological response rates did not differ between the ropeginterferon and 
hydroxycarbamide treatment groups. These were consecutively 43% in the ropegin-
terferon arm and 46% in the control arm.

However, after analyzing the CONTINUATION- PV study, it turned out that after 
36 months of treatment, the rates of hematological responses begin to prevail in the 
group of patients receiving ropeginterferon, 53% versus 38% in the control group. 
Thus, from the above data, it can be seen that the response rate to ropeginterferon 
increases with the duration of treatment [23].

Another analysis of patients participating in the PROUD and CONTINUATION 
studies was based on the assessment of treatment results after 24 months, dividing 
patients into two groups according to age (under and over 60 years).
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The initial comparison of both groups of patients showed that older patients had 
a more aggressive course of the disease. Patients over 60 years of age had a higher 
percentage of cells with a mutant JAK2 allele. They experienced both general symp-
toms and some complications, such as thrombosis, more frequently. Both patients 
under 60 years of age and over 60 years of age in the ropeginterferon arm had a higher 
rate of molecular response, namely 77.1 and 58.7% compared with the HU remission: 
33.3 and 36.1%, respectively. Significantly higher reductions in the JAK2 allele were 
observed in both groups of patients after ropeginterferon treatment: it was 54.8% for 
younger patients and 35.1% for elderly patients. For comparison, this difference in the 
group of patients treated with HU was 4.5 and 18.4%, respectively.

What is more, the age did not affect the frequency of ropeginterferon side effects. 
In addition, the incidence of adverse ropeginterferon disorders was similar to that 
observed in the hydroxycarbamide group [24].

2.2 Essential thrombocythemia

Essential thrombocythemia is a clonal growth of multipotential stem cells in the 
bone marrow. The consequence of this is increased proliferation of megakaryocytes in 
the bone marrow and an increase in the number of platelets in the peripheral blood. 
The level of platelets above 450,000/μl is considered a diagnostic criterion.

Essential thrombocythemia may progress over time to a more aggressive form 
of myeloproliferation, i.e., myelofibrosis. The disease can also evolve into acute 
myeloid leukemia or myelodysplastic syndrome, both with very poor prognosis. 
Thromboembolic complications are serious, and they concern over 20% of patients. 
Thrombosis occurs in the artery and venous area. Moreover, in patients with a very 
high platelet count, above 1,000,000/μl, bleeding may occur as a result of secondary 
von Willebrand syndrome [1, 2].

The treatment of ET is primarily aimed to prevent thrombotic complications.
In low-risk patients, only acetylsalicylic acid is used. In cases of high-risk patients, 

hydroxycarbamide is the first-line drug for most patients. Anagrelide and interferon 
are commonly used as second-line drugs.

Due to the possible effects of hydroxycarbamide of cytogenetic changes in the 
bone marrow cells after long-lasting usage, some experts recommend the use of 
interferon in younger patients in the first line. Interferon is also used as the drug of 
choice in patients planning a pregnancy [25].

The efficacy of pegylated interferon alpha-2a was assessed on the basis of the 
group of 39 patients with essential thrombocythemia and 40 patients with polycythe-
mia vera.

Of the overall group, 81% of patients were previously treated prior to the study 
entry. The patients received pegylated interferon alpha-2a in a dose of 90 μg once a 
week. The dose of 450 μg was associated with a high percentage of intolerance.

In patients with essential thrombocythemia, the complete remission was achieved 
in 76%, while the overall hematological response rate brought 81%. Moreover, the 
molecular remission was achieved in 38%, in 14% of cases, JAK2 transcript became 
not detectable.

Patients diagnosed with polycythemia vera achieved 70% complete hematological 
remission and 80% general hematological response to treatment. JAK2 transcript was 
undetectable in 6% of patients. Molecular remission was achieved in 54% of cases.

Pegylated interferon alpha-2a at the dose of 90 μg per week was very well toler-
ated. In total, 20% of patients experienced a grade of 3 or 4 of adverse reaction, which 
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was neutropenia. In addition, an increase in liver function tests was observed. Grade 
4 of AE was not observed among patients who started the treatment with 90 μg/week 
while grade 3 neutropenia was an adverse event in only 7% of cases [26].

The effect of interferon alpha-2b treatment in patients with ET and PV was 
investigated. The study was prospective. Some of the results concerning the group 
of patients with polycythemia vera are presented in the subsection on polycythemia 
vera. In total, 123 patients with diagnosed essential thrombocythemia participated 
in the study. All of them received interferon alpha-2b. The patients were divided into 
two groups depending on the presence of the JAK2 V617F mutation. The enrolled 
patients were between 18 and 65 years of age. The treatment they received was, 
sequentially, interferon alpha-2b in the dose of 3 million units three times a week 
for the first 2 years, after which time the dose was changed into a maintenance dose, 
which amounted to 5 million units two times a week.

The analysis showed that the patients with the JAK2 V617F mutation present in a 
higher percentage achieved an overall hematological response as well as a complete 
hematological response. The overall hematological response was achieved in 83% of 
patients with JAK2 mutation, and the complete hematological remission was achieved 
in 23 cases. In the group of ET patients without the JAK2 V617F mutation, overall 
hematological response was achieved in 61.4%, while the complete hematological 
remission was achieved in 12 patients. The 5-year progression-free survival was 
obtained in 75.9% in the JAKV617F group and only in 47.6% without the mutation.

A significant proportion of patients experienced mild side effects. Grade 3 and 
4 of adverse events were severe, most of them being a fever. The isolated cases of 
elevated liver tests and nausea have also been reported [19].

Pegylated interferon alpha-2b in patients with essential thrombocythemia who were 
previously treated with hydroxycarbamide, anagrelide, and other forms of interferon 
alpha, however, due to the lack of efficacy or toxicity, the patients required a change 
of treatment, was assessed. Pegylated interferon alpha-2b turned out to be effective 
in these cases. It led to the complete hematological remission in 91% of patients after 
2 months of therapy, and in 100% of patients after 4 months. However, merely 11 
patients participated in the study. Also only two patients required treatment discon-
tinuation due to the side effects such as depression and general fatigue grade 3 [27].

2.2.1 Pregnancy

In case of pregnant patients, interferon is currently considered the only safe cyto-
reductive drug. Over the years, several analyses of the results of interferon treatment 
during pregnancy have been carried out.

The assessment of 34 pregnancies in 23 women diagnosed with ET was performed 
retrospectively. All the pregnancies included in the analysis were of high risk. This 
high risk was associated with a high platelet count above 1,500,000/μl, a history 
of thrombotic episode, severe microcirculation disorders, or a history of major 
hemorrhage.

It turned out that the use of interferon allowed the birth of an alive child in 73.5% 
of cases. There was no difference in efficacy between the basic and pegylated forms of 
interferon alpha. In pregnancies without interferon treatment, the percentage of live 
births was only 60%. Moreover, it was not found if the presence of the JAK2 V617F 
mutation had any influence on the course of pregnancy [28].

An analysis of the course of pregnancy in patients with ET was assessed in Italy. 
Data from 17 centers were taken into account. Data from 122 pregnancies were 
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collected from 92 women. In patients diagnosed with essential thrombocythemia, 
the risk of the spontaneous loss of pregnancy is about 2.5 times higher than among the 
general population. In the contrary to the study quoted above, it was found that the 
presence of the JAK2 mutation increases the risk of pregnancy loss. The proportion 
of live births in patients exposed to interferon during pregnancy was 95%, compared 
with 71.6% in the group of patients not treated with interferon.

The multivariate analysis also showed that the use of acetylsalicylic acid during 
pregnancy had no effect on the live birth rate of patients with ET [29].

Whatever its form, interferon is the drug of first choice in pregnancy. 
Hydroxycarbamide and anagrelide should be withdrawn for about 6 months, and at 
least for 3 months, before the planned conception. Experts recommend the use of inter-
feron in high-risk pregnancies [30]. A Japanese analysis of 10 consecutive pregnancies 
in ET patients showed 100% live births in patients who received interferon [31].

2.3 Myelofibrosis

In myelofibrosis (MF), monoclonal megakaryocytes produce cytokines that 
stimulate the proliferation of normal, non-neoplastic fibroblasts and stimulate angio-
genesis. The consequence of this is the gradual fibrosis of the bone marrow, impaired 
hematopoiesis in the bone marrow, and the formation of extramedullary location 
mainly in the sites of fetal hematopoiesis, i.e., in the spleen and the liver.

The production of various cytokines by neoplastic megakaryocytes leads to the 
proliferation of normal, noncancerous fibroblasts as well as to increased angiogenesis.

Progressive bone marrow fibrosis leads to worsening anemia and thrombocyto-
penia. On the other hand, the production of proinflammatory cytokines by mega-
karyoblasts leads to the general symptoms such as weight loss, fever, joint pain, night 
sweats, and consequently, progressive worsening of general condition.

The prognosis for myelofibrosis is poor. In about 20% of patients, myelofibrosis 
evolves into acute myeloid leukemia with poor prognosis.

Currently, the only effective method of treatment that gives a chance to prolong 
the life is allogeneic bone marrow transplantation. However, this method is only avail-
able to younger patients.

The goal of treatment of patients who have not been qualified for allotranspalnta-
tion is to reduce the symptoms and to improve the patient’s quality of life. In case 
of leukocytosis cytoreducing drugs, such as hydroxycarbamide, melphalan, or 
cladribine can be used. They cause a reduction in the number of leukocytes and may, 
to some extent, inhibit splenomegaly. Interferon alpha has been used successfully for 
the treatment of myelofibrosis for many years. The results of its effectiveness will be 
presented below [2].

Currently, the JAK2 inhibitor ruxolitinib is approved for the treatment of myelo-
fibrosis with enlarged spleen in intermediate and high-risk patients. Ruxolitinib 
reduces the size of the spleen, reduces general symptoms, and improves the quality of 
life; however, it does not prolong the overall survival of patients [32].

In 2015, the results of a retrospective study were published to compare the histo-
logical parameters of the bone marrow before and after interferon treatment. Twelve 
patients diagnosed with primary myelofibrosis as well as post-PV MF and post-ET 
MF were enrolled in the study. Patients were treated with pegylated recombinant 
interferon alpha-2a or recombinant interferon alpha-2b in standard doses. The time 
of treatment was from 1 to 10 years. Some patients had previously been treated with 
hydroxycarbamide or anagrelide. In all cases, karyotype was normal. The prognostic 
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factor of Dynamic International Prognostic Scoring System (DIPSS) was assessed at 
the beginning as well as during the treatment.

Bone marrow cellularity decreased in cases with increased bone marrow cellular-
ity before the treatment. After the interferon treatment, a reduction in the degree of 
bone marrow fibrosis was found. The parameters, such as the density of naked nuclei 
and the density of megakaryocytes in the bone marrow, also improved.

It proves that if the JAK2 V617F mutation had been present, DIPSS was decreased 
after interferon treatment. This relationship was not observed in patients without the 
JAK2 V617F mutation. The improvement in peripheral blood morphological param-
eters and the overall clinical improvement correlated with the improvement in the 
assessed histological parameters of the bone marrow.

Before the initiation of interferon, seven patients had splenomegaly. During the 
treatment with interferon, the complete resolution of splenomegaly was achieved in 
17% of patients (two cases), and its size decreased in 25% (three cases). A good clini-
cal response was achieved in 83% during interferon therapy. There was no significant 
difference in response between the two types of interferon used [33].

A prospective study was also conducted in patients with low and intermedi-
ate-1 risk group myelofibrosis. Seventeen patients were enrolled. Patients received 
interferon alpha-2b (0.5–3 milion units/three times a week) or pegylated interferon 
alpha-2a (45–90 μg/week). The duration of therapy was on average 3.3 years.

Most of the patients responded to the treatment. Partial remission was found in seven 
patients and complete remission in two patients. Moreover, in four cases, the disease was 
stabilized and in one case the clinical improvement was achieved. Three patients did not 
respond to treatment at all and progressed to myelofibrosis. Additionally, the assessment 
in reducing spleen size was performed. At baseline, 15 patients have splenomegaly, nine 
of them achieved the compete regression of spleen size [34].

However, the efficacy of interferon in the treatment of myelofibrosis appears to be 
limited only to a less advanced form, when the bone marrow still has an adequate per-
centage of normal hemopoiesis and the marrow stroma is not significantly fibrotic. In 
more advanced stages, interferon was not shown to have any significant effect on the 
regression of the fibrosis process [35].

In 2020, the results of the COMBI study were published. That was a two-phase, 
multicenter, single-arm study that investigated the efficacy and safety of the combi-
nation of ruxolitinib and pegylated interferon alpha. Thirty-two patients with PV and 
18 patients with primary and secondary myelofibrosis participated in the study. The 
patients were at age 18 and older. Remission was achieved in 44% of myelofibrosis 
cases, including 28% (5 patients) of complete remission. In patients with PV, the 
results were slightly worse: 31% of remissions, including 9% of complete remissions. 
Patients received pegylated interferon alpha-2a (45 μg/week) or pegylated interferon 
alpha-2b (35 μg/week) in low doses and ruxolitinib in doses of 5–20 mg twice a day.

For the entire group of patients (with PV and MF), the initial JAK2 allele burden 
was 47% at baseline, and after 2 years of treatment with interferon and ruxolitinib, it 
decreased to 12%.

The treatment toxicity was low. The highest incidence of side effects occurred at 
initiation of therapy. It was mostly anemia and thrombocytopenia.

The observations from the COMBI study show that, for the combination of inter-
feron in lower doses with ruxolitinib, it may be effective and well tolerated even in the 
group of patients who had intolerance to interferon used as the only drug in higher 
doses. The combined treatment improved the bone marrow in terms of fibrosis and its 
cellularity. It also allowed to improve the value of peripheral blood counts [36].
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It is currently known that some of the additional mutations are associated 
with a worse prognosis in patients with myelorpoliferation, including patients 
with myelofibrosis. Some of these mutations have been identified as high-risk 
molecular mutations. These are ASXL1, EZH2, IDH1/2, or SRSF2. Earlier studies 
have shown their association with a more aggressive course of the disease, worse 
prognosis, and shorter survival of patients, as well as a poorer response to treat-
ment. Due to their importance, they have been included in the diagnostic criteria 
of myelofibrosis [37].

It is also known that the presence of driver mutations, i.e., JAK2, CALR, and 
MPL or triple negativity, may affect the course of myeloproliferation, including the 
incidence of thromboembolic complications.

The assessment of the influence of driver mutations and a panel of selected addi-
tional mutations on the effectiveness of interferon treatment in patients with myelo-
fibrosis was performed on a group of 30 patients. Only the patients with low- and 
intermediate-1-risk were enrolled in the study. The treatment with pegylated inter-
feron alpha-2a or interferon alpha-2b resulted in a complete remission in two patients 
and partial remission in nine patients. The disease progressed in three cases. One 
patient relapsed and four died. The remaining patients achieved a clinical improve-
ment or disease stabilization. In the studied group, it was not found if the effective-
ness of interferon treatment was influenced by the lack of driver mutations. Among 
the group of four patients with additional mutations, two died and one had disease 
progression. It was a mutation of ASXL1 and SRSF2. The treatment with interferon in 
patients without additional molecular mutations in the early stages of the disease may 
prevent further progression of the disease [38].

The side effects of interferon in the group of patients with myelofibrosis are simi-
lar to those occurring after the treatment of other chronic myeloproliferative diseases. 
The most frequently described are hematological toxicity- anemia and thrombocy-
topenia, less often is the appearance of leukopenia. Hematological toxicity usually 
resolves with dose reduction or extension of the dose interval. The most frequently 
nonhematological toxicity was fatigue, muscle pain, weakness, and depression symp-
toms. All symptoms are usually mild and do not exceed grade 2 [38].

However, the use of interferon in the treatment of myelofibrosis has not been rec-
ommended as a standard therapy. Interferon is still being evaluated in clinical trials, 
or it is used in selected patients as a nonstandard therapy in this diagnosis.

2.4 Mastocytosis

Mastocytosis is characterized by an excessive proliferation of abnormal mast cells 
and their accumulation in various organs.

The basis for the development of mastocytosis is ligand-independent activation 
of the KIT receptor, resulting from mutations in the KIT proto-oncogene. The KIT 
receptor is a trans membrane receptor with tyrosine kinase’s activity. Its activa-
tion stimulates the proliferation of mast cells. That excessive numbers of mast cells 
infiltrate tissues and organs and release mediators such as histamine, interleukine-6, 
tryptase, heparin, and others, which are responsible for the appearance of symptoms 
typical of mastocytosis. In addition, the infiltration of tissues for mast cells itself 
causes damage to the affected organs.

The prognosis of mastocytosis depends on the type of the disease. In the case of 
cutaneous mastocytosis (CM), in the majority of cases prognosis is good and the 
disease does not shorten the patient’s life, but in aggressive systemic mastocytosis 
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(ASM), the average follow-up is about 40 months. Mast cell leukemia has a poor 
prognosis with a median follow-up of approximately 1 year.

Systemic mastocytosis usually requires the implementation of cytoreductive 
therapy. The first line of therapy is interferon alone or its combination with corticoste-
roids. In aggressive systemic mastocytosis, the first line in addition to interferon 2-CdA 
can be used. An effective drug turned out to be midostaurin in the case of the present 
KIT mutation. In patients without the KIT D816V mutation, treatment with imatinib 
may be effective. In the case of mast cell leukemia, multidrug chemotherapy is most 
often required, as in acute leukemias, followed by bone marrow transplantation [39].

Systemic mastocytosis requiring treatment is a rare disease, this is why the studies 
available in the literature evaluating various therapies concern mostly small groups of 
patients.

In 2002, the French authors presented their experiences on the use of interferon in 
patients with systemic mastocytosis. They included 20 patients. The patients received 
interferon alpha-2b in gradually increased doses.

The patients were assessed after 6 months. In cases in which bone marrow was 
infiltrated for mast cells at baseline, it still remained infiltrated after 6 months of 
treatment.

However, the responses were obtained in terms of symptoms related to mast cell 
degranulation. Partial remission was achieved in 35% of patients and minor remis-
sion in 30%. It concerns mainly skin lesions and vascular congestion. Moreover, the 
assessment of the histamine level in the plasma revealed a decrease of it in patients 
who previously presented symptoms related to the degranulation of mast cells, such 
as gastrointestinal disorders and flushing.

A high percentage of side effects were found during treatment. They concerned 
35% of patients. Depression and cytopenia were most frequent ones [40].

Another analysis was a report of five patients with systemic mastocytosis treated 
with interferon and prednisolone. All patients received interferon alpha-2b in a dose 
of 3 million units three times a week and four patients additionally received predniso-
lone. Four patients responded to interferon treatment at varying degrees. One patient, 
who at baseline had bone marrow involvement by mast cells in above 10%, progressed 
to mast cell leukemia. In two patients, the symptoms C resolved completely and in one 
of them they partially disappeared. In one case, stabilizing disease was achieved [41].

In 2009, a retrospective analysis of patients treated with cytoreductive therapy due 
to mastocytosis was published. The authors collected data from 108 patients treated 
at the Mayo Clinic. This analysis allowed for the comparison of the efficacy of four 
drugs used in systemic mastocytosis. There were interferon alpha alone or in the 
combination with prednisone—among 40 patients, hydroxycarbamide—among 26 
ones, imatinib—among 22 persons, and 2-chlorodeoxyadenosine (2-CdA)—among 
22 patients.

After dividing the patients into three additional groups on the basis of the type 
of mastocytosis—indolent systemic mastocytosis, aggressive systemic mastocy-
tosis, and systemic mastocytosis associated with another clonal hematological 
nonmast cell lineage disease (SM-AHNMD)—the effectiveness of each of type of 
therapy was assessed.

The highest response rates in indolent and aggressive mastocytosis were achieved 
with interferon treatment. They were 60% of the responses in both groups, and in 
the SM-AHNMD group of patients, the percentage was also one of the highest and 
amounted to 45%. The second most effective drug was 2-CdA. The response rates 
were 56% for indolent MS, 50% for aggressive MS, and 55% for SM-AHNMD. The 
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patients treated with imatinib achieved response in 14, 50, and 9% by following 
groups, respectively. In contrast, patients with indolent and aggressive systemic 
mastocytosis did not respond to hydroxycarbamide treatment at all. The response 
rate in both groups was 0%. However, patients with MS associated with another 
clonal hematological nonmast cell lineage disease achieved 21% response to hydroxy-
carbamide. Additionally, it was found that only interferon relieved symptoms caused 
by the release of inflammatory mediators by mast cells.

The additional analysis showed no influence of the TET 2 mutation on the 
response to treatment [42].

In the literature, there are also single cases of mastocytosis presenting trials of non-
standard treatment. That is description of a patient with systemic mastocytosis with 
mast cell bone marrow involvement. Mutation of c-kit Asp816Val was present. Patient 
progressed despite treatment with dasatinib and 2-chlorodeoxyadenosine. The patient 
developed symptoms related to the degranulation of mast cells and increased ascites.

The patient was treated with pranlukast, which is an anti-leukotriene receptor 
antagonist due to an asthma episode. The rate of ascites growth decreased significantly 
after one administration. The patient required paracentesis every 10 days and not every 
3 days, as before starting to take the drug. After 15 days of treatment with pranlukast, 
the patient received interferon alpha, which resulted in complete regression of ascites, 
resolution of pancytopenia, and complete disappearance of the c-kit mutation clone. 
The infiltration of mast cells in the bone marrow significantly decreased [43].

Interferon alpha was also effective in a patient with systemic mastocytosis associ-
ated with myelodysplastic syndrome with the c-kit D816V mutation, which was 
refractory to imatinib treatment [44].

Interferon alpha also proved to be effective in the treatment of osteoporotic lesions 
appearing in the course of mastocytosis.

The series of 10 cases with resolved mastocytosis and osteoporosis-related 
fractures was presented in 2011. The patients received interferon alpha in a dose of 
1.5 million units three times a week as well as pamindronic acid. The patients were 
treated for an average of 60 months. For the first 2 years, pamindronate was given at a 
dose of 1 mg/kg every month, and then every 3 months.

During the course of the study, no patient had a new-bone fracture. The level of 
alkaline phosphatase decreased by 25% in relation to the value before treatment and 
tryptase by 34%. Bone density increased during treated with interferon and pamind-
ronate. The increase was on average 12% in the spine bones and 1.9% in the hip bones. 
At the same time, there was no increase in the density of the hip bone and a minimal 
increase in the density of the spine in patients treated with pamindronate alone.

The results of this observation suggest that it is beneficial to add low doses of 
interferon alpha to pamindronate treatment in terms of bone density increase [45].

That experiences show that interferon used in systemic mastocytosis significantly 
improves the quality of life of patients by inhibiting the symptoms caused by degran-
ulation of mast cells. They prevent bone fractures and, in some patients, they cause 
remission of bone marrow infiltration by mast cells.

2.5 Chronic neutrophilic leukemia

Chronic neutrophilic leukemia (CNL) is a very rare disease. It is characterized by 
the clonal proliferation of mature neutrophils.

The diagnostic criteria proposed by the World Health Organization (WHO) 
comprise leukocyte counts above 25,000/μl (including more than 80% of rod and 
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segmented neutrophils in the bone marrow blast cells count below 5%), normal 
neutrophils maturation, and an increase of neutrophilopoiesis. Also the presence of 
the CSF3R gene mutation is required.

Physical examination often shows enlargement of the liver and spleen, moreover, 
patients complain on weight loss and weakness [1].

The prognosis varies. The average survival time for patients with CNL is less than 
2 years.

Only few descriptions of chronic neutrophilic leukemia are available in the litera-
ture, and these are mostly single case reports.

Because it is an extremely rare disease, there are no established and generally 
accepted treatment standards. In most cases, patients are given hydroxycarbamide or 
interferon. Patients who are eligible for a bone marrow transplant may benefit from 
this treatment. Bone marrow allotransplantation remains the only method that gives a 
chance for a significant extension of life.

The German authors presented a series of 14 cases of chronic neutrophilic leuke-
mia. The group of patients consisted of eight women and six men. The average age 
was 64.7 years. From the entire group of patients, longer survival was achieved only 
in three cases. One of these patients was treated with interferon alpha and achieved 
hematological remission, the other underwent bone marrow allotransplantation from 
a family donor, and the third one was treated with hydroxycarbamide and transfu-
sions as needed. The follow-up period of the patient after allogeneic matched related 
donor transplantation (allo-MRD) was 73 months, and for the patient after interferon 
treatment it was 41 months.

The remaining patients died within 2 years of diagnosis. Six patients, the largest 
group, died due to intracranial bleeding, three patients died because of leukemia cell 
tissue infiltration, one patient because of the disease transformation into leukemia, 
and one patient because of pneumonia [46].

It can be seen from these experiences that treatment with interferon alpha can 
significantly extend the survival time of patients.

The case of a 40-year-old woman diagnosed with chronic neutrophilic leukemia is 
presented by Yassin and coauthors. Initially, the patient had almost 41,000 leukocytes 
in the peripheral blood. In a physical examination, splenomegaly and hepatomegaly 
were not present. Patient received pegylated interferon alpha-2a. The initially dose 
was 50 μg once a week for the first 2 weeks, then the dose was increased to 135 μg 
weekly for 6 weeks, and then the dose interval was extended to another 2 weeks. As a 
result of the treatment, the general condition of the patient improved and the param-
eters of peripheral blood counts were normalized [47].

Another case report presented in the literature describes a 41-year-old woman 
diagnosed with CNL accompanied by focal segmental glomerulosclerosis (FSGS). The 
patient had increasing leukocytosis for several months. On the admission to the hos-
pital, leukocytosis was 94,000/μl. Moreover, the number of platelets in the morphol-
ogy exceeded 1,000,000/μl. More than a year earlier, the patient had splenectomy due 
to splenomegaly and spleen infraction.

Additionally, JAK2 V617F mutation was found. Some authors suggest that the 
presence of JAK2 mutation may be associated with longer survival in CNL.

The patient received hydroxycarbamide for 3 months and reduction in the num-
ber of leukocytes was achieved. After this time, interferon alpha-2b was added to 
hydroxycarbamide. As a result, focal segmental glomerulosclerosis disappeared and 
the renal tests improved [48].



51

Perspective Chapter: Impact of Interferon Alpha/Beta in the Management of Chronic...
DOI: http://dx.doi.org/10.5772/intechopen.104501

Another case of chronic neutrophilic leukemia with a JAK2 gene mutation con-
cerns a 53-year-old man. The patient’s baseline leukocytosis was 33,500/μl, including 
the neutrophil count of 29,700/μl. The patient also had splenomegaly.

The treatment with interferon alpha-2b at a dose of 3 million units every other day 
was started. After a month of treatment, the number of leukocytes was reduced to 
less than 10,000/μl. Then the patient was treated chronically with interferon alpha-2b 
in doses of 3 million units every 2 weeks. As a result of the therapy, the number of 
leukocytes remains between 8 and 10,000/μl. The patient remains in general good 
condition [49].

A series of two CNL cases are also shown. The first patient was a 70-year-old 
woman with stable leukocytosis of about 35,000/μl and the remaining morphology 
parameters in normal range. The patient was only observed for 5 years until hepasple-
nomegaly progressed rapidly. Then, interferon alpha-2b was included. Due to the 
treatment, the rapid regression of hepatosplenomegaly was achieved.

The second case is a 68-year-old woman with baseline leukocytosis of almost 
14,000/μl. In this case, the treatment with hydroxycarbamide was started imme-
diately. However, no improvement was achieved. After 6 weeks of HU treatment, 
interferon alpha-2b 3 million units 3 times a week was implemented and leukocytosis 
decreased. Due to the interferon treatment, the disease stabilized for a long time. 
Because the patient experienced an adverse reaction, a severe flu-like syndrome, 
interferon was discontinued. After interferon withdrawal, the disease progressed 
gradually and the treatment attempts by busulfan and 6-mercaptopurine were unsuc-
cessful. Therefore, interferon was readministered and the disease went into remis-
sion. Interferon treatment was continued at a reduced dose. The disease regression 
was achieved again.

Additionally, the patient showed an improvement in the function of granulocytes 
in terms of phagocytosis and an improvement in neutral killer (NK) cell function 
after treatment with interferon [50].

The above examples show that interferon alpha is effective in the treatment of 
chronic neutrophilic leukemia. The side effects are rare and can be managed with dose 
reductions. Moreover, in these cases, interferon is also effective in a reduced dose. 
Disease remission or regression can be achieved without typical of CNL complica-
tions, such as intracranial bleeding.

2.6 Another

Interferon has been used in the past to treat chronic myeloid leukemia. The treat-
ment with tyrosine kinase inhibitors is now a standard practice. However, in a small 
number of patients, they are ineffective or exhibit unmanageable toxicity. Therefore, the 
attempts are underway to use interferon in combination with TKI in lower doses, which 
is to ensure the enhancement of the antiproliferative effect while reducing the toxicity.

There are ongoing attempts to use ropeginterferon in patients diagnosed with 
chronic myeloid leukemia, in whom treatment with imatinib alone has not led to 
deep molecular response (DMR). The first phase study was conducted in a small 
group of patients with chronic myeloid leukemia. The patients in first chronic phase 
treated with imatinib who did not achieve DMR, but in complete hematologic remis-
sion and complete cytogenetic remission, were included in the study. Patients have 
been treated with imatinib for at least 18 months. Twelve patients were enrolled in 
the study, and they completed the study according to the protocol. These patients 
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received additional ropeginterferon to imatinib and four achieved DMR. Low toxicity 
was observed during the treatment. Among the hematological toxicities, neutropenia 
was the most common. There was no nonhematological toxicity with a degree higher 
than 1/2 during the treatment. Moreover, it has been found that better effects and 
fewer side effects are obtained when ropeginterferon is administered for a longer 
time, but in lower doses. The comparison of the effectiveness of interferon in chronic 
myeloproliferative disorders based on selected articles is presented in Table 1 [51].

3. Conclusions

Interferon alpha appears to be an effective and safe drug in the most type of 
chronic myeloproliferative disorders. Nowadays, all forms of its using have similar 
effectiveness. Interferon alpha can be effective even in cases of resistance for first-line 
treatment. Trial research is currently underway to combine it with some new drugs, 
such as ruxolitinib, and to add it to the already well-established therapy, it is a promis-
ing option for patients with refractory disease.

From time to time, new forms of interferon, such as ropeginterferon, are intro-
duced, which gives hope for better effectiveness, better safety profile, and greater 
comfort in its use for patients who have to be treated for many years. In the case of 
the use of interferons alpha in the treatment of chronic myeloproliferative diseases, 
there are still opportunities to extend its use and to study its combination with newly 
introduced drugs.

© 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. 
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Abstract

Mycobacterium leprae causes leprosy. M. leprae enters the body through the upper 
respiratory tract where it interacts with host’s cells. Interferon (IFN) is a class of 
cytokines in human body that are released in case of viral and intracellular pathogen 
infection and they activate the immune cells to eradicate those pathogens. IFN-γ 
(Type-II IFN) confers immunity against bacterial, viral, and protozoan diseases. 
Loss of function mutations in IFN-γ results in poor immunity towards mildly viru-
lent mycobacterium. Upon M. leprae invasion, monocytes enter the site of infection 
and differentiates into macrophages. IFN-γ induces endothelial cells (EC) of the 
pathogenic micro-environment to cause monocyte differentiation into pro-inflam-
matory M1 macrophages for immedi ate antimicrobial activity. This differentiation 
is ceased in the absence of endothelial cells. M1 macrophages are clinically more 
active than anti-inflammatory M2 macrophages induced by resting EC. The former 
produced higher amounts of pro-inflammatory cytokines in response to the TLR2/1 
ligand of M. leprae. The former also showed elevation of vitamin D-associated 
antimicrobial pathway genes, which are required to counter  M. leprae. In addition, 
the former accumulates less oxidised LDL to prevent growth of M. leprae. Thus, 
advancement of IFN-γ research would help in the design of next-generation anti- 
leprosy therapeutics.

Keywords: leprosy, IFN-γ, TH1, TH2, M. leprae, cytokines, immunity,  
tuberculoid leprosy, lepromatous leprosy, cell-mediated immunity

1. Introduction

Leprosy (Hansen’s disease) is a complex, chronic, granulomatous dermato-neu-
rological disease caused by Mycobacterium leprae. Leprosy is characterised by acute 
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immunological reactions which lead to neural damage and disabilities with a myriad 
of clinical as well as serological manifestations. It includes the eyes, the mucosa of the 
upper respiratory tract, muscle, bone, and testes [1]. The infection by Mycobacterium 
leprae causes loss of sensation or numbness loss of feeling and lumps and bumps in 
the hands of the infected person along with disFig.d skin and muscle weakness; nose, 
eyes, and other internal organs, such as kidneys are also affected (Figure 1), thus 
characterised as broad-spectrum chronic infectious disease.

2. Transmission of leprosy

The pathogen is transmitted from an infected person to healthy individuals via 
aerosols harbouring the bacteria, especially infection by multibacillary patients sup-
porting respiratory transmission [2]. The initial and common route for the pathogen 
is the upper respiratory tract, indicating that the interaction between the host and 
the bacteria initiates in the nasal passage [2]. The protective mucosal innate immune 
mechanism in the respiratory tract contributes to the low infectivity of the pathogen 
to some extent [3]. A detailed study of the nasal swab samples of patients by asymp-
tomatic qPCR also indicates that the air route is a common entry canal for the bacte-
ria. Thus, intimating that such contacts have a high chance of developing leprosy. The 
hypothesis of respiratory transmission is further validated by the adherence of  
M. leprae to alveolar and nasal epithelial cells [4].

3. Classifications of leprosy

Leprosy is not a single clinical entity but rather classified as a polymorphic infec-
tious disease. The manifestation of this mycobacterial disease is determined by the 
host’s immune system. Proper classification of the disease is of fundamental priority 
to determine accurate diagnosis followed by unerring treatments and management 
of the patients. Amidst several classifications of leprosy, the most widely accepted 
classification has been the one which was reported by Ridley and Jopling in the year 
1966. As per their report, the classification was based mainly on immunological, 

Figure 1. 
Mycobacterium leprae causes leprosy. In this disease, the skin and peripheral nerves are mainly affected. It also 
affects the nose, eyes, kidneys, etc.
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Stage Description

Intermediate leprosy (IL) It is the first stage of leprosy with few visible flat lesions

Tuberculoid leprosy (TT) It is mainly characterised by fewer solitary skin lesions which are typically 
hypopigmented or erythematous macules

Borderline tuberculoid leprosy (BT) Different grades of skin lesions with varied nerve involvements are found here

Borderline leprosy (BB) Cutaneous lesions are characteristically reddish annular plaques with moderate 
numbness, swollen lymph glands having sharp interior and exterior borders

Borderline lepromatous leprosy (BL) It is basically the skin condition characterised by numerous dimorphic flat lesions 
with raised bumps, nodules, and sometimes numb

Lepromatous leprosy (LL) This type of leprosy is the most unfavourable clinical variant characterised by pale 
macules in the skin with no epithelioid cells in the lesions

Table 1. 
Stages of leprosy [6].

Figure 2. 
(a) Effect on tuberculoid pole and lepromatous pole upon exposure to M. leprae by the human immune system. 
(b) Response of human immune system at the tuberculoid pole and lepromatous pole under Erythema nodosum 
leprosum (ENL).
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whistopathological, and microbiological parameters and the immune status of the 
host [5]. There are six stages of leprosy with varying clinical symptoms (Table 1).

As many of the public health facilities might not have the technical setup to follow 
the above classifications, a comparatively simpler flowchart of classification is being 
followed. Using Ridley’s bacterial index (BI) as a primary criterion, WHO in 1982 
classified leprosy as multibacillary (infectious) and paucibacillary (non-infectious). 
Patients (BB, BL, LL) with BI ≥ 2 are classified as multibacillary. Besides, patients 
(TT and BT) with BI < 2 at all sites are classified under paucibacillary. Patients 
with TT and LL elicit different types of immune responses in the body (Figure 2a). 
Considering clinical and operational needs to avoid treatment inconveniences, smear-
positive cases were grouped under multibacillary whereas smear-negative cases were 
considered paucibacillary [5]. There is an increase in the response of IFN-γ at the 
tuberculoid pole than at the lepromatous pole (Figure 2b) [7].

4. Epidemiology of leprosy

In tropical countries, leprosy is found to be endemic although there are still many 
cases in Southeast Asia, America, Africa, Eastern Pacific, and Western Mediterranean 
[8]. As many as 171,948 new cases of leprosy were recorded in early 2012 with a 
prevalence of 0.23 cases per 10,000 inhabitants [9].

From the 15 million people treated with multidrug (rifampicin, clofazimine, 
and dapsone) therapy against leprosy, around 2 million people have been prevented 
from developing disabilities [10]. Prevalence of leprosy fell from 620,638 cases in 
2002 to 213,036 in 2009 [11]. In the year 2020, 127,558 new cases of leprosy were 
detected worldwide from 139 countries. Out of these, 8629 cases were found in 
children below 15 years.

India records the highest number of leprosy cases in the world. A study conducted 
in the state of Maharashtra in India showed three to nine cases of leprosy per 10,000 
population and 30% of these newly detected cases were found in children [12].

Leprosy cases in Brazil are a major health problem. Brazil ranks second in the 
number of leprosy cases with a prevalence rate of 1.54 cases per 10,000 inhabitants. 
In 2011, there were 33,955 new cases out of which 61% were multibacillary (MB).

Year Place No. of cases

2002 Worldwide 6,20,638

2003 Brazil 4181 (detected in children under the age 
of 15 years)

2009 Worldwide 2,13,036

2011 Brazil 2420 (detected in children under the age 
of 15 years)

2011 Brazil 33,955 (cumulative)

2012 Southeast Asia, America, Africa, Eastern Pacific and 
Western Mediterranean

171,948

2022 Worldwide 1,27,558

Table 2. 
Epidemiology of leprosy.
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In 2003, 4181 cases were detected in children under the age of 15 years in Brazil 
which resulted in the detection coefficient of 7.98 per 100,000 inhabitants. The 
number of cases fell in 2011 with 2420 new cases resulting in a detection coefficient of 
5.22 per 100,000 inhabitants (Table 2) [13].

WHO suggests that close disease surveillance for leprosy is necessary to eliminate 
the sources of infection and prevent the further spread of the disease. Tools are 
required for accurate, comparable grading practices. Although various instruments 
are available for measuring disabilities [14], their application in leprosy needs to be 
validated.

5. Histopathological features in leprosy

Histopathological analysis of LL skin, nasal swabs, and other tissues demonstrates 
that the majority of mycobacterial colonies are present inside macrophages. M. leprae 
was also noticed inside Schwann cells, pseudostratified epithelium, secretory glands, 
and ducts [15]. Analysis of skin lesions depicted that foamy macrophage is generally 
found in multibacillary (BB, BL, and LL) patients and epithelioid cells are usually 
present in paucibacillary (TT and BT) patients. During early and active infection, 
macrophages remain filled with granular eosinophilic cytoplasm colonised by a large 
number of bacilli. But in latent lesions, vacuolated cells are present with a foamy 
appearance [16]. In both paucibacillary and multibacillary leprosy, nerves are gradu-
ally destroyed and replaced by fibrous tissues [17].

Cell-mediated immunity (CMI) plays a major role in eradicating tuberculoid 
form or paucibacillary leprosy. CMI forms granulomas, destroying most of the 
mycobacteria, with traces of few remaining in the tissues. Skin and peripheral nerves 
face severe damage, but TT or the tuberculoid form progress slowly and the patient 
usually survives. Whereas there is a hike in humoral immunity for lepromatous form 
or multibacillary leprosy and the cell-mediated response is depressed, sometimes 
resulting in hypergammaglobulinemia. The mycobacteria are widely disseminated in 

Figure 3. 
Effects of peripheral nerve damage by M. leprae.
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macrophages with the number reaching as high as 1010 per gram of tissue. LL causes 
disseminated infection of bones and cartilages with extensive nerve damage. Recent 
studies explained the fact that the macrophages present in lepromatous skin tissues are 
positive for adipose differentiation-related protein (ADRP). This further demonstrates 
that their foamy appearance is due to lipid bodies accumulation by M. leprae [18, 19].

Two types of leprosy reactions are noted in the patients. One is the reversal reac-
tion. It is an acute inflammatory episode that occurs in skin and nerves in response to 
immediate activation of cellular immunity against the pathogen [20]. It affects dermis 
and Schwann cells in peripheral nerves causing demyelination, apoptosis, and ischaemia 
(Figure 3). Activated epithelioid macrophages are found in the reversal reaction lesions. 
Another is Erythema nodosum leprosum (ENL). It is clinically reported in approxi-
mately 50% of patients from lepromatous poles. It occurs primarily due to complex 
interaction between innate and CMI [21, 22]. ENL is marked by the infiltrate of neutro-
phils in the dermis and hypodermis, often accompanied by macrophages [23, 24].

6. Interferon-gamma (IFN-γ) in mycobacterial infection: a preamble

IFNs are a smaller subdivision of a larger class of proteins called cytokines, which 
are molecules used to establish communication between immune cells and non-
immune cells to trigger the action of the immune system that helps in the eradication 
of pathogens [25, 26]. IFNs get their name because they have the capacity to “inter-
fere” with viral replication and put a stop to further viral infections [26]. These not 
only help in the activation of immune cells but they also help to escalate host defences 
by increasing MHC (Major Histocompatibility Complex antigens) expression by 
causing an up-regulation in antigen expression markers. There exist more than 20 
distinct IFN genes in animals and they are divided into three main classes: Type I, II, 
and III category. Out of these, IFN-γ is the sole member of the Type II IFN, mainly 
secreted by M1 effector macrophages, T-cells, and NK cells which are activated by 
interleukin-12. It is also referred to as the immune IFN [26].

IL-18 along with IL-1 is the key player in inducing IFN-γ production. IL-18 and 
IL-12 synergize with each other during the production of IFN-γ [27]. These IFNs block 
the proliferation of type-2 T helper cells; they are essentially released by type-1 T 
helper cells, cytotoxic T cells, macrophages, mucosal epithelial cells, and NK cells [28]. 
IFN-γ blocks the Th2 immune response system but furthers the Th1 immune response 
system (Figure 4) [29]. The released IFN-γ binds to the IFN-γ receptor protein com-
plex (IFN-γ R) which is a heterodimer of two chains, IFNγR1 and IFNγR2 [26].

IFN-γ confers adaptive and innate immunity against bacterial, viral, and many 
protozoan diseases. It is a key stimulator of macrophages where it augments lysosome 
activity for effective management of bacterial burden. It helps to initiate binding and 
adhesion required for proper leukocyte migration. Not only does it help in priming 
alveolar macrophages against secondary bacterial infection, but it also increases the 
expression of class I MHC as well as class II MHC molecules through induction of 
antigen processing genes [30, 31].

IFN-γ interacts with the specific heterodimeric IFN-γ receptors (IFN-γR) located 
on target cells, such as macrophages, dendritic cells, and many other cell types. 
Similar to the other IFNs, IFN-γ also signals via the classical Janus kinase/signal trans-
ducers and activators of the transcription (JAK-STAT) signalling pathway (Figure 5).

Functional IFN-γR is made up of two ligand-binding α subunits, IFN-γR1 
(drawn in black (Figure 5)), and two signal transducing β subunits, IFN-γR2 



67

Perspective Chapter: Interferon-Gamma in Natural Defence and Prevention of Leprosy
DOI: http://dx.doi.org/10.5772/intechopen.104832

(drawn in red (Figure 5)). Both the receptor chains are classified under the class 
II cytokine receptor family. IFN-γ stimulates the heterodimerization of these two 
types of receptor chains, prior to its binding to IFN-γR1. However, such stimula-
tion and binding happen only when the two mature IFN-γ monomers associate to 
form a biologically active homo-dimer [32]. The IFN-γR1 and IFN-γR2 subunits 
are associated with Janus Tyrosine Kinases, JAK1, and JAK2 [33, 34]. Followed 

Figure 4. 
Pathway of IFN-γ in the immune system in response to pathogen.
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by IFN-γ binding, the two receptor subunits undergo cross-linking and auto-
phosphorylation, and subsequent activation of JAK1 and JAK2 occurs [35]. The 
intracellular domains of IFN-γR1 contain binding motifs for JAK 1 and the Signal 
Transducer and Activator of Transcription protein called STAT-1, a latent cyto-
plasmic transcription factor [28]. Phosphorylation of the STAT1 binding motif 
at tyrosine (Y) 440 residues promotes the recruitment of STAT1in the nucleus. 
Activated JAK2 is the major player in phosphorylation of mostly latent STAT-1 
close to its C terminal region at Y701 [19, 36, 37]. Phosphorylated STAT-1 forms 
homo-dimers and subsequently detaches from the receptor and translocates into 
the nucleus to interact with the γ-activation site (GAS) elements at sequences 
like TTCN(2-4) GAA, within the promoter regions, to either stimulate or repress 
IFN-γ-regulated genes [38]. Therefore, IFN-γ-IFN-γR signalling induces or trig-
gers several transcription factors like the IRF1, which plays key roles in regulating 
adaptive or innate immune responses, stimulating further transcription processes, 
and activating other transcription factors simultaneously.

Studies on IFN-γ or IFN-γR1 or IFN-γR2 deficient animals revealed that these 
animals are highly susceptible to a wide range of microbial and some viral pathogens 
[26]. Similar observations have been seen in humans presenting loss of function 
mutations in either the IFN-γR1 or IFN-γR2 chains. Such patients express poor immu-
nity towards mildly virulent mycobacterium, early onset of its infection, and often 
death at a young age [28]. IFN-γ exercises significant roles in inflammatory responses 
and immune regulation. Infants having complaints of deficient IFN-γ production 
show inhibited neutrophil mobility and NK cell functioning [39].

Figure 5. 
Interferon-γ is mainly secreted by T-cell and NK cell signals via the classical Janus kinase/signal transducers and 
activators of the transcription (JAK/STAT) signalling pathway.
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7. Role of neutrophils

Neutrophils from LL patients with or without ENL release TNF and IL-8 when they 
are stimulated with M. leprae [40]. The apoptotic rate of ENL neutrophils is found to be 
greater when compared to LL patients and healthy people [40]. E-selectin and its ligands 
are the key molecules that mediate neutrophil recruitment to inflammatory sites. It is 
observed in the microarray analyses comparing skin lesions of LL patients and patients 
with ENL that an up-regulation of these cell movement genes happens in ENL [41]. 
Circulating neutrophils express CD64 on the cell surface during ENL. This phenomenon 
is absent in reversal reaction (RR). Non-reactional leprosy or healthy people have lower 
levels of CD64 expression on the cell surface [42]. Neutrophil function and adhesion to 
the endothelium increase with increased CD64 expression in cells in vivo [43–46].

LL is characterised by the presence of massive granulomas containing severely 
infected macrophages. This is due to the impairment of both RNI and ROS pathways 
in monocytes of LL patients. This deficiency is rectified by injecting recombinant 
human IFN-γ intradermally into lepromatous lesions, which resulted in measurable 
bacilli clearance from the lesions [47].

As a direct means of assessing the killing potential of infected macrophages 
against intracellular M. leprae is not available, Toxoplasma gondii death was utilised 
as an indicator of such microbicidal activity [48, 49]. Using the footpad model, 
Sibley and Krahenbuhl demonstrated that IFN-γ treatment does not activate M. 
leprae-burdened-footpad-granuloma-macrophages to inhibit Toxoplasma gondii [48]. 
This deficiency in activity is linked to an excess of intracellular Lipoarabinomannan 
(LAM) in macrophages [49], a significant ingredient of the mycobacterial cell wall 
and the primary carbohydrate-containing component identified by antibodies in TB 
and leprosy patients' sera [50].

8. Antimicrobial effects of IFN-γ against M. tuberculosis and M. leprae

The activation of cellular immunity and inflammation by IFN-γ is a characteristic 
of tuberculosis infection. Animals lacking either IFN-γ or IFNγ-R gene are vulnerable 
to mycobacterial infections, and this deficiency promotes fulminant mycobacterial 
growth and develops disseminated tuberculosis [51].

In IFN-γ treated macrophages, M. tb and M. leprae suppress MHC class II expres-
sion and antigen processing, dampening the pro-inflammatory and protective effects 
of IFN-γ. This effect is thought to be owing to inhibitory effects imposed on the 
chromatin remodelling of class II transactivator (CIITA) via the TLR2 and MAPK 
pathways, as well as restricted expression of CIITA in a TLR-dependent manner  
[52, 53]. M. tb inhibits downstream transcriptional responses caused by IFN-γ, 
though the proximal stages in IFNγ-R signalling, including STAT1 phosphorylation 
and dimerization, are unaffected. Diminished interaction of STAT1 dimers with 
related co-activators, such as cAMP response element-binding protein (CREB) and 
p300 in M. tb infected macrophages is ascribed to reduced IFN-γ induced responses 
[54]. Whereas M. leprae is found to negatively regulate macrophage-driven immune 
response by inducing high levels of MCP1 [55]. A high level of MCP1 expression 
is observed as a marker of nerve damage in leprosy [56]. On the other hand, TLR 
signalling has been connected to the generation of inhibitory responses to IFN-γ in 
mycobacterium-infected macrophages. TLR2 activation has been shown to suppress 
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IFN-γ responsive effects by stabilising and expressing a dominant-negative version of 
STAT1β. Higher level or stabilisation of STAT1β is found to be associated with a lower-
ing of IFN-γ gene expression [53]. In cases of M. avium infection, higher amounts of 
STAT1β are produced, which lowers the gene expression of IFN-γ [53]. The pathoge-
nicity by M. leprae triggers the host immune system to prepare for the defence against 
the same. The circulating monocytes identify and enter the site of the disease, where 
the local microenvironment activates the tissue macrophages to differentiate.

The disease lesions in TT are associated with well-organised granulomas with 
M1 macrophages. It expresses macrophage marker CD209 armed with antimicrobial 
effector function [57]. In LL patients the lesions are distinguished by disorganised 
granulomas containing macrophages. It is CD209/163++ but does not have antimicro-
bial activity. These macrophages accumulate host-derived lipids which favours the M. 
leprae growth and are identified as M2 macrophages [58].

The study of the pathogenicity of leprosy reported predominancy of M1 and M2 
type macrophages in the self-limited form of lesions and the progressive form of 
lesions, respectively. In normal situations unstimulated endothelial cells (EC) trig-
ger monocytes to differentiate into M2 macrophages which are phagocytic in nature 
[59, 60]. Further biochemical screening analysis depicted that when IFN-γ acts 
upon EC, it differentiates monocytes into M1 macrophages. It has been hypothesised 
that in a stable micro-environment if the infection is below a detectable level, then 

Figure 6. 
Interferon-gamma in leprosy. (A) Human monocytes and macrophages when treated with IFN-γ induce 
autophagy of M. leprae with the assistance of vitamin D. (B) IFN-γ up-regulates TLR2/1 Ligand inducing 
antimicrobial peptide expression by activating CYP27BI. (C) In the pathogenic micro-environment of M. leprae, 
IFN-γ provokes EC to facilitate monocyte differentiation to CD209 + CD163 M1 macrophages which is associated 
with host defence for immediate antimicrobial activity. (D) IFN-γ induces cathelicidin in M. leprae-infected 
monocytes in the presence of vitamin D enriched serum which is strongly correlated during multidrug therapy of 
leprosy.
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EC signals monocytes to differentiate into M2 macrophages. But in the pathogenic 
micro-environment, IFN-γ provokes EC to instruct monocyte differentiation into M1 
macrophages for immediate antimicrobial activity (Figure 6) [61]. IFN-γ primed T 
cells induce antimicrobial peptide gene expression in monocytes and macrophages in 
response to mycobacteria [62].

Many research groups studied various immune response combinations of 
cytokines, EC, and macrophages in leprosy. Most of the cytokines used in the pre-
treatment, cumulatively triggered EC to signal monocyte differentiation to M2 
macrophages. Only IFN-γ-treated EC facilitated monocyte differentiation to CD209 +/ 
CD163 M1 macrophages which is associated with host defence [56]. But monocyte 
differentiation to M1 macrophages ceases when IFN-γ acts directly upon the monocyte 
in absence of EC. The M1 macrophages induced by IFN-γ-treated EC were clinically 
more active than M2 macrophages induced by resting EC. The former was reported 
to (i) accumulate less oxidised LDL, to prevent the nourishment of M. leprae. (ii) 
Initiates mass production of pro-inflammatory cytokines in response to mycobacte-
rial TLR2/1 ligand [56] (iii) the level of vitamin D antimicrobial pathway genes, for 
instance: Cyp27b1, VDR, and cathelicidin are all elevated greatly against the pathogen 
[1, 53, 63, 64]. This emphasises that IFN-γ contributes to an active defence mechanism 
against M. leprae and is a potent inflammatory mediator which stimulates an extensive 
gene program in EC as it fails to directly trigger monocytes differentiation to respective 
macrophages expressing CD209 phenotype and antimicrobial function [65, 66].

Thereafter, IFN-γ induces CYP27B1-hydroxylase in monocytes and macrophages 
which converts 25-hydroxyvitamin D (25D) to bioactive 1,25-dihydroxy vitamin D 
(1,25D) [66]. IFN-γ up-regulates TLR2/1 ligand inducing antimicrobial peptide expres-
sion by activating CYP27BI (Figure 6) [67]. Antagonistically IFN-γ down-regulates 
the CYP24 gene which instigates the production of antimicrobial peptides. M. leprae 
evades the macrophage antimicrobial response successfully by obstructing phagosome 
maturation and phagolysosomal fusion [68–70]. An efficient host defence mechanism 
to overcome this barrier is autophagy which creates autophagosomes and their cor-
responding fusion with lysosomes [71–74]. IFN-γ plays an active role in this autophagy 
(Figure 6). IFN alone or in a combination with vitamin D induces autophagy in human 
monocytes and macrophages [75]. IFN-γ induces the secretion of cathelicidin in M. 
leprae-infected monocytes in the presence of vitamin D enriched serum. Vitamin D and 
cathelicidin levels can both be strongly correlated during multidrug therapy of leprosy. 
This combination strengthens the immune system of the host against leprosy suggest-
ing the concerted antileprosy function of vitamin D and IFN-γ (Figure 6) [76].

In another study, it is reported that IFN-γ-mediated autophagy in macrophages 
leads to control in M. leprae counts in TT leprosy. Whereas in LL leprosy, BCL2 medi-
ated block in autophagy results in augmented IFN-γ, reversal reactions, and tissue 
damage [77]. Therefore, the use of IFN-γ as a part of leprosy therapy could be a chal-
lenging endeavour as it could do more harm than curing the disease. To date, only one 
noteworthy effort has been made to this effect where intradermal injection of IFN-γ 
reduced BI of leprosy in some cases but patients are four-fold more prone to develop 
ENL/Type II reactions, offsetting the usefulness of IFN-γ therapy [78].

9. Conclusion

Leprosy still affects a large number of people worldwide causing several forms 
of disabilities in them. IFN-γ, a type II IFN, possesses antimicrobial and antiviral 
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activities. This activates endothelial cells to facilitate the differentiation of monocytes 
into M1 macrophages which are phagocytic in nature in a pathogenic microenviron-
ment. IFN-γ activates T cells to induce antimicrobial gene expression in response to 
M. leprae. IFN primed endothelial cells trigger the differentiation of macrophages 
which prevented the growth of M. leprae. It is also seen that IFN-γ played an impor-
tant role in escalating antimicrobial and anti-inflammatory pathways in conjunction 
with vitamin D to eliminate M. leprae. IFN-γ also plays an active role in autophagy to 
eliminate the pathogen suggesting that IFN-γ contributes to the host defence against 
leprosy. But, as a therapeutic agent, it has not been successfully used so far. A better 
understanding of leprosy immunology might help us to overcome this limitation for 
the application of IFN-γ in leprosy therapy.
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Abstract

Interferon gamma (IFN-γ) is one of the key factors of both innate and adaptive 
immune response that promotes differentiation of naive CD4+ cells into effector 
Th1 T cells producing the main mediators of cellular immunity against viral and 
intracellular bacterial infections, and specific cytotoxic immunity through the 
interaction of T cells with antigen-presenting cells and macrophage activation. The 
clinical importance of IFN-γ includes its medical use to treat and prevent various 
viral and bacterial infections. IFN-γ has a direct antiviral effect on infected cells, 
activates local infiltrating dendritic cells, macrophages and NK cells, modulates the 
differentiation and maturation of T and B cells, and enhances inflammation and 
antiviral functions. Immunoregulatory effect of IFN-γ plays one of the essential 
roles in the regulation of adaptive immune response in patients with tuberculosis 
infection and cancer. Producing IFN-γ by T cells increases the efficiency of infil-
trated phagocytic cells, by stimulating NO and maintaining local host defense 
during tuberculosis infection. The direct antitumor effect of IFN-γ revealed in 
several experimental models has numerous mechanisms for the effect of develop-
ment. IFN-γ has crucial potential for enhancing any antiviral, antimycobacterial, 
and specific antitumor therapies.

Keywords: interferon gamma, macrophage, infectious pathogen, cytokine receptor, 
adaptive immunity, innate immunity, dendritic cell, tuberculosis, tumor
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1. Introduction

Interferon gamma (IFN-γ) is the only member of the type II interferon family, 
which was discovered and described by E. Frederick Wheelock in 1965 as produced 
in vitro by leukocytes after their stimulation with phytohemagglutinin (Phaseolus 
vulgaris extract) and inducing antiviral activity. The physicochemical and biologi-
cal properties of this virus inhibitor are similar to those of interferon induced by 
the Newcastle disease virus, except for instability at pH 2 and 10 and at 56°C [1]. 
IFN-γ is a protein encoded by the IFNG gene, consisting of two polypeptide chains 
linked in an antiparallel manner [2]. In peripheral blood, IFN-γ is present in three 
fractions with different molecular weights. One fraction is the active free form of 
IFN-γ and the other two are mature IFN-γ molecules. A fully synthesized protein is 
glycosylated at amino acid sites where the level of glycosylation determines the final 
weight of certain fractions [3, 4]. Glycosylation prevents the degradation of IFN-γ by 
proteinases increasing its half-life and prolonging the effects mediated by IFN-γ [5]. 
“Immune” interferon, also called IFN-γ, is a highly pleiotropic cytokine secreted not 
in response to infection, but indirectly by mitogen-activated T cells and natural killer 
(NK) cells, the primary producers of IFN-γ during both innate, and adaptive phases 
of the immune response.

2. General production and signaling pathways

2.1 Adaptive or innate immunity

IFN-γ is produced by NK and natural killer T cells (NKT) of innate immunity, 
gamma-delta T cells, and B cells. CD8+ and CD4+ T cells are the main paracrine 
sources of IFN-γ during the adaptive immune response [6]. Professional antigen 
presenting cells (APCs) have also been proven to secrete IFN-γ. The production of 
IFN-γ by monocytes/macrophages, dendritic cells acting locally, is important in cell 
activation [7, 8]. Normally, in the early stages of the host immune response, IFN-γ 
production by NK cells, CD4 + T (Th1) cells, and CD8 + T cells is aimed at improving 
antigen recognition in APCs, such as macrophages and dendritic cells.

IFN-γ is one of the key cytokines that promote differentiation of naive CD4+ cells 
into effector Th1 T cells that produce the main mediators of cellular immunity against 
viral and intracellular bacterial infections [9]. IFN-γ is the main product of Th1 cells 
and drives Th1 effector mechanisms: a) innate cell-mediated immunity (through 
activation of NK cell effector functions); b) specific cytotoxic immunity (through the 
interaction of T cells with APCs); c) activation of macrophages.

IFN-γ increases the content of lymphocytes and leads to their long-term persistence 
in the tissue, induces the activation of the cascade of complement components and an 
acute phase response, plays a role in switching the production of the IgG class, and has 
a direct antiviral effect [7]. When activated, almost all CD8+ T cells, NK cells, and Th1 
lymphocytes produce IFN-γ, stimulating cytokine activity and increasing the expan-
sion of low avid NK cells. Among all the interferons/cytokines of the Th1 response, 
IFN-γ correlates most strongly with the Th1 response.

CD4+ Th1 are the main source of IFN-γ, determined by the secretion of IL-12, IL-2 
and IFN-γ, as well as the expression of T-bet, which is a transcription factor of the 
T-box family, encoded by the TBX21 gene, and plays the role of a promoter of IFN-γ 
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synthesis [10, 11]. The expression level of T-bet correlates with the production of 
IFN-γ in Th1 and NK cells. Thus, IFN-γ is produced in response to multiple stimulants 
from the tissue-specific environment.

Classical inducers of IFN-γ production are IL-12 and IL-18. They activate IFN-γ 
production by NK cells and T cells [12, 13]. IL-12 has a powerful immunomodula-
tory effect on innate and adaptive immune cells. IL-12 is secreted as a biologically 
active 70 kDa heterodimer, consisting of disulfide-linked alpha (p35) and beta (p40) 
subunits [14]. Gene expression of IL-12 and IFN-γ is coordinated (i.e., IL-12 induces 
IFN-γ and IFN-γ induces IL-12). Binding of IL-12 to its relative heterodimeric recep-
tor, IL12RB1/2, induces signaling through Jak-mediated phosphorylation of STAT4. 
Signaling through STAT4 induces IFN-γ expression [15]. Many of the effects mediated 
by IL-12 are due to the inducible expression of IFN-γ and the shift of CD4 + T cells 
towards the Th1 phenotype. Synergism between IL-12 and IL-18 has been shown to 
significantly induce IFN-γ in B cells [16]. IL-12 and other cytokines enhance T cell 
CTL activity by increasing sensitivity to weak or self-antigens. Together, IFN-γ and 
IL-12 generate a very strong Th1 response. Th1 cell-mediated cellular immunity and 
Th2 cell-mediated humoral immunity are modulated by IFN-γ, which influences the 
differentiation of naive T cells into Th1 or Th2 cells. Induction of IFN-γ in T cells initi-
ates a positive feedback loop, as a result APCs sensitive to IFN-γ are primed to produce 
additional amounts of IL-12 [17]. IFN-γ blocks the production of IL-4, an inducer of 
Th2 cell differentiation and proliferation. The synergistic effect of IL-21, IL-18 and 
IL-15 enhances the production of IFN-γ. IL-15 is the strongest regulator of IFN-γ pro-
duction compared to IL-21 in human NK and T cells. The cytokines IL-15 and IL-18 
are produced by macrophages, while IL-21 is mainly produced by activated T cells. 
IL-24 or MDA-7 (Melanoma differentiation associated 7) can also activate the produc-
tion of IFN-γ secreted by activated T-lymphocytes and monocytes and belongs to the 
IL-10 family [18]. IFN-γ increases the expression of HLA (major histocompatibility 
complex) class I and II antigen by increasing the expression of subunits increasing the 
expression and activity of proteasomes, and resulting in increased host sensitivity to 
an infectious pathogen and ability to identify and respond to this pathogen [19].

2.2 Interferon gamma crossroads

IFN-γ triggers antiviral and adaptive immune responses through the Janus kinase 
(Jak) and signal transducer and transcriptional activator (STAT) (Jak–STAT) signal-
ing pathway which are the most studied intracellular signaling pathway. After IFN-γ 
binding and receptor dimerization, Jak1 and Jak2 are activated, which increases their 
catalytic activity and phosphorylation of the main target, STAT1. Phosphorylated 
STAT molecules get dimerized and transported to the nucleus, where they bind to 
the corresponding regulatory gene sequences and trigger their transcription [20]. In 
this canonical signaling pathway, IFN-γ get dimerized and binds to both IFN-γ recep-
tors, which consist of two different ligand-binding chains: a high-affinity and highly 
expressed IFN-γ-R1 (α), and two signal-transforming low-affinity IFN-γR2 (β) with 
corresponding signaling mechanisms. The IFN-γR1 and IFN-γR2 chains belong to the 
family of class II cytokine receptors. The ligand-binding IFN-γ subunit IFN-γR1 and 
the assisting subunit IFN-γR2 correspond to chromosomes 6 and 21 in humans [21]. 
These subunits are intracellularly associated with the kinases of the Jak family, Jak1 
and Jak2, respectively. Jak-1 interacts with the IFN-γR1 receptor subunit and Jak-2 
interacts with the IFN-γR2 subunit of the IFN-γ receptor. The IFN-γR2 chain limits 
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sensitivity to IFN-γ, and the IFN-γR1 chain is usually in excess. But the expression 
level of IFN-γR2 can be tightly regulated depending on the state of cell differentia-
tion or activation. Receptors are expressed on the surface of almost all cell types. The 
expression level is determined by the cell type and its activation status. Initially, IFN-γ 
binds to IFN-γR1, and the formed IFN-γ:IFN-γR1 complex facilitates its binding to 
IFN-γ-R2, then events of the downstream signaling pathway are initiated [22].

Transcriptional activation of IFN-γ genes occurs through several mechanisms. The 
most studied response to IFN-γ is mediated by the STAT-1-containing transcription 
factor GAF (gamma-activated factor), which is activated by the action of tyrosine 
kinases Jak1 and Jak2 and binds to the GAS (Gamma Activating Sequence), present in 
the promoter regions of many genes. As a result of gene activation, the formation of 
a cellular immune response to a viral infection begins [23]. The JAK/STAT pathway is 
the main signaling pathway initiated by IFN-γ stimulation. Further, IFN-γ, together 
with one of its receptor subunits IFN-γR1 and pSTAT1, translocates to the cytoplas-
mic domain in combination with endocytosis and induces gene expression by binding 
to GAS elements in the promoter region of inducible IFN genes [24].

Activation of receptor-associated JAKs leads to subsequent phosphorylation, 
activation, and dimerization of latent cytoplasmic STAT transcription factors. The 
IFN-γ signaling pathway is negatively regulated by SHP-phosphatases (Shp2) or 
proteins from the cytokine signaling suppressor family (SOCS), mainly SOCS1 and 
SOCS3 in the cytoplasm, which are involved in the innate and subsequent adaptive 
immune responses. SOCS-1 binds to Jak1/2, interfering with tyrosine kinase activ-
ity and inhibiting further IFN-γ signaling [25]. This pathway can be inhibited by a 
protein-based inhibitor of activated STATs, which prevents gene transcription by 
inducing STAT1 dephosphorylation and DNA release [3]. IFN-γ induces genes called 
interferon-stimulated genes (ISGs) that are both positive and negative regulators of 
inflammatory signaling [26].

IFN-γ stimulated cells overexpress interferon regulatory factor-1 (IRF-1), a 
member of the IRF family, which induces the expression of multiple genes involved in 
biological processes, such as cell cycle regulation, apoptosis, tumor growth inhibition, 
activation of the synthesis of related molecules, associated with HLA class I, which 
increases the sensitivity of cells, exposed to IFN-γ, to cytotoxic attacks on T cells [27].

When viruses inhibit the activation of STAT1 molecules, IFN-γ can independently 
induce a non-canonical signaling pathway [28] in which IFN-γ is able to induce gene 
expression in bone marrow STAT1−/− macrophages, suggesting that IFN-γ acts inde-
pendently of STAT-1 or in an alternative non-canonical manner. As a rule, the activation 
of the non-canonical pathway occurs later, after the activation of STAT-1. However, there 
is evidence that the non-canonical pathway can be activated in the absence or presence of 
STAT-1 in a dependent manner [29]. The IFN-γ and IFN-α/β signaling pathways intersect 
at several levels, partially overlapping, which makes it possible for certain functions to 
cross-talk within the cell. This crossover mechanism is relevant because in vivo cells are 
not stimulated in isolation by a single cytokine, but rather a cytokine cocktail induces 
gene expression through the integration of multiple signaling pathways.

3. Mechanisms of interferon gamma action

Viruses are intelligent living organisms because they have the ability to invade 
intracellular organelles and infect host cells [30]. IFN-γ has a direct antiviral effect on 
infected cells, activates local infiltrating dendritic cells, macrophages and NK cells, 
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modulates the differentiation and maturation of T and B cells, enhances inflammation 
and antiviral functions [31]. Some of the well-studied antiviral functions of IFN-γ 
are largely devoid of a specific antiviral mechanism. For example, IFN-γ is a potent 
inducer of indolamine-2,3-dioxygenase (IDO) and nitric oxide synthase (NOS) [32]. 
Tryptophan depletion and nitric oxide (NO) production due to IDO and NOS expres-
sion, exhibit pronounced antiviral effects, the molecular details of which are mostly 
unclear [33]. The suppression of any stage of viral life cycle can lead to the inhibition 
of viral genome replication. IFN-γ is a potent antiviral cytokine that interferes with 
various stages of the viral life cycle in stimulated cells using the following mecha-
nisms: 1. Inhibits the penetration of virus, both at the extracellular and intracellular 
stages, by controlling the expression and/or distribution of receptors necessary for the 
penetration of virus. 2. Inhibits viral replication by disrupting viral replication niche. 
3. Disrupts gene expression, preventing translation. 4. Violates stability by interfering 
with the assembly of the nucleocapsid. 5. Violates the release of virus by breaking the 
disulfide bond of the required site for cellular interaction. 6. Changes virus reactiva-
tion by suppressing the main regulator of viral transcription. 7. Inhibits the penetra-
tion of virus at the stage of the invasive viral transfer from endosome to cytoplasm 
[31]. IFN-γ can also exhibit non-cytolytic antiviral activity against certain viruses. 
However, the specific targets and effector proteins of the IFN-γ-dependent antiviral 
response are largely unknown [34].

Tuberculosis (TB) is a chronic infection accompanied by complex changes in 
both specific and nonspecific reactivity in a patient’s body. During TB infection 
at an early stage (several hours), type I and II interferons are produced as the first 
line of immune defense in order to attract the largest number of dendritic cells and 
macrophages to the site of the lesion, that trigger active phagocytosis and inactivate 
the pathogen. The optimal immune response is formed a few days after infection. 
Each form of the tuberculous inflammatory process is characterized by an individual 
pattern of immunological changes. In patients with tuberculomas, there is a decrease 
in the phagocytic and functional-metabolic activity of monocytes and NK cells, an 
increase in the number of CD11b + and CD11c + adhesion molecules on granulocytes, 
and the number of T-lymphocytes. Infiltrative tuberculosis is accompanied by an 
increase in the population of monocytes with intensive expression of HLA-DR on 
them, granulocytes are characterized by the growth of the expression of CD11b + and 
CD11c + adhesion molecules, the number of T-lymphocytes falls [35]. CD4 + Th1 cells 
and macrophages play the main regulatory role in the development of the immune 
response in TB. Quantitative and qualitative imbalance of regulatory subpopulations 
of T-lymphocytes is accompanied by interleukin-dependent immune disorders and 
other pronounced changes in the cytokine system directing the TB process along a 
productive or exudative, caseous pathway. CD4+ and CD8+ effector T-cells are sent to 
the affected area, and begin to induce type II interferons (IFN-γ) greatly shifting the 
balance towards this class of cytokines and reducing the risk of developing an active 
TB process. These T-cells, by producing IFN-γ, increase the efficiency of infiltrated 
phagocytic cells, especially polymorphonuclear neutrophils [36], by stimulating NO 
and thereby maintaining local host defense [37].

IFN-γ acts as inhibitor of continuous IL-1β production and recruitment of neutro-
phils, preventing tissue damage. This adaptive immune response allows suppression 
of innate inflammatory pathways during the development of persistent TB infection. 
IFN-γ and IFN-γ-dependent NO plays an extremely important role not only in boost-
ing the resistance to Mtb due to antimicrobial activity, but also in the survival of the 
macroorganism during this chronic infection [38].
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Genetics is also very important for resistance and susceptibility to TB. In a study 
by Sérgio C. A. et al. the populations of lung dendritic cells derived from genetically 
different hosts have been studied in terms of their role in the size and function of 
CD4+ populations. At 30 days after infection with H37Rv M. Tuberculosis, C57BL/6 
mice, which generate a stronger IFN-γ-mediated immune response than BALB/c 
mice, showed a higher number of CD11c + CD11b-CD103+ cells in the lungs com-
pared to BALB/c mice that showed a high frequency of CD11c + CD11b + CD103 cells. 
CD11c + CD11b-CD103+ cells purified from the lungs of C57BL/6 of infected mice 
induced higher concentrations of CD4+ IFN-γ producing cells. This pattern of immune 
response seems to be related to the genetic characteristics of the host. The authors of 
the work concluded that genetic differences can reveal immunological biomarkers for 
the development of tests that predict the progression of TB infection [39].

Therefore, if there is a defect (genetically determined or not) in the immune mech-
anism, recruited macrophages can facilitate infection by providing the microorganism 
with an opportunity for intracellular growth and spread. Type I IFN in this case will 
contribute to the development of TB disease by inducing IL-10 and deactivating mac-
rophages. The first level of immune protection will be broken and the cellular response 
to the antigen blocked, as a result a latent form of tuberculosis may develop. At the 
same time, mycobacteria tuberculosis (MBT) can suppress the synthesis of endogenous 
IFN-γ by secreting zinc metalloprotease (ZmpA) inhibiting the production of IL-1β 
by the host cell. It suppresses the synthesis of PI(3)P, slows down the maturation of 
phagosomes, and contributes to the development of tuberculosis disease. During the 
development of TB infection IFN-γ provides the relationship between the two most 
important links in the immune response of the macroorganism enhancing the antigen-
dependent immune response and stimulating the work of phagocytes. IFN-γ activating 
macrophages attracts them to the focus of infection, increases their ability to destroy 
absorbed mycobacteria, induces the release of nitric oxide - there is the only inducer of 
the synthesis of the MHC class II protein in the cell (APC for extracellular pathogens). 
To kill the mycobacteria survived in the phagosome under the influence of IFN-γ an 
autophagosome is formed in the macrophage cytosol, the bilayer membrane of it cap-
tures the phagosome with mycobacteria and merges it with the lysosome destroying 
the MBT by lysosome enzymes. The productive type of inflammation in TB is observed 
with the predominance of the immune response by cell type. It is characterized by a 
relatively high level of CD4, CD8 lymphocytes, CD4/CD8 index, adequate production 
of IL-1β, IL-2, IL-12, TNF-a, IFN-γ [40].

Tumor is the result of a complex mechanism of interaction between genetic and 
epigenetic changes that leads to a dysregulation of intercellular relationships and 
intracellular signaling pathways. The heterogeneous cellular composition of the 
tumor and the microenvironment altered by the tumor both limit the effectiveness of 
standard chemotherapy due to internal, already existing or acquired drug resistance, 
as well as due to the suppression of apoptosis [41]. One of the recent studies shows 
that resistance to immunotherapy with checkpoint inhibitors is attributed to defects 
in the IFN-γ signal [42].

The role of IFN-γ in modulating immune responses is enormous [43–59]. IFN-γ is 
considered a key component in the immune control of cancer, stimulation of antitu-
mor immunity, and aiding in the recognition and elimination of tumors [43, 59–64]. In 
addition to activating APCs, enhancing the expression of a number of cytokines (IL-12 
and IL-18) leading to the differentiation of Th-1 cells into cytotoxic lymphocytes, 
induction of a signal cascade in T cells to ensure their effector functions and activation 
of the expression of molecules of HLA, that is, the realization of cytotoxicity against 
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the tumor, IFN-γ also causes regression of the vascular system of the tumor. Thus, it is 
possible that IFN-γ slows down tumor growth by inducing its ischemia [45, 65].

The direct antitumor effect of IFN-γ was revealed in several experimental mod-
els, however, the mechanisms for the development of this effect were different. So, 
colorectal cancer cells, it caused apoptosis associated with autophagy by induction of 
reactive oxygen species by mitochondria. In the T98G glioblastoma line, the induction 
of apoptosis is due to the suppression of the PI3K/AKT pathway, while the apoptosis 
of another glioblastoma cell line (U87MG) occurred independently of the PI3K/AKT 
signaling pathway, through the activation of NF-kB. In human pancreatic carcinoma 
cells, IFN-γ induces apoptosis in a caspase-1-dependent manner [56–68]. IFN-γ can 
induce the activation of some micro-RNAs that have an antitumor effect. Thus, it has 
been shown on melanoma cell lines that activation of miR-29a/b via STAT-1 by IFN-γ 
leads to an increase in the rate of IFN-γ with other molecules to implement the antitu-
mor effect [63, 69]. However, the response of myeloid cells and other hematopoietic 
cells to IFN-γ was insufficient for tumor regression, while the effect of IFN-γ on endo-
thelial cells provided a significant antitumor effect. That is, for the development of the 
antitumor effect, the action of IFN-γ directly on tumor cells and tumor-infiltrating 
lymphocytes is not enough, but its effect on stromal cells is also necessary [70–73].

The mechanism of the complex immune response to cancer may depend on tumor 
microenvironment [74]. Unfortunately, the tumor can avoid exposure to endogenous 
IFN-γ due to the loss of expression of molecules of HLA I class, due to metabolic 
stress. In several studies, the loss of MHC I expression in cancer cells correlated with 
the resistance to checkpoint blockade or adoptive immunotherapy. However, in some 
cancers with low levels of MHC I, it was possible to increase its expression via exog-
enous interferon therapy [75–77]. The mechanism of how exogenous IFN restores 
MHC I expression has not been studied in detail. Thus, the answer to the question 
of how IFN-γ induces signaling pathways that initiate and propagate the apoptotic 
cascade remains to be seen [78, 79]. One of studies showed that IFN causes increased 
histone acetylation, demethylation of DNA promoters of TAP genes and immunopro-
teasomes [77]. Possibly IFN induces IRF1 [80] or stimulates NK cells, which self-
disinhibit the launch of their effector mechanisms through the expression of killer 
inhibitory receptors (KIRs), when they encounter cells with an abnormally low level 
of MHC I. This is just one of the possible mechanisms described [79, 81].

One more significant fact is that IFN-γ in combination with TNF-α induces the 
expression of MUC16, a mucin involved in carcinogenesis in breast, ovarian and 
endometrioid tumors [82].

4. Clinical importance of interferon gamma

Numerous studies are published on the clinical efficacy of IFN-γ in herpesvirus 
infections (herpes simplex virus type 1 and 2, varicella-zoster virus, Epstein-Barr virus) 
[78, 83–87]. The use of IFN-γ has been studied in viral complications after organ trans-
plantation, in purulent-septic diseases of newborns, postnatally acquired cytomegalo-
virus infection, mumps, multiple sclerosis and various bacterial diseases [88–92]. IFN-γ 
has been used in the complex treatment of patients with human papillomavirus infec-
tion, according to the published study results, decreases in virus titer, improvement in 
the condition of patients, a decrease in the duration and severity of relapses, and faster 
clinical recovery of patients [93, 94]. Urological community [95, 96] has shown a positive 
effect of the use of recombinant human IFN-γ on chronic prostatitis therapy, expressed 
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in a decrease in pain syndrome, difficulty urinating and improving the quality of life of 
the patient. IFN-γ has also been used to inhibit Ebola virus infection in macrophages, 
an early cellular target of infection [97]. The successful treatment of persistent ure-
throprostatitis with the identified association of sexually transmitted infections is 
described. Positive dynamics of the most important immunological parameters was 
noted after complex treatment with the use of IFN-γ [98, 99].

The inclusion of recombinant IFN-γ in therapy of influenza contributes to a more 
rapid relief of catarrhal and respiratory symptoms both in adults and children [100]. 
It was found that the universal risk factor for the development of complications in 
influenza in children is a low blood level of IFN-γ both in the acute period and in 
dynamics [101, 102]. IFN-γ exhibits pronounced antiviral activity against various 
strains of influenza virus, including avian and swine types. The use of exogenous 
IFN-γ in inhalation combined with subsequent narrow-band optical radiation in 
pediatrics for acute bronchitis induced by virus infections, including adenovirus, 
rhinosyncytial (RS) virus, parainfluenza virus with underlying persistence of 
Epstein Barr virus (EBV), cytomegalovirus (CMV), S. aureus, S. pneumoniae and 
other microorganisms in the lower respiratory tract helped to avoid bacterial compli-
cations. Given the fact that influenza viruses can suppress the production of type 1 
IFN, the use of type 2 IFN for the prevention and treatment of influenza is advised. 
The combined use of two types of interferons (alpha and gamma) for the treatment 
of influenza has also been shown to be promising [103–106]. A comparative, open, 
randomized study with COVID-19 patients using IFN-γ in terms of changes in the 
levels of lactate dehydrogenase and C-reactive protein, blood oxygen saturation and 
other vital functions in the period of inpatient treatment, as well as survival crite-
rium [107, 108].

A systematic review published by J. Ghanavi et al. in 2021 showed that IFN-γ and 
its receptor (IFN-γR) play a key role in the formation of immunity against MTB and 
non-tuberculous mycobacteria [30]. The authors emphasized that there is increas-
ing evidence of IFN-γ’s important role in host defense against these intracellular 
pathogens by activating macrophages. Studies confirm that IFN-γ is an integral part 
of various antibacterial “defenses”, including granuloma formation and phagosome-
lysosome fusion leading to the death of intracellular mycobacteria. The absence or 
deficiency of IFN-γ correlates with the overgrowth of intracellular bacteria and the 
development of tuberculosis infection with mycobacteriosis. New approaches to the 
treatment of mycobacterial infections are closely related to cell and gene therapy 
based on the modulation of IFN-γ and IFN-γR.

Meta-analysis on the impact of recombinant IFN-γ on TB patients performed 
with a number of randomized controlled clinical trials [109] proved its clinical 
efficacy including for combination of TB with HIV infection. Statistically significant 
benefits of treatment with recombinant IFN-γ were shown by the results of sputum 
conversion and X-ray examination of patients. The pooled relative risk (RR) for 
conversion was 1.97 (95% CI: 1.20–3.24; p = 0.008) after 1 month of treatment, 1.74 
(95% CI 1.30–2.34; p = 0.0002) after 2 months of treatment, 1.53 (95% CI 1.16–2.01; 
p = 0.003) after 3 months of treatment, 1.57 (95% CI 1.20–2.06; p = 0.001) after 
6 months of treatment and 1.55 (95% CI 1.17–2.05; p = 0.002) at the end of treatment. 
The pooled RR for radiographic progression was 1.38 (95% CI 1.10–1.17, p = 0.006) 
at the end of treatment. Comprehensive treatment with the use of IFN-γ leads to a 
significant improvement in the indicators of “sleep-rest”, “spirituality”, “everyday 
affairs”, a decrease in dependence on drugs and medical care. For intramuscu-
larly administered IFN-γ, the meta-analysis included three studies that showed a 
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significant improvement in sputum conversion rates after 2 months of treatment. A 
randomized controlled trial with aerosolized and subcutaneously administered IFN-γ 
found a significant reduction in the symptoms of fever, wheezing and night sweats 
compared with the control group after 1 month of treatment. Meta-analysis suggests 
that adjuvant therapy using IFN-γ, especially in aerosol form, is effective for patients 
with TB. IFN-γ within the complex therapy of respiratory TB can significantly 
increase the effectiveness of anti-tuberculosis therapy (accelerate the cessation of 
bacterial excretion and closure of cavities in the lungs), prime the immune system 
and the quality of life of patients. In addition, IFN-γ aerosol may be particularly 
useful in preventing the development of mycobacterial infections in HIV-infected 
patients with significantly reduced CD4 cell counts [110].

The results of experimental studies and clinical trials conducted mainly in patients 
with multi-drug resistant TB, made it possible to propose IFN-γ not only to shorten 
the long-term standard chemotherapy regimen, however to prevent the latent TB 
[111]. A. Fortes et al. in 2005 [112] showed that the patients infected with an antibi-
otic-resistant MBT strain are characterized by a reduced level of endogenous IFN-γ 
compared to normal patients, and the additional exposure to exogenous IFN-γ in the 
first months of treatment may lead to the induction of immune system. In this case 
the appointment of exogenous IFN-γ becomes, in fact, a replacement therapy that can 
compensate for the endogenous deficiency of the cytokine.

A lot of data has been accumulated regarding the role of IFN-γ in tumor therapy. 
Antitumor activity of exogenous IFN-γ seems promising for the subsequent devel-
opment of immunotherapeutic strategies for the complete eradication of cancer. 
At the same time, it is critical also for the further use of interferon drugs in cancer 
patients. Clinical studies have shown the effectiveness of IFN-γ therapy in combina-
tion with cyclophosphamide and cisplatin, which provided a significant increase in 
progression-free survival in ovarian cancer. Thus, in a randomized controlled trial 
148 patients undergoing primary surgery for stage IC-IIIC ovarian cancer received 
subcutaneous IFN-γ. In the control group, women received 100 mg/m2 cisplatin and 
600 mg/m2 cyclophosphamide, the experimental group included the above regimen 
with IFN-γ 0.1 mg subcutaneously on days 1, 3, 5, 15, 17, and 19 every 28-day cycle. 
Progression-free survival (PFS) at 3 years improved from 38% in the control group 
to 51% in the treatment group, corresponding to median progression times of 17 
and 48 months (P = 0.031, relative risk of progression 0.48, CI 0.28–0.82). Overall 
three-year survival was 58% and 74%, respectively (not significant, median not yet 
reached). Complete clinical responses were observed in 68% with IFN-γ compared 
to 56% in controls (not significant). Toxicity was comparable in both groups, with 
the exception of a mild flu-like syndrome, which was observed in most patients after 
administration of IFN-γ. Thus, with acceptable toxicity, the inclusion of IFN-γ in 
first-line ovarian cancer chemotherapy has the advantage of prolonging progression-
free survival. This study showed that IFN-γ in combination with carboplatin and 
paclitaxel is safe as a first-line treatment in patients with advanced ovarian cancer 
[113]. In an early study by Pujade-Lauraine et al. [114], human recombinant IFN-γ 
was administered intraperitoneally to patients with stage IIb, IIc, III epithelial ovarian 
cancer when peritoneal involvement was detected at laparotomy. The study involved 
108 patients who received IFN-γ at a dose of 20 × 10 IU/m2 intraperitoneally twice a 
week for 3–4 months in the absence of clinical manifestations of the disease. IFN-γ 
response was assessed by exploratory laparotomy. Of 98 patients, 31 (32%) achieved a 
surgically confirmed response, including 23 patients (23%) with a complete response 
(CR). Significant prognostic factors for response to IFN-γ were age and size of the 
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residual tumor: a CR rate of 41% was observed in 41 patients younger than 60 years of 
age and with a residual tumor size of less than 2 cm. The probability of response was 
independent of previous response to first-line chemotherapy. The median duration 
of response was 20 months and the 3-year survival rate was 62%. IFN-γ response was 
the most significant predictor of survival in patients with residual disease. Side effects 
included fever, flu-like symptoms, neutropenia, and abnormal liver enzyme levels. 
No significant peritoneal fibrosis was noted. Thus, this work conclude that intra-
peritoneal administration of IFN-γ promote antitumor response in ovarian cancer 
[114]. In the study performed by Schmeler et al. [115], human recombinant IFN-γ 
was administered as subcutaneous injection before and after intravenous carboplatin 
to patients with recurrent, platinum-sensitive ovarian, fallopian tube and primary 
peritoneal cancer. The study enrolled 59 patients who received IFN-γ at a fixed dose of 
100 mcg on the fifth and seventh day of each 7-day cycle of GM-CSF. IFN-γ response 
was assessed using the modified World Health Organization Response Evaluation 
Criteria in Solid Tumors (RECIST). Of the 54 evaluable patients, 9 (17%) achieved 
a complete response, 21 patients (39%) with a partial response. The overall response 
rate was 56%. No patients showed treatment-related deaths [115]. Marth et al. [116] 
in a phase I/II trial tested whether IFN-γ was safe to use it in combination with 
current standard of care, paclitaxel and carboplatin, in patients with ovarian cancer. 
Thirty-four patients with newly diagnosed advanced stage III/IV epithelial ovarian 
cancer were treated with six to nine cycles of paclitaxel (175 mg/m2) and carboplatin 
([AUC] 5) every 3 weeks. IFN-γ was administered in increasing doses from 6 days/
cycle 0.025 mg SC to 9 days/cycle 0.1 mg SC. As expected, IFN-γ administration was 
associated with flu-like symptoms. Grade 3/4 neutropenia was observed in 74% (25 of 
34) of patients. Other side effects, in particular peripheral neuropathies, were within 
the previously observed ranges for the combination of paclitaxel + carboplatin. The 
overall response rate in patients who received either six or nine doses (0.1 mg) of 
IFN-γ/cycle (n = 28) was 71%. Thus, this study demonstrated the safety of using 
IFN-γ in combination with carboplatin and paclitaxel for the first-line treatment of 
patients with ovarian cancer [116].

Intravesical IFN-γ instillations in bladder cancer have been shown to be effective 
in preventing recurrence. The study included 123 patients with stage Ta, T1, grade 
2 tumors who underwent transurethral tumor resection. In group A, 60 patients 
received IFN-γ (1.5 × 10(7) IU/instillation), while 63 patients from control group B 
received mitomycin C (40 mg/instillation). During the year of therapy, the following 
regimen was used: 8 weeks weekly, then four times every two weeks, and then eight 
monthly instillations for both regimens. The immunophenotypes of intratumoral 
and intramural leukocytes were also analyzed by immunohistochemical methods 
and using flow cytometry. As a result of the treatment, relapse was not observed in 
group A in 44 of 60 (73.4%) patients and in group B in 36 of 63 (57.2%) during a 
mean follow-up period of 26.5 months (range 3–49 months). After IFN-γ instillations, 
tissue samples and bladder washes showed a statistically significant increase in the 
number of T cells: T-helpers, T-cytotoxic cells, natural killer cells and total leukocytes, 
as well as the number of B cells expressing MHC I, and total leukocytes expressing 
HLA-DR [117].

Effects of IFN-γ during the adjuvant treatment of radically operated patients 
with lung adenocarcinoma were evaluated by Pyltsin SP et al. [118] according to the 
dynamics of the immune status. The study enrolled 63 patients with morphologically 
verified stages I-IIIA of lung adenocarcinoma. Radical extended pneumonectomy 
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was performed in 17 (26.9%) patients, extended lobectomy - in 42 (66.7%), sublobar 
resections - in 4 (7.9%). Radically operated patients were randomized into two 
groups, comparable in terms of the main anthropometric and clinical criteria. By the 
21st day after the operation, there were no significant differences in the parameters 
of cellular immunity in patients of the compared groups, however, significant differ-
ences were observed when comparing the parameters of radically operated patients 
and healthy individuals. Obviously, the transient nature of secondary induced 
immunosuppression in a tumor process was at least of a prolonged nature (up to 
3 months or more) possibly due to the surgical intervention. However, the lack of a 
trend towards normalization of indicators suggests an increase in immune deficiency, 
provided by sufficiently aggressive and prolonged adjuvant cytotoxic therapy. After 
the 1st course, there were no statistically significant differences between the groups, 
the indicators of both the main and control groups remain lower than in healthy 
individuals. The changes detected in both groups demonstrated, as before the start of 
adjuvant treatment, a certain lack of cellular immunity in the form of suppression of 
T-helpers (CD3 + CD4+) and depression of natural killers (CD56+). The study of the 
further dynamics of the state of the cellular link of immunity showed that, as a result 
of IFNγ use after the second course of adjuvant drug therapy, statistically significant 
differences were detected. In the study group, compared with the control group, 
the number of T-helper lymphocytes significantly increased (34.1 ± 0.7% versus 
31.8 ± 0.8%; p < 0.05). The opposite dynamics was observed in relation to cytotoxic 
T-lymphocytes, the level of which in the study group got statistically significantly 
lower compared with the control group (26.2 ± 0.6% and 29.8 ± 0.8%, respectively, 
p < 0.05). At the same time, there was found a statistically significant increase in 
the ratio of CD4+ to CD8+, equal to 1.21 ± 0.04 in the study group compared with 
1.04 ± 0.016 in the control group (p < 0.05). Depression of NK persisted, both in the 
study and in the control group, against the background of an increase in the relative 
number of cytotoxic T cells (CD8+ lymphocytes), especially in the control group. 
Such changes can develop as a result of compensation for the reduced functional 
activity of NK by cytotoxic T-lymphocytes. Thus, the administration of exogenous 
IFNγ leaded to favorable dynamics of the T-helper-inductor link in the patients of the 
study group, that suggests the immunomodulatory effect of IFNγ on immunocom-
petent cells with the CD4+ phenotype, which are the main producers of this cytokine 
when they are differentiated by the Th1 type. Conducting three courses of chemoim-
munotherapy to patients of the study group caused the most significant increase in 
the number of CD4+ lymphocytes, that reached 36.6 ± 0.5% compared with the con-
trol group (30.6 ± 0.7%, p < 0.05). The opposite dynamics was noted in the content of 
CD8+ cells, the level of which gradually decreased in the patients of the study group 
and increased in the control group; at the end of the 3rd course, it was 25.2 ± 0.6% 
and 31.9 ± 0.6%, respectively (p < 0.05). All these changes occurred against the 
background of a statistically significant increase in the level of T-lymphocytes in the 
study group (54.5 ± 0.7% vs. 52.5 ± 0.7% in the control group; p < 0.05). Conducting 
adjuvant chemoimmunotherapy with the use of recombinant IFNγ made it possible 
to achieve a stable correction of the immune status of patients, characterized by the 
normalization of the main indicators of cellular immunity, with the exception of 
persistent suppression of the activity of CD56+ cells - NK, effectors of innate immu-
nity, which was also constantly observed during polychemotherapy. In the opinion of 
the authors, the most important manifestation of the immune action of IFNγ was the 
leveling of suppression of CD4+ lymphocytes. The full functioning of subpopulations 
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of T-lymphocytes of helpers ensures the regulation of the adaptive cellular immune 
response, which is very necessary for effective control of the micrometastatic phase of 
a tumor disease [118].

Early work by Tamura et al. [119] describes the use of recombinant IFN-γ in the 
treatment of T-cell leukemia in adults. The study involved 5 patients. The drug was 
administered intramuscularly or intravenously in increasing dosage from 1x10(6) to 
8x10(6) JRU (Japan Reference Unit) per day. As a result of the therapy, 1 patient had 
a complete response, 2 had a partial response, the disease continued to progress in 1 
patient, and 1 patient died during the study from pneumonia [119].

The published experience of local application of IFN-γ for the treatment of 
melanoma of the conjunctiva is represented by several successful clinical cases. The 
patients received combined treatment with mitomycin C, subconjunctival injections 
of IFN-γ, and brachytherapy with strontium ophthalmic applicators. IFN-γ at a dose 
of 500,000 IU was administered under local instillation anesthesia directly under the 
tumor daily for 10 days. After tumor reduction, brachytherapy was performed. In  
the first clinical case, after 4 months, a residual radiation reaction was observed in the 
form of conjunctival hyperemia. Melanoma nodes regressed, areas of flat melanosis 
remained without progression. In the second clinical case, after combined treatment, 
a complete regression of the tumor was observed with a follow-up period of 8 months. 
In the third clinical case, with the follow-up period of 64 months after the first 
treatment in the area of   the tumor cicatricial-modified conjunctiva was found. On 
the mucosa of the upper eyelid in the center of the scar, there was residual avascular, 
poorly pigmented tissue. Of the adverse reactions, the researchers observed only local 
pain at the site of subconjunctival injection of the drug, hyperemia and slight swelling 
of the conjunctiva and eyelid skin. These side effects did not lead to the continuation 
of treatment. Thus, the use of IFN-γ can expand the possibilities of organ-sparing 
treatment of conjunctival melanoma [120].

Clinical experience of IFN-γ application in the treatment of radiation cystitis 
accompanied with hematuria described by Kaprin AD et al. [121] concerned a study 
group of 12 patients (vs. 12 in a control group) with late radiation complications 
from the lower urinary tract. The drug was administered at a dose of 500,000 IU 
subcutaneously once a day every other day for 20 days (10 injections in total). The 
effectiveness of the treatment was assessed based on the dynamics of IPSS data 
(International Prostatic Symptom Score), the degree of pain syndrome, the time 
of relief of hematuria, and the restoration of urine sterility. The use of IFN-γ made 
it possible to increase the effectiveness of anti-inflammatory treatment of patients 
with radiation cystitis: urine sterility was restored in 65% of cases; 4.5 days earlier 
than in the control group [121].

S.N. Kazakova et al. [122] reported a clinical case of successful rehabilitation 
approach with local IFN-γ (Ingaron®) use combined to physical therapy in women 
with postradiation complications as a result of prior endometrial cancer [122].

The summary of antitumor evidence on the clinical efficacy of IFN-γ approaches 
in oncology is presented in Table 1. Current studies are primarily focused on the 
effects of IFN-γ in oncogynecology, breast cancer and solid tumors.

Undoubtedly, IFN-γ can have direct antiviral and antitumor effect, besides immu-
nomodulating one. However, for a wide clinical use of IFN-y, it is necessary to carry 
out further experimental research of the mechanisms and conditions that will provide 
full clinical value and reveal yet hidden potential of this natural pleiotropic molecule 
for successful health implementation.
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5. Conclusion

IFN-γ occupies a special place in the interferon family. Besides antiviral, it has a 
strong immunoregulatory effect and plays one of the key roles in the regulation of 
adaptive immune response in patients with tuberculosis infection, and cancer. Due to 
its complex action, IFN-γ is quite important for enhancing any viral, mycobacterial 
and specific tumor clearance.

Cancer type Therapy conditions IFN-γ introduction Results

Ovarian First-line Subcutaneous injection 148 women enrolled. CR were observed 
in 68%.
The median duration of response was 
48 months (p = 0.031, RR of progression 
0.48, CI 0.28–0.82) and the 3-year 
survival rate was 74% (n.s., median not yet 
reached). [113]

Ovarian Second-line Intraperitoneal 
injection

108 patients enrolled. 32% achieved a 
surgically documented response, including 
23% of patients with a CR. A 41% CR rate 
was observed in patients younger than 60 
y.o. and with residual tumor less than 2 cm. 
The median duration of response was 
20 months and the 3-year survival rate in 
responders was 62%. [114]

Ovarian, 
fallopian tube 
and primary 
peritoneal

Before and after 
intravenous 
carboplatin

Subcutaneous injection 59 patients enrolled. Overall response rate 
was 56% (95% CI: 41–69%) with median 
time to progression of 6 months. [115]

Ovarian First-line Subcutaneous injection 28 patients enrolled. Overall response rate 
(CR or PR) was 71%. [116]

Bladder Prevention of 
recurrence

Intravesical instillation 123 patients enrolled. CR was 73.4% 
during the median follow-up period of 
26.5 months. [117]

Lung 
adenocarcinoma

Post-surgery 
adjuvant therapy

Intravenous injection 63 patients enrolled. Improvement of 
3-year event-free survival rate by 19 
percent (p = 0.06607). [118]

Leukemia Adjuvant therapy Intravenous infusion 11 patients enrolled. Overall response rate 
(CR or PR) was 60% during the median 
follow-up period of 4 months. [119]

Melanoma of 
conjunctiva

Local therapy Subconjunctival 
injection

3 patients enrolled. Overall response rate 
(CR or PR) was 60% during the median 
follow-up period of 5 to 62 months. [120]

CI – confidence interval.
CR – complete response.
PR – partial response.
RR – relative risk.

Table 1. 
Summary on clinical evidence of antitumor effects of IFN-γ.
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Chapter 6

Interferon and HPA Axis: 
Impact on Neuroimmunological 
Perturbations
Apoorv Sharma, Abhishek K. Singh, Vijay Kumar  
and Hridayesh Prakash

Abstract

The interplay between the central nervous system (CNS) and the enteric  
nervous system (ENS) constitutes the gut-brain axis. This represents a dynamic and 
bidirectional network of signaling pathways involving the vagus nerve, the immune 
system, and the molecules released by various microorganisms thriving in our 
gut. Since humans and bacteria have evolved together and learned to live together 
in a symbiotic relationship, which is decisive for physio/immune homeostasis of 
the body. Disruption in this (also known as dysbiosis) is associated with various 
pathological consequences including several neurological disorders. Out of several 
pathways that are associated with neurological manifestation, the inflammasome 
pathway is associated with the progression of multiple sclerosis, Alzheimer’s, and 
Parkinson’s disease, depression, schizophrenia, and autism. A growing body of 
evidence now suggests a reciprocal influence of microbiota and inflammasome 
activation in the brain. In this chapter, we discuss the cross talk between human gut 
microbiota and the key immunological signaling processes and their role in CNS 
development and neurological diseases.

Keywords: interferon, HPA axis, microbiome, immune plasticity and neurological 
distress

1. Introduction

The gut-brain axis is an integrated system of the central and enteric nervous 
system and is made up of both neuronal and non-neuronal components of the central 
nervous system and the peripheral nervous system. The gut-brain axis functions as 
a directional communication channel and facilitates the interaction of the brain and 
with the gastrointestinal (GI) system. The complexity of the gut-brain system allows 
this system to influence a large variety of physiological processes, which include 
gastric tone alongside, emotions, motivation, and thinking [1]. Gut function analysis 
is responsible for monitoring and integrating gut functions with emotional and cogni-
tive centers in the brain with peripheral intestinal functions. These communications 
involve neuro-immuno-endocrine mediators [2].
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The gut-brain axis is the bidirectional communication between the enteric and 
central nervous systems. The gut microbiota has evolved as a second brain, with 
interactions between enteric nerves, gastrointestinal tract, and central neural systems 
leading to important changes in homeostasis [3]. Changes in intestinal microbiota are 
a major factor in maintaining gut homeostasis, which affects peripheral tissues such 
as the liver, lungs, spleen, and kidneys. The enteric nervous system communicates 
with the central nervous system through several pathways including vagus nerve 
stimulation (VNS), mechanoreceptors from stretch receptors within the intestine 
that relay sensory information on the mechanical structure of the environment of an 
organism; hearing (designed for wind movement), smell (for electrical signals) [4]. 
Enteric neurons also make connections with type II sensory afferents from regions 
outside the body such as hands’ skin or tongue’s surface. These connections become 
prominent during consumption of foods rich in fiber-feces-bacteria interactions, 
which lead to increased release of gas distending organs and produce similar sensa-
tions within intestines/gut via other mechanosensors [5, 6].

2.  Gut-brain axis interplay between enteric nervous system and central 
nervous system

The gastrointestinal system is the main avenue where these two systems interact 
and amplify endocrine signals that influence behavior quality control, metabolic 
health coordination involving appetite regulation-autoregulation. Vagus nerve 
stimulation studies have demonstrated increased excretion zone production and 
suggested that gastric motility patterns may be modulated by vagus nerve stimuli 
[7]. Gut microbiome content is now considered a putative indicator of the health of 
a person. This is well documented with the observation that certain gut microbiota 
can cure food, drug, and toxin-related sickness. At the cellular level, it mediates the 
cross talk through immune-system signaling pathways, augmenting the secretion of 
neurotransmitters such as GABA and subsequent release of endorphins that activate 
brain receptors [8]. Dysbiotic gut-induced pathogenic inflammation has a direct 
impact on neurobehavioral functioning, which involves the loss of various neuronal 
sensing mechanisms, which affect memory performance [2]. The autonomic nervous 
system is composed of the sympathetic and parasympathetic limbs that help the 
body regulate the nervous system associated with the gut. It is made up of enteric, 
spinal, and vagal pathways, which in association with the HPA axis respond and 
control stress through the efferent axis, which coordinates adaptive responses in the 
body [9].

The limbic system of the brain is predominantly involved in memory and emotion. 
Stress and elevated levels of the inflammatory cytokines by HPA activate an opioid 
system in the brain, leading to the release of cortisol, a stress hormone that connects 
the brain and the gut reciprocally [10]. The gut microbiome has an important role in 
these communications as shown in Figure 1. The enteric nervous system of the GI 
tract is derived from a phylum-specific brain known as the enteric central nervous 
system. This is composed of a sympathetic and inhibitory branch that controls 
peristalsis and GI motility. In some species, these two divisions are subdivided into 
separate ganglia [11].

The concerted activity of the neuronal and immune systems keeps the gut 
healthy by regulating the food we eat and the viruses and bacteria we encounter. 
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The enteric nervous system (ENS) senses and reacts to the environment by trans-
mitting chemical signals to the gut cells. This system helps the gut to digest food 
and fight off infections, which are quite an intricate aspect of the gut-brain axis. 
Given this, this chapter focuses the mechanism on the neural tubes/connections 
that maintain gut immune homeostasis. Recent studies on ENS have revealed its 
importance for microbe-induced immune responses in the gut. It is estimated that 
the human body hosts approximately 100 trillion microbes, which are essential for 
proper digestion and metabolic health while others are bad. For instance, bacteria 
have been associated with gastrointestinal (GI) conditions such as Crohn’s disease 
or colitis. A plethora of evidence revealed the association of gut flora with food 
allergies including celiac disease. The gut microbiota and their metabolites act as 
ligands to various cognate receptors that alter epithelial cells’ biology as well as 
their polarity to orchestrate signals from the GI tract to other organs of the body 
such as the brain or liver [12]. A study found that gut microbiota alters neurons and 
decreases anxiety levels through neurotransmitter release from neurons into the 
blood circulation [13].

Recent studies have demonstrated that dysbiosis promotes the prognosis of 
autism and schizophrenia [14] for which several hypotheses were proposed. Of those, 
immune metabolic programming of the host seems to be one potential mechanism 
that predisposes us more susceptible to certain diseases. Alterations in gut microbiota 
have also been shown to promote obesity, particularly in people with a history of food 
allergies or an autoimmune disease such as Hashimoto’s thyroiditis [15].

Figure 1. 
Gut-brain axis and physiological purturbatin. It shows the role of brain gut-microbiota axis in alleviating the 
physiological/mood disorders, anxiety, depression, etc., caused due to stress and the interaction between the central 
nervous system/enteric nervous system (ENS) and gut microbiota. Vagus nerve modulates the gut brain axis. HPA 
axis; hypothalamus pituitary adrenal Axis, GABA; gamma amino butyric acid, 5HT; 5-hydroxytryptamine, 
ACTH; adrenocorticotropic-hormone, CRH; corticotropin-releasing hormone.
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3. Inflammatory signaling across the gut-brain axis

The hypothalamus-pituitary–adrenal axis is the main system that controls the 
production of hormones by the adrenal glands. The hypothalamus controls the pro-
duction of corticotropin-releasing hormone (CRH), which stimulates the pituitary to 
produce adrenocorticotropic hormone (ACTH). ACTH then stimulates the produc-
tion of glucocorticoids by the adrenal glands. Neuro-immunological systems involve 
interactions between neuronal and immune cells. These systems are responsible for 
protecting the brain and spinal cord from damage by harmful agents, such as toxins 
or bacteria. The adrenal hormones cortisol and aldosterone play an important role in 
this protection. GI tract and the central nervous system (CNS) remain continuously 
exposed to external and internal antigens. This tweaks intricate cellular networks 
comprising immune and neural cells, which actively sense harmful stimuli and 
orchestrate local and systemic bidirectional inflammatory responses. It occurs in both 
the afferent (“gut-to-brain”) and efferent (“brain-to-gut”) ways across the gut-brain 
axis to advocate the host’s health status toward homeostasis [16].

GALT (gut-associated lymphoid tissue) responds quickly to intestinal assaults 
caused by the gut microbiota and/or their primary and secondary metabolites also 
known as by-products. The first line of defense against intestinal threats is provided 
by the innate immune cells that are dendritic cells (DCs), M cells, macrophages, mast 
cells, natural killer (NK) cells, and type 1, 2, and 3 innate lymphoid cells (ILCs). On 
the other hand, the adaptive immune cells such as CD4+ T effector cells as well as 
cytotoxic CD8+ T cells [T helper 1 cells (TH1 cells), TH2 cells, and TH17 cells], and 
regulatory T cells, not only can act directly but also move to distant organs, including 
the brain [17]. ENS protects the intestinal barrier by secreting RET receptor ligands, 
which cause ILC3-dependent synthesis of interleukin-22 (IL-22). Through BMP2-
BMPR signaling, macrophages engage with enteric neurons to improve neuronal 
survival and alleviate inflammation-induced bowel dysmotility [18].

There are three primary mechanisms for bidirectional transmission of inflam-
matory signals between the gut and the CNS. The first one is the humoral pathway 
that involves the secretion of gut-derived inflammatory factors (IL-1,6, and 17) 
and 17, IFN γ. These cytokines disrupt BBB integrity [19] and cause developmental 
abnormalities in the brain. This activates the HPA axis that causes systemic glucocor-
ticoid release, which alters intestinal functions [20]. The second one is the cellular 
immune pathway in which the intestinal immune cells directly modulate neuro-
immune homeostasis and cognitive response toward inflammation. Stress-induced 
neuroinflammation alters the gut microbiome and releases toxic antigens, which in 
turn induce maturation of B cells into immunoglobulin A (IgA)-secreting plasma 
cells, which govern luminal microbial populations. Gut-derived cells may poten-
tially instruct local immune cells in the CNS. A subpopulation of IFNγ-producing 
meningeal NK cells stimulates the formation of neuro-immunoregulatory astrocytes 
expressing LAMP-1 and TRAIL [21] as shown in Figure 1. Furthermore, the gut 
microbiota influences the activity of these gut-derived NK cells and their capacity to 
control astrocytes formation. The third pathway is the neuronal pathway, which is 
connected with afferent and efferent vagal nerves. The afferent vagal nerve originat-
ing from the gut projects into the nucleus solitarius of the brainstem, is endowed with 
inflammation detecting receptors in the intestines [22]. The impulses are sent to high 
brain order through the afferent vagal nerve, which triggers the HPA axis. This in 
turn activates the neural circuits implicated in sickness behavior [23]. Enteric neurons 
stimulated by cholinergic vagal efferent fibers potentially inhibit the production of 
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inflammatory cytokines IL-1b, IL-6, IL-18, and TNF-a [24] and retune M-1 effector 
macrophage toward M2 macrophages. These retuned macrophages secrete histamine, 
5-HT, enhance voltage-gated channel activity, and promote the excitability of noci-
ceptor neurons [25] for acquiring homeostasis.

4. IFN and intestinal homeostasis

IFN is one of the dual-edge components of the intestinal immune system, which 
orchestrates intestinal homeostasis and inflammation [26]. Imbalance of the IFN 
system results in resulting in severe inflammation, cancer, and intestinal damage. 
A fine balance in the cell proliferation and immunological response is decisive for 
the GI homeostasis. Type I interferons (IFN-α and β) are pleiotropic cytokines 
and have both pro  and anti-inflammatory manifestations in the gut [26]. Type I 
IFN counteracts the effects of locally produced IL-17 by blocking the secretion of 
IL-1, IL-23, osteopontin and increasing the synthesis of IL-27 in DCs [27], which 
are the main source of Type I IFN [28] and play a crucial role in modulating T-cell-
mediated antigen recognition. Type I IFN is known to promote the secretion of 
anti-inflammatory cytokines (e.g., IL-10, IL-27, and IL-1RA) by triggering the 
negative feedback PIAS (protein inhibitor of activated STAT) and SOCS (suppres-
sor of cytokine signaling) proteins in phagocytes and T cells [29, 30]. Type I IFN 
promotes the differentiation of CD4+ Th cells into regulatory T-cells and aids in 
the maintenance of intestinal homeostasis under constant inflammatory microbial 
assault during dysbiosis [31].

5.  The involvement of gut microbiota in age-related neuro-immune 
dysbiosis

The gut microbiome is important for healthy aging and long life, and problems 
with gut dysbiosis may lead to unhealthy aging and shorter lives [32]. Age-related 
gut dysbiosis tweaks innate immune response and triggers meta-inflammation, 
which leads to many age-related degenerative pathologies. Disturbance of these 
communications by age-related dysbiotic gut can affect host health and life span. 
This also changes the ratio of good v/s bad microbiome, which ultimately dictates 
host health [33]. With age, gut microbiota becomes more diverse and variable. A 
disturbed gut microbiome is known to activate the innate immune response and 
chronic low-grade inflammation, which can lead to many age-related diseases and 
premature aging. The gut microbiota communicates with the host through various 
biomolecules, nutrient signaling-independent pathways, and epigenetic mecha-
nisms. These communications can be disrupted by gut dysbiosis in older people, 
which can affect their health and life span.

Microbiota may be associated with irritable bowel syndrome (IBS) includ-
ing IBD [34], which has a significant influence on GBA, which is due to enhanced 
interaction of intestinal cells and ENS locally, but also with CNS peripherally via 
neuroendocrine and metabolic pathways. One analysis prudently demonstrated the 
significant improvement and recovery in patients with hepatic encephalopathy after 
their treatment with antibiotics [35] indicating the significance of gut microbiome 
on disease management. Other compelling studies support the importance of the gut 
microbiome in influencing anxiety and depressive-like behaviors [36].
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Additional lines of evidence potentially suggest that dysbiotic gut is a common 
etiological factor of autism [37]. Dysbiosis is common in people with functional gas-
trointestinal disorders (FGIDs) and is linked with mood disorders [38]. Data show that 
both brain and gut dysfunctions occur in people with FGIDs, the former being more 
dominant in people with irritable bowel syndrome (IBS) [39]. This disruption in the 
gut determines changes in intestinal motility and secretion, causes visceral hypersensi-
tivity, and leads to cellular alterations in the entero-endocrine and immune systems.

Based on several ongoing discussions among the community, we believe that 
microbiota may be involved in the pathophysiology of various IBS symptoms [34] also. 
Supplementation of probiotics in conjunctions of antibiotics for curing IBS [40] pro-
vides experimental evidence that bad microbiome is directly linked to IBS pathogenesis. 
[41, 42]. Furthermore, many studies have demonstrated that the microbiota has a role in 
regulating GBA. Germ-free animals show altered neural function and behavior due to a 
lack of microbiota colonization [43]. Studies have shown that gut bacterial colonization 
is important for the development and maturation of the ENS and the CNS [44].

The absence of gut bacteria is associated with alterations in expression and turn-
over of a neurotransmitter, delayed gastric emptying and intestinal transit, reduced 
migrating motor complex cyclic recurrence and distal propagation, and enlarged 
cecal size [45]. Neuromuscular abnormalities resulting from a lack of gut bacteria are 
restored after animal colonization in a bacterial-species-specific manner. A compara-
tive study between non-germ-free and germ-free (GF) animals has found that the 
microbiota affects stress reactivity and anxiety-like behavior [46].

The microbiota regulates the thresholds of HPA activities, which is revealed by 
decreased anxiety of GF animals over non-GF animals toward ACTH and cortisol 
mediated stress levels supporting the idea that a critical period exists during which 
the brain is particularly sensitive to the effects of the microbiota. This was further 
supported by increased memory dysfunction, changes in brain-derived neurotrophic 
factor (BDNF), alterations in the microbiota, and an increase in serotonin turnover 
[2] in dysbiotic animals.

Studies have shown that changes in gut microbiota can help in managing anxiety 
and improve the body’s response to stress. These studies also show that manipulating 
gut microbiota affects brain neurochemistry, with some changes occurring in regions 
associated with anxiety and stress [47]. This was supported by the observation that 
probiotics can lower the levels of GABAAα2 mRNA levels in the prefrontal cortex and 
amygdala but increased them in the hippocampus. This was paralleled by a reduction 
in stress-induced cortisol release, decreased anxiety and depression-related behavior, 
and an increase in hippocampal BDNF expression [48]. Several groups have identified 
that probiotics can increase BDNF levels, reduce age-related changes in the hip-
pocampus, and reverse neonatal maternal separation-induced pain hypersensitivity. 
These effects are likely due to changes in the microbiota composition of the animals 
treated with probiotics.

Microbiota communication with the brain involves the vagus nerve, which 
transmits information from the luminal environment to the CNS. The vagus nerve 
may play a role in the anxiolytic effect of probiotics. Bacteria communicate with the 
brain by using the vagus nerve, which transmits information from the surrounding 
environment to the brain [5]. Studies with animal colitis model caused by anxiety 
suggest anxiolytic effects of Bifidobacterium longum vagotomized animals [48]. 
Similarly, Lactobacillus helveticus R0052 and B. longum R0175 prevented changes 
in hippocampal neurogenesis and expression in hypothalamic genes involved in 
synaptic plasticity [49].
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6. Current and future perspective

The reciprocal exchange of inflammatory signals via the gut-brain axis is criti-
cal for the control of physiological activities as well as the pathophysiology of 
inflammation-related disorders. Intestinal immune cells can be driven to the brain 
in the afferent direction, but the underlying mechanism remains elusive so far. The 
gut microbiota has been identified as one of the key regulators of immune cells in the 
gut-brain axis. Accumulating data suggest that the microbiota communicates with 
the brain in several ways, including via the vagus nerve, the immune cells, several 
cytokines, and the luminal environment. Dysbiosis has been linked to several inflam-
mation-related diseases and risk factors such as age, nutrition, and stress. However, it 
is dubious if dysbiosis has a causative role in these situations. Thus, identifying ways 
by which certain intestinal microbiota antigens and by-products impact intestinal 
immune cells or maybe cross the BBB to affect CNS cells would aid in answering 
dysbiotic-related neuronal disorders.
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