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Preface

This book is an effort to reflect on the new advances in our understanding of the
immune system, immune response activation, as well as immunomodulation,

and to improve upon the presentation of information to students, teachers, and
researchers. As teachers of immunology, we are becoming increasingly aware that
assimilating detailed information as well as experimental approaches is difficult

in many medical school and undergraduate courses. The problem of how much
detail is appropriate has become a pressing issue because of the continuous and
rapid increase in the amount of information in biomedical sciences. This problem is
compounded by the development of integrated curricula in many medical schools,
with reduced time for didactic teaching and an increasing emphasis on social and
behavioural sciences and primary health. For all these reasons, we have realized the
value for many medical students of presenting the principles of immunology in a
concise and clear manner.

This book has been written to address the perceived needs of both medical school
and undergraduate curricula and to take advantage of new understandings in
immunology. We have tried to achieve several goals and present the most important
principles governing the function of the immune system. Our fundamental objec-
tive has been to synthesize the key concepts from the vast amount of experimental
data that have emerged in the rapidly advancing field of immunology. The choice of
what is most important is based on what is most clearly established by experimenta-
tion, what our students find puzzling, and what explains the wonderful efficiency
and economy of the immune system. Inevitably, however, such a choice will have an
element of bias, and our bias is toward emphasizing the cellular interactions in the
immune response by limiting the description of many of the underlying biochemi-
cal and molecular mechanisms to the essential facts. This book gives an insight into
the role of cytokines in activating immune response during a pathogenic invasion.
Immunomodulation, aryl hydrocarbons, the role of the protein defensin and nucle-
ated cells in provoking the immune response, Bcl protein/gene-based apoptotic
pathways, and plant-derived phytochemical-mediated immune response are all
central themes of the book.

In essence, I very strongly believe that the content of this book will be helpful to
those working on the immunology of infectious diseases and beyond.

Rajeev K. Tyagi, PhD

Department of Medicine,

Division of Gastroenterology,

Hepatology and Nutrition Vanderbilt University Medical Centre (VUMC),
Nashville, USA



Prakash S. Bisen, PhD

Honorary Emeritus Professor,
School of Studies in Biotechnology,
Jiwaji University,

Gwalior, MP, India
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Chapter1

Introductory Chapter: Immunity
and Immunomodulation

Rajeev K. Tyagi

1. Introduction

The mammalian immune system is comprised of two branches of immune
system; innate and adaptive, which render tolerance towards host for protection
from microbial infections. The innate immune system consists of functionally
distinct mechanism that evolved to render protection against pathogens. The
nonadaptive immune system senses pathogens through pattern recognition recep-
tors which trigger the activation of antimicrobial defense system to stimulate and
provoke the efficient immune response. The acquired immune system in response
activates the nonadaptive immune effector mechanisms in an antigen-specific and
dependent manner. Although the link between various immune components are not
fully understood, recent progresses bring us closer to an integrated view of immune
system and its function towards the host defense [1].

The infectious diseases are the leading cause for the greater rate of morbidity and
mortality world-wide and are a major challenge for the biomedical sciences. The
physical methods such as improved sanitary conditions, clean water supplies and
vector control are by far the most effective measures, development of vaccines and
therapeutics are panacea for their treatment. The development of vaccine and thera-
peutic interventions require the understanding of host immune system. Recently,
significant progress has been made towards unraveling the mechanisms of microbial
pathogenesis and host-microbe symbiosis. There are many challenges remain and
most daunting is the development of effective vaccine. Indeed, it is not known how
to elicit protective immunity against most pathogens in a safe and practical man-
ner. To address and overcome the autoimmune response mounted by the host are
required and to be explored by the basic science researchers.

The innate immune system is the phylogenically oldest component of the human
immune system. The innate immune system is highly complex and consists of
barriers to infection (epithelia of skin, gastrointestinal, respiratory, genitourinary
tracts), antimicrobial peptides and proteins, humoral components (i.e., comple-
ment and opsonins) and cellular components (i.e., neutrophils, monocytes/macro-
phages, dendritic cells, and innate lymphoid cells). Innate immunity serves as the
front line of host defense and plays an essential role in preventing infection while
tolerating normal host flora. The defects in innate immunity are associated with
invasive, life-threatening infection, and inappropriate activation of innate immune
system may lead to auto-inflammatory states. The innate immune system directs the
subsequent development of adaptive immune responses [2].

The human acquired immune system is responsible for the destruction of
foreign particles once they have entered the body. During the first exposure to an
invader (which could be a virus, a bacteria or any unwanted particle), the acquired
immune system must “learn” how to attack and destroy the foreign particle. This
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implies that adaptive system is not as active and efficient in the clearance of any
pathogens as innate immune system [3].

Activation of acquired immune system: unlike the innate immune system, the
acquired immune system needs to be exposed with a substance before its effective
action. The acquired immune system is target specific and takes its own time to
prepare to act against pathogens [3].

1.1Role of cytokines in the immune response activation and
immunomodulation

Cytokines participate in many physiological processes including the regulation
of immune and inflammatory responses. These effector molecules are produced
transiently and locally and control the quantum of amplitude and duration of the
response. The research outcomes have shown that meagre or suboptimal production
of these informational molecules may significantly contribute to the pathophysiol-
ogy of various diseases [4]. Particularly the cytokines released by CD4" T cells at the
onset of an immune response are decisive for pathological or physiological conse-
quences. IL-1, IL-4, IL-6, IL-10, IL-12, TNF-alpha and IFN-alpha, -beta, -gamma,
etc., are known to contribute to the pathophysiology of autoimmune diseases,
infectious diseases, and allograft rejection [4].

The inflammatory responses in the peripheral and central nervous systems
play key roles in the development and persistence of many pathological pain states
[5]. Cytokine a broader name which includes lymphokine; cytokines secreted by
the lymphocytes, monokines are secreted by the cells of myeloid origin such as
monocytes, chemokine shows chemotactic activities, and the interleukins are the
cytokines made by one leukocyte which acts on other leukocytes. The cytokines
may act on the cells that secrete them in an autocrine manner or on nearby cells fol-
lowing the paracrine fashion. The action in some instances on distant cells is termed
as “endocrine action” [6].

1.2 Pro-inflammatory cytokines

An inflammatory or pro-inflammatory cytokine is a type of signaling molecule
that is excreted by the cells of immune cells such as helper T cells (Th) and mac-
rophages, and some other cell types which are known to promote inflammation as
a defense mechanism. The interleukin-1 (IL-1), IL-12, and IL-18, tumor necrosis
factor (TNF), interferon gamma (IFN-y), and granulocyte-macrophage colony
stimulating (GM-CSF) factor and play an important role in mediating and regulat-
ing the nonadaptive immune response. The inflammatory cytokines are predomi-
nantly produced by and involved in the upregulation of inflammatory reactions to
show resistance towards infectious pathogen [7, 8].

1.3 Anti-inflammatory cytokines

The anti-inflammatory cytokines are a series of immunoregulatory molecules
that control pro-inflammatory cytokines, production and their response. The cyto-
kines act in concert with specific cytokine inhibitors and soluble cytokine receptors
with an objective to regulate the human immune response. Their physiologic role in
provoking inflammatory responses and pathologic role in systemic inflammatory
states are increasingly recognized. The chief anti-inflammatory cytokines include
interleukin (IL)-1 receptor antagonist, IL-4, IL-6, IL-10, IL-11, and IL-13. The
specific cytokine receptors for IL-1, tumor necrosis factor-a and IL-18 also function
as the inhibitors of the pro-inflammatory cytokines [9, 10].
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1.4 Immunomodulation

Mesenchymal Stem Cells (MSCs) emerging as key players in regenerative medi-
cine for the treatment of various inflammatory and infectious diseases. The MSCs
are emerging an effective tool in developing therapeutic interventional approaches
and further advancements. Several tissues have been identified as potential sources
of MSCs including bone marrow, cord blood, dental pulp, umbilical cord, adipose
tissue, peripheral blood, fetal liver, of which some are clinically recognized. MSCs
activate the immune responses and inhibit proliferation, maturation and differen-
tiation of T and B cells. The MSCs activated immune response induce the expres-
sion of regulatory T cells (Tregs) [11] which are very important in regulating the
immune system and immune effecters of diseased cells.

The immune response activation and immunomodulation is an essential reading
to all medical students, biologist, biochemist, and professionals involved in the field
of immunology of infectious diseases and beyond. The book is a useful and ideal
guide for novice researchers interested in learning research methods to unravel the
knot of immune responses and their activation. The role of various cytokines in
mounting the protective/immune response as well as during immunomodulation is
the central theme of this book.
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Chapter2

Cytokine Profiling Plays a Crucial
Role in Activating Immune System
to Clear Infectious Pathogens

José Luis Musioz-Carrillo, Juan Francisco Contreras-Cordero,
Oscar Gutiérrez-Coronado,

Paola Trinidad Villalobos-Gutiérrez,

Luis Guillermo Ramos-Gracia

and Viridiana Elizabeth Herndndez-Reyes

Abstract

Pathogen infections are recognized by the immune system, which consists of
two types of responses: an innate immune response that recognizes pathogen-
associated molecular patterns (PAMPs) and an antigen-specific adaptive immune
response. In both responses, there are several activated cells of the immune system,
which play a key role in establishing the environment of cytokines, thus directing
their differentiation either suppressing or promoting the immune response. This
immune response is crucial against pathogen infections. In this chapter, we will
describe the crucial role played by different families of cytokines during activation
of the immune system to eliminate infectious pathogens.

Keywords: cytokines, IL-1, TNF, IL-17, IL-6, IFN, bacteria, fungi, virus, parasites

1. Introduction

The innate and adaptive immune responses are key factors in the control of
infections or chronic diseases. The balance between these two systems is mainly
orchestrated by cytokines [1]. Cytokines are low-molecular-weight proteins that
contribute to the chemical language that regulates the development and repair of
tissues, hematopoiesis, inflammation, etc., through the transduction of signals
mediated by binding to cellular receptors. Cytokines can act on their target cells
in an autocrine, paracrine, and/or endocrine fashion to induce systemic and/or
localized immune responses. In addition, cytokines have pleiotropic activity, that
is, they act on different target cells, as well as affect the function of other cytokines
in an additive, synergistic, or antagonistic manner [2, 3]. Cytokines can be secreted
by immune cells, but they can also be produced by a wide variety of cells in response
to infection or can be produced or released from cells in response to cellular dam-
age when cellular integrity is compromised. Acting through a series of conserved
signaling pathways that program transcriptional pathways by controlling many bio-
logical processes, such as cell growth, cell differentiation, apoptosis, development,
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and survival, can also reprogram cells in the local tissue environment to improve

certain types of immune responses. Therefore, cytokines are critical mediators of
communication for the immune system and are essential for host defense against
pathogens [4].

2. Cytokines

The cytokine pattern that is released from the cell depends primarily on the
nature of the antigenic stimulus and the type of cell being stimulated. Cytokines
compromise leukocytes to respond to a microbial stimulus. Cytokines can be classi-
fied into six groups: (1) L1 superfamily, (2) TNF superfamily, (3) IL-17 family, (4)
IL-6 superfamily, (5) type I superfamily, and (6) type II superfamily [5].

2.11L-1 superfamily

More than any other cytokine family, the interleukin (IL)-1 family of ligands
and receptors is primarily associated with acute and chronic inflammation. The
cytosolic segment of each IL-1 receptor family member contains the Toll/interleu-
kin-1 receptor (TIR) domain. This domain is also present in each Toll-like receptor
(TLR), which responds to microbial products and viruses [6]. Since TIR domains
are functional for both receptor families, responses to the IL-1 family are funda-
mental to the innate immunity [7].

2.1.1IL-1 family of cytokines and innate immune system

There are 11 members of IL-1 family of cytokines (IL-1a, IL-1p, IL-1Ra, IL-18,
IL-33, IL-36a, IL-36, IL-36y, IL-36Ra IL-37, and IL-38) and 10 members of the
IL-1 family of receptors (IL-1R1 to ILR10) [8, 9]. More than any other cytokine
family, the IL-1 family members are closely linked to damaging inflammation;
however, the same members also work to increase nonspecific resistance to infec-
tion and the development of an immune response to a foreign antigen [10].

The numerous biological properties of the IL-1 family are nonspecific. The
importance of IL-1 family members to the innate response became evident upon the
discovery that the cytoplasmic domain of the IL-1 receptor type 1 (IL-1R1) is also
found in the Toll protein of the fruit fly. The functional domain of the cytoplasmic
component of IL-1R1 is termed the TIR domain. Thus, fundamental inflammatory
responses such as the induction of cyclooxygenase type 2 (COX-2), production of
multiple cytokines and chemokines, increased the expression of adhesion molecules,
or synthesis of nitric oxide (NO) are indistinguishable responses of both IL-1 and
TLR ligands [11]. Both TLR and IL-1 families nonspecifically augment antigen
recognition and activate lymphocyte function. The lymphocyte-activating function
of IL-1 was first described in 1979 and is now considered a fundamental property of
the acquired immune response. IL-1f is the most studied member of the IL-1 family
due to its role in mediating auto-inflammatory diseases. Unquestionably, IL-1p
evolved to assist host defense against infection, and this landmark study established
how a low dose of recombinant IL-1f protects mice against lethal bacterial infection
in the absence of neutrophils. Although we now accept the concept that cytokines
like IL-1p served millions of years of evolution to protect the host, in the antibiotic
and antiviral therapies era of today, we view cytokines as the cause of disease due
to acute or chronic inflammation [12]. IL-1f has emerged as a therapeutic target
for an expanding number of systemic and local inflammatory conditions called
auto-inflammatory diseases. The neutralization of IL-1p results in a rapid and
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sustained reduction in disease severity. Treatment for autoimmune diseases often
includes immunosuppressive drugs, whereas neutralization of IL-1p is mostly
anti-inflammatory. The auto-inflammatory diseases are caused due to gain-of-
function mutations for caspase-1 activity, and common ailments, such as gout, type
2 diabetes, heart failure, recurrent pericarditis, rheumatoid arthritis, and smoldering
myeloma, respond to the IL-1p neutralization [7]. IL-1 family also includes member
that suppress inflammation, specifically within the IL-1 family, such as the IL-1
receptor antagonist (IL-1Ra), IL-36 receptor antagonist (IL-36Ra), and IL-37. In
addition, the IL-1 family member IL-38, the last member of the IL-1 family of
cytokines to be studied, nonspecifically suppresses inflammation and limits the
innate immunity [12].

2.1.2 IL-1 receptor family

There are 10 members of the IL-1 family receptors. IL-1R1 binds IL-1a, IL-1p,
and IL-1Ra and IL-R1 binds either IL-1f or IL-1a. IL-1R2 is a decoy receptor for
IL-1p. IL-1R2 lacks a cytoplasmic domain and exists not only as an integral mem-
brane protein but also in a soluble form. The term soluble is meant to denote the
extracellular domain only. The soluble domain of IL-1R2 binds IL-1p in the extracel-
lular space and neutralizes IL-1p. The neutralization of IL-1p by soluble IL-1R2 is
greatly enhanced by forming a complex with IL-1R3. IL-1R3 is the co-receptor for
IL-1a, IL-1p, IL-33, IL-36a, IL-36f, and IL-36y. IL-1R3 exists as an integral mem-
brane receptor or in a soluble receptor form. The inflammation and infection drive
liver to increase the synthesis and levels of soluble IL-1R3 in the circulation [13].

2.2 TNF superfamily

Tumor necrosis factor superfamily (TNFSF) is a group of cytokines composed
of 19 ligands and 29 receptors [14]. This family plays a pivotal role in immunity,
inflammation and controlling cell cycle, proliferation, differentiation, and apop-
tosis [15]. TNFSF receptors can be divided into two different groups depending
on the presence or absence of the intracellular death domain (DD) [16]. Signaling
via the death domain demands the involvement of adapter proteins Fas-associated
death domain (FADD) and TNF receptor-associated proteins (TRADD), leading to
the activation of caspases that result in apoptotic death of a cell. The second group
of TNFSF receptor signals acts only via adapter proteins termed tumor necrosis
factor receptor-associated proteins (TRAFs). The DD containing receptors may
use the pathway [17]. The functional activity of TNFSF receptors depends on the
cellular context and the balance between pro- and antiapoptotic factors inside the
cell and in the environment. Mostly, the TNFSF members are revealed on the cells
of immune system and play a notable function in maintaining the equilibrium of
T-cell-mediated immune responses by arranging direct signals required for the full
activation of effector pool and survival of memory T cells. The TNFSF members
are necessary in the development of pathogenesis of many T-cell-mediated autoim-
mune diseases, such as asthma, diabetes, and arthritis [16].

2.2.1TNF-a

Tumor necrosis factor (TNF)-a is classified as homotrimeric transmembrane
protein with a prominent role in systemic inflammation. Macrophages/monocytes
are capable to produce TNF-a in the acute phase of inflammation, and this cytokine
drives a wide range of signaling events within cells, leading to necrosis or apoptosis
[17]. The TNF superfamily incorporates receptor activator of nuclear factor kB
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(RANK), cluster of differentiation (CD)-40, CD27, and FAS receptor. This protein
was discovered in the circulation of animals subsequent to the stimulation of their
reticuloendothelial system and lipopolysaccharide (LPS) challenge. This protein has
been found to provoke a rapid necrotic regression of certain forms of tumors [16].

2.2.2 Biological voles of TNF-a

Several biological functions are ascribed to the TNF-a, and for this reason, the
mechanism of action is somewhat complex. Because this protein confers resistance
to certain types of infections and in parallel causes pathological complications,
it carries out contradictory roles. This may be connected to the varied signaling
pathways that are activated. TNF-a modulates several therapeutic roles within
the body, such as immunostimulation, resistance to infection agents, resistance to
tumors, sleep regulation, and embryonic development [17]. On the other hand,
parasitic, bacterial, and viral infections become more pathogenic or fatal due to
TNF circulation. The major role of TNF is explicated as mediator in resistance
against infections. Moreover, it was postulated that TNF plays a pathological role
in several autoimmune diseases such as graft versus host rejection or rheumatoid
arthritis. In addition, TNF exhibits antimalignant cell cytotoxicity in association
with interferon. High concentrations of TNF-a are toxic to the host. The enhance-
ment in the therapeutic index by decreasing toxicity or by increasing effectiveness
is indeed needed. This may be possible through the mutations that reduce systemic
cytotoxicity and increase TNF’s effectiveness in selectively eliminating tumor cells.
TNF-a is also implicated in physiological sleep regulation. TNF-related proteins
such as receptor activator for nuclear factor kB ligand (RANKL) are required for
osteoclast differentiation necessary for bone resorption [16].

2.31L-17 family

IL-17 is a pro-inflammatory cytokine. There are six family known members of
IL-17. Also, we have just a little information of its biological functions, being the
IL-17A and the IL-17F described recently [18]. IL-17-related cytokines play key
roles in defense against extracellular pathogen, and their participation in the devel-
opment of autoimmune diseases has drawn significant attention. Moreover, some of
these molecules are involved in the amplification and perpetuation of pathological
processes in many inflammatory diseases. However, the same cytokines can exert
anti-inflammatory effects in specific settings, as well as play a key role in the control
of immune homeostasis [19, 20].

2.41IL-6 superfamily

IL-6 family is a group of cytokines and colony-stimulating factors (CSFs)
that include IL-6, IL-27, IL-31, IL-35, ciliary neurotrophic factor (CNTF), leu-
kemia inhibitory factor (LIF), oncostatin M (OSM), cardiotrophin (CT)-1, and
cardiotrophin-like cytokine (CLC), among others [16, 17]. This cytokine family
binds to its receptor, allowing a binding with the gp130 subunit [21, 22]. This bind-
ing allows dimerization of the subunit homogeneously or heterogeneously (either
with the same subunit or cytokine receptor), creating a receptor complex. This
complex allows associated proteins phosphorylation, such as Janus kinases (JAK)
type 1, 2, and tyrosine kinase (TYK) 2, among others, which triggers a signaling
pathway through phosphorylation toward types of signal transducer and activa-
tor of transcription (STAT) 1-6, forming another dimerization, homogeneous or

12



Cytokine Profiling Plays a Crucial Role in Activating Immune System to Clear Infectious Pathogens
DOI: http://dx.doi.org/10.5772/intechopen.80843

heterogeneous with other STATS, that gets into the nucleus, recognizing promoter
regions and initiating the regulation of the expression of specific genes [22, 23].

In IL-6 family, there are soluble receptors that have different signaling pathways,
which are mostly of inhibitory function. Although they bind to the same cytokine
and to the same subunit, they transmit different signaling called trans-signaling. It
is observed that these soluble receptors prolong its effect and have action on cells
where cytokine emerges effect; namely, all cells reactive to IL-6 will have the soluble
receptor of IL-6 (IL-6Rs) function [21, 24]. Main functions of this IL-6 family
cytokines are inflammation proteins production in acute phase, B cell differentia-
tion into antibody-forming plasma cell, T cell modulator, development of Th17, and
hematopoiesis, among other functions [24-26].

2.5 TypeIsuperfamily

Type I cytokine family, also known as hematopoietins, is made up of several
types of cytokines, including IL-2, IL-3, IL-4, IL-6, IL-7, IL-9, IL-12, IL-15, IL-21,
and granulocyte-macrophage colony-stimulating factor (GM-CSF), among others.
This group of cytokines has a, §, and y chain in common. IL-2, -4, -7, -9, -13, -15,
and -21 have in common the y chain (also known as IL2Ry or CD132) for activa-
tion of JAK1/JAK3 and downstream STAT 1-5. While IL-3, -5, and GM-CSF share
the common f chain (CSF2RB/CD131) for activation of the JAK/STAT pathway
through interactions with JAK2 [3, 27], a chains do not activate signaling pathways
but increase the binding affinity between the cytokine and p and y subunit [3, 28],
helping receptor specificity for gene expression [27]. While the receptor is more
complex, there is more affinity of the cytokines of the receptor, which increases the
signaling [27, 29]. The specificity of the receptor is conferred by a and p subunit,
that in combination with y subunit provides different stimulations. This means that
the same cytokines can have different effects on the cell, depending on the receptor
complexity; for example, IL-2 binds to its y chain receptor (CD132) and p chain
(IL-2Rp), forming an intermediate affinity dimer, or also the binding of « chain
(IL-2Ra), generating a high affinity. Phosphorylating tyrosine residues in JAKs,
which lead to signaling to STATS5, prolonging and increasing its effect unlike the
intermediate affinity [30]. Among the main functions of this cytokine family are
the growth and differentiation of precursor leukocytes, as well as being modulators
and initiators of the inflammatory response [3, 27].

2.6 Type Il superfamily

The type II superfamily is composed of the subfamilies of interferons (IFNs)
and IL-10. IFN family has the characteristic of inducing antiviral response in both
hematopoietic and structural cells, serving as an essential mediator of cross talk
between the immune system and host physiology during viral infections [3, 29].
This family is divided into three types INFs families: types I, II, and III.

Type I IFNs family is mainly composed of IFN-a and -f. IFN-a is expressed in
leukocytes and IFN-p in fibroblasts, dendritic, and plasmacytoid cells. These IFNs
have signaling pathways through JAK1 and TYK2 to phosphorylate STAT1 and
STAT?2 [29, 31]. These IFNs have a powerful proinflammatory effect and an antiviral
response in immune and nonhematopoietic cells, as well as they can synergize with
type Il interferon (i.e., IFNY) to potentiate Th1 lineage commitment by T-helper
cells and cytotoxic activity by CD8" cells [3].

Type I IFNs family is composed only by IFN-y, which is produced by active
CD4" and CD8* T cells, NK cells, and macrophages by stimulation of IL-12, IL-18,
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and TNF-« [3, 29, 32]. IFN-y has signaling pathways with STAT1 through JAK1 and
JAK?2 [29]. IFN-y is mediator of interaction of innate and adaptive immune cells.
IFN-y promotes B-cell differentiation toward plasma cells immunoglobulin (Ig)-G-
production. Also, IFN-y induces phagocytosis through the antimicrobial potential
activation on macrophages. IFN-y increases the expression of major histocompat-
ibility complex (MHC) I and II, molecules in antigen-presenting cells, promotes
complement activation, and increases cytotoxic activity of T cells and differentia-
tion Th1 cell differentiation for the clearance of infectious pathogens [3, 32].

Type III INFs family is composed by IFNA-1 (IL-29), IFNA-2 (IL-28A), and
IFNA-3 (IL-28B) [3, 29, 32]. IFNA-1 and -2 regulate IFN expression [3], being
structurally and functionally like them by sharing beta chain but with less intensity
[32]. IFNA-3 induces antiviral response in cells through STAT1 and STAT?2 [3, 33].

IL-10 is a potent pro-inflammatory cytokine, which is produced by different
cells such as monocytes, macrophages, Th2, and Treg cells. The IL-10 performs
its functions through the activation of the STAT1, STAT3, PI3K, and p38 mitogen-
activated protein kinases (MAPK) pathways. Among its most important functions
are the suppression of Th1 cytokines, the classically activated/M1 macrophage
inflammatory gene expression, and the presentation of antigen [3].

3. Cytokine profile in bacterial infections

During a bacterial infection in the host, a nonspecific and immediate immune
response is initiated to eliminate the pathogen, and this nonspecific response
involves the recruitment of neutrophils, macrophages and dendritic cells, comple-
ment activation, and cytokine production [34]. This response can inhibit or limit
microbial growth but also can cause host damage, and so it is necessary to keep this
response under control; to achieve this, the host performs some strategies, including
the production of cytokines. These molecules play an important role in intercellular
communication and coordinate the innate and adaptive response [35].

In microbial infections, the pattern-recognition receptors (PRRs) recognize
several PAMPs [36] such as DNA, double-stranded RNA (dsRNA), single-stranded
RNA (ssRNA), and 5'-triphosphate RNA, as well as lipoproteins, surface glycopro-
teins, membrane components peptidoglycans, lipoteichoic acid (LTA), lipopoly-
saccharide (LPS), and glycosyl-phosphatidyl-inositol. The recognition of PAMPs
by PRRs leads to the activation of NF-kB and/or MAPK [37] to produce several
cytokines such as IL-1a, IL-18, TNFa, IFN-y, IL-12, and IL-18, being TNF-o and
IL-1p the main inflammatory mediators, since they play an important role in medi-
ating the local response through cellular activation. The inflammatory response
that occurs in the presence of an infection consists of several protective effector
mechanisms that promote the microbicidal functions and in turn stimulate adaptive
immunity, which contributes to reduce the damage of the tissues [38] (Figure1).

IL-1p is a cytokine that is inducible through the activation of PRRs such as TLRs,
by microbial products or damaged cell factors [39], once the recognition of the
ligands through the receptors activates the downstream signaling pathways activat-
ing the NF-xB, activator protein (AP)-1, MAPK, and type I IFNs pathways, resulting
in an upregulation of inflammatory mediators, as well as chemotactic factors [40].
IL-1p is synthesized as a precursor peptide (pro-IL-1p) that is cut to generate its
mature form (mIL-1p); this process involves caspase 1, and the proenzyme (procas-
pase-1) requires it to be cut by the inflammasome, which is a multimeric cytosolic
protein complex, composed of NLR family-pyrin domain containing 3 (NALP3) and
the adapter protein containing CARD (ASC) and caspase-1; once IL-1f is cut by this
complex, it binds to the IL-1R1 receptor, thus initiating the signaling that induces
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Cytokines profile in bacterial infections. In response to bacterial infection, the IL-1 family cytokines, such

as IL-1p, potently induces the expression of adhesion molecules in the endothelial cells and promotes the
recruitment of neutrophils to the site of inflammation. TNF-a plays an important vole through the recruitment
of neutrophils and macrophages, besides inducing the expression of proinflammatory mediators to the site of
infection. Thay cells produce IL-17A, which induces the production of inflammatory mediators such as IL-1f,
IL-6, GM-CSF, G-CSF, and TNF-a, as well as adhesion molecules. IL-18 also promotes the secretion of other
proinflammatory cytokines like TNF-a, IL-1f, IL-8, and GM-CSF and consequently enhancement, migration,
and activation of neutrophils during infections.

the expression of adhesion molecules in the endothelial cells and promotes the
recruitment of neutrophils to the site of inflammation, as well as of the monocytes.
It also has a potent stimulatory effect on phagocytosis, and it produces a chemotactic
effect on leukocytes and induces the production of other inflammatory mediators

of the lipid type, as well as other cytokines [41]. In vivo studies show that IL-1f is an
important cytokine for the host defense against some microbial pathogens. During
infection with Staphylococcus aureus, it was shown that the interaction of IL-1p with
its receptor IL-1R plays an important role in the recruitment of neutrophils, suggest-
ing that IL-1 is crucial for host defense against S. aureus and this can be transpolar
to infections induced by other microorganisms [42].

Another cytokine that accompanies the IL-1p response is TNF-a, and this cyto-
kine is produced initially during endotoxemia, as well as in response to some micro-
bial products. TNF-a shares with IL-6 an important inflammatory property, that is,
the induction of acute phase reactant protein by the liver [43]. In vivo studies show
that TNF-o plays an important role in mediating clearance through the recruitment
of neutrophils and macrophages to the site of infection after a bacterial intraperito-
neal challenge [44], followed by an increase in the expression of COX-2, as well as
inducible nitric oxide synthase (iNOS), which leads to the production of prostaglan-
din (PG)-E; and NO to eradicate the pathogen and recover homeostasis [45].

During bacterial infections, the IL-17 is another important cytokine produced.
IL-17A plays an important role in the defense of the host against extracellular bacte-
ria. The cells that are characterized mainly by producing IL-17 are a subpopulation
of CD4" T cells, and their differentiation and maturation are favored by a mixture
of cytokines, including transforming growth factor (TGF)-p and IL-6, IL-21 and
TGF-p, or IL-1, IL-6, and IL-23 [46, 47]. The protective capacity of IL-17A against
infectious agents can be mediated through several mechanisms, among these is the
ability of IL-17A in the barrier surfaces to induce the production of inflammatory
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mediators such as IL-1, IL-6, GM-CSF, granulocyte colony stimulating factor
(G-CSF), and TNF-q, as well as adhesion molecules. IL-17A also induces the pro-
duction of chemotactic factors, such as chemokine-(C-C motif)-ligand (CCL)-2,
CCL7, CXCL1, CXCL2, CXCLS5, and CXCLS, responsible for recruiting neutrophils
and monocytes, as well as the CCL20 that is involved in the recruitment of dendritic
cells, with the aim of eliminating the extracellular pathogen [48]. In vivo and

in vitro studies show that signaling through TLR4 is the main mechanism by which
IL-17 is induced in response to Klebsiella pneumoniae infection, which induces an
upregulation of granulopoietic cytokines involved in the recruitment of neutrophils
[49]. In mice lacking the IL-17 receptor, the recruitment of neutrophils decreased,
the bacterial load increased, and survival was compromised. Whereas overexpres-
sion of IL-17 through an adenovirus, resulted in the production of cytokines mainly,
macrophage inflammatory protein (MIP)-2, G-CSF, TNF-q, and IL-1p, increasing
the recruitment of neutrophils, bacterial clearance and finally survival after infec-
tion with K. pneumoniae [50]. And finally, PGE2 increases the expansion of Th17
cells in an IL-1f dependent manner, thus favoring the recruitment of these cells

to the site of damage. In vitro studies show that Th17 cells in the presence of PGE,
increase the production of CCL20, thus favoring the control of infection [51].

IL-18 also promotes the secretion of other proinflammatory cytokines like
TNF-a, IL-1p, IL-8, and GM-CSF and consequently enhancement, migration, and
activation of neutrophils during infections. IL-18 increases the cytotoxic activ-
ity and proliferation of CD8" T and NK cells, as well as promotes the secretion
of inflammatory mediators of the type TNF-«, IL-1, IL-8, and GM-CSF, which
will activate neutrophils, thus increasing their migration [38]. During a bacterial
infection, IL-18 plays an important role, since it induces IFN-y production of NK
cells [52]. The IFN-y that is produced activates macrophages and produces cytokines
that induce antimicrobial pathways against intracellular and extracellular pathogens
[53]. Infection with strains of lactobacillus nonpathogenic and with streptococcus
pyogenes induces the expression of IL-1p, IL-6, TNF-«, IL-12, IL-18, and IFN-y,
suggesting that this type of bacterial strains induces Th1 type cytokines [54].

4. Cytokine profile in fungal infections

As well as the response to bacteria, the response against fungi also requires
coordination of the innate and adaptive immune system. The innate immune system
performs its effect through the cells that have the phagocytic and antigen presenting
function. These cells include neutrophils, macrophages, and dendritic cells [55].
The recognition of pathogens by the immune system involves four class of PRRs:
TLRs, C-type lectin receptors (CLRs), nucleotide-binding oligomerization domain-
like (NOD-like) receptors (NLRs), and retinoic acid-inducible gene I (RIG-I) like
receptors (RLRs) [56]. The CLRs, especially Dectin-1 and 2, play an important role
in the pathogen recognition from Candida spp.; this is because the cell wall is made
up of mannoproteins with O-glycosylated oligosaccharide and N-glycosylated poly-
saccharide moieties, with an inner layer of chitin and p (1, 3) and p (1, 6) glucans
are recognized and initiate a downstream signaling through these receptors, which
leads to activation of the transcription factor NF-xB and other signaling pathways
that induce the production of pro-inflammatory cytokines such as IL-6, IL-1p, and
IL-23 that induce the Th17 cytokines [57] (Figure 2).

The recognition of fungi by phagocytic cells occurs mainly through the detec-
tion of cell wall components such as mannan, p-glucan, phosphocholine, $-1,6
glucan, and even internal components such as DNA can be recognized [58, 59]. The
recruitment and activation of phagocytic cells are mediated through the induction
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Cytokines profile in fungal infections. The PRRs recognize fungal PAMPs and initiate a downstream signaling,
which leads to the activation of the NF-«kB and other signaling pathways inducing the production of cytokines
such as IL-6, IL-1p, IL-12, TNF-a, GM-CSE, IFN-y, and IL-23. These cytokines induce the differventiation

of Th1 and Th1y immune responses against fungi infection, stimulating the migration, adherence, and
phagocytosis of neutrophils and macrophages.

of proinflammatory cytokines, chemokines, and complement components. Fungi
are killed by oxidative and nonoxidative mechanisms and antimicrobial peptides.
These activities are influenced by the action of cytokines such as IFN-y [59]. This
cytokine produced mainly by T and NK cells stimulates the migration, adherence,
and phagocytosis of neutrophils and macrophages and production of opsonizing
antibodies and maintains a Thl response as a protective response against fungi.

It also induces a classical activation of macrophages that is important to stop the
growth of intracellular fungal pathogens [60]. The Th1 response occurs through
the release of proinflammatory cytokines IFN-y, TNF-a, and GM-CSF, increasing
the permeability in the tissue, as well as the phagocytic cells at the site of infection
to efficiently clean the infection [61] (Figure 2).

Another important cytokine in immunity against fungi is IL-12, and this
cytokine is considered the main cytokine that induces IFN-y production. IL-12 is
produced by monocytes, macrophages, and dendritic cells, in response to micro-
bial products, and acts on NK and T cells to induce IFN-y. On the other hand, the
late secretion of IL-12 in the lymph nodes induces naive T cells to produce IFN-y
and therefore amounting a Th1 response is promoted [62]. The ability of IFN-y to
increase the production of IL-12 forms a positive feedback during the inflammatory
process and the Th1 response, and this interferon in turn activates monocytes and
macrophages to induce the production of IL-12 [63] (Figure 2). Studies in I112p35~/~
and IFN-y~"~ mice show an increase in susceptibility to infections with Candida
albicans, and this suggests that IL-12 and the Th1 responses play an important
role in controlling Candida infection [64]. On the other hand, neutrophils kill the
extracellular and intracellular fungi through effector mechanism that includes the
production of reactive oxygen and nitrogen species, as well as the release of hydro-
lytic enzymes and their granules containing antimicrobial peptides [65].

IL-23 is a member of the IL-12 family and plays a central role in the expansion of
Th17 cells as well as their function, composed of a p19 and p40 subunit that shares
it with IL-12 [66, 67]. IL-23 is produced primarily by dendritic cells, the binding
of B-glucan to Dectin-1 activates the syk-CARD-9 signaling pathway leading to the
production of IL-23, which promotes the Th17 response, through the differentiation
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of naive CD4+ T cells into Th17 cells and the release of IL-17A, IL-17F and IL-22 in
response to infections caused by mucosal fungi [68]. These cytokines in conjunc-
tion with IL-23 have various functions in the body from a proinflammatory, anti-
inflammatory, or regulatory activity, which depends on the type of microorganism,
the site of infection, and the immunological status of the host (Figure 2). In vivo
studies have shown that mice deficient of the IL-17 receptor (IL-17RA™"7) cannot
limit systemic candidiasis, as well as oropharyngeal candidiasis, being more sus-
ceptible to developing mucocutaneous candidiasis, suggesting that the Th17 lineage
strongly acts through IL-17, regulating the expansion, recruitment, and migration
of neutrophils, as well as CXC-chemokines and antimicrobial proteins such as

B-defensin 3 [66, 69].

5. Cytokine profile in viral infections

In viral infections, the cytokines are implicated to establish an antiviral state as
the unspecific first line of defense and virus-specific response. This process initiates
through recognition of viral molecules by PRRs, which can be found as transmem-
brane receptors or in different intracellular compartment. The receptor undergoes a
structural change, activating a route of signalization in the cytoplasm that end with
the activation of cytoplasmic transcription factors that translocate into the nuclei to
promote the expression of different cytokines. Depending of the virus and the type
of cell, the type of cytokine produced may vary [70, 71].

5.1 Pattern recognition receptors versus virus

Viruses can infect virtually all cells of an organism. Epithelial, endothelial, fibro-
blasts, neurons, as well as innate and adaptive immune cells can be infected. PRRs are
present in both nonhematopoietic origin cell and immune cells. Some PRRs recognize
viral proteins, but other can detect viral single or double RNA or DNA. In human,
there are 10 TLRs distributed in plasmatic membrane and endosome membranes. Of
them, TLR-2 and TLR-4 can detect viral surface glycoprotein before the viral penetra-
tion. Others like TLR-3, TLR-8, and TLR-9 sense different types of viral nucleic acids
in endosomes during virus entering. TLR-8 senses genomic ssRNA, TLR-3 senses
dsRNA, and TLR-9 detects nonmethylated CpG viral DNA [72, 73]. Another type of
receptors that sense viral RNA are the RNA helicases receptors like RIG-I and mela-
noma differentiation-associated gene 5 (MDA5) [71, 74]. These receptors have been
demonstrated to detect viral dSRNA. This dsRNA can be genomic or an intermediate
form during replication, which is formed, virtually, for all virus of single or double
RNA during viral replication. However, there is evidence that some dsRNA replicative
intermediators can translocate to endosomes where TLR can sense and trigger the
signalization way [75].

5.2 Cytokines produced in viral infections

There are many cytokines with distinct functions. All of them are molecules
with less than 20 KDa and can be pleiotropic or redundant, and also, they can
synergize or antagonize each other. However, all of them are produced to ensure
the virus elimination through the regulation of the immune response against the
virus [76]. The process includes detection of the pathogen, signal to neighbor cells,
activation and differentiation of innate immune cells, production of adhesion
molecules on endothelial cell for extravasation of immune circulating cell, chemo-
tactic molecules to attract cell to the infection foci, increase of phagocytosis, and
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activation of adaptive cells to specifically eliminate infected cells and extracellular
virus [77].

Cytokine network against viruses starts with some cytokines produced by
virus-infected cells (Figure 3). Epithelial cell can produce IFN, IL-8, IL-6, IL-1,
GM-CSF [78, 79], TNFa [80], IL-18 [81], IL-12 [82], IL-2 [83], and IL-23 [84, 85].
The role of these cytokines is varied, IFN induces an antiviral state, and IL-8 is
a potent inflammatory attracting phagocyte cell to the site of infection. IL-1 can
promote apoptosis, and it is proinflammatory and chemotactic to neutrophils.
GM-CSF is a hematopoietic grow factor that recruits various immune cells to host
defense [76, 86]. Moreover, in the infection course, varies cytokines are also pro-
duced by innate and adaptive cell that can also be infected or activated. In filovirus
infection, IL-1B, IL-5, IL-8, and IL-18, as well as varies chemokines like MIP-1a and
B, monocyte chemoattractant protein 1 (MCP-1), and IFN-y—inducible protein 10
(IP10) among others are produced [77]. In influenza virus infection, TNF-a, IL-1
a and B, and IL-6 and IL-8 are produced [87], and hepatitis C virus can promote
the expression of IL-6, IL-8, MIP-1a, and MIP-1p and IL-1 [88], while rotavirus can
induce the production of IFN, IL-8, IL-6, IL-1 [89], TNF-a [80], IL-18 [81], IL-12
[82], IL-2 [83], and IL-23 [84, 85]. Thus, the infected cell can upregulate multiple
cytokine genes involved in different process as activation of NK, macrophages, and
dendritic cells. Increasing the production of cytokines that serve as bridge between
innate and adaptive response. In the inflammation process, virus-infected cells
produce and secrete proinflammatory cytokines like IL-1, IL-6, IL-8, TNF [70] and
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Cytokines profile in viral infections. The immune response against vivuses initiates through recognition of viral
molecules by PRRs. These PRRs can activate a signal system culminating in the activation of transcription
factors involved in the establishment of an antivival state and an inflammation process. Cytokine network
against viruses start with some cytokines produced by virus infected cells, such as IFNs, IL-8, IL-6, IL-1,
GM-CSE, TNFa, IL-18, IL-12, IL-2 and IL-23, inducing a potent inflammatory response, attracting and
activating phagocyte cells (e.g. neutrophils, macrophages, dendritic cells), mast cells and NK cells, to the site of
infection. Furthermore, these cytokines arve involved in the induction of an immune response type Th1/TCL with
the purpose of eliminate infected cells and extracellular virus while cytokines such as IL-4, IL-10, IL-13, IL-37,
and TGF-p modulate the immune vesponse to a Th2 and Thiy phenotype, which produce immunomodulatory
and anti-inflammatory actions.
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IFN. These cytokines can be involved in the early defense of the organism. They
can activate cells present in the site of infection, and they can recruit leukocyte cells
from circulating system through inflammation process (Figure 3).

5.3 Cytokines’ role in viral infection

IFN is a pleiotropic cytokine produced by virus infection. Although there are
three types of IFN called type I (a/f), type II (y) and type III (). Type I IFN plays
an important role in control early viral infections. The role of type I IFN is to inter-
fere with viral replication through activating the expression of antiviral molecules.
Once IFN is secreted, it can act in autocrine or paracrine (like other cytokines) way,
interacting with interferon receptor to induce the production of an antiviral state
in the infected and noninfected neighboring cells, inhibiting different step of viral
replication [76]. Also, IFN promotes the production of cytokines like IL-12, IL-6,
IFN-y, and TNF-a in innate cells including NK cells and macrophages [90]. Another
function of IFN is to enhance differentiation of dendritic cells [91] and promote the
antigen presentation [90] to stimulate T and B cells [92], which is redundant with
the function of the IL-12 and IL-18 [93, 94]. NK cells are activated by synergism
between type 1 IFNs and IL-12. However, cytokines such as IL-10, IL-6, IL-4, IL-13,
and TGF-p suppress the actions of IFN, and these cytokines are known for their
immunomodulatory and anti-inflammatory actions [95].

TNF-a is other pleiotropic cytokine produced by also nonhematopoietic
infected cells and innate and adaptive immune cells, including macrophages, den-
dritic cells, natural killer, and T and B lymphocytes after being activated [96]. This
cytokine can activate the production of adhesion molecules in endothelial cells
and promote the extravasation of neutrophils, monocytes, and others immune
cells to be attracted to infection foci. TNF also can participate in apoptosis through
activating caspases. TNF-a, together with IFN-y, acts on macrophages, induc-
ing the production of superoxide anions and oxygen and nitrogen radicals [97].
Macrophages can also produce cytokines such as IL-1, IL-6, IL-23, IL-12, and more
TNF-a [95].

IL-1 was the first interleukin to be identified and is a pleiotropic cytokine, and it
acts synergically with IL-6 on the central nervous system, inducing fever by activa-
tion of the hypothalamus-pituitary-adrenal (HPA) axis [98]. This molecule also
activates mast cells and induces histamine production, acting as a vasodilator, thus
increases the permeability of the membrane [99]. Also, IL-1 is chemotactic factor
that induces the passage of neutrophils to the site of infection. This chemotactic
function is redundant with the action of IL-8, also known as chemokine CXCL8
[86] also produced by the infected cell. There are cytokines that antagonize these
functions of IL-1 such as IL-10, IL-4, and IL-13 recognized for their anti-inflamma-
tory actions [100].

Another pleiotropic cytokine is IL-18, first described as “interferon-y-inducing
factor” and member of IL-1 family. This interleukin and type I IFN are recognized
by dendritic cells and trigger a signaling pathway through TRF6 and induce the
expression of CD11b" in the surface of the cell [94]. These activated cells can
express cytokines like IL-12, IL-6, IFN-y, TNFa, and IFN-a, which also partici-
pates in other hematopoietic cells [101, 102]. IL-18 also participates synergistically
with interleukin 12 on the activation of NK cells [93], stimulating the expression
of CD25 and CD69 molecules, promoting their proliferation and cytotoxic capac-
ity, respectively. Once activated, NK cells can induce apoptosis in virus-infected
cells and produce other cytokines such as IL-12, IL-6, IL-10, IFN-y, and TNF-a.
Within the cytokines that block these functions of IL-18 are IL-37, IL-10, and
TGF-p [103].
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IL-6 is a soluble mediator with a pleiotropic effect on inflammation, immune
response, and hematopoiesis. IL-6 is an important mediator of fever and of the
acute phase response, which is redundant with IL-1 and TFN-a and promotes the
differentiation of cytotoxic T lymphocytes, which induce the death of infected cells
by osmotic lysis [104]. IL-6 synergistically with IL-23 participates in the differentia-
tion of Th17 [105], through the production of RORyt. Once activated, Th17 induces
inflammatory response through the expression of cytokines as IL-17 and IL-22.
IL-6 also promotes the proliferation of B cells by binding to a complex of receptors
(gp80, CD126, and CD130) [106] and, like IL-21 [107], induces the differentiation
of plasma cells stimulating the antibody production [108]. However, there exist
antagonist cytokines like IL-10, IL-13, and TGF-f that inhibit all these functions of
the IL-6 [103].

IL-12, also known as a T cell-stimulating factor, which together with IFN-y, pro-
motes differentiation of Thl cells by activation of T-bet, and these cells can activate
macrophages through expression of other cytokines like IFN and TNF, amplifying
the produced immune response [109]. Although, there is evidence that viruses may
selectively induce IFN production and Th1 differentiation even in the absence of
IL-12 [110].

IL-2 participates in the differentiation and proliferation of Th2 (redundant with
IL-4) and Treg cells by the expression of GATA-3 and FOXP3, respectively [111,
112]. Th2 cells can express IL-4, IL-5, IL-9, and IL-13, which also have pleiotropic
effects in promoting type 2 effector mechanisms, such as B cells secretion of immu-
noglobulins, eosinophilia, mastocytosis, and M2 macrophage polarization [113].
Theg cells regulate the immune response, suppressing T-cell activation [114]. Tye; and
Th2 are known for their immunomodulatory and anti-inflammatory actions [95].
Finally, GM-CSF stimulates the generation of dendritic cells and participates in
polarization of macrophages M1 [115]. Moreover, GM-CSF has also been associated
with Th2 immunity and therefore M2 polarization. GM-CSF is considered a pleio-
tropic cytokine with inflammatory and anti-inflammatory functions [116].

6. Cytokine profile in parasitic infections

In parasitic infections is difficult to generalize about the mechanisms of anti-
parasitic immunity because there is a great variety of different parasites that have
different morphology and reside in different locations of tissues and hosts during
their life cycles [117]. In this section of the chapter, we will talk about the immune
response against protozoa and helminths, two of the main parasites of medical
importance for human health.

6.1 Immune system activation by parasitic protozoan infections

Protozoan parasites are much larger and more complex pathogens than viruses
or bacteria and have developed additional and sophisticated strategies to escape the
immune attack of the host. Currently, 30% of humans suffer parasitic protozoan
infections worldwide. Life cycles of protozoans generally involve several stages of
specific antigenicity, which facilitates their survival and propagation within differ-
ent cells, tissues, and hosts. Frequently, the host fails to eliminate protozoan infec-
tions, which often results in a chronic disease or inapparent infections, in which the
host continues to act as a reservoir of parasites [118].

The immune defense mechanisms against protozoan parasites frequently
involve several immune cells such as neutrophils, macrophages, and NK cells that
mediate the innate response against extracellular protozoan parasites. NK cell and
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cytokine-activated macrophages are central to the innate response to intracellular
parasites. Innate cytokine and dendritic cell responses also play a critical role in the
induction of adaptive immunity [119].

During the initial stage of parasitic protozoan infections, intestinal epithelial
cells (IECs) bind and recognize PAMPs through PRRs [120] such as TLR-2 and
TLR-4 [121], which activates NF-kB and leads to the production of proinflamma-
tory cytokines [122], including IL-1p, IL-6, IL-8, IL-12, IFN-y, and TNF-« [123,
124], which induces the activation of a Th1 type response [125]. IFN-y is involved
in clearance of infection, through the activation of neutrophils and macrophages
(Figure 4) [126-132]. It has been also shown that IFN-y-producing CD4" T cells
are involved protection in vaccinated mice [133]. Several studies suggest a role for
IFN-y in the pathogenesis of parasitic protozoan infections. In both humans and
animal models, the production of high levels of IFN-y is associated with resistance
to infection [134-136], while low levels of IFN-y are associated with an increased
susceptibility to infection. Therefore, it is considered highly probable that IFN-y
provides protection against infection by activation of neutrophils and/or macro-
phages [125]. The production of reactive oxygen species (ROS) and NO through
the complex of NADPH oxidase and iNOS, respectively, plays a critical role in the
elimination of protozoan parasites [131, 132]. In experimental studies, infection
protection was mediated by IFN-y from NK T cells (NKT), while TNF-a is produced
by increased tissue damage [137, 138], together with IL-1 and IL-8 [139] (Figure 4).

On the other hand, the antigenic exposure of protozoan parasites activates a
Th2-type immune response by the host, inducing the production of anti-inflamma-
tory cytokines such as IL-4, IL-10 [125], IL-5 and IL-13, which try to attenuate the
Th1 type response characterized also by the INF-y production, leading to upregula-
tion of Th2 cytokine responses (IL-4, IL-5, and IL-13) and Th17 (IL-17), suppress-
ing the production of Th1 cytokines [140] (Figure 4). In addition, another cytokine
of anti-inflammatory importance is TGF-f, which acts in a synergistic manner
to counteract this Thl type response, activating macrophages which produce
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Figure 4.

Cytokines profile in parasitic protozoan infections. The immune defense mechanisms against protozoan
parasites involve several immune cells such as neutrophils, macrophages, NK cells, and CD4" T cells. These
cells are capable to produce proinflammatory cytokines, such as IL-1f, IL-6, IL-8, IL-12, IFN-y, and TNF-a,
promoting type 1 immune response. Likewise, protogoan parasites activate a Th2-type immune response,
producing anti-inflammatory cytokines such as IL-4, IL-10, IL-5, and IL-13, suppressing the production of Th1
cytokines.
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NO, through iNOS, for the elimination of the parasite [138]. Therefore, Thl-type
cytokine response is characterized mainly by the production of IFN-y, whereas
susceptibility to tissue damage by protozoan parasites is critically dependent on a
Th2-type cytokine response mediated mainly by IL-4.

6.2 Immune system activation by parasitic helminth infection

More than two billion people around the world are infected with helminth para-
sites. Parasitic helminth infections are a major public health problem worldwide due
to their ability to cause great morbidity and socioeconomic loss [141, 142].

The immune response against helminth parasites is characterized by the induc-
tion of an early Thl-type immune response, with the subsequent predominance
of a Th2 type immune response, resulting in a mixture of both Th1/Th2 immune
responses [143, 144], which depend on the CD4" T cells [145]. The CD4" T cells
have a key role in the establishment of the cytokine environment during helminth
parasite infection, thus directing their differentiation either by suppressing or
favoring the inflammatory response at the intestinal level, which is crucial for the
elimination of the parasite [146] (Figure5).

PAMPs derived from helminth parasites induce the activation and matura-
tion of dendritic cells [147, 148], promoting the development of the Thl immune
response [149], which results in a significant increase of Thl cytokines such as IL-12
[150-152], INF-y [149-153], IL-1p [152, 154], and TNF-« [150-152, 155] (Figure 5).
However, in recent years, several studies have shown that this immune response of
Th1 type favors infection by helminth parasites. On the one hand, IL-12 and INF-y
are two important cytokines against infection by helminth parasites, since they
participate in the polarization of the Thl type immune response [149-151, 153].
However, exogenous IL-12 is capable of suppressing intestinal mastocytosis, delay-
ing the parasite expulsion, and increasing the parasite burden at the muscular level
[156]. INF-y induces the expression of iNOS, activates transcription factors such as
NF-kB [157], and regulates the production of pro-inflammatory cytokines such as
TNF-a [158]. Studies have shown that TNF-a is a cytokine that is produced during
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Figure 5.

Cygtokines profile in parasitic helminth infection. The immune response against helminth parasites is
chavacterized by the induction of an early Thi type immune vesponse, which results in a significant increase
of Th1 cytokines such as IL-12, INF-y, IL-1f, and TNF-a. Then, there is a subsequent predominance of a Th2
type immune response characterized by the velease of IL-4, IL-5, IL-10, and IL-13 favoring helminth parasites
expulsion.
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intestinal infection by helminth parasites [150, 151, 159], which is necessary in the
protection against the parasite through the Th2 immune response [160]. However,
several studies have associated the production of TNF-a with the development of
intestinal pathology during infection by helminth parasites [155, 161, 162]. One of
the effects of TNF-a is the iNOS expression and consequently the NO production
[163-165]. Helminth parasite antigens are capable to induce the expression of iNOS,
with the subsequent production of NO [166], which acts mainly as an effector mol-
ecule against both extracellular and intracellular parasites [167]. Studies in iNOS
knockout mice infected with helminth parasites, showed a reduction in the expres-
sion of Th2 cytokines (IL-4, IL-5), a reduced humoral response (IgG and IgE), with
a decrease in mastocytosis. However, no significant difference was observed in the
helminth parasite expulsion, although iNOS knockout mice showed a decrease in
intestinal pathology compared to wild-type animals. These results suggest that NO
is not required for the helminth parasite expulsion, but its production is responsible
for the intestinal pathology [155, 168]. With respect to IL-1, it is well known that

it participates in the intestinal inflammatory response in the helminth parasites
infection, observing high levels during intestinal infection. However, until now, the
role of IL-1p is not well understood [159].

With respect to the Th2 type immune response, in vitro studies have shown that
helminth parasite antigens are capable of dendritic cells activating, inducing the
synthesis of Th2 cytokines such as IL-4, IL-5, IL-10, and IL-13 [147, 149, 153, 169].
Likewise, studies in in vivo models have shown that helminth parasites infection is
a significant increase in the synthesis of IL-4, IL-5, IL-10, and IL-13 [150, 151, 159,
170] (Figure5). IL-10 may suppress antigen presentation by dendritic cells and
inhibition of IL-12 secretion. In addition, helminth parasite antigens increased both
IL-4 and IL-10 production derived from Th2 cells with a decrease in INF-y produc-
tion, polarizing the immune response to a strong Th2 cellular immune response,
protective and responsible for the helminth parasite expulsion [143]. IL-10 is a Th2
cytokine, which is necessary for a successful intestinal immune response. This is
because the absence or decrease of IL-10 causes a significant delay in the helminth
parasite expulsion and an increase in the parasite burden [171]. IL-4 and IL-13
induce muscle cells hypercontractility of the jejunum and intestinal mastocytosis,
promoting the helminth parasite expulsion [161, 172]. In IL-4/IL-13 mice deficient,
areduction in the helminth parasite expulsion, mastocytosis, and development of
intestinal pathology was observed [161, 162, 173, 174]. Therefore, these studies sug-
gest that IL-4 and IL-13 can regulate the induction of the protective Th2 immune
response and intestinal inflammation, both associated with the helminth parasite
expulsion [162]. During the Th2 immune response, the cytokines such as IL-4,

IL-5, and IL-13 stimulate IgE synthesis [175], inducing mast cell and eosinophil
hyperplasia [176], triggering immediate hypersensitivity reactions, and promot-
ing the helminth parasite expulsion from the intestine [177]. However, mast cells
and eosinophils are involved in tissue damage, thus promoting the inflammatory
response. It suggests that the protective role of the Th2 type immune response is not
sufficient facing the challenge against helminth parasite infections, as it contributes
to the development of immunopathology [178] (Figure 5).

7. Conclusion

Although cytokines are produced with the purpose of modulating the immune
response against infections caused by microorganisms, such as bacteria, fungi,
viruses, and parasites, there is evidence that these microorganisms can induce cyto-

kine production with bad prognostic to host recovery. In this sense, overproduction
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of inflammatory cytokines may be responsible for the severe damage observed in
many microorganism infections. For this reason, a better understanding over the
cytokine balance related to diseases by microorganisms is required to avoid severe
damage against the organism caused by overreaction of the immune system.
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Abstract

It has recently come to light that nucleated red blood cells (RBCs) of fish,
amphibians, reptiles and birds are multifunctional cells, because in addition to
being involved in gas exchange and transport, it has also been reported that they
respond to pathogens by means of (i) phagocytosis, (ii) antigen presentation, (iii)
production of cytokines and antimicrobial peptides, (iv) regulation of complement
system, and (v) exerting paracrine molecular communication with other immune
cells and modulating their functions. Similarly, human cord blood nucleated RBCs
have been shown to exert a regulatory function in the innate immune response, by
means of the suppression of the production of inflammatory cytokines. This chapter
comprises the study of the implications of nucleated RBCs as mediators of both
branches of immune system (innate and adaptive immune responses).

Keywords: nucleated red blood cells, erythrocytes, immune response, cytokines,
antimicrobial peptides, virus, antigen presentation

1. Introduction

Red blood cells (RBCs) are the most abundant cell type in the bloodstream, and
their life span has been estimated to be 120 and 50 days in human and murine
species, respectively [1]. In mammals, mature RBCs are biconcave disks that lack
cell nucleus, organelles, and ribosomes [2], and their best known function is gas
exchange and respiration. However, the most characteristic feature of
nonmammalian RBCs is the presence of a nucleus which allows them to transcribe
and translate proteins and therefore intervene in additional functions different
from delivery of oxygen to tissues (Figure 1) [3]. The nucleated RBCs are able to
respond against pathogens by employing various mechanisms. This chapter review
encompasses the up-to-date studies about the involvement of nucleated red blood
cells (RBCs) as immune response cell mediators against microbes.

2. The role of nucleated RBCs in innate immune system

The innate immune system is an evolutionarily older defense strategy found in
many organisms such as animals, plants, fungi, insects, and primitive multicellular
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Figure 1.

Schematic representation of the suggested roles of nucleated RBCs in the immune response. PRRs, pattern
recognition receptors; TLRs, Toll-like receptor; RLR, RIG-I like receptor; IFN1, interferon type 1; ISGs,
interferon-stimulated genes; Mx, myxovirus resistance gene; OAS, oligoadenylate synthetase; PKR, protein
kinase RNA-activated; ISG15, interferon-stimulated gene 15; IL8, interleukin 8; IL1p, interleukin 1; IFNy-
like, interferon y-like; AMPs, antimicrobial peptides; BD1, f-defensin; Nkl, Nk-lysin; MHC, major
histocompatibility complex; ITAM, immunoreceptor tyrosine-based activation motif; and EBI2, Epstein—Barr
virus G-protein-coupled receptor 2.

MHC N

Figure 2.

Nfz'lleated RBCs immune response suggested signaling involved in production of effector molecules
against pathogens, chemoattractant proteins, and activation of immune cells. PAMPs from microbes are
recognized by specific PRRs. Activation of these receptors triggers the signaling pathways that induce the
transcription of a set of genes such as IFN1, ISGs, interleukins, and AMPs. On the other hand, pathogens can be
recognized by proteasome proteins and digested by peptidases. In the endoplasmic veticulum (ER), digested
antigens from proteasome ave bound to MHCI and exposed on the surface of RBCs. In addition, pathogens can
enter inside the cell by endocytosis and delivered to MHC class II-loading compartments (MIICs) where they are
digested and finally exposed on the surface of the cells by MHC II complex. Another pathway is the recognition
of complement-opsonized immune complexes by CR1.
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organisms. This system is the first line of defense against pathogen infections. It is
known as non-specific immune system and does not provide long-lasting immunity
to the host [4, 5]. The innate immune system includes many types of molecules
(receptors and effectors) to sense and eliminate pathogens. Moreover, nucleated
RBCs release signaling molecules that trigger the activation of adaptive immune
system. The implication of these cells in the innate immune response described to
date is shown in Figures 1 and 2.

2.1 Nucleated RBCs trigger IFN type I response

It has been reported that nucleated RBCs do express pattern recognition recep-
tors (PRRs) for pathogen-associated molecular patterns (PAMPs) [6]. PAMPs are
small molecular motifs conserved in evolution and characteristic from pathogens.
There are a vast variety of PAMPs, for example, bacterial lipopolysaccharides
(LPS), bacterial flagellin, lipoteichoic acid from Gram-positive bacteria, peptido-
glycan, and nucleic acid variants from viruses—such as double-stranded RNA
(dsRNA) or nonmethylated viral 5’-C-phosphate-G-3’ (CpG)-containing DNA
[7, 8]. PAMPs are recognized by the host cells through their PRRs such as Toll-like
receptors (TLRs), retinoid acid-inducible gene I (RIG-I)-like receptors (RLRs),
AIM2-like receptors (ALRs), and nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs) [8, 9].

Among these receptors, a wide repertoire of TLRs have been described in nucle-
ated RBCs, which allow them to respond to both bacterial and viral pathogens [10].
Chicken RBCs constitutively express gene transcripts of t/#3 (which recognize viral
patterns like viral double-stranded RNA (dsRNA)), ¢/¥21 (a homolog of mammalian
TLRO [3, 10]), and tlr2, tir4, and tlr5 (which recognize bacterial patterns [10]). In
addition, rainbow trout RBCs [3, 11] and Atlantic salmon RBCs [12] constitutively
express genes tlr3 and tlr9, which recognizes CpG motifs present in microbial genome.
Besides, tlr3 upregulation with polyinosinic:polycytidylic acid (polyl:C, a molecule
structurally similar to dsSRNA) was found in tilapia RBCs [13]. It is noteworthy to
highlight that it has been reported that the type of TLRs found in chicken nucleated
RBCs is equivalent to that of many types of leukocytes [14]. This could be due to the
fact that chicken RBCs and myeloid cells arise from a common progenitor cell [15].

Among RLRs, a family of receptors which interact intracellularly with viral
dsRNA [3, 11, 12], RIG-I has also been reported in salmon RBCs. However, the
expression of other members of RLR family, such as melanoma differentiation-
associated protein 5 (MDAS5) or probable ATP-dependent RNA helicase DExH-box
helicase 58 (LGP2), in nucleated RBCs is still unknown [16].

Activation of these receptors with their corresponding PAMPs triggers the sig-
naling networks that induce the transcription of a set of genes characteristic of the
innate immune response such as the expression of interferon type I (IFN1) [17, 18].
The IFN1 is reportedly known to play a similar role in mammalian and
nonmammalian species [19]. The binding of IFN1 to their cellular receptors induces
different cell signaling pathways leading to the transcription of interferon-
stimulated genes (ISGs), including important mediators of antiviral response such
as myxovirus resistance protein (Mx), 2'-5'oligoadenylate synthetase (OAS), pro-
tein kinase RNA-activated (PKR), viperin, interferon-stimulated gene 15 (ISG15),
IFN-induced protein with tetratricopeptide repeats (IFIT), and tripartite motif
(TRIM) family, tetherin, among others [20].

In this regard, chicken and rainbow trout RBCs treated with polyl:C have been
reported to induce upregulation of type I IFNs [3, 10] and also interferon-inducible
genes Mx [3] and OAS [10], a protein responsible for initiating the RNAse L
pathway in order to cleave viral RNA [21]. In addition, it has been described that
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nucleated RBCs when infected with a virus increase the expression of IFN1 and
their ISGs. A study of Atlantic salmon-infected individuals with salmon anemia
virus (ISAV) first demonstrated the ability of RBCs to induce ifna expression in
hemagglutinated RBCs [22]. In another example, Atlantic salmon challenged with
piscine orthoreovirus (PRV), PRV-infected RBCs, induced the expression of ifn1,
mx, pkr [23], viperin, and isg15 [24] antiviral genes. Recently, Nombela and col-
leagues demonstrated that rainbow trout RBCs could generate IFN1-related
responses to viruses despite not being infected. In response to infectious pancreatic
necrosis virus (IPNV), authors observed that ex vivo purified RBCs exposed to the
virus showed an increment in the expression of ifn1, mx, interferon regulatory
factor7 (irf7), and pkr genes followed by upregulation of Mx protein expression
[25]. Likely to IPNV, viral hemorrhagic septicemia virus (VHSV) was unable to
replicate in ex vivo purified rainbow trout RBCs [26]. However, rainbow trout
RBCs exposed to this virus showed a decrease in the expression of genes related to
IFN1 pathway. The possible explanation that the authors found for this phenome-
non was a process characterized by global proteome downregulation or shutoff in
order to inhibit viral protein synthesis [26]. In addition, high levels of constitutive
Mx transcripts and protein were also identified in rainbow trout RBCs (Figure 3)
suggesting that the expression of this ISG could be a possible mechanism for
aborted or halted infections in rainbow trout RBCs [25, 26].

Nevertheless, the involvement of IFN 1 response in nucleated RBCs and how
does this response influence the global defense against viral infections remain to be
demonstrated.

2.2 Nucleated RBCs induce interleukin response

TLR signaling culminates in cellular activation and production of cytokines [27].
Cytokines are secreted proteins involved in cell recruitment and regulation of both
innate and adaptive immune responses. They are essential for an effective host
immune response to pathogens [28]. The nucleated RBCs apart from type I IFN
expression have been reported to produce other cytokines, at gene or protein level,
in response to several PAMPs.

Chicken RBCs stimulated with polyl:C have shown an increase in interleukin 8
(i18) transcripts of approximately 4 log, which was at least two to three orders of

801

CONTROL

VEHV

Figure 3.

Representative innate i e resp in rai; ) trout RBCs. Representative immunofluorescence of Mx
constitutive expression in rainbow trout RBCs. Representative immunofluovescence of IL8 and BD1 protein
expression in rainbow trout RBCs control and exposed to VHSV. Images were taken using INCell Analyzer
6000 Cell imaging system (GE Healthcare, Little Chalfont, United Kingdom). FITC, fluorescein-5-
isothiocyanate—for protein stain; DAPI, 4',6-diamidino-2-phenylindole—for nuclei stain; Mx, myxovirus
resistance protein; IL8, interleukin 8; BD1, p-defensin 1; and RBC, red blood cells.
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magnitude higher than those observed in monocytes, thrombocytes, and hetero-
phils [10]. Besides, stimulation of rainbow trout RBCs with polyl:C was reported to
induce de novo synthesis of mRNAs from chemokine (C-C motif) ligand 4 (ccl4)
[3], which is a chemoattractant for natural killer cells, monocytes, and a variety of
other immune cells [29].

Rainbow trout RBCs exposed to VHSV have shown augmented IL-8 (Figure 3)
and interleukin 1p (IL-1p) protein levels [26]. IL-8 acts as a chemotactic factor for
heterophils and other leukocytes such as monocytes [30]. Further studies are
needed to consider the chemotactic properties of nucleated RBCs, however. On the
other hand, rainbow trout RBCs exposed to IPNV showed a downregulation trend
of IL-8, IL-1pB, and tumor necrosis factor-o (TNF-a) protein expression [25]. Simi-
larly, human cord blood nucleated RBCs have been shown to exert a regulatory
function in the innate immune response, by means of the suppression of the pro-
duction of inflammatory cytokines such as TNF-a and IL-1p from monocytes in
lipopolysaccharide (LPS)-mimicked system to suppress a vigorous innate immune
reaction, which can be harmful to fetuses [31].

Interferon gamma (IFNY), a highly pleiotropic pro-inflammatory and antiviral
cytokine exclusively produced in immune-related cells, has been detected in murine
nucleated erythroid cells and may exert a regulatory influence on development and
functionality of cells pertaining to monocyte/ macrophage lineage [32]. In addition,
it has been shown that chicken RBCs stimulated with fungal species Candida
albicans release cytokine-like factors with IFNy-like activity [33]. The conditioned
medium of shape-shifted RBCs (shRBCs), a new cell stage of rainbow trout RBCs,
induced communication with rainbow trout stromal pronephros cells (TPS-2 cells)
and resulted in the upregulation of IFNy-activated genes in this cell line [34].

Taken altogether, these evidences indicate that nucleated RBCs exert paracrine
molecular communication with other cells by means of cytokine production.
Therefore, nucleated RBCs could play an important role in the recruitment and/or
activation of immune cells.

2.3 Nucleated RBCs produce antimicrobial peptide and protein expression

Antimicrobial peptides (AMPs) exist in all living creatures in nature and present
the first line of host defense against infectious pathogens [35] by means of molecu-
lar mechanisms of cellular disruption [36] and multifaceted immunomodulatory
functions [35]. Fish nucleated RBCs have been reported to produce antimicrobial
peptides in response to the viral infection.

Rainbow trout RBCs expose to VHSV induced an upregulation of p-defensin 1
(BD1) protein levels (Figure 3). Defensins belong to a family of small cysteine-rich
peptides that have amphiphilic and cationic properties [37]. BD is produced and
stored in epithelial cells, neutrophils, and phagocytes [38]. During infection by
pathogens, BD stored in granular bodies is released into the phagosomes or the
extracellular system [38]. Additionally, they are known as chemotactic attractants
for immune cells and participate in immune regulation [39].

Another AMP recently found in fish RBCs is Nk-lysin (NKkI) [40]. Nkl is
orthologous to human cytolytic protein granulysin, produced by natural killer cells
and cytotoxic T lymphocytes [41, 42], and involved in the destruction of bacteria,
fungi, and parasites [43]. Nkl is stored in cytolytic granules together with perforin and
granzymes [41, 42]. However, Nkl in turbot RBCs was found in autophagolysosomes.
This is reportedly known to link mechanism to VHSV defense in turbot RBCs [40].

Hepcidins, another family of cysteine-rich antimicrobial peptides, have also
been found to be produced by fish RBCs [26]. They were first identified in the
human liver [44] and also in some fish species [45]. But these peptides have also
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been reported to be expressed in other organs such as cardiac stomach, esophagus
[46], heart, gill, spleen, kidney, and peripheral blood leucocytes [47] dependent
upon the species. They have been shown to respond to bacterial and viral infections
[48]. Regarding RBCs, Nombela and colleagues found that rainbow trout RBCs
exposed to VHSV did not vary hepcidin protein levels [26]. Therefore, the possible
role of hepcidin in nucleated RBCs against infectious pathogens is not known yet.

Histone proteins share all of the essential traits of cationic AMPs (CAMPs); they
are hydrophobic and cationic and can form amphipathic alpha-helical structures
[49]. Recently, it has been demonstrated that a histone mixture (H1, H2A, H2B, H3,
H4, and H5) extracted and purified from chicken RBCs had antimicrobial activity
against a variety of Gram-negative and Gram-positive planktonic bacteria [50], as
well as eradication activity against Gram-positive bacterial biofilms [51]. It has also
been reported that histone H5 from chicken RBCs has a broad-spectrum antimicro-
bial activity [52].

In addition to AMPs, another protein with antimicrobial activity found in RBCs
is hemoglobin [53], which is the most abundant protein of RBCs. It has been
described that hemoglobin can elicit antimicrobial activity through reactive oxygen
species production under pathogen attack [53]. The pathogen clearance from the
bloodstream is also carried out by the hemoglobin oxygen [54].

In brief, nucleated RBCs can produce antimicrobial molecules in response to
pathogens. It therefore supports the important contribution of RBCs in the regula-
tion of host defense against pathogens.

2.4 Complement regulation on RBCs

The complement system is a component of the innate immune system which is
involved in the clearance of pathogens, dying cells and immune complexes through
opsonization, induction of an inflammatory response, and formation of a lytic pore.
This system is composed by a group of 30 different plasma and membrane proteins,
which are involved in three distinct pathways of complement activation: the classi-
cal, lectin, and alternative pathway. The classical pathway is activated by immune
complexes, by pattern recognition molecules such as C-reactive protein (CRP), or
directly by apoptotic cells and microbial surfaces. The lectin pathway is triggered by
carbohydrate structures from pathogen, and the alternative pathway is activated by
the spontaneous hydrolysis of the protein C3 (reviewed in [55]).

Autologous cells are protected from complement activation and posterior lysis
by regulatory proteins [56]. RBCs are continuously in contact with complement
proteins in the blood plasma; therefore, they have complement regulatory proteins
on their cell membrane to prevent this activation [55]. It has been reported that
human and rainbow trout RBCs highly express the regulatory protein complement
receptor 1 (CR1) or CD35 [56, 57]. An important function of RBC CR1 is to elimi-
nate complement-opsonized immune complexes from the circulation. A failure in
this receptor can end up in inflammation and damage to healthy tissues [58]. In
addition, it has been described that human RBCs can sequester typ. 5 adenovirus
(Ad5) through CR1 and Coxsackie virus-adenovirus receptor (CAR), in the pres-
ence and absence of anti-Ad>5 antibodies and complement, respectively. In this
context, human RBCs may act as circulating viral traps or clarifiers and prevent
systemic virus infection [59]. The studies of immune complex clearance in rainbow
trout showed a similar complement-dependent way to eliminate immune complex
as found in humans, suggesting that rainbow trout CR1 has a similar function to
human CR1 [60].
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3. The role of nucleated RBCs in adaptive immune response activation

The adaptive immune system consists of a specialized group of cells responsible
of a specific immune response which eliminates and prevents reoccurrence of
pathogens by immunological memory [61]. The cells that carry out adaptive
immune response are B and T lymphocytes [62]. All nucleated cells are capable of
presenting an antigen, through major histocompatibility complex (MHC) molecules
[62]. MHCI plays a key role in antigen presentation of intracellular pathogens.
Nucleated RBCs can express MHCI, and this molecule has been found on the
surface of RBCs from rainbow trout [63], African clawed frogs [64], and chickens
[65]. In addition, it has been reported that PRV infection induces genes involved in
antigen presentation via MHCI in salmon RBCs [23], and incubation with polyl:C
upregulates gene ontology (GO) categories related to antigen processing, antigen
presentation, and MHCI receptor activity in rainbow trout RBCs [6]. Unlike MHCI,
MHCII molecules are generally restricted to some endothelial cells and a subset of
antigen-presenting cells (APCs), such as macrophages, dendritic cells, and B cells
[66]. However, MHCII transcripts have been detected in chicken [10] and rainbow
trout RBCs [67]. Moreover, in rainbow trout RBCs, a combination of transcriptome-
and proteome-sequencing data identified functional pathways related to antigen
presentation via major histocompatibility complex class II. The set of genes/proteins
identified were ARP1 actin-related protein 1 homolog B (ACTR1B), adaptor-related
protein complex 1 beta 1 subunit (AP1B1), adaptor-related protein complex 2 alpha
1 subunit (AP2A1), adaptor-related protein complex 2 alpha 2 subunit (AP2A2),
ADP ribosylation factor 1 (ARF1), calnexin (CANX), capping actin protein of
muscle Z-line alpha subunit 1 (CAPZA1), clathrin light chain A (CLTA), clathrin
heavy chain (CLTC), cathepsin D (CTSD), dynamin 2 (DNM2), dynein cytoplas-
mic 1 heavy chain 1 (DYNC1H1), dynein light chain LC8 typ. 2 (DYNLL2), and
member RAS oncogene family (RAB7A) (Figure 4) [67].

Taking the above-said observations into account, these facts indicate that nucle-
ated RBCs might participate in antigen presentation through MHCI and MHCII and
suggest that RBCs may be participants in the immunological synapse with T and NK
cells. Besides, it has been published that human RBCs could play a biological role in
the modulation of T-cell differentiation and survival in the active cell division [68].
Also, natural killer enhancing factor (NKEF) protein in human RBC cytosol medi-
ates enhancement of NK cell activity [69]. In addition, in rainbow trout RBCs,
functional pathways related to regulation of leukocyte activation were identified by
a combination of transcriptome- and proteome-sequencing data [67]. Separately,
rainbow trout RBCs have been reported to use phagocytosis to bind and engulf
Candida albicans and present it to macrophages [70]. In fact, the identification of
clusters of cells composed by RBCs and immune cells, commonly termed rosettes,
leads to a crosstalk between RBCs and immune cells [70]. These evidences broaden
the horizon of nucleated RBC immune functions as they open a novel topic of
investigation where nucleated RBCs may act as professional APCs.

Separately, other molecules related to adaptive immune response have been
identified in nucleated RBCs. An example of these molecules is the immunoreceptor
tyrosine-based activation motif (ITAM) which is contained in certain transmem-
brane proteins of the immune system and is important for the signal transduction in
immune cells [71]. ITAM-bearing molecules are expressed on rainbow trout RBCs
[72]. Another molecule, Epstein-Barr virus G-protein-coupled receptor 2 (EBI2),
which plays a critical role in the regulation of T-cell-dependent antibody responses
and provides a mechanism to balance short- versus long-term antibody responses
[73], has also been reported to be highly expressed in rainbow trout young RBCs
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Figure 4.

An overview of protein—protein interaction network of a set of proteins, identified in rainbow trout
proteome profiling, velated to antigen processing and presentation of exogenous peptide antigen via
MHCILI. Protein—protein interaction network was constructed using NetworkAnalyst software [75].
Highlighted ved nodes represent the input protein-related antigen processing and presentation of exogenous
peptide antigen via MHCII pathway (Reactome database). Other nodes vepresent other protein interactions
within the same pathway (red nodes) or related to other pathways (other colors).

[74]. Based on these facts, a role for RBCs in the adaptive immune response may be
established. However, the function of these molecules and their effect on the
antiviral adaptive immune response of nucleated RBCs remain to be studied.

4, Conclusion

Nucleated red blood cells (RBCs) of fish, amphibians, reptiles, and birds contain
the transcriptional and translational machinery necessary to produce characteristic
molecules of the immune system to respond against pathogen attacks. The mecha-
nisms by which nucleated RBCs may contribute to the clearance of the pathogens
are (i) phagocytosis, (ii) antigen presentation, (iii) producing cytokines and anti-
microbial peptides, (iv) regulation of complement system, and (v) exerting para-
crine molecular communication with other immune cells and modulate their
functions. The nucleated RBCs seem to be involved in regulation of both innate and
adaptive immune responses, and these findings highlight the important contribu-
tion of RBCs in the host defense against pathogens. However, more studies are
needed to elucidate the role of RBCs in the immune response and the molecular
mechanisms involved in these processes. And, the RBCs could be considered as
potential targets for new prophylactic or therapeutic strategies against viral
infections.
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Chapter 4

Multifunctional Activity of the
p-Defensin-2 during Respiratory
Infections

Dora Patricia Rosete Olvera and Carlos Cabello Gutiérrez

Abstract

Human p-defensin-2 is a small cationic peptide that is part of the innate and
adaptive immunity. It is expressed mainly in the epithelium and has a broad
spectrum of antimicrobial activity against bacteria, fungi and viruses. In addition
to its antimicrobial activity, it has other biological functions. The alteration of the
expression of p-defensin-2 in the respiratory epithelium has been associated with
the pathogenesis of several respiratory diseases such as asthma, pulmonary fibrosis,
pneumonia, tuberculosis, rhinitis, etc. The acute respiratory infections caused by
viruses are the main cause of morbidity and mortality in the world; there are few
studies and it is necessary to study this peptide to understand its role in the viral
pathogenesis. In addition, it also becomes relevant in its potential to take advantage
of its properties in the development of alternative therapies that allow the preven-
tion or treatment of viral respiratory infections.

Keywords: -defensin-2, pathogenesis, respiratory diseases, viral infections

1. Introduction

Defensins are a family of antimicrobial peptides that are part of the innate and
adaptive immune system. They provide protection against too broad spectrum of
pathogens, viruses, bacteria and fungi [1]. The defensins are small cationic peptides
of 3—-4 kb, and its structure is composed of beta sheets, six cysteines joined by disul-
fide bonds. In humans, it is classified in two groups: a- and B-defensins [2, 3]. The
pB-defensin-2 (HBD2) is found in the second group and it is a peptide of 41 amino
acids; it is expressed mainly in the epithelial cells, mucous and skin [1, 4, 5]. It was
isolated in 1997 from skin lesions in patients with psoriasis; later, it was detected
in the epithelium of almost entire human body [6-14]. In recent years, HBD2 has
been considered as a multifunctional peptide with antimicrobial activity and with
immunomodulatory functions [15-17]. On the other hand, the HBD2 is expressed
throughout the respiratory epithelium from the mouth to the lungs; it is believed
that this defensin has a very important role in the defense against respiratory infec-
tions [2]. The alteration of the expression of the HBD2 in the respiratory epithelium
has been associated with the pathogenesis of several respiratory diseases such as
asthma, pulmonary fibrosis, pneumonia, tuberculosis, rhinitis, etc. [2, 9, 17-20].

The acute respiratory infections caused by viruses are the main cause of morbid-
ity and mortality in the world, and HBD2 has got antiviral activity against some
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respiratory viruses (influenza, respiratory syncytial virus, rhinovirus) [21-23].
The mechanisms of viral inactivation vary and include not only direct binding of
the virus to the peptide but also indirect methods of inactivation via intracellular
modulation of the viral replication, modulation of signaling pathways necessary for
antiviral effects, and recruitment of immune cells that contribute to antiviral activ-
ity [2, 22]. This revision chapter focuses on the structural and general characteris-
tics of HBD2, multifunctional activities and expression in respiratory diseases. We
present some studies concerning the effect of respiratory viruses and their relation-
ship with HBD2, mechanisms of action and their relevance as therapeutic agents.

2. General characteristics and classification

Defensins are a family of antimicrobial peptides that form part of the innate
and adaptive immune system and constitute the first line of host defense against
microorganisms. It has shown the broad antimicrobial activity spectrum against
bacteria, fungi and viruses [1, 24].

The defensins are small cationic peptides of 28-42 amino acids, characterized
by a p-sheet structure linked by tree disulfide bonds, which are formed by six
cysteine residues [2, 25]. Based on the distribution of their cysteines and disulfide
bonds, defensins are classified into two groups in humans: a- and -defensins [1].
a-defensins have 29-35 amino acids and the positions of the cysteines are C1-C6,
C2-C4 and C3-C5, while the p-defensins are composed of 38-42 amino acids with
the positions of the cysteines of C1-C5, C2-C4 and C3-C6 [26].

The a-defensins are expressed mainly in neutrophils and called human neutrophil
peptides with four types (HNP1-4). There are other a-defensins (HD5 and HD6),
known as enteric defensins, that are expressed in Paneth cells in the small intestine
[27]. The expression of HBD6 has also been confirmed in the female genitourinary
system [1, 28].

p-defensins are mainly expressed in epithelial cells throughout the body, includ-
ing mucous membranes and skin [29-32]. Four types (HBD1-4) have been identi-
fied in humans, but several analyses indicate that there may be approximately 31
types, of which HBD5 and 6 are expressed in epididymis with their importance in
defense against infections. The other defensins are known only for their antimicro-
bial activity [33, 34]. The p-defensin-1 is expressed constitutively, while the other
three (HBD2-4) are expressed by the effect of proinflammatory cytokines or during
the infectious process [1, 28].

3. Molecular structure of f-defensin-2

The HBD2 is a small cationic peptide with a positive net charge (+6). It has 41
amino acid residues; the complete gene is approximately 4 kb. It consists of six cys-
teines in positions 1-5, 2-4 and 3-6, joined by three disulfide bonds. Its secondary
structure consists of an N-terminal region linked to an alpha helix, three p-strands
arranged in an antiparallel sheet and a C-terminal region [35-37] (Figure1). Its
structure has an amphipathic nature, with hydrophilic and hydrophobic amino
acids on the surface of protein; it is stabilized by the disulfide bonds, which protect
it from degradation by proteases [38, 39]. The alpha helix is also stabilized by the
disulfide bonds (I and V) and by the first beta sheet that has a domain (Gly-X-
CyslV), which is responsible for the native structure and the correct folding of the
peptide [40, 41]. The N-terminal region binds to the membrane of microorganisms.
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Figure 1.
Secondary structure of HBD-2 that consists of an N-terminal region linked to an alpha helix, three p-strands
arvanged in an antipavallel sheet and a C-terminal vegion [41].

The specific conformation of N-terminal region of f-defensins may be important
for the biological properties of these proteins. [37].

The C-terminal region consists mainly of cationic amino acids (lysine and
arginine) that are distributed asymmetrically with their positive charges and are
important in antimicrobial activity [3, 38, 40].

4. Genetic structure of f-defensin-2

The gene codify for HBD2 is located on chromosome 8p23. The gene is approxi-
mately 4 kb and composed of a 5‘and 3’ non-translatable region, two exons sepa-
rated by an intron. The first exon has 81 bp and codes for the signal peptide and the
second exon has 238 bp and codes for a short anion segment called propeptide and
the mature peptide [3, 25, 42]. The 5’ region of HBD2 has specific sites that bind to
the transcription factor kB (NF-kB). In addition, there are sites that bind to other
transcription factors such as C/EBP, and NF-IL-6, which are important for their
expression [42-44].

The HBD2 have a polymorphic nature, and the number of copies of the gene
varies in each individual [45]. It has been reported that there are 2-12 copies per
diploid genome, and the number of copies is related to the level of expression. It
has been suggested that these variations may have consequences on the function
of immune system. Some infectious and inflammatory diseases are related to the
number of copies of the HBD2 gene [44, 46] (Figure 2).

Exon 1 Exon2

Jr— | — |
F L F ¥ L] )
§'UTR Signal Pro Mature 3'UTR

—— e

Figure 2.

Genetic structure of HBD2. It encompasses untranslated 5 and 3’ regions and two exons separated by an
intron. The first exon codes for the signal peptide and the second exon codes for the propeptide and the mature
peptide [3].
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5. Expression and regulation of p-defensin-2

HBD?2 is expressed mainly in all the epithelia of human body (respiratory, digestive,
urogenital, conjunctive epithelium), mucous, peripheral blood and skin. In the respira-
tory system, HBD2 is expressed in mucous from the mouth to the epithelium of the
lungs and is induced by bacteria, fungi and virus infections and by proinflammatory
stimuli such as interleukin 1o (IL-1a), interleukin 1p (IL-1p), tumor necrosis factor
alpha (TNF-a), interferon gamma (IFN-y) and interleukin IL-6 (IL-6) [29, 47-51].
Recently, a study showed that the cytokines IL-17 and IL-22 are produced by Th17 cells,
which are reportedly known to regulate the expression of HBD2 on mucosal surfaces
[32]. HBD2 is produced as a functionally inactive peptide (prepro-defensin), and to
achieve its biological activity, it must go through a post-translational modification pro-
cess and form a mature peptide. Prepro-defensin is composed of a highly hydrophobic
pre-peptide signal, a propeptide and the mature peptide. The prepropeptide is cut by
proteases in the Golgi apparatus, and once removed, the mature peptide with antimi-
crobial activity is secreted on the surface of the epithelial cells [3, 52].

The regulation of the expression of the HBD2 in the respiratory epithelium involves
multiple signaling pathways; most of these have been studied with bacterial infections.
The bacterial proteins induce the expression of HBD?2 in the respiratory epithelium
through transcription factors (NF-kB) [53], the myeloid ELF-1-like factor (MEF) [54],
the nuclear factor interleukin 6 (NF-IL6) [55] or the activated protein 1-3 (AP1-3) [56].
Signaling pathways involve mitogen-activated protein kinase (MAPKs) [49, 57, 58],
phosphatidylinositol-3-kinase (PI3K) and protein kinase C (PKC) [59].

Another form to induce HBD2 expression is through cellular receptors, the
respiratory epithelium expresses various receptors on its surface. Toll-like recep-
tors (TLRs) 1-6 are expressed on the epithelial surface, and in the intracellular
vesicles, the TLR3 and TLR7-9 are expressed in the endosomes or endoplasmic
reticulum. These receptors recognize pathogens and have a cytoplasmic domain
that is homologous to the IL-1 receptor and is responsible for initiating intracellular
signaling pathways. This signaling cascade includes the activation of NF-kB. This
transcription factor promotes the gene expression that contributes to the cytokines,
chemokines, adhesion molecules, co-stimulatory molecules release as well as the
expression of HBD2 [60].

In a study with lung epithelial cells infected with L. prneumophila, it was
observed that the infection induces the release of HBD2, and its expression is
mediated by the receptors TLR2 and TLR5 and activation of MAPKs (p38, JNK) and
transcription factors NF-kB and AP-1 [50, 57, 58, 61].

Another way to regulate the expression of HBD2 is through the interaction with
receptors; its chemotactic property was initially discovered in different types of
cells such as monocytes, T cells and immature dendritic cells. The activity is carried
through the CCR6 receptor binding [32].

Other receptors involved in the regulation of the HBD2 expression are the recep-
tors for vitamin D and protease-coupled receptors (PARs) [62-65].

Nowadays, HBD2 is considered a multifunctional molecule; the ability to bind
to several ligands suggests that there may be more receptors and signaling path-
ways still to be discovered and that may have important biological activities in the
immune system.

6. Mechanisms of action of $-defensin-2

Several mechanisms of action have been proposed for defensins; however,
the main mechanism of action of the HBD2 is to eliminate microorganisms
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Figure 3.
Mechanisms of action of HBD2. The defensin with its positive charge is attached by electrostatic attraction to
the membrane of the pathogen forming pores [3].

directly through the interaction with the microorganism membrane. The first
step is given by the electrostatic attraction between the cationic defensin with
positive charge and the microorganism’s membrane components with negative
charges [37].

Components of the bacteria membrane have been identified as targets for the
HBD2. Lipopolysaccharides are targets for Gram-negative bacteria, teichoic acid
for Gram-positive bacteria and phospholipids for both bacteria. In Gram-negative
bacteria, the peptides are inserted into the membrane by hydrophobic interactions.
It is thought that it possibly involves a folding of the peptide within the structure
of the membrane [38, 66, 67]. After the electrostatic interaction of the peptide
with the membrane and the displacement of the lipids, the defensin is added to the
surface of membrane. There are several modes of action that have been proposed
to describe how defensins are oriented to form pores and how the structure of the
membrane is altered, becomes permeable, such as cell lysis and finally results in the
death of the microorganism (Figure 3) [3, 37, 68].

The high content of negatively charged amino acids in the membranes of
bacteria is the main factor that makes them more susceptible to being targeted by
defensins. The membrane of the eukaryotic cells predominates lipids with neutral
charge without net charge, they have a high level of cholesterol, and bacteria do
not contain cholesterol in their membranes. Cholesterol causes the membrane to
condense and prevents the peptide from penetrating; this also has an asymmetric
distribution of phospholipids contributing to the resistance against defensing.
These mechanisms explain why these peptides are not toxic in eukaryotic
cells [69, 70].

7. Mlultifunctional activities of f-defensin-2

HBD2 was isolated and characterized by its antimicrobial activity. Currently,
several studies have described different biological activities of HBD2, and it is con-
sidered as a multifunctional protein. Some of the account on its biological activities

is given below.
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7.1 Antimicrobial activities

HBD?2 has a broad spectrum of activity against a wide variety of bacteria, fungi
and viruses. The mechanism of action of this defensin begins with the interaction
of the negative charges of the pathogen membrane, the formation of pores and
finally the lysis of the microorganism. The variability of the composition of the
membranes of the different pathogens explains in part the different antimicrobial
effects [2, 22].

7.2 Innate and adaptive immunity

HBD2 is important in innate immunity and constitutes the first line of host
defense against infections by microorganisms. Its role in adaptive immunity is
attributed mainly to its chemotactic activity in immature dendritic cells and
memory T lymphocytes through the CCR6 receptor [26].

Several mechanisms have been proposed for HBD2 that contributes to the
adaptive immunity: (a) Increase in the recruitment of immature dendritic cells.
Immature dendritic cells are recruited from circulating blood or tissue near the site
of inflammation by chemoattractants that interact with their corresponding recep-
tors (CCR1, CCRS5, CCR6). (b) Formation of defensin-antigen complexes. HBD2
forms defensin-antigen complexes facilitating the presentation to dendritic cells.
(c) Maturation of dendritic cells. HBD2 induced the maturation of dendritic cells
for direct production of IL-2 or indirect production of TNF and IL-1 by monocytes
and macrophages. (d) Recruitment of memory T cells. It facilitates the recruitment
of memory T cells that are the effector cells of adaptive immunity [15, 26].

HBD2 contributes to unite the innate and adaptive immune response, and this
property has been applied for the development of vaccine adjuvants, since it pro-
motes adaptive immunity when it is administered together with antigens [15, 26].

7.3 Inflammation

Inflammation is a protective reaction by the host to eliminate injurious stimuli
(microorganism, damage cell or irritants). Some viral infections cause severe
inflammation, and the tissue can be damaged and then it must be repaired. The
mechanisms include the production of anti-inflammatory cytokines, lipid media-
tors, glucocorticoids, immune cell apoptosis, etc. [3].

HBD2 plays a critical role in regulating inflammation processes in the respiratory
system and modulates the production of inflammatory cytokines and chemokines.
An increase in local expression has been observed; but in severe cases, the HBD2
can be detected systemically [71].

HBD-2 can promote histamine release and prostaglandin D2 production in mast
cells, suggesting a role in allergic reactions [1, 26, 72].

7.4 Anti-inflammatory activity

HBD2 and the complement system are two important innate immune mecha-
nisms against a broad range of microorganisms. The complement is composed
of more than 30 proteins found in the human serum, and it is activated by three
different pathways (classical, alternative and lectin) [73, 74]. It has been described
that HBD2 binds to Clq (first component of the complement system) and inhibits
the classical complement pathway. HBD2 have a dual protective role not only as an
antimicrobial agent but also to provide protection against uncontrolled activation of
complement system [73, 75, 76].
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7.5 Immunomodulatory properties

Recently, the study of the HBD2 has focused on the modulation of the immune
response. It has been suggested that multiple mechanisms of action may be involved
from direct binding to the membrane of the microorganism to the union with
different types of cellular receptors that can induce transduction signals, gene
transcription and various signaling pathways [77]. This mechanism paves the way
for the development of new therapies for infectious respiratory diseases.

7.5.1 Moxifloxacin/HBD2

In a study with epithelial lung cells (A549) stimulated with LPS, it was dem-
onstrated that the association of moxifloxacin/HBD2 has an anti-inflammatory
effect. Moxifloxacin is a fluoroquinolone against Gram-positive and Gram-negative
bacteria, which may have affected the immune system. The treatment induced a
reduction of proinflammatory cytokines (IL-1 and IL-6). These data support the
hypothesis of its immunomodulatory capacity of HBD2 to neutralize the compo-
nents of bacteria that induce the activation of cytokines [78].

7.5.2 Vitamin D (VitD)

VitD plays an important role for the calcium homeostasis in the bones.
Currently, the interest has focused on the modulation of the immune response in
fighting viral respiratory infections. Some studies show that patients with defi-
ciencies in VitD are at higher risk of suffering respiratory infections in the upper
respiratory tract [79]. One study showed the association of polymorphisms in
the VitD receptor and severe bronchiolitis in patients infected by the respiratory
syncytial virus [80].

The immunomodulatory effect has been of great importance in some viral
infections; several types of cells including epithelial cells treated with VitD induce
the expression of the receptor and the production of antimicrobial peptides such as
the HBD2. In the patients infected with HIV, the high levels of VitD and its recep-
tor increase the amount of IL-10 and HBD2, which are associated with a natural
resistance to HIV infection [62].

The VitD receptor is expressed in several types of cells (monocytes, B cells, T
cells and NK), is an endogenous immunomodulator and induces the transcription
of the HBD2. This work shows that the expression of HBD2 is important to render
tolerance to viral infections [62, 64].

7.5.3 PARs (receptors coupled to proteases)

It is a family of receptors coupled to the G-protein, which is formed by seven
transmembrane domains with an amino-terminal extracellular domain and a
C-terminal domain. PARs are activated by proteolytic cleavage in the N-terminal
domain by serine proteases. N-terminal serves as a ligand to carry out intracellular
signaling. They are expressed in epithelial, endothelial and immune cells such as
leukocytes, mast cells, eosinophils, neutrophils and mastoid cells. Four types of
receptors have been described (PAR-1-4). PAR-1, 3 and 4 are activated mainly by
thrombin and are involved in the aggregation of platelets. PAR-2 is activated by
trypsin, tryptase from mastoid cells, protease 3 from neutrophils and tissue fac-
tor, factor VIIa and Xa [81]. Recently, PARs have been implicated in the regulation
of the expression of antimicrobial peptides found in epithelial cells such as defen-
sins [65, 82]. The researchers identified the expression of the HBD2 in human
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gingiva by P. gingivalis infection. Further, proteases of the bacteria induced the
expression of the defensin through PAR2. The authors suggest that this signaling
pathway can lead to the development of preventive therapies in mucosal infec-
tions [65].

7.5.4 Triptolide

This is an immunosuppressive and anti-inflammatory agent that was extracted
from an herb of Chinese origin (Tripterygium wilfordii). It decreases the expression
of the NF-kB and genes related to inflammatory processes. This review chapter
shows that this agent suppresses the expression of HBD2 induced by IL-1p in A549
cells and the suppression is associated with the inhibition of NF-kB [83].

7.5.5 Neutrophilic elastase

It is a serine protease that is expressed in neutrophils and stored in their gran-
ules. It has been reported that neutrophilic elastase in the bronchial epithelium has a

direct effect against bacteria; in addition, it can regulate the increased expression of
the HBD2 [84].

7.5.6 Dexamethasone

It is a synthetic glucocorticoid that is used in the treatment of respiratory,
allergic or autoimmune diseases. Its effect is to decrease the expression of proin-
flammatory cytokine genes through NF-kB. The clinical use of glucocorticoids can
increase the susceptibility to infections by decreasing the expression of antimi-
crobial peptides such as the HBD2. In this study, they investigated the molecular
mechanism by which dexamethasone modulated HBD2 expression in response to
IL-1b in A549 cells and, the role of MAPKs, MKP-1, AKT, and NF-kB transcription
factor. They demonstrated that dexamethasone suppresses the expression of HBD2
for this signaling pathway [83].

7.5.7 Isoleucine

Isoleucine is an essential amino acid that can induce the expression of the
HBD2 in the epithelium. Its expression involves the activation of NF-kB/rel family
of trans-activating factors. The authors suggest that isoleucine or analogues may
have clinical utility as immunostimulants that could bolster the defense of the
respiratory epithelium and mucosae [85].

7.5.8 Hyaluronic acid

When the skin epithelium suffers damage, the hyaluronic acid, which is found
in the extracellular matrix, is fragmented and activates keratinocytes which in turn
stimulate the HBD2 production. The induction is mediated by toll receptors (TLR2
and TLR4) as well as other signaling pathways such as c-Fos and protein kinase C;
thus, the epithelium is protected from infections [86].

7.5.9 Sirtuinl (SIRT1)

Itis a nicotinamide adenine dinucleotide-dependent histone deacetylase, which
regulates several processes of the innate and adaptive immune system.
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The anti-inflammatory properties of SIRT1 are reportedly known to show [87] that
the infection with S. pneumoniae in alveolar epithelial cells (A549) induces HBD2
production involving the SIRT1. Furthermore, HBD2 production induced by S
pneumoniae is mediated by the MAPK activation (p38), and the expression of IL-8
is regulated by the phosphorylation of ERK.

7.6 Wound repair

This process has been described in the epithelium of skin and can be achieved
by various means, which includes the modulation of cytokines production, cell
proliferation and migration and in some cases angiogenesis [88, 89]. It has been
demonstrated that HBD2 is expressed in normal skin [90], and its expression
increases when the skin is damaged or during the chronic infection [91].

Patients with diabetes mellitus suffer from skin ulcers, and the expression of
HBD2 does not increase when compared to normal skin. The scarce expression of
HBD?2 is seen during the chronic disease. The authors supposed that high glucose
levels inhibit the expression of HBD2 in human keratinocytes [92].

HBD?2 is reportedly seen to elicit intracellular Ca+2 mobilization and increased
keratinocyte migration and proliferation [93]. Besides, this peptide induced
phosphorylation of EGFR, signal transducer and activator of transcription STAT1
and STAT3. These are intracellular signaling molecules involved in keratinocyte
migration and proliferation.

7.7 Angiogenesis

It is a process by which endothelial cells proliferate and migrate towards the
angiogenic stimulus to form new blood vessels. This process is part of the repair of
damaged tissues and severe inflammatory processes. The present paper demon-
strates that HBD2 stimulates the migration, proliferation and formation of capillary
tubes of endothelial cells [94].

7.8 Cytokines and chemokines

Peripheral blood mononuclear cells when stimulated by the HBD2 induce a
strong cytokine response. The cytokines that were detected in the highest concen-
tration were interleukin 6 (IL-6), interleukin 8 (IL-8) and interleukin 10 (IL10).
It was also found that monocyte chemotactic protein 1 (MCP-1) induces a strong
response and also induces RANTES, IL-18, ENA-78 and GRO, so that the induc-
tion patterns of cytokines/chemokines can be crucial in the development and
amplification of the immune response against pathogenic microorganisms [95].

7.9 Hypertension
It has been proven that HBD2 can regulate blood pressure and provide a new
mechanism for the treatment of hypertension [96].
8. Respiratory diseases associated with the expression of f-defensin-2
The respiratory epithelium is the largest surface of the human body in contact

with external medium, and it exposed to a large number of pathogens.
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The respiratory epithelium counts upon many defense effectors and one of them is
the production of defensins. They act as a first line of host defense against invading
microorganism. The cells of respiratory epithelium produce four types of defensins
(HBD1-4). HBD1 is expressed constitutively and HBD2-4 are expressed during
infectious or inflammatory processes. HBD2 is the most expressed in all respiratory
epithelium from the oral cavity, pharynx, larynx, trachea, serous cells and submu-
cosal glands to the lung [1, 29, 97]. Several authors have reported expression of the
HBD2 in these tissues and also detected the protein in healthy and diseased people
in different secretions of the body such as bronchoalveolar fluid, saliva, blood,
plasma, milk, sputum, nasal secretions, etc. [32, 98-102].

Several studies have suggested that there is a relationship between HBD2 and the
pathogenesis of several respiratory diseases. The increase or decrease of its expres-
sion can result in the protection or amplification of the disease.

8.1 Lung cancer

This type of disease has a high mortality rate and the treatments are very
expensive. It is difficult to detect early stages of the disease or if the tumor is benign
or malignant, especially in the preliminary condition. The higher concentrations of
HBD?2 in the serum of patients did not show any relation with the histopathological
classification [103].

8.2 Pneumonia

It is a disease of the lower respiratory system that mainly affects young children and
older adults and has a high mortality rate and a great social and economic impact due
to long periods of hospitalization and resistance to antibiotics. The alteration of the
immune function of the mucosa of the respiratory system in these age groups consti-
tutes a risk factor for contracting pneumonia. Bacterial infections are frequent, such
infections lead to a serious deterioration of lung function, and are usually associated
with persistent colonization by bacteria such as Pseudomonas aeruginosa, Haemophilus
influenzae, Streptococcus pneumonia and Legionella pneumophila. Patients with acute
pneumonia caused by bacterial infections have shown that the HBD2 is expressed in
lung tissue and the concentration of the protein increases in blood and alveolar fluid
[98, 101]. When the HBD?2 levels in plasma are below 12.5 mg/ml, the patients with
pneumonia have a high possibility of needing mechanical ventilation and development
of new complications or death [104].

In an in vitro model, L. pneumophila induces the release of hBD-2 in A549
cells in a manner dependent on TLR2 and TLRS5. The activation of p38 MAPK and
JNK, as well as NF-B and AP-1, is involved in the production of hBD-2 induced by
L. pneumophila. Therefore, regulation of the release of hBD-2 by L. pneumophila
in A549 cells appears to be determined by multiple signaling molecules and may
contribute to host defense in Legionnaires disease. [57].

8.3 Cystic fibrosis

Cystic fibrosis is a chronic lung disease with high morbidity and mortality rates.
It is caused by a recessive mutation in the transmembrane conductance regulator
gene (CFTR), which is located on chromosome 7 on the apical surface of epithelial
cells [19, 24, 105]. This mutation causes abnormal transport of chlorine ions, which
induce an increase in the salinity of the alveolar fluid. The high salt concentration
abrogates the antimicrobial activity of HBD2; this might explain the recurrent
bacterial infections in the lungs of these patients [32, 105].
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Bacterial infections in patients with cystic fibrosis are very common; in the
acute phase, the patients are infected mainly with Haemophilus influenzae and
Staphylococcus aureus. While in the chronic phase, the infection is always caused by
Pseudomonas aeruginosa, a Gram-negative bacterium, opportunistic and resistant to
antibiotics [32].

The decrease in the expression and degradation of HBD2 plays an important
role in the pathogenesis of pulmonary infection for P. aeruginosa in patients
with cystic fibrosis [105]. They explain that in the chronic phase of infection,
the phenotype of the bacteria changes and it loses the flagella. The flagella are
composed of flagellin, which is a virulence factor that promotes mobility and
adhesion. The flagellum is the ligand that triggers the signaling pathway for the
expression of HBD2. When losing the flagella, the bacterium does not recognize
the receptor (TLR5) of the epithelium and transcription of the gene is not
executed through NF-kB. The bacterium causes damage to the epithelium of the
lung producing a severe inflammatory process, with production of IL-8. IL-8
causes the accumulation of neutrophils; later, they enter apoptosis and phago-
cytosed by macrophages. Many macrophages accumulate in the lung and secrete
cathepsin, a cysteine protease that remodels the extracellular matrix found in
large quantities in bronchoalveolar lavage. This enzyme degrades the disulfide
bonds of the defensins by inactivating them, thus losing their antimicrobial
activity [9].

The patients with cystic fibrosis and polyps showed high levels of HBD2 and
TLR2 expression with an increase in IL-8 [106]. In nasal epithelium of patients with
CF, HBD2 is not upregulated in response to inflammatory stimuli. The higher levels
of inflammatory markers were seen but without any correlation with the expression
of HBD2. They explain that the epithelium of patients with cystic fibrosis is chroni-
cally exposed to inflammatory stimuli and lost the capacity to upregulate defensin
synthesis. The inflammatory stimuli may not be the sole inducers of defense expres-
sion [107].

8.4 Chronic obstructive pulmonary disease (COPD)

COPD is an inflammatory disease of the respiratory tract that is characterized
by recurrent infections, severe inflammation and is associated with a reduction of
airflow and a decrease in lung function [108]. The main environmental risk factor
is smoking; some authors suggest that tobacco smoke inhibits the activation of
the host’s innate immune system. The iz vitro studies with respiratory epithelium
exposed to tobacco smoke are reported to inhibit the expression of HBD2 when
infected with bacterium [109]. COPD patients who smoke have lowered basal
hBD-2 expression in the epithelial cells of the central airways, which correlates with
the amount of cigarette pack years. The decreased HBD2 expression is associated
with current or former smoking, which makes the population more susceptible
towards infections by microorganisms [108, 110].

Moreover, genetic factors can contribute to the progression of the disease. The
variation in the number of copies of HBD2 gene in epithelial cells is associated with
the pathogenesis of the disease [110]. Moreover, genetic factors can contribute to
the progression of the disease. The variation in the number of copies of HBD2 gene
in epithelial cells is associated with the pathogenesis of COPD. In this study showed
a significantly higher proportion of the patients with severe COPD had high diploid
B-defensin copy numbers (five or more) compared with the control sample.

In another study, the expression of HBD2 in peripheral lung tissue in patients
with COPD is elevated and associated with the habit of smoking and with the high
levels of IL-8 as well as severity of the disease [111].

63



Immune Response Activation and Immunomodulation

8.5 Allergic rhinitis (AR)

AR is an inflammatory disorder that occurs in the nasal mucosa and triggered by
the exposure to allergens (mites, pets, insects, pollen, latex items, tobacco particles,
ozone, nitrogen oxide, sulfur dioxide, aspirin, etc.) producing inflammation medi-
ated by IgE. Clinically, it is characterized by symptoms such as rhinorrhea, sneez-
ing, nasal congestion and itching. These symptoms worsen a person’s productivity
and quality of life and cause sleep disturbances, fatigue or depression. Although it
occurs more frequently in young children, adults are affected as well [18].

Studies with tonsil tissue (lymphocytes) and pharyngeal epithelial cells from
patients with allergic rhinitis found a reduction in the expression of HBD2. When
cells are exposed to Th2 cytokines (IL-4, IL-5 and IL-13) and histamine iz vitro,
they also cause a decrease in the expression of HBD2. Therefore, patients with
allergic rhinitis are more susceptible to respiratory infections and severe exacerba-
tions [112-114].

8.6 Rhinosinusitis

Rhinosinusitis is characterized by the presence of at least two respiratory symp-
toms, nasal obstruction and nasal discharge, wherein the presence or absence of
nasal polyps is seen. In one study, the sinonasal epithelial cells of patients with rhi-
nosinusitis with nasal polyps showed a decrease in the expression of p-defensin-2 in
response to the presence of IL-4 and IL-13 [114-116].

8.7 Otitis media

It is a very common disease mainly affecting the young children under 3 years of
age having episode of otitis media. The pathogenesis of the disease is multifactorial,
and among the most important factors are viral infections (respiratory syncytial virus,
rhinovirus, influenza A, adenovirus) and bacterial infections (Streptococcus pneu-
moniae, nontypeable Haemophilus influenzae (NTHI), and Moraxella catarrhalis). The
acute illness resolves quickly but the chronic or recurrent disease can cause hearing loss
(39, 117].

The epithelial cells of the middle ear express HBD2, and two signaling pathways
have been described. HBD2 expression is induced by pro-inflammatory stimuli
such as interleukin 1 alpha (IL-1a), tumor necrosis factor alpha (TNF-a), and
lipopolysaccharide (LPS). Their transcriptional activation is mediated through an
Src-dependent Raf-MEK1/2-ERK signaling pathway [119]. The other known route
is when the bacterium is recognized by the TLR2 of epithelial cells through the
MyD88-IRAKI-TRAF6-MKK3/6-p38 MAP kinase signal transduction pathway
[117, 118].

8.8 Asthma

It is a common chronic obstructive disease characterized by obstruction, hyper-
reactivity and inflammation. It affects all age groups throughout the world and has
high morbidity and mortality rates [119]. Epidemiological studies indicate that the
pathogenesis of asthma is multifactorial. The viral respiratory infections are the
main cause of exacerbations or asthma attacks; influenza viruses, parainfluenza,
rhinovirus and respiratory syncytial are those that have been identified more
frequently [120, 121].

The mechanisms that explain how viruses cause or exacerbate asthma are diverse
and some are not yet fully characterized. Recent studies indicate that HBD2 may
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play an important role in the pathogenesis of asthma. Some mechanisms have been
suggested to explain the exacerbations of asthma such as (a) patients with asthma
develop a TH2 type response; it induced the production of cytokines (IL-4, IL-5,
IL-13) that inhibit the production of HBD2, causing susceptibility to infections
[122]. (b) HBD2 induces the activation and degranulation of mastoid cells that
release histamine and prostaglandins, substances that increase asthma exacerba-
tions [26].

8.9 Recurrent respiratory papillomatosis

It is a disease in the respiratory tract caused by infection with human papil-
loma virus. The papilloma virus belongs to the Papovaviridae family. It is a circular
double-stranded DNA virus and has no envelope, and its genome is 7200-8000 bp.
There are more than 100 serotypes, which due to their oncogenic capacity are
divided into high risk and low risk [123].

The disease characterized by abnormal proliferation of epithelial keratinocytes
forming a papilloma. It occurs more frequently in the larynx but might spread to the
trachea or even lungs. It is common in children 2—4 years of age and in children over
12 years of age and in young adults. The first symptom is progressive dysphonia,
with symptoms of variable respiratory obstruction, dyspnea and stridor. Some
patients have spontaneous remission and others may have a very rapid growth that
may require multiple surgical procedures or cause obstruction resulting in death.
Papilloma viruses have a high morbidity rate because of its recurrence, and there are
no satisfactory treatments [124, 125].

The serotypes of papilloma that have been found with higher frequency are the
serotypes of low risk 6 and 11; nevertheless, a 2% can be infected with other sub-
types like the 16 and 18 of high risk, but these are associated with transformation of
cells causing carcinoma [123].

The expression of HBD2 in samples of papillomavirus induced lesions in patients
with recurrent respiratory papillomatosis, and its association with IL-8 [126] was
studied. The lesions showed high levels of HBD2 expression, and the inflammatory
process was not significant. Despite the higher expression of HBD2 in the deep-
seated tissues, the persistence of the virus leads to the disease progression. They
suggest that HBD2 can serve as a signaling molecule to induce the adaptive immune
response against viral infection with acceptable inflammatory events.

8.10 Diffuse panbronchiolitis (DP)

DP is a disease with chronic inflammation in the bronchioles of respiratory sys-
tem. The immune cells are activated, and neutrophils are found in large quantities
and activate T lymphocytes. There are often bacterial infections (P. aeruginosa and
H influenzae). The pathogenesis of this disease is not clear; but recently, HBD2 has
been implicated. In a study with patients with DP, high levels of HBD2 in bronchoal-
veolar fluid and plasma were found, suggesting that it could play an important role
in the defense against infections. The levels of HBD2 in BAL fluid may be a useful
marker of airway inflammation in patients with DPB [127].

8.11 Tuberculosis

Tuberculosis is one of the most frequent infectious diseases that cause more
deaths; its incidence is still a global health problem. Mycobacterium tuberculosis is
the causative agent of tuberculosis, and it can cause a progressive disease or a latent
infection. It has been reported that a third part of the population is latently infected
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and 10% have active disease. There are many difficulties due to highly resistant
strains and fewer therapeutic agents [128].

However, HBD2 is suggested to play an important role in the control of the dis-
ease by direct inactivation of the bacteria or as an immunostimulant in vaccines. This
bacterium mainly infects macrophages and lung epithelial cells. The iz vitro studies
have shown that M. tuberculosis induces the expression of HBD2 in human lung
epithelial cells (A549) and is associated with the destruction of bacteria [129, 130].

The transfection of monocytes derived from macrophages with the HBD2 gene
increases the ability to control the growth of M tuberculosis when compared with
non-transfected cells [131]. Children infected with M. tuberculosis present high
concentrations of HBD2 in bronchoalveolar lavage suggesting its involvement in the
pathogenesis of disease.

Results are favorable in animal model studies in mice, mice were vaccinated with
DNA vaccines (gene encoding B-defensin-2 and antigens of M tuberculoisis) and
months later were challenged with M tuberculoisis strains. The level of protection
was evaluated by survival, and tissue damage. DNA vaccines showed protection with
significant higher survival and less tissue damage in the mice [132]. When a person is
infected with M. tuberculosis, the microenvironment is reduced in oxygen,; this trig-
gers the expression of the vitamin D receptor and HBD2 inhibits the growth bacteria.
The lack of local oxygen benefits the macrophage for its elimination.

Other signaling pathways that have been discovered are in monocytes through
the CD40L and IFN receptors that converge in the activation of vitamin D. HBD2 is
expressed and acts against the bacterium M. tuberculosis [134].

8.12 Sepsis

The infectious diseases can cause severe sepsis and the patient’s immune system
to suffer drastic changes. This study investigated the concentration and the expres-
sion of HBD2 in peripheral whole blood cells from patients with severe sepsis. They
detected that the peripheral blood cells expressed a decrease in the expression of
HBD?2. The patient serum showed higher concentrations of HBD2. The patients with
severe sepsis have severe inflammatory processes and the proinflammatory cytokines
are at high concentrations (IL-1 and TNF); these cytokines also induce the expression
of HBD2. It is suggested that these cytokines may be involved in the overproduction
of HBD2 in the blood of patients with sepsis. The decreased HBD2 induced in periph-
eral blood cells was not associated with decreased plasma levels, suggesting that
peripheral blood cells do not represent the exclusive source of released protein [135].

9. Antiviral activity of p-defensin-2 in respiratory infections

The HBD2 was initially studied as an antibacterial peptide, and its antiviral
activity has been recently demonstrated. The notion was that it only acted in envel-
oped viruses, but other studies have proven that they also act against naked viruses
and any type of genome DNA, RNA and retroviruses. The mechanisms of antiviral
inactivation have been classified as direct and indirect. The direct ones occur when
HBD2 binds to the viral membrane by electrostatic attraction, causing pore forma-
tion and lysis of microorganism. The indirect mechanism occurs when it inactivates
an intracellular pathway of the virus replication cycle or when there is recruitment
of immune cells that contribute to their antiviral activity [2].

Acute respiratory infections caused by viruses are very common, causing high
rates of mobility and mortality. There are few studies that relate to HBD2 and viral
infection, and some of them are presented in the following paragraphs.
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9.1 Influenza virus

The influenza virus belongs to the Orthomyxoviridae family and renders acute
respiratory infection affecting mainly children and adults. It is an RNA virus, envel-
oped and has the ability to mutate rapidly, causing epidemics and pandemics [136].

Influenza virus induces the production of HBD?2 in the epithelial cells of the
respiratory tract in vivo and in vitro [137]. In the in vitro study with infected MDCK
cells with influenza virus, recombinant murine p-defensin-2 prevents infection by
blocking the entry of the virus. The lungs of murine model infected with influenza
virus showed an increased expression of p-defensin and therefore confer protection
against infection [21, 138].

9.2 Respiratory syncytial virus (VSR)

This virus belongs to the family Paramyxoviridae and affects principally infants,
young children and older adults causing bronchiolitis and pneumonia. VSR has a
high rate of morbidity and mortality having RNA enveloped virus of negative sense.
There are no vaccines available and only fewer antivirals available which have been
seen ineffective [22, 139].

The human lung cells (A549) infected with RSV expressed HBD2 [140]. The
expression of the peptide depends on the activation of NF-kB and the action of
TNF produced by the virus. The elimination of the virus is due to damage to the
membrane.

9.3 Adenovirus

The adenoviruses belong to the Adenoviridae family; 51 serotypes divided into
six species have been recognized (HAd A-F). Species B, C and E produce respiratory
infections. Adenoviruses are double-stranded linear DNA viruses, lack envelope
and replicate in the nucleus, and their genome has a size of 36 kb. These viruses
spread rapidly in closed environments such as military camps, orphanages, board-
ing schools and prisons. The acute respiratory infections are transmitted mainly by
aerosols and by direct inoculation through fingers. Although this disease is benign
and with little severity, the infection might be severe in immunosuppressed patients
afflicted with HIV and with kidney transplants. The HBD2 inactivates the infection
for adenovirus in vitro; the mechanisms of action are not yet known due to lack of in
vivo studies [140].

9.4 Rhinovirus

The rhinovirus is the main cause of the common cold belonging to
Picornaviridae family. They are small, single-chained, naked RNA viruses.
Respiratory infections caused by rhinoviruses are associated with asthma exacerba-
tions in children and adults. Rhinovirus infection in the A549 cells (human lung
cells) and bronchial epithelial cells induces the expression of HBD2. The virus
replication appears essential for the expression of peptide [141].

10. Conclusions
Initially, p-defensin-2 was considered an antimicrobial peptide. The advance

in the study of these molecules has made it possible to know that $-defensin-2 is a
peptide with multiple functions. However, its role in the pathology of respiratory
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diseases is unclear. During the infectious processes of the respiratory epithelium,
HBD?2 is expressed by the effect of the infection, and it has been described that it
may be closely associated with the severity of the disease. The study of HBD2 dur-
ing viral respiratory infections is unclear, so it is necessary to continue investigating
the role of this molecule in the immune response activated by viral infections.
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Chapter 5

Immune Cell Activation:
Stimulation, Costimulation, and
Regulation of Cellular Activation

Suman Kapur and Anuradha Pal

Abstract

Opiate receptor (uOR) is expressed in central nervous system, gastrointestinal
tract, male and female reproductive tissues, and immune cells. Morphine, a ligand
for opioid receptor family, is known to activate the hypothalamic-pituitary-adrenal
axis and release immunosuppressive glucocorticoids. Herein we present that
minor changes, in the form of nonsynonymous single nucleotide polymorphisms,
in pOR have cumulative impact on receptor-mediated signaling and functions of
specific cell type(s). Significant reduction was seen in cells in M and S phases with
coactivation of immune receptors with pOR. Flow cytometry-based experiments
established a reduction in B and T lymphocytes, NK cells, and macrophages.
Differences in types of immune cells were found to be significant to reduce
immune response(s) mounted by GG (mutant allele)-bearing individuals. This is
the first report on cross-talk between LPS-binding and pOR, explaining the reduc-
tion in the number of T and B cells after chronic opiate use and also the associa-
tion of this impact on immunocytes with functional SNP, rs1799972/118G allele
of OPRM1 gene as an explanation for the immune suppression in opiate users.
Initially present lower cell titers can be further lowered by exogenous opiates and
account for immunosuppression seen in chronic opiate users or after long-term
treatment with opiate drugs for chronic pain.

Keywords: immune response activation, costimulation, cellular activation,
opioid receptors

1. Immune system: a brief introduction

The immune system is a complex and highly developed system, yet its mission
is simple: to seek and kill intruders. It is the body’s defense system against infec-
tious organisms and other invaders. The purpose of the immune system is to keep
infectious microorganisms, such as bacteria, viruses, and fungi, out of the body,
and to destroy any infectious microorganisms that do invade the body. Through
a series of steps called the immune response, the immune system protects us
against invading organisms. It is a network of cells, tissues, and organs working
together to protect the body. The most important cell types involved in immune
response are white blood cells, which come in two basic types that combine to
seek out and destroy disease-causing organisms. Leukocytes are produced or
stored in different locations in the body, like the thymus, spleen, bone marrow
lymph nodes, and special deposits of lymphoid tissue (as in the gastrointestinal
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Cell type

Location and function

Leukocytes

Derived from myeloid or lymphoid lineage, these are
the main cells in immune system, which provide either
innate or specific adaptive immunity. Myeloid cells
include phagocytic, motile neutrophils, monocytes,
and macrophages, providing the first-line defense
against pathogens. Other myeloid cells involved in
defense against parasites & in genesis of allergic
reactions include eosinophils, basophils, & mast cells.
Lymphocytes regulate the action of other leukocytes &
generate specific responses to prevent chronic/recurrent
infections [1]

B cells

In mammals, B cells mature in the bone marrow where

as in birds, B cells mature in the bursa of Fabricius, a
lymphoid organ first discovered by Chang and Glick [2].
They develop into antibody-secreting plasma cells. B cells
express B cell receptors (BCRs) on their cell membrane
that allows them to bind to specific antigen, against which
it initiates a specific antibody response.

T cells

Originate in the bone marrow and mature in the thymus
giving rise to helper, regulatory, cytotoxic T cells, or
memory T cells. From the thymus, they migrate to
peripheral tissues, blood, & lymphatic system. On
stimulation, they secrete chemical messengers called
cytokines, which stimulate the differentiation of B cells
into antibody-producing cells also called plasma cells.
Cytotoxic T cells in the presence of various cytokines bind
to and kill infected and/or cancer cells.

T helper cells

Subset of T cells, found throughout the body, with
especially high titers in lymphoid organs (lymph nodes and
spleen), as well as the liver, lung, blood, and the intestinal
tract. T helper TH or CD4+ T cells coordinate and regulate
immunological responses. Ty cells mediate responses by
secreting lymphokines that act on other cell types involved
in mounting an immune response.

T cytotoxic cells

Subset of T cells, found throughout the body, with
especially high titers in lymphoid organs (lymph nodes &
spleen), as well as the liver, lung, blood, and the intestinal
tract. T cytotoxic Tc or CD8+ T cells are involved in
directly killing virus-infected cells, transplanted cells, and
sometimes, eukaryotic parasites and tumor cells. CD8+ T
cells have been shown to play a role in downregulating the
immune response.

Natural Killer cells

NK cells are similar to Tc cells. They directly kill certain
tumors such as melanomas, lymphomas and virus-infected
cells- and clear herpes and cytomegalovirus-infected cells.
In contrast to Tc cells, NK cells kill their target cells more
effectively without the need for recognition of antigen

in association with MHC molecules and are activated by
secretions from Ty cells.

Macrophages

These are phagocytic cells and function as antigen-
presenting cells (APCs) as they ingest foreign materials
and present these to other members of the immune
system such as T cells and B cells. Besides being the
initiators of an immune response, they also act as immune
modulators by secreting cytokines and can also be
stimulated by lymphokines, to exhibit increased levels of
phagocytosis.
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Cell type Location and function

Dendritic cells Originate in the bone marrow and form another class
of APCs. These are found in the lymphoid organs such
as the thymus, lymph nodes, and spleen along with the
bloodstream and other tissues. They function to capture
and process antigens in lymphoid organs at the time of
initiation of an immune response.

Neutrophils These cells, which ingest, kill, and digest pathogens,
are the most highly adherent and motile, phagocytic
leukocytes; the first cell types to be recruited to acute
inflammatory sites. Their functions are dependent
on adherence molecule CD11b/CD18, or biochemical
pathways, such as the respiratory burst associated with
cytochrome b558.

Eosinophils Defend against parasites and participate in hypersensitivity
reactions. Their cytotoxicity is mediated through
cytoplasmic granules containing eosinophilic basic and
cationic proteins.

Basophils Along with their tissue counterparts, mast cells produce
cytokines required for defense against parasites and
allergic inflammation. They display surface membrane
receptors for IgE antibodies and possess cytoplasmic
granules containing heparin and histamine. When
cell-bound IgE antibodies are cross linked by antigens, the
eosinophils degranulate releasing low-molecular weight
vasoactive mediators (e.g., histamine), which mediate
their biological effects.

Monocytes/macrophages These are involved in phagocytosis and intracellular
killing of microorganisms. Macrophages are
differentiated monocytes, residing in the
reticuloendothelial systems and act as antigen-presenting
cells presenting processed peptides to T cells. They are
recruited to inflammatory sites and further activated
by exposure to certain cytokines, which potentiate their
biologic functions.

Table 1.
Major cell types of adaptive immunity.

tract). These cells circulate through the body between the organs and nodes via
lymphatic and blood vessels, and work in a coordinated manner to monitor the
body for foreign invasions. A potent and active immune system is vital for staying
healthy. The immune system differentiates between invaders and the body’s own
cells—when immune system is not able to differentiate between self and nonself,
areaction against “self” cells and molecules causes autoimmune disease. The
immune system will remain active by getting enough sleep, exercise, and good
nutrition.

Immune response leads to inflammation. The goal of inflammation is to get
rid of the stimulus—both the disease-causing pathogens and/or neoplastic tissue.
Significant steps involved in inflammation include recruitment of immune cells,
interactions of these cells in the affected tissue and activation pattern of the inter-
acting cells. The immune system continuously looks for pathogens, xenobiotics,
and other nonself signals. Thus, the cell types of the immune system are incredibly
dynamic and capable of upregulating processes required for handling these insults
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on a time scale of minutes to hours. Several cell types in this system are capable

of activation to secrete cytokines, rapidly proliferate, or otherwise communicate
to surrounding cells that there is a pathogen to consider. Upon clearance of the
pathogen, the cell population must contract in a controlled manner. Furthermore,
in some cell populations (e.g., T cells), a subset of cells is retained as long-lived
memory cells to protect and prime the system for future insults. Researchers are
increasingly focused on early events in immune cell activation, where the response
to an inflammatory signal can be tuned to impact overall cell function. In areas such
as immuno-oncology, increased activation is connected to improve cell expan-
sion whereas in the field of immunosuppression, the converse is desired. Clinical
successes in targeting the immune system for treating cancer have generated a
resurgence of effort to harness the immune system more routinely for therapeutic
intervention (Table1).

2. Mechanism of activation of adapted immunity

Adaptive immune responses carried out by lymphocytes are of two broad
classes:

* antibody responses carried out by B cells
* cell-mediated immune responses carried out by T cells

During an immune response, the B cells are activated to secrete immunoglobu-
lins, which circulate in blood, permeate to other body fluids, and bind specifically
to foreign antigen that stimulated their production in the first place. This binding
inactivates viruses and microbial toxins by blocking their interaction with the host
cells. Antibody binding also marks invading pathogens for destruction by phago-
cytic cells of the innate immune system [3].

Cell-mediated reactions depend on direct interactions between T lympho-
cytes and cells bearing the antigen that the T cells recognize. T cells are special-
ized to recognize foreign antigens as peptide fragments bound to proteins of
the major histocompatibility complex (MHC). The cytotoxic T cells recognize
any infected cells with the help of viral antigens displayed on the surface of the
infected cells [1]. Other T lymphocytes that activate the cells they recognize
are marked by the expression of the cell-surface molecule CD4 on helper T
cells. The CD4 T lymphocytes can be divided into two subsets, which carry out
different functions by defending the body particularly from bacterial infec-
tions. Bacteria phagocytosed by macrophages are destroyed in the lysosomes,
which contain several enzymes and antimicrobial substances. The intracellular
bacteria, as in case of tuberculosis (Mtb), survive, because the vesicles they
occupy do not fuse with the lysosomes. These infections are modified by a
subset of CD4 T cells, namely TH1 cells, which activate macrophages, induce
fusion of lysosomes and phagocytic vesicles containing the bacteria, and at the
same time stimulate other antibacterial mechanisms of the phagocyte. CD4+ T
cells play critical role during Mtb infection by mediating protection, contribut-
ing to inflammation, and regulating immune response. Th1 and Th17 cells are
the main effector CD4+ T cells during Mtb. Th1 cells release cytokines and
chemokines that attract phagocytes to the site of infection and impart protec-
tion from Mtb by secreting IFN-y and activating antimycobacterial action in
macrophages.

82



Immune Cell Activation: Stimulation, Costimulation, and Regulation of Cellular Activation
DOI: http://dx.doi.org/10.5772/intechopen.81568

T cells not only destroy intracellular pathogens by killing infected cells and by
activating macrophages, but they also have a central role in the destruction of extra-
cellular pathogens by activating B cells. This is the specialized role of the second
subset of CD4 T cells called TH2 cells with special properties that can activate naive
B lymphocytes. Most antigens require an accompanying signal from helper T cells
before they can stimulate B cells to proliferate and differentiate into cells secreting
antibody. Cytotoxic T cells and TH1 cells interact with antigens produced by patho-
gens that have infected the target cell or that have been ingested by it. Helper T cells,
in contrast, recognize and interact with B cells that have bound and internalized
foreign antigen by means of their surface immunoglobulin.

Antigen-specific activation of effector T cells is aided by coreceptors that distin-
guish between the two classes of MHC molecule—CDB8 coreceptor bearing cytotoxic
cells that binds MHC class I molecules, whereas TH1 and TH2 cells express the CD4
coreceptor with specificity for MHC class II molecules. The maturation of T cells into
either CD8 or CD4 T cells reflects the type of T-cell receptor specificity that occurs dur-
ing development, and the selection of T cells that can receive survival signals from self-
MHC molecules. On recognizing their targets, the three types of T cell are stimulated
to release different sets of effector molecules namely, cytokines, which play crucial role
in the clonal expansion of lymphocytes as well as in the innate immune responses.

T cells are thus crucially important for both humoral and cell-mediated responses
of adaptive immunity. The adaptive immune response seems to have engrafted specific
antigen recognition by highly diversified receptors onto innate defense systems, which
have a central role in the effector actions of both B and T lymphocytes. The vital role of
adaptive immunity in fighting infection is illustrated by the immunodeficiency and/or
autoimmune diseases and the problems caused by pathogens that succeed in evading or
subverting an adaptive immune response. The antigen-specific suppression of adaptive
immune responses is the goal of treatment for important human diseases involving
inappropriate activation of lymphocytes, whereas the specific stimulation of an adaptive
immune response is the basis of successful vaccination for several childhood infections.

3. Opioid receptor and immune function

As early as 1987, Jankovic and Maric [4] showed that the neuropeptides—
methionine-enkephalin, and leucine-enkephalin, exhibit a protective action against
anaphylactic shock in rats sensitized to ovalbumin. Subsequent studies have shown
that enkephalins can act both as suppressors and potentiators of immune response in
a dose-dependent manner. Animal studies, where nutritional status, environmental
influences, history of drug abuse, and genetic variability can be controlled more
easily, have shown that morphine treatment results in significant immune deficits.
Chronic morphine use has been shown to result in severe immunosuppression,
posing as a significant risk factor for opportunistic infection [5], and this finding
is also supported by epidemiological studies that show an increased prevalence of
opportunistic infections in opiate users [6]. Chronic morphine has been shown to
effect early reactions of innate immunity and later responses of adaptive immunity
against microbes [7]. In addition, morphine has also been shown to affect the brain-
immune axis by an IL-1p-dependent pathway [8]. Various studies support the idea
that chronic morphine exposure in vivo attenuates lymphocyte proliferation [9], NK
cell cytotoxicity [10], antibody and serum hemolysin formation [11], and phagocytic
properties of peripheral mononuclear leukocytes [12]. Morphine exposure has also
been shown to increase mortality of infected mice [12-14]. Novick et al. [15] showed
that long-term abuse of opiates results in impaired NK cell activity and altered CD4+
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and CD8+ T cell numbers. In animal models, parenteral use of opiates was shown to
inhibit mitogenic and effector cell responses in both B and T cells [9, 16].

3.1 Opioid receptors in various immune cell types and their functional
implications

Molecular biology studies have shown that immune cells differentially express
opioid receptors (OR), and morphine affects their development, differentiation,
and function [17]. Binding sites and protein expression for delta (8) and kappa (k)
subclasses of G protein-coupled ORs [18, 19], in addition to gene expression of ,
k, and p subclasses [20, 21], have been described in leukocytes. Chuang et al. [20]
reported the presence of mRNA for the pOR in human T- and B-cell lines, CD4+
T cells, monocytes, macrophages and granulocytes. Retinoid receptor activation
increases the expression of the pOR in U937 cells, a mononuclear cell line [22]. Mu
(p-), Kappa (k-), and Delta (8-) opioids have been shown to possess chemoattrac-
tant activity and induce the chemotaxis of both monocytes and neutrophils [23-28].
Simpkins et al. [24] and Van Epps and Saland [25] showed that opiates, acting
through 6 and p subclasses of OR expressed on human monocytes and neutrophils,
are capable of inhibiting subsequent migratory responses to chemokines, and that
this process of heterologous desensitization/trans-deactivation is associated with
phosphorylation of chemokine receptors. Grimm et al. [26] showed that phago-
cytes respond chemotactically, with a chemotaxis index 2- to 2.5-fold higher than
controls, to met-enkephalin and morphine, and this chemotaxis was inhibited by
the OR antagonist naloxone. Liu et al. [27] demonstrated that pretreatment with
opioids, including morphine, heroin, met-enkephalin, the selective p-agonist
DAMGO, or the selective -agonist [D-Pen2, D-Pen5] enkephalin (DPDPE), leads
to the inhibition of the chemotactic response of leukocytes to complement-derived
chemotactic factors. They also affect the chemokines macrophage inflammatory
protein (MIP-1a)/CCL3, RANTES/CCL5, monocyte chemotactic protein-1 (MCP-
1)/CCL2, and IL-8/CXCLS8 [28]. Many investigators choose to study the effects of
morphine on immune function because morphine has clinical applications and
shows good affinity for all three types of ORs. However, use of morphine as the
opioid of choice has limited the ability to delineate, which type of OR mediates the
given immunological response/s due to binding to all receptor types.

Existence of a low-affinity, naloxone-insensitive morphine binding site on human
peripheral blood macrophages has also been reported [29]. Opioid alkaloids, such
as morphine and the endogenous peptides, including f-endorphin and dynorphin,
directly modulate the function of lymphocytes and other cells involved in host defense
and immunity, ORs preferentially bind to the (—)-enantiomer of most opioid alkaloids,
for example, ORs will bind the antagonist (—)-naloxone but not (+)-naloxone [30].

3.2 Immunosuppression mediated by opiates

The role of opiate drugs in suppressing a variety of immunological endpoints
such as proliferation, functions and responses of both T and B cells, and attenu-
ation of the cytokine system has been studied extensively [31, 32]. Opiate drug
administration has also been reported to suppress movement and number of white
blood cells [33, 34]. Heroin use has been documented to depress E-rosette forma-
tion indicating clinical immune suppression [35]. Long-term use of opiate drugs
has been reported to depress T cell reactivity and cause a loss of T helper (Ty) cells
[36, 37], reduces T helper/T cytotoxic cell ratios, and decreases T helper cell func-
tion [38-41]. Use of opiate drugs produces atrophy of lymphoid organs, decreases
lymphoid content, and alters antigen-specific antibody production [42, 43]. Opiate
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addiction induces immunonutritional deficiencies [44, 45] and impairs immuno-
globulin synthesis and function [46]. Naik et al. [47] showed a decrease of IgA levels
and increase of IgG levels in Indian opiate users as compared to nonusers. Opioids
bind directly on immune cells and modulate the function of these cells and also bind
to classical ORs in the CNS, causing the release of catecholamines and/or steroids,
which in turn also affect the immune cells. At the same time, morphine is known to
activate the hypothalamic-pituitary-adrenal axis and release glucocorticoids, which
are immunosuppressive in their own capacity [48].

3.3 Impact of functional polymorphism in OPRM1 gene on cell function

Several studies suggest that immune cells contain pORs along with existence
of morphine binding sites differing from classical pORs, and measurements of the
mRNAs that encode the neuronal types of OR show low levels of receptor mRNA
in immune cells [49]. pOR is known to depict a total of 43 variants within cod-
ing and noncoding regions of the OPRM1 gene, and 52 different haplotypes were
predicted in the subgroup of African Americans. These haplotypes were classified
by similarity clustering into functionally related categories, and one of these was
significantly more frequent in substance-dependent individuals, viz. [-1793T-A,
—1699insT, —1320A-G, —111C-T, +17C-T (+118A-G)], which was associated with
substance dependence [50]. Studies evaluating the effects of 118A > G SNP on the
intracellular signaling cascades resulting from p-OR activation have shown conflict-
ing results. Both DAMGO and morphine were twofold more potent in inhibiting
calcium channel currents in sympathetic neurons transfected with the 118G allele
than in neurons expressing the wild-type receptors [51]. However, Kroslak et al.
[52] showed in HEK293 and AV-12 cells that stable expression of the 118G variant
was associated with decreased agonist-mediated cyclic adenosine monophosphate
(cAMP) signaling for morphine, methadone, and DAMGO, but not for f-endorphin.
These results suggest that cellular environment may influence the phenotype
associated with the variant receptor. Deb et al. [53], using murine neuroblastoma
Neuro 2 A cells stably transfected with cDNA containing 118G variant, studied the
effect on PKA, ERK, and CREB activation and documented no upregulation of
PKA activity but a differential response of ERK phosphorylation in comparison to
118A variant, following chronic morphine treatment. Zhang et al. [54] analyzed 87
human brain tissue samples derived from autopsies and performed in vitro experi-
ments on Chinese hamster ovary (CHO) cells, to show that the amount of mRNA
transcribed from the 118G allele was twofold lower than the mRNA derived from the
118A allele. The levels of variant protein were ten-fold lower compared with those of
the wild-type receptor. They also showed that after transfection into CHO cells with
a cDNA representing only the coding region of OPRM1 and inhibition of transcrip-
tion with actinomycin D, the mRNA turnover was same for 118A and 118G variants.
Anin silico study by Pang et al. [55] showed that the substitution of the A with G at
position 118 of the OPRM1 gene abolishes three transcription factor binding sites,
while creating a novel exon splice enhancer as well as p53 and a zinc finger protein
binding sites, predicting a direct effect of 118A > G on gene expression and on the
processing of heterogeneous nuclear RNA into mature mRNA. Huang et al. [56]
described the role of the 118A > G SNP in posttranslational mechanisms suggesting
that N-glycosylation may affect receptor expression, since it plays an important
role in correct folding of receptors in the endoplasmic reticulum and, hence, their
sorting from the endoplasmic reticulum to the plasma membrane. Huang et al.
[56] also showed that the variant receptor had lower relative molecular mass than
the wild-type one, which may be explained by a differential glycosylation status
between the two receptors. Pulse-chain (or chase) experiments revealed that the
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half-life of the mature form of the variant receptor (~12 h) was shorter than that of
the wild-type receptor (~28 h) showing its effect on protein stability. Thus, several
lines of evidence suggest that the 118G variant may affect OPRM1 gene expression
in addition to mRNA translation, posttranslational processing, or turnover of the
p-opioid receptor protein, which can all effect signaling pathway/s.

3.4 Epigenetics of OPRM1 gene and its impact on cell function

Human genome has about 45,000-C-phosphate-G-(CpG) islands, many in the
promoter regions of genes. The CpG islands are located upstream of the transcrip-
tion start site to within the first exon [57]. Nielsen et al. [58] and Chorbov et al. [59]
reported that in DNA obtained from peripheral lymphocytes, two of 16 CpG sites
in a region of OPRM]1 gene promoter had significantly higher methylation in former
heroin addicts than in controls. These two CpG sites are located in binding sites for
the potential Spl transcription factor. Oertel et al. [60] showed that substitution of an
A with a G at gene position +118 introduces a new CpG-methylation site at position
+117, which leads to enhanced methylation of OPRM1 gene resulting in decreased
expression. Using m-fold software, Johnson et al. [61] showed that 118G variant
demonstrated an altered folding that could affect mRNA stability. The epigenetic
mechanism reported by Oertel et al. [60] impedes p-OR upregulation in brain tissue,
and they concluded that while in wild-type subjects, a reduced signaling efficiency
associated with chronic heroin exposure was compensated for by an increased recep-
tor density; this upregulation was absent in carriers of the 118G receptor variant due
to diminished OPRM1 mRNA transcription. The OPRM1 118A > G SNP variant not
only reduces p-OR signaling efficiency, but by a genetic-epigenetic interaction, also
reduces OR expression and therefore, depletes the opioid system of a compensatory
reaction to chronic exposure, providing evidence that a change in the genotype can
cause a change in the epigenotype with major functional consequences.

3.5 Receptor-receptor interactions

Oligomerization is a general characteristic of cell membrane receptors that is
shared by G protein-coupled receptors (GPCRs). GPCRs do not exist in isolation
and interact with components of the bilayer, such as lipids and sterols, as well
as with other GPCRs to form dimers and higher order oligomers, which are of
functional significance as this affects the ligand binding and signaling properties
of GPCRs [62, 63]. Recent studies of these complexes, both in vivo and in purified
reconstituted forms, unequivocally support this contention for GPCRs [64]. A
large number of direct binding assays indicating negative or positive cooperativity
suggest clustering of GPCRs [65]. Mansoor et al. [66] reported that GPCRs can
come together in the presence of lipids. Oligomerization and the two monomers
comprising a GPCR dimer could be nonequivalent, thereby allowing more refined
regulation of GPCR activity [66-68]. Thus, GPCR dimerization can be the result of
the receptors forming heterodimers as well as homodimers [69], with many dimers
displaying modified pharmacology [70], altered responsiveness to viral entry
through GPCRs [71], or attenuated signaling [72]. Therefore, it is apparent that the
oligomeric potential of GPCRs allows further diversification of their repertoire as
aresult of more complex ligand-receptor relationships than envisioned for mono-
meric receptors due to a more complex ligand-receptor relationship [64]. Although
monomeric GPCRs can activate G proteins, the pentameric structure constituted by
one GPCR homodimer and one heterotrimeric G protein may constitute the func-
tional unit, and oligomeric entities can be viewed as multiples of dimers [73].
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3.6 Interactions of opioid receptors

Fluorescence correlation spectroscopy (FCS) studies suggest that p-opioid
receptors exist primarily as dimers that oligomerize with §-opioid receptors into
tetramers [74]. High-resolution crystallographic structures of the p-opioid by
Manglik et al. [75] showed that they exist as parallel dimers and/or tetramers.
Some TM domains have been observed more often than others. TM5 and TM6 resi-
dues constituted the main interfaces for the p-opioid receptor crystallized dimers,
with extensive contacts throughout the length of these TM helices in p-opioid
receptor dimers. The p-opioid dimers also showed a second, less prominent sym-
metric interface, involving TM1, TM2, and helix 8 (H8; the helix adjacent to TM7
running along the internal membrane surface [75]). For GPCRs, the majority of
crystal structures that are currently available refer to antagonist-bound (inactive)
structures. The inferred dimeric interfaces may, therefore, depend on specific
conformational states. Furthermore, the TM5-TM6 interface inferred by the
crystal structure of p-opioid dimers could preclude either monomer from properly
coupling to G protein, because the agonist-induced receptor-G protein interaction
depends on rearrangements of TM5 and TM6 within the seven-helical domain
bundle, suggesting that different receptor conformations stabilized with different
ligands may also promote different dimeric interfaces [75]. Huang et al. [76] sug-
gested that the comparison of the differences in the interfaces observed from the
crystallized structures of the antagonist-bound p-opioid and chemokine CXCR4
receptors and the ligand-free fl-adrenoceptor suggest that the TM5 interface can
partner in the interaction with TM4 or TM6, depending on the conformation of
the receptor.

In 8-p-OR heteromers, it was shown that binding and signaling by morphine
or p receptor agonists were potentiated by 5-OR antagonists, and reciprocally,
binding and signaling by 8-OR agonists were potentiated by p receptor selec-
tive antagonists [77, 78]. Studies carried out with the §-opioid-cannabinoid CB1
receptor heteromer have also revealed allosteric modulations of cannabinoid CB1
receptor ligands on §-OR ligand binding properties [79, 80]. They also showed
that in recombinant systems expressing both receptors, as well as endogenous tis-
sues, binding and consequently signaling by 8-OR could be potentiated by a low,
nonsignaling dose of cannabinoid CB1 receptor agonist or a selective antagonist.
In the 8-u-OR heteromers, Gupta et al. [81] showed that morphine-induction
increases heteromer abundance. Similarly, the §-opioid-CB1 receptor heteromer
increases in the brain after peripherally elicited neuropathic pain [79]. Studies by
Zheng et al. [82] have revealed a complex interplay among cholesterol, palmitate,
receptor dimerization, and G protein activation. They showed that reducing cho-
lesterol levels or preventing palmitoylation of the pOR reduced receptor dimer-
ization and G association. Additionally, preventing palmitoylation reduced the
association of pOR with cholesterol, suggesting a functional complex of receptor,
palmitate, and cholesterol. The authors also demonstrate that mutagenesis of
the palmitoylated cysteine residue in pOR has no effect on ligand binding but
decreased signaling efficiency, probably by impairing GPCR-G protein associa-
tion. The same mutant had significantly reduced dimerization, and it was pro-
posed that this was responsible for the reduced G protein coupling. Zhang et al.
[83] demonstrated that the palmitate-free mutant associated more weakly with
cholesterol. A model of the pOR dimer in which cholesterol and palmitate pack
together to facilitate receptor dimerization reveals that cholesterol interactions
contribute approximately 25% of the total interaction energy at the homodimer
interface [82].
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3.7 Receptor dimerization and immune cell stimulation and functioning

Chemokines are chemotactic cytokines that mediate their effects on leukocytes
through a number of G protein-coupled, seven transmembrane-spanning (STM)
receptors [84]. Specificity is provided by patterns of receptor and G protein expres-
sion, ligand potency, and levels of receptor desensitization. Interactions among
receptors are mediated through a process known as receptor cross regulation, or
heterologous desensitization [85]. Ali et al. [86] showed that thrombin receptor
activation causes phosphorylation of several chemoattractant receptors, including
the IL-8 receptor CXCR1, the C5a receptor, and the receptor for platelet-activating
factor 3. Ben-Baruch et al. [87] have shown that homologous desensitization
through phosphorylation of the IL-8 receptor CXCR2 occurs in response to its native
ligands IL-8 and neutrophil-activating peptide (NAP)-2. Grimm et al. [28] showed
that opiates, acting through & and p subclasses of opioid receptors expressed on
human monocytes and neutrophils, are capable of inhibiting subsequent migra-
tory responses to chemokines, and that this process of heterologous desensitization
or trans-deactivation is associated with phosphorylation of chemokine receptors.
Szabo et al. [88] showed that the chemotactic activities of both p- and 5-OR are
desensitized following activation of the chemokine receptors CCR5, CCR2, CCR7,
and CXCR4 but not of CXCR1 or CXCR?2 receptors. The inhibition of CCL3 and
CCLS5 responses following opioid pretreatment is consistent with the desensitiza-
tion of either CCR1 or CCRS or both. This receptor cross talk results in heterologous
desensitization and phosphorylation of some of the chemokine receptors, which
subsequently contribute to the immunosuppressive effects of the opioids.

4. Immune receptors and their function

Cells of the immune system intercommunicate by ligand-receptor interactions
between cells and/or via secreted molecules called cytokines. Cytokines produced
by lymphocytes are termed lymphokines (i.e., interleukins & interferon-y), and
those produced by monocytes and macrophages are termed monokines [89]. The

T cells B cells NK cells Monocytes/
macrophages
Antigen recognition + + - -
Antigen presentation - + - +
Antibody production - + - -
Cellular immunity + - - +
Immune regulation + - + +
Phagocytosis - - - +
Cytotoxicity + - + +
Receptor TcR IgM & CD16 CD11b
Igh
Other surface markers CD3, CD4, CD19-21 CD56 CD14
CD8

Mononuclear cells in blood ~75 ~10 10 5
(%)

Table 2.

Major features and functions of mononuclear leukocytes.
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main receptors in the immune system are pattern recognition receptors (PRRs),
Toll-like receptors (TLRs), killer activated and killer inhibitor receptors (KARs
and KIRs), complement receptors, Fc receptors, and B & T cell receptors. Many are
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Figure 1.
Principal surface markers of lymphocyte populations.
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Diagram showing CD markers on various immune cell types.
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phagocytic receptors that stimulate ingestion of the pathogens they recognize. Some
are chemotactic receptors, such as the f-Met-Leu-Phe receptor, which binds the
N-formylated peptides produced by bacteria and guide neutrophils to sites of infec-
tion. A third function, which may be mediated by some of the phagocytic receptors
as well as by specialized signaling receptors, is to induce effector molecules that
contribute to induce innate immune responses and molecules that influence the
initiation and nature of any subsequent adaptive immune response [1]. Various
immune cell functions regulated by receptors on immunocytes are summarized in
Table 3 and Figure 3.

5. CD14 receptor coactivation with pOR: effect on cell division and
NF-kB phosphorylation

LPS-mediated lymphocyte activation and effect of costimulation with opioid
receptor agonists were studied by treating the cells with the pOR agonist DAMGO for
time intervals of 5, 30, or 240 min. A549, a cell line having both CD14 and pOR, was
used to study the effect on cell proliferation and NF«B phosphorylation. Treatment
of A549 revealed that DAMGO was able to mitigate the LPS-mediated induction of
phosphorylated NF«B after cotreatment for 4 h (Figure 2). Similarly, DAMGO was
also able to suppress the cell proliferation by LPS, significantly reducing the percent-
age of cells in M-phase as well as in S-phase of the cell cycle (Tables 2 and 3).

Treatment Cell population in Paired T-test Cell population in Paired T-test
M phase (%) S-phase (%)
LPS 6.07 15743
DAMGO 4.83% P < 0.0001" 10.5*¢ p = 0.029*
LPS + DAMGO 3.89%° P < 0.0001?, 799>° p =0.0007°,
p =0.0018 p=0.002°
INTvs. LPS.

2NT vs. DAMGO.
3NTvs. LPS + DAMGO.
“LPS vs. DAMGO.

LPS vs. LPS + DAMGO.
* DAMGO vs. LPS + DAMGO.

Table 3.
Effect of LPS and DAMGO on cell proliferation at 2 h after treatment.

6. Effect of pOR activation with a selective KOR agonist and pOR
antagonist

The effect of coactivation of two different opioid receptors, U50488, a selective
KOR agonist was used for lymphocyte activation, and effect of costimulation of pOR
was achieved by using DAMGO, an opioid receptor agonist. Cells were treated with
HOR agonists DAMGO for varying time intervals, and effect on cell proliferation and
NF-«B phosphorylation was studied. Results using HepG2 revealed that U50488 (an
agonist for KOR) was able to mitigate the effect of DAMGO, an agonist for pOR, and
a significant reduction in the percentage of cells in both M-phase and S-phase of the
cell cycle was observed at 2 and 24 h of treatment. U50488 alone also showed a larger
percentage of cells in GO phase both at 2 and 24 h in comparison with DAMGO, and
the mitigation of U50488 induced effects indicating cross talk of receptors (Figure 3).
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Figure 3.
Effect of cotreatment with agonist of OPRM1 (DAMGO) and agonist of CD-14 receptor (LPS) on NF-kB
phosphorylation.

Treatment Cell population in Paired T-test Cell populationin S Paired T-test
M phase (%) phase (%)

DAMGO 26,66 9.40*°

U50488 1415 P < 0.0001! 1415 p <0.001*

U50488+ 17.86>* P < 0.0001%, 8.07>¢ p < 0.0001°

DAMGO p < 0.0001 p =0.0002°

1.*DAMGO vs U50488.
2.°DAMGO vs U50488 + DAMGO.
3.5U50488 vs U50488+ DAMGO.

Table 4.
Effect of U50488 and DAMGO on cell proliferation at 2 h after treatment.

Our studies show that U50488, agonist for kOR, was able to mitigate the effect
of DAMGO, an agonist for MOR and a significant reduction in the percentage
of cells in both M-phase and S-phase of cell cycle was observed at 2 and 24 h of
treatment (Table 4).

7. Effect of pOR coactivation on cell proliferation

Receptor-receptor interactions and di/oligomerization are established path-
ways for altering response to any given ligand. As both homo- and heterodimers
of pOR have been reported, it is speculated that dimerization of pOR may have a
role in regulating receptor signaling. This intermolecular cross talk within recep-
tor oligomers often results in allosterism between the different binding pockets of
the individual monomers. Negative binding cooperativity has been observed for
both GPCR homo- and heteromers using equilibrium binding and/or radio ligand
dissociation [90].

Assays with TLR and pOR coactivation showed that agonist activation of pOR
using DAMGO causes a significant lowering of LPS-induced cell division in cells
coexpressing pPOR and TLR. This has direct bearing on pathogen clearance as TLRs
are present and expressed in sentinel cells such as macrophages and dendritic cells,
which recognize structurally conserved molecules derived from microbes. These
large phagocytes are found in essentially all tissues where they patrol for potential
pathogens by amoeboid movement. These cells play a critical role in nonspecific
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defense (innate immunity) and also help initiate specific defense mechanisms
(adaptive immunity) by recruiting other immune cells such as lymphocytes.
Where a pathogen is involved, monocytes are commonly preceded by neutrophils,
which release a range of toxic agents designed to kill extracellular pathogens. The
macrophages then clear out both the dead pathogens and the dead neutrophils. The
process of recruitment of neutrophils and macrophages involves the activation of
resident macrophages. Activated resident macrophages respond to local stimuli by
producing cytokines that make the endothelial cell surface more sticky (through
induction of increased expression of cell adhesion molecules such as P-selectin) and
chemokines, that promote and direct migration of inflammatory cells. Macrophages
treated with LPS express high levels of cyclin D2 [91]. The CD14 and TLR signaling
funnels into the activation of NF-kB, AP-1 and IRF3 pathways via the ERK1/2 and
MEK1/2 channel, which is also activated by pOR signaling. Both signaling pathways
funnel into the MAPK cascade and hence effect the activation of NFkB. Preliminary
data from our study using both A549 and HepG2 cells show a significant decrease
in LPS-induced cell division in the simultaneous presence of ligands for pOR. Cell
cycle arrest was observed primarily in the S and the M phase of cell cycle with a sig-
nificant decrease under conditions of costimulation with both the receptor agonists.
Cell cycle arrest observed as a result of receptor coactivation needs to be further
explored as it can have important therapeutic implications as on one hand a particu-
lar signaling pathway or end point is associated with a therapeutic response, such as
analgesic effect of opioids, while on the other hand it is associated with unwanted
side effects, namely cell cycle suppression on exposure to LPS and opioids together.
Receptor heteromers, with their allosteric properties, give rise to a new kind of
pharmacological target. The ability of one of the protomers to act as an allosteric
modulator of the second protomer in the receptor heteromer gives the possibility of
finding selective ligands for the protomer acting as conduit of the allosteric modula-
tion [73]. As opioid drugs are used in more than one clinical condition understand-
ing opioid receptor interactions with other GPCRs on the surface of different cell
types can prove to be very beneficial in managing adverse, unwanted effects of these
important therapeutic molecules. The immunomodulatory effects of morphine have
been characterized both in animal and human studies and was found to decrease
several functions of both natural and acquired immunity, interfering with important
intracellular pathways involved in immune regulation [92]. Opiates namely mor-
phine, heroin, fentanyl and methadone all induce immune-suppression and affect
both innate and adaptive immunity defining a role of pOR in these functions.

8. Association of OPRM1 functional alleles with immune cell function

Sharad et al. [93] used a genetic approach to correlate a functional OPRM1 gene
polymorphism with known action of opiates on immunity and undertook a prospec-
tive study to understand the relationship of the 118G variation with the amount
of exogenous opiates consumed and correlated the immunosuppressive effects of
exogenous opiates with the OPRM1 allele type. They studied the immune status
of opiate users by measuring serum Ig (IgG and IgA) levels, in association with
specific OPRM1 genotype, and confirmed that the mean circulating levels of Ig were
significantly lower in opiate users when compared with levels in cohort controls.
Among opiate-dependent subjects, individuals with AA genotype were found to have
the lowest levels of circulating immunoglobulins, both IgG and IgA (p = 0.0001),
while the AG genotype carrying individuals had a higher level of both immuno-
globulins. The homozygous GG genotype was in between the AA and AG genotypes.
Alternatively, in opiate naive subjects, the AA individuals showed the highest titers of
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circulating IgG, and the GG individuals showed the lowest with AG having inter-
mediate values [94]. The immunosuppressive effects documented in opiate naive
individuals can be attributed to altered regulation of PKA and pERK1/2 due to the
levels of endogenous opioid. In addition to the absence of G genotype in the immor-
talized cell lines and based on the cell culture data showing cell cycle arrest observed
in the present study (in A549 and HepG2 cell lines), we hypothesize that coactivation
of pOR in presence of 118G allele leads to a suppression/arrest of cell division.

To test this hypothesis, another pilot study was carried out in which healthy
opiate naive volunteers were enrolled and the cell count for circulating lymphocyte
subsets was studied as a measure of immune competence. Genotypic association
studies showed a correlation between the immune cell numbers. Total lymphocyte
count showed a significant lowering in cell numbers in 118G-allele-bearing indi-
viduals when compared to 118A-bearing individuals. However, cell numbers in all
individuals remained within the documented normal range of 500-4000 cell/ml.
The GG allele individuals showed significantly lower cell count, averaging 490,
which differed markedly from cell numbers observed in AA-bearing individuals
with mean numbers of 1976 cells/ml, (p = 0.008) and a correlation factor,  of
0.79 between the genotype and average cell numbers. Our data show a significant
lowering in all immunocytes, namely leucocyte populations (CD45+ve cells), B
lymphocytes (CD10+ve cells), T lymphocytes (CD3, CD4, and CD8+ve cells), NK
cells (CD56+ve cells), activated monocytes (CD 11b+ve cells), and mesenchymal
progenitors in GG-bearing individuals when compared to AA-allele-bearing indi-
viduals but not always in comparison with those bearing the AG allele. This baseline
lowering of cell numbers in GG-bearing individuals supports the hypothesis that
GG genotype suppresses cell division, and since mounting of a successful immune
response and/or overstimulation of immune system, as in case of patients with
autoimmune disorders, depends on activation of both innate and adaptive immune
responses, the 118G-bearing individuals would be prone to immune suppression
due to lack of amplification by selective cell division, a critical step in elimination of
the pathogen or an autoimmune response to an antigen.

9. Conclusion and future perspectives

In conclusion, there is a significant correlation between the circulating number
of lymphocytes Ty and Tc, B cells and NK cells, and the pOR allele present, and
this difference can be further increased in the presence of exogenous opioids
either during clinical treatment or substance dependence, as the 118G allele
affects the process of cell division arresting cells at the S or M phase of the cell
cycle, or by modulating the action of cell division-linked secretion of stimulat-
ing cytokines/chemokine known to induce clone-specific and cell type-specific
proliferation, because of the propensity of opioid receptor to heterodimerize
and to selectively bias the subsequent ligand engagement/s with the dimerized/
oligomerized receptors. This “subliminal immune suppression” in G allele-bear-
ing individuals can have far reaching impact on onset of diseases such as cancer
and obesity (both have an element inflammation) and vaccination for infectious
diseases and even dreaded diseases as cancer. This immune suppression will
certainly lower the individual’s risk for autoimmune disorders such as rheumatoid
arthritis, lupus, etc. The relationship between the pOR-mediated cell signaling
and impact of stimulation of MOR as partner receptors, which influences binding
of the second ligand in immunocytes and thereby the outcome on immune cells
function in mounting and regulating the immune response/s, needs more detailed
molecular exploration.
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Chapter 6

Mesenchymal Stem Cells Modulate
the Immune System in Developing
Therapeutic Interventions

Sonali Rawat, Suchi Gupta and Sujata Mohanty

Abstract

Mesenchymal stem cells (MSCs) are emerging as key players in regenerative
medicine for the treatment of various diseases associated with the inflammation
and degeneration, thereby aiding in therapeutic advancements. Several tissues
have been identified as potential sources of MSCs including the bone marrow,
cord blood, dental pulp, umbilical cord, adipose tissue, peripheral blood, and fetal
liver, of which some are clinically recognized. MSCs are capable of differentiating
into cells of multiple lineages and therefore established as suitable candidates for
transplantation in damaged organs. They have added advantage of higher prolifera-
tion, easy expansion, and, more importantly, the absence of HLA class II receptors,
with potential applications extending toward allogenic settings. MSCs are actively
involved in different mechanisms related to repair and regeneration of tissues via
immunomodulation, transdifferentiation, paracrine factors, etc. They are known
to exhibit profound immunomodulatory effect on T and B cells and natural killer
(NK) cells mediated via soluble factors and direct cell-cell contact. The MSCs
activate the immune responses and inhibit proliferation, maturation, and differen-
tiation of T and B cells. The MSC-activated immune responses induce the expres-
sion of regulatory T cells (Tregs). A plethora of studies have established that MSCs
suppress immune responses via immunomodulation that makes them a preferred
cell source for the use in clinical trials.

Keywords: MSCs, therapeutic, immunomodulatory, GvHD

1. Introduction

Stem cells are undifferentiated cells possessing greater capacity of self-renewal
and multilineage differentiation potential. This makes them unique candidates for
curing a diverse variety of human degenerative diseases. Based on their potency,
stem cells are classified into three broad groups: embryonic stem cells (ESCs),
fetal stem cells (FSCs), and adult stem cells (ASC). ESCs are pluripotent stem
cells isolated from inner cell mass of blastocysts of human embryos. The unique-
ness of ESCs lies in the fact that they are capable of differentiation into all three
primary germ layers, i.e., ectoderm, endoderm, and mesoderm. However, due to
high tendency of teratoma formation and ethical issues regarding the destruction
of human embryos, the clinical applications of ESCs are restricted. Alternatively,
fetal and adult tissue-derived stem cells are gaining popularity with little ethical
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concerns. Fetal stem cells can be isolated from extraembryonic tissues like cord
blood, amniotic fluid, Wharton jelly, the placenta, and amniotic membrane [1-3].
However, adult stem cells (ASCs) are multipotent cells and are usually harvested
from the bone marrow, adipose tissue, dental pulp, etc. All together, these cells pos-
sess clonogenic and self-renewing potential and plasticity to differentiate and often
transdifferentiate into different tissue types.

Isolated stem cells from both adult and fetal tissues are multipotent and are rec-
ognized as MSCs. Notably, despite similar morphology and phenotypic properties,
these tissue-specific MSCs have subtle differences in their regenerative potential due
to the impact of stem cell niche on cell fate, known as stem cell niche theory, genetic
variability, and/or epigenetic alterations [4]. Several studies have been carried out
to show that there are differences in regenerative capacity of MSCs populations of
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Figure 1.
A diagrammatic representation of cellular characteristics, mode of action, and their therapeutic potential of
mesenchymal stem cells with curvent status of clinical trial.
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the same passage number that have been isolated from different pockets of the body
[5]. A recent comprehensive report also supports the hypothesis that tissue-specific
MSCs express certain source-specific markers [6]. Dominic et al. established criteria
to define MSCs on the basis of the following characteristics: (1) plastic-adherent
cells; (2) expression of surface markers, CD73, CD90, CD105, and HLA-ABC, but
negative expression from hematopoietic lineage-specific markers, CD34, CD45,
CD14, CD11b, CD19, or HLA-DR; and (3) potential to differentiate into trilineage,
i.e., osteoblast, adipocytes, and chondrocytes [7].

Due to their enhanced regenerative potential, the use of MSCs has become
an emerging strategy for the treatment of injured or degenerated tissues. It was
observed that in in vivo scenario, MSCs showed profound immunomodulatory
effect [8]. The most important characteristic of MSCs is its immunomodula-
tory property which augments and modulates both adaptive and innate immune
responses as it initiates the wound healing paradigm.

MSCs are also known for their immune-privileged property due to their low
immunogenicity. Human MSCs show low levels of human leukocyte antigen (HLA)
class I, and they do not express HLA-DR which is necessary to escape immune
surveillance. The presence of HLA class I is important as low levels of HLA class
I protect cells from the natural killer (NK) cell-mediated cytotoxicity. On the
contrary, cells which do not express HLA class I are targeted and destroyed easily.
Another essential characteristic is that they home and migrate to the site of damage
where there is secretion of inflammatory chemokines. These events are mediated
by several chemokine receptors which aid in their migration and homing potential
to the sites of inflammation [9]. Owing to the immune tolerance property of MSCs,
they possess several clinical advantages due to which these cells are also referred as
“universal donors” [10, 11]. However, as true with any other cell-based therapy, the
evaluation of safety and efficacy of these MSCs in allogeneic strategies for clinical
use is of utmost importance (Figure1).

The initial reports of immunoregulatory properties were started with bone
marrow-derived MSCs (BM-MSCs) [12]. Later, other sources of MSCs such as
adipose tissue-derived MSCs (AD-MSCs) and Wharton’s jelly-derived MSCs
(WJ-MSCs) were also explored for their immunomodulatory properties [1].

However, several challenges need to be overcome prior to the clinical appli-
cations of MSCs. Hence, a thorough insight of the various biological proper-
ties of MSCs will elucidate the mechanisms of MSC-based transplantation for
immunomodulation.

2. Immunoregulatory function of MSCs in the inflammatory
microenvironment

A key factor of survival in multicellular organisms is the maintenance and
balance of homeostatic state. In the absence of inflammation, phagocytic cell is
recruited to remove the apoptotic cells, whereas during acute injury, it is accom-
panied by inflammation, and the cell components that are released from necrotic
cells result in microvascular damage due to increased vasopermeability and infiltra-
tion of macrophages and neutrophils [13]. During the process of phagocytosis of
necrotic cells, there is secretion of pro-inflammatory mediators such as interleu-
kin-1 (IL-1), interferon-y (IFN-y), and tumor necrosis factor-a (TNF-a), various
chemokines which further initiate downstream signaling pathways [14]. Adaptive
immune response actively participates in the repair of damaged tissues in close asso-
ciation with CD4+, CD8+, T, and B cells [13]. Recently, MSCs have been recognized
to be actively involved in damaged tissue repair processes. As a functional unit for
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development and regeneration in various tissues, they hold utmost importance in
maintaining proper functioning of tissues [15, 16]. In their undifferentiated and
self-renewable state, the balance among interaction and protection of MSCs appears
to be achieved by maintaining the stem cells in a specialized microenvironment
called “niche.” This niche provides accommodation to different molecules to brace
and coordinate stem cell activities pertaining to growth, proliferation, differentia-
tion, and functionality. In particular, cell-cell interaction in the niche provides
structural support, regulates adhesive interaction, and activates signals by secretion
of certain molecules that can control stem cell functions. Stem cell immunoregula-
tory responses occur due to its close association with vasculature which provides
metabolic cues and a conduit due to which inflammatory cytokines and immune
cells, as well as humoral factors, can be delivered to the niche. In addition, the niche
also provides biochemical and biomechanical parameters such as temperature,
shear force, and chemical signals, which also influence stem cell behavior and fate
in response to the external environment. In the process of tissue repair, MSCs are
able to affect the inflamed microenvironment by secreting a cascade of various
adhesion molecules, growth factors, and pro- and anti-inflammatory cytokines
[17]. Since MSCs display notable immunomodulatory properties and they are

able to dodge the immune system recognition mechanisms, they can potentially
modulate the defense mechanisms of the host. In inflammatory condition, MSCs
located in immediate location or originating from the bone marrow region start
migrating to the site of injury. At the site, these MSCs associate themselves closely
with numerous types of immune cells in order to initiate regeneration process

of damaged tissue, which is typically accompanied with cytokine storm. The
combinational sensitization of MSCs by IFN-y and TNF-a induces the release of
chemokines where they participate in chemotaxis and are able to inhibit prolifera-
tion of inflammatory effector cells. Several molecules participate in the activation,
homing, and functionality of MSCs [18] (Figure 2). The commencement of homing
process is led by selectins present on the endothelium. Specifically, for bone marrow
homing, the expression of hematopoietic cell E-/L-selectin ligand (HCELL) is very
important which is a functional glycoform of CD44 present on the migrating cells,
while MSCs do not express HCELL but express CD44. The subsequent molecules
participated in the activation of MSCs are mainly chemokine receptors [19, 20].

Chemokines are defined as positively charged short peptides (7-13 kDa).
Broadly, four families of chemokines have been recognized: CCL family with
adjacent cysteine residues, CXCL family with cysteine residues separated by a
single amino acid, CXCL family with two instead of four cysteines, and CX3CL
family with cysteines separated by three amino acids. For MSCs to home to injury
site, these cells bear chemokine receptors and are identified at site of injury due to
production of the chemokines. Hence a thorough understanding of the function-
ing of chemokine receptor profile is important for optimizing the process of both
internal and external homing processes of MSCs to wound site. The site of injury
produces abundant chemokines which may provide signal to MSCs or may function
as chemoattractants [21]. During the process of regeneration or repair, the injury
site tightly regulates the process of chemokine expression profile or expression
pattern of each chemokine, which plays a unique role in directed migration of
cells toward the site of injury. The subsequent expression of chemokines to attract
specific immune cell types is conducted by immune response of injury.

Integrins are key players associated with the balance activation-dependent
arrest of MSCs in the second last step of homing. They are known for cell-cell
mediated matrix and adhesion, and they belong to the largest family of receptors.
Mammals contain 18a and 18 subunits of integrin that combine to form at least 24
different heterodimers, each of which corresponds to a specific set of cell surface,
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Figure 2.

Imgmunoregulatory action of MSCs at chronic inflammation (left panel) versus acute inflammation (vight
panel). MSCs home to the injury site due to local cytokine storm secreted by activated immune cells. Activation
and migration of MSCs lead to secretion of multiple immunomodulatory and growth factors. Depending on the
cytokine signal (acute versus chronic inflammation), MSCs initiate the immunoregulatory response and repair
the injury site or ave unable to inhibit the persisting chronic inflammatory signals vesulting in cellular fibrosis.

extracellular matrix (ECM) or soluble protein ligands. They are multifaceted
receptors, transmitting bidirectional signals across the cell membrane, which is
crucial for building a suitable interaction between the exterior and interior of the
cell. Numerous cell processes like morphology, migration, proliferation, differen-
tiation, and apoptosis are unexpected on this recurrent discussion. According to
few reports, it was suggested that MSC homing will be affected if integrin-f1 is
inhibited. Also, interaction of vascular cell adhesion molecule-1-very late antigen-4
(VCAM1-VL4) is involved functionally in MSC homing [22].

During the last stage of transmigration across the endothelial cell layer and
below the basement membrane, various lytic enzymes are essential to cleave com-
ponents of the basement membrane, such as the matrix metalloproteinases (MMPs)
[23]. Specifically, gelatinases, MMP-2 and MMP-9, preferentially degrade collagen
and gelatin, two of the major components of the basement membrane which facili-
tate MSC migration. The MSCs reportedly help migrate MMP-2 and tissue inhibitor
of metalloproteinases 3 (TIMP-3) [23].

The initial reports pointing to MSC homing were toward investigating the origin
of BM-MSCs after allogeneic bone marrow transplantation. Those studies also
concluded that the hematopoietic cell population was provided by the donor, but
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the stem cells were provided by the recipient [24]. Therefore, a number of trials at
both the preclinical and clinical levels have been carried out, and MSCs are seen to
help migrate in a variety of tissues. Initial studies in animal models also confirmed
that the presence of MSCs transplanted to donor was present in the bone marrow,
thymus, spleen, and liver [12, 24, 25].

To elucidate the dynamics of MSCs migration, a systemic infusion of MSCs was
studied by using varied techniques, i.e., after infusion of MSCs, they were first
trapped in the lungs, and eventually, the cells disappear from the lungs and are
distributed to other organs. Other aspects of MSCs homing was also studied by few
groups under which they studied the factors such as early cell passage, irradiation
and younger animals and observed that they influence the short-term bone marrow
homing and condition which in result increases the homing [26-30].

Once MSCs are activated and recruited to the site of injury, there is onset of
T-cell activation because of the presence of various pro-inflammatory cytokines
such as IFN-y, TNF-a, IL-1f, etc. IFN-y is a critical player in providing stimula-
tory signals for activation and expansion of T cells and its subsets, such as it
begins to suppress the T cell proliferation, differentiation, and inhibition of
various biological functions. Other than IFN-y, TNF-a and IL-1p also activate
MSCs, either in synergy or alone. After stimulation with pro-inflammatory
cytokines, MSCs also release other significant immunomodulatory factors. These
stimulated cells modulate many immune effecters in vitro as well as in an animal

model [31, 32].

3. Secretion of anti-inflammatory factors by MSCs is regulated by
pro-inflammatory cytokines

To participate in tissue repair, MSCs must be in close association with several
stromal and immune cells. The mode of action of MSC tissue repair is complex
wherein MSC-derived immunoregulatory factors play a critical role.

MSCs are reported to release an array of growth factors and immunomodulatory
molecules (Table1).

To investigate how the inflammatory microenvironment modulated secretion
of anti-inflammatory factors at the sites of tissue damage and it was concluded that
MSC-mediated immunosuppression occurs in the microenvironment surrounding
the MSCs: the inflammatory factors produced during the immune response act to
turn on the immunosuppressive capacity of MSCs. For example, during pregnancy,
the developed immunological tolerance along with the fetus development highlights
the key role of fetus-derived MSCs. These pleotropic cells inhibit a group of cells
involved in innate and adaptive immunity such as B cells, dendritic cells (DC),
macrophages, and various effector cells such as NK, CD4+ T, CD8+ T, regulatory T
(Treg), and NKT cells [33, 34]. The contribution of MSC-derived molecules toward
the immunoregulation has been discussed (Figure 3).

3.1Indoleamine-2,3-dioxygenase (IDO)

Indoleamine-2,3-dioxygenase is a mammalian cytosolic enzyme responsible for
catalyzing the initial step in tryptophan catabolism via the kynurenine degrada-
tion pathways. IDO is comprised of two alpha helical domains with a heme group
located between them and is an essential amino acid which catalyzes the rate-
limiting step in the degradation of tryptophan, with the kynurenine pathway [35].
Any reduction in the concentration of local tryptophan or its metabolite results in
immunomodulatory effect by IDO expressing cells.
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MSCs Secretome Profile

Functions

(a) MSCs Soluble factors

HGF
HLA-GS

100
| IGF

ILIRA
IL-6
LIF
PGE-2

T-cellinhibition

_ T-cell inhibition/T reg expansion-NK
T-cell inhibition-NK inhibition

' T-cell inhibition

. T-cell inhibition-MF inhibition

T-cell inhibition-DC inhibition

T-cell inhibition/T reg expansion

T-cell inhibition-NK inhibition

(b} MSCs membrane bound factors

Jagged 1
HLA-G1

' PDL-1/PDL-2
' cDs4
' cos8

{c} Chemokines Factors
CCR2, CCR3, CCR4,
CCR5,CCRB,CCRT

CXCR1, CXCR2, CXCR3,
CXCR4, CXCRS
Selectins

VCAM

| SDF-1

(d) Growth Factors
FGF

VEGF

TPO
SCF

|HGF

BONF

MMP

PDGF
IGF-1

Table 1.
Secretome profile of hMSCs and their functions.

109

T-cell inhibition

T-cell inhibition/T reg expansion

| T-cell inhibition

T reg expansion

T reg expansion

Attractor; adhesion; transmigration

'Recruitme nt, attraction, activation

Tetheri ng; rolling

Arrest, adhesion, transmigration

‘regulates progenitor cell mobilization

Induce angiogenesis (together with VEGF), has

| anti-apoptotic and anti-fibrotic effects,

Induce angiogenesis, stimulate proliferation of

peritubular capillaries, anti-apoptotic effects

Supports maintenance and proliferation of HSCs
Supports maintenance and proliferation of HSCs

Associated with mobilization of progenitor cells,

induction of angiogenesis, improves cell growth,

| anti-apoptotic and anti-fibrotic effects

Promotes survival and differentiation of neuronal

| tissue

Matrix and Growth Factor Degradation, Facilitate

| Cell Migration

Tissue Repair

Wound Healing, Neurogenesis



Immune Response Activation and Immunomodulation

Mechanism of Action
+immune Cell Polarization
+antl-inflammatory
tEnhanced Production of IL-10

M3Ce by Exnsomes
SecrefindParacring

Ag SN 0 STUDOERY BUNLLY

B0 APSUIT BOURHITHERN JO L{ISID0E

Adaptive Immunity

Figure 3.

Representative image shows the immune response of MSCs by secretion of IM factors (left panel).
Immunoregulatory function of MSCs on different cell types of the innate and adaptive immune cells. (Right panel)
paracrine effect of MSCs through secretion of exosomes and their fusion with the target cell membrane and release
of the biological active content for immunomodulatory effect.

The studies carried out with placental cells showed that they are capable of
preventing maternal T-cell destruction of the fetus during pregnancy, which hap-
pens due to the expression of IDO in placental cells. During pregnancy, the fetus
expresses paternal antigens that do not provoke rejection by the mother like other
semi-allogeneic grafts [36, 37]. Dendritic cells can also express IDO and thus induce
a tolerogenic response. Su et al. suggest that MSCs do not have the innate ability to
express IDO but gain this ability following stimulation by the pro-inflammatory
cytokines IFN-y and TNF-o in combination with IL-1p [38]. Recently, the role of
IDO in MSC-mediated immunoregulation has been demonstrated in the suppres-
sion of various immune cell populations, including T cells and NK cells [39, 40].

3.2 Human leukocyte antigen-G (HLA-G)

HLA-G is a major histocompatibility complex class I antigen encoded by a
gene on chromosome 6p21. It differs from classical HLA class I molecules by its
restricted tissue distribution and limited polymorphism in the coding region.
HLA-G can be expressed as seven distinct protein isoforms, each encoded by a
specific, alternatively spliced transcript. Four isoforms are membrane-bound
proteins (HLA-G1, HLA-G2, HLA-G3, and HLA-G4), and the other three isoforms
are soluble proteins (HLA-G5, HLA-G6, and HLA-G7) [41]. It exerts its immuno-
modulatory functions by interacting with multiple receptors such as LILRB1(ILT2/
CD85j), LILRB2 (ILT4/CD85d), and KIR2DL4 (CD158d) which are differentially
expressed by immune cells. Besides these receptors, HLA-G can also bind to CD8
without T-cell receptor (TCR) interaction, provoking NK cells and activated
CD8 + T cell-induced apoptosis as well as FASL upregulation and secretion [42,
43]. HLA-G plays a fundamental role in maternal tolerance and transplantation.
HLA-G expression by MSCs can be positively modulated by IL-10 and leukemia
inhibitory factor (LIF). Other molecules such as glucocorticoid and interferon-f§
(IFN-p) are found to regulate HLA-G expression in immune cells. HLA-G has been
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investigated for allogeneic solid organ transplantation and has been well associated
with reduced number of immune rejection cases in kidney and liver allogeneic
transplantations [44, 45].

3.3 Prostaglandin E2 (PGE-2)

Prostaglandins are small molecule derivatives of arachidonic acid (AA), pro-
duced by cyclooxygenase (COX, constitutively active cyclooxygenase COX1 and
inducible COX2) and PG synthases. It can be produced by all cell types of the
body, with epithelia, fibroblast, and infiltrating inflammatory cells representing
the major sources of PGE-2 in the course of an immune response. The receptors
of PGE2 (EP1-EP4) are present on multiple cell types, reflecting the ubiquitous
function of PGE-2. It is relatively stable in vitro although its decay is accelerated by
albumin [46]. In contrast, PGE-2 has a very rapid throughput rate in in vivo condi-
tions and is quickly eliminated from tissues and circulation. This property of PGE-2
is most likely to contribute toward immune pathology and constitutes a potential
target for immunomodulation. It is worth noting that the effect of PGE-2 in MSC-
mediated immunoregulation in most cases is exerted in combination with other
immunosuppressive molecules. With human MSCs, PGE-2 has been found to
act with IDO to alter T-cell proliferation, during proliferation, cytotoxicity, and
cytokine production by NK cells [47].

3.4 Inducible nitric oxide synthase (iNOs)

Nitric oxide synthases are family of enzymes catalyzing the production of
nitric oxide from L-arginine. The enzymes convert arginine into citrulline and
produce NO in the process. NO activity is independent of the level of calcium in the
cell. However, its activity as other NO isoforms is dependent upon the binding of
calmodulin (CaM). NO in high concentration is known to inhibit immune responses
through mechanisms that remain largely unidentified. In addition, upon induction
cytokines such as TNF-a and IFN-y, alone or in combination, stimulate NO. This
has a significant impact on both primary and secondary immune responses. For
example, NO targets dendritic cells (DCs) that have a crucial role in making
powerful immune response. It was found to prevent maturation of rat lung DCs
by inhibiting granulocyte-macrophage colony-stimulating factors. Similarly, NO
inhibits TNF-o and prevents DC maturation in humans [48]. MSCs produce large
amounts of chemokines and adhesion molecules; immune cells accumulate in close
proximity to the MSCs, where the high concentration of secreted NO can suppress
the immune cells [49, 50].

3.5 Interleukin 10 (IL-10)

IL-10 is produced by both myeloid and lymphoid cells. While it is good immune
suppressor, it has some immune stimulatory effects. IL-10 is recognized by its
effect on T cells, macrophages, and monocytes which ultimately prohibit inflam-
matory responses. Thus, it regulates growth and differentiation of B cells, T cells,
NK cells, and other cells of the immune system hence influencing inflammatory
responses. IL-10 has the capability to inhibit the production of IL-2, TNF-a, IL-12,
and IFN-y. Furthermore, it will downregulate HLA class I. Although IL-10 has
been implicated in MSC-mediated immunosuppression, direct IL-10 production
by MSCs has not been demonstrated so far. Instead, contact of antigen-presenting
cells such as dendritic cells or monocytes with MSCs has been found to induce
IL-10 production [51-53].
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3.6 Other mediators

In addition to the above molecules, several additional mediators are produced
by MSCs or other adult stem/progenitor cells upon inflammatory stimulation, such
as the inhibitory surface protein programmed death ligand 1 (PD-L1) [54], heme
oxygenase-1 (HO-1) [55], leukemia inhibitory factor (LIF), galectins [56], and
TGF-p [57]. However, their modes of action and underlying molecular mechanisms
that drive MSC-mediated immunosuppression require further investigation.

3.7 Molecular and cellular interaction of MSCs with innate and acquired
immune cells

3.7.1 MSC interaction with T and B cells

The antigen-specific immune system allows the development of immunological
memory. It comprises of CD4+ T helper and CD8+ cytotoxic T lymphocytes that
deliver a customized antigen-specific immune response following antigen process-
ing and presentation by antigen-presenting cells (APCs). T helper cells comprise
a subpopulation of cells called Tregs, which are specialized in suppression of T
cell-mediated immune response [58]. The innate immune system plays an important
role in the activation and subsequent course of adaptive immune response [59]. In
addition, MSCs are able to suppress in vitro T-cell proliferation induced by cellular
or non-specific mitogenic stimuli through the secretion of various soluble factors
that include (transforming growth factor-beta 1) TGF-p, HGF, PGE-2, IDO, HLA-
G5, and NO. The effect of these suppressive factors is upregulated by pre-sensiti-
zation of MSCs with TNF-a and IFN-y. It is also known that MSCs polarize T cells
toward a regulatory phenotype that serves as an important mechanism by which
MSCs dampen inflammation [60, 61]. Tregs comprise a subpopulation of T helper
cells, which are specialized in suppression of T cell-mediated immune response and
characteristically express the forkhead box P3 (Fox P3) transcription factor. These
are two main subsets of Tregs including a population of Fox P3+ natural Tregs
which are thymus derived and specific for self-antigen and induced or adaptive
Tregs that are derived from mature CD4 + CD35-FoxP3 precursors in the periphery
following inflammatory stimuli. The in vitro co-culturing of MSCs with PBMNCs
induced the differentiation of CD4+ T cells into CD25 + FoxP3+ expressing regula-
tory T cells [40, 62]. The possible reason of abovementioned mechanism is due to
cell-cell contact of MSCs with helper T cells and secretion of PGE-2 and TGF-p. All
together, these studies indicate that MSCs are able to maintain the balance between
inflammatory effector T cells and anti-inflammatory Tregs.

B cells are also a major cell type involved in adaptive immune response, known
for antigen presentation and antibody production. The balance between the
different B-cell subsets has been identified as an important factor for optimal
graft outcomes. To support the beneficial effect of B-cell depletion at the time of
transplantation to impair T cell-mediated allo-response, the CD8 and CD4 T-cell
memory is impaired when the antigen-presenting function of B cells is absent [63].
The exposure of enriched B-cell population to irradiated third party PBMNCs led to
an increase in immunoglobulin (Ig) production that was abrogated by the addition
of MSCs. There are diverse results among the studies to analyze the effect of MSCs
upon exposure of isolated pure B cells [64]. These effects have been shown to be
cell-cell contact independent or indirect through inhibition of pDC-induced B-cell
maturation. On exposure, MSCs increased the viability of B cells and mediated
the arrest of cell cycle at GO/G1 and inhibition of their differentiation into plasma
cells and subsequent Ig formation, whereas it was observed that pre-treatment of
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MSCs with IFN-y was necessary for their suppressive effect on B cells [66]. The
activated B cells and memory B-cell subsets when exposed to MSCs were seen to
increase their survival and proliferation [65]. The studies carried out by Schu et al.
[66] showed that when allogeneic MSCs were injected into rats, a strong humoral
response was elicited as compared to injection with syngeneic cells in an immuno-
competent host.

To support whether the allogeneic MSCs exert a humoral response in the recipi-
ent to prove the notion, they performed the experiment in which a rat was injected
with allogeneic MSCs; on the other hand, contradictory reports were also published
stating after transplantation none of them developed anti-MSC antibodies [66].
These studies indicate some disparity of humoral response directed against the
injected MSCs, and possible reasons may be the source of MSCs, number of injected
cells and frequency of injections, route of administration, or concurrent immuno-
suppression used.

3.7.2 MSC interaction with NK cells

Natural killer cells or NK cells are a type of cytotoxic lymphocytes critical to the
innate immune system, evolve as progenitors in the bone marrow, and circulate as
mature cells in the blood. They provide rapid responses to viral-infected cells, act-
ing 3 days after infection, and respond to tumor formation. They play a major role
in the mechanisms of rejection of graft and are central to the regulation of cytotox-
icity in response to human leukocyte antigen molecule. With increasing trends in
therapeutic usage of MSCs for treatment of GvHD, it is important to investigate the
underlying effects of interaction of MSC and NK cells. They function in the manner
that they get activated and inhibited on cell surface because of receptors transmit-
ting the signal into the cell. Usually, NK cell possesses regulatory functions and can
secrete cytokines and chemokines which modulate the host’s immune response.
IL-12 is the most important pro-inflammatory factor which responds to penetrating
pathogens and acts through its high affinity receptors. It is released from accessory
cells like monocytes, macrophages, and dendritic cells (DCs). Also, the most impor-
tant cytokine released by NK cells is IFN-y which is produced upon stimulation of
IL-12. The NK cell-derived IFN-y reinforces the expression of IL-12 and DCs via
feedback mechanism. BM-MSCs directly interfere with the proliferation, cytokine
production, and in some cases cytotoxicity of NK cells. MSC-NK interactions are
complex and largely dependent on the microenvironment and activation status of
the NK cells. Mainly, MSCs suppress the production of IL-2, IL-15, and INF-y but
not the cytotoxicity of freshly isolated NK cells. In addition, when activated NK
cells come into contact with the MSCs, it interferes with NK-mediated cytotoxicity
which is primarily mediated by cell-cell contact and secretion of IDO, PGE-2, TGF-
p1, and HLA-GS5. Other reports mentioned that when licensed MSCs were exposed
to IFN-y, they are protected from NK-mediated cell killing, potentially due to their
upregulated cell surface expression of HLA-I and downregulation of ULBP-3. This
alongside an increased production of both IDO and PGE-2 offers multiple mecha-
nisms for dampening NK responsiveness to the MSCs [59, 67, 68].

3.7.3 MISC interaction with dendritic cells

The potent antigen-presenting cells (APCs) and dendritic cells (DCs) play a piv-
otal role in initiating immune response. The life span of DCs can be divided into two
major phases, an immature stage and a mature stage. These phases can be differenti-
ated further on the basis of molecules expressed (CD80, CD86, 0X62, HLA-II, and
CD11b/c) on their surface. DCs can be immunostimulatory or immunosuppressive,
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depending upon their maturation stage and specific DC subset. Immature DCs
(iDCs) express low levels of HLA-II but no co-stimulatory molecules. The interac-
tion of MSCs with DCs leads to the inhibition of maturation of monocytes and
CD34+ precursor cells. Moreover, the direct activation of DCs leads to the release of
PGE-2, IL-6, TSG-6, MCSF, and jagged-2 mediated signaling. Tolerogenic pheno-
type occurs when DC secretome of pro-inflammatory cytokines (TNF-a and IL-12)
shifts toward anti-inflammatory IL-10 in which further downstream induces Th2
and Treg responses [69-71].

4, Paracrine interaction with in the niche (exosomes)

Advances in stem cell technology have opened interesting perspectives within
the realm of regenerative medicine. As reported, MSCs participate in repair and
regenerative processes via different mechanisms like homing and transdifferentia-
tion and immunomodulation, which depends on paracrine mechanisms [72, 73].
The initial studies using MSCs were based on local engrafting of MSCs and dif-
ferentiating into multiple tissue types. However, with the in-depth study of dif-
ferent mechanisms of MSC action, it has been reported that <1% MSCs are able to
survive transiently after systemic administration [74]. This suggests that paracrine
mechanisms through secretion of various molecules called secretome might be the
possible mechanism for MSC regenerative potential. This has attracted significant
attention for the potential use of MSC secretome in tissue repair and regeneration.

The secretome released by MSCs includes various biologically active growth
factors and cytokines which aid in immunomodulatory properties of MSCs [75].
However, we cannot neglect the fact that the secretome released in the milieu of
ECM of the cells is an easy target for denaturation due to the presence of proteases
and other enzymes in the microenvironmental niche. Therefore, these growth fac-
tors and cytokines have been shown to be packed into small vesicles called exosomes
which are secreted by MSCs in the extracellular milieu of cell along with the
secretome [76]. They function through encapsulation of biological active molecules
such as miRNA, proteins, and immunomodulatory molecules and protect them
from degradation.

4.1 Exosome formation to secretion

Exosomes are lipid membrane-bound extracellular vesicles which possess a
diameter of 30-120 nm and a density of 1.09-1.18 g/mL and are secreted by all cell
types. These exosomes carry cellular components like proteins and nucleic acids
and aid in cell-cell communication. The exosome was first discovered in 1984 by
Johnstone in sheep reticulocytes [77]. It was initially believed that exosomes remove
unwanted proteins from cells. Later on, it was demonstrated that many other cell
types also secrete exosomes including immune cells, cancer cells, stem cells, and
many more [78].

Exosomes are endosomal in origin, formed within multivesicular endosomes
(MVEs). These vesicles are being released when membranes of MVEs fuse with that
of the cellular plasma membrane. These exosomes express various surface markers
like CD63, CD81, and CD9. They carry surface molecules that are present on the
parent cell which aids in identification of exosomes and their parent cell source as
well [77].

Moreover, the exosomes secreted by stem cells carry various proteins (growth
factors and cytokines) and nucleic acids (mRNA and miRNA) that can influence
their mode of action [79]. The content carried by these vesicles depends on the type

114



Mesenchymal Stem Cells Modulate the Immune System in Developing Thevapeutic Interventions
DOI: http://dx.doi.org/10.5772/intechopen.8o772

of cell (including source of cells) and its state of activation. Once released, these
vesicles have local as well as remote effect by interacting with the neighboring cells
or by circulating in the body fluids (bloodstream, saliva, serum, etc.).

4.2 Exosomes and immune cells

The exosomes were studied for their multifaceted application in antigen presen-
tation, and vastly studied immune cell was dendritic cells. The clinical studies have
been conducted to evaluate the dendritic cell derived exosomes for their therapeutic
potential. However, compared to preclinical studies, only a few clinical trials have
been conducted using exosomes. Reported studies were conducted where dendritic
cell-derived exosomes were evaluated for their safety, tolerability, and efficacy in
cancer patients. Exosomes carry parental cell surface marker expression. In this
regard, DC derived exosomes are HLA-II positive as a result they can only be used
in patient specific studies [80, 81]. In contrast, MSCs are immunologically naive as
they express only HLA class I molecules and lack HLA class II, CD40, CD80 and
CD86 expression on their cell surface. Also, they are capable of immune escape and
fail to induce an immune response by the transplanted host. Similarly, exosomes
secreted by them are also immunologically naive [82]. Considering all of the above
properties, several recent studies have focused their research on evaluation of stem
cell-derived exosomes in the area of immunomodulation with fewer reports.

In a recent study, exosomes derived from MSCs were specifically identified to
mimic the effect of MSCs, and this paved the way to cell-free therapeutic approach
using exosomes instead of the cell itself [83]. The first report using MSC exosomes
were in cardiovascular diseases where Lai et al. [85] identified exosomes as the
cardioprotective components in MSC paracrine secretion [84]. This was followed
by several other studies where exosomes isolated from tissue-specific MSCs were
studied for their therapeutic potential in various diseases.

Initial studies were performed on bone marrow-derived exosomes for evalu-
ating their regenerative potential in cardiovascular diseases [85], acute kidney
injury [86], bone defects, etc. [87]. By 2013, only researchers started exploring
the regenerative potential of exosomes derived from adipose tissue and Wharton’s
jelly sources. These studies have explored the various mechanisms by which these
exosomes mimic MSCs. The content of these exosomes was evaluated by using vari-
ous techniques like RNA sequencing, mass spectrometry, etc., to identify different
molecules and their target effect.

Conforti et al. reported the effect of MSC-derived vesicles on B-cell prolifera-
tion which was further confirmed by Di Trapani’s group in 2016 [88, 89] . They
observed that exosomes had higher levels of miRNAs compared to MSCs and induce
inflammatory priming via increasing levels of miR-155 and miR-146. These are
two miRNAs involved in the activation and inhibition of inflammatory reactions.
Similar studies were reported where MSC-derived exosomes were shown to increase
the ratio between regulatory and effector T cells along with the increase in cytokine
such as IL-10 [90]. Similarly, Chen et al. [91] has also reported immunomodula-
tory effects of MSC-derived exosomes toward peripheral blood mononuclear cells
(PBMNCs) focusing specifically on T cells. It was observed that there was signifi-
cant inhibition of pro-inflammatory cytokines, IL-1f and TNF-a, but enhancement
of the expression of anti-inflammatory cytokine, TGF-p1. This cytokine profile
in their study mimics the immunomodulatory effect of MSCs [91]. Zhang et al.
showed that these exosomes may polarize monocytes toward M2-like phenotype,
which in turn induces CD4+ T-cell differentiation into regulatory T cells [92].

Blazquez et al. demonstrated AD-MSC-derived exosomes as a therapeutic agent
for the treatment of inflammation-related diseases. They showed that exosomes
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exerted an inhibitory effect on the differentiation of activated T cells, reduced
T-cell proliferation, and IFN-y secretion in an in vitro stimulated T-cell model

[93]. Favaro et al. has shown the effect of BM-MSC-derived exosomes on PBMNCs
isolated from type I diabetic patients. These exosomes were able to inhibit the IFN-y
production and significantly increased the production of immunomodulatory
mediators such as PGE-2, TGF-f, IL-10, and IL-6 [94]. The in vitro studies were
complemented by the in vivo studies which confirmed the immunosuppressive
effect of exosomes in mouse allogeneic skin grafting models [95]. Bai et al 2017 have
subcutaneously administered exosomes isolated from human embryonic stem cell-
derived MSCs and showed that there was delayed occurrence of GvHD for 2 days,
concomitant with increasing Treg polarization. In continuation, the author has also
demonstrated that exosomes released from WJ-MSCs can effectively ameliorate
experimental autoimmune uveoretinitis (EAU) in rats by inhibiting the migration
of inflammatory cells [95]. Moreover, there is only single case study on humans in
which MSC exosomes have been tested in the treatment of resistant grade IV acute
GvHD patient which experienced improvement in symptoms for 5 months. There
were no side effects reported, and the decrease of pro-inflammatory cytokines

such as TNF-a, IL-1p, and IFN-y was observed. The anti-inflammatory molecules
IL-10, TGF-p1, and HLA-G contained in the exosome preparations were believed to
contribute to the immunosuppressive effect of MSC-Exo [96].

Although there are limited studies available using MSC-derived exosomes,
future advancements into research and gain in in-depth knowledge of immuno-
modulatory properties of these MSC exosomes could be seen. These nano-vesicles
can be developed as cell-free therapies. The use of these exosomes as cell-free
therapies provides following key advantages:

a.Less tumorigenicity.

b.Easy storage without application of potentially toxic cryopreservative agents.
c. Mass production through tailor-made cell lines.

d.Potential to be used as ready-to-go biologic product.

e. Off-the-shelf secretome therapies.

f. The time and cost of expansion and maintenance could be greatly reduced.

g.The biological product obtained could be modified to desired cell-specific
effects.

Despite these advantages of MSC-derived exosomes, there has been a lack of
manufacturing process that is required to generate exosomes with clinically relevant
quantities. Therefore, there is an urgent need for technological advancements.
Nevertheless, regulatory requirements will be necessary to establish the safety and
efficacy profile of these exosome products.

5. MSCs in preclinical and clinical trials
MSCs delivered alone or with a biomaterial have been used in a variety of

regenerative medicine strategies. In vivo evidence supports the hypothesis that
MSCs have immunosuppressive properties that include prevention of graft versus
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host disease (GvHD), decreased graft rejection, prevention of experimental acute
encephalomyelitis, prolonged skin graft survival, etc. [8]. However, in recent
years, consistent reports on its immunomodulatory properties have opened

up newer avenues for studying MSCs, other than regenerative medicine. As of
May 2018, there were over 843 MSC-related clinical trials registered on the NIH
Clinical Trial Database (http://clinicaltrial.gov/). Interestingly, half of all regis-
tered clinical trials (~45%) are being conducted for immune-mediated diseases.
Of these, 69 are based on autoimmune disease, 38 on GVHD, and the rest 290

on other inflammatory diseases. However, in early phase I, phase II, phase III,
and phase IV, there were 3, 76, 7, and 6 clinical trials conducted, respectively.
Hematopoietic stem cells (HSCs) have been the most successful in providing
therapeutic application using stem cells. MSCs represent a lifesaving treatment
for patients suffering with hematopoietic malignancies and genetic diseases. HSC
transplantation is performed either autologous or with matched allogeneic/third
party, depending upon the clinical scenario. Furthermore, in allogenic transplan-
tation, immunosuppression is necessary to reduce the graft rejection in patients.
But despite immunosuppressant therapy, immune rejection in the form of GvHD
is still a major cause of morbidity and mortality. The clinical application of MSCs
for GvHD developed more rapidly than for any other immune-mediated diseases
[68]. The probable cause could be case reports in severe GvHD where BMSCs were
infused and showed dramatic therapeutic effects. Clearly, MSCs have a strong
potential as therapeutic agents for GvHD, but detailed tailoring of patient popula-
tion and stringent MSC processing criteria are necessary to deliver consistent and
reproducible results [97-100].

Apart from GvHD condition, multiple sclerosis (MS), joint diseases such as
osteoarthritis (OA) and rheumatoid arthritis (RA), inflammatory bowel diseases
(IBD) and inflammatory airway, and pulmonary diseases are few examples of
inflammatory diseases in which preclinical studies have established strong thera-
peutic effect of MSCs [101]. In multiple sclerosis, reports showed that MSC treat-
ment increases accumulation of Th2 cytokines-IL-4 and IL-5 and generation of
Treg in vivo both of which help reduce EAE symptomatology. The possible molecu-
lar mechanism by which MSCs polarize CD4 T cells in EAE is via IDO. Indeed, both
small and large animal studies demonstrate that MSCs decrease inflammation in
joint diseases and facilitate cartilage repair [102].

The critical part of IBD is the uncontrolled immune response to intestinal
microbes, and it is progressively fatal without curative treatment, making MSCs
an attractive therapeutic option for these chronic inflammatory diseases. In several
experimental models of IBD, MSCs given by intraperitoneal or intravenous routes
showed prevention of DSS-induced injury of the intestines. It was observed that MSCs
can specifically reduce Thl and Th17 responses as well as serum level of pro-inflam-
matory cytokines (IL-1b, IL-6, IL-17, TNF-a, and IFN-y) while enhancing the num-
bers of Tregs and splenic (myeloid-derived suppressor cells) MDSCs. A very recent
trial using allogeneic placenta-derived MSC-like cells (which were not registered) also
showed favorable immune responses. Thus, MSC therapy for IBD—especially CD
fistula formation—appears to be safe and a viable option [103, 104].

Pulmonary diseases like chronic obstructive lung disease (COPD) are driven
by alveolar macrophages, cytotoxic T cells, and neutrophils leading to progressive
limitations in airflow with small airway fibrosis and alveolar destruction. In in vivo
studies documented post-MSC infusion showed downregulation of pro-inflam-
matory cytokines such as TNF-a, IL-1p, and IL-6 and upregulation of VEGF and
TGF-p [105, 106]. In addition, MSCs or MSC-conditioned medium improved tissue
damage and survival. This involves MSC-derived factors with microvesicles such as
exosomes, which are considered as carriers.
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6. Conclusion

MSCs are excellent candidates for therapeutic use as cellular therapies can
potentially revolutionize the current pharmaceutical landscape. Emerging data sug-
gests that MSCs have an immunomodulatory function, but thorough understanding
of the mechanisms underlying the complex molecular interplay between MSCs and
inflammatory responses will be crucial for exploiting MSC-based therapies in ther-
apeutic applications. One important aspect is to delineate functional differences
in tissue-specific MSCs isolated from different sources; current ISCT standardiza-
tion does not include immune-related functional tests or more detailed molecular
validation. Based on the evidence of several clinical trials, the safety of this therapy
appears clear; however, the efficacy of such cell therapy is largely uncertain. The
overwhelming positive results seen in preclinical animal studies have not yet been
translated into clinic. In brief, there is still much to learn, explore, and optimize
with regard to the interactions of MSCs in human pathological conditions. In the
near future, based on current development and results, MSCs are expected to hold
tremendous potential to achieve clinical relevance in regenerative therapy.
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ASC adult stem cell

MSC mesenchymal stem cell

ISCT International Society for Cellular Therapy
HLA human leukocyte antigen

NK Cells natural killer cells

BM-MSCs bone marrow-derived MSCs

AD-MSCs adipose tissue-derived MSCs
WJ-MSCs Wharton’s jelly-derived MSCs

INF-y interferon gamma

TNF-« tumor necrosis factor-a

IL-1 interleukin-1

HCELL hematopoietic cell E-/L-selectin ligand
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VCAM1 vascular cell adhesion molecule-1
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MMP matrix metalloproteinases

TIMP-3 tissue inhibitor of metalloproteinases 3
NKT natural killer T cell
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IDO indoleamine-2,3-dioxygenase

HLA-G human leukocyte antigen-G

LILRB1 leukocyte immunoglobulin-like receptor Bl
LILRB2 leukocyte immunoglobulin-like receptor B2
KIR2DL4 killer cell immunoglobulin like receptor
TCR T-cell receptor

IFN-beta interferon-B

PGE-2 prostaglandin E2

AA arachidonic acid

COX cyclooxygenase

iNOs inducible nitric oxide synthase

CaM calmodulin

PD-L1 protein programmed death ligand 1
HO-1 heme oxygenase-1

LIF leukemia inhibitory factor

APCs antigen-presenting cells

TGF-f1 transforming growth factor-beta 1

HGF hepatocyte growth factor

FoxP3 forkhead box P3

PBMNCs peripheral blood mononuclear cells

Ig immunoglobulin

GvHD graft versus host disease

ULBP-3 UL16-binding protein 3 (ULBP3)

MVEs multivesicular endosomes

EAU autoimmune uveoretinitis

HSCs hematopoietic stem cells

MS multiple sclerosis

OA osteoarthritis

RA rheumatoid arthritis

IBD inflammatory bowel diseases

EAE experimental autoimmune encephalomyelitis
COPD chronic obstructive lung disease

VEGF vascular endothelial growth factor
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Chapter7

Current State of the Artin DNA

Vaccine Delivery and Molecular
Adjuvants: Bcl-xL Anti-Apoptotic
Protein as a Molecular Adjuvant

Sultan Gulce-Iz and Pelin Saglam-Metiner

Abstract

DNA vaccines (nucleic acid vaccines) have been gaining importance as promis-
ing therapeutics against infectious diseases, cancer, autoimmune disorders and
allergy for the past two decades. However, the immune responses elicited by
the DNA vaccines are not at the desired level to stimulate a protective immune
response. Thus, studies are focused on the enhancement of DNA vaccine-induced
immune response by different approaches. The most common approach is to use
biomaterial-based adjuvants for enhanced antigen delivery and uptake by antigen-
presenting cells. Some of these adjuvants are alum, saponins, microspheres,
nanoparticles, liposomes, polymers, etc. used in vaccine formulations. In addition,
molecular adjuvants like cytokines, chemokines and heat shock proteins have been
shown to be promising in designing DNA vaccines. In this chapter, molecular adju-
vants to improve DNA vaccination-induced immune responses will be summarized
with a special focus on Bcl-xL anti-apoptotic protein.

Keywords: DNA vaccine, molecular adjuvant, delivery systems, antigen-presenting
cells, Bcl-xL anti-apoptotic protein

1. DNA vaccine

DNA vaccine is a third-generation vaccine, which encompasses a vector with
eukaryotic cell promoter, and a gene, which encodes for an immunogenic protein.
These vaccines have been shown to elicit a robust cytotoxic T cell in comparison
with subunit vaccines. Also, DNA vaccine has the capacity to induce both cellular
and humoral immune responses by utilizing MHC I and MHC II antigen presen-
tation by DCs [1-3]. Although DNA vaccines are licensed for use in veterinary
vaccines since 2005, they have their own limitation due to low transfection effi-
ciency. As aresult, they perform poorly in human clinical trials and require multiple
booster doses to achieve desirable immune response [2, 4, 5]. With the advent of
new adjuvant systems such as nanoparticles, the immunogenicity of DNA vaccines
can be enhanced considerably [1]. DNA vaccines are being currently used against a
wide variety of infectious diseases as well as cancer [3].
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1.1 Antigen presentation to T lymphocytes

Surface receptors of T lymphocytes interact with antigens to mount an immune
response [6]. For the antigenic features; alienation, molecular weight, the delivery
route to the organism is very important. At the molecular level, these receptors
interact with the phagocyte cell or infected target cell, which carries antigen on its
surface bound to the major histocompatibility complex (MHC). While T cells do not
recognize natural antigens, antigens must first be processed by antigen-presenting
cells (APCs) and then presented to the T cells with the relevant MHC protein.

T cells (cytotoxic T cells—Tc) with CD8 (cluster of differentiation 8) receptors
recognize MHC I antigens, while T cells (helper T cells—Th) with CD4 receptor rec-
ognize antigens on MHC II. Macrophages are the first identified antigen-presenting
cells. Then, dendritic cells and B cells were identified. T-cell receptors (TCRs) are
proteins that have spread through the membrane extending from the cell surface to
the outer periphery. Each cell carries thousands of the same receptor surface. TCRs
recognize and bind only bound peptide antigens on MHC [7, 8].

1.1.1 Major histocompatibility complex (MHC)

MHC proteins are encoded by the respective gene in the genome of all the
vertebrate animals. The human MHC proteins are called human leukocyte antigens
(HLAs) (human MHC I antigens, HLA-A, B and C, human MHC II antigens,
HLA-DR, DQ and DP). Because of the difference in MHC proteins between the
tissue donor and recipient, they were first discovered with tissue transplant rejec-
tion. Even within a species, these proteins are not structurally the same because of
differences in amino acid sequences, also known as polymorphisms. For this reason,
it forms an important antigenic barrier in organ transplantation. MHC genes
encode two classes of MHC proteins, class I and class II. While MHC class I protein
is located on the surfaces of all the nucleated cells, MHC class II protein is located
only on the surface of antigen-presenting cells (APCs), including B lymphocytes,
macrophages and dendritic cells. The structure of the MHC I protein comprises of
arelatively small size of the p-2 microglobulin protein with a1, o2 and o3 domains
linked to each other by disulfide bonds. The a1 and a2 domains constitute the
variable antigen-binding domain. MHC II protein is formed by a1, f1, a2 and 2
domains, each of which is attached to one of the non-covalent bonds, and a1 and 1
domains constitute the antigen-binding domain, which is a variable part [7, 9, 10].

MHC proteins carry proteins in the cell which they are in, on themself. Thus, if
the cell is not infected, it will carry its own peptides on the MHC proteins. On the
other hand, if the cell harbors a foreign pathogen or protein, it will contain foreign
peptides on MHC proteins. The function of these MHC proteins is to allow T cells
to recognize foreign antigen. The T cells constantly control the surface of other cells
for foreign antigen presence and do not recognize foreign antigens unless they are
presented through MHC proteins. No T cell interacts with MHC on a healthy cell
surface, and self-attacking cells are eliminated during the development of tolerance.
During antigen presentation, the MHC and peptide complex come out of the cell
membrane and thus are recognized by the T cells. There are two different antigen
presentations to T cells, MHC I and MHC II antigen presentation [7-9].

1.1.2 Antigen presentation via MHC I protein
Peptides that are processed endogenously in the cytoplasm of non-phagocytic

cells are presented with MHC I proteins. These antigens are derived from viruses
or intracellular pathogens that infect cells, also known as internal antigens. In this
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pathway, for example, in a virus-infected cell, virus-associated proteins are primar-
ily digested in the cytoplasmic proteasome. Peptide antigens of about 10 amino
acids are delivered to the endoplasmic reticulum (ER), and a pore protein (TAP)
produced by the two proteins acts in this stage. The peptides are bound to the MHC
I protein, which results in the chaperone protein, which retains the MHC protein at
that site. The resulting complex is released from the ER and goes to the cell surface
and integrates into the membrane. This complex is recognized and bound by
cytotoxic T cells. The CD8 receptor on the Tc cell surface strengthens it by adding
the binding complex. This binding allows cytotoxic T cells to produce perforin and
cytotoxic proteins that kill infected cells [7, 8, 10, 11].

1.1.3 Antigen presentation via MHC II protein

The MHC II protein is produced only in cells that present phagocytic antigen. For
example, if an extracellular pathogen such as a bacterium is engulfed and then pep-
tide antigens are provided, then MHC II proteins are produced in the ER and accu-
mulated therein blocked with Li proteins, which inhibit binding with other peptides.
The MHC II-Li protein complex is transferred to lysozyme and then combined with
the phagosome to form the phagolysosome. There are foreign pathogen antigens,
pathogenic proteins including connective chaperones are digested to form peptides of
10-15 amino acids. The resulting pathogenic peptides are transferred to the cell sur-
face by binding with MHC II. This complex is recognized by the TCR on the helper T
cells; the CD4 coreceptor also binds to this complex and, through interaction with the
Th cells, activates to produce cytokines. The produced cytokine activates antibody
production by specific B-cell clones or causes inflammation [7, 8, 11].

1.2 Advantages and disadvantages of DNA vaccination

The structure of plasmid DNA provides an advantage over other traditional
protein-based or carbohydrate-based grafts in which it inherently possesses DNA
vaccination. Immunogenesis from DNA vaccination takes a long time, and there
is no pathogenicity caused by inactivated virus in DNA vaccines. The vaccine
containing plasmid DNA (pDNA) can encode many immunogenic proteins of the
same virus and can also encode similar proteins belonging to different infective
agents [12]. Another important advantage is that the production of DNA vaccines
is easier when compared to recombinant protein vaccines [13]. DNA vaccines
prepared to make the cytokines more desirable to direct the immune system are
more potent and suitable for stimulating the type of immunological response by
cloning genes encoding the target cytokine and antigens into the same expression
plasmids. DNA vaccines lead to sustained stimulation of antigen expression and
the immune response leading to prolonged protective immunity [7]. Easy con-
struction and manipulation of plasmid DNA are another important advantage of
DNA vaccines [14].

DNA vaccines are stable at room temperature, are easy to obtain, are economi-
cal and are relatively more reliable than other vaccines. Plasmid DNA vaccines
have been shown to be highly evaluated, safe and immunogenic in human clinical
trials, even though they have no mental status [15]. However, it is necessary to
increase transfection efficiencies of naked DNA vaccines, facilitate intracellular
uptake, target into cells, and perform these operations with small amounts of
DNA. Various gene delivery systems and adjuvant systems in the nanosphere are
used to overcome these problems. During the use of nanotechnological adjuvant
systems, the degradation of DNA is prevented, resulting in ultra-rapid delivery by
targeting to desired cells [9, 16].
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2. Delivery systems for DNA vaccine
2.1Viral gene delivery systems

Viral-based gene delivery systems are carriers on which modifications are made
to transfer therapeutic genes to target cells without creating viral disease. Viral
gene carriers such as adenoviruses, adeno-associated viruses, lentiviruses and
retroviruses exhibit an effective ability to transfer genetic material to the target
cell with high gene transfer efficiency [17-19]. In viral gene delivery systems, the
transferred genetic material either remains an episomal element or is integrated
into the host chromosome. Desired genetic placement leads to persistent and
stable protein expression but increases with the introduction of oncogenic poten-
tial mutagenesis [18, 20]. In addition, viral vectors being targeted to specific cell
types, the limited availability of DNA, and the laborious and expensive large-scale
production have led to a growing disincentive for the development of non-viral
gene carriers. The safety risk is lower for non-viral carriers compared to viral gene
carriers [18, 21-24].

2.2 Non-viral gene delivery systems
2.2.1 Physical delivery systems

Physical gene transfection delivery systems are consisting of Non-viral gene
delivery systems are in which pDNA is usually applied alone, which involves
mechanical processes such as microinjection, biojector, pressure and particle bom-
bardment (gene gun), ultrasound, magnetofection, photoporation (laser assisted),
hydroporation (hydrodynamic forced), droplet-based microfluidic platforms for
in vitro transfection and electrical processes such as electroporation [10, 11, 21, 23,
25]. In addition, ultrasound and microbubble-mediated plasmid DNA uptake isa
fast, global and multi-mechanisms involved process [26, 27].

2.2.1.1 Microinjection

In microinjection, cell membrane or nuclear membrane is penetrated by simple
mechanical force using a microneedle diameter of 0.5-5 pm, at a specific and
reproducible depth with less physical pain than conventional DNA delivery. This
gene delivery system is mainly used to inject DNA constructs in vivo. Application
of DNA by this method leads to constant expression of the antigen encoded in the
skin. This method can also be used to deliver DNA for a prolonged period of time,
similar to the administration of drugs at a constant rate. In the method, usually
the stratum corneum and the viable epidermis are breached by microneedles, after
which DNA can be delivered into the dermis. There are several different micronee-
dle methods for DNA delivery; solid microneedles can be coated with DNA prior
to skin penetration, uncoated microneedles can be used to damage the epidermis
prior to application of a transdermal patch containing the DNA of interest, solid
microneedles constructed with biopolymers can be coated with DNA such that the
needles dissolve upon contact with the fluid in the dermis to release DNA into the
skin and hollow microneedles can deliver DNA into the dermis through the needles
[28-30]. Quantitative introduction of multiple components into the same cell is
an advantage of this technique, while technical skills are required to prevent cell
damage [31].
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2.2.1.2 Gen gun

The ballistic DNA delivery or DNA-coated particle bombardment (gene gun)
that was first used for gene transfer to plants in 1987 uses heavy metal micropar-
ticles (e.g., gold, silver microparticles or tungsten, 1-5 pm in diameter) to hold
nucleic acids and penetrate the target cells. Momentum allows penetration of these
particles to a few millimeters of the tissue and then cellular DNA release. Gas pres-
sure, particle size and dose frequency are critical factors in determining the degree
of tissue damage and penetration effectiveness of the application [18, 28]. This
method has various advantages such as safety, high efficiency against parenteral
injection, total amount of DNA required for delivery is low, no receptor is required,
size of DNA is not a problem and production of DNA-coated metal particles is easy
to generate. A major disadvantage is that it induces greater immune responses than
microinjection due to tissue damage with intradermal delivery, even in low doses,
and also, gene expression is short term and low. This technique is a widely tested
method for intramuscular, intradermal and intratumoral genetic immunization.
The use of gene gun for gene therapy against various cancers in clinical trials has
also been demonstrated [18, 28-30].

2.2.1.3 Biojector

This device is commonly used to deliver medications through the skin for
intradermal, subcutaneous and intramuscular applications. Usually, CO, pressure
is used to force medications (e.g., vaccine) loaded in the device through a tiny
orifice, which creates a high-pressure stream capable of penetrating the skin in the
absence of a needle [28-30]. Biojectors have been used to deliver different kinds
of vaccines such as DNA vaccine, in preclinical studies and human clinical trials to
elicit significantly higher antibody responses and cell-mediated immunity (CMI)
to the conventional (needle and syringe) vaccine delivery systems [29]. Because
biojector-based delivery systems can increase the uptake of DNA in tissues of the
skin and muscle, efficacy of the DNA vaccine is considerably increased. In a phase
1 trial for HIV vaccine, the success demonstrated with biojector used to enhance
the efficiency of DNA transfection coupled with the fact that biojectors do not use
needles that will most likely lead to the increased use of biojectors for DNA delivery
in the clinic [28-30].

2.2.1.4 Electroporation

Electroporation was first studied on the degradation of cell membrane with
electric induction in the 1960s. The first reported study is transfection of eukaryotic
culture cells through electroporation in 1982 [18, 28]. In many subsequent studies,
transfection was performed on animal and plant cells via electroporation [18]. This
physical gene delivery technique uses electrical pulse to generate transient pores in
the cell plasma membrane allowing efficient transfer of DNA into the cells. Pore
formation occurs very rapidly, in approximately 10 ns. The size of the electric pore
is estimated to be smaller than 10-nm radius. If the molecule is smaller than the
pore size (as in oligonucleotides and chemical compounds), it can be transferred to
the cell cytosol through diffusion [18, 28]. This method has been effectively applied
in humans in order to enhance gene transfer and tested in several clinical trials
such as prostate cancer [28, 30], leukemia [28], colorectal cancer [28], malignant
melanoma [28, 30], brain carcinomas [28], Parkinson’s disease [28], Alzheimer’s
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disease [28] and depression [28]. When the parameters are optimized, this method
is equally effective as viral vectors for in vivo application. But, the disadvantage is
that it often results in a high incidence of cell death because of high temperature due
to high voltage application. And also, transfection of the cells in large regions of the
tissues is difficult [18, 28-30].

2.2.1.5 Ultrasound

Ultrasound (US) is a promising tool for gene delivery that has been able to facili-
tate DNA transfection of cells. US-mediated delivery is of interest due to its potential
for repeated application, organ specificity, broad applicability to acoustically acces-
sible organs, low toxicity and low immunogenicity. Different kinds of studies have
examined gene transfection in various types of cells in vitro and with various organs
and tissues in vivo, including brain [26, 30], cornea [30], pancreas [30], skeletal
muscle [26, 30], liver [26, 30], heart [26, 30] and kidney [26, 30]. The advantages are
that only acoustic energy is introduced into the cellular environment, which avoids
possible safety concerns associated with chemical, viral or other materials intro-
duced and left behind by other methods. Also, US-mediated delivery has been seen
in many kinds of cell types and so may be broadly applicable, in contrast to other
methods that often require reformulation for specific cell types. Unlike chemical
delivery systems, US-mediated DNA uptake is often shown to be non-endocytotic.
Acoustic cavitation plays a major role in the cell membrane permeabilization that
facilitates DNA uptake. US can possibly deliver plasmid DNA to the periphery of the
cell nucleus and facilitate rapid transfection by altering the cytoskeletal network.
However, US-based gene transfection studies are still in preclinical trials and have
the major challenge of relatively low transfection efficiency compared to optimal
complexed chemical formulations and viral gene delivery systems [26, 28, 30].

The use of ultrasonication with the microbubble technique has shown great
potential for intracellular gene delivery. The microbubble-cell membrane interac-
tion serves as the key element bridging the acoustic conditions and the endpoint
delivery outcomes. However, since the fundamental mechanical question of how
plasmid DNA enters the intracellular space mediated by ultrasound and micro-
bubbles is not fully understood, gene transfection efficiency is much lower than the
potential for large-scale clinical needs [26, 27]. In one study, the gene transfection
of human prostate cancer cell line (DU145) with fluorescently labeled DNA (pDNA
gWiz-GFP) was studied after ultrasound exposure. In this process, different
sonication conditions have been studied. DNA uptake, location of DNA during its
intracellular trafficking and gene transfection efficiency after ultrasound exposure
were followed for various periods by confocal microscopy and flow cytometry. As a
result, ultrasounds delivered DNA into cell nuclei shortly after sonication and that
the rest of the DNA cleared by autophagosomes/autophagolysosomes [26]. Also,
ultrasound application combined with microbubbles has shown good potential for
gene delivery. In one study, to unveil the detailed intracellular uptake process of
plasmid DNA stimulated by ultrasound and microbubbles, the role of microbubbles
in this process was investigated. So, targeted microbubbles were used to apply
intracellular local stimulation on the cell membrane, and high-speed video micro-
scopic recordings of microbubble dynamics were correlated with post-ultrasound
3D fluorescent confocal microscopic images fixed immediately after the cell. Two
ultrasound conditions (high pressure, short pulse and low pressure, long pulse)
were chosen to trigger different plasmid DNA uptake routes. Results showed that
plasmid DNA uptake evoked by localized acoustically excited microbubbles was
a fast (<2 min), global (not limited to the site where microbubbles were attached)
and multi-mechanisms involved process [27].

132



Current State of the Art in DNA Vaccine Delivery and Molecular Adjuvants: Bel-xL...
DOI: http://dx.doi.org/10.5772/intechopen.82203

2.2.2 Chemical adjuvant systems

The term adjuvant is derived from the Latin word “adjuvare” which means
“help” or “develop.” Adjuvants are used to increase the life, quality and degree of the
specific immune response developed against the antigens. At the same time, they
have low toxicity and are capable of sustaining the immunological activity alone by
inhibiting polymer accumulation in the cell [11, 32, 33]. So, they are preferred in
vaccinations for newborns or adults. Also, they can stimulate a long-term immune
response by reducing the amount of antigen that must be given in a single dose of
vaccine [9, 34].

Adjuvants are classified according to the source of their constituents, their
physicochemical properties or their mechanism of action and are generally grouped
into two subheadings. One of them is molecular adjuvants that are immunostimu-
lants (and also genetic adjuvants) (e.g., TLR ligands, cytokines, saponins and
bacterial exotoxins that stimulate the immune response) and act directly on the
immune system to enhance immune response against antigens. The other one is
carrier systems; they are systems that promote vaccine antigens in the most appro-
priate way to the immune system while also exhibiting controlled release and depot
effects, thereby increasing the immune response (e.g., mineral salts, emulsions,
liposomes, virosomes, biodegradable polymer micro/nano particles and immune
stimulating complexes—ISCOMs) [1, 9, 11, 34-39].

Cytokines can also be delivered directly with the DNA vaccine, either on the
same or on a separate expression plasmid as adjuvant duty. The effects of plasmid
encoding cytokines such as interleukin IL-10, IL-12 or IFN-y together with DNA
vaccines have been studied in a variety of animal and disease models, up to clinical
trials in humans [38]. Also, various studies describe the usage of plasmids coding
for immune-signaling molecules, either as partial or as full-length genes. Many
adjuvants function by activating the innate immune system via binding to Toll-like
receptors (TLRs). Another innate immune mechanism, which is being explored
for improving DNA vaccination, is the sensing of viral infections via pathogen
recognition receptors (PRRs). Both proteins detect the presence of viral RNA in the
cytosol. Co-delivery adjuvants with the vector coding for antigenic proteins result
in significantly higher antibody titers as compared to the non-adjuvanted controls.
Other strategies for genetic adjuvants include components of the complement
system, protein aggregation domains, chemokines or co-stimulatory molecules.
Whereas DNA vectors encoding certain cytokines have already entered clinical test-
ing in humans, studies with many other genetic adjuvants were mostly performed
in mice. Therefore, these promising studies should be optimized into powerful
strategies to boost DNA vaccines in more complicated animals and humans [38].

Adjuvants can easily be internalized by the antigen-presenting cells (APCs)
(macrophages and dendritic cells) because of their size being similar to pathogens
(<10 pm) [11, 22, 25, 40]. The internalization and presentation of the adjuvant
depends on the chemical and physical properties of the adjuvant system. It has
been shown in various studies that the particles with cationic properties are more
efficiently taken up by macrophages and dendritic cells [21, 24, 25, 41-43].

The characteristics that should be present in the adjuvants can be listed as fol-
lows: stability in an acidic, basic and enzymatic environment; retention of retained
antigen or nucleic acid by constant release; systemic and mucosal immunity being
effectively induced and balance between effective immunity and immunological
tolerance at high doses [9, 44]. Also, the immunogenicity of weak antigens should
increase the speed and duration of the immune response, cause only minimal local
and systemic side effects, and be capable of a wide variety of vaccination with
stability and ease of production. The ability to be effective in the living system of
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adjuvants depends on its ability to stimulate antigen-presenting cells (dendritic
cells and macrophages) and T and B lymphocytes of the natural defense system
[11]. There is a need for definitive information on the structure, stability, safety
and immunogenicity of the adjuvant to be used in an effective vaccine development
process [32, 33]. For this purpose, the choice of adjuvant depends on factors such

as antigenic structure, immunization scheme, mode of administration and desired
immune response pattern [33].

2.2.2.1 Nanoparticulate adjuvant systems and DNA vaccine delivery

Nanoparticles are matrix systems called nanospheres or nanocapsules accord-
ing to the method of preparation, which vary in size from 1 to 1000 nm and are
prepared with natural or synthetic materials. They are also the matrix systems in
which the active substance nucleic acid is solubilized, adsorbed or electrostatically
interacted with the surface [23, 45].

In vaccine development studies, nanotechnology is becoming increasingly
important. Numerous nanoparticles of varying composition, size, shape and
surface properties are used to both increase vaccine efficacy and target vaccination.
With these properties, nanoparticles play an active role in in vitro/in vivo drug and
gene delivery systems. Because nanoparticles are biodegradable and easily recogniz-
able by antigen-presenting cells (APCs), they can be easily endocytosed and used as
successful vaccine carriers in vaccine delivery systems [22, 25, 40].

Nanoparticle-mediated delivery of DNA vaccines has the advantages of increas-
ing transfection efficiency and immunogenicity, inducing both cellular and anti-
body responses, and not requiring special equipment during administration; there
are some disadvantages, such as, the long-term effects of nanoparticles in the body
are not yet known [1]. As a DNA vaccine carrier, natural polymeric nanoparticles
such as chitosan, alginate, pullulan and inulin (2-1000 nm); synthetic polymeric
nanoparticles such as PLGA, dendrimer, PLA, PHB and PEI (2-1000 nm); inor-
ganic nanoparticles such as gold, silica-based and carbon-based nanoparticles
(2-1000 nm); nano-liposomes (100-400 nm) which are phospholipids that can be
organized in nanoscale and non-infectious virus-like particles (VLP) (20-800 nm)
generated by packaging the nucleic acid into biocompatible capsid proteins [1, 9, 22]
are used. In recent years, the use of complex nanoparticles to overcome the disad-
vantages of enhancing the function of single-source nanoparticles has been dis-
cussed. Polyethylene/PLGA, polyg-glutamic acid/chitosan, polyethylene/chitosan,
dendrimer/polyethylene glycol, polyg-glutamic acid/polyethyleneimine (PEI),
chitosan/tripolyphosphate and polyethylene glycol/liposome nanoparticles are
remarkable DNA transport systems [1, 22, 25, 40, 46, 47]. The overall efficiency of
nanoparticle-based DNA delivery systems depends on four basic factors. These fac-
tors explain the necessity of nanoparticle-based adjuvant systems. Accurate plasmid
DNA is integrated with the nanoparticle into the target cell correctly, the nanopar-
ticle is removed from the endosomal vesicles and is transferred to the cytoplasm,
then is transferred to the mitochondria or nucleus [23, 25].

In recent years, there has been a tremendous improvement in the area of gene
delivery system with the advent of cationic polymers. These polymers bind with
nucleic acid(s) to form complex structures known as polyplexes, which have
increased transfection efficiency [10, 48]. Some of the examples of the polycationic
polymers are chitosan, polyethyleneimine (PEI), poly(2-hydroxy ethyl methacry-
late) (pHEMA), polyamidoamine (PAMAM) dendrimers, polylactic-co-glycolic
acid (PLGA), polyethylene glycol (PEG) and poly-L-lysine (PLL) and the negatively
charged phosphate group of pDNA, which have cationic properties. [10, 23, 42,

43, 49-51]. Many factors such as molecular weight (MW), surface charge, charge
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density, hydrophilicity and morphology significantly influence the gene transfection
efficiency of cationic polymers. For this reason, in general, optimization of various
forms of these cationic polymers with pDNA is required to increase transfection
efficiency. The polyplex structure electrostatically formed with DNA packs it into
smaller structure, pDNA, that interacts effectively with the negatively charged cell
membrane and is endocytosed easily into the cell. In addition, cationic polymers

are suitable for specific applications like conjugation of targeted ligands and various
moieties, which provide them with specific characteristics [21, 22, 24, 25, 52].

2.2.2.1.1 Liposomes

Since their discovery in 1964, liposomes are extensively studied and used in the
pharmaceutical and cosmetic industries. It is a generic name for single- or multi-
lamellar vesicles in lipid-based nano- and micro-dimensions, whose surface charge
can be changed by lipid formulation. Thanks to biocompatibility, biodegradability,
low toxicity and low immunogenicity, liposomes have been used as potential nucleic
acid carriers both in vitro and in vivo systems. In the composition of cationic
liposomes, neutral lipids, cationic lipids and/or anionic lipids can be complexed in
different ratios for creating ideal co-lipid. Neutral lipids (DOPE, DPPC, DOPC and
Chol) are also often involved in the cationic liposome structure for more efficient
transport systems, although sometimes only cationic lipids (DOTAP, DC-Chol,
MMRIE, DODAP, DDTAP and DDA) are used [8, 36, 53]. The choice of ideal co-
lipids is important during the formulation phase [54-56], since they significantly
affect the overall performance of cationic liposomes.

There is a strong correlation between morphology and performance of lipoplex
(liposome and DNA complex). There are several models that determine morphol-
ogy such as the external model (DNA is attached to the cationic liposome surface),
the internal model (DNA is surrounded by the cationic liposomes), the cationic
liposome beads model on the DNA sequence and the spherical model. In addition
to the liposomal composition, cationic lipid/nucleic acid (N/P) load ratio, prepara-
tion methods, ionic strength and temperature also affect lipoplex formulation and
morphology. While high N/P ratios accept that the lipid/DNA complex is compatible
with the global model with effective DNA concentration [22, 54, 57, 58], the low N/P
ratio accepts the model of cationic liposome beads on the DNA sequence. In addi-
tion, high concentrations of cationic liposomes can cause cytotoxicity. The particle
size of the lipoplexes is also influential on transfection efficiency. In general, large
lipoplexes are more effective with in vitro transfection of nucleic acids because large
pieces allow rapid sedimentation, maximum cell contact with the cell membrane
and easier separation after endocytosis. Small particles, on the other hand, are much
more effective, safe and suitable for in vivo transport of nucleic acids [57, 59].

Various studies have shown that cationic liposomes (DC-Chol/DOPE) formed
at various ratios of 3p-[N-(N’,N’-dimethylaminoethane) carbamoyl] cholesterol
(DC-Chol) and 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE) are
effective pDNA carriers in the preclinical as well clinical trials for plasmid transfec-
tion [55, 57, 60]. In another study, it was reported that the vaccine adjuvants with
high immunogenicity were obtained with cationic liposomes formed at 50:50 ratio
(50 mol%) with DC-Chol/DPPC (3p-[N-(N’,N’-dimethylaminoethane) carbamoyl]
cholesterol/1,2-dipalmitoyl-sn-glycero-3-phosphocholine) [53]. In many stud-
ies, it has been reported that surface modifications to cationic liposomes (PEG-
polyethylene glycol coating, etc.) increase transfection efficiency due to more stable
plasmid retention, longer circulation time and lower immunological response.
Studies have shown that transfection efficiency is increased by about 55% with PEG
coating to protect surface charges [23, 48, 54, 56, 57, 61].
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2.2.2.1.2 Chitosan

Chitosan is the best-known working polymer among the therapeutic natural
polymers. It consists of D-glucosamine and N-acetyl-D-glucosamine units linked
by B-(1,4) glycosidic bonds. The chitosan is derived from the chitin molecule and
the thermoacetal deacetylation process forms the bonds. The chitin is a biopoly-
mer in abundance in nature and is the cell wall of most of the fungi and bacteria
of the shellfish and the outer shell of insects [62]. One of the most important
applications of chitosan is its application as non-viral vector in gene therapy.

For this reason, chitosan has recently been used for gene delivery systems for
therapeutic purposes [50, 63]. The first chitosan/DNA complex was made about
25 years ago, and was composed of plasmid and chitosan in size of 150-600 nm.
Positive charge, which allows it to complex easily with negatively charged DNA,
allows the formation of nanocapsules (80-500) at various sizes that protect DNA
from nuclease activation [64, 65].

Chitosan nanoparticles are formed by a wide variety of methods, by the forma-
tion of different bonds, by different polymer conformations and by various internal
and external molecular interactions. In addition to covalent cross-linking and
desolvation methods, ionic gelation is one of the most useful methods used in the
handling of chitosan nanoparticles and is especially considered for polyelectrolyte
sodium tripolyphosphate (TPP) [42, 43, 66]. In chitosan-based adjuvants, DNA
isinvolved in structure determination, electrostatic interaction, encapsulation
and surface adsorption [42, 50]. Chitosan has excellent biocompatibility, accept-
able biodegradability, high biosecurity, low cytotoxicity and low immunogenicity.
However, limited application of gene transport due to poor solubility at physi-
ological pH, insufficient positive charge and low transfection efficiency can be
prevented by various surface modifications on chitosan nanoparticles [25]. For
example, TPP is useful in preparing chitosan nanoparticles and enhances its
non-toxic nature. Due to the self-regulation nature of polycations and polyanions,
it leads to the formation of linking complexes between TPP groups and chitosan
amino groups. In the process of the protonation of the chitosan at physiological pH,
TPP is covalently bound to chitosan amino groups providing structural change and
better provocation [23, 50, 61, 67, 68].

2.2.2.1.3 Polyethyleneimine (PEI)

Polyethyleneimine is a gene-carrying cationic polymer that has high transfection
efficiency in vitro and in vivo with lower cost, but can exhibit high toxicity with
concentration pulse [69-71]. PEI receives proton in aqueous solutions and has a high
positive charge. Thus, in vitro and in vivo DNA and oligonucleotide transport are
promising candidates as non-viral transport systems [71, 72]. PEI and its derivatives
are commonly known as an effective dispersant and cationic flocculent used for
negatively charged colloids [73].

Adjuvant systems with PEI involve the electrostatic interaction of DNA with the
cationic polymer and the formation of the polycation/DNA complex [74]. The DNA/
polymer complex (N/P) occurs when the amine group of this polymer interacts with
the phosphate group of DNA [73]. In many studies, it has been shown that PEI has
the advantages of holding pDNA with electrostatic bonds, binding to the cell surface
and its endocytosis, and releasing pDNA into the cell. It also enhances the entry of
the gene from cytoplasm to the nucleus [70]. This polymer is used for DNA-based
immunotherapy or DNA vaccine delivery to ensure that the immune response is acti-
vated to provide a strong immune response [74]. Factors such as molecular weight,
branching grade, ionic strength of solution, zeta potential and particle size affect the
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efficacy/cytotoxicity of PEL PEI is coated with PEG and various ligands to increase
transfection efficiency and reduce cytotoxicity. Meanwhile, the PEI in the linear
structure helps to create an effective transport system than the branched PEI [69].

2.2.2.1.4 Dendrimers

Dendrimers are nanometer-sized (1-100 nm) particles with a unique architec-
tural structure in the form of spherical macromolecules, consisting of a central
core, a hyperbranched mantle and a corona containing a peripheral reactive
group. Dendrimers can be fabricated by convergent or divergent synthesis. The
high-level control system on dendritic architectural synthesis makes dendrimers
almost perfect spherical nanostructures with predictable properties. Dendrimers
can build up ionic interactions with DNA, creating complexes with high stability
and resolution. Costly production is the only disadvantage. Structures such as
polyamidoamine and polypropylenimine are included in the dendrimeric clas-
sification [25, 75-78].

Of the cationic compounds used in gene delivery, polyamidoamine (PAMAM)
dendrimers have been regarded as the most suitable gene carrier, due to the
presence of abundant amino groups on the electrostatically interacting surface
with negatively charged nucleic acid material and low polydispersity. This
association at the nanoscale (nucleic acid-dendrimer pair) is called dendriplex
[79]. These particular supramolecular structures not only protect the genetic
material from nuclease degradation but also interact with the negative surface of
the cell membrane and activate entry into the cell through endocytosis. The high
amine content of PAMAM dendrimers provides significant buffering capacity in
the endosomal pH range. This extraordinary buffering capacity plays a power-
ful driving force in the liberation of dendriplex complexes prior to enzymatic
degradation to lysosomal enzymes in endosomes. These properties make PAMAM
dendrimers the carriers that are obliged to carry out future polycation-based gene
delivery studies. On the other hand, long-term storage stability and high bio-
compatibility make PAMAM dendrimers almost necessary to use as gene carriers
in vivo [24, 25, 49, 51, 61, 75].

The number of generations on the transfection efficiency is important.
Dendrimer generations GO—G3, low-grade PAMAM dendrimers, exhibit low gene
transfection efficiency and low cytotoxicity, while G4-G8 dendrimers show high
transfection efficiency and high cytotoxicity. For this reason, dendrimer genera-
tions G4-G5, which have low cytotoxicity as well as high transfection efficiency in
gene transfer, are preferred [25, 76]. In addition, adding different moieties enhances
various features of dendrimers. For example, high amine content on the PAMAM
surface allows conjugation of various materials to improve transfection efficiency
and reduce target cytotoxicity [24, 25, 49, 61]. PEG conjugation provides positively
charged protective sheath, which reduces cytotoxicity, undesired interactions with
blood components, and facilitates binding of the ligand. Adding hydrophobic
moieties favors hydrophilic-hydrophobic balance, reduced cytotoxicity and facilita-
tion of packaging back into the vector. With glucocorticoid conjugation, nuclear
targeting and parental dendrimers (dexamethasone and triamcinolone acetonide
conjugates) provide hydrophilic-hydrophobic equilibrium modulation. By cyclo-
dextrin conjugation, increase of endosomal escape and decrease of cytotoxicity as
well as oligonucleotides against enzymatic digestion are protected. Finally, by amino
acid, peptide and protein conjugation, it is also possible to increase cell penetration
(arginine and TAT peptide conjugation), cellular uptake, endosomal escape, serum
resistance (histidine conjugation), and nuclear localization, and also target specific
receptors [24, 25, 51, 61, 77, 78].
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2.2.2.1.5 Poly(lactic-co-glycolic acid) (PLGA)

PLGA is a solid polymeric material approved by the Food and Drug
Administration (FDA) for nanoparticle-based drug and gene delivery systems.
Their biocompatibility, biodegradability, reliability and high stability character-
istics during storage provide advantages in delivery systems [20, 80-82]. PLGA
nanoparticles can easily pass through vessels in vivo without damaging the tissues
surrounding the tumor and thus accumulate with the mechanism of “enhanced
permeability retention” (EPR) in solid tumors. However, PLGA particles are less
efficient in encapsulating nucleic acids because hydrophobic properties of PLGA are
not compatible with anionic, hydrophilic properties of nucleic acids. In addition,
difficult preparation conditions and pH decreases during PLGA hydrolysis inac-
tivate nucleic acid loading and prevent polyplex formation. In order to overcome
these drawbacks, effective gene transfer systems can be formed with different
formulations made with different molecular interactions [21, 48, 52, 61, 83-86].

For example, PLGA nanoparticles can be processed with materials such as PEI to
increase positive charge distribution and provide a stronger penetration of nucleic
acid. After penetration of the nucleic acids, PEI, PEG cross-linking material and
cell penetration peptides can be used for effective encapsulation and stabilization of
the nano-carrier system [48, 81, 85]. It is also one of the systems to produce PLGA-
based adjuvants in sizes of 200-300 nm by such means as cationic hydrophilic
properties by condensing PLGA with cationic polymers such as polyethylenoxide
(PEO) and polyethylene glycol methacrylate (PEGMA), emulsifying solvent diffu-
sion method without shear stress [48, 81, 85].

In one study, DNA-loaded PLGA particles were fabricated by a double emul-
sion water in oil in water (w/o/w) method, in which energy is introduced to the
system typically by either sonication or homogenization, and they were provided
with submicron size (generally 0.1-10 pm). Then, conjugation of PLL to PLGA
was achieved through the coupling agent at different percentages to create pDNA/
PLGA/PLL (poly-l-lysine) complex. This system achieved effective gene transport
by acquiring cationic adjuvant property. [87]. In another study, it has been reported
that the PLGA particle, which is condensed with the cationic lipid DOTAP, provides
efficient pDNA encapsulation by forming a cationic adjuvant system [88].

2.2.2.1.6 Polyethylene glycol (PEG)

Polyethylene glycol (PEG) is a highly hydrophilic, non-immunogenic, semi-
crystalline, linear polyether diol used as a non-ionic polymer consisting of ethylene
oxide monomers. PEG, a polymer approved by the Food and Drug Administration
(FDA), is non-toxic at low density and does not damage active proteins or cells.

PEG is excreted completely through the kidneys (<30 kDa PEGs) or stool (>20 kDa
PEGs) [89]. In addition, functionalities by conjugation of different terminal groups
such as amino, carboxyl and sulfhydryl groups can be increased. It is soluble in aque-
ous solutions and in most organic solvents like methanol and dichloromethane [89].

The physical properties of the PEG material vary with the molecular weight.
With an increase in the molecular weight, viscosity of PEG increases, while the
water solubility decreases. Furthermore, the high solubility of PEG in organic
solvents provides a great advantage in preparing solid dispersions. PEG provides
stability to coating particles. The flexibility of the polymer chain, which allows the
polymer units to rotate freely, ensures that the PEG protects the particles. Thanks
to its high hydrophilic property, it creates a protective shield around the particulate.
Nowadays, PEG is used not only to increase stability and circulation time of par-
ticles in vivo, but also to target particles to the desired areas [90].
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In vivo transfection experiments with DC-Chol/DOPE liposomes with 1% PEG
coating showed that the PEG coating increases the stability and longevity of the
adjuvant, while it decreases the pH sensitivity and thus decreases the transfection
rate. This pH sensitivity is important for the vaccination strategies carried out in
the treatment of an existing tumor tissue [55]. However, there is no indirect disad-
vantage of PEG coating on the transfection rate, as there is no intention to improve
the present tumor tissue, but there is no need for pH sensitivities for adjuvants in
vaccine studies designed to protect against tumor formation [23, 54, 56, 61].

2.2.2.1.7 Poly (2-hydroxyethyl methacrylate) (pHEMA)

The pHEMA [poly(2-hydroxyethyl methacrylate)] polymer is the polymerized
non-toxic form of HEMA (hydroxyethyl methacrylate) which is a toxic monomer.
Hydrogels are hydrophilic and are capable of holding water up to thousands of times
more than their own dry mass. For this purpose, pHEMA that is virtually uncharged
is a three-dimensional hydrophobic polymer that can swell in water or biological
fluids, and it can be used with a large number of pathways [91, 92]. Because of its
high water content such as those in body cells, it is used in ureters, cardiovascular
implants, contact lenses, tissue restorative surgical materials and many dental appli-
cations [93, 94]. pHEMA is also used in the pharmaceutical industry and in tissue
engineering because of its biocompatibility and similar physical properties as living
tissues [93]. In addition, the pHEMA polymer has been developed by virtue of its
high biocompatibility properties and successful complexes formed by a wide variety
of cationic compounds. It is also used in DNA purification, RNA adsorption and drug
and enzyme transport [91, 95, 96]. These approaches shed light on the creation of
new adjuvant systems for the transport of genetic material using pHEMA [91, 93, 97].

In our previous studies, we purposed to develop new pHEMA-based adjuvant
systems to increase the immune effectiveness and protectivity of the DNA vaccine.
Within this scope, cationic pHEMA-His/PEG, pHEMA-Chitosan/PEG, pHEMA-PEI/
PEG and pHEMA-DOTAP/PEG particles were developed. As a result, all pHEMA-
based adjuvant systems, which can be produced in nano-sizes and in the desired
properties, have been shown to increase in vitro transfection efficiency compared
to naked DNA by using them in different pDNA /adjuvant formulation ratios. When
compared to Lipofectamine 2000 agent, pHEMA-PEI and pHEMA-DOTAP adjuvant
formulations are promising candidates for gene transfection agents [98].

2.2.2.2 Characterization of adjuvant systems

Advances in adjuvant systems have led to the development of biodegradable,
environmentally responsive and biocompatible vaccine carriers (e.g., droplet-based
microfluidic devices). An ideal adjuvant system should effectively interact with
both the pDNA and cellular membrane and should not elicit an immune response
or cytotoxicity. Characterization studies of pDNA vaccine-loaded delivery systems
are carried out by size and zeta potential measurements, transmission electron
microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy
(AFM), gel retardation assay with agarose gel electrophoresis, PicoGreen assays,
robustness assays and FT-IR [26, 31, 99-102].

2.3 Cellular uptake of delivery systems
Cellular uptake adjuvant/nucleic acid formulations mainly depend on type,

size, shape as well as composition, surface chemistry and/or the carrier charge.
These are key factors, which affect carrier/cell interactions and the transfection
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efficiency. Cellular uptake of nucleic acid-loaded delivery systems and their
localization in 2D (monolayer culture) and 3D (multicellular tumor spheroids)
in vitro cell culture models and also in vivo models are studied by multi-labeling
3D confocal fluorescence microscopy, flow cytometry, overlaid bright field fluo-

rescence microscopy based on GFP expressions, luciferase assays and fluorescence
images [26, 27, 100-102].

3. Molecular adjuvants and Bcl-xL anti-apoptotic protein

Molecular adjuvants can be defined as plasmids expressing cytokines, chemo-
kines or co-stimulatory molecules which can be co-administered with the antigenic
DNA vaccine plasmid [103] or vaccine plasmid can be constructed as a bicistronic
vector system. The magnitude of immune response after DNA vaccination is
very closely related to: (i) the source of Ag presentation, (ii) the immunological
properties of the DNA itself and (iii) the role of cytokines in eliciting the immune
responses [104]. Thus, with the cells transfected by molecular adjuvant, encoding
plasmids secrete the adjuvant into the surrounding region stimulating both local
antigen-presenting cells (APCs) and cells in the draining lymph node, especially
dendritic cells. The examples of molecular adjuvants as cytokines: GM-CSF (granu-
locyte-macrophage colony stimulating factor), M-CSF, IFN-y, IL-2, IL-4, IL-7 and
IL-8, IL-10, IL-12, IL-15, IL-18; as chemokines: IL-8, MCP-1 (monocyte chemoat-
tractant protein 1), MIP-1a (macrophage inflammatory protein), RANTES (CCL5);
and as co-stimulatory proteins: CD40L, CD80/86, ICAM-1 (intercellular adhesion
molecule 1) [103]. In addition, ligands of pattern recognition receptors (PRRs) are
described as molecular adjuvants. There are 13 TLR genes (TLR1-TLR13). TLR3
and TLR9 recognize dsRNA and ssDNA, respectively, and their ligands have been
shown to act as molecular adjuvants. Poly(I:C) is a classical TLR3 ligand, and CpG
isaTLR 9 ligand, showing molecular adjuvant properties via increasing cytotoxic
T-cell responses [105]. Bcl-xL anti-apoptotic protein was also described as molecu-
lar adjuvant. Inhibiting the apoptosis of antigen-presenting dendritic cells, the
cytotoxic T-cell responses (CD8+ T cells) are increased due to the longer survival
of the dendritic cells [106]. In addition, rather than co-transfection, expression of
Bcl-xL in a bicistronic vector further enhances CD8+ T-cell responses compared to
co-transfection [107, 108].

In our previous studies, pIJRESEGFP/Bcl-xL is a bicistronic vector bearing CMV
(cytomegalovirus) promoter and IRES (internal ribosomal entry site) used asa
backbone for DNA vaccination studies. Bcl-xL anti-apoptotic protein in frame
with eGFP (enhanced green florescence protein) as a molecular adjuvant was also
encoded by the plasmid. It’s shown that Bel-xL anti-apoptotic protein rescued cells
from serum deprivation, doxorubicin, camptothecin and staurosporine induced
apoptosis [71, 109], induced prolonged expression of the antigen of interest in
expressed under CMV promoter that facilitates an increased CD8+ T cell response
in DNA vaccination studies encoding foot and mouth disease multi-epitopes [4]
and Toxoplasma gondii, SporoSAG antigen [5].

4. Conclusion
In this chapter, we have discussed DNA vaccines, several widely used and
emerging gene delivery systems to increase efficacy of DNA vaccines, characteriza-

tion of these systems and cellular uptake of DNA vaccines yet to be tested in the
clinic in the future. Also, as means of molecular adjuvants, several agents are in
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consideration like chemokines, cytokines, co-stimulatory molecules, PPR ligands
and anti-apoptotic proteins.

Nanotechnology offers new strategies in formulating better adjuvants for DNA
vaccines. However, they are very stable and the long-term cytotoxic effects in the
body appear to be a potential problem. In order to remove this problem, most effec-
tive surface and content modifications of nanoparticles studied are being made. The
relatively short history of the use of nanoparticles has led to a lack of understanding
of the safety profile of human use. For this reason, many studies are being carried out
in this regard today. If a safe profile can be shown as a result of these studies, this new
vaccine delivery system will be considered to be an effective method, which will be
widely used. In addition, nanoparticle-based DNA vaccines are seen as a strategy for
future single-dose applications and the need for needle-free vaccines, as they enhance
cell transfection efficiency and immunogenicity and enable targeting strategies.

In future studies, the development of nanoparticle-based gene delivery systems
for different purposes will continue to be critical. Modification of toxicity and
immunogenicity problems of viral vectors, enhancement of transfection efficiency
as much as possible for non-viral vectors, enhancement of vector targeting and
specificity, regulation of gene expression and identification of synergies between
gene-based agents and other cancer therapies are promising studies. Nevertheless,
the safe and efficient transport of plasmid DNA to initiate immunological responses
remains an important barrier to human DNA vaccination. The development of new
non-viral strategies for DNA vaccines has to continue to serve as biological insight
and clinic-related methods. Specific concerns include difficulties with transfec-
tion of dendritic cells. This includes methods that target strong antigen signaling,
antigen-presenting cell uptake and lymph node transduction without sacrificing
biocompatibility. Carriers must deliver the genetic load specifically to the target
tissue, while protecting the genetic material from metabolic and immune pathways.

DNA transfection of cells in vitro/in vivo studies requires overcoming both
extracellular and intracellular barriers to gene transport from cell plasma mem-
brane which is the barrier of intracellular DNA uptake and hinders DNA trafficking
in the cytoplasm, and also into the cell nucleus that is nuclear envelope. Therefore,
gene delivery methods including viral, non-viral, physical, chemical and molecular
systems should facilitate DNA delivery across these barriers and into the nucleus to
enable transcription without any degradation very quickly. Gene delivery systems
are so important that besides the characterization of these systems by various meth-
ods such as SEM, TEM, AFM and FT-IR, the examination of their cellular uptake
by various techniques like confocal complex fluorescence microscopy and flow
cytometry and the development of study done in this area are extremely important
in the future.
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Chapter 8

Role of Aryl Hydrocarbon-
Ligands in the Regulation of
Autoimmunity

Hana’a Burezq

Abstract

The aim of this study is to show the effects of activating aryl hydrocarbon
receptor (AhR) by specific ligands, on the expression of responsive genes. Specific
AhR-ligands were reported to play an important role in immune regulation. This
chapter will focus mostly on the effects of activating AhR with different ligands on
autoimmunity. Findings showed the possibility of using the AhR to treat inflam-
matory and autoimmune diseases in mice. AhR ligation with specific ligands can
affect T cell differentiation, through activation of CD4"Foxp3* regulatory T cells
and downregulation of the pro-inflammatory T helper 17 cells. The results showed
the effects of specific AhR-ligands on the production of pro-inflammatory and/
or anti-inflammatory T cell subsets, the potential to use AhR-ligands in regulat-
ing the inflammation of organ/tissues in various diseases, suggesting that specific
AhR-ligands could be used for immune regulation in pathogenesis of autoimmune
diseases of human and mice.

Keywords: aryl hydrocarbon receptor, T helper 17, T regulatory cells, autoimmune
disease, immune regulation

1. Introduction

The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription fac-
tor that mediates a variety of cellular events in many tissues [1]. AhR expression
was found in many vertebrates such as rats and mice including fish. Therefore, it
was suggested that AhR has a widespread biological function in animals, but its
physiological role is not yet fully known. When AhR binds to xenobiotic ligands,
the AhR regulates the expression of many genes including those encoding for
cytochrome P450 enzymes. The activation of AhR was linked to variations in cell
proliferation, apoptosis, tumor promotion, immune function, development, and
reproductive functions [1, 2]. Many studies reported that the phenotype of AhR-
deficient mice points to possible physiological functions of the receptor in liver,
heart, ovary, vascular, and immune systems [2, 3]. The signaling pathway of AhR
starts when AhR-ligand enters the responsive cell and binds with high affinity
to the cytosolic AhR. The receptor exists as a multi-protein complex, containing
two molecules of the chaperone heat shock protein of 90 kDa, the X-associated
protein-2, and a 23-kDa co-chaperone protein [4]. The AhR undergoes confor-
mational changes exposing a specific nuclear localization sequence which results
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in the translocation of the complex into the nucleus [5]. The ligand:AhR will
then be released from this complex and bind to a related nuclear protein called
AhR nuclear translocator (ARNT), which converts the AhR into its high-affinity
DNA-binding form [6]. The ligand:AhR:ARNT complex binds to its specific DNA
recognition site, the dioxin response elements (DREs), resulting in stimulation
of the transcription of cytochrome P450 (CYP1A1) and other AhR-responsive
genes. Once the AhR-ligand binds to its receptor, the AhR:ligand complex will
translocate into the nucleus. The ligand:AhR will then be released from this
complex and bind to ARNT, which converts the AhR into its high-affinity DNA-
binding form, and then the ligand:AhR:ARNT complex will bind to the DRE, and
as a result, transcription of cytochrome P450 and other AhR-responsive genes
will start.

The present chapter highlights the effects of some AhR-ligands both exogenous
and endogenous, on the secretion of pro- and/or anti-inflammatory cytokines
which control the production of different T helper cell subsets, and consequently
affects inflammation, and autoimmunity.

2. Categories of AhR-ligands

There are two major categories of AhR-ligands: exogenous and endogenous
ligands. Exogenous ligands are those that are synthetic (formed as a result of non-
biological activity) and/or naturally occurring dietary AhR-ligands. Endogenous
ligands are those formed in biological systems as a result of natural processes in the

body [7].
2.1 Exogenous AhR-ligands
2.1.1 Synthetic AhR-ligands

The synthetic AhR-ligands are in general high-affinity ligands and include
halogenated aromatic hydrocarbons (HAHs) such as poly-halogenated dibenzo-
p-dioxins. Synthetic ligands include also polycyclic aromatic hydrocarbons (PAHs)
such as benzathracenes and related compounds [8]. HAHs represent the most
potent type of AhR-ligands, with binding affinities in the pM to nM range. In
contrast, PAHs bind to the AhR with lower affinity in the nM to pM range. The
dioxin 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which is a member of the HAH
group, is considered as one of the most potent AhR agonists known. The potency
of TCDD is about 1000-fold greater than that of PAH compounds [9]. It was
observed that aryl hydrocarbon receptor-deficient mice, loss of responsiveness to
TCDD and related chemicals [10]. Many genes are regulated by the AhR, especially
those encoding xenobiotic metabolizing enzymes, such as cyplal. The induction of
cyplal is AhR-dependent response that has been observed in most species [11].

The physiological role of the AhR remains a key question, and to date no
high-affinity endogenous ligand has been identified. The detailed analysis of
AhR-ligand binding has mainly focused on the structurally related HAHs and
PAHs. However, recent studies have demonstrated the ability of a structurally
diverse range of chemicals to bind and/or activate AhR-dependent gene expres-
sion [12, 13].

These results suggest that AhR has a ligand-binding site with special charac-
teristics. The identification and characterization of variety of naturally occurring
AhR-ligands has started to redefine our ideas as to the structural specificity of
AhR-ligand binding.
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2.1.2 Naturally occurring dietary AhR-ligands

The major source of exposure of animals and humans to AhR-ligands both
synthetic and natural comes from the diet. A number of studies have described
and characterized a variety of naturally occurring dietary chemicals that can
directly activate and/or inhibit the AhR signaling pathway. Many studies have
documented a variety of naturally occurring dietary chemicals that can act
as agonist/antagonist to AhR. It was reported that extracts of vegetables or
vegetable-derived materials could induce CYP1A1 activity, the hallmark of
AhR activation [14]. The ability of several dietary plant compounds, including
7,8-dihydrorutacarpine, indole 3-carbinol (I3C), indolo [3,2-b]carbazole (ICZ),
dibenzoylmethanes, curcumin, quercetin, carotinoids (e.g., canthaxanthin and
astaxanthin), pro-carotinoid, and f-apo-8'carotenal, to competitively bind to the
AhR and stimulate AhR-dependent gene expression was also reported [15, 16].
Flavonoids are the largest group of naturally occurring dietary AhR-ligands which
include flavones, flavanols, flavanones, and isoflavones. Flavonoids are found in
dietary vegetables, fruits, and teas. These chemicals have strong antioxidative
activity, anticarcinogenicity, and the ability to inhibit several enzymes such as
protein kinases and cytochrome P450 [10, 17]).

Quercetin (3, 3'4',5,7-pentahydroxy flavonol) is an AhR-ligand which could
have both agonist and antagonist activity to AhR depending on the cell context
and the experimental conditions [10]. The continuous administration of quercetin
following TCDD exposure in C57Bl/6] mice prevented the reduction in body weight
due to dioxin exposure [18], and quercetin treatment for 30 days was found to
reduce hepatomegaly. Moreover, treating endothelial cells with 100-pM quercetin,
following the treatment with the AhR-ligand polychlorinated biphenyls, was
found to significantly reduce cyplal mRNA level [19]. In addition to the ability of
flavonoids to interact with the AhR, many of these flavonoids are also substrates of
the CYP1A1 enzyme [20]. Flavonoid levels in human blood are usually in the pM
concentration range, and this amount was reported to be sufficient to either inhibit
or activate the AhR [21]. These findings suggest that quercetin could antagonize
AhR causing significant suppression in the production of cyplal.

Curcumin [1,7-bis(4-hydrosy-3-methoxyphenyl)-1,6-hepta-diene-3,5-dione]
is a naturally occurring dietary ligand of AhR. It is the main component (70-75%)
of turmeric herb (Curcuma longa). Curcumin has a powerful anti-inflammatory,
antioxidant, and antimicrobial activities [22, 23]. It has this ability because it
can act through many cellular pathways including many transcription factors,
hormones, growth factors, and their associated receptors. Also, curcumin is a
powerful antitumor agent, due to its ability to dissociate the AhR/ARNT complex
inside the nucleus [24]. The administration of curcumin suppresses cyplal and
1bl mRNA, induced by TCDD treatment. TCDD was reported to enhance AhR/
ARNT-mediated cyplal induction, and the expression of indoleamine-2,3-di-
oxygenase (IDO), which could enhance malignant transformation. In contrast,
curcumin was observed to attenuate AhR/ARNT-mediated CYP induction by
TCDD; thus, this mode of action may be the reason why curcumin could prevent
malignant transformation, suggesting that curcumin could be used as a chemo-
preventive or anticancer agent.

Thus, plant-derived materials and extracts contain AhR-ligands or products that
can promptly be converted into AhR-ligands. They are perhaps the largest class of
natural AhR-ligands to which humans and animals are exposed. These chemicals
are capable of binding to AhR as ligands, and suppress the transformation of the
receptor by simply inhibiting the phosphorylation of AhR and Arnt, by protein
kinase C, which is responsible for this process.
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2.2 Endogenous ligand/indoles

Recent studies reported that exposing tissue culture media to UV light enhances
the induction of AhR-hydroxylase, an enzymatic activity usually associated with
CYP1A1 requiring tryptophan for this response [25]. Many studies showed the
ability of UV light to induce CYP1A1 in the skin and liver of rats and mice [26],
suggesting that a diffusible AhR-ligand was generated in the skin. Thus, FICZ and
other photooxidation products of tryptophan may actually be novel chemical mes-
sengers of light [25]. The ability of other endogenous indoles and indole metabolites
to bind to the AhR has also been reported [27]. These studies demonstrated that
tryptophan and naturally occurring tryptophan metabolites (tryptamine and indole
acetic acid) can bind to and activate the AhR and AhR-dependent gene expression
in both yeast and mammalian cells in culture. Tryptamine was also shown to be a
relatively potent competitive inhibitor of CYP1A1-dependent enzymatic activity,
suggesting that it may be a substrate for this enzyme [28]. More recently, it was
observed that kyneurinine, additional metabolic breakdown products of trypto-
phan, could activate the AhR signaling pathway [29]. Because these chemicals are
relatively weak ligands and only found at low concentration in cells, they are likely
not endogenous activators in normal physiological conditions. However, if cellular
concentrations of some tryptophan metabolites (i.e., tryptamine) are significantly
elevated to 700 nM, for example, in this case, these ligands could activate the
AhR receptor [30]. The solar spectrum is composed of various wavelength radia-
tions having specific effects on skin. UV with the wave length between 295 and
215 nm is responsible for most sunburn and DNA damage. UV with the wavelength
315-400 nm could cause immune suppression. The visible light with the wavelength
400-700 nm was reported to enhance the production of reactive oxygen species and
cause damage to macromolecules, whereas infrared induces heat damage and also
alters mitochondrial integrity in skin cells, resulting in the generation of reactive
oxygen species. All the wavelengths in solar spectrum together contribute to skin
aging and wrinkling [27]. These findings can change the way we think about skin
aging. UV-B was recently shown to interact with AhR in a reaction involving the
formation of a tryptophan-derived photoproduct (FICZ) [26, 29]. In other words,
the free amino acid tryptophan in skin cell cytoplasm can act as a chromophore to
absorb UV-B energy and the resulting photoproduct activates AhR signaling, sug-
gesting that to achieve effective dermo-protection, AhR must be blocked to neutral-
ize some adverse effects of environmental factors.

3. Cytokines controlling T helper 17 and T regulatory cells polarization
3.1 T helper 17 subset (Th17)

There are specific cytokines which are important for the differentiation of
naive T cells into the T helper 17 subset. IL-6 and TGF-p together are important for
the development of this population [31]. The blockade of IL-6 through anti-IL-6
antibody was found to inhibit the development of Th17 cells [32]. Furthermore,
the addition of IL-1p to culture medium was reported to enhance the development
of the Th17 subset. IL-1 receptor knockout mice showed a significant defect in the
Th17 population [33]. IL-1p was found to enhance expression of the transcrip-
tion factors orphan nuclear receptor (ROR-yt) and interferon regulatory factor-4
(IRF-4), which are responsible for the development of the Th17 subset [34]. The
Th17 subset could secrete a variety of cytokines including IL-17A, IL-17F, IL-21, and
IL-22, which have a pathogenic effect in certain autoimmune mouse models [35].

154



Role of Aryl Hydrocarbon-Ligands in the Regulation of Autoimmunity
DOI: http://dx.doi.org/10.5772/intechopen.80840

Moreover, IL-23 which is secreted by antigen-presenting cells (APCs) after patho-
gen recognition is important for the maintenance of the Th17 population [31]. These
data suggested that the Th17 subset is a very sensitive subset requiring specific
cytokines for development and maintenance.

3.2 T regulatory subset (Treg)

The presence of IL-10 and TGF-f was reported to skew the development of
naive T cell toward the development of T regulatory cells (Treg) [36]. The main
function of Treg is to suppress the immune response, and to inhibit the produc-
tion of pro-inflammatory cytokines such as IL-2 and IFN-y. The development of
this population could be inhibited in the presence of IL-1p and IL-6 [37]. Treg
cells are characterized by the expression of CD25 and the forkhead box p3 (Foxp3)
transcription factor [38]. The decreased production of pro-inflammatory cytokines
such as IL-6 and IL-1p could help in skewing the differentiation of naive T cells
toward the development of the Treg subset.

4. Role of Th17 in autoimmunity

In some cases, the immune system attacks our own tissues, causing autoim-
munity. IL-17-producing cells play important roles in the development of different
autoimmune diseases including rheumatoid arthritis (RA), an inflammation dis-
order which attacks the synovial joints and multiple sclerosis (MS), characterized
by inflammation of the myelin sheath, resulting in de-myelination. It was reported
that IL-17-knockout mice were protected against these autoimmune diseases [39].
In contrast, a high level of IL-17 was detected in the serum of patients with MS, RA,
and systemic lupus erythematous (SLE). This suggests that Th17 cells expressing
high levels of ROR-yt and IL-23R could be one of the causes of these diseases [40].
In addition, it was also reported that the Th17 subset increases the severity of EAE,
diabetes, and RA [41, 42].

5. Effects of AhR-ligands on the production of Th17/Treg subsets and
autoimmunity

Differentiation of Th17 cells depends on the presence of interleukin (IL)-6 and
transforming growth factor (TGF)-beta, and it could be regulated by the activation
of AhR [43]. The differentiation of Th17 cells could be enhanced by endogenous
AhR agonists found normally in culture medium. The RPMI culture medium could
support very low levels of Th17 polarization, because it lacks the presence of these
ligands. In contrast, Iscove’s modified Dulbecco’s medium (IMDM) is known to be
rich in aromatic amino acids, such as tryptophan, histidine, and phenylalanine,
that were thought to be the precursors of endogenous AhR-ligands and therefore
significantly increase the development of Th17 cells [43]. In addition, treating naive
CD4'T cells with the AhR-ligand FICZ in Th17 cell polarizing conditions helps in
skewing the differentiation of naive CD4'T cells, in vitro, toward the development
of the Th17 population, and as a result, significant amounts of IL-17a, IL-17f, and
IL-22 cytokines will be secreted. In contrast, a significant reduction in the develop-
ment of Th17 cells was observed in AhR knockout mice, suggesting that the devel-
opment of the Th17 cells was AhR dependent [35].

The activation of AhR with different AhR-ligands can regulate Treg/Th17
balance in mice. A significant increase in Treg population was noticed when AhR
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is activated with TCDD. In addition, suppression in the severity of EAE disease by
a TGF-p1l-dependent mechanism [44] was seen. Moreover, C57Bl/6] mice carrying
the d allele of the Ahr gene (Ahrd mice) were characterized by a reduced affinity of
about 10-100-fold for AhR-ligands due to a mutation in its ligand-binding site, and
treating Ahrd mice with (1 pg/mouse) TCDD, had no significant effect on the sever-
ity of EAE and the development of Treg cells [44]. In contrast, when AhR binds to
FICZ, the activation of the receptor will interfere with the differentiation of Treg
development, and cause a significant induction of the Th17 subset and worsen

EAE disease which suggests that AhR regulates Treg/Th17 subset differentiation

in a ligand-specific manner [44]. These data suggested that different AhR-ligands
have different effects on the production of pro- or anti-inflammatory T helper cell
subsets, by controlling the production of different cytokines in the surrounding
environment.

6. Effects of I3C and indirubin on immunoregulation

Indole-3-carbinol (I3C) (AhR-ligand) is found in cruciferous vegetables.
Indirubin (IO) is another AhR-ligand, and is one of the components of the tradi-
tional Chinese medicine Danggui Longhui Wan. Although both of them are AhR-
ligands, neither of these compounds bind the AhR as potently as TCDD. I3C and IO
have anticancer properties, because they could inhibit cyclin dependent kinases that
leads to cell cycle arrest in various cell lines. Moreover, both AhR-ligands were used
to treat cancer. I3C has been used for the treatment of both breast and prostate can-
cer [45], while IO has been traditionally used for the treatment of chronic myelo-
cytic leukemia [46]. I3C could downregulate the production of pro-inflammatory
cytokines in macrophages [47, 48], whereas 10 was reported to suppress these
mediators in splenocytes and microglial cells [49].

A study was conducted to evaluate the effects of I3C and IO on specific immune
cell populations, such as murine bone marrow-derived DCs, and the effect of these
AhR-ligands was tested iz vivo. The results showed that I3C and IO have immuno-
suppressive effects on DCs, which could promote a regulatory environment, thus
could be useful to suppress chronic inflammatory diseases and/or autoimmunity
in vivo. In addition, activating DC with lipopolysaccharide (LPS), after treating
the cells with both AhR-ligands, suppresses the production of pro-inflammatory
mediators including tumor necrosis factor-a (TNF-a), IL-1p, IL-6, IL-12, and nitric
oxide but increased IL-10 levels. The DC treated with AhR-ligands was reported to
upregulate some immune-regulating genes such as ALDH1A, IDO, and TGFB [50].

Both AhR-ligands were reported to suppress the levels of nuclear factor-kappa
B (NF-kB), but only I3C suppressed the LPS-induced activity of RelB transcription
factor encoded by the RELB gene. Finally, when naive T cells were cultured with
DCs treated with AhR-ligands, the increased production of CD4*Foxp3* (Treg
cells) [50] was seen.

The above observations suggest that I3C and IO have immunosuppressive and
anti-inflammatory effects on DCs. Since these ligands are significantly less toxic
than TCDD, these natural products may become useful therapeutics for the treat-
ment of autoimmune and inflammatory diseases [50].

7. Effects of curcumin on Treg/ Th17 balance and autoimmunity

The protective effect of curcumin was evaluated using ovalbumin (OVA)-
induced allergic inflammation in mouse model of allergic asthma. This mouse
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model was established by ovalbumin. Mice were treated with different doses of
curcumin (50, 100, and 200 mg/kg), and then the level of Treg/Th17-secreted
cytokines was measured by enzyme-linked immunosorbent assay (ELISA). In addi-
tion, the percentages of Treg and Th17 were measured using flow cytometry assay.
Results showed that curcumin caused a significant suppression in the production of
Th17 subsets, and the secretion of IL-17 cytokines. In contrast, the AhR-ligand cur-
cumin significantly enhanced the production of CD4*CD25" T cell subsets. These
findings suggest that curcumin could be used as therapeutic agent for patients with
allergic asthma, because of its ability to significantly affect Treg/Th17 balance [51].
Curcumin plays an important role in multiple sclerosis (MS) autoimmune disease.
It is characterized by some pathophysiological features such as breaching of blood-
brain barrier (BBB) and injury to axons and myelin sheaths. Th17 cells play an impor-
tant role in the pathophysiological process of MS. Curcumin is well known as active
anti-inflammatory and neuroprotective agent if used prophylactically. Curcumin
could inhibit neuroinflammation through multiple mechanisms in MS. First, CNS
antigens will be captured by DC, and then the antigen will be presented to T cells,
which will help in initiating inflammatory response [52]. This action will be followed
by the secretion of different pro-inflammatory cytokines and enhancement of pro-
duction of Thi7 cells in circulation. The blood-brain barrier (BBB) usually expresses
IL-17R and IL-22R receptors and the expression of these receptors will bridge the gap
between Th17 and BBB tight junction that results in the disruption of tight junctions.
This action will enhance the transmigration of Th17 across the BBB followed by the
enhanced secretion of granzyme-B which in turn is found to initiate the killing of
neurons. In contrast, curcumin treatment was found to inhibit the production and
expansion of Th17 subsets in circulation. In addition, curcumin was reported to
increase the expression of ZO-1 protein, an important tight junction protein, suggest-
ing that curcumin can reduce neuroinflammation in MS autoimmune disease [52].

8. Discussions

How might different AhR-ligands, all with the ability to stimulate AhR-
dependant gene transcription and promote Th17 cell development, promote
either concomitant increases in Treg cells and lessen autoimmunity, or suppress
Treg cell development and increase autoimmune activation? The presumed main
function of AhR-induced transcriptional responses is to induce cytochrome P450
(e.g., CYP1A1) for detoxification of the detected aryl hydrocarbon. Indeed, FICZ
is rapidly metabolized in a CYP-mediated reaction, within 1-3 hours [53] with a
corresponding drop in AhR activation [54]. Thus, a transient AhR activation, even
though promoting Th17 development and expansion, may ultimately terminate and
allow Treg populations to emerge and dominate. In contrast, sustained AhR signal-
ing might promote Foxp3 suppression and conversion of Treg to Th17 and Th1 cells.

Dietary AhR-ligands have also been suggested to act in an antagonistic manner to
TCDD-induced AhR activation [55]. Additionally, although curcumin is able to act as
a substrate for CYP1Al-mediated catabolism, it could partially decrease the accu-
mulation of CYP1A1 mRNA [55] and antagonize CYP1A1 activity [56]. Therefore,
interference with full AhR function, or metabolism of the inducing AhR-ligand or
other endogenous ligands may be important in determining whether AhR-ligands
result in regulatory and/or effector T cell development. Alternatively, certain AhR-
ligands may induce distinct gene expression profiles [57], some of them promoting
Th17 at the expense of Treg and others allowing the emergence of Treg.

The activation of AhR in DCs by some ligands may increase tolerogenic media-
tors, such as IDO, which promote Treg development. In support of this mechanism,
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IDO expression was found to be increased in DCs by TCDD or FICZ [38]. The con-
version of Treg to Th17 and Th17 to Th1 profiles has been reported and reprogram-
ming of subsets might be possible by additional cytokine provision, such as IL-23,
IL-6, or removal of reinforcement factors, such as IL-23 or AhR-ligands [38]. The
reported ability of IDO products (i.e., tryptophan metabolites) to suppress ROR-yt
and induce Foxp3'Treg cells [58] may indicate Th17 to Treg conversion, or shift

to an IL-10-producing subset might result during exposure to some AhR-ligands.
Since some AhR-ligand treatments lead to Th17 responses in the absence of Treg
responses, allowing enhanced autoimmunity, this suggests that these ligands may be
useful to promote antitumor immunity. It also raises the possibility that the antican-
cer effects of curcumin and quercetin may be due to their ability to promote potent
effector T cell subsets in addition to suppressing some chronic inflammatory states.
Another potentially beneficial use of AhR-ligands that have the ability to increase
Treg populations is for the prevention or treatment of autoimmune diseases.

Experimental evidence has shown that flavonoids could be used to treat many
diseases including cancer [59, 60]. The administration of curcumin was found to
block the formation of lesions and tumors in C57Bl/6] mice after implanting murine
melanoma B16F10 cells in their neck and brain. Furthermore, curcumin treatment
was observed to significantly inhibit the proliferation of PC-3 prostate tumor cells.

The proposed mechanism for this effect of curcumin was its ability to sig-
nificantly suppress NF-kB and AP-1 signaling pathways in tumor cells [61, 62].
Curcumin was given orally at concentrations in the micro-molar range; however,
results showed that the concentration of curcumin was in the nano-molar range in
the plasma [63, 64], due to the extensive metabolism of curcumin in the intestine
and liver, which prevents the maintenance of high concentration of curcumin in
the plasma and tissues after taking it orally [65, 66]. The curcumin is effective on
the cancer cells at high concentration which is difficult to be maintained for several
hours even in the gastrointestinal tract [63]. This suggests that the potential of using
curcumin for cancer treatment is limited when given orally and the intraperitoneal
injection may be more effective.

In contrast, other studies have shown that high concentrations of curcumin were
found to enhance chromosome malformation in different cell lines. The curcumin
could cause DNA damage both iz vivo and in vitro and increase the incidence of thy-
roid gland follicular cell hyperplasia and carcinogenic activity in the small intestine
[67-69]. This was proposed mainly due to its ability to increase the production of
reactive oxygen species (ROS) [70]. Other studies have shown that curcumin has the
ability to suppress cytochrome P450 enzyme, glutathione, S-transferase, and UDP-
glucuronosyltransferase, causing toxicity due to the increased level of drugs in the
plasma [71]. Although lower concentrations of curcumin could enhance antioxidant
activity, high concentrations of curcumin have shown pro-oxidant effects [63, 72].

Similarly, quercetin is known as an antioxidant, anti-inflammatory, and antimi-
crobial compound at low doses [73, 74]. In contrast, quercetin can enhance the pro-
duction of ROS at higher concentrations [75]. ROS production by quercetin was found
to kill some cancer cells, and quercetin complexes with bioactive compounds and
metal jons such as lanthanum was reported to have powerful cytotoxic and antitumor
properties at a concentration in the range of 100-1000 mM and the exposure time of
tumor cells was around 3 hours. A quercetin/lanthanum complex was found to have a
genotoxic effect on human cervical carcinoma cells due to ROS production [76].
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