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Preface

The human body consists of a diversity of tissues, organs and systems that all
perform their functions in accordance with their own inherited characteristics and
properties. However, a stable harmony is needed for these structures to collaborate
with each other as a united biological system.

In this regard, the immune system has a pivotal role to orchestrate, regulate and
modulate all of the body’s biological processes and systems. The immune system is
a complicated two-part network that encompasses cells, molecules, proteins and
glycoproteins. The building blocks of these components collaborate with each other
as well as other structures in the body in a harmonic and stable pattern. Hence, the
homeostasis of different systems and metabolic processes is provided by molecules
recruited by the immune system.

Among a wide range of immunological recruited molecules, cytokines have a
considerable position in this regard. Cytokines are involved in every immune

and non-immune system and structure. Each cytokine is able to induce its own
production as well as that of other cytokines and simultaneously activate the
production of other molecules. Cytokines play their role in the forms of autocrine,
paracrine and endocrine.

Interestingly, cytokines link to their specific receptors and activate the related
signaling pathways. In this regard, cytokines recruit different cells and molecules
from both the immune and non-immune systems. This process results in
homeostasis.

This complicated network of cytokines is important for harmonizing between
different processes and structures in the human body. As such, any mutations at the
gene level of the related cells and molecules may lead to a wide range of disorders
and diseases. Therefore, cytokines and related molecules can be recognized as
important for treatment of immune and non-immune disorders and diseases.

Our knowledge regarding the importance of immune system goes back

two millennia. Today, by the progression of cellular and molecular biology,
bioinformatics, computational biology and chemistry, we know a wide range of
immunological processes and mechanisms.

The book contains 9 chapters.

The introductory chapter provides a background about historical evidences
regarding immunology, immune system and cytokines.

Chapter 2, “In vitro Cell-Based Assays for Potency Testing of Anti-TNF-« Biological
Drugs”; Chapter 3, “Tumor Necrosis Factor Alpha: A Major Cytokine of Brain
Neuroinflammation”; and Chapter 4, “TNFR2 and Regulatory T Cells: Potential
Immune Checkpoint Target in Cancer Immunotherapy” focus on the role and
importance of tumor necrosis factor (TNF) in human body.



Chapter 5, “Innate Immunity and Neuroinflammation in Neuropsychiatric
Conditions Including Autism Spectrum Disorders: Role of Innate Immune
Memory”; Chapter 6, “Cytokines in Scar Glial Formation after an Acute and
Chronic Spinal Cord Injury”; Chapter 7, “The Genetic Aspects of Behget’s Disease:
Role of Cytokine Genes Polymorphisms”; and Chapter 8, “IL-21 Signaling and
Induction of Cytokine Expression in Human Leukemia Cells and Monocytes”
present information about the association of cytokines and different disorders
and diseases.

Finally, Chapter 9, “Cytokines’ Involvement in Periodontal Changes,” examines the
role of cytokines in dentistry.

I appreciate all the authors who contributed to this book for their great information
and collaboration.

I would like to give special thanks to my colleague Dr. Mari6 GAJDACS from
Hungary, who collaborated with me to prepare the introductory chapter. I am

also grateful to Author Service Managers Romina Skomersic and Dajana Pemac
and Commissioning Editors Lucija Tomicic-Dromgool and Martina Usljebrka
Kauric at IntechOpen for their excellent collaboration and management during the
production of this valuable book.

Payam Behzadi

Assistant Professor,
Department of Microbiology,
College of Basic Sciences,
Shahr-e-Qods Branch,
Islamic Azad University,
Tehran, Iran
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Chapter1

Introductory Chapter:
Cytokines - The Diamonds and
Pearls of Biological Systems

Moarié Gajddcs and Payam Behzadi

1. The historical background of immunology

When we are reading or investigating the topics of cellular and molecular
immunology including cytokines, our unconscious mind suddenly goes back to
the Iranian “Immunologist King,” Mithridates VI Eupator of Pontus. Pontus is a
Greek term referring to the Sea; but conceptually — in accordance with geographic
evidences of that time period - it refers to the Black Sea. Indeed, he is known as the
first immunologist in the ancient world [1-4].

Mithridates VI Eupator of Pontus (reigned 120-163 BC), the son of Mithridates
V Euergetes, was proud over his Iranian heritage and ruled the Pontus region
(Asia Minor, The Great Persia Empire Region; Present-day Turkey) throughout
the Hellenistic and Mithridatic Kingdoms. Despite accepting Hellenism, he always
considered himself as an Iranian king from royal Achaemenid lineages. Indeed,
his Iranian origin went back as far as Darius I and Cyrus the Great (The King of
Kings). His name Mithridates depicts the God of Light (Mithradatha: sent (given)
by Mithra, the ancient Iranian God of Sun) [1, 2, 5-7].

Mithridates VI Eupator of Pontus is the founder of the Mithridatism theory which
refers to the phenomenon of acquired immunity against poisons, by using determined
doses of the poison to expose the individual to the agent little by little [8]. Hence, he
used cocktails of antidotes against currently known poisons every day. The potion of
Mithridates VI Eupator of Pontus was a mixture of 54 currently known poisons which
was termed “Antidotum Mithridaticum.” His popular poisonous potion was con-
sumed by people from all walks of life for about two millennia [6, 9, 10]. This process
is very similar to the act of vaccination and may be considered as a preliminary form
of preventive medicine [11].

Mithridates VI Eupator of Pontus was a genius because he was not only an
exceptional expert in immunization and toxicology, but he could also talk in 22-25
different languages. Moreover, he was interested in medicine and pharmacology;
therefore, Mithridates VI Eupator of Pontus has written several treatises regard-
ing the characteristics of “materia medica” together with the related cases. These
invaluable Mithridatic treatises were translated into Latin between 95 and 25 BC by
Lenaeus, which were recognized as unique and effective prescriptions in Rome [12].

He was a researcher in the fields of immunology, toxicology, pharmacology, and
medicine [4, 11, 12]. Due to this fact, the Iranian king, Mithridates VI Eupator of
Pontus is a shining star in the treasure of science and history of Iran.

1 IntechOpen



Cytokines

2. The immune system and cytokines

After about 2000 years, the basis of our knowledge and understanding of the
immune system and immunity is very similar; however, what has changed is our
ability to have an invaluable interpretation from our scientific observations.

The progression of cellular and molecular biology, together with bioinformat-
ics, computational biology, and medicinal chemistry has given us an opportunity
to have an effective understanding of the role of versatile molecules, proteins, and
glycoproteins in different fields of immunology.

As we know today, the immune system is a complex network, containing wide
range of cells and molecules which works rigorously and around the clock. The
main sections of the immune system are divided into the innate and adaptive
immune structures, while at the same time they create a unite and interdependent
complex.

The unity of innate and adaptive immune system is supported by the diversity
of common molecules, cells, mechanisms, processes, and pathways. However, the
innate immune system is activated first and by the continuous of the presence of
the unknown antigen(s), the adaptive immune system will be activated, usually a
few days later. Besides, B- and T- lymphocytes have pivotal roles in maintaining the
adaptive immune system and a long-lasting immune response [13].

The immune system — whether innate or adaptive— employs versatile mecha-
nisms to protect the host’s body from various “invaders,” including pathogens or
any other agents which may cause any type of disease. In this regard, the proteins of
cytokines and chemokines are produced by different activated immune and non-
immune cells and cell receptors, which they convoke a mass of molecules and cells
into the center of infection [13].

Therefore, cytokines are noteworthy molecules, with a diversity of activities,
functions, structures, and potential abilities. Due to this characteristic of cytokines
makes them like “diamonds” and “pearls” of the immune system. Cytokines are
invaluable treasure of the immune system with a high plasticity in functions and
structures.

They join not only the all parts of the immune system together and unite them
as a whole, but also the cytokines contribute in non-immune cells and molecules
to orchestrate different cells, tissues, organs, and systems. That is why we may call
cytokines as diamonds and pearls of the biological systems.

3. Immune system and cytokines

Cytokines were first described as soluble pyrexins by Menkin in 1944 [14]. The
term “cytokine” was proposed (coined) by Cohen et al. through their commentary,
published in 1974 [15, 16].

From that point onward, our knowledge regarding cytokines increased signifi-
cantly. Therefore, in 1978, more than 100 different types activities were described,
in association with cytokines [14].

Cytokines comprise a diverse group of proteins and glycoproteins, with
molecular weights ranging between 5 and 20 kDa [17, 18]. These amazing molecules
contribute to different biological and physiological mechanisms, such as blood
pressure, inflammation, and cellular metabolism [18, 19]. Cytokines act locally, and
therefore, they affect their peripheral cells in a paracrine style and the producing
cells in an autocrine manner. Those cytokines, which disseminate via blood stream
across the body act in an endocrine fashion, similarly to hormones. Due to this fact,
there are no clear differences between hormones and cytokines, and the employed
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molecules by different biologic systems involving endocrine functions, hemato-
poiesis, immunity, and the nerves have similar characteristics in their functions
and structures [13, 14, 16]. In another words, cytokines orchestrate hematopoietic,
immune, and non-immune cells of the host in their development, differentiation,
function, growth, and regulation, throughout the employment of paracrine and
autocrine signaling pathways [13, 16, 19, 20]. Indeed, cytokines regulate, modulate,
and orchestrate biological systems, for example, innate and adaptive immune sys-
tem networks by induction of their own secretion [13]. In this regard, the Human
Genome Project (HGP) has had an important role to recognize the different types
of cytokines and their association with health and diseases [19]. The homeostasis
across the systems of the human body is provided by an influent balance between
anti-inflammatory and pro-inflammatory cytokines. Hence, the expression of
genes producing cytokines is entirely modulated by long non-coding RNAs, both in
transcriptional and post-transcriptional phases [18].

Cytokines are multifunctional proteins with a versatile of receptors, which are
distributed in different systems of the body. Therefore, they can be categorized in
accordance with variety plethora of criteria. However, it is recommended that the
cytokines’ classification would be on the basis of their receptors [16, 21]. Cytokines
activate the related signaling pathway by their specific intracellular signaling
cascades [13]. The major superfamilies of cytokine receptors are consisting of
Transforming Growth Factor-p (TGF-p), Tumor Necrosis Factor (TNF) receptor,
Serine Kinases family, Receptor Tyrosine kinases, Interleukin-1 (IL-1) and the
related Toll-like Receptors (TLR), IL-17 receptors Type II (interferon), and Type
I (hematopoietin) [16]. The chemokine receptor includes the G protein-coupled
receptor family [19].

The type I receptor family, which is known as the hematopoietin receptor
family, receives different types of cytokines including IL-2, IL-3, IL-4, IL-5 IL-6,
IL-7,1L-9, IL-11, IL-12, IL-13, IL-15, IL-21, IL-23, IL-27, IL-31, IL-35, growth
hormone (GH), prolactin (PRL), erythropoietin (EPO), thrombopoietin (TPO),
leptin, granulocyte colony stimulating factor (G-CSF), ciliary neurotrophic factor
(CNTF), leukemia inhibitory factor (LIF), oncostatin M (OM), cardiotropin-1
(CT-1), granulocyte macrophage (M®) colony stimulating factor (GM-CSF), and
thymic stromal lymphopoietin (TSLP) [16]. Type I receptor family is structurally
composed of homo- or heterodimers [19].

Figure 1.
The structure of IL-4 in details 1HIK PDB file [22, 23].
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The type I cytokines are similar in their protein structure, with four anti-parallel
a-helices with a configuration of up-up and down-down arrangement. The helices
are connected with two long loops and one short loop [16]. This structure is shown
inIL-4 (Figure1) [22].

Type Il receptor family or interferons (IFNs) with their homo- and heterodi-
meric structures have high affinity for their ligands, including IFN-o/p, IFN-v,
IL-10, IL-19, IL-20, IL-22, IL-24, IL-26, IL-28, IL-29, and IL-30 [16, 19].

The single pass membrane receptors of IL-1/TLRs bind to cytokines of IL-1a/p,
IL-18, IL-33, IL-36, IL-37, and IL-38 [16, 19].

The IL-17 and TGF-p receptor serine kinase families bind to IL-7 and TGF-§
cytokines, respectively [16].

The receptor tyrosine kinases, which phosphorylate tyrosine residues bind to
a wide range of cytokines including IL-3, IL-16, IL-32, stem cell factor (SCF) and
CSF-1, and FMS-like tyrosine kinase 3 (FLT-3) ligand [16, 19].

4. Cytokines and signaling pathways

Cytokines originate from the flat sac organelles of the Golgi-apparatus. These
biological diamonds and pearls may have four different predestinations, including
soluble cytokines released from endoplasmic reticulum, cytokines linked to the
plasma membranes, intracellular cytosolic cytokines, and nuclear cytokines, and
the latter group controls the process of transcription [19].

Regulation of cytokines may occur in different pathways, such as transcriptional
and post-transcriptional regulations. At transcriptional level, the presence of sev-
eral transcription factors determines the level of cytokine expression and produc-
tion. In contrast to transcriptional regulation, the post-transcriptional regulation
determines the duration of cytokines’ expression. Moreover, the type of cytokines’
glycosylation determines their functions and activity [18, 19, 24, 25].

As mentioned previously, there are several types of receptors which bind
secreted cytokines. Due to this fact, the related receptors based on their signaling
pathway are divided into four receptor groups. The first receptor group is in associa-
tion with nuclear factor (NF)-kB and mitogen-activated protein kinases (MAPK);
the second group involves receptors which employs Smad-family transcription fac-
tors; the third category of receptors activates the Ras extracellular signal-regulated
kinase (ERK) pathway; and the fourth group which involves the majority of recep-
tors uses the Janus kinase and signal transducers and activators of transcription
(JAK-STAT) pathway [26].

The JAK family is composed of four members including JAK1, JAK2, JAK3,
and TYK2, which are known as non-receptor multi-domain tyrosine kinases and
recognized within the cell’s cytoplasm [27, 28]. On the other hand, activation of JAK
family members may lead to phosphorylation of tyrosine residues which belong to
intracellular domains of the cytokine receptor. The STAT links to phosphorylated
tyrosine residues of cytokine receptors. By STAT phosphorylation, the STAT allows
for the ability of dimerization, transmission into the nucleus. Furthermore, the
STAT will be able to manage the process of gene regulation [27-29].

These interactions reveal the importance of different cytokines, cytokines
receptors, and cytokine signaling pathways; in which, the occurrence of any muta-
tion may lead to different immune and non-immune disorders and diseases. Hence,
in accordance with complicated interactions and communications in cytokines
network, we can understand that recognition of cytokines, cytokine receptors, and
their signaling pathways in details may lead us to a great opportunity for definite
treatment of the immune and non-immune disorders.
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We can conclude that, although Mithridates VI Eupator of Pontus as an Iranian
Immunologist/Toxicologist/Pharmacologist King never had an idea about these
biological “diamonds” and “pearls” regarded as cytokines, their receptors, and
signaling pathway, he was aware of the harmonic communications between organs
and systems within the human body.
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Chapter 2

In vitro Cell-Based Assays for
Potency Testing of Anti-TNF-o
Biological Drugs

Sara Zigon-Branc, Ariana Barli¢ and Matja Jeras

Abstract

Human cell-based assays for in vitro testing of drugs in preclinical and research
studies, as well as in clinical practice, are gaining greater importance especially in
view of personalized medicine, which is tailored to the individual needs and benefits
of a patient. This chapter begins with an overview of contemporary cell-based assays,
routinely used for a comparative iz vitro potency testing of anti-TNF-o innovator
biologics and their biosimilars. In sequel, based on the results of our original work,
we will further discuss the establishment and use of 2D normal and osteoarthritic
primary chondrocyte monolayer cultures and 3D microspheroidal articular cartilage
tissues, prepared in hanging drops from osteoarthritic chondrocytes and
chondrogenically differentiated mesenchymal stem cells. Both 2D and 3D cultures
will be presented as models for assessing the neutralizing potency of the three well-
known anti-TNF-a biological drugs: adalimumab, etanercept, and infliximab.

Keywords: in vitro cell-based assays, anti-TNF-a biologics, human articular
chondrocytes, mesenchymal stem cells, 2D monolayer cultures, 3D cell cultures,
gene expression

1. Introduction

Following the discovery and characterization of tumor necrosis factor (TNF) in
the mid-1980s, this pleiotropic proinflammatory cytokine continues to be the focus of
numerous studies and represents an important therapeutic target [1, 2]. The venue of
anti-TNF biological drugs has revolutionized treatment of autoimmune and inflam-
matory diseases like rheumatoid arthritis, juvenile idiopathic arthritis, ankylosing
spondylitis, psoriasis, Crohn’s disease, ulcerative colitis, and others [2]. Although
expensive, biological drugs (biologics) at the moment represent the best-selling
group of pharmaceuticals. Nowadays, following the expiry of originators patents, a
plethora of less expensive biosimilar drugs (biosimilars) are available to patients. In
order to confirm the biocomparability of original and biosimilar products and to
prove their quality, safety, and efficacy, the use of reliable and standardized bioassays
relevant in assessing their modes of action is of crucial importance.

In this chapter, after a short introductory review of TNF biology, anti-TNF
biological drugs and their mechanisms of action, we will present a selection of
in vitro cell-based tests used either for general or personalized potency testing of
anti-TNF biologics and their biosimilars.
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2. A short overview of TNF biology

TNF is produced in various cell types, mainly immune cells such as monocytes
and macrophages, microglia, neutrophils, natural killer cells (NK), T lymphocytes,
and also in neuronal cells, keratinocytes, and fibroblasts [2, 3]. The cytokine exists
in two biologically active forms. The first being a transmembrane protein (tmTNF),
which can be cleaved by the metalloproteinase TNF-a-converting enzyme (TACE)
(also known as disintegrin and metalloproteinase domain-containing protein 17
(ADAM17)) into its second form, a homotrimeric soluble TNF (sTNF) [2].

There are two TNF-binding homotrimeric transmembrane receptors, namely the
TNF receptor 1 (TNFR1 or CD120a) and the TNF receptor 2 (TNFR2 or CD120b) [2].
While the TNFR1 is constitutively expressed on a vast majority of nucleated cells, the
TNFR2 expression is inducible and tightly regulated, preferentially on endothelial,
hematopoietic, neural, and immune cells [2, 4]. TNFR2 is also expressed on tumor
cells where it is supposed to function as a tumor oncogene [5, 6].

Interestingly, tmTNF can induce signals in a bipolar way, as it acts as a ligand of
both receptor types and as a receptor itself in cell-to-cell contacts [2, 4]. This means
that tmTNF-a-expressing cells transmit signals to cells bearing TNFR1 and/or
TNFR2. This phenomenon is called “outside-to-inside” or “reverse signaling,” the
function of which has not been completely clarified yet [2, 4]. The receptor func-
tion of tmTNF has been demonstrated in human monocytes, macrophages, NK
cells, and T lymphocytes [4].

While TNFR1 is activated by both tmTNF and sTNF, TNFR2 can only be trig-
gered by tmTNF. Both types of membrane-bound receptors are prone to TACE
cleavage, resulting in fragments termed soluble TNF receptors (sTNFR) [2]. In
turn, STNFR may contribute to the regulation of cellular TNF responses by captur-
ing and neutralizing circulating TNF (intrinsic TNF inhibitors). Additionally, due to
increased receptor shedding, the number of functional signaling membrane TNFRs
decreases. Consequently, this leads to a state of transient TNF desensitization [2].

3. Anti-TNF biological drugs and their mechanisms of action

Among currently available Food and Drug Administration (FDA)- and Euro-
pean Medicines Agency (EMA)-approved originator and biosimilar anti-TNF drugs,
there are three full-length monoclonal antibodies (mAbs); these are infliximab
(IFX), a chimeric mouse/human mAb (Remicade® and its biosimilars: Remsima®,
Inflectra®, Flixabi®, Ixifi®, Renflexis®, and Zessly®), adalimumab (ADA), a fully
humanized mAb (Humira® and its biosimilars: Cyltezo®, Imraldi®, Amgevita®,
Solymbic®, Hyrimoz®, Hulio®, Halimatoz®, and Heyifa®), and golimumab,
another fully humanized mAb (Simponi®) (Figure 1) [2, 4]. The additional two
anti-TNF biological drugs, which are not mAbs, are etanercept (ETA) (Enbrel® and
its biosimilars: Erelzi® and Benepali®), a fusion protein consisting of two extracel-
lular parts of the human TNFR2 and the Fc portion of human IgG1, and
certolizumab pegol (Cimzia®) composed of a human Fab’ fragment, covalently
attached to two cross-linked 20 kDa polyethylene glycol chains (Figure 1) [2, 4].

Although all anti-TNF biologics neutralize the same target (STNF and tmTNF),
they are not equally effective in treatment of certain inflammatory pathologies, for
example, Crohn’s disease. This is due to differences in their characteristics (struc-
ture and binding affinities) and mechanisms of action (Figure 1) [2, 4]. Besides all
of them being efficacious in neutralizing both forms of TNF, infliximab additionally
induces “outside-to-inside” signaling via binding to tmTNF, thereby triggering
apoptosis of tmTNF-expressing immune cells [2]. Being full-length mAbs,
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Figure 1.

Structures (A) and mechanisms of action (B) of the five FDA- and EMA-approved anti-TNF biologics;
original figure used with the authors’ permission under the terms and conditions of the Creative Commons
Attribution (CC BY) license (http://creativecommons.ovg/licenses/by/4.0/) [2].

adalimumab, golimumab, and infliximab can, after binding to cells expressing
tmTNF via their effector Fc regions (IgG1), induce antibody-dependent cytotoxicity
(ADCC) of NK cells and activate the classical complement pathway, resulting in a
complement-dependent cytotoxicity (CDC) and apoptosis [2, 4]. While ADCC and
CDC are also induced by etanercept, which contains a truncated form of IgG1 Fc
domain (lacking a CH1 constant region), certolizumab pegol, due to its Fc domain
missing structure, acts differently. In treating inflammatory bowel disease with anti-
TNF mAbs, another mechanism of their action is based on the interaction between
IgG1 Fc domains of therapeutic mAbs and macrophage Fcy receptors (FcyR),
resulting in increased numbers of regulatory M2 macrophages (CD206"). These cells
in turn inhibit T cell proliferation [2, 7]. Additionally, in rheumatoid arthritis (RA),
adalimumab enhances the expression of tmTNF on monocytes, thereby promoting
the interaction between tmTNF and TNFR2 present on regulatory T cells (Tregs),
which subsequently increase their immunosuppressive activities [2, 8]. Also in RA,
infliximab promotes the generation of natural Tregs (CD4*CD25"8"FoxP3"), which
inhibit a proinflammatory cytokine production and replenish a defective pool of these
cells, typically found in this autoimmune disease [2, 9]. In RA patients, the adhesion
molecules and chemokines are upregulated on their joint vasculature endothelium.
Blockage of TNF-a with adalimumab, golimumab, infliximab, or etanercept deacti-
vates inflamed vascular endothelium, thereby decreasing the numbers of inflamma-
tory immune cells entering synovial joints and additionally improving the generation
of new synovial blood vessels by increasing the circulating levels of vascular endo-
thelial growth factor (VEGF) [10, 11].

4. In vitro cell-based bioassays for general potency assessment of
anti-TNF biologics

Numerous well-established and standardized cell-based assays are available for
assessing and comparing potencies of anti-TNF biologics and their biosimilars.
Table 1 contains some basic information regarding the most frequently used rou-
tine TNF-a neutralization (A), ADCC (B), and CDC (C) tests. The majority of data

11



Cytokines

on bioassays presented in Table 1 (see next page) were summarized from two
publications describing the establishment of the first infliximab and etanercept
World Health Organization (WHO) International Standards [12, 13]. These were
performed within international collaborative studies, confirming their high degree
of relevance and analytical laboratory utility.

Additionally, the capability of anti-TNF biological drugs to downregulate E-
selectin adhesion molecules expressed on inflamed vascular endothelium can be
determined on in vitro-cultured human umbilical vein endothelial cells by using
appropriately labeled anti-E-selectin detection antibodies [10].

Other bioassay readout approaches, like flow cytometry and measurement of
induced endogenous gene expression by quantitative reverse transcription poly-
merase chain reaction (qQRT-PCR), are also being applied [16-18].

The reason why various human and murine cell lines are used in these assays is
that such tests can be standardized and their results can be compared between
laboratories. However, the use of different types of primary cells in such general
tests is less appropriate due to their high interindividual differences and in certain
cases also weak responsiveness to anti-TNF biologics. Therefore, the results
obtained in this way can hardly be compared [10].

5. Two-dimensional (2D) and three-dimensional (3D) primary cell
cultures for personalized iz vitro potency testing of anti-TNF
biologics

Primary cells are indispensable for determining personal responses of patients to
a given anti-TNF biologic, thereby generating important information for planning
and performing optimal and cost-effective therapies. For this purpose, different cell
types, especially those isolated from a patient’s disease-affected tissues or iz vitro
differentiated autologous stem cells, can be used. In general, it is well established
that in comparison to cells grown in 2D, those cultured in a 3D environment better
mimic the scenarios iz vivo. A number of cellular processes, that is, proliferation,
differentiation, morphology, gene, and protein expressions, as well as responsive-
ness to external stimuli, are significantly affected by the physical aspects of the 3D
environment [19-22].

In 2D cell cultures (monolayers), nutrients are evenly accessible to cells, but the
communication between cells via secreted soluble molecules is restricted to their
diffusion within the fluid, unless the medium is mixed or stirred regularly [23]. On
the other hand, in dense multicellular 3D cell constructs prepared and cultured
in vitro, nutrients and other soluble molecules, as well as oxygen supply, are limited
by the mass transport, which is restricted by the construct’s thickness/diameter and
cell density per volume [23].

In the following subchapters, we will present our results after establishing 2D and 3D
in vitro models for potency testing of anti-TNF biologics by using primary normal
chondrocytes (NCs) and osteoarthritic chondrocytes (OACs), as well as
chondrogenically differentiated bone-marrow-derived MSCs obtained from OA
patients, with qRT-PCR gene expression assessment and protein secretion readout
measurements.

5.1 Establishment of a 2D primary human chondrocyte-based cell model for
in vitro testing of anti-TNF-« biologicals

Cartilage, which covers joint surfaces, is one of the most affected tissues in RA
and other inflammatory arthritic diseases. Its only living constituents are
chondrocytes, which produce and maintain a cartilaginous matrix mainly consisting
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rhTNF-a—rvecombinant human TNF-a. Cells — CHO-KI: Chinese hamster ovary cells expressing human transmembrane
TNF-a (htmTNF-a); HEK 293: human embryonic kidney cell line, transfected with the TNF-a-responsive NFkB-regulated
Firefly luciferase reporter gene construct or expressing htmTNF-a; Jurkat: human acute T cell leukemia lymphocytes expressing
htmTNF-a, resistant to TACE cleavage, human Fcy Rllla or TNF-a-responsive nuclear factor of activated T cells (NFAT)
transcription factor-regulated Fivefly luciferase veporter gene construct; K2: murine cells expressing the uncleavable htm TNF-a;
KD4 CI21: human rhabdomyosarcoma cell line; KJL: human erythroleukemic K562 cells transfected with the TNF-a-
responsive NFxB-regulated Firefly luciferase reporter gene construct, together with the Renilla luciferase reporter gene under the
control of a constitutive minimal thymidine kinase promoter; L929: murine fibvoblast cell line; NK3.3: human natural killer
(NK) cell line cloned from peripheral blood; NK92: NK lymphoblast cells from a malignant non-Hodgkin’s lymphoma
patient, expressing Fcy Rllla; 3T3: murine embryonic fibroblasts expressing htmTNF-a; U937: human histiocytic lymphoma
cell line; WEHI-13 VAR and WEHI-164: murine rhabdomyosarcoma cell lines. Readout veagents (absorbance) — CCK-8/
WST-8: 2-(2-methoxy-4-nitrophenyl) -3- (4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt; MTT: 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; luminescence detection kits: Bio-Glo™, Caspase-Glo®
3/7, CellTiter-Glo®, CytoTox-Glo®, Dual-Glo®, Steady-Glo® (all from Promega), and Steadylite plus™ luminescence
reporter gene system (Perkin Elmer). Assays — TNF-a neutralization (cytotoxicity, apoptosis, reporter gene): measuring the
extent of vesidual TNF-a-induced cytotoxicity and apoptosis in the presence of anti-TNF-a biologics; TNF-a-induced ADCC:
measuring the extent of effector cell cytotoxicity on htm TNF-« expressing target cells, in the presence of anti-TNF-biologics;
TNF-a-induced CDC: measuring the extent of cytotoxicity in the presence of human serum as a source of complement and anti-
TNF biologics.

Table 1.
Most frequently used voutine cell-based bioassays for assessing the TNF neutralization potency (A), ADCC (B),
and CDC (C) of anti-TNF biologics and their biosimilars [14, 15].
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of collagen and proteoglycans [24]. In vitro-cultured chondrocytes have already
provided useful models to study their response to microenvironment alterations
[25]. However, we have extended their in vitro use to efficacy testing of anti-TNF-a
drugs [26-28]. First, we have established a 2D iz vitro model by culturing human
primary chondrocytes in monolayer cultures and later upgraded it to a 3D cell
model, which better mimics the organization of these cells in native cartilage. For
this purpose, we chose a combination of physiologically relevant cell sources and a
gene expression assessment technique (qQRT-PCR), which enables analyses of up- or
downregulated genes in comparison to measurable changes in secreted proteins or
cell numbers [29]. We have selected and screened 42 genes involved in immune
responses, extracellular matrix remodeling, stress response, signaling pathways,
expression of adhesion and other molecules, responding to a pathogenic inflamma-
tory environment that was artificially created with the addition of rhTNF-a.

For the establishment of our 2D model, two types of cells were used. Normal,
healthy chondrocytes (NCs) were obtained from surplus cartilage biopsies of
patients scheduled for an autologous chondrocyte implantation procedure or were
acquired postmortem from donors with healthy cartilage, in accordance with
National Medical Ethics Committee approvals. On the other hand, osteoarthritic
chondrocytes (OACs) were obtained from cartilage samples of patients undergoing
total knee replacement surgery, in accordance with National Medical Ethics Com-
mittee approval. Following chondrocyte isolation and cultivation, confluent cell
cultures were incubated in serum-free conditions with 1 ng/mL of rhTNF-a
(PeproTech, USA) + 1 pg/mL of each of the two anti-TNF-a biologicals tested,
infliximab (IFX; Remicade®, Centocor, Netherlands) and etanercept (ETA;
Enbrel®, Wyeth Pharmaceuticals, UK). After 24 h of incubation, chondrocytes and
cell culture media were sampled for gene and protein expression analyses, respec-
tively. In experiments using OACs, only the most relevant genes were selected and
analyzed. Names and symbols of screened genes are presented in Table 2. Data
were analyzed by applying the 2744 formula (ABI PRISM® 7700 Sequence
Detection System User Bulletin #2) with the nontreated chondrocyte samples used
for normalization. Results are presented as relative quantities (RQ) or Log2 relative
quantity values (Log2 RQ). For protein expression analysis, a custom antibody
array (RayBiotech, USA) was designed to detect interleukin-1 receptor antagonist
(IL-1Ra), interleukin-1p (IL-1p), interleukin-6 (IL-6), interleukin-8 (IL-8), matrix
metalloproteinase-1 (MMP-1), matrix metalloproteinase-3 (MMP-3), matrix
metalloproteinase-13 (MMP-13), monocyte chemoattractant protein-1 (MCP-1),
tissue inhibitor of metalloproteinase-2 (TIMP-2), and vascular cell adhesion protein
1 (VCAM-1). All protein analysis data were normalized to nontreated controls.

The results of the first set of experiments obtained after stimulation of cultured
NCs and OACs with thTNF-a and after their preincubation with a combination of
rhTNF-a and IFX or ETA are presented in Figure 2 (graphs A and B, respectively).
Upon TNF-« stimulation of NCs, the highest gene upregulation was observed for
IL8 and MMP1 with a >1000-fold change. A very high upregulation (>80-fold
change) was also observed for IL6, IL32, MMP3, MMP13,TLR2, and MCP1 genes
(Figure 2, graph Aa). We considered the differences between treated and
nontreated cells as biologically significant whenever the calculated fold change was
>2, which equals a Log2-fold change of >1 unit on a logarithmic scale. Next, we
examined the neutralization efficacy of IFX and ETA by monitoring a decrease in
TNF-a-induced gene expressions. Although IFX reduced the expression of TNF-a-
upregulated genes, some of them remained more expressed when compared to
nontreated cell samples (Figure 2, graph Ab). On the other hand, ETA completely
abolished the TNF-a-mediated up- and downregulation of the tested genes
(Figure 2, graph Ac). Altogether, our results revealed differential sSTNF-a
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Gene Gene

Symbol Gene Name Symbol Gene Name

ACAN aggrecan MMP1 matrix metallopeptidase 1

ADAM17  ADAM metallopeptidase (interstitial collagenase)
domain 17 MMP10 matrix metallopeptidase 10

ADAMTS4 ADAM metallopeptidase (stromelysin 2)
with thrombospondin type 1 MMP13 matrix metallopeptidase 13
motif, 4 (collagenase 3)

ADAMTS5 ADAM metallopeptidase MMP3 matrix metallopeptidase 3
with thrombospondin type 1 (stromelysin 1, progelatinase)
motif, 5 NFKB1 nuclear factor of kappa light

BGN biglycan polypeptide gene enhancer in

CCL13 chemokine (C-C motif) B-cells 1
ligand 13 NOSz2 nitric oxide synthase 2,

CDg4 CD44 molecule inducible
(Indian blood group) PTGS2 prostaglandin-endoperoxide

CHUK conserved helix-loop-helix synthase 2 (prostaglandin
ubiquitous kinase G/H synthase and

COL11A2  collagen, type XI, alpha 2 cyclooxygenase)

COL12A1  collagen, type XII, alpha 1 RUNX2 runt-related transcription

COLgA3  collagen, type IX, alpha 3 factor 2

COMP cartilage oligomeric matrix SOX9 SRY (sex determining
protein region Y)-box 9

DCN decorin TIMP1 TIMP metallopeptidase

HAPLN1  hyaluronan and proteoglycan inhibitor 1
link protein 1 TIMP2 TIMP metallopeptidase

1L1B interleukin 1, beta inhibitor 2

IL1RA interleukin 1 receptor TLR1 toll-like receptor 1
antagonist TLR2 toll-like receptor 2

IL32 interleukin 32 TLR4 toll-like receptor 4

IL6 interleukin 6 (interferon, TNF tumor necrosis factor
beta 2) TNFRSFIA tumor necrosis factor receptor

1L8 interleukin 8 superfamily, member 1A

MAP2K3  mitogen-activated protein TNFRSF1B tumor necrosis factor receptor
kinase kinase 3 superfamily, member 1B

MAPK1 mitogen-activated protein VCAM1 vascular cell adhesion
kinase 1 molecule 1

MMP1 matrix metallopeptidase 1 VEGFA vascular endothelial growth
(interstitial collagenase) factor A

MCP1 chemokine (C-C motif)
ligand 2

Table 2.

List of genes analyzed in qRT-PCR experiments.

neutralizing potency of IFX and ETA at the level of gene expression patterns. The
observed changes in gene expression were then also confirmed with a protein
expression assay.
Because NCs are difficult to obtain, we performed the same IFX and ETA
neutralization experiments with thTNF-a-treated OACs, however, to a lesser
extent. A selected group of the most responsive genes were tested using OAC

biological samples from four donors (Figure 2B). We observed a similar response to

NCs when OACs were treated by rhTNF-a alone (Figure 2, graph Ba) and after
their preincubation with a combination of rhTNF-« and IFX or ETA (Figure 2,

graphs Bb and Bd, respectively). In Figure 2, graphs Bc and Be show the responses
of OACs after their exposure to each individual biological drug. The cartilage of OA

patients represents a biological waste material, which can be obtained in joint

replacement surgeries. Despite changes in gene expression observed during the
in vitro cultivation of OACs, the stimulation with thTNF-« reverted them back to
their inflammatory phenotype. Our results, employing anti-TNF-a biologics,
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Figure 2.

Exposure of in vitro-cultured normal healthy chondrocytes (NCs) (A) and osteoarthritic chondrocytes (OACs)
(B) to vhTNF-a markedly increased the expression of various genes coding for interleukins, matrix
metalloproteinases, and other factors involved in inflammation and stress response (graphs Aa and Ba). TNF-a
neutralizing effect of IFX (graphs Ab and Bb) and ETA (graphs Ac and Bd) is reflected in significantly
decreased gene expressions. Graphs Bc and Be show the vesponses of OACs following their exposure to each
individual biological drug tested. All gene expressions were calibrated to nontreated cells. Log2 RQ values of
individual biological samples (O) and their corresponding geometrical means (@) are shown. Original figures
used with authors’ permission under the terms and conditions of the Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/) [27, 28].
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Figure 3.

Graphical vepresentation of results obtained with the statistical model for evaluation of sSTNF-a neutralization
efficacy of biological drugs. Radar graphs for IFX (a), ETA (b), and both of them (IFX and ETA) (c) present
geometrical means of RQ values obtained with six NC biological samples. Corresponding twofold area changes
are presented. The overlap of twofold rims is only seen in two (MMP3 and VCAM-1) out of nine genes,
indicating higher sTNF-a neutralization efficacy of ETA. Value o in the center of the vadar graphs denotes total
inhibition of gene expression. Please note the difference in scales: (b) intervals of 0.2 units, (a) and (c) intervals
of 2 units. Original figure used with authors’ permission under the terms and conditions of the Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/) [28].

confirmed that OACs and NCs can be interchangeably used for obtaining valuable
preliminary information regarding the neutralization efficacy of these drugs [27].

With the data obtained, we were able to establish a statistical model for the
evaluation of IFX and ETA TNF-a neutralization efficacy. Expressions of the nine
most representative genes were chosen for a graphical presentation of results. Geo-
metrical means of RQ values were plotted on radial axes of radar graphs and
connected by a polygon, forming a distinctive shape. A comparison of shapes
obtained with IFX and ETA revealed differences in their inhibition of gene expres-
sions. Value 0, depicted in the center of graphs, represents total gene inhibition. For
easier comparisons of results, shaded areas of twofold changes were plotted as well.
Arbitrary fold-change cutoffs >2 (0.5 for down- and 2 for upregulated genes) were
considered biologically significant. In our experimental conditions, the twofold
change rims only overlapped in case of VCAM1 and MMP3 gene expressions, indi-
cating that both IFX and ETA inhibit these two genes to a similar extent. However, in
the case of MMP13, IL32, MCP1, IL6, MMP1,TLR2, and IL8, the inhibition efficacy of
ETA was significantly more pronounced. Altogether, in our 2D NC-based model,
ETA exhibited higher sSTNF-« neutralization efficacy than IFX (Figure 3).

The presented statistical model is also suitable for a comparative neutralization
efficacy determination of new bioactive molecules and biosimilars relative to well-
established and approved biologics, according to effective criteria for the assess-
ment of biosimilarity, nonsimilarity, and incomparability.

5.2 Establishment of a 3D human osteoarthritic model for in vitro efficacy
testing of anti-TNF-a biologicals, using primary human osteoarthritic
chondrocytes and mesenchymal stem cells

As discussed in the introduction, 2D and 3D cell culture conditions have differ-
ent impacts on cell phenotype and biological behavior, which were also confirmed
for primary chondrocytes and chondrogenically differentiated MSCs [30-35]. In the
last decade, cell-based research shifted toward 3D tissue/organ models, providing
more physiologically realistic biochemical and biomechanical microenvironments.
However, besides their biological relevance, in order to meet the expectations of the
pharmaceutical industry, drug screening assays should be high-throughput, widely
applicable, and low cost. With this in mind, we established a new iz vitro 3D
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chondrogenic tissue model which, combined with the qRT-PCR readout method,
can be used for preclinical or patient-specific potency assessment of anti-TNF-o and
anti-interleukin-1f biological drugs (anti-IL-1p) [26]. For establishing this model,
we used human OACs and chondrogenically differentiated MSCs.

As already stated, OACs represent an attractive source of cells for cell-based
models as besides being rather easily accessible and free of ethical concerns, they
are also genetically stable during their long-term in vitro expansion [36, 37]. Reports
show that MSCs isolated from bone marrow of OA patients are capable of produc-
ing hyaline cartilage suitable for tissue repair. MSCs obtained from OA and RA
patients possess similar chondrogenic potential as those from healthy individuals
[38-41]. Therefore, we used paired samples of MSCs and OACs from two donors
and a set of genetically mismatched biological samples of patient’s OACs and com-
mercially available MSCs. The paired cell sampling approach allowed us to reduce
the high patient-to-patient variability, which influences the chondrogenic potential
of both OACs and MSCs [42].

Among the numerous commercially available 3D cell culture systems, we have
chosen Perfecta 3D® scaffolds (3D Biomatrix Inc., USA) to create tissues in hanging
drops. Generation of scaffold-free spheroids of micrometric dimensions
(microspheroids) by gravity-enforced self-assembly in hanging drops allows cell
aggregation and tissue formation in a natural manner, without interference from
the scaffold material [19, 32]. This technique has important advantages, especially
the drop size control and consequent uniformity of formed microspheroids. More-
over, it is compatible with automated liquid handling systems, a prerequisite for
high-throughput screening in drug discovery. The microspheroid formation in
hanging drops mimics the condensation process of MSCs, which is one of the
earliest phases of in vivo cartilage development [32].

Isolated OACs were first expanded in 2D monolayer cultures and then, from
passage 2 and on, 10,000 cells were transferred into each hanging drop. In this way,
the loss of chondrogenic phenotype of OACs in 2D was restored in 3D conditions, as
already reported [30, 43]. Similarly as in our previously described 2D primary
chondrocyte model, the TNF-a neutralizing efficiencies of ADA (Humira®, Abbott
Laboratories, USA), ETA (Enbrel®, Immunex Corp., USA), IFX (Remicade®,
Janssen Biotech, USA), and the anti-IL-1p drug anakinra (ANA; Kineret®, Swedish
Orphan Biovitrum AB, Sweden) were assessed with both cell types by determining
the extent of downregulation of six selected genes (IL6, IL§, MCP1, MMP1, MMP13,
and VCAM]1) [27, 28]. Gene expression was determined after a 24 h incubation of
microspheroids in a medium supplemented with 1 ng/mL of an appropriate inflam-
matory cytokine (rhTNF-a or rhIL-1p; both from PeproTech, USA) or working
macrophage conditioned medium (MCM) solution, combined with 1 pg/mL of each
individual biological drug tested (Figure 4).

According to our criteria, Log, RQ >1 and < —1, TNF-a significantly upregulated
the expression of IL6, IL8, MCP1, MMP1, MMP13, and VCAMI1 genes in the 3D
microspheroidal model as well (Figure 4a). The same was true when IL-1p or MCM
was added to microspheroids. MCM was obtained from cell cultures of the human
monocytic cell line THP-1 (ATCC, USA) and represented a rich source of inflam-
matory cytokines with 0.05 ng/mL TNF-a and 0.45 ng/mL IL-1f, and numerous
other growth factors. In terms of influencing gene expression, IL-1p was the most
potent inflammation inducer, followed by MCM and then TNF-a. The inflamma-
tory process triggered by each of these three inducers could always be reversed by
ADA, IFX, or ETA, as well as ANA (Figure 4a). When inflammation was triggered
by TNF-a, all tested anti-TNF-a biologics extraordinarily suppressed the expression
of monitored genes, sometimes even reaching their constitutively expressed levels
(log2 RQ = 0). Similarly, in the presence of IL-1, ANA markedly reversed the
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Figure 4.

(a) Gene expression profiles following the addition of inflammatory mediators TNF-a, IL-14, or MCM
working solution and anti-inflammatory biological drugs ADA, IFX, ETA, and ANA. Blue and green dots
represent values obtained in microspheroidal chondral tissues made of MSCs and OACs (three donors),
respectively. Statistically significant changes, that is, Log2 RQ >1 and < —1 are outlined with median values for
all groups. (b) Radar graphs representing anti- TNF-a neutralization efficacies of ADA (blue), IFX (red), and
ETA (green). Mean RQ values of three biological samples are shown for OAC- and MSC-derived
microspheroids. Value o in the center of each radar graph vepresents total inhibition of gene expression. Original
figure used with authors’ permission under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/) [26].

inflammation process in microspheroids. However, when microspheroids were
incubated with MCM, none of the three tested anti-TNF-a drugs were successful in
diminishing its inflammatory effect. Conversely, ANA could downregulate the
expression of IL6, IL8, and MMP1 genes. The described changes at the gene level
were accompanied by significant differences in the expression of IL6, IL8, and
MCP1 proteins, detected in supernatants of microspheroid cultures, 24 h after their
incubation with a given inflammatory agent + selected anti-inflammatory biologi-
cal drug [26]. Moreover, these results were additionally supported by the amount of
glycosaminoglycans present in chondral spheroids composed of 100,000 OACs
treated with various combinations of a particular inflammatory agent + a given
anti-inflammatory biologic, for a period of 3 weeks.

When microspheroids were incubated with MCM, a superior anti-IL-1p neutral-
ization capacity of ANA compared to the three tested anti-TNF-a biologics was
observed. This difference was probably due to the fact that MCM contained a much
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higher concentration of IL-1p (0.45 ng/mL) than TNF-a (0.05 ng/mL). Neverthe-
less, these concentrations of both cytokines are much higher than those measured in
synovial fluids of OA and RA patients (0.028 ng/mL TNF-a and 0.1 ng/mL IL-1f)
[44]. Although MCM proved to be an excellent iz vitro inducer of inflammation, its
use for potency testing of anti-inflammatory biologicals targeting a specific cyto-
kine is questionable. In fact, from the multiple synergistic proinflammatory effects
evoked by different biogenic factors present in MCM, it is very hard to define the
potency of a biological targeting a single inflammatory factor.

In our 3D microspheroidal rhTNF-a-induced inflammation model, the neutrali-
zation capacity of ADA was superior over that of ETA and the even weaker IFX
(Figure 4b). Similar results were obtained with both microspheroids, regardless of
whether they were made of OACs or chondrogenically differentiated MSCs. The
observed differences in neutralizing efficiencies of ADA, ETA, and IFX can be
attributed to differences in their molecular structures and sTNF-a-binding affinities
[45]. The superior anti-TNF-a efficacy of ADA over ETA and IFX has already been
reported together with data, showing that the sSTNF-a-binding affinity of ADA is
higher for ADA (Kd = 7.05 x 10 ") than ETA (Kd = 2.35 x 10 ") and IFX
(Kd = 1.17 x 1071°) [46-48]. However, according to our criterion, a particular
biologic would be statistically more efficient than the compared one if it would
cause a >2-fold decrease in a selected gene expression. This was not the case in any
of our 3D microspheroidal model experiments. Consequently, we assumed that the
observed differences in TNF-a neutralizing potency of ADA, ETA, and IFX were
comparable (Figure 4b). Interestingly, although we showed in our 2D OACs model
that ETA was significantly more efficient than IFX, the same kind of experiments
carried out in a 3D microspheroidal model did not confirm this finding [26, 27]. We
assume that compared to the 2D model, the diffusion of tested biologics in our 3D
microspheroidal model was much slower and limited. Undoubtedly, the 3D model
better resembles iz vivo conditions and therefore has a higher relevance. Thus, we
concluded that 2D cell culture models may be useful for obtaining preliminary data
regarding the anti-inflammatory effects of a particular biological drug, while 3D
microtissue models enable more relevant insights in drug-tissue interactions and
possible outcomes iz vivo. The results obtained with our 3D microspheroidal model
are also supported by the outcomes of clinical studies conducted on patients with
RA, where the efficacies of anti-TNF-« biologics proved to be comparable [49].

We found that OACs and chondrogenically differentiated MSCs are suitable
sources for hanging drop chondral 3D microspheroid cultures formation, which are
useful for the assessment of neutralization potencies of anti-inflammatory biologics
[26]. Although the use of these two types of microspheroids resulted in different gene
expression profiles following their incubation with tested combinations of rhTNF-a,
and each of the three tested anti-TNF-u biological drugs (Figure 4b), these differ-
ences were rather small. Therefore, we concluded that MSCs can be used as an
alternative and probably even more accessible cell source for in vitro testing of
neutralization potency of anti-TNF-a biologics. The main advantages of our 3D
model are the use of small amounts of human cells and cytokines, personalized
testing approach, and the possibility of automation. In addition, the presented
approach can also be used as a platform for testing other anti-inflammatory biologics
with different mechanisms of action, as shown for ANA, the antagonist of IL-1p.

6. Conclusion

Cell-based assays are complex analytical tools, susceptible to multiple variables
that are virtually impossible to control. Therefore, they have to be precise, reliable,
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and well standardized so that the results are reproducible and can be compared
among different laboratories. When used for drug potency testing, such assays
usually rely on the use of reference standards. Recently, the WHO has prepared two
international standards for the two anti-TNF-a biologics, etanercept and infliximab.
These have been tested by several laboratories within an international collaborative
study using a number of different cell-based assays [12, 13]. In this chapter, we have
presented an overview of the most routinely used tests for potency testing of anti-
TNF-a biologics, which measure in vitro responses of nonmanipulated or genetically
engineered human and animal cell lines, with various readout systems.

Nowadays, with an expanding personal medicine approach, laboratory assay-
guided pharmacotherapeutical strategies are becoming more and more important.
In order to obtain relevant data on drug potencies for a particular patient, these
kinds of tests should be based on the patient’s own, that is, autologous primary cells,
as these can significantly reduce costs and enable safer and more effective therapies.
Therefore, we dedicated a part of this chapter to our experience in establishing
in vitro 2D monolayer cultures consisting of normal and OA chondrocytes and 3D
microspheroidal chondral tissues, formed from OACs or chondrogenically differ-
entiated bone-marrow-derived MSCs, and their use for testing anti-TNF-« efficacy
of adalimumab, etanercept, and infliximab. The qRT-PCR technique was applied as
a readout system for assessing differences in selected gene expressions. The
obtained data led us to the establishment of an original statistical method, which
was used for the evaluation and comparison of results.
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Appendices and nomenclature

2D two-dimensional

3D three-dimensional

ADA adalimumab

ANA anakinra

ETA etanercept

IFX infliximab

IL-1p interleukin 1f

MCM macrophage conditioned medium
MSCs mesenchymal stem cells

NCs normal human articular chondrocytes
OACGCs osteoarthritic human articular chondrocytes
RQ relative quantity of gene expression
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rhTNF-« recombinant human tumor necrosis factor a
STNF-a soluble form of tumor necrosis factor o
tmTNF-a transmembrane form of tumor necrosis factor o
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Chapter 3

Tumor Necrosis Factor Alpha:
A Major Cytokine of Brain
Neuroinflammation

Mubarak Muhammad

Abstract

Tumor necrosis factor (TNF) is one of the most extensively studied cytokine
with about 19 distinct superfamily members and many more to be found. Promi-
nent among these members is tumor necrosis factor alpha (TNF-a) that is known
to be a potent promoter of inflammation, as well as many normal physiological
functions in homeostasis and health and antimicrobial immunity. Nuclear factor
kappa-light-chain enhancer of activated B cells (NFxB) is one of the most important
transcription factors that activate transcription of many proinflammatory genes,
and the unraveling of TNF-a induced NF«B activation forms the foundation of
TNF-a as major cytokine of neuroinflammation. This review discusses summary of
literature on unique role of TNF-a in neuroinflammation and various agents that
mediate neuroinflammation via TNF-a modulation.

Keywords: tumor necrosis factor, tumor necrosis factor alpha, neuroinflammation,
cytokine, brain, inflammation

1. Introduction

Tumor necrosis factor (TNF) alpha is one of the first discovered cytokines
shown by Carswell [1] in 1975 and was named for tumor regression activity induced
in the serum of mice treated with Servatia marcescens polysaccharide [2]. Cytokines
are low-molecular-weight peptides secreted by activated immune cells as well as
stromal cells and exerting biological activities through binding to cognate receptors
on cell surface. Cytokines are produced by a number of cell types, predominantly
leukocytes that regulate a number of physiological and pathological functions
including innate immunity, acquired immunity, and a plethora of inflammatory
responses [3]. Cytokines excite or hinder the generation, propagation, and differ-
entiation of different associated target cells positive on antigen induction, thus
leading to mediation in the activity of diverse other cells involved in the immune
response especially the more pronounced macrophages, mast cells, B cells, T cells,
and natural killer (NK) cells. Thus, cytokine is regarded as secreted proteins with
growth, differentiation, and activation functions that regulate and determine the
nature of immune responses [4]. The broad classification of cytokines are termed in
a group as follows: interleukin (IL), interferon (IFN), tumor necrosis factor (TNF),
colony stimulating factor (CSF), and chemokine and growth factor (GF), and these
exerts biological functions through action mode and characteristics as paracrine,
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autocrine, and endocrine. TNF being one of the prominent cytokine has about 19
different members of the TNF superfamily that includes tumor necrosis factor
alpha (TNF-a), tumor necrosis factor beta (TNF-p), TNF-related weak inducer

of apoptosis (TWEAK), TNF-related apoptosis-inducing ligand (TRAIL),
lymphotoxin-p (LT- ), CD40L, CD30L, 4-1BBL, CD27L, glucocorticoid-induced
TND receptor ligand (GITRL), fibroblast-associated ligand (FasL), OX40 ligand
(OX40L), LIGHT, A proliferation-inducing ligand (APRIL), B-cell-activating factor
(BAFF), receptor activator of NFkB ligand (RANKL), vascular endothelial cell-
growth inhibitor (VEGI), and ectodysplasin A ((EDA)-A1, EDA-A2) [2].

TNF-a is a potent mediator of inflammation, as well as many normal physiolog-
ical functions in homeostasis and health and antimicrobial immunity [5]. Inflam-
mation is a classical host defense response of vascularized living tissue to infection
and injury, and in the central nervous system (CNS), the term neuroinflammation
is used to denote cellular and inflammatory responses of vascularized neuronal
tissue through activation of resident cells in the brain (microglia, astrocytes, and
endothelial cells), the recruitment of blood-derived leukocytes including neutro-
phils, lymphocytes, and macrophages, and a plethora of humoral factors [6, 7].
More appropriately, neuroinflammation is a term used to denote inflammation
associated with the brain and is characterized by the activation of microglia and
expression of major inflammatory mediators without typical features of peripheral
inflammation such as edema and neutrophil infiltration [8]. Neuroinflammation
in the brain supposedly has a positive effect such as increasing blood flow and
removal of damaged tissue by phagocytosis, but in a disease state, the resulting
inappropriate inflammation caused negative effects which by far out weight the
positive effect [6].

Nuclear factor kappa-light-chain enhancer of activated B cells (NFxB) otherwise
called nuclear factor kappa B is a heterodimer and one of the most important
transcription factors that activate transcription of many proinflammatory genes.

It is well documented that TNF-o induces at least five different types of signals
that include activation of NFkB, apoptosis pathways, extracellular signal-regulated
kinase (ERK), p38 mitogen-activated protein kinase (p38MAPK), and c-Jun
N-terminal kinase (JNK) [2]. These biological functions of TNF-a makes its role in
neuroinflammation critically prominent. It is therefore expedient to elucidate and
expand the rational basis of TNF-a as major cytokine of neuroinflammation. Hence,
this review discusses summary of literature on unique role of TNF-a in
neuroinflammation and various agents that mediate neuroinflammation via TNF-a
modulation.

2. Neuroinflammation

Microglia being major immune cells involved in defense in the central nervous
system, its activation is considered to be the hallmark of neuroinflammation [7, 9].
Activation of microglia cells constitutes the first key acute response in the brain to
external aggression such as acute brain ischemia, traumatic brain injury, or micro-
bial pathogen, and this microglial activation is coupled with subsequent activation
of blood-borne monocytes/macrophages to yield a full-blown neuroinflammatory
thick rim around ischemia infarct that becomes observable after 1 week in both
human and animal models [10]. Microglia in the CNS constitutes 5-15% of total
brain population; having share common precursor with peripheral macrophages,
they produced transient inflammatory changes like macrophages such as phagocy-
tosis, inflammatory cytokine production, and antigen presentation, normally
returning to their basal state when the activation stimulus is resolved [11]. In a
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disease state such as in the onset of focal cerebral ischemia or traumatic brain
injury, however, the microglia response becomes inappropriately more reactive and
exaggerated to produce plethora of inflammatory mediators that trigger apoptosis
and exaggerate neuronal damage [12]. Therefore, microglia/macrophages are the
key immune cells concerned with the protection of brain against injury. Their
architectural and functional changes are linked with the liberation of injury signals
induced by pathology. These cells are usually responsible for clearance of demised
neural cells and allow for restoration of lost neuronal functions. However, when
markedly activated by the damage-associated molecular patterns subsequent to a
disease state, they can generate a huge amount of proinflammatory cytokines that
are capable of interrupting neural cells and the blood-brain barrier, and manipulate
neurogenesis [9].

The primary function of microglia in the brain is to control any external aggres-
sion and neutralize its effect by a process of phagocytosis, which is a chronologically
multistep system including oriented gradient motility (chemotaxis); identification
of alien foreign agents by membrane lectins and receptors (recognition);
encompassing flow round the injurious foreign agents into a vacuole/phagosome
(engulfment); unraveling of intracellular secretor pools (granules); and liberation
of innate antibiotics and enzymes into the phagosome, generation of reactive oxy-
gen species by an intricate enzymatic system sequestrated on the phagocyte mem-
brane and/or reactive nitrogen species by an inducible nitric oxide synthase, and
decapitating and digestion of engulfed foreign substance in the multifaceted
phagolysosomal medium (microbial killing) [13]. Therefore, there are four impor-
tant events of phagocytosis: chemotaxis, recognition, engulfment, and microbial
killing.

Chemotaxis is the immediate restricted, valuable host inflammatory reaction
that is initiated by local tenant macrophages, demised cells and tissues, plasma
factors, and microbial products. Specifically, the closely generated factors of
inflammation (cytokines, activated complement protein, kinins, etc.) and microbial
factors construct chemotactic gradients, alter endothelial cell membrane receptors,
and encourage decrease of the blood flow. Blood-borne monocytes/macrophages
that are rolling along the endothelial surface act in response to the chemotactic and
cell-mediated signals and are primarily activated to definitely attach to the endo-
thelium by way of their membrane integrins; the second pace is transendothelial
migration, denoted as diapedesis, followed by tilting motility toward the inflam-
matory site (chemotaxis) [13].

Recognition involves identifying and attachment of particle to be ingested by the
microglia/phagocytes. There are two methods of recognition: opsonin/opsonin
dependent/receptor mediated and non-opsonin/opsonin independent. Opsonin/
opsonin dependent is where microglia/phagocytes recognize pathogens via their
membrane receptors for opsonins (e.g., complement factors C3b and iC3b and Fc
component of immunoglobulins), which are present on the microbial surface, while
non-opsonin/opsonin independent is where microglia/phagocytes recognize patho-
gens via microbial and phagocyte lectins [13]. Because microglia/phagocytes
express high-affinity receptors for opsonin, the term opsonization is used to indi-
cate a process, whereby injurious foreign particle becomes coated with substance,
thereby enhancing its recognition by leukocyte and making it more open to phago-
cytosis. As aforementioned, the injurious foreign agents or microbes are usually
opsonized by specific protein substances such as immunoglobulin G (IgG) anti-
bodies, breakdown product of compliment (C3b), and fibrinogen all of which
phagocytes express high-affinity receptors.

Engulfment refers to microglia/phagocyte extension of cytoplasm (pseudopods)
flow around the injurious foreign agents or microbes after its binding with
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phagocyte and subsequent pinches off to form vesicles (phagosome) that enclose
the injurious foreign agents or microbes. Phagocyte extensions (pseudopods) finally
engulf the injurious foreign agent or microbe in a vacuole and trigger the activation
of two functions: the release of granule contents into the phagosome and the oxida-
tive burst. Coiling engulfment is the most frequent unusual uptake: unilateral pseu-
dopods wrap around the microorganism in multiple turns, giving rise to largely self-
apposed pseudopodial surfaces [13].

Microbial killing can be achieved through oxygen-dependent or oxygen-
independent/non-oxygen-dependent method of pathogen or injurious agent killing.
Oxygen dependent involves the use free radicals. A free radical is clearly referred to
as atom or molecule having one or more unpaired electrons in valence shell or outer
orbit and is competent for autonomous survival [14]. The strange quantities of odd
electron(s) possess by a free radical make it unbalanced, short lived, and extremely
reactive. This high reactivity makes free radical exert a pull on electrons from
further compounds to reach steadiness. The newly pulled attacked molecule loses its
electron and becomes a free radical itself, opening a chain of feedback cascade of
reaction. Free radicals/oxidants derived from both endogenous sources and exoge-
nous sources have gained importance in the field of biology due to their central role
in various physiological conditions as well as their implication in a diverse range of
diseases. They include reactive oxygen species (ROS) which are hydroxyl radicals
("OH), superoxide (O, ), hydrogen peroxide (H,0,), and reactive nitrogen species
(RNS) which are nitric oxide (NO) and peroxynitrite (OONO™). At reasonable or
little concentrations, ROS/RNS encompasses desirable effects and engage in a vari-
ety of physiological purposes such as in immune function (i.e., guard in opposition
to pathogenic microorganisms), in certain cellular signaling pathways, in mitogenic
reaction, and in redox directive. Conversely, at excessively elevated concentrations,
both ROS and RNS lead to oxidative stress and nitrosative stress, respectively, that
potentially cause adverse effect to biological molecules [14].

The mechanism of oxygen-dependent microbial killing is initiated after engulf-
ment where oxygen burst is activated to cause increase in oxygen consumption (50-
to 100-fold increase) and metabolism; this leads to massive production of nicotin-
amide adenosine diphosphate (NADP) as by-product of adenosine triphosphate
(ATP) generation by oxidative phosphorylation. The oxygen burst is unrelated to
mitochondrial respiration and reflects the activity of the NADPH oxidase system in
the cytosol and membrane constituents, which are separated in resting microglia/
phagocytes and are reassembled upon microglia/phagocytes activation. The gener-
ated NADP through NADPH oxidase enzyme activity generates superoxide (O, )
which is further converted to hydrogen peroxide (H,0,) either spontaneously or
through enzymatic catalysis of superoxide dismutase (SOD) enzyme by combining
with hydrogen ion (H*). Both hydrogen peroxide (H,0,) and superoxide (O,") can
cause microbial killing. For instance, H,0; in the presence of myeloperoxidase
(MPO) released from microglia/phagocytes azurophilic (primary) granules and a
halide generates very potent oxidizing agents such as hypochlorous acid (HOCI)
and chloramines [13]. Other oxidative species such as singlet oxygen has been
suggested to be important for microbial killing through the formation of ozone [15].

Non-oxygen-dependent/oxygen-independent microbial killing is mediated by
protein molecule and other factors that are mostly found within the lysosome such
as lysozyme, lactoferrin, and elastase. Lysozyme is an enzyme that hydrolyzes N-
acetyl glucosamine bond found in glycopeptide coat of all bacterial cell wall. Thus,
non-oxygen-dependent/oxygen-independent microbial killing is dependent on pro-
tein and peptide antibiotics such as bactericidal permeability-increasing protein,
cationic antimicrobial protein 37, and defensins that are stored in peroxidase-
positive (azurophilic, primary) granules where they are together localize with
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active proteases such as elastase, cathepsin G, and proteinase 3. The synergistic
interaction of oxygen-dependent and non-oxygen-dependent/oxygen-independent
microbial killing systems generally results in pathogen killing [13].

Pathological consequences that result from a disease state of the brain, however,
make microglia response becomes inappropriately exaggerated. Microglia when
transformed into phagocytes can release a variety of substances many of which are
cytotoxic and/or cytoprotective. While cytoprotective substances include
neurotrophic molecules such as brain-derived neurotrophic factor (BDNF), insulin-
like growth factor I (IGF-I), several other growth factors, and anti-inflammatory
factors, cytotoxic substances include proinflammatory cytokines such as TNF-a, IL-
1B, and IL-6 as well as other potential cytotoxic molecules including nitric oxide
(NO), reactive oxygen species (ROS), and prostanoids. The uniquely outburst
cytokines extensively studied in acute ischemic stroke are tumor necrosis factor-o
(TNF-a); the interleukins (IL), IL-1p, IL-6, IL-20, and IL-10; and transforming
growth factor (TGF)-p. Although IL-1p and TNF-a are proinflammatory that
appears to exacerbate cerebral injury, TGF-p and IL-10 are anti-inflammatory that
may exert neuroprotective effects, and IL-6 has both pro- and anti-inflammatory
effects [16]. Astrocytes, like microglia, are also capable of secreting inflammatory
factors such as cytokines, chemotaxis cytokines (chemokines), and NO in response
to brain pathological state.

3. Agents that mediate neuroinflammation via TNF-a modulation

Table 1 reveals researches of various agents that mediate neuroinflammation via
TNF modulation.

Treatment Experimental model Related TNF finding References
Puerarin Stroke model of rat middle cerebral Modulate neuroinflammation by  [17]
artery occlusion mark reduction in mRNA

expression of tumor necrosis
factor-o (TNF-a)

Edaravone and Stroke model of rat intraluminal middle Modulate neuroinflammation by ~ [18]
scutellarin cerebral artery occlusion attenuating expression levels of

TNF-a
Matrix Stroke model of rat middle cerebral Modulate neuroinflammation by  [19]
metalloproteinase-8  artery occlusion abrogating TNF-a expression

inhibitor (MS8I)

Wogonin (5,7- Stroke model of rat middle cerebral Modulate neuroinflammation by ~ [20]

dihydroxy-8- artery occlusion decrease in production of TNF-a

methoxyflavone)

Nicotine Stroke model of rat global cerebral Modulate neuroinflammation by ~ [21]
ischemia significant reduction of enhanced

expression of tumor necrosis
factor alpha (TNF-a)

Glycyrrhizin (GRZ)  Brain cognitive impairment and Modulate neuroinflammation [8]
neuroinflammation of through inhibition of
lipopolysaccharide treated Mice proinflammatory TNF-«

Atorvastatin Stroke model of rat intracerebral Modulate neuroinflammation by  [22]
hemorrhage dose-dependent reduction of

TNF-a

Angiotensin-(1-7) Stroke model of mice intracerebral Modulate neuroinflammation by = [23]

hemorrhage decrease in levels of TNF-a
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Treatment Experimental model Related TNF finding References
Milk fat globule-EGF  Stroke model of rat permanent middle =~ Modulate neuroinflammation [24]
factor VIII (MFG- cerebral artery occlusion through decrease in expression of
E8) cerebral TNF-« level
Compound K (20-O-  Stroke model of mice transient middle =~ Modulate neuroinflammation [25]
D-glucopyranosyl-20  cerebral artery occlusion through inhibition of
(S)- lipopolysaccharide-induced
protopanaxadiol) production of TNF-a
Kaempferol Stroke model of rat transient middle Modulate neuroinflammation by  [26]
glycosides cerebral artery occlusion inhibiting expression of tumor
necrosis factor alpha
Angiotensin-(1-7) Stroke model of rat permanent middle = Modulate neuroinflammation by  [27]
cerebral artery occlusion inhibiting increase in TNF-a
Nicotine Stroke model of rat global ischemia Modulate neuroinflammation by  [21]
reduction of enhanced expression
of tumor necrosis factor alpha
(TNF-a) induced by ischemia/
reperfusion
Propofol Brain neuroinflammation of Modulate neuroinflammation by  [28]
lipopolysaccharide-induced inhibiting lipopolysaccharide-
inflammation in activated microglia mediated production TNF-a
Zileuton Stroke model of rat permanent middle ~ Modulate neuroinflammation [29]
cerebral artery occlusion through attenuating release of
TNF-a in the serum
Caffeic acid ester Stroke model of rat middle cerebral Modulate neuroinflammation by  [30]
fraction (Caf) artery occlusion in vivo and inhibiting TNF-o induced by
lipopolysaccharide-induced microglial lipopolysaccharide treatment in
activation in vitro primary microglia in a dose-
dependent manner
Telmisartan Stroke model of rat intracerebral Modulate neuroinflammation by ~ [31]
hemorrhage decrease in tumor necrosis
factor-a
Setarud (IMOD™) Human patients with acute ischemic Modulate neuroinflammation by  [32]
stroke decrease in TNF-« levels
Caffeine Brain neuroinflammation of Modulate neuroinflammation by  [33]
lipopolysaccharide (LPS)-stimulated suppressing generation of
murine BV2 microglial cells proinflammatory TNF-a
SCH58261 Stroke model of rat bilateral common Modulate neuroinflammation by ~ [34]
carotid artery occlusion reversing ischemia reperfusion
injury induced elevation of TNF-
a.
Caffeine Stroke model of rat bilateral common Modulate neuroinflammation by  [35]
carotid artery occlusion reduction of TNF-« activity
Fluoxetine Stroke model of rat subarachnoid Modulate neuroinflammation by  [36]
hemorrhage decreasing the expression of
proinflammatory mRNA levels of
TNF-«
Matrix Brain neuroinflammation of lipoteichoic Modulate neuroinflammation by ~ [37]
metalloproteinases 8 acid (LTA)-stimulated rat primary inhibiting lipoteichoic acid (LTA)
(MMP-8) inhibitor ~ astrocytes induced expression of TNF-«
Sildenafil Brain neuroinflammation and Modulate neuroinflammation by  [38]
demyelination induced by cuprizone in  reduction in the expression of the
Mice model of multiple sclerosis. proinflammatory cytokines TNF-
o
Table 1

Various agents that mediate neuroinflammation via TNF modulation
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4. Agents that induce neuroinflammation

In a comprehensive review of agents that induce neuroinflammation, Nazeem
[39] has classified models of neuroinflammation based on mechanism through
which agents induce neuroinflammation into three as follows: immune challenge-
based models which include lipopolysaccharide (LPS)-induced neuroinflammation
and polyriboinosinic-polyribocytidilic acid (PolyI:C)-induced neuroinflammation;
neurotoxin-induced models which consist of streptozotocin-induced
neuroinflammation, okadaic acid-induced neuroinflammation, and colchicine-
induced neuroinflammation; genetically manipulated models that contain interleu-
kin-1f (IL-1B) overexpression model, p25 transgenic model, anti-nerve growth
factor (NGF) transgenic models, and transforming growth factor-p (TGF-)-
deficient models.

The most commonly studied model of neuroinflammation is LPS-induced
neuroinflammation which activates microglia in the brain [40]. LPS also termed
endotoxin is a constituent of the external membrane of Gram-negative bacteria, and
the mechanism of LPS-induced neuroinflammation is mediated through LPS bind-
ing with CD14 on microglia membranes. The LPS-CD14 complex then interacts
with the Toll-like receptor-4 (TLR-4), which, in turn, activates microglia by initi-
ating signal transduction cascades leading to rapid transcription and release of
proinflammatory cytokines, chemokines, and the complement system proteins, as
well as anti-inflammatory cytokines like IL-10 and transforming growth factor-f
(TGF-p) [39].

Another popular emerging noninvasive, effective, and sterile method of induc-
tion neuroinflammation in animal model is MRI-guided pulsed focused ultrasound
(pFUS) combined with systemic infusion of contrast agent microbubbles (MB).
This MRI-guided pFUS+MB has advantage over all other methods of inducing
neuroinflammation in a way that it induces neuroinflammation without systemic
involvement [40].

5. Mechanism leading to the production of TNF-« in the brain and
TNF-a signaling

Within the brain, TNF-a is produced and discharged in the brain predominantly
by glial cells and neurons, with microglia and astrocytes being the major glial cells
involved. Upon arrival of appropriate TNF-a production stimulus, TNF-a is formed
as a 27-kDa (233 amino acids) precursor, which binds to cell membrane of produc-
ing cells. This precursor is cleaved by proteolysis to liberate a 17-kDa (157 amino
acids) subunit by the action of TNF alpha-converting enzyme (TACE). TACE also
known as ADAM17 is well-identified proteinase enzyme that mediates the process
TNF-a production and is a member in the family of mammalian adamalysins (or
ADAMs: A disintegrins and metalloproteinases) [41].

Upon cleavage by TACE/ADAM17, the free TNF-a forms a bioactive
homotrimer that lead to biological effect of TNF-a. The actions of TNF-a is
achieved through two distinct cell surface receptors: TNFR1 and TNFR2. TNF-a
generates the activation of TNF receptors (TNFR1 and TNFR2), and the resultant
TNF-induced TNFR signaling pathways are complex and wide ranging in different
cell types, and precise circumstances, thereby accounting for TNF-a pleiotropic
nature of action [5]. For instance, with TNFR1 signaling pathway, binding of TNF-«
to the cognate receptor leads to the recruitment of TNF-a adaptor protein termed as
TNF receptor-associated death domain (TRADD), which then creates a platform
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for binding of additional cytoplasmic adaptor proteins including TNF receptor-
associated factor 2 (TRAF2), receptor-interacting protein (RIP), and FAS-
associated death domain (FADD). The TRAF2 and RIP are concerned in escalating
the transcriptional gene regulation; TRAF2 triggers the activation of a mitogen-
activated protein kinase (MAPK) pathway, thereby leading to the activation of
c-Jun N-terminal kinase (JNK), thus increasing its transcriptional activity; the RIP is
a protein kinase vital to the activation of the transcription factor NFxB by phos-
phorylation of IxB kinase (IKK). On the other hand, FADD pathway leads to
activation of caspase-8, thereby leading to initiate a caspase cascade of apoptosis
cellular demise [41]. Although TNF-a binds to both TNFR1 and TNFR2 receptors
with high affinity, there are some species specificity in terms of the receptor
subtype and TNF-« binding [42]. TNF-a-induced p38 MAPK pathway transcription
activity has been also implicated to induce proinflammatory IL-6 synthesis [43].

6. TNF-o and neuroinflammation

Neuroinflammation involves activation of microglia and astrocytes as well as
influx of hematogenous cells recruited by cytokines, adhesion molecules, and
chemokines across the activated blood vessel wall [44]. Neuroinflammatory signal-
ing involves a coordinated effort of different molecules and cells types and is largely
coordinated by a ubiquitous transcription factor NFxB. This signal transduction
pathway for the activation of the transcription factor NFkB leads to control the
expression of numerous genes activated during inflammation (i.e., cytokines,
chemokines, growth factors, immune receptors, cellular ligands, and adhesion mol-
ecules). Thus, NFkB regulates a number of genes (including those coding for key
inflammatory cytokines, like IL-6, TNF-q, etc.) involved in inflammation, making
it the most important transcription factor that plays a key role in the inflammatory
response. The collective gene targets of NFkB include various adhesion molecules,
cytokines and chemokines (involved in proinflammatory signaling and NF«kB acti-
vation, e.g., IL-1p and TNF-a), metalloproteinases (e.g., MMP-9), immune recep-
tors, acute phase proteins, cell surface receptors, and inflammatory enzymes [45].
Various stimuli, such as cytokines, viruses, and oxidants, result in the activation of
the transcription factor NFkB by separating it from inhibitor of NFxB alpha (IkBax)-
bound protein in the cytoplasm, which becomes degraded and allows NFxB to move
to the nucleus, where it binds to the DNA of the genes for numerous inflammatory
mediators, resulting in their increased production and secretion [46].

It is pertinent to note that neuroinflammatory microglia-/macrophage-mediated
phagocytosis is instrumental in neutralizing injurious foreign agent and conducting
brain cleanup, the process which must occur to allow for tissue repair and functional
recovery. This fast and efficient removal of apoptotic, dislocated, and damaged cells,
before the discharge of injurious and proinflammatory cell contents occur, may help
to reduce secondary damage. But inappropriate inflammatory responses generated by
microglia/macrophages in a disease state may aggravate brain injury [45].

Proinflammatory TNF-a being one of the most key important early initiators of
neuroinflammation interacts with two receptors R1 and R2, to mediate extrinsic
apoptotic death signal via Fas-associated death domain (FADD) and inflammation
via nuclear factor kappa-light-chain enhancer of activated B cells (NFxB), respec-
tively [5]. NFkB is a major regulatory transcription factor with a pivotal role in
inducing genes involved in inflammation [47]. In its dormant state, NFxB resides in
the cytosol where it is bound to its inhibitory proteins known as inhibitors of NFxB
(IxB), most commonly inhibitor of NFkB alpha (IxkBa), making it unable to trans-
locate into the nucleus [48]. Inflammatory stimuli resulting from wide range of
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brain pathological processes, such as cerebral ischemia, leads to degradation of these
inhibitors upon their phosphorylation by the IkB kinase (IKK), which allows NF«xB
to migrate into the nucleus, where it binds with DNA, and activates transcription of
many proinflammatory genes [49]. This includes increase in expression of the genes
for proinflammatory cytokines, chemokines, enzymes that generate mediators of
inflammation, and adhesion molecules [50]. Thus, TNF-a both activate and are
activated by NF«B, creating a type positive regulatory loop that amplify and per-
petuate local inflammation [50]. Hence, these pathways of TNF-a-induced NF-kB
explain the ability of TNF-a to induce other inflammatory cytokines such as IL-6
and IL-8 and synergize with interferons [5].

Apart from IkB-NFkB pathway, another intracellular signaling pathway
through which TNF-« induces other inflammatory cytokines is Janus family of
tyrosine kinase (JAK)-signal transducer and activator of transcription (STAT)
pathway. This JAK-STAT pathway can be initiated when there is TNF-a signaling
after binding to its cognate receptors and consequently stimulates STATs. The
STATSs subsequently become activated and translocate to the nucleus to transmit
transcriptional genetic expression of many cytokines, thereby leading to their syn-
thesis [43].

Therefore, TNF-a is a proinflammatory cytokine that plays a critical role under
both homeostatic and pathophysiological status within the central nervous system.
Under healthy status, TNF-a has regulatory functions on vital physiological pro-
cesses such as synaptic plasticity, learning and memory, sleep, food and water
intake, and astrocyte-mediated synaptic amplification [51]. Under pathological sta-
tus, astrocytes and mainly microglia excessively release massive concentration of
TNF-a, thereby leading important constituent of neuroinflammatory response that
marks a characteristic of several neurological disorders. Neuroinflammation itself at
the first initial stage is a protective response in the brain, but excessively inappro-
priate inflammatory responses are detrimental, and in fact, it diminish the neuronal
regeneration thereby leading to neurodegenerative diseases and other neurological
disorders [52, 53].

7. Conclusion

Microglia is a pivotal brain endogenous protective mechanism against various
injuries agents. If such an injury is tolerable, it triggers cellular responses that
protect the brain and precondition the body against more severe stimuli. Beyond
tolerable level, it triggers response that may potentially aggravate brain injury.
TNF-a is released by microglia-induced NFkB activation, and activated NF«B in
turn activates more TNF-a. The IkB-NF«B pathway together with other intracellu-
lar signaling pathway such as p38 MAPK pathway and JAK-STAT pathway that all
orchestrate cascade of cytokine production makes TNF-« so-called master regulator
of neuroinflammatory cytokine production. This phenomenon forms the basis of
TNF-a as major cytokine of brain neuroinflammation.
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Chapter 4

TNFR2 and Regulatory T Cells:
Potential Immune Checkpoint
Target in Cancer Immunotherapy

Xuehui He and Xinhui Wang

Abstract

TNF has both proinflammatory and antiinflammatory effects. It binds to
two structurally related but functionally distinct receptors TNFR1 and TNFR2.
Unlike TNFR1 that is ubiquitously expressed, TNFR2 expression is more limited to
myeloid and lymphoid cell lineages including a fraction of regulatory T cells (Treg).
In general, TNFR1 is responsible for TNF-mediated cell apoptosis and death, and
mostly induces proinflammatory reactions. However, TNFR2 mainly leads to func-
tions related to cell survival and immune suppression. Treg play an indispensable
role in maintaining immunological self-tolerance and restraining excessive immune
reactions deleterious to the host. Impaired Treg-mediated immune regulation has
been observed in various autoimmune diseases as well as in cancers. Therefore, Treg
might provide an ideal therapeutic target for diseases where the immune balance is
impaired and could benefit from the regulation of Treg properties. TNFR2 is highly
expressed on Treg in mice and in humans, and TNFR2+ Treg reveal the most potent
suppressive capacity. TNF-TNFR2 ligation benefits Treg proliferation, although the
effect on Treg suppressive function remains controversial. Here, we will describe in
detail the TNF-mediated regulation of Treg and the potential clinical applications in
cancer immunotherapy as well as in autoimmune diseases, with the focus on human
Treg subsets.

Keywords: TNF, TNF receptor 2, regulatory T cells, immunotherapy,
autoimmune disease, cancer immunotherapy

1. Introduction

CD4+FOXP3+ regulatory T cells (Treg) have an indispensable role in maintain-
ing immune homeostasis and immune tolerance. They control unwanted immune
responses that are involved in the regulation of immune tolerance to self as well as
to foreign antigens. Loss-of-function mutation in FOXP3 locus, a gene encoding
Treg lineage transcription factor FOXP3, leads to multiorgan associated autoimmu-
nity. Abnormal numbers of Treg and/or impaired suppressive function of Treg are
often found in various autoimmune diseases like type 1 diabetes (T1D) [1], multiple
sclerosis (MS) [2], rheumatoid arthritis (RA) [3], psoriasis [4-6], and systemic
lupus erythematosus (SLE) [7-9]. On the other hand, tumor-infiltrating Treg
generally show potent suppressive functions, indicating that they regulate tumor-
specific immune responses and might help tumor immune escape [10]. It seems
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logical to use Treg as a therapeutic target for diseases where the immune balance is
impaired and could benefit from the regulation of Treg properties. Nevertheless,
due to the intrinsic properties of Treg, i.e. heterogeneity and plasticity, several key
questions need to be clarified before making Treg an ideal candidate for clinical
applications.

Tumor necrosis factor (TNF) is initially expressed on cell surface as a membrane
bound cytokine (mTNF), which can be cleaved by a metalloprotease TNF convert-
ing enzyme (TACE) to generate soluble form of TNF (sTNF) [11]. TNF binds to
receptors, TNF receptor 1 (TNFR1) and 2 (TNFR2). In contrast to TNFR1, TNFR2
expression is restricted in certain cell types including lymphocytes [12]. TNF-
TNFRI1 interaction mostly induces proinflammatory reactions, whereas TNFR2
generally leads to the suppressive function of TNF [13]. It is known that TNFR2 is
constitutively expressed on both murine and human Treg, and TNFR2+ Treg are the
most suppressive Treg subpopulation [14-17]. The effect of TNF on Treg suppressor
function remains controversial. In this chapter, we will describe in detail the TNF-
mediated signal transduction pathways, its effect on Treg cells, and the potential
clinical applications in various immunopathologies.

2. Regulatory T cells and its plasticity

Treg exert their function in primary and secondary lymphoid organs and non-
lymphoid tissues. FOXP3, as the lineage transcription factor of Treg, facilitates Treg
thymic development by stabilizing its own expression and inhibiting transcrip-
tion factors needed for the development of other helper T-cell (Th) lineages like
T-bet for Thl, GATA3 for Th2, and RORyt for Th17 cells [18]. Next to FOXP3, Treg
constitutively express a high level of the IL-2 receptor « chain (CD25) and a low
level of the IL-7 receptor a chain (CD127) compared to human activated non-Treg.
The combination of CD4+, CD25high, and CD127low has been used to isolate Treg
for functional studies and for adoptive immunotherapy [19]. However, no unique
Treg marker has been identified so far, although many molecules are proposed.
These Treg-related cell markers include CD27 [20], CD62L [21], CTLA4 (cytotoxic
T-lymphocyte-associated protein) [22], CD39 and CD73 ectoenzymes [23], Helios
[24], Neuropilin-1 [25], HLA-DR [26], and the most recently identified combina-
tion of TIGIT and FcRL3, which results in the identification of human Helios+
memory Treg [27].

Compelling evidence indicates that both mouse and human Treg consist of
various subpopulations and have a more or less plastic phenotype depending on the
microenvironment they are in [28]. Based on the site of Treg generation, two major
Treg subsets are classified, namely, thymus-derived Treg (tTreg) that develop
in the thymus from CD4 single positive thymocytes which in general display
high-affinity self-reactive T-cell receptors (TCRs), and peripherally induced Treg
(pTreg) which emerge in the periphery from conventional CD4+ T lymphocytes
(Tconv) in response to environmental antigens and tolerogenic stimuli. Studies in
mice have shown that pTreg and tTreg are both required for full protection against
colitis and lymphoproliferative disease [29, 30], indicating that these two Treg
subsets play distinct roles in protecting against immunopathology. However, the
relative contribution of tTreg and pTreg in human immune tolerance remains a
major unresolved issue, partially due to the lack of specific markers to definitively
distinguish them. In fact, the transcription factor Helios was the first marker
proposed to distinguish both mice and human tTreg from pTreg [31]. However, this
has been disputed by studies showing that Helios can also be expressed by activated
Tconv [32] and by pTreg upon in vitro and in vivo stimulation [33], precluding its
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use as tTreg-specific marker. Another cell surface marker that has been proposed
to harbor the specificity necessary to distinguish between murine tTreg and pTreg
is the coreceptor Neuropilin-1 [25]. Unfortunately, human Treg do not uniquely
express Neuropilin-1 [34].

3. TNF/TNEFR signaling pathways

TNF is firstly discovered as an inflammatory cytokine that is induced by the
endotoxin [35]. Various immune cells produce TNF including macrophages,
monocytes, dendritic cells, B cells, activated natural killer cells, and activated T
cells. TNF is initially expressed on the cell surface as a trimeric type II transmem-
brane protein mTNF, which is then cleaved by the metalloproteinase TACE (also
known as ADAM17) and released as soluble extracellular sTNF [36]. Both forms of
TNF are present as bioactive homotrimers. There exist two structurally related but
functionally distinct receptors, TNFR1 (p55) and TNFR2 (p75). TNFR1 is ubiq-
uitously expressed on most mammalian cell types, and it binds to mTNF as well
as sSTNF, whereas TNFR2 expression is restricted to immune cells, neurons, and
endothelial cells. TNFR2 binds with higher affinity to mTNF than sTNF compared
to TNFR1.

TNFR1 and TNFR2 share the similar extracellular TNF-binding motifs but differ
in their intracellular domains. Both receptors lack intrinsic enzyme activity; thus,
upon the ligand binding, they need to recruit the cytosolic proteins to initiate the
intracellular signal transduction. Specifically, TNFR1 contains a homologous intracel-
lular region called “death domain”, which preferentially interacts with the adaptor
protein named TNFR1-associated death-domain (TRADD) protein [37]. TRADD
further recruits another two adaptor proteins, receptor interacting protein kinase 1
(RIPK1) and TNFR-associated factor (TRAF) 2, thus forming an enzymatic complex
signalosome, which is also known as signaling complex 1. One of the main targets of
the complex 1 is the enzyme complex called IkB kinase (IKK). Phosphorylation of
IKK in turn leads to the canonical activation of the transcription factor NFkB as well
as members of the family of MAPKs such as c-jun kinase (JNK) and p38 MAPK. The
TRADD containing signaling complex 1 may further be converted to a death-inducing
signaling complex, so-called complex 2, by adaptor protein Fas-associated protein
with death domain (FADD). The complex 2 is able to further initiate downstream
caspase cascades, thus inducing cell apoptosis and cell death [37].

The pathways induced by TNFR?2 are slightly different from TNFR1. Due to
the lack of death domain, TNFR?2 is unable to recruit TRADD protein, but it can
directly interact with TRAF2 [38]. In contrast to TNFR1 that drives apoptosis and
cell death, TNFR2 induces the noncanonical activation of NFkB via the activation
of the NFkB-inducing kinase (NIK), which further leads to the phosphorylation
of IKKa and the processing of p100, a crucial step in the nuclear translocation of
p52/RelB [38, 39]. Interestingly, TRAF2 binding to TNFR?2 is considerably weaker
than its binding to TRADD protein. Upon binding to TRAF2, TNFR?2 could also
recruit cIAP1/2 proteins [39] that are involved in the TNFR1-mediated NFxB
activation, indicating that there exists a crosstalk between TNFR1 and TNFR2
pathways. Another interesting adaptor protein called endothelial/epithelial protein
tyrosine kinase (Etk) interacts with the C-terminal domain of TNFR?2 in a ligand-
independent manner [40]. TNFR2-mediated Etk phosphorylation is able to partially
activate the growth factor receptor VEGFR?2, which in turn results in the activation
of PI3K/Akt pathway and cell survival.

A number of proteins are essential for the negative regulation of the TNF-TNFR
pathways. A20, also named as TNF alpha-induced protein 3, is one of the most
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studied negative regulatory proteins. A20 is an ubiquitin editing enzyme. It limits
NF«B signaling after activation by TNF [41]. Consistent with this, A20-deficient
mice are hypersensitive to TNF exposure and die perinatally because of severe
inflammation and multiorgan failure [42]. Intriguingly, A20 is recently shown to
regulate the de novo generation of tTreg in a cell-intrinsic manner, while the sup-
pressor function of A20-deficient Treg is unchanged in vitro [43].

4. Effect of TNFR2 on Treg

Although TNFR1 expression is not different between Treg and non-Treg cells,
human Treg constitutively express high levels of TNFR2 compared to CD25- Tconv.
Moreover, TNFR2+ Treg reveal the most potent suppressive capacity [14, 44]. The
effect of TNF on Treg suppressor function remains controversial. Several groups
including ours demonstrated that sSTNF preserved or even increased FOXP3 expres-
sion as well as Treg suppressive capacity in both mice and humans [15, 45-47]. The
TNF-TNFR2 is crucial for sustaining FOXP3 expression and maintaining the stabil-
ity of murine Treg in an inflammatory environment [44]. A similar phenomenon is
also observed for human Treg in vitro [48]. There is also evidence for the negative
effects of TNF on Treg function. Studies show that TNF impairs Treg function by
reducing FOXP3 expression or enhancing its dephosphorylation [47, 49]. In clinical
practices, RA patients responding to anti-TNF antibody adalimumab showed an
increased percentage of FOXP3 + cells as well as the restored regulatory function
[50]. It should be noted that the nature of the TNFR2 antibodies used in these
studies was likely different (agonistic versus antagonistic) [46]. Recent studies
highlight that TNFR2 agonisms and antagonisms might regulate the phenotype and
the suppressor function of Treg in a complete different way [46].

TNF priming induces the proliferation and activation of Treg in vitro [15, 51]
as well as in vivo via TNFR2 in an acute mouse GvHD model [52]. Our group have
found that stimulation of human Treg with a TNFR2-agonist antibody preserved
a stable Treg phenotype and function after ex vivo expansion [48]. Using TNFR2
agonist only was enough to prevent the loss of FOXP3 expression, whereas the
sustained hypomethylation of TSDR (Treg-specific demethylated region) of FOXP3
gene locus required both rapamycin and TNFR2 agonist, suggesting that stabiliza-
tion of FOXP3 expression requires both mTOR and NFkB signal pathways. In vitro
restimulation of TNFR2 agonist plus rapamycin-expanded Treg led neither to the
loss of FOXP3 protein nor the enhancement of IL-17A production, especially under
proinflammatory conditions, indicating a well-preserved Treg stability. TNFR2
knockout CD4+ T cells have increased expression of RORyt and IL-17 production,
which is dependent on the impairment of TNFR2-mediated activation of NF«B [53].
We speculate that a similar process of regulation may exist in human Treg where
TNFR2/NFxB signaling might act as a double-edged sword to enhance FOXP3
but also to inhibit RORyt expression, thus contributing to Treg stability. Another
possible explanation is that TNFR2 engagement results in an autocrine TNF-TNFR2
loop, which further regulates the expression of histone methyltransferase EZH2
[51], a subunit of the polycomb repressor complex 2 (PRC2). EZH2 is known to bind
to FOXP3 thus helping FOXP3 to regulate the gene transcriptional repression [54].

5. TNFR2 agonists and autoimmune diseases

Defect in the function of Treg as well as the low numbers are the main properties
of various autoimmune diseases. Therefore, restoring the proper functional Treg

44



TNFR2 and Regulatory T Cells: Potential Immune Checkpoint Target in Cancer Immunotherapy
DOI: http://dx.doi.org/10.5772/intechopen.85632

thus favoring the immune tolerance induction has become a final goal of treatment
for patients with autoimmune diseases. As discussed above, ample studies show that
either TNF and/or TNFR2 agonism has capacity to enhance Treg proliferation and
activation. Furthermore, TNF-TNFR2 is essential to maintain the Treg function and
stability in the inflammatory environment [44, 48]. Impaired TNF-TNFR signaling
pathways occur in several human diseases including T1D, SLE, IBD, and MS. For
instance, a single-nucleotide polymorphism (SNP) in the first intron is linked to a
decreased level of TNFR2 in carriers of the SNP and a high risk of disease suscep-
tibility [55]. T1D patients have higher TNFR2" Treg compared to healthy controls.
The rationale for using TNFR?2 agonists as a therapeutic option for autoimmune dis-
eases was first shown in T1D. Using blood from patients with T1D, a dose-response
relationship between TNFR2 agonism and the destroying of pathogenic autoreac-
tive CD8 T cells was observed [56], suggesting inducing of TNF-TNFR?2 pathway is
an effective approach of selectively killing autoreactive T cells.

Currently used biologics targeting TNF include the anti-TNF antibodies inflix-
imab, adalimumab, certolizumab, and the decoy receptor etanercept that binds to
sTNF. Although they have a good safety profile, with increasing use of these drugs,
paradoxical adverse events involving the skin, joints, and lungs have been described
[57]. Skin manifestations are the most common adverse event and occur in about 25%
of patients receiving anti-TNFs. The underlying mechanism is recently attributed to
the TNFR2/A20 signal axis which is specifically responsible for TNF-mediated IL-17A
inhibition [58]. Termination of NFkB activation is critical to prevent aberrant inflam-
matory responses. In memory CD4 T cells, A20 is identified as one of the strongest
TNF-responsive genes with a strong inverse correlation to IL-17A expression.

6. TNFR2 antagonists and cancer immunotherapy

Tumor microenvironment preferably recruits TNFR2+ Treg cells which possess
a highly immunosuppressive capacity, thus facilitating tumor immune escape. That
TNFR2 knockout mice show improved immune responses to tumors might be caused
by the lack of TNFR?2 expressing Treg or have failed to develop systemic autoimmunity
[59] or the decreased numbers and the impaired function of MDSCs [60]. In humans,
the high level of TNFR2+ Treg is found in the peripheral blood of lung cancer patients
[10] and in the tumor-associated ascites in ovarian cancer patients [61]. Moreover, the
increased TNFR2 gene expression on Treg cells has been shown to be associated with
exhaustion of CD8 cytotoxic T lymphocytes in metastatic melanoma patients.

In addition to being an inducer of Treg expansion, TNFR2 also acts as an onco-
gene which has been identified on at least 25 tumor types. Enhanced expression of
TNFR?2 on tumor itself has been also reported but not limited in human renal cell
carcinoma, multiple myeloma, colon cancer, ovarian cancer, and cutaneous T-cell
lymphomas (CTCL) [62]. In general, the overexpression of TNFR2 exploits this
cytokine receptor for increased tumor cell proliferation and tumor growth. Genetic
mutation/genomic gains of TNFRSF1B, a gene encoding TNFR?2 protein, occur
in patients with Sézary syndrome (SS), a rare form of CTCL often refractory to
treatment. SS is characterized with high expression of TNFR2 on the tumor cells and
Treg. Such gain-of-function mutation in TNFR?2 leads to the enhanced noncanonical
NKxB activation [63], a pathway primarily involved in cell expansion and growth.

It seems being desirable to apply one approach that could successfully inhibit potent
suppressive Treg and also directly prevent tumor growth by using the antagonistic
molecules against TNFR2. Such TNFR2-specific blocking molecules would ideally
inhibit Treg and permit Tconv proliferation and function, thus enabling to restore
the antitumor immune responses and to induce tumor regression.
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7. Strategies for blocking of TNF/TNFR2 signaling

A number of agonistic or antagonistic biological agents targeting to TNF and/or
TNFR2 have been developed. Two potent dominant TNFR2 antagonist antibodies
are developed by Faustman et al. group [64]. They report that these TNFR2 antago-
nists lock the TNFR2 receptor in the form of antiparallel dimmers, which further
prevents the TNF binding as well as the intracellular scaffolding. Consequently,
these dominant TNFR2 antagonists, even in the presence of TNF, could kill Treg
isolated from ovarian cancer ascites more potently than it kills Treg from healthy
donors. Interestingly, TNFR2 antagonistic mAbs are also able to directly kill
TNFR2-expression ovarian cancer cell lines in vitro [64]. Similar effect is observed
in another in vitro study where the cancer cells and lymphocytes were isolated
from the end-stage SS patients [65]. In mouse model of colon and breast cancers,
combining a blocking TNFR2 antibody with a kind of immune stimulant markedly
enhances the antitumor efficacy of immunotherapy through reducing the number
of tumor-infiltrating TNFR2+ Treg and increasing the number of IFNy-producing
CDS8 cells [66].

Some pharmacological agents are found to regulate TNF and/or its receptors
expression. Thalidomide and its analogues prevent the surface expression of
TNFR2 on activated T cells, which is associated with the inhibition of TNFR2
protein trafficking to the cell membrane [67]. Treating acute myeloid leuke-
mia patients with azacitidine and lenalidomide, a thalidomide derivative can
reduce TNFR2 expression on T cells as well as TNFR2+ Treg in vivo, leading to
enhanced effector immune function [68]. Cyclophosphamide is a DNA alkylat-
ing agent. It is commonly used as a cytotoxic chemotherapy in cancer treat-
ment. In a mouse model, it is shown that cyclophosphamide treatment depletes
TNFR2+ Treg via inducing the death of replicating Treg that co-express TNFR2
and KI-67 [69]. A re-expansion of Treg from lymphodepletion suppresses the
effective antitumor immunity developed after cyclophosphamide treatment.
Intriguingly, blockade of TNF signaling using etanercept inhibits TNFR2+ Treg
cell expansion during recovery from cyclophosphamide-induced lymphodeple-
tion and markedly inhibits the growth of established CT26 tumors in mice [70].
Altogether, it suggests that a TNFR2-targeted approach to inactive host Treg,
especially in only tumor microenvironment, may offer optimal options for
antitumor immune reactions.

8. Conclusions

Many surface receptors of Treg are also expressed on other immune cells, with
TNFR2 being a prominent exception with highest density in the tumor micro-
environment. TNFR2 is a functional receptor on Treg. Cell surface expression
of TNFR2 not only identifies the potent Treg subsets but also is the property of
tumor-infiltrating Treg. TNFR2 expression on some cancer-infiltrating Treg is
about 100 times higher than on circulating Treg in control subjects. In other types
of cancer, the abundance of TNFR2+ Treg in peripheral blood is higher than healthy
ones. Targeting TNFR2 using small molecule agonists or antagonists is a promising
but also a challenging task. Considering the suppressive property of Treg and its
impaired functions in various immunopathologies, there is no doubt that novel
(tumor-specific) antagonists against TNFR2 are promising for cancer immuno-
therapy. From the clinical utilities point of view, combination of TNFR?2 inhibition
with immune checkpoint inhibitors seems to be an attractive approach in reshaping
modern cancer immunotherapy.
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Nomenclature

IBD Inflammatory bowel disease
CTCL Cutaneous T-cell lymphomas

MS Multiple sclerosis

MAPK Mitogen-activated protein kinase
mTNF Membrane-bound TNF

NF«xB Nuclear factor kB

RA Rheumatoid arthritis

SNP Single-nucleotide polymorphism
SS Sézary syndrome

T1D Type 1 diabetes

TACE TNF-converting enzyme

TCR T-cell receptor

TNFR TNF receptor

TRAF TNFR-associated factor

Treg Regulatory T cells

TSDR Treg-specific demethylated region
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Chapter 5

Innate Immunity and
Neuroinflammation in
Neuropsychiatric Conditions
Including Autism Spectrum
Disorders: Role of Innate Immune
Memory

Harumi Jyonouchi

Abstract

The neuroimmune network represents a dense network of multiple signals
mediated by neurotransmitters, hormones, growth factors, and cytokines produced
by multiple lineage cells and is crucial for maintaining neuroimmune homeostasis.
Endogenous and exogenous stimuli, which are dangerous to the body, are detected
by sensor cells, and they rapidly inform the brain through this network. Innate
immunity is thought to play a major role in the neuroimmune network, through
cytokines and other mediators released from secretary innate immune cells.

Recent research has revealed that innate immunity has its own memory. This is
accomplished by metabolic and epigenetic changes. Such changes may result in
augmenting immune protection with a risk of excessive inflammatory responses
to subsequent stimuli (trained immunity). Alternatively, innate immune memory
can induce suppressive effects (tolerance), which may impose a risk of impaired
immune defense. Innate immune memory affects the neuroimmune network for a
prolonged period, and dysregulated innate immune memory has been implicated
with pathogenesis of neuropsychiatric conditions. This chapter summarizes a role
of innate immune memory (trained immunity vs. tolerance) in neuroinflammation
in association with neuropsychiatric conditions including autism spectrum disor-
ders (ASD).

Keywords: innate immunity, cytokines, neuroinflammation, neuroimmune network,
immune metabolic processes

1. Introduction

It is well accepted that inflammation in the peripheral organs can influence
homeostasis and immune responses in the central nervous system (CNS) [1]. In
common neuropsychiatric conditions such as schizophrenia and depression, evi-
dence indicates that neuroinflammation plays a role in the disease pathogenesis [2].
Long-lasting effects of neuroinflammation in such neuropsychiatric conditions are
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implicated with altered innate immune responses in the absence of specific patho-
gens [2]. However, until recently, it is not well understood how innate immunity,
which was thought to have no lasting memory unlike adaptive immunity, can exert
prolonged actions on the CNS. The recent discovery of innate immune memory
(trained immunity vs. tolerance) shed a light in a long postulated role of innate
immunity in neuropsychiatric diseases [3, 4].

Since the existence of the immune system was recognized more than 50 years
ago, the immune system has been thought to be comprised of two components,
innate immunity and adaptive immunity. Innate immunity is the arm that mounts
nonspecific, acute immune responses, by sensing microbial by-products called
pathogen-associated molecular patterns (PAMPs) or by-products derived from
tissue injuries called damage-associated molecular patterns (DAMPs) [5]. Signaling
through PAMPs and DAMPs are thought to play a major role in plant immunity
[6]. In animals, adaptive immunity is the arm that develops antigen (Ag)-specific
responses. The development of Ag-specific responses requires lengthy processes
including antigen (Ag) processing by Ag-presenting cells (APCs), Ag presentation
to T and B cells, and TCR or immunoglobulin gene arrangements of T and B lym-
phocytes, respectively, which lead to the development of Ag-specific T and B cells
and finally antibodies (Abs) [7]. Adaptive immunity effectively eliminates hazards
from the body through Ag-specific cellular and humoral immune responses [7].
Adaptive immunity results in the development of long-lasting Ag-specific memory
T/B cells [8]. In this way, the body retains immune memory against specific patho-
gens for a prolonged time. It is well known that individuals who have survived
measles will retain measles-specific immune defense for life.

In contrast, immunology textbooks have long taught us that innate immunity
does not have any lasting effects or memory, and it is mainly effective in containing
infection until adaptive immunity takes over. Innate immunity has also been known
to shape adaptive immunity through multiple mechanisms such as affecting actions
of APCs, thereby indirectly modifying adaptive immune responses [7]. However,
recent exciting research revealed that innate immunity can have its own memory,
following an immune stimulus, and this depends on time, amount, and the kinds
of stimuli through metabolic and epigenetic changes [3, 9]. More importantly,
the stimuli that evoke innate immune memory are not restricted to microbes;
nonpathogenic challenges such as stress and obesity are also found to cause innate
immune memory [3, 10].

As described previously, despite the accumulating evidence, it was difficult to
understand how innate immunity exerts lasting effects, in the absence of specific
pathogens or other persistent environmental stimuli, in neuropsychiatric condi-
tions. The recognition of innate immune memory (trained immunity vs. tolerance)
has provided us new insights with regard to the role of innate immunity in physi-
ological as well as pathogenic consequences in the brain. In this chapter, research
efforts shaping a concept of innate immune memory (trained immunity vs. innate
immune tolerance) will be discussed first. In the latter part of the chapter, a poten-
tial role of innate immune memory in neuropsychiatric conditions, especially in
ASD, will be discussed.

2. Innate immune memory
2.1 Trained immunity

The presence of innate immune memory was first suspected because of
unexpected, nonspecific effects of vaccinations. This is best known for a Bacillus
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Calmette-Guérin (BCG) vaccine. Epidemiological studies and subsequent ran-
domized trials showed that the BCG vaccination not only provided protection for
tuberculosis but also protection against other pathogens, especially those causing
respiratory infection, which resulted in a reduction in infant mortality greater than
expected for reducing tuberculosis-associated mortality [11, 12]. Likewise, the
measles vaccination resulted in a striking reduction in children’s mortality, which
was again not to be explained by the reduction in mortality caused by measles [11].
These epidemiological observations were further explored by researchers in the
Netherlands. They first demonstrated that innate immune memory does exist in
animal models [13]. Namely, these researchers showed that BCG provided enhanced
protection against Candida albicans through nonspecific adaptation of innate
immunity, independent of lymphocytes [13]. They proposed to name this process
of innate immune memory “trained immunity.” The following studies by the same
group also revealed that such adaptive changes in innate immunity are present not
only in monocyte-macrophage lineage cells but also in other innate immune cells
such as natural killer (NK) cells [14] and progenitor cells of innate immune cells in
the bone marrow [15, 16]. Further studies revealed the presence of trained immu-
nity in humans [17-19]. It became clear that trained immunity is similar to plant
immunity which does not develop Ag-specific immunity, but develops prolonged
immune defense by metabolic and epigenetic modulation [20]. Mounting evidence
has now repeatedly shown that trained immunity is Ag nonspecific; the second
stimulus (DAMP or PAMP) causing innate immune activation can be different from
the first stimulus [3].

2.2 Mechanisms of trained immunity

Adaptive changes observed in “in vitro” models of trained immunity with
p-glucan, a representative PAMP from Candida albicans, have been extensively
studied. It was revealed that 8-glucan treatment induces activation of the dectin-1/
Akt/PTEN/mTOR/HIF-1a signaling pathway in innate immune cells [21]. That is,
p-glucan activates dectin-1 which recruits Akt, leading to activation of mammalian
target of rapamycin (mTOR) with suppression of PTEN expression and phosphory-
lation of the tuberous sclerosis complex (TSC) [22]. Activation of this pathway
switches cellular metabolism from oxidative phosphorylation (ATP synthesis) to
glycolysis, thereby reducing basal cellular respiration and increasing in glucose
consumption, resulting in higher production of lactate [21]. Such metabolic changes
lead to the exportation of citrate to the cytoplasm for cholesterol synthesis and
phospholipid synthesis [23, 24].

This metabolic shift described above results in the replenishment of the Krebs
cycle by metabolization of glutamine into glutamate and a-keto-glutamate, leading
to an accumulation of fumarate [23, 24]. Higher concentration of fumarate inhibits
the KDMS5 family of H3K4 demethylase that eventually leads to epigenetic repro-
gramming [23]. It has been reported that in the initial phase of trained immunity,
lysine 27 of histone 3 (H3K27) is acetylated and lysine 4 of histone 3 (H3K4) is
methylated rapidly [25]. Although H3K27Ac gradually returns to the baseline over
time, H3K4me3 was found to remain elevated in the trained immunity [25]. Such
epigenetic histone modification (accumulation of H3K4me3) is known to lead to
the remodeling of the local chromatin into an open and accessible state, result-
ing in the facilitation of the loading of transcriptional machinery. The remaining
accumulation of H3K4me3 on chromatin has been implicated in the establishment
of the epigenetic memory in the trained immunity [25, 26]. It was hypothesized that
H3K4me3 increases the local hydrophobicity of the chromatin, allowing for liquid-
liquid phase separated transcription factors to engage with the DNA in the aqueous
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environment of the nucleus, subsequently rendering loading of transcriptional
machinery onto promoters [27-29]. This will allow cells to start rapid transcription
of the genes necessary for immune responses, thereby causing a much stronger Ag
nonspecific pro-inflammatory response.

Long noncoding RNAs (IncRNAs) can function as a molecular scaffold where
multiple protein complexes can assemble, and they also guide these complexes to
specific gene loci [30]. Recent research disclosed a new class of IncRNAs named
immune gene-priming IncRNAs (IPLs), and IPLs were found to have a crucial
role in the accumulation of H3K4me3 on chromatin [31]. A candidate IPL, termed
upstream master IncRNA of the inflammatory chemokine locus (UMLILO), was
found to be crucial for trained immunity; ablation of the UMLILO transcript
abolished p-glucan-induced trained immunity in both human and murine mono-
cytes [30].

As shown in epidemiological studies of vaccinations, trained immunity,
caused by metabolic and epigenetic changes, will be beneficial in providing
broader immune defense and promoting tissue repair [32]. On the other hand,
maladapted trained immunity can be detrimental to human health. Chronic
inflammatory conditions including neuropsychiatric conditions have been impli-
cated with maladapted changes in trained immunity [2, 9]. It should also be noted
that induction of trained immunity appears to be associated with doses of PAMP,
perhaps DAMP in humans; depending on the dose and the kinds of PAMP/DAMP,
tolerance can be induced, instead of trained immunity [2]. It has been shown that
low to moderate doses of p-glucan, tri-DAP, and muramyl dipeptides are reported
to induce trained immunity [33]. It also needs to be cautioned that the effects of
trained immunity are likely associated with individual’s genetic and epigenetic
background. For example, nonspecific effects of infant BCG vaccination are
reported to be heterogeneous, affected by multiple genetic and environmental
factors including age, gender, interactions with other vaccines, and exposure to
infectious pathogens at the time of BCG vaccination [34].

2.3 Mediators of trained immunity

It has been reported that pre-administration of pro-inflammatory innate cyto-
kines [interleukin-1 (IL-1), tumor necrosis factor-a (TNF-a), and IL-6] provided
protection against a variety of microbes [35]. Among the cytokines administered,
IL-1 showed superior effects over TNF-a or IL-6 [35]. In BCG-vaccinated individu-
als, increase in production of these innate cytokines by monocytes in response to
other microbes, other than BCG, was also found; this effect was again the most
dependent on IL-1p [32]. IL-1p has also been reported to be crucial in the induc-
tion of trained immunity in NK cells [36]. On the other hand, in individuals with
chronic mucocutaneous candidiasis, STAT-1-mediated type II interferon (IFN)
induction was found to be crucial for induction of trained immunity [37]. The role
of type IT IFN (IFN-y) in animal models was also reported by Kaufmann et al. [16].
However, in humans, innate immunity-associated protection (trained immunity)
has been mainly implicated with IL-1p and other IL-1 families [38].

As detailed in the previous section, a metabolic shift from oxidative phosphory-
lation to aerobic glycolysis through the Hypoxia inducible factor-1a (HIF-1cx)
pathway downstream to mTOR is crucial for the development of trained immunity,
since inhibition of this pathway is abolished induction of trained immunity [21].
Namely, in HIF-1a knockout mice, trained immunity was not induced [21]. IL-1p
is known to be a direct target of HIF-1a [39], having a HIF-1a binding site in the
promoter region of IL-1p gene [40]. It is now thus proposed that HIF-1a-induced
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IL-1p also plays a role in epigenetic changes, through histone modifications [35].
Alternatively, IL-1p has been shown to upregulate HIF-1a [41].

Given the role of IL-1 in trained immunity, excessive, dysregulated production
of IL-1p is likely to cause maladapted trained immunity and resultant pathogenic
consequences. This may be observed in patients with autoinflammatory syndromes
associated with gene mutation that lead to overproduction of IL-1p, including
cryopyrin associated periodic syndrome (CAPS) [38, 42]. On the other hand,
impaired induction of trained immunity can also cause detrimental effects. It was
reported that patients with chronic mucocutaneous candidiasis exhibit impaired
induction of STAT-1-dependent, trained immunity in response to f-glucan [37].

The above-described metabolic shift is not limited to glucose metabolism.
Changes in glutamine and cholesterol metabolism have also shown to be crucial
in trained immunity [24]. Consequently, it is thought that increased cholesterol
content also plays a role in the development of trained immunity. Interestingly,
increased levels of oxidized low-density lipoprotein (OxLDL) caused by dysregu-
lated cholesterol metabolism are found to induce trained immunity in human
monocytes [10]. Such a finding indicates a pathogenic role for maladapted trained
immunity in atherosclerosis, since monocyte and macrophage cells are known to
play a major role in plaque formation in vascular endothelium, a major histologic
change in atherosclerosis [10].

2.4 Tolerance in innate immunity

As detailed in the previous section, trained immunity causes a metabolic shift
from oxidative phosphorylation (OXPHOS) to glycolysis, rendering macrophage
and monocyte lineage cells to classically activated cells or M1 phenotype; these
cells exhibit impaired OXPHOS and anabolic repurposing of the tricarboxylic acid
(TCA) cycle [43, 44]. In contrast, alternatively activated or the M2 phenotype of
macrophages and monocytes has balanced processes of OXPHOS and TCA cycle
activation; enhanced glycolytic generation of pyruvate fuels the TCA cycle, paral-
leling the induction of OXPHOS [44]. Trained macrophages via f3-glucan exposure
are shown to reveal M1 phenotype [21]. Generation of M1 vs. M2 phenotypes of
macrophages indicates the importance of regulating innate immune responses for
prevention of excessive, potentially harmful inflammatory responses. In addition
to generation of M2 phenotype, hypo-responsiveness of innate immunity has been
described as endotoxin tolerance and compensatory anti-inflammatory response
syndrome (CARS) [45]. Such regulatory mechanisms also have lasting effects, as
observed in trained immunity.

Endotoxin tolerance in innate immunity was first shown in rodent models of
sepsis. Namely, survival from sepsis is associated with diminished or absence of
responses to LPS, an endotoxin [46]. Subsequently, it was shown that previous
exposure to a sublethal dose of LPS led to resistance to a lethal dose of LPS in rodents
[46]. Endotoxin tolerance is thought to be a result of innate immune memory with
lasting immune hypo-responsiveness, even to non-LPS stimulants [47]. Phenotypic
changes of tolerant innate immune cells are characterized with less production of
inflammatory cytokines (TNF-a, IL-12, IL-6) and increase in production of counter-
regulatory cytokines (IL-10 and TGF-f) upon stimulation [48, 49]. CARS was
recognized as a clinical syndrome which is thought to represent a phase of immune
“exhaustion,” following initial potent immune activation, known as systemic
inflammatory response syndrome (SIRS) [50]. Peripheral blood monocytes and
neutrophils from CARS patients are reported to reveal similar phenotype to endo-
toxin-tolerant cells observed in rodent models [45, 49]. Recent research revealed that
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persistent effects of endotoxin tolerance and CARS are mediated by IncRNAs as well
as microRNAs (miRNAs).

LPS activates TLR4 which leads to the activation of the myeloid differentiation
factor 88 (MyD88)-mediated pathway and the TIR-domain-containing adaptor-
inducing interferon-p (TRIF) pathway [45]. The molecular signature of endotoxin
tolerance involves downregulation of TLR4, decreased recruitment of MyD88 or
TRIF to TLR4, decreased activation of IL-1 receptor-associated kinase (IRAK)1 and
IRAK4, diminished nuclear factor k chain of B-cell (NF-kB) signaling, as well as
upregulation of negative regulatory molecules including SH2 domain-containing
inositol phosphatase 1 (SHIP1) [51].

2.5 Regulators of innate immune tolerance

Recent research revealed a role of miRNAs in the regulation of endotoxin toler-
ance. Specifically, miR-155 and miR-146a have been shown to regulate endotoxin
tolerance [52]. MiR-146a reduces TLR signaling, by targeting IRAK1 and TRAF6,
key components of TLR signaling pathway [53]. In contrast, miR-155 is reported
to inhibit expression of SHIP1 and SOCS1, negative regulators of TLR signaling,
prohibiting or attenuating tolerance induction by endotoxin [54, 55]. Several
other miRNAs are also implicated with regulation of endotoxin intolerance [45].

It was shown recently that miR-221/miR-222 regulates functional reprogramming
of macrophages during LPS-induced tolerization [47]. miR-221/miR-222 targets
brahma-regulated gene 1 (Brgl), rendering transcriptional silencing of a subset
of inflammatory genes that depend on SWI/SNF and STAT-mediated chromatin
remodeling [47].

Recent research also revealed a role of IncRNAs in endotoxin tolerance; IncRNAs
exert transcriptional, posttranscriptional, and translational regulation of gene
expression [56-58]. Multiple IncRNAs are reported to regulate target molecules
of TLR4 signaling pathways. LPS-responsive IncRNAs Mirt2, THRIl, MALTAT1,
NKILA, lincRNA-21, and SeT have been reported to suppress expression of pro-
inflammatory mediators including TNF-a [45]. For example, Mirt2 is reported
to inhibit TRAF6 ubiquitination, leading to a decrease in TNF-«a production [59].
However, at this time, relationships between actions of miRNAs and IncRNA in
innate immune tolerance are not well understood. Other soluble mediators such
as cytokines (IL-1p, IL-10, TGF-p, and TNF-a) are also reported to induce cross-
tolerance or cytokine-mediated tolerance, causing a signaling cascade similar to that
observed in TLR signaling [60]. In contrast, interferons (IFN-y, a2-IFN, etc.) are
known to abrogate endotoxin tolerance [61, 62]. Again these soluble mediators exert
their actions on endotoxin tolerance via modulation of intracellular IncRNAs [45].

This type of innate immune memory (tolerance) is thought to be important in
maintaining brain homeostasis, and impaired tolerance of innate immunity has
been suspected in chronic neurodegenerative conditions such as Alzheimer’s disease
[9]. Aging is associated with an increased load of gram-negative bacteria in the GI
tract and mouth mucosa, resulting in an increase in endotoxin levels in the blood
and the brain [62]. However, aging individuals tolerate higher LPS levels in the
brain through developing endotoxin tolerance [63].

3. Role of innate immunity in the nervous system
It is known that innate immunity does exist in the brain, playing a crucial role in

brain morphogenesis and homeostasis. The major innate immune cells in the central
nervous system (CNS) are microglial cells which are endogenously generated in the
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brain, but they can also be developed from bone marrow-derived monocytes, which
are called BM-derived microglial cells (BMDM) [64, 65]. BMDM-induced inflam-
mation has been implicated in neuropsychiatric conditions [64, 65]. It has also been
reported that peripherally derived macrophages modulate microglial function after
CNS injury; in this case, they are reported to exert anti-inflammatory effects [66].
Other innate immune cells in the CNS such as astrocytes are also known to exert
important physiological roles [9, 67].

3.1 Trained immunity in the CNS

Inflammation in the periphery can prompt immune responses in the brain
[1, 4]. Given the effects of trained immunity (activation vs. tolerance) in rodent
models and humans, the development of maladapted innate immune memory in
the CNS is expected to result in undesired, hazardous effects to the brain. However,
reports concerning the effects of trained immunity and/or innate immune toler-
ance in the brain have been limited. Nevertheless, it was shown that microglial cells
isolated from adult rats that were exposed to E. coli during the newborn period had
increased expression of IL-1p mRNA [68]. The rats exposed to E. coli as newborns
were also found to have impaired memory when they were challenged with a low
dose of LPS, which was blocked by minocycline [2]. In experiments employing
microglial cells obtained from sheep fetuses whose mother was given LPS intra-
venously, these fetal microglial cells were shown to have metabolic and epigenetic
modulation, as has been reported in trained immunity [69].

Independent of the studies concerning trained immunity in the brain, persistent
effects of maternal immune activation (MIA) on fetuses have been extensively
studied, as one of the best studied rodent models of ASD [70]. In this model,
sterile inflammation in pregnant rodents was induced with the use of PAMPs such
as LPS, poly I:C, resulting in impaired neuropsychiatric symptoms in offspring
in their adult years [70]. That is, offspring of MIA mothers have been shown to
suffer from persistent behavioral symptoms and cognitive deficits frequently seen
in ASD subjects later in life [70]. In addition, MIA also causes persistent alteration
of adaptive immunity [71]. However, in this model, it is not yet well understood
how innate immune memory (most likely trained immunity in this model) plays a
role in a MIA model, causing persistent behavioral changes and impaired cognitive
development. Children exposed to stressful events during the fetal and newborn
period have also been reported to have higher levels of pro-inflammatory cytokines
and neurodevelopmental impairment than control children [2]. Given the research
findings in molecular mechanisms of trained immunity described in the previous
section, there is a possibility that maladapted trained immunity contributes to the
onset and progress of some neuropsychiatric disorders.

3.2 Innate tolerance in the brain

Tolerized innate immunity in the brain is thought to be crucial for limiting
excessive inflammatory responses during brain tissue repair that involves phago-
cytosis of apoptotic cells and damaged tissue debris by tolerant phagocytes [72].
In rodent models, disruption of this pathway leads to neuroinflammation and
subsequent neuronal damage [73]. An important regulator of this pathway is the
triggering receptor expressed on myeloid cells 2 (TREM-2), which is expressed on
microglial cells [74]. Blockade of TREM-2 was shown to exacerbate experimental
autoimmune encephalitis (EAE), a rodent model of multiple sclerosis (MS) [75].
Apolipoprotein E (ApoE) which is a TREM-2 ligand was shown to have a role in
maintaining tolerized phenotype of phagocytic cells [74]. This interaction was
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found to be impaired in patients with Alzheimer’s disease [9]. In animal models of
Alzheimer’s disease treated with trained immunity vs. tolerance inducing stimuli, it
was reported that long-term modulation of brain immune responses were observed,
and the authors attributed this prolonged effects on innate immune memory to
reprogramming of microglial cells [4].

3.3 mTOR-related pathology in neuropsychiatric disorders

In the previous section describing molecular pathways associated with trained
immunity, the importance of mTOR signaling has been repeatedly shown. One
thing we learned from the research on trained immunity is that multiple lineage
cells reveal metabolic and epigenetic reprogramming in the process of innate
immune memory, which, in animal models, can also be applied to microglial cells
[4]. Interestingly, brain dysfunction caused by dysregulated mTOR signaling has
been implicated in several neuropsychiatric disorders. In the next paragraph, we
summarize mTOR-related brain dysfunctions and proposed mechanisms.

One of the expected consequences of excessive mTOR signaling caused by
trained immunity is the impairment of lysosomal degradation of intracellular
components, since mTOR activation inhibits autophagy via inhibition of the early
steps of autophagosome biogenesis [76, 77]. Autophagy is a key physiological
cellular function that clears intracellular molecules and thought to be developed to
adjust the state of nutrient depletion [76, 77]. However, this is also an important
mechanism to remove misfolded proteins that naturally occur in living cells [22].
In addition to degradation of misfolded proteins, autophagy also degrades altered
subcellular organelles, such as the mitochondria [22]. Prolonged dysfunction in
autophagy can lead to detrimental effects and is implicated in the pathogenesis of
multiple neuropsychiatric conditions including dementia, movement disorders,
seizures, brain ischemia, ASD, affective disorder, and schizophrenia [78-82]. In
rodent models of depression, tuberous sclerosis, and ASD, rapamycin (sirolimus),
arepresentative mTOR inhibitor, has been shown to attenuate social interactions
and reverse behavioral effects on their neuropsychiatric symptoms [83-86]. Thus
metabolic and epigenetic changes caused by trained immunity may have profound
effects through altered levels of autophagy, as a result of metabolic and epigenetic
reprograming, as detailed in the previous section.

3.4 ASD and a possible role of trained immunity

In this section, we discuss a possible role for trained immunity in the onset and
progress of ASD. As a clinician, the author observed that an apparent strong immune
stimulus altered the responses to subsequent immune stimuli in some, but not all ASD
children and these ASD children also exhibit fluctuating neuropsychiatric symptoms,
following microbial infection [87, 88]. As discussed in the previous section, in the
MIA model of ASD, prolonged effects of MIA on the offspring brain can be explained
through a concept of trained immunity occurring to the fetus at the time of sterile
immune activation in the mother. This may have also happened in ASD subjects as
described above. However, it should be noted that ASD is a behaviorally defined syn-
drome, diagnosed on the basis of behavioral symptoms, except for a minority of ASD
cases that have well-defined gene mutations [89]. Therefore, based on the author’s
clinical experience, it is likely that trained immunity plays a role in a subset of ASD
subjects for whom neuroinflammation is associated in their ASD pathogenesis.

In ASD patients, just like in other neuropsychiatric conditions, a role of inflam-
mation has been long suspected, and more and more evidence has been accumulating
[90-92]. In the research of innate immune abnormalities in ASD children, we have
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also found evidence of dysregulated innate immune responses, shifting to pro-
inflammatory responses in a subset of ASD subjects [88, 93, 94]. We also experi-
enced that these ASD subjects suffer from various comorbid medical conditions
involving the gastrointestinal (GI) tract and other organs [87]. Retrospectively,
our findings may be reflecting maladapted innate immunity as a form of trained
immunity in such ASD subjects; these ASD subjects may fall into an ASD subset
which we have called inflammatory autism, mimicking the rodent ASD model of
MIA [93]. Our previous findings that may indicate altered innate immune memory
in such ASD patients are as follows:

* In some but not all the ASD subjects, we found significant changes in innate

immune abnormalities which are best reflected in changes in IL-1p/IL-10 ratios
produced by purified peripheral blood monocytes (PBMo) [88, 93]. Namely,
some patients reveal high ratios of IL-1p/IL-10, while others showed low ratios,
and these rations can change from time to time, depending on their exposure to
immune insults [93].

* ASD subjects who revealed high and/or low IL-1p/IL-10 ratios also revealed
fluctuating behavioral symptoms following immune insults [94]. Parents of
these subjects often describe more severe, prolonged illnesses and frequent
respiratory infection following microbial infection [87]. They also seem to
reveal significant changes in their behavioral symptoms and cognitive activ-
ity with immune stimuli not associated with microbial infection; these ASD
children may exhibit worsening neuropsychiatric symptoms, following flare-
ups of aeroallergen allergy, delayed-type food allergy, and adverse reactions to
medications including vaccinations [87, 94].

* ASD subjects who revealed high and/or low IL-1p/IL-10 ratios also revealed
changes in production of inflammatory monocyte cytokines including TNF-«
and IL-6 [93, 95].

* PBMo from ASD subjects who revealed altered IL-1p/IL-10 ratios also revealed
changes in miRNA expression by PBMo, as compared to cells obtained from
neurotypical, non-ASD controls [93].

* We also studied changes in mitochondrial respiration in peripheral blood
mononuclear cells (PBMCs) obtained from ASD subjects and non-ASD
controls. Our results revealed evidence of altered mitochondrial respiration in
association with changes in IL-1p/IL-10 ratios by PBMo in ASD subjects [95].

* Inrecent studies, we also found changes in miRNA in sera of ASD subjects, when
tested by high-throughput deep sequencing. Again, changes in serum miRNA
levels are closely associated with changes in IL-1p/IL-10 ratios by PBMo, produc-
tion of monocyte cytokines (TNF-p, IL-6, IL-10, CCL2 mostly), along with
parameters of mitochondrial respiration (manuscript submitted for publica-
tion). Interestingly, in ASD subjects, miRNA levels are mostly decreased, as
compared to non-ASD controls (submitted for publication). Targeted genes by
miRNAs that are altered in serum levels in ASD subjects with high or low IL-1p/
IL-10 ratios are associated with pathways involved in innate immune responses,
including the mTOR signaling pathway (unpublished observation).

The above-described findings may be best explained by altered innate

immune responses associated with innate immune memory (trained immunity
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vs. tolerance). So, if this is the case, for these ASD subjects, can clinical features
that indicate an alternation of innate immune memory be detected? The author is
a pediatric immunologist and, as indicated before, as stated previously, observes
exacerbation of neuropsychiatric symptoms, following immune insults. Herein,
arepresentative ASD case, in which trained immunity may be associated with the
onset and progression of ASD, is presented.

3.5 Case presentation

A 10-year-old female child presented to the pediatric allergy/immunology clinic
at our institution secondary to fluctuating behavioral symptoms. Fluctuation of
behavioral symptoms often occurred, following microbial infection.

The patient was born at 41 weeks of gestation via cesarean section due to breech
presentation, following an uneventful pregnancy. The patient was developing
typically until 24 months of age and then suffered from significant developmental
regression. Prior to the onset of the developmental regression, parents took the
patient to South Asia to visit other family members and friends. During this visit,
the patient suffered an insect bite which was complicated by a secondary bacterial
skin infection. When treated with oral antibiotics abroad, the patient developed
generalized hives and severe GI symptoms (nausea, vomiting, diarrhea, and bloat-
ing): the patient then became intolerant to multiple foods. After returning to the
United States, the patient was given multiple vaccinations including live vaccines to
catch up the vaccination schedule. All these vaccines were given while the patient
was still suffering from GI symptoms and an active skin infection. Within several
days after vaccinations (multiple vaccines given all together), noticeable loss of
cognitive and motor skills became apparent in the patient. The patient was eventu-
ally diagnosed with ASD around 2.5 years of age.

Eventually, the patient’s GI symptoms subsided, but this subject never regained
the cognitive skills that this patient had once acquired prior to the onset of devel-
opmental regression. Prior to advancing to pre-kindergarten, the patient was
given booster doses of vaccines which were well tolerated. However, after starting
pre-kindergarten, the patient started getting sick frequently with upper respiratory
infections, which often evolved into ear infection. The patient missed many days
of school, since the patient suffered a prolonged course of illness and more severe
symptoms, as compared to peers. While the patient presented with symptoms of
upper respiratory infection, this patient’s behavioral symptoms continue to fluctu-
ate, most evident in worsening of obsessive compulsive behaviors and frequency
of “rage” episodes. Worsening behavioral symptoms would always follow immune
insults, worse in a convalescence stage. Avoidance of sick contacts by placing the
patient in home schooling attenuated the fluctuating behavioral symptoms. At
7-8 years of age, the fluctuating behavioral symptoms seen were mainly associated
with teething. After the completion of teething, behavioral symptoms became more
stable. However, the patient stopped growing, falling under the first percentile of
the growth curve in height and weight. An exhausting workup for primary mito-
chondrial diseases, endocrine diseases, primary immunodeficiency with known
gene mutations, and congenital metabolic and genetic diseases was unrevealing.
However, video electric encephalogram revealed a focal epileptic activity. Family
history is negative for neuropsychiatric, genetic, autoimmune, immune, and
metabolic diseases.

In the case presented above, did neuroinflammation caused by maladapted
trained immunity have a role in her clinical features? It is hard to prove, but it may
be speculated that the initial stressful events that occurred abroad shaped trained
immunity in this patient, and the subsequent multiple unrelated immune stimuli
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Figure 1.

ILiﬁ/IL—io ratios produced by purified peripheral blood monocytes in vesponse to medium only (no stimulus),
LPS (TLR4 agonist), zymosan (TLR2/TLR6 agonist), CLo97 (TLR7/TLRS agonist), and p-glucan in the
presented case (patient) and control cells from a non-ASD neurotypical subject. IL-1f/IL-10 ratios ave shown
in a log scale.

may have caused prolonged maladapted trained immunity, leading to persistent
neuroinflammation and impairment of cognitive activity, as observed in the MIA
models of ASD. Interestingly, changes in GI conditions, such as changes in microbi-
ome, have been implicated with neuropsychiatric diseases, triggering maladapted
trained immunity [96]. It is also reported that trained innate immunity can be
induced in human monocytes by cow’s milk [97]. Thus her severe GI symptoms and
subsequent intolerance to multiple foods may be associated with excessive trained
immunity in the gut of this patient.

3.6 Evidence of impaired trained immunity

As summarized in the previous section, we have found that IL-14/IL-10 ratios
produced by PBMo are altered in some ASD subjects in association with fluctuating
behavioral symptoms [94]. Thus if innate immune memory (trained immunity) is
associated with her above-described remarkable clinical symptoms, we may also
find altered IL-1B/IL-10 ratios, as an indicator of altered innate immune responses.

Thus we assessed IL-1p/IL-10 ratios produced by PBMo in response to a panel of
innate immune stimuli, including p-glucan, as reported previously [95]. As shown
in Figure 1, the presented case revealed increase in IL-1f/IL-10 ratios in response
to zymosan, CL097, and p-glucan. High IL-1B/IL-10 ratio in response to CL097, an
agonist of TLR7/TLR8, was especially striking. We also observed increase in produc-
tion of TNF-a and IL-6 and decrease in the production of IL-10, as well. Given these
findings, it is possible that maladapted trained immunity may have caused excessive
inflammatory responses to various innate immune stimuli, which then led to devel-
opmental regression and fluctuating behavioral symptoms in this presented case.

4. Conclusions
Our deepening knowledge of innate immune memory (trained immunity vs.

tolerance) has shed light on the understanding of nonspecific effects of microbial
infection and other immune stimuli, which have been implicated in the onset and
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progress of various neuropsychiatric diseases. Recent research indicates a possibil-
ity for a role of maladapted innate immune memory in various neuropsychiatric
conditions. The finding of innate immune memory is especially exciting in the field
of neuroimmunology, since we now likely have better tools for addressing the long-
suspected role of immune-mediated inflammation that is not associated with spe-
cific pathogens or environmental factors, in various neuropsychiatric conditions.
The concept of innate immune memory will be especially important in addressing
insults to the brain during the early years of CNS development, and the resultant
lasting intellectual disabilities, as seen in MIA models [70]. More importantly, an
improved understanding of the role of innate immune memory (trained immunity
vs. tolerance) in pathogenic neuroinflammation can lead to novel therapeutic mea-
sures that are desperately needed for the treatment of neuropsychiatric diseases.
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Abbreviations

Ab antibody

Ag antigen

APC Ag-presenting cells

ApoE apolipoprotein E

ASD autism spectrum disorders

BCG Bacillus Calmette-Guérin

Brgl brahma-regulated gene 1

BMDM cell, bone marrow-derived microglial cell
CAPS cryopyrin-associated periodic syndrome
CARS compensatory anti-inflammatory response syndrome
CNS central nervous system

DAMPs damage-associated molecular patterns
EAE experimental autoimmune encephalitis
GI gastrointestinal

HIF-1a hypoxia inducible factor-1a

IFN interferon

IL interleukin

IPLs immune gene-priming IncRNAs
IncRNAs long noncoding RNAs

IRAK interleukin-1 receptor-associated kinase
LPS lipopolysaccharide

MIA maternal immune activation

MS multiple sclerosis

MyD88 myeloid differentiation factor 88

mTOR mammalian target of rapamycin
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NF-xB nuclear factor of k chain of B cells

NK natural killer

OxLDL oxidized low-density lipoprotein

OXPHOS oxidative phosphorylation

PAMPs pathogen-associated molecular patterns

PBMCs peripheral blood mononuclear cells

PBMo peripheral blood monocytes

SHIP1 SH2 domain-containing inositol phosphatase 1

SPUH Saint Peter’s University Hospital

TCA tricarboxylic acid

TLR Toll-like receptor

TNF tumor necrosis factor

TREM-2 triggering receptor expressed on myeloid cells 2

TRIF TIR-domain-containing adaptor-inducing interferon-f3
TSC tuberous sclerosis complex

UMLILO upstream master IncRNAs of the inflammatory chemokine locus
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Abstract

The inflammatory response after a spinal cord injury (SCI) is a secondary
mechanism of damage, this involves alterations at the local and systemic level,
and it is mediated by cytokine participation that takes part actively. The excessive
inflammatory response causes an autoreactive response that targets against com-
ponents of the nervous tissue; this response lengthens the inflammatory process
initiated during the acute phase. The participation of immune cells in acute phases
is characterized by the arrival of neutrophils, macrophages, and microglia, as well
as T lymphocytes, which express their peaks on different days post-injury (1st,
3rd, and 11th respectively). The chronic phase of the injury begins 14 days after it
occurred, reaching its highest point at 60 days, and can still be detected the fol-
lowing 180 days. One of the outcomes of the inflammatory process and cytokine
synthesis is the generation of glial scar. In this chapter, we will review the different
cytokine mechanisms involved in the formation of glial scar in acute and chronic
phases, as well as the modulating treatments of glial scar.

Keywords: spinal cord injury, immune cells, scar glial, modulating treatments

1. Introduction

Spinal cord injury (SCI) causes catastrophic damaged to patients, and the
incidence is getting higher each year. Most of them are occasioned by physical
trauma from sports injuries, car accidents, falls, and more [1, 2]. This life-changing
neurological condition also comes with socioeconomic implications for patients and
their caregivers, besides the functional and sensitive consequences that are largely
determined by the level and completeness of the injury [1, 3].

After SCI, the acute and focal inflammation triggers a multicellular and multi-
functional complex response which induces resident and infiltrating cells to form
the glial scar (GS) at the site of the lesion [3]. The GS is a complicated phenomenon
which has been considered as one of the main causes of limited regenerative
capacity by inhibiting axonal regeneration and preventing functional recovery
[4]. It has been proven that the GS creates both a physical barrier for neural repair
as well as a chemical inhibition by the secretion of inhibitory extracellular matrix
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molecules [5]. At the present time, finding an effective treatment has shown to

be challenging due to the lack of complete understanding about the multifacto-

rial pathophysiology of SCI. Current medical treatment is confined to surgical
procedures and anti-inflammatory drugs which aim to reduce the damage caused
by the continuous inflammatory reactions and therefore increase the locomotor
recovery. More importantly, recent studies have demonstrated that the GS can be
both favorable or prejudicial depending on the evolution time of the SCI, being able
to participate in tissue repair and functional recovery during the acute phase but
later on establishing a recovery plateau due to the inhibition of axonal regeneration
during the chronic phase [6, 7]. Therefore, in recent years there has been an increas-
ing interest in developing new therapies that can modulate the immunological
responses involved in the GS formation. Although there are many drugs that have
been identified as potential treatments for SCI, there is currently no therapy that
can effectively restore the neural function that is lost during this pathology. The
purpose of this chapter is to describe the importance of cytokines in the immuno-
logical processes of GS formation as well novel therapies that could serve as poten-
tial treatments of SCI.

2. Inflammation in traumatic central nervous system

Disorders in the homeostasis of the central nervous system (CNS) just as infec-
tion, trauma, ischemia, neurodegenerative diseases, and disturbances in general
induce the beginning of neuroinflammatory responses that can be considered to
consist principally of innate immune mechanisms [8, 9].

Inflammation is the way the human body acts in response to situations such as
injury and infection. This mechanism involves several processes of the somatosen-
sory, autonomic, immune, and vascular systems and more [10].

The immune and nervous system are capable of regulating physiological
homeostasis and defending against infection and injury through inflammation.
Both systems have improved many features for the recognition of alterations in the
changing microenvironment to facilitate the protective responses. Although cells in
each system (neurons and immune cells) have many differences, they can inter-
act and communicate together to make a functional cooperation for the integral
homeostasis [11].

Neuroinflammation is a localized inflammation in both CNS and peripheral
nervous system (PNS), despite being distinct from the inflammation in peripheral
tissues. There is also upregulation of several pro-inflammatory cytokines like IL-1p,
IL-6, TNFa, and chemokines that affect the integrity of the blood brain barrier
(BBB) resulting in local and systemic immune responses [9, 10, 12].

During these events, neural control plays an important role due to the fact that
many immune molecules are detected by sensory neurons, which lead the system
to generate immunoregulatory responses [13]. In general, the nervous system
integrates biological functions to restore homeostatic function with the use of
neurotransmitters and other regulatory molecules [11].

On the other hand, there are other cell types involved in the response, such
as microglial and astrocytes. Microglial cells are made to deal with the harmful
effects involving the activation of astrocytes, which are capable of modulating
the activity of other immunocompetent cells in the site of the injury and also
have an active role in the synaptic elimination, regeneration, cell elongation, and
repair [8, 14, 15]. Many studies have reported that astrocytes participate in axonal
regeneration by providing growth substrates and guidance structures [16]. They
are also required in CNS repair, especially in the acute phase after injury but not
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in the chronic phase, reducing GS formation and exacerbating the magnitude and
duration of inflammatory activation [17, 18].

Nevertheless, it has been confirmed that inflammatory mechanisms contribute
both to cell damage and tissue remodeling [12]. They are involved in reactive
plasticity modulation of neuronal populations in different types of brain injuries,
as well as in microglial cells and astrocytes, since they can activate and promote
recovery and repair the neural circuits [8].

Owing to the events explained before, neuroinflammation is taken into account
as an important manipulable aspect of injury in animal and human studies to
develop immunomodulatory therapies because it can be detrimental or beneficial;
however, it is necessary to understand the processes in a better way [19].

2.1Inflammatory response after spinal cord injury

In the SCI there are two phases of the pathology: the primary one which consists
in the initial accident-induced damage that can result from the compression of the
spinal cord (SC), stretching of the nervous tissue, or disruption of local blood sup-
ply and the secondary one, which is characterized by the damage caused by inflam-
mation and other biological mechanisms. These events can start at the moment of
the injury and go on for days, and even weeks, after the event [2, 20] (see Figure1).

Inflammatory microenvironment after SCI involves activated microglia,
astrocytes, and infiltrating macrophages that play a role in the development of the
secondary injury, and it is the major target to combat SCI [1, 2]. Then, this environ-
ment following SCI is mediated by the activation of microglia and astrocytes and
infiltrating macrophages that greatly contribute to the progression of secondary
injury that is a compilation of complex events derived from the initial trauma. Some
of the mechanisms in its pathogenesis includes neurodegeneration, gliosis, and
apoptosis in nearby intact neural tissues [21-25]. Effective restraint of secondary
injury is essential to minimize neurodegeneration and to improve significantly
functional recovery [1].

It is important to know that a traumatic injury in the CNS begins with the
disruption of the BBB and blood-spinal barrier (BSB), followed by the arrival of
several cells and molecules of the immune system with the possibility of aggravat-
ing the situation, affecting subsequent events such as repair and regeneration [26].
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Figure 1.
Inflammatory vesponse after spinal cord injury.
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The inflammatory microenvironment after SCI involves activated microglia,
astrocytes, and infiltrating macrophages that play a role in the development of the
secondary injury, and it is the major target to combat SCI.

It has been demonstrated that there is a multiphasic response during the inflam-
mation processes after SCI and a huge interaction between central and peripheral
cellular and soluble components, which are influenced by some factors like patient
age, sex, mechanism and degree of injury, therapeutic interventions, and genetic
variability [9, 26].

In a study made by Beck et al. [26], they established two types of cellular inflam-
mation phases. The early phase includes principally the infiltration of neutrophils
which are polymorphonuclear leucocytes (PMNs), macrophages, and microglia,
which inhibit recovery of the brain and SCI after the traumatic event. It was dis-
covered that neutrophils are peaking 1 day of post-injury, macrophages/microglia
7 days of post-injury, and T cells 9 days of post-injury. The late phase was detected
after 14 days of post-injury with its peak after 60 days of post-injury, and it also
remained detectable throughout the 180 days of post-injury for all three cell types
mentioned before. Moreover, the inhibition of the C5a-mediated inflammation after
14 days of injury reduced the locomotor recovery and myelination of the SC in the
damaged site, suggesting that the late phase involves a restorative function [26].

Following this line, after the damage to the microvasculature, the presence of
progressive edema and proapoptotic signaling begins. All of these events promote
thrombosis and microvessel spasms causing hypoxia. Therefore, a relevant aspect
to mention is that astrocytes are the first to act in the injury site, contributing to
the formation of the GS, as well as preventing neurons to grow and heal [1, 20]. In
the same way, neutrophils and macrophages are recruited from the periphery to the
injured area, and, together with reactive astrocytes, microglia/macrophages will
also contribute to the formation of a regeneration-inhibiting GS [27].

3. Cytokines and acute glial scar formation after spinal cord injury

In the early phase, the formation of GS has a protective function, isolating
potentially dangerous molecules of the rest of healthy tissue and controlling the
spread of damage [28]. Accordingly with this, GS is considered as a mechanism of
protection, developed by the organism against injuries that affect the CNS.

Overall, the GS is composed of two parts, the fibrotic and the glial. The fibrotic
scar occupies the core of the injury with deposits of collagen matrix and is mainly
composed of invading fibroblasts derived from meningeal and perivascular cells
[29, 30]. The GS occupies the peripheral zone of the lesion and is composed mainly
of astrocytes due to its evolution from a dynamic process known as reactive astro-
gliosis [30]. The glial limiting membrane is a specialized structure that is located
close to the outer layer of the fibrotic scar and marks the division between these two
parts [31]. Besides fibroblasts and astrocytes, the GS is also formed by NG2 + oligo-
dendrocyte precursor cells (OPCs), microglia, pericytes, and ependymal cells [32].

A phenomenon that occurs simultaneously with the destruction of neuronal com-
ponents is the activation of an inflammatory response characterized at first moment
by the release of chemokines by endothelial cells and microglia cells [33]. These
chemokines induce the migration of peripheral immunological cells to the affected
tissue and promote the posterior establishment of inflammatory response [34]. The
migration of macrophages and lymphocytes besides the activation of microglial cells
is joined to the deficiency to control an inflammatory process in the CNS, thereby
contributing with a destructive immunological response [35]. Both resident and
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infiltrating cells contribute to the GS formation, and the main characteristic of the
inflammatory response at this time point is the sustained production of free radicals
due to the continuous synthesis of pro-inflammatory cytokines like TNF-a, IL-1p,
INF-y, and enzymes that activate glial cells or disrupt the BSB [34, 36]. Moreover,
activated macrophages produce and secrete matrix metalloproteinases (MMPs) to
furtherly disrupt the BSB and increase vascular permeability [37].

Another phenomenon observed is the activation of inflammasome. The damage
of cell membranes permits the release of molecules of ATP and the efflux of K*,
stimulating the activation of the inflammasome and inducing the production of
the pro-inflammatory cytokines, IL-1p and IL-18, which these cytokines have been
related with neurodegenerative process [38]. Furthermore, studies in vitro have
shown the direct relation of IL-1p with the overexpression of glial fibrillary acidic
protein (GFAP) on astrocytes; for this reason the activation of inflammasome is a
key factor involved in the formation and maturation of GS [39].

Astrocyte is a specific cell residing only in the CNS that maintains the homeosta-
sis, conforms the BBB, and keeps the concentration of ions and neurotransmitters
to regulate the activity in neuronal synapsis [40].

Reactive astrocytes (RAs) possess surface receptors for different cytokines just
like the cells of the immune system, making them a target for products derived
from the inflammatory environment. The pro-inflammatory cytokines induce
the upregulation of inflammatory genes on astrocytes and the posterior secretion
of various chemokines, including CXCL1, CCL2, CCL3, CCL4, and CXCL12, and
cytokines like IL-1, transforming growth factor p (TGFp), TNF-«, and INFy. For
example, INFy interacts to modulate several facets of the gliotic response, and such
interactions with growth factors may be important in creating the biochemical and
physical properties of the GS; for this reason this cytokine is responsible for failed
neuronal regeneration after SCI [41]. In this way, the astrocytes can contribute
with the presence of a constant inflammatory response, affecting themselves and
influencing other cell populations related with the formation of GS [41, 42].

Fibroblasts secrete extracellular matrix (ECM) components which include the
chondroitin sulfate proteoglycans (CSPGs) family (neurocan, versican, brevican,
phosphocan, and NG2) which is mainly secreted by astrocytes as well as fibronec-
tin, collagen, and laminin which are produced by fibroblasts [36, 43]. Altogether,
they contribute to the formation of GS and participate in developing its characteris-
tic impermeability and the expression of molecules that impede the anatomical and
functional restoration after the lesion [32, 44]. Fibroblasts also possess cytokine
receptors on their surface which respond to high concentrations of pro-inflamma-
tory cytokines and stimulate the activation of enzymatic machinery synthesized
ECM protein. The inhibition of pericytes and fibroblasts by the application of
different therapeutical strategies reduce the size and consolidation of GS, showing
the importance of these types of cells in the GS formation. Of great importance is
the presence of specific receptor for TGFp on fibroblasts; the stimulation with this
molecule facilitates the synthesis and release of collagen type IV [45].

Generally speaking, after an injury to the CNS, there is a sequential pheno-
typic change in astrocytes called reactive astrogliosis, where naive astrocytes
(NAs) are transformed to RAs which eventually become scar-forming astro-
cytes (SAs) that can inhibit axonal regeneration and functional recovery [7].
Astrocytes are the most abundant glial cells within the CNS, and although they
are not part of the immune system, they play a crucial role in the pathophysiology
of the GS formation [36].

Furthermore, RAs substantially upregulate their expression of GFAP, inter-
mediate filaments, nestin, and vimentin and mobilize to the center of the injury
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to form a mesh-like structure of interlaced filamentous structures [46]. A high
concentration of pro-inflammatory cytokines induces upregulation of GFAP on
astrocytes and the development of hypertrophic prolongation. A certain study
showed that genetically modified mice with deficiency of vimentin and GFAP pro-
duced aless dense GS which frequently conducted to constant bleeding, suggesting
that vimentin and GFAP are part of the main cytoskeletal intermediate filaments
that form the GS [47].

This astrocytic migration secludes inflammatory cells from the surrounding
intact tissues and minimize the extension of secondary damage after CNS injury
leading to tissue repair and functional improvement during the acute phase of GS
formation [7, 48, 49]. In addition, the hemorrhagic flow into the CNS due to the
rupture of the BBB exposes scar-forming cells to factors in plasma such as fibrino-
gen which has been proven to induce the expression of CSPGs in astrocytes through
TGFp/Smad2 signaling pathway [50].

Besides, in the acute phase of the GS formation, the overexpression of CSPGs
(neurocan, versican, brevican, phosphocan, and NG2+) plays a beneficial role by
modulating the inflammatory activity of resident microglia as well as the infiltra-
tion of monocytes through the CD44 receptor [51].

Moreover, to the featured RAs, the GS formation also requires the activation
of ependymal cells, NG2+-expressing glia (including OPCs), meningeal- and
vascular-derived fibroblasts, pericytes, and macrophages surrounding the injury
area [52]. More importantly, some of these previously mentioned cells have the
capacity to switch their phenotypes and become RAs to furtherly contribute in
the GS formation [53]. Furthermore, there are several molecular mechanisms that
contribute to the formation of the GS such as the upregulation of bone morpho-
genetic proteins (BMPs), MMPs, epidermal growth factor receptor (EGFR), eph/
ephrins, TGFp, and signal transducer and activator of transcription and inter-
leukin (STAT/IL) family (STAT3) [30, 54, 55]. The upregulation of BMP-4 has
shown to promote astrocyte differentiation and to inhibit the production of oligo-
dendrocytes and neurons [56]. In addition, the MMP family is involved in the
ECM remodeling, and therefore, they are structurally and temporally involved
in the GS formation [57]. The limitation of the extent of the GS was seen with
the suppression of MMP-2 in mice, and MMP-9 has proven to be involved in the
augmented migration of RAs to the injury site, therefore facilitating GS forma-
tion [58]. EGFR is upregulated in astrocytes following damage to the SC, leading
to the activation of the Rheb-mToR signaling pathway which induces astrocytes
to migrate and suffer hypertrophy to furtherly form the GS [59]. Moreover,
EGFR ligands, such as transforming growth factor-alpha (TGF-alpha) and EGF,
contribute to the formation of the GS by inducing astrocytes to secrete CSGPs
[60]. In addition, TGFp expression is upregulated immediately after SCI. It
promotes the formation of the GS by simultaneously stimulating monocyte and
lymphocyte activity as well as inducing the production and deposition of new
ECM proteins (collagen, fibronectin, and proteoglycans) [61, 62]. The manipula-
tion of TGFp signaling in the injured CNS modulates the formation of the fibrotic
scar in the lesion site. The administration of TGFp1 to the injured CNS increases
the deposition of ECMs in the lesion site [63, 64], while antibodies to TGFf1 and
TGFp2 and the endogenous TGFf inhibitor decorin, a small leucine-rich CSPG,
conversely reduce the size of GS [64], which proposes the involvement of TGFps
in the formation of GS. In addition, RAs release TNF-a to inhibit oligodendro-
cyte progenitor cell (OPG) survival and prevent them from differentiating into
mature oligodendrocytes, suggesting a mechanism for the failure of remyelin-
ation after SCI [65].
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4. Modifications of the glial scar

RAs have been traditionally considered to be a unidirectional and irreversible
process; however, recent studies have proven to inhibit its progress and even
revert the astrocyte’s phenotype according to environmental cues [48, 49]. Over
the past few years, there has been an increasing interest in modulating the GS
formation; nevertheless, there has been a wide spectrum of results mainly due
to the fact that the GS has many components and there are many different types
of therapy strategies. Inclusive, recent studies have shown that the attenuation
of RAs to prevent GS formation has resulted in a worse outcome in SCI and
limited functional recovery [6, 7]. In transgenic mice where STAT3 selectively
suppressed RAs showed reduced migration to the lesion epicenter, leading to
an extensive area of injury with uncontrolled inflammatory cell filtration and
limited functional recovery [7]. Another study showed a pronounced reduction
of glial scarring in animals with conditional knockdown of STAT?3, suggesting
that this molecule is one of the most important factors involved in the formation
of the GS [62]. A wide spectrum of molecules such as type I and II interferons
and cytokines, growth factors including EGF, platelet-derived growth factor,
IL-6, leukemia inhibitory factor, and ciliary neurotrophic factor (CNF) is able
to activate STAT3 in order to cause variations in RAs and elicit GS formation
[66, 67]. Similarly, a recent study used HSV1tk/GCV (a suicide system gene)
to selectively kill proliferating RAs in SCI to avoid GS formation, resulting in a
widespread infiltration of inflammatory cells and continuous involvement of
healthy tissue surrounding the epicenter of the lesion as well as decreased neu-
ronal survival and decreased locomotor recovery [5]. These findings furtherly
support that reactive astrogliosis in acute-subacute phases plays beneficial roles
in acute wound healing, remodeling processes, and isolating the injury to prevent
the spread of cytotoxic molecules and inflammatory cells into the surrounding
tissue [4, 5].

Even though GS formation in acute phases has proven to have beneficial effects,
its evolution and persistence in chronic stages of the injury have shown to become a
strong inhibitor for SC regeneration [3]. Therefore, there has been some attempts in
regulating the chronic phase of the GS to improve axonal outgrowth.

5. Cytokines and chronic glial scar formation after spinal cord injury

Through the years, it became clear that both the scar tissue and the immune
system play important beneficial roles in axonal regeneration and healing of the
CNS [68].

As mentioned before, SCI results in the disruption of the BBB, and the BSB
increased inflammatory reactions such as the activation of the microglia and the
production of various cytokines and augmented the activation of TGFp and Smad?2
signaling pathways [49]. The inflammatory microenvironment presented after the
insult continues in most of the cases until the chronic phase [34].

Acute GS formation restricts inflammation and preserves neural tissue [28, 46, 69].
Nonetheless, at the chronic phase (>14 days after the injury in mice), RAs progressively
transform into SAs that form astrocytic scars which compose the main impediment
for axonal regeneration and functional recovery in the chronic phase of SCI [70, 71]. It
has been suggested that after inflammation has resolved, chronic GS is expendable and
detrimental because it continually prevents axon regeneration [6]. For this reason, it is
necessary in chronic phases to inhibit, modulate, or remove the mature GS.
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Certain factors present during the acute formation of the glial scar are also active
during its chronic formation. The genetic suppression of BMPR1b (a subtype of the
BMP type 1 receptor) resulted in the weakening of the GS in chronic stages of SCI,
suggesting that BMPs play an important role in the acute formation of the GS as
well as in its stabilization through the chronic stage [72].

Although the expression of CSPGs during acute glial scar formation participates
in reducing the damage extent, the prolonged exposure of CSPGs is prejudicial for
functional recovery for they are well-known to be the main inhibitors of GS axonal
regeneration, sprouting, and remyelination during the chronic phase of SCI [3, 73].
The posterior formation of the GS traps on its core of GS, where they reside contrib-
uting with the chronic presence of an inflammatory response. The continual synthesis
of pro-inflammatory cytokines like TNFa, IL1f, and INFy promotes the aggregation
of new elements and the modification of GS [74].

This is the main reason why astrogliosis may cause both beneficial and detri-
mental effects depending on its dynamic features and on its time course [50, 69].
Cytokines behave in a similar way. In the early stages of GS formation, pro-inflam-
matory cytokines such as TNF-a, IL-1p, and INF-y help by recruiting and activating
microglial cells, astrocytes, and other peripheral immunological cells to the injury
site to prevent the extension of the injury [33, 35]. However, other acute-secreted
cytokines such as IL-1p and IL-18 have been associated with neurodegenerative
processes and activation of the inflammasome [37, 38]. On the other hand, during
the chronic formation of the GS, cytokines contribute to impede axonal regenera-
tion and functional recovery. Overall, cytokines may present both beneficial and
detrimental effects depending on the stage of GS formation and depending on the
process in which they are involved. Certain cytokines which are present in early
stages and may present beneficial effects by increasing the production of CSPGs
may become prejudicial as time progresses. Current pharmacological treatments

Cytokine Scar glial effect References
TGFpB Induces the expression of CSPGs in astrocyte [60]
Facilitates the synthesis and release of collagen type IV in fibroblast [45]
Increases the deposition of ECMs in the lesion site [63, 64]
Inhibits the generation of TGFf1, TGFf2, and SOX-9 and as a result there is [28]
a decreased deposition of CSPG
IL-1B Increases overexpression of GFAP on astrocytes and maturation of GS [39]
TNF« RAs release TNF-« to inhibit OPCs survival and prevent them from [27]
differentiating into mature oligodendrocytes, suggesting a mechanism for
the failure of remyelination after SCI
Reduces the expression of GFAP through anti-inflammatory processes and
helps to suppress reactive gliosis
INFy Promotes SG formation and modulates ECM which helps that the [36]
interactions with growth factors may be important in creating modification
in the GS
IL-4 and Transplantation with BMSCs was associated with significant increases [79]
1113 in IL-4 and IL-13; these changes were associated with less scar tissue [78]
IL-4 and formation
IL-10 INDP in combination with scar removal and DPY reduces pro-
inflammatory cytokines in chronic phase
IL-10 Activates beneficial M2 macrophages which were found to regulate scar [18]

resolution

Table 1.
Main cytokines involve in scar glial formation.
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depend on cytokines to establish their mechanism of action and should be focused
to develop further pharmacological strategies.

The majority of SCI patients are those with lesions who may benefit insufficiently
from therapeutic treatments designed for application in the chronic stage and focused
on cytokines and other immunological processes. However, compared to treatments
of acute experimental SCI, the efficacy of therapies promoting axonal regeneration
seems impaired in chronic models. Therefore, GS formation can be improved if we
combine treatments like stem cell transplants [75], iron chelators [76-78], and matrix
biocompatible [16, 78]. Table 1 summarizes some GS effects exerted by cytokines.

6. Modulate, inhibit, or remove glial scar as therapeutic tool

In this section we will review some modulating treatments of the GS. That
should be able to counteract posttraumatic factors of inhibitory growth and pro-
mote axonal and tissue recovery.

6.1 Anti-inflammatory therapy

In contrast with the pro-inflammatory cytokines produced after the injury, the
application of anti-inflammatory therapies like the treatment with doses of methyl-
prednisolone (MP) after the injury avoids the formation of the GS. The application
of MP is helpful to reduce the expression of GFAP and reduce the deposition of
CSPG and avoid the formation of the GS [80].

Combination therapy using MP and tranilast after SCI in rats significantly
reduced posttraumatic SC edema and neutrophil infiltration and improved func-
tional recovery better than single individual therapies, and it also significantly
reduced the amount of GFAP expression at the injury site [81].

Therapies that induce elevated concentrations of IL-10, a well-known anti-
inflammatory cytokine, reduce in an important way the presence of CSPG on GS
[82]. Astrocytes also express the transcription nuclear factor (NF-kB). The selective
inhibition of NF-kB induces a better neurological outcome and a reduction in size
of the GS. In addition, the interference of NF-kB induces the reduction of pro-
inflammatory cytokines, chemokines, and secretion of CSPG [83].

Curcinum is a phytochemical compound that has an anti-inflammatory effect.
This molecule inhibits pro-inflammatory cytokines (TNFa and IL-1B), which contrib-
ute to reduce the expression of GFAP through anti-inflammatory processes and help
to suppress reactive gliosis [26]. Previous studies have also demonstrated to inhibit the
generation of TGFp1, TGFp2, and SOX-9; as a result, there is a decreased deposition of
CSPG, causing the inhibition of TGFp and transcription factors. There is also evidence
that curcinum reduces the amount of nestin and GFAP around de SCI, suggesting that
it inhibits astrogliosis improving the microenvironment to SC repair [27].

In addition, rapamycin is an immunosuppressant that inhibits the mTor pathway
selectively, and, it is considered neuroprotective because it increases the anti-
inflammatory microenvironment and reduces locomotor impairment and damage
in neural tissue. Other outcomes have shown that reduced infiltrations of macro-
phages and neutrophils at the SCI also reduce microglial activation and secretion of
TNF; the amount of cells expressing GFAP inhibits proliferation of astrocytes and
promotes angiogenesis and neuronal survival around the injury [2, 30].

Finally, TGF is involved in GS formation process, increasing the expression of
neurocan, a CSPG that mediates GS formation and inhibits axon growth. Therefore,
the use of antibodies against TGFp1 and TGFp2 is necessary; they mitigate the
response of GFAP, causing the interruption of scar tissue and glial membrane
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formation that limit the edge of the injury. Astrocytes, OPCs, and NG2+ responses
are diminished. This is possible by interrupting the Smad 3 signaling pathway in
conjunction with TGFp [2, 84].

In contrast, a study carried out by Kohta and colleagues showed that the inhibition
of TGFp1 with a neutralizing antibody resulted in the suppression of the GS forma-
tion resulting in a mild improvement of growth and/or preservation of axons in the
injured GS caudal to the site of contusion [31]. Furthermore, rats treated with anti-
TGFp1 increased the activation of the microglia after injury, apparently providing a
beneficial environment for the restoration and healing of the neural network [31].

The macrophages are immune cells with phagocytic capabilities. There are
three subgroups, but now the focus goes towards M2 macrophages. When M2
macrophages infiltrate the SC, they may also secrete protective factors, such as the
anti-inflammatory cytokine IL-10, and boosting the release of protective molecules
would be advantageous. In addition, when MMP-2 is upregulated, it represents a
beneficial effect for SCI recovery; however, when there is a deficiency in MMP-2-
expression, an exacerbated lesion expansion, scar formation, vascular instability,
and locomotor deficits are present [18, 85].

6.2 Cell therapies
6.2.1 Schwann cells

The SCs are the principal glia of the peripheral nervous system (PNS) [86], and
in a SCI, they have shown to promote axonal regeneration through the formation
of bridges across the injury. This bridge is a multicellular structure that crosses the
lesion from the rostral to caudal part, providing an environment in which axons can
grow and cover the GS to suppress axonal regeneration impediment [87, 88].

SC transplant provides a neuroprotective effect, preventing neural death by
continuous inflammatory reaction caused by a SCI; moreover the neural peripheral
grafts promote the expression of neurotrophins like BDNF and NGF, which is key
for a successful regeneration as it delays the formation of the GS [89]. It is not advis-
able to transplant the SCs alone, because their regenerative capacity is limited by the
secretion of myelin-associated and axonal growth inhibitors (CSPGs, semaphorins,
and myelin-associated proteins) by the GS. Although many types of cells have been
studied for transplantation, the SCs have always been considered as one of the best
proposals for this treatment; however, they need to be co-transplanted with other
molecules or cells such as OECs, MSCs, and NSCs, among other cells, in order to
achieve its full therapeutic potential [88, 90].

6.2.2 Bone marrow mesenchymal stem cells

Bone marrow stem cells (BMSCs) are the most abundant cells in the bone mar-
row; they are hematopoietic and functional support cells [91]. The implantation
of BMSCs has shown to have regenerative and immunomodulative properties that
help to prevent the GS formation [91]. Furthermore, these cells are able to regulate
CNTF-STATS3 signal transduction which reduces tissue scarring, inflammatory
responses, and apoptosis [92]. Okuda et al. reported that BMSC sheets suppress the
GS and provide a positive environment for axonal regeneration, causing changes in
reactive astrocyte morphology [93]. Moreover, BMSCs can secrete different trophic
factors (VEGF, BDNF, NGF, and hepatocyte growth factor) which increase positive
results associated with BMSC transplantation [91, 94]. In addition, the transplant
of BMSCs are associated with significant increases in IL-4 and IL-13; these changes
were associated with less scar tissue formation [79].
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With all that said, BMSCs possess many features that make them eligible for cell
culture transplantation; however there are still many knowledge gaps that need to
be studied, such as their survival rate when transplanted.

6.2.3 Olfactory ensheathing cells

Olfactory ensheathing cells (OECs) form the glial component of the primary
olfactory system, and they reside both on CNS and PNS [87, 95]. Recent olfactory bulb
(OB) transplants have shown to be able to infiltrate the scar tissue, through the envi-
ronment of astrocytes thanks to their heparin profile [87]. They also provide a scaffold
that promotes neuronal growth and angiogenesis and supply a bridge through the
injury site that decreases the contusion area [96, 97]. OECs promote neural regenera-
tion by promoting cell-to-cell interaction with sensorial axons and migrate ahead to
the olfactory bulb, creating a favorable environment for axonal growth where cellular
debris are phagocytized to increase restoration, neuroinflammation is modulated,
neuroprotection is provided, and the expression of neurotrophic factors like BNDF,
GDNF, NGF, and ECM molecules is augmented to provide a substrate for newly
generated axons [98, 99]. These cells inhibits pro-inflammatory cytokines and induces
the activation anti-inflammatory cytokines; they can activate neurotrophic factors.

Neurotrophic factors secreted by OECs are capable of inhibiting scar formation
and promote axonal regeneration, implying that they also are neuroprotective. The
receptors of each neurotrophic factor are NGF/p75, BDNF/Trkf, GDNF/GFR-1,
NTN/GFR-2, and NRG-1/ErbB [43]. Also OECs reduce the expression of GFAP by
an earlier shorter immune response by astrocytes and microglia, due to the attenua-
tion of NF-kp, which is involved in RAs [100].

6.3 Chondroitinase ABC

The chondroitinase ABC (ChABC) is a bacterial enzyme that catalyzes the
removal of the CSPG and therefore digests them. The administration of ChABC
has demonstrated to inhibit CSPG and deactivate their glycosaminoglycan chains,
which promotes a significant regeneration of axons, and M2 macrophage phenotype
activation [2, 101].

Certain studies have used ChABC in SCI models in rats to enzymatically
degrade CSPGs and therefore reduce its inhibitory functions in axonal regenera-
tion [35, 36]. The results of these experiments showed a significant improvement
in locomotor and proprioceptive functions, demonstrating that the degradation of
CSPGs is a promising strategy to avoid its long-term prejudicial effects in chronic
SCI [36, 37]. It is also reported that the combination of glial-derived neurotrophic
factor (GDNF) and transplanted SCs causes a reduction in astrogliosis (GFAP
and CSPG) and is also responsible for promoting axon regeneration after SCI
[102]. Another combination therapy with ChABC, acidic fibroblast growth factor
(aFGF), and peripheral nerve graft bridge supports axon regeneration and func-
tional recovery after chronic SCI like so bladder physiology outcomes associated
with an invasive repair strategy. CSPG are significantly downregulated by the
astroglial NF-kB inhibition [83]. Taken all together, these studies demonstrate that
the degradation of CSPGs is a promising strategy to avoid its long-term prejudicial
effects in chronic SCI.

6.4 Iron chelators to inhibit collagen biosynthesis

Using iron chelators to inhibit collagen biosynthesis has been demonstrated to
have beneficial effects by transient suppressing fibrous scarring in an acute SCI
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model [45, 77]. The iron chelation of a,a’-dipyridyl (DPY) has previously shown to
decrease the collagen synthesis at a posttranscriptional level by inhibiting 4-prolyl
hydroxylase, one of the key enzymes in collagen metabolism [103].

In a study with unilateral SC transection in adult and postnatal mice (14 days
old) where DPY was applied at the injury site, it was observed that collagen type
IV deposits and axons showed the expression of tyrosine hydroxylase and these
axons extended through the site of injury by reinnervating the striatum [104].
Conversely, iron chelators suppress GS but do not degrade the existing scar,
meaning that this treatment is not transferable to chronic SCI where a mature
lesion scar is present, with a plethora of axon growth-inhibitory molecules
attached [105, 106].

6.5 Surgical resections

Some studies have shown that the surgical removal of the GS promotes the
development of axons in the injured portion of the SC, suggesting that axonal
reconnection is feasible [16, 107]. Another study indicates that the use of surgical
resection of the GS by itself does not offer positive results, because at the time of
incising and removing the tissue healing, the same mechanisms that are activated
during the acute phase are reactivated, generating a second lesion [75].

On the other hand, one study showed that careful surgical resection of the scar
and filling cavity with biocompatible matrices promotes a functional improvement
in a full-section model [16].

Therefore, the treatment of SCI can be improved if the behavior of the GS with
the combination of transplants [75], iron chelators [45, 77], and matrices is bio-
compatible [16]. Furthermore, Rodriguez and colleagues explored whether INDP
in combination with scar removal and DPY provided an appropriate microenviron-
ment to promote neural restoration in chronic SCI. They found an increased activity
in genes encoding for IL4, TGFB, BDNF, IGF1, and GAP43, as well as a decreased
activity in genes encoding for TNFa and IFNy. Moreover, there was a significant
increment in the number of serotonergic (5-HT-positive) and catecholaminergic
(TH-positive) fibers at the caudal segment of the GS [78].

7. Conclusions

Cytokines are incredibly involved in GS formation during the acute and
chronic phases of SCI, participating in either beneficial or detrimental effects. To
achieve the best possible results, it is necessary to maintain the anti-inflamma-
tory microenvironment for more extended periods of time in order to promote
axonal regeneration, M2 phenotype macrophage activation, and secretion of
neurotrophic factors that are capable of inhibiting the GS formation in the
chronic phase. Several clinical trials have shown different therapeutic strate-
gies to modulate the formation of GS. Although those experiments have had a
significant therapeutic potential in patients with SCI, there are still enormous
knowledge gaps which need further investigation in order to develop a potential
cure for SCI.
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The Genetic Aspects of Behcet’s
Disease: Role of Cytokine Genes
Polymorphisms
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Abstract

Behget’s disease (BD) is a complex, multisystemic inflammatory disorder
characterized by recurrent oral aphthous ulcers, ocular symptoms, skin lesions,
and genital ulcerations. The etiology of BD is not yet clear though various factors
including environmental, genetic and immunological ones have been implicated.
Genetic predisposition is a major factor in disease susceptibility and multiple host
genetic factors have been suggested to be involved in the development of BD. In
addition to the positive association of HLAB*51, recent studies report additional
independent associations in the non HLA loci. Single nucleotide polymorphisms
(SNPs) in various genes including cytokines have been implicated in susceptibil-
ity to BD. However, the results are inconsistent and variation are found in several
ethnic populations. Therefore, further genetic studies on BD patients of different
ethnicity and genes associated with immunity are expected to elucidate BD patho-
genesis and will contribute to the development of more targeted therapies and
biomarkers.

Keywords: Behget’s disease, genetics, cytokines, TNF, interleukin, polymorphism

1. Introduction

Behget’s disease (BD; MIM 109650) is a multisystemic inflammatory disorder
characterized by recurrent oral aphthous ulcers, ocular symptoms, skin lesions, and
genital ulcerations. BD has many features in common with systemic vasculitis. The
prevalence of BD varies, it is more prevalent in the Far East, the Mediterranean and
the Middle Eastern countries along the ancient Silk Road [1-3]. The highest preva-
lence has been reported in Turkey (80-420 cases per 100,000) followed by Israel
(146.4), China (110), Iran (80), Korea (30.2), Japan (22), Saudi Arabia (20), Iraq
(17), Morocco (15), and Egypt (7.5) cases per 100,000 [1, 3, 4].

Clinical and immunological understandings of the disease suggest that BD isa
cornerstone between autoimmune and inflammatory disease [5]. Due to effective-
ness of immunosuppressives [6] and involvement of human heat-shock protein 60
(HSP60) [7], it is considered as an autoimmune disease. While on the basis of lack
of antigen-specific T-cells or significant high-titer auto-antibodies, insignificant
involvement of histocompatibility complex (MHC) class I molecules together with
unprovoked recurrent inflammation episodes mainly caused by neutrophils [8], the
association of the M694V MEFV mutation with its susceptibility and the therapeutic
effectiveness of colchicine, BD is classified as an auto-inflammatory disease [4].
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Although it is thought that common environmental factors such as infections or
exposures to toxins or to specific immunogens contribute to BD, development of
disease is believed to occur only in genetically predisposed hosts. BD is a complex
disease and different patients experience different symptoms. The etiology of BD
is very complex and it is thought that environmental factors, genetic predisposition
and immune dysregulation are involved in the pathogenesis of BD [9-14]. The wide
range of disease prevalence observed among different geographic locales is likely
aresult of differences in both environment and genetics. The aim of this study is
to highlight the genetic aspect of BD with emphasis on the role of cytokine genes
polymorphisms in the susceptibility/etiopathogenesis of BD.

2. Genetic aspect of Behcet’s disease

Genetic predisposition is a major factor in disease susceptibility and multiple
host genetic factors have been suggested to be involved in the development of
BD. The association of HLAB*51 with BD susceptibility has been confirmed in sev-
eral populations since it was discovered more than four decades ago however, recent
studies indicate association in the major histocompatibility complex class I region
and several non HLA loci also. Class I alleles, HLA-A*26, -B*15, -B*27, and -B*57,
have been reported as independent risk factors for Behget’s disease while HLA- A*03
and -B*49 are protective for it [15].

The candidate gene approach has been useful in identifying susceptibility and
severity genes in BD. Single nucleotide polymorphisms (SNPs) in various genes (IL-
10, TNF-a, TNF-$, STAT4, IL23R, CD40, CCR1/CCR3, STAT3, MCP-1, TGFBR3,
FCRL3, SUMO4, UBAC2) have been implicated in susceptibility to BD. However,
the results are inconsistent and variation are found in several ethnic populations.
Genome-wide association studies have also identified associations with IL23R~
IL12RB2, IL10, STAT4, CCR1-CCR3, KLRC4, ERAP1, TNFAIP3, and FUT?2 loci [15].
Moreover rare mutations in IL23R, TLR4, NOD2, and MEFVr genes have been found
to be linked with BD pathogenesis by targeted next-generation sequencing.

The variations in the mRNA expression/gene function indicate the role of the
risk alleles in the pathogenesis of disease. Several susceptibility genes, which may
regulate the immune reaction, have been found to be associated with BD. However,
the precise mechanism of these genes in the development of BD is currently
unknown [10, 11, 16]. The genes identified are involved in both innate and adap-
tive immunity and support the idea that polarization in Th1/Th17 pathway plays a
critical role in BD pathogenesis. Commonalities of susceptibility genes with other
immune-related diseases/inflammatory disorders shows shared features of immune
related diseases with BD. The interaction between genetic factors and environmen-
tal factors has also been suggested in several recent studies.

Cytokines are believed to mediate inflammation in BD [17, 18]. Various studies
have found increased levels of tumor necrosis factor (TNF)-o and decreased levels
of interleukin (IL)-10 in the serum and active lesions of BD patients and suggested
that these cytokines play a significant role in the immune response, pathogenesis
and activity in BD [12, 19-24].

Cytokines play critical roles in the pathogenesis of BD, since they mediate many
of the effector and regulatory functions of immune and inflammatory responses
[14, 17]. Genetic polymorphisms in several cytokine genes have been described and
demonstrated to influence gene transcription, leading to inter individual variations
in cytokine production. It has been suggested that genetic polymorphisms that
regulate the production of certain cytokines are important determinants of suscep-
tibility to BD and its some of the clinical and laboratory features [14, 25, 26]. BD has
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been considered to be a typical Thl-mediated inflammatory disease, characterized
by elevated levels of Thl cytokines such as IFN-y, IL-2, and TNF-a. Recently it

has been reported that Thl- and Th17-related cytokines and signaling molecules
participated in BD pathogenesis [27, 28].

A number of studies reported that the levels of T helper Type 1 cytokines are
increased in sera of the patients with BD. Some studies have shown that the maxi-
mal capacity of cytokine production varies among individuals and correlate with
single nucleotide polymorphism in various cytokine genes [29-32]. However the
results of the association of cytokines genes polymorphism with susceptibility and
pathogenesis of BD are inconsistent and further studies involving different ethnic
populations have been suggested [14].

3. Tumor necrosis factor (TNF)-a polymorphisms

Besides HLA-B51 molecules, SNPs in TNF genes have been implicated in sus-
ceptibility to BD [14, 33-37]. TNF-a is a pro-inflammatory cytokine and involved
in regulation of the immune response. It is encoded in the Class III region of the
HLA complex adjacent to HLA-B. TNF-a mediates the activation of macrophages
and apoptosis and it is involved in recurrent inflammatory episodes in BD patients
[23, 38]. Many studies have suggested it as both positional and functional candidate
gene in the onset and progression of BD [14, 33-35, 39].

Promoter polymorphism of TNF-a (-308G/A) and intronic polymorphism
TNF-B (252A/G) have been associated with variations in the level of circulating
TNF-a [40]. TNF-a (—308G/A) polymorphism (rs1800629) results into a less com-
mon allele-A (allele 2) which leads to increased TNF-a production in vitro [41] and
higher rate of TNF-a transcription than wild type allele-G (allele 1). Allele-A pro-
duces 6-7 fold higher levels of TNF-a transcription [42-44]. TNF-a production and
expression is regulated by single nucleotide polymorphisms (SNPs) in TNF-a gene
[25, 42]. Several SNPs in TNF-a gene have been associated BD in different ethnic
groups [14, 36, 45-47]. The outcome of various studies on association between BD
and SNPs of TNF-a in different ethnic groups are summarized in Tables 1-6.

3.1 TNF-a (—308 G/A) polymorphism

A number of studies has determined the relationship between the -308A/G
polymorphism and BD with inconsistent results (Table 1). The genotype GA and
allele-A are associated with susceptibility of BD in Saudis [14] while genotype GG
and allele G are associated with its susceptibility in Korean patients [33]. On the
other hand no association is found in Caucasoid [39], Iranian [48], Iranian (Azeri
Turkish) [54], Korean [49, 50] Lebanese [51], Tunisian [46], Turkish [38, 45, 52, 53]
and Moroccan [47].

Two independent meta-analysis have revealed an association between —308A and
BD risk in the overall [34, 35] however, stratification by ethnicity indicates that the
—308A allele is significantly associated with BD risk in the Asian population [35].

3.2 TNF-a (—238 A/G) polymorphism

The TNF-238A/G polymorphism has been studied in BD patients from different
ethical populations and several reports are available on the association between the
TNF-238A/G polymorphism and BD risk with contrast results. Genotype AA is
found to be associated with BD in Turkish population [55] whereas genotype GG
is associated with BD in Iranian patients [48]. Other individual studies on German
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Population Case/controls Genotype/allele/polymorphism Association Reference

Saudi 61/211 GA/A Susceptible [14]

Korean 254/344 GG/G Susceptible [33]

Korean 94/94 GA polymorphism No [49]
association

Korean 115/114 GA polymorphism No [50]
association

Turkish 99/96 GA polymorphism No [52]
association

Turkish 107/102 GA polymorphism No [38]
association

Turkish 97/127 GA polymorphism No [53]
association

Turkish 102/102 GA polymorphism No [45]
association

Lebanese 48/90 GA polymorphism No [51]
association

Iranian 147/137 GA polymorphism No [48]
association

Iranian 53/79 GA polymorphism No [54]

(Azeri association

Turkish)

Moroccan 120/112 GA polymorphism No [47]
association

Tunisian 89/157 GA polymorphism No [46]
association

Caucasoid 133/354 GA polymorphism No [39]
association

Meta- - GA polymorphism No [36]

analysis association

Meta- 1372/1754 GA polymorphism Susceptible [34]

analysis

Asian* 1232/1397 A-allele Susceptible [35]

*Meta-analysis.

Table 1.
Association of TNF-a-308 polymorphism with BD susceptibility.

[56], Iranian (Azeri Turkish) [57], Korean [33, 50], Lebanese [51], Moroccan [47]
and Turkish [38, 56] BD patients show no association of TNF-238A/G polymor-
phism with susceptibility of BD (Table 2). However two meta-analysis indicates
that allele-A is associated with BD susceptibility [35, 36]. In the subgroup analysis
by ethnicity, Zhang et al. [35] suggests that the BD cases has a significant higher
frequency of A in the Caucasian than that in the controls.

3.3 TNF-a (—1031 C/T) polymorphism
There is a strong evidence indicating the role of TNF-a (—1031 C/T)
Polymorphism with BD susceptibility. A number of studies examined the association

of TNF-a —1031C/T with BD in different populations. Results indicate, a significant
association between the TNF-a —1031C/T polymorphism and BD susceptibility in
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Population Case/controls Genotype/allele/polymorphism Association Reference

Turkish 107/102 A/G polymorphism No [38]
association

Turkish 80/105 AA Susceptible [55]

Turkish 30/20 A/G polymorphism No [56]
association

Korean 254/344 A/G polymorphism No [33]
association

Korean 115/114 A/G polymorphism No [50]
association

German 92/51 A/G polymorphism No [56]
association

Lebanese 48/90 A/G polymorphism No [51]
association

Moroccan 120/112 A/G polymorphism No [47]
association

Iranian 150/140 GG Susceptible [48]

Iranian (Azeri 64/101 A/G polymorphism No [57]

Turkish) association

Meta-analysis - A-allele Susceptible [36]

Caucasian® 842/938 A-allele Susceptible [35]

*Meta-analysis.

Table 2.

Association of TNF-a —238 polymorphism with BD susceptibility.

Turkish [29, 58], Iranian (Azeri Turkish) [54], Korean [33], and Tunisian patients
[46] (Table 3). Touma et al. [36] in a meta-analysis, identified a significant associa-
tions between the —1031C/T polymorphisms and BD risk. Stratifying by ethnicity,
in another meta-analysis a significant association in the Caucasian population is
noticed [35]. Radouane et al. [47] suggested that TNF-1031C constitutes a suscepti-

bility allele for BD in Moroccan, especially with genital ulcers.
In contrast, Chang et al. [50] discovered no significant difference in the

allele frequency of TNF-a —1031C/T between patients with BD and controls in a

Korean population. There was no significant association of this polymorphism in
Lebanese BD patients also [51]. Moreover the analysis of the influences this poly-
morphism on various clinical manifestations of BD showed that TNF-a —1031C is
not related to the presence of clinical features, such as oral and genital ulceration

and uveitis.

3.4 TNF-a (—857 T/C) polymorphism

A number of studies has been focused on the association between the TNF-a-
857T/C polymorphism and BD risk (Table 4). Two independent studies indicate
an association of TNF-a-857T/C polymorphism with BD susceptibility in Korean
and Iranian (Azeri Turkish) Cohort [33, 57]. Other studies performed on Korean,
Lebanese, and Moroccan BD patients show no significant association of this poly-
morphism and BD susceptibility [47, 50, 51]. However a meta-analysis suggested
that T-allele of TNF-a-857T/C polymorphism is associated with BD susceptibility
[36]. Later on another meta-analysis also indicated that this association is a signifi-
cant risk factor in Asian population [35].
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Population Case/controls Genotype/allele/polymorphism Association Reference
Turkish 99/103 C/T polymorphism Susceptible [29]
Turkish 82/77 CcC Susceptible [58]
Iranian (Azeri 53/79 C-allele Susceptible [54]
Turkish)

Korean 254/344 C/T polymorphism Susceptible [33]
Korean 115/114 C/T polymorphism No association [50]
Tunisian 89/157 C-allele Susceptible [46]
Lebanese 48/90 C/T polymorphism No association [51]
Caucasoid (UK) 133/354 C/T polymorphism Susceptible [39]
Moroccan 120/112 C-allele Susceptible [47]
Meta-analysis C- allele Susceptible [36]
Caucasian* 738/964 C- allele Susceptible [35]

*Meta-analysis.

Table 3.
Association of TNF-a —1031 polymorphism with BD susceptibility.

Population Case/controls Genotype/allele/polymorphism Association Reference

Korean 254/344 C-allele Susceptible [33]

Korean 115/114 T/C polymorphism No [50]
association

Lebanese 48/90 T/C polymorphism No [51]
association

Moroccan 120/112 T/C polymorphism No [47]
association

Iranian (Azeri 64/101 C-allele Susceptible [57]

Turkish)

Meta-analysis T-allele Susceptible [36]

Asian* 533/660 T/-allele Susceptible [35]

*Meta-analysis.

Table 4.
Association of TNF-a —857 polymorphism and BD in various populations.

3.5 TNF-a (—863 A/C) polymorphism

TNF-863A/C polymorphisms has been studied in Korean, Moroccan and
Lebanese BD patients. Results of these studies indicated that there is no significant
association of polymorphism with BD susceptibility (Table 5) [47, 50, 51] though
one study suggested an association in Korean patients [33]. However two indepen-
dent meta-analysis also did not find any significant role of this polymorphism in BD
susceptibility [35, 36].

3.6 TNF-a (—376 A/G) polymorphism
Three reports are available on —376A/G polymorphism in BD, two studies were
performed in Turkish while the third one in Moroccan patients. These studies identi-

fied no significant association with BD risk (Table 6). The results of the meta-analysis
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Population Case/controls Genotype/allele/polymorphism Association Reference
Korean 254/344 A/C polymorphism Susceptible [33]
Korean 115/114 A/C polymorphism No association [50]
Moroccan 120/112 A/C polymorphism No association [47]
Lebanese 48/90 A/C polymorphism No association [51]
Meta-analysis - A/C polymorphism No association [36]
Asian® 486/560 A/C polymorphism No association [35]

*Meta-analysis.

Table 5.
Association of TNF-a—863 polymorphism with BD in various populations.

Population Case/controls Genotype/allele/polymorphism Association Reference

Turkish 99/96 A/G polymorphism No association [52]

Turkish 107/102 A/G polymorphism No association [38]

Moroccan 120/112 A/G polymorphism No association [47]
Table 6.

Association of TNF-a—376 polymorphism with BD susceptibility.

by Zhang et al. [35] also showed that the TNF-376A/G polymorphism is not associated
with BD susceptibility and this polymorphism does not appear to have a significant
association with overall BD risk.

4. TNF-p (-252A/G) polymorphism

TNF-p has been reported to contribute to the susceptibility of some inflamma-
tory and autoimmune diseases [58-62]. Gamma delta T cells of BD patients produce
higher levels of TNF-f than those of healthy controls [63, 64]. A polymorphism in
the intron 1 of TNF-p has been associated with higher TNF-a and TNF- produc-
tion. TNF-f (+252A/G) polymorphism (rs909253) contains a Guanine (G) on one
allele and an adenine (A) on the alternate allele. TNF-f +252G allele is defined as
mutant allele and known as TNF-$*1 (allele-1). This mutant allele-1 is associated
with increased levels of TNF-a and TNF-p [65, 66].

To the best of our knowledge five studies have been focused on TNF-§
(+252A/G) polymorphism and BD (Table 7). The results of three studies in Saudi,
Korean and Tunisian BD patients indicated that TNF-p (+252A/G) polymorphism
has no significant association with BD susceptibility. However one report from

Population Case/controls Genotype/allele/polymorphism Association Reference

Saudi 61/211 AG polymorphism No association [14]

Tunisian 89/157 AG polymorphism No association [46]

Korean 94/94 AG polymorphism No association [49]

Middle eastern 102/115 A-allele Susceptible [67]

Japanese 79175 A-allele Susceptible [68]
Table 7.

Association of TNF-p-252 polymorphism with BD susceptibility.
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Palestinian and Jordanian populations indicates that the frequency TNF-f +252 A
allele (allele-2) is increased in BD cases compared to controls [67]. On the basis

of strong linkage disequilibrium found between HLA-B*51 and allele-A of TNF-f
(+252A/G) polymorphism it has also been suggested that that both the alleles con-
tribute to BD risk and their co-expression may cause severe eye pathogenicity lead-
ing to blindness [67]. Another report by Mizuki et al. [68] shows that the frequency
of homozygous genotype (GG) of TNF-f (+252A/G) is significantly decreased in
Japanese ocular BD patients than controls.

5. Interleukin (IL) gene polymorphisms

Interleukins are cytokines that mediate communication between cells. Interleukins
regulate cell growth, differentiation, and motility. They are particularly important in
stimulating immune response, such as inflammation. ILs (IL-1 to IL-38) function and
play significant role in various diseases and their expression/production is influenced
by the polymorphisms and mutations in their encoding genes [69].

5.11IL-10 gene polymorphism

IL10 gene encodes IL-10 cytokine which suppresses the production of pro-
inflammatory cytokines such as IL-1, IL-6, IL-12, TNF, and interferon gamma
(IFN-vy), and inhibits the costimulatory activity of macrophages for T cell and NK
cell activation [70]. IL-10 production may be regulated at the transcriptional level
and several single nucleotide polymorphisms (SNPs) at the promoter region of
IL-10 gene have been shown to be associated with changes in the expression levels
of IL-10 [25, 42].

Numerous recent studies have demonstrated an association between BD and SNPs
of IL10. Three polymorphisms -1082 A/G (rs1800896), -819 T/C (rs1800871) and
-592 A/C (rs1800872) in the promoter region of the IL-10 gene are correlated to the
expression level of IL-10. There are inconsistent reports on the association of IL-10-
1082 A/G, -819 T/C and -592 A/C polymorphisms and BD (Tables 8-10). Two recent
studies suggested significant association of genotype GG of IL-10-1082 A/G with BD
susceptibility in Saudis [14] and Egyptian [71]. Earlier Wallace et al. [72] showed weak
association of genotype AA with BD in UK and middle-eastern cohort. Moreover
a meta-analysis also shows that there is a significant association of IL-10-1082 A/G
polymorphism with BD susceptibility [34]. While there is no significant association of
this polymorphism in Turkish and Iranian BD patients (Table 8) [28, 45, 53].

Population Case/controls Genotype/allele/polymorphism Association Reference
Saudi 61/200 GG Susceptible [14]
Egyptian 87197 GG Susceptible [71]
UK+ME 178/295 AA Weekly [72]
associated
Turkish 97127 GA polymorphism No association [53]
Turkish 102/102 GA polymorphism No association [45]
Iranian 150/140 GA polymorphism No association [28]
Meta-analysis 199/229 GG+GA Susceptible [34]
Table 8.

Association of IL-10-1082 polymorphism with BD susceptibility.
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Population Case/controls Genotype/allele/polymorphism Association Reference
Saudi 61/200 TT Susceptible [14]
Chinese 407/679 CT polymorphism Susceptible [74]
Chinese Han 718/1753 T-allele Susceptible [75]
Algerian 51/96 T-allele Susceptible [73]
British 178/295 T-allele Susceptible [72]
Turkish 102/102 CT polymorphism No association [45]
Turkish 971127 CT polymorphism No association [53]
Turkish 1215/1279 CT polymorphism No association [11]
Japanese 611/737 CT polymorphism No association [11]
Korean 119/140 CT polymorphism No association [11]
Iranian 150/140 CT polymorphism No association [28]
Overall mixed 1945/2156 CT polymorphism Susceptible [11]
Meta-analysis 2472/2820 CT polymorphism Susceptible [34]
Tableg.
Association of IL-10-819 polymorphism with BD susceptibility.
Population Case/controls Genotype/allele/polymorphism Association Reference
Saudi 61/200 AA Susceptible [14]
Algerian 51/96 A-allele Susceptible [73]
Iranian 150/140 CA polymorphism No association [28]
Iranian (Azeri 47/58 A-Allele Susceptible [76]
Turkish)
Chinese Han 718/1753 A-Allele Susceptible [75]
Spanish 304/313 A-Allele Susceptible [77]
Turkish 102/102 CA polymorphism No association [45]
Turkish 971127 CA polymorphism No association [53]
Turkish 1215/1279 CA polymorphism No association [11]
Japanese 611/737 CA polymorphism No association [11]
Korean 119/140 CA polymorphism No association [11]
Overall mixed 1945/2156 CA polymorphism Susceptible [11]
Meta-analysis 2294/2525 CA polymorphism Susceptible [34]

Table 10.

Association of IL-10-592 polymorphism with BD susceptibility.

IL-10-819 T/C polymorphism has been studied in different populations
(Table 9). Reports indicate that IL-10-819 T/C polymorphism is associated with
susceptibility of BD in Algerians [73], British [72], Chinese [74, 75] and Saudi
patients [14]. While it is not significantly associated with BD in Turkish [11, 45,
53], Iranian [28], Japanese and Korean patients [11]. However two independent
meta-analysis showed that IL-10-819 T/C polymorphism is associated with BD
[11, 34]. In a meta-analysis containing of 2472 cases and 2820 controls, Liang
et al. [34] suggested that IL-10-819 T/C polymorphism is associated with BD

susceptibility.
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Available literature shows that 11 studies focused on relationship of IL-10-592
A/C polymorphism and BD risk (Table 10). A significant association of this poly-
morphism has been reported in five studies from different ethnicity namely Algerian
[73], Iranian (Azeri Turkish) [76], Chinese Han [75], Saudi [14] and Spanish BD
patients [77]. In our study with Saudi patients we found that —592 AA genotypes of
IL-10 is significantly associated with susceptibility risk of BD in Saudi patients [14].

On the other hand three studies on Turkish [11, 45, 53], one each on Iranian
[28], Japanese and Korean BD patients [11] show no significant association of this
polymorphism with BD susceptibility. A meta-analysis containing 2294 patients
and 2525 controls suggested that IL-10-592 A/C polymorphism is associated with
BD susceptibility [34].

Two independent GWA studies of Turkish and Japanese populations show that
IL-10 is among the first two BD susceptibility loci outside the MHC with genome-
wide significance [11, 16]. Intronic polymorphism (rs1518111) is associated with
BD susceptibility in the Turkish population [16] while promoter polymorphisms in
IL-10 gene (rs1800871 and rs1800872) are associated with BD in Japanese [11]. The
variant rs1518111 has been replicated in BD patients of British, Greek, Korean and
Middle Eastern ethnicity and rs1800872 replicated in Turkish and Korean samples
[11, 16]. Recently Wu et al. [74] reported the replication of rs1518111 and rs1800871
variants in BD patients from Han Chinese population. The SNP rs1518111 has also
been replicated in in the Iranian population showing association with BD [78]. The
data from HapMap Project indicate that these three polymorphisms are in strong
linkage disequilibrium in populations from both European and Asian ancestries. The
decrease in risk allele A of rs1518111 is associated with decreased IL10 expression in
monocytes by 35% compared with the non-risk allele G in Turkish patients with BD.

The homozygous genotype AA of rs1518111 is associated with decrease in IL-10
protein in monocytes and found to be stimulated with Toll-like-receptor ligands,
such as lipopolysaccharide or the lipoprotein Pam3Cys and muramyl dipeptide [16].
Talat et al. [71] reported that IL-10 serum levels are lower in BD patients than in
controls. Baris et al. [79] suggested that IL-10 polymorphisms can be statistically
associated with the disease symptoms and used as prognostic factors.

5.2IL-1 gene polymorphism

Several cytokine genes may play crucial roles in host susceptibility to Behget's
disease (BD), since the cytokine production capacity varies among individuals
and depends on the cytokine gene polymorphisms. Interleukin-1 (IL-1) and the
IL-1 receptor (IL-1R) family plays an important role in the pathogenesis of inflam-
matory diseases. The association of the IL-1 cluster gene polymorphisms with the
development of BD has been investigated in several studies.

5.2.1IL-1a —889C/T polymorphism

Six reports are available on IL-1a -889C/T polymorphism and Behget’s disease
(Table 11). Out these five studies were performed on Turkish patients [55, 58, 80-82]
while one on Iranian BD patients [48]. There was no association of this gene polymor-
phism and the susceptibility of BD except one study which showed CC genotype to be
associated with BD susceptibility in Turkish patients [55].

5.2.2 IL-18 —511C/T polymorphism

Four studies are found which focused to assess the importance of IL-1p —511C/T
polymorphism for BD susceptibility (Table 11). The comparisons of allele and
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Population Case/controls Polymorphism Association Reference
Turkish 132/106 IL-1a-889C/T No association [80]
Turkish 72/163 IL-1-889C/T No association [81]
Turkish 80/105 IL-1a-889C/T CC associated [55]
Turkish 57/57 IL-1a-889C/T No association [58]
Turkish 97177 IL-1a-889C/T No association [82]
Iranian 150/140 IL-1a-889C/T No association [48]
Turkish 132/106 IL-18-511C/T No association [80]
Turkish 80/105 IL-1p-511C/T CC associated [55]
Turkish 57/57 IL-14-511C/T No association [58]
Turkish 97177 IL-1p-511C/T No association [82]
Turkish 57/57 1L-1p-3962C/T No association [58]
Turkish 80/105 1L-1p-3962C/T CC associated [55]
Turkish 97177 1L-18-3962C/T No association [82]
Iranian 150/140 IL-1B-3962C/T No association [48]
Table 11.

Association of IL-1 polymorphisms with BD susceptibility.

genotype failed to detect any statistical association under the random effect model
in three studies [58, 80, 82] however one study reported that CC genotype of IL-1p
—511C/T polymorphism is associated with BD susceptibility in Turkish patients [55].

5.2.3IL-1p —-3962 C/A polymorphism

Some workers have studied IL-1 § —3962 C/A polymorphism and assessed the
effect of the IL-1p —3962C/A polymorphism in the occurrence of BD in Turkish and
Iranian patients (Table 11). They did not find any significant association between
IL-1p —3962 C/A polymorphism with BD between allele and genotype frequencies
in Turkish and Iranian BD patients [48, 58, 82] however one study indicates associa-
tion of IL-1 p —3962 C/A polymorphism with BD in Turkish patients [55].

Ozgimen et al. [82] studied IL-1 cluster gene polymorphisms in Turkish patients
with Behget's disease and suggested that polymorphisms in IL-1p gene may affect
host susceptibility to BD. The IL-1f production in the active period has been found
to be greater than in the remission period of BD. IL-1p production is considered to
be related to posterior segment type attacks of Behget's disease [83].

Baris et al. [79] observed no significant differences between the groups with
respect to the IL-1Ra, IL-1p, IL-2, IL-6 and the IL-10 gene polymorphism distribu-
tions and suggested that the IL-1RN2 gene polymorphism is correlated with the
presence of articular involvement and the IL-1p gene polymorphism with the
presence of an ocular lesion. On the basis of the correlations between the articular
involvement and IL-1RN, the ocular involvement and the IL-1p, gene polymor-
phisms, it has been suggested that these polymorphisms could be statistically
associated with the disease symptoms and may be used as prognostic factors [79].

6. Interleukin (IL)-6

IL-6 pleitropic cytokine is involved in immune and inflammatory responses.
Various polymorphisms in IL-6 gene have been associated with chronic inflammatory
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Population Case/controls Genotype/allele/polymorphism Association Reference

Tunisian 43/43 G/C polymorphism No [20]
association

Egyptian 87/97 G/C polymorphism No [71]
association

Iranian 150/140 GG Protective [48]

Turkish/German 121/70 G/C polymorphism No [56]
association

Turkish 97/127 G/C polymorphism No [53]
association

Korean 89/123 G/C polymorphism No [90]
association

Meta-analysis 2065/1159 G/C polymorphism Decrease the [91]

risk
Table 12.

Association of IL-6 (174G/C) polymorphism with BD susceptibility.

and autoimmune disorders [84-88]. Higher levels of IL-6 and increased expression of
IL-6 mRNA have been reported in subjects with active BD [20, 89, 90]. A few studies
have focused on the polymorphism of IL-6 —174 G/C in BD patients (Table 12). The
polymorphism of IL6 —174 G/C does not modulate clinical expression of BD. The
single nucleotide polymorphism of the IL-6 does not appear to be associated with

BD susceptibility in Egyptian [71], Korean [90], Tunisian [20], Turkish and German
patients [53, 56]. The GG genotype of IL-6 —174 G/C polymorphism is protective in
Iranian population [48]. It is believed that the scarcity of studies of polymorphism
of IL-6 in BD is related to the fact that IL-6 is a pro-inflammatory cytokine of Th2,
whereas BD is a Thl disease. Recently a meta-analysis suggested that IL-6-174 G/C
polymorphism decreases the risk of BD [91].

7.1L23R-IL12RB2 polymorphisms

The IL23R-IL12RB2 polymorphisms in Behget’s disease have been subject of
several studies in various ethnic populations (Table 13). The IL23R-IL12RB2 locus
is one of the few loci with genome-wide significance. The SNP rs1495965, located in
the intergenic region between IL23R and IL12RB2 is associated with BD in Japanese
[11]. Another polymorphism (rs924080) in the intergenic region between IL23R
and IL12RB2 has been associated with BD in Turkish patients [16]. However, these
association are not replicated in Korean, Middle Eastern Arab, Greek, and British
subjects possibly due to small sample size [16].

The 15924080 has been replicated in the Iranian population and major allele is
associated with BD [78]. Other polymorphisms rs7539328, rs12119179, rs1495965
have also been associated with BD susceptibility in Iranian patients [92]. Moreover
minor allele of IL23R polymorphisms, Arg381GIn in the Turkish population and
Gly149Arg in the Japanese population are associated with protection from BD as
these variants reduce its ability to respond to IL-23 stimulation [99]. Disease-asso-
ciated, intergenic non-coding variants (major alleles) are associated with increased
expression of IL23R compared with the disease-protective minor alleles [99].

The IL-23 receptor is expressed on the surface of Th17 cells and macrophages.

It is encoded by IL23R gene. IL-23 is composed of p19 and p40 subunits which is
shared with IL-12. IL-23, being a proinflammatory cytokine promotes Th17 cell
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Population Case/controls Polymorphism Association Reference
Iranian 9731637 rs10489629 Susceptible [78]
rs1343151
151495965
Iranian 552/417 rs7539328, Susceptible [92]
1512119179,
151495965,
Korean 369/2000 151495965 Susceptible [93]
151495966
154655535
Chinese Han 407/421 1rs924080 Susceptible [94]
rs11209032
Chinese Han 1206/2475 rs3024490 Susceptible [95]
1512141431
Chinese Han 806/1600 1s3212227 Susceptible [96]
Chinese Han 27/32 rs17375018 Susceptible [97]
Algerian 51/96 rs12119179 decrease risk [73]
1rs11209032
1s924080
Egyptian 1517375018 Susceptible [13]
Turkish 123/168 rs17375018 Susceptible [98]
Japanese 612/740 rs1495965 Susceptible [11]
Turkish 2430/2660 rs924080 Susceptible [16]
Table 13.

Association of IL23R-IL12RB2 polymorphisms with BD susceptibility.

development and induces the production of IL-1, IL-6, IL-17 and TNF [100]. Th17
cells by producing IL-17 play a significant role in inflammation and autoimmune
diseases. Steinman [101] suggested that the disease-associated alleles increase IL-23
receptor expression or signaling compared with the disease-protective alleles. Thus
it is evident that the disease-associated variants increase the BD susceptibility by
influencing IL23R, however an alternative or additional role to influence expression
of the other nearby gene, like IL12RB2, cannot be excluded. IL-12 receptor beta2,

a subunit of IL-12 receptor is encoded by IL12RB2 gene. IL12RB2 is responsible for
high-affinity IL-12 binding and IL-12 dependent signaling, and plays an important
role in Th1 cell differentiation. IL-12 has been suggested to be involved in Thl
responses, T cell and NK cell cytotoxicity, and IFN-y production by T cells and NK
cells [102]. As there is no data available on quantitative trait loci for these non-
coding variants influencing IL12RB2 or IL23R expression, there is a possibility that
their effects are expressed only in a specific cell type or under certain conditions as
suggested by Takeuchi et al [15].

Yu et al. [95] performed genome wide association study on 1206 patients with
BD and 2475 healthy controls and confirmed the association of IL-10 819 C/T and
IL23R IL12RB2/rs924080 with BD. They (loc. cit.) also identified two susceptibil-
ity single nucleotide polymorphisms in IL10 and IL23R-IL12RB2 (rs3024490 and
rs12141431) with BD in Han Chinese.

8.1IL12A polymorphisms

IL12A encodes IL-12p35, a subunit of the heterodimer of IL-12, is known to
play a critical role in polarization of the Thl pathway through differentiation from
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naive CD4+ T cells. A variant rs1780546, located in the intergenic region near IL12A
has been associated with BD in a Turkish cohort however the association did not
achieve genome-wide significance as it is not polymorphic in the Japanese cohort
[99]. Recently, Kappen et al. [103] reported an association of rs1780546 with BD
susceptibility and showed genome-wide association after meta-analysis with
previous Turkish GWAS data. This GWAS was based on 336 cases and 5843 controls
in cohorts of mixed ethnicity using linear mixed models to correct for ancestry
differences and family structure and/or cryptic relationships. However no report is
available on functional aspect of rs1780546 [102].

9.1L-33 gene polymorphism

Members of the IL-1 family play a pivotal role in the inflammatory responses
[104]. IL-33 belongs to IL-1 superfamily. Some studies have implicated the
IL-33 ligand for the ST2 receptor in the pathogenesis of BD [105-107]. IL-33 is
encoded by IL-33 gene and expressed in epithelial, endothelial, inflammatory
and central nervous system cells. IL-33 can function both as a cytokine and as
a nuclear factor regulating gene transcription due to the fact that its expres-
sion increases in pro-inflammatory conditions. Cells of the affected area play a
significant role in the pathogenesis of BD by recruiting, activating and promot-
ing survival of inflammatory cells. Therefore the use of immunosuppressant like
azathioprine, cyclosporine, corticosteroids or anti-TNF-a monoclonal antibod-
ies (mAb) which interferes the cytokine network is the basis of BD treatment
strategies [6, 20, 108].

The TT variants of rs7044343 and rs11792633 polymorphisms in IL-33 gene
are very rare, and the T allele frequencies of these polymorphisms has been
reported to be lower in the BD group compared to the controls. The rs7044343
and rs11792633 variants of IL-33 gene are associated with the decreased risk of
BD in Turkish cohort. It has been suggested that IL-33 acts a protective role on the
pathogenesis of BD [109].

10. Interferon-y (IFN-y)

IFN-y is antiviral, antitumor and immunomodulatory cytokine. It has a critical
role in modulating the IL-4, IL-10 and IL-12 cytokine network pathway. It is also
considered as a pro-inflammatory cytokine because of its effects on TNF activity. It
has been reported that the frequencies of IFN-y +874A allele and A/A genotype are
higher in BD patients than in healthy controls, and individuals with this genotype
are more susceptible to the disease [55]. However later studies on Turkish and
Iranian patients failed to find any significant association of IFN-y +874 A/T poly-
morphism with BD susceptibility (Table 14) [28, 53].

Population  Case/controls Genotype/allele/polymorphism Association Reference

Turkish 80/105 AA/A Susceptible [55]

Turkish 97/127 A/T polymorphism No association [53]

Iranian 150/140 A/T polymorphism No association [28]
Table 14.

Association of IFN-y (+874A/T) polymorphism with BD susceptibility.
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11. Transforming growth factor-f1 gene polymorphism

Transforming growth factor-p1 (TGF-p1) is an effective immunosuppressive
cytokine. It is produced in response to tissue injury by activated macrophages. TGF-
p1is responsible for inhibition of macrophage activation and modulation of T cell
function [110, 111]. It is also involved in tissue fibrosis by increasing the synthesis
of extracellular matrix components [112]. The frequency of TGF-p1 codon 10-25
T/C-G/C genotype in Turkish BD patients has been reported to be higher than those
of healthy controls [53] while GG genotype has been reported to be susceptible to
BD in Iranian cohort (Table 15) [28].

Recent studies have focused on the functional relevance of the various genes
associated with susceptibility of BD and possible interaction between the genes
located within and outside the MHC region [14, 24, 113, 114]. The functional
relevance of allele A and genotype GA of TNF-a (308G/A) and association with BD
has been indicated in various studies [24, 114]. The increased frequency of allele-A
in BD patients is linked with higher levels of TNF-a reported in active BD patients
as compared to controls [24, 114].

The pro-inflammatory cytokines induce inflammation and the severity of the
inflammatory responses is influenced by the levels of cytokines. The activated mac-
rophages produce higher levels of cytokines affecting not only the severity of the
local inflammatory responses but also exert systemic effects. The over-expression of
these cytokines is considered to be responsible for the pathogenesis of recurrent BD
[33]. TNF-a, a pro-inflammatory cytokine has been suggested to be responsible for
the pathogenesis of BD by activating T-cells and neutrophils [115].

On the other hand increased frequency of low producer 1082GG genotype of IL-10
(an anti-inflammatory cytokine) in BD patients may not suppress the TNF-a- activ-
ity and resulting inflammatory responses, as IL-10 is known to limit the secretion of
pro-inflammatory cytokines, such as TNF-a and IL-12 [70]. Moreover the deficiency of
IL-10 and resulting prolonged activation of mononuclear cells may lead to an augmented
efflux of inflammatory cytokines and further aggravate the severity of BD asIL-10 isa
multi-functional cytokine with role in diverse areas of the human immune system [116].

The information regarding the association of various gene polymorphisms will
have prognostic value for future clinical observations. Especially the data of TNF-a
(—308) polymorphism will provide guideline in anti-TNF-o therapy as patients with
GG genotype are better responders to anti-TNF-o treatment than those with AA
or GA [117, 118]. However, such genetic associations with BD susceptibility need
further validation and investigation in more patients with BD from various ethnic
populations, as they may have implications for the development of novel therapies
as suggested by Xavier et al [78].

Population Case/controls Genotype/allele Association Reference

Turkish 97/127 T/C-G/C Susceptible [53]

Iranian 150/140 CcC Susceptible [28]
Table 15.

Association of TGF-1 (509 C/T) polymorphism with BD susceptibility.

12. Conclusion

In spite of recent advances in genetics and immunology leading to a better under-
standing of the immunopathogenesis, the etiology of BD is still unclear. Various
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genetic, immunological and micro- and macro-environmental factors are believed
to be involved in the development of BD. The HLA-Bx51 allele and variants in IL-10,
TNF-a, TGF-p and at the IL-23-IL-12RB2 loci are the genetic factors most closely
associated with BD. The variations in the association between various polymorphisms
discussed and BD in different ethnicity/populations may reflect the heterogeneity in
the genetic susceptibility to this disorder. Since the clear pathogenesis of BD remains
to be elucidated, it is highly suggestive that multiple host genetic factors are involved
in the development of BD. Therefore, further genetic studies on BD patients of
different ethnicity and genes associated with immunity are expected to elucidate BD
pathogenesis and also to contribute to the development of more targeted therapies
and biomarkers.
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Abstract

Interleukin-21 (IL-21) is produced by activated T cells and it plays many diverse
roles by regulating the functions of normal and abnormal cells. Its roles include
regulation of proliferation, promotion of immune system and activation of apop-
tosis in B cells. IL-21R is a type-1 cytokine receptor and belongs to the IL-2R and
IL-15R family. The signaling mechanisms of IL-21 in different cell types have been
identified. However, we know less about the biological effects of IL-21 and its sig-
naling mechanisms in leukemia cells and monocytes. In this chapter, we will focus
on IL-21’s biological effects and signaling pathways as well as discuss the potential
implications and applications of IL-21 in leukemia cells. In these cells, IL-21 does
not promote proliferation but enhances apoptosis and chemotaxis. Furthermore,
IL-21 promotes differential expression of many cytokines including interleukins
and chemokines. IL-21 activates both the Raf-ERK-MAPK and the Jak/STAT
signaling pathways. These pathways mediate some of the effects of IL-21. Lastly,
IL-21 also promotes activation of the STAT3 promoter and other transcriptional
factors. These findings may be relevant to IL-21’s potential clinical implications and
applications.

Keywords: IL-21, Leukemia, monocyte, ERK, Jak/STAT

1. Introduction

Interleukin-21 (IL-21) was first identified in 2000 through screening of a cDNA
library from CD3+ human T cells [1]. Subsequently, the investigators identified a
specific clone as containing pro-proliferative effects that was sensitive to neutraliza-
tion by the soluble IL-21R. Later investigators characterized this clone as a factor,
which was subsequently renamed IL-21 [2]. The sequence of this new cytokine
gene has an open reading frame that encodes for a 163 amino acid peptide, later
confirmed as IL-21. Matured IL-21 is 15 kDa and it has four helix bundle cytokine
domains and two pairs of cysteine residues showing significant homology to IL-2,
IL-4, IL-15 and GM-CSF [2-4]. Based on these structural characteristics, [1] IL-21
was placed in the IL-2 family. The IL-21 gene is located at chromosome 4q26-27 [1]
and found to be approximately 180 kb from the IL-2 gene. In contrast, the human
IL-15 gene is located on chromosome 4q31. Clearly, there is some commonality
regarding the organization, gene structure, and location of these cytokines [1].
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Human IL-21 has 62% homology with murine IL-21 in addition to their two pairs
of cysteine residues and well conserved WSEWS motif [5] even though the murine
IL-21 gene is located on chromosome 3 [1].

Initial report indicated that IL-21 is produced exclusively by CD4+ T cells during
their response to stimulation by anti-CD3 and anti-CD8 antibodies [6]. However,
other cell types are known to produce IL-21 [2-5]. IL-21 has effects on many cell
types including human leukemia cells and human monocytes [2-7]. The IL-21
receptor (IL-21R) is expressed on both CD4+ and CD8+ T cells in which IL-21
stimulates proliferation [1]. In addition, IL-21 promotes allogeneic-specific prolif-
eration of lymph node T cells, enhances cytolytic activity, induces IFN-y production
inT cells [2, 3] and enhances clonal expression of antigen-activated T cells [5, 6].
IL-21 also enhances naive OT-1 cell response, enhances the affinity of the antigen-
specific CD8+ T cells, and regulates the functions of both T cells and B-lymphocytes
[1, 6, 7]. It also plays important roles in B cell proliferation, differentiation and
class switching [8]. IL-21 causes induction of apoptosis of resting primary B cells
via downregulation of anti-apoptotic factors, Bcl-2 and Bcl-xL [9] an effect which
differentiates IL-21 from other members of the IL-21 family known to promote
proliferative and survival [2, 3, 7, 8].

In B-chronic lymphocytic leukemia cells (B-CLL) IL-21 enhances production
of granzyme B, which mediates B-CCL apoptosis when these cells were co-treated
with IL-21 and CpG oligodeoxynucleotide [9]. Thus, IL-21 has anti-proliferative
effects on B lymphoma cell line [3, 10, 11] suggesting that IL-21 has potential
anti-tumor activity against B-cell malignancies. IL-21 enhances transcription of
genes that encode IL-21R, and IL-18R, all of which are involved in innate immunity
[10-13]. IL-21 expression is Ca**-dependent and that the IL-21 gene has three NFAT
binding sites, which may be involved in regulation of the IL-21 gene promoter
function by calcium ionophore [14]. In contrast to its known anti-proliferative
effects [9, 10, 12, 13], IL-21 promotes growth, survival and induces DNA synthesis
in human myeloma cell lines via Jak1/STAT2/3 mechanism [12]. In B cells, co-stim-
ulation by IL-21 leads to three effects: growth arrest, apoptosis or growth [12-16].
Furthermore, IL-21 promotes maturation of NK cells [14], enhances differentiation
of NK cells via co-stimulation with either IL-2, or IL-15 or IL-18 and regulates the
functions of many different cell types [17-20].

IL-21 receptor (IL-21R) was first discovered in 2000 [1, 2] by investigators who
identified a clone structure from the human chromosome 16p11 that led to their
discovery of a protein of 538 amino acids [9]. This protein of 60 kDa was later iden-
tified as the type 1 receptor with about 62% homology to the IL-4 receptor (39 kDa)
whose gene is located on chromosome 16 [1, 16]. The IL-21R has two subunits, alpha
and gamma and it is expressed in B cells, T cells, dendritic cells, NK cells, myeloma
cell lines, lymphoma cell lines (IM-9, NK-92 and Jarkat cells), and lymphoid tissues
including spleen and thymus in both CD4+ and CD8+ T cells [17, 18]. IL-21R is
upregulated upon T cell receptor activation [17, 18]. IL-21R is also expressed and
upregulated in epidermis of systemic sclerosis patients [18]. IL-21R has two pairs of
conserved cysteine residues in its extracellular domain and a WSXWS motif proxi-
mal to its transmembrane domain. In addition, it has two Box 1 and 2 motifs, which
serve as docking sites for cytoplasmic Jak kinases involved in transducing cellular sig-
naling from the IL-21R [21-25]. The y-chain of IL-21R is an essential component of
the IL-2 family of receptors that is critical for signaling as anti-yc antibodies blocked
B cell proliferation induced by IL-21 and CD4’, indicating that the gamma chain is
involved in IL-21R signaling mechanisms [25, 26]. Furthermore, the Jak inhibitor
WH-P131 blocked IL-21-induced proliferation of BaF3 cells via IL-21R confirming
arole for Jak3 in IL-21R signaling. In addition, inhibition of the IL-21yc subunit by
monoclonal antibody blocked IL-21-induced activation of Jakl, Jak3, and STAT1,
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STAT?2, STAT3 and STATS thus further supporting a critical role for IL-21 yc subunit
in IL-21 signaling [26].

IL-21R associates with BCL-6 translocation in B cell lymphomas and expression
of IL-21R is upregulated by CD4° leading to transduction of pro-apoptotic signals
[27, 28]. In addition, IL-21R plays important roles in immunoglobulin produc-
tion and decreased in IL-21R expression is associated with decline in normal
antibody production [28]. Furthermore, there is a decrease in IL-21R expression
on B-lymphocytes in patients with systemic lupus erythromatosis (SLE) [29].
IL-21 synergizes with IL-15 to induce expansion of NK cells [1] and synergizes
with IL-15 and IL-18 to upregulate IFNy mRNA synthesis and production in NK
and T cells. IL-21 also synergizes with IL-15 to promote proliferation of memory
and naive CD8+ [18], Furthermore, IL-21 has positive effect on tumor regression
in B16 melanoma cells [24] as well as synergizes with IL-15 to delay CD11b bone
marrow cell apoptosis [30]. In addition, IL-21 augments proliferation of IL-6-
dependent human myeloma cells expressing IL-21R and synergizes with TNF to
enhance myeloma cell mitogenesis [3, 13]. These synergistic effects of IL-21 led to
consideration of IL-21 as a potential therapeutic agent for many cell malignancies
[30]. In contrast to its synergetic effects, IL-21 antagonizes IL-4’ ability to induce
isotype switching in B cells from IgM to IgG and inhibits IFN-y production by Thl
cellsan [31, 32].

In BAB/C mice undergoing immunization, IL-21 caused reduction in antigen-
induced eosinophil recruitment into the airway of the mice without affecting
antigen-induced lymphocyte and macrophage recruitment [30]. However,
another study [33] showed that IL-21 causes a decrease in antiovabumin IgE and
IgG production, implying that IL-21 has anti-inflammatory effects in asthmatic
patients and could serve as a potential therapy against asthma. The role of IL-21 in
Crohn’s disease (CD) has been reported [34]. Since Steven Rosenberg and his team
[35] reported that IL-2 has anti-tumor in cancer patients, there has been extensive
interest on whether members of IL-2 family of cytokines could generate similar
effects. Subsequently, there are many reported that IL-21 alone or in combination
with other cytokines produces anti-growth effect in various animal cancer models
and on a variety of solid tumors including tumors without IL-21R [11, 36]. IL-21
is essential for IFN-y induced expression of CXC chemokines, known to inhibit
tumor angiogenesis. In addition, IL-21 induces tumor rejection by specific CTL
and IFN-y-dependent CXC chemokines in synergistic manner [37]. This anti-
tumor effect of IL-21 is independent of the systemic cytokine release by known
inflammatory mediators like IFN-y, IL-4, IL-10 and IL-12 [38]. Either alone or
in combination with IL-23, IL-21 exhibits strong anti-tumor and anti-metastasis
effects in kidney renal cell carcinoma in BALB/C mice and in human esophageal
carcinoma tumors [39, 40]. Similarly, combination treatment with IL-15 and
IL-21 promoted nearly 100% rejection of head and neck squamous cell carcinoma
(HNSCC) in 30% of the experimental animals [41, 42], indicating potential role
of IL-21 and IL-15 in minimizing transfection of animals with HNSCC [41, 42].
Similar reports in metastatic lymphoma animal models have indicate that IL-21
can act with other cytokines in combination therapy in the treatment of metastatic
lymphoma tumors [43]. IL-21 enhances the synthesis of MIP-3a, a T cell chemoat-
tractant and induce chemotaxis in intestinal epithelial cells (HT-29), indicating
that IL-21 enhances immune cell response and could serve as an effective addition
to cancer immunotherapy [43-45].

Our rationale for examining IL-21 effects in human myeloid monocytic leuke-
mia cells and monocytes was based on the observations that IL-21 plays relevant
roles in many types of cancer including solid tumors and lymphoma [36-43, 45].
However, little is known about the biologic effects of IL-21 in leukemia cells. In
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addition, while the signaling pathways of IL-21 in many cell types are known, not
much is known about the signaling pathway utilized by IL-21 in leukemia cells and
monocytes. Furthermore, knowledge on potential cytokine induction ability of
IL-21 in leukemia cells and monocytes was lacking. Our earlier preliminary report
indicates that STAT3, Smadl, Smad2, and Smad3 are regulated by IL-21 in U937
leukemia cells [46]. Additionally, IL-21 activates Jak/STAT and MAPK pathways in
different cell types [47]. Therefore, the main purpose of our study was to determine
the biological effects of IL-21 in human U937 leukemia and monocytes and to gain
more insight into whether the Jak/STAT and MAPK-signaling pathways mediate
IL-21’s specific biologic effects in these cells.

2. Materials and methods

U937 myeloid monocytic leukemia cells were obtained from ATCC and cultured
in RPMI-1640 media containing L-glutamine and supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Atlanta Biological. GA) in the presence of
5 U/ml penicillin +50 U/ml of streptomycin (Invitrogen, CA). The cultures were
maintained in 5% CO; at 37°C and 100% humidity. HeLa/STAT3-luc cells were
created by coOtransfection of pSTAT3-luc and pHygromycin into human cervical
epithelial HeLa cells. These cells were maintained in the same culture in the pres-
ence of 100 pg/ml of hygromycin B (Roche, NJ) [7].

2.1 Monocyte isolation

Human PBMC were isolated from anonymous health individuals (NY Blood
Center, Long Island, NY) by Ficoll gradient centrifugation at 400 x g for40 minutes
at 20°C followed by Percoll gradient (GR Health Care, Piscataway, NJ) [7]. The
mononuclear cells were recovered in RPMI media supplemented with 10% FBS,
100 pg of streptomycin per ml and 100 U of penicillin per ml. The white blood cells
were layered onto plastic dishes and allowed to adhere at 37°C for 90 minutes to
allow the suspended cells to adhere. At the end of the incubation period, the non-
adherent cells were carefully discarded and the adherent monocytes were carefully
removed and suspended in culture media. The monocytes were about 95% pure
based on positive staining for CD14 marker.

2.2 Western blotting detection of proteins and phosphoproteins

Sixty million (6 x 10°) U937 leukemia cells or monocytes were untreated
(control) or treated with IL-21 (50 or 100 ng/ml) in a time course (2, 5, 15,
30, 60 minutes) experiments [48, 49]. At the end of the time course, the cells
washed 2x with PBS and collected as pellet by centrifugation at 1800 rpm for
3 minutes. The cell pellets were washed two times with cold PBS and lysed in 500
pl of lysis buffer A (containing protease inhibitors, 0.5% Triton X-100, 50 mM
NaF and 2 mM Vanadate) as described in [7]. Total cell lysate protein concentra-
tion was determined by Coomassie Blue Protein Assay Kit (Pierce, IL). Equal
amount of lysate proteins (120 pg per sample) was resolved by 12% polyacryl-
amide gel electrophoresis followed by transfer of the proteins to membrane
and blotted against specific antibodies to total Jak2 or Jak3 or Tyk2 or p-Jak2
or p-Jak3 or p-Tyk2 as previously described [7]. The immunoblot band intensi-
ties were scanned via spot densitometry analysis for quantitation and scanned
intensity values from the IL-21 treated samples were compared to the intensity in
the untreated samples.
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2.3 Detection of IL-21R on U937 Leukemia cells and monocytes

Twenty million cells (20 x 10° cells) untreated or treated with 50 ng/ml of IL-21
for 24 hours were lysed in lysing buffer and protein the concentration was deter-
mined by Coomassie Blue protein determination assay kit [50]. Exactly, 200 pg/lane
of total cell lysate was separated by 15% polyacrylamide gel electrophoresis and
the proteins were subsequently transferred to nitrocellulose membrane. Following
blocking of the background on the membrane, for detection of IL-21R, the nitrocel-
lulose membranes containing transferred protein bands were incubated with 1:1000
dilution of IL-21 receptor primary antibody (Novus Biologicals) at 4°C in blocking
buffer (TBS, 0.1% Tween 20, 5% nonfat dry milk) for 1 hour. Next, the membrane
was washed 3x in water and incubated in milk blocking buffer containing 1:3000
dilution of goat anti-rabbit IgG HRP antibody (Amersham, CA) for 1 hour at room
temperature. This was followed by washing with TBS buffer containing 0.5%
Tween 20. Finally, the membrane was incubated for 1 minute with enhanced chemi-
luminescence (ECL) solution and exposed to Kodak film and band intensities were
scanned via spot densitometry analysis.

2.4 Detection of Jak1 activation by Jak1 ELISA

To detect Jakl by ELISA, 96 well plates were pre-coated with 10 pg/ml poly
lysine for 30 minutes [51]. U937 cells were seeded at 20 x 10%/well in 96 well
plates and incubated in serum free medium overnight. Subsequently, the cells
were either untreated or treated with 50 or 100 ng/ml of IL-21 for 2, 15, 30 or
60 minutes followed by rapid removal of the culture medium by aspiration. The
cells in the wells were fixed with 100 pl of 8% formaldehyde in PBS for 20 min-
utes at room temperature. After removal of the formaldehyde all the wells were
washed three times with 200 pl of wash buffer (0.1% Triton X-100 in PBS). After
washing, 100 pl of quenching buffer (wash buffer with 1% hydrogen peroxide
and 0.1% azide) was added to each well and incubated for 20 minutes at room
temperature. Then, the wells were washed two times with wash buffer followed
by incubation of the wells with 100 pl of antibody blocking buffer for 1 hour at
room temperature. After removal of the antibody blocking buffer the wells were
washed with 200 pl wash buffer followed by addition in 40 pl of diluted specific
p-Jakl or total Jakl antibody. The wells were covered with parafilm, and incubated
overnight at 4°C. The primary antibodies were removed by aspiration, and wells
were washed three times with wash buffer. Next, 100 pl of diluted secondary
antibody (goat-anti-rabbit HRP) was added to each well and incubated for 1 hour
at room temperature with head-to-tail shaking. After the incubation, the second-
ary antibody was removed and wells were washed three times with wash buffer
and once with PBS. The wells were aspirated to remove all traces of liquid, and
100 pl of developing solution was added to each well. The wells were incubated
for 15 minutes at room temperature, while monitoring the color development.
Thereafter, 100 pl of stop solution was added to each well. Lastly, absorbance was
read at 450 nm using a microtiter plate reader. Experiments were conducted in
triplicate.

2.5 STAT/DNA binding assays for detection of STAT activation by IL-21
To determine whetherIL-21 induces activation of STAT proteins, untreated and
IL-21 treated U937 leukemia cells from time course experiments for specific STAT/

DNA binding assays using the STAT transcription factor assay kits (Active Motif,
Chemicon) [52, 53]. Following stimulation of cells with IL-21, we used the kit to
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monitor the activation or repression of several STAT proteins. The experiments
were performed in triplicate.

2.6 Cell cycle analysis for cell growth

U937 cells (1 x 10°) were either untreated or treated with 50 ng/ml of IL-21 for
24 or 48 hours [54, 55]. The cells were packed by centrifugation at 325 x g for 5 min-
utes, washed with cold PBS and suspended in 200 pl PBS. The cell suspension was
mixed with 500 pl of ice cold ethanol and incubated on ice for 30 minutes. Next, the
cells were harvested by centrifugation at 325 x g for 5 minutes and the pellets were
suspended RNAse solution (containing 1 mg RNAse/ml in 0.2 M sodium phosphate
buffer, pH 7.0) and 50 pl of propidium iodide (PI) solution (0.5 mg PI/ml in water).
The samples were incubated at room temperature for 30 minutes. The tubes con-
taining the cell suspensions were wrapped in aluminum foil and stored overnight at
4°C for equilibration. The cells were subjected to FACScan analysis using Cell Quest
Pro (Becton Dickinson Immunocytometry system) and ModFitLT (v3.1, Versity
Software House, Inc) to obtain GO, G1, S, and G2M population. For each analysis
only single cells were analyzed. The data acquisition was set to collect a minimum
of 104 cells within the single region established for each specimen using FL2-A vs.
FL2-W plots. Data was analyzed using FL2-A. After establishing optimum condi-
tions for data analysis, instrument settings were maintained constant throughout
for all analysis.

2.7 Cell proliferation assays

To determine whether IL-21 stimulates cell proliferation in U937 cells, 6 x 10°
cells were either untreated or stimulated with 100 ng/ml of IL-21 for up to 48 hours
[56]. The cells were harvested at 24 or 48-hour time point. Aliquots of the harvested
cells from each time point were diluted into 0.4% trypan blue/PBS solution at a
ratio of 1:10. The cells were counted in triplicate and the average was recorded as the
cell number for each sample. To validate the results of the trypan blue cell prolifera-
tion assay we performed MTT assay. Briefly, 6 x 10° cells were untreated or treated
with 100 ng/ml of IL-21 for 24, 48 or 72 hours in 96 well plates. Next, we added 100
pl MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to each
of the wells. The plates were incubated at 37°C to permit reduction of the MTT by
the electrons from the viable cells. Four hours later, the MTT formazan produced
in wells containing live cells appeared as black, fuzzy crystals at the bottom of the
wells. Next, we added isopropanol and HCI (100 pl) to each of the wells and mixed
thoroughly. After 1 hour, the absorbance of stable blue color developed in the upper
phase of the cell pellets (indicative of cell viability) was measured in a microplate
reader at 750 nm.

2.8 Caspase9 and Caspase3 activity assays as evidence for apoptosis

To determine whether IL-21 induces apoptosis in human U937 leukemia cells
and human monocytes, we performed caspase9 and caspases3 enzymatic (colori-
metric) assays in cell lysates from untreated and IL-21 treated cells. Leukemia cells
(10 x 10°) and human monocytes (10 x 10%) were pretreated with orthovanade
(5 mM) for 30 minutes [57-59]. The cells were either untreated or treated with
100 ng/ml of IL-21 for 24 or 48 hours. The cells were lysed in RIPA buffer, and total
lysate protein concentration was determined as indicated above. To assess the lysate
for caspases activities, 20 pg total lysate protein from each sample was added to
each experimental assay well. For positive caspase activity, we used 20 pg of total
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cell lysates from U937 or monocytes treated with sodium butyrate, which is a strong
inducer of apoptosis. Caspase9 and caspases3 activities were measured using spe-
cific assay kits (MBL International, Woburn, MA) using specific substrate (p-LEHD
conjugate) for caspases9 and caspases3 (DEVD-pNA) respectively. The absorbance
was read at 405 nm with microplate reader.

2.9 Chemotaxis assay

To determine whether culture medium from IL-21 causes chemotaxis, we placed
culture media from untreated U937 cells or from U937 leukemia cells treated with
IL-21 for 24 hours in the lower chamber of the Boden Chamber to serve as chemoat-
tractant [60]. Human monocytes ((2 x 10°) suspended in RPMI medium) were placed
in the upper chamber. After 2-hour incubation in the Boyden Chamber, monocytes in
both the lower and upper chambers counted as instructed by the kit supplier.

2.10 Luciferase assay

To determine whether IL-21 modulates Stat3 promoter function, we per-
formed STAT3-Reporter gene analysis [61, 62]. STAT3-Reporter HeLa stable cells
(Panomics, CA.) placed in 96 well plates for overnight incubation. The cells were
either untreated or stimulated with different concentrations of IL-21 for different
time points up to 24 hours. In some cases the cells were stimulated with different
concentration of IL-21 (0.2, 5, 10, 12.5, 50, 75 or 100 pg/ml) for to 8-24 hours. As
a positive control for the STAT3-Reporter gene activation, we treated some of the
cells with Oncostatin M (Sigma, St. Louis) separately. At the end of the treatments,
the medium was aspirated and the cells washed two times with PBS. The cells from
each well were lysed in 100 pl lysing buffer and equal amount of protein in 20 pl
of the lysate were added to 100 pl of Luciferase Assay Reagent (Promega) and
the luciferin expression (as indicated by light production) was measured with a
TD-20/20 luminometer.

3. Results

3.1 Effects of IL-21 on cell proliferation and apoptosis in both human leukemia
cells and human monocytes

To determine whether IL-21 stimulates cell proliferation in myeloid monocytic
leukemia cells, we performed proliferation assays on untreated and IL-21 treated
leukemia cells. As shown in Figure 1a, IL-21 does not stimulate cell proliferation in
human U937 myeloid monocytic leukemia. These cells express IL-21R. Therefore,
it was surprising that IL-21 did not promote proliferation as indicated by the
outcomes of both the trypan blue and MTT assays in cells treated with IL-21 for
up to 48-hours. Furthermore, our results from cell cycle analysis (Figure 1b) show
that IL-21 does not promote cell cycle progression during a 48-hour treatment.

In contrast, IL-21 enhances accumulation of the leukemia cells at GO/G1 phase
(Figure 1c), suggesting IL-21-induces apoptosis in the leukemia cells. This obser-
vation was validated by the results from specific caspase9 (Figure 2a and b) and
caspases3 enzymatic assays (Table 1). As can be seen, IL-21stimulates several fold
activation of both caspases9 and caspases3 activities in the IL-21 treated U937 cells.
IL-21 produced far less apoptotic effect in monocytes as compared to the control
(untreated) cells. The ability of IL-21 to stimulate apoptosis shown here is similar to
an earlier reportin B cells [17].
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Figure 1.
(a and b) Effects of 1l-21 on U937 leukemia cell growth.

3.2 Effects of IL-21 on cytokine and chemokine expression and ERK1/2 activity
in human leukemia cells and monocytes

In our earlier reports [7, 46] we should that in both U937 leukemia cells and
monocytes, IL-21 promoted time-dependent differential expression of several cyto-
kines in the order of induction: IL7 > IL-15 > IL-2, IL-1, IFN-y, TGFp > GM-CSF and
chemokines in the order: IL-8 > RANTES, IP-10 > MIP-1a > Eotaxin. Similar results
were found in monocytes although to different extent. Furthermore, IL-21 triggers
rapid phosphorylation of ERK-1/2 between 2 and 60 minutes in both leukemia cells
and monocytes. IL-21-induced ERK1/2 phosphorylation is associated with ERK-

1/2 enzymatic activation. The stimulatory effect of IL-21 on ERK-1/2 activation is
significantly blocked by a neutralizing antibody against the IL-21R or impartially
inhibited by the MEK inhibitor U0126 [7]. These results show that IL-21-induced
interleukin and chemokine expression is partially mediated by ERK-1/2-dependent
pathway.

3.3IL-21 utilizes Jak-STAT signaling pathway

Next, we investigated whether IL-21 activates specific members of the Jak/
Stat signaling pathway. Cell lysates from untreated cells or IL-21 stimulated cells
were analyzed by Western Blot analysis using monoclonal antibody against specific
members of the Jak/Stat signaling pathway. In some cases, we performed ELISA
assay using specific ELISA assay kit (Ray Biotech Life, Peachtree Corner, Georgia,
U.S.A) for specific members of the Jak/Stat signaling pathway [48, 49, 51, 63]. Our
results (Figure 3) indicate IL-21 causes differential activation of the Jak kinases.
Notably, Jakl and Jak2 are rapidly activated in response to IL-21 stimulation; maxi-
mum stimulation occurring within 2-5 minutes. Even though Jak3 and Tyk?2 are also
activated in response to IL-21, the effect is delayed with maximum stimulation by
IL-21 occurring at between 15 and 60 minutes. Because IL-21 stimulates significant
activation of the Jak kinases, we examined whether specific members of the Stat
family are also activated downstream of the Jak kinases. As shown (Figure 4), IL-21
differentially activates specific members of the STAT family. The order of activation
was STAT?2 > STAT4 > STAT6 > STAT3>. Clearly, IL-2 does not activate STAT1 and
STATS5. In order to determine whether Jak2 and or Jak3 is responsible for activat-
ing Stat3 and Stat4, we examined the effect of Jak2 inhibitor and Jak3 inhibitor on
STAT3 and STAT4 activation. Our results (Figure 5) show that in the presence of the
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Figure 2.

(a) Effect of IL-21 on cell cycle progression. (b) IL-21-induced apoptosis in U937 leukemia cells. Asterisk (*)
indicates significant difference between IL-21 treatment cells and untreated cells. (c) IL-21-induced apoptosis in
monocytes. Asterisk (*) indicate significant difference between IL-21 treatment cells and untreated cells.

Experimental condition U937 cells Caspase3 Monocytes Caspase3
(fold activation) (fold activation)

Untreated 1 1

Cells + IL-21 (24 hours) 53 2.0

Cells + IL-21 (48 hours) 8.2 25

IL-21-Induced apoptosis in U937 cells and human monocytes. Leukemia cells (1 x 106) Or monocytes (1 x 106) were
untreated (UT) or treated with 100 ng/ml of IL-21 for 24 or 48 hours and cell lysate from each experiment was
assayed for caspase3 activity. Data vepresents an average of two experiments.

Table 1.
IL-21-induced apoptosis in U937 leukemia cells and monocytes.

Jak2inhibitor, there is significant decline in both STAT3 activation. Clearly, our results
show that both Jak2 and Jak3 are responsible for STAT3 activation [63]. In contrast,
the Jak2 inhibitor and Jak3 inhibitor were only slightly effective in inhibiting STAT4
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(a) Effect of IL-21 on Jak1 activation. (b-d) Time course of IL-21-induced diffevential activation of Jak2, Jak3
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Figure 4.
IL-21 differentially activates STAT1, STAT2, STAT3, STAT4, STATS and STAt6.

activation. Hence, our results suggest Jak2 and Jak3may be involved in activating
STAT3 [63]. These observations led us to conclude that, Jak2, Jak3 and STAT3 may be
relevant for IL-21 induced signaling in leukemia cells and monocytes [63, 64].

3.3.1 Effect of IL-21 on chemotaxis: Role of ERK-1 and Jak/STAT proteins

In our previous report, we showed that IL-21 stimulates differential induction of
cytokine and chemokine expression [7, 40] and that the effect is partially dependent
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Figures.

Effect of Jak2 and Jakz inhibitors on IL-21-induced STAT activation. Asterisk (*) indicates significant
difference between IL-21 treatment alone and either IL-21 treatment in the presence of Jak2 inhibitor or Jak3
inhibitor.

on ERK1/2. Given that some of the chemokines including RANTES, MIP-1a could
induce chemotaxis, we determined if the ERK-1/2 and Jak/Stat signaling pathways
contributes to induction of chemotaxis. Therefore, we examined the effect of
pre-incubation of cells with either ERK1/2 inhibitor or Jak2 inhibitor or with both
prior to stimulation of the cells with IL-21 and assayed the cells for chemotaxis. The
results (Table 2) confirmed that both the ERK1/2 and Jak2 contribute significantly
towards IL-21-induced chemotaxis, suggesting that both pathways also contribute
to IL-21-induced cytokine and chemokines expression. Thus, IL-21 utilizes both
the ERK-1/2 MAPK and Jak/Stat signaling mechanisms for transducing its signal
downstream the IL-21R. Perhaps, applications of anti ERK-1/2 and anti-Jak kinases
agents could be relevant in blocking unwanted IL-21 effects in leukemia patients.

Experimental condition Chemotacxis (fold change)
Untreated 1

Cells + IL-21 63+0.2

Cells + U0126 + IL-21 35+0.3

Cells + AG490 + IL-21 25+01

Cells + U0126 + AG490 + IL-21 13+ 01

Cells + U0126 0.9

Cells + Ag490 0.8

Evidence of involvement of ERK-1/2 and Jak2 in IL-21-induced chemotaxis. U937 leukemia cells were either
untreated (UT) or treated with 100 ng/ml of IL-21in the presence of either MEK inhibitor (U0126) or Jak2
inhibitor (AG490) or with both inhibitors. The effect of the each inhibitor alone was determined. Cells were
incubated for 8 hours and culture medium from each experiment was placed in the bottom insert to serve as
chemoattractant to monocytes (2 x 10°) placed in the upper cup for Boyden Chamber chemotaxis assay. Data
represents the mean plus SD from three experiments.

Table 2.
Evidence of involvement of ERK-1/2 and Jak2 in IL-21-induced chemotaxis.
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Figure 6.
Effect of IL-21 on STAT3 promoter cloned upstream of luciferase gene in STAT3-reporter-stable Hela cells.
Asterisk (*) indicates significant difference between IL-21 treatment cells and untreated cells.

3.3.2 Effect of IL-21 on STAT3 promoter function

After showing that IL-21 regulates STAT3 phosphorylation and its DNA
binding activity, we were curious whether IL-21 is capable of regulating the
STAT3 promoter function. To address this question, we used a construct con-
taining the STAT3 promoter cloned upstream the Luciferase gene (pSTAT3-Luc)
in HeLa cells from human cervical cancer epithelial cells. We allowed cells to
recover overnight and divided them into equal number of cells. The cells were
either untreated or treated with different concentrations of IL-21 in time course
experiments up to 24 hours. Luciferase assay was performed to determine the
reporter gene function [61, 62]. The results in Figure 6 indicate IL-21 induces
a 2.5-fold increase in Luciferase activity in IL-21 treated cells as compared to
untreated cells. From these results, we conclude that in addition to posttransla-
tional regulation of STAT?3, IL-21 is able to activate STAT3 promoter function.
In addition, to STAT3 promoter regulation, we also noted that IL-21 regulates
activation of several transcriptional factors including AP-2, Smad3 and 4, Pax-5,
C-Myc, MEF-1 and CRE [46] that the effects of IL-21 were partially dependent
on STAT3 activation since siRNA knockdown of STAT3 led to inhibition of
IL-27’s effects. By activating these transcriptional factors, IL-21 has broader
regulatory roles that will likely impact on expression of genes downstream of
these transcriptional factors with potential implicating consequences on the
biology of different cell types.

4. Discussions

We have provided strong evidence that IL-21 does not promote proliferation
in U937 myeloid monocytic leukemia cells. We have made nearly similar observa-
tions in THP-1 and HL-60 leukemia cell lines. However, IL-21 strongly promotes
apoptosis in leukemia cells as has been reported for B cells [58]. In contrast,
monocytes are somehow resistant to the apoptosis inducing effects of IL-21. These
results are novel and could have interesting clinical implications and applications.
Activation of caspases9 and caspases3 by IL-21 reported here, could point to
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involvement of either extrinsic or intrinsic apoptotic pathway or both and warrant
further investigation. Currently, studies are underway to elucidate the potential
involvement of mitochondrial in the mechanism of IL-21-induced apoptosis in
these cells. Based on its ability to induce apoptosis in leukemia cells while sparing
monocytes, IL-21 could be considered as potential anti-leukemia agent to kill
myeloid monocytic leukemic cells [58, 59] or in combination with pro-apoptotic
agents such as butyrate [65]. Likewise, a combination therapy of IL-21 with other
cytokines such as IL-34, which promotes monocyte-like differentiation in leuke-
mia cells, could be beneficial as anti-leukemia agent [66]. The stimulatory role of
IL-21 in chemotaxis and invasion of cancer cells could be explored for develop-
ment of anti-IL-21 drugs to combat IL-21-mediated invasive cancers as previously
suggested [67-69].

In both leukemia cells and monocytes, IL-21 induces differential expression of
IL-2, IL-7, IL-15, GM-CSF, TGF-p and IFNy, which are known to regulate diverse
cell functions. IL-15 is an effective immunotherapy in conjunction with IL-2. TGF-p
induction by IL-21 is also very important since TGF-f is a regulator of cell growth
and differentiation in many different cell types. GM-CSF is a promoter of colony
formation during bone marrow hematopoietic differentiation as well as a stimulator
of specific cell-mediated cytotoxicity against tumor targets. IFNy and IL-7 are both
relevant for regulation of cellular functions [7]. Thus, some of the effects can be
beneficial in promoting immune defense in organisms in response to infection by
pathogens.

The chemokines including IL-8, RANTES and MIP-1a, secreted to the micro-
environment by leukemia cells and monocytes in response to IL-21 in leukemia
could trigger of chemotaxis [7] as well as mediate cell-cell communication [70].
The inflammatory and pro-inflammatory cytokines and chemokines produced in
response to IL-21 could enhance anti-body secretion and inflammatory responses
[71, 72], as well as promote inflammatory diseases including arthritis and SLE
[71-74]. Many of the cytokines induced by IL-21 in these cells could be relevant
for immunotherapy. In effect, IL-21 could emerge as an effective adjunct immuno-
therapy for many types of cancer via T-cell activation, thus leading to increasing
cytotoxic effects of NK cells [29]. However, we should not overlook the possibility
that some of the cytokines and chemokines induced by IL-21 could alter the tumor
microenvironment, enhance NK cell antitumor activity against MHC Class-I-
deficient tumors, enhance protection against enteric microbial infections, mediate
radiation-improved IL-21 cancer therapy, promote major oncological applications
and triggering detrimental side effects including inflammation in cancer patients
and Crohn’s disease [74-80].

Our study was first to provide evidence that activation of the Raf-MEK-MAPK
pathway by IL-21 is relevant for some of the biological effects of IL-21 in leukemia
cells and monocytes [7]. As shown, IL-21 induces rapid activation of ERK1/2, an
effect, which can either be blocked by a neutralizing antibody against the IL-21R or
by the MEK inhibitor U0126. Furthermore, our study outcomes suggest that inhibi-
tion of ERK-1/2 leads to significant reduction of IL-21-induced cytokine and chemo-
kine expression in leukemia cells and monocytes. However, inhibition of ERK-1/2
by the MEK inhibitor U0126 only partially abrogated IL-21-induced cytokine and
chemokine expression, suggesting involvement of signaling pathway (s) independent
of Raf-MEK-ERK-1/2.

The Jak/STAT signaling pathway plays major roles in the mechanisms of regu-
lation of cellular functions. Therefore, we examined whether specific members
of this pathway are activated by IL-21 in leukemia cells. Our results show that
IL-21 activates Jak2, Jak 3 and Tyk2, which are involved in activating several
STAT proteins including STAT2, STAT3, STAT4 and STAT6 in both U937 leukemia
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Figure7.
Proposed signaling model for IL-21 in leukemia cells and monocytes.

cells and human monocytes. Using pharmacological inhibitors specific to either
Jak2 or Jak3, we found that Jak2 and Jak3 play critical roles in mediating phos-
phorylation and activation of STAT3. Furthermore, the induction of chemotaxis
by IL-21 is dependent on activation of both ERK-1/2 and Jak2. Our study also
revealed that IL-21 activates Jakl and Tyk2 as well as STAT1, STAT2 and STAT4
similar to earlier reports [71-75]. Taken together, both the Raf-MEM-ERK1/2 and
Jak/STAT signaling pathways mediate IL-21-induced cytokine and chemokine
expression in leukemia cells and monocytes. However, we are yet to elucidate
the roles of STAT1, STAT2 and STAT4 in the biological effects of IL-21 in leuke-
mia cells and monocytes. It remains possible that some of these STAT proteins
activated by IL-21 in these cells will have opposing roles as reported in CD+ T
cells [75].

The involvement of both the Raf-MEK-ERK and Jak/Stat signaling pathways
in mediating signaling from the IL-21R and receptors of IL-2 and IL-15 is well
documented [76, 77]. However, our results were among the first to clearly implicate
both of these two signaling pathways in the mechanism by which IL-21 induces
expression of cytokine and chemokines in leukemia cells and normal monocytes.
These observations are interesting in view of the fact that both of these two
signaling pathways support cell survival and proliferation and yet IL-21 fails to
promote proliferation in the leukemia cells. Additionally, we have shown that IL-21
activates the STAT3 promoter suggesting that genes including anti-apoptotic and
pro-apoptotic genes with STAT3 promoter can be regulated by IL-21 in leukemia
cells. In addition, IL-21 regulates other transcriptional factors including Smad3/4,
AP-2, Pax-5, C-myc, MEF-1 and CRE via partial STAT3-dependent mechanism.
Asillustrated by our model (Figure 7) upon binding to its receptor, IL-21 activates
multiple signaling pathways, which are critical to the observed IL-21’s biological
effects in leukemia cells and monocytes.

The potential for IL-21 to play a role in immunotherapy including its role in
cancer therapy is extensively documented [77-82]. Our work points to the need to
expand research on IL-21 in different leukemia cells with the anticipation that the
outcomes will provide new ideas for exploring IL-21 in combination therapy for
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leukemia. Lastly, we propose that targeting the major pathways modulated by IL-21
could lead to new opportunities for treating leukemia.

5. Conclusion

Our findings indicate that both U937 leukemia cells and human monocytes
express IL-21R. In these cells, IL-21 induces differential expression of various
cytokines and chemokines and promotes chemotaxis. These biological effects of
IL-21 could be associated with either negative clinical implications or positive
clinical applications in leukemia patients. The Raf-MEM-ERK1/2 pathway and
the Jak-STAT pathway play critical roles in induction of cytokine and chemo-
kine expression by IL-21. Activation of the Jak2 and STAT3 is germane to these
effects. Furthermore, IL-21 activates apoptosis in U937 leukemia cells with little
or no apoptotic effect on human monocytes. The inability of IL-21 to induce
apoptosis in human monocytes while inducing significant apoptosis in leukemia
cells could form the basis for future application of IL-21 as a potential therapeu-
tic factor for various types of leukemia. Lastly, the ability of IL-21 to regulate
the STAT3 promoter function suggests that genes including pro-apoptotic or
anti-apoptotic genes with STAT3 promoter sequences are likely to be modulated
by IL-21.
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Abstract

The bacterial challenge on the periodontal tissues triggers an inflammatory reac-
tion, driven by pro-inflammatory cytokines, that eventually leads to the periodontal
structures’ damage. The pathogenic mechanisms of this inflammatory reaction are
complex and are influenced by the type of host-immune response and certain local
and systemic factors. These factors can influence periodontal inflammation, through
the action of the various pro-inflammatory cytokines. Periodontal disease and certain
systemic conditions can have a mutual association, as the pathogenic mechanisms
of these diseases can involve similar molecular and cellular elements. The concept of
‘periodontal medicine’ comprises these pathogenic connections, focusing on the key
role that periodontal health has on the general homeostasis and well-being.

Keywords: periodontal disease, cytokines, inflammation, systemic conditions,
associations

1. Introduction

Periodontal disease is defined as an immune, inflammatory disease with a
triggering bacterial factor [1]. Its initial phase is characterised by damage to soft
gingival tissue (inflammation of gums, gingivitis, plaque accumulation), fol-
lowed by degradation of the periodontium (chronic inflammation, colonisation by
periodontal pathogenic anaerobes) and the surrounding connective tissue matrix of
teeth, along with alveolar bone loss, local citrullination, bone resorption and rapid
loss of teeth, in the destructive phase [2].

It is considered a multifactorial disease with progressive evolution and patho-
physiological mechanisms that involve the association of environmental factors
(smoking, stress), microbial factors (several bacterial species, for example,
Porphyromonas gingivalis, Treponema denticola, Tannerella forsythia, Aggregatibacter
actinomycetemcimtans), and genetic polymorphism (human leukocyte antigen-
antigen D, HLA-DR, HLA-DRBI; IL-1, IL-6 and IL-10 gene polymorphism) with
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the inflammatory and immune response (both innate and adaptive immunity) of
the host (Table 1) [3, 4]. These mechanisms will lead to defective host defences,
which will contribute to changes in tissue homeostasis, inflammation and bone loss,
the main features of periodontal disease (Figure1) [2].

General Type Specific function Periodontal implication
function
Pro- IL-1p Increases production of other Key role in the pathogenic
inflammatory pro-inflammatory mediators (PGE2, processes; enhances alveolar
IL-6); stimulates neutrophil activity bone-resorption; fuels the
inflammatory reaction

IL-1a ‘Alarmin’ for tissue damage and Enhances alveolar bone-
immune system; interacts with resorption by signalling
TNF-a; induces protease synthesis the presence of bacterial

antigens and enhancing the
inflammatory response

IL-6 Regulates cell growth and Impairs osteoblast growth and
differentiation: osteoblasts, Band T function; increases osteoclast
lymphocytes formation from monocytes

IL-18 Increases neutrophil activity and Influences lymphocyte Th1/
interferon gamma production Th2 differentiation; interacts

with IL-1B

IL-33 Activates Th2 and mast cells; Induction of RANKL; induces
stimulates production of IL-5, IL-13 periodontal damage by
by Th2 cells stimulation of Th2 cells

TNF-a Major regulator of immune cells’ Stimulates damage (by
activity; involved in the acute phase osteoclasts) and prevents repair
reaction of periodontal tissues (by

fibroblast death); starts IL-1p,
PGE, synthesis

PGE, Increases production of other pro- Contributes to bone resorption
inflammatory mediators (MMPs); by increasing osteoclast activity
induces fever

MMPs Enzymatic degradation of collagen Periodontal damage by

(-1, -8, (and other extra-cellular matrix impairment of collagen type

-9) proteins). Stimulated by IL-1f and I production and degradation
TNF-a. Influences immune cell of structural collagen; causes
migration and adhesion activation of osteoclasts and

damage to connective tissue
Anti- IL-1Ra Inhibits IL-1p, IL-1a activity by Limits alveolar bone-
inflammatory preventing cellular signalling resorption; regulates response
to antigens (LPS)

IL-10 Decreases cytokine production by Down-regulates periodontal
immune cells; reduces inflammatory inflammation by reducing
response cytokine synthesis in immune

cells

IL-4 Stimulates tissue repair and Decreases production of
regulates immunity; regulates Th2 cells, with important
differentiation of Th2 cells implications to periodontal

damage

TGF-p Enhances epithelial regeneration/ Stimulates gingival fibroblast
repair activity

Table 1.

Mediators’ role in general and periodontal inflammatory reactions [3].
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Figure 1.

Tl'gz periodontium and its inflammatory reaction in periodontal disease: a—bacterial plaque deposits;
b—gingival sulcus; c—inflammatory mediators (interleukins—ILs, matrix-metalloproteinases—MMPs, tissue
inhibitors of MMP—TIMPs); d—lymphocytes type B and T; e—polymorphonuclear cells; f—blood vessel;
g—macrophage cells; h—osteoclast cells; i—gingival epithelium; j—periodontal ligament; k—gingival
connective tissue; and l—alveolar bone.

Pathophysiological processes are explained by the participation of a wide range
of locally released soluble factors such as pro-inflammatory cytokines, prostaglan-
din E2 and reactive oxygen species, inflammatory mediators that can be highlighted
by various methods within gingival tissues and within the gingival crevicular fluid
(GCF) [5]. The association between elevated TNF-a and IL-6 concentrations and
disease activity was also highlighted [6]. It has been shown that IL-1f and inter-
feron-gamma (IFN-y) have elevated concentrations in active periodontal lesions
[7]. IL-12, a key-acting cytokine mediating Th1 differentiation, also implicated in
cell-mediated immunity, has been observed to stimulate pro-inflammatory proteins
involved in bone resorption [8].

A deficiency in the synthesis and release of anti-inflammatory cytokines can also
occur, like type Th2 cytokines (IL-4, IL-5, IL-13), IL-10 and transforming growth
factor beta 1 (TGF-p1), which confirms the existence of an imbalance between
pro- and anti-inflammatory mechanisms at periodontal level [9]. Along with TNF-a,
IL-1p and IL-6, the release of the cytokines IL-8, IL-11, and IL-17 has also been
revealed within GCF, which has potent osteoclastogenesis stimulating effects and
also reduces osteoprotegerin synthesis in osteoblasts and stromal cells [10].

Periodontal disease can be influenced by certain local factors, such as orth-
odontic therapy and the existence of coronal or prosthodontic restorations, and
by certain systemic diseases, this may interfere with the periodontal inflammatory
reaction, by means of pro-inflammatory cytokines. These diseases include diabetes
mellitus (type 1 and 2), cardiovascular diseases, rheumatoid arthritis and hepatic
and renal conditions. The interactions between periodontal tissues and their pathol-
ogy and these systemic diseases have been reunited under the concept of ‘periodon-
tal medicine’ [11]. Considering this concept, the chapter aims to exhibit the major
implications of cytokines into the pathogenic mechanisms of periodontal disease
and its local and systemic influencing factors.

2. Methodology

The design of the chapter has been created in order to reflect the role of cyto-
kines in periodontal pathogenic processes, as both local and systemic risk factors for
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periodontal disease have been taken into consideration. The information is divided
between the influence of local elements—orthodontic and restorative treatments,
and systemic ones—diabetes mellitus type 1 and 2, cardiovascular, rheumatic,
hepatic and renal diseases. Relevant scientific information has been sourced from
the existing scientific literature and structured so as to pursue the established
purpose of the chapter.

3. Local influences on the periodontal inflammatory reaction
3.1 Orthodontic influences

The orthodontic dental movement is the consequence of the application of
controlled mechanical forces on the teeth [12], the periodontal ligament (PDL)
being the one that mediates the task to which the teeth and the alveolar bone are
subjected and creates the conditions for the cells to participate in bone remodel-
ling [13]. Orthodontic forces distort the PDL matrix, causing the cellular form and
cytoskeleton configuration to change, with neuropeptides release from the afferent
nerve terminals [14], while the orthodontic forces can induce a biomolecular-level
release of growth factors, prostaglandins and pro-inflammatory cytokines as IL-1,
IL-6, IL-8 and TNF-a, that affect alveolar bone remodelling [15]. At present, the
molecular mechanisms underlying bone formation, induced by stretching forces,
are not fully understood [16]. The initial phase of orthodontic dental movement
always involves an aseptic acute inflammatory reaction [17], which lasts for 1-2 days
and is predominantly exudative, followed by a chronic, mainly proliferative process
[18] and increased release of cytokines [19], such as TNF-a, TNF-p, IL-1, PDGF,
INF-y and RANKL [15, 20].

Inflammatory cytokines are involved in all phases of inflammation during
orthodontic treatment [21]; pro-inflammatory and anti-inflammatory cytokines act
synergistically or antagonistically on each other [22]:

* IL;family: all 3 ligands of the IL-1 family (IL-1a, IL-1p, and IL-1RA) are
involved in bone metabolism and orthodontic dental movement [22], as well as
IL-1 gene polymorphisms [23]. IL-1f along with TNF-a is a key pro-inflamma-
tory cytokine in acute-phase inflammation [24]. IL-1p gathers leukocytes and
activates fibroblasts, endothelial cells, osteoclasts and osteoblasts in order to
stimulate bone resorption and to stop bone formation [25]. IL-1p is also a PGE
inducer and, along with mechanical stress, synergistically regulates the forma-
tion of PGs in periodontal cells [26]. The levels of IL-1p and PGE2 are higher in
the tension zones compared to compression zones, which supports the hypoth-
esis that during the initial stage of orthodontic treatment, this cytokine would
originate from osteoclasts in response to mechanical stress [27].

* IL-1RA acts by limiting the inflammatory conditions [28] mediated by IL-1
and bone resorption [22], and therefore positive correlations exist between
decreasing IL-1RA levels in GCF and faster bone resorption during orthodon-
tic dental movement and consequently a higher dental movement speed [29].

The tooth movement speed is influenced by stress and by levels of IL-1RA,
IL-1p and IL-1 gene polymorphisms from GCF. These factors provide a bet-
ter predictive model for the efficiency of dental movement: activity index

[AI = experimental (IL-1p/IL-1RA)/control (IL-1p/IL-1RA)], IL-1RA concen-
tration in GCF and IL-1p genotype [29].
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* ILg IL-6 hasa stimulating effect on bone remodelling and osteoclast formation [30]
and also in the inflammation associated with orthodontic dental movement [31].

* ILg IL-8 has a role in the neutrophils’ recruitment and activation in the pres-
ence of inflammation [32], in improving RANKL expression and consequently
in increasing the osteoclast production and their activation [33]. Immediately
after the application of mechanical forces, IL-8 has an increased level in both
pressure and tension zones [34], but later on, the stimulation of IL-8 secretion
only continues in the tension zones; this differential regulation probably plays
a major role in the initial stage of bone remodelling [34].

* TNF-a: TNF-a binds with macrophage colony-stimulating factors to induce
osteoclast differentiation [35].

* IFN-y: IFN-y increases during late stages of orthodontic dental movement [35],
controlling massive osteoclastogenesis [36] related to the increased volume of
trabecular bone [37].

The levels of cytokines in the GCF vary with the type and intensity of the applied
force, speed of tooth movement, the age of the orthodontic device owner [24] and
growth [38]. Equivalent force systems during orthodontic dental movement induce
an individualised production of different cytokines [39]. Light continuous forces
tend to maintain relatively high levels of IL-1p [29], needed for the continuation of
periodontal remodelling, longer periods allowing a reduced frequency of reactiva-
tions [38]. A strong force may increase the risk of root resorption and hyalinization
of PDL and may also modify the cytokines’ level, causing unwanted tissue reactions
and the need for multiple reactivations [40]. The increase of IL-1p’s level in GCF, as
aresult of the increased applied force, was also associated with intense pain during
orthodontic dental movement [38], probably due to the correlation between IL-1f
and substance P [41]. Most studies did not detect differences between the levels of
cytokines in the tension and pressure zones [29, 34], probably due to the continuous
circulation of GCF in the periodontal ligament. Consequently, it can be concluded
that GCF cytokine levels cannot be specific indicators of periodontal remodelling in
tension and pressure zones [42].

External apical root resorption (EARR), secondary to orthodontic dental
movement, is a frequent clinical complication, and treatment variables, environ-
ment factors and/or inter-individual genetic variations may give susceptibility or
resistance to its occurrence [43]. Among pro-resorptive cytokines, IL-6 promotes
osteoclastic function [44] and amplifies the production of fibroblasts from gingival
fluid and periodontium [45], having increased levels in patients with severe dental
root resorption [46]. IL-7 acts indirectly on osteoclastogenesis by induction of
TNF-a [47]. The increase of IL-6, IL-7 and TNF-a level might be a sign of a continu-
ous remodelling of the periodontal tissues during the lag phase of tooth movement
and a mechanism of cellular prohibition [48].

Regarding anti-resorptive cytokines, the levels of IL-4 and IFN-y increase
closely following IL-1f’ elevation. This cytokine’s expression type may result
as an active combined remodelling of periodontal tissue, during the first stages
of dental movement and also of cellular prohibition mechanisms, preventing
activation and additional differentiation of osteoclastic cells [48] and suppressing
osteoclastogenesis, unlike T cells of RANKL that induce osteoclastogenesis [49].
Granulocyte-macrophage colony-stimulating factor (GM-CSF) is also an anti-
resorptive cytokine that prevents bone resorption together with IL-4, IL-10, IL-13,
IL-18 and IFN-y [50].
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3.2 Restorative influences

The interplay between periodontology and restorative dentistry exists on
many levels and functions, in both directions [51]. For example, interproximal
restorations, fixed prosthesis and artificial crowns can be involved in the occur-
rence and progression of gingival inflammation and periodontal destruction [51].
The presence of dental restorations or other appliance, near or below the gingival
margin, which reach deep into the gingival sulcus or within the junctional epi-
thelium, may induce localised inflammation that could lead to future periodontal
complications [51].

The most reliable mechanism by which the subgingival margins of restora-
tions lead to gingival inflammation and loss of attachment is the increase of
plaque accumulation. In these conditions, the rate flow of gingival fluid will
increase, because the gingival fluid protects oral tissues (including the junctional
epithelium) against the bacterial invasion, acting as a defensive barrier, within
the gingival sulcus [52]. IL-1, prostaglandin E2 (PGE,) and the elements that
affect collagen and bone (matrix metalloproteinases (MMPs)) that are detected
in gingival fluid can be used as possible indicators for the diagnosis of periodon-
tal disease and its progression [2]. The placement of restorative posts can induce
trauma to periodontal structures, mostly in the case of metallic posts and less for
the fibre ones, leading to periodontal inflammation [53]. IL-1 family cytokines
regulate the activity of other pro-inflammatory cytokines, such as PGE2 and
MMPs, their gingival fluid levels being proportionate with the degree of bone
loss [10].

The placement of the gingival margins of restorations depends on the posi-
tion of the decayed portion of the tooth and the extent of caries. The materials
used in restorations must not be injurious to periodontal tissues, as they should
have highly polished surfaces, the periodontium reacting to the roughness of the
material and its accumulation of plaque by inflammation. However, it has been
shown that the composition of restorative materials could also initiate periodon-
tal changes, by monocyte activation and changes of the gingival fluid levels of
cytokines [54]. It has been observed that periodontal inflammation can occur in
areas of the gingival tissue which are adjacent to ceramic, composite or amalgam
coronal restorations, even if there are no signs of bacterial plaque accumulation.
This may be explained by the stimulation of periodontal neurogenic inflamma-
tory reactions that is caused by these restorative materials. However, these find-
ings are controversial and require further research, as it has been reported that
only class V composite fillings can trigger such forms of gingival inflammation, in
the areas of their vicinity [55].

Ceramic materials have the lowest plaque retentive capacity, but inner materials
of porcelain-fused-to-metal (PFM) crowns can impact periodontal tissues [56].
Certain non-noble metals could have a negative impact on periodontal tissue (Ni-Cr
alloy, Co-Cr alloy). It seems that the Au-Pt alloy is least harmful for the periodon-
tium. The spaces between the margins of the restoration, as well as their contour are
other contributing factors to gingival inflammation and periodontal destruction,
referred to as iatrogenic factors. Restoration margins have been reported as key
factors for periodontal health [57]. Another feature referring to periodontal damage
is the dental impression that needs to offer a clear image and perspective of the pre-
pared teeth, the neighbouring teeth and the associated gingival tissue. Impressions
of tooth preparations with an elastic material that extends subgingivally could
damage soft tissues. In order to prevent this, the retraction cord is frequently used
during impression taking [58]. Successful restorative and prosthetic treatments
require a healthy periodontium, as a start point of therapeutic protocols [51].
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4. Systemic pathologic influences on the periodontal inflammatory
reaction

4.1Type 2 diabetes

The relationship between type 2 diabetes mellitus (T2DM) and chronic peri-
odontitis is bidirectional [59]. The deleterious effect of chronic hyperglycemia
on the occurrence and progression of periodontitis has been observed in patients
suffering from both diseases [59]. Among the factors involved in the pathogenesis
of periodontitis in patients with T2DM are the advanced glycation end products,
chronic inflammation, altered secretion profile of cytokines, decrease of the
immune response to infection and also the exacerbation of bacterial flora at peri-
odontal level [59].

Recent evidence has suggested the role of periodontitis in the pathogenesis of
insulin resistance, the adverse effects of periodontitis on glycemic control, and the
contribution to the occurrence and progression of chronic diabetic complications
[60]. The link between periodontitis and T2DM is potentially explained by the
increase of pro-inflammatory cytokines, such as IL-1p, IL-8, IL-6, TNF-a, IL-12,
and leptin and decrease of anti-inflammatory cytokines such as IL-4, IL-11, adipo-
nectin and fibroblast growth factor-21 [60, 61].

The assessment of cytokine levels within the gingival crevicular fluid indicated
that subjects with T2DM and chronic periodontal disease have significantly higher
levels of IL-1p, IL-6 and TNF-a than healthy participants with similar periodontal
conditions [59]. The levels of IL-8 within the gingival crevicular fluid and plasma
have been evaluated with contradictory results in the context of T2DM and chronic
periodontitis, multiple studies reporting that the IL-8 level is higher in patients with
T2DM and chronic periodontitis compared to non-diabetic subjects with or without
chronic periodontitis [60, 62].

The systemic inflammatory response depends on the ratios of pro-inflammatory
to anti-inflammatory cytokines. The patients with T2DM and chronic periodontitis
tend to have higher ratios of pro-inflammatory to anti-inflammatory cytokines
compared to periodontally and systemically healthy controls [63]. Thus, TNF-a/
IL-4, IL-1p/IL-4, IL-23/IL-4, IL-6/IL-4, TNF-o/IL-5, IL-17/IL-5 and IL-6/IL-5 ratios
were higher in T2DM patients with chronic periodontitis than in healthy subjects
[64].

The literature regarding the systemic plasma cytokine profile’s characteristics
in patients with T2DM and chronic periodontitis is not consistent. Some reports
indicated lower levels of cytokines, including IL-4, IL-5, IL-6, TNF-a, IL-16, IL-17,
IL-13, IFN-y, IL-2, IL-23 and IL-12 and higher levels of IL-8 in serum samples of
T2DM patients with chronic periodontitis than for the control group [60, 63]. There
are other studies showing that the systemic levels of some cytokines, such as IL-4,
IL-8, IL-6, IL-10 and TNF-a, did not differ between diabetic and non-diabetic
subjects with periodontitis [62, 64].

The improvement of glycemic control after periodontal therapy may be
explained by the fact that periodontal treatment relives the periodontal inflam-
matory reaction and further decreases systemic pro-inflammatory cytokines’
involvement in the pathogenesis of insulin resistance [65]. Reduction of the pro-
inflammatory cytokines such as IL-1p and IL-6 in gingival crevicular fluid and
improvement of glycemic control after periodontal therapy was reported in T2DM
patients [66]. Furthermore, a significant decrease in serum levels of IL-6 and
TNF-a and also a reduction of HbAlc in patients with T2DM were reported after
periodontal therapy, indicating the impact of periodontal intervention on periodon-
tal and systemic inflammation related to insulin resistance [65, 66]. Recent findings
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show that reducing periodontal inflammation by periodontal therapy may contrib-
ute to an increase of systemic anti-inflammatory cytokines, such as adiponectin and
fibroblast growth factor-21 levels, and to a decrease of leptin levels, thus improving
insulin sensitivity [65].

As high levels of pro-inflammatory cytokines have been reported at periodontal
level, associated with increased risk of destructive effects within the periodontal
tissues [67], it was shown that diseases characterised by insulin resistance like T2DM
are also associated with the increase of cytokines [68, 69]. Chronic periodontitis may
influence systemic cytokines in T2DM. The literature documents the role of cyto-
kines TNF-a, IL-1f, IL-4, IL-6 and IL-10 in chronic periodontitis and T2DM [70].

Pathogenic links between periodontal disease and diabetes involve elevations in
IL-1p [71], TNF-a, IL-6, RANKL-b, oxidative stress and Toll-like receptor (TLR)
expression. It has been demonstrated that prolific circulatory mediators have higher
levels in the association of diabetes with a form of periodontal disease, especially
TNF-a, C-reactive protein (CRP) and mediators of oxidative stress, which in turn
can affect the control of diabetes. Moreover, complete and correct periodontal
treatment can improve serum levels of CRP and TNF-« in patients affected by
diabetes [65, 72].

The release of inflammatory mediators that can be detected in GCF stimulates
the secretion of metalloproteinases, initiates bone resorption processes and plays an
important role in the evolution and prognosis of periodontal disease. Inflammatory
cytokine and chemokine levels in GCF decreased after initial periodontal therapy
[73]. In periodontitis, concentrations of pro-inflammatory cytokines TNF-a and
IL-8 increased not only in periodontal tissues [74] but also in serum samples [62].

4.2 Type 1 diabetes

The existence of a bidirectional relationship between periodontal disease and
type one diabetes (T1D) has long been considered [75]. Periodontal breakdown is a
pivotal aggravating factor for the health status in subjects with T1D, mainly because
this preserves a chronic systemic inflammatory condition, contributing therefore
to diabetic complications [75]. In fact, periodontitis has been considered to be the
sixth complication of diabetic disease, diabetic metabolic impairment being in turn
able to point toward a poor periodontal health status. Being not only a metabolic
misbalance, but also tightly associated to an important dysfunction of the immune
system, several facets of the systemic immune response, such as antigen challenge
or polymorphonuclear leukocyte and T-lymphocyte function are altered in diabetic
subjects [76].

Hyperglycemia can lead to immune system disorders; hence, the effects medi-
ated by cytokine alterations in patients with T1D might be significant. IL-1p levels
in gingival fluid and those of IL-6 in saliva have been correlated with glycosylated
haemoglobin [77]. The changes in the cytokine amount on the systemic level are
crucial in the pathogenesis of diabetes and can condition the islet cell turnover and
apoptosis, with subsequent disease progression toward devastating complications,
as macro- and microvascular modifications [78].

Regarding the involvement of cytokines in the immune-inflammatory response
in subjects with T1D and periodontal breakdown, the literature highlights the
enhancement of IL-1f, IL-6 and prostaglandin E2 in the gingival fluid of these
patients, compared to systemically healthy subjects, with comparable periodontal
alteration [79, 80]. The results on experimental murine models of induced diabetes
include data on a broader range of mediators: IFN (interferon), chemokines such
as macrophage inhibiting protein (MIP-2) and monocyte chemo-attractant protein
(MCP-1), most likely mediated via TNF-a [81].
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The importance of TNF for enhancing the immune response, generated by
bacterial plaque challenge, in T1D and T2D, has been experimentally shown for
murine models with chronic periodontitis, but without a clear relation between the
TNF-a levels found in oral tissues and those found in oral fluids of T2D periodontal
subjects [81]. Along with these pro-inflammatory mediators, research has also been
carried upon chemokines’ performance, growth factors and soluble adhesion mol-
ecules, which possess immune-regulatory capacity [79]. The simultaneous action of
multiple mediators in evaluating oral immune response in periodontal patients with
T1D has also been assessed [82].

Monocytes can have a hyper-inflammatory phenotype in patients with T1D, and
these cells are susceptible to the action of lipopolysaccharides (LPS) of the peri-
odontal bacteria, and respond through generation of increased amounts of IL-1,
TNF-a and PGE2, compared to non-diabetic subjects [79]. This inflammatory
phenotype of monocytes represents one of the relevant links between periodontal
pathogenesis and diabetes mellitus [79].

Research on other cell populations involved in mediating the immune response
advocates that T cells accumulation around insulin-sensitive cells is important in
metabolic changes correlated to diabetes, via their capacity to moderate macrophage
activity [83]. There are a number of distinct subclasses of T cells, with remark-
able plasticity, their role being strongly correlated to the local cytokine amount.
However, although important in maintaining the Th1/Th2 cell balance in the
pathogenesis and progression of periodontitis, data on the underlying mechanisms
and their role in homeostasis of periodontal status in patients with diabetes are still
to be elucidated [76].

Gathering the whole data related to the modulation of locally expressed media-
tors, the T1D-periodontitis association would be of particular relevance in the cura-
tive management plan, through conduction of long-term studies. Further research
is necessary to better understand the cytokine expression in periodontal disease and
type 1 diabetes.

4.3 Cardiovascular diseases

Cardiovascular disease (CVD) constitutes an extensive cluster of conditions that
deter the physiological function of the heart and/or blood vessels and includes (a)
coronary heart disease—angina/myocardial infarction; (b) ischaemic cerebrovas-
cular disease—transient ischaemic attack—TIA and (c) peripheral vascular disease.
In both cardiovascular disease and periodontal disease, a systemic inflammatory
overload is present in the organism, which can be exacerbated by factors such as
smoking, obesity or diabetes mellitus that eventually leads to an altered dishomeo-
static status [84]. Due to the ulceration and inflammation of subgingival epithelial
layer, oral pathogens and their by-products can access the blood stream, increasing
the risk and aggravating the evolution of any pre-existing heart disease [85].

Atherosclerosis is commenced by deterioration of the endothelial tissue of
vessels. Following impairment, endothelial pro-inflammatory signals drive not
only the expression of adhesion molecules such as E-selectin, ICAM-1, P-selectin
and VCAM-1, but also of IL-8 and thrombin that act as chemoattractants and
determine an upsurge in the aggregation of platelets and migration of leukocytes
[86]. Furthermore, these pro-inflammatory signals trigger the proliferation of
smooth muscle cells and the apoptosis of endothelial cells. In this context of
complex interactions, leukocytes migrate to the injured site and release additional
pro-inflammatory cytokines (IL-1a and B, IL-6, IL-17, IL-22 and TNF-a), reactive
oxygen species, as well as proteinases that break down the extracellular matrix of
the endothelium [87].
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High concentrations of low-density lipoproteins (LDL) in plasma accumulate
in the aortic wall beneath the intima layer of the endothelium and are oxidated into
oxLDL. Increased blood pressure activates endothelial cells which advocate the
activation of adhesion molecules that favour the migration of monocytes. In the
aortic wall, these cells transform into macrophages that absorb the oxidated LDL
and develop into foam cells filled with lipids. This circumstance further promotes
the dispersion of pro-inflammatory molecules which stimulate the invasion and
activation of supplementary inflammatory cells and facilitate their confinement in
the plaque, precipitating subsequent build-up of inflammation factors [88].

Periodontal microorganisms can alter the mentioned mechanisms by virtue of a
direct interaction (for example by the invasion of endothelial, smooth muscle cells,
leukocytes and platelets), but also an indirect interplay by stimulating the release of
paracrine factors that eventually affect normal cellular function [89]. In addition to
direct invasion, microorganisms can release products into the circulation and induce
pro-atherogenic responses in endothelial cells [90]. Research has highlighted that
vesicles pertaining to the outer membrane such as gingipains from P, gingivalis and
free soluble components deriving from A. actinomycetemcomitans cause irritation
to endothelial cells and promote inflammation [91]. Effusion of pro-inflammatory
cytokines (IL-1, IL-6 and TNF-a) and other chemokines from the affected peri-
odontal tissues leads to the generation of acute phase proteins (C reactive protein,
fibrinogen, amyloid A, etc.) by the liver [92]. As a result of this injury, the activation
of the adaptive immune system occurs as a typical response to chronic bacteraemia.
Pathogen-associated molecular patterns (PAMPs) of periodontal pathogens deter-
mine the production of antibodies and elicit a cross-response between endothelial
cells and the altered LDL to exacerbate the migration of lipids into cells inside the
blood vessel walls [93]. Antigen-presenting cells, for example, dendritic cells and
effector T lymphocytes, bear a substantial part in the generation of proatherogenic
cytokines, for example, IL-20, IL-18 and IFN-vy, and are consequently also relevant
in the progression of atherosclerotic plaques. A noteworthy role among the proath-
erogenic cytokines has been assigned to IL-12 due to the fact that when this certain
molecule was absent early lesion development was inhibited. However, late progres-
sion was unaffected [94].

Considering the recent epidemiological, experimental and clinical evidence
presented in the literature on this subject matter [86], the issue of an interrelation-
ship between periodontal disease and cardiovascular disease is clearly supported. In
spite this, the exact nature of this relationship, whether it is a direct or causal one,
remains to be edified through interventional and longitudinal studies.

4.4 Rheumatoid arthritis

Rheumatoid arthritis (RA) is considered to be an autoimmune, progressive,
inflammatory and chronic disorder, in which the human immune system reacts in
an erroneous manner to the articular structures. This response is characterised by
an inflammatory immune cell infiltrate (activation of innate immunity, followed
by the emergence of adaptive immune responses) in the early phase, followed by a
destructive phase characterised by degenerative phenomena, such as denaturation
of normal synovial structures by hyperproliferation, reactive fibro-vascular prolif-
eration, bone destruction and cartilage degradation. This explains the occurrence of
swelling and pain within and around joints [95].

Over the past two decades, RA has been described as a disease model in which
various pathophysiological mechanisms have been studied to better explain the
inflammatory process, but also the modality of involvement of the human immune
system, through two types of specific responses [95]. These research projects
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culminated with the introduction into patients’ treatment regimens of the chimeric
anti-TNF-a monoclonal antibodies (infliximab, 75% human and 25% mouse pep-
tide sequences) [96], a recombinant human TNF receptor (p75)-Fc fusion protein
(etanercept) and biological therapy with fully human anti-TNF-a monoclonal
antibodies [97].

Major cytokines, such as TNF-«a and interleukins (IL-17 and IL-1f), function
by promoting inflammatory responses, causing inflammation of the synovium
and inducing cartilage degradation. Other soluble mediators, such as cytokines
released by the Th2 lymphocyte subpopulation (the most frequently studied and
for which statistically significant results were obtained, would be IL-4, IL-10,
IL-13) are mainly anti-inflammatory molecules [95, 98]. In addition, IL-13 could
have potential clinical importance because it can suppress both secretion and
actions of IL-17 [98].

Over the past two decades, the existence of links or associations between RA
and periodontitis has been investigated [99]. RA could be a triggering risk factor for
periodontitis as there is a high incidence of RA in patients with periodontal disease,
and RA patients have more chances to experience moderate to severe periodontal
changes, as compared to healthy subjects. It has also been found that calcifications
and soft tissue injuries have the same characteristics, leading to the conclusion that
the destructive inflammatory chronic lesions are similar [100].

New theories have highlighted that periodontal disease is a risk factor for RA,
with several similarities existing between RA and periodontitis [101-103]:

* both diseases are multifactorial, chronic immune-inflammatory diseases with
progressive evolution;

* pathophysiological mechanisms involve the association of environmental fac-
tors, microbial factors, genetic susceptibility (it was found that the HLA-DRB1
subtype is associated with both fast progressive periodontitis as well as RA);

* locally, the cellular composition of the inflammatory reactions is similar, it
includes both the T and B subtypes of lymphocyte populations, but also the
cells involved in the activation of lymphocytes such as dendritic cells;

* for both diseases, it was found that the changes occurring in early phases, as
well as those in destructive phases are characterised by degenerative phenom-
ena and periodontal degradation, but also the chronic systemic inflammation is
determined and mediated by the interruption of balance between the pro-
inflammatory and the anti-inflammatory cytokines; and

* change in connective tissue and bone homeostasis is irreversible, consisting
in the deterioration of collagen-rich structures, a process in which they inten-
sively participate and have collagenolytic effects as matrix metalloproteinases
and other enzymes (elastase, bacterial cysteine proteases, enzymes associated
with neutrophils).

4.5 Liver diseases

One of the most damaging hepatic diseases is chronic hepatitis C (CHC),
occurring after the infection with the hepatitis C virus (HCV), which replicates
within hepatic and peripheral blood cells [104]. It is considered that worldwide,
more than 200 million persons are affected by this disease, making it a major public
health concern [105]. As the hepatic inflammation progresses and becomes chronic,
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healthy liver tissue is replaced by fibrotic tissues, which is unable to perform normal
hepatic functions, leading to cirrhosis [106]. During chronic hepatic inflamma-
tion important cytokine profile changes can be observed in affected patients, with
increased levels of pro-inflammatory markers, such as TNF-a, being found in their
serum samples [107].

Cytokine levels, measured in either gingival fluid or serum samples, can be
used to assess the progression and severity of both periodontal and hepatic disease
[108]. In periodontal disease, the secretion rate of gingival fluid increases, as well
as its content in pro-inflammatory cytokines [109]. The levels of these cytokines
can be determined, as an indirect indicator of the disease’s severity and progression
rate [110]. Being easy to sample, the gingival fluid has allowed extensive research
on its pro-inflammatory cytokine content [111]. Similarly, the evolution of chronic
hepatitis C can be monitored by the assessment of some cytokine’s levels (such as
IL-18 and IL-33) in the serum samples of affected patients [112, 113]. Moreover,
the same pro-inflammatory cytokines, such as IL-1, I1-6 and interferon-gamma,
can express elevated levels during chronic hepatic inflammation (as in chronic
hepatitis C), as well as during chronic periodontal inflammation (as in chronic
periodontal disease) [114]. The similar profiles of these cytokines suggest that
the two inflammatory reactions could be driven by the same pro-inflammatory
markers, endorsing extensive research on their possible common pathogenic
mechanisms [108].

Another frequently encountered hepatic condition, particularly within developed
regions, is non-alcoholic fatty liver disease (NAFLD). Affecting almost 24% of
the global population [115], the disease is mainly caused by genetic or behavioural
factors, such as a misbalanced diet, rich in lipids and sugars, lack of physical activ-
ity or can occur during other systemic conditions like obesity and diabetes mellitus
[116]. The accumulation of fat leads to hepatic steatosis, which, in time, can develop
life-threatening complications, as liver cirrhosis or hepatic cancer [117]. NAFLD has
been associated with metabolic disorders, as insulin resistance [118], as the adipocytes
of the fatty tissue will produce increased levels of TNF-a [119]. This cytokine can alter
cellular sensitivity to insulin, therefore decreasing normal glucose metabolism. As a
result, serum glucose will rise, increasing the risk of diabetes mellitus [118].

TNF-a is also intensively involved in periodontal inflammation. This cytokine has
been shown to express increased levels in the gingival fluid of periodontal patients
[120] and has similar pro-inflammatory mechanisms to IL-1f [121]. Its main damag-
ing role during periodontal inflammation is the disruption of the normal reparatory
function of fibroblasts and the stimulation of bone-resorption osteoclasts [122].
TNF-a may represent a key cytokine that links the pathogenic mechanisms that are
common between periodontal disease and insulin resistance, insulin resistance and
NAFLD, and consequently between periodontal disease and NAFLD [123].

The relationship between periodontal disease and hepatic conditions could
be considered as functioning into two directions. Firstly, periodontal disease can
impact the development and outcome of hepatic conditions. The main explana-
tion of the root cause of the association between periodontal disease and hepatic
conditions seems to be the bacterial challenge that leads to periodontal inflamma-
tion [124]. Pre-existing hepatic conditions, as chronic hepatitis, NAFLD or cirrhosis
can be aggravated by the impact of bacterial attack on the periodontal tissues [125].
Important periodontal pathogens, like Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans stimulate the synthesis of pro-inflammatory cytokines by
periodontal cells [126]. These cytokines, including TNF-a and IL-1 family ones, will
be carried by the vascular system and reach the liver. Here, they can have damaging
effects on the hepatocytes, if there is a pre-existing hepatic condition, by adding
to the distress of the already impaired hepatic tissue [127]. Consequently, the liver

154



Cytokines’ Involvement in Periodontal Changes
DOI: hitp://dx.doi.org/10.5772/intechopen.89999

functions will be more difficult to perform and the conditions will aggravate, as a
result of a bacterial periodontal challenge [128].

Conversely, hepatic conditions can impact the evolution and manifestations of
periodontal disease, by means of increased cytokine production [129]. Various liver
diseases, as NAFLD, CHC and liver cirrhosis, trigger the increased production of
pro-inflammatory cytokines, including TNF-a, IL-1 family, IL-6, which also have
a proven active role in the promoting of the periodontal inflammatory reaction
[130]. These cytokines, originating from the affected hepatic tissue, enter the blood
stream and reach the periodontal tissues. When a periodontal bacterial challenge
occurs, they contribute to the exacerbation of the inflammatory reaction, inflict-
ing damage on the periodontal tissues, together with the periodontal-originating
pro-inflammatory cytokines. Therefore, an exaggerated inflammatory response
is triggered, causing important loss of periodontal structures in patients who also
suffer from chronic liver diseases [131, 132].

4.6 Renal diseases

Chronic kidney disease (CKD) is an official public health concern, with 10-12%
of the population affected in terms of mortality and morbidity [133, 134]. CKD
is characterised by the use of certain markers that indicate the degree of kidney
malfunction, notably the glomerular filtration rate (GFR), which indicates the kid-
ney’s functioning efficiency. CKD is diagnosed when multiple standard criteria are
met, including a GFR lower than 60 mL/min, albumin levels higher than 30 mg/g
of creatinine and the existence of morphological kidney changes. When the GFR
drops below 15-20 mL/min, it can be considered that end-stage renal disease has
occurred [135, 136].

Various harmful stimuli are triggers for inflammation, the physiological pro-
tecting mechanism of the body. In CKD, as in several other chronic debilitating
disorders, inflammation becomes maladaptive, uncontrolled and persistent. In
this group of patients, a majority of the patients with minimum Stage 3 CKD have
increased levels of C-reactive protein (CRP) [137], this prevalence being even
higher either in final stage CKD or in dialysis patients [138]. For the evaluation
of inflammatory state in clinical practice, a series of specific markers are used.

One of the most important inflammation indicators is the CRP, which can also be
found in its high sensitive form (hs-CRP) in elevated levels in the serum samples of
patients with chronic renal failure, along other pro-inflammatory cytokines [139].
Moreover, another pro-inflammatory cytokine, IL-6, could be a reliable indicator
of the risk of cardiovascular diseases and mortality in subjects with end stage renal
disease (ESRD) [140].

Malnutrition, a severe consequence of CKD, inflicts important changes in most
ESRD patients, in terms of anthropometric and serologic aspects, most of which
have an irreversible character, even with proper nutritional supplementation. In
addition, malnutrition also comprises a chronic inflammatory reaction, driven by
pro-inflammatory cytokines (IL-1, IL-6, TNF-«a, IFN-y, etc). This immune response
can accelerate the muscular protein catabolism, on the one hand, by elevating the
hepatic synthesis of positive acute phase proteins and, on the other hand, by sup-
pressing the production of negative acute phase proteins [141].

ESRD and haemodialysis (HD) itself lead to an inflammatory status, influ-
enced by numerous factors. The main factor of morbidity and mortality in dialysis
patients is considered chronic inflammation, a major determinant of ‘dialysis
syndrome’. Inflammation in dialysed patients is characterised by enhanced produc-
tion of CRP, TNF-a, IL-6, IL-2 and chemokines, such as IL-8, and it may vary over
time and during this process [142].
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The bacteria of the subgingival biofilm can reach the systemic blood circula-
tory system, causing lesions to the arterial endothelium and triggering a series of
pathogenic events that can eventually lead to atherosclerosis [85]. This mecha-
nism can explain certain pathogenic connections between local and systemic
conditions. These connections may have a bidirectional nature, deriving from the
similar local and systemic inflammatory reactions that these conditions manifest
[143]. For instance, a renal inflammatory response (glomerulonephritis) can
be triggered by various acute and chronic infections. This is supported by the
increased prevalence of periodontal pathology in patients with renal diseases,
suggesting the high relevance of the periodontal pathology in the onset of renal
inflammatory responses [144].

Recently, research has focused on the contribution of inflammation, determined
by periodontitis, to the overall inflammatory systemic burden in patients with CKD
and dialysis. In this context, plasma levels of certain inflammatory cytokines may
be relevant to malnutrition, morbidity and mortality of these patients, as well as to
their quality of life [145]. Individuals with ESRD experience reduced quality of life
and many of them also associate low oral health [145].

5. Conclusion

Through the intense implication of cytokines, the periodontal inflammatory
reaction can exhibit a variety of clinical manifestations, in terms of onset, evolu-
tion, treatment and prognosis. The local and systemic factors, which can influence
the development of periodontal inflammation, often have molecular and cellular
implications, and cytokines become the means through which different pathologies
can have mutual impact. The cytokine standpoint on periodontal disease and its
connective systemic conditions offers wide and promising perspectives on further
developments of more precise methods of diagnosis and more efficient therapeutic
protocols.
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