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Preface

Interleukins, as a collection of cytokines with a pivotal role in immune and
non-immune systems, are spread across the human body. These multi-functional
glycoproteins support the human body in different conditions and situations, for
example, in health and in diseases.

Indeed, interleukins have different functions, characteristics, and structures.
Hence, these diverse biomolecules are classified into different families and
subfamilies.

Interleukins have different patterns of behavior in different conditions. These
immune glycoproteins act as variable molecules in health and diseases. Their activities
depend on the related conditions and act in a cascade pattern. This characteristic

of interleukins makes them invaluable biomarkers in diagnostics. Therefore, in recent
years, interleukins are recognized as effective options for prognosis, diagnosis, and
control of related conditions in the human body.

This book is the outcome of international collaboration, cooperation, and teamwork
between a collection of international scientists around the world.

It is divided into three main sections: “Interleukins’ Classification and Evolutionary

Features”, “Autoimmune Diseases and Low Immune System,” and “Cancer and
Injuries”

The first section includes two chapters: “A World of Wonders: Interleukin-1

(IL-1) and IL-2 Families” and “Evolutionary Conservation of the Role of CD4 as a
Receptor for Interleukin-16". These chapters reveal the classification and evolutionary
features regarding their topics.

Section two includes three chapters: “Interleukin 6 in Patients with Rheumatoid
Arthritis”, “Therapeutic Potential of IL-9 in Allergic and Autoimmune Diseases”, and
“From Pregnancy Loss to COVID 19 Cytokine Storm: A Matter of Inflammation and
Coagulation” These chapters provide invaluable scientific information regarding
autoimmune diseases and the role of interleukins, weakened immune systems in
pregnant women, and COVID-19 and related interleukins.

Section three includes two chapters: “IL-17 Biological Effects and Signaling
Mechanisms in Human Leukemia U937 Cells” and “The Role of Interleukins after
Spinal Cord Injury.”

Interleukins - The Immune and Non-Immune Systems’ Related Cytokines is the outcome
of sincere and effective collaboration between the editor, chapter authors, and
publisher, all of whom actively and effectively contributed to the production of this
scientific reference.

I wish to thank my great colleagues including Dr. Mdrié Gajdacs (from Hungary),
Prof. Andrés Garcia-Perdomo (from Colombia), Dr. Meysam Sarshar (from Italy),



Dr. Daniela Scribano (from Italy) and Prof. Cecilia Ambrosi (from Italy) who sup-
ported me to prepare the first chapter of this book by their brilliant collaboration
and cooperation.

And finally, I appreciate Author Service Manager Ms. Sara Debeuc at IntechOpen
for her great support and cooperation. In addition, I am grateful to Lucija Tomicic-
Dromgool, Martina Usljebrka Kauric, and Anja Filipovic, commissioning editors
at IntechOpen for their excellent collaboration, management, and arrangement for
preparing 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

A World of Wonders: Interleukin-1
(IL-1) and IL-2 Families

Mirio Gajddcs, Herney Andrés Garcia-Perdomo,
Meysam Sarshav, Daniela Scribano, Cecilia Ambrosi
and Payam Behzadi

Abstract

Human interleukins (ILs) are a collection of different biological molecules
belonging to the group of cytokines, associated with various immune and non-
immune systems and different signaling pathways. ILs contribute to the function
of different tissues, organs and systems in the human body. They are involved in
homeostasis, infectious diseases, autoimmune diseases, cancers and even therapeu-
tics. Due to this knowledge, this chapter aims to summarize the importance of the
IL-1 and IL-2 superfamilies.

Keywords: immune system, cytokines, interleukins, interleukin-1, interleukin-2

1. Introduction

Human cytokines are consisted of a wide range of proteins (and/or glyco-
proteins) known as immune molecules with different properties that affect both
immune and non-immune cells. Based on different characteristics, cytokines are
classified into several groups including interleukins (ILs), interferons (IFNs),
chemokines and lymphokines [1-4].

In 1979 at the cytokinologists’ meeting of “the Second International
Lymphokine Workshop” in Switzerland, the term of Interleukin was officially
proposed for the first time. The proposed term of “Interleukin” was published in a
letter to the editor by the Journal of Immunology (2, 5-71].

However, this term is not entirely correct, because the ILs are not only limited to
leukocytes but they also involve other cells other than leukocytes [4]. The majority
of IL glycoproteins are produced by endothelial cells, monocytes, macrophages
(M®s) and T helper (CD4+) lymphocytes [3].

There are several nomenclature systems, which may be applied for the catego-
rization of ILs. However, interleukins are recognized through the capital letters
IL followed immediately by a dash and a number e.g. IL-17 [3, 5, 8]. One of these
nomenclature systems was approved by the subcommittee of the nomenclature
committee of the International Union of Immunological Societies (IUIS) and the
World Health Organization (WHO). Functional characteristics, structural proper-
ties, amino acid sequences and related homology, types of receptors (among other
things) may be recognized as important criteria for ILs’ classification [2, 9].
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The authors try to discuss general characteristics, structures, classifications, and
genomic maps of ILs throughout this chapter.

2. General characteristics and structure of interleukins

ILs as a group of cytokines, which are involved in immune and non-immune cell
activation, cell adhesion, cell differentiation, cell maturation and cell migration;
in other words, these proteins act like signaling molecules that induce different
pathways in the human body. Although ILs encompass a wide range of functions
and structures, they participate in immunomodulatory activities and also contrib-
ute to pro-inflammatory and anti-inflammatory responses. These processes initiate
through the attachment of the IL biomolecules to their specific receptors onto the
cells, which may lead to induction of immune responses. However, the efficacy and
specificity of these responses is associated with the related receptors, ligands and
signaling pathways [2, 3, 10, 11].

In addition, IL proteins have pivotal role in cancers. Indeed, these biomolecules
are produced and secreted by tumor- and immune cells within the tumors. Due to
these facts, ILs affect the processes of angiogenesis, invasion, growth and immune
responses related to tumors. Because of the presence of ILs in different cells, tissues
and organs, they have recognized as invaluable biomarkers in diagnostics and thera-
peutic planning [11, 12].

Up to date, more than 40 ILs have been identified with a wide range of subtypes.
The structural characteristics of cytokines, including IL proteins, are effective
criteria for their categorization. In this regard, some IL glycoproteins are divided
into two groups: type I (class I) and type II (class IT) cytokines. Type I cytokines
bear a general structure comprising four compact a-helices within tensed pack-
ages. The arrangement of the related a-helices involves a four-helix bundle with an
antiparallel (up-up-down-down) configuration. Type II cytokines obey the same
structure as described for type I cytokines. However, type II cytokines bear the
compact packages of six to seven-helix bundles with the configuration of antiparal-
lel arrangement [2, 3, 11, 13-15].

Furthermore, in accordance with the length of bundles made of a-helices, type
I cytokines are classified into short- and long-chains subclasses. The members of
long-chain subclass pertaining to type I cytokines encompass bundle peptides with
more than 165 amino acids, while the members of short-chain subclass belonging
to type I cytokines possess bundle peptides with less than 165 amino acids [3, 16].
Interleukins are classified into the families of IL-1 family, IL-2 family, IL-6 fam-
ily (including ILs 6, 11, 31, cardiotrophin-like cytokine (CLC), cardiotrophin-1
(CT-1), ciliary neurotrophic factor (CTNF), leukemia inhibitory factor (LIF), and
oncostatin M (OSM)) [17]; IL-10 family (composed of ILs 10,19, 20, 22, 24, 26)
[18]; IL-12 superfamily (comprising ILs 12, 23, 27, 35) [19]; and IL-17 family (con-
taining ILs 17 A-D and IL-25 (IL-17E)) [20]. IL-8 belongs to the CXC-chemokines
and is classified along with them [21].

3. The IL-1 superfamily and the related members

IL-1 superfamily members (IL1-like cytokines) involve functionally quite
distinct molecules composed of IL-37, as the single member anti-inflammatory
cytokine, IL-1Ra, IL-36Ra and IL-38 as three well-known receptor block-
ers or antagonists, and IL-1a, IL-1f, IL-18, IL-33, IL-36a, IL-36p, IL-36y as
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seven ligands with agonistic functions [2, 3, 22, 23]. The IL-1 is known as the
pioneer member of the IL-1 superfamily and its receptor was recognized as
IL-1R. Interestingly, the IL-1R encompasses a molecule of Toll-IL-1 receptor
(TIR) domain in its structure. The TIR domain — which is identified in both
structures of IL-1R and toll-like receptor (TLR) glycoproteins — has pivotal roles
in transduction of internal signals by different stimulators e.g. recognition of
pathogen/microbe-associated molecular patterns (PAMPs/MAMPs) and danger/
damage-associated molecular patterns (DAMPs) by ectodomain structures of
TLRs to strengthen the immune responses and inflammation [22, 24-27]. The
gene clusters of IL-1 superfamily members, excluding ILs 18 and — 33, map within
chromosome 2 in humans (Table 1) [2, 3, 22].

IL was identified for the first time in 1979. IL-1a and IL-1p proteins (Figure 1)
have the same biological characteristics but the lowest homology in their sequences.
Moreover, the nature of IL-1a subunit makes it active with effective biological func-
tions, while the IL-1f is produced as a pro-subunit which the enzyme of caspase-1
should be activated [3, 12, 22, 29, 34].

The IL-1 superfamily members are produced by different of immune and non-
immune cells such as chondrocytes, dendritic cells (DCs), epithelial- and endothe-
lial cells, keratinocytes, lymphocytes, fibroblasts, M®s, monocytes, neutrophils
and smooth muscle cells [2, 35-37].

As presented on Figures 1 and 2 each subunit whether IL-1a or IL-1f, encom-
passes 11 loops and 12 p-strands which appear as a typical configuration of p-trefoil.
The two ILs 1o and 1p have no specific binding to the IL-1 receptor type I and II,
respectively; they both can bind both types, but, in case of type I receptor (CD
121a), with stimulatory action and pathway signaling, and, in case of the type II
receptor, (decoy receptor that lacks the TIR domain) with inhibitory effect simi-
lar to the IL1Ra binding. The connections between the ligands and receptors are
supported by the presence of IL-1R accessory co-receptor proteins (IL-1RAcP) to
prepare proper conformational changes [3, 22].

IL-1 superfamily Gene Activeform  Molecular Chromosome References
member weight
(active
structure)
IL-1a/IL-1F1 IL-10/IL1F1 Heterodimer; 17 kDa 2q14 [2,22,28,29]
IL-1B/IL-1F2 IL-1p/IL-1F2 p-trefoil fold 17kDa 2q14 12,22, 28, 29]
IL-1Ra/IL-1F3 IL-1Ra/IL-1F3 22 kDa 2q14.2 [2,22,28,29]
IL-18/IL-1F4 IL-18/IL-1F4 Homodimer; 18 kDa 11q22.2-11q22.3 [2,22,28,29]
B-trefoil fold

IL-33/IL-1F11 IL-33/IL-1F11 B-trefoil fold 18 kDa 9p24.1 [2,22,28,29]
IL-36/ al6 IL-36/ A/6 B-trefoil fold 35kDa 2q12-2q14.1 [2,22,23,28]
IL-1F B8 IL-1F 7 ?

v/9 G/9 2q12-2q21

Ra/5 Ra/5 17 kDa 2q14 [2,22,28,30]
IL-37/IL-1F7 IL-37/IL-1F7 B-trefoil fold 17-24 kDa 2q12-2q14.1 [2,22,28,31]
IL-38/IL-1F10 IL-38/IL-1F10 p-trefoil fold 17 kDa 2q14 [2,22,28,32]

Table 1.

IL-1 superfamily members, related genes, molecular weight and loci.
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Figure 1.
The IL-1a structure including an o-helix, p-sheets and loops (shown in green color) (PDB ID 5UC6) [33].

Figure 2.
The IL-1 structure including an o-helix, p-sheets and loops (shown in violet color) (PDB ID 7CHZ) [38].

The heterodimers of IL-1a and IL-1p activate the inflammatory pathway via
the employment of MyD88, which may lead to expression of the nuclear factor
kB (NF-xB) and consequently, to expression of inflammatory products. Thus, the



A World of Wonders: Interleukin-1 (IL-1) and IL-2 Families
DOI: http://dx.doi.org/10.5772/intechopen.98664

IL-1 is known as endogenous pyrogen. The IL-1 functional properties are
modulated by IL-1Ra. However, the IL-1RAcP binding domain is absent in IL-1Ra.
Thus, the IL-1 signaling pathway cannot be induced via the IL-1Ra molecule
(3,22, 29, 39].

IL-1is also involved in tumor biology through the processes of angiogenesis, inva-
sion and proliferation. The expression of IL-1 proteins increase within a wide range of
cancers e.g., melanoma, lung, breast, neck, colon, head among others [11, 40].

IL-18 is another member of IL-1 superfamily, which was identified in 1989 and
introduced as the triggering factor of interferon-y (IFN-y). IL-18, resembling IL-1f
is produced as an inactive protein and should be activated by the cleavage done via
caspase-1. IL-18 is the ligand of the double stranded and heterodimeric receptor of
IL-18R complex. The combined complex of IL-12 and IL-18 may lead to significant
expression of IFN-y. The expression of IFN-y resulted from IL-18 and IL-12
combination has anti-tumoral effects. The expression of IL-18 increases in
breast-, hepatocellular-, lung-, esophageal-, ovarian- and renal carcinomas [2, 11,
22,29, 34, 41-43]. The immune and non-immune cells (e.g. astrocytes, DCs, kera-
tinocytes, Kupffer-cells, M®s and osteoblasts) are important resources for IL-18
expression and secretion [29, 44].

IL-33 as another IL-1 superfamily member contributes to type 2 immunity and
inflammation. Indeed, the IL-33/ST2 pathway has pivotal roles in activation of type
2 immunity through triggering of those T helper 2 (Th2) cells which produce sup-
pression of tumorigenicity 2 (ST2) molecules [3, 45-47]. The main resource cells that
produce IL-33 include keratinocytes, mucosal tissues, fibroblasts, endothelial- and
epithelial cells [3, 22, 45, 48]. IL-33 binds to the related receptor of IL-1RL1 (or ST2).
Furthermore, the related co-receptor is IL-1RAcP [45]. The precursor of the alarmin
cytokine IL-33 is inactivated by caspase-1, while the enzymes of neutrophil elastase
and serine proteases cathepsin G cleave the IL-33 precursor into active mature
structures. However, the 30 kDa precursor of IL-33 is functional upon necrotic cell
death and cell damage [3, 22, 34, 45, 49]. The IL-33 receptor, ST2 mediates activation
of the MyD88-dependent signaling pathway. The ST2 molecules are produced by
different innate and adaptive immune cells. The ST2 molecule participates in type
2 cytokines expressions which are involved in inflammatory and allergic responses
[3, 22, 29]. IL-33 supports the homeostasis of intestinal microbiota through the
induction of Immunoglobulin A (IgA) in adaptive immune B cells. In addition, the
IL-33 receptor of ST2 is capable to inhibit the colorectal cancer via reduction of
regulatory T cells (T,g) infiltration and enhancement of CD8+ T cells [12, 45, 50].

IL-36 cytokines belong to the subfamily members of IL-1 superfamily. The sub-
family of IL-36 is comprised of three IL-36 receptor (IL-36R) agonists of IL-36aq,
IL-36, and IL-36y and an IL-36R antagonist of IL-36Ra. The IL-36q, IL-36p, and
IL-36y have 24%, 27% and 20% similar homology with IL-1Ra, respectively and
30%, 31% and 31% similarity with IL-1p, respectively [23, 51, 52]. The IL-36a,
IL-36p, and IL-36y bind to IL-36R through the co-receptor IL-1RAcP. The IL-36a,
IL-36, and IL-36y are expressed as biologically inactive precursors which should be
activated by proteases of elastase/Cat G, Cat G, proteinase3/elastase/CatG, respec-
tively [23]. The IL-36a, IL-36p, and IL-36y are recognized as inflammatory cyto-
kines which activate the related signaling pathway via activation of NF-kB, while
the antagonist of IL-36Ra as the anti-inflammatory cytokine inhibits the inflamma-
tory signaling pathway through inactivation of L-36R [23, 53]. The expression of
IL-36y cytokine is observed in cancers of colorectal, esophageal, melanoma, lung
and neck and squamous cell carcinoma [11, 54].

IL-37, which is the anti-inflammatory member of the IL-1 superfamily was
identified in 2000. IL-37 cytokines consist of five isoforms including IL-37a (iso-
form 5), IL-37b (isoform 1), IL-37c (isoform 4), IL-37d (isoform 2) (expressed only
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in the testes and the bone marrow) and IL-37e (isoform 3) (expressed only in the
testes and the bone marrow). The isoform of IL-37a is the only that is expressed in
the brain (along with the heart and kidney, like the IL-37b and IL-37c, —and also
in lymph nodes, bone marrow, placenta, lung-; IL-37a is brain-specific between the
three), IL-37b is kidney-specific between the three, and, finally, IL-37c is heart-
specific (the only of them expressed in the heart). Moreover, the IL-37b or isoform
11is the largest member of the IL-37 isoforms with a length of 218 amino acids. The
IL-37 isoforms are produced as precursors which should be biologically activated
by protease enzymes e.g. caspase-1 [55, 56]. The IL-37b has considerable sequence
similarity with IL-18 and therefore the isoform 2 of IL-37 is capable to bind to the
a-chain of IL-18 receptor (IL-18Ra) [29, 55]. The IL-37 prevents the progression of
colon cancer through inhibition of p-catenin [12].

IL-38 is known as bioinformatic cytokine, because it was detected by iz silico
studies. This cytokine was discovered in 2001, and has 41% sequence similarity with
IL-1Ra, 43% with IL-36Ra and 29% with IL-1f. Interestingly similar to IL-36Ra,
the IL-38 behaves as an antagonist and binds to IL-36R [3, 22, 57]. The IL-38 gene
maps to chromosome 2, situated within a gene cluster containing IL-Ia-IL-1-IL-
37-IL-36Y-IL-360-IL-36p-IL-36Ra-IL-38-IL-1Ra that spans from the centromere to
the telomere [57]. In accordance with previous studies, IL-38 enhances the pro-
inflammatory immune responses against LPS and inhibits the expression of IL-17
triggered by Candida albicans and IL-22 [11, 22, 57-59].

4. The IL-2 superfamily and related members

The IL-2 superfamily is known as the y. family of cytokines [2, 3, 29, 60]. The IL-2
superfamily or y. family of cytokines comprise six members including IL-2, IL-4,
IL-7,IL-9, IL-15 and IL-21 (Table 2); the members of this superfamily are classified as
type I cytokines bearing four a-helical bundle. y. (CD132) is the pivotal protein por-
tion of IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 receptors. The first recognized member
of this family, IL-2 was identified in 1976 as a T-cell growth factor [3, 60-62]. The
IL-2 superfamily members contribute to a wide range of immune cells’ activities such
as regulation of B cell development, innate lymphoid cells, natural killer (NK) and T
cells, differentiation, proliferation and survival of immune cells [60].

The IL-2 cytokine is expressed by a wide range of innate and adaptive immune
cells, including DCs, NK cells, NK T (NKT) cells, active CD4" and CD8" T cells.
Interestingly, the IL-2 cytokine targets the B immune cells, NK and CD4" and
CD8" T. IL-2Ra (known as T,. antigen or CD25), IL-2Rf (known as CD122) and
IL-2Ry (known as CD132 or vy.) together form a three-segmented receptor for IL-2

IL-2 superfamily Gene Active Molecular weight Chromosome References
member form (active structure)

IL-2 IL-2 monomer 15.5kDa 4q26-4q27 [2,29]
IL-4 IL-4 monomer 15kDa 5q23-5g31 [2,29]
IL-7 IL-7 monomer 25kDa 8q12-8q13 [2,29]
IL-9 IL-9 monomer 14 kDa 5q31-5¢35 [2,29]
IL-15 IL-15 monomer 14-15kDa 4q31 [2,29]
IL-21 IL-21 monomer 15kDa 4q26-4q27 [2,29]

Table 2.

IL-2 superfamily members, related genes, molecular weight and loci.
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[3, 29, 60, 61]. The IL-2 cytokine has therapeutic application for some cancers,
e.g., melanoma and renal carcinoma. IL-2 alone or together with related vaccines
and/or cytokines can be considered as therapeutic options [11, 63].

IL-4, another member of the IL-2 superfamily, is secreted by activated baso-
phils, eosinophils, mast cells, NKT cells, T helper 2 (Ty,) cellsand y8 T cells [29,
64]. It participates in the differentiation of Ty, and T}, mediates allergic conditions,
triggers expression of IgE in B cells, and protects the human body from infectious
diseases caused by extracellular parasites and helminths. However, it was shown
that rather than IL-4, the ILs of 1, 2, 25, and 33 enhance the process of Ty differ-
entiation [60, 65]. IL-4 and IL-13 - with 25% sequence similarity — cooperate with
each other in some functional activities [3, 29, 60, 64].

IL-4 has 2 groups of receptors: type I (composed of IL-4Ra or CD124 and the y.
or CD132) and type II (involves IL-4Ra and IL-13Ra1). The type I IL-4R is able to
bind only to IL-4 while the type IT IL-4R is capable to bind to the both of IL-4 and
IL-13 [29, 66]. High levels of IL-4Rs are detected in tumors. The IL-4 participates
in tumorigenesis through prevention of Ty, activation and activation of Ty,. The
expression of IL-4 increases in different types of cancers including urinary bladder,
breast, colon, lung ovary, pancreas and the prostate [11, 67].

IL-7 is a critical cytokine in B- and T-lymphocyte development and maturation.
The main expression resources of IL-7 are immune and non-immune cells, such as B
cells, DCs, epithelial cells, keratinocytes, M®s and monocytes. IL-7 is the ligand of
the complex structured IL-7R which is composed of IL-7Ra or CD127 and the vy, or
CD132 [29, 66]. IL-7 is significantly involved in homeostatic regulation of the both
groups of immature and mature T cell types [2, 60]. In addition, IL-7 triggers the
anti-tumoral immune responses and prevents the growth of tumors [11].

IL-9 is expressed by the immune cells of eosinophils, mast cells and T cells of Ty,
and Tho. IL-9 triggers the expression of IgE by the adaptive B immune cells and the
secretion of mucosal production and chemokines in the bronchi. IL-9 is involved in
helminth infectious diseases, allergies and asthma. The IL-9R is composed of two
subunits of IL-9Ra and the y. or CD132 [3, 29]. Moreover, the IL-9 acts as a double-
edged sword. In melanoma, IL-9 acts as tumor inhibitor while in acute leukemia, it
acts as a tumorigenetic cytokine [11].

IL-15 is expressed by a wide range of immune and non-immune cells consist-
ing CD4+ T cells (functional), monocytes, keratinocytes and skeletal muscle
cells. IL-15 and IL-2 have significant similarities in their structures. The IL-15R
involves three subunits of IL-15Ra, IL-2Rf and the y. or CD132. IL-15 participates
in proliferation of NK cells and the homeostasis of memory CD8" T cells [3, 29,

60]. Additionally, IL-15 has anti-tumoral effects [11]. IL-15, unlike IL-2, does not
stimulate LT'.g, that can be useful in cancer therapy. Treg stimulation is one of the
negative sides of IL-2 that IL-15 does not share [68-70].

IL-21 is expressed by immune cells such as NKT, T and mainly by Ty;7 and T
follicular helper (Tg,) [29, 60]. Similarly to IL-4, IL-21 enhances the expression of
IgG1; on the other hand, conversely from IL-4, IL-21 prevents the expression of IgE
[60, 71]. The IL-21 receptor is composed of two subunits of IL-21R and the y. or
CD132. IL-21 has anti-tumoral effects on some groups of cancers which may lead
to recuperate melanoma and renal carcinoma; while the IL-21 is tumorigenic in
colorectal cancer [3, 11].

5. Conclusion

Cytokines involve a wide range of molecules with different structural character-
istics, functional properties and biological activities. Identification and recognition
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of these characteristics help us to understand their classification and categorization.
Each group of these biomolecules has its massive importance and huge applica-

tion prospects. Indeed, ILs have pivotal roles in different parts of the human body,
particularly associated with the innate and adaptive immune system. A complete
understanding of ILs characteristics and properties will improve the successful
outcomes against infectious and autoimmune diseases, as well as cancers.
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Chapter2

Evolutionary Conservation of
the Role of CD4 as a Receptor for
Interleukin-16

Gregory D. Maniero

Abstract

The interaction of CD4 with MHC class II during helper T-cell activation and
effector function is required for the initiation of an adaptive immune response in all
gnathostomes. CD4 is comprised of four immunoglobulin domains but most likely
arose from an ancestral two-domain homolog. The distal, D1 domain of CD4 binds to
non-polymorphic regions of the MHC molecule, but despite the absolute requirement
for this interaction, the sequence and structure of this domain are not well conserved
through phylogeny. Conversely, the proximal, D4 domain of CD4 contains the binding
site of the cytokine IL-16 and is highly conserved in its amino acid structure. IL-16 is a
cytokine that has been described in a wide variety of invertebrate and vertebrate spe-
cies. The CD4-binding residues on IL-16 are highly conserved throughout phylogeny,
allowing for promiscuous binding of IL-16 to CD4 between members of unrelated
taxa. This chapter aims to present structural, and functional support for the hypoth-
esis that the CD4 co-receptor of the TCR arose from a primordial receptor for IL-16.

Keywords: IL-16, CD4, evolution, chemoattraction, T cells

1. Introduction

The importance of acquired immunity for the survival of an organism in the face
of an environment full of potential pathogens cannot be understated. The immune
functions essential to acquired immunity arose with the vertebrates [1-3] and rely
heavily on the activation of a CD4" subset of T lymphocytes. The role of CD4" lym-
phocytes is well known and seems to have appeared with gnathostomes. Although
T-helper (Th) cells require interactions between CD4 and classical MHC class II,
both molecules most likely did not arise at the same point in evolution. A growing
body of evidence suggests that CD4 was originally a receptor for Interleukin-16
(IL-16) that was integrated into the immune system as a co-receptor of the T-cell
receptor (TCR) complex. The aim of this chapter is to present some of the struc-
tural and functional characteristics that have been retained in CD4 among diverse
vertebrate taxa, and the same type of characteristics retained in IL-16 throughout
phylogeny, including in species much older than vertebrates.
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2.11-16

IL-16 was first described in 1982 as Lymphocyte Chemoattraction Factor (LCF)
for its ability to recruit lymphocytes independent of antigen specificity to the site of
inflammation during a delayed-type hypersensitivity (DTH) reaction [4-8]. IL-16
is a unique [6, 9] pleiotropic cytokine that is secreted primarily by CD8" T cells
but can also be produced by eosinophils, dendritic cells (DCs), monocytes, mac-
rophages, mast cells, as well as activated CD4" T cells, fibroblasts, and bronchial
epithelial cells [10-14]. Production of IL-16 can be stimulated by mitogens or hista-
mines as well as by recognition of antigen [4-6, 9, 15]. IL-16 influences pathological
states including asthma and multiple sclerosis. Additionally, IL-16 mRNA is often
present in lymphoid organs, suggesting a role in normal immune function [11].

IL-16 is post-translationally cleaved by caspase 3 from the C-terminal end of a
68-kDa pro-IL-16 molecule [16-18]. Active IL-16 is a 17 kDa protein that contains a
single PDZ domain [6, 7]. Unlike in other PDZ-containing proteins, this domain is
not functional for protein binding as it is partially blocked by a nearby tryptophan
side-chain [19]. Native IL-16 is released as a monomer and as a tetramer, which is
the primary active form of the molecule [9]. A GLGF motif within the PDZ domain
may be important for the oligomerization of IL-16 [6, 17-19] and secreted mono-
meric IL-16 will auto-aggregate to spontaneously form active tetramers [11]. IL-16
is stored in its active configuration in granules of CD8"T cells that are the main
contributors of this cytokine in an immune response [16-18]. Although tetrameric
IL-16 is the primary active form, monomeric IL-16 is capable of binding to CD4 and
can induce a variety of phenotypic changes in target cells [9, 16].

3.IL-16 as a ligand for CD4

IL-16, whether in monomeric or tetrameric configuration, most notably
attracts CD4" cells and most IL-16-mediated cell migration has been demonstrated
in human and murine lymphocytes. The only described receptor for IL-16 is the
CD4 co-receptor of the TCR complex, and IL-16-induced lymphotaxis is strictly
limited to CD4" cells [6, 14], as evidenced by the fact that CD4", but not CD4™ T
cells migrate in response to IL-16 [9, 20]. Additionally, the degree of IL-16-induced
chemotaxis in vitro is proportional to the density of CD4 on the surface of the
responding lymphocytes [9]. The chemoattractant activity of recombinant IL-16
(rIL-16) is blocked by preincubation with F,j, fragments of the anti-CD4 mAb
OKT4 [9, 15]. Furthermore, IL-16 elicits the migration of Thl lymphocytes more
than that of Th2 cells [19]. Recombinant human IL-16 (rhIL-16) initiates T-cell
chemotaxis, in vitro, at 10 nM rhIL-16 to as low as 0.001 nM with a 50% effective
dose (EDsp) of 0.01 nM [6, 20, 21].

Upon binding to CD4, IL-16 induces a variety of changes on Th cells in addition
to chemotaxis. In addition to being a growth factor for CD4" T cells, IL-16 syner-
gizes with IL-2 to promote the expansion of T-cell populations [12]. The binding
of CD4 by IL-16 stimulates T lymphocytes to upregulate the production of vari-
ous secreted and surface-bound proteins. Following incubation with IL-16, CD4*
lymphocytes increase IL-2R on the cell surface [7, 9, 12], which indicates that IL-16
is involved in the expansion of T-cell populations independent of the recognition of
antigen on MHC. Both native and recombinant IL-16 can induce expression of clas-
sical MHC class I molecules (primarily HLA-DR) on the membrane of non-stim-
ulated human CD4" T cells in vitro [7, 9, 16] as well as stimulate them to produce
GM-CSF [12]. Incubation with rhIL-16 will cause conA-stimulated, human CD4*
MHC class II" PBMCs to down-regulate production of IL-2 [22]. By interfering with
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the interaction of CD4 with the TCR complex, rIL-16 effectively disrupts mixed
lymphocyte reactions (MLR, [15]). Attraction of CD4" Th cells is induced by both
native IL-16 and monomeric rIL-16 [4, 5].

4.1L-16 is an ancient and ubiquitous cytokine

IL-16 is a cytokine that is found ubiquitously throughout vertebrate phylogeny
and has been described not only in humans but in a variety of mammals [20],
birds [23-26], fish [27, 28]. IL-16 has even been described in invertebrates [29-31]
Additionally, inferred protein sequences from genetic data can be found for IL-16 and
pro-IL16 in amphibians and reptiles [32]. The sequence and structure of IL-16 and pro-
IL-16 show considerable homology among disparate vertebrate groups [13, 32, 33]. In
mammals, IL-16 is highly conserved among humans, mice, and African green mon-
keys at the structural and genetic levels [6, 16]. Conserved residues on IL-16 that have
been determined to be important for binding to CD4 by competitive binding assays are
arginines at positions equivalent to human 106 and 107, and possibly a leucine at the
equivalent of position 108 [13, 19].

5.CD4 as areceptor for IL-16

Although this chapter focuses on its functions as receptor for IL-16, CD4 is
predominantly known for its role as a co-receptor in the T-cell receptor complex.
As a co-receptor, CD4 binds, in conjunction with the a:p TCR, to MHC class II
during antigen-dependent helper T-cell (Th) activation, differentiation, and
effector function to substantially increase TCR-signaling [34, 35]. CD4 is a non-
polymorphic 55-kDa monomer that consists of four extramembrane, Ig-like regions
named from the distal D1 to the proximal D4 region [17, 36-39]. The D1 and D3
regions closely resemble V-type immunoglobulin domains, and D2 and D4 resemble
C-type domains [34, 38, 40]. The CD4 co-receptor is expressed on the surface of
Th cells and on some subsets of neutrophils and monocytes. Several models have
been proposed to explain the association between CD4 and the a:p TCR on Th cells
however the functional result of all of them is that CD4 associates with the TCR
and enhances effector function [41]. The distal D1 region of CD4 interacts with the
non-polymorphic region on the p2 domain of MHC class II molecules [39, 42]. This
CD4:MHC association appears to stabilize and increase the affinity of TCR bind-
ing to antigen-bearing MHC class II molecules expressed on the surface of antigen
presenting cells (APC) [42-44]. Additionally, CD4 augments intracellular signaling
by recruiting the intracellular kinase p56'® that enhances the phosphorylation of
ITAMs (immunoreceptor tyrosine-based activation motifs) upon the engagement
of a TCR with its cognate antigen:MHC molecular complex. The phosphorylated
ITAMs recruit ZAP70 that, when phosphorylated by p56', continues downstream
T-cell activation events [45]. The inclusion of CD4 in the immune synapse is neces-
sary for effective T-cell effector function mediated by signaling through the TCR
complex [34, 37].

A typical Th response begins with the engagement of the TCR with its cognate
antigen:MHC complex. Complete cellular activation requires interaction with the
CD4 co-receptor, the CD3 tetramer, and the intracellular {-chain. Binding of CD4
without subsequent co-receptor signaling can result in incomplete T-cell activation,
limited IL-2-mediated proliferation, and eventual anergy. Crosslinking of the CD4
co-receptor results in downstream signaling that is independent of antigen, the
TCR, and CD3. Partial activation can occur with cross-linking of CD4 by anti-CD4
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F(ab’), fragments in the absence of antigen recognition or cell-to-cell contact.

Asin normal CD4" T-cell signaling, the low-level stimulation of exclusively CD4
engagement is due to the recruitment and activation of p56'* [10]. Phosphorylation
and activation of p56' initiates cell migration and increases in intracellular NFxB,
IP;, and Ca®* as well as nuclear translocation of PKC [6, 10, 12, 15]. Treating CD4"
immune cells with IL-16 results in a cell phenotype that bears a striking resem-
blance to that seen following anti-CD4 treatment [6].

Cross-linking of CD4 by tetrameric IL-16 or binding by monomeric protein results
in the association of CD4 with, and the phosphorylation of p56'* [9, 10]. Transfection
with human CD4 allows murine hybridomas to migrate in response to IL-16, but this
response is absent in cells transfected with a mutant CD4 variant that is unable to asso-
ciate with cytoplasmic pS6ICk [10, 20]. Native, but not recombinant, IL-16 stimulates
CD4" T cell proliferation [7, 18], whereas rhIL-16 stimulates CD4" lymphocyte pro-
gression from Gg to Gy, but does not initiate proliferation [6, 16, 22]. Both native and
recombinant IL-16 will induce the expression of MHC class II (specifically HLA-DR)
on the surface of resting human CD4" lymphocytes [7, 9, 42] and can induce their pro-
duction of GM-CSF in vitro [12]. Since IL-16 can spontaneously form tetramers follow-
ing release, it is difficult to tease out the difference between activation by monomeric
and tetrameric IL-16. In addition to initiating signaling through CD4, IL-16 blocks the
interaction of the CD4 co-receptor with the TCR complex. In fact, this is the mecha-
nism that is responsible for IL-16-mediated disruption of in vitro MLR [15].

6.IL-16 preferentially recruits and activates regulatory T cells

In part due to its ability to induce lymphocyte migration, IL-16 is classified as
a pro-inflammatory cytokine, yet it appears to slow TCR-mediated activation [7].
As a chemoattractant of CD4" lymphocytes, IL-16 appears to preferentially attract
and activate regulatory T cells (Tregs), which suppress T cell activity [21]. IL-16
inhibits the production of IL-2 by mitogen-activated CD4" lymphocytes in humans
and preferentially attracts lymphocytes that express mRNA for FoxP3 in vitro [22].
During inflammatory lung injury, IL-16 produced in part by the lung endothelium,
attracts CD4" T cells that express FoxP3, produce IL-10, and act to protect the lungs
from infiltration by neutrophils [46]. T cells that migrate in vitro in response to IL-16
in transwell experiments express more CD25 and CTLA-4 on their surface and release
more TGFp than control cells. In addition, cells that migrate in response to IL-16
express higher levels of FoxP3 mRNA and protein than do control cells [21], suggest-
ing that IL-16 primarily attracts T cells with a regulatory phenotype. Recombinant
rhIL-16, as well as recombinant Xenopus IL-16 (rXIL-16, Maniero, unpublished data),
recruits lymphocytes to the body cavity of Xenopus laevis. Upon examination, the
recovered lymphocytes are seen to express mRNA for CD4 to a greater extent than for
CD8, CTLA-4 more than CD28, as well as both FoxP3 and IL-10, suggesting a regula-
tory phenotype for the IL-16-recruited lymphocytes [47]. These mRNA levels were
found in cells that were recovered approximately 16 h post injection with IL-16, so it
is impossible to distinguish, from these experiments, if regulatory cells are attracted
by IL-16 or if IL-16 induces the expression of a suite of regulatory genes [47].

7. Conservation of CD4
CD4 is highly conserved in mammals, yet the primary and secondary structures
vary considerably among vertebrates [32, 38]. In the distal, D1 region, the canonical

MHC class II-binding motif of FLXK is found on all eutherian mammals that have been
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studied [32, 38]. However, even though all gnathostomes demonstrate CD4-dependent
Th-activity, the D1 region is not highly conserved among representatives of disparate
vertebrate groups [32, 38]. Most non-mammalian vertebrates do not possess the classic
FLXK MHC class II-binding motif seen in mammals [32] yet rely heavily on traditional
T-helper activity, suggesting that the role of CD4 binding to classical MHC molecules
is an important function that has arisen on multiple occasions in vertebrate evolution.
Other conserved motifs on the CD4 molecule are not involved with MHC class IT bind-
ing. These conserved regions include a WXC motif and the intracellular CxC motif
that associates with p56™™ in the cytosol [34, 38]. The association of p56'* with CD4 is
imperative for Th cell activation and the conservation of the Ick-binding site demon-
strates the essential and primordial association between these molecules [41, 48].

Although CD4 binds to ligands other than MHC class II molecules, including the
surface glycoprotein gp120 of the Human Immunodeficiency Virus (HIV), which
binds outside of the MHC class II-binding domain [34, 42, 43], the only described
physiological role for the proximal, D4 region of CD4 is that of a receptor for the
cytokine IL-16 [6, 19]. The IL-16 binding site on the proximal D4 domain of CD4 is
an effectively long distance from the MHC-binding site [6, 19, 34]. On human CD4,
there are two points on the D4 domain that are important for the binding of IL-16.
A WQCLL motif from amino acids 344-348 is of major importance, but two valines
at position 334 and 336 have been shown to be important in humans [33].

Amino acid sequence alignments, produced with CLUSTALW (www.genome.
jp), show that the proximal D4domain of CD4, and especially the binding site
for IL-16, is highly conserved (Figure 1), allowing for promiscuous binding of
IL-16 to CD4 between disparate gnathostomes. In fact, human IL-16 recruits
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Multiple alignment (CLUSTALW) of deduced amino acid partial sequences from CD4 D4 region of

several vertebrates. The top portion presents the proximal, D4 domain of CD4. Conserved cysteines near the
N-terminus of the proximal Ig domain arve bolded and marked with an A. The canonical mouse and human
WQCLLS motif that corresponds to human Val334, Val336, Gln34s, is shaded, as ave conserved vesidues that
occupy the positions of and Leu34y and Leu34y required for binding IL-16 on human CD4 [19]. The bottom
section shows amino acids from the transmembrane region and the cytoplasmic tail of CD4. The box surrounds
the putative (CxC) binding site for p56lck . (human:Homo sapiens NCBI accession no. NP_000607.1,
mouse: Mus musculus NP 038516.1, rat: Rattus novegicus NP_036837.1, chicken Gallus gallus CAA72740.1,
Xenopus laevis NP_001233240.1, gebrafish CD4~1: Danio rerio XP 005173553.1, catfish CD4-1: Ictalurus
punctatus NP 001187155.1, trout CD4: Oncorhynchus mykiss AAY42070.1, Salmon CD4-like Salmo

salar XP 014019051.1, Fugo CD4-1; Takifugu rubripes NP 001072091.1, Tetraodon CD4—4b; Tetraodon
nigroviridis ABU95654.1.
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murine CD4* lymphocytes in vitro, and mouse IL-16 similarly recruits human
CD4" lymphocytes [16]. In mice, IL-16-induced chemotaxis of CD4" lympho-
cytes is blocked by the addition of anti-human IL-16 antibodies [16]. As would
be expected with the conservation of the IL-16 binding region on CD4, IL-16
from derived vertebrates can activate CD4" T lymphocytes from more ancestral
organisms [32]. Recombinant human IL-16 (rhIL-16) binds to lymphocytes from
the African Clawed Frog, Xenopus laevis with sufficient avidity to allow rhIL16-
bound lymphocytes to be separated on magnetic columns [32]. No reagents exist
that can positively identify CD4 on Xenopus cells [3], and magnetic bead separa-
tion can merely suggest that rhIL-16 is binding to Xenopus CD4. Monoclonal
antibodies specific for Xenopus CD8, however are available and can be used to
isolate Xenopus CD8" T cells [3]. Incubation of Xenopus lymphocytes with rhIL-16
in vitro, correlates with the expression of MHC class Il mRNA by CD8" cells but
not those that are CD8, indicating that rhIL-16 is most likely binding to Xenopus
CD4" lymphocytes [32]. As explained earlier, the role originally attributed to
IL-16 was lymphocyte attraction, and injection of rhIL-16 into the body cav-

ity of the amphibian Xenopus leads to the accumulation of lymphocytes in the
peritoneum [32, 47]. The cells that are recruited to the Xenopus body cavity by
rhIL-16 express mRNA for CD4 to a greater extent than that for CD8a or CD8f
[32], again suggesting that rhIL-16 is recruiting CD4" Xenopus lymphocytes.

The ability of IL-16 to affect CD4 cells from members of disparate vertebrate
groups is hardly surprising. Not only is the IL-16-binding site highly conserved
on CD4 (Figure 1), but the region of IL-16 that binds to CD4 is highly conserved
throughout phylogeny (Figure 2).
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Figure 2.

Multiple alignment (CLUSTALW) of IL-16 deduced amino acids from several different vertebrates. The
conserved GLGF binding cleft of the PDZ domain highlighted in gray. The vesidues that are critical for
binding to domain 4 of CD4 to initiate chemotaxis, Argenines106-107 and Lysine108, are conserved throughout
phylogeny and are underlined and bolded. (human:Homo sapiens NCBI accession no. AAC12732.1, mouse:
Mus musculus AAC16039.1, rat: Rattus novegicus XP 006229550.1, chicken: Gallus gallus NP 001264925.1,
Xenopus laevis XP 018108634.1, rainbow trout: Oncorhynchus mykiss CAD;0074.2, puffer fish: Tetraodon
nigroviridis AAX36076.3, shrimp: Penaeus vannamei ASJ26360.1, mitten crab: Eriocheir sinensis, Mud
crab: (Gu et al., 2017), leech: Hirudo medicinalis ACF07997.1.
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8. The binding domains for IL-16:CD4 interactions are highly conserved

IL-16 is a cytokine that is produced by many organisms. Two residues crucial
for binding to CD4 and homologous to human arg'**'%, are highly conserved in
IL-16 from mammals, birds, amphibians, and teleost fish (Figure 2) [13, 19, 32].
Additionally, the GLF cleft of the IL-16 PDZ domain necessary for IL-16 oligomer-
ization (Figure 2) [6, 16, 18, 19] is highly conserved throughout phylogeny [32].
The conservation of the D4 region of vertebrate CD4, along with the conservation
of vertebrate IL-16, especially the conserved arginine residues that bind to CD4,
certainly explains the intraspecies promiscuity of the IL-16:CD4 binding and
activation [32].

In addition to vertebrates, IL-16 or proIL-16 has been described in several
species of invertebrates, including the Chinese Mitten Crab Eriocheir sinensis, [49]),
the mud crab (Scylla paramosain, [29]), and the Pacific white shrimp (Litopenaeus
vannamei, [30]). A homolog of IL-16 has even been described from the nervous
system of the European medicinal leech, Hirudo medicinalis [31]. The amino acid
sequences of invertebrate IL-16 homologs indicate that these molecules contain
the conserved arginine residues necessary for interaction with CD4 (Figure 2).
These residues are equidistant from the PDZ domain in vertebrate IL-16 in all of the
sequences that we examined. This is of particular importance since these organisms
lack CD4, a molecule that is only found in vertebrates. The conservation of these
residues on ancestral organisms has not been demonstrated previously, but strongly
argues for the existence of a receptor for IL-16 that has at least some similarity to
the D4 domain of vertebrate CD4.

Jawed vertebrates possess similar adaptive immune systems that rely on helper
T-cell effector functions that depend, in a large part, upon CD4-MHC class II
interactions. A vast majority of jawed vertebrates, with some notable exceptions,
express CD4 on a subset of lymphocytes despite the fact that genes for CD4 are
not well conserved among disparate species, even if they are closely related [50].
The gene for CD4 has been described and cloned in many species of teleost fish
[51-58]. Helper, CD4" T cells in teleost function in a manner similar, if not identical
to that found in their tetrapod counterparts. Like those in tetraposds, teleost T cells
develop in the thymus as CD4*CD8" double-positive cells migrate to the periphery
as single positive lymphocytes. As in mammals, teleost CD4" T cells proliferate in
mixed lymphocyte reactions and in an antigen-specific manner [55]. Helper T-cell
function has been documented in fish, and adoptive transfer of CD4" cells from
sensitized fish enhances virus-specific antibody formation [59].

9. Two-domain, CD4-like molecules

Two discrete forms of CD4 have been described in teleosts; one, consisting of
four immunoglobulin-like domains that folds in a manner similar to that of tetrapod
CD4 and interacts with classical MHC class II molecules [57], and a second type
of CD4 molecule, that consists of only two immunoglobulin-like domains that
does not appear to possess the ability to interact with MHC class II that is referred
to as CD4-2, CD4REL, or CD4-like [50]. These two-domain CD4 molecules are
expressed on the surface of a limited subset of teleost T cells and have cytoplasmic
tails that associate with kinase p56'* like those of canonical, four-domain CD4 mol-
ecules [40, 50, 53, 58]. A genes for a four-domain CD4 molecule has been described
in lamprey, but this lamprey CD4-like molecule does no include a canonical CXC
motif that is required for the interaction with p56'* [60, 61]. Elasmobranchs lack
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genes for either two- or four-domain CD4 molecules but possess genes for both
MHC class I and MHC class IIa and p. Elasmobranchs exhibit only T-cell responses
of a Thl phenotype. Additionally, these primitive cartilaginous vertebrates possess
CD4/LAG3-like genes that may encode an as-yet un-described molecule that is
functionally homologous to CD4 in derived vertebrates [62, 63].

The two-domain, CD4-like molecules in fish have a proximal domain (D2)
that possesses structural similarity to immunoglobulin constant regions (C-like)
and a distal domain (D1) more similar to Ig variable domains (V-like) [61]. As
stated above, the CD4 molecule of all gnathasomes, including teleosts, consist of
four immunoglobulin-like domains. Due to the repeating domain structure of this
molecule it has been postulated that the genes for typical CD4 molecules are derived
from a duplication of an ancestral gene that encoded a two-Ig-domain, CD4-like,
cell-surface molecule [64], although this does not explain the sole, four-domain
CD4-homolog seen in the ancestral cyclostomes. In Tetraodon, lymphocytes that
express CD4-2 appear to bind and migrate in response to recombinant IL-16
preferentially compared to those that express CD4—4 [56]. Additionally, the CD4-2*
Tetraodon lymphocytes appear to have a regulatory phenotype, expressing mRNA
for FoxP3 and having a CD25-like molecule on their surface [56]. The affinity of
the likely ancestral CD4-2 for IL-16, and the possibility that IL-16 recruits CD4-2"
regulatory lymphocytes supports our hypothesis that four-domain CD4 arose from
an ancestral, two-domain interleukin receptor.

Many, and perhaps all four-domain CD4 molecules possess amino sequences
that are homologous to human to IL-16-binding residues (Figure 1), and it seems
that similar motifs are present on the proximal domains of two-domain CD4-related
proteins. Although not identical to those seen on four-domain proteins, the deduced
amino acid sequences of two-domain CD4 homologs from teleosts show potential
IL-16-binding motifs that are spaced equidistant from the conserved cysteine at
the N-terminal region of the most proximal Ig-like domain seen in traditional CD4
molecules (Figure 3). In all of the teleost two-domain CD4s that we have compiled,
there is a valine at a position similar to the mammalian val**. Additionally, two-
domain CD4 homologs possess a sequence similar to the four-domain WQCLL
motif, again, in a similar, if not identical, position in the proximal Ig-like domain.
Rather than WQCLL, the two-domain motif is WTCQ(or L, K, or T)I (or V, F, or
P). Although not identical, these motifs in both types of CD4 have some distinct
similarities. Both of the five-amino acid domains have a cysteine at the center that
is found in sequences of all of the species that we examined. The first amino acid
in almost all of these motifs is a tryptophan (W), and the fourth and fifth amino
acids are almost always aliphatic. The second of the five usually contains an acidic
residue but some variation is seen. Regardless of the differences, there is evidence of
a possible IL-16-binding motif on both CD4 and CD4-2 molecules. It is interesting
to note that, although the lamprey CD4-like molecule has four Ig-like domains, the
proximal domain is more similar, including at the putative IL-16-binding site, to
teleost two-domain molecules that to conventional CD4 (Figure 3).

As previously stated, the lamprey CD4-like molecule does not possess a
canonical motif that associates with p56'*. Unlike CD4, many cytokine receptors
lack a domain for tyrosine kinases. Like two-domain CD4-like molecules, and
perhaps the ancestral form of CD4, many cytokine receptors are composed of
two immunoglobulin-like extracellular domains and exist as single chains on the
surface of cells but, upon encountering an appropriate ligand, form dimers that
initiate downstream signaling [65, 66]. The proximal immunoglobulin-like domain
is essential to the dimerization of hematopoietic cytokine receptors and involves
a motif of four conserved amino acids that resides towards the c-terminal end of
the extracellular portion of the molecule and consists of two pairs of conserved
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Figure 3.

Multiple alignment (CLUSTALW) of deduced amino acid sequences from proximal domains of CD4—-2 from
several fish species. Conserved cysteines near the N-terminus of the proximal Ig domain ave bolded and marked
with an A. A motif similar to IL-16 binding motif of four domain CD4, is shaded, as are conserved leucines
that occupy positions similar to the Leu34y vequived for binding IL-16 on human CD4 [19]. The box surrounds
the putative (CxC) binding site for ps56lck . Zebrafish CD4—2;Danio rerio NCBI accession no. NP_001352990.1,
catfish CD4—2: Ictalurus punctatus NP_001187156.1, trout: Oncorhynchus mykiss XP 021437193.2, Salmon
CD4~2a like Salmo salar ABZ81914.1, Salmon CD4—-2b like Salmo salar ABZ81915.1, Tetraodon CD4-2;
Tetraodon nigroviridis ABU95652.1, lamprey CD4-like Petromyzon marinus AAU09669.1.

amino acids separated by a single, non-conserved residue (WSxWS, [65, 66]). Like
these cytokine receptors, CD4 appears to form homodimers by association at the
D4 domain [37, 67], the domain that contains the IL-16 binding site. Like cytokine
receptors, dimerization of CD4 appears to be a prerequisite to Th activation [67].
Dimerization is also important for effective binding to IL-16, and IL-16 appears to
function by bringing CD4 molecules into close proximity [6, 33, 67].

10. Conclusion: probable origins of Gnathostome CD4

Genetic and structural similarities between the D1 and D3 domains and
between the D2 and D4 domains give credence to the hypothesis that vertebrate
CD4 arose from a precursor with two extracellular immunoglobulin-like domains
[36, 61, 64, 68]. In both agnathans and teleost fish, CD4-like molecules with
two immunoglobulin domains do not associate with MHC class II molecules but
nonetheless appear to be important in immune protection. Lymphocytes with two-
domain CD4 molecules, such as those found in teleosts, could very well represent
an ancestral CD4" subset of T cells [61]. The hypothesis that CD4 arose from the
duplication of a gene for a protein consisting of two extracellular immunoglobulin
domains has been thoroughly discussed and supported [64]. It is quite possible that
the physiological importance of these truncated CD4 molecules is that of receptors
for IL-16. Regulatory T lymphocytes play a critical role in controlling the immune
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response. The gene for IL-16 arose well before the advent of jawed vertebrates and
CD4. Although the role of IL-16 in invertebrates has not been clearly elucidated,
the ancestral role for CD4 and its evolutionary precursors may be as a receptor for
IL-16 that functions to regulate immune function.
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Interleukin 6 in Patients with
Rheumatoid Arthritis
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Abstract

Rheumatoid Arthritis is a widespread disease causing varying degrees of
disability. It is characterised by flares and remissions and since ancient times,
every culture has tried to get the better of it. Even now, research is aimed at find-
ing novel serum biomarkers as surrogates for disease activity and newer targets to
sharpen therapy. One such target is IL-6.It mediates neutrophil migration, osteo-
clast maturation and pannus formation through vascular endothelial growth factor
(VEGF) stimulation causing synovitis and joint destruction.IL-6 leads to various
systemic manifestations like hepcidin production causing anemia hypothalamo-
pituitary—adrenal (HPA) axis activation causing fatigue and mood changes and
osteoclast activation causes osteoporosis while increase in acute phase reactants
(ESR and CRP). The literature we reviewed and our research, enrolling 40 patients
of RA as well describes the role of IL-6 in pathogenesis and various manifestations
of RA including articular, extra-articular and other comorbid states. It supports
that Serum IL-6 levels correlate with disease activity (DAS-28ESR and BRAF-
MDQ) and that IL-6 remains a viable target for drug therapy.

Keywords: rheumatoid arthritis, pathophysiology IL-6, HPA axis, fatigue, DAS-28,
BRAF-MDQ

1. Introduction

Rheumatoid arthritis (RA), the most common rheumatological disorder seen in
clinical practice, has an estimated prevalence in the Indian community of 0.75%. It
afflicts near about 1% of the world’s population. Like many other connective tissue
disorders, RA affects women more than men (female:male = 2:1 to 4:1) [1]. Itis
characterized by persistent synovial inflammation, bony erosions and progressive
articular destruction, leading to varying degrees of physical disability [2]. The dis-
ease is known to produce periods of flares and remissions, therefore, it needs regular
monitoring and continuous research to improve the quality of life of sufferers [3].

2. Pathogenesis of rheumatoid arthritis

RA primarily affects the musculoskeletal system which includes the synovial
tissue, underlying bone and cartilage. However, being a systemic disease, it also
produces a variety of extra-articular manifestations, such as subcutaneous nodules,
lung involvement, peripheral neuropathy, vasculitis, pericarditis, hematological
abnormalities and fatigue [4].
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The macrophages are the key cells that are responsible for the tissue damage in RA.
These cells are the source of pro-inflammatory cytokines involved in the pathogen-
esis.IL-6 is one of the main cytokine which is the cause of inflammation and immune
dysregulation [4]. However, the exact pathogenic mechanism remains a complex
interplay of genetic, environmental, and immunological factors that produce dys-
regulation of the immune system and a breakdown in self-tolerance a involvement of
IL-6 and the HPA axis in the pathogenesis of fatigue has been shown in RA [5].

3. Interleukin 6 in RA

In RA, numerous cytokines, as we have already seen, are present both in the
blood and in synovial joints. Hence, the cytokine network is complex and drives
most of the clinical features consequently [6].

Elevation in pro-inflammatory cytokine levels leads to higher levels of fatigue in
RA [7]. A significant role is being played by interleukin 6 (IL-6) in the pathogenesis
of RA and promotion of fatigue [8].

4. Biology of IL-6

IL-6 is a pleiotropic cytokine. It is known to have substantial effects on non-
immunological tissues [9]. It stimulates the production of acute-phase proteins,
induces anemia and impairs the HPA axis [10].

Besides the immune system, this cytokine being proinflammatory causes various
effects on multiple extraaticular tissues in the body which includes cardiovascular
system, glucose metabolism through alteration of the insulin sensitivity, neurohor-
monal axis causing various psychological behavioural and haematological abnormal-
ities [11]. Role of IL-6 is being considered in maintaining balance between immune
and non immune systems of the body both in the healthy and disease states [9].

5. Molecular structure of IL-6

From a structural standpoint, IL-6 is a tetrahelix protein containing 184 amino
acids [12]. It acts on various cells including leucocytes, megakaryotes and hepato-
cytes to name a few [11]. The receptor for IL-6 (IL-6R) are formed of an a chain,
CD126, and two chains of glycoprotein 130 (gp130) [13, 14]. The signal transduc-
tion can occur through classical and trans signalling mechanisms.

In classical signalling, when IL-6 binds its membrane bound receptors and forms
an IL-6/Mil-6Ra pair that leads to downstream signalling [12, 15, 18].

In trans signalling, IL-6 binds to its soluble receptor sIL-6-6Ra which further
forms a complex with gp130.This IL-6/sIL-6Ra/gp130 then dimerises and leads to
signal transduction [12, 15-19].

As neuronal cells prominently express gp130 and can therefore be activated via
IL-6 trans-signalling, IL-6 is purported to have a direct effect on the CNS-related
RA symptoms and co-morbidities, particularly, pain, fatigue, and mood [20-23].

6.IL-6 and fatigue in RA

It is well established that the cause of RA-associated fatigue is multidimensional,
involving inflammation, pain, anemia, poor sleep, and psychosocial factors. There
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is also substantial evidence implicating the involvement of IL-6 and the HPA axis in
the pathogenesis of fatigue [5].

The positive effects of IL-6 inhibition on symptoms of fatigue by
Tocilizumab, Sarilumab, and Sirukumab in patients with moderate to severe
RA, as assessed by FACIT-F, have been demonstrated in several clinical studies
[8]. Alleviation of fatigue appears to be one of the first beneficial effects that
patients with RA may experience when using biologic therapies that block IL-6
signaling [9].

This makes the precise measurement of the subjective feeling of fatigue as
important and necessary as the disease activity, to evaluate the potential treatment
effects [24].

Classically, the Bristol RA Fatigue Multi-Dimensional Questionnaire (BRAF-
MDQ) [25] has been used for measuring fatigue in patients of RA. It was developed
from the patient’s perspective and evaluated in a British RA population. It was
published in 2010 [25].

Nicklin et al. showed that the BRAF-MDQ global score correlated strongly with
the MAF, POMS, and FACIT-F while the correlation with the SF-36 vitality subscale
was weak [26].

7. Disease activity in RA

In rheumatoid arthritis, the presentation and course of the disease over time,
are highly variable. The symptoms and signs of RA vary from joint complaints
like pain, stiffness, swelling, and functional impairment, to more constitutional
complaints like fatigue and loss of general health [4].

In the past decades a large number of variables have been tried to assess the
status and course of disease activity in RA.

In daily clinical practice as well as in clinical trials on a group as well as indi-
vidual level, the Disease Activity Score (DAS) and the DAS28 have been developed
to measure disease activity in RA. These scores are a measure of RA disease activ-
ity that have been developed by compiling the information about swollen joints,
tender joints, acute phase response, and general health. The variables required for
calculation of DAS28 score include a 28-Tender joint Count (28-TJC), a 28-Swollen
Joint Count (28-SJC), erythrocyte sedimentation rate (ESR), and a patient global
assessment (PGA) of disease activity on a visual analog scale (VAS). C-reactive
protein (CRP) may be used as an alternative to ESR in the calculation of the DAS or
DAS28 [27].

Previous studies have shown that IL-6 levels were raised in the synovial mem-
brane and synovial fluid of patients with RA [4]. However, the exact correlation of
disease activity with serum IL-6 levels is still debatable in patients of RA. We did a
study to measure the serum levels of IL-6 and disease activity in patients with RA
and aimed to correlate the two statistically.

8. Aresearch

Our study was conducted in the Department of Medicine between November
2016 to March 2018 in a tertiary care hospital of New Delhi. We studied 40
patients of RA (Table 1) who were diagnosed according to the ACR/EULAR 2010
Criteria [28].

Demographic data and disease history regarding onset, duration, course and
progression, received were obtained from the patients (Table 1).
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S.no Character RA patients(n = 40)

1 Age (yrs) 3845+ 751

2. Gender (female/male) 31/9

3. Duration of disease 231171

4, ESR(mm in 1st hour) 33.45+20.16

5. CRP(positive/negative) 23/17

6. IL-6(pg/ml) 3792 + 7529

7. Rheumatoid factor(positive/negative) 29/11

8. Anti CCP(IU/ml) 117.18 + 107.96
Table 1.

Clinical characteristics of study population.

A general physical and thorough clinical examination of the musculoskeletal
system was carried out.
DAS 28-ESR [29] was calculated for each patient as follows:

« DAS 28 score = 0.56 x \/tender joint count +0.28 x 1/swollen joint count +0.70
x In [ESR] +1.14 x (patient’s global assessment on a scale of 1-100, measured

using Visual analog scale).

The cut-off values of DAS 28 for disease activity are:

>5.1 High disease activity,
>32-<51 Moderate disease activity
<3226 Low disease activity,
<26 Remission.

Fatigue was measured using BRAF-MDQ score [25]

The data was entered in MS EXCEL spreadsheet and analysis was done using
Statistical Package for Social Sciences (SPSS) version 21.0 (IBM, Chicago/USA).
The normality of data was tested by the Kolmogorov—Smirnov test. Quantitative
variables were compared using the Independent T-test/Mann-Whitney Test (when
the data sets were not normally distributed) between the two groups and ANOVA/
Kruskal Wallis test between more than two groups. Qualitative variables were cor-
related using the Chi-Square test. Pearson correlation coefficient/Spearman rank
correlation coefficient was used to assess the association of various parameters with
each other. A p-value of <0.05 was considered statistically significant.

DAS 28 score ranged from 0.51 to 6.1 with a mean of 3.21 and a standard devia-
tion of 1.26. The distribution of the patients by DAS28 is shown below in Table 2.

Total fatigue score ranged from 25 to 65 with a mean of 44.1 and ranged from
minimum score of 25 to maximum score of 65.

IL-6 levels correlated with DAS28 with statistical significance, a p-value of
0.0011 and correlation coefficient of 0.497.

Chi-Square test was used to assess the correlation of DAS28 with sex and RF in
the study population. But the p values of 0.240 and 0.384 respectively showed that
there was no difference in disease activity between male and female patients.

According to DAS28 scores as above, patients were divided into subgroups of
remission, low disease activity, moderate disease activity, and high disease activity.
We studied the effect of various parameters on DAS28.

Higher concentrations of serum IL-6 were associated with higher disease activ-
ity (p = 0.0011, correlation coefficient = 0.497) as shown in Figure 1, however age
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DAS-28
Frequency Percentage
1) Remission(DAS28 < 2.6) 16 40.00%
2) Low disease activity (DAS28: 2.6 - < 3.2) 5 12.50%
3) Moderate disease activity (Activity (DAS28: >3.2 - <5.1) 16 40.00%
4) High disease activity((DAS28 > 5.1) 3 7.50%
Total 40 100.00%
Table 2.

Distribution of disease activity by DAS28.

Correlation between IL-6 and DAS-28

DAS-28

0 T T T T T T T 1
0 50 100 150 200 250 300 350 40C

IL-6

Figure 1.
Scattered plot showing correlation between IL-6 and DAS28.

(p-value = 0.1262), gender(p = 0.240), Anti CCP (p = 0.4296) and RF (p = 0.384)
did not correlate with disease activity as measured by DAS28.

Levels of serum IL-6 were found to be very strongly correlating with BRAF-
MDAQ score, with a p-value of <0.0001 and a correlation coefficient of 0.821 as
shown in Figure 2.

In our study, the levels of serum interleukin-6(IL-6) in the patients were high
with a mean of 37.92 £ 75.29 pg/ml and ranged from 1.95 to 342.5 pg/ml. This find-
ing was consistent with the results of other studies done previously. In the study
done by Helal et al. [30] serum IL-6 concentration was significantly elevated in
patients with RA ranging between 5 and 130 pg/ml, with a mean of 35.0 + 21.2.

In a study done by Chung et al. [31] on the correlation between increased serum
concentration of IL-6 family cytokines and disease activity in rheumatoid arthritis, the
serum concentrations of IL-6 were 41.76 + 20.28 pg/ml (range:18.0 to 109.1 pg/ml).

IL-6 is one of the cytokines which play a significant role in the pathogenesis
of RA and the promotion of fatigue [6, 10, 32-34]. Analytical statistics were also
done to assess the correlation between BRAF-MDQ score and serum IL-6. Levels
of serum IL-6 were found to be very strongly correlated with the BRAF-MDQ
score with a p-value of 0.0001 and a correlation coefficient of 0.821. Our results
were comparable to those of. Helal et al. [30] They too, found a strong correla-
tion between BRAF-MDQ score and serum IL-6 concentration with r = 0.947,

p < 0.001.

39



Interleukins - The Immune and Non-Immune Systems’ Related Cytokines

Correlation between IL-6 and BRAF-MDQ
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Figure 2.

Correlation between IL-6 and BRAF-MDQ score.

9. IL-6 in various diseases

Environmental stress factors such as infections and tissue injuries trigger
immediate and transient rise in the levels of IL-6 which activates host defense
mechanisms. As this stress is removed from the host the signal transduction and
inflammatory cascade are terminated [35].

Dysregulated IL-6 production leads to the development of various immune
and non-immune mediated diseases [35]. This was first demonstrated in a case of
cardiac myxoma and remains true till date as seen in the COVID-19 pandemic.

A study done by Hirano et al. [36] in 1988 showed that dysregulation of IL-6
production occurs in the synovial cells of RA. Various gene knockout studies
and IL-6 blockade by administration of anti-IL-6 or anti-IL-6R Ab have shown
to be promising in the prevention and alleviation of disease symptoms [6, 8].
Mitigation of disease symptoms by this strategy has been shown by Alonzi et al.
[37] Ohshima et al. [38] Fujimoto et al. [39] in patients with rheumatoid
arthritis.

10. IL-6 and its systemic effects in SRA

In inflammatory arthritis, Osteoclasts play a major role in causing bony erosions
[40]. Osteoclasts are recruited by IL-6 that acts on hematopoietic stem cells from
the granulocyte-macrophage lineage (Figure 3) [41-43].

IL-6 has also been recognized to play a major role in extracellular matrix turn-
over and levels of IL-6 and CRP correlate with proMMP-3 in patients with early RA
[44] which shows a link between IL-6 and proteinase activity. It stimulates hepato-
cytes to increase the production of acute-phase reactants. The correlation of IL-6
with CRP is seen in RA patients [10].

The anemia of chronic inflammations is seen in RA patients. The iron transport
and release of iron from macrophages are inhibited by protein hepcidin which is
produced by hepatocytes [10, 45].
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Figure 3.
Systemic effects of IL-6.

The hepcidin regulates iron metabolism by preventing iron transport and the
release of iron from macrophage [45].

One of the common systemic manifestations of RA is osteoporosis. IL-6 over-
expression results in osteopenia due to osteoclast and osteoblast dysregulation.
This was shown in in-vivo studies with IL-6 transgenic mice resulting in increased
osteoclastogenesis that leads to accelerated bone resorption, reduced bone forma-
tion, and defective ossification [46].

Cardiovascular mortality is predominant in patients with RA. In RA, endothelial
dysfunction and dyslipidemia lead to an increased risk of atherogenesis because of
systemic inflammation [47-49]. The widespread systemic inflamation is proportion-
ate to elevated CRP levels which leads to increased risk of cardiovascular disease [50].

11.IL-6 blockade as a therapeutic target in RA

As IL-6 has been shown to have an array of biological roles and pathological
efsfects in immune diseases, IL-6 targetting would constitute a novel therapeu-
tic option in RA as well. This has been shown in the OPTION study [8] where
Tocilizumab has been shown to reduce diseases activity and led to improvement in
all ACR core set variables when compared with patients who received placebo(less
than 1% on placebo—achieved DAS28 remission). The physical disability was
substantially reduced by Tocilizumab more as compared to placebo, suggest-
ing considerable functional benefits for the patients. Also Tocilizumab lead to
more improvements in health-related quality of life than with placebo. Sustained
improvements in the acute phase response markers including ESR, CRP and, and
hemoglobin, were seen, especially with tocilizumab 8 mg/kg. In TAMARA study s,
Tocilizumab was highly effective in a setting close to real-life medical care with a
rapid and sustained improvement in signs and symptoms of RA [51].
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12. Conclusion

It is well established that synovial cytokines, particularly IL-6 are responsible
for much of the destruction in RA. The review also suggests that IL-6 is involved in
the pathogenesis of various extra-articular manifestations of rheumatoid arthritis
including increased risk of cardiovascular diseases, deranged glucose and lipid
metabolism and various neurohormonal and psychological behavioural changes in
patients with RA. Even, high levels of serum IL-6 are associated with a high disease
activity, as indicated by various studies, including ours (p = 0.0011, correlation
coefficient = 0.497). Also, we found that the levels of serum IL-6 very strongly
correlated with fatigue, as measured by the BRAF-MDAQ score.

It is thus, evident that blocking the IL-6 pathway as a therapeutic target in
patients with rheumatoid arthritis, may help in better control of the disease symp-
toms and prevent flares. The extra-articular manifestations can also be controlled
by antagonising IL-6 activity.

So, in conclusion, serum IL-6 is one of the main cytokine that has been involved
in the pathophysiology of RA through its complex signalling pathways and as its
levels correlate with disease activity, it has emerged as a better test for measuring
disease remission and flares. It is simple, convenient and gives a lucid, objective
value to a largely subjective and complicated issue in the course of RA-disease activ-
ity. And therefore, IL-6 can also prove to be a novel therapeutic target in control of
articular as well as extra-articular manifestations of Rheumatoid arthritis.
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Abstract

Interleukin-9 (IL-9) is a pleiotropic cytokine produced by several immune and
epithelial cells. Recently, many studies have eluded the physiological and pathologi-
cal roles of IL-9 and its lineage-specific helper T cell subset (Th9). In this chapter,
we will focus on the immunological role of Interleukin 9 (IL-9) in allergy and auto-
immunity. We will introduce the basics of IL-9 and describe the cells involved in
the secretion, signaling, and regulation of IL-9. After establishing the background,
we will discuss the pathogenesis and regulation of IL-9 in allergic and autoimmune
diseases. We will conclude the chapter by providing an updated therapeutics that
target IL-9 and their potential uses in autoimmune and allergic diseases.

Keywords: IL-9, Th9, multiple sclerosis, Th17, IBD, uveitis, mast cells, asthma,
atopic dermatitis, food allergy, diabetes, TGF-f, ILC2

1. Introduction

Interleukin-9 (IL-9) is a pleotropic cytokine that regulates diverse immunological
functions (Figure 1). This cytokine was first identified in the late 1980s asa T cell
growth factor [1]. Because of the molecular weight of IL-9, it was initially known as
P40 [2]. Later studies revealed that the observed molecular weight was due to N-link
glycosylation, and actual molecular weight for this discovered molecule is 14 kDa [3].
A similar factor was also identified from Th2 cells and mast cells where it was initially
named as T-cell growth Factor III (TCGF III) and mast cell growth-enhancing activ-
ity (MEA), respectively [2, 4]. Further studies revealed that both TCGF III and MEA
actually represent the P40 factor [4]. In later years, considering its pleotropic roles and
the redundant nomenclature the P40 factor was renamed as IL-9 [5].

The locus encoding IL9 in mouse is about 11 kb in size, and located on chromo-
some 13 [6]. The I19 locus is comprised of 5 exons and 4 introns [3]. The I19 locus
encode for a precursor peptide of 144 amino acids, first 18 amino acids of which is
signal sequence peptide. The mature IL-9 peptide, a single-chain glycoprotein of
126 amino acids, and similar to other cytokines of IL-2 family folds into a four-
alpha-helix bundles [7]. Human IL-9 locus is present on chromosome 5 in the region
g31-35 [6]. Homology between mouse and human IL-9 is about 55%, and both of
them contain a conserved 10 cysteine residue to form a disulfide bond that is critical
for a mature IL-9 peptide. Interestingly, three conserved non-coding sequences,
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Figure 1.
Functions of IL-9. IL-9 contributes to different immunopathology and physiology through activation of
multiple cell types. lllustration by MHuzzatul.

CNSO0, CNS1, and CNS?2 are present on both mouse and human i[9 locus sequence
similarity of which is 63% [3, 7]. CNSO is positioned in the upstream (—6 kb) of
transcription start site (TSS), CNS1 is the promoter region, and CNS2 is located

at the downstream of TSS (+5.4 kb) [8]. CNS1 provide binding site to numerous
transcription factors that includes PU.1, STAT5, STAT6, GATA1, GATA3, IRF1, IRF4,
NF-kb, BATF, AP-1, Smads 2/3/4, Gcn5, Notch [9]. Etv5 can bind to both CNSO and
CNS2, and recruit histone acetyltransferase p300 to mediate chromatin remodeling
[8-11]. Regulation of IL-9 expression by this multiple numbers of transcription
factors explain the necessity of a delicate cytokine milieu that requires to stimulate
IL-9 producing cells. The miscellaneous origin of IL-9 and the complexity of its
regulation underscore the need for a comprehensive assessment of IL-9 function.
Therefore, in this chapter, we will elucidate the basis of IL-9 function in health and
diseases and its therapeutic potentials in autoimmune and allergic diseases.

2.1L-9, alineage specific Th9 cytokine

T cells were originally thought to be the main source of IL-9 [12-14]. IL-9 was
defined as a Th2 cytokine. The reason for this Th2 designation by many research
findings included IL-9 genome. The il-9 gene is positioned within a Th2 cytokine
clusters. Also, increased expression of IL-9 was observed in a Th2-predominate
BALB/c mouse model of cutaneous leishmaniasis (BALB/c mice) but not in Thi-
predominate model (using C57BL/6 mice). This finding suggested IL-9 as a Th2
signature cytokine [12]. In addition, Th2-like responses such as airway epithelial
hyperplasia, proliferation of mast cells, mucin-producing cells, and eosinophils
were found in the lungs of IL-9 transgenic mice [15]. More recently, the designation
of IL-9 as a Th2 cytokine loses credence, due to the identification of PU.1, an ETS
family transcription factor that induces IL-9 secretion. Mice with T-cell-specific
deletion of PU.1 did not develop IL-9 dependent inflammation of the lungs [16].
However, the mice had similar frequencies of Th2 cells [16]. In another experi-
ment that utilized siRNA-mediated disruption of PU.1 resulted in impaired IL-9
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production in human T-cells. Recently, a distinct helper T cell subset, Th9 was
identified as IL-9 lineage-specific cells. Studies observed increased PU.1 expres-
sion under Th9 polarizing conditions but not Th2 conditions [16]. The finding of
another helper T cell subset suggested that Th2 is not the main source for IL-9, and
PU.1 as a unique transcription factor necessary for IL-9 production emphasized the
identity of Th-9. Later, in vitro studies identified IL-4 and TGF-p as cytokines that
facilitate the differentiation of naive T cells to Th9 cells [17, 18]. Though IL-4 isa
known Th2 cytokine, TGF-p exhibit pleotropic functions and regulates the develop-
ment of other helper T cells including Th17 and Treg cells [19]. Presence of IL-4
with TGF-p facilitates the differentiation of naive T cells into IL-9-secreting Th9
but not Tregs or Th17. Also, IL-4 can directly block the expression of FoxP3 in T
cells thus reprogramming Treg cells into Th9 cells [17]. And, addition of TGF-p in
culture medium reprograms Th2 cells to Th9 cells [18]. IL-4 and TGF-p-mediated
induction of IL-9-producing cells are dependent on both activated STAT6 and
GATA3, suggesting the initial identification of IL-9 as a Th2 cytokine. And Th2
including other helper T cells secrete small amounts of IL-9 [20].

3. Sources of IL-9

In addition to Th9 and Th2, other immune cells have been identified as potential
sources of IL-9 (Figure 2). Prominent among these immune cells is Th17 cells. Th17 cells
are involved in mounting immune responses against extracellular bacteria and fungi and
are implicated in autoimmunity [21]. Activation of a Th17-associated transcription fac-
tor, retinoic acid receptor-related orphan receptor-yt (RORyt) with phorbol 12-myristate
13-acetate and ionomycin (PMA) leads to IL-9 secretion [22]. Tregs have also be shown
to secrete IL-9 both iz vivo and in vitro, however, the role is IL-9-secreting Tregs is
conflicting [23, 24]. Another recently identified source of IL-9 is V82 T cells in human
peripheral blood. This y8 T cell subset population can be stimulated with antigens,
TGF-p, and IL-15 to produce IL-9 [24]. Mast cells, natural killer T cells (NKT) have also
been found to produce IL-9. Mast cells cross-linked with IgE and inflammatory media-
tors like histamine produce IL-9 in the presence of IL-1 and LPS [25-29]. Stimulation
of NKT cells with IL-2 leads to secretion of IL-9 [30]. A large number of infiltrating IL-9
producing NKT has been found in histological section from patient with nasal NKT cell
lymphomas [31]. Decreased expression of IL-9 was observed in CD1d-restricted NKT
deficient mouse model of allergic inflammation suggesting NKT cell can also promote
IL-9 production iz vive [32]. In addition, innate lymphoid cells such as ILC2s, eosino-
phils, neutrophils, and osteoblasts also have been found to produce IL-9 [33-35].
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Figure 2.
Cellular sources of IL-9 and IL-9 receptor (IL-9R) heterocomplex. Illustration by MHuzzatul.
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4.1IL-9 receptor signaling

IL-9 exerts its biological effect on its target cells through IL-9R receptor. The
IL-9R is a heterocomplex of the alpha chain (IL-9Ra) and the common gamma
chain [36]. IL-9Ra is specific only to IL-9, whereas the gamma chain is present in
the receptor complexes of several other cytokines such as IL-2, IL-4, IL-7, IL-13,
IL-15, and IL-21 [37-39]. About 25% of the IL-9Ra exist in complex with the
gamma chain outside IL-9 heterocomplex. IL-9Ra is of 522 amino acids in human,
and 468 amino acids in mouse, and contains 11 exons [40]. This 64 kDa glycopro-
tein is a member of type I hematopoietin receptor super family due to the presence
of the Box1 and Box2 motifs in the intracellular domain, and WSXWS motif in
the extracellular domain [41]. Formation of a heterocomplex with the y-chain is
enhanced as IL-9 binds to IL-9Ra (Figure 2) [42]. The binding of IL-9 to IL-9Ra
results in a conformational change in IL-9R. This conformational change recruit
JAK molecules to Box1 motif which results in the phosphorylation of tyrosine
residues of IL-9Ra-associated JAK1 and y-chain associated JAK3 [41]. BOX1 motif
is very critical in IL-9 mediated signaling as disruption of Box1 results in loss of
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Figure 3.

chemutic representation of IL-9 signaling pathway. IL-9 cytokine binds to IL-9R complex. This leads to
phosphorylation of JAKs. The phosphorylated JAKs activate STATS, PI3 kinase, and the MAP kinase pathway.
IL-9R, interleukin-9 veceptor; JAK, Januse kinase; STAT, signal transducer and activator of transcription;
PI3K, phosphatidylinositol-3 kinase; PIP, phosphoinositide; PDK1, pyruvate dehydrogenase kinase 1; bad,
GSK3, glycogen synthase kinase 3; PS6K, IRS, insulin receptor substrate; SOS, suppressors of cytokine signaling;
GRBz2, ERK, extracellular signal regulated kinase; She; Ras/Raf/MEK, mitogen-activated protein kinases;
illustration by MHuzzatul.
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phosphorylation of JAK1 and JAK3 [43]. Activated JAK molecules then phosphory-
late a tyrosine residue (Tyr407) in the IL-9Ra, which results in the phosphorylation
of intermediate molecules, STAT molecules (STAT1, STAT3, and STAT5S), MAPK,
and IRS-PI3 pathways (Figure 3) [44-46]. Activation of these pathways contribute
to the upregulation of IL-9, as well as important in the growth, differentiation, and
development of the IL-9 targeted cells [47, 48].

5.1IL-9 and allergic diseases

Allergic diseases including respiratory, food, and skin allergies are mainly medi-
ated by Th2 cells through the expression of various cytokines such as IL-4, IL-5, and
IL-13 (reviewed in [49]). The cytokine IL-9, which was initially studied in the con-
text of Th2-mediated immune response and later associated with T-helper 9 (Th9)
cells, has been shown to play an important role in allergic inflammation [50, 51]. IL-9
and its receptor IL-9Ra regulate antibody synthesis, specifically IgE, in both murine
and human B cells [52, 53]. To contribute to allergic disease pathogenesis, IL-9 also
promotes activation and recruitment of inflammatory cells [54-57].

6. Asthma including airway allergies

Various studies have shown that IL-9 and its receptor contribute to airway
allergic diseases and asthma. Sputum, serum, and lungs of patients with asthma
were shown to have increased concentrations of the cytokine [58-60]. IL-9 lev-
els were also increased in the airways of murine asthma models [61]. IL-9Ra is
expressed on human tonsillar germinal center and memory B cells, and smooth
muscles in the airways. IL-9/ IL-9Ra signaling in B cells induces STAT3 and STAT5
pathways to potentiate IgE production [52, 53, 55, 62, 63]. Overexpression of IL-9
in transgenic mice or treatment with recombinant cytokine induces expansion of
B-1 cells, and accumulation of mast cells in the tissues [64, 65]. IL-9 induces the
release of proteases and pro-inflammatory cytokines by the mast cells to promote
survival of eosinophils and increase airway permeability [66, 67]. IL-9/IL-9Ra
signaling also stimulates human airway smooth muscle to secrete eotaxinl/CCL1
and induces production of IL-13 in airway epithelial cells. Eotaxin1/CCL11 and
IL-13 significantly increase eosinophil recruitment and cause lung epithelial cell
hypertrophy. These effects result in asthma-like symptoms, including lung inflam-
mation, bronchial hyper-responsiveness, and mucus accumulation. Moreover, IL-9
worsens lung injury in a murine model of chronic obstructive pulmonary disease
(COPD) [63, 68, 69]. The cytokine also appears to be a critical player in allergic
rhinitis. Serum IL-9 in patients strongly correlates with irritative nasal symptoms
including rhinorrhea [70]. In mice, Th9 cells are significantly upregulated dur-
ing allergic rhinitis and neutralization of IL-9 alleviates symptoms. Blocking
IL-9 decreases the level of inflammatory cytokines (IFN-vy, IL-4, and IL-17) and
eosinophils infiltration in the nasal mucosa. This causes a decrease in the frequency
of sneezing and nasal rubs in experimental models of allergic rhinitis [71].

7.Food allergies
Studies in patients with food allergy and experimental oral hypersensitivity have
shown that allergic reactions in the gastrointestinal tract are mediated by various

players, including Th2-secreted cytokines, such as IL-4 and IL-9 [72-74]. Various
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studies have shown that IL-9 drives intestinal inflammation and plays a critical
role in food allergies [75, 76]. In patients with food allergies, the severity of clinical
symptoms strongly correlates with increased intestinal permeability [77]. In vitro
experiments have shown that patients with peanut allergy have increased levels of
IL-9. The memory T helper cell response specific to peanuts in allergic children is
dominated by IL-9. Thus, cytokine levels can be used as a biomarker to determine
individuals with peanut allergy [78, 79]. In mice, overexpression of intestinal IL-9
or induction of IL-9-producing mucosal mast cells (MMC9s) also increases suscep-
tibility to food allergy [80]. Migration of mast cell progenitors and their develop-
ment into MMC9s is regulated by basic leucine zipper transcription factor ATF-like
(BATF) and Th2-secreted IL-4 [81]. The large amount of MCC9s-derived IL-9 and
other mast cell mediators cause intestinal mastocytosis and increased intestinal
permeability, which is central to the induction of experimental oral hypersensitiv-
ity [82]. The actions of the IL-9-stimulated mast cells cause allergic diarrhea and
hypothermia [75]. IL-9 can additionally be secreted by the group 2 innate lymphoid
cells (ILC2) and Th9 cells to amplify the intestinal allergic inflammatory response,
which may lead to anaphylaxis [83-88].

8. Skin allergies

IL-9 has been identified as a potential mediator of cutaneous allergies, includ-
ing atopic dermatitis (AD) and allergic contact dermatitis (ACD). Patients with
atopic dermatitis have a significantly higher level of IL-9 in the serum and skin
lesions [89]. The concentration of the cytokines also positively correlates with the
severity of the disease and serum IgE levels [90]. These observations were made
in both adult and pediatric patients [91, 92]. A study in a Korean population also
linked IL-9 and IL-9R gene polymorphisms to AD [93]. IL-9 induces IL-5 and
IL-13 by ILC2. ILC2 and the cytokines are associated with AD pathogenesis. IL-5
and IL-13 contribute to the defective skin barrier in AD patients by downregulat-
ing tight junctions genes [94, 95]. IL-9 also promotes the secretion of the vascular
endothelial growth factor (VEGF) by keratinocytes and mast cells [92, 96]. An
increased level of VEGF contributes to the dilatation of capillaries, erythema,
and inflammatory edema characteristics of AD [97, 98]. Moreover, IL-9 has been
shown to regulate Thl-mediated allergic contact dermatitis. Patients with positive
patch tests to nickel have a higher level of allergen-specific IL-9 expression in skin,
peripheral blood mononuclear cells (PBMCs). Also, IL-9 potentially mediates
infiltration of eosinophils in the skins as its levels strongly correlate with the cell
infiltration in the tissues. This demonstrates a potential pathogenic role of the
cytokine IL-9 in ACD [99, 100].

9.1L-9 and autoimmunity

The etiology or trigger of autoimmune diseases is not well understood
[101, 102]. However, there is a consensus that many factors, including genetic,
environmental, and cytokine dysregulation are implicated in causing aberrant
immune responses that drive tissue damage [102-104]. Many studies on diver-
gent immune responses in autoimmunity have shown dysfunction of helper T
cell subsets, which include Thi1, Th17, and/or Treg cells [104, 105]. Studies in
the last decade have identified IL-9-secreting Th9 cells as another T helper cell
subset involved in immune responses [23, 106]. The IL-9 cytokine has become
the focus of many autoimmune studies [107, 108]. Initial studies showed IL-9
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to be a growth factor and a Th2 cytokine [13, 108]. More recently, IL-9 has been
characterized as a lineage-specific cytokine for Th9 cells [109]. Thereafter, many
immune cells involved in autoimmunity, such as Th17 and Treg cells, have dem-
onstrated secretion of IL-9 [16, 110]. In EAE, a rodent model of MS, researchers
identified Th9 and its signature cytokine, IL-9, in driving the disease process
[111]. Its close association with Th17 and TGF-f has renewed interest in the role
of IL-9 in the pathogenesis of autoimmune diseases [23]. In this section, we will
examine the role of IL-9 in some autoimmune diseases such as multiple sclerosis
(MS), systemic lupus erythematosus (SLE), inflammatory bowel diseases (IBD),
rheumatoid arthritis (RA), and uveitis.

10.IL-9 and IL-17 dynamics in autoimmunity

The role of IL-9 in autoimmunity was illuminated when many studies reported
that IL-9 and IL-17 are intricately related in driving the pathogenesis of diseases
[111]. Human and animal studies revealed that Th17 cells secrete some amount of
IL-9, in addition to other proinflammatory cytokines [112]. During the differentia-
tion of naive T cells, TGF-, a key driver of Th17 polarization, plays an important
role in the differentiation of Th9 cells [23]. This was well elaborated in a study by
Nowak et al in which in vitro polarization of MOG-specific Th17 cells was shown
to generate IL-9-secreting Th9 [22, 113]. Secretion of IL-9 was further enhanced
by the addition of IL-1f or IL-21 to the culture [113]. In addition, TGF-p and
IL-6 induce Th17 cells that co-express IL-9 and IL-17 [22]. Studies have shown an
increased frequency of memory CD4 cells that co-express IL-9 and IL-17 in patients
with Type 1 diabetes [23].

On the other hand, IL-9 potentiates Th17 functions in an autocrine manner on
Th17 cells [22, 110]. Th17 is a predominant helper T-cell subset that expresses IL-9
receptors (IL-9R) [22] . Through this receptor, IL-9 acts as an activator of Th17
cells [22]. IL-9 also synergizes with TGF-p to differentiate naive T cells into
Th17 cells [110]. The presence of IL-9 in T cell cultures leads to the expansion of
Th17 cells [110]. The importance of IL-9 in Th17 cell function is emphasized in
IL-9R-deficient experimental autoimmune encephalomyelitis (EAE) model. Mice
that lack IL-9 signaling showed decreased Th17 cells and defective migration of
Th17 cells into the CNS [22, 114]. Neutralization of IL-9 led to attenuation of
disease in EAE [22]. This unique relationship between IL-9 and Th17 provides the
premise to examine the role of IL-9 in Th17-mediated autoimmune diseases.

11. Multiple sclerosis (MS)

Most autoimmune diseases like MS occur due to alteration of immune responses,
which leads to tissue damage. The importance of IL-9 in MS has been enhanced
through our understanding of the roles of IL-9-secreting T cells in EAE, an animal
model of MS orchestrated by helper T cells [115]. Most studies revealed IL-9 plays
a pathogenic role in EAE [22]. Th9 cells and Th17 cells were observed in the cen-
tral nervous system (CNS) during EAE [115]. Blockade of IL-9 signaling in EAE
resulted in contradictory conclusions. One study reported increased severity of
disease in IL9Ra KO mice on a C57BL/6 background through a loss of Treg func-
tion and increased secretion of GM-CSF [116]. Other studies showed attenuation
of disease and decreased Th17 cell infiltration into the CNS of SJL mice treated
with IL-9 blocking antibody [22, 117]. This opposing view in disease outcome may
be due to differences in the helper T cell composition and dysfunction driving the
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pathogenesis in the mouse strains. Also, IL-9 has been shown to increase chemokine
CCL20, which enhances migration of Th17 into the CNS [22]. Accumulation and
activation of mast cells during the Th17-IL9 immune response could explain the
feedback loop [113]. Adoptive transfer of IL-9" Th9 into recipient mice resulted in
EAE [118]. Th9-EAE model manifested a unique disease profile independent of Th1l
and Th17 EAE models [118].

The role of IL-9 in MS patients is complex. A study by Roucco et al showed that
IL-9 activates STAT1 and STAT 5, which are inhibitors of Th17 function [119]. IL-9
directly interfered with IL-17 expression in Th17 cells. Levels of IL-9 in the cerebro-
spinal fluid (CSF) of relapsing and remitting MS patients were inversely correlated
with the disease pathogenesis and the disability indices [119]. These findings
suggested the immunoregulatory role of IL-9 in MS. In another study, CSF of MS
patients showed increased amounts of IL-9, and levels of IL-9 correlated well with
IL-17 [120]. Therefore, more studies are needed to understand the functional role of
IL-9 in MS.

12. Uveitis

Unlike other autoimmune diseases, uveitis is a heterogeneous disorder that
results in inflammation of the eye [121]. In animal models of uveitis, adoptive
transfer of in vitro polarized Th9 cells induced ocular inflammation [122, 123].
However, IL-9 was not detected in the eyes or lymph nodes of these mice [123].
Analysis of inflammatory cytokines in the vitreous humor of patients with uve-
itis detected increased levels of IL-9, among other proinflammatory cytokines
[124]. However, the biological relevance of increased IL-9 in the study was not
elaborated.

Another study examined the role of IL-9 in patients with Vogt-Koyanagi-
Harada (VKH) disease. VKH is a systemic autoimmunity that manifests with
bilateral panuveitis [125]. Patients with active disease had significantly higher
levels of IL-9 in culture supernatants and higher IL-9 mRNA in PBMCs than did
healthy controls and inactive patients [126]. The synergy of IL-9 and IL-17 was
demonstrated in the study. The secretion of IL-17 by IL-9-treated PBMCs of active
patients was significantly higher compared to the controls or inactive patients
[126]. In a study that evaluated the serum of patients with Behcet’s disease,
another complex autoimmune disease with uveitis, serum IL-9 was neither
elevated in disease state nor correlated with disease index [127]. More studies are
needed to understand whether IL-9 signaling plays any immunological role in
the eye.

13. Rheumatoid arthritis (RA)

The study of IL-9 in RA highlights its functional relationship with Tregs. In an
antigen-induced animal model of arthritis, mice that lacked IL-9 had a chronic
disease [128]. Treatment with rIL-9 resolved the joint inflammation, swelling,
and tissue damage. The absence of IL-9 led to impaired suppressive functions of
Treg cells [128]. Type 2 innate lymphoid cells (IL-C2) are documented to express
IL-9 and have an anti-inflammatory function [128, 129]. These studies highlight
the role of IL-9 in the resolution of inflammation in arthritis [130]. In human
studies, IL-9-producing IL-C2 cells were also identified in the PBMCs of RA
patients [130, 131]. In a study of treatment-induced remission of RA, synovial
fluid of patients showed high levels of IL-9 [128].
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14. Systemic lupus erythematosus (SLE)

Proinflammatory cytokines are generally believed to be involved in the patho-
genesis of SLE. High levels of IL-9 mRNA and Th17 cells were seen in SLE patients
compared with healthy controls (HC) [132, 133]. Dantas et al, evaluated the level
of IL-9 in SLE and observed that patients with SLE had elevated IL-9 compared
with levels in healthy individuals [134]. Further, IL-9* CD4 cells were more abun-
dant in patients with SLE [132]. Serum IL-9 and mRNA of IL-9 were significantly
elevated in SLE patients [132]. Also the elevated serum IL-9 and mRNA correlated
with the SLE severity index [132, 135]. Animal studies corroborated these findings.
Spleens and kidneys of lupus-prone mice showed high expression of IL-9 [136].
Neutralizing antibodies of IL-9 decreased kidney manifestation of SLE (lupus
nephritis) and decreased anti-dsDNA antibody titers in these animal models [136].

15. Inflammatory bowel disease (IBD)

Aberrant adaptive immune response to the gut epithelial cells involving both
CD4 and CD8 is implicated in the IBD [137]. These T cells are shown to express
a4/p7 integrin, which binds to MAdcam1 on the gut epithelium [138, 139]. Gut
T cells including cells that secrete IL-9 have been shown to express high levels of
this integrin, and they propagate inflammation in the gut [140]. Gene expression
studies have highlighted IR4 and GATA3 expression on immune cells that reside in
the epithelial lining of the gut [141]. IRF4 is a transcription factor that drives the
induction of Th9 immune responses in the gut [141]. Animal models of colitis con-
firms this finding of an abundance of the IL-9-producing T cells in the gut. These
T-cells-producing IL-9 are involved in breaking the intestinal barrier [142]. In a DSS
colitis model, anti-IL-9 blocking antibodies suppressed mucosal inflammation, and
attenuation of disease was observed [142]. Adoptive transfer of IL-9-producing T
cells into Rag2 knockout (RagZ'/ ~ KO) mice also induced colitis [143]. Furthermore,
IL-9 was found to directly modulate the expression of tight junction proteins,
claudin and occludin in the animal model of colitis [144]. This indicates that IL-9
directly inhibited membrane integrity.

Immunological assessment of patients with inflammatory bowel disease (IBD)
revealed high expression of IL-9 in the lamina propria [145]. In addition to other
gut-residing T cells in IBD, CD4 cells had increased production of proinflammatory
cytokines, including IL-9, which drive gut inflammation [145, 146]. Elevated levels
of IL-1p and IL-9 were observed in the serum of IBD patients, and these correlated
with disease prognosis [147]. Epithelial cells of UC also showed high expression
of IL-9 receptor (IL-9R) [147, 148]. This receptor expression is most pronounced
in patients with active disease [147]. Ex vivo IL-9 treatment of intestinal epithelial
cells from UC patients showed increased proliferation of epithelial cells and pSTAT
5 expression [110].

Together, these findings highlight the role of IL-9 in IBD and colitis models. IL-9
could serve as a therapeutic target for IBD. Mice treated with GATA 3 DNAzyme
showed it directly reduced IL-9 production and some Th2 cytokines to attenuate
disease [149].

16. Type I diabetes

Studies by Vasanthakumar et al examined the role of IL-9 in patients with
diabetes mellitus (DM) [150]. They observed that memory T cells from patients
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stimulated with Th17 polarizing conditions led to IL-9 production [150]. This shows
that Th17 cells from DM patients have an increased ability to secrete IL-9 [23]. The
study also identified TGF-f as the critical activator of IL-9 secretion [23]. TGF-
activity links Th17 and IL-9 secretion.

IL-9 appears to play both anti- and pro-inflammatory functions in autoimmu-
nity. The functional heterogeneity of IL-9 may result from the unique cells or the
microenvironment producing it. In RA, IL-9 exhibits anti-inflammatory function
[128]. Studies have elaborated the anti-inflammatory function of IL-9 as it potenti-
ates Treg-dependent immune tolerance to allografts [151]. In the gut, it is regarded
as proinflammatory [142]. Some studies have shown that the expression of the
activation marker CD96 on Th9 cells may explain the immunological status of the
secreted IL-9 [152]. Researchers have reported that Th9 with high expression of
CD96 showed a reduced ability to cause colitis compared with Th9 with low expres-
sion of CD96, which is associated with severe intestinal inflammation [152]. More
studies must be done to identify the immunological heterogeneity of IL-9.

17.1IL-9 as a therapeutic target

One principle of treatment of autoimmune diseases involves inhibition of
mediators of inflammation. Drugs that target proinflammatory cytokines are exten-
sively used in the treatment of autoimmune diseases [153]. Here we explore the use
of IL-9 blockade as a therapeutic target in different disease conditions.

Medimmune LLC developed a humanized anti-IL-9 monoclonal antibody,
MEDI-528 [154]. This humanized anti-IL-9 monoclonal antibody was indicated
for use in allergen-induced asthma in adults [154]. Results from the clinical trial
of Medimmune MEDI-528 showed no increased efficacy in improving respiratory
functions and control of asthma compared to placebo [155]. Preclinical studies
in mice showed the efficacy of blocking IL-9 in maintaining the airway [156].
Questions remain regarding why therapy directed at IL-9 failed to produce the
desired response in humans. Heterogeneity of IL-9 sources and functions could
explain the differences in airway response observed in this clinic trial.

18. Other potential IL-9 treatments

IL-9R inhibitor (rhIL-9-ETA) is a chimeric toxin targeting IL9 receptor [157].
These IL-9R inhibitors have efficacy in targeting malignant cells in non-hodgkin’s
lymphoma (NHL) and acute myeloid leukemia (AML) expressing IL9 and IL-9R
[157]. However, the efficacy of this drug has not been tested in autoimmunity.
Pfizer Inc. developed a JAK/STAT pathway inhibitor, CP-690550 [158]. It specifi-
cally targets and inhibits the activation of JAK 3 [158]. This treatment effectively
prevents transplant rejection [158]. This drug could be beneficial in inhibiting IL-9
signaling, which depends on the JAK/STAT pathway. JAK inhibitors have been used
in the treatment of RA and psoriasis [159]. UC patients that were treated with JAK
inhibitors showed decreased Th9 cells [160].

BNZ 132-1-40 peptide, an antagonist of IL-2, IL-9, and IL-15 from Bioniz
Therapeutics is undergoing safety and tolerability testing in patients with moderate
to severe alopecia areata, an autoimmune disease of the skin that leads to hair loss
[161]. However, no results from the clinical trial were available at the time of this
review. Recently, FDA approved the use of BNZ-1 for the treatment of cutaneous T
cell lymphoma (CTCL) [162]. These studies suggest BNZ-1 could be used to target
IL-9 in diseases [163].
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Other potential drug options include RDP58, which targets IRF4, a transcription
factor involved in Th9 induction [164]. Interferon gamma (IFN-y) has the ability to
inhibit Th9 polarization through IL-27-dependent mechanisms [165]. Actimmune,
an IFN-y-based therapy by Horizon Therapeutics, is FDA-approved for the treat-
ment of chronic granulomatous disease (CGD) [166]. The efficacy of inhibiting
IL-9 by this drug could be tested in IL-9-related disorders.

The immune modulatory roles of IL-9 in health and diseases are important and
provides a basis for exploring IL-9 as a therapeutic target. However, the divergent
roles of IL-9 in promoting and inhibiting inflammation complicate definitive drug
development. Some studies have highlighted the function of IL-9 in promoting
immune tolerance. Future studies to understand cell-specific IL-9 regulation and
function may resolve the conundrum of therapy development targeting IL-9. More
studies in disease will broaden our knowledge about IL-9 function.

19. Conclusion

Significant progress has been made in our understanding of the functions of IL9
in health and diseases. For a long time, IL-9 was considered as a T cell growth factor,
however, the identification of Th9 helper T cells has expanded our understanding
on the roles IL-9 play in diseases. The pathogenic functions of IL-9 in autoimmunity
and allergy suggest that IL-9 signaling can be targeted for therapy development. In
this chapter, we focused on the function of IL-9 in different autoimmune diseases
that include MS, SLE, RA, uveitis, and allergic conditions. We also highlighted
IL-9-Th17 paradigm and its complexity in autoimmune diseases. Animal models
of autoimmune diseases revealed contrasting roles of IL-9 and human studies are
limited. Therefore, extensive animal and human research are necessary to elucidate
the divergent immunological roles of IL-9. Such studies will be required for effective
drug development that targets IL-9 signaling.
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Chapter 5

From Pregnancy Loss to COVID
19 Cytokine Storm: A Matter of
Inflammation and Coagulation

Fortunato Vesce

‘Dosis facit venenum!’
Pavacelso

Abstract

Large scientific evidence achieved during the second half of the past century points
to aleading role of inflammation in the pathogenic mechanism of the main pregnancy
complications, such as abortion, pregnancy loss, premature delivery, infection, fetal
encephalopathy, enterocolitis, pulmonary hyaline membrane diseases and death.
Thinking about pregnancy inflammation, one must refer today to the umbalance of
the normal mediators of organic functions: cytokins, peptides, nucleosides, pros-
tanoids. Indeed, according to the order and quantity of their release, they are involved
either in physiology or in pathology of pregnancy. At this regard, it has been shown
that Thl-type immunity is incompatible with successful pregnancy. Regulation of the
mediators of maternal functions is largely under fetal genetic control. Assessment of
the fetal role derives from studies showing an umbalance of cytokines and plasmino-
gen activator system, an increase of endothelin, a downregulation of adenosine recep-
tors, in the fetal compartment, in aneuploid pregnancies. The resulting functional
deviations deal with inflammation, imfection, coagulation, impaired utero-placental
perfusion, possibly leading to fetal demise and ominus maternal complications. SARS-
COV-2 infection, on the other hand, is characterized by a similar umbalance of the
inflammatory mediators, leading to hyperactivation of a type-1 lymphobyte T-helper
response, which ends in a possibly fatal cytokine storm syndrome. While SARS-COV-2
infection recognizes a viral etiology, the cause of pregnancy inflammation must be
recognized in the inability of the fetus to control the maternal immune response.
Therefore, the preventive measures are quite different, although both benefit of a
similar anti-inflammatory, antibiotic and anti-coagulant therapy.

Keywords: pregnancy inflammation, abortion, FIRS, SARS-COV-2, IL-6, viral
pneumonia, cytokine storm
1. Introduction

Inflammation was defined in ancient times as 7ubov, calor, tumov, dolov and
functio laesa’: redness, heat, swelling, pain and functional impairment. However,
in the large majority of the cases, this pathologic process starts before the onset

of the clinical signs and symptoms, as a result of an unbalanced release of the
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mediators of tissue functions, among which cytokines and prostanoids. Such a
release can be triggered by physical, chemical, metabolic, endocrine, infectious as
well as mechanical events. Nevertheless, many normal functions are regulated by
the same mediators that in other circumstances give rise to inflammation. Among
physiological functions ovulation, menstruation, implantation of the product of
conception, delivery, healing of the placental site and involution of the puerperal
uterus are included. For instance, as regards the onset of parturition, we have
shown that receptor ligands for the inflammatory peptide N-formyl-methionyl-
leucyl-phenylalanine (fMLP) are present in amniotic fluid. Their levels do not
vary during gestation, while they are significantly increased by labour, along with
the expression of fMLP receptor in amnion tissue, thus indicating a modulation
of the fMLP system by the events of physiological labour, and/or viceversa [1-3].
A detailed knowledge of cytokine and prostanoids involved in the regulation of
normal pregnancy is needed to better understand the role of inflammatory media-
tors in the pathogenic mechanism of gestational complications.

At this regard it must first be considered that the trophoblast itself, i.e. the
peripheral part of the product of conception, regulates implantation and placenta-
tion. These are a consequence of membrane ligands and receptors, hormone and
local factor release by fetal and maternal tissues. There are two kinds of tropho-
blast, villous and extravillous, the first devoted to fetal-maternal nutrients and gas
exchanges, and the second to adhesion of the placenta to the uterine wall and to
the modulation of uterine arteries. Indeed, invasion of the uterine spiral arteries by
extravillous throphoblast occurs, aimed at progressively increasing the perfusion
of the intervillous space. A derangement of this stuctural and functional process
leads to different types of complications, including pregnancy loss and maternal
life-threatening disease.

In the past it was believed that these vascular changes occurred within the first
half of pregnancy, but today it must be admitted that they last until the moment
of delivery. From this point of view, pregnancy must be considered an endocrine
mediated vascular phenomenon, regulated by cytokines mainly derived from the
extra-villous trophobalst itself [4].

Trophoblast regulation is needed because the rupture of the spiral arterioles,
with consequent dripping of the maternal blood in which the nutrition villi are
immersed, in any other tissue except the uterine wall would trigger an inflam-
matory reaction aimed at coagulating the blood to stop hemorrhage. How is it
possible that this defense mechanism is not activated in physiological pregnancy?
As it will be explained, the reason is that extravillous trophoblast itself has the task
of transforming the natural maternal TH-1 inflammatory reaction into an anti-
inflammatory condition of the TH-2 type [5]. The lack of this transformation, in
fact, leads to pregnancy loss and to other complications, such as premature birth,
gestosis, fetal growth restriction and related postnatal syndromes [5]. For instance,
as regards fetal growth, peripheral mononuclear cells stimulated with trophoblast
antigens [6] as well as with mitogen [7] in pregnant women with fetal growth
restriction produce higher levels of the pro-inflammatory cytokines IFNy, TNFa,
IL-8, IL-12, IL-18, IL-23 and lower anti-inflammatory cytokines IL-4, IL-10, IL-13
compared with pregnant women with normal fetal growth.

2. The misunderstood concept of ‘maternal tolerance’
Although the scientific literature of the last few decades already contains

evidence of the leading role of inflammatory cytokines in the mechanisms of
pregnancy complications, it has not yet been completely understood by mainstream
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medicine. As a consequence the protective role of glucocorticoids administration is
neglected or totally ignored.

Moreover, it has not been understood that physiological pregnancy does not
compromise the general immunity of the maternal organism. At this regard,
attempts to credit the hypothesis of a reduced maternal immune response are
frequently made. A theory of maternal-fetal tolerance proposed that a ‘temporary
state of maternal immunosuppression’ is vital to allow successful implantation and
development of the product of conception [8, 9].

Subsequently, a tightly regulated balance between inflammatory and tolerogenic
states during the “immune chronology” of normal pregnancy has been affirmed
[10-14]. It is claimed that a pro-inflammatory environment predominates during
early trophoblast invasion and at parturition, while it turns to anti-inflammatory
during the second and third trimesters to allow fetal growth [15].

All true! What needs to be understood is the real nature of this changes. Indeed,
it must be clear that it is absolutely wrong to speak of inflammation when a physi-
ological function such as implantation or childbirth is triggered by the same media-
tors that, in pathologic conditions, would cause inflammation. Their derangement
may trigger inflammation: dosis facit venenum, as Paracelso stated! It is also reported
that dysregulation of immune cells at the level of maternal decidua is implicated in
severe complications, including recurrent miscarriage, pre-eclampsia, fetal growth
restriction, chorioamnionitis, and preterm birth [16-23].

It is therefore very important to understand the nature of the so called ‘maternal
tolerance’ towards the product of conception, in order to avoid dangerous conclu-
sions. Indeed, it is wrongly claimed that a corollary of this maternal tolerance
implies an increased susceptibility to infection during pregnancy. In turn, this
misinterpretation has generated the belief that pregnancy carries a high risk of
severe flu syndrome which must be prevented by vaccination!

In order to better understand the terms of this matter, it must be briefly recalled
that normally the changes in maternal immune system occur only at the utero-
placental level, upon the direct action of the trophoblast. The features of these
changes have nothing in common with the immune response to infections. As for
the entire maternal organism, the integrity of the immune system is perfectly main-
tained. Both branches of immunity, that is, the humoral and the cellular, are fully
operational during normal pregnancy. A clear example of the integrity of humoral
immunity is represented, for instance, by maternal-fetal isoimmunization, i.e. Rh
disease. In this pathologic condition the maternal immune system activates the
production of antibodies against Rh positive fetal red blood cells leading to anemia,
erythroblastosis and possibly to fetal death.

In the lack of a reliable demonstration of an increased incidence of flu and other
infectious diseases during pregnancy, one may believe that, although active in Rh
disease, the production of antibodies against viruses and bacteria is hindered. On
the contrary, in fifty years of my personal clinical experience, I have never detected
symptoms or signs of a reduced or ineffective maternal immune reactivity against
infection, nor an increased incidence of infectious diseases in normal pregnancy.
Moreover, looking at the scientific literature my conviction has been largely con-
firmed. Hundreds of articles including thousand of patients have been recently
examined as far as flu is concerned. Contrary to the opinion of an increased risk and
serious complications accredited by World Health Organization (WHO), a signifi-
cantly lower risk of admission to Intensive Care Unit was registered for pregnant
women. Moreover, no significant difference between pregnant and non-pregnant
patients was registered, as regards mechanical ventilatory support. Pregnancy did not
carry a greater likelihood of maternal death or other severe outcomes compared to
either the general population or non-pregnant women of reproductive age. The only
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difference between pregnant and non-pregnant was a higher risk of hospitalization in

the first, that the Authors correctly ascribed to a better care for motherhood [24].
Surprisingly, however, the above data have been interpreted in the opposite

meaning by others, which also reported a disproportionaly high mortality rate

in the flu pandemic of 1918 [25]. However, that was before the era of antibiotics,

anticoagulants and anti-inflammatory drugs (the safety, preventive and therapeutic

power of which is unfortunately still poorly understood today!).

3. How do infections affect pregnancy?

A further aspect of the matter is the influence of infections on the outcome of
pregnancy. Indeed, an increased incidence of adverse events following viral infec-
tion would speak in favor of a preventive vaccination aimed at protecting pregnancy
and the newborn future life.

It has been reported that infectious agents are potentially involved in about 40%
of spontaneous abortion [26-28]. On the contrary, recent research failed to show an
increased incidence of several infections in spontaneous abortion. The free mother—
to-child transmission of the three oncogenic viruses, BKPyV, JCPyV and SV40 has
been shown by detecting DNA sequences and specific IgG antibodies in mothers and
their offspring in normal pregnancy [29]. The incidence of Human Papilloma Virus
(HPV) infection is not increased in spontaneous abortion, and the overall prevalence
of serum anti-HPV16 IgG antibodies was found to be 30% in patients with normal
pregnancy and 37.5% in those with spontaneous abortion (p > 0.05), thus indicating a
normal, or even better humoral immunity in the latter [30].

Rubella virus, varicella-zoster, human immunodeficiency virus, adenovirus,
cytomegalovirus, herpes simplex virus, human parvovirus, Epstein-Barr virus,
enterovirus and respiratory syncitial virus have all been found in amniotic fluid
samples, but their mere presence has never been associated with negative human
pregnancy outcome [31-34]. Based on the above evidences, it should appear that
the gestational setting of human female immune system is towards a better protec-
tion against infectious diseases compared to non-pregnant.

Interestingly, however, it has been shown that viral experimental infection
of pregnant mice predisposed to the effects of bacterial endotoxin [35]: it is an
observation of extraordinary importance to better understand the pathogenesis of
bacterial infections. Indeed, it explains that the bacteria normally present in their
saprophytic state can become pathogenic as a consequence of a previously produced
inflammation.

Accordingly, the onset of human preterm labor is preceded by a systemic fetal
inflammation, before the appearance of clinical signs of maternal or fetal infection
[36, 37]. It has been stated that an amniotic concentration of IL6 above 11 ng/ml
is related to, and defines, the Systemic Fetal Inflammatory Response Syndrome,
that is followed by premature birth and by utero-placental infection, with all the
postnatal sequelae, including encephalopathy, enterocolitis and the pulmonary
hyaline membrane disease.

Of particular importance is to consider what could be the origin of fetal inflam-
mation, in the absence of maternal chronic inflammatory disease, pathogens and
clinical signs of infection. Indeed, in primates the events leading to premature
delivery seem to progress from experimental intrauterine infection to pro-inflam-
matory cytokine activation and prostaglandin production, thus triggering myome-
trial contractions [38-40]. In humans, instead, also the mere inflammation of the
chorio-decidual interface is mentioned as a primum movens producing a cascade of
cytokines that result in an inflammatory response [41].
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Therefore the question is: when gestational inflammation is not bacterial- or
viral-induced, where does it come from?

4. Chromosomal abnormalities and genetic inflammatory
polymorphisms as a cause of pregnancy inflammation and coagulation

In the absence of chronic maternal inflammatory dysease, the cases with IL-6
rise preceding infection would speak in favor of a functional inflammation arising
from the fetus itself. In such cases, based on the above mentioned role of extravil-
lous trophoblast in the control of the local maternal cellular immune response,
it can be admitted that the shift from TH-1 to TH-2 type of maternal immunity,
normally resulting from the fetal release of an adequate amount and quality of TH-2
mediators, did not take place, due to a failure of the trophoblast to correctly balance
cytokines.

In order to confirm this opinion, it was right to investigate the physiological
modulators of vascular functions and coagulation, as well as the behavior of cyto-
chines and prostanoids involved in inflammation and smooth muscle contraction,
in the fetal compartment of pregnancies with fetal aneuploidy. The reason to chose
aneuploid pregnancies was that very often they end in abortion and, therefore, an
imbalance of these mediators can be expected.

Accordingly, a significantly increased level of amniotic fluid IL-6, and a decreased
IL-8 level in the presence of fetal aneuploidy at the 17th week of pregnancy was
registered, while IL-6 concentration was reduced in the maternal blood [42].

Morover, the comparison between euploid and aneuploid pregnancies with
respect to maternal serum and amniotic fluid levels of the components of the plas-
minogen system, showed significantly higher serum levels of urokinase plasminogen
activator and its complexed form with type-1 inhibitor in aneuploidy. In addition, in
amniotic fluid, tissue plasminogen activator was significantly lower in aneuploidy,
whereas type-1 inhibitor was significantly higher in the cases with minor chromo-
somal abnormalities. In addition, the complexed form of urokinase plasminogen
activator with its type-1 inhibitor was 7,53 times higher in aneuploidy [43].

With the aim to shed light on the regulation of the vascular function in pregnan-
cies complicated by fetal chromosomal abnormalities, the potent vasoconstrictor
peptide endothelin and the proangiogenic nucleoside adenosine were investigated.
Amniotic fluid levels of endothelin-1 were significantly increased in pregnancies
with fetal aneuploidy at the 17th gestational week [44]. As regards the adenosine
transduction cascade, it is disturbed in Trisomy 21. Indeed, compared to euploid,
reduced adenosine receptors, A [1] and A(2B) expression was revealed in chorionic
villi and mesenchimal cells [45]. It was suggested that these vascular anomalies may
lead to fetal growth restriction, malformation and abortion, well known features of
aneuploid pregnancies.

These results, indicative of an umbalance of cytokines, along with abnormalities
of vascular function and coagulation in fetal aneuploidies suggest that the related
gestational complications may arise from the fetus itself. They support the opinion
that the high incidence of miscarriage observed in chromosomal abnormalities can
be interpreted as a consequence of inflammation, vascular function impairment
and coagulation.

However they may also occur in euploid pregnancy, as possible expressions
of fetal genetic inflammatory polymorphisms. These, indeed, are reported to
be responsible for harmful inflammatory response in those who possess them.
Accordingly, it has been demonstrated that maternal polymorphisms in genes IL-10,
MBL, TNFRSF6 and TGFB1 may influence susceptibility to chorioamnionitis [46].
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Furthermore, polymorphisms that increase the magnitude or the duration of the
inflammatory response are associated with an increased risk of preterm birth, while
those decreasing the inflammatory response are associated with a lower risk [47].
Moreover, an investigation on six cytokine genes associated with inflammation,
namely IL-1a, IL-183, IL-2, IL-6, TNF, and lymphotoxin «, led to the conclusion that
common genetic variants in proinflammatory cytokine genes do increase the risk
for spontaneous preterm birth [48].

5. Therapy of cytokine umbalance
5.1 Antibiotics

Once it was established that the major obstetric complications arise from an
inflammatory process of maternal or fetal origin, the next step was to establish the
best way to prevent and cure it.

Several clinical studies showed that ajunctive antibiotic therapy aimed at the
delay of childbirth, even in absence of infection, in cases of so called ‘idiopathic’
threatened preterm delivery, was able to significantly prolong pregnancy [49, 50].
As some antibiotics influence the intracellular level of calcium [51] and phospholi-
pase A2 [52], a calcium-dependent enzyme involved in the regulation of prostaglan-
din biosynthesis, the question of their possible direct anti-inflammatory action (i.e.
independent of the antibacterial effect) was raised. Therefore the effect of ampicil-
lin on the amnionic prostaglandin E2 release was tested, showing a significant dose
dependent inhibitory action of the drug on the prostanoid output. Such a result
suggested that its use in the therapy of premature labor is authorized even in the
absence of infection [53]. Subsequently the inhibitory action of beta-lactamines was
compared with that of other classes of antibiotics. Interestingly, it was found that
Ceftriaxone and, to a lesser extent, Gentamicin significantly and reversibly inhibit
both basal and arachidonic acid- or oxytocin-stimulated amnionic prostaglandin E
release. On the contrary, Tetracycline and Erythromycin do not influence prosta-
glandin E output. The inhibitory effect of ampicillin is potentiated, in an additive
manner, by Ceftriaxone, reduced by Gentamycin, and eliminated by Tetracycline
and Erythromycin [54]. A further relevant aspect emerges from the research on the
novel action of antibiotics mentioned above: the influence of ampicillin on IL-6,
one of the TH-1 cytokines able to stimulate Prostaglandin E2 release. The effect of
the drug was tested on amnion-like Wistar Institute Susan Hayflick (WISH) cells
as well as in amniotic fluid of patients submitted to genetic amniocentesis during
the 17th week of their singleton physiological pregnancy. At doses ranging from
107" to 10~* M, ampicillin decreased IL-6 as well as PGE2 release from WISH cells.
Moreover, IL-6 amniotic fluid levels sampled 4 hours after ampicillin administra-
tion proved significantly and strongly reduced when compared with those sampled
either before or 12 hours after treatment [55].

The effects of the above antibiotics shed new light on their utility not only in the
therapy of infection, but also in inflammatory conditions, which often precede it.
Indeed, contrary to the widespread delay in the use of antibiotics for fear that they
may favor the appearance of resistant bacterial strains (an event limited to particu-
lar cases, which can be solved by replacing the drug), those antinflammatory effects
support the indication for the early or even preventive use of beta-lactamines, in
order to suppress inflammation. Therefore, to this purpose, beta-lactamines can
represent the first choise, aimed at preventing the infection of the inflammed tis-
sue. It could be argued that there are other steroidal and non-steroidal drugs to fight
inflammation. It’s true. But inflammation has many little-known aspects, and here

74



From Pregnancy Loss to COVID 19 Cytokine Storm: A Matter of Inflammation and Coagulation
DOI: http://dx.doi.org/10.5772/intechopen.96884

one talks about the one that precedes and favors the infection, in which the anti-
inflammatory action of antibiotics would logically seem preferable to that of drugs
without bactericidal activity.

Based on the above considerations, the preventive use of beta-lactamines in
invasive prenatal diagnosis was introduced four decedes ago at the obstetrical
departement of Ferrara University Hospital. Indeed, amnicentesis, cordocentesis
and chorionic villous biopsy, like any other surgical procedure, produce inflam-
mation in the injured tissues: myometrium, decidua amnio-chorial membranes,
placenta, obviously resulting in the release of TH1 cytokines and prostaglandins.
The reason for choosing beta-lactamines is that they are more effective in reducing
IL-6 and PGE2 release compared to other classes of antibiotics, and the in vitro
and in vivo evidence already obtained was certainly sufficient to begin with. Later
on, the first randomized controlled clinical trial showing the efficacy of antibiotic
administration before amniocentesis in reducing the incidence of abortion and pre-
mature birth was published [56]. Azithromycin was used in this trial, probably due
to its wide bactericidal effect. However it was subsequently shown that in pregnant
rats the drug reduces the level of tumor necrosis factor TNF- a and increases that of
IL-10, two cytokines with inflammatory and anti-inflammatory action, respectively
[57]. It should be noted that the article suggests the use of azithromycin to prevent
pregnancy loss ‘infection- or endotoxin-dependent’. However, as it is shown in the
Fetal Inflammatory Response Syndrome, inflammation may represent the condition
preceding, and also leading to infection. Considering for instance the possible pres-
ence of predisposing factors to inflammation, like fetal or maternal genetic inflam-
matory polymorphisms, antibiotic use should not be limited to cure infection, but
is also indicated to prevent and cure the preceding inflammation. It is our clinical
opinion that the risk of producing resistant bacterial strains is overestimated, and
therefore in half a century experience our strategy for prevention of pregnancy loss
largely included preventive use of antibiotics.

5.2 Lactoferrin

Nevertheless, alternative drugs may be used in the protection of pregnancy,
when an antinflammatory action is indicated without the need of a anti-bacterial
one. To this purpose we tested Lactoferrin (LF), an iron-binding glycoprotein with
anti-inflammatory properties, which is normally present in human organism and
is largely prescribed to cure anemia. We first reported that a vaginal compound
containing 300 mg of LF, administered 4 hours before genetic amniocentesis, sig-
nificantly decreases amniotic IL-6 concentration [58]. Subsequently we found that
the same dose of the compound significantly down-regulates 17 pro-inflammatory
amniotic cytokines among which IL-9, IL-15, IFN-y, IP-10, TNF-a, IL-1a and MCP-
3, while it up-regulates several among anti-inflammatory [59]. We also evaluated
the effect of vaginal LF on amniotic fluid PGE2 level and MMP-TIMP system. We
found that vaginal lactoferrin significantly lowers PGE 2, active MMP-9, and its
inhibitor TIMP-1. Conversely, active MMP-2 and MMP-2/TIMP-2 molar ratio are
increased, whilst TIMP-2 remains unchanged [60].

5.3 Glucocorticoids

Once recognized that the majority of relevant pregnancy complications are
triggered by an inflammatory process, the preventive and curative role of glucocor-
ticoids has been better clarified. The physiologic adrenal gland circadian production
of glucocorticoids represents the first defense against inflammation, throughout
the corticosteroid control of the mediators of cellular functions among which IL-1,
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IL-6, IL-8, Tumor necrosis factor, granulocyte-macrophage colony-stimulating
factor (G-CSF), monocyte chemotactic protein-1 (MCP-1) [61]. The complex action
of glucocorticoids (GCs) is exerted also on cellular cytokine receptors, which are
increased in some cell types, decreased in others [62, 63]. Examples of the regulatory
actions of GCs are down-regulation of the expression of the cellular receptors that
recognize a variety of pathogens (Toll-like receptors) [64], as well as suppression of
pro-inflammatory and up-regulation of anti-inflammatory cytokines. This effect
has been reported for dexamethasone in primary isolated murine liver cells [65].
Glucocorticoid inhibition of the human pro-IL-1f gene by decreasing DNA binding
of transactivators to the signal-responsive enhancer has been shown as well [66].

An important example of the complexity of these regulatory processes to be con-
sidered is that the glucocorticoid receptor (GR) can decrease TNF stimukated IL-6
transcription independently from GCs, as a protective mechanism against excessive
inflammation [67]. Moreover GCs are reported to induce, rather than to inhibit, the
secretion of the migration inhibitory factor (MIF) [68], thus counteracting its own
inhibition of pro-inflammatory cytokine production.

In addition to the intricate network of stimulatory and inhibitory messengers
and tissue distribution of receptors, the action of the GCs is subordinated to
the enzyme that transforms cortisol into cortisone, thus inactivating it: 11-beta
hydroxysteroid Dehydrogenase [69]. It is widely distributed in the uterus and pla-
centa, in immune cells, skeletal muscle and heart, while it is reported to apparently
lack in the fetal organism up to the advanced stages of its development. What can
this lack possibly mean? Well, the first logical implication is that normal embryonic
development does not fear the effect of cortisone up to the advanced stage of its
maturation.

At this regard, there is one important point to clarify to the benefit of main-
stream obstetrics, and it is the difference between ‘maturation’ and ‘inflammation’.
The concept of an improvement of fetal lung maturation by betamethasone was
first expressed fifty years ago, to explain the decreased incidence of ‘Hyaline
Membrane Disease’ of neonates following the hormone administration to their
mothers the day before premature birth [70].

At that time the devastating influence of inflammation on pregnancy had
not been sufficiently explored, and the ‘Fetal Systemic Inflammatory Response
Syndrome’ had not been described. Therefore it was believed that the hyaline
membrane disease was caused by prematurity, and the action of betamethasone
was to induce a sort of pulmonary maturation. But today, the features of fetal
inflammation leading to Hyaline Membrane Disease, Necrotising Enterocholitis and
Encephalopathy are well known, and therefore to keep on talking of ‘maturation’
instead of inflammation, it is not only an incorrect opinion: it is also misleading.
Indeed, such a misinterpretation impairs the correct preventive use of GCs through-
out pregnancy. A deep update is therefore needed in order to renew the guidelines
on a clinical basis rather than a mere statistical one, as usally done.

Further example of the somewhat contradictory reciprocal influence of the
mediators of inflammation, is that the pro-inflammatory cytokines, IL-1 and
TNF-a included, up-regulate 11-B-hydroxysteroid-dehydrogenase mRNA in dif-
ferent cell types. Finally, GCs themselves stimulate the enzyme, appearently as an
attempt to impaire their own anti-inflammatory effect.

Such complex influences are of particular relevance in understanding the nature
of a balanced protective action against pregnancy loss. They indicate that the
behavior of GCs in the regulation of inflammatory processes is far more complex
than our limited knowledge can imagine: once recognized the number and function
of the involved mediators, it is impossible to establish the precise order of their
activation. The clinical protective action of glucocorticoids can only be assessed by
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the ‘ex juvantibus’ criterion: that is, case by case, from the benefit obtained following
their administration.

6. Other therapies

The COVID pandemic found health systems around the world unprepared. The
technical-scientific committees of epidemiologists and virologists failed to consider
therapeutic strategies, limiting the advice only to preventive measures, such as
face masks, lockdown and quarantena. However, alongside hundreds of thousands
of dead there have been happy islands where patients have been properly cared.
Hyperimmune serum transfusions from recovered patients proved effective in
saving many human lives [71]. Their efficacy depends on a direct neutralization of
the virus, by preventing its entry into the cell. Attempts have been made to reduce
the level of IL-6 by administering its antagonist ‘tocilizumab’ [72]. However, to look
for a single drug capable of balancing the intricate network of stormy cytokines
is a legitimate but naive hope: lowering the level of just one cytokine while that of
many others remains high does not make much sense. Therefore the attention of
researchers should turn to drugs capable of restoring the balance of cytokines as a
whole, reducing the level of the inflammatory ones and increasing that of the anti-
inflammatory, as happens with cortisone and lactoferrin.

A similar approach recently suggested the use of a-1-antitrypsin (AAT), a serine
protease inhibitor providing a defense against the digestion of healty tissue by pro-
teolitic enzymes. Interestingly, AAT blood level is very high during inflammation,
as well as in advanced pregnancy, while its deficiency causes inflammation and viral
infections. AAT therapy has been appruved for treatment of chronic obstructive
pulmonary disease [73], and there is no reason not to test it, even as a preventive
measure, in a serious emergency as that of the current pandemic.

7. Pregnancy and COVID 19 cytokine storm’

During the first few years of my residency, cases of unrecognized ‘pregnancy
cytokine storm’ were not uncommon. The pathological condition in which they
occurred, in advanced gestational age, was called gestosis syndrome’. Today it is
improperly called pre-eclampsia, due to a possible complication (rare, and not the
worst): tonic—clonic convulsions. More common are the sequelae of vascular pathol-
ogy: abruptio placentae, and disseminated intravascular coagulation. These are the
consequence of the inflammation triggered by the cytokine unbalance, that, once
become extreme, is called ‘storm’’. In more advanced Obstetric Units, these ominous
complications virtually disappeared because their premises are identified and taken
care of before the onset of cytokine stormy release. This represents the rationale
of low dose betamethasone therapy throughout the entire course of pregnancy for
preventing pregnancy loss and elated complications [74-77]. Conversely, when
cytokines trigger intravasal coagulation at the utero-placental level, the fetus dies,
just as an adult dies from pulmonary vessels coagulation triggered by COVID 19
cytokine storm. Indeed, both deaths are caused by suffocation, because the placenta
is the lung through which the fetus breathes.

A virus does not kill by itself: it does so through inflammation and coagulation,
two perfectly curable pathologies as long as they are treated in time, that is, at their
first onset. Unfortunately, in the management of COVID-19 pandemic, Health
Services, overlooking the pathogenesis, focused on preventive measures rather than
cure the disease.
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Filtering facepiece respirators (FFRs) as well common face masks were core
of the world health strategy. However, there is little evidence that by wearing a
medical mask and washing hands provides significant protection against COVID 19
contagion. To the best of our knowledge, there is no randomized controlled clinical
trial that demonstrate the efficacy of face masks in preventing the contagion. After
all, it is logical to observe that the masks are not watertight, and therefore viruses
can escape around everywhere. The belief of a possible efficacy, derived from the
123 years old ‘Flugge’s droplets’ account [78], still ignores that the virus remaines
viable in aerosols over 3 hours [79], and therefore a delayed infection is likely to
occur even long after a loose interaction with a carrier.

In addition, there are many unresolved questions regarding the spread of this
disease. The theory of the ‘patient number T, in Italy at first identified at Codogno
(Lombardia), was nullified by the demonstration of the presence of anti-COVID-19
antibodies in the blood of healthy donors collected before the start of the pandemic.
This observation suggests not only that the spread of the virus occurs in a silent
way, but also that the virus is not able by itself to produce a deadly disease. For that
to happen, concurrent pathologic conditions are required, some of which are well
known, some others still unknown.

As reported above, the free transmission of viruses through the air, as well
through other routes is well known, and scientifically confirmed. Obviously, the
mere presence of viruses does not necessarily imply that the carriers must get sick:
it is the well known condition of ‘healty carriers’ On the other hand their absence
does not exclude that the viruses can meet the same subjects in later periods of their
life. The onset of the disease requires the concurrence of a compromised immune
response.

In addition to the above considerations on the free and unrele nting circulation
of all viral particles, COVID-19 included, the Italian experience in the unsuccess-
ful management of the pandemic also speaks against the effectiveness of medical
masks. In Italy, from North to South and all the way to the islands, everyone was
forced to wear a mask, but the large majority of deaths were concentrated in four of
the northern Regions: Piemonte, Lombardia, Veneto and Emilia Romagna. These
are the most industrialized, rich and polluted Italian regions, which are regarded
soundest as far the Italian healthcare system is concerned. However, precisely those
regions reported the highest death rates, compared to all other Italian regions and
other nations as well. In spite of wearing medical masks, a large number of Italian
physicians and health workers died, most of which in the above mentioned regions.
Further to that, at the beginning of the lockdown, a few hundred Italian citizens
fled from north to south of the country, being accused of spreading the infection
in the southern regions, but this did not happen at all. A surveillance study per-
formed among healthcare workers at the ‘Infectious Diseases Cotugno Hospital’ in
Naples, showed a very low prevalence of the COVID-19 infection among health care
workers: the reason was that healthy subjects scrupulously follow protected and
obligatory paths, and wear overalls and helmets that completely isolate them from
the surrounding environment full of viruses [80].

The efficacy of the measures adopted at Cotugno Hospital therefore explains the
little or no utility of simple masks in preventing the contagion. At the same time,
Cotugno’s experience demonstrates that concentrating a large number of carriers
of high viral load in a limited space, without adopting the correct precautions is a
serious mistake. How to proliferate subjects with a high viral load? Simple: instead
of treating adequately the early symptoms of illness, leave them at home a few
weeks with high fever and without effective medical treatment, then hospitalize
them when the high viral load boosts inflammation up to the level of asphyxia due
to pulmonary thrombosis.
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8. Concluding remarks

Death from COVID 19 infection reiterates the same pathogenic mechanism of
fetal and maternal death in pregnancy: it is a matter of inflammation triggered
by umbalanced cytokines and coagulation in the lung, the same that happens in
pregnancy, starting at the utero-placental level. In the first the cause is the virus, in
the second is the fetus itself, as it is explained in the above reported literature.

In both cases, the cause cannot be eliminated.

The cure, instead, exists: it is the same in both conditions and is very effective.
The rationale for management is not to fight the cause, but to cure the disease, i.e.
inflammation, and consequent overlapping bacterial infection and thrombosis.

Therapeutic agents include cortison and eventually other non-steroidal drugs
against inflammation, antibiotics against superimposed bacterial infection and
heparin against thrombosis. However, it can be stated: no cytokine umbalance = no
inflammation, no inflammation = no infection = no intravascular coagulation.
Moreover, it must be stressed that the treatment is all the more effective the earlier
it is started. The same therapy that can be effective if started at the first onset of
symptoms, becomes ‘compassionate’ if started when inflammation and thrombosis
are already in an advanced stage [81, 82].
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Abstract

Human Interlekin-17 is produced by memory activated CD4+ T cells and other
cells. It was initially considered unique in that its specific receptor is distinct from
other cytokine receptors. IL-17 receptor is ubiquitously expressed by different cells
including T cells. IL-17 plays a role in regulating growth, immune response and pro-
inflammatory responses. It regulates differentiation of a subset of ThO cells into Th-
17 cells, which produce IL-17-induced cytokines. The IL-17R belongs to type 1
cytokine receptors. IL-17 belongs to a superfamily of its own, which includes
IL-17A, IL-17B, IL-17C, IL-17E and IL-17F. These members of IL-17 superfamily
have some sequence homology but bind to different receptors. Prior to this investi-
gation, limited information existed on the effects of IL-17A in human leukemia cell
lines. Our results show that IL-17A promotes growth, anti-apoptotic effects, che-
motaxis, cytokine expression and transcriptional factor activation in leukemia cells.
IL-17A activates multiple signaling pathways including PI-3 K, Jak-STAT, Raf-
ERK1/2 and SRC kinase pathways, which mediate different biological effects of
IL-17A in leukemia cells. Our findings implicate IL-17A in leukemia cell growth and
survival, supporting potential leukemia therapy via development of anti-IL-17A
drugs. This chapter focuses on IL-17A, herein referred to as IL-17.

Keywords: IL-17A, leukemia, cytokines, Jak/STAT, PI-3 K/Akt,
ERK1/2 transcriptional factors

1. Introduction

IL-17 is a unique cytokine which was initially discovered through differential
and subtractive screening of clones from DNA library from murine lymphoid cells
and initially called T-lymphocyte associated antigen 8 (CTLA-8) [1]. IL-17 was
found to have 50% sequence homology to the open reading frame 13 (ORF-13) in
herpes virus Saimiri [1]. Subsequently, the human homolog of CTLA-8 was identi-
fied [1] and its incubation with human fibroblast resulted in induction of both IL-6
and IL-8. This led to renaming of the CTLA-8 human equivalent as IL-17 [2].
Human IL-17 production was also found to be limited to particular cellular elements
of the immune system and that activated CD4 + T cells of the Th1/ThO subset and
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stimulated memory T cells, synthesize IL-17 [3, 4]. IL-17 is a glycosylated
homodimeric protein of 30 to 35 kDa also produced by nickel-specific T lympho-
cytes and it regulates I-CAM-1 expression and chemokine production [5]. Unlike
other cytokines, IL-17 was noted to bind to a unique receptor distinct from other
cytokine receptors [1-3]. IL-17 is ubiquitously expressed in thymocytes activated by
CD3 mAb, CD45R0+ population of T cells, CD8+ splenic cells in mouse cells and
synovial fluid of patients with rheumatoid arthritis [6-8]. IL-17 is abundantly pro-
duced in CD4+ T cells, now known as Th-17 cells [9-11]. It is also expressed in
human peripheral blood mononuclear cells (PBMC) in response to ocular lysate in
patients with birdshot chroioretinopathy [12]. IL-17 has biological effects in many
cells and tissues [13-15]. IL-17 induces expression and secretion of IL-1-beta, IL-6,
IL-8. TNF, GM-CSF, G-CSF, ICAM-1, and PGE2 [16-20]. The molecular character-
ization of IL-17 receptor (IL-17R) was reported in 1997 [21]. IL-17R is a type 1
transmembrane receptor and it is a single chain, which shares some properties with
IL-2R-beta chain, and GM-CSFR, all of which are type 1 membrane receptors

[21, 22]. IL-17R is also expressed in synovial endothelial cells and Chondrocytes
from arthritis patients [23, 24].

Five different IL-17 ligands are now characterized as members of IL-17 super-
family of cytokines and differ from other cytokines but share some sequence
homology with each other [25]. Among the IL-17 super family, IL-17A is most
commonly expressed in many tissues as well as in cells of hematopoietic origin
including monocytes and macrophages. In addition to IL-17A, there are IL-17B,
IL-17C, IL-17E and IL-17F [25, 26]. IL-17B, IL-17C and IL-17E expression are wide-
spread in many tissues including testis, brain and kidney [25, 26]. Each IL-17 family
members have their individual specific receptor as these IL-17 family members do
not bind to the same receptor type [26-28]. The different members of IL-17 super-
family have different expression patterns but with similar abilities to stimulate
cytokine effectors illustrating the potential for the members of the IL-17 superfam-
ily to differentially regulate cellular responses in a wide variety of cells [28-31].

IL-17 regulates hematopoietic cell proliferation, immune response, pro-
inflammatory responses [32-35] and activate specific types of T cells now known as
Th-17 cells [9, 10]. These Th-17 cells play a role in host defense against extracellular
pathogens by mediating recruitment of neutrophils and macrophages to infected
tissues [9-11]. Th-17 cells secrete IL-17 cytokines, which in turn induce expression
of IL-17-depedemt cytokines. Hence, aberrant regulation of Th-17 cells may play a
role in the pathogenesis of multiple inflammatory and autoimmune disorders
[9-11]. IL-17 promotes chemotaxis in human monocytes and regulates angiogenesis
and cytokine production in endothelial cells [12, 36-38]. Although the target cells of
IL-17-mediated signaling include immune cells such as neutrophils and macro-
phages [32-38], majority of IL-17’s biological effects were seen in cells of either
epithelial or mesenchymal origin [39-43]. The role of IL-17 in immunological func-
tion was initially examined in vivo in mice by overexpressing IL-17 in the liver of
mice where an enhanced granulopoiesis and leukopoiesis led to an 80% increase in
splenic mass [38, 39]. IL-17-induced accumulation of neutrophils in the airways
requires involvement of GM-CSF [44]. Also, regulation of endogenous stem cell by
IL-17 requires both GM-CSF and Stem Cell Factor (SCF) [45]. IL-17 and G-CSF are
synergistically involved in the maintenance of normal granulopoiesis [45]. The
IL-17R is ubiquitously expressed [12-15] and may explain the ability of IL-17 to
stimulate peripheral blood stem cells in in mice [44, 45]. Also, There IL-17 plays
active in vivo role in chemoattraction of cells of immune system [46, 47]. In
addition, IL-17 exhibits paracrine effects in different cell types [48] whereby
secreted IL-17 from T cells binds to its putative receptor on neighboring cells such as
fibroblasts and trigger signaling that leads to NF-kB- mediated induction of
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expression and secretion of ICAM-I, IL-2, IL-6, IL-8 [16-20] and other cytokines,
which produce different biological effects [45-50]. Also some of the T-cell secreted
IL-17 become sequestered and neutralized by a soluble IL-17R (sIL-17R) [51].
Clinically, IL-17 is implicated in numerous diseases including arthritis [52-54],
classical Hodgkin lymphomas [55-57], multiple myeloma [58-60], airway diseases
including asthma [61, 62], musculoskeletal diseases [63, 64], inflammatory bowel
diseases (IBDs) [65] autoimmune diseases [66], and different types of cancer
[67-69]. Significantly elevated level of IL-17 and IL-17R are found in these diseases
and IL-17 and IL-17R are known to promote anti-apoptotic effects and survival
mechanisms in some types of cancer [55-66]. In most cases, IL-17 itself and/or IL-17-
dependent cytokines produced downstream of the IL-17R, contribute to various
pathological conditions associated with these diseases [55-68]. Furthermore, Hox3/
IL-17R expression ratio has been implicated in poor prognosis in some breast cancer
patients undergoing tamoxifen chemotherapy as IL-17 promotes resistance to che-
motherapy in breast cancer [67-71]. IL-17 is also implicated in cervical and ovarian
cancer [72-74]. Similarly, expression of IL-17 R-like protein has been detected in
androgen independent prostate cancer cell lines and it has been implicated in confer-
ring resistance to apoptosis and promoting prostate cancer via MM7-induced
epithelial-to-mesenchymal transition [75-77]. IL-17 is implicated in CNS and other
neurological diseases [78-80], and psoriasis [81-83]. Recent reports suggest potential
role for IL-17 in the “cytokine storm event” seen in advance Coronavirus Disease
2019 (COVID-19) infection with inflammation, and pro-thrombic events in severe
COVID-19 patients [84-87]. Hence, there is strong interests in understanding IL-17’s
biology and it roles in COVID-19 patients [85-87]. It is not surprising that IL-17’s role
in these diseases [60-87], have prompted experts in pharmaceutical industries to
develop anti-IL-17 type therapies for diseases in which IL-17 is implicated [88-90].
Earliest report on IL-17 induced activation of MAP kinases and NF-kB pathways
was made in chondrocytes [91]. Subsequently, IL-17 was shown to activate Raf-
MAPK and Jak/STAT signaling pathways in leukemia cells [92, 93]. These reports
show that IL-17 stimulates rapid phosphorylation of RAF, Erk-1/2, Jakl, Jak2, Jak3 and
Statl, Stat2 and Stat3 in human leukemia cells [92, 93]. Currently, IL-17 is known to
activate and utilize multiple signaling pathways including the aforementioned as well
as JNK, p38 and PI-3 K/Akt pathways to produce diverse biological effects [91-96].
Many reports have confirmed IL-17-induced activation of PI-3 K/Akt signaling
mechanisms in both normal and transformed cells [96-99]. IL-17 signaling pathways
are implicated in human diseases including inflammation and cancer [100]. Further-
more, TRAF and TGF-beta-1/smad2/3 signaling pathways are activated by IL-17 [99-
102]. Most of the biological effects of IL-17 were initially observed in different variety
of cells but to lesser extent in leukemia cells. Therefore, our rationale for initiating this
study was to determine the biological effects of IL-17 in leukemia cells and elucidate
the various signaling pathways utilized by IL-17 in leukemia cells. Furthermore, we
wanted to determine which transcriptional factors are activated by IL-17. Finally, we
wanted to determine whether IL-17 protects leukemia cells from undergoing apoptosis
since previous report [75] indicated IL-17—mediates cancer cell resistance to apoptosis.

2. Experiment reagents and protocols

We purchased human U937 and THP-1 leukemia cell lines from American Tissue
Culture Collection (ATCC) in Manassas, VA, USA. The cells were cultured in
Roswell Park Memorial Institute-1640 media, which contained L-Glut (2 mM).
Charcoal-filtered and frozen fetal bovine serum (FBS) was purchased from Atlanta
Biological, Georgia, USA. Following careful thawing under sterile conditions we
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heated the serum at 55 °C for 45 minutes for inactivation. After cooling, we vacuum
filtered the FBS under the hood and stored 50 ml aliquots at minus 20 °C. Both
streptomycin and penicillin were purchased from Invitrogen, Carlsbad, CA. Prior to
using the culture media, we added FBS to a final concentration of 10% (v/v). To
prevent bacterial growth in the culture media, we added penicillin (50 U/ml) and
streptomycin (50 U/ml). We cultured the cells in either 25 ml or 50 ml of complete
media in tissue culture flasks in a CO, incubator set to 5% CO,, 37 °C and 100%
humidity. Typically, we passaged the cells 8x before starting a fresh culture. U937
leukemia cells were used in most of the experiments described here.

2.1 Monocyte isolation

We purchased de-identified human blood samples from New York Blood Cen-
ter, Long Island, NY and Percoll gradients from GR Health Care, Piscataway, NJ
[103]. To isolate monocytes for chemotaxis assays, we isolated peripheral blood
mononuclear cells (PBMC) as previously described [103]. After centrifugation to
remove all red blood cells, the white blood cells were carefully retrieved and
suspended in 10 ml of complete media and spread across the surface of plastic
dishes. The plastic dishes were incubated in the incubator for 1.5 hours to allow
monocytes to attach to the surface of the dishes. Subsequently, all non-adherent
cells were carefully aspirated off and discarded. The attached monocytes were
carefully scraped from the dishes and suspended in culture media. The monocytes
were about 95% pure based on positive staining for CD14 marker.

2.2 Detection of cytokine expression by cytokine antibody array

To determine the effect of IL-17 on cytokine expression in leukemia cells, we
performed cytokine antibody array using tissue media from untreated and IL-17
treated leukemia cells [103]. Specifically, 20million cells were either untreated or
treated with IL-17 (100 ng/ml) alone or with IL-17 (100 ng/ml) plus the PI-3 K
inhibitor LY20094 (20 uM) or with LY20094 (20 uM) alone for 24 hours. The
tissue culture media were filtered to remove debris and their protein concentration
determined by Coomassie Blue Protein Assay Kit (Pierce, IL). The culture media
containing 50 ug protein from untreated and treated cells were spotted onto each of
the cytokine/antibody array membranes containing antibodies for over 42 cytokines
(RayBiotech, Corners, GA, USA), and incubated with gentle shaking for 2 hours at
30 °C. This allowed hybridization of each cytokine in the media to its respective
cytokine antibody on the array. Next, the media was carefully removed and each
membrane was washed 5x with wash buffer (provided by kit) to remove all non-
specific binding. Each membrane was incubated for a specified time in the color
development solution provided with kit and air dried. The dark spots representing
various cytokines were visualized and quantitated by digital image scanning. The
spot intensities were converted to fold change relative to the corresponding spots on
the membrane of the untreated cells, which was set as 1-fold.

2.3 Western blotting detection of proteins and phosphoproteins

One million leukemia cells per ml media were either untreated (control) or
treated with [92, 93] IL-17 (1 ng/ml) for 2, 5, 15, 30, 60 min or with IL-17 (100 ng/
ml) at 30 °C treatments up to 48 hours. Next, the cells were rapidly pelleted by
micro-centrifugation at 1,800 x g for 3 minutes. The pelleted cells were washed 3x
with PBS. The final pellets were collected by centrifugation at 1800 rpm for 3 min
and each pellet was lysed in 500 ul of cell lysis buffer A (containing protease
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inhibitors, 0.5% Triton X-100, 50 mM NaF and 2 mM Vanadate) [7]. Total cell
lysate protein concentration was determined by Coomassie Blue Protein Assay Kit
(Pierce, IL) and 240 ug per sample was solubilized in 50 ul SDS gel sample buffer
and resolved by 12% polyacrylamide gel electrophoresis. The protein bands were
transferred to membrane and the membrane background blocked in a blocking
buffer containing 5% milk. The membranes were incubated with specific antibodies
to either total PI-3 K, p-PI-3 K, p—Aktser473, p—Al(tThre308, total Akt, p-STATS3, total
STATS3, p-BAD, p-caspase3 or pGSK3-beta or total actin (for loading control) and
protein bands detected [103]. The band intensities were scanned by digital image
analyzer for quantitation and the band intensity from IL-17 treated samples com-
pared to the intensity in the untreated sample.

2.4 Co-immunoprecipitation (co-IP) assay/Western blot

Total and phosphorylated Akt can associate with effector proteins [104, 105] via
protein—protein interaction [106] and contribute to their regulation. We rationalized
that if IL-17 promotes association between p-Akt and any of its downstream effec-
tors, those proteins will be contained in the pulled down p-Akt-antibody complex and
can be detected by co-IP/Western blot. To determine whether Akt/p-Akt binds to p-
BAD or p-Caspase3 or p-GSK-3 (p-Akt’s downstream effectors), we carried out co-IP.
Specifically, 240 mg/ml protein from untreated or IL-17 treated cells were suspended
in PBS (500 ul) in Eppendorf tubes and incubated with specific antibody that recog-
nizes both total Akt and p-Akt>*™*’? overnight with gentle shaking at 4 °C. Next,
protein A agarose slurry (500 ul) was added to the complex in each tube and incu-
bated for 2 hours at 4 °C with gentle shaking to allow protein A agarose to capture all
the phosphoproteins bound to Akt/p-Akt-antibody complex. The tubes were
centrifuged at 10,000 x g for 10 minutes at 4 °C, the supernatants carefully removed
and the pellets were washed 5x with lysis buffer (see above). After the final wash, the
phosphoprotein complexes in each tube was solubilized in SDS-gel sample buffer (50
ul) and boiled for 3 minutes to dissociate the phosphoproteins in each complex. The
dissociated phosphoproteins were separated on 12% SDS-polyacrylamide gel as
described above. The phosphoprotein bands were transferred to membrane and
Western blotted for either p-BAD or p-Caspase3 p-GSK-3 or total Akt using specific
antibodies. The band intensity for p-BAD, p-Caspase3 and p-GSK-3 were scanned
with digital image analyzer. The old levels in the IL-17 treated cells calculated relative
to the bands in the untreated cells. Representative results are presented.

2.5 Detection of IL-17RA in U937 leukemia cells and THP-1 leukemia cells

Specific antibody to IL-17AR was purchased from Santa Cruz, CA and goat anti-
rabbit IgG-HRP antibody was from Amersham, CA. In order to detect IL-17AR, 240
ug of total cell lysate protein from 40 million cells was separated on 15% polyacryl-
amide gel [106]. The protein bands were transferred to nitrocellulose membrane
followed by incubation in a blocking buffer containing 5% filtered non-fat milk to
block non-specific sites on the membrane. Both the IL-17AR antibody and the goat-
anti-rabbit antibody were used at dilutions of 1:1000. The rest of the Western blot
protocols were performed as described [103, 106]. The band intensity was quanti-
tated using digital image analyzer.

2.6 Transcription factor array

To detect transcriptional factors regulated by IL-17 stimulation in leukemia cells,
we examined the profile of 54 transcriptional factors (TFs) using Panomics
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Transcriptional Factor Array (1) Kit. Panomics TranSignal™ Protein/DNA Arrays
simplifies the functional analysis of eukaryotic TFs and can be used to study TF
activation in a variety of biological processes, including cell proliferation, differen-
tiation, transformation, apoptosis and drug treatment [107]. The array membranes
were spotted with 54 different consensus-binding sequences (oligos) and enable
one to detect over 54 TFs at once in one treatment. Twenty million leukemia cells/
ml were pretreated with vanadate (5 mM) for 30 minutes to inhibit endogenous
phosphatases. Next, 5 million of the cells we either untreated or stimulated with
IL-17 (100 ng/ml) for 4 hours in the incubator. The cells were packed by centrifu-
gation at 1,800 x g for 3 minutes, washed 3x with PBS and gently lysed in a lysing
buffer (see Western blot protocols above) without detergents by repeated aspira-
tion through a 22-gauge needle to prevent rupturing of the nuclei. Intact nuclei were
isolated by layering the cell lysate over 50% glycerol solution in Eppendorf tubes
followed by centrifugation at 1,000 x g for 5 minutes. The supernatants were
carefully aspirated, the nuclei pellet harvested and washed 2x with PBS. Next, the
nuclei were disrupted in a nuclei lysing buffer (provided by the kit) and protein
concentration determined as described above. In a slightly modified version, 12 ug
of nuclei proteins in 200 ul of incubation buffer were incubated with each array
membrane containing the oligos for hybridization of each oligo to its specific tran-
scriptional factor in the nuclei extract. The membranes were washed several times
and the oligo/transcriptional factor complexes (DNA/protein complexes) were
detected by detection per the kit. The spots representing the various transcription
factors were identified based on the charts provided by the kit. The intensities of the
spots were scanned by digital image analyzer and the fold stimulation by IL-17
compared to the intensities in the untreated cells.

2.7 NF-kB/DNA and STAT3/DNA binding assays for detection of NF-kB and
STATS3 activation by IL-17

To study the effect of IL-17 on NF-kB and STAT3 DNA binding functions
[108, 109], 4 million leukemia cells/ml were untreated or IL-17 in time course
experiments. The cells were used for specific NF-kB/DNA binding or STAT3/DNA
binding assays using the NF-kB and STAT transcription factor assay kits (Active
Motif, Chemicon). The kit enabled us to monitor the activation or repression of
NF-kB or STAT3 proteins. The experiments were performed in triplicate.

2.8 Cell proliferation assays

To determine whether IL-17 stimulates cell proliferation in leukemia cells, 6 x
10° cells were either untreated or stimulated with IL-17 (100 ng/ml) for 48 hours
[110]. The cells were harvested and aliquots were diluted into 0.4% trypan blue/
PBS solution at a ratio of 1:10. The cells were counted in triplicate and the average
viable cell count was recorded from each sample. We also performed MTT prolif-
eration assay using 4 x 10° cells untreated or cells treated with IL-17 (100 ug/ml) for
48 hours in 96 well plates in triplicate. The rest of the details of the MTT assay
protocols were as previously described [110].

2.9 Caspase3 activity assays as evidence for apoptosis
We purchased caspase3 assay kit from MBL International, Woburn, MA, US
[111]. Sodium butyrate (NaB) is a strong inducer of apoptosis in cancer cells [112].

To determine the effects of IL-17 on NaB-induced apoptosis in leukemia cells we
performed caspases3 enzymatic (colorimetric) assays in lysates from 15 x 10°
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untreated or NaB treated cells. Specifically, the cells were either untreated or
treated with NaB (5 mM) alone, or treated with NaB (5 mM) plus IL-17 (100 ng/ml)
or with IL-17 (100 ng/ml) alone in tissue culture media for up to 48 hours. At the
end of the incubation, aliquot of cells were counted prior to lysing in RIPA buffer
(provided in the caspase3 assay kit) and total lysate protein concentration was
determined as indicated above. To measure caspase3 activity in the cell lysates, 30
ug total lysate protein from each sample was added to each experimental assay well.
The enzymatic activity was measured in triplicate in microtiter plate reader
according to instructions provided by the kit.

2.10 Assessment of chemotactic effects of media from IL-17 treated cells

In order to ascertain if media from IL-17 treated cells has chemotactic effects
towards monocytes [103, 113], we employed the Boden Chamber chemotaxis assay
method as previously described [103]. Specifically, 2000 monocytes/ml in fresh
complete media were placed in the upper portion of the Boden Chamber. Equal
volume of media from either untreated or IL-17 stimulated cells was put in the
lower chamber to serve as a source of chemotaxis. The setup was incubated for 2-
hours. Next, estimation of number of monocytes which crossed the membrane
barrier to the lower chamber was performed according to the kit. Experiments were
conducted in triplicate.

2.11 Assessing IL-17-induced cytokine expression by cytokine ELISA

In order to validate IL-17-induced cytokine expression observed in the cytokine
antibody array, we performed cytokine ELISA assay as specified in the cytokine
ELISA Kits (Ray Biotech, Norcross, GA) using equal amount of tissue culture pro-
teins from untreated or IL-17 treated cells [103]. The ELISA monitored expression
of IL-2, IL-3 and IL-8. In addition, to determine whether IL-17-induced IL-2
expression was mediated by either PI-3 K/Akt or by Jak2, in some experiments, we
pre-incubated some of the cells with PI-3 K inhibitor LY20094 (20 nM) or Jak2
inhibitor AG490 (15 nM) for 30 minutes prior to stimulating the cells with IL-17
(100 ng/ml) for 24 hours.

3. Results
3.1 Effects of IL-17 on cytokine expression in human leukemia cells

To determine whether IL-17 stimulates cytokine expression in leukemia cells, we
performed cytokine antibody array using tissue culture media from untreated and
treated cell. As seen in Figure 1, within 24 hours IL-17 stimulated several fold
differential expression of various cytokines in the ranking order of IL-2 > IL-

3 > GRO > IL-10 > RANTES>IL-15 > IL-1. However, IL-17 failed to simulate IL-8
expression. Stimulation of cytokine expression by IL-17 was significantly inhibited
by the PI-3 K inhibitor LY20094 (Figure 1), suggesting a role for PI-3 K in the
mechanism by which IL-17 stimulates cytokine expression. Similar results were
observed in THP-1 human leukemia cell line (data not shown). Also, a neutralizing
antibody against of IL-17 blocked IL-17 from stimulating cytokine expression (data
not shown), confirming that the observed stimulation of cytokine expression is
attributed to L-17. Using ELISA assay, we confirmed stimulation of IL-2 and IL-3
expression by IL-17 without effect on IL-8 expression (Figure 2). The lack of effect
of IL-17 on IL-8 expression seen in leukemia cells are in contrast to IL-17-induced
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Figure 1.

IL-17 Stimulation of differential expression of cytokines: Inhibition by PI-3K Inhibitor (LY20094). Tissue
culture media from untreated and treated cells were assayed for cytokine expression by cytokine-antibody array.
Data is an average of two experiments.
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Figure 2.
Effects of IL-17 on IL-2, IL-3 and IL-8 expression. Asterisk (*) indicates significant differences between IL-17
treated and untreated cells.

IL-8 expression reported in different cell types [16-20]. As a follow up to our results
in Figure 1, and our previous report that IL-17 activates Jak/STAT pathway [93], we
determined whether both the PI-3 K and Jak2 mediate stimulation of specific cyto-
kine expression by IL-17. To do so, we examined the effects of PI-3 K inhibitors
LY20094 (LY) and wortmannin (WM) and Jak2 inhibitor AG490 (AG)) on IL-17-
induced IL-2 expression. The ELISA array results in Figure 3 indicate that individ-
ually LY20094 and wortmannin partially inhibited IL-17 stimulated IL-2 expression.
The Jak2 inhibitor AG490 also exhibited similar inhibitory effect on ability of IL-17
to stimulate IL-2 expression. A combination of both LY20094 and AG490
completely blocked stimulation of IL-2 expression by IL-17 (not shown). These
results confirmed roles for both PI-3 K and Jak2 in the mechanisms by which IL-17
stimulates IL-2 expression.

3.2 Media from IL-17 treated leukemia cells produce chemotaxis
Given that IL-17 stimulated significant expression of two chemokines (GRO and

RANTES), we examined whether the culture media from IL-17 treated leukemia
cells could serve as chemoattractant to human monocytes from PBMC. As seen in
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Figure 3.

Inhibition of IL-17-induced IL-2 expression by PI-3K inhibitors (LY and WM) and Jakz2 inhibitor (AG).
Asterisk (*) indicates significant differences between IL-17 alone and IL-17 plus PI-3K Inhibitors (LY and
WM) or Jak2 inhibitor (AG490).

Figure 4, as compared to culture media from untreated cells, culture media from
IL-17 treated cells exhibited significant time-dependent chemotaxis towards
monocytes, confirming that culture media from IL-17 treated cells contains secreted
chemotactic chemokines that induced chemotaxis [46].

3.3 IL-17 stimulates leukemia cell growth and protection from apoptosis

Next, we investigated the effect of IL-17 on leukemia cell proliferation.
Untreated or IL-17 stimulated cells were assessed for cell growth using trypan blue
exclusion and MTT assays. As shown in Table 1, IL-17 exhibited a time-dependent
stimulation of leukemia cell growth by 3.3-fold within 48 hours. Similar results
were seen in MMT assays (data not shown). Next, we examined whether IL-17
promotes leukemia cell survival and anti-apoptotic effects in leukemia cells by
protecting the leukemia cells from apoptosis. The results in Table 2 indicates that
NaB alone causes significant reduction in leukemia cell survival from 100% to 52%
in 24 hours. However, in the presence of IL-17, Na-induced decline in cell survival is

]
I
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|
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Figure 4.
IL-17 induced Chemotaxis. Tissue culture media from untreated IL-17 cells were assayed for chemotaxis in a
Boyden Chamber with monocytes on the upper chamber.
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Treatment 24 hours Cell Growth (Fold) 48 hours Cell Growth (Fold)
Cells 1.0 1.0
Cells + IL-17 2.3.0 33+02

Table 1.

Effects of IL-17 on cell growth, cell survival and caspase3 activity—IL-17 promotes cell growth.

Treatment 24 hours Cell Survival (%)
Cells alone 100
Cells + NaB 52+22
Cells + IL-17 + NaB 83+13
Table 2.

Effects of IL-17 on cell growth, cell survival and caspase3 activity—IL-17 protects cells from butyrate-induced
apoptosis.

Treatment 24 hour; Relative Caspase 3 48 hours Relative Caspase 3
Activity (Fold) Activity (Fold)
Cells alone 1.0 1.0
Cells + NaB 32+0.4 43+0.1
Cells + IL-17 + NaB 17+02 20£03
Table 3.

Effects of IL-17 on cell growth, cell survival and caspase3 activity—IL-17 inhibits butyrate-induced caspase3
activation. Data vepresent mean plus/minus SD.

markedly inhibited cell survival improved from 52% to 83%. As shown in Table 3,
NaB alone stimulated activation of caspase3 activity from 1-fold in untreated cells
to 3.2 fold in 24 hours and 4.3-fold in 48 hours, indicating NaB-induced apoptosis in
cells in the absence of IL-17. However, in the presence of IL-17, NaB-induced
caspase3 activation is markedly reduced from 3.2-fold to 1.7-fold in 24 hours and
from 4.3-fold to 2.0-fold in 48 hours. IL-17 also upgrades Bcl2 in the presence of
NaB (not shown). Thus, IL-17 protects leukemia cells from undergoing apoptosis
and enhances their survival. The results suggest that IL-17 may be inducing
inactivation of pro-apoptotic signals while partially restoring the anti-apoptotic
protein Bcl-2 expression.

3.4 IL-17 stimulates differential activation of transcription factors in
leukemia cells

Within 4 hours IL-17 stimulated significant and differential activation of several
transcription factors in the order of c-Myb (5.5-fold) > EGR-1 (5.0-fold) > STAT3
(4.0-fold)> > Smad3/4 (3.4-fold) > SRE (3.0 fold>CDP (2.5-.fold). IL-17 failed to
activate NF-kB. Using individual transcription factor/DNA binding assays, we
confirmed that STAT3/DNA binding activity is significantly enhanced by IL-17
(Figure 5). In contrast, IL-17 did not stimulate NF-kB/DNA binding activity in
these leukemia cells (Figure 6). Together these results show that IL-17 differentially
activates several transcriptional factors associated with regulation of cell growth,
cell differentiation and apoptosis but failed to stimulate NF-kB in these cells even
though IL-17 is known to stimulate NF-kB in many cell types [50]. Of note, NF-kB
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Figure 5.
Activation of STAT3 Transcriptional Activity by IL-17.
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Figure 6.
Lack of IL-17 stimulation of NF-kB DNA Binding Activity.

is already highly constitutively expressed in active from in these leukemia cells. This
could explain why IL-17 failed to stimulate NF-kB activation further in these cells.

3.5 Direct evidence that IL-17 activates PI-3 K/Akt signaling pathway in
leukemia cells

Because the PI-3 K inhibitor Ly20094 inhibited IL-17-induced cytokine expres-
sion, we examined the direct effects of IL-17 on PI-3 K and Akt phosphorylation and
activation. As shown in Figure 7a and 7b, in as early as 0.5 minutes, IL-17 stimu-
lated PI-3 K tyrosine phosphorylation by 4.5-fold. PI-3 K phosphorylation and
activation usually lead to downstream Akt (PKB) activation [113]. Therefore, we
next examined the effects of IL-17 on Akt (PKB) phosphorylation and activation.
Akt can be phosphorylated on Serine 473 (Ser*”?) and/or Threonine 308 (Thr3°®),
which is in the activation domain. The western blot results in Figure 8a show that
IL-17 stimulated Akt phosphorylation on Serine*’? to 5-fold within 10 min in these
cells. The results in Figure 8b show that IL-17 stimulates rapid phosphorylation of
Akt on Thr**® with maximum effect noted at 5 minutes. Stimulation of Akt phos-
phorylation on Serine*”? by IL-17 was inhibited by the PI-3 K inhibitor wortmannin
(WM) (no shown). These results imply that stimulation of Akt phosphorylation by
IL-17 is mediated by PI-3 K. Once Akt is activated, it phosphorylates a host of
downstream effectors including BAD, Caspase3, forkhead transcription factor
(FKHR), glycogen synthase kinase-3 (GSK3-beta), AFX, eNOS,TSC2, MDM2, P21/
CIP1 and other downstream effectors as shown in Figure 9a Dephosphorylated
BAD, caspase3 and GSK3-beta play vital roles in induction of apoptosis [114].
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Figure 7.

Tignu;’ course of IL-17-induced PI-3K phosphorylation detected by Western blot using either specific antibody for
tyrosine phosphorylated PI-3K or total PI-3K as loading control. Scanned values represent ptyr-PI-3K/PI-3K
ratios from 3 experiments (b). Asterisk (*) indicates significant differences between IL-17 treated and
untreated cells. Results ave representation form several experiments.
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Figure 8.

Tignl:f course of IL-17 stimulation of Akt>™*73 phosphorylation (a) and (b) Akt™3°F Specific antibody to either
Alt57473 oy Alt™73°% was used to monitor Akt phosphorylation by Western blot. Blots were stripped and
reprobed for total Akt for loading control. The blots from 3 experiments were scanned and results are presented.
Asterisk (*) indicates significant differences between IL-17 treated and untreated cells.

However, upon their phosphorylation, these pro-apoptotic proteins lose their pro-
apoptotic activities [114] as phosphorylation of both BAD, caspase3 and GSK-3
leads to their inactivation. The results in Figure 9b and ¢ show that IL-17 stimulates
Akt-mediated BAD, Caspase3 and GSK-3-beta phosphorylation as p-BAD,
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Figure 9.

Mog:ilel showing activated Akt phosphorylation of its downstream tavgets (a). Effect of IL-17 on Caspase3 and
BAD phosphorylation (b), GSK-3-beta phosphorylation (c). In (b) and (c) cells were untreated or stimulated
with IL-17 and total cell lysates were monitored for Caspase3, BAD and GSK-3-beta phosphorylation by
Western blot using specific phosphoprotein antibody to each protein. Total Akt (b) or total GSK-3-beta (c) was
probed for loading control. Results are representation of several experiments.
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p-Caspase3 and p-GSK3-beta were contained in Akt pulled down complex from
IL-17 treated cells. Phosphorylation of caspse3, BAD, GSK3-beta and STAT3 are
associated with enhanced cell survival [115, 116] and could explain in part how
IL-17 promotes cell survival. Also, IL-17 stimulated Akt-dependent phosphorylation
of mammalian target of rapamycin (mTor) on serine 2448 (motor Ser 2448y 1117],
which was inhibited by the Akt inhibitor SH5 (not shown).

4. Discussions

We have provided strong evidence that IL-17 stimulates significance and differ-
ential expression of IL-2, IL-3, IL-10, IL-15, GRO, and RANTES in human leukemia
cells. The stimulatory effect of IL-17 on cytokine expression in these cells is similar
to previous reports in non-hematopoietic cells by IL-17 [16-20]. However, IL-17
does not stimulate IL-8 expression in these cells, which contradicts early reports
that IL-17-induces IL-8 expression in different cell types [17-20]. Induction of
cytokine expression by IL-17 in these leukemia cells could have strong biological
relevance in vivo because increases in IL-17 level in a tumor microenvironment can
trigger induction of other cytokines including chemokines that could generate
combination of proinflammatory, anti-inflammatory and chemotactic responses
[16-20, 54]; [79-81]. IL-2 is a proinflammatory cytokine [118], which also regulates
helper T cell differentiation [119]. IL-3 stimulates regulation of multipotent hema-
topoietic stem cell function and differentiation of all lineages as well as promote
proliferation of myeloid progenitor cells [120, 121]. IL-10 is a master regulator of
immunity to infection and an anti-inflammatory cytokine that can counteract the
pro-inflammatory effects of IL-2 [122]. Secondly, IL-10 is known to synergize with
IL-2 to promote CD8 * T cell cytotoxicity [123]. IL-15 is known to suppress apopto-
sis in T-lymphocytes by inducing Bcl2 and/or Bcl-xl in humans [124]. Perhaps, IL-
15 contributes to the anti-apoptotic effect of IL-17 in these cells. Both IL-2 and IL-15
have structural and functional similarities, share the common gamma chain of their
receptors and promote immune response [125]. Both GRO and RANTES are
chemokines and are associated with induction of chemotaxis and recruitment of
neutrophils and macrophages to sites of infection [37]. Thus, IL-17- induced GRO
and RANTES expression and secretion from leukemia cells into the culture media,
could account for the chemotactic effect IL-17 seen in our studies.

These leukemia cells express receptors for some of the cytokines secreted to the
culture media in response to IL-17. Therefore, some of the cytokines secreted into
culture media can promote both autocrine and paracrine effects on the leukemia
cells. We have provided evidence that IL-17 stimulates phosphorylation of the pro-
apoptotic proteins BAD, caspase3 and GSK3-beta, thus negating their functions. In
addition, IL-17 promotes inhibition of Caspase3 activity in these leukemia cells.
Furthermore, IL-17 enhances Akt phosphorylation and activation, which are asso-
ciated with cell survival [126]. The ability of IL-17 to enhance protection of the
leukemia cells from apoptosis implies that elevated IL-17 levels in a tumor micro-
environment could lead to promotion of leukemia cell proliferation and survival,
both of which could potentially produce poor prognosis in leukemia patients.
Another interesting outcome of this study is that IL-17 stimulates activation of
several transcriptional factors including cMyb, EGR-1, STAT3, Smad3/4, SRE, CDP,
which are known to regulate proliferation, differentiation and survival [115, 127,
128]. This effect of IL-17 could in part contribute to the mechanism growth promo-
tion and survival in these leukemia cells. Stimulation of smad3/4 transcriptional
factors of the TGF-beta signaling pathway [102, 115] by IL-17 may point to potential
cross talk between IL-17 and TGF-beta-induced signaling pathways to synergize
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their biological effects [127, 128]. The lack of activation of NF-kB by IL-17 in these
leukemia cells is not surprising since typically these leukemia cells constitutively
express high levels of active NF-kB, which could explain the apparent lack of NF-kB
response to IL-17. Lack of NF-kB activation by IL-17 in these cells is in contrast to
IL-17-induced NF-kB activation reported in many cells [50].

We have provided ample evidence that IL-17 activates and utilizes the Jak/STAT
signaling pathway in these leukemia cells. In this pathway, IL-17 stimulates phos-
phorylation of Jak1, Jak2 and Jak3, STAT1, STAT2, and STAT3 [55, 93, 97]. We have
also shown that Jak2 partially mediates IL-17-induced IL-2 expression. Furthermore,
IL-17 strongly stimulates phosphorylation and activation of PI-3 K/ Akt pathway
and promoting Akt-mediated phosphorylation of its downstream effectors. Another
interesting observation is that Akt-partially mediates stimulation of IL-2 expression
and secretion by IL-17. Also, IL-17 promotes phospho-Akt’s association with BAD,
caspase3 and GSK3-beta, supporting Akt-mediated phosphorylation of these pro-
teins in IL-17 treated cells. These observations could in part explain how IL-17
promotes anti-apoptosis and survival in these leukemia cells [75-77, 126].

IL-17 stimulates activation of Raf~-MEK-ERK1/2 pathway [92-95, 101], which
could partially account for the growth promoting effects of IL-17 in leukemia cells.
Previous thesis research in our laboratory revealed that IL-17 stimulates activation
of LCK [129] and PKC [130]. Also, IL-17 promotes association between LCK and the
p85 subunit of the PI-3 K, thus providing another mechanism for PI-3 K activation
by IL-17 via LCK, a member of the Src kinases family [129]. Activation of PKC by
IL-17 is associated with enhanced PKC ability to regulate cell cycle progression in
leukemia cells [130]. As indicated earlier, IL-17 is profoundly implicated in many
human diseases [55-74], thus supporting the suggestion that design and production
of anti-IL-17 drugs could lead to better strategies for development of new therapies
for those diseases [88-90]. Although the recent reports implicating IL-17 in the
mechanism of the “cytokine storm” event in COVID-19 infection is far from

Figure 10.
Model showing activated memory T cell secreted IL-17: Pavacrine mechanism of how secreted IL-17 activates
cytokine expression and secretion in leukemia cells.

Figure 11.
Model showing multiple signaling mechanisms used by IL-17 in Leukemia Cells.
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conclusion, there are calls for development of anti-IL-17 drugs as adjunct therapy
for diseases in which IL-17 plays an active role [87, 131]. IL-17-enhanced leukemia
cell growth, survival and anti-apoptosis strengthens the argument in favor of inclu-
sion of leukemia in the list of human diseases for which anti-IL-17 adjunct therapy
should be considered. Our model in Figure 10 explains the paracrine role of T-cell
secreted IL-17 in leukemia cells. Elucidation of the multiple signaling mechanisms
of IL-17 in leukemia cells in our study and illustrated in Figure 11 further enrich our
knowledge on the biological effects and mechanisms of IL-17.

5. Conclusion

Our studies on effects and mechanisms of IL-17 in human U937 leukemia cells
revealed that these cells express IL-17A receptor and IL-17 stimulates cell growth,
survival, chemotaxis and differential expression of cytokines. These results suggest
that IL-17 could trigger expression and secretion of various cytokines including
chemotactic chemokines in leukemia patients. Also, IL-17 promotes anti-apoptotic
effects in these cells. If these biological effects of IL-17 described here, were to occur
in leukemia patients, IL-17 could promote poor prognosis in the patients. Further-
more, IL-17 stimulates differential activation of several transcriptional factors
including c-Myb, EGR-1, STAT3, smad3/4 CDP and SRE but not NF-kB in these
cells. Lastly, multiple signaling pathways including PI-3 K/Akt, Jak/STAT,
Raf-MEK-ERK-1/2 and Lck signaling pathways differentially mediate the biological
effects of IL-17 in the U937 leukemia cells. Any of these pathways could serve as a
target for anti-IL-17 drugs.
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The Role of Interleukins after
Spinal Cord Injury
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Abstract

In skin wound healing the injured tissue goes through a normal progression,
inflammation subsides and remodeling occurs. However after spinal cord injury
inflammation persists and there is less progression into a regenerative/rebuilding
phase. This inflammatory process after spinal cord injury is orchestrated by many
cell types and numerous cytokines. Although there are several positive effects of
inflammation after spinal cord injury, such as the removal of debris, the substantial
upregulation of immune cells has been shown to contribute to neural degeneration.
Several chemokines and cytokines including many interleukins are involved in guid-
ing these immune cells to the lesion. While there are many inflammatory cytokines
acting on these immune cells after SCI, there are also several anti-inflammatory
interleukins that have shown beneficial effects in reducing inflammation. After SCI
in a rat model, interleukin-10 and interleukin-19 have been shown to downregulate
the synthesis of pro-inflammatory species including interleukin-1f and tumor
necrosis factor-a, which resulted in a significant improvement in rat hind limb func-
tion. Also, interleukin-4 and interleukin-13 are related anti-inflammatory cytokines
that regulate many aspects of inflammation and have also been shown to induce
alternative macrophage activation. The differing and complex roles interleukins
play, highlight their importance on the inflammation that persists after spinal cord
injury. Here we review both the positive effects and negative effects that interleukins
have during the multifaceted inflammation process following spinal cord injury.

Keywords: interleukins, spinal cord injury, inflammation, macrophages, microglia

1. Introduction

Spinal Cord Injury (SCI) is a devastating trauma and according to the National
Spinal Cord Injury Statistical Center (NSCISC) there are approximately 294,000
people living with SCI in the United States [1]. After spinal SCI there is immediate
cell death caused directly from the insult followed by a cascade of inflammation
that leads to additional cell death and a much larger scar formation that impedes
axonal regeneration [2, 3]. Although there are several positive effects of inflamma-
tion after SCI, the extensive infiltration of immune cells is a principal contributor to
neural degeneration [4, 5]. These immune cells are guided to the lesion site from the
periphery via many signaling cues including several interleukins (ILs) released by
microglia, astrocytes, and peripheral macrophages within the lesion [5, 6].
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Throughout the first hours after injury, polymorphonuclear leukocytes are
the predominant infiltrating cells and over-activation of these cells causes tissue
destruction through the release of significant amounts of neurotoxins including
reactive oxygen species (ROS), reactive nitrogen species (RNS), chemokines,
and enzymes [5, 7, 8]. Microglia, the resident macrophages, are also activated and
migrate to the site of injury, proliferate, and transform from the ramified pheno-
type to amoeboid phagocytic cells [9]. These activated microglia and peripheral
macrophages make up the majority of inflammatory cells present at the site of the
lesion. Although in normal wound healing macrophages sequentially change and
reduce inflammation, after SCI macrophages persist in an inflammatory state for
prolonged periods resulting in progressive tissue degeneration [10, 11]. However
these microglia/macrophages can be activated toward an anti-inflammatory pheno-
type and ILs are important signaling cues in the extracellular environment that help
dictate this contrasting phenotype. The goal of this chapter is to examine the role
ILs have on the dynamic inflammatory process that occurs after SCI.

2. Interleukins involved in inflammation after SCI

There are numerous known ILs and several of these ILs are shown to be
involved in inflammation after SCI. Throughout this chapter we will discuss the
ILs that have been investigated after SCI and whether their role is predominately
inflammatory or anti-inflammatory. It is important to note, the role an IL plays
after injury is not as simple as just inflammatory or anti-inflammatory. For many
of the ILs there are multiple factors that determine whether they will have a
beneficial role or a detrimental role, including the extent of initial injury, concen-
tration of IL, other associated molecules in the injury, and the response of immune
cells and glial cells [12, 13].

Although there is a broad spectrum of signaling molecules including cytokines,
chemokines, and other reactive species after SCI, this chapter will just focus on ILs
and only the ILs that are known to play a role in inflammation after SCI [14]. These
ILs will be discussed in terms of the cell types that produce them, receptors they
bind, cell types they target, timeline of upregulation, and ultimately their effect on
inflammation after SCI.

2.11Interleukin-1 family cytokines

IL-1a, IL-1B, and IL-33 are members of the IL-1 family that have been studied
after SCI and all are predominantly inflammatory [15]. IL-1 is released via activated
macrophages and microglia largely in response to disease, infection, or inflamma-
tory events. IL-1 has two structurally and biologically similar isoforms, IL-1a and
IL-1p [13]. These two isoforms share roughly 30% amino acid sequence homology
and although they perform similar biological functions, IL-1f plays a more substan-
tial role post-SCI [16, 17]. IL-1p has been shown to contribute to the exaggerated
neuroinflammation following SCI that leads to secondary neural degeneration and
cell death [16]. IL-1 signaling following SCI is diverse and complex, resulting in
a recruitment of neurotoxins or immune system molecules that contribute to the
inflammatory response [13].

The primary receptor for signaling of both IL-1 isoforms is the type-I inter-
leukin-1 receptor (IL-1RI). IL-1 signaling is further regulated by a decoy receptor
(IL-1RII) and a receptor antagonist (IL-1ra) [13]. The expression of these recep-
tors mediates the inflammatory response to SCI and their mechanisms have been
widely studied following SCI. After SCI in rats, IL-1R1 expression is elevated as
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early as 4 hours, peaks at 8 hours to 1-day and remains elevated for 7 days post-
injury [13]. Another study tested the role of IL-1ra as a regulatory molecule follow-
ing SCI and observed that increased expression of IL-1ra suppressed IL-1p levels
and increased locomotor function following SCI, suggesting that IL-1p and IL-1RI
play critical roles in secondary tissue damage and impaired functional recovery
post-SCI [16]. Likewise, administration of IL-1p suppressed the expression of
IL-1ra following SCI indicating the regulatory nature of IL-1p interactions with

its receptor antagonist [16]. Similarly, a study using IL-1 knockout mice observed
a significantly smaller lesion area and improved locomotor function after SCI in
comparison to wild-type mice [18].

The signaling cascade of the IL-1p/IL-1RI pathway is complex and yet to be
completely understood, however it is widely understood that it stimulates the
production of toxic intermediates that cause neural degeneration and cell death
[13]. These toxic inflammatory mediators include prostaglandins, cyclooxygenase
2, and phospholipase A2 [13]. However, there are studies showing benefits of IL-1,
where IL-1p null mice failed to remyelinate as rapidly as wild-type mice [19]. These
different roles IL-1 plays are likely due to several factors including extent of injury
as well as IL-1 concentration and timing of upregulation, but at present are not well
understood.

Another member of the IL-1 family, IL-33, predominantly induces type-2
immune responses against allergens and infectious diseases [20]. IL-33 is upregu-
lated in response to SCI and tends to localize in spinal cord astrocytes to reduce
T cell infiltration and overexaggerated inflammation that leads to neuronal cell
death [21]. IL-33 is classified as an alarm signal (alarmin) and is released by epi-
thelial cells upon signals of cell or tissue death, but the exact iz vivo mechanism of
release is not fully understood [22]. After its release, IL-33 binds to ST2 receptors
(IL-1RL1) that are present on multiple immune cells as an alert signal for immuno-
logic and neurologic damage or inflammation [22].

One study that treated SCI injury in mice with administration of recombinant
IL-33 indicated an attenuation of spinal cord encephalomyelitis progression and
a significant decrease in neural tissue death, decrease in demyelination, and an
overexaggerated astrocyte infiltration at the lesion site of the contused spinal
cord [21]. These results yielded a significant increase in functional recovery and
a dramatic decrease of the expression of TNF-a in the spinal cord for as long
as 42 days post-SCI. In addition to suppression of pro-inflammatory cytokine
release, IL-33 administration promoted the activation of anti-inflammatory M2
macrophage/microglia [21].

2.2 Interleukin-2 family cytokines

Cytokines from the IL-2 family, IL-2, IL-4, IL-7, IL-15, and IL-21, all share a
common receptor subunit (gammac), which plays a major role in promoting and
maintaining T lymphocyte populations [23]. IL-2 is a pro-inflammatory cytokine
made up of four a helixes and is produced mainly by CD4" cells when activated.

At an mRNA level, signals from T-cell receptor (TCR) and CD28 closely regulate
the production of IL-2 [24]. After synthesis, IL-2 binds to a receptor complex,
which consists of three subunits, IL-2Ra, IL-2Rf, and the common y-chain [24].
All three subunits are needed to achieve high affinity binding. These receptors are
located on regulatory T cells and antigen-activated T lymphocytes [25]. To produce
an IL-2-dependent response, IL-2 must be produced and IL-2R must be expressed
within the same microenvironments [25].

IL-2 and its receptor, IL-2R, are crucial to maintaining the balance of the timing
and adequacy of an immune response [26]. The primary role of IL-2 is to perpetuate
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the proper response of memory T-cells to invading pathogens [27]. In addition, IL-2
is vital to the survival, as well as death, of lymphocytes, which has an effect on the
development of the immune system. By properly maintaining the life of regulatory
T cells (T reg) and activation-induced cell death, IL-2 is able to eliminate self-
reactive T cells as a preventative measure against autoimmune diseases [27]. After
SCIin arat, IL-2 levels were significantly lower than intact controls from 3 days to
2 weeks post-SCI [14]. In addition, the interaction of IL-2 with its receptor after
SCI contributes to the proliferation of T-helpers, which also have an effect on the
proliferation of cytotoxic T cells, natural killer cells, lymphokine-activated killers, B
cells, and macrophages [14].

IL-4 and IL-13 are related anti-inflammatory cytokines that regulate many
aspects of inflammation and have also been shown to induce alternative macro-
phage activation (Figure 1) [28]. IL-4 is a cytokine that is involved in regulating
immunity, and is secreted by Th2 cells, eosinophils, basophils, and mast cells
[29]. IL-4 is also involved in allergic inflammation by utilizing Th2 lymphocytes,
differentiated from Th cells, which can then be used in the production of effector
cytokines [30]. IL-4 binds to its receptor IL-4Ra, and will dimerize with either
yc (the common cytokine-receptor y-chain) and produce the type-1 signaling
complex, or with IL-13Ral and produce the type-2 signaling complex (Figure 1)
[29, 31]. Although IL-4 has a major impact on immunity, it also affects cognition
based on T-cells mediated by IL-4. When administered within a short period
post injury, IL-4 exhibits anti-inflammatory effects; however, it can exert a
pro-inflammatory response when macrophages possessing IL-4 are undergoing
pro-inflammatory stimulation [29].

Lima et al. (2017) performed a study to understand the effect of the acute and
sub-acute treatment using IL-4 on various populations of neural cells and on func-
tional recovery iz vivo. In the injured spinal cord, treatment using a systemic deliv-
ery of IL-4 (0.35 pg/kg) for 7 days, led to an upregulation of the anti-inflammatory

Type 1IL-4 Type 2 IL-4 & IL-13 IL-13 IL-10
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Figure 1.
IL-4, IL-13, and IL-10 pathways and effects.
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IL-10 and a reduction in area of macrophage/microglia expressing inflammation
markers CD11b and inducible nitric oxide synthase (iNOS) [32]. After systemic
IL-4 treatment, they also observed an increase in the number of O4-positive cells
(a marker for both type I and type II oligodendrocytes) and neuronal markers
BIII-tubulin and NeuN, suggesting that IL-4 has a role in neuroprotection. This
overall reduction in inflammation resulted in improved hind limb function in rats
after SCI. Although they observed several positive effects, systemic IL-4 did not
have an effect on the number of astrocytes or lesion size [32]. In another study a
delayed intraspinal injection of IL-4 (100 ng of recombinant IL-4, 48 hours after
injury) was given after a spinal cord contusion in mice [33]. The intraspinal injec-
tion of IL-4 resulted in an increase in microglia/macrophages expressing antigens
characteristic of an anti-inflammatory M2 phenotype, reduced tissue damage,
and improved hind limb function in mice after SCI [33]. These studies suggest
that therapies using IL-4 could be a valuable treatment for improving function
after SCI.

IL-13 is produced by different T cell subsets, dendritic cells, and activated Th2
cells [34]. Although the IL-13a2 receptor was originally thought to be a “decoy”
receptor that serves as a neutralizer (Figure 1) [35], Fichtner-Feigl et al. showed a
role for IL-13Ra2-mediated signaling that required the cytoplasmic tail of IL-13Ra2
in the production of transforming growth factor beta (TGF-p), an anti-inflammatory
shown to down-regulate inflammatory cytokines, providing evidence for IL -13Ra2-
mediated signaling (Figure1) [31, 36]. Furthermore, after SCI it was shown that
transplanted mesenchymal stem cells continuously expressing IL-13 improved func-
tional recovery and decreased lesion size. In addition, IL-13 increased the amount of
ARG-1-expressing macrophages [37].

IL-7 is a homeostatic cytokine that plays a key role in the survival of multiple
immune cells and acts on lymphocytes [38]. The IL-7 receptor complex is composed
of two chains, IL-7Ra and yc (the common cytokine-receptor y-chain), which
signal downstream to the JAK/STATS5 pathway, and assists in regulating the sur-
vival and development of immune cells [38]. IL-7 is produced by stromal cells in
lymphoid organs and is necessary for T-cell development and their survival in the
periphery [39].

After SCI in mice, IL-7 is promptly upregulated and displays as a strong chemo-
tactic property for macrophages [40]. An intraspinal injection of IL-7 after SCI in
mice, resulted in an increase in pro-inflammatory cytokines IL-1f, IL-6, and TNF-
o, and a decrease in the anti-inflammatory cytokine IL-10 [38]. The increase in IL-7
also led to an increase in apoptosis, macrophage infiltration, and a decrease in hind
limb function in mice after SCI [38]. Moreover, blocking the IL-7 receptor after SCI
in mice, resulted in suppression of pro-inflammatory cytokines IFN-y and TNF-q,
an increase in IL-4 and IL-13, more macrophages expressing antigens characteristic
of an anti-inflammatory M2 phenotype, an increase in spared white matter, and
an improvement in hind limb function [40]. During SCI, the JAK/STATS pathway
is activated, and IL-7 post-SCI also contributes to the activation of the JAK/STATS5
pathway, which upholds a crucial role in the inflammatory response and secondary
damage [38]. When the JAK/STATS5 pathway was inhibited by pimozide, the effects
of IL-7 discontinued, which emphasizes the relationship between the JAK/STATS
pathway and IL-7 function [38]. Therefore, Yuan et al. (2019) concluded that the
IL-7/JAK/STATS5 axis targeted by antagonists may represent a potential therapeutic
treatment for SCI [38].

Similar to IL-2, IL-15 is a pro-inflammatory cytokine that is also part of the
four a helix cytokine family. The main function of IL-15 is to provide a long-term
immune response to invading pathogens by contributing to the homeostasis of
natural killer cells and CD8+ memory T cells that express IL-2/IL-15Rp and yc [27].
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IL-15 has three receptors, IL-15Ra, IL-2Rf, and yc, and shares two of the receptors
with IL-2 (IL-2Rp and yc) [41]. Although IL-15 has not been well studied after SCI,
it has been shown to be involved in the development of neuropathic pain from nerve
injury [42]. After sciatic nerve injury, IL-15 expression was observed in the spinal
cord in astrocytes and microglia, and it is also present in neurons located in the
dorsal and ventral horn [42].

IL-21 is a pleiotropic cytokine expressed by many immune cells including
natural killer T cells and activated CD4+ T cells [43]. Similar to other inflamma-
tory mediators, IL-21 is upregulated after SCI [44, 45]. Fu et al. (2017) studied
peripheral blood-derived mesenchymal stem cells (PBMSCs) as a therapy for SCI
and their role in the lesion microenvironment by analyzing the neuroprotection,
differentiation, and immunoregulation of PBMSCs that were engrafted. When
IL-21 was inhibited, a decrease in the secretion of IL-23a and IL-22 occurred
[44]. When investigating the potential Th17/Treg-relative mechanism of PBMSCs
therapy after SCI, Fu et al. (2017) discovered that the M1 macrophage migrated to
lesion site and resulted in the pro-inflammatory secretion of IL-6 and IL-21, which
led to CD4 + T cells differentiating into CD4 + IL17 + Th17 cells [44]. Furthermore
it has been shown that IL-17 production is stimulated by the combination of IL-21
and TGF-p [45].

2.3 p common chain cytokines IL-3, and IL-5

The p common cytokine family, including IL-3 and IL-5, is defined by a shared
receptor structure, comprising of a specific « chain and a common f chain that is
essential for cytokine-specific receptor signaling [46]. IL-3 is a cytokine that is
produced by activated T cell lymphocytes, which then induces the production of
various hematopoietic cell types that are crucial to the immune response [47]. IL-5
is cytokine that is produced by hematopoietic and non-hematopoietic cells, includ-
ing granulocytes, T cells, and natural helper cells [48]. IL-5 is also a mediator for
eosinophilic inflammation by providing stimulation, differentiation, recruitment
and activity of eosinophils. Due to their roles with eosinophils, IL-3 and IL-5 have
been primarily studied in asthma, and their roles after SCI are not clear. However,
both of them co-express in TH2 cells, which is a subset of CD4+ cells. These TH2
cells are characterized by the production of IL-4, IL-5, IL-10 and IL-13 and thus,
may be beneficial in exerting anti-inflammatory effects after SCI [49, 50].

2.41IL-6 and IL-11

IL-6 and IL-11 are grouped into one cytokine family because the receptor
complex of each cytokine contains two of the signaling receptor subunit gp130
(Figure 2) [51]. For both IL-6 and IL-11 there are membrane bound receptors as well
as soluble receptors and after ligand binding to either the membrane bound receptor
or the soluble receptor, they form a complex with two gp130 receptors leading to Jak/
STAT pathway signaling (Figure 2) [52, 53].

IL-6 is predominantly an inflammatory cytokine. After SCI in a mouse model,
Pineau et al. observed IL-6 mRNA expression in astrocytes, microglia/ macro-
phages, and neurons, starting at 3 hours post-injury, peaking at 12 hours and con-
tinuing for 4 days post-injury [54]. Similarly after SCI in humans IL-6 is strongly
upregulated. IL-6 levels in cerebrospinal fluid of SCI patients changed from unde-
tectable (<4 pg./ml) in non-injured controls to an average of almost 30,000 pg./mL
in the subset of patients with complete SCI [55]. Furthermore, the cerebrospinal
levels of IL-6 correlated with the extent of spinal cord damage in humans, which
demonstrates the importance of IL-6 after SCI.
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Classic Signaling Trans-signaling

IL-6 IL-11 IL-6/sIL-6R IL-11/sIL-11R

IL-6R  9pP130 IL-11R

Figure 2.

Classic and trans-signaling. Cells that express the IL-6R or IL-11R will undergo classic signaling when IL-6

or IL-11 bind to the corresponding receptor, inducing gp130 dimerization and initiating intracellular signal
transduction. Trans-signaling occurs when the ligand and soluble receptor complex (IL-6/sIL-6R or IL-11/sIL-11R)
associate with gp130 inducing gp130 dimerization and initiating intracellular signal transduction.

IL-6 leads to recruitment of immune cells. Delivery of IL-6/sIL-6 receptor
fusion protein to injury sites induced a sixfold increase in neutrophils and a twofold
increase of macrophages/microglial [56]. Mice treated with an antibody against
IL-6 receptor showed a reduction in neutrophil and monocyte/macrophage inva-
sion [57, 58]. It was also shown that blocking IL-6 signaling after SCI reduces the
damaging inflammatory activity by promoting the formation of alternatively
activated M2 macrophages [59]. Taken together these data suggest IL-6 signaling is
an activator of inflammation and a strong recruiter of immune cells after SCI.

After SCI astrocytes proliferate and migrate to the injury leading to a dense
astroglial scar surrounding the lesion. It has been shown iz vitro that IL-6 signaling
acts on neural stem cells to induce their differentiation into astrocytes [60]. This
was supported by several iz vivo studies including, IL-6 knockout mice that showed
suppression of astrogliosis following SCI [61], mice with an excessive expression of
IL-6 and IL-6R showed abundant astrogliosis suggesting that astrocytes were selec-
tively affected in these mice [62], and the development of astrogliosis was inhibited
in mice given an IL-6 receptor blocker after SCI [58].

Several studies have shown that blocking IL-6 signaling improves functional
recovery after SCI [57-59]. It has also been shown that delivery of IL-6/IL-6 recep-
tor resulted in a four fold decrease in axon growth [56]. However there are studies
showing that IL-6 is neuroprotective and aids in axonal regeneration [63, 64].

The differences in IL-6 effect may depend on the level of expression and timeline
of IL-6 upregulation. The studies using an IL-6 blocker were performed in the
sub-acute timeframe after SCI. In the sub-acute SCI, any neurotrophic effects of
IL-6 appear to be overwhelmed by its proinflammatory features. Taken together,
the aforementioned data demonstrates the importance of IL-6 after SCI. IL-6
upregulates inflammatory cytokines, recruits immune cells, effects macrophage
phenotype, effects astrocyte activation, effects axonal regeneration, and effects
functional recovery.

IL-11 has been shown to be primarily anti-inflammatory. Recombinant
IL-11 administered to activated macrophages inhibited the production of pro-
inflammatory cytokines TNF-a, IL-1B, IL-12, and nitric oxide production [65-67].
Furthermore, IL-11 has been shown to play an anti-inflammatory role in the
airways for asthma [68], play a role in decreasing mucosal damage in inflammatory
bowel disease [69], and importantly IL-11 has a neuroprotective role in multiple
sclerosis [70]. Due to these anti-inflammatory roles, Cho et al. analyzed the role of
IL-11 after SCI using IL-11Ra knockout mice [71]. In wild type mice, they observed
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a significant upregulation in IL-11 with a peak gene expression 24 hours after injury
and a significant upregulation of IL-11Ra at 3 and 7 days after SCI. Somewhat
surprisingly, they did not observe significant differences in functional recovery or
histopathology in IL-11Ra knockout mice as compared to wild type mice after SCI.
The authors speculate that since “the peak in IL-11Ra expression is on the order of
days after SCI, suggests that IL-11 signaling may not play as significant a role in the
acute inflammatory response after injury, but more in the long-term sequelae such
as oligodendrocyte survival”. Maheshwari et al. used a cuprizone induced mouse
model of demyelination in the central nervous system to analyze the effects of over-
expression of IL-11 on demyelination/remyelination [72]. Overexpression of IL-11
was able to limit cuprizone-induced demyelination by reducing oligodendrocyte
cell death, decrease microglial activation, and enhance spontaneous remyelination.
Maheshwari’s results further suggest that IL-11 likely plays a role in the long-term
remyelination efforts after SCI and is not as involved in the sub-acute stage [72].

2.5 Interleukin-8 and interleukin-16

IL-8, also known as neutrophil chemotactic factor or CXCL8, primarily induces
chemotaxis in neutrophils and granulocytes. IL-8 is a member of the chemokine
family that acts on CXCR1 and CXCR? receptors (il8ra and il8rb, respectively), which
have been primarily studied on polymorphonuclear leukocytes. However many other
cell types express these receptors including neurons [73]. Several studies have shown
that IL-8 can be released by a wide variety of cells including monocytes endothelial
cells, T lymphocytes, and macrophages [73]. After SCI in rat, GRO, the rat analogue of
human IL-8, is strongly upregulated for at least 14 days and the upregulation of GRO
strongly correlates with the extent of injury [14, 74, 75]. Furthermore IL-8 is upregu-
lated in the cerebrospinal fluid of dogs and humans after SCI, and for humans the
IL-8 levels are also shown to correlate with the extent of damage [55, 76, 77]. Although
IL-8 clearly plays a role in neutrophil infiltration and overall inflammation after SCI,
as shown by its significant upregulation, it has not been extensively studied after SCI.

IL-16 is a proinflammatory cytokine that is produced by mast and leukemic cells,
fibroblasts, endothelial cells, granulocytes, dendritic cells, CD4+ and CD8+ T lympho-
cytes, monocytes, and microglial cells. IL-16 plays a role in the release of other proin-
flammatory cytokines (IL-1f, IL-6, IL-15, and TNFa), the increase of intracellular Ca++
or inositol-(1,4,5)-triphosphatase, and the translocation of protein kinase C [78]. These
processes occur after IL-16 binds to the signal-transducing CD4 receptor molecule [79].
Moreover, IL-16 promotes lymphocyte migration and modulates apoptosis [80].

Following spinal cord injury, IL-16 plays a role in recruiting and activating
inflammatory cells. Microglia that produce IL-16 migrate to the lesion site and
other areas of significant neuronal damage [78]. Following neuroinflammation, it is
suggested that IL-16 microglia are one of the first cells to respond [80]. In addition,
macrophages with IL-16 remained present at the injury site for up to thirty days
post injury, indicating long-term IL-16 function [78]. One study found that expres-
sion of IL-16 in microglia and macrophages is induced by the IL-12 p40 homodimer
through IL-12Rp1, but not IL-12 p70 [80]. Overall, the ability of IL-16 to quickly
recruit microglia/macrophages to the lesion site following SCI results in increased
neuronal damage and microvessel clustering [78].

2.6 Interleukin-10 family cytokines
Members of the IL-10 family of cytokines that have been studied after SCI

include, IL-10, IL-19, IL-20, and IL-22 [81]. IL-10 is an anti-inflammatory cyto-
kine that is produced by monocytes, B cells, dendritic cells, natural killer cells,
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and T cells [82]. In leukocytes, IL-10 acts on both innate and adaptive immune
cells with a wide range of immunomodulatory activities that suppress prolifera-
tion, cytokine secretion, and costimulatory molecule expression of proinflamma-
tory immune cells. The IL-10 receptor consists of heterotetramer complex made
of two IL-10R1 molecules, encoded by the IL10ra gene, and two IL-10R2 mol-
ecules, encoded by the IL10rb gene (Figure 1) [83]. IL-10 downregulates several
pro-inflammatory cytokines and inflammatory species [11]. In addition, IL-10
can affect T cell and natural killer cell function indirectly and directly through
connection with monocytes and macrophages. The overall impact of IL-10 is
determined by the timing and site of its production, which are both affected by
which cells are making IL-10. Since IL-10 production by one cell type affects
the ability of other cells to make IL-10, IL-10-producing cells show potential to
regulate each other [82].

Following SCI, IL-10 downregulates pro-inflammatory molecules IL-1p, IL-2,
IL-6, TNF-a, IFN-y, matrix metalloproteinase-9, nitric oxide synthase, myeloper-
oxidase, and reactive oxygen species. IL-10 also provides trophic support to neurons
through downregulation of pro-apoptotic factors cytochrome c, caspase 3, and Bax,
as well as upregulation of anti-apoptotic factors B cell lymphoma 2 (Bcl-2) and Bcl-
2-associated X, B-cell lymphoma-extra large (Bcl-x1) (Figure1) [11]. There have
been several studies performed to test IL-10’s therapeutic value as a treatment for
SCI. Although these studies used a variety of different systemic and local methods
to administer IL-10 after SCI, the majority of results showed strong positive effects
from the IL-10. These positive effects after SCI include a reduction in pro-inflam-
matory molecules, macrophages expressing more antigens characteristic of an
anti-inflammatory M2 phenotype, reduced lesion size, and an improvement in hind
limb function [11, 84].

IL-19 is produced by monocytes and microglia, and binds to the IL-20 receptor
complex, which consists of IL-20R1 and IL-20R2 chains [85]. Activated microglia
upregulate IL-19 and express the IL-20 receptor complex [86]. It has also been
shown that ablation of IL-19 in activated microglia increased the production of
pro-inflammatory cytokines IL-6 and TNF-a, which demonstrates that IL-19 is
predominately an anti-inflammatory cytokine in the central nervous system [86].

After SCI in mice, IL-19, IL-20R1 and IL-20R2 are upregulated [87]. In a series
of four different experiments, mice with spinal cord injuries were treated with
IL-19 [87]. As aresult, Th2 cytokine synthesis was promoted, which polarized
spinal microglial cells to an M2 phenotype. This helped resolve the inflammation,
preserving myelin, neurons, and neuronal function. Overall, IL-19 attenuated mac-
rophage accumulation, reduced protein levels of TNF-a and CCI2, promoted Th2
response and M2 macrophage activation, promoted angiogenesis by upregulating
VEGEF, upregulated HO-1 expression, and decreased oxidative stress in the injured
region [87].

IL-20 is a proinflammatory cytokine that is predominately produced by mono-
cytes and skin keratinocytes. IL-20 signals through both the IL-20R1/IL-20R2
heterodimer complex and the receptor complex composed of IL-22R1 and IL-20R2
[85]. Following spinal cord injury, IL-20 and its receptors are expressed in neurons,
astrocytes, oligodendrocytes, and microglia in large amounts. IL-20 upregulates
glial fibrillary acidic protein (GFAP), TGF-p1, TNF-a, MCP-1, and IL-6 expression,
which stimulates astrocyte reactivation and migration [88]. As a result, glial scar
border formation is enhanced. Moreover, IL-20 inhibits neuron outgrowth through
upregulation of Sema3A/NRP-1 in PC-12 cells [88]. The overall result is irreversible
neuronal loss and glial scar formation post-SCI. In vivo, anti-IL-20 mAb reduces the
IL-20 inflammatory response, which improves motor and sensory functions, spinal
cord tissue preservation, and reduces glial scar formation [88].
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2.7 Interleukin-12 family cytokines

The IL-12 family is comprised of 4 members, IL-12, IL-23, IL-27 and IL-35 and
each member is composed of a-subunit with a helical structure similar to type 1
cytokines and a p-subunit structurally related to the extracellular regions of Type 1
cytokine receptors [89]. However from this family of 4 cytokines, only the pro-
inflammatory cytokine IL-12 has been assessed after SCI. IL-12 is produced by
dendritic cells, macrophages, monocytes, neutrophils, microglia cells, and B cells
[90]. The IL-12 receptor is made up of IL-12Rf1 and IL-12Rf2 chains [91]. IL-12 isa
heterodimeric molecule, p70, formed from p40 and p35 chains. IL-12p70 is consid-
ered to be the biologically active cytokine that expresses nitric oxide synthase and
TNF-a in microglia and macrophages. In T cells, p70 interacts with both IL-12Rp1
and IL-12Rp2. However, p70 treatment results in IL-16 mRNA inhibition due to
inability to induce IL-16 promoter [80].

Yaguchi et al., administered IL-12 after SCI in mice and observed an increase
in the number of activated macrophages and dendritic cells surrounding the lesion
site and an increase in the expression of brain-derived neurotrophic factor adjacent
to the injury. After IL-12 treatment, immunohistochemical analyses revealed that
de novo neurogenesis and remyelination occurred. The mice treated with IL-12 also
had a significant improvement in hind limb function [92].

2.8 Interleukin-17 family cytokines

IL-17 cytokines play important roles in both innate and adaptive immunity.
IL-17A to IL-17F are highly conserved at the C terminus, and contain five spatially
conserved cysteine residues that mediate dimerization [93, 94]. IL-17A and IL-17E
have been identified and studied for the roles they play after SCI.

IL-17A is an important cytokine in regard to protective mechanisms against
infectious diseases and inflammatory pathology within the immune system [95].
IL-17A is secreted by a multitude of cells including T cells, dendritic cells, and
macrophages among others and binds to the A and C subunits of the IL-17 receptor
to initiate signaling [95]. After SCI in rats, IL-17A is upregulated as early as 1 hour
after injury, peaks at 24 hours, and remains above normal levels for at least 72 hours
after injury [45]. This upregulation of IL-17 does appear to play a degenerative
role on SCI recovery after a study was conducted using IL-17 knockout mice. IL-17
knockout mice showed increased locomotor function and decreased lesion size after
SCI, which suggests that IL-17 expression regulates secondary degeneration of the
neural tissue at the lesion site [96]. Recruitment of immune cells such as B cells,
neutrophils, and dendritic cells were downregulated at 6 weeks following SCI [96].

Interleukin-25, also known as Interleukin-17E, is in the IL-17 family and binds
to the heterodimer complex of IL-17A and IL-17-B receptor subunits. IL-25 has
primarily been understood as a systemic type-2 inflammatory mediator that
triggers significant helper T-cell expression and proinflammatory cytokine suppres-
sion, however its response following spinal cord injury is largely unknown. IL-25
is primarily derived from epithelial cells and macrophages in response to infection
or inflammation and contributes to type-2 helper T cell (Th-2) activation [97]. Th2
cells are responsible for the release of anti-inflammatory cytokines IL-4, IL-5, and
IL-13 which play a role in neural protection and regeneration against inflammation
and neurotoxins [97].

The trafficking mechanism and inflammatory response of IL-25 post-SCI
remains relatively unclear, but local injection of IL-25 into the lesion site post-SCI
yields interesting and contradictory results. The local administration of IL-25
following spinal cord injury in 10-week old mice results in decreased locomotor
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function, an increase in lesion size, and neuronal demyelination which contradicts
the systemic immune response upon an IL-25 presence [97]. Interestingly, the
systemic administration of IL-25 show ineffective results in regard to improved
functional mobility following spinal cord injury. Microglia and astrocytes survival
are also unaffected upon injection of IL-25 suggesting that IL-25 indirectly activates
inflammatory molecules associated with these immune events [97]. These results
raise questions about the precise role of IL-25 after SCI and possible therapeutic
interventions using IL-25.

3. Conclusions

Although significant progress has been made in terms of spinal stabilization and
medical care of patients after SCI, there has not been much progress made in terms
of treatments for SCI to retain or regain the function that is lost. In order to design
treatments for SCI, a better understanding of the inflammation process is crucial.
As outlined in this chapter ILs are an intricate player in inflammation after SCI. For
some of these ILs, there timeline of involvement and roles they play in inflamma-
tion has been defined. However, there is still much more research that needs to be
completed to understand the roles many of these ILs play. Along with understand-
ing the current ILs, there will assuredly be more signaling cues discovered that are
involved after SCI.

Could inflammation be modulated to retain or regain a significant amount of
function after SCI? This is a fundamental question that needs to be addressed. As
highlighted in rodent models, such as what is observed in IL-17 knockout mice or
treatments with anti-inflammatory cytokines, modulating inflammation is a prom-
ising approach for treating SCI. However it is important to realize that all variables
including age, sex, level of injury, and force to cause the trauma, are controlled
in these rodent models, and thus treating human SCI will be more challenging.
These facts highlight the essential need to conduct more research on inflammation
after SCIL.
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