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Preface to "Biomarkers for Diagnosis, Complications
and Therapy Effects in Civilization Diseases
Management”

It is a great pleasure to introduce the “Biomarkers for Diagnosis, Complications and Therapy
Effects in Civilization Diseases Management” book.

The aim is to offer readers the best overview of the current state of knowledge of biomolecular
biomarkers useful in diagnosis and therapy of civilization illness. The prevalence of civilization
diseases, such as cancer, diabetes, obesity, and autoimmune diseases, has grown rapidly around
the world in recent years. The development of molecular, biotechnological, and genetic tools has
provided clinical practice with valuable diagnostic tools based on new molecules, proteins, as well as
genes that not only participate in the pathogenesis of civilization diseases, but also serve as markers
to assess the effectiveness of therapy or to predict the development of complications. Today, the
variety of diagnostic tools available has helped health-care professionals change the approach to
diseases of affluence towards the concept of personalized medicine. In this Special Issue, researchers
present original research papers or review articles focusing on the role of new proteins, molecular,
and genetic markers that can be used in the diagnosis and monitoring of the progress of a number of
complications related to civilization diseases, as well as biomarkers useful in monitoring the effects
of implemented treatment. Additionally, valuable are the review publications whose main topic
is the participation of extracellular matrix components in the pathogenesis of civilization diseases,

including cancer and autoimmune diseases.

Katarzyna Komosinska-Vassev and Pawel Olczyk
Editors

ix






Journal of

%

Clinical Medicine

Review

The Role of Extracellular Matrix Proteins in Breast Cancer

Arkadiusz Lepucki 1 Kinga Orliriska 1, Aleksandra Mielczarek-Palacz 2(7, Jacek Kabut 2, Pawel Olczyk 1%

and Katarzyna Komosiriska-Vassev

Citation: Lepucki, A.; Orliniska, K.;
Mielczarek-Palacz, A.; Kabut, J.;
Olczyk, P.; Komosinska-Vassev, K.
The Role of Extracellular Matrix
Proteins in Breast Cancer. J. Clin. Med.
2022, 11, 1250. https:/ /doi.org/
10.3390/jcm11051250

Academic Editors: Nicola Avenia and

Franco Bassetto

Received: 28 November 2021
Accepted: 22 February 2022
Published: 25 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3

Department of Community Pharmacy, Faculty of Pharmaceutical Sciences in Sosnowiec, Medical University of
Silesia in Katowice, 41-200 Sosnowiec, Poland; alepucki@interia.pl (A.L.); kinga.orlinska@sum.edu.pl (K.O.)
Department of Immunology and Serology, Faculty of Pharmaceutical Sciences in Sosnowiec,

Medical University of Silesia, 41-200 Sosnowiec, Poland; apalacz@um.edu.pl (A.M.-P.);
jacekkabut@poczta.onet.pl (J.K.)

Department of Clinical Chemistry and Laboratory Diagnostics, Faculty of Pharmaceutical Sciences in
Sosnowiec, Medical University of Silesia, 41-200 Sosnowiec, Poland; kvassev@sum.edu.pl

*  Correspondence: polczyk@sum.edu.pl

Abstract: The extracellular matrix is a structure composed of many molecules, including fibrillar
(types I, II, 111, V, XI, XXIV, XXVII) and non-fibrillar collagens (mainly basement membrane collagens:
types IV, VIII, X), non-collagenous glycoproteins (elastin, laminin, fibronectin, thrombospondin,
tenascin, osteopontin, osteonectin, entactin, periostin) embedded in a gel of negatively charged
water-retaining glycosaminoglycans (GAGs) such as non-sulfated hyaluronic acid (HA) and sul-
fated GAGs which are linked to a core protein to form proteoglycans (PGs). This highly dynamic
molecular network provides critical biochemical and biomechanical cues that mediate the cell-cell
and cell-matrix interactions, influence cell growth, migration and differentiation and serve as a
reservoir of cytokines and growth factors” action. The breakdown of normal ECM and its replacement
with tumor ECM modulate the tumor microenvironment (TME) composition and is an essential
part of tumorigenesis and metastasis, acting as key driver for malignant progression. Abnormal
ECM also deregulate behavior of stromal cells as well as facilitating tumor-associated angiogenesis
and inflammation. Thus, the tumor matrix modulates each of the classically defined hallmarks of
cancer promoting the growth, survival and invasion of the cancer. Moreover, various ECM-derived
components modulate the immune response affecting T cells, tumor-associated macrophages (TAM),
dendritic cells and cancer-associated fibroblasts (CAF). This review article considers the role that
extracellular matrix play in breast cancer. Determining the detailed connections between the ECM
and cellular processes has helped to identify novel disease markers and therapeutic targets.

Keywords: breast cancer; extracellular matrix; proteins; tumorigenesis; tumor microenvironment

1. Introduction

Female breast cancer is the leading cause of global cancer incidence, with an estimated
2.3 million women diagnosed with breast cancer and 685,000 deaths globally. In the end
of 2020, there were 7.8 million women who had been diagnosed with breast cancer in
the last 5 years, making it the most common cancer in the world. Breast cancer mainly
involves the inner layer of the milk glands or lobules and ducts (small tubes that carry
milk) [1-3]. Adipose tissue is present in the mammary gland (both female and male).
The amount of fat determines the size of the breast [2,4]. There are some differences in
the microarchitecture of the female and male mammary gland. In men, less glandular
tissue is found in the glands than in women [2,5]. The female breast generally contains
12-20 lobes. These, in turn, are divided into smaller elements called lobules [2,6]. These
lobes and lobules are connected via milk ducts. The adipose tissue of the breast is supplied
by a network of lymph vessels, lymph nodes, blood vessels and nerves. The breast is also
composed of fibrous connective tissue and ligaments which ensure its proper shape [2,7].
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Hormonal changes that occur in the female body during the menstrual cycle, pregnancy
and puerperium have a significant impact on the structure and function of the mammary
gland. One of the hormonal effects of nipple stimulation is secretion of prolactin, which
is produced by acidophilic cells (called lactotrophs or mammotrophs) in the anterior lobe
of the pituitary gland [2,8]. The epidermis of the areola and nipple is characterized by
moderate wrinkling as well as marked pigmentation. The nipple skin contains somewhat
small hair and several apocrine and sebaceous sweat glands [2]. Milk sinuses are formed
at the base of the nipple by milk ducts (usually 15-25 in number). These ducts transport
milk towards the nipples [2,9]. Slightly under the surface of nipple, these sinuses end in
coneshaped ampullae. The spherical areola is present around the nipple and is 15-60 mm
in diameter [2]. Deep in the areola and nipple, several smooth muscle fibers are set radially
and circularly in the dense connective tissue and longitudinally alongside the lactiferous
ducts that lengthen up into the nipple. The muscle fibers mentioned above are involved in
nipple erection, contraction of areola as well as emptying of milk sinuses [2].

2. ECM

The extracellular matrix (ECM), which is a perfectly organized and efficiently man-
aged structure, is formed from a great variety of macromolecules, forming a multitude of
combinations, depending on the tissue in which this structure occurs. It can be regarded as
a physical scaffold for cellular components, although the range of functions it performs
is much broader, and many of them are not, as yet, believed to be known and described.
The proper combination of its components not only ensures appropriate stability and
durability of the ECM, but most importantly determines the mechanical properties of a
given tissue and serves as a bioreservoir for molecules such as growth factors. The role of
ECM in many processes essential for cell homeostasis has been documented, including:
adhesion, apoptosis, proliferation, differentiation, and migration. Genetically determined
disorders of ECM structure or function have been shown to disrupt tissue and systemic
homeostasis followed by various diseases. The composition of the ECM in a given tissue is
determined during its development by a biochemical dialogue between the cells and the
environment. This composition is an expression of its adaptation to the function performed
in the body [10-15]. This section focuses on describing the general properties of ECM
proteins, while their role in breast cancer will be discussed in detail in Section 3.4.

2.1. Collagen

Collagen accounts for nearly 30% of the total protein mass found in animals [12,15-18].
In humans, it makes up about 75% of the dry weight of the skin and is the most common
component of the ECM [8]. Its essential functions include: maintaining the structural
integrity of tissues, participating in wound healing, regulating cell adhesion, enhancing
chemotaxis, promoting migration, providing tensile strength to tissues, and in addition,
overseeing the proper course of their development and differentiation [12,16].

Collagen is formed from three left-handed polypeptide « chains, organized into a triple
helical structure that is right-handed [10,12,17-19]. The described filamentous protein can
be either a homotrimer or a heterotrimer [18-21]. In vertebrate animal organisms, 46 chains
have been identified that can organize into 28 different collagen types [10,17-21]. These
include: fiber-forming collagens (e.g., types I, II, and III), network-forming collagens (e.g.,
type IV basement membrane collagen), collagens associated with fibrils with breaks in
their triple helixes (e.g., types IX and XII), and others (e.g., type VI) [10,17,18,21]. The
tight packing of the trihelical structure is possible due to the presence of the characteristic
Gly-X-Y motif (Gly—glycine), an amino acid sequence that repeats multiple times in the
helix-forming polypeptide chains. Glycine is crucial for the stability of this structure because
it is the only one of all the amino acids that is small enough to fit into the central part of
the core of the helix described above, into which every third of the amino acid residues
building each of the polypeptide « chains enters. The role of electrostatic interactions,
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inter-chain hydrogen bonds, and high proline and hydroxyproline content in maintaining
the stability of the collagen triple helix is also emphasized [10,17-22].

The process of collagen biosynthesis has been most thoroughly studied and described
for fiber-forming collagens [21]. They are synthesized in the form of precollagens, which
contains a signal sequence that is cleaved after synthesis in the endoplasmic reticulum.
After that, the resulting procollagen molecules contain: an amino-terminal propeptide
followed by a short, non-helical N-telopeptide, a central triple helix, a C-telopeptide
and a carboxyl propeptide. Individual procollagen molecules can be post-translationally
modified in various ways. This is done by: hydroxylation of some proline and lysine
residues, glycosylation of some hydroxylysine residues as well as sulphation of tyrosine
residues [21,23]. The adoption of the final, stable conformation by collagen depends on the
proper attachment to procollagen of a specific molecular chaperone—heat shock protein
47 (Hsp47)—in the endoplasmic reticulum [21,24]. It has been established that for procolla-
gen to be adequately stable at human body temperature, more than 20 Hsp47 molecules per
triple helix must be attached [21,25]. Hsp47 is believed to protect procollagen from random
unfolding and uncontrolled aggregation. It is also responsible for proteostasis regulation
(folding, quality control, secretion) [18,26]. Intracellular Secreted Protein Acidic and Rich
in Cysteine (SPARC) also pretends to be a chaperone of procollagen. It has been observed
that the lack of this protein or its dysfunction result in defective deposition of collagen
in tissues. Its ability to bind to the triple-helical structure of procollagen has also been
demonstrated [21,27]. Both propeptides that make up procollagen require removal in a pro-
cess called maturation [21,28]. The N-propeptide is cleaved by procollagen N-proteinases
belonging to the A Disintegrin and Metalloproteinase with the Thrombospondin Motifs
(ADAMTS) family, except the N-propeptide of the proa1(V) chain that is cleaved by the
procollagen C-proteinase also termed Bone Morphogenetic Protein-1 (BMP-1) [21,29]. BMP-
1 cleaves the carboxy-terminal propeptide of procollagens, except the carboxy-terminal
propeptide of the proal(V) chain, that is processed by furin. The telopeptides contain
the sites where cross-linking occurs. The mentioned linkage formation is initiated by the
oxidative deamination of lysyl and hydroxylysyl residues catalyzed by the enzymes of the
lysyl oxidase (LOX) family [21,30].

It is widely believed that the unique mechanical properties of fiber-forming collagens
are determined by covalent crosslinks. A special role in this regard is attributed to reducible
and mature crosslinks produced via the LOX pathway. Cross-linking is viewed as tissue-
specific rather than collagen-specific. Maturation of cross-links has been shown to provide
additional resistance to shear stress [21].

Collagen degradation occurs essentially through the catalytic activity of matrix metal-
loproteinases (MMPs). These are zinc-dependent endopeptidases. They belong to the metz-
incin superfamily. They may take part both in physiological processes (e.g., development
of tissues and their repair after damage) and in pathological processes (e.g., metastasis of
neoplastic cells). Fiber-forming collagens (i.e., types I, II, and III) are substrates for: MMP-1
(also known as interstitial collagenase), MMP-8 (whose other name is neutrophil collage-
nase), MMP-13 (also referred to as collagenase 3), and MMP-14 (membrane-anchored). As
far as collagen type I is concerned, it should be mentioned that it can also be degraded
by MMP-2. The preferential substrates for particular zinc-dependent endopeptidases are
collagen types I and III (for MMP-1 and MMP-8), and collagen type II for MMP-13 [21,31].
MMP-2 and MMP-9 are involved in the degradation of collagen type IV as well as dena-
tured collagen (other names of these enzymes are 72 kDa-gelatinase and 92-kDa-gelatinase,
respectively). It is noteworthy that the [1(I)]3 homotrimer of collagen type I, in contrast to
the [«1(I)]2 «2(I) heterotrimer of the same collagen, is not a substrate for mammalian MMPs,
which is explained by the resistance of the homotrimer to local triple helix unwinding by
MMP-1 due to the higher triple helix stability near the MMP cleavage site [21,32]. MMPs
also play a key role in releasing of bioactive fragments or matricryptins (e.g., tumstatin or
endostatin—two inhibitors of angiogenesis) from full-length collagens. Another group of
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enzymes releases the ectodomain of membrane collagens as soluble forms. These enzymes
are collectively called sheddases [21,23,33-35].

It has been established that the effect of collagens on cell-matrix interactions is medi-
ated by receptors. Several families of them have been identified [21,36-39]. These receptors
are ligands for integrins, cell-adhesion receptors that lack intrinsic kinase activities. The abil-
ity to bind collagen is demonstrated by integrins that have a 31 subunit connected with one
of four subunits (i.e., x1, 2, x10 or x11) characterized by the presence of a domain known
as aA. The discussed linkage is made by GFOGERIlike (GFOGER—glycine-phenylalanine—
hydroxyproline-glycine-glutamic acid-arginine) sequences [21,36,38]. Recognition se-
quences other than the mentioned one (e.g., KGD—lysine—glycine-aspartic acid) have
also been identified in some collagens. Integrins av31 and a5p31 have the ability to bind
collagen type XVII, which exposes the KGD sequence in its ectodomain [21,36]. Not only
can collagens be ligands for integrins, but also their proteolysis products, as confirmed for
the following integrins: «331, «5p1, av33 and orv35 [21,33]. Dimeric discoidin receptors
(DDR1 and DDR?2) that possess tyrosine kinase activities can also bind collagens. This has
been observed for collagen types I, Il and III [21,39]. DDR1 is widely expressed in epithe-
lial cells, while DDR?2 is mainly found in mesenchymal cells. The major DDR2-binding
site in collagens I-11I is a GVMGFO (glycine-valine-methionine—glycine—phenylalanine—
hydroxyproline) motif [21,37]. It is assumed that collagen binding triggers structural
reorganization of DDR?2 surface loops, which leads to an activation of discoidin domains,
and it is worth highlighting that mentioned domains can independently bind to collagen or
simultaneous binding of two domains to the protein triple helix can occur [21,40]. Soluble
extracellular domains (DDR1 and DDR?2) also promote collagen deposition in the ECM by
blocking fibrillogenesis, and in addition DDR2 determines the mechanical properties of
collagen type I fibrils [21,40—42]. Collagen binding on platelets is mediated by glycoprotein
VI (GPVI). It is a member of the paired immunoglobulin-like receptor [21,36]. Colla-
gen can also bind to the inhibitory leukocyte-associated immunoglobulin-like receptor-1
(LAIR-1) [21,43]. Both GPVI and LAIR-1 are capable of recognizing the GPO (glycine—
proline-hydroxyproline) motif in collagens. Membrane collagens (XIII, XVII, XXIII) and
fibrillar collagens (I, II, IIT) act as ligands for LAIR-1, and it is worth noting that type
I and III collagens are so-called functional ligands and block the activation of immune
cells in vitro. LAIR-1 has multiple binding sites on collagen types II and IIl. GPVI has
lower affinity for collagens type I and III than LAIR-1 [12,43-45]. Three LAIR-1 amino
acids central to collagen binding are conserved in GPVI [12,46]. Fibril-forming collagens
and collagen type IV are also ligands of Endo180 (urokinase-type plasminogen activator
associated protein), a member of the macrophage mannose-receptor family that mediates
collagen internalization [21,37,39].

2.2. Elastin

In mammals, elastin is encoded by a single gene and secreted as a 60-70 kDa tropoe-
lastin monomer. Its primary role is to provide elasticity and resilience to tissues that are re-
peatedly stretched. It is found in tendons, stretchers, ligaments, walls of major blood vessels
(e.g., abdominal aorta) and lung tissue [10,13,17,47]. Importantly, elastin stretch is crucially
limited by tight association with collagen fibrils [17,48]. Fibulins enable tropoelastin to
associate with microfibrils. In this way, elastic fibers are formed. A characteristic feature
of all tropoelastin structures is the presence of hydrophobic sequences alternating with
lysine-containing cross-linking motifs. Fibrillins and microfibril-associated glycoprotein-1
play important roles in the nucleation and assembly of elastin. An essential role in pro-
viding and maintaining the characteristic mechanical properties of elastin is attributed to
the extensive cross-linking of tropoelastin, which is catalyzed by LOX [10,13,47,49]. This
enzyme oxidizes selective lysine moieties in peptide bonds to allysine. There are two
bifunctional cross-links in elastin: dehydrolysinonorleucine and allysine aldol. The former
one is formed through the condensation of one residue of allysine and one of lysine. The
latter one is formed through the association of two allysine residues. These two cross-links
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can further condense with each other or with other intermediates to form desmosine or
isodesmosine, being the major cross-links of the mature elastic protein. It has been docu-
mented that tropoelastin manifests the ability to form globular structures (aggregates) on
the cell surface in a process called microassembly. Cross-linking implies the loss of positive
charges on the molecule, which promotes the release of tropoelastin from cells, as well as
facilitates global fusion in the presence of microfibrils (macroassembly). Fibulin-4 plays a
key role in early stages of elastin assembly, whereas fibulin-5 acts to bridge elastin between
the matrix and cells [10,13,47,49].

2.3. Laminin

Laminins form a family of heterotrimeric (one « chain, one 3 chain, and one y chain)
glycoproteins that includes nearly 20 members. Laminins are assembled into a cross-linked
web. In basement membranes, this web is intertwined with a network that is composed
of collagen fibrils. The mass of heterotrimers oscillates in the range of 400-800 kDa. It
was found that in vertebrate animals there are five « chains and three 3 and vy chains
each [10,50-52]. They are essential for normal organogenesis. They are also involved in
early embryonic development [53,54]. For many of the known laminins, the ability to form
networks spontaneously through appropriate connections has been documented. Such
structures are able to interact with receptors located on cell surfaces [10,50-58].

2.4. Fibronectin

Fibronectin acts as a biological glue, participating in the management of the functions
and structure of the interstitial ECM and being involved in facilitating target attachment
and promoting cell migration [10,12]. The building units of monomers of this protein
are subunits that contain three types of repeats (I, II and III). The average mass of such a
monomer is 250 kDa. Fibronectin is secreted as sulfide-linked dimers. It has binding sites to
other fibronectin dimers, cell surface receptors, heparin and collagen [10]. Cellular traction
forces can stretch fibronectin several times over its resting length. This favors the exposure
of cryptic integrin binding sites within the molecule, resulting in pleiotropic changes in
cellular behavior. For this reason, fibronectin has been implicated as an extracellular
mechanoregulator [12,59]. The fibronectin dimers can form multimers. Further fibronectin
deposition is accompanied by structural changes (thickening and elongation) of fibrils.
Fibronectin fibrils can be further processed into a deoxycholate-insoluble matrix [10,60].
Fibronectin plays a significant role in cell migration (both during embryonic development
and during wound healing) [12,61-63].

2.5. Proteoglycans

Proteoglycans (PGs) are formed from a protein core and laterally attached glycosamino-
glycan (GAG) chains. GAGs (hyaluronic acid, heparan sulfate/heparin, dermatan sulfate,
chondroitin sulfate, keratan sulfate) are a heterogeneous group of anionic polysaccharides
with characteristic disaccharide units (amino sugar, uronic acid or galactose) that are re-
peated many times in their structure. All except hyaluronic acid are sulfated [10,12,15,64].
It is believed that the negatively charged structure of GAG chains is crucial for the ability
of PGs to sequester divalent cations and water. It is on this sequestration that a wide
range of functions performed by PGs in tissues (e.g., lubrication functions and conferring
space-filling) are commonly believed to depend. Based on the structure of core proteins,
localization and composition of GAGs, PGs have been divided into three most important
groups: cell-surface PGs, modular PGs and small leucine-rich PGs [10,12,15]. The func-
tional diversity of PGs is based on their molecular diversity. It is worth emphasizing that
small leucine-rich PGs participate in multiple signaling pathways (including binding to
and activation of low-density lipoprotein-receptor-related protein 1, insulin-like growth
factor 1 receptor and epidermal growth factor receptor). They are also involved in the in-
flammatory response reaction due to their ability to bind and activate transforming growth
factor 3 [10,12,15,65-67]. Cell-surface PGs (glypicans and syndecans) improve the course
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of ligand-receptor interactions, so they are attributed to the role of co-receptors [12,68].
Basement membrane modular PGs (agrin and perlecan) can act as both pro- and antian-
giogenic molecules [10,12,15]. Modular PGs co-supervise cell proliferation, migration and
adhesion [12,15]. The importance of PGs in collagen fibril assembly is also emphasized [10].

2.6. Thrombospondin

In vertebrate animals, thrombospondins are encoded by a THBS gene family consisting
of five members. The function of thrombospondin 1 (THBS1) is best understood (under
both physiological and pathological conditions). The precursor of this protein is com-
posed of 1170 amino acids, whereas the mature protein, which is devoid of the N-terminal
signal peptide compared to the aforementioned precursor, undergoes homotrimeriza-
tion after secretion. THBS1 comprises roughly twelve asparagine-linked mono-, bi- tri-,
and tetraantennary complex oligosaccharides and variable numbers of C-mannosylated
tryptophan residues in the type 1 repeats. The protein in question was also found to be
O-fucosylated [69-74]. During prenatal development, THBSI is expressed in many tissues,
whereas in adults who do not suffer from cancer, the expression of this protein is low. It
has been pointed out that there is a positive correlation between age and plasma THBS1
levels. Moreover, the association of elevated plasma concentrations of this protein with dis-
eases typically associated with old age, such as cardiovascular disease and type 2 diabetes,
is emphasized. It is worth noting that THBSI is the most abundant thrombocyte alpha
granule protein. Its plasma concentrations in healthy people are low. There is evidence
that stimuli such as: ischemia, tissue remodeling, injury or reperfusion are able to induce
THBS1 expression in many locations in the body. Its high plasma concentrations have been
reported in patients with rheumatoid synovitis, atherosclerosis and glomerulonephritis.
Moreover, high plasma concentrations of lipids and glucose have been found to trigger
THBS1 expression. It should be emphasized that increased expression of this protein occurs
in the stroma of many cancers. The presence of THBS1 in ECM is transient owing to
the fact that endotheliocytes and fibroblasts have the ability to efficiently internalize and
degrade this protein. In the subendothelial matrix of some blood vessels as well as at the
dermal-epidermal boundary in the skin, THBS1 expression is constitutive [69,75]. From a
practical standpoint, the most important molecules that can bind THBS] are: cathepsin G,
fibronectin, some MMPs, fibrinogen, some collagens, active and latent transforming growth
factor 1, plasmin, neutrophil elastase, tissue factor pathway inhibitor and heparin [69,76].
In a cell-specific as well as context-dependent manner, THBS1 can stimulate or inhibit
proliferation, adhesion, motility, and survival of the cells. This protein is currently recog-
nized as a potent inhibitor of angiogenesis. Nevertheless, the N-terminal proteolytic and
recombinant parts of THBS1 have been found to stimulate angiogenesis, with integrin 31
mediating this effect. It has been demonstrated that THBS1 can block the enzymatic activity
of proteases such as: neutrophil elastase, cathepsin G, and plasmin. Latent transforming
growth factor 31 is in turn stimulated by THBSI. It is also worth highlighting that THBS1
has the ability to block stem cell self-renewal [69,77,78].

2.7. Osteopontin

Osteopontin (OPN) is a glycosylated extracellular matrix phosphoprotein produced
by cells such as: osteoblasts, osteoclasts, epitheliocytes, endotheliocytes and immune cells.
Depending on the tissue in which it is found, this protein can exhibit both structural and
functional heterogeneity. The mass of OPN oscillates between 41 and 75 kDa, which is
mainly due to differences in its post-translational modifications [79-86]. Bone remodeling,
vascularization, inflammation as well as immune-regulation are processes in which OPN
plays an important role. At this point it is worth emphasizing that this protein is also
relevant in the course of tumorigenesis [79,87-91]. Data collected so far indicate that OPN
together with some integrins, when stimulated by vascular endothelial growth factor
(VEGF), may enhance angiogenesis. It is assumed that OPN promotes proliferation and
migration of endothelial cells [79,92,93]. Many of the functions that OPN performs in the
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body are linked to its interactions with CD44 and integrins. Due to these interactions, OPN
has been classified, along with dentin matrix protein 1 (DMP1), dentin sialophosphoprotein
(DSPP), bone sialoprotein (BSP) and matrix extracellular phosphoglycoprotein (MEPE), into
a group of molecules referred to as small integrin-binding ligand N-linked glycoproteins
(SIBLINGS). Arginine—glycine—aspartic acid (RGD) and serine-valine-valine-tyrosine—
glutamate-leucine-arginine (SVVYGLR) are two sequences that are necessary for the
integrin-binding ability manifested by OPN. The former sequence enables OPN to bind
to the following integrins: av31, avf33 and av35, while the latter one conditions OPN
to bind to the following integrins: «4f1, «4f7, and «9p1 [79,94-97]. The binding of
OPN to CD44 and integrins triggers a downstream signaling cascade via the PI3K/AKT
signaling pathway leading to cell proliferation and survival which is mediated by NF-«B.
Furthermore, via the Ras/Raf/MEK/ERK signaling pathway, an OPN-integrin complex
confers a metastatic phenotype on some cancer cell types which appears to be dependent
on the induction of activator protein 1-dependent gene expression [79,98-103].

2.8. Osteonectin

Osteonectin (ON) is a 32 kDa calcium-binding matricellular protein. It has been
proven that this protein can be expressed in both mineralized and non-mineralized tissues,
although initially many researchers believed that ON expression did not occur in the
latter. As a rule, osteopontin expression accompanies the expression of fiber-forming
collagens (e.g., collagen type I). It is widely believed that the role of ON in osteoid consists
of the release of calcium cations on the one hand and the binding of both collagen and
hydroxyapatite on the other. This constellation of ON properties is an assumption for its
recognition as a promoter of bone mineralization. It is assumed that spatial separation
of two domains of this protein, i.e., the hydroxyapatite-binding domain and collagen-
binding domain, is essential for ON to properly perform this function [104-107]. ON is
encoded by a single gene. This protein has four domains: an N-terminal low-affinity, high
capacity, calcium-binding domain that contains the mineral binding region, a cysteine-rich
domain, a hydrophilic region, and an extracellular Ca?* (EC) domain with an E-F hand
motif at the C-terminus that encompasses the collagen binding domain. ON undergoes
differential glycosylation, which depends mainly on its tissue-specific expression. It is
worth highlighting that the glycosylated form of this protein is expressed in bone and has
a higher affinity for collagen than the form found in thrombocytes [104,108]. It has been
discovered that ON can also be produced by fibroblasts and endotheliocytes. Moreover,
this protein is found in platelet granules during injuries [104,109-111]. ON facilitates
procollagen processing by limiting procollagen association with cell surface receptors, while
noting that the ON-binding site on collagen overlaps with that of the collagen receptors
called DDR1 and DDR2. It has been suggested that, by binding to collagen type I, ON may
block signaling pathways mediated by DDR?2. It is speculated that, in the absence of ON,
streamlined interactions between soluble collagen and DDR?2 entail increased turnover
of collagen within the cell surface, resulting in changes in its deposition in the ECM. In
addition, ON affects the content and diameter of collagen fibrils in mineralized tissues by
regulating the activity of the enzyme called transglutaminase [21,37,39-42,104,112-115].

2.9. Periostin

Periostin (POSTN), which was originally isolated from a mouse osteoblast cell line as
osteoblast-specific factor 2, belongs to the matricellular protein family. In humans, POSTN
is encoded by the POSTN gene, whose expression can be increased by interleukins (4 and
13), and by transforming growth factor 3. The components of the POSTN molecule are:
a cysteine-rich domain within the N-terminal region, four fasciclin I domains, and an
alternative splicing domain within the C-terminal region. It is worth adding that up to nine
splice variants have been identified, but the full-length transcript encodes an approximately
90 kDa secreted protein that includes all exons. It is still unclear what functional significance
these variants may have. It is conjectured that they might condition the differential expres-
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sion of POSTN in different tissues and diseases [116-121]. POSTN binds both fibronectin
and collagen type I and participates in collagen fibrillogenesis [116,122]. It has been proven
that such known actions of POSTN as: promotion of adhesion, stimulation of proliferation,
enhancement of angiogenesis, facilitation of metastasis or acceleration of cell migration
are dependent on its binding to appropriate integrin receptors [116-118,123]. It has been
reported that POSTN is engaged in epithelial-mesenchymal transition (EMT) and heart
morphogenesis. The described protein is also relevant in such processes as Th2-dependent
immune response and inflammation [124].

2.10. Tenascin C

Hexameric tenascin C (TNC) is a member of the tenascin gene family of proteins.
It was originally attributed to function as a supervisor of cell adhesion. Nowadays it
is known that the range of functions performed by this protein is much wider and in-
cludes, e.g., regulation of signaling between cells, modulation of expression of specific
genes or participation in maintenance of proper biochemical conditions within the cellular
microenvironment [125,126]. Due to differences in post-translational modifications, the
described protein, which in vertebrates is characterized by a highly conserved amino
acid sequence, is found in different molecular forms. Wide distribution of TNC occurs
in embryonic tissues, while in postnatal development its expression is much lower and
its synthesis is tightly regulated by many factors. However, there are some situations in
which TNC synthesis is enhanced postnatally, e.g., during tissue healing after damage,
during carcinogenesis (especially in the stroma of solid tumors), and during inflammation
(especially chronic) [125-129]. The high prenatal expression of TNC is suspected to be
related to the experimentally demonstrated ability of TNC to influence cell phenotype
by interacting with appropriate receptors on the cell surface. Several glycosylation sites
within the TNC molecule have been identified. It is suggested that TNC acquires protease
resistance due to this modification. There are also reports that glycosylated TNC finds it
more difficult to form hexamers. It has been also documented that glycosylation of TNC
results in its ability to promote neuronal stem cell proliferation. Another post-translational
modification that TNC may undergo is citrullination, which is attributed to the ability to
increase the immunogenicity of C-terminal residues of this protein, which in turn leads to
the formation of autoantibodies, as described in the case of rheumatoid arthritis [130-132].
TNC can be cleaved by gingipain cysteine proteases and MMPs. This degradation not
only regulates TNC turnover in tissues. Indeed, it has been shown that the resulting
molecules (soluble fragments) also have specific biological activities, usually different from
the parent molecule. For instance, cleavage uncovers cryptic pro-apoptotic activity, hidden
fibronectin-binding sites and concealed heparin-sulphate-binding sites that promote cell
spreading [125,126].

2.11. Entactin

Entactin is a sulfated, multidomain glycoprotein that is found in many basement
membranes. This protein is composed of 1217 amino acids that form two globular do-
mains, linked by a rod-like structure whose essential fragments are four EGF- and one
thyroglobulin-like cysteine-rich homology repeats. Entactin has the ability to bind to the
following molecules: fibronectin, laminin, fibrinogen and collagen type IV. The described
protein plays an important role in endowing the ECM with its proper characteristics. En-
tactin can promote both phagocytosis and chemotaxis. It is worth noting that these actions
are dependent on interactions with integrin receptors. Entactin is also engaged in regulating
wound healing and hemostasis by binding to fibrinogen. This binding is not dependent on
metal cations. In addition, it has been shown that entactin is involved in controlling cell
adhesion, which may be important for its role in tumorigenesis [133,134].
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2.12. ECM in the Breast

In a resting adult mammary gland, the basement membrane encapsulates the gland
and is the principal ECM that interacts with both the myoepithelium and the luminal
epithelium [135]. Its essential components are: collagen type IV, PGs, laminins (111 and
332), entactin and epiligrin. ECM is responsible for maintaining the proper polarity by
the epithelial cells, and it should be mentioned that this function is realized mainly due
to the presence of the aforementioned laminin 111. The appropriate biochemical dialogue
between ECM components and lactogenic hormones is required for full differentiation
of mammary epithelial cells [135-139]. Signal transducer and activator of transcription 5
(STATS5) participates in this differentiation and in the process of milk secretion from the
breast [135,140]. Inhibition of control of mammary epithelial differentiation in response
to prolactin and impaired milk secretion occur when the epithelial cells are placed on the
interstitial matrix that is rich in fibrillar collagen (type I and III), PGs, hyaluronan and
various glycoproteins [135,141]. The presence of laminin 111 allows this control to be
regained, but only if integrin 31 (receptor for laminin 111) is present and has no defects in
structure or function. In its absence, STATS signaling is impaired and epithelial cells detach
from the basement membrane. This integrin is also required for mammary ductal cells to
proliferate. Extensive reorganization of the ECM in the mammary gland is observed during
pregnancy and lactation. The post-lactational involution occurs with a significant increase
in fibrillar collagen and fibrillin content. Increased proteolysis is also observed. Laminin,
collagen type IV and entactin are degraded [135,142-146].

3. Breast Cancer

Breast cancer is one of the most common cancers affecting women worldwide, and
its incidence continues to increase [147-158]. It is also one of the leading causes of cancer
deaths among women [147]. As a metastatic cancer, it can exhibit the ability to spread to
multiple organs (e.g., brain, lungs, kidneys, bones, and liver), which significantly worsens
the prognosis [148,155]. In the absence of any metastases, the cure rate of patients sometimes
reaches 90%, whereas, in the metastatic setting, the cure is not achievable for now. It is
believed that in such cases the long-term survival depends mainly on the organs to which
the metastases occur, as well as the extent and speed with which it occurs [157]. Early
diagnosis facilitates treatment and is associated with a better prognosis [148]. Appropriate
prophylaxis is also not without importance [154]. Many risk factors have been identified,
including: age, gender, genetics, cigarette smoking, personal and family history, breast
pathology (especially proliferative breast disease), reproductive factors, as well as dietary
habits and estrogen metabolism disorders [147-158]. At this point, it is worth noting that
mutations in two genes (BRCA1 and BRCAZ2) are the most significant causes of genetically
determined breast cancer [149].

3.1. Molecular Subtypes of Breast Cancer

Based on the expression profile of specific genes, supported by immunohistochemical
assays, the following molecular subtypes of breast cancer were identified: luminal A,
luminal B, luminal HER?2, enriched HER?2 and triple-negative [2—4,135,137].

Luminal A subtype is the most common (accounting for nearly 50% of all newly diag-
nosed breast cancer cases) subtype and also the least aggressive [2]. It shares some features
with luminal breast epithelial cells, namely, it manifests high expression of cytokeratins
(7, 8,18 and 19). Moreover, the expression of proliferation-stimulating genes is low in this
subtype (low Ki-67 index), while the prognosis is very good. Lymph node involvement is
rare, and the clinical course is relatively benign. It expresses estrogen receptor (ER) and
progesterone receptor (PR), however the expression of human epidermal growth factor
receptor 2 (HER?2) is very low in this subtype. This constellation of properties makes
luminal A subtype susceptible to hormonal therapy (using aromatase inhibitors or selective
estrogen receptor modulators) [2—4,135,137].
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Luminal subtype B accounts for 20-30% of invasive breast cancer cases and it is worth
noting that most breast cancers genetically determined by BRCA2 gene mutation belong to
this subtype [149,150]. This subtype is characterized by: high expression of cytokeratins,
intermediate prognosis, higher risk of local recurrence after treatment (than in the case
of subtype A). It is assumed that higher (than in subtype A) expression of Ki67, cyclin
E1 and nuclease sensitive element binding protein 1, indicating increased proliferation,
implies worse prognosis than in subtype A. It seems that increased signaling via pathways
involving Src and PI3K kinases is also significant in this regard. This subtype is usually
treated as the most aggressive form of hormone-dependent breast cancer. In addition to
hormone therapy, this subtype usually requires additional treatment options: targeted
therapy (if the cancer cells are HER2+) or chemotherapy [147,149,151].

HER2-positive (HER2+) breast cancers are characterized by positive expression of
a molecule called HER2, which is classified as a protooncogene and encoded by a gene
located at the long arm of human chromosome 17. It is noteworthy that increased expression
of HER? is found in many epithelial tumors. Due to the fact that HER2 belongs to the
family of plasma membrane-bound receptor tyrosine kinases, this overexpression results in
increased activity of this tyrosine kinase. It is active even in the absence of ligand, which is
manifested, among others, by increased signaling promoting uncontrolled cell proliferation.
HER2-positive cancers account for 15-20% of all breast cancers [152,153]. The presence of
extra copies of the gene encoding HER? often coexists with alterations in genes responsible
for encoding proteins involved in proteolysis or angiogenesis. The repercussions of HER2
gene amplification include: higher risk of metastasis, worse clinical prognosis as well as
shorter disease-free survival. Luminal HER2 and enriched HER2 were distinguished. The
former (also called triple-positive) has expression of HER2, ER and PR, while its Ki-67
index has an intermediate value, which determines moderate proliferation. The latter has
HER?2 but no ER and PR, so no hormonal therapy is used. Despite the presence of the HER2
molecule, monoclonal antibody therapy is unsuccessful in almost 50% of patients, which,
given the high value of the Ki-67 index noted in this cancer, and which indicates increased
proliferation, implies a poor prognosis [154-156].

Triple-negative breast cancers, which account for about 15% of all breast cancers, owe
their name to the fact that their cells lack ER, PR and HER2. They have a high Ki-67 index,
which is evidence of increased proliferation. It has been proven that people with BRCA1
gene mutation have higher incidence of these cancers. Furthermore, they are found more
often in women at a young age. This extremely aggressive (especially in African American
women) and heterogeneous subtype of breast cancer is characterized by a very high risk of
recurrence (local and systemic), which should be taken into consideration when introducing
appropriate therapy. High incidence of early metastasis and recurrence determines a poorer
prognosis [155-157].

3.2. Tumor Microenvironment

In recent years, our knowledge of the molecular basis of tumorigenesis in the breast
has greatly expanded. It has been proven that cancer of this organ is accompanied by
significant changes in the surrounding stroma. Many components of the so-called tumor
microenvironment have been identified, as well as tumor-induced changes in the mor-
phology and function of the ECM, immune cells, cytokines and growth factors and their
receptors. Some of these changes are thought to facilitate tumor progression. However,
alterations in the tumor microenvironment that inhibit tumor progression have also been
identified. For example, the enrichment of cytotoxic T cells in the tumor microenvironment
can be regarded as a tumor-induced modification while being anti-tumoral. Stromal cells
in the breast cancer microenvironment are characterized by aberrant signaling pathways as
well as molecular alterations that have prognostic significance for clinicians [159]. Breast
cancer is now recognized as a highly heterogeneous (histologically and at the molecular
level), genetically determined disease [148,151,152,154-157,160-164]. Both somatic and
germline mutations are causative factors in tumorigenesis. It should be emphasized that
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certain mutations cause so-called hereditary tumor syndromes in patients, while repercus-
sions of other mutations are certain morphological stages [160-164]. Links between genetic
variation and pathological subtypes of breast cancer are the subject of research [164].

The breast cancer microenvironment can be considered at three main levels: local
(intratumor), regional (in the breast) and distant (metastatic). Each of these levels contains:
different cell types (leukocytes, fibroblasts, epithelial cells, adipocytes and myoepithe-
lial cells), soluble factors (enzymes, growth factors, hormones and cytokines) as well as
ECM with specific characteristics. Additionally, each has a different ion concentration
(Ca”* and H+) and oxygen content. The occurrence of interplay between components
of the tumor microenvironment and breast cancer cells has been repeatedly studied and
confirmed [159,165]. Some of the most important molecular players in the tumor microenvi-
ronment are T cells, which are the most abundant tumor infiltrating lymphocytes, as shown
by experimental data. Recently, it has been demonstrated that T reg cells can promote
breast cancer metastasis to bone by synthesizing and secreting receptor activator for nuclear
factor kappa B ligand. Therefore, it has been suggested that the finding of multiple T reg
cells in the tumor microenvironment worsens prognosis. The idea has been put forward
that recruitment of these lymphocytes occurs as a result of prostaglandin E2 secretion by
tumor cells. It has been reported that this effect is modulated by transforming growth
factor 3. The function of effector cells may be suppressed by the tumor via secretion of
interleukin 10. The events described above contribute to the formation of the so-called
immunosuppressive microenvironment, which is one of the key elements of the process
referred to as immunoediting [159,166-172]. Tumor-associated macrophages (TAM), which
originate in blood monocytes recruited at the tumor site via factors secreted by both neo-
plastic and stromal cells, also represent an important cell population in the breast cancer
microenvironment. TAM exhibit a characteristic phenotype directed at promoting tumor
growth, facilitating both angiogenesis (through producing VEGF) and tissue remodeling as
well as suppressing adaptive immunity. Data collected so far indicate that high levels of
TAM are associated with poor prognosis in breast cancer [159,173-177]. Tumor-associated
stroma shows an abundance of immature dendritic cells (DC) with impaired capacity to
stimulate antitumor immunity. These DC have the ability to promote tumor growth by
enhancing endothelial cell migration and stimulating the production of proangiogenic
factors. The cited DC activities disappear when these cells become mature. Moreover, infil-
tration of mature DC into primary tumor sites has been shown to reduce metastatic capacity,
resulting in a better clinical outcome [159,178-182]. It is also worth highlighting that the
role played by cancer-associated fibroblasts (CAF) in the breast cancer microenvironment,
which are the source of many soluble factors (e.g., chemokines and growth factors), is not
without significance. They are considered to be capable of enhancing tumor aggressiveness
and facilitating metastasis. Compared to fibroblasts located in noncancerous tissues, CAF
are characterized by significantly higher expression of genes related to morphogenesis
and development. Furthermore, there are premises indicating that CAF might affect the
transcriptional profile of breast cancer cells. These interactions may promote the formation
and maintenance of a specific genetic-biochemical partnership to manage the microenvi-
ronment in such a way as to mutually facilitate access to nutrients. It is possible that the
source of CAF is the bone marrow and their recruitment to the tumor microenvironment
is accomplished by sending appropriate signals from tumor cells that are already present
in this microenvironment, although it should be noted here that other concepts as to the
provenance of CAF are also considered. While metalloproteinases produced by CAF appear
to promote tumor invasion, other factors produced by these cells, such as caveolin-1 and
podoplanin, which are associated with wound responses, have been linked with fewer
nodal metastases [159,183-190]. It is worth mentioning that the heterogeneity of CAF has
been recognized and the importance of four subsets (CAF-S1, CAF-S2, CAF-S3 and CAF-54)
of these cells, whose expression patterns in non-tumorigenic tissues and in breast cancer
are different, has been described. CAF-51 have been shown to be key immunosuppressive
factors. They exhibit the ability to attract T lymphocytes and, moreover, to increase the
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survival of CD4+CD25+ T lymphocytes. Additionally, they facilitate the differentiation of
these lymphocytes into CD25+FOXP3+ cells and stimulate T reg cells to block the prolifer-
ation of effector T cells [16,17]. The role of adipocytes in the tumor microenvironment is
also important. In a healthy breast there are the following groups of adipocytes: adipose-
derived stem cells, preadipocytes and mature adipocytes. Data collected so far indicate
that in breast cancer tissue there are adipocytes with different characteristics (enhanced
expression of adipokines and inflammatory factors, higher activity of matrix metallopro-
teinase, smaller size, increased expression of type VI collagen and decreased lipid content)
from those found in the non-neoplastic tissue, therefore they are called cancer-associated
adipocytes (CAA). CAA exhibit fibroblast-like phenotypes and possess senescent features
(especially in obese people). They are located in the vicinity of tumor-transformed cells,
with which, as it is presently assumed, they communicate chemically, inducing functional
and phenotypic changes favoring tumor progression. Moreover, increased secretion by
CAA of molecules, whose activity implies enhanced metastasis and tumor invasiveness, has
been reported. The most important of these molecules are: interleukins (13 and 6), leptin,
tumor necrosis factor «, parathyroid hormone-related protein, vascular endothelial growth
factor and chemokine (C-C motif) ligands (2 and 5). The aforementioned communication
at the CAA-tumor cell line also determines the metabolic reprogramming of CAA, which
triggers their tumor-promoting potential. It has been discovered that exosomes can act as
molecular linkers between CAA and breast cancer cells in enhancing tumorigenesis. Within
the tumor microenvironment, exosomes carry onco-miRNA (miRNA-126, miRNA-144 and
miRNA-155) from breast cells to adipocytes, leading to the conversion of the latter into
CAA [18-24].

3.3. Essential Changes in Breast ECM during Carcinogenesis

These changes occur at every stage of carcinogenesis. In the non-tumorigenic breast,
tissue microarchitecture is under precise multifactorial control [140,191].

Signaling for epithelial polarity is one key to the ECM role in tumor suppression.
Underlying the disclosure of the tumor phenotype is the loss of this polarity, triggered by
disruptions in cell—cell and cell-ECM interactions. If this polarity is restored, the process
of carcinogenesis is inhibited [140,191-194]. The basement membrane can arrest nascent
in situ carcinomas within its boundaries [140,195-197]. Its crossing by tumor-transformed
cells is possible, among other reasons, because these cells are capable of disorganizing
cell-to-cell and cell-to-ECM signaling pathways and can disrupt adhesion and migration.
The role of cancer cell synthesis and secretion of enzymes that degrade ECM components
is also emphasized [140,198-203]. Invasion of the basement membrane is usually tempo-
rally and spatially coordinated with increased protease synthesis, enhanced proteolysis,
and abnormal turnover of matrix components via, among other things, endocytosis (e.g.,
laminin and its receptors) [140,204-208].

3.4. ECM Proteins in Breast Cancer

ECM proteins are mainly produced by myoepithelial cells. Therefore, changes in the
synthesis of these proteins accompanying carcinogenesis are clearly visible in the men-
tioned cells. For instance, the loss of the ability of myoepithelial cells to synthesize laminin
111 and the inability of these cells to produce inhibitors of matrix-degrading proteases
(such as maspin) have been observed. Conversion of carcinoma in situ to invasive breast
cancer appears to be dependent on myoepithelial cell dysfunction [140,209-212]. Invasion
and metastasis are preceded by an increase in collagen biosynthesis [140,213,214]. Upreg-
ulation of LOX enhances collagen cross-linking. The resulting stiffening of its structure
is considered as one of the factors promoting metastasis [90,215-218]. Increased LOX
activity has been shown to be induced by transforming growth factor § and hypoxia
inducible factor [121,219,220]. Another enzyme involved in collagen metabolism (called
prolyl hydroxylase) is also highly expressed in breast cancer tissues, which correlates with
poor clinical outcomes. The subsequent reduction of collagen deposition due to silencing
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of the mentioned enzyme favors the reduction in metastasis (e.g., to lungs and lymph
nodes), as well as decreasing the invasiveness of cancer cells [121,220-222]. There is specu-
lation that increased breast density, which is generally associated with poor prognosis, is
a consequence of increased collagen deposition and stiffness of the stromal matrix. This
stiffness may further account for integrin clustering and increased activity of signaling
pathways involving extracellular signal-regulated kinases (ERK). Due to degradation of the
basement membrane, collagen type IV is decreased in breast cancer, while the number of
fiber-forming collagens (types I, III, and V) is increased, which has been linked to a higher
risk of invasion and malignancy. A collagen scaffold can be used by cancer cells during
migration in order to facilitate this process [140,223,224].

It is now thought that many of the ECM proteins (e.g., periostin and tenascin C)
are important components of the so-called pre-metastatic niche [135,215]. Periostin is
produced by fibroblasts in tumor stroma [215,225,226]. It is important for normal skeletal
and myocardial development and is also found in healthy tissues [135,227]. Its increased
expression in tumors is usually associated with tissue stiffness-dependent facilitation of
disease progression [135,217]. The mentioned increase in tissue stiffness is caused by an
increase in LOX activity, which in turn results from an interaction between periostin and
BMP-1. It is worth mentioning that LOX accumulates in the pre-metastatic niche and
promotes recruitment of MMP-2 producing myeloid cells [135,228]. Moreover, periostin
induces Wnt signaling by promoting recruitment of Wnt ligands, which also promotes
metastasis formation [215,229]. Induction of periostin by transforming growth factor 33
facilitates breast cancer metastasis to the lung and survival of cancer cells in this organ, and
increased plasma levels of this molecule have been linked to a higher risk of secondary
breast cancer foci in the bone [135,229,230].

Tenascin C (TNC) assembles into a hexameric structure and is highly upregulated
during tissue regeneration, because it participates in the formation and function of the pro-
visional wound matrix [135,231]. TNC has been detected in both primary breast cancer and
the invasive front of lung metastasis nodules. Both stromal and cancer cells express a sig-
nificant amount of TNC. It is highly upregulated especially at invasive fronts [135,215,232].
TNC has the ability to modulate cancer stem cell signaling by enhancing expression of
key regulators of the Wnt and Notch pathways, namely leucine-rich repeat-containing G
protein-coupled receptor 5 (LGR5) and musashi homolog 1 (MSI1), respectively, which
has been associated with an increased risk of recurrence (local and distant) [135,215,233].
TNC is one of six genes in a signature regulated by microRNA 335 in metastatic breast
cancer [135,233]. At sites where tissues undergo remodeling, TNC typically coimmunopre-
cipitates with MMPs. Two of them (MMP-9 and MMP-13) are activated by TNC, which
enhances breast cancer invasiveness. It has been reported that TNC expression limited only
to the stroma is associated with better prognosis than its expression in both stromal and
tumor cells. There is also evidence to suggest that TNC expression predicts poor 5-year
survival in patients with breast cancer [135,234-238].

Osteonectin (ON) is a matricellular ECM protein that is nearly absent in normal mam-
mary, however it is highly expressed in breast cancer [135,239]. This increased expression
is mediated by (34 integrin, leading to increased invasiveness. ON is associated with
basal, HER2+ and luminal B breast cancer subtypes while the luminal A subtype does
not express this protein. ON regulates MMP-2 activity and facilitates metastasis to lung
tissue [135,240-242]. There is some evidence suggesting an inverse correlation between
ON and the estrogen receptor. The expression of ON in breast cancer is associated with
poor metastasis-free survival as well as overall survival [135,243-246].

Thrombospondin 1 (THBS1) was originally detected in thrombocytes, but it also shows
expression in osteoblasts, macrophages, fibroblasts, and tumor cells [135,247]. On the one
hand, this molecule has been proven to inhibit the growth of primary tumors and block
angiogenesis but, on the other hand, it has been noted to promote breast cancer metastasis
to the lungs, which is most likely accomplished via activation of transforming growth
factor 3 and stimulation of urokinase plasminogen activator. The expression of THBS1
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in breast cancer associates with poor metastasis-free survival [135,248-251]. In the case
of tumors that show neither estrogen receptor nor progesterone receptor expression, the
increase in plasma THBS1 levels in diseased compared to healthy individuals may be of
great clinical value owing to the fact that it can be considered as one of the markers of
aggressiveness, since it has been noted that lymph node metastasis is much more frequent
under the described conditions [135,252-254].

Osteopontin (OPN) is a phosphorylated glycoprotein that interacts with surface recep-
tors including CD44 and several integrins, of which particular importance is commonly
attributed to av33 integrin on account of its participation in cell survival signaling. OPN
occurs in bones and has a thrombin cleavage site. After cleavage, both fragments are
recognized by integrin receptors. Thrombin cleavage of this molecule has been suggested
to lead to an increase in OPN activity [135,255,256]. Overexpression of OPN results in
increased tumor size, increased invasiveness, and promotes metastasis. Cancer cells with
such an overexpression also have increased expression of urokinase plasminogen activa-
tor [135,257,258]. Most often overexpression of OPN occurs in stromal cells (lymphocytes
and infiltrating macrophages), nevertheless this protein is also expressed by cancer cells
directly and exists both as an immobilized part of the ECM and as a soluble factor circu-
lating in the blood. OPN is expressed in node negative breast cancer. Its presence both
in plasma and in tumor tissue may be a prognostic indicator of tumor aggressiveness.
Indeed, low levels of this protein in blood plasma are associated with decreased metastatic
spread and better overall survival [135,259-262]. Expression of OPN by orthotopically
injected breast cancer cells is a necessary factor for the occurrence of bone marrow-derived
stem cell mobilization, raising the possibility that this protein is not merely a passive
biomarker [135,263].

Increased synthesis and enhanced deposition of fibronectin in tumor-affected tissues
have also been found in human breast cancer [213,215,264]. Fibronectin has been detected
in the stem cell niche. This molecule is considered as one of the indicators of EMT. For
instance, it can promote EMT induced by transforming growth factor 3. The effects of
fibronectin on metastasis formation and EMT are mediated via the ERK/MAP kinase and
Src kinase pathways [215,265,266]. It has been reported that ERK participates in one of
the critical pathways in breast cancer progression. Studies to date suggest that binding
of collagen type I to DDR stabilizes SNAIL1 (a transcription factor that promotes the
repression of the adhesion molecule E-cadherin in order to regulate EMT) by stimulating
ERK2 activity. Activated ERK2 can phosphorylate SNAIL. If this reaction occurs, SNAIL1
accumulates in the cell nucleus and subsequently promotes breast cancer invasion and
enhances metastasis [215,267]. Abnormalities in the distribution of receptors for fibronectin
on the surface of tumor cells were also highlighted. In general, fibronectin expression in
breast cancer is associated with adverse clinical outcomes [268-275].

Associations of several laminin subtypes (111, 332, and 511) with tumorigenesis in the
mammary gland have been established. Abnormal expression of laminin 111 or its loss,
which are usually observed in the breast undergoing tumorigenesis, result in disturbed
cell polarity. In view of the role of this laminin in the regulation of cell-cell adhesion, it
is speculated that it has the ability to limit the spread of tumor cells [270,276-279]. Some
studies have provided evidence that other laminins containing a4 subunits (such as laminin
332 and laminin 511) enhance cancer progression. Expression of laminin 332 accompa-
nies aggressive breast cancer phenotype, whereas tumor-derived laminin 332 promotes
anchorage-independent survival via interaction with integrin «6(34 receptors [270,280].
Interactions of laminin 332 with integrin o3 result in increased migration and invasion of
tumor-transformed cells. Regarding laminin 511, it has been shown to have the ability to
increase breast cancer invasiveness by promoting adhesion and migration of tumor cells. In
a subpopulation of cells capable of self-renewal and tumor initiation, this laminin interacts
with integrin w631 [270,281].

Regarding elastin, it is worth mentioning that elastosis, which results from an abnor-
mal increase in expression of the components of elastin fibers and excessive degradation
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Notch pathways, which has been associated with an increased risk of local and distant
recurrence; - activate MMP-9 and MMP-13, which enhances breast cancer
invasiveness

of normal elastic fibers, is a common feature in breast cancer. Elastosis increases with
tumor progression. Ductal elastosis is particularly common in invasive cancer. Elastosis
is recognized as a complex phenomenon resulting in both deposition of elastotic masses
and local production of elastin fragments. These two manifestations must be distinguished
within the matrix [270,282]. Elastin-derived peptides affect tumor cells and surrounding
stroma. They promote invasion of this stroma and migration of cancer cells. These peptides
also upregulate the expression of MMPs as well as facilitate chemotaxis, angiogenesis
and elastase release. Moreover, they can prevent apoptosis [270,283,284]. The roles of the
selected ECM molecules in tumor microenvironment were shown in Figure 1.

- an increase in fibrillar collagen biosynthesis and deposition precedes invasion and metastasis;
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Figure 1. Chosen ECM molecules role in tumor microenvironment [10,12,15,65,66,90,121,135,140,213—
220,225,226,228,229,232,234-238,240-246,248-251,255,256,264-267,270,276-279,281-284] modified.

3.5. Clinical Considerations

It seems obvious that clinical aspects of the discussed issues (e.g., the possibility of
using ECM proteins as diagnostic markers in predicting the clinical course of the disease or
the influence of specific anticancer therapies on the expression and function of the men-
tioned proteins in different subtypes of breast cancer) are of special interest for researchers
dealing with breast cancer. In this chapter this topic will be discussed.

Data collected so far indicate that there is an association between the expression pro-
files of genes encoding specific ECM proteins and resistance of breast cancer cells (including
metastatic ones) to chemotherapeutics. Increased expression of ON, POSTN, fibulin-1 and
THBS2 has been shown to predispose stromal cells to show resistance to drugs such as cy-
clophosphamide (CPH), 5-fluorouracil (5-FU) and doxorubicin (DOXO) [285]. Moreover, it
has been proven that THBS1 overexpression results in resistance to DOXO-mediated apop-
tosis of breast cancer cells (type I collagen seems to be involved in this effect), whereas OPN
overexpression results in resistance to CPH-dependent apoptosis of these cells [286,287]. It
has been suggested that, at least in some cases, the mere presence of a chemotherapeutic
agent in the TME implies enhanced synthesis of specific ECM proteins. Interestingly, the
present hypothesis has been confirmed in relation to DOXO, because in both in vitro and
in vivo models it has been found that its presence in the breast cancer microenvironment
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induces an increase in the expression of laminin 111 and fibulin-1 [288,289]. Taking into
account the above-described relationship between fibulin-1 and resistance of cancer cells to
chemotherapeutic drugs, it can be speculated that this protein is a mediator of resistance
induced by the presence of DOXO. It is worth noting that the effect of expression profiles
of ECM proteins has been studied not only on the course of chemotherapy, but also on
radiotherapy and hormone therapy. With regard to the last of the therapies mentioned in
the previous sentence, it should be noted that the studies, which concerned the influence of
ECM protein overexpression on tamoxifen therapy, provided the conclusions that increased
levels of tenascin C, ON and fibronectin in TME predispose cancer cells to exhibit resis-
tance to therapy with selective estrogen receptor modulators and, moreover, indicate poor
prognosis [290]. With regard to laminins, one cannot help but mention the discovery that
laminin 332 is responsible for the failure of anti-HER2 therapy in HER2-positive tumors.
This effect is mediated by the following molecules: tetraspanin CD151 and two integrins
(64 and «3p1) [291]. It is also worth emphasizing that TNBC, which display mutant
p53 and are characterized by enhanced angiogenesis and poor survival, lack laminins
expression. ECM proteins are also important in the context of radiotherapy outcome as
has been observed that fibronectin and laminins increase resistance to ionizing radiation
in vitro [292]. The relationships described above encourage the search for possible therapeu-
tic interventions, as described in Section 3.6. For some subtypes, correlations between the
presence of mRNA of certain ECM proteins and clinical prognosis have been documented.
It is important to note here that the presence of a particular protein in high concentration
in a particular subtype does not imply at once that it is a diagnostic marker or prognostic
indicator in that subtype. For instance, the concentration of mRNA for fibronectin in TNBC
and HER2-positive, but it can be considered a prognostic marker only for those tumors
that express ER and PR. In contrast, mRNA levels for ON are, admittedly, highest in the
luminal A subtype. Nevertheless, it is not a prognostic indicator in luminal cancers, but
in HER2-positive and basal subtypes. It follows from the above that caution should be
exercised when interpreting the results of studies on concentrations of individual ECM pro-
teins in a given subtype [293-297]. Moreover, the existence of different protein variants as
a result of alternative splicing is not without significance. These variants usually undergo
a process called isotype switching during tumorigenesis, which may affect the clinical
effect of introduced therapies. As far as radiotherapy of breast cancer is concerned, it has
been shown that those tumor cells which express higher level of splice form of fibronectin
called ED-A, as well as its receptor—integrin «5p31, are more resistant to it. ED-A is a
form that is particularly susceptible to polymerization and is associated with increased
angiogenesis within the tumor. TNC also appears in the tumor-bearing breast in such
isoforms, which are absent in the healthy body. It has been reported that the presence
of these isoforms enhances invasiveness, in which matrix metalloproteinases are most
likely involved [298-307]. Collagen type I, an essential determinant of stiffness in both
healthy and cancerous breasts, has been proposed to link mammographically detected
increased mammary gland density with increased breast cancer risk [308]. This role of
collagen type I was confirmed in a mouse model, while in women a statistically significant
correlation was observed between overexpression of genes encoding fibrillar collagens
and increased degree of breast cancer invasiveness. The degree of collagen cross-linking
was also found to influence invasiveness and prognosis. A loose structure of the network
formed by this protein increases invasiveness, while a compact one reduces it. Sometimes,
dense cross-linking of collagen fibers increases the local tissue density to such an extent
that it can be detected by palpation of the breast [309-311]. It has also been observed that
the density of chemotherapy-resistant tumors does not decrease after treatment (sometimes
it even increases), whereas the density of chemotherapy-susceptible tumors decreases after
treatment. It has been shown that collagen type III disorganizes the dense structure of
collagen type I and furthermore impedes its formation, which is associated with a decrease
in tumor aggressiveness. On the other hand, a decrease in collagen type III implies an
increase in tumor invasiveness. A dense network of collagen fibers perpendicular to tumor
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border predicts invasiveness and poorer overall survival. Inhibition of lysine oxidase and
blockade of transforming growth factor 3 result in a reduction in the stiffness and density
of the collagen fiber network in the mammary gland, indicating this network as a potential
therapeutic target for breast cancer treatment. In the context of the effectiveness of anti-
cancer therapies, it is worth highlighting that a reduction (regardless of how this effect is
achieved) in the density and stiffness of the collagen scaffold facilitates drug penetration. It
has been observed that this is accompanied by a local reduction in fibrinogen accumulation
and a decrease in the resistance of cancer cells to drug-induced apoptosis [312-315].

3.6. ECM Proteins as Targets for Anticancer Therapies

With regard to periostin (POSTN)), it has been proven that neutralizing it with appro-
priate antibodies entailed a reduction in breast cancer metastasis to lung tissue. This is a
promising result for future work in this area [135,316]. Furthermore, a POSTN-binding
DNA aptamer has been shown to inhibit breast cancer growth and metastasis. It has been
suggested that the use of such or similar aptamers may serve as a future therapeutic tool
against those breast cancers that overexpress POSTN [317]. There are also high hopes
for the effects of POSTN in the context of combating resistance to chemotherapeutics
currently used to treat breast cancer. POSTN inhibition has been reported to overcome
chemoresistance via reducing the expansion of mesenchymal tumor subpopulations in
breast cancer. Knockdown of POSTN inhibited growth and invasion of mesenchymal tumor
cells upon chemotherapy. Furthermore, chemotherapy upregulated cancer-specific variants
of POSTN and application of a blocking antibody specifically targeting those variants
overcame chemoresistance as well as halted disease progression in the absence of toxic
effects [318].

Endostatin (an antiangiogenic factor that is a C-terminal fragment derived from colla-
gen type XVIII) also appears to be a promising target for anticancer therapy. Endostatin
has been shown to induce RAW264.7 phenotype polarization to M1 in vitro. There have
been suggestions that it may inhibit breast cancer growth in mice in vivo via the regulation
of polarization of TAM. Macrophage polarization is the process of differentiation of M0
macrophages into M1 or M2, in which these cells, due to the expression of various surface
markers, show different functions in response to activating factors from the microenviron-
ment. Macrophages with the M1 phenotype are pro-inflammatory cells with anti-tumor
functions, and M2 macrophages have a tumor-promoting effect. It is suspected that this
occurs by shifting the polarity of TAM from the M2-like to M1-like functional phenotype or
by increasing the M1-like TAM via specific inhibition of M2 polarity. In addition, data col-
lected so far indicate that the combination of chemotherapy with endostatin administration
is characterized by higher efficacy than the implementation of chemotherapy alone. Based
on these reports, it can be assumed that in the future the above-mentioned combination
therapy may be a valuable option in the treatment of breast cancer. It seems, however, that
further research is needed in this area owing to the fact that endostatin gene variation may
be relevant in this regard [319-329].

Currently, in breast cancer research, three-dimensional (3D) in vitro models are used,
in which it is possible to recreate the interactions between cancer cells and the extracellular
matrix, as well as the relationship between cancer cells and stromal cells [330].

Interesting observations were provided by the studies conducted by Berger et al. [331],
who analyzed the mechanism by which the stiffness of the substrate may influence the
invasive behavior of breast cancer cells. Increasing stiffness from low to high (2 to 12 kPa)
led to a switch from proteolytically independent invasion to a proteolytically dependent
phenotype. The authors stated that cells in high stiffness had increased expression of Mena,
an invadopodia protein associated with metastasis in breast cancer, as a result of EGFR and
PLCy1 activation. The results obtained provide important insight into the role of matrix
stiffness, composition and organization in promoting cancer invasion [331]. The research
conducted by Han et al. [332] showed an important role of spatiotemporal coordination of
cellular physical properties in tissue organization and disease progression. According to
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the authors, using the multicellular model of the breast cancer organoid, we map the spatial
and temporal evolution of the positions, movements and physical features of individual
cells in three dimensions [332].

4. Conclusions

The relationships between ECM molecules and cancer development presented in this
article show a significant relationship between the structure and function of the breast ECM
and the interaction of many molecules both in physiological and pathological conditions. It
is clear that any ECM reorganization in the breast must be under the strict and coordinated
control of the organism. Disruption of cell-cell and cell-ECM interactions may lead to the
development of a neoplastic process.

Moreover, the multitude and variety of interrelationships between the molecules that
make up the tumor microenvironment makes it an important element, without understand-
ing of which modern oncology will not be able to cope with many clinical challenges. Last
but not least, it seems evident that as the understanding of the role of ECM proteins in
breast cancer advances, there is a growing desire to put this knowledge into practice in the
development and implementation of less toxic and more effective anti-cancer therapies.
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Abstract: The remodeling of extracellular matrix (ECM) within the intestine tissues, which simul-
taneously involves an increased degradation of ECM components and excessive intestinal fibrosis,
is a defining trait of the progression of inflammatory bowel diseases (IBDs), which include ulcer-
ative colitis (UC) and Crohn’s disease (CD). The increased activity of proteases, especially matrix
metalloproteinases (MMPs), leads to excessive degradation of the extracellular matrix and the release
of protein and glycoprotein fragments, previously joined with the extracellular matrix, into the
circulation. MMPs participate in regulating the functions of the epithelial barrier, the immunological
response, and the process of wound healing or intestinal fibrosis. At a later stage of fibrosis during
IBD, excessive formation and deposition of the matrix is observed. To assess changes in the extracellu-
lar matrix, quantitative measurement of the concentration in the blood of markers dependent on the
activity of proteases, involved in the breakdown of extracellular matrix proteins as well as markers
indicating the formation of a new ECM, has recently been proposed. This paper describes attempts to
use the quantification of ECM components as markers to predict intestinal fibrosis and evaluate the
healing process of the gut. The markers which reflect increased ECM degradation, together with the
ones which show the process of creating a new matrix during IBD, allow the attainment of important
information regarding the changes in the intestinal tissue, epithelial integrity and extracellular matrix
remodeling. This paper contains evidence confirming that ECM remodeling is an integral part of
directional cell signaling in the progression of IBD, and not only a basis for the ongoing processes.

Keywords: inflammatory bowel disease; ulcerative colitis; Crohn’s disease; extracellular matrix

components; hyaluronan

1. Introduction

Inflammatory bowel diseases (IBD), including two main conditions: Crohn’s disease
(CD) and ulcerative colitis (UC) are chronic and relapsing inflammatory diseases of the
gastrointestinal tract, which have become a global healthcare burden in the 21st century.
In CD, the inflammation may occur in any part of the gastrointestinal tract; however, it is
usually located in the last region of the ileum and the colon, and the lesions usually stay
next to healthy regions of the intestine [1]. In UC, on the other hand, the highest severity of
the inflammation and pathological changes is observed in the rectum and decreases from
the distal part of the bowel, until an abrupt switch to a healthy tissue. The inflammation in
CD may affect the intestinal wall along its whole depth (from mucosa to serosa); in UC, it
is usually restricted to the mucosa and submucosa [2]. One of the defining characteristics
of inflammatory bowel diseases is the increased remodeling of the extracellular matrix. An
excessive and prolonged inflammatory response occurring in the intestinal tissue is a cause
of progressive changes to the structure and functioning of the intestinal tissue extracellular
matrix [1,2].
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The extracellular matrix is a highly dynamic structure present in all tissues, which
undergoes controlled remodeling. During this process, both quantitative and qualitative
changes of its components take place in order to control homeostasis and tissue archi-
tecture [3]. Matrix components include: (1) collagen proteins: type I collagen, basement
membrane collagens (type IV, VIII and X), type VI microfibrillar collagens, (fibril-associated
collagens with interrupted triple helices (FACIT); (2) non-collagen ECM proteins (elastin,
fibronectin, laminin, thrombospondin or tenascin; (3) proteoglycans (PG) and glycosamino-
glycans (GAG), and (4) growth factors, enzymes, including matrix metalloproteinases. The
extracellular matrix is not only a scaffold for cells within the tissues, but also a dynamic
component of the tissue, involved in multiple molecular pathways and processes, such
as cellular proliferation, migration and adhesion [1,2]. The structure of ECM undergoes
constant deposition, degradation or modification. The changes in the extracellular matrix,
or so-called ECM remodeling, are caused by specific enzymes responsible for its degrada-
tion and rebuilding, such as: matrix metalloproteinases (MMPs), neutrophil elastases (INE)
and meprins. MMPs are the main enzymes involved in ECM degradation. Normally, their
activity is low, and its increase can be observed during repair or remodeling processes, or
during inflammation. The progression of IBD involves a disturbance to the proteolytic—
antiproteolytic balance, which leads to increased degradation of ECM components, in
which MMPs take part [3]. Apart from increased proteolytic activity, ECM remodeling
during IBDs is also related to wound healing and involves the creation of a new ECM,
which involves a particularly large increase in the synthesis of fiber-forming collagens (type
I, IIl and V collagens), and FACIT-type collagens (type XII, XVI and XIX). Excessive ECM
formation leads to a progressive intestinal fibrosis, which in turn causes intestinal lumen
narrowing [1-3]. Fibrosis occurs through the activation of fibroblasts and the secretion of
ECM components, which bind through the activity of lysyl oxidase (LOX). The increased
stiffness of the fibrotic tissue, on the other hand, leads to further fibrogenesis. Progressive
tissue damage and IBD-related complications—resulting from unbalanced and deregulated
ECM remodeling—cause the disappearance of barriers between the epithelial and the
endothelial tissue and contribute to the formation of fistulas, eventually leading to intesti-
nal perforation. The remodeling of extracellular matrix components within the intestines,
which involves an increased degradation of ECM components and excessive intestinal
fibrosis, is a characteristic feature of the progression of inflammatory bowel diseases. The
changes within the extracellular matrix, through various molecular mechanisms, contribute
to tissue damage over the course of IBD [4].

2. The Role of MMPs in Extracellular Matrix Remodeling in the Progression of
Inflammatory Bowel Diseases

Metalloproteinases are a group of zinc-dependent endopeptidases, whose main func-
tion is remodeling extracellular matrix components. These enzymes are synthesized by
fibroblasts and other types of connective tissues cells, as well as by leukocytes, monocytes,
macrophages and endothelial cells, and then released into the extracellular space in an
inactive form (proMMP). The enzyme is activated by proteolytic cleavage in the propep-
tide region. The activity of metalloproteinases is precisely regulated at the transcription
and translation level, and by endogenous inhibitors, such as «2-macroglobulin and tis-
sue inhibitors of metalloproteinases (TIMPs) [4-7]. In physiological conditions, MMPs
participate in processes such as embryogenesis and angiogenesis, allow the migration of
inflammatory response cells to the damaged tissues, release cytokines and their receptors
from cell membranes, and regulate the activity of blood platelets. Changes in MMP activity
have been observed during many pathological states involving an increased intensity of
inflammatory processes [8-11]. Metalloproteinases are also significant factors during IBD
pathogenesis, since they promote inflammation and the degradation of ECM components,
causing excessive damage to intestinal tissues. The research conducted so far has pointed
to an increased expression of metalloproteases responsible for matrix remodeling in IBD
patients [4-6].
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The substrates for metalloproteinases are extracellular matrix proteins, including
collagens, fibronectin, laminin, vitronectin or tenascin. The increased MMP activity in
IBD patients promotes ECM degradation and causes an increase in the amount of its
components released into circulation. In response to proinflammatory cytokines and
interactions between cells—or between cells and the extracellular matrix—MMPs are
regulated at the transcription level. The most investigated MMPs in IBD are collagenases
(MMP-1, MMP-8, MMP-13), gelatinases (MMP-2, MMP-9), stromelysins (MMP-3, MMP-
10), matrilysin (MMP-7) and macrophage elastase (MMP-12). The role of individual
metalloproteinases in modulating the progression of IBD is summarized in Table 1 [5-13].

Table 1. The role of matrix metalloproteases in inflammatory bowel diseases.

MMP Group Common Name Role in IBD
MMP-1 collagenase-1 o prevents intestinal fibrosis
MMP-8 collagenases collagenase-2 o neutrophil infiltration into the intestinal tissue
MMP-13 collagenase-3 e activates TNF-« and endostatin [5-7,14-16]
e prevents intestinal fibrosis
MMP-2 gelatinase A o produces antiangiogenic factors

o supporting epithelial tissue [17]

gelatinases e neutrophil infiltrati.on into the intestinal tissue,
o chemokine expression

MMP-9 gelatinase B o .

e produces antiangiogenic factors

e prevents intestinal fibrosis [6-9,14]
MMP-3 . stromelysin-1 e activating endostatin [7,18]
MMP-10 stromelysins stromelysin-2 e involved in wound healing [10]

e activating A-defensins
MMP-7 matrilysins matrilysin-1 o chemokine expression

e endostatin production [7,11,12,18,19]
MMP-12 ot}ﬁigtré\aeggélo- mT; Cﬁ‘ggl};:gese o degrades intestinal epithelium [13-15]

A group of collagenases (MMP-1, MMP-8, MMP-13) plays an important role in IBD
progression, and they only occur in inflamed tissues [14]. MMP-1 prevents intestinal
fibrosis, which occurs when the synthesis of the extracellular matrix exceeds its degrada-
tion. MMP-1cleaves mature collagen fibers, promoting fibrin degradation [5,15]. MMP-8
also has this property; it also participates in neutrophil infiltration into intestinal tissues.
Neutrophils release MMP-8 into the inflammatory environment, where it further mod-
ulate proinflammatory cytokines and chemokines, enabling the recruitment of further
leukocytes [14].

In turn, the proinflammatory role of MMP-13 is due to its ability to activate endo-
statin and release TNF-« from the membranes, which affects the integrity of the intestinal
epithelial barrier [16].

Gelatinases (MMP-2, MMP-9) are responsible for most processes throughout IBD
progression, including collagen breakdown, similar to collagenases. This action prevents
intestinal fibrosis and neutrophil infiltration into the intestinal tissue. MMP-2 participates
in remodeling of collagen structures [5]. In IBD pathogenesis, MMP-2 deficits can lead
to a deregulation of the intestinal barrier functions and to fibrosis; in case of increased
expression, an excess of MMP-2 may induce the formation of fistulas, as seen in Crohn’s
disease [14]. MMP-9 plays a similar role to MMP-2 in terms of fistula creation, but MMP-9
may also promote tissue damage by activating neutrophils in regions subject to acute
inflammation and by accelerating the proteolysis of matrix proteins partially degraded by
other MMPs. MMP-9 participates in the inflammatory response, slows down epithelial
repair process, hinders wound healing, increases endothelium permeability and activates
cytokines and chemokines, including interleukin IL-1§3, IL-8, and TGF-f3 [7,14].

Stromelysins (MMP-3 and MMP-10) play an important role in wound healing, as they
cause ECM protein degradation, which allows the endothelial cells, epithelial cells and
fibroblasts to detach and reconnect to the ECM in a controlled manner [14].
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They also facilitate cell migration through the damaged tissue, which promotes angio-
genesis, re-epithelialization and granulation of wounds. Furthermore, MMP-3 causes the
release of endostatin from collagen particles; it strongly inhibits the proliferation of endothe-
lial cells, migration and angiogenesis [19]. MMP-7 takes part in endostatin production;
furthermore, this matrilysin has an indirect antibacterial effect, as it activates defensins and
induces their release from Paneth cells into the intestinal lumen [14,18]. Among other met-
alloelastases, MMP-12 is also noteworthy, since an increase in its expression has a relation
to IBD, as it participates in the immunological response of lamina propria macrophages.
MMP-12 is necessary for the migration of macrophage, which degrade various proteins,
causing the degradation of intestinal epithelium [14,15].

During inflammation or healing processes within the intestine, an overexpression of
a number of MMPs, undetectable in the healthy gut (MMP-1, MMP-8, MMP-9, MMP-10,
MMP-12, MMP-13) is observed. It has been shown that increased MMP-1 expression can
be seen in the mucous membrane of the colon in IBD patients and it correlates with an
exacerbation of the inflammation [17,20]. The intestinal stromal cells, including fibroblasts,
myofibroblasts, pericytes, endothelial cells, and smooth muscle cells, have been shown in
human colonic myofibroblasts and in IBD patients to secrete MMP-2 during the activation of
inflammatory processes and after a stimulation by MMP-1, MMP-3 and MMP-9 [21-23]. It
has been shown that MMP-3 and MMP-9 are two key enzymes involved in the degradation
of intestinal tissue during CD and UC. A significant increase in MMP-3 expression has been
noted in the inflamed regions of the colon in IBD patients, compared to the non-inflamed
regions [24]. The cleavage of collagen XVIII by MMP-3 leads to increased generation of
biologically active endostatin fragments, which are antiangiogenic factors. The significant
role of metalloproteases in ECM remodeling has also been confirmed during subsequent
investigations, which have shown that the epithelium of the colon in IBD patients produced
increased quantities of MMP-1, MMP-3, MMP-7, MMP-9, MMP-10 and MMP-12 [25]. Other
studies in the intestinal tissue from IBD patients and mice with dextran sodium sulfate-
induced colitis have shown that macrophages are the main source of MMP-8, MMP-9 and
MMP-10 during IBD, which suggests a significant role of neutrophils in intestinal tissue
infiltration [6,10]. It has been shown that MMP-8 and MMP-9 are stored in neutrophil
granules and released into the inflammatory environment, where they modulate the action
of pro-inflammatory cytokines and chemokines, which enables the recruitment of further
neutrophils to the site of injury. Studies so far have found that serum MMP-9 levels
were higher in both UC and CD patients compared to controls and correlated well with
the disease activity [26-28]. Increased MMP-9 expression and activity promote ECM
degradation, which can enhance inflammatory cell infiltration. MMP-10 and MMP-7
matrilysin play a role in intestinal wound healing. The expression of MMP-12 was also
increased in IBD patients, which lead to increased degradation of intestinal epithelial
cells [13]. It has also been shown that MMP-13 occurred in the inflamed regions of the
colon in IBD patients, while it was not present in non-inflamed intestines or during acute
diverticulitis, and its expression correlated with the degree of inflammation visible in the
histological image of the tissues [29]. Although the main role of metalloproteinases involves
the degradation of ECM proteins and basal membrane proteins, these enzymes—including
MMP-3, MMP-8, MMP-9 and MMP-7—also participate in inflammatory processes. In
addition, the activity and expression of MMPs altered in the course of IBD affects cell
adhesion, migration of immune cells, cytokine synthesis and wound healing [6-12].

Apart from MMPs, the process of extracellular matrix remodeling throughout IBD
also involves neutrophil elastases and meprins. Neutrophil elastase is a serine protease,
produced mainly by neutrophil granulocytes. Its activity is higher during inflammation,
which causes increased elastin degradation and promotes the inflammatory process even
more. The third discussed group of enzymes—meprins—are zinc-dependent proteases
necessary for the homeostasis of gut microbiome. They are responsible for the breakdown
of ECM proteins, such as type IV collagen, laminin and nidogen. On one hand, proper in-
testinal tissue metabolism requires proper functioning of cells responsible for the synthesis
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of ECM components; on the other hand, it depends on the activity of specific proteases
which degrade them. In a properly functioning tissue, the activity of preteolytic enzymes is
subject to complex control processes. MMP expression and the balance between their levels
and the levels of tissue metalloproteinases inhibitors is crucial for proper homeostasis of
the extracellular matrix in intestinal tissues. Disturbing this balance may lead to intestinal
fibrosis. Intestinal fibrosis is a common complication in patients with long-term IBD and
interleukin-13 is a potent inducer of tissue fibrosis in IBD patients [29]. Various studies
indicate a pathogenic role of MMP-9 in animal models of intestinal inflammation. Of the
matrix metalloproteinases, especially MMP-9 has been shown to be consistently increased
in different animal models of colitis, such as T cell-mediated colitis, colonic damage in-
duced by dextran sodium sulfate (DSS) treatment, trinitrobenzene sulfonic acid-induced
colitis, and human colitis as well [24,30-32]. These data confirm that MMP-9 is an impor-
tant marker of inflammation in IBD [30,31]. It has been also found that MMP-9 knockout
mice are resistant to the development of experimental colitis [28]. Increased expression of
MMP-1, -3, -7, -9, -10 and -12 has been demonstrated in human colon epithelium in the
intestinal tissue from IBD patients [10,14,18]. Mucosal biopsies of UC patients showed the
presence of vascular endothelial cells and infiltrating leukocytes as the main sources of
MMP-7 and -13 [32]

3. The Role of MMP in the Immunological Response

The processes catalyzed by the enzymes which participate in rebuilding the ECM are
irreversible, and the activity of enzymes has to be regulated at the level of transcription,
translation, secretion, and activation; it is limited by metalloprotease inhibitors within the
tissues. This introduces a higher level of control, mainly in the regulation of the immune
system. The proteolysis of ECM and basal membrane proteins, which involves ECM pro-
teases, makes it easier for immune cells to migrate up to the mucous membrane of the
intestine [24,25]. The proteolysis-related change in the structure of ECM components also
affects their functioning. The ECM fragments released via degradation processes influence
the expansion of the cells which bind them—macrophages and lymphocytes—making it
easier to remove them from circulation and migrate to the inflamed regions. Prolonged de-
position of these activated cells increases the intensity of the inflammation. Due to the great
number of ligands capable of interacting with ECM particles, it is believed that changes
to their structure may cause disturbance to the microenvironment and the dynamics of
immune response, affecting proper immune processes and leading to the development of
IBD. Damage to ECM structure allows the interaction of microbial antigens and the immune
system, exacerbating the chronic inflammation related to IBD. Furthermore, some ECM
proteins act as inflammatory factors. It has been proven that increased gelatinase B activity,
through its involvement in ECM proteolysis and the promotion of immunological signaling,
supports IBD development. It works due to the proinflammatory cycle in the intestines.
The activity of gelatinase B induces the formation of a product of collagen breakdown:
proline—glycine—proline (PGP). It participates in neutrophil chemotaxis and induces the
expression of gelatinase B [28]. The increased gelatinase B concentration in the extracellular
space leads to the exacerbation of the inflammation in the intestine [33]. Another vital
mechanism suggesting a regulatory function of ECM integrity in IBD pathogenesis is
the signaling which occurs through hyaluronan (HA), which controls the recruitment of
immune system cells, release proinflammatory cytokines and participates in hemostasis.

Research indicates that single nucleotide polymorphism (SNP) within the promoters
of genes encoding metalloproteinases influences the expression of these enzymes and there-
fore the development of IBD [34-38]. Phenotypic analysis of the SNPs revealed associations
with various measures of disease severity such as: age at first onset, location of pathological
changes, extra intestinal manifestations and the requirement for bowel resection [34,37].
Studies have shown several SNPs in MMP-10 gene significantly associated with UC, for
example Rs4431992 polymorphism was associated with extra-intestinal manifestations and
Rs12290253 was associated with the female gender, age at first diagnosis above 40 years
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and pancolitis [34]. Moreover research revealed SNPs in MMP-8 gene which were also
significantly associated with UC. Other studies suggest that the MMP-3 SNP can also be
associated with increased risk of stenosing behavior in CD [35]. Although further studies
are needed to determine the robustness of these observations.

Researchers also bring attention to the MMP inhibitors that show therapeutic potential
in the treatment of IBD. The tested inhibitors are expected to reduce the expression of
MMPs and therefore positively affect the course of the disease [37,39,40]. For example, ad-
ministration of mesalamine may result in reduced MMP-2 expression and inflammation in
the course of UC [39]. Moreover, treatment of CD patients with immunosuppressives such
as methotrexate, corticosteroids or anti-TNF therapeutics resulted in a decrease in epithelial
MMP-7 and stromal MMP-9 and -26 which also led to improvement of patients [40]. The
therapeutic properties of MMP inhibitors prove that MMPs greatly determine the onset
and course of IBD.

4. The Role of Hyaluronan in the Progression of Inflammatory Bowel Diseases

The regulatory role in maintaining ECM integrity during IBDs is played by molecular
mechanisms based on signaling pathways which involve hyaluronan (HA). Hyaluronan is
an unbranched, unsulfated glycosaminoglycan, whose polymerization level reflects the
integrity of the HA matrix; the presence of fragmented HA parts with a low molecular
weight, on the other hand, reflects its degradation. HA participates in wound healing,
proliferation and migration of cells and modulating the inflammatory process. This unsul-
fated GAG which does not form covalent bonds with proteins, can also bind water in its
polysaccharide net, providing proper hydration to the matrix, which allows cell migration
and substance diffusion. Hyaluronan actively participates in many diseases, including IBD,
and its level increases in the inflamed regions. During excessive inflammation, these poly-
mers are cleaved to fragments of lower molecular weight that take on signaling roles [41].
The regulatory role of HA in chronic inflammatory conditions associated with IBD, has
been presented in Figure 1.

As an ECM component, hyaluronan has shown minimal adhesive properties towards
leukocytes in proper conditions; throughout IBD, not only is there an increase in its
synthesis, but it also forms complexes with trypsin inter-a inhibitor, which are highly
adhesive towards leukocytes and exacerbate the inflammation.

The deposition of hyaluronan fragments in the intestine is related to the inflammatory
state during IBD [41-43]. Certain cell types relevant to the pathobiology of IBD, such as
human smooth muscle and intestinal vascular endothelial cells, and porcine intestinal ep-
ithelial cells, have been observed to positively influence monocyte adhesion by producing
HA chains in response to inflammatory stimuli [44,45]. Therefore, the proinflammatory
signals induced by e.g., TNF-« lead to increased synthesis of hyaluronan, forming an HA
matrix with strong adhesive properties [46,47]. The biosynthesis of hyaluronan matrix
is made possible by tumor necrosis factor-stimulated gene 6 (TSG-6), which is a protein
weighing 35 kDa. It catalyzes the movement of heavy chains (HC) from a serum proteogly-
can complex, inter-alpha-inhibitor, to a hyaluronan particle, which leads to the creation of
an HA-HC matrix [48,49]. TSG-6 expression is induced in the presence of inflammation [4].
Hyaluronan—in the form of an HA-HC matrix, as opposed to an HA matrix—which shows
adhesive properties towards blood platelets and leukocytes [49-51].

Thus, the deposition of hyaluronan fragments and HA-HC matrix with strong adhe-
sive properties induces the infiltration of leukocytes towards the intestinal lumen, which
leads to the activation of an inflammatory response [42,43]. On the other hand, the accu-
mulation of HA fragments with a low molecular mass also influences wound healing by
inducing fibroblast proliferation and myoblast differentiation, which in turn influences the
fibrosis processes during IBD. The accumulation of HA fragments confirms the active role
of the ECM in commonly known pathogenic pathways responsible for initiating intestinal
pathology and IBD progression [52,53].
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Figure 1. The regulatory role of hyaluronan in the progression of inflammatory bowel diseases. While induced by

inflammatory stimuli, synthesis of hyaluronan (HA), an abundant component of the extracellular matrix, increases. On the

other hand, in chronic inflammatory conditions such as inflammatory bowel diseases (IBD), high molecular weight HA

(HMW-HA) is degraded into fragments that are capable of induces signaling inflammatory responses via specific receptors,

induces angiogenesis and inhibits fibroblasts differentiation. Moreover, throughout IBD, HA forms complexes with trypsin

inter-« inhibitor (HA-HC matrix), which are highly adhesive towards leukocytes and exacerbate the inflammation.

Furthermore, studies on mice and rats have shown that HA synthesis precedes the
infiltration of inflammatory cells and therefore promotes inflammation. For this reason,
controlling HA levels on the surface of cells may play a regulatory role during IBD [47].
The chronic inflammation typical of IBD results in a significant deposition of HA in the
affected tissues, which both precedes and promotes the infiltration of immune cells, tissue
destruction and blood coagulation. Perhaps the balance between HA synthesis and degra-
dation and the interactions between this matrix component and binding proteins are the
controlling factors in the recruitment of inflammatory cells by the HA-HC matrix [47-49].

The role of hyaluronan in IBD pathophysiology is also related to the fact that it pos-
sesses the ability to regulate the function of intestinal epithelium, whose integrity is vital for
preventing the formation of blood clots [52,54-57]. In IBD patients, as opposed to healthy
people, microvascular closure in the mucous membrane is observed [58]. The characteristic
features of IBD are: fluctuations in the platelet reactivity, increased coagulation and an
increased risk of arterial and venous thrombosis [58,59]. The risk of blood clots becomes
apparent during the remission phase and increases with the activity of IBD. Inflammation
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mediators TNF-« and IL-6 have the ability to initiate coagulation and activate HA synthe-
sis [60,61]. Fibrinogen, a protein which participate in the final part of the clotting process
and is converted to fibrin, also has the ability to bind HA [62-64]. As a result, it leads to
the formation of hydrated matrices and an increased influx of inflammatory cells into the
clot [65,66].

It has also been shown that thrombin, which participates in the coagulation and is
necessary for converting fibrinogen to fibrin, can also interact with HA-HC fragments [67].
Furthermore, the increased amount of HA in IBD patients leads to inhibited synthesis of
antitrombin—a protein belonging to serine protease inhibitors, whose function involves
inhibiting coagulation factors such as thrombin, coagulation factors IXa, XIa, Xlla, or
kallikrein [64-66]. On the other hand, in vitro studies on blood platelet functions have
proven that purified hyaluronan has the ability to inhibit adhesion and aggregation of
thrombocytes, which prevents blood clot formation [54,65-67]. Due to its engagement
in multiple molecular mechanisms, hyaluronan may promote blood coagulation and the
recruitment of leukocytes during IBD progression [43].

In summary, hyaluronan participates in inducing and maintaining the inflammation,
in the coagulation process, and in modulating the remission and activity of the disease.
Inflammation and coagulation are two interconnected processes which reinforce and sup-
port each other, finally leading to the inhibition of damage progression. Molecules which
mediate inflammation and clotting, such as HA, may contribute to both weakening and ag-
gravating disease, depending on the structure. The HA-HC also supports the recruitment
of inflammatory cells. A prolonged inflammation leads to impaired epithelial function,
increased thrombus formation, tissue damage and an increased disease activity [43,60-63].

5. Other Extracellular Matrix Components Involved in the Inflammatory Process
during IBD

5.1. Laminin (LN)

In order to detect changes in the extracellular matrix in the course of IBD, attention
was also paid to the potential diagnostic and/or prognostic utility of determining other
components of the extracellular matrix in the blood. One of the new diagnostic markers
is the concentration of laminin (LN) determined in the serum of IBD patients [68-71].
Laminin is synthesized by epithelial cells and stromal cells of the intestines. This protein
allows maintenance of the structure and function of the basement membrane [71]. It was
found that the concentration of LN in the blood serum of patients with CD is higher than
in the control group and is related to the disease activity. During inflammatory bowel
diseases, one can observe an overexpression of laminin Lm-«1 and Lm-«5 cells in colon
tissue. In patients with Crohn’s disease, increased expression of the Lm-«1 chain was
found in the crypts of the small intestine, both in inflammatory and non-inflamed sites,
while increased expression of the Lm-«3 chain appeared only in the crypts of the small
intestine that were inflamed [68-70].

5.2. Heparan Sulfate Proteoglycans (HSPG)

One of the most investigated ECM components of the intestinal tissues are also
heparan sulfate proteoglycans (HSPG). It has been shown that HSPGs promote intestinal
regeneration, which suggests that they play a role in the homeostasis of intestinal stem
cells (ISCs). The HSPGs, whose presence has been noticed on the basal surface of epithelial
cells and which play a vital role in maintaining proper functions of the intestinal barrier,
include syndecans [72-74]. The biological functions of syndecans depend on the presence
of glycosaminglycans and include the activation and binding of growth factors, as well as
participation in cell adhesion. Syndecans contain from three to five heparan sulfate chains
and chondroitin sulfate chains, which allow them to interact with many different ligands,
including the fibroblast growth factor, vascular endothelium growth factor, fibronectin
and antitrombin-1 [75]. The cytoplasmatic domain of syndecan enables the creation of
connections between the cell and the extracellular matrix. Syndecan-1 (CD138) acts as a
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co-receptor of multiple extracellular ligands, including proinflammatory cytokines and
growth factors. Due to these properties, it plays a vital role in many metabolic processes,
such as: remodeling the matrix, repairing tissues, regulating the immune system and the
progression of inflammatory processes. Within the intestines, syndecan-1 is also responsible
for maintaining epithelial integrity and permeability, and protecting enterocytes during
their interactions with bacteria. An extracellular fragment of syndecan-1 (sCD138) is
released from the surface of cells in a proteolytic, continuous manner, in a process known
as ectodomain shedding. The process is activated in response to inflammation, pathogen
infection, and wound healing. The presence of the extracellular domain of syndecan-1
in blood might therefore be a precious marker of the activity of inflammatory processes.
Pioneering studies have shown [76] that sCD138 concentration in serum during Crohn’s
disease is higher than in the healthy population and correlated with the intensiveness
of inflammation, which makes it a reliable marker of disease activity. Increased sCD138
concentrations have also been noticed in UC patients, accompanied by an increased level of
tumor necrosis factor alpha (TNF-o) and neutrophil amount. It is suggested that releasing
the extracellular domain of syndecan-1 from the intestinal epithelial cells may reduce
the intensity of inflammatory bowel diseases and the transmigration of neutrophils by
deactivating key inflammatory mediators and reducing the expression of proinflammatory
cytokines. The protective effect of the syndecan-1 extracellular domain circulating in
blood has been confirmed during research on mice lacking sCD138; when subjected to
an experimental colitis, they have exhibited significantly increased mortality, impaired
mucous membrane regeneration and extended inflammatory cell recruitment. Furthermore,
treating animals with a functional analog of the sCD138 ectodomain significantly affected
the symptoms of the inflammation [72-77].

5.3. Fibronectin (FN)

Other proposed biomarkers of intestinal fibrosis include the level of extracellular
matrix proteins in serum, including fibronectin. Fibronectin (FN) is an extracellular glyco-
protein which binds with various matrix components [68]. Throughout IBD progression,
this glycoprotein participates in interactions between the cell and the matrix. It is responsi-
ble for fibroblast migration and proliferation through regulating the bioavailability of TGFf{3.
FN also binds with TNFe, influencing chemotaxis and MMP-9 expression in monocytes.
The concentration of fibronectin in the blood was assessed in patients with inflammatory
bowel disease. It has been shown that fibronectin concentration in the blood of CD and
UC patients differs from those of the healthy population. In CD patients, this marker was
significantly lower during active inflammation than in remission [78-81].

5.4. Sulfated GAGs

Characteristic for inflammatory bowel diseases, the process of intensified and ab-
normal remodeling of ECM components is associated with an excessive and chronic
inflammatory response in the intestinal tissue. In turn, the degree and depth of intestinal
lesions can be assessed by quantifying the concentration of blood markers that have been
released as a result of increased protease activity [82,83] Keratan and dermatan sulfates (KS
and DS) belong to the group of sulfated GAGs of the intestinal epithelium. Their amount,
released due to excessive ECM degradation during IBD, may be assessed in body fluids and
serve as a biomarker for evaluating ECM function with regards to regulating epithelium
permeability. Sulfated GAGs participate in the regulation of inflammatory processes and
are involved in regulating the permeability of the intestinal epithelium. A significant loss
of sulfated GAGs has been confirmed in the subepithelial basal plate of the tissue samples
obtained from IBD (both CD and UC) patients. Another possible pathogenetic mechanism,
which affects ECM remodeling observed in IBD patients may be the disturbance of GAG
structure and function in the connective tissue, related to the ongoing inflammation [83].
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6. Extracellular Matrix Components as Biomarkers in IBD Diagnosis

So far, there are no known markers which would allow diagnosis and differential
diagnosis between UC and CD and possession of the required sensitivity and specificity.
Extending the research on ECM may help to identify a component of the extracellular
matrix that could supplement or even replace the currently used invasive, time-consuming
and expensive colonoscopy and histopathological techniques. Research has shown that
fecal MMP-9 concentration reflects the activity of bowel inflammation and mucosal healing
in UC [84]. The research by Farkas et al. has shown a correlation between MMP-9 and
the clinical symptoms of inflammation and its activity during ulcerative colitis [85]. An
overexpression of MMP-2 in the mucous membrane of the colon in UC patients has also
been observed [86]. MMP-9 is connected to disease activity in both UC and CD, although
higher MMP-9 levels have been observed for UC. Metalloproteinases have therefore been
considered potential biomarkers of disease activity during IBD [87].

Other research involved evaluating the potential diagnostic value of measuring TIMP
levels, in tissue samples obtained from intestinal tissues, as markers of inflammation sever-
ity during IBD [88-91]. It is commonly known that UC involves increased concentrations of
MMP-1 and TIMP-1 and that their expression in colon walls is correlated with the severity
of the disease, while the concentrations of these proteins in serum correlated with their
expression in the mucous membrane [78]. MMP and TIMP levels in CD patients have been
measured before and after immunosuppressive treatment; it has been observed that the
histological result was positively correlated with neutrophil MMP-9 and MMP-26, and
macrophage TIMP-1 [88]. Furthermore, gelatinase B activity in the intestinal tissues in
IBD patients has shown correlation with the clinical improvement and healing of the in-
testinal mucous membrane [89-91]. In many investigations, gelatinase B has been recently
considered a serological, urinal and fecal IBD biomarker, suitable as a tool for diagnosing
and monitoring IBD. It has been shown that its levels in the body fluids of patients are
positively correlated with other known markers of IBD activity and are influenced by
immunosuppressive treatment [92,93].

Raised considerable interest can be observed in relation to glycosaminoglycan/
proteoglycan-based diagnostic tools. The most important extracellular matrix compo-
nent evaluated as a potential IBD biomarker is hyaluronan. This glycan, along with the
enzymes and binding proteins responsible for its synthesis and degradation, may directly
modulate the progression of the disease by controlling the recruitment of immune cells
and releasing proinflammatory cytokines. Hyaluronan particles may therefore modulate
both the progression and the remission of the disease. HA particles or the products of
its degradation, which stimulate the expression of genes regulating the inflammatory
processes, may be a marker of disease progression. Research has shown that the presence
of HA-HC complexes may exacerbate the disease. Further research—aimed at evaluating
disturbed interactions between immunological cells and HA-HC, direct blocking of the
HA-HC matrix synthesis and a selective degradation of HA-HC in experimental models
of colitis—are necessary for isolating the molecular paths which allow this polymer to
regulate the inflammation and may lead to designating HA-HC a marker of inflammation
in IBD [46,47,53,54].

7. Conclusions

Inflammatory bowel disease leads to the degradation and fibrosis of tissues. Disturbed
ECM remodeling during IBD is closely related to an increased activity of MMPs. This leads
to excessive degradation of extracellular matrix components, the release of proteins and
glycoproteins that build the extracellular matrix into the local tissue and the circulation. Ad-
ditionally, ECM remodeling is a key mechanism that contributes to the development of IBD
and is associated with the accumulation of HA fragments that enable wound healing and
contribute to intestinal fibrosis. Any change involving the ECM affects cellular processes,
and since ECM also acts as a reservoir for signaling molecules, such a change also induces
signaling pathways, generating major switches in the regulation of immune system and
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other physiological processes. Further research into the molecular mechanisms underlying
the remodeling and degradation of ECM would create the basis for the discovery of a
component of ECM that would be useful both for the recognition of CD and UC, and for
differential diagnosis.
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Abstract: The described research focused on the diagnostic usefulness of sulfated glycosamino-
glycans (sGAG), hyaluronan (HA), and extracellular part of syndecan-1 (sCD138) as new markers
related to extracellular matrix (ECM) remodeling in the intestine during the two most common
forms of inflammatory bowel diseases (IBD), i.e., ulcerative colitis (UC) and Crohn’ disease (CD).
Inflammatory markers belonging to ECM components were assessed in serum of patients with IBD
using an immunoenzymatic method (HA and sCD138) and a method based on the reaction with
dimethylmethylene blue (sulfated GAG). Measurements were carried out twice: at baseline and after
one year of therapy with prednisone (patients with CD) or adalimumab (patients with UC). No quan-
titative changes were observed in serum sGAG, HA, and sCD138 concentrations between patients
newly diagnosed with CD and the healthy group. In the case of patients with UC, the parameter
which significantly differentiated healthy subjects and patients with IBD before biological therapy
was HA. Significant correlation between serum HA level and inflammation activity, expressed as
Mayo score, was also observed in patients with UC. Moreover, the obtained results have confirmed
that steroid therapy with prednisone significantly influenced the circulating profile of all examined
ECM components (sGAG, HA, and sCD138), whereas adalimumab therapy in patients with UC led
to a significant change in only circulating sGAG levels. Moreover, the significant differences in serum
HA levels between patients with UC and CD indicate that quantification of circulating HA may be
useful in the differential diagnosis of CD and UC.

Keywords: inflammatory bowel diseases (IBD); Crohn’s disease (CD); ulcerative colitis (UC); sulfated
glycosaminoglycans (sGAG); hyaluronan (HA); soluble part of syndecan-1 (sCD138)

1. Introduction

In the last decades, global, dynamic growth in the frequency of chronic inflammatory
bowel diseases (IBD) has been observed, further highlighting the role of environmental fac-
tors in this disease. Despite significant advances in treatment and its increased availability,
the diseases still remain a challenge for modern medicine [1]. Among the inflammatory
bowel diseases, the two most significant ones from a clinical standpoint are Crohn’s disease
(CD) and ulcerative colitis (UC). This group of diseases was most likely already recognized
in ancient times, which is implied by the preserved descriptions. Thus, it can be assumed
that their basis is not determined solely by the characteristics of modern lifestyle and
environmental factors [2]. IBD etiology and pathogenesis is not yet completely understood,
which leads to a lack of accurate methods for causal treatment. Difficulties in identifying
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the factors responsible for provoking and aggravating inflammatory bowel diseases are
the result of, among others, their varied genetical basis, multiple environmental factors,
including stress and bacterial and viral infections, which often overlap on clinical im-
ages [3]. Furthermore, diagnosis IBD is a significant challenge, and the diagnostic process
requires a joint analysis of data from medical history, physical examination, and laboratory
tests. A key role in diagnosis is played by endoscopic examination along with mucous
membrane biopsy followed by a histologic examination of the obtained sample [4,5]. In
clinical practice, there is still a lack of non-invasive, reliable, and objective methods sup-
porting diagnostic methods that allow differentiation, assessment of disease activity, and
monitoring of treatment and prognosis of the disease course. Among them, biochemical
markers related with the extracellular matrix (ECM) represent promising candidates that
can support CD and UC diagnostics. Quantitative changes in the composition and structure
of ECM components has been described as playing a significant role in the pathogenesis
of inflammatory bowel diseases. Thus, determining the concentration of these macro-
molecules in body fluids, i.e., serum or urine, is finding increasingly more applications
during clinical diagnostics, often being a marker of disease activity and correlating with
the severity of the disease process. Hence, establishing the relationship between the level
of the circulating matrix component and the progression of IBD might be an argument for
the implementation of its determination in the assessment of the activity and progression
of IBD [6-10].

Among the new markers related to the ECM remodeling in the intestine proteoglycans
(PGs) and their sugar components, glycosaminoglycans (GAGs) are of particular interest
due to their role in IBD progression. Sulfated GAGs, including chondroitin/dermatan
sulfates, heparan sulfates, and keratan sulfates, integrate the structure of the extracellular
matrix by interacting with its components [11]. They are also a reservoir for cytokines and
growth factors, take part in regulating the progression of inflammatory processes, accelerate
wound healing, and take part in morphogenesis [12,13]. The anticoagulative properties of
heparan sulfate and heparin are a result of their ability to bind platelet factors and activate
lipoprotein lipase. Due to these properties, GAGs play a significant role in the progression
of immunological and inflammatory processes, including intestinal inflammation during
IBD [10,13]. Apart from GAGs, the process of extracellular matrix remodeling throughout
IBD also involves hyaluronan (HA), a non-sulfated glycosaminoglycan which actively
participates in wound healing, proliferation, and migration of cells and modulation of
the inflammatory process. Due to its ability to bind water within a polysaccharide net, it
provides adequate hydration to the matrix, which allows, e.g., cell migration and substance
diffusion [14]. During inflammatory conditions such as IBD, HA polymers are cleaved
into fragments of low molecular weight that induce signaling of inflammatory responses
via specific receptors. Moreover, during IBD, HA also forms complexes with trypsin inter-
a-inhibitor, which are highly adhesive towards leukocytes and additionally exacerbate
the inflammation [15].

Another significant component of the extracellular matrix, which influences the pro-
gression of inflammation processes including those associated with IBD, is syndecans-PGs
belonging to the family of type 1 transmembrane heparan sulfate proteoglycans. The bio-
logical functions of syndecans, related to their structure, include cell adhesion, activation
and binding of growth factors, and interaction with many ligands, including fibroblast
growth factor, vascular endothelium growth factor, fibronectin, and antitrombin-1 [16,17].
Four syndecans have been recognized on the basis of their structure and origin: 1, 2, 3, and
4 [17]. The most interesting one in the context of IBD pathogenesis is syndecan-1 (CD138). It
is expressed at high rates in vascular endothelium and circulatory cells. It can also be found
in immature B cells, where it is regulated by IL-6 and bacterial lipopolysaccharides (LPS).
Syndecan-1, as a co-receptor of multiple extracellular ligands including proinflammatory
cytokines and growth factors, plays a significant role in inflammatory processes [17,18].
An extracellular part of syndecan-1 (sCD138) is proteolytically released from the cell sur-
face. This process is activated in response to inflammation and pathogen infection [17].
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It is therefore clearly implied that the presence of the extracellular domain of syndecan-1
in blood could be a precious marker of the activity of inflammatory processes [19-21].
For this reason, the aim of this article was to evaluate the diagnostic suitability of the
serum profile of extracellular matrix components such as sulfated glycosaminoglycans
(sGAG), hyaluronan (HA), and soluble syndecan-1 (sCD138) fragments in patients with
inflammatory bowel diseases, such as Crohn’s disease and ulcerative colitis.

2. Materials and Methods
2.1. Study Population

The investigated biological material consisted of venous blood samples obtained from
87 subjects including 40 healthy individuals and 47 patients with inflammatory bowel
diseases, such as Crohn’s disease and ulcerative colitis. The diagnosis was made on the
basis of clinical symptoms, laboratory test and, in particular, the results of colonoscopy.
Additionally, in the case of UC patients, assessment with the Mayo score was used.

2.2. Patients with Ulcerative Colitis (UC)-Inclusion and Exclusion Criteria

UC patients enrolled in this study included a group of 31 patients selected for a clini-
cal research program involving biological treatment with adalimumab (Humira, Abbott
GmbH, Wiesbaden, Federal Republic of Germany). Adalimumab bonds specifically with
tumor necrosis factor (TNF), restricting its activity by blocking it from binding with p55 and
P75 TNEF receptors on the cell surface. This antibody also influences the biological response
to TNF and impacts the concentrations of intercellular adhesion molecules responsible for
leukocyte migration (ELAM-1, VCAM-1, and ICAM-1). In the case of patients with UC, the
inclusion criteria included age between 18 and 75 during the control visit, diagnosed ulcera-
tive colitis, diagnosed active form of ulcerative colitis confirmed through colonoscopy with
biopsy, active form of ulcerative colitis confirmed through Patient Global Assessment (PGA)
2 or 3, and treatment with corticosteroids or immunosuppressive medicine (azathioprine
(Imuran, Aspen Pharma Trading Ltd, Dublin, Ireland)) or 6-mercaptopurine (Mercaptop-
urinum VIS, Zaktady Chemiczno-Farmaceutyczne , VIS”®Spétka z o.0., Bytom, Poland))
which had not brought the intended results according to the practitioner’s opinion.

The criteria for exclusion, in the case of patients with UC, were colectomy with ileorec-
tostomy or colectomy with anastomosis, Kock pouch or ileostomy undertaken in the course
or inflammatory bowel disease or before a planned bowel surgery, adalimumab treatment
or former participation in clinical research involving adalimumab, exposure to infliximab
or any other TNF inhibitor within 56 days from week 0, taking ciclosporin, tacrolimus, or
mycophenolate mofetil within 30 days from week 0, intravenous corticosteroids within
14 days from the screening or throughout the screening, diagnosed fulminant colitis and /or
toxic colitis, and taking any biological medicine which could potentially influence the
disease under investigation. Adalimumab doses delivered to patients with UC were varied,
and the patients were randomly assigned to one of two groups: the first received 160 mg of
adalimumab in the initial dose, with a reduction to 80 mg and then to 40 mg, and there
was a need for a faster response to treatment in these patients; the second group received
160 mg in the initial dose, with a reduction to 40 mg. The mean time from diagnosis
was one year. Moreover, in patients with ulcerative colitis who were using prednisone
(Encorton, Pabianickie Zaklady Farmaceutyczne Polfa S.A., Pabianice, Poland) at the time
of qualifying for biological treatment after introducing biological drugs, the dose of pred-
nisone was gradually reduced. The cigarette smoking status has not been established in
patients with UC enrolled in this study.

2.3. Patients with Crohn’s Disease (CD)—Inclusion and Exclusion Criteria

The next group of patients with IBD in the investigation included 16 people with CD,
treated mainly with prednisone. The dosage of prednisolone was chosen on a case-by-case
basis, depending on the response to treatment. Blood samples were obtained from patients
at the point of diagnosis and again after a year of treatment. The following inclusion
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criteria have been adapted for the volunteers: age above 18 and diagnosed with Crohn’s
disease (CD). The exclusion criteria were age under 18, diagnosed indeterminate colitis
(IC), alcoholism, alcohol-related liver disease or any ongoing liver disease, acute infections
of viral, fungal, or bacterial origin, mild or acute myocardial inefficiency, unstable coronary
artery disease, chronic respiratory failure, chronic kidney disease, chronic liver disease,
demyelinating disease, diabetes, pregnancy or breastfeeding, and diagnosed precancerous
condition or cancerous comorbidities. The patients had been ill for twelve months with
a period of activity and remission and did not take any additional medications during
therapy. The cigarette smoking status has not been established in patients with CD enrolled
in this study. None of the patients had a prior ileocolonic resection for CD and perianal
fistulizing CD.

All patients were treated at the Department of Gastroenterology of St. Barbara’s Re-
gional Specialist Hospital in Sosnowiec. Reference number of the decision by the Bioethics
Committee at the Medical University of Silesia in Katowice: KNW/0022/KB/309/15.

2.4. Control Subjects

The reference material for research consisted of blood samples obtained from 40 healthy
people in properly sampled age groups. The group qualified for the research involved
people who had not been hospitalized during the prior year, had not undergone surgical
treatment, and had not been pharmacologically treated. Furthermore, the results of their
routine laboratory tests (i.e., complete blood count, erythrocyte sedimentation rate test
(ESR test), plasma fasting glucose, fasting lipid profile, creatinine, liver enzymes, rheuma-
toid factor (RF), and CRP) were within the reference values for their particular age group.
Subjects were excluded from the study if they had been taking steroidal or non-steroidal
anti-inflammatory drugs. None of the volunteers were cigarette smokers or had any history
of drug or alcohol abuse.

2.5. Biological Material for Research

Blood sampled from the elbow vein, contained in test tubes with no added antico-
agulant, was centrifuged for 10 min at 1500x g at 4 °C. The serum obtained through
centrifugation was subjected to diagnostic examination as requested by the attending
physician. The remaining part was frozen and stored at —80 °C until needed for biochemi-
cal analysis.

2.6. Assessing the Serum Hyaluronan (HA) Concentration

Hyaluronan concentration was determined using a using enzyme-linked immunosor-
bent assays test supplied by TECOmedicalGroup TE 1018-2, Sissach, Switzerland. The
analytical sensitivity of the method for HA concentrations assessing was 2.7 ng/mL and
the intra-run error was 6.4%.

2.7. Assessing the Serum Soluble Part of Syndecan-1 (sCD138) Concentration

The concentration of the extracellular part of syndecan-1 circulating in blood was eval-
uated with an immunoassay test supplied by Diaclone SAS, BesanconCedex, France. The
analytical sensitivity of the method for sCD138 concentrations assessing was 4.94 ng/mL
and the intra-run error was 6.2%.

2.8. Assessing the Serum Sulfated Glycosaminoglycans (sGAG) Concentration

Sulfated glycosaminoglycans were assessed using the Wieslab® sGAG quantitative
test (GAG 201 RUO, Euro Diagnostica AB, Malmo, Sweden). The principle of the method
is based on specific interaction between sulfated glycosaminoglycans (chondroitin sulfates,
dermatan sulfates, keratan sulfates, heparan sulfates, and heparin) and the tetravalent
cationic Alcian blue. The reagents for this kit, i.e. Alcian Blue stock solution (containing
0.1% H,SO4 and 0.4 M GuHCI), 8 M Guanidine-HCI, SAT solution (containing 0.3% HySO4
and 0.75 Triton X-100), DMSO solution (containing 40% dimethylsulphoxide and 0.05 M
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Mg,Cl,), Gu-Prop solution containing 4 M GuHCI, 33% 1-propanol and 0.25% Triton
X-100, calibrators containing 1.1 mL chondroitin sulphate-6 were manufactured by Euro
Diagnostica AB from Malmo, Sweden. The assay was performed at pH low enough to
neutralize all carboxylic and phosphoric acid groups as well as at ionic strength large
enough to eliminate ionic interactions other than those between Alcian blue and sulfated
GAGs. Six calibrators containing chondroitin-6-sulfate at concentrations of 12.5, 25, 50, 100,
200, and 400 pg/mL were used. Then, 50 pL of the prepared standard solutions for control
and test samples were added to the to the appropriate wells on the microplate. Then, 50 uL
of 8 M guanidine-HCI solution (GuHCL) was added, the microplate was covered with
sealing tape and incubated for 15 min at room temperature. In the next step, 50 pL of the
SAT solution containing 0.3% H;SO4 and 0.75% Triton X-100 was added and incubated for
15 min at room temperature. Then, 750 uL of Alcian blue was added and incubated for
15 min at room temperature. The samples were then centrifuged for 15 min at 12,000x g.
The next step was to remove the supernatant and add 500 ul of DMSO solution containing
40% dimethylsulfoxide and 0.05 M MgCl, to the pellets. Prepared samples were incubated
for 15 min at room temperature, followed by centrifugation for 15 min at 12,000x g. After
removing the supernatant, 500 uL Gu-Prop solution containing 4 M guanidine-HCI, 33%
1-propanol and 0.25% Triton X-100 was added to the pellets and mixed for 15 min on a
shaker. The absorbance of the standard and test samples was measured using a microplate
reader at a wavelength of 620 nm.

2.9. Statistical Analysis

The statistical analysis of the obtained results was performed using the STATISTICA
software, version 10.0, developed by StatSoft, Krakow, Poland. It involved verifying the
normality of distribution of the variable using the Shapiro-Wilk test. The descriptive
statistics for non-normally distributed variables included the median (Me) as a measure of
position and the interquartile range—between the lower (Q1) and the upper (Q3) quartiles—
as a typical measure of variability. To verify the hypotheses related to the influence of
treatment on the value of the investigated parameters, the pre- and post-treatment results
were compared using the Wilcoxon test. The statistical significance of the difference in
results between the affected group and the control group was determined using the Mann-
Whitney U test. The pre- and post-treatment clinical parameters have been compared using
the Wilcoxon test and the paired ¢-test. A significance level of p < 0.05 was used for all tests
and statistical analyses.

3. Results
3.1. Research Data

The clinical characteristics of patients with CD and UC before treatment and after a
year of treatment has been summarized in Tables 1 and 2.
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Table 1. Clinical characteristics of patients with ulcerative colitis (UC).
Patients with Ulcerative Colitis p
Parameter
before Treatment UC, after Treatment UC; UCy Vs. UCq

Age (years) 33.38 £ 12.75
Mayo score 3 (2-3) 2 (1-3) 0.000
CRP (mg/L) 3.37 (0.79-26.44) 2.41 (1.42-7.33) 0.031
Glucose (mmol /L) 499 +0.72 481 +0.81 0.331
Cholesterol (mmol /L) 491 + 0.89 4.99 4+ 0.86 0.264
Triglycerides (mmol /L) 1.41 £0.52 1.14 £0.38 0.030
Indirect bilirubin (umol/L) 5.20 (4.61-8.32) 8.30 (5.50-16.70) 0.000
Direct bilirubin (umol/L) 3.70 (2.90-4.42) 5.30 (3.51-8.21) 0.010
ALT (U/]) 15.02 (10.04-26.00) 16.01 (10.01-25.03) 0.814
AST (U/L) 19.00 (14.02-21.02) 19.03 (15.02-23.01) 0.100
Total protein (g/L) 73.48 +5.43 74.73 £ 5.63 0.235
Albumin (g/L) 42.00 (40.01-46.03) 43.02 (40.03-48.00) 0.264
WBC 7.90 (4.6-13.6) 7.90 (3.9-13.7) 0.61
PLT (x 10°/L) 372.03 (292.00-457.00) 343.04 (263.02-422.03) 0.050
BMI 24.25 4+ 3.59 24.46 +4.23 0.455

Comparison of selected parameters before and after treatment. Data are presented as median, interquartile (25th-75th percentile) range or
mean =+ standard deviation (SD), or percentage (%). Data analyzed using the Wilcoxon test or paired t-test. p < 0.05, statistically significant.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CRP, C-reactive protein; PLT, platelets; WBC, white
blood cells; UC, ulcerative colitis; UCy, patients with ulcerative colitis before adalimumab therapy; UC;, patients with ulcerative colitis
after 1 year adalimumab therapy.

Table 2. Clinical characteristics of patients with Crohn’s disease (CD).

Parameter Patients with Crohn’s Disease p
before Treatment CD, after Treatment CDq CDg Vs. CD;
Age (years) 32.10 +9.56

CDAI 299.60 £+ 47.93 274.01 £50.71 0.323
CRP (mg/L) 15.70 (4.22-39.05) 15.20 (5.30-28.90) 0.665
Glucose (mmol/L) 4.89 (4.72-5.47) 495 (4.61-5.17) 0.950
Indirect bilirubin (umol/L) 5.75 (4.85-7.43) 6.25 (5.2-10.65) 0.073
Direct bilirubin (umol/L) 3.75 (2.88-4.05) 7.9 (4.5-10.8) 0.020
ALT (U/L) 24 (16.25-29.05) 21.5 (14.5-31) 0.351
AST (U/L) 21.5 (18.5-24.25) 21 (16.75-23.50) 0.373
Total protein (g/L) 72.13 £4.90 77.25 +£5.21 0.004
Albumin (g/L) 43.50 (42-47.25) 43.5 (42-49) 0.531
WBC (103/uL) 712 +3.20 6.68 + 2.05 0.421
PLT (x10°/L) 356.50 (277.50-396.02) 232.20 (134.21-309.11) 0.090
BMI 20.58 + 3.43 19.84 +£2.84 0.190

Comparison of selected parameters before and after treatment. Data are presented as median, interquartile (25th-75th percentile) range or
mean =+ standard deviation (SD), or percentage (%). Data analyzed using the Wilcoxon test or paired t-test. p < 0.05, statistically significant.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CD, Crohn’s disease, CDy, patients with Crohn’s
disease before prednisone therapy; CD;, patients with Crohn’s disease after 1 year prednisone therapy; CDAI, The Crohn’s disease activity
index; CRP, C-reactive protein; PLT, platelets; WBC, white blood cells.

It is interesting to note that the patients with CD had no change in standard markers
of inflammation following intervention. The results of circulating levels of serum sul-
fated glycosaminoglycans (sGAG), hyaluronan (HA), and the soluble part of syndecan-1
(sCD138) in study individuals (control subjects, patients with CD, and patients with UC)
are summarized and provided as supplementary material (Table S1).

3.2. Quantitative Changes of Serum sGAG, HA, and sCD138 in Patients with Crohn’s Disease

The investigation has shown that sGAG and HA concentration in patients newly
diagnosed with Crohn’s disease is not significantly different from the concentration of
these parameters in the serum of healthy people. A year-long prednisone treatment, on
the other hand, caused a significant increase in both sGAG and HA concentrations in the
serum of affected patients compared with pre-treatment values. The increase reached 42%
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for sGAG and 78% for HA. Furthermore, the differences in the concentration of sulfated
GAGs and HA between patients with CD after a year of prednisone treatment and the
control group were statistically significant. The increase in concentration reached 53% for
sGAG and 41% for HA.

The quantitative evaluation of extracellular sydecan-1 (sCD138) component circulating
in blood has shown a decrease in the concentration of this ECM component in the blood
of patients newly diagnosed with CD who have not undergone treatment compared
with the concentration in the blood of healthy people. The difference, however, was
not statistically significant (p > 0.05). Moreover, a significant, almost 110% increase in
circulating sCD138 was observed in patients with CD after a year-long treatment compared
with pre-treatment concentrations.

3.3. Quantitative Changes of Serum sGAG, HA, and sCD138 in Patients with Ulcerative Colitis

In the case of patients with UC before implementing biological therapy, the changes to
the serum profile of the analyzed ECM components were not statistically different from the
concentrations of these components in healthy people, with the exception of HA. Before
adalimumab treatment, patients with UC had significantly increased HA concentrations
compared with the control group. A year-long treatment with biological medicine, on the
other hand, only affected the circulating profile of sulfated GAGs. A statistically significant
increase in sGAG concentration was observed in patients with UC compared with the
pre-treatment concentration of these ECM components in the same patients. Moreover,
patients with ulcerative colitis before therapy had significantly different HA concentration
in the blood than patients with CD before steroid therapy implementation.

The results are shown in Figure 1.

3.4. The Relationship between Serum ECM Components and Inflammatory Processes and
Disease Activity

The investigation has also revealed a relationship between disease activity and the
circulating profile of ECM components only in the case of patients with UC. In these
patients, a correlation between HA concentration in serum and the activity of inflammation,
derived from the Mayo score, was observed both before (r = 0.45; p < 0.012), and after
12-month treatment (r = 0.42; p < 0.039). A correlation between sCD138 levels in serum and
the Mayo score was also observed in patients before biological treatment with adalimumab
(r=0.44; p < 0.014). Results of the abovementioned correlation analysis are presented as a
correlation plot and included in supplementary material (Figure S1).

The relationship between the concentration of the ECM components and a marker
of inflammation process commonly used in clinical practice, the CRP protein, was also
investigated. The investigation revealed significantly higher CRP concentrations in pa-
tients with CD compared to patients diagnosed with UC. A significant effect of 12-month
adalimumab treatment inn lowering CRP concentration in the blood of patients with UC
was also observed.
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Figure 1. (A-C) Circulating total sulfated glycosaminoglycans (GAGs), hyaluronic acid (HA), and
soluble syndecan-1 (sCD138) levels in healthy subjects and patients with inflammatory bowel diseases
(IBD) before and after 12-month therapy. Note: Results are expressed as median, interquartile
(25th-75th percentiles) range, and minimum and maximum of data in the groups. C: healthy subjects
(control); UC-0: patients with ulcerative colitis before adalimumab therapy; UC-1: patients with
ulcerative colitis after 12-month adalimumab therapy; CD-0: patients with Crohn’s disease before
prednisone therapy; CD-1: patients with Crohn’s disease after 12-month prednisone therapy. HA,
hyaluronic acid; sGAG, sulfated glycosaminoglycans; sCD138, soluble syndecan-1; ** p < 0.01,
statistically significant.
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4. Discussion
4.1. Quantitative Changes of the ECM Components (sGAG, HA, and sCD138) in Serum of
Patients Newly Diagnosed with CD or UC

The constant effect of damaging factors during IBD progression leads to changes in
the structure and function of the extracellular matrix [22,23]. Our investigation has shown
that disturbances affecting the extracellular matrix in the connective tissue during IBD are
reflected in quantitative changes of the composition of matrix components in the serum. In
the case of patients newly diagnosed with CD, there was no difference in sGAG, HA, and
sCD138 concentrations in their serum compared with that of healthy people. In patients
with UC, the parameter which was significantly different for healthy people compared
with patients before biological medicine treatment was the concentration of hyaluronan
in the serum. During physiological states, hyaluronan plays a significant regulatory role
in providing ECM integrity, while the depolymerized, small molecule HA fragments
generated in IBD play a significant role as inflammatory factors [15]. Signaling through
hyaluronan is a mechanism suggesting the regulatory role of ECM integrity failures in
IBD pathogenesis. On the one hand, HA fragments promote wound healing; on the other
hand, they also promote fibrotic processes, leading to the proliferation of fibroblasts and
differentiating myofibroblasts [14,16,17,24]. The increased accumulation of HA fragments
in the intestine is related to the inflammation which affects intestinal tissues during IBD
progression. It has also been demonstrated that HA takes part in inducing the infiltration
of leukocytes into the bowel and activates the immunological response [16,17]. These
mechanisms explain the results of the investigation, which suggest increased concentration
of HA in the blood of patients with UC before biological treatment. The research so
far suggests that increased hyaluronan concentration in the blood and its accumulation
in the intestines facilitates IBD progression by increasing the flow of leukocytes into
the intestines [17]. Furthermore, HA binds coagulation factors and increases platelet
recruitment, which facilitates and supports inflammation during IBD [10]. The research
by Kessler et al. [24] points to a significant increase in the concentration of hyaluronan-
associated protein (SHAP-HA) in the serum of patients with UC compared to patients with
sustained remission, and this value was positively correlated with endoscopic damage.
Importantly, the serum SHAP-HA level in patients with CD was correlated only with
TNF-o [24]. A difference in HA turnover between UC and CD patients was also observed
during our investigation. The significant difference between HA concentration in the
serum of patients newly diagnosed with CD and the concentration of this glycan in the
serum of patients with UC before treatment suggests the possibility of measuring HA levels
during the differential diagnosis of these two very similar types of bowel inflammation,
Crohn’s disease and ulcerative colitis. Increased deposition of HA in bowel tissues and
its increased transfer into circulation are active participants in the chronic inflammation
typical for UC. Quantitative assessment of HA in blood may be an early marker of active
disease. Another argument supporting this hypothesis is the fact that our results indicate
that HA concentration in the blood of UC patients was correlated with the intensity of the
disease as determined from the Mayo score.

4.2. The Influence of Therapy with Prednisone (Patients with CD) or Biological Treatment with
Adalimumab (Patients with UC) on the Circulating Profile of Analyzed ECM Components

The performed analyses implied that year-long prednisone treatment applied to pa-
tients with CD caused an increase in the concentration of all investigated ECM components
in the serum (sGAG, HA, and sCD138) compared with pre-treatment values. In the case
of patients with UC, year-long treatment with a TNF-o inhibitor also caused a significant
increase in sGAG concentration in serum; however, it did not influence the amount of
circulating HA and sCD138. The obtained results confirmed that ECM components are an
active part of the progression of the IBD disease process, which is possible to regulate by
the type of pharmacological treatment. Sulfated GAGs proved to be the matrix components
which undergo significant changes in response to the applied treatment both in CD and
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UC patients. The effect of the observed changes, however, was much more noticeable in
patients with CD. Moreover, the investigation revealed that sGAG levels in patients with
IBD after a year of proper treatment were significantly higher in patients with CD than in
patients with UC, which clearly differentiates the two groups of inflammatory bowel dis-
eases. It has also been shown that steroid-based treatment significantly modulated the level
of soluble syndecan-1 (sCD138), significantly increasing its levels in the blood. This is in
accordance with the results obtained by other authors [21]. It is believed that releasing the
extracellular domain of syndecan-1 from the intestinal epithelial cells may reduce the inten-
sity of inflammatory bowel diseases and the transmigration of neutrophils by inactivating
key inflammatory mediators and reducing the expression of proinflammatory cytokines.
The protective effect of syndecan-1 extracellular domain circulating in the blood has been
confirmed during research on mice lacking sCD138; when subjected to an experimental
colitis, they have exhibited significantly increased mortality, impaired mucous membrane
regeneration, and extended inflammatory cell recruitment. Furthermore, treating animals
with a functional analog of the sCD138 ectodomain significantly affected the symptoms
of inflammation [21].

4.3. The Influence of Inflammatory Processes and Disease Activity on ECM Components in
Patients with IBD

Due to the fact that IBD are diseases involving an active inflammatory process, this
article also analyzed the influence of treatment on the grade of inflammation, derived from
the concentration of C-reactive protein in blood. The effect of treatment on disease activity,
derived from the Mayo score, was also investigated. Even though CRP is not an innate
marker of IBD, it may be an indicator of the intensity of the inflammatory process and help
in monitoring the state of patients during the stages of remission and aggravation. The
research by Mortensen et al. has shown a relationship between CRP and CD activity. The
results indicated a significant increase in CRP levels in patients with an active variation of
the disease [25]. The research by Chang et al. also revealed a significant correlation between
increased CRP concentration and mild or acute clinical form of the disease [26]. In some
studies, however, CRP levels were not associated with the disease activity in small intestinal
lesions in patients with CD [27,28]. Solem et al. [27], through their analyses, observed
that CRP concentration is within the reference range in 75% of patients with CD, in which
endoscopic examinations have not confirmed changes to intestinal mucous membrane. In
our investigation, pharmacologically treating patients with CD with prednisone also had
no influence on changing the clinical activity of the disease, measured using the CDAI score,
or on the inflammatory activity, derived from C-reactive protein concentration. On the
other hand, significantly higher CRP concentrations have been observed in patients with
CD when compared to patients diagnosed with UC; this is consistent with previous studies
which showed that patients with CD generally have higher CRP and IL-6 production
than patients with UC [29]. However, the mechanisms responsible for this phenomenon
have not yet been fully elucidated. One possible mechanism involves the accumulation
of mesenteric fat, a major site of IL-6 and TNF-« synthesis, in patients with CD [30]. In
our research, the patients with Crohn’s disease had no change in markers of inflammation
after one year of treatment. This observation may indicate resistance to glucocorticoid
treatment or the presence of fistulas. In the case of patients with ulcerative colitis, CRP
concentrations observed during our investigation have therefore been—similarly to the
results obtained by other authors—significantly lower than in patients with Crohn’s disease,
which suggests a potential role for CRP markers in differentiating these two diseases of
similar symptomatology. We have also observed that 12-month adalimumab treatment
applied to patients with UC decreased the activity of inflammatory processes within
intestinal walls, which was reflected in lower CRP concentration and lower disease activity
according to the Mayo score. This result was connected to reduced symptoms of the disease
after 12-month treatment using a biological medicine. These observations are consistent
with the results by Tursi et al. [31], who have researched the effectiveness and safety of
treating patients with UC with adalimumab. They have noticed a similar decrease in CRP
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concentration and reduced disease activity resulting from the biological treatment [31]. The
data suggest that a year-long treatment with a biological medicine results in lower activity
of the inflammatory process, which is reflected in the results of endoscopic examination.
Furthermore, a correlation was observed between hyaluronan concentration in the blood
of patients with UC, both before and after 12-month treatment, and the activity of the
disease derived from the Mayo score, which supports the hypothesis that hyaluronan is
an active participant in the restructuring of the intestinal mucous membrane, related to
chronic bowel inflammation. Hyaluronan, along with the enzymes and binding proteins
responsible for its synthesis and degradation, may directly modulate the progression of
the disease by controlling the recruitment of immune cells and releasing proinflammatory
cytokines [19,24]. These attributes of hyaluronan allow its molecules to take part both in
the progression and the remission of the disease. It makes HA molecules and, indirectly,
the products of its degradation, perfect candidates for the role of UC progression markers.

5. Conclusions

The significant difference in HA concentration in the blood of UC and CD patients
suggests the possibility of measuring HA levels during the differential diagnosis of these
two very similar types of bowel inflammation. Increased deposition of HA in bowel tissues
and its increased transfer into circulation are active participants in the chronic inflammation
typical for UC. Quantitative changes of HA in blood may be an early marker of active
disease. Moreover, our study confirmed that ECM components are an active part of the
progression of the IBD disease process, which is possible to regulate according to the type
of pharmacological treatment.

The results obtained during this investigation reveal a variety of mechanisms regulat-
ing the activity of the disease and the restructuring of extracellular matrix components as
well as the potential usefulness of circulating ECM components as markers for evaluating
ECM remodeling during IBD and for monitoring pharmacological treatment. Finding
potentially useful diagnostic markers of changes occurring throughout IBD, determined in
readily available biological material, may provide an aid to the clinical diagnosis and/or
monitoring the progression of treatment. However, further research should be performed
on a larger group of patients in order to confirm the obtained results. Further investigation
could possibly lead to identifying a component of extracellular matrix that will meet the
criteria of an ideal marker and will protect patients from invasive colonoscopy examination.
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syndecan-1 (sCD138) in patients with Crohn disease (CD) and ulcerative colitis (UC) at baseline and
after one year of therapy.
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Abstract: Ulcerative colitis (UC) is a chronic inflammatory disease with an underlying excessive
immune response directed against resident microbiota and/or dietary antigens. Both innate and
adaptive immune cells play a crucial role in the pathogenesis of UC. In the case of innate immune
response cells, neutrophils, dendritic cells, macrophages have a crucial impact on the development of
the disease, as well as innate lymphoid cells, which have received a particular attention in recent years.
On the other hand, mechanisms of the adaptive immune response involve cells such as: cytotoxic
lymphocytes, regulatory lymphocytes Treg, or helper lymphocytes Th-Th2, Th9, Th17, Th22, among
which significant discoveries about Th9 and Th17 lymphocytes have been made in recent years.
Due to the presence of antibodies directed against resident microbiota or one’s own tissues, the
influence of B lymphocytes on the development of UC is also highlighted. Additionally, the impact of
cytokines on shaping the immune response as well as sustaining inflammation seems to be crucial.
This review briefly describes the current state of knowledge about the involvement of the innate and
adaptive immune systems in the pathogenesis of UC. The review is based on personal selection of
literature that were retrieved by a selective search in PubMed using the terms “ulcerative colitis”
and “pathogenesis of ulcerative colitis”. It included systematic reviews, meta-analyses and clinical
trials. Our knowledge of the involvement of the immune system in the pathophysiology of IBD has
advanced rapidly over the last two decades, leading to the development of several immune-targeted
treatments with a biological source, known as biologic agents.

Keywords: ulcerative colitis; lymphocytes; macrophages; dendritic cells; innate lymphoid cells

1. Introduction

Ulcerative colitis (UC) is a chronic inflammatory disease, which belongs with Crohn’s
disease to the group of the inflammatory bowel diseases (IBDs). The condition is diagnosed
mostly between the ages of 20 to 40, however it can occur at every age. Characteristic of UC
are alternating periods of clinical relapse and remission. Inflammation of the colon mucosa
plays an essential role in pathogenesis of UC, which leads to ulcer formation. Changes
observed within the intestinal mucosa are localized in the rectum and spread proximally
to the other parts of the colon. The most common clinical symptoms are gastrointestinal
disorders such as abdominal pain, diarrhea with mucus and/or blood, nausea and vomiting;
nevertheless, general symptoms including fever, weight loss and anemia are also observed
with the parenteral symptoms—peripheral arthritis, cholangitis, pyoderma gangrenosum,
erythema nodosum and arthropathies [1,2]. Although the disorder is quite common, its
exact pathogenesis is not fully understood; however, it is known that UC is connected
with the excessive immune response to the environmental factors or resident microbiota
among genetically susceptible subjects, and the immunity status plays a crucial role in the
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increased intestinal permeability and impaired barrier function, as presented graphically in
Figure 1. There are reasonable doubts if the impaired barrier function precedes the onset
of the disease, or the inflammation development in the lamina propria of the intestinal
mucosa induces the intestinal epithelial disfunction [3].
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Figure 1. Pathogenesis of ulcerative colitis (UC). APCs—antigen presenting cells; In physiological
conditions, a homeostasis between natural microbiota and immune system is maintained. Intestinal
mucosa is covered by a thick layer of mucus preventing the penetration of intestinal bacteria to
epithelial cells. Integrity of the intestinal barrier is provided by the tight junctions between epithelial
cells, and the immune cells present a state of immune tolerance. In UC, a layer of mucus is reduced
and the gut microbiota is abnormal, which leads to gut dysbiosis. A reduction of butyrate-producing
bacteria (as a result of, e.g., antibiotic treatment) contributes to a decreased amount of butyrate
in the intestinal lumen and enhances anaerobic metabolic processes, which generate less energy
than the aerobic ones. The resulting oxidative stress damages the mucus-secreting colonocytes.
Additionally, enhanced anaerobic processes favor the expansion of facultative anaerobes such as
Salmonella enterica and Escherichia coli. Increased relative abundance of these bacterial species releasing
bacterial enterotoxins directly attack and damage the intestinal epithelial cells, which in turn damages
the intestinal mucosa and reduces its protective functions. The loss of tight junctions seen in UC
allows bacteria and dietary antigens to pass through the intestinal barrier and leads to the activation
of antigen-presenting cells. Macrophages and dendritic cells enhance neutrophil migration and
degranulation, as well as activating lymphocytes Th2, Th17, Th9. Activation of immune cells results
in the secretion of pro-inflammatory cytokines, i.e., TNF-«, IFN-y, and IL-13, which increases the
permeability of the intestinal barrier and thus promotes inflammation in the intestinal mucosa [3-5].

Patients with UC present a decreased number of the goblet cells responsible, among
others, for the excretion of biologically active substances that contribute to innate immunity,
such as trefoil peptides and peptides binding Fc region of antibodies, as well as for secretion
of the mucin, which forms large net-like polymers that lubricate the lumen and form a
barrier between sterile intestinal epithelial and gut microbiota [6]. An impaired intestinal
barrier and a decreased amount of the mucus leads to increased exposure to food antigens
and antigens associated with gut microbiota, which activates the mechanisms of the innate
immunity. Innate (passive) immune response is the first line of defense in the body,
including cells such as macrophages, innate lymphoid cells, mast cells, and neutrophils to
identify and eliminate pathogens in a short time, though its mechanisms are not specific
for various antigens [5]. Antigen-presenting cells (APC)—macrophages and dendritic
cells (DC)—connect the mechanisms of innate and adaptive (active) immune responses
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through presentation of the antigens to certain lymphocytes, which leads to activation of the
adaptive immune cells. Presence of a specific cytokine environment results in the activation
of transcription factors responsible for polarization of the naive lymphocytes, i.e., Th2, Th17,
and Th9, playing crucial roles in the development of the disorder. Moreover, Treg cells,
in spite of their increased number in the intestinal mucosa of patients with UC, present
reduced immunoregulatory activity. Increased concentration of tumor growth factor 3
(TGEF-B) induces the suppression of Th22 lymphocytes which secrete IL-10 with a protective
effect on the intestinal mucosa. The impaired balance between pro- and anti-inflammatory
processes leads to the development of the chronic inflammation and impairment of the
intestinal barrier function. A key role in the development of the disease is played by
cytokines whose functions and influence on inflammation are presented in Table 1 [5].

Table 1. The influence of cytokines taking part in the UC pathogenesis on the development of the
immune response [5,7-16].

Cytokine

Expression of
Cytokine in UC

Influence on the
Inflammation

Cells Secreting

Cytokine Function

IL-1p

Increased

Stimulates T cells to secrete
pro-inflammatory cytokines, induces
chemotactic factors, influences the
proliferation of B cells, systemically
causes an increase of temperature
and acute phase proteins

Macrophages pro-inflammatory

IL-4

Stimulates humoral immune
response, inhibits the secretion of
pro-inflammatory cytokines (TNF-«,
IL-6, IL-1p3), activates M2
macrophages, activates transcription
factors responsible for
differentiation of T CD4+ cells to
Th9 cells

Th2 anti-inflammatory

IL-5

Increased

Decreases the activity of Th1 cells
and cellular immune response,
stimulates the maturation of
eosinophils and basophils

Th2

IL-6

Increased

Activates transcription factors
responsible for differentiation of T
CD4+ cells to Th17 cells, inhibits the
secretion of TNF-«

Macrophages, dendritic

cells pro-inflammatory

1IL-9

Increased

Activates mast cells, neutrophils and
eosinophils, influences the
expression of proteins creating tight
junctions in the intestinal barrier

Th9, Th2 pro-inflammatory

IL-10

Increased

Inhibits the secretion of tissue
metalloproteinases, tissue factor and
cyclooxygenase 2, suppresses the
expression of transcription factor
NF-kB, activates macrophages M2

Treg, Th2, Th17, Breg anti-inflammatory

IL-13

Increased

Decreases the activity of Th1 cells
and cellular immune response,
inhibits the secretion of
pro-inflammatory cytokines (TNF-«,
IL-6, IL-1B), influences the
expression of proteins creating tight
junctions in the intestinal barrier
and the epithelial cells apoptosis,
activates macrophages M2

anti-inflammatory
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Table 1. Cont.

Cvtokine Expression of Cells Secreting Influence on the Function
y Cytokine in UC Cytokine Inflammation
Stimulates monocytes, epithelial and
endothelial cells to secrete
pro-inflammatory cytokines (IL-1f3,
Th17, monocytes, TNEF-o) and chemokines responsible
IL-17 Increased neutrophils, T CD8+, pro-inflammatory for leukocytes and neutrophils
NK cells migration to inflamed tissues, in the
absence of IL-23 supports the
intestinal barrier through occludin
regulation in tight junctions
Decreases the activity of Th1 cells
and thus the cellular immune
~ response, increases the expression of
IL-21 Th17, Th2 IL-23 receptor, stimulates
proliferation and maturation of B, T
CD8+ and NK cells
Induces the secretion of
IL-22 Th17, Th22, Thi antlmlcrobl'al peptldes,'IL—lo and‘
mucus, mediates in the tissue repair
processes
Macrophages, dendritic . Takes part in the differentiation of T
IL-23 Increased cells pro-inflammatory CD4+ cells to Th17 cells
IL-25 Th2 Decreases the .act1V1ty of Thl cells
and cellular immune response
Enhances the secretion of IL-4, IL-5,
Treg, macrophages, IL-13, increases the accumulation of
1L-33 dendritic cells, mast Th2, stimulates pathogenic Th2 and
cells Th17 response, induces tissue repair
through coordination of Treg
1L-35 Treg anti-inflammatory Suppress the differentiation of Th17
Stimulates epithelial repair,
decreases expression of IL-33 and
Th22, stimulates differentiation of
. Th17 in the presence of IL-6 and
TGF-B Treg anti-inflammatory Treg in the absence of IL-6, activates
the transcription factors responsible
for differentiation of T CD4+ cells to
Th9 cells
Th1, dendritic cells, Enhances transcytosis a'nd
IFN-y paracellular transport, activates
macrophages
macrophages
Takes part in cell apoptosis,
TNF-« Increased Th17, macrophages, pro-inflammatory stimulates lymphocytes and

dendritic cell . .
¢ ¢ cells activates other immune cells

The altered balance of anti-inflammatory and pro-inflammatory cytokines (mainly
towards the secretion of pro-inflammatory cytokines) may lead to the development of an
excessive immune response, which is associated with further activation and infiltration of
immune cells, increased cell apoptosis, and loss of intestinal barrier integrity [15].
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2. Immune Cells in the Pathogenesis of Ulcerative Colitis
2.1. Cells of Innate Immunity

Immune cells play a significant role in the pathogenesis of ulcerative colitis, including
cells of innate and adaptive immune response. The cells belonging to the innate immunity
are neutrophils, which constitute the main component of the inflammatory infiltrate in an
intestinal tissue in UC and are one of the first cells participating in the active phase of the
disease. Neutrophils recognize phagocytes and take part in incapacitation of the microor-
ganisms through releasing the neutrophil extracellular traps (NETs) or degranulation of
its own grains. NETs are cross-linked structures protruding from the membrane of acti-
vated neutrophils, composed of condensed chromatin and DNA. Moreover, they contain
some components of the neutrophils’ grains, such as neutrophil elastase, myeloperoxidase
(MPO), and cathepsin G. NETs generation is a neutrophils’ response to the presence of
pathogens since the biochemical composition of NETs determines the trapping and upcom-
ing elimination of pathogens. MPO released from the cell catalyzes the HCIO synthesis
reaction. Further reactions with this acid affect the formation of reactive oxygen species
involved in the inactivation of microorganisms, and thus contribute to tissue damage and
ulcer formation [7,8,17,18]. The studies conducted so far show that, in patients with UC,
the concentration of MPO was several times higher than the expression of the enzyme
in the stool of healthy subjects, which suggests an increased activity of neutrophils in
these patients. Factors that increase NET release include tumor necrosis factor-oc (TNF-o)
and bacterial lipopolysaccharides, although this phenomenon is characteristic for neu-
trophils” activation, not only limited to UC. NETs may also arise when stimulated by
other pro-inflammatory cytokines, including IL-8 released by endothelial cells, and by NO
or neutrophil autoantibodies characteristic to small blood vessel inflammation and also
present in UC. Triggering properties towards releasing of NETs also fulfill protein arginine
deiminase 4 (PAD4), which is responsible for histone citrullination—a key process taking
place during NETosis. Dinallo et al. [17] proved that epithelial cells and cells of intestinal
mucosa exhibited higher PAD4 concentrations in intestinal tissue specimens collected from
UC patients, compared to healthy individuals and patients with Crohn’s disease. Moreover,
comparing the expression of PAD4 in a tissue lesion and in healthy tissue collected from
the same patients with UC, it has been noted that in the first case, an expression of PAD4
was significantly higher [7,17,18].

Recently, in pathogenesis of UC, the role of innate lymphoid cells (ILC), which belongs
to the family of mononuclear effective cells with common lymphoid progenitor, has been
highlighted. The cells take part in the immune response directed towards extra- and
intracellular microorganisms, in protection of an intestinal barrier, as well as in tissue repair
and remodeling. Taking into account the expression of transcriptional factors and the types
of cytokines secreted by the ILC, three types of these cells were distinguished: ILC1, ILC2,
ILC3 [5,19,20].

In the Forkel’s et al. [19] analysis, an increased number of ILC1 cells correlated with
an early stage of Crohn’s disease. Additionally, Forkel et al. noted a significant increase
in the number of ILC1 cells in the inflamed intestinal mucosa. ILC1 appears as a result
of enhanced expression of T-cell-specific T-box transcription factor (T-bet), the expression
of which is induced by IL-12. ILC1 is mainly responsible for eradication of the viruses
and bacteria. In addition, after pathogens are immobilized by DCs that release IL-12 and
IL-18, ILC1 is stimulated to synthesize interferon-y (IFN-v). Increased secretion of IFN-y
may contribute to the pathological processes seen in UC; however, the role of ILC1 is more
emphasized in the pathogenesis of other type of IBD, such as Crohn’s disease, than in
UC [5,19,20].

In the chronic stage of UC, the number of ILC1, as well as ILC2 cells, was increased in
the intestinal mucosa. Moreover, in biopsies of the inflamed intestinal mucosa collected
from the patients with early UC, an increased number of ILC2 cells has also been reported.
ILC2 cells appear as a result of enhanced expression of transcription factors such as GATA
binding protein 3 (GATA3) and retinoic-related orphan receptor « (ROR«). In response to
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IL-33 (secreted especially during parasite infection, epithelial cells damage or exposition to
allergens), ILC2 releases IL-5, responsible for neutrophil recruitment to inflamed areas, and
IL-13 that disrupts the intestinal epithelial barrier function. However, ILC2 is also able to
secrete IL-4, -6, -8, -9, granulocyte-macrophage colony-stimulating factor (GM-CSF) and
amphiregulin, involved in epithelial repair [19,21].

The third, and at the same time the most diversified, group of innate lymphoid cells are
the ILC3 cells, which appears as a result of the action of retinoic-related orphan receptor yt
(RORyt). Due to the presence of a natural receptor of cytotoxicity, ILC3 cells can be divided
into NKp44+ and NKp44— cells. ILC3 cells are well known for secreting IL-22 and /or IL-17
in response to IL-23 and IL-1f3 [5,19,21]. Patients with IBD present a reduced number of
NKp44+ cells, which negatively correlates with disease activity assessed in endoscopic
examination. NKp44+ cells are dominant ILC cells in the healthy mucosa of the ileum,
caecum and colon. They are characterized by high expression of IL-22 with a protective
role towards intestinal epithelial cells, and low expression of IL-17, which may fulfill both
protective and pro-inflammatory functions against the intestinal barrier, depending on the
cytokine environment. The reduced number of NKp44+ cells may contribute to a reduction
in the expression of the protective IL-22 and thus to the dysfunction of the intestinal barrier.
Interestingly, no significant differences were found in the ILC population in the peripheral
blood and healthy intestinal mucosa from the IBD patients compared to the ILC population
in the peripheral blood and intestinal mucosa from healthy people, which indicates the
native nature of these changes [5,19,21].

2.2. Antigen-Presenting Cells (APC)

Antigen-presenting cells, including dendritic cells and macrophages, are cells connect-
ing two types of the immune response. In spite of a different origin, these two types of
cells express receptors recognizing molecular patterns such as toll-like receptors (TLR) and
nucleotide-binding oligomerization domain-coding protein (NOD). Unlike macrophages,
DCs migrate to peripheral lymph nodes when activated, while macrophages locally acti-
vate an adaptive immune response. In a healthy organism, intestinal DCs remain immune
tolerant because they secrete protective IL-10, while in IBD, DCs shift their activity and the
number of pro-inflammatory DCs increases. Hart et al. [22] showed an increased expression
of TLR-2 and TLR-4 on the surface of dendritic cells in the biopsy material from patients
with UC, while in patients without changes in endoscopic examination, elevated TLR-2 or
TLR-4 was found in only a few cases. Activation of these receptors leads to the activation
of the nuclear factor kappa-B (NF-«B) and other transcription factors directly influencing
the processes related to the development of inflammation [5,20,22].

Macrophages also show significant functional differences depending on the tissue
environment. In the absence of inflammatory processes, macrophages perform phagocytic
functions, secreting pro-inflammatory cytokines only to a limited extent, and DCs are
mainly involved in antigen presentation. During inflammation, the cytokines responsible
for macrophages’ activation are secreted and, depending on the method of activation,
macrophages can be divided into classically activated (M1) or alternatively activated (M2).
M1 present pro-inflammatory functions and significant antibacterial activity. They are
activated by exposure to interferon-y (IFN-y), GM-CSF or LPS and, when stimulated,
secrete significant amounts of cytokines (TNF-«, IL-1§3, IL-12, IL-18, IL-23), chemokines
(CXCI9, CXCL10), reactive oxygen and nitrogen species. M1 take part in the immune
response via Th1l and Th17 cells. In contrast, M2 macrophages induced by IL-4, IL-10, and
IL-13 exhibit anti-inflammatory functions and take part in tissue healing and fibrosis. M2
are characterized by the significant expression of mannose receptor (CD206) and scavenger-
type receptors (CD163 and CD204), and regulate the activation of Th2 cells through the
secretion of IL-10 and TGF-{3. In addition, via releasing the anti-inflammatory chemokines
(CCL-17, CCL-22, CCL-24), M2 promote basophils and eosinophils recruitment. Intestinal
macrophages present features characteristic for M1, as well as M2 cells. On the one hand,
similar to M1 cells, they present high expression of antigens belonging to the II class of
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the major histocompability complex (MHC), along with the expression of TNF-x. On the
other hand, like M2 cells, they represent significant phagocytic activity and constitutive
expression of IL-10. During IBD, the balance between M1 and M2 is shifted towards the
pro-inflammatory type. Intestinal macrophages then secrete pro-inflammatory cytokines,
such as IL-6, IL-23 and TNF-«, presenting at the same time increased cytotoxicity and
phagocytic activity [1,5].

2.3. Lymphocytes, as an Element of the Adaptive Immune Response in the UC'’s Pathogenesis

Antigen-presenting cells activate the mechanisms of immune response by antigen
presentation to T and B cells. This type of immune response is more time-consuming,
although it is more precise than the innate immune response. Depending on the expression
of the CD4 and CDS cell surface molecules, lymphocytes can be divided into T CD8+, mainly
cytotoxic cells, and T CD4+ T cells. The first type of cells contributes to the pathological
changes observed in UC in the intestine through the production of pro-inflammatory
cytokines (i.e., IFN-y, TNF-«x) that increase the inflammation and the secretion of pro-
inflammatory cytokines and chemokines that damage epithelial cells. These actions of T
CD8+ cells cause the formation of ulcers in the intestine that occurs in ulcerative colitis. The
latter type, T CD4+ cells, can be subdivided into helper T cells (Th) and regulatory T cells
(Treg). Moreover, Th1, Th2, Th9, Th17 and Th22 were distinguished among Th lymphocytes,
based on the cytokine profile. Differentiation from naive cells to the aforementioned
helper T cell types depends on the cytokine environment and the activation of individual
transcription factors, as shown in Figure 2 [5,23,24]. Inflammation within the intestine
tissue is associated with an enhanced activation and maturation of T cells. Lymphocytes
isolated from the peripheral blood of UC patients showed increased expression of markers
of activation—HLA-DR, B1-integrin and decreased expression of CD62L, characteristic
for naive T cells, compared to lymphocytes isolated from healthy individuals. These
results indicate an increased activation of CD4+ and CD8+ cells in patients with UC.
Moreover, the phenotype of active cells was correlated with an increased level of systemic
and intestinal inflammatory markers in newly diagnosed patients. In the same study
group, the percentage of inactive T CD4+ cells expressing CD62L negatively correlated with
eosinophil cationic protein and calprotectin in feces considered to be intestinal inflammatory
markers. Inflammation promotes lymphocyte activation due to increased APC activity in
IBD. Thus, the cytotoxicity of T CD8+ cells can lead to tissue damage, which exacerbates
the inflammatory processes [24].

65



J. Clin. Med. 2022, 11, 400

TGF-B
L4
Retinoic
Acid

Activation of
transcription
factors

Polarization of
lymphocytes from)
naive T cells to
particular
populations

Figure 2. Differentiation of T cells’ main population from the naive T cells [5,9,25]. AhR—aryl
hydrocarbon receptor, FOX P3—forkhead box P3, GATA 3—GATA binding protein 3, IRF4—interferon
regulatory factor 4, PU.1—Purine-rich Box-1, RORyt—retinoic acid receptor-related orphan receptor

0"

vt, STAT3—signal transducer and activator of transcription 3, STAT5—signal transducer and activator
of transcription 5, TGF-f—transforming growth factor3, TNF-a—tumor necrosis factor «.

2.4. Th2 Lymphocytes

Previous research projects have shown that during UC, the expression of Th2 sub-
population of lymphocytes is increased in the inflammatory infiltration of the intestine
tissue. Th2 cells are responsible for maintaining the homeostasis of the intestinal mucosa
and are also involved in immune response against parasites, pro-inflammatory pathways
and tissue repair. Excessive activation of Th2 cells may lead to the development of chronic
inflammatory state and progressive tissue fibrosis. Th2 cells mediate the humoral type of
immune response, secreting, i.e., IL-4 and IL-10, while by increasing the secretion of IL-5,
IL-13, IL-21, and IL-25, they inhibit the activity of Th1 cells involved in cellular immune
response [5,26]. Secreted by Th2 cells, IL-13 fulfill a crucial role in the pathogenesis of
UC. Through the signal transducer and activator of transcription 6 (STAT-6) and signaling
pathways of PI3K kinase, IL-13 influences the integrity of the intestinal barrier, since it
increases the expression of claudin-2, creating pores selective for water and small cations.
The expression of claudin-2 in the intestinal epithelium is high upon birth, then drops,
and the next rise of claudin-2 expression in the intestine epithelium can be observed in
inflammatory states including IBD. In addition, IL-13 negatively affects the integrity of the
intestinal barrier by inducing apoptosis of intestinal epithelial cells and inhibiting epithelial
regeneration. Moreover, TNF-o enhances these effects [24,27,28].

Th2 lymphocytes arise from the activation of the GATA-3 transcription factor upon
stimulation by IL-4 secreted by dendritic cells. Interestingly, Seidelin et al. [29] presented
that intestinal IL-33 is able to increase the expression of GATA-3, which indicates that the
increased number of Th2 cells might be caused by an increased level of IL-33. Seidelin et al.
noted that the expression of IL-33 was higher in intestinal biopsies collected from patients
with active UC compared to inactive UC and healthy subjects. IL-33 plays a dichotomous
role in the human body. On the one hand, IL-33 has a protective function as it reduces the
expression of genes induced by NF-«kB pathway; however, on the other hand, acting as an
“alarmin”, IL-33 is constitutively secreted into the extracellular space and impairs immune
homeostasis, leading to the development of inflammation. Its role depends, on the degree
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of damage, the presence of pro-inflammatory cytokines, and the stage and localization of
the inflammatory process. IL-33 presents an ability to bind DNA; as a result, it can act
as a transcription factor. Additionally, IL-33 is also a conventional cytokine, which binds
the ST2 receptor on the cell surface [26,29-33]. Bessa et al. [34] examined the influence of
compartmentalization of IL-33 on the inflammation development. The researchers used a
mouse model with the IL-33 mutation, which lost nucleus location, and noted that mice
with the mutation presented a higher expression of IL-33 and developed a multisystem
inflammatory response including, e.g., intestine inflammation. At the same time, no
inflammation was noted in the mice without a receptor for IL-33 [34]. Physiologically,
IL-33 secretion from the cell occurs as a result of cell damage or apoptosis. IL-33 binds
the ST2 receptor present on the surface of Th2, ILC2, Treg, and T CD8+ cells. Activation
of IL-33/5T2 axis stimulates the secretion of Th2 cytokines, which enhance the activation
of Th2 and ILC2. Via TGF-f3, IL-33 stimulates the polarization of naive lymphocytes into
Treg cells and also coordinates the functions of Treg and ILC2 during tissue repair. In UC,
the concentration of IL-33 and the soluble ST2 receptor in serum is increased compared to
healthy individuals and patients with Crohn’s disease, and additionally correlates with
disease activity, which indicates the contribution of the IL-33/ST2 axis in the initiation
and/or maintenance of the inflammation [32,33].

2.5. Th9 Lymphocytes

Other T cells, including Th9, Th17, Th22 and Treg, also play an important role in the
pathogenesis of UC. Shohan et al. [10] presented that, in the intestinal biopsies collected
from UC patients, a number of Th9 cells was increased compared to the healthy control,
which may indicate a crucial role of these cells in UC pathogenesis [10]. Th9 cells appear
as a result of polarization of naive T cells in the presence of IL-4 and TGF-f3, thereby
acquiring the ability to secrete IL-9. Expression of IL-9 is regulated by various cytokines
and transcription factors, such as STAT-6 and GATA-3 (characteristic for Th2 cells), as well
as regulatory interferon factor 4 (IRF4) and purine-rich box-1 (PU.1) associated with Th9
cells. In particular, the expression of IL-9 depends on the last of the mentioned factors,
since Th9 cells are the main source of IL-9 [25]. IL-9 is involved in the elimination of
parasites by activating mast cells and eosinophils. In addition, this interleukin improves
mucus synthesis and neutrophil infiltration in an allergic reaction [9]. Moreover, IL-9 also
influences the expression of proteins forming the tight junction between the cells, increasing
the permeability of the epithelium [10].

In the intestinal mucosa of patients with UC, the expression of mRNA encoding IL-
9 was increased compared to the intestinal mucosa of healthy individuals; additionally,
mRNA expression correlated with disease activity expressed in the Mayo scale. In order to
determine the origin of IL-9, the researchers were looking for cells with PU. 1 expression and
discovered that, in UC, the quantity of T CD4+ cells with PU. 1 expression was increased
compared to the control group. These results may indicate that Th9 cells play a significant
role in the UC’s pathogenesis. In the following research, conducted on the mouse model
with chronic colitis induced by adoptive T cell transfer, mice with IL-9 deficiency developed
less intensified inflammation compared to wild-type mice. Moreover, animals with IL-9
deficiency presented a decreased expression of claudin-2—the protein regulating tight
junctions—compared to the wild-type mice, and the rectal administration of recombinant
IL-9 increased the expression of claudin-2 in both models of mouse. Thus, IL-9 increases
the expression of claudin-2, which, as a selectively permeable pore-forming protein, is
one of the factors responsible for the impairment of the intestinal barrier integrity, and
promotes the activation of the immune system and increases the progression of colitis. Other
factors contributing to intestinal barrier impairment and development of inflammation
are the relocation and impaired expression of other proteins, creating tight junctions
between epithelial cells (for example, occludin), as well as intensified apoptosis of epithelial
cells [25,28,35].
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2.6. Th17 Lymphocytes

CD4+ T cells in the presence of IL-6, TGF-§3, IL-21 and IL-23 evolve into Th17 cells. IL-6
secreted by macrophages and DCs together with TGE-f3 mediate the activation of RORyt
and signal transducer and activators of transcription 3 (STAT3), which are key transcription
factors in the polarization of naive T cells to Th17 cells. IL-21 with features similar to
IL-6 enhances the expression of the IL-23 receptor, which, by binding to IL-23, induces
the polarization of the naive T cells to Th17 cells (by activating the RORyt-dependent
pathway), which also affects cells maturation, phenotype and proliferation. Patients with
IBD showed increased expression of IL-23 and interleukins belonging to the IL-17 family,
which is related to the increased number of Th17 cells [5,20]. Ivanov et al. [36] noted that
the induction of Th17 cells may be caused by the adherence of intestinal bacteria (such
as segmented filamentous bacterium—SFB) to intestinal epithelial cells. The resulting
activation of dendritic cells may lead to secretion of IL-13 and IL-6 in the intestine. The
increased level of IL-23, IL-1f3 and IL-6 causes a polarization of naive T cells to Th17
cells [36,37]. Th17 cells secrete cytokines such as IL-21, IL-22, IL-12, and TNF-«, as well as
IL-17A and IL-17F belonging to the IL-17 family. IL-17A stimulates monocytes, epithelial
and endothelial cells to secrete chemokines (CXCL1, CXCL2, CXCL5, CXCLS) that attract
lymphocytes and neutrophils to the inflamed tissue. Moreover, IL-17A stimulates the
synthesis of pro-inflammatory IL-13 and TNF-« [5,20]. However, Lee et al. [13] noted that
the early and IL-23 independent synthesis of IL-17A plays a protective role as it affects the
localization of occludin in tight junctions in a mouse model of experimental colitis induced
by dextran sodium sulfate. Occludin is a component of a multiprotein complex creating
tight junctions between intestinal epithelial cells; therefore, the lack of this protein or its
internalization increases the permeability of the intestinal barrier [12,38]. In addition to
IL-17, IL-22 also exerts an activity supporting the intestinal barrier function by inducing the
synthesis of mucus and antimicrobial peptides [5,21]. Th17 cells play a dual role in human
body; on the one hand they secrete pro-inflammatory cytokines (IL-17, TNF-c), and on the
other hand, cytokines that protect the intestinal epithelium (IL-10, IL-22). As a result of the
excessive activation, Th17 cells may become the pathogenic cells, contributing to chronic
inflammation and the development of UC [5,12,20].

2.7. Th22 Lymphocytes

Despite the similar functions and phenotype of Th17 cells, Th22 cells show lower
expression of RORyt, and polarization from naive T cells to Th22 cells occurs as a result
of activation of the aryl hydrocarbon receptor (AhR) by IL-6 and TNF-« [5,39]. Leung
et al. [39] noticed that, in UC, the percentage of Th22 cells (CD4+, IL-17—, IL-22+) is re-
duced, while the percentage of Th17 cells (CD4+, IL-17+, IL-22—) increases in mononuclear
cells of the lamina propria of the intestinal mucosa taken during a biopsy. These data
indicate a disturbed Th17/Th22 balance in patients with UC. Th22 cells are involved in
antiviral, antibacterial and antifungal defense, as well as in the tissue repair within the
skin and gastrointestinal tract. These lymphocytes mainly secrete cytokines that protect
the intestinal barrier, i.e., IL-10 with immunosuppressive properties, and IL-22, which
stimulates epithelial cell proliferation and intestinal mucus synthesis. The analysis [39]
performed on the experimental murine models additionally showed that TGF-f3 is able
to inhibit the synthesis of IL-22 via the transcription factor c-Maf. This conclusion was
further confirmed in cultures of intestinal lamina propria mononuclear cells taken from
healthy individuals, which had been exposed to increasing levels of TGF-f3 in subsequent
cultures. The cultures also contained IL-6 and IL-23, which are necessary for lymphocyte
polarization from naive T cells to Th17 and Th22, respectively. High expression of TGF-3
suppressed CD4+, IL-17—, and IL-22+ cells, and simultaneously increased the number of
CD4+, CD25+, and FoxP3+ Treg cells. These results indicate the suppressive role of TGF-f3
on Th22 polarization, as well as the pleiotropic impact of this cytokine on lymphocyte
polarization in different cytokine environments [5,39,40].
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2.8. Treg Lymphocytes

The lymphocytes also expressing CD4+ particles are Treg cells, which provide CD4+—
expressed lymphocytes that ensure immune tolerance towards intestine microbiota, as
well as preventing the development of autoimmune processes since they secrete anti-
inflammatory cytokines such as IL-10, IL-35, and TGF-3. The lack of one of these cytokines,
IL-10, secreted by the Treg cells, has been shown to lead to the development of spontaneous
colitis in a mouse model. Moreover, in the studies by WozZniak-Stolarska [41], an increased
expression of IL-10 was observed in patients with UC. Other researchers have additionally
observed that increased expression of IL-10 mRNA correlates with disease activity. The
anti-inflammatory effect of IL-10 is associated with inhibition of NF-«B, tissue factor, tissue
metalloproteinases, and cyclooxygenase 2 [5,11,42]. TGF-f3, similarly to IL-10, fulfills
the immunosuppressive role. Research conducted on the IL-6 knock-out mouse model
presented an elevated level of Treg cells and decreased level of Th17 cells in these mice.
TGF-f in the absence of IL-6 suppresses Th17 polarization from naive T cells and thus, via
RORyt, stimulates Treg polarization. In addition, Treg cells may suppress polarization of
Th17 cells through IL-10 and IL-35, as well suppressing secretion of cytokines activating
Th17 differentiation (IL-6, IL-23) [12]. Treg cells through TGF-{3 stimulate tissue repair and
relieve inflammation by suppressing the expression of IL-33 receptor [13]. Patients with
UC, compared to healthy individuals, present an increased number of Treg cells; however,
these cells are more likely to undergo apoptosis in inflamed tissue and show a 60% reduced
ability to suppress proliferation of other T cells [5].

2.9. B Lymphocytes/Plasmocytes

In UC pathogenesis, B lymphocytes play a crucial role beside T cells. B cells are
responsible for the synthesis of antibodies, antigen presentation to T cells and adaptation
of the inflammatory response through secretion of IL-2, IL-4, IFN-y, TGF-f3 and GM-CSE.
Regarding the function of the cell, B cells may be divided into effector cells—secreting
antibodies and cytokines—and regulatory cells (Breg), secreting IL-10. Activation of B cells
in the intestines takes place in mesenteric lymph nodes and lymph nodules, followed by
the migration from nodes and nodules to the intestinal lamina propria and differentiation
into plasmocytes, which is associated with the disappearance of the CD19 antigen [43,44].

B cell surface markers have not been clearly identified; however, it is known that
CD?5 antigen is located on the surface of regulatory lymphocytes. The studies performed
showed that Breg cells transformed to plasmocytes can highly express CD24 and CD38
(CD24high CD3ghish). Moreover, the expression of CD95 antigen on the surface of Breg
indicates functional exhaustion of B cells, which can be followed by a loss of its functions.
Wang et al. [45] used flow cytometry to distinguish the expression of various B-cell surface
markers in the peripheral blood of IBD patients. Patients with UC presented a decreased
expression of cells with CD24M8h CD38Msh and CD5+ phenotypes, compared to healthy
individuals. In the course of UC, a reduction of Breg cell population is observed, which
leads to a decrease in the concentration of IL-10 in the peripheral blood. Furthermore, the
percentage of CD24h8h CD38M8h cells negatively correlates with disease activity based on
the Mayo scale. The highest percentage of CD95+ cells was found among CD5+ Breg cells
in UC patients, compared to healthy subjects, and this percentage also positively correlated
with the Mayo scale. The ability of B cells isolated from UC patients to secrete IL-10 as a
result of LPS and CD257 stimulation was evaluated, and it was found that the majority of
IL-10 secreting cells were those with CD24high CpD3ghigh CD5+. However, the reduction in
the population of these cells resulted in a decrease in IL-10 levels in UC patients compared
with healthy individuals. Thus, patients with UC may present a decreased quantity of
B cells, which perform regulatory functions by secreting IL-10 with immunosuppressive
properties. At the same time, Breg cells show a reduced functional activity, as evidenced by
high expression of the CD95+ antigen. These findings might suggest that the pathogenesis
of UC is connected with paucity of regulatory B cells and their decreased immunoregulatory
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properties. At the same time, these results may provide a new potential approach to UC
treatment [45].

Plasmocytes are the terminal stage of B cell differentiation and are localized mainly in
bone marrow and lamina propria. IgA-secreting cells represent the majority of the intestinal
plasmocytes, while IgG-secreting cells are related to inflammation. In the UC, the number
of plasmocytes is elevated in the intestinal tissue and the balance between these two types
of cells is changed, which indicates a significant role of these cells in the pathogenesis of UC.
Research conducted by Uo et al. [46] confirms these reports, as the immunohistochemistry
examination of UC’s mucosal presented a significant influx of plasmocytes to the intestinal
mucosa. Moreover, the majority of plasmocytes isolated from the non-IBD controls secrete
IgA, while in the UC, plasmocytes secrete mostly IgG [41]. Under physiological conditions,
locally secreted antibodies regulate the composition of the microbiota composition and
maintain the intestinal barrier homeostasis. In UC, the synthesis of antibodies against
one’s own microbiota or tissues such as antibodies to flagella or perinuclear antibodies to
neutrophils, is frequently observed, and is detected in 2/3 of UC patients. Castro-Dopico
et al. [47] assessed the degree of binding of intestinal microbiota by IgG antibodies in the
feces. It has been shown that, in UC, the opsonization of gut bacteria by antibodies is
increased compared to healthy individuals. Eighty percent of the bacteria isolated from the
feces of UC patients were opsonized by antibodies, while in healthy controls less than 10%
of the bacteria were found to be opsonized [44,47,48].

As mentioned above, the IgG is mainly secreted in the inflammation and is the main
immunoglobulin present in the intestinal tissue in UC. Class G immunoglobulins show
high affinity to antigens, the ability to activate the complement system by binding C1q, and
also are responsible for cellular memory. By binding to FcyR, IgG eliminates microorgan-
isms, influences migration and maturation of immune cells, and affects the synthesis of
inflammatory mediators. FcyR are glycoproteins expressed on the surface of immune cells
and can act as activators (FcyRI, FcyRIIA, FcyRIIIA, FcyRIIIB) or inhibitors (FcyRIIB) of
the immune response. FcyRs bind mainly to IgG, but can also bind serum amyloid P or
C-reactive protein (CRP). In particular, the relationship between CRP and FcyRIIA causes
the internalization of autoantigens, microorganisms and damaged cells by neutrophils and
monocytes. In UC, the neutrophils state the main component of the intestinal infiltration,
which can be associated with the increased expression of genes coding IL-13, CXCL1
and CXCLS, responsible for recruitment of neutrophils. Expression of IL-13 and CXCL8
correlates most with FcyRIIA expression, which may indicate that IgG antibodies against
gut microbiota contribute to the development of intestinal inflammation through FcyRIIA-
dependent induction of IL-13 and CXCL8. Among patients with IBD, the cases of incorrect
post-translational modification were noted, including defucosylation, enhanced affinity of
IgG to FcyRIIA or agalactosylation, and decreased affinity of IgG to FCyRIIB [47,48].

The role of innate cells in the development of ulcerative colitis has been summarized
in Figure 3.
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Figure 3. The role of immune cells in the development of ulcerative colitis (UC). Among patients with
UC, an increased number of Th2, Th9, and Th17 lymphocytes, as well as ILC2 and ILCS3, is observed.
The cytokines secreted by these cells contribute to the impairment of the intestinal barrier function
through increased expression of claudin-2 and increased apoptosis of epithelial cells. Additionally,
cytokines stimulate the migration and degranulation of neutrophils and further activation of immune
cells. Activated plasma cells secrete antibodies, including those against gut microbiota inducing
chemokines and IL-1p [5,27,33,45]. At the same time, the number and/or activity of Breg, Treg, and
Th22 cells is decreased, which leads to reduced protection of the intestinal barrier [5,11,42,45].

3. Conclusions

Ulcerative colitis is associated with chronic inflammation, which possibly results from
the abnormal immune response towards intestine microbiota and/or food antigens. The
exact mechanisms contributing to the development of UC remain unclear, but significant
progress has been made recently, including a better understanding of the innate functions
of lymphoid cells and their relationship to changes in disease development. Moreover, Th9
cells were identified among lymphocytes, which by secreting IL-9 influence the integrity of
the intestinal barrier and contribute to the degranulation of neutrophils. Among patients
with UC, increased activity was noted, as well as the number of pro-inflammatory Th2, Th17,
and Th9, with simultaneous inhibition of the activity and number of anti-inflammatory
cells—Th22, Treg, and Breg. The activity of immune cells is affected by the cytokines.
Cytokines not only contribute to the development and maintenance of inflammation, but
also influence the integrity of the intestinal barrier. IL-10 and IL-22 protect the intestinal
barrier, while IL-13 and IL-9 disrupt the intestinal barrier by increasing the expression
of claudin-2 in tight junctions between epithelial cells and enhancing the apoptosis of
the intestinal barrier’s epithelial cells. Interestingly, the functions of the cytokines are
depended on the cytokine environment; for example, TNF-o enhances the effect of IL-13.
The above relationship may be useful in the treatment of UC, because the therapeutic effect
of eliminating the influence of one cytokine on the disease process may be canceled out by
another type of cytokine.

71



J. Clin. Med. 2022, 11, 400

Author Contributions: A K.—conceptualization, writing—original draft preparation; P.O.—concep
tualization, review and editing; K.K.-V.—conceptualization, review and editing, supervision. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Porter, R],; Kalla, R.;; Ho, G.-T. Ulcerative colitis: Recent advances in the understanding of disease pathogenesis. F100 Res. 2020, 9, 294.
[CrossRef] [PubMed]

2. Teigen, LM.,; Geng, Z.; Sadowsky, M.].; Vaughn, B.P.; Hamilton, M.].; Khortus, A. Dietary factors in sulfur metabolism and
pathogenesis of ulcerative colitis. Nutrients 2019, 11, 931. [CrossRef] [PubMed]

3. Turner, J. Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 2009, 9, 799-809. [CrossRef]

4. Litvak, Y.,; Byndloss, M.X,; Tsolis, R.; Baumler, A.J. Dysbiotic Proteobacteria expansion: A microbial signature of epithelial
dysfunction. Curr. Opin. Microbiol. 2017, 39, 1-6. [CrossRef]

5. Kmie¢, Z.; Cyman, M,; Slebioda, T.J. Cells of the innate and adaptive immunity and their interactions in inflammatory bowel
disease. Adv. Med. Sci. 2017, 62, 1-16. [CrossRef]

6.  McCauley, H.A.; Guasch, G. Three cheers for the goblet cell: Maintaing homeostasis in mucosal epithelia. Trends Mol. Med. 2015,
21,492-503. [CrossRef] [PubMed]

7. Kaur, A; Goggolidou, P. Ulcerative colitis: Understanding its cellular pathology could provide insight into novel therapies. J. Infalmm.
2020, 17, 15. [CrossRef]

8. Wejman, J.; Bartnik, W. Atlas Kliniczno-Patologiczny Nieswoistych Choréb Zapalnych Jelit; Wydawnictwa Medyczne Termedia:
Warsaw, Poland, 2011; pp. 53-54, 65-73.

9.  Shohan, M.; Elahi, S.; Shirzad, H.; Rafieian-Kopaei, M.; Bagheri, N.; Soltani, E. Th9 cells: Probable players in ulcerative colitis
pathogenesis. Int. Rev. Immunol. 2018, 37, 192-205. [CrossRef]

10. Shohan, M.; Sabzevary-Ghahfarokhi, M.; Bagheri, N.; Shirzad, H.; Rahimian, G.; Soltani, A.; Ghatreh-Samani, M.; Deris, E;
Tahmasbi, K.; Shahverdi, E.; et al. Intensified Th9 response is associated with the immunopathogenesis of active ulcerative colitis.
Immunol. Investig. 2018, 47, 700-711. [CrossRef]

11. Poliriska, B.; Matowicka-Karna, J.; Kemona, H. Cytokiny w nieswoistych zapalnych chorobach jelit. Postepy Hig. Med. Dosw. 2009,
63, 389-394.

12.  Szulc-Dabrowska, L.; Gieryniska, M.; Depczyniska, D.; Schollenberger, A.; Toka, EN. Limfocyty Th17 w zakazeniach bakteryjnych.
Postepy Hig. Med. Dosw. 2015, 69, 398-417. [CrossRef]

13. Lee, S.H.; Kwon, J.E.; Cho, M.-L. Immunological pathogenesis of inflammatory bowel disease. Intest. Res. 2018, 16, 26—42.
[CrossRef]

14. Geremia, A.; Biancheri, P; Allan, P; Corazza, G.R.; Di Sabatino, A. Innate and adaptive immunity in inflammatory bowel disease.
Autoimmun. Rev. 2013, 13, 3-10. [CrossRef]

15.  Miller, A.M. Role of IL-33 in inflammation and disease. J. Inflamm. 2011, 8, 22. [CrossRef] [PubMed]

16. Nemeth, Z.H.; Bogdanovski, D.A.; Barratt-Stopper, P.; Paglinco, S.R.; Antonioli, L.; Rolandelli, R.H. Crohn’s disease and ulcerative
colitis show unique cytokine profiles. Cureus 2017, 9, 1177. [CrossRef] [PubMed]

17. Dinallo, V.; Marafini, I; Di Fusco, D.; Laudisi, F; Franze, E.; Di Grazia, A.; Figliuzzi, M.M.; Caprioli, F.; Stolfi, C.; Monteleone,
I; et al. Neutrophil extracellular traps sustain inflammatory signals in ulcerative colitis. J. Crohn’s Colitis 2019, 13, 772-784.
[CrossRef]

18.  Matoszka, N.; Dzialo, J.; Tokarz-Deptuta, B.; Deptuta, W. NET i NEToza—Nowe zjawisko w immunologii. Postepy Hig. Med.
Dosw. 2012, 66, 437—-445. [CrossRef]

19. Forkel, M.; van Tol, S.; Ho6g, C.; Michaélsson, J.; Almer, S.; Mjosberg, J. Distinct alterations in the composition of mucosal
innate lymphoid cells in newly diagnosed and established Crohn’s disease and ulcerative colitis. J. Crohns Colitis 2019, 13, 67-78.
[CrossRef]

20. Ordas, I; Eckmann, L.; Talamini, M.; Baumgart, D.; Sandborn, W.]. Ulcerative Colitis. Lancet 2012, 380, 1606-1619. [CrossRef]

21. Forkel, M.; Mjosberg, J. Dysregulation of group 3 innate lymphoid cells in the pathogenesis of inflammatory bowel disease. Curr.
Allergy Asthma Rep. 2016, 16, 73. [CrossRef] [PubMed]

22. Hart, AL.; Al-Hassi, H.O.; Rigby, R].; Bell, S.J.; Emmanuel, A.V,; Knight, S.C.; Kamm, M.A; Stagg, A.]. Characteristic of Intestinal
Dendritic Cells in Inflammatory Bowel Diseases. Gastroenterology 2005, 129, 50-65. [CrossRef]

23. Kappeler, A.; Mueller, C. The role of activated cytotoxic T cells in inflammatory bowel disease. Histol. Histopathol. 2000, 15,
167-172. [PubMed]

24. Rabe, H.; Malmquist, M.; Barkman, C.; Ostman, S.; Gijertsson, I.; Saalman, R.; Wold, A.E. Distinct patterns of naive, activated

and memory T and B cells in blood of patients with ulcerative colitis or Crohn’s disease. Clin. Expl. Immunol. 2019, 197, 111-129.
[CrossRef] [PubMed]

72



J. Clin. Med. 2022, 11, 400

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Gerlach, K.; Hwang, Y.; Nikolaev, A.; Atreya, R.; Dornhoff, H.; Steiner, S.; Lehr, H.-A.; Wirtz, S.; Vieth, M.; Waisman, A.; et al. Th9
cells that express the trancription factor PU.1 drive T cel-mediated colitis via IL-9 receptor signaling in intestinal epithelial cells.
Nat. Immunol. 2014, 15, 676—686. [CrossRef] [PubMed]

Bamias, G.; Cominelli, F. Role of Th2 immunity in intestinal inflammation. Curr. Opin. Gastroenterol. 2015, 31, 471-476. [CrossRef]
Heller, E; Fromm, A.; Gitter, A.H.; Mankertz, J.; Schulzke, J.-D. Epithelial apoptosis is a prominent feature of the epithelial barier
disturbance in intedtinal inflammation: Effect of pro-inflammatory interlekin-13 on the epithelial cell function. Mucosal. Immunol.
2008, 1, S58-561. [CrossRef]

Raju, P.,; Shashikanth, N.; Tsai, P.-Y.; Pongkorpsakol, P.; Chanez-Paredes, S.; Steinhagen, P.R.; Kuo, W.-T.; Singh, G.; Tsukita, S.;
Turner, ].R. Inactivation of paracellular cation-selective claudin-2 channels attenuates immune-mediated experimental colitis in
mice. J. Clin. Investig. 2020, 130, 5197-5208. [CrossRef]

Seidelin, J.B.; Coskun, M.; Kvist, PH.; Holm, T.L.; Holgersen, K.; Nielsen, O.H. IL-33 promotes GATA-3 polarization of gut-derived
T cells in experimental and ulcerative colitis. J. Gastroenterol. 2015, 50, 180-190. [CrossRef]

Travers, J.; Rochman, M.; Miracle, C.E.; Habel, J.E.; Brusilovsky, M.; Caldwell, ].M.; Rymer, J.K.; Rothenberg, M.E. Chromatin
regulates IL-33 release and extracellular cytokine activity. Nat. Commun. 2018, 9, 3244. [CrossRef]

He, Z.; Chen, L,; Furtado, G.C; Lira, S.A. Interleukin 33 regulates gene expression in intestinal epithelial independently of its
nuclear localization. Cytokine 2018, 111, 146-153. [CrossRef]

Akimoto, M.; Takenaga, K. Role of the IL-33/ST2L axis in colorectal cancer progression. Cell Immunol. 2019, 343, 103740.
[CrossRef] [PubMed]

Hodzic, Z.; Schill, E.M.; Bolock, A.M.; Good, M. IL-33 and the intestine: The good, the bad and the inflammatory. Cytokine 2017,
100, 1-10. [CrossRef]

Bessa, J.; Meyer, C.A.; de Vera Mudry, M.C.; Schliht, S.; Smith, S.H.; Iglesias, A.; Cote-Sierra, J. Altered subcellular localization of
IL-33 leads to non-resolving lethal inflammation. J. Autoimmun. 2014, 55, 33-41. [CrossRef] [PubMed]

Luettig, J.; Rosenthal, R.; Barmeyer, C.; Schulzke, ].D. Claudin-2 as a mediator of leaky gut barier during intestinal inflammation.
Tissue Barriers 2015, 3, €977176. [CrossRef] [PubMed]

Ivanov, LI; Atarashi, K.; Manel, N.; Brodie, E.L.; Shima, T.; Karaoz, U.; Wei, D.; Goldfarb, K.; Santee, C.A.; Lynch, S.V.; et al.
Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell 2009, 139, 485-498. [CrossRef] [PubMed]

Zhao, ].; Lu, Q.; Liu, Y,; Shi, Z.; Hu, L.; Zheng, Z.; Tu, Y.; Xiao, Z.; Xu, Q. Th17 zells in Inflammatory Bowel Disease: Cytokines,
plasticity, therapies. J. Immunol. Res. 2021, 2021, 8816041. [CrossRef] [PubMed]

Lee, ].S.; Tato, C.M.; Joyce-Shaikh, B.; Gulan, E,; Cayatte, C.; Chen, Y.; Blumenschein, W.M.; Judo, M.; Chen, K.; Ayanoglu, G.; et al.
IL-23 independent IL-17 production regulates intestinal epithelial permeability. Immunity 2015, 43, 727-738. [CrossRef]

Leung, ].M.; Davenport, M.; Wolff, M.].; Wiens, K.E.; Abidi, WM.; Poles, M.A.; Cho, I; Ullman, T.; Mayer, L.; Loke, P. IL-
22-producing CD4+ cells are depleted in actively inflamed colitis tissue. Mucosal. Immunol. 2014, 7, 124-133. [CrossRef]
[PubMed]

Neurath, M.F. Targeting immune cell circuits and trafficking in inflammatory bowel disease. Nat. Immunol. 2019, 20, 970-979.
[CrossRef] [PubMed]

Wozniak-Stolarska, B.; Sajewicz, Z.; Btachut, K. Serum concentration of interleukin-10 in inflammatory bowel disease. Adv. Clin.
Exp. Med. 2003, 12, 717-721.

Asselin, C.; Gendron, F.-P. Shuttling of information between the mucosal and luminal environment drives intestinal homeostasis.
FEBS Lett. 2014, 588, 4148-4157. [CrossRef]

Masliniski, W.; Kontny, E. Podstawy Immunologii dla Reumatologow; Wydawnictwo Narodowego Instytutu Geriatrii, Reumatologii i
Rehabilitacji im: Warsaw, Poland, 2015; pp. 77-91.

Mizoguchi, A.; Bhan, A.K. Immunobiology of B cells in inflammatory bowel disease. In Crohn’s Disease and Ulcerative Colitis;
Baumgart, D., Ed.; Springer International Publishing: Cham, Switzerland, 2017. [CrossRef]

Wang, X.; Zhu, Y.; Zhang, M.; Wang, H.; Jiang, Y.; Gao, P. Ulcerative colitis is chracterized by a decrease in regulatory B cells. ]. Crohns
Colitis. 2016, 10, 1212-1223. [CrossRef]

Uo, M.; Hisamatsu, T.; Miyoshi, J.; Kaito, D.; Yoneno, K.; Kitazume, M.T.; Mori, M.; Sugita, A.; Koganei, K.; Matsuoka, K,;
et al. Mucosal CXCR4+ IgG plasma cells contribute to pathogenesis of human ulcerative colitis through FcyR-mediated CD14
macrophage activation. Gut 2013, 62, 1734-1744. [CrossRef] [PubMed]

Castro-Dopico, T.; Dennison, T.W.,; Ferdinand, J.R.; Clare, S.; Parkes, M.; Clatworthy, M.R. Anti-comensal IgG drives intestinal
inflammation and type 17 immunity in ulcerative colitis. Immunity 2019, 50, 1099-1114. [CrossRef] [PubMed]

Castro-Dopico, T.; Clatworthy, M.R. IgG and Fcy receptors in intestinal immunity and inflammation. Front. Immunol. 2019, 10, 805.
[CrossRef] [PubMed]

73






Journal of

%

Clinical Medicine

Article

The Assessment of IL-21 and IL-22 at the mRNA Level in Tumor
Tissue and Protein Concentration in Serum and Peritoneal Fluid
in Patients with Ovarian Cancer

Aleksandra Mielczarek-Palacz

10, Celina Kruszniewska-Rajs 2, Marta Smycz-Kubarska !, Jarostaw Strzelczyk !,

Wojciech Szanecki 3, Andrzej Witek ® and Joanna Magdalena Gola %*

Citation: Mielczarek-Palacz, A.;
Kruszniewska-Rajs, C.;
Smycz-Kubariska, M.; Strzelczyk, J.;
Szanecki, W.; Witek, A.; Gola, ].M.
The Assessment of IL-21 and IL-22 at
the mRNA Level in Tumor Tissue and
Protein Concentration in Serum and
Peritoneal Fluid in Patients with
Ovarian Cancer. J. Clin. Med. 2021, 10,
3058. https://doi.org/10.3390/
jem10143058

Academic Editors:
Katarzyna Komosinska-Vassev and

Paola Concolino

Received: 11 June 2021
Accepted: 8 July 2021
Published: 9 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Immunology and Serology, Faculty of Pharmaceutical Sciences in Sosnowiec,
Medical University of Silesia, 40-055 Katowice, Poland; apalacz@sum.edu.pl (A.M.-P);
mkubanska@sum.edu.pl (M.S.-K.); jarekstrzelczyk@o2.pl (J.S.)

Department of Molecular Biology, Faculty of Pharmaceutical Sciences in Sosnowiec,
Medical University of Silesia, 40-055 Katowice, Poland; ckruszniewska@sum.edu.pl
Department of Gynecology and Obstetrics, Faculty of Medical Sciences in Katowice,
Medical University of Silesia, 40-055 Katowice, Poland; wszanecki@sum.edu.pl (W.S.);
awitek@sum.edu.pl (A.W.)

*  Correspondence: jgola@sum.edu.pl; Tel.: +48-32-364-12-34

Abstract: The aim of the analysis was for the first time to assess the expression of genes encoding IL-21
and IL-22 at the mRNA level in ovarian tumor specimens and the concentration of these parameters
in serum and peritoneal fluid in patients with ovarian serous cancer. The levels of IL-21 and IL-22
transcripts were evaluated with the use of the real-time RT-qPCR. Enzyme-linked immunosorbent
assay (ELISA) was used to determine the concentration of proteins. Quantitative analysis of IL-21
gene mRNA in the tumor tissue showed the highest activity in the G1 degree of histopathological
differentiation and was higher in G1 compared to the control group. The concentration of IL-21 and
IL-22 in the serum and in the peritoneal fluid of women with ovarian cancer varied depending on the
degree of histopathological differentiation of the cancer and showed statistical variability compared
to controls. The conducted studies have shown that the local and systemic changes in the immune
system involving IL-21 and IL-22 indicate the participation of these parameters in the pathogenesis
of ovarian cancer, and modulation in the IL-21/IL-22 system may prove useful in the development of
new diagnostic and therapeutic strategies used in patients, which require further research.

Keywords: ovarian cancer; interleukin 21; interleukin 22

1. Introduction

Ovarian cancer is one of the gynecological cancers with the worst prognosis. Both
the number of cases and the mortality caused by this disease in the world are constantly
increasing [1,2]. In patients, the most important prognostic factor is the stage of clinical
advancement, which determines the therapeutic strategy. Unfortunately, this cancer is
detected in stage III or IV in more than 70% of women. It is associated with an unfavorable
prognosis and a low five-year survival rate. It is caused by asymptomatic tumor growth,
lack of characteristic clinical symptoms in the initial stage of the disease and diagnostic
tests helpful in early diagnosis [3,4]. Currently conducted research indicates that the
protein intercellular mediators—cytokines—play an important role in the formation and
development of ovarian cancers. Cytokines interact with cells through characteristic surface
receptors that transmit a signal to the interior of the cell. Altered expression of cytokines
and their receptors in cancer cells affects the interaction in the tumor microenvironment,
which may induce an anti-cancer response, promote tumor growth, participate in invasion
and metastasis, and in immunosuppression [5,6].
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Recent studies indicate that interleukin 21 (IL-21) and interleukin 22 (IL-22) play an im-
portant role in the pathogenesis of cancer and cancer therapy [7-12]. Winkler et al. showed,
that Th17 cell sub-populations with expression of IL-21 and/or IL-22 infiltrate the tumor
tissue of ovarian cancer [7]. Interleukin-21 is a cytokine secreted mainly by activated CD4 +
T cells, including T helper 17 (Th17) and T follicular helper (Tfh) cells and NKT cells [8].
IL-21 is bound to the IL-21 receptor which contains the gamma chain [9]. It has an im-
munoregulatory function, has the ability to both promote and inhibit the immune response
and induce an anti-cancer response, mainly by activating Tc lymphocytes, therefore, at-
tempts are still being made to use it in cancer immunotherapy [10-12]. Studies have shown
the effectiveness and safety of the therapy with the use of recombinant IL-21 in advanced
melanoma, renal cell carcinoma, and non-Hodgkin’s B cell lymphoma [13]. Subcutaneous
administration of IL-21 augmented tumor regression and increased tumor infiltration by
CD8 + T cells [11]. IL-21 can be also combined with other immunotherapies [14].

Interleukin-22 is a cytokine synthesized by lymphocyte T helper (Th) cells, including
their Th17 and Th22 subpopulations as well as NKT lymphocytes, NK cells, and nonspecific
lymphoid cells [15]. It is a pro-inflammatory cytokine, it induces the production of acute
phase proteins and participates in the pathogenesis of many diseases, including cancer.
Interestingly, IL-22 has also been shown to induce multiple cytoprotective mechanisms,
participating in tissue regeneration following inflammatory lesions [16]. IL-22 is bound
to the heterodimer receptor complex of IL-10R2 and IL-22R1 [17] and, by activating
numerous signaling pathways, it influences such processes as cell survival, proliferation,
migration, and angiogenesis [17]. These processes are crucial for the development of
cancer. Protopsaltis et al. demonstrated that IL-22 directly stimulates angiogenesis through
activation of the ERK and Stat3 pathways, and blockade of IL-22 inhibits tumor growth [18].
Interestingly, cancer cells release IL-1, which stimulates IL-22 production by memory
T cells [17].

The analyses conducted so far on the evaluation of IL-21 and IL-22 in ovarian cancer
have been interesting and induce further research. It has been shown that the determina-
tion of IL-21 with other cytokines, for example, IL-17a, may find clinical application as
prognostic and therapeutic biomarkers [19]. Interleukin-22 has been shown to be an impor-
tant factor in the ovarian cancer tumor microenvironment and may find application as a
potential therapeutic target and /or biomarker [20]. Its prognostic value in other cancers has
also been established, including pancreatic cancer [21] and hepatocellular carcinoma [22].

So far, no studies have been conducted to assess both the expression of IL-21 and IL-22
in tumor tissue, as well as the concentration of these cytokines in the serum and peritoneal
fluid in women with ovarian cancer, and considering the fact that understanding the role
of these parameters in the pathogenesis of ovarian cancer may be useful in developing
new diagnostic and therapeutic regimens in patients with ovarian cancer in the future, the
aim of the study was: assessment of IL-21 and IL-22 at the mRNA level in ovarian cancer
tissue, analysis of the concentration of IL-21 and IL-22 in the serum and peritoneal fluid of
patients with ovarian cancer, and determining whether there is a relationship between the
concentration of IL-21 and IL-22 and the degree of histological differentiation of the cancer.

2. Materials and Methods

The study group included 26 women, aged 41 to 82 (mean age: 62.80 £ 11.21 years)
with the diagnosed ovarian cancer with the Cystadenocarcinoma papillare serosum IIIC
(7 had G1, 5 had G2, and 14 had G3 staging) Staging employed the criteria recommended
by the International Federation of Gynecology and Obstetrics (FIGO). The diagnosis of
tumors was done on the basis of clinical symptoms, results of gynecological and histopatho-
logical examination and laboratory tests. The women qualified to the studied group were
clinically diagnosed with ovarian tumor confirmed with a histopathological examination.
Other coexisting disorders of the reproductive organs and autoimmune diseases were
excluded. None of the examined women used pharmacological treatment in the last three
months. The research was conducted on women hospitalized at the Clinical Department
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of Gynecology and Obstetrics of the University Clinical Center in Katowice and the De-
partment of Gynecology and Obstetrics with the Department of Pathology of Pregnancy
and Gynecological Oncology of the Provincial Specialist Hospital in Czestochowa. Serum,
peritoneal fluid, and tumor tissue were the material examined in all women. In the study
group, blood was taken from women after establishing clinical diagnosis, before surgery.
Blood was taken in the morning from the cubital vein, to a clot tube, in order to obtain the
serum. Thirty minutes after taking the blood, it was centrifuged at 1500 x g for 15 min.
The serum obtained in this manner was kept in small portions at a temperature of —80 °C
until the tests. Tumor tissue intended for molecular assessment was collected during the
planned surgery and frozen at —80 ° C until the tests were performed. Peritoneal fluid
was collected during laparoscopy for bacteriological examination, and then centrifuged at
2000 rpm for 10 min at 4 °C, and the obtained supernatant was partitioned and frozen at
—80 °C until the remaining determinations were made.

The control group consisted of six women aged between 40-77 (mean age:
61.83 & 12.48 years) who have been diagnosed with a benign lesion (Cystadenoma sero-
sum). The concentration of antigen CA125 did not exceed 35 U/m in these patients. In all
the women, the blood serum and tissue samples were the research material.

Total RNA was extracted from tissue samples with the use of TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instructions. Each
tissue sample was placed in a tube containing TRIzol, and then homogenized using a
Polytron® homogenizer (Kinematica AG, Malters, Switzerland). RNA extracts quantitative
assessment was performed with the use of nanospectrophotometer MaestroNano MN-913
(MaestroGen Inc., Hsinchu City, Taiwan) and 2100 Bioanalyzer (Agilent Technologies, Inc.
Santa Clara, CA, USA) (Figure S1, supplementary materials). The levels of IL-21 and
IL-22 transcripts were evaluated with the use of the real-time RT-qPCR. The quantitative
analysis was carried out using LightCycler® 480 System (Roche, Basel, Switzerland) and
GoTaq® 1-Step RT-gPCR System (Promega, Madison, W1, USA), according to manufactur-
ers’ instructions. Amplification was performed using previously described oligonucleotide
primers [23,24] and commercially available standards of 3-actin cDNA (TagMan™ DNA
Template Reagents; Thermo Fisher Scientific, Waltham, MA, USA). All samples were tested
in triplicate. The mRNA copy numbers of the gene examined were recalculated per 1 pg
of the total RNA. Melting curve analysis and agarose gel electrophoresis were used to
confirm the specificity of amplification and the absence of primer dimers (Figures 52-54,
supplementary materials). Enzyme-linked immunosorbent assay (ELISA) was used to
determine the concentration of the studied parameters. The following kits were used for
this purpose: IL-21 Human Interleukin-21 ELISA and Human Interleukin-22 (BioVendor-
Laboratorni medicina a.s., Brno, Czech Republic). Interleukin-21 Human ELISA, Sandwich
ELISA, Biotin-labelled antibody, Calibration Range 78-5000 pg/mL, limit of detection
20.0 pg/mL and Interleukin-22 Human ELISA, Sandwich ELISA, Biotin-labeled antibody,
Calibration Range 31.3-2000 pg/mL, limit of detection 5.0 pg/mL.

All the women who participated in the study consented to conducting the research.
The approval of the Ethics Committee of the Medical University of Silesia in Katowice
was obtained.

The obtained results were statistically analyzed using the Statistica 13.3 software
(StatSoft Polska Sp. z 0.0., Cracow, Poland). The normality of the distribution of the studied
variables was checked using the Shapiro-Wilk test. The median and quartile range were
determined for the parameters tested, and the obtained results were compared using the
Mann-Whitney test. Correlations were tested by Spearman’s rank correlation test and
presented as correlation coefficient (r).

3. Results

Quantitative assessment of IL21 mRNA in tissue samples showed the highest gene
activity in the degree of differentiation G1 (Figure 1). The expression of IL21 gene was
higher comparing to control group (p = 0.002415), G2 (p = 0.033161), and G3 (p = 0.020397).
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No statistically significant difference was found between G2, G3, and a control group.
Moreover, expression of IL21 mRNA did not differ between G2 and G3.

L2171 mRNA level in tissue samples
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Figure 1. Number of copies of IL21 mRNA /ug of total RNA in tissue samples depending on the
degree of ovarian cancer differentiation G1 (well differentiated), G2 (moderately differentiated), G3
(poorly differentiated) compared to the control group (C).

Quantitative assessment of IL22 mRNA in tissue samples did not show statistically
significant difference comparing to a control group. Moreover, expression of IL22 mRNA
did not differ between degrees of differentiation G1, G2, and G3. Median values of the
number of copies of IL21 mRNA /ug of total RNA in tissue samples were as follows: G1:
Me = 6660, G2: Me = 5065, G3: Me = 7820, C: Me = 8555.

11-21/1L-22 mRNA ratio was the highest in the degree of differentiation G1 (Figure 2).
In all cancer tissues, regardless of degree of differentiation, the value of II-21/IL-22 mRNA
ratio was higher comparing to a control group (respectively: G1 vs. C p = 0.003405; G2 vs.
Cp =0.008114; G1 vs. C p = 0.007473). Moreover, statistically significant difference was
found between G1 and G3 (p = 0.032391).

The concentration of I1-21 was determined in the serum and peritoneal fluid of women
with ovarian cancer. As the obtained values did not correspond to the normal distribution,
the results were presented in the form of the median and the lower and upper interquartile
range (Q1 and Q3).

In the serum of women with ovarian cancer, Q1 and Q3 were respectively: 314.25 and
736.00 with a median of 408.68 pg/mL. A statistically significantly lower concentration
of IL-21 in the serum of women with ovarian cancer was demonstrated compared to the
concentration in the control group (p < 0.001), where Q1 and Q3 were respectively: 722.19
and 909.60 with a median of 793.59 pg/mL.

In the peritoneal fluid of women with ovarian cancer, Q1 and Q3 were: 113.36 and
356.13, respectively, with a median of 175.63 pg/mL. A statistically significant higher
concentration of the examined parameter was found in the serum of women with ovarian
cancer as compared to the concentration in the peritoneal fluid (p < 0.0001).

Then, the concentration of IL-21 in serum and the peritoneal fluid of women with
ovarian cancer depending on the degree of histopathological differentiation of the cancer
was analyzed. The analysis of the test results showed a statistical significance between
G2 and G3 (p < 0.001) and between G1 and G3 (p < 0.0001) in the serum of the examined
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women. In the peritoneal fluid of women with ovarian cancer, a statistically significant
difference was found only between G2 and G3 (p < 0.05). The obtained results are presented

in Figures 3 and 4.
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Figure 2. 11-21/IL-22 mRNA ratio in tissue samples depending on the degree of ovarian cancer
differentiation G1 (well differentiated), G2 (moderately differentiated), G3 (poorly differentiated)
compared to the control group (C). Ratio was calculated based on mRNA copies/ug of total RNA.
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Figure 3. The concentration of IL-21 in the serum of women with ovarian cancer depending on
the degree of differentiation G1 (well differentiated), G2 (moderately differentiated), G3 (poorly
differentiated) compared to the control group.
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Figure 4. The concentration of IL-21 in the peritoneal fluid in women with ovarian cancer depend-
ing on the degree of differentiation G1 (well differentiated), G2 (moderately differentiated), G3
(poorly differentiated).

The results of 11-22 concentration measurement in the serum and peritoneal fluid of
women with ovarian cancer were presented in the form of the median and the lower and
upper interquartile range (Q1 and Q3).

In the serum of women with ovarian cancer, Q1 and Q3 were respectively: 337.59
and 771.33 with a median of 572.64 pg/mL. A statistically significant higher concentration
of IL-22 in the serum of women with ovarian cancer was demonstrated compared to the
concentration in the control group (p < 0.001), where Q1 and Q3 were respectively: 66.01
and 140.04 with a median of 98.62 pg/mL.

In the peritoneal fluid of women with ovarian cancer, Q1 and Q3 were 132.40 and
275.70, respectively, with a median of 186.01 pg/mL. A statistically significant higher
concentration of the examined parameter in the serum of women with ovarian cancer was
demonstrated compared to the concentration in the peritoneal fluid (p < 0.0001).

Then, the concentration of IL-22 in serum and peritoneal fluid in women with ovarian
cancer depending on the degree of histopathological differentiation of the cancer was
analyzed. The analysis of the test results showed a statistical significance between G2
and G3 (p < 0.0001) and between G1 and G3 (p < 0.0001) in the serum of women. In the
peritoneal fluid of women with ovarian cancer, no statistically significant differences were
found between the degrees of histopathological differentiation of the cancer.

The obtained results are presented in Figures 5 and 6.
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Figure 5. The concentration of IL-22 in the serum of women with ovarian cancer depending on
the degree of differentiation G1 (well differentiated), G2 (moderately differentiated), G3 (poorly
differentiated) compared to the control group.
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Figure 6. The concentration of IL-22 in the peritoneal fluid in women with ovarian cancer in relation
to on the degree of differentiation G1 (well differentiated), G2 (moderately differentiated), G3
(poorly differentiated).

Further analysis concerned the assessment of the relationship between the serum
concentration of IL-21 and IL-22 and the peritoneal fluid concentration of IL-21 and IL-22.
A statistically significant positive correlation was found between IL-21 and IL-22 in the
serum of the examined women, and a positive, but not statistically significant correlation
between the concentration of IL-21 and IL-22 in the peritoneal fluid of the examined women.
The regression curves are shown in Figures 7 and 8. Ratio of IL-21/IL-22 in serum and
peritoneal fluid in patients with ovarian cancer is shown in Figures 9 and 10.
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Figure 7. Linear regression curve showing the relationship between IL-21 and IL-22 levels in the
serum of women with ovarian cancer; r-correlation coefficient, p-probability value.
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Figure 8. Linear regression curve showing the relationship between the concentration of I1-21 and IL-2
in the peritoneal fluid of women with ovarian cancer; r-correlation coefficient, p-probability value.
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Figure 9. IL-21/IL-22 ratio in the serum of women with ovarian cancer depending on the degree of
differentiation G1 (well differentiated), G2 (moderately differentiated), G3 (poorly differentiated)
compared to the control group.
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Figure 10. IL-21/IL-22 ratio in the peritoneal fluid of women with ovarian cancer depending on the de-
gree of differentiation G1 (well differentiated), G2 (moderately differentiated), G3 (poorly differentiated).

4. Discussion

For years, the efforts of researchers have been focused on understanding the mecha-
nisms of the formation and development of ovarian cancer in order to identify markers
helpful not only in early diagnosis, but also in monitoring therapy. The challenge of con-
temporary gynecological oncology is to develop an effective targeted therapy that controls
the expression of compounds that play a key role in the formation and development of
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the cancer. Numerous experimental studies and clinical observations indicate that chronic
inflammation plays an important role in the pathogenesis of ovarian cancer, in which
cells of the immune system participate, which, through secreted mediators in the tumor’s
environment, participate in the anti-tumor response and may promote tumor growth,
which may be manifested by changes in tissue expression, serum concentrations, and
peritoneal fluid.

Recent studies have shown that interleukin 21 and interleukin 22 play an important
role in the pathogenesis of cancer, which role in the formation and development of ovarian
cancer is still not fully understood. Therefore, the aim of the analysis performed in the study
was to assess the expression of IL-21 and IL-22 in the tumor tissue and the concentration of
these parameters in the serum and peritoneal fluid in patients with ovarian serous cancer,
taking into account the degrees of histological differentiation of the tumor.

For the first time, the expression of genes encoding IL-21 and IL-22 was assessed
at the mRNA level in ovarian tumor specimens. The number of mRNA copies of the
studied genes was determined by RT-qPCR method (quantitative method real-time). The
studies showed that in the samples of the G1 histological differentiation, the number of
mRNA copies of IL21 gene was statistically significantly higher, not only compared to the
control group, but also compared to the G2 and G3 histological differentiation samples.
In the case of IL22, we did not observe any differences in the number of mRNA copies
between the cancer specimens and the control group, as well as between the G1, G2, and G3
histologically differentiated groups. The studies by Fagerberg et al. [25] did not show the
expression of IL21 and IL22 at the mRNA level in normal ovaries. Therefore, the presence
of mRNA of these interleukins in the sections studied by us, both malignant and benign,
may be caused by the presence of cells of the immune system. The differences observed by
us suggest that the interaction with the cells of the immune system may have a different
course in malignant and benign tumors, but this requires further detailed studies.

Our studies showed a statistically significantly lower concentration of IL-21 in the
serum of women with ovarian cancer compared to the concentration in the control group,
which indicates the participation of the tested cytokine in the immune response against
ovarian cancer cells. In addition, statistical significance was demonstrated between the
concentration of the tested cytokine and the degrees of histological differentiation in cancer:
G2 and G3, and between G1 and G3, which indicates a relationship between IL-21 secretion
and histological differentiation in cancer and may prove useful in the future in selecting
the optimal therapeutic treatment and in the assessment of prognosis.

Interesting observations were also provided by the analysis of the concentration of IL-
21 in the peritoneal fluid of the examined women. The concentration of this parameter was
significantly lower in the peritoneal fluid as compared to the serum, which may indicate
that the source of the tested cytokine in the serum may be cells of the immune system,
which, through secreted mediators, show increased cytotoxic activity against cancer cells.
Moreover, it was shown that the concentration of IL-21 in the peritoneal fluid of women
with ovarian cancer differed between the grades of G2 and G3, which proves that the
secretion of IL-21 is related to the histological differentiation of ovarian cancer also in this
biological fluid.

So far, no studies have been conducted to evaluate the expression of IL-21 in tumor
tissue and the concentration in serum and peritoneal fluid. However, the potential useful-
ness of using this cytokine in the diagnosis of ovarian cancer was analyzed. Such research
was conducted by Chen YL. et al. [19], who showed the usefulness of the assessment of
interleukins IL-17a and IL-21 as prognostic and therapeutic biomarkers. Studies on the
role of IL-21 in the anti-tumor response were also conducted by Hermans et al. [26], who
pointed to the therapeutic potential of the transient inhibition of LDH during adoptive
T-cell immunotherapy with the anti-tumor effect of inhibiting LDH and IL-21. Similar
studies were conducted by Dou et al. [27], who showed that SKOV3 cells genetically modi-
fied to secrete biologically active IL-21 and GM-CSF were effective in inducing anti-tumor
immunity by increasing NK cytotoxicity, promoting the expression of MIC A/B, ICAM-1,
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and NKG2D molecules, as well as increasing IFN-y and TNF-« in the nude mouse model.
On the other hand, Bhatt et al. [28] have shown that IL-21 has a strong anti-tumor activity
against mantle lymphoma (MCL) cells through direct cytotoxic and indirect immunological
effects. According to the authors, in vivo treatment with IL-21 leads to complete regression
of FC-muMCL1 tumor in syngeneic mice through NK and T cell dependent mechanisms.
Similar studies were also conducted by Li et al. [29], who showed that IL-21 may affect T
cells, which are involved in the anti-tumor response, by fusing with an anti-PD-1 antibody.
Wang et al. [30] assessed the role of interleukin 21 and its receptor in proliferation, migra-
tion, and invasion of breast cancer cells. The conducted research has shown that IL-21
promotes proliferation, invasion and migration of IL-21R + MDA-231 breast cancer cells, it
does not show such strong properties against MCF-7 and ZR-75.1 cells, in which IL-21R
expression is weak or negative. Moreover, the role of IL-21R in signaling pathways of
matrix metalloproteinases, which are necessary for the processes of migration of MDA-231
cells, has been demonstrated. Zhang et al. [31] showed that reduction of the tumor and
increased survival is accompanied by an increase of IFN-y, IL-21, and TNF-« in serum,
as well as the cytotoxic activity of the spleen. On the other hand, Gu et al. [32] showed
that the co-expression of two members of the 'y chain family of the cytokine receptor, IL-21
and IL-7, in anti-cancer vaccines increases anti-tumor immunity in a CD4 + and CD8 + T
cell-dependent manner and generates an effective immune memory.

The increase of IL-21 mRNA in tumor tissue at the G1 stage may indicate that there
are still efficient mechanisms aimed at limiting its growth, which is also reflected in the
IL21/1L22 mRNA ratio value. In the G2 and G3 stages, the expression is reduced in tumor
tissue, possibly as a result of disturbed intracellular signaling or epigenetic changes.

On the other hand, the increase in protein concentration, both in the serum and in the
peritoneal fluid, suggests the activation of systemic mechanisms and a strong recruitment
of the immune system. Due to blocked mechanisms in the tumor tissue itself, the antitumor
effect of the immune system is probably ineffective, despite its strong stimulation. However,
this hypothesis requires further investigation. It should also be taken into account that gene
expression is a multi-step process and its regulation is complex. Strongly activated gene
transcription in the tumor tissue does not mean that protein is synthesized and secreted.
In our research, the protein source are likely cells of the immune system. If tumor tissue
were the main source of interleukins, the protein concentration would be higher in the
peritoneal fluid than in the serum.

An interesting observation is the fact that serum protein concentration is significantly
decreased by the G1 stage and the concentration increases with the degree of histological
differentiation of the cancer. In the G3 stage, the IL21 concentration increases to a level
comparable to that in the control. Most likely, in the lower degree of histological differenti-
ation of the cancer, the mechanisms responsible for “masking” the presence of cancer cells
are activated. In our research, the study group was not very large, so the results should be
interpreted with caution.

Further analysis included the evaluation of interleukin 22 expression at the mRNA
level in tumor tissue and serum and peritoneal fluid concentration in women with ovarian
cancer. The studies conducted so far have shown that the role of the interleukin IL-22 is
complex. On the one hand, this cytokine promotes tumor development, is responsible
in particular for the proliferation of malignant neoplasm of epithelial origin, but on the
other hand, the intensification of its secretion may constitute a barrier against tumor
development by suppressing inflammation due to the functions that protect against tissue
damage, promote tissue repair, and prevent inflammation [33,34]. Our studies showed
that the concentration of IL-22 in the serum of women with ovarian cancer was statistically
significantly higher than that in the control group, which proves the participation of this
cytokine in pro-cancer immune response through direct and indirect influence involving
the immune system cells participating in the regulation of inflammation. In addition, a
statistically significant higher concentration of the parameter in the serum of women with
ovarian cancer was demonstrated compared to the concentration in the peritoneal fluid,
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which indicates increased secretion of 11-22 in the systemic immune response. Moreover, a
relationship has been demonstrated between the concentration of IL-22 and the degrees of
histological differentiation of cancer, including: G2 and G3, and between G1 and G3 in the
serum of women, which indicates the relationship of this cytokine with tumor development
and may in the future prove useful in selecting the optimal therapeutic treatment and in
assessing the prognosis.

Further analysis concerned the assessment of the relationship between the concen-
tration of IL-21 and IL-22 in the serum and in the peritoneal fluid. The demonstrated
correlation between the concentrations of the tested parameters, both in the serum and in
the peritoneal fluid, may indicate the need for further research in order to create complex
diagnostic and therapeutic strategies targeting many different mechanisms of the immune
response. Due to the fact that the interactions between these parameters may affect the
direction of their biological activity, the stoichiometric relationship between the concen-
tration of IL-21 and IL-22 and the number of 1L21/IL22 mRNA copies was assessed. The
determined IL-21/IL-22 ratio, both at the mRNA level in the tissue and at the protein level
in the serum and in the peritoneal fluid in patients with ovarian cancer, showed a variable
share of the tested cytokines in the IL-21/IL-22 system, depending on the histological
differentiation of the cancer.

Similar studies were conducted by Balint et al. [20], who assessed the expression of
IL-22 in human ovarian cancer tissues and in ascites samples. Expression of both IL-22
and the IL-22 receptor was higher in cancer tissues compared to the control tissue, which
correlated with poor prognosis. Studies have shown that interleukin-22 is an important
factor in the ovarian cancer tumor microenvironment because it stimulates tumor growth
by increasing proliferation and serves as a protective factor for ovarian cancer during TNF-
induced apoptosis. According to the authors, IL-22 is a potential therapeutic target and/or
biomarker in human ovarian cancer. Wang et al. [35] showed an increased expression of
Th22 lymphocytes, which produce IL-22 in the tumor microenvironment, which, in their
opinion, may stimulate tumor growth and affect the patient’s further prognosis. Katara
et al. [36] demonstrated the presence of IL-22 at all stages of the breast cancer, and that
blocking of IL-22 gene expression resulted in inhibition of tumor invasion and reduction
of metastasis. On the other hand, Rui et al. [37] showed an increased expression of the
interleukin-22 receptor 1 in breast cancer. IL-22 binds to the IL-10R2 and IL-22R1 receptor
complexes, activating the transcription factor STAT3, thereby promoting tumor progression.
IL-22R1 is expressed exclusively on the surface of epithelial and tissue cells. Moreover,
IL-22 promoted the expression of pro-tumor HOXB-AS5 proteins in breast cancer. Khosravi
et al. [38] showed that high expression of IL-22RA1 in KRAS mutated lung adenocarcinoma
is associated with a short remission time. Genetic ablation of IL-22 resulted in a significant
decrease in tumor mass and a reduction in the number of tumor cells, their proliferation,
and the ability to activate STAT3, and it was also associated with a reduction in angiogenesis
and the number of inflammatory cells that infiltrated the lung tissue.

5. Conclusions

Local and systemic changes in the immune system with the participation of soluble
mediators IL-21 and IL-22 indicate the participation of these parameters in the development
of ovarian cancer and may participate in pro and anti-inflammatory activation involving
the tested cytokines.

Modulation in the IL-21 and IL-22 system may affect the course of the inflammatory
process that accompanies the development of cancer, which may prove useful in the
development of new diagnostic and therapeutic strategies used in patients with ovarian
cancer, which requires further studies.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/

10.3390/jcm10143058/s1, Figure S1: Quality of total RNA, Bioanalyzer Agilent electrophoresis run,
Figure S2: Melting peak analysis showing specificity of RT-qPCR reaction, Figure S3: Agarose
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gel electrophoresis of IL22 PCR-amplified product, Figure S4: Agarose gel electrophoresis of IL21
PCR-amplified product.
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Abstract: Colorectal cancer (CRC) is one of the most common malignancies. Despite the availability
of diagnostic tests, an increasing number of new cases is observed. That is why it is very important to
search new markers that would show high diagnostic utility. Therefore, we made an attempt to assess
the usefulness of eotaxins, as there are few studies that investigate their significance, in patients with
CRC. The study included 80 subjects (CRC patients and healthy volunteers). Serum concentrations
of all eotaxins were measured using a multiplexing method (Luminex), while CCR3 was measured
by immunoenzymatic assay (ELISA). CRP levels were determined by immunoturbidimetry and
classical tumor marker levels (CEA and CA 19-9) and were measured using chemiluminescent
microparticle immunoassay (CMIA). The highest usefulness among the proteins tested showed
CCR3. Its concentrations were significantly higher in the CRC group than in healthy controls. The
diagnostic sensitivity, specificity, positive and negative predictive value, and the area under the
ROC curve (AUC) of CCR3 were higher than those of CA 19-9. The maximum values for sensitivity,
negative predictive value, and AUC were obtained for a combination of CCR3 and CRP. Our findings
suggest the potential usefulness of CCR3 in the diagnosis of CRC, especially in combination with
CRP or CEA.

Keywords: CCL11; CCL24; CCL26; CCR3; CRC

1. Introduction

Colorectal cancer (CRC) is one of the most common malignancies not only in Europe,
but also around the world. According to the World Health Organization (WHO), in 2020, the
global incidence of all cancers was 19.3 million new cases, with approximately 9.9 million
deaths. CRC comprises about 10% and 9.4% of all cases, respectively. Unfortunately,
the incidence of this cancer is slowly but steadily increasing [1]. Currently, as a part of
preventive diagnostics of colorectal cancer, tests such as FOBT (fecal occult blood test),
FIT (fecal immunochemical test), colonoscopy, sigmoidoscopy, computed tomographic
(CT) colonography, or multi-target stool deoxyribonucleic acid (mt-sDNA) test are used [2].
Also, markers such as CEA (carcinoembryonic antigen) or CA 19-9 (carbohydrate antigen
19-9) are routinely determined in patients with CRC. However, their diagnostic sensitivity
and specificity are not satisfactory. That is why establishing new, more accurate markers
for CRC detection at its earliest stage is vital [3].

Eotaxins belong to a group of small proteins called chemokines. They were discovered
relatively recently—less than 30 years ago in London by Williams et al. [4,5]. Therefore, the
number of papers on these parameters is still insufficient to fully understand their potential
usefulness in the diagnosis or monitoring of certain diseases. The most widespread and so
far the best-known usefulness of these proteins has been found in the course of allergic
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diseases. It is closely related to their influence on cells such as eosinophils and basophils,
which are the most important cells in the development and course of those diseases. All
eotaxins have the ability to bind to CCR3 (C-C chemokine receptor type 3) [6,7].
However, there are only a few studies that would indicate the usefulness of these
parameters in the diagnosis, monitoring, or staging of neoplastic diseases, such as colorectal
cancer. Extending the availability of information on this topic is quite important due to the
discrepancy of the available data. Some of the studies show a decrease in the concentration
of CCL11, while others, on the contrary, report an increase in the concentration of this
parameter in the course of CRC. On the other hand, for the other parameters (CCL24,
CCL26, and CCR3), no work is available on their concentration in patients with CRC.
However, there are works that describe the increased expression of eotaxins in neoplastic
tissues. Some authors believe that those parameters increase the proliferation of neoplastic
cells and their migration, and increases the expression of the receptor for eotaxins (CCR3).
Activation of this receptor on endothelial cells leads to increased angiogenesis and tumor
development. On the other hand, increased tissue expression of eotaxins can also lead to the
recruitment of eosinophils (cells with anti-tumor activity) into the tumor environment [8].
Therefore, we made an attempt to clarify and assess the usefulness of eotaxins in patients
with colorectal cancer compared to the healthy control. We have investigated serum levels,
diagnostic utility (sensitivity, specificity, predictive values of positive and negative test
results), and power (ROC curve analysis) of all eotaxins (CCL11, CCL24, CCL26), their
receptor (CCR3), comparative tumor markers (CA 19-9, CEA), and inflammatory parameter
such as C-reactive protein (CRP) in colorectal cancer detection. The data obtained in this
study may prove the usefulness of the analyzed parameters in the detection of CRC.

2. Results

Table 1 shows the serum levels of CCL11, CCL24, CCL26, CCR3, CA 19-9, CEA,
and CRP in patients with colorectal cancer and in the control group. Concentrations of
CCR3, CEA, and CRP in the total cancer group were statistically significantly higher when
compared to the control group (in all cases p < 0.05).

Table 1. Serum levels of tested parameters in cancer and control groups.

Colorectal .
Parameter Cancer Control Group p
CCL11 Median 12.95 13.74 0.346
(pg/mL) Min-Max 5.97-39.30 5.68-44.42 ’
CCL24 Median 1476.36 1341.60 0.458
(pg/mL) Min-Max 193.97-4102.92 222.75-4189.99 ’
CCL26 Median 22.00 22.00 0.380
(pg/mL) Min-Max 6.47-31.92 10.95-78.18 ’
CCR3 Median 0.22 0.12 0.012
(ng/mL) Min-Max 0.10-0.53 0.10-1.19 )
CA 199 Median 414 494 0.493
(U/mL) Min-Max 2.00-8199.90 2.00-16.81 ’
CEA Median 1.90 0.83 <0.001
(ng/mL) Min-Max 0.50-1176.50 0.50-7.82 )
CRP Median 5.40 131 <0.001
(mg/L) Min-Max 1.00-103.50 0.20-5.80 ’

* U Mann-Whitney test.

In order to carry out a more detailed analysis of the obtained results, we divided
the study group into patients with colon cancer and rectal cancer. Performed statistical
analysis with use of the Mann—-Whitney U test showed similar results. In the case of the
results of colon cancer vs. control group patients, statistical significance was demonstrated
for CEA and CRP (p < 0.001 in both cases) (Supplementary Table S1). For rectal cancer,
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statistical significance was demonstrated for CEA, CRP, and CCR3 (p = 0.003; p < 0.001;
p = 0.012, respectively) (Supplementary Table S2). We did not perform a statistical analysis
for sigmoid cancer patients due to an insufficient number of patients in this subgroup. We
also compared the results between the two subgroups (colon cancer vs. rectal cancer), but
there were no statistical differences (Supplementary Table S3). Additionally, we performed
a more detailed analysis with division into advancement groups. We divided the colorectal
cancer group of patients into Early (TNM stages 0+I+II) and Advanced (TNM stages
MI+IV) CRC. Statistical analysis with use of Mann—-Whitney U test in this case also revealed
similar results. In analysis of Early CRC vs. control group, statistical significance was
observed in the case of CEA and CRP (p = 0.006, p < 0.001, respectively) (Supplementary
Table S4). In analysis of Advanced CRC vs. control group, statistical significance was
observed in the case of CCR3, CEA, and CRP (p = 0.024, p = 0.002, p = 0.001, respectively)
(Supplementary Table S5). We also tried to compare results between two TNM subgroups
(Early vs. Advanced CRC), but none of the results were significant (Supplementary Table
S6). Differences in the statistical significance of CCR3 in the case of rectal cancer and its
absence in the case of colon cancer may be related to the differences in the biology of these
two neoplasms. However, due to the insufficient number of patients with colon cancer,
further analysis was carried out on the entire study group of CRC patients. The differences
obtained between the two histological types should be repeated in a larger study group,
which could significantly influence the development of knowledge about eotaxins, and we
assume that at this point the obtained results should be treated as a pilot, preliminary study.

Table 2 shows the sensitivity (SE), specificity (SP), positive predictive value (PPV), and
negative predictive value (NPV) of all tested parameters. We indicated that the highest
SE from all tested parameters revealed CCR3 (68%) and this value is comparable to SE of
C-reactive protein (72%) and higher than SE of commonly used tumor marker CA 19-9
(40%). Only CEA showed higher SE (80%). In the case of SP, the highest value was observed
for CCL26 (92.31%). SP for CCR3 (62.07%) was comparable to results of both tumor markers
(CA 19-9 and CEA) but lower than SP observed for CRP (79.31%). Positive predictive value
was highest in the case of CCL24 and CCR3 (72.97% and 75.56%, respectively). These
values were slightly lower than the PPV of CEA and CRP. Interestingly, almost all tested
parameters (CCL11, CCL24 and their receptor) showed higher PPV than CA 19-9. The NPV
was highest for CCR3 (52.94%), but slightly lower than the NPV of CEA and CRP. What is
more, similar to PPV, the NPV of all tested parameters was similar or even higher than the
NPV of commonly used tumor marker—CA 19-9.

According to promising results obtained for CCR3, we decided to check whether the
simultaneous analysis of two parameters would significantly change the value of the diag-
nostic criteria. Therefore, we created two panels consisting of CCR3 with a comparative
marker—CEA and CCR3 with CRP. Combined analysis of CCR3 with both parameters
resulted in an increase of SE (92%; 94%, respectively) and NPV (76.47%; 82.35%, respec-
tively) in both cases. The most favorable combination proved to be CCR3 + CRP, what may
indicate the significance of the inflammatory component in the course of this malignancy.
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Table 2. Diagnostic criteria of tested parameters in patients with colorectal cancer.

Tested Parameters Diagnostic Criteria (%) Colorectal Cancer
SE 53.19
sp 45.83
CCL1n PPV 65.79
NPV 3333
SE 58.70
SP 58.33
CCL24 PPV 72.97
NPV 42.42
SE 426
Sp 92.31
CCL26 PPV 50.00
NPV 34.78
SE 68.00
Sp 62.07
CCR3 PPV 75.56
NPV 52.94
SE 40.00
SP 58.62
CA199 PPV 62.50
NPV 36.17
SE 80.00
Sp 65.52
CEA PPV 80.00
NPV 65.52
SE 72.00
Sp 79.31
CRP PPV 85.71
NPV 62.16
SE 92.00
Sp 44.83
CCR3+CEA e 415
NPV 7647
SE 94.00
Sp 48.28
CCR3+CRP PPV 7581
NPV 82.35

SE—sensitivity; SP—specificity; PPV—positive predictive value; NPV—negative predictive value.

The ROC curve is an illustrated relationship between the diagnostic SE and SP. The
area under the ROC curve (AUC) indicates the clinical usefulness of a tumor marker and
its diagnostic power. All data related to AUC has been shown in Table 3. We noticed
that the CCR3 area under the ROC curve (0.683) in the total group of colorectal cancer
was the highest from all the tested parameters but lower than the AUC for CEA and
CRP. Moreover, similarly to previously mentioned statistical parameters, in the case of
all eotaxins, the AUC was similar or even higher than the AUC of CA 19-9. Likewise,
in the case of diagnostic criteria, the AUC for the simultaneous analysis of CCR3 with
CEA or CRP showed a marked increase in the area under the ROC curve value (0.779;
0.846, respectively). Graphical versions of all significant ROC analysis results are shown in
Figure 1. The AUC:s for the tested parameters, similar to commonly used tumor markers
and combined analysis, were statistically significantly larger in comparison to AUC = 0.5
(borderline of the diagnostic usefulness of the test) (p < 0.05 in all cases).
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Table 3. AUC of tested parameters in patients with colorectal cancer.

Tested ROC Criteria in Total Colorectal Cancer Group
Parameters AUC SE 95% C.I. (AUC)  p (AUC = 0.5)
CCL11 0.430 0.073 0.283-0.5787 0.173
CCL24 0.555 0.070 0.4086-0.701 0.228
CCL26 0.441 0.072 0.3081-0.5744 0.813
CCR3 0.683 0.060 0.5646-0.803 0.007
CA19-9 0.546 0.066 0.4123-0.6808 0.756
CEA 0.758 0.054 0.6487-0.8665 <0.001
CRP 0.830 0.045 0.7425-0.9175 <0.001
CCR3+CEA 0.779 0.057 0.6772-0.8814 <0.001
CCR3+CRP 0.846 0.049 0.7631-0.9294 <0.001

p—statistically significantly larger AUC’s compared to AUC = 0.5. AUC—area under curve; SE—standard error;
C.I—confidence interval.

Z\

Z CCR3

=05 CEA

z

.,3 CRP

v CCR3+CEA
CCR3+CRP

AUC CCR3 =0683
AUC CEA=0.758
AUC CRP = 0.830

AUC CCR3+CEA=0.779
2 AUC CCR3+CRP = 0.846

Specificity
Figure 1. Receiver operating characteristics for all significant ROC analysis results.

3. Discussion

Currently, little is known about the concentration and diagnostic usefulness of eotaxins
and their receptor in the course of CRC. Available literature describes results that are frag-
mentary, characterized by a high discrepancy, or, in some cases, not entirely clear. Therefore,
we decided to conduct a confirmation study on whether the examined parameters may be
useful in the detection, screening, or prognosis and monitoring of the applied treatment.
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Eotaxins are closely related to cells such as eosinophils and basophils. These cells are
mainly involved in allergic reactions, which can be included in the group of inflammatory
reactions. Neoplastic changes also begin as a result of inflammatory reactions leading to the
formation of cancer. Therefore, it can be assumed that similar cytokines may appear and
change their concentration as a result of both of these phenomena (allergic reactions and
onset of neoplastic changes). The first references to the relationship between eosinophils
and neoplastic changes were described over 100 years ago, but so far, their role in the
carcinogenesis [7-9] has not been precisely explained. There are suspicions that the involve-
ment of eotaxins in CRC may be related to the large number of circulating eosinophils that
appear and accumulate in neoplastic tissues. TATE (tumor-associated tissue eosinophilia)
has also been connected with improved prognosis in CRC and some other types of cancer
such as esophageal, oral squamous cell, bladder, and prostate cancer [10-16]. Moreover,
there are some studies that clearly indicate that tissue eosinophilia in the course of neo-
plastic changes may be closely related to the factors secreted directly by tumor cells. These
factors can certainly include eotaxins. That is why it is so important to extend the research
carried out so far on these parameters not only in the course of CRC but also in other
cancers [17,18].

We indicated that serum concentrations of CCL11 in the tested group (CRC) were
lower than in the control group. Despite the lack of statistical significance, similar results
were obtained in the course of other experiments carried out by Wagsater et al. [19].
These researchers obtained significantly lower concentrations of CCL11 in CRC patients
(which can be connected with a larger test group). In addition, they also performed IHC
(immunohistochemistry) staining and examined the concentration of CCL11 in tissue
homogenates. This revealed that CCL11 may accumulate in tissues, which is why its
concentration can be lowered in the serum of CRC patients. By contrast, Mir et al. [20],
Yamaguchi et al. [21], and Komura et al. [22] reported that CCL11 levels are higher in
CRC and inflammatory bowel disease patients than in control groups. This discrepancy
might be correlated with some differences between the composition of study groups, i.e.,
receiving corticosteroids in the case of the Mir et al. [20] study and different ethnicity [21]
or smaller study group in the case of the last paper [22].

The concentration of CCL24 (Eotaxin-2) in the CRC group was higher than in the
control group, but the results were not significant. It may also be connected with the
small size of the tested group. Unfortunately, there were no papers that could confirm or
contradict the obtained results. In the case of tissue expression of CCL24, the results of
available papers were similar to those concerning CCL11. Cheadle et al. [23] revealed that
in biopsy samples of CRC and samples of adjacent liver metastases (with CRC origin), the
levels of CCL24 were elevated.

In the case of CCL26 (Eotaxin-3), the medians did not differ between the groups which
may indicate that this parameter is not related to the ongoing neoplastic changes. However,
some authors [24] indicated that, similar to CCL11 and CCL24, tissue expression of Eotaxin-
3 was higher in CRC patients. What is more, its expression increased among those with
TNM stage and strongly correlated with lymph node metastasis. Perhaps the small number
of patients with distant metastasis (stage IV of TNM classification) in our tested group
was too low to affect the entire CRC group and demonstrate statistical significance. It can
be associated with a generally small number of patients at this stage. In our department,
screening diagnostics for CRC are well developed. In addition, the available research
methods are very sensitive, which is why cancer detection occurs at a relatively early stage.
Even if a patient arrives already in stage IV, when distant metastases are detected, not every
patient can be included in the study group (high BMI, no consent to research, palliative
treatment). Therefore, we believe that further studies performed on a larger study group
(additional patients with distant metastasis) are vital, and research on the concentrations of
this eotaxin should not be discontinued.

The most interesting results were obtained for CCR3, which showed a significantly
higher concentration in the serum of CRC patients when compared to the control group
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(p = 0.012). Unfortunately, we have not found any studies that would concern the concen-
trations of this parameter in the course of CRC. However, there are several studies that
clearly indicate the usefulness of this parameter. Lan et al. [24], Cheadle et al. [23], and
Cho et al. [25] unequivocally showed that the tissue expression of CCR3 in the course
of this tumor is much higher when compared to healthy tissues. Interestingly, Devaud
et al. [26] demonstrated that CCR3 has an anti-tumor effect correlated with the delayed
growth of tumor cells. This information may be very important when we compare this
study with the study by Steegenga et al. [27] showing that the tissue expression of this
receptor was higher in female than in male mice. This could explain the differences in
morbidity and mortality between the sexes for this type of cancer. That is why, further
studies on CCR3 concentration and tissue expression should be performed.

We also measured the commonly used tumor markers (CEA, CA 19-9) and C-reactive
protein concentrations in CRC patients and in the control group. CEA and CRP revealed
significantly higher concentrations in the tested group when compared to healthy subjects.
In the case of CA 19-9, we did not observe any significance. This is in accordance with
different results obtained in the course of other experiments concerning CRC [28,29].

According to our knowledge, the present study is the first that assesses the diagnostic
significance of serum CCL11, CCL24, CCL26, and CCR3 in CRC patients. We have found
only one paper concerning diagnostic SE, SP (without PPV and NPV), and AUC for CCL11.
In this paper, Yamaguchi et al. [20] reported that diagnostic sensitivity for CCL11 was
75.80%, specificity 66.70%, and AUC 0.714. These values were higher than ours, but the
discrepancy might be connected with the size of the tested groups and their ethnicity
(Japanese patients). Almost all tested parameters (CCL11, CCL24, and CCR3) showed
higher SE than commonly used tumor marker CA 19-9. In the case of CEA and CRP,
none of the newly tested parameters showed higher SE. In the case of SP, CCL26 showed
the highest value. From the rest of tested parameters, CCR3 and CCL24 showed similar
values to CEA and CA 19-9, but lower than the value for CRP. The PPV similar to SE,
was higher in the case of almost all tested parameters than the PPV of CA 19-9, but lower
than the PPV of CEA and CRP. The NPV, similar to SP, was highest for CCR3 but slightly
lower than the NPV of CEA and CRP. What is more, similar to PPV, the NPV of all tested
parameters was similar or even higher than the NPV of CA 19-9. In addition, simultaneous
analysis of CCR3 + CEA and CCR3 + CRP revealed a marked increase in diagnostic SE and
NPV. We noticed that the CCR3 area under the ROC curve in CRC was highest from all
tested parameters but lower than AUC for CEA and CRP. Moreover, similar to previously
mentioned statistical parameters, in the case of all tested proteins, AUC was comparable or
even higher than AUC for CA 19-9. Similar to the diagnostic criteria (SE, SP, PPV, NPV), we
observed a higher AUC value for simultaneous analysis of CCR3 with CEA and CRP. Due
to the absence of appropriate data, it is impossible to discuss the above-described results.

The observed diagnostic usefulness of the parameters tested indicates that CCR3 could
potentially prove to be the best of all tested proteins, especially with the combined analysis
with CEA or CRP as a diagnostic panel. As CCR3 is present on the surface of endothelial
cells and eosinophils, a significant increase in its concentration and tissue expression
may contribute to both the intensification of angiogenesis and the influx of eosinophils,
which can lead to tissue eosinophilia (important in the development of neoplastic changes).
Considering the current results, it would be necessary in the future not only to expand the
study group to a larger number of patients, but also to compare the obtained results with
the number of circulating eosinophils, their expression in tissues, and the concentration of
other parameters involved in the angiogenesis process, i.e., VEGF (vascular-endothelial
growth factor).

4. Materials and Methods
4.1. Patients

The study included 50 colorectal cancer patients (CRC) diagnosed by the oncology
group (Table 4). The patients were treated in the Department of Oncological Surgery
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with Specialized Cancer Treatment Units, Maria Sklodowska-Curie Oncology Center, Bia-
lystok, Poland. Tumor classification and staging were conducted in accordance with the
International Union Against Cancer Tumor-Node-Metastasis (UICC-TNM) classification.
Colorectal cancer histopathology was based on the microscopic examination of tissue
samples. Moreover, all patients were grouped according to not only tumor stage (TNM),
but also depth of tumor invasion (T factor), the presence of lymph node (N factor), and
distant metastases (M factor) as well as the histological grade (G factor) of the tumor. The
pretreatment staging procedures included physical and blood examinations, computed
tomography (CT), and, in case of patients with rectal cancer, magnetic resonance imaging
(MRI) of the small pelvis. Additionally, all patients were assessed according to the Eastern
Cooperative Oncology Group (ECOG) score. The blood was collected the day before the
treatment (surgery, radio, or chemotherapy). The control group included 30 healthy vol-
unteers. For each of the patients qualified for the control group, the following exclusion
criteria were applied: active infections and symptoms of an infection (both bacterial and
viral), other comorbidities that can affect cytokine concentrations (respiratory diseases,
digestive tract diseases) or systemic diseases such as lupus, rtheumatoid arthritis, or col-
lagenosis. In addition, none of the patients included in the control group abused alcohol,
smoked, or had a personal or familial history of cancer. None of the patients included (both
in the study and control group) had a BMI > 35 to fully exclude the influence of an increase
in obesity-related inflammatory factors.

Table 4. Characteristics of colorectal cancer and healthy patient groups.

Study Group No. of Patients
Colorectal Cancer 50
Gender:
Female 18
Male 32
Type:
Colon Cancer 16
Rectal Cancer 32
Sigmoid Cancer 2
TNM Stage:
0 1
I 15
I 13
III 19
v 2
Depth of tumor invasion:
In situ 1
T1 2
T2 19
T3 24
T4 4
Nodal involvement:
NO 33
N1 10
N2 7
Distant metastasis:
MO 48
M1 2
Age: 33-79
Control Group 30
Gender:
Female 8
Male 22
Age: 34-80

TNM—Tumor Node Metastasis classification.
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4.2. Biochemical Analyses

Venous blood samples were collected from each patient into a tube with clot activator
(S-Monovette, SARSTEDT, Numbrecht, Germany), centrifuged to obtain serum samples,
and stored at —80 °C until assayed. The tested chemokines were measured with a mul-
tiplexing method (Luminex Human Discovery Assay (3-Plex), R&D Systems, Abingdon,
UK). The CCR3 receptor was measured with the enzyme-linked immunosorbent assay
(ELISA) (Aviva Systems Biology Corp., San Diego, CA, USA). Serum levels of classical
tumor markers were measured with chemiluminescent microparticle immunoassay (CMIA)
(Abbott, Chicago, IL, USA), and for the analysis of CRP concentration, immunoturbidimet-
ric method (Abbott, Chicago, IL, USA) was used according to the manufacturer’s protocols.
In Luminex and ELISA, according to the manufacturer’s protocols, duplicate samples were
assessed for each standard, control, and sample.

4.3. Statistical Analysis

Statistical analysis was performed by RStudio (Boston, MA, USA). The preliminary
statistical analysis (using the Shapiro-Wilk test) revealed that the tested parameters and
tumor marker levels did not follow normal distribution. Consequently, statistical analysis
between the groups was performed by using the U-Mann-Whitney test, the Kruskal-
Wallis test, and a multivariate analysis of various data by the post-hoc Dwass—Steele—
Crichlow-Flinger test. The data were presented as a median and a range. Diagnostic
sensitivity (SE), specificity (SP), and the predictive values of positive and negative test
results (PPV and NPV, respectively) were calculated by using the cut-off values which were
calculated by the Youden'’s index (as a criterion for selecting the optimum cut-off point)
from the control group, and for each of the tested parameters were as follows: CCL11—
12.75 pg/mL, CCL24—1401.83 pg/mL, CCL26—29.15 pg/mL, CCR3—0.17 ng/mL, CA
19-9—5.44 U/mL, CEA—1.11 ng/mL, CRP—2.5 mg/L. We also defined the receiver-
operating characteristics (ROC) curve for all the tested parameters, tumor markers, and
CRP to evaluate the diagnostic accuracy. Statistically significant differences were defined
as comparisons resulting in p < 0.05.

5. Conclusions

According to our knowledge, the present study is the first that compares the diagnostic
characteristics of all eotaxins and their receptor with the well-established tumor markers
(CEA and CA 19-9) and the marker of inflammation (CRP) in CRC patients. In addition,
due to a limited number of papers, it is extremely difficult to determine the direction in
which changes in their concentrations are progressing in the course of colorectal cancer,
especially if the available literature is limited to the concentrations of only one of the
tested parameters. It is certain that further studies on the concentrations of eotaxins in the
course of CRC are necessary to confirm and clarify their diagnostic usefulness and clinical
application as potential tumor markers of CRC. However, the most promising factor seems
to be CCR3, especially in combined use with CRP or CEA.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/jem10122675/s1, Table S1: Serum levels of tested parameters in colon cancer subtype and
control, Table S2: Serum levels of tested parameters in rectal cancer subtype and control, Table
S3: Serum levels of tested parameters in cancer subtype groups, Table S4: Serum levels of tested
parameters in Early TNM and control groups, Table S5: Serum levels of tested parameters in
Advanced TNM and control groups, Table S6: Serum levels of tested parameters in different TNM
stages of CRC.
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Abstract: The aim of this study was to evaluate the effect of anti-tumor necrosis factor « (anti-TNF-c)
therapy in combination with methotrexate on bone remodeling and osteoclastogenesis in female
patients with RA. Serum levels of bone turnover markers (i.e., C- and N-terminal propeptides of type
I procollagen (PICP and PINP), C- and N-terminal cross-linking telopeptides of type I collagen (CTX-I
and NTX-I), and soluble receptor activator of nuclear factor kB ligand (SRANKL) and osteoprotegerin
(OPG)) were determined by immunoassay at baseline and 15 months after initiation of treatment.
Bone mineral density was measured by dual-energy x-ray absorptiometry. We found a significant
decrease in serum PINP levels, a biomarker of bone formation, and higher levels of CTX-I and
sRANKL indicative of increased bone resorption in RA patients prior to TNF«l treatment compared
to the controls. Anti-TNF-o therapy was effective in improving bone metabolism in RA patients
as reflected in a decrease in CTX-I (at least partially due to the RANKL/OPG reduction) and a
concomitant increase in PINP levels. The bone metabolism changes were independent of the type
of TNF«I used. PINP and CTX-I were found to be useful markers of bone metabolism, which may
prove the effectiveness of TNF-« therapy earlier than the bone density assessment.

Keywords: rheumatoid arthritis; TNF-« inhibitors; bone turnover markers; PINP; PICP; NTX-L;
CTX-I; RANKL/OPG

1. Introduction

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease of connective
tissue characterized by symmetrical synovitis, eventually leading to bone erosion and
cartilage damage. It affects approximately 0.5-1.5% of the world’s population and is about
2-3 times more common in women than in men, with an increased incidence in the age of
40-50 years. In the course of the disease, there are numerous extra-articular manifestations
of the organs, which are the major causes of rapidly progressing disability, reduced quality
of life, and increased mortality [1-3]. RA patients have more skeletal damage and a
higher risk of fractures compared to the general population. The bone complications of
RA include focal erosion of the marginal and subchondral bone, periarticular osteopenia,
and generalized osteoporosis with reduced bone mass. High disease activity (persistent
inflammation), long-term glucocorticoid therapy (>3 months), and the physical disability
and immobility are the main factors that increase the risk of bone loss in patients with
RA [3-5].

Bone is a highly dynamic tissue, undergoing continuous remodeling to maintain a
healthy skeleton. Normal bone remodeling is an ongoing process in which osteoclast-
mediated bone resorption is tightly coupled both temporally and spatially with osteoblast-
mediated bone formation [6,7]. The coupling of these processes becomes disrupted in
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RA, resulting in the rapid breakdown of mineralized matrix and deterioration of bone
microarchitecture [5,8-10].

Although the cellular mechanism of bone and cartilage destruction in RA is still not
fully understood, both experimental and clinical findings indicate that pro-inflammatory
mediators including tumor necrosis factor o« (TNF-«x) play a key role. TNF-a promotes
osteoclastogenesis by inducing the expression of the essential osteoclast differentiation
factor, the receptor activator of nuclear factor kB (NF-«kB) ligand (RANKL), and/or its
soluble receptor, osteoprotegerin (OPG), by bone marrow stromal cells of the osteoblast
lineage or directly by enhancing the activity of cells in the osteoclast lineage [8-14].

The interaction between RANKL and its receptor-activator of nuclear factor kB (RANK)
promotes the differentiation, maturation, activation, and survival of osteoclasts, leading to
enhanced bone resorption and bone loss. RANKL/RANK signaling is controlled by a decoy
receptor called osteoprotegerin, which competes with RANK for RANKL binding. The bio-
logical effects of OPG are opposite to those mediated by RANKL and include inhibition of
end stages of osteoclast differentiation, activation of matrix osteoclast suppression, and
accelerating osteoclast apoptosis [10,12,14,15]. Overall, the RANKL/OPG ratio determines
the physiological balance of bone formation and turnover, with a higher ratio promoting
increased bone resorption. It was found that the high RANKL/OPG ratio is associated with
increased radiographic damage in RA patients [16]. Thus, the signaling and regulation of
RANKL and OPG activity may play a critical role in bone loss associated with RA.

Anti-TNF-« therapies are effective in reducing inflammation and the progression of
radiologic damage in RA patients and in murine models of arthritis [17-19], however, the
mechanism by which TNF-« inhibitors (TNF«I) prevent the progression of bone destruction
is still unclear. Therefore, the aim of this study was to investigate the effect of 15-month
anti-TNF-« therapy on bone turnover markers and RANKL/RANK/OPG pathway in
women with RA. We assessed the serum biomarkers indicative of bone remodeling—C-
terminal propeptides of type I procollagen (PICP) and N-terminal propeptides of type I
procollagen (PINP), which are markers of bone formation, and C-terminal crosslinking
telopeptides of type I collagen (CTX-I) and N-terminal cross-linking telopeptides of type I
collagen (NTX-I), which are markers of bone resorption—in female RA patients treated
with TNFal. However, according to the recommendation of the International Osteoporosis
Foundation (IOF)-International Federation of Clinical Chemistry and Laboratory Medicine
(IFCC) Working Group for Standardization of Bone Marker Assay (WG-BMA), only s-PINP
and s-CTX-I are the reference bone turnover markers [20].

The results obtained in our research will supplement the knowledge of molecular
mechanisms of action of selected TNF-« inhibitors used in the treatment of RA. Most of the
studies conducted thus far have mainly assessed the effect of infliximab on bone remodeling
in RA [21-23]. Only a few studies have included the assessment of the impact of other TNFx
inhibitors analyzed in this study including etanercept, adalimumab, certolizumab pegol
and golimumab on bone turnover biomarkers and osteoclast regulatory proteins [17,24,25].
Moreover, they included a short follow-up time, less than our number of patients as well as
the absence of a control group. Thus, the aim of this study was to evaluate the usefulness
of the quantitative serum assessment of individual markers of bone turnover as indicators
of the clinical efficacy of anti-TNF-o therapy with etanercept and adalimumab in women
with rheumatoid arthritis.

2. Materials and Methods
2.1. Patients and Samples

Fifty female patients that fulfilled the 1987 or 2010 American College of Rheuma-
tology (ACR)/European League Against Rheumatism (EULAR) classification criteria
for RA [26,27] were enrolled in the study. Baseline patient characteristics are presented in
Table 1. All subjects had active RA with a 28 joint count disease activity score (DAS28) > 5.1
at baseline, despite taking at least two synthetic disease-modifying antirheumatic drugs
(DMARD:s). Exclusion criteria included prior treatment with biologic agents, acute or recent
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infection, concomitant diseases affecting bone metabolism, fractures, renal or liver insuffi-
ciency, heart failure, chronic alcoholism, pregnancy and breastfeeding. None of the enrolled
subjects received bisphosphonates or hormone replacement therapy, which could have
interfered with bone metabolism. In addition, none of the patients had smoked cigarettes
for at least three months prior to the study. All participants received anti-TNF-« treatment
combined with methotrexate (MTX) (25 mg/week) over a 15-month period. Biological
agents were administered at recommended doses indicated in RA—for adalimumab (ADA;
Humira) 40 mg every other week as subcutaneous (SC) injection, for etanercept (ETA;
Enbrel) 50 mg once weekly as SC injection, for certolizumab pegol (CZP; Cimzia) 400 mg at
0, 2, 4 weeks, and then 200 mg every two weeks as SC injection and for golimumab (GLM;
Simponi) 50 mg once a month as SC injection. Patients were also given prednisone in a
dose of <7.5 mg/day and folic acid in the dose of 5 mg/day. The use of calcium (1 g/day)
and vitamin D (800-1000 IU/day) supplements were permitted. Concomitant medications
remained unchanged for the duration of the study.

Table 1. Demographic and clinical characteristics at baseline of the 50 rheumatoid arthritis patients
qualified for the treatment with TNF-« inhibitors.

Parameter Value
Age (years) 4752 £ 11.91
Disease duration (years) 6 (3-12)
Height (cm) 163.58 £+ 6.78
Weight (kg) 65.52 + 14.40
BMI (kg/m?) 24.46 + 5.17
IgM-RF (+), 1 (%) 44 (88)
Anti-CCP (+), n (%) 43 (86)
ESR (mm/h) 17.0 (10.0-29.0)
CRP (mg/L) 6.37 (3.0-10.30)
SJC, n 7 (5-10)
TJIC, n 12 (9-14)
VAS, (0-100 mm) 80 (70-80)
DAS 28-ESR 5.83 £ 0.49
Anti-rheumatic drugs, n (%)

MTX (25 mg/week) 50 (100)
GC (£7.5 mg/day) 50 (100)
FA (5 mg/day) 50 (100)
Calcium (1 g/day) 50 (100)
25-OH vitamin D (800-1000 IU/day) 50 (100)
TNFal therapy, n (%)

ETA (Enbrel) 24 (48)
ADA (Humira) 22 (44)
CZP (Cimzia) 2 (4)
GLM (Simponi) 2 (4)

Results are expressed as mean £ SD or median, inter-quartile (25th-75th percentile) range, or percentage (%). ADA,
adalimumab; CZP, certolizumab pegol; DAS 28-ESR, disease activity score 28; ESR, erythrocyte sedimentation
rate; ETA, etanercept; FA, folic acid; GC; glucocorticosteroid; GLM, golimumab; MTX, methotrexate; SD; standard
deviation; SJC, swollen joint count; TJC, tender joint count; TNFal, tumor necrosis factor o inhibitors; VAS, visual
analogue scale.

Presented in Table 1 are the variables of the demographic and clinical data in rheuma-
toid arthritis patients who qualified for the treatment with TNF-« inhibitors that were
obtained in our earlier investigations [28].

As controls, reference values of clinical and bone turnover parameters were obtained
from 26 age- and gender-matched healthy volunteers from the Medical University of Silesia
in Katowice, Poland. Subjects were selected after obtaining their medical history, clinical
examination, and laboratory screening. Women with any medical conditions that interfere
with bone metabolism or with surgery in the past three years were excluded. Moreover, all
participants included in the study showed normal morphology and biochemical analysis.
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Demographic, clinical, and laboratory data of control subjects in the study is presented in

Table 2.

Table 2. Demographic and clinical characteristics of the 26 healthy women.

Parameter Value

Age (years) 46.12 + 1091
Height (cm) 166.64 £ 6.23
Weight (kg) 62.64 + 8.46
BMI (kg/m?) 22.64 +2.26
ESR (mm /h) 9.00 (8.00-12.00)
RBC (10°/uL) 428 +0.23
Hb (g/dL) 13.08 4 0.97
Ht (%) 38.68 &+ 3.10
PLT (103 /L) 263.88 1 49.43
WBC (103/uL) 8.16 £+ 1.63
Glucose (mg/dL) 88.00 (86.00-95.00)
Total cholesterol (mg/dL) 181.08 + 6.02
HDL-C (mg/dL) 59.51 £+ 12.85
LDL-C (mg/dL) 95.44 + 20.19
Triglycerides (mg/dL) 118,70 (91.90-149.70)
hsCRP (mg/L) 0.61 (0.40-2.81)
Creatinine (mg/dL) 0.86 + 0.10
Calcium € (mmol/L) 2.27 40,08
Phosphorus (mmol/L) 1.34 £ 0.25
ALP (U/L) 159.77 + 25.18
ALT (U/L) 20.61 £+ 8.35
ASP (U/L) 20.00 =+ 4.55
TSH (mU/L) 2.4 (2.20-2.81)
Uric acid (mg/dL) 4.70 £ 0.70

Results are expressed as mean & SD or median, inter-quartile (25th-75th percentile) range, or percentage (%).
ALP, alkaline phosphatase; ALT, alanine transaminase; ASP, aspartate transaminase; BMI, body mass index; C
albumin-corrected calcium; ESR, erythrocyte sedimentation rate; Hb, hemoglobin; hs-CRP, high sensitive-C-
reactive protein; Ht, hematocrit; PLT, platelet; RBC, red blood cell; TSH, thyroid-stimulating hormone; WBC,
white blood cell.

None of the volunteers took glucocorticoids or any other pharmaceutics known to
affect bone metabolism or smoked cigarettes. We chose women who were able to maintain
a healthy weight and had a body mass index (BMI) < 25 kg/m?. We excluded pregnant
women and those who had a bone fracture (within 12 months) or had been operated on in
the last three months as well as women with any disease that disturbed bone metabolism.

This study was approved by the Ethical Committee of the Medical University of Silesia
in Katowice (KNW/0022/KB/56/1/12/13). All participants gave written informed consent
prior to the study, and research was carried out in accordance with the conditions of the
Declaration of Helsinki.

2.2. Laboratory Parameters and Evaluation of RA Activity

Measurement of rheumatoid factor (RF; normal value < 15 U/mL) and C reactive
protein (CRP; normal value < 5 mg/L) was performed at Konelab Prime 30ISE, bioMérieux,
France. The anti-CCP antibodies (normal value < 5 U/mL) were determined by enzyme-
linked immunosorbent assay (ELISA) from Euroimmun (Lubeck, Germany). In addition,
erythrocyte sedimentation rate (normal range for women: 3-12 mm/h) was determined by
the Westergren method (Sediplus® $2000, Sarstedt, Germany). RA activity and response
to TNFal includes three variables with 28 joint counts of tenderness and swelling, and
erythrocyte sedimentation rate (ESR) and the patient’s assessment of disease activity (three
variables). Patients who did not respond well to treatment were excluded from the study.
A good response was defined—in accordance with the assumptions of the Polish National
Health Fund’s Therapeutic Programs—as a reduction in DAS28-ESR by more than 1.2 after
the first three months of biological therapy and a further reduction in DAS28-ESR by 1.2
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was noted in subsequent medical examinations performed at nine and 15 months after the
first dose of TNF«lI.

2.3. Measurement of Bone Turnover Markers

Venous blood samples were collected between 7:00 am and 9:00 am after an overnight
fast. Serum obtained from healthy subjects and RA patients was separated from whole
blood after complete clotting by centrifugation at 3000 rpm for 10 min and immediately
stored at —80 °C until analysis. All bone turnover markers were measured at baseline
and 15 months after starting TNFal treatment. Bone formation was analyzed on the
basis of serum levels of PICP and PINP using an ELISA method from Cloud-Clone Corp.
(Katy, TX, USA). The minimum detectable concentration was <0.067 ng/mL for PICP and
<13.2 pg/mL for PINP. Serum levels of bone resorption markers, (i.e., CTX-I and NTX-
I) were determined using a competitive enzyme immunoassay from Immunodiagnostic
Systems Ltd. (Boldon, UK) and competitive inhibition ELISA using the Osteomark® assay
(Alere Scarborough, Inc., Scarborough, ME, USA), respectively. Detection limit for CTX-I
was 0.020 ng/mL. The NTX-I serum assay values were expressed in nanomoles bone
collagen equivalents per liter (nM BCE). The reference range was between 3.2 and 40.0 nM
BCE. The manufacturer’s recommended reference values for women ranged from 6.2 to
19 nM BCE. The levels of the markers of osteoclastogenesis, (i.e., total soluble RANKL and
OPG) were measured using commercially available ELISA kits from BioVendor R&D (Brno,
Czech Republic) according to the manufacturer’s instructions. The minimum detectable
concentration was estimated to be 0.40 pmol/L for sSRANKL and 0.03 pmol/L for OPG.
Testing of all samples in duplicate was completed in one day to eliminate the effects of
inter-assay variation. The manufacturer’s intra-assay coefficients of variation (CVs) were
<10% for PICP, PINP and sRANKL, <3% for CTX-I, = 4.6% for NTX-I, and <4.9 for OPG.

2.4. Measurement of Bone Mineral Density

Bone mineral density (BMD) was measured in women with RA at baseline and
15 months after the first TNFal course by dual-energy x-ray absorptiometry (DXA). DXA
examination was performed using the Hologic Horizon Wi (Hologic Inc., Waltham, MA,
USA) densitometer by a single technician during the study period. Measurements were
taken at the posterior-anterior lumbar spine (region L2-L4) and left proximal neck of femur
(femoral neck). In our study, the BMD (g/cm?), the rate of T-score (density of bone in
comparison with young people), and the rate of Z-score (density of bone in comparison
with their peers) were studied. The inter-assay coefficient of variation (CV), measured
using an anatomical spine phantom daily was less than 1.8.

2.5. Statistical Analysis

Data analyses were performed using TIBCO Software, Inc. (1984-2017); StatSoft
Poland Sp. z o. 0. 2021 (Palo Alto, CA, USA). The normality of the distribution was verified
using the Shapiro-Wilk test. Data not normally distributed were log-transformed before the
analyses. Variables are summarized as mean =+ SD (for normal distribution) or median and
interquartile (25th—75th percentile) range (for abnormal distribution). The homogeneity of
variance was assessed by Levene’s test. Evaluation of data was carried out using a repeated
measures analysis of variance (RM-ANOVA) (normal data distribution) with a sphericity
check employing Mauchly’s test of sphericity, or using the RM-ANOVA Friedman’s test
(non-normal data). Post-hoc analyses performed in cases of significant differences between
subgroups relied on the Tukey’s test (p value < 0.05) or the Mann-Whitney U-test (p value
obtained after application of the Bonferroni correction, p < 0.05/six possible comparisons).
Moreover, the Mann—-Whitney U-test was used to determine whether the differences be-
tween the values for RA patients, both at the beginning and after 15 months of TNF«l
therapy, were significantly different from the control group. Paired Student’s t-test (for
normal distribution) or Wilcoxon’s rank sum test (for abnormal distribution) was used to
compare the change in the same parameters in each RA patient before and after 15 months
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of anti-TNF-« treatment. p values of less than 0.05 were considered significant. Spearman’s
rank correlation coefficient was used to evaluate the relationship between selected biomark-
ers of both bone turnover (PINP, CTX-I and PINP/CTX-I ratio) and osteoclastogenesis
(sSRANKL, OPG, sRANKL/OPG ratio) in women with RA. The significance in case of
multiple comparisons was assessed against a reference p value obtained after applying the
Bonferroni correction (p < 0.05/six possible comparisons).

3. Results
3.1. Demographic and Clinical Characteristics

A total of 50 female RA patients met the eligibility criteria and were enrolled in
this study receiving their first injection of ETA, ADA, CZP, or GLM (Table 1). A total of
31 patients completed the 15 months of anti-TNF-« therapy, and 19 were excluded from
the analysis. Among the excluded patients with RA, anti-TNF-o therapy was discontinued
for the following reasons: lack of response (five patients), loss of response (three patients),
therapy intolerance (three patients), undergoing surgical procedures (four patients), and
withdrawal of consent to participation in therapy (four patients). In the end, our study
included 31 female patients with RA who continued the TNFal therapy for 15 months.

During TNFaol therapy, a significant clinical improvement was noted in all RA patients.
In line with the EULAR response criteria [29], 31 patients responded well after three months
and this effect persisted up to month 15. The clinical parameters such as the number
of tender and swollen joints, VAS, and DAS28-ESR score were significantly reduced at
three, nine, and 15 months after the initiation of TNFal therapy compared to the baseline.
However, ESR and CRP levels decreased significantly only after nine and 15 months of
treatment compared to the baseline (Table 3). This may indicate that in some patients—in
spite of good response to the TNFal therapy applied, as evidenced by reduction in DAS28-
ESR—the treatment reduces the inflammation marker values, but they still remain above the
normal range, which may entail increased cardiovascular risk in such patients. It has been
demonstrated that the inflammation markers (especially ESR) are significantly correlated
with the risk of cardiovascular disease (CVD) in rheumatoid arthritis [30]. Additionally,
about 45% of women were over 50 years old in which reference values of ESR and CRP
were higher than in women under 50 years old.

Presented in Table 3 are the variables of the demographic, clinical, and biochemical
variables (except for data related to BMD and outcomes such as: serum levels of calcium,
phosphorus, ALP) in rheumatoid arthritis patients during 15-month anti-TNF-o therapy
that were obtained in our earlier investigations [28].

3.2. Bone Formation Markers—PINP and PICP

The serum levels of the bone formation marker (i.e., PINP) were lower in women with
RA before anti-TNF-« therapy than in healthy women (p < 0.01; Figure 1a). In addition,
a significant increase in PINP levels in women with RA was found after 15 months of
anti-TNF-« therapy compared to the baseline values (p < 0.001; Figure 1a). Regarding the
second marker of bone formation (i.e., PICP), it was shown that its levels in blood serum
did not differ in women with RA before anti-TNF-« therapy compared to the values in
healthy subjects (p = 0.488; Figure 1b). Fifteen months after starting TNF«lI therapy, a
statistically significant increase in PICP levels was observed in RA patients compared to the
healthy controls (p < 0.01; Figure 1b). However, PICP levels did not differ after 15 months
of anti-TNF-« treatment compared to the baseline (p = 0.295; Figure 1b).
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Table 3. The demographic, clinical, biochemical and functional variables during 15-month anti-TNF-« therapy in women

with rheumatoid arthritis.

Parameter

Baseline (Tp)

Time after Initiation of TNFxI Therapy

3 Months (Tq)

9 Months (T,)

15 Months (T3)

Women with RA, 1 (%)
Premenopausal females, 11 (%)
Postmenopausal females, 11 (%)
Age (years)

Disease duration (years)
Growth (cm)

Weight (kg)

BMI (kg/ m?)

IgM-REF (+), 1 (%)

Anti-CCP (+), n (%)

ESR (mm/h)

CRP (mg/L)

Calcium € (mmol/L)
Phosphorus (mmol/L)

ALP (U/L)

SJC, n

TJC, n

VAS, (0-100 mm)

DAS 28-ESR

Disease activity, 1 (%)

High (>5.1)

Moderate (>3.2 and <5.1)
Low (<3.2 and >2.6)
Remission (<2.6)

Lumbar L2-L4 BMD (g/cm?)
Lumbar L2-L4 T-score
Lumbar L2-L4 Z-score

Neck femur BMD (g/cm®)
Neck femur T-score

Neck femur Z-score

31 (100)
17 (54.84)

14 (45.16)
45.87 + 1228
5 (3-11)
163.77 + 6.63
65.89 + 14.60
24.62 & 5.65
28 (90.32)
26 (83.87)
17.0 (10.0-34.0)
6.3 (3.08-14.0)
2.30 £ 0.1
1.36 £ 0.20
168.5 (152.5-202)
7 (5-10)

12 (9-16)

80 (80-80)
5.78 (5.51-6.24)

31 (100)
0(0)
0(0)
0(0)

0.89 (0.73-1.00)
—2.05(—2.93-0.32)
—1.43 (—2.38-0.23)

0.83 (0.69-0.78)
—0.30 (—1.30-0.40)
~0.10 (—0.90-0.10)

Patients which responded to TNF«I therapy, n (%)

ETA (Enbrel) 16 (51.62)
ADA (Humira) 13 (41.93)
CZP (Cimzia) 2 (6.45)

14.0 (9.0-23.0)
4.0 (2.0-9.0)

2(0-3) ¢
4(2-7)¢
40 (30-50) 2<
3.92 (3.08-4.42) 3

2 (6.45)
20 (64.52)
4(12.91)
5(16.13)

13.0 (9.0-18.0) 2
40(2.0-4.3)2

0(0-0) 2>
1(0-2) P
20 (10-30) 20
2.75 (2.24-3.13) &0

0(0)
3(9.68)
14 (45.16)
14 (45.16)

13.0 (8.0-18.0) ?
4.0(1.5-5.1)2
2.3140.11
1.37 +£0.21
165.5 (149.5-192)
0 (0_0) ab
0 (0_0) ab,c
15 (5-20) 2P
2.19 (1.75-2.51) &be

0(0)
0(0)
5 (16.13)
26 (83.87)

0.92 (0.79-1.03)
—1.70 (—2.75—0.65)
—1.15 (—2.00-0.15)

0.85 (0.77-0.85)

—0.30 (—1.8-0.50)
0.00 (—0.70-0.10)

Results are expressed as mean £ SD or median, inter-quartile (25th-75th percentile) range, or percentage (%). Differences noted for all
variables (except for data related to BMD and outcomes such as serum levels of calcium, phosphorus, ALP) considered significant at
p < 0.0083 by applying Bonferroni correction. 2 significant differences compared to Tp; ® significant differences compared to Ty; © significant
differences compared to Tp. ADA, adalimumab; ALP, alkaline phosphatase; BMD, bone mineral density; C albumin-corrected calcium; CZP,
certolizumab pegol; DAS 28-ESR, disease activity score 28; ETA, etanercept; ESR, erythrocyte sedimentation rate; SJC, swollen joint count;

TJC, tender joint count; TNF«I, tumor necrosis factor « inhibitors; VAS, visual analogue scale.
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Figure 1. Effect of a 15-month TNFal therapy on markers of bone formation: PINP (a) and PICP (b) in women with
rheumatoid arthritis, and in healthy women. #* p < 0.01 compared to the control; bt p < 0.001 compared to the baseline.
PICP, C-terminal propeptides of type I procollagen; PINP, N-terminal propeptides of type I procollagen; RA, rheumatoid
arthritis; TNFal, tumor necrosis factor « inhibitors.
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3.3. Bone Resorption Markers—CTX-I and NTX-I

The serum concentrations of CTX-I and NTX-I in women with RA before and after
15 months of anti-TNF-o therapy and in healthy subjects are presented in Figure 2a,b.
Before anti-TNF-« treatment, serum levels of CTX-I were significantly higher in women
with RA than in healthy subjects (p < 0.01; Figure 2a). In addition, in women with RA,
CTX-I levels significantly decreased after 15 months of anti-TNF-« therapy compared to
the baseline (p < 0.01; Figure 2a). Regarding the second marker of bone resorption (i.e.,
NTX-I), it was shown that its levels in blood serum did not differ in women with RA before
and after 15 months of anti-TNF-« therapy compared to the values in healthy subjects
(p = 0.385 and p = 0.403, respectively; Figure 2b). Moreover, the serum levels of NTX-Iin
RA patients did not show any differences during the 15 months of anti-TNF-o treatment
(p = 0.595; Figure 2b).
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Figure 2. Effect of a 15-month TNFal therapy on markers of bone resorption: CTX-I (a) and NTX-I (b) in women with
rheumatoid arthritis, and in healthy women. 2* p < 0.01 compared to the control; ®* p < 0.01 compared to the baseline. CTX-I,
C-terminal cross-linking telopeptides of type I collagen; NTX, N-terminal cross-linking telopeptides of type I collagen; RA,
rheumatoid arthritis; TNFal, tumor necrosis factor « inhibitors.

3.4. Osteoclastogenesis Markers—sRANKL and OPG

Among the markers of osteoclastogenesis, serum levels of SRANKL were significantly
higher in women with RA before and after 15 months of anti-TNF-« therapy than in healthy
subjects (p < 0.001 for both; Figure 3a). Moreover, with regard to the RANKL pathway,
serum levels of SRANKL in RA patients did not show any differences during 15 months
of anti-TNF-o therapy (p = 0.281; Figure 3a). On the other hand, in the case of OPG, it
was shown that the serum levels of OPG in women with RA before treatment with TNF-«
inhibitors did not differ from those in healthy subjects (p = 0.343; Figure 3b). However, in
contrast to SRANKL, 15-month of anti-TNF-o therapy resulted in a significant increase in
OPG concentration compared to the baseline level (p < 0.001; Figure 3b). Moreover, serum
OPG were still significantly higher in RA patients after 15 months of treatment than in
healthy individuals (p < 0.001; Figure 3b).
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Figure 3. Effect of a 15-month TNF«lI therapy on markers of osteoclastogenesis: SRANKL (a) and OPG (b) in women with
rheumatoid arthritis, and in healthy women. 2** p < 0.001 compared to the control, b p <0.001 compared to the baseline.
OPG, osteoprotegerin; RA, rheumatoid arthritis; SRANKL, total soluble receptor activator of nuclear factor kB ligand;
TNF«l, tumor necrosis factor o« inhibitors.

When calculating bone formation/resorption ratios (PINP/CTX-I and sSRANKL/OPG),
which better reflect bone turnover in RA, the PINP/CTX-I ratio increased significantly
after 15 months of treatment compared to the baseline (p < 0.001; Table 4), reaching the
same value as in healthy people (p = 0.469; Table 4). On the other hand, the SRANKL/OPG
ratio was significantly higher in women with RA before and after 15 months of anti-TNF-«
therapy compared to healthy subjects (p < 0.001 for both; Table 4). The applied treatment
resulted in a significant decrease in the sSRANKL/OPG ratio in women with RA (p < 0.001;
Table 4), but was still higher than in healthy women (p < 0.001; Table 4).

Table 4. The ratios of PINP to CTX-I and sRANKL to OPG in women with rheumatoid arthritis at baseline and after
15 months of anti-TNF-« therapy, and in healthy women.

Healthy

Parameter Subjects RA Patients (n = 31) p
Time after Initiation of
TNF«l Therapy
A Baseline (Ty) B 15 Months (T3) C Avs.B Avs.C Bvs.C
. 33.79 12.30
PINP/CTX-I ratio (25.15-48.31) (6.69-20.20) 30.74 (14.51-50.06) <0.001 NS <0.001
sRANKL/OPG 14.77 107.21
ratio (10.20-23.97) (39.20-190.12) 52.87 (34.25-94.28) <0.001 <0.001 <0.001

Results are expressed as median, inter-quartile (25th-75th percentile) range. CTX-I, C-terminal cross-linking telopeptides of type I collagen;
NS, not significant; OPG, osteoprotegerin; PINP, N-terminal propeptides of type I procollagen; RA, rheumatoid arthritis; sSRANKL, total
soluble receptor activator of nuclear factor kB ligand; TNF«I, tumor necrosis factor « inhibitors.

3.5. Analysis of the Relationship between Bone Turnover Markers, Osteoclastogenesis Markers as
Well as Clinical and Laboratory Indicators of Disease Activity

The analysis of the relationship between selected biomarkers of both bone turnover
(PINP, CTX-I and PINP/CTX-I ratio) and osteoclastogenesis (SRANKL, OPG, sRANKL/OPG
ratio) as well as clinical (DAS 28-ESR) and laboratory (ESR, CRP) indicators of disease
activity in RA patients at the beginning and after 15 months of anti-TNF-« therapy are pre-
sented in Table 5. However, no significant correlations were found between the biomarkers
of bone turnover and osteoclastogenesis with any of the parameters assessed.
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Table 5. The relationship between markers of bone turnover and osteoclastogenesis markers as well as PINP/CTX-I,
sRANKL/OPG ratios, and clinical and laboratory indicators of disease activity in women with rheumatoid arthritis at the

baseline and after 15 months of anti-TNF-« therapy.

RA Patients (n = 31)

Parameter Time after Initiation of TNFal Therapy
Baseline (Tp)
PINP CTX-1 PINP/CTX-I sRANKL OPG sRANKL/OPG
CRP —0.167 NS —0.216 NS 0.03 NS 0.238 NS —0.05N8 0.302 NS
ESR 0.044 NS —0.075 NS 0.213 NS 0.247 NS 0.233 NS 0.176 NS
DAS28-ESR 0.012 NS —0.216 NS 0.132 NS —0.221 NS 0.07 NS —0.207 NS
SJC —0.130 NS —0.223 NS 0.068 NS —0.307 NS 0.001 NS —0.305 NS
TJC —0.027 NS 0.0245 NS —0.088 NS —0.044 NS —0.236 NS —0.320 NS
VAS 0.105 NS 0.146 NS —0.097 NS —0.047 NS 0.101 NS —0.160 NS
15 Months (T3)
CRP —0.08 NS 0.319 NS —0.333 NS —0.03N8 —0.128 NS 0.059 NS
ESR 0.202 NS 0.067 NS 0.145 NS 0.169 NS 0.285 NS 0.091 NS
DAS28-ESR 0.185 NS 0.112 NS 0.054 NS 0.193 NS 0.255 NS 0.077 NS
SJC 0.353 NS 0.085 NS 0.097 NS 0.000 NS —0.036 NS 0.012 NS
TJC —0.028 NS —0.028 NS 0.0176 NS 0.097 NS —0.214 N8 0.051 NS
VAS 0.082 NS 0.040 NS —0.047 NS 0.071 NS 0.322 NS —0.091 NS

Results are expressed as r (correlation coefficient) according to Spearman rank correlation. Correlations were considered significant at:
p < 0.0083 by applying a Bonferroni correction. DAS 28-ESR, disease activity score 28; CTX-I, C-terminal cross-linking telopeptides of
type I collagen; ESR, erythrocyte sedimentation rate; N5, not significant; OPG, osteoprotegerin; PINP, N-terminal propeptides of type I
procollagen; RA, rheumatoid arthritis; SJC, swollen joint count; sSRANKL, total soluble receptor activator of nuclear factor kB ligand; TJC,
tender joint count; TNFal, tumor necrosis factor « inhibitors.

3.6. Effect of Anti-TNF-ua Treatment on Bone Mineral Density

In the RA patients, anti-TNF-« treatment halted further generalized bone loss over
15 months. During the 15-month anti-TNF-o therapy, no significant difference was found
in the BMD of vertebrae (L2-L4) and femoral neck (p = 0.290 and p = 0.513, respectively;
Table 3). Moreover, the rates of T-score and Z-score for L2-14 vertebral (p = 0.838 and
p = 0.510, respectively; Table 3) as well as femur neck (p = 0.280 and p = 0.09, respectively;
Table 3) did not differ in women with RA before anti-TNF-« treatment compared to the
values in 15 months of these therapy.

3.7. Bone Metabolism Markers and PINP/CTX-I, sSRANKL/OPG Ratios Depending on the Type of
TNF-« Inhibitor Used

In this study, we assessed whether the type of TNF-« inhibitor used had an effect
on the levels of bone turnover markers. We compared changes in serum levels of bone
turnover markers (PINP, CTX-I, PINP/CTX-I ratio) and osteoclast regulators (sSRANKL,
OPG, sRANKL/OPG ratio) in females with RA who completed a 15-month anti-TNF-«
therapy with ETA or ADA. The effect of certolizumab pegol was not assessed because
in this study only two patients were treated with this drug and completed 15 months of
treatment with a TNF-« inhibitor (Table 3).

Administration of either ETA or ADA led to a significant increase in serum PINP
and OPG levels, and decrease in serum CTX-I levels in women with RA after 15 months
of therapy (p < 0.001, p < 0.001, and p < 0.01, respectively; Figure 4a,b,d). Moreover,
there were no significantly changes in SRANKL concentration during 15 months anti-
TNF-« therapy (p = 0.326, Figure 4c). We also demonstrated that therapy with either
ETA or ADA significantly increased the PINP/CTX-I ratio (p < 0.01; Figure 5a), and
decreased the SRANKL/OPG (p < 0.001; Figure 5b). There were no significant changes in
the serum levels of the assessed bone turnover markers, PINP, CTX-I and PINP/CTX-I
ratio (p = 0.713, p = 0.891 and p = 0.576, respectively; Figures 4a,b and 5a) and osteoclast
regulators, SRANKL, OPG, and sRANKL/OPG ratio depending on the type of TNF-«
inhibitor used (p = 0.450, p = 0.345, and p = 0.841, respectively; Figures 4c,d and 5b).
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Figure 4. The effect of type TNF-« inhibitor used on serum levels of bone turnover markers, i.e. PINP (a), CTX-I (b) and
osteoclastogenesis markers: sSRANKL (c) and OPG (d) in female rheumatoid arthritis patients during 15-month therapy.
*p <0.01 or ** p < 0.001 compared to the baseline. ADA, adalimumab; CTX-I, C-terminal cross-linking telopeptides of
type I collagen; ETA, etanercept; OPG, osteoprotegerin; PINP, N-terminal propeptides of type I procollagen; RA, rheumatoid
arthritis; SRANKL, total soluble receptor activator of nuclear factor kB ligand; TNF«I, tumor necrosis factor « inhibitors.
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Figure 5. The effect of type TNF-« inhibitor used on PINP/CTX-I (a) and sSRANKL/OPG ratios (b) in female rheumatoid
arthritis patients during 15-month therapy. #* p < 0.01 or ®** p < 0.001 compared to the baseline. ADA, adalimumab;
CTX-I, C-terminal cross-linking telopeptides of type I collagen; ETA, etanercept; OPG, osteoprotegerin; PINP, N-terminal
propeptides of type I procollagen; RA, rheumatoid arthritis; SRANKL, total soluble receptor activator of nuclear factor kB
ligand; TNFal, tumor necrosis factor-o inhibitors.
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4. Discussion

Bone erosion is one of the radiographic hallmarks of RA. Periarticular bone loss
in patients with RA results from excessive local bone resorption and inadequate bone
repair [3,5,8,10]. The evaluation of bone turnover markers (BTMs) in body fluids (i.e.,
synovial fluid, blood, and urine) provides information on the dynamics of bone matrix
turnover and reflects the disease activity in bone tissue [31,32]. Approximately 90% of the
organic matrix of bone tissue is type I collagen [33]. During type I collagen synthesis, two
extension peptides from both ends of the procollagen molecule, C-terminal propeptide
of type I procollagen and N-terminal propeptide of type I procollagen, are enzymatically
removed from the structure and released into the circulation. Although type I collagen
propeptides may also arise from other tissues such as skin, dentin, tendon, and cartilage,
these tissues exhibit a slower turnover than bone and make a very small contribution to
the pool of circulating propeptide. Thus, PICP and PINP serum concentrations depend
mainly on intrinsic bone formation. Meanwhile, C-terminal and N-terminal crosslinking
telopeptides of type I collagen are formed during bone collagen breakdown with the
enzyme cathepsin K, and their serum levels indicate bone resorption and osteoclast acti-
vation [31,32,34]. In the present study, we evaluated the usefulness of BTMs in predicting
and monitoring bone metabolism changes during 15-months of anti-TNF-« therapy in
female patients with RA. We demonstrated that the effective 15-month anti-inflammatory
treatment with TNF«l was associated with improvement in bone metabolism, assessed
through serum levels of matrix products released during bone formation (PICP, PINP) and
bone resorption (CTX-I, NTX-I). Indeed, higher levels of PINP and lower levels of CTX-I
were noted under anti-TNF-« treatment. Thus, circulating PINP and CTX-I turned out to
be useful for monitoring bone turnover during TNFal therapy. Similar results regarding
persistent decrease in bone resorption markers and improvement in bone formation mark-
ers have been reported in other studies evaluating the effect of therapy with biological
agents on bone turnover [21-23,35,36]. Vis et al. [22] described a decrease in the bone
resorption marker (i.e., cross-linked C-terminal telopeptides of type I collagen (ICTP)),
and an increase in the bone formation markers (i.e., PINP and osteocalcin (OC)) after six
weeks of treatment with infliximab in RA patients. Chopin et al. [21] also observed this
positive effect in a study with RA patients treated with infliximab for one year. There was
an initial decrease in bone resorption marker (i.e., CTX-I) at week 6 and 22, which returned
to pretreatment levels at week 54 [21].

In our study, the PINP/CTX-I ratio, which better reflects the bone turnover in RA, was
also calculated. We noticed an increase in the PINP/CTX-I ratio in women with RA after
15 months of treatment with TNF-« inhibitors when compared to the baseline. Consistently
with our results, Wheater et al. [36] and Chopin et al. [21] demonstrated that effective
treatment of RA patients with biologic drugs (rituximab or infliximab) was associated with
decreased serum levels of CTX-I and increased PINP /CTX-I ratio, which indicates in favor
of bone formation. Moreover, Fassio et al. [37] demonstrated that the effective treatment of
RA patients with certolizumab pegol in combination with MTX was associated with an
increase in serum levels of PINP and a decrease in serum levels of C-terminal cross-linking
telopeptides of type I collagen caused by cathepsin K, suggesting increased synthesis and
decreased degradation of the bone matrix components, respectively.

To conclude, we report that the combination of 15-month anti-TNF-« therapy with
MTX provides rapid clinical response and, additionally, has a beneficial effect on bone
turnover. Thus, increased serum PINP levels accompanied by significantly reduced CTX-I
levels under anti-TNF-« treatment indicate a shift of bone turnover toward bone formation,
which potentially represents an important mechanism for preventing future bone damage
and disability in RA patients. Anti-TNF-o therapy may thus provide the ability, or at
least an opportunity, to repair the damaged bone matrix due to effective disease control
and inflammation suppression [13,28,38,39]. Previous studies have shown that inhibiting
TNF-o in RA reduces local osteoarthritis through a reduction in synovial cell infiltration
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and the expression of adhesion molecules, chemokines, and cytokines, coinciding with
reduced levels of acute phase reactants such as CRP and interleukin (IL)-6 [28].

We also attempted to evaluate the effect of TNF«l therapy on bone mineral density in
female RA patients. In RA patients, BMD was inversely correlated with serum levels of
TNF-« [13,39,40]. Thus, treatment with TNF-« inhibitors may modify BMD during this
therapy. In our study, we found no significant difference in BMD of vertebrae (L2—L4)
and femoral neck during 15-month anti-TNF-« therapy. It can therefore be concluded that
alterations in bone marker levels (PINP and CTX-I) in response to TNF«I treatment occur
earlier than changes in bone mineral density. This may indicate that anti-TNF-« treatment
in female RA patients stabilized bone loss within 15-months. The anti-TNF-« therapy
has also been reported to arrest bone loss in the lumbar spine and hip in longitudinal
studies [18,22,41]. On the other hand, Hoff et al. [42] reported that adalimumab combined
with methotrexate resulted in less hand bone loss than the use of either ADA or MTX
monotherapies. Therefore, these last findings suggest that the benefits of anti-TNF-a
therapy may not be limited to the control of inflammation, but also include being able to
suppress the direct effect of TNF-o on osteoclast activation [41,43].

The changes in serum levels of bone resorption and bone formation markers observed in
our study during therapy with TNFal are most likely mediated by the RANKL/RANK/OPG
signaling pathway. In the complex system of bone remodeling that involves the sequential
phases of activation, resorption, reversal, formation, and termination, the RANKL/OPG
pathway is the connecting factor between bone resorption and bone formation [12,38,44,45].
The balance between RANKL and OPG determines the degree of proliferation and activity
of the osteoclasts [44,46]. The RANKL/OPG ratio, known as the regulator of osteoclas-
togenesis, represents an important determinant of bone resorption. In most of the cases,
both RANKL upregulation and OPG downregulation lead to bone loss [45]. Moreover, as
previously mentioned, various proinflammatory cytokines regulate expression of RANKL
and OPG including TNF-« and IL-1 [46,47]. It was found that the high RANKL/OPG ratio
in active RA is associated with increased radiographic damage in active RA [47]. Thus, the
signaling and regulation of RANKL and OPG activity may play a critical role in bone loss
associated with RA [44,46,47].

We have found that circulating levels of sSRANKL were much higher in women
with RA before anti-TNF-« treatment than in healthy subjects of the same age. Our
finding of increased sSRANKL in RA patients was similar to that revealed in many other
studies [46,48,49]. Previously, Ziotkowska et al. [48], and Xu et al. [46], also reported
elevated SRANKL levels in RA patients when compared to controls. High levels of RANKL
were found in synovial fluid of patients with RA [50] in previous studies. Elevated RANKL
in RA is probably related to the effect of activity of inflammatory cytokines, such as TNF-«,
IL-1, IL-6, and IL-17, with regard to synovial fibroblasts [51]. In addition, patients with early
RA who had high levels of sSRANKL and low levels of OPG in synovial fluid experienced
more rapid progression of the disease towards destruction of joints and bones [12].

We did not find any significant change in sSRANKL in female RA patients undergo-
ing treatment with TNFal. Similar results were reported after anti-TNF-« treatment [52]
and by study on treatment with methotrexate only [51]. However, some studies have
found normalization or reduction of elevated sSRANKL levels after treatment with both
TNFal [48] and DMARD:s regimens [53]. These discrepancies can result from method-
ological differences, especially with regard to the specificity of antibodies used in enzyme
immunoassays, capable of recognizing soluble RANKL present in the serum as a free or
OPG-bound molecule. Furthermore, since SRANKL may originate from sources other than
bone, it is reasonable that the circulating sSRANKL levels may not entirely reflect the bone
microenvironment in RA patients following the anti-TNF-« treatment [54,55]. In addition,
the lack of decrease in sSRANKL levels in women undergoing TNF«l therapy that we found
during our research may be related to patient age. In the studies of Ziotkowska et al. [48],
it was demonstrated that the reduction in SRANKL levels caused by anti-TNF-o treatment
was more significant among older RA patients rather than young ones.
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As has been mentioned earlier, the balance between bone breakdown and formation
is modulated to a large extent by the OPG [56]. The latter one is secreted by osteoblasts,
as well as by other cell types, including peripheral blood lymphocytes, endothelial cells
(ECs), and vascular smooth muscle cells (SMCs) [54,56,57]. We found that circulating
levels of OPG, a member of tumor necrosis factor receptor superfamily 11B (TNFRSF11B)
in women with RA before treatment with TNFal did not differ from those in healthy
subjects, while the applied treatment resulted in a significant increase in OPG in women
with RA. Our findings differ from those of Ziotkowska et al. [48] and Xu et al. [46], who
demonstrated that the levels of OPG were higher in serum of RA patients when compared
to healthy controls. On the other hand, Fadda et al. [49] found a decrease in serum OPG
and an increase in serum RANKL in RA patients. Such major discrepancies in OPG
levels found by different authors may be related, among others, to the impact of various
factors on the levels of this marker. Ziotkowska et al. [48] underlined the impact of age
on OPG levels. These authors found a significant increase in OPG levels only in RA
patients below the age of 48 [48]. Meanwhile, the increased OPG levels in women after
15-month TNF«l therapy that we revealed in our studies may constitute a compensation
mechanism limiting bone erosion, as in the case of increased bone turnover disorders,
such as osteoporosis [58]. Moreover, previous studies have reported that balanced bone
turnover, protects against the progression of vascular calcification and the occurrence of
cardiovascular events [59]. It is well known that inflammation which occurs in the RA is
one of the main factors responsible for the premature, rapid development of atherosclerosis,
as well as for increased morbidity and mortality due to cardiovascular diseases [60,61].
High amounts of OPG can be found in the arterial wall, and the concentration found in
human aorta extracts has been at least as high as in the bone extracts and even 1000 times
higher in comparison to the concentration in plasma [62]. This may suggest that arterial
SMCs might be major contributors to the circulating pool of OPG in RA patients. However,
little is known about the functions of OPG in the arterial wall. Experimental data and
clinical observations appear rather conflicting [62]. Although several studies have shown
that high levels of circulating OPG are associated with cardiovascular mortality in elderly
women and cardiovascular disease in the general population, vessel wall-derived OPG
was also found to protect from atherosclerosis and vascular calcification in apolipoprotein
E-deficient (ApoE-/-) mice [54,57,63-66]. Thus, these studies point to an active role for
OPG in the maintenance of cardiovascular homeostasis. However, more evidence is needed
to evaluate the predictive and diagnostic value of serum OPG levels for clinical use as a
potential marker of CVD risk. To summarize, we can suppose that increased circulating
levels of OPG following anti-TNF-o therapy may represent an insufficient compensatory
self-defensive mechanism aimed at preventing further vascular damage in patients with
RA. This is consistent with the unchanged serum calcium levels found in our study in
women with RA after 15 months of anti-TNF-o treatment.

Previous studies have indicated that the RANKL/OPG ratio has a better prognostic
value in assessing bone metabolism or the effectiveness of the therapy applied than the
results of quantitative analysis of each of these molecules carried out in separation [12,34,50,
67]. As has been demonstrated, the sSRANKL/OPG ratio may be a determinant of activation
in bone resorption: a high RANKL/OPG ratio is a better indicator of osteoclastogenesis
and, therefore, of bone erosion in RA [52]. Moreover, it better reflects the combined
effect of the two opposing osteoimmunological mediators (SRANKL and OPG). Several
clinical studies have shown that the SRANKL/OPG ratio in serum or synovial fluid may
predict the progression of joint and bone destruction in RA patients [16,52]. Furthermore, a
recent study demonstrated that the RANKL/OPG ratio independently predicted annual
radiological damage over 11 years in early RA [16].

Our study has shown that the sSRANKL/OPG ratio was significantly higher in women
with RA before and after 15 months of anti-TNF-« therapy when compared to healthy sub-
jects. However, the treatment applied resulted in a significant decrease in the SRANKL/OPG
ratio in women with RA. Results similar to ours were found in previous studies [48,50].

114



J. Clin. Med. 2021, 10, 2905

Catrina et al. [50] demonstrated a decreased expression of RANKL/OPG in synovial tissue
caused by anti-TNF-« therapy through upregulation of OPG. The research so far has shown
that systemic TNF-« contributes directly to increased presence of osteoclast precursors in
mice, which can be reversed by applying anti-TNF antibody-based drugs [68,69]. Moreover,
anti-TNF-« treatment in psoriatic arthritis patients reduced the number of peripheral osteo-
clast precursors [50,70]. It is plausible, therefore, that the bone-protective effect of TNFal
that we found in our study and that can be seen in women with RA receiving treatment
with either ETA or ADA is, at least partially, mediated through the RANKL/OPG pathway:.

Regarding the effects of the type of TNF-« inhibitor employed in our study (i.e., etan-
ercept or adalimumab) on the levels of bone turnover markers (PINP, CTX-I) and osteoclast
regulators (sSRANKL, OPG) in female RA patients, our results have not demonstrated any
superiority of ETA therapy in terms of preventing bone damage when compared to ADA.
However, a definitive confirmation of our results require further studies in light of the
relatively small number of patients in the studied groups.

Our study has several potential limitations. First, the group of women with RA
was relatively small but carefully selected according to the Polish National Health Fund
Therapeutic Programs that employ TNF-blockers (i.e., B.33: “Treatment of aggressive forms
of rheumatoid arthritis (RA) and juvenile idiopathic arthritis (JIA)” (03.0000.333.02) or B.45:
“Treatment of an aggressive form of rheumatoid arthritis (03.0000.345.02)”). Moreover, in
our study, 19 (38%) female patients discontinued TNF«I treatment due to the following
reasons: no response in two patients, loss of response in three patients, intolerance in three
patients, surgical procedures in four patients, and withdrawal of consent for participation in
the therapy by four patients. The relatively small number limits the potential for detecting
smaller changes in variables and although 31 patients responded well to TNFal treatment,
the group was heterogeneous, consisting of pre- and postmenopausal women. Second,
PICP as a bone formation marker and NTX-I as a resorption marker have a limited role
in the evaluation of bone remodeling for the purposes of assessing the effectiveness of
TNF«l therapy. PICP is cleared by the mannose receptor, which is also regulated by thyroid
hormone and growth hormone. NTX-I measurements are altered in the cases of liver
and renal failure. Another limitation of this study is the fact that both RANKL and OPG
levels can be assayed in serum and reflect the production coming from several tissues.
Therefore, the circulating levels of osteoclast regulatory proteins may not entirely reflect
the bone microenvironment.

5. Conclusions

In conclusion, we report that a 15-month TNFal therapy combined with MTX not
only leads to clinical response, but also provides a beneficial effect on bone turnover.
Changes in bone turnover marker levels occur independently of changes in BMD, which
may suggest an important role for PINP and CTX-I as short-term tools to monitor bone
turnover in RA patients treated with TNF«I. Our study has also demonstrated that TNFal
therapy modulates the RANKL/OPG pathway, a potential mechanism that could explain
the improvement of the PINP/CTX-I ratio in RA patients follow treatment with anti-
TNF-« inhibitors. Furthermore, the bone metabolism changes in women with RA were
independent of the type of TNFal used.
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Abstract: We recently reported that increased serum adiponectin was associated with rheumatoid
arthritis (RA) risk in subjects with obesity. We hereby aim to determine if other adipokines associate
with RA risk and if the association between adiponectin and RA is independent of other adipokines.
Two nested-case control studies were performed in two different cohorts: 82 participants of the
Swedish Obese Subjects (SOS) study who developed RA during follow-up matched with 410 controls,
and 88 matched pairs from the Medical Biobank of Northern Sweden. Baseline levels of circulating
adipokines were measured using ELISA. In a multivariable analysis in the SOS cohort, higher
adiponectin was associated with an increased risk of RA independently of other adipokines (OR for
RA risk: 1.06, 95% CI: 1.01-1.12, p = 0.02). No association between leptin, resistin, and visfatin levels
and the risk of RA was detected. In the cohort from the Medical Biobank of Northern Sweden, higher
adiponectin was associated with an increased risk of RA only in participants with overweight/obesity
(OR: 1.17,95% CI: 1.01—1.36, p = 0.03), independently of other adipokines. Our results show that in
individuals with overweight/obesity, higher circulating levels of adiponectin, but not leptin, resistin,
or visfatin, were associated with an increased RA risk.

Keywords: adiponectin; adipokines; rheumatology; obesity; overweight; case control study
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1. Introduction

Adipose tissue is the largest endocrine organ in the human body, which produces large
amounts of cell-signaling proteins, called adipokines [1]. Adipokines, such as adiponectin,
leptin, resistin, and visfatin, are important regulators of metabolism [2]. In obesity, the
balance between pro- and anti-inflammatory adipokines shifts to create a pro-inflammatory
environment in the adipose tissue contributing to the chronic low-grade inflammation
and the metabolic disorders that characterize obesity [2]. However, obesity is not only a
risk factor for metabolic disturbances such as type 2 diabetes or metabolic syndrome but
also for inflammatory diseases such as gout, psoriasis, and rheumatoid arthritis (RA) [3-7].
Adipokines, by virtue of their regulatory role in the integration between metabolism and
systemic inflammation, are candidates to be involved in the pathogenesis of inflammatory
diseases [8,9].

Several adipokines have been found elevated in blood from patients with RA, a
systemic inflammatory disease affecting mainly the joints [10]. However, it is unknown
whether they contribute to the development of the disease or if they are unspecific markers
of inflammation [9]. An interesting example is adiponectin, which is the most abundant
adipokine circulating in blood [11]. As opposed to other adipokines, circulating adiponectin
levels are low in patients with obesity, type 2 diabetes, and metabolic syndrome [12,13].
On the other hand, circulating adiponectin levels are elevated in inflammatory conditions
such as RA, and synovial fluids from patients with RA show higher concentrations of
adiponectin compared to those from patients with osteoarthritis [9,14].

Other adipokines, such as leptin, resistin, and visfatin, have been associated with RA.
Amongst those adipokines, leptin is the one with the most robust association with RA, as
high circulating leptin levels correlate with RA disease activity and leptin is also able to
stimulate RA fibroblast-like synoviocytes to produce pro-inflammatory cytokines [15,16].
Circulating resistin levels have also been associated with RA, although with inconsistent
results [17,18]. However, despite some controversial results, it is generally agreed that
resistin is involved in the pathogenesis of RA. Intra-articular injection with resistin causes
joint inflammation similar to RA in a murine model, and recombinant resistin is able to
induce the production of pro-inflammatory factors from human blood mononuclear cells
and fibroblast-like synoviocytes from patients with RA [19,20]. Visfatin is an adipokine
mainly produced by visceral adipose tissue and by neutrophils [8]. Patients with RA have
elevated levels of visfatin in blood and in inflamed synovial tissue compared to controls,
and visfatin is shown to trigger the motility and cytokine production in fibroblast-like
synoviocytes [21,22].

Blood samples from patients who later developed RA show signs of inflammation
several years before the disease onset. Autoantibodies, cytokines, and biomarkers of
inflammation can be elevated up to 10 years before the first signs of RA [23,24]. We have
recently shown that serum adiponectin at baseline associated with the future development
of RA independently of other risk factors in the Swedish Obese Subjects (SOS) study, a
large cohort of patients with obesity followed up for up to 29 years [25].

The objective of the current study was to determine if circulating adipokines other
than adiponectin also associate with the future development of RA and if the association
between circulating levels of adiponectin and higher risk of RA is independent of other
adipokines. To answer these questions, we performed two nested-case control studies, one
within the SOS study, which includes only patients with obesity, and the other one at a
general population level within the Medical Biobank of Northern Sweden.

2. Results
2.1. Baseline Characteristics of the Nested Case-Control Cohort from the SOS Study

Baseline characteristics of the 82 cases before the development of RA and the 410 matched
controls are shown in Table 1. As a result of the matching procedure, the two groups had
similar characteristics regarding age, the proportion of men/women, body mass index
(BMI), smokers/non-smokers, and patients who underwent bariatric surgery or received

122



J. Clin. Med. 2021, 10, 2791

conventional treatment for obesity. Cases had higher levels of C-reactive protein (CRP) and
erythrocyte sedimentation rate (ESR) than the matched controls. No significant difference
was observed in the serum levels of adipokines between the two groups. We performed
a Spearman’s correlation test, which showed a poor or mild correlation among adipokine
levels (Spearman’s coefficients < 0.5 for all the combinations).

Table 1. Baseline characteristics of the nested case-control cohort from the SOS study.

Characteristic (Sisgz) Matc(l;e;:l 4Cl(z)r)1trols p-Value
Age, years * 48+ 6 48+ 6 091
Men, No (%) * 17 (21) 85 (21) 0.99
BMI, kg/m? * 42+5 41+4 0.60
Surgery group, No (%) * 43 (52) 218 (53) 0.90
Current or previous smoking, No (%) * 18 (22) 85 (21) 0.80
Diabetes, No (%) 7(9) 45 (11) 0.50
CRP, mg/L 10+12 7+7 0.001
ESR, mm/h 18 +11 15+ 10 0.048
Adiponectin, ng/mL 9041 £ 4766 8068 £ 4622 0.08
Leptin, ng/mL 45 + 32 49 + 29 0.26
Resistin, ng/mL 12+ 6 12+6 0.84
Visfatin, ng/mL 28+23 26+£19 0.35

Data are shown as mean = standard deviation or numbers (percentage). Differences between group means were
analyzed using analysis of covariance, whereas proportions were analyzed using a chi-squared test. Adipokines
have been measured in serum samples. * Matching variables, plus year of inclusion. Abbreviations: BMI: body
mass index; CRP: C-reactive protein; ESR: erythrocyte sedimentation rate.

2.2. Baseline Characteristics of the Nested Case-Control Cohort from the Medical Biobank of
Northern Sweden

Table 2 shows baseline characteristics of the cohort from the Medical Biobank of
Northern Sweden, both cases and matched controls. The two groups had similar character-
istics including age, the proportion of men/women, and BMI. Cases were more frequently
smokers than the participants from the control group. No difference in the plasma levels of
adipokines was detected between the two groups. Circulating levels of adipokines showed
poor correlation (Spearman’s coefficients < 0.1 for all the combinations).

Table 2. Baseline characteristics of the nested case-control cohort from the Medical Biobank of

Northern Sweden.

Cases Matched Controls

Characteristic (1 = 88) (1 = 88) p-Value
Age, years * 56 + 10 55+ 10 0.54
Men, No (%) * 20 (23) 20 (23) 1.00
BMI, kg/m? 26 +4 26+ 3 0.56
Current or previous smoking, No (%) 43 (49) 28 (32) ** 0.03
Adiponectin, ng/mL 7482 + 4936 6628 £ 4654 0.18
Leptin, ng/mL 21 +17 20 + 19 0.44
Resistin, ng/mL 6.7 £ 3.5 69 +28 0.42

Data are shown as mean = standard deviation or numbers (percentage). Differences between group means were
analyzed using analysis of covariance, whereas proportions were analyzed using a chi-squared test. Adipokines
have been measured in plasma samples. * Matching variables, plus date of blood sampling. ** Information about
smoking status was missing for one individual. Abbreviations: BMI: body mass index.

2.3. Multivariable Analyses for the Incidence of RA in the Nested Case-Control Cohort from the
SOS Study

Table 3 shows the multivariable conditional logistic regression analyses for the risk of
RA in the SOS nested case-control cohort. When only adipokines are included in the model,
solely the association between adiponectin levels and risk of RA was close to significance
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(OR: 1.05, per 1000 ng/mL; 95% CI: 1.00-1.10, p = 0.05; Table 3 (A Model 1)). The analysis
was not adjusted for age, sex, BMI, or smoking as those variables were used for matching,
and they were not different between the two groups (Table 1). As CRP and ESR levels
were different between cases and controls (Table 1), we included those two variables in
the analysis. As shown in Table 3 (B Model 2), increased serum levels of adiponectin were
associated with a higher risk of RA (OR: 1.06; per 1000 ng/mL, 95% CI: 1.01-1.12, p = 0.02)
independently of other adipokines as well as inflammation markers CRP and ESR. As
previously shown in the same cohort [25,26], CRP was also independently associated with
a higher risk of RA (OR: 1.67; per 10 mg/L, 95% CI: 1.17-2.42, p = 0.01). ESR and serum
levels of leptin, resistin, and visfatin did not show any significant association with the risk
of RA.

Table 3. Multivariable conditional logistic regression analysis for RA in the nested case-control cohort
from the SOS study.

A.Model 1 OR 95% CI p-Value
Adiponectin, per 1000 ng/mL 1.05 1.00-1.10 0.05
Leptin, per 10 ng/mL 0.93 0.84-1.03 0.16
Resistin, per 10 ng/mL 0.93 0.59-1.47 0.75
Visfatin, per 1 ng/mL 1.07 0.95-1.21 0.29
B. Model 2 OR 95% CI p-Value
Adiponectin, per 1000 ng/mL 1.06 1.01-1.12 0.02
Leptin, per 10 ng/mL 0.92 0.83-1.02 0.13
Resistin, per 10 ng/mL 0.67 0.40-1.15 0.15
Visfatin, per 1 ng/mL 1.04 0.91-1.19 0.57
CRP, per 10 mg/L 1.67 1.17-2.42 0.01
ESR, per 10 mm/h 1.14 0.88-1.48 0.32

Abbreviations: OR: odds ratio; CI: confidence interval; CRP: C-reactive protein; ESR: erythrocyte sedimentation
rate.

2.4. Multivariable Analysis for the Incidence of RA in the Nested Case-Control Cohort from the
Medical Biobank of Northern Sweden

In the cohort from the Medical Biobank of Northern Sweden, no association between
adipokines and risk of RA was detected in a multivariable analysis, including plasma
adipokine levels and smoking (Table 4A). Smoking was included in the model as the
percentage of current or previous smokers was different at baseline between cases and
controls (Table 2). CRP and ESR levels were not available at baseline in the cohort from the
Medical Biobank of Northern Sweden and therefore could not be included in the analysis.
To mimic the conditions of the SOS cohort characterized by subjects affected by obesity,
we then stratified the population according to BMI. Plasma levels of adiponectin were
associated with a risk of RA (OR: 1.17, 95% CI: 1.01-1.36, p = 0.03) independently of
other factors in the subgroup having BMI > 25 kg/m? (n = 109) but not in the one having
BMI < 25 kg/m? (1 = 67), as shown in Table 4B,C. These analyses were also adjusted for
age, sex, and smoking as cases and controls were not matched for these variables when
stratifying for BMI. However, similar results were obtained in the unadjusted analysis (data
not shown). The interaction between adiponectin levels and BMI on the risk of RA was
not significant (p = 0.13). Baseline clinical characteristics of the cohort from the Medical
Biobank of Northern Sweden after stratification by BMI are shown in Table 5.
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Table 4. Multivariable conditional logistic regression analysis for RA risk (A) and logistic regression
analyses after stratifying for BMI (B and C) in the Medical Biobank of Northern Sweden cohort.

Characteristic OR 95% CI p-Value
A.

Adiponectin, per 1000 ng/mL 1.05 0.98-1.13 0.19
Leptin, per 10 ng/mL 1.01 0.99-1.03 0.56
Resistin, per 10 ng/mL 0.75 0.85-1.12 0.75
Smoking, yes/no 227 1.12-4.62 0.02
B. BMI < 25 kg/m?

Adiponectin, per 1000 ng/mL 1.02 0.94-1.11 0.64
Leptin, per 10 ng/mL 1.00 0.93-1.07 0.92
Resistin, per 10 ng/mL 1.05 0.85-1.29 0.68
Women, yes/no 1.42 0.25-8.03 0.69
Age, per 1 year 0.99 0.94-1.05 0.79
Smoking, yes/no 2.04 0.72-5.81 0.18
C. BMI > 25 kg/m?

Adiponectin, per 1000 ng/mL 1.17 1.01-1.36 0.03
Leptin, per 10 ng/mL 1.00 0.98-1.03 0.94
Resistin, per 10 ng/mL 0.98 0.87-1.09 0.69
Women, yes/no 0.84 0.25-2.78 0.77
Age, per 1 year 1.00 0.97-1.05 0.70
Smoking, yes/no 1.63 0.71-3.72 0.25

Abbreviations: OR: odds ratio; CI: confidence interval; BMI: body mass index.

Table 5. Baseline characteristics of the cohort from the Medical Biobank of Northern Sweden stratified
by BML

Characteristic Cases Matched Controls p-Value
BMI < 25 n=30 n=37

Age, years 53 £11 54 £9 0.67
Women, No (%) 26 (87) 32 (87) 0.64
BMI, Kg/m? 22 +2 23+1 0.13
Current or previous smoking, No (%) 15 (50) 12 (32) 0.15
Adiponectin, ng/mL 9233 + 6575 8708 £ 5921 0.73
Leptin, ng/mL 13+8 12+9 0.79
Resistin, ng/mL 69 +25 6.8 £25 0.99
BMI > 25 n =58 n=>51

Age, years 57+9 57 £10 0.63
Women, No (%) 42 (72) 36 (71) 0.83
BMI, Kg/m? 28 +£3 28 +3 0.76
Current or previous smoking, No (%) 28 (48) 16 (31) * 0.09
Adiponectin, ng/mL 6575 £ 3570 5118 £ 2630 0.02
Leptin, ng/mL 25+ 18 26 + 22 0.80
Resistin, ng/mL 6.7 £ 3.9 69 +25 0.74

Data are shown as mean = standard deviation or numbers (percentage). Differences between group means were
analyzed using analysis of covariance, whereas proportions were analyzed using a Chi-square test or Fisher’s
Exact test. * Information about smoking status was missing for one individual. Abbreviation: BMI: body mass
index.

3. Discussion

By performing two nested case-control studies in cohorts where blood samples and
clinical information were available before the diagnosis of RA, we have observed no
association between circulating levels of leptin, resistin, and visfatin and the future risk
of RA. Only elevated circulating adiponectin levels were associated with an increased
risk of developing RA in participants with overweight/obesity independently of other
adipokines.
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This study confirms what we have shown in a recent publication where increased
serum adiponectin levels were associated with the future incidence of RA in participants
of the SOS, a longitudinal study including about 4000 subjects with obesity [25]. This asso-
ciation was independent of confounding factors, including bariatric surgery. As circulating
levels of other adipokines are known to be elevated in patients with RA compared to con-
trols, we wanted to determine if leptin, resistin, and visfatin levels were also associated with
the future development of RA [9]. By performing a nested case-control study within the
SOS study based on the same patients with incident RA as in our previous study matched
1:5 with controls without incident RA [25], we did not observe any association between
leptin, resistin, and visfatin and the risk of future RA. As expected, serum adiponectin
levels were positively associated with an increased risk of developing RA, and this associa-
tion was independent of other adipokines. As the SOS study only included participants
with obesity, we aimed to test our hypothesis at the general population level and therefore
measured plasma levels of adiponectin, leptin, and resistin in 88 pre-symptomatic patients
before symptom onset of RA and 88 matched controls from the Medical Biobank of North-
ern Sweden. It was not possible to measure circulating visfatin due to the low amount of
available plasma. In this cohort, no adipokine was associated with the development of RA.
To mirror the conditions of the SOS study where all the participants are affected by obesity,
we decided to stratify the population according to BMI and found that elevated circulating
adiponectin levels were associated with an increased risk of RA independently of leptin
and resistin only in participants with overweight/obesity. No association of adiponectin,
nor other adipokines, and risk of RA was observed in normal-weight participants.

It is unclear why circulating adiponectin was associated with the future risk of RA ex-
clusively in participants with overweight/obesity. A possible explanation is that a chronic
pro-inflammatory state as seen in obesity is needed to expose the association between
adiponectin levels and RA. Furthermore, as high BMI associates with low circulating
adiponectin levels and at the same time with an increased risk of developing RA, it is
possible to hypothesize that overweight and obesity uncover the link between adiponectin
and risk of RA [12,27]. According to this hypothesis, the association between increased
adiponectin levels and the risk of developing future RA is also present at a general popula-
tion level, but it becomes clearly detectable in subjects with overweight/obesity as they
have constitutionally lower circulating levels of adiponectin. However, it is important to
point out that this remains a pure hypothesis that we cannot confirm or reject in the present
report, as the cohort of the Medical Biobank of Northern Sweden included in this study is
not large enough. Moreover, the interaction between adiponectin levels and BMI on the
risk of RA was not significant in the same cohort.

The finding that patients with RA have elevated circulating levels of adiponectin
compared to controls is known for many years [9,14]. However, as adiponectin has both
anti- and pro-inflammatory properties, the increase in adiponectin levels in blood has
been hypothesized to be a protective mechanism to counterbalance systemic and local
inflammation [28,29]. On the other hand, adiponectin might play an active role in the
development of RA as it is able to induce pro-inflammatory responses in cells involved
in the pathogenesis of RA, such as fibroblast-like synoviocytes and antibodies against
human adiponectin ameliorated rheumatic symptoms in a collagen-induced arthritis mouse
model [30,31]. Our previous and current data show that adiponectin levels are associated
with the risk of future development of RA in patients with overweight/obesity, thus
supporting the hypothesis that this adipokine might play a role in the pathogenesis of
RA at least in this group of patients. However, other factors, such as CRP, are known to
increase in the blood several years before the onset of RA, and they do not necessarily play
a role in the disease development but are unspecific markers of inflammation. Further
in vitro studies are needed to determine if adiponectin has a pathogenic role in RA or is a
marker of inflammation in the context of RA.

Circulating levels of leptin, resistin, and visfatin have been previously shown to be
elevated in patients with RA compared to controls [9,15,17]. Moreover, in vitro studies
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have demonstrated that leptin, resistin, and visfatin are able to stimulate the production
of pro-inflammatory factors in cells from patients with RA [16,19,22]. However, we have
recently reported that, in patients with untreated newly diagnosed RA, leptin and resistin
are not associated with markers of disease activity nor pro-inflammatory chemokines [32].
Our present study could not detect any association between circulating levels of leptin,
resistin, and visfatin and future risk of RA. Taken together, these results might suggest
that those three adipokines are neither involved in the initiation of RA nor in the early
pre-clinical phases of RA development. However, future studies in a larger cohort are
needed to determine if circulating levels of leptin, resistin, and visfatin are associated with
the future risk of RA.

Our study has some limitations. We performed two nested case-control studies from
two larger cohorts, and the low number of participants included might have affected the
results. Specifically, the nested case-cohort study performed within the Medical Biobank
of Northern Sweden is rather small. Based on the obtained ORs, this population does
not have enough statistical power to allow detecting an association between circulating
adipokines on the risk of developing RA at a general population level. Moreover, the two
cohorts are very different in terms of baseline characteristics as well as the proportion of
cases/controls. The limited number of participants with obesity in the Medical Biobank of
Northern Sweden (10 RA cases and 8 matched controls having BMI > 30) did not allow us
to stratify this cohort based on BMI equal to 30, and therefore we decided to use BMI equal
to 25 (defining overweight) as a cut-off instead. Another limitation of the study is that it
was not possible to measure visfatin in the cohort from the Medical Biobank of Northern
Sweden due to the lack of plasma samples. Further studies in larger cohorts are warranted
to determine if circulating levels of adipokines are able to predict the future development
of RA at a general population level.

4. Materials and Methods
4.1. SOS Study

A nested case-control study was performed within the SOS study. Details about the
SOS study, such as recruitment, inclusion criteria, and sample collection and storage, have
been previously described [33,34]. Briefly, the ongoing SOS study is a longitudinal non-
randomized controlled intervention study investigating the impact of bariatric surgery on
mortality and morbidity in patients affected by obesity. Between 1987 and 2001, 4047 indi-
viduals with obesity were enrolled in Sweden. Two-thousand and ten patients voluntarily
chose bariatric surgery and underwent vertical banded gastroplasty (68%), gastric banding
(19%), or gastric bypass (13%). A matched control group including 2037 patients with
obesity was created based on 18 different matching variables as previously described [34].
Participants from the control group received conventional treatment for obesity which was
provided at their primary health care centers [34,35]. The study was approved by seven
regional ethics review boards in Sweden and is registered at https://clinicaltrials.gov/
(accessed on 22 June 2021) with the identifier NCT0147952. All patients gave informed
consent to participate in the study.

Diagnoses of RA were retrieved through the Swedish National Patient Register by
looking for the following International Classification of Diseases (ICD) codes: 712.38, 712.39
(ICD-8), and 714.0-2 (ICD-9) and M05, M06.0, M06.8, and M06.9 (ICD-10) [26]. SOS study
participants were followed up until diagnosis of RA, death, migration, or end of follow-up,
which was 31 December 2016. Information on death or migration was obtained from the
Cause of Death Register and the Register of the Total Population [36].

Eleven patients had prevalent RA, and 343 had no available serum samples at baseline
and were therefore excluded from the analyses (Figure 1A). Among the 3693 participants
with available serum and no prevalent RA at baseline, 82 patients developed RA during
follow-up (cases). The 82 cases were matched 1:5 with 410 subjects who did not develop
RA during follow-up (controls), as depicted in Figure 1A. Matching was performed using
the propensity score method based on baseline age, sex, BMI, bariatric surgery yes/no,
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year of inclusion, and smoking [37]. The median follow-up time was 21 years, ranging
from 0 to 29 years in the entire cohort, whereas the median pre-dating time before the

diagnosis of RA was 14 years, ranging from 1 to 27 years.

4047 subjects with obesity B Medical Biobank of Northern
from the SOS study Sweden
k‘ 11 subjects with { 1}
prevalent RA at baseline
386 cases 1305 matched
343 subjects with no serum control
{ available at baseline subjects
3693 subjects with
available serum and no A4 A 4
prevalent RA at baseline 88 cases with 88 matched
available control
\’ 3611 subjects with plasma subjects with
v no incident RA available
82 cases with v plasma
incident RA during 410 subjects . )
follow up matched 1:5 with 1
(cases) the cases 176 subjects
. > included in the
| present report

492 subjects
included in the
present report

Figure 1. Flow scheme for the present report. (A) Nested case-control study from the Swedish Obese Subjects study.
(B) Nested case-control study within the cohort of the Medical Biobank of Northern Sweden.

4.2. The Cohort from the Medical Biobank of Northern Sweden

A nested case-control study was performed in a group of individuals included in
population surveys within the cohort from the Medical Biobank of Northern Sweden.
Details about the recruitment, inclusion criteria, and sample collection and storage of the
original study have been previously described [24]. Briefly, the register from the Medical
Biobank of Northern Sweden was cross-checked with the registers of patients with RA
attending the Department of Rheumatology, University Hospital of Umed, to identify those
individuals who had donated blood samples before the symptoms of RA. Diagnosis of RA
was based on the 1987 American Rheumatism Association classification criteria [38]. Three-
hundred and eighty-six individuals (71 men and 315 women) donating a total of 717 plasma
samples were included in the original study (Figure 1B). A total of 1305 controls, matched
for age, sex, and date of blood sampling, were randomly identified from the registers of the
Medical Biobank of Northern Sweden. The Regional Ethics Committee at the University
Hospital, Umed, Sweden, approved this study (Dnr 2011-168-31M), and all individuals had
given their written informed consent to participate in research projects.

Out of the 386 cases who later on developed RA, 88 participants had available plasma
and were therefore included in the current report (Figure 1B). The pre-dating time before
the diagnosis of RA was 8.5 & 5.0 years (mean + standard deviation, SD) [23]. The 88 cases
were matched 1:1 with 88 available controls. Matched was based on sex, age, and sample
year.

4.3. Biochemical Assessments

In the SOS study, ESR was measured at the participants” health care centers at the time
of health examination visits. CRP levels at baseline were measured with an ultrasensitive
immunoturbidimetric method (Sentinel, Milan, Italy) using the Architect c8200 analyzer
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(Abbott Laboratories, Abbott Park, IL, USA) in Helsinki, Finland, between October 2010
and April 2011. Measurement of serum concentrations of adiponectin was performed
at the German Diabetes Center, Duesseldorf, Germany, from November 2010 to April
2011 [39]. Total adiponectin was measured using the Human Total Adiponectin/Acrp30
Quantikine ELISA Kit (DRP300, Bio-Techne, Minneapolis, MN, USA, previously R&D
Systems, Wiesbaden, Germany). Serum leptin, resistin, and visfatin levels were measured
using Human Leptin Quantikine ELISA Kit (DLP00, Bio-Techne, Minneapolis, MN, USA),
Human Resistin Quantikine ELISA Kit (DRSNO0O, Bio-Techne, Minneapolis, MN, USA),
and Nampt (Visfatin/PBEF) human ELISA Kit (AG-45A-0006YEK-KI01, AdipoGen Life
Sciences, San Diego, CA, USA) respectively, between April and June 2018 at the Univer-
sity of Gothenburg, Sweden. All the ELISA experiments were performed following the
manufacturers’ instructions. All samples gave values above the limit of detection.

In the cohort from the Medical Biobank of Northern Sweden, plasma adiponectin,
leptin, and resistin were measured using the same ELISA kits as for the SOS study. All
measurements were performed at the University of Gothenburg (Sweden) in August 2018.
Two samples had leptin levels above the detection range, and their values were defined as
the upper detection limit. The leptin level of one sample was below the detection range,
and its value was defined as 0 ng/mL. Visfatin could not be measured in the cohort from
the Medical Biobank of Northern Sweden due to a lack of plasma.

4.4. Statistical Analysis

Data are shown as mean & SD for continuous variables or number (percentage) for
categorical variables. Spearman’s test was used to assess the correlation among adipokines.
Differences between group means were analyzed using analysis of covariance, whereas
proportions were analyzed using a chi-squared or Fisher’s Exact test. Multivariable con-
ditional logistic regression analysis was used to calculate adjusted odds ratios (OR) and
corresponding 95% confidence intervals (CIs) for the risk of RA in the SOS cohort and in
the cohort from the Medical Biobank of Northern Sweden. Odds ratio and corresponding
95% confidence intervals for the risk of RA in the cohort from the Medical Biobank of North-
ern Sweden after stratifying for BMI were calculated with binary logistic regression after
adjustment for preselected risk factors. All p-values were two-sided, and p-values < 0.05
were considered statistically significant. Statistical analyses were performed with the
Statistical Package for Social Science (version 24.0; SPSS, Chicago, IL, USA).

5. Conclusions

This study shows that in subjects with overweight/obesity, increased circulating
adiponectin levels were associated with a higher risk of developing RA independently of
other adipokines. We were not able to detect any association between circulating levels of
leptin, resistin, or visfatin and the risk of developing RA, regardless of weight.
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Abstract: MicroRNAs are endogenous non-coding RNAs that are involved in numerous biological
processes through regulation of gene expression. The aim of our study was to determine the ability
of several miRNAs to predict mortality and response to antiplatelet treatment among T2DM patients.
Two hundred fifty-two patients with diabetes were enrolled in the study. Among the patients
included, 26 (10.3%) patients died within a median observation time of 5.9 years. The patients
were receiving either acetylsalicylic acid (ASA) 75 mg (65%), ASA 150 mg (15%) or clopidogrel
(19%). Plasma miR-126, miR-223, miR-125a-3p and Let-7e expressions were assessed by quantitative
real time PCR and compared between the patients who survived and those who died. Adjusted
Cox-regression analysis was used for prediction of mortality. Differential miRNA expression due
to different antiplatelet treatment was analyzed. After including all miRNAs into one multivariate
Cox regression model, only miR-126 was predictive of future occurrence of long-term all-cause death
(HR = 5.82, 95% CI: 1.3-24.9; p = 0.024). Furthermore, miR-126, Let-7e and miR-223 expressions in the
clopidogrel group were significantly higher than in the ASA group (p = 0.014; p = 0.013; p = 0.028,
respectively). To conclude, miR-126 expression is a strong and independent predictor of long-term
all-cause mortality among patients with T2DM. Moreover, miR-223, miR-126 and Let-7e present

significant interactions with antiplatelet treatment regimens and clinical outcomes.

Keywords: microRNA; cardiovascular disease; diabetes; mortality; antiplatelet therapy; platelet
reactivity; Let-7e; miR-126; miR-223; miR-125a-3p

1. Introduction

Type 2 diabetes mellitus (T2DM) constitutes the most prevalent chronic metabolic
disorder, and its prevalence is progressively increasing. Notably, mortality rates in T2DM
patients are known to be up to four-times as high in contrast to subjects without T2DM and
predominantly associated with an increased hazard of cardiovascular disease (CVD) [1].

In the context of T2DM, platelets emerge as triggers of vascular injury induced by
metabolic disturbances. The hypercoagulable state, which is often observed in T2DM, stems
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from disrupted platelet activation, aggregation, alterations in the coagulation processes, as
well as endothelial dysfunction due to dysregulation of several signaling pathways [2]. In
line with our previous reports, several genetic polymorphisms may contribute to differ-
ential platelet reactivity and outcomes in T2DM patients on antiplatelet treatment [3-5].
As we observe, platelets play a central role in the intertwined pathology linking T2DM,
progression of atherosclerosis and occurrence of cardiovascular (CV) complications [6-9].
Since platelets are involved in atherogenesis and its complications, the blockade of one or
numerous pathways regulating platelet activation and aggregation processes is essential in
diminishing atherothrombotic risk in T2DM subjects.

While various mechanisms mediating CVD in diabetes have been determined, the
need for identification of biomarkers is as important as ever. Over the last few years,
platelets have been found to be a major source of miRNAs, which are highly conserved
endogenous, non-coding RNAs that regulate gene expression at a post-transcriptional
level through targeting messenger RNAs (mRNAs) [10,11]. Although miRNAs are found
mostly intracellularly, a substantial amount is present in the extracellular space, such as
the blood [12]. The extracellular miRNAs, which function as chemical messengers and
mediators of cell-cell communication, offer exciting opportunities to become biomark-
ers [13]. Studies showed that platelets release specific miRNAs that can be predictive
factors of morbidity and mortality across various diseases, such as coronary artery disease
(CAD) and heart failure (HF) and provide information on platelet function itself [14,15].
Recently, miRNAs have been suggested as a potential tool to predict and monitor disease
progression and therapeutic effectiveness. Several studies showed that miRNA expression
can be regulated by antiplatelet treatment often utilized in higher risk populations [16-19].
Hence, miRNA signature profiles could be used to help modify antiplatelet treatment for
the best prognostic outcomes in this cohort.

We aimed to determine the prognostic performance of selected circulating miRNAs
for all-cause mortality and their potential usefulness as biomarkers in T2DM patients on
antiplatelet treatment. Several studies showed the role of miR-126 and miR-223 in the
context of antiplatelet treatment in many different cohorts [16,19-23]. Changes in plasma
miRNAs in response to antiplatelet therapy were investigated in a small cohort of healthy
volunteers [16,19-23]. Yu et al. analyzed the correlation between plasma miR-126 and
miR-223, among others, and the risk of major adverse cardiovascular events in patients
on dual antiplatelet therapy (DAPT) after percutaneous coronary intervention [16,19-23].
The association between miRNAs and platelet reactivity was also studied in patients with
acute coronary syndrome (ACS) on various antiplatelet therapies [16,19-23]. In a similar
study Carino et al. assessed miR-126 and miR-223, among other miRNAs, in patients
with ACS before and after the therapeutic switch from DAPT to ticagrelor [16,19-23].
More recently the association of platelet-related miRNAs was studied in ACS patients on
DAPT and pathophysiological processes in the TDM population [16,19-23]. Among others,
Let-7e and miR-125a-3p are molecules that have been formerly linked to inflammation,
platelet reactivity, and mechanisms leading to diabetes; however, the impact of antiplatelet
therapy on Let-7e and miR-125a-3p and their prognostic potential has not been studied so
far [24-26]. Therefore, our aim was to analyze the impact of antiplatelet treatment on
Let-7e and miR-125a-3p expressions and confirm the previous observations for miR-126
and miR-223 expressions, as well as investigate their usefulness as predictive biomarkers
specifically in the T2DM cohort.

2. Materials and Methods
2.1. Study Design

The ethics committee of the Medical University of Warsaw approved both the study
protocol and the informed consent form. The study was conducted in accordance with the
current version of the Declaration of Helsinki at the time when the study was designed,
and informed written consent was obtained. Consecutive patients with T2DM presented at
the outpatient clinic of the Central Teaching Hospital of the Medical University of Warsaw
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and recruited into the multi-center, prospective, randomized and open-label AVOCADO
(Aspirin vs./Or Clopidogrel in Aspirin resistant Diabetes inflammation Outcomes) study
were included in the present analysis. The full characterization of the study population,
including the inclusion and exclusion criteria, was published previously [5]. Shortly, the AV-
OCADO study included patients aged between 30 and 80 years, with T2DM, irrespective of
the type of antidiabetic treatment (with the exception of patients treated only with diet), bur-
dened with at least two additional cardiovascular (CV) risk factors and receiving 75 mg of
acetylsalicylic acid (ASA) daily. All inclusion criteria for the study included: age from 30 to
80 years of age, type 2 diabetes diagnosed at least 6 months before recruitment to the study
requiring treatment with oral hypoglycemic drugs and/or insulin, history of cardiovascular
events (i.e., myocardial infarction or ischemic stroke) or high risk of cardiovascular events
defined as presence of at least 2 of the cardiovascular risk factors listed below: overweight
or obesity diagnosed on the basis of the BMI (Body Mass Index) > 25 kg/ m? (overweight),
> 30 kg/m? (obesity), history of hypertension (SBP > 130 mmHg, DBP > 80 mmHg or
pharmacological treatment), history of dyslipidemia (total cholesterol > 175 mg/dL, HDL-
cholesterol: men < 40 mg/dL, women < 50 mg/dL, LDL-cholesterol > 100 mg/dL, or
> 70 mg/dL (with concomitant disease ischemic heart disease), triglycerides > 150 mg/dL
or pharmacological treatment); documented coronary artery disease (diagnosis previously
made on the basis of objective clinical studies), documented cerebral vascular disease
(diagnosis previously based on objective clinical studies), documented peripheral vas-
cular disease (diagnosis previously made on the basis of objective clinical studies or a
clinical event requiring hospitalization), positive family history of cardiovascular diseases
and sudden cardiac death at an early age (female relatives of the 1st degree <55 years
of age) 1st degree male relatives <65 years of age), history of smoking [5]. The exclusion
criteria included: bleeding diathesis; history of gastrointestinal bleeding; platelet count
< 150,000 per mm?3; hemoglobin concentration < 10 g/dL; hematocrit < 30%; end-stage
chronic renal disease requiring dialysis; anticoagulants (i.e., low-molecular—weight hep-
arin, warfarin or acenocoumarol) or an alternative antiplatelet therapy other than ASA (i.e.,
ticlopidine, clopidogrel, prasugrel or dipyridamole); self-reported use of non-prescription
non-steroidal anti-inflammatory drugs or drugs containing ASA within 10 days of enroll-
ment; a recent history (within 12 months) of MI, unstable angina, coronary angioplasty
or coronary artery bypass grafting; and a major surgical procedure within the previous
8 weeks [5]. The aim of the AVOCADO trial was to assess the effect of an eight-week course
of clopidogrel or an increased ASA dose (150 mg) in patients with T2DM and high platelet
reactivity on lower ASA dose (75 mg) as previously described [5]. Patients who did not
exhibit high platelet reactivity on ASA 75 mg daily continued therapy, and patients with
high platelet reactivity were randomized to ASA 150 mg or clopidogrel 75 mg in 1:2 ratio.
Briefly, 197 patients were taking 75 mg ASA, 41 patients were taking 150 mg ASA, and
58 patients were taking clopidogrel. For the current analysis, we used only available blood
samples taken 8 weeks after randomization according to the initial study design. Briefly,
blood samples were taken in the morning 2-3 h after ingestion of antiplatelet drugs, as
previously described in more detail [3,5,27-29]. Blood was kept at room temperature for
30 min before centrifugation at 1500 g for 15 min at 18-25 °C. Plasma was pipetted into
500 pL aliquots on ice and transferred to a —80 °C freezer for storage. For the purpose of
this study, existing samples from patients already randomized to antiplatelet therapy based
on study protocol were used, i.e., up to 6 weeks on therapy based on platelet reactivity
measured at baseline, as previously described [5,28].

2.2. Study Endpoints

The primary endpoint was defined as all-cause death during the follow-up. The
secondary endpoint was a composite of death, myocardial infarction (MI), unstable angina,
and stroke or transient ischemic attack (TIA) at follow-up [30]. The composite endpoint
was defined in accordance with the current universal criteria [31,32].

135



J. Clin. Med. 2021, 10, 2371

2.3. RNA Preparation and Detection and Quantification of miRNAs by Quantitative PCR

Plasma RNA was extracted by miVANA PARIS Kit. Total RNA was obtained as
outlined above and diluted 1:10. Diluted RNA (5 uL) was reverse transcribed using
the TagMan miRNA Reverse Transcription kit (ABI) according to the instructions of the
manufacturer. Subsequently, 3 uL of the product was used for detecting miRNA expression
by quantitative polymerase chain reaction using TagqMan miRNA Assay kits (ABI) for the
corresponding miRs on a The CFX384 Touch Real-Time PCR Detection System (BioRad
Inc., Hercules, CA, USA). cel-miR-39 was added as a spike-in control. Reactions were run
in triplicate, and the mean value was used for all analyses, to control variability associated
with methodological reasons [33,34].

2.4. Statistical Analysis

Risk factors, clinical data and categorical variables are presented as percentages of
patients and were compared using x2 or Fisher’s exact tests, as appropriate. Continuous
data are expressed as median and interquartile range and compared using Mann-Whitney
U test for two independent samples. The distribution of data was checked with the
Kolmogorov-Smirnov test. The Kaplan—-Meier method was utilized for construction of
survival curves. The log-rank test was applied to evaluate differences between groups.
Proportional Cox-regression analysis was used to adjust for confounding factors. The
following variables (age, gender, history of previous stroke, history of smoking, eGFR < 30)
were entered into the Cox model on the basis of known clinical relevance or significant
association observed at univariate analysis. We performed Cox regression analyses for
each single miRNA and the clinical variables and also a final model in which all four
miRNA were included in addition to the clinical variables. Effect estimates were presented
as adj. hazard ratios (HR) and 95% CI. All tests were two-sided, and p-value < 0.05 was
considered statistically significant. Calculations were performed using SPSS version 22.0
(IBM Corporation, Chicago, IL, USA). Based on 19% long-term mortality in the high-level
miR-126 group as compared to 4% in the low-level miR-126 group, we calculated that with
at least 125 patients per miR-126 group (1:1 sampling ratio, overall n = 250), our analysis
had 96% power to detect differences in the risk of mortality between the miR-126 groups
with a two-sided alpha value of <0.05.

3. Results
3.1. Patient Demographics

Patient demographics, T2DM data, concomitant diseases, medication and laboratory
results are summarized in Table 1 and Supplemental Table S1. Out of 303 patients included,
blood samples for analyses presented in this study were unavailable for 51 individuals.
In fact, 48 patients did not present within the given time window for blood sampling,
and in 3 remaining patients, the available blood volume was insufficient for miRNAs mea-
surements. Among the 252 patients included, 26 (10.3%) patients died within a median
observation time of 71 months (5.9 years). CV risk factors, such as hypertension (92%),
dyslipidemia (85%) history of smoking (57%) and CAD (55%) were common in the ma-
jority of patients. Patient characteristics according to selected miRNAs are included in
Supplemental Table S1.
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Table 1. Demographic and clinical characteristics of the study patients.

Patient Demographics 23‘;;8%102) Patients Who Died * (N = 26) I’atients(l‘\/]V 20225 ;rvived : P
Age (years) mean & SD 67.1+85 70.52 £+ 1.80 66.61 £ 0.60 0.019
Sex (female) n (%) 117 (46%) 111 (49%) 6 (23%) 0.012
Body mass index (BMI) 315+ 127 30.21 4 0.80 31.81 4+ 0.99 0.587
Hypertension 228 (92%) 24 (92%) 204 (92%) 1
Dyslipidemia 213 (85%) 20 (77%) 193 (86%) 0.209
HF 91 (37%) 12 (46%) 79 (35%) 0.282
Current smoking 25 (10%) 2 (8%) 23 (11%) 0.745
CAD 136 (55%) 16 (62%) 120 (54%) 0.468
Prior MI 75 (30%) 12 (46%) 63 (28%) 0.058
History of smoking 143 (57%) 20 (77%) 123 (55%) 0.032
Prior ischemic stroke 22 (9%) 5 (19%) 17 (8%) 0.048
Prior TIA 7 (3%) 1 (4%) 6 (3%) 0.708
Laboratory data (mean =+ SD)
White blood cell count (x109/L) 69 +19 6.46 + 0.40 6.95 +0.13 0.222
Platelets (x109/L) 222.6 £61.9 204.08 £+ 9.62 22542 + 447 0.113
Hemoglobin (g/dL) 13.7 £ 1.46 13.72 £ 2.67 13.76 £ 0.99 0.969
High-sensitivity C-reactive Protein (mg/dL) 2[0.3-25.8] 1.9 [1.05-4.0] 2.05[1.05-4.1] 0.726
Fibrinogen (mg/dL) 402.6 + 104 407 +19.78 404 +£7.72 0.994
Creatinine (mg/dL) 1+031 1.16 £ 0.06 0.97 £+ 0.02 0.001
HbAlc 6.5 [6.0-7.4] 6.4 [5.9-7.1] 6.9 [6.3-7.8] 0.060
Tch 158.6 £ 36.5 153.63 + 6.15 159.34 + 2.69 0.628
TG 1324+ 615 123.46 +7.13 125.87 +3.12 0.990
HDL 50 +30.3 47.50 +9.31 51.45+2.44 0.634
LDL 83.8+£283 81.42 £5.35 85.36 £2.23 0.670
Failure to achieve lipid control
LDL, %; n ** 108 (49%) 13 (54%) 95 (48%) 0.567
HDL, %; n ** 100 (44%) 9 (39%) 91 (45%) 0.413
Triglycerides, %; n ** 68 (30%) 8 (32%) 60 (29%) 0.778
Concomitant medications n (%)
B-blockers 178 (72%) 22 (88%) 156 (70%) 0.054
ACE inhibitors 165 (66%) 14 (56%) 151 (67%) 0.252
Statins 179 (72%) 19 (76%) 160 (71%) 0.630
Calcium channel-blockers 94 (38%) 8 (32%) 86 (38%) 0.532
Proton pump Inhibitors 49 (24%) 8 (31%) 41 (23%) 0.407
Randomization group in the AVOCADO study, %; n
ASA (75 mg) *** 167 (66%) 11 (42%) 156 (69%) 0.006
ASA (150 mg) *** 32 (13%) 6 (23%) 26 (12%) 0.093
Clopidogrel *** 53 (21%) 9 (35%) 44 (20%) 0.073
ASA total (75 mg + 150 mg) *** 199 (79%) 17 (65%) 182 (81%) 0.073
miRNAs
miR-126 0.84 [0.16-8.54] 7.23[1.93-47.3] 0.46 [0.13-6.39] 0.000032
Let-7e 0.64 [0.09-4.10] 3.78[0.85-25.70] 0.51 [0.08-3.39] 0.000216
miR-223 8.91 [2.09-69.81] 19.98 [6.27-94.85] 8.11[1.76-67.88] 0.089
miR-125a-3p 0.009 [0.001-0.05] 0.054 [0.006-1.05] 0.0082 [0.001-0.041] 0.0006

* Median follow-up: 5.9 years. ** Failure to achieve lipid control defined as. LDL > 70 mg/dL in patients with a history of coronary artery
disease, myocardial infarction, previous stroke or TIA, current smoking or with eGFR < 30 mL/min/1.73 m?, and LDL > 100 mg/dL in
remaining patients, HDL < 40 mg/dL in men, and < 50 mg/dL in women, triglycerides > 150 mg/dL. *** Study medication (treatment
duration: 8 weeks). Data are reported as mean =+ standard deviation (SD) and median [interquartile range]. Abbreviations: ACE,
angiotensin converting enzyme; ACS, acute coronary syndrome; ASA, acetylsalicylic acid; BMI, body mass index; CAD, coronary artery
disease; HDL, high-density lipoprotein; HF, heart failure; LDL, low-density lipoprotein; MI, myocardial infarction; TG, triglycerides.
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3.2. Circulating miRNA Levels Predict Long-Term All-Cause Death

Patients who died had a 7.5-, 3- and 14-fold higher expression of miR-126, Let-7e
and miR-125a-3p as compared with patients who survived, respectively (p < 0.001 for
all miRNAs; Figure 1a,b,d). The difference in the expression for miR-223 did not differ
statistically between those who died or survived (p = 0.089; Figure 1c). Since RNA was
extracted from blood plasma for the purpose of this investigation, we refer to the expression
of miRNA from extracellular space across this manuscript.
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Figure 1. miRNAs expression levels according to survival during the long-term follow-up (a) miR-126;
(b) Let-7e; (c) miR-223; (d) miR-125a-3p.

3.3. Predictive Value of miR-126, Let-7e, miR-223 and miR-125a-3p of Long-Term
All-Cause Mortality

The study population was divided into two subgroups by using ROC curve analysis
for each miRNA, i.e., low- or high value of single miRNAs (see Table 2 and Figure 2). The
cut-off value of >2.08, labelled as high miR-126 level (40.5% of the population), the cut-off
value of >0.82, labelled as high Let-7e level (47.6% of the population), the cut-off value
of >6.62, labelled as high miR-223 level (54% of the population) and the cut-off value
of >0.0017, labelled as high miR-125a-3p level (40.9% of the population) provided the
prediction of all-cause mortality.
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Table 2. Statistical estimates for prediction of all-cause mortality by miR-126, Let-7, miR-223 and miR-125a-3p.

miRNA "I(‘;‘;‘?/")"CAI?C p Cut-Off  Sensitivity, %  Specificity, % P"Siﬁ“,’a"ilf:’eg:“ﬁ"e Pre;\ilft%;i‘\’/ealue, Lll;:il{}}gzd
miR-126 o o y <0001 2078 77% 63% 19% 9% 207
Let-7e o o7 &) <0001 0.8201 81% 6% 18% 96% 1.84
miR-223 o B 70 0.094 6.617 77% 49% 15% 95% 1.49
miR-125a-3p o 6%'_7&82) 0.001 0.0017 65% 61% 17% 94% 178

Abbreviations: AUC—area under the curve; 95% CI—95% confidence interval.
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Figure 2. Receiver operating characteristic (ROC) curves of miR-126, Let-7e, miR-223, miR-125a-3p for
prediction of all-cause death. Abbreviations: AUC, area under the curve; CI, 95% confidence interval.

3.4. Expression of miRNAs According to the Allocation to the Antiplatelet Treatment Strategy

The expression of miR-126, Let-7e and miR-223 was significantly higher in the clopido-
grel group as compared to the ASA 75 mg group (p = 0.015; p = 0.014; p = 0.024, respectively).
This difference was not seen when comparing clopidogrel and ASA 150 mg groups for
miR-125a-3p (Figure 3a—c; Supplemental Table 52). However, when comparing miRNAs
expression between clopidogrel and the whole ASA groups (i.e., 75 mg +150 mg), miR-126,
Let-7e and miR-223 expressions remained significantly higher in the clopidogrel subgroup
(p =0.014; p = 0.013; p = 0.028, respectively) (Figure 4).
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Figure 3. MiRNAs expressions in regard to the type of antiplatelet treatment based on randomization (ASA 75 mg vs. ASA
150 mg vs. Clopidogrel); (a) miR-126; (b) Let-7e; (c) miR-223; (d) miR-125a-3p.
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Figure 4. MiRNAs expressions in regard to antiplatelet treatment (ASA vs. Clopidogrel) (a) miR-126; (b) Let-7e; (c) miR-223;

(d) miR-125a-3p.

3.5. Survival Analysis According to miRNAs Expression

The primary endpoint occurred in 26 (10.3%) out of 252 patients, for whom miR-126,
Let-7e, miR-223 and miR-125a-3p levels were available. Six of the patients who died
(4%) had low miR-126 values, and 20 patients (19%) had high miR-126 values, whereas
for Let-7e, 5 patients (4%) had low Let-7e values, and 21 patients (17.5%) had high Let-
7e values. Moreover, six of these patients who died (5%) had low miR-223 values, and
20 patients (14.5%) had high miR-223 values, whereas for miR-125a-3p, 9 patients (6%) had
low miR-125a-3p values, and 17 patients (17%) had high miR-125a-3p values.
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The primary endpoint in long-term follow-up was significantly more common in
patients with high miRNA levels vs. low miRNA levels, for all analyzed miRNAs, i.e., miR-
126, Let-7e, miR-223 and miR-125a-3p (p < 0.001; p < 0.001; p = 0.016; p = 0.005, respectively).

Adjusted time to event analyses have shown that heightened expression of miR-
NAs was associated with survival, when the models included one single miRNA and
other covariates: miR-126 (HR = 7.31, 95% CI: 2.63-20.28; p < 0.001), Let-7e: (HR = 5.85,
95% CI: 2.08-16.46; p = 0.001), miR-223: (HR = 3.07, 95% CI: 1.17-8.07; p = 0.023), miR-125a-
3p (HR =2.93,95% CI: 1.27-6.83; p = 0.013) (Figure 5; Table 3 and Supplemental Table S3).
After inclusion of all 4 miRNAs into one multivariate Cox regression model, increased
expression of miR-126 was associated with a 5.8-fold higher risk for long-term all-cause
mortality (HR = 5.8, 95% CI: 1.2-24.9; p = 0.024), whereas the other miRNAs did not reach
the statistical significance. Additionally, age (HR = 1.1, 95% CI: 1.01-1.12; p = 0.009) and
male gender (HR = 4.06; 95% CI: 1.24-13.34; p = 0.027) were found independently associated
with long-term all-cause mortality (Table 4).

a) b)
10 —‘% low miR-126 LOK-—\_H‘_l_ low Let-7e
08 high miR-126 08 high Let-7e
E 06 (20 0.6
= =
- o
5 log-Rank = 0.001 = log-Rank = 0.002
v 04 v o4
0.2 0.2
0.0 0.0
20 40 60 80 100 20 40 60 80 100
Time (months) Time (months)
Q d)
1.0, g 10 _
_-‘_""‘1_._‘_ low miR-223 o s low miR-125a-3p
high miR-223 : :
08 9 0.8 high miR-125a-3p
0] ]
- -
i ©
T 06 306
& =
= log-Rank = 0.055 = log-Rank =0.013
04 1 04
0.2 0.2
0.0 0.0
20 40 60 80 100 20 40 60 80 100
Time (months) Time (months)

Figure 5. Kaplan-Meier survival analysis for all-cause death. HR are adjusted for clinical variables in a multivariate model
with a single miRNA as a covariate (a) high vs. low miR-126; (b) high vs. low Let-7e; (c) high vs. low miR-223; (d) high vs.
low miR-125a-3p.
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Table 3. Univariate and multivariate Cox regression model for prediction of long-term all-cause of
mortality for miR-126, Let-7e, miR-223 and miR-125a-3p.

95% CI
Variable HR p-Value
Lower Upper
High miR-126
Univariate 4.377 1.749 10.956 0.002
Multivariate * 7.310 2.634 20.284 <0.001
High Let-7e
Univariate 4.208 1.580 11.206 0.004
Multivariate * 5.845 2.076 16.460 0.001
High miR-223
Univariate 2.389 0.952 5.977 0.063
Multivariate * 3.073 1.170 8.071 0.023
High miR-125a-3p
Univariate 2.692 1.198 6.052 0.017
Multivariate * 2.929 1.256 6.828 0.013

* After adjustment for age, gender (male), history of smoking, prior ischemic stroke and eGFR < 30 (mL/min/1.73 m?).

Table 4. Multivariate Cox regression model including high levels of miRNAs and clinical data.

95% CI

Variable HR Lower Upper p-Value
High miR-126 5.821 1.259 24.927 0.024
High Let-7e 3.449 0.578 21.176 0.173
High miR-223 0.367 0.080 1.679 0.196
High miR-125a-3p 1.115 0.408 3.050 0.832
Age 1.068 1.016 1.122 0.009
Gender (male) 4.059 1.235 13.344 0.027
History of smoking 1.656 0.519 5.289 0.395
Prior IS 4.041 1.242 12.646 0.016
eGFR<30 5.879 0.841 41.100 0.074

Abbreviations: HR, hazard ratio; MI, myocardial infarction, 95%CI, 95% confidence interval.

4. Discussion

The present study determined the association of miR-126 with long-term all-cause
mortality and antiplatelet treatment in patients with T2DM. It demonstrates two major
findings. Namely, we revealed that high expression of plasma miR-126 may independently
predict the risk of long-term all-cause mortality in the T2DM population. We also found
that patients on clopidogrel treatment had higher miR-126, Let-7e and miR-223 expression
compared to patients treated with ASA. It can be concluded with some caution that
clopidogrel may be less beneficial than ASA 150 mg in T2DM with increased platelet
reactivity; however, further studies on larger cohorts should be designed to elucidate
the underlying mechanisms of this phenomenon. In a recent report by Angiolillo et al.,
DM was deemed to be one of the risk factors for high platelet reactivity, clopidogrel
non-responsiveness and subsequent increased risk for adverse ischemic events [35].

MiR-126 belongs to the most abundantly expressed miRNAs in endothelial cells
and is responsible for vascular development, integrity and response to hemodynamic
stress [36]. miRNAs (miR-1, miR-133a and miR-19a) were included into one regression
model; miR-126 and miR-223 were not predictive of death [37]. Moreover, Schulte et al.
did not find a significant predictive value of miR-126 in CV mortality in CAD patients.
Nevertheless, they reported that high miR-223 was predictive of future CV mortality, with
2.1% of the investigated cohort experiencing CV death over a median follow-up time
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of 4 years [38]. In our analysis, we showed that patients with high miR-126 expression
had a 5.8-fold increased risk to experience death from any reason in long term follow-
up. The exact mechanism of miR-126 is yet to be fully elucidated; however, its role in
diabetes and vascular inflammation was reported. Even though miR-126 has been linked
to angiogenesis and to the development of CVD, its role in platelet activation was also
demonstrated [36,39,40]. Inconsistent findings have been reported on the predictive po-
tential of miR-126 in high-risk populations, including patients with diabetes. Previous
studies showed a correlation between low miR-126 and miR-223 expressions and increased
all-cause and CV mortality, principally in patients with overt HF, as well as in individuals
with diabetes. Witkowski et al. demonstrated that vascular tissue factor (TF), which is
prompted by hyperglycemia and triggers pro-thrombotic conditions in diabetes, is con-
trolled on the post-transcriptional level by miR-126, among others [41,42]. As reported by
the team, coexpression of miR-126 with miR-19a results in control of vascular inflammation
and amplifies the post-transcriptional regulation of vascular TF by exhibiting a cooperative
suppression of the TF transcript in a luciferase reporter assay. However, it is worth noticing
that the study was performed in a relatively small cohort of 44 patients with diabetes who
received different hypoglycemic agents, and hence, the results could be biased [41].

The let-7 family are amongst the most highly expressed miRNAs in platelets and are
actively secreted in microvesicles [43]. Moreover, Let-7e has a potential role in platelet
reactivity, platelet regulatory pathways and apoptosis and is linked to inflammatory re-
sponse in vascular endothelial cells [44,45]. To date, the influence of Let-7e on antiplatelet
treatment has not been studied. In the present analysis, we demonstrated for the first time
that Let-7e expression can be altered by different antiplatelet treatment regimens. Let-7e
expression was found to be lower in patients taking ASA compared to clopidogrel group.
This difference can be due to the anti-inflammatory effect of ASA. Importantly, Let-7e
has a significant predictive power and correlates significantly with platelet function itself.
A further possible explanation is the fact that antiplatelet treatment itself may exert an
impact on circulating levels of miR-223 and miR-126, thus attenuating their prognostic
value [46]. Previous studies reported modulation of circulating miRNAs in response to
different antiplatelet treatments and in relation to platelet function. Nevertheless, varying—
sometimes contrasting—results have been reported in multiple studies [16,21,23,47]. In our
study, despite different doses of ASA, no significant impact was observed on circulating
levels of miR-126, miR-223, miR-125a-3p and Let-7, whereas a significant difference in
the expression of miR-126, miR-223 and Let-7 was observed in patients treated with the
purinergic receptor (P2Y1;) antagonist clopidogrel. The scarce data should be supported by
further studies on larger cohorts in order to explain the influence of antiplatelet treatment
on miRNAs expression.

In line with our results, miR-223 expression was shown to be differentially expressed
in patients on antiplatelet treatment owing to the presence of binding site for miR-223 in
natural 3'UTR in P2Y;, mRNA. This finding supports the hypothesis that P2Y7, expression
could be modulated by miR-223 in platelets [17]. Reduced levels of plasma miR-223,
primarily of platelet origin, were suggested to be a marker of efficacy of antiplatelet
therapy [16,17,21,23,48,49]. However, Chyrchel et al. reported that decreased plasma miR-
223 is not a marker of platelet responsiveness to dual antiplatelet therapy (DAPT). Instead,
more potent platelet inhibition linked to newer P2Y1; antagonists seems to correspond with
higher miR-223 as compared to the patients with attenuated responsiveness to DAPT [50].
Interestingly, miR-223-3p in peripheral leukocytes does not correlate with the altered
platelet responses in patients treated with clopidogrel [51].

Some reports suggested that miR-125a may have the influence on the development
of atherosclerosis [52,53]. Although little is known about its function in the cardiovas-
cular system, it was recently revealed that miR-125a-5p correlates with the number of
platelets [54].

As we know, platelet function per se is weaving to such an extent that it makes its use-
fulness as a disease biomarker for a chronic condition rather weak, as reported in available
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literature [55]. On the other hand, our findings demonstrate that certain circulating miR-
NAs are able to reflect the current clinical status of platelet inhibition (significant difference
among ASA and clopidogrel) and prognostic power in our study population. Multiple
mechanisms influence the outcome of antiplatelet therapy. Clopidogrel is extensively me-
tabolized, and patients’ response to the drug depends on multiple non-genetic and genetic
factors [56,57]. The pharmacodynamic response is variable, with up to 40% of patients
classed as nonresponders, poor responders or resistant to clopidogrel treatment mainly due
to low inhibition of ADP-induced platelet aggregation or activation [58]. This phenomenon
should be taken into account while interpreting the data. Our results extend previous
findings on the prognostic potential of platelet-derived miRNAs in diabetes [40,46]. The
superiority of P2Yj, antagonists compared to low-dose ASA deserves further investigation
and is in line with recent clinical studies on early ASA interruption in patients on DAPT
to prevent bleeding complications [59-63]. Larger studies should be designed to verify
the use of miRNAs as potential epigenetic biomarkers with the ability of depicting both
genetic and non-genetic risk components.

5. Conclusions

In the current study, we demonstrate that in patients with T2DM, higher miR-126
expression is associated with reduced survival in long-term follow-up. Based on the results
of the multivariate Cox regression, after correcting for clinical factors, one can conclude
that the impact of increased miR-126 expression is unrelated to well-known risk factors for
atherothrombotic disease, which further increases the strength of the results. Our findings
demonstrate significantly higher expression of miR-126, miR-223 and Let-7e in patients
treated with the P2Y;, antagonist clopidogrel compared to patients on ASA treatment.
Future studies are needed to warrant the clinical usefulness of miR-126 as a mortality risk
predictor and to further investigate whether these miRNAs represent only a marker of
disease severity or rather a distinct biomarker, which can be modified by pharmacological
or lifestyle interventions. Exciting opportunities exist to further pursue platelet miRNAs
miR-126, miR-223 and Let-7 to monitor and optimize antiplatelet treatment.

6. Study Limitations

The major limitation of the study is that only a fraction of all known miRNAs that
are related to platelet reactivity and atherosclerosis pathogenesis were analyzed in this
study. The miRNAs analyzed in the present study were chosen a priori based on literature
and due to their roles in potential roles in processes related with platelet biology. A
more comprehensive genome-wide analysis of miRNAs related to platelet function in
T2DM is also warranted. It is therefore possible that other miRNAs might also alter
primary or secondary endpoints. In AVOCADO study, three point-of-care tests (CEPI-
CT and CADP-CT by PFA-100 and ARU by VerifyNow Aspirin Assay) were applied to
evaluate platelet reactivity. Light transmission aggregometry (LTA), which is regarded as
the gold standard for platelet reactivity assessment, was not used due to significant time
consumption and increased cost of research, which were not included in the original study
design [64]. Another limitation is the observational study design with a lack of control
group without T2DM; therefore, it is impossible to account for all possible confounding
influences. Moreover, due to the limited number of observed clinical endpoints, bias
cannot be excluded despite efforts to adjust for baseline differences using multivariate
Cox regression analysis. The method of collecting and scrutinizing the follow-up may
be to blame for this limitation. Due to the long observational period, personal contact
and examination of the patient was difficult. Since it is an observational study that was
performed on a population with specific study entry criteria, a small number of events were
included in primary or secondary endpoint, and not all clinical data or causes of mortality
could be incorporated into the analysis. Because insufficient information is included in
the Polish Statistical Registries, we were unable to obtain explicit details on the cause
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of death of the subject and defined primary end point as all-cause mortality instead of
cardiovascular death.
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Abstract: Although it was known that obesity is an independent risk factor for metabolic disorders in-
cluding diabetes, the factors that link these diseases were obscure. The Hedgehog-interacting protein
(Hhip) is a negative regulator in tissue remodeling, and inhibits the proliferation of adipocytes, and
promotes their differentiation. In addition, Hhip was positively associated with diabetes. However,
the relationship between Hhip and obesity in the human body remains unclear. An analysis of the
relationship between Hhip and normal weight, overweight, and obesity levels. Participants receiving
a physical checkup were recruited. Anthropometric and biochemical data were collected. Serum Hhip
levels were determined by enzyme-linked immunosorbent assay (ELISA). Subjects were classified into
normal-weight, overweight, and obese groups based on their body mass index (BMI). The association
between Hhip and obesity was examined by multivariate linear regression analysis. In total, 294 sub-
jects who were either of a normal weight (1 = 166), overweight (1 = 90), or obese (1 = 38) were enrolled.
Hhip concentrations were 6.51 & 4.86 ng/mL, 5.79 £ 4.33 ng/mL, and 3.97 + 3.4 ng/mL in normal-
weight, overweight, and obese groups, respectively (p for trend = 0.032). Moreover, the regression
analysis showed that BMI ( = —0.144, 95% confidence interval (CI) = —0.397—0.046, p = 0.013) was
negatively associated with Hhip concentrations after adjusting for sex and age. Being overweight
(B =-0.181, 95% CI = —3.311—-0.400, p = 0.013) and obese (3 = —0.311, 95% CI = —6.393—2.384,
p < 0.001) were independently associated with Hhip concentrations after adjusting for sex, age, fast-
ing plasma glucose, the insulin level, and other cardiometabolic risk factors. Our results showed that
overweight and obese subjects had lower Hhip concentrations than those of normal weight. Being
overweight and obese were negatively associated with Hhip concentrations. Hhip might be a link
between obesity and diabetes.

Keywords: hedgehog-interacting protein; impaired fasting glucose; impaired glucose tolerance;
newly diagnosed diabetes; normal glucose tolerance

1. Introduction

Obesity is recognized as an independent risk factor for the development of many
diseases, such as diabetes mellitus, cardiovascular diseases, and even cancer [1-3]. The
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World Health Organization defines obesity as abnormal or excessive fat accumulation that
may impair health [4]. In clinical practice, the body mass index (BMI) has been used for
diagnosing obesity and being overweight [5]. An energy imbalance of more calories being
consumed than expended is the most important cause of obesity, and the consequence is
the storage of excess energy in adipose tissues that increase in size by hypertrophy and
hyperplasia [6,7].

The Hedgehog (Hh) signaling pathway is known to be an important pathway for
the growth, development, and homeostasis of many tissues in animals, especially during
embryonic development [8]. Recently, Hh signaling was proven to be related to adipose
tissue differentiation [9-12]. Activation of Hh signaling inhibits adipocyte differentia-
tion in vitro [9]. Targeted activation of Hh signaling suppresses high-fat-diet-induced
obesity and improves whole-body glucose tolerance and insulin sensitivity in vivo [10].
Because the Hh signaling pathway was reported to be involved in adipogenesis, it was
proposed as a potential therapeutic target for metabolic diseases such as type 2 diabetes
and obesity [11,13].

The Hh-interacting protein (Hhip), a membrane glycoprotein, is a negative regulator
that attenuates Hh signaling by binding to its ligands [14,15]. During 8-day adipocyte
differentiation, Hhip messenger RNA and protein expressions peaked at day 6 in 3T3-L1
cells [13]. In addition, Hhip messenger RNA expression in adipose tissues was higher in
3-day-old than in 180-day-old pigs [13]. Recombinant Hhip treatment promoted 3T3-L1
cell differentiation by upregulating the expression of peroxisome proliferator-activated
receptor y and glucose transporter 4 and downregulating the expression of the Hh signal-
ing transcription factor, Glil [13]. We previously reported that the Hhip was positively
associated with prediabetes and type 2 diabetes [16]. Because obesity is closely associ-
ated with dysglycemia [1], we explored the relationship between Hhip levels and being
overweight/obese in humans in this study.

2. Materials/Subjects and Methods
2.1. Participants

This study was approved by the Institutional Review Board of National Cheng Kung
University Hospital (ER-104-204) (Tainan, Taiwan), and all participants signed an informed
consent form before joining the study. All participants in the study were recruited between
January 2016 and December 2016 from the Health Examination Center of National Cheng
Kung University Hospital.

Blood was sampled at 9:00 from all participants after they had fasted for 12 h overnight.
Subjects without a history of diabetes received an oral glucose tolerance test. After fasting
blood sampling, subjects were instructed to drink 75 g glucose in 300 mL water within 5 min.
Two hours after drinking glucose solution (11 am), a blood sample was collected again to
measure blood glucose level. Those who (1) had an acute or chronic inflammatory disease
as determined by a leukocyte count of >10,000/mm? or clinical signs of infection; (2) had
any other major diseases, including generalized inflammation or advanced malignant
diseases contraindicating this study; (3) were pregnant; (4) had a history of diabetes and
were receiving insulin therapy, glucagon like-peptide-1, or oral antidiabetic drugs; (5) were
taking drugs that affect glucose homeostasis, such as corticosteroids, thiazides, etc.; (6) had
experienced an acute coronary syndrome, cerebrovascular accident, or pancreatitis during
the past three months; or (7) were taking lipid-lowering medications or antihypertensive
drugs were excluded.

We grouped all participants into one of three groups according to the recommen-
dations of the Health Promotion Administration of Taiwan based on their BMI—normal
weight (18.5 kg/m? < BMI < 24 kg/m?), overweight (BMI > 24 kg/m?), and obese
(BMI > 27 kg/m?) [17].
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2.2. Data Collection

We measured every subject’s body height and waist circumference to the nearest 0.1
cm and body weight (BW) to the nearest 0.1 kg. The BMI was defined as the BW (kg) di-
vided by the body height (m) squared. We asked participants to rest in the supine position
in a quiet place to measure the blood pressure between 08:00 and 10:00 while in a fasted
status. An appropriate-sized cuff was used for the right upper arm, and the pressure was
checked twice at an interval of at least 5 min using a DINAMAP vital signs monitor (model
1846SX; Critikon, Irvine, CA, USA). The hexokinase method (Roche Diagnostic, Mannheim,
Germany) was used to measure the blood glucose. An enzyme-linked immunosorbent
assay (ELISA) (Mercodia AB, Uppsala, Sweden) was used to measure serum insulin levels.
A highly sensitive ELISA kit (Immunology Consultants Laboratory, Newberg, OR, USA)
was used to determine high-sensitivity C-reactive protein. A human Hhip ELISA kit (My-
BioSource, San Diego, CA, USA) was used for determining serum Hhip concentrations. The
intra-assay coefficient of variation of the ELISA was 5.52% and the inter-assay coefficient
of variation of it was 4.9%. An autoanalyzer (Hitachi 747E; Tokyo, Japan) in the central
laboratory of National Cheng Kung University was employed to obtain serum alanine
aminotransferase, aspartate aminotransferase, total cholesterol, triglycerides, high-density
lipoprotein cholesterol, and low-density lipoprotein cholesterol. A high-performance liquid
chromatographic method (Tosoh Automated Glycohemoglobin Analyzer; Tokyo, Japan)
was used to measure glycated hemoglobin (HbAlc). The estimated glomerular filtration
rate (eGFR) was calculated by the modification of the diet in a renal disease equation. The
homeostasis model assessment of insulin resistance was defined by the formula that is
equal to fasting insulin (mU/L) multiplied by fasting plasma glucose (mg/dl) divided by
405 to investigate insulin resistance [18].

2.3. Statistical Analyses

Data were analyzed using SPSS software (vers. 24.0; SPSS, Chicago, IL, USA). Baseline
characteristics are expressed as the mean + standard deviation (SD) for continuous vari-
ables or as a percentage for categorical variables. A one-way analysis of variance (ANOVA)
was used to determine any difference in variables among the groups. Chi-square tests were
used to analyze differences in categorical variables among the groups. The Bonferroni
correction was used for a post hoc study to see if serum Hhip concentrations differed
among the groups. A multivariate linear regression analysis was performed to identify
independent variables related to serum Hhip concentrations. The criterion for statistical
significance was a p-value of <0.05.

3. Results

Overall, 294 subjects were enrolled and classified into the normal-weight (1 = 166),
overweight (n = 90), and obese (n = 38) groups. The average age of them was
61.34 £ 11.87-year-old. Comparisons of baseline characteristics of these participants are
shown in Table 1. There were significant differences in the BW (p < 0.001), waist circum-
ference (p < 0.001), BMI (p < 0.001), diastolic blood pressure (p = 0.022), HbAlc (p = 0.026),
high-density lipoprotein cholesterol (p = 0.008), triglycerides (p = 0.008), homeostasis
model assessment of insulin resistance (p < 0.001), and insulin levels (p < 0.001) among
the three groups. Hhip concentrations were 6.51 £+ 4.86 ng/mL, 5.79 £ 4.33 ng/mL,
and 3.97 £ 3.4 ng/mL in the normal-weight, overweight, and obese groups, respectively
(Figure 1, trend test p = 0.032). In the post hoc analysis, serum Hhip concentrations were
significantly lower in the obese group (p = 0.006), compared to the normal-weight group.
Serum Hhip concentrations were not different between the overweight group and the
normal-weight group (p = 0.667). Moreover, after exclusion of the study subjects with
diabetes, the serum Hhip concentrations were 5.99 + 4.86 ng/mL, 5.28 + 3.91 ng/mL, and
4.1 & 3.55 ng/mL in the normal-weight, overweight, and obese groups. We still observed
that serum Hhip concentrations significantly decreased among groups using post hoc
analysis (p for trend test was 0.044).
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Table 1. Comparisons of clinical parameters among normal-weight, overweight, and obese subjects.

Clinical Parameters Normal Weight Overweight Obese p
n 166 90 38

Female (%) 0238 311 447 0.147
Hypertension (%) 17.1 23.3 27 0.272
Diabetes (%) 24.7 311 316 0.459
Age (years) 61.7 £11.9 60.5 + 11.8 614 +123 0.736
Body weight (kg) 564 +7 67.59 + 7.47 75.79 + 10.8 <0.001
Waist Clzzzglfereme 78.37 + 6.82 87.51 +5.77 94.43 + 8.44 <0.001
Body-mass index 21.65 + 1.87 25.44 + 0.88 2849 + 1.75 <0.001

(kg/m?)

SBP (mmHg) 1253 + 18.1 1285 + 16.1 1315+ 16.7 0.098
DBP (mmHg) 72.2 +10.4 749 £9.7 76.8 + 12.0 0.022
FPG (mg/dL) 101.78 + 43.28 107.36 + 35.33 11647 + 49.68 0.131
Post-load 2-h glucose 155.34 4 80.21 147.54 + 68.90 175.41 + 97.48 0.234

(mg/dL)

HbAlc (%) 613 +1.28 6.24 +1.05 6.79 £ 2.09 0.026

ALT (U/L) 25.51 + 19.50 35.19 + 53.50 24.89 + 10.43 0.068
AST (U/L) 27.23 +13.70 30.56 + 41.84 24.68 + 25.45 0.429
Creatinine (mg/dL) 0.87 4 0.20 0.87 +0.18 0.88 4 0.20 0.886
eGFR 90.63 + 19.76 91.72 + 15.65 88.22 + 19.24 0.62

hsCRP (mg/L) 3.68 +7.52 3.73 +6.27 448 + 471 0.809
HDL-C (mg/dL) 55.73 + 15.39 49.98 + 13.55 51.74 + 12.49 0.008
LDL-C (mg/dL) 126.33 + 33.89 129.02 + 35.91 131.28 + 44.65 0.694
Triglycerides (mg/dL) 110.47 + 68.96 127.56 + 60.71 144.94 + 70.84 0.008
Triglycerides (mg/dL) * 1.99 £ 0.21 2.06 4 0.20 212 4020 <0.001

Cholesterol (mg/dL) 204.16 4+ 39.555 204.51 4+ 41.545 212.00 + 47.594 0.56
HOMA-IR 0.50 + 0.47 0.97 + 150 1.26 4 1.011 <0.001

Data are expressed as the mean = standard deviation or as a percentage. * Values were log-transformed before analysis. Hhip, Hedgehog-
interacting protein; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; HbAlc, glycated hemoglobin;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; eGFR, estimated glomeruli filtration rate; hsCRP, high-sensitivity C-
reactive protein; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HOMA-IR, homeostasis model
assessment of insulin resistance.

In the multivariate linear regression analysis (Table 2), the BMI (3 = —0.144, 95%
CI = —0.397—0.046, p = 0.013) was negatively associated with Hhip concentrations after
adjusting for sex and age (model 1). After adding the fasting glucose and insulin levels as
confounding factors into model 1, the BMI (3 = —0.147, 95% CI = —0.411—-0.041, p = 0.017)
was still independently associated with Hhip concentrations (model 2). To evaluate if
the BMI status made a difference in Hhip concentrations, the normal-weight group was
used as a reference to compare with the overweight and obese groups. We found that
being overweight (3 = —0.181, 95% CI = —3.311—-0.400, p = 0.013) and obese (3 = —0.311,
95% CI = —6.393~—2.384, p < 0.001) were independently negatively associated with Hhip
concentrations after adjusting for sex, age, fasting plasma glucose, insulin level, high-
sensitivity C-reactive protein, systolic blood pressure, the estimated glomeruli filtration
rate (eGFR), alanine aminotransferase, cholesterol, triglycerides, high-density lipoprotein
cholesterol, and low-density lipoprotein cholesterol (model 3).
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Figure 1. Comparisons of serum concentrations of the Hedgehog-interacting protein (Hhip) in normal-weight, overweight,

and obese subjects. Box and whisker plot of serum Hhip concentrations in participants with normal-weight (n = 166),

overweight (n = 90), and obese subjects (1 = 38). The line inside the box represents the median of the distribution, the box

top, and bottom values are defined by the 25th and 75th percentiles, and the whiskers are minimum and maximum values.

Table 2. Results of multivariate linear regression analysis between the Hedgehog-interacting protein (Hhip) and clini-

cal variables.
. Model 1 Model 2 Model 3
Variable B (95% CI) p B (95% CI) r 3 (95% CI) P
—0.029 —0.034 —0.006
Age (years) (~0.056~0.033) 0612 (~0.058~0.032) 0565 (~0.062~0.057) 0938
0.143 0.134 0.158
Sex (0.278~2.412) 0.014 (0.182~2.350) 0.022 (0.204-2.857) 0.024
. 0,144 —0.147
Body-massindex 3970 046) 0013 (~0.411~—0.041) 0017
—0.181
OW vs. NW 0.013
(~3.311~—0.400)
—0311
OB vs. NW (6395 2384) <0.001
Fasting glucose 0.024 0.007
(mg/dL) (~0.010~0.015) 0.694 (—0.015~0.016) 0.925
. —0.011 0.049
Insulin (mIU/L) (—0.210~0.175) 0.859 (—0.175~0.354) 0.503
0.016
hsCRP (mg/L) (~0.078~0.100) 0.809
SBP (mmHg) o o(z)i()~6o 05 0.397
—0.026
eGER (~0.042~0.029) 0715
—0.07
ALT (U/L) (~0.027~0.008) 0-296
—0.063
CHOL (mg/dL) 0147013 0.923
0.029
TGs (mg/dL) * (83859701 0.886
HDL-C (mg/dL) (—0 Igz'i%ln 6 0.663
LDL-C (mg/dL) 0.129 0.821

(—0.126~0.158)

* Values were log-transformed before analysis. OW, overweight; NW, normal weight; OB, obese; hsCRP, high-sensitivity C-reactive
protein; SBP, systolic blood pressure; ALT, alanine aminotransferase; eGFR, estimated glomerular filtration rate; CHOL, cholesterol; TGs,
triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
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4. Discussion

To the best of our knowledge, this is the first human study to explore the relationship
between obesity and the Hhip. We found that Hhip levels progressively decreased from
the normal-weight and overweight groups to the obese group. In addition, the BMI was
negatively associated with serum Hhip concentrations. Moreover, being overweight and
obese were negatively associated with serum Hhip concentrations.

According to our previous study, the presence of prediabetes and type 2 diabetes was
positively associated with serum Hhip concentrations, while the BMI was not [16]. How-
ever, the average BMI in the previous study was similar among subjects with normal glu-
cose tolerance (BMI = 22.3 kg/m?), impaired fasting glucose (BMI = 23.6 kg/m?), impaired
glucose tolerance (BMI = 23.4 kg/m?), and newly diagnosed diabetes (BMI = 23.3 kg/m?),
although the difference reached borderline statistical significance (p = 0.049), which may
be at risk of a type 1 error, and subjects with obesity might not have been included. It
is therefore unknown whether or not being overweight/obese is associated with plasma
Hhip concentrations. Wei et al. reported that recombinant Hhip can increase adipocyte
differentiation, which results in increased accumulation of lipid droplets in adipocytes by
inhibiting the Hh signaling pathway in 3T3-L1 cells, and Hhip messenger RNA expression
in adipose tissues was lower in 180-day-old than in 3-day-old pigs [13]. It was suggested
that serum Hhip concentrations may be negatively regulated by differentiated adipose tis-
sues. Once one becomes obese, the production of Hhip should decrease to prevent further
adipocyte differentiation. However, the mechanism as to how adipose tissues influence
serum Hhip concentrations remains unclear. To address this hypothesis, further human
studies are required. In our cohort, obese subjects had a lower level of Hhip protein, which
can be viewed as a mechanism of negative feedback, in order to promote the Hh pathway
and inhibit fat formation. We still found that serum Hhip concentrations significantly
decreased in the obese group after excluding subjects with diabetes. Moreover, in our
previous study, subjects with prediabetes or type 2 diabetes have a higher level of Hhip
concentrations. We, therefore, speculated that elevated Hhip concentrations might be a hint
that these overweight or obese subjects may have a risk to progress into diabetes compared
with those who have lower Hhip concentrations. Hh signaling plays an important role
in inhibiting fat formation [11]. A previous animal study showed the activation of Hh
signaling decreased obesity induced by a high-fat diet in adult mice [10], and a deficiency
of Hh signaling in myeloid cells increased the BW of mice [19]. In obese subjects, the
circulating leptin level increases. Wang et al. reported that leptin decreased the weight
of obese mice induced by a high-fat diet and inhibited Glil expression [20]. In a human
study, expression of the Hh signaling transcription factor, Glil, significantly decreased in
adipose tissues of insulin-sensitive obese subjects compared to lean subjects, which may
indicate that Hh signaling decreases in obese humans [21]. Circulating Hh ligands and
expressions of Hh ligands in adipose tissues increased in obese mice. However, serum
Hh ligand levels significantly decreased in morbidly obese (BMI > 40 kg/m?) people,
even in those with HbAlc > 7%, possibly due to the inhibitory effect of metformin on Hh
ligand expression in adipose tissues [19]. As leptin negatively regulates Hh signaling by
decreasing Glil expression and Hhip is a negative regulator that attenuates Hh signaling
by binding to Hh ligands, we may speculate that decreased serum Hhip concentrations in
obese subjects are a compensatory mechanism of decreasing Glil expression. However,
further study is needed to clarify the regulatory architecture. Cholesterol has been shown
to be an endogenous Smoothened activator, which is a second messenger activating the
Hedgehog signaling pathway [22]. Exogenously added cholesterol would activate Hh sig-
naling pathway in vitro [23]. Cholesterol is not just necessary but also sufficient to activate
signaling by the Hh pathway [24]. Hh signaling plays an important role in inhibiting fat
formation [11], which means that elevated cholesterol levels might activate Hh signaling to
minimize fat formation at the same time that Hhip should be downregulated to avoid fat
formation. However, there has been no human study to discuss the relationship between
cholesterol and Hhip so far. In our study, we found no difference in cholesterol levels
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among the three groups. Moreover, in multivariate linear regression analysis, cholesterol
was not an independent factor of serum Hhip concentrations. The relationship among
cholesterol level, Hh signaling pathway, and serum Hhip concentrations needs to be eval-
uated in a human study. There were some limitations in this study. First, this study was
designed as a cross-sectional study which did not allow for causal inferences between
serum Hhip concentrations and BMI or obesity. Second, although one study revealed that
the Hhip was associated with moderate to severe chronic obstructive pulmonary disease,
all of our participants were apparently healthy with no airway symptoms [25]. Third, we
could not directly measure Hhip expression by adipose tissues. Therefore, we could not be
sure whether serum Hhip concentrations were representative of those in adipose tissues.
Finally, all study subjects were Taiwanese, and thus our findings might not be applicable to
other ethnicities.

5. Conclusions

Our results demonstrated that serum Hhip concentrations were negatively associated
with BMI, and obese subjects had lower serum Hhip concentrations than normal-weight
subjects. Further research is needed to explore the pathophysiological roles and clinical
implications of the Hhip in obesity.
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Abbreviations

BMI body mass index

ALT alanine aminotransferase

AST aspartate aminotransferase

DBP diastolic blood pressure

eGFR estimated glomeruli filtration rate
FPG fasting plasma glucose

HbAlc glycated hemoglobin

HDL-C high-density lipoprotein cholesterol
Hhip Hedgehog-interacting protein
HOMA-IR homeostasis model assessment of insulin resistance
hsCRP high-sensitivity C-reactive protein
LDL-C low-density lipoprotein cholesterol
SBP systolic blood pressure
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Abstract: Follicle-stimulating hormone receptor (FSHR) plays an essential role as one of the most
important molecules in response to some of infertility related medications. Impaired ovarian re-
serve and poor response to such treatments are partially dependent on the FSHR molecule itself.
However, the function and drug sensitivity for this receptor may change due to various allele and
polymorphisms in the FSHR gene. Studies indicated some of the FSHR-mediated treatments utilized
in clinical centers display different outcomes in specific populations, which may arise from FSHR
altered genotypes in certain patients. To support the increased demands for reaching the personalized
drug and hormone therapy in clinics, focusing on actionable variants through Pharmacogenomic
analysis of this receptor may be necessary. The current study tries to display a perspective view on
genetic assessments for Pharmacogenomic profiling of the FSHR gene via providing a systematic and
critical overview on the genetics of FSHR and its diverse responses to ligands for infertility treatment
in females with impaired ovarian responses and show the potential effects of the patient genetic
make-up on related binding substances efficacy. All identified functional drug-related alleles were
selected through a comprehensive literature search and analyzed. Advanced technologies for the
genetic evaluation of them are also discussed properly.

Keywords: FSHR; pharmacogenomics; personalized drug therapy

1. Introduction: FSHR, Related Infertility Medicines, and the Role of Pharmacogenetics

Follicle-stimulating hormone receptor (FSHR) is a thodopsin-like receptor, which
belongs to the G-protein-coupled receptors (GPCR) superfamily, and consists of an intra-
cellular domain and a large leucine-rich repeat extracellular domain and passes seven
times through the cellular membrane [1]. The FSHR gene consists of 10 exons, of which
exon 1 to exon 9 encode the extracellular domain and exon 10 is responsible for a small
part of the extracellular domain and transmembrane and intracellular parts. FSHR binds
the gonadotropin follicle-stimulating hormone (FSH) and other agonists leading to rapid
activation of different cellular cascades, mainly cAMP-adenylyl cyclase—protein kinase
A (also known as the adenylyl cyclase), Ras-MAPK (mitogen-activated protein kinase),
and B-arrestin signal transduction pathways. Adenylyl cyclase and RAS-MAPK are ac-
tivated through activation of heterotrimeric Gs protein and adaptor proteins, recruiting
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adenylyl cyclase, phospholipase C, and guanine nucleotide exchange factors (GEFs) re-
spectively [2,3]. In addition, other related transcription factors, as well as cAMP regulatory
element-binding protein (CREB) and extracellular signal-regulated kinase (ERK), cause
the final fertility effects of activated FSHR such as maturation and follicular development
in addition to the differentiation of ovaries by targeting the promoter of some genes and
inducing up/downregulation of them (i.e., CYP19AT) [4].

It has been estimated that globally infertility affects between 8-12% of couples of
their reproductive age (over 186 million people). However, males and females contribute
differently to overall infertility cases [5]. Many FSHR associated treatments like synthetic
or natural derived follicle-stimulating medicines, gonadotropins, and ovarian stimulation
drugs such as clomiphene and metformin are used for infertility treatment in females [6].
These drugs are also used in assisted reproductive technologies (ART) to stimulate multiple
follicles, which need the medications to collect, to develop, and to maturate eggs with
different dosages and usage protocols [7]. The differences are because of the various
responders in women who received these treatments during infertility therapy approaches.
In addition, molecular biology of the triggered cellular pathways for these medications
turned to more attention in clinical investigations. From this point of view, FSH and
other related medicines as the specific ligands bind to FSHR, leading to start the signal
transduction pathways in target cells (granulosa cells in females). This leads to the growth
of follicles in ovaries and final ovulation through changes in expression of particular genes
and thus triggering proliferation and differentiation of oocyte in females. Studies on side
effects, tolerance, drug safety and efficacy, and treatment preferences by different physicians
alongside the demographic characters of patients indicated poor to an increased response
to FSHR coupled medicines and sometimes even life-threatening excessive response in
some patients [8-10]. Indeed, the relationship between infertility treatments and some
types of cancers due to the different drug safety and toxicity is still controversial and needs
further investigation and long-term follow-up studies [11]. Poor responders or women
with impaired ovarian reserve, however, are those patients who display at least two of
Bologna three criteria: a) Advanced maternal age, (b) Previous poor ovarian response after
ovarian stimulations, and (c) Abnormal ovarian reserve tests. Women with the age of 40
and retrieval of oocytes < three are considered as the cutoff values for discrimination of
poor ovarian responders. The European Society of Human Reproduction and Embryology
(ESHRE) also included the antral follicle count (AFC) and anti-Miillerian hormone (AMH)
tests result with the variable levels of <5-7 follicles or <0.5-1.1 ng/mL, correspondingly [12].
Other developed classifications of infertility patients focused on some specific features as
well as women’s age and provided a more nuanced picture of poor ovarian response as a
guide for physicians in patient management. The latter is named as the patient-oriented
strategies encompassing individualized oocyte number criteria (POSEIDON) and used for
diagnosis and management of low prognosis patients who received ART in the clinic [13,14].
The above-mentioned criteria help the clinicians to categorized different responders with
miscellaneous ovarian stimulation outcomes. Such variability also appeared through FSH
and other hormonal therapies in infertility centers. The diverse response of patients to
recombinant/urinary ligand as FSH plus other FSHR related treatments also have been
reported in different regions (some examples are listed in Section 3).

Pharmacogenetics and genomics (PGx) studies also serve as the main path for achiev-
ing the best medication(s) for patients with maximum safety and efficacy. Various methods
have been employed to identify the genetic landscape related to pharmacogenes, which
are responsible for the metabolism of certain drugs and their targets in the body, lead
to different prescription adjustments in patients for finding the optimal dosage. With
the emergence of high-throughput sequencing technologies, finding the potential genetic
variation(s) that influence drug responses in patients would be fast and cost-effective. The
ultimate goal for such evaluations in patients is reflected by the famous quote “choosing
the right drug with the right dosage for the right person at the right time”, as it is men-
tioned for a while in the personalized medicine considerations [15,16]. To support the
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increased demands for reaching the personalized drug and hormone therapy in infertility
clinics, focusing on actionable/potentially actionable variants through PGx analysis of
FSH receptor may be necessary. This review provides a critical and systematic analysis
of the genetic basis for FSHR and the functional alterations due to various alleles in the
genome, resulting in diverse responses to associated ligands during infertility treatment in
females with impaired ovarian reserve because of poor response to FSH and FSHR related
stimulators. In addition, the related cellular pathway genes are listed, and the potential
effects of them on related drugs’ efficacy are discussed. The latest identified functional
alleles for the FSHR gene are analyzed, and advanced technologies for genetic evaluation
of them are introduced as well.

2. Methods

A literature search was conducted in bibliographic databases (PubMed, Web of Sci-
ence and Scopus) and gray literature using keywords: “infertility and personalized medicine”,
“FSHR drugs”, “FSHR pharmacogenetics”, “FSHR polymorphisms and mutations”, and “pharma-
cogenetics of infertility” for studies published after 2000, in order to provide an exhaustive
report for all the introduced functional variants so far. Among the 85 yielded results,
after removing duplicate/similar reports and rolling out non-English language articles,
40 articles were included for further assessments. In the next step, first, the abstracts were
screened if the selected keyword expansion were related to our study context, followed
by full-text article assessment for those papers of direct implication on FSHR genetic land-
scape and PGx analysis of infertility-related drugs for females. Ultimately 25 papers were
marked, quality assessment was done, and risk of bias was considered based on PRISMA
guideline for constructing this review (Figure 1).

Records from Records from
database searching other sources
(n=80) (n=5)
English | and publishing year Non-English records
screening excluded
(n=85) (n=5)

4

Removing duplicates/similar reports
(n=40)
y
Full-text articles assessed for selected Full-text articles excluded,
Keywords and relevant context » no relevance to current study
(n=40) (n=15)

4

Studies included in
current article
(n=25)

Figure 1. Literature search and inclusion/exclusion criteria for systematic reporting of pharmacoge-
netics and genomics (PGx) studies in follicle-stimulating hormone receptor (FSHR) malfunction in
females with poor ovarian response.

3. A Quick Overview on Pharmacogenomics of FSHR in Females with Poor Ovarian Response

Through 40 fully scrutinized publications in this review, 25 of them showed the
relevant impact of FSHR genotype on infertility treatment outcomes in the clinic. While
they are introducing the actionable genetic alterations (mutations and polymorphisms) in
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FSHR

the FSHR gene with direct effects on medication applying in females with poor ovarian
responses, the dosage adjustment and considerations may be purposed after the genetic
testing in such patients. Here, we first have an overview of the different genetic profiles of
FSHR and their clinical evidence-based, actionable PGx properties in different populations
(Figure 2 and Table 1). These are validated genetic variants in the FSHR gene, which
may need treatment modifications in patients, provided in the form of some examples for
such studies. The complete explanation on PGx of FSHR and related pharmacovariants
are provided in Section 4. In addition, we list some of the diverse responses to FSHR
connected treatments in different populations in a detailed Table 2 as examples of such
differences in FSHR function because of these genetic profiles in patients. However, due
to the lack of similar association between the variants and the drugs in different studies,
in which treatment modifications implemented according to the specific type of variants
in the FSHR gene and also for avoiding any incompatibility through the issue, some
information, as well as applied FSH dosages, duration of applying, and so on, are not
reported in the current paper. Next, we talk about the latest genetic test methods for finding
genetic variations of FSHR (next-generation sequencing technologies and advanced single
nucleotide polymorphism (SNP)-array analysis). Finally, we provide an overview of the
cellular pathway genes, which may show interaction and potential impact on selected
drugs’ efficacy.

E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 3
rs1394205 Splice site variant rs121909659 rs6165 rs6166
result in exon 2
X deletion

Partial deletion in form of
X compound heterozygote,
involving exon 9 and exon 10

Figure 2. All the actionable and/or functional validated PGx variants in the FSHR gene. Pharmacovariants introduced

here are based on clinical reports for changing the ovarian responses observed during infertility treatment procedures in

females in different populations (see the text and Table 1 for more details). FSHR, follicle-stimulating hormone receptor; PGXx,

pharmacogenomics.

Table 1. FSHR gene variations with clinical evidence for pharmacogenetic effects in different populations.

Gene Variants with PGx Effects Nucleotide Changes MAF* (%) Variation Effects Reference
FSHR rs6166 c2038G> A 0.3-0.4 Allele G: [17,18]
poor response to infertility drugs
Allele G:
FSHR rs6165 cI9G>A 0-3-04 poor response to ligands (decreased sensitivity) [19]
Allele A:
FSHR rs1394205 29G>A 0.2-0.3 reduced gene expression level leads to a [20,21]

FSHR -

FSHR -

FSHR rs121909659

decreased level of the response to drugs

Reduced response of the receptor for infertility
exon2 del NA* treatments due to impaired receptor transferring [22,23]
to the cell membrane

Loss of function of receptor lead to

exon9 and 10 del NA FSH resistance [24]
Partial loss of function and impaired
CA79A>GT 0.000025 cell surface expression of FSHR causes [25,26]

the reduced response in patients
(Classified as pathogenic SNP)

MAF*: minor allele frequency, NA*: not available; FSHR, follicle-stimulating hormone receptor; SNP, advanced single nucleotide polymorphism.
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Table 2. Examples of diverse responses in different populations to assisted reproductive technologies (ART) treatments due to alterations in patients’ FSHR genetic make-up.

. FSHR Different Responders to the Treatments .
Country Study Population Evaluated SNP(s) Due to FSHR Altered Function Conclusion Reference
. 0, 1 1 1 1
. 60 women undergoing _29G> A Poor Responders: 28.3 /o0 The.GG genotype in r313194205 is associated V\.Ilth poor
Slovenia ovarian stimulation were selected 038G > A Normal Responders: 43.4% ovarian response to COH *, and the related patients may [27]
’ High Responders: 28.3% require higher doses of rFSH for ovulation induction.
. " . Poor responders: 58.4% Dlscr.ete ﬁet of genes and polymo.rl:flhlsmsi 1.nc11}11d1ng
Spain 170 women undergoing controlled ovarian c2038G > A Normal Responders: - by 156166 in the FSHR gene, may partially explain the poor 28]
P stimulation included ’ High responders: 27' 79, response to FSH hormone during controlled ovarian
& P neenr stimulation treatments.
e . Poor responders: 28% Good (normal) responder group had a statistically
Greece woﬁ:ﬁaﬁiﬁtﬁ?v"gg?f;agifionggl‘?v;\glr:ﬁ c}ile d 2038 G> A Normal Responders: 36.8% significant Asn/Ser heterozygous variant (rs6166) with [29]
P High responders: - more follicles and oocytes in patients.
374 women, including ovary dysfunction patients 919G > A Ié);ﬁ;fi}g:njfé;:pﬁ)z;; Combined allelic distribution for rs6165 and rs6166
Ukraine and healthy individuals with different treatment c .;2038 G A High rezpon der.S‘ - ? (Ala307-Ser680/ Ala307-Ser680) genotype should have [30]
responses, were selected (Study also included control groups: 51.6%) an impact on the delineation of stimulation protocols.
161 ovulatory women below the age of 40 years Poor responders: - The_Asn/ e EC genotype o r§6166 was
i 2 - . > c919G>A significantly more common in infertile patients with
Germany with different FSH stimulation requirements were Normal Responders: - : . . [31]
included 2038 G> A Hioh responders: - diverse ovarian response. Ovarian response to FSH
& P ' stimulation depends on the FSHR genotype.
93 women (homozygous for Asn/Asn or Ser/Ser) Poor responders: 25.80% Low.er FSH receptor sensitivity due to p-N680S sequence
. . . Lo ) o variation in FSHR (rs6166) resulted in lower estradiol
Germany undergoing controlled ovarian hyperstimulation in c2038G>A Normal Responders: 74.19% levels following FSH stimulation, which cause the [32]
IVF and ICST High responders: - patients to need to receive higher FSH doses.
Sweden Systematic review and meta-analysis on special FSHR polymorphism Ser680Asn (rs6166), through the
and FSHR variants and altered ovarian response in 2038 G> A - other pharmacogenomics variants, is the most optimal [33,34]
China women undergoing IVF biomarker for implementing in routine clinical practice.
A . Case report of a woman with secondary amenorrhea Poor responders: 100% . rsl.21909659 causes partlal.loss of function, and .
rmenia - . . A impaired cell surface expression of FSHR resulted in
oriein and very high plasma gonadotropin concentrations c479 A>G,T Normal Responders: - reduced response in COH. The study reminds us of the [25]
& (especially FSH) High responders: - por P y
population-specific assessments of FSHR.
exon2 del o FSHR splicing variants, seen in women with a normal
. Poor responders: 8.5%
Wil 35 women undergoing in vitro fertilization included g dlel Normal Responders: 68.57%% st eale diad dliony e dbnored ispeiss i Fkl [22]
States §ome exon9 del P PR stimulation described. Exon 2 deletion was associated

intron 8 insertion

High responders: 22.85%

with low ovarian response.

1 COH: controlled ovarian hyperstimulation, Z -: not determined /not applicable, IVF: In vitro fertilization. FSHR, follicle-stimulating hormone receptor; FSH, follicle-stimulating hormone; ICSI, intra-cytoplasmic
sperm injection
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4. Genetic and Pharmacogenetic Variations in FSHR Gene

Different inactivating or hyper-activating genetic alterations such as loss or gain of
function mutations and polymorphisms were displayed in coding, regulatory, and splice
sites of the FSHR gene, leading to receptor malfunction in the form of reduced cell surface
expression level, ligand-binding, and total function in target cells with the relative impact
on fertility issues in females. This also is part of the reasons for disorders like premature
ovarian failure, polycystic ovary syndrome (PCOS), ovarian hyper-stimulation syndrome
(OHSS), and also diverse drug responses in some patients [35-37]. Specifically, there are
several cases of OHSS due to gain of function mutations of the FSHR gene. Activating
mutations resulted in a predisposition to OHSS, suggesting that ovarian response may de-
pend on the FSHR genotype too. In addition, studies have demonstrated the p.680Asn/Ser
polymorphism of the FSHR could be considered as a predictor for the severity of symp-
toms in patients who develop OHSS [38]. However, the distribution of related alleles
is significantly different in various ethnic groups and populations [29,39]. The gain of
function mutations was seen mostly in the extracellular domain as an autosomal dominant
variant, while the loss of function alterations affects all parts of the receptor in extra- and
intracellular in addition to transmembrane sections, mostly as an autosomal recessive
or dominant-negative in some cases [40]. While the mutations are rare and the clinical
outcomes for them would be expected or predicted easier, the FSHR gene polymorphisms
as the more common and/or prone to ignore variants in patients with impaired ovarian
response were investigated thoroughly for possible impact on reproductive ability. Such
studies indicated both types of variations are distributed in different parts of the FSHR
gene and can cause various effects and outcomes in patients. For example, a splice site
variant, which results in exon two deletions in the FSHR gene and affects the extracellular
domain of FSHR protein and the reduced response of the receptor, was found in women
who received infertility treatment. In vitro analysis of this particular variant displayed
the formation of functional heterodimers with the wild-type receptor when co-expressed
alongside it, which lead to the reduced activity for normal receptor [22,23]. In addition,
mutations in the leucine-rich region of the FSHR extra domain result in the reduction of
agonist-binding, affecting the drug responses in patients [41,42].

Generally, the mutations and polymorphisms in FSHR genes bring about diverse
activity of this receptor for infertility medicines and treatment procedures as well as IVF
and ICSI (intra-cytoplasmic sperm injection) in females. Two ¢.919G>A (p.307Thr/Ala) and
¢.2038G>A (p.680Asn/Ser) single nucleotide variants (SNVs) indicated as well-known func-
tional variants in the FSHR gene coding region with different frequencies in populations,
showed the associations with FSH and FSH derived infertility drugs response for ovarian
stimulation during infertility treatment. Linkage disequilibrium between these two alleles
will help to determine the presence of one according to another in individuals. In addition,
the association of these two alleles as a distinct diplotype with the ovarian response to FSH
stimulation in women who undergo assisted reproduction procedures explored, and the
result indicated the significant relationship between the diplotype and ovarian response
too [43]. Other characterized functional variants for females” diverse response to ovarian
stimulation drugs include g.-29G>A in the 5 UTR of the FSHR gene, which affects the
level of gene expression and influences ligand-binding measures in patients [20,31]. These
alleles are considered the variations with PGx effects in the FSHR gene during infertility
treatment approaches, and the consistent data for retrieved oocytes, stimulation duration,
FSH consumption, etc., are provided for them adequately. For example, AA homozygous
genotype for rs6165 (c.919A>G) indicated more retrieved oocytes and shorter stimulation
time compared to the other two genotypes, the AG heterozygotes and GG homozygous
in patients who underwent controlled ovarian stimulation protocols. In addition, GG
homozygous and AG heterozygotes of FSHR rs1394205 (g.-29G>A) showed a significantly
lower amount of FSH consumption during the ART procedures [21]. The GG homozygous
form for rs6166 (c.2038G>A) showed a higher level of FSH than AA homozygous and AG
heterozygotes in PCOS patients [44]. However, such patients are more prone to hyperstim-

164



J. Clin. Med. 2021, 10, 170

ulation during the treatments, instead of a poor ovarian response. Other studies, however,
reported the GG homozygous of rs6166 would also be associated with poor response to
exogenous FSH and related drugs and the need for a higher amount of them in order to
show a good response [17].

Nevertheless, the number of FSHR genetic polymorphisms and variations is too
much, and not all of them have been investigated or show such function in the female
reproduction system [45]. For example, identified mutations with decreased or completely
abolished FSH-binding effects in women with primary or secondary amenorrhea are includ-
ing c¢.566C>T in exon 7 (p.189Ala/Val), ¢.1043C>G in exon 10 (p.348Pro/ Arg), c.1222G>T
in exon 10 (p.408Asp/Tyr), and c.671A>T in exon 7 (p.224Asp/Val) and are found in
the extracellular domain, except ¢.1222G>T which is happening in the transmembrane
domain of FSHR protein. Also, they categorized as inactivating mutations in the FSHR
gene in women and validated through in vitro functional studies [46]. Yet, there is no/not
enough clinical evidence for prescription modifications during the infertility treatment of
the related patients based on these mutations. Furthermore, a recently identified FSHR
novel variant (c.1268T>C (p.423Ile/Thr)) in the second transmembrane domain of the
protein in a woman with primary ovarian failure was extensively investigated for receptor
malfunction and any therapy dosage modifications. Applying in-vitro and in-silico ap-
proaches demonstrated the membrane expression level of FSHR was impaired, and the
cAMP /PKA signaling pathway would be severely affected while (3-arrestin-dependent
ERK1/2 phosphorylation received less amount of impact. In conclusion, it has been shown
that the mutation will cause FSHR dose-dependent cell signaling functional alterations
and attenuated response [47]. Some loss of function mutations are also introduced before,
but due to not determined FSH-binding and cell surface expression level of receptor, there
was no report for the possible effects or interruption with drug intake and efficacy in pa-
tients (i.e., c.662A>T (p.221Val/Gly), c.1253T>G (p.418lle/Ser), c.1298C>A (p.433Ala/Asp),
c.1723C>T (p.575Ala/ Val), etc.) [46].

5. Advanced Genetic Screening Methods for FSHR Profiling

Most of the genetic variations for the FSHR gene are defined as SNVs, and because of
that, many of them could be included in genome-wide array-based genotyping (Infinium
BeadChips from Illumina) and/or specified custom SNP array chips as part of infertility
genetic profiling for the related patients (Affymetrix Axiom array) [48]. However, such
methods are mostly performed just for male infertility cases [49]. Nowadays, traditional
orthogonal genetic tests like real-time PCR or multiplex ligation-dependent probe am-
plification (MLPA) assay replaced by advanced high-throughput sequencing methods in
clinical infertility centers. The utilization of such platforms resulted in faster and more
accurate genetic screening and identification of possible underlying genetic reasons for
FSHR malfunction in infertile patients for a lower price. As the next generation sequencing
(NGS) test outcomes proved to be reliable with regards to both clinical validity and utility,
the clinical applications for that would be more common in the near future. Today, NGS
approaches and mostly targeted sequencing panels are employed by the clinicians and
several genetic testing companies for genotyping the known group of infertility related
genes or specific variants (including FSHR) in order to identify genetic signatures in in-
fertile women [50-52]. These methods have been used successfully for the determination
of FSHR SNVs and/or other genetic alterations like CNVs in addition to risk assessment
in patients. In fact, NGS methods were recently utilized positively in FSHR profiling and
novel variant identification in numerous studies [46,53-55]. Some examples also have been
illustrated in the development of infertility NGS panel for targeted exons and their flank-
ing regions in 75 infertility related genes, including FSHR as one of the diagnostic genes
which have proven associations with infertility, in order to assess the genetic variations
of infertile patients with a custom bioinformatic pipeline for data analysis. By applying
the MiSeq platform of Illumina, investigators revealed the underlying genetic cause of
infertility in their 25 samples properly [56]. Franga et al. also reviewed the ability of NGS
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methods in the discovery of heterogeneity of some FSHR and other infertility gene-related
disorders and concluded the widespread usage of such technologies in the near future for
the detection of new players in female reproduction diseases would be recommended [57].
While such results are truly satisfying, but many rare pharmacogenetic variants are heavily
population-specific and ethnic background-dependent; more comprehensive sequencing
technologies like whole exome and whole genome sequencing (WES and WGS) have also
been proposed for profiling, decoding, and revealing any novel genetic variations in FSHR
and other PGx related genes [58,59]. These techniques will be mostly useful for infer-
tile cases with non-identified genetic variations in selected genes and also without other
common encountered reasons in clinics. Here, the huge obtained data and performing
correct genotype-phenotype correlations plus labor in vitro validation studies would be
considered as the bottleneck for assigning them as the routine approaches in infertility
centers. However, the specific bioinformatics and computational prediction tools have
been introduced for such PGx data analysis and interpretation [60].

6. Genetic Variations in FSHR Related Cell Signaling Genes as Potential Players for
Diverse Infertility Drug Response

Glycosylation of Asn174 or Asn276 in the extracellular domain of FSHR as an impor-
tant post-translational modification allows the correct folding and conformational changes
of the protein, which are required for high-affinity binding of FSH and/or other related
ligands. While the binding activity in non-glycosylated mutated receptors will be dis-
rupted, two different forms of glycosylation of FSHR also result in different activities for it,
too [61,62]. Some introduced mutations in the FSHR gene like ¢.175C>T, (p.59Arg/Thr),
c.573A>T, (p.191Asp/lle), c.1555C>A, (p.519Pro/Thr), ¢.1760C>A as a compound het-
erozygote, (p.587Pro/His), etc. affect the FSH-induced cAMP pathway and were seen
in conditions like primary amenorrhea [37]. However, when the FSH hormone or FSHR
related drugs and synthetic elements as hydrophilic components bind to the receptor,
distinct cell signaling pathways as well as adenylyl cyclase, Ras-MAPK, and f3-arrestin
will be activated. The core involved enzymes/proteins for these intracellular pathways are
Gs alpha subunit, adenylyl cyclase, protein kinase A, cAMP-specific phosphodiesterase,
extracellular signal-regulated kinases, and arrestin beta. The related genes are also GNASI,
ADCY, PKA, PDE4, MAPK1, and ARRBI, respectively [63]. Alongside variants in the FSHR
gene, mutations in any of the above-mentioned cell signaling core genes can also potentially
affect the FSHR intracellular function and cause different responses to treatments in some
patients too. Although such mutations may rarely occur in infertile women, they can induce
an impaired signaling pathway in a highly complex process of FSHR inducing molecular
trafficking [64]. While PGx markers in these genes are introduced for other phenotypes
and diseases, so far, there is no infertility annotated variants reported in PGx databases
(PharmGKB and CPIC) for the listed genes (pharmgkb.org, cpicpgx.org). However, the
consideration of such alleles during FSHR genotyping in women with diverse responses to
infertility drugs will not be useless. Although the PGx analysis of them is not investigated
by the clinical researchers, the potential influences must be taken into account, especially
when there is no pathogenic variant identified in the FSHR gene, the variants identified only
in these genes, and other common possible reasons for the observed negative treatment
have been ruled out. Yet, more evidence is required in order to put such variants as part of
the new FSHR related modifiers in the field of pharmacogenetics and genomics. Moreover,
some of the FSHR medicines like menotropins and choriogonadotropin-alfa also use other
cellular receptors as well as LHCGR too. The drug’s efficacy assessments based on genetic
profiling would be more complicated in such situations and need extra caution and effort.
For example, compound heterozygote of allele C in LHCGR-291 and FSHR-29 displayed
to result in altered rFSH dosage, and the total amount of mature oocytes in IVF treated
Caucasian patients [65]. However, all together, the genetics of FSH responsiveness in infer-
tility treatment can rest not only on potential alterations of the FSHR gene via mutations or
polymorphisms but also on a host of other core genes for intracellular signaling pathways

166



J. Clin. Med. 2021, 10, 170

too. In addition, epigenetic modifications may be involved in the process as well. The latter
may occur due to environmental factors or aging.

7. Discussion

It has been reported that 9-24% of females would be introduced as poor responders
after the implementation of ovarian stimulation protocols. Different molecular mechanisms
have been suggested for reduced and poor ovarian response [66]. Through various reasons
which introduced in different patients, a reduced number of FSHR molecules and impaired
signal transduction pathway of that in some patients demonstrated to be directly relative
to their genetic make-up (Figure 3).
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Figure 3. Suggested molecular mechanisms for poor ovarian response in females. The genetic
landscape of individuals can potentially affect all of the introduced reasons here. Pharmacogenomic
profiling for the reduced number of FSHR and impaired signal transduction pathway of that in
patients before the implementation of ovarian stimulation proved to be beneficial in females undergo-
ing infertility treatments. *, PGx implication. VEGFR-1: vascular endothelial growth factor receptor
1; IGF-L II: insulin-like growth factor 1, 2; GnSAF: gonadotropin surge-attenuating factor

Hence, despite common clinical assessments of AMH and AFC, as the routine tests for
prediction of ovarian altered/poor response in females, PGx analysis of the FSHR gene is
still considered as a matter of worth in special occasions like failure assisted reproductive
techniques. As the efficacy of such treatments proved to be related to personalized ovarian
stimulation protocols for each patient, PGx assays also may play an essential role in
predict the ovarian response before performing stimulation by FSHR related ligands,
lead to decreasing the number of ovarian stimulation attempts and the optimization
of drug/hormone therapy management [67,68]. However, while the introduced alleles
and haplotypes for the FSHR gene have been widely studied and well-characterized in
different populations, there are some reports which indicated not all of these variants
could be traced to specific ethnic groups. For instance, Ilgaz et al. showed there are no
significant differences between infertile women and healthy controls for the Asn680Ser
variant in the Turkish population, and the genotype landscape is consistent for both
groups [36]. In addition, Garcia-Jiménez and colleagues from Mexico indicated a non-
significant association between 5’ UTR g.-29G>A and ovary response in [VF-treated women
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with controlled ovarian stimulation (COS) [69]. However, most of the investigations
indicated lower effects of altered FSHR function on the overall rate of ovarian stimulation
and also, the number of studies for ethnic differences in FSHR responses is not high. Still,
reports like Turkish and Mexican studies display the necessity of personalized and/or
population-specific genotyping approaches for FSHR and other infertility related genes
through advanced unbiased and untargeted sequencing methods in particular regions (also
see Table 1 for other examples) [48].

In addition, the PGx annotation is provided for a few of FSHR genetic variations based
on clinical findings. Yet, there may not be any dosage guideline or FDA drug label for
them, as there is a paucity of evidence. PGx guidelines are usually provided when there is
more than one clinical report, which is needed for dosage modifications through different
populations or ethnic groups. For FSHR-related pharmacovariants, also the number of
evidence would be the main criteria, but the fact that FSHR gene variants show potential
influence on drug response through a change in ligand and exogenous agonist sensitivity
still make it necessary to follow the genotyping approaches in order to predict the diverse
outcome of the treatment for some special case of infertile women. Moreover, based on
major signal transduction activity, most of the core genes in cellular pathways for FSHR
drugs, listed here, show the potentially actionable variants too. Hence, PGx annotation
for them could be expected to be reached in the near future in personalized infertility
treatment approaches. However, the correct decision on dosage specifying for the relevant
patients must be considered through comprehensive genetic analysis of both FSHR gene
and related intracellular pathway genes for related drugs in addition to bearing in mind
other main influential factors on ovary reserve in infertile women. The combined analysis
of different polymorphisms in FSHR at the same time can also be introduced as a valuable
tool for investigating and predicting the efficacy of ovulation induction protocols, especially
in the group of patients with failed attempts [70]. Moreover, some studies displayed in
addition to SNVs, there could be other genetic variants like CNVs for the FSHR gene
with a direct impact on protein function and drug resistance. The Database of Genomic
Variants (DGV—v107) provides such structural variations (SVs) for the FSHR gene in detail.
Kuechler and her team also reported a 163kb partial deletion in the form of the compound
heterozygote, involving exons 9 and 10 of the FSHR gene. Conformational and functional
studies revealed complete loss of function of FSHR protein and also FSH resistance with
clinical manifestations, as the exon 10 encodes all the transmembrane part of the receptor
and exon nine engages in making the extracellular domain [24]. Such scenarios cause a
specific type of challenges, as most of the sequencing approaches are designed for SNV
detection in FSHR and other related infertility genes in the clinical practice. However,
the above-mentioned cases need the utilization of long-read sequencers like PacBio or
Nanopore systems for more accurate genetic profiling of individuals and unraveling the
CNV signatures in patients” genes. PGx analysis of CNVs alongside the common SNVs
have been implemented for other drug-related genes earlier [71]. The same could be
considered for FSHR and related genes too. The overall considerations result in the precise
genetic scanning of this important gene as an effective and actionable pharmacogene for its
related infertility-mediated treatments.

8. Conclusions

While it is in the end, oocyte quality which is the most important parameter and
that is no doubt affected by a plethora of factors and resulted in different treatment
outcomes, but FSHR genotyping is still considered as a promising PGx approach for
personalized infertility therapy in women, who receive the related medicines and displayed
negative efficiency [72], especially, when there are no other common reasons for non-
successful infertility therapy procedures. Various mutations and polymorphisms have
been reported for this important pharmacogene with different frequencies in diverse
populations. However, not all of them influence the drugs and treatment efficacy. Yet, to
avoid any misdiagnosis and/or mismanagement of impaired ovarian response patients,
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genetic profiling of FSHR should be taken into account in clinical infertility centers too.
In addition, the genetic alterations of genes in signal transduction pathways with regard
to FSHR function in granulosa cells in females with ovarian failure may contribute to
changing the drug response and effects. This is a new PGx area for infertility drugs and
needs more investigation and clinical evidence in order to bring new insight into the field
of personalized medicine.
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Abstract: Pharmacogenomics (PGx) is the knowledge of diverse drug responses and effects in people,
based on their genomic profiles. Such information is considered as one of the main directions to
reach personalized medicine in future clinical practices. Since the start of applying next generation
sequencing (NGS) methods in drug related clinical investigations, many common medicines found
their genetic data for the related metabolizing/shipping proteins in the human body. Yet, the
employing of technology is accompanied by big obtained data, which most of them have no clear
guidelines for consideration in routine treatment decisions for patients. This review article talks
about different types of NGS derived PGx variants in clinical studies and try to display the current
and newly developed approaches to deal with pharmacogenetic data with/without clear guidelines
for considering in clinical settings.

Keywords: pharmacogenomics; NGS variants; personalized medicine

1. Introduction: Pharmacogenomics and High Throughput Sequencing Methods

It has been reported for decades that different drugs show different responses and effi-
cacy in diverse individuals or populations. Investigations proved that part of this diversity
(20-30%) is because of genetic background and, more precisely, the inheritance of various
alleles and variants in genes for drug-metabolizing and transporting (pharmacogenes) or
drug target molecules [1]. Pharmacogenetics is the term for the knowledge of diverse drug
responses and effects in people, based on their single genes on the genomic profiles. When
a group of genes (multiple genes), or whole genome, and other influential genomic events,
such as epigenetics will be addressed at once for such investigations, the phrase would
be replaced by pharmacogenomics (PGx). Since the starting of employing high through-
put sequencing methods, especially next generation sequencing (NGS) technologies, in
addition to some comprehensive orthogonal tests, such as genome-wide single nucleotide
polymorphism (SNP) arrays in clinical investigations and practice, numerous genetic vari-
ants have been introduced in drug-related genes in the human body. Today, close to 100
variants in each people in more than 900 of such genes are mentioned in literature, and
the number is increasing continuously [2,3]. There is no doubt that the NGS methods
played a significant role in the identification of PGx variants in a clinical research setting
and used in the prediction of the response to or adverse effects of drugs, which result in
the calculation or estimation of appropriate drug dosage for patients. According to the
patient’s responses, the drug outcome could be defined as efficient, inefficient, toxic, and
resistant. All of these categories mostly arise from the interaction between the products of
many genes in a cellular pathway or between the genes and environmental factors. Hence,
genotype-specific therapy could bring huge benefits for drug safety and efficacy in patients
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in addition to time and cost reduction of treatment approaches for them [4]. The trends
led to the practice of personalized therapy and precision medicine implementation in
clinical centers. The explosion of examples in the field of pre-emptive and/or patient
genotyping shows the true advantages of high throughput sequencing technologies in the
PGx area [5-8]. However, despite the common belief between the physicians and general
practitioners in the effects of the genetic landscape on diverse drug responses, if they
asked that they order the PGx tests for their patients, less than 15% will answer positively.
This is mostly because of the lack of clear guidelines and sufficient clinical evidence for
many functional genetic variants (FGVs) in drug-related genes (FGV's or actionable genetic
variants are those alterations in genome, with at least one report for introducing the effects on
drug safety and/or efficacy in people. Moreover, the variants found in the research area with strong
potential effects on drugs could be considered as FGV's during prescription. However, the latter
needs clinical evidence to be influential on treatment decisions by physicians). Furthermore, the
poor knowledge and background of PGx and the different related alleles and variants for
many healthcare professionals may directly affect their desire to order the tests.

Yet, several rare and uncommon FGVs can be detected through the PGx tests in both
clinical and research areas, especially when comprehensive and high capacity methods,
such as NGS, have been utilized [9]. Moreover, it is necessary to distinguish the definition of
FGVs and/or uncharacterized variants, such as variants with unknown clinical significance
in two distinct genomic medicine areas, PGx, and medical genetics. Although the two
concepts are usually mixed and many PGx variants are covered in the medical genetics
zone, the first one mostly emphasizes those variants with an impact on pharmacological
treatments, while the second group of variants is considered the genetic variations with
pathogenicity effects in the human body. For a PGx variant, it might show an interaction
with drug dosage modifications or not, but the functional and clinical consequences of a
genetic variant may be unknown (does it have pathological consequences?) or well known
(it has or not pathological consequences). However, both types of variants will be addressed
as the same in NGS primary data analysis steps. To deal with the different genetic variants
in PGx profiling of individuals, this review article reviews various NGS derived biomarkers
and the possible approaches to use or consider them during the medicine prescription.
Those PGx variants with no clear guidelines will be focused on more.

2. Different Types of Variants and Their Classifications in Clinical Pharmacogenomics

Both common and rare alleles are demonstrated as the functional biomarkers in PGx
clinical practice. Low frequency and rare variants have been shown by 1-5% and lower
than 1% minor allele frequency (MAF), respectively, in populations. Moreover, they proved
to be very population-specific and the causative elements for diverse drug responses in
alternative ethnic groups [10,11]. NGS methods revolutionized the detection of any type of
variants in different aspects of genome analysis and profiling, as well as pharmacogenetics
and genomic studies. Such investigations reported that most of the FGVs in the clinical
PGx setting are Single Nucleotide Variations (SNVs). However, structural variants (SVs),
such as Copy Number Variation (CNVs), small Insertion-Deletions (InDels), tandem-
substitutions, and the deletion of entire exons are also identified as effective variants in
drug responses [12,13]. In addition to wild-type alleles, the functional outcome for each
of these variants may cause the individuals to fall into four main groups of responders
including poor, intermediate, extensive, and ultra-rapid metabolizers.

Currently, core web-based resources for clinical PGx annotations include Pharma-
cogenomics Knowledge Base (PharmGKB), the Clinical Pharmacogenetics Implementation
Consortium (CPIC), the Pharmacogenomics Research Network (PGRN), and Dutch Phar-
macogenetics Working Group (DPWG). These are considered as reference databases that
provide information about how human genetic variations affect response to medications.
All of the confirmed data about clinically actionable gene-drug associations and genotype-
phenotype relationships are sorted properly and available as a guide for personalized
medicine implementation by healthcare professionals. However, other modules, such as
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PharmVar, FINDbase, SuperCYP, SEAPharm, etc. could also be applied when a specific
type of gene or drug was on the desk. Nevertheless, according to PGx reference organi-
zations (PharmGKB, CPIC-PGRN, and DPWG), all the diagnosed alleles and variants in
a gene-drug interaction, based on the number of published studies and clinical evidence,
will be classified in various types of level with clear explanations for each of them (Table
1). However, CPIC has also introduced a new categorization system for PGx level in more
detail (Table 2). Generally, different levels of clinical relevance for PGx variants and/or
gene-drug pairs will be assigned by the reference entities. All of them have their processes
to assign the levels and prioritize approaches for providing the related guidelines. Mean-
while, some recommendations are related to each other (CPIC and PharmGKB) and the
others go through it independently (DPWG). For example, the clinical pharmacogenetics
implementation consortium (CPIC) allocates the levels for a variant in a gene-drug pair,
based on three major criteria from PharmGKB clinical annotation levels of evidence and
PGx level for Food and Drug Administration (FDA)-approved drug labels and also if it
is nominated to CPIC for consideration. Only those gene/drug pairs that have been the
subject of guidelines have had sufficient in-depth review of evidence to provide definitive
CPIC level assignments. CPIC also use other considerations for assignment of CPIC level
through some essential questions, containing the information of prescribing actionability,
the severity of the clinical consequences for ignoring the genetic tests, already subjected
gene to other CPIC guidelines, availability of genetic test for the gene, high-risk genetic
variants, etc. [14,15]. PharmGKB also creates genotype-based summaries describing the
phenotypic impact of the variant and provides the PGx levels from 1A to 4 in combination
with four instructive labels as “Testing required”, “Testing recommended”, “Actionable
PGx”, and “Informative PGx” via literature reviews while considering population size
and statistical significance. The labels state different considerations for the drugs, based
on gene/protein/chromosomal variants or phenotypes, and conclude the necessity of
pre-emptive genetic testing for genotype/phenotype correlation assays and showing the
potential changes in efficacy, dosage, metabolism, or toxicity [16,17]. Finally, the Dutch
Pharmacogenetics working group (DPWG) uses the drug-gene interaction outcomes to
providing the clinical relevance levels, where the AA is the lowest impact and F is the
highest one. The impacts are categorized, based on adverse drug events, decreased thera-
peutic response, and other clinical effects, result in the allocation of specific scores from
1-7 derived from national cancer institute (NCI) common toxicity criteria and 0—4 level of
evidence of gene—drug interaction in the literature [18].
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Table 1. Different levels of clinical relevance for pharmacogenomics (PGx) variants in reference organizations.

O:;Zj:f Z:Z:fon PGx Level Summary of Description Reference
Variants in this level are annotated and have a clear and
1A endorsed guideline while showing a strong role in
gene-drug interactions.
1B Annotated variant wit}} st.rong evidence in the literature.
PharmGKB Gene-drug assogatl(?n.shows strong effec.ts.
24 The annotated variant is in a VIP *, so functional [19]

significance is more likely.

Annotated variant but in moderate evidence of an

2B association. There is no reliable replicated study in form
of statistical significance or well-designed in size.

Annotated variant in a single study or multiple studies
3 with no similar associations between the variant and the
drug.
Annotated variant but in a case report and non-significant
study or just in an in-vitro assay.

Variants in this level oblige a change in related drug
A prescription. Strong clinical evidence and
genotype-phenotype correlations exist.
Evidence is weak for the variant but still genotyping may
be useful for alternative prescribing.
Different levels of evidence are mentioned in various
CPIC c publications for the variant. No prescribing actions are [20]
recommended. Mostly suitable for genes that are
commonly included in clinical or DTC ** tests.
Weak evidence and conflicting data are introduced for the
variant. Clinical actionability is unclear. No prescribing
actions are recommended.

D
AA Variants with no significant clinical or kinetic effects.
A Variants with minor clinical effects and kinetic effects.
B
C
D
E

Variants with mild clinical effects.

Variants with moderate clinical effects.
Variants with stronger clinical effects than level C.
Variants with severe clinical effects as the failure of

lifesaving therapy or life-threatening complications.
Variants with most severe clinical effects, death is
anticipated.
DEWG There are good quality published studies for the [21]
variant/gene.
There are moderate quality published studies for the
variant/gene.

Well documented case reports exist for the variant/gene.
Published incomplete case reports for the variant/gene.
Data on file.

??2? No evidence.

SN W

* VIP: very important pharmacogene, ** DTC: direct to consumer, *** Separate the two different levels definitions of the DPWG.
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Table 2. Clinical Pharmacogenetics Implementation Consortium (CPIC) new level of clinical relevance for gene/drug

interactions.
Cpic Level Clinical Context Level of Evidence Strength of Recommendation
. ] T.he prepon.d erance of the At least one moderate or
Genetic information should be used to evidence is high or moderate . .
A o . . strong action (change in
change the prescribing of the affected drug. in favor of changing SN
i prescribing) is recommended.
prescribing.
Preliminary review indicates it is likely that Full evidence review is Full review by expert
L - . needed to assess the level of 1 .
A/B the definitive CPIC level will be either A or . o guideline group to assign
evidence, but prescribing )
B. . ey 1 strength of recommendation.
actionability is likely.
Genetic information could be used to
change prescribing of the affected drug The preponderance of the At least one optional action
B because alternative therapies/dosing are evidence is weak with little (change in prescribing) is
extremely likely to be as effective and as conflicting data. recommended.
safe as non-genetically based dosing.
Preliminary review indicates it is likely that bafigsggblélfefi(;,:??izftl}zz ar Full review by expert
B/C the definitive CPIC level will be either B or - & . guideline group to assess the
without further evidence .
C. . strength of recommendation.
review.
There are published studies at varying
levels of evidence, some with mechanistic
rationale, but no prescribing actions are
recommended because (a) dosing based on
genetics makes no convincing difference; (b)
alternatives are unclear, possibly less . .
. . . . No prescribing actions are
C effective, more toxic, or otherwise Evidence levels can vary.
. . . . recommended.
impractical; or (c) few published studies or
mostly weak evidence and clinical actions
are unclear. Most important for genes that
are subject to other CPIC guidelines or
genes that are commonly included in
clinical or DTC tests.
Preliminary review indicates it is likely that No prescribing actions are
C/D the definitive CPIC level will be either C or Evidence levels can vary. P &
D recommended.
There are few published studies, clinical
actions are unclear, little mechanistic basis,
mostly weak evidence, or substantial
conflicting data. If the genes are not widely
tested clinically, evaluations are not needed.
Criteria for “widely tested” includes: 1) No prescribing actions are
D College of American Pathologists (CAP) Evidence levels can vary. P &
recommended.

proficiency testing is available; 2) gene is in
disease-specific panels (e.g., pain,
psychiatric, cancer, etc.); or 3) evidence
exists for implementation of the gene into
clinical practice (CPIC member feedback,
publications, etc.).

Adopted from cpicpgx.org/.

Regarding the abovementioned level of classification for the identified variants, the
utilization of NGS platforms for clinical PGx tests brings various types of alleles, which
after confirmation and validation processes could be categorized as functional /potential
effective variants, fall into “five groups of (1) annotated variants with the clear guideline
(i.e., rs1057910 in CYP2C9 and rs9923231 in VKORCI genes for Warfarin). (2) Annotated
variants with no clinical guideline (i.e., rs6166 in FSHR gene for urofollitropin). (3) Variants
with annotation or guidelines for other drugs (i.e., rs9322335 in ESR1 gene for letrozole
while the gene is studying and considered as the estrogen receptor and target molecule for
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Clomifene). (4) Non-pharmacogenetically annotated variants (i.e., different clinical related
variants in AR gene as an important target molecule for infertility drugs). And (5) Variants
of unknown significance (VUS). The next part will focus on different approaches for such
variant interpretation and curation in clinical practice.

3. Approaches to Dealing with Diverse Pharmacogenomics Variants

To finding any clinical relevance for different groups of PGx variants from the sequenc-
ing platforms, standard algorithms, and procedures are introduced by the reference sources
(Figure 1). These are the recommendations that indicate the approaches for decoding or
predicting the variant functions and the related phenotypes as the diverse drug responses
in individuals [22]. From the previous section, group 1 is considered as straightforward, ac-
tionable variants in gene-drug pairs with direct prescription recommendations for applying
in routine clinical practice. Group 2 are the alleles, consisting of the most common types of
identified variants during diagnostic procedures for PGx tests. As the PharmGKB included
19,028 variant annotations, most of the identified markers will fall into this group. Here, the
number of clinical evidence in addition to statistical signification (i.e., number of patients
in cohort studies) and types of the publications, if they are strong genome-wide associa-
tion study, well designed replicated report, case report, non-significant study, or only an
in-vitro study, would be the important factors for clinical consideration and decisions [23].
The other common scenario for the sequencing results of a pharmacogenetic screening
test could be found in group 3, which are variants with the recommendations but not for
the researchers/clinicians targeted drugs. Generally, if the related gene is introduced as
a very important pharmacogene (VIP) in PGx databases, it is mostly well documented
so the related cellular pathways must be analyzed thoroughly. Then the caution and
consideration before dosage adjustment are suggested for more accurate implementation
of personalized medicine in the clinic [24]. If there is a lack of such documents, more
confirmation and validation assessments are necessary before any concerns for the patient’s
prescription. Replicate tests in target drugs in such situations consist of various approaches,
from looking for the same result in same/different ethnic groups to implementation of
laboratory confirmation tests. However, alternative approaches have also been introduced
for PGx findings validation, if replication studies for gene-drug interactions proved to
be difficult and costly for some cases [25]. In the end, consulting with gene experts or
experienced clinical pharmacologist in the gene—drug interaction field is necessary. So far,
reference databases have explained the approaches to deal with variants in group one to
three. However, many genetic variations may be classified in group 4, which is introduced
as disease-associated biomarkers and placed into the different genomic databases, such as
ClinVar, dbGaP, HapMap, gnomAD, COSMIC, etc. (as causative or pathogenic variants),
but there is no PGx report for them. This is mostly happening during more comprehensive
genomic profiling of individuals for decoding any PGx markers. In such a situation, the
first step could be the evaluation of the gene, if it is introduced as drug related in literature
and databases before. The positive result may follow the approaches for group 3 as well. If
there is any, also clinical assays would help provide evidence in both groups 2 and 3 of
variants during the clinical decision making.
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Group 1 I

Identified and validated variants
through PGx tests

Group 2 I Group 3 I Group 4 I Group 5 I

Annotated variants
with clear guideline

Annotated variants with Variants with annotation or Not Pharmacogenetically Variants of unknown

no clinical guideline guideline for other drugs annotated variants significance (VUS)

- Check the level of clinical relevance
in PGx databases

- Follow the PGx recommendations

- Check the level of clinical relevance - Using specialized bioinformatics tools and
in PGx databases ithms for identification/prediction of
any gene-drug interactions

- Prescription considerations if the related

- Mapping the filtered/deleterious variants
with databases

gene introduced as a VIP* in PGx databases

- Check the level of clinical relevance in - Check if the gene introduced also
PGx databases as a drug related gene before

- Evaluation for quality and quantity of 1

related publications (clinical evidences)**

- Cellular pathway analysis

No further analysis required

- Replicate tests and validation assays**

- Clinical assessments (if it’s available)

Figure 1. Approaches to deal with different types of PGx variants in clinical centers. After the identification and doing the

confirmation tests on a PGx related variant, it could be categorized in one of the main five groups of annotated with PGx

guideline, annotated without a guideline, informative for other drugs, not PGx annotated, or variants of unknown clinical

significance (VUS). For the annotated variants, checking the level of clinical relevance (Table 1 of the current paper) is the

first task to do. Bioinformatics tools are also supporting the analysis of not only VUS but also other types of variants in each

group. Examples for groups 1-5 with explanations are provided in the main text. * VIP: very important pharmacogene. ** see the text

for more details.

The last types of variants (group 5) are the novel and unreported variations in
databases (ClinVar, HGMD, PharmGKB), but found in a PGx test mostly through compre-
hensive methods, such as whole exome or whole genome sequencing (WES and WGS),
with no clue for their function in causing a particular phenotype. Moreover, incidental
findings (IFs) are the group of known variations, but not related to specifically investigated
phenotype, and accidentally revealed during a sequencing test. Both the VUS (novel vari-
ants) and IFs will be manageable with higher accuracy by the combined usage of highly
specialized bioinformatics pipelines to find any possible interaction with drug responses
in patients. IFs are mostly displayed as the annotated functional drug-related variants
in pharmacogenes and potentially useful markers if the appropriate genomic analysis
and accurate genotype—-phenotype correlations are performed subsequently [26]. We will
address this topic in detail in the following section.

4. Approaches to Dealing with Novel Pharmacogenomics Variants

As the majority of revealed variants through implementation of broad range high
throughput sequencing tests could be categorized in group 4 and 5 (the most challenging
groups), the process of identifying clinically relevant PGx variants from complex genomic
data mostly concerns about the detection of any potential FGVs in these two categories.
The procedures usually start with digging the variant call format (VCF) file for filtration of
variants and selection of those alterations, which come from drug-related genes. Based on
the employed sequencer machine and the selected platform for PGx data clinical assess-
ment, different types of variants are available in subsequent result analysis (SNVs and /or
CNVs from coding and noncoding/regulatory parts of the genome). Routine silico analysis
is considered for filtration of NGS derived pharmacovariants data at the first step (includ-
ing the quality assessments, segregation studies, zygosity mapping, and allele phasing,
etc.). Next, the selected variants go for pathogenicity and functional annotation analysis
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through the utilization of prediction algorithms in both common (i.e., SIFT, PolyPhen2,
MutationTaster) and PGx dedicated tools (i.e., Stargazer, Aldy, Astrolabe) [27-29]. As the
final stage, computational and in-vitro confirmation studies can aid in the identification
of prediction’s sensitivity, specificity, and accuracy level. This is usually implemented via
performing the homology modeling, Sanger sequencing, and cell culture modifications.
The other approach is the replicate study in an independent validation cohort.

Examples for the generation of clinical recommendations for the variants using in
silico analysis of WGS PGx data were done before. The related studies showed the PGx
dosage recommendations are heavily influenced by the higher availability of genotyping
results, which may lead to more clinical evidence too [30]. Yet, the most important barrier
to routine implementation of NGS technologies for PGx tests in clinical centers is the huge
amount of uncertain and unknown significant variants in the results (group 5), which need
to be confirmed and validated before considered as the influential elements in treatment
decision and prescription modification. In addition to some basic problems in using
NGS methods, such as poor coverage of the specific parts of the genome, false-positive
results in short reads, ignoring many non-coding variants in targeted panels and WES,
missing some homopolymer regions, pseudogenes, and GC rich, diverse efficiency for
genome capturing due to the utilization of different kits and reagents, etc. [31], any novel or
incidental markers still must go through the different validation steps, to be connected to
drug-related phenotypes in patients. While looking for previous clinical reports and similar
investigations, current approaches in dealing with PGx variants in group 5 are including the
computational methods and in-vitro functional analysis of the variants. As the number of
altered alleles could be high in NGS data, applying the computational analysis techniques
and starting with categorizing, filtering, and functional annotating the variants across the
RefSeq and other databases, such as dbSNP or dbNSFP, by special bioinformatics tools,
such as VAT, VarAFT, ANNOVAR, etc., is inevitable. Then, the prediction of potentially
damaging, deleterious, and/or functionally neutral non-synonymous variants will be
performed via the algorithms as mentioned earlier. Currently, the mutual beliefs for PGx
data analysis are the combined utilization of 6 to 7 of such prediction tools and choosing
those variants, which are commonly introduced as pathogen/likely pathogen in all applied
software, according to reliable reference guidelines, such as those given by ACMG, CAP,
and CPIC [27]. While there is no universal and widely accepted functional prediction
software package, the number of introduced PGx specific analysis tools, such as Stargazer,
Astrolabe, PharmCAT, PHARMIP, etc., are increasing rapidly in a fast-developing mode.
Hence, integrating them in applied algorithms seems necessary. Table 3 listed some of
these special data mining and visualization tools, which are used or considered to be useful
in PGx data management. We will talk about the limitations of common analysis facilities
later in the discussion section. Next is the pathway mapping of the selected variants
against the general and specialized free reference sources, such as PharmGKB, String-
db, DAVID, KEGG, etc., to find out about the potential gene—drug and protein—protein
interactions. Finally, allele frequency and population derived variant analysis could be
achieved through comparing with comprehensive surveys (1000 genome, ExAc, HapMap,
ESP, gnomAD, GME) [32]. Moreover, laboratory confirmative assays and characterization
could be implemented for just top prioritized functional variants, to roll out any false-
positive result and be assured of the real harmful effects on drug response. The final clinical
assessments (if it’s available) support the necessity for genotype—phenotype correlation
procedures too.
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Table 3. Special data mining and visualization tools and algorithms, used in PGx data analyzing and phenotype prediction.

Software

Applications

Link

Reference

SIFT

SIFT (Sorting Intolerant From
Tolerant) is an online program
that predicts whether an
amino acid substitution affects
protein function based on
sequence homology and the
physical properties of amino
acids.

https:/ /sift.bii.a-star.edu.sg/

(33]

PolyPhen-2

PolyPhen-2 (Polymorphism
Phenotyping v2) is a tool that
predicts the possible impact of
an amino acid substitution on
the structure and function of a

human protein using
straightforward physical and
comparative considerations.

http:/ /genetics.bwh.harvard.
edu/pph2/

[34]

LOFTEE

Loss-Of-Function Transcript
Effect Estimator is a tool to
identify LoF (loss-of-function)
effects of variations. LOFTEE
also makes predictions of
another splice (OS) variants
that may cause LoF by
disrupting normal splicing
patterns.

http:
//www.atgu.mgh.harvard.
edu/resources/software/

[35]

VAT

Variant Annotation Tool is a
computational framework to
functionally annotate variants
in personal genomes using a
cloud-computing
environment.

http:/ /vat.gersteinlab.org/

[36]

VarAFT

Variant Annotation and Filter
Tool is for the identification of
disease-causing mutations in
human genetics. The software
improves annotation and
filtration steps.

https:/ /varaft.eu/

[37]
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Table 3.

Cont.

Software

Applications

Link

Reference

EV mutation

An online free tool for
predicting the mutation effects
from sequences.

https:/ /marks.hms.harvard.
edu/evmutation/

(38]

UCSF chimera package

UCSF Chimera is a highly
extensible program for
interactive visualization and
analysis of molecular
structures and related data,
including density maps,
supramolecular assemblies,
sequence alignments, docking
results, trajectories, and
conformational ensembles.
High-quality images and
animations can be generated.
The Resource for
Biocomputing, Visualization,
and Informatics (RBVI) and its
precursor, which is interactive
software tools and advanced
web-based computational
resources that provide
integrated visualizations and
analyses of molecular
structures and related
non-structural biological
information.

https:/ /www.cgl.ucsf.edu/
chimera/

[39]

ICM-Molsoft

ICM-Pro empowers a biologist
or chemist by providing a
high-quality protein structure
analysis, modeling, and
docking desktop software
environment. Main features
include: analyze sequences
and alignments, inspect
protein structure, study
pockets, and bound ligands
and drugs, create surfaces,
calculate electrostatics, make
mutations, predict ligand
binding sites, predict
protein—protein interaction
sites, perform small molecule
and protein—protein docking,
and design ligands.

http:/ /www.molsoft.com/
icm_pro.html

EVfold

EVfold uses an evolutionary
variation to calculate a set of
co-evolved residue pairs in a
protein family using a global
approach called maximum
entropy, formally similar to
partial correlations.

http:/ /evfold.org/evfold-
web/evfold.do

[40,41]
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Table 3. Cont.

Software

Applications

Link

Reference

xBrowse

xBrowse is a platform for
studying rare genetic diseases.
It was built to provide genetic
researchers and clinical
geneticists a collaborative way
to search for the causes of
genetic disease using exome
sequencing data. xBrowse
accepts as input a set of
variant calls from a whole
exome or whole genome
sequencing study for further
processing and annotation.
Currently, the only accepted
input format is a VCF file
produced by the GATK
pipeline.

http:
//www.atgu.mgh.harvard.
edu/resources/software/

PLINK

PLINK/SEQ is an
open-source C/C++ library
for working with human
genetic variation data.
The specific focus is to
provide a platform for
analytic tool development for
variation data from large-scale
resequencing and genotyping
projects, particularly
whole-exome and
whole-genome studies. It is
independent of (but designed
to be complementary to) the
existing PLINK package.

https:/ /atgu.mgh.harvard.
edu/plinkseq/

[42]

SKAT

SKAT is a Single Nucleotide
Polymorphism (SNP)-set (e.g.,
a gene or a region) level test
for association between a set
of rare (or common) variants
and dichotomous or
quantitative phenotypes,
SKAT aggregates individual
score test statistics of SNPs in
a SNP set and efficiently
computes SNP-set level
p-values, e.g., a gene or a
region-level p-value, while
adjusting for covariates, such
as principal components to
account for population
stratification. SKAT also
allows for power/sample size
calculations for designing
sequence association studies.

www.hsph.harvard.edu/skat

[43]
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Table 3. Cont.

Software Applications

Link

Reference

This server predicts the
functional impact of
amino-acid substitutions in
proteins, such as mutations
discovered in cancer or
missense polymorphisms.
The functional impact is
assessed based on the
evolutionary conservation of
the affected amino acid in
protein homologs.

Mutation Assessor

http:
/ /mutationassessor.org/r3/

[44]

MutationTaster is a free
web-based application to
evaluate DNA sequence
variants for their
disease-causing potential.
The software performs a
battery of in silico tests to
estimate the impact of the
variant on the gene
product/protein.

MutationTaster

http:
//www.mutationtaster.org/

[45]

The PANTHER (Protein
ANalysis THrough
Evolutionary Relationships)
Classification System was
designed to classify proteins
(and their genes) to facilitate
high-throughput analysis.
PANTHER is defined as a
method to predict the
functional effect of missense
variants based on sequence
information.

PANTHER

http:/ /www.pantherdb.org/

[46]

An SVM-based classifier for
the prediction of variant
pathogenicity according to
sequence profiles.

PhD-SNP

http:/ /snps.biofold.org/phd-
snpg/

[47]

An analysis tool, for the
detection of somatic
mutations and copy number
alterations (CNAs) in exome
data from tumor—-normal
pairs.

Varscan2

http:
/ /varscan.sourceforge.net/

(48]

Detects and quantifies short
Insertion—Deletions (InDels)
and substitutions in large
pools. SPLINTER allows
accurate detection and
quantification of short
insertions, deletions, and
substitutions by integrating
information from the
synthetic DNA library to tune
SPLINTER and quantify
specificity and sensitivity for
every experiment to
accurately detect and quantify
InDels and substitutions.

SPLINTER

https://omictools.com/
splinter-tool

[49]
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Table 3. Cont.

Software

Applications

Link

Reference

GeneSplicer

GeneSplicer is a new, flexible
system for detecting splice
sites in the genomic DNA of
various eukaryotes and
predicting the variant effects
on the related protein(s).

http:/ /www.cbcb.umd.edu/
software/GeneSplicer/gene_
spl.shtml

[50]

NMD Classifier

NMD is a tool for systematic
classification of
nonsense-mediated decay
events for either annotated or
de novo assembled
transcripts.

https:
/ /sourceforge.net/projects/
transcriptome-analysis/files/
NMD_Classifier.tar.gz

[51]

mrSNP

mrSNP provides a web
service for researchers
working especially with
RINA-Seq Data, to predict the
impact of an SNP in a 3UTR
on miRNA binding.

https:
/ /toolsdmirs.org/software/
mirna_snp_analysis/mrsnp/

[52]

GenoCanyon

GenoCanyon is a
whole-genome functional
annotation approach based on
unsupervised statistical
learning. It integrates
genomic conservation
measures and biochemical
annotation data to predict the
functional potential at each
nucleotide, both in coding,
and non-coding regions.

http://genocanyon.med.yale.

edu/

(53]

ANNOVAR

ANNOVAR is an efficient
software tool to utilize
up-to-date information to
functionally annotate genetic
variants detected from diverse
genomes (including human
genome hgl8, hg19, hg38, as
well as mouse, worm, fly,
yeast, and many others).
Given a list of variants with
chromosome, start position,
end position, reference
nucleotide, and observed
nucleotides, ANNOVAR can
perform:

- Gene-based annotation;

- Region-based annotation;
- Filter-based annotation, etc.

http:/ /annovar.
openbioinformatics.org/en/
latest/

[54]
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Table 3.

Cont.

Software

Applications

Link

Reference

CADD

CADD is a tool for scoring the
deleteriousness of single
nucleotide variants as well as
insertion/deletion variants in
the human genome. It
integrates multiple
annotations into one metric by
contrasting variants that
survived natural selection
with simulated mutations.
C-scores strongly correlate
with allelic diversity, the
pathogenicity of both coding
and non-coding variants.

https:
//cadd.gs.washington.edu/

[55,56]

Provean

Provean is a software tool that
predicts whether an amino
acid substitution or InDel has
an impact on the biological
function of a protein. It is
useful for filtering sequence
variants to identify
non-synonymous or InDel
variants that are predicted to
be functionally important.

http:/ /provean.jcvi.org/
index.php

[57,58]

ESEfinder

ESEfinder is a web-based
resource that facilitates rapid
analysis of exon sequences to

identify putative exonic
splicing enhancers, responsive
to the human SR proteins
SF2/ASF, SC35, SRp40, and
SRp55, and to predict whether
exonic mutations disrupt such
elements.

http:/ /krainer01.cshl.edu/
cgi-bin/tools/ESE3
/esefinder.cgi?process=home

[59]

VarSeq

VarSeq is an intuitive,
integrated software solution
for tertiary analysis of next
generation sequencing (NGS)
data. With VarSeq workflows
can be automated and
analyzing variants for gene
panels, exomes, and whole
genomes is possible.
Moreover, the tool shows the
ability to integrate with new
resources and databases for
advanced and customized
variant analysis.

https:/ /www.goldenhelix.
com/products/VarSeq/

[60]

FATHMM

A high-throughput
web-server capable of
predicting the functional
consequences of both coding
variants, i.e.,
non-synonymous single
nucleotide variants (nsSNVs),
and non-coding variants in
the human genome.

http:/ /fathmm.biocompute.
org.uk/

[61]
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Table 3. Cont.

Software

Applications

Link

Reference

GERP++

Genomic Evolutionary Rate
Profiling (GERP) identifies
constrained elements in
multiple alignments by
quantifying substitution
deficits.

http:/ /mendel.stanford.edu/
SidowLab/downloads/

gerp/

[62]

SiPhy

SiPhy implements rigorous
statistical tests to detect bases
under selection from multiple

alignment data. It takes full

advantage of deeply
sequenced phylogenies to
estimate either unlikely
substitution patterns as well
as slowdowns or accelerations
in mutation rates.

http:/ /portals.broadinstitute.
org/genome_bio/siphy/

index.html

Stargazer

Stargazer is a bioinformatics
tool for calling star alleles
(haplotypes) in PGx genes

using data from NGS or SNP
array. Stargazer can accept

NGS data from both whole
genome sequencing (WGS)
and targeted sequencing.
Stargazer identifies star alleles
by detecting SNVs, InDels,
and SVs. Stargazer can detect
complex SVs including gene
deletions, duplications, and
hybrids by calculating
paralog-specific copy
numbers from read depth.

https:
/ /stargazer.gs.washington.
edu/stargazerweb/

[63]

PharmCAT

A tool to extract all CPIC
guideline gene variants from a
genetic dataset (represented
as a VCF file), interpret the
variant alleles and generate a
report.

https://github.com/
PharmGKB/PharmCAT

[64,65]

PHARMIP

An in silico method to predict
genetics that underpin
adverse drug reactions.

The tool can be used to reveal

genetic risk factors for certain

drug ADRs.

http:/ /www.lilab-ecust.cn/
pharmmapper/

[66]

PharmVar API

An online source for access to
all or selected data of the
Pharmacogene Variation
Consortium (PharmVar)

database.

https:/ /www.pharmvar.org/
documentation
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Table 3. Cont.

Software

Applications Link Reference

Astrolabe

Astrolabe is software for the
translation of whole genome
sequence data into
pharmacogenetic information
that can be used to guide
medication selection, dosing,
and prescription. It was https:/ /childrensmercy.org/
initially developed under the genomesoftwareportal / [67]
name Constellation for the Software/Index/
CYP2D6 gene, then extended
to CYP2C9 and CYP2C19 with
additional genes in the
process of being validated.
Astrolabe is integrated with
the PharmVar database

Aldy

Aldy performs allelic
decomposition of highly
polymorphic, multi-copy
genes by using whole or
targeted genome sequencing
data. For a large diverse
sequencing data set, Aldy http:/ /aldy.csail. mit.edu. [68]
identifies multiple rare and
novel alleles for several
important pharmacogenes,
significantly improving upon
the accuracy and utility of
current genotyping assays.

Cypripi

An algorithm to
computationally infer
CYP2D6 genotype at base pair
resolution from high
throughput sequencing data.
It can resolve complex http:/ /sfu-compbio.github.
genotypes, including alleles io/cypiripi/
that are the products of
duplication, deletion, and
fusion events involving
CYP2D6 and its evolutionarily
related cousin CYP2D?7.

[69]

5. Discussion

NGS technologies have been used in several PGx studies in recent years. Based on
the employed platforms, the acquired data analyzed through different approaches. Due to
the lower amount of identified variants (mostly known alleles), finding the FGVs and
phenotype prediction is usually easier when targeted sequencing for a specific set of the
gene (panels) is performed as the selected method. WES and WGS, however, show a lot of
obstacles when applied for a PGx analysis and this is mainly because of the huge number of
functionally unknown and unreported alterations in a patient’s genetic profile [70]. More-
over, some intrinsic and substantial complications for PGx tests including the presence of
germline mutations with necessary haplotype detection and phase definition in patients,
going through specific pharmacogenes with a role in different sophisticated cellular path-
ways (i.e., ACE), following environmental and epigenetic modifications on drug-related
genes, working with challenging and problematic variants, in particular drug-related genes
(i.e., CYP2D6 with close pseudogenes and many unknown and novel variants in diverse
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populations, different functional tandem repeat variants in the non-coding part of UGT1A1
gene, etc.), and most important of them the lack of previous knowledge on possible phe-
notype modifications for many genetic changes (as PGx is a pre-emptive genotyping test
in numerous cases) can potentially increase the difficulties in variant analysis and pose
the clear effects on changing the drug responses in individuals. Albeit, providing more
genotype to phenotype translation methods by reference organizations and guideline de-
velopers will result in more consistent genotype interpretation in both clinical and research
area [71].

Despite the challenges, the number of publications for NGS derived PGx data analysis
are still significant. Gordon et al. successfully identified common, rare, and novel variants
in 84 clinically actionable drug-related genes in more than 280 individuals through a tar-
geted resequencing custom panel. They used deep coverage of the known genes to follow
both previously recognized and possible novel variants. New potentially deleterious non-
sense and missense variants across some VIPs were selected for more genotype-phenotype
association studies to find any relation with particular traits (group1, 2, and 5 of the PGx
variants). Moreover, actionable plus rare unreported variants in absorption, distribution,
metabolism, and excretion (ADME) core genes revealed in 114 drug genes in 376 people
by Han and colleagues. The number of variants in each gene (normalized based on gene
length), MAF, and novelty assessed and compared to open genotyping datasets (group2, 4,
and 5). In silico functional assessments performed by the prediction tools, such as SIFT,
PolyPhen2, and CAAD, and deleterious rare-novel variants in some of VIPs evaluated by
in-vitro analysis to find impaired functions evidence. Moreover, additional and novel
faraway variants (group 5), contributed to the alteration of estrogen receptor binding site
and breast cancer risk identified in 400 patients by NGS deep sequencing and functional
genomics. As the number of investigated genes was low, any novel PGx variant was
confirmed through the laboratory tests, such as chromatin immunoprecipitation (ChIP),
gene expression analysis, and protein degradation assays [72-74]. Other utilizations also
brought more unprecedented results for clinical PGx investigations. For example variants
and haplotype detection of challenging ADME genes were successfully achieved in three
core pharmacogenes (CYP2D6, HLA-A, and HLA-B) by applying the long read sequencers
(groupl and 2). All the SNVs, CNVs, and InDels were revealed through the utilization
of customized long-range PCR and the subsequent NGS machine (MinION nanopore se-
quencer) [75]. Moreover, 17,733 ADME variants per individual were detected in 231 genes.
In addition to known PGx markers, the latter included 1012 novel variants with potential
deleterious functions identified in exons, introns, gene promoters, and proximal regulatory
regions. The authors reanalyzed WGS provided data to find different PGx markers in close
to 500 individuals. In silico analysis used the ANNOVAR tool for annotation and dbSNP137
and Complete Genomics public server for novelty assessments. Functional assays were
also predicted via SIFT and Provean algorithms (groupl, 2, 4, and 5) [12]. In another effort,
whole genome sequencing (WGS) in PGx analysis revealed 227 common and 466 rare
population-specific potentially functional SNVs, including 74 novel variants in 437 drug
genes (groupl, 2, and 5). Variant analysis computational workflow consisted of ANNOVAR
and dbSNP138 for variant annotation, SIFT, and PolyPhen?2 for functional effect analysis of
novel non-synonymous coding SNVs, mapping the deleterious variants with PharmGKB
and DrugBank, and finally PLINK and VCFTools for reaching allele frequencies and valida-
tion through 1000 genome and HapMap databases. In the end, a drug pathway map for
functionally impaired pharmacogenes displayed, using identified deleterious variants [32].
Even the PGx-specific panel with high accuracy designed and identified clinically relevant
variants in 39 genes including CYP2D6 CNV and UGT1A1*28 TAA repeats in promoter
in addition to allele frequency and homozygosity in 235 patients. Common in-vitro and
bioinformatics tools used for both known and novel variant detection rate accuracy and
sensitivity (groupl, 2, and 5) [76]. Finally, a comprehensive usage for NGS methods can
be found in Price and his team effort, which applied exome sequencing for 21,000 human
genes and revealed novel genetic loci with a strong association with on-treatment reactivity
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and hereditability of platelet and clopidogrel response. Once again, novel loci and related
variants in addition to known PGx markers were depicted by common data interpretation
pipeline and proved the NGS methods as a powerful approach in unavailing PGx variants
in clinical studies [77].

Two important points could be mentioned from the above investigations as well.
As the majority of functional prediction tools and algorithms are relying on evolutionary
conservation and therefore will not be completely fit with the pharmacogenes (poorly
conserved) and show low predictive accuracy as the conventional algorithms (up to 50%),
most of the studies emphasize combined utilization of such tools in in silico phenotype pre-
diction for novel variants and introduced various software in each report. This may remind
the necessity of the attitude for new PGx data in high throughput sequencing methods, as
they are not observable in many cases (pre-emptive genotyping). Recent efforts, however,
have been focused on developing new pharmacogene optimized frameworks with more
relation to PGx data assessment through the integration of specific algorithms or presenting
the allele dedicated for pharmacovariant calling and showed to be more compatible with
ADME genes with a higher rate of sensitivity and specificity (90-99%) [27,63]. Other PGx
specialized projects are also recently developed a pharmacogenomics clinical annotation
tool (PharmCAT) and tried to reveal which patients in a clinical dataset include the variants
of interest [65].

The second point is the ability of NGS technologies to the detection of any kinds of PGx
variants in clinical practice. They have introduced several novel PGx markers successfully
and the fact may indicate the faster incorporation of PGx test results into the future precision
medicine as well. However, there are still essential issues with high importance in the field,
which need to be addressed properly. For example, if the particular novel variant causes
a loss of function or gain of function effects on the related protein(s) (making a poor or
rapid metabolizer) in tested individuals and also possible misinterpreting of VUS in the
result, which may lead to ignore or miss the functional variants in pharmacogenes. Such
complexities must be followed by the in-vitro assessments in addition to appropriate pre
and post-test counseling for individuals [28,78].

The intricacies are not limited to the detection of variants, but the nature of drug
actions according to particular alleles too. Investigations displayed the dual or multiple
impacts of some specific pharmacovariants toward the different diseases and/or drugs
(Table 4). Furthermore, a certain drug could be the substrate for more than one P450
family and metabolized by different enzymes (i.e., CYP1A2, CYP2C19, and CYP2D6 for
antidepressant amitriptyline) [79]. Such scenarios complicate the true functional assessment
of pharmacovariants, especially in high throughput sequencing data. Because of that, a
comprehensive literature search, replicate studies, and wet lab analysis of the newly
identified genetic markers in drug-related genes must be taken into account before any
prescription considerations in the clinical setting.
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Table 4. Examples of different outcomes for one particular allele/diplotype of CYP2D6 in different disorders and drugs.

. . Diplotype or Decreased Increased Low Plasma High Plasma - Level of
DiseaselDisorder Drug Gene Allele Response Response Concentration  Concentration Toxicity Evidence Reference
Depressive
Disorder . o e #
Mental Paroxetine CYP2D6 1/*1xN = v v - - 1A [80]
Disorders
Nausea and
Vomiting after Ondansetron CYP2D6 *1/*1xN v - - v ? 1A [81]
Chemother-
apy
Mental Desipramine CYP2D6 “IxXN v - - v ? 2A [82]
Disorders
Alzheimer Donepezil CYP2D6 *1/*1xN - v v - - 3 [83]
Disease
Pain Codeine CYP2D6 *1/*1xN - v v - v 1A [84,85]

# Gene duplication, which resulted in ultra-rapid metabolizer. * is a standardized nomenclature system used for various haplotypes and alleles in Cytochrome P450 family pharmacogenes. The level of evidence
is adopted from PharmGKB [19]. v': Yes, ?: unknown, -: not applicable.
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6. Conclusions

The field of pharmacogenomics faces several challenges throughout the process of the
identification of pharmacogenomic variants and their implementation in clinical practices.
Many of these challenges arise at the genomics level, including the statistical considerations
associated with the design of the clinical trial and genome-wide association studies (GWAS),
a large number of candidate variants compared to available samples (p > n), the lack of
reproducibility in independent studies and determining the functional impact of variants on
drug response. In the age of PGx and personalized drug therapy, using the high throughput
sequencing approaches will assist the translation of different pharmacovariants into clinical
care. As mentioned before, for moving genomic medicine toward personalized drug
therapy, there should be a genetic screening test, which fits all ethnicities [12]. NGS, as a
time and cost-effective and highly accurate genotyping method, shows the huge benefits for
patients PGx clinical assessments. Hence, it would be highly possible for the investigators
and clinicians to encounter new and rare population-specific variants during a PGx test. To
deal with different NGS derived PGx variants in clinics, all healthcare professionals need
to know the classification and interpretation algorithms for such markers properly.

Author Contributions: A.T. provided the idea, designed the study, conducted the literature search,
and wrote the entire manuscript. N.W.-K. and R.P. searched for the literature and edited the
manuscript. W.M. supervised the study thoroughly and revised the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This article was conducted within the projects, which received funding from the European
Union’s Horizon 2020 research and innovation program under the Marie Sktodowska-Curie grant
agreement No 754432, and the Polish Ministry of Science and Higher Education, from financial
resources for science in 2018-2023 granted for the implementation of an international co-financed
project.

Conflicts of Interest: The authors declare that there is no conflict of interest during the preparation
of this manuscript.

Abbreviations

ACMG American College of Medical Genetics and Genomics
ADME Absorption, Distribution, Metabolism, and Excretion
CADD Combined Annotation-Dependent Depletion

CAP College of American Pathologists

CNV Copy Number Variation

CPIC The Clinical Pharmacogenetics Implementation Consortium
DPWG Dutch Pharmacogenetics Working Group

FDA Food and Drug Administration

FGV Functional Genetic Variation

GWAS Genome-Wide Association Studies

IF Incidental Findings

InDel Insertion-Deletion

MAF Minor Allele Frequency

NCI National Cancer Institute

NGS Next Generation Sequencing

PDG Pharmacogenomics Dosage Guidelines

PGRN The Pharmacogenomics Research Network

PGx Pharmacogenomics

PharmCAT Pharmacogenomics Clinical Annotation Tool

192



J. Clin. Med. 2021, 10, 34

PharmGKB Pharmacogenomics Knowledge Base
Provean Protein Variation Effect Analyzer
SNP Single Nucleotide Polymorphism
SNV Single Nucleotide Variation

SV Structural Variants

VAT Variant Annotation Tool

VarAFT Variant Annotation and Filter Tool
VCF Variant Call Format

VIP Very Important Pharmacogene

vus Variants with Unknown clinical Significance
WES Whole Exome Sequencing

WGS Whole Genome Sequencing

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Sim, S.; Kacevska, M.; Ingelman-Sundberg, M. Pharmacogenomics of drug-metabolizing enzymes: A recent update on clinical
implications and endogenous effects. Pharm. J. 2013, 13, 1-11. [CrossRef] [PubMed]

Kozyra, M.; Ingelman-sundberg, M.; Lauschke, V.M. Rare genetic variants in cellular transporters, metabolic enzymes, and
nuclear receptors can be important determinants of interindividual differences in drug response. Genet. Med. 2017, 19, 20-29.
[CrossRef] [PubMed]

Schirfe, C.PIL; Tremmel, R.; Schwab, M.; Kohlbacher, O.; Marks, D.S. Genetic variation in human drug-related genes. Genome
Med. 2017, 9, 117. [CrossRef]

Rabbani, B.; Nakaoka, H.; Akhondzadeh, S.; Tekin, M.; Mahdieh, N. Next generation sequencing: Implications in personalized
medicine and pharmacogenomics. Mol. BioSyst. 2016, 12, 1818-1830. [CrossRef] [PubMed]

Walczak, M.; Skrzypczak-Zielinska, M.; Plucinska, M.; Zakerska-Banaszak, O.; Marszalek, D.; Lykowska-Szuber, L.; Stawczyk-
Eder, K.; Dobrowolska, A.; Slomski, R. Long-range PCR libraries and next generation sequencing for pharmacogenetic studies of
patients treated with anti-TNF drugs. Pharm. ]. 2019, 19, 358-367. [CrossRef]

Santos, M.; Niemi, M.; Hiratsuka, M.; Kumondai, M.; Ingelman-Sundberg, M.; Lauschke, V.M.; Rodriguez-Antona, C. Novel
copy-number variations in pharmacogenes contribute to interindividual differences in drug pharmacokinetics. Genet. Med. 2018,
20, 622-629. [CrossRef]

Cousin, M.A.; Matey, E.T.; Blackburn, P.R.; Boczek, N.J.; McAllister, T.M.; Kruisselbrink, T.M.; Babovic-Vuksanovic, D.; Lazaridis,
K.N.; Klee, E.W. Pharmacogenomic findings from clinical whole exome sequencing of diagnostic odyssey patients. Mol. Genet.
Genome Med. 2017, 5, 269-279. [CrossRef]

Klein, K.; Tremmel, R.; Winter, S.; Fehr, S.; Battke, F.; Scheurenbrand, T.; Schaeffeler, E.; Biskup, S.; Schwab, M.; Zanger, U.M.
A New Panel-Based Next Generation Sequencing Method for ADME Genes Reveals Novel Associations of Common and Rare
Variants With Expression in a Human Liver Cohort. Front. Genet. 2019, 10, 7. [CrossRef]

Hovelson, D.H.; Xue, Z.; Zawistowski, M.; Ehm, M.G.; Harris, E.C.; Stocker, S.L.; Gross, A.S.; Jang, I.-].; leiri, L; Lee, ] -E.; et al.
Characterization of ADME gene variation in 21 populations by exome sequencing. Pharm. Genome 2017, 27, 89. [CrossRef]
Ortega, V.E.; Meyers, D.A. Pharmacogenetics: Implications of race and ethnicity on defining genetic profiles for personalized
medicine. J. Allergy Clin. Immunol. 2014, 133, 16-26. [CrossRef]

Ahn, E.; Park, T. Analysis of population-specific pharmacogenomic variants using next generation sequencing data. Sci. Rep.
2017, 7, 8416. [CrossRef] [PubMed]

Mizzi, C.; Peters, B.; Mitropoulou, C.; Mitropoulos, K.; Katsila, T.; Agarwal, M.R.; Van Schaik, R.H.; Drmanac, R.; Borg, J.;
Patrinos, G.P. Personalized pharmacogenomics profiling using whole-genome sequencing. Pharmacogenomics 2014, 15, 1223-1234.
[CrossRef] [PubMed]

Lalioti, M.; Gerasimova, T.; Zattas, D.; Anastasakis, D.; Seli, E.; Sakkas, D. A Deleted Form of FSH Receptor, Found in Women
Undergoing Infertility Treatment, Impairs the Function of the Normal Receptor When Co-Expressed In Vitro; Oxford University Press:
Oxford, UK, 2010.

Hoffman, ].M.; Dunnenberger, HM.; Hicks, ].K.; Caudle, K.E.; Carrillo, M.W.; Freimuth, R.R.; Williams, M.S.; Klein, T.E.;
Peterson, ].F. Developing knowledge resources to support precision medicine: Principles from the Clinical Pharmacogenetics
Implementation Consortium (CPIC). J. Am. Med Inform. Assoc. 2016, 23, 796-801. [CrossRef] [PubMed]

Relling, M.; Klein, T. CPIC: Clinical pharmacogenetics implementation consortium of the pharmacogenomics research network.
Clin. Pharmacol. Ther. 2011, 89, 464-467. [CrossRef] [PubMed]

Barbarino, ].M.; Whirl-Carrillo, M.; Altman, R.B.; Klein, T.E. PharmGKB: A worldwide resource for pharmacogenomic information.
Wiley Interdiscip. Rev. Syst. Biol. Med. 2018, 10, e1417. [CrossRef]

Tilleman, L.; Weymaere, J.; Heindryckx, B.; Deforce, D.; Van Nieuwerburgh, F. Contemporary pharmacogenetic assays in view of
the PharmGKB database. Pharmacogenomics 2019, 20, 261-272. [CrossRef]

Swen, J.J.; Nijenhuis, M.; De Boer, A.; Grandia, L.; Der Zee, A M.-V,; Mulder, H.; Rongen, G.; Van Schaik, R.; Schalekamp, T.; Touw,
D.; et al. Pharmacogenetics: From Bench to Byte—An Update of Guidelines. Clin. Pharmacol. Ther. 2011, 89, 662-673. [CrossRef]
PharmGKB. Available online: https:/ /www.pharmgkb.org/page/clinAnnLevels (accessed on 14 April 2020).

193



J. Clin. Med. 2021, 10, 34

20.
21.
22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

CPIC. Available online: https:/ /cpicpgx.org/genes-drugs (accessed on 14 April 2020).

DPWG. Available online: https:/ /www.pharmgkb.org/page/dpwg (accessed on 14 April 2020).

Caudle, K.E.; Gammal, R.S.; Whirl-Carrillo, M.; Hoffman, ].M.; Relling, M.V.; Klein, T.E. Evidence and resources to implement
pharmacogenetic knowledge for precision medicine. Am. J. Health Syst. Pharm. 2016, 73, 1977-1985. [CrossRef]

Relling, M.V.; Evans, W.E. Pharmacogenomics in the clinic. Nature 2015, 526, 343-350. [CrossRef]

Whirl-Carrillo, M.; McDonagh, E.M.; Hebert, J.; Gong, L.; Sangkuhl, K.; Thorn, C.; Altman, R.B.; Klein, T.E. Pharmacogenomics
Knowledge for Personalized Medicine. Clin. Pharmacol. Ther. 2012, 92, 414-417. [CrossRef]

Aslibekyan, S.; Claas, S.A.; Arnett, D.K. To replicate or not to replicate: The case of pharmacogenetic studies: Establishing validity
of pharmacogenomic findings: From replication to triangulation. Circ. Cardiovasc. Genet. 2013, 6, 409—412. [CrossRef] [PubMed]
Lee, EM.; Xu, K.; Mosbrook, E.; Links, A.; Guzman, J.; Adams, D.R;; Flynn, E.; Valkanas, E.; Toro, C.; Tifft, C.J.; et al.
Pharmacogenomic incidental findings in 308 families: The NIH Undiagnosed Diseases Program experience. Genet. Med. 2016, 18,
1303-1307. [CrossRef] [PubMed]

Zhou, Y.; Mkrtchian, S.; Kumondai, M.; Hiratsuka, M.; Lauschke, V.M. An optimized prediction framework to assess the
functional impact of pharmacogenetic variants. Pharm. J. 2019, 19, 115-126. [CrossRef] [PubMed]

Devarajan, S.; Moon, I.; Ho, M.-E,; Larson, N.B.; Neavin, D.R.; Moyer, A.M.; Black, J.L.; Bielinski, S.J.; Scherer, S.E.; Wang, L.;
et al. Pharmacogenomic Next-Generation DNA Sequencing: Lessons from the Identification and Functional Characterization of
Variants of Unknown Significance in CYP2C9 and CYP2C19. Drug Metab. Dispos. 2019, 47, 425-435. [CrossRef]

Twesigomwe, D.; Wright, G.E.; Drogemoller, B.I.; da Rocha, J.; Lombard, Z.; Hazelhurst, S. A systematic comparison of
pharmacogene star allele calling bioinformatics algorithms: A focus on CYP2D6 genotyping. NP] Genom. Med. 2020, 5, 1-11.
[CrossRef]

Huser, V.; Cimino, J.J. Providing pharmacogenomics clinical decision support using whole genome sequencing data as input.
AMIA Jt. Summits Transl. Sci. Proc. 2013, 2013, 81.

Shigemizu, D.; Fujimoto, A.; Akiyama, S.; Abe, T.; Nakano, K.; Boroevich, K.A.; Yamamoto, Y.; Furuta, M.; Kubo, M.; Nakagawa,
H.; et al. A practical method to detect SNVs and indels from whole genome and exome sequencing data. Sci. Rep. 2013, 3, 2161.
[CrossRef]

Sivadas, A.; Salleh, M.; Teh, L.; Scaria, V. Genetic epidemiology of pharmacogenetic variants in South East Asian Malays using
whole-genome sequences. Pharm. J. 2017, 17, 461-470. [CrossRef]

Pauline, C.N.; Henikoff, S. SIFT: Predicting amino acid changes that affect protein function. Nucleic Acids Res. 2003, 31, 3812-3814.
[CrossRef]

Adzhubei, I; Jordan, D.M.; Sunyaev, S.R. Predicting Functional Effect of Human Missense Mutations Using PolyPhen-2. Curr.
Protoc. Hum. Genet. 2013, 76, 7-20. [CrossRef]

MacArthur, D.G.; Balasubramanian, S.; Frankish, A.; Huang, N.; Morris, J.; Walter, K.; Jostins, L.; Habegger, L.; Pickrell, ] K,;
Montgomery, S.B.; et al. A Systematic Survey of Loss-of-Function Variants in Human Protein-Coding Genes. Science 2012, 335,
823-828. [CrossRef] [PubMed]

Habegger, L.; Balasubramanian, S.; Chen, D.Z.; Khurana, E.; Sboner, A.; Harmanci, A.; Rozowsky, J.; Clarke, D.; Snyder, M.;
Gerstein, M. VAT: A computational framework to functionally annotate variants in personal genomes within a cloud-computing
environment. Bioinformatics 2012, 28, 2267-2269. [CrossRef] [PubMed]

Desvignes, J.-P.; Bartoli, M.; Delague, V.; Krahn, M.; Miltgen, M.; Béroud, C.; Salgado, D. VarAFT: A variant annotation and
filtration system for human next generation sequencing data. Nucleic Acids Res. 2018, 46, W545-W553. [CrossRef] [PubMed]
Hopf, T.A.; Ingraham, ].B.; Poelwijk, F].; Schirfe, C.P; Springer, M.; Sander, C.; Marks, D.S. Mutation effects predicted from
sequence co-variation. Nat. Biotechnol. 2017, 35, 128-135. [CrossRef]

Huang, C.C.; Meng, E.C.; Morris, ].H.; Pettersen, E.E; Ferrin, T.E. Enhancing UCSF Chimera through web services. Nucleic Acids
Res. 2014, 42, W478-W484. [CrossRef]

Marks, D.S.; Colwell, L.J.; Sheridan, R.; Hopf, T.A.; Pagnani, A.; Zecchina, R.; Sander, C. Protein 3D Structure Computed from
Evolutionary Sequence Variation. PLoS ONE 2011, 6, e28766. [CrossRef]

Marks, D.S.; Hopf, T.A.; Sander, C. Protein structure prediction from sequence variation. Nat. Biotechnol. 2012, 30, 1072-1080.
[CrossRef]

Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; De Bakker, P1.W,; Daly, M.].;
et al. PLINK: A Tool Set for Whole-Genome Association and Population-Based Linkage Analyses. Am. J]. Hum. Genet. 2007, 81,
559-575. [CrossRef]

Ionita-Laza, L; Lee, S.; Makarov, V.; Buxbaum, J.D.; Lin, X. Sequence Kernel Association Tests for the Combined Effect of Rare and
Common Variants. Am. ]. Hum. Genet. 2013, 92, 841-853. [CrossRef]

Li, H. Tabix: Fast retrieval of sequence features from generic TAB-delimited files. Bioinformatics 2011, 27, 718-719. [CrossRef]
Schwarz, ].M.; Rodelsperger, C.; Schuelke, M.; Seelow, D. Mutation Taster evaluates diseasecausing potential of sequence
alterations. Nat. Methods 2010, 7, 575-576. [CrossRef] [PubMed]

Thomas, P.D.; Muruganujan, A.; Ebert, D.; Huang, X.; Thomas, PD. PANTHER version 14: More genomes, a new PANTHER
GO-slim and improvements in enrichment analysis tools. Nucleic Acids Res. 2018, 7, D419-D426. [CrossRef]

Capriotti, E.; Fariselli, P. PhD-SNPg: A webserver and lightweight tool for scoring single nucleotide variants. Nucleic Acids Res.
2017, 45, W247-W252. [CrossRef] [PubMed]

194



J. Clin. Med. 2021, 10, 34

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

Koboldt, D.C.; Zhang, Q.; Larson, D.E.; Shen, D.; McLellan, M.D; Lin, L.; Miller, C.A.; Mardis, E.R.; Ding, L.; Wilson, R K. VarScan
2: Somatic mutation and copy number alteration discovery in cancer by exome sequencing. Genome Res. 2012, 22, 568-576.
[CrossRef]

Vallania, F.; Ramos, E.; Cresci, S.; Mitra, R.D.; Druley, T.E. Detection of Rare Genomic Variants from Pooled Sequencing Using
SPLINTER. J. Vis. Exp. 2012, 64, €3943. [CrossRef] [PubMed]

Pertea, M.; Lin, X.; Salzberg, S.L. GeneSplicer: A new computational method for splice site prediction. Nucleic Acids Res. 2001, 29,
1185-1190. [CrossRef]

Hsu, M.-K,; Lin, H.-Y.; Chen, F.-C. NMD Classifier: A reliable and systematic classification tool for nonsense-mediated decay
events. PLoS ONE 2017, 12, e0174798. [CrossRef]

Deveci, M.; Catalytirek, U.V; Toland, A.E. mrSNP: Software to detect SNP effects on microRNA binding. BMC Bioinform. 2014, 15,
73. [CrossRef]

Lu, Q; Hu, Y;; Sun, J.; Cheng, Y.; Cheung, K.-H.; Zhao, H. A Statistical Framework to Predict Functional Non-Coding Regions in
the Human Genome through Integrated Analysis of Annotation Data. Sci. Rep. 2015, 5, 10576. [CrossRef]

Yang, H.; Wang, K. Genomic variant annotation and prioritization with ANNOVAR and wANNOVAR. Nat. Protoc. 2015, 10,
1556-1566. [CrossRef]

Kircher, M.; Witten, D.M.; Jain, P.; O'Roak, B.J.; Cooper, G.M.; Shendure, J. A general framework for estimating the relative
pathogenicity of human genetic variants. Nat. Genet. 2014, 46, 310. [CrossRef] [PubMed]

Rentzsch, P.; Witten, D.; Cooper, G.M.; Shendure, J.; Kircher, M. CADD: Predicting the deleteriousness of variants throughout the
human genome. Nucleic Acids Res. 2019, 47, D886-D894. [CrossRef] [PubMed]

Choi, Y.; Chan, A.P. PROVEAN web server: A tool to predict the functional effect of amino acid substitutions and indels.
Bioinformatics 2015, 31, 2745-2747. [CrossRef] [PubMed]

Choi, Y,; Sims, G.E.; Murphy, S.; Miller, J.R.; Chan, A.P. Predicting the Functional Effect of Amino Acid Substitutions and Indels.
PLoS ONE 2012, 7, e46688. [CrossRef]

Cartegni, L.; Wang, J.; Zhu, Z.; Zhang, M.Q.; Krainer, A.R. ESEfinder: A web resource to identify exonic splicing enhancers.
Nucleic Acids Res. 2003, 31, 3568-3571. [CrossRef]

VarSeq. VarSeq Brochures. Available online: https://www.goldenhelix.com/products/VarSeq/ (accessed on 12 April 2020).
Rogers, M.E,; Shihab, H.A.; Mort, M.; Cooper, D.N.; Gaunt, T.R.; Campbell, C. FATHMM-XF: Accurate prediction of pathogenic
point mutations via extended features. Bioinformatics 2018, 34, 511-513. [CrossRef]

Davydov, E.V,; Goode, D.L.; Sirota, M.; Cooper, G.M.; Sidow, A_; Batzoglou, S. Identifying a High Fraction of the Human Genome
to be under Selective Constraint Using GERP++. PLoS Comput. Biol. 2010, 6, €1001025. [CrossRef]

Lee, S.-B.; Wheeler, M.M.; Patterson, K.; McGee, S.; Dalton, R.; Woodahl, E.L.; Gaedigk, A.; Thummel, K.E.; Nickerson, D.A.
Stargazer: A software tool for calling star alleles from next generation sequencing data using CYP2D6 as a model. Genet. Med.
2019, 21, 361-372. [CrossRef]

Klein, T.E.; Ritchie, M.D. PharmCAT: A Pharmacogenomics Clinical Annotation Tool. Clin. Pharmacol. Ther. 2018, 104, 19-22.
[CrossRef]

Sangkuhl, K.; Whirl-Carrillo, M.; Whaley, RM.; Woon, M.; Lavertu, A.; Altman, R.B.; Carter, L.; Verma, A.; Ritchie, M.D.; Klein,
T.E. Pharmacogenomics Clinical Annotation Tool (Pharm CAT). Clin. Pharmacol. Ther. 2020, 107, 203-210. [CrossRef]

Zidan, AM.; Saad, E.A.; Ibrahim, N.E.; Mahmoud, A.; Hashem, M.H.; Hemeida, A.A. PHARMIP: An insilico method to predict
genetics that underpin adverse drug reactions. MethodsX 2020, 7, 100775. [CrossRef] [PubMed]

Twist, G.P.; Gaedigk, A.; Miller, N.A.; Farrow, E.G.; Willig, L.K.; Dinwiddie, D.L.; Petrikin, J.; Soden, S.E.; Herd, S.; Gibson, M.;
et al. Constellation: A tool for rapid, automated phenotype assignment of a highly polymorphic pharmacogene, CYP2D6, from
whole-genome sequences. NP] Genome Med. 2016, 1, 1-10. [CrossRef] [PubMed]

Numanagi¢, I.; Maliki¢, S.; Ford, M.; Qin, X.; Toji, L.; Radovich, M.; Skaar, T.C.; Pratt, V.M.; Berger, B.; Scherer, S.; et al. Allelic
decomposition and exact genotyping of highly polymorphic and structurally variant genes. Nat. Commun. 2018, 9, 1-11.
[CrossRef]

Numanagi¢, I.; Maliki¢, S.; Pratt, V.M.; Skaar, T.C.; Flockhart, D.A.; Sahinalp, S.C. Cypiripi: Exact genotyping of CYP2D6 using
high-throughput sequencing data. Bioinformatics 2015, 31, 127-i34. [CrossRef] [PubMed]

Katsila, T.; Patrinos, G.P. Whole genome sequencing in pharmacogenomics. Front. Pharmacol. 2015, 6, 61. [CrossRef]

Caudle, K.E.; Sangkuhl, K.; Whirl-Carrillo, M.; Swen, ].J.; Haidar, C.E.; Klein, T.E.; Gammal, R.S.; Relling, M.V.; Scott, S.A;
Hertz, D.L.; et al. Standardizing CYP 2D6 Genotype to Phenotype Translation: Consensus Recommendations from the Clinical
Pharmacogenetics Implementation Consortium and Dutch Pharmacogenetics Working Group. Clin. Transl. Sci. 2020, 13, 116-124.
[CrossRef]

Gordon, A ; Fulton, R.S.; Qin, X.; Mardis, E.R.; Nickerson, D.A.; Scherer, S. PGRNseq: A targeted capture sequencing panel for
pharmacogenetic research and implementation. Pharm. Genome 2016, 26, 161. [CrossRef]

Han, S.; Park, J.; Lee, J.; Lee, S.; Kim, H.; Han, H.; Kim, Y.; Yi, S.; Cho, ].Y,; Jang, L].; et al. Targeted Next-Generation Sequencing
for Comprehensive Genetic Profiling of Pharmacogenes. Clin. Pharmacol. Ther. 2017, 101, 396—405. [CrossRef]

Liu, D.; Ho, M.-E; Schaid, D.]J.; Scherer, S.E.; Kalari, K.; Liu, M.; Biernacka, J.; Yee, V.; Evans, J.; Carlson, E.; et al. Breast
cancer chemoprevention pharmacogenomics: Deep sequencing and functional genomics of the ZNF423 and CTSO genes.
NPJ Breast Cancer 2017, 3, 1-9. [CrossRef]

195



J. Clin. Med. 2021, 10, 34

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Ammar, R.; Paton, T.A.; Torti, D.; Shlien, A.; Bader, G.D. Long read nanopore sequencing for detection of HLA and CYP2D6
variants and haplotypes. F1000Research 2015, 4, 17. [CrossRef]

Gulilat, M.; Lamb, T.; Teft, W.A.; Wang, ].; Dron, ].S.; Robinson, ].F; Tirona, R.G.; Hegele, R.A.; Kim, R.B.; Schwarz, U.I. Targeted
next generation sequencing as a tool for precision medicine. BMC Med. Genome 2019, 12, 81. [CrossRef] [PubMed]

Price, M.].; Carson, A.R.; Murray, S.S.; Phillips, T.; Janel, L.; Tisch, R.; Topol, E.; Levy, S. First pharmacogenomic analysis using
whole exome sequencing to identify novel genetic determinants of clopidogrel response variability: Results of the genotype
information and functional testing (gift) exome study. J. Am. Coll. Cardiol. 2012, 59, E9. [CrossRef]

Hoehe, M.R.; Timmermann, B.; Lehrach, H. Human Inter-Individual DNA Sequence Variation in Candidate Genes, Drug Targets,
the Importance of Haplotypes and Pharmacogenomics. Curr. Pharm. Biotechnol. 2003, 4, 351-378. [CrossRef] [PubMed]
Strachan, T.; Goodship, J.; Chinnery, P. Genetics and Genomics in Medicine; Taylor & Francis: Abingdon, UK, 2014.

Gex-Fabry, M.; Eap, C.B.; Oneda, B.; Gervasoni, N.; Aubry, ].-M.; Bondolfi, G.; Bertschy, G. CYP2D6 and ABCB1 Genetic Variability:
Influence on Paroxetine Plasma Level and Therapeutic Response. Ther. Drug Monit. 2008, 30, 474-482. [CrossRef] [PubMed]
Kaiser, R.; Sezer, O.; Papies, A.; Bauer, S.; Schelenz, C.; Tremblay, P.-B.; Possinger, K.; Roots, I.; Brockmoller, J. Patient-Tailored
Antiemetic Treatment With 5-Hydroxytryptamine Type 3 Receptor Antagonists According to Cytochrome P-450 2D6 Genotypes.
J. Clin. Oncol. 2002, 20, 2805-2811. [CrossRef] [PubMed]

Kawanishi, C.; Lundgren, S.; Agren, H.; Bertilsson, L. Increased incidence of CYP2D6 gene duplication in patients with persistent
mood disorders: Ultrarapid metabolism of antidepressants as a cause of nonresponse. A pilot study. Eur. J. Clin. Pharmacol. 2004,
59, 803-807. [CrossRef] [PubMed]

Noetzli, M.; Guidi, M.; Ebbing, K.; Eyer, S.; Wilhelm, L.; Michon, A.; Thomazic, V,; Stancu, I.; Alnawagqil, A.M.; Bula, C. Population
pharmacokinetic approach to evaluate the effect of CYP2D6, CYP3A, ABCB1, POR and NR1I2 genotypes on donepezil clearance.
Br. ]. Clin. Pharmacol. 2014, 78, 135-144. [CrossRef]

Ciszkowski, C.; Madadi, P; Phillips, M.S.; Lauwers, A.E.; Koren, G. Codeine, Ultrarapid-Metabolism Genotype, and Postoperative
Death. N. Engl. ]. Med. 2009, 361, 827-828. [CrossRef]

Gasche, Y.; Daali, Y.; Fathi, M.; Chiappe, A.; Cottini, S.; Dayer, P.; Desmeules, J. Codeine Intoxication Associated with Ultrarapid
CYP2D6 Metabolism. N. Engl. ]. Med. 2004, 351, 2827-2831. [CrossRef]

196



MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Journal of Clinical Medicine Editorial Office
E-mail: jem@mdpi.com
www.mdpi.com/journal /jcm

Z

MDPI

F






MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34
Fax:+4161 3028918

www.mdpi.com

'MDP!

F

ISBN 978-3-0365-3745-0



