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1.1 Abstract

Periodontitis is a chronic inflammatory disease wherein microbial factors induce complex
inflammatory and immune responses in a susceptible host. In periodontitis host-derived
enzymes, cytokines and other proinflammatory mediators play an integral role in the
destruction of tooth supporting structures and alveolar bone. TWEAK (TNF-like weak
inducer of apoptosis), one of the members of the TNF superfamily, has recently been
identified as an important inflammatory mediator. Fn14 (fibroblast growth factor-inducible
14) protein/TWEAKR has been identified as the cell surface receptor for TWEAK.
TWEAK/Fn14 signaling results in multiple biologic effects including induction of
inflammatory cytokines, modulating immune response angiogenesis and stimulation of
apoptosis. TWEAK has also been shown to promote osteoclastic differentiation of cells
from the monocyte/macrophage lineage. Expression of TWEAK and its receptor Fnl4 is
elevated in tissues and cells cultured from a number of chronic inflammatory diseases,
such as rheumatoid arthritis, atherosclerosis, inflammatory skin, kidney and airway
diseases. This review considers the biology of TWEAK and its receptor Fnl4 in

periodontitis.
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2.1 Abstract

Background: Periodontitis is a chronic inflammatory disease wherein microbial factors
induce complex inflammatory and immune responses in a susceptible host. In periodontitis
host derived enzymes, cytokines and other proinflammatory mediators play an integral role
in the destruction of tooth supporting structures and alveolar bone. TWEAK (TNF-like
weak inducer of apoptosis) is one of the newest members of the TNF superfamily to be
identified. Fibroblast growth factor-inducible 14 (Fnl4) proteinfTWEAKR has been
identified as the cell surface receptor for TWEAK. TWEAK/Fn14 signaling results in
multiple biologic effects including induction of inflammatory cytokines, modulating
Immune response angiogenesis and stimulation of apoptosis. Recently, TWEAK has also
been shown to promote osteoclastic differentiation of cells from the monocyte/macrophage
lineage. Expression of TWEAK and its receptor Fnl4, is elevated in tissues and cells
cultured from a number of chronic inflammatory diseases such as rheumatoid arthritis,
atherosclerosis, inflammatory skin, kidney and airway diseases. Accordingly, we
hypothesised that the expression of TWEAK and Fn14/TWEAKR will be increased in

tissue samples from periodontitis patients.

Aim: The aim of this study was to investigate the expression of TWEAK and its receptor
Fnl4, in gingival biopsies from periodontitis patients and clinically normal patients using

immunohistochemistry techniques.

Materials and Methods: The study included 27 patients (18 females and 9 males, aged 30-
77 years, mean age = 55.2 years) with generalised chronic and aggressive periodontitis.
The gingival biopsy sites in the chronic and aggressive periodontitis group had clinical
probing pocket depths and clinical attachment loss greater than 5 mm with radiographic
evidence of bone loss ranging from 50-90% of the root length. The non-periodontitis tissue
samples consisted of gingival tissue resected from seven patients (4 males and 3 females,
aged 23-70 years at the time of surgery; mean age = 45.5 years) undergoing crown
lengthening surgery at sites not affected by periodontitis. Using monoclonal antibodies, the
expression of TWEAK and its receptor Fn14 was investigated by immunohistochemistry in
formalin-fixed paraffin embedded tissues. The specimens were evaluated by a
semiquantitiative analysis (SQA). The Mann Whitney U-test was used to compare mean
rank of SQA between two groups and Kendall’s tau_b test was used to determine

correlations between different parameters.
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Results: Semiquantiative analyses demonstrated that the expression of TWEAK protein
was significantly higher in periodontitis tissue compared to healthy tissue (Mann Whitney
U-test, p value 0.002). Similarly, in comparison with healthy tissue, periodontitis-affected
tissues expressed significantly higher Fn14 protein (Mann Whitney U-test, p value 0.013).
A strong positive correlation was found between TWEAK and Fn14 expression (Kendall’s
tau_b test; p value 0.007 and r value 0.395). In periodontitis-affected tissue specimens,
TWEAK and Fnl4 protein was mainly expressed by mononuclear leukocytes
(morphologically resembling lymphocytes and plasma cells), cells lining blood vessels,

spindle shaped cells resembling fibroblasts and multinucleated cells.

Conclusion: This study demonstrates that there is a higher expression of TWEAK and
Fnl4 protein in periodontitis tissues as compared to clinically normal controls. This
suggests that TWEAK /Fn14 signaling could be an additional player in the pathogenesis of
periodontitis and adds to the increasing number of cytokine networks involved in

periodontal inflammation.
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1.1 Abstract

Periodontitis is a chronic inflammatory disease wherein microbial factors induce complex
inflammatory and immune responses in a susceptible host. In periodontitis host-derived
enzymes, cytokines and other proinflammatory mediators play an integral role in the
destruction of tooth supporting structures and alveolar bone. TWEAK (TNF-like weak
inducer of apoptosis), one of the members of the TNF superfamily, has recently been
identified as an important inflammatory mediator. Fn14 (fibroblast growth factor-inducible
14) protein/TWEAKR has been identified as the cell surface receptor for TWEAK.
TWEAK/Fn14 signaling results in multiple biologic effects including induction of
inflammatory cytokines, modulating immune response angiogenesis and stimulation of
apoptosis. TWEAK has also been shown to promote osteoclastic differentiation of cells
from the monocyte/macrophage lineage. Expression of TWEAK and its receptor Fnl4 is
elevated in tissues and cells cultured from a number of chronic inflammatory diseases,
such as rheumatoid arthritis, atherosclerosis, inflammatory skin, kidney and airway
diseases. This review considers the biology of TWEAK and its receptor Fnl4 in

periodontitis.

1.2 Introduction

Periodontitis is an inflammatory disease characterised by destruction of the supporting
tissues of the teeth and involves an interplay between microbial, host, genetic and
environmental factors (Page and Kornman, 1997). The microbial factors are the primary
etiological factors which induce complex inflammatory and immune responses in a
susceptible host (Baker 2000, Haffajee and Socransky 1994). Thus, bacteria are considered
to be necessary factors for periodontal disease initiation but they are not necessarily
sufficient to cause disease progression. The inflammatory process which ensues is an
attempt by the host to eliminate the microbial assault and repair the injury caused to
periodontal tissues. It is a carefully orchestrated process in which many cells and molecular
mediators play interactive roles at various stages. Specifically, it is characterised by the
accumulation of B and T lymphocytes, monocytes and neutrophils (Page and Schroeder,
1976). Periodontitis can vary in the rate of progression, magnitude of inflammatory
response and its potential response to treatment due to differences in microbial
composition, host response and factors predisposing certain individuals and sites to disease

progression.



As part of the host response, various cell types release inflammatory mediators. These
include cytokines, low molecular weight lipids derived from arachidonic acid, chemokines,
gases including nitric oxide, carbon monoxide and reactive oxygen species (Van Dyke and
Serhan, 2003). All of these play critical roles in the initiation and progression of
inflammation. The so called proinflammatory cytokines (e.g. tumor necrosis factor a,
Interleukin-1, Interleukin-8) are responsible for driving the inflammatory response.
Cytokines which suppress the activity of proinflammatory cytokines and promote healing
are called anti-inflammatory cytokines (e.g. IL-4, IL-10 and IL-13). The destruction of
gingival connective tissue, periodontal ligament and bone in periodontitis is largely
brought about by the proinflammatory mediators released during this process (Gemmell et
al 1997, Graves and Cochran 2003, Irwin and Myrillas 1998). Proinflammatory cytokines
modulate immune function and affect tissue destruction by either acting directly on other
cells or through the induction of other cytokines. The inflammatory process is thus a
double edged sword. Although primarily a protective response, inflammation can also turn

into a destructive process.

Once the host is able to neutralize the microbial insult, the inflammatory process is
resolved by catabolism of proinflammatory mediators and the process of repair is initiated.
This is a well coordinated event in which secreted “stop” signals result in shut down and
clearance of various participating inflammatory cells. Thus, the body tries to limit the
destruction once the initiating causes have been eliminated. Periodontal diseases are
chronic inflammatory diseases wherein induction and resolution of inflammation go on

side by side and this is largely driven by cytokines (Kantarci et al., 2006).

Understanding the role of cytokines in the pathology of periodontal disease would help in
the development of host-modulation therapies to be used along with conventional

periodontal therapy.

1.3 Role of cytokines in periodontal disease

The role of various cytokines such as Interleukin-1 (IL-1), Interleukin-8 (IL-8),
Interleukin-6 (IL-6), Tumor necrosis factor-o. (TNF-a), Transforming growth factor-
(TGF-B) and Interferon-y (IFN-y) in chronic inflammatory diseases such as periodontitis is

well established. In particular IL-1 and TNF-a have been considered to have pivotal roles



in the pathogenesis of periodontitis. IL-1 and TNF-a can upregulate adhesion molecules on
leucocytes and endothelial cells and stimulate the production of chemokines to recruit
circulating leucocytes (Graves and Cochran, 2003). They can stimulate the production of
other inflammatory mediators such as prostaglandins and can enhance bacterial killing and
phagocytic activity (Pfizenmaier et al., 1996). They can also cause connective tissue loss
by stimulating the production of lytic enzymes such as matrix metalloproteinases and
enhance bone resorption by promoting osteoclast formation and activity (Pfizenmaier et al
1996, Stashenko et al 1987). IL-1 and tumor necrosis factor antagonists have been shown
to significantly reduce the loss of connective tissue attachment and the loss of alveolar
bone height in a Macaca fascicularis primate model of experimental periodontitis (Delima
et al., 2001). Another study in non human primates demonstrated that the inhibition of IL-
1/TNF activity resulted in significant reduction in inflammatory cell recruitment and
alveolar bone loss (Assuma et al., 1998).

1.4 Apoptosis and periodontitis

Apoptosis, or programmed cell death, is a normal physiologic process which contributes to
maintainance of tissue homeostasis (Cohen, 1991). However, it also has a crucial role in
the regulation of inflammation and host immune responses. Various factors such as
hormones, cytokines, growth factors, bacterial or viral infections and immune responses
mediate the apoptotic process (Thompson, 1995). Apoptosis is driven by a family of

cysteine proteases called caspases (Thornberry, 1985).

In chronic inflammatory diseases such as periodontitis tissue loss occurs as a result of
pathologic tissue breakdown and inadequate tissue repair. Induction of apoptosis of host
cells such as fibroblasts by periodontal pathogens or their products might add to
periodontal tissue destruction. A reduction in the number of fibroblasts has been reported
during inflammation of the gingiva (Zappa et al., 1992). Apoptosis of periodontal
fibroblasts and osteoblasts has been shown to contribute to pathogenesis of experimental
periodontitis in rats (Liu et al., 2003). Apoptosis of fibroblasts has been reported in the
areas of gingival inflammation (Koulouri et al., 1999). Various in vitro studies have shown
that bacterial products induce apoptosis of fibroblast and osteoblast cell lines (Gadhavi et
al 2000, Wang et al 1999, Yamamoto et al 1999). The role of cytokines such as TNF in
inducing apoptosis of fibroblasts has been investigated (Graves et al 2001). Graves and

coworkers in an in vivo study inoculated P. gingivalis below periosteum of mice calvaria
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(Graves et al 2001). They observed that P. gingivalis-induced fibroblast apoptosis was
greatly reduced in mice lacking TNF receptors and proposed that TNF caused most of the
programmed cell death of fibroblasts. They further concluded that cytokines such as TNF
might play a more important role in apoptosis of fibroblasts than the direct effects of
bacterial products (Graves et al 2001).

Apoptosis of other resident host cells such as lymphocytes might also shift the balance in
favor of tissue destruction. In vitro studies have shown direct cytotoxic effect of bacteria
on lymphocytes and human gingival keratinocytes (Geatch et al 1999, Sorkin and
Niederman 1998). Induction of apoptosis of peripheral blood mononuclear cells and B
lymphocytes in periodontal tissue by bacterial toxins and lipopolysaccharides has also been
displayed (Kurita-Ochiai et al 1999, Ohguchi et al 1998).

Apoptosis also has a major role to play in the resolution of inflammation by bringing about
programmed cell death of inflammatory cells. Thus, another possible mechanism
contributing to periodontal pathogenesis might be the delayed apoptosis of neutrophils.
Incubation of neutrophils with lipopolysaccharides from P. gingivalis delays the apoptosis
of polymorphonuclear leucocytes (PMNL) (Hiroi et al 1998, Ichinose et al 1990, Preshaw
et al 1999). Granulocyte-monocyte colony stimulating factor (GM-CSF) is secreted during
the inflammatory response in adult periodontitis and reduces apoptosis of neutrophils
(Gamonal et al 2001). Van Dyke and Serhan proposed that periodontitis resulted from the
lack of resolution of inflammation at the site of chronic inflammation (Van Dyke and
Serhan, 2003). This could be due to failure of endogenous anti-inflammatory mediators to
overcome proinflammatory mechanisms (e.g. neutrophil mediated tissue injury in localised
aggressive periodontitis) (Van Dyke and Serhan, 2003). A possible mechanism of delayed
apoptosis has been proposed, whereby neutrophils accumulate in periodontitis lesions
resulting in exacerbation of neutrophil-mediated tissue damage (Berker et al., 2005).
Neutrophil apoptosis changes the phenotype of the monocyte resulting in the production of
anti-inflammatory cytokines (IL-10) and suppression of proinflammatory cytokines (IL-1p)
in response to Porphyromonas gingivalis lipopolysaccharide (Berker et al., 2005). All this
evidence suggests an important role for apoptotic mechanisms in the pathogenesis of

periodontal diseases.



1.5 TNF (Tumor Necrosis Factor) superfamily

To date there have been 17 TNF ligands identified within the TNF superfamily and 21
members within the TNF Receptor (TNFR) superfamily. Prominent among these are TNF-
a (Tumor necrosis factor-a), Fas ligand, CD40L/CD 154, lymphotoxins, Receptor activator
NF «B ligand (RANKL), TNF related apoptosis inducing ligand (TRAIL) and
osteoprotegerin (OPG) (Chicheportiche et al., 1997). Interactions between these ligands
and their receptors take part in a number of biological processes including inflammation,
immune responses, cell proliferation and differentiation, apoptosis, bone remodeling and
anti-tumor activity (Aggarwal 2003, Locksley et al 2001). Any disturbance in the delicate
balance of various biological mediators might result in progressive chronic inflammatory

diseases.

Following binding with their ligand, TNFRs transmit signals through recruiting various
adaptor molecules that bind to their cytoplasmic domains. The adaptor molecules include
TNFR-associated factors (TRAFs), which generally activate the transcription factor
nuclear factor-xp and kinases of the mitogen-activated protein kinase (MAPK) family.
Others such as TNFR-associated death domain, Fas-associated death domain and receptor
interactive protein 1 lead to the recruitment of caspases which could cause apoptotic cell
death (Baud and Karin 2001, Darnay and Aggarwal 1999).

Tumor Necrosis Factor-o (TNF-a) is one of the major proinflammatory cytokines involved
in the tissue destruction seen in periodontitis. It is a multifunctional cytokine involved in
inflammation, acute-phase response, cell proliferation, differentiation and apoptosis
(Tracey and Cerami, 1993). It is produced by many cell types, including macrophages,
monocytes, lymphocytes, keratinocytes and fibroblasts, in response to inflammation,
infection, injury and other environmental challenges (Baud and Karin, 2001). The binding
of TNF-a to its receptors TNFR1 and TNFR2 causes activation of caspases and two major
transcription factors, NF-xp and AP-1 which in turn regulate genes involved in chronic and
acute inflammatory responses (Barnes and Karin, 1997). It recruits neutrophils and
stimulates their degranulation, stimulates IL-1 synthesised by fibroblasts and monocytes,
triggers the release of various vasoactive amines and prostaglandins and stimulates matrix
metalloproteinase production by various cells. Although, TNF-o stimulates bone
resorption, it is not as potent as IL-1 (Gemmell et al., 1997). A schematic representation of

these processes is shown in Figure 1.1.
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Figure 1.1 Role of TNF-a in inflammation, infection and injury

1.6 Role of RANKL and OPG in periodontitis

One of the members of the TNF superfamily is Receptor Activator NF «f ligand

(RANKL). Human RANKL is a type Il transmembrane protein with an approximate mass

of 45kD and is regarded as a major regulator of pathological bone resorption. RANKL is

expressed by osteoblasts and stromal cells (Yasuda et al 1998), fibroblasts (Quinn et al
2000, Takayanagi et al 2000) and activated T cells (Horwood et al 1999, Kotake et al

2001, Teng et al 2000, Vernal et al 2006) and B-cells (Yun et al.,

1998). The receptor for

RANKL is RANK (receptor activator of NFkp). RANK is a member of Tumor Necrosis
Factor-Receptor (TNF-R) superfamily. RANK is expressed as a transmembrane

heterotrimer on the surface of haematopoietic osteoclasts progenitors, mature osteoclasts,

chondrocytes, mammary gland epithelial cells (Fata et al 2000, Nakagawa et al 1998).




RANK is also expressed by cells of the monocyte/macrophage lineage, B and T cells,
dendritic cells and fibroblasts (Khosla, 2001).

Binding of RANKL to RANK expressed on osteoclast progenitors and osteoclasts, results
in osteoclastogenesis by stimulating differentiation of osteoclast progenitors and activation
of mature osteoclasts (Burgess et al 1999, Hsu et al 1999, Lacey et al 1998, Nakagawa et
al 1998). It also inhibits osteoclast apoptosis (Fuller et al., 1998). In vitro studies report
that RANKL can both activate mature osteoclasts and mediate osteoclastogenesis in the
presence of macrophage colony stimulating factor-CSF1 (Lacey et al 1998, Yasuda et al
1998). After RANKL binding, RANK communicates with the cytoplasm of cells through
tumor necrosis factor receptor associated factors (TRAFs) 1, 2, 3, 5 and 6 and activate
downstream pathways such as NF-kp, JNK/SAPK, p38 and Akt/PKB (Arron and Choi,
2000).

Osteoprotegerin (OPG) is another soluble TNF “receptor-like” molecule which is a natural
inhibitor of RANKL. It binds to RANKL with high affinity and prevents its ligation to
RANK (Akatsu et al 1998, Lacey et al 1998, Yasuda et al 1998). It has been shown to be
expressed by human periodontal ligament cells, gingival fibroblasts and epithelial cells
(Kanzaki et al 2002, Sakata et al 1999) as well as endothelial cells (Crotti et al 2003).

OPG and RANKL are modulated by various inflammatory cytokines present in
periodontitis such as IL-1, IL-6, IL-7 and IL-11 (Brandstrom et al 1998, Hofbauer et al
1999, Liu et al 2003, Mogi et al 2004, Nakashima et al 2000, Teng et al 2000, Toraldo et
al 2003). Activated T-cells and B-cells play a key role in pathogenesis of periodontal
disease (Takeichi et al., 2000). Activated T-cells can act directly via promoting RANKL
expression and indirectly via production of cytokines such as TNFa, IL-11 and 11-17 that in
turn induce RANKL expression by osteoblasts and bone marrow cells. Furthermore,
Interferon-y from T-cells and lipopolysaccharides from bacteria can induce the production
of IL-1, TNF-a or IL-6 by macrophages which in turn increases RANKL expression in
osteoblasts and bone marrow cells (Theill et al., 2002). Other factors produced by activated
T cells such as IL-3 or TNF related apoptosis inducing ligand (TRAIL) inhibit RANKL-
mediated proliferation and inhibition of osteoclasts (Zauli et al 2004). Depending on the
presence of Thl or Th2 cytokines, activated B-cells can affect osteoclastogenesis in a
positive or negative fashion (Choi et al 2001). B-cells can up-regulate RANKL and



contribute to bone resorption (Han et al., 2006). A schematic representation of these

interactions is shown in Figure 1.2.
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Figure 1.2 Schematic illustration of the RANK-RANKL-osteoprotegerin system. Adapted
from Nanci and Bosshardt (2006).

The pathological role of RANKL and OPG in periodontitis has been studied. Significantly
higher levels of RANKL and lower levels of OPG in the periodontitis tissues have been
reported (Crotti et al 2003). Furthermore, RANKL protein is associated with lymphocytes
and macrophages and many leukocytes expressed RANK mRNA in periodontitis tissue
(Crotti et al 2003). A semiquantitative reverse transcription—polymerase chain reaction
(RT-PCR) study showed that the level of RANKL mRNA is highest in advanced
periodontitis (Liu et al., 2003). In contrast, the level of OPG mRNA in both advanced and

moderate periodontitis is lower than that in the healthy tissues (Liu et al., 2003).

Lu and coworkers observed high levels of RANKL and IL-6, but not OPG, in gingival
crevicular fluid (GCF) of patients with chronic periodontitis. RANKL-positive cells were

found in significant numbers in the inflammatory connective tissue zone of diseased
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gingiva compared to healthy gingiva. These results indicate that expression of RANKL is
positively correlated with IL-6 in the GCF (Lu et al 2006).

RANKL and OPG expression are differentially regulated in various forms of periodontitis
and the relative RANKL/OPG ratio appears to be indicative of disease occurrence
(Bostanci et al., 2007b). Stronger RANKL expression and high relative RANKL/OPG ratio
is seen in chronic and aggressive periodontitis patients compared to patients with gingivitis
and healthy individuals (Bostanci et al., 2007b, Wara-aswapati et al., 2007). Although, the
relative RANKL/OPG ratio is similar in both generalised aggressive and chronic
periodontitis, stronger RANKL expression is seen in generalised aggressive periodontitis,
whereas chronic periodontitis patients have weaker OPG expression (Bostanci et al.,
2007b). High levels of RANKL and low levels of OPG, resulting in an enhanced
RANKL/OPG ratio, has also been found in GCF of patients with chronic and generalised
aggressive periodontitis (Wara-aswapati et al., 2007, Bostanci et al., 2007a, Mogi et al.,
2004).

From these studies it is evident that up-regulation of the RANKL and down-regulation of
OPG might be one of the major mechanisms modulating local bone destruction in
periodontitis. The bone resorption seen in periodontitis may be driven by proinflammatory
cytokines that regulate the RANKL expression on mesenchymal cells, activated T-cells
and B-cells (Nanci and Bosshardt, 2006).

1.7  TNF-like weak inducer of apoptosis (TWEAK)

TNF-like weak inducer of apoptosis (TWEAK) is one of the members of the TNF
superfamily. The cDNA of TWEAK was discovered during cloning of an erythropoietin
related gene in murine peritoneal macrophages (Chicheportiche et al., 1997). The gene was
assigned to the TNF superfamily based on characteristic sequence motifs. It was named
TWEAK due to its relationship to TNF and weak apoptotic properties. It was also known
as Apoa3 ligand as it was shown to bind to the TNFR superfamily member called Apoptosis
antigen-3/Death Receptor-3 (Apo3/DR3) (Marsters et al.,, 1998). However, other
investigators could not demonstrate its binding to DR3 in vitro and reported that TWEAK
could act on DR3- negative cells (Kaptein et al 2000, Schneider et al 1999). Thus,
TWEAK is the name generally used and accepted for this protein (Kaptein et al., 2000).

10



1.7.1 Structure

TWEAK is a 249 amino acid type Il transmembrane protein and its active form has a
compact trimer structure similar to other members of TNF superfamily (Chicheportiche et
al., 1997). TWEAK has a C-terminal extracellular region (206 amino acids, comprised of a
stalk region and a prototypical TNF-homology domain containing one potential N-
glycosylation site); a transmembrane domain (25 amino acids); and an N-terminal
intracellular domain (18 amino acids, containing a potential protein kinase C
phosphorylation site) (Chicheportiche et al 1997, Marsters et al 1998).

1.7.2 Expression

TWEAK mRNA is abundant in the human heart, pancreas, colon, small intestine, lung,
ovary and prostate, while its levels are lowest in kidney, testis and liver (Chicheportiche et
al., 1997). The secondary immune system has been suggested to express TWEAK and
lymphoid organs including spleen, lymph node, appendix and peripheral blood
lymphocytes contain abundant TWEAK mRNA (Chicheportiche et al 1997, Marsters et al
1998). However, even though TWEAK mRNA is present in many tissues, this may not
translate to actual expression of TWEAK protein. Other than in peripheral blood
lymphocytes (Chicheportiche et al 1997, Marsters et al 1998, Pradet-Balade et al 2002),
TWEAK mRNA has been found in mouse peritoneal macrophages (Chicheportiche et al.,
2002) and human fibroblasts (Semov et al., 2002).

TWEAK expression in macrophages has been shown to be upregulated by Interferon-y
(Nakayama et al 2000). Thus, TWEAK is expressed by many inflammatory leukocytes
such as monocytes/macrophages, dendritic cells, natural Killer cells, activated T cells and
plasma cells (Dharmapatni et al 2008, Kaplan et al 2002, Kawakita et al 2004, Zheng and
Burkly 2008).

TWEAK is initially synthesised as a full-length, plasma-membrane-bound protein which
can undergo intracellular proteolysis to form a soluble active form of TWEAK which is
released extracellularly (Chicheportiche et al., 1997). This secreted form of TWEAK
makes it available as a long-range biological signal (Chicheportiche et al., 1997). As all of
the membrane bound TWEAK does not undergo proteolysis, it can be detected in different
cell lines (Winkles, 2008).
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1.8 Fibroblast growth factor-inducible 14 (Fn14)/ TWEAK receptor
1.8.1 Structure

Although initially Death Receptor-3 (DR3) was thought to be the receptor of TWEAK
(Marsters et al., 1998), later studies reported that TWEAK could act on DR3 negative cells
and did not always promote apoptosis (Kaptein et al 2000, Lynch et al 1999). Since then,
human fibroblast growth factor-inducible 14 protein (Fn14)/TWEAKR has been identified
as the cell surface receptor for TWEAK (Wiley et al., 2001). It has been cloned as a
fibroblast growth factor-inducible gene (Meighan-Mantha et al 1999). It belongs to the
TNF-receptor superfamily and is expressed on endothelial cells and smooth muscle cells.
Fnl14 encodes a 102 amino acids type | transmembrane protein, having 6 cysteine residues
in its extracellular regions. Its short cytoplasmic domain is composed of 28 amino acids
which contains a TNF receptor-associated factor (TRAF)-binding motif (Wiley et al.,
2001).

Polek and coworkers found that TWEAK ligand induced differentiation into osteoclasts by
a murine monocyte/macrophage cell line which did not display Fn14 (Polek et al., 2003).
They suggested this may occur via a second TWEAK receptor (Polek et al., 2003). It was
later noted that the clone of Fnl4 antibody used for the above mentioned study was not
optimal for detection of mouse Fn14 (Campbell et al., 2004). In general, most studies
suggest that Fnl14 is the major receptor for TWEAK and Fn14 solely mediates the known
biologic effects of TWEAK (Bossen et al., 2006, Harada et al., 2002, Nakayama et al.,
2003). However, other unidentified cell receptors of TWEAK might be present (Winkles,
2008).

1.8.2 Expression

Fnl14 is widely expressed in a variety of tissues, cells and cell lines. Fn14 mRNA is present
at relatively high levels in brain, heart, aorta, pituitary, adrenal, mammary gland, kidney,
lymph node, lung, liver, spleen, thymus, bladder and uterus (Wiley and Winkles, 2003).
Fnl14 protein is expressed by many cell types including epithelial cells (Michaelson et al.,
2005), mesenchymal cells (Girgenrath et al 2006) and endothelial cells (Donohue et al
2003, Harada et al 2002, Perper et al 2006). Fn14 is also expressed by all tissue progenitor
cells of mesenchymal lineage (Girgenrath et al 2006) and embryonic stem cells (Ramalho-
Santos et al., 2002). Other cells expressing Fnl14 are fibroblasts (Hosokawa et al 2006,
12



Perper et al 2006), monocytes/macrophages (Perper et al., 2006), osteoblasts and
chondrocytes like cells (Perper et al., 2006). An elevated amount of Fn14 protein has been
detected on certain but not all neoplastic tissues, including breast, liver and brain tumors
(Brown et al 2003, Michaelson et al 2005, Tran et al 2003). It is upregulated in several
experimental models of tissue regeneration and repair (Feng et al 2000, Wiley et al 2001).

The expression of Fnl4 is regulated by many growth factors, cytokines, hormones and
compounds including IL-1 (Hosokawa et al 2006), TNF-o (Tran et al 2006), INF-y
(Maecker et al 2005), bacterial lipopolysaccharides (Chacon et al 2006), bone
morphogenetic protein-6 (Ren et al., 2007), epidermal growth factor, platelet derived
growth factor (Meighan-Mantha et al 1999), transforming growth factor-p (Hosokawa et al
2006), vascular endothelial growth factor-A (Donohue et al 2003) and fibroblast growth
factor 1 (FGF1) or fibroblast growth factor 2 (FGF2) (Feng et al., 2000). TWEAK has also
been demonstrated to induce Fnl4 expression in an in vitro study involving glioma cell
lines (Tran et al 2006). Thus, these mechanisms might amplify TWEAK-stimulated

cellular responses under certain conditions in vivo (Winkles, 2008).

1.9 Mechanism of TWEAK/Fn14 interaction

Fn14/TWEAKR serves as a receptor for TWEAK, bringing about its proinflammtory and
cell death effects by stimulating several different signaling cascades (Winkles, 2008). In
particular, prolonged NF-xB pathway activation (via biphasic activation of both canonical
and noncanonical pathways) following binding of TWEAK to Fnl14 has been demonstrated
(Brown et al 2003, Harada et al 2002, Nakayama et al 2003, Saitoh et al 2003).

The extracellular domain of human TWEAK binds to murine Fnl4 protein and stimulates
the NF-Kappa B transcription factor signaling pathway (Brown et al 2003). Fnl4 is the
functional TWEAK receptor associated with four distinct TRAF (tumor necrosis factor-
receptor associated factors 1, 2, 3, 5) (Brown et al 2003). The TRAF family of signal
transducers plays an important role in TWEAKR/Fn14 mediated NF-«f activation (Han et
al., 2003). This has been explained by the potential interaction between the cytoplasmic tail
of TWEAKR and the TRAF molecule through a TRAF-binding motif present in TWEAKR
(Han et al., 2003). A schematic representation of this interaction is shown in Figure 1.3A.
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There is evidence to indicate that multiple intercellular signaling cascades including
ERK1/2, JNK 1/2 and p38 might be involved in the biological effect of TWEAK (Donohue
et al 2003, Saas et al 2000). In another study, phosphatidylinositol 3-kinase (PI3K) and
nuclear factor-kappa B (NF-kappa B) inhibitor was shown to inhibit both intercellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1)
expression induced by TWEAK (Hosokawa et al 2006). Most of the proinflammatory
molecules such as matrix metalloproteinases (MMPs), interleukin-8 (IL-8), granulocyte
macrophage colony-stimulating factor (GM-CSF), monocyte chemotactic protein-1 (MCP-
1), regulated upon activation, normal T cell expressed and secreted (RANTES), ICAM-1,
VCAM-1 which are induced by TWEAK/Fn14 interaction are mediated by the NF-«f
signaling pathway (Winkles, 2008).

From the current literature it is evident that the soluble form of TWEAK can bind to its
receptor Fnl14 and induce cellular responses, but it is not known whether membrane bound
TWEAK can also act in a cell contact-dependent, juxtacrine manner to activate Fnl4-
positive cells (Winkles, 2008).

Some studies have suggested Fnl14 signaling events might be ligand-independent (Tanabe
et al., 2003) or TWEAK-independent (Dogra et al., 2007). Fn14 overexpression on the cell
surface induces monomer trimerization and trimer multimerization, which then triggers
TRAF association and the subsequent molecular and cellular events (Winkles, 2008). This
is similar to ligand-independent signaling displayed in the TNF receptor family under
conditions of high expression (Burkly et al 2007, Xu and Shu 2002). TWEAK activity
independent of Fnl14 has also been suggested whereby soluble TWEAK internalizes into
many cell lines in an Fnl4 independent manner and translocate directly into nucleus
resulting in nuclear translocation of glycogen sunthase kinase-33 (GSK-3B) and p65
leading to induction of NF-kp-driven gene expression (De Ketelaere et al 2004). Recently,
TWEAK was reported to interact with CD163, a scavenger receptor present exclusively on
monocyte/macrophage line (Bover et al 2007). The varied mechanisms of TWEAK and
Fnl4 signaling suggest a heterogenic role in biologic processes. Nonetheless, TWEAK
independent/Fn14 independent pathways might indicate a separate as yet unidentified
receptor or ligand (Winkles, 2008). A schematic representation of TWEAK independent

signaling is shown in Figure 1.3B.
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Figure 1.3 Mechanism of TWEAK/Fn14 interaction
A. TWEAK and Fn14 binding

B. TWEAK independent signaling

Adapted from Burkly et al (2007).

1.10 Biological effects of TWEAK

TWEAK has been demonstrated to have multiple roles in various biological processes
(Figure 1.4). These include induction of inflammatory cytokines, modulating immune
response angiogenesis and stimulation of apoptosis (Campbell et al 2006, Chicheportiche
et al 1997, Kaplan et al 2000, Lynch et al 1999, Maecker et al 2005). Recent studies have
also shown that TWEAK has a role to play in tissue repair and regeneration following
acute tissue injury (Girgenrath et al 2006). It has been proposed that TWEAK/Fnl4
signaling might be a universal mechanism which plays a role in various inflammatory and

autoimmune disorders mediating pathologic tissue remodeling (Zheng and Burkly, 2008).
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Figure 1.4 TWEAK is a multifunctional cytokine. Adapted from Burkly et al (2007).

1.10.1 Proinflammatory effects

Many authors have reported the proinflammatory effects of TWEAK including stimulation
of production of cytokines and extracellular matrix degrading enzymes. The
proinflammatory role of TWEAK has been investigated in detail in chronic
immunoinflammatory diseases such as rheumatoid arthritis. Most of these studies indicate
that TWEAK might be considered as an additional player in the pathogenesis of chronic

immunoinflammatory diseases leading to tissue destruction.

TWEAK induces secretion of chemokines such as IL-8 from fibroblasts and cell lines of
colon carcinoma and melanoma (Chicheportiche et al., 1997). Later, Saas and coworkers
reported the proinflammatory effects of TWEAK including increased IL-6 secretion and
intercellular adhesion molecule-1 (ICAM-1) expression when added to astrocyte cell
cultures suggesting that TWEAK could play a significant role in brain inflammation (Saas
et al., 2000). It was found that TWEAK upregulates surface expression of adhesion
molecules ICAM-1 and E-selectin in human umbilical vein endothelial cells and also
enhances secretion of MCP-1 (Monocyte Chemotactic protein-1) and IL-8 by these cells
(Harada et al 2002). TWEAK induces production of matrix metalloproteinase-1 (MMP-1)
and other proinflammatory molecules such as PGE2, IL-8, IL-6, RANTES and IP-10

(interferon-inducible protein 10) in human dermal fibroblasts and human synoviocytes
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from patients with rheumatoid arthritis and advance osteoarthritis in a dose-dependent
fashion (Chicheportiche et al., 2002). Although, the proinflammatory properties of
TWEAK are much less pronounced than those of IL-1f and TNF, TWEAK has been
shown to result in a four-fold increase in the production of PGE2, MMP-1 and IL-8 in the
presence of TNF or IL-1p (Chicheportiche et al., 2002). TWEAK also significantly
upregulates RNA message for macrophage inflammatory protein (MIP)-1 alpha in
rheumatoid synoviocytes but not dermal fibroblasts (Chicheportiche et al., 2002) .
Induction by TWEAK of most of the inflammatory mediators requires a longer incubation
time due to induction of one or more intermediate mediators, which are as yet unknown
(Chicheportiche et al., 2002). TWEAK might also contribute to the persistence of the
inflammatory response by recruiting neutrophils and macrophages (Chicheportiche et al.,
2002). Chicheportiche et al (2002) reported that the effects of TWEAK, although not
affected by antibodies to TNF, were completely abrogated by a blocking antibody to
TWEAK. Referring to the non-response of patients to current host-modulation therapies,
Chicheportiche et al (2002) proposed that TWEAK might have a synergistic destructive
role in the pathogenesis of chronic immunoinflammatory diseases. In a recent in vitro
study, a major role of TWEAK/Fn14 interaction was noted in the synovitis associated with
rheumatoid arthritis by directly inducing the proliferation of synovial fibroblasts and by
up-regulating the production of inflammatory cytokines/chemokines as well as the
expression of ICAM-1 (Kamijo et al., 2008). High serum levels of TWEAK, TNF alpha
and IL-6 are seen in rheumatoid arthritis patients compared to normal controls (Park et al.,
2008). Moreover, serum TWEAK levels correlate with disease activity of rheumatoid
arthritis (Park et al., 2008) and high TWEAK/Fn14 expression is seen in these patients
(Dharmapatni et al., 2008).

In a murine model of collagen-induced arthritis (CIA), dramatically elevated serum levels
of TWEAK have been found and it has been suggested that TWEAK might be a new
therapeutic target for human rheumatoid arthritis (Perper et al., 2006). Furthermore, the
clinical severity of CIA was reduced significantly when TWEAK was blocked by a
neutralizing monoclonal antibody (mAb) (Perper et al., 2006). In the same study, the anti-
TWEAK treatment proved efficacious when administered just before the disease onset but
not during the priming phase of CIA (Perper et al., 2006). TWEAK inhibition significantly
reduced serum levels of a panel of arthritogenic mediators, including chemokines such as
macrophage inflammatory protein 1p (MIP-1B/CCL-4), lymphotactin (XCL-1), IFN-y-
inducible protein-10 (IP-10), monocyte chemotactic protein-1 (MCP-1) and RANTES, as
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well as the matrix metalloprotease-9 (Perper et al., 2006). Thus, there is strong evidence
for TWEAK contributing to joint tissue inflammation, angiogenesis and damage, as well as
inhibition of endogenous repair in rheumatoid arthritis (Perper et al., 2006). The inhibitory
effect of anti-TWEAK antibodies has also been confirmed in another study in a murine
model of collagen-induced arthritis (Kamata et al., 2006).

On the basis of in vitro studies, multiple mechanisms have been proposed by which
TWEAK could contribute to the pathology of rheumatoid arthritis (Perper et al., 2006).
Firstly, TWEAK, produced by infiltrating or synovium-resident macrophages, may
promote joint inflammation by stimulating synovial fibroblasts to replace inflammatory
cytokines and chemokines, including IL-1, IL-6, IL-8, IP-10, RANTES, IL-15 and IL-17.
Secondly, TWEAK could directly trigger cartilage and bone damage as observed by the
production of a number of matrixmetalloproteases in chondrocytes in response to TWEAK
and by promoting osteoclastogenesis. Thirdly, TWEAK may contribute to joint pathology
through directly promoting synovial angiogenesis. Finally, it was reported that TWEAK
may promote an immature osteoblast phenotype by blocking the differentiation of
precursor cells of the osteoblast and chrondrocyte lineage (Perper et al., 2006).

A possible role for TWEAK in the pathophysiology of skin disorders has been reported
whereby TWEAK induced RANTES via its interaction with Fnl14 on primary cultured
normal human Kkeratinocytes. This production of RANTES could be augmented by
transfroming growth factor-1 (Jin et al., 2004). Xu and co-workers (2004) demonstrated
that TWEAK/Fn14 interaction might be involved in airway inflammatory responses as it
stimulated the production of IL-8 and GM-CSF from human bronchial epithelial cells. It
has been suggested that TWEAK might be involved in the pathogenesis of artheroscelrosis
(Kim et al 2004). TWEAK induces various proinflammatory cytokines such as IL-6, MCP-
1, IL-8 and MMP-9 from macrophages in atherosclerotic plaques, thus reducing the plaque
stability (Kim et al 2004). An unpublished study by Putterman and coworkers has
demonstrated that mesangial cells from lupus-prone mice released MCP-1, RANTES and
IP-10 in response to Fnl4 engagement by TWEAK suggesting that TWEAK/Fnl4
interaction might play a crucial role in the inflammatory cascade leading to lupus nephritis
(Campbell et al 2004). Another in vivo study confirmed the key role of TWEAK/Fnl14
interaction in the pathogenesis of nephritis in the chronic graft-versus-host model of
systemic lupus erythematosus by promoting local inflammatory events (Zhao et al
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2007). TWEAK has NF-«kp-dependent proinflammatory effects on kidney tubular epithelial

cells in vitro and in vivo (Sanz et al., 2008).

The proinflammatory effect of TWEAK/Fn14 interaction contributes to the pathogenesis of
experimental autoimmune encephalitis (Mueller et al 2005). TWEAK has also been shown
to increase the secretion of MCP-1 by CNS- endothelial cells and its production could be
prevented by blocking Fnl4 signaling (Mueller et al 2005). Campbell and coworkers
(2006) found that murine mesangial cells express cell surface TWEAK receptors. TWEAK
had a substantial direct proinflammatory effect on these cells which was time and dose-
dependent. The effects were mediated via Fnl4 receptor and the NF-«f signaling pathway.
The chemokine induction was abolished by blocking TWEAK with soluble Fn14 and by
murine 1gG2a anti-TWEAK antibodies.

In a mouse model, TWEAK has been reported to regulate IFN-y production by decreasing
NK cell numbers and by decreasing the amount of IFN-y from activated NK cells
(Maecker et al 2005). TWEAK also suppresses IL-12 production by macrophages
(Maecker et al 2005). IL-12 and INF-y in turn are known to play a key role in transition of
innate to adaptive immune response by directing the development of T helper 1 subtype
(Chehimi and Trinchieri, 1994). Moreover, the balance of IL-12 production versus I1L-10
and IL-4 production during immune response might play an important role in determining
Th-1 type versus Th-2 type immune responses (Trinchieri et al., 1992). Thus,
TWEAK/Fn14 pathway might also have a possible role in modulating immune responses
(Maecker et al 2005).

Hence, TWEAK has shown to have proinflammatory role in various chronic inflammatory
diseases such as rheumatoid arthritis (Perper et al., 2006), inflammatory renal disease seen
in systemic lupus erythematosus (Schwartz et al 2006), neuroinflammation (Desplat-Jego
et al 2002, Desplat-Jego et al 2005, locca et al 2008) and autoimmune diseases such as
multiple sclerosis (unpublished study by D. Gveric, University College London, cited in
Burkly et al 2007).

1.10.2 TWEAK - the cell growth factor

TWEAK has been shown to act as a growth factor for multiple cell types, including

synoviocytes, astrocytes and vascular cells (Desplat-Jego et al 2002, Donohue et al 2003,
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Kamata et al 2006). In a recent three-dimensional model culture system study, the murine
Eph4 mammary epithelial cell line exhibited enhanced proliferation at lower TWEAK
concentrations (2-10 ng/ml) and was associated with the appearance of a branching
phenotype and reduced differentiation, while relatively high doses of TWEAK (100 ng/ml)
induced Eph4 cell death (Michaelson et al., 2005). Thus, variation of the relative levels of
TWEAK and Fnl4 under different physiological conditions may be one means of
regulating context-dependent, cellular responses induced by TWEAK (Burkly et al., 2007).
The ability of TWEAK to induce cell growth might be suggestive of TWEAK’s role in
tissue repair after acute injury and in pathological hyperplasia seen in arthritis (pannus
formation), colitis (crypt epithelial deformity), neurodegenerative diseases (gliosis) and
cancer (Burkly et al., 2007).

1.10.3 TWEAK and angiogenesis

Angiogenesis is an important process which plays an integral role in repair and
regeneration. TWEAK has been shown to induce angiogenesis and result in proliferation of
endothelial cells (Jakubowski et al 2002, Lynch et al 1999). TWEAK may either act alone
or in combination with other growth factors like FGF-2 and VEGF-A to regulate
pathological angiogenesis (Donohue et al., 2003). Alone TWEAK is able to promote
endothelial cell survival and resistance to apoptosis (Jakubowski et al 2002). In the
presence of bFGF (fibroblast growth factor), TWEAK can contribute to endothelial cell
proliferation and migration whereas it antagonizes the morphogenic response of
endothelial cells to VEGF (Jakubowski et al 2002). Moreover, TWEAK appears to be a
growth and migration factor but not a survival factor for endothelial cells (Donohue et al.,
2003). It has been noted that TWEAK contributes to the pathogenesis of rheumatoid
arthritis by promoting synovial angiogenesis (Perper et al., 2006).

1.10.4 TWEAK’s role in tissue repair and regeneration

Our understanding of the role of TWEAK in tissue repair and regeneration is still evolving.
Following acute tissue injury, inflammation promotes the removal of cellular debris and
directly influences the behavior of progenitor cells (Duffield, 2003, Arnett et al., 2001,
Mutsaers et al., 2002). Fn14 expression is upregulated at sites of injury (Winkles, 2008). In
in vitro models, a serum fraction of coagulated blood has been shown to induce Fnl4

expression (Meighan-Mantha et al., 1999, Feng et al., 2000). In in vivo conditions this
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would be possible only at sites of tissue injury and remodeling (Winkles, 2008). Other
animal studies support these findings wherein Fnl4 expression has been found to be

increased at sites of injury (Feng et al., 2000, Wiley et al., 2001).

Girgenrath and coworkers found that TWEAK/Fn14 interaction is a novel regulator of
skeletal muscle precursor cells (Girgenrath et al 2006). TWEAK and Fn14 are minimally
expressed in the undamaged skeletal muscle of normal adult mice and markedly increased
in damaged areas after injury. Following cardiotoxin-induced injury, mice deficient in
Fn14 showed reduced inflammatory response, including delayed infiltration of
macrophages and neutrophils and chemokine expression and delayed muscle fiber
regeneration. Interestingly, in Fnl4 deficient mice, other pathways such as TNF/TNFR
showed increased expression to compensate for lack of TWEAK/Fnl4 interaction
(Girgenrath et al 2006). Fn14 is expressed on all mesenchymal lineage progenitor cells
indicating a broad involvement of TWEAK/Fn14 pathway in various tissue injuries and

disease settings (Girgenrath et al 2006).

TWEAK is a mitogen for liver progenitor cells and following chemical injury promotes
liver progenitor expansion (Jakubowski et al., 2002). On the basis of TWEAK’s
proinflammatory and progenitor cell expanding activities (Girgenrath et al., 2006,
Jakubowski et al., 2002, Perper et al., 2006), it has been suggested that TWEAK has a
physiological role in tissue regeneration after acute injury (Burkly et al., 2007). It has been
proposed that following tissue injury, Fnl4 on stromal and/or tissue progenitor cells is
upregulated through a growth factor-mediated mechanism (Burkly et al., 2007). Initially
TWEAK may be provided at a low level by tissue-resident cells such as fibroblasts;
however, later on the infiltrating inflammatory cells become a major source of TWEAK
(Burkly et al., 2007). Once engaged, the TWEAK/Fnl4 pathway drives chemokine
production by tissue-resident cells, including progenitors (Girgenrath et al., 2006),
resulting in additional inflammatory cell infiltration, as well as the expansion of tissue
progenitor cells. Thus, the TWEAK/Fn14 complex provides an important positive
feedback loop to facilitate tissue repair. As successful repair proceeds, the resolution of
inflammation and reduced expression of TWEAK/Fn14 then allow expanded progenitor

cells to differentiate and regenerate the tissue (Burkly et al., 2007).

Thus, there is increasing evidence that TWEAK plays a distinct and opposing role in acute

inflammation following acute tissue injury compared to chronic inflammation. In the case
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of acute injury TWEAK promotes tissue repair. When there is persistent injury or disease,
TWEAK has an inherently different role. Here it promotes production of cytokines,
chemokines and matrix metalloproteinases, pathological hyperplasia angiogenesis and
endothelial cell activation (Perper et al., 2006, Chicheportiche et al., 2002, Campbell et al.,
2006, Hosokawa et al., 2006). This leads to chronic inflammation and tissue degeneration.
TWEAK may also hinder tissue repair by inhibiting progenitor cell differentiation (Perper
et al., 2006, Ando et al., 2006). The roles of TWEAK/Fn14 interaction in acute and chronic

inflammation are shown in Figure 1.5.
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Figure 1.5 TWEAK in acute and chronic inflammation. Adapted from Burkly et al (2007).

1.10.5 TWEAK and apoptosis

TWEAK has been described to have a weak apoptotic effect on a number of cell types
(Chicheportiche et al., 1997, Nakayama et al., 2002, Marsters et al., 1998). Multiple
pathways of TWEAK induced cell death have been described in literature. Two cell-type
specific mechanisms of cell death induced by TWEAK have been described, including
caspase-dependent apoptosis and cathepsin B-dependent necrosis (Nakayama et al., 2002).
However, as Fnl14 lacks the canonical death domain, binding of TWEAK to Fn14 might
not directly trigger the extrinsic apoptotic pathway characterised by formation of the death-
inducing signaling complex and caspase 8 (or caspase 10) activation (Peter and Krammer,
2003). It has been proposed that TWEAK induces apoptosis indirectly via endogenously
produced TNF-alpha interacting with the TNF receptor (Schneider et al., 1999). Wilson
and coworkers showed that the cell death of HT29 adenocarcinoma cells induced by

TWEAK is caspase-independent, encompassing features of both necrosis and apoptosis
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(Wilson and Browning, 2002, Winkles, 2008). It has also been suggested that TWEAK
might have indirect effects that promote killing of tumor cells (Campbell et al., 2004). This
was attributed to its ability to induce some of the pro-inflammatory chemokines which
could promote the migration and retention of inflammatory cells within the tumor
environment, facilitating a cytotoxic anti-tumor immune response (Campbell et al., 2004).
A study reported that TWEAK/Fn14 interaction induced cell death in cultured murine
tubular epithelial kidney cells costimulated with TNF-a/interferon-gamma, wherein
apoptosis was associated with activation of caspase-8, caspase-9 and caspase-3 (Justo et
al., 2006) .

In in vitro studies TWEAK has also been shown to induce death of non-tumor cell types
such as human peripheral blood monocytes and human natural killer cells (Kaplan et al.,
2002, Maecker et al., 2005). It still remains to be seen whether the ability to kill monocytes
indicates role of TWEAK in resolution of inflammation (Zheng and Burkly, 2008).

Overall, TWEAK has a relatively weak ability to induce cell death and more studies are

needed to elucidate its significance in chronic inflammatory diseases.

1.10.6 TWEAK and its effect on bone cells

TWEAK has also been described to cause differentiation of monocytes/macrophages cells
into osteoclasts which might indicate a role in pathologic bone destruction (Winkles,
2008).

Polek and coworkers reported that TWEAK can induce RAW 264.7
(monocytes/macrophages) cells to differentiate into tartrate-resistant acid phosphatase
(TRAP) positive multinucleated, functional osteoclasts (Polek et al., 2003). However, the
RAW cells did not display Fnl14 receptors. As the Fn14/TWEAKR neutralizing antibodies
did not block TWEAK-induced osteoclast cell differentiation of RAW cells, it was
concluded that this effect was not brought about by the interaction of Fn14 and TWEAK
(Polek et al., 2003). They suggested that a second TWEAK receptor or TWEAK R2 may
be present on the RAW cells. The effect of TWEAK was direct and not mediated by
RANKL, as shown by the use of TWEAK- or RANKL neutralizing antibody and by
osteoprotegerin (OPG). Thus, it was proposed that TWEAK might be a potentially novel
osteoclastic factor acting independently of RANKL (Polek et al., 2003). Both TWEAK and

RANKL were observed to have an osteoclastic differentiation effect on RAW cells.
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However, TWEAK was unable to induce primary human monocyte precursors into
osteoclasts (Polek et al., 2003). It has been speculated that RAW cells, which are more
mature, could be more easily differentiated into osteoclasts by TWEAK than the more
immature primary human monocyte precursor cells which require additional stimulation
from macrophage-colony stimulating factor (M-CSF) (Polek et al., 2003). Factors other
than M-CSF might be required for the induction of differentiation of primary human
monocyte precursors by TWEAK (Polek et al., 2003). An additive (but not a synergistic)
osteoclastic effect of TWEAK on RANKL has been described which has been attributed to
the TWEAK activated downstream signaling pathways including mitogen activated protein
kinase (MAPK), c-Jun N-terminal kinase (JNK) and NF-xf, similar to those noted for
RANKL (Polek et al., 2003).

It has also been suggested that TWEAK might be a novel regulator of bone homeostasis
and play a role in regulation of osteoblast function and differentiation (Ando et al., 2006).
This suggestion was based on a study of the biological effects of TWEAK on mouse
MC3T3-E1 cells (Ando et al., 2006). MC3T3-E1 is a clonal osteogenic cell line which
maintains characteristics of primary osteoblast progenitors and is used for studying
osteoblast differentiation and function in vitro. It was observed that TWEAK/Fn14
interaction induced RANTES production through the PI3K-Akt pathway, inhibited BMP-
2-induced differentiation through MAPK ErK pathway and upregulated RANKL
expression through the MAPK ErK pathway in osteoblastic MC3T3-EL1 cells (Ando et al.,
2006). Moreover, it was also demonstrated that cultured human osteoblasts responded to
TWEAK by inducing RANTES production (which was blocked by Fnl4-Fc chimera) and
expression of the RANKL protein (Ando et al., 2006). RANTES has been shown to be an
important chemokine for the migration of osteoclasts (Yu et al., 2004). Also, the role of
RANKL in osteoclast differentiation is well understood (Yasuda et al., 1998).

However, unpublished studies by T. Zheng and D. Findlay (cited in Burkly et al 2007)
reported that TWEAK did not induce osteoclast differentiation in a human monocytic cell
line (THP-1) or human peripheral blood monocytes. Thus, the direct effect of TWEAK on
osteoclast differentiation is debatable, even though it has been shown to indirectly result in

osteoclastic differentiation by upregulating RANKL in osteoblasts (Ando et al., 2006).
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1.11 Role of TWEAK/Fn14 signalling in periodontitis

TWEAK has also been studied in periodontal tissues (Hosokawa et al 2006). Reverse
transcription—polymerase chain reaction (RT-PCR) analysis and immunohistochemistry
revealed that TWEAK and TWEAK receptor, Fn14, mRNA and protein were expressed in
periodontally diseased tissues (Hosokawa et al 2006). TWEAK and Fnl4 were mainly
expressed by mononuclear cells. When stimulated by TWEAK, human gingival fibroblasts
produced IL-8 and vascular endothelial growth factor (VEGF) and enhanced intercellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1)
expression on HGF in a dose-dependent fashion (Hosokawa et al 2006). The IL-8 and
VEGF production induced by TWEAK was augmented synergistically by simultaneous
stimulation with transforming growth factor (TGF)-B1 or IL-1. This synergistic effect was
attributed to the ability of IL-18 and TGF-B1 to enhance the expression of Fnl14 in HGF in
a dose-dependent manner (Hosokawa et al 2006). Furthermore, in the same study, it was
reported that TGF-B 1 augments TWEAK induced ICAM-1 expression and inhibits
TWEAK-induced VCAM-1 expression. The authors concluded that as IL-8, VEGF,
ICAM-1 and VCAM-1 are involved in the inflammatory response in periodontal diseased
tissues; TWEAK might be involved in the pathophysiology of periodontal disease
(Hosokawa et al 2006). Thus, along with other cytokines such as IL-1f and TGF-f1,
TWEAK might exacerbate periodontal disease.

From the existing literature it is evident that TWEAK/Fn14 signaling contributes to
chronic inflammatory conditions via its proinflammatory actions, modulation of immune
response, angiogenesis, repair, regeneration and stimulation of apoptosis. The majority of
destruction in periodontitis is due to the production of host derived enzymes, cytokines and
other proinflammatory mediators resulting in the activation of immune cells and enzymes
such as matrix metalloproteinases (Page and Kornman 1997, Boch et al 2001, Van Dyke
and Serhan 2003, Kornman 2008). Moreover, inflammatory process in periodontitis is
marked with disruption of repair and regeneration (Bartold and Narayanan 2006). Any
impediment in the crucial process of angiogenesis might contribute to pathogenesis of
periodontitis by interfering with repair and regeneration. Imbalance of Th-1 and Th-2 type
immune response resulting in the relative dominance of B cell and plasma cells in
periodontitis is another paradigm which is associated with periodontal disease (Berglundh
and Donati 2005). The general consensus seems to be that Thl is associated with

periodontal health and Th2 is associated with periodontal disease (Dennison and Van Dyke
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1997, Seymour et al 1993). TWEAK /Fnl4 pathway might also modulate immune
responses by suppressing IL-12 and INF-y which might in turn decrease Th-1 type immune
response leading to imbalance of Th-1 type and Th-2 type immune responses (Maecker et
al 2005, Trinchieri et al 1992, Chehimi and Trinchieri 1994). There is evidence that
apoptosis might play a role in the pathogenesis of periodontal diseases. This could be due
to apoptosis of fibroblasts and resident lymphocytes in periodontal tissue brought about by
cytokines such as TNF and bacterial lipopolysaccharides which might result in decreased
repair (Graves et al 2001, Kurita-Ochiai et al 1999, Ohguchi et al 1998, Liu et al 2003).
TWAEK/Fn14 can also contribute to pathologic bone destruction in periodontitis by
promoting osteoclast differentiation and migration, inhibiting osteoblast differentiation and
upregulating RANKL on osteoblasts (Polek et al 2003, Ando et al 2006). Hence, there are
number of possible ways in which TWEAK/Fn14 signalling might play a role in the

pathogenesis of periodontitis.

1.12 Future perspectives

One of the important underlying mechanisms of destruction in periodontal disease is an
imbalance in proinflammatory and anti-inflammatory mediators. Modulation of the host
response offers a novel approach to the treatment of periodontal disease. It involves the
manipulation of immune response to suppress undesired processes and stimulate protective
processes (Kantarci et al., 2006). However, it must be noted that removal of the biofilm

will still be fundamental to the treatment of periodontitis.

Human clinical trials have already confirmed the usefulness of IL-1 and TNF antagonists
in treating rheumatoid arthritis and their use is being investigated in a number of other
inflammatory conditions such as septic shock, glomerulonephritis and arthritis in animal
models (Dayer et al., 2001, Dinarello, 2000, Feghali and Wright, 1997, Henderson, 1994).
Infliximab, a chimeric anti-TNFa monoclonal antibody and Etanercept, a soluble dimeric
fusion protein containing the ligand-binding domain of TNFR2, are now licensed for use in
rheumatoid arthritis and Crohn's disease (Jones and Moreland, 1999, Bell and Kamm,
2000).

In vitro studies have demonstrated TWEAK’s ability to regulate numerous cellular
responses including cell proliferation, migration, survival, differentiation and apoptosis.

TWEAK is also a proangiogenic and proinflammatory factor in vivo. In recent studies
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TWEAK inhibition by anti-TWEAK antibodies have proved efficacious in treating
collagen induced arthritis in animal models (Kamata et al., 2006, Perper et al., 2006).
Recently, rheumatoid arthritis patients responding favorably to Etanercept displayed a
significant decrease in serum TWEAK levels (Park et al., 2008). Other than rheumatoid
arthritis, pharmacological inhibition of TWEAK activity might have therapeutic efficacy in
other inflammatory and degenerative diseases such as ischemic stroke, cerebral edema,
multiple sclerosis and periodontitis (Potrovita et al., 2004, Desplat-Jego et al., 2005, Yepes
and Winkles, 2006, Williams et al., 1985).

Inhibitors of prostaglandins, MMPs, IL-1 and TNF have shown to suppress inflammatory
processes and bone resorption in experimental periodontitis in animal models (Nyman et
al., 1979, Delima et al., 2002, Di Paola et al., 2007, Williams et al., 1985, Assuma et al.,
1998). By embarking on the identification and understanding the role of new cytokines like
TWEAK in pathological destruction in periodontitis, we can get new insights into the
pathogenesis of periodontal disease. In the future, this might pave the way for the
development of new host modulation therapies involving anti-cytokine therapy to be used
as an adjunct to conventional periodontal therapy.

1.13 Conclusion

Various studies have demonstrated increased expression of TWEAK and its receptor Fnl4
in tissues and cells cultured from a number of chronic inflammatory diseases such as
rheumatoid arthritis, atherosclerosis, inflammatory skin, kidney and airway diseases. The
studies indicate that TWEAK might play a role in the pathogenesis of these chronic
inflammatory diseases. In addition, TWEAK has been shown to be involved in bone
homeostasis and apoptosis of tumor cells. Some of these studies have indicated that
TWEAK might serve as an additional therapeutic target in the treatment of rheumatoid
arthritis, autoimmune diseases such as systemic lupus erythematosus and cancer.

Current literature has reported varied biologic effects of TWEAK. Most of the effects are
mediated via Fnl14 receptor and NF-«f signaling pathway. However, TWEAK independent
Fn14 signaling has also been demonstrated. On the other hand, TWEAK has also displayed
Fnl14 independent activity. TWEAK has also been shown to act by signaling pathways
other than NF-xB. The proinflammatory activities of TWEAK include induction of
cytokines, chemokines and MMPs. It has a significant role in angiogenesis and activation

of endothelial cells by upregulating surface expression of adhesion molecules i.e. ICAM-1
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and VACM-1. TWEAK has also displayed inhibitory effects on differentiation of
osteoblasts and promotes osteoclastic  differentiation of cells from the
monocyte/macrophage lineage. Furthermore, TWEAK /Fnl14 pathway might also modulate
immune responses by suppressing IL-12 and INF-y which might in turn decrease Th-1 type

immune response leading to imbalance of Th-1 type and Th-2 type immune responses.
1.14 Hypothesis
On the basis of the existing literature on TWEAK and its cognate receptor Fnl4, it is

hypothesised that the expression of TWEAK and Fn14/TWEAKR will be increased in

tissue samples from periodontitis patients.

1.15 Aim of the study

The aim of the present study was to investigate the expression of TWEAK and TWEAK’s
receptor Fnl4 through immunohistochemistry techniques using TWEAK and Fnl4

antibodies.
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2.1 Abstract

Background: Periodontitis is a chronic inflammatory disease wherein microbial factors
induce complex inflammatory and immune responses in a susceptible host. In periodontitis
host derived enzymes, cytokines and other proinflammatory mediators play an integral role
in the destruction of tooth supporting structures and alveolar bone. TWEAK (TNF-like
weak inducer of apoptosis) is one of the newest members of the TNF superfamily to be
identified. Fibroblast growth factor-inducible 14 (Fnl4) proteinfTWEAKR has been
identified as the cell surface receptor for TWEAK. TWEAK/Fn14 signaling results in
multiple biologic effects including induction of inflammatory cytokines, modulating
Immune response angiogenesis and stimulation of apoptosis. Recently, TWEAK has also
been shown to promote osteoclastic differentiation of cells from the monocyte/macrophage
lineage. Expression of TWEAK and its receptor Fnl4, is elevated in tissues and cells
cultured from a number of chronic inflammatory diseases such as rheumatoid arthritis,
atherosclerosis, inflammatory skin, kidney and airway diseases. Accordingly, we
hypothesised that the expression of TWEAK and Fn14/TWEAKR will be increased in

tissue samples from periodontitis patients.

Aim: The aim of this study was to investigate the expression of TWEAK and its receptor
Fnl4, in gingival biopsies from periodontitis patients and clinically normal patients using

immunohistochemistry techniques.

Materials and Methods: The study included 27 patients (18 females and 9 males, aged 30-
77 years, mean age = 55.2 years) with generalised chronic and aggressive periodontitis.
The gingival biopsy sites in the chronic and aggressive periodontitis group had clinical
probing pocket depths and clinical attachment loss greater than 5 mm with radiographic
evidence of bone loss ranging from 50-90% of the root length. The non-periodontitis tissue
samples consisted of gingival tissue resected from seven patients (4 males and 3 females,
aged 23-70 years at the time of surgery; mean age = 45.5 years) undergoing crown
lengthening surgery at sites not affected by periodontitis. Using monoclonal antibodies, the
expression of TWEAK and its receptor Fn14 was investigated by immunohistochemistry in
formalin-fixed paraffin embedded tissues. The specimens were evaluated by a
semiquantitiative analysis (SQA). The Mann Whitney U-test was used to compare mean
rank of SQA between two groups and Kendall’s tau_b test was used to determine

correlations between different parameters.
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Results: Semiquantiative analyses demonstrated that the expression of TWEAK protein
was significantly higher in periodontitis tissue compared to healthy tissue (Mann Whitney
U-test, p value 0.002). Similarly, in comparison with healthy tissue, periodontitis-affected
tissues expressed significantly higher Fn14 protein (Mann Whitney U-test, p value 0.013).
A strong positive correlation was found between TWEAK and Fn14 expression (Kendall’s
tau_b test; p value 0.007 and r value 0.395). In periodontitis-affected tissue specimens,
TWEAK and Fnl4 protein was mainly expressed by mononuclear leukocytes
(morphologically resembling lymphocytes and plasma cells), cells lining blood vessels,

spindle shaped cells resembling fibroblasts and multinucleated cells.

Conclusion: This study demonstrates that there is a higher expression of TWEAK and
Fnl4 protein in periodontitis tissues as compared to clinically normal controls. This
suggests that TWEAK /Fn14 signaling could be an additional player in the pathogenesis of
periodontitis and adds to the increasing number of cytokine networks involved in

periodontal inflammation.

2.2 Introduction

Periodontitis is a chronic inflammatory disease wherein microbial factors induce complex
inflammatory and immune responses in a susceptible host (Baker 2000, Haffajee and
Socransky 1994). In periodontitis host derived enzymes, cytokines and other
proinflammatory mediators play an integral role in the destruction of tooth supporting
structures (Page and Kornman 1997, Boch et al 2001, Van Dyke and Serhan 2003). Thus,
bacteria are considered to be necessary factors for periodontal disease initiation but they
are not sufficient to cause disease progression. Cytokines, the major regulators of the
immunoinflammatory response seen in periodontitis, affect tissue destruction by either
acting directly on cells or through induction of production of other cytokines. Thus, the
balance between proinflammatory and anti-inflammatory cytokines determines the
outcome. The role of proinflammatory cytokines such as Tumor Necrosis Factor-o. (TNF-
a), IL-1, IL-8 and IL-6 in periodontitis is well recognised (Gemmell et al 1997, Graves and
Cochran 2003, Irwin and Myrillas 1998). IL-1 and TNF-o can promote leukocyte
recruitment, production of other inflammatory mediators such as prostaglandins, enhanced

bacterial killing and phagocytic activity, production of lytic enzymes such as matrix
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metalloproteinases and enhance bone resorption by promoting osteoclast formation and
activity (Graves and Cochran, 2003, Pfizenmaier et al 1996, Stashenko et al 1987).

Receptor Activator NF «f Ligand (RANKL), a member of the TNF superfamily, binds to
its receptor RANK and mediates bone loss by stimulating differentiation of osteoclast
progenitors, activation of mature osteoclasts and inhibiting osteoclast apoptosis (Burgess et
al 1999, Fuller et al 1998, Hsu et al 1999, Lacey et al 1998, Nakagawa et al 1998).
Osteoprotegerin (OPG) is a natural inhibitor of RANKL and binds to RANKL with high
affinity and prevents its ligation to RANK (Lacey et al 1998, Akatsu et al 1998, Yasuda et
al 1998). Recognition of the RANKL-RANK-OPG axis has enhanced our understanding of
the mechanisms behind the pathologic bone loss seen in periodontitis. High levels of
RANKL and low levels of OPG have been found in the tissue and gingival crevicular fluid
of periodontitis patients compared to tissues from clinically normal patients (Crotti et al
2003, Liu et al 2003, Lu et al 2006, Bostanci et al 2007a, Bostanci et al 2007b, Mogi et al
2004, Wara-aswapati et al 2007). It has been suggested that bone resorption in
periodontitis may be driven by proinflammatory cytokines that regulate RANKL
expression on mesenchymal cells, activated T-cells and B-cells (Nanci and Bosshardt
2006).

TNF-like weak inducer of apoptosis (TWEAK) is one of the members of the TNF
superfamily (Chicheportiche et al 1997). It is expressed by various inflammatory cells
including macrophages (Chicheportiche et al 1997, Nakayama et al 2000), monocytes
(Kaplan et al 2002), activated T-cells (Kawakita et al 2004) and plasma cells (Dharmapatni
et al 2008). In addition it is expressed by fibroblasts (Semov et al 2002). Fn14 (fibroblast
growth factor-inducible 14) protein/TWEAKR has been identified as the cell surface
receptor for TWEAK (Wiley et al 2001). Fn14 is expressed by many cell types including
epithelial cells (Michaelson et al 2005), mesenchymal cells (Girgenrath et al 2006) and
endothelial cells (Harada et al 2002, Donohue et al 2003, Perper et al 2006). Moreover,
many tissue progenitor cells of mesenchymal lineage (Girgenrath et al 2006), embryonic
stem cells (Ramalho-Santos et al 2002) and osteoblasts (Perper et al 2006) also express
Fnl14. Binding of TWEAK to Fnl4 results in the stimulation of NF-B and several other
signaling cascades (Saitoh et al 2003, Winkles 2008). However, TWEAK independent
Fn14 signaling has been demonstrated (Dogra et al 2007). On the other hand, TWEAK has
also displayed Fn14 independent activity (De Ketelaere et al 2004).
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TWEAKI/Fn14 signaling results in multiple biologic effects including induction of
inflammatory cytokines, modulating immune response angiogenesis and stimulation of
apoptosis (Chicheportiche et al 1997, Campbell et al 2006, Kaplan et al 2000, Lynch et al
1999, Maecker et al 2005). The proinflammatory activities of TWEAK include induction
of cytokines, chemokines and matrix metalloproteinases (Chicheportiche et al 1997,
Chicheportiche et al 2002, Harada et al 2002, Perper et al 2006, Kamijo et al 2008). This
protein plays a significant role in angiogenesis and activation of endothelial cells by
upregulating surface expression of adhesion molecules such as ICAM-1 and VACM-1
(Kamijo et al 2008, Chicheportiche et al 2002, Hosokawa et al 2006). Recent studies have
also shown that TWEAK has a role to play in tissue repair and regeneration following

acute tissue injury (Girgenrath et al 2006).

TWEAK also has an inhibitory effect on the differentiation of osteoblasts and promotes
osteoclastic differentiation of cells from the monocyte/macrophage lineage (Polek et al
2003 ando et al 2006). Furthermore, the TWEAK/Fn14 pathway might modulate immune
responses by suppressing IL-12 and INF-y which might in turn decrease Th-1 type immune
response leading to imbalance of Th-1 type and Th-2 type immune responses (Maecker et
al 2005).

Many studies have demonstrated increased expression of TWEAK and its receptor Fnl4 in
tissues and cells from a number of chronic inflammatory diseases such as rheumatoid
arthritis, atherosclerosis, inflammatory skin, kidney and airway diseases (Chicheportiche et
al 2002, Perper et al 2006, Jin et al 2004, Xu et al 2004, Kim et al 2004, Putterman et al
2004). These studies indicate that TWEAK might play a role in the pathogenesis of these
chronic inflammatory diseases. It has been proposed that TWEAK/Fn14 signaling might be
a universal mechanism which plays a role in various inflammatory and autoimmune
disorders mediating pathologic tissue remodeling (Zheng and Burkly 2008). Accordingly
TWEAK might serve as an additional therapeutic target in the treatment of chronic
inflammatory diseases (Potrovita et al 2004, Desplat-Jego et al 2005, Yepes and Winkles
2006).

TWEAK/Fn14 signalling has also been investigated in periodontally diseased tissues
utilizing reverse transcription—polymerase chain reaction (RT-PCR) analysis and
immunohistochemistry (Hosokawa et al 2006). TWEAK and Fnl4 were shown to be

expressed in both mRNA and protein forms in periodontitis tissues (Hosokawa et al 2006).
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TWEAK and Fnl14 were mainly expressed by mononuclear cells. When stimulated by
TWEAK, human gingival fibroblasts (HGF) produced IL-8 and vascular endothelial
growth factor (VEGF) and enhanced intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1) expression on HGF in a dose-dependent
fashion (Hosokawa et al 2006). The 1L-8 and VEGF production induced by TWEAK was
augmented synergistically by simultaneous stimulation with transforming growth factor
(TGF)-B1 or IL-1p. The authors concluded that as IL-8, VEGF, ICAM-1 and VCAM-1 are
involved in the inflammatory response in periodontal diseased tissues; TWEAK might be
involved in the pathophysiology of periodontal disease (Hosokawa et al 2006). Thus, along
with other cytokines such as IL-1f and TGF-f1, TWEAK might exacerbate periodontal

disease.

In light of the above, it is hypothesised that the expression of TWEAK and
Fn14/TWEAKR will be increased in tissue samples from periodontitis patients. The aim of
the present study was to investigate the expression of TWEAK and TWEAK?’s receptor
Fn14 through immunohistochemistry techniques using TWEAK and Fn14 antibodies.

2.3  Materials and methods
2.3.1 Patient demographics

The study included gingival samples taken from 27 patients (18 females and 9 males, aged
30-77 years, mean age = 55.2 years) with generalised chronic and aggressive (moderate to
severe) periodontitis. The study population included 23 patients with generalised chronic
periodontitis and 4 patients with generalised aggressive periodontitis. The patients were
classified on the basis of American Academy of Periodontology 1999 classification
(Armitage 1999). These patients were undergoing active periodontal treatment which
included a non-surgical initial phase therapy (involving oral hygiene instructions and
scaling and root debridement). The gingival biopsy sites in the chronic and aggressive
periodontitis group had clinical probing pocket depths and clinical attachment loss greater
than 5 mm with radiographic evidence of bone loss ranging from 50-90% of the root
length.

The soft tissue biopsy was obtained by the postgraduate students during the flap surgery
carried out for the treatment of the patients. The test samples included mostly interdental
col tissue and granulation tissue removed next to periodontal bony defects. The healthy
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tissue samples consisted of gingival tissue resected from seven patients (4 males and 3
females, aged 23-70 years at the time of surgery; mean age: 45.5 years) undergoing crown
lengthening surgery not affected by periodontitis. 24 of the periodontitis tissue samples and
three of the healthy samples were obtained from patients attending Periodontal
Postgraduate Clinic at the Dental School, University of Adelaide between the time period
of 2006-2007, while the remaining tissue samples of periodontitis and non-periodontitis
patients were obtained from archival tissue samples stored at the Department of Pathology,
University of Adelaide. Informed consent was obtained from the patients attending the
Periodontics postgraduate clinic. This study was approved by the University of Adelaide
Ethics committee in accordance with the guidelines of the National Health and Medical

Research Council of Australia.

2.3.2 Antibodies

The following monoclonal antibodies (mAbs) were used for this study: mouse anti-human
TWEAK antibody (P2D10 , subclass 19G2a, gifted by Timothy S Zheng, Biogen Idec Inc,
Cambridge, USA) (Ho et al 2004) and Purified mouse antihuman Fn14 ( subclass 1gG1,
clone ITEM 1, Biolegend, catalogue number 314002) (Hosokawa et al 2006). For control
sections, the primary antibodies were omitted or irrelevant isotype-matched mouse mAbs
(ID4.5 for 1gG2a and IB.5 for 1IgG1) were applied.

2.3.3 Preparation of tissue for immunohistochemical detection

Following collection of the periodontal tissues from patients, the samples were
immediately immersed in 10% normal buffered formalin overnight and then processed for
embedding in paraffin. Sections were cut using a microtome at 5 um and stored at room
temperature. The paraffin embedded sections were dewaxed in two changes of xylene and
two changes of alcohol. The sections were rehydrated in Milli Q water twice for 5 minutes.
Both TWEAK and Fnl4 expression was detected using a three step immunohistochemical
detection method (Kraan et al 1999).

2.3.4 Routine histology staining (Hematoxylin-Eosin staining)

Routine histological assessment of the tissue samples was examined following

Hematoxylin and Eosin staining to ensure that the tissues included were appropriate for
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immunohistochemical detection and analysis. Following deparaffinisation, the sections
were immersed in Hematoxylin solution for five minutes and then washed, followed by
dipping in acid alcohol 5-7 times. Afterwards, the sections were washed in water and then
dipped in lithium carbonate solution for 2 minute, washed in water and dipped in eosin for
3 minutes. After a final wash in water, the sections were immersed in two changes of
alcohol and two changes of xylene and finally mounted with coverslips using DPX (dibutyl

phthalate) as a mounting medium.

Each sample was given an inflammatory score on the basis of a microscopic analysis.
Since no known reference was available for microscopic grading of inflammation of
periodontal tissue, at the time of the study, a grading system was devised. The grading
system was based on the percentage of chronic inflammatory cells in the connective tissue
layer of periodontal tissue (both unhealthy and healthy) samples. A similar scale for
grading of inflammation in soft tissues has been utilized in a previous study for assessing

immune response to demineralized freeze-dried bone graft (Garraway et al, 1998).

Score 0 (minimal) - Chronic inflammatory cells from 0 to 10%

Score 1 (mild) - Chronic inflammatory cells from 11 to 25%

Score 2 (mild to moderate) - Chronic inflammatory cells from 26 to 50%
Score 3 (moderate to severe) - Chronic inflammatory cells from 51 to 75%

Score 4 (severe) - Chronic inflammatory cells from 76 to 100%

The grading system was performed by two observers (one of whom was blinded) to

enhance the objectivity of the grading system.

2.3.5 Immunohistochemical staining for TWEAK expression

For detecting of TWEAK, tissue sections were pretreated to unmask antigen epitopes using
Proteinase K (200 pg/ml) for 37°C for 30 minutes. Endogenous peroxidase activity was
inhibited with 0.3% H,0, in 0.1% Sodium Azide and Phosphate buffered saline (PBS). A
working concentration of 14.5 pg/ml of the primary antibody (P2D10; subclass 19G2a
mouse anti-human TWEAK antibody, was determined in a preliminary experiment. The
primary antibody was diluted in PBS with 1% Bovine Serum Albumin (BSA). The primary
antibody was added and incubated in a wet chamber overnight at room temperature. On the

second day, the sections were incubated with a secondary antibody, horseradish peroxidase
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(HRP) conjugated goat anti-mouse antibody for 30 minutes at room temperature. HRP
conjugated swine anti-goat IgG was then added for another 30 minutes at room
temperature. Secondary and tertiary antibodies were diluted in PBS/1% BSA in the
presence of 10% normal human serum (NHS). The sections were washed in PBS between
each step. Colour reaction was developed using hydrogen peroxide as substrate and 3,9

Aminoethylcarbazole (AEC) as the dye giving a red hue to positive sections.

2.3.6 Immunohistochemical staining for Fnl4 expression

In order to detect Fn14 expression, sections underwent HER (Heat Epitope Retrieval) in
Sodium Citrate buffer (pH 6) for 20 minutes at 95°C in a water bath. Following this, the
sections were bench cooled for 20 minutes before undergoing the next step of the
immunohistochemical process. Endogenous peroxidase activity was inhibited with 1%
H.O, in methanol. Blocking serum (normal horse serum provided in the Vectastain
Universal Elite ABC kit) was added to the sections to reduce non-specific staining. A
working concentration of 20pug/ml of the primary antibody against Fnl14 was determined in
a preliminary experiment. The primary antibody was diluted in PBS with 1% BSA to
obtain the working concentration and added to the tissue sections. The slides were
incubated in a wet chamber overnight at room temperature. The next day sections were
incubated with a secondary antibody (biotinylated universal antibody raised in horse
provided in the Vectastain Universal Elite ABC kit) at the concentration recommended by
manufacturers for 1 hour at room temperature. Following this enhancement of primary and
secondary antibody was carried out using ABC Reagent (Avidin and Biotinylated horse
radish peroxidase macromolecular Complex) provided in the ABC Kkit. The sections were
washed in PBS between each step except the slides were left unwashed after the addition
of the blocking serum. Colour reaction was developed using H,O, as the substrate and

DAB (Diaminobenzidine tetrahydrochloride) dye giving a brown hue to positive sections.

2.3.7 Counterstaining of tissue samples (for both TWEAK and Fn14 detection)

Counterstaining was performed using Harris Hematoxylin for 10 seconds. The sections
were then washed in water and immediately immersed in saturated lithium carbonate
solution for 30 seconds. After a final wash in water, the slides were mounted in Gurr
Aguamount (BDH, Poole, UK). Staining was performed at the same time in all samples for
TWEAK detection to reduce day to day staining variability. For Fnl4 the staining was
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repeated twice to confirm the reproducibility of the results. Omission of primary antibodies
and isotype matched antibodies (ID4.5 for 1gG2a and IB.5 for 1gG1) were used as the
negative controls. Isotype matched antibodies were used at an equal concentration to that
of the primary antibodies tested. Positive controls were performed on rheumatoid arthritis
tissue samples known to express TWEAK and Fnl4 (Dharmapatni et al 2008) personal

communication).

2.3.8 Microscopic analysis

After immunohistochemical staining, the sections stained with mouse antihuman TWEAK
antibody and purified mouse antihuman Fnl4 were scored using a semiquantitative
method. One sample was analysed from each patient. Due to the small size of the tissue
biopsies the total area of the section was assessed for staining using a 5 point scale (0-4),
by two independent observers in a random order, as described previously (Kraan et al
2000, Tak et al 1995).

Scores from 0 to 4 were given depending on the number of chronic inflammatory cells

staining positive for tested antibodies.

Score 0: 0 to 10% of the chronic inflammatory cells stain positive

Score 1: 11 to 25% of the chronic inflammatory cells stain positive
Score 2: 26 to 50% of the chronic inflammatory cells stain positive
Score 3: 51 to 75% of the chronic inflammatory cells stain positive

Score 4: 76 to 100% of the chronic inflammatory cells stain positive

2.3.9 Statistical analysis

Statistical analysis for the SQA results in the two groups (periodontitis and clinically
normal patients) studied was performed using SPSS version 11.5 (SPSS Inc, Chicago, IL,
USA). Mann-Whitney U test for non-parametric data was used to analyze the mean ranks
of semi-quantitative scores for TWEAK and Fnl14. Kendall’s tau_b test was used to detect
correlation between TWEAK and Fnl4 SQA. Same test was used to determine the
correlation between inflammatory score and TWEAK/Fn14 expression. For both Mann-
Whitney U test and Kendall’s tau_b test, a p value of <0.05 was considered as being
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statistically significant. Correlation was considered to be significant at r value (correlation
coefficient) of 0.01.

2.4 Results

The gingival biopsy sites in the chronic and aggressive periodontitis group had clinical
probing pocket depths and clinical attachment loss greater than 5 mm with radiographic
evidence of bone loss ranging from 50-90% of the root length. Patient details including
age, gender, current medication and smoking history at the time of surgery are shown in
Tables 2.1 and 2.3. Tables 2.2 and 2.4 depict in detail probing pocket depth, recession,

radiographic bone loss and level of inflammation at the sites of tissue biopsy.
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;S#I Biopsy# | G| Dg | Age | Smoking | Medical History /Medications
1 CP2/06 | F | CP | 62 N Nil
RA, hypertension, high cholesterol, lower back
2 CP4/06 | M| CP | 52 X problem, Plaquenil, Celebrex, Enalpril, Lipitor,
Aspirin
3 | CP1/O7T |F| CP | 69 N Nil
Type 2 DM, hypertension, Barrett's disease, heart
4 | CP2BIOT | M| CP | 58 N bypass; Plavax, Ritalin, Ezetrol, Nexium, Nifedipine
5 | CP3/07 |F| CP | 47 N Nil
6 CP4/07 | M| AP | 42 | Y,3-4/day | Anxiety disorder
7 | cPsio7 |F| cP | 45 Y, Nil
marijuana
8 | CP6/0O7T |F | CP | 57 N Nil, HRT
9 CP7/07 | M| CP 42 X Nil, Losec
Type 2 DM (controlled), hypertension, high
10 | CP8/07 | M| CP " N cholesterol, arthritis, Atacand, VVolatran, Celebrex
11 | CP9/07 |F| CP | 71 N Osteoporosis, Caltrate, Fosamax
Y, 10- .
12 | CP10/07 | F | CP | 40 15/day Nil
13 | cp1107 | E | cp 75 N Asthma, glaucoma, Seretide, Ventolin, Xalatan,
Alphagan
14 | cpiaio7 |E| cp | 48 N Asthmg, Type 2 DM (diet controlled), Seretide,
Ventolin
15 | cp1s07 | M| cp 45 X Schizophrenic disorder, depreSS|_0_n, Sodium
valproate, Seroquel, Edronx, Epilim
16 | CP19/07 | F | AP | 36 N Nil
Type 2 DM, hypertension, hyperlipidemia, Avandia,
17| CP20/07 | F | CP 2 X Melezide, Diaformin, Tritace, Asprin, Zimstat
18 | CP23/07 | M| CP | 74 X Arthritis, Diclofenac
19 | CP26/07 | F | CP | 54 N Hypertension, arthritis, Karvea, Glucosamine
20 | CP27/07 | F | AP | 30 N Nil
21 | cp2sio7 | M| cp 66 X Osteoarthritis, Lipitor, Felodurer, Panadol osteo,
Anapox
29 | cp2oo7 |E| cp | a1 s Asthma, thyroid g_Iand rem0\_/ed due to cancer,
Pulmicort, Ventolin, Thyroxine
23 | CP33/07 |F | CP | 77 X Hypertension, Felodipine
24 | CP34/07 | F | AP | 46 X Nil
25 | CP14/00 | F | CP | 45 N Psoriasis
26 | CP13/06 | M| CP | 48 X Hypertension, Karvea
27 | CP3/05 |F | CP | 49 N Nil
Dg: Diagnosis N: Never smoker
CP: Generalised chronic periodontitis Y: Smoker
AP: Generalised aggressive periodontitis X: Ex-smoker

Table 2.1 Patient demographics (periodontitis group)
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Sl Biopsy no | Dg Site of Inflam PD at site Recession Bone loss
no sample score (mm) (mm) (%)
1 CP2/06 CP 17 2 5-7 0 70-80
2 CP4/06 CP 23-27 4 5-7 0-1 50-55
3 CP1/07 CP 14-17 3 5-7 0-4 50-70
4 | CP2B/07 | CP 33-43 3 5-8 0-2 30-50
5 CP3/07 CP 42,43 3 5 2 55-60
6 CP4/07 AP 25-27 3 6-7 1 50-60
7 CP5/07 CP 24-27 1 5-6 0-1 50
8 CP6/07 CP 14,15,16 1 5-8 2-3 50-60
9 CP7/07 CP 17 2 5-8 2-4 50-60
10 CP8/07 CP 43 3 9-10 2-4 70
11 CP9/07 CP 34-38 4 5-9 0-2 50-60
12 | CP10/07 CP 11,12-15 3 6-10 0-5 50-70
13 | CP11/07 | CP 13-16 3 5-8 0-3 50-70
14 | CP14/07 CP 24-27 3 5-7 0-1 50-70
15 | CP15/07 CP 22-27 4 5-7 0-2 50-60
16 | CP19/07 | AP 46 4 9 2 90
17 | CP20/07 CP 12-14 4 7 2 80-85
18 | CP23/07 | CP 34-37 3 5-8 0-3 60-70
19 | CP26/07 CP 47-48 4 9 0-1 60
20 | CP27/07 | AP 23-27 4 5-9 0-1 50-70
21 | CP28/07 CP 23 3 9-11 2-4 80-90
22 | CP29/07 CP 46-47 3 8-9 0 50-60
23 | CP33/07 | CP 23-26 3 5-7 0-3 60-65
24 | CP34/07 | AP 14-15 4 5-6 0-1 50
25 | CP14/00 CP 16 1 6-8 0-2 70-80
26 | CP13/06 CP 27,28 1 5-7 0 50
27 CP3/05 CP 34 2 4 0 20-30

Inflammatory score

Score 0 (minimal): chronic inflammatory cells from 0 to 10%

Score 1 (mild): chronic inflammatory cells from 11to 25%

Score 2 (mild to moderate): chronic inflammatory cells from 26 to 50%

Score 3 (moderate to severe): chronic inflammatory cells from 51 to 75%

Score 4 (severe): chronic inflammatory cells from 76 to 100%

Dg: Diagnosis PD: Probing pocket depth

CP: Generalised chronic periodontitis AP: Generalised aggressive periodontitis

Table 2.2 Clinical findings of sampling sites (peridontitis group)
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Sl no | Biopsy no | Age (yrs) | G | Smoking | Medical History/medications

1 NG1/07 58 M N Nil

2 NG2/07 37 F N Nil

3 NG3/07 52 M | Y, 10/day | Migraine

4 NG03/04 49 F N Nil

5 NG17/01 64 F N Nil

6 NG04/04 42 M N Nil

7 NG13/01 17 M N supraventricular tachycardia

Table 2.3 Patient demographics (normal group)

Sl Biopsy . Inflammatory Bone
Site
no no score Loss
1 NG1/07 11 0 Nil
2 NG2/07 26 2 Nil
3 NG3/07 36 0 Nil
13- .
4 | NG03/04 93 2 Nil
5 | NG17/01 | 13,14 1 20%
6 | NG04/04 | 36 1 Nil
7 | NG13/01 | 42 2 Nil

Inflammatory score
Score 0 (minimal): chronic inflammatory cells from 0 to 10%

Score 1 (mild): chronic inflammatory cells from 11to 25%

Score 2 (mild to moderate): chronic inflammatory cells from 26 to 50%
Score 3 (moderate to severe): chronic inflammatory cells from 51 to 75%
Score 4 (severe): chronic inflammatory cells from 76 to 100%

Table 2.4 Clinical findings of sampling sites (normal group)

2.4.1 TWEAK expression in periodontitis tissue and normal control

The tissue sections were considered appropriate for immunohistochemical study if they
had a significant proportion of gingival epithelium along with underlying connective
tissue. In this study the clinically normal tissues samples showed mild to moderate levels
of inflammatory response (Table 2.4). The periodontitis tissue samples showed moderate

to severe levels of inflammation (Table 2.2) and included areas of granulation tissue
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characterised by the presence of blood vessels, loose connective tissue, spindle shaped

cells and leucocytic infiltration.

Positive staining for TWEAK protein was seen in leukocytes that formed large
mononuclear cell infiltrates in tissue samples from periodontitis lesions (Figure 2.1A).
Most of the leucocytes staining positively for TWEAK antibody had an eccentrically
placed round nucleus with a rim of cytoplasm around it. These mononuclear cells appeared
to be morphologically similar to lymphocytes or plasma cells (Wheater et al 1987)
(Figures 2.1A, 2.1C). Some of the sections showed positive staining for TWEAK protein
in multinucleated cells (Figures 2.2A, 2.2B)

Semiquantitative assessment (SQA) for TWEAK reflected the proportion of positive cells
in the periodontitis tissue. TWEAK SQA scoring showed a mean value of 2.27 (standard
error: 0.245; Table 2.9. Range: 0 to 4; Table 2.5). 16 of the 27 periodontitis samples
showed a high SQA of >3.

Mononuclear cells in 17/27 periodontitis sections, showed very bright cell staining with the
TWEAK antibody (Figures 2.2E, 2.2F). This percentage ranged from no expression to 50%
(Table 2.5).

In 20 of the 27 periodontitis sections, cells lining the blood vessels had positive staining for
TWEAK protein (Figure 2.2C, Table 2.5). Positive TWEAK staining of spindle shaped
cells was observed in 12/27 tissue samples (Figures 2.2A, 2.2B, Table 2.5). These spindle

shaped cells had morphology similar to fibroblasts.

TWEAK expression was less obvious in the non-periodontitis tissues. (Figures 2.1B,
2.1D). The mean TWEAK SQA was 0.43 (Standard error: 0.297; Table 2.9. Range: 0 to 2;
Table 2.6) with five out of seven clinically normal samples having TWEAK SQA <1.
TWEAK was associated with cells lining blood vessels and spindle shaped cells in five out
of seven clinically normal samples. However, staining was lot weaker in non-periodontitis
tissues (Figure 2.2D, Table 2.6). Figure 2.5 shows the mean TWEAK SQA in periodontitis

and normal patients. Bars depict mean SQA +/- standard error.
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TWEAK SQA in Periodontitis and Normal
samples

| Periodontitis
m Normal

Periodontitis Normal

Diagnosis

Figure 2.5 TWEAK SQA in periodontitis and normal patients. Bars depict mean SQA +/-

standard error

58



Sl no | Biopsy no | TWEAK SQA | BS (%) | BV | Sp
1 CP2/06 3 10-20 | P | P
2 CP4/06 1 510 | SP | P
3 CP1/07 3 nil P | P
4 CP2B/07 2 10-20 N
5 CP3/07 3 10-20 | N | N
6 CP4/07 2 10 N
7 CP5/07 3 10-25 | SP | P
8 CP6/07 1 Nil SP | N
9 CP7/07 3 Nil N | N
10 CP8/07 0 Nil P | N
11 CP9/07 3 10 N | N
12 CP10/07 3 10-20 | P | N
13 CP11/07 3 10-15 N | N
14 | CP14/07 3 10-20 | P | P
15 | CP15/07 3 10 P [N
16 | CP19/07 3 10 SP | P
17 CP20/07 4 10 P [N
18 | CP23/07 4 50 N | N
19 CP26/07 3 50 N | N
20 | CP27/07 3 10 P [N
21 CP28/07 0 nil P | P
22 CP29/07 1 nil P | P
23 | CP33/07 3 50 PP
24 CP34/07 not incl notincl | P | P
25 | CP14/00 0 nil P | P
26 | CP13/06 2 nil N | N
27 CP3/05 0 nil P | P

Mean 2.27
Range 0-4
SD 1.25
P: positive BS: bright staining

BV: blood vessel
Sp: spindle shaped cells

SP: strongly positive
WP: weakly positive
N: no staining noted

Table 2.5 TWEAK expression in periodontitis samples - 16 samples with TWEAK SQA >3
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Sl no | Biopsy no | TWEAK SQA | BS (%) | BV | Sp
1 NG1/07 0 N N P
2 NG2/07 2 10 WP | P
3 NG3/07 0 N N | WP
4 NGO03/04 0 N WP | WP
5 NG17/01 0 N WP | WP
6 NGO04/04 0 N WP | N
7 NG13/01 1 10 WP | N
Mean 0.4286
Range 0-2
SD 0.7868
P: positive BS: bright staining
WP: weakly positive BV: blood vessel
N: no staining noted Sp: spindle shaped cells

Table 2.6 TWEAK expression in normal patients - 6 samples with SQA <1
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Sl no | Biopsy no | Fn14 SQA | BV | Sp
1 CP2/06 3 P P
2 CP4/06 4 P P
3 CP1/07 2 P P
4 CP2B/07 3 P P
) CP3/07 4 P P
6 CP4/07 2 P | N
7 CP5/07 1 WP | N
8 CP6/07 0 N | N
9 CP7/07 3 SP | P
10 CP8/07 1 P P
11 CP9/07 3 P | N
12 CP10/07 2 WP | N
13 CP11/07 1 P | N
14 CP14/07 1 P P
15 CP15/07 4 P | N
16 CP19/07 3 SP | P
17 CP20/07 2 P | N
18 CP23/07 3 SP | SP
19 CP26/07 4 N | P
20 CP27/07 4 P
21 CP28/07 4 P
22 CP29/07 1 WP | N
23 CP33/07 4 P | SP
24 CP34/07 3 P | N
25 CP14/00 0 P | N
26 CP13/06 3 P P
27 CP3/05 2 N | P
Mean 2.48
range 0-4
SD 1.28
P: positive SQA: semiquantitative assessment
SP: Strongly positive BS: bright staining
WP: weakly positive BV: blood vessel
N: no staining noted Sp: spindle shaped cells

SD: standard deviation

Table 2.7 Fn14 in periodontitis patients - 14 samples with Fn14 SQA >3
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Sl no | Biopsy no | Fn14 SQA | BV | Sp cells
1 NG1/07 0 N N
2 NG2/07 2 WP N
3 NG3/07 1 WP N
4 NGO03/04 0 N N
5 NG17/01 1 P N
6 NGO04/04 0 N N
7 NG13/01 3 P P
Mean 1
Range Oto3
SD 1.1547
P: positive SQA: semiquantitative assessment
SP: Strongly positive BS: bright staining
WP: weakly positive BV: blood vessel
N: no staining noted Sp: spindle shaped cells

SD: standard deviation

Table 2.8 Fn14 in normal samples - 5 samples with SQA <1

2.4.2 Fnl4 expression in periodontitis tissue and normal control

In tissue samples from periodontitis patients, high Fnl4 protein expression was observed in
leucocytes forming mononuclear infiltrates (Figure 2.3A). These cells were found to be
morphologically similar to plasma cells and lymphocytes (Figure 2.3C). In periodontitis
tissue samples mean Fn14 SQA was 2.48 (standard error: 0.247, Table 2.9). However, a
range of 0 to 4 was seen (Table 2.7). 14 out of 27 patients had high Fn14 SQA of 3 or
more. Mean Fnl14 SQA of periodontitis sample was found to be significantly greater than
that seen in tissue samples collected from non-periodontitis patients (Figures 2.3B, 2.3D).
In normal patients Fn14 SQA was 1.00 (Standard Error: 0.436; Table 2.9. Range: 0 to 2;
Table 2.8). Five out of seven samples from clinically normal patients had Fn14 SQA <1
(Table 2.8). Cells lining blood vessels showed positive staining for Fnl14 protein in all but
three of the periodontitis tissue samples (Figure 4A, Table 2.7). In periodontitis patients,
Fnl4 protein expression was also noted in spindle shaped cells resembling fibroblasts
(Figure 2.4A, Table 2.7).
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In contrast, blood vessels were positive to Fnl14 protein in four out of seven tissue samples
from non-periodontitis patients. Out of these two samples showed very weak staining for
Fnl14 protein (Figure 2.4B, Table 2.8). All but one of the samples from non-periodontitis
patients showed no evidence of Fnl4 expression in spindle shaped cells (Table 2.8). Figure
2.6 shows the mean Fnl14 SQA in periodontitis and normal patients. Bars depict mean SQA

+/- standard error.

Fnl14 SQA in Periodontitis and Normal samples

2.5 +

m Periodontitis
1.5

@ Normal

Fnl4 SQA

0.5 4

Periodontitis Normal

Diagnosis

Figure 2.6 Fnl4 SQA in periodontitis and normal patients. Bars depict mean SQA +/-

standard error

Sections which were used as negative controls showed absence of staining (Figures 2.1E,
2.3E). Rheumatoid arthritis tissue samples were used as positive control. The sections from
active RA lesions showed high expression for both TWEAK and Fnl14 protein (Figures
2.1F, 2.3F).

2.4.3 TWEAK/Fnl14 expression in periodontitis patients with medical history of

other chronic inflammatory diseases

It is interesting to observe that all the five patients suffering from either rheumatoid
arthritis or osteoarthritis and periodontitis had high inflammatory score (Table 2.9). Whilst
the TWEAK SQA > 3 was seen in only two of these samples, Fn14 SQA > 3 was observed
in four of them (Table 2.9).
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Sl no Biopsy no Med Medications Inflam | TWEAK | Fnl4
H/o score SQA SQA
Aspirin,
1 CP 4/06 RA celebrex, 4 1 4
plaguenil
2 CP8/07 A celebrex 3 0 1
3 CP23/07 A diclofenac 3 4 3
4 CP26/07 A glucosamine 4 3 4
5 CP28/07 A Panadol osteo 3 0 4
Med H/o: Medical history RA: Rheumatoid arthritis

Inflam score: inflammatory score A: Arthritis

Table 2.9 TWEAK/Fn14 expression in periodontitis patients with concomitant relevant
medical history of other chronic inflammatory diseases.

2.4.4 Statistical analysis

The expression of TWEAK protein was significantly higher in periodontitis tissue as
compared to normal tissue (Mann Whitney U-test, p value 0.002). Similarly, in comparison
with normal tissue, periodontitis tissue expressed significantly higher Fn14 protein (Mann
Whitney U-test, p value 0.013). A strong positive correlation was found between TWEAK
and Fn14 expression (Kendall’s tau_b test; p value 0.007 and r value 0.395). In addition, a
strong correlation was found between inflammatory score and TWEAK (Kendall’s tau_b
test; p value 0.001 and r value 0.494) and Fnl14 expression (Kendall’s tau_b test; p value
0.0001 and r value 0.530).

TWEAK TWEAK Fni4 Fn14 SQA
SQA SQA SQA Std Error
Mean Std error Mean
Periodontitis 2.27 0.245 2.48 0.247
Normal 0.43 0.297 1 0.436

Table 2.10 TWEAK and Fn 14 SQA in periodontitis tissues and normal sample

2.5 Discussion

This immunohistochemical study demonstrates that the expression of TWEAK and its

receptor Fnl4, is increased in periodontitis tissue. As reflected by high SQA scores and
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statistical analysis, there was a significantly higher TWEAK protein expression in the
periodontitis group than the healthy group. In periodontitis affected tissue, TWEAK
protein was expressed by the mononuclear leukocytes forming large infiltrates. These
mononuclear cells had an eccentrically placed nucleus and were morphologically similar to
lymphocytes or plasma cells (Wheater et al 1987). TWEAK protein was displayed in
fibroblast-like spindle shaped cells too. In the past many studies have shown expression of
TWEAK by various inflammatory cells, including macrophages (Chicheportiche et al
1997, Nakayama et al 2000), monocytes (Kaplan et al 2002), activated T-cells (Kawakita
et al 2005) and plasma cells (Dharmapatni et al 2008). The findings of this study confirm
the results from a previous immunohistochemical study which reported presence of
TWEAK protein in mononuclear cells and human gingival fibroblasts in tissue samples
from eight periodontitis patients (Hosokawa et al 2006). High TWEAK expression has also
been noted in tissues from patients with active rheumatoid arthritis (Dharmapatni et al
2008).

This study additionally reports the expression of TWEAK protein by multinucleated cells
and cells lining blood vessels in periodontitis samples. In healthy gingival samples
TWEAK protein was weakly expressed by cells lining blood vessels and spindle shaped
cells. An earlier study has also demonstrated that TWEAK is expressed by endothelial cells
(Donohue et al 2003). TWEAK has been shown to induce monocytes/macrophages to
differentiate into Tartrate-resistant acid phosphatase (TRAP) positive multinucleated,
functional osteoclasts (Polek et al 2003). However, there is no existing report in the current

literature describing the expression of TWEAK by osteoclasts.

In the present study, Fnl4 expression was found to be present in significantly higher
amounts in periodontitis patients than in clinically healthy patients. The cells expressing
Fnl14 were observed to be mononuclear cells with morphology similar to lymphocytes and
plasma cells (Wheater et al 1987). The majority of the periodontitis samples investigated
expressed Fnl4 in the cells lining blood vessels. Fibroblasts and some multinucleated cells
were also positive for Fnl4 in periodontitis samples. In comparison Fn14 was very weakly
expressed in cells lining blood vessels in normal patients. Only one healthy sample showed

fibroblasts staining with Fnl14 antibody.

Fnl4 is expressed by many cell types including epithelial cells (Michaelson et al 2005),
mesenchymal cells (Girgenrath et al 2006) and endothelial cells (Harada et al 2002,
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Donohue et al 2003, Perper et al 2006). Fn14 is also expressed by many progenitor cells of
mesenchymal lineage (Girgenrath et al 2006) and embryonic stem cells (Ramalho-Santos
et al 2002). This study supports the findings of a previous study which reported expression
of Fnl14 by mononuclear cells and fibroblasts in periodontitis tissue (Hosokawa et al 2006).
Another study reported higher expression of Fnl4 in active rheumatoid arthritis tissue

samples as compared to normal synovial tissue (Dharmapatni et al 2008).

The present study demonstrates samples with high inflammatory score had high TWEAK
and Fnl4 expression. This strong correlation between TWEAK and Fnl4 expression and
inflammatory score in the periodontitis samples might indicate that TWEAK and Fn14 are
expressed by infiltrating inflammatory cells rather than resident cell populations. This was
in stark contrast to the findings in normal samples wherein a low inflammatory score
coorelated with low TWEAK and Fnl4 SQA score. These observations might elicit a
possible role of TWEAK/Fn14 signalling in destruction seen in periodontitis. Some of the
periodontitis samples did show high TWEAK but low Fnl4 expression and vice versa.
However, TWEAK independent Fn14 signaling does exist (Dogra et al 2007). TWEAK
has also displayed Fn14 independent activity (De Ketelaere et al 2004). Moreover, there is
a possibility that another receptor for TWEAK might mediate its action (Polek et al 2003,
Bover et al 2007). This might explain the intra-sample variability seen in expression of

TWEAK and Fn14 in periodontitis tissue in the present study.

Samples with both rheumatoid arthritis or osteoarthritis and periodontitis were marked
with high inflammatory score and high expression of TWEAK and or Fnl14. There have
been number of studies which have indiacted a likely interrelationship between
Rheumatoid arthritis and periodontitis (Mercado et al 2000, Ramamurthy et al 2005, de
Pablo et al 2007). TWEAK / Fn14 signalling might be a likely pathway which is common
to both the chronic immunoinflammatory diseases in question. However, this study is not
designed to investigate the influence of other chronic inflammatory conditions such as
rheumatoid arthritis and osteoarthritis on the expression of TWEAK and Fnl4 in
periodontally diseased tissues. In the present study the number of samples having both
rheumatoid arthritis or osteoarthritis and periodontitis were few. Hence a conclusive

inference could not be made and merits further research in the future.

Periodontitis is a chronic immunoinflammatory disease in response to microbial factors

resulting in the destruction of tooth supporting tissues and pathologic bone loss. The
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majority of destruction in periodontitis is not due to the direct action of enzymes or other
agents from the involved microorganisms but due to the production of host derived
enzymes, cytokines and other proinflammatory mediators resulting in the activation of
immune cells and enzymes such as matrix metalloproteinases (Page and Kornman 1997,
Boch et al 2001, Van Dyke and Serhan 2003, Kornman 2008). Page and Schroeder
described four stages of the periodontal lesion and reported that the advanced lesion was
characterised by loss of the alveolar bone and periodontal ligament which was
predominated by plasma cells and displayed both tissue destruction and fibrosis (Page and
Schroeder 1976). Although dominated by B cells and plasma cells, the periodontal
inflammatory infiltrate also contains T lymphocytes, macrophages and neutrophils (Page et
al 1997). In this study high expression of TWEAK and Fnl4 by mononuclear cells
resembling plasma cells and lymphocytes in periodontitis tissue might suggest the possible
contribution of this pathway to the pathogenesis of the disease.

TWEAK is known for its multiple biologic effects which are mediated via the Fnl4
receptor and NF-«p signaling pathway (Saitoh et al 2003, Brown et al 2003, Harada et al
2002, Nakayama et al 2003). Signaling pathways other than NF-kp such as MAPK,
ERK1/2, JNK 1/2 and p38 also mediate TWEAK/Fn14 interaction (Donohue et al 2003,
Saas et al 2000, Hosokawa et al 2006). The proinflammatory role of TWEAK has been
investigated in chronic immunoinflammatroy and autoimmune diseases such as rheumatoid
arthritis, artherosclerosis, systemic lupus erythematosus and multiple sclerosis
(Chicheportiche et al 2002, Kim et al 2004, Kamijo et al 2008, Park et al 2008, Campbell
et al 2004, Zhao et al 2007). The activities of TWEAK include induction of
proinflammatory molecules such as cytokines (IL-6, IP-10) chemokines (IL-8, MCP-1),
PGE2 and MMPs (Chicheportiche et al 2002, Chicheportiche et al 1997, Harada et al
2002, Perper et al 2006, Kamijo et al 2008). It has a significant role in angiogenesis and
activation of endothelial cells by upregulating surface expression of adhesion molecules
i.e. ICAM-1 and VCAM-1 (Chicheportiche et al 2002, Kamijo et al 2008, Hosokawa et al
2006). IL-1p and TNF are known to potentiate the proinflammatory actions of
TWEAKI/Fn14 pathway by upregualting the expression of Fnl4 (Chicheportiche et al
2002, Hosokawa et al 2006).

The role of proinflammatory cytokines in the initiation and progression of periodontitis is
well documented (Gemmell et al 1997, Graves and Cochran 2003, Irvin and Myrillas 1998,
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Kantarci et al 2006). The proinflammatory effect of TWEAK/ Fn14 signalling might be an

additional factor contributing to the tissue destruction in periodontitis.

TWEAK/Fnl14 is known to effect endothelial cells in multiple ways. These include
endothelial cell proliferation, migration, capillary formation, promoting cell survival,
increasing the expression of ICAM-1 and E-selectin and inducing the secretion of
proinflammatory cytokines (Lynch et al 1999, Wiley et al 2001, Harada et al 2002,
Donohue et al 2003). TWEAK can either act alone or in sync with other growth factors to
bring about differential tissue response on endothelial cells. Alone it is able to promote
endothelial cell survival and resistance to apoptosis (Jakubowski et al 2002). In the
presence of fibroblast growth factor (bFGF), TWEAK can contribute to endothelial cell
proliferation and migration whereas it antagonizes the morphogenic response of
endothelial cells to vascular endothelial growth factor (VEGF) (Jakubowski et al 2002).
Angiogenesis is an important process which plays an integral role in repair and
regeneration. Periodontal diseases are chronic inflammatory diseases wherein there is
disruption in repair and regeneration (Bartold and Narayanan 2006). In this study
endothelial cells were shown to express TWEAK and Fnl14 in periodontitis tissue. Any
impediment in the crucial process of angiogenesis might be a possible pathway by which
TWEAK/Fn14 signalling can contribute to pathogenesis of periodontitis by interfering

with repair and regeneration.

TWEAK also has an inhibitory effect on the differentiation of osteoblasts and promotes
osteoclastic differentiation of cells from the monocyte/macrophage lineage (Ando et al
2006, Polek et al 2003). TWEAK induces osteoclast differentiation independent of
RANKL (Polek et al 2003). Along with RANKL, an additive (but not a synergistic)
osteoclastic effect of TWEAK has been described (Polek et al 2003). TWEAK has also
been shown to upregulate RANKL expression on osteoblasts and induces secretion of
chemokines from osteoblasts such as RANTES thereby promoting osteoclast
differentiation and migration (Ando et al 2006). There are few reports which debate the
osteoclastic effect of TWEAK (unpublished studies by T. Zheng and D. Findlay cited in
Burkly et al 2007). Overall current evidence supports the notion that TWEAK can
contribute to pathologic bone loss by interfering with osteoblast and osteoclast
differentiation. Thus, TWEAK/Fn14 complex might be a potential player in contributing to
pathologic bone destruction in periodontitis.
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TWEAK /Fn14 pathway might also modulate immune responses by suppressing IL-12 and
INF-y which might in turn decrease Th-1 type immune response leading to imbalance of
Th-1 type and Th-2 type immune responses (Maecker et al 2005, Trinchieri et al 1992,
Chehimi and Trinchieri 1994). Three hypotheses have been proposed as to which T cell
subsets are associated with periodontitis (Seymour et al 1993, Ebersole and Taubman
1994, Dennison and Van Dyke 1997). Several studies have shown that there are more
abundant Th2 than Th1 cells in diseased periodontal tissues (Yamazaki et al 1997, Lappin
et al 2001). These findings are consistent with early observations that B cells are
predominant in “established” periodontal lesion while T cells are more dominant in “early”
stages of disease (Page and Schroeder 1976). The general consensus seems to be that Thl
is associated with periodontal health and Th2 is associated with periodontal disease
(Dennison and Van Dyke 1997, Seymour et al 1993). However, it has been suggested that
the relative dominance of B cell and plasma cells in periodontitis may be due to an
imbalance in Th1l and Th2 cells (Berglundh and Donati 2005). Hence, TWEAK can play a

role in periodontitis by shifting the balance more towards Th2 response.

TWEAK also has weak apoptotic effects directly by caspase dependent and independent
pathways or indirectly by stimulating TNF-alpha (Chicheportiche et al 1997, Nakayama et
al 2002, Marsters et al 1998, Schneider et al 1999, Wilson and Browning 2002). There is
evidence that apoptosis might play a role in the pathogenesis of periodontal diseases. This
could be due to apoptosis of fibroblasts and resident lymphocytes in periodontal tissue
brought about by cytokines such as TNF and bacterial lipopolysaccharides which might
result in decreased repair (Graves et al 2001, Kurita-Ochiai et al 1999, Ohguchi et al 1998,
Liu et al 2003). Although TWEAK and Fn14 was expressed more in periodontitis tissue in
this study it still remains to be evaluated whether TWEAK has any apoptotic effect on cells
of the periodontium. At least one study has shown that human gingival fibroblast produced
IL-8 and VEGF upon TWEAK stimulation (Hosokawa et al 2006).

2.6  Future directions

In this study many mononuclear cells, which are most likely to be lymphocytes, exhibited
increased TWEAK and Fn14 expression. However, there were subsets of these cells which
expressed little or negative staining. Hence it will be necessary to identify the specific cell
types expressing TWEAK and Fn14, especially within lymphocyte subsets, by carrying out
dual immunohistochemistry studies. It would also be interesting to investigate whether the
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multinucleated cells positive for TWEAK expression are TRAP positive cells/osteoclasts.
The expression of TWEAK by leuckocytes also needs to be further studied to understand
its relevance, if any, to the pathologic process. In vitro and in vivo functional studies are
called for to understand the physiologic and pathologic roles of TWEAK/Fn14 signaling in
both diseased and normal periodontal tissue. Although, this study was not designed to
stratify the study population according to pocket depth, clinical attachment loss and type of
periodontitis (chronic versus aggressive), the majority of patients had generalised chronic
periodontitis and only four had generalised aggressive periodontitis. The samples were
taken from moderate to advanced cases and the pocket depths ranged from 5 to 7mm. It
would be interesting to evaluate whether there is any difference in TWEAK and Fnl4

expression based on pocket depth, clinical attachment loss and type of periodontitis.

2.7 Conclusion

There is sufficient evidence that TWEAK/Fn14 signaling contributes to chronic
inflammatory conditions via its proinflammatory actions, modulation of immune response,
angiogenesis and stimulation of apoptosis. Furthermore, TWAEK/Fn14 has a role to play
in tissue repair and regeneration and can contribute to pathologic bone destruction by
promoting osteoclast differentiation and migration, inhibiting osteoblast differentiation and
upregulating RANKL on osteoblasts. This study demonstrated a higher expression of
TWEAK and Fn14 in mononuclear leucocytes, spindle shaped cells resembling fibroblasts,
cells lining blood vessels and multinucleated cells in tissue samples from periodontitis
patients compared to clinically normal periodontal tissues. This suggests that
TWEAK/Fn14 signaling might be an additional player in the pathogenesis of periodontitis.
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2.9 Appendix 1 - Tables

NPar Tests
Mann-Whitney Test

diagnosis M

Wean Rank

Sum of Ranks

S0A TWEAK  pernodontitis 26
normal control 7

Total 332

19.58
7.43

ROG .00
52.00

Test Statistics®

SOM TWEAK
[Mann-Whitney L 24.000
Wilcomxon W 52 000
£ -3.109
Asvmp. Sig. (2-tailed) ooz
Efmct Sig. [27 1-tailed nnza
ﬂ'] LA

a. Mot corrected for ties.,

b. Grouping Variable: diagnosis

Explore
diagnosis

Case Processing Summary

Cases

Walid

Wissing

Total

Percent I

Percent

Percent

diagnosis I
SOk TWEAR, . penodontis 26

normal control 7

100.0%

96.3%

T 3.7%

0 0%

100.0%
100.0%
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Descriptives

diagnosis Statistic_ =td. Errar
s TWEAK penodontitis [Wlesan 227 245
95% Confidence Lower Bound 1.76
Interval for Mean Upper Bound 977
2% Trimmed Mean 2,30
Median 3.00
Yariance 1.565
Std. Deviation 1.251
linimum 0
aximum 4
Range 4
Interquartile Range 2.00
Skewness =821 AGE
Kurtosis - 575 .BBT
normal control  Mean A3 297
5% Confidence Lower Bound =30
Interval for Mean Upper Bound 116
5% Trimmed Mean a7
Median a0
Yariance .B19
Std. Deviation 787
Iinimum 0
Maximum 2
Range 2
Interquartile Range 1.00
Skewness 1.760 794
Kurtosis 2361 1.587

SQA TWEAK

Stem-and-Leaf Plots

508 TWERE Stem-and-Leaf Plot for
DIASHOSTI= pericdentitis

Frequency Etem & Leaft
4.00 i} oaco
Lan i}
3.00 1 oac
Lan 1
3.00 2 oao
Lan 2
14 .00 3 0aoooooooooooo
Lan 3
2.00 4 oa
Stem width:
Each leaf: 1 case (2}
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EQL TWEAE Stem-and-Leaf Plot for
DIACHOEI= normal control

Frequency Stem & Leaf

.00 0 . ooopoo
Lan a .

1.400 1. @

1.490 Extramss [==2.07

Stem width: 1
Each leaf: 1 case(a)

24 F ]
14
A
=T
L
= 0
'_
I
&
[T
H= Z‘IB ;
perlodontitis narmal confral
diagnosis
Explore
diagnosis
Case Processing Summary
Cases
YWalid Missing Total
diagnosis I FPercent I Percent I Percent
FR14=0A penodontitis 27 100.0% i 0% 27 100.0%
normal control 7 1000.0% i 0% Fi 100.0%
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Descriptives

diagnosis Statistic Std. Eerr_
FH1d=0A penodontiis [Vlean 248 247
G5% Confidence Lower Bound 1.97
Interval for Mean Upper Bound 59
5% Trimmed Mean 263
Median 2.00
WYariance 1.644
Std. Deviation 1.282
Minimum 0
Mazimum 4
Range 4
Interquartile Range .00
Skewness -429 A48
Kurtosis =905 872
normal control - Mean 1.00 A36
95% Confidence Lower Bound -07
Interval for Mean Upper Bound 207
5% Trimmed Mean 84
Median 1.00
Yariance 1.333
Std. Deviation 1.155
Minimum 0
Maximum 3
Range 3
Interquartile Range 200
Skewness 809 Tad
Kurtosis - 150 1.587
FN14SQA

Stem-and-Leaf Plots

FE14E508 Stem-and-Leaf Plot for
DIACHOSI= pericdontitis
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.00
Lo
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Each leaf:
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1

Leaf
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FM14E504 EStem-and-Leaf Plot for
DIACHOSI= normal control

Fregquancy Etem & Leat
.00 a noo
2.00 1 oa
1.4an 2 ¥
1.4a0 3 o
Stem width: 1
Each leaf: 1 case(a)
5
4 4
34
24
14
<
2 o
I
=
T -
H= EIT' J.'
perlodontitis naormal canirol
diagnosis
NPar Tests
Mann-Whitney Test
Ranks
diagnosis ] _ Mean Rank | Sum of Ranks
FHT14504 periodontitis 27 19.61 529,50
normal control 7 936 65450
Toital 34
Test Statisticsh
FH 145048
IMann-Whitney L 37500
Wilcowan W 65600
£ -2.483
Asymp. Sig. (2-tailed) 013
Exact Sig. [27 1-tailed a
Sig )] 013

a. Mot corrected for ties.

b. Grouping Wariable: diagnosis
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Correlations

Correlations

FRA14504 | SOA TWEAK

FHT4=0A Pearson Correlation 1 BT
Sig. (2-tailed) ) .00z
I a4 33
S0 TWEAK  Pearson Correlation BT 1
Sig. (2-tailed) 02 '
N 33 33

**. Correlation is significant at the 0.01 level (2-tailed).

Nonparametric Correlations

Correlations

FHA14S2A | S0OA TWEAK
Kendalls tau b FHT4504 correlation Cosfficient 1.000 L3957
Sig. (2-tailed) . 007
M 4 23
SOA TWEAK  Correlation Coefficient 395 1.000
Sig. (2-tailed) 007 .
i 33 33
**. Correlation is significant at the 01 level (2-tailed).
Correlations
Correlations
inflammatory
SC0ore FH145 048
inflammatory score Pearson Correlation 1 Sde*
Sig. 1 2-tailed) . 003
M 27 27
FHA4534A Pearson Correlation 546 1
Sig. 1 2-tailed) 003 .
I 27 34

**. Correlation is significant at the 0.01 level (2-tailed).

Nonparametric Correlations
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Correlations

inflammatory
FM14a 08 sCOre
FH 14508 Pearson Correlation 1 Bd49*
Sin. (2-tailed) . 000
M K| 34
inflammatory score  Pearson Correlation 6497 1
Sin. (2-tailed) 000 )
M 34 35
** Correlation is significant at the 0.01 level {2-tailed).
Nonparametric Correlations
Corrzlations
inflammatory
FHA145 08 SCore
kendalls tau b FRT4=04A _orrelation Coetficient 1.000 ENN
Sin. (2-tailed) . 000
| 34 34
inflammatory score Correlation Coefficient a0 1.000
Sin. (2-tailed) oo )
| 34 35
**. Correlation is significant at the 01 level (2-tailed).
Correlations
Corrzlations
inflammatory
sCOre S0A TWEAK
inflammatory score  Fearson Correlation 1 BA0™
5ig. (2-tailed) ) 0o
M 35 33
S04 TWEAK FPearson Correlation a0 1
5iq. (2-tailed) 000 .
i 23 33
**. Correlation is significant at the 0.01 level {2-tailed).
Nonparametric Correlations
Correlations
inflammatory
SCore S04 TWEAK
Kendalls tau_ b inflammatory score  Correlation Coefficient 1.000 A94+
Si. (2-tailed) ) 001
M 35 33
S0A TWEAK Correlation Coefficient A54* 1.000
Si. (2-tailed) 00 .
i 233 33

**. Correlation is significant at the 01 level {2-tailed).
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Fig 2.1: A- TWEAK 1n periodontitis tissue (200 times magnification), B- TWEAK in
normal samples (200 times magnification), C-TWEAK in periodontitis tissue (400
times magnification), D- TWEAK in in normal samples (400 times magnification),
E- negative control in periodontitis tissue (200 times magnification ), F- positive
control, TWEAK in Rheumatoid Arthritis tissue (200 times magnification)

Bar = 25 microns
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Fig 2.2: A- TWEAK expression in multinucleated cells (MNC), spindle shaped cells in
periodontitis tissue ( 200 times magnification), arrowhead indicates positively

stained MNC, B- TWEAK expression in MNC, spindle shaped cells in periodontitis
tissue (400 X magnification) indicated by arrowheads, C- TWEAK expression in

blood vessels in periodontitis tissue (400 times magnification) indicated by arrowheads,
D - TWEAK in blood vessels of normal samples ( 200 times magnification) indicated
by arrowheads, E- bright cell staining with TWEAK antibody in periodontitis tissue
(200 times magnifiation), F- bright cell staining with TWEAK antibody in periodontitis
tissue (400 times magnifiaction) indicated by arrowhead; Bar = 25 microns.
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Fig 2.3: A- Fnl4 in periodontitis tissue (200 times magnification), B- Fnl4 in
normal samples (200 times magnification), C- Fnl4 in periodontitis tissue ( 400
times magnification ), D- Fnl14 in normal samples (400 times magnification),
E- negative control in periodontitis tissue (400 times magnification), F- positive
control, Fn14 in rheumatoid arthritis tissue (200 times magnification)

Bar = 25 microns
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Fig 2.4: A- Fnl4 expression in cells lining blood vessels and spindle shaped cells in
periodontitis tissue (200 times magnification) as indicated by arrownheads, B- Fn14
in cells lining blood vessels and spindle shaped cells of normal samples (200 times
magnification) as indicated by arrowheads; Bar = 25 microns
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