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ABSTRACT

Development of Protein Mimicking Functional Peptides

In recent years, there has been increasing interest in the development of alternative
molecules that can be used as TNF blockers. In this thesis we focused on peptides that
mimic TNFa, TNFR1 and TNFR2. These peptides were designed to inhibit TNFa-
receptor binding by different mechanisms. Six peptides (OB1, OB2, OB5, OB6, OB7
and OBS8) with specific binding ability against TNFR1, TNFR2 and TNFa were
designed and synthesized. Among these peptides, OB1 and OB2 exhibited a stronger
binding affinity for TNFa with low dissociation constants (Kq) of 300 nM and 46.7
nM, respectively, compared to previously reported sequences. The synthesized
peptides were able to inhibit TNFa both directly and indirectly in in vitro and were
effective in L929 cells without causing cytotoxicity. In particular, the OB1 peptide
showed a significant reduction in apoptosis in the presence of hTNFa. These results
demonstrate that OBI is a potent inhibitor of TNFa and has potential to inhibit cell
death. The peptides developed in this study have the potential to be valuable tools for
the therapeutic inhibition of TNF-a and offer a promising approach to the treatment of

TNFa-related diseases.

Keywords: Biomimetic peptides, TNFo, TNFa-binding peptides, TNFR-binding
peptides, TNFa inhibition



OZET

Protein Taklit Eden Fonksiyonel Peptitlerin Gelistirilmesi

Son yillarda, TNF blokorleri olarak kullanilabilecek alternatif molekiillerin
gelistirilmesine yonelik ilgi giderek artmaktadir. Bu ¢aligmada, TNFa, TNFR1 ve
TNFR2'yi taklit eden peptitler lizerine yogunlasilmistir. Bu peptitler, TNF a-reseptor
baglanmasini ¢esitli mekanizmalarla inhibe etmek amaciyla tasarlanmistir. Caligmada,
TNFR1, TNFR2 ve TNFa'ya 6zgii baglanma yetenegi tasiyan toplam alt1 peptit (OB1,
OB2, OBS5, OB6, OB7 ve OBS) tasarlanmis ve sentezlenmistir. Bu peptitlerden OB1
ve OB2, daha dnce rapor edilen dizilerle karsilastirildiginda, sirastyla 300 nM ve 46.7
nM gibi oldukea diisiik ayrisma sabitlerine (Kq4) sahip olarak, TNFa'ya kars1 daha giiglii
bir baglanma afinitesi sergilemistir. Sentezlenen bu peptitler, in vitro ortamda hem
dogrudan hem de dolayli olarak TNFa'y1 inhibe etmeyi basarmis ve 1929 hiicrelerinde
sitotoksisiteye yol acmadan etkili olmustur. Ozellikle, OB1 peptiti, hTNFa'nin
varliginda apoptozda 6nemli bir azalma gostermistir. Bu bulgular, OB1'in TNFa'ya
karst gliclii bir inhibitér oldugunu ve hiicre 6liimiinii engelleme potansiyeline sahip
oldugunu ortaya koymaktadir. Caligmada gelistirilen peptitlerin, TNFa'nin terapdtik
inhibisyonu i¢in degerli araclar olma potansiyeline sahip oldugu ve TNF ile iligkili

hastaliklarin yonetilmesinde umut verici bir yaklasim sundugu diisiiniilmektedir.

Anahtar Sozciikler: Biyomimetik peptitler, TNFa, TNFa-baglanan peptitler, TNFR-
baglanan peptitler, TNFa inhibisyonu



1 INTRODUCTION AND AIM

Tumor necrosis factor-alpha (TNFa) is a potent cytokine that has pro-inflammatory
effects and regulates immune system responses. TNFa, which interferes with both
acute and chronic inflammation, plays an important role in the pathogenesis of many
autoimmune diseases. As autoimmune diseases are self-reactions against the body,
overproduction of TNFa is an important factor in the progression of these diseases (1).
Crohn’s disease, cardiovascular disease, Rheumatoid arthritis (RA), psoriatic arthritis,
cancer, Alzheimer's disease, sepsis and other neurodegenerative diseases have been

linked to TNFa (2,3).

The effects of TNFa on cells are mainly mediated through cell surface receptors
such as TNFR1 and TNFR2. While TNFR1 initiates pro-inflammatory pathways such
as apoptosis (cell death), TNFR2 triggers more immunomodulatory and cell survival
pathways. While TNFR1 has the ability to transduce apoptotic signals as it contains a
death domain, TNFR2 has anti-apoptotic effects by ensuring the survival of immune

cells (4,5).

The use of monoclonal antibodies, which now account for the largest share of the
biopharmaceutical market, is increasing every day. The first monoclonal antibodies
used in clinical practice were of murine origin, and these antibodies had a high
potential to induce an immune response in humans. However, the transition from
murine monoclonal antibodies to fully human antibodies was made in order to increase
the efficacy of treatment and reduce side effects. This transition has led to a significant
increase in the market share of monoclonal antibodies (6). Monoclonal antibodies are
widely used, particularly in TNFa-neutralizing therapies. Drugs such as Etanercept,
Infliximab and Adalimumab play an important role in the treatment of autoimmune
diseases by inhibiting the action of TNFa (7). However, these treatments can cause
various side effects. These side effects include the reactivation of tuberculosis,
development of infections, and autoimmune diseases, and the risk of lymphoma. In
addition, these drugs can cause serious toxic side effects such as fever, headache,

vomiting, nausea, and low blood pressure (8).



In recent years, therapeutic peptides have become an important area of research.
These peptides are effectively used as therapeutic agents due to their high specificity.
Peptides produced by chemical and biological methods offer advantages such as high
affinity, ability to cross cell membranes, easy to synthesize and modify. However, there
are also challenges such as low stability of peptides in blood serum, short half-life and
rapid elimination from the body (9). Several strategies have been developed to
overcome these difficulties. Methods such as chemical modifications, polymer
addition and delivery systems are used to increase the efficacy of peptides. Backbone
modifications are used to increase stability and prolong the treatment period. In
addition, modification methods such as polymer addition improve the pharmacokinetic

profiles of peptides and increase treatment efficacy (10).

Therapeutic peptides are a promising area for the development of new treatment
strategies. However, in order to use these peptides effectively, it is necessary to
increase their stability and optimize their biological effects. The differences between
monoclonal antibodies and peptides play an important role in determining treatment

strategies.

The aim of this thesis is to develop functional peptide molecules that mimic
proteins to identify candidate therapeutic peptides. As mentioned above, studies have
been carried out on peptide sequences that may provide an alternative to monoclonal
antibodies. Peptides have been designed to bind to inhibit TNFa and bind to TNFR1
and TNFR2 to prevent TNFa from interacting with these receptors. Peptides that can
bind directly to TNFa act as TNFa inhibitors. Peptides that bind to TNFR1 provide
indirect TNFa inhibition and are designed to respond to new treatments that ensure the
clearance of STNFR1 from the blood. This is an important step that will contribute to
the development of a new generation of treatments. In addition, the TNFR2 receptor
does not mediate the death signals associated with TNFa but instead promotes cell
survival. Therefore, peptides that bind to TNFR2 indirectly target the elimination of
TNFa-associated apoptosis, and these peptides should contribute to therapeutic

strategies that specifically promote cell survival and prevent apoptosis.



2 BACKGROUND

2.1 Tumor Necrosis Factor- Alpha

TNFa is one of the most significant and well-characterized cytokines in the
TNF superfamily and belongs to the type II transmembrane protein family (1). Itis a
potent pro-inflammatory cytokine with pleiotropic effects on a diverse range of cell
types. It plays a central role in orchestrating a wide range of immune responses,
including the induction of fever, the synthesis of acute phase proteins and the
enhancement of vascular permeability. In addition, TNFa is involved in the activation
and migration of T and B cells and modulates cellular processes such as proliferation
and apoptosis. These diverse effects underscore its critical involvement in both the

initiation and resolution of inflammation (11,12).

TNFa exists in two distinct forms: soluble and transmembrane forms (13). The
transmembrane form of TNFoa (tmTNFa), commonly referred to as tmTNFa, is
initially synthesized as a precursor with a molecular weight of 26 kDa. This precursor
form of tmTNFa is cleaved by the TNFa converting enzyme (TACE) encoded by the
ADAMI17 gene, resulting in the production of the soluble form (sTNFa) of 17 kDa.
The sTNFa is secreted by various immune cells, including monocytes, macrophages
and T cells, while the transmembrane form can remain anchored in the cell membrane.
Large amounts of STNF are released in response to lipopolysaccharides and other
bacterial products. TNFa, together with other cytokines, is considered to be a key
player in the development of septic shock. This widespread production and its role in
inflammation highlight the importance of TNFa in both normal immune responses and
pathological conditions such as septic shock. Both tmTNFa and sTNFa exert their
biological effects through a trimeric structure mediated by interactions with two
different receptors, tumor necrosis factor receptor 1 (TNFR1) and tumor necrosis

factor receptor 2 (TNFR2) (4,5,14).

TNFa is a potent promoter of inflammation that triggers the production of
several inflammatory molecules, including cytokines and chemokines, which are

induced by immune cells (15). These TNFa induced chemokines play a critical role in



recruiting immune cells to sites of inflammation, thereby facilitating their
accumulation in inflamed tissues. In addition, TNFa activates the Nuclear Factor
kappa B (NF-kB) pathway, leading to the maturation of immature dendritic cells into
mature antigen-presenting cells. As a result, TNFa is not only essential for the
initiation of antigen-specific B and T cell responses but also plays a key role in
promoting macrophage differentiation and inducing apoptosis in tumor cells. In
addition to its inflammatory effects, TNFa signaling has pathological consequences,
including promoting the growth of certain tumor cell types. In addition, TNFa is an
important mediator of chronic inflammation, contributing to the onset and progression
of several pathological conditions. Its over-activation has been identified as an
important factor in the pathogenesis of several autoimmune diseases, where it

exacerbates the inflammatory response (16).

The signal generated by TNFa binding to surface receptors triggers the
translocation of NF-kB from the cytoplasm to the nucleus. This process regulates the
cellular response to TNFa, contributing to the initiation of the inflammatory response.
NF-kB proteins are involved in the transcriptional activation of many genes involved
in inflammation in response to cytokines such as TNFa and IL-1, bacterial products
and different forms of physical stress, including reactive oxygen species and UV
radiation (11). The interaction between TNFa and NF-xB is critical for the regulation
of inflammation and the body's defense mechanisms. However, when these processes
become excessive or uncontrolled, they can contribute to disease progression.
Recently, it has also been shown that NF-kB induces the expression of several anti-
apoptotic factors that are critical for regulating TNFR1-mediated activation of the
apoptotic machinery in the cell. These mechanisms have led to the investigation of
NF-kB and TNFa pathways as key biological targets for the treatment of various
diseases (17)

2.1.1 Tumor Necrosis Factor Receptor Superfamily: TNFR1 and TNFR2

Members of the TNF family perform their biological functions by interacting
with their corresponding membrane receptors, which are part of the TNF receptor

(TNFR) family (18). These receptors are characterized by the presence of one to six



cysteine-rich repeats in their extracellular domains, with each repeat typically
comprising three cysteine bridges (19). Among the TNFR family, two key receptors,
TNFR1 (also referred to as p55 or CD120a) and TNFR2 (also known as p75 or
CD120b), bind both membrane-bound TNF (mTNF) and soluble TNF (sTNF), as well
as the secreted homotrimeric lymphotoxin-a (LTa). Both TNFR1 and TNFR2 feature
four cysteine-rich repeats in their extracellular regions. While the role of the 60kDa
TNFR1 in mediating inflammation and immune responses is well-established, the
contribution of TNFR2 (80kDa) is often underestimated, as this receptor is primarily

activated by tmTNF (20).

In addition, the extracellular domains of both TNFR1 and TNFR2 can be
cleaved by proteolytic cleavage to generate soluble fragments of the receptor with a
potential neutralizing capacity (14). However, due to the lack of ability for
cooperativity in ligand binding, the affinities of these soluble receptors are
comparatively lower than those of their membrane-integrated counterparts. This
discrepancy in receptor affinity underscores the complexity of TNFa signaling. It
suggests that membrane-bound receptors may play a more critical role in the initiation

of robust immune responses.

TNFa interacts with two specific cellular receptors, TNFR1 and TNFR2, each
of which plays a different role in the immune response. Given the importance of
selectively targeting these pathways, focusing on modulating the function of one
receptor becomes a critical task. The mechanisms of TNFa-dependent signaling are
well understood. TNFR1, which is expressed on almost all nucleated cells, plays a
critical role in triggering pro-inflammatory immune responses and the development of
inflammation (21). In contrast, TNFR2 is predominantly expressed on immune cells,
endothelial cells and neurons, for example macrophages and regulatory T-cells, where
it primarily plays an immunomodulatory role (22,23). Upon binding to these receptors,
TNFa activates several keys signaling pathways, including activation of c-Jun N-
terminal kinase (JNK), mitogen-activated protein kinase (MAPK), extracellular
signal-regulated kinase (ERK) and the transcription factor NF-kB, all of which
contribute to the complex cellular responses that drive inflammation and immune

regulation (24).



There are marked differences within the intracellular domains of these
receptors. Receptors contain an intracellular death domain (DD) that is critical for
triggering apoptosis and other pro-inflammatory signals. Like other death receptors,
TNFR1 can induce cell death in various cell lines through its cytoplasmic death
domain, whereas TNFR2 lacks this domain (25). After binding TNFa, TNFR1
undergoes conformational changes that enable it to interact with other death domain
containing proteins, such as TRADD (TNF receptor 1-associated death domain
protein) (Figure 2.1). This interaction serves as a critical step in the formation of a
complex signaling cascade and initiates downstream cellular responses. Binding of
TRADD to TNFRI1 then triggers the assembly of a multi-protein signaling complex
that includes TNFR-associated factor 2 (TRAF2), cellular inhibitors of apoptosis
proteins (cIAPs), [kBa kinase (IKK), receptor-interacting protein kinase 1 (RIP1)
complex and linear ubiquitin chain association complex (LUBAC) (26). However,
TNFR1 has a complex signaling capacity in which its contribution to the modulation
of inflammation and the immune response is more critical than apoptosis (14,19).
Activation of TNFR1 leads to activation of caspase-8, which in turn activates caspase-
3/7, leading to cell death. This process plays an important role in the regulation of
inflammation and immune responses, as TNFa can both induce cell death and promote
the proliferation and activation of immune cells. The effect of TNFR1 on apoptosis
may be critical for the proper functioning of the immune system in conditions such as
cancer and autoimmune diseases. Thus, the effect of TNFR1 on apoptosis and
inflammation is being investigated as a potential target for the treatment of various

diseases.
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Figure 2.1 Signaling Pathway of TNFa-TNFR1 Interaction (27)

The default signaling pathway activated by TNFa binding to TNFR1 is the
induction of the transcription factor NF-kB, which is pivotal for inflammation and cell
survival. However, when NF-kB activation is inhibited, TNFR1 can instead induce cell
death, including both apoptosis and necrosis. This highlights the dual role of TNFR1
in regulating both cell survival and death, depending on the cellular context and
signaling environment (28). Regulation of cytokines and chemokines by TNFRI1 is
induced by both the tmTNFa and sTNFa forms of TNFa. This regulation in turn
activates several downstream signaling pathways, with the most prominent effect
being the migration of neutrophils to sites of inflammation (29). TNFR1 also induces
the expression of molecules such as ICAM-1 and IL-6, which are involved in immune
cell adhesion and inflammation (25,30). On the other hand, TNFR2 plays an essential

role in the proliferation signaling of various cells, including thymic cells, natural killer



(NK) cells and lymphocytes (31). These differences highlight the distinct biological
functions of each receptor, which are critical to their respective roles in the immune

response.

TNFR2 has naturally occurred ligands which are mTNF, sTNF, homotrimer
lymphotoxin a (LTa), and soluble and membrane-bound LTa2f heterotrimers. Both
sTNF-o and mTNF-a are capable of activating TNFR2, but mTNF-a is a more efficient
ligand for full activation of TNFR2. This suggests that TNFR2 primarily triggers
cellular responses by binding more strongly to mTNF-a. These interactions can
mediate pro-inflammatory effects, but they can also stimulate robust anti-
inflammatory activities, depending on the cellular context. One of the key features of
TNFR2 is that it lacks a death domain, which distinguishes it from other TNF receptors
such as TNFR 1, which can directly induce apoptosis. Instead, TNFR2 can interact with
TNF receptor-associated factors (TRAFs), which are important in mediating signaling
pathways that enhance cell activation and survival. As a TRAF-interacting receptor,
TNFR2 favors the activation of cellular responses over the induction of cell death,

contributing to its role in immune modulation and inflammation (32,33).

The NF-kB signaling pathway is a important transcription factor that regulates
a wide range of cellular responses and plays a pivotal role in inflammation, immune
responses and cell survival. TNFR2 is one of the receptors that can activate this
pathway. Upon activation, TNFR2 typically induces the transcription of anti-apoptotic
and inflammation-related genes, leading to enhanced cell survival, proliferation and
robust immune responses. This activation not only promotes immune cell survival but
also enhances cellular resistance to apoptotic signals by increasing the expression of
anti-apoptotic genes. The ability of TNFR2 to mediate these anti-apoptotic effects is
particularly important for the survival of immune cells under stress conditions.
Furthermore, these properties of TNFR2 could be utilized in therapeutic strategies,
especially in contexts such as cancer treatment and autoimmune diseases, where the
enhancement of immune cell survival and the modulation of inflammatory responses

are crucial (17,34).



2.2 TNFa Related Disease

TNFa is a cytokine that plays a central role in both acute and chronic systemic
inflammation through the initiation of immune responses. It is essential for the
regulation of immune cell activation and its production is tightly controlled under
normal conditions. However, excessive production or dysregulation of TNF-a has been
implicated in the development and progression of a wide range of diseases. In addition
to its role in inflammation, TNF-a also stimulates the production and release of other
cytokines and chemokines that perpetuate and amplify the inflammatory response,

leading to tissue damage and further complications in the body (35).

The immune system, which acts as the body's defense mechanism, can
sometimes dysfunction and turn against the body itself, leading to serious illness or
even death. This situation is known as autoimmune disease. Autoimmune diseases can
affect any organ system in the body, although some organs are more commonly
affected than others. Due to its potent proinflammatory and immunostimulatory
activities, TNFa serves as a key mediator in the progression of autoimmune diseases.
Overexpression of TNFa has been implicated in the development of several immune-
related diseases, including RA, psoriatic arthritis, Crohn's disease, and inflammatory
bowel disease (2,3). Furthermore, overexpression of TNFa is generally observed in
other diseases, such as HIV and asthma, further highlighting its important role in a

wide range of inflammatory diseases (36).

In autoimmune reactions following various types of brain trauma, the role of
TNFa in the metabolic response is like its functions in other parts of the body. Some
effects of TNFa lead to tissue damage. However, TNFa also has a neuroprotective
effect in nerve tissue, partly through TNFR2, which contributes to tissue survival. The
effects of TNFa on the brain are evident in several diseases in which TNFa plays a

role, such as sleep disorders, pain, anorexia and high fever (37).

RA is a chronic autoimmune disease primarily mediated by T cells that results
in inflammatory joint damage that is exacerbated by a variety of inflammatory

mediators, particularly cytokines (38). In a similar manner, Crohn's disease (CD) is



another chronic inflammatory disease, also mediated by T cells, that affects parts of
the gastrointestinal tract (39). TNFa is one of the critical cytokines involved in the
progression of these and other inflammatory diseases. It plays a pivotal role by
regulating the production of several inflammatory molecules, including IL-6 and IL-
12, which contribute to the persistence and severity of inflammation. Because of its
central role in the inflammatory process, the inhibition of TNFa has become one of the
most widely used therapeutic strategies for the treatment of T-cell mediated diseases,
with significant clinical benefits in diseases such as RA and CD (38,40). In addition,
TNF-o is a proinflammatory cytokine implicated in a wide range of peripheral
inflammatory diseases. A growing body of evidence has shown that TNF-a acts as a
potent neuroinflammatory agent within the central nervous system (CNS), and its
overproduction has been implicated in neurodegenerative diseases such as Parkinson's

disease (PD) and Alzheimer's disease (AD) (41).

Notable examples include RA and inflammatory bowel disease, where
significant clinical improvement has been reported when patients are treated with TNF
inhibitor agents (e.g. Crohn's disease). Direct inhibition of TNF has become an
important approach in the treatment of those diseases. These therapeutic agents have
become critical in the treatment of diseases in which TNF-a plays a central role in

driving inflammation and disease progression (14,42).

TNF plays a critical role in animal models of chemotherapy-induced septic
shock and endotoxin-induced septic shock in advanced lung cancer patients. TNF a is
one of the most promising drugs for the treatment of cancer. However, its use in the
treatment of human melanoma and soft tissue sarcoma is limited to local perfusion

(43,44).

2.3 Monoclonal Antibodies

Antibodies, also known as immunoglobulins (Ig), are used extensively in both
research and industry to bind specific molecules. In nature, they have two primary
functions: bind to and eliminate antigens such as bacteria or viruses, either individually

or in clusters; and facilitate communication within the immune system by attaching to



proteins and activating cell surface receptors, thereby triggering cellular responses

(45).

The mammalian IgG structure consists of a 24 kDa light chain and a 55 kDa
heavy chain. These chains form three-dimensional structural domains, consisting of
two Fab (antigen-binding region) and one Fc (crystallizable fragment) region
connected by a region called the hinge. These regions have a structure that can be
cleaved by proteases. The Fc region consists of a heavy chain dimer. The Fab region
is formed by the combination of heavy and light chains. The heavy and light chain
heterodimers are bound together by disulfide bonds (45).

Monoclonal antibodies (mAbs) are antibodies produced by B cells that are
specific for a single epitope (46). mAbs which react to a specific antigen, were first

produced using hybridoma technology.

Chimeric antibodies have been generated by genetic engineering. Human
constant domains have been combined with mouse variable domains. The aim of this
strategy is to reduce immunogenicity and immune response in humans. Fully human
antibodies have been discovered and produced using this technology. The development
of therapeutic antibodies has been further advanced by minimizing the immune

response and increasing their efficacy in clinical applications (6,47).



al per year

mAb approv

Figure 2.2 Therapeutic antibody approvals by 2021 from EMA

The number of approved antibody therapeutics for the treatment of diseases
ranging from cancer to autoimmune and infectious diseases is on the rise. The global
therapeutic mAb market has been growing over the years, with the development of
new mAbs supporting the growth of this market. Muromonab was introduced in 1986
as the first therapeutic mAb approved by the FDA (48). The global biopharmaceutical
mAb market is expected to increase at a growth rate of 11.5% and is estimated to be

worth USD 292.22 billion by 2026 (49) (Figure 2.2).

To date, largely due to their unique advantages, including high specificity,
biomacromolecular agents such as monoclonal antibodies have proven to be highly
effective in the treatment of diseases such as inflammatory bowel disease and RA
(50,51). Several important limitations have emerged despite these advantages. These
include poor stability, the high cost of large-scale production and the challenge of
crossing the blood-brain barrier. In response to these challenges, small-molecule
chemical compounds are increasingly recognized as viable alternatives to overcome
many of the drawbacks associated with macromolecular inhibitors. In addition, small
molecules offer other clinical advantages, such as simpler preparation methods for oral

administration, which can improve patient compliance and convenience (52,53).



2.3.1 TNFa inhibitors

In the early 1980s, the genetically engineered products of TNF-a were
introduced into the clinical treatment of cancer. Specifically, TNF antibodies and
TNFR1-Fc chimeras were developed to prevent TNFa from binding to its receptor,
thereby blocking its pro-inflammatory effects (25). While these TNFa inhibitors have
shown significant therapeutic potential, they are not without risk. These drugs can
cause various side effects, including development of autoimmune diseases,
reactivation of tuberculosis, and an increased risk of lymphoma (1). In addition, the
use of TNFa inhibitors is associated with serious toxic effects such as fever, nausea,
headache, vomiting and hypotension (54,55). Despite their efficacy, these adverse
effects have raised concerns about the long-term safety of TNFa inhibitors and

underscore the need for continued monitoring.

Several TNF-a antagonists, including Infliximab, Certolizumab, Etanercept,
Golimumab, and Adalimumab, have been approved by the US Food and Drug
Administration (FDA) and have revolutionized the therapeutic management of several
autoimmune diseases, particularly rheumatic inflammatory diseases (7). These drugs
work by binding to the TNFo dimer interface, forming a complex that blocks TNFa
interaction with the receptor (24). This in turn stops the activation of downstream
signaling pathways that typically induce inflammation and contribute to the
progression of autoimmune responses. While these biologic agents have significantly
improved treatment outcomes, they are primarily proteins or antibodies of higher
molecular weight. As a result, they are associated with various side effects, including
increased susceptibility to infection, allergic reactions and long-term safety concerns.
Despite these challenges, TNFa antagonists remain a cornerstone in the treatment of
autoimmune diseases, highlighting the need for continued research to improve their

safety profile and efficacy (8,56).
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Figure 2.3 Generic Suffix and Sequence Sources of mAbs(57)

TNF-neutralizing therapies, involving the use of recombinant soluble TNFR2-
Fc (Etanercept), mouse-human chimeric monoclonal antibodies (Infliximab) and fully
human monoclonal antibodies (Adalimumab), have recently been introduced for the
treatment of RA and other immune disorders (3). The transition from mouse-derived
to fully human antibodies is largely driven by the need to reduce immunogenicity
(Figure 2.3). This is due to the fact that mouse antibodies often elicit a stronger immune
response in humans, leading to the formation of antibodies against therapeutic agents,
which can reduce their efficacy and cause side effects. In contrast, fully human
antibodies are more easily tolerated by the immune system and reduce the risk of
immune-mediated side effects. In addition, fully human antibodies typically offer
greater specificity and affinity for their targets, resulting in increased therapeutic

efficacy (40).

The use of monoclonal antibodies has many advantages, but also significant
limitations. Monoclonal antibodies are generally therapeutic options that have high
production costs and require an advanced laboratory infrastructure, which can make it
difficult to reach a large patient population. However, most monoclonal antibodies can
trigger an immune response in the body, causing the immune system to react against
the treatment. This can have a negative impact on the effectiveness of the treatment
and lead to serious side effects. Also, the long half-life of monoclonal antibodies and
the fact that they are mostly administered parenterally (by injection) can lead to

difficulties with treatment compliance. In addition, some monoclonal antibodies are



only effective against specific targets and may have adverse effects on other biological
processes, which requires careful monitoring during treatment. In addition, the use of
monoclonal antibodies in the treatment of various diseases, such as cancer and
autoimmune diseases, may make patients more susceptible to other infections during

treatment (58).

2.4 Therapeutic Peptides

Peptides can act as active regulators and information carriers, making them
ideal candidates for drug discovery and development (40,59). Over the past decade,
significant progress has been made in peptide drug development thanks to advances in
production, modification and analytical technologies. Both chemical and biological
methods have been used to produce and modify peptides, along with novel design and
delivery strategies. These innovations have helped to overcome the inherent challenges
associated with peptide therapeutics, such as stability and bioavailability, and have
facilitated the continued growth of the field. Since the synthesis of the first therapeutic
peptide, insulin, in 1921, remarkable progress has been made, culminating in the
approval of more than 80 peptide-based drugs worldwide (60). This growing portfolio
highlights the increasing importance of peptides in modern medicine and their

potential to treat a wide range of diseases.

Therapeutic peptides are short chains of amino acids, derived from naturally
occurring peptides or synthesized by chemical processes, that exhibit high specificity
in their target interactions. These peptides constitute a unique class of pharmaceutical
agents typically with molecular weights ranging from 500 to 5000 Da. Due to their
precise structure, therapeutic peptides can specifically target biological molecules,
offering advantages such as reduced side effects and increased efficacy in the treatment

of a wide range of diseases (60).

Therapeutic peptides offer several significant advantages over traditional
proteins and antibodies. Their chemical and biological diversity, along with high
affinity and specificity for molecular recognition, make them highly effective

compared to conventional drugs. Additionally, peptides are small in size, easy to



synthesize and modify, and capable of penetrating cell membranes, which allows them
to interact directly with cell surface receptors and trigger intracellular effects (9). These
properties give therapeutic peptides a mode of action similar to biologics, including
therapeutic proteins and antibodies. However, therapeutic peptides generally exhibit
lower immunogenicity compared to biologics, making them a safer option in terms of
immune system activation (61,62). When compared to monoclonal antibodies,
therapeutic peptides have notable advantages, including lower production costs,
reduced immunogenicity, superior tumor penetration, and greater flexibility in terms
of structural modification and formulation. These benefits position peptides as an

attractive alternative in the development of targeted therapies.

Therapeutic peptides have been extensively researched for their potential
applications in areas such as cancer treatment and as antibiotic agents (63). Despite
their promising therapeutic benefits, one of the major limitations of peptides is their
low stability in blood serum, resulting in a short half-life and rapid clearance from the
body. In addition, most therapeutic peptides are administered systemically, which often
results in poor patient compliance due to the need for frequent dosing. To overcome
these challenges, several strategies have been developed, including chemical
modifications to increase stability and incorporation of peptides into specialized
delivery systems, which can improve bioavailability and prolong therapeutic efficacy

(40).

The identification of potential therapeutic peptides represents the initial stage
in the development of peptide-based drugs. Following this, peptides are synthesized
through either chemical or biological methods, with subsequent modifications to their
sequences aimed at enhancing their pharmacological properties. Notably, the chemical
synthesis of peptides, particularly via solid-phase peptide synthesis (SPPS)
technology, pioneered by Merrifield in 1963, has undergone significant advancements
over time (64). Compared to recombinant methods, peptides synthesized through
SPPS are generally more uniform and devoid of unwanted biological impurities such

as enzymes, DNA and RNA fragments, or unrelated proteins and peptides.



One of the main reasons for modifying the peptide backbone is to improve its
proteolytic stability (10). Backbone modification strategies include the substitution of
L-amino acids with D-amino acids (65,66), incorporation of methyl amino acids
(65,67) and addition of peptoids (68) and f-amino acids (69). These non-natural amino
acids are especially effective when introduced at proteolytic sites within the peptide
sequence, as they significantly increase the stability and prolong the plasma half-life
of peptide-based drugs. In addition, a common approach to prolonging the half-life of
protein therapeutics is the addition of polymers, which can improve the

pharmacokinetic profile and overall efficacy of the treatment (70).



3 MATERIALS AND METHODS

3.1 General Procedure For Solid Phase Peptide Synthesis

Functional peptides were chemically synthesized using peptide synthesizer
(CEM, Liberty ™ Blue and CEM Discover ™, USA) following standard solid phase
peptide synthesis protocol(64) at Acibadem University, Nanobiotechnology
Laboratory.

SPPS, peptides were synthesized on resin in a directionality from the C-
terminal to the N-terminal. Specifically, Rink Amide resin (CEM, USA), possessing a
loading capacity of 0.70 mmol/g, was used for the synthesis of amide end peptides. To
prevent unexpected reactions, amino acids which have Fmoc protecting groups (CEM,
USA) were used with 0.2 M concentration in dimethylformamide (DMF, Sigma-
Aldrich, Germany). To enhance the resin’s binding capacity, it was swollen by

incubating DMF for 1 hour before synthesis.

The first step of the synthesis, participated in the first amino acid was coupled
to resin with its C-terminal (Figure 3.1). To bind the second amino acid, piperidine
(Sigma-Aldrich, Germany) solution (1:5; Piperidine: DMF) was used to cleave the
Fmoc protecting group from the N-terminal of first amino acid. Activation of the
carboxyl group of the second amino acid was accomplished by using Oxyma® (Sigma-
Aldrich, Germany) (1.0 M in DMF) and diisopropylcarbodiimide (DIC, Sigma-
Aldrich, Germany) (0.5 M in DMF). In the concluding stage of the synthesis cycle, the
N-terminal protecting group of the last amino acid was cleaved utilizing the established

procedure.

3.1.1 Cleavage

After completion of the synthesis, the resin underwent a washing procedure
with dichloromethane (DCM, Sigma-Aldrich, Germany) three times using the Razor
(Rapid Peptide Cleavage System) device before cleavage. Subsequently, the peptides
were dissociated from the resin, and the side chain protecting groups of amino acids

were eliminated utilizing a trifluoroacetic acid (TFA, Sigma-Aldrich, Germany) /



water (H20) / triisopropylsilane (TIS, Sigma-Aldrich, Germany) solution with a ratio
0of95/2.5/2.5 (v/v/v) at a temperature of 37°C. The duration of cleavage varied based
on the quantity of arginine residues within the peptide, ranging from 30 to 45 minutes.
Peptides containing three or fewer arginine residues were cleaved for a duration of 30
minutes, while those containing more than three Arg residues required an additional 5
minutes of cleavage for Arg, with a maximum cleavage time of 45 minutes. The
cleaved peptides were harvested by precipitation using cold diethyl ether (Sigma-
Aldrich, Germany) at -20°C, followed by centrifugation at 4500 rpm for 3 minutes.
This process resulted in crude peptide preparation free from residual chemicals. The
precipitation procedure was repeated three times, and the final precipitated peptides

were dried under a nitrogen stream to ensure their readiness for further purification.

Y LEGEND
B,"i )\'O(OH ) — Q Resw
l anchoring CJ unker

Y [}— n°-protection

/—.. D‘z’\ofo‘l:ko Y side-chain protecting group
V i N"-deprotection R = OH or modification
Y Y i
S| Oy wopie—d

l coupling
\ H © Y
U”fku)\gow:@

A l 1. terminal N"-deprotection

2 Cleavage & side-chain deprotection

X |y © X
R
HN u NVLN)\'( R = OH or modification
2 o vy " o

Figure 3. 1 Solid Phase Peptide Synthesis General Metod Diagram (71)



Table 3.1 Synthesized peptide list

Molecular
Peptide Sequence Weight Pinding
Partner
(g / mol)

OB1 KGGGSGGGSHIHDDLLRYYGW 2453.62 rhTNFa
OB2 KGGGSGGGSGGGSCRKEMGQV 2074.26 rhTNFa
OBS5 NHQVEEQLEWLSQRA 1866.02 TNFR1
OB6 NPQAEGQLQWLNRRA 1779.98 TNFR2
OB7 VLLTHTISRIAVSYQTKVNLL 2368.85 TNFRI1
OBS8 KRWSRYFWVDMTGTR 2210.52 rhTNFa

In this study, three of the peptides—OBS5, OB6, and OB8—were designed and
synthesized through molecular modeling, each consisting of 15 amino acids. The
remaining three peptides, OB1, OB2, and OB7, were derived by modifying sequences
previously reported in the literature and contain 21 amino acids. The peptide sequence
'HIHDDLLRYYGW,' which forms the foundation for OB1, was originally identified
through phage display technology by Brunetti et al. (12). While the sequence was
initially synthesized in a tetrameric form, we retained it in its linear form and
incorporated a lysine residue along with a'GGGSGGGS' linker at the N-terminus. This
modification was made to enhance binding efficiency to an immobilized surface,
providing a platform for the development of novel TNFa capture strategies. which is
rich in glycine residues, is commonly used to improve peptide solubility. Furthermore,
we aimed to standardize the peptide lengths by extending them to comparable sizes,
which could potentially increase peptide stability. The use of longer and more flexible
linkers is also expected to improve the positioning of the peptide, thereby facilitating

more efficient interactions.

The interaction sites of TNFR1 and TNFR2 with TNFa have been the subject
of extensive investigation and characterization in various studies. Specifically, the loop
region of TNFR 1, which spans from residues Arg’’ to Gly®!, has been shown to interact

with TNF-a across a broad surface area through Van der Waals forces (36,72,73).



These receptor-ligand binding dynamics indicate that the TNFR1 binding site may
serve as a promising structural template for the development of TNFa inhibitors.
Building on this structural understanding, OB2, which has sequence of
KGGGSGGGSGGGSRKEMGAQYV, was designed in a manner similarly to OB1, with
the incorporation of the RKEMGQYV sequence to enhance its binding affinity.

Additionally, OB7 (VLLTHTISRIAVSYQTKVNLL) corresponds to a
segment of the TNFa that interacts with TNFR1. Key residues within the TNFa
sequence that have been identified as critical for TNFR1 binding include Ala3, Val®,
Ser8é, Tyr®”, GIn® and Thr®® (36). Furthermore, additional amino acids— Thr’’,
His’® Thr”, Ser®!, Pro®®, Val®!, Asn”?, and Leu®> —have also been reported to play an

essential role in TNFa's interaction with TNFR1 (74).
3.1.1 Purification and characterization of synthesized peptides
3.1.1.1. Purification

The peptides underwent analysis and purified using Agilent Technologies 1260
Infinity system. The UV-absorption was measured at 280 nm and 214 nm. The columns

used to analyze and purify the peptides were as follows:

Analytical HPLC: Agilent 675950-902 AdvanceBio Peptide Plus, 2.1 x 150

mm, 2.7 um, LC column.

Semi-preparative HPLC: C-18 column Agilent Technologies VariTide RPC,
250x10mm, 6 um, ID column.

Analytical high-performance liquid chromatography (HPLC) was performed
at a flow rate of 0.2 ml/min, while semi-preparative HPLC was carried out at a flow
rate of 1 ml/min. Two distinct mobile phases were utilized during the process: Eluent
A, which consisted of 0.05% trifluoroacetic acid (TFA) in water, and Eluent B, which
contained 0.25% TFA in acetonitrile (ACN, Merck, Germany). Initially, synthesized
peptides were subjected to analytical HPLC analysis over a 30-minute duration,

employing a linear gradient from 5% to 80% of eluent B. Afterwards, purification was



undertaken by creating a new method, according to the retention % B. So, the gradient
of the solvent was adjusted accordingly to each compound. Following separation,
peptides were frozen at -80°C and subsequently lyophilized using a Labconco

lyophilizer.

Table 3. 2 Analytical RP-HPLC analysis method

Metod
Time (min) Buffer B %
0-5 5
5-35 5-80
35-40 100

3.1.1.2 Characterization

All chemicals and reagents used were of analytical grade unless otherwise
specified. HPLC-grade acetonitrile was sourced from Merck (Darmstadt, Germany).
Sodium iodide (Nal, >99.5%) was obtained from Sigma-Aldrich, while leucine
enkephaline (YGGFL-OH) was obtained from Waters Corporation (Milford, MA,
USA). Ultra-pure water (18.2 MQ-cm) was prepared in-house using a Milli-Q water

purification system (Merck-Millipore, Darmstadt, Germany).

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was
performed using an ultra-performance liquid chromatography system (Acquity H-
Class Bio UPLC) combined with a Xevo® G2-XS QToF MS (Waters, Milford, MA,
USA). The system was configured with an electrospray ionization (ESI) source and
was operated in positive ion mode with MSE functionality. The mass range for both
MS and MS/MS analysis was adjusted to m/z 50-2000. Data acquisition, system
control, and processing were performed using UNIFI™ software (version 1.8.2). Prior

to analysis, external calibration was performed using a sodium iodide buffer solution

(2 pg/pL).

The ESI source was applied under the following conditions: a cone voltage of

50V, a capillary voltage of 2 kV, a source temperature of 100°C and a desolation



temperature of 300°C. The sampling gas flow rate was maintained at 50 L/h, while the
desolation gas flow rate was set at 600 L/h. For MS/MS analysis, the scan time was

set to 0.5 seconds for both fragment and precursor ion detection.

For chromatographic separation, a 10 uL portion of the purified peptide sample
was applied to a reversed-phase (RP) column (Waters Acquity UPLC Peptide CSH
C18, 130 A, 1.7 pm, 2.1 x 100 mm, PN: 186006937). The separation process used a
mobile phase system consisting of ddH>O (A), 100% ACN (B) and 1.0% formic acid
in ddH>O (C). The peptides were separated at a flow rate of 0.2 mL/min using a
programmed linear gradient over 25 minutes. The system was initially held at 5% B
for 2 minutes and then gradually increased to 70% B over the next 14 minutes. The
column was then rinsed with 90% B for 4 minutes and then reconditioned at 5% B for
an additional 5 minutes. Throughout the procedure, the temperature of column was
maintained at 40°C and peptide elution was detected by monitoring UV absorbance at

214 nm.

Peptide identification was achieved by matching the measured molecular
weight and MS/MS fragment ion patterns with the theoretical sequences. Using MSE
acquisition mode, both fragment and precursor ions were simultaneously sampled by
alternately applying low and high collision energies in the collision cell of the mass
spectrometer. A mass tolerance of 8 ppm was applied for correct peptide assignment,

with at least three confirming fragment ions required for verification.
3.2 Binding Affinity Analysis

The NanoTemper Monolith is an instrumental tool designed to measure
molecular interactions using microscale thermophoresis (MST). In MST, a ligand-
target binding interaction that has reached equilibrium is disrupted by the applying of
thermophoresis through exposure with an infrared (IR) laser diode (Figure 3.2). The
movement of molecules in response to a temperature gradient can alter to changes in
the concentration of fluorescent molecules. The change of the fluorescence signal is
measured over a specified duration. The strength of ligand-receptor binding is

quantified in terms of the dissociation equilibrium constant (Kg4). Non-covalent



intermolecular interactions such as electrostatic interactions, hydrogen bonding,
hydrophobic forces and van der Waals forces between the molecules involved
influence the binding affinity. This measurement was achieved by combining the
fluorescently labeled target and the ligand at varying concentrations, utilizing the
protein labeling kit (Red NHS 2nd generation-Amine Reactive). The mixture loaded
into device-specific glass capillaries, and the temperature-dependent fluorescence

alterations within the device are monitored.

infrared lase dichroic

mirror

capillary with
aqueous solution

scanning direction

Figure 3.2 Working Principle of Monolith(75)

MST experiments were conducted utilizing a Monolith NT.115 Pico instrument
(NanoTemper Technologies, Germany). The experiments employed using the
Monolith Protein Labeling Kit RED-NHS 2nd Generation to labelled target molecules.
Also, Monolith NT.115 Premium Capillaries (NanoTemper Technologies, Germany)

used.

Ligand dependent changes in TRIC (Temperature Related Intensity Change)

values are plotted as Fnom values versus ligand concentration for binding affinity



analysis. The subsequent Kd analysis is not affected by the 'direction' of the binding

curve.

3.2.1 Ligand binding analysis

According to manufacturer guidelines, the fluorescent label was covalently
attached to target molecules which could be thTNFa, TNFR1 and TNFR2. Degree of
labelling, which refers to dye: protein ratio, of used labelled proteins are between 0.5
to 1. PBS was used to prepare mixtures of labelled targets and functional peptides.
Humira were used with specific citrate/phosphate buffered as a control. Targets were
maintained at 20 nM, and the ligand concentrations adjust using the peptide
concentration measurement kit (Pierce™ Quantitative Fluorometric Peptide Assay,
Thermo Scientific™) and differ according to molecule with 16 serial dilutions. Target
molecules and their ligand partners are listed in Table 3.3. Different incubation times
were tested, and it was decided to incubate for 20 minutes. Following the incubation
period, the prepared samples were transferred into premium glass capillaries, and
microscale thermophoresis (MST) measurements were conducted using Pico-RED
detection with 80% excitation power and medium MST power settings under
thermophoretic conditions. The results were processed in the software M.O. Affinity

Analysis v.2.3 (NanoTemper Technologies, Germany) (76,77).

Table 3.3 Target and Ligand Molecules in Binding Affinity Analysis

Target Ligand
rhTNFa Adalimumab

TNFR1

OBl

OB2

OBg8
TNFR1 OB5



OB7
TNFR2 OB6

3.2.2 Competitive binding analysis

The competitive binding assay was performed using the Monolith NT.115 Pico
instrument. Unlike the binary binding assay, which uses a fluorescently labelled target
and an unlabeled ligand, this two-step competitive binding assay employed a non-

labelled target, a ligand and a fluorescently labelled competitor molecule.

In this study, TNFa was selected as the target molecule, TNFR1 as the
competitive molecule and OB2 as the ligand. TNFR1 was fluorescently labelled using
the Monolith Protein Labeling Kit RED-NHS 2nd Generation. The assay was
conducted in two sequential stages. First, the binding affinity between TNFa and
TNFR1 was determined. Unlike a traditional binary binding assay, serial dilutions (n
= 16) of the unlabeled target (TNFa) were prepared while maintaining the
fluorescently labelled competitive ligand (TNFR1) at a constant concentration. These
mixtures were then loaded into premium glass capillaries and MST measurements
were performed using the Pico-RED detection channel with 80% excitation power and
medium MST power settings. Data analysis was performed using M.O. Affinity
Analysis software (version 2.3, Nanotemper Technologies, Germany). The K4 obtained
in this stage was then used to determine the optimal target-to-competitive ligand ratio

for the second stage.

Table 3.4.1 Features of Molecules in Competitive Binding Assay

Unlabeled target TNFa
Unlabeled ligand OB2

Fluorescently labelled
TNFR1
competitive

In the second stage, the unlabeled ligand OB2 was subjected to serial dilution

and a constant concentration of the Target: Competitive Ligand complex, which had



been optimized previously, was added. The samples were then transferred into
capillaries and analyzed under the same MST conditions. The half-maximal effective
concentration (ECso) was then determined. The inhibition constant (K;) was then
calculated using the Kq from the first stage and the ECso from the second stage

according to the following formula:

K =K. - Yy ECso 1
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3.3 Cell Based Assays

Murine fibrosarcoma cells (L929) cell line (cat# CCL-1, ATCC) grow as an
adherent cell. DMEM (Dulbecco’s modified Eagle medium, cat# 11965092, Gibco™,
USA) supplemented with 10% heat inactivated FBS (fetal bovine serum, ATCC 30-
2020™, USA) and 1% Pen/Strep (penicillin/streptomycin, Gibco™, USA) was used
for cell culture (72). L929 cells are used in TNFa related assays due to their TNFa
sensitivity. In this assay, L929 cells were used for non-apoptotic and apoptotic cell

death.

3.3.1 Morphological analysis of TNFa mediated cell cytotoxicity on 1929 cell line

A microscopic examination was carried out to determine the concentration at
which TNFa had an almost 100% lethal effect on the L.929 cell line. The TNFa
neutralizing capacity of the OB1 peptide, along with its potential cytotoxic effects, was
further evaluated using fluorescence microscopy to visualize and assess cellular
responses (Zeiss AxioVert A, Oberkochen, Germany). 5 x 10* cell/well were seeded on
a 24-well plate. 1 uM OBI peptide, 1 uM OB1, and 1 uM Adalimumab applied with
different TNFa concentrations and 2 pug/mL D-Actinomycin (cat. #A9415-2MG, Sigma-
Aldrich, USA) O.N.



3.3.2 Cytotoxicity assay of synthesized peptides

L929 cells were seeded with 100 pL DMEM consisting of 10% FBS and 1%
Pen/Strep containing 3 x 10* cells in each well of 96-well tissue culture plate, then
incubated at 37°C in 5% CO> incubator. All samples were diluted triplicate between
10 uM to 1 pM concentration and incubated at 37°C for 24 h in 5% CO; incubator.
Peptide concentrations adjust using the Pierce™ Quantitative Fluorometric Peptide
Assay. After 24 h incubation, cell cytotoxicity was assessed using the MTT cell
proliferation assay kit (Cat. No. 11 465 007 001, Roche, Switzerland) according to the
manufacturer's instructions. Absorbance was measured at 550 nm with a reference
wavelength of 690 nm using a microplate reader for data analysis (Gen5 Synergy HT

BioTek) (78).

3.3.3 Neutralization assay of " TNFa

The inhibition of the cytotoxic effect of TNFa by functional peptides was
measured in 1929 cell line. In the neutralization test 100 pL containing 3 x 10* cells
were seeded in each well of a 96-well tissue treated culture plate. After 24 + 2 h
incubation, the culture medium was removed and replaced with medium with 2 ug/mL
D-Actinomycin, TNFa (3rd WHO International Standard for cat. # 12/154 (NIBSC))
at 1 ng/mL, and different concentrations between 10 uM to 1 pM Humira and
functional peptides for the neutralization test. Peptide concentrations adjust using the
Pierce™ Quantitative Fluorometric Peptide Assay. After 24 = 2 h incubation, the
number of surviving cells was determined using the MTT assay as described by the

manufacturer (79).

The percent viability was obtained by comparing the viability of unstimulated
cells with that of cells stimulated in the absence of a cytotoxic agent. The results were

expressed as cell viability (%) and calculated using the formula:
100- (100 x ((Treated cellsssonm-690nm— Negative controlssonm-690nm) /

(Untreated cellsssonm-690nm — Negative controlssonm-690nm)))



3.3.4 Neutralization of " TNFa induced apoptosis

The Caspase-Glo 3/7 Assay is an enzymatic analysis method used to measure
the activity of caspase-3/7. The method works by caspase-3/7 cleaving their target
substrates. This substrate, proluciferin, contains the DEVD sequence and when this
region of the substrate is cleaved by caspase, a molecule called aminoluciferin is
released. When aminoluciferin interacts with the luciferase enzyme, the luciferase
reaction is initiated in the presence of ATP (Figure 3.3). This reaction results in the
production of light. The amount of light produced is proportional to the activity of
caspase-3/7, providing information on the degree of apoptosis in the cell. This method
offers high sensitivity and accuracy in the measurement of caspase activity and is

particularly used in studies investigating apoptotic responses.

H
Z-DEVD-N S N._-COOH
Y
N S
Caspase-3/7 Z-DEVD-

H,N US /N]/COOH
N; :S
UltraGlo™ rLuciferase

Mg? +ATP+0,

Light

Figure 3.3 Schematic representation of the Caspase-Glo® 3/7 assay technology

The induction of cell apoptosis was evaluated using a luminescence-based
assay with the Caspase-Glo 3/7 assay system (cat# G8090, Promega, USA). The L929
cell line was cultured, and 15 x 103 cells were seeded into a white 96-well tissue-
treated culture plate. For this experiment, DMEM without phenol red and FBS was
utilized. Cells were stimulated with 2 pg/mL D-Actinomycin and 1 ng/mL TNFa in
the existence of peptides at concentrations of 10 uM, 1 nM, and 0.01 nM, with



subsequent incubation 4 hours at 37°C under 5% CO.. After the incubation period,
freshly prepared caspase-3/7 reagent was added 100 uL per well, and the plate was
further incubated for 1 hour at RT. Luminescence readings were obtained with a plate
reader (CLARIOstar Plus, BMG Labtech, Germany)(80,81). The fold change in
apoptosis was determined by calculating the ratio of luminescence between the

untreated cell control and cells treated with 1 ng/mL TNFa.

4 RESULTS

4.1 Purification and Characterization of Synthesized Peptides

The initial analysis of peptides synthesized using the SPPS method was
conducted via reverse-phase HPLC (RP-HPLC). The chromatographic profiles of the
synthesized peptides are displayed below. Retention times, along with the
corresponding percentages of solution B, were established based on a linear gradient
elution program. Subsequently, peptide purification was performed using a focused
gradient approach, refining the scanned range of solution B to enhance separation

efficiency.

The synthesized OB1 peptide sequence is
‘KGGGSGGGSHIHDDLLRYYGW’ which contains twenty-one amino acids. The
HPLC chromatogram of the OB1 peptide is presented in Figure 4.1. The peak,
corresponding to a retention time of 19.78 minutes, was successfully purified. During
the purification process, only molecules associated with the primary peaks were
collected, while minor fluctuations were eliminated, resulting in a 100% pure peptide

sequence.




Figure 4.1 HPLC Chromatogram of OB1 peptide

The mass of the [M + H] * ion for the peptide was determined using UNIFI
software, yielding an m/z value of 2231.0741. The theoretically calculated
monoisotopic [M + H] * was 2231.0731, and the margin of error in mass measurement
was -0.4 ppm. The MS/MS spectrum of the purified peak further confirmed the
successful synthesis of the desired peptide (Figure 4.2).
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Figure 4.2 MS/MS Spectrum of OB1 Peptide

The synthesized OB2 peptide sequence is ‘KGGGSGGGSGGGSRKEMGQV’
which contains twenty amino acids. The HPLC chromatogram of the OB2 peptide is
presented in Figure 4.3. The peak, corresponding to a retention time of 17.77 minutes,
was successfully purified. During the purification process, only molecules associated
with the primary peaks were collected, while minor fluctuations were eliminated,

resulting in a 100% pure peptide sequence.
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Figure 4.3 HPLC Chromatogram of OB2 peptide

The mass of the [M + H] ** ion for the peptide was determined using UNIFI
software, yielding an m/z value of 8§74.92. The theoretically calculated monoisotopic
[M + H] * was 1748.84, and the margin of error in mass measurement was 1.0 ppm.
The fragmentation ions (b and y ions) obtained as a result of gas-phase cleavage of the

peptides (MS / MS) yielded the amino acid sequence of the OB2 peptide (Figure 4.4).
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Figure 4.4 MS/MS Spectrum of OB2 Peptide

The synthesized OBS5 peptide sequence is ‘NHQVEEQLEWLSQRA’ which
contains fifteen amino acids. The HPLC chromatogram of the OBS5 peptide is
presented in Figure 4.5. The peak, corresponding to a retention time of 18.75 minutes,

was successfully purified. During the purification process, only molecules associated



with the primary peaks were collected, while minor fluctuations were eliminated,

resulting in a 100% pure peptide sequence.
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Figure 4.5 HPLC Chromatogram of OBS5 peptide

The mass of the [M + H] ?* ion for the peptide was determined using UNIFI
software, yielding an m/z value of 933.95. The theoretically calculated monoisotopic
[M + H] * was 1866.90, and the margin of error in mass measurement was -4.6 ppm.
The fragmentation ions (b and y ions) obtained as a result of gas-phase cleavage of the

peptides (MS / MS) yielded the sequence of the OBS5 peptide (Figure 4.6).
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Figure 4.6 MS/MS Spectrum of OBS5 Peptide



The synthesized OB6 peptide sequence is ‘NPQAEGQLQWLNRRA’ which
contains fifteen amino acids. The HPLC chromatogram of the OB6 peptide is
presented in Figure 4.7. The peak, corresponding to a retention time of 17.65 minutes,
was successfully purified. During the purification process, only molecules associated
with the primary peaks were collected, while minor fluctuations were eliminated,

resulting in a 100% pure peptide sequence.
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Figure 4.7 HPLC Chromatogram of OB6 peptide

The mass of the [M + H] ?* ion for the peptide was determined using UNIFI
software, yielding an m/z value of 890.47. The theoretically calculated monoisotopic
[M + H] * was 1779.93, and the margin of error in mass measurement was 0.1 ppm.
The fragmentation ions (b and y ions) obtained as a result of gas-phase cleavage of the

peptides (MS / MS) yielded the sequence of the OB6 peptide (Figure 4.8).



Component name: 1:18zAmidation C-TERM [15]+H”
Fragment label: 1:18
i

I MPQ A EGQLQWLNRRA { bMax
[ - ARRNLW o QGEAQPN if\dax
| | |
| | yes1055.6197
1.2¢5 ! !
1 1
! I
|
i | ‘
-
100000 | Coa | | 1779.9318
- ‘
| . i yMad
|
|
20000 X :
| 0425352
1
|

¥T&

60000

Intensity [Counts]

o
3401627 111.2030
B

40000

|
I
8144783

20000 :
yi&

T T T T T T T T
] 200 400 600 200 1000 1200 1400 1600
Mass [Da]

Figure 4.8 MS/MS Spectrum of OB6 Peptide

The synthesized OB7 peptide sequence is ‘“VLLTHTISRIAVSYQTKVNLL’
which contains twenty-one amino acids. The HPLC chromatogram of the OB7 peptide
is presented in Figure 4.9. The peak, corresponding to a retention time of 19.65
minutes, was successfully purified. During the purification process, only molecules
associated with the primary peaks were collected, while minor fluctuations were

eliminated, resulting in a 100% pure peptide sequence.
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Figure 4.9 HPLC Chromatogram of OB7 peptide

The mass of the [M + H] ?* ion for the peptide was determined using UNIFI

software, yielding an m/z value of 1184.70. The theoretically calculated monoisotopic



The fragmentation ions (b and y ions) obtained as a result of gas-phase cleavage of the

[M + H] * was 2368.40, and the margin of error in mass measurement was -4.4 ppm.
peptides (MS / MS) yielded the sequence of the OB7 peptide (Figure 4.10).
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The synthesized OBS8 peptide sequence is ‘KRWSRYFWVDMTGTR’ which

contains fifteen amino acids. The HPLC chromatogram of the OBS8 peptide is
presented in Figure 4.11. The peak, corresponding to a retention time of 23.40 minutes,
was successfully purified. During the purification process, only molecules associated
with the primary peaks were collected, while minor fluctuations were eliminated,

Figure 4.10 MS/MS Spectrum of OB7 Peptide
resulting in a 100% pure peptide sequence.



Figure 4.11 HPLC Chromatogram of OBS peptide

The mass of the [M + H] * ion for the peptide was determined using UNIFI
software, yielding an m/z value of 663.34. The theoretically calculated monoisotopic
[M + H] * was 1988.00, and the margin of error in mass measurement was 0.9 ppm.
The fragmentation ions (b and y ions) obtained as a result of gas-phase cleavage of the

peptides (MS / MS) yielded the amino acid sequence of the OB8 peptide (Figure 4.12).
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Figure 4.12 MS/MS Spectrum of OBS8 Peptide

4.2 Binding Affinity Analysis

4.2.1 Interaction of designed peptides with ligands

The binding affinities of the designed peptides and ligands were determined by
MST as described in the Methods section. Target molecules and their ligand partners
are listed in Table 3.3. Instead of synthesized peptide molecules, thTNFa, TNFR1 and
TNFR2, which are large molecules and can bind to more than one molecule, are

fluorescently labelled. MST data were processed and analyzed using M.O. Affinity



Analysis software version 2.3. Dissociation constant (Kq) for the specified interactions
is reported as the mean + standard deviation (SD) of replicate measurements and
shown in Table 4.1. The binding curve is modelled by a sigmoidal dose-dependent
binding curve, illustrating changes in signal relative to ligand concentration. The
binding curves, representing the mean + SD of three independent replicates, are

presented in Figure 4.7, Figure 4.8, Figure 4.9, and Figure 4.10.

Table 4.1 Kq of indicated thTNFa interactions representing mean = SD of three
independent replicates

Binding Partners Ka Value (M)
Adalimumab — rhTNFa 21.13 +£3.6E-12
OB1 — rhTNFa 300+ 4.85E-09
OB2 — rhTNFa 46.7 + 5.46E-09
OB8 — rhTNFa 3.89 + 4.5E-06

Figure 4.7 shows the binding curve of Adalimumab — thTNFa interaction as a
standard for comparison. As a result of analysis of the binding curve, the K4 value was
calculated as 21.13 = 3.6E-12 M (Table 4.1.). This value indicates that the binding
between Adalimumab — rhTNFa is of high affinity.
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Figure 4.13 Binding curve of the Adalimumab towards rhTNFo via microscale
thermophoresis.

Figure 4.8 shows the binding curve of OB1 —rhTNFa interaction as a standard
for comparison. As a result of analysis of the binding curve, the K4 value was

calculated as 300+ 4.85E-09 M (Table 4.1). This value indicates that the binding
between OB1 — thTNFa is of medium affinity.
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Figure 4.14 Binding curve of the OB1 towards rhTNFa via microscale thermophoresis

Figure 4.9 shows the binding curve of OB2 — rhTNFa interaction as a standard
for comparison. As a result of analysis of the binding curve, the K4 value was

calculated as 46.7 + 5.46E-09 M (Table 4.1). This value indicates that the binding
between OB2 —thTNFua is of high affinity.
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Figure 4.15 Binding curve of the OB2 towards rhTNFa via microscale thermophoresis

Figure 4.10 shows the binding curve of OB8 —thTNFa interaction as a standard
for comparison. As a result of analysis of the binding curve, the K4 value was

calculated as 3.89 + 4.5E-06 M (Table 4.1). This value indicates that the binding
between OB8 —thTNFa is of low affinity.
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Figure 4.16 Binding curve of the OB8 towards rhTNFa via microscale thermophoresis

Table 4.2 Ky of indicated TNFR interactions representing mean = SD of three
independent replicates

Binding Partners Ka Value (M)

4.94 + 3.92E-09

rhTNFa — TNFR1

OBS5 — TNFRI1 204.28 + 4.32E-09
OB6 — TNFR2 3.9 £49.95E-06
OB7 - TNFRI1

8.6 + 17.4E-06

Figure 4.11 shows the binding curve of thTNFa — TNFRI1 interaction as a
standard for comparison. As a result of analysis of the binding curve, the K4 value was

calculated as 4.94 + 3.92E-09 M (Table 4.2). This value indicates that the binding
between rhTNFo — TNFR1 is of high affinity.
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Figure 4.17 Binding curve of the rhTNFa towards TNFR1 via microscale
thermophoresis

Figure 4.12 shows the binding curve of OB5 —TNFRI1 interaction as a standard
for comparison. As a result of analysis of the binding curve, the K4 value was
calculated as 204.28 + 4.32E-09 M (Table 4.2). This value indicates that the binding
between OB5 —TNFRI1 is of low affinity.



860

850 —

Fnorm [%°]

b
IS

830

T T

TTTT T T T T

1.0E-10 1.0E-09 1.0E-08 1.0E-07 1.0E-08 1.0E-05 1.0E-04
Ligand Concentration [M]

Figure 4.18 Binding curve of the OBS5 towards TNFR1 via microscale thermophoresis

Figure 4.13 shows the binding curve of OB6 —TNFR?2 interaction as a standard
for comparison. As a result of analysis of the binding curve, the Kq value was

calculated as 3.9 + 49.95E-06 M (Table 4.2). This value indicates that the binding
between OB6 —TNFR2 is of low affinity.
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Figure 4.19 Binding curve of the OB6 towards TNFR2 via microscale thermophoresis

Figure 4.14 shows the binding curve of OB7-TNFRI1 interaction as a standard
for comparison. As a result of analysis of the binding curve, the K4 value was
calculated as 8.6 + 17.4E-06 M (Table 4.2). This value indicates that the binding
between OB7-TNFRI is of low affinity.
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Figure 4.20 Binding curve of the OB7 towards TNFR1 via microscale thermophoresis

4.2.2 Competitive binding analysis of OB2

The competitive binding affinities of the OB2 peptide and TNFR1 were
determined by MST as described in the Methods section. Table 3.4 shows the
molecules used and their properties. MST data were processed and analyzed using
M.O. Affinity Analysis software version 2.3. Dissociation constant (Kq) for the
specified interactions is reported as the mean =+ standard deviation (SD) of replicate
measurements. The binding curve is modelled by a sigmoidal dose-dependent binding
curve, illustrating changes in signal relative to ligand concentration. The binding
curves, representing the mean + SD of three independent replicates, are presented in

Figure 4.21, Figure 4.22.

Figure 4.21 indicates that binding affinity of labelled competitive TNFR1 and
unlabeled target TNFa as a first stage of competitive binding. Kq was calculated 4.9

nM from this interaction.
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Figure 4.21 Binding curve of the TNFR1 towards TNFa via microscale thermophoresis

In the second stage, OB2 was expected to replace the TNFR1 molecules and
bind to TNFa. The EC50 value was determined to be 59nM. The K; value was

calculated from the K4 and ECso values (K; = 29.3nM). According to these results, OB2
is competitive with the TNFR1 molecule.
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Figure 4.22 Binding curve of the competitive binding of OB2 towards TNFa via
microscale thermophoresis in competition with TNFR2

4.3 Cell Based Assays of hTNFa Neutralization

The binding affinities of the synthesized peptides to their respective targets
were assessed using microscale thermophoresis (MST). In further experiments, it
needed to be shown that these peptides also bind their target in cell culture on L929

cell line.

4.3.1 Morphological analysis of TNFa mediated cell cytotoxicity on 1929 cell line

Morphological analysis of L1929 cell line for performed experiments was
examined with fluorescence microscope. Microscopic examination was first used to
determine the concentration at which TNFa was almost 100% lethal to the 1929 cell

line. In Figure 4.21, DMEM treated cells are given as control image of 100% survival.



Figure 4.23 DMEM treated L929 control cells

A concentration of 1ng/ml was found to be almost 100% lethal among the
different concentrations of TNFa. Figure 4.22 shows 1 ng/ml TNFa and 2 pg/mL D-
Actinomycin applied L929 cell line.

Figure 4.24 1 ng/ml TNFa treated 1929 cell line

1 uM Adalimumab caused almost 100% cell survival when administered with

1 ng/ml TNFa and 2 pg/mL D-Actinomycin (Figure 4.23).



Figure 4.25 1 uM Adalimumab and 1 ng/ml TNFa treated L929 cell line

To see the effects of OB1 on the L929 cell line, first the cytotoxic effect of OB1
was investigated (Figure 4.24). 1 uM OBI peptide kills less than 50% of seeded cells.
The same concentration of OB1 was applied to see its neutralizing effect when applied
with Ing/ml TNFa and 2 pg/mL D-Actinomycin. Almost all the lethal effects of 1ng/ml
TNFa were abolished by 1 uM OB1 peptide (Figure 4.25).

Figure 4.26 1 uM OBI1 treated L929 cell line
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Figure 4.27 1 uM OB1 and 1 ng/ml treated L929 cell line

4.3.2 Cytotoxic effect of the synthesized peptides on the L.929 cell line

Cytotoxic profiles of synthesized peptides by chemical production on L929 cell

line were evaluated at different concentrations using MTT assay.

Figure 4.26 displays the cytotoxicity of hTNFa blocking peptides, OB1, OB2,
and OBS, and Adalimumab. OB1 and OB2 peptides showed dose-dependent cytotoxic
effects between 100 to 10000 nM concentrations. Cytotoxic effects of these peptides
increased with respect to concentrations. According to the results in Figure 4.26, OB1
and OB2 cytotoxic effects are still under 50% cytotoxicity even at 10000 nM
concentration. Adalimumab and OBS8 showed non-toxic effect even at highest

concentration 10000 nM.
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Figure 4.28 Cytotoxic Effect of hTNFa binding peptides and Adalimumab on L929
cell line

Figure 4.27 displays the cytotoxicity of TNFR1 and TNFR2 binding peptides,
OB35, OB6, and OB7. OBS5, OB6 and OB7 peptides showed dose-dependent increased
cytotoxic effects between 100 to 10000 nM concentrations. According to the results,

in Figure 4.27, OBS5, OB6 and OB7 cytotoxic effects are still under 50% cytotoxicity

even at 10000 nM concentration.
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Figure 4.29 Cytotoxic Effect of TNFR binding peptides and Adalimumab on L1929 cell
line

4.3.3 Inhibition of hTNFa-induced cytotoxicity and TNFR interaction with

designed peptides

L929 cell line has TNFR1 and TNFR2 receptors located on cell surface. TNFa
can bind these receptors and induced hTNFa-mediated cell cytotoxicity. The designed
peptides are expected to reduce hTNFa mediated cell cytotoxicity by inhibiting TNFa-
TNEFR interactions by binding TNFa or TNFR. Neutralizing level of hTNFa-mediated
cell cytotoxicity, percent survival, was calculated relative to the viability of non-TNFa-

stimulated cells. Table 4.3 demonstrates the TNFo mediated IC50 values of

synthesized peptides and Adalimumab.



Table 4.3 TNF-o-Induced IC50 Measurements of Synthesized Peptides and
Adalimumab

Molecule Name IC50 (nM)

Adalimumab 3.85
OB1 4.6
OB2 0.081
OBS5 79.5
OB6 15000
OB7 0.72
OBS8 7500

Figure 4.28 displays the inhibition of hTNFa-mediated cell cytotoxicity via
TNFa binding peptides and Adalimumab. Adalimumab reduced the hTNFa-induced
cell death with dose-dependent manner (IC50=3.85 nM determined with MTT assay
in our experiments). OB1 and OB2 peptides showed similar hTNFa neutralizing effect
approximately %80 survival at 10000 nM concentration, similar to Adalimumab. OB2
(IC50= 0.081 nM) was more effective at lower concentrations than other TNFa

binding molecules tested in this study (Table 4.3).
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Figure 4.30 Inhibition of TNFa-mediated Cell Cytotoxicity by TNFa binding peptides
and Adalimumab on L929 cell line

Figure 4.29 displays the inhibition of hTNFa-mediated cell cytotoxicity via
TNEFR binding peptides. OB5 and OB7, which are TNFR1 binding peptides, showed
similar hTNFa neutralizing effect approximately %80 survival at 10000 nM
concentration (IC50 of OBS5 is 79.5 nM, and OB7 is 0.72 nM). According to IC50
results, OB7 is more effective than OBS5 at low concentrations. OB6, which is TNFR2
binding peptide, was less effective than other TNFR binding molecules tested in this
study (IC50= 15000 nM). OB6 and OB8 showed similar TNFa neutralising activities,
despite having different targets (IC50 of OBS8 is 7500 nM).
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Figure 4.31 Inhibition of TNFa-mediated Cell Cytotoxicity by TNFR1 and TNFR2
binding peptides on L929 cell line

4.3.4 Inhibition of hTNFa-induced apoptosis with designed peptides

The L.929 cell line is known for its sensitivity to TNFa-induced apoptosis.
TNFa initiates the apoptotic cascade primarily through the activation of caspase-8,
which subsequently triggers the downstream activation of caspase-3 and caspase-7,

key executors of apoptosis.

As illustrated in Figure 4.30, the application of TNFa-binding peptides resulted
in the modulation of Caspase-3/7 activity. Specifically, the peptides OB1, OB2, and
OBS8 demonstrated the ability to exhibit concentration-dependent inhibition of TNFa-
induced apoptosis relative to the TNF-a-stimulated control group. Among these, OB1
exhibited the most pronounced inhibitory effect on the apoptotic pathway, showing

greater efficacy than both OB2 and OBS in suppressing caspase activation.
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Figure 4.32 The effect of TNFa binding peptides on caspase 3/7 activation. Data are
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Figure 4.31 illustrates the assessment of caspase-3/7 activity in L929 cells
treated with TNFR1. TNFR1 was applied at concentrations of 0.1 nM, 10 nM, and 100
nM, alongside a constant concentration of TNFa (1 ng/mL). At 10 nM and 100 nM,
TNFR1 significantly reduced caspase-3/7 activation compared to lower
concentrations. Notably, at 10 nM, the inhibitory effect of TNFR1 on caspase-3/7
activity was comparable to that observed with OB1, the most potent TNFa-binding

peptide identified in this study.
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Figure 4.33 The effect of TNFR1 applied with TNFa on Caspase 3/7 activity. Data are
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control group.

Figure 4.32 displays the caspase-3/7 activity levels in cells exposed to peptides
designed to interact with TNFR, illustrating the impact of these peptides on apoptotic
signaling. OB5, OB6, and OB7 peptides inhibited TNFa-induced apoptosis in a
concentration-dependent relative to the TNFa-treated controls. OB6 which is TNFR2
binding peptide and has lower TNFa neutralizing activity (Figure 4.29), was
considerably more effective than OB5 and OB7 in inhibiting the apoptosis pathway.
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S DISCUSSION

TNFa serves as a key regulatory molecule in the pathogenesis of autoimmune
diseases by either inducing programmed cell death (apoptosis) or activating the nuclear
factor kappa B (NF-«xB) signaling pathway, which in turn promotes the expression of
multiple pro-inflammatory mediators associated with disease progression. TNFa exists
in two biologically active forms, soluble and membrane-bound, both of which are
capable of binding to its receptors, TNFR1 and TNFR2. TNFa triggers complex
intracellular signaling pathways that amplify inflammatory responses and contribute
to disease progression through these interactions with both receptors (82). Considering
the safety-related risks and high economic burden associated with mAb-based
treatments for autoimmune diseases, the present study aimed to investigate the
therapeutic potential of peptide-based inhibitors targeting TNFa. These alternative
agents were evaluated as cost-effective and potentially safer candidates for modulating
inflammatory pathways. In this study, six candidate peptides, named OB1, OB2, OBS,
OB6, OB7, and OB8, were identified as potential modulators of the TNF signaling
cascade. These peptides have demonstrated a wide range of biomedical potential,
exhibiting properties that suggest their applicability not only in the therapeutic
management of autoimmune diseases, but also in the promotion of tissue regeneration

and the enhancement of wound healing processes.

Among the synthesized TNFa- blocking peptides evaluated in this thesis—
namely OB1, OB2, and OB8—distinct differences were observed in terms of their
binding affinities and capacities to neutralize TNFa activity. OB1 exhibited the highest
affinity for TNFa, with a dissociation constant (K4) of 300 nM (Table 4.1), and
demonstrated potent inhibitory activity, as evidenced by an IC50 value of 4.6 nM
(Table 4.3). This strong interaction enabled OBI to effectively function as a TNFa
antagonist by blocking its binding to TNFRI1, thereby attenuating downstream
inflammatory signaling. In contrast, OB8, a novel peptide designed as part of this
study, displayed a considerably weaker interaction (Kd = 3.89 uM) and a much higher
IC50 value (7500 nM), indicating substantially reduced neutralization efficiency
relative to OB1 and OB2 (Figure 4E).



Peptides, characterized in this study, have a different mechanism of action to
conventional TNFR antagonists in that they target and bind directly to TNFa, rather
than interfering with TNFR function itself. By binding to TNFa, these peptides
competitively inhibit its interaction with TNFR1, thereby reducing the pool of free
TNFa available for receptor activation and downstream signaling. This indirect mode
of inhibition suggests that the peptides may prevent the effective initiation of TNFR1-
mediated inflammatory pathways. Importantly, OB1 exhibited high affinity for TNFa
and successfully suppressed TNFR1 activation, as evidenced by its potent inhibition
of TNFa-induced cell death. Interestingly, OB2, despite its comparatively lower
binding affinity, showed superior neutralization efficiency and significantly reduced
caspase-3/7 activation, indicating a potent anti-apoptotic effect. In comparison, OB8
exhibited a relatively limited impact on caspase activity, which aligns with its lower

efficiency in neutralizing TNFa.

Adalimumab is currently recognized as one of the most potent clinically
approved inhibitors of TNFa, exerting its therapeutic effect by directly binding to
soluble TNFa (sTNFa) and preventing its interaction with the cell surface receptors
TNFR1 and TNFR2 (82). The binding affinity of Adalimumab for TNFa is remarkably
high, with a Kqof 21.13 pM, as shown in Table 4.1 and Figure 4.13. In comparison,
OBI1 peptide emerged as a promising alternative candidate for TNFa neutralization,
with an IC50 of 4.6 nM - which is comparable to that of Adalimumab (IC50 = 3.85
nM) - highlighting its potential as a cost-effective and efficient peptide-based
therapeutic agent (Table 4.13).

The peptide sequence 'HIHDDLLLRYYYGW' was previously synthesized in
a tetra-branched form by Brunetti et al. who reported that their multivalent anti-TNFa
construct exhibited a K4 of approximately 6 uM (12). In the present study, a monomeric
and structurally extended version of this sequence, named OBI, exhibited a
significantly higher binding affinity with a Kd of 300 + 4.85 nM, as shown in Table
4.1 and Figure 4.14. Morphological assessments confirmed that OB1 attenuated
TNFa-induced cell death (Figure 4.25). In addition, OB1 effectively inhibited TNFa
activity by over 80% at a concentration of 10 uM, with an IC50 of 4.6 nM (Table 4.3),
while exhibiting no cytotoxic effects on L929 fibroblast cells (Figure 4.26). Notably,



while the tetra-branched peptide of Brunetti et al. inhibited the TNFa - TNFR2
complex with an IC50 of 4.3 uM (12), OB1 demonstrated markedly higher potency,
exhibiting an IC50 value of 4.6 nM, which represents a difference of approximately
three orders of magnitude compared to less effective counterparts. This discrepancy
may be due to differences in experimental methodology; the current study used a cell-
based bioassay to assess inhibitory activity, whereas Brunetti et al. used surface
plasmon resonance (SPR). Although tetra-branched peptide architectures are well
known for their enzymatic stability and extended half-life, the peptides described in
this study, such as OB1, may also benefit from future structural optimization. The
adoption of multivalent or modified configurations could improve their protease
resistance and pharmacokinetic profiles, further enhancing their therapeutic

applicability.

OB2, a peptide rationally designed to mimic the TNFR1 binding domain,
exhibited a K4 of 46.7 nM, indicating moderate binding affinity to TNFa. Despite this,
OB2 demonstrated high neutralizing capacity with an IC50 value of 0.081 nM,
suggesting a efficient mechanism of action. This discrepancy between binding affinity
and inhibitory potency suggests that OB2 may function analogous to sSTNFR1, acting
as a receptor that effectively captures TNFo and prevents its interaction with
membrane-bound TNFR1. By competitively binding to TNFa, OB2 can thus attenuate
receptor-mediated inflammatory signaling with remarkable efficiency, reinforcing its

potential as a potent therapeutic peptide.

C87 is a well-characterized small molecule inhibitor designed based on the
loop structure of TNFRI1, specifically the amino acid sequence spanning Arg77 to
Val83 (RKEMGQYV), which enables it to interfere with TNFa signaling by binding
directly to the cytokine (79). Functionally analogous to the OB2 peptide, C87 is often
used as a positive control in studies evaluating TNFa inhibitors. SPR studies have
reported a Kd of 110 nM for C87. In comparison, OB2, which contains the same
critical loop motif, showed a stronger binding affinity with a Kd of 46.7 nM.
Furthermore, OB2 exhibited significantly greater inhibitory potency, with an IC50 of
only 0.081 nM in TNFa-mediated cytotoxicity assays, in contrast to IC50 of 8.73 uM
of C87. These results indicate that although C87 has a remarkable binding capacity,



OB?2 is much more effective in suppressing TNFa activity in biological systems, even
at significantly lower concentrations (Figure 4.28). Given that TNFa-induced
apoptosis is primarily initiated by its interaction with TNFR1 and subsequent
activation of caspase pathways, the functional relevance of TNFa inhibition extends
to apoptotic modulation. While C87 has been shown to inhibit caspase-3 and caspase-
8 activation (79), our results show that OB2 also significantly suppressed caspase
activation at a concentration of 10,000 nM, supporting its role as a potent modulator
of TNFa-induced apoptotic signaling (Figure 4.30). In a competitive binding assay, it

was also shown that OB2 can replace TNFR1 with competition.

The peptide sequences OB5 and OB6 were identified through molecular
docking simulations in different project, which predicted their ability to interact
selectively with TNFR1 and TNFR2, two receptors known to mediate TNFa signaling
through different mechanisms. Computational modelling indicated favorable binding
trends for both peptides to their respective receptor targets. Empirical validation
revealed Kd of 204.2 nM for OB5-TNFR1 and 3.9 uM for OB6-TNFR?2 interactions
(Figure SE). Notably, OBS5 exhibited a significantly higher neutralizing potency with
an IC50 of 79.5 nM compared to OB6 which exhibited an IC50 of 15,000 nM (Figure
4.35). This difference in inhibitory potency may be due to fundamental differences in
the activation mechanisms of TNFR1 and TNFR2. TNFR1 can be activated by both
sTNFa and tmTNFo, whereas TNFR2 responds primarily to tmTNFa (83).
Consequently, peptides targeting TNFR1 - such as OB5 - may be more effective at
blocking TNFa-mediated biological functions by interfering with sTNFa interactions,
thereby reducing both apoptotic and inflammatory signaling. Nevertheless, OB6 was
able to inhibit approximately 50% of TNFa activity at elevated concentrations, despite
its lower binding affinity. This observation suggests a possible indirect modulatory
effect on TNFR2-mediated pathways, possibly involving signaling regulation rather
than direct receptor antagonism. In addition, as TNF receptors are typically activated
by trimeric TNFa, these small peptides may act as receptor-specific agonists or
antagonists by targeting discrete receptor domains, further influencing TNF signaling

outcomes.



Findings from the caspase-3/7 activation assay provide additional evidence
supporting the hypothesis that TNF receptors possess distinct functional roles in the
regulation of apoptotic processes. Although both TNFR1 and TNFR2 are
transmembrane receptors involved in TNFa signaling, only TNFRI1 contains an
intracellular death domain that enables it to initiate apoptotic cascades. In contrast,
TNFR2 lacks this domain and is instead associated with the activation of anti-apoptotic
pathways that promote cell survival (84). The observed reduction in caspase-3/7
activity upon OB6 treatment indicated a potential enhancement of TNFR2-mediated
pro-survival signaling (Figure 4.36). While OB6 demonstrated limited TNFa
neutralizing capacity, its ability to reduce apoptotic markers suggests a mechanistic
effect that may be exerted through alternative pathways such as NF-xB or PI3K/Akt
signaling. These pathways are known to inhibit apoptosis and promote cell survival.
Therefore, despite its low binding affinity and inhibitory potency, OB6 may exert
indirect regulatory effects on apoptosis via TNFR2 activation. Further detailed studies
are essential to uncover the specific molecular pathways through which OB6 exerts its

anti-apoptotic activity.

OB7, a peptide representing a small binding fragment generated from TNFa,
exhibited a Kd of 8.6 uM in its interaction with TNFR1, which is significantly weaker
than the binding affinity of full-length TNFa to TNFR1 (Kd = 4.94 nM) (Table 4.2
and Figure 4.37). This marked difference in binding strength suggests that OB7 has a
limited ability to competitively inhibit TNFa-TNFR1 interactions. Consistent with this
observation, functional assays revealed that OB7 had minimal effects on inhibiting
apoptosis, as evidenced by the relatively small reduction in caspase-3/7 activity

(Figure 4.38).

When compared to two other TNFR1-blocking peptides, OB5 and OB7, OBS5
showed a higher affinity for TNFR1 with a Kd of 204.2 nM, while OB7 showed a
much lower binding affinity (Kd = 8.6 uM) (Table 4.2). Interestingly, despite this
difference in binding strength, OB7 outperformed OB5 in terms of TNFa
neutralization efficiency, exhibiting an IC50 value of 0.72 nM compared to OB5's 79.5
nM (Figure 4.39). This suggests that OB7 is more effective in competing with TNFa
for TNFR1 binding, potentially preventing both apoptotic and inflammatory pathways



associated with TNFa-TNFR1 interaction. In contrast, OBS5, while still able to bind
TNFR1, did not completely inhibit TNFa-TNFR1 interaction, resulting in partial
receptor activation. These findings suggest that OB7 may act by a direct mechanism,
blocking TNFR1 activation, whereas OBS is likely to exert its effect by modulating

the availability of TNFa without completely preventing receptor activation.

While the peptides showed promising in vitro activities, their ability to
effectively penetrate cellular membranes remains unclear. The incorporation of a CPP
(cell-penetrating peptide) at N or C terminus might be required to enhance cellular

uptake and should be investigated in future studies.

In the treatment of autoimmune disorders, peptide-based inhibitors provide
distinct benefits over monoclonal antibody (mAb) approaches. These include lower
production costs, shorter manufacturing times and improved tissue penetration due to
their smaller size and reduced immunogenicity. However, challenges such as limited
binding affinity, rapid degradation and poor systemic bioavailability hinder their
clinical development. Addressing these challenges is crucial for the successful
translation of peptide therapeutics into clinical applications, positioning them as a

viable alternative to existing mAb-based treatments.



6 CONCLUSION

This study demonstrates the capability of peptide-based TNF-a inhibitors as
promising alternatives to mAb therapies for the modulation of autoimmune and
inflammatory processes. The peptides designed within the scope of this research
displayed different levels of binding affinity and neutralization capacity toward TNFa,
with OB1 and OB2 emerging as the most effective inhibitory candidates. Furthermore,
OB5 and OB6, which were engineered to interact specifically with TNFR1 and
TNFR2, respectively, offered important insights into receptor-selective regulation
mechanisms. These findings suggest that targeting TNF-a signaling pathways through
peptide-based approaches may hold considerable therapeutic promise, particularly by
enabling fine-tuned modulation of receptor-mediated responses. The results of this
study indicate that peptide-based TNFa inhibitors have strong potential to serve as
next-generation therapeutic agents for the treatment of inflammatory diseases.
Nevertheless, realizing their full clinical utility will require further investigation,
particularly in the areas of pharmacokinetic profiling, in vivo efficacy, and the
development of efficient targeted delivery systems. Addressing these challenges will
be essential for progressing peptide therapeutics toward clinical translation and
establishing them as a practical and effective alternative to current monoclonal

antibody-based therapies.
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