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Abstract

:

Tumor necrosis factor α (TNF-α) is a multifunctional cytokine protein acknowledged as a vital mediator in cell differentiation, proliferation, and survival. Additionally, TNF-α is a crucial component of the host’s defense by mediating inflammatory and immune responses against various aggressive agents, including viruses, bacteria parasites, and tumors. However, excessive production can be detrimental to the body and is also implicated in developing several inflammatory and immune-mediated disorders. Therefore, there is great interest in studying its role and its modulation, in various diseases, both in in vitro, in vivo, and in silico experiments. In this review, we evaluated the structures of proteins related to TNF-α available in public databases. In addition, we described the main antibodies blocking this cytokine and its applications and commented on the potential of naturally produced binding molecules, such as TNF-α-binding proteins produced by ticks. We also discuss the role of structural bioinformatics techniques in understanding the mechanisms of chronic inflammatory diseases related to TNF-α. We hope that the data presented in this review will be useful for studies that aim to better understand the mechanisms of the interactions of TNF-α with other proteins and will lead to new drugs or treatments.
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1. Introduction


Tumor necrosis factor α (TNF-α) is a cytokine protein described as a mediator of inflammatory and immune responses in mammals. TNF-α production is performed predominantly by activated macrophages and lymphocytes [1,2,3]. Nevertheless, under inflammatory conditions, it can be generated by various cell types, encompassing T and B lymphocytes, mast cells, endothelial cells, neutrophils, cardiac cells, muscle cells, fibroblasts, osteoblasts, and natural killer cells (NK cells) [1,2,3,4].



The cytokine was identified in 1975 by Carswell and colleagues [1] during the study of hemorrhagic necrosis of tumors produced by endotoxins. In 1985, TNF-α was cloned for the first time by D. Pennica and colleagues [5]. They demonstrated that cytokines induce hemorrhagic necrosis in mice [1,2,3,4]. TNF-α is generated as a precursor form called transmembrane TNF-α, which is expressed as a type II cell surface polypeptide of 233 amino acid residues (26 kDa). After being processed by metalloproteinases such as the TNF-converting enzyme (TACE), which cleaves the TNF-α backbone between the residues A76 (alanine 76) and V77 (valine 77), the soluble form of TNF-α of 157 amino acid residues (17 kDa) is released. Moreover, it mediates its biological activities through binding with tumor necrosis factor α (TNF-α) 1 receptors (TNF-R1) and TNF-α 2 receptors (TNF-R2). Both TNF-α in its soluble form and its transmembrane form are biologically active. Transmembrane TNF-α exerts its biological function in cell-to-cell contacts, while soluble TNF-α acts at sites distant from cytokine-producing cells. Transmembrane TNF-α also binds to both receptors, but its biological activities are mainly mediated by TNF-R2 [2,6].



Chronic inflammatory and autoimmune diseases represent a group of long-lasting pathological conditions, characterized by persistent and often unregulated inflammation in the body. The tumor necrosis factor alpha (TNF-α) plays a crucial role in this context, being a central pro-inflammatory cytokine involved in the pathological process that determines tissue damage. It is implicated in various diseases, including rheumatoid arthritis, Crohn’s disease, ankylosing spondylitis, and psoriasis, among others. TNF-α triggers exacerbated inflammatory responses, leading to tissue destruction and the chronic symptoms of these diseases. The modulation of immune mechanisms triggered by TNF-α is so important that a significant number of medications and immunobiologicals act strategically by down-regulating the production or action of this cytokine. A better understanding of its functioning and interaction with other proteins involved in its participation in the inflammatory process opens up the possibility for the study and development of new treatments for chronic inflammatory and autoimmune diseases [7,8,9,10,11].




2. Function and Signaling


TNF-α-mediated signaling is dependent on binding to the TNF-R1 and TNF-R2 receptors. Receptors interact with the same and different molecules, which makes them capable of activating common and distinct pathways. TNF-R1 is more associated with the activation of pro-inflammatory and cell death pathways, while TNF-R2 is more associated with tissue repair and angiogenesis pathways [2,3,6,12,13].



Both receptors are transmembrane proteins and members of the tumor necrosis factor receptor (TNFR) superfamily. Like the other members, they have cysteine-rich domains (CRDs) and are characterized by having two to four CRDs, which form three disulfide bonds each. The receptors have four CRDs, of which CRD1 and CRD2 have approximately 30% identity, while the other domains have no identity [14,15,16,17]. TNF-R1 has a death domain (DD), a region of around 80 residues located in the intracellular part of the receptor, close to the C-terminus, which is responsible for its cytotoxicity (Figure 1). Its signaling pathway begins with binding to TNF-α, which causes the silencer of the death domain (SOOD) to dissociate from binding to the DD region of the receptor. The DD region binds to the TNFR1-associated death domain protein (TRADD) [2,18].



TRADD is a protein possessing a death domain (DD) that engages with TNFR1, facilitating programmed cell death signaling and triggering the activation of nuclear factor kappa B (NF-kB). NF-kB is a protein complex responsible for regulating transcription, cytokine production, and cell survival. Signaling proceeds with the recruitment carried out by TRADD of two proteins: the Receptor-interacting Protein 1 (RIP-1), a serine-threonine kinase that binds TRADD through its DD region, and TNF receptor-associated factor 2 (TRAF-2), an E3 ubiquitin ligase that binds a protein that recruits ubiquitin-conjugating enzymes. This TRADD–RIP-1–TRAF-2 protein conjugation is released from TNF-R1 after its junction [18,19,20].



Then, signaling involves the recruitment and activation of different mitogen-activated kinase (MAP3K) proteins. RIP-1 mediates the recruitment of growth factor β-activated kinase 1 (TAK), which promotes the activation of the IkB (inhibitor of nuclear factor kappa B) kinase complex called IKK. IKK generates the phosphorylation of IkB proteins, signaling their ubiquitination and proteasome-mediated degradation, allowing the NF-kB factor to enter the nucleus and initiate gene transcription [2,19,21,22].



The TRADD–RIP-1–TRAF-2 complex can also recruit apoptosis signal-regulating kinase 1 (ASK-1). The factor activates MAP3K phosphorylates and c-Jun N-terminal kinases (JNKs) mitogen-activated protein kinases (p38 MAPKs), a class of MAPKs that respond to stress with cytokines. Activated JNKs phosphorylate the C-jun region, a subunit of the transcription factor activating protein (AP-1), which allows the cAMP response element binding protein (CBP/p300) reaction [2].



In addition to mediating cell survival and pro-inflammatory signals through NF-kB and AP-1, TNF-R1 can initiate cell death signaling pathways. This signaling involves the binding of the Fas-associated DD protein (FADD), which associates with the TRADD protein, forming the TRADD-FADD complex, recruiting pro-caspases 8, which releases activated caspase 8 and initiates apoptosis through the cleavage and activation of pro-caspase 3 [2,18,19].



The TNF-R2 signaling pathways are not yet clearly defined. TNF-R2 does not have the DD; however, it can still interact with TRAF-2, which binds directly to the receptor. TNF-R2 can also activate endothelial/epithelial tyrosine kinase (ETK), implicating TRAF-2-independent cell adhesion, migration, proliferation, and survival. ETK is a regulator of epithelial cell junctions and participates in the mediation of angiogenesis through TNF-induced Phosphatidylinositol 3-kinase (PI3K), which is mediated by ETK and binds to vascular endothelial growth factor receptor 2 (VEGFR2) [2,12,14,15,16,23].



The receptor associates with an inactive form of ETK independently, through the 16 amino acid sequence at the end of TNF-R2. It is believed that TNF-α induces a conformational change in TNF-R2 that triggers the unfolding of the closed and inactive form of ETK. In endothelial cells, TNF-α induces the assembly of a trimolecular complex containing TNFR2-ETK-VEGFR2, which results in the activation of PI3K (Figure 2) [2,12,14,15,16,23].



Both TNF-R1 and TNF-R2 are expressed in most cell lines and primary tissues. The expression of receptors is regulated by the presence of pro-inflammatory cytokines such as TNF-α itself, interleukin 1 (IL-1), and interleukin 2 (IL-2) [2,12,14,15,16,23].



Many of the pro-inflammatory effects of TNF-α can be explained based on the cytokine’s effects on the vascular endothelium and interactions with endothelial leukocytes. In response to TNF-α during inflammation, endothelial cells exhibit a distinct temporal, spatial, and anatomical model; this response generates the recruitment of different populations of leukocytes. Furthermore, the TNF-α-induced expression of cyclooxygenase 2 (COX-2) can increase the production of prostacyclins, resulting in vasodilation, causing flushing and heat through increased local blood flow, which are classic signs of inflammation [2,12,14,15,16,23].



The receptors connect to the cytokine by binding between two TNF-α chains (Figure 2); thus, a trimer, which is the active form of TNF-α, was able to interact with three receptor molecules. The receptors interact with the following residues of the TNF-α interface: Gln-21, Glu-23, Arg-31, Arg-32, Ala-33, Asp-143, Phe-144, Ala-145, Glu-146, Gln-149, Ser-86, His-73, and Tyr-87. The Arg-31 residue stands out, and when mutated, it conferred a lower binding affinity of cytokine with the receptors [12].



In the next section, we will discuss the TNF-α three-dimensional structure in more detail.




3. Structure


The structure of the soluble human tumor necrosis factor α (TNF-α) was identified in 1989 by Eck and Sprang and their results published the following year [3], recorded in the Protein Data Bank (PDB) as 1TNF (Figure 3). The structure was identified via X-ray diffraction at a resolution of 2.6 Å and an R-value of 0.23, and its refinement was carried out using X-PLOR. The protein is a homotrimer with a total of 52,106 kDa, 3552 atoms, and 471 residues distributed in three identical chains of 157 amino acids [3,14,15,16,25,26,27].



Each monomer of TNF-α forms an elongated and antiparallel β-sandwich, corresponding to a structure composed of two antiparallel β-sheets. In this case, these are pleated β-sheets, in which the amino groups (NH) of a fully extended β-sheet interacted by forming hydrogen bonds with the carbonyl groups (C=O) of the adjacent strand. The monomers have a jelly roll topology (Figure 4), which is defined as a supersecondary protein fold composed of eight β-strands (named from “a” to “h”) composed of two sheets of four strands [3,14,15,16,25,26,27].



The inner sheet comprises ribbons (a, c, f, and h); they are involved in the internal contacts that form the trimer, while the strands (b, g, d, and e) form the outer surface. Both the inner and outer sheets are made up of five β-sheets. The inner sheets facing the trimer axis are essentially flat, while the outer sheets are very curved. It is observed that the leaves are twisted at around 60° clockwise [3,14,15,16,25,26,27].



There are three helical segments in TNF-α, none extending more than one turn. The segments are formed by residues 106–110, 138–142, and 145–150 (Figure 5). There is a disulfide bond between residues 69–101, which connect the e and f strands with the c and d strands. Loops that connect the strands are also found in the structure, formed by residues 37–42, connecting strand a to b, and the loop formed by residues 49–57 connecting strand b to c [3,14,15,16,25,26,27].



The spatial distribution of side chain residues in TNF-α is typical of β-sandwich proteins; the interior of the subunit is packed largely with hydrophobic amino acid side chains. There are short sequences of hydrophobic and hydrophilic residues that alternate in the outer leaves [3,14,15,16,25,26,27].




4. TNF-α Role in the Body’s Inflammatory Process


As observed earlier, tumor necrosis factor α (TNF-α) plays a pivotal role in the body’s inflammatory response and serves as a critical component in the host’s defense against various harmful agents, such as viruses, bacteria, and parasites. Nevertheless, excessive production can be detrimental to the body and is also implicated in developing several immune-related disorders [12,28]. Conversely, reduced plasma concentrations of this cytokine, whether occurring naturally or due to particular disease treatments, are linked to an elevated risk of bacterial and fungal infections or the reactivation of latent tuberculosis [12,28].



Chronic inflammatory and autoimmune diseases constitute a category of health conditions distinguished by enduring and persistent inflammation in various body regions. Chronic inflammation may arise from an immune response that is dysregulated, causing the immune system to erroneously target the body’s healthy tissues. This results in continual inflammation and frequently leads to the progressive degeneration of the organs affected. These conditions can have a significant impact on patients’ quality of life and often require long-term treatment to control symptoms and prevent complications [29]. Below, we present some examples of chronic inflammatory diseases in which TNF-α plays a fundamental role in the inflammatory process.



4.1. Rheumatoid Arthritis


Rheumatoid arthritis is characterized as a persistent autoimmune disorder primarily impacting the joints, causing inflammation, pain, stiffness, and, in more advanced stages, structural damage to the involved joints. This ailment manifests when the immune system erroneously targets its own healthy cells and tissues, initiating an inflammatory response within the synovial membranes that line the joints [30,31].



The pathogenesis of rheumatoid arthritis involves the activation of pro-inflammatory cytokines, with TNF-α playing a central role. This cytokine is found at elevated levels in patients with the disease and exerts a significant influence on the progression of inflammation. The inflammatory process is associated with the accumulation of various immune cells, including type 1 helper T cells (Th1), macrophages, B cells, plasma cells, and dendritic cells (DCs) [30,31].



TNF-α, secreted by Th1 cells and macrophages, participates in several events that lead to the activation of synovial fibroblasts, epidermal hyperplasia, and recruitment of further inflammatory cells. Thus, in response to stimulation by cytokines such as IL-1, IL-6, and TNF-α, synovial fibroblasts increase the expression of cathepsins and matrix metalloproteinases (MMPs), promoting the degradation of collagen and proteoglycans. This process culminates in the destruction of cartilage and bones, ultimately leading to joint erosion. Additionally, osteoclasts play a significant role in the progression of rheumatoid arthritis pathology, being activated by TNF-α and inducing synovial hyperplasia and angiogenesis [30,31].




4.2. Psoriasis


Psoriasis is a persistent skin condition identified by red, scaly lesions, typically appearing on the scalp, elbows, knees, and lower back. This condition arises from an abnormal acceleration of the skin cell life cycle, resulting in the rapid generation of new cells and the buildup of dead tissue on the surface of the skin [32].



The pathogenesis of psoriasis involves an overactive immune response, in which TNF-α plays a significant role. This pro-inflammatory cytokine is found at high levels in patients with psoriasis and is associated with the activation of several cells of the immune system, including T cells, dendritic cells, and macrophages. Elevated TNF-α activity in psoriasis contributes to the chronic inflammation and rapid cell turnover observed in the condition. Furthermore, TNF-α triggers the excessive production of keratinocytes in the epidermis, leading to the formation of the characteristic psoriatic plaques. Blocking TNF-α activity through targeted therapies may be effective in treating psoriasis, providing symptom relief, and reducing disease progression [33].




4.3. Crohn’s Disease


Crohn’s disease is a chronic and inflammatory condition that impacts the gastrointestinal tract and can manifest in any segment of the digestive system, ranging from the mouth to the anus. It is characterized by chronic inflammation of the intestinal wall, resulting in symptoms such as abdominal pain, diarrhea, weight loss, and fatigue. Additionally, Crohn’s disease can lead to complications, such as strictures, fistulas, and abscesses [8].



TNF-α is one of the principal inflammatory mediators associated with the pathogenesis of Crohn’s disease. Elevated levels of TNF-α have been identified in patients with Crohn’s disease, indicating the crucial role of this cytokine in the progression and maintenance of intestinal inflammation [8]. TNF-α plays a multifaceted role in Crohn’s disease, as it stimulates the activation of inflammatory cells such as macrophages and T lymphocytes, resulting in the release of other pro-inflammatory cytokines and the formation of granulomas, a hallmark of this disease. Moreover, TNF-α can contribute to the impairment of the intestinal barrier function and alterations in the regulation of the immune response within the intestinal mucosa [10,34].



Anti-TNF-α therapy, which involves inhibiting the activity of TNF-α, has been shown to be effective in treating Crohn’s disease, providing symptom relief, and promoting the healing of intestinal lesions. This therapeutic approach has revolutionized the treatment of Crohn’s disease and is extensively employed in patients exhibiting moderate to severe forms of the condition [10,34].




4.4. Ankylosing Spondylitis


Ankylosing spondylitis is a form of chronic inflammatory arthritis primarily impacting the spine and sacroiliac joints situated in the lower back and pelvis. This progressive condition can lead to the fusion of the vertebrae, resulting in stiffness and limited spine mobility. Furthermore, ankylosing spondylitis can affect other joints, such as the shoulders, hips, and knees, and also present extra-articular manifestations, such as inflammation in the eyes, skin, and intestines. Although the exact cause of the disease is not completely understood, genetic factors play an important role in its predisposition. Ankylosing spondylitis can significantly impact the quality of life of affected individuals, and early diagnosis and appropriate treatment are essential to minimize symptoms and prevent long-term complications [35].



In ankylosing spondylitis, the heightened expression and activity of TNF-α are linked to the persistent inflammation of the sacroiliac joints and spine. This inflammation results in the formation of scar tissue and eventual ankylosis, characterized by the fusion of the vertebrae. Beyond its direct pro-inflammatory impact, TNF-α plays a role in activating immune system cells, including T lymphocytes, and stimulating the production of other inflammatory cytokines. This cascade of events leads to the perpetuation of chronic inflammation in the affected joints, resulting in the characteristic symptoms of the disease, such as pain, stiffness, and progressive limitation of joint mobility [35,36].




4.5. Systemic Sclerosis


Systemic sclerosis (SSc), also referred to as systemic scleroderma, is a rare, chronic autoimmune disease that impacts the body’s connective tissues. Characterized by excessive collagen production, SSc results in fibrosis, i.e., the thickening of the skin, often involving the internal organs. This complex condition can manifest itself heterogeneously, presenting a variety of symptoms that range from localized cutaneous sclerosis to more severe forms that affect multiple organ systems. The precise etiology of systemic sclerosis is not yet fully understood, but it is thought to encompass a combination of genetic and environmental triggers. Dysregulated immune response plays a key role, resulting in chronic inflammation and abnormal collagen deposition in affected tissues. In addition to cutaneous symptoms, SSc can cause systemic complications, including pulmonary, cardiac, renal, and gastrointestinal dysfunction [37,38].



TNF-α plays a pivotal role in the initial host response to infections and is involved in the pathogenesis of various immune-mediated systemic diseases. Patients with systemic sclerosis (SSc) often exhibit elevated serum levels of TNF-α, which contribute to the development of pulmonary fibrosis and pulmonary arterial hypertension. Additionally, inflammatory arthritis can manifest in SSc patients. The use of infliximab and etanercept may provide improvements in inflammatory arthritis and disability in individuals with SSc.TNF-α inhibitors reduce systemic inflammation and improve endothelial function, thus reducing the risk of the progression of pulmonary arterial hypertension and acute cardiovascular and/or cerebrovascular events. Clinicians need to be aware of the potential risks of tuberculosis reactivation and opportunistic infections. Randomized clinical trials with TNF-α inhibitors in patients with SSc are needed to confirm the potential role of these agents in the treatment of SSc.



The management of systemic sclerosis involves a multidisciplinary approach, with treatment targeting specific symptoms and regular monitoring to detect possible complications. Research continues to explore new insights into the underlying mechanisms of the disease, as well as identifying more effective therapies. Although there is no cure for SSc, advances in understanding pathogenesis and the development of targeted therapeutic strategies offer hope for improving the quality of life for patients affected by this debilitating condition [37,38].




4.6. Hidradenitis Suppurativa


Hidradenitis suppurativa (HS) is a chronic, inflammatory, debilitating skin disease that affects the apocrine sweat glands, resulting in painful nodules, recurrent abscesses, and subcutaneous tunnel formation. This dermatological condition has a significant impact on patient’s quality of life, not only due to physical pain but also due to the possible formation of scars, deformities, and psychosocial complications. Although the exact etiology of HS is not completely understood, genetic factors, chronic inflammation, and immune system dysfunctions are among the contributing elements. HS usually manifests itself in areas of skin folds, such as armpits, groin, and perianal region. Symptoms can range from mild to severe, and the disease often progresses over time. Patients with HS face significant challenges in managing the condition, and treatment may involve a multimodal approach that includes measures such as antibiotics, anti-inflammatories, corticosteroids, and in some cases, surgical interventions. The appropriate management of hidradenitis suppurativa requires an individualized approach, considering the extent of the disease, the patient’s response to treatment, and the specific needs of each case. Continued research is critical to improving therapeutic options and providing a better understanding of the underlying mechanisms of this complex condition [39,40,41].



The exact pathophysiology of HS is unclear, although current theory involves follicular obstruction, rupture, and subsequent inflammation, leading to the development of fistulas and abscesses in the intertriginous skin. Several inflammatory modulators have been implicated in the development of HS, including tumor necrosis factor α (TNF-α), as well as interleukin (IL)-1β, IL-10, and IL-17. Initial evidence for the use of TNF-α inhibitors in HS resulted from the recognition that patients with inflammatory bowel disease treated with these medications saw a simultaneous improvement in their HS symptoms. Early case reports and case series have illustrated the value of TNF-α inhibitors in the treatment of HS. Despite advances in understanding the relationship between hidradenitis suppurativa and TNF-α, it is important to highlight that each patient responds uniquely to treatments. The choice of appropriate therapy must be individualized, taking into account the severity of symptoms, the patient’s medical history, and other relevant factors. Treatment of HS remains challenging, and continued research is essential to develop more effective and personalized approaches to improve the quality of life for individuals affected by this complex dermatological condition [39,40,41].




4.7. Vasculitis


Vasculitis is a medical condition characterized by the inflammation of blood vessels. This inflammation can lead to damage to the vessels, resulting in narrowing, weakening, or even blocking blood flow. There are several types of vasculitis, classified based on the size of the affected blood vessels and the extent of inflammation. Symptoms can vary widely depending on the organs affected but often include fever, fatigue, joint pain, rash, and, in more serious cases, damage to vital organs. The exact etiology of vasculitis is not always clear, but in many cases, it is an autoimmune response, where the immune system mistakenly attacks its blood vessels. Other causes may include infections, reactions to certain medications, or genetic disorders. Diagnosis usually involves a combination of blood tests, imaging tests such as angiography, and, in some cases, a biopsy of affected tissue [42,43,44].



Vasculitis treatment aims to control inflammation and may involve the use of immunosuppressive medications, corticosteroids, and in some cases, biological therapies. Long-term management requires a multidisciplinary approach with regular follow-up care from a rheumatologist or autoimmune disease specialist. The prognosis may vary depending on the type and severity of vasculitis, but with appropriate treatment, many people can manage the condition and maintain a good quality of life [42,43,44].



The relationship between vasculitis and tumor necrosis factor α (TNF-α) is complex and may vary depending on the specific type of vasculitis. In some forms of vasculitis, especially Takayasu arteritis and granulomatosis with polyangiitis (GPA), there is evidence suggesting that TNF-α plays a role in the pathogenesis and maintenance of vascular inflammation. In cases of vasculitis associated with rheumatic diseases, such as Takayasu arteritis, some clinical studies have explored the use of anti-TNF medications, such as infliximab and etanercept, as part of treatment. These medications are designed to inhibit the action of TNF-α and thus modulate the inflammatory response. However, the effectiveness and safety of these treatments vary, and the decision to use them will depend on the specific characteristics of each patient and the assessment of a healthcare professional. It is essential to emphasize that the decision to use TNF-α inhibitors in the treatment of vasculitis must be carefully considered and individualized. The management of vasculitis is complex and often requires a multidisciplinary approach, involving rheumatologists and other specialists, to optimize treatment results and minimize risks. As medical research is constantly evolving, it is always advisable to consult a healthcare professional who is up to date on the latest and most appropriate therapeutic options for each clinical situation [42,43,44].





5. TNF-α Inhibitors as Therapeutic Drugs


The excessive expression of tumor necrosis factor α (TNF-α) is associated with chronic inflammatory diseases. It is also known that to carry out its signaling and function, it is necessary for the cytokine to be in its trimer conformation to interact with its receptors. Thus, an alternative treatment for diseases with chronic inflammatory characteristics is the blockage of the interaction between the cytokine and its receptors, which is carried out using anti-TNF-α antibodies [6].



Antibodies are glycoproteins whose structure is formed by two identical light chains plus two other identical heavy chains. The lower region of the antibody, where the “tail” is formed, is called the Fc domain. It is responsible for interacting with surface receptors. The amino-terminal ends of light and heavy chains are called Fab fragments (fragment antigen-binding). This is where the antigen binds to the antibody [45].



The FDA (Food and Drug Administration) and EMA (European Medicines Agency) have approved four antibodies and a fusion protein that interacts with TNF-α. Etanercept, trade name Embrel, is a fusion protein formed by the dimeric fusion consisting of the extracellular ligand-binding portion of the TNF-R2 receptor, linked to the Fc portion of human IgG1. This fusion protein was approved by the FDA in 1998 and by the EMA in 2000 [46].



Etanercept binds to both forms of the cytokine, covering the binding site and preventing it from interacting with its receptors [46]. Etanercept binds to soluble TNF-α and transmembrane TNF-α, inactivating them by blocking their interactions with receptors. It binds exclusively to active trimeric TNF-α, positioning itself in the cleft between the subunits. With a half-life of 3–3.5 days after subcutaneous administration, etanercept also demonstrates the ability to modulate pro-inflammatory genes, such as NF-κB, in plaque psoriasis (PS), resulting in a significant reduction in production of TNF-α. Additionally, it promotes the apoptosis of dendritic cells (DCs) in substantial quantities in the psoriasis plaque, interrupting the positive feedback associated with TNF-α through early apoptotic cell death, before DC activation and maturation [47].



Infliximab, commercially known as Remicade, was developed in 1993 and is the first anti-TNF-α antibody to be approved for use by the FDA in 1998 and by the EMA in 2000. It was initially approved for treating Crohn’s disease and later extended to other diseases. with characteristic chronic inflammatory conditions. The antibody neutralizes the biological activity of the cytokine, binding to TNF-α in its soluble and transmembrane form. Infliximab is a chimeric antibody composed of a human 1gG1 constant region (75%) linked to a murine-derived antigen-binding variable region (25%). Each antibody binds to one chain of the trimer. The EF loop of TNF-α plays a crucial role in antigen–antibody interaction. The interface is highly complementary and corresponds to a large region. The total surface area is complementary and has a buried interface between infliximab and TNF-α of 1977 Å2, corresponding to a larger area than typical protein–protein interfaces ranging between 1560 and 1700 Å2 [6,28].



The contact interface corresponds to the CD and EF loop residues, as well as the GH loop residues. It comprises 12 residues, within which Arg-32 is found, which is also part of the binding site for TNF-α with its receptors. By carrying out mutations in the residues of the site, it was identified that residues Gln-67, Arg-138, and Tyr-141, when mutated, significantly decrease the affinity of the complex. The antibody binds to residues Gln-67, Pro-70, Ser-71, Arg-32, Thr-105, Glu-107, Ala-109, Glu-110, Asn-137, Arg-138, Asp-140, and Tyr-141 of the TNF-α interface [6,22].



Infliximab was specifically designed to target all forms of TNF-α in humans, effectively preventing the binding of TNF-α to its soluble and transmembrane receptors. Following infliximab treatment in patients with inflammatory bowel disease (IBD), there is a promotion of lysis of cell lines expressing TNF-α through complement-dependent and antibody-dependent cytotoxicity, leading to a reduction in inflamed tissue. Furthermore, infliximab induces apoptosis, inhibits the production of IFN-γ in colonic and stimulated T cells, and contributes to an anti-inflammatory effect. Moreover, it exerts a negative regulatory effect on intracellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1), while also modulating the balance of matrix metalloproteinases (MMPs) and tissue inhibitor of metalloproteinases (TIMPs). Infliximab has an approximate half-life of 8 to 10 days, and its efficacy can be maintained by administering doses every eight weeks [6,28].



Adalimumab, commercially named Humira, is a fully human antibody approved in 2005 by the FDA and in 2008 by the EMA. The antibody binds to the cytokine via a highly complementary surface, with a total buried surface area of approximately 2540 Å2. The antibody binds to two monomers of the trimer. The Adalimumab epitope comprises a series of discontinuous fragments formed by 19 residues, including Gln-21, Glu-23, Ala-145, and Glu-146, which are part of the receptor binding site. It was observed that making mutations in the residues Glu-23, Asn-91, Lys-65, Gln-67, Glu-135, and Glu-146 decreases the binding affinity between the antibody and the cytokine. Antibody binds to residues Pro-19, Gln-20, Glu-23, Lys-65, Gln-67, Glu-10, Pro-113, Tyr-141, Ala-145, Glu-146, Thr-71, Gln-21, Thr-77, Thr-79, Ser-81, Lys-89, Asn-91, Glu-135, and Asn-13 at the interface of TNF-α [6,48].



Adalimumab requires less frequent subcutaneous administration due to its comparatively prolonged half-life, which ranges from 10 to 13 days. Furthermore, it has a lower propensity for immunogenicity compared to infliximab. Due to its better tolerance and lower incidence of adverse immunological reactions, adalimumab is effective in the treatment of Crohn’s disease (CD) and may be an option for patients who have had allergic reactions to infliximab. Psoriasis (PS) patients treated with adalimumab demonstrated reductions in TNF-α and IL-6 levels, as well as markers of the acute phase of inflammation. Furthermore, the treatment of rheumatoid arthritis (RA) with adalimumab has shown the ability to inhibit IL-17, overproduced by Th17 cells, while increasing the number of regulatory T cells (Treg) compared to untreated patients [6,48].



Certolizumab-pegol, brand name Cimzia, was approved by the FDA in 2008 and in 2009 by the EMA. The antibody has a different structure from other antibodies, being formed by a monovalent Fab fragment of a humanized anti-TNF-α antibody without an Fc region. The Fab region is linked to two cross-linked chains of a 20 kDA polyethylene glycol. The antibody binds to a single cytokine monomer, and the binding comprises a total accessible area of 1887 Å2, corresponding to a larger area than that of common protein–protein complexes. The binding region is formed by 16 residues, including Ser-86 and Thr-87, which are part of the TNF-α receptor sites. It can be noted that when residues Gln-88 and Arg-138 are mutated, the binding affinity of the complex decreases. The antibody site at the TNF-α interface is formed by residues Gly-24, Asp-45, Gln-47, Thr-77, Ile-83, Val-85, Ser-86, Gln-88, Thr-89, Lys-90, Arg-131, Glu-135, Asn-137, Arg-138, Pro-139, Asp-140, and Thr-87 [49].



Certolizumab pegol, as it does not have an Fc region, does not trigger complement or antibody-dependent cytotoxicity. This TNF-α inhibitor has a distinct mechanism of action compared to others in the same class. Due to PEGylation, Certolizumab pegol can be more efficiently distributed into inflamed tissues than Infliximab and Adalimumab. Its unique structure is suggested as the reason behind the greater efficacy, and PEGylation increases its half-life to two weeks, favoring the concentration of the inhibitor in inflamed tissues [47].



Golimumab, commercially named Simponi, was approved by the FDA and EMA in 2009. It is a fully human antibody that binds to just one monomer of the cytokine. The complex has a buried region of 1902 Å2 and its epitope in TNF-α involves 13 residues. Golimumab binds to residues Gly-24, Lys-65, Gln-67, Ser-71, Glu-104, Thr-105, Pro-106, Glu-107, Gly-108, Ala-111, Arg-138, Asp-140, and Tyr-141 at the TNF-α interface [50,51].



Golimumab, with superior affinity compared to infliximab and adalimumab, effectively neutralizes both soluble and transmembrane TNF-α, inhibiting its biological activity. It further hinders leukocyte infiltration by blocking cell adhesion proteins (E-selectin, ICAM-1, and VCAM-1) and suppressing the secretion of pro-inflammatory cytokines. Golimumab boasts a half-life ranging from 7 to 20 days [47].



Infliximab binds to both monomeric and trimeric forms of soluble TNF-α, while etanercept binds only to trimeric forms of soluble TNF-α. Each infliximab molecule can bind to two molecules of soluble TNF-α, allowing for up to three infliximab molecules per TNF-α homotrimer. In contrast, etanercept forms a one-to-one complex with a TNF-α homotrimer. Monoclonal antibodies (mAbs), but not etanercept, form large protein complexes in vitro. Infliximab, adalimumab, golimumab, and etanercept show similar binding activities to soluble TNF-α and almost identical neutralization capabilities against TNF-α receptor signaling [44,47,52].



Golimumab has higher affinity for soluble TNF-α compared to infliximab and adalimumab, being conformationally more stable. Its inhibitory capacity against TNF-α-induced cytotoxicity and the activation of human endothelial cells is superior to that of infliximab and adalimumab. In antibody-dependent cell activity (ADCC), all agents show similar activities on specific target cells, except etanercept, which shows discrepancies in different experimental conditions [44,47,52].



Infliximab, adalimumab, golimumab, Certolizumab pegol, and etanercept share the human IgG1 hinge region. Proteases such as MMP-3 and MMP-12 can cleave infliximab and adalimumab, preserving the neutralization capacity of soluble TNF-α. However, the cleavage of etanercept results in the loss of soluble TNF-α-neutralizing activity. Mucosal metalloproteinases and anti-hinge autoantibodies may contribute to the lack of response to anti-TNF-α agents in inflammatory bowel disease (IBD) [44,47,52].



Distribution studies in animal models show that Certolizumab pegol has more effective distribution to inflamed joints compared to infliximab and adalimumab. Prolonged exposure to inflamed tissue is more significant for Certolizumab pegol than for the other agents. Additional studies in mouse models of IBD for a more comprehensive understanding are awaited [44,47,52].



In conclusion, the variety in mechanisms of action and pharmacokinetic properties among tumor necrosis factor α (TNF-α) inhibitors offers a spectrum of therapeutic choices for inflammatory diseases like rheumatoid arthritis, Crohn’s disease, and psoriasis. Infliximab, adalimumab, golimumab, certolizumab pegol, and etanercept exhibit distinct affinities, binding capacities, and immune response modulations. Grasping these nuances is essential for tailoring personalized treatment strategies for individual patients. Additionally, ongoing research into the distribution characteristics and impacts of pharmaceutical modifications, such as PEGylation, holds promising prospects for enhancing the efficacy and safety of these agents. Although challenges such as immunogenicity and variable response persist, the constant evolution in anti-TNF-α therapies highlights the importance of a holistic and evolving approach to the management of inflammatory diseases [44,47,52].




6. New Anti-TNF-α Agents


Tumor necrosis factor alpha (TNF-α) inhibitor antibodies are widely employed in the treatment of autoimmune and inflammatory diseases, but they pose certain challenges and potential issues, including: (i) Immunogenic response: The development of antibodies against the TNF-α inhibitor itself can diminish the effectiveness of the treatment over time. (ii) Side effects: Some patients may experience side effects such as injection site reactions, opportunistic infections, and cardiovascular risks associated with the use of these medications. (iii) Cost: TNF-α inhibitory antibodies can be expensive, potentially limiting access for some patients due to financial constraints.



In addition, aspects such as the possibility of therapeutic failure, since patients may not respond adequately to treatment with TNF-α inhibitor antibodies, and aspects such as long-term safety, since the long-term safety of continuous use of these antibodies medications is still being studied, must also be considered. Currently, new anti-TNF-α agents are being developed to overcome shortcomings such as the non-response of existing TNF-α inhibitors [53,54,55]. Below, we present some examples.



6.1. Ozoralizumab (TS-152)


Ozoralizumab, also known as Nanozora, was developed by Taisho Pharmaceutical Co., Ltd. (Tóquio, Japan), under license from Ablynx, an affiliate of Sanofi, for the treatment of rheumatoid arthritis (RA). The approval for this novel tumor necrosis factor (TNF-α) inhibitor was granted in Japan in September 2022, targeting patients with rheumatoid arthritis (RA) who have not responded adequately to conventional treatments. Administration is carried out subcutaneously every 4 weeks, with a dose of 30 mg. Ozoralizumab acts potently by inhibiting TNF-α through two human TNF-α-binding domains, in addition to a human serum albumin-binding domain that prolongs its plasma half-life, allowing for longer intervals of administration. Its molecular weight is 38 kDa, approximately a quarter of the molecular weight of conventional immunoglobulin G [56,57].



We highlight that, although there is a consolidated experience in using TNF-α inhibitors to treat RA, Ozoralizumab presents a completely new structure. For this reason, it is essential to gather long-term efficacy and safety data after its introduction into clinical practice. A long-term extension study (NCT04077567; JapicCTI-194932) is currently underway in patients who have demonstrated a positive clinical response [56,57].




6.2. ZINC09609430


In the 2019 study conducted by Saddala and Huang [58], the primary objective was to identify novel small molecules capable of directly binding to TNF-α and/or TNFR1. This aimed to inhibit the interaction between these proteins and regulate the subsequent signaling pathways. The authors employed a range of cheminformatics techniques, including pharmacophore modeling, virtual screening, molecular docking, and in silico ADMET analysis, to explore the Zinc database [59] database for new TNF-α and TNFR1 inhibitors. Pharmacophore models were used to select the most promising compounds in the Zinc database, similar to existing drugs [58].



The most successful molecules were then mapped to the key features of the TNF-α pharmacophore, TNFR1, and the TNF-α–TNFR1 complex. They were subjected to additional evaluations, such as molecular docking, the analysis of protein–ligand interactions, as well as in silico ADMET studies. Molecular coupling analysis revealed the binding energies of TNFα, TNFR1, and the TNF-α–TNFR1 complex, serving as a basis for selecting the five best compounds regarding binding energy. Moreover, in silico ADMET studies revealed that all 15 compounds (ZINC09609430, ZINC49467549, ZINC13113075, ZINC39907639, ZINC25251930, ZINC02968981, ZINC09544246, ZINC58047088, ZINC72021182, ZINC08704414, ZINC05462670, ZINC35681945, ZINC23553920, ZINC05328058, and ZINC17206695) met the Lipinski criteria and exhibited no toxicity. These new selective inhibitors of the TNF-α, TNFR1, and the TNF-α–TNFR1 complex have the potential to be used as anti-inflammatory agents and represent promising candidates for future investigations and experimental trials [58].




6.3. CP-690334-01


In 2020, Kwak and colleagues [60] conducted a study that used a computational approach to find new therapies for Crohn’s disease in patients who were resistant to anti-TNF-α treatment, characterized by alternating periods of remission and deterioration. They used a transcriptomic dataset (GSE100833) of patients with this refractory form of Crohn’s, available at NCBI GEO [61]. After a thorough co-expression analysis, they investigated the extent of protein–protein interactions between genes grouped into clusters based on data from the STRING database [62]. Pathway analysis was conducted using the clEnrich function, which is based on KEGG gene sets. Co-expressed genes in clusters 1, 2, 3, and 4, as well as up- or down-regulated genes and all differentially expressed genes, showed high connectivity. Among them, cluster 1, notably enriched in chemokine signaling, also demonstrated enrichment in cytokine–cytokine receptor interactions, identifying several drugs, including cyclosporine, that are known for their efficacy in the disease. Furthermore, Vorinostat, histone deacetylase inhibitors, and piperlongumine, known for its inhibitory effect on NF-κB activity, were identified. Some alkaloids have also been highlighted as potential candidates for therapeutic drugs. These findings indicate that they may represent a new therapeutic option for antiTNF-α–refractory Crohn’s disease, corroborating the importance of using public molecular data and computational methods in identifying new therapeutic alternatives for the condition [60].




6.4. TNF-α Inhibitory Activity Detected in Ticks


In a study published in 2006, Konik et al. [39] detected an anti-tumor necrosis factor α activity in the saliva of the tick Ixodes ricinus. The experiment used ELISA (Enzyme-Linked Immunosorbent Assay), which consists of an enzymatic test that identifies specific antibodies. Specific antibodies for human and mouse TNF-α were used [63].



As is widely known, ticks need to feed on blood to complete their development and maintain their life cycle. During an invasion process after an animal bite (such as a tick), the host organism tends to activate the defense system with pro-inflammatory and immunomodulatory pathways, the formation of a hemostatic plug generating vasoconstriction, and tissue remodeling. If successful, these processes would lead to the rejection of the tick, preventing attachment and feeding from being completed. To circumvent the host’s defense system, a fundamental mechanism is the injection of saliva, which contains anti-hemostatic, anti-inflammatory, and immunomodulatory molecules that facilitate a satisfactory diet [64,65].



In a previous study, the authors demonstrated that saliva, as well as Ixodes ricinus salivary gland extract, significantly reduced the level of the cytokine [53]. Carrying out a digestion experiment with trypsin (a protein that participates in the digestion process, promoting the breakdown of proteins into peptides), in which saliva compounds were exposed to trypsin, it was noted that the inhibitory activity of TNF-α was lost, demonstrating that the factor that generates the inhibitory activity is a protein [53].



Next, a rapid fractionation experiment was carried out using liquid chromatin in proteins from saliva and salivary gland extract, where a peak of TNF-α inhibition was identified, corresponding to a protein with a molar mass of 23 kDa. It has been suggested that the mechanism involved in cytokine inhibition is direct binding to the protein [53].



Identifying a TNF-α inhibitory activity sparked interest in identifying such a protein and identifying the existence of the same activity in other species. Years later, in 2017, Kezková and Kopecky compared the presence of TNF-α inhibition in 11 species of ticks from the Ixodidae family, Amblyomma americanum, Dermacentor marginatus, D. reticulatus, Haemaphysalis concinna, Ixodes ricinus, I. persulcatus, I. hexagonus, I. scapularis, Rhipicephalus appendiculatus, R. pulchellus, and R. sanguineus. Partially fed females were used in the experiment over 6–7 days [66]. The test was performed using ELISA to estimate the effect of TNF-α inhibition on tick saliva and its salivary gland. As a result, inhibition for the cytokine was found in ticks of the genus Ixodes and Haemaphysalis, while ticks of the genus Rhipicephalus, Dermacentor, and Amblyomma do not show TNF-α inhibitory activity [66].



Taking into account that the active form of TNF-α is in the trimer form and that the cleavage of the structure by a protease would inhibit its function, it was tested whether inhibiting the activity of metalloproteases and proteases in saliva contents the inhibitory activity of TNF-α would be lost, thus changing the shape of the trimer. The results demonstrated that the inhibitory activity of proteases and metalloproteases did not reduce the inhibition of TNF-α. This suggests that the inhibition mechanism is directly linked to the cytokine and not the cleavage of its structure [56].





7. Limitations in TNF-α Research


Research on tumor necrosis factor α (TNF-α) faces several limitations that influence the complete understanding of its complex biological functions. One of the notable limitations is the diversity of cellular and tissue responses induced by TNF-α, which makes it challenging to discern its specific effects in different physiological and pathological contexts. Furthermore, the temporal and spatial regulation of TNF-α expression presents a complexity that often complicates the interpretation of experimental results. Genetic heterogeneity between individuals also contributes to variability in responses to TNF-α, impacting the generalizability of findings in clinical studies. Furthermore, research faces significant challenges when transitioning results obtained in vitro and animal models to human physiology. Experimental models often simplify the complexity of the biological environment, not fully capturing the diversity of cellular responses and the interaction of systems in human organisms. Furthermore, differences between species may influence the interpretation of results, as TNF-α signaling pathways may vary between animals and humans. Establishing more precise correlations between results obtained in experimental models and clinical response in patients is crucial for validating and effectively applying therapies that aim to modulate TNF-α [67,68,69,70,71,72,73].



To overcome limitations in TNF-α research, innovative strategies can be adopted. One promising approach is to utilize advanced imaging and unique cell analysis techniques to map tissue-specific TNF-α expression at the cellular level. This would allow a more detailed understanding of the cellular interactions and spatial dynamics of TNF-α. Furthermore, an integration of genomic and proteomic data can provide comprehensive insights into signaling pathways mediated by TNF-α. In the clinical context, personalizing therapy with TNF-α inhibitors, taking into account genetic factors and molecular profiles, may represent an advance in treatment efficacy. Future perspectives in research on TNF-α must involve a multidisciplinary approach, integrating biological, clinical, and genetic data. The identification of specific biomarkers associated with TNF-α activation may improve patient stratification and facilitate the development of more targeted therapies. Furthermore, studies exploring interactions between TNF-α and other affected mediators may provide a more holistic view of the signaling networks involved. The advancement initiated in research on TNF-α is crucial not only for understanding its role in pathological conditions but also for informing innovative and more effective therapeutic strategies in a variety of inflammatory diseases [67,68,69,70,71,72,73].




8. Bioinformatics Approaches


Recently, bioinformatics has been revolutionizing several areas of life sciences through new algorithms, methods, and tools with a user-friendly interface. New technologies such as next-generation sequencers or cryogenic transmission electron microscopy have enabled the construction of large biological databases, which have become easily accessible today via the internet. With bioinformatics methodologies, new paths have been traced to accelerate knowledge discovery through high-throughput analysis. In this section, we summarize some of the computational strategies previously cited here to understand the mechanisms of interaction of proteins such as TNF-α and their role in several chronic inflammatory diseases and present others that could be applied in future studies.



8.1. Biological Databases


Biological databases provide access to data obtained through in vitro and in vivo experiments. Although data are stored in several formats and structures, most of these databases have APIs (application programming interfaces) or even user-friendly interfaces and can generally be accessed through internet sites. Some examples of biological databases are Uniprot [74], PDB [75], and KEGG [76].



8.1.1. Sequences


UniProt (Universal Protein Resource) [42] is an openly accessible database offering a diverse range of information on protein sequences, functions, and structures. Additionally, it provides biological annotations from various services such as Pfam [77], ChEMBL [78], and PDB [75]. The UniProt web service features a user-friendly interface with robust search mechanisms for exploring protein annotations and sequences based on similarities. Access UniProt at <https://www.uniprot.org/> (accessed on 21 December 2023).



To date, there are 9738 entries under the query “TNF-α” in the Uniprot, with 1163 being high-quality reviewed and curated proteins and 8575 unreviewed automatically translated entries. Of those, 383 are human proteins (322 reviewed and 61 unreviewed), with most being components of the TNF family. However, some entries interact directly with TNF-α (Uniprot ID P01375). Some examples are the MAP kinase-activating death domain protein (Uniprot ID Q8WXG6), which may play a role in MAPK activation and TNF-R1 linkage with the pathway [79,80]; splicing factor Cactin (Uniprot ID Q8WUQ7), which is upregulated by TNF-α [81]; and Interleukin-32 (IL-32, Uniprot ID P24001), which induces TNF-α and NF-kB and p38 MAPK pathways [82].




8.1.2. D-Structures


PDB (Protein Data Bank) [75] is a public database that collects and provides access to the 3D structures of biological macromolecules, such as proteins, peptides, nucleic acids, and small ligands. Proteins are complex molecules composed of chains of amino acids, and their 3D structure is crucial to their function [58]. Understanding the 3D structure of proteins is important in various fields, including biology, medicine, and drug discovery. PDB contains detailed information on the three-dimensional structures of these molecules, obtained by experimental techniques such as nuclear magnetic resonance (NMR), X-ray crystallography, cryogenic electron microscopy (Cryo-EM), and so on. PDB is available at <https://www.rcsb.org/> (accessed on 21 December 2023) [75].



Regarding TNF-α 3D structures deposited in the PDB, there are entries without ligands (PDB ID 1TNF [3]) and with various molecules bound to the protein, like inhibitors (PDB IDs 2AZ5, 3L9J, 3WD5) [25,83,84] and other complexes (PDB IDs 3ALQ, 3IT8 5M2I) [14,85,86]. There are also residue-specific mutated entries, with some examples being: the R31D mutant, with a higher affinity for TNF-R1 than TNF-R2 (PDB ID 1A8M [17]); M3S (L29S, S52I, Y56F, and deletion of N-terminal seven amino acids), with low systemic toxicity in vivo (PDB IDs 5TSW and 4TSV [87]); and R1antTNF (A84S, V85T, S86T, Y87H, Q88N, T89Q), which is a TNF-R1-selective antagonistic TNF-α mutant (PDB ID 2E7A [88]).



In addition to the PDB, there are several other databases focused on storing 3D macromolecule structures, as in the case of peptides. Similar to proteins, peptides are molecules composed of sets of amino acids connected by peptide bonds, with sizes ranging from 2 to 50 amino acids. Owing to their increased flexibility and low toxicity, peptides have become a focal point in medical research, particularly for pharmaceutical applications aimed at treating various diseases, including chronic inflammatory conditions. Notable peptide databases include PeptiDB [89], PepX [90], and Propedia [91,92].




8.1.3. Pathways


The KEGG (Kyoto Encyclopedia of Genes and Genomes) database offers a comprehensive compilation of biological pathways, complemented by its integration with other databases such as UniProt and Ensembl. Various features are available within the KEGG (Kyoto Encyclopedia of Genes and Genomes) database, including the analysis of protein–protein interactions, the enrichment of gene ontology (GO) terms, network analysis of biologically relevant pathways, literature exploration, and the integration of genomics, transcriptomics, and proteomics approaches. These features collectively aid in identifying differentially expressed genes and proteins. KEGG is available at <https://www.genome.jp/kegg/> (accessed on 21 December 2023) [93,94].



Regarding the TNF-α, KEGG can be used to better understand mechanisms in chronic inflammatory diseases since it also includes pathway information regarding inflammatory and immune responses. Several studies incorporated KEGG-enriched information on pathways and GO terms to understand TNF-α response in inflammation, including Crohn’s disease [95], Arteriovenous Fistula [96], NF-kB transcriptional targets [22], and inflammatory bowel disease [97]. Under the orthology entry “K03156”, one can access most of the information related to this protein in the database, including a full visualization of the TNF-α (map04668), MAPK (map04010), NF-kB (map04064), and rheumatoid arthritis (map05323) pathway maps, among others.



This information, coupled with the data available from other databases and bioinformatics resources, can be extremely helpful in better understanding the role of TNF-α and its interacting proteins in the context of chronic inflammatory diseases.



The STRING tool [62,98] is a valuable and comprehensive bioinformatics platform designed to analyze and visualize interactions between proteins. It integrates information from various sources, such as protein interaction experiments, computational analyses, and the scientific literature. Through an intuitive interface, researchers can explore network interactions between proteins, identify protein complexes, and gain insights into associated biological functions and pathways. Additionally, STRING offers a variety of confidence metrics to assess the strength of interactions, aiding in the interpretation of results. This tool plays a crucial role in advancing research in molecular and cellular biology, providing a powerful platform for understanding the complex networks of interactions that underpin biological processes. The tool can be useful for analyzing proteins that interact with TNF-α (Figure 6), such as the interaction network of TRAF2, CASP8, NFKB1, MAP3K7, and RIP-1 proteins that are part of the TNF-α signaling pathway [2] and its receptors TNF-R1 and TNFR2 [12]. The interaction network also includes the protein CHUK inhibitor of the alpha subunit of nuclear factor kappa-B kinase [99], and TAB2 includes the TGF-beta-activated kinase 1 and MAP3K7-binding protein 2 [100,101].



The Zinc database [59] is a valuable source of information on bioactive ligands, including small molecules that interact with proteins. It offers an extensive collection of three-dimensional structures of ligands and target proteins, making it an essential tool for research in medicinal chemistry and molecular biology. When it comes to studying tumor necrosis factor alpha (TNF-α) and its relationship to chronic inflammatory diseases, the Zinc database can play a crucial role in providing access to potential chemical compounds that can modulate the activity of this pro-inflammatory cytokine. Researchers can carry out virtual screenings, identifying candidate molecules that could serve as therapeutic agents in treating diseases such as rheumatoid arthritis and Crohn’s disease, which are associated with high levels of TNF-α. The use of the database as a resource for drug discovery is supported by a series of studies demonstrating its effectiveness in identifying molecules with therapeutic potential (references available upon request). Therefore, this tool plays a crucial role in advancing research into chronic inflammatory diseases by offering a valuable platform for the discovery and development of novel therapeutic agents targeting TNF-α [84].



The Gene Expression Omnibus (GEO) [102] is a public repository maintained by the National Center for Biotechnology Information (NCBI), which stores gene expression data from a wide variety of biological experiments. It is an essential tool for the scientific community, enabling access to high-quality gene expression datasets. For studying tumor necrosis factor alpha (TNF-α) and its relationship with chronic inflammatory diseases, GEO offers a wealth of information. Researchers can explore gene expression datasets to identify TNF-α expression patterns in different pathological conditions and biological contexts. This provides valuable insights into how TNF-α is involved in chronic inflammatory processes and provides a solid basis for more detailed studies on its function and regulation in different physiological and pathological contexts. For specific references related to the use of GEO in the study of TNF-α and chronic inflammatory diseases, we recommended consulting specialized scientific literature and recent reviews on the subject [103].





8.2. Protein 3D-Modeling


As previously discussed, protein structures are traditionally obtained by experimental approaches. Although these approaches are well established, they can be costly to implement. Hence, computational techniques can represent a cost reduction for obtaining three-dimensional structures. Traditionally, modeling techniques for proteins and other macromolecules are based on two approaches: (i) comparative modeling and (ii) ab initio modeling (also known as de novo modeling) [104,105,106,107,108].



Comparative modeling is based on similarities between sequences of unknown protein structures and known 3D structures. Although obtaining protein sequences also depends on experimental bench approaches, they can be obtained via low cost through NGS technologies. For instance, a single NGS sequencing run can obtain millions of gene sequences, which can be used to infer protein structure. Thus, we can compare them with known 3D structures of homolog proteins (called “templates”) and obtain their approximate structure of the target sequence [104,105,106,107,108].



On the other hand, the ab initio approach is based on trying to obtain the final 3D structure without a reference template. Recently, artificial intelligence approaches based on neural networks have obtained success in this challenge. An example is the algorithm Alphafold [105].



AlphaFold is a deep learning model developed for predicting the three-dimensional structure of proteins and other macromolecules. Its algorithm uses a neural network-based approach to predict structures by analyzing the amino acid sequence of a protein to reconstruct the 3D arrangement of atoms within the protein. AlphaFold can potentially accelerate drug discovery, enhancing our comprehension of diseases at a molecular level and helping the development of novel treatments and therapies [105,109,110].



Obtaining 3D structures based on an in silico approach has been considered a 50-year challenge [111]. Indeed, Alphafold marked a substantial advancement in computational biology, earning recognition for its potential to revolutionize our comprehension of biology and contribute to the development of new medical treatments [110].



AlphaFold has stood out as a revolutionary tool in the study of biomolecules, including its crucial application in understanding tumor necrosis factor alpha (TNF-α). TNF-α stands as a multifunctional cytokine intricately involved in various immunological and inflammatory responses, playing a pivotal role in pathological conditions like autoimmune diseases and cancer. Leveraging AlphaFold for three-dimensional protein modeling empowers researchers to garner valuable insights into the intricate structure of TNF-α, facilitating a deeper understanding of its molecular interactions and functional mechanisms [112,113].



The precision and efficiency exhibited by AlphaFold in predicting protein structures have ushered in notable advancements in molecular biology. This capability has streamlined the identification of binding sites, functional domains, and specific interactions of TNF-α. This innovative approach holds the potential to expedite biomedical research, fostering the development of more targeted and effective therapies. Additionally, it facilitates the rational design of drugs specifically targeting TNF-α. The use of AlphaFold to explore the structural complexity of TNF-α promises to open new perspectives for understanding diseases associated with this cytokine and for developing more advanced and personalized therapeutic strategies [112,113].




8.3. Assessing Intra- and Inter-Molecular Interactions


Contacts are weak interactions performed by amino acid residues with other amino acids or with other small molecules. Weak interactions shape protein structure and are responsible for much of their role in biological processes [114]. Hence, the evaluation of contacts, i.e., intra- and inter-molecular interactions, through in silico experiments and understanding the mechanisms related to diseases are important, as they allow the proposal of new medicines. Figure 7 illustrates the inter-molecular interactions performed between two residues (E23 and R77) of TNF-α homotrimers (purple) and TNF-R2 receptors (pink). Calculating contacts is usually carried out using distances between specific atoms [114].



There are several tools for evaluating contacts in different contexts. For example, Arpeggio [115] is a web server for evaluating different types of contacts, such as hydrogen bonds, ionic interactions, aromatic stacking, and hydrophobic interactions, among others. Likewise, VTR [116] is a web tool with a similar objective, but which performs structural alignments to evaluate the conservation of these types of contacts in pairs of proteins. Moreover, the E-volve [117] tool also performs structural alignments to evaluate contacts while considering possible mutations and their evolutionary impact. Another tool that considers evolutionary impact is Vermont [118,119], which focuses its analysis on sequence conservation. Furthermore, the nApoli [120] tool systematically evaluates involved contacts between protein and ligand. On the other hand, the LUNA [121] library presents a set of functionalities for contact analysis using Python version 3



Techniques based on structural signatures can also be used for computational modeling of biological problems, with diverse applications, such as graph-based protein modeling [122,123], mutation analysis [124,125], and the evaluation of the binding between protein–ligand [126], small-molecule pharmacokinetic and toxicity properties, or antibodies.




8.4. Molecular Docking and Molecular Dynamics Simulation


Molecular docking is a computational approach of the structural biology field commonly used in drug discovery, for example, in predicting the binding interactions between molecules. Docking aims to determine how and where a ligand binds to a molecule target, estimating the binding affinity or energy of the interactions by score functions. These interactions can be (i) protein–ligand, when the binding occurs between a target protein and small molecules (also called ligand); (ii) protein–protein, when the interactions predicted are between two protein molecules; (iii) protein–peptide, when the interactions between proteins and peptides are estimated; (iv) protein–acid nucleic, when interactions between proteins and acid nucleic molecules, such as DNA and RNA, are detected; and (v) other types of interactions among molecules [127,128,129].



Molecular dynamics (MDs) simulation is a computational approach used to evaluate the conformational behavior of molecules and their interactions in certain conditions and a determined period. In this simulation, the molecules are allocated in a system exposed to field forces: mathematical models that simulate particle interactions [130,131].





9. Bioinformatics Applied to Research on TNF-α Associated with Inflammatory Diseases


In the literature, we can find several examples of works in which bioinformatics tools were applied to research related to TNF-α associated with inflammatory diseases and the search for new potential pharmaceuticals for the treatment of these diseases. For example, we can cite the MDs study carried out by Abdullah-Al-Kamran Khan and colleagues [132] and published in 2021, in which the authors proposed a systematic approach in silico to find variants of the Adalimumab antibody with improved properties. In this study, bioinformatics tools were used to identify significant amino acid residues in the antibody. Then, the authors proposed the adaptation of the remaining residues to mutate the significant residues, and from the combinations of appropriate mutations, 143 variants were designed using comparative modeling methods. To find the most significant ones, the binding properties of the variants were compared with wild-type adalimumab using molecular docking and molecular dynamics simulation. From several docking analyses, the authors selected five significant variants, and after molecular dynamics simulation, a more significant variant with improved binding affinity was identified, whose structural properties are similar to those of wild-type Adalimumab. The engineered variant from this study may provide newer insights into the structure-based affinity improvements of monoclonal antibodies [132].



In the 2021 publication by Mustafá and colleagues [133], the authors explored the role of both TNF-α and IL-6 in promoting the proliferation of synovial membrane cells, thereby triggering the production of matrix metalloproteinases and other cytotoxins. This process contributes to bone erosion and cartilage destruction in rheumatoid arthritis. The study also delved into the potential of growth differentiation factor 11 (GDF11) and growth differentiation factor 8 (GDF8), also known as myostatin, as antagonists for inflammatory responses associated with rheumatoid arthritis. To elucidate the evolutionary relationships of GDF11 with its homologs from closely related organisms, the authors conducted a comprehensive phylogenetic analysis. The resulting phylogram revealed close evolutionary ties between the primate clade within the superorder Euarchontoglires and the order Cetartiodactyla of the superorder Laurasiatheria. Fifty tetrapeptides were developed from conserved regions of GDF11 that served as ligands in protein–ligand coupling against TNF-α and IL-6, followed by drug screening and ADMET profiling of the best-selected ligands. SAGP peptides showed strong interactions with IL-6, and AFDP and AGPC peptides showed strong interactions with TNF-α, and all three peptides met all pharmacokinetic parameters that are important for bioavailability. The potential of GDF8 as an antagonist to TNF-α and IL-6 was investigated through a protein–protein coupling approach. The findings revealed that the binding patterns of GDF8 with TNF-α and IL-6 indicated its potential use as an inhibitor for treating rheumatoid arthritis [133].



In turn, Hong and colleagues [134] carried out an analysis in 2021 using Adalimumab, commercially known as Humira. Taking into account that neonatal Fc receptors can mediate the transcytosis of the Humira–TNF-α complex structures and process them in degradation pathways, which reduces the therapeutic effect of Humira and allows the Humira–TNF-α complex structures to dissociate into Humira and soluble TNF-α in the early endosome to allow recycling of Humira. In the study, the authors used the cytoplasmic pH (7.4), the initial endosomal pH (6.0), and the pK a of the histidine side chains (6.0–6.4) to mutate the residues of the determining regions of complementarity with histidine. Humira (W1-Humira), developed by the authors, has been shown to bind to tumor necrosis factor α (TNF-α) in plasma at neutral pH and dissociate from TNF-α in the endosome at acidic pH. In the study, constant pH molecular dynamics, Gaussian accelerated molecular dynamics, two-dimensional mean potential force profiles, and in vitro methods were used to investigate the characteristics of W1-Humira. The results presented by the authors revealed that the proposed Humira is able to bind to TNF-α with pH-dependent affinity in vitro. W1-Humira was weaker than wild-type Humira at a neutral pH in vitro, and the prediction results were close to the in vitro results. Furthermore, the presented approach demonstrated high accuracy in predicting pH-dependent antibody binding characteristics, which could facilitate the design of antibody drugs. The authors highlighted that advances in computational methods and computational power could further help address challenges in antibody drug design [134].



In Abraham’s study, published in 2003 [135], the author computationally designed variant TNF-α molecules to inhibit the pro-inflammatory cascade. The author employed bioinformatics tools to model mutant structures and assessed their interaction with receptors and cellular activation. The author suggests the potential use of inserting mutations as a tool to investigate ligand–receptor interactions and their significance in signaling processes [135].



As mentioned earlier, Saddala and Huang [58], in their 2021 publication, employed a chemoinformatics pipeline consisting of pharmacophore modeling, virtual screening, molecular docking, and in silico ADMET analysis. This approach was used to screen for new inhibitors of TNF-α and TNFR1 in the Zinc database. Pharmacophore-based models were generated to select the best drug-like compounds from the Zinc database. As a result, the authors found new selective inhibitors of the TNFα, TNFR1, and TNFα–TNFR1 complex that can serve as anti-inflammatory agents and are promising candidates for future research [58].



Halder and colleagues in 2022 [101] published a study that used TNF-α as the main target for the virtual screening of drugs approved by the US-FDA for reuse using the in silico method using molecular docking, ADMET analysis, and prime MMGBSA. After that, drugs were selected according to dock score, ADMET parameters, and MM GBSA dG binding score. Following the initial screening, the selected drug molecules underwent induced docking analysis. Among them, two highly promising molecules, namely ZINC000003830957 (Iopromide) and ZINC000003830635 (Deferoxamine), were selected for molecular dynamics simulation. The authors concluded the study by employing bioisosteric substitution to enhance the ADMET properties of these molecules. Through this research, the authors offered valuable insights into drug exploration and computational tools for drug discovery in the treatment of inflammatory bowel diseases [101].



Agnihotri and colleagues, in 2023 [136], used structural bioinformatics tools to carry out studies targeting TNF-α and nuclear factor kappa B (NF-kB) through the metabolites of rheumatoid arthritis (RA), to inhibit the activity of TNF-α and prevent the NF-kB signaling pathways, thus mitigating the severity of RA disease. The structure of TNF-α and NF-kB was obtained from the PDB database, and the AR metabolites were selected from a literature survey. In silico studies were carried out via molecular docking using the AutoDock Vina software version 1.2.0. The known inhibitors of TNF-α and NF-kB were compared and revealed the metabolite’s ability to target the respective proteins. The most suitable metabolite was then validated via molecular dynamics simulation to verify its efficiency against TNF-α. A total of 56 known differential metabolites of RA were coupled to TNF-α and NF-κB compared to their corresponding inhibitory compounds. Four metabolites, namely chenodeoxycholic acid, 2-hydroxyestrone, 2-hydroxyestradiol (2-OHE2), and 16-hydroxyestradiol have been identified as the common inhibitors of TNF-α with binding energies ranging from −8.6 to −8.3 kcal/mol, followed by docking with NF-kB. Furthermore, 2-OHE2 was selected because it has a binding energy of −8.5 kcal/mol, which inhibits inflammation, and the effectiveness was validated by mean square fluctuation, the radius of gyration, and molecular mechanics with generalized birth solvation and area of surface against TNF-α. Thus, 2-OHE2, an estrogen metabolite, was identified as a potential inhibitor, attenuated inflammatory activation, and can be used as a therapeutic target to disseminate the severity of RA [136].



When it comes to molecular modeling, we have the example of the study carried out by Pierri and colleagues in 2016 [137], entitled “Molecular modeling of antibodies for the treatment of immunological diseases related to TNF-α”, where the authors used bioinformatics tools to understand the interaction of TNF-α inhibitory antibodies better taking into account that therapeutic monoclonal antibodies (mAbs) are highly effective in treating immunological diseases related to TNF-α. In addition to neutralizing TNF-α, these IgG1 antibodies exert Fc receptor-mediated effector functions, such as complement-dependent cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC). The crystallizable fragment (Fc) of these IgG1 contains a single glycosylation site at Asn 297/300 that is essential for CDC and ADCC. Glycosylated antibodies without core fucosylation showed improved ADCC. However, structural data regarding the ligand-binding interaction of these mAbs used in TNF-α-related diseases and the role of fucosylation are not available. Therefore, in this study, the authors performed comparative modeling to generate complete 3D mAb models that included the antigen-binding fragment (Fab) portions of infliximab, complexed with TNF-α (4G3Y.pdb), the Fc region of fucosylated human IGHG1 (3SGJ), and afucosylated (3SGK) complexed with the Fc receptor Fc subtype γ RIIIA and the Fc region of a murine immunoglobulin (1IGT). After a few thousand energy minimization steps on the resulting 3D mAb models, final minimized models were used to quantify the interactions occurring between Fc γ RIIIA and the fucosylated/afucosylated Fc fragments. Although fucosylation does not affect Fab-TNF-α interactions, it was found that in the absence of fucosylation, the Fc-mAb and Fcγ RIIIA domain are closer together and new strong interactions are established between G129 of the receptor and S301 of the Chimera 2 Fc mAb; novel polar interactions are also established between the chimera 2 Fc residues Y299, N300, and S301 and the γ RIIIA Fc residues K128, G129, R130, and R155. These data help explain the reduced ADCC observed in fucosylated mAbs, suggesting specific AA residues involved in binding interactions [137].



In 2023, Abechi and colleagues [138] conducted an in silico screening study to identify potential inhibitors of tumor necrosis factor α (TNF-α) using molecular modeling, molecular docking, and pharmacokinetic evaluations. In this study, a set of molecular modeling techniques were applied, including the QSAR model, docking, and pharmacokinetic prediction to identify and optimize novel TNF-α inhibitors. The results showed that the function of these discovered compounds was not linked to lipophilicity, while less long N N bonds and long substituents could lead to very bioactive molecules. The discovered results indicate a promising inhibition against TNF-α and show no harmful effects. Most of the discovered molecules had a higher binding affinity to TNF than the reference substance. Moreover, in comparison to the reference drug rating (ds) of 0.38, molecule 74 with the PubChem ID 2998055 demonstrates enhanced properties, achieving a drug rating (ds) of 0.76. Collectively, the identified molecules showcase favorable pharmacokinetic, pharmacodynamic, and drug interaction properties, indicating promising TNF-α inhibition and suggesting their potential as drug candidates [138].



In 2023, Erba and colleagues conducted a study titled “Head or tail? A molecular dynamics approach to the complex structure of TNF-associated factor TRAF2” [112]. The researchers utilized bioinformatics tools to gain a deeper understanding of the dynamics of TRAF2, a pivotal protein in the TNF-α signaling cascade. The study focused on analyzing the in silico dependence of TRAF2 dynamics on the length of its tail. The authors employed the crystallographic structure of a C-terminal fragment of TRAF2 (168 of 501 aa), denoted as TRAF2-C, and that of a longer construct referred to as TRAF2-plus. The TRAF2-plus structure was reconstructed using the AlphaFold2 code [112].



The results of the study revealed that the longer N-terminal tail of TRAF2-plus significantly influenced the dynamics of the globular regions in the C-terminal head of the protein. The quaternary interactions between the TRAF2-C subunits asymmetrically changed over time, whereas the movements of the TRAF2-plus monomers were comparatively limited and more ordered than those of the shorter construct. These findings provide new insights into the dynamics of TRAF subunits and the protein’s mechanism in vivo. The balance between TRAF monomer-trimer interactions is crucial for various functions, such as receptor recognition, membrane binding, and hetero-oligomerization, emphasizing the protein’s significant role in the inflammation signaling cascade [112].




10. Conclusions


In this presentation, we underscored the significance of TNF-α in chronic inflammatory diseases, examining it through the lens of structural biology. Additionally, we showcased examples of bioinformatics techniques, databases, tools, and strategies that can be employed to unravel insights into the biological complexities associated with TNF-α. We anticipate that the information provided in this review will prove valuable for studies seeking a deeper comprehension of the interactions between TNF-α and other proteins, potentially paving the way for the development of novel drugs or treatments.
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Figure 1. Scheme of the signaling pathway mediated by TNF-R1 and TNF-R2. Figure generated using BioRender.com. 
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Figure 2. Structure of TNF-α complexed with TNF-R2 (PDB ID: 3alq). In purple, we can see the two TNF-α homotrimers. In pink, we can see the TNF-R2 receptors. Figure generated using ChimeraX 1.6 [24]. 
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Figure 3. General view of the structure of TNF-α (PDB ID: 1TNF). (Left) structure colored by surface (chain A—purple; chain B—red; and chain C—green). (Right) structure colored by cartoon (chains A, B, and C). (Below) sequence colored by amino acid type (red: positive; blue: negative; orange: aromatic; green/brown/yellow: polar; grey/pink: apolar). Figure generated using ChimeraX 1.6 [24]. 
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Figure 4. Topology diagram representing the “jelly roll” connectivity of the β-sheet sandwich according to the definition of Eck and Sprang [3]. The TNF-α monomer comprises ten strands; the five strands to the left of the dashed line form the inner sheet of the β-sheet sandwich. The layout of the strands is that which would be obtained if the sheets of the β-sandwich were opened like a book. The chains are labeled in the order they follow in the polypeptide sequence following the order of a–h. a’ and b’ represent excursions of strand b that form additional short strands that compress against strands a and b, respectively. Figure generated using BioRender.com. 
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