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Introduction
In recent years, the increasing use of fusion proteins has led to significant progress in the field of biopharmaceuticals, opening up new avenues for treating a wide range of diseases. Notably, Fc-fusion proteins have shown exceptional promise as a therapeutic category, particularly in the area of treatment. It has been over 25 years since fusion proteins were used in pharmaceutical research to improve pharmacokinetic properties of short-half-life biologics(1–4).
As the name implies, "Fc-fusion protein" combines a common antibody fragment (Fc) with a biologically active protein (5). Another Fc fusion construct is peptide Fc fusions or peptibodies, which are composed of the Fc part of the antibody and bioactive peptides (6). The Fc region confers several advantages to the fusion protein including prolonged half-life, enhanced stability, and improved pharmacokinetics, through engagement of the neonatal Fc receptor (FcRn) and protection from degradation by enzymes. Additionally, Fc-fusion proteins can leverage the effector functions mediated by the Fc region through engagement with various effector cells and soluble mediators of the immune system such as antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC), thereby enhancing their therapeutic efficacy(7).
Fc-fusion proteins have achieved much success in the treatment of diseases such as rheumatoid arthritis, psoriasis, multiple sclerosis, and various types of cancer (8). Incredibly, Fc fusion proteins have demonstrated impressive accuracy in targeting cancer cells while minimizing harm to healthy tissue. They can be engineered to combat cancer in multiple ways, such as stimulating the immune system, blocking signaling pathways, and administering toxic substances specifically to cancer cells. Additionally, Fc fusion proteins can directly activate and recruit immune cells, resulting in a powerful anti-tumor response(9,10)
Fc receptors, crucial components of the immune system, act as a central link between Fc fusion proteins and the host's immune response. It is absolutely vital to understand the complex relationship between Fc fusion proteins and Fc receptors in order to fully comprehend their therapeutic potential. It has also been found that through the implementation of various modifications, including N-glycosylation, C-terminal diversity, and disulfide bonds, it is possible to modify the affinity for Fc receptors, extend the half-life and improve other properties(11,12).
IgG as a critical component of the humoral immune response has distinct effector functions, hence, IgG has attracted much attention. The efficacy of Fc fusion proteins is influenced not only by the nature of the fused biologically active component but also by the specific type of IgG used. The strength of the interaction between the Fc of IgG and Fc-engaging molecules depends on different factors such as IgG subclasses, allotypes, and their Fc glycosylation patterns. Ultimately, the effector capabilities of IgG-Fc and Fc-engaging molecules interactions are determined (13–15)
In present review, we mentioned the structure of Fc fusion proteins and their different receptors on cell surface. We elaborated possible post translational modifications occurred on Fc domain including N-glycosylation, C-terminal heterogeneity, disulfide bond formation, and also focused on factors influencing pharmacokinetics of Fc fusion proteins like FcRn pathway, glycosylation pattern, charge and isoelectric points of Fc fusion proteins and their impacts on Fc fusion proteins functions. Furthermore, different Fc-mediated effector functions were clearly explained. Finally, the commercially available therapeutic Fc fusion proteins based on their applications in different diseases were briefly discussed.

Structure and function of Fc fusion proteins
Fc fusion proteins, a successful class of antibody-based therapeutics, consist of the Fc region of antibodies (usually IgG) fused to proteins such as receptors or peptides. While proteins and peptides often exhibit potent biological effects, they are limited by short half-life, enzymatic instability, and rapid clearance. Incorporation of the Fc domain overcomes these limitations by extending half-life and conferring effector functions (8,16).
Typically, the protein of interest is fused to the N-terminal CH2 or C-terminal CH3 domain—rarely to CH2/CH3 loop regions—with glycine linkers enhancing flexibility and reducing steric hindrance. Increasing the number of fused protein copies can enhance avidity (17). 
Due to their structural diversity, Fc fusion proteins are analytically more challenging than monoclonal antibodies, requiring techniques such as glycan/sialic acid profiling, size/charge variant analysis, and mass spectrometry (18).
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Fig. 1 Schematic representation of antibody and Fc fusion proteins.  (a)Structure of IgG, (b) N-Terminal Fc fusion protein, and (c) C-Terminal Fc fusion protein.


IgG Subtypes and their features
As a rule, the type of chosen antibody depends on the desired purpose. Generally, antibodies are classified into five classes based on their heavy chain: IgA, IgD, IgE, IgG, and IgM(19). Of these five classes, IgG is the most abundant antibody class present in human serum, it is the most often antibody used in cancer treatment including four major IgG subtypes(20). Importantly, the four IgG subtypes (IgG1, IgG2, IgG3 and IgG4) are distinguished by their constant region. Clearly, IgG subtypes differ in length of hinge region, the CH2 domain, the number of disulfide bonds, complement-fixing activity, and their interactions with immunoglobulin receptors and also in their effector functions. IgG1 and IgG3 induce the most potent effector functions. Since IgG3 has the longest hinge that causes less stability and also a short half-life, IgG1 is usually used(21).
 Mainly, IgG1 is desired subtype in cancer treatment where goal is the elimination of cancerous cells. In most cases, IgG1 and IgG3 induce antibody-dependent cellular cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), and antibody-dependent cellular phagocytosis (ADCP), while IgG2 and IgG4 will induce more subtle reactions (13,19,22,23). 

Fc Receptors
A number of hematopoietic cells express Fc receptors (FcRs), including FcαR (for IGA), FcγR (for IgG) and FcεR (for IgE) that identify the Fc region of many immunoglobulin classes and subclasses. In humans, FcRs are functionally classified into two types: activating receptors and inhibitory receptors. These two varieties are distinct in signal transmission motifs, such that activating receptors and inhibitory receptors have Immunoreceptor Tyrosine-based Activation Motifs (ITAM) and Immunoreceptor Tyrosine-based Inhibition Motifs (ITIM), respectively. ITAM and ITIM are now considered to be common immune system regulatory tools. FcRI, FcRIIa/c, and FcRIIIa are recognized as activating receptors, whereas FcRIIB is an inhibitor receptor (24–26).
Studies have demonstrated that the effector functions of the innate immune system rely heavily on the activating role of FcγR(27) FcγRs are expressed on leukocytes and includes three types: FcγRI (CD64), FcγRII (CD32), and FcγRIII (CD16), which have different affinity to IgG subtypes. Despite the ranking of receptor affinity from high to low, it should be noted that the glycosylation pattern of antibodies affects receptor affinity. The highest affinity for FcγR has been identified by FcγRI, followed by FcγRII and FcγRIII (28,29).According to various studies, the absence of fucose in N-glycan of Fc domain boosts IgG's affinity for FcRIIIa, which in turn improves the efficiency of ADCC and ADCP (30,31). 
The Fc of IgG can bind with various FcR subtypes to elicit a range of effector activities. Although IgG3 displays the highest affinity for binding most FcRs, its long hinge region makes it inappropriate for therapeutic purposes. Compared to the other subclasses, IgG1 shows    the highest affinity for all FcRs and is known as a powerful ADCC and ADCP activator. IgG2 demonstrates high affinity for FcRIIA and low affinity for FcRI and all other FcRs. On the other hand, IgG4 has poor affinity for all other receptors, while it has a strong affinity for FcRI(22,32,33).
Fc post translational modifications (PTMs)
The use of Fc modifications in therapeutic monoclonal antibodies and Fc fusion proteins can maximize their efficiency and overcome their limitations(34). As a result of Fc modifications, antibodies can be engineered to have more desirable properties, making them more "fit-for-purpose"(35). The therapeutic efficacy of an antibody is drastically affected by modifications to Fc that affect FcR engagement. Second-generation therapeutics have been developed by altering either the glycan or the Fc protein backbone. Among other properties, these compounds have improved efficacy, reduced toxicity, extended half-life, and decreased manufacturing costs(36). 
Fc fusion proteins and mAbs undergo a variety of post translational modifications happening during their production and even during their storage. Accordingly, the most common modifications include N-Glycosylation, C-terminal heterogeneity, disulfide bond formation, isomerization, and etc (37,38). Post translational modifications on Fc proteins and their effects on Fc function are presented in Table 1. Importantly, PTMs cause the formation of different types which vary in molecular weight, charge or hydrophobicity. In other words, PTMs result in structural heterogeneity among Fc fusion proteins and mAbs. It is worth mentioning that some of these PTMs are supposed to affect safety and or efficacy of biopharmaceuticals, therefore, they are known as critical quality attributes (CQAs)(39). Applied PTMs in order to improve the properties of antibodies and Fc-fusion proteins are mentioned as follows:
N-Glycosylation
Glycosylation of IgG Fc domains as a pivotal process causes functional diversity of antibodies. Any alteration in Fc glycan structure influences the ratio between Fc gamma receptors (FcγR) of Type I and Type II(40). 
In the process of N-glycosylation, firstly, a single and highly mannosylated structure is attached to the growing antibody chain during translation in the endoplasmic reticulum (ER). Then, a series of glycosydases and glycosyltransferases alter N-glycan structure upon IgG translocation to Golgi. The N-glycan undergoes a controlled trimming and extension, leading to the formation of "core glycan" structure. Finally, the further changes in core-glycan occur through adding fucose, galactose, GlcNAc and other carbohydrates (41).
By contrast, deglycosylation of antibodies makes them prone to unfolding and degradation, and it also reduces their temperature resistance. Glycans affect both CH2 domain stability and Fc region folding. Based on the glycan size, Fc conformation is influenced, resulting in an impact on effector function. In addition, CH2 domain glycosylation affects the binding tendency of FcRs to Fc domain. In the glycan structure, the decrease in fucose and increase in terminal galactose cause a rise in ADCC and CDC, respectively. To sum up, it has been well proved that glycosylation plays a vital role in adjusting Fc effector functions, including ADCC and CDC. Obviously, both ADCC and CDC involve in induction of cytotoxicity via target cell lysis(42). 
C-terminal heterogeneity
Most Fc-based biomolecules including Fc fusion proteins and monoclonal antibodies terminate -X-glycine-lysine residues. Among various Fc domain modifications occurred in Fc domain, unprocessed C-terminal lysine, lysin clipping and amidation can cause C-terminal heterogeneity. On most heavy chains of mature molecules, C-terminal lysine residues are cleaved by carboxypeptidases in culture, exposing glycine as the C-terminal residue (39,43). In a research study, findings suggest that different charge variants due to lysine clipping show similar binding affinity to FcγRIII and FcRn through affinity chromatography and surface plasmon resonance (SPR). Surprisingly, C-terminal lysine clipping is less known as a CQA (critical quality attribute), against N-glycosylation(44,45).
 Furthermore, the heavy chains of IgG subclasses undergo C-terminal amidation, a modification that converts the carboxyl group of C-terminal glycine into an amide group. C-terminal amidation often mediated by enzymes such as peptidylglycine alpha-amidating monooxygenase (PAM). PAM specifically converts the glycine residue at the C-terminus to the amide form, (39,46–48). Importantly, Fc amidation is adjusted by the tune-up of PAM expression in CHO and culture parameters. Surprisingly, because of noticeable presence of C-terminal amidation in human IgGs, it is suggested that little amount of C-terminal amidation in recombinant IgG expressed in CHO causes no safety concern(39).
Disulfide bonds
The engineering of disulfide bonds is a well-known and cost-effective approach towards improving clinical efficacy of Fc-fusion based therapeutics proteins including Fc-fusion proteins and mAbs. It is worth noting that Fc-based proteins tend to unfold and aggregate, in which result in they lose their functions. However, natively re-bridging sulfhydryl residues is a unique way without any negative effect on biophysical properties of native antibody to recover their functional features (49,50). On the other hands, it has been proved that the introduction of an additional disulfide bond makes Fc domains be stabilized(50,51).

                                   Table 1 Possible post translational modifications (PTMs) on Fc fusion proteins and their effects on Fc function
	[bookmark: _Hlk151056856]FC Modifications
	Effect on Fc function
	Reference

	N-Glycosylation


	fucosylation

	Impact on ADCC and Fc-affinity to FcγRIIIa
	(52)

	
	Sialylation
	Impact on C1q binding
	(53)

	
	Galactosylation
	Impact on complement Activation and ADCC
	(54)

	
	Branching
	Strongly affect the antibody-mediated effector function
	(55)
	C-Terminal Heterogeneity
	Lysin variant
	Introduction of positive charge
Impact on CDC activity
	
(56,57)

	
	Amidation
	No effect on effector functions reported
	(58)
	Disulfide Bonds
	Thioether
	Act as physiological switches and impact on conformation (stabilize native form)
	(56)

	
	Free Thiols
	Impact on potency, aggregation and the stability
	(59)

	
	Disulfide Shuffling
	Impact on aggregation, degradation, folding, and target binding
	(60)


[bookmark: _Hlk168844379]                                Abbreviations: ADCC, antibody-dependent cell cytotoxicity; CDC, Complement-dependent cytotoxicity

Pharmacokinetics of Fc Fusion proteins
 Modern pharmacotherapy is based on pharmacokinetics (PK) and pharmacodynamics (PD)(61). The PK of Fc-fusion proteins is referred to what happened to Fc-fusion proteins under physiological conditions in the body. The pharmacodynamics of Fc-fusion proteins or its effects are closely associated with Fc-fusion proteins half-life(62). In other words, the balance between Pk and PD clearly established the effects of Fc-fusion proteins in the body(63). The factors influencing pharmacokinetics are listed as follows:
FcRn pathway
[bookmark: _Hlk138262599]Neonatal Fc receptors (FcRn) are non-classical Fc receptors structurally related to MHC class I proteins (~22–29% sequence identity) but do not present antigens. Instead, they extend the serum half-life of IgG and albumin by binding them at acidic pH and releasing them at neutral pH, thereby preventing lysosomal degradation and recycling them into circulation. FcRn is broadly expressed in hematopoietic, epithelial, and endothelial cells(64–66). FcRn pathway in cells expressing FcRn is shown in Fig. 2. 
At acidic pH (~6), FcRn binds IgG in endosomes, while at neutral pH (~7.4), the complex dissociates during exocytosis; unbound IgG is otherwise degraded in lysosomes. The homodimeric structure of IgG enables simultaneous binding to two FcRn molecules, and histidine residues (H310, H435, H436) in IgG form electrostatic interactions with acidic residues (E117, E132, D137) in FcRn. Notably, Fc engineering using specific Fc mutations can enhance FcRn binding at acidic pH, achieving up to a 10–12-fold increase in IgG half-life(67).



[image: ]
Fig. 2 FcRn pathway.  FcRn pathway starts with antibody pinocytosis on the surface of FcRn expressing cells. The antibody binds to FcRn in the endosomal pathway with a decrease in pH. The antibody-FcRn complex returns to the plasma membrane in the process of exocytosis where the pH is neutralized. Also, this complex can go another way and enter the lysosome and be decomposed.


Glycosylation pattern
It has been established that PK and PD of Fc fusion proteins and therapeutics mAbs can be remarkably affected by glycosylation patterns. Obviously, asparagine residue 297 in (Asn)-X-Ser/Thr (Where X is any amino acid except Pro) consensus sequence of the CH2 domain is well known as N-glycosylation site among Fc fusion proteins and mAbs(63).
Accordingly, the presence of fucose in the core structure of mAbs and Fc fusion proteins makes ADCC function decrease. Moreover, the content of sialic acid influences PK of proteins. This is supported by the finding that the clearance of CTLA4-Ig with a greater total sialic acid content happens noticeably slower than that of those with lower sialic acid content. The PK of the Fc fusion proteins and mAbs may be affected by mannosylated glycans, which could cause less exposure and possibly less efficacy(41,68) . 


Charge and Isoelectric points of Fc fusion proteins

Clearly, protein net charge is zero at its isoelectric point (PI). It has been established that any chemical modification of protein alters its PI value and subsequently causes protein heterogeneity. For example, protein deamidation makes acidic variants because of a decrease in PI value. During oxidation or succinimide formation, by contrast, PI value increases. It is likely that major modifications in PI (one unit or more) play a role in protein pharmacokinetics (69,70). It is supported by the findings that a PI increment leads to decline in half-life of serum mAb. Instead, the clearance of mAbs is accelerated as a result of their PI decrease(71). It is therefore possible to conclude that modified mAbs and proteins with lower and more acidic PI values share a less tendency to adhere to negatively charged cell surfaces as a consequence of repulsion, which drives their clearance slower, and vice versa(72).

Fc-mediated Effector Function 
Antibody effector functions are complicated and act through distinct processes including antibody dependent cell mediated phagocytosis (ADCP) or antibody dependent cell mediated cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC)(73). It should be considered that Fc domains are responsible for the majority of above-mentioned functions.
Fc-mediated effector functions are explained as follows:
Antibody dependent cellular cytotoxicity (ADCC) effector function
Antibody-dependent cell-mediated cytotoxicity (ADCC) is a key Fc-mediated effector mechanism against viral infections and cancer (74,75)[Fig. 3].
It is primarily triggered by binding of IgG1 and IgG3 Fc regions to FcγRIIIa on immune cells, notably NK cells and macrophages, which also express other Fcγ receptors (FcγRI, FcγRII, FcγRIII)(76).
This interaction activates effector cells to kill targets via three main pathways: (1) cytolytic granule release, where perforin and granzymes disrupt target membranes in a calcium-dependent manner; (2) Fas–FasL signaling, inducing caspase-dependent apoptosis in Fas-expressing cells (19,77,78); and (3) reactive oxygen species (ROS) production, with M1 macrophages showing stronger ADCC due to higher ROS generation (74,79). Fc–FcR interactions can be stimulatory or inhibitory, and immune cell activation depends on the balance of these signals (75). 

[image: ]
Fig. 3 Antibody-dependent cell-mediated cytotoxicity (ADCC). Antibody-dependent cell-mediated cytotoxicity (ADCC) effector function is mainly driven by NK and cell death and is mostly occurred through cytolytic granule release (a). Antibody Fc domain binds to FcR presented on the surface of effector cell, simultaneously, antibody Fab binds to the antigen presented on the surface of target cell. These interactions make Perforin and granzymes release resulting in cell target lysis. Fas signaling pathway (b). Production of reactive oxygen species (c). All different mechanisms are shown in one figure for simplification.

Antibody dependent cellular phagocytosis (ADCP) function
Antibody-dependent cellular phagocytosis (ADCP) known as opsonophagocytosis refers to a process by which antibody-coated virus infected cells or cancer cell are up-taken by immune cells, most notably macrophages (73).
It has been clearly proved that macrophages play a crucial role in triggering ADCP against cancer cells and virus infected cells as main immune cells.(76). In other words, macrophages and monoclonal antibodies go together in order to triggering ADCP mechanism against target cells(27)
It should be considered that Natural Killer (NK) cells and macrophages play a crucial role in eliminating cancerous and virus-infected cells through Antibody-dependent cell-mediated cytotoxicity (ADCC) and Antibody-Dependent Cellular Phagocytosis (ADCP), respectively.

CDC (Complement-dependent cytotoxicity) effector function
Complement-dependent cytotoxicity (CDC) is an Fc-mediated effector function involving both innate and adaptive immunity. It can be initiated via the classical, alternative, or lectin pathways, all leading to the generation of complement fragments with distinct immune functions(80). The classical pathway depends on immune complexes, whereas the alternative pathway does not; the lectin pathway is triggered by mannose-binding lectin (MBL) recognition of pathogen-associated molecular patterns (PAMPs). Complement proteins C1–C9 mediate CDC, and the nature of Fc fusion ligands can influence complement activation.   (81,82). 
In the classical pathway, C1q binds the Fc region, initiating a cascade that generates C3 and C5 convertases, ultimately forming the membrane attack complex (MAC) that lyses target cells. IgG1 and IgG3 efficiently activate this cascade, while IgG2 and IgG4 do not(29,83).
Tumor cells can evade CDC through CDC-resistant mechanisms, including overexpression of complement regulatory proteins (CRPs: CD35, CD46, CD55, CD59), which inhibit the protease cascade(82,84).
Approved Fc fusion proteins
Monoclonal antibodies (mAbs), discovered by Köhler and Milstein in 1975, represent the fastest-growing class of antibody-based therapeutics(85). Since the approval of muromonab-CD3 in 1986, 165 mAbs have been approved or are under regulatory review worldwide(86).
By 2014, five mAbs (adalimumab, infliximab, rituximab, bevacizumab, trastuzumab) and one Fc fusion protein (etanercept) ranked among the ten top-selling drugs, each exceeding USD 6.5 billion in annual revenue(85). Biologic product sales reached USD 291 billion in 2022, with antibodies and derivatives accounting for 83% of this market. As of 2023, 14 Fc fusion proteins have FDA approval, 4 completed phase 4 trials, and about 40 are in phase 3(87,88).
Here, approved therapeutic Fc fusion proteins according to their applications in different diseases are further categorized and discussed: 

Approved Fc fusion proteins against autoimmune diseases
Autoimmune diseases arise from a breakdown in immune tolerance, where the immune system fails to distinguish self from non-self. This loss of tolerance, driven by genetic predispositions and environmental factors, leads to aberrant immune responses against healthy tissues (89).
Rheumatoid arthritis (RA) and psoriasis are common autoimmune disorders. RA is a chronic autoimmune disease marked by synovial inflammation, autoantibody production, joint destruction, and disability (90). Psoriasis is a chronic autoimmune inflammatory skin disorder affecting ~2% of the global population, with about 30% developing psoriatic arthritis, an inflammatory seronegative arthritis (91). 
T cells are central to the pathogenesis of both RA and psoriasis. Their activation requires two signals from antigen-presenting cells (APCs): (1) antigen–MHC presentation to the T-cell receptor (TCR), and (2) costimulatory signaling via LFA-3/CD2 and CD80/CD86–CD28 interactions (91,92). Activated T cells subsequently express CTLA-4, which binds CD80/CD86 with higher affinity than CD28, delivering inhibitory signals that suppress T-cell activation (91) . 
Cytokines also play a crucial role in disease progression. In particular, tumor necrosis factor-α (TNF-α), produced mainly by macrophages, and interleukins from activated T cells drive inflammatory pathways in joints and skin (90,93). Targeting TNF-α or its downstream signaling represents an effective therapeutic strategy for RA and psoriasis.




Etanercept

[bookmark: _Hlk157939270] Etanercept was the first Fc fusion protein approved by the FDA for rheumatoid arthritis (94). It is an engineered dimeric fusion protein comprising two extracellular ligand-binding domains of the human TNF-α receptor II (75 kDa) linked to the Fc region of human IgG1(95). By binding TNF-α and TNF-β with higher affinity than natural receptors, etanercept acts as a competitive inhibitor, reducing pro-inflammatory cytokine production and thereby alleviating symptoms and slowing joint destruction in rheumatoid arthritis (96,97) The global etanercept market was valued at approximately USD 15.5 billion in 2022 and is projected to reach USD 23.2 billion by 2032, with an estimated CAGR of 3.7% from 2023 to 2032 (98).
[bookmark: _Hlk164341881]Alefacept

Alefacept, introduced in 2003 as the first biologic for plaque-type psoriasis, is a dimeric fusion protein comprising the extracellular domain of human leukocyte function antigen-3 (LFA-3) fused to the Fc region of human IgG1. By competing with LFA-3 on antigen-presenting cells (APCs) for CD2 binding on memory T cells, alefacept disrupts their activation and induces apoptosis of CD2 high memory T cells. Concurrently, its Fc domain engages FcγRIII on natural killer cells, promoting selective depletion of pathogenic memory T cells while sparing naïve T cells (91,99,100).

Abatacept
Abatacept that is composed of an external portion of human CTLA-4 (Cytotoxic T lymphocyte antigen 4) and a modified Fc domain of human IgG1 is used for rheumatoid arthritis. Abatacept specifically inhibits T cell activation by binding to CD80 and CD86 because of its higher affinity than CD28. The Fc region of abatacept binds only to high-affinity fc receptors; therefore, does not play a role in ADCC or CDC (101,102). 





Approved Fc fusion proteins against ITP (Immune Thrombocytopenic Purpura)

Romiplostim

 Romiplostim has been prescribed by FDA for chronic immune thrombocytopenic purpura (ITP) treatment since 2008. ITP is an autoimmune disease characterized by platelet deficiency caused by platelet destruction or its decreased production. Romiplostim is a fusion protein composed of the FC domain of IgG1 for a longer half-life in the bloodstream and linked to the TPO_R binding domain (thrombopoietin receptor binding domain) that activates intracellular signaling pathways. Like endogenous TPO, it can bind to the TPO-R on megakaryocyte precursors and displace TPO from its receptor (103,104).
TPO (Thrombopoietin) is the master regulator of megakaryocytes that binds to its receptor on megakaryocytes and platelets and influences signaling through intracytoplasmic interactions.
Approved Fc fusion proteins against Cancer

Angiogenesis is an important feature in cancer cell metastasis, so in malignant conditions, overexpression of angiogenesis factors such as VEGF (vascular endothelial growth factor) types and their binding to VEGF receptors cause signal transduction leading to angiogenesis, invasion and cell migration.
Aflibercept
Aflibercept is a fusion protein generated by binding of the extracellular part of VEGF receptor (VEGFR) 1 and 2 to human Fc-IgG1. In 2012, aflibercept has been approved along with three other drugs for the treatment of colorectal cancer(105,106).
Approved Fc fusion proteins against AMD (Age-related Macular Degeneration)

AMD, a degenerative condition, mainly affects individuals over the age of 65 and is the primary cause of permanent vision loss in this age group. There are two forms of the disease: the dry type, which is more common, and the wet type, which is the primary cause of blindness. VEGF plays a significant role in AMD development and progression, hence, therapeutics blocking VEGF are the primary treatment choice (106). 
Aflibercept

Aflibercept (aforementioned for cancer treatment) and bevacizumab are commonly used to treat AMD(106). 
Conbercept

Currently, the China Food and Drug Administration has been approved Conbercept for wet AMD treatment. Conbercept consists of the second Ig-like domain of receptor VEGFR-1 and the third and the fourth Ig-like VEGFR-2 domains binding to IgG1 FC. Conbercept inhibits all forms of VEGF from binding to VEGF receptors. Conbercept is a new therapeutic choice that helps to overcome the limitations of existing medicines(107,108).
Approved Fc fusion proteins against hemophilia

Hemophilia including hemophilia A, also called factor VIII deficiency or classic hemophilia, and hemophilia B is categorized as hereditary hemorrhagic disorder in which the blood dose not clot appropriately. Hemophilia A and hemophilia B are consequences of factor VIII (FVIII) and factor IX (FIX) protein deficiency or dysfunction, respectively. Hemophilia is inherited via an X-linked recessive pattern happening because of mutations in the genes of coagulation factors(109).

Efanesoctocog alfa

Efanesoctocog alfa is a recombinant FC fusion protein authorized in 2023 for the treatment of type A hemophilia caused by missing or defective factor VIII. Efanesoctocog alfa includes recombinant factor VIII, a FC region that extends the drug's half-life, a VWF D'D3 factor VIII binding domain that can be separated from the endogenous type, and two XTEN polypeptides that serve as a protective barrier against drug degradation(86,110). 
Efmoroctocog alfa

Efmoroctocog alfa is a Fc fusion protein consisting of a B-domain deleted coagulation factor VIII linked to Fc domain of human IgG1(111). It has been approved in 2014 for hemophilia A treatment. Surprisingly, Efmoroctocog alfa has priority over native FVIII because of its longer half-life (112).
Eftrenonacog alfa 

Eftrenonacog alfa is a recombinant fusion protein consisting of human factor IX fused to IgG1 Fc prescribed for hemophilia B patients. The addition of IgG1 results the rise in half-life of Eftrenonacog alfa compared to human factor IX (113,114).
Approved Fc fusion protein against diabetes

In type 2 diabetes, an endocrine disease, the disruption of glucose homeostasis with loss of beta cell function is happened, which causes hyperglycemia, kidney dysfunction and heart attacks(115). Glucagon-like peptide 1 (GLP-1) released from the gut can lower blood glucose levels, but is easily degraded by the protease dipeptidyl peptidase-4 (DPP-4). Accordingly, the therapeutic application of GLP-1peptide is limited(116). To overcome this drawback, Dulaglutide is an agonist of the glucagon-like peptide 1 receptor was introduced. Dulaglutide including two identical GLP-1 chains bound to the Fc of IgG4 is resistant to the enzyme DPP-4, which results in its longer half-life (about 5 days) compared to GLP-1. Consequently, the Dulaglutide application reduces the necessity of repetitive injections to once in a week(117).
Approved Fc fusion protein against thalassemia

Thalassemia is a hereditary disease characterized by the lack of production of one of the adult hemoglobin chains and the accumulation of unpaired chains. The most common form of thalassemia is associated with beta chain disruption. Luspatercept approved in 2009 for beta-thalassemia treatment is composed of the extracellular domain of the human activin type 2B receptor (ActR2B) attached to FC of IgG1. ActR2B belongs to the transforming growth factor-β (TGF-β) superfamily and inhibits the SMAD-2/3 (Suppressor of Mothers Against Decapentaplegic 2/3) signaling pathway. Since, the SMAD-2/3 signaling pathway is an essential regulator of erythropoiesis and has an inhibitory effect under normal conditions. Disruption or overactivation of mentioned signaling pathway has been observed in diseases associated with impaired erythroid differentiation (118).
Approved Fc fusion proteins against other diseases

Belatacept

 Immunosuppression using calcineurin inhibitors is performed in kidney transplantation in order to reduce transplant rejection and patient death, but these inhibitors have adverse effects on cardiovascular, lipid levels, and blood pressure. Belatacept, a fusion protein made up of the Fc fragment of human IgG1 joined to the extracellular domain of cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4), has been approved as a co-stimulation blocker for immunosuppression in renal transplantation(119,120).
Rilonacept

 Mutations in the Cold-Induced Auto inflammatory Syndrome 1(CIAS1) gene result in excessive secretion of interleukin-1β (IL-1β), leading to Familial cold autoinflammatory syndrome (FCAS) characterized by symptoms such as cold-induced fevers, joint pain, and systemic inflammation(121). Rilonacept is a dimeric Fc fusion protein comprised of the extracellular domains of the Il-1-RAcP (Interleukin-1 receptor accessory protein) and the Il-1-R1 (interleukin-1 receptor type 1) fused to the Fc portion of human IgG1. (122,123).
Asfotase alfa 

Hypophosphatasia (HPP) is caused by the mutation and loss of function of the gene coding for the enzyme tissue non-specific alkaline phosphatase (TNSALP). HPP leads to an extracellular accumulation of inorganic pyrophosphate substrate. Patients suffer from a variety of physical problems such as bone fractures, bone and joint pain and dental problems that affect their quality of life. Asfotase alfa is a fusion protein consisting of a human Fc IgG1 bound to a human TNSALP iso domain on one side and an aspartate decapeptide, a bone-targeting domain, on the other. Asfotase alfa is a successful medicine in replacement therapy has been prescribed in Japan since 2015 and subsequently in the EU, Canada and the USA(124–127).
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Table 2 Approved therapeutic Fc fusion proteins in clinic
	[bookmark: _Hlk168844583]Category of disease
	[bookmark: _Hlk159060920]
Non-proprietary Name

	Trade Name
	Biosimilar
	Brief Name
	Indications
	Effector protein
	Target
	Action
	Approval Year
	Reference

	

Autoimmune diseases
	Etanercept
	Enbrel

	Erelzi
Eticovo
	TNF-R-Fc fusion protein
	Rheumatoid Arthritis,
ankylosing spondylitis, and psoriasis
	 (TNFR) p75

	TNF-α 
	Binds specifically to (TNF) and blocks its interaction with TNFR
	1998
	(94,128)

	
	Alefacept
	Amevive
	-
	LFA-3-Fc fusion protein
	Plaque psoriasis

	LFA-3
	CD2 
	Binds competitively to the CD2 and interferes T cell activation
	2003
	(91)

	
	Abatacept
	Orencia
	-
	CTLA-4-Fc fusion protein
	Rheumatoid Arthritis
	CTLA-4 
	CD80 and CD86 
	Inhibit T-cell activation

	2005
	(129)

	ITP
	Romiplostim
	Nplate
	ENZ110
	Peptide-Fc fusion protein
	Idiopathic Thrombocytopenic Purpura (ITP)
	TPO peptides

	TPO receptor 
	Competes with TPO for binding to the TPO receptor
	2008
	(103,130,131)
	Cancer 
	Aflibercept
	Eylea Zaltrap
	SB15
Yesafili
Opuviz
	VEGFR-Fc fusion protein
	metastatic colorectal cancer
	Extracellular domains of human VEGF receptors 1 and 2
	VEGF
	Binds to circulating VEGFs and acts like a "VEGF trap
	2012
	(132,133)

	AMD
	Conbercept

	Lumitin
	-
	VEGFR-Fc fusion protein
	age-related macular degeneration (AMD)
	ECDs of human vascular endothelial
growth factor (VEGF) receptor 1  and  2
	VEGF
	block all isoforms of VEGF
	2013(by CFDA)
	(108)
	
	Aflibercept
	Eylea Zaltrap
	SB15
Yesafili
Opuviz
	VEGFR-Fc fusion protein
	Wet macular degeneration (AMD)
	Extracellular domains of human VEGF receptors 1 and 2
	VEGF
	Binds to circulating VEGFs and acts like a "VEGF trap
	2012
	(132,133)
	Hemophilia
	Efmoroctocog alfa
	Eloctate
	-
	rFVIII-Fc fusion protein
	Hemophilia A
	Recombinant human coagulation factor VIII (rFVIII)
	Platelet membrane
	Temporarily replaces the missing Coagulation Factor VIII
	2014
	(112)
	
	Efanesoctocog alfa
	Altuviiio
	-
	rFVIII-Fc fusion protein
	Hemophilia A
	rFVIII
	Von Willebrand Factor
	Temporarily replaces the missing coagulation factor VIII needed for effective hemostasis
	2023
	(86,110)
	
	Eftrenonacog alfa



	Alprolix
	-
	rFIX-Fc fusion protein
	


Hemophilia B
	


Full length coagulation Factor IX (FIX)
	



FcRn
	
Binds to FcRn and
temporarily
replaces deficient FIX
	
2014
	(134)

	Type 2 diabetes
	Dulaglutide
	Trulicity
	-
	Peptide-Fc fusion protein
	Type 2 diabetes
	Glucagon-like peptide-1 (GLP-1)
	GLP-1R
	Binds to GLP-1R (Glucagon-like peptide-1 Receptor) and acts like GLP
	2015
	(115–117)
	Thalassemia
	luspatercept

	Reblozyl
	-
	ActRIIb-Fc fusion protein
	Anemia in beta-thalassemia (β-thalassemia), myelodysplastic syndromes (MDS) and primary myelofibrosis (PMF)
	activin receptor IIB (ActRIIB)
	TGF-β
	acting as a "ligand trap" for ligand (TGF-β)

	2019
	
(135)

	Other Fc fusion Drugs
	Belatacept
	Nulojix
	KN-019
	CTLA-4-Fc fusion protein
	Prevent the body from rejecting a renal transplant
	CTLA-4
	CD80 and CD 86
	Prevent activating the T cells

	2011
	(119,120)
	
	Rilonacept
	ARCALYST
	-
	IL-1R1-Fc fusion protein
	Cryopyrin-Associated Periodic Syndromes (CAPS)
	IL-1R1 and IL-1RAcP
	IL-1β, IL-1RA and IL-1α
	Blockade of both IL-1α and IL-1β
	2008
	(121,122)
	
	Asfotase alfa
	Strensiq
	-
	Enzyme-Fc fusion protein
	Hypophosphatasia (HPP)
	TNSALP iso domain
	Enzyme
substitute of tissue-nonspecific
alkaline phosphatase
(TNSPALP)
	The TNSALP iso domain works as a substitute for the deficient TNSALP and reduces the extracellular accumulations of TNSALP substrates.
	2015
	(124,126,127)





Conclusion and future trend
Since the approval of etanercept as the first Fc fusion protein, numerous Fc-based therapeutics have been developed for cancer and other refractory diseases. Advances in Fc engineering are expected to further improve their efficacy by enhancing effector functions and extending half-life, for example through glycoengineering of Fc glycosylation or site-directed mutagenesis to optimize Fc interactions (136).
Due to their structural complexity and diversity, Fc fusion proteins require innovative analytical approaches such as multidimensional liquid chromatography and bio-inert columns (137). 
Future trends include developing targeted Fc fusion proteins for intracellular or brain delivery and improving oral delivery methods for protein-based therapeutics (138).
Beyond their biopharmaceutical roles, Fc fusion proteins may also be applied in diagnostics. The global Fc fusion protein market, valued at USD 28.3 billion in 2023 and projected to reach USD 60.23 billion by 2030, underscores their growing significance as a major class of therapeutics (139).
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