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Abstract 

       Interferons (IFNs) are one of the core pillars of innate antiviral immunity that together 

forms a cascade in signaling network by intra- and inter-cellular responses, detecting viral 

infection, activating Janus kinase-signal transducer and activator of transcription (JAK–

STAT), and ultimately inducing hundreds of interferon-stimulated genes (ISGs) which 

inhibit viral propagation. Nonetheless, viruses have developed intricate immune evasion 

strategies that target virtually all facets of the interferon response thus promoting viral 

survival, persistence, and pathogenesis. This review summarizes the basic molecular 

mechanisms of host interferon signaling and the various viruses that have evolved to 

counteract these pathways. Most notably with respect to viral interference with pattern 

recognition receptor signaling, type I interferon induction, JAK STAT signal transduction 

and ISGF3 complex formation and host restriction factors. Soon afterward, the review 

introduces how viruses manipulate post-translational modifications (PTMs), such as 

ubiquitination, ISGylation, SUMOylation and proteasomal degradation to potentiate their 

effects on innate immune responses. The coevolution between virus and host is emphasized 

as a key mechanism promoting viral immune antagonists in one hand and host antiviral 

restriction factors on the other, contributing to rapid diversification of both sectors. Finally, 

novel therapeutic approaches targeting the restoration of interferon signaling via host-

directed therapies, inhibition of viral antagonists, modulation of pathways responsible for 
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post-translational modifications (PTMs) and personalized immunotherapies are thoroughly 

discussed. Targeting host–virus interaction networks rather than viral replication alone 

provide new avenues for broad-spectrum antiviral therapies, which are less susceptible to 

resistance due to the dynamic nature of host and virus evolution. Such integration of 

structural biology, systems immunology, multi-omics technologies with clinical 

investigation will be necessary for translating mechanistic insights into therapeutics against 

viral pathogens and enhancing preparedness to future viral threats. 

Keywords: Interferon signaling; Type I interferon; JAK–STAT pathway; Viral immune 

evasion; Interferon-stimulated genes (ISGs); Pattern recognition receptors (PRRs); 

ISGylation; Innate antiviral immunity; Host-directed antiviral therapy. 

 

Interferon Signaling Pathways 

       Pattern recognition receptors sense viral nucleic acids and induce induction of the type 

I interferon response through downstream signaling cascades that ultimately lead to 

transcription of IFN genes [1]. The secreted interferons, in turn, will act in an autocrine or 

paracrine manner to activate the JAK-STAT pathway causing the production of ISGF3 and 

hundreds of interferon-stimulated genes systemically upregulated [2,3]. Such amplification 

step would depend on the activation of transcription factors IRF3, IRF7 and NF-κB, which 

would potentiate cytokine production following pathogen-associated molecular pattern 

detection [4,5]. In this regard, TANK-binding kinase 1-mediated phosphorylation of both 

IRF3 and IRF7 represents the key checkpoint for production of the first wave of IFN-β and 

IFN-α [6]. In addition, the induction of an antiviral state is amplified in a positive-feedback 

manner because ISGF3-induced expression of relevant signaling factors and transcriptional 

regulators sustains the cellular response to viral infection [7,8]. This process of 

amplification guarantees that even if levels of initial detection are low, the end result is a 

strong expression of effector proteins (e.g. IFIT and IFITM) that prevent viral replication 

actively [9]. In addition to this first line of induction, synthesis of IFN-stimulated genes 

mediates pan-drug antiviral activity that can inhibit progeny production at multiple steps 
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during the viral replicative cycle [10]. This gradually escalating signaling cascade depicts 

the most efficient approach for titrating a multi-layered defense, with autocrine and 

paracrine induction of nearby cells assuring that an anti-viral program is globally 

disseminated in the ample tissue [11,12]. However, this defense strategy is frequently 

countered by viral proteins that selectively target components of the sensing and 

transduction pathways required for the induction of the first step of cytokine production 

[13]. These viral antagonists typically block the phosphorylation of IRF3 and IRF7, or 

inhibit MAVS recruitment to suppress assembly of primary signaling complexes [14,15]. 

The host additionally employs redundant recognition systems that engage pathogen-

associated molecular patterns by activating TLR-mediated signaling pathways via TRIF 

and MyD88, which ultimately promote increased transcription of pro-inflammatory 

cytokines [16]. These media act as a sensing mechanism based on the mitochondrial-

mutant MAVS protein and endoparticle-like Toll receptors that recruit a scaffold protein 

complex that initiates soluble adaptive immunity [17,18]. 

Introduction: 

       Interferon (IFN) signaling pathway is a key component of the innate antiviral immune 

response. It is a complex molecular network that detects viral invasion within hours and 

sets up an antiviral state. A weak signal, such as viral recognition, can be transformed into 

a powerful antiviral program through a series of steps, including the sequential recruitment 

of pattern recognition receptors (PRRs), IRF3/IRF7 phosphorylation, interferon 

production, JAK-STAT signaling, and ISGF3-dependent transcription of thousands of 

genes that encode hundreds of interferon-stimulating genes (ISGs). This multi-step cascade 

ensures that all infected cells, as well as neighboring uninfected cells, become resistant to 

viral replication in a self- and neighbor-specific manner. It is also worth noting that innate 

immune sensing pathways are redundant. In addition, the presence of other pattern 

recognition receptors (such as RIG-I-like receptors and MAVS), TLR receptors that utilize 

TRIF-dependent pathways, and MyD88 transducers creates a surplus of immune evasion 

against viral pathogens. By purposefully exploiting this surplus, it reduces the likelihood 

that the virus can counteract type I interferon stimulation by targeting a specific signaling 
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molecule. This finding supports the prevailing view that host immunity has evolved to 

utilize multipurpose signaling pathways under evolutionary pressures, thereby enhancing 

the robustness of antiviral defenses. However, it also demonstrates that viruses have 

evolved as well, developing complex mechanisms to evade these protective host responses. 

Nevertheless, several viral proteins exhibit the ability to inhibit early stages of interferon 

production by blocking the phosphorylation of IRF3/IRF7 or MAVS-dependent signaling 

complexes (thus weakening/delaying host antiviral responses) [30]. This accounts for the 

rapid activation of interferon signaling, which is also an optimal time point of viral 

regulation to rival CDK1 in its innate immune evasion functionality; a process facilitated 

by molecular competition between both. Indeed, further investigation of these early 

regulatory events will have critical implications for strategies to design antiviral agents that 

would restore or boost interferon-mediated immunity. Interferon signaling pathway is 

among key components of innate antiviral immunity linking detection and propagation of 

a viral signal into the transcriptional control of interferon-stimulated genes (ISGs) through 

receptor-mediated cytoplasmic signaling events that galvanize an integrated host response 

to virus infection. 

        Cooperation of pattern recognition receptors (PRRs), IFN regulatory factor 3 

(IRF3)/IRF7, Janus kinase–signal transducer and activator of transcription (JAK–STAT) 

signaling cascade and interferon-stimulated gene factor 3 (ISGF3) provides rapid and 

effective antiviral immunity while in combination redundant sensing mechanisms enhance 

robustness of host defense. Introduction to viral targeting of signaling molecules: the 

MAVS and IRF arms race Viruses are also rapidly evolving pathogens that can overcome 

host immune responses, evidenced by their ability to specifically target important signaling 

components such as mitochondria-associated membrane (MAM) protein VoN1660 and 

interferon regulatory factor (IRF) proteins. Thus, therapeutic preservation or restoration of 

interferon signaling therefore remains a hope for the enhancement of antiviral immunity 

and thus may represent an anti-viral disease target. 
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Type I IFN Induction 

        Induction is initiated when viral components like double-stranded DNA (dsDNA) or 

double stranded RNA (dsRNA) bind to their cytosolic sensors such as cGAS and RIG-I-

like receptors [19]. And these sensors activate signaling cascades that cause 

phosphorylation and homodimerization of IRF3 after which it translocates to the nucleus 

to begin transcription of type I IFN [20]. At the same time, TNF receptor-associated factor 

3 (TRAF3)-and TANK-binding kinase 1 (TBK1)-recruited phosphorylation of IRF7 that 

together with IRF3 promotes persistent expression of pro-inflammatory cytokines and type 

I IFNs [21]. This strong type I IFN production is mainly mediated by plasmacytoid 

dendritic cells, while other immune cells provide the more ubiquitous source of IFN-β to 

help systemic antiviral defenses [22]. Pattern recognition receptors such as TLRs, RIG-I 

and MDA5 recruit an adaptor molecule [MyD88, TRIF or MAVS] to execute kinase-

mediated activation of IRFs [23].  

        MAVS is simultaneously nuclearization via RIG-I and MDA5 multimerization to 

provide a link between MAMP detection and the initiation of downstream IKK-related 

kinases [24]. These, in turn, instruct the phosphorylation and transfer of IRF3 and IRF7 

into the nucleus that is critical for immediate expression of IFN-β and IFN-α genes [25,26]. 

In the context of this induction, secreted type I and III interferons bind to their 

corresponding cell-surface receptors—IFNAR1/IFNAR2 and IFNLR/IL10RB, 

respectively—and activate the JAK1 and TYK2 kinases [27,28]. These kinases 

phosphorylate STAT1 and STAT2, enabling their binding to IRF9 to form the ISGF3 

complex, which regulates a large number of interferon-stimulated genes to establish a 

broad antiviral response [29, 30]. In addition to these cytoplasmic and endosomeal 

pathways, any mitochondrial damage during viral replication can enhance cGAS-STING 

signaling, thus providing a backup mechanism for increased IRF3/7-mediated IFN-α/β 

production [31]. Furthermore, IRF1 activation is a crucial compensatory mechanism, as 

rapid NF-κB-mediated transcription of IRF1 mRNA, followed by proteolytic translation, 

leads to an immediate increase in the overall interferon response [32]. The presence of 

these specialized signaling pathways highlights functional redundancy within the innate 
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immune system, ensuring viral detection even when primary sensors are successfully 

bypassed [33, 34]. 

       The presence of these specialized signaling pathways highlights functional redundancy 

within the innate immune system, ensuring viral detection even when primary sensors have 

been successfully bypassed [33, 34]. Stimulation of type I interferon production is one of 

the earliest and most crucial events in the innate immune response to viral infection. This 

is a highly regulated process requiring the parallel coupling of intracellular and 

extracellular signaling pathways, enabling timely recognition of viral nucleic acids and the 

activation of antiviral defense systems to protect the host from invasive infection. Co-

operation between cytosolic sensors (cGAS, RIG-I and MDA5) and adaptor proteins 

(MAVS, MyD88 and TRIF) exhibits the robust nature of host immune surveillance system. 

This offers a rapid means to engage IRF3 and IRF7, the master transcription factors that 

serve as the primary regulators of type I IFN expression and pathway-mediated 

inflammatory responses. One of the most notable features emerges among all these 

pathways: a sufficient number of amplification and redundancy mechanisms that enhance 

antiviral immunity. The JAK1–TYK2/STAT1–STAT2 pathway is activated following the 

secretion of interferon and promotes ISGF3 complex formation to induce transcription 

hundreds of interferon-stimulated genes (ISGs), therefore establishing a far-reaching 

antiviral state. Concurrently, both cGAS–STING signaling and IRF1 activation function 

via distinct activated pathways to amplify the composite antiviral response, ultimately 

ensuring that antiviral signaling is intact in conditions of primary viral sensor suppression. 

This form of redundancy may serve as an evolutionary mechanism to minimize the chances 

for full viral immune escape. 

        On the cellular level, such diversity in the signaling pathways used for type I IFN 

induction reflects an evolutionary battle at work between viruses and their hosts. 

Additionally, host immune system pathways overlap in a way that individual defects in 

signaling could be compensated for by other pathways while viruses have escaped early 

recognition receptors or components of signaling intermediates. Consequently, effective 

viral infection is often dependent on the use of multivalent targeting of immune signaling 
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nodes rather than the targeting of individual molecular factors. These findings further 

support the notion that therapeutic strategies aimed at enhancing innate immune signaling 

— particularly those directed against sensors and pathways upstream or ISGF3 activation 

downstream of viral infection — could have broad-spectrum antiviral applications. Type I 

IFN induction is highly structured and begins with viral nucleic acids sensing that leads to 

downstream activation of ISG expression via JAK–STAT signaling. Together, the 

integrated actions of PRRs, adaptor proteins, IRF transcription factors and ISGF3 confer a 

highly potent antiviral state while multiple redundant signaling pathways conspire to 

mediate successful viral immune escape. Collectively, these properties indicate that the 

strength of some immune responses is intertwined with their overall robustness to complex 

system perturbations in the same way as functional redundancy maintains homeostasis, 

suggesting that strong kind I IFN induction pathway is an attractive target for anti-viral 

drug discovery and immunomodulation processes. 

JAK-STAT Signal Transduction 

        The activation of Janus kinases ends up to the phosphorylation of these factors, it 

dissolves from the receptor and collects IRF9 in its e7[35]. The heterotrimeric ISGF3 then 

translocates to the nucleus, binds to interferon-stimulated response elements in promoter 

regions and activates transcription of hundreds of ISGs [36,37]. In parallel, the 

dimerization of two STAT1 proteins within homodimers upon type II IFN-γ signaling also 

binds to another class of sequences called the IFN-γ-activated sequence element that 

controls a different set of genes [38]. Such ISG products function at different steps in the 

viral replication cycle and thus contribute to a combinatorial antiviral response which 

blocks viral entry, genome transcription, and protein production [39]. In addition, the 

regulatory timeframe is highly important and many viruses may adopt strategies to inhibit 

JAK-STAT signaling or trap transcriptional complexes to turn down the downstream 

expression of antiviral effectors [40,41]. To limit homeostasis and avoid deleterious over-

activation this signaling cascade is regulated through negative feedback with proteins 

including SOCS1 and SOCS3, which function to inhibit Janus kinase activity [42]. Aside 

from the canonical JAK-STAT pathway, emerging numbers of non-canonical signaling 
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mechanisms bonafide regulate ISGs transcription independent of known JAK-STAT 

intracellular signal transduction pathways, this extended list of players contributes to 

regulation of the antiviral landscape. Members of the IRF family (IRF1, IRF7 and IRF8) 

can bind ISRE sequences independently in response to all three interferon types (IFNα, 

IFNβ and IFNγ) [43] giving cells a second chance at controlling their antiviral state. These 

atypical pathways are often accompanied by independent transcription factors; or activate 

other kinases usually to compensate for the viral proteins "winning" in a classic fight over 

your needed antiviral immunity utilizing JAK-STAT axis [44].  

        Most importantly, the Janus kinase (JAK)-signal transducer and activator of 

transcription (STAT) signaling pathway has been proposed to serve as the ubiquitous 

intracellular molecular channel through which interferons mediate extracellular antiviral 

signals to specific gene expression programs in a coherent fashion. After JAK1 and TYK2 

were activated, phospho-STAT1 and phospho-STAT2 bound to IRF9 to form ISGF3 that 

induced transcription of hundreds of interferon-stimulated genes (ISGs), which act at 

distinct steps during the viral replicative cycle including entry, genome replication, 

transcription and protein translation to globally inhibit various steps in order to exert its 

function. Underpinning this dynamic signaling hub is the critical place of the JAK–STAT 

pathway in establishing a strong and broad-spectrum antiviral state. A critical element of 

this signaling cascade is that it serves both a host defense and an immune homeostasis 

function. While rapid ISG activation is essential to restricting viral replication, prolonged 

or excessive signaling can result in tissue injury and immunopathology. Therefore, 

pathways containing all known endogenous negative regulators such as SOCS1 and 

SOCS3 are an important feedback loop to inhibit the activation of Janus kinase and prevent 

excessive inflammatory response. Appropriate balance is revealed to rely on the type (de 

novo or systemic) and intensity of lot signals. 

        Moreover, non-canonical interferon signaling pathways provide additional evidence 

that the innate immune system retains considerable plasticity. Gene expression of antiviral 

proteins can continue since transcription factors IRF1, IRF7 and IRF8 can be activated in 

an independent manner from the canonical virus-suppressed JAK–STAT pathway. This 
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frivolous and seemingly redundant character is an evolutionarily significant there that 

confers robustness to the host's defense against viral immune evasion. At the same time, in 

particular through its intrinsic capacity of many viruses to inhibit JAK-STAT signaling our 

results emphasize how much this pathway can be considered as a principal virus immune 

evasion target and also presses it again as a superb therapeutic target for host-based 

antiviral treatment. The Janus kinase-signal transducer and activator of transcription (JAK–

STAT) signaling pathway is the principal mediator of interferon-induced antiviral 

immunity, linking extracellular interferon signaling to the transcriptional induction of 

hundreds of diverse interferon-stimulated genes that inhibit viral replication. It is tightly 

regulated by feedback inhibitors to maintain immune homeostasis, while complementary 

non-canonical signaling pathways provide further safeguard against improper responses 

when canonical signaling fails. The preponderance of viral pathogens targeting JAK–

STAT components highlight the intrinsic importance of this pathway in host defense and 

strengthens the rationale for therapeutically augmenting, preserving, restoring or possibly 

even replacing JAK–STAT signaling to improve antiviral immunity. 

Viral Evasion Mechanisms 

       Viruses that infect vertebrates have evolved a variety of ingenious strategies to evade 

the action of host immunity categorized mostly by their targeted inhibition of certain 

signaling nodes within the interferon cascade [45,46]. These evasion strategies encompass 

the sequestration of pattern recognition receptors to block their initial sensing, enzymatic 

cleavage of host signaling adaptors, and direct inhibition of JAK-STAT components to 

limit the provocation of interferon-stimulated genes [47,48]. For instance, human 

herpesviruses have been known to use viral interferon regulatory factors (vIRFs) that 

physically block activation by JAK-STAT signaling or sequester essential components of 

the transcriptional machinery [49] in order to neutralize the innate antiviral potential of 

their hosts. Moreover, viruses can induce the expression of negative regulator proteins, 

such as SOCS, that inhibit signal transduction through JAK-STAT cascade–highly 

conserved pathways [50], or deploy viral proteins that block IFNAR-mediated signaling 

by forming nonfunctional inhibitory complexes. Moreover, certain viruses do so by 
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antagonizing the activation of STAT proteins or promoting their dephosphorylation to 

inhibit downstream transcriptional response [51,52]. In addition to these direct 

interferences, many viral pathogens also hijack endogenous negative regulators such as the 

ubiquitin-specific protease 18 (USP18), which outcompetes JAK1 in the receptor complex 

and subsequently decreases signaling intensity of type I interferons [53,54]. In addition, 

certain viruses actively target the proteasomal degradation of either STAT1 or STAT2 

molecules so as to disconnect the IFN receptor signaling pathway from the formation of 

ISGF3 [55,56]. On the other hand, some viruses trap these phosphorylated STAT 

heterodimers in cytoplasm or nucleus to interfere with their compulsory binding with IRF9 

and block the formation of functional ISGF3 [57, 58]. 

       One of the most progressive of host–pathogen co-evolution Viral mechanisms 

employed to rescue immune apparatus are selective pressures sustained over time and 

space by natural selection and adaptive selection which interactively influence antiviral 

resistance through interferons-mediated immune defenses. Viruses exploit many molecular 

mechanisms to overcome this immune response, targeting multiple steps in the interferon 

signaling cascade rather than only one. Viruses can efficiently suppress the initiation and 

amplification of innate immunity by targeting pattern recognition receptors (PRRs), 

degrading signaling adaptors, inhibiting JAK–STAT signaling and blocking ISG 

expression30. These examples all demonstrate an inherent specificity in antagonistic 

mechanisms, largely driven by the need to inhibit or delay host interferon signaling to 

ensure productive viral replication. Two virus immune evasion strategies are 

mechanistically the most prominent in targeting high-order signaling hubs (e.g., JAK1, 

STAT1, STAT2, IRF9 and IFNAR-associated components). Depletion or functional 

inactivation of the weaves of these proteins at hubs of communication essential for the 

signaling relay counteracts ISGF3 complex assembly, and ultimately further represses 

downstream antiviral gene spin. While viruses act to directly antagonize hos immunity, 

they also subvert host regulation to create a permissive pericellular environment that 

preserves virus persistence via the use of endogenous negative regulators like SOCS 

proteins and USP18. Especially since these mimics the in vivo immune control that is also 

there and it also counteracts antiviral defenses as well. 
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       The ability of viruses to sequester phosphorylated STAT proteins, or to promote their 

dephosphorylation underscores the importance for a potent antiviral immunity of 

maintaining intact JAK–STAT signaling. Together, these results suggest that viral immune 

evasion is an evolving process with multiple points interacting with almost every level of 

interferon signaling. Therefore, strategies to prevent viral antagonism of interferon 

pathways or to restore disrupted JAK–STAT signaling offer the potential for broad-

spectrum antiviral effects and reversion of viral pathogenicity across multiple virus 

families. Viruses have developed highly diverse and coordinated immune evasion 

strategies that target multiple components of the interferon signaling pathway including 

viral sensing mechanisms, signaling adaptors, JAK–STAT proteins, and ISGF3 complex 

formation. Viruses have evolved mechanisms to inhibit interferon-mediated antiviral 

responses, and thus they replicate more efficiently in host cells as the actions of direct 

inhibitors affect the antiviral response on one hand while manipulation of endogenous host 

regulatory pathways such as SOCS proteins (3, 4) and USP18(5) act at another level. These 

data reveal molecular mechanisms underlying host–virus interactions and inform the 

design of new antiviral reagents aimed at maintaining or restoring interferon signaling and 

bolstering innate immune defenses. 

Direct IFN Antagonism 

       Many viral pathogens utilize exquisitely targeted proteins to physically sequester 

signaling intermediates out of active transcriptional complexes. Such as UL36USP from 

HSV-1, which can specifically interact with IFNAR2 to sterically block JAK1 recruitment 

by the receptor and thus impede the canonical signaling cascade without dependence on its 

deubiquitinase activity [59]. Counterintuitively, JAK kinases are also targeted by naturally 

occurring viral proteins; for example, filoviruses use matrix proteins such as VP40 which 

inhibit the autophosphorylation events associated with JAK1 thereby preventing 

downstream STATS signaling as part of immune evasion mechanisms [60]. In addition to 

sequestration, other viral proteins also induce the proteasomal degradation of important 

signal transducers — for example, nsp11 from some porcine reproductive and respiratory 

syndrome virus strains triggers STAT2 degradation and thereby disconnects signaling 
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downstream of the receptor from transcription of target genes [61]. In the same vein, JAKs 

are also targeted by a wide arrange of pathogens such as the pseudorabies virus and Zika 

virus that selectively trigger proteasomal degradation of JAK1 to eliminate the 

phosphorylation of downstream signaling effectors, neutralizing interferon-mediated 

antiviral response [62,63]. Moreover, many viruses, including ones from the Flavivirus 

family express unique proteins that trigger the loss on phosphorylation of STAT factors 

preventing ISGF3 transcription complex [64,65]. In addition, some viruses subvert the 

USP18-mediated feedback loop of host defense to activate or repress it: stabilizing protease 

acts to establish a continuously nonresponsive state, while mimicking its structural domain 

displacing JAK1 from IFNAR2 subunit [66–68]. Conversely, the blockade of IFNAR1 and 

IFNAR2 at the cell surface prevents JAKs recruitment preventing signal transduction to be 

initiated [69,70]. This strategy aims to block these receptors, but most of these blockade 

ends at inhibiting the heterotrimeric ISGF3 (IFN stimulated gene factor 3) complex 

forming which is an essential terminal step needed for coordinately regulating the 

expression of hundreds of antiviral genes [71,72]. Direct interferon (IFN) antagonism is 

among the most potent viral immune evasion mechanisms because it hits the core signaling 

components that initiate and maintain antiviral immunity. Instead, many viruses have 

developed highly specialized proteins that target specific IFN-induced molecular 

interactions along the pathway. These viral countermeasures target the IFNs in a variety of 

ways and their respective signaling pathways by preventing Janus kinase activation, 

degradation of essential signaling molecules (e.g. JAK1/STAT2) or blocking assembly of 

the ISGF3 transcriptional complex. This exact targeting demonstrates the role of the 

interferon pathway as a significant evolutionary barrier to effective viral replication. 

        Viruses have multiple complementary mechanisms to ensure the complete 

suppression of IFN signaling. In addition to receptor blockade and kinase inhibition, many 

viral proteins enhance the proteasomal degradation or dephosphorylation of STAT 

proteins. Importantly, now virus utilization of USP18-mediated negative feedback 

reinstatement indicates that viruses hijacking endogenous regulatory pathways establish 

persistent inhibition of interferon sensitivity with reduced extraneous cellular stress. Thus, 

these complex mechanisms illustrate a high level of molecular adaptation enabling viruses 
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to maintain persistent infection in the presence of an otherwise highly effective innate 

immune response. The democratic coalescence on common signal transducers including 

IFNAR, JAK1, STAT2 and ISGF3 reflects that these molecules are the pivotal bottlenecks 

of antiviral immunity. Therapeutic strategies that target viral proteins to shield crucial 

signaling components from antagonism or blockade of virus-host protein interactions may 

eventually restore sensitivity to interferons quite generally following diverse viral 

infections. Because they target conserved host signaling pathways rather than rapidly 

mutating viral genomes, such host-directed interventions may also reduce the likelihood of 

antiviral drug resistance [4].Selective Viral Strategies to Antagonize Intrinsic Innate 

Immunity Direct IFN antagonism via receptor blockade, inhibition of JAK kinase activity, 

degradation or dephosphorylation of STAT proteins involved in ISGF3 complex formation 

and other negative regulatory pathways like USP18 are highly specialized viral strategies 

for suppressing innate antiviral immunity. These synergistic mechanisms converge on 

distinct steps in interferon signaling pathways that facilitate viral replication, and promote 

viral persistence. Knowledge of the molecular basis of direct IFN antagonism not only 

sheds light on host–virus interactions but also provides a rationale for future antiviral 

treatments that are intended to preserve some element of interferon signaling in order to 

restore the innate immune defense system in the host. 

Inhibition of Signaling 

       A common mechanism is targeting the catalytic domains of JAK proteins by viral 

proteases to block the phosphorylation of STAT1 and STAT2, thus halting signal 

transduction at a receptor-proximal step [73]. For example, Sandfly fever viruses target 

NSs proteins to block the phosphorylation of these STAT proteins after receptor activation 

by Janus kinase 1 and Tyrosine kinase 2 [74]. Likewise, the influenza A virus subverts PB2 

to bind directly with JAK1 and impede the kinase-mediated phosphorylation of 

downstream signal transducers [75]. In addition, many viruses take advantage of the innate 

expression of SOCS1 in the host to mediate selective ubiquitination and subsequent 

proteasomal degradation of JAK1 which guarantees complete inhibition of cytokine 

signaling [76]. In addition to blocking downstream enzymatic activity, pathogens such as 
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SARS-CoV-2 also cripple this pathway by promoting the depletion of IFNAR1 (and its 

associated Tyk2 kinase), leading to the disassembly of the proximal signaling scaffold [77]. 

In contrast, other viral proteins inhibit the JAK–STAT pathway by specifically binding to 

and targeting the STAT proteins for proteasomal degradation mediated by 

polyubiquitination [78]. An illustration is the flavivirus NS protein, such as NS5 in DENV 

and ZIKV, which recruits E3 ubiquitin ligase UBR4 to drive proteasomal degradation of 

STAT2 so that transcriptional complexes cannot form [79]. In addition, this pathway can 

be subverted by viruses in the nuclear compartment where viral effectors block the 

translocation of phosphorylated STAT heterodimers and their interaction with IRF9 

[80,81]. Other viruses with this strategy are known to interfere with the assembly of the 

heterotrimeric ISGF3, a complex that is required for moving into the nucleus where 

transcription at IFN-responsive regulatory elements can happen [82,83]. Interferon 

signaling inhibition is a perfected viral method that abuses the host to prevent it from 

mounting an appropriate antiviral response. 

        Many viruses clearly do not just interfere with interferon production but rather play a 

much more sophisticated role in specifically targeting the host cell intracellular machinery 

responsible for signaling downstream of those signals derived from interferons. In 

summary, viruses suppress gene transcription using multiple mechanisms that act to inhibit 

JAK1 and TYK2 catalytic activity, block STAT1 and STAT2 phosphorylation, lead to the 

degradation of signaling proteins or disrupt ISGF3 assembly resulting in termination of 

signal propagation before the transcription of antiviral genes can take place. This 

underlines the point that intact JAK–STAT signaling is essential for an effective innate 

immune response, and its loss gives viruses a significant replication benefit. 

       Unlike other sections that have been described in this document where viruses can 

target multiple signaling types with a more organized action, an important trait discussed 

in this section is the diversity of molecular mechanisms by which many antiviral viruses 

prevent signaling at various sequential steps. In addition to inhibition of kinase activation, 

some viral proteins also hijack host repressor pathways that favor ubiquitination and 

subsequent rapid proteasomal degradation of JAK1 and other downstream signaling 
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proteins (e.g., SOCS1 mediated ubiquitination). Additionally, viruses such as SARS-CoV-

2 degrade receptor-associated signaling complexes by downregulating IFNAR1 and TYK2 

levels; flaviviruses use ubiquitin ligases such as UBR4 to specifically target STAT2 for 

destruction. Combined, these strategies provide robust antagonism of interferon response 

pathways and exemplify the impressive molecular plasticity of viral pathogens in evading 

host immune responses. In addition, the propagation of viral inhibition into the nuclear 

compartment demonstrates that immune evasion mechanisms are not limited to 

cytoplasmic signaling events. Viruses are able to circumvent this last step in signaling 

pathway activation through the prevention of nuclear translocation of phosphorylated 

STAT complexes or by preventing ISGF3 formation, thus inhibiting transcriptional 

activation of interferon-stimulated genes even when upstream receptor signaling has taken 

place. This multi-level inhibition highlights the selective evolutionary pressure 

experienced by viruses to evade any essential component of interferon signaling. Thus, 

therapeutic approaches that stabilize the components of JAK–STAT signaling pathway, 

inhibit mechanisms through which viruses inactivate essential immune functions or 

preserve ISGF3 complex integrity may offer effective and universal anti-viral protection 

by increasing Μϕ capacity to limit viral pathogenicity.  

       Viruses block interferon signaling by a variety of coordinated mechanisms directed 

against JAK kinases, STAT proteins, interferon receptors and the ISGF3 transcriptional 

complex. These mechanisms include kinase inhibition, ubiquitin-mediated proteasomal 

degradation, receptor depletion, inhibition of STAT nuclear translocation and disruption of 

transcriptional complex assembly—all leading to significant abrogation of interferon-

stimulated antiviral gene expression. These inhibitory mechanisms underline the pivotal 

role of JAK-STAT signaling in controlling antiviral immunity and further are supportive 

for devising host-directed therapeutic strategies aimed to maintain signal transduction 

whilst promoting effective IFN-mediated immune responses. 
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Coevolutionary Arms Race 

        All genotypes are subject to positive selective pressure from viral antagonism and, 

thus, undergo evolution in an ever-forward spiraled arms race—through this process, 

selective pressures acting on the host genome fine-tune a diversity of distinct interferon 

receptor motifs that preserve signal integrity against evolving viral antagonists [84]. In 

contrast, host organisms are constantly under selective pressure to develop effective innate 

immune components capable of resisting this type of hostility (as evidenced by the 

universal emergence of STAT2 resistance during mammalian evolution [85]). Thus, this 

dynamic conflict of evolutionary interests acts as an all-encompassing selective pressure 

from the virus to the host, often forcing viruses to reduce the likelihood of stimulating 

effective immune responses by employing redundant strategies exposed as an evolutionary 

protective mechanism, such as overstimulating multiple signaling nodes through both 

direct protein-protein interactions and hijacking of cellular evasion pathways that normally 

target these same signaling translocation chains [86,87]. This coevolutionary tension is 

evident, for instance, from the lineage-specific strategies of flavivirus NS5 proteins that 

evolved to inhibit STAT2 as a means to escape lineage-specific immune architectures [88]. 

Repeated selective pressures induced by viral infection emphasize the significance of viral 

replication fitness inducing structural alteration in these antagonistic proteins across a wide 

range of vertebrate hosts [89].  

        Furthermore, the emergence of different catabolic pathways that allow for autophagy-

dependent degradation underlines how viruses may escape from conventional proteasomal 

innate immunity such as antiviral [1]. Viruses also induce various post-translational 

modifications against host factors or express a small protein capable of acquiring crucial 

factors [81,82], for example IL-6 by inducing JAK2 degradation inhibits assembly ISGF3 

complex therefore developing a antiviral state [90,91]. This arms race has also resulted in 

the selection of viral proteins that actively select for key viral factors that directly act to 

influence either active or inactive conformations of host signaling factors [89,91], which 

prevents ISGF3 complex formation by keeping STAT2 bound as an inactive protein in the 

cytoplasm [92]. The reliance on these molecular interactions highlights the extraordinarily 
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strong selective pressure host and virus exerted on one another over evolutionary time, with 

within-host diversifying selection driving the evolution of immune components at the 

genome level that prevent viral hijacking [93]. This iterative process tends to produce an 

"evolutionary peak," where viruses occupy a narrow fitness range, preserving protein 

functions while acquiring mutations that enable them to overcome host-specific immune 

barriers [85]. This adaptation is often limited only by protein pluripotency; as shown in 

mammalian studies, mutations leading to immune evasion are frequently associated with 

significant fitness costs for the underlying viral replication [94,95]. These findings 

highlight relatively recently evolved viral strategies [96,97] of selectively degrading 

signaling components (such as STAT1 and STAT2) or depleting kinase scaffolds [98], 

where a signaling component is degraded via a specific mechanism that relies on resistance 

to the rapid changes necessary to achieve an evolutionary equilibrium that allows the virus 

to persist long-term without losing its basic reproducing fitness. The shared evolutionary 

dynamics between hosts and viruses can be illustrated by the functional diversity of host 

defense proteins, such as PKR, which have undergone duplication or positive selection in 

certain strains to respond to viral immune evasion [99]. 

       Interestingly, the ongoing coevolution between viruses and their hosts is a double-

edged sword. It shows that selective pressures from both pathogens and immune 

mechanisms have altered the evolutionary trajectory of viral immunity, leading to the loss 

of acquired functions, such as innate immunity in hosts. Thus, the apparent diversity of 

interferon receptors, STAT proteins, and other antiviral signaling molecules appears to be 

the product of substantial evolutionary selection by antivirals long ago (with data 

suggesting dates that coincide with gene-interaction-determined classifications). However, 

viruses continue to develop increasingly sophisticated mechanisms to evade host 

responses. This reciprocal evolutionary process may explain the considerable complexity 

and redundancy in the interferon signaling pathway, enabling the host immune system to 

withstand the virus's persistent attempts to disable it. A key criterion in this evolutionary 

arms race is the trade-off between viral fitness and immune evasion. Successful immune 

evasion, on either side, is likely to result in a reduced ability to replicate easily. Viruses 

acquire mutations that enhance their ability to inhibit signaling pathways in the host cell, 
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but most of this viral adaptation tends to preserve the essential functions of structural 

proteins critical for efficient replication. Consequently, the NS5 protein of flaviviruses, and 

other viral proteins, have evolved highly specialized strategies to target STAT2 signaling, 

reflecting the molecular optimization of immune evasion against the host's innate immune 

architecture. Similarly, a variety of other immune evasion strategies (such as autophagy-

dependent lysis,[9] post-translational modifications,10 and even the disruption of specific 

STAT protein structures [10]) indicate that viral escape is remarkably adaptive as long as 

the virus remains capable of replication. Alongside this, the host cell's response is equally 

important. Gene expansion facilitated by actions remains positive under viral pressure on 

the host genome, which has become more responsive to Dat and other antigens. This 

ongoing evolutionary race has led to increasingly complex networks of antiviral signaling, 

even as it simultaneously pushes toward hyperspecificity in viral antigens.  

        The accelerated exploration of these shared evolutionary dynamics not only reveals 

the complexities of host-virus interactions but also highlights evolutionarily conserved 

molecular targets that could be exploited for broad-spectrum antiviral therapy with limited 

viral resistance. The ongoing co-evolutionary arms race between viruses and their hosts is 

shaped by reciprocal selective forces that continuously enhance both antiviral immunity 

and viral immune evasion mechanisms. Host adaptations, including the diversification of 

interferon signaling components and antiviral restriction factors, continue to compete with 

enhanced antiviral measures targeting a few key hosts signaling molecules (STAT1 [1,2], 

STAT2 [3], and JAK-associated proteins 4 [6]). While these viral adaptations enhance the 

virus's ability to evade the immune system, a delicate balance exists between sufficient 

viral replication and immune evasion. This evolutionary balance provides important clues 

about conserved interactions between the virus and the host, which may constitute potential 

molecular targets for the development of a long-lasting, broad-spectrum antiviral therapy 

capable of overcoming viral immune evasion. 

Host Restriction Factors 

       Interferon-stimulated genes (ISGs) are potent host restriction factors that activate 

broad antiviral programs, including preventing viral entry and subsequent viral RNA lysis 

https://www.northdata.de/DAC%20Democratic%20Arabic%20Center%20GmbH,%20Berlin/Amtsgericht%20Charlottenburg%20(Berlin)%20HRB%20277475%20B


167                     Page  

 

                       International J. of Environmental & Biological Sciences: Vol. 1, Issue 3, 2026 ------ 
 
 

                                                                              I.J.E.B.S 
 

Published by DAC Democratic Arabic Center  
DAC Democratic Arabic Center GmbH, Berlin 

 

Creative Commons Attribution-Non -

Commercial 4.0 International License 
 

[100]. When these factors bind to interferon-stimulated response elements, they induce the 

expression of genes that inhibit viral protein replication and translation [101, 102]. These 

ISGs belong to diverse pathways and exert their antiviral effect by trapping viral replication 

mediators or destroying viral transcripts [97, 103]. Notably, members of the IFITM family 

inhibit viral fusion to plasma membranes or endosomes, and OAS enzymes induce RNase 

L to mediate broader viral and host RNA lysis. Additionally, GTPases proteins from the 

MX family provide a second line of defense by assembling around viral nucleocapsids to 

trap them and prevent efficient replication. To overcome the strong impact of these robust 

host immune defenses, most viral assemblages exert strong selective pressure on each 

intracellular restriction factor through rapid diversification of viral binding sites, enabling 

them to quickly regain their replication capacity [104].  

        In addition to these basic effectors, the host cell also employs post-translational 

modifications (PTMs), including, but not limited to, the addition of the SUMO molecule, 

to maintain the stability of important signaling proteins and protect them from viral damage 

[105]. Beyond their direct effector functions, interferon-stimulating genes (ISGs), such as 

ISG15, act both directly and indirectly as multi-effect regulators that alter innate immune 

signaling through ubiquitin-like conjugation, promoting immune tolerance while inhibiting 

viral replication [106]. In addition to individual effects, these genes also confer regulatory 

behavior for cell reprogramming at the immune system level, going beyond direct viral 

restriction and inducing profound repercussions in host metabolism, chromatin regulation, 

and protein structure [107]. These shifts reflect a deeper biological transformation, where 

these genes are becoming increasingly context-dependent regulators of tumor immunity 

and tissue repair, rather than simply antiviral agents [108]. Moreover, the mechanisms of 

action of these genes are relatively subtle; CH25H reduces viral-cell membrane fusion by 

modifying the host cell membrane structure [17], while ZAP and the IFIT family sequester 

viral mRNA away from translation by the infection initiation complex—a restriction 

mechanism known as RNA silencing [109, 110]. These genes offer a therapeutic 

opportunity to exploit the exceptional diversity of mechanisms targeting RNA, such as exit 

points like viral media lysis or translation inhibition [111], which helps to eliminate 

infection, but must maintain the delicate balance necessary for cellular homeostasis. 
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Specifically, the unique prenyl status of the OAS1 protein is a key regulatory factor in this 

context, as its membrane-associated variants provide more efficient local sensing of viral 

RNA substrates [112]. 

       Host restriction factors, encoded primarily by interferon-stimulating genes (ISGs), 

represent the main effector arm of innate antiviral immunity, directly inhibiting various 

steps in the viral replication cycle. The remarkable diversity of antiviral proteins—such as 

IFITM, OAS/RNase L, MX GTPases, ZAP, CH25H, and members of the IFIT family, to 

name just a few—demonstrates that host defense is not limited to a single antiviral 

mechanism. Rather, host defense relies on a coordinated network of complementary 

effectors working together to ward off viral infection. Collectively, these proteins are 

responsible for preventing viral entry, blocking viral transcription and translation, 

degrading viral nucleic acids, and interfering with replication complexes, thus producing 

an unfavorable internal environment across most pathways and enabling high levels of viral 

resistance. Notably, many of these host restriction factors are biologically multifunctional, 

extending beyond their direct antiviral activity. Post-translational modifications, such as 

the addition of SUMO and ISG molecules, contribute to the stabilization of signaling 

proteins and modulation of the innate immune response, as well as other broader cellular 

processes mediated by ISG genes, including metabolism, chromatin regulation, protein 

remodeling, tumor immunomodulation, and tissue repair. Our combined results indicate 

that interferon-stimulated genes have evolved into multifunctional regulators of this 

process, balancing viral virulence with antiviral defense and maintaining cellular 

homeostasis. This adaptive capacity enables the host to mount effective immune responses 

while minimizing tissue damage during infection control. 

        Constant viral selective pressure on these restriction factors has also facilitated their 

extremely rapid evolutionary diversification, particularly at points of interaction with the 

virus. This ongoing molecular adaptation exemplifies the co-evolutionary arms race 

between viral pathogens and host immune systems, where every improvement in antiviral 

restriction is met with viral mutations that restore the reproducing capacity of new viral 

variants. Therefore, studying the structure and regulation of host restriction factors will 
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provide valuable insights into novel strategies for enhancing one or more of these innate 

immune pathways, with the aim of developing new classes of antiviral drugs that are likely 

to be less prone to inducing resistance than conventional virus-targeted therapies by 

boosting the host's own defenses. Interferon-stimulated genes encode important host 

restriction factors that act as key active agents of innate antiviral immunity. These factors 

exert their functions through diverse mechanisms targeting the viral replicative cycle, such 

as viral entry, replication, transcription, translation, and genome stabilization. In addition 

to their direct antiviral effects, these molecules are also involved in immune regulation, 

cellular homeostasis, and other biological processes through specialized post-translational 

modifications and signaling networks. This ongoing co-evolution between viral pathogens 

and host restriction factors supports their prominent role in antiviral defense and suggests 

that human-encoded restriction factors could be a target for the development of novel, 

broad-spectrum antiviral and immunomodulatory therapeutic approaches. 

Viral Counteradaptation 

       To avoid this potent restriction, viruses have evolved complex escape mechanisms 

from immune recognition via mutation-induced viral epitope diversification that can serve 

to reduce the efficiency at which the host immune sensors detect the presence of a virus 

[110]. As a specific example, viruses encode unique proteases or antagonists that block 

ISGylation in multiple ways by preventing ISG15 conjugation to viral substrates or 

expressing particular deconjugates to reverse the antiviral effects of these modifications 

[113]. Moreover, such pathogens often use point mutations in viral protein motifs to 

interfere with direct interactions of essential host effectors, for example MX proteins that 

sequester incoming nucleocapsids or RNase L-mediated degradation of viral RNA 

[109,114]. Most of these viral strategies eventually targeted the ISG15-mediated protein 

modification cascade to undermine this critical host barrier in fat against viral infection 

[115,116]. Certain viruses interfere with this cascade by lysing important enzymes like 

UBE1 [117,118], which may stop or reduce the ability to make ISG15−conjugated proteins 

associated with shutting down the intracellular lifecycle of pathogens. Moreover, the 

escalating mechanism of resistance immunomodulatory pathway tends to promote a few 
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viruses to evolve strategies for recruiting our innate derived DUB including USP18 into 

cells and thereby did circumvent consent partners on persistent gathering ISG15-

conjugates in these organisms and achieve destabilization from a host defensive system 

[119]. This evolutionary stratagem includes deconstructions of host-species genomes, 

where immune gene signatures of selection exemplify pathways, like the bat niche that has 

evolved to use these instead promoting virus tolerance as opposed to malignant 

inflammation [120]. This class of interferon antagonists generally consists of the synthesis 

of specific proteases including those with OTU-domains which have wide substrate 

specificity to cleave ISG15 and ubiquitin conjugated to host proteins to inhibit immune 

pathways [121]. 

       In addition, viral pathogens aggressively subdue RLRs sensing through sabotaging 

K63-linked polyubiquitination of RIG-I, a key step that leads to enhanced induction of 

downstream interferon production [2,122]. For example, the influenza A virus NS1 protein 

selectively inhibits the activation of essential signaling by targeting E3 ligases such as 

TRIM25 and RNF135 [123]. In the same view, SARS-CoV-2 used its papain-like protease 

(PLpro) to hijack this mechanism by removing ISG15 and ubiquitin from host proteins to 

facilitate viral replication and immune evasion [124]. This evasion strategy is reinforced in 

some cases through the exploitation of host E3 ubiquitin ligases to direct the proteasomal 

degradation of key innate immune signaling molecules [5]. 

       Viruses evolve in response to host restriction factors and interferon-stimulated genes 

(ISGs), which leads to viral counteradaptation. Instead of just relying on structural 

mutations to avoid immune recognition, viruses have developed a wide range of molecular 

strategies that functionally neutralize the antiviral functions of host effector proteins. This 

involves interference with the ISGylation pathway, disruption of ubiquitination-dependent 

signaling, inhibition of RIG-I activation and recruitment of host deubiquitinating enzymes 

(such as USP18). Together, these strategies empower viruses to overcome numerous tiers 

of innate immune restriction and sustain Lallirieple replication in the face of a strong 

interferon response. The most incredible feature of viral counteradaptation is the large-

scale exploitation of host post-translational modification pathways. To escape the antiviral 
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responses of their hosts, viruses pragmatically disassemble host signaling networks crucial 

for a successful antiviral response by encoding viral proteases that are either capable of 

cleaving all or a portion of ISG15 and ubiquitin from host proteins (as shown in panel B), 

or contending with enzymes such as UBE1 [6]. Similarly, blocking E3 ligases such as 

TRIM25 and RNF135 to prevent RIG-I ubiquitination hinders the earliest steps of 

interferon production [80]. These mechanisms show that instead of simply avoiding host 

immune responses, viruses have evolved to actively reprogram host cellular regulatory 

pathways to facilitate the development and maintenance of a viral-latency-inducing milieu. 

This emphasizes that viral counteradaptation is not a molecular-level problem, but one tied 

to the evolution of host species. The conserved trait that reservoir hosts like bats have 

adaptive changes that promote virus tolerance over toxic immunity highlights how 

prolonged host–virus coevolution shapes both viral pathology and regulatory pathways of 

the host immune response.  

        Therefore, elucidating the molecular mechanisms of viral counteradaptation allows us 

not only to understand key aspects of the evolutionary ecology of rapidly evolving viral 

diseases but also enables the identification of highly conserved host–virus interaction 

pathways that may serve as attractive targets for development of pan-viral therapies. Viral 

counteradaptation is encompassed by variable types of evolutionary events to evade host 

restriction factors targeting ISGylation, ubiquitination, innate immune sensing and 

interferon signaling9. Using distinct strategies, like specialized viral proteases, regulation 

of host regulatory enzymes, interference with RIG-I activation and exploitation of 

ubiquitin-dependent degradation systems viruses successfully inhibit innate antiviral 

defenses to facilitate replication and persistence. These advanced adaptations emphasize 

the ongoing host–virus coevolution and reveal that host posttranslational modification 

pathways are promising targets for development of novel antiviral agents. 

Therapeutic Implications 

       Acceptance of the molecular details of viral IFN evasion as opportunities for 

developing new therapeutic targets is a novel approach for future antiviral targeting of these 

host-pathogen interfaces [125,126]. In these scenarios, small-molecule inhibitors that 
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permissively stabilize essential E3 ligase–substrate interactions or prevent viral proteases 

from shedding ISG15 moieties from signaling proteins may be able to counteract innate 

immune sensitivity [121,127]. In addition, therapeutic targeting of these pathways could 

also encompass small molecules that mimic the stabilizing effect of ISGylation on host 

sensors (eg. MDA5) to enhance cell-intrinsic innate immunity against diverse families of 

viruses [128]. These open possibilities for therapeutic strategies that target hubs critical for 

such host-pathogen protein crosstalk as HERC5 and the viral protease PLpro [124,129], 

which restore RIG-I-like receptor signaling integrity. These pharmacological strategies 

may be a viable approach to stabilize the virus in an already highly labile host-state via 

titrating the ubiquitination landscape thus enabling effective viral clearance even in cases 

of chronic infection [122, 123]. Furthermore, targeting viral deISGylating enzymes (vDEs) 

—like SARS-CoV-2 PLpro — offers a specific method by which to impede host-imposed 

antiviral protein modifications un-masking that reactivate cell-mediated immune 

surveillance function [130,131]. When administered in the same clinic, this directed 

protease inhibitors has a Synergy Potential with Existing Therapy−in that capacity they are 

capable both antivirus replication suppression as well as reestablishment of a robust 

interferon-mediated host immunity. 

       The historical success of protease inhibitors as therapeutic agents for chronic viral 

infections suggests that identifying these and other virally encoded cysteine proteases as 

clinical targets paves the way for dual-action drugs, which could, in turn, be key 

components of short- and long-term antiviral strategies against current or emerging 

pandemic threats [132-134]. Furthermore, the identification of host E3 ligases, such as 

RNF5, responsible for targeting viral proteins for proteasome degradation supports a 

broad-spectrum antiviral approach that specifically utilizes components of the host 

ubiquitin-proteasome system to eliminate pathogens [135]. Pharmacological modulation 

of the Met1-associated ubiquitin mechanism is another strategic avenue for controlling 

pathogen-induced inflammation by stabilizing key components of innate immune signaling 

[136].In addition to the direct antiviral action described above, these pharmacological 

approaches may also be used in different clinical contexts so as to modify the "goldilocks" 

zone of immune activation resulting in attenuated systemic inflammation and improved 
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clinical outcomes for patients with a severe respiratory infection [137]. The reappropriation 

of pre-existing degrader technologies, e.g., the deprivation of GSPT1 proteins to target the 

RNA translation machinery repeat thus provide a basis for developing low-risk pan-viral 

therapeutic strategies that can condition an already affected tissue to stop virus propagation 

in vivo [138]. Understanding these altered functional consequences of post-translational 

modifications is essential to uncovering drug targets in terms of the druggable proteome 

and opportunistic for immune-related diseases [139]. Systematic mapping of these intricate 

PTM networks to inform the drug development is expected to require integration between 

systems biology, high-throughput proteomics—including affinity purification-mass 

spectrometry, and proximity-dependent labelling [140]. Gaining more insight into the 

molecular mechanisms through which viruses hijack host post-translational modification 

machinery, to the benefit of their replication cycle is essential for devising pathogen-

agnostic strategies (141,142). In particular, elucidating the intricate molecular mechanisms 

of action for deubiquitinating enzymes and their regulators will likely make possible 

discovery of novel pharmacological targets that may be significant in alleviating numerous 

human diseases [48]. 

       These research implications are particularly significant for antiviral therapy as they 

shift focus from solely anti-replicative mechanisms to the replacement of host immune 

system pathways that have been subverted by viral pathogenesis. For example, viral 

strategies for utilising ubiquitination, ISGylation and deubiquitination at the host–pathogen 

interface develop multiple therapeutic windows. Inhibiting viral enzymes including PLpro, 

maintaining ISG15 conjugation or stabilizing signaling proteins needed for antiviral 

function may inhibit virus replication and restore responsiveness to interferon. Such a dual 

mechanism may be particularly relevant in infections that critically demonstrate the role of 

immune suppression in viral persistence and severity. Another attractive area for 

development of broad-spectrum antivirals is in post-translational modification networks. 

Unlike most direct acting antivirals that are limited in their coverage to closely related 

viruses because they target a specific viral enzyme, host-directed strategies may inhibit 

cellular pathways utilized by multiple families of viruses. Accordingly, the tuning of 

ubiquitin ligases like HERC5 and RNF5, deISGylating enzymes or RIG-I-like receptor 
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signaling might induce pathogen-independent therapeutic effects. Furthermore, reducing 

viral proteases that act in concert with other factors could be explored together with 

existing antiviral compounds, once the liver's normal anti-viral defences are reconstituted. 

However, these HDM-hopes may potentially be hazardous to health and thus will require 

careful supervision because ubiquitination, ISGylation and interferon signaling also 

regulate normal cellular homeostasis, inflammation/GS-protein turnover as well as 

immune tolerance. If there is over-stimulation, systemic inflammation or tissue damage 

may occur and if host regulatory enzymes are overly inhibited, it would most likely lead to 

deleterious effects on important physiologic process. In a clinical translation, as noted 

above, treatment has to be effective by strengthening antiviral immunity sufficiently so as 

to assist clearance without causing detrimental immunopathology; the relevance of this is 

that it holds for an immune activation goldilocks zone [33]. 

        The elucidation of viral–host interactions that are biologically relevant to 

pathogenesis will require systems biology and high-throughput approaches, complemented 

with proteomics, as well as additional pharmacological investigations using affinity 

purification–mass spectrometry methods and proximity-labeling technologies. They can 

resolve the transient and cell-type specific action of post-translational modifications, 

determine whether they serve as predictive biomarkers and distinguish therapeutic targets 

from proteins that would be unacceptably toxic to manipulate. In conclusion, greater 

optimism the future direction of which they will go is more likely to be selective-, time-

locked and combination therapy, than over-generous stimulation of interferon signaling. 

This insight into how viruses hijack ubiquitination, ISGylation, deubiquitination and 

`interferon-regulatory networks provide large opportunities for new targets for antiviral 

drug development. Compounds that inhibit viral proteases such as PLpro, modulators of 

host E3 ligases, and drugs capable of preserving antiviral protein hapten modifications may 

augment direct limitation of viral replication while restoring innate immune sensitivity. 

These strategies may aid the development broad-spectrum pathogen-agnostic antivirals, 

particularly in combination with known therapies. However, successful clinical 

implementation will rely on target specificity, temporal analog of immune activation, 
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biomarker-guided patient selection and restrictive modulation to prevent inflammation-

mediated toxicity and homeostatic cellular disruption. 

IFN-Based Interventions 

        Although direct delivery of interferon-alpha/beta has been a clinical mainstay [60], 

therapeutic response is often suboptimal due to associated pleiotropic side effects, such as 

the induction of suppressors of cytokine signaling (SOCS) and negative feedback 

regulators such as USP18 that inhibit downstream signaling [143]. Therefore, novel 

therapeutic strategies are favoring host-targeted therapies including the design of small 

molecule antagonists that inhibit viral proteins engineered to regulate these feedback loops 

[134]. Moreover, pharmacological prevention of key viral effectors such as SARS-CoV-2 

ORF3a or ORF7a might prevent these proteins' contribution to persistence of infected cells 

and promote better efficacy against viral clearance. Concurrently, the generation of 

inhibitors that specifically target host factors involved in critical viral replication steps, 

such as those mediating membrane trafficking or chromatin-remodeling processes is a 

powerful strategy to circumvent limitations originating from direct stimulation of the 

interferon cascade [2]. Nonetheless, their clinical utility is limited in part by the difficulty 

of achieving and maintaining the goldilocks zone whereby an optimal level of stimulation 

promotes viral clearance without instigating overwhelming local or systemic inflammation 

that can lead to tissue injury [137].  

        Conversely, combinatorial regimens combining STING agonists with autophagy-

modulating agents are being investigated to align induction of secondary interferon waves 

and regulated viral degradation [144] in order to mitigate these risks. Future modifications 

to IFN-based regimens must overcome challenges such as limiting the production of IFN 

autoantibodies, and improving gene-editing approaches that provide specificity in 

enhancing cellular sensitivity to type I interferons [145]. Finally, it is necessary to integrate 

personalized approaches based on the host modifications in innate and adaptive immunity 

due to genetic predispositions, age and comorbidities which are determinants of response 

to exogenous IFN administration that can improve clinical success. [146]. Current data, 

however, gleaned from pre-clinical modelling and clinical evaluation also emphasize that 
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administration timing is an important predictor of outcome in all experimental models: At 

advance stages IFN interventions cause exacerbation of inflammatory pathology rather 

than limit viral replication [7,147,148]. Taking advantage of the unique kinetic profiles of 

type-I and type-III interferons may represent a more targeted approach, since the latter 

maintains an antiviral activity for much longer without interference from the USP18-

mediated negative feed-back loops that commonly terminate type-I responses [149]. 

         Due to their broad-spectrum immunomodulatory effects, Interferon (IFN)–based 

interventions remain an integral part of antivirals. Nevertheless, mounting data shows that 

direct delivery of type I interferons is limited by important limitations including systemic 

side effects, induction of negative regulators such as USP18, and heterogeneous clinical 

responses among patients. These discoveries have redirected current drug discovery efforts 

towards host-directed antivirals that would moderate the pathology whilst preserving or 

restoring natural interferon signaling, rather than using exogenous IFN alone. The targeting 

of viral antagonists like SARS-CoV-2 ORF3a and ORF7a, in combination with inhibition 

of critical host factors for viral replication provides a more specific strategy that could 

circumvent many of the limitations associated with conventional interferon therapy. The 

idea of the need for optimal immune activation, often called the 'goldilocks' zone, is an 

important concept in this section. However, inadequate host interferon responses allow 

unrestrained viral replication, but excessive or protracted activation can cause deleterious 

inflammatory pathology and tissue injury. As such, combining STING agonists with one 

or more agents that target autophagy-inducing proteins released by the pathogen or proteins 

in the virus-mediated immune evasion pathway makes integration an important option for 

the development of immunotherapies to improve antiviral immunity with reduced 

immunopathology. Also, complementary strategies that curtail the formation of IFN 

autoantibodies and enhance the cellular response capacity to IFN by gene-editing 

technologies may contribute to better clinical efficacy for IFN therapeutic applications. 

        Perhaps most important from a clinical perspective is that timely and tailored 

application of interferon therapy are key determinants of treatment outcome. 

Administration of interferons early in infection typically support effective viral clearance 
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while administration after the infection has progressed to a critical stage may augment 

inflammatory responses without significantly enhancing antiviral activity. Patient-specific 

factors, such as genetics, age, immune status, and comorbidities, significantly influence 

treatment efficacy. The renewed focus on type III interferons, which exhibit prolonged 

antiviral activity and reduced sensitivity to USP18-mediated negative feedback, is driving 

the trend toward more targeted and personalized immunotherapies. While type I interferons 

remain effective antiviral treatments, their clinical application is hampered by systemic 

toxicity, negative feedback regulation, and variability in patient responses. Interferon-

based interventions are evolving rapidly, focusing on host-targeted therapies, 

immunosuppression, carefully planned combination therapies, and patient-specific 

approaches to maximize antiviral effects while minimizing immunopathology. 

Furthermore, the study of type III interferons offers new hope for improved clinical 

efficacy when administered at specific times and may contribute to the emergence of a new 

generation of interferon-based antiviral therapies. 

Targeting Viral Antagonists 

       For example, small molecules can be developed to block the interaction between a 

viral-encoded protein, such as the SARS-CoV-2 3CL or ORF3a protease, and an immune 

sensor, thereby disrupting host cell pathways, including cGAS-STING receptor signaling 

[150]. These prophylactic RIG-I inducers and small-molecule inhibitors provide a strategy 

to counter the arsenal of viral evasion strategies, potentially offering an opportunity to 

restore acute interferon signaling [151]. However, given the broad expression of this 

pathway in almost all cell types, the clinical application of therapeutic targeting of STING 

remains complex and requires precise spatial and temporal control to avoid inducing 

maladaptive interferon disorders [152]. 

       In addition to these focused strategies, additional studies will be needed to define the 

delicate balance of delayed vs strong early IFN responses since clinical data suggests that 

the therapeutic window for modifying these pathways is very narrow [23,153]. To fine-

tune these interventions, viral RNA titers must be monitored using high-resolution 

longitudinal sampling in conjunction with proteomic profiles to precisely determine the 
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time point at which exogenous IFN therapies switch from protective to pro-inflammatory 

[154,155]. Furthermore, the incorporation of systems biology with a focus on patient-

specific and clinically revisable molecular and cellular signatures can help guide IFN-based 

therapies only to cohorts likely to benefit from such interventions [156]. In addition to 

direct clinical applications, the future development of predictive biomarkers (e.g., those 

relating to gene signatures from specific interferon-stimulated genes) would be critical for 

identifying patients with a high intrinsic capacity to respond upon exogenous 

supplementation prior to severe late-stage pathological disease stages [27]. In addition to 

vaccination, the clinical application of chemoprophylaxis with nasal type I or III interferons 

remains an attractive therapeutic option for at-risk cohorts in settings in which vaccine 

efficacy may be limited due to endemic strains predominant in geographical regions [157]. 

These mechanisms of action behind novel therapeutics target natural pathogen sensing, 

exemplified by the selective protection of STING against viral-mediated proteolytic 

cleavage by 3CL protease inhibitors [158,159]. Additionally, small-molecule STING 

agonists have potential application as adjuvants to improve the strength of vaccine-

mediated immune responses and perhaps overcome strong suppression of NF-κB signaling 

by viral accessory proteins in some contexts [160]. 

        Because targeting viral antagonists focuses instead on the molecular mechanism’s 

viruses use to block innate immune responses, and not just inhibiting viral replication, it 

has emerged as one of the more rationally promising areas of modern antiviral therapy.6 

Viral proteins like SARS-CoV-2 3CL protease and ORF3a are therefore appealing antiviral 

targets since they functionally inhibit cGAS–STING and RIG-I signaling pathways in host 

cells. The pharmacological inhibition of those viral antagonists could restore endogenous 

interferon signaling and also help host-immune system to provide effective antiviral 

response, decreasing the virus persistence.An important take in this context is that it is not 

sufficient to select just the right molecular targets for successful immunomodulatory 

therapy, but more importantly one must also regulate treatment time as well as treatment 

intensity in a precise manner. While activation of the STING pathway and administration 

of RIG-I agonists give rise to potent antiviral immunity, their pharmacological applications 

can be limited since overactivation or chronic stimulation can cause pathological interferon 
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responses and inflammatory diseases. Therefore, accurately defining the therapeutic scope 

through longitudinal monitoring of viral RNA and proteomics, along with 

immunobiological biomarker studies, is crucial for determining when interferon-

responsive interventions offer protection against disease progression. This underscores the 

need to integrate molecular diagnostics into treatment decision-making. 

        One of the most important implications of this is that it will enhance the ability to 

deliver antiviral immunotherapy using precision medicine. Systemic immunology, 

predictive interferon-stimulating gene (ISG) fingerprinting, and patient-specific molecular 

analysis are expected to be critical tools in identifying individuals most likely to benefit 

from interferon-based therapies. Furthermore, prophylactic approaches, such as intranasal 

administration of type I or III interferon and/or the use of STING inducers as vaccine 

adjuvants, could provide additional protection for certain high-risk populations, 

particularly with the emergence of viral strains that partially evade vaccine-acquired 

immunity. Taken together, these developments suggest that future antiviral therapies will 

most often combine specific antiviral immunomodulatory techniques with individualized 

immunomodulatory strategies aimed at optimizing the benefit-risk ratio. 

Conclusion: 

       Interferon signaling is the cornerstone of innate antiviral immunity, mediating a highly 

coordinated response that recognizes viral invasion and amplifies immune signals to induce 

the expression of numerous interferon-stimulated genes (ISGs) with broad capacity to 

suppress virtually all steps in the viral replication cycle. This review details this complex 

molecular network associated with the interferon response from pathogen detection via 

pattern recognition receptors (PRRs), through JAK–STAT-mediated signaling and finally 

to robust antiviral state establishment by ISGF3-controlled gene modulation. While the 

defense mechanisms are highly effective, such viruses have evolved equally elaborate 

immune evasion strategies that aim to prevent interferons from operating effectively at 

several different stages of their signaling cascade. They involve inhibition of viral sensing, 

impairment of adaptor protein functionality and degradation or dephosphorylation of 

factors in the JAK–STAT pathway; tampering with host ubiquitin pathways and 
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ISGylation; and blocking transcriptional complexes necessary for expression of antiviral 

genes (Fig. 3). Such mechanisms provide a glimpse into the evolving arms race between 

viruses and their hosts, a reciprocal adaptation of viral antagonists and host immune 

restriction factors. 

      New, high-throughput technologies in molecular virology, structural biology, systems 

immunology and proteomics have greatly expanded the mapping of host–virus interactions 

and have uncovered numerous promising therapeutic targets. The rational design of 

emerging antiviral strategies based on inhibiting viral replication alone has begun to shift 

toward restoring endogenous interferon signaling as an area of active investigation through 

the targeting of viral immune antagonists, modulation of host post-translational 

modification pathways, and preservation of innate immunity signaling networks. Such 

strategies afford avenues towards broad-spectrum antiviral therapies that can prevent viral 

escape and dampen the development of resistance to anti-viral agents. In the end, only a 

complete understanding of how interferon signaling operates and how viruses evolve 

strategies to evade it will be required in order to rationally design next-generation antiviral 

therapeutics, tailor interventions via immunomodulation, selective vaccination, or other 

means for both human personal care and pandemic preparedness against older pathogens 

and emerging viral pathogens alike. 

Research Gaps: 

1. Despite tremendous progress in elucidating viral immune evasion, gaps in our 

knowledge remain. 

2. However, the molecular mechanisms through which different viruses coordinately 

manipulate multiple interferons signaling pathways simultaneously are poorly 

understood. 

3. Because the temporal dynamics of protective and pathological interferon responses 

we discovered here will guide optimal therapeutic timing, a deeper understanding 

of this transition is needed. 

4. But the virus-antagonist interactions with host immune proteins, particularly 

STAT2, IFN receptors and ISGs are poorly characterized. 
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5. Due to their potential roles in viral immune escape, the biological relevance of non-

canonical interferon signaling pathways and their effector contributions to antiviral 

immunity await elucidation. 

6. However, the functions of post-translational modifications such as ISGylation, 

ubiquitination, SUMOylation and phosphorylation in regulating antiviral signaling 

are less well understood for different viruses. 

7. Only minimal clinical evidence is available about the long-term safety and efficacy 

of host-directed antiviral therapies acting on components of interferon signaling 

pathways. 

8. Although, predictive biomarkers that precisely identify patients who are most likely 

to benefit from interferon-based therapies is poorly validated. 

9. Despite intact interferon signaling in chronic viral diseases, the molecular 

foundation of viral persistence remains poorly defined. 

10. Further comparative analyses are required to reveal whether convergent interferon-

evasion strategies operate in disparate viral families as universal therapeutic targets. 

11. The Because these projects are such a large challenge that no one team can do it 

alone, these –omics technologies must be more integrated in order to build full 

host–virus interaction networks to help shape precision antiviral medicine. 

Recommendations: 

       The following recommendations considering the existing evidence: 

1. Focus research efforts on developing novel host-directed antiviral therapies that 

restore defects in interferon signaling, rather than only inhibiting viral replication. 

2. Explore inhibitors of viral immune antagonists, including the use of specific viral 

proteases, deISGylating enzymes, and proteins disrupting JAK–STAT signaling 

3. It explores broad-spectrum antiviral targeting of vaccine-escape by expanding on 

the known research on post-translational modification pathways through which 

viruses can evade immune system recognition in these cells as further potential 

targets for therapeutic intervention. 
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4. To ascertain individualized interferon-based therapy, develop precision medicine 

approaches using genomic, transcriptomic, proteomic and immunological 

biomarkers. 

5. Balance the timing, dosage, and combination of interferons against each other to 

maximize antiviral activity while minimizing inflammatory complications. 

6. Facilitate collaborative research across virology, immunology, structural biology, 

bioinformatics and clinical studies to speed translational research. 

7. Champion standardized experimental models that allow for direct comparison of 

interferon-evasion mechanisms between unrelated viral species. 

8. Promote the identification of antivirals that spare host immune signaling and thus 

reduce the risk of emergence of antiviral resistant hosts. 

9. Enhance monitoring of new strains of the virus with unique immune-evasion 

mechanisms that could potentially render health care interventions unusable. 

Future Studies: 

1. There are a number of priority areas identified for future investigation that have the 

potential to change antiviral research. 

2. First, high-resolution structural studies characterizing the interactions between viral 

and host proteins can reveal common molecular interfaces that are viable targets 

for broad-spectrum therapeutics. 

3. Second, multi-omics datasets should be combined with systems biology and 

artificial intelligence to build models of interferon signaling in antemortem during 

viral infection. 

4. Third, longitudinal clinical studies are needed to establish the best therapeutic 

window for delivering interferon in various viral diseases. 

5. Finally, more studies should determine whether type III interferons, STING 

agonists, RIG-I agonists and any host-directed immunomodulator could be 

combined with the already available antiviral agents. 

6. Fifth, we should use CRISPR-based genome editing and functional genomics to 

discover new host restriction factors and viral antagonists in immune evasion. 
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7. Sixth, future studies should determine the effects of host genetics, aging, sex 

differences  ،concurrent comorbidities and immune status on the responsiveness to 

various interferons respectively so as to design personalized antiviral therapy. 

8. Finally, relevant multicenter clinical trials are warranted to translate emergent 

therapies targeting interferons and predictive biomarkers supporting treatment 

decisions into practice with standardized protocols for current virus outbreaks and 

future epidemics. 
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