Inborn errors of nucleic acid sensing and type I interferon signaling
determine viral susceptibility in humans
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Abstract

The innate immune system relies on nucleic acid (NA) sensors to detect viral infections and trigger type I
interferon (IFN-I) responses, which are crucial for antiviral defense. NA pattern recognition receptors detect viral
RNA or DNA within various cellular compartments, initiating antiviral signaling pathways. However, inherited
deficiencies in these NA sensing mechanisms can result in increased susceptibility to severe viral infections. This
review explores key genetic mutations affecting NA sensing and IFN-I pathways that predispose individuals to life-
threatening viral diseases, including herpesviruses, respiratory viruses, enteroviruses, arboviruses, and vaccine-
strain disseminated viral diseases. The identification of these monogenic defects in individuals afflicted by severe
viral infections, along with the observed incomplete penetrance of these mutations, highlight the intricate interplay
of the host’s intrinsic, innate and adaptive immune response with invading viral pathogens. These insights into the
molecular basis of antiviral immunity not only underscore the clinical challenges associated with viral
susceptibility but also offers the opportunity for personalized treatment strategies, including genetic screening,

tailored vaccination protocols, and targeted antiviral therapies.
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Activation of antiviral responses by nucleic acid sensors

Our innate immune system relies on a limited number of germline-encoded receptors known as pattern
recognition receptors (PRRs) to identify foreign and potentially harmful cells and organisms (1). The innate
immune recognition of viruses presents a particular challenge, as viral proteins are highly mutable and can evade
detection by PRRs. Consequently, innate antiviral immunity heavily depends on a diverse set of immune receptors
capable of detecting viral nucleic acids (NAs), as viruses cannot replicate without introducing their genome into a
host cell. The recognition of foreign NAs initiates proinflammatory responses and induces the production of
antiviral interferons (IFNs), which in turn drive the expression of IFN-stimulated genes (ISGs) to inhibit viral

replication (Figure 1).

NA sensors can be classified based on their ligand specificity (e.g., DNA or RNA motifs) and their location
within the cell (Figure 2). A limited set of PRRs patrols distinct cellular compartments, scanning for atypical or
foreign DNA and RNA. Viral evasion strategies exert evolutionary pressure on the host immune system, driving the
development of multiple NA sensors capable of detecting a single virus. For instance, DNA viruses such as herpes
simplex virus type 1 (HSV-1) produce RNA intermediates during their replication cycle, which can be detected by
RNA-specific sensors. As a result, NA sensing provides a broadly effective mechanism for identifying invading
viruses. However, this system requires tight regulation to prevent inappropriate recognition of the abundant self-

derived NAs present during normal cellular homeostasis.

The NA sensing Toll-like receptors (NA TLRs) are localized in the endolysosomal compartment, where they
detect pathogen-derived NAs that are internalized and degraded through endocytosis or phagocytosis (2, 3). This
subcellular localization is strategically important for recognizing engulfed viruses and bacteria while
simultaneously providing a mechanism to prevent self-recognition and, consequently, autoimmunity. Different
classes of pathogens are detected by four types of NA TLRs, each with distinct ligand specificity: double-stranded
(ds) RNA (TLR3), single-stranded (ss) RNA or RNA breakdown products (TLR7 and TLR8), and ssDNA containing
unmethylated CpG motifs (TLR9) (4-10) (Figure 2). MyD88 (myeloid differentiation primary response gene 88)
is the central adaptor protein for all TLRs except TLR3 and is critical for promoting the production of inflammatory
cytokines as well as type I interferons (IFN-Is) in the case of endosomal TLR7, TLR8, and TLR9 (11, 12). In contrast,
TLR3 signaling operates independently of MyD88 and is instead driven by the adaptor protein TIR-domain-

containing adapter-inducing interferon-f (TRIF).

The recognition of viral RNA in the cytoplasm is primarily mediated by sensors belonging to the retinoic
acid-inducible gene I (RIG-I)-like receptor (RLR) family, which includes RIG-I and melanoma differentiation-
associated protein 5 (MDA5) (13) (Figure 2). RLR family proteins consist of a central helicase domain and a
carboxy-terminal domain responsible for binding immunostimulatory RNAs. RIG-I and MDAS share significant
homology in their domain architecture, as both contain two amino-terminal caspase activation and recruitment
domains (CARDs) (13). The mitochondria play a crucial role as a platform for antiviral signaling, initiated when
RIG-I and MDAS bind to the mitochondrial antiviral signaling protein (MAVS) through CARD-CARD interactions.
This signaling cascade activates interferon-regulatory factors (IRFs) and NF-kB, ultimately driving the
transcriptional induction of IFN-I and proinflammatory cytokines. In parallel, the dsRNA-dependent protein

kinase (PKR) plays a key antiviral role through an IFN-independent mechanism (Figure 2). Upon binding viral



dsRNA, PKR is activated and phosphorylates eukaryotic translation initiation factor 2a (elF2a), halting protein
synthesis and limiting viral replication (14). Additionally, PKR induces apoptosis, further restricting viral spread

(14).

The recognition of microbial DNA is a fundamental mechanism of host defense, enabling the detection of
abroad range of pathogens. The presence of DNA in the cytosol induces a robust IFN-I response that is independent
of endosomal TLRO. In 2013, Zhijian Chen’s group identified cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP) synthase (cGAS) as the key receptor governing the cytosolicimmune response to DNA
(15). Upon binding dsDNA, cGAS is activated to synthesize cGAMP, a second messenger that activates the adaptor
protein STING (stimulator of interferon genes). This activation triggers a signaling cascade that drives the
production of IFN-I, along with other inflammatory cytokines and chemokines (15, 16) (Figure 2). Lastly, Z-DNA-
binding protein 1 (ZBP1) is a cytosolic NA sensor that can detect both dsDNA and dsRNA, albeit in a Z
conformation (17) (Figure 2). ZBP1 initiates cell death pathways through interactions with receptor-interacting
protein kinase 1 (RIPK1) and RIPK3. Apoptosis is induced through the cooperation of RIPK1 and RIPK3, leading to
caspase-8 activation, whereas in necroptosis, ZBP1 engages RIPK3, which in turn activates mixed lineage kinase
domain-like protein (MLKL), resulting in membrane rupture (17). Beyond its role in cell death, ZBP1 also drives

antiviral immunity through proinflammatory and IFN-I signaling, serving as a critical hub in antiviral defense.

Inherited deficiencies in nucleic acid sensing linked to viral susceptibility

Primary immunodeficiency disorders, described as "experiments of nature" by Robert A. Good, have
provided critical insights into the human immune system (18). The study of patients with inborn errors of
immunity (IEIs) serves as a valuable in vivo model for understanding immune function and offers an unbiased
approach to discover novel disease-associated genes. The advent of next-generation sequencing (NGS), including
whole-exome sequencing (WES) and whole-genome sequencing (WGS), has dramatically accelerated the
identification of genetic defects underlying various immune disorders over the past decade. Currently, mutations

in approximately 504 genes have been associated with a total of 555 distinct inborn errors of immunity (IEIs) (19).

The clinical spectrum of IEIs can involve susceptibility to infections, autoimmunity, autoinflammation,
allergy, bone marrow failure, and/or malignancy. Seminal studies by Jean-Laurent Casanova’s group established
the concept of inborn errors in innate immune sensing and type I interferon immunity as underlying causes of
severe, sporadic viral infections, including herpesvirus encephalitis, influenza pneumonia, and severe COVID-19
(20). These findings primarily emerged from genetic studies of young children who experienced life-threatening
disease during primary infection with common viruses, despite having no other signs of infection susceptibility or

general immunodeficiency.

Impaired innate sensing of herpes viruses

HSV-1 is one of the most common human pathogens, infecting 40-80% of the global population (21). Itis
associated with mucocutaneous infections, most notably recurrent orolabial lesions (21). The role of HSV-1 in
encephalitis was first recognized in 1941, and it is now the most common cause of sporadic viral encephalitis in

the Western world (22). Herpes simplex encephalitis (HSE) is a rare complication, with an incidence of 1 per



250,000 person-years (22), but it is a severe and potentially fatal manifestation of HSV-1 infection, primarily
affecting children between 6 months and 3 years of age (23). Delayed diagnosis is associated with a high mortality
rate, and despite treatment with acyclovir, most patients suffer from long-term neurological sequelae, including
recurrent seizures and cognitive impairment (24).

HSV-1 is a neurotropic dsDNA virus that initially infects the oral or nasal epithelium and then gains access
to the central nervous system (CNS) via the trigeminal or olfactory nerves. Herpesviruses establish lifelong latency
in the host, with viral DNA persisting in the nucleus of infected cells and viral gene expression being largely limited
to latency-associated transcripts. Periodic reactivation of the virus leads to a lytic replication cycle, potentially
causing symptomatic disease. Approximately 30% of HSE cases occur during primary HSV-1 infection, while 70%
result from viral reactivation (25).

Interestingly, only a small fraction of HSV-1-infected children develop HSE, and the disease is typically
localized to the temporal lobe and orbitofrontal region (24, 26). There is no significant correlation between HSE
and neurovirulent HSV-1 strains or epidemic outbreaks, indicating that viral pathogenicity alone does not explain
CNS invasion (23). Furthermore, the incidence of HSE is not linked to geographic or seasonal patterns, suggesting
that environmental factors are unlikely to be the sole contributors to disease development (23). These

observations highlight the potential role of host-specific factors, such as IEIs, in determining susceptibility to HSE.

The host innate immune surveillance system is critical for controlling HSV-1 infection and determining its
clinical outcome (27). Landmark studies have demonstrated that monogenic defects can predispose humans to
sporadic, life-threatening viral infections, with genetic mutations in key RNA sensing and metabolizing molecules
identified in patients with HSE. Single-gene inborn errors affecting TLR3 pathway components, such as UNC93B1,
TLR3, TRIE and TRAF3, as well as downstream signaling molecules TBK1 and IRF3, have been implicated in HSE
susceptibility (28-35) (Figure 3). The TLR3 pathway appears to be especially important in defending CNS cells
against HSV-1 infection. Additionally, the absence of systemic viral dissemination during HSE suggests that
leukocyte-mediated immunity remains largely intact in these cases (36).

Experimental studies using various cellular models have provided key insights into this mechanism. For
instance, leukocytes derived from an autosomal recessive (AR) TLR3-deficient patient showed normal responses
to extracellular poly(I:C) stimulation or HSV-1 infection, whereas dermal fibroblasts from the same patient
exhibited an impaired response (31). Moreover, induced pluripotent stem cell (iPSC)-derived CNS cells, including
neurons and oligodendrocytes, from TLR3-deficient patients demonstrated increased susceptibility to HSV-1
infection (37). Further investigations revealed that both dermal fibroblasts and cortical neurons rely on TLR3 for
producing constitutive levels of IFN-I during homeostasis, which serve to restrict viral replication during the early
stages of infection (38). These findings emphasize the critical role of the TLR3 pathway in CNS-specific antiviral

defense and underscore the importance of [FN-I production in early viral containment.

The discovery of monogenic susceptibility to isolated HSE highlights key aspects of human antiviral
immunity. Unlike most IEIs, patients with HSE are not particularly susceptible to other microorganisms, including
most viruses. This narrow clinical presentation suggests that innate immune sensors may be differentially
regulated across cell types. Conversely, HSE is rarely observed in IEIs involving severe T and/or B cell disorders
(39, 40), indicating a specific and crucial role for the innate immune response against HSV-1 in the human

forebrain. Genetic variants linked to HSE have also been identified in asymptomatic family members, who exhibit



reduced IFN responses to viral infections and increased virus-induced cell death at the cellular level. Incomplete
clinical penetrance may depend on host factors (e.g., age of infection, modifying genes), viral factors (e.g. load,
strain), or non-viral environmental influences, although their precise contributions remain unclear. Furthermore,
impaired TLR3 signaling has been detected in only ~10% of patients with isolated HSE (28, 41), suggesting the
involvement of additional genetic variants in either known or novel pathways. For example, a recent case of a 14-
month-old girl with HSE revealed impaired TLR3 responses due to a mutation in the E3 ubiquitin ligase WWP2,
which regulates TRIF ubiquitination (42). Studies in patients with brainstem or forebrain HSE also identified
genetic defects in TLR3-independent pathways, including biallelic defects in genes like DBR1, GTF3A and TMEFF1
or heterozygous pathogenic variants in SNORA31 (43-46) (Figure 3). Further supporting the role of alternative
antiviral mechanisms, a recent case of HSE in a patient with RIPK3 deficiency demonstrated impaired cell-death-
dependent control of HSV-1 in cortical neurons (47). Despite these advances, the genetic basis of many HSE cases

remains unknown, and the diagnostic evaluation of cell-intrinsic immunity remains an important unmet need.

Varicella-zoster virus (VZV) infections are highly prevalent in the general population and typically
manifest as varicella (chickenpox) during primary infection or zoster (shingles) during reactivation from latency
in sensory ganglia. In some cases, VZV can lead to severe invasive disease, including encephalitis, cerebellitis, or
pneumonitis. The critical role of VZV sensing by RNA polymerase III (Pol III) in vivo was highlighted by the
discovery of rare pathogenic heterozygous missense variants in the POLR3A and POLR3C subunits of Pol III, which
were found to underlie severe VZV infections (48). Similar findings of Pol III deficiency have been observed in adult
patients with VZV-induced (meningo)encephalitis or recurrent CNS vasculitis, associated with pathogenic variants
in the POLR3A, POLR3E, or POLR3F genes (49, 50). Pol IlI-generated RNAs lack a 5’ cap and often form complex
secondary structures, two characteristics known to have RIG-I-immunostimulatory potential (51). Pol IIl has been
shown to transcribe viral genomic sequences, generating RIG-I ligands that trigger antiviral immune responses

(52-54).

Pol III has also been implicated in the detection of cytomegalovirus (CMV), further highlighting its
broader role in antiviral immunity. Similar to VZV, the CMV genome contains several AT-rich regions, which serve
as targets for Pol IlI-mediated transcription and immune activation. Notably, a father with digenic heterozygous
mutations in POLR3A and POLR3C, the same mutations identified in his child with invasive VZV infection, developed
CMV encephalitis at the age of 20 (48). Additionally, homozygous missense mutations in POLR3E were identified
in a child with recurrent systemic viral infections, including CMV. Fibroblasts from this patient demonstrated an
impaired IFN-I response upon CMV infection, underscoring the importance of Pol Il in initiating antiviral defenses
(55). These findings suggest that genetic defects in Pol III subunits can result in susceptibility to multiple viral

pathogens, extending beyond VZV to include CMV and potentially other viruses with AT-rich genomes.

A recent paradigm shift in innate sensing of virus infections was the discovery of host non-coding RNAs
activating RIG-I during herpesvirus infection. These host RNAs are liberated from specific RNA binding proteins
during virus infection (a process dubbed ‘viral unmasking’) and can trigger antiviral defenses. Functional analysis
indicated that in particular 5S ribosomal pseudogene transcripts (i.e., RNA55P141) served as RIG-I agonists (56)
and stimulated cytokine (e.g., [FN-I) responses. These recent findings showed that ‘unmasking’ of self-RNA ligands
during viral infection can induce antiviral immunity analogously to virus-derived PAMP recognition. We identified

that TFIIIA (encoded by the gene GTF3A) enabled Pol IlI-mediated RNA5SP141 transcription by investigating



compound heterozygous hypomorphic GTF3A mutations in a patient with HSV-1 encephalitis exhibiting impaired
viral control (46) (Figure 3). TFIIIA comprises nine cysteine/histidine zinc fingers and is a co-factor for Pol Il in
type I promoters, unique to 55 rRNA and its paralog RNA5SPs (54, 57). In this patient, the mutations in one of the
highly conserved cysteine residues of TFIIIA conferred reduced DNA-binding ability. GTF3A mutant primary
fibroblasts showed impaired RNA5SP141 upregulation during HSV-1 infection, which resulted in abrogated RIG-I

activation, reduced innate immune responses and enhanced viral replication.

Impaired innate sensing of respiratory viruses

Influenza, commonly known as “the flu,” is an infectious respiratory disease caused by influenza A (IAV)
and influenza B (IBV) viruses (58). While most infections are self-limiting, some can lead to severe complications,
such as pneumonia and even acute respiratory distress syndrome (ARDS) (58). Genetic analysis in a 7-year-old girl
with life-threatening ARDS during IAV infection revealed AR IRF7 deficiency due to compound heterozygous
pathogenic variants (59). Impaired IFN-I responses were observed in plasmacytoid dendritic cells (pDCs) and
iPSC-derived pulmonary epithelial cells (PECs) following viral infection (59). As shown in knockout (KO) mice,
IRF7 is essential for governing local and systemic IFN responses that support innate antiviral immunity (60). pDCs,
which express high basal levels of IRF7, produce large quantities of IFN-I/III upon viral infection (61). In human
lung epithelial cells, IRF7, but not IRF3, is strongly induced during IAV infection and is critical for IFN production
during the later stages of infection (62). Pathogenic heterozygous TLR3 variants have also been linked to severe
ARDS in influenza. Three unrelated patients with these variants developed ARDS following IAV infection (63).
Although patient leukocytes exhibited normal responses to poly(I:C) and IAV, fibroblasts and iPSC-derived PECs
showed increased viral replication, suggesting that autosomal dominant (AD) TLR3 deficiency affects PEC-intrinsic
immunity (63). A fourth patient with a heterozygous TLR3 mutation presented with [AV infection and bacterial co-
infection (64). In vitro studies have previously demonstrated a TLR3-dependent inflammatory response to IAV in

human lung epithelial cells (65, 66).

Pathogenic variants in MDAS5 have been associated with severe respiratory disease caused by human
rhinovirus (HRV) and respiratory syncytial virus (RSV). In a cohort of 120 previously healthy children admitted
to pediatric intensive care units with respiratory failure, seven children were found to carry heterozygous MDA5
mutations, while one child carried a homozygous loss-of-function mutation (67). A 5-year-old child with life-
threatening, recurrent respiratory tract infections caused by HRYV, influenza virus, and RSV was found to have
homozygous loss-of-function mutations in MDAS5 (68). Similarly, AR IRF7 deficiency results in susceptibility to

multiple respiratory viruses beyond influenza, including RSV and adenovirus (69).

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused a
devastating global pandemic. COVID-19 severity ranges from mild cases to life-threatening pneumonia and ARDS,
with outcomes influenced by factors such as gender, age, and co-morbidities (70). The COVID Human Genetic Effort
investigated the role of inborn errors of IFN-I immunity by performing targeted genetic analysis on 659 patients
with severe COVID-19 pneumonia. Disease-causing variants were identified in 3.5% of cases and included
pathogenic variants in TLR3, UNC93B1, TRIF, TBK1, IRF3 and IRF7 (71). To address the observed male
predominance of severe COVID-19, genetic analysis of the X chromosome in male patients under 60 years old with

critical disease identified X-linked recessive TLR7 deficiency as a highly penetrant cause (72). Leukocytes from



affected patients did not respond to TLR7 stimulation, and pDCs produced low levels of IFN-I in response to SARS-
CoV-2 infection (72). In contrast to adults, children with COVID-19 typically experience mild or asymptomatic
cases, with severe disease being rare (73). Genetic analysis of 112 hospitalized children under the age of 16 with
COVID-19 pneumonia revealed AR deficiencies in TLR7 (74).

Interestingly, SARS-CoV-2 has also been shown to cause isolated brainstem encephalitis, with inherited
DBR1 deficiency identified as the underlying monogenic cause (75). Inborn errors in DBR1, which impair neuron-
intrinsic antiviral immunity, predispose individuals to a range of viral infections, including SARS-CoV-2, HSV-1,
influenza B, and norovirus. The molecular mechanism underlying DBR1-associated brainstem viral encephalitis
involves the accumulation of RNA lariats, disrupting stress granule assembly and PKR-mediated viral control (76).

In conclusion, human IEIs that compromise innate immune sensors or downstream signaling are clearly
associated with heightened clinical susceptibility to viral disease. The precise contribution of IFN signaling

cascades can be dissected by studying specific IEIs located in the IFN-I signaling pathway.

Inherited deficiencies in type I IFN signaling linked to viral susceptibility

Human deficiencies in IFN-I signaling reveal the essential role in antiviral immunity, but with a strikingly
narrow clinical phenotype reflecting signaling network redundancy, complementation by adaptive immunity or
other host/environmental factors.

Patients with complete IFNAR1 or IFNARZ2 deficiency were initially diagnosed after experiencing serious
adverse reactions following vaccination with live attenuated viruses such as measles, mumps and rubella (MMR)
or yellow fever (YF) (77, 78). Another report highlighted the variable clinical penetrance of [IFNAR1 deficiency in
a family where three members were affected (79). One family member died of HSE at the age of 2 years, a 12-
month-old cousin died following vaccination against MMR, and another 17-year-old cousin, who was homozygous
for the same variant, experienced other, less severe viral illnesses. Similar observations were made in AR [FNAR1
deficiency in five unrelated kindreds of Western Polynesian ancestry and IFNAR2 deficiency in five children of Inuit
ancestry, who exhibited severe complications from the MMR and varicella vaccines, as well as severe viral disease
following respiratory virus infections (80, 81). Both IFNAR1 and IFNAR2 deficiencies have also been associated
with severe COVID-19 pneumonia in both adults and children (71, 74). Recently, IFNAR1 deficiency has also been
reported as autosomal dominant that impairs, but does not abolish, responses to IFN-a and IFN-w while sparing
responses to IFN-B. This deficiency also reveals a broad susceptibility spectrum to viral diseases, including
respiratory tract infections (COVID-19), CNS infections (HSE, Japanese encephalitis virus, enterovirus), and

adverse reactions to live attenuated vaccines (MMR and YF) (82).

Analogous findings of heterogeneous clinical disease were observed with autoantibodies (autoAbs)
neutralizing IFN-I, which can be considered a partial phenocopy of genetic IFN-I receptor deficiencies (83). The
pathogenicity of pre-existing autoAbs against IFN-w, IFN-f, and the 13 types of IFN-a was demonstrated during
the SARS-CoV-2 pandemic, with these autoAbs found in approximately 15% of patients with critical COVID-19
infections (84-86). The prevalence of these autoAbs showed a strong male predominance, increased sharply with
age, and accounted for about 20% of COVID-19 deaths (85). A follow-up analysis of patients with life-threatening
IAV infection revealed that autoAbs neutralizing IFN-I accounted for approximately 5% of cases of life-threatening
influenza pneumonia in patients under 70 years old (87). Additionally, a retrospective analysis of plasma samples

from patients hospitalized with Middle East respiratory syndrome (MERS) pneumonia identified IFN-Is autoAbs



in approximately 25% of cases (88).

Similar to IFNAR1 deficiency, susceptibility to the yellow fever live attenuated vaccine has been observed
in patients with autoAbs against [FN-Is (89). Several studies have also reported more severe herpesviral disease in
patients with these antibodies (90-92). Moreover, neutralizing IFN-I antibodies have been implicated in severe
arboviral infections, including those caused by West Nile virus (WNV) and tick-borne encephalitis (TBE), as well

as rarer arboviral infections, such as Powassan virus, Usutu virus, and Ross River virus (93-95).

JAK1 and TYK2 are essential activating signaling proteins that bind to the intracellular domains of the IFN-
I receptors, initiating downstream signaling cascades (96). Upon ligating of IFN-I with its cognate receptor complex
comprising IFNAR1 and 2, JAK1 and TYK2 phosphorylate STAT1 and STAT2 proteins, leading to the transcription
of ISGs critical for antiviral immunity (96). Given that NA sensing pathways ultimately trigger the production of
IFN-I and that JAK/STAT proteins regulate downstream signaling, a broad spectrum of viral susceptibility has been
identified. These include herpesviruses (HSV-1, VZV, CMV, EBV), respiratory viruses (SARS-CoV-2, IAV, RSV,
adenovirus), and enteroviruses, as well as cases of disseminated vaccine-strain measles and varicella following
routine immunization (97-108)(Table 1).

JAK/STAT signaling complexes participate in various cytokine signaling cascades, contributing to broader
infection susceptibility, as evidenced by patients with TYK2Z and STAT1 deficiencies. Patients with these
deficiencies are particularly vulnerable to mycobacteria, as shown by affected children developing disseminated
disease caused by the Bacille Calmette-Guérin (BCG) vaccine strain (97, 100-103, 106, 108, 109). Patients with
TYK2 and STAT1 deficiencies exhibit additional susceptibility to these intracellular bacteria due to impaired IL-23-
dependent induction of IFN-y in TYK2 deficiency or disrupted type II IFN signaling in STAT1 deficiency (97, 104,
106, 109, 110). The level of viral susceptibility in STAT1 deficiency varies based on residual STAT1 function, as AD
STAT1 deficiencies preserve IFN-I signaling, resulting in a more selective predisposition to mycobacterial disease
(111). Similar findings are reported in TYK2 deficiency, which has a relatively mild impact on antiviral immunity,
manifesting as cutaneous herpesviral infections (100-103).

A compensatory role for other IFN signaling cascades may help partially preserve antiviral immune
responses and explain the milder disease presentation. For instance, STAT2 and IRF9 mediate downstream
signaling of IFN-I/III, contributing to a clinical phenotype largely restricted to invasive viral diseases. The
protective role of IFN-III at mucosal and epithelial barriers likely explains the more severe clinical spectrum of
viral infections observed in patients with STAT2 and IRF9 deficiencies (81, 98, 105, 107, 108). For example, IRF9
deficiency has been associated with invasive viral diseases caused by HSV-1, VZV, [AV, and SARS-CoV-2, as well as
enterovirus-induced encephalitis and severe infections with arboviruses, including Dengue and Zika (112, 113).
Additionally, IRF9 deficiency has been linked to infections with vaccine strains of measles and yellow fever (112,
113).

In conclusion, IFN-I receptor signaling plays a crucial role in antiviral immunity, as demonstrated by
human inborn errors affecting this pathway. While IFN-I signaling defects lead to heightened susceptibility to
certain viral diseases, especially following vaccination with live attenuated viruses, the clinical impact can vary
significantly due to redundancy in immune signaling, compensation by other IFN pathways, and contributions from
adaptive immunity. These findings emphasize the essential, yet context-dependent, role of IFN-I signaling in

protect against viral infections.



Conclusions

The study of human inborn errors in both NA sensing and IFN-I signaling has provided crucial insights
into the molecular mechanisms underlying antiviral immunity. Deficiencies in this pathway lead to increased
susceptibility to severe viral infections or complications following vaccination with live attenuated viruses, such
as varicella, measles and yellow fever. These findings underscore the importance of considering genetic variants
when administering vaccines, particularly live attenuated ones, to minimize the risk of adverse reactions in
genetically predisposed individuals.

Promising therapeutic strategies are emerging to address these genetic susceptibilities. For example,
recombinant IFN therapy has been explored in conditions with impaired IFN-I responses, such as IFNAR1 or STAT2
deficiency. Antiviral gene therapy is also gaining traction, utilizing rationally designed NAs to disable viral
replication by targeting viral genomes and essential host factors. Key advancements in RNA interference and
CRISPR/Cas9 technologies have been pivotal, enabling precise gene inactivation and therapeutic gene transfer for
immunostimulation. Ongoing research aims to develop targeted small molecules to enhance antiviral pathways,
such as small-molecule RIG-I agonists that are designed to boost innate immune responses and provide broad-
spectrum protection against viral infections.

However, the spectrum of clinical manifestations resulting from genetic defects in NA sensing and IFN-I
signaling extends beyond the described viral susceptibility, reflecting a much greater complexity. Notably, genes
central to NA sensing and IFN-I production are also implicated in type I interferonopathies, including systemic
lupus erythematosus (SLE) and Aicardi-Goutieres syndrome (AGS). This dual involvement emphasizes the delicate
balance between protective antiviral immunity and the risk of immune dysregulation, calling for cross-disciplinary
research to better understand and address both infectious and autoimmune diseases.

Moving forward, genetic screening for IEIs should be integrated into clinical practice to enable early
identification of at-risk individuals and guide personalized therapeutic strategies. Tailoring interventions,
including vaccine administration and antiviral treatments, to a patient’s specific genetic and immunological profile
will help reduce morbidity and mortality from both viral infections and immune-related complications. Ongoing
research into the molecular mechanisms underlying these susceptibilities will continue to drive the development
of targeted therapies, improve vaccine efficacy, and open new avenues for intervention in both infectious and

autoimmune diseases.
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