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Abstract
Autoimmune diseases are typically characterized by aberrant activation of immune system that leads to excessive inflam-
matory reactions and tissue damage. Nevertheless, precise targeted and efficient therapies are limited. Thus, studies into 
novel therapeutic targets for the management of autoimmune diseases are urgently needed. Radical S-adenosyl methionine 
domain-containing 2 (RSAD2) is an interferon-stimulated gene (ISG) renowned for the antiviral properties of the protein 
it encodes, named viperin. An increasing number of studies have underscored the new roles of RSAD2/viperin in immu-
nomodulation and mitochondrial metabolism. Previous studies have shown that there is a complex interplay between RSAD2/
vipeirn and mitochondria and that binding of the iron-sulfur (Fe-S) cluster is necessary for the involvement of viperin in 
mitochondrial metabolism. Viperin influences the proliferation and development of immune cells as well as inflammation 
via different signaling pathways. However, the function of RSAD2/viperin varies in different studies and a comprehensive 
overview of this emerging theme is lacking. This review will describe the characteristics of RSAD2/viperin, decipher its 
function in immunometabolic processes, and clarify the crosstalk between RSAD2/viperin and mitochondria. Furthermore, 
we emphasize the crucial roles of RSAD2 in autoimmune diseases and its potential application value.
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SAM	� Central S-adenosyl methionine
TRAF6	� Tumor necrosis factor receptor-associated 

factor 6
NF-κB	� Nuclear factor kappa B
MAM	� Mitochondria-associated ER membrane
cGAS	� Cyclic GMP-AMP synthase
HADHB	� β-Subunit of the mitochondrial trifunc-

tional protein
CIAO1/CIA1	� Cytosolic Fe-S assembly component 1
AGS	� Aicardi-Goutières syndrome
DM	� Dermatomyositis
SSc	� Systemic sclerosis
SS	� Sjögren's syndrome
MS	� Multiple sclerosis

Introduction

Autoimmune diseases are a complicated group of chronic 
inflammatory diseases characterized by the inability to 
distinguish self-antigens from foreign antigens, which ulti-
mately leads to the collapse of immunological tolerance [1]. 
Currently, uncertainties still exist regarding the underlying 
mechanisms of autoimmune diseases. Clinical treatment 
of autoimmune diseases focuses mainly on alleviating the 
autoimmune response and tissue damage. Nevertheless, the 
current generation of immunomodulatory drugs exhibits 
broad-spectrum and non-disease-specific activity, which 
often results in the occurrence of adverse effects [2]. Con-
sequently, there is an urgent need to develop novel targets for 
precise intervention and personalized treatment.

Radical S-adenosyl methionine domain-containing 2 
(RSAD2), also known as cytomegalovirus-induced gene 5 
(cig5), is an interferon (IFN)-induced gene and plays an 
essential role in innate and adaptive immunity. Viperin, 
encoded by RSAD2, is a well-known enzyme to inhibit viral 
replication [3]. Up to date, RSAD2 has been demonstrated 
to be a potential biomarker in many autoimmune diseases 
according to the predicted results of bioinformatics, such as 
rheumatoid arthritis (RA) [4], systemic lupus erythemato-
sus (SLE) [5] and primary Sjögren's syndrome (pSS) [6]. 
Thus, RSAD2 might possess efficacy in disease prediction 
and diagnosis as a promising biomarker. However, its per-
formance in the modulation of immunity and mitochondrial 
metabolism encourages us to further investigate its potential 
as a therapeutic target.

Accumulating studies have reported a close relationship 
between RSAD2/viperin and various signaling pathways. For 
instance, viperin affects Toll-like receptor-7 and -9 (TLR7/9) 
signaling pathways in plasmacytoid dendritic cells (pDCs), 
which in turn triggers polyubiquitination of interleukin-1 
receptor-associated kinase (IRAK1) and interferon regu-
latory factor 7 (IRF7)-mediated transcriptional activation 

of type I IFN (IFN-I) [7]. Similarly, viperin stimulates the 
production of IFN-I by interacting with tank-binding kinase 
1 (TBK1) and stimulator of interferon genes (STING) [8]. 
The continuous generation of IFN-I may be associated 
with aberrant immune activation, which contributes to the 
inflammatory response and tissue destruction observed in 
autoimmune diseases [9]. Furthermore, there is an inter-
action between viperin and peroxisomal biogenesis factor 
19 (Pex19), which ultimately strengthens the retinoic acid-
inducible gene I (RIG-I)-mitochondrial antiviral signaling 
protein (MAVS) signaling pathway and promotes the anti-
viral response [10]. Interestingly, studies in this area have 
revealed that the peripheral blood lymphocytes from patients 
with SLE exhibit spontaneous MAVS oligomerization, 
which was associated with the elevated secretion of IFN and 
mitochondrial oxidative stress [11]. Accordingly, it is rea-
sonable to suspect that viperin may modulate MAVS signal-
ing and downstream immune responses in SLE, influencing 
the production of IFN-I and other inflammatory mediators. 
Therefore, deeper insights into the intricate relationship 
between viperin and the associated signaling pathways may 
open new avenues for targeted treatment of diseases.

Notably, during human cytomegalovirus (HCMV) infec-
tion, viperin affects mitochondrial metabolism when it is 
translocated from the endoplasmic reticulum (ER) to the 
matrix of the mitochondrion by binding the viral mitochon-
drion-localized inhibitor of apoptosis (vMIA) [12]. Viperin 
affects mitochondrial activity by targeting mitochondria via 
its N-terminal region, and it is involved in lipid and glucose 
metabolism [12, 13]. In addition, Fe-S clusters are believed 
to be essential for the proper functioning of viperin. Three 
conserved cysteine residues in the structure of viperin are 
responsible for the formation of a redox-active [4Fe-4S] 
cluster [14]. By binding to viperin, the [4Fe-4S] cluster 
influences immunological response, antiviral effects, and 
mitochondrial function [3, 15]. The multifaceted properties 
of RSAD2/viperin in signaling pathways point to its sig-
nificant regulatory role in maintaining the balance of the 
immune system and mitochondrial metabolism.

While extensive research has described the function 
of RSAD2/viperin in infectious diseases, the crucial role 
that RSAD2 plays in autoimmune diseases remains poorly 
understood. Therefore, this review endeavors to outline the 
characteristics of RSAD2/viperin, including its structure 
and signaling pathways. Furthermore, the roles and mecha-
nisms of RSAD2/viperin in immunomodulation and mito-
chondrial metabolism are highlighted. To provide the overall 
landscape of the relationship between RSAD2/viperin and 
autoimmune diseases, we discuss its function and the pos-
sible mechanisms by which RSAD2/viperin influences the 
etiology and progression of autoimmune diseases, thereby 
providing a novel target for the treatment of autoimmune 
diseases.
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Characteristics of RSAD2/viperin

Structural Features of RSAD2/viperin

RSAD2, situated on human chromosome 2p25.2, consists 
of a full-length 2858 bp DNA sequence. It contains an 
open reading frame of 1083 nucleotides, encoding 361 
amino acids with a molecular weight of 42.17 kDa (Fig. 1). 
With slight variations between species but overall high 
conservation, viperin encompasses three distinct domains: 
the N-terminal alpha-helix domain, the central S-adenosyl 
methionine (SAM) domain, and the conserved C-terminal 
domain. The N-terminal domain features an amphipathic 
alpha-helix, which varies greatly depending on the species. 
This alpha-helix, anchored to the lipid layer, facilitates the 
distribution of viperin to various cellular sites such as the 
ER membrane, Golgi apparatus, and lipid droplets [16, 
17]. Viperin also exerts its antiviral effect via lipid drop-
let-related mechanisms. It binds to and inhibits farnesyl 
diphosphate synthase, thereby disrupting lipid rafts and 
suppressing the budding process of enveloped viruses 
such as influenza virus [18]. The cardinal feature of the 
central domain is the CX3CX2C motif, where the three 
conserved cysteine residues bind iron sites in the [4Fe-
4S] cluster. The remaining iron site coordinates with SAM 
to form a coordination complex, making it easier for the 
reduced state [4Fe-4S] to transfer electrons to SAM. Sub-
sequently, SAM experiences reductive cleavage to generate 
the 5′-deoxyadenosyl (5′-dAdo•) radical intermediate [19], 
which is responsible for extracting a hydrogen atom from 

cytidine triphosphate (CTP), leading to the production of 
3'-deoxy-3',4'-didehydro-CTP (ddhCTP) [20, 21]. Notably, 
ddhCTP lacks the 3'-hydroxyl group on the ribose portion. 
Its incorporation into the nascent viral RNA strand halts 
the strand and consequently stops viral RNA synthesis, 
effectively impeding viral replication [22]. Despite its sig-
nificance, limited research has focused on the C-terminal 
domain, a feature that is predominantly conserved between 
species. The interaction of the C-terminus with the cyto-
solic iron-sulfur protein assembly protein is essential for 
Fe-S cluster formation and viperin stability [15]. In addi-
tion, it has been demonstrated that the very last C-termi-
nal amino-acid residues are required for antiviral activity 
against some viruses [23, 24].

RSAD2/viperin Signaling Pathway

Viperin is a multifunctional regulator of various signal-
ing pathways, not just as an antiviral protein. Understand-
ing the intricate signaling pathways involved in viperin-
mediated immune responses is essential for elucidating 
its biological functions and therapeutic implications. This 
section comprehensively reviews the current status of 
knowledge of viperin signaling pathways and highlights 
its interactions with key immune molecules. Insights into 
the signaling cascades associated with viperin offer valu-
able perspectives for the development of new therapeutic 
strategies to combat immune-related diseases (Fig. 2).

Fig. 1   Schematic representa-
tion of the gene composition 
and protein structure of RSAD2 
and viperin. The RSAD2 gene is 
located on chromosome 2, con-
tains 5 exons and 4 introns. The 
structure of human viperin is 
composed of 361 amino acids, 
including the radical SAM core, 
in which the three conserved 
cysteines at sites 83, 87 and 90 
bind 3 iron atoms of the [4Fe-
4S] cluster.
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JAK‑STAT Signaling Pathway

Initially recognized as an IFN-induced gene, RSAD2 was 
thought to be regulated by IFN-dependent signaling path-
ways. IFNs primarily signal through the Janus kinase-sig-
nal transducer and activator of transcription (JAK-STAT) 
pathway [25]. IFN-γ binds to its receptor (composed of 
two subunits, IFNGR1 and IFNGR2) to induce receptor 
oligomerization and conformational changes, which acti-
vates the JAK1 and JAK2 by transphosphorylation [26]. 
STAT1 undergoes dimerization after being phosphorylated 
by JAKs and translocates to the nucleus where it binds to 
γ-activated sequence (GAS) elements for regulating ISG 

expression. Additionally, IFN-I (α and β) or IFN-III (λ) can 
also induce viperin expression, they bind to their specific 
heterodimeric receptor IFNAR or IFNLR, respectively [27, 
28]. The dimerization of IFNAR or IFNLR activates the 
JAK-STAT signaling pathway and ultimately induces the 
formation of the heterotrimeric ISG factor 3 complex that 
directly binds to interferon-stimulated response elements 
(ISREs) to drive ISG transcription. While phosphorylated 
STAT levels decrease, unphosphorylated complexes can 
maintain basal expression of ISGs in response to long-
term IFN stimulation [29]. Direct induction of viperin can 
occur through peroxisomal MAVS and downstream activa-
tion of IRF1 or IRF3 (discussed later) [30, 31].

Fig. 2   The proposed model for RSAD2 induction and the role of 
RSAD2/viperin in signaling pathways. The expression of viperin is 
induced by both IFNs via the JAK-STAT pathway. While phospho-
rylated STAT levels decrease, unphosphorylated complexes can main-
tain RSAD2 synthesis upon prolonged IFN exposure. Sensing of viral 
factors by pattern recognition receptors transduces the immune stim-
uli into intracellular signals, activating downstream signaling path-
ways, which triggers the generation of IFN-I, other pro-inflammatory 
cytokines, and ISGs including RSAD2. 1) RSAD2 can be directly 
induced by peroxisomal MAVS and downstream molecules IRF1 or 
IRF3 activation to produce the viperin protein. Viperin facilitates the 
localization of MAVS in mitochondria and peroxisomes in the RLR-
MAVS pathway. 2) Viperin interacts with STING to promote the 
activation of TBK1 in the cGAS-STING pathway. 3) Viperin triggers 
TRAF6 self-ubiquitination and IRAK1 ubiquitination in the TLR7/9 
pathway. These boost the expression of IFN, proinflammatory cytoki-

nesis, and viperin, forming a complicated positive feedback loop. 
Abbreviations: IFN, interferon; JAK, janus kinase; TYK2, tyrosine 
kinase2; STAT, signal transducer and activator of transcription; IRF, 
interferon regulatory factor; ISGF3, interferon-stimulated gene factor 
3; GAF, γ-activated factor; GAS, γ-activated sequence; ISRE, inter-
feron-stimulated response element; ISGs, interferon-stimulated genes; 
RSAD2, radical S-adenosyl methionine domain-containing 2; RLR, 
retinoic acid-inducible gene I (RIG-I)-like receptor; MAVS, mito-
chondrial antiviral signaling; IKK, inhibitor of NF-κB kinase; NF-κB, 
nuclear factor kappa B; TBK1, tank-binding kinase 1; cGAS, cyclic 
guanosine monophosphate–adenosine monophosphate synthase; 
cGAMP, cyclic GMP-AMP; STING, stimulator of interferon genes; 
TLR, Toll-like receptor; MyD88, myeloid differentiation factor88; 
TRAF6, tumor necrosis factor receptor-associated factor 6; IRAK1, 
interleukin-1 receptor-associated kinase 1; Ub, ubiquitinated; P, phos-
phorylated; U, unphosphorylated form.
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TLR Signaling Pathway

TLRs, a type of pattern recognition receptors, are impor-
tant mediators between innate and adaptive immunity [32]. 
Activation of TLR triggers downstream signaling cascades, 
leading to the production of pro-inflammatory cytokines, 
and other mediators of immune responses [33]. The myeloid 
differentiation primary response gene 88 (MyD88)-depend-
ent pathway is responsible for proinflammatory cytokine 
expression. MyD88 recruits IRAK4, which in turn acti-
vates IRAK1. Activated IRAK1 then recruits and binds to 
TNF receptor-associated factor 6 (TRAF6). Subsequently, 
TRAF6 forms complexes with transforming growth factor-
β-activating kinase (TAK1) and TAK-binding proteins. This 
complex plays several critical roles, including the activation 
of the nuclear factor kappa B kinase (IKK)/ nuclear fac-
tor kappa B (NF-κB) pathway [34]. Another MyD88-inde-
pendent pathway mediates the induction of IFN-I and ISGs, 
where adaptor Toll/IL-1 receptor (TIR) domain-containing 
adaptor (TRIF) is implicated in. TRIF acts on two proteins, 
TBK1 and IKKε. IKKε-TBK1 activates IRF3, which enters 
the nucleus to stimulate IFN expression [35].

Evidence has shown that reciprocal regulation of viperin 
and TLR pathways upon exposure to stress and infection. 
TLR activation induces the expression of viperin, which 
in turn modulates TLR signaling cascades to fine-tune 
the immune response [7]. In the TLR7/9-IFN-I signaling 
pathway, viperin activates the E3 ligase activity of TRAF6 
[36]. It has also been suggested that viperin can specifically 
stimulate ubiquitination of IRAK1 by TRAF6, rather than 
causing general ubiquitination of cellular proteins [37]. 
And ubiquitination of IRAK1 is a crucial component of the 
IRF7-mediated IFN-I production pathway. Additionally, 
viperin targets viral proteins for proteasomal degradation 
by recruiting the protein ubiquitination [36]. Notably, dys-
regulated TLR-viperin interactions may cause the overpro-
duction of pro-inflammatory cytokines. It was demonstrated 
that knockdown of RSAD2 inhibits the expression of IL-1β, 
IL-6, and TNF-α by suppressing the TLR2/MyD88/NF-κB 
pathway [38]. It has also been suggested that viperin can act 
as a negative regulatory factor in the inflammatory response. 
By suppressing the formation of the IRAK1/TRAF6/TAK1 
complex of the TLR4 pathway, viperin inhibits IKK, thereby 
suppressing the production of nitric oxide and proinflamma-
tory cytokines [39].

RIG‑I‑MAVS Signaling Pathway

Three members constitute the cytoplasmic receptor family 
known as RIG-I-like receptors (RLRs): laboratory of genet-
ics and physiology 2 (LGP2), melanoma differentiation-
associated protein 5 (MDA5), and retinoic acid-inducible 
gene I (RIG-1) [40]. Initially, RLR plays an important role 

in RNA sensing, and its dysregulation is involved in the 
development of autoimmune diseases [41]. As a cytoplasmic 
receptor family, RLR initiates the oligomerization of MAVS 
by conducting a caspase activation and recruitment domain 
(CARD)-CARD connection upon detection of abnormal 
double-stranded RNA [42]. Oligomerized MAVS propel a 
signaling cascade, subsequently activating TBK1 and the 
cytosolic kinases IKK, which leads to activation of IRF3, 
IRF7, and NF-κB, turning on the expression of IFNs and 
other pro-inflammatory cytokines [30, 43].

Stimulation of the key adapter molecule MAVS within 
the RLR pathway ultimately results in the upregulation of 
numerous ISGs, including RSAD2 [44]. Moreover, to induce 
optimal IFN-β in this pathway, it is necessary for MAVS 
to colocalize on mitochondria and peroxisome membranes 
[10]. It is noteworthy that viperin facilitates this reaction 
by forming a close association with MAVS located in 
mitochondria and mitochondria-associated ER membrane 
(MAM) [10]. However, the underlying mechanisms and 
extent of this association are still largely unclear. Moreover, 
viperin is among the group of IRF1-regulated genes. Previ-
ous evidence suggested that IRF1, one of the downstream 
molecules of MAVS, can bind to the murine viperin pro-
moter to the two proximal IRF elements and thereby directly 
induce viperin expression, independently of IFNs [45].

STING Signaling Pathway

STING, an ER adaptor, senses abnormal DNA in cells, trig-
gering the production of IFN-I. It responds predominantly 
to cytosolic DNA, viral or bacterial infection, and cellular 
damage [46]. Various cytosolic DNA sensors, such as cyclic 
GMP-AMP synthase (cGAS), recognize DNA and catalyze 
the production of cyclic GMP-AMP (cGAMP), a second 
messenger [47]. cGAMP then binds to STING in the ER 
and leads to a conformational change of STING that acti-
vates its signaling function [46]. STING then translocates 
from the ER to the perinuclear region and forms a complex 
with TBK1, which is necessary for TBK1 activation [48]. 
TBK1 phosphorylates multiple transcription factors, includ-
ing IRF3 and NF-κB [49]. This initiates the transcription of 
innate immunity-related genes, including IFN-I [50]. In a 
previous experiment, viperin was shown to bind to STING 
and promote enhanced polyubiquitination of TBK1, thereby 
triggering an elevated IFN-I response [8]. Despite the evi-
dence linking viperin to STING pathway enhancement, 
there is limited data obtained to validate the underlying 
mechanisms. Targeting STING signaling pathways or mod-
ulating viperin expression may offer novel approaches for 
understanding autoimmune diseases characterized by dys-
regulated IFN-I responses. Therefore, further experimental 
analysis and discussion of the data are needed to determine 
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the specific mechanism by which viperin enhances STING 
signaling activation.

Roles and Mechanisms of RSAD2/viperin 
in Immunomodulation and Mitochondrial 
Metabolism

Effects of RSAD2/viperin on Immune Cells

RSAD2 is typically expressed at low levels under physiologi-
cal conditions, but its expression is notably elevated in sev-
eral pathological situations, including cancer [51], infectious 
diseases [52], and autoimmune diseases [53]. DCs, mac-
rophages, neutrophils, T lymphocytes, and B lymphocytes 
are the major cell types that express RSAD2. The expression 
level of RSAD2 significantly affects the maturation, differ-
entiation and functional status of immune cells, which can 
lead to immune dysfunction and persistent inflammation. In 
this section, we will explore the link between RSAD2/viperin 
and immune cells and provide perspectives on its function 
in the immune system.

DCs

DCs are the most potent professional antigen-presenting 
cells that are central to both innate and adaptive immunity. 
They can be broadly classified into classical DCs, pDCs, 
Langerhans cells, and monocyte-derived DCs [54]. RSAD2 
simulates IFN-I secretion by regulating the TLR7 and TLR9-
IRAK1 signaling axis in pDCs. IRAK1 and TRAF6, interact 
with viperin and are recruited to liposomes. This process 
promotes the K63-linked ubiquitination of IRAK1, inducing 
the nuclear translocation of IRF7/9 thereby promoting IFN-β 
production [7]. Another study co-transfected HEK 293 T 
cells with viperin, IRAK1 and TRAF6, quantified viperin 
by western blotting, and measured the formation of 5'-dA. It 
was found that when the [4Fe-4S] cluster is removed during 
this process, the stability of viperin is destroyed and the pol-
yubiquitination of IRAK1 cannot be stimulated by TRAF6 
[37]. Furthermore, RSAD2 has been demonstrated to be a 
crucial factor in DC maturation as well as in T cell activa-
tion, particularly via the IRF7-mediated signaling pathway. 
Knockdown of RSAD2 in mature DCs resulted in a remark-
able reduction in the secretion of proinflammatory cytokines 
and suppressed their ability to stimulate T cells [55].

Macrophages

Macrophages play a pivotal role in immunity, participat-
ing in both specific and non-specific immunity in vivo [56]. 
Macrophages can be polarized into classically activated 
macrophages (M1) and alternatively activated macrophages 

(M2), which play pro-inflammatory and anti-inflammatory 
roles, respectively [57]. Whether viperin is associated 
with the polarization and function of macrophages varies 
depending on the specific circumstances. A previous study 
indicated that RSAD2 was significantly elevated in the M1 
phenotype compared with the M0 and M2 phenotypes [58]. 
Overactivation of M1 macrophages has been linked to vari-
ous mechanisms of chronic inflammatory diseases, includ-
ing autoimmune diseases [59, 60]. Nevertheless, another 
study demonstrated that viperin did not affect macrophage 
polarization, but did affect the production of inflamma-
tory cytokines following mycobacterial infection [39]. In 
addition, a recent study highlighted that viperin is capable 
of inhibiting the production of IFN-γ in macrophages and 
the lungs of mice, thereby promoting the survival of Mtb 
[61]. Therefore, the development of inflammation caused 
by the activation of RSAD2 is a topic worthy of further 
investigation.

Neutrophils

Neutrophils develop and differentiate in the bone marrow 
before being released into the bloodstream. Neutrophil extra-
cellular traps (NETs) are typically produced and released 
through a unique process of programmed inflammatory cell 
death, a specific way in which neutrophils die [62]. SLE 
NETs activate pDCs and induce IFN-I secretion, which also 
triggers NETosis in healthy neutrophils [63]. RSAD2 has 
been demonstrated to be highly expressed and induced in 
neutrophils in RA [64], acute lymphocytic choriomeningitis 
virus [65] and asthma [66], and this process is also asso-
ciated with IFN. Therefore, it is worth exploring whether 
RSAD2, as an IFN-induced gene, is involved in the specific 
inflammatory cell death mode of NETs.

Lymphocytes

B lymphocytes are antigen-presenting cells that, in addi-
tion to specialized humoral immune functions, contribute 
to immune regulation by producing antibodies. CD19, 
existing on the surface of B cells, acts as a component of B 
cell activation co-receptor, which enhances the sensitivity 
of B cells to antigen stimulation and participates in B cell 
activation [67]. A previous experiment demonstrated that 
the expression of c-Rel, p50, and p-p65/t-p65 decreased in 
CD40L-induced CD19+ B cells after knockdown of RSAD2, 
indicating that knockdown of RSAD2 deactivates the NF‑κB 
signaling pathway of CD19+ B cells [68]. It has been shown 
that the overexpression plasmids of p65 partially alleviate 
the inhibitory effects of si-RSAD2-2 on proliferation, immu-
noglobulin production, and IL-10 expression in CD40L-
induced CD19+ B cells. This indicates that RSAD2 controls 
B cell activation through the NF-κB signaling pathway [68].
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T cells are divided into two functionally distinct sub-
groups, the CD4+ T cells and the CD8+ cytotoxic T cells. 
It is essential that CD4+ and CD8+ T cells are adequately 
activated to proliferate, clonally expand, and provide effec-
tor functions in order to ensure the efficient clearance of 
infection by pathogens [69]. According to a recent study, 
RSAD2 is expressed at increased levels in all T cell sub-
sets, particularly CD4+ T cells, in the context of immune 
disorders [70]. It was discovered that different IFNs have 
different stimulatory effects on RSAD2 at different periods. 
Consequently, it was postulated that RSAD2 can influence 
the differentiation of CD4+ naïve T cells into Th17 and Tfh 
cells and is regulated by IFN-I. Furthermore, the study dem-
onstrated that the absence of RSAD2 can lead to a decrease 
in Th17 and Tfh cells, whereas the presence of RSAD2 can 
promote the differentiation of Th17 and Tfh cells in indi-
viduals with SLE [70]. Guillaume Carissimo et al. showed 
that viperin controls the stimulation of murine chikungunya 
virus-specific pathogenic T cells: IFN-γ producing Th1. 
They demonstrated that the observed increase in IFN-γ pro-
ducing T-cell stimulation may be attributed to an elevation 
in activating and polarizing soluble mediators released by 
APCs during viral stimulation [71]. Additionally, another 
experiment demonstrated that viperin is required for optimal 
Th2 responses and T cell receptor-mediated activation of 
NF-κB and AP-1 [72].

Crucial Roles and Mechanisms of RSAD2/viperin 
in Mitochondrial Metabolisms

Mitochondria play multifaceted biological functions within 
cells, acting as the primary site of material and energy 
metabolism. It was found that mitochondria are involved in 
specific signaling pathways by interacting with certain pro-
teins and affecting the expression of RSAD2/viperin. Viperin 
could also target mitochondria via a variety of transport 
mechanisms and influence mitochondrial metabolism. The 
[4Fe-4S] cluster is a very important component of viperin 
in this process. In this section, we aimed to clarify the rela-
tionship between RSAD2/viperin and mitochondria, as well 
as the essential role of the [4Fe-4S] cluster for viperin to 
acquire a more profound comprehension of the underlying 
mechanisms (Fig. 3).

The Crosstalk Between RSAD2/vipeirn and Mitochondria

A multitude of investigations have demonstrated the inti-
mate relationship between mitochondria and viperin. MAVS 
located on mitochondria are implicated in the induction of 
RSAD2/viperin. Viperin was discovered to interact with 
Pex19 to anchor the peroxisome to the mitochondrial/MAM 
MAVS signaling synapse, which strengthens the RIG-I-
MAVS signaling pathway and encourages the antiviral 

response [10]. The TRK-fused gene (TFG), a protein that 
interacts with TRAF3 and potentially activates mechanistic 
target of rapamycin (mTOR) after Sendai virus infection, 
has been identified in a separate study [44]. Activation of 
mTOR enabled TBK1 to phosphorylate mTOR on serine 
2159, which in turn stimulated the involvement of mTOR in 
the RIG-I-MAV signaling pathway [44]. As we have already 
mentioned, the expression of IFN and RSAD2 is induced by 
the activation of the RIG-I-MAVS signaling pathway.

Additionally, several studies are exploring the relation-
ship between STING and mitochondria. It is noteworthy that 
Maekawa et al. have demonstrated that mitochondrial dam-
age in tubular cells results in the leakage of mitochondrial 
DNA (mtDNA) into the cytosol, most likely through BAX 
pores on the mitochondria. This process initiates cGAS-
STING signaling, which in turn triggers tubular inflam-
matory responses in cisplatin-induced acute kidney injury 
[73]. One review explored the interactions between ER 
stress, mitochondrial dysfunction, and STING activation in 
various physiological and pathological conditions [74]. The 
stimulation of IFN-treated neutrophils or neutrophils from 
lupus patients with anti-RNP immune complexes can result 
in the release of oxidized mtDNA through multiple mecha-
nisms, which has been extensively reviewed in the article 
[74]. For instance, extracellular oxidized mtDNA in lupus is 
recognized by monocytes in a way that is reliant on STING, 
and pDC internalizes it through the receptor for advanced 
glycation end products [75]. Collectively, ER stress can 
activate STING through calcium/ROS-mediated mitochon-
drial damage and release of mtDNA into the cytosol. This 
activation of STING leads to the production of IFN-I and 
immune responses. As previously stated, viperin has been 
shown to bind to STING and TBK1 in the context of viral 
infection, thereby enhancing the IFN-I response. This leads 
us to hypothesize that viperin may also be involved in the 
process by which mitochondrial damage induces inflamma-
tion via cGAS-STING signaling in a broader context, such 
as oxidative stress, inflammatory stimuli, and autoimmunity, 
not just viral infection.

Viperin Affects Metabolic Processes by Targeting 
Mitochondria

Viperin can enter the mitochondria via a variety of transport 
mechanisms. Following infection with HCMV, viperin binds 
to the vMIA and targets the mitochondria through N-ter-
minal mitochondrial localization signals to achieve trans-
fer from the ER to the mitochondria [12]. The N-terminal 
domain of viperin interacts with cysteine residue 44 (Cys44) 
of vMIA which is necessary for their interaction. Further-
more, Cys44 of vMIA is essential for the transport of viperin 
and its antiviral activity [76]. It is worth noting that vMIA 
can cross from the ER to the outer mitochondrial membrane 
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Fig. 3   Mechanisms of RSAD2/viperin involving mitochondrial and 
cellular metabolisms. 1) Pex19 is a cytoplasmic chaperone protein 
that, in conjunction with Pex3, is responsible for the transport of per-
oxisomal membrane proteins to the organelle. Pex19 interacts with 
vipeirn to position the peroxisome at the mitochondrial/MAM MAVS 
signaling synapse, thereby strengthening the RIG-I-MAV signaling 
pathway and promoting the expression of IFN-I and RSAD2 in the 
microenvironment of viral infection or immune stimulation (pur-
ple arrows illustrate the process). 2) The exact mechanism by which 
viperin transfers from the ER to mitochondria is unknown. Under the 
infection of HCMV, viperin can target mitochondria by binding to 
Cys44 of vMIA. Additionally, the localization of vMIA and viperin 
in the MAM also reveals a potential new mechanism for the trans-
fer of viperin through the MAM (pink arrows illustrate the process). 
3) When viperin enters into mitochondria, it binds to the β-subunit 
of the mitochondrial trifunctional protein (TFP, HADHB), thus 

the β-oxidation of fatty acids was blocked. This sets off a sequence 
of ongoing processes that boost viral replication while encouraging 
glycolysis and lipogenesis (blue arrows illustrate the process). Abbre-
viations: Pex19, peroxisomal biogenesis factor 19; MAM, mitochon-
dria-associated ER membrane; MAVS, mitochondrial antiviral-sign-
aling protein; RIG-I, retinoic acid-induced gene I; ER, endoplasmic 
reticulum; TRAF3, tumor necrosis factor receptor-associated factor 3; 
TBK1, tank-binding kinase 1; TFG, TRK-fused gene; mTOR, mecha-
nistic target of rapamycin; IRF3, interferon regulatory factor 3; IFN-I, 
type I interferons; RSAD2, radical S-adenosyl methionine domain-
containing 2; vMIA, viral mitochondrion-localized inhibitor of 
apoptosis; TFP, mitochondrial trifunctional protein; AMP, adenosine 
monophosphate; AMPK, AMP-activated protein kinase; GLUT4, glu-
cose transporters 4; ChREBP, carbohydrate response element binding 
protein; ChoRE, carbohydrate response element; SREBP1, sterol reg-
ulatory element-binding protein 1; LDs, lipid droplets.
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via MAM [77]. This suggests that viperin may bind to vMIA 
and be localized to the mitochondria via MAM. Indeed, it 
has been proposed that viperin is localized in the MAM and 
interacts with MAVS to prevent excessive immune responses 
as a regulator of the IFN response, which will deepen our 
understanding of the functions and transit mechanisms of 
viperin [78]. In addition, rotaviral non-structural protein 4 
(RV-NSP4) has been shown to trigger the translocation of 
viperin from ER to mitochondria during rotavirus infection. 
Viperin can penetrate the mitochondrial membrane via the 
N-terminal domain, bind to NSP4 via the free radical SAM 
region and the C-terminal region, and prevent rotavirus 
release by inhibiting apoptosis [79].

In mitochondria, HCMV-induced viperin binds to 
the β-subunit of the mitochondrial trifunctional protein 
(HADHB), which can catalyze the final three steps of the 
β-oxidation pathway of fatty acids. Protein–protein inter-
actions facilitate the activation of viperin by HADHB, 
which in turn leads to the synthesis of the chain termination 
inhibitor of RNA polymerase (ddhCTP) [12]. The function 
of ddhCTP in mitochondria remains to be fully elucidated. 
Given that it was previously identified as a chain termina-
tor for RNA-dependent RNA polymerases, it may have a 
hitherto unappreciated role in influencing mitochondrial 
transcription [21]. Additionally, the localization of viperin 
in mitochondria can inhibit the thiolase activity of HADHB 
and simultaneously promote the degradation of HADHB via 
the proteasomal route upon retrotranslocation to the outer 
mitochondrial membrane [12, 80]. Inhibition of HADHB 
by viperin can reduce the thiolysis of β-ketoacyl-CoA, thus 
blocking the β-oxidation of fatty acids [80]. When viperin 
targets mitochondria, there is a reduction in ATP and NADH 
levels, which leads to the destruction of the actin cytoskel-
eton and the facilitation of viral replication [80]. It is often 
observed that the accumulation of AMP concomitantly with 
the depletion of ATP. AMP can activate AMP-activated pro-
tein kinase (AMPK), which in turn triggers the upregulation 
of glucose transporters 4 (GLUT4), increasing the amount of 
cytoplasmic glucose available for glycolysis and lipid syn-
thesis, as well as the translocation of carbohydrate response 
element binding protein (ChREBP) to the nucleus. This in 
turn causes an increase in de novo lipogenesis, lipid drop-
let accumulation, and viral envelope formation due to the 
increased transcription of genes encoding lipogenic enzymes 
[13, 81].

A recent study has indicated that viperin plays a role in 
metabolic alteration and accelerates the progression of can-
cer. In a manner analogous to the aforementioned process, 
viperin facilitates lipogenesis and glycolysis by blocking 
fatty acid β-oxidation [51]. Research has also shown that 
the PI3K/AKT/mTOR/HIF-1 and JAK/STAT signaling 
pathways enhance the expression of viperin in the tumor 
microenvironment due to insufficient fatty acids, oxygen, 

and the production of IFNs [51]. An interesting phenomenon 
is that viperin stimulates sterol regulatory element binding 
protein 1 (SREBP1) and ChREBP via increased glucose 
uptake as cancer progresses. Both SREBP1 and ChREBP 
work in concert to stimulate lipogenesis [51]. Although it 
has been demonstrated that HCMV infection may cause the 
cleavage of SREBP1, this effect was not found to be related 
to viperin expression [82].

Regardless of the method used, viperin targeting mito-
chondria can replicate all subsequent metabolic outcomes, 
which leads us to hypothesize that there is a link with auto-
immune diseases, as dysregulated lipid metabolism has 
already been strongly associated with the pathogenesis and 
progression of autoimmune diseases [83, 84]. A review of 
the direct interaction between RSAD2 and mitochondria will 
provide new insights into the pathophysiology of autoim-
mune diseases and potential future treatment options.

The Involvement of Viperin in Metabolic Processes Requires 
the Binding of Fe‑S Clusters

Viperin is a radical SAM enzyme and contains a redox-
active [4Fe-4S] cluster coordinated by the three conserved 
cysteines [85]. The [4Fe-4S] cluster serves to anchor the 
SAM cofactor, thereby facilitating the formation of the 
highly reactive 5′-deoxy-5′-adenosyl radical [86]. A research 
team employed multi-template homology modeling and 
molecular dynamics simulations to demonstrate that the 
removal of the [4Fe-4S] cluster resulted in the collapse of 
the tertiary structure of viperin [87]. Furthermore, confor-
mational analysis using circular dichroism and steady-state 
fluorescence spectroscopy was performed on the four puri-
fied mutant proteins, which showed that they were partially 
unfolded, conformationally unstable, and prone to aggre-
gation. The researchers proposed that the lack of antiviral 
activity exhibited by the mutant protein could be attributed 
to its reduced conformational stability [87].

Cytosolic Fe-S assembly component 1 (CIAO1/CIA1), 
an interaction factor of viperin, contributes to the antiviral 
effect of viperin and is thought to facilitate the capacity of 
viperin to bind iron. In one study, the presence of an Fe-S 
cluster was indicated by the incorporation of 55Fe, which 
was detected by radiolabelling in vivo. Silencing of CIAO1 
by siRNA resulted in a reduction in the levels of viperin and 
55Fe binding, as well as its antiviral efficacy against TBEV 
[15]. It suggests that viperin requires the assembly of Fe-S 
clusters and activation of its function depends on the interac-
tion with CIAO1.

The involvement of viperin in metabolic reprogramming 
necessitates mitochondrial localization and the binding of 
Fe-S clusters [88]. Meanwhile, Fe-S clusters have a signifi-
cant impact on mitochondrial energy production and sub-
stance metabolism through their binding to viperin. Viperin 
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can directly target mitochondria to replicate the results of 
lipid metabolism in the absence of HCMV infection [13]. 
Viperin binding to the Fe-S cluster targeting mitochondria 
contributes to ATP depletion. This conclusion was corrobo-
rated by measuring the intracellular ATP level of murine 
embryonic fibroblasts with viperin knockout expressing 
vMIA-Myc (which induces endogenous viperin), WT toxic 
protein, and finding that ATP levels decreased by approxi-
mately 50% solely in cells expressing the mitochondria 
localization sequence-viperin [80]. Indeed, in most eukary-
otes, mitochondria play a crucial role in the biogenesis of all 
cellular Fe-S proteins [89]. The Fe-S cluster assembly mech-
anism in mitochondria, which consists of up to 18 distinct 
proteins, is responsible for synthesizing Fe-S clusters from 
scratch and inserting them into target apoproteins [90, 91].

The association between RSAD2/vipeirn and the Fe-S 
cluster suggests that it may be relevant to iron metabolism. 
It has been demonstrated that iron metabolism is intricately 
linked to the pathogenesis of autoimmune diseases [92]. 
Moreover, ferroptosis is a new mode of cell death that is 
driven by iron-dependent lipid peroxidation. A consensus 
clustering analysis has demonstrated that RSAD2 is associ-
ated with both lipid metabolism and ferroptosis [93]. There-
fore, elucidating the function of RSAD2 in iron metabolism 
is anticipated to represent a wholly novel area of investiga-
tion for future research on RSAD2.

Crucial Roles of RSAD2/viperin 
in Autoimmune Diseases

As summarized in the former text, RSAD2/viperin is closely 
associated with immune function and mitochondrial metabo-
lism at the cellular and molecular levels, potentially leading 
to the onset and progression of autoimmune diseases. Thus, 
our goal in this part is to give an overview of the critical 
functions that RSAD2/viperin plays in autoimmune diseases 
(Table 1).

AGS

Aicardi-Goutières syndrome (AGS) is defined as a genetic 
neuroinflammatory disease characterized by increased IFN-α 
levels with ensuing ISG expression [94, 95]. Considered the 
prototype of type I interferonopathies, AGS is an enormous 
yet poorly understood problem in the field of neuroscience, 
necessitating further research into effective treatments using 
inhibitors to block IFN activation in patients [95].

The upregulation of IFN-I signaling appears to be a 
lifelong phenotype so that AGS patients benefit from IFN-
related therapy at any age [96]. Patients with AGS often 
onset in early infancy, concurrent with a history of severe 
manifestations during this period [97]. Notably, under the 

circumstances of increased ISG expression, several AGS 
patients are susceptible to developing SLE in early child-
hood [98–100]. In a study of clinical AGS samples, per-
sistently elevated expression of ISGs (including RSAD2) 
in peripheral blood was demonstrated to lead to a disease 
exacerbation through an increase in pro-inflammatory and 
immunomodulatory proteins [101]. They pointed out that 
RSAD2, as an AGS indicator, showed a more sensitive and 
specific ability to identify IFN signaling compared to stand-
ard inflammatory markers [101]. In addition, recent studies 
have indicated that RSAD2, one of the most hypomethyl-
ated ISGs in AGS, correlates with phenotype, inflammation, 
and disease stage by specifically expressing hypomethylated 
cytosine-phosphate-guanine (CpG) dinucleotides in periph-
eral blood mononuclear cells (PBMCs) of "severe" patients 
[102]. It turns out that the upregulated expression of RSAD2 
in patients with severe phenotype according to a neurologic 
severity score is correlated with this differential methylation 
pattern [102]. Through our understanding of these studies, 
we emphasize the significance of RSAD2 in IFN-dependent 
autoimmunity and autoinflammation and the possibility of 
RSAD2-targeted therapy.

DM

Dermatomyositis (DM) is an acquired autoimmune disease 
that affects the skin and muscles, however, the underly-
ing mechanisms were unclear [103]. Owing to its clinical 
heterogeneity, DM is a hard-to-diagnose disorder, and its 
cutaneous manifestations have different characteristics in 
terms of time course and severity [104]. As one of the major 
subsets of idiopathic inflammatory myopathy, DM has been 
proven to be pertinent in pDCs which are the professional 
producers of IFN-I, and its ensuing co-regulation of IFN-
driven chemokines [105, 106]. Remarkably, RSAD2 takes 
active parts in the IFN-I signaling pathway and the cellular 
response to IFN-I that is linked to immune-related processes 
in DM [107]. Apart from IFN-related factors, RSAD2 is also 
thought to be implicated in virus response, negative regula-
tion of viral genome replication, and other processes [108].

RSAD2, the DM-related gene, is found to be significant 
in the development of myocarditis in DM. Recent advances 
in DM research focusing on myocardial damage have 
shown that upregulation of RSAD2 in the myocardium of 
patients is positively associated with M2 macrophage pro-
liferation, which has been implicated in the pathogenesis 
of DM [107, 109]. In serum exosomes from DM patients 
with myocarditis, some RSAD2 target miRNAs were also 
reported to be upregulated compared to normal controls 
[107]. Despite the achievements in elucidating the func-
tion of RSAD2 in the pathogenesis of DM, it should not 
be taken for granted that RSAD2 forms the cornerstone of 
DM, as its role in this field remains unclear. It is expected 
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Table 1   Potential roles and mechanisms of RSAD2 in autoimmune diseases

RSAD2 radical S-adenosyl methionine domain-containing 2, AGS Aicardi-Goutières syndrome, PB peripheral blood, PBMC peripheral blood 
mononuclear cell, DM dermatomyositis, M2-Mø M2 macrophage, RA rheumatoid arthritis, WB whole blood, IFN-I type I interferon, PMN poly-
morphonuclear granulocyte, IRGs IFN response genes, RTX rituximab, SLE systemic lupus erythematosus, pDC plasmacytoid dendritic cell, 
TLR Toll-like receptor, Th17 cell T helper 17 cell, Tfh cell T follicular helper cell, TRIM5 tripartite motif protein 5, SSc systemic sclerosis, WBC 
white blood cell, SSc-PAH systemic sclerosis-associated with pulmonary arterial hypertension, SS Sjögren's syndrome, pSS primary Sjögren's 
syndrome, NF-κB nuclear factor kappa B, RLR RIG-I-like receptor, MS multiple sclerosis, NPC neural precursor cell, NAbs neutralizing antibod-
ies

Disorder Species Sample Role and mechanism Ref

Systematic autoimmune diseases
  AGS Human PB As a more sensitive disease indicator than standard inflammatory markers [101]

Human PBMC Its differential methylation may correlate with phenotype, inflammation and 
disease staging

[102]

  DM Human, Mice M2-Mø May play a crucial role in the latent mechanism of myocardial injury in DM, due 
to its positive correlation with M2-Mø

[107]

Human Skeletal muscle Involved in multiple signaling pathways in DM [108]
  RA Human WB, Mø Significantly involved in the IFN-I and immune response pathway [111]

Human PBMC, PMN The increased potency to induce IRGs (including RSAD2) partially causes PMN 
the main contributor to the IFN score

[64]

Human PBMC Low expression accurately and reliably predicts better patient response to RTX 
therapy

[112]

  SLE Human PBMC Hypomethylation of the gene in Africans is linked to greater IFN genetic diversity 
compared to non-African populations

[124]

Human CD19+B Expression is correlated with disease activity [137]
Human, Mice B Shows a significantly different expression pattern across gender [140]
Human pDC Mediates TLR7/9 in IFN-I generation and its excessive activation further affects 

SLE progression
[7]

Human pDC Its proliferation is positively subject to pDC concentration to generate IFN [127]
Human Th17, Tfh Promotes the differentiation of Th17 and Tfh cells, which in turn promotes B cell 

activation
[70]

Human CD4+T, M2-Mø The expression is promoted by TRIM5 and ultimately promotes SLE autoimmun-
ity

[131]

Human CD4+T Shared among multiple autoimmune diseases as an IFN signature gene [132]
Human B, CD4+T, skin section RSAD2 shows differential expression in different diseased organs of patients and 

can perform as an instrument to differentiate patients with SLE from DM or RA
[147]

  SSc/SLE Human T, B, monocyte, WBC Affects the disease progression of SSc [152]
  SSc Human PBMC Serves as an independent risk factor for SSc-PAH and thus has the potential to be 

a therapeutic target
[153]

  SS Human Kasumi-3 Involved in cell metabolism and protein processing [158]
  pSS Human CD19+B, CD4+T Impacts on CD19+ B-cell hyperactivity via NF-κB pathway [68]

Human CD14+, pDC Promotes proinflammatory and IFN responses through the combined action of 
TLR and RLR pathways

[164]

Human Blood Can be used as a biomarker for pSS [6]
Organ-specific autoimmune diseases

  MS Mouse NPC NPCs respond to IFN-β treatment through upregulating RSAD2 [171]
Human Blood Affects the bioactivity of NAbs [172]
Human PBMC May act as an early biomarker or long-term activity predictor [173]
Human Blood Its assessment provides a more reliable, objective and early index for patients 

receiving IFN-β-1a therapy
[174]

Human Serum Associated with the prognosis for disease activity and recurrence and serves as an 
indicator of response in IFN-β-1b-treated patients

[175]

Human PBMC Its expression can be suppressed by high dilutions of serum from NAb+ patients, 
allowing sensitive detection of NAbs

[176]
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that RSAD2 could be a potential intervention in DM owing 
to its significant mechanism.

RA

The hallmark of RA is chronic inflammation, of which, 
synovial joint inflammation is a typified disease manifes-
tation, indicating that the overproduction of proinflamma-
tory cytokines and chemokines is at the core of the disease 
[110]. Notwithstanding the etiology remains unclear, a 
growing body of research suggests that RSAD2 is involved 
in the pathogenesis of RA.

Expression of RSAD2 mRNA in the peripheral blood 
of RA patients was shown to exacerbate the RA disease 
progression by modulating the IFN-I response [64]. In 
addition, several investigators have reported differential 
expression of interferon response genes (IRGs), including 
RSAD2, in all peripheral blood cell types, correspondingly 
equipped with IFN-I signaling ability [111]. PBMCs are 
considered a major ingredient that plays a critical role 
in RA by secreting IFN-I. Clinical studies have shown 
that decreased RSAD2 expressions in PBMCs are closely 
related to better clinical responses, and could prospec-
tively discriminate rituximab (RTX)-unresponsive RA 
patients [112]. Patients with RA are typically administered 
immunosuppressive treatments, including disease-modi-
fying anti-rheumatic drugs and glucocorticoids. In the 
event of treatment failure, biologics such as TNF blocking 
agents and RTX, a B-cell depletion therapy, are typically 
employed [113]. The clinical response of RTX therapy 
is related to the activation of the IFN system. The sole 
distinction between RTX responders and non-responders 
is pharmacodynamic changes in the expression of a selec-
tive group of genes all regulated by IFN-I [114]. Based 
on the premise that only IRGs have clinical relevance to 
RTX in all the genes in the human genome, a study dem-
onstrated that the IFN-score of IRGs (EPSTI1, MX1 and 
RSAD2) performed best as a predictor of RTX response 
(AUC = 0.87) [112]. Whereas 5 or 8 gene sets of IRGs 
(both including RSAD2) manifest lower predictive power 
to RTX response, which may indicate the significance of 
selecting the appropriate combination of biomarkers to 
predict disease [112]. Abundant RSAD2 expression was 
observed in RA patient polymorphonuclear granulocytes, 
which are more potent than PBMCs in inducing IRGs [64]. 
Moreover, RSAD2 is abundant in synovial macrophages, a 
central driver of cartilage destruction as well as inflamma-
tion and autoimmunity, providing insight into the patho-
genesis of RA [115, 116]. Therefore, RSAD2 may be con-
sidered a potential treatment target with clinical value for 
monitoring RA progression.

SLE

SLE is a prototypical chronic autoimmune disease involving 
multiple organ damage [117]. The complex mechanisms of 
SLE include the dysregulations of IFN-I and several cellular 
components of innate and immune responses [118, 119]. 
Although myriad SLE treatments such as immunomodula-
tors and immunosuppressants are available, current options 
may not address the complexity and heterogeneity of SLE 
[120, 121]. Therefore, better therapeutic strategies are 
urgently needed to conquer the disease.

RSAD2 plays an important role in the onset and progres-
sion of SLE by inducing increased levels of IFN-I, particu-
larly IFN-α, which is considered to be the principal patho-
genic mediator in SLE [122]. The positive feedback loop 
between IFN-I synthesis and RSAD2 expression during 
SLE onset is confirmed and well-described. Activation of 
the IFN-I signal pathway upregulated RSAD2 expression, 
which in turn triggers an increase in IFN levels and ulti-
mately exacerbates the disease severity [123, 124]. Con-
sistent with RSAD2, the lncRNA negative regulator of the 
IFN response (NRIR), which is induced by IFN-α, exhibits a 
close association with the IFN-I pathway and is located adja-
cent to RSAD2 in the genome [5, 125]. The NRIR-RSAD2 
interaction pairs are critical for the pathogenesis of SLE, 
and together they are involved in both viral infection and 
the innate immune response [125]. The expression levels 
of several ISGs, including RSAD2 and NRIR, are intimately 
related to the typical symptom of thrombocytopenia which 
regularly indicates the severity of the disease. SLE patients 
with thrombocytopenia showed lower expression levels of 
RSAD2 and NRIR than those with normal platelet counts. 
Further, compared to normal SLE patients, SLE patients 
with anemia are also found to have lower levels of RSAD2 
instead of NRIR [125].

It is well-established that pDCs are referred to as the main 
culprit for SLE due to the amplification of IFN-I it produces 
[120, 126]. RSAD2 is abundantly produced in concentrated 
suspensions of pDCs and serves as an intermediary in the 
induction of pDCs to produce IFN-I via TLR7 and TLR9, 
and its excessive activation then further affects SLE progres-
sion [7, 127].

RSAD2 activities in T cells are implicated in the devel-
opment of SLE. As critical components of the immune 
system, T lymphocytes have gained increasing recognition 
as key players in the pathogenesis of SLE, exhibiting pro-
found multifaceted aberrations defects that are intertwined 
with SLE-associated symptom severity and disease phe-
notype [128–130]. IFN-α is also involved in the regulation 
of RSAD2 expression in CD4+ T cells [70]. Additionally, 
the enhancement of TRIM5 transcriptional activity can be 
achieved by repeated viral infection, further resulting in 
the upregulation of RSAD2 that drives SLE autoimmunity. 
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Concertedly, TRIM5 transcriptional activity is inversely 
associated with naïve CD4+ T cells [131]. Recent advances 
in bioinformatics research show that gene signatures in 
CD4+ T cells reveal the therapeutic potential of RSAD2 as 
an IFN signature gene that is shared across multiple auto-
immune diseases [132]. In addition, studies have unveiled 
a fundamental role for RSAD2 in Th2 cell development by 
modulating the activities of NF-κB and AP-1 and indirectly 
promoting T cell receptor-mediated activation of GATA 
binding protein 3 (GATA3) which can inhibit viral replica-
tion in SLE [72, 132].

Epigenetic dysregulation of B cell differentiation 
is thought to be a crucial factor in SLE pathogenesis [133]. 
One study revealed that under IFN-α regulation, RSAD2 
facilitates the differentiation of Th17 and Tfh cells, which 
in turn promotes B cell activation [70]. In light of these 
findings, novel therapies aimed at inducing B-cell insensi-
tivity/tolerance are worth endeavoring. The above findings 
emphasize the importance of RSAD2 expression and the dif-
ferent roles it plays in different cell types and individuals. At 
present, SLE diagnosis and assessment may focus on clini-
cal and immunologic biomarkers [119]. To our knowledge, 
RSAD2 has the potential to be a biomarker that distinguishes 
SLE patients from those with other immune system disor-
ders and healthy individuals as RSAD2 levels in patients are 
related to the disease severity of SLE [125].

Despite the heterogeneity of SLE, over 80% of patients 
have an IFN signature and show associated transcriptional 
signatures in the blood [134, 135]. The elevated expression 
level of ISGs in SLE is directly related to disease activ-
ity, and ISGs can also serve as laboratory biomarkers to 
help manage clinical symptoms [125, 136]. Compared with 
healthy controls (HCs), RSAD2 demonstrates high expres-
sion, persistent hypomethylation and concomitant presence 
of a nine-fold transcription activity in B cells. These dis-
tinctive characteristics enable RSAD2 to differentiate itself 
from the other four-fold upregulated genes, establishing 
it as an epigenetic biomarker with the potential to inform 
future diagnosis [137, 138]. Notwithstanding its impor-
tance as a biomarker, there seems no obvious relationship 
with common inflammation-related indicators [125]. Exist-
ing research confirms phenotypic differences between eth-
nicities regarding DNA methylation [139]. There is a nega-
tive correlation between patient age and RSAD2 expression 
levels, as reflected by younger patients typically exhibiting 
a higher IFN signature [125]. It is interesting to note that 
though SLE is a female-biased disease, RSAD2 gene expres-
sion is higher in SLE males than in SLE females [140]. 
Therefore, individual-dependent differences in SLE patients, 
such as ethnicity, age, gender, etc., also need to be taken into 
consideration in the diagnosis of SLE [141, 142].

Lupus nephritis (LN)  is defined as a major cause of 
overall morbidity and mortality  in SLE  patients [135, 

143]. Receiver operating characteristic analysis showed 
the good diagnostic performance of MX dynamin-like 
GTPase 1 (MX1)-RSAD2 pair for LN (area under the curve 
(AUC) > 0.6), and their upregulation may play a molecu-
lar regulatory role in LN progression through co-regulation 
and positive correlativity with cell infiltration [144, 145]. 
Moreover, rash-related symptoms are more common in the 
majority of patients with high ISG expression [146]. Immu-
nohistochemistry results confirmed that viperin is highly 
expressed in SLE and showed differential expression in the 
kidneys, blood, and skin lesions of HCs and SLE patients 
[147]. In summary, these results demonstrate the promising 
utility of RSAD2/viperin as a new diagnostic biomarker in 
SLE.

SSc

Systemic sclerosis (SSc) is a rare fibrosing disease caused 
by an autoimmune disorder. Previous studies have une-
quivocally demonstrated that alterations in the equilibrium 
between the innate and acquired immune system, shaped 
by a predisposing genetic background are crucial for the 
initial disease process along with extrinsic variables [148, 
149]. Combinations of immunosuppressive drugs are con-
sidered the traditional treatment standards of care, and there 
is growing evidence for the use of immunosuppression to 
treat specific complications [150, 151]. Nevertheless, the 
pressing need to determine the immune-related pathogenesis 
remains, given that current therapies are not curative [150].

Hypomethylation is common at the CpG site of RSAD2 
in blood cells [152]. Different RSAD2 methylation in a sin-
gle blood cell type in SSc results in further cellular dys-
regulation [152, 153]. The methylation and overexpression 
of RSAD2 in the blood of patients exert its function in the 
immune response via the IFN-I signaling pathway, suggest-
ing its potential role as a sensitive or epigenetic blood bio-
marker [138, 152].

SSc with pulmonary arterial hypertension (SSc-PAH) is 
a complication with high mortality and few available evalu-
ation indicators [154, 155]. A recent study has revealed that 
SSc-PAH patients exhibit higher expression of RSAD2 in 
PBMCs compared to patients with SSc alone [153]. The 
upregulation of RSAD2 is involved in the IFN-I signaling 
pathway and response to viruses. The high relevance of 
RSAD2 and SSc-PAH has been well studied and RSAD2 has 
emerged as a precise therapeutic target for SSc-PAH [153].

SS

Sjögren's syndrome (SS) is an incurable multisystem auto-
immune disease that causes hypofunction of the salivary 
and lacrimal glands [156, 157]. In SS patients with autoan-
tibodies to Ro/SSA (SSRo+), a differentially expressed 
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protein-coding RNA RSAD2, is upregulated and involved 
in cell metabolism and protein processing [158]. Research-
ers delved into the intricate correlations between the IFN-
upregulated gene RSAD2 and differentially expressed lncR-
NAs in Kasumi-3 cells from 27 SSRo+ subphenotypes [158]. 
Although these findings point to the significance of RSAD2+ 
Kasumi-3 cells in the pathogenesis of SS, further work is 
required to interpret the diagnostic and therapeutic value of 
RSAD2 in SS.

In fact, there are two distinct types of SS: pSS and sec-
ondary SS. pSS is a chronic inflammatory rheumatologic 
disease that primarily affects exocrine glands, resulting in 
lymphocyte infiltration and subsequent oral and ocular dry-
ness [159]. In contrast to SS, no additional connective tis-
sue diseases occur in pSS [160]. The cardinal pathogenetic 
features of pSS lie in the abnormal lymphocyte-mediated, 
immunoglobulin-mediated and T cell-mediated hyperactiva-
tion of B cells [161, 162].

RSAD2 plays a unique role in the pathogenesis of pSS 
[163]. Mechanistically, endosomal TLR7 and the down-
stream signaling molecule RSAD2 are upregulated, and the 
latter conversely promotes TLR7-mediated pathogenic IFN-I 
production in pDCs [164]. In addition, the expression of 
RSAD2 and IFIH1 showed a strong correlation in patient 
monocytes, indicating the potential involvement of RSAD2 
in the RLR pathway [164].

RSAD2 is overexpressed in patient CD19+ B cells and 
may play a role in pSS by modulating B cell hyperactivity 
[68]. CD40-CD40L is a crucial co-stimulatory pathway for 
B cell activation. Upon CD40L stimulation, RSAD2 is upreg-
ulated in patient CD19+ B cells and activated in antiviral and 
antitumor immune responses [68, 165]. Whilst it is worth 
noting that RSAD2 appears to have a greater effect on CD19+ 
B cells, even after CD40L stimulation. Silence of RSAD2 
could downregulate the cellular activity by inhibiting the 
NF-κB pathway [60]. Analogously, a reduction in NF-κB 
DNA-binding complex activity was observed in CD4+ T 
cells lacking RSAD2 [68]. Taken together, RSAD2 might 
represent a novel therapeutic target in pSS.

MS

The most prevalent chronic inflammatory disease affecting 
the central nervous system is multiple sclerosis (MS), which 
involves several susceptible genes in addition to exposure to 
environmental factors of elusive etiology [166, 167]. How-
ever, the prognosis of MS is a multifaceted issue varying 
considerably across individuals. Herein, biomarkers emerge 
as invaluable instruments, offering advantages in clinical 
prediction and optimization of therapy [168].

IFN-β therapy (IFN-β-1a or IFN-β-1b) is one of the 
significant therapeutic strategies created specifically for 
the treatment of MS, and its efficacy and safety have been 

confirmed [169]. Since the advent of IFN-β therapy, patients 
with relapsing MS have been offered a better approach to 
alleviating relapse rates and irreversible neurological lesions 
[170]. Gene expression of RSAD2 and MX1 has been shown 
to increase in parallel following IFN-β treatment, as evi-
denced by a study of neural precursor cells expressing the 
IFN-α receptor in mouse embryos [171, 172]. Apparent 
differential expression of RSAD2 occurs at different times 
during the process with IFN-β treatment, and the changes 
are detectable early and long-lasting [173]. IFN-β exerts its 
therapeutic effects in therapy by influencing the bioactivity 
of neutralizing antibodies (NAbs) through binding to IFN-α 
receptor-induced viperin [172]. In contrast, NAbs signifi-
cantly reduce the expression of viperin and myxovirus resist-
ance protein A (MxA) and hinder the interaction between 
IFN-β and IFN-α receptors, thereby compromising the 
ability to interact and can reduce the therapeutic efficacy of 
IFN-β [174]. Evidence from both clinical and basic research 
demonstrated a relationship between RSAD2 and MxA with 
disease activity and poorer prognosis after IFN-β treatment. 
And the potency to upregulate RSAD2 of IFN-β at various 
time points is stronger than MX1, RSAD2 has thus become 
a novel in vivo biomarker for immune cell responsiveness to 
IFN-β [175, 176]. As mentioned above, viperin could func-
tion as an early clinical biomarker for IFN-β to predict its 
bioavailability and therapeutic response, which is consistent 
with the long-term need for IFN-β treatment [174].

Conclusion and Perspectives

The investigation of autoimmune diseases has undergone 
a transition from a focus on macroscopic clinical mani-
festations to a concentration on microscopic molecular 
mechanisms. To better understand the pathophysiology of 
autoimmune diseases and to identify potential diagnostic 
biomarkers and therapeutic targets, in-depth clinical and 
molecular insights are required. The potential role of RSAD2 
as a diagnostic biomarker has been demonstrated in numer-
ous autoimmune diseases. However, the challenge is that 
further research is necessary to ascertain the potential clini-
cal application value of RSAD2 in autoimmune diseases.

Previous experimental studies have investigated the 
antiviral effect of viperin, and more recently, a correla-
tion between RSAD2, lipid metabolism, and ferroptosis 
was demonstrated [93, 177]. However, a comprehensive 
immune-centered perspective is lacking to fully com-
prehend the function of RSAD2/viperin. Several studies 
indicated that RSAD2/viperin can regulate mitochondrial 
metabolism [76, 178]. Nevertheless, it is still unclear how 
exactly viperin is transported from the ER to the mito-
chondria and how it contributes to the immune metabolism 
process. The intricate connection between RSAD2/viperin, 
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mitochondrial metabolism, and autoimmune diseases is 
worthy of further investigation.

Research has demonstrated that RSAD2 is strongly linked 
to inflammatory signaling pathways and has an impact on 
cellular immune metabolism. The suppression of RSAD2 
by the use of RSAD2 siRNA resulted in the attenuation of 
the NF‑κB signaling pathway of CD19+ B cells in pSS [68]. 
Moreover, following IFN-α stimulation, the production of 
RSAD2 is enhanced in CD4+ T cells, which in turn affects 
the differentiation of Th17 and Tfh cells in SLE patients 
[70]. A growing body of evidence indicates that down-
regulation of RSAD2 and inhibition of associated signaling 
pathways may contribute to the alleviation of autoimmune 
response. For instance, a recent study demonstrated that 
CSNK1A1 (a serine/threonine protein kinase) can promote 
the autophagic degradation of STING [179]. This suggests 
that SSTC3, a selective CSNK1A1 agonist, may indirectly 
reduce the expression of ISGs such as RSAD2 by inhibiting 
STING-related signaling pathways, thereby promoting auto-
immune homeostasis [179]. Nevertheless, it is vital to recog-
nize that the precise mechanism of RSAD2 in autoimmune 
diseases, and the applications of downregulation of RSAD2 
in autoimmune diseases still require further substantiation.

In a study investigating the potential of mesenchymal 
stem cells-derived exosomes for neuropathic pain relief, 
RSAD2 was demonstrated to be downregulated by these 
exosomes [38]. This suggests that in addition to the targeted 
inhibition of the high expression of RSAD2 in immune 
cells as mentioned above, exosomes have the potential for 
RSAD2-related therapy as a cell-free therapeutic approach, 
offering the advantages of a targeted effect, minimal toxicity, 
and lower immunogenicity. In conclusion, RSAD2 offers a 
perspective on the regulation of immune homeostasis and 
autoimmune reactivity. The integration of increasingly inno-
vative targets and therapeutic strategies will bring new hope 
for the treatment of autoimmune diseases.
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