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Abstract: The immune system defends against invading pathogens through the rapid activation of
innate immune signaling pathways. Interferon regulatory factor 3 (IRF3) is a key transcription factor
activated in response to virus infection and is largely responsible for establishing an antiviral state
in the infected host. Studies in Irf3~/~ mice have demonstrated the absence of IRF3 imparts a high
degree of susceptibility to a wide range of viral infections. Virus infection causes the activation of
IRF3 to transcribe type-I interferon (e.g., IFNf), which is responsible for inducing the interferon-
stimulated genes (ISGs), which act at specific stages to limit virus replication. In addition to its
transcriptional function, IRF3 is also activated to trigger apoptosis of virus-infected cells, as a
mechanism to restrict virus spread within the host, in a pathway called RIG-I-like receptor-induced
IRF3 mediated pathway of apoptosis (RIPA). These dual functions of IRF3 work in concert to mediate
protective immunity against virus infection. These two pathways are activated differentially by the
posttranslational modifications (PTMs) of IRF3. Moreover, PTMs regulate not only IRF3 activation
and function, but also protein stability. Consequently, many viruses utilize viral proteins or hijack
cellular enzymes to inhibit IRF3 functions. This review will describe the PTMs that regulate IRF3's
RIPA and transcriptional activities and use coronavirus as a model virus capable of antagonizing
IRF3-mediated innate immune responses. A thorough understanding of the cellular control of IRF3
and the mechanisms that viruses use to subvert this system is critical for developing novel therapies
for virus-induced pathologies.

Keywords: IRF3; interferon; posttranslational modifications; RIPA; innate antiviral immunity; viral
antagonism; SARS-CoV-2

1. Introduction
1.1. IRF3, a Member of the Family of Interferon Regulatory Factors (IRFs)

IRF3 belongs to the interferon regulatory factor (IRF) family of transcription factors,
which consists of nine members in mammalian cells [1,2]. IRFs have diverse cellular roles,
including innate immunity, cell cycle progression, apoptosis, and tumor suppression [2,3].
These distinct functions are conferred by the activity of specific domains of the protein that
allow it to form homo and heterodimers, which interact with other transcription factors
or possess intrinsic transactivation potential [4,5]. Furthermore, the cell-type-specific ex-
pression of IRFs determines their respective function within a particular tissue [4]. Among
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the IRF family members, IRF3 and IRF7 are key regulators of innate antiviral immunity
via the induction of type-I interferons (IFN) [6]. Upon microbial infection, the cellular
innate immune sensors, the pattern recognition receptors (PRRs), located on the mem-
branes or in the cytosol, recognize the microbial components known as pathogen-associated
molecular patterns (PAMPs) [7]. The PRRs, upon binding to the PAMPs, relay the signal
to downstream adaptors, leading to the formation of protein complexes, which activate
transcription factors, e.g., IRF3, to induce the transcription of antiviral genes, such as type-I
IENs, e.g., IFNf [8]. In addition to inducing antiviral genes, IRF3 also mediates innate
immunity against virus infection by activating an antiviral, pro-apoptotic pathway [9]. IRF3
functions are regulated by posttranslational modifications (PTMs), e.g., phosphorylation,
ubiquitination, and others, which alter protein conformation to relieve autoinhibition or
allow interactions with additional binding partners. Such regulation is tightly controlled to
avoid excessive inflammation and maintain cellular immune homeostasis. Therefore, this
review will focus on the numerous PTMs that regulate IRF3 functions in the virus-infected
cells. Finally, we describe how coronaviruses, including the SARS-CoV-2, antagonize the
activation of IRF3.

1.2. IRF3: Protein Expression and Structure

Unlike other IRFs, which express cell-type-specifically or induced upon stimulations,
IRF3 is expressed ubiquitously in most cell types and tissues, regardless of activation
status [4,5]. The ubiquitous expression emphasizes the critical role IRF3 plays in innate
antiviral immunity. As protein structure determines function, it is critical to understand
the domain structure of IRF3 and how particular regions of the protein confer unique
functional activities. As a transcription factor, IRF3 contains an N-terminal DNA-binding
domain (DBD), whose homology is shared with other IRFs [4]. The DBD contains three
alpha-helices, a four-stranded (-sheet, and loops that bind a GAAA consensus motif
within the IFN-stimulated response elements (ISRE) of target genes [10]. Near the C-
terminal end, IRF3 possesses an IRF association domain (IAD), which is responsible for
its homo- and hetero-dimerization capabilities, with another monomer of IRF3 or another
IRF, respectively [4]. At the C-terminus, the presence of an autoinhibitory domain forms a
hydrophobic core to prevent dimerization and thus retain the protein in the cytosol at a
resting state [11,12]. The autoinhibitory domain is also shared with IRF7, in which IRF3
has the highest degree of homology [12]; this similarity is unsurprising, given the antiviral
role of IRF7 in immune cell subsets, such as dendritic cells. IRF3 remains inactive in the
cytosol of uninfected cells; upon stimulation of PRRs by viral nucleic acids, key residues
located in the signal response domain (RD) are phosphorylated by IKK-related kinases to
allow conformational changes that promote dimerization through the now exposed IAD
and nuclear translocation [4]. Thus, protein activity is highly dynamic, and mutation or
posttranslational modification of specific residues within each of these domains can abolish
one function without impacting a separate function of the protein. In all, the endogenous
IRF3 protein is 427 amino acids in length [4,5]. Several IRFs also exhibit splice variants,
including IRF3, whose DBD is truncated by differential splicing upon human papilloma
virus (HPV) infection [13].

2. Role of IRF3 as a Mediator of Innate Immune Responses to Viral Infection
2.1. PRRs and Associated Pathways That Lead to IRF3 Activation

The PRRs are transmembrane or cytoplasmic proteins that bind to non-self com-
ponents, e.g., the PAMPs, to activate the downstream intracellular signaling cascades
(Figure 1) [7,14]. Some of the PRRs also recognize the “danger signals” released from dam-
aged cells, known as danger-associated molecular patterns (DAMPs), that indicate changes
in homeostasis in the cell [7,14]. Among the PRRs, the Toll-like receptors (TLRs) and C-
type lectin receptors (CLRs) are transmembrane, whereas the retinoic acid-inducible gene
(RIG)-I-like receptors (RLRs), cyclic guanosine-monophosphate adenosine-monophosphate
synthase (cGAS), and NOD-like receptors (NLRs) are cytoplasmic [14-16].
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Figure 1. The transcriptional and non-transcriptional activation of IRF3 by virus-activated signaling pathways lead to
host antiviral response. The PRRs, e.g., TLR3, RIG-I, MDA-5, and cGAS, present at different cellular locations, recognize
the viral nucleic acids (RNA or DNA) upon their entry into the host cell. In the transcriptional activation of IRF3, the
PRR-mediated signaling pathways activate the downstream kinases, TBK1 and IKKe, and directly phosphorylate the
cytosolic IRF3. The phosphorylated IRF3 translocates to the nucleus to transcribe the antiviral genes, e.g., IFNf3 and ISG. In
the non-transcriptional pathway, IRF3 gets activated by ubiquitination and translocates to the mitochondria to activate the
intrinsic caspases, leading to apoptotic cell death. The transcriptional and non-transcriptional pathways of IRF3 contribute

to the overall antiviral response of the host. A dsRNA-binding protein PKR can also trigger cellular apoptosis by activating
elF2«, which inhibits protein synthesis.

TLRs are type-I transmembrane proteins that contain ectodomains comprised of
leucine-rich repeats (LRRs), which recognize the PAMPs or DAMPs [17]. TLRs also con-
tain a Toll-interleukin 1 (IL1) receptor (TIR) domain that the adaptor proteins bind to,
thus activating downstream signaling pathways [7,17]. Non-self RNAs such as viral
double-stranded RNA (dsRNA), or self-RNAs such as small interfering RNA (siRNA) or
those produced by damaged cells, serve as PAMPs and DAMPs for TLR3 [18]. Bacterial
lipopolysaccharide (LPS) is recognized by TLR4, while TLR5 recognizes bacterial flag-
ellin [18]. C-type lectin receptors are the second class of transmembrane PRRs that also
play a vital role in recognizing the viral PAMPs. Cells expressing CLRs mainly include
myeloid cells such as monocytes, macrophages, and dendritic cells [19,20]. They have long
been known for their role in anti-fungal immunity; however, studies have demonstrated
their function in virus (such as HIV-1) recognition, leading to their lysosomal degradation
or transmission [19,21,22]. Among the cytoplasmic RNA sensors, RIG-I and melanoma
differentiation-associated gene 5 (MDADS) recognize the viral RNA. These receptors con-
tain tandem domains on their N-terminus: a caspase activation and recruitment domain
(CARD) and a DExD/H-box domain. Upon RLR stimulation by viral RNA, the CARD
domains are released, leading to aggregation of the K63 polyubiquitin chains to CARD
tetramers that bind to the MAVS adaptor protein to activate downstream signaling [23-26].
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The RLRs identify features that are common to both viral genomes and replication inter-
mediates, such as 5’ triphosphate RNA, long dsRNA, etc., to distinguish between foreign
and endogenous RNA [27]. The 5'-capping of the endogenous mRNA protects them from
being recognized by RLRs [28,29].

The RLRs use MAVS (also known as IFNf3 promoter stimulator 1 (IPS-1), VISA,
CARDIF) as their adaptor protein [30-33]. TLR3 signals through the recruitment of its
adaptor TRIF, a receptor-specific adaptor molecule, whereas other TLRs use MyD88 for
signaling [30]. Recruitment of the adaptor proteins by TLR3 or RLR results in the activa-
tion of two non-canonical IkB kinases: TBK1 (TANK-binding kinase 1) and IKKe to the
adaptor protein (TRIF/MAVS/STING). These kinases directly catalyze the phosphoryla-
tion of IRF3, resulting in its transcriptional activation [34,35]. The cGAS-STING pathway
plays a major role in antiviral IFN-f3 production on recognizing pathogenic dsDNA. The
c¢GAS changes conformation to result in the production of cyclic GMP-AMP (cGAMP)
that interacts with the endoplasmic reticulum-resident protein stimulator of Interferon
genes (STING) [15,16,36]. The activated STING interacts with TBK1/IKKe to phospho-
rylate IRF3 and result in IFN-3 production. Similar to IRF3, the TLR3, RLR, and cGAS
signaling pathways also activate additional transcription factors, e.g., NF-kB and other IRFs,
e.g., IRF7 [6,14]. A recent study indicated that additional phosphorylation sites on IRF7 are
required for transcriptional activity in response to STING and MAVS signaling [37].

2.2. Transcriptional Activation of IRF3: Induction of IFN and Antiviral Genes

The recognition of viral PAMPs by the cellular PRRs, via intracellular signaling cas-
cades, activates IRF3 for its transcriptional function (Figure 1). The adaptor proteins, such
as MAVS, STING, and TRIF, are phosphorylated at a conserved pLxIS motif by kinases,
which results in the binding of IRF3 to these adaptor proteins [38]. This binding brings
IRF3 in close proximity with the kinases such as TBK1 and IKKe that are responsible for
IRF3 phosphorylation, which results in its dimerization [34,35]. Activated, dimerized IRF3
translocates to the nucleus to bind to the promoters of the target genes, e.g., the IFNB1. On
the gene promoter, the activated IRF3 recruits a complex containing the transcriptional
coactivator proteins, e.g., CREB-binding protein (CBP) and p300 [39,40]. We have shown
that the activated IRF3 requires the deacetylated (3-catenin to recruit the transcriptional
coactivators [41]. The deacetylation of (3-catenin is mediated by the cytoplasmic deacety-
lase, HDACS6 [41,42]. This complex with IRF3 is indispensable for the DNA binding activity
of IRF3 as a transcription factor [40,43]. The binding of the CBP/p300-IRF3 complex to
the DNA is mediated by a Q-rich domain present on p300, and its histone acetyltrans-
ferase (HAT) activity is an important requirement for this function [43]. The binding of
this complex results in the initiation of IFNf3 gene transcription. IFNf is a secreted cy-
tokine, which binds to its receptor IFNAR (IFN-«/ 3 receptor) expressed on the surface
of the infected or yet uninfected cells [24,44,45]. As a result, IFN signaling through the
JAK/STAT pathway activates ISGF3, which induces IFN-stimulated genes (ISGs), which
help establish an antiviral state in the infected cell by restricting specific stages of the
virus replication [24,44]. Many of these ISGs are induced directly by IRE3, without the
requirement of IFN signaling [46].

2.3. Non-Transcriptional Activation of IRF—The Pro-Apoptotic Pathway

In addition to its role in the transcription of antiviral genes, IRF3 has a transcription-
independent function in triggering apoptosis of virus-infected cells (Figure 2). We have
uncovered that IRF3, activated by the RLR signaling pathway, triggers apoptotic cell death
through the RLR-induced IRF3-mediated pathway of apoptosis (RIPA) [9]. RIPA can be
induced by the infection with RNA viruses, including Sendai virus (SeV), encephalomy-
ocarditis virus (EMCYV), or vesicular stomatitis virus (VSV), or transfection of dsRNA,
which is recognized by the RIG-I like receptors [47-50]. RIPA can also be induced by
the DNA virus (e.g., adenovirus) infection or poly(dA:dT) transfection, which activates
RIG-I via RNA Pol Il [51]. In contrast to transcriptional activation, TLR stimulation fails
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to activate IRF3's pro-apoptotic response, indicating RIPA’s specificity [49]. Thus, the
pro-apoptotic pathway is distinct from IRF3’s transcriptional pathway and is regulated
independently. Although the signaling pathways that result in the two outcomes of IRF3
activation are discrete, they do share some common features, among them the proteins
RIG-I, MAVS, TRAF3, and TBK1 (Figure 2) [49]. Alternatively, TRAF2, TRAF6, and LUBAC
were found to be dispensable for transcription but required for RIPA [48]. Activation of
IRF3 in RIPA requires its ubiquitination by LUBAC on two key lysine residues: K193 and
K313/315 [48]. This modification enables IRF3 to associate with the pro-apoptotic protein
Bax through a BH3 domain and translocate to the mitochondria to carry out the intrinsic

apoptotic cascade [49].
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Figure 2. The non-transcriptional activation of IRF3 by RIPA causes cell death. IRF3 can be activated by RNA or DNA
virus infection, which triggers RIG-I or cGAS signaling pathways. The RIG-I activation by RNA or DNA viruses can
recruit a complex by TBK1/TRAF2/TRAF6, which allows the binding of IRF3 to LUBAC. The LUBAC-mediated linear
ubiquitination of IRF3 leads to its translocation to the mitochondria and interaction with BAX. Mitochondrial translocation
of IRF3/BAX complex leads to cytochrome C release that activates the apoptotic caspases, leading to apoptotic cell death.
This pathway has been named ‘RIPA’, which can also be triggered by ethanol, CCL4, and free fatty acids, which activate the

PRR signaling pathways.

As a process that specifically targets virus-infected cells for elimination, one might
expect that RIPA benefits the host as an antiviral pathway. Early studies of RIPA uncovered
an antiviral role for IRF3-mediated apoptosis by preventing viral persistence in SeV and

hPIV3-infected cells [50]. Moreover, an in-depth investigation of the interplay between
RIPA activation and SeV replication revealed a deficiency in any fundamental component
of the apoptotic pathway predisposed cells to persistent infection [47,50]. In order to
determine the relative contribution of RIPA to prevent viral pathogenesis, SeV infection
was studied in knock-in mice expressing the S1 mutant of Irf3, which is RIPA-active but
defective in the transcriptional pathway [48]. In the absence of IRF3-mediated gene tran-
scription, the Irf35/51 mice were protected from lethal infection with SeV, demonstrating
the importance of RIPA in protection from respiratory viral pathogenesis. Of note, apop-
tosis of virus-infected cells can benefit the host or the virus, depending on circumstance.
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SeV temporally regulates RIPA by suppressing apoptosis early during infection while
later relieving the inhibition to rapidly kill the infected cell by the host to clear virus infec-
tion [50,52]. Cytomegalovirus uses viral proteins to block the activation of Bax, thereby
inhibiting apoptosis [53]. These studies indicate apoptosis may be a common target for
virus antagonism of the host antiviral response.

In addition to RIPA, IRF3 participates in RIPA-like pathways activated by STING, both
in viral and non-viral contexts. A study on human T cell leukemia virus type 1 (HTLV-1)
demonstrated the virus activates an apoptotic pathway in primary human monocytes [54].
Mechanistically, HTLV-1-induced monocyte apoptosis occurs through the STING-driven
IRF3-Bax complex, similar to RIPA. Beyond its antiviral function, IRF3-mediated apoptosis
has been implicated in mitotic cell death of non-small cell lung carcinoma cells; conse-
quently, IRF3 expression sensitized cells to the anti-mitotic agent Taxol [55]. Additional
non-viral triggers have been shown to induce the STING/IRF3/Bax apoptotic pathway,
including ethanol, CCly, and free fatty acids [56-58]. All three of these inducers contribute
to liver injury, implicating IRF3 in the development of liver disease pathology. Studies
through our work revealed that RIPA in restorative hepatic monocytes contributes to
ethanol-induced liver injury in an acute-on-chronic hepatitis model [59]. In contrast, we
further showed that the non-transcriptional RIPA activity of IRF3 plays a protective role in
high-fat diet-induced liver injury [59]. Therefore, while we have shown the activation of
IRE3-driven apoptosis in virus infections benefits the host, the role of IRF3 in liver disease
still remains somewhat unclear. Consequently, this will be a worthwhile area of research in
the future.

2.4. Regulation of Non-Transcriptional Function of IRF3

Because RIPA contributes to the antiviral activity of IRF3, it was thought that pharma-
cological activation of RIPA might be beneficial to the host. To address this, we performed
a high throughput screening of a library of FDA-approved compounds for their ability
to promote RIPA. The screen isolated a small subset of compounds that promoted the
RIPA function of IRF3 in human and mouse cells [60]. Doxorubicin, a known anticancer
drug, was found to be a strong RIPA-activating agent. The RIPA-activating function of
doxorubicin was dependent on the ERK signaling pathway. Doxorubicin was found to be
antiviral against VSV, herpes simplex virus (HSV-1), and the antiviral activity depends on
the RIPA function of IRF3. The hypothesis that small molecules can activate RIPA to exhibit
their antiviral activity was further validated using pyrvinium pamoate, another RIPA-
activating compound. Pyrvinium pamoate promoted RIPA via ERK signaling pathway and
is antiviral against VSV and HSV-1. Overall, our study is a strong foundation for future
research to identify molecules that trigger RIPA in both viral and non-viral contexts to
exhibit therapeutic activities. RIPA, triggered by SeV infection, is temporally regulated by
PI3 kinase-mediated activation of AKT to inhibit the early induction of apoptosis. The virus-
activated PI3K/AKT inhibits the degradation of XIAP, an inhibition of apoptosis. Later
in the infection, IRF3/BAX-mediated activation of intrinsic apoptotic pathway releases
the PI3K/AKT-medjiated inhibition of RIPA [52]. Therefore, pharmacological regulators of
PI3K and AKT pathways can be used to regulate RIPA. Endogenous RIPA regulators have
already been identified, highlighted by a recent study that found the p150 isoform of the
RNA-editing enzyme ADARI1 prevents sustained RIG-I activation during influenza virus
infection [61]. Interestingly, a role for IRF3-mediated apoptosis has also been described in
the study of liver diseases, suggesting the physiological role of RIPA may extend beyond
virus infection [56,62].

3. Regulation of IRF3 Functions by Posttranslational Modifications
3.1. IRF3 in Uninfected Cells
The subcellular localization of proteins controls their functions, and IRF3 is no ex-

ception. Many transcription factors, including IRFs, NF-«B, and STATs, remain in the
cytoplasm prior to activation [63]. This may be a mechanism to maintain homeostasis by
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preventing excessive production of downstream genes in the absence of a stimulus. IRF3
contains both a nuclear export signal (NES) and a nuclear localization signal (NLS) that
allow it to shuttle between the nucleus and cytoplasm [63]. However, the export of IRF3 is
dominant, resulting in a greater pool of IRF3 localized to the cytoplasm in the absence of
infection. The crystal structure of IRF3 revealed the presence of autoinhibitory domains
that keep IRF3 in an inactive conformation at a resting state [12]. Hydrophobic residues
located within the autoinhibitory domains restrict IRF3 dimerization in the absence of a
stimulus [12]. Phosphorylation of IRF3 induced by virus infection triggers a rearrangement
of the helices responsible for autoinhibition, restructuring IRF3 to allow dimerization and
expose the DNA-binding domain [12]. A study, before the crystal structure of IRF3 was
available, described the involvement of the C-terminal region located between amino acids
380—427 and an N-terminal region between amino acids 98-240 in IRF3 autoinhibition [64].

3.2. Phosphorylation of IRF3
3.2.1. Phosphorylation-Mediated Activation of IRE3

IRE3 activation involves the virus-induced recruitment of two non-canonical IkB
kinases, TBK1 (TANK-binding kinase-1) and IKKe (IKB kinase-¢), catalyzing an important
conformational change required for dimerization and translocation to the nucleus [4].
The autoinhibitory domain at the IRF3 C-terminal domain contains amino acids 380427,
which, along with the helices at the N-terminal domain, form a compact structure blocking
activation [12,65]. This structure results in the masking of certain hydrophobic residues
on the IAD, which include Leu®??, Pro®%, 11e326, Val3?, Leu®?, 11e3%, Cys371, Ala’74,
Leu®”®, Met®’8, and Ala’” distributed in the two helices (H3 and H4) that are present
in this domain [11,12]. Phosphorylation results in exposure of the IAD, which allows
its association with another IRF3 or IRF7 monomer to form a homo- or heterodimer,
respectively [12].

Phosphorylation occurs at two clusters containing seven total critical sites within its
C-terminal domain (Figure 3). Phosphorylation at cluster 1, including Ser®®® and Ser®®, is
widely accepted as essential for IRF3 dimerization [4]. Phosphorylation at cluster 2, includ-
ing sites Ser3%, Ser3%8 Ser®02 Thri%4 and Ser?®®, relieves autoinhibition and allows binding
of the coactivator CBP to facilitate further phosphorylation at site 1 [4]. Taken together, a
dual model of activation occurs among the two clusters, while no consensus on the individ-
ual roles of the C-terminal phospho-acceptor sites has been reached [66]. Among these sites,
phosphorylation at Ser®®® and Ser®® is critical for IRF3 activation [65]. Lastly, phospho-
acceptor sites Thr®*? and Ser®’ modulate the IRF3 activity. While not initially implicated
in early reported IRF3 activation, Thr?*" has been identified as a novel in vivo phosphory-
lation target that functions to promote phosphorylation at the critical TBK1-targeted site
Ser?% [67]. Phosphorylation at Ser®® is reported to play a role in achieving optimal IRF3
transactivation capacity that has been undetected by conventional methods due to lack of
sensitivity [68]. Various cellular conditions involve phosphorylation-mediated upregula-
tion of IRF3 activity. DN A-dependent protein kinase (DNA-PK) binds and phosphorylates
IRF3 at Thr!%, extending its half-life with reported greater nuclear retention and delayed
degradation by the ubiquitin-proteasome pathway [69]. The nonreceptor tyrosine kinase
c-Abl, primarily performing its role in cellular and humoral immunity, phosphorylates
IRF3 at site Tyr?*? to promote IRF3 activation achieved primarily through TBK1-mediated
phosphorylation at Ser®® [70]. This involvement in innate immunity offers complexity
to the mechanism by which loss of c-Abl kinase results in viral susceptibility [70]. A
unique example of phosphatase rather than kinase-mediated upregulation of IRF3 activity
is demonstrated by the critical tumor-suppressor phosphatase and tensin homolog (PTEN)
and its activity at IRF3 site Ser”’, ultimately driving IRF3 import into the nucleus [71].
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Figure 3. Activation of IRF3 by posttranslational modifications. Human IRF3 and its various functional domains are shown;
DBD, DNA-binding domain, IAD, IRF association domain, BH3, and Bcl2 homology domain. The amino acids that are
posttranslationally modified are indicated, and their respective enzymes catalyze these modifications.

3.2.2. Phosphorylation-Mediated Downregulation of IRF3 Activity

The phosphorylation may also result in attenuated antiviral signaling, primarily
through either blocked homodimerization or enhanced degradation of IRF3. For instance,
mammalian sterile 20-like kinase Mst1 functions as a negative regulator of IRE3 by blocking
two key components of the IRF3 activation pathway, namely promoter binding and homod-
imerization. Direct phosphorylation at Thr”> located within the DBD of IRF3 impedes its
ability to bind chromatin, presumably due to interference with its proximal Arg’® capacity
to form hydrogen bonds to nucleotides, while phosphorylation at Thr?>® disrupts the criti-
cal IRF3 homodimerization likely by electrostatic repulsion and steric hindrance [72]. As a
regulator of various cellular processes, Mstl may link cellular stress with appropriate levels
of antiviral response. Another example resulting in downregulated IRF3 activity is the
Glycogen synthase kinase 3 (GSK3)-mediated phosphorylation of IRF3 at its proline-rich
linker region including Ser!?3, Ser!”3, and Thr!® residues and the nuclear export signal,
ultimately impeding strong binding of target DNA by decreased flexibility [73]. The activ-
ity of GSK3 occurs in a manner similar to the Epstein Barr Virus BGL4 kinase-mediated
suppression of IRF3 at Ser'??, Ser'”?, and Thr!® in which decreased DNA binding ability
was observed as part of a conserved viral mechanism evolved to downregulate IRF3 sig-
naling effects [74]. Enhanced degradation of IRF3 is a mechanism by which the antiviral
response is inhibited. An example of this is phosphorylation-dependent polyubiquitination
by the peptidyl-prolyl isomerase Pinl, found to have increased expression in malignancy:.
Double-stranded RNA- induced phosphorylation of the Ser’*-Pro®*? motif is recognized
by peptidyl-prolyl isomerase Pinl through its Trp residues, catalyzing a conformational
change and ultimately leading to IRF3 polyubiquitination and proteasome-dependent
proteolysis [75]. Another mechanism by which conditions of malignancy diminish innate
immunity involves MEKK2, a kinase in macrophages involved in the process by which can-
cer cells transform the microenvironment. MEKK2-mediated disruption of innate antiviral
immunity occurs by its direct phosphorylation of IRF3 at Ser!”3, triggering IRF3 polyu-
biquitination, specifically through upregulating Lys®® (K33)-linked polyubiquitination on
the NLS motif in a non-degradative fashion [76]. The roles of both Pinl and MEKK2 in
their unique suppression of the IRF3 pathway demonstrate possible mechanisms by which
cancer cells promote greater susceptibility to viral infection. This is similarly demonstrated
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in the mechanism by which mutated PTEN is unable to employ the dephosphorylation-
induced IRF3 activation of its wildtype counterpart.

3.3. Ubiquitination of IRF3
3.3.1. Protein Ubiquitination

Protein ubiquitination, like phosphorylation, is a reversible process that regulates
protein functions [77]. Ubiquitination is catalyzed by a series of enzymes called E1, E2,
and E3, which sequentially activate, conjugate, and ligate a molecule of ubiquitin (Ub)
onto a target protein [77]. Ubiquitin itself is a small polypeptide, 76 amino acids in length,
which is attached to a target protein through the formation of an isopeptide bond between
its C-terminal glycine and the epsilon amino acid residue of the lysine within the target
protein. There are additional internal lysine residues within ubiquitin that can be linked
to other ubiquitin molecules to form a chain. The lysine residue used for chain formation
determines the functional outcome of the ubiquitination of the target protein. For instance,
K48-linked ubiquitin chains typically drive proteasomal degradation of the target, while
K63-linked chains are known for modulating the protein activity and enhancing protein—
protein interactions to facilitate signal transduction [78]. There are also other, relatively
less common ubiquitin linkages: M1, K0, K6, K11, K27, K29, or K33 [79]. The M1 linkage
involves linkage to the amino-terminal methionine of the next ubiquitin molecule, and
therefore this type of linkage is also referred to as “linear ubiquitination”; currently, the
only known E3 ligase capable of linear ubiquitination is the linear ubiquitin chain assembly
complex (LUBAC) [80]. In addition to these chains, a single moiety of ubiquitin can
be conjugated to the target protein resulting in monoubiquitinated protein [81,82]. As
a reversible posttranslational modification, ubiquitin chains can be hydrolyzed by de-
ubiquitinating enzymes (DUBs) to remove the ubiquitin chain [83]. Over 600 E3 ligases
and 90 DUBs are encoded by the human genome, indicating the importance and specificity
of this process [77,83]. Moreover, ubiquitin-mediated signaling does not act in isolation,
but rather participates in the crosstalk between different posttranslational modifications
that work together to carefully control activation and inactivation of signaling cascades.
Ubiquitin has a critical role in modulating signaling activation from all three classes of
pattern recognition receptors (PRRs): Toll-like receptors (TLRs), RIG-I-like receptors (RLRs),
and NOD-like receptors (NLRs) [77].

3.3.2. Ubiquitin-Mediated Degradation of IRF3

While IRF3 activation is key to an optimal antiviral response, excessive activity of
IRF3 can be detrimental to the host. As such, the ubiquitination of IRF3 that targets the
protein for destruction is a negative regulatory mechanism by which the body returns to
homeostasis after active infection. Moreover, many viruses trigger IRF3 degradation, which
helps facilitate viral replication [84,85]. The K48-linked ubiquitination is the Ub-linkage
commonly associated with proteasomal degradation. A large number of cellular ubiquitin
ligases carry out this function; the high number of E3 ligases available ensures specificity
in the protein substrates targeted for degradation.

One of the first reports of direct IRF3 ubiquitination mediating IRF3 degradation
describes a role for Cullinl-based E3 ligases [86]. The RING family is the largest among the
groups of E3 ligases, characterized by multi-protein complexes containing three invariable
subunits, including Cullinl. Together, the complex is named Skp, Cullin, F-box containing
complex (SCF), after its components. Following Sendai virus infection, phosphorylation of
IRF3 allows for efficient recognition by an endogenous SCF complex, which then induces
polyubiquitination to target IRF3 for the proteasome. This process helps regulate the
steady-state levels of IRF3 to finetune IRF3 activation during virus infection.

In contrast to Pinl and the unidentified Cullin 1-based ubiquitin ligase, which only
targets activated IRF3 for degradation, the ubiquitin ligase RAUL targets both resting and
activated IRF3 to regulate type I IEN levels [87]. The binding between RAUL and IRF3
is independent of its phosphorylation state, as IRF3 phosphorylation mutants retained
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their ability to bind RAUL. The direct interaction between the two proteins occurs through
the N-terminal regions of IRF3 (residues 1-128) and RAUL (residues 1-655). Both the
substrate-binding domain and the catalytic domain of RAUL were required for proteolysis
of IRF3, and the catalytically inactive RAUL mutant functioned in a dominant-negative
fashion to inhibit RAUL-dependent IRF3 ubiquitination. Importantly, both basal levels and
virus-stimulated increases in IFN-production were suppressed by RAUL activity, resulting
in enhanced viral replication in cells ectopically expressing RAUL. In all, these data support
a role for RAUL as a ubiquitin ligase targeting IRF3 for proteasomal degradation through
K48-linked ubiquitination.

Another ubiquitin ligase that negatively regulates type I IFN production during viral
infections by modification of IRF3 is the RBCC protein interacting with PKC1 (RBCK1) [88].
Like RAUL, overexpression of RBCK1 caused a reduction in IRF3 protein levels, which
was rescued by MG132, the proteasomal inhibitor. The N-terminal UBL domain (1-220) of
RBCK1 was required for interaction with IRF3. Not long after the role of RBCK1-mediated
IRF3 ubiquitination was discovered, several additional ubiquitin ligases targeting IRF3
were identified. Ro52 (TRIM21) also regulates the activity of the IFN{3 promoter down-
stream of TLR4, TLR3, and RIG-I activation [89]. Interaction with IRF3 depends upon the
C-terminal SPRY domain of Ro52, previously reported to determine the substrate specificity
of the TRIM family of proteins [90,91]. The endogenous interaction between Ro52 and IRF3
was dependent upon stimulation; no association was observed at a resting state [89]. In
addition to Ro52, TRIM26, another member of the tripartite motif (TRIM) family has been
reported to directly target IRF3 for degradation [92]. TRIM26 predominately promotes
K48-linked polyubiquitination of IRF3 at the residues K70/K87 to promote proteolysis. The
ubiquitin ligase was found to interact with IRF3 in the nucleus following TLR4 activation
and SeV infection in macrophages. This evidence suggests activated IRF3 is the target for
TRIM26-mediated ubiquitination. Additionally, the E3 ubiquitin ligase RING finger pro-
tein 26 (RNF26) stimulates the autophagic degradation of IRF3 upon overexpression [93].
Moreover, RNF26 catalyzes the polyubiquitination of IRF3's upstream adaptor STING,
which responds to cytosolic DNA-induced type I IFN. However, a direct role for RNF26 in
binding or ubiquitinating IRF3 was not observed.

A study by Lei et al. revealed a role for the transcription factor Forkhead box protein
O1 (FoxO1) as a negative regulator of virus-induced IFN{ production [94]. FoxO1 had
previously been reported to interfere with innate immune activation by inhibition of IRF7
transcriptional activity [95]. In addition, FoxO1 was also found to interact with IRF3 in the
cytosol of virus-infected cells and trigger K48-linked polyubiquitination of IRF3, promoting
its proteasomal degradation [94]. While virus infection was required for FoxOl-mediated
negative regulation of IRF3, the mRNA level of FoxO1 remained unchanged post-infection,
suggesting posttranslational control of FoxOl activity. Interestingly, a knockdown of
neither RBCK1 nor RAUL affected FoxO1-dependent IRF3 degradation, indicating FoxO1
may degrade IRF3 via an unknown E3 ligase. This study suggests FoxO1 as a novel target
for therapeutic intervention of viral diseases or IRF3-driven pathology.

The protein casitas B-lineage lymphoma (c-Cbl) is a recently identified novel ubiquitin
E3 ligase targeting IRF3 [96]. The c-Cbl is a negative regulator of receptor tyrosine kinases,
and other studies have reported its role in regulating innate immunity through suppression
of RIG-I and IRF8 [97]. While c-Cbl interacts directly with IRF3 under normal physiological
conditions, VSV infection enhances the interaction between the two proteins. The IAD of
IRF3 and the tyrosine kinase binding (TKB) domain of c-Cbl are required for the interaction.
The c-Cbl mediates K48-linked polyubiquitination of IRF3 to promote its degradation and
downregulate IFN {3 production to negatively regulate the antiviral response. IRF3 is also
degraded via proteolytic cleavage by caspase-8, activated in virus-infected cells [84]. The
caspase cleavage of IRF3 promotes its ubiquitination and proteasomal degradation. The
mutation of the caspase cleavage site inhibits IRF3 degradation.
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3.3.3. Ubiquitin-Mediated Functional Change in IRF3 Activity

In addition to promoting degradation of IRF3, ubiquitination can modulate IRF3
activity, thus regulating the antiviral response. A study by Zhang et al. reports non-
canonical Ké6-linked ubiquitination of IRF3 is indispensable for the binding of IRF3 to
gene promoters [79]. The ubiquitin-conjugating enzyme Ubc5 was found to be required
for IRF3 activation [98]. Mutation of the Ubc5 catalytic site abrogated dimerization of
IRF3, demonstrating a role for this enzyme in virus-induced IRF3 activation [98]. In
a model of autoimmune disease, K63-linked ubiquitination of IRF3 on Lys98 activated
IRF3 for its transcriptional function [99]. However, ubiquitination can also suppress IRF3
activity, as K33-linked ubiquitin chains on Lys77 inhibit IRF3 nuclear translocation [76].
This modification prevents the IRF3 association with the importin required for its entry
into the nucleus. We have shown that a linear ubiquitination-mediated posttranslational
modification of IRF3 triggers the virus-induced apoptotic pathway by RIPA [48]. Therefore,
specific ubiquitin linkage determines the functional outcomes of the targeted proteins.

3.3.4. Deubiquitination of IRF3

Ubiquitination is a reversible process, and as such, there are deubiquitinase enzymes
capable of removing the modification from IRF3. Namely, the ovarian tumor domain-
containing deubiquitinase 1 (OTUD1) removes ubiquitin linkages from IRF3 and has been
implicated in autoimmune disease as a result [99]. This enzyme directly interacts with IRF3
to catalyze the removal of K63-linked polyubiquitin chains on IRF3, thus suppressing IRF3
nuclear translocation and production of antiviral genes, including IFN{ [99]. Consequently,
OTUD1~/~ mice display an enhanced immune response against viral pathogens [99]. In
addition to K63-linked ubiquitin, OTUD1 also cleaves K6-, K11-, and K29-linked ubiquitin
chains from IRF3, although only Ké6-linkages were required for IRF3 binding to DNA [79].
Expression of OTUD1 was induced by a variety of stimuli, including VSV, herpes simplex
virus 1 (HSV-1), SeV, polyl:C (TLR3), R848 (TLR7/8), and LPS (TLR4) [79]. Moreover, an
increase in OTUD1 expression was observed upon IFNf treatment, indicating OTUD1 may
function as an ISG [79]. Collectively, these studies describe multiple roles for OTUD1 in
the negative regulation of IRF3-mediated antiviral immunity.

3.4. SUMOylation

SUMOylation is a process similar to ubiquitination in that it uses the enzymes E1, E2,
and E3 in a three-step process to conjugate SUMO, a small ubiquitin-like protein, to a spe-
cific lysine residue on the target protein [100,101]. It has been reported that virus infection
triggers the SUMOylation of mouse Irf3 on Lys!®?, resulting in the downregulation of type
T TFN production [102]. While Lys!>? is not conserved in human IRF3, others have reported
Lys® of mouse Irf3 is also targeted for SUMOylation, and this residue is conserved in
human IRF3 [103]. Under physiological conditions, the enzyme Sentrin/SUMO-specific
protease (SENP) deSUMOylates IRF3, allowing for its ubiquitination and proteasome-
mediated degradation [103]. Thus, in this scenario, crosstalk between SUMOylation and
ubiquitination influences the activation and stability of IRF3. Interestingly, SUMO expres-
sion in cells infected by members of the Rhabdoviridae family of viruses can have differential
effects, depending on the specific member of the virus family [104]. SUMO sensitizes
cells to infection by rabies virus (RABV) by inducing the SUMOylation of IRF3, thereby
preventing IRF3 activation and production of type I interferon [104]. However, SUMO
expression protects against vesicular stomatitis virus (VSV) infection by blocking primary
mRNA synthesis, thus inhibiting the production of viral proteins [104].

3.5. Glutathionylation

In addition to SUMOylation, a process called glutathionylation has also been reported
for IRF3. Glutathione is a tripeptide composed of glutamate, cysteine, and glycine residues
expressed at high levels in mammals, plants, yeast, and some bacteria [105]. Glutathionyla-
tion is a posttranslational modification in which glutathione is reversibly attached to the
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thiol group of a protein cysteine residue [106]. Glutathionylation serves as a regulatory
mechanism of protein enzymatic activity and tightly regulates cell signaling pathways
through the selective activation or inhibition of signaling proteins [107]. Essential roles
for S-glutathionylation in inflammatory disease and viral infection have also been iden-
tified [105]. For instance, innate immune signaling pathways leading to the production
of IFN are regulated by the activity of glutaredoxin 1 (GRX-1), a cytoplasmic enzyme
responsible for deglutathionylation of target proteins [108]. The transcription factor IRF3
is glutathionylated in uninfected cells, but upon infection by the Sendai virus, GRX-1
mediates the deglutathionylation of IRF3 [108]. Deglutathionylation of IRF3 is required for
its transcriptional function via recruitment and interaction with the coactivator CBP [108].

3.6. Methylation

There are several reports of direct methylation of IRF3 and other proteins involved in
the pathway for IFN{ production. Methylation involves the transfer of a methyl group
from the methyl donor S-adenosylmethionine (SAM) to a lysine or arginine residue on the
target protein; this process is catalyzed by the enzymes called methyltransferases [109].
Although methylation is generally thought of as a process that regulates gene transcrip-
tion, methylation has also been recently recognized as a regulator of other physiological
processes, including the regulation of innate immune signaling [109,110]. Wang et al. iden-
tified a mechanism by which IRF3 becomes methylated by nuclear receptor-binding SET
domain 3 (NSD3) upon viral infection [111]. Monomethylation of IRF3 occurs at Lys**® and
is required for its transcriptional activity [111]. Additional studies of IRF3 methylation will
be necessary to validate these findings and investigate the physiological relevance of IRF3
methylation in an animal model.

3.7. 1SG15ylation

Interferon stimulated gene 15 (ISG15) is another ubiquitin-like modifier protein that
is induced by type-I IEN [112]. As such, it plays an important role in regulating the
antiviral response by its conjugation to the target proteins. ISG15 exhibits about 30%
amino acid sequence homology with ubiquitin and contains two ubiquitin-like domains,
revealed by cloning and crystal structure analyses [113-115]. Both viral proteins and cellular
proteins have been identified as substrates for ISG15ylation thus far, although many of
the presumed substrates are still yet to be identified [112]. ISG15 modifications participate
in crosstalk with the ubiquitin and SUMO pathways, and many of the conjugating and
deconjugating enzymes catalyze reactions for multiple types of Ub-like modifiers [116].
Moreover, some target proteins are common to both Ub and ISG15 conjugation pathways.
For instance, UbcH8-mediated ISG15ylation of RIG-I suppresses ubiquitination by RNF125,
thus protecting RIG-I from proteasomal degradation [117]. In addition to RIG-I, several
other antiviral ISGs have been identified as ISG15 targets: PKR, MxA, and IFIT1 [118].
Furthermore, studies of ISG15-deficient mice have demonstrated ISG15 is critical for
antiviral protection [112,116]. Therefore, it is unsurprising that IRFs are also targets of
ISG15ylation. Type-I IFN induces expression of the ISG15 E3 ligase HECT domain and
RLD 5 (HERCS5) [119,120]. HERCS5 catalyzes the addition of an ISG15 group onto IRF3 to
sustain IRF3 activation by attenuating the interaction between IRF3 and Pin1 [121]. Cys?**
of the HECT domain of HERCS is required for its enzymatic activity, while the direct
interaction between HERC5 and IRF3 requires amino acids 200-360 of IRF3. ISG15ylation
occurs on residues Ly5193, Ly5360, and Lysg’66 ; mutation of these residues allows Pinl to
bind IRF3 tightly and negatively regulate type I IFN production. Therefore, this study by
Shi et al. supports a positive regulatory role for the ISG15 E3 ligase HERC5 in augmenting
innate immunity.

3.8. Acetylation

Acetylation is another posttranslational modification, which has been widely reported
to regulate gene transcription by altering histone protein structure [122,123]. However,
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in the past couple of decades, more attention has been given to the role of acetylation
in regulating the activity and stability of non-histone proteins. Enzymes called histone
acetyltransferases (HATs) are responsible for the enzymatic addition of an acetyl group from
a donor (acetyl coenzyme A) onto the € amino group of lysine in the target protein [124].
Histone deacetylases (HDACs) remove the acetyl groups, and together these two enzymes
create a balance between activation and inactivation of multiple host pathways [125]. In
fact, the IFN signaling pathway is regulated by acetylation-dependent events [126]. All
three components of the ISGF3 complex-STAT1, STAT2, and IRF9 are acetylated by CBP.
Furthermore, several members of the IRF family are acetylated by HATs within their DNA-
binding domain, which is highly conserved among IRFs and is critical for transcriptional
activation [127]. Caillaud et al. were the first to map the residues of acetylation of an IRF
family member-Lys®? of IRF7; previous studies reported acetylation of IRF1 and IRF2,
but these studies lacked identification of the residues involved [124,128]. Suhara et al.
discovered acetylation of the IRF3 holocomplex by p300 is required for DNA binding,
although monomeric IRF3 was not a substrate for HAT activity [43]. We showed that
the deacetylation of the IRF3 coactivator 3-catenin by HDACS facilitates the formation
of a stable transcription initiation complex in TLR/RLR signaling; however, acetylation
of IRF3 itself was not observed [41]. Recently, an enzyme with ubiquitous expression in
immune cells, called lysine acetyltransferase 8 (KAT8), was shown to catalyze acetylation
of IRF3 [129]. Acetylation required the MYST domain of KAT8 and occurred at Lys®°,
within IRF3’s IAD. Unlike acetylation of IRF3 by p300, which promotes DNA binding,
KATS selectively inhibited the recruitment of IRF3 to type-I IFN gene promoters, thus
serving as a brake on virus-induced IFN production.

4. Viral Antagonism of IRF3: SARS-Coronavirus-Mediated Inhibition of IRF3 Activation

Severe acute respiratory syndrome-associated coronavirus (SARS-CoV) is an en-
veloped virus with a positive-sense single-stranded RNA genome that belongs to the
family Coronaviridae [130]. It is the causative pathogen for the massive outbreak that in-
fected thousands of people and claimed hundreds of lives in 2002 [131]. The coronavirus
family is drawing attention again when a pandemic is sweeping over the entire world
caused by another member of the same family, SARS-CoV-2 [132]. There are seven viruses
within the coronavirus family known for their ability to cause severe disease in humans,
while other members of this family cause only mild effects upon infection [133].

Recognition of virus by pathogen recognition receptors (PRRs) is essential in mounting
host immune responses against viral infection. Studies in murine models have shown that
both RIG-I and MDA5-dependent signaling pathways play important roles in activating
downstream IRF3 and NF-«B in the defense against coronavirus infection [134]. While
MDAS5 is likely to recognize coronavirus replicating genome dsRNA products, RIG-I
may be activated by coronavirus replication intermediates or negative sense subgenomic
RNA [135]. It has been found that TLR3 recognition and subsequent signaling through
TRIF play an important protective role in host immune response against SARS-CoV [136].
On one hand, recognition of coronavirus nucleic acids by PRRs could initiate various
signaling pathways, activate IRF3, and induce IFN production and expression of ISGs. On
the other hand, more evidence has shown that coronavirus could suppress the host IFN
response through various mechanisms [137,138], a majority of which involve blocking the
activation of IRF3 through inhibition of its upstream effectors [139] or direct interaction
with IRF3 [140,141]. Transcriptional activation of IRF3 can be targeted by several viral
proteins produced during coronavirus infection.

4.1. Antagonism of IRF3 by SARS-CoV Structural Proteins

There are four main structural proteins, envelope (E), membrane (M), spike (S), and
nucleocapsid (N) glycoproteins, commonly produced by all known coronaviruses [142],
studies of which have revealed their roles in antagonism of IRF3 (Figure 4).
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Figure 4. SARS-coronavirus (SARS-CoV) mediated inhibition of IRF3 activation. The SARS-CoV
has various proteins that play a role in antagonizing IRF3 activation as a defense mechanism. Its
nucleocapsid (N protein) acts by inhibiting RIG-I activation, one of the major PRRs responsible for
IRF3 activation. Matrix (M) protein of SARS inhibits the activation of kinases (TBK-1, IKKe) required
to activate IRF3. Various accessory proteins (Orf 3b, 6), protease (PLpro), as well as the N protein of
the virus can antagonize the phosphorylation and activation of IRF3 itself. Even after IRF3 activation,
SARS-CoV can use several accessory proteins (8a, 8b, 3b, 6) and non-structural proteins (nsp1) or the
N-protein to block major changes, such as IRF3 dimerization or its nuclear translocation, that are
essential for IRF3 to transcribe its downstream antiviral genes successfully. Some of these activation
steps are also inhibited by MERS-CoV proteins, as shown in the cartoon.

The M (membrane) protein, also known as E1 membrane glycoprotein or matrix
protein, is the most abundant structural protein and found to interact with all other
structural proteins of coronaviruses [143]. The structural functions of M protein include
binding with the N protein to stabilize the nucleocapsid and making a viral envelope
together with E protein [143]. M protein has also been found to act as a potent IRF3
antagonist through various mechanisms. Researchers have found that SARS-CoV M protein
blocked the formation of TRAF3-TANK-TBK1/IKKe complex and, therefore, inhibits the
phosphorylation of IRF3 and production of IFN- [144]. Interestingly, a recent paper
presented the finding that M protein of SARS-CoV-2 is also capable of impeding IRF3
activation in a similar manner. SARS-CoV-2 M protein prevents the interaction between
TBK1 and TRAF and inhibits the binding between RIG-I and MAVS, MAVS, and TBK1,
thus interfering the formation of the RIG-I-MAVS-TRAF3-TBK1 multi-protein complex
and inhibiting downstream IRF3 phosphorylation [145]. It is worth noting that the M
protein of the Middle East respiratory syndrome (MERS), another member of coronavirus,
physically interacts with TRAF to disrupt the TRAF-TBK1 interaction and, therefore, blocks
the downstream activation and nuclear translocation of IRF3 as well as its binding to the
promoter sites in the nucleus [146,147].
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The nucleocapsid (N) protein is another structural protein of coronaviruses that could
also function as an IRF3 antagonist through novel mechanisms. N Protein of SARS-CoV
was shown to inhibit the activation and nuclear translocation of IRF3 induced by Poly I:.C,
a synthetic double-stranded RNA analog, and Sendai virus and is a potent antagonist of
type-I IFN. However, the N protein does not inhibit IRF3 activation induced by MAVS,
TRIF, TBK1, and IKKe. Further study demonstrated that N protein inhibits IRF3 activation
and type-I IFN production in the early PRR recognition stage of the signaling pathway,
and this is mainly achieved through binding the C terminal domain of N protein to the
pathogenic nucleic acids and shielding the nucleic acids from recognition by host cell
receptors [148]. A more recent study showed that SARS-CoV N protein also inhibits
IRF3 activation and downstream type-I IFN production through suppression of RIG-I
ubiquitination and activation. N Protein achieves this inhibition by binding its C terminus
to the TRIM25 SPRY domain and, therefore, interfering with the TRIM25-RIG-I interaction
and TRIM25 mediated RIG-I ubiquitination [149]. MERS-CoV N protein inhibits IRF3 in a
similar fashion by blocking TRIM25 interaction with RIG-I and thus downregulating RIG-I
signaling and downstream activation of IRF3 [150]. More studies need to be done to see
whether the SARS-CoV-2 N protein shares the same IRF3 antagonistic ability.

4.2. Antagonism of IRF3 by SARS-CoV Non-Structural Proteins

The papain-like protease (PLpro) is an important coronavirus enzyme that processes
viral polyproteins and promotes viral spread [141]. In 2007, Devaraj et al. demonstrated
that the SARS-CoV papain-like protease (PLpro) domain of non-structural protein-3 (nsp3)
in the viral genome can inhibit IRF3 through direct interaction to prevent IRF3 phospho-
rylation and nuclear translocation [141]. The binding of PLpro to IRF3 is mediated by its
transmembrane domain, which disrupts the interaction of IRF3 with the upstream kinase
TBK1 [141,151]. SARS-CoV PLpro and SARS-CoV-2 PLpro share a similar sequence iden-
tity; however, they possess different host substrate preferences. While SARS-CoV PLpro
preferentially targets ubiquitin chains, SARS-CoV-2 PLpro mainly cleaves the ubiquitin-like
interferon-stimulated gene 15 protein (ISG15) from IRF3 [152]. The cleavage of ISG15
from IRF3 by SARS-CoV-2 PLpro leads to the inhibition of type-I IFN responses. The
PLpro of the MERS-CoV also blocks IRF3 phosphorylation and nuclear translocation [153].
Additionally, the non-structural protein 1 (nsp1) of SARS-CoV suppresses virus-dependent
IRF3 phosphorylation and dimerization [154]. SARS-CoV-2 non-structural proteins nsp13,
nsp14, and nsp15 inhibit IFN production upon RIG-I activation and dampen IRF3 nuclear
translocation [155].

4.3. Antagonism of IRF3 by SARS-CoV Accessory Proteins

Accessory viral proteins possess activities that are not essential to viral replication
but play roles in pathogenesis. The number, location, and size of accessory proteins could
vary among different coronaviruses [156]. There are eight identified accessory proteins
(3a, 3b, 6, 7a, 7b, 8a, 8b, and 9b) in SARS-CoV [157] and nine accessory proteins (3a, 3b,
6,7a,7b, 8, 9b, 9¢, and 10) in SARS-CoV-2 [156]. Studies on the accessory proteins have
provided increasing evidence that several of them could act as IRF3 antagonists. SARS-CoV
open reading frames (Orf) 3b and 6 affect several steps of IRF3 activation, including IRF3
phosphorylation, nuclear translocation, and promoter binding [158]. SARS-CoV-2 Orf6 was
shown to block IRF3 activation and nuclear translocation with its overexpression inhibiting
RIG-I-like signaling pathways. Additionally, both SARS-CoV Orf6 and SARS-CoV-2 Orf6
showed similar attenuative effects on MAVS and IRF3-induced IFN-f-promoter activation
via the C-terminus, which is critical for their antagonistic activity [159]. A 2017 study
found that SARS-CoV accessory proteins 8b and 8ab physically interact with IRF3. In
addition, the study showed that overexpression of 8b and 8ab decreases the dimerization
of IRF3 and downstream type-I IFN production in Poly I:C treated cells. Moreover, it was
discovered that proteins 8b and 8ab of SARS-CoV induce rapid degradation of IRF3 in a
ubiquitin-dependent manner [140].
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5. Clinical Implications of IRF3 Activation and Therapeutic Applications

The physiological relevance of IRF3 functions has primarily been evaluated using the
knockout mice. The Irf3~/~ mice are susceptible to a number of viral pathogens [48,160-162].
Similarly, the clinical relevance of IRF3 functions has been studied using genetic anal-
yses of inborn errors in humans [163,164]. A heterozygous mutation of IRF3 (R258Q)
in a patient is associated with functional IRF3 deficiencies that led to herpes simplex
encephalitis [165,166]. These genetic analyses further strengthened the biochemical role of
the positively-charged residue of IRF3 in its transcriptional activation [37]. A recent study
suggested that an inborn error in the IRF3 gene is also associated with the susceptibility to
SARS-CoV-2 infection [167]. The functional deficiency in IRF3 has also been evaluated in
patients with mutations in proteins that activate IRF3. Patients with mutations in TLR3
have been shown to be associated with HSE [165], COVID-19 [168], and influenza pneu-
monitis [169]. Similarly, defects in RIG-I and RNA polymerase III are associated with the
susceptibility to VZV [170] and IAV [171] infection. Deficiency in IRF7, which is activated
similar to IRF3, has also been connected with the susceptibility to SARS-CoV-2 [168] and
IAV [172] infections in humans.

Because IRF3 activation pathways are critical in human diseases, small molecule
regulators of these pathways have been evaluated for potential therapeutic applications. A
small molecule, CG-18, triggers the formation of IFN3-enhanceosome by activating IRF3,
NF-«B, and ATF2/c-Jun [173]. Small molecule activators of the RLR-IRF3 transcriptional
pathway exhibit antiviral activities against many viruses, e.g., the flaviviruses (West Nile
virus, dengue virus, hepatitis C virus), Ebola virus, IAV, Lassa virus, respiratory syncytial
virus, and Nipah virus [174,175]. Activators of the RIG-I/IRF3 signaling pathway by
a small molecule F7 or poly-U/UC PAMP lead to the suppression of covalently closed
circular DNA formation by hepatitis B virus [176]. A small-molecule agonist of IRF3 has
been shown to function as an influenza vaccine adjuvant by modulating the innate antiviral
response [177]. In addition to the transcriptional activators of IRF3, we recently showed
that the activation of the pro-apoptotic pathway of IRF3 also leads to cellular antiviral
effects [60]. Therefore, therapeutic agents that activate IRF3 may be potential candidates
for future antiviral drugs.

6. Conclusions

Posttranslational modifications of IRF3 by cellular and viral proteins are critical for
the outcome of the host-virus interaction. Whether inactive IRF3 is also posttranslation-
ally modified to regulate the cellular homeostasis is not clear. The discovery of non-
transcriptional functions for IRF3 opens up new research areas to investigate the roles of
IRFs in non-viral models. Whether other IRFs also exhibit non-transcriptional activities
would be a potential future research direction. During the current state of the COVID-19
pandemic, the significance of non-transcriptional IRF3 remains to be determined. Because
viruses, e.g., SARS-CoV-2, rapidly inhibit the transcriptional functions, ways to divert
pools of IRF3 towards RIPA may provide new therapeutic alternatives. The drug screening
may provide options to activate IRF3 in one pathway and not another to contribute to the
overall antiviral response. The COVID-19 patients should be carefully examined for RIPA
signatures in the early phases and sites of infection. The use of RIPA-promoters or caspase-
activators may be an alternative therapeutic strategy. Given some autophagy inhibitors
block SARS-CoV-2 replication [178], it is intriguing to speculate that these agents may block
virus replication by promoting the apoptotic pathways. Because viruses and hosts have
co-evolved, the viruses are beginning to turn to the RIPA-side of IRF3, as recently shown
by Hardy et al. [179]. Whether such tug-of-war is applicable to SARS-CoV-2 will require
in-depth investigation.
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