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ABSTRACT: Interferon (IFN) production is the earliest cellular immune response to a virus infection.
Interferon-stimulated genes (ISG) are induced in response to IFNs and confer an antiviral state to host
cells. There are numerous interferon effector pathways, many of which are not fully described. ISGs can
target various steps of the viral life cycle and the coordinated effect of ISGs imparts antiviral effects,
adding to complications in understanding. Many recent efforts have been focused on characterizing the
mode of action of ISGs. Insight into IFN signaling and effector pathways during RNA virus infection will
broaden the knowledge of antiviral proteins against them. We review here the current understanding of a
few ISGs and their antiviral pathways blocking various steps of RNA virus infection in humans and
animals. ISG products take part in a diverse role and further advances will expose unanticipated areas of
antiviral research and vaccine development.
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INTRODUCTION

RNA virus populations, commonly known as quasi
species due to their higher mutation rate, make them a
difficult target for antiviral drugs and vaccines. This
rapidly evolving nature of RNA viruses will bring Sensing L 7
about emerging and re-emerging  diseases, p " PRR IFN
highlighting the need to understand host-viral | 4 M
interactions further. The first line of host defense . JAK/STAT
against the virus is the innate immune response, Pathway
activated by recognizing  pathogen-associated ml v
molecular patterns (PAMP) by pattern recognition ISGs
receptors (PRRs). PAMPs are the unique molecules | - < x M
expressed by microbes, recognized by innate immune Y @ '

cells using a variety of receptors named PRRs. Virus replication

Activation of these receptors will commence Fig. 1. Interferon pathway.
downstream  signaling pathways, and finally,
cytokines, chemokines, and interferons (IFNs) are
produced, the latter of which mediates early antiviral
response. IFNs produced can transcriptionally induce
hundreds of interferon-stimulated genes (ISGs) in
surrounding cells, which can hinder viral replication
and eventually lead to viral clearance (Fig. 1) (Owen
et al., 2013). Interferons are proteins transcriptionally
induced by PRR that interfere with the production of
new viral particles.

5 IRFsmm

Type 1 interferons, major representatives are IFN-a
and IFN-B, initiate antiviral effects by binding to
specific receptors expressed by all cell types. Type |
and Il IFN are usually known for their antiviral
action, even though type 11 IFN is also recognized for
its antiviral properties (Borden et al., 2007). IFN
dimer binding to IFN receptors induces JAK/STAT
signaling pathway and finally initiates the
transcription of ISGs (Chanotra et al., 2022). Genes
turned on by IFN are called as ISGs (Owen et al.,
2013). Although the identification of hundreds of
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ISGs dates back over 35 years ago, only a few have
been characterized and described for their ability to
combat antiviral activity (Knight et al., 1979;
Schoggins et al., 2011). Overexpressed more than 380
human ISGs in human cells, which revealed the
antiviral effects of those ISGs against various viruses.
In this review, we provide an overview of our current
understanding of the role of ISGs such as 1SG-15,
Mx1, viperin, IRF-3, and IRF-7 in host antiviral
immune response, on the fact that these proteins have
proven effects against RNA viruses. We are
considering the antiviral mechanisms of these 1SGs
against disease-causing RNA viruses in humans and
animals.  Moreover, understanding the  host
mechanisms to battle virus evasion will enlighten
much-needed research on antiviral effectors.

1SG-15: ISG-15, a ubiquitin-like protein, is one of the
most strongly induced ISGs and can directly inhibit
viral replication. ISG-15 belongs to the ubiquitin
family, which comprises ubiquitin and ubiquitin-like
modifiers. These two involve cellular activities such
as intracellular trafficking, cell cycle control, protein
stability, and immune modulation. Type 1 interferons
are the primary inducer of ISG-15, and they can be
covalently conjugated to target proteins by a process
termed ISGylation or depart as an unconjugated form.
This unconjugated I1SG-15 protein can act as a
cytokine (Perng and Lenschow 2018). Desai et
al.(2006) reported that 1SG-15 can compete with
ubiquitin for the ubiquitin-binding sites of a protein,
thereby  indirectly = modulating host  protein
degradation. The precursor form of ISG-15 is a 17-
kDa protein that is proteolytically cleaved at the C
terminus, exposing an LRLRGG amino acid
sequence that can attach to lysine residues in target
proteins. Usually, ISGylation of the target protein is
carried out by an enzymatic cascade similar to
ubiquitin conjugation that includes an activating
enzyme (E1), a conjugating enzyme (E2), and a ligase
(E3). Recent research has shown the antiviral
properties of 1SG-15, which impair viral replication
by ISGylation of both host and virus proteins. A few
of those instances are discussed below.
Coxsackievirus B3 (CVB3), a common causative
agent for inflammatory cardiomyopathy in humans,
possesses a viral protease (2A pro) which can cleave
mammalian eukaryotic translation initiation factor 4G
(elF4G), results in the shutdown of cellular
translation. Studies revealed that 2APro is a substrate
for 1SG-15 conjugation, and this modification
prevents the cleavage of host elF4G during the
infection of CVB3. Furthermore,compared to ISG-15-
ablated cardiomyocytes, 1SG-15 suppressed viral copy
number and titer in CVB3-infected cardiomyocytes
(Rahnefeld et al., 2014). 1SG-15 differentially
regulates influenza A and B since the total lysine
content of the influenza B virus is 35% higher than the
influenza A virus. I1SG-15 protects the host from
mortality during influenza A virus infection by a
mechanism that is distinct from influenza B virus
infection; later, 1ISG-15 conjugation results in a drastic
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depletion of viral load in vivo. Studies revealed that
influenza A viral proteins modified by I1SG-15 have
little role in viral replication. However, they are crucial
to pathogenesis (Morales et al., 2015). Activation of
ISG-15 by the E1 activating enzyme (UbELL) is
critical for initiating ISGylation of proteins. Mice
lacking the I1SG-15 E1 enzyme were highly
susceptible to Sindbis virus infection supports its role
in the antiviral effect of 1SG-15(Giannakopoulos et
al., 2009). 1SG-15 expression inhibits Ebola virus
matrix protein VP40 ubiquitination by host ubiquitin
ligase enzyme. VP40 is crucial for viral egress.
Therefore, 1ISG-15 inhibits the budding of the Ebola
virus (Okumura et al., 2008). The effects of
ISGylation on two vector-borne RNA viruses, dengue
virus (DENV) and West Nile virus (WNV), were
investigated and revealed that these viral infections
drastically increased 1SG-15-conjugated proteins in
the infected cells. 1SG-15 silenced cells gave
significantly higher titer for DENV and WNV in
quantitative PCR, suggesting that it impedes viral
replication by altering viral or cellular proteins (Dai et
al., 2011). 1SG-15 was not detectably produced in
puppies deficient in subunit 1 of the type | IFN
receptor after chikungunya virus (CHIKV) infection,
proven I1SG-15 is expressed as a part of the IFN
response. There was no rise in CHIKV viral load in
mice lacking 1SG-15. However, a pronounced
increase in the expression of proinflammatory
cytokines was noticed, giving new insights into the
mechanism of action of 1SG-15 (Werneke et al.,
2011). Many viruses elicit countermeasures against
ISG-15, exemplified by the deconjugation of ISG-15
appears to be an approach used by coronavirus to
interfere with 1SG-15 conjugates (Gold et al., 2022).

Mx: Mx, a dominant resistance gene first identified in
mice which provided an antiviral state towards the
influenza virus (Horisberger et al., 1983). Mx proteins
are type 1 interferon-induced dynamin-like GTPases
found in most species in one to three isoforms. The
structural features of Mx protein include the GTPase
domain at N-terminal, a middle domain, and a GTPase
effector domain at the C-terminal region common to
dynamins but lacks a proline-rich domain and a
pleckstrin homology domain (Cai et al., 2013; Haller
et al., 2015). Purified Mx protein self-assembles into
ring-like & helical structures, which seems critical for
GTPase activity and recognition of viral target
proteins (Haller et al., 2007). Most mammals possess
two closely related Mx genes, similar to the human
Mx1 (MxA) and Mx2 (MxB) lineage. In infected
cells, MxA can recognize incoming VRNPs
(viral ribonucleoprotein) along with newly
synthesized NP (nucleoprotein) in the cytoplasm and
inhibits the translocation of VRNPs and NP to the
nucleus, thereby culminating in virus infection (Haller
et al., 2015). MxA has broad antiviral action towards
several  viruses such as  orthomyxoviruses,
paramyxoviruses, togaviruses, rhabdo viruses,
reoviruses, picornaviruses, and bunyavirus, but the
mechanism of action is not fully elucidated (Haller
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and Kochs, 2002).

The antiviral activity of Mx depends on where they
are located within the cell. Mx1 localizes mainly in the
nucleus and resists virus replication in the nucleus.
During influenza virus infection, the NP of the
influenza virus is the principal target for Mx and
blocks the virus's primary transcription in the nucleus
(Zimmermann et al., 2011). In contrast, Mx2 is a
cytoplasmic protein that can prevent the multiplication
of cytoplasmic viruses such as rhabdovirus and
bunyavirus. This suggests that different Mx proteins
work at different cell locations to resist viruses, which
widens its spectrum of action (Haller et al., 2007).
Human MxB targets the HIV-1 capsid immediately
after the cell entry and inhibits the integration of the
viral genome into host DNA (Goujon et al., 2013).
MxA targets vesicular stomatitis virus and
parainfluenza virus nucleocapsid and inhibits early
viral mRNA synthesis(Schwemmle et al., 1995). Rift
Valley fever virus, another member of Bunyaviridae,
is blocked by cytoplasmic rat Mx2 protein since it
replicates in the cytoplasm (Sandrock et al., 2001).
Viral hemorrhagic septicemia virus (VHSV), which
comes under the Rhabdoviridae family, causes
mortality in freshwater and marine fishes and
counteracts higher Mx gene expression by the non-
virion (NV) gene (Kim and Kim, 2012). A double-
stranded RNA virus, infectious pancreatic necrosis
virus, remarkably induces Mx transcript expression in
Atlantic halibut fish (Jensen and Robertsen 2000).
Therefore, Mx isoforms play a crucial role in antiviral
defense since they hamper viruses at various
locations, where the virus accumulates more in the
cell.

Viperin: Viperin is a well-studied antiviral effector,
also known as RSAD2 (radical S-adenosyl-L
methionine (SAM) domain-containing 2) because its
central domain is homologous to the radical S-
adenosyl-L-methionine family of enzymes. Viperin is
a typical IFN-inducible gene expressed nominally in
most cells but is significantly expressed during IFN
signaling. It is induced by two different pathways like
JAK-STAT signaling and direct activation of IRF1/3
(Indraccolo et al., 2007). Viperin is usually associated
with the endoplasmic reticulum (ER) and ER-derived
lipid droplets, which are involved in lipid metabolisms
(Schneider et al., 2014). Like other members of the
SAM superfamily of enzymes, they catalyze a wide
variety of radical-mediated reactions. However, it is
still  unknown how exactly viperin functions.
Hampering the viral transcription might be an
effective mechanism for the viperin’s mode of action.
Structural studies on the active site of viperin suggest
that its substrate may be nucleoside triphosphate
(Fenwick et al., 2017). Viperin requires an additional
protein crucial for its SAM activity: cytosolic iron-
sulfur assembly component 1 (Upadhyay et al., 2017).
It was demonstrated that viperin inhibits the budding
of the influenza virus from the plasma membrane, as it
disrupts lipid raft microdomains by inhibiting the
enzyme FPPS, the enzyme involved in the synthesis of

Lekshmi et al.,

Biological Forum — An International Journal

various isoprenoid-derived lipids (Wang et al., 2007).
Viperin significantly inhibits Enterovirus A71
(EVAT1), a major pathogen of human hand-foot-and-
mouth disease, through interacting with EVA71 2C
protein in the endoplasmic reticulum (Wei et al.,
2018). When viperins role in CHIKV replication was
investigated, mice lacking RSAD2 displayed higher
viremia and symptoms during infection compared to
wild-type mice. They identified the N-terminal
amphipathic a-helical domain of viperin as essential
for suppressing CHIKV replication. In contrast,
mutation at the SAM domain resulted in a lack of
confirmational stability, unfolding of protein leading
to loss of its antiviral action (Teng et al., 2012). A
recent study describes viperin inhibits RNA-
dependent RNA polymerase responsible for its broad-
spectrum antiviral action against RNA viruses.
Viperin catalyses the conversion of cytidine
triphosphate (CTP) to 3'-deoxy- 3’,4'-didehydro-CTP
(ddhCTP) through SAM-mediated radicals. ddhCTP
can act as a chain termination for RNA dependant
RNA polymerase, directly reducing ZIKA virus
release from Vero cells (Gizzi et al., 2018). Similarly,
RSAD is reported to restrict measles virus infection at
the stage of virus release (Kurokawa et al., 2019).

The molecular mechanism behind the inhibitory effect
of viperin seems to be more related to the virus. For
the hepatitis C virus, viperin interacts with non-
structural protein 5A (NS5A) in lipid droplets, an
essential component during viral replication. They
hypothesize that viperin may promote the degradation
of NS5A through ubiquitination similar to NS3
degradation in flavivirus (Panayiotou et al., 2018;
Ghosh et al., 2019). Similarly, overexpressed viperin
in PK-15 cells drastically reduced the viral copy
number of classical swine fever due to its interaction
with NS5A through the radical SAM domain (Xu et
al.,, 2020). Occasionally viperin interact with
structural proteins for its antiviral effect. In the case of
Newcastle disease virus (NDV), chicken viperin is
predicted to interact with matrix protein and reduces
virus replication (Shah et al., 2019). Overexpression
of viperin strongly inhibited Junin virus (JUNV),
member of Arenaviridae family and causative agent of
Argentine  hemorrhagic  fever (AHF). Two
mechanisms were described by which infectious virus
release was inhibited: mislocalization of virus
glycoprotein preventing virus assembly and altered
lipogenesis that could prevent virus budding. Even
though RSAD inhibits a number of RNA viruses,
some viruses take benefit from this antiviral host
protein. It is reported that viperin-dependent
lipogenesis will enhance infectious virion production
and envelop formation in many viruses. Viruses
possess countermeasures to overcome host immune
responses by interfering with the viperin proteins. For
example, bunyavirus non-structural protein S
counteracts the regulatory action of viperin (Lerolle et
al., 2021). In general, interaction with structural and
non-structural viral proteins as well as involvement in
lipid metabolism are the elucidated mechanisms of
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viperin’s antiviral effect.

IRF 3 and 7: During viral infection, cell-intrinsic
immune response commences by recognition of
PAMPs by the host cell leading to activation,
dimerization, nuclear transport of IFN regulatory
factor (IRF) 3/7, and in turn, IFN transcription in the
nucleus. IFN induces the death of infected cells and
prevents the spread of viral infection by activating
ISGs (Flint et al., 2020). IRF-3 and IRF-7 are the two
interferon regulatory factor family members, having
the greatest structural and functional similarity.
However, these molecules play distinct roles with a
positive feedback mechanism between the two. IRF-3
is expressed constitutively in all tissue and is neither
induced by viral infection. Unlike IRF-3, IRF-7 is
mainly induced by type 1 IFN signaling. During a
viral infection, the role of IRF-3 is primarily at the
initial stage of the IFN cascade, whereas IRF-7 plays a
crucial role in the later phase.

Constitutively expressing a fusion protein of porcine
IRF-7 and -3 strongly induced type 1 IFN and
prevented mortality in the FMD mouse model
(Ramirez-Carvajal et al., 2014). In another study, pigs
inoculated with an adenovirus vector expressing IRF-
3 and 7 gave protection from FMD without even
developing clinical signs and viremia during the
challenge (Ramirez-Carvajal et al., 2016). IRF-3 &
IRF-7 double deficient mice produced high levels of
dengue viral load in the liver compared to wild-type
mice. At the same time, single-knockout IRF3/7 mice
revealed that IRF-7 plays a slightly more critical role
than IRF-3 in restricting DENV replication (Chen et
al., 2013). In line with this, influenza A virus infection
in IRF3/7 double knockout mice resulted in the
absence of production of IFN-a and IFN-B. While the
absence of IRF-3 had a moderate effect on IFN
expression, the deletion of IRF-7 completely inhibited
IFN-a production after infection (Hatesuer et al.,
2017). In contrast, the NDV replicated better in IRF-3
KO macrophages than in IRF-7 KO macrophages.
This might explain why the secretion of type 1
interferon after IRF-3 knockout was delayed
compared to IRF-7 KO & wild-type macrophages
(Wilden et al., 2011). A unique relationship between
the antiviral protein 1SG-15 and IRF-3 was identified,
where conjugation of 1SG-15 to IRF-3 will antagonize
the ubiquitination and degradation of IRF-3. This
uncovers a novel positive feedback mechanism of the
innate immune response (Shi et al., 2010). FMD virus
leader proteinase is an interferon antagonist that
reduces host cap-dependent mMRNA translation
demonstrated to be decreasing IRF3/7 expression
(Wang et al., 2010). The FMD virus leader proteinase
is known to function as an interferon antagonist by
diminishing the translation of host cap-dependent
mRNA. This action has been shown to result in
reduced expression of IRF3/7, as demonstrated in the
study by Wang et al. (2010). Similarly, the
nucleocapsid protein (N) of the Peste des Petits
Ruminants (PPR) virus antagonizes IRF-3 to evade
the host defense mechanism. N protein interacts with
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IRF-3 to block its activation and inhibit type | IFN
production (Zhu et al., 2019). IRF3/7 can act as
positive regulators and final effectors of IFN
signaling.

CONCLUSIONS

Interferon provides early immune defense against viral
infection and imparts its action through 1SGs, the final
effectors of the interferon pathway. 1SG-15, Mx, and
viperin are the major 1SGs against RNA virus infection,
whereas IRF-3 and IRF-7 act as major regulators of
IFN signaling. Antiviral effects of interferons reveal
innate immune responses to inhibit viral infection and
may help to elucidate effective strategies to treat viral
disease.

FUTURE SCOPE

Strategies used by viruses to evade the antiviral
mechanisms are important in giving insight into the
virus-cell interaction and uncovering new antiviral
targets. Further understanding of antiviral proteins has
great potential in the area of diminishing undesirable
autoimmune responses. Last but not least, insight into
the broader role of the antiviral proteins will reveal
more interesting developments in the field of the
cellular immune response as well as virus immune
evasion strategies.

Acknowledgments: The authors thank the Director, ICAR-
Indian Veterinary Research Institute, for providing the
necessary laboratory facilities to conduct this review. The
authors were financially supported by the DBT Project
entitled Development of CRISPR-Cas9 edited BHK-21 host
cell line for enhanced growth of FMD virus
(BT/PR38226GET/119/357/2020)

Conflict of Interest. None.

REFERENCES

Borden, E. C., Sen, G. C., Uze, G., Silverman, R. H,,
Ransohoff, R. M., Foster, G. R. and Stark, G. R.
(2007). Interferons at age 50: past, current and future
impact on biomedicine. Nature Reviews Drug
Discovery, 6(12), 975-990.

Cai, K. J,, Meng, Q. L., Qiao, J., Huang, J., Zhang, Z. C,,
Wang, G. C., Wang, J. W. and Chen, C. F. (2013).
Expression of bovine Mx1 protein inhibits the
replication of foot-and-mouth disease virus in BHK-21
cells. Acta virologica, 57(4), 429-434.

Chen, H. W,, King, K., Tu, J., Sanchez, M., Luster, A. D. and
Shresta, S. (2013). The roles of IRF-3 and IRF-7 in
innate antiviral immunity against dengue virus. The
Journal of Immunology, 191(8), 4194-4201.

Dai, J., Pan, W. and Wang, P. (2011). ISG-15 facilitates
cellular antiviral response to dengue and west nile
virus infection in vitro. Virology journal, 8, 1-6.

Desai, S. D., Haas, A. L., Wood, L. M., Tsai, Y. C., Pestka,
S., Rubin, E. H., Saleem, A., Nur-E-Kamal, A. and
Liu, L. F. (2006). Elevated expression of 1SG-15 in
tumor cells interferes with the ubiquitin/26S
proteasome pathway. Cancer Research, 66(2), 921-
928.

Fenwick, M. K., Li, Y., Cresswell, P., Modis, Y. and Ealick,
S. E. (2017). Structural studies of viperin, an antiviral
radical SAM enzyme. Proceedings of the National
Academy of Sciences, 114(26), 6806-6811.

15(5): 1181-1186(2023) 1184



Flint, S. J., Racaniello, V. R., Rall, G. F., Hatziioannou, T.
and Skalka, A. M. (2020). Principles of virology,
Volume 2: pathogenesis and control. John Wiley &
Sons.

Ghosh, S., Patel, A. M., Grunkemeyer, T. J., Dumbrepatil, A.
B., Zegalia, K., Kennedy, R. T. and Marsh, E. N. G.
(2019). The Interaction of Viperin with Hepatitis C
Virus Non-Structural Protein 5A Inhibits the Catalytic
Activity of Viperin. bioRxiv, 824458.

Giannakopoulos, N. V., Arutyunova, E., Lai C., Lenschow, D.
J., Haas, A. L. and Virgin, H. W. (2009). ISG-15
Argl51 and the 1SG15-conjugating enzyme UbE1L
are important for innate immune control of Sindbis
virus. Journal of virology, 83(4),1602-1610.

Gizzi, A. S., Grove, T. L., Arnold, J. J., Jose, J., Jangra, R. K.,
Garforth, S. J., Du, Q., Cahill, S. M., Dulyaninova, N.
G., Love, J. D. and Chandran, K. (2018). A naturally
occurring antiviral ribonucleotide encoded by the
human genome. Nature, 558(7711), 610-614.

Gold, I. M., Reis, N., Glaser, F. and Glickman, M. H. (2022).
Coronaviral PLpro proteases and the
immunomodulatory roles of conjugated versus free
interferon-stimulated gene product-15 (1SG-15).
In Seminars in Cell & Developmental Biology.
Academic Press.

Goujon, C., Moncorgé, O., Bauby, H., Doyle, T., Ward, C. C.,
Schaller, T., Hué, S., Barclay, W. S., Schulz, R. and
Malim, M. H. (2013). Human Mx2 is an interferon-
induced post-entry inhibitor of HIV-1
infection. Nature, 502(7472), 559-562.

Haller, O. and Kochs, G. (2002). Interferon- induced mx
proteins: dynamin-like GTPases with antiviral
activity. Traffic, 3(10), 710-717.

Haller, O., Staeheli, P. and Kochs, G. (2007). Interferon-
induced Mx  proteins in  antiviral  host
defense. Biochemistry, 89(6-7), 812-818.

Haller, O., Staeheli, P., Schwemmle, M. and Kochs, G.
(2015). Mx GTPases: dynamin-like antiviral machines
of innate immunity. Trends in microbiology, 23(3),
154-163.

Hatesuer, B., Hoang, H. T. T., Riese, P., Trittel, S.,
Gerhauser, |., Elbahesh, H., Geffers, R., Wilk, E. and
Schughart, K. (2017). Deletion of IRF-3 and IRF-7
genes in mice results in altered interferon pathway
activation and granulocyte-dominated inflammatory
responses to influenza A infection. Journal of innate
immunity, 9(2), 145-161.

Horisberger, M. A., Staeheli, P. and Haller, O. (1983).
Interferon induces a unique protein in mouse cells
bearing a gene for resistance to the influenza
virus. Proceedings of the National Academy of
Sciences, 80(7), 1910-1914.

Indraccolo, S., Pfeffer, U., Minuzzo, S., Esposito, G., Roni,
V., Mandruzzato, S., Ferrari, N., Anfosso, L.,
Dell’Eva, R., Noonan, D. M. and Chieco-Bianchi, L.
(2007). Identification of genes selectively regulated by
IFNs in  endothelial  cells. The Journal of
Immunology, 178(2), 1122-1135.

Jensen, V. and Robertsen, B. (2000). Cloning of an Mx cDNA
from Atlantic halibut (Hippoglossus hippoglossus) and
characterization of Mx mRNA expression in response
to double-stranded RNA or infectious pancreatic
necrosis virus. Journal of Interferon & Cytokine
Research, 20(8), 701-710.

Kim, M. S. and Kim, K. H. (2012). Effects of NV gene
knockout recombinant viral hemorrhagic septicemia
virus (VHSV) on Mx gene expression in Epithelioma
papulose cyprini (EPC) cells and olive flounder

Lekshmi et al.,

Biological Forum — An International Journal

(Paralichthys olivaceus). Fish & shellfish
immunology, 32(3), 459-463.

Knight, E. Jr and Korant, B. D. (1979). Fibroblast interferon
induce synthesis of four proteins in human fibroblast
cells. Proceedings of the National Academy of
Sciences, USA, 76, 1824-1827.

Kurokawa, C., lankov, I. D. and Galanis, E. (2019). A key
antiviral protein, RSAD2/VIPERIN, restricts the
release of the measles virus from infected cells. Virus
Research, 263, 145-150.

Lerolle, S., Freitas, N., Cosset, F. L. and Legros, V. (2021).
Host cell restriction factors of Bunyaviruses and viral
countermeasures. Viruses, 13(5), 784.

Morales, D. J., Monte, K., Sun, L., Struckhoff, J. J., Agapov,
E., Holtzman, M. J., Stappenbeck, T. S. and
Lenschow, D. J. (2015). Novel mode of ISG15-
mediated protection against influenza A virus and
Sendai virus in mice. Journal of Virology, 89(1), 337-
349.

Okumura, A., Pitha, P. M. and Harty, R. N. (2008). 1SG-15
inhibits Ebola VP40 VLP budding in an L-domain-
dependent manner by blocking Nedd4 ligase
activity. Proceedings of the National Academy of
Sciences, 105(10), 3974-3979.

Owen, J. A., Punt, J., Stranford, S. A. and Jones, P. P.
(2013). Kuby immunology. New York: WH Freeman,
574.

Panayiotou, C., Lindgvist, R., Kurhade, C., Vonderstein, K.,
Pasto, J., Edlund, K., Upadhyay, A. S. and Overby, A.
K. (2018). Viperin restricts Zika virus and tick-borne
encephalitis virus replication by targeting NS3 for
proteasomal degradation. Journal of virology, 92(7),

e02054-17.
Perng, Y. C. and Lenschow, D. J. (2018). ISG-15 in antiviral
immunity and beyond. Nature Reviews

Microbiology, 16(7), 423-439.

Rahnefeld, A., Klingel, K., Schuermann, A., Diny, N. L.,
Althof, N., Lindner, A., Bleienheuft, P., Savvatis, K.,
Respondek, D., Opitz, E. and Ketscher, L. (2014).
Ubiquitin-like protein 1SG-15 (interferon-stimulated
gene of 15 kDa) in host defense against heart failure in
a mouse model of virus-induced
cardiomyopathy. Circulation, 130(18), 1589-1600.

Ramirez-Carvajal, L., Diaz-San Segundo, F., Hickman, D.,
Long, C. R., Zhu, J., Rodriguez, L. L. and de los
Santos, T. (2014). Expression of porcine fusion
protein IRF7/3 (5D) efficiently controls foot-and-
mouth  disease  virus  replication. Journal  of
virology, 88(19), 11140-11153.

Ramirez-Carvajal, L., Diaz-San Segundo, F., Ramirez-
Medina, E., Rodriguez, L. L. and de Los Santos, T.
(2016). Constitutively active IRF7/IRF3 fusion protein
completely protects swine against foot-and-mouth
disease. Journal of Virology, 90(19), 8809-8821.

Sandrock, M., Frese, M., Haller, O. and Kochs, G. (2001).
Interferon-induced rat Mx proteins confer resistance to
Rift Valley fever virus and other arthropod-borne
viruses. Journal  of Interferon &  Cytokine
Research, 21(9), 663-668.

Schneider, W. M., Chevillotte, M. D. and Rice, C. M. (2014).
Interferon-stimulated genes: a complex web of host
defenses. Annual review of immunology, 32, 513-545.

Schoggins, J. W., Wilson, S. J., Panis, M., Murphy, M. Y.,
Jones, C. T., Bieniasz, P. and Rice, C. M. (2011). A
diverse range of gene products are effectors of the
type | interferon antiviral
response. Nature, 472(7344), 481-485.

15(5): 1181-1186(2023) 1185



Schwemmle, M., Weining, K. C., Richter, M. F., Schumacher,
B. and Staeheli, P. (1995). Vesicular stomatitis virus
transcription inhibited by  purified MxA
protein. Virology, 206(1), 545-554.

Shah, M., Bharadwaj, M. S. K., Gupta, A., Kumar, R. and
Kumar, S. (2019). Chicken viperin inhibits Newcastle
disease virus infection in vitro: a possible interaction
with the viral matrix protein. Cytokine, 120, 28-40.

Shi, H. X., Yang, K., Liu, X,, Liu, X. Y., Wei, B., Shan, Y. F,,
Zhu, L. H. and Wang, C. (2010). Positive regulation of
interferon regulatory factor 3 activation by Herc5 via
ISG15  modification. Molecular  and  cellular
biology, 30(10), 2424-2436.

Suraksha Chanotra, Muzafar Ahmad Bhat, Jyoty Angotra,
Gurvinder Raj Verma and Abdul Aziz (2022). Studies
of Immune Responses in Silkworm Bombyx mori L.:
A Review. Biological Forum — An International
Journal, 14(4), 348-352.

Teng, T. S., Foo, S. S., Simamarta, D., Lum, F. M., Teo, T.
H., Lulla, A., Yeo, N. K., Koh, E. G., Chow, A, Leo
Y. S. and Merits A. (2012). Viperin restricts
chikungunya virus replication and pathology. The
Journal of clinical investigation, 122(12), 4447-4460.

Upadhyay, A. S., Stehling, O., Panayiotou, C., Résser, R.,
Lill, R. and Overby, A. K. (2017). Cellular
requirements for iron-sulfur cluster insertion into the
antiviral radical SAM protein viperin. Journal of
Biological Chemistry, 292(33), 13879-13889.

Wang, D., Fang, L., Luo, R, Ye, R., Fang Y., Xie L., Chen H.
and Xiao S. (2010). Foot-and-mouth disease virus
leader proteinase inhibits dsRNA-induced type |
interferon transcription by decreasing interferon
regulatory factor 3/7 in protein levels. Biochemical
and biophysical research communications, 399(1), 72-
78.

Wang, X., Hinson, E. R. and Cresswell, P. (2007). The
interferon-inducible protein viperin inhibits influenza
virus release by perturbing lipid rafts. Cell host &
microbe, 2(2), 96-105.

Wei, C., Zheng, C., Sun, J,, Luo, D., Tang, Y., Zhang, Y., Ke,
X., Liu Y., Zheng Z. and Wang H. (2018). Viperin
inhibits enterovirus A71 replication by interacting
with viral 2C protein. Viruses, 11(1),13.

Werneke, S. W., Schilte, C., Rohatgi, A., Monte, K. J.,
Michault, A., Arenzana-Seisdedos, F.,
Vanlandingham, D. L., Higgs, S., Fontanet, A., Albert,
M. L. and Lenschow, D. J. (2011). ISG-15 is critical in
the control of Chikungunya virus infection
independent of UbE1L mediated conjugation. PLoS
pathogens, 7(10), €1002322.

Wilden, H., Schirrmacher, V. and Fournier, P. (2011).
Important role of interferon regulatory factor (IRF)-3
in the interferon response of mouse macrophages upon
infection by Newcastle disease virus. International
journal of oncology, 39(2), 493-504.

Xu, C., Feng, L., Chen, P, Li, A, Guo, S., Jiao, X., Zhang,
C., Zhao, Y., Jin, X, Zhong, K. and Guo, Y. (2020).
Viperin inhibits classical swine fever virus replication
by interacting with viral nonstructural 5A
protein. Journal of Medical Virology, 92(2), 149-160.

Zhu, Z., Li P., Yang F., Cao W., Zhang X., Dang W., Ma X.,
Tian H., Zhang K., Zhang M. and Xue Q. (2019).
Peste des petits ruminants virus nucleocapsid protein
inhibits beta interferon production by interacting with
IRF-3 to block its activation. Journal  of
Virology, 93(16), e00362-19.

Zimmermann, P., Manz, B., Haller, O., Schwemmle, M. and
Kochs, G. (2011). The viral nucleoprotein determines
Mx sensitivity of influenza A viruses. Journal of
virology, 85(16), 8133-8140.

How to cite this article: Lekshmi J. Das, Gnanavel Venkatesan, Sindhutai Bapurao Nagargoje and Dechamma H.J. (2023).
Interferon-stimulated Antiviral Effectors Against RNA Viruses: A Review. Biological Forum — An International Journal,

15(5): 1181-1186.

Lekshmi et al.,

Biological Forum — An International Journal

15(5): 1181-1186(2023) 1186




