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Abstract

Most cells respond to viral infections by activating innate immune pathways
that lead to the induction of antiviral restriction factors. One such factor,
viperin, was discovered almost two decades ago based on its induction dur-
ing viral infection. Since then, viperin has been shown to possess activity
against numerous viruses via multiple proposed mechanisms.Most recently,
however, viperin was demonstrated to catalyze the conversion of cytidine
triphosphate (CTP) to 3′-deoxy-3′,4′-didehydro-CTP (ddhCTP), a previ-
ously unknown ribonucleotide. Incorporation of ddhCTP causes premature
termination of RNA synthesis by the RNA-dependent RNA polymerase
of some viruses. To date, production of ddhCTP by viperin represents the
only activity of viperin that links its enzymatic activity directly to an antivi-
ral mechanism in human cells. This review examines the multiple antiviral
mechanisms and biological functions attributed to viperin.
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1. INTRODUCTION

Viruses are ubiquitous in nature. They can be found freely disseminated in nearly every ecosystem
and in intimate association with the cells they infect and require for replication. The multicellu-
larity of higher metazoans required them to develop mechanisms that protect all cells within the
whole organism. Most eukaryotic host cells possess the machinery to detect invading viruses by
recognizing different viral molecular signatures as nonself. These cellular pathways are critical
not only for determining the fate of the infected cell but also for communicating the presence of
localized infection to surrounding cells, so as to prepare for the onslaught of subsequent infections
with progeny viruses. The high degree of diversity within the virome requires cells to possess a
variety of such sensors that span the repertoire of viral species. Nonetheless, production of virus-
specific antiviral effectors by the host cell is genetically expensive, energetically demanding, and
time-consuming, as exemplified by the adaptive immune responses.

Viral recognition by many of these sensing mechanisms ultimately converges into the shared
and remarkably effective pathways that form the basis of innate immunity. The interferon (IFN)
system, named for its ability to interfere with viral replication, is one such broad cellular response
against microbes.This system is present in essentially all nucleated mammalian cells and,when ac-
tivated, results in the induction of hundreds of interferon-stimulated genes (ISGs), many of which
possess direct antiviral properties. First identified almost 20 years ago, viperin is one such IFN-
inducible protein that can interfere with the replication of diverse viruses. Its homology to FE-S
cluster–containing enzymes along with the multiple hypothesized mechanisms associated with its
antiviral activity has confounded the field ever since its discovery. Despite the high conservation
of viperin throughout evolution and its undoubtedly important role as an antiviral effector, a solid
molecular basis for its antiviral activity had been lacking until recently. The recent demonstra-
tion that the enzymatic activity of viperin generates an antiviral ribonucleotide that can act as a
chain terminator of viral RNA synthesis by some viral polymerases has provided a mechanism for
the antiviral action of viperin (1) and perhaps will contribute to the establishment of a partially
unifying mechanism for the viperin-mediated inhibition of virus multiplication. The goals of this
review are to describe the reported roles of viperin as an IFN-inducible antiviral protein and to
interpret the many previously postulated antiviral mechanisms of viperin in the context of this
newly recognized enzymatic activity.

2. VIPERIN AS A CELLULAR PROTEIN

2.1. Discovery of Viperin

Viperin was initially identified in 1997 using differential display PCR while searching for tran-
scripts that accumulate in fibroblasts infected with human cytomegalovirus (HCMV) (2). Accu-
mulation of these transcripts, named cytomegalovirus inducible gene 5 (cig5) and cig33, depended on
viral entry but not on viral replication, suggesting the involvement of an IFN response induced
by a molecular signature present in the virions. Subsequently, these two complementary DNA
fragments were shown to correspond to a single transcript, which was cloned as an IFN-inducible
gene in human macrophages (3). The full human transcript encodes a 361-amino acid protein of
about 42 kDa in size that is homologous to BEST5, an IFN-inducible protein expressed during rat
osteoblast differentiation (4), and to Vig-1, the fish ortholog found to be induced in rhabdovirus-
infected rainbow trout leukocytes (5). The murine ortholog, mvig, had also been found to
be induced by vesicular stomatitis virus (VSV) and pseudorabies virus in mouse splenocytes
(6).

The induction of the cig5 transcripts upon IFN treatment suggested antiviral properties, which
were demonstrated by diminished HCMV replication in cells constitutively expressing cig5 (3).
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These features, along with its intracellular localization to the endoplasmic reticulum (ER), re-
sulted in the renaming of this restriction factor to viperin for virus inhibitory protein, endoplasmic
reticulum associated, interferon inducible (3). Nonetheless, differences in the intracellular local-
ization of viperin between cell types and in different contexts have shed light on other cellular
roles for this enigmatic protein. Since its discovery, functional viperin orthologs have been identi-
fied in both invertebrates, such as mollusks (7) and lancelets (8), and vertebrate species including
fish (9), birds (10), and reptiles (11).These comparative studies demonstrate that viperin-mediated
antiviral activity is an ancient and conserved response against viral infections. Based on these stud-
ies, viperin is one of the most well-studied ISGs due to its potency and broad-spectrum antiviral
activity across taxa.

2.2. Genetics and Cellular Features of Viperin

In humans, the VIPERIN/RSAD2 gene is located in the short arm of chromosome 2 and found ad-
jacent to and inverted with respect to the CMPK2 gene, which encodes cytidylate monophosphate
kinase 2 (CMPK2) (Figure 1a). This genomic organization is present in all vertebrates, but both
genes can be found to be fused in some lower organisms (1, 8). The CMPK2 gene encodes for a
nucleoside kinase, which localizes to the mitochondria (12) and preferentially phosphorylates cy-
tidine diphosphate (CDP) and uridine diphosphate (UDP) to yield their triphosphorylated forms
cytidine triphosphate (CTP) and uridine triphosphate (UTP), respectively (1). Both viperin and
CMPK2 are cotranscribed upon induction of IFN signaling (13, 14), consistent with their func-
tional cooperation, as is discussed further in Section 3 (1). The basal and IFN-induced expression
of both viperin and CMPK2 is negatively regulated by a multi-exonic nuclear-localized long non-
coding RNA (lncRNA) known as lncRNA-CMPK2. This lncRNA was identified based on its
IFN-dependent induction and named after the protein-coding CMPK2 gene (13) (Figure 1a).
While the precise mechanism for lncRNA-CMPK2-mediated regulation of viperin and CMPK2
levels remains unknown, it functions at the transcriptional level without altering the stability of
the target messenger RNAs (mRNAs) (13).

Sequence analyses of eukaryotic viperin have suggested three distinct domains that relate to
its function (Figure 1b). The first 70 amino acids of human viperin constitute the N-terminal
domain; this is the least conserved region when sequences from mammals and fish are compared.
This domain contains a leucine zipper motif and was initially hypothesized to facilitate protein-
protein interactions (3), but evidence for the functionality of this domain in such events remains to
be elucidated. It was later demonstrated that the first 42 amino acid residues harbor an amphipathic
α-helix that is both necessary and sufficient to localize viperin to the cytosolic face of the ER
and to lipid droplets (LDs) (15, 16). Amphipathic α-helices are characterized by the presence
of a polar cytosolic-exposed side and a hydrophobic side that dips into the hydrophobic phase
of cellular membranes and induces curvature. Accordingly, overexpression of viperin has been
shown to induce dramatic distortions in ER morphology and to inhibit the secretion of soluble
proteins that originate from this organelle (16, 17). The localization of viperin to LDs has been
associated with its ability to bind to viral proteins during infection and to associate with innate
immune signaling components and enhance type I IFN synthesis (18–20). As we discuss later in
Section 4.3, the N-terminal amphipathic α-helix is critical for many of the antiviral properties
of viperin, likely due to its essential role in determining intracellular localization. Additionally,
viperin has been localized to mitochondria in cells of brown adipose tissue (21) and transiently
during HCMV infection in human foreskin fibroblasts, where it regulates β-oxidation of fatty
acids and energy production (22, 23).

The central domain of viperin (residues 71–182,human numbering) displays significant homol-
ogy to the MoaA/NifB/PQQEmotif present in the radical S-adenosyl-L-methionine superfamily
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Figure 1

Molecular and biochemical properties of viperin. (a) Genetic organization of VIPERIN. The VIPERIN gene is located in the short arm
of chromosome 2 and found adjacent to and inverted with respect to CMPK2. The gene lncRNA-CMPK2 is located adjacent to CMPK2
and acts as a negative regulator for CMPK2 levels. (b) Previously described domains of the viperin protein. The three predicted
domains of viperin and their reported roles are shown. (c) Production of ddhCTP. The mitochondrial kinase CMPK2 catalyzes the
phosphorylation of CDP to produce CTP, which can then be used as a substrate by viperin to produce ddhCTP. For a detailed
mechanistic proposal for viperin catalysis, see Reference 1. (d) Crystal structure of mouse viperin in complex with SAH and its substrate
CTP showing the RS and C-terminal domains are not isolable (6Q2P). Abbreviations: CDP, cytidine diphosphate; CIA, cytosolic
iron-sulfur protein assembly; CTP, cytidine triphosphate; ddhCTP, 3′-deoxy-3′,4′-didehydro-cytidine triphosphate; DENV-2, dengue
virus serotype-2; ER, endoplasmic reticulum; HCV, hepatitis C virus; LD, lipid droplet; RS, radical S-adenosyl-L-methionine; SAH,
S-adenosylhomocysteine; SAM, S-adenosyl-L-methionine; ZIKV, Zika virus.
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of enzymes (3, 5). This motif gives viperin the alternate name of radical S-adenosyl-L-methionine
(SAM) domain-containing 2 (RSAD2). Radical SAM (RS) enzymes are broadly distributed in all
kingdoms of life and are characterized by the presence of an almost invariant RS motif, CX3CX2C
(residues 83–90) and the use of SAM as a cofactor. The three conserved cysteine residues coordi-
nate a redox-active [4Fe-4S] cluster. Despite the recognition of this motif since the discovery of
viperin, it was not until almost a decade later that biochemical evidence demonstrated RS activity
(24, 25). Furthermore, the role of the Fe-S cluster in viperin-mediated catalysis was only recently
described (1, 26). The RS motif is important for its antiviral action against multiple viruses, for
regulation of fatty acid metabolism and other cellular functions, and for its enzymatic activity,
which is discussed in more detail in Section 4. It also has been suggested to contribute to the
stability and folding of the tertiary structure of viperin (26, 27).

Lastly, a defined role for the C-terminal domain remains to be described, but it appears to be
important for its antiviral functions against members of the Flaviviridae (19, 20, 28). This domain
is highly conserved in evolution and necessary for the interaction of viperin with the cytosolic
Fe-S protein assembly factor cytosolic iron-sulfur protein assembly factor CIAO1, which is
thought to facilitate capacity of viperin to bind iron (29).

2.3. Defining Viperin’s Structure and Substrate

The crystal structure of mouse viperin revealed how the central andC-terminal domains of viperin
combine to yield an active antiviral protein (26). Most previous studies assumed that the central
and C-terminal domains of viperin operated independently. However, the structure of viperin
demonstrates that these domains form a partial α6β6 triosephosphate isomerase (TIM) barrel that
harbors the active site [4Fe-4S] cluster, anchored by the RS motif. Importantly, this structure
showed that these domains cannot be separated to form stable, isolable products. Like all other
members of the RS superfamily, the [4Fe-4S] cluster anchors the SAM cofactor to facilitate gener-
ation of the highly reactive 5′-deoxy-5′-adenosyl radical (5′dA �). In the structural report by Fen-
wick and colleagues (26), it was noted that viperin displays structural similarity to the RS protein
MoaA, a radical SAM enzyme that catalyzes the conversion of guanosine triphosphate (GTP) to
(8S)-3′,8-cyclo-7,8-dihydroguanosine-5′-triphosphate involved in molybdenum cofactor biosyn-
thesis (30, 31). Based on its structure, it was proposed that viperin might modify nucleotides or
polyphosphate-containing molecules.

Subsequently,Gizzi et al. (1) reported the biochemical characterization of viperin as a 3′-deoxy-
3′,4′-didehydro-cytidine triphosphate (ddhNTP) synthase that mediates the conversion of CTP
to 3′-deoxy-3′,4′-didehydro-CTP (ddhCTP) (Figure 1c). This discovery was made by the sim-
ple, yet elegant, strategy of searching for viperin homologs that exist as gene fusions with other
biochemically characterized species. This approach led to the identification of a fusion protein
from the bacterium Lacinutrix mariniflava containing an N terminus with a predicted cytidylate
monophosphate kinase—highly similar to human CMPK2—fused at its C terminus to a coding
sequence with high homology to human viperin (32). Human CMPK2 catalyzes the conversion
of CDP to CTP, indicating that CTP or a related nucleotide could be a substrate for viperin
(Figure 1c). By screening a diverse set of nucleotides and deoxynucleotides, CTP was confirmed
to be the substrate of viperin and further validated by showing direct deuterium transfer from the
4′-position of CTP to the 5′-position of 5′-dA—a hallmark of substrate-dependent catalysis by
RS enzymes (33). The structure of ddhCTP was confirmed by two-dimensional nuclear magnetic
resonance (NMR) techniques, correlation spectroscopy and heteronuclear single-quantum corre-
lation, as well as 31P NMR. Interestingly, one would predict ddhCTP to be an unstable molecule
due to the proximity of the double bond to the ribose ether. Contrary to this expectation, however,
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ddhCTP is in fact stable for more than a week in aqueous buffer at pH 7.5 and room temperature.
Consistent with available data, a provisional mechanism for the viperin-catalyzed reaction was
proposed to begin with homolytic cleavage of SAM to generate the 5′-dA �, which is typical of RS
enzymes, followed by radical abstraction of a hydrogen atom from the 4′-position of the ribose of
CTP. Similar to the situation observed in ribonucleotide reductase chemistry (34), the position-
ing of the 4′-radical would allow for loss of the 3′-hydroxyl group with general acid assistance.
The resulting resonance-stabilized radical cation could then be reduced by one electron to yield
ddhCTP (Figure 1c). The source of the electron in the last step is currently unclear; however,
ketyl radicals are potent oxidants with potentials in the range of +2 V,making this step thermody-
namically favorable (35). Similar to other RS enzyme reactions, the electron could be derived from
a reduced Fe-S cluster, a prediction that would require viperin to utilize two electrons to complete
each turnover: one to generate the 5′-dA � and another to reduce the penultimate product (36–38).
A recent publication from the Ealick lab (39) used crystallography to show that, indeed, viperin
selectively binds CTP, and its 4′-hydrogen atom is optimally oriented to react with the 5′-dA �

during viperin catalysis (6Q2P in Figure 1d).

2.4. Viperin-Like Enzymes

The primary sequence of viperin is highly conserved in eukaryotic species.However, there is clear
sequence divergence between mammalian viperins and distant viperin-like proteins, such as those
from nonchordate eukaryotes or more distantly related proteins from bacteria and archaea. A
major question is do these distant viperin-like proteins possess biochemical activities and perform
biological functions similar to the mammalian viperins? Initial examination of several viperin-
like proteins from nonmammalian species suggested that these proteins may carry out divergent
chemistry unrelated to ddhNTP synthase activities.Honarmand Ebrahimi et al. (40) reported that
the viperin-related protein from the thermophilic fungus Thielavia terrestris can couple the 5′-dA
moiety of SAM to a UDP-glucose substrate in vitro, suggesting that viperin may be conjugating
these two compounds. However, complete elucidation of the reaction product was not conducted.
Shortly thereafter, Chakravarti and colleagues (41) reported that the viperin-like proteins from
the fungus Trichoderma virens and the archaea Methanogenium limitans are similarly capable of
coupling the 5′-dAmoiety of SAM to isopentenyl pyrophosphate (IPP) (41).However,Chakravarti
et al. (41) also confirmed the ability of these enzymes to convert CTP to ddhCTP, as had been
previously reported by Gizzi et al. (1) for the mammalian viperin. Whether IPP is a biological
substrate of viperin and the functional consequences of its conversion to its adenylated form,AIPP,
remain to be elucidated.

A recent comprehensive study of viperin-like proteins clarified some of these discrepancies
in substrate specificity. Viperin homologs from the fungus T. virens, the cnidarian Nematostella
vectensis, the bacteria Lacinutrix mariniflava and Shewanella baltica, and the archaeaMethanogenium
limitans were shown to catalyze the ddhNTP synthase reaction, albeit with varying yet highly se-
lective nucleotide triphosphate discernment (A.S. Gizzi, S.C. Almo & T.L. Grove, unpublished
article). Structural characterization of viperin for both the T. virens with SAM and UTP and the
N. vectensis protein with SAM and CTP showed that these enzymes bind to their respective sub-
strates in a similar fashion as murine viperin (39). This report also identifies a highly conserved
N�HX4CX3CX2C sequence motif (where � represents Trp, Tyr, or Phe and X represents any
amino acid) containing the catalytic machinery responsible for the ddhNTP synthase activity. To-
gether, these results clarified the activity of viperin and viperin-like proteins and demonstrated the
evolutionary conservation of the ddhNTP synthase activity and the likely broader phylogenetic
role of viperin in innate immunity.

426 Rivera-Serrano et al.

A
nn

u.
 R

ev
. V

ir
ol

. 2
02

0.
7:

42
1-

44
6.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
99

.1
73

.1
35

.3
2 

on
 1

0/
06

/2
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



3. INDUCTION OF VIPERIN DURING VIRAL INFECTIONS

Initially identified as an IFN-inducible gene, the regulation of viperin expression follows both
expected and unexpected patterns based on magnitude, kinetics of induction, and dependence
on IFN signaling (Figure 2). Additionally, viperin has been shown to be constitutively expressed
at high levels in some tissues such as the liver, the heart, adipose tissue, and some immune cells
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Figure 2 (Figure appears on preceding page)

IFN-dependent and -independent pathways leading to induction of viperin upon viral infection. (a) Upon viral infection, sensing of
viral nucleic acids by PRRs leads to the activation of downstream signaling factors that result in the induction of IFNs and, in some
cases, viperin. The induction of IFN-β can occur to one of several mechanisms, including those dependent on endosomal TLRs and
mitochondrial MAVS, that culminate in the activation of the transcription factors IRF3 and IRF7 that bind to the IFNB promoter and
induce its expression. The direct induction of viperin can occur through peroxisomal MAVS and downstream activation of IRF1 or by
IRF3. Viperin itself can increase IFNB induction by promoting TRAF6-dependent ubiquitination of IRAK1 and phosphorylation of
IRF7. IFN-β is secreted and signals both in autocrine and paracrine manners upon binding to its receptor. Downstream activation of
the Jak-STAT pathway results in the formation of the heterotrimeric complex ISGF3, which translocates to the nucleus and binds to
the promoter of ISGs, including that of viperin, and other IFNs. The transcription factor PRDI-BF1 can act as a negative regulator by
competing with ISGF3 for promoter binding. Additionally, IFN-γ secreted primarily by immune cells can activate IRF1 and directly
induce viperin expression. (b) In binding of transcription factors to the VIPERIN promoter, the promoter contains two adjacent ISRE
sites immediately upstream of the TSS for ISGF3 complex binding. The transcription factor IRF3 can directly bind to the ISREs and
also to an upstream sequence. Activation of IRF1 by either IFN-γ signaling or peroxisomal MAVS can bind to two IRF-binding
elements, IRF-E #2 and #3. A further upstream IRF-E sequence exists but does not appear to be involved in IRF1 binding.
Abbreviations: AP-1, activator protein 1; IFN, interferon; IRAK1, interleukin-1 receptor-associated kinase 1; IRF, interferon regulatory
factor; IRF-E, interferon regulatory factor element; ISGF3, interferon-stimulated gene factor 3; ISRE, interferon-stimulated response
element; Jak-STAT, Janus kinase signal transducer and activator of transcription protein; MAVS, mitochondrial antiviral signaling; P,
phosphorylated; PRDI-BF1, positive regulatory domain I binding factor 1; PRR, pattern recognition receptor; RLR, retinoic
acid-inducible gene I (RIG-I)-like receptor; STAT, signal transducer and activator of transcription protein; TLR, Toll-like receptor;
TRAF6, tumor necrosis factor receptor–associated factor 6; TSS, transcription start site.

(21, 42).Discovery and characterization of novel components of the innate immunity will continue
to provide insights into the mechanisms that contribute to the temporal and spatial regulation of
viperin expression.

3.1. Interferon-Dependent Induction of Viperin

As a classic IFN-inducible gene, viperin is expressed only minimally in most cells but is greatly
induced upon IFN signaling (Figure 2a). In the context of viral and microbial infections, recog-
nition of pathogen-associated molecular patterns (PAMPs) as nonself by cellular pattern recogni-
tion receptors (PRRs) results in the induction of inflammatory cytokines and type I (IFN-α/β) and
type III (IFN-λ) IFN genes. Discrete molecular signatures derived from the microbe determine
the specific PRR that is engaged and, therefore, the downstream pathway that is activated. Viperin
expression can be induced by recognition of different PAMPs present in diverse DNA and RNA
viruses (43) and bacteria (18, 44).This induction can be readily recapitulated after stimulation with
synthetic analogs of double-stranded RNA (43) or B-form DNA (45), as well as the bacterial cell
wall component lipopolysaccharide (LPS) (43, 46). Regardless of the PAMP recognized and the
PRR activated, these pathways all ultimately converge in the activation of the transcription factors
NF-κB and interferon regulatory factor 3 (IRF3), which translocate to the nucleus to bind to the
promoters of IFN genes and induce their transcription (47). Once produced, IFNs are secreted
and signal in both paracrine and autocrine manners upon binding to their specific heterodimeric
receptors IFNAR or IFNLR for type I or type III IFNs, respectively, both of which can induce
viperin expression (3, 48, 49). The dimerization of IFNAR or IFNLR subunits activates the Janus
kinase signal transducer and activator of transcription protein ( Jak-STAT) signal transduction
pathway and ultimately induces the formation of the heterotrimeric ISG factor 3 (ISGF3) com-
plex that directly binds to interferon-stimulated response elements (ISREs) within the promoter
of ISGs to drive their transcription.

The VIPERIN promoter contains two sequential ISRE sites immediately upstream of the tran-
scription start site. ISGF3 binds directly to these sites and promotes transcriptional activation (43,
50) (Figure 2b). Additionally, the transcription factor promyelocytic leukemia (PML) zinc finger
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(PLZF) is critical for IFN-α-dependent expression of viperin through interactions with the nu-
clear proteins PML and histone deacetylase 1 (HDAC1) and subsequent activation of the viperin
promoter (51). The binding of ISGF3 to the viperin promoter has been shown to be negatively
regulated through competition by positive regulatory domain I binding factor 1 (PRDI-BF1) (43),
a repressor of IFN-β expression (52). It is also likely that IFN-inducible lncRNA-CMPK2 represses
the expression of viperin through additional genomic interactions (13). These host factors may act
as negative feedback regulators to modulate levels of viperin postinduction and limit the deleteri-
ous effects of its accumulation.Once transcribed, the viperin transcript is relatively stable [half-life
of ∼6–9 h (13)] but can be degraded by the endoribonucleolytic action of RNase MRP/RNase P
(53). Thus, viperin mRNA levels are tightly regulated through both control of transcriptional ac-
tivation and mRNA decay.

3.2. Interferon-Independent Induction of Viperin

Cell-type- and virus-specific features contribute to differences in the genetic regulation of viperin.
While virus-induced upregulation of viperin is strongly dependent on functional IFN signaling
(43, 54), there is accumulating evidence for IFN-independent induction of viperin expression di-
rectly through IRF3, activator protein 1 (AP-1), and IRF1 (6, 55, 56). The transcription factor
IRF3, which is commonly activated through phosphorylation as a consequence of signaling cas-
cades that result upon PAMP-PRR engagement, can directly induce the expression of some ISGs,
including viperin (55). Indeed, initial studies showed that transcripts of fish ortholog vig-1 could
be induced during viral infection even in the presence of the protein synthesis inhibitor cyclo-
heximide (5). These findings suggested that IFN synthesis, and thus signaling, is dispensable for
induction of vig-1.

Since then, accumulating evidence continues to highlight distinct mechanisms for induction
of viperin during viral infections. For example, although the induction of viperin during HCMV
infection relies primarily on the heterotrimeric ISGF3 complex, IRF3 can bind directly to the
VIPERIN promoter and stimulate its transcription independently of IFN signaling (2, 3, 55, 57,
58). However, the diversity of the virome adds an additional layer of complexity as exemplified by
viruses such as sindbis virus and Japanese encephalitis virus ( JEV), which induce viperin by mech-
anisms dependent or independent of IFN signaling, respectively (56). Variation in requirements
for viperin expression may not be conserved within a virus family, as chikungunya virus induces
viperin expression through activation of themitochondrial antiviral signaling (MAVS) adapter and
downstream IRF3 independent of IFN secretion (59). IFN-independent activation of viperin was
also reported in murine dendritic cells (DCs) infected with VSV; viperin could be induced in cells
in which IFN signaling was blocked with neutralizing antibodies against IFN-α/β (6). Later evi-
dence indicated that induction of VIPERIN by VSV is dependent on binding of the transcription
factor IRF1 to two proximal IRF-elements (IRF-Es) within its promoter (60).

3.3. Biphasic Induction of Viperin

Notably, the magnitude and kinetics of viperin induction differ in almost every scenario reported
to date. IFN-independent induction of viperin, while rapid, is modest compared with the delayed
but stronger IFN signaling-dependent response. The key to these differences appears to revolve
around the intracellular localization of the adapter MAVS and the downstream pathway activated.
Detection of many RNA viruses by cytosolic retinoic acid-inducible gene I (RIG-I)-like recep-
tors (RLRs) leads to activation of MAVS, a protein localized primarily to the outer mitochondrial
membrane (reviewed in 61), and downstream signaling factors to induce transcription of type I

www.annualreviews.org • Viperin Reveals Its True Function 429

A
nn

u.
 R

ev
. V

ir
ol

. 2
02

0.
7:

42
1-

44
6.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
99

.1
73

.1
35

.3
2 

on
 1

0/
06

/2
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



IFNs. However, MAVS can also signal from peroxisomes, and peroxisomal MAVS has been pro-
posed to drive distinct antiviral programs (62). In the current model, activation of mitochondrial
MAVS leads to IRF3-dependent induction of the type I IFNs and subsequent IFN-α/β signaling,
while peroxisomal MAVS is responsible for rapid but transient induction of some ISGs directly
through activation of IRF1 in addition to IRF3 (62, 63) (Figure 2a). Additionally, the peroxosimal
MAVS pathway that promotes IRF1-dependent responses is selectively responsible for induction
of IFN-λ and signaling thereof (63). IFN-λ expression is used predominantly, if not exclusively, in
epithelial cell types at anatomic barriers where it appears to establish a more rapid and specialized
antiviral program, yet less potent and inflammatory (47, 64, 65). Thus, IRF1-dependent viperin
expression in nonepithelial cells is likely induced by a distinct mechanism(s). Consistent with this
proposal is the finding that MAVS, IRF3, and IFN signaling are not required for IRF1-dependent
constitutive or early antiviral programs in hepatocytes (66, 67) where viperin is highly expressed
at basal levels (21).

The VIPERIN promoter contains functional binding sites for both IRF1 and IRF3; thus, dif-
ferences in temporal viperin induction can be explained by the intrinsic nature of the cell type
and identity of antiviral program activated (Figure 2b). The apparent mechanistic redundancy in
the induction of viperin likely contributes to requirements for inhibition of viral replication in
both the cell infected and surrounding uninfected cells. Additionally, cell-type-specific biphasic
induction of viperin could be related to distinct functions during acute versus chronic infections
(47, 68) and to provide means to circumvent the many mechanisms that viruses employ to dampen
these antiviral responses.

4. VIPERIN AS A MULTIFUNCTIONAL ANTIVIRAL FACTOR

4.1. Proposed Mechanisms of Action for Viperin

Since its discovery, viperin has been—and continues to be—one of themost studied ISGs due to its
potent and broad-spectrum antiviral activities across species and cell types. During its initial char-
acterization, viperin was not only induced by viral infection to inhibit HCMV replication (2, 3, 5)
but also relocalized during HCMV infection. These findings suggested that HCMV and perhaps
other viruses have evolved ways to counteract and repurpose the natural functions of viperin (3,
69). Viperin has been demonstrated to be a restriction factor for many diverse families of viruses in
different cell types (Table 1), suggesting that viperin can inhibit viral replication throughmultiple
mechanisms (Figure 3). It is important to note, however, that many of the studies on the antivi-
ral effects of viperin have overexpressed viperin or used cells that lack endogenous expression of
viperin [e.g., human embryonic kidney (HEK) 293T and HeLa cells (1, 3, 70)] and perhaps im-
portant regulators of viperin activity, which may contribute to apparently contradictory evidence
in the literature. Furthermore, the overexpression of truncated or mutated versions of viperin to
access the role of the distinct domains has always assumed that these can function independently,
yet accumulating evidence argues that this is not the case (26, 27, 71).

4.2. Viperin as an Antiviral Ribonucleoside Synthase

Viperin can produce ddhCTP when provided with CTP both in vitro and in a cellular envi-
ronment (1). A direct correlation between induction of viperin and ddhCTP production has
been shown in immortalized murine macrophages (RAW264.7) treated with IFN-α. Remark-
ably, even when ddhCTP reaches ∼43% of the total concentration of the CTP pool (∼350 μM
ddhCTP to ∼800 μM CTP), the overall levels of CTP remain stable, indicating that the cellular

430 Rivera-Serrano et al.

A
nn

u.
 R

ev
. V

ir
ol

. 2
02

0.
7:

42
1-

44
6.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
99

.1
73

.1
35

.3
2 

on
 1

0/
06

/2
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Table 1 Human viruses reported to be sensitive to the antiviral effects of viperin

Family Virus
Experimental

evidence
Proposed domain(s)

requireda
Proposed mechanism(s)

of action Reference(s)
Herpesviridae
(dsDNA
group)

HCMV Overexpression of
viperin, knockdown
of viperin, co-IPs,
microscopy

RS domain Antiviral effects only if
expressed prior to
infection through an
unknown mechanism;
proviral: the HCMV
vMIA protein binds to
viperin and localizes it
to the mitochondria
where it binds to host
proteins, altering
cellular metabolism that
favors HCMV
replication; replacing
the N terminus for a
mitochondrial targeting
signal is sufficient

3, 22, 23

KSHV Overexpression of
viperin, knockdown
of viperin, co-IP,
pharmacological
disruption of lipid
droplets, in vitro
oxidation assays

Controversial—
authors proposed
protein
methionines are
substrates for
viperin despite
published
biochemical
evidence to the
contrary

Proviral: binds to and
promotes methionine
oxidation of the KSHV
helicase ORF44, which
in turn enhances its
stability

69

Flaviviridae
(+ssRNA
group)

Hepatitis C
virus

Overexpression of
viperin,
knockdown of
viperin, replicons,
FRET analysis, in
vitro primer
extension assays
with purified RdRp

RS and aromatic
amino acids on C
terminus required
when using
replicon colony
formation assays; C
terminus required
for binding to
VAP-A and NS5A;
role for the N
terminus is
controversial

Binds to NS5A through
its C terminus and to
the host factor VAP-A
in replication
complexes, which may
interfere with viral
replication; chain
termination of RNA
replication through
ddhCTP-dependent
inhibition of RdRp

1, 20, 75, 78

West Nile
virus

Overexpression of
viperin, replicons,
Viperin−/− mice, in
vitro primer
extension assays
with purified RdRp

RS domain and N
terminus (only
partially)

Inhibition is seen in
virus-like particles and
subgenomic replicons;
likely chain termination
of RNA replication
through ddhCTP-
dependent inhibition of
RdRp

1, 76, 94

(Continued)
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Table 1 (Continued)

Family Virus
Experimental

evidence
Proposed domain(s)

requireda
Proposed mechanism(s)

of action Reference(s)
Dengue virus
type 2

Overexpression of
viperin,
knockdown of
viperin, replicons,
FRET analysis, in
vitro primer
extension assays
with purified RdRp

Controversial—RS
domain required
when using VLP;
only C terminus
required during
infection

Inhibition is seen in VLPs,
subgenomic replicons,
and infections; interacts
with capsid and NS3;
likely chain termination
of RNA replication
through ddhCTP-
dependent inhibition of
RdRp

1, 19, 76

Zika virus Overexpression of
viperin, viperin
knockout cells,
microscopy, co-IPs,
in vitro primer
extension assays
with purified
RdRp, addition of
exogenous
ddhCTP to cells

C-terminal domain
(especially the last
four amino acids);
N-terminal and RS
domains are
indispensable

Likely interferes with
RNA replication;
interacts with NS3 and
promotes its
degradation; chain
termination of RNA
replication through
ddhCTP-dependent
inhibition of RdRp

1, 28, 77,
79, 95

Tick-borne
encephali-
tis virus

Overexpression of
viperin, depletion
of CIAO1, Fe55

incorporation,
SAM depletion,
flotation assays,
microscopy, co-IPs

RS domain and
incorporation of Fe
are required;
aromatic residues
in C terminus are
required for
maturation of
viperin and Fe
incorporation

Inhibits viral +ssRNA
synthesis through an
RS-dependent
mechanism; interacts
with structural and
nonstructural proteins
and promotes
degradation of NS3;
induces release of
noninfectious capsids
and may prevent virion
maturation by
promoting Golgi-
independent secretion
of capsids

29, 77, 82

JEV Overexpression of
viperin in presence
of proteasome
inhibitor

ND Viperin is normally
degraded in JEV-
infected cells; inhibition
of the proteasome
rescues the antiviral
properties of viperin by
an unknown mechanism

56

Langat virus Flotation assays,
microscopy,
Viperin−/− mice

ND Unknown; proposed to be
through induction of
secretion of
noninfectious capsids;
cell-type-specific effects
in vivo

82, 96

(Continued)
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Table 1 (Continued)

Family Virus
Experimental

evidence
Proposed domain(s)

requireda
Proposed mechanism(s)

of action Reference(s)
Picornaviridae
(+ssRNA
group)

Human
rhinovirus

Viperin knockdown ND Unknown; unlikely to be
dependent on ddhCTP
production

1, 97

Enterovirus
A71

Overexpression of
viperin, knockdown
of viperin, co-IP

N-terminal domain Binding to viral protein
2C at the ER through
its N-terminal domain

98

Togaviridae
(−ssRNA
group)

Chikungunya
virus

Overexpression of
viperin, Viperin−/−

mice, colocalization
with nsP2 at the
ER

N-terminal domain is
sufficient; intact RS
domain is required
in full-length
viperin

Unknown 81

Sindbis virus Viperin knockdown ND Unknown 56, 99

Rhabdoviridae
(−ssRNA
group)

Rabies virus Overexpression of
viperin

RS domain Reduction of cholesterol
and sphingomyelin at
the plasma membrane;
likely inhibition of
virion budding through
alteration of lipid rafts

86

Vesicular
stomatitis
virus

Knockdown of
viperin

ND Unknown; proposed to be
due to viperin-mediated
promotion of RIG-I
oxidation and
stabilization

69

Orthomyxoviridae
(−ssRNA
group)

Influenza A
virus

Overexpression of
murine viperin in
human cells;
however, no effect
observed in
Viperin−/− mice

ND Disruption of lipid rafts
inhibits virus release
from the plasma
membrane

70, 100

Arenaviridae
(−ssRNA
group)

Junín
mammare-
navirus

Overexpression of
viperin and coim-
munoprecipitations

N-terminal domain Binds to viral N protein
through its N-terminal
domain at LDs and
inhibits mRNA
synthesis

101

Peribunyaviridae
(−ssRNA
group)

Bunyamwera
orthobun-
yavirus

Overexpression of
viperin

RS domain (only
domain tested)

Unknown 102

Paramyxoviridae
(−ssRNA
group)

Respiratory
syncytial
virus

Overexpression of
viperin in cell
culture and in
chinchillas,
microscopy

ND Unknown; may interfere
with virus filament
formation and cell-to-
cell spread

103, 104

Measles virus Overexpression of
viperin

N terminus, RS
domain, C
terminus

Inhibits virus release; no
effects on titers of
cell-associated virus

85

(Continued)
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Table 1 (Continued)

Family Virus
Experimental

evidence
Proposed domain(s)

requireda
Proposed mechanism(s)

of action Reference(s)
Retroviridae

(ssRNA-RT
group)

Human
immuno-
deficiency
virus-1

Knockdown of
viperin,
overexpression of
viperin, microscopy

RS domain; N-
terminal and
C-terminal
domains are
indispensable

Disruption of lipid rafts
and inhibition of virion
release from the plasma
membrane; intact RS
domain is required for
redistribution of viperin
to sites of virion release

84

Abbreviations: CIA, cytosolic iron-sulfur protein assembly; co-IP, coimmunoprecipitation; ddhCTP, 3′-deoxy-3′,4′-didehydro-cytidine triphosphate;
dsDNA, double-stranded DNA; ER, endoplasmic reticulum; FRET, fluorescence resonance energy transfer; HCMV, human cytomegalovirus; JEV,
Japanese encephalitis virus; KSHV, Kaposi’s sarcoma-associated herpesvirus; LD, lipid droplet; mRNA, messenger RNA; ND, not determined; NS3,
nonstructural protein 3; NS5A, nonstructural protein 5A; nsP2, nonstructural protein 2; RdRp, RNA-dependent RNA polymerase; RIG-I, retinoic
acid-inducible gene I; RS, radical S-adenosyl-L-methionine; RT, reverse transcriptase; SAM, S-adenosyl-L-methionine; ssRNA, single-stranded RNA;
VAP-A, vesicle-associated membrane protein-associated protein-A; VLP, virus-like particle; vMIA, viral mitochondrial inhibitor of apoptosis.
aBiochemical evidence indicates that neither the RS nor the C-terminal domain can operate independently, and their functions cannot be separated.

mechanisms exist to preserve the nucleotide pool (i.e., increased ribonucleotide synthesis). Fur-
thermore, although HEK 293T cells do not naturally express viperin, upon being transient trans-
fected with a native viperin-expressing vector, these cells produce ∼75 μM ddhCTP compared
with undetectable levels in control cells.

It is noteworthy that the viperin constructs with C-terminal tags were completely inactive
in vivo. One intriguing observation is that coexpression of CMPK2 with viperin resulted in an
approximately fourfold increase in ddhCTP production. In vitro analyses revealed that CMPK2
preferentially phosphorylates dinucleotides in the order CDP > UDP, leading to a synergistic
model in which CMPK2 increases the local concentration of CTP for viperin to use as substrate,
enhancing ddhCTP production during viral infection (1). These data indicate that CMPK2 is a
misannotated gene.

The resemblance of ddhCTP to known polymerase chain terminators provided mechanistic
insights into the role of ddhCTP. It was demonstrated through the use of primed-template assays
that ddhCTP is incorporated into the nascent RNA and acts as a chain terminator for the RNA-
dependent RNA polymerase (RdRp) of multiple members of the Flaviviridae family (Table 1).
The antiviral effects of this natural nucleoside were shown when Zika virus (ZIKV) titers were
reduced in cells pretreated with synthetic ddhC nucleoside,which is capable of crossing the plasma
membrane and can be metabolically converted into ddhCTP by host cell resident kinases (1).

Additional questions remain to be addressed. For example, not all viral RdRps appear to be
sensitive to ddhCTP, as exhibited by the observation that the RdRps of human rhinovirus type C
and poliovirus are not inhibited by ddhCTP (1). Additionally, viperin and CMPK2 localize to the
cytoplasmic face of the ER and the mitochondria, respectively, and whether these reactions are
somehow compartmentalized remains to be determined. One possibility is their transient local-
ization to mitochondrial-associated ER membranes (MAMs)—domains known to facilitate the
exchange of ions and larger molecules between these two organelles—as has been suggested for
viperin (72, 73).

Viperin is expressed and ddhCTP is produced in response to viral infections, but how is this
response turned off once the threat has subsided? A recent report by Yuan et al. (74) may af-
ford some insight, as they have shown that primary epithelial cells can produce viperin mRNA
in response to both IFN and viral infections, with undetectable amounts of viperin as accessed
by immunoblotting techniques. They demonstrated that the lack of viperin protein accumulation
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Nucleus

Genome
replication

Cholesterol
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(ZIKV, JEV)
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Golgi-independent trafficking
of immature capsids?

Soluble
protein secretion

?

Cytokines?

Golgi

ddhCTP

RdRp chain
terminator (HCV,
DENV, WNV, ZIKV)

Figure 3

Reported inhibitory mechanisms of viral infections by viperin. Viperin localizes on the cytosolic face of the ER and to LDs, both of
which often serve as platforms for viral RCs. Viperin catalyzes the conversion of CTP, possibly produced by CMPK2, to ddhCTP,
which serves as a chain terminator during flavivirus replication. Viperin can also promote viral protein degradation, bind to proteins
from several different viruses, and interfere with Golgi-dependent trafficking of soluble proteins and promote the release of immature
capsids through sequestration of the host factor GBF1. Viperin can inhibit cholesterol synthesis through binding to FPPS, resulting in
disruption of lipid rafts at the plasma membrane used by some viruses during their egress. Abbreviations: CMPK2, cytidylate
monophosphate kinase 2; CTP, cytidine triphosphate; ddhCTP, 3′-deoxy-3′,4′-didehydro-cytidine triphosphate; DENV, dengue virus;
ER, endoplasmic reticulum; EV-A71, enterovirus A71; FPPS, farnesyl diphosphate synthase; GBF1, Golgi-specific brefeldin
A-resistance guanine nucleotide exchange factor 1; HCV, hepatitis C virus; HIV, human immunodeficiency virus; IAV, influenza A
virus; JEV, Japanese encephalitis virus; LD, lipid droplet; RC, replication complex; TBEV, tick-borne encephalitis virus; WNV,West
Nile virus; ZIKV, Zika virus.

was dependent on Lys197-acetylation by the histone acetyltransferase HAT1. This modification,
in turn, recruits the ubiquitin conjugation factor E4 A (UBE4A) ubiquitin ligase to polyubiquiti-
nate viperin at Lys206, which targets it for proteasomal degradation. As such, interfering peptides
against UBE4A rescues the levels of viperin protein production in epithelium and renders mice
more resistant to viral infections (74). To date, viperin degradation has received only modest at-
tention, and it will be important to understand the breadth of this mechanism for modulating
viperin levels and ddhCTP production and whether different viruses specifically target viperin
for degradation as described for JEV (56).
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4.3. Viperin as a Regulator of Secretion and Lipid Rafts

An inhibitory role for viperin in the secretion of soluble proteins from the ER was reported a
decade ago (16). This property was attributed to the N-terminal amphipathic α-helix of viperin,
which is also necessary for directing viperin to the ER and LDs (15, 16). Because members of the
Flaviviridae replicate in replication complexes (RCs) derived fromERmembranes andLDs and are
sensitive to viperin activity (28, 75–77), the inhibitory effects of viperin on the replication of these
viruses represented a potential mechanism for the action of this ISG.However, conflicting results
have confounded a unifying mechanism for restriction of these and other viruses. For example, the
N and C termini of viperin were found by two independent groups to be important for its antiviral
effects against hepatitis C virus (HCV) through its ability to localize to ER-derived membranes
and interact with viral proteins in RCs (20, 75). In contrast, another group reported that the C
terminus exerted the antiviral properties of viperin against HCV and that the N terminus was dis-
pensable (78). An essential role for the C-terminal domain was also shown for ZIKV and dengue
virus (DENV), and the antiviral activity against the three flaviviruses was attributed to direct bind-
ing of viperin to viral proteins (19, 28, 79). Additionally, evidence suggesting that the N and C
termini of viperin-harboring binding sites for binding of factors involved in maturation of the
Fe-S cluster (71) further highlights the limitations associated with truncation mutants of viperin.

Discrepancies have also been reported for the role of the RS domain of viperin during flavivirus
infection (19, 20, 75, 76), which is required for production of ddhCTP and RdRp-mediated in-
hibition of genome replication by flaviviruses (1). Notably, it has been suggested that cysteine-
to-alanine mutations, which remove the Fe-S cluster, lead to folding defects that render viperin
unstable and prone to aggregation (27).Thus, it is possible that the lack of antiviral effects reported
when SAM-binding-defective derivatives of viperin are overexpressed could be related to inher-
ent structural aberrations. Similarly, it was previously suggested that residues within the proposed
C-terminal domain of viperin are required for substrate recognition (80). For some viruses such
as chikungunya, however, the N-terminal, and not the SAM, domain was found to be both neces-
sary and sufficient to inhibit viral replication and might reflect effects related almost exclusively
to changes in ER function (81). More recently, the regulator of Golgi-dependent protein traffick-
ing Golgi brefeldin A-resistant guanine nucleotide exchange factor 1 (GBF1) was identified as a
binding partner of viperin, and it was proposed that this interaction could influence intracellular
trafficking of membrane-associated viral particles from the ER (82).

Viperin has also been shown to inhibit release of some viruses from the plasma membrane.
The first example was influenza A virus (IAV), when it was demonstrated that induction of
murine viperin in HeLa cells resulted in inhibition of IAV budding from lipid rafts on the plasma
membrane (70). Mechanistically, viperin was shown to bind to and inhibit the activity of farnesyl
diphosphate synthase (FPPS), a key enzyme in the synthesis of isoprenoid-derived lipids, includ-
ing cholesterol, altering the composition and fluidity of plasma membrane domains necessary for
the budding of some enveloped viruses (70, 83). It was recently postulated that geranyl pyrophos-
phate and farnesyl pyrophosphate, two intermediates in the isoprenoid pathway, could serve as
substrates of human viperin and that its C terminus may play a role in substrate recognition (80).
However, this is highly unlikely based on recent biochemical and structural data of viperin and
viperin-like proteins (39). Viperin-induced effects on lipid raft composition and inhibition of virus
budding were also shown for human immunodeficiency virus (HIV) and rabies virus, as well as
likely for Measles virus (84–86). In HIV-infected macrophages, the induction of viperin disrupts
lipid rafts and viperin localization shifted from the ER to virus budding compartments labeled
with CD81 in a manner that depends on its radical SAM domain (84). Whether production
of ddhCTP affects the activity of enzymes in the isoprenoid pathway, and thus lipid synthesis,
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remains to be elucidated. Alternatively, inhibition of viral RNA synthesis by ddhCTP could affect
the rate of capsid maturation and, as a consequence, decrease the efficiency and rate of viral egress.

4.4. Viperin as a Regulator of β-Oxidation and Thermogenesis

In the initial studies on the role of viperin during viral infections, viperin was shown to transiently
redistribute to mitochondria in HCMV-infected cells, and viperin was also shown to enhance
HCMVmultiplication (23). These studies identified the HCMV-encoded viral mitochondrial in-
hibitor of apoptosis (vMIA) as the binding partner for viperin that mediates its translocation to
mitochondria, where it blocks fatty acid β-oxidation through an interaction with the β subunit
of the mitochondrial trifunctional protein complex (23). Inhibition of fatty acid catabolism re-
sults in decreased levels of adenosine triphosphate and changes in the actin cytoskeleton, which,
in turn, activates the adenosine monophosphate–activated protein kinase and a signaling pathway
that ultimately increases lipogenesis and accumulation of LDs (22, 23).While these responses are
induced by HCMV to enhance its replication, simply directing functional viperin to the mito-
chondria alone is sufficient to induce these metabolic changes in the absence of HCMV infec-
tion (22, 23). Thus, it is likely that the interaction of viperin with mitochondrial proteins and the
metabolic consequences thereofmay occur in certain contexts. It is worth noting that proviral roles
of viperin have been documented only for herpesviruses: HCMV and Kaposi’s sarcoma-associated
herpesvirus (KSHV) (22, 69). The associated mechanisms may therefore represent an exception
to the rule that can be accessed by herpesviruses because of their enormous proteomes.

From a metabolic standpoint, viperin was recently shown to be constitutively expressed in sev-
eral tissues, including the liver, some immune cells, the heart, and adipose tissue (21, 42). Viperin
was found to localize to the mitochondria in the brown adipose tissue of mice, causing down-
regulation of thermogenesis through inhibition of β-oxidation in these highly metabolic tissues
(21). Thus, it appears that viperin can naturally regulate fatty acid metabolism in some cell types
and that this can be repurposed by certain viruses—such as HCMV—in cell types where viperin
is poorly expressed and localized to the ER. Notably, in endothelial cells, fatty acid oxidation is
important for the synthesis of deoxynucleoside triphosphates (dNTPs), which are produced by
reduction of ribonucleotides, and DNA replication (87). While no evidence for a role in the syn-
thesis of ribonucleotides was found in these cells, likely due to compensatory synthesis by salvage
pathways (87), a role of viperin and CMPK2 in intrinsic production of ribonucleotides and a re-
lationship to fatty acid metabolism in other scenarios remain a possibility.

4.5. Viperin as an Enhancer of Antiviral Responses

In addition to its many roles as a direct inhibitor of viral replication and egress, viperin has been
linked to modulation of innate and adaptive immune responses. The initial insights relating im-
mune roles for viperin came from the characterization of immune pathways in mice engineered
to lack its expression (18, 88). These studies demonstrated that viperin facilitates innate immune
signaling in plasmacytoid dendritic cells (pDCs), leading to enhanced production of type I IFNs
(18, 89). In these specialized immune cells, viperin acts as a scaffold for the recruitment and ac-
tivation of immune signaling components downstream of the viral nucleic acid sensors Toll-like
receptor 7 (TLR7) and TLR9 at ER-derived LDs (18, 89).Mechanistically, viperin is required for
tumor necrosis factor receptor–associated factor 6 (TRAF6)-mediated lysine 63 (K63) polyubiq-
uitination of the kinase interleukin-1 receptor-associated kinase 1 (IRAK1), which is responsible
for the phosphorylation of IRF7 and subsequent transcriptional induction of type I IFNs (89).
As such, the ability of viperin to facilitate the assembly of immune components on specialized
organelles—namely endosomes and LDs—as signal-propagation complexes is important for the
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augmentation of IFN production and links the intracellular location of viperin with one of its
functions (18). A more recent study showed that the interaction of both TRAF6 and IRAK1 with
viperin increases SAM cleavage approximately tenfold in transfected HEK 293T cells. Interest-
ingly, while these components are important for enhancing the production of ddhCTP by viperin,
this enzymatic activity was found not to be required for activation of IRAK1 (89). Instead, the lat-
ter relies on stabilization of viperin through cofactor-induced structural changes in its structure
(89). Thus, it appears that the ability of SAM to stabilize viperin when it complexes with IRAK1
and TRAF6 is important for promoting the enzymatic activity of viperin and concomitantly the
activation of IRAK1 but that production of ddhCTP is not necessary for this to occur.

While the effects of viperin are specific to endosomal nucleic acid sensors and viperin is dis-
pensable for the induction of IFNs by cytosolic PAMPs and for the induction of proinflamma-
tory cytokines in pDCs (18), this may not be the case for all cells. A recent report showed that
viperin catalyzes the oxidation of methionine residues in several helicases, including the cytoso-
lic viral RNA sensor RIG-I, in a manner that may depend on its SAM domain (69). These post-
translational modifications were shown to increase the stability and signaling activity of RIG-I and
thus affect the magnitude of IFN-β induction and control of viral infections in mouse embryonic
fibroblasts (69). Nonetheless, these enhancement roles for viperin during innate immune sensing
are in disagreement with a report suggesting that viperin acts as a negative regulator of IFN-β
synthesis in bone marrow macrophages through binding to MAVS at mitochondrial-associated
ERmembranes (73). Differences in cell types, PAMPs engaged, and/or the specific assays used are
likely responsible for these discrepancies.

5. CMPK2 ROLES IN INFLAMMATION AND INNATE IMMUNITY

5.1. CMPK2 Regulates Inflammasome Activation

The activity of human CMPK2 was first reported as a nucleoside monophosphate kinase that
preferentially catalyzes the phosphorylation of deoxycytidine monophosphate and deoxyuridine
monophosphate to their respective diphosphates. Based on this activity and its localization to the
mitochondria, it was suggested that the primary role of CMPK2 was to function as part of the
mitochondrial nucleotide salvage pathway (12, 14). We recently demonstrated that, contrary to
previous reports, human CMPK2 is misannotated and has activity only for pyrimidine diphos-
phates (CDP or UDP), which are converted to their respective triphosphates (1). The CMPK2
protein is predicted to have two domains: an N-terminal domain of unknown function and a C-
terminal thymidylate kinase domain that likely harbors the catalytic site. The N-terminal domain
contains no known sequence homology to any protein other than other eukaryotic CMPK2 pro-
teins, and its biological role has not been examined. CMPK2 contains orthologs in bacterial and
archaeal species, which lack the N-terminal domain present in higher eukaryotes and are sugges-
tive of broad evolutionary functional conservation for only the C-terminal domain.

Recent reports suggest that CMPK2 may play a role in inflammation by activating the inflam-
masome, the hallmarks of which are the cellular release of cytokines such as IFN-β, TNF-α, and
IL-1β. Zhong et al. (90) recently reported that the activity of CMPK2 is required for proper in-
flammasome activation, and RNA interference (RNAi)-mediated silencing of CMPK2 in mouse-
derived bonemarrowmacrophages results in an approximately fivefold decrease in IL-1β. Further-
more, expression of wild-type CMPK2, but not of the catalytically inactive D330A variant, rescues
this phenotype.While these authors were unaware at the time of publication that CMPK2 actually
converts CDP to CTP, they suggested that the role of CMPK2 in inflammasome activation is to
maintain the mitochondrial dNTP pool required for de novomitochondrial DNA synthesis by in-
creasing the levels of 2′-deoxycytidine diphosphate, the initially proposed CMPK2 substrate. It is
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interesting to note that several studies show increased levels of viperin mRNA in inflammasome-
activated cells (43, 91). Thus, it is tempting to speculate that CMPK2 and viperin act in concert
to modulate the inflammatory response: CMPK2 applies the gas, and viperin applies the brakes.

5.2. CMPK2 as an Antiviral Factor

CMPK2 and viperin are both induced by IFN signaling, but the effects of CMPK2 on viral re-
striction dependent or independent of viperin have not been extensively investigated. A recent
report describes a role for CMPK2 in restriction of HIV replication (14). In this case, CD4+

T cells isolated fromHIV-infected patients stimulated with IFN-α show induction of CMPK2, in
addition to common ISGs, including viperin. Although it was noted that both viperin and CMPK2
were upregulated by IFN, covariate analysis of the ISG expression profiles suggested independent
regulation and likely independent roles in viral restriction. Indeed, CMPK2, but not viperin, is
induced in acute monocytic leukemia cells when stimulated with IFN, and an approximately ten-
fold increase in HIV titer is seen in cells where CMPK2 has been silenced by RNAi. These results
lead to the possibility that viperin and CMPK2 can work together or individually to restrict viral
replication in different cellular contexts. How the activity of CMPK2 could lead to restriction of
virus is not apparent from its biochemical function, and further studies are needed to understand
this phenomenon.

6. TOWARD A UNIFYING MECHANISM FOR VIPERIN ACTION?

Can most, if not all, of the reported effects of viperin be explained on the basis of its enzymatic
activity? Perhaps. The antiviral effects by viperin reported to date can be generally placed into
four categories: (a) inhibition of viral RNA replication, (b) perturbation of the secretory pathway,
(c) direct binding to viral proteins, and (d) dysregulation of lipid raft formation by altering lipid
metabolism (Figure 3). To date, two DNA viruses,HCMV and KSHV, appear to have repurposed
cellular roles for viperin to their benefit during viral replication (Table 1).

In contrast, the antiviral effects of viperin are strongly linked to its localization to the ER. For
example, the amphipathic α-helix in the N terminus of viperin when overexpressed can induce
morphological changes to the ER that have been linked to its ability to alter protein secretion (16).
The ER and LDs are also sites of viral replication and assembly for multiple viruses; thus, a role of
viperin in inhibiting the replication of such viruses is not surprising. Furthermore, the interactions
between viperin and proteins of viruses such as HCV and DENV have been determined only by
fluorescence resonance energy transfer analyses (19, 20), which can be confounded by the high
levels of proteins expressed within the same cell. Although these interactions are plausible, the
RdRp of these viruses is sensitive to ddhCTP, and even a 1% incorporation of ddhCTP into the
nascent RNA chain is likely sufficient to cause premature chain termination (1).

Additionally, several lines of evidence point to a role for the ER in proteasome-dependent
protein degradation—another pathway reported to be involved in viperin’s antiviral properties.
Notably, the viruses reported to be affected by viperin that fall in these categories are viruses
that require membranes of the ER for their replication and/or are sensitive to the antiviral effects
of ddhCTP. Lastly, the antiviral effects of viperin against viruses such as IAV, HIV, and rabies
virus are related to fatty acid metabolism, disruption of lipid rafts, and inhibition of egress (70,
84, 86). Although currently unknown, it is possible that viperin’s enzymatic activity is linked to
lipidmetabolism through either ddhCTPproduction or an as-yet-unidentifiedmetabolic reaction.
Further studies on viperin’s enzymatic activity, functions of ddhCTP, and their interplay with other
metabolic pathways are necessary to obtain a complete picture of the role of viperin as a broad-
spectrum antiviral effector protein.
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7. CONCLUSION

The recent biochemical characterization of viperin as a catalyst that produces a natural antiviral ri-
bonucleoside during viral infections has impacted the existing literature; however,many aspects of
viperin’s broad-spectrum effector activity remain to be explained (Table 1). Is ddhCTP-mediated
chain termination specific to the RdRps of flaviviruses? If so, is the ability of viperin to inhibit repli-
cation and/or egress of other viruses related to its enzymatic activity and ddhCTP production? Are
these molecules able to cross organelle membranes and regulate molecular and metabolic path-
ways? A recent study showed that viperin can inhibit RNA synthesis by bacteriophage T7 DNA-
dependent RNA polymerase in mammalian cells, which supports the evolutionary conservation
of viperin and viperin-like proteins in antiviral immunity (92). Importantly, viperin did not inhibit
RNA polymerase II–dependent RNA synthesis from a cytomegalovirus promoter (92), highlight-
ing the specificity of viperin for some polymerases. This inhibition of T7 polymerase function by
viperin appears to be independent of its cytoplasmic localization (92), leaving a potential direct
role for ddhCTP against viruses that replicate in the nucleus an open question.

Lastly, viperin has been shown to be induced by microbial constituents and inhibit the infec-
tion of some bacteria such as Shigella flexneri and Listeria monocytogenes (93). For S. flexneri, the
current model is linked to viperin-induced changes in cellular cholesterol levels that impair bac-
terial entry (93). Similar effects on cholesterol levels have been linked to viperin’s antiviral activity
against several viruses, including IAV, HIV, and rabies virus (70, 86). Whether these observations
reflect broader indirect mechanisms of viperin function based on ddhCTP production remains
an unanswered question. Are the production of ddhCTP and the regulation of lipid synthesis by
viperin two independent processes, or are they coupled? And what determines these differences in
the context of an infection? Although CMPK2 is often coinduced with viperin, during some sce-
narios their regulation is independent from each other (1, 14). Does coinduction of CMPK2 favor
ddhCTP production by viperin, whereas their downregulation favors viperin’s role in regulating
lipogenesis? Further research is needed to address the lack of complete alignment in the literature
and the potential link between viperin’s enzymatic production of the antiviral ribonucleoside and
regulation of metabolic pathways involved in the viral replication cycle of viruses insensitive to
ddhCTP-dependent termination of RdRp-catalyzed RNA synthesis.

While viperin contributes to viral restriction and innate immunity through a wide range
of mechanisms, its roles in cellular function and development are likely to be equally complex
and diverse. We speculate that these physiological cellular functions may be broadly coopted by
pathogens to afford selective advantages. For instance, the correlation between viperin’s localiza-
tion to the mitochondria during thermogenesis in adipose tissue and the analogous requirement
for the mitochondrial localization of viperin for HCMV viral replication is conspicuous. Perhaps
the known and other yet-to-be-described functions of viperin could aid in the discovery of novel
mechanisms utilized by viruses to evade the host immune response and enable new therapeutic
strategies.

SUMMARY POINTS

1. Viperin is a highly conserved protein from the radical S-adenosyl-L-methionine super-
family of enzymes and is induced during viral infections through interferon-dependent
and -independent pathways.

2. Viperin exerts antiviral activity against many different viruses through apparent multi-
functional mechanisms.

440 Rivera-Serrano et al.

A
nn

u.
 R

ev
. V

ir
ol

. 2
02

0.
7:

42
1-

44
6.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
99

.1
73

.1
35

.3
2 

on
 1

0/
06

/2
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



3. Recently, viperin was found to function as a 3′-deoxy-3′,4′-didehydro-cytidine triphos-
phate synthase that uses cytidine triphosphate (CTP) as a substrate to produce 3′-deoxy-
3′,4′-didehydro-CTP (ddhCTP), the first antiviral ribonucleoside encoded by the hu-
man genome to be described.

4. The VIPERIN gene is frequently coinduced with CMPK2, a gene that encodes for a
mitochondrial kinase responsible for the conversion of cytidine diphosphate to CTP
and thus likely provides viperin with substrate availability.

5. The product of viperin’s enzymatic reaction, ddhCTP, acts as a premature chain termi-
nator and inhibits the RNA-dependent RNA polymerase of flaviviruses.

6. Expression of full-length, active viperin inhibits synthesis of RNA by bacteriophage T7
polymerase in mammalian cells, while not affecting RNA synthesis of the native RNA
polymerase II.

7. Viperin has also been implicated in regulation of lipid synthesis, soluble protein secre-
tion, and augmentation of innate immune pathways. Whether these properties are re-
lated to its enzymatic activity remains to be explored.

8. Further work is needed to fully understand the statedmultifunctional antiviral properties
of viperin and unify the mechanisms exerted by this enigmatic enzyme.
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