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Review
Early innate and cell-intrinsic responses are essential to
protect host cells against pathogens. In turn, viruses
have developed sophisticated mechanisms to establish
productive infections by counteracting host innate im-
mune responses. Increasing evidence indicates that
these antiviral factors may have a dual role by directly
inhibiting viral replication as well as by sensing and
transmitting signals to induce antiviral cytokines. Re-
cent studies have pointed at new, unappreciated mech-
anisms of viral evasion of host innate protective
responses including manipulating the host ubiquitin
(Ub) system. Virus-mediated inhibition of antiviral fac-
tors by Ub-dependent degradation is emerging as a
crucial mechanism for evading the antiviral response.
In addition, recent studies have uncovered new mecha-
nisms by which virus-encoded proteins inhibit Ub and
Ub-like (Ubl) modification of host proteins involved in
innate immune signaling pathways. Here we discuss
recent findings and novel strategies that viruses have
developed to counteract these early innate antiviral
defenses.

Host antiviral factors, signaling pathways, and the Ub
role in viral responses
Early events in viral infection include attachment to the
host cell membrane and entry, release of the viral RNA,
DNA, and protein complexes into the cytoplasm of the cell,
and early recognition by the host innate immune system.
At each of these steps, host cells have developed mecha-
nisms to limit virus infection. In turn, viruses have rapidly
evolved to counteract host defenses by different mecha-
nisms. Many recent studies have pointed at the importance
of cell type- and host-specific expression of antiviral factors
as crucial for limiting viral infection. Furthermore, mam-
malian cells detect incoming microbes to trigger signaling
pathways to produce type I, type II, and type III interferons
(IFNs) [1], culminating in the induction of IFN-stimulated
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genes (ISGs) for the establishment of an antiviral state.
Some of the very early antiviral responses include intrinsic
restriction factors, which are expressed in sufficient levels
to inhibit the first stages of viral replication, including
entry or delivery of the genetic material to the required
compartment in the cell. These intrinsic restriction factors
include proteins that localize to the nucleus and mediate
the transcriptional repression of viruses that replicate in
this subcellular compartment. Cellular restriction of viral
replication relies on a broad constitutively expressed set of
antiviral molecules. In addition, IFN triggers expression of
inducible ISGs with antiviral activity, and even the expres-
sion of many intrinsic viral restriction factors are further
increased by IFNs, for example, TRIM5a, tetherin, APO-
BEC3, and the IFIT family of proteins. IFN production
requires recognition of virus components referred to as
pathogen associated molecular patterns (PAMPs) by pat-
tern recognition receptors (PRRs), including Toll-like
receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-
like receptors (RLRs), NOD-like receptors (NLRs), and C-
type lectin receptors (CLRs). Engagement of PRRs triggers
downstream signaling pathways resulting in phosphory-
lation and translocation to the nucleus of multiple tran-
scription factors including IRF3 and IRF7 for type I IFN
(IFN-I) production [2]. Binding of secreted IFN-I to its
receptor (IFNaR) triggers phosphorylation of signal trans-
ducers and activators of transcription 1 (STAT1) and
STAT2 by the Jak1/Tyk2 kinases. STAT1, STAT2, and
IRF9 form the ISGF3 (interferon stimulated gene factor
3) complex, which is essential for induction of antiviral
ISGs. Importantly, in recent years it has become evident
that Ub and Ubl modification of IFN signaling components
is essential for innate immune signaling function
(Figure 1A) [3]. For example, upon binding of viral RNA
bearing 50-triphosphates to RIG-I, a conformational change
allows TRIM25 to ubiquitinate the N-terminal 2CARD
domain of RIG-I. In addition, TRIM25 may also generate
free K63-linked polyubiquitin (poly-Ub) chains that bind to
the 2CARD domain of RIG-I, resulting in recruitment to
the mitochondrial adaptor protein MAVS. Another E3 Ub
ligase, Riplet, has also been shown to ubiquitinate RIG-I.
This Ub-dependent interaction between RIG-I and MAVS
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Figure 1. Regulation of the RIG-I (retinoic acid-inducible gene I) signaling pathway by ubiquitin (Ub). (A) RIG-I is present in the cytoplasm of the cell in an inactive closed

conformation. Upon viral infection, 50-triphosphate (ppp) RNA is produced and recognized by RIG-I through its C-terminal regulatory domain (RD). RIG-I then undergoes a

conformational change to expose its 2CARD domain for subsequent ubiquitination by TRIM25. Another E3 ligase, Riplet, ubiquitinates the RD domain of RIG-I.

Ubiquitinated RIG-I binds to the mitochondrial adaptor protein MAVS and recruits polyubiquitinated TRAF3 and TRAF6. TRAF3 activates the TBK1/IKKe kinases through Ub-

dependent mechanisms for subsequent phosphorylation of IRF3/IRF7 and type I IFN production. Downstream of TRAF6, TAK1 is activated by unanchored poly-Ub chains

and promotes activation of NF-kB transcription and cytokine production by Ub-dependent activation of the IKK complex and Ub-dependent degradation of IkB. (B) Ub

conjugation is initiated by an E1 activating enzyme in the presence of ATP as an energy source and monoubiquitin. Ub is then transferred to an E2 conjugating enzyme. The

E3 ligase confers specificity to the reaction by recognizing the E2 and the substrate for ubiquitination. Deubiquitinases (DUB) hydrolyze poly-Ub chains which are then

recycled.
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promotes recruitment of multiple factors, including TRAF3
and TRAF6 (TNF receptor-associated factor 3/6). TRAF3
and TRAF6 also employ Ub-dependent mechanisms to
activate TBK1/IKKe for IFNa/b production or IKKa/b
for subsequent nuclear factor-kB (NF-kB) signaling, re-
spectively. In addition, the IkB kinase undergoes K48-
linked polyubiquitination by the b-TrCP E3-Ub ligase
complex, resulting in IkB degradation by the proteasome
and activation of NF-kB [4] (summarized in Figure 1A).

Interestingly, multiple diverse viruses encode proteins
that manipulate the Ub system to inhibit immune signal-
ing and/or promote degradation of antiviral proteins. An-
tagonism of the IFN system by viruses has been
extensively studied and almost every virus has been found
to express factors to evade the IFN response. The mecha-
nisms used by different viruses to antagonize the IFN
response by inhibiting signaling components have been
thoroughly reviewed recently [5,6]. However, new mecha-
nisms of viral antagonism by manipulating the Ub system
are only recently starting to emerge. Here we focus on
recent studies describing novel early viral evasion mecha-
nisms with an emphasis on those involving the Ub system.
422
Viral antagonism via the Ub system
Ub is a ubiquitous 76 amino acid protein important in a
wide variety of cellular functions, including protein degra-
dation by the proteasome, immune signaling, cell cycle,
lysosomal degradation, autophagy, apoptosis, endocytosis,
and endoplasmic reticulum-associated degradation [7]. Ub
contains seven lysines (K6, K11, K27, K29, K33, K48, K63),
each of which can be conjugated by another Ub to form
poly-Ub chains. In addition, the C-terminal glycine residue
of Ub can be conjugated to a lysine residue of another
protein or Ub itself. Ub chains linked through its different
lysines have specific cellular functions. Proteins covalently
modified with lysine 48 (K48)-linked poly-Ub are usually
targeted for degradation by the proteasome. By contrast,
protein modification with K63-linked poly-Ub is involved
in activation of antiviral signaling pathways [8]. In addi-
tion, unanchored K63-linked poly-Ub chains have also
been proposed to activate RIG-I and kinases involved in
downstream signaling pathways [9]. Ub conjugation
requires an E1 activating enzyme, E2 conjugating enzyme,
and an E3 ligase which confers specificity by transferring
Ub to the target protein (Figure 1B). Ubiquitination is a
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highly regulated process, with hundreds of E3 ligases and
deubiquitinases (DUBs). Ubiquitination and deubiquitina-
tion are high-speed processes that allow turning on and off
very quickly different cellular processes. Ub conjugation
also plays important roles at different stages of viral
infection. For example, the adenovirus internal capsid
protein VI, which contains a PPxY motif, is ubiquitinated
by Nedd4 E3 Ub ligases. Depletion of Nedd4 ligases
attenuates accumulation of incoming adenoviral particles
during entry and reduces infectivity, suggesting that ubi-
quitination is important for adenovirus entry [10].

Viral antagonism of innate immune signaling pathways

by deubiquitination of host factors

Ub protein conjugation is involved at different levels of the
signaling pathways to produce IFNs and other proinflam-
matory cytokines (Figure 1A). It is then perhaps not sur-
prising that many viruses encode proteins that inhibit
ubiquitination processes to overcome host innate responses
(Figure 2). For example, nairoviruses and arteriviruses
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Figure 2. Viruses manipulate the ubiquitin (Ub) system to antagonize innate immune sig
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encode for ovarian tumor (OTU) domain-containing pro-
teases that hydrolyze Ub chains from host proteins. This
activity results in the inhibition of NF-kB signaling, IFN
induction, and antiviral pathways [11–13]. The papain-like
protease domain 2 (PLP2), a catalytic domain of the non-
structural protein 3 (nsp3) of mouse hepatitis virus (MHV)-
A59 coronavirus, can bind to IRF3 causing its deubiquitina-
tion and preventing its nuclear translocation [14]. It was
also shown that nsp3 can remove K63-linked polyubiquiti-
nation of TBK1, a kinase involved in IFN induction [14].
Epstein–Barr virus (EBV) codes for the BPLF1 protein,
which acts as a deubiquitinase of TRAF6 to inhibit NF-
kB signaling during lytic infection, resulting in enhanced
lytic replication [15]. Kaposi’s sarcoma-associated herpesvi-
rus (KSHV) encodes ORF64, which reduces ubiquitination
of the viral sensor RIG-I and consequently inhibits IFN
production [16]. The leader proteinase [L(pro)], a papain-
like proteinase encoded by foot-and-mouth disease virus
(FMDV), inhibits IFN production by removing Ub chains
from RIG-I, TBK1, TRAF6, and TRAF3 [17].
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Figure 3. Viral antagonism of restriction factors. The rhesus monkey TRIM5a ortholog promotes early uncoating of HIV by binding to the capsid. TRIM5a has also been

linked to activation of innate signaling by catalyzing the synthesis of unanchored K63 poly-ubiquitin (poly-Ub) for NF-kB activation; however, no viral antagonist has thus far

been found. APOBEC3G deaminates retroviral genomes causing mutations in the viral genome. HIV-1 Vif protein recruits an E3 Ub ligase complex composed of CUL5,

ELOB, ELOC, and RBX that targets APOBEC3G for degradation. SAMHD1, which converts dNTPs to deoxynucleoside and triphosphate, reduces the dNTP supply necessary

for HIV-1 replication. Vpx from SIVmac and HIV-2 recruits an E3 Ub ligase complex composed of DCAF1, the adaptor protein DDB1, and CUL4, resulting in degradation of

SAMHD1. Tetherin restricts release of enveloped viruses by anchoring the host membrane to the viral membranes and preventing membrane scission. HIV-1 Vpu interacts

with tetherin and promotes its Ub-dependent degradation by recruiting the E3 Ub ligase b-TrCP and associated proteins SKP1 and CUL-F. A long isoform of tetherin was

found to be an activator of NF-kB signaling. Abbreviation: RT, reverse transcriptase.
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TRIM25, a member of the tripartite motif (TRIM) family
of E3 Ub ligases required for RIG-I activation and viral
sensing, is inhibited by the NS1 protein of influenza A virus
(IAV). NS1 binds to the coiled-coil domain of TRIM25,
blocking its oligomerization and Ub ligase activity, pre-
venting downstream signaling [18]. Interestingly, this
evasion mechanism is species-specific because NS1 is un-
able to bind and inhibit TRIM25-dependent RIG-I activa-
tion in mice. Instead, the NS1 protein targets another E3
ligase, Riplet, that also activates RIG-I (Figure 2). Fur-
thermore, NS1 protein encoded by the avian IAV subtype
H5N1 preferentially interacted with TRIM25 and inhib-
ited IFN production in chicken cells [19], despite the lack of
functional RIG-I in chickens [20]. This exemplifies the
versatility of zoonotic viruses to adapt to different species.

Viral antagonism by inducing Ub-dependent

degradation of antiviral factors

Restriction factors are cellular proteins that cause direct
inhibition of viral replication. The direct interaction of
viral and host proteins at this interface leads to rapid
evolution and positive selection at the level of both the
host and the virus due to evolutionary pressure [21]. As a
result, viruses targeted by these restriction factors encode
proteins that inhibit their antiviral activity. Restriction
factors have been more extensively studied in the context
424
of retrovirus infections, and include members of the TRIM
family, APOBEC3 (apolipoprotein B mRNA-editing en-
zyme catalytic polypeptide-like editing complex) family,
and the recently identified SAMHD1, among others. These
restriction factors can act at different steps of viral repli-
cation but successful retroviruses have acquired viral
antagonists that appear to use ubiquitination to target
restriction factors to degradation (Figure 3). For example,
APOBEC-3G and 3F deaminate retroviral genomes, often
producing viral mutants that are incapable of replication
[22]. In the absence of the HIV-1 accessory protein Vif,
APOBEC3G is packed into virions, resulting in non-infec-
tious particles. APOBEC3G causes cytosine to uracil muta-
tions in single-stranded HIV DNA, which results in
mutations in the HIV genome [23]. HIV-1 Vif protein
recruits an E3 Ub ligase complex composed of CUL5,
ELOB, ELOC, and RBX that targets APOBEC3G for deg-
radation [24].

SAMHD1, a triphosphohydrolase that converts dNTPs
to deoxynucleoside and triphosphate, has been reported to
inhibit HIV-1 reverse transcription in dendritic cells (DCs)
by reducing dNTP supply. The Vpx protein from simian
immunodeficiency virus of macaques (SIVmac) and HIV-2
antagonize SAMHD1-mediated restriction. Vpx recruits
the DCAF1 and CUL4 E3 Ub ligase complex resulting in
degradation of SAMHD1 [25,26].
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Tetherin (also known as BST-2) is a transmembrane
protein with antiviral activity. Tetherin consists of a trans-
membrane region, an ectodomain, and a C-terminal gly-
cosylphosphatidylinositol membrane anchor. Tetherin
expression is increased in host cells by type I IFNs upon
virus infection [27]. In addition, tetherin is highly
expressed in plasmacytoid DCs (pDCs), which are highly
specialized immune cells that secrete high amounts of
IFNs upon viral recognition. Tetherin is a ligand for
ILT7, a membrane receptor selectively expressed in pDCs
that is involved in inhibition of TLR-mediated interferon
responses in pDCs [28]. Tetherin restricts release of envel-
oped viruses by anchoring the host membrane to the viral
membranes, preventing membrane scission and complete
virus budding [27]. Because tetherin blocks release of most
of the enveloped viruses, is not surprising that many
viruses including HIV-1, HIV-2, SIV, Ebola, and influenza
viruses have also developed countermeasures to antago-
nize tetherin. The Vpu protein encoded by HIV-1 interacts
with tetherin and promotes its Ub-dependent degradation
by recruiting the E3 Ub ligase b-TrCP complex [29,30]. SIV
does not encode Vpu, but its Nef protein removes tetherin
from the membrane [31]. HIV-2 and Ebola envelope gly-
coproteins also target tetherin [32,33]. Tetherin appears to
block release of IAV budding particles [34], and this effect
was partially antagonized by the neuraminidase surface
protein of influenza virus [35].

Recently, BclAF1 [Bcl-2 associated factor 1; also termed
Btf (Bcl-2 associated transcription factor)], a nuclear pro-
tein implicated in apoptosis, transcriptional regulation,
RNA processing, and the export of mRNA from the nucleus
[36], has been identified as a new restriction factor for
human cytomegalovirus (HCMV). Upon infection, pp71
and UL35, delivered by the virion, target BclAF1 to pro-
teasomal degradation. Although the precise mechanism of
BclAF1 degradation is still unclear, this may involved both
Ub-dependent and -independent mechanisms because
pp71 has been reported to induce Ub-independent protea-
somal degradation of proteins [37], whereas the UL35
protein has been shown to interact with components of
the CUL4 E3 Ub ligase complex (DCAF1, DDB1, and
DDA1) [38]. The best-characterized substrate of pp71,
the hDaxx/ATRX complex which intrinsically represses
HCMV infection [39,40], appears to be degraded in a
proteasome-dependent Ub-independent manner [37].
The Ub-independent mechanism of Daxx degradation by
pp71 is unusual because it requires the 19S regulatory
subunit of the proteasome which normally participates in
Ub-dependent protein degradation [41]. In addition to
BclAF1 degradation by pp71 and UL35, later during viral
replication BclAF1 is downregulated by microRNA miR-
UL112-1, which is encoded by the virus [42].

Viral antagonism of IFN signaling by targeting STAT

proteins for degradation

The NS5 protein of dengue virus (DENV) inhibits IFN-I
signaling by promoting degradation of STAT2, an essen-
tial component of the ISGF3 complex required for ISG
induction [43]. Recently, the UBR4 member of the
N-recognin family of E3 ligases was found to be required
for DENV-mediated STAT2 degradation and efficient
DENV replication [44]. Other viruses that target STAT
factors required for IFN signaling to degradation by ubi-
quitination include hepatitis C virus (HCV), which targets
STAT3 [45], and herpes simplex virus type 2 (HSV-2) and
HCMV, which target STAT2 [46,47]. In addition, the V
protein encoded by the paramyxoviruses simian virus 5
(SV5) and type 2 human parainfluenza virus (HPIV2)
target STAT1 and STAT2 for Ub-dependent degradation,
respectively, whereas mumps virus V protein targets both
STAT1 and STAT3 [48]. The respiratory syncytial virus
(RSV) NS1 protein also targets STAT2 for Ub-dependent
degradation using the elongin–cullin E3 ligase complex
[49]. Thus it is now clear that viruses not only target host
proteins involved in antiviral signaling pathways but also
manipulate the highly conserved host Ub machinery to
evade innate immune responses. These examples of viral
antagonism also underscore the importance of Ub in host
innate antiviral function.

Dual role of antiviral factors: restriction activity versus
innate immune signaling and their interplay with
viruses
Recent work is emerging to suggest that restriction factors
may have a dual role in establishing efficient innate anti-
viral responses. These factors restrict viral replication by
directly binding to and blocking the function of important
viral proteins. In addition, during viral infection these
same restriction factors promote innate immune signaling
pathways to establish an induced antiviral state. Antiviral
factors with dual roles might confer an extra layer of
protection against viruses. In turn, viruses that have
adapted to counteract these particular antiviral factors
may have an advantage to establish productive infections.
Some antiviral factors with dual roles described to date
include members of the TRIM and IFIT families and
tetherin.

TRIMs

Members of the TRIM family of E3 Ub ligases have been
recently shown to have multiple effects as antiviral fac-
tors. TRIMs may act both as direct restriction factors and
as antiviral factors that promote innate immune signaling
pathways. The best-characterized TRIM with viral re-
striction activity is TRIM5a. It was found that, in contrast
to human TRIM5a, the rhesus monkey TRIM5a ortholog
is very efficient in inhibiting HIV-1 replication [50]. Non-
human primate TRIM5a targets the HIV-1 capsid and
promotes early uncoating, preventing subsequent steps of
replication in monkeys. The mechanism of viral restriction
by TRIM5a appears to involve capsid degradation and
proteasome-dependent and -independent mechanisms
[51]. In addition to its viral restriction activity, TRIM5a

has also been linked to activation of innate signaling by
catalyzing the synthesis of unanchored K63 poly-Ub
chains that activate TAK1 kinase for subsequent NF-kB
activation [52]. Although no viral protein has yet been
found to antagonize TRIM5a activity directly, mutations
in the capsid have been found to evade its viral restriction
function [53]. However, it is unclear whether viruses
directly target TRIM5a to antagonize its innate signaling
function.
425
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A few other TRIMs have been proposed to act as restric-
tion factors of retroviruses by direct inhibition at different
stages of virus replication [54]. TRIMs exemplify the con-
stant conflict between host and viruses. The large number of
TRIMs sharing similar domain organization and high se-
quence homology suggests that they evolved by gene dupli-
cations, potentially providing primates and other mammals
with new antiviral genes targeting evolving pathogens.
Consistent with this notion, several TRIMs show evidence
of positive selection, suggesting constant evolutionary pres-
sure by viruses [55]. In addition, TRIMs may act indirectly
as antiviral factors because many have been recently shown
to act as enhancers of innate immune signaling pathways
upon PRR triggering [56,57]. Furthermore, many TRIMs
have been shown to be IFN-inducible and highly expressed
in macrophages and DCs [58], underscoring their role in
antimicrobial activity. Surprisingly, only a limited number
of TRIMs have so far been found to be targeted by viruses. To
date only TRIM25 (described above), TRIM19, and TRIM23
have been shown to be targeted by viruses. TRIM19 (also
known as PML), a crucial component of nuclear bodies, has
been proposed to inhibit a wide variety of viruses including
the DNA viruses HSV-1, HCMV, and adenovirus, as well as
the RNA viruses human foamy virus (HFV), HIV-1, vesicu-
lar stomatitis virus (VSV), rabies, lymphocytic choriome-
ningitis virus (LCMV), IAV, and poliovirus. Consequently,
many viruses encode proteins that interact with TRIM19
resulting in its relocalization and disruption of nuclear
bodies. Both LCMV and rabies viruses disrupt the nuclear
bodies by the Z protein and the phosphoprotein P, respec-
tively [59]. The ICP0 protein of HSV-1, which is important
for the regulation of lytic and latent viral infection, interacts
with TRIM19 and disrupts the nuclear bodies in a Ub- and
proteasome-dependent manner, resulting in an impaired
antiviral response [60,61]. The viral 3C protease encoded by
encephalomyocarditis virus (EMCV) also induces PML deg-
radation by a proteasome and SUMO (small Ub-related
modifier) dependent pathway [62].

Recently TRIM21, 32, and 56 were reported to regulate
type I IFN production upon double-stranded DNA (dsDNA)
virus infection. TRIM21 mediates K48-linked polyubiquiti-
nation and degradation of the dsDNA sensor DDX41, where-
as TRIM32 and TRIM56 activate the adaptor protein
STING by K63-linked polyubiquitination [63–65]. However,
no viral antagonists of these TRIMs have yet been found.

Finally, TRIM23 appears to be targeted by HCMV. The
UL144 protein of HCMV, which is expressed at early times
postinfection, interacts with TRIM23 and TRAF6. The
formation of the UL144–TRIM23–TRAF6 complex pro-
motes K63-linked autoubiquitination of TRAF6 and NF-
kB activation [66]. Interestingly, TRIM23 has also been
shown to positively regulate NF-kB signaling by promoting
K27-linked polyubiquitination of the regulatory protein
NEMO [67], raising the question of whether the HCMV
UL144 protein may also regulate NF-kB signaling by
TRIM23-dependent ubiquitination of NEMO.

Other restriction factors involved in innate immune

signaling

Tetherin has also been recently shown to play a role
in immune signaling in addition to its viral restriction
426
activity. Whereas the short isoform of tetherin, which lacks
12 residues, was found to be more resistant to HIV-1 Vpu-
mediated downregulation and more efficient in HIV-1
restriction, the long isoform was found to be an activator
of NF-kB signaling. Tetherin signaling requires its extra-
cellular domain, also involved in virion retention, and a
region in the cytoplasmic tail for TRAF6 recruitment and
activation of TAK1 [68,69]. By contrast, the expression of
HIV-1 Vpu inhibited the induction of NF-kB by tetherin;
this inhibition required binding of Vpu to the b-TrCP E3
Ub ligase complex [70].

IFN-induced protein with tetratricopeptide repeats 3
(IFIT3, also termed ISG60) forms a complex with IFIT1
and IFIT2 resulting in inhibition of viral replication by
sequestering viral RNA [71,72]. In addition, IFIT3 also has
been reported to activate IRF3 for IFN-I production by
bridging TBK1 and MAVS [73]. Future studies will be
needed to reveal whether viruses encode antagonists that
target IFIT and other TRIMs in addition to TRIM19,
TRIM23, and TRIM25.

Viral antagonism of Ubl-dependent antiviral function
Ubl proteins have also been implicated in antiviral func-
tions, including ISG15 [74], SUMO [75], Nedd8 (neural
precursor cell-expressed, developmentally downregu-
lated), FAT10 (HLA-F adjacent transcript 10), MNSFb

(monoclonal nonspecific suppressor factor b), and the
essential autophagosomal components Atg8 and Atg12
[76]. Thus, viral antagonistic mechanisms of Ubl-modifi-
cation have also been extensively described. ISG15, which
is highly induced by IFNs, has been shown to have antivi-
ral functions against IAV, HSV-1, murine gammaherpes-
virus, Sindbis, Ebola, HIV-1, and vaccinia viruses. In turn,
some viruses have been described to inhibit host ISGyla-
tion including Crimean Congo hemorrhagic fever virus
(CCHFV), equine arteritis virus, porcine respiratory and
reproductive syndrome virus, and SARS coronavirus
(reviewed in [77]). These viruses target ISGylation by
encoding ISG15-deconjugating enzymes such as OTU-con-
taining enzymes (described above). Influenza B and vac-
cinia viruses encode proteins (the NS1 protein of influenza
B virus (B/NS1) and the E3L protein of vaccinia virus) that
block the transfer of ISG15 from the conjugating ligases to
the target proteins [78,79]. Interestingly, the effect of B/
NS1 in antagonizing ISGylation is species-specific be-
cause it targets human but not mouse ISGylation [80,81].

Sumoylation is another Ubl modification that has been
shown to be important against viral infection, and multiple
viruses have been shown to be targeted by the host SUMO
machinery (see [75]). The host antiviral action of SUMO is
frequently associated with PML-nuclear bodies, and many
viruses have been shown to encode proteins that disrupt
the nuclear bodies by targeting TRIM19/PML (discussed
above).

Viral manipulation of autophagy

Cell autophagy, a metabolic process used to deliver cellular
components to degradation and recycling pathways, has
been linked to the Ub system at multiple levels. For
example, the degradation and clearance of protein aggre-
gates can be achieved by a process of selective autophagy
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and involves recognition of ubiquitinated proteins. The
deacetylase HDAC6 binds polyubiquitinated misfolded
proteins and targets them to aggresomes for subsequent
clearance [82]. The autophagy proteins p62/sequestrome-1
and NBR1 recognize and target polyubiquitinated chains
to the autophagosome [83–85]. Although autophagy has
been well studied as an intracellular immunosurveillance
system in the context of intracellular bacterial [86], autop-
hagy has also been implicated in innate immune responses
to viruses, and this process may act immediately following
viral entry [87,88]. Neuron-specific depletion of ATG5 and
ATG7 autophagy proteins reduced survival upon Sindbis
virus infection [89]. TLRs which bind to viral RNA (TLR3,
7, and 8) have been shown to trigger autophagy and limit
viral replication [90,91]. Two important components of the
autophagy system, ATG8 and ATG12, are Ubl proteins
[92], linking Ub-like conjugation to autophagy. Some vi-
ruses have also developed countermeasures to subvert
autophagy. Mouse cytomegalovirus (MCMV) M45 protein
inhibits the inflammatory NF-kB pathway by interacting
with NEMO, the regulatory subunit of the IKK complex,
and targeting it for degradation by autophagy [93]. The
HSV-1 ICP34.5 virulence factor and gammaherpesvirus 68
(gHV68) vbcl2 protein block autophagy by inhibiting
beclin-1, a component of the phosphatidylinositol-3 (PI3)
kinase complex that recruits other autophagy proteins to
the autophagosomal membrane [94,95]. Beclin-1 is also
targeted for inhibition by HIV-1 Nef [96]. Moreover, autop-
hagy can enhance adenovirus infections in airway epithe-
lial cells [97]. Importantly, autophagy has recently
emerged as a potential therapeutic target for antiviral
treatment. For instance, a peptide derived from a region
of the autophagy protein beclin-1 (tat-beclin 1) induces
autophagy by binding to GAPR-1, a negative regulator of
autophagy, and this peptide reduces HIV-1 replication in
vitro and reduces pathogenicity of Chikungunya and West
Nile virus (WNV) in vivo [98]. However, antiviral drugs
targeting autophagy should be carefully designed because
viruses can also induce autophagy for their own advantage.
For example, Japanese encephalitis virus (JEV) activates
autophagy and increases autophagosome–autolysosome
fusion, which is essential for viral replication. In addition,
knockdown of autophagy genes reduced JEV replication
[99], indicating that autophagy can be beneficial for some
viruses. Therefore, autophagy is an important antiviral
cellular process that can be manipulated by viruses.

Antagonism of host innate responses by virus-encoded

Ub ligases

In recent years it has also become evident that viruses may
encode their own Ub ligases that target host antiviral
factors. Several herpesviruses have been shown to encode
RING or RING-like Ub ligases that directly interact with
host cell Ub machinery or induce Ub-proteasome-depen-
dent degradation. Varicella–zoster virus (VZV) encodes
ORF61, an immediate-early phosphoprotein with a RING
domain, which inhibits IFN production by targeting IRF3
for Ub-dependent degradation [100]. VZV ORF61 has also
been shown to interact with TRIM19 in a SUMO-depen-
dent manner, resulting in disruption of the nuclear bodies
[101]. KSHV encodes the K3 and K5 Ub E3 ligases that
promote K63-linked polyubiquitination of MHC I, provid-
ing a signal for internalization via the endocytic pathway.
This results in downregulation of MHC I cell surface
expression and evasion of the host immune response
[102]. As mentioned above, the ICP10 protein encoded
by HSV-1 has been thoroughly studied and was shown
to have a RING finger domain that confers E3 Ub ligase
activity. ICP10 has been shown to promote Ub-dependent
degradation of several host proteins involved in antiviral
functions [103]. Although viral E3 Ub ligases have been
identified in several different large DNA viruses, such as
herpesviruses and poxviruses [104], E3 Ub ligases encoded
by RNA viruses appear to be less common. It will be
interesting to see if future studies reveal novel Ub ligases
encoded by these viruses.

Concluding remarks
Increasing evidence shows an important dual role of antivi-
ral factors in direct interaction with viral components and
inhibition of viral replication, as well as involvement in
signal transduction to induce antiviral cytokines. One com-
mon aspect of these antiviral functions is ubiquitination/
deubiquitination of viral or cellular proteins, as well as
binding to unanchored poly-Ub chains. How viruses have
evolved to block these different antiviral functions is only
starting to emerge. Furthermore, the development of exper-
imental tools to study other Ub linkages (in addition to K48
and K63-linked poly-Ub chains), which have been lacking to
date, should facilitate future studies on the relationship
between the Ub system and viral replication. Challenging
aspects in the study of virus–Ub interactions include (i) the
existence of a large number of host E3 Ub ligases which are
responsible for substrate specificity, (ii) expression of multi-
ple isoforms of these E3 ligases, (iii) cell type- and host-
specific expression, (iv) type of Ub linkages and (v) complex
host–pathogen interactions. One potential strategy for
studying virus–Ub interactions could be the development
of protein microarrays containing poly-Ub chains of differ-
ent linkage types that can be used to identify Ub-binding
proteins encoded by viruses. A similar approach has been
described recently for the identification of E3 ligase sub-
strates in yeast [105]. The use of proteomics may facilitate
future studies to understand the link between immune
signaling and restriction activity of host proteins and will
help design better and safer antiviral drugs.
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