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ISG15 is an interferon (IFN)-induced ubiquitin-like
protein that is conjugated to target proteins via the
sequential action of three enzymes that are also induced
by IFN. Unlike ubiquitin, which is highly conserved, the
sequence of ISG15 varies between species. ISG15 conju-
gation inhibits many viruses, and free (unconjugated)
ISG15 can also act as an antiviral protein. In this review,
we focus on the antiviral role of ISG15 conjugation and
on countermeasures employed by several viruses. The
countermeasure by influenza B virus is unique in that it
exhibits species specificity. Only the antiviral activity of
human and non-human primate ISG15s can be blocked,
providing one possible explanation for the restriction of
influenza B virus to humans.

Antiviral role of the ISG15 pathway

A major response of mammalian cells to virus infection is
the production of IFN-o/f, which in turn induces the
synthesis of a large number of proteins, many of which
have antiviral activities. Viruses counter this antiviral
response by inhibiting the production of IFN-o/g and/or
by blocking the antiviral actions of IFN-induced proteins
[1]. One of the most highly induced IFN-induced proteins is
ISG15, a ubiquitin-like (Ubl) protein comprised of two Ubl
domains connected by a short five-amino acid linker [2—4].
The N-terminal and C-terminal Ubl domains of ISG15
have 30% and 36% identity with ubiquitin (Ub), respec-
tively [2-4]. Unlike Ub, which is highly conserved, the
sequence of ISG15 varies between species [5]. ISG15 is
covalently attached to target proteins through its C-termi-
nal LRLRGG sequence via the sequential action of three
enzymes that are also induced by IFN-a/B: the E1 activat-
ing enzyme UbE1L; the E2 conjugating enzyme UbcHS;
and the major E3 ligase Herc5 [6—10]. IFN-o/B also induces
the USP18 enzyme that removes ISG15 from proteins [11].
Intriguingly, Herc5 does not exist in mice whose major
ISG15 E3 ligase is instead Herc6 [12,13].

The first evidence that ISG15 has antiviral activity was
the finding that the nonstructural protein 1 of influenza B
virus (NS1B protein) binds ISG15 [6]. Subsequent work
from many laboratories has shown that ISG15 conjugation
inhibits a wide range of viruses, including influenza A and B
virus, Sindbis virus, HIV-1, herpes simplex-1, and murine
herpesvirus [14-20]. Most of these studies utilized ISG15
and/or UbE1lL knockout mice, and showed that virus
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replication was enhanced in knockout mice as compared
to wild type mice. By contrast, such enhanced replication
was not observed with several other viruses, specifically
vesicular stomatitis virus (VSV) and lymphocytic choriome-
ningitis virus (LCMV), indicating that these viruses are not
inhibited by ISG15 conjugation [14,21,22]. Free (unconju-
gated) ISG15 also can have an antiviral role: it protects mice
against the consequences of Chikungunya virus infection by
downregulating the pathogenic cytokine response, often
denoted as the cytokine storm [23]. Free ISG15 was also
reported to inhibit the production of HIV virions and Ebola
VP virus-like particles in tissue culture cells [19,24,25].
Here, we focus on the antiviral actions of ISG15 conjugation
and viral countermeasures against this conjugation. We will
not discuss the possible antiviral roles of free ISG15.

Molecular mechanism of antiviral actions of ISG15
conjugation
Because some of the identified targets for ISG15 modifica-
tion are IFN-a/B-induced antiviral proteins, it was conceiv-
able that ISG15 modification of one or more antiviral
proteins would enhance their antiviral activity [26]. Such
antiviral proteins might also include cellular proteins that
participate in the activation of IFN transcription. Consis-
tent with this possibility, it was reported that ISG15
modification of interferon regulatory factor-3 (IRF-3)
increases its stability by antagonizing its ubiquitination,
consequently enhancing IRF-3-mediated transcriptional
activation of IFN-B during Sendai virus infection [27,28].
However, it was also reported that the ISG15 conjugation
has the opposite effect on the retinoic acid-inducible gene 1
(RIG-I) protein, the cytoplasmic sensor of viral RNA that is
required for IFN induction [29,30]. Namely, the overall
level of the RIG-I protein was downregulated in the pres-
ence of ISG15 and its conjugation enzymes, and as a result,
UbE1L ™~ MEF cells exhibited an increase in both basal
and virus-induced IFN-8 mRNA levels. Consequently, it is
not clear whether ISG15 modification of cellular proteins
contributes to the antiviral action of ISG15 conjugation.
By contrast, ISG15 modification of viral proteins has
been shown to occur and to result in their loss of function.
The first viral ISG15 target identified was the NS1 protein
of influenza A virus (NS1A protein) [17,31], a multifunc-
tional protein expressed in influenza A virus-infected cells
but not incorporated into virus particles [32]. The NS1A
protein is comprised of an N-terminal double-stranded
RNA (dsRNA)-binding domain (RBD) and a C-terminal
effector domain (ED) that binds several cellular proteins
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[32]. In transfection assays, multiple lysines (Ks) in the
NS1A proteins of several influenza A virus strains were
ISG15 modified [17,31]. However, in infected cells, ISG15
conjugation occurred largely at only one or two these Ks
[17,31]. In cells infected with either of two influenza A virus
strains (H3N2 A/Udorn/72 or HIN1 A/WSN/33), ISG15
conjugation occurred largely at the K at position 41
(K41) in the RBD [17]. K41 participates in at least two
crucial functions: binding of dsRNA; and binding of impor-
tin-a for the nuclear localization (NLS) function of the RBD
[33,34]. Surprisingly, the NS1A binding sites for dsRNA
and importin-a do not totally overlap, enabling both mole-
cules to bind to the RBD at the same time [33]. As a
consequence of ISG15 modification of K41, the NS1A
RBD domain no longer bound importin- «, whereas dsRNA
binding was largely retained [17]. A reverse genetics study
established the importance of ISG15 modification of the
NS1A protein in the anti-influenza action of IFN [17]. A
recombinant influenza A virus expressing a NS1A protein
in which K41 was replaced with R showed tenfold in-
creased resistance to IFN pretreatment compared to the
wild type virus. Interestingly, K41 has been replaced by R
in the NS1A proteins of circulating H3N2 influenza A
viruses isolated after 1986, suggesting that these viruses
have undergone selection to eliminate ISG15 modification
of their NS1A proteins. Different Ks of the NS1A protein
were ISG15 modified in cells infected with the HIN1
influenza A/PR/8/34 virus [31]. Specifically, it was found
that ISG15 modification of either K126 or K217 in the ED
was largely responsible for the antiviral activity of ISG15
conjugation. By contrast, ISG15 conjugation of K41 was not
apparent. This difference between influenza A virus
strains in the sites of ISG15 modification of their NS1A
proteins is consistent with other evidence that NS1A func-
tions vary to some extent between virus strains [35,36].

The NS5A of hepatitis C virus was also conjugated to
ISG15 in transfection experiments, but this conjugation
has not yet been verified in IFN-treated infected cells [37].

Transfection experiments showed that ISG15 conjuga-
tion targets newly synthesized proteins [38]. Herch, the
major E3 ligase for ISG15, is associated with the 60S
ribosomal subunit in polyribosomes, and ISG15 modifica-
tion was shown to occur co-translationally. Consequently,
because viral proteins constitute the majority of newly
synthesized proteins in infected cells, viral proteins would
be the predominant targets during virus infection. These
results also suggested that ISG15 conjugation would ex-
hibit limited specificity for protein targets and probably
limited specificity for the K residues in a particular protein
target [38]. However, in influenza A virus-infected cells,
the NS1A protein is the predominant viral protein target,
with limited ISG15 modification of other viral proteins
[17], and although multiple Ks of NS1A are ISG15 modified
in transfection experiments, ISG15 conjugation predomi-
nantly targets only one or two of these Ks in infected cells
[17,31]. Tt is therefore likely that there are unidentified
control mechanisms in infected cells that can impose se-
lectivity in the choice of both viral protein targets and the K
residues in these targets.

IFN-induced ISG15 conjugation of a viral protein is
extremely inefficient: less than 5% of the total target protein
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population is conjugated during virus infection [17,31]. It
was proposed that such a low level of an ISG15-conjugated
viral protein would have a dominant-negative effect on the
function of its unconjugated counterpart if the viral protein
functions as an oligomer in infected cells [38]. As a test-of-
principle, the L1 capsid protein of human papillomavirus
(HPV) was ISG15-modified in transfection assays, resulting
in ISG15 modification of 10~15% of the protein, most likely
at multiple K residues; HPV pseudovirions generated with
this preparation of ISG15-modified L1 protein showed a
threefold decrease in infectivity compared to pseudovirions
generated with unconjugated L1 protein [38]. The effect of
ISG15 conjugation of the NS1A protein discussed above
shows that such a dominant-negative effect probably also
occurs in IFN-treated infected cells. The NS1A protein has
been shown to function at least in part as an oligomer in
infected cells [39,40], and ISG15 conjugation of 2-5% of the
NS1A protein at K41 leads to loss of NS1A function and to a
tenfold decrease in virus production in IFN-treated cells
[17]. However, definitive evidence for the dominant negative
model has not yet been obtained.

Viral antagonists of ISG15 conjugation

Several viruses have developed countermeasures against
ISG15 and/or its conjugation. One strategy, exemplified by
influenza B virus and vaccinia virus, is ISG15 binding by a
viral protein. The NS1B protein of influenza B virus was
the first viral protein identified as an ISG15 interactor [6].
The NS1B-ISG15 interaction and its functional impor-
tance will be discussed in a following section. The E3
protein of vaccinia virus was also shown to bind ISG15
[41]. In cells infected with a recombinant vaccinia virus
lacking the gene for the E3 protein, ISG15 conjugation was
increased relative to the wild type virus, suggesting that
the E3 protein inhibits ISG15 conjugation. The E3 protein
via its C-terminal domain does bind ISG15, albeit in an
RNA-dependent manner. Further, the E3-deleted vaccinia
virus showed significant virulence only in ISG15 knockout
mice, whereas wild type virus was equally virulent in wild
type and ISG15 knockout mice. However, because the C-
terminal domain of E3 protein has other antiviral activities
including dsRNA binding [42], it remains to be established
that the increased ISG15 conjugation associated with the
E3 deletion is directly due to ISG15 binding rather than to
an indirect effect, e.g., increased IFN induction.

Another viral countermeasure against ISG15 conjuga-
tion is a virus-encoding protease that removes ISG15 from
conjugated protein targets. The first type of such a viral
protease, which was identified in both nairoviruses (nega-
tive-strand RNA viruses) and arteriviruses (positive-
strand RNA viruses), contains an ovarian tumor (OTU)
domain that was previously identified in several cellular
proteins [43]. The cellular OTU-containing proteins are
known to function as deubiquitinating enzymes [44]. By
contrast, the viral OTU domain-containing proteins, for
example, the L protein of Crimean Congo hemorrhagic
fever virus (CCHFV), a nairovirus, and the nsp2 protein
of equine arteritis virus (EAV), cleave both Ub and ISG15
from proteins [43]. Several results indicate that the viral
OTU domains function in vivo [43]. Thus, expression of the
full length L protein of CCHFV (CCHFV-L) or its OTU
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Figure 1. Two viral proteins that bind ISG15. (a) Influenza NS1B-N-terminal domain region (NTR) homodimer (green and cyan chains) binds two human ISG15 molecules
(magenta) via their N-terminal ubiquitin-like (Ubl) domains. Generated from the Protein Data Bank (PDB) ID: 3SDL. (b) The deconjugating viral ovarian tumor (OTU) domain
of Crimean Congo hemorrhagic fever virus (CCHFV; green) bound to human ISG15 substrate (magenta). The viral OTU binds the C-terminal Ubl domain of ISG15 with the
C-terminus trapped as covalent intermediate. Generated from PDB ID: 3PSE. The missing loop in the ISG15 N-terminal Ubl is shown with a dashed line.

domain antagonized the antiviral activity of ISG15 conju-
gation in the mouse model of infection by Sindbis virus.
The OTU domain from CCHFV-L or the nsp2 protein of
EAV also suppressed the tumor necrosis factor-a (TNFa)-
induced activation of nuclear factor-«xB (NF-«B), a Ub-
dependent event, in tissue culture cells. These results
indicate that the dual substrate specificity of viral OTU
proteins provide an efficient way to counter both Ub-
dependent and ISG15-dependent host defenses. However,
it is not clear why the ISG15 cleaving activity is needed in
light of the expected suppression of IFN induction by the
Ub-cleaving activity of the viral OTU domains.

The structural basis for the dual specificity of the
CCHFV-L OTU domain has been determined by analysis
of the crystal structures of this viral OTU domain in
complex with either Ub or ISG15 (Figure 1b) [45-47].
The binding of both Ub and ISG15 involves an N-terminal
extension of the viral OTU that is not found in cellular
OTU domains. This N-terminal extension together with a
short helix binds the B-grasp fold of both Ub and the
C-terminal Ubl domain of ISG15. This binding results in
an orientation of both Ub and ISG15 that is dramatically
different from the orientation of Ub in complex with cellu-
lar OTU domains. It was proposed that this difference in
orientation may be exploited by designing small molecules
that specifically inhibit viral OTU function without inter-
fering with cellular enzymes that cleave Ub or ISG15 from
proteins. The C-terminal Ubl domain of ISG15, but not Ub,
also interacts with the viral OTU domain through a hydro-
gen-bonding network that allows tighter packing against
the viral OTU domain, possibly explaining the twofold
higher affinity of ISG15 for the viral OTU domain. These
studies also identified specific residues of the viral OTU
required for binding either Ub or ISG15, thereby enabling
the investigators to generate OTU variants that preferen-
tially function in Ub or ISG15 cleavage [46]. These viral
OTU variants will be useful to determine the relative
importance of the Ub-cleaving and ISG15-cleaving activi-
ties of the viral OTUs during CCFHYV infection. There are
other types of viral proteases that cleave both Ub and
ISG15 from proteins, for example, the papain-like protease

of severe acute respiratory syndrome (SARS) coronavirus,
but the structural analysis of these proteases in complex
with either Ub or ISG15 has not yet been carried out
[48-50]. The demonstration that a wide array of different
viruses encodes proteases that cleave both Ub and ISG15
from proteins highlights the importance of these proteases
for combating IFN-induced antiviral activity.

The interaction of the influenza B virus NS1B protein
with ISG15

The binding of human ISG15 by the NS1B protein of
influenza B virus was the first evidence for an antiviral
function for the ISG15 pathway [6]. The NS1B protein, like
the NS1A protein of influenza A virus, contains an N-
terminal RBD (amino acids 1-93) and a C-terminal ED
(amino acids 104-281). Both the NS1B and NS1A RBDs
form homodimers and possess dsRNA-binding activity
[51]. By contrast, the NS1B ED does not appear to share
similar activities with the NS1A ED. Indeed, other than
the dsRNA-binding activity of its RBD, little else was
known about the function of the NS1B protein until
ISG15 was identified in a yeast two-hybrid screen using
NS1B as the bait [6]. The ISG15 binding sequence of NS1B
was mapped to amino acids 1-103, which includes not only
the RBD, but also an additional nine amino acids (inter-
domain linker region) [6], and is referred to as the NS1B N-
terminal domain region, or NTR. The RBD alone is not
sufficient for ISG15 binding. The NS1A protein of influenza
A virus does not bind ISG15, demonstrating that such an
ISG15 binding function is not shared with influenza A
virus [6]. Transfection experiments showed that expres-
sion of the NS1B protein inhibited ISG15 conjugation
induced by either IFN treatment or co-expression of the
E1l, E2, and E3 enzymes [45,52,53].

The NS1B protein exhibits species-specific binding to
ISG15 [52,54]. It binds only human and non-human pri-
mate ISG15 [54]. The inability of the NS1B protein to bind
mouse ISG15 [52,54] explains why influenza B virus repli-
cation is inhibited in wild type mice [14]. Surprisingly, the
five-amino acid hinge of human and non-human primate
ISG15, which has a different sequence than the ISG15

183



Trends in Microbiology April 2013, Vol. 21, No. 4

Human 1
Rhesus 1
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Dog 1
Human 54
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Human 113
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SGAT 53
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TE—-- 165
TE—-—— 165
161
GNWAG 174
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Figure 2. Alignment of ISG15 sequences from four species: human, rhesus monkey, mouse, and dog. Generated from National Center for Biotechnology Information (NCBI)
accession numbers: NP_005092, NP_001253735, NP_056598, and XP_003639101, respectively). The five-amino acid hinge between the N-terminal and C-terminal ubiquitin-
like (Ubl) domains is enclosed in a red box. Dark blue shading denotes amino acids that are conserved in all four ISG15 molecules; lighter blue shading denotes amino acids

that are present in three or two of the ISG15 molecules.

hinges of other mammalian species, is absolutely required
for binding the NS1B protein [50] (Figure 2). For example,
substituting the mouse hinge sequence (QNCSE) for the
human hinge sequence (DKCDE) in human ISG15 resulted
in a total loss of NS1B binding. The NS1B protein is the
first example of an influenza B virus protein that exhibits
human (and non-human primate)-specific properties and
thus provides one explanation for the restriction of influ-
enza B virus to humans. The NS1B protein would only be
able to protect influenza B virus from the antiviral effects
of ISG15 and ISG15 conjugation in humans, and presum-
ably in non-human primates. No such protection would be
possible in other mammalian species, indicating that in-
fluenza B virus would not be expected to be maintained in
these other mammalian species. However, influenza B
virus might also be found in non-human primates, a pos-
sibility that has not yet been explored. It is not known
whether other influenza B virus proteins also exhibit
human-specific properties and thus contribute to the re-
striction of influenza B virus to humans.

The structural basis for the species-specific ISG15 bind-
ing of the NS1B protein was revealed by the crystal struc-
ture of the NS1B-NTR in complex with human ISG15
(Figure 1a) [55]. This complex is a hetero-tetramer, with
the NS1B-NTR homodimer interacting with two ISG15
molecules, one on each side of the dimer. The same stoi-
chiometry was observed in solution, as established by
equilibrium sedimentation experiments. In the crystal
structure of the complex, the first two residues in the
human linker region (D76 and K77) interact directly with
NS1B residues, verifying that these two human linker
residues are needed for binding to the NS1B protein.

The crystal structure verified that the two ISG15 bind-
ing sites are distinct from the dsRNA binding site [55,56].
Each of the ISG15 binding sites is comprised of residues in
both chains of the NS1B-NTR homodimer, specifically
residues 29-39 in the RBD from one NS1B chain and
residues 84-100 in the interdomain linker region from
the other NS1B chain [55]; residues W36 and Q37 in the
RBD and residues M91 and F100 in the interdomain linker
region make strong contacts with ISG15. Transfection
assays showed that full-length NS1B proteins containing
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alanine substitutions for either of these two sets of residues
do not bind ISG15, confirming previous results that both
the RBD and the interdomain linker are required for
ISG15 binding [55].

In addition, the crystal structure revealed that NS1B—
NTR makes little or no contact with the C-terminal Ubl
domain of ISG15 [55], in contrast to the interaction of the
viral OTU domains with ISG15 [45,46]. Essentially all the
contacts of NS1B are with the N-terminal Ubl and the N-
terminal end of the linker sequence of ISG15 [55]. Conse-
quently, NS1B binding of ISG15 would not be expected to
occlude access of its C-terminal Ubl domain to conjugating
enzymes. Then why does NS1B binding of ISG15 lead to
the inhibition of ISG15 conjugation observed in transfec-
tion assays? One possibility is that NS1B binding of ISG15
does not impose a structural impediment to conjugation,
but instead leads to sequestration of ISG15 to the nucleus
away from cytoplasmic polyribosomes [55], where ISG15
conjugation is likely to occur [38]. In human cells trans-
fected with a plasmid expressing the NS1B protein, and
also in influenza B virus-infected human cells, the NS1B
protein relocalizes essentially all the ISG15 from the cyto-
plasm to the nucleus [54]. This sequestration hypothesis
can be tested using a recombinant influenza B virus that
expresses a NS1B protein with a mutated ISG15 binding
site. This mutant virus will also be expected to reveal the
step(s) in influenza B virus replication that are affected by
ISG15 conjugation.

Concluding remarks

The studies summarized above have established that IFN-
induced ISG15 conjugation inhibits the replication of
many, but not all viruses [14-22]. Current evidence indi-
cates that such inhibition most likely results from the
ISG15 conjugation of one or more viral proteins [17,31].
Because only a small fraction (~2-5%) of the population of
a viral protein is ISG15-modified in IFN-treated cells
[17,31], a dominant negative model has been proposed
for viral ISG15 target whose functions during infection
rely on oligomer formation [38]. However, additional ex-
perimental evidence in several virus systems is needed to
prove this hypothesis.



In transfection experiments, the vast majority of pro-
teins are ISG15 conjugated [38]. By contrast, as exempli-
fied by influenza A virus, the NS1A protein is the
predominant target for ISG15 modification in IFN-treated
infected cells [17], and only one or two K residues in the
NS1A protein is apparently modified [17,31]. A future
challenge is to identify the control mechanisms in infected
cells that lead to the selection of specific viral protein
targets and the K residues in these targets. Insights con-
cerning such control mechanisms may come from in vitro
systems using purified components to carry out ISG15
conjugation. Although purified ISG15, UbE1L, and UbcHS8
are currently available [6,7,57], the purification of active
Herc5 ligase has not been accomplished. Because ISG15 is
coupled with translation [38], such an in vitro system will
probably need functional eukaryotic ribosomes and other
components of the translation system. The establishment
of this in vitro system may be a difficult endeavor.

The understanding of the molecular basis of NS1B-
ISG15 recognition opens up new questions and avenues
for the interplay between influenza B virus and the ISG15
pathway. The crystal structure of the complex of ISG15
with the NTR of the NS1B protein shows that the C-
terminal Ubl domain of ISG15 in this complex would be
expected to be accessible to ISG15 conjugating enzymes
[55]. Consequently, it remains to be determined how the
NS1B protein blocks the antiviral activity of ISG15 conju-
gation against influenza B virus in virus-infected cells.
Because the NS1B protein does not bind mouse ISG15
[52,54], currently available mouse strains are not suitable
as model systems for studying the pathogenesis of influen-
za B virus. This difficulty is likely to be overcome by
generating a mouse in which the human ISG15 gene is
substituted for the mouse ISG15 gene. Transfection experi-
ments have shown that human ISG15 is efficiently conju-
gated to target proteins by mouse ISG15 conjugating
enzymes, including mouse Herc6 instead of human Herc5
as the E3 ligase [12,13].

The virus countermeasures against the antiviral activi-
ty of ISG15 conjugation identified so far include viral
proteins that bind ISG15 or remove ISG15 from protein
targets [6,41,43,49]. Perhaps the viruses that are not
inhibited by IFN-induced ISG15 (e.g., VSV and LCMYV)
[14,21] develop similar countermeasures or encode viral
proteins that target other components of ISG15 conjuga-
tion system, for example, the conjugation enzymes. Future
experiments will establish whether this is the case.

Finally, it should be emphasized that we have not
discussed the mechanisms by which free ISG15 exerts
antiviral effects, an important area of research that
remains poorly understood.
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