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Abstract

Interferon-stimulated gene 15 (ISG15) is strongly upregulated during viral infections and
exerts pro-viral or antiviral actions. While many viruses combat host antiviral defenses by
limiting ISG expression, PRV infection notably increases expression of ISG15. However,
studies on the viral strategies to regulate ISG15-mediated antiviral responses are limited.
Here, we demonstrate that PRV-induced free ISG15 and conjugated proteins accumulation
require viral gene expression. Conjugation inhibition assays showed that ISG15 imposes its
antiviral effects via unconjugated (free) ISG15 and restricts the viral release. Knockout of
ISG15 in PK15 cells interferes with IFN-B production by blocking IRF3 activation and pro-
motes PRV replication. Mechanistically, ISG15 facilitates IFNa-mediated antiviral activity
against PRV by accelerating the activation and nuclear translocation of STAT1 and STAT2.
Furthermore, ISG15 facilitated STAT1/STAT2/IRF9 (ISGF3) formation and ISGF3-induced
IFN-stimulated response elements (ISRE) activity for efficient gene transcription by directly
interacting with STAT2. Significantly, ISG15 knockout mice displayed enhanced susceptibil-
ity to PRV, as evidenced by increased mortality and viral loads, as well as more severe
pathology caused by excessive production of the inflammatory cytokines. Our studies
establish the importance of free ISG15 in IFNa-induced antiviral immunity and in the control
of viral infections.

Author summary

By antagonizing type I IEN production and action, pseudorabies virus (PRV) evades host
defense to establish persistent infection. Interferon-stimulated gene 15 (ISG15) is known
to inhibit the replication of many viruses, although pro-viral effects of ISGylation are also
reported. We previously found that ISG15 was strongly induced upon PRV infection,
however, how ISG15 abundance is regulated and whether the ISG15 influences PRV repli-
cation via monomer or polypeptide remain unclear. This study shows that ISG15 restricts
PRV growth dependent on free ISG15, moreover, free ISG15 positively regulated IFNa-
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mediated antiviral activity by facilitating activation and nuclear translocation of STAT1
and STAT?2. Furthermore, ISG15 knockout mice display more highly sensitive to PRV,
indicating that ISG15 may also have an antiviral function in vivo. This study highlights
that free ISG15 is a critical antiviral target against PRV infection and improves our under-
standing of the host immune response to PRV infection.

Introduction

Pseudorabies virus (PRV), also called suid herpesvirus 1 (SuHV-1) or Aujeszky’s disease virus
(ADV), belongs to the alphaherpesvirus subfamily and infects a broad host range including its
natural host swine [1]. Particularly, recent evidence revealed that PRV can induce serious
encephalitis in a small portion of the infected individuals, raising the concern of PRV cross-
species transmission [2-6]. Like other herpesvirus, PRV can establish a latent infection in
peripheral nerve cells, which is usually used as a model for studying the biology of alphaherpes-
virus [7,8]. Despite intensive research, neither viable therapeutic options nor effective vaccines
is currently available to prevent PRV infection [2,9]. Therefore, understanding the interplay
between PRV and host cells will improve antiviral treatment.

In response to viral invasion, the host evolves various defense mechanisms. Among these,
the type I interferon (IFN-I) plays a critical role in host innate immunity defense against viral
infection. IFN-I, represented by IFNa/f, binds to their respective receptors and activates the
JAKs, which subsequently phosphorylate STAT1 and STAT2. The phosphorylated (p-) STAT1
and p-STAT2 complex with IRF9, resulting in the formation of ISG factor 3 (ISGF3). ISGF3
shuttles to the nucleus, where it binds to the IFN-stimulated response element (ISRE) in DNA
and stimulates the transcription of hundreds of interferon-stimulated genes (ISGs) involved in
antiviral immune responses [10,11]. Increasing evidence indicates that PRV utilizes its
encoded proteins to antagonize the IFN response by suppressing IFN-I signaling, or blocking
IFN downstream ISGs expression [12-14].

Interferon-stimulated gene 15 (ISG15) is an IFNo/B-induced ubiquitin-like protein that
exists in two distinct states: as a free molecule (intracellular and extracellular) or covalent con-
jugation to lysine residues of target proteins (ISGylation). Similar to ubiquitination, ISGylation
involves a cascading reaction catalyzed by E1 activating (UbE1L), E2 conjugating (UbcHS8)
and E3 ligase (Herc5) enzymes, which are also induced by IFNo/ [15]. ISG15 can be removed
from its target proteins by the ubiquitin-specific protease USP18, making the ISGylation pro-
cess reversible [16-19]. Several studies have suggested a role for ISG15 has proviral or antiviral
activities, depending on the virus and host species [20,21]. However, the role of ISG15 in viral
infection remains controversial [22]. In vitro studies in mouse cells have demonstrated an anti-
viral role for ISG15 during several viral infection [23-25], although there are some reports of
viruses displaying no enhanced replication when ISG15 is deficient [26,27]. Knocking down
ISG15 in human cells has also suggested an antiviral role for ISG15 during infection with
numerous viruses [23,28-30], while other studies have suggested no role at all [31,32]. Further-
more, mice lacking ISG15 exhibit enhanced susceptibility to some but not all viruses
[26,27,33-35], while ISG15 deficiency in human enhanced viral resistance [22,36-38]. More
recently, ISG15 was reported to have an immunomodulatory effect by acting as a negative reg-
ulator of IFN-I signaling, thus regulating the antiviral response during viral infection [39].

ISG15 is strongly upregulated in porcine kidney epithelial cells (PK15) following PRV infec-
tion [40]; however, its regulation during infection and the role of ISG15 in viral growth have
not been characterized. In this study, we show that ISG15 expression and ISGylation are ini-
tially induced after PRV infection but later suppressed by viral responses, and that gE, plays an
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important role in reducing ISG15 expression. By silencing the expression of ISG15, we show
that ISG15 inhibits PRV replication via the free ISG15, which promotes IFN-f production to
suppress viral growth. Moreover, we reveal that ISG15 silencing impairs IFNa-mediated anti-
PRV effect by blocking phosphorylation and nuclear translocation of STAT1 and STAT?2. Sig-
nificantly, ISG15 knockout mice exhibited highly susceptible to PRV infection, as evidenced
by high mortality, increased viral titer and more severe inflammatory. Our results reveal a crit-
ical role for ISG15 in IFNa-mediated antiviral activity and will provide a potential cellular
therapeutic strategy.

Results
Free ISG15 and conjugated protein accumulation during PRV infection

Although ISG15 expression has reportedly increased during PRV infection in our previous
study, how free ISG15 and ISG15 conjugates impact PRV growth and their roles in host
defenses against PRV remain largely unknown. We sought to dissect the expression of free
ISG15 and ISG15 conjugates during PRV infection with different multiplicity of infections
(MOIs) and different times post-infection. In PRV-infected PK15 cells, the greater levels of
free ISG15 and ISG15 conjugates were observed at 24 hours post-infection (hpi), even at rela-
tively low MOlIs (0.5, 1 and 5). However, the levels of free ISG15 and ISG15 conjugates at high
MOI (10) were much lower than those at low MOIs (Fig 1A-1C), and the decline in ISG15
expression was correlated with increased abundance of a representative viral late protein, gE,
by 12 h and 24 h. This suggested that the high levels of ISG15 present in the cells to prevent
PRV growth, whereas high expression of gE reduced the level of ISG15.

The expression profiles of free ISG15 and ISG15 conjugates were also examined in cells
infected with UV-inactivated virus (UV-PRV). In UV-PRYV infection, the levels of free ISG15
and ISG15 conjugates were elevated at 12 h and 24 h and correlated proportionally with MOI
(Fig 1A, lanes 6-9 and 1B, lanes 6-9). Levels of free ISG15 at 36 h induced by UV-PRV were
lowered than those at 24 h, probably due to the termination of signaling (Fig 1C, lanes 6-9).
The lack of viral gene expression in UV-PRV infection was verified by the absence of PRV-gE
protein expression (Fig 1A-1C). Collectively, these results comparing PRV and UV-PRYV infec-
tion demonstrate that free ISG15 and ISG15 conjugates are initially induced by PRV infection
at low MOIs, but are suppressed in a manner dependent on viral gene expression at high MOL.

PRV gE is required for ISG15 expression

Considering the PRV-gE expression may be responsible for the upregulation of free ISG15 and
ISG15 conjugates during PRV infection, we observed that the ISG15 abundance was associated
with viral gene expression by confocal immunofluorescence assay (Fig 1D). We next compared
the effects of PRV, UV-PRV, and gE-deleted mutant PRV infection (MOI of 1) on ISG15 tran-
scription by RT-qPCR. All virus increased ISG15 mRNA levels 12 h after infection, however,
ISG15 induction was terminated earlier for UV-PRV than PRV, and not notably terminated
for gE-deleted PRV, which continued to produce high levels of ISG15 transcripts even at a late
stage of infection (36 h) (Fig 1E). ISG15 transcription induced by PRV and UV-PRYV infection
gradually decreased might be through negative regulation of IFN-I signaling. This result indi-
cated that PRV-gE plays a vital role in inducing ISG15 transcription during PRV infection.

We further detected the expression levels of free ISG15 and ISG15 conjugates during PRV,
UV-PRV, and gE-deleted PRV infection. In consistent with the results on ISG15 transcript
level, the expression of free ISG15 and ISG15 conjugates were elevated at 12 h by all viruses,
whereas the level of ISG15 expression markedly decreased after 24 h in PRV and UV-PRV
groups (Fig 1F). This might suggest that viral processes mediated by gE may be implicated in
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Fig 1. Time course of ISG15 and ISGylation expression during PRV infection. (A to C) PK15 cells were mock-
infected (M) or infected with PRV or UV-PRYV at different MOIs (0.5 to 10) as indicated. Cell lysates were collected at
12, 24, and 36 h after infection and immunoblotted with antibodies for ISG15, PRV-gE, or B-actin (a loading control).
(D) PK15 cells were mock-infected or infected with PRV or UV-PRV at an MOI of 1 for 24 h. Cell were fixed with
methanol and double-label IFA was performed with antibodies for ISG15 and PRV-gE. DAPI stain was used to stain
cell nuclei. The images were obtained by confocal microscopy. (E and F) PK15 cells were mock-infected (M) or
infected with PRV, UV-PRYV, or gE-deleted PRV at MOI of 1 for 24 h. Total RNAs were prepared at the indicated time
points and the levels of ISG15 and B-actin transcripts were determined by RT-qPCR (E). Cell lysates were also
prepared and analyzed by immunoblotting (F). (G) PK15 cells were transfected with increasing amounts of plasmid
expressing gE and immunoblotting was performed. ***, p < 0.01 by Student’s test.

https://doi.org/10.1371/journal.ppat.1010921.g001

the downregulation of ISG15 expression profiles. Consistent with the results shown in Fig 1B,
PRV induced more ISG15 conjugates than UV-PRV at this MOI (Fig 1F, compare lanes 2 to 4
and 6 to 8). Importantly, gE-deleted virus induces a sustained increase in free ISG15, but has
little effect on ISG15 conjugates, indicating that gE is required for the induction of free ISG15
expression during PRV infection. The effect of gE on free ISG15 expression was further inves-
tigated using gE-overexpressing PK15 cells. Control and gE-overexpressing PK15 cells were
infected with PRV, and immunoblot results showed that overexpression of gE suppressed the
induction of free ISG15, whereas had no effect on the ISG15 conjugates (Fig 1G), further sup-
porting that gE is required for free ISG15 expression.

ISG15 restricts PRV growth and virus release

The role of ISG15 in PRV infection was investigated by knocking out ISG15 in PK15 cells.
wild-type (WT) PK15 cells and ISG15 knockout PK15 cells (ISG157") were either mock-
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Fig 2. ISG15 inhibits PRV replication. (A and B) WT and ISG157" cells were infected with PRV (MOI = 1) for 24 h,
and PRYV titers and growth were detected by plaque assay and IFA assays. (C) PRV-gE protein levels were detected in at
identified time points and different MOIs (0.5, 1, 5) by Western blot. (D) PK15 cells were transfected with
ISG15-overexpressing plasmid and then infected with PRV (MOI = 1) 12 h later. PRV-gE RNA was quantified at
different times post-infection in ISG157~ and WT cells overexpressing ISG15 by RT-qPCR. The data represent the
percentages of expression of PRV-gE in ISG15-transfected cells or ISG15 knockout cells compared with cells
transfected with a control plasmid (100%). (E) The PRV titer in the culture supernatant and associated with cells was
determined by plaque assay at 24 hpi. Limit of detection was 20 pfu/ml in the plaque assay. *, p < 0.05; **, p < 0.01;
*p < 0.001 (#-test).

https://doi.org/10.1371/journal.ppat.1010921.9002

infected or infected with PRV at an MOI of 1. PRV growth were remarkably increased in
ISG15™ cells, as evidenced by viral plague, IFA and Western blot assays (Fig 2A-2C), suggest-
ing that ISG15 inhibited PRV replication. These results were also confirmed in mouse embryo
fibroblasts (MEF) cells (S1 Fig).

Additionally, it has been reported that ISG15 may affect virus entry [35] or release [41,42].
Thus, two experiments were carried out to gain information about the role of ISG15 in those
steps of PRV replication. First, PK15 cells were transfected with a plasmid expressing ISG15 or
a control plasmid before being infected with PRV, meanwhile, ISG157" cells were also infected
with PRV. The RNA level of PRV-gE, a protein encoded by late gene [43], was quantified at
various times post-infection. We found that a significant RNA reduction in the ISG15-overex-
pressing cells compared to control cells starting 6 hpi, while loss of ISG15 significantly
enhanced PRV-gE RNA level (Fig 2D). This result showed that ISG15 restricts PRV growth at
a post-entry stage of infection. Furthermore, the virus associated with cells and released to the
supernatant were also quantified in control- or ISG15-transfected WT cells and ISG15”" cells.
As shown in Fig 2E, a significant decrease was observed in virus titers from cell-associated
fraction of ISG15-transfected cells compared to control-transfected cells, while an obvious
increase in ISG15 silencing cells. Moreover, more than 3-fold reduction was observed in virus
titer from the supernatant fraction of ISG15-transfected cells compared to the same fraction of
cell-associated cells (Fig 2E). These results indicate that ISG15 limits PRV replication occur-
ring before virus release.
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Antiviral activity of ISG15 against PRV is due to free ISG15

To further determine whether ISG15 achieves its antiviral effect against PRV via free or conju-
gated form, two different experiments were carried out. First, due to the fact that exposure of
the C-terminal Gly-Gly motif is essential for conjugation of ISG15 to substrates [21], these two
residues were replaced with Ala using site-directed mutagenesis to generate a mutate plasmid
ISG15AA employed as a control. PK15 cells were transfected with an empty vector, a
ISG15-expressing plasmid, or an ISG15AA expressing plasmid. After 24 h post-transfection
(hpt), the cells were infected with PRV and then viral protein expression and viral titer were
measured. As expected, we found a significant decrease in PRV-gE expression level, as well as
PRV titer (3.2-fold) (Fig 3A), compared to cells transfected with empty vector. Notably, there
wasn’t any significant differences detected in PRV titer and protein levels between these cells
transfected with ISG15 and ISG15AA plasmid (Fig 3A), suggesting ISGylation did not seem to
play an antiviral effect against PRV. Similar results were obtained from a parallel transfection /
infection in ISG15™ cells (Fig 3B). These data suggest that ISG15 exerts its antiviral activity
against PRV through free ISG15-dependent or ISG15 conjugation-independent mechanisms.

The effect of free ISG15 on PRV growth was further investigated by depleting UbE1L, a
known E1 enzyme for ISGylation [44]. Prior to infection with PRV, PK15 cells were trans-
fected with either a control siRNA or a siRNA targeting UbE1L, and expression of free ISG15
and conjugates were measured by immunoblotting. We observed that UbE1L-knockdown
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Fig 3. Antiviral activity of ISG15 against PRV relies on free ISG15. (A) PK15 cells were transfected with either an
empty control plasmid, an ISG15-expressing plasmid, or a plasmid expressing ISG15 mutant (ISG15AA). After 24
hours, the cells were infected with PRV (MOI = 1). Total proteins were collected 24 hpi, and Western blot was used to
determine the expression of free ISG15 and ISGylation protein. The PRV titer was detected by plaque assay. (B) As in
panel A, ISG157" cells were transfected and infected, and the ISG15 protein expression and virus titer were
determined. (C) PK15 cells were transfected with either control siRNA or UbEIL siRNAs and infected with PRV
(MOI = 1) for 24 h. The knockdown efficiency of UbE1L was determined by Western blot. *, p < 0.05; **, p < 0.01 (¢-
test).

https://doi.org/10.1371/journal.ppat.1010921.9003
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cells displayed higher levels of free ISG15 than control cells, but a slight decrease in the expres-
sion levels of ISG15 conjugates (Fig 3C). This might be due to the fact that ISGylation was
incompletely inhibited by UbE1L knockdown. However, a significant drop in viral titer was
found in UbE1L-knockdown cells compared with the control cells (Fig 3C), suggesting free
ISG15 exerted anti-PRV activity. Meanwhile, the antiviral activity of free ISG15 was also con-
firmed in MEF cells (S2 Fig).

Collectively, these results indicate that ISG15 inhibits PRV replication in a free ISG15-de-
pendent manner, rather than ISGylation.

ISG15 knockout decreases PRV-induced IFN-f production

Like other alphaherpesviruses, PRV establish persistent infections rely partly on their ability to
inhibit IFN-I signaling [13]. To determine if free ISG15 is a factor involved in the innate antivi-
ral response, we firstly test the effect of free ISG15 on type I IFN production. We comple-
mented the ISG15”" cells with conjugation-deficient ISG15 mutant ISG15AA as a control, and
no significant difference was observed for ISG15 expression between ISG15” cells transfected
with ISG15AA-expressing plasmid and WT cells, indicating successful rescue of ISG15 (Fig
4A). The cells responded to PRV infection with induction of IRF3(5396) phosphorylation, but
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Fig 4. ISG15 deficiency decreases IFNB production. (A to C) WT cells were transfected with empty vector, plasmid
overexpressing ISG15, or siRNA, and ISG15” cells were transfected with plasmid expressing ISG15AA or empty
vector. At 24 hpt, cells were infected with PRV (MOI = 1) for 24 h. The cell lysates and total RNA were harvested
respectively. (A) The protein levels of IRE3, pIRF3 (S396), PRV-gE and ISG15 were analyzed by Western blot. (B)The
mRNA levels of PRV-gE and IFN-B were detected by RT-qPCR. (D) WT and ISG15™" cells were transfected with
expression plasmid ISG15, siISG15, ISG15AA or empty vector alongside IFN-p luciferase reporter gene (IFN-B-Luc).
After 12 hpt, cells were infected with PRV for 24 h, and the promoter activity of IFN-f was performed by dual-
luciferase reporter (DLR) gene assay. (E) As in panel A, the cellular supernatant was collected to analyze the protein
concentration of IFN-p by ELISA. n.s., no significant difference; *, p < 0.05; **, p < 0.01; ***, p < 0.001 (¢-test).

https://doi.org/10.1371/journal.ppat.1010921.9004
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this event was suppressed upon ISG15 knockdown or knockout at 24 hpi (Fig 4A). Reduced
levels of IRF3 activation are due to enhanced viral transcription/translation, resulting in
enhanced viral growth upon ISG15 depletion (Fig 4A and 4B). Elevated levels of IRF3 activa-
tion corresponded with significantly enhanced induction of IFN-f transcripts, which induc-
tion of IFN-B mRNA was also increased (Fig 4C). Meanwhile, ISG15 depletion statistically
diminished PRV-induced IFNf production and release (Fig 4D). Moreover, we found that
IFN-B promoter activity was dramatically enhanced in ISG15-expressing WT cells, while
reduced in siISG15-expressing WT cells, compared with samples transfected with empty vec-
tor (Fig 4C), further suggesting that free ISG15 accelerates IFN-p production. Overall, these
findings indicate that ISG15 knockout attenuates PRV-triggered IFN- production and
release, subsequently potentiating PRV replication.

ISG15 deficiency impairs the IFNa-mediated antiviral activity

Previous reports have indicated that IFNa treatment of ISG15-deficient patient cells exhibited
increased resistance to several viral infection [22]. Considering that ISG15 promotes IFN-f
production during PRV infection, we wonder whether ISG15 is involved in type I IFN-medi-
ated antiviral effect against PRV. We firstly compared the ISG15 expression patterns induced
by PRV infection or IFNea stimulation, and found that PRV-induced ISGylation differs to
some extent from that of IFNa, as well as some specific bands were apparent in PRV-infected
cells (Fig 5A). This might be involved in some strategies used by PRV to antagonize IFNo-
mediated antiviral effect. Subsequently, we found a significant increase in viral RNA and viral
titers in ISG15”" cells with or without IFNe stimulation compared with WT controls (Fig 5B
and 5C), implying that complete loss of ISG15 impairs IFNa-mediated antiviral activity against
PRV.

With the aim of confirming that the effect observed was specifically dependent on free
ISG15, we complemented the ISG15”" cells with conjugation-deficient ISG15 mutant
ISG15AA as a control. No significant difference was observed for PRV-gE expression between
ISG15™" cells transfected with ISG15AA-expressing plasmid and WT cells, indicating success-
ful rescue of ISG15 (Fig 5D). Results showed that, as expected, transfected with ISG15AA led
to a high suppression of the PRV-gE expression (Fig 5D), suggesting ISG15-deficient cells with
or without IFNe stimulation are more susceptible to PRV. Notably, substantial suppression of
IFNa-induced ISRE promoter activity was also observed in PRV-infected ISG15™" cells by a
dual-luciferase reporter assay (Fig 5E), implying that ISG15 deficiency can interfere with IFN
signaling. To further confirm the inhibition effect of ISG15 on ISRE transcription, mnRNA
expression levels of three common ISGs were detected by RT-qPCR, including interferon
induced protein with tetratricopeptide repeats 1 (IFIT1), oligoadenylate synthetase 1 (OAS1),
and myxovirus-resistance A (MxA). Results showed that mRNA levels of IFIT1, OASI and
MxA induced by PRV were significantly reduced in ISG15™" cells (Fig 5F). Altogether, these
data support that ISG15 deficiency interferes with type I IFN signaling and impairs IFNa-
mediated antiviral effect against in PRV.

ISG15 deficiency suppresses phosphorylation and dimerization of STAT1
and STAT2

Phosphorylation of STAT1 and STAT?2 is required for activation of IFN-I-mediated antiviral
response [45], and STAT degradation is a common mechanism of viral IFN antagonism [46].
We next sought to investigate the mechanism by which ISG15 interferes with IFN-I signaling.
Since ISG15 deficiency inhibits IFN-I signaling pathway, the ability of ISG15 to affect STAT1
and STAT?2 phosphorylation after PRV infection was initially investigated. Western blot
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Fig 5. ISG15 deficiency impairs IFNa-mediated antiviral activity against PRV. (A) Total protein from mock
infected, stimulated with IFNo (1000 U/ml) or infected with PRV (MOI = 1) were collected at 12 hpi, fractionated by
SDS-PAGE, and analyzed by immunoblotting using antibodies specific for total ISG15, gE, or B-actin. (B and C) Prior
to infection with PRV (MOI = 1), WT and ISG15”" cells were either treated with IFNo (1000 U/ml) or left untreated
for 12 h. Total RNA and supernatant were harvested 24 hpi to analyze gE mRNA level (B) and viral titers (C) by RT-
gPCR and plaque assays. (D) ISG15” cells were transfected with either a plasmid expressing ISG15 mutant or an
empty plasmid. After 12 hpt, WT and ISG15™" cells were treated with IFNo. (1000 U/ml) or left untreated before
infecting with PRV. The expression of total ISG15 and gE were determined by Western blot. (E) WT and ISG15™" cells
were co-transfected with the ISRE reporter plasmid and the Renilla luciferase control plasmid (pRL-TK). Twelve hours
post-transfection, cells were infected with PRV at an MOI of 1 for 24 h and pre-treated with IFNa: (1,000 U/ml) or left
untreated for 12 h. Relative luciferase activity was measured by dual-luciferase reporter (DLR) assay. (F) The mRNA
levels of ISGs, including IFIT1, MxA and OAS1 were measured by RT-qPCR. Fold change in mRNA levels relative to
the untreated group was calculated using the 22" method, and the -actin gene was used as the housekeeping gene.
Limit of detection was 20 pfu/mL in the plaque assay. The data are presented as means standard error of the mean +
(SEM) of at least three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (t-test).

https://doi.org/10.1371/journal.ppat.1010921.9005

analysis showed that phosphorylation of endogenous STAT1 and STAT?2 proteins were
degraded in PRV-infected ISG15”" cells, and the protein levels of total STAT1 and STAT2
remained constant before and after IFNo treatment (Fig 6A). To confirm the effect observed
was specifically dependent on ISG15 deficiency, we complemented the ISG15™" cells with
ISG15AA transfection, showing no difference compared with WT cells (Fig 6A). This result
clearly showed that ISG15 deficiency suppressed the activation of STATI and STAT2.
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Fig 6. Knockout of ISG15 prevents the activation of STAT1 and STAT2. (A and B) WT and ISG15” cells were
transfected with ISG15AA or siISG15 for 24h, and the cells were treated or un-treated with IFNo (1000 U /ml) and
then infected 12 h later with PRV (MOI = 1). At 24 hpi, the relative pSTAT1 and pSTAT?2 levels were analyzed by
Western blotting with the specified antibodies. The pSTAT1/STAT1 and pSTAT2/STAT2 protein levels were
calculated by Image] software. (C to F) IP detection of STAT1 and STAT?2 heterodimer in WT and ISG157 cells after
PRV infection. The cells were transfected with ISG15AA in ISG15™" cells or silSG15 in WT cells before IFNo.
treatment, and then infected with PRV (MOI = 1) for 24 h. IP with STAT1 or STAT2 antibody and then blotting with
antibody against STAT2 (Tyr 690) or STAT1 (Tyr 701). *, p < 0.05; **, p < 0.01 (t-test).

https://doi.org/10.1371/journal.ppat.1010921.9006

Furthermore, opposite results were observed in siISG15-transfected WT cells (Fig 6B). Consis-
tent with the results above, no significant difference was observed in the ratio of p-STAT1/
STATI and p-STAT2/STAT2 between ISG15” cells and silSG15-transfected WT cells (Fig
6B). These data indicated ISG15 deficiency blocked endogenous STAT1 and STAT?2 phos-
phorylation independent of IFN¢ treatment.
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Once activation is triggered by type I IFN, STAT1 and STAT?2 form a heterodimer and
associate with IRF9 to form the mature ISGF3 complex [47]. To examine the effect of free
ISG15 on the formation of STAT1 and STAT2 heterodimerization, we performed Co-IP assays
to detect the interaction between ISG15 and STAT1/STAT?2. IP with STAT1 antibody followed
by immunoblotting with STAT2-Y690 antibody showed ISG15 deletion inhibited the STAT1--
STAT?2 interaction (Fig 6C), and the same result was observed in samples with STAT? anti-
body and then blotting with STAT1-Y701 antibody (Fig 6D). Moreover, no significant
difference was observed between WT cells and ISG15AA-transfected ISG157" cells, indicating
the inhibition role of free ISG15 on the formation of STAT1 and STAT?2 heterodimer (Fig 6C
and 6D). Similar results were obtained in siISG15-transfected WT cells, further confirming
ISG15 knockout inhibit the formation of STATI and STAT2 heterodimerization (Fig 6E and
6F). The above data suggested that ISG15 facilitates phosphorylation and dimerization of
STAT1 and STAT2.

ISG15 deficiency blocks IFN-mediated nuclear translocation of STAT1/
STAT?2 by preventing ISG15-STAT2 interactions

Next, we set out to determine how ISG15 affects the activation of STAT1 and STAT2. We first
examine the direct interactions between ISG15 with STAT1/STAT2 by Co-IP assays. Immuno-
precipitation results showed that ISG15 was only able to interact with STAT2 (Fig 7A and 7B),
hinting that STAT?2 is the crucial component connecting STAT1/STAT?2 to ISG15. The result-
ing phosphorylation of STAT1 and STAT?2 allows their heterodimerization and associated
with IRF9, forming the ISGF3 (STAT1/STAT2/IRF9) complex that subsequently translocated
to the nucleus to initiate ISRE-dependent transcription. To further clarify the positive regula-
tion of ISG15 on IFN-I signaling, the formation of ISGF3 heterotrimers was also examined by
Co-IP. Results showed ISG15 deficiency impaired the formation of ISGF3 (Fig 7C).

Next, we examined whether the impaired STAT1/STAT2 phosphorylation correlated with
the inhibition of STAT1/STAT2 nuclear translocation or a reduction in steady state levels of
ISGF3 members. Subcellular fractionation and Western blot analysis showed that ISG15 defi-
ciency prevents STAT1 and STAT2 nuclear translocation in the absence of IFNo treatment
(Fig 7D), indicating that ISG15 deficiency blocks the nuclear translocation of STAT1/STAT?2.
We further determined whether ISG15 deficiency is involved in the ISRE activity by a dual-
luciferase reporter gene assay, and identified that ISG15”" cells significantly reduced luciferase
activity driven by the ISRE (Fig 7E), confirming ISG15 deficiency prevents the ISGF3-induced
ISRE activity. These findings indicated that ISG15 knockout inhibited the nuclear transloca-
tion and ISGF3-induced ISRE activity by blocking the ISG15-STAT?2 interaction. Taken
together, these results suggested that ISG15 interacts with STAT?2, which is important for
ISG15 to enhance the activation of ISRE.

ISG15 knockout mice are highly sensitive to PRV infection

PRV can infect a variety wide of mammals including rodents, thus mouse model has been
widely used to study PRV pathogenesis [48]. To investigate whether ISG15 possesses an antivi-
ral role in vivo, we infected ISG15 knockout (ISG15”") mice with PRV for 7 days, and analyzed
the clinical symptoms, survival rate, viral loads and pathological changes. The results showed
that the ISG15” mice displayed severe typical neurological symptoms, including greatly
reduced activity and pruritus at 3 days post infection (dpi), began to die at 4 dpi and all die on
day 6 (Fig 8A). Whereas the PRV-infected WT mice developed only mild symptoms at 4dpi
under the same condition, and started to die from the day 5 and over 50% of them eventually
survived from the challenge (Fig 8A). Additionally, the ISG15 expression was remarkably
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Fig 7. ISG15 facilitates activation of STAT1/STAT2 mainly through STAT?2. (A and B) IP analysis of the interaction
between STAT1/STAT2 and ISG15. IB analysis of immunoprecipitations of ISG15”" cells co-transfected with
HA-ISG15AA, HA-ISG15 or Myc-STAT2/STAT1 expression plasmids. (C) WT and ISG157" cells were co-transfected
with HA-STAT1, Myc-STAT2, Flag-IRF9 and si-ISG15 (in WT) or ISG15AA (in ISG157"), and the cells were infected
12 h later with PRV (MOI = 1). At 24 hpi, IP with STAT1 antibody and then blotting with antibody against STAT2
(Tyr 690), STAT1 (Tyr 701) and IRF9. (D) Subcellular fractionation and Western blotting were used to identify the
distribution and expression level of STAT1 and STAT2 in WT and ISG15™" cells. The same blot was incubated with
antibodies against S-actin and histone H3 as controls for loading and fractionation. (E) WT and ISG15™" cells were co-
transfected with si-ISG15 or ISG15AA, along with firefly luciferase reporter plasmid and pRL-TK. After 12 hpt, the
cells were infected with PRV (MOI = 1) for 24 h. Relative luciferase activity was measured by dual-luciferase reporter
(DLR) assay. n.s., no significant difference, **, p < 0.01, ***, p < 0.001 (¢-test).

https://doi.org/10.1371/journal.ppat.1010921.9007
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upregulated during PRV infection in WT mice (Fig 8B), consistent with the results from our
cell model.

Because PRV infection mainly causes neurological and respiratory symptoms, and encepha-
litis is a key factor contributing to animal death [49]. As expected, ISG15”" mice displayed
more susceptible to PRV than WT mice, as evidenced by increased viral loads within the brains
and lungs of infected ISG15” mice (Fig 8C). Next, to detect the degree of encephalitis and
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Fig 8. PRV challenge assay in vivo. Seven-week-old male ISG15” mice (n = 15) and WT mice (n = 15) were
inoculated with 5x10° TCIDs, of PRV-QXX subcutaneous. (A) Survival of the infected WT and ISG15”" mice was
monitored until day 6 after infection. Statistical significance was determined by the log-rank test. (B) Expression of
ISG15 and gE in the brain tissue from PRV-infected mice. (C and D) Viral copies of brain and lung tissues were
detected by RT-qPCR. (E) The histopathological features of brains and lungs of the infected WT and ISG15”" mice.
The tissues were sectioned and stained with hematoxylin-eosin. Magnified images of the regions with black rectangles
in infected WT and ISG15” mice, respectively. Representative images are shown: ND: nuclear disintegration of
Purkinje cell; N: neurons; NN: necrotic neurons; G: glial cells; PS: shrinkage of Purkinje cells; P: Purkinje cells; PN:
necrotic Purkinje cells; MI: mononuclear cellular infiltration. (F and G) The mRNA and protein expressions of IL-6,
TNF-o and IL-1p in different tissues and serum of infected mice were determined by RT-qPCR and ELISA,
respectively.

https://doi.org/10.1371/journal.ppat.1010921.9g008
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pneumonia in the PRV-infected mice, the histopathological analysis of the brains and lungs at
4dpi were performed. As illustrated in Fig 8D and 8E, the brains of ISG15” mice show greater
inflammatory damage, necrotic neurons, more glial cells and more obvious microgliosis and
hyperemia compared with WT mice (Fig 8D). Histological analyses of infected lungs showed
greater inflammatory cells infiltration, severe congestion and higher level of lung tissue
impairment in ISG15™" mice in comparison with WT mice (Fig 8E). These results indicated
that ISG15 deletion aggravated virus-induced pathogenicity during PRV infection in vivo.

Cytokines are crucial in combating viral infection and are involved in the regulation of
immune and inflammatory responses, including interleukin 1 (IL-1p), interleukin-6 (IL-6)
and tumor necrosis factor alpha (TNF-a) [50]. Thus, we also evaluated whether ISG15 defi-
ciency influences cytokines production in the brains and lungs of PRV-infected mice. The
mRNA levels of IL-1B, IL-6 and TNF-o were significantly higher in the brains and lungs of
ISG15”" mice as compared with those of WT mice at different time points post infection (Fig
8F). Moreover, the protein concentrations of IL-1f, IL-6 and TNF-o. from serum of the
infected mice were measured using ELISA assay, and we found ISG15-deficient mice displayed
higher cytokines concentrations (Fig 8G). This suggested that ISG15”" mice produced more
inflammatory cytokines, which is responsible for severe brain and lung pathology. These data
demonstrate that ISG15 exhibits antiviral function in vivo.

Discussion

The function of ISG15 in viral immunity remains an area of active investigation [25,39,51,52].
To date, the PRV-host interactions that induces ISG15 upregulation and the impact of the free
ISG15 and ISG15 conjugates on PRV replication remained unexplored. Here, we established
that although the ISG15 abundance were triggered by PRV infection, they are subsequently
abrogated by viral gene expression at high MOI. A possible reason for this finding is that viral
gene expression was high enough to prevent ISG15 induction. Our analysis with gE-deleted
mutant virus demonstrated that PRV-gE played a central role in inducing free ISG15. Notably,
although gE effectively reduced free ISG expression, the level of free ISG15 and ISGylated pro-
teins during PRV infection largely depended on the MOL

Although the antiviral role of ISGylation has been reported in several viruses, studies on
free ISG15 interferes with the antiviral functions are limited to a few examples. Our data pro-
vide evidence supporting the antiviral roles of free ISG15 during PRV infection using a
ISG157" cell line. Additionally, we noticed that ISG15 had to accumulate in large amounts
before virus replication to carry out its anti-PRV role. To discern the effects of free ISG15 and
ISG15 conjugates on PRV replication, WT and ISG15”" cells was overexpressed with a conju-
gation-deficient ISG15 mutant ISG15AA, suggesting that free ISG15 significantly inhibited
PRV growth. Another powerful evidence is that UbE1L, a specific ISGylation enzyme, was
depleted by shRNA in WT cells. These data consistently showed an inverse relationship
between the expression of free ISG15 and PRV growth, further indicating that free ISG15
inhibits PRV growth. It is possible that when ISG15 is expressed at high levels before virus rep-
lication, no viral proteins are present to counteract the ISG15 antiviral activity (Fig 1). Another
possibility is that ISG15 accumulation may promote IFN-I signaling and/or the expressions of
ISGs to combat viral infection. It should be noted that the negative correlation between PRV
infection and ISG15 expression was also observed from the infected mice (Fig 8B and 8C),
pointing to the antiviral role of ISG15 in PRV infection in vivo.

We further demonstrated here that complete loss of ISG15 resulted in a reduced IFN-f pro-
duction by inhibiting IRF3 activation, and impaired IFNa-mediated antiviral response against
PRV. Type I IFN signaling is a critical for controlling viral infection. Recent investigations
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Fig 9. A mechanism model showing ISG15 facilitates type I IFN-mediated antiviral response. Our work
demonstrates that ISG15 plays a positive feedback role in type I IFN-mediated antiviral activity against PRV.

https://doi.org/10.1371/journal.ppat.1010921.9009

demonstrated that ISG15 acted as a negative regulator of type I IFN signaling exerted antiviral
response during viral infection [22,39]. However, our results provided some evidence support-
ing ISG15 as a positive regulator of IFNa-mediated antiviral response against PRV as follow-
ing: 1) ISG15 deficiency inhibits IFN- production and promotes PRV replication; 2) ISG15
deficiency impairs the IFNa-mediated antiviral activity against PRV; 3) ISG15 deficiency pre-
vents the phosphorylation of STAT1/STAT?2 and nuclear translocation of STAT1/STAT?2 het-
erodimers; and 4) ISG15 deficiency blocked the ISGF3 formation and several ISGs
transcription. Collectively, these data showed that ISG15 deletion reduces the production of
the type I IFN and subsequently prevents the activation of STATI and STAT?2 in response to
PRV infection. These findings demonstrate ISG15 as a key positive regulator in IFN-I signaling
and confirm its importance in the host defense against PRV infection (Fig 9), which may be

more broadly against other viruses as well.

We found that ISG15 was involved in two crucial steps in IFN-I signaling, including the
activation of STAT1 and STAT2 and the ISGF3 formation (Figs 6 and 7). This may be partly
because ISG15 knockout inhibited the IFN-I signaling pathway by blocking the activation of
STATI and STAT?2 (Fig 6A and 6B). Since ISG15 mainly localizes in the cytoplasm (Fig 7D),
we found the mechanism for ISG15 to impact this step is through interactions between ISG15
and STAT2. The result that the lack of ISG15 decreases STAT1 and STAT2 phosphorylation
with hindering formation of STAT1 and STAT2 heterodimer suggests that ISG15 may be
involved in the formation of the ISGF3 heterotrimer. Although the regulation of the ISGF3--
mediated transcription of ISGs in the nucleus in not well understood, we demonstrate that
ISG15 carries out a critical positive regulator in this process. ISG15 seems to function by
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enhancing the ISGF3 recruitment to the promoter of ISGs and promoting the transcription of
ISGs, this is complex. ISGF3 complex is essential for ISRE activation. Thus, we described that
ISG15 may act as a regulator promoting ISGF3 to its ISGs promoters for efficient gene tran-
scription (Fig 9). A similar mode of action is also observed in Bclafl that regulated the type I
IFN responses and was degraded by alphaherpesvirus US3 [53].

From the above results, we concluded that ISG15 contributes to the IFNo-mediated antivi-
ral response. Supporting this conclusion, ISG15™" mice are highly susceptible to PRV infection
than WT mice, as evidenced by increased mortality rates and viral loads. Moreover, ISG15
knockout mice displayed more severe encephalitis and excessive production of cytokines dur-
ing PRV infection. The increased susceptibility to PRV induced lethality seemed to correlate
with a cytokine storm exhibiting severe encephalitis and pneumonia. Our results contrast with
the previous studies that ISG15-deficient patients who display no enhanced susceptibility to
viruses in vivo [54]. This reflects the ISG15 function may vary depending on the virus and host
species.

Overall, our findings confirm the principal role for ISG15 as a positive regulator of type I
IFN signaling by facilitating STAT1 and STAT2 activation and nuclear translocation, which
provide a viable option for developing therapeutic target for controlling PRV.

Materials and methods
Ethics statement

C57BL/6N (WT) and ISG15”" mice were purchased from Cyagen Biosciences, Inc. (Guang-
zhou, China). Animal experiments were performed in accordance with protocols approved by
the National Research Center for Veterinary Medicine (Permit 20180521047).

Cell culture and virus. Porcine kidney epithelial cells (PK15) and mouse embryo fibro-
blasts cells (MEF) were cultured at 37°C in 5% CO, in Dulbecco’s modified Eagle medium
(DMEM,; Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin-
streptomycin (DingGuo, Beijing, China). The PRV-QXX virus and gE-deleted PRV strains
were preserved in our laboratory. For experiments, PRV was amplified in PK15 cells, and virus
titers were determined using a plaque assay, as previously described [40]. The infectivity of
each sample was assayed by plaque titration.

Quantitative RT-PCR and Western blot. According to the protocol of the manufacturer,
RNA was extracted from cells using the TRIzol reagent (Takara) and reverse transcribed using
the PrimeScript RT reagent Kit (Takara). Quantitative RT-PCR was used to determine gene
expression using the SYBR Green Realtime Master Mix (Takara). All values were normalized
to the level of B-actin mRNA, and relative expression was calculated using the comparative
cycle threshold (2"22€T) method.

The cells were harvested and washed twice with PBS before being lysed with RIPA. After 15
minutes of centrifugation at 13,000 rpm, the supernatant fraction was collected. The BCA Pro-
tein Assay Kit was used to assess the protein concentration in supernatants (Beyotime Biotech-
nology, Shanghai, China). Equivalent quantities of each protein sample were electrophoresed
on SDS-PAGE gels and transferred to PVDF membranes (Pall Corporation). The primary
antibodies directed against the following proteins were: ISG15, PRV-gE, phospho-STAT1
(Tyr701), STAT1, phospho-STAT2 (Tyr690), STAT2, IRF9 (1:3000 dilution; Cell Signaling).
Secondary antibodies conjugated with horseradish peroxidase against rabbit or mouse (1:5000
dilution; Santa Cruz) were used. The ECL Western blotting Analysis System was used to reveal
protein bands (Tanon, Shanghai, China). Densitometry was performed with ImageJ software
and standardized against B-actin.
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Immunofluorescence assay. PK15 cells were plated into a confocal dish and transfected
with HA-STAT1 or myc-STAT?2 plasmid. 4% paraformaldehyde was used to fix the monolayer
cells, and 0.5% Triton X-100 were used to permeabilized at 4°C with (Solarbio Life Science,
Beijing, China). Following a wash with PBS, cells were permeabilized in blocking solution (5%
bovine serum albumin in PBS) for 1 h. Fixed cells were treated with a primary antibody spe-
cific for PRV-gE followed by an Alexa Fluor 488-conjugated secondary antibody against
mouse (Proteintech). 4’, 6-diamidino-2-phenylindole (DAPI) was used to stain the cell nuclei
(Solarbio). Fluorescence pictures were acquired by confocal laser scanning microscopy
(Nikon).

ISG15 mutant plasmid. The nonconjugative ISG15 plasmid pCAGGS-ISG15AA was
constructed from pCAGGS-ISG15 using the site-directed mutagenesis kit (Beyotime), with the
following primer pair: forward, 5°- TATA TGAATC TGCGCCTGCGGGCGGCCGGGACA
GGG-3’, and reverse, 5- CCCTGTCCCGGCCGCCCGCAGGCGCAGATTCATATA-3.

siRNA silencing. Twenty-four hours prior to transfection, PK15 cells were plated in
24-well plates. The cells were pretreated with IFNo. for 12 h, and then transfected with control
small interfering RNAs (siRNAs), or specific siRNAs against UbE1L using with 1 pL Lipofecta-
mine RNAIMAX reagent (Invitrogen) per well. At 12 hpt, the cells were infected with PRV
(MOI =1). At 24 hpi, the culture media was changed with fresh medium containing 1000 U/
mL IFNo, which was maintained throughout the infection duration. At 24 hpi, supernatants
were collected for the viral titration, and cells were extracted for Western blotting and RT-
qPCR analysis. The siRNAs sequences employed in this study were as follows: UbELL no. 1:
GCACUUCCCACCUGAUAAA; UbEIL no. 2: CAGCC UCACUCUUCAUGAU.

Reporter gene assay. Co-transfection of PK15 and ISG15” cells with the identified plas-
mid and the IFN-B-Luc or ISRE-Luc reporter plasmid (100 ng) plus the internal control
pRL-TK reporter plasmid was performed (5 ng). Cells were treated with IFNo (1000 U/mL)
for 12 h and were harvested to conduct dual-luciferase reporter assay (Promega). Firefly lucif-
erase activity values were normalized to Renilla luciferase activity, and the relative fold changes
in IFN-treated samples compared to IFN-untreated control were calculated.

Co-immunoprecipitation (Co-IP) assays. PK15 and ISG15™" cells were treated with
IFNa for 12 h, and then PK15 cells were transfected with silSG15 or ISG15”" cells were trans-
fected with ISG15AA. After 12 hpt, the cells were infected with PRV for 24 h, and the cell lysate
was cleared by centrifugation at 14,000xg for 5 min at 4°C. Primary antibodies against HA,
STAT1 or STAT?2 (dilution 1:1000; Proteintech) were added to the supernatants. After three
washes with TBS, SDS-PAGE sample buffer was added, and proteins were separated by
SDS-PAGE and immunoblotted to determine STAT1 and STAT?2 interaction. IB analysis of
immunoprecipitations of ISG157" cells co-transfected with HA-ISG15AA, HA-ISG15 or Myc-
STAT2/STAT1 expression plasmids. After 12 hpt, the cells were treated with IFNo. for 24 h.
Antibodies against Myc (dilution 1:1000; Proteintech) were added to the supernatants. Immu-
noprecipitation (IP) with Protein A+G Magnetic Beads (Beyotime) was done following the
manufacturer’s instructions. The IP samples with antibody against Myc were subjected to
Western blotting with HA/Myc antibody.

PRV challenge assay in vivo. The ISG15 knockout mice were generated from the Cyagen
Biosciences (Cyagen, China). The seven-week-old male ISG15” mice and WT mice were ran-
domly divided into two groups consisting of 15 mice each, respectively. The mice had free
access to pelleted food and water during the experimental period. Each mouse was intraperito-
neally infected with PRV (5x10° TCIDs,) or PBS as control. The clinical symptoms, body
weight and mortality were monitored daily. The brain and lung tissues were excised to detect
the viral copies by absolute quantification real-time PCR, respectively. Blood serum were also
collected and kept at 4°C to detect inflammatory factor through specific antibodies by
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enzyme-linked immunosorbent assay (ELISA). In parallel, the brain tissues were fixed in neu-
tral-buffered formalin for histological analysis. All the animal experiments used in this study
were approved by the Animal Ethics Committee of Henan Agricultural University.

Statistical analysis. GraphPad Prism 8 software was used to conduct statistical compari-
sons. The difference between groups was determined using Student’s ¢-tests, and P values less
than 0.05 were considered statistically significant (p < 0.05). The standard errors of the mean
(SEM) of at least three independent experiments are shown for each data.

Supporting information

S1 Fig. ISG15 inhibits PRV replication in MEF cells. (A to C) MEF cells were transfected
with empty-vector, or a plasmid expression expressing ISG15, or control siRNA or ISG15
siRNA, and then infected with PRV (MOI = 1) for 24 h. The mRNA and protein expression of
PRV-gE, and PRV titer were detected by RT-qPCR, Western blot and plaque assays respec-
tively. Each experiment was repeated at least three times separately. *, p < 0.05; **, p < 0.01;
P p < 0.001 (t-test).

(TIF)

S2 Fig. Antiviral activity of ISG15 against PRV relies on free ISG15. (A and B) MEEF cells
were transfected with UbE1LL siRNA, or ISG15AA, or ISG15, and then were infected with
PRV. The expression of PRV-gE and ISG15 and PRV titer were detected by Western blot and
plaque assays, respectively. **, p < 0.01 (¢-test).

(TIF)

Author Contributions

Conceptualization: Huimin Liu, Chen Li, Wenfeng He, Guoqing Yang, Lu Chen, Hongtao
Chang.

Data curation: Huimin Liu, Chen Li, Wenfeng He.

Funding acquisition: Huimin Liu, Lu Chen.

Investigation: Chen Li, Wenfeng He, Jing Chen.

Methodology: Huimin Liu, Chen Li, Wenfeng He.

Supervision: Lu Chen, Hongtao Chang.

Writing - original draft: Huimin Liu, Chen Li.

Writing - review & editing: Huimin Liu, Lu Chen, Hongtao Chang.

References

1. Masot AJ, Gil M, Risco D, Jiménez OM, Nuiiez JI, Redondo E. Pseudorabies virus infection (Aujeszky’s
disease) in an Iberian lynx (Lynx pardinus) in Spain: a case report. BMC veterinary research. 2017; 13
(1):6. Epub 2017/01/07. https://doi.org/10.1186/s12917-016-0938-7 PMID: 28056966; PubMed Central
PMCID: PMC5217549.

2. Tanl,Yaod, YangY, LuoW, Yuan X, Yang L, et al. Current Status and Challenge of Pseudorabies
Virus Infection in China. Virol Sin. 2021; 36(4):588—-607. Epub 2021/02/283. https://doi.org/10.1007/
5$12250-020-00340-0 PMID: 33616892; PubMed Central PMCID: PMC7897889.

3. WongG, LuJ, Zhang W, Gao GF. Pseudorabies virus: a neglected zoonotic pathogen in humans?
Emerging microbes & infections. 2019; 8(1):150—4. Epub 2019/03/15. https://doi.org/10.1080/
22221751.2018.1563459 PMID: 30866769; PubMed Central PMCID: PMC6455137.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010921  October 31, 2022 18/21


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010921.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010921.s002
https://doi.org/10.1186/s12917-016-0938-7
http://www.ncbi.nlm.nih.gov/pubmed/28056966
https://doi.org/10.1007/s12250-020-00340-0
https://doi.org/10.1007/s12250-020-00340-0
http://www.ncbi.nlm.nih.gov/pubmed/33616892
https://doi.org/10.1080/22221751.2018.1563459
https://doi.org/10.1080/22221751.2018.1563459
http://www.ncbi.nlm.nih.gov/pubmed/30866769
https://doi.org/10.1371/journal.ppat.1010921

PLOS PATHOGENS

Free ISG15 inhibits pseudorabies virus infection

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Yang H, Han H, Wang H, Cui Y, Liu H, Ding S. A Case of Human Viral Encephalitis Caused by Pseu-
dorabies Virus Infection in China. Frontiers in neurology. 2019; 10:534. Epub 2019/06/20. https://doi.
org/10.3389/fneur.2019.00534 PMID: 31214104; PubMed Central PMCID: PMC6558170.

LiuQ, Wang X, Xie C, Ding S, Yang H, Guo S, et al. A Novel Human Acute Encephalitis Caused by
Pseudorabies Virus Variant Strain. Clin Infect Dis. 2021; 73(11):e3690—-e700. Epub 2020/07/16. https://
doi.org/10.1093/cid/ciaa987 PMID: 32667972.

Wang D, Tao X, Fei M, Chen J, Guo W, Li P, et al. Human encephalitis caused by pseudorabies virus
infection: a case report. Journal of neurovirology. 2020; 26(3):442—-8. Epub 2020/01/04. https://doi.org/
10.1007/s13365-019-00822-2 PMID: 31898060; PubMed Central PMCID: PMC7223082.

Brittle EE, Reynolds AE, Enquist LW. Two modes of pseudorabies virus neuroinvasion and lethality in
mice. Journal of virology. 2004; 78(23):12951-63. Epub 2004/11/16. https://doi.org/10.1128/JV1.78.23.
12951-12963.2004 PMID: 15542647; PubMed Central PMCID: PMC525033.

Pomeranz LE, Reynolds AE, Hengartner CJ. Molecular biology of pseudorabies virus: impact on neuro-
virology and veterinary medicine. Microbiol Mol Biol Rev. 2005; 69(3):462-500. Epub 2005/09/09.
https://doi.org/10.1128/MMBR.69.3.462-500.2005 PMID: 16148307; PubMed Central PMCID:
PMC1197806.

Wang X, Wu CX, Song XR, Chen HC, Liu ZF. Comparison of pseudorabies virus China reference strain
with emerging variants reveals independent virus evolution within specific geographic regions. Virology.
2017; 506:92-8. Epub 2017/04/01. hitps://doi.org/10.1016/j.virol.2017.03.013 PMID: 28363130.

Katze MG, He Y, Gale M. Viruses and interferon: a fight for supremacy. Nature Reviews Immunology.
2002; 2(9):675-87. https://doi.org/10.1038/nri888 PMID: 12209136

Samuel CE. Antiviral Actions of Interferons. Clinical Microbiology Reviews. 2001; 14(4):778-809.
https://doi.org/10.1128/CMR.14.4.778-809.2001 PMID: 11585785

Zhang R, Chen S, Zhang Y, Wang M, Qin C, Yu C, et al. Pseudorabies Virus DNA Polymerase Proces-
sivity Factor UL42 Inhibits Type | IFN Response by Preventing ISGF3-ISRE Interaction. J Immunol.
2021; 207(2):613-25. Epub 2021/07/18. https://doi.org/10.4049/jimmunol.2001306 PMID: 34272232.

Zhang R, Xu A, Qin C, Zhang Q, Chen S, Lang Y, et al. Pseudorabies Virus dUTPase UL50 Induces
Lysosomal Degradation of Type | Interferon Receptor 1 and Antagonizes the Alpha Interferon
Response. J Virol. 2017;91(21). Epub 2017/08/11. https://doi.org/10.1128/JVI.01148-17 PMID:
28794045; PubMed Central PMCID: PMC5640830.

Brukman A, Enquist LW. Suppression of the Interferon-Mediated Innate Immune Response by Pseu-
dorabies Virus. Journal of Virology. 2006; 80(13):6345-56. https://doi.org/10.1128/JV1.00554-06 PMID:
16775323

Interferon-Stimulated Gene 15 and the Protein ISGylation System. Journal of Interferon & Cytokine
Research. 2011; 31(1):119-30. https://doi.org/10.1089/jir.2010.0110 PMID: 21190487

Baldanta S, Fernandez-Escobar M, Acin-Perez R, Albert M, Camafeita E, Jorge |, et al. ISG15 governs
mitochondrial function in macrophages following vaccinia virus infection. PLoS pathogens. 2017; 13
(10):e1006651. Epub 2017/10/28. https://doi.org/10.1371/journal.ppat. 1006651 PMID: 29077752;
PubMed Central PMCID: PMC5659798.

Napolitano A, van der Veen AG, Bunyan M, Borg A, Frith D, Howell S, et al. Cysteine-Reactive Free
ISG15 Generates IL-13-Producing CD8a(+) Dendritic Cells at the Site of Infection. Journal of immunol-
ogy (Baltimore, Md: 1950). 2018; 201(2):604—14. Epub 2018/06/13. https://doi.org/10.4049/jimmunol.
1701322 PMID: 29891555; PubMed Central PMCID: PMC6036233.

Swaim CD, Scott AF, Canadeo LA, Huibregtse JM. Extracellular ISG15 Signals Cytokine Secretion
through the LFA-1 Integrin Receptor. Molecular cell. 2017; 68(3):581-90.e5. Epub 2017/11/04. https://
doi.org/10.1016/j.molcel.2017.10.003 PMID: 29100055; PubMed Central PMCID: PMC5690536.

Yeung TL, Tsai CC, Leung CS, Au Yeung CL, Thompson MS, Lu KH, et al. ISG15 Promotes ERK1
ISGylation, CD8+ T Cell Activation and Suppresses Ovarian Cancer Progression. Cancers. 2018; 10
(12). Epub 2018/11/25. https://doi.org/10.3390/cancers10120464 PMID: 30469497; PubMed Central
PMCID: PMC6316352.

Freitas BT, Scholte FEM, Bergeron E, Pegan SD. How ISG15 combats viral infection. Virus Res. 2020;
286:198036. Epub 2020/06/04. https://doi.org/10.1016/j.virusres.2020.198036 PMID: 32492472;
PubMed Central PMCID: PMC7483349.

Perng YC, Lenschow DJ. ISG15 in antiviral immunity and beyond. Nat Rev Microbiol. 2018; 16(7):423—
39. Epub 2018/05/18. https://doi.org/10.1038/s41579-018-0020-5 PMID: 29769653; PubMed Central
PMCID: PMC7097117.

Speer SD, Li Z, Buta S, Payelle-Brogard B, Qian L, Vigant F, et al. ISG15 deficiency and increased viral
resistance in humans but not mice. Nat Commun. 2016; 7:11496. Epub 2016/05/20. https://doi.org/10.
1038/ncomms11496 PMID: 27193971; PubMed Central PMCID: PMC4873964.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010921  October 31, 2022 19/21


https://doi.org/10.3389/fneur.2019.00534
https://doi.org/10.3389/fneur.2019.00534
http://www.ncbi.nlm.nih.gov/pubmed/31214104
https://doi.org/10.1093/cid/ciaa987
https://doi.org/10.1093/cid/ciaa987
http://www.ncbi.nlm.nih.gov/pubmed/32667972
https://doi.org/10.1007/s13365-019-00822-2
https://doi.org/10.1007/s13365-019-00822-2
http://www.ncbi.nlm.nih.gov/pubmed/31898060
https://doi.org/10.1128/JVI.78.23.12951-12963.2004
https://doi.org/10.1128/JVI.78.23.12951-12963.2004
http://www.ncbi.nlm.nih.gov/pubmed/15542647
https://doi.org/10.1128/MMBR.69.3.462-500.2005
http://www.ncbi.nlm.nih.gov/pubmed/16148307
https://doi.org/10.1016/j.virol.2017.03.013
http://www.ncbi.nlm.nih.gov/pubmed/28363130
https://doi.org/10.1038/nri888
http://www.ncbi.nlm.nih.gov/pubmed/12209136
https://doi.org/10.1128/CMR.14.4.778-809.2001
http://www.ncbi.nlm.nih.gov/pubmed/11585785
https://doi.org/10.4049/jimmunol.2001306
http://www.ncbi.nlm.nih.gov/pubmed/34272232
https://doi.org/10.1128/JVI.01148-17
http://www.ncbi.nlm.nih.gov/pubmed/28794045
https://doi.org/10.1128/JVI.00554-06
http://www.ncbi.nlm.nih.gov/pubmed/16775323
https://doi.org/10.1089/jir.2010.0110
http://www.ncbi.nlm.nih.gov/pubmed/21190487
https://doi.org/10.1371/journal.ppat.1006651
http://www.ncbi.nlm.nih.gov/pubmed/29077752
https://doi.org/10.4049/jimmunol.1701322
https://doi.org/10.4049/jimmunol.1701322
http://www.ncbi.nlm.nih.gov/pubmed/29891555
https://doi.org/10.1016/j.molcel.2017.10.003
https://doi.org/10.1016/j.molcel.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29100055
https://doi.org/10.3390/cancers10120464
http://www.ncbi.nlm.nih.gov/pubmed/30469497
https://doi.org/10.1016/j.virusres.2020.198036
http://www.ncbi.nlm.nih.gov/pubmed/32492472
https://doi.org/10.1038/s41579-018-0020-5
http://www.ncbi.nlm.nih.gov/pubmed/29769653
https://doi.org/10.1038/ncomms11496
https://doi.org/10.1038/ncomms11496
http://www.ncbi.nlm.nih.gov/pubmed/27193971
https://doi.org/10.1371/journal.ppat.1010921

PLOS PATHOGENS

Free ISG15 inhibits pseudorabies virus infection

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Okumura A, Pitha PM, Harty RN. ISG15 inhibits Ebola VP40 VLP budding in an L-domain-dependent
manner by blocking Nedd4 ligase activity. Proc Natl Acad Sci U S A. 2008; 105(10):3974-9. Epub
2008/02/29. https://doi.org/10.1073/pnas.0710629105 PMID: 18305167; PubMed Central PMCID:
PMC2268823.

Dai J, Pan W, Wang P. ISG15 facilitates cellular antiviral response to dengue and west nile virus infec-
tion in vitro. Virol J. 2011; 8:468. Epub 2011/10/14. https://doi.org/10.1186/1743-422X-8-468 PMID:
21992229; PubMed Central PMCID: PMC3215395.

Holthaus D, Vasou A, Bamford CGG, Andrejeva J, Paulus C, Randall RE, et al. Direct Antiviral Activity
of IFN-Stimulated Genes Is Responsible for Resistance to Paramyxoviruses in ISG15-Deficient Cells. J
Immunol. 2020; 205(1):261-71. Epub 2020/05/20. https://doi.org/10.4049/jimmunol.1901472 PMID:
32423918; PubMed Central PMCID: PMC7311202.

Giannakopoulos NV, Arutyunova E, Lai C, Lenschow DJ, Haas AL, Virgin HW. ISG15 Arg151 and the
ISG15-conjugating enzyme UbE 1L are important for innate immune control of Sindbis virus. J Virol.
2009; 83(4):1602—10. Epub 2008/12/17. https://doi.org/10.1128/JVI.01590-08 PMID: 19073728;
PubMed Central PMCID: PMC2643764.

Lenschow DJ, Lai C, Frias-Staheli N, Giannakopoulos NV, Lutz A, Wolff T, et al. IFN-stimulated gene
15 functions as a critical antiviral molecule against influenza, herpes, and Sindbis viruses. Proc Natl
Acad Sci U S A. 2007; 104(4):1371-6. Epub 2007/01/18. https://doi.org/10.1073/pnas.0607038104
PMID: 17227866; PubMed Central PMCID: PMC1783119.

Tang Y, Zhong G, Zhu L, Liu X, Shan Y, Feng H, et al. Herc5 attenuates influenza A virus by catalyzing
ISGylation of viral NS1 protein. J Immunol. 2010; 184(10):5777—-90. Epub 2010/04/14. https://doi.org/
10.4049/jimmunol.0903588 PMID: 20385878.

Kuang Z, Seo EJ, Leis J. Mechanism of inhibition of retrovirus release from cells by interferon-induced
gene ISG15. J Virol. 2011; 85(14):7153-61. Epub 2011/05/06. https://doi.org/10.1128/JVI.02610-10
PMID: 21543490; PubMed Central PMCID: PMC3126601.

ShiHX, Yang K, Liu X, Liu XY, Wei B, Shan YF, et al. Positive regulation of interferon regulatory factor 3
activation by Herc5 via ISG15 modification. Mol Cell Biol. 2010; 30(10):2424—-36. Epub 2010/03/24.
https://doi.org/10.1128/MCB.01466-09 PMID: 20308324; PubMed Central PMCID: PMC2863703.

Broering R, Zhang X, Kottilil S, Trippler M, Jiang M, Lu M, et al. The interferon stimulated gene 15 func-
tions as a proviral factor for the hepatitis C virus and as a regulator of the IFN response. Gut. 2010; 59
(8):1111-9. Epub 2010/07/20. https://doi.org/10.1136/gut.2009.195545 PMID: 20639253.

Chua PK, McCown MF, Rajyaguru S, Kular S, Varma R, Symons J, et al. Modulation of alpha interferon
anti-hepatitis C virus activity by ISG15. J Gen Virol. 2009; 90(Pt 12):2929-39. Epub 2009/08/07. https://
doi.org/10.1099/vir.0.013128-0 PMID: 19656964.

Jacobs SR, Stopford CM, West JA, Bennett CL, Giffin L, Damania B. Kaposi’'s Sarcoma-Associated
Herpesvirus Viral Interferon Regulatory Factor 1 Interacts with a Member of the Interferon-Stimulated
Gene 15 Pathway. J Virol. 2015; 89(22):11572-83. Epub 2015/09/12. https://doi.org/10.1128/jvi.01482-
15 PMID: 26355087; PubMed Central PMCID: PMC4645652.

Werneke SW, Schilte C, Rohatgi A, Monte KJ, Michault A, Arenzana-Seisdedos F, et al. ISG15 is criti-
cal in the control of Chikungunya virus infection independent of UbE 1L mediated conjugation. PLoS
Pathog. 2011; 7(10):e1002322. Epub 2011/10/27. https://doi.org/10.1371/journal.ppat. 1002322 PMID:
22028657; PubMed Central PMCID: PMC3197620.

Rodriguez MR, Monte K, Thackray LB, Lenschow DJ. ISG15 functions as an interferon-mediated antivi-
ral effector early in the murine norovirus life cycle. J Virol. 2014; 88(16):9277—-86. Epub 2014/06/06.
https://doi.org/10.1128/JVI.01422-14 PMID: 24899198; PubMed Central PMCID: PMC4136287.

Zhang X, Bogunovic D, Payelle-Brogard B, Francois-Newton V, Speer SD, Yuan C, et al. Human intra-
cellular ISG15 prevents interferon-o/f over-amplification and auto-inflammation. Nature. 2015; 517
(7532):89-93. https://doi.org/10.1038/nature 13801 PMID: 25307056

Bogunovic D, Byun M, Durfee LA, Abhyankar A, Sanal O, Mansouri D, et al. Mycobacterial Disease and
Impaired IFN-y Immunity in Humans with Inherited ISG15 Deficiency. Science. 2012; 337(6102):1684—
8. https://doi.org/10.1126/science.1224026 PMID: 22859821

Taft J, Bogunovic D. The Goldilocks Zone of Type | IFNs: Lessons from Human Genetics. The Journal
of Immunology. 2018; 201(12):3479-85. https://doi.org/10.4049/jimmunol.1800764 PMID: 30530500

Sooryanarain H, Rogers AJ, Cao D, Haac MER, Karpe YA, Meng XJ. ISG15 Modulates Type | Inter-
feron Signaling and the Antiviral Response during Hepatitis E Virus Replication. J Virol. 2017; 91(19).
Epub 2017/07/21. https://doi.org/10.1128/JV1.00621-17 PMID: 28724761; PubMed Central PMCID:
PMC5599768.

LiuH, Li S, Yang X, Wang X, Li Y, Wang C, et al. Porcine ISG15 modulates the antiviral response during
pseudorabies virus replication. Gene. 2018; 679:212-8. https://doi.org/10.1016/j.gene.2018.09.007
PMID: 30201339

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010921  October 31, 2022 20/21


https://doi.org/10.1073/pnas.0710629105
http://www.ncbi.nlm.nih.gov/pubmed/18305167
https://doi.org/10.1186/1743-422X-8-468
http://www.ncbi.nlm.nih.gov/pubmed/21992229
https://doi.org/10.4049/jimmunol.1901472
http://www.ncbi.nlm.nih.gov/pubmed/32423918
https://doi.org/10.1128/JVI.01590-08
http://www.ncbi.nlm.nih.gov/pubmed/19073728
https://doi.org/10.1073/pnas.0607038104
http://www.ncbi.nlm.nih.gov/pubmed/17227866
https://doi.org/10.4049/jimmunol.0903588
https://doi.org/10.4049/jimmunol.0903588
http://www.ncbi.nlm.nih.gov/pubmed/20385878
https://doi.org/10.1128/JVI.02610-10
http://www.ncbi.nlm.nih.gov/pubmed/21543490
https://doi.org/10.1128/MCB.01466-09
http://www.ncbi.nlm.nih.gov/pubmed/20308324
https://doi.org/10.1136/gut.2009.195545
http://www.ncbi.nlm.nih.gov/pubmed/20639253
https://doi.org/10.1099/vir.0.013128-0
https://doi.org/10.1099/vir.0.013128-0
http://www.ncbi.nlm.nih.gov/pubmed/19656964
https://doi.org/10.1128/jvi.01482-15
https://doi.org/10.1128/jvi.01482-15
http://www.ncbi.nlm.nih.gov/pubmed/26355087
https://doi.org/10.1371/journal.ppat.1002322
http://www.ncbi.nlm.nih.gov/pubmed/22028657
https://doi.org/10.1128/JVI.01422-14
http://www.ncbi.nlm.nih.gov/pubmed/24899198
https://doi.org/10.1038/nature13801
http://www.ncbi.nlm.nih.gov/pubmed/25307056
https://doi.org/10.1126/science.1224026
http://www.ncbi.nlm.nih.gov/pubmed/22859821
https://doi.org/10.4049/jimmunol.1800764
http://www.ncbi.nlm.nih.gov/pubmed/30530500
https://doi.org/10.1128/JVI.00621-17
http://www.ncbi.nlm.nih.gov/pubmed/28724761
https://doi.org/10.1016/j.gene.2018.09.007
http://www.ncbi.nlm.nih.gov/pubmed/30201339
https://doi.org/10.1371/journal.ppat.1010921

PLOS PATHOGENS

Free ISG15 inhibits pseudorabies virus infection

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Okumura A, Pitha PM, Harty RN. ISG15 inhibits Ebola VP40 VLP budding in an L-domain-dependent
manner by blocking Nedd4 ligase activity. Proceedings of the National Academy of Sciences. 2008; 105
(10):3974-9. https://doi.org/10.1073/pnas.0710629105 PMID: 18305167

Okumura A, Lu G, Pitha-Rowe I, Pitha PM. Innate antiviral response targets HIV-1 release by the induc-
tion of ubiquitin-like protein ISG15. Proceedings of the National Academy of Sciences. 2006; 103
(5):1440-5. https://doi.org/10.1073/pnas.0510518103 PMID: 16434471

Zhang R, Tang J. Evasion of | Interferon-Mediated Innate Immunity by Pseudorabies Virus. Front Micro-
biol. 2021; 12:801257. Epub 2022/01/01. https://doi.org/10.3389/fmicb.2021.801257 PMID: 34970252;
PubMed Central PMCID: PMC8712723.

Yuan W, Krug RM. Influenza B virus NS1 protein inhibits conjugation of the interferon (IFN)-induced ubi-
quitin-like ISG15 protein. The EMBO Journal. 2001; 20(3):362—-71. https://doi.org/10.1093/emboj/20.3.
362 PMID: 11157743

Morrison J, Laurent-Rolle M, Maestre AM, Rajsbaum R, Pisanelli G, Simon V, et al. Dengue virus co-
opts UBR4 to degrade STAT2 and antagonize type | interferon signaling. PLoS Pathog. 2013; 9(3):
e€1003265. Epub 2013/04/05. hitps://doi.org/10.1371/journal.ppat. 1003265 PMID: 23555265; PubMed
Central PMCID: PMC3610674.

Parisien JP, Lau JF, Rodriguez JJ, Ulane CM, Horvath CM. Selective STAT protein degradation
induced by paramyxoviruses requires both STAT1 and STAT2 but is independent of alpha/beta inter-
feron signal transduction. J Virol. 2002; 76(9):4190-8. Epub 2002/04/05. https://doi.org/10.1128/jvi.76.
9.4190-4198.2002 PMID: 11932384; PubMed Central PMCID: PMC155111.

Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD. How cells respond to interferons. Annu
Rev Biochem. 1998; 67:227—64. Epub 1998/10/06. https://doi.org/10.1146/annurev.biochem.67.1.227
PMID: 9759489.

WeiJ, Ma Y, WangL, Chi X, Yan R, Wang S, et al. Alpha/beta interferon receptor deficiency in mice sig-
nificantly enhances susceptibility of the animals to pseudorabies virus infection. Vet Microbiol. 2017;
203:234—-44. Epub 2017/06/18. https://doi.org/10.1016/j.vetmic.2017.03.022 PMID: 28619150.

Li X, Zhang W, Liu Y, Xie J, Hu C, Wang X. Role of p53 in pseudorabies virus replication, pathogenicity,
and host immune responses. Vet Res. 2019; 50(1):9. Epub 2019/02/06. https://doi.org/10.1186/
513567-019-0627-1 PMID: 30717799; PubMed Central PMCID: PMC6360683.

Kim EY, Moudgil KD. Immunomodulation of autoimmune arthritis by pro-inflammatory cytokines. Cyto-
kine. 2017; 98:87—96. Epub 2017/04/26. https://doi.org/10.1016/j.cyt0.2017.04.012 PMID: 28438552;
PubMed Central PMCID: PMC5581685.

Li C, Wang Y, Zheng H, Dong W, Lv H, Lin J, et al. Antiviral activity of ISG15 against classical swine
fever virus replication in porcine alveolar macrophages via inhibition of autophagy by ISGylating
BECNT1. Vet Res. 2020; 51(1):22. Epub 2020/02/26. https://doi.org/10.1186/s13567-020-00753-5
PMID: 32093773; PubMed Central PMCID: PMC7038623.

Singh PK, Singh S, Farr D, Kumar A. Interferon-stimulated gene 15 (ISG15) restricts Zika virus replica-
tion in primary human corneal epithelial cells. Ocul Surf. 2019; 17(3):551-9. Epub 2019/03/25. https://
doi.org/10.1016/j.jtos.2019.03.006 PMID: 30905842; PubMed Central PMCID: PMC6708474.

Qin C, Zhang R, Lang Y, Shao A, Xu A, Feng W, et al. Bclaf1 critically regulates the type | interferon
response and is degraded by alphaherpesvirus US3. PLoS Pathog. 2019; 15(1):e1007559. Epub 2019/
01/27. https://doi.org/10.1371/journal.ppat. 1007559 PMID: 30682178; PubMed Central PMCID:
PMC6364948.

Dzimianski JV, Scholte FEM, Bergeron E, Pegan SD. ISG15: It's Complicated. J Mol Biol. 2019; 431
(21):4203-16. Epub 2019/03/21. https://doi.org/10.1016/j.jmb.2019.03.013 PMID: 30890331; PubMed
Central PMCID: PMC6746611.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010921  October 31, 2022 21/21


https://doi.org/10.1073/pnas.0710629105
http://www.ncbi.nlm.nih.gov/pubmed/18305167
https://doi.org/10.1073/pnas.0510518103
http://www.ncbi.nlm.nih.gov/pubmed/16434471
https://doi.org/10.3389/fmicb.2021.801257
http://www.ncbi.nlm.nih.gov/pubmed/34970252
https://doi.org/10.1093/emboj/20.3.362
https://doi.org/10.1093/emboj/20.3.362
http://www.ncbi.nlm.nih.gov/pubmed/11157743
https://doi.org/10.1371/journal.ppat.1003265
http://www.ncbi.nlm.nih.gov/pubmed/23555265
https://doi.org/10.1128/jvi.76.9.4190-4198.2002
https://doi.org/10.1128/jvi.76.9.4190-4198.2002
http://www.ncbi.nlm.nih.gov/pubmed/11932384
https://doi.org/10.1146/annurev.biochem.67.1.227
http://www.ncbi.nlm.nih.gov/pubmed/9759489
https://doi.org/10.1016/j.vetmic.2017.03.022
http://www.ncbi.nlm.nih.gov/pubmed/28619150
https://doi.org/10.1186/s13567-019-0627-1
https://doi.org/10.1186/s13567-019-0627-1
http://www.ncbi.nlm.nih.gov/pubmed/30717799
https://doi.org/10.1016/j.cyto.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28438552
https://doi.org/10.1186/s13567-020-00753-5
http://www.ncbi.nlm.nih.gov/pubmed/32093773
https://doi.org/10.1016/j.jtos.2019.03.006
https://doi.org/10.1016/j.jtos.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/30905842
https://doi.org/10.1371/journal.ppat.1007559
http://www.ncbi.nlm.nih.gov/pubmed/30682178
https://doi.org/10.1016/j.jmb.2019.03.013
http://www.ncbi.nlm.nih.gov/pubmed/30890331
https://doi.org/10.1371/journal.ppat.1010921

