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Abstract

Feline calicivirus (FCV) belongs to the Caliciviridae, which comprises small RNA viruses of
both medical and veterinary importance. Once infection has occurred, FCV can persist in
the cat population, but the molecular mechanism of how it escapes the innate immune
response is still unknown. In this study, we found FCV strain 2280 to be relatively resistant
to treatment with IFN-B. FCV 2280 infection inhibited IFN-induced activation of the ISRE
(Interferon-stimulated response element) promoter and transcription of ISGs (Interferon-
stimulated genes). The mechanistic analysis showed that the expression of IFNAR1, but not
IFNAR2, was markedly reduced in FCV 2280-infected cells by inducing the degradation of
IFNAR1 mRNA, which inhibited the phosphorylation of downstream adaptors. Further, over-
expression of the FCV 2280 nonstructural protein p30, but not p30 of the attenuated strain
F9, downregulated the expression of IFNAR1 mRNA. His-p30 fusion proteins were pro-
duced in Escherichia coliand purified, and an in vitro digestion assay was performed. The
results showed that 2280 His-p30 could directly degrade IFNAR1 RNA but not IFNAR2
RNA. Moreover, the 5’UTR of IFNAR1 mRNA renders it directly susceptible to cleavage by
2280 p30. Next, we constructed two chimeric viruses: rFCV 2280-F9 p30 and rFCV F9-
2280 p30. Compared to infection with the parental virus, rFCV 2280-F9 p30 infection dis-
played attenuated activities in reducing the level of IFNAR1 and inhibiting the phosphoryla-
tion of STAT1 and STAT2, whereas rFCV F9-2280 p30 displayed enhanced activities.
Animal experiments showed that the virulence of rFCV 2280-F9 p30 infection was attenu-
ated but that the virulence of rFCV F9-2280 p30 was increased compared to that of the
parental viruses. Collectively, these data show that FCV 2280 p30 could directly and selec-
tively degrade IFNAR1 mRNA, thus blocking the type | interferon-induced activation of

the JAK-STAT signalling pathway, which may contribute to the pathogenesis of FCV
infection.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008944  October 19, 2020

1/27


http://orcid.org/0000-0002-5202-7796
http://orcid.org/0000-0003-0569-3240
https://doi.org/10.1371/journal.ppat.1008944
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008944&domain=pdf&date_stamp=2020-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008944&domain=pdf&date_stamp=2020-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008944&domain=pdf&date_stamp=2020-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008944&domain=pdf&date_stamp=2020-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008944&domain=pdf&date_stamp=2020-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008944&domain=pdf&date_stamp=2020-10-19
https://doi.org/10.1371/journal.ppat.1008944
http://creativecommons.org/licenses/by/4.0/

PLOS PATHOGENS FCV p30 blocks type | interferon response

Author summary

Vaccination against FCV has been available for many years and has effectively reduced
the incidence of clinical disease. However, vaccines cannot prevent infection, and vacci-
nated cats can still become persistently infected by FCV, suggesting that FCV has evolved
several strategies for counteracting various components of the innate and adaptive
immune systems. Here, we show that FCV strain 2280 is resistant to the antiviral effect of
IFN. The molecular mechanism by which this occurs is that FCV 2280 infection blocks
the JAK-STAT pathway through promoting the degradation of IFNARI mRNA by FCV
p30 protein. An in vitro degradation assay demonstrated that 2280 p30, but not p30 of the
vaccine strain F9, could directly and selectively decay IFNAR1 RNA. The exchange of p30
between 2280 and F9 strains using a reverse genetic system also showed that 2280 p30is a
key factor that contributes to the resistance to IFN and enhances virulence. Our findings
reveal a new mechanism evolved by FCV to circumvent the host antiviral response.

Introduction

Feline calicivirus (FCV) is a non-enveloped RNA virus with a single-stranded positive-sense
RNA genome approximately 7.5 kb in size, which is enclosed in an icosahedral capsid with a
diameter of 27-40 nm [1, 2]. FCV is a common pathogen of cats, with a widespread distribu-
tion in the cat population. FCV infection is moderate and not fatal in adult cats and could lead
to pneumonia or severe upper respiratory tract disease in some young kittens cases [3]. More
recently, highly virulent strains of FCV have emerged that are associated with high mortality
and morbidity and a new range of clinical features (FCV-associated virulent systemic disease;
VSD) [1, 4, 5].

FCV belongs to the genus Vesivirus in the Caliciviridae, which contains small RNA viruses
of both medical and veterinary importance. The Caliciviridae has eleven well-defined members
[6] [1]. Among these, seven members (Lagovirus, Norovirus, Nebovirus, Recovirus, Sapovirus,
Valovirus and Vesivirus) infect mammals, two members (Bavovirus and Nacovirus) infect
birds, and two members (Minovirus and Salovirus) infect fishes. Most caliciviruses are difficult
to cultivate in vitro, and no highly efficient, easy-to-use cell culture model is available for
human norovirus (HuNoV); however, recent studies indicate that limited HuNoV replication
can occur in immortalized B cells [7-9] and stem cell-derived enteroids [10]. Additionally, due
to the technical limitations of these experimental systems, no perfect animal model is widely
available for the research of virus biology [11]; however, zebrafish larvae support the replica-
tion of HuNoV and may function as a good model to evaluate antiviral reagents [12]. This
problem severely hinders the investigation of the calicivirus life cycle, and the function of
some viral proteins is not well-known [13]. However, murine norovirus (MNV) (genus Noro-
virus) and FCV have been used as excellent models to explore the calicivirus biology due to
their culturability and the availability of mature animal models for virus pathogenesis [14, 15].

Alpha and beta interferons (IFN-o/B) are crucial components of the early host response
against virus infection [16]. Cells respond rapidly following stimulation with IFNs via the
Janus kinase-signal transducer and activator of transcription (JAK-STAT) signal transduction
pathway [17]. Briefly, the JAK-STAT pathway is activated when IFNs bind to the interferon
alpha and beta receptor subunit 1 (IFNAR1) and IFNAR?2. The binding of IFN-o/ to its recep-
tors activates JAK1 and tyrosine kinase 2 (Tyk2), which phosphorylate and activate the signal
transducer and activator of STAT2 and STAT1. Upon phosphorylation, STAT1 and STAT2
form heterodimers and then associate with interferon regulatory factor 9 (IRF-9) to form a
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transcription factor complex, named IFN-stimulated gene factor 3 (ISGF-3). The heterotrimer
complexes translocate into the nucleus and bind to the IFN-stimulated response elements to
induce the coordinated upregulation of hundreds of ISGs that orchestrate an antiviral state in
the cell [18, 19].

To circumvent host antiviral innate immunity, viruses have evolved various strategies to
prevent the activation of antiviral effectors in host cells, especially by minimizing IFN produc-
tion and IFN-related antiviral protein expression [20-24]. A number of viruses have been
found to impair the activity of the JAK-STAT signalling pathway to replicate successfully in the
host [25]. Some viruses can block the function of one of the adaptor proteins required in the
IFN signalling pathway [26-31]. Some viruses counteract this pathway through reducing the
levels of IFNAR1/2 or inhibiting the interaction between IFNAR1/2 and adaptor proteins [32,
33]. Another class of viruses can globally impair cellular gene expression to reduce activation of
immune pathways [34-38]. However, no one has described a similar process for caliciviruses.

FCV can replicate quickly and produce cytopathic effects in cells [39]. Moreover, reinfection
with a variant of the same strain or with a different strain leads to a gradual increase in the diver-
sity of FCV [40], which may contributes to widespread and persistent subclinical infection with
15-25% of cats being subclinical carriers [41]. Most cats recover from clinical disease, but some
would become viral carrier that sheds virus particles into the environment. How does this virus
escape the host innate antiviral immunity, which leads to virus reinfection in cats? As yet, the
detailed mechanism of how FCV manipulates host innate antiviral immunity is unknown. In this
study, we show that FCV strain 2280 is resistant to IFN treatment. Further, FCV 2280 infection
contributes to degradation of IFNAR1 mRNA. Moreover, virus p30 protein is a key factor that
induces degradation of IFNARI mRNA, although p30 of another vaccine strain, F9, does not
affect the expression of IFNAR1 mRNA. Finally, two chimeric viruses, r12280-F9 p30 and rF9-
2280 p30, were constructed, and both their anti-IFN activity and virulence in cats were evaluated.
This study provides us with a better understanding of how FCV and other caliciviruses escape
host innate antiviral immunity and reveals that the FCV p30 protein helps the virus to escape host
innate immunity. Moreover, identification of viral factors that affect the JAK/STAT pathway
would provide a strategy for creating newly attenuated vaccines by reverse genetics.

Results

IFN-p markedly inhibited replication of FCV strain F9 but only slightly
inhibited replication of FCV strain 2280

Our previous work demonstrated that the overexpression of IFN-f at 12 hpi (hours post-infec-
tion) cannot efficiently inhibit FCV 2280 replication [42]. We performed an RNA-seq assay on
the FCV strain 2280 infection at 12 hpi and found that infection led to the downregulated
expression of interferon receptor 1 (IFNAR1) (S1 Table), suggesting that FCV 2280 is able to
evade the host antiviral response. To examine the effects of IFN- on FCV infection, CRFK
cells were infected with FCV 2280 or F9 (MOI = 0.01) for 6 h to establish replication, and the
cells were then cultured further in the presence of IFN-§ with 100, 1000 or 10000 U/mL for 18
h. FCV F9 is a vaccine strain and served as a control. The antiviral effect of IFN-p was analysed.
As shown in Fig 1A, IFN-f (1000 and 10000 U/mL) treatment was able to efficiently inhibit F9
infection but could not inhibit 2280 infection. To quantitatively evaluate the anti-IFN-f activ-
ity of FCV strain 2280 and F9, cellular supernatant from infected cells with the same treatment
were harvested for viral titration. Low concentrations (100 and 1000 U/mL) of IFN-f were not
able to significantly inhibit 2280 infection, and a high concentration (10000 U/mL) of IFN-f
only slightly decreased the level of 2280 infection by 1- to 2-fold (Fig 1B). Strain F9 exhibited
very high sensitivity to IFN-B, and 1000 U/mL of IFN-f was able to significantly inhibit virus
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Fig 1. FCV 2280 infection is resistant to IFN-B. (A, B) CRFK cells were infected with FCV 2280 or F9 at an MOI of
0.01 for 6 h. Subsequently, cells were treated with different concentrations of IFN-p. At 18 h after IFN-p treatment, the
cells were fixed and viral antigen was assayed by IFA using anti-VP1 antibody (A). At the same time, supernatant
samples were collected, and viral titres were determined (B). (C) CRFK cells (2x10°) were transfected with 200 ng/well
of the reporter plasmid pISRE-TA-Luc and with 20 ng/well of the pRLTK plasmid for 12 h. After transfection, the cells
were infected with FCV 2280 at an MOI of 0.05, 0.1 or 1 for 8 h, then were treated with IFN-B (1000 U/mL) for 12 h.
Luciferase assays were performed. (D, E, F) CRFK cells were infected with FCV 2280 at an MOI of 0.1 or 1 for 6 h, then
were treated with IFN-B (1000 U/mL) for 12 h. The mRNA levels of IFITM1 (D), viperin (E) and ISG15 (F) relative to
18S rRNA was determined by qRT-PCR. The data in C, D, E, F shown represent the mean + SD for three repeats, and
the experiments were repeated three times. Differences (*p < 0.05, **p < 0.01, ***p < 0.001) between the experimental
and control groups are noted.

https://doi.org/10.1371/journal.ppat.1008944.g001

infection, with 10-fold reduction (Fig 1B). These data suggest that FCV strain 2280 is resistant
to IFN-f treatment.

FCYV 2280 infection can block ISRE activation and ISG expression

To systematically investigate the relationship between the type I interferon signalling pathway
and FCV infection, the induction of IFN-f after FCV infection was examined at 10 hpi. FCV
2280 and F9 could not activate the IFN- promoter (S1A Fig) or upregulate the expression of
IFN-B mRNA (S1B Fig) at 10 hpi. Due to the potential anti-IFN activity of FCV 2280 infection,
we evaluated whether 2280 infection could inhibit the IFN-B downstream response. CRFK
cells were co-transfected with pISRE promoter-Luc and pRLTK for 12 h following FCV 2280
infection after which they were treated with IFN-f (1000 U/mL) for 12 h and luciferase assays
were performed. FCV 2280 infection was able to block the IFN-B-induced ISRE activation and
the effect depended on virus inoculation dose (Fig 1C). Further, the expression of three inter-
feron-stimulated genes (ISGs), IFITM1, Viperin and ISG15, was identified by qRT-PCR. FCV
2280 infection could efficiently inhibit the IFN-induced upregulation of these three ISGs and
the effect depended on virus inoculation dose, as shown in Fig 1D, 1E and 1F. To exclude that
the reduction was caused by death upon infection, cell viability was examined upon 2280 infec-
tion for 18 h using trypan blue staining and CCK8 test. The results showed that the mean per-
centage of viable cells reached 91.65% by trypan blue staining assay (S1C Fig) and the mean
ratio of viable cells reached 0.875 by CCKS test (S1D Fig), revealing that most of cells are still
live 18 h after 2280 infection with an MOI of 1.

These data indicate that FCV 2280 infection blocks activation of the interferon downstream
signalling pathway.

FCV 2280 infection downregulates IFNAR1 expression and blocks the
activation of its downstream adaptor proteins

IFN binding to its receptors induces a broad transcriptional response that is dependent on the
phosphorylation of STAT1/2 induced by JAK1 and Tyk2 [43]. To investigate the mechanism
by which FCV 2280 infection blocks the function of IFN, we first examined the effect of FCV
2280 infection on STAT1 and STAT2 phosphorylation. Both STATI and STAT2 are important
adaptors of the JAK-STAT pathway [44], and many viruses can target one or both of these pro-
teins to inhibit this pathway. CRFK cells were infected with FCV 2280 and were then treated
with 100 U/mL IFN-B for 15 min. Total STAT1 and STAT?2 proteins and both phosphorylated
forms were detected by Western blotting. As shown in Fig 2A, FCV 2280 infection did not
reduce the expression of total STAT1 and STAT2, but it significantly inhibited the levels of the
phosphorylated STAT1 and STAT2 proteins in FCV-infected CRFK cells. Additionally, the
inhibitory effect was in a virus dose-dependent manner. Next, we examined the phosphory-
lated levels of JAK1 and Tyk2, both of which are upstream adaptors of STAT1 and STAT2.
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Fig 2. FCV 2280 infection reduces the expression of IFNAR1 and then inhibits the activation of STATs and JAKs. (A) CRFK cells were infected with FCV 2280 at
an MOI of 0.1 or 1 for 16 h, then were treated with IFN-B (100 U/mL) for 15 min. Cells were lysed and analysed by Western blotting with antibodies against total/
phosphorylated STAT1, STAT2, JAK1, Tyk2, FCV VP1 and B-actin. (B) CRFK cells were mock infected (Mock) or infected with FCV 2280 at an MOI of 0.1 or 1 for 16
h. Cells were lysed and were analysed by WB with antibodies against IFNAR1, IFNAR2, VP1 and B-actin. (C) CRFK cells were mock infected (Mock) or infected with
FCV 2280 at an MOI of 1 for 16 h, then the cells were stained using PI to isolate live cells. Ethanol treated cells acted as a positive control. After that, the cells were fixed,
then the surface expression of IFNAR1 and IFNAR2 as well as viral antigen were examined with rabbit anti-IFNAR1/2 antibody or mouse anti-FCV VP1 mAb by flow
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cytometry. The blots shown in A and B are representative of three independent experiments, and relative intensity levels were quantified using the Image] software.
Differences (*p < 0.05, **p < 0.01, “**p < 0.001) between the experimental and control groups are noted.

https://doi.org/10.1371/journal.ppat.1008944.9002

The results showed that FCV 2280 infection contributed to the decrease of JAK1 and Tyk2
phosphorylation but did not reduce the expression levels of total JAK1 and Tyk2 (Fig 2A).
Next, we explored whether FCV 2280 infection led to the decrease of interferon receptors
IFNARI1 and IFNAR?2, which inhibits downstream adaptor activation. As shown in Fig 2B,
FCV 2280 infection reduced the level of IFNARI protein in a virus dose-dependent manner
but did not affect the level of IFNAR2. IFNs bind to IFNAR1 on cytomembranes, and the
interaction leads to the activation of downstream adaptors. To confirm that FCV 2280 infec-
tion reduced the level of cytomembrane IFNARI, flow cytometry was used to detect the sur-
face expression of IFNARI in the infected cells. The results showed the mean percentage of
infected cells reached 87.2% upon 2280 infection at an MOI of 1 at 16 hpi (S1E Fig), and the
surface expression of IFNAR1 but not IFNAR2 was significantly downregulated by nearly 24%
upon FCV 2280 infection (Fig 2C). Secreted type I interferon functions by interacting with the
IFNARSs on the cell surface, but FCV 2280 infection blocks the activation of this signalling
pathway by decreasing the expression level of IFNARI.

FCV 2280 infection contributes to the degradation of IFNAR1 mRNA

To explore the mechanism by which FCV 2280 downregulates the expression of IFNARI1, we
first analysed the level of IFNAR1 mRNA upon 2280 infection using qRT-PCR and Northern
blotting (NB). CRFK cells were infected with FCV 2280, and total RNA was extracted. The
IFNARI and IFNAR2 mRNA levels relative to 18S rRNA were assessed by qRT-PCR. As
shown in Fig 3A, FCV 2280 infection significantly downregulated the expression of IFNAR1
mRNA in a virus dose-dependent manner, but it did not affect the level of IFNAR2 mRNA. To
address any non-specificity of the qRT-PCR method, a Northern blot assay was conducted to
further confirm the result. CRFK cells were co-transfected with 1 pg of pcDNA3.1-IFNARI1
and -IFNAR?2 for 12 h and then infected with different doses of virus. Total RNA was extracted
for NB assays. The NB results also confirmed that FCV 2280 infection led to the decrease of
IFNARI mRNA in a virus dose-dependent manner (Fig 3B). Both results revealed that
IFNAR1 mRNA expression was reduced during FCV 2280 infection.

Actinomycin D (Act.D) can block the DNA-dependent RNA polymerase activity [45] but
cannot affect viral transcription and is used to evaluate whether viral protein reduces the level
of host mRNA via degradation [37, 46]. To validate whether loss of IFNAR1 mRNA upon
FCV 2280 infection can be attributed to mRNA degradation, the host gene transcription was
first blocked by Act.D, and the cells were then inoculated with FCV 2280. qRT-PCR was used
to determine the half-life of IFNAR1 and IFNAR2 mRNA. The half-life of IFNAR1 mRNA in
FCV-infected cells was 6.3 hours (h), and that in mock cells was >100 h (Fig 3C). The levels of
IFNAR1 mRNA were still reduced with Act.D treatment upon FCV 2280 infection, suggesting
that the decreased IFNARI mRNA levels in FCV-infected cells were a result of enhanced
mRNA degradation. The half-life of IFINAR2 mRNA in FCV-infected cells was 10 h, and that
in mock cells was 10.6 h (Fig 3D). No significant difference was detected. These data demon-
strated that FCV 2280 infection promotes the degradation of IFNAR1 mRNA.

FCYV 2280 p30 protein is attributed to the reduction of IFNAR1 mRNA

To explore which viral protein is responsible for the reduction of IFNAR1 mRNA upon FCV
2280 infection, CRFK cells were transfected with plasmids expressing each FCV 2280 protein
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(S2A Fig). IFNAR1 mRNA was then measured 24 hours post-transfection using qRT-PCR. As
shown in Fig 4A, the presence of p5.6, p32, p39, Vpg, PP, VP1 and VP2 did not inhibit
IFNARI mRNA expression; however, p30 expression led to a significant reduction. No pro-
teins affected the expression of IFNAR2 mRNA. Moreover, a p30-induced reduction of
IFNARI mRNA and protein as detected by NB (Fig 4B) and WB (Fig 4C), respectively dis-
played a dose-dependent relationship.

FCV strain F9 is a vaccine strain, and F9 in vivo replication is incompetent compared to
2280 (1). Moreover, F9 in vitro infection is sensitive to IFN treatment as shown in Fig 1A. We
speculate that F9 p30 could not reduce the level of IFNAR1 mRNA. Next, we applied an NB
assay to analyse the ability of F9 p30 to inhibit IFINARI mRNA expression. Compared with
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experiments A-G were repeated three times. Differences (*p < 0.05, “*p < 0.01, ***p < 0.001) between the experimental and control groups are noted.

https://doi.org/10.1371/journal.ppat.1008944.9004
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FCV 2280 p30, overexpression of F9 p30 did not affect IFNARI mRNA (Fig 4D) or protein
(Fig 4E) expression. Moreover, we compared the effect of FCV 2280 and F9 p30 overexpres-
sion on ISG induction. The plasmids encoding FCV 2280 p30 and F9 p30 were separately
transfected into CRFK cells. At 24 hours post-transfection, the cells were treated with IFN-f3
for 10 h, and the expression of ISG mRNA was then analysed by qRT-PCR. FCV 2280 p30
expression suppressed the IFITM1 and ISG15 mRNA expression induced by IFN-B, but F9
p30 failed to do so (Fig 4F). These data demonstrate that FCV strain 2280 p30 can promote the
reduction of IFNAR1 mRNA.

To examine the key domain of 2280 p30, a series of deleted constructs were prepared (Fig
4G Left) and expressed (S2B Fig), then were evaluated regarding their effect on IFNAR1
mRNA expression using qRT-PCR. As shown in Fig 4G, both the N terminal (aa 1-131) and
the C terminal (aa 132-275) of 2280 p30 contain a domain that induces the reduction of
IFNARI mRNA expression. The two fragments were cloned into the corresponding domains
of F9 p30, and both chimeric F9 p30 proteins promoted a reduction in IFNARI mRNA (Fig
4F), confirming that both the N and C terminals of 2280 p30 are the key domain for its ability.

His-2280 p30 fusion protein directly degrades IFNAR1 RNA

To explore whether 2280 p30 protein directly degrades IFNAR1 RNA but dose not target
IFNAR2 RNA, the His-p30 fusion proteins of 2280 and F9 were purified from E. coli (Fig 5A),
and IFNARI and IFNAR2 RNA containing the 5 and 3’UTRs were used as the substrate.
Equal amounts of His-p30 fusion protein or His alone were incubated at 30°C with the RNA
for the indicated time points; samples were then withdrawn and analysed by agarose-formal-
dehyde gel electrophoresis. As shown in Fig 5B, IFNAR1 RNA mixed with His (Lanes 1-5) or
His-F9 p30 fusion protein (Lanes 11-15) remained stable throughout the 90 min incubation
time, but IFNAR1 RNA decayed in the presence of His-2280 p30 fusion protein (Lanes 6-10).
Moreover, His-2280 p30 fusion protein induced degradation of IFNAR1 RNA in a dose-
dependent manner (Fig 5C). Consistent with the cell-based results, an in vitro system demon-
strated that the p30 proteins of F9 and 2280 did not induce degradation of IFINAR2 RNA con-
taining a 5" and 3’UTR (Fig 5D).

These data reveal that FCV 2280 p30 protein displays an RNase-like activity and promotes
the degradation of IFNAR1 mRNA.

The 5> UTR of IFNAR1 mRNA induces selective cleavage by 2280 p30

The ability of 2280 p30 to selectively target IFINAR1 mRNA may be due to the presence of a
special element or structure that does not exist in IFINAR2 mRNA. To confirm this hypothesis,
we fused the 5’ untranslated region (UTR), the coding sequences (CDS), or 3> UTR of IFNARI1
mRNA to IFNAR2 mRNA (Fig 6A). The chimeric RNA was produced using a T7 in vitro syn-
thesis kit, and the abundance of each RNA in the presence or absence of 2280 p30 was moni-
tored using an in vitro degradation system. IFNAR1 RNA degradation was markedly increased
in the presence of 2280 p30 (Fig 6B Lane 6), but IEINAR2 RNA was not affected (Fig 6B Lane
7). When the IFNAR2 5"'UTR was substituted with IFNAR1 5’UTR, the chimeric RNA was
readily degraded by 2280 p30 (Fig 6B Lane 8), but another two chimeric RNAs were not
degraded (Fig 6B Lanes 9, 10). These results suggest that the 5 UTR of IFNAR1 plays a role in
selectively targeting mRNA for degradation by 2280 p30.

2280 p30 displays the shutoff phenotype

Because 2280 p30 selectively degraded host IFNAR1 mRNA in a direct manner, we suspected
that p30 may be a virion shutoff protein that can selectively degrade host mRNA. These shutoff
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Fig 5. In vitro assay of p30-mediated degradation of IFNAR1 RNA. (A) Proteins are from E. coli expressing His-2280 p30 fusion protein, His-F9 p30 fusion
protein, or His tag. A Coomassie blue-stained gel of recombinant proteins is shown. (B, D) His (10 ug), His-2280 p30 fusion protein or His-F9 p30 fusion
protein (10 pg) was incubated at 30°C with 4 ug of IFNAR1 (B) or IFNAR2 RNA (D) transcribed in vitro. At the indicated times, the RNA was purified and
resolved on an agarose-formaldehyde gel. (C) His (10 ug) or His-2280 p30 fusion protein or His-F9 p30 fusion protein (0-10 pg) were incubated at 30°C with
IFNARI RNA (4 pg) transcribed in vitro. After 90 min of incubation, the RNA was purified and resolved on an agarose-formaldehyde gel. The gel
electrophoresis results shown in B, C and D are representative of three independent experiments, and the relative intensity of intact RNA remaining was
quantified using the ImageJ software. Differences (*p < 0.05, **p < 0.01, and ***p < 0.001) between the experimental and control groups are noted.

https://doi.org/10.1371/journal.ppat.1008944.9005

proteins can degrade mRNA in the absence of other viral proteins, as confirmed by the inhibi-
tion of reporter gene expression in cells transiently cotransfected with the virion shutoff gene
[47]. To demonstrate whether 2280 p30 is a virion shutoff protein, CRFK cells were cotrans-
fected with the reporter plasmid pRL-TK and the plasmid encoding 2280 p30 or F9 p30. 2280
P30 expression significantly inhibited luciferase activity, but F9 p30 expression did not (Fig
7A). Further, we evaluated the effect of p30 expression on another reporter gene, GFP mRNA.
CREK cells were cotransfected with pEGFP-N1 and the plasmid encoding either 2280 p30 or
F9 p30. After 24 h, total cellular RNA was extracted for NB assay. As shown in Fig 7B, 2280
p30 expression significantly reduced the level of GFP mRNA, but F9 p30 expression did not.
An in vitro degradation assay also showed that the 2280 p30 fusion protein could decay GFP
RNA but that F9 p30 fusion protein could not (Fig 7C). These results revealed that 2280 p30 is
a virion shutoff protein.

p30 protein mediates interferon resistance in FCV 2280 infection

To further investigate the role of p30 in blocking the activation of the interferon downstream
signalling pathway, the gene sequence encoding FCV strain 2280 p30 was substituted with the
gene sequence encoding F9 p30, generating recombinant rFCV 2280-F9 p30. Additionally, the
gene sequence encoding F9 p30 was substituted with the gene sequence encoding 2280 p30,
generating recombinant rFCV F9-2280 p30 (Fig 8A). Moreover, wild-type 2280 and F9 were
also rescued using reverse genetic system, generating recombinant rFCV 2280 and rFCV F9
(Fig 8A).
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3’UTR of IFNARI. (B) His (10 pug) or His-2280 p30 fusion protein (10 ug) were incubated at 30°C with 4 ug of IFNAR1 or IFNAR2 RNA or chimeric IFNAR2
transcribed in vitro. After 60 min of incubation, the RNA was purified and resolved on an agarose-formaldehyde gel. The gel electrophoresis result is
representative of three independent experiments.
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https://doi.org/10.1371/journal.ppat.1008944.9007

We first analysed the effect of wild-type and recombinant FCV infection on IFNAR1
mRNA and protein expression. CRFK cells were inoculated with wild type 2280, rECV 2280
and rFCV 2280-F9 p30 or wild type F9, rECV F9 and rFCV F9-2280-p30, and the IFNAR1
mRNA and protein levels were assayed using qPCR and WB. As shown in Fig 8B, wild-type
and rFCV 2280 infection contributed to a 70-80% reduction in IFNAR1 mRNA expression,
but rFCV 2280 F9-p30 infection only contributed to a 20-30% reduction; wild-type and rFCV
F9 infection contributed to a 10-15% reduction of IFNAR1 mRNA expression, but rFCV F9-
2280 p30 infection contributed to a 70-80% reduction. Analysis of IFNARI protein levels
upon infection also demonstrated that IFNARI expression in the rFCV 2280 F9-p30 infection
group was higher than that in the wild type and rFCV 2280 infection groups (Fig 8C); the
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Fig 8. p30 confers resistance to the IFN-mediated antiviral response. (A) Diagram for construction of chimeric
viruses. (B, C) CRFK cells were inoculated with FCV 2280, rFCV 2280 and rFCV 2280 F9-p30 or FCV F9, rFCV F9 and
rFCV F9-2280-p30 at an MOI of 1, and the mRNA and protein levels of IFNAR1 were assayed using qRT-PCR (B) and
WB (C) at 16 h post-infection. (D) CRFK cells were inoculated with FCV 2280, rFCV 2280 and rFCV 2280 F9-p30 or
FCV F9, rFCV F9 and rFCV F9-2280-p30 at an MOI of 1, and at 16 h post-infection, the cells were treated with or
without porcine IFN-B (100 U/mL) for 20 minutes. The cells were subjected to WB analysis. (E, F) CRFK cells were
infected with FCV 2280, rFCV 2280 and rFCV 2280 F9-p30 or FCV F9, rFCV F9 and rFCV F9-2280-p30 at a MOI of
0.1 and 1 for 8 h, then were treated with IFN- (1000 U/mL) for 10 h. The mRNA levels of ISG15 (E) and IFITM1 (F)
relative to 18S rRNA were determined by qRT-PCR. (G, H) CRFK cells were pretreated with IFN-B (1000 U/mL) or
medium only. After 8 h, the cells were infected with FCV 2280, rFCV 2280 and rFCV 2280 F9-p30 (G) or FCV F9,
rFCV F9 and rFCV F9-2280-p30 (H) at an MOI of 1 and then harvested at the indicated time points. Viral titres were
determined by TCIDs. The blots shown in C, D are representative of three independent experiments, and relative
intensity levels were quantified using the Image] software. The data in E, F, G, H shown represent the mean + SD for
three repeats, and all experiments were repeated three times. Differences (*p < 0.05, **p < 0.01, ***p < 0.001) between
the experimental and control groups are noted.

https://doi.org/10.1371/journal.ppat.1008944.9008

IFNARI protein level in the rECV F9-2280 p30 infection group was lower than that in wild
type and rFCV F9 infection groups (Fig 8C).

Next, to evaluate the role of p30 in inhibiting type I IFN signalling during FCV 2280 and F9
infection, CRFK cells were inoculated with wild type 2280, rFCV 2280 and rFCV 2280 F9-p30
or wild type F9, rFCV F9 and rFCV F9-2280-p30, and at 16 hpi, the cells were treated with or
without IFN-f. The cells were subjected to Western blot analysis for p-STAT1, STATI, p-
STAT?2 and STAT?2, as well as viral protein p30 and VP1 for the viral loading control. Com-
pared with the wild type and rFCV 2280 infection groups, infection with rFCV 2280 F9-p30
led to less of a reduction in the IFN-induced STAT1 and STAT2 phosphorylation (Fig 8D).
Compared with the wild type and rFCV F9 infection groups, rFCV F9-2280 p30 infection con-
tributed to a greater reduction in the IFN-induced STAT1 and STAT2 phosphorylation (Fig
8D). qRT-PCR analysis for ISG expression also showed that the expression of IFITM1 and
ISG15 in the rFCV 2280 F9-p30 infection group was higher than that in the wild-type and
rFCV 2280 infection groups, and the expression of both in the rFCV F9-2280 p30 group was
lower than those in the wild-type and rFCV F9 infection groups (Fig 8E and 8F).

To further examine whether p30 antagonizes the anti-viral function of IFN during FCV
infection, we pretreated CRFK cells with IFN-B and then infected the cells with the indicated
viruses (Fig 8G and 8H). Compared with the replication of wild-type and rFCV 2280, rFCV
2280-F9 30 displayed lower growth kinetics. IFN-f treatment contributed to slightly impaired
replication of wild-type and rFCV 2280 but led to an at least 100-fold reduction in the replica-
tion of rFCV 2280-F9 p30 (Fig 8G). When comparing the wild-type, rFCV F9 and rFCV F9-
2280 p30 groups, the replication of rFCV F9-2280 p30 was faster than the replication of wild-
type and rFCV F9 (Fig 8H). IFN-f treatment led to at least a 100-fold reduction in wild-type
and rFCV F9 replication, but it only slightly impaired the replication of rFCV F9-2280 p30
(Fig 8H).

These data indicate that FCV 2280 p30 mediates evasion of the IFN-induced antiviral activ-
ity and promotes viral replication. Taken together, these results indicate that p30 indeed plays
arole in antagonizing type I IFN signalling during FCV 2280 infection.

FCV p30 affects clinical symptoms, replication and shedding in cats

Reports have indicated that viral proteins with anti-IFN activity can affect viral virulence. We
examined the effect of p30 on the virulence of FCV. The clinical symptoms caused by the
virus, including replication in the lung and trachea and shedding in the eye, nasal passage and
throat, were evaluated after infection in cats.

The clinical score of wild-type and rFCV 2280 infection groups were significantly higher
than that of the rFCV 2280-F9 p30 group from day 3 to day 7, suggesting that F9 p30
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substitution in the backbone of 2280 attenuated the clinical manifestations (Fig 9A). In con-
trast, 2280 p30 substitution in the backbone of F9 enhanced the clinical manifestations from
day 5 to day 9 (Fig 9B). These results indicated that p30 affects the severity of FCV clinical
symptoms.

Viral shedding in eye swabs from the wild-type and rFCV 2280 infection groups could be
detected from day 1 to day 9 but was not detected in the rFCV 2280-F9 p30 infection group
(S3A Fig). Moreover, F9 p30 substitution in the backbone of 2280 decreased viral shedding in
the nasal passage and throat from day 3 to day 11 (S3B Fig). For F9 and its recombinant
viruses, no viral shedding was detected in the eyes, but 2280 p30 substitution in the backbone
of F9 enhanced viral shedding in the nasal passage from day 7 to day 11 (S3B Fig) and throat
from day 3 to day 7 (S3C Fig). These findings demonstrate that p30 affects FCV shedding.

Viral replication in the lung and trachea was evaluated on day 5. As shown in Fig 9C, the
viral load in both tissues of the rFCV 2280-F9 p30-infected cats was lower than that of the
wild-type- and rFCV 2280-infected cats, suggesting that F9 p30 substitution in the backbone
of 2280 attenuated viral replication in the lung and trachea. In contrast, 2280 p30 substitution
in the backbone of F9 enhanced viral replication only in the trachea (Fig 9D). These findings
demonstrate that p30 affects FCV replication. Histology analysis of the lung in the mock- and
virus-infected cats was performed (5S4 Fig). Pathology of the rFCV 2280-F9 p30-infected cats
lung was lower than that of the wild-type- and rFCV 2280-infected cats. While viral detection
was negative in the lungs of F9- and its mutants-infected cats, their infection also caused a few
lung epithelia cells hyperplasia, but 2280 p30 substitution in the backbone of F9 enhanced the
lung epithelia cells hyperplasia.

Taken together, these findings show that FCV p30 is a virulence factor.

Discussion

The innate immune system plays an essential role in the host first-line defence against micro-
bial invasion. Once the host is infected by a pathogen, host pattern recognition receptor (PRR)
can readily recognize the pathogen-associated molecular patterns (PAMPs), which activate the
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innate immune system and ultimately release a series of cytokines such as interferons and
inflammatory factors. Type I interferon can activate the transcription of interferon-stimulated
genes (ISGs) through the JAK-STAT pathway, and these ISGs exert an efficient antiviral effect
[16, 48]. To survive, some viruses have also evolved many strategies to inhibit the host antiviral
response. Yumiketa et al. reported that nonstructural protein p39 of feline calicivirus sup-
presses the host innate immune response by preventing IRF-3 activation [49]. Another group
found a novel open reading frame (ORF4) encoded by murine norovirus (MNV) subgenomic
RNA, which antagonizes the innate immune response to infection by delaying the upregula-
tion of a number of cellular genes activated by the innate pathway, including IFN- [50]. In
the current study, we found that a virulent FCV strain 2280 [1] could inhibit the host type I
IFN-mediated antiviral signalling pathway. 2280 infection blocked the activation of JAKs and
STATs by degrading IFNARI mRNA. Screening of the FCV proteins revealed that nonstruc-
tural protein p30 contributed to the reduction of IFNARI mRNA. A comparative test between
p30 from FCV vaccine strain F9 and strain 2280 showed that F9 p30 failed to degrade IFNARI
mRNA. Moreover, in vitro degradation assays demonstrated that 2280 p30 could directly
degrade IFNARI RNA but that F9 p30 could not. Importantly, we constructed recombinant
viruses expressing chimeric p30 using a reverse genetic system and found that p30 led to inter-
feron resistance and could affect FCV virulence. Our findings demonstrated that p30 helps
FCVs to evade the host antiviral response.

The JAK-STAT signalling pathway is responsible for transmitting extracellular chemical
signals to the nucleus and plays an important role in Type I IEN signal transmission. Thus, it is
logical that the JAK-STAT pathway is a target for viruses to subvert host antiviral immunity
[48]. West Nile Virus can downregulate the host IENARI protein level [51, 52]. Porcine epi-
demic diarrhoea virus inhibits interferon signalling via the targeted degradation of STAT1
[27]. Porcine reproductive and respiratory syndrome virus inhibits type I interferon signalling
by blocking STAT1/STAT2 nuclear translocation [53]. Porcine Deltacoronavirus nsp5 antago-
nizes type I interferon signalling by cleaving STAT2 [26]. In this study, we found that FCV
2280 infection blocks the IFN-B-induced activation of the JAK-STAT pathway by directly and
selectively degrading IFNAR1 mRNA.

FCV has developed strategies to inhibit host protein synthesis and promote viral protein
synthesis [54]. FCV infection inhibits host protein synthesis by cleaving eukaryotic initiation
factor eIF4G and poly (A)-binding protein (PABP) [55, 56]. The reported inhibitory effect
occurred at translation steps of eukaryotic protein expression [55, 56], but we found that FCV
infection inhibited IFNAR1 expression through the direct degradation of IFINAR1 mRNA by
p30. Our previous work demonstrated that FCV strain 2280 proteinase-polymerase (Pro-Pol)
protein can suppress luciferase reporter gene expression driven by endogenous and exogenous
promoters, thus inhibiting the host gene expression [2]. However, the overexpression of Pro-
Pol did not inhibit the expression of IFINARI mRNA.

Infection with gammaherpesviruses, alphaherpesviruses, or betacoronaviruses can lead to
widespread and selective mRNA degradation by a single viral factor [34]. Subsets of cellular
proteins are resistant to host shutoff and may facilitate viral replication [57]. However, no pre-
cise mechanism has been found to explain the action of selective mRNA degradation. This
selectivity may be due to particular elements within mRNA. During lytic gammaherpesvirus
infection, viral SOX protein induces widespread mRNA degradation, but some mRNA, such
as IL-6, can escape this fate [58]. The IL-6 mRNA contains an ~100-nucleotide element within
its 3’UTR that renders it refractory to decay by SOX [58]. In this study, we found that the
5’'UTR of IFNARI mRNA renders it susceptible to cleavage by 2280 p30 because substitution
of the 5’UTR of IFNAR2 mRNA by that of IFNAR1 mRNA conferred susceptibility to 2280
p30-induced mRNA degradation. Variable nucleotide sequences between the 5’UTR of
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IFNARI and IFNAR?2 (S5A Fig) produces two different RNA secondary structures (S5A Fig).
The variability in the sequences and RN secondary structures may lead to 2280 p30 binding
IFNAR1 mRNA, then cleaving it.

A recent study demonstrated that MHV68-induced mRNA decay during lytic infection
also leads to a genome-wide reduction of Pol II occupancy at mammalian promoters, which
accelerates host mRNA decay [59]. Whether FCV-induced mRNA decay also contains a simi-
lar mechanism need to be further investigated. MHV68 gene expression is resistant to the
effects of mRNA degradation, and viral genes are robustly transcribed during the stage of
infection when host transcription is reduced [59]. Sequences located on the viral genome are
both necessary and sufficient to escape the transcriptional repression effects of mRNA decay
[59]. We also found that FCV-induced mRNA decay does not affect the abundance of viral
RNA. The host RNA abundance decreases, but instead viral RNA abundance increases, which
may be attributed to viral sequence or host factors.

The HSV-1 vhs is an endoribonuclease and selectively degrades host mRNA [34]. It shows
a strong preference for constitutively expressed mRNAs and some inducible mRNAs [47]. It
blocks the host innate antiviral response by reducing the level of ISG mRNA [60, 61]. In this
study, RNA-seq revealed that more than two thousand genes are downregulated upon FCV
infection. Among these, IFNAR1 mRNA was selectively downregulated, which may block the
upregulation expression of ISGs. Moerover, p30 is a viral shutoff protein which could also
inhibit some inducible mRNA, so p30 may also inhibit the upregulation expression of ISGs
that belong to inducible expression genes.

Purified GST-vsh fusion protein exhibits RNase activity [47]. FCV 2280 p30 fusion protein
also displayed RNase-like activity and directly cleaved IFNAR1 RNA. Interestingly, the F9 p30
fusion protein displayed no degradation activity. Strain F9 is a less virulent virus, but the sub-
stitution of 2280 p30 in the backbone of F9 increased the virulence of the chimeric virus. FCV
strains generally present low virulence in cats; however, a number of FCV strains with differ-
ent levels of virulence have been isolated in recent years [4, 62, 63]. Our previous study demon-
strated that FCV strain 2280 can infect the lung and trachea of cats, and the mortality rate
reached to 20~40% [1]. FCV strain 2280 p30 evades IFN-induced antiviral activity and pro-
motes viral replication, which may be a cause of the difference in virulence between F9 and
2280. Comparison among the amino acid sequences of different strains p30 revealed that the
identity ranges from 86.1 to 95.6%. The sequence identity between strain 2280 and F9 p30 is
90.2% and a total of 25 amino acids are different. Since both the N and C terminals of 2280
p30 are the key domain for its ability, we could not identify the key amino acids for its shutoff
activity. So, the sequence characteristics could not differentiate which FCV strains exhibit the
shutoff activity or are resistant to IFN treatment.

In conclusion, we have shown that FCV 2280 infection blocks the JAK-STAT pathway by pro-
moting the degradation of [FINAR1 mRNA. We have also provided evidence that FCV nonstruc-
tural protein p30 is able to directly degrade IFNAR1 RNA and is a key virulence factor. Our
findings reveal a new mechanism by which some strains of FCV subvert host antiviral immunity.

Materials and methods
Cells, viruses and reagents

Crandell Rees feline kidney (CRFK) cells and F81 cells were maintained in Dulbecco’s modified
minimum essential medium (DMEM) (Gibco) containing 10% foetal bovine serum (Gibco), 100
U/mL penicillin, and 100 pug/ml streptomycin at 37°C under an atmosphere containing 5% CO,.
FCV strain 2280 and F9 were acquired from ATCC and propagated in CRFK cells. Vesicular sto-
matitis virus expressing green fluorescent protein (VSV-EGFP) was grown and titered in 293T
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cells and stored at -80°C. The mouse anti-p30 polyclonal antibodies were prepared by our lab.
Universal Type I interferon beta (11415) was purchased from PBL Assay Science. Actinomycin D
(HY-17559) was purchased from MedChem Express (MCE, Shanghai, China).

Plasmid construction

The p3xFlag-p30, p3xFlag-p32, p3xFlag-p39, p3xFlag-Vpg, p3xFlag-PP, p3xFlag-VP1, and
p3xFlag-VP2 plasmids were described previously [42]. The pRL-TK plasmid expressing the
Renilla luciferase protein was purchased from Promega; pISRE-TA-Luc plasmid was pur-
chased from Clontech. The 5’ and 3’'UTRs of IFNAR1 and IFNAR2 were obtained using 5’ and
3’RACE kits (Clontech), and the full-length IFNAR1 and IFNAR?2 genes were cloned into
Nhel/Kpnl sites of pPCDNA3.1(+). The chimeric IFNAR2s were cloned into Nhel/Kpnl sites of
PCDNA3.1(+) using overlap PCR. The T7 promoter-derived GFP gene was cloned into

pJetl.2 vector (ThermoFisher).

Comparative transcriptome analysis upon FCV 2280 infection

CREFK cells were mock infected or infected with FCV 2280 at an MOI of 0.1 for 16 h, then per-
formed RNA extraction, cDNA library construction, Illumina deep sequencing and data analy-
sis [64, 65], which was completed by the Shanghai Majorbio Bio-pharm Biotechnology Co.
(Shanghai, China). Each group contained two samples. All the raw read counts have been nor-
malized by the principle of “reads per kilo bases per million reads” and ratio between average
read counts from FCV infection group and mock group was shown. All the downregulated
genes upon infection were shown in S1 Table. RNA seq data analysis is based on DESeq2 soft-
ware (p-adjust < 0.05 && |log,Fold Change| > 1) and EdgeR software is also used for differen-
tially expressed analysis (p-adjust < 0.05 && | log,Fold Change | > 1).

Luciferase assay

The protocol used for the luciferase assay has been previously described [42]. Briefly, CRFK
cells (2x10°/well) grown in 48-well plates were cotransfected with 200 ng/well reporter plasmid
PISRE-TA-Luc and 20 ng/well pRL-TK plasmid (Promega) (as an internal control for normali-
zation of the transfection efficiency). Luciferase activities were determined with the Dual-
Luciferase Reporter Assay System (Promega) according to the manufacturer’s protocol. The
relative luciferase activity in each sample was determined using the ratio between the activities
of firefly and Renilla luciferases. The data are expressed as the meantstandard error, and at
least 3 separate experiments were performed in triplicate.

Virus titration

The TCIDs assay for virus titration has been previously described [42]. The viral titres are
expressed as the median tissue culture infective dose Log;o(TCIDs/ml) according to the
method of Reed and Miiench [66].

Quantitative real-time PCR (qRT-PCR)

Total RNA was prepared with an RNeasy Mini Kit (Qiagen, Valencia, CA, USA), and cDNA
was obtained using the FastKing-RT SuperMix containing DNase (TTANGEN, China) accord-
ing to the manufacturer’s protocol. QRT-PCR was performed by a qTOWER 2.0 (Analytik
Jena AG, Jena, Germany). The relative mRNA expression levels were calculated by the 224"
method using 18S rRNA as an internal control for normalization. The specific primers used
are listed in Table 1.
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Table 1. Primers for qRT-PCR and production of probes.

Primer name Primer sequence (5°-3’) Use
fe-IFN-B-F GAAGGAGGAAGCCATATTGGT qRT-PCR
fe-IFN-B-R CTCCATGATTTCCTCCAGGAT

q18S rRNA-F CGGCTACCACATCCAAGGAA

q18S rRNA-R GCTGGAATTACCGCGGCT

qIFNARI-F TTGCCTGGGTGTCAATCT

qIFNARI-R GCCTTATCTTCGGCTTCT

qIFNAR2-F TGTCTTTGGAACCACCCG

qIFNAR2-R ATCTTCCCTGACTGTTCTTCG

qIFITM1 F CACCACCGTGATCAACATCCA

qIFITM1 R GACTTCACGGAGTAGGCAAAG

qViperin F CATGACCGGGGCGAGTACCTG

qViperin R GCAAGGATGTCCAAATATTCACC

qISG15 F TCCTGGTGAGGAACCACAAGGG

qISG15 R TTCAGCCAGAACAGGTCGTC

Probe-IFNAR1-F AAATCTAAAATCTCCTGAAAA Production of probes
Probe-IFNARI-R AAACAGTAAGTCGTCTCTGGT

Probe-IFNAR2-F AAGATGCTTTGGAGCCAGAAT

Probe-IFNAR2-R AATGACTGGTGGAAATTTCAC

Probe-GFP-F AAGTTCATCTGCACCACCGGCAAG

Probe-GFP-R ACCATGTGATCGCGCTTCTCGTTG

https://doi.org/10.1371/journal.ppat.1008944.t001

Western blot analysis

Western blotting (WB) was performed as previously described [67]. Rabbit anti-IFNAR1 mAb
(ab45172), rabbit anti-STAT1 alpha mAb (ab92506), rabbit anti-phospho-STAT1 alpha
(Tyr701) mAb (ab109457), rabbit anti-STAT2 mAb (72604), rabbit anti-phospho-STAT2
(Tyr690) mAb (88410), rabbit anti-JAK1 mAb (ab133666), rabbit anti-phospho-JAK1 (Y1022
+Y1023) mAD (ab138005), rabbit anti-beta actin mAb (ab8227), rabbit anti-Flag-tag polyclonal
antibody (ab1162) and mouse anti-VP1 mAb (ab33990) against FCV VP1 protein were pur-
chased from Abcam. Rabbit anti-Tyk2 mAb (9312) and rabbit anti-phospho-Tyk2 (Tyr1054/
1055) mAb (68790) were purchased from CST.

Cell viability assay

For trypan blue test, a cell suspension (3~5x10%/mL) is prepared. 90 uL of cell suspension is
mixed with 10 uL of 0.4% trypan blue (VWR Life Science) for 3 min, and then visually exam-
ined to determine whether cells take up or exclude dye using cell counter (Cellometer, Nexce-
lon Bioscience). 400~600 cells were examined every time, and at least three tests were
performed for a sample.

For CCKS8 test, after washing with 1xPBS, a CCK8 solution (Dojindo) (20 pL) and DMEM
(80 pL) were added to the cells, and the plate was incubated at 37°C for two hours. The optical
density (OD) was determined by an EnSpire Multimode Plate Reader (PE, USA) under a 450
nm excitation filter.

Indirect immunofluorescence assay (IFA) and flow cytometry analysis

The procedure of IFA had been described previously [68]. The virus was identified using a
mouse anti-VP1 pAb.
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After infection, the cell suspension (2x10%/mL) was prepared and stained by PI (BD). Then
viable cells (no staining) were separated using flow cytometer. Next, surface expression of
IFNAR1/2 was detected by flow cytometry analysis. A total of 1 x 10° viable cells were collected
and washed in PBS and incubated with 2 uL of rabbit anti-IFNAR1/2 mAb and mouse anti-
VP1 mADb or isotype antibody in 100 uL of PBS for 30 min at 4°C. The cells were then washed
and diluted in 200 pL of PBS containing Alexa Fluor 488-conjugated goat anti-rabbit IgG (H
+L) antibody (Abcam, ab96883) and Alexa Fluor 647-conjugated goat anti-mouse IgG (H+L)
antibody (Abcam, ab150115) for 30 min at 4°C. The cells were washed and diluted in 500 pL
of PBS and analysed using a BD Cytomics TM FC 500 instrument. FlowJo software was used
for data analysis.

Northern blot assay

Briefly, RNA for Northern blotting (NB) was extracted using TRIzol (Life Technologies)
according to the manufacturer’s instructions. RNA (20 ug) was mixed with 2xRNA loading
buffer (TAKARA) and EB, denatured at 65°C for 15 minutes and then run on a 1.2% agarose/
formaldehyde gel and transferred by capillary action onto a nitrocellulose membrane (Milli-
pore). The nitrocellulose membrane was prehybridized with ExpressHyb solution (Clontech)
at 42°C for 2 hours. Probes were produced using a North2South Biotin Random Prime DNA
Labeling Kit (Thermo Scientific). Primers used for the production of probes are shown in
Table 1. The membrane was hybridized at 42°C overnight with fresh solution containing the
corresponding probe and then washed twice at room temperature for 30 min with wash solu-
tion 3 (2xSSC, 0.1% SDS) and once at 42°C for 30 min with wash solution 2 (0.1xSSC, 0.1%
SDS). The membrane was then blocked with blocking buffer (catalogue #89880A; Thermo Sci-
entific) at room temperature for 30 min. Finally, the membrane was incubated with IRDye
800-conjugated streptavidin diluted in TBST (1:2500) and imaged on an Odyssey CLx infrared
imaging system (Li-COR Biosciences).

Expression and purification of His-p30 fusion proteins

The F9 and 2280 p30 genes were cloned into the pE-SUMO vector, and the recombination
plasmid was transformed into E. coli BL21 (DE3). The expression and purification procedures
were performed according to a previously described method [69].

In vitro degradation assay

IFNARI and IFNAR2 RNA containing the 5 and 3°UTRs were synthesized by in vitro tran-
scription of linearized T7 promoter-IFNARI, -IFNAR2 and GFP using T7 in vitro synthesis of
RNA (NEB) according to the manual. An in vitro assay of RNA decay was performed accord-
ing to a previously described method [47]. Briefly, His-p30 fusion protein or His (10 pg) was
incubated at 30°C with RNA (4 pg) in a 50 pL reaction mixture containing 25 mM Tris-HCl
(pH 8.0), 80 mM potassium acetate, 1.5 mM magnesium acetate, 2 mM DTT, and 0.1 mM
EDTA [47]. After the reaction was finished, the samples were extracted with phenol-chloro-
form-isoamylic alcohol (pH 8.0; Ambion), precipitated with ethanol, and analysed by 1.2%
agarose-formaldehyde gel electrophoresis.

Construction of recombinant full-length FCV cDNA clones

Briefly, to assemble the full-length cDNA of 2280 and F9, the genome was divided into 3 frag-
ments (A: nt 1-2195 or 1-2799, B: nt 2196-5356 or 2800-5649, C: nt 5357-7683 or 5650—
7690). In addition, the T7 promoter was added to the 5’end of fragment A by overlap PCR,
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Table 2. Standard for assessing clinic signs.

and the polyadenylation signal and hepatitis delta ribozyme (HdvRz) were added to the 3’ end
of fragment C. Each of the above fragments was cloned into the plasmid pOK12, which con-
tained a new restriction enzyme linker (KpnI-Apal-BamhI-Xhol or Sall-SacI-PstI-Kpnl) to
facilitate the assembly of the FCV full-length cDNA clone. Overlapping PCR was used to
replace the FCV 2280 p30 gene with F9 p30. The correct fragments were cloned into BssHII/
AatlI-double-digested pOK-FCV 2280. A similar strategy was used to replace the FCV F9 p30
gene with 2280 p30.

Recovery of viruses

Recovery of the recombinant viruses was carried out according to a previous report [70].
Recombinant pOK-2280 or F9, as well as their chimeric plasmids, were prepared by using the
SanPrep Column Plasmid Mini-Prep Kit (Sangon Biotech) and linearized with restriction
enzymes Xhol or Notl. The linearized plasmids were then transcribed into capped RNA using
the HiScribe T7 High-yield RNA Synthesis Kit (NEB), and Cap analogues (Promega) and the
RNeasy Mini Kit (Qiagen) were used to purify the capped RNA. The capped RNA was trans-
fected into F81 cells (90% confluence) in 12-well plates with Lipofectamine 2000 reagent
(Thermo Fisher) following the manufacturer’s protocol, and the cytopathic effect (CPE) was
monitored daily. The rescued viruses were passaged once in F81 cells and harvested by freezing
and thawing. Whole-genome sequencing of the recombinant viruses was performed. They
were then titred and stored at -80°C.

Analysis of pathogenicity in cats

The animal experiments were performed according to a previously described procedure [1].
Briefly, the experimental cats were negative for FCV, parvovirus, herpes virus and infectious
peritonitis virus, as examined by RT-PCR or PCR as well as indirect immunofluorescence
assay (IFA). Three-month-old domestic cats (n = 49) weighing from 1.5 to 1.8 kg were ran-
domly divided into seven groups, and groups of seven cats lived in a single animal house (3
mx3 m). The cats were anaesthetized subcutaneously with Quan Mian Bao (10 mg/kg) (QFM
mixture) including lidocaine, ketamine, and haloperidol. The anaesthesia SOP was carried out
according to the AAHA Anesthesia Guidelines for Dogs and Cats [71]. The cats were mock
infected with DMEM or inoculated with 0.5 ml (0.2 ml for each nasal passage and 0.05 ml for
each eye) of 10" TCIDs, /0.5 ml via the intranasal and ocular routes. The clinical symptoms
were recorded daily, and the clinical score, which included respiratory, oral cavity and eye
score, were assessed on a scale of 0 to 3 (Table 2). During the clinical scoring process, we per-
formed a double-blind (participant and assessor) manner to avoid significant bias introduced
to the clinical scoring. Eye, nasal and throat swabs were collected to determine viral shedding

Score | Depression and Oral cavity symptoms Respiratory Ocular Lameness
anorexia symptoms discharges
0 no symptoms no symptoms no symptoms no symptoms no symptoms
1 depression one little ulcer spot sneezing (1-2 times | clear secretion | walking posture deformation and able to bear weight on the affected
(diameter<0.5 cm) per 10 min) (one eye) foot
2 1/3-1/2 food 2-3 little ulcer spots sneezing (1-3 time clear secretion | reluctance to bear weight on the affected foot and unwillingness to
intake (diameter<0.5 cm) per 5 min) (two eyes) place weight on the affected limb, sitting with the limb off the
ground
3 apastia big ulcer spots mouth breathing and purulent disable to bear weight on the affected foot, and trouble walking and
(diameter>1 cm) wheezing secretion rising

https://doi.org/10.1371/journal.ppat.1008944.t002
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at indicated time points. On day 5, two cats from each challenged group were euthanized by i.
v. with 20% sodium pentobarbital (0.3 ml/kg) according to the protocol suggested by the
World Society for the Protection of Animals, Methods for the Euthanasia of Dogs and Cats
[72]. The lung samples and trachea samples were harvested for histology analysis or immedi-
ately stored at -80°C for the virus titre analysis. During the experiment, challenged cats were
humanely euthanized when they were observed to suffer from pain and were not moving and
lost the ability to eat and drink.

Sequence analysis and prediction of RNA secondary structure

The alignment of sequences was performed by MEGA software, and the RNA secondary struc-
tures were produced using RNAfold WebServer (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi) by the principle of the minimum free energy.

Ethics statement

All animal experiments were conducted according to the Guide for the Care and Use of Labo-
ratory Animals of Harbin Veterinary Research Institute, CAAS, China. The cats were provided
by the National Engineering Research Center of Veterinary Biologics CORP (Harbin, China).

Statistics

The data are presented as the mean + standard deviation (SD). Statistical significance was
determined using unpaired t-tests in Prism 5.0 software (GraphPad Software) and a value of
Pp<0.05 was considered to indicate a significant difference. The Mann-Whitney test was used
to compare clinical score values and the critical probability was taken as a p value of <0.05 for
a two-sided alternative hypothesis.

Supporting information

S1 Fig. Comparison of IFN induction by FCV infection and examination of cell viability
upon FCV infection. (A) CRFK cells (2x10°) were transfected with 200 ng/well of the reporter
plasmid pIFN-Luc and with 20 ng/well of the pRLTK plasmid for 12 h. After transfection, the
cells were infected with FCV 2280 or F9 at an MOI of 0.1 or 1 for 10 h, and SeV (100 HA
units) was inoculated as a positive control. Luciferase assays were performed. (B) CRFK cells
were infected with FCV 2280 or F9 at an MOI of 0.1 or 1 for 10 h, and SeV (100 HA units) was
inoculated as a positive control. The levels of IFN-B mRNA were evaluated using qRT-PCR
method. (C, D) CRFK cells infected with FCV 2280 at an MOI of 0.01, 0.1 or 1 for 18 h, then a
cell suspension is prepared for the trypan blue assay (C) or the cells in the 96 well plate were
mixed with CCKS8 solution for the CCKS test (D). (E) CRFK cells were mock infected (Mock)
or infected with FCV 2280 at an MOI of 1 for 16 h, then the cells were fixed and the expression
of FCV VP1 was analyzed by flow cytometry. The ratio of infected cells was shown. The data
shown represent the mean + SD, and all experiments were repeated three times.

(TIF)

S2 Fig. Expression assay for the plasmids encoding FCV 2280 each protein as well as 2280
and F9 p30 together with their mutants.
(TIF)

S3 Fig. Virus titres in the swabs during infection. The data shown represent the mean + SD.
(TIF)
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S4 Fig. Histology of the lung in the mock-infected and virus-infected cats.
(TIF)

S5 Fig. Alignment of the sequences and the predicted RNA secondary structures from the
5’UTR of IFNAR1/2.
(TIF)

S1 Table. Downregulated genes upon FCV 2280 infection.
(DOCX)
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