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A B S T R A C T

Pseudorabies virus (PRV) is one of the most destructive swine pathogens and leads to huge economic losses to
the global pig industry. Type I interferons (IFNs) plays a pivotal role in the innate immune response to virus
infection via induction of a series of interferon-stimulated genes (ISGs) expression. IFN-induced transmembrane
(IFITM) proteins, a group of ISGs, are important host self-restriction factors, possessing a broad spectrum of
antiviral effects. They are known confer resistance to a variety of RNA and DNA viruses. However, little is known
about the role of IFITMs in PRV infection. In this study, we show that IFITM is crucial for controlling PRV
infection and that IFITM proteins can interfere with PRV cell binding and entry. Furthermore, we showed that
IFITM2-mediated inhibition of PRV entry requires the cholesterol pathway. Collectively, these results provide
insight into the anti-PRV role of IFITM proteins and this inhibition possible associated with the change of
cholesterol in the endosome, further underlying the importance of cholesterol in virus infection.

1. Introduction

The host innate immune response is the first line of defense against
viral infections until specific protection can be established by the
adaptive immune system. Type I interferons (IFNs) plays a major role in
cell immunity by inducing downstream IFN-stimulated genes (ISGs)
that encode several antiviral innate immune effectors. Among these
ISGs, the IFN-induced transmembrane proteins (IFITMs) are known to
inhibit entry of a wide variety of enveloped RNA viruses (Perreira et al.,
2013). The family of IFITM proteins (IFITM 1, 2 and 3) are homologous,
localized in the plasma and endo-lysosomal membranes, and confer
cellular resistance to many viruses (Bailey et al., 2014; Liao et al., 2019;
Zhao et al., 2018). The IFITM family were first discovered as ISGs in
human neuroblastoma cells and their promoters contain one or more
IFN stimulated response elements (ISRE), making them sensitive to type
I and type II IFNs (Bedford et al., 2019; Friedman et al., 1984; Lewin
et al., 1991; Reid et al., 1989). This group of proteins are known to
inhibit the replication of a range of RNA viruses that enter the host cell
via endocytosis, including the influenza A virus (IAV), West Nile virus
(WNV), Dengue virus (DENV) (Brass et al., 2009; Jiang et al., 2010),
severe acute respiratory syndrome coronavirus (SARS CoV), hepatitis C

virus (HCV), Marburg virus, Ebolavirus and Zika virus (Huang et al.,
2011; Liao et al., 2019; Savidis et al., 2016; Wilkins et al., 2013).

Little is known of the effect of IFITMs on DNA viruses. IFITM1 is
known to inhibit Rana grylio virus (RGV) at the entry stage (Zhu et al.,
2013). On the other hand, IFITM1, 2 and 3 has no effect on the re-
plication of other DNA viruses, such as human papillomavirus (HPV),
human cytomegalovirus (HCMV) and adenovirus 5 (Ad5) (Warren
et al., 2014). Interestingly, expression of IFITM1, 2 and 3 reduces
African Swine Fever virus (ASFV) infectivity in Vero cells, with IFITM2
and 3 impacting viral entry (Muñoz-Moreno et al., 2016). The antiviral
effect of IFITMs is mainly exerted through the endocytic pathway and
affects viral entry in late endosomal compartments (Diamond and
Farzan, 2013). To further expand our understanding of the antiviral
activity of IFITMs against DNA viruses, we investigated the role of these
proteins in the replication cycle of Pseudorabies virus (PRV).

PRV, or suid herpesvirus 1, is a member of the genus Varicellovirus,
family Herpesviridae. PRV is the causative agent of Aujeszky’s disease,
which results in neurological and respiratory system disorders in young
piglets and death of fetuses and/or abortion in pregnant sows (Liu et al.,
2018; Yang et al., 2017). PRV is also an excellent model to study gen-
eral aspects of alphaherpesvirus biology (Pomeranz et al., 2005). PRV
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has a double-stranded DNA genome of approximately 150-kb in length
and can infect a broad range of wild and domestic animal species, in-
cluding cattle, sheep, goats, dogs, cats, and many feral species. PRV is a
disease of swine, which serve as a reservoir for the virus (Marcaccini
et al., 2008; Müller et al., 2011) and the principal source of natural
infection for a diverse range of secondary hosts.

Vaccines are widely used to reduce the economic losses caused by
PRV infection (Vannier, 1985; Yu et al., 2014). Bartha is an attenuated
PRV vaccine strain, derived from a field strain that was isolated in
Hungary and attenuated via multiple passages in cultured chicken cells
and embryos (Christensen et al., 1992). The Bartha vaccine genome
displays several mutations as compared with the genome of wild-type
PRV strains, including a large deletion in the unique short (US) region,
encompassing the glycoprotein E (gE), gI, US9 and US2 genes (Lamote
et al., 2017; Szpara et al., 2011). Although the Bartha vaccine has been
highly successful and is well-characterized with respect to its ability to
reduce neuropathogenesis, relatively little is known regarding its effect
on the immune system.

Evidence suggests that localization of IFITMs and their influence on
vesicular compartments are closely linked to their antiviral activities
(Mudhasani et al., 2013; Perreira et al., 2013; Wang et al., 2014). Swine
IFITM1 is mainly located on the cell surface, whereas IFITM2 and
IFITM3 are mainly located in the cytosol (Lanz et al., 2015; Li et al.,
2019). Nevertheless, little is known about IFITM-mediated antiviral
activity against PRV. Considering that PRV entry and replication relies
on low pH-mediated endocytosis (Miller et al., 2019), it would be in-
teresting to investigate whether IFITMs influence vesicular compart-
ments during PRV infection.

Thus, our goal is to determine the effect of IFITMs on PRV re-
plication and to evaluate whether the IFITM proteins affect the early
entry steps of PRV infection in PK15 cells using the vaccine strain
Bartha-61.

2. Materials and methods

2.1. Cells, viruses and chemicals

The porcine kidney (PK15) and baby hamster kidney (BHK-21) cell
lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with10 % newborn bovine serum (NBS) at 37 °C/5 %
CO2. IFN-α2a (Sunshine Pharmaceuticals CO., Ltd, Shenyang, China)
was used for IFN stimulation. Methyl-β-cyclodextrin (MβCDX; Sigma)
used as cholesterol consumers. PF429242 dihydrochloride (Sigma)
served as cholesterol pathway inhibitor. PRV Bartha is an attenuated
vaccine strain, obtained by extensive passaging of an Aujeszky strain
isolated in Hungary (Christensen LS, et al., 1992). Bartha-61 was pro-
pagated in BHK-21 cells, and the supernatants of infected cells were
clarified and stored at −80 °C.

2.2. Antibodies

Mouse monoclonal antibodies specific for Myc, β-actin and GAPDH
were purchased from Abcam. Rabbit polyclonal antibodies specific for
IFITM2 and IFITM3 were purchased from Proteintech. Rabbit anti-
IFITM1 polyclonal antibody was purchased from Bioss.

2.3. Viral infection and inhibitor studies

The PK15 cell lines were left untreated or treated with IFN-α2a
(5000 IU/mL) for 8 h. The cells were then infected with PRV at
100TCID50. After 2 h, the viral inoculum was removed, and the infected
cells were washed twice with 1 × PBS (pH 7.4) and DMEM containing 3
% NBS was replaced. At various time points post-infection, cell-free
culture supernatants and lysates were harvested and stored at −80 °C
until use. For PF429242 studies, cells were pretreated for 24 h before
infection as previously described (Petersen et al., 2014). All infections

were carried out in the continued presence of drug or DMSO, for the
length of the infection. For MβCDX studies, cells were pretreated for 45
min and washed prior to infection. Cells were infected with PRV at
100TCID50 by adding 1 mL of inoculum to a 6 well dish for two hours at
37 °C. Viral inoculum was removed, cells were overlaid with fresh
media except MβCDX. Cells and supernatant were harvested at in-
dicated times for RT-qPCR and virus titer detection.

2.4. Western blotting

The IFITM genes were amplified from PK15 cells, pretreated with
IFN-α2a for 8 h, using specific primers (Table 1). The PCR products
were digested and ligated into the pCMV-Myc vector to generate the
expression plasmids, Myc-IFITM1, Myc-IFITM2 and Myc-IFITM3. Sub-
sequently, PK15 cells were transfected with the expression plasmids
using Lipofectamine® 3000 reagent according to the manufacturer's
instructions. Cells were harvested and whole-cell extracts were pre-
pared from cells lysed with lysis buffer containing 50 mM Tris/HCl, pH
7.4, 150 mM NaCl, 1 mM EDTA, 0.25 % sodium deoxycholate, 1 %
Triton X-100 and the PMSF protease inhibitor (Beyotime, Shanghai,
China). Cell extracts were subjected to 15 % SDS-PAGE, and the sepa-
rated proteins were transferred to PVDF membranes (Millipore). The
non-specific antibody binding sites were blocked with skimmed milk
diluted in PBS/Tween® 20 and then incubated with the specific primary
and HRP (horseradish peroxidase)-conjugated secondary antibodies.
GAPDH or β-actin was used as a loading control. The proteins were
detected using ECL reagent (DAKEWE, Beijing, China).

2.5. RNA extraction and RT-qPCR

Cellular RNA was isolated using TRIzol® reagent (Life
Technologies). Total RNA (1 μg) was reverse-transcribed to cDNA. Two-
step RT-qPCR was performed in a SYBR® Green assay using an Applied
Biosystems Master Mix kit in an ABI 7500 Real-Time PCR system. β-
Actin was used as the internal control. All experiments were performed
using the following amplification profile: one cycle at 94 °C for 30 s and
40 cycles at 94 °C for 5 s and 60 °C for 34 s. Primers used in RT-qPCR
were list in Table 1.

2.6. Detection of PRV genome by quantitative PCR

Quantitation of the number of PRV genome copies was achieved by
RT-qPCR using specific primers and a Premix ExTaq (TM) (Takara).
Fluorescent probes were used to amplify a region of the UL37 PRV gene.
Viral DNA from mock-infected or infected with 100TCID50 PRV was
isolated at 24 h using Viral Genomic DNA Extraction Kit (TIANGEN)

Table 1
Primers for PCR and RT-qPCR.

Primer Sequence (5′-3′)

IFITM1-F1 CG GGA TCC ATG ATC AAG AGC CAG CAC GA
IFITM1-R1 CG GAA TTC GTA GCC TCT GTT ACT CTT TGC
IFITM2-F2 CG GGA TCC ATG AAC TGC GCT TCC CAG CC
IFITM2-R2 CG GAA TTC GTA GCC TCT GTT ACT CTT TGC
IFITM3-F3 CG GGA TCC ATG AAC TGC GCT TCC CAG CCC
IFITM3-R3 CG GAA TTC GTA GCC TCT GTA ATC CTT TAT
IFITM1-qF TGGCTTTCGCCTACTCCG
IFITM1-qR ACAGTGGCTCCGATGGTCAG
IFITM2-qF TGCCTCCACCGCCAAGT
IFITM2-qR GTGGCTCCGATGGTCAGAAT
IFITM3-qF GAAGATGGTGGGAGACATCATT
IFITM3-qR GAAAATTACCAGGGAGCCAGT
β-actin-qF CAAGGACCTCTACGCCAACAC
β-actin-qR TGGAGGCGCGATGATCTT
PRV-qF GTCAGGAGGCAGTTGTAGGC
PRV-qR CGGACCTCGTGAACTACCC
PRV-probe 5′-(FAM)CCACGGCCGTCACGA-(Eclipse)-3′
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Fig. 1. PRV infection and IFN-α2a
treatment induces IFITM expression.
(A) PRV infection induces IFITM mRNA
transcription. PK15 cells were cultured
in 6-well plate then infected with PRV
at 100TCID50 for 12 h and 24 h, re-
spectively. Cells were collected and
extracted for RNA. 1 μg RNA was
transcripted into cDNA for IFITM
mRNA detection by RT-qPCR. Data
were expressed as mean± SD from
three independent experiments and
were measured in technical duplicate.
Comparisons between groups were
performed by Student’s t test.
**p<0.01, ***p<0.001. (B and C)
PRV infection induces IFN-β expres-
sion. PK15 cells were cultured in 6-well
plate then infected with PRV at
100TCID50 for 12 h and 24 h, respec-
tively. Cells were collected and ex-
tracted for RNA. 1 μg RNA was tran-
scripted into cDNA for IFN-β mRNA
detection by RT-qPCR. Culture super-
natant was collected for IFN-β con-
centration detection by ELISA ac-
cording to manufacture's instruction.
Data were expressed as mean± SD
from three independent experiments
and were measured in technical dupli-
cate. Comparisons between groups
were performed by Student’s t test.
**p<0.01, ***p<0.001. (D, E, F)
IFN-α2a treatment induces IFITM pro-
tein expression and inhibits PRV
Bartha-61 infection in PK15 cells. The
protein expression of IFITM in PK15
cells pretreated with IFN-α2a (5000
IU/mL, 10,000 IU/mL and 15,000 IU/
mL) was detected by western blotting
respectively. Cell samples were col-
lected and RIPA lysis for 30min on ice.
Then centrifuged for 15 min at 4°C to
remove cell debris. Cell extracts were
mixed with reducing loading buffer and
electrophoresed by SDS-poly-
acrylamide (SDS-PAGE) on a 15 %
polyacrylamide gel. All samples were
heated at 95℃ for 5 min prior to being
loaded onto an SDS-PAGE gel. After
electro blotting the separated proteins
onto a Polyvinylidene Fluoride (PVDF)
membrane, unspecific antibody
binding was blocked with phosphate-
buffered saline (PBS)/Tween® 20 con-
taining 2.5 % skimmed milk for 1h at
room temperature. Then incubated
blots in IFITM1, 2 or 3 specific anti-
bodies 1: 2000 diluted at 4°C overnight.
Then washed and incubated with
horseradish peroxidase (HRP)-con-
jugated Goat anti Mouse or Rabbit
secondary antibody. Blots were washed
three times in PBST and developed

with ECL reaction substrate. For all experiments, β-actin served as an internal reference. (G) PK15 cells were pretreated with different concentrations of IFN-α2a
(5000 IU/mL, 10,000 IU/mL and 15,000 IU/mL) followed by infection with PRV Bartha-61 strain at 100TCID50. Cell culture supernatants were collected at different
time points (12 h, 24 h, 36 h and 48 h). The TCID50 assay was performed to detect infectious viral particles (Reed − Muench method). Data were expressed as
mean± SD from three independent experiments.
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and subjected to RT-qPCR using the ABI 7500 Fast Real-Time PCR
System (Applied Biosystems). DNA from PRV viral stock was extracted
and serial dilutions were used as a quantification control. All experi-
ments were performed using the following amplification profile: one
cycle at 94 °C for 30 s and 40 cycles at 94 °C for 5 s and 55.6 °C for 34 s.
Primers and probe for PRV real-time TaqMan PCR are listed in Table 1.

2.7. Evaluation of the inhibitory effect of IFITM proteins on PRV infection

PK-15 cells transiently expressing IFITM proteins and control cells
were inoculated with PRV at 100TCID50 for 2 h, following which the
medium was removed and DMEM containing 3 % NBS was added. Cells
were harvested 24 hpi. The PRV genomic copies number was detected
by RT-qPCR using a pair of primers. For knockdown assays, PK-15 cells
were transfected with si-IFITM or si-NC for 24 h using Lipofectamine®
3000 and subsequently inoculated with PRV at 100TCID50. The viral
titers of the cell supernatants were detected using the TCID50 assay in
BHK-21 cells.

2.8. Virus binding and entry assay

PRV binding was performed in 6 well plates at 4 °C. PK15 cells
overexpressed IFITM proteins were cultures in 6 well plates, virus in-
fection at an multiplicity of infection (MOI of 1) when cell density
obtained 80 %. After two hours on ice, cells were washed with ice-cold
PBS to remove unbound virus, and samples to measure bound virus
were collected by scraping cells into PBS, followed by additional
washing. For virus entry study, first binding and washing at 4 °C then
incubating samples at 37 °C for two hours in DMEM medium. Cells were

then washed with PBS and treated with 0.05 % trypsin and
washed to remove surface bound virus. Samples were kept on ice

after the final washing step, then processed for DNA. Primers specific to
the PRV genomic DNA detecction were used for RT-qPCR.

2.9. Enzyme-linked immunosorbent assay (ELISA)

PK15 cells were infected with 100TCID50 PRV for 12 h and 24 h.
IFN-β levels in the cell supernatants were detected using a swine IFN-β
ELISA kit (Jianglaibio, Shanghai, China), according to the manufac-
turer's instructions.

2.10. Evaluation of the cell viability by the CCK-8 assay

According to the manufacturer's instructions, a cell viability assay
was performed using the CCK-8 reagent (Beyotime, China). Cells were
grown on a 96-well plate and incubated with the enhanced CCK8 re-
agent for 1 h. The absorbance of the soluble formazan was measured at
450 nm.

2.11. Statistical analysis

Measurements were compared using a one-way ANOVA. Statistical
significance comparisons were calculated using a Student's t-test.
Values are expressed in graph bars as the mean± SD of at least three
independent experiments, unless otherwise noted. Asterisks denote
statistically significant differences (*** p<0.001, ** p<0.01 and *
p<0.05).

Fig. 2. Overexpression of IFITM pro-
teins suppresses PRV infection in PK15
cells.
(A) PK15/Myc-IFITM cells were cul-
tured in a 96-well plate for 24 h, and
the cell viability was determined using
the CCK8 reagent. The cell viability of
PK15 cells was used as the control.
Data were expressed as the mean± SD
from three independent experiments.
(B) PK15 cells were transfected with
the expression plasmids, Myc-IFITM1,
Myc-IFITM2, and Myc-IFITM3 for 24 h,
following which the cells were col-
lected for western blotting analysis. An
anti-Myc antibody was used and
GAPDH served as the loading control.
(C) The Myc, Myc-IFITM1, Myc-IFITM2
and Myc-IFITM3 cells were infected
with PRV at 100TCID50. Culture su-
pernatant was collected at 24 h post
infection. And viral DNA was extracted
according to manufacture's instruction.
PRV genomic DNA copies was detected
using real-time TaqMan PCR. (D)
Infectious progeny viral titers were
determined by the TCID50 assay. Data
were expressed as mean± SD from
three independent experiments and
were measured in technical duplicate.
Comparisons between groups were
performed by Student’s t test.
*p<0.05, **p<0.01, ***p<0.001.
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3. Results

3.1. IFITM is crucial for controlling PRV infection

3.1.1. PRV infection and IFN-α2a treatment induces IFITM expression
IFITM proteins are located in different cellular compartments, and

their antiviral properties strongly correlate with their capacity to alter
the fluidity and fusion ability of the membranes in which they reside
(Amini-Bavil-Olyaee et al., 2013; Desai et al., 2014). To see whether
PRV can induce IFITM expression, porcine kidney cells, PK15, were
infected with PRV at 100TCID50 for 12 h and 24 h. Expression of IFITM
family members were significantly increased after PRV infection, no-
tably at 24 h post-infection (Fig. 1A). We reason that this could be due
to an IFN-mediated event triggered by PRV infection (Fig. 1B and C).
Indeed, treatment of PK15 cells with recombinant IFN-α2a induced
IFITM1, 2, and 3 protein expression in a dose dependent manner
(Fig. 1D, E and F) and dampened PRV infectivity (Fig. 1G).

3.1.2. Overexpression of IFITM proteins suppresses PRV infection in PK15
cells

However, to conclusively show that loss of PRV infectivity was due
to increased IFITM protein expression, cells overexpressing IFITM1, 2
and 3 (Fig. 2B) were infected with PRV. PRV DNA copies and viral titer
at 24 h post-infection was decreased in IFITM-overexpressed cells
(Fig. 2C and D) and was not due to loss of cell viability (Fig. 2A).

3.1.3. Knockdown of IFITM protein expression by siRNA promotes PRV
replication in PK15 cells

To evaluate the role of IFITM in IFN antiviral activity against PRV
replication, PK15 cells were pretreated with IFN-α2a for 8 h followed
by RNAi for 24 h. As swine IFITM1, IFITM2 and IFITM3 has high amino
acid similarity (Lanz et al., 2015; Miller et al., 2014), we designed a set
of siRNAs targeting IFITM1, IFITM2 and IFITM3. Loss of IFN-induced
IFITM family members protein expression by siRNA knockdown
(Fig. 3A) significantly increased PRV DNA expression and titers (Fig. 3C
and D) without compromising cell viability (Fig. 3B). Overall, we show
that IFITM is crucial for PRV replication and infectivity.

Overall, overexpression of IFITM proteins suppresses PRV infection
and knockdown IFITM proteins expression by siRNA promotes PRV
replication.

3.2. IFITM proteins interfere with PRV binding and entry

To determine the mechanism of anti-PRV activity by IFITM, we
examined whether PRV attachment and entry could be obstructed by
overexpression of IFITM proteins in PK15 cells. To analyze viral
binding, PK15 cells were incubated with PRV at 4 °C for 2 h to achieve
viral attachment but restrict viral entry. The excess virus was then
washed away and viral DNA was extracted, representing only PRV
bound to the cell surface. Only IFITM2 had an effect on PRV cell
binding (Fig. 4A). To assess viral entry, PK15 cells were subjected to
incubation at 37 °C for an additional 2 h to allow PRV to enter the cells.
Indeed, the presence of overexpressed IFITM proteins decreased PRV

Fig. 3. Knockdown of IFITM protein
expression by siRNA promotes PRV re-
plication in PK15 cells.
(A) PK15 cells were pretreated with
IFN-α2a 5000 IU/mL for 8 h and sub-
sequently transfected with siRNA tar-
geting IFITMs proteins. After 24 h,
IFITM protein expression was analyzed
by western blotting using specific an-
tibodies. β-actin served as the loading
control. (B) PK15/si-IFITM cells were
cultured in a 96-well plate for 24 h, and
the cell viability was determined using
the CCK8 reagent. Cells treated with a
control siRNA (si-NC) was used as the
control. Data were expressed as the
mean± SD from three independent
experiments. (C) Cells with knocked
down IFITMs were infected with PRV at
100TCID50 for 24 h, then virus was
collected and viral DNA was extracted
for PRV genomic DNA copies detection
by real-time TaqMan PCR. (D)
Infectious progeny viral titers were
determined by the TCID50 assay. Data
were expressed as mean± SD from
three independent experiments and
were measured in technical duplicate.
Comparisons between groups were
performed by Student’s t test.
*p<0.05, **p<0.01, ***p<0.001.
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DNA (Fig. 4B) suggesting that IFITM proteins interfere with PRV cell
entry. We also carried out virus adsorption and entry experiments on
IFITM proteins knockdown cell lines (Fig. 4C and D), these results
further proved that IFITM proteins could inhibit the process of viral
attachment and entry.

3.3. IFITM2-mediated inhibition of PRV entry requires cholesterol

Cellular lipid membranes are involved in regulating the entry and
release of many viruses. Cholesterol is essential in lipid raft membranes.
Numerous studies have demonstrated cholesterol have requisite func-
tions in viral infection (Chang et al., 2012; Gianni and Campadelli-
Fiume, 2012; Schroeder, 2010). Modulation of intracellular cholesterol
homeostasis within cells, especially in the endosomal compartment, has
significant effects on the entry stage of viral infection (Carette et al.,
2011; Poh et al., 2012). To examine the impact of cholesterol depletion
on viral infectivity we infected cells pre-incubated for 45 min with
different concentrations of Methyl-β-cyclodextrin (MβCDX), a choles-
terol-removing agent, with 100TCID50 PRV for 2 h, then replaced with
3 % NBS DMEM medium. We confirmed that MβCDX was not toxic on
PK15 cells (Fig. 5A). Compared with control cells, viral titers in MβCDX
treated cells were much lower, indicating that PRV infectivity is de-
pendent on cholesterol (Fig. 5B). Furthermore, the use of cholesterol
pathway inhibitor, PF429242 (Hawkins et al., 2008), caused a dose-
dependent reduction in PRV titer (Fig. 5D), with no effect on cell via-
bility (Fig. 5C). As IFITM2 interferes with both PRV cell binding and
entry (Fig. 4 A and B), we assessed whether this process was dependent

on cholesterol. Cells overexpressing IFITM2 were treated with
PF429242 for 24 h before infecting with PRV. IFITM2-mediated anti-
viral effect was weakened in the presence of PF429242 (Fig. 5E and F).
We also did viral binding and entry assays to assess the association
between cholesterol inhibition and IFITM2 on viral entry. The presence
of PF429242 destroyed the inhibition of IFITM2 on virus adsorption
and entry (Fig. 5G and H) suggesting that the cholesterol pathway is
essential for IFITM-mediated suppression of PRV infectivity.

4. Discussion

Most ISGs, including IFITM, promote innate immunity against viral
infection and contribute to the antiviral activity of IFNs (Brass et al.,
2009; Xue et al., 2016). Among IFITM family members, IFITM1, 2 and 3
are well studied. IFITM proteins have been shown to broadly suppress
viral infection by changing membrane fluidity or physical properties of
cell membranes, or by changing properties of the cytoplasm or lumina
(Amini-Bavil-Olyaee et al., 2013; Bailey et al., 2013; Li et al., 2013; Nan
et al., 2017;). While different IFITM proteins have been repeatedly
described in defense against RNA viruses, their role against DNA viruses
are poorly understood.

Swine IFITM proteins have been shown to inhibit RNA virus in-
fectivity including, influenza A (Lanz et al., 2015), classical swine fever
(Li et al., 2019) and foot-and-mouth disease (Xu et al., 2014) viruses.
Though porcine IFITM1 was previously shown to be required for PRV
infectivity (Wang et al., 2019), our study extends this observation to
other family members including IFITM 2 and 3. We confirm that all

Fig. 4. IFITM proteins restrict PRV
entry into PK15 cells.
PK15 cells overexpressing or knock-
down of IFITM proteins were applied to
viral adsorption and entry experiments.
Cells were infected with PRV at an MOI
of 1. (A,C) For the adsorption assay,
cells were incubated at 4 °C for 2 h,
washed 4 times with cold PBS and
collected for DNA extraction. Real-time
PCR was used to detect the virus copies
bound to the cell surface. (B,D) For the
entry assay, cells were incubated at 37
°C for another 2 h, washed 4 times with
cold PBS and collected for DNA ex-
traction. The viral entry into cells was
detected by real-time TaqMan PCR.
Data were expressed as mean± SD
from three independent experiments
and were measured in technical dupli-
cate. Comparisons between groups
were performed by Student’s t test.
*p<0.05, **p<0.01.
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three IFITM proteins can influence PRV cellular entry. However, only
IFITM2 had a significant impact on both PRV cell binding and entry.
IFITM proteins can act at any stage of viral entry, such as directly
binding to the virus, blocking receptor access (Liu et al., 2018) or by
inhibiting endocytosis thereby preventing membrane fusion or vesi-
cular trafficing (Chesarino et al., 2014; Hoffmann et al., 2015; Weston
et al., 2016). Furthermore, we show that IFITM2-mediated inhibition of
PRV entry requires cholesterol by the use of cholesterol removing
agents and cholesterol pathway inhibitors. IFITM1 has been found to
colocalize with early endolysosome markers (Mudhasani et al., 2013;
Weston et al., 2014). IFITM2 and IFITM3 also colocalize with en-
dosomal markers but are found in endosomal and lysosomal compart-
ments different to that of IFITM1 (i.e. Rab7, CD63, lysosomal-asso-
ciated membrane protein (LAMP1)) (Bailey et al., 2014; Jia et al., 2014;
Lu et al., 2011; Mudhasani et al., 2013). It is possible that IFITM pro-
teins may be associated with cholesterol as they share the same sub-
cellular location. Vesicle-membrane-protein-associated protein A

(VAPA) and oxysterol-binding protein (OSBP) regulates intracellular
cholesterol homeostasis and is known to be required by viruses during
infection. Indeed, IFITM3 is known to interact with VAPA thereby
disrupting intracellular cholesterol homeostasis and inhibiting infuenza
virus A entry (Amini-Bavil-Olyaee et al., 2013). Though our current
data may suggest IFITM2 inhibition of PRV proliferation via the cho-
lesterol pathway, whether this occurs via VAPA remains to be seen.
IFITM proteins are type I IFN inducible (i.e. ISGs) and ISGs are known
to control viral infectivity (Schoggins et al., 2011). Though data shows
that PRV infectivity in PK15 cells is significantly affected by IFN
treatment, we have yet to conclusively show whether this is due to IFN-
induced increased activity of IFITMs. Nonetheless, we show that IFITM
overexpression dampens PRV infectivity. Indeed, another ISG family
member, ISG15, has been shown to enhance the IFN-β response to in-
hibit the replication of PRV in PK15 cells (Liu et al., 2018).

In conclusion, we show that IFITM proteins play a vital role in
controlling PRV infectivity. The exact mechanism by which IFITM

Fig. 5. IFITM2 inhibit PRV entry maybe required the accumulation of cholesterol.
(A,C) Chemicals were previously tested for cytotoxicity at the concentrations used. PK15 cells treated with 1.25 mM, 2.5 mM and 5.0 mM Methyl-β-cyclodextrin
(MβCDX) for 45 min in 96 well plate. For cholesterol inhibitor PF429242, cells were pretreated with 10 μM, 20 μM and 40 μM PF429242 for 24 h then following
other experimental operations. Cell viability was determined using the CCK8 reagent according to manufacture's instruction. Data were expressed as the mean± SD
from three independent experiments. (B,D) Infection of cells pretreated with (B) MβCDX and (D) PF429242 blocks infection with PRV Bartha-61 strain. PK15 cells
were pretreated with DMSO, MβCDX or PF429242 at the indicated concentrations and hours, subsequently cells were infected with virus at 100TCID50 for 2 h and
then overlaid with fresh media. All infections and incubations were carried out in the presence of indicated concentrations of PF429242, but not conclude MβCDX.
For MβCDX treated cells, infection culture supernatant was collected at 6 h, 12 h, 18 h and 24 h. PF429242 treated cells supernatant was collected at 6 h, 8 h, 10 h
and 12 h after PRV infection. All sampleswere used for TCID50 assay. Values were compared to viral titer of DMSO treated cells. Data were expressed as mean± SD
from three independent experiments. (E) PK15 cells infected with 100TCID50 PRV, PK15 cells pretreated with 20 μM PF429242 following 100TCID50 PRV infection,
IFITM2 overexpressed cells infected with 100TCID50 PRV and IFITM2 overexpressed cells pretreated with 20 μM PF429242 following 100TCID50 PRV infection were
performed and cell culture supernatant was collected at 12 h, 24 h and 48 h for viral DNA extraction. Then Real-time PCR was performed for viral DNA copies
detection. PK15 cells infected with PRV alone served as control. Data were expressed as mean± SD from three independent experiments and were measured in
technical duplicate. (F) Viral titers of above virus at 12 h, 24 h and 48 h were detected by TCID50 assay. PK15 cells infected with PRV alone served as control. Data
were expressed as mean±SD from three independent experiments. (G, H) IFITM2 overexpressed cells untreated or pretreated with 20 μM PF429242 were applied to
viral adsorption and entry experiments. Cells were infected with PRV at an MOI of 3. (G) For the adsorption assay, cells were incubated at 4 °C for 2 h, washed 4 times
with cold PBS and collected for DNA extraction. Real-time PCR was used to detect the virus copies bound to the cell surface. (H) For the entry assay, cells were
incubated at 37 °C for another 2 h, washed 4 times with cold PBS and collected for DNA extraction. The viral entry into cells was detected by real-time TaqMan PCR.
Data were expressed as mean± SD from three independent experiments and were measured in technical duplicate. Comparisons between groups were performed by
Student’s t test. *p<0.05, **p<0.01, ***p<0.001.

J. Xie, et al. Virus Research 287 (2020) 198105

7



proteins inhibit PRV infection is still unclear; nevertheless, our results
illustrate a relationship between the IFITM proteins and the cholesterol
pathway, which is necessary for PRV infection. Thus, IFITM1, 2 and 3
can be considered potential anti-PRV effectors that protect the host
from infection. The present study improves our understanding of the
antiviral role of IFITMs in PRV infection and broadens its role to anti-
DNA viral infection.
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