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ABSTRACT

Porcine hemagglutinating encephalomyelitis virus (PHEV) is a typical neurotropic virus that can cause obvious
nerve damage. Integrin a5f1 is a transmembrane macromolecular that closely related to neurological function.
We recently demonstrated that integrin a5p1 plays a critical role in PHEV invasion in vitro. To determine the
function and mechanism of integrin a5f1 in virus proliferation in vivo, we established a mouse model of PHEV
infection. Integrin a5pB1-FAK signaling pathway was activated in PHEV-infected mice by qPCR, Western blotting,
and GST pull-down assays. Viral proliferation and integrin a5B1-FAK signaling pathway were significantly in-
hibited after intravenous injection of ATN-161, an integrin a5@1 inhibitor. Through a histological analysis, we
found that ATN-161-treated mice only showed pathological changes in neuronal cytoplasmic swelling at 5 day
post-infection. In summary, our results provide the first evidence that ATN-161 inhibits the proliferation of

PHEV in mice and explores its underlying mechanisms of action.

1. Introduction

Porcine hemagglutinating encephalomyelitis (PHE) is an acute and
highly contagious disease caused by infection with porcine hemagglu-
tinating encephalomyelitis virus (PHEV), which mainly affects piglets
within 3 weeks of age, causing vomiting and wasting disease and/or
obvious neurological symptoms (Li et al., 2017a, 2016). PHEV is a
member of the family Coronaviridae, which can cause susceptible neu-
rological dysfunction in susceptible animals, including pigs, mice, and
rats (Shi et al., 2018). In 1962, the virus was first isolated from the
brains of infected piglets in Canada, and subsequent reports of isolation
and acquisition of the pathogen occurred worldwide (Li et al., 2017b).
At present, there are no effective vaccines and drugs to prevent and
control the disease (Lv et al., 2017). Therefore, researches on the pa-
thogenesis of PHEV and the development of antiviral drugs have be-
come the focus of current research.

Recent studies have shown that dynamic reorganization of the actin
cytoskeleton is essential for viral entry, intracellular trafficking, and
virion release (Spear and Wu, 2014). The virus has evolved a series of
mechanisms to hijack cellular signaling pathways that regulate actin
dynamics for efficient infection (Foo and Chee, 2015). Integrins are
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located on the cell surface in the form of heterodimers by the alpha and
beta subunits (Zheng et al., 2017). It is an important receptor for fi-
bronectin (FN) in the matrix, which mediates the interaction between
cells and extracellular matrix proteins, and plays an important role in
cell movement, migration, and neural cell remodeling (Wu et al., 2017).
Integrins have been implicated to promote the entry of different types
of viruses, such as human herpesvirus, Ross River virus (RRV), Human
immunodeficiency virus (HIV) (Hussein et al., 2015; Lertjuthaporn
et al., 2018; Yang et al., 2016). Upon integrin activation, the virus in-
duces FAK phosphorylation, followed by activation of several related
signaling molecules to facilitate entry into host cells, including Src, PI-
3K, Rho GTPases (RhoA, Rac and Cdc42) and other effector molecules
such as AKT, PAK, MAPK (MEK, ERK1/2), LIMK, and cofilin (Abban and
Meneses, 2010; Bottero et al., 2013; Krishnan et al., 2006). Our pre-
vious studies suggested that dynamic changes in the actin cytoskeleton
are essential for PHEV entry and integrin a5p31-FAK signaling pathway
plays a key role in this process (Lv et al., 2019). Therefore, drugs tar-
geting integrin a5B1 are promising methods for treating PHE.
ATN-161 (Ac-PHSCN-NHZ2) is a small peptide antagonist of integrin
a5P1, a recently developed anticancer drug that interacts with the N-
terminus of the B1 region of integrin a5p1 to lock integrin a5p1 in its
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Fig. 1. Expression of integrin a5f31 is increased in PHEV-infected mice. (A) The expression of integrin a5 and integrin B1 in the brain of BALB/c mice at different
time points after infection with PHEV (TCIDs, = 10~ *°/0.1 mL) was determined by qPCR. (B) Western blotting was performed to examine the expression of integrin
a5 and integrin B1 protein in brain tissue of PHEV-infected mice at different time points. All of the data are representative of at least three independent experiments.

*P < 0.05, **P < 0.01 vs. normal controls.
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non-activated conformation (Wang et al., 2016). The drug has been
tested in Phase 2 clinical trials and can lead to stable disease in patients
with solid tumors (Kaemmerer et al., 2014). However, it is unclear
whether ATN-161 has antiviral effects on PHEV. In this study, we de-
monstrated that ATN-161 had an antiviral effect and explored potential
mechanisms of action.
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mice as described in (C) were monitored daily,
and survival curves were presented at each
time point. n =10 mice per group. (E)
Representative sections of brain tissue from
each group of mice infected with PHEV for 5
days. H&E staining, x400. (a-b) The perivas-
cular space widened, a small number of nerve
cells showed degeneration and necrosis. (c—f)
Perivascular cuff and degeneration and ne-
crosis of many nerve cells. (g-h) Negative
control. All of the data are representative of at
least three independent experiments.
*P < 0.05, **P < 0.01 vs. normal controls.

2. Materials and methods
2.1. Virus and PHEV-infected mice model

PHEV 67 N (GenBank accession No. AY078417) was the strain used
in this experiment, which was propagated in mouse neuroblastoma
(Neuro-2a, N2a) cells. BALB/c mice (3 weeks old) were obtained from
the Laboratory Animal Centre, Jilin University. The PHEV-infected
model was established in mice, as reported previously (Lan et al.,
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Fig. 3. ATN-161 reduces the expression of
virus in PHEV-infected mice brain tissue.
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2.2. Reagents

ATN-161 was purchased from Selleck (Houston, Texas, USA).
Integrin a5 (D7B7G) Rabbit mAb, Integrin f1 (D6S1W) Rabbit mAbD,
FAK (D2R2E) Rabbit mAb, Phospho-FAK (Tyr576/577) Antibody,
Rac1/Cdc42 Antibody, Cofilin (D3F9) XP° Rabbit mAb (CFL) and
Phospho-Cofilin (Ser3) (77G2) Rabbit mAb (p-CFL) were purchased
from Cell Signaling Technology (Beverly, MA). LIM Kinase 1 Polyclonal
Antibody and and phospho-LIM Kinase 1 (Thr508) were purchased
from BIOSS (Beijing, China). GAPDH antibody, horseradish peroxidase-
linked secondary anti-rabbit or anti-mouse IgG antibodies, (Cy3)-con-
jugated Affinipure Goat Anti-Mouse IgG (H + L) secondary antibodies,
and ECL detection kit were purchased from Proteintech (Chicago, USA).
Mouse anti-PHEV-S antibody was a laboratory prepared monoclonal
antibody.

2.3. Animal protocols

The ATN-161 used in this study is a small peptide antagonist that
binds to integrin a5B1. The mice were injected intravenously with 0,
0.1, 0.2, 0.4, and 0.8 ug/g of ATN-161, respectively. Brain tissue was
collected at 24 h after injection to detect the expression levels of in-
tegrin a5 and integrin 1.

The optimal concentration of ATN-161 was screened by the above
method, and the mice were randomly divided into 4 groups of 10 mice
each. The groups were as follows: group 1 is ATN-161 and PHEV-in-
fected treatment group (ATN + PHEV); group 2 is phosphate buffer
saline (PBS) treatment and PHEV-infected group (PBS + PHEV); Group
3 is the PHEV infection group (PHEV); Group 4 is a blank control group.

1 EB ATN+PHEV
3 PBS+PHEV
PHEV

croscopy. PHEV-positive neurons were labeled
with an anti-S protein monoclonal antibody
(red) and the nuclei were marked with hoechst
(blue). Quantitative analysis is summarized in
the histograms on the right. Five representative
fields were counted in each experiment. Scale
bar = 10 um. All of the data are representative
of at least three independent experiments.
*P < 0.05, **P < 0.01 vs. normal controls
(For interpretation of the references to colour
in this figure legend, the reader is referred to

e the web version of this article).
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The mice in the ATN + PHEV group were intravenously injected with
optimal concentration of ATN-161. The mice in the other groups were
injected with the same volume of control solution or not. Except for the
control group, mice of the other groups were intranasally inoculated
with 100 uL of PHEV solution (TCIDso = 10~ *°/0.1 mL) at 24 h after
the injection. Mice were sacrificed at different time points, and brain
tissues of each group of mice were dissected for the following study. At
the same time, parallel experiments were performed to calculate the
survival rate of each group of mice.

2.4. RNA extraction and real-time quantitative PCR detecting system
(qPCR)

Total RNA from brain tissue of each group of mice in the experiment
was extracted using TRIzol Reagent (Invitrogen, Gaithersburg, MD)
according to the manufacturer's instructions. The cDNA was generated
by reverse transcription using PrimeScript reverse transcriptase
(Takara, Janpa). The integrin a5, integrin 1, and viral spike protein
genes were detected by qPCR on a CFX96 Touch real-time PCR detec-
tion system (Bio-Rad, USA) using TaKaRa SYBR Green qPCR kit
(TaKaRa, Japan). GADPH was used as a loading control. The relative
expression was analyzed using the 2~ 2ACT method. Primer sequences
were as follow: integrin a5 sense primer, 5- GGC TCC AGG GAG GAG
TTC TA -3’; anti-sense primer, 5- CTT GGC CCA GAC TCG GAA AT -3
integrin 1 sense primer, 5- AGC GAT GAG GCT ATT CCG ACT A -3
anti-sense primer, 5- AGC GAT GAG GCT ATT CCG ACT A -3’; PHEV
sense primer, 5- GGT ATC AAA GTG TTG CCT CC -3’; anti-sense
primer, 5- GAA CCC TTC CTG GA TAG AAT -3’; mouse GAPDH sense
primer, 5- CTC AAC TAC ATG GTC TAC ATG TTC -3’ anti-sense
primer, 5- ATT TGA TGT TAG TGG GGT CTC GCT C -3".
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Fig. 4. Integrin a531-FAK pathway was activated in PHEV-infected mice. (A) Expression of FAK, p-FAK, PAK, p-PAK, LIMK, p-LIMK, CFL, p-CFL in BALB/c mice
at different time points after PHEV infection by Western blotting assay. (a—d) Graph showing p-FAK, p-PAK, p-LIMK, and p-CFL relative protein levels normalized to
FAK, PAK, LIMK, and CFL. (B) Racl and Cdc42 activation assay. Brain tissue of BALB/c mice at different time points after PHEV infection was collected and lysed, and
pull-down assays were performed as described in the material method. (a-b) Graph showing GTP-Racl and GTP-Cdc42 relative protein levels normalized to Racl and

Cdc42. All of the data are representative of at least three independent experiments.

2.5. Western blotting

The brain tissues were washed once with PBS and grinded in liquid
nitrogen, followed by lysis using a Radio Immunoprecipitation Assay
(RIPA) Lysis Buffer (1% Triton X-100 and 1 mM phenylmethylsulfonyl
fluoride [PMSF] in PBS) on ice for 30 min. The protein samples (50 mg/
lane) were loaded to 12% sodium dodecyl sulfate (SDS) polyacrylamide
gel electrophoresis and were transferred to 0.22um polyvinylidene
fluoride membranes using the Bio-Rad wet transfer system. Then the
membranes were blocked with 5% skim milk powder in PBS for 1h at
37 °C. After washing with PBS, the membrane was probed with anti-
bodies against indicated primary antibodies at 4 °C overnight. Next, the
membranes were washed with PBS containing Tween-20 (PBST) for
four times and incubated with horseradish peroxidase-linked secondary
anti-rabbit or anti-mouse IgG antibodies for 1 h at 37 °C. After washing
with PBST, the signal was visualized using an ECL detection kit. GADPH
was used as a loading control.

2.6. GST pull-down assay

The Racl and Cdc42 binding domains (PBDs) of PAK1 were first
cloned into a plasmid encoding the fusion protein GST-PBD. Expression
and purification of GST-PBD protein as previously described (Lv et al.,
2019). Subsequently, the GST-PBD protein was incubated with glu-
tathione sepharose 4B beads (catalog number 17075601; GE Health-
care) overnight at 4 °C. The beads were washed for three times with

*P < 0.05, **P < 0.01 vs. normal controls.

PBS. Brain tissues lysates were centrifuged at 120,000 r/min for 15 min
at 4°C. The supernatant was mixed with glutathione sepharose 4B
beads bound to the GST-PBD protein and incubated overnight at 4 °C on
a rotary mixer. After washing three times, the lysis buffer and the
corresponding volume of 5Xloading buffer were added into the ep-
pendorf tube and boiled for 10 min, followed by detection of the target
protein by Western blotting.

2.7. Histological analysis

Each group of mice was sacrificed by bleeding and perfused with 4%
paraformaldehyde. Brain tissues of each group were embedded in
paraffin and 3 pum various sections were prepared and stained with
hematoxylin and eosin (H&E). H&E staining was used to evaluate virus-
induced neuropathology. The tissue sections were deparaffinized in
xylene and then passed through a gradient of ethanol and finally into
distilled water. The treated sections were placed in an aqueous solution
of hematoxylin for 10 min to stain the nucleus. The sections were then
transferred to a staining tank with tap water until the water became
clear. The sections were sequentially transferred to a jar containing
70% ethanol for 2 min, 80% ethanol for 2 min, 90% ethanol for 2 min,
95% ethanol for 2min, and 100% ethanol for 1 min. Sections were
transferred to Eosin solution for 3 min then 80% ethanol for 10's, 90%
ethanol for 10s, 95% ethanol for 10s, 100% ethanol for 1 min, and
xylene for 5min. The sections were removed from the xylene and
placed in a fume hood until the slides were dry. The sections were
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Fig. 5. ATN-161 reduces integrin a5B1-FAK pathway activation in PHEV-infected mice. (A) Western blotting was performed to examine integrin a5B1-FAK
pathway activation in the brain tissue of mice of each group in 5 days after treatment. (a—d) Graph showing p-FAK, p-PAK, p-LIMK, p-CFL relative protein levels
normalized to FAK, PAK, LIMK, and CFL. (B) Racl and Cdc42 activation assay. Brain tissue of each group of mice 5 days after PHEV infection was collected and lysed,
and pull-down assays were performed as described above. (a-b) Graph showing GTP-Racl and GTP-Cdc42 relative protein levels normalized to Racl and Cdc42. All
of the data are representative of at least three independent experiments. *P < 0.05, **P < 0.01 vs. normal controls.

sealed with neutral gum and stored at room temperature. Capture
images of hematoxylin and eosin stained with a 14.0 M P digital mi-
croscope camera.

2.8. Indirect immunofluorescence

Each group of mice was sacrificed at different time points by
bleeding, and the brain tissues were cut into frozen-sections. Sections
were fixed with 4% paraformaldehyde for 15 min at room temperature
and then permeabilized with 0.1% Triton X-100 and blocked with 5%
non-fat milk powder for 1 h at 37 °C, then wash with PBS and incubate
overnight at 4 °C with PHEV monoclonal antibody. After washing with
PBS, (Cy3)-conjugated Afflnlpure goat anti-mouse IgG (H + L) sec-
ondary antibody was incubated for 1h at 37 °C. Hoechst was used to
stain the nucleus. After washing with PBS, the coverslips were fixed on
glass with an anti-fluorescent attenuating mount and then observed on
a cofocal microscope.

2.9. Statistical analysis

Values are presented as an arithmetic mean + standard error. All
data were analyzed by SPSS 17.0 software (Chicago, USA). Histogram
was carried out with GraphPad Prism 5.0 software (San Diego, USA).
Western blotting pictures were analyzed by Tanon Gis software (Shang
Hai, China). Fluorescence intensity was analyzed by ImageJ software
(National Institutes of Health, USA). All results were considered

statistically significant at the p values < 0.05 level.
3. Results
3.1. Expression of integrin a5B1 is increased in PHEV-infected mice

In our previous study, we found that integrin a5p31 expression was
increased in PHEV-infected N2a cells and was essential for viral entry
and proliferation. To determine if integrin a5f31 has similar functions in
vivo, we established a mouse infection model to detect integrin a531
expression in vivo after PHEV infection. At 3 day post-infection (dpi),
the appetite of the mice decreased and the weight loss rate increased. At
5 dpi, the mice developed typical neurological symptoms, including
systemic muscle tremor, hyperesthesia, standing, etc. Therefore, the
brain tissue of mice collected at these two time points was studied.
gPCR and Western blotting results showed that the expression of in-
tegrin a5p1 was up-regulated in the brain tissue of PHEV-infected mice
(Fig.1 A and B). These results indicate that integrin a5B1 may play a
role in viral infection in vivo.

3.2. Integrin a5f1 inhibitor ATN-161 reduces symptoms in PHEV-infected
mice

To confirm whether integrin a5p1 affects PHEV proliferation in
vivo, we performed the following experiment. BALB/c mice were in-
jected intravenously with ATN-161 at 2 day intervals, following a
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design concentration gradient (0, 0.1, 0.2, 0.4 and 0.8 ug/g) to de-
termine the lowest effective dose in mouse brain tissue. After three
injections, brain tissue was collected at 24 h after injection to detect the
expression levels of integrin a5 and integrin $1. The analysis of gQPCR
and Western blotting results revealed that ATN-161 significantly re-
duced the expression of integrin a5B1 at concentrations of 0.4 and
0.8 pg/g and there was no significant difference between the two con-
centrations (Fig.2 A and B). Therefore, we chose 0.4 ug/g as an optimal
dose used for subsequent experiments.

The mice were intravenously injected with ATN-161 (0.4 ug/g) or
PBS (same volume), and the PHEV nasal cavity was inoculated at 24 h
after the injection. At 5 dpi, the weight of the control mice increased
steadily, increasing to 115% of their origination, and that increase was
also seen in the ATN + PHEV group mice. In the PBS + PHEV group
and the PHEV group, the body weight has dropped to about 80% of the
original body weight (Fig. 2C). In addition, at 5 dpi, mice in the PHEV
group and the PBS + PHEV group showed typical symptoms of en-
cephalomyelitis, including muscle weakness, convulsions, hunched
posture, and hyperesthesia. These typical symptoms did not appear in
the ATN + PHEV group. Compared with PBS + PHEV or PHEV group
mice, the survival time of ATN-injected mice was significantly extended
(Fig. 2D). At 9 dpi, the typical symptoms of encephalomyelitis occurred
in the ATN + PHEV group, indicating a significant delay in the course
of the disease. All mice in the PHEV group and the PBS + PHEV group
died, while two mice in the ATN + PHEV group eventually survived
(Fig. 2D). Furthermore, the brain tissue of each group of mice was
observed by paraffin section at 5dpi. H&E staining determined that the
cerebral cortex of mice in the PBS + PHEV group and the PHEV group
showed neuronal shrinkage, cytoplasmic swelling, and perivascular
cuff. However, the brain tissue of the ATN + PHEV group did not
change significantly compared with the control group (Fig. 2E). Taken
together, these results indicated that ATN reduced neurological damage
caused by PHEV and delayed the progression of the disease and pro-
longed mice survival.

3.3. ATN-161 reduces the expression of virus in PHEV-infected mice brain
tissue

We used qPCR, Western blotting, and indirect immunofluorescence
to determine the effects of the ATN-161 on the viral proliferation after
injection. At 3 dpi and 5 dpi, the brain tissue of the mice was collected
to detect the virus content. QPCR and Western blotting results showed
that the expression of viral RNA and protein in mice brain tissue was
down-regulated after injecting with ATN-161 (Fig. 3A and B). Im-
munofluorescence staining with monoclonal antibodies against PHEV S
protein was used. Fluorescence signals at the same position in the
cerebral cortex of each group of mice were collected, and the results
showed that the number of PHEV-infected neurons in the brain tissue of
ATN-161-treated mice was significantly reduced (Fig. 3C).

3.4. Inhibition of integrin a531 by ATN-161 reduces FAK pathway
activation in PHEV-infected mice

We can confirm that integrin a5f1 is essential for virus proliferation
in vivo through the above experiments. PHEV promotes actin cytoske-
letal rearrangement by activating the integrin a5p31-FAK-Racl/Cdc42-
PAK-LIMK-Cofilin (CFL) pathway, hence facilitating its own invasion
and proliferation in vitro (Lv et al., 2019). To understand the me-
chanism by which integrin a5p1 affects PHEV proliferation in vivo, we
next determined whether FAK signaling pathways was involved. BALB/
¢ mice were intranasally inoculated with PHEV and brain tissue was
collected at 3 dpi and 5 dpi. Protein expression of FAK, p-FAK, PAK, p-
PAK, LIMK, p-LIMK, CFL, and p-CFL in brain tissue of PHEV-infected
mice and control mice were detected by Western blotting assay. The
results showed that the expression levels of p-FAK, p-PAK, p-LIMK, and
p-CFL protein were increased (Fig. 4A). Racl and Cdc42 are members of
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the Rho family and play a regulatory role by converting the inactive
form of GDP binding to the activated form of GTP binding. We detected
the activation of Racl and Cdc42 by the previously established GST
pull-down assay. The results confirmed that Racl and Cdc42 were ac-
tivated during the PHEV infection (Fig. 4B).

In addition, we also tested the activation of integrin a531-FAK
signaling pathway in brain tissue of ATN-161 injected mice to de-
termine its mechanism of inhibition of viral proliferation. The results
showed that the activation of integrin a5f1-FAK-Racl/Cdc42-PAK-
LIMK-CFL signaling pathway in brain tissue of ATN + PHEV group was
significantly inhibited compared with that of PBS + PHEV group and
PHEV group (Fig.5A and B). Therefore, ATN-161 reduces the pro-
liferation of PHEV in mouse brain tissue by inhibiting the activation of
integrin a5p1-FAK-Racl/Cdc42-PAK-LIMK-CFL pathway.

4. Discussion

Integrins are members of a family of cell adhesion molecules that
provide a link between extracellular matrix (ECM) proteins and actin
cytoskeletal proteins, essential for regulating cytoskeleton and in-
tracellular signaling pathways, which are all essential for cell survival,
proliferation, shape necessities, attachment, migration, and angiogen-
esis (Parolin et al., 2018). Approximately 24 integrins have been
identified. These heterodimeric receptor molecules are derived from
different pairs between the 18a and 8b subunits (Niu and Li, 2017).
With the role of integrin in cerebrovascular diseases has been proposed,
it is closely related to multiple stages of neurodevelopment and a
variety of neuropathological processes (Sun et al., 2017; Welser et al.,
2017). Furthermore, many pathogens have the ability to invade cells
using integrin with different mechanisms, including viruses and bac-
teria (Kim et al., 2018; Morris et al., 2018). Virus-integrin binding has
been shown to promote adhesion, cytoskeletal rearrangement, integrin
activation and increased intracellular signaling (Hussein et al., 2015).
HIV-1 interacts with integrin a4b7 via gp120, which is essential for
efficient intercellular transmission of the virus (Lertjuthaporn et al.,
2018). Therefore, the treatment of targeting integrins has received
more and more attention. PHEV is a typical neurotropic virus that can
cause extensive neurological damage in infected host animals (Li et al.,
2018). In the brain tissue of the mouse infection model, neuronal
edema, swelling of the cell body, partial dissolution of the Nissl body,
concentration of the neuron nuclei, and severe staining were observed
(Lan et al., 2014). Integrin a5f31 is an important member of the integrin
family and is essential for angiogenesis, neurological recovery, etc (Lu
et al., 2018; Sui et al., 2018). Integrin a5p1 has been shown to be as-
sociated with many viral invasion of host cells, such as Human Im-
munodeficiency Virus (HIV), Ebola virus, Epstein-Barr virus (EBV)
(Hussein et al., 2015). Previous studies have demonstrated that PHEV
can promote its entry into N2a cells through integrin a5p31 pathway (Lv
et al., 2019). But, the role of integrin a531 pathway in vivo is not clear.

In this article, we detected that the expression level of integrin a531
in PHEV-infected mice and found an increased expression in mice. This
was consistent with the results that in vitro (Lv et al., 2019). It is
suggested that there was a close relationship between integrin a5p1
and PHEV proliferation in vivo. To further investigate the role of in-
tegrin a5B1 in the proliferation of PHEV in vivo, we used ATN-161 to
inhibit the expression of integrin a5B1 and analyzed the effect of in-
hibitor on PHEV proliferation and its therapeutic effect. ATN-161 is a
non-RGD-based integrin-binding peptide that targets a5p1. It inhibits
the migration and adhesion of specific integrins on activated en-
dothelial cells, which plays a key role in tumor angiogenesis (Wang
et al., 2016). However, whether ATN-161 has antiviral effects has not
been reported. After ATN-161 treatment of mice, the expression of
PHEV in mouse brain decreased by 50%-70%. In addition, ATN-161
treatment delayed the onset of mice, reduced symptoms, decreased
weight loss, and significantly prolonged survival. Histological ob-
servations showed that the neuronal cells of ATN-161 treated mice tend
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to be normal, and there were no typical non-suppurative encephalitis
symptoms at 5 dpi. The number of PHEV-positive neurons in ATN-161
treated mice was also significantly reduced by indirect immuno-
fluorescence. The above experiments confirmed that integrin a5p1
promoted PHEV proliferation in vivo and ATN-161 had a certain anti-
viral effect. This experiment provides a theoretical basis for the devel-
opment of clinical antiviral drugs targeting integrin a531.

We then explored the possible mechanisms by which integrin a5p1
was involved in the PHEV proliferation process. Normally, the virus
activates integrin and induces its downstream protein activation to
promote its own invasion and proliferation. Human papillomavirus type
16 (HPV16) binds to heparan sulfate and then activates FAK via in-
tegrins to promote infection (Abban and Meneses, 2010). Kaposi's sar-
coma-associated herpesvirus (KSHV) induces activation of the integrin-
dependent FAK-Src-PI-3 K-Rho GTPase kinase pathway. These signaling
pathways play an important role in host cell endocytosis and cyto-
plasmic transport (Kerur et al., 2010). Previous studies have confirmed
that PHEV promotes its entry into N2a cells by activating the in-
tegrina5pB1-FAK signaling pathway (Lv et al., 2019). Therefore, this
study detected whether the signaling pathway was activated in the
brain tissue of PHEV-infected mice. Western blotting and GST pull-
down results indicated that each molecule of the signaling pathway was
activated. The activation of this pathway was inhibited after ATN-161
treatment, suggesting that PHEV also promoted its invasion and pro-
liferation through the integrin a531-FAK signaling pathway in vivo.

In conclusion, our study demonstrated that integrin a5B1-FAK sig-
naling pathway participated in PHEV proliferation in a mouse model for
the first time. Intravenous injection of ATN-161 to inhibit integrin a531
can reduce PHEV expression and has therapeutic effects. Therefore, our
results provide a theoretical basis for the clinical application of ATN-
161 and other anti-viral drugs targeting integrin a5f31.
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