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Porcine reproductive and respiratory syndrome virus (PRRSV) is an important pathogen
that causes huge losses economically to the pig industry worldwide. Previous research
suggested that receptor dependence is necessary for PRRSV infection. MYH9 and
CD163 are indispensable for PRRSV entry into a porcine alveolar macrophage. In
the present study, human MYH9 (hMYH9) and mouse MYH9 (mMYH9), similar to
swine MYH9, could also accelerate PRRSV infection in pCD163-mediated cell lines.
Knockdown of MYH9 activity using the specific small interfering RNA or inhibitor
(blebbistatin) concomitantly decreased PRRSV infection. C-terminal fragment of MYH9
(PRA) proteins from different mammalian species contains a conserved binding domain
(@a1676-1791) for PRRSV binding, since the recombinant MYH9'676=1791protein could
inhibit the PRRSV infection significantly. Furthermore, the specific polyclonal antibody of
MYHQ1676-1791 could block PRRSV infection in host cells. These data strongly supported
that MYH9, a very important cofactor, participated in PRRSV entry into target cells, which
may facilitate the development of a new therapeutic agent to control PRRSV infection.

Keywords: PRRSV, MYH9, virus entry, aa1676-1791, antiviral

INTRODUCTION

The porcine reproductive and respiratory syndrome virus (PRRSV) causes an economically
important disease worldwide to the swine industry. Until now, PRRSV is known to specifically
infect swine, and no available data show that other species are susceptible to this etiology. PRRSV
has a narrow cell tropism for cells both in vivo and in vitro (Duan et al., 1998; Teifke et al., 2001).
To date, host factors involved in the PRRSV cellular tropism are still not completely understood,
and several entry mediators have been identified for PRRSV, which include heparin sulfate (HS)
(Delputte et al., 2002), vimentin (Kim et al., 2006), CD151 (Wu et al., 2014), porcine CD163
(pCD163) (Van Gorp et al,, 2010), sialoadhesin (CD169), DC-SIGN (CD209) (Pineyro et al., 2016),
and MYHO (Gao et al,, 2016; Guo et al., 2016). Among them, MYH9 and pCD163 have been proved
to be indispensable for PRRSV infection (Burkard et al., 2017; Ma et al., 2017; Wells et al., 2017; Hou
etal., 2019).
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MYH9 Mediated Entry of PRRSV

Our knowledge about MYH9 has been rapidly updated in
recent years. MYH9 is a cellular motor protein that is involved
in cell-cell adhesion, integrin-mediated adhesion, epithelial
cell polarization, cell migration, and morphogenesis (Vicente-
Manzanares et al., 2009). Meanwhile, another function of MYH9
is that it acts as a cell receptor or factor that participates in the
internalization and redistribution of several viruses on the plasma
membrane, such as herpes simplex virus-1 (HSV-1), severe fever
with thrombocytopenia syndrome virus (SFTSV), Epstein-Barr
virus (EBV), PRRSV, and SARS-COV-2 (Arii et al., 2010; Sun
et al,, 2014; Xiong et al,, 2015; Chen et al., 2021). For PRRSV
infection, MYHO served as an important cofactor for establishing
the PRRSV infection. MYH9 can not only redistribute itself on
the cell membrane and bind to PRRSV GP5 protein during viral
internalization stages (Gao et al., 2016; Li et al., 2019; Xue et al.,
2019), but can also participate in the cell-to-cell spread of PRRSV
via nanotubes (Guo et al., 2016).

During the entry of PRRSV into the susceptible host cell,
pCD163 is the key receptor and interacts with the minor envelope
glycoproteins GP2a and GP4 of PRRSV, where the GP2a and GP4
proteins serve as the viral attachment proteins (Das et al., 2010,
2011). A previous study showed that the CD163 cDNAs derived
from pig, dog, mouse, human, and African green monkeys
could render non-permissive cell lines of PRRSV (e.g., BHK-
21, PK032495, NLFK, and LLC-PK cells) to become permissive
for PRRSV (Calvert et al., 2007), which indicated the CD163
homologs from other mammalian species could serve as PRRSV
receptor. However, the information of MYH9 homologs from
other mammals (human and mouse) mediated PRRSV entry
is limit.

In the present study, we first determined whether MYH9
homologs from other mammalian species also showed PRRSV
entry mediator activity. Furthermore, the key domain of MYH9
for PRRSV entry was identified at aa 1676-1791. Meanwhile, the
anti- MYH9'676=1791 serum could reduce PRRSV infection. Our
study not only complements the knowledge on MYH9 during
PRRSV infection but is also helpful for the development of an
antiviral peptide to prevent PRRSV infection in pigs.

MATERIALS AND METHODS
Cells, Viruses, and Antibody

Porcine alveolar macrophage cells (PAMs) were collected from
PRRSV-negative pigs (6-week-old) as previously reported
(Li et al, 2017) and maintained in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS). MARC-145
cells were purchased from China Center for Type Culture
Collection (CCTCC, Wuhan, China). All cells were cultured
in Dulbecco’s minimal essential medium (DMEM) with
10% FBS (FBS, Gibco, Carlsbad, CA, USA). PK-15°P163 cell
lines were established and stored in our lab (Wang et al,
2013). The following isolates of PRRSV were selected for the
cultures: PRRSV-2 isolates SD16 (GenBank: JX087437.1), CH-1a
(GenBank: AY032626), JXA1 (GenBank: EF112445.1), GD-HD
(GenBank: KP793736.1), and VR-2332 (GenBank: EF536003.1),
and PRRSV-1 isolates GZ11-G1 (GenBank: KF001144.1) and

P073-3 (only partially sequenced and confirmed as a PRRSV-
1 isolate, and full sequence is unavailable). Monoclonal
mouse antibodies against N protein of PRRSV (6D10),
Mab2-5G2, and anti-pCD163 polyclonal antibodies were
produced in our lab. Mouse anti-B-actin antibody, 4,6-
diamidino—2-phenylindole (DAPI), and blebbistatin (a selective
myosin II inhibitor) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). HRP-conjugated goat anti-mouse
IgG antibodies and Texas Red-affiniPure goat anti-mouse
IgG (H+L) were purchased from Jackson ImmunoReseach
(West Grove, PA).

Establishment of Recombinant Cell Lines

Expressing pCD163 and PRRSV Infection
The porcine CD163 gene (GenBank ID: ]JX292263) was
amplified and cloned into a pTRIP-CMV-Puro vector. Lentivirus
production was performed as previously described (Du and
Tikoo, 2010; Li et al., 2017). HEK-293T and BHK-21 cells were
transduced with lentivirus pTRIP-CMV-CD163-IRES-puro and
screened with puromycin according to the previously reported
protocol (Gao et al., 2014; Li et al., 2017), and the new cell lines
were termed as HEK-293TP163 and BHK-21P13, respectively.
The susceptibility of HEK-293T¢P163 and BHK-21¢P163 cell lines
to PRRSV was determined, and the cell lines thus obtained were
referred to as PK-15CDP163 (Wang et al., 2013). Briefly, these
cells were inoculated with PRRSV SD16 strain at 1 MOI, and
then the cells and cellular supernatant were collected at 48h
post-infection (hpi). The PRRSV replication was determined by
Western blot and TCIDsg, and these cells were also assessed for
their susceptibility to other strains of PRRSV (SD16, VR-2332,
JXA1, and GD-HD) at 1 MOI using indirect immunofluorescent
assay (IFA) at 48 hpi.

Generation of the Recombinant PRA From

Other Species and Truncated PRA

Total RNA was extracted from HEK-293T, BHK-21, and
MARC-145 cells using TRIzol reagent (Thermo Fisher, USA),
respectively. The C-terminal domain of MYH9 (aa 1651-
1960) was designated as PRA, and the PRA fragments
from other species (human and mouse) and truncated PRA
were amplified (primers are listed in Table1) and cloned
into pCold-SUMO vector with the same enzymes Sall and
Xbal (Haigene, China). All sequences were confirmed by
sequencing analysis (Sangon Biotech, China). These recombinant
expression plasmids were transformed into the E.coli strain
BL21 (DE3), respectively, and the different PRA proteins
were expressed and purified according to a previous study
(Lietal., 2018).

Inhibition of Virus Infection Assays

PK-15¢P163 BHK-21¢P13 and HEK-293T¢P163 cells were
cultured and pretreated with blebbistatin inhibitor at the
indicated concentrations for 30 min, and then inoculated with
PRRSV SD16 or VR-2332 strain at an MOI of 1, respectively.
After removing the medium, the cells were cultured with a 3%
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TABLE 1 | The sequences of siRNAs and Primers for gPCR used in this study.

Genes name

Sequence (sense 5 -3)

Sequence (anti-sense 5 -3')

siRNA-1136 GCAUCAACGUGACCGAUUUTT AAAUCGGUCACGUUGAUGCTT
siRNA-2245 CGUGCGUGCUCAUGAUAAATT UUUAUCAUGAGCACGCACGTT
siRNA-913 GGUGCCAACAUUGAGACUUTT AAGUCUCAAUGUUGGCACCTT
siRNA-NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
GAPDH CCTTCCGTGTCCCTACTGCCAAC GACGCCTGCTTCACCACCTTCT
ORF-72 ATGGCCGGTAAAAATCAGAGCC TTAATTCGCACCCTGACTGG
ORF-7° ATGCCAAATAACAACGGCAAGCAGC TCATGCTGAGGGTGATGCTGTG
aPRRSV-1.

bPRRSV-2.

TABLE 2 | Primers used to construct different species PRA and truncated domains of PRA.

Genes Forward primer (5’-3’) Reverse primer (5’-3’)

pCD163 GCTCTAGAATGGTGCTACTTGAAG CGGGATCCTCATTGTACTTCAGAGTGG
mouse PRA CGCGGATCCATGCGGGAGCTGGACGA CCCAAGCTTCTATTCAGCTGCCTTGGCAT
human PRA CGGGATCCATGCGCGAGCTGGATGA CCCAAGC ATTCGGCAGGTTTGGC
monkey PRA CGCGGATCCATGCGCGAGCTGGATG CCCAAGC ATTCGGCAGGTTTGG

MYH9 (1651-1960)
MYH9 (1716-1960)
MYH9 (1761-1960)
MYH9 (1786-1960)
MYH9 (1792-1960)
MYH9 (1861-1960)
MYH9 (1676-1791)
MYH9 (1651-1716)
MYH9 (1651-1785)
MYH9 (1651-1791)
MYH9A1676—1791

ACGCGTCGACATGCGGGAGCTGGAG
CGGGATCCATGGGGGCGCTGGCGTTG
ATGGATCCATGCAGATCAATACCGAC
AAGGATCCATGCAGAACAAGGAGCTC
ATGGATCCATGAAGCTGCAGGAGATG
ATGGATCCATGTACAAGGACCAGGCG
ATGTCGAC AAAAGCATGGAGGCCGAGAT
ATGTCGACATGCGGGAGCTGGAGGACAC
ACGCGTCGACATGCGGGAGCTGGAG
ACGCGTCGACATGCGGGAGCTGGAG
CCTGCAGCTTGACCAGCTTCTTCTCGTT

CGGGATCCTCATTGTACTTCAGAGT
ATTCTAGATTATTCGGCAGGTTT
ATTCTAGATTATTCGGCAGGTTT
ATTCTAGATTATTCGGCAGGTTT
ATTCTAGATTATTCGGCAGGTTT
ATTCTAGATTATTCGGCAGGTTT
ATTCTAGTCACTTGAGCTCCTTG
ATTCTAGATTTGCCGCTGCTGTTGGCAA
ATTCTAGAGCGCTCCAGCTGTTG
ATTCTAGTCACTTGAGCTCCTTG
AGAAGAAGCTGGTCAAGCTGCAGGAG

MYH9 (1651-1676) were synthesized by GL Biochem (Shanghai) Ltd.

FBS DMEM medium containing the same concentrations of
blebbistatin. The N protein in mRNA and protein levels of PK-
15CDP163 BHK-21CP163 and HEK-293TCP163 cells were analyzed
by IFA at 36 hpi.

The PRA proteins from other species (human and mouse) and
truncated PRA were diluted serially and incubated with PRRSV
SD16 at 0.1 MOL The mixture was maintained at 37°C for 1h,
then PAM cells were added to 6-well plates at 37°C and incubated
for 1h, and later washed with PBS to remove the unbound virus.
The mRNA level of the PRRSV-2 type nucleocapsid (N) gene and
expression level of protein were evaluated via gPCR and Western
blot at 24 hpi. The mRNA level of PRRSV-1 type nucleocapsid
(N) gene and the copies of the RNA genome were tested by qPCR
according to the protocol described in a previous study (Li et al.,
2018).

For antibody blocking assays, PAM and MARC-145 cells
were pretreated with anti-MYH9!¢76=1791 polyclonal antibody
produced in our lab, which was serially diluted to indicated
concentrations in RPMI-1640 or DMEM, or with control mouse
serum for 1h at 37°C. Then, the cells were infected with

PRRSV without removing the antibodies. The infected cells were
measured within 24 hpi by qPCR and IFA.

Cell Viability Assay

The cytotoxic effects of blebbistatin, mouse-PRA, human-PRA,
monkey-PRA, and MYH9!¢7671791 ere evaluated using the
Cell Counting Kit-8 (CCK-8) assay (Beyotime, Nanjing, China).
Briefly, the cells were cultured on 96-well plates (1 x 10° /well)
and treated with 100 pl of appropriate medium containing
different concentrations of blebbistatin, mouse-PRA, human-
PRA, monkey-PRA, and MYH9!676=1791 at 37°C for 24 h. Then
the CCK-8 reagent (10 jl/well) was added and incubated for 2h
according to the manufacturer’s instructions. Cell viability was
measured at an absorbance of 450 nm, and the data were analyzed
by GraphPad Prism.

RNA Extraction, RT-PCR Analysis, and

Quantitative RT-PCR
The total RNA was extracted from PK-15°P163 HEK-293TCDP163,
and BHK-21€P163 using TRIzol reagent (Takara, Japan) to detect
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FIGURE 1 | Generation of HEK-293TCP163 BHK-21CP163 gnd PK-15CP163¢ell lines and PRRSV infection. HEK-293T, BHK-21, and PK-15 cells were transduced with
the indicated lentiviral constructs, and then these cells were selected and subcloned with puromycin. Each cell line was harvested to assess pCD163 expression. (A)
Total RNA of each cell line was extracted and reverse transcribed to amplify the full-length gene coding region for pCD163. GAPDH transcripts were amplified to
normalize the total amount of input RNA. (B) The expression levels of pCD163 and PRRSV N proteins were confirmed by Western blot in these cell lines infected with
PRRSV SD16 at 48 hpi. (C) The progeny virus particles from PK-15¢P163  HEK-293TCP163  and BHK-21CP163 at 48 hpi were titrated with MARC-145 cells. (D) These
recombinant cell lines were inoculated with PRRSV SD16, JXA1, GD-HD, and VR-2332 strains at 1 MOI, respectively. PRRSV-specific CPEs were detected at 48 hpi
with anti-N antibody (6D10) followed by rhodamine-conjugated goat anti-mouse IgG antibody, respectively. The cells were imaged using a fluorescent microscope;
scale bar, 100 um.

the presence of the full-length CD163 gene (Table 1) by running
the sample on 1% agarose gel.

The total RNA was extracted from PRRSV-infected cells
with TRIzol Reagent. About 1 pg of the total RNA was
converted to cDNA using PrimeScript RT Master Mix (Takara,
Japan), and then amplified using FastStart Universal SYBR
Green Master Mix following the manufacturer’s protocol (Roche,
Basle, Switzerland). Primer sequences for N protein of PRRSV
and GADPH are listed in Table 2. The GADPH was used as

an internal control. qPCR reactions were performed using a
StepOnePlus® Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA), and each assay was run in triplicate.
Relative quantification of target genes was calculated using the
27AACt method. Absolute quantification was performed using
a template consisting of recombinant plasmid pMD18-T-N
containing the PRRSV-1 or PRRSV-2 ORF7 gene as previously
described, to quantify the RNA copy number of the PRRSV-1 or
PRRSV-2 genome (Mu et al., 2015; Li et al., 2018).
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FIGURE 2 | Knockdown of MYHQ of PK-15P163 BHK-21CP163 and HEK-293TCP183 cell lines reduce PRRSV replication. PK-15°P163 (A), BHK-21CP163 (B), and
HEK-293TCP163 (C) cells were transfected with MYH9 siRNA or NC siRNA, respectively, for 12h, and then infected with PRRSV strain SD16 (1 MOI) for 48 h. PRRSV
replication was measured by mRNA and protein levels using gRT-PCR and Western blot analysis. The data shown are representatives from three independent
experiments and subjected to Student’s t-test. **P < 0.001 vs. cells treated without siRNA; ##P < 0.01 vs. cells treated without siRNA; ###P < 0.001 vs. cells
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Knockdown Assays

The siRNAs (listed in Table 2) used for targeting MYH9 were
obtained from Gene Pharma Co., Ltd. The PK-15P13, HEK-
293TCP163 and BHK-21°P163 cells were transfected with these
siRNAs according to the protocol of X-tremeGENE siRNA
Transfection Reagent, respectively, and non-targeting siRNA
served as a negative control. Total RNA of PK-15“P163,
HEK-293TCP163 and BHK-21¢P16% was extracted using TRIzol
reagent. The transcription levels of the PRRSV N gene and MYH9
mRNA were normalized against those of GAPDH by the 2~ AACT
threshold cycle (CT) method, and the relative fold change of
the PRRSV N gene and MYH9 mRNA were then calculated,
respectively. The quantification was performed in StepOne Plus
Real-Time PCR System (Applied Biosystems, USA). All the test
samples were run in three independent experiments.

Antibody Production

Five female BALB/c mice aged 6-8 weeks were injected
subcutaneously with ~100 g of MYH9'¢76-1791 protein mixed
with complete Freund’s adjuvant in a volume of 100 pl. Then,
these mice were given booster doses for three times (at 14,
28, and 42 days of initial exposure) subcutaneously with a
mixture containing 100 jLg of MYH9'¢76~1791 protein mixed with
incomplete Freund’s adjuvant and the same amount of inoculum
as used in the primary exposure. Finally, the serum of mice
was collected and used to confirm the binding activity with
MYH9!676=1791 protein by IFA and Western blot.

Indirect Immunofluorescence Assay

The PK-15°P163, HEK-293TP16%, and BHK-21°P163 cells were
seeded on coverslips in 12-well tissue culture plates and infected
with SD16 or VR-2332 (1 MOI). Cells were fixed with 75%
cold ethanol at 36 or 48 hpi. Meanwhile, MARC-145 and
PAM cells were plated into 12-well tissue culture plates with
coverslips, respectively, and infected with SD16 (0.1 MOI).
Then the cells were fixed at 24 hpi as mentioned earlier and
blocked with 1% bovine serum albumin (BSA) in PBS. Cells
were incubated with the primary antibody (anti-PRRSV N
monoclonal antibody, 6D10) and later with secondary antibodies
(rhodamine-conjugated goat anti-mouse IgG antibody) (Jackson,
West Grove, USA), and were washed three times as described
earlier. Finally, the cells were counterstained with DAPI, and
cell staining was visualized using Leica microsystems (Leica
AF6000, Germany).

Western Blot Analysis

The cells were collected and lysed with NP40 lysis buffer
(Beyotime, China), and the protein concentrations were
determined using a BCA protein assay kit (Thermo, USA).
Western blot was performed as described previously (Mu
et al, 2015). The membranes were blocked with 5% BSA
and then incubated with indicated primary antibodies
overnight at 4°C, followed by incubation with HRP-
conjugated goat anti-mouse IgG (Jackson Laboratories,
West Grove, PA, USA), which act as secondary antibodies.
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FIGURE 3 | PRRSV infection in recombinant cells was inhibited by blebbistatin. PK-15°P16% BHK-21P163 and HEK-293TCP163 cells were pretreated with the
indicated concentrations of blebbistatin or DMSO for 30 min at 37°C, respectively, followed by incubation with PRRSV SD16 or VR-2332 at 1 MOI in the presence of
blebbistatin at a concentration of 0, 10, 20, or 40 WM. These cells were fixed and stained with anti-N protein antibody (6D10) to detect PRRSV at 48 h post-infection.

]

Images were captured using Leica microsystems (Leica AF6000, Germany). Scale bar, 100 wm.

B-actin served as a control. Finally, the proteins were
visualized using enhanced chemiluminescence (ECL) reagents
(Amersham Biosciences).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism version
5.0 (GraphPad Software, San Diego, CA, USA). Differences
among the groups were analyzed by one-way ANOVA followed
by Bonferroni post-hoc test or unpaired Students t-tests.
Statistically significant and very significant results were defined
as P < 0.05and P < 0.01.

RESULTS

Generation and PRRSV Susceptibility of
PK-15, HEK-293T, and BHK-21 Cells

Expressing Porcine CD163

The HEK-293T and BHK-21 cell lines were infected with packed
CD163 lentivirus according to previous studies to obtain the
stable expression of pCD163 in the cell lines of human, murine,
and swine species (Li et al., 2017), and the positive cell lines
were obtained after 4 weeks with puromycin selection. PK-
15€P163 was generated as previously reported in our lab (Wang
et al., 2013). To determine the pCD163 expression and PRRSV
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FIGURE 4 | PRA from mouse, human, and monkey species inhibit PRRSV replication in the MARC-145 and PAM cells. MARC-145 cells (A) or PAMs (B) were
infected with PRRSV SD16 at 0.1 MOI pre-incubated with indicated PRA protein (1, 2.5, and 5 wM), respectively, and the mRNA and protein levels of PRRSV N gene
were measured at 24 hpi by gPCR and Western blot. The data shown are representatives from three independent experiments and subjected to one-way ANOVA. *P
< 0.05 vs. cells treated with 0 uM PRA; **P < 0.01 vs. cells treated with O wM PRA; and ***P < 0.001 vs. cells treated with O uM PRA.

susceptibility, PK-15“P163) HEK-293T¢P163, and BHK-21¢P163
cells were detected using RT-PCR, Western blot, TCIDsy and
IFA assays. First, the specific RT-PCR products (3,333 bp) were
detected in these recombinant cells, while no PCR products
were observed in untransduced PK-15, BHK-21, and HEK-293T
cells (Figure 1A). In addition, the pCD163 expression and virus
replication in these cells were determined using an anti-pCD163
polyclonal antibody and anti-PRRSV N monoclonal antibody
(6D10) by Western blot, and the results suggested that pCD163
mediates PRRSV SD16 infection in PK-15, HEK-293T, and BHK-
21 cells (Figure 1B). The titer values of SD16 progeny virus were
determined in PK-15°P163, BHK-21¢P13, and HEK-293T¢P163
cells at 48 hpi (Figure 1C). We further determined whether stably

expressing pCD163 cell lines were susceptible to PRRSV SD16,
VR-2332,]JXA1, and GD-HD infections using IFA. The specificity
of CPE was determined using a 6D10 monoclonal antibody. The
specific N protein staining was observed in PK-15P13, BHK-
216P163 and HEK-293TCP1%% cells at 48 hpi, while uninfected
cells showed negative staining (Figure 1D).

Decreased Basal Levels of MYH9 Reduce
PRRSYV Production

The next step was to determine whether decreased basal levels
of MYH9 showed an impact on PRRSV SD16 replication
in PK-15°P'3, HEK-293TP'63, and BHK-21°P'6?  cells
Small interfering RNA (siRNA) duplexes against MYH9 were
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FIGURE 5 | The key domain of MYH9 for PRRSV inhibition in MARC-145 cells. (A) Schematic diagram of truncation fragments located in the C-terminal of MYH9.
MARC-145 cells were inoculated with the mixture of PRRSV 0.1 MOI and truncated protein of PRA (2.5 ©M), and the key domain of MYH9 for anti-PRRSV was
determined using gPCR (B) and Western blot (C-F). The data shown are representatives from three independent experiments and subjected to one-way ANOVA.
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synthesized by Gene Pharma, and non-targeting siRNA was
used as control. The valid siRNA and effective concentration
were determined by qPCR (Supplementary Figure 1). The
cells were seeded at 60% confluence in 24-well plates before
siRNA transfection. Then the cells were transfected with
siRNAs for 12h, followed by infection with SD16 at 1 MOI
for 48h. The results showed that siRNA knockdown led to a
>40-50% reduction in mRNA level and protein expression
of MYHY, and a significant corresponding reduction in the
amount of the ORF7 mRNA and N protein expression in
PRRSV SD16-infected cells compared to the negative control
(Figure 2).

Blebbistatin Inhibits PRRSV Infection

Blebbistatin is a small molecule inhibitor of non-muscle
myosin ITA (MYH9) and was shown to inhibit the MgATPase
activity and in vitro motility of non-muscle myosin IIA
(Limouze et al., 2004). We next investigated whether blebbistatin
could reduce PRRSV infection in PK-15°P163 HEK-293TCP163,
and BHK-21¢P163 cell lines. These cell lines were pre-
inoculated with blebbistatin and HP-PRRSV SD16 strain or
classical PRRSV VR-2332 at 1 MOI, respectively, to assess
the hypothesis. The specific PRRSV anti-N protein staining
was performed to observe PRRSV replication at 36 hpi by
IFA, and the infection efficiency was found to be significantly
decreased with blebbistatin treatment (Figure 3). Therefore,

the results of our study suggest that blebbistatin can block
the PRRSV infection in a dose-dependent manner in these
cells. Cytotoxicity assays indicated that blebbistatin exhibited
little cytotoxicity against these recombinant cell lines. As
expected, these results indicated that the MYH9 gene derived
from human and mouse species was involved in PRRSV
infection similar to the mechanism observed in the swine
(Supplementary Figure 2).

Recombinant C-Terminal end of MYH9
From Other Species Inhibits PRRSV

Infection

A previous study showed that the C-terminal end (aa 1651-
1960) of MYHY (PRA) from PAM cells could block the infection
by different PRRSV strains via interaction with GP5 (Li et al,
2018). To assess whether mouse-PRA (mPRA) and human-PRA
(hPRA) have a similar inhibitory effect in PRRSV SD16 infection
as the swine PRA (sPRA) in vitro. MARC-145 cells served as
PRRSV-susceptible cells, which were taken into consideration.
The anti-PRRSV activity of the PRA domain obtained from a
monkey species (monPRA) need to be tested. We obtained the
recombinant PRA from different species using E.coli cells as
previously reported (Li et al., 2018) (Supplementary Figure 3).
PRRSV SD16 (0.1 MOI) was pre-incubated with indicated PRA
protein of different concentrations at 37°C for 1h, respectively,
and PCV2-Cap served as control. Then the PRRSV-susceptible
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FIGURE 6 | The blocking effect of MYHQ'676-1791 against PRRSV SD16 infection in PAMs. PAMs were infected with PRRSV SD16 at 0.1 MOI pre-incubated with
MYHQ'676=1791 (2 5 5 and 10 wM), respectively, and the mRNA (A) and protein levels (B) of PRRSV N gene were measured by gPCR and Western blot. The data
shown are representatives from three independent experiments and subjected to one-way ANOVA. **P < 0.01 vs. 0 puM MYHQ'1676-1791 treated cells; ***P < 0.001 vs.

0 uM MYHQ'676-1797 treated cells.
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FIGURE 7 | The soluble MYHQ'676-1791 against PRRSV-2 isolates in MARC-145 and PAM cells. MARC-145 cells (A) or PAMs (B) were infected with PRRSV-2
isolates (JXA1, GD-HD, CH-1a, and VR-2332) at 0.1 MOI pre-mixed with MYHQ'676-1791 (5, M), and the mRNA and protein levels of N gene were measured by gPCR
and Western blot. The data shown are representatives from three independent experiments and subjected to Student’s t-test. **P < 0.01 vs. the cells infected with the
same virus and treated with PBS; ***P < 0.001 vs. the cells infected with the same virus and treated with PBS.

cells were incubated with a mixture of PRRSV and PRA proteins
at 37°C for 1h. Compared with PCV2-Cap protein treatment,
PRRSV SD16 infection was blocked by pre-incubation with
mPRA, hPRA, or monPRA in a dose-dependent manner, as
shown by the reduction of PRRSV N protein mRNA and protein
levels in MARC-145 cells (Figure 4A). The anti-PRRSV effect of
indicated PRA was confirmed on PAM cells (Figure 4B), and the
cytotoxicity assays indicated that PRA obtained from different

species exhibited little cytotoxicity in MARC-145 and PAM cells,
as expected (Supplementary Figure 4).

Key Domain of MYH9 for PRRSV Inhibition

The above-mentioned results show that pre-incubation of
PRRSV with PRA protein from other species could effectively
inhibit PRRSV replication. Based on our previous study, the
recombinant swine PRA blocks the internalization of PRRSV
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FIGURE 8 | The soluble MYH9'676-1791 against PRRSV-1 isolates in PAM cells. MYHQ'676-1791 (5 M) was pre-mixed with indicated PRRSV-1 strains (MOl = 0.1) at
37°C for 1 h before infecting PAM cells. Relative PRRSV GZ11-G1 (A) and PRRSV P073-3 (B) N gene mRNA levels were monitored via gqPCR at 24 hpi. The data
shown are representatives from three independent experiments and subjected to Student’s t-test. **P < 0.001 vs. 0 uM MYHQ'676-1791 treated cells. Gene copy
numbers of PRRSV GZ11-G1 (C) and PRRSV P073-3 (D) N in cell culture supernatant at indicated MYHQ'676-1791 concentrations of treatment were determined. The
data shown are representatives from three independent experiments and subjected to Student’s t-test. $¥%P < 0.001, in comparison to 0 M MYHQ1676-1791
treated cells.

by direct interaction with viral GP5 (Li et al, 2018). To
further identify the key region of PRA that is required
for interaction with PRRSV GP5 protein, we first analyzed
the sequence alignment of the amino acids constituting the
PRA domain of different species using Lasergene software
(Supplementary Figure 5). Based on the sequence analysis, 11
truncated fragments of swine PRA were designed (Figure 5A),
and the recombinant truncated proteins without SUMO tag
were obtained as previously reported (Supplementary Figure 6).
Furthermore, the antiviral activity of these proteins (2.5 M)
was evaluated by pre-incubating MARC-145 cells with PRRSV
SD16 (0.1 MOI) as mentioned earlier. The virus blocking
assay showed that the MYH9!976=17°1 domain could reduce
PRRSV infection (Figures 5B-F), but not by the truncated
fragment MYH921676-1791 and control PCV2 Cap protein,
which suggested that the amino acid residues (1676-1791) are
responsible for the interaction of MYH9 with PRRSV GP5.
Porcine alveolar macrophage cells are the target cells of
PRRSV infection in vivo. Based on the cytotoxicity assay
(Supplementary Figure 7), we further evaluated the antiviral

activity of MYH9!676=17°1 protein against PAMs. As similarly
inhibitor effect in MARC-145 cells. PAMs were infected with
PRRSV (MOI = 0.1) pretreated with MYH9!676=17°1 protein at
various concentrations, which led to dose-dependent inhibition
of viral replication at mRNA level (Figure 6A) and protein level
(Figure 6B).

Broad-Spectrum Effective Blocking of
PRRSV Infection by Soluble MYH91676-1791

Protein

Since the sequence alignment of aa 1676-1791 of MYH9
obtained from different species remains conservative, it could
block PRRSV infection in MARC-145 and PAM cells. Next,
we investigated whether the MYH9!67¢=17! fragment could
inhibit other strains of PRRSV in vitro. Therefore, PRRSV-2
strains CH-1a, GD-HD, JXA1, and VR-2332 were pre-incubated
with 5uM of MYH9'676=1791 4t 37°C for 1h as described
earlier. MARC-145 or PAM cells were then infected with the
mixture containing MYH9!676-17°1 and PRRSV. Replication of
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FIGURE 9 | The polyclonal anti-MYH9'676-1791 serum reduces PRRSV infection in MARC-145 and PAM cells. MARC-145 (A) or PAM (B) cells were infected with
PRRSV SD16 at an MOI of 0.1 in the presence of various concentrations of mouse anti-MYH9'676-1791 nolyclonal serum or mouse negative serum, and relative
changes in the mRNA level of PRRSV N gene were determined by qPCR at 24 hpi. The data shown are representatives from three independent experiments and
subjected to one-way ANONA. *P < 0.05 vs. cells treated with mouse negative serum, **P < 0.001 vs. cells treated with mouse negative serum. (C) IFA assay results
confirmed the PRRSV inhibition in MARC-145 and PAM cells with anti-MYH9'676-1791 polyclonal serum (1:20) treated at 24 hpi (left). Scale bar, 100 wm. Histograms
represent the percentage of PRRSV-positive cells, performed using Imaged software (right). The data shown are representatives from three independent experiments
and subjected to Student’s t-test. ¥¢P < 0.01, &&&p < 0.001.

these PRRSV isolates was determined based on the PRRSV ~The MYH9Q1676-1791 Protein-Specific

N mRNA and protein levels. The result showed that the Polyclonal Antibodies Decrease PRRSV
replication of PRRSV-2 strains was significantly reduced by pre- Infection

incubation with MYH9!676-1791 (Figures 7A,B). In addition, ) 16761791

we tested the inhibitory effect of MYH9!676-171 on PRRSV- To test whether the anti-MYH9 serum could block
1 isolate GZ11-G1 and P073-3, and the results showed that ~PRRSV infection in susceptible cells, we first proposed
virus replication levels (Figures 8A,B) and ORF7 gene copies that the MYH9 derived from MARC-145 or PAM cells

(Figures 8C,D) were significantly decreased on pre-incubation ~ could be  recognized by anti-MYH9!676-171  serum
with 5 WM of MYH9!1676-1791, (Supplementary Figure 8). PAM and MARC-145 cells for
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antibody blocking assays were pretreated with a specific
polyclonal antibody of MYH9!676=1791 " respectively, and then
serially diluted to different concentrations in the indicated cell
culture medium or with control mouse IgG for 1 h at 37°C. Cells
were then infected with PRRSV without removing antibodies
for 1h at 37°C. The PRRSV infection was measured by qPCR
at 24 hpi, and the result showed that the polyclonal antibody
of MYH9!676=1791 significantly reduced PRRSV infection
(Figures 9A,B). An antibody blocking assay was determined
by IFA in these cells with the effective antibody concentration.
The PRRSV N protein staining was significantly reduced on
treatment with the polyclonal antibody of MYH9!676-1791
(Figure 9C). These results collectively indicate that aa 1676-1791
of MYHOY plays an important role in PRRSV entry.

DISCUSSION

Porcine reproductive and respiratory syndrome virus (PRRSV)
shows a restricted tropism for the monocyte/macrophage cell
lineage. It enters cells via receptor-mediated endocytosis (Van
Gorp et al., 2010). Recently, MYH9 and CD163 were reported
to play an indispensable role in the PRRSV infection of MARC-
145 and PAM cells (Shi et al, 2015; Gao et al., 2016; Guo
et al., 2016). In our study, MYH9 homologs derived from other
mammalian species showed the PRRSV entry mediator activity.
In addition, we were the first to report that the key domain of
MYHO responsible for the internalization of PRRSV was located
at 1676-1791 amino acids.

Porcine reproductive and respiratory syndrome virus enters
the target cells by receptor-mediated endocytosis (Nauwynck
et al., 1999). It is difficult for only one receptor to mediate the
whole process of the virus infection, although CD163 has been
reported to be sufficient to convert the non-permissive cell lines
to fully permissive cell lines for PRRSV infection (Calvert et al.,
2007). However, non-permissive cell lines expressing only CD163
could not be infected with PRRSV (such as COS-7, primary
mouse peritoneal macrophages, and differentiated human U937
cells), as described in the previous study (Gao et al, 2016).
Hence, the combined effects of these receptors are critical during
the virus infection. Both CD163 and MYH9 cofactor(s) may be
required for establishing a PRRSV infection (Hou et al., 2019).

Given the strict tropism of PRRSV infection, we further
evaluated whether the basal levels of MYH9 derived from murine
and human species showed PRRSV entry mediator activity
in porcine cells. PRRSV-permissive cell lines HEK-293TP163,
BHK-21¢P163 and PK-15°P163 were established in our study.
These cell lines were transiently transfected with the siRNA
targetting MYH9 or pretreated with an inhibitor (blebbistatin)
to reduce MYH9 activity, and the results showed a significant
decrease in PRRSV infection (Figures 2, 3). We also reported
that MYHO plays an important role during PRRSV infection of
MARC-145 (monkey species) cells. These findings suggested that
MYH9 may serve as a cofactor for PRRSV entry. Recently, it
has been reported that the C-terminal end of MYH9 from PAM
cells interacts with PRRSV GP5, thus blocking PRRSV infection
(Li et al,, 2018). In the present study, the soluble PRA protein

from other mammalian species (human, mouse, and monkey)
was obtained, and its anti-PRRSV activity was assessed (Figure 4)
similar to swine PRA, which suggests that MYH9 genes derived
from different species, which act as the main PRRSV entry
mediators, do not account for the strict host species specificity
displayed by PRRSV.

To further identify the binding domain of MYH9 from
different species for PRRSV entry, we first performed the
sequence alignment of the C-terminal sequence of MYH9
obtained from different mammalian species using Lasergene
software (Supplementary Figure 5). We further identified the
key domain (aa 1676-1791) responsible for PRRSV binding
via blocking assay (Figures 5, 6). The soluble MYH9!676-1791
shows a broad-spectrum neutralization effect against different
PRRSV strains (Figures7, 8). Moreover, the polyclonal
antibody of MYH9!676=1791 could reduce PRRSV infection by
“occupied effect”.

In conclusion, our study demonstrated that MYH9, along with
CD163, is a key cofactor that facilitates the entry of PRRSV
into the host. Besides sMYH9, mMYH9 and hMYH9 also show
PRRSV entry mediator activity. To date, this is the first study
to establish that homologs of MYH9 can function as effective
PRRSV entry mediators. Furthermore, we determined the key
domain of MYH9 responsible for PRRSV internalization at 1676—
1791 aa residues. Most importantly, the soluble MYH9!676-1791
may be useful for developing a novel agent for PRRS control
and management.
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Supplementary Figure 1 | The positive siRNAs and availability concentration
targeting different species MYH9 were assessed in PK-156P163 BHK-21CD163gng
HEK-293TCP163 cells by qPCR.

Supplementary Figure 2 | The cytotoxicity assay of Blebbistatin in PK-15°P163,
BHK-21CD163 gand HEK-293TCP163 cell lines. PK-15CP163 BHK-21CP163 gng
HEK-293TCP163 cell lines were treated by increasing doses (0, 5, 10, 20, 40, and
80 LM) of Blebbistatin for 24 h and tested for viability via CCK-8 assay.

Supplementary Figure 3 | Detection of PRA protein expression. PRA protein
from different species (human, mouse and monkey) were expressed and purified
from E. coli cell lysate using a His Trap HP column. The SUMO tag was removed
by incubation with rTEV protease.

Supplementary Figure 4 | Cytotoxicity assay of different species PRA-treated
MARC-145 or PAM cell lines. MARC-145 or PAM cells were treated with
increasing doses (0, 0.5, 1, 2.5, 5, and 10 uM) of different species PRA for 24 h
and tested for viability via CCK-8 assay.
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