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ABSTRACT

Porcine reproductive and respiratory syndrome virus (PRRSV) represents a significant challenge to the
swine industry worldwide. Current control strategies against PRRSV are still inadequate and there is
an urgent need for new antiviral therapies. Flavaspidic acid AB (FA-AB) is a compound derived from
Dryopteris crassirhizoma, a traditional antiviral Chinese medicine. Here, we first identified its anti-PRRSV
activity through targeting multiple stages in PRRSV infection in vitro. Our studies demonstrated that
FA-AB could inhibit the internalization and cell-to-cell spreading of PRRSV, but not block PRRSV binding
to cells. By monitoring the kinetics of PRRSV replication, we showed that FA-AB significantly suppressed
PRRSV replication when treatment was initiated 24 h after virus infection. Furthermore, we confirmed
that FA-AB was able to significantly induce IFN-o, IFN-, and IL1-8 expression in porcine alveolar macro-
phages, suggesting that induction of antiviral cytokines by FA-AB could contribute to FA-AB induced inhi-
bition of PRRSV replication. In conclusion, we provide a foundation for the possibility to develop a new

therapeutic agent to control PRRSV infection.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Porcine reproductive and respiratory syndrome (PRRS) is one of
the most economically important viral diseases for the swine
industry worldwide with characteristics of respiratory disorders
and abortion in sows (Meulenberg, 2000; Rossow, 1998), leading
to significant economic losses (Neumann et al., 2005). PRRS is
caused by porcine reproductive and respiratory syndrome virus
(PRRSV) (Collins et al., 1992; Wensvoort et al., 1991), which is an
enveloped, positive-strand RNA virus belonging to the family Arte-
riviridae, order Nidovirales based on their similar genome and rep-
lication strategy with other members of the family (Cavanagh,
1997). The genome of PRRSV is approximately 15-kb in size (Dea
et al., 1995; Mardassi et al., 1994). It has a 5'- and a 3’-untranslated
region (UTR) and 10 open reading frames (ORFs 1a, 1b, 2a, 2b, and
3-7, plus the newly identified ORF5a) forming six or seven nested
subgenomic viral RNAs (Conzelmann et al., 1993; Johnson et al.,
2011; Meng et al., 1994; Meulenberg et al., 1993). ORFs 1a and
1b encode the non-structural proteins (Nsp) involved in processing
of the viral polyproteins, genome replication, and transcription.
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Other ORFs encode the structural proteins including the membrane
glycoproteins GP2a, GP2b, GP3, GP4, GP5 and GP5a, the matrix pro-
tein (M), and the nucleocapsid protein N (Mardassi et al., 1996;
Meulenberg and Petersen-den Besten, 1996; Meulenberg et al.,
1995; van Nieuwstadt et al., 1996). PRRSV has two major geno-
types, the European genotype (type 1) and the North American
genotype (type 2), sharing approximately 60% genome sequence
homology (Forsberg, 2005; Hanada et al., 2005). Most recently,
there have been devastating outbreaks of atypical PRRS in China,
which is characterized by high fever, high morbidity, and high
mortality. The causative agent is a highly pathogenic PRRSV (HP-
PRRSV) strain with a discontinuous deletion of 30 amino acids in
nonstructural protein 2 (NSP2) (Li et al., 2007; Ni et al., 2012; Zhou
et al., 2008).

A substantial effort has been made to control and eradicate
PRRSV infection since it was identified. However, not much pro-
gress has been made and PRRSV still remains the biggest challenge
to swine industry. Present management strategies mainly focus on
the prevention of infection using vaccination. Unfortunately, the
two available types of PRRSV vaccines, the modified live-attenu-
ated vaccines (MLVs) and inactivated vaccines, have certain draw-
backs concerning safety (Botner et al., 1997; Nielsen et al., 2001;
Scortti et al., 2006) and efficacy (Nilubol et al.,, 2004; Scortti
et al., 2007; Zuckermann et al., 2007). Thus, there is an urgent de-
mand for novel strategies to control PRRSV infection.
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Previous studies have discovered a few natural compounds and
compositions that have antiviral activities on PRRSV, including
some glycosides, terpenoids, coumarins, isoflavones, peptolides,
alkaloids, flavones, macrolides (Karuppannan et al., 2012), N-ace-
tylpenicillamine (Jiang et al., 2010), sodium tanshinone IIA sulfo-
nate (Sun et al, 2012), and morpholino oligomer (Han et al.,
2009; Opriessnig et al., 2011). Opriessnig et al. showed that mor-
pholino oligomer could inhibit PRRSV in vivo. However, until now
there are no effective commercial drugs available to prevent PRRSV
infection.

Flavaspidic acid AB (FA-AB) is a compound isolated from Dryop-
teris crassirhizoma Nakai, a semi-evergreen fern which is widely
used as a traditional Chinese medicine. The rhizome of D. crassirhi-
zoma commonly serves as an anti-infection agent, especially for
the common cold and flu. Recently, it was used in a prescription
formula to prevent SARS combined with some other Chinese herb
medicines (Astragalus, Atractylodes, Red Atractylodes, Pogostemon,
Adenophora, and Lonicera) (Lee et al., 2009). FA-AB structurally be-
longs to the family of phloroglucinol derivatives (Lee et al., 2003).
Previous studies have showed that phloroglucinol derivatives pos-
sess antibacterial, antitumor, and antioxidant properties (Kapadia
et al., 1996; Lee et al., 2003; Mathekga et al., 2000), and have the
ability to inhibit HIV-1 reverse transcriptase (Gupta et al., 2010;
Vo and Kim, 2010).

Based on the antiviral activities of D. crassirhizoma and phloro-
glucinol derivatives, we hypothesized that the FA-AB could be an
antiviral ingredient of the D. crassirhizoma. Here, we explored the
antiviral activity of FA-AB against PRRSV infection in vitro, and
our data showed that FA-AB was able to effectively inhibit PRRSV
infection through targeting multiple stages in PRRSV life cycle
including internalization, cell to cell spreading, and replication.

2. Materials and methods
2.1. Cells and viruses

Marc-145 cells, a PRRSV-permissive cell line derived from
MA-104 cells (Kim et al., 1993), were maintained in Dulbecco’s
minimum essential medium (DMEM) supplemented with 10%
FBS. Porcine alveolar macrophages (PAMs) were obtained from
postmortem lung lavage of 8-week-old specific pathogen free
(SPF) pigs, and maintained in RPMI 1640 medium with 10% FBS.

PRRSV strains, CH-1a (one of the type 2 PRRSV strain isolated in
China) and Hpv (a highly pathogenic PRRSV (HP-PRRSV) isolate),
were propagated in Marc-145 cells and PAMs. Virus preparations
were titrated, and then stored at —80 °C. Briefly, PRRS virus was
serially diluted 10-fold in complete DMEM or RPMI1640 to infect
5 x 10* Marc-145 cells or PAMs in 96-well plates. The level of
PRRSV infection was determined 48 h postinfection using immu-
nofluorescent staining for the PRRSV N protein. The viral titer is ex-
pressed as tissue culture infective dose 50% (TCIDs).

2.2. Preparation of flavaspidic acid AB

The rhizomes of D. crassirhizoma Nakai were collected from
Liaoning province, China. The air-dried roots and rhizomes of the
plant were powdered and extracted with 90% aqueous ethanol
three times (1 h each time) under reflux. The ethanol extract was
mixed with diatomite and eluted with hexane, chloroform,
acetone, and ethanol to give four fractions. A portion of the hexane
extract was subjected to silica gel column chromatography
(&7 x 90 cm) with a gradient elution of hexane-acetone (100:1,
20:1, 5:1, 1:1 each eluent) to give four fractions (A-D). Fraction D
was applied to column Sephadex LH-20 (1.7 x 80 cm, CHCI3-
MeOH, 4:6) to get the compound, which was identified as flavaspi-

dic acid AB by comparing spectrum data with literature (Lee et al.,
2003). The farinose FA-AB was obtained and dissolved in DMSO.
The amount of DMSO in each well within all experiments was ad-
justed to be 0.4%.

2.3. Cell viability assay

Cytotoxic effects of FA-AB were evaluated by the MTT (3-(4,5)-
dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoliumromide) assay.
Marc-145 cells or PAMs in a 96-well plate were cultured in
100 pul DMEM or RPMI 1640 containing 0, 10, 20, 30, 40, 50, 60,
70, or 80 pig/ml FA-AB for 48 h at 37 °C. Next, the culture medium
was replaced with fresh medium containing 20 pl of 5 mg/ml MTT
after washing three times with PBS, and cells were further cultured
for 4 h at 37 °C. Cells were then washed carefully and 150 pl DMSO
was added per well to dissolve the crystals for 10 min. The result-
ing absorbance of each well was recorded at 490 nm using a plate
reader. The 50% cytotoxic concentrations (CCso) was analyzed by
GraphPad Prism (GraphPad Software, San Diego, CA).

2.4. Indirect immunofluorescence assay

The cells were fixed with methanol-acetone solution (1:1) for
10 min at 4 °C, and then were blocked with 5% goat serum in PBS
for 30 min at room temperature. PRRSV N protein was detected
by incubation with corresponding specific monoclonal antibody,
MAb SDOW17 (1:10,000; Rural Technologies) against PRRSV N
protein, and the secondary goat anti-mouse IgG (H + L) conjugated
with FITC (1:200, Jackson ImmunoResearch). Nuclei were stained
with 4, 6-diamidino-2-phenylindole (DAPI). Immunofluorescence
was observed using Leica Microsystems CMS GmbH.

2.5. Real-time reverse-transcription PCR (RT-PCR)

Total RNA was extracted from Marc-145 cells or PAMs using the
TRIzol reagent. RNAs were converted to cDNA using Superscript III
Reverse Transcriptase (Invitrogen). In replication assay, PRRSV RNA
was detected using quantitative real-time RT-PCR with primers de-
signed against PRRSV ORF7 (Patel et al., 2008). A plasmid contain-
ing PRRSV ORF7 sequence (Han et al., 2009) was used to generate a
standard curve, and then RNA copies in all samples were calculated
by comparing them with it. For the transcript levels of cytokines,
relative expressions of TNF-a, IL1-B, IFN-o, and IFN-B in FA-AB-
treated or non-treated PAMs with or without PRRSV (Hpv strain)
infection were quantified by the 272A¢T Method (Livak and Sch-
mittgen, 2001). GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) mRNA was set as a control. The primers used for real-time
PCR amplification are listed in Table 1.

Table 1
List of primers for real-time PCR.

Name? Sequences (50-30)°

ORF7-F1 AATAACAACGGCAAGCAGCA
ORF7-R1 GCACAGTATGATGCGTCGGC
IFN-o-F1 AGAGCCTCCTGCACCAGTTCT
IFN-o-R1 CTGCATGACACAGGCTTCCA
IL-1B-F1 TCTGCCCTGTACCCCAACTG
IL-1B8-R1 CCCAGGAAGACGGGCTTT
IFN-B-F1 AGCACTGGCTGGAATGAAACCG
IFN-B-R1 CTCCAGGTCATCCATCTGCCCA
GAPDH-F1 CCTTCCGTGTCCCTACTGCCAAC
GAPDH-R1 GACGCCTGCTTCACCACCTTCT

2 F1: forward primer, R1: reverse primer.
b Swine gene sequences were downloaded from GenBank.
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2.6. Western blot analysis

The FA-AB-treated PRRSV-infected or control Marc-145 cells
were lysed in a cell lysis buffer (20 mM Tris (pH7.5), 150 mM Nacl,
1% Triton X-100) containing a cocktail of proteinase inhibitors. The
supernatant was harvested after centrifugation and the total pro-
tein for each sample was measured with a BCA protein assay kit
(Thermo). Twenty micrograms of total protein for each sample
was analyzed by 12% SDS-PAGE and transferred to nitrocellulose
membranes. After blocking, the membranes were incubated for
2 h at room temperature with anti-PRRSV N protein monoclonal
antibody SDOW17 (1:2,000; Rural Technologies), and anti-p-actin
antibody (1:5,000; Sigma, St. Louis, MO). The membranes were
then incubated with the appropriate secondary antibody for 1 h
(1:5,000). The antibodies were visualized using the ECL reagent
according to the manufacturer’s instructions.

2.7. Antiviral assay

The antiviral effects of the FA-AB on CH-1a strain and Hpv at
various concentrations were directly observed using indirect immu-
nofluorescence 48 h post infection and the titers (TCIDsq) of virus in
cells treated with FA-AB at various concentrations were also
determined. The 50% effective concentration (ECso) was determined
using a 4 parameter, nonlinear regression of dose response
inhibition by plotting log (inhibitor(concentration)) vs. viral titer

A
FA-AB(ug/ml) 0

CH-1a

Hpv

(variable slope) using GraphPad Prism (GraphPad Software, San Die-
go, CA).

2.8. PRRSV binding assay

Marc-145 cells were incubated with medium containing CH-1a
at a multiplicity of infection (MOI) of 0.1 or 0.01 and FA-AB (30 pg/
ml or 40 pg/ml) or DMSO (0.4% final concentration) at 4 °C for 2 h
to permit binding, but prevent viral internalization. Unbound virus
and FA-AB were removed and fresh medium was added. Cell
cultures were then switched to 37 °C to culture for 24 h. The virus
titer (TCIDso) was then measured.

2.9. PRRSV internalization assay

Marc-145 cells were incubated with medium containing
CH-1a at 4°C for 2h to permit binding, but prevent viral
internalization. The inoculums were replaced with fresh culture
medium to eliminate the unbound virus particles and the temper-
ature was shifted to 37 °C to allow virus entry to proceed. The FA-
AB was then added at 0, 1, or 2 h and removed at 3 h following
temperature shift (the time point when cell culture was shifted
to 37 °C was set up as 0 h). The cells were carefully washed with
phosphate buffered saline (PBS) three times to remove the non-
internalized virus particles and FA-AB, and then continued to be
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Fig. 1. Dose-dependent anti-PRRSV activity and cellular toxicity of FA-AB. (A) Anti-PRRSV activity of FA-AB was examined against the PRRSV CH-1a strain and Hpv strain in
Marc-145 cells and PAMs. Cells were treated with FA-AB at indicated concentrations and simultaneously infected with PRRSV at an MOI of 0.01. Indirect immunofluorescence
assay for the N protein of PRRSV was performed 48 h post-infection for CH-1a and 24 h for Hpv. Upper panels: CH-1a in Marc-145 cells. Lower panels: Hpv in PAMs. (B and C)
The PRRSV titer (TCIDso) was measured after treatment with FA-AB at indicated concentrations and simultaneously infected with PRRSV at an MOI of 0.01 as above. (D)
Cellular toxicity was examined in Marc-145 cells and PAMs using MTT and was expressed as relative cell viability by comparing with the viable cells in the absence of
compound (set up as 100%). The data represent the mean * standard deviation from three independent experiments. Significant differences compared with 0.4% DMSO-

treated control group are denoted by **(P < 0.01) and ***(P < 0.001).
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cultured with fresh medium for 24 h. The virus titer (TCID5o) was 2.12. Statistical analysis
then analyzed.
All experiments were performed with at least three indepen-
dent experiments. Statistical analysis was performed using Graph-
2.10. Cell-to-cell spreading assay Pad Prism Software, and differences are evaluated by Student’s t
test. P < 0.05 was considered to be statistically significant.
Cell-to-cell spreading was performed as previously described
(Schroer and Shenk, 2008) with modifications. Briefly, Marc-145
cells were incubated with CH-1a at 37 °C for 3 h to permit viral 3. Results
internalization. After removing the non-internalized virus parti-

cles, cells were continued to be cultured for 40 h in medium con- 3.1. FA-AB inhibits PRRSV infection in vitro

taining various concentrations of FA-AB and neutralizing serum.

Cells cultured in medium with 0.4% DMSO served as a control. To explore the antiviral activity of FA-AB against PRRSV, we first
Then the infected cells were observed using indirect immunofluo- examined the antiviral effects of the FA-AB on the CH-1a strain at
rescent staining of the PRRSV N protein. various concentrations using indirect immunofluorescent staining

48 h post infection. As shown in Fig. 1A (upper panel), CH-1a infec-

tion was significantly inhibited by FA-AB. FA-AB induced more

2.11. PRRSV replication assay than 1000-fold reduction for CH-1a at the concentration of
40 pg/ml compared with the cells treated with DMSO control

Marc-145 cells were infected with CH-1a (MOI = 0.01) for 24 h. (Fig. 1B), and this inhibition was in a dose-dependent manner. To
Then the cell-free virus particles were removed and cells continued investigate if this anti-PRRSV activity is strain-dependent, we did
to be cultured in fresh medium containing FA-AB. Cells cultured in the same experiments with the HP-PRRSV strain (Hpv) in PAMs.

medium containing porcine IFN-o (provided by Dr. Wenjun Liu, As shown in Fig. 1A (lower panel) and Fig. 1C, FA-AB showed even
Chinese Academy of Sciences, Beijing, China) served as a positive greater antiviral activity against Hpv infection, which could reach a
control. The viral RNA level was analyzed using real-time re- 10%-fold suppression at the concentration of 40 pg/ml, indicating

verse-transcription PCR (RT-PCR) assay at 0, 12, 24, 36, 48, and that FA-AB could inhibit both traditional type 2 PRRSV strain and
72 h after medium switching. For western analysis, CH-1a was HP-PRRSV strain infections. FA-AB inhibited PRRSV infection with
incubated with Marc-145 cells at 37 °C for 3 h to permit entry, 50% effective concentration (ECso) values of 3.5 ng/ml for CH-1a

and then the inoculums were replaced with the medium contain- strain in Marc-145 cells and 4.2 pg/ml for Hpv strain in PAMs.
ing various concentrations of FA-AB. Forty hours post infection, To rule out the possibility that nonspecific toxicity caused by
the viral N protein expression was analyzed by western blot. FA-AB could affect PRRSV replication, we tested the cytotoxicity
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Fig. 2. Effect of FA-AB treatment on PRRSV entry and cell-to-cell spreading. (A) Viral binding assay. Marc-145 cells were incubated with CH-1a strain at an MOI of 0.1 (black
bar) or 0.01 (grey bar) at 4 °C for 2 h in the presence of FA-AB. Unbound virus particles and FA-AB were removed, cells were switched to 37 °C to culture for 24 h in fresh
medium, and then the virus titer (TCIDs) was measured. (B) Time-of-addition assays of viral internalization. Marc-145 cells were incubated with CH-1a strain at an MOI of
0.1 (black bar) or 0.01 (grey bar) at 4 °C for 2 h. 30 pg/ml (black bar) or 40 pg /ml (grey bar) of FA-AB was added accordingly at 0, 1, or 2 h after switching to 37 °C. Three hours
later, culture medium was replaced with fresh medium and cells were continued to be cultured for 24 h. The virus titer (TCIDso) was then analyzed. (C and D) Cell-to-cell
spreading assay. Marc145-cells were incubated with CH-1a strain (MOI = 0.01) for 3 h at 37 °C, and then culture medium was replaced with fresh medium containing FA-AB
at indicated concentrations and neutralizing antibody (10% vol/vol). (C) PRRSV N protein expression in cells was observed using indirect immunofluorescence at 40 h pi and
(D) the average number of cells in PRRSV infected foci for each group were counted. The data represent the mean * standard deviation from three independent experiments.
Significant differences compared with 0.4% DMSO-treated control group are denoted by *(P < 0.05), *(P < 0.01), and **(P < 0.001).
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of FA-AB, dissolved in DMSO, at various concentrations in conflu-
ent Marc-145 cells and PAMs (Fig. 1D). Forty-eight hours following
treatment, the cells cultured in medium containing 40 pg/ml FA-
AB retained approximately relative viability of 100% compared
with controls. The relative viability of PAMs was reduced more rap-
idly than Marc-145 cells when the FA-AB concentration in medium
was more than 50 pg/ml. The 50% cytotoxic concentrations (CCsp)
of FA-AB for Marc-145 cells and PAMs were 76.1 and 56.0 pig/ml,
respectively, which greatly exceeded its ECsg.

3.2. FA-AB partially inhibits the cell entry of PRRSV

To further explore the mechanism of the inhibition of PRRSV
infection by FA-AB, we determined which step(s) in the viral life
cycle was inhibited by FA-AB. The process of cell entry includes
early attachment and internalization. To determine whether
FA-AB could inhibit PRRSV binding to Marc-145 cells, FA-AB was
added in virus-cell binding assays at 4 °C, conditions in which virus
binds to but does not enter cells. FA-AB had only slight effects on
virus replication when added during the period of virus
attachment, suggesting that FA-AB exhibited little effect on the
attachment of PRRSV to the Marc-145 (Fig. 2A).

Previous studies have reported that PRRSV is internalized from
the surface of Marc-145 cells within 3-6 h (Kreutz and Ackermann,
1996; Nauwynck et al., 1999). Thus, to test whether FA-AB acts at
the internalization stage of infection, we examined the kinetics of
FA-AB activity against PRRSV infection using time-of-addition as-
says (Fig. 2B). FA-AB caused approximately an eight-fold decrease
of virus titers in cells infected with CH-1a at an MOI of 0.1 when
FA-AB (30 pg/ml) was present in the first three hours of the virus
internalization process. More significant reduction (15-fold
decrease) was observed when the cells were infected with CH-1a
at an MOI of 0.01 and FA-AB was at the concentration of 40 nug/
ml. Taken together, these data demonstrated that FA-AB partially
blocked the events in PRRSV entry that are downstream of cell
attachment.

3.3. FA-AB inhibits direct cell-to-cell spreading of PRRSV

In addition to the cell-free mechanism PRRS viruses use to in-
fect cells, viruses can also spread directly to adjacent cells without
passing a cell-free stage. Thus, we next examined whether FA-AB
could block the cell-to-cell spreading of PRRS virus. To rule out
the possibility of the extracellular spreading of viruses, neutraliz-
ing serum was added in the culture medium. Using immunofluo-
rescence assays, we observed a reduction of PRRSV-infected cells
and the formation of discrete infected foci in the presence of neu-
tralizing antibody compared with the controls, illustrating that the
cell-free virus spreading was prevented. When FA-AB was added,
the size of the isolated PRRSV-infected foci was decreased in a
dose-dependent manner (Fig. 2C). At higher concentration
(40 pg/ml), FA-AB could contract the foci from an area of more
than six hundred infected cells to less than thirty cells (Fig. 2D).
These data demonstrated that FA-AB could inhibit PRRSV infection
by blocking the cell-to-cell transmission pathway.

3.4. FA-AB inhibits PRRSV replication

We next attempted to investigate the kinetics of FA-AB-medi-
ated inhibition of PRRSV RNA production. To do this experiment,
we first infected Marc-145 cells with the CH1-a strain at an MOI
of 0.01. Twenty-four hours later, cell medium was replaced with
fresh medium containing different concentrations of FA-AB. Then
viral RNA copies in cells were quantitated using real-time PCR
and virus titers in culture medium were measured at different time
points. Compared with the non-drug-treated cells, the addition of

FA-AB resulted in a significant reduction of viral RNA copies and
this reduction reached a peak of more than 100-fold at approxi-
mately 24 h following FA-AB addition (Fig. 3A). The viral RNA level
was maintained at the initial level when FA-AB was added at a con-
centration of 30 pg/ml, and the addition of 40 pug/ml FA-AB caused
an additional decrease. The dynamic change of the virus titers in
the supernatants after drug-treatment showed a similar pattern
(Fig. 3B). We also tested the expression of PRRSV N protein in cells
treated with FA-AB for 40 h after viral entry. As shown in Fig. 3C,
FA-AB could dose-dependently inhibit the expression of viral N
protein in infected cells. Thus, the FA-AB is able to inhibit PRRSV
replication efficiently.

3.5. Elevated antiviral cytokine gene expression in FA-AB-treated
porcine alveolar macrophages

Cytokines are able to interfere with viral infection. Thus, we
postulated that FA-AB might induce antiviral cytokine expression
patterns. To investigate this possibility, the expression of four cyto-
kines including TNF-a, IL1-B, IFN-o, and IFN-B, known to be
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Fig. 3. FA-AB inhibited PRRSV replication. (A) The kinetics of CH-1a replication at
the indicated time intervals in Marc-145 cells after treated with 30 or 40 pg/ml FA-
AB, IFN-a, or 0.4% DMSO. Marc-145 cells were infected with CH-1a strain at an MOI
of 0.01 for 24 h (represented as 0 h on graph), and then medium was replaced with
fresh medium containing 30 or 40 pg/ml FA-AB, IFN-a, or 0.4% DMSO. The PRRSV
ORF7 RNA level in cells was analyzed using real-time RT-PCR at 0, 12, 24, 36, 48, and
72 h after treatment. (B) Virus titers in supernatants at 0, 24, 48, and 72 h after
treatment were measured. Data shown as mean * standard deviationfrom three
independent experiments. (C) Expression of viral N protein in FA-AB treated cells
was detected by western blot. The level of viral N protein in cell lysates was
analyzed 40 h post infection and analysis against B-actin served as a control.
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involved in antiviral response and inflammation, were analyzed in
the presence or absence of FA-AB. Porcine alveolar macrophages
(PAMs) were incubated with Hpv, Hpv plus FA-AB (40 pg/ml), or
FA-AB only, and real-time RT-PCR was performed to assess the
relative mRNA level in PAMs after being cultured for 6 and 12 h.
FA-AB treatment could elevate the levels of IFN-o (Fig. 4A), IFN-B
(Fig. 4B), and IL-1p (Fig. 4C) expression in both infected and
non-infected cells. The expression of IL-B and IFN-B exhibited a
five-fold increase in FA-AB-treated non-infected cells. In infected
cells, the elevation of IL-p expression caused by FA-AB treatment
was similar to that in non-infected cells. However, in Hpv-infected
cells, FA-AB induced less IFN-p mRNA expression than in non-trea-
ted cells at 12 h, which was in contrast to the results observed at
6 h. It is possible that FA-AB treatment induced IFN-B mRNA
expression rapidly, reaching its peak sooner. FA-AB did not signif-
icantly induce TNF-a expression (data not shown) in PAMs. Taken
together, these data suggested that FA-AB-impaired PRRSV
infection could be partially due to the up-regulation of certain
cytokines.

4. Discussion

D. crassirhizoma, as an effective traditional anti-infectious
Chinese medicine, could play an important role in the exploration
of effective antiviral drugs due to its abundant sources and phar-
macological activities. Although many phloroglucinol derivatives
and flavonoid glycosides have been isolated and identified from
D. crassirhizoma, direct evidence for roles of the isolated monomers
in the antiviral functions has been lacking. Here, we first demon-
strated the potent antiviral activity of FA-AB, a compound of D.
crassirhizoma. Our results showed that FA-AB could block PRRSV
replication without causing cytotoxicity in Marc-145 cells or PAMs
at the effective inhibition concentrations up to 40 pig/ml. The data
in this study provided preliminary proof for the potential that
FA-AB could be used as an antiviral agent of PRRSV.
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The inhibition of PRRSV in FA-AB-treated cell cultures could re-
sult from the reduced production of virus particles in each infected
cell or a failure of the virus to spread efficiently. When PRRSV in-
fects cells, its entry process is mediated by receptor-specific endo-
cytosis (Nauwynck et al., 1999), where the virus-cell attachment,
membrane fusion, and content internalization occur sequentially.
We studied the effects of FA-AB on PRRS virus attachment and
internalization and found that entry of PRRSV particles that were
pre-bound to cells prior to exposure to FA-AB was inhibited, sug-
gesting that FA-AB acts on the events after virus attachment that
are required for subsequent fusion and/or internalization. There-
fore, we could infer that FA-AB partly inhibited the process of
PRRSV entry into permissive cells, which probably is related to
PRRSV utilizing different cellular receptors in each stage of entry
(Van Gorp et al., 2008). However, this needs to be further investi-
gated in the future. Moreover, viruses could spread directly to adja-
cent cells. For instance, measles virus infected cells transfer
subviral particles by fusion-mediated cytoplasmic interconnec-
tions in order to invade uninfected cells (Firsching et al., 1999;
Moll et al., 2004). Consistent with the direct cell-to-cell spreading
pathway, we showed that PRRSV was able to spread in Marc-145
cells efficiently in the presence of neutralizing antibody. The addi-
tion of FA-AB substantially blocked this transmission. Thus, we
suggest that FA-AB has the ability to block the invasion of PRRSV
efficiently in various pathways.

Our work also provided evidences that FA-AB was able to inhi-
bit viral RNA replication in vitro. However, it did not directly inhibit
the viral RNA-dependent RNA polymerase (data not shown). In
subsequent studies, three cytokines, IL1-B, IFN-o. and IFN-B, were
confirmed to be induced by FA-AB treatment. This provided a pos-
sibility that FA-AB could indirectly inhibit the PRRSV replication by
regulating some antiviral cytokines. However, more studies are re-
quired to verify if the induced cytokines by FA-AB play a critical
role in the FA-AB-induced inhibition of PRRSV replication. Never-
theless, our data suggested that FA-AB is not only an inhibitor
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Fig. 4. Transcript levels of cytokines in PAMs. PAMs were infected with Hpv at an MOI of 0.1 in the presence or absence of FA-AB. Expressions of IFN-a (A), IFN-B (B), and IL1-B
(C) were analyzed using Real-time RT-PCR at 6 and 12 h after treated with Hpv, Hpv plus FA-AB (40 pg/ml), or FA-AB only. Relative expression (fold changes) in comparison
with DMSO-treated cells (set up as 1) is shown. The data represent the mean * standard deviation from three independent experiments. Significant differences between
groups treated with FA-AB and DMSO for PRRSV infected cells or uninfected cells are denoted by *(P < 0.05), **(P < 0.01), and ***(P < 0.001).
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acting on the viral life cycle, but also an agent probably regulating
the host immune response.

Prescriptions containing D. crassirhizoma are able to treat many
infectious diseases caused by various viruses. Thus, it is necessary
to determine if the antiviral activity of FA-AB is limited to PRRSV
infection. Our study showed that FA-AB also inhibited influenza
A H1IN1 virus infection (data not shown), suggesting that FA-AB
could have a broad-spectrum antiviral activity. However, in the fu-
ture, we need to investigate what are the mechanisms for FA-AB to
inhibit influenza A HIN1 virus and whether FA-AB can inhibit dif-
ferent strains of influenza virus. Nevertheless, FA-AB has the po-
tential to be a valuable antiviral and is worth being studied
extensively in the future.

In conclusion, our work identified a new PRRSV inhibitor that
acts by targeting multiple stages in PRRSV life cycle, especially
the entry and replication process. Currently, novel and effective
anti-PRRSV drugs are needed to complement existing strategies
for PRRSV prevention and control. FA-AB, as a compound extracted
from traditional Chinese medicines, has advantages in abundance
and safety. It is possible that FA-AB could potentially serve as an
agent for interference with PRRSV infection. However, further
study in vivo and clinical analysis should be performed to confirm
its value of inhibiting virus infection.

Acknowledgements

This work was supported by Faculty Starting Grant and State
Key Laboratory of Agrobiotechnology (Grant 2010SKLABO06-1, and
2012SKLABO1-6), China Agricultural University, and 863 Grant
(2006AA10A208-3-3), China.

References

Botner, A., Strandbygaard, B., Sorensen, K.J., Have, P., Madsen, K.G., Madsen, E.S.,
Alexandersen, S., 1997. Appearance of acute PRRS-like symptoms in sow herds
after vaccination with a modified live PRRS vaccine. Vet. Rec. 141, 497-499.

Cavanagh, D. 1997. Nidovirales: a new order comprising Coronaviridae and
Arteriviridae. Arch. Virol. 142, 629-633.

Collins, J.E., Benfield, D.A., Christianson, W.T., Harris, L., Hennings, J.C., Shaw, D.P.,
Goyal, S.M., McCullough, S., Morrison, R.B., Joo, H.S., Gorcyca, D., Chladek, D.,
1992. Isolation of swine infertility and respiratory syndrome virus (isolate ATCC
VR-2332) in North America and experimental reproduction of the disease in
gnotobiotic pigs. J. Vet. Diagn. Invest. 4, 117-126.

Conzelmann, KK, Visser, N., Van Woensel, P., Thiel, HJ., 1993. Molecular
characterization of porcine reproductive and respiratory syndrome virus, a
member of the arterivirus group. Virology 193, 329-339.

Dea, S., Sawyer, N., Alain, R., Athanassious, R., 1995. Ultrastructural characteristics
and morphogenesis of porcine reproductive and respiratory syndrome virus
propagated in the highly permissive MARC-145 cell clone. Adv. Exp. Med. Biol.
380, 95-98.

Firsching, R., Buchholz, CJ., Schneider, U., Cattaneo, R., ter Meulen, V., Schneider-
Schaulies, J., 1999. Measles virus spread by cell-cell contacts: uncoupling of
contact-mediated receptor (CD46) downregulation from virus uptake. ]J. Virol.
73, 5265-5273.

Forsberg, R., 2005. Divergence time of porcine reproductive and respiratory
syndrome virus subtypes. Mol. Biol. Evol. 22, 2131-2134.

Gupta, P., Kumar, R, Garg, P., Singh, L.P., 2010. Active site binding modes of dimeric
phloroglucinols for HIV-1 reverse transcriptase, protease and integrase. Bioorg.
Med. Chem. Lett. 20, 4427-4431.

Han, X, Fan, S., Patel, D., Zhang, YJ., 2009. Enhanced inhibition of porcine
reproductive and respiratory syndrome virus replication by combination of
morpholino oligomers. Antiviral Res. 82, 59-66.

Hanada, K., Suzuki, Y., Nakane, T., Hirose, O., Gojobori, T., 2005. The origin and
evolution of porcine reproductive and respiratory syndrome viruses. Mol. Biol.
Evol. 22, 1024-1031.

Jiang, Y., Fang, L., Luo, R,, Xiao, S., Chen, H., 2010. N-acetylpenicillamine inhibits the
replication of porcine reproductive and respiratory syndrome virus in vitro. Vet.
Res. Commun. 34, 607-617.

Johnson, C.R,, Griggs, T.F., Gnanandarajah, ., Murtaugh, M.P., 2011. Novel structural
protein in porcine reproductive and respiratory syndrome virus encoded by an
alternative ORF5 present in all arteriviruses. J. Gen. Virol. 92, 1107-1116.

Kapadia, G.J., Tokuda, H., Konoshima, T., Takasaki, M., Takayasu, J., Nishino, H., 1996.
Anti-tumor promoting activity of Dryopteris phlorophenone derivatives. Cancer
Lett. 105, 161-165.

Karuppannan, A.K.,, Wu, KX,, Qiang, J., Chu, JJ., Kwang, J., 2012. Natural compounds
inhibiting the replication of Porcine reproductive and respiratory syndrome
virus. Antiviral Res. 94, 188-194.

Kim, H.S., Kwang, J., Yoon, 1]., Joo, H.S., Frey, M.L., 1993. Enhanced replication of
porcine reproductive and respiratory syndrome (PRRS) virus in a homogeneous
subpopulation of MA-104 cell line. Arch. Virol. 133, 477-483.

Kreutz, L.C., Ackermann, M.R., 1996. Porcine reproductive and respiratory syndrome
virus enters cells through a low pH-dependent endocytic pathway. Virus Res.
42,137-147.

Lee, H.B., Kim, J.C., Lee, S.M., 2009. Antibacterial activity of two phloroglucinols,
flavaspidic acids AB and PB, from Dryopteris crassirhizoma. Arch. Pharmacal Res.
32, 655-659.

Lee, S.M,, Na, M.K,, An, RB., Min, B.S., Lee, H.K., 2003. Antioxidant activity of two
phloroglucinol derivatives from Dryopteris crassirhizoma. Biol. Pharm. Bull. 26,
1354-1356.

Li, Y., Wang, X,, Bo, K, Tang, B., Yang, B., Jiang, W.,, Jiang, P., 2007. Emergence of a
highly pathogenic porcine reproductive and respiratory syndrome virus in the
Mid-Eastern region of China. Vet. J. 174, 577-584.

Livak, KJ., Schmittgen, T.D., 2001. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(—Delta Delta C(T)) method. Methods 25,
402-408.

Mardassi, H., Athanassious, R., Mounir, S., Dea, S., 1994. Porcine reproductive and
respiratory syndrome virus: morphological, biochemical and serological
characteristics of Quebec isolates associated with acute and chronic outbreaks
of porcine reproductive and respiratory syndrome. Can. J. Vet. Res. 58, 55-64.

Mardassi, H., Massie, B., Dea, S., 1996. Intracellular synthesis, processing, and
transport of proteins encoded by ORFs 5-7 of porcine reproductive and
respiratory syndrome virus. Virology 221, 98-112.

Mathekga, A.D., Meyer, ], Horn, M.M., Drewes, S.E., 2000. An acylated
phloroglucinol with antimicrobial properties from Helichrysum caespititium.
Phytochemistry 53, 93-96.

Meng, XJ., Paul, P.S., Halbur, P.G.,, 1994. Molecular cloning and nucleotide
sequencing of the 3’-terminal genomic RNA of the porcine reproductive and
respiratory syndrome virus. J. Gen. Virol. 75 (Pt 7), 1795-1801.

Meulenberg, ].J., 2000. PRRSV, the virus. Vet. Res. 31, 11-21.

Meulenberg, ].J., de Meijer, E.J., Moormann, RJ., 1993. Subgenomic RNAs of Lelystad
virus contain a conserved leader-body junction sequence. J. Gen. Virol. 74 (Pt 8),
1697-1701.

Meulenberg, ].J., Petersen-den Besten, A., 1996. Identification and characterization
of a sixth structural protein of Lelystad virus: the glycoprotein GP2 encoded by
ORF2 is incorporated in virus particles. Virology 225, 44-51.

Meulenberg, ].J., Petersen-den Besten, A., De Kluyver, E.P., Moormann, R.J., Schaaper,
W.M., Wensvoort, G., 1995. Characterization of proteins encoded by ORFs 2-7 of
Lelystad virus. Virology 206, 155-163.

Moll, M., Pfeuffer, ], Klenk, H.D., Niewiesk, S., Maisner, A. 2004. Polarized
glycoprotein targeting affects the spread of measles virus in vitro and in vivo.
J. Gen. Virol. 85, 1019-1027.

Nauwynck, H.J., Duan, X., Favoreel, H.W., Van Oostveldt, P., Pensaert, M.B., 1999. Entry
of porcine reproductive and respiratory syndrome virus into porcine alveolar
macrophages via receptor-mediated endocytosis. J. Gen. Virol. 80, 297-305.

Neumann, EJ., Kliebenstein, J.B., Johnson, C.D., Mabry, JW., Bush, E]., Seitzinger,
AH., Green, A.L, Zimmerman, J.J., 2005. Assessment of the economic impact of
porcine reproductive and respiratory syndrome on swine production in the
United States. J. Am. Vet. Med. Assoc. 227, 385-392.

Ni, J., Yang, S., Bounlom, D., Yu, X., Zhou, Z., Song, J., Khamphouth, V., Vatthana, T.,
Tian, K., 2012. Emergence and pathogenicity of highly pathogenic Porcine
reproductive and respiratory syndrome virus in Vientiane, Lao People’s
Democratic Republic. J. Vet. Diagn. Invest. 24, 349-354.

Nielsen, H.S., Oleksiewicz, M.B., Forsberg, R., Stadejek, T., Botner, A., Storgaard, T.,
2001. Reversion of a live porcine reproductive and respiratory syndrome virus
vaccine investigated by parallel mutations. ]J. Gen. Virol. 82, 1263-1272.

Nilubol, D., Platt, K.B., Halbur, P.G., Torremorell, M., Harris, D.L., 2004. The effect of a
killed porcine reproductive and respiratory syndrome virus (PRRSV) vaccine
treatment on virus shedding in previously PRRSV infected pigs. Vet. Microbiol.
102, 11-18.

Opriessnig, T., Patel, D., Wang, R., Halbur, P.G., Meng, X.J., Stein, D.A., Zhang, YJ., 2011.
Inhibition of porcine reproductive and respiratory syndrome virus infection in
piglets by a peptide-conjugated morpholino oligomer. Antiviral Res. 91, 36-42.

Patel, D., Opriessnig, T., Stein, D.A., Halbur, P.G., Meng, X ., Iversen, P.L., Zhang, Y.J.,
2008. Peptide-conjugated morpholino oligomers inhibit porcine reproductive
and respiratory syndrome virus replication. Antiviral Res. 77, 95-107.

Rossow, K.D., 1998. Porcine reproductive and respiratory syndrome. Vet. Pathol. 35,
1-20.

Schroer, J., Shenk, T., 2008. Inhibition of cyclooxygenase activity blocks cell-to-cell
spread of human cytomegalovirus. Proc. Natl. Acad. Sci. U.S.A. 105, 19468-
19473.

Scortti, M., Prieto, C., Alvarez, E., Simarro, I, Castro, J.M., 2007. Failure of an
inactivated vaccine against porcine reproductive and respiratory syndrome to
protect gilts against a heterologous challenge with PRRSV. Vet. Rec. 161, 809-
813.

Scortti, M., Prieto, C., Martinez-Lobo, F.J., Simarro, 1., Castro, ].M., 2006. Effects of two
commercial European modified-live vaccines against porcine reproductive and
respiratory syndrome viruses in pregnant gilts. Vet. J. 172, 506-514.

Sun, N,, Zhao, X,, Bai, X.Y., Niy, L., Song, M.Q., Sun, Y.G,, Jiang, J.B., Li, H.Q., 2012. Anti-
PRRSV effect and mechanism of sodium tanshinone IIA sulfonate in vitro. J.
Asian Nat. Prod. Res. 14, 721-728.

Van Gorp, H., Van Breedam, W., Delputte, P.L., Nauwynck, H.J., 2008. Sialoadhesin
and CD163 join forces during entry of the porcine reproductive and respiratory
syndrome virus. J. Gen. Virol. 89, 2943-2953.



Q. Yang et al./ Antiviral Research 97 (2013) 66-73 73

van Nieuwstadt, A.P., Meulenberg, ]J.J., van Essen-Zanbergen, A., Petersen-den
Besten, A., Bende, R.J., Moormann, RJ., Wensvoort, G., 1996. Proteins encoded by
open reading frames 3 and 4 of the genome of Lelystad virus (Arteriviridae) are
structural proteins of the virion. J. Virol. 70, 4767-4772.

Vo, T.S., Kim, S.K., 2010. Potential anti-HIV agents from marine resources: an
overview. Mar. Drugs 8, 2871-2892.

Wensvoort, G., Terpstra, C., Pol, J.M.,, ter Laak, E.A., Bloemraad, M., de Kluyver, E.P.,
Kragten, C., van Buiten, L., den Besten, A., Wagenaar, F., Broekhuijsen, J.M.,
Moonen, P.LJ.M., Zetstra, T., de Boer, E.A., Tibben, H.J., de Jong, M.F., van ‘t Veld,
P., Greenland, GJ.R., van Gennep, J.A. Voets, M.T., Verheijden, ]J.H.M.,

Braamskamp, 1991. Mystery swine disease in The Netherlands: the isolation
of Lelystad virus. Vet. Q. 13, 121-130.

Zhou, Y.J., Hao, X.F., Tian, Z]., Tong, G.Z., Yoo, D., An, T.Q., Zhou, T., Li, G.X., Qiu, HJ.,
Wei, T.C.,, Yuan, X.F., 2008. Highly virulent porcine reproductive and respiratory
syndrome virus emerged in China. Transbound Emerg. Dis. 55, 152-164.

Zuckermann, F.A., Garcia, E.A., Luque, I.D., Christopher-Hennings, ]., Doster, A., Brito, M.,
Osorio, F.,2007. Assessment of the efficacy of commercial porcine reproductive and
respiratory syndrome virus (PRRSV) vaccines based on measurement of serologic
response, frequency of gamma-IFN-producing cells and virological parameters of
protection upon challenge. Vet. Microbiol. 123, 69-85.



	Inhibition of porcine reproductive and respiratory syndrome virus replication  by flavaspidic acid AB
	1 Introduction
	2 Materials and methods
	2.1 Cells and viruses
	2.2 Preparation of flavaspidic acid AB
	2.3 Cell viability assay
	2.4 Indirect immunofluorescence assay
	2.5 Real-time reverse-transcription PCR (RT-PCR)
	2.6 Western blot analysis
	2.7 Antiviral assay
	2.8 PRRSV binding assay
	2.9 PRRSV internalization assay
	2.10 Cell-to-cell spreading assay
	2.11 PRRSV replication assay
	2.12 Statistical analysis

	3 Results
	3.1 FA-AB inhibits PRRSV infection in vitro
	3.2 FA-AB partially inhibits the cell entry of PRRSV
	3.3 FA-AB inhibits direct cell-to-cell spreading of PRRSV
	3.4 FA-AB inhibits PRRSV replication
	3.5 Elevated antiviral cytokine gene expression in FA-AB-treated porcine alveolar macrophages

	4 Discussion
	Acknowledgements
	References


