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ABSTRACT Porcine reproductive and respiratory syndrome virus (PRRSV) causes sig-
nificant economic losses to the pork industry worldwide each year. Our previous re-
search demonstrated that heme oxygenase-1 (HO-1) can suppress PRRSV replication
via an unknown molecular mechanism. In this study, inhibition of PRRSV replication
was demonstrated to be mediated by carbon monoxide (CO), a downstream metab-
olite of HO-1. Using several approaches, we demonstrate that CO significantly inhib-
ited PRRSV replication in both a PRRSV permissive cell line, MARC-145, and the pre-
dominant cell type targeted during in vivo PRRSV infection, porcine alveolar
macrophages (PAMs). Our results showed that CO inhibited intercellular spread of
PRRSV; however, it did not affect PRRSV entry into host cells. Furthermore, CO was
found to suppress PRRSV replication via the activation of the cyclic GMP/protein ki-
nase G (cGMP/PKG) signaling pathway. CO significantly inhibits PRRSV-induced
NF-�B activation, a required step for PRRSV replication. Moreover, CO significantly re-
duced PRRSV-induced proinflammatory cytokine mRNA levels. In conclusion, the
present study demonstrates that CO exerts its anti-PRRSV effect by activating the
cellular cGMP/PKG signaling pathway and by negatively regulating cellular NF-�B
signaling. These findings not only provide new insights into the molecular mecha-
nism of HO-1 inhibition of PRRSV replication but also suggest potential new control
measures for future PRRSV outbreaks.

IMPORTANCE PRRSV causes great economic losses each year to the swine industry
worldwide. Carbon monoxide (CO), a metabolite of HO-1, has been shown to have
antimicrobial and antiviral activities in infected cells. Our previous research demon-
strated that HO-1 can suppress PRRSV replication. Here we show that endogenous
CO produced through HO-1 catalysis mediates the antiviral effect of HO-1. CO inhib-
its PRRSV replication by activating the cellular cGMP/PKG signaling pathway and by
negatively regulating cellular NF-�B signaling. These findings not only provide new
insights into the molecular mechanism of HO-1 inhibition of PRRSV replication but
also suggest potential new control measures for future PRRSV outbreaks.
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Porcine reproductive and respiratory syndrome (PRRS) is one of the most important
infectious diseases impacting the swine industry worldwide and is characterized by

reproductive failure in sows and respiratory diseases in pigs of all ages (1–3). PRRS is
caused by porcine reproductive and respiratory syndrome virus (PRRSV), which is an

Received 14 September 2016 Accepted 12
October 2016

Accepted manuscript posted online 19
October 2016

Citation Zhang A, Zhao L, Li N, Duan H, Liu H,
Pu F, Zhang G, Zhou E-M, Xiao S. 2017. Carbon
monoxide inhibits porcine reproductive and
respiratory syndrome virus replication by the
cyclic GMP/protein kinase G and NF-κB
signaling pathway. J Virol 91:e01866-16.
https://doi.org/10.1128/JVI.01866-16.

Editor Stanley Perlman, University of Iowa

Copyright © 2016 American Society for
Microbiology. All Rights Reserved.

Address correspondence to En-Min Zhou,
zhouem@nwsuaf.edu.cn, or Shuqi Xiao,
xiaoshuqi@nwsuaf.edu.cn.

A.Z. and L.Z. contributed equally to this article.

VIRUS-CELL INTERACTIONS

crossm

January 2017 Volume 91 Issue 1 e01866-16 jvi.asm.org 1Journal of Virology

https://doi.org/10.1128/JVI.01866-16
https://doi.org/10.1128/ASMCopyrightv1
mailto:zhouem@nwsuaf.edu.cn
mailto:xiaoshuqi@nwsuaf.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01866-16&domain=pdf&date_stamp=2016-10-19
http://jvi.asm.org


enveloped, single-stranded RNA virus belonging to the genus Arterivirus, family Arteri-
viridae, order Nidovirales (2). Present management strategies focus mainly on the
prevention of infection through vaccination. Unfortunately, neither traditional control
strategies nor conventional vaccines achieve consistent PRRS control (4–6). A major
obstacle to successful PRRS vaccine development is the inconsistent induction of
protective immunity (7–9). During PRRSV infection in animals, unknown viral properties
apparently allow PRRSV to persist. Therefore, it is imperative to develop a safe and
effective antiviral strategy to combat PRRSV infection.

Heme oxygenase-1 (HO-1), translated from HMOX1 mRNA, is a ubiquitously ex-
pressed, inducible isoform that catalyzes the first enzymatic rate-limiting step in heme
degradation. HO-1 has numerous biological functions, including antioxidant, anti-
inflammatory, antiapoptotic, and antiproliferative properties and plays an important
role in host defense against microbial infection (10). Enhanced HO-1 expression inhibits
replication of many viruses, including HIV-1, Ebola virus, hepatitis B virus (HBV), and
hepatitis C virus (HCV) (11–14). Our previous work showed that overexpression or
induction of HO-1 expression inhibits PRRSV and bovine viral diarrhea virus (BVDV)
replication (15, 16). Furthermore, microRNA miR-24-3p promotes PRRSV replication
through suppression of HO-1 expression (17), indicating that increased expression of
HO-1 may provide a potential new antiviral strategy against PRRSV infection. However,
the molecular mechanism of HO-1 inhibition of PRRSV replication remains unknown.

The physical protection properties of HO-1 are controlled, in part, by one or more
downstream products of heme catabolism, including carbon monoxide (CO), biliverdin,
and iron. CO, an endogenous messenger generated by HO-1 activity (18), can freely
diffuse through and traverse all membranes. In recent years, CO has been verified to,
within a range of concentrations, exert interesting biological activities, including anti-
inflammatory, antiapoptotic, and cytoprotective actions in various disease models
(19–22). These studies demonstrate beneficial effects of HO-1 and its products during
different physiological and pathological processes. Although CO is known to be toxic
and lethal in high concentrations, research is increasingly focused on revealing the role
of CO as a signaling and regulatory molecule in many ongoing cellular processes (23).
It has been demonstrated that CO mediates the antiviral effect of HO-1 during entero-
virus infection (24). Moreover, a CO-releasing molecule (CORM-3) was found to exert
bactericidal activity to inhibit Pseudomonas aeruginosa infection in an animal bactere-
mia model (25). In addition, CO inhibited the growth of both Escherichia coli and
Staphylococcus aureus (26). Accumulating studies suggest therapeutic efficacy for CO
inhalation therapies for certain disorders, due to the potent antioxidant, anti-
inflammatory, and antiapoptotic activities of CO (27, 28). Most CO action has been
reported to depend on the activation of soluble guanylate cyclase (sGC) and on
subsequent increases in cellular levels of cyclic GMP (cGMP) (29–31), although the
mechanisms downstream from cGMP production remain incompletely understood.
Growing evidence supports a role for protein kinase G (PKG) as an important cGMP
target that promotes cGMP effects in cardiac myocytes (32).

In this study, we used CO-releasing molecule II (CORM-2) to investigate the effect of
the HO-1 downstream metabolite CO on PRRSV infection and to study molecular
mechanisms that result in antiviral CO effects. We found that CO markedly inhibits
PRRSV replication by activating the cellular cGMP/PKG signaling pathway and by
negatively regulating cellular NF-�B signaling. These findings should provide new
insights into the molecular mechanism effecting HO-1 inhibition of PRRSV replication
and also guide development of potential new PRRSV control measures.

RESULTS
PRRSV infection promotes CO production. To investigate whether PRRSV infec-

tion could induce CO production, MARC-145 cells were infected with PRRSV at different
MOIs and at different time points. Cells were then incubated in the presence of 50
�g/ml hemoglobin (Hb) for 24 h to quantify carboxyhemoglobin (HbCO) levels by ELISA
as a measure of CO production. ELISA results showed that compared to uninfected cells,
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PRRSV-infected cells showed increased HbCO content at 24, 36, and 48 h postinfection
(hpi) (Fig. 1A). Moreover, PRRSV increased HbCO production in a dose-dependent
manner (Fig. 1B). These results indicate that PRRSV infection could induce CO produc-
tion in host cells.

Endogenous CO produced by HO-1 catalysis mediates the HO-1 antiviral effect.
Our previous research showed that HO-1 can suppress PRRSV replication (15, 17).
However, the molecular mechanism of HO-1 inhibition of PRRSV replication is unclear.
To explore this antiviral mechanism, we first investigated the effect of endogenous CO
catalyzed by HO-1 upregulation on PRRSV infection. The major source of CO in vivo is
the degradation of heme by HO-1. Hb can be used as an effective CO scavenger (24, 33),
since it has very high affinity for CO. MARC-145 cells were pretreated with the CO
scavenger Hb (50 �g/ml) for 1 h; after the cells were washed with phosphate-buffered
saline (PBS) three times, they were infected with PRRSV at an MOI of 0.1. One hour later,
the virus solution was discarded and cells were treated with protoporphyrin IX cobalt
chloride (CoPP) (80 �M) in the presence or absence of 50 �g/ml Hb. At 24 hpi, the cells
and supernatants were harvested for further analysis. As shown in Fig. 2A, treatment
with Hb markedly reversed the inhibitory effect of HO-1 on viral ORF7 mRNA expres-
sion, as exhibited by a 92% increase in ORF7 expression relative to that of the CoPP-only
treatment group. Similar results were observed when PRRSV N protein expression levels
in cells were analyzed (Fig. 2B). Treatment with Hb also resulted in markedly increased
PRRSV RNA levels, which were 49% (Fig. 2C) higher than those of the CoPP-only control,
with a concomitant 0.25-log increase in supernatant virus copies compared to that of

FIG 1 PRRSV infection promotes CO production. (A) MARC-145 cells infected with PRRSV at an MOI of 0.1
were treated with Hb (50 �g/ml) from 1 hpi onward. At 24, 36, and 48 hpi, cell culture supernatants were
harvested for HbCO detection by ELISA to quantify HbCO levels as a measure of CO. MARC-145 cells mock
infected with PRRSV were included as a control. (B) MARC-145 cells were infected with different doses of
PRRSV (MOIs, 0.1, 0.5, and 1), and then the cells were incubated with 50 �g/ml Hb for 24 h. The HbCO
contents in culture supernatants were determined by ELISA as a measure of CO. Uninfected MARC-145
cells were included in the analysis as a control. Hb (50 �g/ml) was coincubated with CORM-2 (150 �M)
for 1 h, and then the contents of HbCO were detected simultaneously as a positive control (A and B). Data
are expressed as the means � standard deviations (SD) of the results of three independent experiments.
P values were calculated using Student’s t test. *, P � 0.05; **, P � 0.01; ns, not significant. White columns
represent PRRSV-mock-infected MARC-145 cells, black columns represent PRRSV-infected MARC-145
cells, and gray columns represent the positive control.
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the control group (Fig. 2D). Therefore, Hb treatment partially reversed HO-1 inhibition
of PRRSV infection. However, Hb treatment alone had no obvious effect on PRRSV
infection. These results indicate that endogenous CO produced by HO-1 catalysis could
reduce PRRSV replication.

CORM-2 inhibits PRRSV replication in MARC-145 cells in a dose-dependent and
time duration manner. We used an exogenous CO donor, CORM-2, to confirm the
antiviral effect of CO. MARC-145 cells were treated with CORM-2 or inactive CORM-2
(iCORM-2) at different concentrations 1 h after PRRSV infection. Quantitative PCR (qPCR)
and Western blotting were performed to determine the abundance of PRRSV ORF7
mRNA and N protein at the indicated times postinfection. As shown in Fig. 3A and B,
treatment with CORM-2 resulted in a marked decrease in PRRSV ORF7 mRNA and N
protein in a dose-dependent manner at 24, 36, and 48 hpi. We also detected intracel-
lular and supernatant progeny virus production using the 50% tissue culture infective
dose (TCID50). Consistent with intracellular ORF7 mRNA and N protein expression,
CORM-2 treatment also decreased intracellular and supernatant virus titers in a dose-
dependent manner in MARC-145 cells (Fig. 3C and D). To further explore whether
CORM-2 could suppress PRRSV genome replication, NSP2 mRNA expression was
determined by qPCR to reflect the PRRSV genome RNA level after CORM-2 treat-
ment. qPCR results showed that CORM-2 inhibited PRRSV NSP2 mRNA expression in
a concentration-dependent manner at 24, 36, and 48 hpi (Fig. 3E), indicating that CO
suppressed PRRSV genome replication. However, iCORM-2, an inactive molecule which
cannot release CO, had no significant effect on PRRSV infection and replication (Fig. 3A
to E). These results suggest that CO specifically mediated the antiviral effect of CORM-2.
Indirect immunofluorescence assay (IFA) results also demonstrated the inhibitory effect
of CORM-2 on PRRSV replication in a dose-dependent manner (Fig. 3F).

To demonstrate whether CO could inhibit replication of different titers of PRRSV, a
similar experiment as that described above was performed. MARC-145 cells were

FIG 2 CO produced by HO-1 catalysis mediates the inhibitory effect of HO-1 on PRRSV replication. MARC-145 cells
were pretreated with the CO scavenger Hb (50 �g/ml) for 1 h, and after being washed with PBS three times, the
cells were infected with PRRSV at an MOI of 0.1. One hour later, the virus solution was discarded and the cells were
treated with 80 �M CoPP in the presence or absence of 50 �g/ml Hb. At 24 hpi, PRRSV ORF7 mRNA (A), N protein
(B), extracellular viral RNA (C), and progeny virus production (D) were determined using qPCR, Western blotting,
and TCID50 assay. Data are expressed as the means � SD of the results of three independent experiments. P values
were calculated using Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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infected with PRRSV at different MOIs and then treated with CORM-2 or iCORM-2 for 24
h. As shown in Fig. 4A and B, CORM-2 treatment of MARC-145 cells significantly
decreased the expression levels of intracellular PRRSV N protein and virus titers in the
supernatants at different PRRSV MOIs; however, iCORM-2 did not have an obvious
inhibitory effect on PRRSV infection. To confirm whether the inhibitory effect of
CORM-2 on PRRSV replication is strain dependent, the other two PRRSV strains, JXA1
and VR2332, were used to infect MARC-145 cells at an MOI of 0.1. At 24 hpi, Western
blot and titration assays were performed. Results showed that CO could decrease the
expression level of N protein and virus titers of the different PRRSV strains, while
iCORM-2 had no significant effect on PRRSV replication (Fig. 4C and D).

FIG 3 CO inhibits PRRSV replication in MARC-145 cells in a dose-dependent and time duration manner. MARC-145 cells were infected
with PRRSV at an MOI of 0.1, and then the cells were incubated with different concentrations of CORM-2 (50 to 150 �M) or iCORM-2
(150 �M) from 1 hpi onward. Cells and culture supernatants were collected at the indicated times; qPCR, Western blotting, and TCID50

assay were performed to determine the levels of viral ORF7 mRNA (B), N protein (A), and intracellular (C) and supernatant (D) virus
production. After treatment as described above, cells were harvested at 24, 36, and 48 hpi, respectively. (E) Relative levels of PRRSV
RNA were detected with qPCR, using PRRSV NSP2-specific primers; (F) the expression of N protein was determined by IFA at 24 hpi,
with MARC-145 cells mock infected with PRRSV included as a control (NC). Data are expressed as the means � SD of the results of
three independent experiments. P values were calculated using analysis of variance (ANOVA). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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CO suppresses PRRSV replication in PAMs, and its anti-PRRSV activity is inde-
pendent of HO-1 induction. Since CO exerted potent antiviral activity in MARC-145
cells, we investigated whether CO also inhibits PRRSV replication in porcine alveolar
macrophages (PAMs). PAMs were infected with PRRSV (MOI of 0.1), followed by
treatment with various doses of CORM-2 or iCORM-2 from 1 hpi onward. At 24 hpi, cells
and culture supernatants were harvested for further detection. Consistent with the
results obtained in MARC-145 cells, CORM-2 treatment significantly reduced the ex-
pression levels of intracellular PRRSV ORF7 mRNA and PRRSV N protein, as well as virus
titers in the supernatants, in a dose-dependent manner (Fig. 5A, B, and C). However,
iCORM-2 treatment had no significant effect on PRRSV replication. According to our
previous study, HO-1 acts as an antiviral factor in host cells. Therefore, here we further
addressed whether the antiviral effect of CO was mediated by upregulation of HO-1 as
a positive feedback loop. qPCR (Fig. 5D) and Western blot (Fig. 5E and F) results showed
that CORM-2 or iCORM-2 treatment showed no marked effect on HO-1 mRNA and
protein expression compared with that of the control group in both MARC-145 cells
and PAMs. These results indicate that CO inhibition of PRRSV infection may not be
mediated by HO-1 upregulation.

CO does not affect virus entry of the PRRSV life cycle. To investigate whether
CO affects virus entry of the PRRSV life cycle, the kinetics of the antiviral activity of CO
against PRRSV were analyzed with time-of-addition assays. The results showed that CO
did not have an obvious inhibitory effect on the progeny viral production and N protein
expression when it was added immediately after the temperature shift (Fig. 6A and B).
Consistent with these findings, no inhibitory effect was observed when CORM-2 was
added at 2 h (Fig. 6C) or 4 h (Fig. 6D) after the cells were shifted to 37°C. Taken together,
these data indicate that CO did not block the viral entry process in MARC-145 cells. So,
we further explored whether CO inhibited the spread of PRRSV in host cells.

CO inhibits PRRSV intercellular spread. To determine whether CO affects the
transfer of infection between cells, PRRSV spread in the presence of PRRSV-neutralizing
antibodies and CORM-2 was analyzed in the following experiments. First, a standard
virus-neutralizing assay was performed to determine the neutralizing antibody titer of

FIG 4 The inhibition of viral replication by CO in MARC-145 cells is PRRSV titer and strain independent. (A and B)
MARC-145 cells were infected with PRRSV at an MOI of either 0.01, 0.5, or 1 for 1 h and then treated with either
CORM-2 (150 �M) or iCORM-2 (150 �M) for 24 h. The expression of intracellular PRRSV N protein and virus titers
in supernatants were assayed by Western blotting (A) and TCID50 determination (B), respectively. (C and D)
MARC-145 cells were incubated with either JXA1 or VR-2332, each at an MOI of 0.1, for 1 h, followed by treatment
with a 150 �M concentration of either CORM-2 or iCORM-2. The expression of intracellular PRRSV N protein and
virus titers in the supernatants were assayed by Western blotting (C) and TCID50 determination (D), respectively.
Data are expressed as the means � SD of the results of three independent experiments. P values were calculated
using Student’s t test. *, P � 0.05; **, P � 0.01.
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a swine hyperimmune serum sample. Simultaneously, a negative serum sample from an
uninfected pig at the same dilution was included as a control. Virus-neutralizing assay
results showed that the swine hyperimmune serum at a titer of 1:8 completely blocked
PRRSV infection, indicating that this serum blocked the initial virus entry into the host
cells; however, the negative serum did not have the same effect (Fig. 7A). To determine
whether CO could block PRRSV intercellular spread, MARC-145 cells infected with
PRRSV were incubated in the presence of 1:8 swine hyperimmune serum together with

FIG 5 CO suppresses PRRSV replication in PAMs, and its anti-PRRSV activity is independent of HO-1 induction. (A to C) PAMs were infected with PRRSV at an
MOI of 0.1 for 1 h and then incubated in the presence or absence of the indicated concentrations of CORM-2 (50 to 150 �M) or iCORM-2 (150 �M) for 24 h.
The levels of ORF7 mRNA (A), N protein (B), and virus titers (C) were assayed by qPCR, Western blotting, and TCID50 determination, respectively. (D to F)
MARC-145 cells or PAMs were treated with various concentrations of CORM-2 (50 to 150 �M) or iCORM-2 (150 �M) for 24 h. The cells were then harvested,
and the abundance of HO-1 mRNA was determined by qPCR (D) and the expression of HO-1 protein was detected by Western blotting (E and F). Data are
expressed as the means � SD of the results of three independent experiments. P values were calculated using ANOVA. *, P � 0.05; ***, P � 0.001; ns: not
significant.

FIG 6 CO does not affect virus entry of the PRRSV life cycle. In the entry assay, the kinetics of the antiviral
activity of CO against PRRSV were evaluated with time-of-addition assays. Cells were challenged with
PRRSV (MOI of 0.1) for 3 h at 4°C and then incubated at 37°C in the presence of CORM-2 for 6 h. CORM-2
was added at 0, 2, or 4 h (the time point at which the cells were switched to 37°C was set to 0 h). The
cells were then rinsed and incubated for another 24 h at 37°C. The inhibitory effects were determined
when CORM-2 was added at 0 (A and B), 2 (C), or 4 h (D) after the cells were shifted to 37°C. Data are
expressed as the means � standard deviations of the results of three independent experiments. P values
were calculated using ANOVA. ns, not significant.
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CORM-2 (150 �M) from 3 hpi onward. At 24, 36, and 48 h after PRRSV infection, IFA was
performed to detect the expression of PRRSV N protein. IFA results showed that PRRSV
infection was obviously blocked in the presence of 1:8 swine hyperimmune serum,
indicating that virus-neutralizing serum prevents cell-free diffusion of virus. Based on
this effect of virus-neutralizing serum, a few small foci were observed at 24 hpi in the
virus-neutralizing serum group; larger foci were observed at 36 and 48 hpi in the same
group, indicating that the viruses were continuing to spread from cell to cell in the
presence of neutralizing serum (Fig. 7B). However, foci observed in virus-neutralizing
serum plus CORM-2 group at 24, 36, and 48 hpi were smaller than those in the
corresponding neutralizing serum group at the same time points, respectively (Fig. 7B).
These results indicate that CO effectively inhibits PRRSV intercellular spread. To confirm
that neutralizing antibody remained through the time course, cell culture supernatants
were inoculated onto MARC-145 cells in 96-well plates for virus titer detection. Culture

FIG 7 CO inhibits PRRSV intercellular spread. (A) Standard virus-neutralizing assay. Hyperimmune serum
from a PRRSV-infected pig was serially diluted and incubated with the virus for 1 h at 37°C; the
virus-antibody complex was then added to the MARC-145 cells. At 24 hpi, the cells were stained with
6D10, and fluorescence-positive cells were counted under the fluorescence microscope. The percentage
of fluorescence-positive cells was calculated. (B) CO suppresses the intercellular spread of PRRSV.
MARC-145 cells were infected with PRRSV at an MOI of 0.1. At 3 hpi, the negative serum, a 1:8 dilution
of the hyperimmune serum, or a 1:8 dilution of the hyperimmune serum plus CORM-2 (150 �M) was
added to the infected cells. At 24, 36, or 48 hpi, IFA was performed to detect the expression of N protein.
(C) Virus titers of culture supernatants from the experiment described for panel B. The virus titer of
culture supernatants was determined by TCID50 assay. NS, negative-control serum from an uninfected
pig; PS, hyperimmune serum from a PRRSV-infected pig.
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supernatants containing swine hyperimmune serum did not generate any infections,
while parallel control supernatants containing negative serum generated infection, and
the virus titer increased gradually with the advance of the infection time (Fig. 7C).

CO suppression of PRRSV replication via cGMP/PKG signaling pathway activa-
tion. To investigate whether the cGMP/PKG-mediated signaling pathway is involved in
the protective effect of CO against PRRSV infection, PRRSV-infected MARC-145 cells
were coincubated with CORM-2 and either the soluble guanylate cyclase (sGC) inhibitor
1H-[1,2,4]oxadiazolo[4,3-�]quinoxalin-1-one (ODQ) or the protein kinase G (PKG) inhib-
itor KT5823. qPCR and Western blot analyses were performed at 36 hpi to detect the
expression of intracellular PRRSV ORF7 mRNA, N protein, and virus copies in the
supernatants. The results show that treatment with either ODQ or KT5823 partially
reversed the CORM-2-induced reduction of intracellular viral RNA, protein expression,
and extracellular viral RNA (Fig. 8A to C). However, ODQ or KT5823 treatment alone
exerted no significant effects on PRRSV replication. Next, we mimicked sGC activation
by incubating the cells with the cell-permeable cGMP analog 8-Br-cGMP to confirm the
cGMP-mediated inhibitory effect on PRRSV replication. MARC-145 cells were treated
with various doses of 8-Br-cGMP (1, 2, and 5 mM) from 1 hpi onward. Cells and culture
supernatants were harvested at 36 hpi for further analysis. As shown in Fig. 8D to F,
8-Br-cGMP dose dependently decreased the expression of intracellular PRRSV ORF7
mRNA, N protein, and virus copies in the supernatants. To further confirm the activity
of the cGMP analog 8-Br-cGMP, the effect of 8-Br-cGMP on enterovirus 71 (EV71)
infection in SK-N-SH cells was determined simultaneously as a positive control accord-
ing to previous reports (24). SK-N-SH cells infected with EV71 (MOI of 0.1) were treated
with 2 mM 8-Br-cGMP from 1 hpi onward. Cells were harvested at 24 hpi, and EV71 VP1
mRNA level, protein expression, and supernatant virus copies were determined by
qPCR and Western blot analyses. qPCR and Western blot results showed that 8-Br-cGMP
significantly inhibited the abundance of EV71 VP1 mRNA (Fig. 8D) and supernatant
progeny virus copies (Fig. 8F), as well as the expression of VP1 protein (Fig. 8E).

FIG 8 CO inhibits PRRSV replication mediated via the cGMP/PKG signaling pathway. (A to C) MARC-145 cells were infected with PRRSV at an MOI of 0.1 for 1
h, and cells were then treated with either ODQ (10 �M) or KT5823 (1 �M) in the presence or absence of 100 �M CORM-2 for 36 h. The abundance of intracellular
ORF7 mRNA and supernatant viral RNA copy numbers were analyzed by qPCR (A and C). Expression of N protein was determined by Western blotting (B). (D
to F) MARC-145 cells were treated with various doses of 8-Br-cGMP (1, 2, 5 mM) from 1 hpi onward. Cells and culture supernatants were harvested at 36 hpi
for further analysis. PRRSV replication was determined using qPCR for intracellular ORF7 mRNA (D) and supernatant virus copy numbers (F) and Western blotting
for PRRSV N protein (E). SK-N-SH cells infected with EV71 (MOI of 0.1) were treated with 2 mM 8-Br-cGMP from 1 hpi onward. Cells were harvested at 24 hpi,
and then EV71 VP1 mRNA (D) and supernatant progeny virus production (F) and VP1 protein expression (E) were determined by qPCR and Western blotting,
respectively. Data are expressed as the means � SD of the results of three independent experiments. P values were calculated using Student’s t test. **, P �
0.01; ***, P � 0.001.
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CO interferes with NF-�B-responsive promoter activation. To determine whether
CO might impact PRRSV-induced NF-�B-responsive promoter activity, we constructed a
luciferase reporter plasmid, pNF-�B-Luc, containing four NF-�B binding elements lo-
cated upstream of a luciferase gene and then transiently transfected MARC-145 or
CRL2843 cells, which was followed by treatment with various combinations of CORM-2,
iCORM-2, PRRSV, and lipopolysaccharide (LPS). Exposure of cells to PRRSV increased
luciferase activity, whereas treatment with CORM-2 significantly reduced PRRSV
infection-induced NF-�B-responsive promoter activity in a concentration-dependent
manner (Fig. 9A). Further, CORM-2 inhibited LPS-induced NF-�B-responsive promoter
activity in CRL2843 cells (Fig. 9B), suggesting that CO might target the NF-�B pathway.

CO blocks the NF-�B signaling pathway. To investigate the mechanism of CO-
mediated inhibition of NF-�B activation, we assessed several important control points
of the NF-�B activation pathway, such as I�B-� phosphorylation upon PRRSV infection
or LPS treatment. Western blot results showed that CORM-2 had no obvious effect on
I�B-� degradation and phosphorylation in uninfected cells. In contrast, CORM-2
blocked PRRSV-induced I�B-� degradation and I�B-� phosphorylation in both MARC-
145 cells and PAMs in a dose-dependent manner (Fig. 10A and B). However, iCORM-2
had no significant effect on PRRSV-induced I�B-� degradation and I�B-� phosphory-
lation. To further confirm that CO can suppress PRRSV-induced NF-�B activation, we
evaluated the effect of CO on NF-�B subunit p65 translocation to the nucleus. Western
blot analysis was performed to analyze the nuclear and cytosolic fractions of MARC-145
cells and PAMs. The p65 subunit of NF-�B was translocated into the nucleus after PRRSV
infection either in the absence or presence of iCORM-2. However, treatment with
CORM-2 markedly inhibited this translocation in a dose-dependent manner (Fig. 10C
and D).

FIG 9 CO inhibits NF-�B-responsive promoter activity. MARC-145 and CRL2843 cells were transfected
with 100 ng/well of pNF-�B-Luc and 50 ng/well of pRL-TK. (A) At 12 h posttransfection, MARC-145 cells
were infected with PRRSV at an MOI of 0.1, followed by treatment with various concentrations of CORM-2
or 150 �M iCORM-2 from 1 hpi onward; 36 h after PRRSV infection, cells were lysed for luciferase activity
detection. (B) CRL2843 cells were treated with LPS in the presence of various doses of CORM-2 or 150 �M
iCORM-2 12 h after transfection. After treatment with LPS for 36 h, the cells were lysed and luciferase
activity was measured. Data are expressed as the means � standard deviations of the results of four
independent experiments; P values were calculated using ANOVA. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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To exclude the possibility that the inhibitory effect of CO on NF-�B might result from
CO inhibition of PRRSV N protein expression, we studied the activation of NF-�B
through LPS stimulation. As shown in Fig. 10E and F, CO effectively prevented I�B-�
degradation and phosphorylation in PAMs treated with LPS. Furthermore, in LPS-
treated cells, NF-�B subunit p65 nuclear translocation was significantly decreased by
CORM-2 treatment as well, suggesting that CO acts on the cellular NF-�B signaling
pathway.

The NF-�B signaling pathway participates in the inhibitory effect of CO on
PRRSV replication. To further investigate the relationship between CO, NF-�B, and
PRRSV replication, we examined whether NF-�B was required for optimal PRRSV
replication. MARC-145 cells or PAMs pretreated with the specific NF-�B inhibitor
BAY11-7082 for 1 h before PRRSV infection exhibited markedly decreased intracellular
PRRSV N protein expression levels and lower progeny PRRSV titers in experimental
supernatants than controls pretreated with dimethyl sulfoxide (DMSO) alone (Fig. 11A
to D). In supernatants, a 0.25- to 0.7-log10 reduction and a 0.45- to 0.75-log10 reduction
in virus titers were observed in MARC-145 cells and PAMs, respectively, compared with
the virus titers in DMSO-only pretreated controls (Fig. 11B and D).

CO significantly reduces PRRSV-induced proinflammatory cytokine mRNA lev-
els in MARC-145 cells or PAMs. To determine whether treatment of MARC-145 cells
or PAMs with CORM-2 affected the expression of proinflammatory cytokines induced by
PRRSV infection, we assessed interleukin-6 (IL-6), IL-8, tumor necrosis factor alpha
(TNF-�), and IL-1� mRNA levels in both MARC-145 cells and PAMs using qPCR. As
shown in Fig. 12A to H, CO significantly reduced the upregulation of IL-6, IL-8, TNF-�,
and IL-1� mRNA levels induced by PRRSV infection at 24 hpi in a concentration-
dependent manner, compared to that of mock-treated control groups.

FIG 10 CO inhibits PRRSV-induced NF-�B activation. (A and B) MARC-145 cells (A) or PAMs (B) were mock
infected or infected with PRRSV (MOI of 0.1) in the presence of CORM-2 (50, 100, and 150 �M) or iCORM-2
(150 �M). At 36 hpi, the cells were harvested and I�B-�, p-I�B-�, and N protein were determined by
Western blotting. (C and D) MARC-145 cells (C) or PAMs (D) were mock infected or infected with PRRSV
(MOI of 0.1) in the presence or absence of CORM-2 (50, 100, and 150 �M) or iCORM-2 (150 �M) for 36
h. Total cell lysates were separated into nuclear protein (N.P) and cytoplasmic protein (C.P) fractions for
detecting the distribution of p65. Histone 3 and �-tubulin were used as nuclear and cytoplasmic controls,
respectively. (E) PAMs were treated with LPS in the presence of CORM-2 (50, 100, and 150 �M) or
iCORM-2 (150 �M) for 24 h. The cells were harvested, and I�B-� and p-I�B-� were determined by Western
blotting. (F) PAMs were treated with LPS in the presence of CORM-2 (50, 100, and 150 �M) or iCORM-2
(150 �M) for 24 h. Total cell lysates were separated into nuclear protein and cytoplasmic protein fractions
to detect the distribution of p65. Histone 3 and �-tubulin were used as nuclear and cytoplasmic controls,
respectively.
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DISCUSSION

Our previous study demonstrated that HO-1 could suppress PRRSV replication (15,
17). However, the molecular mechanisms of HO-1 inhibition of PRRSV replication are
still unknown. Several studies have reported that one of the metabolites of HO-1, CO,
exhibits anti-infection activity. CO has been shown to reduce the growth of E. coli, P.
aeruginosa, and S. aureus (26, 34–36), and CO mediates the antiviral effect of HO-1
during EV71 infection (24). In this study, we investigated the effect of the HO-1
metabolite CO on PRRSV infection in MARC-145 cells or PAMs and its possible mech-
anism of action. Our results showed that CO mediates the anti-PRRSV activity of HO-1

FIG 11 Relationship between NF-�B activity and PRRSV replication. MARC-145 cells and PAMs were pretreated with
BAY11-7082 or DMSO for 1 h prior to PRRSV infection. At 36 h postinfection, cells and supernatants were collected
for Western blot detection of N protein and TCID50 detection of progeny virus production. Data are expressed as
the means � standard deviations of the results of three independent experiments; P values were calculated using
ANOVA. **, P � 0.01; ***, P � 0.001.

FIG 12 CO reduces the inflammatory cytokine mRNA levels in PRRSV-infected MARC-145 cells and PAMs. (A to D) MARC-145 cells were infected with PRRSV
(MOI of 0.1) and incubated in the presence or absence of various doses of CORM-2 or iCORM-2. Total RNA was extracted from cell lysates at 24 hpi. The relative
expression levels of IL-6 mRNA (A), IL-8 mRNA (B), TNF-� mRNA (C), and IL-1� mRNA (D) were assessed by qPCR. Values were normalized to the internal control
�-actin. (E to H) PAMs were treated as described above. The relative expression levels of IL-6 mRNA (E), IL-8 mRNA (F), TNF-� mRNA (G), and IL-1� mRNA (H)
were each assessed by qPCR. Values were normalized to the internal control �-actin. The data are representative of three independent experiments performed
in triplicate and are shown as the means � SD. Statistical analysis was performed using ANOVA.*, P � 0.05; **, P � 0.01; ***, P � 0.001.
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via the cGMP/PKG and NF-�B signaling pathway, thus expanding the cytoprotective
role of the HO-CO system in the host cell response to virus invasion.

Endogenous production of CO occurs via enzymatic heme degradation by HO-1.
According to our present research, PRRSV infection did not significantly induce HO-1
expression (Fig. 2B); however, it slightly promoted CO production (Fig. 1). These results
suggest that PRRSV infection may stimulate CO production by increasing HO-1 activity
but not its expression. Some reports showed that HO-1 and its downstream metabolite
CO can regulate the immune function of host cells (37, 38). Therefore, we speculate that
the PRRSV infection-induced HO-1 activity enhancement and subsequent CO increase
may be an antiviral or innate immunity mechanism of host cells invaded by PRRSV.
Though PRRSV infection could induce CO (Fig. 1), treatment with Hb alone did not
markedly increase PRRSV infection (Fig. 2), indicating that the antiviral effect of endog-
enous CO is weak in PRRSV infection. However, based on our previous research and this
study, inducing a large amount of HO-1 or overproducing CO in cells significantly
inhibits PRRSV replication. These studies suggest that induction of HO-1 or CO may be
a useful method to prevent or treat PRRSV infection.

CO has exhibited beneficial activities and holds promise as a therapeutic treatment
when used at appropriate concentrations, as demonstrated in numerous animal disease
models and in vitro experiments (21, 22). In the present study, we have provided solid
evidence to identify a novel function for the HO-1/CO system as an effective antiviral
pathway used by host cells to combat PRRSV infection. Our data indicate that CORM-2,
an efficient CO release molecule, can greatly inhibit PRRSV replication in both MARC-
145 cells and PAMs; however, iCORM-2 did not show the same effect (Fig. 3, 4, and 5),
suggesting a CO-specific mediation of the CORM-2 antiviral effect. In addition, HO-1-
derived CO also plays an important role in the anti-PRRSV cellular response, since the
protective effect of HO-1 induction by CoPP was partly eliminated by the CO scavenger
hemoglobin but mimicked by CORM-2 incubation (Fig. 2 and 3). After treatment with
CORM-2, the expression of PRRSV N protein (Fig. 3A and F) and the intracellular virus
titer (Fig. 3C) markedly decreased; in contrast, a moderate decline of supernatant
progeny virus production was observed (Fig. 3D). Hence we speculated that CO may
exert its antiviral activity mainly intracellularly and may consequently block the release
of mature progeny virus particles.

As a gaseous second messenger, CO is attracting attention as a protective and
homeostatic molecule with important signaling properties in physiological and patho-
physiological situations (39). CO triggers an intracellular cGMP increase by activating
soluble guanylate cyclase that is also activated by nitric oxide (40). Moreover, previous
studies have confirmed that CO-mediated antioxidative and anti-inflammatory proper-
ties operate through a guanylyl cyclase-dependent cGMP/PKG signaling pathway. Here
we showed that CO suppresses PRRSV infection via the cGMP/PKG-dependent cascade,
since treatment with either ODQ or KT5823 could reverse the inhibitory effect of
CORM-2 on PRRSV infection (Fig. 8A to C). Moreover, PRRSV infection was decreased
by incubation with 8-Br-cGMP, a cGMP analog (Fig. 8D to F). Our results are in
accordance with a published report demonstrating that CO diminishes EV71 repli-
cation through the cGMP/PKG pathway (24). However, additional mechanisms
underlying the cGMP-PKG axis suppression of PRRSV replication are not known. In fact,
several mechanisms have been proposed to explain the antiviral effect of the cGMP/
PKG signaling pathway. In EV71-infected SK-N-SH cells, CO caused a cGMP/PKG
pathway-dependent inhibition of NADPH oxidase/reactive oxygen species (ROS) pro-
duction, leading to the suppression of EV71 replication (24). Nevertheless, according to
previous studies, ROS did not seem to be involved in the inhibition of PRRSV replication
(41). We speculate that the inhibitory effect of cGMP-PKG on PRRSV replication may be
mediated by mechanisms not included in our experimental model.

NF-�B, the foremost transcription factor that mediates the immunological inflam-
matory response, can be activated by LPS or virus infection or by induction of the
expression of certain viral genes. Moreover, NF-�B is an attractive host target exploited
by invading viruses to control cellular functions and regulate cellular metabolic events
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(42). Although NF-�B has long been considered a key transcription factor for the
expression of a variety of antiviral cytokines (43), some pathogens redirect the activity
of NF-�B to become a virus-supportive function (44, 45). For example, influenza viruses
replicated to high titers in cells containing preactivated NF-�B; conversely, progeny
virus production was reduced when the NF-�B signaling pathway was blocked (46, 47).
Williams et al. reported that sustained activation of NF-�B is required for the efficient
expression of latent HIV type 1 (48). However, research results regarding the interplay
between PRRSV and the NF-�B pathway have also been somewhat controversial. Lee
and Kleiboeker (41) demonstrated that PRRSV infection activated NF-�B signaling in
MARC-145 cells and PAMs involving I�B degradation and p65 nuclear translocation. In
this study, we found that CO suppressed NF-�B activation in PRRSV-infected MARC-145
cells and PAMs through both inhibition of I�B degradation and p65 nuclear transloca-
tion. Meanwhile, our data also demonstrated that CO decreased NF-�B activation in
LPS-treated cells, suggesting that the reduction of NF-�B activation in PRRSV-infected
cells by CO was not due to the reduction of virus infection. Earlier studies showed that
persistent activation of NF-�B appears to be a general response to PRRSV infection (41).
The results in our study showed that PRRSV infection led to NF-�B activation, which is
weakened by CORM-2 treatment. We therefore speculate that CO suppresses PRRSV
infection through attenuation of the NF-�B pathway activation. Further studies showed
that the optimal replication of PRRSV also depends on the activation of NF-�B (Fig. 11A
to D), which is in good accordance with previous reports demonstrating that suppres-
sion of the NF-�B signaling pathway could block PRRSV replication (49). Although CO
interference in NF-�B activation appears to be a pivotal event toward achieving the
antiviral effect, the exact mechanism and molecular targets of this effect are not entirely
clear. Therefore, although further studies are needed to explore the role of NF-�B in
PRRSV infection, we can conclude that CO indeed abolishes PRRSV infection, either
wholly or in part, by blocking NF-�B pathway activation.

PRRSV infection induces the release of proinflammatory factors, which may contrib-
ute to pathogenesis and inflammatory responses (50–52). Numerous studies have
demonstrated that CO exhibits a potent anti-inflammatory effect in the pathogenesis of
various diseases by modulating inflammatory cytokine production (53–56). Chhikara et
al. demonstrated that CO reduces LPS-induced IL-8 and IL-1� expression in human
monocytes (53). Megias et al. reported that CORM-2 inhibits proinflammatory cytokines
IL-6 and IL-8 after cytokine induction in Caco-2 cells (55). In our study, we found that
IL-6, IL-8, TNF-�, and IL-1� were significantly diminished by CO in PRRSV-infected
MARC-145 cells and PAMs, suggesting that CO moderates PRRSV-induced inflammatory
responses associated with viral replication. Collectively, these data demonstrate that CO
inhibits inflammatory responses in PRRSV-infected cells by decreasing the mRNA levels
of proinflammatory cytokines.

In summary, the results of this study demonstrate that CO, one of the HO-1
metabolites, exerts an anti-PRRSV effect by activating the cellular cGMP/PKG signaling
pathway and negatively regulating cellular NF-�B signaling. Furthermore, CO exerts
significant anti-inflammatory properties during PRRSV infection. These findings not only
provide new insights into the molecular mechanism of HO-1 inhibition of PRRSV
replication but also suggest potential new measures for controlling PRRSV infection.

MATERIALS AND METHODS
Cells, viruses, and reagents. MARC-145 cells derived from African green monkey kidney cells were

maintained in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies Corp., Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (Life Technologies
Corp.). CRL2843 cells, a porcine alveolar macrophage line, were maintained in RPMI 1640 medium
supplemented with 10% FBS and penicillin-streptomycin. SK-N-SH cells purchased from the China Center
for Type Culture Collection (CCTCC) were maintained in DMEM supplemented with 10% FBS and
penicillin-streptomycin. Porcine alveolar macrophages (PAMs) were obtained from healthy 6-week-old
crossbred weaned (Landrace � Yorkshire) PRRSV-negative pigs by use of a lung lavage technique as
previously described (57) and maintained in RPMI 1640 medium supplemented with 10% FBS and
penicillin-streptomycin. All cells were cultured and maintained at 37°C with 5% CO2. All animal work was
done in strict accordance with the guidelines of the Institutional Animal Care and Use Committee and
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approved by the Animal Care and Use Committee of Northwest A&F University, Yangling, Shaanxi
Province, China.

The highly pathogenic PRRSV GD-HD strain (GenBank accession no. KP793736) was used for all
experiments and is the strain represented by “PRRSV” in this article unless otherwise specified. For some
experiments, PRRSV strains JXA1 and VR-2332 were also used but are specifically mentioned by name if
used. Highly pathogenic PRRSV strain JXA1 was isolated from the pig farm at the source of an atypical
PRRS outbreak in Jiangxi Province, China, in 2006 (GenBank accession no. EF112445); the classical PRRSV
strain VR-2332 is the prototypical North American type 2 isolate (GenBank accession no. EF442771).
Viruses were propagated, titrated in MARC-145 cells, and stored at �80°C. Human enterovirus 71 (EV71)
was purchased from the CCTCC.

Protoporphyrin IX cobalt chloride (CoPP; a classical inducer of HO-1 gene expression), tricarbonyl-
dichlororuthenium (II) dimer {[Ru(CO)3Cl2]2; CORM-2, a transition metal carbonyl, can liberate CO to elicit
direct biological activities}, hemoglobin (Hb), and the cGMP analog 8-Br-cGMP were purchased from
Sigma (St. Louis, MO, USA). The NF-�B inhibitor (BAY11-7082), sGC inhibitor (ODQ), and PKG inhibitor
(KT5823) were obtained from Beyotime Biotechnology (Beyotime, Shanghai, China). Inactive CORM-2
(iCORM-2) was prepared by incubating CORM-2 dissolved in DMSO for 24 h at 37°C in a 5% CO2

humidified atmosphere to liberate CO.
Quantitative reverse transcriptase PCR (qRT-PCR). Total RNA was extracted from cells or super-

natants using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and reverse transcribed using a Primescript
RT reagent kit (TaKaRa, Dalian, China) according to the manufacturer’s instructions. Quantitative PCRs
(qPCRs) were performed using the StepOne Plus real-time PCR system (Applied Biosystems, Foster City,
CA, USA) and FastStart Universal SYBR green master (Roche, Basel, Switzerland); reactions were per-
formed in a 10-�l volume. �-Actin mRNA was used as an internal control. The primers used for qPCR
amplification are listed in Table 1.

For PRRSV RNA detection in supernatants, a plasmid containing a 372-bp fragment of the PRRSV
ORF7 sequence was used to generate a standard curve. The standard curve was plotted from the results
of parallel PCRs performed on serial dilutions of standard DNA. Absolute quantities of supernatant RNA
were calculated by normalization to the standard curve.

Western blot analysis. Western blotting was performed as described previously (17) with the
following modifications. Cells were harvested and lysed in NP-40 lysis buffer (Beyotime, Shanghai, China)

TABLE 1 Sequences of the primers used for qPCR

Primer Sequence (5=–3=)
PRRSV ORF7 gene Forward, AGATCATCGCCCAACAAAAC

Reverse, GACACAATTGCCGCTCACTA

PRRSV NSP2 gene Forward, GTGGGTCGGCACCAGTT
Reverse, GACGCAGACAAATCCAGAGG

�-Actin Forward, TCCCTGGAGAAGAGCTACGA
Reverse, AGCACTGTGTTGGCGTACAG

mIL-6 Forward, AGAGGCACTGGCAGAAAAC
Reverse, TGCAGGAACTGGATCAGGAC

mIL-8 Forward, AGGACAAGAGCCAGGAAGAA
Reverse, ACTGCACCTTCACACAGAGC

mTNF-� Forward, TCTGTCTGCTGCACTTTGGAGTGA
Reverse, TTGAGGGTTTGCTACAACATGGGC

mIL-1� Forward, GGAAGACAAATTGCATGG
Reverse, CCCAACTGGTACATCAGCAC

pIL-6 Forward, AATGTCGAGGCTGTGCAGATT
Reverse, TGGTGGCTTTGTCTGGATTCT

pIL-8 Forward, CACTGTGAAAATTCAGAAATCATTGTTA
Reverse, CTTCACAAATACCTGCACAACCTTC

pTNF-� Forward, TGGTGGTGCCGACAGATGG
Reverse, GGCTGATGGTGTGAGTGAGGAA

pIL-1� Forward, ACCTGGACCTTGGTTCTCTG
Reverse, CATCTGCCTGATGCTCTTGT

hVP1 Forward, CTGGTAAAGGTCCAGCACTC
Reverse, GGGAGGTCTATCTCTCCAAC
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supplemented with protease and phosphatase inhibitors. For p65 nuclear translocation detection,
nuclear and cytoplasmic protein samples were extracted using a nuclear/cytosolic fractionation kit
(Beyotime). The cellular proteins were probed with one of the following primary antibodies: anti-PRRSV
N protein antibody 6D10 at a 1:2,000 dilution (15), anti-I�B-� at a 1:1,000 dilution, anti-p-I�B-� at a
1:1,000 dilution, anti-p65 at a 1:1,000 dilution (Cell Signaling Technology, Danvers, MA, USA), anti-HO-1
at a 1:1,000 dilution (15), anti-histone 3 at a 1:1,000 dilution (Santa Cruz Biotechnology, Dallas, TX, USA),
anti-�-tubulin at a 1:5,000 dilution (Sigma), or anti-VP1 at a 1:1,000 dilution (Abcam, Cambridge, United
Kingdom). Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG at a 1:2,000 dilution (Jackson
ImmunoResearch, West Grove, PA, USA) was used as the secondary antibody. The reactions were
visualized using ECL reagent (Pierce, Rockford, IL, USA).

PRRSV entry assay. PRRSV entry assays were performed as previously described with the following
modifications (58, 59). MARC-145 cells were initially challenged with PRRSV at an MOI of 0.1 for 2 h at 4°C.
After the cells were rinsed three times with ice-cold PBS, they were cultured at 37°C in the presence of
various concentrations of CORM-2 for 6 h. CORM-2 was added at 0, 2, or 4 h after the temperature shift
(the time point at which the cells were switched to 37°C was set to 0 h). The cells were then rinsed three
times with PBS and incubated for another 24 h at 37°C. The supernatants were harvested for virus
titration, and the cells were collected for Western blot analysis.

Neutralization assay. The PRRSV-neutralizing assay was performed as previously described with the
following modifications (60, 61). A 2-fold dilution of the hyperimmune serum sample was prepared in a
96-well plate (100 �l/well). PRRSV (200 TCID50, 100 �l/well) was added to mix with the hyperimmune
serum sample and then incubated for 1 h at 37°C. After incubation, the serum-virus mixture was
transferred onto 80% confluent MARC-145 cells that had been plated 24 h previously. At 24 h after PRRSV
infection, the cells were fixed using 75% ethanol at 4°C for 30 min. Fixed cells were stained with PRRSV
N protein antibody 6D10. After three washings with PBS, the cells were incubated with Alexa Fluor
488-conjugated goat anti-mouse IgG(H�L) (Invitrogen) as the secondary antibody for 1 h at 37°C. Nuclei
were stained with DAPI (4=,6-diamidino-2-phenylindole). Immunofluorescence was observed using a
fluorescence microscope (model AF6000; Leica, Wetzlar, Germany). A serum sample from uninfected pigs
was included in the assay as a control. The serum dilution that caused greater than 90% inhibition of
virus infection was used in the following experiments to determine the effect of CO on intercellular
spreading of the virus. In the virus spread assay, MARC-145 cells were infected with PRRSV at a TCID50

of 200. After incubation at 37°C for 3 h to allow virus entry into cells, PRRSV-infected cells were treated
with hyperimmune serum with a definite virus-neutralizing titer plus CORM-2 or hyperimmune serum
only. At 24, 36, and 48 hpi, the cells were fixed, stained with specific antibodies as described above, and
analyzed with a fluorescence microscope (Leica AF6000). Cell culture supernatants were harvested at 24,
36, and 48 hpi, and virus titers were determined by TCID50 assay.

ELISA. As Hb has a very high affinity for CO, the levels of CO released by host cells after PRRSV
infection were measured by detecting the HbCO content using commercially available HbCO enzyme-
linked immunosorbent assay (ELISA) kits (Elabscience Biotechnology, Wuhan, China) according to the
manufacturer’s instructions. The process is briefly described as follows: MARC-145 cells were seeded in
6-well plates at a density of 2 � 105 cells/well. Twenty-four hours later, the cells were infected with PRRSV
at an MOI of 0.1 and incubated at 37°C for 1 h. After the cells were washed with PBS three times, 3% FBS
plus DMEM containing 50 �g/ml Hb was added. Supernatants were harvested at 24, 36, and 48 hpi for
ELISA to quantify the HbCO levels as a measure of CO production. To determine the relationship between
CO production and PRRSV dose, MARC-145 cells were infected with PRRSV at an MOI of 0.1, 0.5, or 1 and
then treated with Hb (50 �g/ml) from 1 hpi onward. At 24 hpi, supernatants were harvested to quantify
the levels of HbCO by ELISA as a measure of CO production. The absorbance was detected at 450 nm
using an Epoch microplate spectrophotometer (BioTek Instruments, Winooski, VT, USA). PRRSV-mock-
infected MARC-145 cells were included as a control in the analysis.

Inhibition of signaling pathway transduction. MARC-145 or PAMs were pretreated with DMSO
either alone or with the NF-�B inhibitor BAY11-7082 (2.5 to 10 �M) for 1 h, washed with PBS three times,
and then infected with PRRSV at an MOI of 0.1 in the absence of inhibitor. After 36 h, the cells were
harvested to detect N protein expression by using Western blotting and supernatants were harvested to
assess virus production by virus titration.

MARC-145 cells were seeded into 24-well plates, and 24 h later, the cells were infected with PRRSV
at an MOI of 0.1. After 1 h, the supernatants were discarded, following three washes with PBS, and 3%
FBS plus DMEM with or without a definite concentration of CORM-2 (100 �M) and the sGC-specific
inhibitor ODQ (10 �M) or the PKG-specific inhibitor KT5823 (1 �M) was added. After 36 h, supernatants
were harvested for virus copy number determinations using qPCR and cells were harvested for PRRSV
ORF7 mRNA and N protein expression detection using qPCR and Western blotting, respectively.

IFA. An indirect immunofluorescence assay (IFA) was performed as previously described (62) with the
following modifications. MARC-145 cells were infected with PRRSV at an MOI of 0.1, followed by
treatment with various concentrations of CORM-2 or iCORM-2 from 1 hpi onward. At 24 hpi, the cells
were fixed with 75% ethanol at 4°C for 30 min. Following three washes with PBS, the fixed cells were
incubated with monoclonal antibodies (6D10) against PRRSV N protein at 37°C for 1 h. After three washes
with PBS, the cells were incubated with Alexa Fluor 488-conjugated goat anti-mouse IgG (H�L)
(Invitrogen) as the secondary antibody for 1 h at 37°C. Nuclei were stained with DAPI. Immunofluores-
cence was observed using a fluorescence microscope (Leica AF6000). Mock-infected cells were used as
controls to establish background staining levels.

Luciferase reporter assay. The luciferase reporter assay was performed as described previously (17)
with the following modifications. MARC-145 cells and CRL2843 cells were seeded into 24-well plates at
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a density of 0.5 � 105 cells/well. After incubation for 16 h, the cells were transfected with 100 ng/well
of pNF-�B-Luc and 50 ng/well of pRL-TK using X-tremeGENE HP DNA transfection reagent (Roche,
Mannheim, Germany). pRL-TK plasmid was used as an internal control for transfection efficiency. At 12
h posttransfection, MARC-145 cells were infected with PRRSV at an MOI of 0.1, followed by treatment
with various concentrations of CORM-2 or a single concentration of iCORM-2 from 1 hpi onward.
Similarly, 12 h after transfection, CRL2843 cells were treated with lipopolysaccharide (LPS) in the presence
of various doses of CORM-2 or 150 �M iCORM-2. At 36 h after PRRSV infection or LPS treatment, the cells
were harvested for determination of firefly luciferase and Renilla luciferase activities on a Synergy HT
multi-mode microplate reader (BioTek, Winooski, VT) using the Dual-Luciferase reporter assay system
(Promega, Madison, WI, USA) according to the manufacturer’s instructions.

Virus titration. Virus progeny production was determined by titration as previously described (63)
with minor modifications. MARC-145 cells were trypsinized and seeded into a 96-well plate 24 h before
virus infection. Virus supernatants were prepared by serial dilution, and 100-�l volumes of the dilutions
were added per well in replicates of eight. Six days after infection, the TCID50 was calculated using the
Reed-Muench method.

Statistical analysis. All experiments were performed with at least three independent replicates. The
results were analyzed using Student’s t test if two groups were compared and one-way analysis of
variance (64) if three or more groups were tested against a control group. A P value of �0.05 was
considered to indicate statistical significance.
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