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ABSTRACT Porcine reproductive and respiratory syndrome virus (PRRSV) infects al-
veolar macrophages (AM�), causing dysregulated alpha interferon (IFN-�) and tumor
necrosis factor alpha (TNF-�) production through a mechanism(s) yet to be resolved.
Here, we show that AM� infected with PRRSV secreted a reduced quantity of IFN-�
following exposure of the cell to synthetic double-stranded RNA (dsRNA). This reduc-
tion did not correlate with reduced IFNA1 gene transcription. Rather, it coincided
with two events that occurred late during infection and that were indicative of
translational attenuation, specifically, the activation of eukaryotic translation initia-
tion factor 2� (eIF2�) and the appearance of stress granules. Notably, the typical
rapid production of TNF-� by AM� exposed to lipopolysaccharide (LPS) was sup-
pressed or enhanced by PRRSV, depending on when the LPS exposure occurred af-
ter virus infection. If exposure was delayed until 6 h postinfection (hpi) so that the
development of the cytokine response coincided with the time in which phosphory-
lation of eIF2� by the stress sensor PERK (protein kinase RNA [PKR]-like ER kinase)
occurred, inhibition of TNF-� production was observed. However, if LPS exposure oc-
curred at 2 hpi, prior to a detectable onset of eIF2� phosphorylation, a synergistic
response was observed due to the earlier NF-�B activation via the stress sensor
IRE1� (inositol-requiring kinase 1�). These results suggest that the asynchronous ac-
tions of two branches of the unfolded protein response (UPR), namely, IRE1�, and
PERK, activated by ER stress resulting from the virus infection, are associated with
enhancement or suppression of TNF-� production, respectively.

IMPORTANCE The activation of AM� is controlled by the microenvironment to de-
ter excessive proinflammatory cytokine responses to microbes that could impair
lung function. However, viral pneumonias frequently become complicated by sec-
ondary bacterial infections, triggering severe inflammation, lung dysfunction, and
death. Although dysregulated cytokine production is considered an integral compo-
nent of the exacerbated inflammatory response in viral-bacterial coinfections, the
mechanism responsible for this event is unknown. Here, we show that PRRSV repli-
cation in porcine AM� triggers activation of the IRE1� branch of the UPR, which
causes a synergistic TNF-� response to LPS exposure. Thus, the severe pneumonias
typically observed in pigs afflicted with PRRSV-bacterial coinfections could result
from dysregulated, overly robust TNF-� production in response to opportunistic
pathogens that is not commensurate with the typical restrained reaction by unin-
fected AM�. This notion could help in the design of therapies to mitigate the sever-
ity of viral and bacterial coinfections.
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Porcine reproductive and respiratory syndrome virus (PRRSV), a positive-sense
single-stranded, enveloped RNA virus that is a member of the family Arteriviridae

(1), causes the most economically significant infectious malady afflicting pigs in com-
mercial swine farms worldwide (2). Exposure of the respiratory mucosa of a pig to
PRRSV results in virus replication in regional macrophages (M�) and the development
of viremia within 12 h after infection, leading to systemic distribution of the virus to
other macrophage populations in the body (3, 4). In the lung, PRRSV exploits alveolar
macrophages (AM�) for its replication, triggering a massive infiltration of the alveolar
septa by macrophages, resulting in interstitial pneumonia (5). In the absence of
secondary bacterial infections, pneumonias caused by PRRSV are rarely lethal and begin
to resolve within 2 weeks (6, 7). While interleukin 1 (IL-1) and IL-6 are amply detected
in bronchoalveolar lavage (BAL) fluids obtained from such pneumonic lungs, the
presence of alpha interferon (IFN-�) and tumor necrosis factor alpha (TNF-�) is negli-
gible (8–12). In contrast, pneumonias caused by PRRSV that are accompanied by a
secondary bacterial infection result in a severe respiratory syndrome characterized by
abundant presence of TNF-� in the lung, enhanced lung tissue damage, high morbidity,
hypoxia, and a high rate of mortality (6, 7, 13, 14). The mechanism responsible for the
apparent pathogenic synergy between PRRSV and bacterial pathogens is not under-
stood (15).

Compared to the profile of innate cytokines elicited by other viruses that cause
pneumonia in pigs, such as swine influenza virus and porcine respiratory coronavirus,
which trigger the abundant presence of IFN-� and TNF-� in lung tissue (5), the nominal
presence of these two cytokines in the lungs of pigs afflicted by PRRSV is intriguing;
however, the mechanism responsible for this condition is unclear (16). Given the critical
roles that IFN-� and TNF-� play in host immunity, the apparent ability of PRRSV to
modulate the production of the two cytokines has been extensively examined. Several
studies have relied on measuring transcription factor (TF) activation using reporter
gene assays and overexpression of single viral genes. These studies indicate that some
PRRSV nonstructural proteins have the ability to modulate cytokine production stim-
ulated by strong agonists, like synthetic double-stranded RNA (dsRNA) or lipopolysac-
charide (LPS), by inhibiting the activation of IRF3 or NF-�B (17–20). In the context of
virus infection, the modulatory properties ascribed to PRRSV have been found to be
disparate. For example, in the case of IFN-�, virus infection has been reported to inhibit
the production of the cytokine in response to stimulation with potent type I IFN
agonists, such as porcine coronavirus (8) and synthetic dsRNA (21). On the other hand,
the production of TNF-� in response to stimulation with LPS has been reported to
range from enhancement to inhibition (22). To clarify these disparate modulatory
outcomes, we systemically examined the effect of infecting porcine AM� (PAM�) with
PRRSV on their ability to produce IFN-� and TNF-� in response to stimulation with two
agonists of the cytokines, namely, synthetic dsRNA [poly(I·C)] and LPS, respectively. Our
results indicated that the infection of AM� with PRRSV does not impair the activation
of the major TFs necessary for type I IFN or TNF-� gene transcription. Rather, we
provide evidence that the modulation of cytokine production in PRRSV-infected AM�

involves the actions of two endoplasmic reticulum (ER) stress sensor proteins, namely,
protein kinase RNA-like ER kinase (PERK) and inositol-requiring enzyme 1� (IRE1�).

Viral replication places a major burden on the ER to produce viral proteins, causing
ER stress (23, 24). To cope with ER stress and maintain protein homeostasis, cells initiate
the unfolded protein response (UPR), which comprises the activation of PERK, IRE1�,
and a third stress sensor, namely, activating transcription factor 6 (ATF6). The UPR is
aimed at promoting cell survival by reducing misfolded protein levels (25), but it can
also promote apoptotic cell death if the ER stress is not alleviated. Initially, activation of
IRE1� produces cytoprotective and prosurvival responses that, despite the persistent ER
stress, can become attenuated within a few hours. To reduce the burden on the ER with
misfolded proteins, PERK promotes translational repression via the phosphorylation of
eukaryotic translation initiation factor 2� (eIF2�). However, if the ER stress is not
resolved, sustained PERK-mediated phosphorylation of eIF2� leads to C/EBP homolo-
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gous protein (CHOP)-induced apoptotic cell death through various signaling pathways
(26, 27). The infection of AM� with PRRSV has been shown to trigger ER stress,
including the activation of IRE1� and PERK (28). Our studies revealed that in AM�

infected with PRRSV, NF-�B is activated by IRE1� early in infection, while eIF2� is
activated by PERK late in infection. The phosphorylation of eIF2� occurring late in
infection was associated with inhibited production of IFN-� and TNF-�, which could be
partially reversed by an inhibitor of PERK. In contrast, early in the infection, IRE1�

promoted the activation of NF-�B and enhanced TNF-� production stimulated by LPS
and was abolished by an inhibitor of the kinase activity of IRE�. The potential role of the
UPR in promoting the production of proinflammatory cytokines is discussed as a
plausible mechanism to explain the exacerbated and often lethal pneumonia that
occurs during PRRSV-bacterial coinfections.

RESULTS
Permissiveness and growth kinetics of PRRSV in the porcine AM� line ZMAC.

Due to the high variability in the permissiveness of primary PAM� to PRRSV, which can
range from 15% to 60% (29, 30), we primarily used the porcine AM� line ZMAC, which
is readily infected by PRRSV (31). The permissiveness of the ZMAC cells to PRRSV was
demonstrated by infecting them with PRRSV strain P129-GFP, which was engineered to
transcribe green fluorescent protein (GFP) as an additional subgenomic mRNA with its
own transcription regulation sequence, resulting in the efficient expression of GFP in
cells productively infected with the virus (32). The percentage of GFP-positive (GFP�)
ZMAC cells infected with P129-GFP virus, at a multiplicity of infection (MOI) of 5, was
scored directly in unprocessed cell cultures using an inverted fluorescence microscope.
At 4 h postinfection (hpi), �1% of the infected ZMAC cells exhibited green fluorescence
(Fig. 1A). In contrast, at 8 hpi, clear evidence of GFP expression was observed in 73%
of the cells. Approximately 10% of them exhibited evidence of cytopathic effect (CPE),
which was characterized by cell rounding, and additionally, a few cells exhibited the
presence of membrane blebs (Fig. 1A). By 12 hpi, 80% of the cells were GFP�, and the
majority also exhibited CPE, expressed as cell rounding accompanied by the formation
of cytoplasmic vacuoles. At this time, approximately 15% of the cells also exhibited the
presence of membrane blebs, suggesting that such cells were in the early stages of
apoptosis, a process known to occur in AM� infected with PRRSV (33), although, as
determined by vital-dye exclusion, 95% of the cells were viable (Fig. 1B). After an
additional 8 h (20 hpi), the percentage of GFP� cells had decreased to 50% (Fig. 1A).
However, most GFP- cells lacked structural integrity and exhibited extensive disinte-
gration. The nature of the CPE observed at 20 hpi was consistent with an advanced
stage of apoptosis termed secondary necrosis, which is also known to occur in AM�

during the late stages of PRRSV infection (33). The occurrence of PRRSV infection-
mediated cell death due to apoptosis at 20 hpi was confirmed by the presence of
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)-
positive cells among virus-infected cells (Fig. 1C).

The rate of PRRSV replication in ZMAC cells was determined using a single-step
growth curve by infecting ZMAC cells with PRRSV strain FL12 (MOI � 5). After a slight
gain in virus titer at 4 hpi, there was a 104-fold increase by 8 hpi and a subsequent
20-fold increase 4 to 6 h later (Fig. 1D). This indicated that the replication cycle of PRRSV
in ZMAC cells was completed within a 12- to 16-h period, similar to the reported 12-h
period required for the same process to occur in primary PAM� (33).

Kinetics of IFN-� and TNF-� responses of porcine AM�. The kinetics of IFN-� and
TNF-� responses by ZMAC cells was examined by stimulating the cells with either
synthetic dsRNA or LPS, respectively. In response to stimulation with poly(I·C), IFN-�
production could be detected by 4 h after stimulation and increased by 5-fold 4 h later,
reaching a level of �8 ng/ml (Fig. 2A). As calculated by linear regression, a half-maximal
response was reached at approximately 6 h after stimulation. The production of IFN-�
was preceded by the phosphorylation of IRF3 (p-IRF3), which became evident at 1 h
after poly(I·C) stimulation (Fig. 2B). In contrast, the production of TNF-� in response to
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LPS stimulation developed with faster kinetics, as indicated by the nearly plateaued
production of the cytokine by 6 h after exposure to the agonist. As calculated by linear
regression, the half-maximal TNF-� response of ZMAC cells to LPS occurred approxi-
mately 3 h after stimulation (Fig. 2C). The response to LPS stimulation was preceded by
the phosphorylation of NF-�B, which was detected at 30 min poststimulation and
appeared to have dissipated by 1.5 h later (Fig. 2D). Therefore, similar to primary PAM�

(21, 34), ZMAC cells readily produce IFN-� and TNF-� in response to their stimulation
by poly(I·C) and LPS, respectively.

Infection of AM� with PRRSV inhibits their ability to produce IFN-� in response
to stimulation with synthetic dsRNA. Infection of AM� with PRRSV does not bring
about significant IFN-� production (9). Rather, infection with PRRSV has been reported
to inhibit the IFN-� response of AM� to agonists, such as synthetic dsRNA (8, 21). To
confirm these observations, we compared the IFN-� responses of ZMAC cells resulting
from their exposure to PRRSV or to transmissible gastroenteritis virus (TGEV). The latter
is a porcine coronavirus that is a potent stimulator of IFN-�. While the exposure of AM�

to TGEV triggered a noticeable IFN-� response, their exposure to PRRSV triggered a
meager response (Fig. 3A). Regarding the inhibitory effect of PRRSV on IFN-� produc-

FIG 1 Permissiveness of the porcine AM� cell line ZMAC to PRRSV. (A) ZMAC cells were infected with the
GFP-expressing PRRSV strain P129-GFP (MOI � 5). GFP� cells in each sample were scored visually at the
indicated times postinfection by fluorescence microscopy. The mean percentages of GFP� cells � standard
deviations (SD) from three independent experiments are indicated. The arrows identify cells exhibiting mem-
brane blebs. (B) ZMAC cells were either mock infected or infected with PRRSV strain FL12 (MOI � 5). At 12 hpi,
cell viability was determined by trypan blue (TB) exclusion. The percentages of viable cells were calculated as
the TB-negative cells divided by the total counted cells. The results shown are representative of three
independent experiments. (C) Monolayers of ZMAC cells were either mock infected or infected with PRRSV strain
FL12 (MOI � 5). At 20 hpi, cell monolayers were processed for DeadEnd colorimetric TUNEL assay. In this assay,
apoptotic nuclei are stained dark brown. The images are representative of three independent experiments. (D)
Single-step growth curve of PRRSV in ZMAC cells. ZMAC cells at 2 � 105/ml were infected with PRRSV strain FL12
(MOI � 5) for 1 h, washed twice, and suspended to the original volume (2 ml). At the indicated times
postinfection, a sample of the overlying medium was removed and the titer of infectious virus (TCID50 per
milliliter) was determined. The data represent the means � standard deviations of duplicate measurements of
a representative of three independent experiments.
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tion, exposure of ZMAC cells to poly(I·C) resulted in strong production of IFN-�, while
exposure of the cells to PRRSV strain NADC20 failed to elicit production of the cytokine
(Fig. 3B). In contrast, infection of AM� with PRRSV 2 h before stimulation with poly(I·C)
reduced the production of IFN-� by approximately 50%. Notably, the presence of
infectious virus was required for this event to occur, as evidenced by the fact that
exposure of the cells to UV-inactivated virus resulted in the release of a quantity of the
cytokine similar to that released by cells treated with poly(I·C). Hence, the ability of
PRRSV to inhibit the production of IFN-� requires the presence of live virus.

Infection of AM� with PRRSV inhibits neither the activation IRF3 or STAT1 nor
the transcription of IFNA1, IFNB1, and IRF7 genes induced by stimulation with
synthetic dsRNA. The ability of PRRSV to inhibit IFN-� production has been attributed
to the capacity of some viral nonstructural proteins to block the transcription of type
I IFN genes by interfering with the activation of key transcription factors (20). Conse-
quently, we examined the effect of PRRSV infection on the poly(I·C)-induced acti-
vation of TFs known to play key roles in the early phase (IRF3) and positive-feedback
regulation (STAT1) of type I IFN gene expression (35, 36). Phosphorylated IRF3 (Fig. 4A)
or STAT1 (Fig. 4B) was undetectable in lysates of unstimulated and mock-infected cells.
In contrast, similar quantities of phosphorylated IRF3 and STAT1 were readily found in
lysates prepared from the poly(I·C)-treated cells regardless of whether they were left
uninfected or infected with one of two different PRRSV strains for 1, 3, or 5 h prior to
agonist addition (Fig. 4A and B). Hence, the infection of AM� with PRRSV does not
appear to negatively influence the activation of IRF3 or STAT1 in response to stimula-
tion with synthetic dsRNA.

The PRRSV-mediated inhibition of IFN-� production observed in virus-infected
ZMAC cells stimulated with poly(I·C) appeared to occur subsequent to the activation of
IRF3 and STAT1. Thus, a possible effect on the transcription of genes whose products
are involved in type I IFN induction was assessed. Initially, an early phase representative
of this process, IFNB1, was examined. In this case, virus infection of the ZMAC cells was

FIG 2 Kinetics of IFN-� and TNF-� responses of porcine AM�. (A and C) ZMAC cells were stimulated with
poly(I·C) (25 �g/ml) (A) or LPS (100 ng/ml) (C), and the amount of IFN-� (A) or TNF-� (C) present in
cell-free culture supernatant at the indicated time after stimulation was determined by ELISA. The results
represent the means � standard deviations of three independent experiments for each agonist. (B)
ZMAC cells were either mock treated or exposed to poly(I·C) (25 �g/ml) for 1 h, and their whole-cell
lysates were analyzed by Western blotting to detect p-IRF3, total IRF3, and �-actin. (D) ZMAC cells were
either mock treated or exposed to LPS (100 ng/ml), and their whole-cell lysates were harvested at the
time points indicated and analyzed by Western blotting to detect p-NF-�B, total NF-�B, and �-actin. The
results shown are representative of two independent experiments.
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allowed to proceed for 2 h before the addition of poly(I·C), followed by 1, 4, or 7 h of
culture. Compared to its undetected activity in mock-infected and untreated cells
cultured for 3 h, expression of the IFNB1 gene was observed at 1 h post-agonist
exposure and was found to be at a similar rate of expression regardless of whether the
cells were uninfected or infected with one of two different PRRSV strains (Fig. 4C). This
response appeared to decrease by approximately 80% 3 h later and then may have
increased approximately 2-fold after an additional 3 h. Since the early phase of type I
interferon induction was not negatively affected by PRRSV (Fig. 4C), we monitored the
presence of mRNA of a gene whose expression is known to be a key part of the
positive-feedback regulation of type I IFN production, namely, the IRF7 gene (36). In this
case, constitutive expression of the IRF7 gene was detected in uninfected, untreated
cells at approximately twice the level detected in cells stimulated for 2 h with poly(I·C).
However, the relative quantities of IRF7 mRNA had tripled 3 h later and were sustained
or slightly increased for the next 3 h. There was no apparent negative effect of PRRSV
on the poly(I·C)-induced IRF7 gene expression at either 4 h or 7 h (Fig. 4D). Considering
that the expression of IRF7 in poly(I·C)-stimulated cells should promote the expression
of IFN-� genes, we monitored the transcription level of one representative, namely,
IFNA1. Expression of the IFNA1 gene in uninfected, untreated cells was not detected.
Cells that were exposed to poly(I·C) for 1 or 4 h in the presence or absence of the virus
exhibited similar small amounts of IFNA1 mRNA. By 7 h poststimulation, the amounts
of IFNA1 mRNA had increased 4- to 5-fold regardless of the presence or absence of virus
infection (Fig. 4E). It is notable that the expression of the porcine IFNA1 gene in
poly(I·C)-stimulated cells became detectable only after expression of the IRF7 gene had
occurred. This sequence of events suggests that the regulation of this particular porcine
IFN-� gene might be similar to that of other members of the murine IFN-� gene family,
which require the presence of IRF7 in order to become transcriptionally active (35). This
event is known to be dependent on the synthesis of small amounts of IFN-�/� during

FIG 3 Infection of AM� with PRRSV fails to stimulate IFN-� and inhibits their ability to produce IFN-� in
response to stimulation with poly(I·C). (A) ZMAC cells were infected with PRRSV strain FL12 or TGEV strain
Purdue, and the frequency of IFN-�-secreting cells after 16 h of culture was determined by ELISPOT assay.
(B) Duplicate cultures of ZMAC cells were either mock treated or incubated in the presence of UV
light-inactivated or viable PRRSV strain NADC20 for 2 h. Afterward, one member of each pair was mock
stimulated or stimulated with poly(I·C) (25 �g/ml) for 8 h, and the amount of IFN-� present in the
supernatant was determined by ELISA. The results represent the means � standard deviations of three
independent experiments. The asterisks indicate statistically significant differences (**, P � 0.01) between
the cytokine present in the supernatants of infected versus mock-infected cultures stimulated with
poly(I·C). NS indicates lack of statistical significance.
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the early phase of the type I IFN gene induction pathway. The limited amount of
IFN-�/� produced in the early phase engages the type I IFN receptor and initiates a
positive-feedback loop of the type I IFN response via the JAK/STAT signaling pathway
(36). Evidence that the positive-feedback loop was operational in PRRSV-infected cells
was provided by the presence of phosphorylated STAT1, regardless of the length of
time after virus infection when the cells were stimulated with poly(I·C) (Fig. 4B). In
addition, the observation that the transcription of the IFNA1 gene occurred at 7 h after
stimulation with the agonist and corresponded to 9 h after the initiation of the virus
infection indicates that the reduced synthesis of IFN-� observed in virus-infected AM�

occurs after the positive-feedback loop of type I IFN is operational.
The synthetic analog of dsRNA, poly(I·C), is recognized by at least two types of

pattern recognition receptors (PRRs): the cytoplasmic RIG-I-like receptors (RLRs) (RIG-I
and MDA5) and Toll-like receptor 3 (TLR3) localized in endosomes. While free poly(I·C)
is readily sensed by TLR3 as a result of endocytosis (37), its detection by cytosolic
sensors is apparently best achieved by the forced delivery of the molecule by way of
transfection (38–40). In both cases, IRF3 is the downstream transcription factor that
becomes activated following the engagement of these sensors and promotes type I IFN
gene expression (36). Since the experiments shown in Fig. 4 were done using free
poly(I·C), we sought to determine if the signaling pathways activated by the recognition
of dsRNA by cytosolic sensors would also become inhibited during the infection of AM�

with PRRSV. Accordingly, ZMAC cells that had been infected with PRRSV 2 h earlier were
transfected with poly(I·C) and then examined for the presence of phosphorylated IRF3,
as well as the production of IFN-�. The infection of AM� with PRRSV did not appear to
influence the ability of poly(I·C) delivered by either transfection or endocytosis to
trigger the phosphorylation of IRF3 (Fig. 5A). The amount of IFN-� produced by AM�

infected with either strain FL12 or NADC20 of PRRSV in response to stimulation with
poly-I·C via transfection was �65% lower than the amount produced by uninfected and

FIG 4 Infection of AM� with PRRSV inhibits neither the activation of IRF3 or STAT1 nor the transcription of IFNB1, IRF7, and IFNA1
genes induced by stimulation with poly(I·C). (A and B) ZMAC cells were infected with either PRRSV strain FL12 or NADC20 (MOI �
5) and stimulated with poly(I·C) (25 �g/ml) at the indicated times postinfection. At 1 h after stimulation, whole-cell lysates were
obtained and analyzed by Western blotting to sequentially detect p-IRF3, IRF3, and �-actin (A) or p-STAT1, STAT1, and �-actin (B).
As a control, replicate cell sets were mock infected and cultured for 5 h before an additional 1-h incubation in the presence or
absence of poly(I·C) and then harvested. (C, D, and E) ZMAC cells were mock infected or infected with PRRSV strain FL12 or NADC20
and stimulated with poly(I·C) (25 �g/ml) at 2 hpi. After 1, 4, or 7 h of stimulation, total RNA was obtained from each sample and
subjected to real-time PCR analysis to detect IFNB1, IRF7, and IFNA1 gene transcripts. As a control, a replicate cell set was mock
treated and cultured for 3 h before harvest. The fold changes in the amounts of these RNAs present in the virus-infected and
poly(I·C)-stimulated AM�, as well as the mock-infected cells exposed to poly(I·C) for 4 or 7 h, relative to that in the mock-infected
cells incubated with poly(I·C) for 1 h were determined by using the formula 2�ΔΔCt. The RPL32 gene was used as the reference
housekeeping gene. RNA fold increases for IFNB1 and IFNA1 gene transcripts in mock-treated control cell samples cultured for 3 h
were undetectable relative to those observed in cells exposed to poly(I·C) for 1 h, while the IRF7 gene transcript levels were
approximately 2-fold greater. The asterisk indicates a statistically significant difference (*, P � 0.05).
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identically poly(I·C)-transfected cells (Fig. 5B). Hence, the infection of AM� with PRRSV
inhibits the production of IFN-� in response to the stimulation of cytosolic or endo-
somal sensors by dsRNA, but it appears to do so without inhibiting the activation of
IRF3. These results indicate that the mechanism by which the infection of AM� with
PRRSV mediates the inhibition of IFN-� production in response to stimulation with
synthetic dsRNA occurs after the positive-feedback loop of type I IFN production has
been initiated and is manifested at a late stage (�6 hpi) of virus infection.

Infection of AM� with PRRSV triggers the unfolded protein response. Consid-
ering the evidence indicating that PRRSV infection-mediated inhibition of IFN-� pro-
duction by AM� was due neither to a negative influence on the activation of the
transcription factor IRF3 or STAT1 nor to the inhibition of transcription of the IFNA1,
IFNB1, and IRF7 genes, we sought to uncover an alternative explanation which would
involve an event occurring at a late stage of virus infection. The replication of RNA
viruses typically places an inordinate stress on the protein-folding machinery of the
host cell, causing ER stress (23, 24). ER stress activates a series of adaptive mechanisms
known as the UPR. The adaptive response occurring in the UPR aims to rebalance
protein-folding homeostasis by activating three ER stress sensor proteins: IRE1�, PERK,
and ATF6. Activation of these sensors induces signal transduction events that alleviate
the accumulation of misfolded proteins in the ER by increasing expression of ER
chaperones, inhibiting protein entry into the ER by arresting mRNA translation, and
stimulating retrograde transport of misfolded proteins from the ER into the cytosol for
ubiquitination and destruction by a process named ERAD (ER-assisted degradation)
(25). Accordingly, we focused on examining the activation status of the ER stress
sensors IRE1� and PERK in PRRSV-infected cells. Mock-infected AM� exhibited the

FIG 5 Infection of AM� with PRRSV does not inhibit the activation of IRF3 induced by transfection with
poly(I·C) despite the inhibition of IFN-� production. (A) ZMAC cells were mock infected or infected with
PRRSV strain NADC20 or FL12 (MOI � 5). At 2 hpi, the cells were exposed to poly(I·C) either by
transfection (400 ng/ml) or in free form (25 �g/ml). At 2 h after poly(I·C) treatment, whole-cell lysates
were analyzed by Western blotting for the presence of p-IRF3 and total IRF3. Identical cultures were
treated with the transfection reagent without poly(I·C) (mock transfection). (B) Duplicate cultures of
ZMAC cells were mock infected or infected with PRRSV strain FL12 or NADC20 (MOI � 5). At 2 hpi, one
member of each pair was exposed to either poly(I·C) (400 ng/ml) complexed with transfection reagent
or mock transfected [exposed to transfection reagent without poly(I·C)]. After 8 h of culture, the amounts
of IFN-� present in cell-free supernatants were determined by ELISA. The data represent the means �
standard deviations of two independent experiments. Statistical comparisons were made between the
amounts of the cytokine present in the supernatants of infected versus mock-infected cultures stimu-
lated with poly(I·C). The asterisks indicate statistical significance (**, P � 0.01).
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presence of a relatively low-level expression of phosphorylated IRE1� (p-IRE1�), which
was slightly increased by their exposure to the ER stress-inducing agent dithiothreitol
(DTT) (Fig. 6A). Exposure of AM� to the same chemical in the presence of the drug
IRE1� kinase-inhibiting RNase attenuator 6 (KIRA6), which blocks IRE1� trans-auto-
phosphorylation during ER stress (41), reduced p-IRE1� below the level exhibited by
untreated or DTT-treated cells. This result indicates that the drug KIRA6 can block the
kinase domain of the ER transmembrane stress sensor IRE1� in porcine AM�. Exami-
nation of the presence of p-IRE1� in PRRSV-infected AM� revealed a marked increase
in the level of p-IRE1� at 2 hpi, which gradually decreased over the ensuing 4 h (Fig.
6A). PERK is a transmembrane protein kinase that under ER stress conditions dimerizes
and autophosphorylates, favoring the phosphorylation of eIF2�. To examine the acti-
vation of this stress sensor, lysates of PRRSV-infected AM� were collected at several
times after virus infection and probed by Western blotting for the presence of phos-
phorylated PERK (p-PERK). We found that p-PERK could be detected in the PRRSV-

FIG 6 Infection of AM� with PRRSV induces the UPR and the formation of SGs. (A) ZMAC cells were infected with PRRSV strain
FL12 (MOI � 5) and harvested at the indicated times postinfection. Replicate cell sets were mock infected and cultured for
6 h before an additional 1-h incubation without treatment (mock), treated with DTT (DTT), or treated with both DTT and the
IRE1� kinase inhibitor KIRA6 (DTT�KIRA). Whole-cell lysates were prepared and analyzed by Western blotting to detect
p-IRE1�. (B) ZMAC cells were infected with PRRSV strain FL12 (MOI � 5) and harvested at the indicated times postinfection.
Whole-cell lysates were analyzed by Western blotting for p-PERK and �-actin. Negative- and positive-control cell lysates were
prepared from mock-infected cells cultured for 8 h or cultured for 2 h in the presence of DTT, respectively. (C) ZMAC cells
were infected with PRRSV strain FL12 (MOI � 5) and harvested at the indicated times postinfection. Whole-cell lysates were
analyzed by Western blotting for p-eIF2� and total eIF2�. Negative- and positive-control cell lysates were prepared from
mock-infected cells cultured for 12 h or cultured for 1 h in the presence of the ER stress-inducing chemical DTT, respectively.
(E) (Top row) Monolayers of ZMAC cells were either mock infected for 8 h, treated with DTT for 1 h, or infected with PRRSV
strain FL12 (MOI � 5) for 4 or 8 h. Afterward, the cell monolayers were fixed and processed for immunofluorescence staining
using anti-TIAR (red fluorescence) or anti-dsRNA (green fluorescence) antibodies. (Bottom row) Higher magnifications (�3) of
the original boxed areas of the �40 images. The percentages of dsRNA� (red) and SG� (green) cells were calculated from the
examination of 100 cells per treatment. The averages � SD of three independent experiments are indicated below. (F) ZMAC
cells were infected with PRRSV strain FL12 (MOI � 5) and harvested at the indicated times postinfection. Whole-cell lysates
were analyzed by Western blotting for phosphorylated PKR and �-actin. Negative- and positive-control cell lysates were
prepared from mock-treated cells cultured for 8 h or cells treated with poly(I·C) (25 �g/ml) and cultured for 2 or 6 h,
respectively.
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infected AM� as early as 3 hpi and increased gradually over the next 6 h, becoming
maximal by 9 hpi (Fig. 6B). Activation of PERK causes the phosphorylation of eIF2�,
which in turn causes global translation attenuation and favors selective translation (42).
Temporal screening for the presence of phosphorylated eIF2� (p-eIF2�) in PRRSV-
infected ZMAC cells revealed that, whereas p-eIF2� was either undetected or present
in small amounts in mock-infected cells, it became detectable by 6 h after virus
infection and gradually increased for the next 6 h (Fig. 6C). The UPR has a primary
function in stress adaption and cell survival; however, under irremediable ER stress, a
switch from prosurvival to proapoptotic signaling events can occur, resulting in apop-
totic death of damaged cells. One major event responsible for this switch is the
expression of CHOP, in which PERK plays an essential role. CHOP expression is low
under nonstressed conditions, but its expression markedly increases in response to ER
stress through IRE1�-, PERK-, and ATF6-dependent transcriptional induction (43). Anal-
ysis of the expression of CHOP in virus-infected cells revealed that its expression
became evident by 6 hpi (Fig. 6D). Combined, the results presented above indicate that
the infection of AM� with PRRSV triggers the UPR response.

Infection of AM� with PRRSV induces stress granule formation. The phosphor-

ylation eIF2� should cause the accumulation of stalled translation initiation complexes
that would associate with RNA binding proteins to create stress granules (SGs) (44).
Accordingly, we examined PRRSV-infected ZMAC cells for the presence of SGs by using
indirect immunofluorescence with an antibody (Ab) specific for the TIA-1 related
protein (TIAR), which is a primary component of these structures (45). At 4 hpi, the
percentage of TIAR� cells (3.8%) was comparable to that observed in the uninfected,
untreated cells (3.5%). However, by 4 h later (8 hpi), the percentage of TIAR� cells had
increased �11-fold to 44%, and this value was similar to the 51% measured in cells
treated with the ER stress-inducing chemical DTT (Fig. 6E). The timing of the appear-
ance of TIAR� SGs in PRRSV-infected cells at 8 hpi coincided with the appearance of
p-eIF2�. To examine the relationship between the presence of TIAR� SGs and virus
infection, ZMAC cells were dually stained with anti-TIA-1 and anti-dsRNA antibodies to
detect viral dsRNA produced during PRRSV replication. While not identified in the
mock-infected cells or in cells exposed to DTT, dsRNA was observed in 13% and 72%
of the virus-infected cells at 4 and 8 hpi, respectively, and all of the TIAR� cells were also
dsRNA� (Fig. 6E). These results suggest that in AM�, PRRSV infection results in the
formation of stress granules and, by implication, translational attenuation. Notably,
despite the presence of dsRNA in the virus-infected cells, there was no evidence that
the dsRNA-dependent protein kinase R (PKR) became phosphorylated at either 2, 5, or
8 hpi (Fig. 6F). These results indicate that the observed phosphorylation of eIF2� in
PRRSV-infected AM� does not appear to be mediated via the action of PKR.

The repressed ability of PRRSV-infected AM� to produce IFN-� in response to
synthetic dsRNA coincides with the timing of eIF2� phosphorylation induced by
virus infection. To ascertain the involvement of translation attenuation in the PRRSV-
mediated inhibition of IFN-� production, the kinetics of eIF2� phosphorylation and
inhibition of IFN-� production were simultaneously determined in PRRSV-infected
AM�. Compared to mock-infected cells stimulated with poly(I·C), a reduction in the
amount of IFN-� released by the infected ZMAC cells became apparent by 8 hpi. This
difference increased through the ensuing hours, reaching a 69% level of inhibition at
10 hpi (Fig. 7A). The presence of p-eIF2� became evident by 5 hpi and increased
gradually in intensity over the ensuing 3 h (Fig. 7B). At all times examined, the
uninfected cells exhibited negligible presence of p-eIF2� (Fig. 7C). The same experi-
ment was performed using primary PAM�, in which case strong inhibition of IFN-�
production was evident at 12 hpi (Fig. 7D), at the time when p-eIF2� was patently
present (Fig. 7E). To assess the effect of p-eIF2� on viral mRNA translation, lysates of
ZMAC cells (Fig. 8A) or primary PAM� (Fig. 8B) infected with P129-GFP virus were
probed for the presence of GFP, eIF2�, and p-eIF2�. The presence of p-eIF2� increased
over time. Notably, the expression of GFP became evident at 10 hpi despite the
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pronounced presence of p-eIF2�. These results indicate that PRRSV mRNAs, to a
measurable extent, are resistant to translational attenuation mediated by p-eIF2�.

Infection of AM� with PRRSV initially enhances but later suppresses the TNF-�
response to LPS. Due to the relatively slow kinetics of the IFN-� response of AM� to
poly(I·C) (Fig. 2A), the inhibitory effect mediated by the infection of AM� with PRRSV on
the production of the cytokine became manifest by �6 h after virus infection. To
further examine the temporal association between the phosphorylation of eIF2� and

FIG 7 The repressed ability of AM� infected with PRRSV to produce IFN-� in response to poly(I·C) coincides with
the timing of eIF2� phosphorylation induced by virus infection. ZMAC cells (A to C) or primary PAM� (D to F) were
either mock infected or infected with the indicated strain of PRRSV (MOI � 5) for 2 h prior to their stimulation with
poly(I·C) (25 �g/ml). (A and D) The amounts of IFN-� present in the culture supernatants at the indicated times after
stimulation were determined by ELISA. The data represent the means � SD of triplicate values obtained in a
representative of three (A) or two (D) independent experiments. For virus-infected cultures, the times postinfection
at which the cell culture supernatants and cells were harvested for analysis are indicated. The bottom rows indicate
the percent inhibition of IFN-� production in virus-infected cultures relative to that detected in identically
stimulated mock-infected cultures incubated for a corresponding length of time. This value was calculated using
the following formula: 100 � [(IFN-� in virus-infected culture supernatant/IFN-� in mock-infected culture super-
natant) � 100]. At each of the time points analyzed, whole-cell lysates were also prepared from the virus-infected
(B and E) and mock-infected (C and F) cell cultures and proved by Western blotting for p-eIF2� and total eIF2�. The
statistical comparisons in panels A and C were made between the amounts of cytokine present in the supernatants
from mock-infected versus virus-infected cultures stimulated with poly(I·C). The asterisks indicate statistical
significance (**, P � 0.01; *, P � 0.05).

FIG 8 Time course of viral mRNA translation and phosphorylation of eIF2�. ZMAC cells (A) or primary
PAM� (B) were infected with PRRSV strain P129-GFP (MOI � 5) and harvested at the indicated times
postinfection. Whole-cell lysates were analyzed by Western blotting for the detection of p-eIF2�, total
eIF2�, and virus-encoded GFP. Positive-control cell lysates were prepared from cells cultured in the
presence of the ER stress-inducing chemical DTT for 1 h. Negative-control cell lysates were prepared from
cells exposed to mock-infected medium for 12 h. The images are representative of three (A) or two (B)
independent experiments.
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the inhibition of cytokine production, we decided to test the TNF-� response of
virus-infected cells stimulated with LPS. This decision was based on the fact that the
response to this agonist has faster kinetics, resulting in half-maximal TNF-� production
within 3 h after stimulation (Fig. 2C). Furthermore, the infection of AM� with PRRSV
triggers negligible production of the cytokine. Two time points after virus infection, 2
and 6 h, were selected to stimulate the cells with LPS. In this setup, at 2 hpi and for the
ensuing 4 h, the virus infection-induced phosphorylation of eIF2� should be minimal,
while at 6 hpi, and for the ensuing 4 h, it would be substantial. Compared to the
amount of TNF-� released by mock-infected AM� cultures stimulated with LPS at 2 hpi,
a 1.7-fold increase of the cytokine was measured 2 and 4 h later, corresponding to 4 and
6 hpi, respectively (Fig. 9A). In contrast, when the TLR4 agonist was provided at 6 hpi,
a �50% reduction in the measured amount of TNF-� was detected 2 and 4 h later,
corresponding to 8 and 10 hpi, respectively (Fig. 9A).

Examination of the status of NF-�B-p65 in virus-infected cells revealed that the
phosphorylated version of this molecule, which is a subunit of the NF-�B transcription
complex that regulates the expression of TNF-�, was detectable in PRRSV-infected AM�

as early as 2 h after infection and remained at the same or slightly increased levels of
activation for the ensuing 4 h (Fig. 9B). Furthermore, assessment of the presence of
phosphorylated NF-�B-p65 in cell cultures infected with PRRSV for 1, 3, or 5 h before
stimulation with LPS and cultured for 1 h before preparation of cell lysates revealed no
apparent differences between the levels of phosphorylated NF-�B-p65 present in those
lysates and in lysates obtained from mock-infected cells stimulated with LPS (Fig. 9C).
Hence, unlike the delayed negative influence of PRRSV on the IFN-� response by AM�

stimulated with poly(I·C), its effect on TNF-� production by virus-infected cells in
response to LPS ranged from intensification to reduction, which was dependent on the
temporal extent of virus infection prior to their stimulation with the TLR4 agonist.
Furthermore, the inhibitory effect of PRRSV infection on the production of TNF-� late
in infection occurred even though the activation of NF-�B-p65 by LPS was not impaired.

The PERK-eIF2� signaling pathway is involved in the PRRSV infection-induced
inhibition of the TNF-� and IFN-� responses of AM�. Our results revealed that the

FIG 9 Infection of AM� with PRRSV initially enhances but later suppresses the TNF-� response to LPS. (A) ZMAC
cells were either mock infected or infected with PRRSV strain FL12 (MOI � 5) for 2 or 6 h prior to their stimulation
with LPS (100 ng/ml). After 2 or 4 h of additional culture, the presence of TNF-� in the supernatants was determined
by ELISA. The data shown are the means � SD of a representative of three independent experiments. Statistically
significant differences between the amounts of cytokine present in supernatants from infected versus mock-
infected cultures stimulated with LPS are indicated with asterisks (**, P � 0.01). (B and C) Status of NF-�B in AM�
that were infected with PRRSV with no further treatment (B) or infected and stimulated with LPS (100 ng/ml) for
1 h before harvest (C). Whole-cell lysates obtained at the indicated times postinfection were analyzed by Western
blotting for p-NF-�B, total NF-�B, and �-actin. Lysates of mock-infected AM� cultured for 5 h before an additional
1-h incubation in the presence or absence of LPS were also examined. The blots shown are representative of three
independent experiments.
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repressed production of TNF-� exhibited by PRRSV-infected AM� stimulated with LPS
occurred only when the cells were exposed to the TLR4 agonist at 6 hpi (Fig. 9A), and
this event occurred without impairing the activation of NF-�B (Fig. 9C). These obser-
vations, combined with the lack of an inhibitory effect on cytokine gene expression
induced by the stimulation of virus-infected cells with poly(I·C) (Fig. 4E), as well as the
abundant presence of p-eIF2� at the late stage (�6 hpi) of virus infection (Fig. 7B),
prompted us to explore the possibility that the inhibitory effect on cytokine production
could be due to translational attenuation occurring at a late phase of virus infection, as
suggested by the appearance of SGs (Fig. 6E). To test this notion, we simultaneously
examined the production of TNF-� and the phosphorylation status of eIF2� in AM�

stimulated with LPS at either 2 or 6 h after the initiation of the virus infection. A marked
inhibition (�60%) of TNF-� production was observed in AM� infected with either of
two different strains of PRRSV (FL12 or NADC20) for 6 h before being exposed to LPS
and then cultured for 2 h. In contrast, the inhibitory effect was absent when the cells
were exposed to LPS at 2 hpi and cultured for 2 h (Fig. 10A). Examination of the
phosphorylation status of eIF2� in the cell lysates obtained from cells stimulated with

FIG 10 The ability of PRRSV to inhibit TNF-� production by AM� stimulated with LPS coincides with the
time after infection when p-eIF2� is markedly present. (A and B) ZMAC cells were either mock infected
or infected with PRRSV strain FL12 or NADC20 (MOI � 5) for 2 (@-2) or 6 (@-6) h and then exposed to
LPS (100 ng/ml). Cell-free supernatants and cells from the same cultures were harvested 2 h later. (A) The
amounts of TNF-� present in the supernatants were determined by ELISA. (B) The presence of p-eIF2�
and total eIF2� in whole-cell lysates was assessed by Western blotting. Additional replicate sets were
mock infected and cultured for 2 h before an additional 2- or 1-h incubation in the presence of LPS or
DTT, respectively. Shown are the means � standard deviations (A) and corresponding immunoblots
representative of three independent experiments (B). Statistical comparisons in panel A were made
between the amounts of cytokine present in the supernatants of virus-infected versus mock-infected
cultures stimulated with LPS. The asterisks indicate statistical significance (**, P � 0.01).
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LPS at 6 hpi and cultured for 2 h revealed the abundant presence of p-eIF2� at levels
comparable to those observed in cells exposed for 1 h to DTT (Fig. 10B). In contrast,
only scarcely detectable levels of p-eIF2� were present in the lysates of cells that had
been infected with either strain of PRRSV for only 2 h before being stimulated with LPS
and harvested 2 h later, at 4 hpi (Fig. 10B). These results indicate that the ability of
PRRSV to inhibit TNF-� production by AM� stimulated with LPS coincides with the time
after infection when p-eIF2� is markedly present.

Considering that the infection of AM� with PRRSV did not trigger the activation of
PKR (Fig. 6F), we examined the involvement of PERK in the generation of p-eIF2� by
testing the effect of the PERK inhibitor (PERKi) GSK2606414 (46) on the ability of the
PRRSV infection to induce the phosphorylation of eIF2� and its inhibitory effect on
TNF-� production. AM� were infected with PRRSV for either 4 or 6 h prior to their
exposure to PERKi, followed by an additional 5 or 3 h of culture, respectively, so that all
of the samples would be harvested at 9 hpi, at the time when p-eIF2� would be
patently present (Fig. 6C). The addition of PERKi at either time post-virus infection
resulted in the generation of smaller amounts of p-eIF2�, as indicated by a �50%
reduction in the p-eIF2�/eIF2� ratios compared to ratios observed in the PRRSV-
infected AM� not treated with the PERK inhibitor (Fig. 11A). To evaluate the effect
of the PERKi on the virus infection-induced suppression of TNF-� production, AM�

were either mock infected or infected with PRRSV for 2 h prior to a 5-h incubation
in the absence or presence of the PERK inhibitor, followed by 2 h of incubation in
the presence of LPS. Virus infection alone caused an approximately 38% reduction
in the amount of TNF-� produced. In contrast, in the presence of the PERKi, this
repressive ability was reduced by more than half (P � 0.01), exhibiting only a 16%
inhibition of TNF-� production (Fig. 11B). Similar results were obtained when the
same experiment was performed but instead using poly(I·C) as the stimulus and
measuring IFN-� production. In this case, the presence of PERKi diminished the
PRRSV-mediated inhibition of IFN-� production by almost half, to 28% compared to
51% in its absence (Fig. 11C). The presence of PERKi during the infection did not
affect PRRSV replication (Fig. 11D). Together, these results provide evidence that
PERK-mediated phosphorylation of eIF2�, which occurs at a late phase of virus
infection (�6 hpi), is involved in the virus-mediated inhibition of TNF-� and IFN-�
responses of AM� to their respective agonists.

The IRE1�-NF-�B signaling pathway is involved in the synergistic TNF-� re-
sponse of PRRSV-infected AM� to LPS. While the infection of AM� with PRRSV
stimulated negligible production of TNF-�, stimulation of AM� with LPS at 2 hpi
resulted in TNF-� production that was 1.5-fold greater than the response generated by
identically stimulated mock-infected cells (Fig. 9A), suggesting the presence of a
synergistic effect. Previously, synergistic production of TNF-� in response to LPS had
been shown to occur in macrophages undergoing pharmacologically induced activa-
tion of the stress sensor kinase IRE1� (47). Considering that the infection of AM� with
PRRSV triggered the activation of IRE1� (Fig. 6A), we investigated the plausible involve-
ment of this kinase in mediating the virus infection-induced enhancement of TNF-�
production in response to LPS. The phosphorylation of IRE1� triggers its association
with TNF-� receptor-associated factor 2 (TRAF2), an adaptor protein in the TNF-�
signaling pathway (48). The IRE1�-TRAF2 complex recruits I�B kinase (IKK), which in
turn leads to phosphorylation and degradation of I�B, resulting in NF-�B activation and
production of inflammatory cytokines (49). AM� infected with PRRSV exhibited the
presence of phosphorylated NF-�B-p65 as early as 2 hpi (Fig. 9B), and hence, we
examined the involvement of PRRSV infection-induced activation of IRE1� in the
phosphorylation of this transcription factor. If involved, the inclusion of the IRE1�

kinase inhibitor KIRA6 should negatively impact the ability of PRRSV to promote the
phosphorylation of NF-�B, as well as to lessen the enhanced production of TNF-�
following the stimulation of PRRSV-infected AM� with LPS 2 h after infection.
Inclusion of KIRA6 in the virus-infected AM� cultures resulted in inhibition of the
phosphorylation of NF-�B-p65 and in a �50% decrease in the p-NF-�B-p65/NF-�B-
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FIG 11 The PERK-eIF2� signaling pathway is involved in the PRRSV infection-induced inhibition of the TNF-� and IFN-�
response of AM�. (A) ZMAC cells were either mock infected or infected with PRRSV (FL12) and cultured for 9 h. Replicate cell
cultures were infected with PRRSV for 4 h (@-4 h) or 6 h (@-6 h) prior to the addition of 2 �M the PERKi GSK2606414 and then
cultured for an additional 5 or 3 h, respectively, before cell harvest. Additional replicate cell sets were cultured for 1 h in the
presence or absence of the PERKi before being exposed to DTT and cultured for 1 h before cell harvest. Whole-cell lysates were
analyzed by Western blotting for p-eIF2� and eIF2�, and the densities of the resulting bands were used to calculate the relative
amounts of eIF2� phosphorylation (p-eIF2�/eIF2�). The results of two experiments are shown. (B) ZMAC cells were either mock
infected or infected with PRRSV for 2 h prior to a 5-h incubation in the absence or presence of GSK2606414, followed by 2 h
in the presence of LPS (100 ng/ml) before the culture supernatants were harvested. (C) ZMAC cells were either mock infected
or infected with PRRSV for 2 h prior to stimulation with poly(I·C) (25 �g/ml) in the absence or presence of GSK2606414,
followed by 8 h of incubation before the culture supernatants were harvested. The results shown are the means � SD of the
percent reduction in the quantity of TNF-� (B) or IFN-� (C) released by virus-infected versus mock-infected AM� stimulated
with LPS (B) or poly(I·C) (C) in the absence or presence of the PERKi. The data shown in panels B and C are representative of
three independent experiments each. Statistical comparisons were done between the levels of inhibition obtained in the
presence and absence of the PERKi and are indicated by asterisks (*, P � 0.05). (D) Single-step growth curve of PRRSV in the
presence of PERKi. ZMAC cells at 2 � 105 cells/ml were infected with PRRSV strain P129-GFP (MOI � 5). After 1 h of incubation,
the cells were washed twice and suspended to the original volume (2 ml). At the indicated times postinfection, a sample of the
overlying medium was removed and the titer of infectious virus (TCID50 per milliliter) was determined. The data represent the
means � standard deviations of three independent experiments.
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p65 ratio compared to that exhibited by virus-infected cells cultured in the absence
of the IRE1� kinase inhibitor (Fig. 12A). In macrophages, the early-phase activation
of NF-�B in response to signaling through TLR4 by LPS occurs via an alternate
entity, namely, the intracellular adaptor protein MyD88 (50). Accordingly, as a
specificity control for the inhibitory effect of KIRA6 on the activation of NF-�B-p65
via the IRE1� pathway, cell cultures were stimulated with LPS in the presence of the
drug. As expected, there was no noticeable effect on the relative amounts of
phosphorylated NF-�B-p65 when the LPS-treated cells were cultured in the pres-
ence of KIRA6. This was demonstrated by the absence of change in the p-NF-�B-
p65/NF-�B-p65 ratio exhibited by LPS-treated cells in the presence or absence of
the drug (Fig. 12A).

The amount of TNF-� produced by AM� stimulated with LPS at 2 h after PRRSV
infection was again found to be greater (approximately 30%) than that produced by
mock-infected cells that were treated only with LPS and cultured for the same length
of time (Fig. 12B). The presence of a synergistic effect was assessed by analyzing the
data in a two-way analysis of variance (ANOVA) (51). This analysis revealed the presence
of a statistically significant (P � 0.03) synergistic effect between the virus infection and
the TLR4 agonist in eliciting a TNF-� response. Notably, in the presence of the IRE1�

kinase inhibitor KIRA6, the synergistic TNF-� response of virus-infected AM� stimulated
by LPS was abolished (Fig. 12B). Together, these results indicate that the activation of
NF-�B in AM� during the early stages of PRRSV infection triggers a synergistic TNF-�
response to LPS, which appears to be dependent on the activation of the ER stress
sensor IRE1�.

FIG 12 The IRE1�-NF-�B signaling pathway is involved in the synergistic TNF-� response of PRRSV-infected AM� to LPS. (A) ZMAC
cells were infected with PRRSV for 3 h in the presence or absence of KIRA6. Replicate cell sets were mock infected for 1 h before
an additional 1-h incubation either without further treatment (mock) or with treatment with KIRA6 only, LPS (100 ng/ml) only, or
both KIRA6 and LPS. Whole-cell lysates were analyzed by Western blotting for p-NF-�B and total NF-�B, and the densities of the
resulting bands were used to calculate the relative amounts of NF-�B phosphorylation (p-NF-�B/NF-�B). (B) ZMAC cells were either
mock infected or infected with PRRSV for 2 h before an additional 2 or 4 h of incubation without further treatment, with treatment
with LPS (100 ng/ml), or with treatment with both LPS and KIRA6. Afterward, the amount of TNF-� present in the supernatant was
determined by ELISA. The means � SD of a representative of three independent experiment are presented. The presence of a
synergistic TNF-� response caused by the interaction between PRRSV and LPS was determined using two-way ANOVA (51) by
comparing the amounts of TNF-� present in supernatants of cultures that were either mock infected, PRRSV infected, LPS treated,
or LPS treated and infected with PRRSV. The effect of KIRA6 on the synergism was analyzed in the same way, except that the last
two treatment groups consisted of cultures performed in the presence or absence of the IRE1� inhibitor. The asterisks indicate
statistical significance (*, P � 0.05); NS indicates lack of statistical significance.
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DISCUSSION

Our results showed that the infection of porcine AM� with PRRSV inhibits their
ability to produce IFN-� in response to their stimulation with dsRNA via either cytosolic
or endosomal sensors. The inhibitory effect took place even though the virus infection
did not interfere with the poly(I·C)-induced phosphorylation of IRF3 (Fig. 5A). The
mechanism by which PRRSV mediates the repression of IFN-� is widely considered to
act at the transcriptional level via the action of nonstructural PRRSV proteins, which
seemingly have the ability to block type I IFN signaling pathways, including the
activation of IRF3 (20). The evidence supporting this notion was not generated in the
context of virus infection, but rather by overexpressing single viral genes via transfec-
tion and, using reporter gene assays, examining their effects on the activity of tran-
scription factors. This approach, however, might not necessarily reflect the events that
occur during the infection of AM� with PRRSV. Therefore, the discrepancies between
the results presented here and those from previous studies could be ascribed to the
fact that we examined the influence of PRRSV infection on the signaling pathway for
type I IFN production in the context of the multiphasic induction of type I IFN genes
triggered by synthetic dsRNA in AM�. The novel contribution of our work is the analysis
of the inhibitory effect of PRRSV on IFN-� synthesis in the context of PRRSV infection
of its natural host cell. The performance of a stepwise analysis of the type I IFN gene
induction pathway, culminating in the actual measurement of IFN-� production, en-
abled us to determine at what point during the virus infection of a macrophage the
inhibition of IFN-� production occurred. Our results revealed that the virus infection
impaired neither the activation of IRF3 and STAT1 nor the transcription of the IFNB1,
IRF7, or IFNA1 gene in response to simulation of AM� with poly(I·C) (Fig. 4). The
activation of STAT1 and the transcription of the IRF7 gene are both components of
late-phase type I IFN production, in which small amounts of type I IFN, produced early
in the response, engage the type I IFN receptor (a heterodimer of IFNAR1 and IFNAR2)
in an autocrine and a paracrine fashion. Binding of IFN-�/� to its receptor leads to the
activation of ISGF3 (a heterotrimer of STAT1, STAT2, and IRF9), which promotes the
transcription of the IRF7 gene, leading to further and robust induction of IFN-� genes
and enhanced production of IFN-� (52, 53). Hence, it was intriguing to observe that
even though the signaling pathways involved in both the early and late phases of type
I IFN-� gene induction were operational, the production of IFN-� was significantly
suppressed.

The results described above directed us to search for an alternative mechanism
responsible for the inhibited production of IFN-� in virus-infected AM�. Such a mech-
anism should influence the late-phase type I IFN signaling pathway, should be opera-
tional �6 h after the initiation of virus infection, and should not involve the inhibition
of transcriptional events necessary for TLR agonist-induced cytokine production. Like
that of other RNA viruses, such as coronaviruses, the replication of PRRSV is functionally
associated with the ER and places an inordinate stress on the protein-folding machinery
of the organelle, thus triggering ER stress (24, 54). To survive ER stress, a virus-infected
cell mounts the UPR, which includes activation of the stress sensor PERK, which, by
phosphorylating the key translation regulator eIF2�, results in translational attenuation
(24). The results of our experiments revealed that the virus infection-induced inhibitory
effect on IFN-� production in response to poly(I·C) temporally coincided with the
kinetics of the appearance of phosphorylated eIF2� (Fig. 7), which became patently
manifested at �6 hpi and was accompanied by the appearance of SGs (Fig. 6E). Since
these two events are hallmarks of stalled translation (55), it seemed likely that trans-
lation attenuation could be involved in the observed inhibitory effect of IFN-� synthe-
sis. To further investigate this notion, we examined the effect of virus infection on the
production of TNF-� in response to LPS, which yields a half-maximal response within
3 h. We reasoned that since the virus infection-induced inhibitory effect on cytokine
production seemed to become operational �6 hpi, the response should not be
inhibited during the first few hours after virus infection. Our results revealed that the
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inhibitory effect on LPS-induced TNF-� production occurs only when the virus-infected
cells are exposed to the TLR4 agonist at 6 hpi. In this scenario, the bulk of the TNF-�
synthesis, which occurs between 2 and 4 h after stimulation and corresponds to 8 to 10
hpi, coincides with the time at which there is an ample supply of phosphorylated eIF2�

in the virus-infected cells (Fig. 10A and B). On the other hand, if the stimulation of the
infected AM� with LPS was initiated at 2 hpi, at which time the presence of phosphor-
ylated eIF2� is negligible, there was no inhibition and a synergistic response was even
observed (Fig. 9A). Thus, we speculated that such disparate effects could be partially
attributed to completion of TNF-� synthesis prior to the onset of p-eIF2�-regulated
translational attenuation. Evidence of direct involvement of p-eIF2� in virus infection-
induced inhibition of the TNF-� response to LPS was provided by the reduction of
eIF2� phosphorylation by PERKi-treated PRRSV-infected AM� (Fig. 11B) and by a
significant reduction in the inhibition of TNF-� and IFN-� production in similarly treated
virus-infected cells (Fig. 11C and D). Together, our results indicate that the phosphor-
ylation of eIF2�, at a late stage of the infection of AM� with PRRSV, involves the
activation of the ER stress sensor PERK. We propose that the resulting translational
attenuation is at least partially responsible for the impaired ability of PRRSV-infected
AM� to produce IFN-� and TNF-� in response to TLR agonists. Our results are in
agreement with the observations by Zhang et al. (56), in which the poly(I·C)-induced
synthesis of IFN-� by porcine monocyte-derived dendritic cells infected with PRRSV was
found to be curtailed posttranscriptionally. Although the mechanism was not exam-
ined, it was proposed that it could occur via translation inhibition (57). Raaben et al.
described evidence suggesting that the UPR, triggered by the replication of murine
hepatitis virus (MHV) in fibroblasts, caused host translational shutoff, as indicated by the
phosphorylation of eIF2� and the formation of SGs (58). Versteeg et al. reported that
the inhibition of chemokine synthesis in fibroblasts infected with MHV was due to
translational attenuation triggered by ER stress (59). To our knowledge, this is the first
report describing the involvement of the ER stress sensor PERK in the inhibition of
cytokine production in response to a TLR agonist in virus-infected macrophages.

Our results also revealed that translation of viral mRNA occurs late in infection
despite the marked presence of phosphorylated eIF2� (Fig. 8). Arteriviruses, like other
nidoviruses, synthesize a 3=-coterminal nested set of segmented mRNAs that contain a
common 5=-end “leader sequence” (60) from which the structural proteins are trans-
lated, presumably by cap-dependent translation (61). Assuming that arterivirus mRNAs,
like coronavirus mRNA, share important structural features with the host mRNA [such
as the 5= cap structure and 3= poly(A) tail], they should be equally sensitive to inhibition
by factors that control translational steps, including the translational attenuation
resulting from the presence of p-eIF2�. Efficient translation of coronavirus mRNA in the
presence of phosphorylated eIF2� has been shown to occur in cells infected with MHV
(62) and severe acute respiratory syndrome (SARS) coronavirus (63). Possible mecha-
nisms that have been suggested to explain the translation of coronavirus mRNA,
despite the presence of phosphorylated eIF2�, include the extreme abundance of viral
mRNA, which could counterbalance the effects of translational attenuation, and the use
of a slightly different repertoire of translation factors (64). It will require further studies
to ascertain the mechanism by which PRRSV translates its mRNA in the presence of
p-eIF2�.

Our results showed that AM� infected with PRRSV exhibit an increased level of
phosphorylated IRE1� within 2 h after infection (Fig. 6A), and their stimulation with LPS
at such a time would result in a synergistic TNF-� response (Fig. 9A). The phosphory-
lated cytosolic kinase effector domain of IRE1� interacts with the C terminus of TRAF2
(48), ultimately resulting in NF-�B activation and upregulation of its downstream
inflammatory pathways (65–67). Direct evidence of the role of IRE1� in the virus
infection-induced activation of NF-�B was provided by the observed reduction in NF-�B
activation by KIRA6 (Fig. 12A), an inhibitor of the kinase domain of IRE1� (41). Similarly,
direct evidence of the participation of IRE1� in virus infection-induced synergistic
TNF-� response to LPS was provided by the abolition of the synergistic TNF-� response
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(Fig. 12B) mediated by the same IRE1� inhibitor. This observation is consistent with the
report that in macrophages undergoing chemically induced ER stress, the activation of
IRE1� amplifies TNF-� production in response to LPS (47).

In their role as sentinels against pulmonary infections (68), the inflammatory re-
sponse of AM� to cellular debris or to inhaled innocuous particles is relatively limited
compared to a sufficiently strong proinflammatory response to respiratory pathogens
that nevertheless must not compromise the vital gas exchange function of the lung
(69). However, alterations in the regulatory mechanisms that maintain a delicate
balance between pro- and anti-inflammatory functional phenotypes can trigger
macrophage-directed immune overreactions resulting in lung immunopathology (70).
For instance, overly robust proinflammatory cytokine responses are thought to be
involved in exacerbated lung injury in bacterial coinfections with viruses, including
human influenza (71). As the most intensely studied proinflammatory cytokine, TNF-�
is now considered to be a central factor in acute viral diseases, including influenza, and
is prominently mentioned in cytokine storm literature (72). In its respiratory mode,
PRRSV targets AM� for replication and produces an interstitial pneumonia that even-
tually resolves (73). Frequently, however, a PRRSV infection becomes complicated with
opportunistic bacteria (74, 75) that commonly reside in the upper respiratory tract of
pigs without producing overt disease (76). A dual PRRSV-bacterial coinfection manifests
as a severe clinical syndrome, which is characterized by an enhanced proinflammatory
cytokine response, severe lung tissue damage, high morbidity, hypoxia, and often
death (6, 7, 13). Notably, BAL fluids collected from the lungs of animals undergoing a
dual PRRSV-bacterial infection have been shown to contain relatively large quantities of
TNF-�, which was considered the most likely factor responsible for the severity of the
pneumonia (14). An indication that dysregulated cytokine production in the lung could
be involved in the severe respiratory syndrome observed during PRRSV-bacterial
coinfections is suggested by the observation that PRRSV sensitizes the lung to respond
with enhanced pulmonary proinflammatory cytokine production and severe respiratory
disease upon exposure to LPS (10). The enhanced TNF-� response of AM� to LPS during
the early stages of PRRSV infection suggests that the activation of the stress sensor
IRE1� by PRRSV infection results in a functional reprogramming of AM� activity toward
a proinflammatory phenotype. Based on the observations presented here and those of
Van Gucht et al. (10), it seems reasonable to propose that the activation of NF-�B via
the IRE1� branch of the UPR in PRRSV-infected AM� could dysregulate the normally
moderate proinflammatory cytokine (TNF-�) response to bacterial pathogen-associated
molecular patterns (PAMPs) derived from opportunistic bacteria commonly present in
the respiratory tracts of conventionally raised swine (76). In this scenario, we speculate
that in the absence of PRRSV infection, AM� normally produce a regulated proinflam-
matory cytokine response to bacterial PAMPs of sufficient intensity to contain the
microbes while maintaining homeostasis between the host and the resident and
potentially pathogenic microbes. In the event of a respiratory infection with PRRSV,
AM�s could overreact to their exposure to bacterial PAMPs during the early stages of
PRRSV infection, resulting in dysregulated production of TNF-�, promoting the devel-
opment of severe inflammation and lung dysfunction. Future studies will be focused on
examining the role of IRE1� in the pathogenic synergy between PRRSV and secondary
bacterial pathogens. Our observations provide support to the emerging concept that
the UPR directly activates proinflammatory TFs (49) and is involved in microbe sensing
by cells of the immune system (77) and are consistent with the notion that the
activation of IRE1� can act in synergy with TLR activation of proinflammatory cytokine
production in macrophages (47).

MATERIALS AND METHODS
Cells. The porcine AM� cell line ZMAC (created in our laboratory at the University of Illinois at

Urbana-Champaign [UIUC]), was derived from the lungs of porcine fetuses (78) and consists of phago-
cytic cells that express several surface markers characteristic of AM� (79), including CD14, CD45, CD163,
and CD172 (78). The ZMAC cell line has been shown to efficiently support the growth of PRRSV (31, 80).
Primary PAM� were obtained from the lavage fluid from lungs harvested from euthanized specific-
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pathogen-free pigs. The lung lavage fluid was obtained by infusing the trachea under aseptic conditions
with 50 ml phosphate-buffered saline (PBS) per lung. The collected lavage fluid was centrifuged at 500 �
g and 4°C for 10 min. The cell pellets were washed twice with Hanks’ buffered sterile saline (HBSS) and
suspended in RPMI medium supplemented with 10% fetal bovine serum (FBS) (Gibco, Invitrogen, Grand
Island, NY, USA) and processed for freezing using dimethyl sulfoxide (DMSO). Aliquots of the resulting
suspensions were stored in liquid nitrogen until further use. A single batch of primary PAM� was used
for this study, which was chosen based on the cell population exhibiting �50% permissiveness to PRRSV.
Both PAM� and ZMAC cells were cultured in RPMI 1640 medium containing L-glutamine (Mediatec,
Herndon, VA, USA) and supplemented with 10% FBS (Gibco), 1 mM sodium pyruvate, and 1� nones-
sential amino acids (Mediatec) and kept at 37°C in a 5% CO2 atmosphere. Maintenance of ZMAC cells also
required the inclusion of 10 ng/ml recombinant mouse macrophage colony-stimulating factor (Shenan-
doah Biotechnology, Inc., Warwick, PA). MARC-145 cells (kindly provided by William Laegreid, University
of Wyoming) were grown as previously described (81).

Viruses. Genotype 2 PRRSV strains NADC20 (82) and FL12 (83) were propagated in MARC-145 cells
(81). The Purdue strain of TGEV, kindly provided by Linda Saif (Ohio State University), was grown in swine
testicle (ST) cells. Cell-free preparations of PRRSV were obtained from the medium overlying infected cell
monolayers showing �80% CPE by centrifugation at 4°C and 350 � g for 10 min. Approximately 25 ml
of the clarified virus suspension was layered on top of a 3-ml cushion of 15% iodixanol (OptiPrep;
Sigma-Aldrich, St. Louis, MO, USA) and subjected to ultracentrifugation at 64,100 � g at 4°C for 3 h. The
resulting virus-containing pellets were suspended in 1 ml of TNE buffer (10 mM Tris, pH 7.6, 100 mM NaCl,
1 mM EDTA). The purified virus stocks were titrated in monolayers of ZMAC cells (50% tissue culture
infective dose [TCID50]). When required, purified NADC20 virus was inactivated by exposure to short-
wave (254-nm) UV light for 3 min. Loss of viability was verified by the inability of the UV light-exposed
viruses to produce CPE in monolayers of MARC-145 cells. GFP-expressing PRRSV (P129-GFP virus) was
kindly provided by D. Yoo (University of Illinois) (32) and propagated in ZMAC cells. To obtain the
single-step virus growth curve, ZMAC cells were infected with PRRSV strain NADC20 at an MOI of 5 to
ensure a high degree of synchronous viral infection. After 1 h of infection at 37°C, the cell cultures were
washed twice, and thereafter, samples of cell-free supernatants were collected at specified time intervals.
The time postinfection was set at zero after the 1-h absorption. The amount of infectious virus present
in samples containing PRRSV was determined in ZMAC cells according to the Reed and Muench method
and expressed as TCID50 per milliliter.

Infection, treatment of porcine AM�, and viability monitoring. For viral challenge, 2 � 105 ZMAC
cells were cultured in sterile 12- by 75-mm round-bottom polypropylene tubes (Corning, New York) and
were either mock infected or infected with PRRSV at an MOI of 5 to obtain a synchronized infection. At
the time of harvest, the cell viability was determined visually by microscopy using vital-dye exclusion. The
occurrence of cellular DNA fragmentation, indicative of late stages of apoptosis, was detected by TUNEL
using the DeadEnd colorimetric TUNEL system (Promega, Madison, WI). For cytokine responses, unin-
fected or PRRSV-infected cells cultured as described above were treated at the indicated times postin-
fection with either 25 �g/ml of poly(I·C) (Amersham Pharmacia Biotech Inc., Piscataway, NY) or 100 ng/ml
of LPS (purified from Escherichia coli 011:B4; Sigma, St. Louis, MO) and further cultured for the indicated
length of time. When indicated, the cell cultures were also treated with either 1 �M the IRE1� inhibitor
KIRA6 (41) (EMD Millipore, Darmstadt, Germany) or 1 to 2 �M the PERK inhibitor GSK2606414 (46) (EMD
Millipore, Darmstadt, Germany). As a positive control for eIF2� activation, the AM� cultures were treated
with 2 mM DTT (Sigma-Aldrich) for 1 h. For measurement of intracellular protein status by Western
blotting, 1 � 106 to 2 � 106 ZMAC cells were cultured in a 6-well tissue culture plate in a 2-ml volume.
To deliver poly(I·C) into the cytoplasm, in some experiments, ZMAC cells were transfected with poly(I·C)
using jetPEI-Macrophage transfection reagent (Polyplus Transfection, Illkirch, France) following the
manufacturer’s recommendations. Briefly, 400 �g of poly(I·C) in a 50-�l volume was mixed with 50 �l of
a 150 mM NaCl solution containing 1 �l of jetPEI-Macrophage. Following a 30-min incubation at room
temperature (RT), this mixture was added to a well of a 24-well plate containing 2.5 � 105 ZMAC cells
in a 0.5-ml volume.

Quantitation of IFN-� and TNF-�. Individual IFN-�-secreting cells (SC) and the presence of IFN-� in
cell-free culture supernatants were detected by enzyme-linked immunosorbent spot (ELISPOT) assay and
enzyme-linked immunosorbent assay (ELISA), respectively, as previously described (84). For TNF-�
detection, the same ELISA procedure was followed except that the wells were coated with 50 �l of
4-�g/ml anti-pig TNF-� monoclonal antibody (MAb) (clone103304; R&D Systems, Minneapolis, MN, USA).
The captured cytokine was detected with 50 �l of 2.5-�g/ml biotin-labeled, anti-pig TNF-� MAb (clone
103302; R&D Systems). The optical densities at 450 nm (OD450s) of triplicate wells were averaged, and the
amounts of TNF-� were determined based on a curve generated from the values obtained using serial
dilutions of a standard (R&D Systems). The lowest levels of detection for the IFN-� and TNF-� assays were
80 pg/ml and 120 pg/ml, respectively.

Western blot analysis. Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with a protease inhibitor cocktail (Amresco, Solon,
OH, USA), and the protein concentrations of the resulting lysates were determined by using a bicin-
choninic acid (BCA) protein assay kit (Pierce, Rockford, IL, USA). Equivalent protein amounts of each
extract (25 to 60 �g per well) were subjected to separation in an SDS-10% PAGE gel and subsequently
transferred onto a 0.2-�m polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules, CA, USA) for
Western blot analysis. The membranes were incubated in blocking buffer (2% fish gelatin in TBST solution
[50 mM Tris, pH 7.5, 500 mM NaCl, and 0.5% Tween 20]) at RT for 1 h. Afterward, the membranes were
incubated at 4°C overnight with one of the following unconjugated primary Abs (a 1:1,000 dilution of the
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manufacturer’s original concentration in TBST with 5% BSA): anti-IRF3 (clone D83B9; Cell Signaling,
Danvers, MA, USA), anti-phospho-IRF3 (Ser396) (clone 4D4G; Cell Signaling), anti-NF-�B-p65 (3034; Cell
Signaling), anti-NF-�B-p65 (Sc109; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-phospho NF-�B-
p65 (Ser536) (clone 93H1; Cell Signaling), anti-STAT1 (sc346), anti-phospho STAT1 (Tyr701) (SC-7988;
Santa Cruz Biotechnology), anti-eIF2 (9722; Cell Signaling), anti-phospho-eIF2 (9721; Cell Signaling),
anti-CHOP (clone L63F7; Cell Signaling), or anti-�-actin (4967; Cell Signaling). The membranes were then
washed four times in TBST solution and incubated with horseradish peroxidase (HRP)-conjugated
anti-rabbit immunoglobulin (IgG) secondary Ab (sc2004; Santa Cruz Biotechnology, Santa Cruz, CA, USA;
1:8,000 in blocking buffer) at RT for 1 h. After being washed again 4 times with TBST, the membranes
were incubated with a chemiluminescence reagent (GE Healthcare, Little Chalfont, Buckinghamshire,
United Kingdom) to enable detection of bound secondary Ab. Screening for the presence of a specific
phosphorylated protein was always performed prior to detection of the corresponding, nonphosphory-
lated form on membranes that had been incubated in stripping buffer (21059; Thermo Fisher Scientific,
Waltham, MA, USA) at RT for 15 min to remove any bound Ab.

RNA preparation and real-time reverse transcription-PCR. Samples of 105 uninfected or PRRSV-
infected ZMAC cells were cultured in the presence or absence of poly(I·C) for the indicated length of time.
Afterward, each sample was lysed in buffer RLT, and the total RNAs were purified, DNase treated,
converted into cDNA, and subjected to real-time PCR, as previously described (80). Primers and probes
for the amplification/detection of porcine IFNA1 and IFNB1 gene transcripts have been described
previously (80), whereas those associated with the amplification/detection of IRF7 and ribosomal protein
L32 (RPL32) gene transcripts were designed and provided by H. Dawson (U.S. Department of Agriculture
[USDA], Beltsville, MD) and are described in the DGIL Porcine Translational Research Database (http://
www.ars.usda.gov/Services/docs.htm?docid�6065). Changes in the extent of expression of the IFNA1,
IFNB1, and IRF7 genes were determined by using the comparative threshold cycle (CT) method and the
formula 2�ΔΔCt (85), where the RPL32 gene was used as the reference housekeeping gene.

Detection of stress granules and dsRNA in virus-infected AM�. A total of 2 � 105 ZMAC cells
were grown in individual wells of a Nunc LabTekII 8-well chamber slide and were either mock infected
for 8 h, treated with DTT for 1 h, or infected with PRRSV strain FL12 (MOI � 5) for 4 or 8 h. Afterward,
the cell monolayers were fixed in PBS containing 4% paraformaldehyde for 20 min at RT, washed with
PBS, incubated with blocking buffer (PBS containing 0.3% Triton X-100 and 3% normal goat serum) for
1 h at RT, and incubated in MAb dilution buffer (PBS containing 0.3% Triton X-100 and 1% BSA)
containing rabbit anti-TIAR MAb (1:200 dilution of the manufacturer’s original concentration;
cloneD32D3; Cell Signaling) overnight at 4°C. Afterward, the cells were washed 3 times in PBS and
incubated with MAb dilution buffer containing 5 �g/ml goat anti-rabbit IgG conjugated to DyLight594
(35560; Thermo Scientific) at RT for 1 h. After being washed 3 times with PBS, the monolayers were
incubated at RT in blocking buffer for 1 h and in MAb dilution buffer containing mouse anti-dsRNA
monoclonal antibody (1:200 dilution of the manufacturer’s original concentration; cloneJ2; Scicons,
Szirák, Hungary) for 2 h, washed 3 times with PBS, and incubated with Ab dilution buffer containing 2.5
�g/ml goat anti-mouse IgG conjugated to fluorescein isothiocyanate (FITC) (62-6511; Zymed, Life
Technologies) at RT for 1 h. Afterward, the chamber was removed and the glass slide was wet mounted
in antifading medium (Invitrogen, Life Technologies). Fluorescent signals were observed with an immu-
nofluorescence microscope (DMII 4000B; Leica, Wetzler, Germany).

Statistical analysis. An unpaired Student’s t test was used to determine if significant differences
existed in the cytokine gene expression or synthesis exhibited by AM� between treatment groups. To
determine the presence of statistically significant synergism, the interaction effects between PRRSV, LPS,
and the IRE1� inhibitor were tested using two-way ANOVA (51). A P value of �0.05 was considered
statistically significant.

Ethics statement. All experimental procedures requiring the use of animals were performed under
protocols 06082 and 13064 approved by the Institutional Animal Care and Use Committee (IACUC) of
UIUC. The animal care and use protocols were those followed by the Agricultural Animal Care and Use
Program (AACUP), which adheres to the Federation of Animal Science Societies (FASS) Guide to the Care
and Use of Agricultural Animals in Research and Teaching. The AACUP at UIUC is accredited by the
Association for the Assessment and Accreditation of Laboratory Animal Care International (AAALAC).
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