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The pathogenesis and optimal treatments for severe acute respiratory syndrome (SARS) are unclear,
although corticosteroids were used to reduce lung and systemic inflammation. Because the pulmonary pathology of porcine respiratory coronavirus (PRCV) in pigs resembles SARS, we used PRCV as a model to clarify
the effects of the corticosteroid dexamethasone (DEX) on coronavirus (CoV)-induced pneumonia. Conventional weaned pigs (n ⴝ 130) in one of four groups (PRCV/phosphate-buffered saline [PBS] [n ⴝ 41],
PRCV/DEX [n ⴝ 41], mock/PBS [n ⴝ 23], and mock/DEX [n ⴝ 25]) were inoculated intranasally and
intratracheally with the ISU-1 strain of PRCV (1 ⴛ 107 PFU) or cell culture medium. DEX was administered
(once daily, 2 mg/kg of body weight/day, intramuscularly) from postinoculation day (PID) 1 to 6. In PRCV/DEX
pigs, significantly milder pneumonia, fewer PRCV-positive cells, and lower viral RNA titers were present in
lungs early at PID 2; however, at PID 4, 10, and 21, severe bronchointerstitial pneumonia, significantly higher
numbers of PRCV-positive cells, and higher viral RNA titers were observed compared to results for PRCV/PBS
pigs. Significantly lower numbers of CD2ⴙ, CD3ⴙ, CD4ⴙ, and CD8ⴙ T cells were also observed in lungs of
PRCV/DEX pigs than in those of PRCV/PBS pigs at PID 8 and 10, coincident with fewer gamma interferon
(IFN-␥)-secreting cells in the tracheobronchial lymph nodes as determined by enzyme-linked immunospot
assay. Our results confirm that DEX treatment alleviates PRCV pneumonia early (PID 2) in the infection but
continued use through PID 6 exacerbates later stages of infection (PID 4, 10, and 21), possibly by decreasing
cellular immune responses in the lungs (IFN-␥-secreting T cells), thereby creating an environment for
more-extensive viral replication. These data have potential implications for corticosteroid use with SARS-CoV
patients and suggest a precaution against prolonged use based on their unproven efficacy in humans, including
possible detrimental secondary effects.
Severe acute respiratory syndrome (SARS) is a recent emergent zoonotic disease of humans caused by a new strain of
coronavirus (CoV), likely originating from wild or captive bats
within the region of the original SARS outbreak (25, 30, 32,
41). The global SARS epidemic began in Guangdong Province,
Southern China, in November 2002 and within 6 months rapidly spread to more than 30 countries through the international
travel of SARS carriers. The global epidemic was contained
after more than 8,422 cases and 916 deaths, with a case fatality
rate of 11% (61). Although civet cats and raccoon dogs have
been considered as a natural reservoir for the SARS epidemic
(2002-2003) (16, 39), these animals may have served only as an
amplification host for SARS-associated CoV (SARS-CoV) to
permit efficient animal-to-human and human-to-human transmission as determined by further genetic analysis (30, 59).
Since termination of the epidemic in July 2003, new cases of
SARS have emerged sporadically in East Asia, including the
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original site in Southern China (42). Most of the cases have
been associated with laboratory-acquired virus exposure or
zoonotic (animal-to-human) sporadic transmission. However,
the potential for future outbreaks of human SARS-CoV and
animal (zoonotic) SARS-CoV-associated disease in humans
remains, because CoVs are known to evolve altered cellular
tropism and host specificity (42).
SARS-CoV belongs to subgroup 2b of the group 2 CoVs
(group 2a: human CoV OC43, murine hepatitis virus, bovine
CoV, and porcine hemagglutinating encephalitis virus) in the
family Coronaviridae, order Nidovirales, based on rooted-tree
phylogenetic analysis (48). SARS-CoV causes severe lower
respiratory tract disease in humans (5, 8, 11, 13, 22, 34, 35, 39,
51). The infection is characterized by acute damage of alveolar
and bronchiolar epithelial cells, especially type 2 pneumocytes,
in the acute phase of pneumonia, proliferative and fibrinous
pneumonia, and pulmonary tissue damage due to immunopathology caused by activated inflammatory leukocytes and leukocyte-derived cytokines within the pulmonary lesions and in
the blood of SARS patients at either early or late stages of the
disease (5, 8, 11, 13, 22, 34, 35, 51). Such a pronounced immune response, including up-regulation of proinflammatory
cytokines and chemokines, exacerbates the atypical pneumonia
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lung (up to day 42 for SARS and day 21 for PRCV in this
study) compared to other acute human respiratory viruses (34).
These data indicate that although the onset of symptoms in
SARS-CoV patients is acute and sudden in most clinical cases,
the pneumonia is induced later, often when symptoms and
virus shedding appear to be resolving (11, 13, 22, 35, 51).
There are other differences and similarities between PRCV
infection in pigs and SARS disease in humans. Unlike the case
with SARS, there is less systemic proinflammatory cytokine
activation found in pigs with PRCV infection, consistent with
the usually mild clinical signs (55). Although extrapulmonary
lesions are rare, PRCV was occasionally detected in the lamina
propria of the small intestines of young infected pigs but without inducing intestinal villous atrophy, and it was present at
low titers in the liver. The PRCV was also isolated at low titers
from lymph nodes (bronchial, mesenteric, maxillary and parotid) and the spleen, but with lymphadenopathy observed (9,
17, 37, 42, 44). Similarly, the SARS-CoV-associated lesions or
viral antigens/RNA have been identified in lymphoid organs
(but with lymphocyte depletion), the liver, the gastrointestinal
tract (with no significant pathological changes, as with PRCV),
and feces, but in contrast to PRCV, also in the kidneys and
urine (as tubular necrosis), central nervous system (as degeneration of neurons), and even bone marrow (as hemophagocytosis) of SARS patients (11, 34, 35, 51), most of whom
received high-dose corticosteroids for a longer period than is
the case after common viral infections (1, 3, 27).
The possibility remains that the use of corticosteroids in
SARS patients contributed to the severity of SARS, including
the risk of secondary viral/fungal/bacterial infections, rather
than ameliorating the disease (1, 7, 13, 15, 18, 21, 22, 31, 36,
56). Therefore, studies to evaluate the impact of corticosteroid
treatments and development of appropriate animal models for
determining the influence of coinfections on the severity of
SARS-CoV-induced respiratory diseases are needed. The goal
of the current study was to clarify the effects of the corticosteroid dexamethasone (DEX), adopting a postinfection dosage
regimen similar to that used for SARS patients, on PRCV
pneumonia with a porcine disease model that mimics the atypical pneumonia and lesions seen in SARS patients.

MATERIALS AND METHODS
Animals and viruses. Large White-Duroc crossbred weaned pigs (n ⫽ 130)
were obtained from sows that were serologically negative for porcine reproductive and respiratory syndrome virus (PRRSV), PRCV, and TGEV, from a specific-pathogen-free swine herd at the Ohio Agricultural Research and Development Center, Ohio State University, Wooster, OH. The swine herd also had no
porcine circovirus type 2 (PCV2)-associated disease, i.e., postweaning multisystemic wasting syndrome and porcine respiratory disease complex in weaned pigs,
porcine dermatitis and nephropathy syndrome in grower pigs, or PCV2-associated abortions or stillbirths in pregnant sows. The piglets were weaned at 20 days
of age, allowed to acclimate for a week, and then transported to an isolation
facility when 27 days old. After the 7-day acclimation to the isolation facility,
corticosteroids and virus or mock-infected cell culture fluids were administered.
The animals were given fresh water and pelleted feed. Each experimental group
of pigs was housed in a separate room in a high-security isolation facility (biosafety level 2) in accordance with the guidelines of the Institutional Animal Care
and Use Committee of Ohio State University. PRCV strain ISU-1, which originated from nasal swabs collected from infected pigs in Indiana (19), was plaque
purified 2 times and passaged 14 times in swine testicle (ST) cells prior to use as
an inoculum. For the inoculum, this strain was cultivated in ST cells in Eagle’s
minimal essential medium (MEM) (GIBCO/BRL) supplemented with antibiotic-
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and is characterized by a dry cough, persistent fever, and progressive dyspnea in SARS patients (5).
During the 2002-2003 SARS season, most clinicians used
corticosteroids to modify the SARS symptoms based on anecdotal experience and on an incomplete understanding of tissue
damage caused by the hyperimmune response in patients (14).
At the time, the use of corticosteroids was thought to modify
the hyperimmune response and to alleviate the SARS pneumonic lesions which led to acute respiratory distress syndrome
(14, 20, 29, 49). Currently, however, many researchers have
reported that the use of corticosteroids in SARS patients
caused significant adverse effects, including fatal secondary
viral/fungal/bacterial infections due to the immunosuppressive
effects, steroid-induced avascular necrosis and myopathy, and
ultimately an increased risk of either mortality or intensive
care support requiring mechanical ventilation (1, 7, 13, 15, 18,
21, 22, 31, 36, 56). Corticosteroid therapy for SARS patients
remains controversial, and there is no appropriate animal
model that adequately reproduces the progression of the disease and the severe atypical pneumonia (15, 27). Once animal
studies define the effects of corticosteroids on SARS-CoVinduced pneumonia or animal respiratory CoV-induced pneumonia, clinical management in humans can be designed more
effectively to determine the best therapeutic approach with
appropriate dosages, timing, and duration of corticosteroid
treatment for SARS patients.
Porcine respiratory coronavirus (PRCV), a spike (S) gene
deletion mutant of transmissible gastroenteritis virus (TGEV),
which causes acute epidemic diarrhea in neonatal piglets, is
classified as a group 1 CoV (42, 44). Although most PRCV
infections are mild or subclinical in pigs unless accompanied by
dual or secondary infections, pulmonary lesions consisting of
atypical pneumonia resembling that in SARS patients are almost invariably present (42, 44). The PRCV is a unique CoV
among 15 animal and human CoVs of the 3 groups in causing
pronounced lower respiratory tract disease like SARS (9, 17,
37, 42, 44). As with SARS, PRCV infection of young pigs is
associated with transient viremia, often with extremely high
titers of PRCV in lungs (108.3 median tissue culture infectious
doses [TCID50] per gram of lung tissue) and with extensive
lung consolidation (60%) (9, 17). However, the lesions and
severity observed varied according to the strain of PRCV (17,
23). The pulmonary pathogenesis of PRCV in pigs resembles
that of SARS in many aspects (8, 9, 11, 13, 17, 22, 23, 34, 35,
37, 42, 44, 51). First, in the early phase of pneumonia (within
10 days after onset of flu-like symptoms in SARS), SARS-CoV
and PRCV replicate primarily in bronchiolar and alveolar epithelial cells, especially type 2 pneumocytes, and induce cell
damage. Secondly, SARS-CoV and PRCV have common histological characteristics, detected as interstitial pneumonia
with type 2 pneumocyte hypertrophy and hyperplasia and inflammatory leukocyte infiltration in the late phase of pneumonia (10 days beyond symptom onset in SARS). Third, SARSCoV and PRCV both induce pneumonia with two phases, an
early inflammatory phase and a late proliferative phase (approximately 10 days after symptom onset in SARS). This is
distinct from most respiratory virus-induced pneumonias, in
which only one of three possible phases (an inflammatory
phase, a proliferative phase, or a fibrotic phase) occurs. Lastly,
SARS-CoV and PRCV are detectable for long periods in the
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1% normal goat serum for 30 min at room temperature. Three monoclonal
antibodies (all diluted 1:200) against the nucleocapsid proteins (25H7 and 14E3)
and the S protein (25C9) of TGEV, which cross-react with PRCV, were incubated with the tissues overnight at 4°C (46). The tissue sections were then washed
twice in PBS and incubated with goat anti-mouse immunoglobulin G (IgG)
labeled with horseradish peroxidase (1:200; Dako, CA) for 1 h at 37°C. Antibody
binding was detected by immersing sections in a solution of 3,3⬘-diaminobenzidine substrate (BD Biosciences) for 10 min at room temperature. Sections were
counterstained with Mayer’s hematoxylin. PRCV antigen-positive scores were
computed by estimating the number of PRCV-positive cells in the lung and other
organ sections per microscopic area at magnification ⫻200 based on the following criteria: 0, no positive cells; 1, few (less than 10) positive cells; 2, moderate
(from 11 to 25 positive cells), and 3, high (more than 26 positive cells).
Evaluation of virus shedding by CCIF, RT-PCR, and real-time PCR. To
determine the extent and changes in patterns of virus shedding from nasal swabs,
the nasal samples were tested using a cell culture immunofluorescence (CCIF)
test, reverse transcription-PCR (RT-PCR), and real-time PCR. The CCIF test
was performed as previously described (47). Briefly, fourfold serial dilutions of
the nasal swab supernatants were inoculated onto ST cells grown in 96-well tissue
culture plates and incubated for 18 h at 37°C in 5% CO2. The cells were fixed
with 80% acetone, stained with hyperimmune porcine anti-TGEV serum conjugated to fluorescein isothiocyanate, and analyzed by fluorescence microscopy.
Titers were expressed as fluorescent focus units (FFU) per ml.
One-step RT-PCR was performed for the detection of PRCV RNA from nasal
swabs, as described previously (24). Briefly, RNA was extracted from nasal swab
samples using the TRIZOL LS reagent (Invitrogen) according to the manufacturer’s instructions and precipitated with isopropanol to collect viral RNA. The
RNA samples were diluted in diethyl pyrocarbonate-treated water. The forward
and reverse primers used to detect PRCV were as follows: 5⬘-GGGTAAGTTG
CTCATTAGAAATAATGG-3⬘ and 5⬘-CTTCTTCAAAGCTAGGGACTG-3⬘,
respectively, which amplified the 325-to-385-bp region from open reading frame
1b and the S gene of PRCV. Viral RNA (5 ng) was used in a total reaction
volume of 50 l with 5 l 10⫻ PCR buffer (Promega, Madison, WI), 5 l of 25
mM MgCl2 (Promega, Madison, WI), 1 l of 10 mM (each) deoxynucleoside
triphosphates, 20 U RNasin (Promega, Madison, WI), 5 U avian myeloblastosis
virus reverse transcriptase (Promega, Madison, WI), 2.5 U Taq DNA polymerase
(Promega, Madison, WI), and 0.5 l of each primer (50 pm stocks). The reference strains, PRCV strain ISU-1 and TGEV strain M6 Miller, were used as
positive controls, and the negative controls included PRCV/TGEV-negative nasal swabs from mock-infected pigs and water. The PCR was carried out under the
following conditions in a thermocycler (Applied-Biosystem): 90 min at 42°C, 5
min at 95°C, and then 35 cycles of denaturation at 94°C for 1 min, annealing at
60°C for 1 min, and extension at 72°C for 1 min, followed by a final cycle of
extension at 72°C for 10 min. The PCR products were analyzed on 1.5% agarose
gels stained with ethidium bromide. Real-time PCR was performed as described
below.
Quantitative real-time PCR for PRCV RNA titers in lung and BAL fluids. For
evaluation of PRCV RNA titers in lung tissues, bronchoalveolar lavage (BAL)
fluids, and nasal samples of PRCV-infected and mock-infected pigs, a two-step
real-time PCR was developed. Lung tissues were collected from each pig at
necropsy and frozen rapidly at ⫺70°C until use. The frozen lungs were cut,
weighed, and placed in MEM for RNA extraction. To make homogenates, the
tissues were blended for 2 min in a Stomacher 400 laboratory blender (Seward).
BAL fluids were collected from either the right or left lung of each pig as
previously described (26), with slight modifications. Briefly, the right lung was
lavaged with 50 ml of MEM administered through the trachea. Approximately
50% of the initial volume of the lavage fluid was recovered. The BAL fluid was
centrifuged at 800 ⫻ g, 4°C, for 10 min to separate cells, and the cell-free lavage
fluids were stored at ⫺70°C until use for RNA extraction. The BAL cells were
used to determine the total number of cells and calculate the differential cell
count, as previously described (26).
The PRCV RNA was extracted from lung tissue and BAL samples using the
Qiagen RNeasy Mini kit (Qiagen, Inc.) according to the manufacturer’s instructions. The primers for PRCV quantification were designed from nucleotide
sequences of the nucleocapsid gene of TGEV (NCBI GenBank; accession number AF302264) using the primer select program in the DNAStar software
(DNAStar, Inc.). A 244-bp region was amplified from the nucleocapsid gene of
TGEV using forward (5⬘-GGCAACCCAGACAACTCCATC-3⬘, nucleotides
105 to 126) and reverse (5⬘-CTTCAACCCCATAACCCTCCAG-3⬘, nucleotides
328 to 348) primers. For first-strand cDNA synthesis, 2 l of the PRCV RNA (5
ng/l) was added to a total reaction volume of 20 l with 1⫻ RT buffer (50 mM
Tris-HCl, 8 mM MgCl2, 30 mM KCl, 1 mM dithiothreitol [pH 8.3]), 0.5 mM
(each) deoxynucleoside triphosphates, 2.5 M random hexanucleotide mixture
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antimycotic solution (Gibco/BRL). Titers of virus were assayed by plaque assays
as PFU (PFU/ml), as described previously (4).
Establishment of PRCV infection in pigs and DEX treatment. Pigs were
randomly assigned to four groups: PRCV/PBS (n ⫽ 41), PRCV/DEX (n ⫽ 41),
mock/PBS (n ⫽ 23), and mock/DEX (n ⫽ 25). A total of five independent
experimental trials were performed between October 2005 and February 2007, as
follows: trial 1, n ⫽ 18, in 2005; Trials 2 to 4, n ⫽ 84, in 2006; and Trial 5, n ⫽
28, in 2007. Over the first 3 days of each experiment, prior to virus inoculation,
a physical examination was performed to assess clinical signs and health of the
animals (lethargy, sneezing, and coughing), body weight, respiratory rates, and
rectal temperatures. For virus inoculation, the pigs were sedated by intramuscular injection of 6 mg tiletamine plus zolazepam (Telazol; Fort Dodge Animal
Health, Fort Dodge, IA) per kg of body weight and 1 mg xylazine (Akom, Inc.)
per kg of body weight. Pigs (n ⫽ 82) were then inoculated intranasally and
intratracheally with 1 ⫻ 107 PFU of the PRCV strain ISU-1 or were inoculated
with mock-infected cell culture medium (n ⫽ 48). DEX (Vedco, Inc.), an antiinflammatory corticosteroid, was given daily to PRCV/DEX and mock/DEX pigs
by intramuscular injection of 2 mg per kg of body weight from postinoculation
day (PID) 1 to 6 to mimic the doses and regimen used for SARS patients (1, 14,
27). A previous report indicated that a single treatment of DEX (2 mg/kg) caused
lymphopenia and a marked decrease in lymphocyte blastogenesis in pigs (12).
The PRCV/PBS and mock/PBS pigs were similarly administered phosphatebuffered saline (PBS) (pH 7.4). After virus inoculation and DEX administration,
pigs were assessed clinically every day and nasal swabs were collected every other
day from each animal throughout the experiment (from PID 0 to PID 21). The
swabs were placed in 4 ml of MEM supplemented with antibiotic-antimycotic
solution and stored at ⫺70°C until tested.
Evaluation of gross and histopathologic lesions. Four to nine pigs per group
were euthanized, and specimens were collected at early (PID 2 and 4), middle
(PID 8 and 10), and late (PID 21) stages of the infection. Euthanasia was
performed by electrocution followed by exsanguination as recommended by the
American Veterinary Medical Association panel report (2000). Complete necropsies were performed on all the pigs, and organs (lung, kidney, spleen, liver,
tracheobronchial lymph nodes (TBLNs), jejunum, ileum, cecum, and colon)
were examined grossly and histologically. For evaluation of macroscopic pulmonary lesions, the lungs were examined and were given an estimated score based
on the percentage of virus-affected lesions (consolidation) in all six lobes (right
cranial, middle and caudal, left cranial and caudal, and accessory lobes). The
maximum gross lung lesion score was 10.875 if the lung was the most severely
affected (100%). Sections of lung tissue were obtained from the left cranial lung
lobe because PRCV-induced pneumonic lesions were characterized by cranioventral pneumonia, as identified in this study and in previous publications (9, 17,
22, 37). All tissue samples, which were sliced to no more than 1 cm in thickness,
were rapidly fixed in freshly prepared 4% (wt/vol) paraformaldehyde in 0.1 M
PBS (pH 7.4) overnight at 4°C. The tissues were dehydrated in a graded ethanol
series and embedded in paraffin, and 3-m sections were cut for histopathological examination, followed by hematoxylin-and-eosin staining. Tissue sections
were evaluated blinded, without information on the infection status. Specifically,
lung tissues were analyzed morphometrically and scored according to three
parameters of pulmonary pathology: (i) thickening of alveolar septa by infiltration of inflammatory leukocytes, principally mononuclear cells, and type 2 pneumocyte hypertrophy and hyperplasia (ranging from 0 to 6, where 0 is normal
appearance, 1 is mild focal or multifocal, 2 is mild diffuse, 3 is moderate focal or
multifocal, 4 is moderately severe, 5 is severe focal or multifocal, and 6 is severe
diffuse interstitial pneumonia); (ii) accumulation of necrotic cells and inflammatory leukocytes in alveolar and bronchiolar lumina due to airway epithelial
necrosis (ranging from 0 to 3, where 0 is normal appearance and 3 is severe); and
(iii) peribronchiolar or perivascular lymphohistiocytic inflammation (ranging
from 0 to 3, where 0 is normal appearance and 3 is severe). The total histopathological lung lesion scores ranged from 0 (no abnormalities) to 12 (most severe
bronchointerstitial pneumonia). In addition, to evaluate the degree of enlargement of the TBLNs following PRCV inoculation and any reduction following
DEX treatment, the left TBLNs from each pig were weighed, and lymph-nodeto-body-weight (LN/BW) ratios were calculated.
Immunohistochemistry (IHC) for detection and quantification of PRCV antigens. For detection of PRCV antigens in the tissues of PRCV-inoculated
(PRCV/PBS and PRCV/DEX) and mock-inoculated (mock/PBS and mock/
DEX) pigs, all tissue samples were prepared as described earlier. The tissue
slides were incubated at 60°C for 20 min, deparaffinized in xylene twice for 5 min
each, and rehydrated through a graded ethanol series (100% to 50%). Antigen
retrieval was performed using 100 g/ml of proteinase K (Invitrogen Corp.), and
sections were immersed in 0.3% H2O2 in methanol to block endogenous peroxidase. The tissue slides were then washed in PBS three times and blocked with
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l of anti-porcine IFN-␥ (5 g/ml) (Biosource, Camarillo, CA), overnight at
room temperature. Prior to use, the plates were blocked with RPMI 1640 medium containing 8% fetal bovine serum for 2 h at room temperature, and then
cell suspensions were added in duplicate wells at concentrations of 5 ⫻ 105 and
5 ⫻ 104 cells per well. Cells were stimulated with 50 g/ml of clarified PRCV or
10 g of phytohemagglutinin (positive control) or RPMI (negative control). The
optimal time and dose for in vitro antigen restimulation were determined in
preliminary experiments. After 72 h of incubation at 37°C with 5% CO2, the cells
were washed and 100 l of biotinylated MAb to porcine IFN-␥ (1 g/ml)
(Biosource) was added. Plates were incubated overnight at 4°C. Horseradish
peroxidase-conjugated streptavidin (Biosource) was added in 100 l at a concentration of 0.3 g/ml, and plates were incubated for 2 h at room temperature.
The spots were developed with H2O2 and 3-amino-9-ethylcarbazole (SigmaAldrich, St. Louis, MO). Cytokine-secreting cells (CSC) were counted using an
ImmunoSpot series 3A analyzer (Cellular Technology, Ltd., Cleveland, OH) and
expressed as numbers of CSC per 5 ⫻ 105 MNC. The background cytokine
production reflecting in vivo residual stimulation was assessed by stimulating
cells with only RPMI medium; these cell counts were subtracted from the
PRCV-stimulated CSC.
Statistical analysis. All values are expressed as the means ⫾ standard errors
of the means (SEM). Data among four treatment groups (PRCV/PBS, PRCV/
DEX, mock/PBS, and mock/DEX) were analyzed and compared by the KruskalWallis test (nonparametric) using the Statistical Analysis Systems software (SAS
Institute, Inc., Cary, NC). A P value of ⬍0.05 was considered statistically significant. Fischer’s exact test was used to evaluate the proportion of pigs with
RT-PCR-positive nasal swabs between the PRCV/PBS and PRCV/DEX-treated
groups.

RESULTS
Mild clinical response to PRCV infection and corticosteroid
(DEX) treatment. Clinical signs in PRCV/PBS and PRCV/
DEX pigs ranged from sneezing to coughing, mild fever (the
average rectal temperature was between 39.6°C and 40.0°C),
mild polypnea (respiratory rate of ⱖ60 movements per min),
and anorexia, whereas mock/DEX pigs had mild anorexia
throughout the experiment and no clinical signs were observed
in mock/PBS control pigs. No significant differences in the
amount of sneezing and coughing between PRCV/PBS pigs,
PRCV/DEX pigs, and the two control groups were observed
(data not shown). The PRCV/DEX pigs showed small increases in rectal temperatures and respiratory rates at PID 4, 6,
and 8 compared to rates for PRCV/PBS pigs, although these
changes were not statistically significant between the two
groups. The PRCV/PBS-, PRCV/DEX-, and mock/DEXtreated pigs had decreased rates of body weight gain from PID
10 to PID 21 compared to those for mock/PBS pigs, but the
differences among the four groups were not statistically significant.
Gross and histologic lesions of PRCV/DEX pigs were milder
earlier, at PID 2, but more severe later, at PID 4, 10, and 21,
than those of PRCV/PBS pigs. Gross lesions of PRCV/PBS
and PRCV/DEX pigs were limited to the lungs and TBLNs.
Gross lung lesions were characterized by multifocal to coalescing reddish-tan consolidation of the lung, especially involving
the cranial lobes. The TBLNs of PRCV/PBS and PRCV/DEX
pigs were enlarged and mildly congested from PID 2 to PID 21
compared results for to mock/PBS and mock/DEX control pigs
(Fig. 1A). No macroscopic lung lesions were present in mock/
PBS control pigs (22/23), but one of the mock/PBS pigs at PID
4 had histologically mild interstitial pneumonia and focal atelectasis. On the other hand, the mock/DEX pigs (12/25; 48%)
had mild to moderate focal pneumonic lesions in 1/5 pigs at
PID 2, 3/5 pigs at PID 4, 3/5 pigs at PID 8, 4/4 pigs at PID 10,
and 1/6 pigs at PID 21. The LN/BW ratios, used to evaluate
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(Promega, Madison, WI), 20 U RNasin (Promega, Madison, WI), and 50 U avian
myeloblastosis virus reverse transcriptase (Promega, Madison, WI). After incubation for 45 min at 42°C, the mixture was heated for 5 min at 99°C to denature
the products and then stabilized at 4°C. The reference strains, PRCV strain
ISU-1 and TGEV strain M6 Miller, were used as positive and negative controls
along with PRCV/TGEV-negative nasal swabs from mock-infected pigs and
water.
Real-time PCR was performed using the LightCycler DNA Master SYBR
Green I kit (Roche Diagnostic, Mannheim, Germany). The cDNA (4 l) was
added to a total reaction volume of 25 l with 2.5 l 10⫻ SYBR Green I mix,
1.25 l 25 mM MgCl2, and 0.5 l of each primer (25 pmol stocks). The PCR was
conducted under the following conditions in a SmartCycler real-time machine
(Cepheid): 1 cycle of 2 min at 95°C and 40 cycles of denaturation at 95°C for 20 s,
annealing at 60°C for 30 s, and extension at 72°C for 30 s. Melting-curve analysis
was performed immediately after the amplification protocol under the following
conditions: 0 s (hold time) at 95°C, 15 s at 65°C, and 0 s (hold time) at 95°C.
Relative fluorescence units (RFU) for incorporated SYBR dyes were monitored
during each cycle at 540 nm. The cycle threshold (CT), which is the cycle number
at which a positive amplification reaction was identified, was defined when the
RFU exceeded 10 times the standard deviation of baseline RFU values of all
samples. A standard curve was developed using 10-fold serial dilutions of the
stock PRCV-ISU-1 strain (7.25 ⫻ 104 PFU/ml). The CT values were plotted
against virus quantity in log10 PFU/ml. The standard curve was used to convert
CT values for each specimen to PFU/ml equivalents. All samples were processed
in duplicate. To determine the sensitivity of real-time PCR, a 10-fold dilution
series of the tissue culture-grown PRCV-ISU-1 strain (7.25 ⫻ 104 PFU/ml) was
made and nucleic acid was extracted for cDNA synthesis from each dilution. The
real-time PCR test detected PRCV cDNA up to a dilution of 10⫺6, corresponding to 0.0725 PFU/ml. In the specificity studies, PRRSV, PCV2, and swine
influenza H1N1 virus were tested by real-time PCR, and there were no crossreactions with these viruses.
Immunohistochemical detection of CD2ⴙ, CD3ⴙ, CD4ⴙ, and CD8ⴙ T cells in
lung tissue. Four commercially available mouse monoclonal antibodies (MAb)
against porcine leukocyte antigens were used for detection of the CD2⫹, CD3⫹,
CD4⫹, and CD8⫹ T-cell antigens in 4% paraformaldehyde-fixed, paraffin-embedded lung tissues of PRCV-infected and mock-infected pigs. IHC procedures
were performed as previously described, with slight modifications (50). The MAb
anti-CD4 (clone 74-12-4; Southern Biotechnology, Birmingham, AL), MAb antiCD8 (clone 76-2–11; Southern Biotechnology), MAb anti-CD2 (VMRD, Inc.,
Pullman, WA), and MAb anti-CD3 (Southern Biotechnology) were all diluted
1:100 in PBTS (0.1% Tween 20 in 0.1 M PBS).
The paraffin-embedded lung tissues were sectioned at 3 m thick and collected
on positively charged slides (Fisher Scientific). Slides were kept at 60°C for 20
min, deparaffinized in xylene twice for 5 min each, and rehydrated through a
graded ethanol series (100% to 50%). Antigen retrieval for CD4⫹ and CD8⫹
T-cell antigens was performed by digestion of tissue sections with 100 g/ml of
proteinase K (Invitrogen Corp.) in PBTS (pH 7.4) for 30 min at 37°C. For CD2⫹
and CD3⫹ T-cell antigens, sections were subjected to optimal pressure cooking
in 0.01 M citric acid buffer (pH 6.0) for 10 min.
The tissue slides were then washed in PBTS three times and blocked with 1%
normal goat serum for 30 min at room temperature. The sections were coated
with primary antibodies (all 1:50 in PBTS) and incubated overnight at 4°C.
Tissue sections were then washed three times with PBTS, and the secondary
antibody, biotinylated goat anti-mouse IgG (1:200; Dako), was incubated with
the tissues for 1 h at 37°C. The slides were washed with PBTS before being
incubated for 1 h at 37°C with streptavidin-alkaline phosphatase conjugate (1:
200; Dako). The sections were then equilibrated with 0.1 M Tris-HCl (pH 8.2)
for 5 min at room temperature. The final reaction was produced by immersing
sections in a staining solution (1 tablet of Fast Red in 2 ml 0.1 M Tris-HCl [pH
8.2]; Roche Applied Science) for 10 min at room temperature. Sections were
counterstained with Mayer’s hematoxylin. The CD2⫹, CD3⫹, CD4⫹, and CD8⫹
antigen-positive scores were computed by estimating the distribution and number of antigen-positive cells in the lung sections per microscopic area (at magnification ⫻300) based on the following criteria: 0, no positive cells; 1, minimal
staining (less than 10 positive cells, with focal or multifocal staining); 2, moderate
staining (from 11 to 25 positive cells, with focal or multifocal staining); 3,
moderately high staining (from 26 to 50 positive cells, with multifocal or diffuse
staining); and 4, high staining (more than 50 positive cells, with diffuse staining).
ELISPOT assay for gamma interferon (IFN-␥)-secreting cells in TBLNs. For
the isolation of mononuclear cells (MNC), the TBLNs were collected from
euthanized pigs and processed as previously described (53). A cytokine enzymelinked immunospot (ELISPOT) assay for IFN-␥ was conducted as follows: Multiscreen-IP sterile 96-well plates (Millipore, Bedford, MA) were coated with 100
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enlargement of the lymph nodes, indicated that the left TBLNs
of mock/DEX and PRCV/DEX pigs were atrophic by 60 to
80% at PID 2, 4, 8, and 21 and by 69 to 83% at PID 2, 4, 8, and
10 compared to those of mock/PBS and PRCV/PBS pigs, respectively. However, the differences in LN/BW ratios between
each of the two groups were not statistically significant
(Kruskal-Wallis test) (Fig. 1A). These findings indicate a degree of immunosuppression in DEX-treated pigs which might
be associated with the mild pulmonary lesions observed in
mock/DEX pigs (but much less severe than those in the PRCV/
PBS and PRCV/DEX pigs).
Gross lung lesions in pigs receiving PRCV without DEX
treatment were mild at PID 2 and 4, severe at PID 8, moderate
at PID 10, and nearly resolved at PID 21, whereas PRCV/
DEX-treated pigs had lesions that were mild at PID 2, severe
at PID 4, 8, and 10, and mild at PID 21 (Fig. 1B). The PRCV/
DEX pigs had significantly milder lesions than the PRCV/PBS
pigs at PID 2 (P ⬍ 0.05), However, at PID 4 and 10, the
percentages of overall lung tissue consolidation for PRCV/
DEX pigs were significantly higher than those for the PRCV/
PBS pigs (P ⬍ 0.05) (Fig. 1B).
Histological lesions of PRCV/PBS and PRCV/DEX pigs
were limited to the lungs and TBLNs. The changes in histological lung lesions were consistent with the macroscopic lung
pathology. TBLNs were mildly hyperplastic from PID 2 to PID
21 for PRCV/PBS and PRCV/DEX pigs compared to results
for mock/PBS and mock/DEX control pigs. No significant lung
lesions (moderate to severe interstitial pneumonia or bronchopneumonia) and lymphoid depletions were present in any of
the tissues from mock/PBS and mock/DEX pigs from PID 2
and PID 21 (see Fig. 3A), but mild focal interstitial pneumonia
was frequently observed. The PRCV/PBS and PRCV/DEX
pigs developed interstitial pneumonia characterized by the following: (i) thickening of the alveolar septa by infiltration of
inflammatory leukocytes, principally mononuclear cells (see
Fig. 3E and G); (ii) type 2 pneumocyte hypertrophy and hyperplasia (see Fig. 3E and G); (iii) accumulation of necrotic
cells and inflammatory leukocytes in alveolar and bronchiolar

lumina due to airway epithelial necrosis (see Fig. 3B and C);
and (iv) peribronchiolar or perivascular lymphohistiocytic inflammation (see Fig. 3D). Interstitial pneumonia in pigs receiving PRCV alone was first observed at PID 2, peaked in
severity at PID 8, and was nearly resolved at PID 21, whereas
PRCV/DEX pigs had mild lesions at PID 2 but severe lesions
at PID 4, 8, and 10 and mild lesions by PID 21 (Fig. 2). The
PRCV/PBS pigs had significantly higher lesion scores than the
PRCV/DEX pigs at PID 2 but with the opposite effect at PID
4 and at PID 21 for the PRCV/DEX pigs (Fig. 2). In particular,
at PID 4, PRCV/DEX pigs had more-severe bronchointersti-

FIG. 2. Mean histological lung lesion scores for the four experimental pig groups at different PID with numbers of pigs at each time
point as indicated in the legend to Fig. 1. Histological lung lesion
scores ranged from 0 (no abnormalities) to 12 (most severe) based on
the combined score of three parameters: (i) thickening of the alveolar
septa (0 to 6); (ii) accumulation of necrotic cells and inflammatory
leucocytes in alveolar and bronchiolar lumina (0 to 3); and (iii) peribronchiolar or perivascular lymphohistiocytic inflammation (0 to 3).
PRCV/PBS pigs had significantly higher histological lesion scores than
PRCV/DEX pigs at PID 2 (*), with the opposite effect at PID 4 (**)
and 21 (*). A higher lesion score was also observed at PID 10 for
PRCV/DEX pigs. Each bar represents means ⫾ SEM. *, P ⬍ 0.05; **,
P ⬍ 0.01 (asterisk[s] above bar represents significant differences between results for PRCV/PBS and PRCV/DEX pigs by the KruskalWallis test).
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FIG. 1. Mean LN/BW ratios (A) and gross lung lesion scores (B) for the four experimental pig groups at different PID: n ⫽ 4 to 5 at PID 2
and 10, n ⫽ 5 at PID 4 and 8, and n ⫽ 5 to 6 at PID 21 for mock/PBS and mock/DEX groups; n ⫽ 8 at PID 2 to 10 and n ⫽ 9 at PID 21 for
PRCV/PBS and PRCV/DEX groups. (A) The left TBLNs from each pig were weighed, and the LN/BW ratios of the lymph nodes were calculated.
The left TBLNs of mock/DEX and PRCV/DEX pigs were atrophic by 60 to 80% at PID 2, 4, 8, and 21 and 69 to 83% at PID 2, 4, 8, and 10
compared to those of mock/PBS and PRCV/PBS pigs, respectively. However, the differences in LN/BW ratios were not statistically significant
(Kruskal-Wallis test) due to animal variability. (B) Gross lung lesions were evaluated based on the percentage of virus-induced lesions (consolidation)
of all six lobes. PRCV/DEX pigs had significantly milder lesions than PRCV/PBS pigs at PID 2. However, at PID 4 and 10, the percentages of overall
lung tissue consolidation were significantly higher for PRCV/DEX pigs than for PRCV/PBS pigs. Each bar represents the mean ⫾ SEM. An asterisk
above a bar represents significant differences (P ⬍ 0.05) between results for PRCV/PBS and PRCV/DEX pigs by the Kruskal-Wallis test.
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tial pneumonia than PRCV/PBS pigs (Fig. 3E, F, G and H).
One of the three major histological changes, perivascular and
peribronchiolar lymphohistiocytic inflammation, was observed
at PID 2, 4, 8, and 10 (Fig. 3D). Decreased perivascular and
peribronchiolar lymphohistiocyte cuffing in the lungs of PRCV/
DEX pigs was observed at PID 4 and 8 compared to results for
the PRCV/PBS pigs, although the differences between the two
groups were not significant (Kruskal-Wallis test).
To summarize the gross and histological lung findings, the
PRCV/DEX pigs developed pulmonary lesions that were
milder at the beginning of the infection (PID 2). However,
maximal pulmonary lesions were observed within 4 days after
PRCV and DEX treatment, whereas PRCV/PBS pigs did not
develop maximum lesions until 8 days postinoculation. Although the pneumonic lesions of the PRCV/PBS pigs were
moderate at PID 10 and were almost resolved at PID 21, the
pneumonic lesions in PRCV/DEX pigs continued to be severe
through PID 10 and persisted in a mild form through PID 21.
Lungs of PRCV/DEX pigs had lower numbers of PRCV
antigen-positive cells at PID 2 but higher numbers at PID 4,
10, and 21 than PRCV/PBS pigs. The IHC-positive staining for
PRCV was identified as an intense brown intracytoplasmic
reaction and was limited to lung tissues. The distribution of
PRCV antigens was closely related to the histopathological
lesions and did not differ between PRCV/PBS and PRCV/
DEX pigs. At the beginning of infection (PID 2), most PRCV
antigens, in decreasing order of frequency, were found in bronchial and bronchiolar epithelium with numerous necrotic cells
in the lumen (shown in Fig. 4B and C), type 2 pneumocytes
(shown in Fig. 4E and F), and other pulmonary cells, such as
alveolar macrophages (shown in Fig. 4D) and type 1 pneumocytes. By PID 4, 8, and 10, PRCV antigen-positive cells in
bronchioles were rare and the majority of IHC-stained cells
(⬎70%) were type 2 pneumocytes (Fig. 4E). Most of the
PRCV-positive cells were hypertrophied type 2 pneumocytes
in a single line pattern within the thickened alveolar septa (Fig.
4E and F). At PID 21, when the lesions were almost resolved,
the overall number of PRCV antigen-positive cells was low but
was markedly increased for alveolar macrophages relative to
results at previous time points, indicating that the type 2 pneumocyte hyperplasia caused by the PRCV infection was decreasing and the phagocytic alveolar macrophages that engulf
PRCV-infected cells were increased. The IHC results confirmed that the major infected cell type in the lungs of PRCVinfected pigs consists of alveolar epithelial cells and specifically
type 2 pneumocytes. None of the lungs or other organs from
mock/PBS and mock/DEX pigs showed IHC staining for
PRCV antigen.
The time sequence of changes in PRCV antigen-positive
scores was similar to those for the degrees of gross and histopathological lung lesions (Fig. 1B, 2, and 4G). The PRCV

observed for the PRCV/PBS pigs; original magnification, ⫻200. (H)
PRCV/DEX pig at PID 4 (higher magnification of panel G) showing
alveolar spaces containing larger amounts of cellular debris and mononuclear cells (arrowhead) than was the case for the PRCV/PBS pigs;
original magnification, ⫻300. Hematoxylin and eosin stain was used. a,
alveolar space; b, bronchiolar lumen; v, pulmonary blood vessel.
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FIG. 3. Lung histopathology. Histopathological lesions in the lungs
of mock-infected pigs (A) or PRCV-infected pigs with (C, D, G, and
H) or without (B, E, and F) DEX treatment. Note that the lungs of
PRCV/DEX-treated pigs had more-severe bronchopneumonia than
those of PRCV/PBS-treated pigs at PID 4. (A) Mock/PBS-treated
control at PID 4. No abnormalities; original magnification, ⫻100.
(B) PRCV/PBS pig at PID 2 showing moderate to severe diffuse
necrosis of the bronchiolar epithelium, with the presence of necrotic
cells with pycnotic and karyorrhectic nuclei and exfoliated epithelial
cells (arrowhead) in the lumen; original magnification, ⫻300.
(C) PRCV/DEX pig at PID 4 showing moderate diffuse bronchointerstitial pneumonia characterized by the thickening of alveolar septa
with type 2 pneumocyte hyperplasia and inflammatory leucocytes such
as alveolar macrophages and lesser lymphocytes (solid-headed arrow),
accumulation of inflammatory cells (alveolar macrophages and lesser
lymphocytes), desquamated epithelial necrotic cells (arrowhead), and
perivascular lymphohistiocytic inflammation (open-headed arrow);
original magnification, ⫻100. (D) PRCV/DEX pig at PID 10 showing
severe diffuse bronchointerstitial pneumonia with severe peribronchiolar and perivascular lymphohistiocytic inflammation. Note that normal
alveolar spaces were rarely observed throughout the pulmonary parenchyma; original magnification, ⫻50. (E) PRCV/PBS pig at PID 4
showing mild to moderate thickening of the alveolar septa (solidheaded arrow) with mild to moderate type 2 pneumocyte hyperplasia
and macrophage infiltration; original magnification, ⫻150. (F) PRCV/
PBS pig at PID 4 (higher magnification of panel E) showing mild to
moderate thickening of alveolar septa (solid-headed arrow) and alveolar spaces containing small amounts of cellular debris and mononuclear cells (arrowhead); original magnification, ⫻300. (G) PRCV/DEX
pig at PID 4 showing alveolar septa markedly thickened by type 2
pneumocyte hyperplasia and hypertrophy and by infiltrates of alveolar
macrophages (solid-headed arrow). Alveolar spaces contain larger
amounts of cellular debris and mononuclear cells (arrowhead) than
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antigen-positive scores peaked at PID 8 (like the lesion scores)
in the PRCV/PBS group, but in the PRCV/DEX pigs, the
PRCV antigen-positive and lesion scores peaked at PID 4 to
10. At PID 2, the PRCV/DEX pigs had significantly fewer
numbers of PRCV antigen-positive cells than PRCV/PBS pigs
(Fig. 4G). In contrast, at PID 4, 10 and 21, the PRCV/DEX
pigs had significantly higher numbers of PRCV antigen-positive cells, which also corresponded to the more-severe pneumonic lesions for the PRCV/DEX pigs than for the PRCV/
PBS pigs at PID 4, 10, and 21.
Nasal shedding of PRCV and viral titers did not differ between PRCV/PBS and PRCV/DEX pigs. There were no significant differences (Kruskal-Wallis test) in patterns of nasal
shedding of PRCV in the upper respiratory tract and viral
titers at each PID between PRCV/PBS and PRCV/DEX pigs
as determined by CCIF and real-time PCR (data not shown).
These data suggest that the pigs infected with 1 ⫻ 107 PFU of
PRCV, with or without DEX, did not show substantial differences in nasal virus titers and shedding kinetics. Such differences in nasal shedding may be more obvious at lower initial
infectious doses of inoculum (28). In addition, the large variability in values at each PID among the outbred pigs in the
different experimental trials likely compromised the power to
detect differences. The highest mean PRCV titers were 106.6
FFU/ml for both PRCV/PBS pigs and PRCV/DEX pigs at PID
2, and titers decreased progressively thereafter (data not
shown). Similar to the CCIF results, real-time PCR showed
that the highest mean titers were 103.6 PFU per ml (PFU/ml)
for PRCV/PBS pigs and 103.0 PFU/ml for PRCV/DEX pigs at
PID 2 and also decreased progressively thereafter (data not
shown). The duration of nasal shedding was 10 and 12 days for
both infected groups by CCIF and real-time PCR, respectively.
No significant differences (Fischer’s exact test) in percentages of PRCV-positive pigs were observed between PRCV/
PBS and PRCV/DEX pigs as determined by one-step RT-PCR
assays, although differences at PID 6, 8, and 10 were observed.
In the nasal samples from PRCV/PBS pigs, nasal shedding of
PRCV was identified for 0/37 (0%) at PID 0, 36/36 (100%) at
PID 2, 26/28 (93%) at PID 4, 22/25 (88%) at PID 6, 17/23
(77%) at PID 8, 6/12 (50%) at PID 10, and 0/28 (0%) between
PID 12 and PID 21. For PRCV/DEX pigs, nasal shedding of
PRCV was detected for 0/37 (0%) at PID 0, 36/36 (100%) at
PID 2, 26/28 (93%) at PID 4, 23/25 (92%) at PID 6, 19/23
(83%) at PID 8, 7/12 (58%) at PID 10, and 0/28 (0%) between
PID 12 and PID 21. No nasal shedding of PRCV was detected
for the mock/PBS pigs and mock/DEX pigs between PID 0 and
PID 21.
PRCV/DEX pigs had greater or significantly greater
amounts of PRCV RNA in the lungs and BAL fluids at PID 4,
8, 10, and 21, with lower viral RNA titers at PID 2. In contrast
to results for the upper respiratory tract, significant differences

positive cells than PRCV/PBS pigs at PID 2 (*). In contrast, at PID 4
(**) and PID 10 and 21 (*), numbers of PRCV antigen-positive cells
were significantly higher for PRCV/DEX pigs. Each bar represents
means ⫾ SEM. *, P ⬍ 0.05; **, P ⬍ 0.01 (asterisk[s] above bar
represents significant differences between PRCV/PBS and PRCV/
DEX pigs by the Kruskal-Wallis test).

Downloaded from http://jvi.asm.org/ on March 13, 2015 by UQ Library

FIG. 4. Localization of PRCV antigens (A to F) and IHC staining
scores (G) in the lungs of pigs in the four experimental groups.
(A) Mock/PBS-treated control pig at PID 4. No positive cells evident;
original magnification, ⫻100. (B) Pig in PRCV/PBS group at PID 4.
The PRCV antigen (brown stain; arrowhead) was observed in a few
scattered bronchiolar epithelial cells with markedly thickened alveolar
septa; original magnification, ⫻200. (C) Pig in PRCV/DEX group at
PID 4. Note high numbers of PRCV antigen-positive (arrowheads)
bronchiolar epithelial cells; original magnification, ⫻200. (D) Pig in
PRCV/PBS group at PID 10. The PRCV antigen (open-headed arrow)
was occasionally observed in interstitial macrophages within the thickened alveolar septa; original magnification, ⫻400. (E) Pig in PRCV/
PBS group at PID 10. PRCV antigen-positive cells were scattered
within the mild thickened alveolar septa; original magnification, ⫻400.
(F) Pig in PRCV/DEX group at PID 10. PRCV antigens were found in
hypertrophied type 2 pneumocytes in a single line pattern (openheaded arrow) and in alveolar macrophage-like mononuclear cells
(solid-headed arrows) within the thickened alveolar septa. For PRCV/
DEX pigs, numbers of PRCV antigen-positive cells were higher than
those for PRCV/PBS pigs (E) at the same time; original magnification,
⫻400. IHC, 3,3⬘-diaminobenzidine, and Mayer’s hematoxylin counterstain were used (G) IHC staining scores at each PID with pig numbers
at each time indicated as described in the legend to Fig. 1. PRCV
antigen-positive scores were computed by estimating the number of
PRCV-positive cells in the lung by the following criteria: 0, no positive
cells; 1, few (less than 10 positive cells); 2, moderate (from 11 to 25
positive cells); and 3, high (more than 26 positive cells). Note that
PRCV/DEX pigs had significantly lower numbers of PRCV antigen-
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in PRCV RNA titers in the lung homogenates and BAL fluids
were identified between PRCV/PBS and PRCV/DEX pigs. No
PRCV-positive lung homogenate and BAL fluid samples were
detected in the mock/PBS and mock/DEX control pigs by
either real-time RT-PCR or one-step RT-PCR. In the homogenized lung samples, peak viral RNA titers of 102.5 PFU per
gram were observed for PRCV/PBS pigs at PID 2 and 102.0
PFU/g for PRCV/DEX pigs at PID 8 and 10. Mean viral RNA
titers in the lung samples from PRCV/DEX pigs were significantly higher than those in samples from PRCV/PBS pigs at
PID 4 (P ⬍ 0.05), 10 (P ⬍ 0.01), and 21 (P ⬍ 0.05) (Fig. 5A),
indicating that DEX treatment enhanced PRCV replication in
the lung. In the BAL fluid samples, peak viral RNA titers were
102.2 PFU/ml for PRCV/PBS pigs at PID 2 and 102.5 PFU/ml
for PRCV/DEX pigs at both PID 4 and 8. At PID 2, the viral
RNA titer (101.7 PFU/ml) in the BAL of PRCV/DEX pigs was
significantly lower than that for PRCV/PBS pigs (102.2 PFU/
ml) (P ⬍ 0.05) (Fig. 5B). However, at PID 4, 8, and 10 (all P ⬍
0.05), viral RNA titers for the PRCV/DEX pigs were significantly higher (40- to 63-fold) than those for the PRCV/PBS
pigs, consistent with the changes in the PRCV antigen-IHC
scores.
Lungs of PRCV/DEX pigs had fewer CD2ⴙ, CD3ⴙ, CD4ⴙ,
and CD8ⴙ T cells at PID 8 and 10 than PRCV/PBS pigs. The
overall time course patterns of T-lymphocyte populations in
the lungs of PRCV/PBS pigs were similar to those for PRCV/
DEX pigs. However, there were significant differences at PID
4, 8, and 10, when histological changes such as thickening of
the alveolar septa and peribronchiolar and perivascular lymphohistiocytic cuffing were most pronounced. The CD2⫹,
CD3⫹, CD4⫹, and CD8⫹ T cells were rarely detected in the
lung parenchyma of mock/PBS and mock/DEX pigs, and the
differences between these two groups were not statistically
significant. In contrast, the lungs of PRCV/DEX pigs had significantly fewer CD2⫹ T cells at PID 4 and CD2⫹, CD3⫹,
CD4⫹, and CD8⫹, T cells at PID 8 and 10 than the PRCV/PBS
pigs (Fig. 6A to D and Fig. 7A to D). The distribution patterns
of CD2⫹ and CD3⫹ T cells in the lungs were similar to each

other for both PRCV-infected groups: they were distributed
throughout the thickened lung parenchyma, particularly
around the bronchioles and blood vessels with lymphohistiocytic inflammation (Fig. 7A and B). The numbers of CD4⫹ and
CD8⫹ T cells were less than those of CD2⫹ and CD3⫹ T cells
in the lungs of both PRCV-infected groups. The immunostaining patterns resembled those of CD2⫹ and CD3⫹ T cells (Fig.
7C and D).
Numbers of IFN-␥ CSC in TBLNs of PRCV/DEX pigs were
lower than those for PRCV/PBS pigs at PID 4, 8, and 10.
Mononuclear cells were purified from the TBLNs, and a cytokine ELISPOT assay was used to quantitate Th1 (IFN-␥) CSC
after in vitro stimulation of MNC with purified PRCV antigen.
The PRCV/PBS pigs showed a trend of increasing IFN-␥ CSC
in the TBLN from PID 2 to 21. On the other hand, PRCV/
DEX pigs did not show any increases between PID 4 and 10,
although a mild increase at PID 2 was observed (data not
shown). Mock/PBS and mock/DEX pigs had a minimal number (0 to 19.1 CSC/5 ⫻ 105 MNC) of PRCV-specific IFN-␥
CSC throughout the experiment. The number of IFN-␥ CSC
for PRCV/PBS pigs (91 to 412 CSC/5 ⫻ 105 MNC) was significantly higher than that for PRCV/DEX pigs (0 to 161.5
CSC/5 ⫻ 105 MNC) at PID 10; in addition, the PRCV/PBS
pigs had higher numbers of IFN-␥ CSC than the PRCV/DEX
pigs at PID 4 and 8 (data not shown), although the differences
between the groups were not statistically significant (KruskalWallis test).
DISCUSSION
Our study was designed to determine whether DEX treatment affects PRCV-induced pneumonia with a porcine model,
with the ultimate goal of using the atypical pneumonia in
PRCV-infected pigs as a model to mimic SARS-CoV disease
in the lung and to investigate the positive or negative effects of
corticosteroid treatment. Our results revealed that corticosteroid treatment may be effective for alleviation of pneumonia
(pulmonary lesions) and for decreasing viral replication within
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FIG. 5. Mean PRCV RNA titers as determined by real-time RT-PCR in lung tissues (A) and BAL fluids (B). The four experimental pig groups
were examined at the indicated PID, with pig numbers at each time as indicated in the legend to Fig. 1. Mean viral RNA titers were expressed
as log10 PFU per gram of lung tissue or log10 PFU per ml of BAL fluid. (A) Lungs of PRCV/PBS pigs had higher (1.35-fold) viral RNA levels than
those of PRCV/DEX pigs at PID 2 but with the opposite effect at PID 4 (*), 10 (*), and 21 (*), with significantly higher viral RNA levels for
PRCV/DEX pigs. (B) BAL fluids of PRCV/PBS pigs had significantly higher viral RNA levels than PRCV/DEX pigs at PID 2 (*) but with the
opposite effect at PID 4, 8, and 10 (*), with significantly higher viral RNA levels for the PRCV/DEX pigs and 1.33-fold higher levels also at PID
21. Each bar represents the mean ⫾ SEM. *, P ⬍ 0.05; **, P ⬍ 0.01; an asterisk(s) above a bar represents significant differences between
PRCV/PBS and PRCV/DEX pigs as determined by the Kruskal-Wallis test.
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the lung early in respiratory CoV infection. However, in the
middle and late stages of infection, more-severe pneumonia
and extensive viral replication were observed in the lung, likely
due to the immunosuppressive effects of the corticosteroid.
Corticosteroids, when administered in the early stage of the
disease, might alleviate the early inflammation mediated by
acute necrosis of bronchiolar and alveolar epithelial cells and
reduce the inflammatory response. To our knowledge, this is
the first study to examine the effects of corticosteroids on
CoV-induced pneumonia in the natural disease host. Some
investigators have demonstrated the negative effects of corticosteroids on enteric CoV disease. DEX induced a recrudescence of bovine CoV fecal shedding in bovine CoV-infected
cows and more-profuse diarrhea in TGEV-infected pigs than
in animals not treated with DEX (45, 52). Considering the
milder pneumonic lesions and lower level of viral replication at
the beginning of PRCV infections treated with corticosteroids,
the appropriate short-term (1 to 2 days) use of corticosteroids
may be useful in treatment of acute severe CoV pneumonias,
such as SARS-CoV and human CoV-NL63 pneumonias. The
latter causes a severe lower respiratory tract disease that occasionally results in death in the aged, who die shortly (5 days)
after the onset of disease (2, 54).
In the present study, the corticosteroid regime we used (PID
1 to 6) also reduced the numbers of CD 2⫹, CD3⫹, CD4⫹
(helper), and CD8⫹ (cytotoxic) T cells in the pulmonary lesions and TBLNs of PRCV/DEX pigs at the middle stages of
infection (PID 4, 8, and 10) and ultimately induced immuno-

suppression (decreased IFN-␥ CSC). We successfully detected
CD2⫹, CD3⫹, CD4⫹, and CD8⫹ T cells in porcine lung tissues
using IHC, although the detection sensitivity was reduced by
tissue fixation with paraformaldehyde. These results suggest
that the corticosteroid treatments, by decreasing T cells, might
affect the clearance of PRCV in the lung, thereby creating an
environment for more-extensive viral replication, principally in
type 2 pneumocytes with hyperplasia and hypertrophy. At PID
8 and 10, PRCV antigens were frequently detected in hypertrophied type 2 pneumocytes of the thickened alveolar septa.
The number of helper T cells and especially cytotoxic T cells
present in the thickened alveolar septa could be associated
with the clearance of PRCV-infected pneumocytes. In addition, we observed that PRCV-infected, DEX-treated pigs had
markedly atrophic TBLNs from PID 2 to PID 10 compared to
those of PRCV-infected pigs which did not receive DEX treatment, consistent with the immunosuppressive effects of DEX
treatment as determined by both IHC for the profile of T-cells
and ELISPOT assay for IFN-␥ CSC. The decreased T-cell
infiltration into the lung may be directly associated with the
reduction of antiviral activity of IFN-␥ derived from activated
T cells and secondary effects on other inflammatory cells, such
as macrophages, monocytes, and neutrophils, as well as endothelial cells and fibroblasts. This decreased cellular immune
response in the lungs likely affected viral clearance in the lung
and exacerbated the PRCV pneumonia later (at PID 4, 10, and
21) (Fig. 1 and 2). Moreover, the corticosteroid treatments
shortened the time to reach the maximum pulmonary lesion.

Downloaded from http://jvi.asm.org/ on March 13, 2015 by UQ Library

FIG. 6. IHC staining scores of CD2⫹ (A), CD3⫹ (B), CD4⫹ (C), or CD8⫹ (D) T cells in the lungs of the four experimental pig groups at various
PID with pig numbers at each time point as indicated in the legend to Fig. 1. (A and B) Lungs of PRCV/DEX pigs had fewer CD2⫹ T cells than
those of PRCV/PBS pigs at PID 4, 8, and 10 and fewer CD3⫹ T cells at PID 8 and 10. (C and D) Lungs of PRCV/DEX pigs had fewer CD4⫹ and
CD8⫹ T cells than those of PRCV/PBS pigs at PID 8 and 10. Each bar represents the mean ⫾ SEM. *, P ⬍ 0.05; **, P ⬍ 0.01; asterisk(s) above
bar represents significant differences between results for PRCV/PBS and PRCV/DEX pigs as determined by the Kruskal-Wallis test.
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Our study suggests that corticosteroids could also alter the
pathogenesis of SARS-CoV in the human lung in a similar
manner. In our study, the daily consecutive treatments with
high-dose corticosteroid contributed to the more rapid development of maximal PRCV pneumonic lesions and to a longer
course of severe pneumonia (Fig. 1B and 2). Moreover, the
pulmonary lesions in DEX-treated animals took longer to resolve than those in untreated animals. For SARS-CoV, severe
pneumonic lesions are associated with continued tissue damage induced potentially by a hyperimmune response of activated inflammatory cells, such as macrophages and cytotoxic
CD8⫹ T cells, within the lesion (5). For SARS-CoV, the longer
the pneumonia persisted the more severe the pneumonia became, and the prognosis of the patient worsened. Cameron et
al. recently reported that corticosteroids may preclude SARSCoV clearance from the lungs of patients during the acute
phase of SARS by downregulating proinflammatory gene expression, thereby potentially decreasing antiviral alpha interferon and IFN-␥ plasma levels, as determined by microarray
analysis and cytokine assay (6). The authors further proposed
that corticosteroid treatment may disrupt the homeostatic regulation of innate and adaptive immune responses in SARS
patients. The unproven long-term and high-dose application of
corticosteroids to SARS patients during the outbreak might
similarly exacerbate SARS-CoV pneumonia and extend the
recovery phase of the disease by inducing prolonged immuno-

suppression, leading to reduced cellular immunity within the
lung as found in our study.
Corticosteroids are commonly used to alleviate excessive
immune responses in autoimmune disease and to reduce inflammation caused by viral or bacterial infections. In the initial
stages of infection, SARS-CoV significantly increased serum
levels of alpha interferon and IFN-␥ and the chemokines
CXCL10 and interleukin 8 (IL-8) in SARS patients, concomitant with a decrease in levels of IL-12p70, IL-2, and tumor
necrosis factor alpha (TNF-␣) (5). The decreased serum
TNF-␣ is in opposition to its marked increase in avian influenza H5N1 infections, which show lung pathology similar to
that of SARS-CoV (5, 34). In avian influenza H5N1 pneumonia in humans, macrophage inflammation is dominant in the
early stages of the infection and the stimulated macrophages
release proinflammatory cytokines, such as TNF-␣. Macrophage infiltration in SARS pneumonia is speculated to play a
lesser role in the pathogenesis of SARS than is the case with
H5N1 infections (5, 34). The regimen of corticosteroid treatments used for SARS patients and the clinical outcomes have
been reviewed (14). Low-dose corticosteroids, such as 0.5 to
1.0 mg/kg per day for prednisolone, have been used to treat
common infections and for acute respiratory distress syndrome, a term which is used to describe severe acute lung
failure resulting from diverse causes. However, for SARS, approximately 10- to 20-fold-higher doses of corticosteroids were
administered intravenously or orally to patients (1, 14, 27).
Clinicians initially prescribed intravenous hydrocortisone at
400 to 800 mg/day (or 8 to 12 mg/kg/day, intravenous) or
methylprednisolone at 60 to 80 mg/day (or 1 to 3 mg/kg/day,
intravenous) and alternatively used pulsed intravenous methylprednisolone at 500 to 1,000 mg/day of treatment if the condition of the SARS patient worsened (1, 14, 27). Although
human clinical data on the effects of corticosteroids on viral
pneumonias are limited, low-dose and short-term (1 to 2 days)
corticosteroid (DEX) treatments have been shown to be effective against human respiratory syncytial virus in rats when
administered in a single daily intraperitoneal dose of 0.6 or 1.2
mg/kg and against varicella pneumonia in humans who received 800 mg/day of hydrocortisone for 2 days (33, 38).
Recently clinicians have emphasized the potential risks in
the use of corticosteroids for SARS patients, because patients
receiving the treatment ultimately had serious adverse effects,
such as fatal secondary viral/fungal/bacterial infections due to
the immunosuppressive effects (1, 7, 13, 15, 18, 21, 22, 31, 36,
56). One study reported that in a total of 20 clinical cases,
pulmonary aspergillosis was prevalent (10%) in fatal SARS
infections in patients given high-dose corticosteroids (22). The
main causative agent of fungal pulmonary infections, Aspergillus spp., is an opportunistic pathogen in immunocompromised
or debilitated patients. Additionally, SARS-CoV infection may
directly predispose patients to develop concurrent secondary
infections, similar to the observation that secondary bacterial
or mycoplasmal infections are frequent in pigs with PRCV or
PRRSV pneumonia (35, 44). The mechanism, however, is unclear (35). Some reports have indicated that the lungs of SARS
patients treated with high-dose corticosteroids have fewer
CD3⫹ T cells and CD20⫹ B cells than those of untreated
patients, demonstrating the compromised immune condition
of the patients (3). Moreover, the significant lymphopenia ob-
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FIG. 7. Distribution and localization of T cells in lungs of PRCVinfected pigs with or without DEX treatment at PID 8. (A) Pig in
PRCV/DEX group, stained with anti-CD3 serum. A number of CD3⫹
T-cells (red stain; arrowhead) were observed around the bronchioles
and were scattered within the bronchiolar epithelium; original magnification, ⫻200. (B) Pig in PRCV/PBS group, stained with anti-CD3
serum. Higher numbers of CD3⫹ T cells (arrowhead) were observed
around the bronchioles and were scattered within the bronchiolar
epithelium than was the case with the PRCV/DEX pigs at the same
time point; original magnification, ⫻200. (C) Pig in PRCV/DEX group
stained with anti-CD8 serum. A few CD8⫹ T cells (solid-headed arrows) were scattered within the moderately thickened alveolar septa;
original magnification, ⫻200. (D) Pig in PRCV/PBS group stained with
anti-CD8 serum. Higher numbers of CD8⫹ T cells (open-headed arrows) were observed within the mildly to moderately thickened alveolar septa than was the case with the PRCV/DEX pigs at the same time
point; original magnification, ⫻200. IHC, alkaline phosphatase, red
substrate, and Mayer’s hematoxylin counterstain were used.
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lungs of mice with SARS-CoV infection is not reflective of
SARS-CoV-associated pneumonic lesions, and this difference
is likely to influence the immune response to SARS-CoV in
mice (10, 40, 60). Therefore, by addressing questions that are
vital for an understanding of the disease mechanisms of SARSCoV using PRCV infection in the porcine model to mimic the
atypical pneumonia seen in SARS patients, the results may be
more directly extrapolated to humans.
SARS-CoV infection stimulates pulmonary epithelial cells
and results in cellular proliferation and squamous epithelial
metaplasia in the lung, which has also been found in PRCV
pneumonia and in porcine reproductive and respiratory syndrome virus infection, which causes interstitial pneumonia and
reproductive failure in pigs (9, 17, 35, 42, 44). Our study demonstrates that pneumonic lesions of PRCV in pigs are very
similar to SARS-CoV lesions. Like SARS-CoV, PRCV caused
the following: (i) severe necrotizing bronchiolitis and alveolitis
from the beginning of the infection (PID 2) and occasionally
persisting through PID 8 (Fig. 3B and C); (ii) interstitial pneumonia with type 2 pneumocyte hypertrophy and hyperplasia
and inflammatory leukocyte infiltration, although mild, from
PID 2 through PID 21 (Fig. 2 and 3E to H); and (iii) atypically
mild to moderate perivascular and peribronchiolar inflammatory leukocyte infiltration from PID 4 to PID 10 (Fig. 3D).
Similar to SARS-CoV pneumonia, inflammatory lesions and a
proliferative phase in the lungs of pigs with PRCV infection
occurred concurrently in the early and middle stages, from PID
2 to PID 10.
In summary, the present investigation demonstrated an altered pathogenesis of PRCV in the lung due to immunosuppression following treatment with corticosteroids. These results suggest that early limited use of corticosteroids in CoV
pneumonia may be effective in reducing the pulmonary lesions
and viral replication within the lesions; however, consecutive
corticosteroid treatments may shorten the time at which maximum pulmonary lesions develop and may reduce T-cell infiltration into the lung, but concomitantly, viral clearance from
the lung may be compromised. Collectively, our results confirm
that DEX treatment alleviates PRCV pneumonia early (PID
2) in the infection but exacerbates it at later stages of infection
(PID 4, 10, and 21), potentially by decreasing cellular immune
responses in the lung (IFN-␥-secreting T cells), thereby creating an environment conducive to more-extensive viral replication. These data have potential implications for corticosteroid
use in SARS-CoV disease and suggest a precaution against
prolonged, high-dose corticosteroid use.
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