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The effectiveness and potential immunosuppressive effects of anti-inflammatory glucocorticoids in the lungs
of severe acute respiratory syndrome (SARS) patients are undefined. We treated porcine respiratory corona-
virus (PRCV)-infected conventional pigs with the corticosteroid dexamethasone (DEX) as a model for SARS.
Innate and Th1 cytokines in bronchoalveolar lavage (BAL) and serum were elevated in PRCV-infected pigs
compared to controls, but were decreased after DEX treatment in the PRCV-infected, DEX-treated (PRCV/
DEX) pigs. Although decreased in BAL, Th2 cytokine levels were higher in serum after DEX treatment. Levels
of the proinflammatory cytokine interleukin-6 in BAL and serum were decreased in PRCV/DEX pigs early but
increased later compared to those in phosphate-buffered saline-treated, PRCV-infected pigs, corresponding to
a similar trend for lung lesions. PRCV infection increased T-cell frequencies in BAL, but DEX treatment of
PRCV-infected pigs reduced frequencies of T cells; interestingly B and SWC3a� (monocytes/macrophages/
granulocytes) cell frequencies were increased. DEX reduced numbers of PRCV-stimulated Th1 gamma inter-
feron-secreting cells in spleen, tracheobroncheolar lymph nodes, and blood. Our findings suggest that future
glucocorticoid treatment of SARS patients should be reconsidered in the context of potential local immuno-
suppression of immune responses in lung and systemic Th1 cytokine-biased suppression.

The severe acute respiratory syndrome (SARS) global epi-
demic in 2003 to 2004 was caused by a newly emerged SARS
coronavirus (SARS-CoV), likely of animal origin (19, 29, 42,
43). The SARS-CoV caused a severe and often fatal (10%
mortality rate) atypical pneumonia, frequently accompanied by
diarrhea in infected patients (12, 34, 35). The high public
health impact of SARS has been attributed to a lack of infor-
mation on control of the causative viral pathogen as well as a
lack of effective treatments. A combination of the antiviral
drug ribavirin and/or corticosteroids was used extensively in
treating SARS patients, especially in hospitals in Hong Kong,
China, and Canada (17, 58). In these hospitals, corticosteroids
(e.g., prednisone or methylprednisolone) were used at high
doses (1 to 10 mg/kg body weight per day) for a period span-
ning 1 to 3 weeks under a step-down course or pulsed intra-
venous regimen (3, 27, 46). The use of corticosteroids to treat
SARS patients is controversial and remains under debate, with
both beneficial and detrimental effects of this treatment being
reported (3, 13, 17, 30, 31). Because corticosteroids are immu-
nosuppressive, they may enhance local viral replication,
thereby increasing lung lesions, and increase or prolong shed-
ding of SARS-CoV (30). It is also suggested that ribavirin and
corticosteroid treatments possibly contribute to extrapulmo-

nary viral spread, leading to the multiorgan failure seen in
some SARS patients (17).

Cytokines produced during a viral or bacterial infection are
potent immunomodulatory molecules that act as mediators of
inflammation and the immune response. They are key regula-
tors in governing host defense against pathogens. Type I inter-
ferons (IFNs) including IFN-� and IFN-� are key components
of innate immunity and are induced rapidly as early responses
to viral infection (28, 40). Proinflammatory cytokines such as
tumor necrosis factor alpha (TNF-�), interleukin-1 (IL-1),
IL-6, and IL-8 are also produced early in the infection, trig-
gering the production of Th1 cytokines such as IFN-� and IL-2
involved in cellular immune responses. The Th2 cytokines such
as IL-4, IL-5, and IL-10 evoke humoral immune responses.
IFN-� and IL-4 are mutually antagonistic and play an essential
role in regulation of immune reactions, with IFN-� supporting
development of Th1 immunity, whereas IL-4 inhibits Th1 cell
differentiation and promotes Th2 cell differentiation (37).

Despite general controversy over corticosteroid treatments
in SARS patients, the mechanisms underlying corticosteroid
treatment in modulating inflammation and immune responses
to CoV infections are undefined. Research, although limited,
indicates that cytokines are modulated by cortocosteroid treat-
ment. In humans and mice, corticosteroids inhibited mRNA
expression of IL-6 (2), IFN-� (20, 26), and IL-4 (9). Cortico-
steroid-mediated inhibition of cytokine expression is a revers-
ible event requiring the continued presence of the corticoste-
roid. Whereas short-term high-dose corticosteroids may be
administered without precipitating major side effects, pro-
longed use of corticosteroids is frequently associated with ma-
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jor adverse effects that can involve virtually any organ system
(32, 47).

Our goal was to define if corticosteroid treatment of porcine
respiratory CoV (PRCV)-infected pigs alters immunity and
lung inflammatory responses at the cytokine level and how
these changes correlate with lung lesions in the pigs. Pigs have
previously been exploited as a model to investigate the impact
of steroids on human metabolic disorders because they have a
metabolic response to steroids similar to humans (60, 61).
Existence of PRCV, a counterpart in pigs to human respiratory
CoV infections, makes pigs a valuable model for investigating
responses to respiratory CoV infections, including SARS in
humans. PRCV emerged independently in Europe and the
United States in the 1980s as a spike gene deletion mutant of
the porcine enteric CoV, transmissible gastroenteritis virus
(10, 43, 44, 63). Members of the CoV family are prone to
frequent mutations and recombination events in their genomes
during replication, leading to generation of new CoVs that can
have altered pathogenicity, different tissue tropism, or ability
to cross the host species barrier. This phenomenon is exempli-
fied by the emergence of SARS-CoV, likely becoming adapted
to humans from bats after genomic mutation and recombina-
tion events either directly or via intermediate hosts (civet cats)
(21, 36). Similar to SARS-CoV, PRCV almost invariably
causes extensive lung lesions with atypical interstitial pneumo-
nia, although many infections are clinically mild or asymptomatic
(1, 23). However, the severity of PRCV infections is influenced by
other factors such as polymicrobial coinfections (53, 54). Because
of the pathological similarities of PRCV to SARS-CoV (atypical
pneumonia and lung lesions), PRCV infection of outbred pigs is
a useful model to mimic SARS-CoV lung lesions in humans (also
outbred populations) and to test our hypothesis that corticoste-
roids impact CoV-induced lung disease and cytokine responses,
thereby enhancing the clinical severity of a frequently mild respi-
ratory CoV infection (PRCV).

MATERIALS AND METHODS

Virus. The ISU-1 strain of PRCV (PRCV-ISU-1) was passaged eight times in
swine testicular cell cultures and plaque purified two times (22) before it was
propagated for six additional passages in swine testicular cells in our laboratory
according to slightly modified procedures described previously (45). A single
aliquoted virus pool was used as the inoculum throughout the study.

Pigs. Conventional, specific-pathogen-free piglets (n � 130) were weaned at
16 to 20 days of age and transported to animal facilities at Ohio Agricultural
Research and Development Center. Piglets were bled on the day of arrival, and
prebleed sera were tested to confirm absence of neutralizing antibody to PRCV
by a fluorescent focus neutralization test (62). Pigs were allowed to acclimate for
an additional week before initiation of experiments. Five sequential batches of
pigs were obtained for five individual trials. Piglets were randomly assigned to
one of the four treatment groups: phosphate-buffered saline treated, PRCV
infected (PRCV/PBS; n � 41); dexamethasone (DEX) treated, PRCV infected
(PRCV/DEX; n � 41); PBS treated, mock infected (Mock/PBS; n � 23); and
DEX treated, mock infected (Mock/DEX; n � 25). The results presented rep-
resent a composite of the five individual experiments.

Viral inoculation, DEX injection, and management of pigs. The two PRCV pig
groups were inoculated with PRCV via the intranasal (i.n.) and intratracheal
(i.t.) routes using a total of 1 � 107 PFU of PRCV in 5 ml medium per pig, with
3 ml i.t. and 1 ml i.n. in each nostril. The i.t. inoculation was performed by
sedating the pigs followed by an intubation procedure as an alternate to reported
procedures (50). The anti-inflammatory corticosteroid DEX (VEDCO, St. Jo-
seph, MO), was given daily by intramuscular injection at 2 mg/kg body weight
(PRCV/DEX and Mock/DEX groups) from postinoculation days 1 to 6 (PID 1
to 6) to mimic the doses used for SARS patients (3, 27, 46). A shorter period of
DEX administration (6 days from PID 1 to 6) was selected to reflect the shorter

period (ranging from 1 to 3 weeks) of corticosteroid treatment used for some
SARS patients. Uninfected control pigs received 5 ml of medium with or without
injection with PBS (pH 7.4). Rectal temperatures, body weights, and respiration
rates for all groups of pigs were recorded every other day. Pigs were maintained
in accordance with the standards of the Institutional Laboratory Animal Care
and Use Committee, The Ohio State University.

Evaluation of gross PRCV lung lesions. Pigs from the four treatment groups
were euthanized at PID 2, 4, 8, 10, and 21. Gross lesions were evaluated based
on percentage of consolidation in each lung lobe of the six lobes. Final lung
lesion scores were expressed as the total scores of all six lobes, with the full score
being 10.875 if the lung was the most severely affected (100%).

Determination of cytokine concentrations in BAL fluids and serum by ELISA.
The bronchoalveolar lavage (BAL) fluids and blood were collected at euthanasia.
The procedure for BAL extraction was modified from published methods (51, 52).
At necropsy, either the left or right half of the lung of the euthanized pigs was
lavaged with 50 ml of minimal essential medium supplemented with nonessential
amino acids and antibiotic-antimycotic. Approximately 25 ml of BAL was recovered.
The BAL was centrifuged at 800 � g for 10 min at 4°C to separate the BAL cells.
Representative innate (IFN-�), proinflammatory (IL-6 and TNF-�), Th1 (IFN-�),
and Th2 (IL-4) cytokines were measured for serum and BAL fluids by enzyme-
linked immunosorbent assay (ELISA) according to published procedures (4).

Isolation of MNC and cytokine ELISPOT assay. For the isolation of mono-
nuclear cells (MNC), the spleen, blood, and tracheobroncheolar lymph nodes
(TBLN) were collected from euthanized pigs and processed for the enzyme-
linked immunospot (ELISPOT) assay as previously described (49, 66).

Flow cytometric analysis (FACS) of CD3�, CD4�, CD8�, and CD21� lym-
phocytes and SWC3a� cells in BAL and PBMCs. For each sample, 2 � 106 BAL
cells or peripheral blood mononuclear cells (PBMCs) were stained. The cells
were incubated with optimal dilutions of antibodies in staining buffer (PBS–
0.02% sodium azide–0.5% bovine serum albumin) for 15 to 30 min at 4°C. Two
washings with staining buffer were applied after each incubation. For CD4� and
CD8� cell staining, the BAL cells were incubated with 1 �l of fluorescein
isothiocyanate-conjugated mouse anti-pig CD4a or CD8a monoclonal antibodies
(BD Biosciences). For CD3� T cells, 1 �l of biotin-conjugated mouse anti-pig
CD3ε (SouthernBiotech, Birmingham, AL) monoclonal antibody was used, fol-
lowed by incubation with streptavidin-PerCP (peridinin-chlorophyll-protein
complex) conjugate (BD Biosciences). The CD21� B cells were stained with 1 �l
of phycoerythrin-conjugated anti-human CD21 (BD Biosciences). Detection of
pig CD21� cells using this human clone is based on its cross-reaction with pig
CD21 expressed on B cells (8). SWC3a is expressed on the cell membrane of
monocytes, macrophages, and granulocytes (48). The SWC3a� cells were stained
with 1 �l of mouse anti-pig monocyte/granulocyte-R-phycoerythrin (RPE;
SouthernBiotech, Birmingham, AL). Ten thousand BAL cells or PBMCs were
analyzed of the 2 � 106 cells stained for each sample by fluorescence-activated
cell sorting (FACS). Lymphocytes were defined by their light scatter character-
istics (41). For discrimination of positive and negative populations, quadrant
markers were set and these were controlled by nonstained samples and samples
incubated only with isotype control antibodies. FACS data were analyzed using
the Cellquest software (Becton Dickinson FACSCalibur, CA). The frequency of
each individual type of lymphocyte or SWC3a� cells was expressed as the per-
centage of these cells within the 10,000 BAL cells or PBMCs counted by FACS.

Data analysis. Statistical analyses were performed for each PID among the
four experimental groups using the nonparametric Kruskal-Wallis test. Statistical
significance was assessed as P � 0.05.

RESULTS

DEX treatment alleviated gross PRCV lung lesions at PID 2
but exacerbated lung lesions thereafter. This study confirmed
the subclinical nature of PRCV infection in pigs based on the
dose (1 � 107 PFU) and strain (ISU-1) used (1, 23). Although
PRCV-infected pigs treated with DEX remained clinically
healthy, the DEX treatment precipitated mild fevers from PID
4 to 8, induced growth retardation, and enhanced respiratory
rates. No macroscopic lesions were observed in organs (liver,
spleen, kidney, etc.) other than the lungs. Typical gross lung
lesions induced by PRCV infection were focal lobular and
multifocal lobular consolidations on both dorsal and ventral
sides across the entire lung but with more concentrated lesions
seen in the apical lobes. Detailed clinical and histopathologic
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data are summarized in a separate article (25). Focal lobular
consolidation was observed at PID 2 in lungs of both PRCV/
PBS and PRCV/DEX pigs, but with lesions in PRCV/DEX
pigs being significantly less severe than those in PRCV/PBS

pigs, suggesting that DEX played a role in alleviating lung
pathology induced by PRCV infection early at PID 2 (Fig. 1).
Gross lesions peaked at PID 8 for the group infected with
PRCV alone and then declined. However, lungs of the PRCV/
DEX pigs had significantly more severe gross lesions than
those of the PRCV/PBS pigs at PID 4 to 21, with peak lesions
being sustained longer (PID 8 to 10), indicating that DEX
treatment exacerbated PRCV-induced lung lesions from PID 4
to 21.

DEX downregulated the proinflammatory cytokine (IL-6) in
BAL early (PID 2 and 4), but not later (PID 8, 10, and 21), and
suppressed local innate (IFN-�), Th1 (IFN-�), and Th2 (IL-4)
cytokine levels in BAL. We first assessed the cytokine levels in
BAL fluids. Representative innate (IFN-�), proinflammatory
(IL-6 and TNF-�), Th1 (IFN-�), and Th2 (IL-4) cytokines
were measured (Fig. 2). The PRCV infection alone (PRCV/
PBS group) increased IFN-� in BAL from PID 2 to 10, with
two- to threefold increases evident above the uninfected
groups at PID 2 and 4 (Fig. 2A). The DEX treatment in the

FIG. 1. Mean gross lung lesion scores of PRCV/PBS and PRCV/
DEX groups. Black bars, PRCV/PBS; white bars, PRCV/DEX. Aster-
isks represent significant differences by Kruskal-Wallis test. Pig num-
bers are as follows for each of the PRCV/PBS and PRCV/DEX
groups: n � 8 on PID 2, 4, 8, and 10 and n � 9 on PID 21.

FIG. 2. Cytokine levels in the BAL of euthanized pigs. Cytokine concentrations in pg/ml are expressed as means 	 standard errors. Symbols:
}, PRCV/PBS; f, PRCV/DEX; Œ, Mock/PBS; F, Mock/DEX. Pig numbers are as follows for the PRCV/PBS, PRCV/DEX, Mock/PBS, and
Mock/DEX groups, respectively: n � 8, 8, 4, and 5 on PID 2; n � 8, 8, 5, and 5 on PID 4; n � 8, 8, 5, and 5 on PID 8; n � 8, 8, 4, and 4 on PID
10; and n � 9, 9, 5, and 6 on PID 21. * and # denote statistically significant difference (P � 0.05) when comparing the PRCV/PBS versus
PRCV/DEX groups and PRCV-infected versus uninfected control groups, respectively, by nonparametric Kruskal-Wallis test.
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PRCV/DEX pigs reduced IFN-� (significant reduction at PID
4) to levels comparable to those in BAL of uninfected controls.
Levels of TNF-� from most pigs were below the lowest detec-
tion limit of the ELISA (7.8 pg/ml), and therefore these data
are not presented. Elevation of IL-6 was evident in the BAL of
both PRCV-infected groups compared to controls (signifi-
cantly elevated at PID 8) (Fig. 2B). Downregulation of IL-6 by
DEX in the PRCV/DEX pigs was seen at the early stage (PID
2 to 4) compared to the higher concentrations of IL-6 induced
in the PRCV/PBS pigs. However, the PRCV/DEX pigs had
1.2- to 1.8-fold-higher IL-6 levels than the PRCV/PBS pigs
later at PIDs 8, 10, and 21. For IFN-� and IL-4, the PRCV/PBS
pigs had 1.5- to 5-fold higher levels of these cytokines in BAL
from PID 2 to 10 (except IL-4 at PID 2 and 8) compared to
PRCV/DEX and uninfected control pigs (Fig. 2C and D). In
comparison, DEX treatment in the PRCV/DEX pigs resulted
in decreased IFN-� and IL-4 in BAL at most times to levels
comparable to those of mock control pigs (Fig. 2C and D).

Similar trends were evident for IFN-�, IL-6, and IFN-� in
serum as in BAL, but unlike in BAL, DEX elevated IL-4 in
serum of PRCV/DEX pigs. To compare the effects of PRCV

infection and DEX treatment on local cytokine levels in BAL
to systemic cytokine levels in serum, cytokines were evaluated
in the sera of the euthanized pigs (Fig. 3). The IFN-� in serum
of PRCV/PBS pigs increased three- to fivefold compared to
that in mock controls at PID 4 and 10 (Fig. 3A), but IFN-� was
suppressed by DEX in the PRCV/DEX pigs at both PID.
Similar to BAL, TNF-� in the serum was below the lowest
detection limit of the ELISA (data not shown). After PRCV
infection at PIDs 4 and 10, slightly increased IL-6 occurred in
the sera of both PRCV-infected groups compared to the un-
infected controls (Fig. 3B). However, like in BAL, serum IL-6
was slightly downregulated by DEX in the PRCV/DEX pigs at
PID 2 but was increased 1.5- to 2-fold at PID 4 and 10 and
significantly increased at PID 8 compared to the PRCV/PBS
pigs. Unlike in BAL, no early IFN-� responses occurred in
serum of either of the PRCV-infected groups compared to
mock controls, and although the responses of the PRCV/PBS
pigs increased, peaking at PID 8 and 10, responses in the
PRCV/DEX pigs remained low (Fig. 3C). It is noteworthy that
the trend for serum IL-4 was almost opposite to that in BAL
(Fig. 3D): whereas DEX treatment in the PRCV/DEX pigs

FIG. 3. Cytokine levels in the serum of euthanized pigs. Cytokine concentrations in pg/ml are expressed as means 	 standard error. Symbols:
}, PRCV/PBS; f, PRCV/DEX; Œ, Mock/PBS; F, Mock/DEX. Pig numbers are as follows for the PRCV/PBS, PRCV/DEX, Mock/PBS, and
Mock/DEX groups, respectively: n � 8, 8, 4, and 5 on PID 2; n � 8, 8, 5, and 5 on PID 4; n � 8, 8, 5, and 5 on PID 8; n � 8, 8, 4, and 4 on PID
10; and n � 9, 9, 5, and 6 on PID 21. * denotes statistically significant difference (P � 0.05) between the PRCV/PBS and PRCV/DEX groups by
nonparametric Kruskal-Wallis test.
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decreased IL-4 in BAL, in serum IL-4 was increased (PID 2, 4,
and 8) compared to that in the PRCV/PBS pigs. Differences in
IL-4 concentrations between BAL and serum may possibly
reflect different cell populations producing IL-4 locally in BAL
versus systemically in serum and in response to the DEX-
induced decreased Th1 responses in serum.

Lower numbers of Th1 (IFN-�) cytokine-secreting cells were
detected both systemically and locally in PRCV/DEX pigs than
in PRCV/PBS pigs. To determine the responsiveness of acti-
vated antigen-specific effector or memory Th1 or Th2 lympho-
cytes in secreting cytokines upon in vitro restimulation with
PRCV antigen, MNC were purified from spleen, blood, and
TBLN, and a cytokine ELISPOT assay was used to quantitate
Th1 (IFN-�) and Th2 (IL-4) cytokine-secreting cells (CSC)
after in vitro stimulation of MNC with purified PRCV antigen
(Fig. 4). Uninfected control pigs had few (less than 50 CSC per
5 � 105 MNC) or no PRCV-stimulated IFN-� CSC. The
PRCV/PBS-infected pigs showed a general trend of increasing
numbers of IFN-� CSC in spleen, blood, and TBLN early from
PID 2 to 10, after which MNC secreting IFN-� either pla-
teaued (blood and TBLN) or declined (spleen) (PID 10 to 21)
(Fig. 4). The DEX treatment in the PRCV/DEX pigs resulted
in significantly decreased numbers of IFN-� CSC in spleen
(PID 4, 8, and 10), TBLN (PID 10), and blood (PID 4) com-
pared to the PRCV/PBS pigs. The reduced numbers of IFN-�
CSC in the PRCV/DEX pigs compared to the PRCV/PBS pigs
was consistent with the lower concentrations of IFN-� in serum
and BAL of the PRCV/DEX pigs. The numbers of IL-4 CSC
were low (less than 20 CSC per 5 � 105 MNC) in the PRCV-

infected pigs, making it difficult to evaluate the potential effects
of DEX treatment on IL-4 CSC (data not shown).

DEX decreased PRCV-induced CD3�, CD4�, and CD8�

lymphocyte frequencies but increased CD21� lymphocyte and
SWC3a� cell frequencies in BAL. The recovered cells from the
BAL fluids were stained with antibodies against surface mark-
ers of CD3�, CD4�, CD8�, and CD21� lymphocytes or mono-
cytes, macrophages, and granulocytes (SWC3a�) followed by
FACS to determine the effects of PRCV infection and DEX
treatment on frequencies of these cell types in lung (Fig. 5).
The trend was for higher (1.2 to 20 times) CD3�, CD4�, and
CD8� cell frequencies in the PRCV/PBS pigs compared to the
uninfected controls (except PID 21) and for lower (1.3 to 4
times) CD3�, CD4�, and CD8� cell frequencies in the PRCV/
DEX compared to PRCV/PBS pigs at PID 2, 8, and 10 (Fig.
5A, B, and C). However, frequencies of CD21� cells in BAL
were significantly increased in the PRCV/DEX and Mock/
DEX pigs by DEX treatment independent of PRCV infection
(except PID 10 and 21) (Fig. 5D). The PRCV infection alone
in PRCV/PBS pigs caused a slight decrease in SWC3a� cell
frequencies in BAL compared to the uninfected controls (ex-
cept PID 21), and DEX treatment of PRCV infected pigs
increased frequencies of these cells at PID 2, 4, and 10 (Fig.
5E). These results suggest that PRCV infection increased
CD3�, CD4�, and CD8� lymphocyte frequencies in the
lung, but DEX treatment of PRCV-infected pigs reduced
these lymphocyte frequencies, although interestingly it in-
creased the frequencies of the CD21� and SWC3a� cells in
the lung.

FIG. 4. IFN-� CSC in spleen, TBLN, and blood of euthanized pigs. Symbols: }, PRCV/PBS; f, PRCV/DEX; Œ (triangles), Mock/PBS; F,
Mock/DEX. Pig numbers are as follows for the PRCV/PBS, PRCV/DEX, Mock/PBS, and Mock/DEX groups, respectively: n � 8, 8, 4, and 5 on
PID 2; n � 8, 8, 5, and 5 on PID 4; n � 8, 8, 5, and 5 on PID 8; n � 8, 8, 4, and 4 on PID 10; and n � 9, 9, 5, and 6 on PID 21. * denotes statistically
significant difference (P � 0.05) between the PRCV/PBS and PRCV/DEX groups by nonparametric Kruskal-Wallis test.
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Staining of PBMCs revealed no obvious trends for CD3�,
CD4�, and CD8� lymphocytes, CD21� lymphocytes, and
SWC3a� cells in PBMCs after PRCV infection or DEX treat-
ment (data not shown).

DISCUSSION

In this study, we assessed the impact of the corticosteroid
DEX on PRCV lung lesions, immune responses, and the pos-
sible roles of proinflammatory, Th1, and Th2 cytokines in me-
diating PRCV pathogenesis and disease. Although chemokines
are of interest in their potential role in mediating PRCV
pathogenesis, they were not assayed in this study due to the

lack of antibody reagents and specific tests for detection of
porcine chemokines. The PRCV-seronegative outbred conven-
tional pigs were chosen in this study to better mimic the diverse
physiologic and immunological responses likely to occur in
humans (also an outbred population) exposed to a new respi-
ratory viral pathogen such as SARS-CoV.

Our data indicated that PRCV infection alone (PRCV/PBS)
generally increased IFN-�, IFN-�, and IL-4 in BAL and in
serum in the early to middle phase of the infection (PID 2 to
10). The elevation of IFN-� is consistent with previous reports
that indicated that PRCV is a good inducer of IFN-� (5, 6, 55).
The PRCV infection elevated the proinflammatory cytokine
IL-6 in BAL and in serum at PID 4 and 10 of PRCV/PBS pigs

FIG. 5. Frequencies of CD3�, CD4�, CD8�, and CD21� lymphocytes and SWC3a� cells in total BAL cells of euthanized pigs. Bars: black,
PRCV/PBS; white, PRCV/DEX; dashed, Mock/PBS; dotted, Mock/DEX. Pig numbers are as follows for the PRCV/PBS, PRCV/DEX, Mock/PBS,
and Mock/DEX groups, respectively: n � 8, 8, 4, and 5 on PID 2; n � 8, 8, 5, and 5 on PID 4; n � 8, 8, 5, and 5 on PID 8; n � 8, 8, 4, and 4 on
PID 10; and n � 9, 9, 5, and 6 on PID 21. * and # denote statistically significant difference (P � 0.05) when comparing the PRCV/PBS versus
PRCV/DEX groups and Mock/PBS versus Mock/DEX groups, respectively, by nonparametric Kruskal-Wallis test.
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compared to uninfected controls. In this aspect, infection with
PRCV resembles that with SARS-CoV, which also upregu-
lated IL-6 in SARS patients (24) and in a murine macrophage
SARS-CoV infection model (59). The PRCV-induced in-
creases in Th1 and proinflammatory cytokines have some sim-
ilarities to cytokine profiles observed in SARS patients where
elevation of IFN-� and IL-6 in the blood of SARS patients was
observed (24, 64). The similarities in cytokine profiles between
PRCV infection in pigs and SARS patients further support
PRCV as a potential model for respiratory infections specifi-
cally targeting the lung and inducing atypical pneumonia re-
sembling SARS lesions. Although PRCV infection in pigs is a
valuable model for studying the respiratory phase of CoV
infections such as SARS, there are also differences between
PRCV and SARS-CoV pathogenesis. For instance, PRCV in-
fection causes an acute self-limiting respiratory disease that is
restricted to the lungs and has little or no enteric component.
In contrast, some SARS cases manifested systemic multiorgan
infection and an enteric infection phase with viable SARS-
CoV shedding in stool (38, 65). So, PRCV infection of pigs
may not reflect the potential effect of corticosteroids on these
systemic or enteric aspects of SARS. However, whether these
multiorgan effects may have been precipitated or enhanced by
prolonged or high-dose corticosteroid or ribavirin use is un-
certain (17).

The DEX treatment of PRCV/DEX pigs suppressed early
local IL-6 levels in BAL and systemic IL-6 levels in serum (PID
2 or 4), but led to increased IL-6 concentrations in BAL and
serum later (PID 8, 10, and 21). Thus, the data suggest that
DEX may decrease PRCV-induced inflammation (IL-6) at an
early infection stage (PID 2 to 4), but not later. Similarly,
elevation of proinflammatory gene expression in blood was
found in the acute phase of SARS, but this increase was re-
duced together with decreases of antiviral cytokines such as
IFN-� after corticosteroid treatment (11). This trend for IL-6
in the BAL corresponded to the results for gross lesions in the
lungs of the PRCV/PBS and PRCV/DEX pigs that indicated
that at PID 2, the lesion score of the PRCV/DEX pigs was
significantly lower than that of the PRCV/PBS pigs and higher
thereafter. Our results suggest that the DEX-induced reduc-
tion of IL-6 at early PID (PID 2) might have played a role in
the delayed onset of PRCV lung lesions, and increases of IL-6
at later PIDs may contribute to the severity of the lung lesions,
thus mimicking the delayed onset of disease severity seen in
SARS patients treated with corticosteroids (31). A role for
IL-6 in progression of lung pathology of SARS patients was
suggested by the observation that serum IL-6 levels correlated
most strongly with radiographic lung lesion scores of SARS
patients (14). The overproduction of specific proinflammatory
cytokines such as TNF-� and IL-6 is regarded as a hallmark of
some viral infections (33), and the levels of TNF-� and IL-6
were also found to correlate positively with disease severity in
swine viral pneumonias (56, 57).

The DEX treatment in the PRCV/DEX pigs caused a pro-
nounced suppression of local innate (IFN-�), Th1 (IFN-�),
and Th2 (IL-4) cytokines in BAL and IFN-� CSC in spleen,
blood, and the lymph node draining the lung (TBLN). The
early and often persisting (PID 4 to 10) decreased IFN-�,
IFN-�, and IL-4 in BAL of the PRCV/DEX pigs corresponded
with increased gross lung lesions from PID 4 to 10 in this group

compared to the PRCV/PBS pigs, suggesting a role for these
cytokines in controlling PRCV replication in the lungs and
therefore pathogenicity. Similarly, Cameron et al. (11) sug-
gested that dysregulation of innate and adaptive immune re-
sponses due to loss of homeostasis of type I (IFN-�) and type
II (IFN-�) cytokines led to a failure of SARS-CoV clearance
from the lungs in severe SARS patients at crisis, whereas
resolution of IFN and IFN-stimulated genes in nonsevere
SARS patients was associated with recovery. At PID 21 (15
days after cessation of DEX treatment), however, levels of
cytokines in BAL were similar among the four experimental
pig groups and the effects of DEX on serum cytokines, IFN-�
CSC, and percentages of lymphocytes and monocytes/macro-
phages at this PID were lower than at earlier PID, consistent
with the finding that corticosteroid-mediated inhibition of cy-
tokine expression is a reversible event requiring the continued
presence of the corticosteroids (26).

The results also showed a trend for reduced numbers of CD3�,
CD4�, and CD8� lymphocytes in BAL of PRCV/DEX pigs com-
pared to PRCV/PBS pigs, consistent with the decreased levels of
Th1 (IFN-�) and Th2 (IL-4) cytokines in BAL. In contrast, there
was not a consistent decrease of SWC3a� cells in BAL after DEX
treatment in PRCV/DEX pigs (Fig. 5E), but instead, a slight
increase was observed on PID 2, 4, and 10. The more severe lung
pathology in the PRCV/DEX pigs may be associated with the
increased SWC3a� cells in lung, as seen in SARS patients, with
severe immunopathological damage induced by stimulated (or
possibly infected) macrophages in lungs. Immunohistochemical
staining of PRCV-infected pig lung tissues occasionally revealed
PRCV antigens in interstitial macrophages and in alveolar mac-
rophage-like mononuclear cells within the thickened alveolar
septa (25). These findings are consistent with observations by Cox
et al., who reported PRCV antigens in alveolar macrophages (15,
16). It was speculated that macrophages play a role in the dete-
riorating respiratory condition of SARS patients (34, 38). How-
ever, a consistent reduction of CD3�, CD4�, and CD8� cells in
blood was not observed in PRCV/DEX pigs compared to PRCV/
PBS pigs (data not shown). The discrepancy in the patterns of
CD3�, CD4�, CD8�, and CD21� lymphocytes and SWC3a�

cells in BAL versus PBMCs indicates that the composition of the
BAL cells does not simply reflect cell recruitment from the blood,
but PRCV infection and DEX treatment likely compromised
migration of these cells into the lungs from other lymphoid tissues
as well. Thus, in human respiratory infections, monitoring of total
immune cell populations or cytokines (see below) in PBMCs or
serum may not as accurately reflect those in the lung as those
measured in BAL.

Although a generally similar pattern of cytokine responses
including IFN-�, IL-6, and IFN-� were observed in serum as in
BAL, differences existed between the local BAL and systemic
serum cytokine levels. Unlike in BAL, no early serum IFN-�
responses occurred in either of the PRCV-infected groups
(Fig. 3C). The differences likely reflect the different cell types
involved in local versus systemic cytokine secretion as well as
the localized nature of PRCV infection in lungs. It is particu-
larly noteworthy that the trend for serum IL-4 was almost
opposite to that in BAL. Although DEX treatment in the
PRCV/DEX pigs decreased local IL-4 in BAL, being also
associated with reduced numbers of CD3�, CD4�, and CD8�

cells in BAL, in serum, IL-4 was increased (PID 2, 4, and 8)
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compared to that in the PRCV/PBS pigs, which suggests that
DEX treatment in the PRCV/DEX pigs led to increased sys-
temic Th2 (serum IL-4) responses in the face of the pro-
nounced Th1 (serum IFN-�) downregulation, supporting the
notion that IFN-� and IL-4 are mutually antagonistic and that
IL-4 inhibits Th1 cell differentiation and promotes Th2 cell
differentiation (7, 18, 37).

Because of the variability in responses encountered in out-
bred pigs, which reflects similar response variations among the
human population, we used a large number of pigs (a total of
130) in a series of five pig batches in this study in an attempt to
assess if statistically significant differences occurred among the
treatment groups. Although a trend for the experimental pa-
rameters assessed was reproducible among the different pig
batches, statistically significant differences, however, were only
achieved in some assays at certain PID after the corresponding
data were combined. Variation in biological parameters of
outbred animals as models for humans is unavoidable and yet
more accurately reflects the nature of biological differences in
human populations in contrast to more uniform responses of
inbred laboratory animal models.

In summary, these findings suggest that whereas one to two
doses of DEX in the acute phase of the infection may effec-
tively alleviate early proinflammatory responses in respiratory
CoV infections, DEX administration for a longer period (PID
1 to 6) may play a role in enhancing viral replication in lung by
depressing the innate and early cytokine responses followed
later by inflammation-mediated (IL-6, etc.) or virus-induced
necrotic lung damage. Because of the disease similarities in the
atypical interstitial pneumonia and cytokine profiles induced
by PRCV and SARS-CoV infection in lungs and the physio-
logical and anatomic similarities between pigs and humans,
this study may have implications for corticosteroid treatment
of SARS patients. In severe SARS patients, IFN-mediated
immune response deficiencies developed as the illness pro-
gressed (11). Longer-term use of high-dose corticosteroids may
further dampen local and systemic Th1 IFN-� responses, as
shown in this study, leading to enhanced viral replication that
subsequently precipitates more severe pathology in the lungs.
The SARS patients typically develop acute respiratory disease
syndrome at a later time when specific antibodies are appear-
ing. In this scenario, proinflammatory cytokines such as IL-6
may play a role in sustaining postvirus inflammation and in-
creasing immunopathogenicity in SARS if the patients are
treated longer term with corticosteroids (39).
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