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Polymorphonuclear neutrophils (PMN) infiltrate the respiratory tract early after viral infection and

can contribute to both host defence and pathology. Coronaviruses are important causes of

respiratory tract infections, ranging from mild to severe depending on the viral strain. This study

evaluated the role of PMN during a non-fatal pulmonary coronavirus infection in the natural host.

Rat coronavirus (RCoV) causes respiratory disease in adult rats, characterized by an early PMN

response, viral replication and inflammatory lesions in the lungs, mild weight loss and effective

resolution of infection. To determine their role during RCoV infection, PMN were depleted and the

effects on disease progression, viral replication, inflammatory response and lung pathology were

analysed. Compared with RCoV infection in control animals, PMN-depleted rats had worsened

disease with weight loss, clinical signs, mortality and prolonged pulmonary viral replication. PMN-

depleted animals had fewer macrophages and lymphocytes in the respiratory tract, corresponding

to lower chemokine levels. Combined with in vitro experiments showing that PMN express

cytokines and chemokines in response to RCoV-infected alveolar epithelial cells, these findings

support a role for PMN in eliciting an inflammatory response to RCoV infection. Despite their

critical role in the protection from severe disease, the presence of PMN was correlated with

haemorrhagic lesions, epithelial barrier permeability and cellular inflammation in the lungs. This

study demonstrated that while PMN are required for an effective antiviral response, they also

contribute to lung pathology during RCoV infection.

INTRODUCTION

Inflammatory responses triggered by respiratory viruses are
necessary for the initiation of effective antiviral immunity,
but can also become dysregulated and result in acute lung
injury and respiratory distress syndrome. Polymorpho-
nuclear neutrophils (PMN) infiltrate the airways early after
infection by respiratory viral pathogens including rhino-
viruses, influenza viruses, respiratory syncytial virus and
coronaviruses. The presence of PMN in the respiratory
tract during viral infection is frequently correlated with
clinical symptoms or severe disease pathology (Bradley
et al., 2012; Denlinger et al., 2011; Khanolkar et al., 2009;
Mckean et al., 2003; Nagata et al., 2008; Tumpey et al.,
2005). In contrast, PMN have direct antiviral activities and

also function in the activation of innate and adaptive
immune responses, and thus can contribute to effective
antiviral responses (Mantovani et al., 2011; Tate et al.,
2011, 2012; Widegren et al., 2011). Because PMN can
be involved in both protective and pathological immune
responses, a complete understanding of their functions
during viral infection may lead to the design of therapeutic
strategies that exploit the beneficial functions of PMN
while limiting their damaging effects in the lung.

Coronaviruses (CoV) cause respiratory diseases in humans
as well as in companion and agricultural animals. Human
CoV infections may result in mild common colds, more
serious lower respiratory tract diseases, or the highly fatal
severe acute respiratory syndrome (SARS) or Middle East
Respiratory Syndrome (MERS), depending on the virus
strain and the age and immune status of the host (Assiri
et al., 2013; Gaunt et al., 2010; Lee et al., 2003). PMN are
recruited to CoV-infected tissues, and either contribute
to pathology or are necessary for an effective immune
response, depending on the specific CoV and disease
model. The presence of PMN corresponds to increased
disease severity in humans and animals infected with
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SARS-CoV or human CoV-229E (Leong et al., 2006;
Mckean et al., 2003; Nagata et al., 2008; Tsui et al., 2003).
During neurotropic murine coronavirus infection, PMN
contribute to brain pathology (Iacono et al., 2006), but
are also critical for the effective resolution of infection
by promoting blood–brain barrier permeability, which
is needed for effective T-cell recruitment to the brain
(Hosking et al., 2009; Zhou et al., 2003). Despite these
findings and the fact that CoVs commonly infect the
respiratory tract, the functions of PMN during respiratory
CoV infections are not well understood.

Rodent models of respiratory coronavirus infection are
available for SARS-CoV, but not the more common and
milder CoV that circulate in human populations world-
wide. We have developed a rat coronavirus (RCoV) model
to determine the mechanisms that promote effective reso-
lution of a non-fatal coronavirus infection in the lung.
RCoV is a natural pathogen of rats that replicates and
causes mild disease in the upper and lower respiratory
tracts (Funk et al., 2009; Wojcinski & Percy, 1986).
Intratracheal inoculation of adult rats with RCoV results
in viral replication in the type I alveolar epithelial (AT1)
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Fig. 1. aPMN treatment depletes circulating PMN and increases disease severity during RCoV infection of rats. (a) Rats were
injected with aPMN or normal rabbit serum (NRS) intraperitoneally 1 day prior to intranasal inoculation with RCoV or medium
(mock), and every 48 h thereafter. (b) Blood was collected from 3–5 animals per group daily to monitor white blood cell
populations. Rats were monitored for mortality (c), body weight (d) and clinical signs of disease (e). Data are means±SE from
6–18 rats per treatment per day (see key). Statistically significant differences between aPMN- and NRS-treated rats were
identified using one-way ANOVA followed by the Newman–Keuls post-test, **P,0.01; ***P,0.001.
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cells in the lung, recruitment of PMN into the respiratory
tract, expression of PMN chemotactic chemokines and
transient, focal pneumonitis (Funk et al., 2009). The virus
and inflammatory infiltrates within the alveoli are resolved
by day 8 after infection, suggesting the rapid development
of an effective antiviral response to infection. The role of
PMN in this effective response to RCoV infection is not
known. In this study, PMN recruitment to the lungs of
RCoV-infected rats was inhibited using antibody-mediated
depletion to determine the role of PMN in viral clearance,
lung pathology and disease severity.

RESULTS

PMN depletion enhances RCoV-mediated disease

There is robust recruitment of PMN to the respiratory tract
during RCoV infection (Funk et al., 2009). To delineate their
role during infection, rats were injected with rabbit anti-rat
PMN serum (aPMN) 1 day prior to intranasal inoculation
of virus. Depletion was maintained by injections of aPMN
every 48 h (Fig. 1a). Control rats were injected with normal
rabbit serum (NRS) on the same schedule. Several previous
studies have used this polyclonal aPMN antibody to
effectively deplete circulating PMN in rats without signific-
antly altering other white blood cell populations (Janardhan
et al., 2006; Li et al., 2007; Ofulue & Ko, 1999; Sir et al., 2000;
Snipes et al., 1995). In agreement with these studies, aPMN
effectively and specifically depleted PMN from the blood of
rats for at least 4 days, followed by repopulation by day 6
post-infection (Fig. 1b). Importantly, aPMN serum did not
reduce the numbers of other white blood cell types in RCoV-
infected or uninfected animals (Figs 1b and S1, available in
the online Supplementary Material). Thus, aPMN is an
effective, specific tool for transient depletion of circulating
PMN in rats.

PMN-depleted and NRS-treated animals were inoculated
with RCoV and weighed and observed daily for clinical signs
and mortality. In agreement with our previous study, RCoV
infection of NRS-treated rats did not result in mortality
(Funk et al., 2009). In contrast, treatment with aPMN
resulted in 28 % mortality of RCoV-infected rats by day 6
(Fig. 1c). Of the 18 rats in the aPMN/RCoV group, one
succumbed to infection on day 2 and four others were
humanely euthanized due to excessive weight loss and severe
disease. None of the mock-infected animals, either with or
without aPMN treatment, died or required euthanasia
during the course of the experiment. All of the treatment
groups exhibited weight loss early in the study, and, except
for the aPMN/RCoV group, steadily regained weight
beginning on day 3 (Fig. 1d). In contrast, PMN-depleted
rats that were infected with RCoV had steady weight loss
through day 4, which remained low through day 8 (Fig. 1d).
Clinical scores were calculated daily as described in Methods
(Fig. 1e). NRS-treated rats infected with RCoV showed no or
only minor clinical signs during infection. In contrast, RCoV
infection of aPMN-treated rats resulted in multiple clinical

signs, including hunched posture, ruffled fur, swollen face
and neck, bloody ocular and nasal discharge and lethargy.
Therefore, these rats had significantly increased mean
clinical scores between days 1 and 8 post-infection (Fig.
1e). Surviving animals (72 %) had lower clinical scores after
day 4, but did not return to complete health by day 8. The
increased morbidity and mortality in rats treated with
aPMN, which specifically depletes PMN from the blood-
stream, suggests that PMN are needed for protection against
severe disease during RCoV infection.

aPMN treatment reduces PMN recruitment and
prolongs viral replication in the lungs

To confirm that treatment with aPMN inhibits recruitment
of PMN to the respiratory tract, PMN were quantified in
bronchoalveolar lavage fluid (BALF) on days 4, 8 and 12
post-infection. As expected from our previous study (Funk
et al., 2009), PMN numbers increased in NRS/RCoV-
treated rats by day 4, and declined to less than 5 % by day 8
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Fig. 2. aPMN treatment reduces PMN recruitment and prolongs
viral replication in the lungs. Rats were injected with aPMN or NRS
intraperitoneally 1 day prior to intranasal inoculation with RCoV,
and every 48 h thereafter (see Fig. 1a). (a) Cells from broncho-
alveolar lavage fluid (BALF) were Giemsa–Wright stained and
PMN were quantified morphologically. (b) Lung tissues were
homogenized and viral titres were determined by plaque assay.
Data are means±SE from 3–5 rats per group. Statistically
significant differences between aPMN- and NRS-treated rats
were identified using an unpaired t-test, **P,0.01, ***P,0.001.
ND, not determined.
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(Fig. 2a). In rats treated with aPMN, PMN numbers in the
BALF did not increase upon RCoV infection and remained
low through day 12, despite their repopulation of the blood
by day 6 (Fig. 1b). To determine whether PMN are needed
for clearance of RCoV, viral titres from lung homogenates
were compared in NRS- and aPMN-treated rats. Both
groups had high levels of RCoV on day 4, which remained
high in aPMN-treated rats through day 12 (Fig. 2b). In
contrast, NRS-treated rats cleared the virus by day 8 post-
infection. Thus, recruitment of PMN to the respiratory tract
correlated with effective clearance of RCoV from the lungs.

PMN are needed early during RCoV infection to
protect against disease

PMN are observed in the respiratory tract early after in-
fection with RCoV (Funk et al., 2009), but it is not known

whether their presence early during infection is important
to later disease outcomes. To establish transient depletion
of PMN early during RCoV infection, rats were treated
with aPMN serum 1 day before and 2 days after RCoV
inoculation (Fig. 3a). No PMN were detected in the BALF
of aPMN-treated rats on day 4 post-infection, followed
by recruitment of PMN to the respiratory tract by day 8
(Fig. 3b). Despite the influx of PMN into the airways, viral
titres in the lungs remained high on day 8 (Fig. 3c),
suggesting that the presence of PMN alone is not sufficient
to clear virus late in infection. Transient PMN depletion
resulted in 50 % mortality by day 8 after RCoV infection
and significant weight loss compared with NRS-treated
animals (Fig. 3d, e). NRS/RCoV rats initially lost weight,
which they regained after day 3 (Fig. 3e). Of the six animals
that died during the study, one succumbed to infection on
day 3, and five were euthanized due to more than 20 %
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Fig. 3. PMN are needed early during RCoV infection to be protective. (a) Rats were injected with aPMN or NRS intraperitoneally
1 day prior to and 2 days after intranasal inoculation with RCoV and analysed on days 4 and 8 (arrows). (b) Cells from BALF of
3–5 rats per group were Giemsa–Wright stained and PMN were quantified morphologically. (c) Lungs from 3–6 rats per group
were homogenized and viral titres were determined by plaque assay. The data are means±SE. Rats (see key for numbers) were
monitored for (d) survival (P50.046) and (e) weight loss. Statistically significant differences between aPMN- and NRS-treated
rats were identified using (e) two-way ANOVA followed by a Bonferroni post-test or (b and c) unpaired t-test, ***P,0.001.
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weight loss and severe disease. Clinical signs were apparent
on days 2–8 post-infection and were identical to those seen
in rats given aPMN throughout infection (data not
shown). These findings demonstrate that delayed recruit-
ment of PMN to the lungs cannot compensate for their
absence early during RCoV infection.

PMN promote pulmonary cellular infiltration
during RCoV infection

The results of transient PMN depletion suggested that
PMN are needed early during RCoV infection to limit
disease severity, and that later recruitment of PMN does
not reduce viral titres. Therefore, we hypothesize that PMN
have an indirect role in the effective response against RCoV
infection. RCoV infection induces cellular infiltration
into the alveolar spaces (Funk et al., 2009). To determine
whether PMN are required for cellular inflammation,
histological analysis of lung tissues was performed on
PMN-depleted and NRS-treated rats during RCoV infec-
tion. Focal areas of pneumonitis with PMN, macrophages
and lymphocytes were present in the lung sections from
NRS-treated, but not aPMN-treated, animals on day 4
post-infection (Fig. 4a). Inflammatory lesions in the lungs
of NRS-treated animals were mostly localized in areas
surrounding the bronchioles (top panels). Quantitative
analysis of density indices of PMN, macrophages and
lymphocytes was performed on tissue sections from three
animals per group. aPMN treatment significantly reduced
the numbers of macrophages and lymphocytes in the
lungs of RCoV-infected animals (Fig. 4b), corresponding
to cell counts in BALF samples (Fig. 4c). To determine
whether CD4- or CD8-positive lymphocytes were specif-
ically reduced, these cells were quantified in BALF by
flow cytometry. This analysis demonstrated a reduction in
both CD4- and CD8-positive cells in the airways of aPMN-
treated animals, compared with NRS-treated animals,
upon RCoV infection (Fig. 4d). These data suggest that
PMN are critical for the development of a cellular response
to pulmonary RCoV infection.

aPMN-treated rats have reduced chemokine
concentrations in BALF during RCoV infection

The histology data demonstrated that PMN promote
pulmonary cellular infiltration during RCoV infection,
and our previous studies showed RCoV-induced chemo-
kine expression (Funk et al., 2009; Miura et al., 2007). To
determine whether PMN contribute to this response, we

quantified chemokines in the BALF of aPMN- and NRS-
treated rats during RCoV infection. Compared with mock-
inoculated animals, RCoV infection increased levels of
PMN-specific chemokines (CXCL-1 and CXCL-3) in NRS-
treated animals by day 4, which returned to mock levels
by day 8 (Fig. 5a). In contrast, PMN-depleted rats had
significantly reduced levels of CXCL-1 and CXCL-3 in
the BALF, which corresponded to the lack of PMN
recruitment to the lungs of depleted animals even after
PMN had repopulated the blood (Figs 1b and 2a). Two
additional chemokines that are induced by RCoV infection
(Funk et al., 2009), interferon-inducible protein 10 (IP-
10/CXCL-10) and monocyte chemoattractant protein 1
(MCP-1/CCL-2), were quantified in BALF from aPMN-
and NRS-treated rats on day 4 post-infection (Fig. 5b).
Both chemokines were induced by RCoV infection in NRS-
treated, but not aPMN-treated rats, suggesting that PMN
are needed for chemokine production.

Proinflammatory response of PMN to RCoV-
infected alveolar epithelial cells in vitro

Based on the data above, we hypothesize that PMN
recruited to the airways of RCoV-infected rats produce
cytokines and chemokines, including CXCL-1, CXCL-3,
IP-10 and CCL-2. Type I alveolar epithelial (AT1) cells are
the primary cell type infected by RCoV within the distal
lung (Funk et al., 2009). Furthermore, RCoV-infected
AT1-like cells direct PMN functions in vitro (Rzepka et al.,
2012). To determine whether RCoV-infected AT1 cells
direct expression of cytokines and chemokines by PMN,
we incubated PMN isolated from rat bone marrow in
conditioned medium from RCoV-infected (RCoV-AT1)
or mock-infected (mock-AT1) AT1-like cells. The mRNA
levels of 84 cytokines and chemokines were measured
from PMN using quantitative RT-PCR arrays (Table 1).
PMN that were incubated in RCoV-AT1 medium had
higher mRNA levels of proinflammatory cytokines (IL-18,
IL-1a, IL-1b and TNF-a), CXC chemokines (CXCL-1,
CXCL-2, IP-10 and CXCL-11) and CC chemokines (CCL-
2, CCL-4, CCL-7, CCL-9, CCL-12 and CCL-22) in
comparison with PMN incubated in mock-AT1 medium.
These findings demonstrated that PMN express proin-
flammatory cytokines and chemokines when exposed to
RCoV-infected epithelial cells. This is in agreement with
the reduced concentrations of chemokines in the BALF and
cellular infiltration in the lungs of rats treated with aPMN
antibody compared with NRS-treated rats, during RCoV
infection.

Fig. 4. (cont.) inflammation. Representative tissues from three animals per group are shown at �2 (top panels), �20 (middle
panels) and �40 (bottom panels) magnification. Examples of cell types at �40: neutrophil (#),macrophage (*) and lymphocyte
(‘) are indicated. (b) Density indices of inflammatory cells were quantified in lung sections from three animals per group using
ImageJ software. (c) White blood cells in BALF were quantified by Wright–Giemsa staining, and (d) lymphocyte subtypes by
flow cytometry, using 4–6 animals per group. Statistically significant differences compared with NRS/RCoV-treated rats were
identified using one-way ANOVA followed by the Newman–Keuls post-test, *P,0.05, **P,0.01, ***P,0.001.
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The presence of PMN in the lungs is associated
with tissue damage

Haemorrhagic lesions are observed on the surface of the
lungs following the same kinetics as PMN recruitment
during RCoV infection (Funk et al., 2009). Therefore, we
determined whether the presence of PMN correlated with
visible lesions on the surface of rat lungs. RCoV infection
of NRS-treated rats resulted in gross pulmonary lesions in
all animals that were analysed on day 4, and the majority of
NRS-treated animals did not have lesions on day 8 (Table
2). The presence of lesions on the lungs of NRS-treated
animals corresponded to increased numbers of PMN in the
airways (Table 2). In contrast, none of the rats treated with
aPMN throughout infection had visible lesions, which
corresponded to the absence of PMN in the BALF.
Likewise, in rats that received aPMN only early during
infection (through day 2), no lesions were visible on the
lungs on day 4, when PMN were also not detected in the
BALF. Late influx of PMN to the respiratory tracts of
transiently depleted rats by day 8 corresponded to the
presence of pulmonary lesions in five of the six animals
evaluated. In addition to surface lesions, we measured total
protein in the BALF of rats as an indicator of damage to the
epithelial barrier. When PMN were present in the BALF,

there was a corresponding increase in protein concentra-
tion (Table 2). Furthermore, animals that had low numbers
of PMN also had low total protein concentrations in the
BALF. Collectively, these findings implicate PMN in
causing tissue injury including gross haemorrhagic lesions
and epithelial permeability.

Histological analysis was performed to compare lung
pathology in PMN-depleted and NRS-treated rats during
RCoV infection. Corresponding with focal areas of pneu-
monitis (Fig. 4a), NRS/RCoV rats had severe bronchiolar
and peribronchiolar inflammation, necrosis and epithelial
sloughing (Fig. 6b), compared with mock-inoculated rats
(Fig. 6a). Some alveoli of NRS/RCoV rats contained
transudate fluid, dead cells and inflammatory cells (Fig.
6e), compared with the clear alveoli of uninfected rats (Fig.
6d). Interestingly, most of this inflammation was resolved
by day 8 (Fig. S2), with mainly foamy macrophages present
in the alveoli. Although inflammatory cells were absent in
aPMN-treated rats on day 4 post-infection, these animals
had sloughing of dead epithelial cells in the bronchioles
(Fig. 6c) and engorged alveolar capillaries (Fig. 6f). In
summary, pulmonary RCoV infection resulted in strikingly
different histopathology in NRS vs. aPMN treated rats.
PMN-dependent responses were associated with focal
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pneumonitis, epithelial necrosis, oedema and vascular pa-
thology, while the lack of PMN was associated with
epithelial and vascular pathology.

DISCUSSION

The activities of PMN during respiratory viral infections
are complex and often dichotomous: contributing to both
beneficial antiviral responses and detrimental pathology.
We depleted PMN from rats during infection with a non-
fatal respiratory coronavirus, RCoV, to determine their
contributions to an effective antiviral response. In contrast
to NRS-treated rats, rats that were treated with aPMN
throughout or early during RCoV infection had increased
mortality and morbidity and prolonged pulmonary viral
replication. Further, PMN were required for the produc-
tion of chemokines in the airways and infiltration of ma-
crophages and lymphocytes into the lungs. These findings
suggest that PMN are needed early during infection to elicit
an effective cellular response to control viral replication
and attenuate disease severity. Despite an effective response
against RCoV, NRS-treated rats had pulmonary lesions,
characterized by capillary congestion, haemorrhage, oedema

and epithelial permeability. Taken together, these findings
highlight the dichotomous roles of PMN by contributing
to effective antiviral responses, but also in mediating tissue
pathology.

A rabbit anti-rat PMN antibody was used to deplete PMN
in vivo without significantly affecting circulating mono-
cytes and lymphocytes. This antibody is widely used to
deplete PMN in rats but most studies do not report the
effects on other cell populations (Janardhan et al., 2006;
Li et al., 2007; Ofulue & Ko, 1999; Sir et al., 2000). Snipes
et al. observed complete depletion of PMN and transiently
reduced lymphocyte numbers in the blood of rats using
this antibody (Snipes et al., 1995). However, their study
and others have demonstrated that aPMN does not reduce
viability of other white blood cell types in vitro at the same
concentration that inactivates PMN (Ofulue & Ko, 1999;
Snipes et al., 1995). We did not observe reduced lympho-
cyte numbers in aPMN-treated rats, but we used a lower
dose of aPMN that was repeated every other day compared
with a higher dose given once in the Snipes et al. study. In
addition, differences in the antibody lots and genetic lines
and ages of the rats may be responsible for the differences
among studies. aPMN treatment alone resulted in early
weight loss that was not statistically significant compared
with NRS-treated rats. This was distinct from the prolonged,
significant weight loss observed in the RCoV-infected
aPMN-treated rats. RCoV infection of PMN-depleted rats
resulted in clinical signs consistent with infection by this
viral strain, which corresponded to prolonged viral
replication. However, we cannot exclude a role for potential
secondary infections in exacerbating these findings.

Our study indicates that PMN are needed for effective
clearance of pulmonary RCoV infection. PMN may
have direct antiviral functions, including phagocytosis of
viruses and virus-infected cells (Fujisawa, 2008; Hartshorn
et al., 1994; Hashimoto et al., 2007; Tecle et al., 2007; West
et al., 1987). PMN may also contribute to protection by
recruitment and activation of other immune cell types
(Beauvillain et al., 2007; Radsak et al., 2000; Scapini et al.,
2000). In previous studies, we showed that RCoV infects
AT1 cells in the lungs and induces expression of che-
mokines that activate functional responses of PMN (Funk
et al., 2009; Miura et al., 2007; Rzepka et al., 2012). Here,
we show that PMN responded to medium from RCoV-
infected AT1-like cells in vitro by increasing mRNA levels
of proinflammatory cytokines and chemokines. Furthermore,
depletion of PMN in vivo resulted in reduced concentra-
tions of chemokines in the airways of RCoV-infected rats.
Our in vivo findings suggest that PMN are a source of
chemokines, including IP-10, CCL-2, CXCL-1 and CXCL-3,
in the airways during RCoV infection. It is also possi-
ble that PMN induce other cell types to produce these
chemokines. CXCL-1 and CXCL-3 recruit and activate
PMN (Rzepka et al., 2012; Shibata et al., 1995). The
decrease in these chemokines may explain the lack of PMN
recruitment to the lungs after their numbers have returned
to normal in the blood. CCL-2 mediates chemotaxis and

Table 1. Cytokine and chemokine mRNAs with increased
abundance in PMN exposed to medium from RCoV-infected,
compared to mock-infected AT1 cells in vitro

PMN were isolated from rat bone marrow and incubated for 4 h

in conditioned medium from RCoV-infected or mock-inoculated

AT1-like cells. RNA was isolated from the PMN and analysed using

quantitative RT-PCR arrays specific for proinflammatory cytokines

and chemokines.

Cytokine/

chemokine*

Fold-induction of mRNAD

Experiment 1 Experiment 2 Experiment 3

CCL-2 18.0 19.9 1.8

CCL-4 5.5 4.0 2.7

CCL-7 73.3 40.4 11.1

CCL-9 7.9 8.3 4.5

CCL-12 10.1 1.4 94.9

CCL-22 5.8 16.5 3.4

CXCL-1 39.9 19.6 10.3

IP-10 4.9 17.2 3.1

CXCL-11 35.1 159.3 17.4

CXCL-2 13.8 23.2 8.7

CX3CL-1 4.5 2.3 1.9

IL-18 1.8 2.3 2.6

IL-1a 345.0 190.5 10.3

IL-1b 5.0 13.1 3.5

TNF-a 13.5 9.8 7.8

*Cytokine and chemokine mRNAs that were differentially expressed

in at least two of three independent experiments.

DValues are fold-difference in PMN incubated in medium from

RCoV-infected compared to mock-inoculated AT1-like cells.
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activation of macrophages. IP-10 recruits monocytes and
lymphocytes and is critical for the recruitment of both
CD4+ and CD8+ T cells in response to neurotropic
murine coronavirus infection (Liu et al., 2000). Histo-
pathological and BALF analyses demonstrated robust cellular
inflammation in the lungs and airways of RCoV-infected
rats, which was dramatically absent in PMN-depleted
rats. We specifically found reduced numbers of CD4+

and CD8+ cells in BALF from PMN-depleted animals.
The numbers of circulating lymphocytes were not altered
directly by aPMN treatment. Therefore, we hypothesize
that the reduced numbers of lymphocytes in the respiratory
tract of aPMN-treated rats was due to the absence of PMN.
Others have shown that T cells are essential for effective
clearance of RCoV (Weir et al., 1990). Our data support a
role for PMN in recruitment of T cells to the respiratory tract,
which may be responsible for viral clearance.

In addition to providing protection from RCoV-mediated
disease, we found that the presence of PMN in the lungs
was associated with histopathology, haemorrhagic lesions
and increased epithelial permeability. While it seems con-
tradictory that the animals with overt histopathology and
lesions did not have severe clinical signs or mortality, this
has been observed in other studies (Funk et al., 2009;
Wojcinski & Percy, 1986). A comprehensive study using
the same RCoV strain (sialodacryoadentitis virus) found
significant lesions in the lower respiratory tract, including
gross lesions on the lungs and interstitial pneumonitis with
PMN, epithelial necrosis, occluded alveoli and oedema
(Wojcinski & Percy, 1986). Despite the dramatic mac-
roscopic and microscopic pulmonary lesions, they only
observed mild clinical signs. Like our findings, the lesions

observed were focal in nature and were completely resolved
by day 12 post-infection. Thus, healthy rats mount an
inflammatory response to RCoV infection, associated with
focal, transient lesions in the lungs, which effectively limits
disease severity. PMN, macrophages and lymphocytes are
all present in these lesions and their individual roles have
not been deciphered.

Experimental depletion of PMN in other coronavirus in-
fection models has resulted in a range of outcomes, which
may reflect their complex roles in both viral clearance and
immunopathology. Infection of PMN-depleted mice with a
neurotropic murine coronavirus, JHMV, causes increased
viral titres in the brain and a more rapid decline to death
compared with mice with PMN (Zhou et al., 2003). Further-
more, when a CXCR2-specific antibody is used to prevent
PMN recruitment to the brain during JHMV infection,
mortality is increased with corresponding increases in viral
titres in the brain (Hosking et al., 2009). These studies
suggest that PMN contribute to protection against JHMV
replication and disease. In contrast, PMN depletion during
infection with a recombinant JHM virus (RJHM) that
induces robust recruitment of PMN to the brain, resulted in
a slightly delayed time to death and reduced apoptosis in the
brains of infected mice (Iacono et al., 2006), suggesting that
PMN contribute to pathology during RJHM infection.
Finally, depletion of PMN in interferon alpha receptor
knockout (IFNAR2/2) mice, which are highly susceptible
to infection by an attenuated strain of JHMV, does not affect
viral replication or disease severity (Ireland et al., 2008).
Likewise, PMN depletion in mice infected with a hepato-
tropic murine coronavirus, MHV-A59, does not alter disease
pathology (Cervantes-Barragán et al., 2009). The contrasting

Table 2. The presence of PMN in the lungs of RCoV-infected rats corresponds to tissue damage

Rats were treated with aPMN or NRS throughout (Fig. 1a) or early (Fig. 3a) during infection with RCoV. Cells from BALF were Wright–Giemsa

stained and quantified morphologically. The number of rats with gross lesions on the lungs was recorded. Total protein in BALF was quantified by

Bradford assay.

Treatment % PMN in BALF* Rats with gross lung

lesions positive/totalD

BALF protein* (mg ml”1)

NRS mock 0.0 (0.0) 0/6 0.8 (0.1)

NRS RCoV day 4 22.1 (1.3)*** 5/5 (P50.0011) 16.1 (3.3)**

NRS RCoV day 8 1.3 (0.7) 1/5 1.8 (1.3)

aPMN mock 2.3 (2.0) 0/6 0.9 (0.3)

aPMN RCoV day 4 0.6 (0.6) 0/5 0.5 (0.2)

aPMN RCoV day 8 3.5 (1.1) 0/5 2.3 (0.9)

Early NRS mock 6.8 (5.8) 0/6 0.3 (0.2)

Early NRS RCoV day 4 24.9 (3.2)** 4/5 (P50.0094) 4.7 (0.7)***

Early NRS RCoV day 8 5.6 (1.2) 1/6 1.1 (0.2)

Early aPMN mock 2.3 (0.6) 0/4 2.8 (1.0)

Early aPMN RCoV day 4 0.0 (0.0) 0/5 1.3 (0.3)

Early aPMN RCoV day 8 28.2 (1.9)*** 5/6 (P50.0126) 8.3 (1.6)**

*Values are means (SE) of 4–6 rats per group. Statistically significant differences compared with mock for each group as determined by one-way

ANOVA with Newman–Keuls post-test; **P,0.005, ***P,0.0001.

D(P values) are given for groups that differ significantly from the mock for each group as determined by a likelihood ratio test.
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roles of PMN during murine coronavirus infections are likely

dependent upon the age and strain of mice and the relative

virulence of the particular virus strains being studied. These

parameters, which vary among the studies, may alter the

balance between the protective and pathogenic functions

of PMN.

Studies to determine the role of PMN in the pathogenesis

of influenza virus infections have also generated disparate

conclusions depending upon the dose and strain of virus,
genetic line of mice and specificity of the depletion

antibody for PMN. PMN depletion in mouse models of
highly virulent influenza infections results in decreased
disease severity, suggesting a role for PMN in pathogenesis
(Bradley et al., 2012; Crowe et al., 2009; Sakai et al., 2000).
In contrast, other studies have found that depletion of
PMN results in increased disease severity during influ-
enza infection in mice, suggesting a protective role for
PMN (Dienz et al., 2012; Fujisawa, 2008; Tate et al., 2008,
2009, 2011, 2012; Tumpey et al., 2005). These studies
further reflect the complex, dichotomous functions of
PMN during respiratory viral infections.
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Fig. 6. Differential pathology in PMN-depleted vs. NRS-treated rats during RCoV infection. Images of representative lung
sections from three animals per treatment: (a, d) aPMN-treated/mock-inoculated, (b, e) NRS-treated/RCoV-infected and (c, f)
aPMN-treated/RCoV-infected showing histopathology on day 4 post-infection. aPMN/mock rats had normal terminal (TBr) and
respiratory (RBr) bronchioles and alveoli (A). Lungs of NRS/RCoV rats had peribronchiolar inflammation with sloughing of
bronchiolar epithelium (3) and alveoli (A) filled with inflammatory cells and necrotic cell debris. Transudate-filled alveoli indicating
alveolar oedema (E) were diffusely distributed in the lesions and congested capillaries (arrows) were found throughout the
sections. aPMN/RCoV rats had mild pathology with sloughing of bronchiolar epithelium (3) and congested capillaries (arrows).
Bars, 25 mm.
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Many respiratory viruses cause significant morbidity with-
out mortality in immunocompetent adults. Animal models
that emulate non-fatal viral replication and pathology in
the respiratory tract are critical to determine the compo-
nents of immunity that protect against severe disease.
RCoV infection of adult rats provides a valuable model for
elucidating the mechanisms of effective immune responses
to a pulmonary coronavirus infection in the natural host of
the virus. Our findings demonstrate that although PMN
are needed for effective resolution of RCoV infection, they
contribute to lung pathology. A clear understanding of the
interplay between beneficial and detrimental functions of
PMN will lead to novel therapeutic strategies to reduce
morbidity during respiratory viral infections.

METHODS

Viruses and cell lines. RCoV strain sialodacryoadenitis virus was

propagated and titrated by plaque assay in L2P41.a cells (Gagneten

et al., 1996) as described previously (Miura et al., 2007). Virus and cell

stocks were obtained from Dr Kathryn Holmes (University of

Colorado Denver, Aurora, CO, USA).

PMN depletion and RCoV infection. Experiments were performed

according to protocols approved by the University of Idaho Insti-

tutional Animal Care and Use Committee, following the Guide for

the Care and Use of Laboratory Animals. 8-week-old male Fisher

344 rats (Harlan Laboratories) were used for infections. A pilot

study was performed to determine the volume of rabbit aPMN

serum (Cedarlane) that effectively depleted circulating PMN with-

out affecting monocyte and lymphocyte numbers. To deplete PMN

throughout RCoV infection, rats were injected intraperitoneally

with 300 ml of aPMN or NRS 1 day prior to infection and every

48 h thereafter (Fig. 1a). Six animals for each of the mock groups

(NRS/mock and aPMN/mock), 10 NRS/RCoV- and 18 aPMN/RCoV-

treated rats were monitored for morbidity and mortality and sur-

viving animals were euthanized on day 8 or 12 for tissue analyses. An

additional six rats were included in the RCoV-infected groups (NRS/

RCoV and aPMN/RCoV) and harvested on day 4. To obtain transient

PMN depletion, rats were injected with serum on days 21 and +2 with

respect to the infection (Fig. 3a). For transient depletion, 10 NRS/

RCoV and 12 aPMN/RCoV rats were monitored for morbidity and

mortality and the survivors were used for assays on day 8. An additional

five rats per group were harvested on day 4. On day 0, rats were

anaesthetized with 80 mg ketamine ml21 and 12 mg xylazine ml21

and inoculated intranasally with 200 ml of RCoV (4–56105 p.f.u.) or

supernatant medium from mock-inoculated L2P-41a cells. Animals

were weighed daily and those that lost more than 20 % of their initial

body weight were euthanized by an overdose of sodium pentobarbital,

followed by exsanguination. Rats were monitored daily for clinical

signs, including: 1) eye and nasal discharge, 2) lethargy, 3) sneezing or

coughing, 4) ruffled fur, 5) hunched posture, 6) laboured breathing, 7)

visible swelling around the face and neck, 8) porphyrin-stained eye

secretions, 9) shaking and 10) death. Based on the severity of these

clinical signs, rats were scored on a scale of 0–8. Healthy rats with no

clinical signs received 0 points. Rats with a combination of minor

clinical signs received 1–3 points, those with more severe clinical signs

received 4–7 points, and dead animals received a clinical score of 8.

Blood and BALF analyses. BALF was collected from euthanized

rats by flushing the lungs with 10 ml of saline 2–3 times. Cytospin

preparations of BALF cells and blood smears were differentially

stained with a HEMA3 staining kit (Fisher Diagnostics). Cell-free

BALF was used for quantification of protein by Bradford assay

(Bio-Rad Laboratories) and chemokines by ELISAs (R&D Systems,

Thermo Scientific, Lifespan Biosciences).

Analysis of cytokine gene expression by PMN in vitro.
Bone marrow PMN were isolated from uninfected rats as previously

described (Rzepka et al., 2012). Type 2 alveolar epithelial cells were

isolated and trans-differentiated in vitro to AT1-like cells (Miura et al.,

2007; Rzepka et al., 2012). AT1-like cells were infected with RCoV for

24 h and supernatant medium was collected (RCoV-AT1) and co-

cultured with freshly purified PMN for 4 h. RNA was isolated from

PMN and mRNA levels were quantified using Rat Inflammatory

Cytokines and Receptors RT2 Profiler Arrays (SABiosciences/Qiagen).

Lung virus titration. Lung tissues were weighed and homogenized in

Dulbecco’s Modified Eagle Medium with 50 % FBS. Plaque assay in

L2P41.a cells was performed to quantify the p.f.u. g21 of lung tissue

(Miura et al., 2007).

Histopathology. Lungs were fixed in 4 % formaldehyde, dehydrated,

embedded in paraffin and sectioned. Embedding and sectioning were

performed by Washington Animal Disease Diagnostic Laboratory at

Washington State University (Pullman, WA). Tissue sections were

deparaffinized, stained with haematoxylin and eosin (Sigma-Aldrich)

and pathology was analysed by a blinded pathologist (O.B.B.). Tissue

sections were imaged using a Leica microscope equipped with a

Nikon DS2 digital camera. Systematic uniform random sampling was

performed on representative lung sections from three animals per

group to photograph (at 620 magnification; 30–80 images per

section) and count inflammatory cells per tissue area. ImageJ software

(NIH) was used for cell quantification and measurement of numerical

density (cells per unit area).

Flow cytometry. Cells from BALF were incubated with FITC-

conjugated CD4, CD8 or isotype control antibodies (Biolegend). Ten

thousand events per sample were collected using FACS-Aria (Becton

Dickinson), and data were analysed using FlowJo version 7.6.5. (Tree

Star). CD4+ and CD8+ T cells were gated from macrophages by side

scatter profiles.

Statistical analysis. Statistical analyses were performed using

GraphPad Prism, version 5.00 (GraphPad Software).
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