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The alveolar epithelium is a critical target for pulmonary viruses and
can produce proinflammatory cytokines and chemokines upon viral
infection.However, themolecular interactionsbetweenvirus-infected
alveolar epithelial cells and inflammatory cells, including polymor-
phonuclear leukocytes (PMNs), have not been thoroughly character-
ized. Rat coronavirus (RCoV) is used as a model to study the immune
response to viral infection in the lung of the natural host. We have
developed an in vitromodel to characterize the response of PMNs to
RCoV-infected type I-like alveolar epithelial (AT1) cells, the primary
target for RCoV infection in thealveoli.MultipleCXCchemokines that
signal through CXCR2 were required for PMN chemotaxis toward
medium fromRCoV-infected AT1-like cells (RCoV-AT1). Furthermore,
RCoV-AT1 inhibitedspontaneousPMNapoptosis, includingactivation
of effector caspase 3 and initiator caspases 8 and 9. Use of a selective
inhibitor of CXCR2, SB265610, demonstrated that CXCR2 signaling
was required for RCoV-AT1–mediated inhibition of PMN apoptosis.
These data suggest that CXC chemokines produced by RCoV-infected
AT1-like cells inhibit PMN apoptosis during infection. These studies
provide new insight into themolecular mechanisms whereby alveolar
epithelial cells direct the functions of PMNs during viral infection of
the lung.
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Numerous viruses infect the epithelial cells that line the respira-
tory tract, and increased pathogenesis is associated with the
spread of viral infection to the alveoli. Viral antigens or nucleic
acids have been found in type I (AT1) and/or type II (AT2) al-
veolar epithelial cells in autopsy material from fatal infections
with severe acute respiratory syndrome–associated coronavirus,
respiratory syncytial virus (RSV), and avian (H5N1) and 2009
pandemic (H1N1) influenza A viruses (1–4). These findings
have been replicated in animal models that show a correlation
between alveolar infection and disease severity (5, 6). Damage
to the alveolar surface and respiratory distress during viral infec-
tions are often associated with the infiltration of inflammatory
cells into the alveoli, yet these responses are necessary to mount
effective antiviral immune responses that eliminate the infection.
PMNs are recruited to the respiratory tract early during viral
infections and can contribute to effective immune responses but
also can enhance pathology (7, 8). Despite their importance in

viral pathogenesis, little is known about the interactions between
alveolar epithelial cells and the PMNs that contribute to inflam-
matory responses to viral infection.

In addition to providing a barrier between inhaled air and the
host, the epithelium of the respiratory tract actively participates
in host defense. For example, Stat1 is required by airway
epithelial cells, but not hematopoietic cells, to control Sendai
virus infection in mice (9). Although several studies have char-
acterized proinflammatory responses to viral infection of epi-
thelial cells from the conducting airways or immortalized cell
lines, fewer studies have focused on the physiologically
relevant cells of the alveoli (10). AT2 cells can be isolated from
human or rodent lungs and cultured to maintain a highly differ-
entiated AT2 cell phenotype or transdifferentiate into an AT1-
like cell phenotype (11, 12). Due to the difficulty of isolating
primary AT1 cells, in vitro transdifferentiated AT1-like cells are
commonly used to study AT1 cell functions in vitro. The AT1-
like phenotype is characterized by a loss of AT2 and a gain of
AT1 cell markers (12). Highly differentiated cultures of human
AT2 and AT1-like cells express proinflammatory cytokines and
chemokines upon infection with influenza A virus (13, 14). Fur-
thermore, the expression of high levels of proinflammatory
cytokines by alveolar epithelial cells correlates with the relative
virulence of influenza virus strains (14). Because the alveolar
epithelium is an important target for viral infection and expresses
proinflammatory cytokines and chemokines in response to infec-
tion, we propose that these cells are critical for the initiation and
regulation of immune responses in the lung.

Rat coronavirus (RCoV) infects and causes acute inflamma-
tory disease in the respiratory tract of rats, providing a model
to study respiratory viral pathogenesis in the natural host of
the virus (15). Adult rats infected intratracheally with RCoV
have increased levels of CXC chemokines in bronchoalveolar
lavage fluid, which is correlated with the recruitment of PMNs
to the airways (15). Viral antigen is predominantly found in
AT1 cells within the alveoli of RCoV-infected rats (15). RCoV
induces expression of proinflammatory cytokines and chemo-
kines by rat AT1-like cells in vitro (16), suggesting that AT1
cells may play a critical role in the inflammatory response to
RCoV infection. To study the interactions between the alveolar
epithelium and PMNs during coronaviral infection, supernatant
medium from RCoV-infected AT1-like cells was tested for the abi-
lity to promote chemotaxis and alter PMN apoptosis. Furthermore,
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CLINICAL RELEVANCE

Pulmonary viruses target alveolar epithelial cells, and
neutrophilic inflammation is often associated with disease
pathology. Using a rodent model of respiratory viral in-
fection, this research identifies the underlying mechanisms
whereby virus-infected alveolar epithelial cells direct neu-
trophil functions. When combined with in vivo studies, this
knowledge contributes to the understanding of viral path-
ogenesis in the lung.
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the molecular mechanisms that mediate these functions were
defined. Further studies are needed to determine the in vivo rel-
evance of these interactions to viral pathogenesis in the lung.

MATERIALS AND METHODS

Cells and Virus

Animal protocols were approved by the University of Idaho Animal
Care and Use Committee according to the National Research Council
Guide for the Care and Use of Laboratory Animals. AT2 cells were iso-
lated from 6- to 10-week-old Simonsen Albino rats (Simonsen Laborato-
ries, Gilroy, CA) and transdifferentiated to an AT1-like phenotype (16).
RCoV strain sialodacryoadenitis virus, obtained from Dr. Kathryn
Holmes (University of Colorado Denver, Aurora, CO), was purified
by sucrose density gradient centrifugation and stored in TMS buffer
as described (16). AT1-like cells were inoculated with RCoV or TMS
(mock) diluted in Dulbecco’s modified Eagle medium. After infection,
cells were supplemented with RPMI/10% FBS/2% PSF (RPMI). Viral
infection was confirmed by immunofluorescent detection of viral nucle-
ocapsid antigen (16), and supernatant medium was harvested 24 hours
after viral inoculation for chemotaxis and apoptosis assays.

PMNs

Rats were killed with an overdose of sodium pentobarbital, and blood
was collected into heparin (500 U). Erythrocytes were removed by
dextran sedimentation, and granulocytes were separated by centrifu-
gation over Histopaque 1083. Residual erythrocytes were lysed, and
granulocytes were resuspended in endotoxin-free HBSS/1% BSA
and kept on ice. To isolate PMNs from bone marrow, femurs and tibias
were flushed with HBSS/1% BSA, and erythrocytes were lysed before
granulocyte separation using Ficoll. All preparations consisted of ap-
proximately 95% PMNs, with less than 5% eosinophils, lymphocytes,
and monocytes, based on differential cell staining.

Chemotaxis Assays

Supernatant media from RCoV-infected (RCoV-AT1), mock-inoculated
(mock-AT1), and uninfected (RPMI-AT1) AT1-like cells were tested
in chemotaxis assays using ChemoTx chambers with a 3-mm pore filter
(NeuroProbe, Gaithersburg, MD) (17). Migration of 33 104 calcein-AM–
labeled PMNs to the lower chamber was quantified using a FLUO-
Optima fluorescence plate reader (BMG LabTech, San Francisco, CA),
in comparison to a standard curve (see Figure E1 in the online supple-
ment). Where indicated, PMNs were treated with SB265610 (100 nM) or
vehicle (DMSO), or neutralizing antibodies against CXC chemokines
were added to the medium in the lower chamber before chemotaxis
assay.

PMN Apoptosis

PMNapoptosis was induced by cycloheximide (Cx) (100 ng/ml), hrTNF-a
(0.1 mg/ml), or exposure to 15,000 mJ UV irradiation for 15 minutes
in a StrataLinker UV Crosslinker (Stratagene, Santa Clara, CA).
SB265610 (100 nM) was added to PMNs where indicated. Cells were
stained with annexin V-FITC and propidium iodide and analyzed
by flow cytometry using FACSAria and FACSDiva 6.0 software (BD
Biosciences, San Jose, CA). The activity of caspases 2, 3, 8, or 9 was
quantified using luminescent substrate assays (Caspase-Glo; Promega
Corp., Madison, WI). Caspase 2 activity was measured in the presence
of Ac-DEVD-CHO (1 mM) and MG132 (60 mM). Luminescence was
measured using a FLUOstar Optima, and data analysis was performed
using MARS software (BMG Labtech Inc.).

Statistical Analysis

Statistical analysis was performed using Prism 5.00 (GraphPad Soft-
ware, San Diego, CA). P values were obtained using one-way ANOVA
and Newman-Keuls multiple comparison test.

RESULTS

Rat PMNs Actively Migrate toward Medium from

RCoV-Infected, but not Mock-Inoculated, AT1-Like Cells

Viral antigen is predominantly found in AT1 cells in the alveoli
of RCoV-infected rats, and PMNs are present at high levels in
bronchoalveolar lavage fluid early during infection (15). We
propose that RCoV-infected AT1 cells recruit PMNs to the lung
during infection. An in vitro chemotaxis assay was used to test
whether rat bone marrow–derived PMNs actively migrate toward
supernatant medium harvested from AT1-like cells 24 hours
after infection by RCoV. Fluorescently labeled PMNs were placed
in the upper chamber of a chemotaxis plate, and medium to be
analyzed for chemoattractant ability was placed in the lower
chamber. Fluorescence intensity was measured in the lower
chamber to quantify PMN migration through the 0.3-mm filter
separating the two chambers. A standard curve was generated to
estimate cell number based on fluorescence intensity (Figure E1).
Chemotaxis of PMNs toward the bacterial tripeptide FMLP was
considered to represent 100% chemotaxis. PMNs had approxi-
mately 20% chemotaxis toward RPMI medium alone. PMNs
underwent significant chemotaxis toward medium from RCoV-
infected AT1-like cells (RCoV-AT1) but not to medium from
mock-inoculated (mock-AT1) or noninfected (RPMI-AT1) cells
(Figure 1A). The medium from RCoV-infected cells contains
viral particles; therefore, we quantified PMN chemotaxis toward

Figure 1. Chemotaxis of rat polymorphonuclear leukocytes (PMNs)

toward medium from rat coronavirus (RCoV)-infected AT1-like cells. Rat

PMNs were isolated from bone marrow and stained with calcein-AM,

and the chemotaxis of 3 3 104 PMNs was quantified by fluorescence
intensity in a micro-chemotaxis plate. (A) RPMI, medium from uninfected

(RPMI-AT1 and Mock-AT1) or RCoV-infected (RCoV-AT1) AT1-like cells,

or FMLP were placed in the lower chamber of the chemotaxis plate.

Fluorescence intensity data were normalized to FMLP. (B) RCoV-AT1,
UV-irradiated RCoV-AT1, purified virus, and virus storage buffer (TMS)

were placed in the lower chamber of the chemotaxis plate. Fluorescence

intensity data were normalized to RCoV-AT1. Data are means 6 SEM
from at least three independent experiments with triplicate samples

per experiment. Statistical significance versus RPMI: ***P , 0.001.
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purified virus. In comparison to chemotaxis toward RCoV-AT1,
purified RCoV or viral storage buffer (TMS) did not induce
PMN chemotaxis (Figure 1B). Finally, RCoV-AT1 was UV irra-
diated, which inactivates viral infectivity, before incubation with
PMNs. UV irradiation of RCoV-AT1 did not reduce PMN che-
motaxis (Figure 1B). Taken together, these data indicate that
PMNs actively migrate toward a soluble factor secreted by
RCoV-infected AT1-like cells and not to virus particles.

Signaling by CXCR2 Is Required for PMN Chemotaxis

toward RCoV-AT1

To further investigate the mechanism whereby RCoV-AT1 me-
dium induces PMN chemotaxis, we evaluated the role of CXCR2,
which is the common receptor for rat CXC chemokines (18). Rat
PMNs were incubated with an antagonist of CXCR2, SB265610,
before exposure to RCoV-AT1 in the chemotaxis assay (19).
PMNs treated with SB265610 had significantly reduced chemo-
taxis toward RCoV-AT1 (Figure 2). However, SB265610 did not
reduce chemotaxis of PMN to the same level as toward RPMI
alone. Preincubation of PMNs with vehicle alone (DMSO) did
not alter migration toward RCoV-AT1. Thus, inhibition of
CXCR2 signaling significantly decreased PMN chemotaxis to-
ward RCoV-AT1, although not completely to background levels.

Multiple CXC Chemokines Produced by RCoV-Infected

AT1-Like Cells Promote Chemotaxis of Rat PMNs

Because multiple rat CXC chemokines are known ligands of
CXCR2, we tested their individual roles in PMN chemotaxis to
RCoV-AT1 medium. Chemotaxis was not affected by the addition
of neutralizing antibody to any one of the CXC chemokines alone
(Figure 3A). However, when all four ELR1 CXC chemokines
(CXCL1, CXCL2, CXCL3, and CXCL5) were neutralized, PMN
chemotaxis decreased by more than 60% (Figure 3B). Similar to
the CXCR2 inhibitor, neutralization of the four CXC chemokines
did not completely block PMN chemotaxis toward RCoV-AT1. If
a combination of three antibodies included anti-CXCL1 and anti-
CXCL3, PMN chemotaxis was inhibited to a similar level as with
all four antibodies. The use of neutralizing antibodies to CXCL1
and CXCL3 together inhibited PMN chemotaxis by approximately
40%, which was statistically significant but not as effective as neu-
tralization of all four CXC chemokines. Isotype control antibodies
did not affect PMN chemotaxis toward RCoV-AT1 (Figure 3A).
The specificity of each neutralizing antibody was tested against re-
combinant CXC chemokines (Figure E2). These experiments con-
firmed that each antibody neutralized the chemoattractant activity
of its specific CXC protein. The antibodies also had various levels of
cross-reactivity to the other CXC chemokines. Anti-CXCL1 com-
pletely blocked chemotaxis toward rCXCL1 and partially inhibited
chemotaxis toward rCXCL3. Anti-CXCL3 neutralized the func-
tion of rCXCL2 and rCXCL3 but did not significantly reduce
chemotaxis toward rCXCL1. Anti-CXCL5 only inhibited PMN
chemotaxis toward rCXCL5; however, chemotaxis of PMNs to
rCXCL5 was much lower than toward the other recombinant
proteins. To determine whether the concentrations of individual
CXC chemokines in RCoV-AT1 correlated with the results from
the neutralization experiments, CXC chemokines were quantified
in RCoV-AT1 medium at 24, 48, and 72 hours after infection
(Figure 3C). All of the CXC chemokines tested were induced
by RCoV in AT1-like cells by 24 hours, which was the time point
used for the chemotaxis experiments. CXCL1 and CXCL3 were
the most abundant CXC chemokines in RCoV-AT1 medium
through the time course of RCoV infection. The concentration
of CXCL5 was similar to CXCL1 at 24 hours but did not increase
comparably over time. CXCL2 was secreted at relatively low

concentrations at all time points. These data suggest that mul-
tiple CXC chemokines signaling through CXCR2 contribute to
PMN chemotaxis toward RCoV-AT1. CXCL1 and CXCL3 seem to
be the most critical for PMN chemotaxis and, along with CXCL5,
are the most abundant CXC chemokines in RCoV-AT1 medium
used for the chemotaxis experiments.

PMN chemotaxis toward RCoV-AT1 was significantly, but not
completely, inhibited by CXCR2 inhibitor (Figure 2) or neutral-
izing antibodies to all four CXC chemokines (Figure 3B). We
previously showed that AT1 cells secrete multiple cytokines and
chemokines upon infection with RCoV (16). It is possible that
other factors, in addition to CXC chemokines, contribute to
PMN chemotaxis toward RCoV-AT1. In addition, CXC chemo-
kines form biologically active homodimers and heterodimers (20–
22). It is not known whether neutralizing antibodies effectively
inhibit chemotaxis toward CXC chemokines when present in
mixed solutions of monomers, homodimers, and heterodimers.
To further examine the molecular basis of PMN chemotaxis to-
ward RCoV-AT1, recombinant CXC chemokines were combined
at concentrations equivalent to those in RCoV-AT1 and analyzed
in a PMN chemotaxis assay. PMN chemotaxis toward the mixture
of recombinant CXC chemokines was approximately 20% lower
than toward RCoV-AT1 (Figure 3D), which contains comparable
concentrations of CXC chemokines. In contrast to the results with
RCoV-AT1, PMN chemotaxis toward the recombinant CXC che-
mokines in combination was completely inhibited by the four neu-
tralizing antibodies (Figure 3D). These data indicate that, under
our assay conditions, interactions between multiple CXC chemo-
kines do not interfere with neutralization of their PMN chemo-
attractant functions by these antibodies. Therefore, the incomplete
neutralization of PMN chemotaxis toward RCoV-AT1 using anti-
CXC antibodies is likely due to additional factors in RCoV-AT1
that promote PMN chemotaxis.

Spontaneous Apoptosis of PMNs Is Inhibited by Medium

from RCoV-Infected AT1-Like Cells

PMNs contribute to tissue damage during respiratory viral infec-
tions due to the release of cytotoxic mediators. Rapid spontaneous
apoptosis of PMNs limits damage and is critical for resolution of
neutrophilic inflammation. To identify interactions between the
virus-infected alveolar epithelium and PMNs that may affect

Figure 2. The role of CXCR2 signaling in PMN chemotaxis toward
RCoV-AT1. Rat PMNs were isolated from bone marrow and stained

with calcein-AM, and the chemotaxis of 3 3 104 PMNs was quantified

by fluorescence intensity in a micro-chemotaxis plate toward RPMI or

RCoV-AT1 in the presence or absence of CXCR2 inhibitor (SB265610)
or vehicle (DMSO). Fluorescence intensity data were normalized to

RCoV-AT1. Data shown are the mean values 6 SEM from three inde-

pendent experiments with triplicate samples per experiment. Statistical

significance versus RCoV-AT1 with SB265610: ***P , 0.001.
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PMN apoptosis, we analyzed the impact of RCoV-AT1 medium
on spontaneous PMN apoptosis in vitro. PMNs isolated from rat
blood were incubated in RCoV-AT1 or mock-AT1 medium, and
apoptosis was analyzed over time. As expected, the proportion
of PMNs that bound annexin V increased during incubation in
RPMI-AT1 (from 25.6 6 5.2% at 0 h to 79.5 6 4.6% at 48 h)
(Figure 4A). This rate of apoptosis is similar to the spontaneous
apoptosis of human PMNs incubated in vitro reported by others
(23, 24). Incubation of PMNs in RCoV-AT1 resulted in a signif-
icant inhibition of apoptosis compared with PMNs incubated
in mock-AT1 or RPMI-AT1 at the 24- and 48-hour time points.
There was no significant difference in annexin V binding to PMNs
incubated in mock-AT1 or RPMI-AT1 compared with RPMI
alone (data not shown).

Effector caspase 3 is activated during spontaneous apoptosis
of human PMNs, and inhibition of caspase 3 reduces PMN apo-
ptosis (24, 25). Therefore, we analyzed the activity of caspase 3 in
PMNs incubated in RPMI or RCoV-AT1 using the Caspase-Glo

3/7 Assay (Promega Corp.), which does not distinguish between
caspases 3 and 7. As expected, caspase 3/7 was activated in PMNs
incubated in RPMI. Incubation of PMNs in RCoV-AT1 signifi-
cantly inhibited activation of caspase 3/7 at 6 hours compared
with incubation in RPMI (Figure 4B). Caspase 3 can be activated
by initiator caspase 8, which is activated by death receptor
adapter proteins, or caspase 9, which is activated by the apo-
ptosome after mitochondrial membrane depolarization. Both
caspase 8 and 9 are activated during spontaneous apoptosis of
PMNs (25). As expected, caspases 8 and 9 had significantly
increased activity in PMNs by 4 hours after isolation (data
not shown). Incubation of PMNs in RCoV-AT1 inhibited the
enzymatic activity of caspases 8 and 9 at 4 hours (Figure 4B).
This suggests that RCoV-AT1 inhibits an early step in caspase
8– and caspase 9–dependent pathways of PMN apoptosis.

Although the role of caspase 2 in the spontaneous apopto-
sis program of PMNs has not been defined, caspase 2 induces apo-
ptotic signaling upstream of the mitochondrium (26). Caspase 2 is

Figure 3. Chemotaxis of PMNs toward RCoV-AT1 in the
presence of neutralizing antibodies to CXC chemokines.

Rat PMNs were isolated from bone marrow and stained

with calcein-AM, and the chemotaxis of 3 3 104 PMNs

toward RCoV-AT1 was quantified by fluorescence intensity
in a micro-chemotaxis plate. RCoV-AT1 was incubated

with the indicated antibodies before chemotaxis assay.

Fluorescence intensity data were normalized to RCoV-

AT1. (A) The ability of individual aCXC antibodies to
neutralize chemotaxis toward RCoV-AT1 was evaluated.

Mouse IgG (mIgG) was used as an isotype control

for aCXCL2, -3, and -5 and goat IgG (gIgG) was used as
an isotype control for aCXCL1. (B) Multiple antibodies

were evaluated in combination. ***Statistical significance

versus RCoV-AT1 (P , 0.001). (C) The concentrations

of CXC chemokines in RCoV-AT1 compared with mock-
AT1 at 24, 48, and 72 hours after inoculation were quanti-

fied by ELISA. Statistical significance versus mock-AT1: **P ,
0.01, ***P , 0.001. (D) Chemotaxis of PMNs toward

recombinant CXC chemokines (rCXC) at equivalent concen-
trations as in RCoV-AT1 was quantified with or without the

addition of neutralizing antibodies to the four chemokines

(aCXC). ***Statistical significance versus RCoV-AT1 (P ,
0.001). Data shown are means 6 SEM from at least three

independent experiments with triplicate samples per exper-

iment.
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also activated by death domain–containing receptors, but, unlike
caspase 8, caspase 2 activation is independent of Fas-Associated
protein with Death Domain (27). Caspase 2 activity during spon-
taneous apoptosis of PMNwas quantified and compared with PMN
incubated in RCoV-AT1. Caspase 2 activity in PMNs increased
significantly during 4 hours of culture in vitro (Figure 4C). However,
caspase 2 activation was not affected by incubation of PMNs in
RCoV-AT1, suggesting that inhibition of caspase 2 activation is
not required for RCoV-AT1–mediated inhibition of PMN apopto-
sis. In summary, medium from RCoV-infected, but not mock-
inoculated, AT1-like cells inhibited spontaneous apoptosis of PMNs
in vitro, including activation of caspases 3/7, 8, and 9 but not caspase 2.

Soluble Factors Secreted by RCoV-Infected AT1-Like Cells,

but Not Viral Particles, Inhibit PMN Apoptosis

RSV directly inhibits PMN apoptosis, which is dependent upon
endosomal uptake of the virus (28). Therefore, we determined
whether viral particles in RCoV-AT1 medium directly inhibit
spontaneous apoptosis of rat PMNs. PMNs were incubated in

RPMI containing sucrose gradient–purified RCoV at a concen-
tration approximately equal to that in RCoV-AT1 or viral stor-
age buffer (TMS), and apoptosis was analyzed by annexin V
binding and flow cytometry. Spontaneous apoptosis was not
altered by incubation of PMNs with purified virus or TMS com-
pared with incubation in RPMI alone (Figure 5A). To confirm
that infectious virus particles are not required to inhibit PMN
apoptosis, RCoV-AT1 was UV irradiated before incubation
with PMNs. UV irradiation has been shown to completely in-
activate RCoV (16). However, irradiation of RCoV-AT1 did
not affect its ability to inhibit spontaneous apoptosis of PMNs
(Figure 5A). These data together suggest that a soluble factor(s)
secreted by RCoV-infected AT1-like cells, rather than infec-
tious virus particles alone, inhibits PMN apoptosis.

Signaling through CXCR2 Is Required for

RCoV-AT1–Mediated Inhibition of PMN Apoptosis

CXC chemokines, including human IL-8 and GRO-a and rat
CXCL1, inhibit PMN apoptosis (19, 23, 29, 30). Rat CXC che-
mokines are ligands for CXCR2 (18). Therefore, we inhibited
CXCR2 signaling with SB265610 to analyze whether CXCR2
signaling was required for RCoV-AT1–mediated suppression of
PMN apoptosis. Rat PMNs were incubated in RPMI or RCoV-
AT1 with or without SB265610, and apoptosis was analyzed by
annexin V binding and caspase 3 activity. SB265610 did not
alter spontaneous apoptosis of PMNs, as shown by incubation
in RPMI (Figures 5B and 5C). However, the inhibition of apo-
ptosis by RCoV-AT1 was reversed to the level of spontaneous
apoptosis by the addition of SB265610. The addition of DMSO
did not alter PMN apoptosis (data not shown). Taken together,
these data demonstrate that RCoV-AT1 inhibits PMN apopto-
sis by signaling through CXCR2, suggesting that one or more
CXC chemokines expressed by RCoV-infected AT1-like cells
inhibit PMN apoptosis.

PMN Apoptosis Induced by TNF-a Is Inhibited

by RCoV-AT1

RCoV-AT1 inhibited activation of caspases 8 and 9 (Figure 4B),
which initiate apoptosis triggered by extrinsic and intrinsic
signals, respectively. To determine whether RCoV-AT1 could
inhibit apoptosis induced by extrinsic and intrinsic signals,
PMNs were incubated in RCoV-AT1 or RPMI in the presence
of TNF-a or Cx for 6 hours, or PMNs were UV irradiated
and then incubated for 6 hours with RCoV-AT1 or RPMI.
TNF-a, Cx, and UV irradiation all induced PMN apoptosis
as compared with PMN incubated in RPMI (Figure 6A).
RCoV-AT1 had no significant effect on UV- or Cx-induced
apoptosis. In contrast, incubation in RCoV-AT1 dramatically
decreased TNF-a–induced PMN apoptosis, as demonstrated
by annexin V binding and caspase 3 activation (Figures 6A
and 6B). Mock-AT1 had no effect on PMN apoptosis induced
by TNF-a, Cx, or UV light (data not shown). In summary,
medium from RCoV-infected AT1-like cells inhibited sponta-
neous and TNF-a–induced PMN apoptosis, suggesting inhibi-
tion of a pathway shared by both apoptotic programs.

DISCUSSION

The alveolar epithelium is an important target for viruses that
infect the lung (1–4). Communication between virus-infected
epithelial cells and PMNs initiates and regulates the subsequent
response in the lung. The purpose of this study was to charac-
terize the response of PMNs to virus-infected alveolar epithelial
cells. RCoV is a respiratory pathogen of rats that predominantly
infects AT1 cells in the alveoli and induces a robust influx of PMNs

Figure 4. RCoV-AT1–mediated inhibition of spontaneous PMN apopto-

sis. (A) PMNs were isolated from rat blood and incubated with superna-

tant medium from noninfected (RPMI-AT1), mock-infected (Mock-AT1),
or RCoV-infected (RCoV-AT1) AT1-like cells and annexin V-FITC binding

was analyzed by flow cytometry. (B) The activities of effector caspase

3 (after 6-h incubation), initiator caspases 8 and 9 (after 4-h incubation),

and (C) caspase 2 (at indicated times) were quantified in PMNs incu-
bated in RPMI or RCoV-AT1 using luminescent substrate assays. Lumines-

cence intensities were normalized to PMNs incubated in RPMI. Data

shown are means 6 SEM from at least three independent experiments.

Statistical significance versus (A) RPMI-AT1, (B) RPMI, or (C) RPMI at
0.5 h: *P , 0.05, **P , 0.01, and ***P , 0.001.
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into the airways early during infection (15). We used in vitro
transdifferentiated cultures of rat AT1-like cells as a well de-
scribed model for AT1 cell functions (12). Medium from RCoV-
AT1 was analyzed for the ability to induce chemotaxis and apoptosis
of rat PMNs.

PMNs underwent active chemotaxis toward RCoV-AT1 but
not mock-AT1 or purified virus, indicating that a soluble factor
released by RCoV-infected AT1-like cells mediates chemotaxis.
Furthermore, PMN chemotaxis toward RCoV-AT1 was reduced
by a CXCR2 inhibitor and by neutralizing antibodies to multiple
CXC chemokines. These experiments indicate that virus-infected

alveolar epithelial cells can direct PMN chemotaxis through the
production of CXC chemokines that signal through CXCR2 on
PMNs. However, additional studies are needed to determine
whether alveolar epithelial cells play a significant role in PMN re-
cruitment in vivo. Although human PMNs express two functional
receptors for ELR1 CXC chemokines (CXCR1 and CXCR2),
rat PMNs only express functional CXCR2 (31). Furthermore,
PMN chemotaxis toward RCoV-AT1 was significantly inhibited
by SB265610, a nonpeptide inhibitor of CXCR2 that specifically
inhibits chemotaxis of rat PMNs toward CXCL1 and CXCL2
in vitro and blocks recruitment of PMNs to the lungs of
hyperoxia-exposed rats (19). CXCL1, CXCL2, CXCL3, and
CXCL5 are ligands for rat CXCR2, yet they bind with different
affinities and induce calcium mobilization at different levels
(18, 31–33). Therefore, it was important to determine whether
CXC chemokines have redundant functions in PMN chemotaxis.
We show that neutralizing antibodies to individual CXC chemo-
kines had no effect on PMN chemotaxis toward RCoV-AT1, sug-
gesting redundant chemoattractant functions. Moreover, CXCL1
and CXCL3 were present in the highest concentrations in RCoV-
AT1 medium, and neutralization of both of these chemokines
simultaneously was required to reduce PMN chemotaxis. How-
ever, when all four CXC chemokines were neutralized simultane-
ously, PMN chemotaxis was not completely blocked compared
with medium alone (Figure 3B). The neutralizing antibodies ef-
fectively blocked PMN chemotaxis toward their respective CXC
chemokines (Figure E2). These results indicate that there may

Figure 5. The role of viral particles and CXCR2 signaling in RCoV-AT1–
mediated inhibition of spontaneous PMN apoptosis. PMNs were isolated

from rat blood. (A) Apoptosis of PMNs incubated with UV-irradiated

RCoV-AT1 or purified RCoV or virus storage buffer (TMS) for 24 hours

was analyzed by annexin V-FITC binding and flow cytometry. Apoptosis
of PMNs incubated with RCoV-AT1 with or without CXCR2 inhibitor

(SB265610) was analyzed by (B) annexin V-FITC binding and (C) caspase

3 activity using a luminescent substrate assay. Luminescence data were

normalized to PMNs incubated in RPMI. Data shown are means 6 SEM
from at least three independent experiments. Statistical significance ver-

sus RCoV-AT1: *P , 0.05, **P , 0.01, and ***P , 0.001.

Figure 6. RCoV-AT1–mediated inhibition of induced PMN apoptosis.

PMNs were isolated from rat blood and preexposed to UV irradiation

or incubated with TNF-a or cycloheximide (Cx) in RPMI or RCoV-AT1.
(A) Annexin V-FITC binding was quantified by flow cytometry, and (B)

caspase 3 activity was analyzed by luminescent substrate assay. Lumines-

cence data were normalized to PMNs incubated in RPMI with TNF-a.
Data shown are the mean values 6 SEM from at least three independent

experiments. Statistical significance as indicated (***P , 0.001).
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be additional factors present in RCoV-AT1 that are promoting
PMN chemotaxis when the CXC chemokines are neutralized.

Although the role of homo- and heterodimer formation in the
biological activity of rat CXC chemokines has not been studied,
multiple studies have evaluated the effect of dimerization on the
activity of human CXCL8/IL-8. Although CXCL8 in solution
fluctuates between monomeric and dimeric forms, fixed mono-
mers and dimers that are unable to associate or dissociate, re-
spectively, have been used to evaluate their chemoattractant
activities. CXCL8 monomers exhibit increased, and dimers have
decreased, CXCR1-dependent chemotaxis in comparison to
wild-type CXCL8 (21). However, CXCR2-dependent chemo-
taxis does not differ in response to fixed monomeric or dimeric
forms of CXCL8 (21). Furthermore, monomeric and dimeric
forms of CXCL8 have biological activity in vivo, although the
various forms have distinct roles in PMN recruitment (22). In
addition to homodimers, CXCL8 forms heterodimers with a re-
lated CXC chemokine, PF4, which reduces the chemoattractant
functions of CXCL8 (20). We show that neutralizing antibodies
completely inhibited PMN chemotaxis toward the four recombi-
nant CXC chemokines when combined at concentrations eq-
uivalent to that in RCoV-AT1 medium (Figure 3D). Thus,
heterotypic interactions between CXC chemokines did not af-
fect neutralization of their chemoattractant functions. Further-
more, upon neutralization of the CXC chemokines, additional
chemoattractant activity remained (Figure 3B). These experi-
ments, combined with the finding that CXCR2 inhibitor did not
completely inhibit PMN chemotaxis (Figure 2), support the hy-
pothesis that other factors, in addition to the ELR1 CXC che-
mokines, contribute to PMN chemotaxis toward RCoV-AT1.

Apoptosis of PMNs regulates their lifespan in circulation and
promotes effective resolution of inflammatory responses. Inhibi-
tion of PMN apoptosis during infection can prolong their func-
tional lifespan but can also delay resolution of inflammation.
Because PMNs contain an arsenal of cytotoxic molecules, their
death by apoptosis and rapid removal by phagocytic macrophages
is critical for preventing untoward tissue damage. Apoptotic
PMNs are phagocytosed by macrophages, thereby preventing
the release of cytotoxic components, including reactive oxygen
species and proteolytic enzymes that will damage the lung. In ad-
dition, phagocytosis of apoptotic PMNs has immunosuppressive
effects on macrophages, which further down-regulates inflamma-
tory responses.During inflammatory responses, the apoptotic pro-
gram of PMNs can be delayed, thereby prolonging their functional
lifespan but also contributing to pathology. Mimicking their short
life span in vivo, PMNs undergo spontaneous apoptosis when
incubated in vitro (23, 24). We observed that incubation of PMNs
in RCoV-AT1 significantly inhibited their spontaneous apoptosis,
including inhibition of initiator caspases 8 and 9 and effector
caspase 3. We further showed that purified virus or UV inactiva-
tion of virus in RCoV-AT1 had no effect on PMN apoptosis.
This is in contrast to other viruses that directly alter the apo-
ptosis program of PMNs. Infectious and heat-inactivated RSV
directly inhibits PMN apoptosis through activation of PI3K-
and NF-kB–dependent prosurvival pathways (28). Further-
more, RSV induces expression of IL-6 by PMNs, which may
provide autocrine regulation of PMN survival (28, 34, 35). In
contrast to RSV, influenza A virus enhances PMN apoptosis
in vitro (36). Our results demonstrate that purified RCoV, at
a similar concentration as in RCoV-AT1 medium, does not
directly affect spontaneous PMN apoptosis. Furthermore,
we showed that incubation of PMNs in RCoV-AT1 with
a CXCR2 inhibitor (SB265610) reversed apoptosis inhibition.
This suggests that CXC chemokines that are induced by RCoV
infection of AT1 cells are responsible for inhibiting PMN
apoptosis. Multiple studies have demonstrated CXC chemokine–

mediated inhibition of PMN apoptosis. Human PMNs have de-
creased spontaneous apoptosis in the presence of IL-8 and Gro-a
(30, 37). Although IL-8 can bind to CXCR1 or CXCR2, a selective
inhibitor of CXCR2 completely reverses the inhibitory effect of
IL-8 on PMN apoptosis (37). Wang and colleagues showed that
rat CXCL1 inhibits astrocyte apoptosis induced by ceramide
through CXCR2 signaling (38). Apoptosis of rat PMNs is inhi-
bited by culture in CXCL1, and this effect is reversed by pre-
treatment with SB265610, confirming that CXCR2 signaling is
required for apoptosis inhibition (19, 23, 29).

In addition to CXC chemokines, PMN apoptosis is also
inhibited by cytokines, including GM-CSF, G-CSF, IL-1b,
IL-6, IFN-g, TNF-a, and IL-15 (35, 39, 40). In contrast, other
proinflammatory cytokines, such as TNF-a and IL-6, signifi-
cantly induce PMN apoptosis (41–43). Separate studies have
reported that TNF-a and IL-6 induce or inhibit PMN apoptosis
depending on the cytokine concentration or activation state of
the PMNs (44, 45). Additionally, Murray and colleagues dem-
onstrated the importance of timing in TNF-a–induced PMN
apoptosis (46). When apoptosis was evaluated at time points
before 8 hours, TNF-a promoted PMN apoptosis. In contrast,
when incubated over 18 hours, TNF-a decreased PMN apo-
ptosis. In our study, TNF-a–induced apoptosis was evaluated
after 6 hours of incubation of PMNs isolated from rat blood,
and we confirmed by staining of activation markers that the
PMNs were not activated by our isolation procedure (data not
shown). Inhibition of CXCR2 signaling by SB265610 completely
restored caspase 3 activity in PMNs incubated in RCoV-AT1,
suggesting that CXC chemokines in RCoV-AT1 are sufficient
to inhibit caspase 3 activity in PMNs. However, the percentage
of PMNs that bound annexin V was not completely restored
when SB265610 was used. Thus, we cannot rule out the possi-
bility that cytokines, in addition to CXC chemokines, present in
RCoV-AT1 also contribute to the inhibition of PMN apoptosis.

Spontaneous PMN apoptosis has been shown to be a caspase-
dependent apoptotic program because PMNs incubated with
caspase inhibitors do not undergo apoptosis and can be triggered
by extrinsic and intrinsic apoptotic pathways (47). There are
several studies that associate spontaneous PMN apoptosis
with intrinsic mitochondrial signaling, including a decline in
antiapoptotic protein Mcl-1, translocation of proapoptotic Bax
to the mitochondrium, and subsequent release of cytochrome
c and caspase 9 activation (48, 49). Other studies have described
caspase 8–dependent spontaneous PMN apoptosis, involving
ligand-independent clustering of death receptors (24). Caspases
8 and 9 can then activate effector caspase 3, which is critical for
spontaneous and TNF-a–induced apoptosis pathways in PMNs
(24, 25, 50, 51). Distinguishing between the intrinsic (caspase 9)
and extrinsic (caspase 8) activation pathways is difficult because
caspase 9 can also activate caspase 8, thereby intertwining
these pathways. Thus, our observations that caspase 8 and 9
activities are inhibited by incubation of PMNs in RCoV-AT1
can suggest that the intrinsic pathway, whereby caspase 9 acti-
vation leads to caspase 8 activation, or both intrinsic and extrin-
sic pathways are involved. Our finding that RCoV-AT1 inhibits
TNF-a–induced PMN apoptosis, but not UV irradiation– or
Cx-induced PMN apoptosis, further supports inhibition of
the caspase 8–dependent extrinsic pathway (47). Caspase 2,
which can be activated by Fas-Associated protein with Death
Domain–independent extrinsic pathways or intrinsic cellular stress
pathways, was not inhibited by incubation of PMN in RCoV-
AT1 medium. However, we evaluated caspase 2 activity through
4 hours of incubation. It is possible that RCoV-AT1 could inhibit
caspase 2 activity at later time points. Although death domain–
mediated activation of caspase 2 occurs very early, activation
through stress-response pathways might occur later in the PMN
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lifespan. The role of caspase 2 in PMN apoptosis has not been
defined. Here, we show that caspase 2 activity increased upon
incubation of rat PMNs in vitro. However, PMN apoptosis was
inhibited by RCoV-AT1 medium despite activation of caspase
2. This suggests that caspase 2 activity is not sufficient to induce
PMN apoptosis. This is in agreement with other studies that
demonstrate that activation of caspase 2 in the absence of caspase
8 is not sufficient to mediate Fas-induced apoptosis in T cells
(27).

Because alveolar epithelial cells are important targets for viral
infection in the lung, a complete understanding of their contribu-
tions to inflammatory responses is needed. These studies defined
the molecular mechanisms whereby virus-infected alveolar cells
direct chemotaxis and inhibit spontaneous and induced PMN
apoptosis. The relevance of these interactions during infection
in vivo will further our understanding of viral pathogenesis in
the lung. Rodent models of respiratory viral infections allow us
to delineate molecular mechanisms in primary cells in vitro and
correlate these findings with pathogenesis studies in the animal.
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