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Severe  respiratory  viral  infections  are  associated  with  spread  to  the  alveoli  of  the  lungs.  There  are  multiple
murine  models  of  severe  respiratory  viral  infections  that  have  been  used  to identify  viral  and  host  factors
that contribute  to  disease  severity.  Primary  cultures  of murine  alveolar  epithelial  cells  provide  a robust
in  vitro  model  to perform  mechanistic  studies  that  can  be correlated  with  in  vivo  studies  to  identify  cell
type-specific  factors  that  contribute  to pathology  within  the  alveoli  of  the  lung  during  viral  infection.  In
this  study,  we  established  an in  vitro  model  to  compare  the  responses  of  type  I (ATI)  and  type  II  (ATII)
alveolar  epithelial  cells  to  infection  by  respiratory  viruses  used  in  murine  models:  mouse-adapted  severe
acute  respiratory  syndrome-associated  coronavirus  (SARS-CoV,  v2163),  murine  coronavirus  MHV-1,  and
influenza  A  (H1N1)  virus,  strain  PR8.  Murine  alveolar  cells  cultured  to maintain  an  ATII cell  phenotype,
determined  by  expression  of LBP180,  were  susceptible  to  infection  by  all  three  viruses.  In  contrast,  ATII
cells  that  were  cultured  to  trans-differentiate  into  an  ATI-like  cell  phenotype  were  susceptible  to  MHV-
1 and  PR8,  but  not  mouse-adapted  SARS-CoV.  Epithelial  cells  produce  cytokines  in  response  to  viral
infections,  thereby  activating  immune  responses.  Thus,  virus-induced  cytokine  expression  was  quantified

in ATI  and  ATII  cells.  Both  cell types  had  increased  expression  of IL-1�  mRNA  upon  viral  infection,  though
at  different  levels.  While  MHV-1  and  PR8  induced  expression  of  a number  of  shared  cytokines  in  ATI  cells,
there were  several  cytokines  whose  expression  was  induced  uniquely  by  MHV-1  infection.  In  summary,
ATI and  ATII  cells  exhibited  differential  susceptibilities  and  cytokine  responses  to  infection  by  respiratory
viruses.  This  in  vitro  model  will  be critical  for  future  studies  to  determine  the  roles  of  these  specialized
cell  types  in  the  pathogenesis  of  respiratory  viral  infection.
. Introduction

Respiratory viral pathogens from several different families
re a major source of morbidity and mortality worldwide. While
nfection of the upper respiratory tract is common and results
n subclinical or mild disease, infection of the lungs can result
n severe, potentially lethal diseases, including viral pneumonia,
cute respiratory distress syndrome (ARDS), and severe acute
espiratory syndrome (SARS). These severe diseases can result
rom infection by currently circulating viruses, including influenza
iruses and respiratory syncytial virus (RSV), or by new viruses
hat emerge in the human population from animal reservoirs, such
s new strains of influenza A virus (IAV) and SARS-associated coro-

avirus (SARS-CoV). Murine models have been invaluable in the

dentification of virus and host determinants of disease pathogene-
is during respiratory viral infections. While these models provide
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a complex view of host-pathogen interactions, there is a critical
need to have physiologically relevant in vitro models that can be
used to delineate cell type-specific mechanisms that contribute
to disease pathogenesis in the lung. The goal of this study was  to
develop such an in vitro model, from which data can be correlated
to well-established in vivo models of respiratory viral pathogenesis.

The alveolar epithelium is a critical target for severe respiratory
virus infections. The extensive surface area of the alveolar epithe-
lium is composed of two morphologically and functionally distinct
cell types. Type I alveolar (ATI) cells, which cover 95% of the sur-
face area of the epithelium, are large thin cells that function in gas
and ion exchange and fluid transport (Williams, 2003). The type II
alveolar (ATII) cells produce pulmonary surfactant that is required
to prevent alveolar collapse and proteins that participate in innate
defense of the lung (Mason, 2006). As the dividing cells of the alve-
olar epithelium, ATII cells serve as progenitors to repair damaged
epithelium. Infection of ATI or ATII alveolar epithelial cells of the

distal lung has been detected in fatal cases of avian (H5N1) and
2009 pandemic (pH1N1) IAV, RSV, and SARS-CoV (Johnson et al.,
2007; Nicholls et al., 2006; Shieh et al., 2005, 2010; Uiprasertkul
et al., 2007). Infection of alveolar epithelial cells is also associated

dx.doi.org/10.1016/j.virusres.2013.04.008
http://www.sciencedirect.com/science/journal/01681702
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ith severe disease in murine models of respiratory viral infec-
ions, including mouse-adapted IAV and SARS-CoV (Blazejewska
t al., 2011; Hrincius et al., 2012; Roberts et al., 2007). Viral infec-
ion of these physiologically critical cell types causes direct damage
o the alveolar epithelium and also immune-mediated pathology,
oth of which will impair respiration and/or lead to lung collapse
ue to impaired surfactant production. Alveolar epithelial cells pro-
uce inflammatory cytokines and chemokines in response to viral

nfection and thereby may  elicit responses that contribute to both
iral clearance and immune-mediated pathology.

Primary cultures of differentiated alveolar epithelial cells are a
aluable model to study virus–host interactions in physiologically
elevant cell types in vitro. ATII cells can be isolated from murine
ungs and cultured to maintain an ATII cell phenotype or trans-
ifferentiate into cells with an ATI-like phenotype in vitro (Corti
t al., 1996; DeMaio et al., 2009; Rice et al., 2002). The goals of this
tudy were to culture primary murine ATII cells to maintain an ATII
ell phenotype or trans-differentiate into an ATI cell phenotype,
hen compare the susceptibility of ATI and ATII cultures to infection
y respiratory viruses that cause severe disease in mice: Influenza

 virus (PR8; family Orthomyxoviridae),  Murine coronavirus (MHV-
; family Coronaviridae),  and mouse-adapted SARS-CoV (v2163;
amily Coronaviridae).  We  further evaluated expression of inflam-

atory cytokines by ATI and ATII cultures in response to infection
y these viruses. Based on their susceptibility and response to infec-
ion by respiratory viral pathogens, these cultures will be valuable
n future studies to characterize the differential responses of ATI
nd ATII cells to viral infection and to identify the pathological
echanisms associated with viral infection in these biologically

elevant cell types.

. Materials and methods

.1. Cell lines and viruses

Vero E6 (ATCC: CRL-1586) and Madin-Darby canine kidney
MDCK; ATCC: CCL-34) cells were cultured in MEM  (Invitrogen,
arlsbad, CA) containing 10% FBS (Atlanta Biologicals, Norcross,
A) and 1% antibiotic–antimycotic (Invitrogen). 17Cl-1, a spon-

aneously transformed clone of BALB/c 3T3 cells (provided by
r. Kathryn Holmes, University of Colorado Denver School of
edicine), were cultured in DMEM (Invitrogen) with 10% FBS and

% antibiotic–antimycotic (Sturman and Takemoto, 1972). MHV-
 and IAV (A/Puerto Rico/8/1934 (H1N1)) were obtained from the
merican Type Culture Collection and BEI Resources, respectively.
HV-1 was propagated in 17Cl-1 cells, purified by sucrose gra-

ient centrifugation, and titrated by plaque assay on 17Cl-1 cells,
s previously described (Frana et al., 1985; Sturman et al., 1980).
R8 was propagated and titrated by plaque assay in MDCK cells
n media containing 1% BSA and TPCK-trypsin (1 �g/ml). Mouse-
dapted SARS-CoV (v2163), provided by Dr. Ralph Baric (University
f North Carolina at Chapel Hill), was passaged once in Vero E6
ells before use (Day et al., 2009). All experiments with v2163 were
erformed in a certified biosafety level 3 laboratory using pro-
ocols approved by the University of Idaho Biosafety Committee
nder guidelines provided in the Biosafety in Microbiological and
iomedical Laboratories, 5th Edition (Centers for Disease Control
nd Prevention and National Institutes of Health).

.2. Primary cell isolation and culture
Animal protocols were approved by the University of Idaho Ani-
al  Care and Use Committee according to the National Research

ouncil Guide for the Care and Use of Laboratory Animals. Female
57BL/6 mice (8 weeks; 16–21 g) were obtained from the Center
earch 175 (2013) 110– 119 111

for Reproductive Biology at Washington State University (Pullman,
WA). ATII cells were isolated from mice using a previously pub-
lished protocol (Corti et al., 1996). Briefly, epithelial cells were
dissociated from lung tissues by incubation in dispase (BD Bio-
sciences, San Jose, CA), followed by mechanical disruption of the
alveoli in DMEM with 0.01% DNase (Sigma–Aldrich, St. Louis, MO).
The cells were filtered and incubated with biotinylated mono-
clonal antibodies to CD16/32 and CD45 (Southern Biotechnology,
Birmingham, AL), followed by magnetic selection with Dynabeads
(Invitrogen) to remove hematopoietic cells. The cells were incu-
bated three times for 40 min  at 37 ◦C on tissue culture treated dishes
and non-adherent cells were plated as described below. Freshly iso-
lated cells were analyzed by IFA for expression of ATII cell marker
protein, LBP180, and ranged from 83 to 93% positive (Supplemental
Fig. 1). To maintain an ATII cell phenotype, the ATII cells were cul-
tured on millicell inserts (EMD Millipore Corp., Billerica, MA)  coated
with 70% rat tail collagen and 30% BD Matrigel (BD Biosciences),
in DMEM/10% FBS supplemented with keratinocyte growth factor
(KGF; 10 ng/ml; ProSpec, Rehovot, Israel) for 5 days. To promote
trans-differentiation into an ATI cell phenotype, ATII cells were cul-
tured on fibronectin (Sigma–Aldrich; 5 �g/ml) in DMEM/10% FBS
for five days. The cultures were maintained at 37 ◦C and 10% CO2.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.virusres.
2013.04.008.

2.3. Indirect immunofluorescence assay (IFA)

The expression of ATI and ATII phenotypic markers and viral
proteins was  analyzed by IFA. Cells were fixed with 4% formalde-
hyde and permeabilized with 0.2% Triton X-100. Cellular proteins
were detected with mouse monoclonal antibody to LBP180 (Abcam,
Cambridge, MA)  or Syrian hamster anti-T1� (provided by Dr.
Maria Ramirez, Boston University School of Medicine) and sec-
ondary antibodies: goat anti-mouse-488 (Invitrogen) or rabbit
anti-hamster-FITC (Abcam), respectively. v2163 infection was
detected using monoclonal antibody NR-619, which recognizes
the nucleocapsid protein of SARS-CoV (BEI Resources) and anti-
mouse IgM-TRITC (Millipore). Surface expression of ACE2 and
TMPRSS2 was  evaluated on non-permeabilized cells using rab-
bit primary antibodies (Abcam) and anti-rabbit-488 (Invitrogen).
MHV-1 infection was evaluated using a monoclonal antibody
that recognizes the nucleocapsid protein of MHV-1 (provided by
Dr. Julian Leibowitz, Texas A&M University), followed by goat
anti-mouse-488 (Invitrogen). Goat antiserum NR-3148, which
recognizes the hemagglutinin protein of PR8 (BEI Resources), and
anti-goat-555 (Invitrogen) were used to detect PR8 infection. Cells
were stained with DAPI to visualize nuclei and were photographed
on a Nikon Eclipse Epifluorescent Microscope with a Hamamatsu
digital camera and MetaMorph software (Molecular Devices).

2.4. Western blot analysis

Cells were lysed in RIPA buffer and equal amounts of cell pro-
tein, as determined by BCA Protein Assay (Thermo Fisher Scientific,
Rockford, IL), were resolved by SDS-PAGE under reducing condi-
tions and transferred to Immobilon PVDF membranes (Millipore).
Membranes were incubated with primary antibody to T1�,  fol-
lowed by HRP-conjugated anti-hamster antibody (Abcam), which
was  detected by chemiluminescence. Protein loading was evalu-
ated using an antibody to �-actin (Abcam).
2.5. Cytokine gene expression analysis

Total cellular RNA was isolated using Trizol Reagent, accord-
ing to the manufacturer’s recommendations (Invitrogen). Mouse

http://dx.doi.org/10.1016/j.virusres.2013.04.008
http://dx.doi.org/10.1016/j.virusres.2013.04.008
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Fig. 1. Trans-differentiation of murine ATII cells to an ATI-like cell phenotype. (A)
ATII cells were cultured on fibronectin-coated coverslips for the indicated times and
immunofluorescence assay was used to detect expression of phenotypic marker
proteins of ATII cells, LBP180, or ATI cells, T1�.  Nuclei were stained with DAPI,
inset panels. (B) ATII cells were lysed on the day of isolation (day 0) or cultured
on fibronectin and lysed on the indicated days. Cell lysates were analyzed by West-
12 L.P. Kebaabetswe et al. / Vir

nflammatory Cytokines and Receptors RT2 Profiler PCR Arrays
ere used to quantify the expression of 84 inflammatory genes

n IAV-, MHV-1-, and mock-inoculated ATI-like cells (SABio-
ciences/QIAGEN, Valencia, CA). Where indicated, lipopolysaccha-
ide (LPS; Sigma–Aldrich; 1 �g/ml) was used to induce cytokine
xpression. Expression of IL-1� was quantified in mock-inoculated
nd virus-infected ATI-like and ATII cells by qPCR using pub-
ished primer sequences (Oh et al., 2011) and SYBR green in

 StepOnePlus instrument (Applied Biosystems, Carlsbad, CA).
xpression of �-actin was quantified to determine relative expres-
ion levels, using primers: 5′-AAGTCCCCTCACCCTCCCAAAAG and
′-AAGCAATGCTGTCACCTTCCC. Relative expression was deter-
ined by the reciprocal of the �Ct (1/Ct[IL-1�]  − Ct[�-actin]).
eans and standard errors from at least three experiments were

sed to test for statistical significance compared to expression in
ock-treated cells using an unpaired t test and p < 0.05 was deter-
ined to be significant.

. Results

.1. Phenotypes of primary alveolar epithelial cells

Both ATI and ATII cells are infected by IAV and SARS-CoV in vivo,
n fatal human cases and mouse models (Korteweg and Gu, 2008;
icholls et al., 2006; Roberts et al., 2007; Shieh et al., 2005, 2010;
ate et al., 2011). In order to study viral infection of these highly
pecialized cell types in vitro, we evaluated culture conditions to
aintain the phenotype of primary murine ATII cells, or to acquire

n ATI cell phenotype. Expression of lamellar body protein 180
LBP180/ABCA3) was evaluated to identify differentiated ATII cells
Mulugeta et al., 2002; Zen et al., 1998). T1�  is a marker of dif-
erentiated ATI cells that is not expressed by ATII cells, and was
sed to monitor expression of an ATI-like phenotype (Dobbs et al.,
988; Ramirez et al., 2003). When cultured in vitro, ATII cells readily

ose expression of ATII-specific proteins and gain expression of
TI-specific proteins, suggesting trans-differentiation to an ATI cell
henotype (DeMaio et al., 2009; Marsh et al., 2009; Mendez et al.,
006). Furthermore, the loss of ATII-specific markers coincides with
hanges in morphology and the disappearance of lamellar bodies
nd surfactant production (Paine et al., 1990; Zen et al., 1998).
reshly isolated ATII cells were analyzed for LBP180 expression
y IFA and random fields were counted to estimate the percent-
ge of positive cells. Approximately 90% of freshly isolated cells
xpressed the ATII-specific protein, LBP180 (Supplemental Fig. 1).
he percentage of cells expressing LBP180 rapidly decreased dur-
ng culture on fibronectin-coated coverslips, to approximately 62%
ositive by day 2 after isolation (Supplemental Fig. 1 and Fig. 1A).
urther culture of murine ATII cells on fibronectin resulted in sig-
ificantly reduced expression of LBP180 by day 4 after isolation and
BP180 was not detected on day 7 (Fig. 1A, left panels). Under these
ame culture conditions, the expression of T1� (ATI-specific) was
ncreased by day 4 after isolation, which increased further by day 7
Fig. 1A and B). Thus, concomitant with the loss of LBP180 expres-
ion, these primary cultures acquired expression of T1�,  suggesting

 transition from a predominantly ATII to ATI-like phenotype.
In order to promote expansion of the ATII cells while maintain-

ng their phenotype, we plated the cells on 70% rat tail collagen and
0% Matrigel (CM matrix) and provided KGF in the growth medium.
TII cells cultured on CM matrix with KGF maintained expression
f LBP180 through 7 days after isolation, with maximal expres-
ion on day 5 (Fig. 2A, right panels). Exclusion of KGF from the

edium resulted in significantly fewer LBP180-expressing cells on

ays 5 and 7 after isolation (Fig. 2A, left panels). Furthermore, ATII
ells cultured on CM matrix with KGF did not express an ATI cell-
pecific protein, T1�,  in comparison to trans-differentiated ATI-like
ern blot analysis using antibody against T1� or �-actin, as a protein loading control.
The images shown are representative of three replicate experiments.

cells cultured on fibronectin (Fig. 2B). ATII cells cultured on matri-
ces with an increased proportion of collagen to matrigel (80:20),
had reduced expression of LBP180 (Data not shown). Thus, murine
ATII cells maintained expression of LBP180 for short time periods
(2 days) of culture on fibronectin alone and for longer time periods
(5–7 days) when cultured on 70:30 CM matrix with KGF.

3.2. Mouse-adapted SARS-CoV, v2163, infects murine cultures
with an ATII, but not ATI, cell phenotype

SARS-CoV RNA and antigens were detected in both ATI and ATII
cells in lung tissues from fatal SARS cases (Nicholls et al., 2006).
Human isolates of SARS-CoV do not cause lethal disease in mice,
but acquire virulence upon serial passage in mice (Day et al., 2009;
Roberts et al., 2007). These mouse-adapted isolates are used to
study the mechanisms of SARS-CoV pathogenesis in vivo (Frieman
et al., 2012). v2163 is an isolate of SARS-CoV that was passaged
25 times in the lungs of BALB/c mice and causes a highly lethal
pulmonary infection in mice (Day et al., 2009). We  tested murine
pneumocytes with either an ATI or ATII cell phenotype for suscep-

tibility to infection by v2163. Cultures with an ATI cell phenotype
rarely showed cells with viral antigen 24 h post-inoculation (p.i.),
and no viral antigen was  detected by 48 h p.i. (Fig. 3A, bottom pan-
els). In contrast, viral antigen was  detected at both 24 and 48 h p.i.
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Fig. 2. Maintenance of ATII cell phenotype in cultured murine cells. ATII cells were
cultured on 70% collagen/30% matrigel (CM) matrix for 5 or 7 days with or without
keratinocyte growth factor (KGF) in the medium. Immunofluorescence assay was
used  to detect the expression of (A) ATII marker protein, LBP180, or (B) ATI marker
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rotein, T1�.  Cells cultured on fibronectin were used as a positive control for T1�
xpression.

n cells cultured with an ATII phenotype (Fig. 3A, top panels). Thus,
ouse-adapted SARS-CoV preferentially infected alveolar epithe-

ial cells with an ATII cell phenotype in vitro.
In order to determine if the lack of SARS-CoV receptor expres-

ion by ATI-like cells was responsible for them being refractory to
2163 infection, we evaluated expression of murine ACE2 by IFA
n non-permeabilized ATI-like cells. ATI-like cells that were evalu-
ted for ACE2 expression on day 5 after isolation, the same day cells
ere inoculated with v2163, had robust expression of ACE2 on the

ell surface (Fig. 3B). In addition, these cells were evaluated for
xpression of TMPRSS2, a serine protease that interacts with ACE2
nd enhances infection of cells by SARS-CoV (Shulla et al., 2011).
he ATI-like cells also had robust surface expression of TMPRSS2
n day 5 after isolation (Fig. 3B). Thus, expression of ACE2 and
MPRSS2 does not correspond with the susceptibility of murine
lveolar epithelial cells to infection by v2163.

.3. MHV-1 replicates in primary murine cultures with an ATI or
TII cell phenotype

MHV-1 is a murine coronavirus that causes severe disease
nd pathology in the lungs of specific genetic lines of mice (De
lbuquerque et al., 2006; Khanolkar et al., 2009). The pathology of
HV-1 infection in A/J mice resembles that seen in fatal SARS cases,

hus MHV-1 is studied as a model of SARS pulmonary pathogenesis
De Albuquerque et al., 2006). ATI-like cells were inoculated with

HV-1 and monitored for cytopathic effects (CPE), the presence of

iral antigen, and production of infectious virus over time. MHV-

 infection of ATI-like cells resulted in the formation of syncytia
nd rounding up of cells in the monolayer by 24 h p.i. (Fig. 4A, top
anels, and 4B). Viral nucleocapsid protein antigen was  detected
earch 175 (2013) 110– 119 113

in approximately 50% of the cells by 12 h p.i., and expanded to the
majority of cells in the culture by 24 h p.i. (Fig. 4A, top panels).
The presence of viral antigen corresponded to increased release of
infectious virus through 24 h p.i. (Fig. 4C).

ATII cultures were also tested for susceptibility to infection by
MHV-1. In agreement with infection of ATI-like cells, viral anti-
gen was  detected in ATII cells at 12 and 24 h p.i., and the titer of
infectious virus in the medium increased over a similar time course
(Fig. 4A, bottom panels and 4C). In contrast to infection of ATI-like
cells, MHV-1 did not induce syncytia formation or visible CPE in ATII
cell cultures. Despite a lower proportion of viral antigen-expressing
cells, cultures with an ATII phenotype produced higher titers of
virus through 24 h p.i. (Fig. 4C). Syncytia formation and cell death
seen in the ATI-like cells may  limit the production of MHV-1 com-
pared to infection in ATII cultures. These results show that MHV-1
established a productive infection in cultures with either ATI or ATII
cell phenotypes, which differed in CPE and virus production.

3.4. PR8 replicates in primary murine cultures with an ATI or ATII
cell phenotype

The PR8 strain of influenza A virus is frequently used as a model
for viral pneumonia, and the spread of PR8 to the alveoli in infected
mice corresponds with increased disease severity (Blazejewska
et al., 2011; Hrincius et al., 2012). To determine whether primary
murine cells with an ATI or ATII cell phenotype are susceptible to
PR8 infection in vitro, primary cultures were inoculated with PR8
and infection was  analyzed by IFA and plaque assay. Like murine
coronavirus, MHV-1, PR8 infected primary cultures with both ATI
and ATII cell phenotypes (Fig. 5). However, the kinetics of infection
was  slower, with the peak of viral antigen expressing cells present
at 48 h p.i. Although CPE were not apparent, reduced viral antigen
expression late in infection (72 h p.i.) suggests a decline in the num-
ber of susceptible cells in the culture. The viral growth curves for
PR8 replication in ATI and ATII cells were indistinguishable (Fig. 5C).

In both ATI and ATII cultures, a lower proportion of cells were
infected by PR8 compared to MHV-1. As our phenotypic analysis of
these cultures demonstrated heterogeneity in expression of ATI and
ATII marker proteins (Figs. 1 and 2), we next determined whether
PR8 infects differentiated cells or other cells within these cultures.
Co-localization of viral antigen and T1� (ATI-specific protein) was
evaluated in ATI cultures 24 h after inoculation with PR8 by dual IFA.
A majority of cells that contained PR8 antigen were also positive for
T1� expression, which demonstrated that PR8 infects cells with an
ATI cell phenotype (Fig. 5B, top panels). However, many T1� posi-
tive cells were not infected by PR8. Similarly, in cells cultured with
an ATII phenotype, PR8 antigens were detected in cells expressing
ATII phenotypic marker, LBP180 (Fig. 5B, bottom panels). However,
PR8 infection was  not exclusively found in LBP180-positive cells. A
majority of ATII cells plated on fibronectin remained LBP180 pos-
itive by day 2 after isolation (Supplemental Fig. 1). Therefore, we
inoculated ATII cells with PR8 one day after isolation and performed
dual IFA for LBP180 and PR8 antigens 24 h p.i. (Supplemental Fig. 2).
As with our ATII cells plated on CM matrix, some but not all LBP180
positive cells were also positive for PR8 antigens. Taken together,
these experiments demonstrate that PR8 does infect alveolar cells
expressing ATI or ATII specific proteins.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.virusres.
2013.04.008.

3.5. Cytokine gene expression in virus-infected alveolar epithelial

cells

Alveolar epithelial cells express cytokines and chemokines in
response to viral infection, thereby contributing to the influx of

http://dx.doi.org/10.1016/j.virusres.2013.04.008
http://dx.doi.org/10.1016/j.virusres.2013.04.008
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Fig. 3. Susceptibility of primary murine alveolar epithelial cells to infection by mouse-adapted SARS-CoV. (A) Murine cells were cultured as either an ATI or ATII cell phenotype
for  5 days, then were inoculated with mouse-adapted SARS-CoV, isolate v2163 for 24 or 48 h. Infection was  analyzed by immunofluorescence assay of viral nucleocapsid
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epithelial cells respond differently to viral infection and LPS stim-
ulation under culture conditions that generate an ATI-like or ATII
phenotype.

Table 1
Cytokine gene expression in ATI-like cells infected by IAV and MHV-1.a

Gene Fold change vs. mockb

IAV MHV-1

Bcl6 2.8 4.0
Ccl2  2.2 3.2
Ccl20 3.1 11.1
Ccl4  2.1 2.0
Ccl7  2.2 3.0
Ccl8  2.6 2.3
Ccr3 3.2 3.8
Cxcl1 5.0 11.5
Cxcl10 8.0 5.2
Cxcl13 5.6 2.1
Il10  2.4 10.7
Il16  2.8 5.8
Il1b  2.1 10.3
Il1f6 3.0 3.7
Lta  2.6 5.6
Ltb  2.3 25.2
Tnf  9.1 6.0
Tnfrsf1b 2.7 5.2

a RNA was extracted from IAV or MHV-1 infected ATI-like cells 24 h p.i. and mRNA
rotein  (red) and nuclei were stained with DAPI (blue). (B) Cells cultured for 5 days w
gainst ACE2 or TMPRSS2 (green) and nuclei were stained with DAPI (blue). A fluor

nflammatory cells into the lungs. We  evaluated the response of
TI-like cells to infection by MHV-1 and PR8 using RT-PCR arrays

hat quantify RNA for 84 cytokines. Compared to mock-inoculated
ells, PR8 and MHV-1 induced mRNA expression of a shared
roup of cytokines (IL-10, IL-16, IL-1�,  IL-36�, TNF-�,  LT-�,  LT-�),
hemokines (CCL2, 4, 7, 8, CXCL1, 10, 14), and receptors (CCR3,
NFRII) (Table 1). In addition to these shared cytokines, MHV-1
nduced expression of several additional genes that were not
nduced by PR8 infection in ATI-like cells (Supplemental Table 1).
n contrast, only three chemokine genes (CCL5, CCL9, and CXCL11)

ere differentially expressed by PR8-infected cells.
Supplementary data associated with this article can be

ound, in the online version, at http://dx.doi.org/10.1016/j.virusres.
013.04.008.

As a canonical pro-inflammatory cytokine that contributes to
he local recruitment and activation of inflammatory cells in addi-
ion to systemic symptoms of viral infection, the production of
L-1� has important consequences for both viral clearance and dis-
ase severity. Expression of IL-1� mRNA was quantified by qRT-PCR
n ATI-like cells infected by MHV-1 or PR8 at 6 and 24 h p.i. (Fig. 6A),
nd in ATII cells infected by PR8, MHV-1, or v2163 at 24 h p.i.
Fig. 6B). LPS was used as a positive control to induce IL-1� expres-
ion in both cell types. Expression of IL-1� was induced significantly
y PR8 and MHV-1 infection of ATI-like cells by 24 h p.i. (Fig. 6A).
HV-1 infection stimulated a similar increase in IL-1� expres-

ion in both ATI-like and ATII cells (Fig. 6A and B), however PR8
nfection in ATII cells stimulated a lower level of IL-1� expres-

ion, which did not reach statistical significance (Fig. 6B). Infection
f ATII cells by v2163 also resulted in increased IL-1� expression
Fig. 6B). Interestingly, while both ATI-like and ATII cells expressed
L-1� in response to LPS, expression in ATI-like cells was  induced
 ATI cell phenotype were analyzed by immunofluorescence using rabbit antibodies
ly labeled antibody against rabbit IgG was  used as a negative control.

to a higher level. These results show that primary murine alveolar
for  inflammatory cytokines and receptors was  quantified by qPCR Array (SABio-
sciences). Genes included are those with at least a two fold increase compared to
mock-inoculated cells in at least two replicate experiments.

b Fold change values are representative values from three (IAV) or two (MHV-1)
replicate samples.

http://dx.doi.org/10.1016/j.virusres.2013.04.008
http://dx.doi.org/10.1016/j.virusres.2013.04.008
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Fig. 4. Susceptibility of primary murine alveolar epithelial cells to infection by murine coronavirus, MHV-1. (A) Murine cells were cultured as either an ATI or ATII cell
phenotype for 5 days, then were inoculated with MHV-1 for 12 or 24 h. Infection was analyzed by immunofluorescence assay of viral nucleocapsid protein (green) and nuclei
were  stained with DAPI (blue). (B) Cells were cultured on fibronectin (ATI phenotype) and inoculated with MHV-1 or mock-inoculated. Cells were photographed on phase
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ontrast  at 24 h p.i. (C) Infection of MHV-1-inoculated ATI and ATII cells was analyz
nd  standard errors from four replicate experiments are shown.

. Discussion

Due to its critical function in respiration, damage to the alveolar
pithelium by viral infection results in severe, potentially fatal,
isease. In order to design novel therapies that successfully limit
his damage, it is imperative that we identify the mechanisms that
ontribute to lung pathology during infection of alveolar epithelial
ells. The response of alveolar epithelial cells to viral infection has
een studied in a variety of models, including continuous cell lines
nd primary cell cultures. Continuous cell lines, such as A549 that
re used as a model of ATII cells, have key biochemical and struc-
ural differences compared to their in vivo counterparts (Mason
nd Williams, 1980; Swain et al., 2010). These differences limit the
sefulness of continuous lines in identifying physiologically rele-
ant mechanisms of viral pathogenesis. Primary alveolar epithelial
ells isolated from human lung tissues have been used to study
espiratory viral pathogenesis in differentiated cell types in vitro

Kosmider et al., 2012; Mossel et al., 2008; Wang et al., 2009, 2011).
owever, access to human lung tissues and genetic variability are

actors that limit their usefulness for mechanistic studies. Primary
at alveolar epithelial cells cultured with distinct ATI and ATII
 plaque assay of supernatant medium at the indicated times. The mean virus titers

phenotypes have been widely used as in vitro models for studies
of lung physiology (Gonzalez et al., 2005; Qiao et al., 2003). Limita-
tions of rat model systems include the very few genetic knock-out
lines and established models of respiratory viral infections (Funk
et al., 2009; Miura et al., 2007; Rzepka et al., 2012). Based on the
availability of well-characterized genetic lines and established
models of respiratory viral pathogenesis, it is highly desirable
to establish murine ATI and ATII cell models to study virus–host
interactions in the differentiated cell types of the alveolar epithe-
lium. Other researchers have optimized the isolation and culture
of differentiated ATII cells from mice and established culture
conditions to maintain their ATII phenotype or trans-differentiate
into cells with the morphological and functional characteristics of
ATI cells (Corti et al., 1996; Herold et al., 2006; Messier et al., 2012;
Rice et al., 2002). Murine ATI-like cells that were derived from
isolated ATII cells have been used to study influenza virus infection
in vitro (Herold et al., 2006, 2008; Tate et al., 2011). In the present

study, primary murine alveolar cells were cultured with ATI or
ATII cell phenotypes and their susceptibility and inflammatory
response to infection by respiratory viruses were compared. This
in vitro system will be invaluable in future studies to identify the
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Fig. 5. Susceptibility of primary murine alveolar epithelial cells to infection by influenza A virus, PR8. (A) Murine cells were cultured as either an ATI or ATII cell phenotype
for  5 days, then were inoculated with PR8. Infection was analyzed by immunofluorescence assay of viral hemagglutinin protein (red) and nuclei were stained with DAPI
(blue)  at the indicated times post infection (p.i.). (B) Co-localization of ATI (T1�) or ATII (LBP180) phenotypic proteins (green) and PR8 antigen (red) was analyzed by dual
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FA  24 h p.i. Nuclei were stained with DAPI (blue). (C) Infection of PR8-inoculated A
imes.  The mean virus titers and standard errors from five replicates are shown.

echanisms of pathogenesis during viral infection of the alveolar
pithelium that can be directly compared to robust murine models
f viral pathogenesis in vivo.

Serial passage of the Urbani strain of SARS-CoV in the lungs of
ice resulted in enhanced virulence of the virus in mice and thus

rovides an animal model that replicates the disease pathogenesis
bserved in human patients (Day et al., 2009; Roberts et al., 2007).
he v2163 strain, which is the result of 25 passages in the lungs
f BALB/c mice, causes dose-dependent lethality in young (5–6
eeks old) mice (Day et al., 2009). During serial passage, v2163

cquired four mutations that result in amino acid changes in the
pike glycoprotein. Two of these changes are in residues of the
eceptor binding motif that interacts with ACE2 and, as predicted
y structural modeling, may  enhance binding to murine ACE2 (Day
t al., 2009; Frieman et al., 2012). Adaptation of the spike glycopro-
ein to bind more efficiently to ACE2 proteins of different species
s thought to be critical for changes in the host range and tissue
ropism of SARS-CoV (Becker et al., 2008; Frieman et al., 2012;
i, 2008; Sheahan et al., 2008). We  observed that primary murine
TI-like cells were not susceptible to infection by v2163, so ACE2
xpression by these cells was evaluated. ATI-like cells had robust
urface expression of ACE2, suggesting that ACE2 binding is not the
imiting factor in susceptibility to v2163 infection. Other groups
ave recently demonstrated the importance of a cellular protease,

MPRSS2, in enhancing ACE2-dependent and -independent infec-
ion by SARS-CoV (Glowacka et al., 2011; Matsuyama et al., 2010;
hulla et al., 2011). It is not known whether TMPRSS2 is important
or infection by mouse-adapted strains of SARS-CoV. Regardless,
d ATII cells was  analyzed by plaque assay of supernatant medium at the indicated

we  detected high levels of TMPRSS2 on the surface of murine
ATI-like cells. The mechanism(s) that restricts replication of v2163
in murine ATI-like cells is not known, but our study suggests that
expression of murine ACE2 and TMPRSS2 are not limiting factors.
Like our study, Mossel et al. found human primary ATI-like cells to
be refractory to SARS-CoV infection in vitro (Mossel et al., 2008).
However, they observed that SARS-CoV infection of primary cells
corresponded with the level of ACE2 expressed by the cells.

In addition to mouse-adapted SARS-CoV, we  evaluated the sus-
ceptibility of murine ATI-like and ATII cells for infection by a murine
coronavirus, MHV-1. MHV-1 infects the respiratory tract and causes
disease with a wide range of severities, depending upon the genetic
line of mice (De Albuquerque et al., 2006; Khanolkar et al., 2009).
Upon intranasal inoculation with MHV-1, BALB/cJ mice exhibit
some of the pathological characteristics of SARS in humans, includ-
ing pulmonary congestion, alveolar and interstitial inflammation,
and hyaline membranes. However, MHV-1 infection is not lethal in
BALB/cJ mice, which show only mild clinical signs of disease and
recover completely. In contrast, infection of A/J mice with MHV-1
results in severe lung pathology and death of infected mice. The
lung pathology seen in MHV-1 infected A/J mice is similar to fatal
SARS cases in humans, including severe edema, thickening of the
alveolar epithelium, interstitial inflammation, fibrin deposits, and
hyaline membranes. Although MHV-1 virions have been detected

by electron microscopy in alveolar macrophages late during infec-
tion of A/J mice, infection of pneumocytes early during infection
cannot be excluded. Furthermore, ATI cells express fibroleukin dur-
ing MHV-1 infection of A/J mice, suggesting a role for these cells
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Fig. 6. Expression of IL-1� by primary murine alveolar epithelial cells in response
to  respiratory viral infection. Murine cells were cultured as an ATI (A) or ATII (B) cell
phenotype, infected by the indicated viruses, and IL-1� mRNA was  quantified by
RT-qPCR. All ATII cell samples (B) were infected for 24 h. Mock-inoculated and LPS-
treated cells were used as negative and positive controls, respectively. Expression of
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L-1�  was  normalized to that of �-actin and the means and standard errors from 3 to
 replicate experiments are shown. Statistically significant differences in expression
ompared to mock samples were determined by unpaired t test. *p < 0.05, **p < 0.005.

n fibrin deposition in the alveoli (De Albuquerque et al., 2006).
rimary murine ATI-like cells provide an attractive model for study-
ng the signaling pathways involved in MHV-1-induced fibroleukin
xpression and their potential role in fibrin deposition during viral
nfection in the lung. The mechanisms responsible for the differ-
ntial pathogenesis seen during respiratory infection of various
ouse strains by MHV-1 have not been determined. Future studies

sing primary alveolar epithelial cells from different genetic lines of
ice will determine the potential contributions of these cell types

o pathogenic outcomes of infection.
The pulmonary pathology in fatal cases of influenza viral

neumonia is characterized by diffuse alveolar damage, including
he presence of hyaline membranes, inflammatory cells, and
dema in the alveoli (Liem et al., 2008; Nakajima et al., 2013;
hieh et al., 2010). The mouse-adapted PR8 strain of influenza A
irus has been widely studied as a model for influenza pneumonia
ecause it induces similar pathology in specific inbred strains
f mice (Blazejewska et al., 2011; Fukushi et al., 2011). The vir-
lence of different PR8 variants in various murine genetic lines

s correlated with increased viral replication and spread to the
lveolar regions of the lung (Blazejewska et al., 2011). Infection
f the alveoli by PR8 results in dramatic pathology associated
ith inflammation, leukocytic infiltration, and destruction of the
pithelial surface (Blazejewska et al., 2011; Fukushi et al., 2011;
oosli et al., 1975). Epithelial damage is likely due to a combination
f direct viral cytopathic effects and the inflammatory response.
nhibition of inflammatory mediators during influenza virus
earch 175 (2013) 110– 119 117

infection in mice lessens morbidity and mortality, suggesting that
the inflammatory response is a critical determinant of severe
disease outcomes (Herold et al., 2008; Le Goffic et al., 2006; Vlahos
et al., 2011). Herold et al. further demonstrated that macrophages
recruited to the lungs during PR8 infection in mice have a direct role
in alveolar damage by inducing apoptosis of ATI cells (Herold et al.,
2008). Murine ATII cells cultured to acquire an ATI cell phenotype
in vitro have been used to study influenza virus infection in the
alveolar epithelium and how infected ATI cells interact with mono-
cytes to mediate disease pathology (Herold et al., 2006, 2008). Our
study confirmed results of previous studies demonstrating suscep-
tibility of and cytokine expression by murine alveolar epithelial
cells in response to PR8 infection (Herold et al., 2006; Tate et al.,
2011). We  also established the susceptibility of primary murine
cells with an ATII phenotype to PR8 infection. While infection of ATI
and ATII cultures by PR8 was not as robust as MHV-1, a significant
amount of infectious PR8 was  released from these cultures. We
further demonstrated that PR8 infection co-localized with ATI and
ATII phenotypic markers, suggesting infection of these cell types.
However, in ATII cell cultures, PR8 antigens were also detected in
LBP180-negative cells. While the exact nature of these cells is not
known, many possibilities exist. Our ATII cell isolations ranged
from 83 to 93% LBP180-positive, which is similar to the purity
reported by others (Corti et al., 1996; Messier et al., 2012). Thus,
the LBP180-negative cells could be contaminating cell types from
the isolation procedure, including fibroblasts, endothelial cells, or
white blood cells. Furthermore, ATII cells can trans-differentiate
into ATI-like cells or undergo epithelial to mesenchymal transition
when cultured in vitro (Kim et al., 2006). The LBP180-negative
cells in our cultures may  be ATII cells that are no longer fully
differentiated. However, our dual antigen labeling demonstrated
that alveolar cells with either ATI or ATII phenotype can be infected
by PR8. As ATI and ATII cells are both targeted in severe influenza
virus infections, it is important to identify the responses of these
unique cell types to infection. In addition to inflammation-induced
damage, electron microscopy has demonstrated budding of PR8
virions from ATI and ATII cells early during infection with extensive
damage to the epithelial surface over time (Loosli et al., 1975).
Differentiated cultures of alveolar epithelial cells will be critical
for identifying the mechanisms responsible for direct viral damage
to the alveolar epithelium during infection.

The pathogenesis of respiratory viral infections is often cor-
related with an excessive inflammatory response in the lungs.
Alveolar epithelial cells express proinflammatory cytokines and
chemokines in response to viral infection and may be important in
the initiation of these damaging inflammatory responses (Herold
et al., 2006; Miura et al., 2007; Rzepka et al., 2012; Tate et al.,
2011; Wang et al., 2011). In this study, we compared cytokine
expression by murine ATI-like cells infected by MHV-1 or PR8,
and IL-1� expression by ATI-like and ATII cells infected by MHV-1,
PR8, or v2163. Infection of ATI-like cells by MHV-1 or PR8 induced
similar cytokine profiles, which correspond to cytokine expres-
sion in the lungs of infected mice (Alberts et al., 2010; Leibowitz
et al., 2010; Srivastava et al., 2009). Interestingly, MHV-1 also
stimulated expression of several cytokines and chemokines that
were not expressed upon PR8 infection. It is not known whether
this difference has biological relevance during in vivo infection.
The inflammatory response to MHV-1 has been characterized in
A/J mice, which have severe disease outcomes to infection (De
Albuquerque et al., 2006). Our primary cells were isolated from
C57Bl/6 mice, which have mild infection in the respiratory tract by
MHV-1 (De Albuquerque et al., 2006). The mechanisms that under-

lie the differences in pathogenesis of MHV-1 infection in different
genetic lines of mice have not been clearly defined. In general,
increased cytokine expression correlates with disease severity in
both MHV-1 and PR8 infection models. Thus, it will be important
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o identify the mechanisms whereby alveolar epithelial cells detect
iral infection and determine their role in the detrimental inflam-
atory response to viral infection in the lung. ATI and ATII cells are

oth targets for viral infection within the alveoli. In this study, we
irectly compared expression of IL-1� by murine ATI-like and ATII
ells in response to viral infection. IL-1� expression was  induced
y LPS to a high level in ATI-like, but only moderately in ATII
ells. Raoust et al. also observed cytokine expression by primary
urine cells cultured with an ATI cell phenotype upon treatment
ith LPS (Raoust et al., 2009). A recent study demonstrated that
urine ATII cells cultured similarly to those in our study express

hemokines CCL2 and CXCL2 in response to LPS treatment, suggest-
ng that these cells are capable of LPS-induced responses through
LR4 signaling (Bello-Irizarry et al., 2012). Infection by PR8 and
HV-1 induced IL-1� expression by 24 h p.i. in ATI-like cells. Viral

nfection induced expression of IL-1� in ATII cells, yet similar to
PS, expression was not as robust as in ATI cells. Thus, ATI-like
nd ATII cells responded differently to the same viral infections,
nd the level of IL-1� expression was dependent both on the cell
henotype and the specific virus. Other studies have reported dif-
erential expression of cytokines by primary alveolar epithelial cells
ultured with an ATI-like or ATII cell phenotype (Mir-Kasimov et al.,
012; Yu et al., 2011). Human primary alveolar epithelial cells cul-
ured with an ATI-like or ATII phenotype express very similar levels
f cytokine mRNA upon infection by influenza viruses (Yu et al.,
011). Despite similarities in mRNA levels, secretion of MCP-1 is
ramatically increased upon influenza virus infection of ATI-like,
ut not ATII, cells (Yu et al., 2011). A similar finding between our
tudy and others is the observation that despite having a similar
usceptibility to viral infection, cultures with ATI and ATII pheno-
ypes can have different responses to these infections. Determining
he mechanisms whereby ATI and ATII cells detect viral infections
nd regulate cytokine expression in the lungs is a critical next step
f these studies. Primary murine alveolar epithelial cells will be
rucial in the identification of these mechanisms.
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