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To elucidate molecular mechanisms underlying the
association between respiratory viral infection and
predisposition to subsequent bacterial infection, we
used in vivo and in vitro models and human samples
to characterize respiratory virus-induced changes in
airway epithelial cell morphology, gene expression,
and mucociliary function. Mouse paramyxoviral
bronchitis resulted in airway epithelial cell infection
and a distinct pattern of epithelial cell morphology
changes and altered expression of the differentiation
markers �-tubulin-IV, Clara cell secretory protein,
and Foxj1. Furthermore, changes in gene expression
were recapitulated using an in vitro epithelial cell
culture system and progressed independent of the
host inflammatory response. Restoration of mature
airway epithelium occurred in a pattern similar to
epithelial cell differentiation and ciliogenesis in em-
bryonic lung development characterized by sequen-
tial proliferation of undifferentiated cells, basal body
production, Foxj1 expression, and �-tubulin-IV ex-
pression. The effects of virus-induced alterations in
morphology and gene expression on epithelial cell
function were illustrated by decreased airway muco-
ciliary velocity and impaired bacterial clearance. Sim-
ilar changes in epithelial cell Foxj1 expression were
also observed in human paramyxoviral respiratory
infection. Taken together, these model systems of
paramyxoviral respiratory infection mimic human
pathology and identify epithelial cell Foxj1 expres-
sion as an early marker of epithelial cell differentia-
tion, recovery, and function. (Am J Pathol 2001,
159:2055–2069)

Epithelial cells lining the airways of the lung are con-
stantly subjected to environmental toxins and pathogens.
In defense of the lung, an array of innate molecules
including chemokines, cytokines, adhesion molecules,
and antibacterial proteins are expressed or released by
epithelial or immune cells to inactivate the offending
agent.1–3 In addition, a complex mucociliary apparatus
constantly clears the airways of organisms and debris.4

When injured by cytotoxic effects of agents or the inflam-
matory response, repair mechanisms renew the epithe-
lium to restore these defense systems.5,6 Despite these
mechanisms, respiratory viruses often overcome airway
defenses, resulting in significant morbidity and mortality
in all age groups.7,8 Respiratory viruses are the most
common cause of airway infection and typically target
airway epithelial cells in the upper and lower tract pro-
ducing airway inflammation and epithelial cell injury. Viral
infection also promotes secondary bacterial infection,
possibly through injury of epithelial cells, induction of
bacteria adherence receptors, and exacerbation of un-
derlying airways diseases.8–10 Bacterial infection after
viral infection is particularly problematic in individuals
with acquired (eg, cigarette smokers) or genetic (eg,
cystic fibrosis or primary ciliary dyskinesia) epithelial cell
abnormalities.8,9,11 However, healthy children and adults
may also develop secondary airway infections,9,12,13

suggesting a virus-induced failure of normal epithelial
cell functions critical for host defense.

Of viruses infecting the human airway, influenza and
respiratory syncytial virus (RSV) result in the highest mor-
bidity and mortality.8,9,14 RSV commonly causes symp-
tomatic infection during early childhood but is increas-
ingly recognized as an important cause of respiratory
infection in the elderly.8,14 A predisposition to bacterial
infection with Hemophilus influenzae, Streptococcus pneu-
moniae, or Staphylococcus aureus has been documented
after RSV or influenza infections.9,12,13 Information re-
garding airway epithelial injury induced by respiratory
viruses has been derived primarily from study of experi-
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mental infections in domestic animals and rodents show-
ing that paramyxovirus (eg, parainfluenza and RSV) in-
fection results in loss of cilia and ciliated cells,
hyperplasia of Clara (nonciliated) cells, and, in some
animals, secondary bacterial pneumonia.15–18 Marked
cilia loss was also seen after experimental influenza in-
fection of mice and guinea pigs.19,20 In humans infected
with RSV and other respiratory viruses, loss of epithelial
cell differentiation and hyperplasia has similarly been
described.21 However, little is known about mechanisms
of virus-associated epithelial cell alteration, changes in
epithelial cell molecular markers, and the relationship of
epithelial cell gene expression to disease pathogenesis.

Recently, identification of transcription factors and
other molecular markers expressed in epithelial cells dur-
ing lung development has helped to elucidate fundamen-
tal mechanisms of airway epithelial cell differentiation.
The transcription factors Foxa2 (HNF-3�), TTF-1, and
GATA-6 are expressed in all epithelial cells beginning at
the earliest stages of lung development, persist in the
adult airway, and directly regulate expression of lung-
specific surfactant proteins and Clara cell secretory pro-
tein (CCSP, CC-10).22–25 Forkhead transcription factor
Foxj1 (HFH-4), expressed later during epithelial cell dif-
ferentiation, is also important in maintenance of airway
epithelial cell differentiation through regulation of cilio-
genesis.26–28 The pathological changes in airway epithe-
lial cells during respiratory virus infection suggest that
molecular factors controlling differentiation may also be
altered. Accordingly, we hypothesized that viral infection
alters epithelial cell differentiation resulting in changes in
airway epithelial cell-specific gene expression, impaired
epithelial cell defense functions, and predisposition to
acute bacterial infections.

To assess viral effects on epithelial cells, we induced
an inflammatory bronchitis in mice using Sendai Virus
(SdV), a paramyxovirus closely related to RSV but pneu-
motropic for rodents.29 In this model, we found that cilia
and ciliated cells were highly susceptible to direct
paramyxovirus injury and that this injury was associated
with decreases in Foxj1 expression, the ciliated cell phe-
notype, and mucociliary clearance. Epithelial repair
marked by epithelial cell proliferation, ciliogenesis, and
Foxj1 expression occurs before normalization of muco-
ciliary function. Evaluation of human infection with RSV
also demonstrated loss of Foxj1 expression, possibly
contributing to high morbidity and mortality seen in this
viral illness and supporting an important role for Foxj1 in
maintenance of epithelial cell function.

Materials and Methods

Mouse Infection with SdV

C57BL/6J mice (6 to 8 weeks old) (Jackson Laboratory,
Bar Harbor, ME) were maintained in a biohazard barrier
facility in microisolator cages. After anesthesia (80 mg/kg
ketamine and 16 mg/kg xylazine, intraperitoneally), mice
underwent intranasal administration of a 5 � 103 50%
egg infectious dose (EID50) of SdV strain 52 (American

Type Culture Collection, Manassas, VA) diluted in 30 �l of
sterile phosphate-buffered saline (PBS) as described
previously.29 Control mice were handled identically to
virus-inoculated mice but were administered UV-inacti-
vated SdV, 30 �l of PBS, or no treatment. SdV was
inactivated by exposure to UV light (Stratolinker 1800;
Stratagene, La Jolla, CA) for 6 minutes at 4°C at a total
output of 1800 mJ/cm2. UV-treated SdV was verified non-
replicative in infectivity assays using LLCMK cells as
previously described.30 Mice were weighed daily and
examined to monitor for illness and epithelial cell pheno-
type and airway function were studied at days 3, 5, 8, 12,
and 21 after viral inoculation. Sentinel (specific pathogen-
free ICN strain) and control mice exhibited no serological
or histological evidence of exposure to 11 rodent patho-
gens, including SdV.

Immunohistochemisty

For lung tissue immunohistochemistry, the trachea was
cannulated with a 22-gauge catheter, the lung was in-
flated under 25-cm H2O pressure, and the tracheobron-
chial tree and lungs fixed with 10% buffered formalin for
18 hours or 4% paraformaldehyde for 1 hour at 4°C.
When protein expression in trachea was specifically eval-
uated, the trachea was dissected from the lungs before
bronchial cannulation to avoid artifact from the catheter.
Paraffin-embedded 6-�m sections were deparaffinized in
a D-limonene-based clearing solution (Stephens Scien-
tific, Riverdale, NJ) and rehydrated in graded ethanol
solutions. Sections stained with hematoxylin and eosin
were used to assess cell morphology. Antigen retrieval
was performed by placing slides containing the sections
in a citrate-based antigen-unmasking solution (Vector
Laboratories, Burlingame, CA) and boiling in a micro-
wave oven as described previously.27 For peroxidase-
based antibody detection, endogenous peroxidase was
inactivated by incubation in 3% H2O2 in PBS for 5 min-
utes at 25°C. Nonspecific antibody binding was blocked
using 2% fish gel (Sigma-Aldrich, St. Louis, MO) or 2%
goat serum in PBS for 30 minutes at 25°C. The samples
were then incubated for 18 hours at 4°C with isotype-
matched control antibody or primary antibody in blocking
solution. Primary antibody binding was detected using a
biotinylated secondary antibody with avidin-biotin com-
plex linked to peroxidase (ABC Elite, Vector Laboratories)
and 3,3�-diaminobenzidine (DAB) substrate. For SdV an-
tibody detection, avidin-biotin complex linked to alkaline
phosphatase was reacted with Vector Red substrate
(Vector Laboratories). After immunostaining, sections
were counterstained with hematoxylin. For immunofluo-
rescent localization, donkey anti-mouse fluorescein iso-
thiocyanate (FITC)-labeled secondary antibody (1:200;
Jackson ImmunoResearch Laboratories, West Grove,
PA) was used. Photomicroscopy was performed using a
Zeiss Model D-7082 microscope (Carl Zeiss, Thornwood,
NY) to acquire electronically digitized images with a
charge-coupled device camera (SPOT-2; Diagnostic In-
struments, Sterling Heights, MI) interfaced with Spot II
software. Primary antibodies (and dilutions used) includ-
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ed: biotinylated rat anti-SdV (1:750; BioReliance, Rock-
ville, MD); polyclonal rabbit anti-rat Foxj1 (1:500, gener-
ated as previously described27); monoclonal mouse anti-
human �-tubulin-IV (1:250; BioGenex, San Ramon, CA);
polyclonal rabbit anti-mouse Clara cell secretory protein
(1:2000; kindly provided by F. DeMayo, Baylor College of
Medicine, Houston, TX); polyclonal rabbit anti-rat TTF-1
(1:500; Biopat, Caserta, Italy); polyclonal goat anti-mouse
HNF-3� (1:500; Santa Cruz Biotechnology, Santa Cruz,
CA); mouse anti-RSV (1:20; Argene, Massapequa, NY);
and goat anti-RSV (1:100; Biodesign, Kennebunk, ME).

Electron Microscopy (EM)

Tracheas for scanning and transmission EM were fixed
with 2.5% glutaraldehyde in 0.1 mol/L of sodium cacody-
late for 1 hour at 4°C, washed, and then incubated with
1.25% osmium tetroxide in PBS for 90 minutes at 25°C.
For scanning EM, tracheas were dehydrated in graded
baths to 100% ethanol, critical point-dried under liquid
carbon dioxide, gold sputter coated, and visualized on a
Hitachi S-450 microscope (Hitachi, Tokyo, Japan). For
transmission EM, osmium-stained samples were further
fixed in 4% uranyl acetate, thin sectioned (90 nm) in
Polybed 812 (Polysciences, Warrington, PA), poststained
in uranyl acetate and lead citrate, and visualized on a
Zeiss 902 microscope.

RNA Blot Analysis

Lung tissue was processed for RNA isolation by flushing
the pulmonary vasculature of blood via the right heart
with cold 0.1% diethyl pyrocarbonate-treated PBS, freez-
ing in liquid nitrogen, and pulverizing with mortar and
pestle. Total cellular RNA was isolated from powdered
lung tissues or rat tracheal epithelial (RTE) cell cultures
using a combination of guanidinium isothiocyanate lysis
and phenol-chloroform extraction (STAT-60; Tel-Test,
Friendwood, TX) followed by ethanol precipitation. RNA
(5 to 20 �g/sample) was separated by electrophoresis
and transferred to charged nylon membranes (Hy-
bond-N, Amersham Pharmacia, Little Chalfont, UK).
Probes were labeled with [�-32P] dCTP (�3000 Ci/mmol)
by the random-primer technique (Rediprime; Amersham
Pharmacia Biotech, International). Probes included the
1.2-kb 3� cDNA EcoRI-HindIII fragment of mouse Foxj131

and the 0.55-kb XbaI-HindIII fragment from pHcGAP con-
taining human glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) cDNA in pBR322 (American Type Culture
Collection). Hybridization occurred at 42°C for 18 hours
and was detected by exposure of membranes to film
(Hyperfilm MP, Amersham Pharmacia Biotech) for 1 to 5
days. Foxj1 mRNA levels were normalized to GAPDH
mRNA levels using densitometry (Gel Doc 1000; Bio-Rad,
Hercules, CA) of radiographs.

RTE Cell Isolation and Culture

RTE cells were harvested and grown on collagen-coated
membranes at air-liquid interface using previously re-

ported protocols with minor modifications.32,33 RTE cells
were isolated from adult male Sprague-Dawley rats by
incubation of tracheas with 1.5 mg/ml of pronase (Roche
Molecular Biochemicals, Indianapolis, IN) overnight at
4°C. Cells were released by agitation and then incubated
with 0.5 mg/ml of DNase I for 5 minutes at 4°C. Fibro-
blasts were removed by adherence on plastic tissue-
culture plates (Primera; Becton Dickinson Labware,
Franklin Lakes, NJ) for 2 hours at 37°C. Nonadherent
epithelial cells were counted and found to have �90%
viability when determined by exclusion of trypan blue.
RTE cells were resuspended in a defined media consist-
ing of Dulbecco’s modified Eagle’s media/Ham’s F12 (1:1
ratio) supplemented (all from Sigma-Aldrich) with 6.5
mmol/L of L-glutamine, 11.3 mmol/L NaHCO3, 10 �g/ml
insulin, 0.1 �g/ml hydrocortisone, 5 �g/ml transferrin, 50
�mol/L phosphoethanolamine, 80 �mol/L ethanolamine,
0.1 �g/ml cholera toxin, 0.03 mg/ml bovine pituitary ex-
tract, 30 mmol/L N-(2-hydroxyethyl) piperazine-N�-2-eth-
anesulfonic acid (HEPES), 0.5 mg/ml bovine serum albu-
min, 0.05 �mol/L retinoic acid, 50 U/ml penicillin, 50
�g/ml streptomycin, and 0.25 �g/ml fungizone. A con-
centration of 10 ng/ml of epidermal growth factor (Becton
Dickinson, Bedford, MA) was found to maximize the num-
ber of ciliated cells. Cells were seeded at a density of 5 �
105 cells/cm2 onto 0.33-cm2 polyester (0.4 �mol/L pore
size) membranes (Transwell or Transwell Clear; Corning-
Costar, Corning, NY) coated with 50 �g/ml of rat tail
collagen (Becton Dickinson) and incubated at 37°C sup-
plemented with 5% CO2. Nuserum (10%, Becton Dickin-
son) was added during the first 2 days. Cells were main-
tained with media in the upper and lower chambers until
transmembrane resistance as measured by an epithelial
ohmvoltmeter (EVOM; World Precision Instruments, Sara-
sota, FL) was �300 �/cm2, indicating tight junction for-
mation. Media was then removed from the upper cham-
ber (typically at days 2 to 4) and cells were maintained at
air-liquid interface by supplying media daily only to the
lower chamber for 2 to 3 weeks to achieve a fully differ-
entiated epithelium. Cells on membranes were monitored
by inverted phase microscopy to visualize ciliary activity
and estimate the number of ciliated cells. The presence
of differentiated, multilayered epithelial cell populations
was assessed by scanning EM and histology of sections
from paraffin-embedded membranes.

RTE Cell Infection with SdV

Cultured RTE cells were infected with SdV using 2 � 103

EID50 in 30 �l of RTE media applied to the apical com-
partment of 0.33-cm2 wells containing �5 � 105 cells.
Cells were incubated with SdV for 24 hours, washed with
PBS, and then provided fresh media daily. As a control,
parallel wells were treated with UV-inactivated virus of the
same titer in an identical manner. After virus infection,
cells were harvested by treatment with 150 �l of Cell
Dissociation Solution (Sigma) containing 2.5 mg/ml tryp-
sin and 2.7 mmol/L ethylenediaminetetraacetic acid for
30 minutes at 37°C and counted using a hemocytometer.
For analysis of protein expression, harvested cells were
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washed and transferred to glass slides by cytocentrifu-
gation at 500 rpm for 5 minutes. Alternatively, mem-
branes were fixed with 4% paraformaldehyde for 1 hour
at 25°C, washed, and dehydrated in alcohol. To prepare
paraffin-embedded cell sections, membranes retained in
the Transwell plastic rings were supported by adding 2%
agarose in PBS to the underside and, when solidified, to
the top of the membrane. The membrane sandwiched
within agarose was released from the support with a
scalpel blade and embedded in paraffin for sectioning
and immunohistochemistry.

Epithelial Cell Proliferation Analysis

Airway epithelial cell density on the mucosal surface of
mouse tracheas was determined from low-power magni-
fication scanning EM photomicrographs. Mean cell den-
sity for each time point was determined by counting cells
within at least five different 104-�m2 areas. To directly
analyze cell proliferation, mice were administered 100
mg/kg 5-bromo-2�-deoxyuridine (BrdU) (Sigma-Aldrich)
intraperitoneally 20 hours before euthanasia. Lungs were
inflated and fixed with 1% paraformaldehyde for 1 hour at
4°C, washed with PBS, and dehydrated in 70% ethanol
before paraffin embedding. Tissue sections (6 �m) were
deparaffinized, hydrated, and pretreated with blocking
solution (Mouse-on-mouse, Vector) to decrease nonspe-
cific antibody binding. A biotinylated monoclonal mouse
anti-BrdU antibody (Zymed, South San Francisco, CA)
was used according to the manufacturer’s protocol and
detected using a streptavidin-peroxidase-conjugated
secondary antibody and DAB substrate (Zymed). Sec-
tions were counterstained with hematoxylin. Foxj1 ex-
pression was co-localized with BrdU expression by se-
quential application of antibodies after sections
underwent antigen retrieval by boiling in citrate and de-
naturing with 2 N HCl for 30 minutes at 37°C. After Foxj1
antibody incubation for 18 hours at 4°C and detection
with secondary Cy3-labeled donkey anti-rabbit antibody
(Jackson ImmunoResearch Laboratories), the sample
was blocked with a BrdU-blocking solution (Zymed), in-
cubated with biotinylated anti-BrdU antibody for 18 hours
at 4°C followed by incubation with FITC-labeled avidin
(Jackson ImmunoResearch Laboratories). Foxa2 expres-
sion was co-localized with BrdU using an identical pro-
tocol, except the HCl treatment was omitted and Foxa2
primary antibody was used. A BrdU-labeling index was
calculated for airways with epithelial cells incorporating
BrdU by counting the number of BrdU expressing nuclei
relative to the total number of epithelial cells within 50 to
75 cell regions of airways. A total of 200 to 500 cells were
analyzed in each lung section.

Bacterial Clearance Assay

Mice were challenged with aerated, log-phase cultures of
nontypable H. influenzae strain 12 using a modification of
a previously described protocol.3 Colonies from a fresh
plate of H. influenzae grown on chocolate blood agar
supplemented with 1% Isovitalex were inoculated into 3

to 20 ml of brain-heart infusion broth supplemented with
haemin and nicotinamide adenine dinucleotide (NAD).
The culture was incubated with rotary shaking at 37°C
until a turbidimetric estimate (OD600 � 0.7 to 0.8) of 1 to
3 � 109 CFU/ml was achieved (1.5 to 2 hours). Bacteria
were then suspended in infection buffer (100 mmol/L
NaCl, 10 mmol/L KCl, 10 mmol/L sodium phosphate, pH
7.4, 10 mmol/L glucose, 2% casamino acids) at a con-
centration of 3 � 106 CFU/ml. Mice were anesthetized
with ketamine and xylazine, placed in an intubation ap-
paratus, and orotracheally intubated with a 22-gauge
intravenous catheter. A 30-�l volume of bacteria (1 � 105

CFU), was spontaneously inhaled into the airway through
the endotracheal catheter, and the mice were allowed to
recover. After 16 hours, mice were anesthetized and then
euthanized by cervical dislocation. The lungs were ex-
posed, and the pulmonary vascular system was flushed
via the right ventricle with sterile saline. Lung tissue was
minced in 0.5 ml of PBS and homogenized using a glass
tissue grinder. Serial dilutions were inoculated onto solid
agar media for culture and quantitation of recovered
bacteria. In each assay, animal and lung size varied by
�20%, therefore results are expressed as CFU/lung. To
quantify leukocyte recruitment into the airway after H.
influenzae challenge, mice underwent bronchoalveolar la-
vage and recovered cells were analyzed as previously
described.29

Mucociliary Velocity Measurements

The movement of particles in the tracheas of anesthe-
tized mice was determined as a measure of mucociliary
function using a modification of a previously described
method.34 A narrow anterior window was created in the
trachea to visualize the mucosal surface of the trachea.
The mouse was positioned under a stereomicroscope at
a 20° incline to elevate the head above the body. Poly-
styrene 0.22-�m beads (FluoSpheres; Molecular Probes,
Eugene, Oregon) in 5 �l of PBS were applied to the
posterior mucosal surface of the distal tracheal. The
cephalad movement of beads was measured throughout
time using a ruled grid placed parallel to the trachea. The
mean of at least five independent measurements was
recorded for each animal.

RSV-Infected Human Samples

Paraffin blocks of lung samples from individuals infected
with RSV were obtained from clinical materials collected
for routine diagnosis or at autopsy at the University of
Vanderbilt Medical Center (Nashville, TN) and the Uni-
versity of Florida Hospital (Gainesville, FL). The use of
human samples was approved by the Institutional Review
Board of each institution. Samples were analyzed before
evaluation in this study by the clinical laboratories at each
institution and revealed immunodetectable RSV protein in
lung tissues and/or culture of RSV from airway samples.
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Statistical Analysis

Cell number, cell antigen expression, bacterial clear-
ance, and mucociliary velocity were analyzed for statis-
tical significance using a one-way analysis of variance for
a factorial experimental design. The multicomparison sig-
nificance level for the one-way analysis of variance was
0.05. If significance was achieved by one-way analysis,
postanalysis of variance comparison of means was per-
formed using Scheffé F-tests.35

Results

Respiratory Paramyxoviral Infection Alters
Airway Epithelial Cell Morphology and Cilia

To investigate the impact of viral infection on morphology
and differentiation of airway epithelial cells, we used a
mouse model of SdV-induced inflammatory tracheobron-
chitis and bronchiolitis. Uninfected mice were compared
to mice administered 5 � 103 EID50 of SdV by intranasal
application.29 SdV proteins were detectable in some ep-
ithelial cells at day 3, in the majority of epithelial cells
throughout the airways (trachea, bronchi, and bronchi-

oles) at day 5, but were no longer detectable by day 8
(Figure 1A) as reported previously.29 Viral protein expres-
sion was detected in both ciliated and nonciliated epithe-
lial cells as previously described18 and was associated
with perivascular and subepithelial inflammation that
peaked by day 8 and resolved by day 21.29 The local-
ization of SdV to epithelial cells and previous reports of
changes in cell morphology after respiratory virus infec-
tion suggested that paramyxovirus infection could alter
airway epithelial cell differentiation.

To initially characterize the alteration in airway epithe-
lial cell phenotype, the luminal surface of the trachea was
visualized by scanning EM before and after SdV inocu-
lation. Compared to uninfected animals, mice adminis-
tered SdV had marked changes in the appearance of
nonciliated and ciliated cells (Figure 1B). At day 5, cells
were flattened and elongated, cilia were fragmented, and
the total number of ciliated cells decreased. At day 8,
cells were spindle-shaped and most cilia were absent or
shortened. By day 12, recovery of cell morphology was
evident by the presence of rounder and smaller cells, an
increase in the number of ciliated cells, and cilia length-
ening. By day 21, airway epithelial cells appeared similar
to controls. Taken together, loss of normal epithelial cell

Figure 1. Respiratory paramyxoviral infection alters airway epithelial cell morphology and cilia. Wild-type C57BL/6J mice underwent intranasal inoculation with
5 � 103 EID50 of SdV. At the indicated times after inoculation, lungs were harvested for evaluation. A: Lungs were subjected to histopathological study in which
6-�m sections were immunostained for SdV protein and detected using alkaline phosphatase and a red chromagen. Representative sections are shown and no
detectable staining was observed for nonimmune IgG. Scale bar, 20 �m. B: Tracheas were examined by scanning EM at low magnification (top row; scale bar,
12 �m), and high magnification (bottom row; scale bar, 4 �m).
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morphology coincident with or closely after the presence
of virus suggested an injury phase, whereas recovery of
normal morphology after clearance of virus demarcated a
repair phase.

Respiratory Paramyxoviral Infection Alters
Expression of Airway Epithelial Cell
Differentiation Markers in Vivo

To evaluate alterations in morphology, the expression of
molecular markers of differentiation in epithelial cells was
assessed. Epithelial cells were initially evaluated for ex-
pression of cilia-specific protein �-tubulin-IV, nonciliated
cell protein CCSP, and airway epithelial cell protein TTF-
1.25,28 In trachea, bronchi, and bronchioles of uninfected
mice, �-tubulin-IV was expressed in �52.5% of epithelial
cells and CCSP in 68.2% of cells (Figure 2; A, B, and C).
Although we could not detect cells that expressed both
�-tubulin-IV and CCSP, intense and widespread cyto-
plasmic CCSP expression in tissue sections resulted in
overlap of CCSP with other cells and an apparent over-
estimate of CCSP cell numbers. Despite this phenome-
non, throughout a 3-week period after SdV inoculation,
there was a period of loss followed by re-expression of
these cell proteins, coinciding with phases of injury and

repair. Close inspection and cell enumeration indicated
that the temporal dynamics of expression of �-tubulin-IV
and CCSP differed (Figure 2, B and C). �-tubulin-IV ex-
pression was decreased by day 5 and detectable in only
a few cells at day 8, but then returned to near normal
levels by day 12 (Figure 2B). In contrast, CCSP expres-
sion was absent in many airways at days 5 and 8, re-
mained markedly depressed at day 12, and then re-
turned to control levels by day 21 (Figure 2C).
Throughout the study period, all cells continued to ex-
press TTF-1 (Figure 2D), indicating persistent respiratory
epithelial cell gene expression and presence of at least
one factor required to support CCSP expression.23,24

These observations demonstrate that during the course
of paramyxoviral infection there is a characteristic loss of
markers of cell differentiation suggesting that factors reg-
ulating cell differentiation may be absent during the injury
and repair phases of infection.

Respiratory Paramyxoviral Infection Causes
Loss of Foxj1 Expression in Vivo

The loss of ciliated cells and �-tubulin-IV expression
observed at day 8, and return of �-tubulin-IV and the
ciliated cell population by day 12, provided a model for

Figure 2. Respiratory paramyxoviral infection alters expression of airway epithelial cell differentiation markers in vivo. A: Mice underwent intranasal inoculation
with SdV as in Figure 1A. At the indicated times after inoculation, lungs were harvested for histopathological study in which 6-�m sections were immunostained
for �-tubulin-IV using green FITC fluorescence or for CCSP or TTF-1 using horseradish peroxidase with DAB resulting in a brown product. Representative sections
are shown and no detectable staining was observed for nonimmune IgG. Scale bar, 30 �m. The percentage of airway lumen cells that expressed �-tubulin-IV (B),
CCSP (C), and TTF-1 (D) were calculated visually using samples from A. Values are expressed as mean � SD (n � 3 to 10 regions from three to five different
animals in each group), and a significant decrease compared to mice not infected with SdV is indicated by an asterisk.
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assessing regulation of ciliated cell differentiation. The
expression of forkhead transcription factor Foxj1 pre-
cedes �-tubulin-IV expression and cilia appearance
during lung development and is required for airway
epithelial cell ciliogenesis.27,28 Thus, we evaluated ex-
pression of Foxj1 in airway epithelial cells after SdV
inoculation. Foxj1 was expressed in �55.7% of airway
epithelial cells of uninfected animals, but decreased by
day 5 of infection, was detected in few cells at day 8,
and recovered by day 12 (Figure 3, A and B). Changes
in Foxj1 expression were similar in large and small
airways (data not shown). In contrast, expression of
forkhead protein Foxa2 (HNF-3�), another marker of
airway epithelial cells,22,25 persisted in the vast major-
ity of airway epithelial cells (Figure 3A). Analysis of total
RNA from whole lung of SdV-inoculated mice showed
changes in Foxj1 mRNA corresponding to variations in
protein expression detected by immunohistochemistry
(Figure 3C). This pattern of expression was similar in all
mice during the study period when differences in Foxj1
expression were normalized to GAPDH expression
(Figure 3D). The observed fall in Foxj1 expression dur-
ing the injury phase may have been secondary to loss
of Foxj1 expression in ciliated cells or death and des-
quamation of ciliated cells.

Respiratory Paramyxoviral Infection Directly
Injures Airway Epithelial Cells with Loss of Foxj1
Expression in Vitro

To assess the direct effect of virus infection on epithelial
cell phenotype and to evaluate Foxj1 expression relative
to cell loss, RTE cells were infected with SdV using an in
vitro system for differentiated culture. Observation by
phase microscopy after in vitro SdV inoculation revealed
ciliostasis at day 2 and no beating ciliated cells by day 4
(data not shown). SdV proteins were undetectable in
control cells, but after virus inoculation were present in 51
to 74% of epithelial cells (Figure 4, A and B). Uninfected,
in vitro-differentiated RTE cells visualized by scanning EM
appeared similar to epithelial cells in normal rat tracheas
with a significant proportion of ciliated surface cells (Fig-
ure 4, A and B). On day 2 after SdV inoculation, the
number of cilia on cells decreased and cells appeared
flattened, but the cell layer remained confluent and there
was no significant decrement in cell number from day 0
(5.58 � 105 � 0.34 � 105 cells) to day 2 (5.53 � 105 �
1.43 � 105 cells). By day 5, there was a loss epithelial
cells (4.29 � 105 � 0.7 � 105 cells), and remaining cells
had infrequent cilia and were flattened and elongated. By
day 8, many cells lifted off the membrane typically in cell

Figure 3. Respiratory paramyxoviral infection causes loss of Foxj1 expression in vivo. A: Mice underwent intranasal inoculation with SdV as in Figure 1A. At the
indicated times after inoculation, lungs were harvested for histopathological study in which 6-�m sections were immunostained for Foxj1 or Foxa2 using
horseradish peroxidase and DAB resulting in a brown product. Representative sections are shown and no detectable staining was observed for nonimmune IgG.
Scale bar, 30 �m. B: The percentage of airway lumen cells that expressed Foxj1 was calculated visually using samples from A. Values are expressed as mean �
SD (n � 8 regions from four different animals in each group), and a significant decrease compared to animals not infected with SdV is indicated by an asterisk.
C: Mice were infected with SdV as in Figure 1A. After the indicated durations of infection, total cellular RNA was isolated from lungs. Levels of Foxj1 and GAPDH
mRNA were determined by RNA blot analysis and the position of the 1.4-kb Foxj1 and 1.3-kb GAPDH mRNAs are indicated by arrows. D: Relative levels of Foxj1
mRNA were calculated by densitometry similar to C. Values are expressed as mean percent Foxj1/GAPDH RNA level compared to animals not infected with SdV �
SD (n � 3 different animals in each group), and a significant decrease compared to uninfected animals is indicated by an asterisk.
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Figure 4. Respiratory paramyxoviral infection directly injures airway epithelial cells with loss of Foxj1 expression in vitro. Differentiated RTE cells grown on
semipermeable supports under air liquid interface conditions were inoculated with 2 � 103 EID50 of SdV. At the indicated times after inoculation, RTE cell were
evaluated for gene expressions and changes in morphology. A: RTE cells on membrane supports embedded in paraffin were subjected to histopathological study
in which 6-�m sections were immunostained for SdV protein and detected using alkaline phosphatase and a red chromagen. Scale bar, 30 �m. RTE cells grown
on semipermeable supports were fixed and examined en face by scanning EM. Scale bar, 4 �m. RTE cells in sections (as in A) were immunostained for
�-tubulin-IV using green FITC fluorescence or Foxj1 and TTF-1 using a horseradish peroxidase-DAB resulting in a brown product. Representative sections are
shown and no detectable staining was observed for nonimmune IgG. Scale bar, 30 �m. B: The percentage of airway cells expressing SdV proteins (open circles)
calculated from RTE cell cytospin preparations using immunodetection of SdV as in A, the percentage of ciliated RTE cells (closed squares) calculated visually
from low-power-scanning EM images as in A, and TTF-1 (shaded diamonds) calculated visually using samples from A. Values are expressed as mean � SD (n �
3 to 6 regions from two to three different animals in each group), and a significant difference compared to animals not infected with SdV is indicated by an
asterisk. C: Total cellular RNA was isolated from RTE cells, uninfected (Un) or inoculated with SdV, and levels of Foxj1 and GAPDH mRNA were determined
by RNA blot analysis as in Figure 3C. Representative data of three independent experiments is shown.
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sheets. Remaining cells lacked cilia, were large, flat-
tened, and elongated with decreased microvilli. Thus,
after SdV inoculation, ciliated cell loss, cilia loss, and
change from small rounded to large flattened cells char-
acterized both in vitro and in vivo epithelial cell models.

To determine whether markers of epithelial cell differ-
entiation in our in vitro model were expressed in a pattern
similar to our mouse model after SdV infection, we per-
formed immunohistochemical analysis of RTE cells. Epi-
thelial cell expression of �-tubulin-IV was decreased at
day 2 and was present in only a few cells at days 5 and
8 after viral inoculation (Figure 4A). A similar decline was
seen in Foxj1, and at days 5 and 8 Foxj1 expression
could only be detected in rare cells. However, TTF-1
remained expressed in nearly all cells (Figure 4, A and
B). RNA blot analysis revealed decreased Foxj1 mRNA
expression at day 2 after SdV inoculation and marked
decreased expression by day 5 (Figure 4C). The de-
crease in Foxj1 mRNA at day 2 coincided with loss of cilia
and preceded and was not proportionate to the subse-
quent decrease in total cell number. Although changes in
the pattern of epithelial cell differentiation markers were
similar in vitro and in vivo during the injury phase, the in
vitro system did not demonstrate a repair phase charac-
terized by loss of SdV protein expression and return of
Foxj1 protein expression.

Respiratory Paramyxoviral Infection Induces
Airway Epithelial Cell Proliferation

Repair of injured epithelium could occur by redifferentia-
tion of existing cells and/or proliferation and maturation of
new cells. We first determined airway epithelial cell den-
sity after in vivo SdV inoculation by enumeration of tra-
chea lumen cells from scanning EM images. This re-
vealed that cell density was decreased by day 5, near
normal at day 8, and significantly higher than control cell
density at day 12 (Figure 5A). By day 21, airway epithelial
cell numbers returned to preinoculation levels. To directly
assess epithelial cell proliferation, BrdU incorporation
(during a 20-hour period) was evaluated in lung sections.
In lungs from uninfected mice, only a rare airway epithe-
lial cell demonstrated BrdU incorporation (Figure 5B).
However, the number of BrdU-labeled cells increased at
day 5, and many clusters of BrdU-positive cells were
observed at days 8 and 12. By day 21, few airway epi-
thelial cells demonstrated BrdU incorporation. Quantifi-
cation of BrdU incorporation in multiple airways con-
firmed a pattern of increasing proliferation at days 5, 8,
and 12, with return to control levels by day 21 (Figure 5C).
Thus, at least one mechanism of epithelium repair is
through generation of new cells.

Respiratory Paramyxoviral Infection Leads to an
Ordered Epithelial Repair Process

The production of new airway epithelial cells and reap-
pearance of markers of epithelial cell differentiation after
viral infection indicated that a program of epithelial cell

maturation followed proliferation and recapitulated lung
development. The previously established relationship of
Foxj1 expression to the ciliated cell phenotype implied
that Foxj1 could direct the fate of cell differentiation,27,36

but the ciliogenesis stage-specific expression of Foxj1
had not been determined. Transmission EM was used to
identify cells committed to the ciliated type at an early
stage of differentiation by assessing the presence of cilia
precursor structures (centrioles or basal bodies) present
before generation of axonemes.37 Transmission EM of
tracheas at day 5 after SdV inoculation demonstrated
loss of axonemes in cells, but retention of basal bodies
that were docked at the apical membrane (Figure 6A). At
day 8 (when Foxj1 expression was markedly decreased),
axonemes were not present and centrioles and basal
bodies were scattered within the cytoplasm. The location
of centrioles in epithelial cells at day 8 after viral inocu-
lation was similar to that seen in Foxj1 null mice (Figure
6A) indicating a cell already committed to the ciliated
phenotype, but at an early stage of ciliogenesis.28 In
contrast to Foxj1 null mice, the position of basal bodies in
epithelial cells at day 8 after viral inoculation was tran-
sient because by day 12 (when Foxj1 expression in-
creased) basal bodies were docked at the apical mem-
brane and axoneme growth was occurring. Co-
localization studies of BrdU and Foxj1 showed mutually
exclusive expression at days 5, 8, and 12 after viral
inoculation (Figure 6B, and data not shown) suggesting
Foxj1 does not have a role in cell fate determination
before or during proliferation and ciliated cells are not
progenitors for other ciliated cells after SdV infection. In
contrast, all cells that incorporated BrdU also expressed
Foxa2 (Figure 6C), suggesting that a relatively undiffer-
entiated cell must commit to become a ciliated cell before
regulation by Foxj1.

Respiratory Paramyxoviral Infection Impairs
Airway Clearance

To assess the effect of airway virus infection and conse-
quent alterations in epithelial cell morphogenesis and
gene expression on airway defense function, mice were
administered a sublethal dose of nontypable H. influenzae
on days 5, 12, or 21 after SdV inoculation. Mice chal-
lenged with bacteria at day 5 after SdV inoculation had a
23-fold decrease in H. influenzae clearance (Figure 7A).
Compared to mice 5 days after SdV infection, bacterial
clearance improved in mice 12 days after infection (two-
fold decreased compared to control), and clearance was
similar to that of uninfected mice by day 21. Multiple
airway defense mechanisms are required for efficient
bacterial clearance in the airway including antibacterial
substances, mucus, and immune cells.1,4 At days 5 and
12, SdV inoculated mice had a twofold increase in airway
neutrophils recovered by bronchoalveolar lavage com-
pared to uninfected mice (data not shown), indicating
that impaired neutrophil recruitment was not the cause of
depressed bacterial clearance. Alternatively, the loss of
cilia could be an important factor altering bacterial clear-
ance after paramyxovirus virus injury. In support of this
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Figure 5. Respiratory paramyxoviral infection induces airway epithelial cell proliferation. A: Mice underwent intranasal inoculation with SdV as in Figure 1A. At
the indicated times after inoculation, lungs were harvested for examination by scanning EM. Luminal cell density was calculated visually in 104-�m2 areas. Values
are expressed as mean � SD (n � 5 regions from two to three different animals in each group), and a significant difference compared to animals not infected
with SdV is indicated by an asterisk. B: Mice were infected with SdV as in Figure 1A, and 20 hours before evaluation animals were administered intraperitoneal
BrdU. After the indicated duration of infection, lungs were harvested for histopathological study in which 6-�m sections were immunostained for BrdU using
horseradish peroxidase and DAB to produce a brown product. Samples were counterstained with hematoxylin. Representative sections are shown and no
detectable staining was observed for nonimmune IgG. Scale bar, 20 �m. C: The percentage of airway lumen cells that expressed BrdU was calculated visually
using samples from B. Values are expressed as mean � SD (n � 5 to 11 regions from two to three different animals in each group), and a significant increase
compared to animals not infected with SdV is indicated by an asterisk.

Figure 6. Respiratory paramyxoviral infection leads to an ordered epithelial repair process. A: Wild-type C57BL/6J mice underwent intranasal inoculation with
SdV as in Figure 1A. At the indicated times after inoculation, lungs were harvested for examination by transmission EM. Shown at the far right is a section from
an uninfected Foxj1 null (	/	) mouse. Arrowheads indicate location of basal bodies. Scale bar, 1 �m. B: Mice were infected with SdV as in Figure 1A and
administered BrdU as in Figure 5B. After 12 days, lungs were harvested for study in which 6-�m sections were immunostained for BrdU using green FITC
fluorescence and Foxj1 using red Cy3 fluorescence. Scale bar, 30 �m. C: Samples obtained as described in B were immunostained for BrdU using green FITC
fluorescence and Foxa2 using red Cy3 fluorescence. Scale bar, 30 �m.
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concept, we found that Foxj1 null mice (that lack cilia)
inoculated with H. influenzae had a 37-fold decrease in
bacterial clearance compared to control mice (data not
shown). To more directly determine the role of mucocili-
ary function in airway clearance after airway virus infec-
tion, the rate of movement of polystyrene beads (a sur-
rogate for infectious particles and airway debris) on the
mucosal layer of the mouse trachea was measured after
SdV inoculation. A significant decrease in the ability of
the mucociliary apparatus to move beads was noted at 5,
8, and 12 days after virus inoculation (Figure 7B). Bead
velocity returned to baseline levels by day 21. These
results correlated with studies in Foxj1 null mice that had
no detectable bead movement (�1 mm/minute; data not
shown). Thus, changes in mucociliary velocity provide
one potential mechanism for the decrease in bacterial
clearance seen in mice after SdV inoculation.

Human Respiratory Paramyxoviral Infection
Results in Loss of Foxj1 Expression

Having found that paramyxovirus infection in mice was
associated with marked alteration in epithelial cell phe-
notype, we sought to determine whether a similar phe-
nomenon occurred in humans infected with paramyxo-
virus. Accordingly, we evaluated the expression of
airway epithelial cell differentiation markers in lung
samples from individuals infected with RSV (Table 1).
Lung from the control patient demonstrated a pattern of

Foxj1 and TTF-1 expression similar to uninfected mice
with all airway epithelial cells expressing TTF-1 and
�60% expressing Foxj1 (Figure 8). As observed in
mouse airways after SdV infection, TTF-1 expression
persisted in airway epithelial cells of patients infected
with RSV. Notably, airway epithelial cells in serial sec-
tions from RSV-infected patient showed decreased or
absent expression of Foxj1. The length of respiratory
signs and symptoms (possibly indicating the duration
of infection) in patients varied, as did morphological
changes in airway epithelial cells. Some samples
showed more extensive epithelial cell loss (patients 3
and 5) and/or airways filled with debris including des-
quamated clumps of bronchial epithelial and inflamma-
tory cells (patient 4). However, virus-induced changes
in airway epithelial cell gene expression observed in
our mouse model were also found in human paramyxo-
virus infection, suggesting that the molecular program
regulating cell differentiation during injury and repair is
conserved. In addition, some patients acquired sec-
ondary bacterial pneumonia consistent with previous
reports identifying this clinical association9 and with
virus-associated defect in airway clearance that we
observed in SdV-infected mice. The loss of ciliogen-
esis factor Foxj1 in both mouse models and human
infection associated with significant morbidity and mor-
tality emphasizes the importance of this protein as a
marker in injury, repair, and function of ciliated epithe-
lial cells in the airway.

Figure 7. Respiratory paramyxoviral infection impairs airway clearance. A: Mice were infected with SdV as in Figure 1A for the indicated durations, followed by
tracheobronchial inoculation with 105 cfu of nontypable H. influenzae strain 12. After 16 hours of bacterial infection, lung homogenates were prepared for
quantitation of H. influenzae. Values are expressed as mean � SD (n � 3 to 6 in each group), and a significant increase compared to animals not infected with
SdV is indicated by an asterisk. B: Mice were infected with SdV as in Figure 1A. At the indicated times after inoculation, mice were anesthetized, and the velocity
of 0.2-�m polystyrene beads within the trachea was determined. Values are expressed as mean � SD (n � 3 to 5 in each group), and a significant decrease
compared to animals not infected with SdV is indicated by an asterisk.

Table 1. Patients with RSV Infection Analyzed for Foxj1 Expression

Sample Age Gender Underlying diseases
Duration of
symptoms* Outcome

Control 60 years Male Pneumonectomy for adenocarcinoma — —
Patient 1 64 years Female Lung transplant, diabetes mellitus 1 day Survived
Patient 2 15 months Male Congenital heart disease 2 days Bacterial pneumonia, died
Patient 3 2 months Male Recurrent apnea, sepsis 5 days Bacterial pneumonia, died
Patient 4 77 years Male Chronic lymphocytic leukemia 7 days Bacterial pneumonia, died
Patient 5 63 years Male Non-Hodgkin’s lymphoma 16 days Died

*Before obtaining lung tissue.
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Discussion

The association of serial changes in airway epithelial cell
morphology with molecular markers of differentiation after
respiratory virus infection have not been described pre-
viously nor correlated with measures of mucociliary func-
tion. However, the clinical relationship between respira-
tory virus infection and secondary bacteria pneumonia is
well known9,12,13 and has been postulated to be related
to changes in epithelial cell phenotype.9 Using rodent
experimental models and human tissues obtained after
respiratory paramyxovirus infection, we observed that
changes in airway epithelial cells segregated into two
distinct phases: an injury phase, characterized by loss of
cilia, decreased expression of markers of cell differenti-

ation, and depressed mucociliary function; followed by a
repair phase identified by epithelial cell proliferation, sub-
sequent expression of molecular markers of differentia-
tion, ciliogenesis, and recovery of mucociliary function.
Paramyxovirus-induced loss of cilia during the injury
phase led us to focus on forkhead transcription factor
Foxj1 because it is required for normal ciliogenesis dur-
ing lung development.28 The loss of Foxj1 expression
and other molecular markers of differentiation in SdV-
infected mice was associated with impaired mucociliary
function quantified by assays of bacterial clearance and
mucociliary velocity. The relevance of these findings to
human disease is demonstrated by decreased Foxj1 ex-
pression and secondary bacteria infection in patients
with RSV infection, suggesting that altered cell pheno-
type has important implications in human paramyxovirus
infection. Although recovery from respiratory virus infec-
tion could not be monitored by serial biopsy from pa-
tients, our mouse model revealed an ordered process of
proliferation and differentiation, with expression of molec-
ular markers in a pattern that mirrored lung development.
Thus, these findings link epithelial cell injury and altered
differentiation with defects in host defense, providing
mechanisms for secondary bacterial infections in human
paramyxovirus and related respiratory virus infections.

The spectrum of morphological changes that we ob-
served in airway epithelial cells are consistent with re-
ports in other animal species infected with paramyxovi-
ruses and other viruses.15–20 Epithelial cell flattening,
hyperplasia, and cilia loss have been observed in exper-
imental animals and humans after respiratory infection
with different serotypes of paramyxoviruses and influenza
virus.15,16,20,21,38 Ex vivo influenza A infection of isolated
piglet trachea and in vitro RSV infection of primary human
bronchial epithelial cell cultures have also shown marked
loss of cilia and ciliated cells suggesting a direct virus
effect.39,40 Influenza A virus infection has been shown to
result in loss of ciliated cells and decreased mucociliary
clearance in the eustachian tube of guinea pigs, a struc-
ture that shares features with the lower airway.41 The
specific mechanisms for morphological changes affect-
ing ciliated and nonciliated cells have not been identified,
but tropism of viruses for airway epithelial cells may lead
to shared responses in the targeted cells of the respira-
tory tract.

The specific molecular responses and epithelial cell
phenotypic changes that we observed were associated
with virus infection and several potential direct and indi-
rect mechanisms may lead to altered gene expression.
One mechanism that likely accounts for morphological
changes in the airway epithelium is virus-induced epithe-
lial cell cytotoxicity and loss that may be characteristic of
SdV infection and other viruses.42 This virus-induced in-
jury may be related, at least in part, to innate and adap-
tive immune responses generated by the infection.43–46

However, the similarity of cell injury that we observed in
vivo and in vitro suggested that viruses per se induce
characteristic injury and morphological changes inde-
pendent of immune cells. In addition, we observed
changes in cell morphology and gene expression out of
proportion to cell infection, suggesting that the morphol-

Figure 8. Human respiratory paramyxoviral infection causes loss of Foxj1
expression. Samples from lungs obtained during diagnostic or postmortem
examination of patients uninfected (control) or infected with RSV (patients 1
to 5) as demonstrated by immunostaining and or sample culture. Serial 6-�m
sections were immunostained for Foxj1 and TTF-1 and detected using horse-
radish peroxidase and DAB to produce a brown product. Samples were
counterstained with hematoxylin. Representative sections are shown and no
detectable staining was observed for nonimmune IgG. Scale bar, 20 �m.
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ogy of uninfected cells may be altered through other
mechanisms. The flattened and elongated changes ob-
served in airway epithelial cells by scanning EM in vivo
and in vitro may be the result of uninfected cells extend-
ing to cover denuded basement membrane, as seen in
airway wound models.5,6,47 It is also possible that
changes in epithelial cell phenotype are a response to
cytokines such as interferon-�/�, interferon-�, interleukin-
1�, or interleukin-8 that are released after virus infec-
tion.2,40,48 Epithelial cell differentiation can also be al-
tered by growth factors, hormones, and retinoic acid32

that could be affected by viral infection. In vitro, these
factors were provided in media that was replaced daily,
but it is possible that infected cells have altered receptors
and/or signaling, or cell products are released that inter-
rupt biochemical pathways of cell differentiation. It is also
possible that alterations in differentiation are a stereotyp-
ical response to epithelial cell injury alone and not spe-
cific to respiratory viral injury. However, we have found
that mice exposed to cigarette smoke also have injury
and loss of airway epithelial cell cilia, but Foxj1 expres-
sion remains unaffected (Dwight C. Look, Michael R .Wil-
liamson, Steven L. Brody, unpublished observation). In
any event, it is currently unknown if specific respiratory
viral proteins can directly interfere with differentiation
pathways.

After injury and before restoration of normal epithelial
cell differentiation, cell proliferation and sequential induc-
tion of Foxj1, �-tubulin-IV, and CCSP were observed. Cell
proliferation is central to repair of epithelium in other
injury models5,6 and it is unclear if injured cells can
redifferentiate after virus injury. Cell proliferation is re-
flected as cell hyperplasia found in lung samples after
virus infection in experimental animal models16,17 and
after human respiratory virus infections.21 Interestingly,
we found that at day 12 after in vivo SdV inoculation, the
number of airway epithelial cells seems to have in-
creased above the normal level, as an overshoot, but
returning to normal levels by day 21 (Figure 5A). The
mechanism of this overshoot of epithelial cell proliferation
is unclear and other studies will need to be done to
confirm this finding and elucidate mechanisms of airway
repair.

To follow epithelial cell differentiation during the repair
phase of viral infection, we used molecular markers pre-
viously characterized during epithelial cell differentiation
in the developing lung. Throughout injury and repair
phases of infection, there was persistent expression of
Foxa2 and TTF-1. These proteins are fundamental mark-
ers of airway epithelial cells expressed early in the differ-
entiation program.22,23,25 The lack of Foxj1 and CCSP
expression reflects epithelial cells at a relatively undiffer-
entiated (but not necessarily pleuripotent) state of devel-
opment. Persistent Foxa2 and TTF-1 expression during
virus-induced injury may be because of a relative resis-
tance of some cell populations to SdV infection18 and
suggest that early programs of epithelial cell differentia-
tion remain intact. An absence of CCSP in epithelial cells
throughout the airways suggests that it is unlikely that
mature Clara cells are functioning as a reservoir for new
differentiated cells after viral infection. However, the cur-

rent lack of early Clara cell markers makes it difficult to
completely exclude this source of a progenitor or stem
cell population. When cells do differentiate during the
repair phase after virus injury, the lag of CCSP expression
relative to the appearance of �-tubulin-IV and Foxj1 could
be explained by a requirement for programs of differen-
tiation that are identical to lung development. In the de-
veloping mouse lung, the onset of expression of Foxj1 is
embryonic day 15, �-tubulin-IV approximately embryonic
day 16, and CCSP embryonic day 17, suggesting airway
repair recapitulates development.25,27

Because of the importance of Foxj1 in ciliogenesis, we
focused on the role of Foxj1 during cilia loss and repair
after viral infection. In SdV injury models, Foxj1 expres-
sion correlated with the presence or absence of ciliated
cells. The decrease in number of cilia after virus infection
could be because of impaired ciliogenesis (because of a
direct effect of SdV on Foxj1 expression), direct cilia loss
(because of virus toxicity), or ciliated cell death. The role
for Foxj1 in the repair process is consistent with its critical
role in ciliogenesis during lung development. Our previ-
ous observations showed a cilogenesis defect in the
Foxj1 null mouse,28 and epithelium repair after virus injury
provided another model to investigate the expression of
Foxj1 during different stages of ciliogenesis. After SdV
injury, ultrastructural changes in basal body localization
in new (or differentiating) epithelial cells corresponded
with changes in Foxj1 expression. These observations
suggested a role for Foxj1 in determining the ciliated cell
phenotype (ie, immediately after proliferation) or directing
maturation of these cells (ie, late after proliferation and
centrilogenesis). Two observations support the proposi-
tion that Foxj1 likely does not play an early role in cell
phenotype determination. First, Foxj1 expression is mark-
edly depressed at day 8 although at this time we find an
abundance of new cells already committed to the ciliated
cell phenotype as evidenced by induction of centriolo-
genesis (basal bodies present in the cytoplasm).37 Sec-
ond, there is an absence of Foxj1 expression in cells in
the proliferative and early postproliferative phases of ep-
ithelial repair are marked by BrdU labeling of cells
throughout a period of 20 hours. Instead, it is more prob-
able that Foxj1 is important for late-stage ciliogenesis
related to basal body positioning at the apical mem-
brane.

In the mouse SdV model, depressed Foxj1 expression
throughout a 5- to 10-day period that includes epithelial
cell injury and early repair spans a window of ciliated cell
deficiency and impaired host defense. The association of
loss of Foxj1 and other markers of epithelial cell differen-
tiation with impaired mucociliary function identified fac-
tors that may be important in causing the clinical syn-
drome of postrespiratory virus bacterial pneumonia.
Decreased Foxj1 expression in samples obtained from
patients with severe RSV infection supported this asso-
ciation. Thus, it was not surprising that some of the indi-
viduals with RSV infection that we evaluated developed
bacterial pneumonia after RSV infection. Although a di-
rect relationship between virus infection and decreased
Foxj1 expression is suggested, the complex nature of
illnesses affecting each individual makes it also possible
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that changes in differentiation could be the result of un-
derlying diseases or other pathogens. Nonetheless, it is
notable that Foxj1 expression was consistently absent in
patient samples and that changes in epithelial cells ob-
served in the mouse SdV model were reflected in the
human samples. Additionally, changes in epithelial cell
differentiation after respiratory virus infection may also
explain why individuals with underlying diseases that
impair mucociliary function or virus clearance (eg, ciga-
rette smoking, emphysema, or cystic fibrosis) may have
increased morbidity and mortality after viral infection
compared to a normal host. Thus, rapid re-expression or
up-regulation of proteins such as Foxj1 might minimize
impaired airway clearance after respiratory virus infection
and prevent complications.
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