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We constructed a human recombinant parainfluenza virus type 3 (rPIV3) that expresses enhanced green flu-
orescent protein (GFP) and used this virus, rgPIV3, to characterize PIV3 infection of an established in vitro
model of human pseudostratified mucociliary airway epithelium (HAE). The apical surface of HAE was highly
susceptible to rgPIV3 infection, whereas only occasional cells were infected when virus was applied to the baso-
lateral surface. Infection involved exclusively ciliated epithelial cells. There was little evidence of virus-mediat-
ed cytopathology and no spread of the virus beyond the ciliated cell types. Infection of ciliated cells by rgPIV3
was sensitive to a neuraminidase specific for �2-6-linked sialic acid residues, but not to a neuraminidase that
cleaves �2-3- and �2-8-linked sialic acid residues. This provided evidence that rgPIV3 utilizes �2-6-linked sialic
acid residues for initiating infection, a specificity also described for human influenza viruses. The PIV3 fusion (F)
glycoprotein was trafficked exclusively to the apical surface of ciliated cells, which also was the site of release
of progeny virus. F glycoprotein localized predominately to the membranes of the cilial shafts, suggesting that
progeny viruses may bud from cilia per se. The polarized trafficking of F glycoprotein to the apical surface also
likely restricts its interaction with neighboring cells and could account for the observed lack of cell-cell fusion.
HAE derived from cystic fibrosis patients was not more susceptible to rgPIV3 infection but did exhibit limited
spread of virus due to impaired movement of lumenal secretions due to compromised function of the cilia.

The human parainfluenza viruses (PIV) are common human
respiratory tract pathogens. Four serotypes of human PIV have
been identified, with serotypes 1, 2, and 3 being the most
significant for human disease. Indeed, PIV type 3 (PIV3) is
second only to human respiratory syncytial virus (RSV) as the
most common cause of serious respiratory tract disease in
infants and children. Approximately 60% of children have
been infected with PIV3 by 2 years of age, and bronchiolitis
and/or pneumonia can occur in 10 to 30% of those infected,
especially those that are immunocompromised or have chronic
respiratory or cardiac disease. PIV3 infects and causes disease
in the respiratory tract but does not spread significantly beyond
that site. Both innate and adaptive immune responses contrib-
ute to clearing PIV3 infection and to the development of
resistance to subsequent reinfection. However, protection can
be incomplete and reinfection is common (9).

PIV3 is a member of the genus Respirovirus, subfamily Para-
myxovirinae, family Paramyxoviridae. Like other paramyxo-
viruses, it is an enveloped nonsegmented negative-strand RNA
virus that enters the infected cell by fusion at the plasma
membrane, replicates in the cytoplasm, and buds at the plasma
membrane. The viral nucleoprotein (N), phosphoprotein (P),
and large RNA polymerase (L) protein, together with the viral
genome, form the viral nucleocapsid, while the matrix (M)

protein is located between the nucleocapsid and the lipid en-
velope and mediates viral maturation and budding. The hem-
agglutinin-neuraminidase (HN) and F transmembrane surface
glycoproteins mediate viral attachment and fusion and are the
neutralization and major protective antigens (9, 26).

PIV3 attaches to target cells via the HN protein and fuses
with the plasma membrane in a pH-independent fusion pro-
cess mediated by the F glycoprotein acting in concert with HN
(23, 27, 36, 49, 52). The HN protein attaches to N-acetylneura-
minic (sialic) acid residues on cell surface glycoconjugates, and
sialoglycoproteins and glycolipids have been reported to facil-
itate PIV attachment (31, 32). Using African green monkey
kidney fibroblasts (CV-1 cells), it has been reported that PIV3
attached to a specific sialic acid-containing receptor(s) but did
not indiscriminately bind to sialic acid-containing molecules;
however, no attempt to characterize the sialic acid linkage or
the glycoconjugates bearing the sialic acid was attempted in
that study (29). In a non-cell-based assay, both PIV1 and PIV3
bound to purified neolacto-series gangliosides through an in-
teraction with �2-3-linked sialic acid residues on the blood
group I antigen (48). Another study used a human transformed
alveolar type II cell line (A549) to show that an interaction of
PIV3 with sialic acid residues only accounted for �50% of the
infection; the remainder appeared to be due to an interaction
of PIV3 with cell surface heparan sulfate (HS) moieties (4). HS
has been reported as an attachment receptor for several di-
verse viruses known to infect the lung, i.e., adenovirus (Ad),
adeno-associated virus, and RSV (13, 14, 18, 21, 25, 47).

While the tropism of human PIV for human lung epithelium
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is well known, few studies have characterized how these viruses
interact with the ciliated airway epithelium derived from hu-
man airways. Since ciliated epithelium is present in the nasal
and sinus cavities, as well as the proximal and distal conducting
airways, infection of these cell types could be directly involved
in the pathogenesis of croup, bronchitis, and bronchiolitis.
Using polarized A549 cells as a model of airway epithelium,
Bose et al. showed that PIV3 infection and subsequent viral
shedding occurred predominately, though not exclusively, at
the apical surface (5). The reported basolateral shedding of
PIV3 is inconsistent with the typical lack of viremia and sys-
temic spread of PIV3, although this may be limited by the
presence of serum neutralizing antibodies. However, mono-
layer cultures of A549 cells may not reflect the morphology of
the polarized epithelium of the human conducting airways.

To determine the characteristics of PIV3 infection of cells
that resemble the morphological phenotype of the human re-
spiratory ciliated epithelium, we have generated a recombinant
PIV3 that expresses green fluorescent protein (GFP) (rgPIV3)
and monitored infection of a well-characterized in vitro model
of human airway epithelium (HAE) (41). This involves primary
culture of human airway epithelial cells that are grown at an
air-liquid interface (ALI) to generate a differentiated, pseudo-
stratified, mucociliary epithelium that closely models human
conducting airway epithelium in vivo. We previously reported
the use of this model to characterize infection by a recombi-
nant, GFP-expressing RSV (rgRSV), a member of the distinct
Pneumovirinae subfamily, and showed that rgRSV infection
was specific for human ciliated cells and occurred without
characteristic syncytium formation (53).

MATERIALS AND METHODS

Viruses. For the construction of rgPIV3 (based on the JS strain), a 720-bp
cDNA encoding the enhanced GFP of Renilla reniformes (Life Technologies,
Gaithersburg, Md.) was modified by PCR to be flanked by PIV3 gene-start and
gene-end sequences (Fig. 1A). This was accomplished with the primers GAAT
TCACCATGGTGAGTAA and TGTACAAGCTTGTTAAACCCATTCGTGT
AAGG as forward and reverse primers, respectively. In the forward primer, an
NcoI restriction site is italicized, and the beginning of the GFP open reading
frame is underlined. In the reverse primer, a HindIII restriction site is italicized,
and the complement of the end of the GFP open reading frame (ORF) is
underlined. The PCR product was digested with NcoI and HindIII and inserted
into the NcoI-HindIII window of a subclone representing the PmlI-to-BamHI
restriction fragment of the PIV3 strain JS antigenomic cDNA. This subclone
includes the downstream end of the N gene, the P/C/D/V gene, and the upstream
end of the M gene. This subclone, nucleotides 3693 to 3698, located in the
downstream noncoding region of the P/C/D/V gene, had previously been mod-
ified into an AflIII site (TCAATC to CTTAAG) and used to accept a 63-
nucleotide insert that contained a PIV3 gene-end, intergenic, and gene-start
signal followed by NcoI and HindIII sites (Fig. 1A) (45). Insertion of the GFP
coding sequence into this NcoI-HindIII window placed it such that it would be
flanked by a set of PIV3 gene-start and gene-end signals. This subclone was then
assembled into the full-length antigenomic cDNA. The total number of added
nucleotides was 792, thus maintaining a final genome length that was an even
multiple of six, as required for efficient RNA replication (17). rgPIV3 was
rescued by cotransfecting HEp-2 cells (CCL-23; American Type Culture Collec-
tion) with the antigenomic plasmid and N, P, and L support plasmids and
infecting with a recombinant modified vaccinia Ankara virus, MVA-T7, express-
ing T7 RNA polymerase (19). Virus stocks were further amplified in LLC-MK2
cells (CCL-7; American Type Culture Collection), and aliquots were stored at
�80°C until use. rgPIV3 was found to replicate to titers similar to those obtained
for the parental JS wild-type strain of PIV3 (108 PFU/ml). The generation of
rgRSV has been reported previously (21, 22). Nonreplicating adenoviral vectors
(E1a and E3 deleted) expressing GFP (AdVGFP) were obtained from the
University of North Carolina (UNC) Gene Therapy Vector Core Facility as
described previously (39).

FIG. 1. Recombinant PIV3 expressing enhanced GFP from an added reporter gene (rgPIV3). (A) The coding sequence for GFP was inserted
into the downstream noncoding region of the P/C/D/V gene. Nucleotides 3693 to 3698 of the PIV3 genome were modified into an AflIII site, which
was used to accept an insert that contained PIV3 gene-end (GE), intergenic (IG), and gene-start (GS) signals, followed by NcoI and HindIII sites.
These latter sites were used to accept an NcoI-HindIII fragment containing the open reading frame for enhanced GFP (shaded rectangle, with the
ATG and TAA initiation and termination codons indicated). (B) Fluorescent photomicrographs showing the intracellular expression of GFP in
cell culture at 36 h following rgPIV3 infection of HEp-2 cells (i), A549 cells (ii), or nonpolarized, PD primary airway epithelial cells (iii). Original
magnification, �10.
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HAE cell cultures. Human airway tracheobronchial epithelial cells were ob-
tained from airway specimens resected at lung transplantation under UNC In-
stitutional Review Board-approved protocols by the UNC Cystic Fibrosis Center
Tissue Culture Core. Briefly, primary cells derived from single patient sources
were expanded on plastic to generate passage 1 cells and plated at a density of
250,000 cells per well on permeable Transwell-Col (T-Col; 12-mm diameter)
supports. To generate nonpolarized, poorly differentiated (PD) cells, cultures
were used 2 to 4 days after seeding when subconfluent and submerged in tissue
culture medium. HAE cultures were generated by provision of an ALI for 4 to
6 weeks to form well-differentiated, polarized cultures that resemble in vivo
pseudostratified mucociliary epithelium as previously described (41). Cultures
were derived from non-cystic fibrosis (non-CF) patients unless otherwise noted.

Viral inoculation of HAE. Frozen aliquots of rgPIV3, rgRSV, or AdVGFP
were thawed immediately before use and diluted in tissue culture medium. After
washing the apical surfaces of HAE with medium, 100 �l of viral suspension was
applied to the apical surface for 2 h at 37°C, the inoculum was removed, and cells
were returned to 37°C. Inoculation of the basolateral surface of HAE was
performed by inverting the insert and exposing the basolateral surface of HAE
to an equal volume and concentration of virus as used for the apical inoculations.

We utilized AdVGFP to enable expression of GFP in columnar cells of HAE
as controls for transgene expression. Since we and others have previously shown
that HAE is resistant to infection after lumenal inoculation of AdV unless
epithelial tight junctions are disrupted, allowing access of AdV to basolateral
uptake mechanisms (41, 51), we exposed the apical surfaces of HAE to sodium
caprate (30 mM in tissue culture medium) for 3 min to transiently open epithelial
cell tight junctions (11), followed by three phosphate-buffered saline rinses and
then inoculation with AdVGFP (2 � 1010 particles [p]/ml in 300 �l of tissue
culture medium for 4 h at 37°C). For all viruses, GFP expression could be
detected by 20 to 24 h postinoculation (p.i.).

Photomicrographs of GFP-expressing cells were acquired using a Leica Leitz
DMIRB inverted fluorescence microscope equipped with a cooled-color charge-
coupled device digital camera (MicroPublisher; Q-Imaging). Quantitation of
infected cells was performed with the Image Processing Tool Kit plug-ins for
Photoshop (ISBN no. 1-928808-00-X; John C. Russ).

To determine the effects of neuraminidases (NAs) on rgPIV3 infection, the
apical surfaces of HAE were washed with serum-free tissue culture medium and
then exposed to 300 �l of the following NAs for 3 h at 37°C in serum-free tissue
culture medium: Vibrio cholerae NA (NA III; 167 mU/ml; Sigma-Aldrich), New-
castle disease virus (Hitchner B1 strain) NA (167 mU/ml; Prozyme), and Ar-
throbacter ureafaciens NA (167 mU/ml; Prozyme). After removal of NA, the
apical surfaces of HAE were rinsed in tissue culture medium before inoculation
by viruses.

Immunolocalization of epithelial cell carbohydrate components and viral gly-
coproteins. Standard protocols were used for lectin- and antibody-based local-
ization of target antigens on PD airway cells, HAE cultures, and histological
cross-sections of HAE. Lectins were chosen that recognized specific sialic acid
linkages: �2-3-linked sialic acid residues were detected with Maackia amurensis
lectin, (MAA; EY Laboratories), and �2-6-linked sialic acid residues were de-
tected with Sambucus nigra lectin (SNA; Vector Labs). Lectins were purchased
conjugated to biotin linkers, and streptavidin conjugates of AlexaFluor 488 and
594 (Molecular Probes, Eugene, Oreg.) were used to detect lectin binding. For
immunolocalization of HS, F58-10E4 antibody (mouse immunoglobulin M [IgM];
Seikagaku Corp.) raised against the 10E4 epitope of HS and that recognizes a
heparinase-sensitive epitope on HEp-2 cells (data not shown), was incubated
with PD cells on coverslips or histological cross-sections of HAE, and immuno-
reactivity was detected with goat anti-mouse IgM conjugated to Texas Red (Jack-
son ImmunoResearch).

�-Tubulin IV immunolocalization was used to identify ciliated cell types of
HAE and was performed with HAE fixed with 4% paraformaldehyde (PFA).
After fixation, HAE were permeabilized with 1% Triton X-100 and the apical
surfaces of HAE were incubated with 10% normal goat serum prior to incuba-
tion with a �-tubulin IV monoclonal mouse IgG antibody (178 M; Sigma-
Aldrich), followed by goat anti-mouse IgG conjugated to AlexaFluor 594 (Mo-
lecular Probes). Fluorescent confocal x-z optical sections were obtained using a
Leica TCS laser scanning confocal microscope. Immunolocalization of �-tubulin
IV in PFA-fixed, paraffin-embedded histological cross-sections of HAE was
performed as follows: tissue sections were blocked in 3% bovine serum albumin
and then probed with �-tubulin IV monoclonal mouse IgG antibody (178 M;
Sigma). After washing, immunoreactivity was detected with goat anti-mouse IgG
conjugated to AlexaFluor 594 (Molecular Probes).

For PIV3 F glycoprotein localization, nonpolarized human primary airway
epithelial cells grown on coverslips or HAE were inoculated with rgPIV3,
rgRSV, or vehicle control alone as described above and, 24 h later, cells were

fixed in 4% PFA. Cells on coverslips or paraffin-embedded histological sections
of HAE were probed with a monoclonal mouse IgG antibody specific for PIV3
F glycoprotein (clone 216.16), followed by goat anti-mouse AlexaFluor 594. For
immunogold electron microscopy, 24 h after inoculation of HAE with rgPIV3,
rgRSV, or vehicle control alone, cultures were fixed in 2% glutaraldehyde–2%
PFA and incubated with 216.16 PIV3 F antibody. Immunoreactivity was detected
with goat anti-mouse IgG conjugated to 12-nm colloidal gold (Jackson Immu-
noResearch), and cultures were prepared and visualized using standard trans-
mission electron microscopy techniques.

Assessment of viral shedding. Viruses released into the apical and/or basolat-
eral compartments of HAE were harvested by the apical addition and collection
of 200 �l of medium allowed to equilibrate for 30 min or by sampling 200 �l of
basolateral medium. After retrieval, samples were snap-frozen on dry ice and
stored at �80°C. Viral titration was performed as described previously and
corrected for differences in sample volumes (16).

To investigate the morphology of HAE after rgPIV3-induced ciliated cell
shedding, we compared the epithelial cell morphology of uninfected and rgPIV3-
infected HAE over a 2-week period without washing of the apical surfaces.
At days 2 and 13 p.i., HAE was fixed with perfluorocarbon-osmium tetroxide (a
technique that preserves the hydrated state of the airway surface [50]), and
prepared histological sections of the epithelium were counterstained with Rich-
ardson’s stain. Transepithelial resistance was measured with a World Precision
volt-ohm meter (Sarasota, Fla.) as described previously (39).

RESULTS AND DISCUSSION

Generation of rgPIV3. We used reverse genetics to engi-
neer recombinant human PIV3 so that enhanced GFP was
expressed as a separate gene placed between the P/C/D/V and
M genes (Fig. 1A). The resulting recombinant virus, rgPIV3,
was readily recovered and replicated in vitro with an efficiency
similar to that of wild-type rPIV3 (JS strain). rgPIV3 efficiently
infected and expressed GFP in HEp2 cells (Fig. 1B, panel i),
A549 cells (Fig. 1B, panel ii), and primary cultures of PD,
nonpolarized HAE cells (Fig. 1B, panel iii).

rgPIV3 infection of HAE occurs via the apical surface and
targets ciliated epithelial cells. We then evaluated the ability
of rgPIV3 to infect a well-characterized in vitro model of HAE.
We inoculated the apical or basolateral surfaces of HAE with
rgPIV3 (106 PFU; multiplicity of infection [MOI], �3; 2 h at
37°C) and, 24 h later, quantified GFP expression as the per-
centage of the epithelium surface area that was positive for
GFP. When administered to the apical surface, rgPIV3 in-
fected up to 80% of the epithelium surface (Fig. 2A). For HAE
derived from an individual patient, the percentage of GFP-
positive epithelial surface area after rgPIV3 inoculation was
dependent on the inoculum dose used (103 to 106 PFU) (data
not shown). However, the maximal number of GFP-positive
cells was variable between HAE derived from different patient
sources, ranging from 40 to 80% of the surface area. Inocula-
tion of the basolateral surface with rgPIV3 resulted in only
occasional cells expressing GFP, with on average �0.01% of
the cells GFP positive (Fig. 2B). The Transwell-Col filter sup-
port was not restrictive to permeation by rgPIV3, thus allowing
access of virus to basolateral surfaces of HAE as we have also
previously shown to be the case for rgRSV (53).

Confocal x-z optical sectioning performed 24 h p.i. revealed
that HAE inoculated with rgPIV3 via the apical surface ex-
pressed GFP exclusively in columnar cells (Fig. 2C). Immuno-
detection of �-tubulin IV, a protein that is enriched in cilial
shafts, revealed that GFP-positive cells were exclusively cili-
ated cell types (Fig. 2C). The differences noted above in the
maximal percentages of cells that were GFP positive in HAE
derived from different patients were consistent with differences
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in the absolute numbers of ciliated cells in the different HAE
sources. For all rgPIV3-infected HAE, there was no evidence
of syncytium formation at any time point p.i. (up to 3 months)
and no evidence of viral spread beyond ciliated cell types (Fig.
2C and D). The tropism of rgPIV3 for ciliated cells and the
apparent absence of gross cytopathology is reminiscent of ob-
servations made with rgRSV, representing the Pneumovirinae
subfamily of Paramyxoviridae, which also exclusively infects
ciliated cells of HAE via the apical surface and does not result
in syncytium formation (53).

Effect of HAE differentiation on susceptibility to rgPIV3
infection. Although rgPIV3 infection of HAE appeared to
exclusively involve ciliated cells, PIV3 is known to efficiently
infect in vitro cell cultures of nonpolarized and polarized cell
lines that do not possess ciliated cell morphology (4, 5, 16, 36),
as demonstrated with the nonpolarized epithelial cell lines and
human PD airway epithelial cells in Fig. 1B. It therefore was of
interest to monitor the susceptibility of human airway epithe-
lial cells to infection with rgPIV3 at different stages of differ-
entiation in vitro. In parallel, we also inoculated cells with
AdVGFP, since nonpolarized human airway cells have been
shown to be infected by this vector while HAE is resistant to
infection via the apical surface (41). Replicate wells of HAE
cells were seeded and, at various time points, the cells were
inoculated with rgPIV3 (106 PFU; MOI, �3) or AdVGFP
(1010 p/ml; MOI, �3 � 104) and GFP expression was moni-
tored 24 h later. For rgPIV3, the susceptibility of HAE cells to
infection fell into three distinct phases (Fig. 3A). During the
first phase (2 to 6 days after seeding), cells displayed a PD
morphology and were susceptible to infection by rgPIV3, with

�70 to 80% of the cells GFP positive when inoculated 2 days
after seeding, declining to �10% GFP-positive cells when in-
fected at day 6. During the differentiation processes of human
airway cells in vitro, days 2 to 6 after seeding represent a period
of growth prior to reaching confluence and prior to polariza-
tion. An ALI environment was provided for these cultures at
day 7 postseeding, which began a second phase in which sus-
ceptibility to rgPIV3 infection was reduced. During the second
phase (7 to 16 days), a period when polarization and the early
stages of differentiation are under way but prior to the appear-
ance of cilia, cells were resistant to rgPIV3 infection. In the
final phase (	16 days), a period when differentiation continues
and ciliogenesis begins, the cultures once again became sus-
ceptible to infection by rgPIV3. Maximum susceptibility was
reached �25 days after seeding, when the airway epithelial
cells have morphological features of a well-differentiated cili-
ated epithelium. Thus, while rgPIV3 infected only ciliated
cells in HAE, airway epithelial cells that had not yet polar-
ized or differentiated were susceptible to infection despite the

FIG. 2. Expression of GFP in HAE infected with rgPIV3 (106 PFU;
MOI, �3). (A and B) GFP expression in HAE viewed en face 48 h
after apical (A) or basolateral (B) inoculation of HAE by rgPIV3.
Original magnification, �10. (C) Representative confocal optical sec-
tion of rgPIV3-mediated GFP expression (green) in HAE 48 h follow-
ing apical infection. HAE was also probed with �-tubulin IV antibody
(red), revealing that GFP was present only in ciliated columnar epi-
thelial cells. (D) Representative histological cross-section of HAE
infected with rgPIV3. At 48 h p.i., no obvious cytopathic effects or cell-
cell fusion was apparent. Counterstain is hematoxylin and eosin. Bar,
20 �m.

FIG. 3. Susceptibility of human airway cells to infection with
rgPIV3 at various times postseeding (A) or following treatment of the
lumenal surfaces of cultures with NA from V. cholerae (B). (A) Quan-
titation of GFP-positive human airway cells 24 h after inoculation of
the cells with rgPIV3 (106 PFU) (filled triangles) or AdVGFP (1010 p/
ml) (open triangles) at different days postseeding revealed that airway
epithelial cells are initially susceptible to rgPIV3 and AdVGFP infec-
tion at early time points in culture (1 to 6 days), followed by a refrac-
tory period to both viruses that coincided with the establishment of an
ALI (arrow). By 16 days, HAE regained susceptibility to infection by
rgPIV3 but not AdVGFP. (B) Quantitation of GFP-positive cells
present 24 h after rgPIV3 inoculation of PD airway cells or HAE either
without (closed bars) or with (open bars) pretreatment of the lumenal
surfaces with NA III derived from V. cholerae (160 mU/ml for 3 h).
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absence of cilia, and on this basis were similar to monolayer
cell lines. In contrast to the triphasic nature of rgPIV3 infec-
tion, AdVGFP infected nonpolarized airway epithelial cells
only until they reached confluence and an ALI was initiated.
At that point and for the remainder of the experiment, the cells
were resistant to infection by AdVGFP.

Susceptibility of human airway epithelial cells to rgPIV3
infection following neuraminidase treatment. Infection of non-
polarized cell lines by PIV3 has been shown to be sensitive to
treatment with a broad range of NAs, consistent with the idea
that PIV3 attachment involves host cell sialic acid residues
(29). We tested whether rgPIV3 infection of PD airway cells
and HAE was sensitive to cleavage of surface sialic acid resi-
dues with V. cholerae NA (NA III), a broad-spectrum NA that
cleaves sialic acid residues with �2–3, �2–6, and �2–8 linkages.
Specifically, PD and HAE derived from the same patients were
treated for 3 h with NA III and, following washing, were
inoculated with 106 PFU of rgPIV3, and the extent of infection
was assessed 24 h later (Fig. 3B). NA III treatment of HAE
abolished infection by rgPIV3, whereas NA III treatment of
PD cells reduced rgPIV3 infection by only �50%, indicating
that a significant proportion of infection of PD cells by rgPIV3
involved interactions insensitive to NA III treatment of the cell
surface. The NA III-insensitive component of rgPIV3 infection
of PD cells could reflect the presence of one or more alterna-
tive attachment-entry pathways for rPIV3 into these cells.
These results are consistent with the observations of Bose et
al., who reported that PIV3 infection of A549 cells was only
partially sensitive to NA and was partially sensitive to hepari-
nases, providing evidence that PIV3 infection could be medi-
ated by sialic acid residues and/or HS moieties, at least in the
A549 cell line (4).

Distribution of HS and sialic acid residues in PD airway
cells and HAE. Since both HS and sialic acid residues have
been implicated in mediating PIV3 infection, we investigated
whether these moieties are present on the surfaces of human
PD airway cells as well as in histological cross-sections of HAE
cultures by using an antibody to HS and lectin probes to spe-
cific sialic acid residues (Fig. 4). First, the cells were probed
with antibody F58-10E4, which is specific to HS (12). On PD
airway cells, HS was detected on the surface of a subpopulation
of the cells (Fig. 4A). In contrast, HS was not detected on the
apical surface of HAE, but instead was detected on basal
epithelial cells (Fig. 4B). Histological sections of airway epi-
thelium derived directly from patients and probed ex vivo with
F58-10E4 confirmed that HS was detectable only on basal
epithelial cells (data not shown). The localization of HS on PD
airway cells and on basal cells of HAE confirms earlier obser-
vations that PD cells resemble a basal cell-like phenotype that
may function as progenitors to the differentiated airway epi-
thelium (40, 42). The presence of HS on the surface of PD
airway cells could provide an alternative, NA-insensitive path-
way for rPIV3 attachment and infection, consistent with the
evidence reported by Bose et al. with A549 cells (4). In con-
trast, the lack of significant apical detection of HS on HAE
suggests that rgPIV3 does not use HS as a facilitator of viral
infection of ciliated cells and is consistent with rgPIV3 infec-
tion of HAE being abolished by NA (Fig. 3B). Since the dis-
tribution of HS in HAE closely resembled that of airway epi-
thelium examined ex vivo, this suggests that PIV3 infection in

vivo is mediated predominantly and perhaps exclusively by an
interaction with sialic acid residues, at least in the ciliated epi-
thelium, such as is found in the nasal and sinus cavities and the
conducting airways. In addition, the absence of detectable HS
on the human airway surface indicates that although HS may
function as a receptor surrogate for a number of diverse viruses
(e.g., AdV, adeno-associated virus, and RSV), in laboratory-
derived cell lines, it is likely that alternative receptors are re-
sponsible for lumenal infection of airway epithelium by these
viruses. Whether HS is a requirement for infection of human
alveolar regions of the lung remains to be determined. Since
A549 cells are a model for alveolar epithelial cells, it is possible
that PIV3 utilizes HS to facilitate infection of these regions.

We next probed PD airway cells and HAE with two lectins
that discriminate between different sialic acid linkages: MAA
lectin, which recognizes �2-3-linked sialic acid residues, and
SNA lectin, which recognizes �2-6-linked sialic acid residues.
Both lectins bound efficiently to the surface of PD cells, indi-
cating the presence of �2-3 and �2-6 sialic acid linkages (Fig.
4C and E). Next, histological sections of HAE were probed
with each lectin (Fig. 4D and F) in conjunction with antibody
specific to �-tubulin IV (Fig. 4D and F) to detect and discrim-
inate ciliated cells. Analysis with the MAA lectin showed that
sialic acid residues with the �2-3 linkage were localized pre-
dominately to the apical surfaces of ciliated cells (Fig. 4D),
although not all ciliated cells were positive and an occasional
nonciliated cell displayed MAA binding (Fig. 4D). Analysis
with the SNA lectin showed that sialic acid residues with �2-6
linkages were localized to the apical surfaces of both ciliated
(Fig. 4F) and nonciliated cells, although not all ciliated or
nonciliated cells were positive. Since �2-3 and �2-6 linkages
were present on ciliated cells, the target cell type for rgPIV3,
any of these linkages were candidates to be involved in PIV3
entry. It is noteworthy that the lectins labeled HAE predomi-
nantly on apical surfaces but for ciliated cells detection oc-
curred predominately on the microvilli (actin-rich apical sur-
face projections, �2 to 3 �m in length) rather than on the
membranes of the cilial shafts (tubulin-rich apical projections,
7 to 10 �m in length) per se. Of course, under the conditions
of these experiments, a lack of detectable binding of lectin
probes does not necessarily indicate an absence of the respec-
tive sialic acid linkage.

rgPIV3 infects ciliated cells by using a specific linkage of
sialic acid residues. Since rgPIV3 infection of ciliated cells is
NA sensitive but NA III cleaves a broad range of sialic acid
linkages, we tested the ability of NAs that cleave a narrower
spectrum of sialic acid linkages to reduce rgPIV3 infection
of ciliated cells. We used rgRSV as a control for nonspecific
effects of the NAs on cell viability, since NA treatment of cell
lines does not affect RSV infection (2). As shown in Fig. 5A,
panel ii, and B compared to the control (Fig. 5A, panel i),
pretreatment of the apical surface of HAE with NA III com-
pletely inhibited rgPIV3 infection. Treatment of HAE cultures
with NA derived from Newcastle disease virus that cleaves
�2–3 linkages (and �2–8 linkages, although less efficiently) did
not significantly reduce rgPIV3 infection of HAE (Fig. 5A,
panel iii, and B). In contrast, pretreatment of the apical sur-
faces of HAE with NA derived from A. ureafaciens, which
preferentially cleaves �2–6 linkages, significantly reduced
rgPIV3 infection of HAE (Fig. 5A, panel iv, and B) to levels
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similar to that produced by NA III. Infection by rgRSV was not
reduced by any of the NAs, but NA III and to a lesser extent
A. ureafaciens NA increased the efficiency of rgRSV infection,
suggesting that removal of sialic acid residues allowed im-
proved rgRSV access to attachment and/or penetration path-
ways. These observations show that rgPIV3 infection of HAE
ciliated cells involves predominately sialic acid residues in the
�2–6 linkage. A previous study showed that PIV3 bound to
purified glycolipids that displayed �2-3-linked sialic acid resi-
dues (48): our present results suggest that this in vitro activity
may not be relevant to infection of HAE in vitro or in vivo.

Since our data show that �2-6-linked sialic acid residues are
present on ciliated and nonciliated airway cells, the presence of
the appropriate sialic acid residue apparently is not sufficient
alone to account for rgPIV3 ciliated cell tropism. Sialic acid
residues with �2–6 linkages have also been shown to be present
on HAE examined ex vivo (3, 20) and have been associated
with infection by human influenza viruses, whereas the �2–3

linkage has been associated with infection by avian influenza
viruses (28). Recent results with in vitro models of HAE sim-
ilar to that used in the present study indicated that human
influenza viruses infected nonciliated cells and did so by an
interaction with �2-6-linked sialic acid residues localized ex-
clusively on nonciliated cells (33). Whether human influenza
viruses infect human ciliated cells, as does rgPIV3, in our
model of HAE remains to be determined, although the rapid
and extensive cell destruction noted previously for HAE in-
fected by influenza A virus suggests that these predominately
ciliated cell cultures are highly susceptible to infection by these
viruses (53). In addition, it is unclear why SNA lectin only
recognized nonciliated cells in the studies of Matrosovich et
al., while our data show SNA recognition of both ciliated and
nonciliated cells with functional enzymatic data showing �2-6-
linked sialic acid residues mediating infection of ciliated cells
by rgPIV3. Analysis of cell type infection by human and avian
influenza viruses in our model of HAE may reveal that, if

FIG. 4. Localization of cell surface HS and sialic acid linkages on PD airway cells, viewed en face (A, C, and E) and HAE, viewed in histological
cross-section (B, D, and F). (A) Representative fluorescent photomicrographs of HS localization, detected with antibody F58-10E4, on the cell
surface of a subpopulation of PD cells (red). (B) In HAE, HS localization was restricted to basal epithelial cells (red, arrowheads). (C and D) Sialic
acid residues with �2–3 linkages, detected with MAA lectin, were present on the cell surface of a subpopulation of PD cells (C) (red), whereas
in HAE (D) they were localized on the apical surface (green), viewed against a counterstain of antibody to �-tubulin IV (red). Staining with MAA
was predominantly on ciliated cells (arrows in panel D) but was also detected on some nonciliated cells (arrowhead in panel D). (E and F) Sialic
acid residues with �2–6 linkages, detected with SNA lectin, were present on the cell surface of PD cells (E) (red), whereas in HAE (F) localization
was predominately detected on the apical surface (green), viewed against a counterstain of antibody to �-tubulin IV (red). In panel F, SNA lectin
was detected on ciliated (arrows) and nonciliated (arrowheads) cells. Bar, 10 �m.
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different from the previous study, HAE grown under different
conditions can lead to altered glycosylation profiles of cell
surface glycoconjugates.

We next measured the time required for NA III-treated
HAE to recover susceptibility to infection by rgPIV3. Repli-
cate cultures of HAE were treated with NA III, washed, incu-
bated at 37°C and, at intervals, inoculated with rgPIV3. The
extent of infection was measured at 24 h p.i. (Fig. 5C). Resto-
ration of rgPIV3 susceptibility to infection required 24 to 72 h.
These data indicate that the NA III-sensitive cell components
that facilitate rgPIV3 infection are only slowly replenished.
Previous studies have shown that replenishment of sialic acid
following surface desialylation depends on de novo glycopro-
tein synthesis, although a subset of specific molecules can be
resialylated by recycling through the trans-Golgi compartment
(24). The half-time of surface resialylation has been reported
to be 12 to 16 h (43), which contrasts with the much slower rate
of recovery (half-time, �48 to 72 h) described here.

rgPIV3-expressed F glycoprotein accumulates in mem-
branes of cilial shafts. Infection of permissive nonpolarized
cell cultures with PIV3 typically results in cell-cell fusion and
the formation of multinucleated syncytia, mediated by the sur-
face expression of the HN and F glycoproteins and their inter-
actions with the membranes of neighboring cells (37). Given
the lack of syncytium formation with rgPIV3-infected ciliated
cells of HAE, we examined the localization of rgPIV3 F gly-
coprotein in PD airway cells and ciliated cells of HAE by
immunodetection with an F-specific PIV3-neutralizing mouse
monoclonal antibody (216.16). Examination of rgPIV3-in-
fected PD airway cells 24 h p.i. revealed that F was distributed
in a nonpolarized manner and was visualized primarily at the
cell edges, reflecting accumulation at the cell surface (Fig. 6A,
panel i). A similar distribution is observed for monolayer cul-
tures of cell lines such as LLC-MK2 and makes F available for
contact and fusion with neighboring cells (data not shown).

In contrast, F glycoprotein expressed in rgPIV3-infected
HAE was localized exclusively to the apical surface of ciliated
cells (Fig. 6A, panel ii). The accumulation of F glycoprotein
exclusively on the apical surface of ciliated cells and the pres-
ence of tight junctions in these cells would restrict the F gly-
coprotein from interacting with the plasma membranes of ad-
jacent cells. This could account for the absence of syncytium
formation in HAE, as has also been suggested for polarized
cells infected with RSV (44, 53). The lack of syncytium forma-
tion in HAE in vitro corresponds well with the rarity of syncytia
in pathological specimens of paramyxovirus-infected HAE in
vivo (1). These observations also suggest that the role of the F
glycoprotein is to allow fusion of the virus with host cell mem-
branes, thus mediating infection rather than a having a role in
mediating cell-cell fusion. However, the potential impact of
cell-cell fusion mediated by F glycoprotein in the nonconduct-
ing airway alveolar regions was not tested in this study. Repro-
ducible in vitro models of human primary alveolar epithelium
that retain the morphological and functional characteristics of
the human alveoli are not yet available to test this hypothesis.
Interestingly, most of the F glycoprotein in HAE was located in
regions corresponding to the membranes of the cilial shafts,
although some F was also possibly localized to the microvillus
regions of ciliated cells (Fig. 6A, panel iii). Transmission elec-
tron microscopy with the same anti-F monoclonal antibody

FIG. 5. Inhibition of rgPIV3 infection of HAE following lumenal
treatment with NAs from different organisms. (A) Representative en
face photomicrographs of HAE exposed to vehicle control alone (i) or
treated with NA from V. cholerae, which cleaves �2–3, -6, and -8
linkages (ii); Newcastle disease virus NA, specific for �2–3 and �2–8
linkages (iii); or A. ureafaciens NA, which is specific for �2–6 linkages.
NAs were applied to the apical surface for 3 h immediately prior to
washing and inoculation with rgPIV3. GFP-positive cells were photo-
graphed 24 h later. (B) Quantitation of GFP expression from experi-
ments such as shown in panel A, representing cultures from three
different patients, each in duplicate. Cultures of HAE were treated
with the NAs described above (shown as sialic acid linkages cleaved,
with the control being vehicle alone) and infected with rgPIV3 (filled
bars) or rgRSV (open bars). The expression of GFP was quantified
24 h p.i. The data shown represent means 
 standard errors (SE) of
the GFP-positive surface area. (C) Recovery of susceptibility to infec-
tion with rgPIV3 following treatment with V. cholerae NA III that
cleaves �2–3, -6, and -8 linkages. Replicate cultures of HAE were
treated on the apical surface with NA III for 3 h, and the apical surface
was inoculated with rPIV3 immediately (0 h) or following 6, 12, 24, 48,
or 72 h of recovery. A control culture (Ctl) was infected without prior
NA III treatment. The expression of GFP was quantified 24 h p.i. The
data shown represent means 
 SE of the GFP-positive surface area
from duplicate cultures derived from two different patient samples.
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conjugated to immunogold confirmed that F was localized
predominately to the upper membranous regions of the cilial
shafts (Fig. 6B). This strongly suggests that virus budding and
shedding may occur from the cilial shafts per se. It is notewor-
thy that Sendai virus entry and release have been shown to be
associated with the membranes of the cilial shafts in explants of
guinea pig trachea (15). In the present paper, lectin staining
indicated that �2-6-linked sialic acid was predominately asso-
ciated with apical structures distinct from the cilia (Fig. 4F).
This raises the possibility that the sites of PIV3 entry and

budding might be distinct. However, it also is possible that the
cilia contain �2-6-linked sialic acid in quantities sufficient for
viral attachment but below the limit of detection by lectins.

The possibility that rgPIV3 may bud from the cilial shaft
membranes is an intriguing observation, since it has been re-
ported that enveloped viruses, including the paramyxoviruses,
favor budding from cholesterol-rich membrane regions com-
monly referred to as lipid rafts (6, 30, 38). Molecules that have
glycophosphatidyl-inositol (GPI)-linked structures have been
well documented to favor the lipid raft environment, and pro-
teins isolated from the primary cilium of paramecium were
exclusively GPI linked (7, 8). In addition, we have previously
shown using a viral overexpression model that GPI-linked pro-
teins are trafficked to the apical surface of ciliated cells and
tend to accumulate in the upper membranous regions of the
cilial shaft (46). Thus, we suggest that PIV3 budding occurs in
regions corresponding to lipid rafts that are components of the
cilial shaft membranes. PIV3 budding has previously been as-
sociated with the cytoskeletal protein tubulin, and it is note-
worthy that cilial shafts contain significant quantities of �-tu-
bulin IV (Fig. 2).

rgPIV3 is shed from the apical surface of ciliated cells, and
viral spread is facilitated by coordinated ciliary beat. Since
infected ciliated cells traffic F glycoproteins to the apical sur-
face, we tested whether ciliated cell budding and release of
virus was also restricted to the apical compartment of HAE.
The apical surfaces of HAE were inoculated with rgPIV3 (106

PFU), and supernatants were collected separately from apical
or basolateral compartments each day for 12 days. Using stan-
dard titration assays on HEp-2 cells, significant amounts of
rgPIV3 (�5 � 105 to 2 � 107 PFU/culture) were detected in
samples harvested from the apical surfaces of HAE, reaching a
maximum titer of 2 � 107 PFU/culture after 2 days of infection
(data not shown). Viral shedding gradually decreased to 5 �
105 PFU/culture by 12 days p.i. No virus was detected from
basolateral samples, with a detection limit of 10 PFU.

Thus, rgPIV3 infection, viral assembly, and shedding oc-
curred exclusively via the apical surfaces of ciliated airway
epithelial cells. In polarized A549 cells, PIV3 also shed pre-
dominately from the apical surface but, in addition, was de-
tected in the basolateral compartments (5). For ciliated cells it
is possible that trafficking of viral components is more tightly
regulated and, as a consequence, viral budding occurs exclu-
sively at the apical surface. We have not performed similar
studies with primary cell models of human alveolar cells, and
the pattern of viral shedding in this lung epithelial cell type
might be different from the pattern of shedding in ciliated
epithelial cells derived from the conducting airways. We pre-
viously reported that the spread of rgRSV infection in HAE
was facilitated by coordinated cilial beat (53). The coordinated
directional movement of lumenal secretions (as an index of
mucociliary transport) in HAE cultures is an interesting facet
of this airway culture model (35). Furthermore, the altered
homeostatic ion transport mechanisms associated with CF lung
disease lead to reduced airway surface liquid volume on the
apical surface, reduced cilial beat or function, and decreased
mucociliary transport, all of which are reflected in HAE de-
rived from CF airway cells (34). We therefore compared
rgPIV3 infection of non-CF and CF HAE to investigate the

FIG. 6. Localization of the PIV3 F glycoprotein in rgPIV3-infected
PD airway cells and HAE. (A) Photomicrographs of PD airway cells
viewed en face (i) and HAE in histological cross-sections (ii, iii, and
iv). The cells were infected with rgPIV3 (i, ii, and iii) or rgRSV (iv),
incubated for 24 h, and stained with a monoclonal antibody specific to
the F glycoprotein (red). The F glycoprotein was localized in the sur-
face membrane of PD airway cells (i) and in the membranes of the
cilial shafts of HAE (ii and iii). No immunoreactivity for PIV3 F gly-
coprotein was detected with rgRSV-inoculated cultures probed under
identical conditions to those described above (iv). Bars, 10 �m (ii) or
3 �m (iii and iv). (B) Electron transmission photomicrographs of the
apical surface of rgPIV3-infected HAE cells, probed with a monoclo-
nal antibody specific to the F glycoprotein and detected with an im-
munogold secondary antibody (12 nm). Immunoreactivity to F glyco-
protein was localized predominantly to membranes of the cilial shafts
(arrows in panels i and ii) and occasionally in ciliated cell microvilli
projections (arrowheads in panels i and ii). No immunogold was ob-
served in rgRSV-infected HAE or in HAE inoculated with vehicle
control alone and probed with antibodies under identical conditions to
those described above (data not shown). Bars, 0.2 �m.
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role of cilial beat in the spread of the virus and to examine the
effect of CF physiological defects on infection.

Initially, to determine whether non-CF and CF HAE are
equally infected by rgPIV3, we inoculated the apical surfaces
of non-CF and CF HAE with a high inoculum of rgPIV3 (106

PFU). As shown in Fig. 7A and B, there was no difference in
the ability or efficiency of rgPIV3 to infect HAE derived from
non-CF and CF sources. We also did not detect any differences
in the relatively nonpathogenic nature of the infection. To
monitor rgPIV3 spread, non-CF and CF HAEs were inocu-
lated with a low inoculum of rgPIV3 (103 PFU) (Fig. 7C and
D). For both non-CF and CF HAEs, low numbers of cells were
GFP positive at 1 day p.i., confirming that non-CF and CF
HAEs were equally susceptible to infection by rgPIV3. By 2
days p.i., for non-CF HAE increasing numbers of GFP-positive
cells were apparent, indicating efficient spread of progeny viri-
ons. In addition, the directional pattern of viral spread sug-
gested facilitation by the movement of cilial beat (Fig. 7E). By
3 days p.i., the infection was homogenously distributed through-
out the surface of the cultures (Fig. 7G). For CF HAE, al-
though infection was similar on day 1 p.i., the extent and pat-
tern of infection on days 2 and 3 p.i. indicated that rgPIV3 did
not spread as efficiently in CF HAE as in non-CF HAE (Fig.
7F and H). For CF HAE, rosette-like patterns surrounding an
initial foci of infection were observed, whereas infection of
non-CF HAE produced a directional and, later, a homogenous
infection. This suggests that spread of rgPIV3 in CF HAE was
limited to those cells closely juxtaposed to the cells producing
progeny virus. Therefore, coordinated cilial beat in HAE ap-
peared to facilitate spread of rgPIV3 from ciliated cell to cil-
iated cell, a process that is hindered by conditions of compro-
mised mucociliary transport, such as occurs in CF lung disease.

Loss of rgPIV3-mediated GFP expression over time is due to
shedding of ciliated cells. The resolution of PIV3 infection in
vivo most likely occurs via a combination of innate and adap-
tive immunity directed at both the virus and the virus-infected
cells of the airway. Since the HAE model is devoid of immune
cell-mediated innate and adaptive immunity mechanisms as
well as neutralizing antibodies, this model can be used to de-
termine the epithelium-based innate immune responses that
may limit the extent and duration of viral infection. To deter-
mine the duration of rgPIV3 infection of ciliated cells, we
inoculated HAE with rgPIV3 (106 PFU) and assessed GFP
expression over a 4-week time period. As shown in Fig. 8A,
GFP expression peaked at 2 days p.i., followed by a rapid
decline in the numbers of GFP-positive cells until a low but
persistent level (0.01% of cells) was achieved by 7 days p.i. In
contrast, inoculation of HAE with AdVGFP (an infection that
was dependent on first disrupting the tight junctions with so-
dium caprate) resulted in similar numbers of columnar cells
expressing GFP at 2 days p.i. However, the rate of loss of AdV-
mediated GFP-positive cells was less than that for rgPIV3, with
�50% of the maximum number of GFP-positive cells remain-
ing positive at 30 days p.i. The rapid loss of GFP-positive
cells observed after rgPIV3 infection compared to that with
AdVGFP coincided with the appearance of increased numbers
of floating cells in the apical surface secretions of HAE com-
pared to AdVGFP-infected or uninfected HAE. This sug-
gested that the rgPIV3-infected cells were shed from the epi-
thelium, although we cannot rule out additional concurrent

FIG. 7. Spread of rgPIV3 infection is compromised in HAE de-
rived from CF airway epithelium. rgPIV3-mediated expression of GFP
viewed en face in HAE derived from a non-CF patient (A, C, E, and
G) and from a CF patient (B, D, F, and H). Inoculation of the apical
surfaces of non-CF (A) or CF (B) HAE with a high titer of rgPIV3 (106

PFU) resulted in similar levels of infection at 24 h p.i. Similarly, with
a low-titer rgPIV3 inoculum (103 PFU), lower but comparable num-
bers of GFP-positive cells were detected 24 h after inoculation in
non-CF (C) and CF (D) HAE. Following the pattern of viral spread
with time revealed that viral spread was facilitated by coordinated cilial
beat in non-CF HAE by 48 h p.i. (E), leading to homogenous distri-
bution of infection by 72 h (G). In contrast, for CF HAE, viral spread
was restricted to cells in close proximity to the primary infected cells
and spread remained limited at both 48 (F) and 72 (H) h p.i. Original
magnification, �10.
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mechanisms for the loss of GFP-containing cells. The loss of
ciliated cells from HAE did not adversely affect the integrity of
the epithelium on the basis of gross inspection or the loss of
maintenance of an ALI. Measurement of the transepithelial
resistance after rgPIV3 infection revealed that there was a
small decrease on days 2 to 6 p.i. compared to the uninfected
control, but overall the resistance for infected HAE remained
similar to control cultures and was consistent with mainte-
nance of a tight epithelium (Fig. 8B). This is noteworthy be-
cause the maintenance of resistance depends on the integrity
of the epithelium, and it raised the possibility that the loss of
large numbers of rgPIV3-infected ciliated cells might occur
through some orderly host mechanism, such as acceleration of
normal ciliated cell turnover, rather than through disorderly
cell destruction by virus-induced mechanisms.

Histological examination of rgPIV3-infected HAE on day
13 p.i., a time subsequent to the loss of most of the GFP-
expressing cells, revealed that the morphology had been trans-
formed from that of a normal ciliated epithelium (Fig. 8C,
panel i) into one that was rich in mucin-containing cells and
lacking in ciliated cells (Fig. 8C, panel iv). In contrast, unin-
fected controls retained the normal predominately ciliated

morphology after 13 days (Fig. 8C, panel iii). Mucin-containing
cell metaplasia leading to increased mucus production in the
airways has been noted in infants with respiratory virus infec-
tions and has generally been, in part, considered to be the
result of epithelial cell damage produced by host cell-mediated
immune responses directed against virus-infected cells (10).
The present results suggest an alternative hypothesis: namely,
that the mucin-containing cell metaplasia indeed is a conse-
quence of the extensive loss of ciliated cells, although this loss
is not obligatorily due to host immune mechanisms, but instead
represents an epithelial cell response to infection. This might
involve an acceleration of the normal mechanism whereby
ciliated cells are shed. Apoptosis in response to virus infection
is one candidate to be the trigger for the accelerated shedding.
Metaplasia of mucin-containing cells might represent an inter-
mediate condition where ciliated cell replacement has not kept
up with loss, or it might have functional significance on its own
and could be part of the program of lung recovery.

In summary, using a model of human ciliated airway epithe-
lium, we have shown that a recombinant respirovirus, rgPIV3,
exclusively infected ciliated airway epithelial cells of the lume-
nal airway surface. Infection of ciliated cells by rgPIV3 de-

FIG. 8. rgPIV3-induced ciliated cell shedding leads to mucin-containing cell metaplasia in HAE. (A) Quantitation of the percentage of
GFP-positive cells over time after apical inoculation of HAE with rgPIV3 (106 PFU; closed triangles) or AdVGFP (1010 p/ml; inoculated after
sodium caprate treatment to open epithelial tight junctions; closed circles). (B) Transepithelial resistance measurements over time after inoculation
of HAE with rgPIV3 (open bars) or vehicle control only (filled bars). (C) Representative histological sections of perfluorocarbon-osmium
tetroxide-fixed HAE inoculated with either vehicle control (i and iii) or rgPIV3 (ii and iv) and fixed 2 days p.i. (i and ii) or 13 days p.i. (iii and iv).
Note the increased presence of mucin-containing cells (indicated by arrows) in HAE inoculated with rgPIV3 and fixed 13 days p.i. Bar, 20 �m.
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pended on �2-6-linked sialic acid residues, which were located
mainly on the apical surface of ciliated cells, but was not de-
tected in abundance on cilia. The PIV3 F glycoprotein traf-
ficked to the apical surface and predominantly to membranes
of the cilial shafts, suggesting that the cilial shaft membranes
are the regions from which progeny viruses bud. The polarized
accumulation of the F glycoprotein likely limits its access to
membranes of neighboring cells and likely explains the lack of
syncytium formation in this model and perhaps in PIV3 infec-
tion of conducting airway epithelium in vivo. Progeny viruses
were shed exclusively from the apical surface, and the spread
of infection followed the directional movement of the cilial
beat. Most of the rgPIV3-infected cells appeared to be shed
from the apical surface within several days, although the in-
tegrity of the epithelium remained intact overall. We speculate
that rgPIV3 infection caused an acceleration in the mechanism
for the turnover of lumenal ciliated epithelial cells. The loss of
ciliated cells was associated with a mucin-containing cell meta-
plasia, which appears to be an intermediate in the epithelial
response to infection.

Models of HAE such as the one reported here will be useful
for the study of virus-epithelial cell interactions in the human
lung and determination of the pathophysiological conse-
quences of viral infection of HAE, since infection and cytotox-
icity can be assessed in the absence of cell-mediated immune
responses that complicate interpretation of in vivo observa-
tions. The specificity of rgPIV3 for the ciliated epithelial cell,
combined with its ability to readily accommodate and express
foreign inserts (45), makes this virus an attractive tool for
studying the delivery of transgenes to human ciliated airway
cells. Since the airway epithelial cell types considered to re-
quire correction in CF airways are the ciliated airway epithelial
cells, the ability of PIV3 to target ciliated cells may be impor-
tant for the further development of corrective gene transfer
strategies for CF lung disease.
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