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Sendai virus (SeV) is a murine respiratory virus of considerable interest as a gene therapy or vaccine vector,
as it is considered nonpathogenic in humans. However, little is known about its interaction with the human
respiratory tract. To address this, we developed a model of respiratory virus infection based on well-differen-
tiated primary pediatric bronchial epithelial cells (WD-PBECs). These physiologically authentic cultures are
comprised of polarized pseudostratified multilayered epithelium containing ciliated, goblet, and basal cells and
intact tight junctions. To facilitate our studies, we rescued a replication-competent recombinant SeV express-
ing enhanced green fluorescent protein (rSeV/eGFP). rSeV/eGFP infected WD-PBECs efficiently and progres-
sively and was restricted to ciliated and nonciliated cells, not goblet cells, on the apical surface. Considerable
cytopathology was evident in the rSeV/eGFP-infected cultures postinfection. This manifested itself by ciliosta-
sis, cell sloughing, apoptosis, and extensive degeneration of WD-PBEC cultures. Syncytia were also evident,
along with significant basolateral secretion of proinflammatory chemokines, including IP-10, RANTES, tumor
necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), interleukin 6 (IL-6), and IL-8. Such dele-
terious responses are difficult to reconcile with a lack of pathogenesis in humans and suggest that caution may
be required in exploiting replication-competent SeV as a vaccine vector. Alternatively, such robust responses
might constitute appropriate normal host responses to viral infection and be a prerequisite for the induction

of efficient immune responses.

Sendai virus (SeV) is a nonsegmented negative-strand RNA
virus of the Paramyxoviridae family. Recombinant SeV (1SeV)
has been extensively studied as a vector for vaccines, cancer
immunotherapy, and gene therapy (14, 22, 34, 41, 43). SeV is
virulent in rodents, but despite extensive antigenic and genetic
similarity to human parainfluenza virus type 1 (hPIV1), it is not
known to cause disease in humans (33). Interest in 1SeV as a
vector is exemplified by the fact that (i) its genome can easily
be manipulated to stably express heterologous genes (9), (ii) it
does not undergo homologous recombination, (iii) cell trans-
duction is independent of the cell cycle, (iv) there is no DNA
phase during replication and hence no possibility of cell trans-
formation, and (v) its cell or tissue tropisms and replication
competency may be modulated by reverse genetics and appro-
priate rescue systems (5, 8).

Much of the research on rSeV as a vector involves mono-
layer cells and animal models and employs both replication-
competent and transmission-incompetent viruses. In view of its
respiratory tract tropism, particular attention was paid to its
use as a gene therapy vector for lung diseases such as cystic
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fibrosis (CF) (2, 13, 14, 43). Indeed, early studies demonstrated
its capacity to efficiently overcome a series of extra- and intra-
cellular barriers in the respiratory tract, such as the glycocalyx,
mucus layer, mucociliary clearance, and cell membranes (13,
14, 43). However, in vivo studies demonstrated that rSeV-
mediated gene transduction was transient (lasting ~7 days)
and that repeated administration was inefficient (16). The rea-
sons for this transient transduction remain unclear.

In contrast, the capacity to efficiently and transiently trans-
duce host cells is of considerable interest from a vaccine vector
viewpoint. Indeed, promising rSeV-vectored vaccine candi-
dates have been described for other respiratory viruses, such as
respiratory syncytial virus (RSV), hPIV1, hPIV2, hPIV3, and
systemic viruses, such as HIV-1 (22, 40, 44). Despite its con-
siderable promise as a viral vector, little is known about how
rSeV interacts with human airway epithelial cells (HAE).

To address this, we established an ex vivo/in vitro model of
respiratory virus infection based on well-differentiated primary
pediatric bronchial epithelial cells (WD-PBECs) in air-liquid
interface (ALI) cultures. The pediatric origin of the primary
bronchial cells allowed us to investigate SeV-host interactions
in a pediatric context. The need for CF gene therapy or respi-
ratory virus vaccines for infants or children emphasizes the
relevance of this ex vivo/in vitro pediatric model. Using rSeV
expressing enhanced GFP (rSeV/eGFP), we comprehensively
investigated the consequences of SeV infection in these cul-
tures, including the types of cells infected, virus growth kinet-
ics, cytopathic effects (CPE), and inflammatory responses. Our
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TABLE 1. Cell counts and TEER measurements of WD-PBEC
cultures before infection

Cell count 21 days TEER No. of inserts

Donor

after ALI (mean = SEM) excluded/total
1 1% 10° 537.6 = 11.2 8/24
2 1.2 x 10° 378 £ 6.2 3/12
3 1.1 x 10° 761.6 £ 28 0/24
4 1.02 x 10° 692.7 + 82.3 0/8
5 4.1 x10° 688.8 £5.6 0/24

data provided novel insights into the interaction of SeV with
pediatric airway epithelium and the limitations and/or advan-
tages of its use as a vector.

MATERIALS AND METHODS

Cell line and viruses. LLC-MK2 cells were cultured as previously described
(38). rSeV/eGFP was rescued from an infectious SeV clone containing the eGFP
gene inserted between the SeV N and P genes, as previously described (38).
Briefly, eGFP was amplified using Pfu Turbo DNA polymerase (Stratagene) and
the eGFP-specific primers ATTAACGCGTATCCACCGGTCGCCACCATGGT
GAGC (forward) and TACTACGCGTTTTACTTGTACAGCTCGTCCAT
GCCG (reverse), which contain Mlul sites (in bold), and cloned into the unique
Mlul site of pSeV FL4 N3’ Aatll-Mlul.

rSeV/eGFP stocks were grown in embryonated chicken eggs as previously
described (38). Titration of rSeV/eGFP, either in viral stocks or experimental
samples, was performed in LLC-MK?2 cells as previously described (38), except
that infections were undertaken in the absence of acetylated trypsin. This limits
SeV replication to a single round of infection. After 48 h of incubation at 37°C
in 5% CO,, the numbers of fluorescent cells were counted in appropriate dilu-
tions under a UV microscope (Nikon TE2000), and titers were calculated as
numbers of fluorescent focus units (FFU)/ml.

WD-PBECs. Primary pediatric bronchial epithelial cells (PBECs) were ob-
tained by bronchial brushings from healthy children undergoing elective surgery,
as described before (12). All cell samples were confirmed to be negative for a
panel of 12 respiratory viruses using a multiplex virus reverse transcriptase (RT)
PCR strip, as previously described (11), before inclusion in the study. They were
then used to generate well-differentiated PBECs (WD-PBECs), as recently de-
scribed (27). Briefly, the cells were seeded in collagen-coated (Purecol; Inamed,
United Kingdom) 10-cm? flasks (Nunc, United Kingdom) using airway epithelial
cell basal medium (catalog no. C-21260) supplemented with supplement pack/
airway epithelial growth medium (catalog no. C-39160) (Promocell, Germany) at
37°C in 5% CO, until almost confluent. They were then passaged into a collagen-
coated 75-cm? flask and expanded at 37°C in 5% CO,. Upon reaching 80%
confluence, the cells were trypsinized (0.5% trypsin-EDTA; GIBCO, United
Kingdom) and seeded onto collagen-coated, semipermeable membrane supports
(Transwell-Col, 12-mm diameter, 0.4-pm pore size; Corning-Costar, Corning,
NY) at 10° cells/well. When confluence was reached, the apical medium was
removed and the ALI established to trigger differentiation. Cells were main-
tained at the ALI for 21 days, with the basolateral medium changed every second
day and the apical side rinsed with phosphate-buffered saline (PBS) every week
to remove excess mucus production. The transepithelial electric resistance
(TEER) was determined for each transwell using EVOM? and an Endohm
chamber (World Precision Instruments). Cultures with TEERs of =300 () - cm?
were retained for experimentation.

Infection of WD-PBECs. All infections were undertaken in WD-PBEC cul-
tures 21 days after initiation of ALI culture. rSeV/eGFP stocks were thawed
rapidly and diluted in culture medium to prepare a multiplicity of infection
(MOI) of ~4 in 800 pl. MOIs were calculated based on cell counts following
trypsinization of a single transwell culture for each donor (the cell count and
TEER [mean * standard error of the mean }SEM{] for each donor are provided
in Table 1). Inocula were added to the apical surface, and cultures were incu-
bated for 2 h at 37°C in 5% CO,. Control wells received 800 pl of culture
medium. After 2 h, the apical surface was rinsed 6 times with 500 ! warm PBS.
After the final wash and every 24 h thereafter, the apical surface was rinsed and
the basal medium harvested to determine virus growth kinetics and cytokine/
chemokine responses, respectively. Apical rinses were obtained by adding 500 .l
PBS to the apical surface for 10 min at 37°C, harvesting the rinse, and snap-
freezing and storing it in liquid nitrogen. The basal medium was stored at —80°C
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and replaced with fresh culture medium. Infected and control cultures were
monitored daily by light and UV microscopy (Nikon Eclipse TE-2000 U; Nikon,
United Kingdom). GFP quantification of infected cultures was performed using
Image] software (http://rsbweb.nih.gov/ij/). Briefly, representative fields of in-
fected cultures were photographed every 24 h by UV microscopy and converted
in 8 bits, and mean gray pixel values of the fields were measured using ImageJ
software.

Cytospins. To determine the consequence of rSeV/eGFP infection on epithe-
lial cell sloughing, apical surfaces of dedicated infected and control WD-PBEC
cultures were rinsed every 24 h as described above and 250 pl of the apical
washings was added to each of 2 cytospin sample chambers (Shandon). The
chambers were centrifuged at 1,000 X g for 2 min in a Cytospin 3 centrifuge
(Shandon). Following removal of the filters and chambers, the cells were air
dried for 1 h at room temperature, fixed with 100% ice-cold acetone for 15 min,
rinsed with PBS, and either stained directly or stored at —20°C until used.
Quantification of nuclei was performed using a UV microscope (Nikon Eclipse
TE-2000 U; Nikon, United Kingdom) following DAPI (4',6-diamino-2-phenylin-
dole) staining.

Immunofluorescence assays. Both the apical and basolateral compartments of
the WD-PBEC cultures were rinsed 3 times with 500 pl PBS. Paraformaldehyde
(4%, vol/vol) was added to the apical (500 wl) and basal (1.5 ml) compartments
for 20 min, and the PBS washings were repeated. Cultures were stored in 70%
ethanol at 4°C until used. For immunofluorescent staining, the ethanol was
removed and the cells were rinsed 3 times with 500 wl PBS, permeabilized with
PBS plus 0.2% Triton X-100 (vol/vol) (Sigma) for 2 h at room temperature, and
blocked with 10% nonimmune normal goat serum (Zymed) for 30 min. The
cultures were stained for ciliated cells (anti-B-tubulin clone Tub 2.1, 1:100
[Sigma]) or goblet cells (anti-Muc5AC clone 45M1, 1:200 [Abcam]). Briefly, 200
wl primary antibody was added to the apical surface for 1 h at 37°C, the cultures
were washed 3 times with 500 pl PBS for 15 min at room temperature, 200 pl
Alexa 568-conjugated secondary goat anti-mouse IgG (1:500; Molecular Probes,
United Kingdom) was added for 1 h at 37°C, and the washings were repeated.
Inserts were mounted on microscopy slides using DAPI mounting medium
(Vectashield; Vector Laboratories). Fluorescence was detected by confocal laser
scanning microscopy (TCS SP5; Leica, Germany).

TUNEL assay. Apoptosis was detected with the terminal deoxynucleotidyl-
transferase-mediated dUTP-biotin nick end labeling (TUNEL) system, as de-
scribed by the manufacturer (Roche).

Transmission electron microscopy. WD-PBECs were fixed with 1% osmium
tetroxide for 1 h, followed by dehydration in a series of graded ethanols. Cultures
were infiltrated with Epon resin and 80-nm sections cut. Sections were then
mounted on copper grids and stained with 5% uranyl acetate-2.6% lead citrate
and observed under a Philips CM 100 transmission electron microscope.

Cytokine/chemokine concentration determination. Basolateral samples were
thawed and analyzed for a panel of cytokine/chemokine concentrations using
custom Bio-Plex assay kits (Bio-Rad, United Kingdom). The panel included
RANTES (CCLS5), IP-10 (CXCL10), interleukin 6 (IL-6), IL-8 (CXCLS), tumor
necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), and vascular
endothelial growth factor (VEGF). Analyte concentrations were determined
according the manufacturer’s instructions, using a Bio-Plex 200 system (Bio-Rad,
United Kingdom).

Statistical analyses. All data were analyzed with a paired ¢ test using Graph-
Pad Prism 5.0. Values are presented as means = standard errors. A P value of
<0.05 was considered statistically significant.

Ethics. This study was approved by the Office for Research Ethics Commit-
tees, Northern Ireland. Written informed consent and assent were obtained from
all parents and children, where appropriate, prior to bronchial brushings.

RESULTS

Structure and integrity of the WD-PBEC model. An ex
vivo/in vitro model of well-differentiated pseudostratified bron-
chial epithelium based on pediatric epithelial cells derived
from bronchial brushings was exploited for the current studies
(27). Following 21 days of ALI culture, WD-PBECs were
found to have an extensive coverage of beating cilia, as evi-
denced by light microscopy, and copious production of mucus
(data not shown). Robust transepithelial electric resistances
(TEERs) of =300 Q - cm? were also evident for the vast ma-
jority of transwells (data not shown). A minimum TEER value
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FIG. 1. Structure and integrity of the WD-PBEC model. WD-PBECs were grown at the air-liquid interface for 21 days, washed, and fixed.
WD-PBECs were stained with a mouse anti-B-tubulin MAD (specific for ciliated cells) and a goat anti-mouse secondary antibody coupled with
Alexa 568 (red) (A), with a mouse anti-Muc5AC MADb (specific for goblet cells) and a goat anti-mouse secondary antibody coupled with Alexa 488
(green) (B), or with a mouse anti-ZO-1 MADb (specific for tight junctions) and a goat anti-rabbit secondary antibody coupled with Alexa 568 (red)
(C). Slides were observed under a confocal microscope. En face views and confocal orthogonal sections are shown in the upper and lower panels,
respectively. Original magnifications were X184 (A), X160 (B), and x40 (C). These photos are representative of cultures from 5 individual donors.

of 300 ) - cm? was set as a prerequisite for use of transwells in
subsequent experiments. As expected, confocal microscopy
confirmed the presence of ciliated and goblet cells on the
apical surfaces of the cultures, well-established tight junctions,
and culture thicknesses of 3 to 6 cell layers (Fig. 1A, B, and C).

rSeV/eGFP infects and replicates efficiently in WD-PBECs.
To determine the capacity of rSeV/eGFP to infect WD-
PBECs, cultures (n = 5) were inoculated at an MOI of ~4.
Typical rSeV/eGFP infections of WD-PBECs are represented
in Fig. 2A, and GFP quantification is presented in Fig. 2B. By
24 h postinfection (hpi), there was clear evidence of infection
with rSeV/eGFP, as determined by eGFP expression. The in-
tensity of eGFP expression progressed significantly between 24
and 48 hpi and peaked at around 72 hpi. Based on eGFP
expression, the infection spread to virtually all parts of the
culture. Progression of infection seemed to be directed and
followed the stream of mucus created by the synchronized beat
of the cilia. Evidence for the stream of mucus is shown in
movie S1 in the supplemental material. At later time points,
there was clear evidence of considerable cytopathic effects
(CPE), which manifested themselves in the form of holes in the
cultures. This coincided with a diminishing epithelium barrier
integrity, as quantified over time by measuring the TEERs of
infected versus uninfected cultures (Fig. 2C).

The growth curve data (Fig. 3) demonstrated that infectious
rSeV/eGFP was released from the apical surfaces of WD-
PBEC:s from an early time point. Large quantities of virus were
released by 24 hpi, while peak titers were evident between 48
and 72 hpi. Thereafter, titers diminished slightly until the end
of the experiment, but the rSeV/eGFP-infected WD-PBEC
cultures remained highly productive for the duration of the
experiments. Interestingly, no virus was detected in the baso-
lateral compartment of the transwells at any time point. This
was not due to an inability of the virus to traverse the porous
collagen-coated transwell membrane, as evidenced by the abil-

ity of rSeV/eGFP to cross these membranes in the absence of
WD-PBEC cultures (data not shown). These data indicate that
rSeV/eGFP infection and spread are restricted to the apical
surfaces of the WD-PBEC cultures.

rSeV/eGFP infects apical ciliated and nonciliated epithelial
cells but not goblet cells. To confirm the location of rSeV/
eGFP infection within the WD-PBEC cultures and the types of
cells involved, WD-PBECs (n = 5) were infected with rSeV/
eGFP (MOI ~ 4) and fixed with 4% paraformaldehyde 48 hpi.
The cultures were stained with phycoerythrin-conjugated anti-
B-tubulin (cilium specific) or anti-Muc5AC (goblet cell spe-
cific) monoclonal antibodies (MAbs). Orthogonal and en face
confocal microscopy observations revealed that rSeV/eGFP
infection was restricted to the apical surface (Fig. 4A). Fur-
thermore, at 48 hpi, an average of 88% of ciliated epithelial
cells were infected (Fig. 4B). However, not all eGFP-positive
cells were ciliated, with up to 6% of infected cells being non-
ciliated. Interestingly, en face and confocal orthogonal section
observations of the infected cultures also revealed the presence
of eGFP within the cilia (Fig. 4C). In contrast, there was no
evidence of infection of goblet cells (Fig. 4D).

rSeV/eGFP induces substantial CPE in WD-PBECs. rSeV/
eGFP- and mock-infected WD-PBEC cultures were monitored
for GFP fluorescence and CPE. Light microscopy and UV
microscopy were undertaken every 24 h following infection.
The typical progression of rSeV/eGFP-induced CPE is shown
in Fig. 5A. At 144 hpi, holes were evident in the cultures,
unlike in uninfected controls, which remained intact. The ex-
tent and frequency of the holes progressed over the following
days, indicative of considerable destruction of the infected
epithelial cultures. Moreover, orthogonal sections following
confocal microscopy of rSeV/eGFP-infected WD-PBECs re-
vealed a tendency toward fewer cell layers at 144 hpi (1 to 2
layers) than in mock-infected cultures (3 to 5 layers) (Fig. 5B).
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FIG. 2. Time course of rSeV/eGFP infection on WD-PBECs. The apical surfaces of WD-PBEC cultures were infected with rSeV/eGFP
(MOI = 4), and eGFP expression was monitored by UV fluorescence microscopy every 24 h thereafter for 192 h as an indication of virus spread
over time (A). White arrows and dashed lines indicate holes in the infected cultures. Original magnification, X4. These photos are representative
of cultures from 5 individual donors. GFP intensity over time was quantified by measuring the mean gray pixel values of representative fields using
ImagelJ software (n = 3 donors) (B). TEER was measured every 24 h following rSeV/eGFP or mock infection of WD-PBEC cultures (C). Data

represent mean TEER values = SEM (n = 3).

-

O =2 N W HE N WO

P\
H
-

rSeV/eGFP titre (log 4, foci/mL)

24 48 T2 96
Hours post infection

FIG. 3. Growth curve of SeV/eGFP in WD-PBECs. WD-PBEC
cultures from five individual donors were infected in duplicate with
rSeV/eGFP (MOI = 4) for 2 h and washed with PBS. Virus released
to the apical surface was harvested at 2, 24, 48, 72, 96, 120, and 144 hpi,
as described in Materials and Methods. Virus titers in apical washes
were determined using LLC-MK2 cells in the absence of acetylated
trypsin and are expressed as log;, fluorescent focus units/ml. Each
point corresponds to the mean of results for 5 different donors. Data
represent mean titers *+ standard deviations.
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Interestingly, although not measured, we also observed clear
visual evidence of ciliostasis by 96 hpi (data not shown).

Cytospins were also performed every 24 hpi on apical rinses
to determine the relative sloughing of apical cells in rSeV/
eGFP-infected versus mock-infected WD-PBEC cultures.
Representative and quantified data from all time points exam-
ined are shown in Fig. 5C and D, respectively. Nuclei were
stained with DAPI. As expected, apical washes of infected
WD-PBECs contained much more cell debris and damaged
nuclei than mock-infected cultures.

Syncytium formation was clearly evident in rSeV/eGFP-in-
fected WD-PBECs (Fig. 6), a novel observation. Syncytia are
typical cytopathic characteristics of SeV infection in monolayer
cells (31), resulting from membrane fusion between infected
and neighboring cells. Two types of multinucleated syncytia
were evident. In the first type, nuclei clustered in the center of
the syncytium (Fig. 6A), whereas in the second type, nuclei
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FIG. 4. rSeV/eGFP infects primarily ciliated cells and not goblet cells. WD-PBECs were infected with rSeV/eGFP (MOI = 4) for 2 h and
washed with PBS. En face and confocal orthogonal sections of rSeV/eGFP-infected cultures were taken at 48 hpi. (A) A representative confocal
orthogonal section of rSeV/eGFP-infected cultures at 48 hpi is presented (blue, DAPI-stained nuclei; green, eGFP). (B) WD-PBECs were fixed
and stained with phycoerythrin-conjugated anti-B-tubulin MAb (red) (specific for ciliated cells) and examined under confocal microscopy at a X90
magnification. (C) WD-PBECs were fixed, and cilia were examined under confocal microscopy at a X126 magnification (green, eGFP). rSeV/e GFP
infection is restricted to the apical layer (blue, DAPI-stained nuclei; green, eGFP). (D) Alternatively, fixed cultures were stained with a mouse
anti-Muc5SAC MAD followed by an Alexa 568-coupled goat anti-mouse secondary antibody (red) and observed at a X90 magnification.

were organized at the perimeter of the syncytium (Fig. 6B).
Interestingly, the confocal data suggested that the second type
is the result of vacuole formation in the center of the syncytium
itself, with the nuclei organizing themselves around the periph-
ery of the vacuole (Fig. 6C). Indeed, this is corroborated by
electron microscopy data, in which large vacuoles are evident
only in rSeV/eGFP-infected WD-PBECs (Fig. 6D). The pos-
sibility remains that these two syncytium types represent dif-
ferent stages of development of the syncytium following infec-
tion.

Apoptosis is triggered by rSeV/eGFP infection. The CPE
and cytospin data indicated that considerable cell death oc-
curred following rSeV/eGFP infection. A number of lines of
evidence suggest that apoptosis was responsible, at least in
part, for this cell death. First, characteristic apoptosis-associ-
ated cell blebbing was detected as early as 48 hpi (Fig. 7A).
Second, chromatin condensation (karyopyknosis) and nuclear
fragmentation (karyorrhexis) were also clearly evident follow-
ing infection (Fig. 7B). In contrast, nuclear integrity was con-
served in mock-infected cells. Finally, TUNEL assays per-
formed on infected and mock-infected WD-PBEC cultures
fixed at 8, 24, 48, and 144 hpi confirmed the presence of
apoptotic cells on the apical surface from 24 h following rSeV/

eGFP infection. In contrast, mock-infected cultures were neg-
ative for TUNEL staining (Fig. 7C).

rSeV/eGFP induces substantial secretion of proinflamma-
tory cytokines and chemokines. To further characterize the
interaction of rSeV/eGFP with WD-PBECs, we determined
the concentrations of a range of cytokines/chemokines in the
basolateral medium at 24 and 120 hpi compared with those in
mock-infected controls. These included IL-6, I1L-8, TRAIL,
IP-10, VEGF, and RANTES (Fig. 8). As the basolateral me-
dium was replaced every day, the chemokine/cytokine concen-
trations reported represent secretions over the 24-h period
preceding the sample time point, rather than cumulative se-
cretions over the entire experimental period. Of the analytes
tested, only IP-10 and RANTES were significantly elevated at
24 hpi compared to their levels in the negative controls (P <
0.001 and P < 0.05, respectively). By 120 hpi, the concentra-
tions of IP-10 and RANTES were further increased (P < 0.001
and P < 0.05, respectively) and TRAIL and IL-6 levels were
also significantly elevated (P < 0.05). There was a trend toward
increased IL-8 by 120 hpi, although this did not reach signifi-
cance. Interestingly, IL-8 concentrations were very high in all
samples. Absolute concentrations of IP-10 were very high in
the basolateral medium derived from rSeV/eGFP-infected cul-
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FIG. 5. Cytopathic effects in rSeV/eGFP-infected cultures. WD-PBECs were infected for 2 h with rSeV/eGFP (MOI = 4) and washed with PBS.
(A) En face phase-contrast microphotographs were taken every 24 h following infection. Representative images are shown for mock-infected
cultures and every 24 h following rSeV/eGFP infection. The image of the mock-infected culture is representative of all the time points. Original
magnification, X 10. These images are representative of cultures from 5 individual donors. (B) Confocal orthogonal sections of rSeV/eGFP-infected
cultures at 48 and 144 hpi. Nuclei were stained with DAPI. Original magnification, X40. (C) Representative cytospins of apical rinses from
rSeV/eGFP-infected (upper panels) and mock-infected (lower panels) cultures at 24, 48, 72, 96, 120, and 144 hpi. Cells were stained with DAPIL.
The fields are representatives of all slides. Original magnification, X10. (D) Quantification of nuclei in apical rinses at different times postinfection
(n = 3). Data represent mean values = standard deviations.
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FIG. 6. rSeV/eGFP induces syncytium formation. The apical sides of WD-PBECs cultures were infected with rSeV/eGFP (MOI = 4) for 2 h
and washed with PBS. At 144 hpi, WD-PBEC:s cultures were fixed and stained with DAPI to visualize nuclei and examined under confocal and
electron microscopy. Syncytia following SeV/eGFP infection are indicated by white arrows. (A) En face confocal micrograph. Nuclei are clustered
in the center. (B) En face confocal micrograph. Nuclei organized in the perimeter of the syncytia due to vacuole formation inside the syncytia.
(C) Confocal en face view (top) and corresponding orthogonal section (bottom). The vacuole is indicated by white arrows. Original magnification,
X40. (D) Transmission electron micrographs of rSeV/eGFP (MOI = 4)- and mock-infected WD-PBEC cultures at 120 hpi. The vacuole is
indicated by a black arrow, and the semipermeable basal membrane is indicated by the dashed line. Original magnification, X15,500.

tures (mean of >30 ng/ml at 24 hpi and >140 ng/ml at 120 hpi),
while those for RANTES and TRAIL were moderate. VEGF
was also highly expressed but to similar levels in rSeV/e GFP-
and mock-infected cultures.

DISCUSSION

SeV has a number of biological characteristics that make it
particularly interesting as a vector, not least of which is its
tropism for the respiratory epithelium. However, while recent
preclinical studies have confirmed its potential as a vaccine
vector (18), gene therapy studies using replication-incompe-
tent SeV expressing the cftr gene have been less promising,
primarily because of the transient nature of the transgene
expression (16). Surprisingly, little is known about the interac-
tion between SeV and the human airway epithelium, its pri-
mary target. Such knowledge is critical to help us understand
the successes and failures of previous studies and improve
vector efficiency.

In this study, our WD-PBEC cultures were found to have
many physiologically authentic characteristics and thereby rep-
resent a relevant model system in which to study SeV/human
pediatric respiratory tract interactions. We found that rSeV/
eGFP efficiently infected WD-PBECs and replicated to high
titers. This is consistent with previous reports of either differ-
entiated adult human airway epithelial cells (HAE) or adult
nasal epithelial cells cultured in monolayers (30, 43). Interest-
ingly, the r1SeV/eGFP growth kinetics reported here were also

similar to recent results for hPIV1 infection of HAE (3). Fur-
thermore, the restriction of rSeV/eGFP infection to apical-
layer ciliated and nonciliated epithelial cells, but not goblet
cells, is consistent with data derived from infection of HAE
with RSV, hPIV1, hPIV3, and influenza virus (3, 4, 45, 46). In
contrast, SeV infected both ciliated epithelium and secretory
cells in rat tracheas following infection in vivo (24).

The release of progeny rSeV/eGFP exclusively from the
apical surface provides strong evidence of polarized virion
budding, the mechanisms of which remain to be determined. It
is also consistent with previous reports of SeV, hPIV1, hPIV3,
RSV, and human and avian influenza virus infections of HAE
(4, 30, 37, 45, 46). Thus, apical release appears to be a general
phenomenon for these common respiratory viruses. Further-
more, our data confirmed that the released rSeV/eGFP was
infectious, by virtue of virus titrations being undertaken in the
absence of acetylated trypsin. Its close relative hPIV1 was
similarly found to be infectious following release from HAE
cultures (3). Proteolytic cleavage of the SeV F,, protein to F,
and F, is essential for infectivity. In rodent lungs, this is
achieved by tryptase Clara secreted from Clara cells, while in
vitro propagation of SeV in LLC-MK?2 cells requires the addi-
tion of acetylated trypsin to the tissue culture medium (17, 35).
Therefore, WD-PBEC cultures clearly express a protease(s)
capable of appropriate cleavage of SeV F,. Using a Clara
cell-specific polyclonal antibody, we found no evidence of
Clara cells in WD-PBECs (data not shown), suggesting that
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FIG. 7. rSeV/eGFP infection induces apoptosis. WD-PBECs were infected for 2 h with rSeV/eGFP (MOI = 4) and washed with PBS. (A) At
48 hpi, live WD-PBECs were monitored using a phase-contrast/UV microscope. rSeV/eGFP-infected cells appear in green. White arrows indicate
apoptotic bodies. Original magnification, X40. (B) At 144 hpi, cultures were fixed and stained with DAPI to visualize nuclei. White arrows indicate
typical apoptosis-associated nuclear fragmentation and chromatin condensation. Original magnification, X40. (C) rSeV/eGFP- and mock-infected
WD-PBECs were stained in a TUNEL assay to detect cells undergoing apoptosis at 8, 24, 48, and 144 hpi. Red staining is indicative of DNA strand

breaking and apoptosis. Original magnification, X40.

other cells are responsible for expressing the necessary pro-
tease(s). Interestingly, Bottcher et al. recently identified two
airway-associated proteases that efficiently cleaved the influ-
enza virus HAO protein (6). This suggests the possibility of
more than one protease capable of cleaving SeV F,,
Surprisingly, and in contrast to the work of Pinkenburg et al.
(30), rSeV/eGFP induced substantial CPE in our WD-PBEC
cultures. These results also contrast with results with hPIV1-
infected HAE cultures, in which there was little gross cytopa-
thology (3). As SeV is not known to be pathogenic to humans,
this result was quite unexpected but repeated several times.
The early CPE bore many hallmarks of the induction of apop-
tosis, as demonstrated by cell blebbing, chromatin condensa-
tion, and positive TUNEL staining. At later time points, sub-
stantially more cell sloughing was evident than in uninfected
controls, as evidenced by the cytospin data. This was associated
with the development of large holes in the cultures. Further-
more, epithelial culture thickness of SeV-infected cultures was
often less than those of uninfected controls at late time points
postinfection, indicating SeV-induced destruction of the cul-
tures. In a novel observation, syncytium formation was com-
monly observed in rSeV/eGFP-infected WD-PBECs. The rel-
atively high frequency of syncytia in SeV-infected WD-PBECs
compared to their relative paucity following in vivo infection in
mice infected with SeV or in human autopsy lung tissues from
hPIV- or RSV-infected individuals (14, 21, 36) may be recon-

ciled by the sloughing and elimination of syncytia in vivo, such
that they are only rarely visible in tissue sections. Importantly,
although a replication-competent virus was used in our study,
the considerable induction of apoptosis and cell sloughing
might help explain the transient nature of transgene expression
in the lungs of a mouse in a murine model of CF, in which, as
with our construct, SeV Z provided the backbone of the vector
(14).

The discrepancies between our data and those of Pinken-
burg et al. (30) in terms of culture integrity following SeV
infection remain to be explained. It is possible that the origin
of the epithelial cells (child versus adult), the strain of SeV
used (Z versus Fushimi), and/or the location of gfp gene inser-
tion within the SeV genome (between N and P versus P and M)
might be implicated. Interestingly, differential CPE were re-
cently described following infection of several different cell
lines with either SeV Z or Fushimi strains, although in these
monolayer cells, the latter strain was found to be the most
cytopathogenic (42). As SeV is considered nonpathogenic in
humans but HPIV1 is highly pathogenic, it was counterintui-
tive to observe substantial CPE in our rSeV/eGFP-infected
cultures, while HPIV1 induced little or no CPE in HAE cul-
tures (3). Indeed, an interesting parallel was reported for in-
fluenza A viruses, in which influenza virus A/Udorn/307/72,
which induced mild febrile or upper respiratory tract symptoms
in human volunteers (26), rapidly obliterated HAE cultures,
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FIG. 8. Chemokine secretions induced following rSeV/eGFP infection. WD-PBECs were infected for 2 h with rSeV/eGFP (MOI = 4) and
washed with PBS. Basolateral media from rSeV/eGFP and mock-infected cultures were harvested daily, stored at —80°C until used, and replaced
with fresh medium. For these studies, samples harvested at 24 h and 120 h were used to determine secreted chemokine concentrations using a
custom-made Bio-Plex kit. Therefore, data presented correspond to chemokine secretions within the 24-h period prior to harvesting. Each of the
5 individual donors is represented by a specific symbol that is retained for each time point and each experimental condition. Error bars correspond
to standard errors. Data were analyzed using a paired ¢ test. *, P < 0.05; ***, P < 0.001 for rSeV/eGFP versus mock-infected WD-PBECs.

while influenza virus H5N1 (A/VN/1203/04), which was de-
rived from a fatal human case of avian influenza, induced no,
or very limited, CPE in these cultures (32, 46). The combined
data from all of these viruses suggest that virus-induced dam-
age to HAE cultures appears to be inversely correlated with
viral pathogenesis in humans. This is consistent with the work
of Itoh et al., who demonstrated that a mutant SeV strain that
efficiently induced apoptosis in vitro and in vivo was highly
attenuated in mice compared to the virulence of its wild-type
counterpart (19). Antiapoptotic activity was mapped to amino
acid residues 10 to 15 of the SeV C protein (15). Furthermore,
in contrast to wild-type hPIV1, a hPIV1 mutant that does not
express any C proteins induced extensive CPE and apoptosis in
monolayer cells and was highly growth attenuated in African
green monkeys (3).

The kinetics of rSeV/eGFP growth in WD-PBECs demon-
strated a highly reproducible, efficient, and productive infec-
tion in these cells (Fig. 3). The data indicate that innate anti-
viral responses induced following infection were insufficient to
block replication and/or that rSeV/eGFP was capable of block-
ing at least some of these responses. The latter explanation is
consistent with the work of Bousse et al., who demonstrated
that SeV C proteins blocked transport of STAT1 and STAT2
to the nuclei of human monolayer cells, thereby preventing
type I interferon (IFN) signaling (7). Furthermore, Kato et al.
demonstrated that the hPIV1 C protein amino acid residues

151, 153, and 154, which are conserved in the SeV C protein
homologue, were important for this function (23). Indeed, this
provides a molecular explanation for the capacity of rSeV/
eGFP to replicate efficiently in WD-PBECs. The SeV and
hPIV1 C proteins have also been implicated in blocking
apoptosis in a species-specific manner, and as indicated above,
the domain responsible is located in the N terminus and inde-
pendent of the anti-IFN signaling domains (15). Evidently, and
consistent with recent reports of monolayer systems (29), our
data clearly indicated that rSeV/eGFP is not capable of block-
ing apoptosis in WD-PBECs.

The design and exploitation of viruses as vaccine or gene
therapy vectors are in many ways conceptually opposed. For
vaccine vectors, the goal is to facilitate the induction of robust
immune responses to the vaccine antigen, while for gene ther-
apy vectors, limiting or circumventing such responses is key to
transgene persistence. In our WD-PBEC model, rSeV/eGFP
induced high levels of proinflammatory cytokines/chemokines,
such as IP-10, TRAIL, RANTES, IL-6, and, to a lesser extent,
IL-8 (Fig. 8). These changes are consistent with robust inflam-
matory responses induced following rSeV/eGFP infection. If
these inflammatory responses are considered appropriate for
normal host defense, our data would support the use of SeV as
a vaccine vector in its current form, although not as a gene
therapy vector. Alternatively, if the responses are considered
overexuberant, lung pathology is the likely outcome. As SeV is
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not known to be pathogenic in humans, the observed inflam-
matory responses are likely to be part of a normal host defense
against SeV infection.

The significant upregulation of IP-10, RANTES, and IL-6
expression in rSeV/eGFP-infected WD-PBEC:s is of particular
interest from a vaccine viewpoint, as each is under investiga-
tion as a molecular adjuvant for a variety of vaccine antigens
(20, 28). Although the biological significance remains to be
determined, the high levels of IL-8 secreted from mock-in-
fected WD-PBEC cultures in our model is noteworthy and
consistent with the results of previous reports (25, 39). While
not significantly upregulated in rSeV/eGFP-infected cultures,
the strong trend toward increased expression at 120 hpi sug-
gests a potential role for IL-8 in anti-rSeV/eGFP immune
responses.

TRAIL occurs in membrane-anchored and soluble forms
(10). Both forms are potent inducers of apoptosis. The mod-
erate levels of soluble TRAIL released from rSeV/e GFP-in-
fected cultures, particularly at 120 hpi, are consistent with the
extensive apoptosis observed. These data suggest that TRAIL
might be implicated in the WD-PBEC degeneration following
infection. This is also of interest from a vaccine viewpoint, as
apoptotic cells are efficiently exploited by antigen-presenting
cells, such as dendritic cells, to capture viral antigens and
present them to cytotoxic T cells (1).

In conclusion, our data demonstrated that SeV induces ro-
bust inflammatory responses and extensive CPE in pediatric
WD-PBEC cultures. This may explain, in part at least, the
transient nature of transgene expression in SeV-transduced
cells in vitro and in vivo. Exploitation of SeV as a gene therapy
vector, therefore, is likely to require the generation of a re-
combinant SeV capable of persistent infection. Alternatively,
the observed inflammatory and apoptotic consequences of
rSeV/eGFP infection may constitute normal host responses
that are necessary for the induction of robust immunity. In this
case, our data would support the use of replication-competent
SeV as a vaccine vector in humans. However, because the
factors that control the balance between normal and overexu-
berant/pathogenic inflammatory responses in the lungs are un-
clear, prudence is prescribed for the use of replication-compe-
tent SeV as a vaccine vector, especially in infants that are
immunologically naive to hPIV1.
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