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To address the initiation of virus infection in the respiratory tract, we established two culture systems for
differentiated bovine airway epithelial cells (BAEC). Filter-grown BAEC differentiated under air-liquid inter-
face (ALI) conditions to generate a pseudo-stratified mucociliary epithelium. Alternatively, precision-cut lung
slices (PCLS) from the bovine airways were generated that retained the original composition and distribution
of differentiated epithelial cells. With both systems, epithelial cells were readily infected by bovine parainflu-
enza virus 3 (BPIV3). Ciliated cells were the most prominent cell type affected by BPIV3. Surprisingly,
differentiated BAEC were resistant to infection by bovine respiratory syncytial virus (BRSV), when the virus
was applied at the same multiplicity of infection that was sufficient for infection by BPIV3. In the case of PCLS,
infection by BRSV was observed in cells located in lower cell layers but not in epithelial cells facing the lumen
of the airways. The identity of the infected cells could not be determined because of a lack of specific antibodies.
Increasing the virus titer 30-fold resulted in infection of the ALI cultures of BAEC, whereas in PCLS the
ciliated epithelium was still refractory to infection by BRSV. These results indicate that differentiated BAEC
are readily infected by BPIV3 but rather resistant to infection by BRSV. Disease caused by BRSV may require

that calves encounter environmental stimuli that render BAEC susceptible to infection.

Immortalized cell lines have been and still are an invaluable
tool in the elucidation of the replication cycle of animal vi-
ruses. However, the natural target cells of viruses often are
differentiated cells, which have characteristic features that are
absent from immortalized cells. Therefore, not all aspects of
the viral pathogenesis can be addressed by experimental infec-
tion of continuous cell lines. In recent years, well-differentiated
epithelial cells derived from airway tissue have been used to
analyze respiratory virus infections. When cultured under air-
liquid interface (ALI) conditions, these cells grow to establish
a multilayered, polarized, and differentiated tissue culture that
closely resembles the airway epithelium in vivo with regard to
morphology and functions, including mucus production and
ciliary motion (6). They have been applied, for example, to
study infection by human respiratory syncytial virus (HRSV)
and human parainfluenza virus 3 (HPIV3). In both cases, only
the ciliated epithelial cells were found to be sensitive to infec-
tion (21, 22).

RSV and PIV3 are classified in different genera, Pneumovi-
rus and Respirovirus, and subfamilies, Paramyxovirinae and
Pneumovirinae, within the family Paramyxoviridae, order
Mononegavirales. HRSV and HPIV3 are the most important
viral agents responsible for serious pediatric respiratory dis-
ease worldwide. By the age of 2 years, the majority of children
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have been infected by these viruses. In severe cases, infection
results in bronchiolitis and pneumonia. Reinfections are com-
mon, although subsequent infections are partially restricted,
and the disease severity is reduced. For both viruses, there are
bovine counterparts, BRSV and BPIV3, that cause similar
diseases in calves (3, 12, 17).

RSV and PIV3 are enveloped viruses that contain surface
glycoproteins for the interaction with target cells. Primary at-
tachment of RSV is mediated by the G protein, which recog-
nizes heparinlike glycosaminoglycans (7). Internalization of
the viral genome occurs by fusion of the viral envelope with the
plasma membrane of the host cell. This process is mediated by
the fusion protein F, which has to be cleaved into the subunits
F1 and F2 to become fusion active. As reported for several
other paramyxoviruses, the proteolytic activation of the F pro-
tein is accomplished by the action of cellular proteases, furin or
furinlike enzymes. A unique feature of RSV is that the F
protein contains two furin cleavage sites (5, 23). Therefore,
proteolytic activation of the F protein results not only in the
generation of the subunits F1 and F2 but also in the release of
a small peptide, which in the case of BRSV has been shown to
be converted into a bioactive peptide (24). Attachment of
PIV3 to host cells is mediated by the HN protein, which has a
sialic acid-binding activity for the interaction with sialylated
cell surface molecules (10). The neuraminidase activity of the
HN protein resembles that of the NA protein of influenza
viruses and may facilitate the spread of infection. Internaliza-
tion of the PIV3 genome is mediated by the F protein, which
induces the fusion of the viral and the cellular membrane.
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Virus entry may require—in addition to sialic acid-containing
receptors—the interaction of F with nucleolin (2). Similar to
RSV, the F protein of PIV3 is fusion active only after gener-
ation of the subunits F1 and F2 by proteolytic cleavage (9).

To analyze the infection of the target cells of BRSV and
BPIV3, we established ALI cultures for bovine airway epithe-
lial cells (BAEC). Furthermore, we prepared precision-cut
lung slices (PCLS), which contain the well-differentiated respi-
ratory epithelial cells in the original setting. These culture
systems have been applied for the first time to analyze infection
by bovine respiratory viruses. Cells of both cultures were
readily infected by BPIV3, whereas they were rather refractory
to infection by BRSV. Our results suggest that these two vi-
ruses have developed different strategies to infect their host.

(Part of this work was performed by K.G. in partial fulfill-
ment of the requirements for a Ph.D. from Tieraerztliche
Hochschule Hannover, Hannover, Germany.)

MATERIALS AND METHODS

Culture of continuous cell lines. MDBK cells (Madin-Darby bovine kidney
cells; kindly provided by Wolfgang Garten, Philipps-Universitdt Marburg, Mar-
burg, Germany), as well as Vero cells (African green monkey cells; ATCC,
CCL-81), were cultured in Dulbecco modified Eagle medium (DMEM) supple-
mented with either 10 or 5% fetal bovine serum (FBS). HBE cells (human
bronchial epithelial cells, 1=6HBE140—) were kindly provided by D. C. Gruenert
(University of Vermont). For cultivation, the cells were routinely passaged in a
mixture of DMEM and Ham F-12 (1:1) containing 5% FBS. Cell cultures were
seeded on filter supports (2.5 X 10° cells) and incubated at 37°C in a humidified
atmosphere containing 5% CO,, with medium in the upper and lower chamber.
KOP-R cells (bovine oropharynx tissue, RIE 244; Friedrich-Loeffler-Institut,
Insel Riems, Germany) were incubated in 75-cm? culture flasks under same
conditions in Eagle minimum essential medium supplemented with 10% FBS.

ALI cultures. Primary BAEC were obtained from bovine bronchi of 6- to
8-month-old calves, and epithelial cells were isolated as described by Bals et al.
(1). After BAEC had grown in tissue culture flasks with supplemented airway
epithelial growth medium (Promocell, 10% FBS) to 70 to 80% confluence, cells
were seeded on collagen type I-coated, semipermeable membrane supports
(Greiner, 24-well, 0.4-pm pore size) at a density of 2.5 X 10° cells per filter
support. Well-differentiated BAEC cultures were established by using ALI con-
ditions. Briefly, after BAEC had become confluent, the airway epithelial growth
medium of the apical chamber was removed, and the medium of the basal
chamber was replaced by ALI medium (DMEM and Ham F-12 at a ratio of 1:1,
including antibiotics and antimycotics) supplemented with 2% Ultroser G and
retinoic acid (15 ng/ml). Culturing the cells under ALI conditions for at least 2
to 3 weeks resulted in differentiated epithelial cells resembling a pseudostratified
mucociliary epithelium. The electrical resistance was determined with a volt-
ohmmeter (Millipore) according to the manufacturer’s instructions.

PCLS. PCLS were obtained from the lungs of cattle of different ages and
prepared after having filled the lobus accessorius with low-melting-point agarose
(agarose LM GQT; GERBU, Gaiberg, Germany) as previously described (18).
After stamping cylindrical parts out of the tissue (8-mm tissue coring tool), tissue
slices 400 to 500 wm thick were produced by using a Krumdieck tissue slicer MD
4000-01 with a cycle speed of 60 slices/min. Each PCLS was incubated in 1 ml of
RPMI 1640 medium (Invitrogen/Gibco, Germany) in 24-well plates at 37°C and
5% CO,. To remove the agarose, medium was changed every half hour during
the first 4 h and once after 24 h.

The viability of the epithelial cells was verified by screening for the ciliary
activity using a light microscope (Zeiss Axiovert 35) equipped with an ORCA
C4742-80 digital camera (Hamamatsu) and SIMPLE-PCI analysis software
(Compix Imaging Systems). In selected samples, the slices were analyzed for
reversible bronchoconstriction after the addition or removal of methacholine,
respectively, as described previously (18). The viability of the cells was also
determined by using a Live/Dead viability/cytotoxicity assay kit (Fluo Probes,
FP-BE4710). For this purpose, the slices were washed with phosphate-buffered
saline (PBS) and incubated with Calcein AM (1 pM) and EthD-1 (2 pM) for 30
min. After the removal of the incubation solution and a further washing step with
PBS, the slices were embedded in Mowiol resin and visualized by using a Leica
DM IRB2 confocal laser scanning microscope.
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Virus. For the construction of recombinant BRSV expressing green fluores-
cent protein (BRSV-GFP), a cloning cassette containing the open reading frame
(ORF) of GFP was generated via PCR. The GFP cassette was inserted into a
NotI restriction site into the BRSV antigenome (BRSV ATue51908; kindly
provided by Karl-Klaus Conzelmann, Max-von-Pettenkofer-Institut, Munich,
Germany) upstream of the NS1 gene at the 5’-terminal end. The correct se-
quences of the GFP ORF and the cloning site of the virus antigenome were
confirmed by sequencing. Primer sequences are available upon request. Stocks of
BRSV-GFP were prepared using MDBK cells. For this purpose, the cells were
seeded into culture 75-cm? flasks and incubated for 1 day at 37°C and 5% CO,
till they were nearly confluent. The cells were washed with PBS and inoculated
with BRSV-GFP (multiplicity of infection [MOI] = 0.1) for 2.5 h at 37°C and 5%
CO,, followed by the addition of DMEM and incubation for 6 to 7 days, until a
distinct cytopathogenic effect was visible.

The Snook strain of BRSV (14) was prepared in fetal calf kidney cells inoc-
ulated at an MOI of 0.01 with virus in bronchoalveolar lavage from a gnotobiotic
calf inoculated 6 days previously with virus that had been passaged on two
previous occasions in the lungs of gnotobiotic calves (15). The bronchoalveolar
lavage was shown to be free from contamination with bovine viral diarrhea virus,
as determined by immunofluorescence after staining of acetone-fixed, virus-
infected fetal calf kidney cells with a polyclonal anti-bovine viral diarrhea virus
serum and fluorescein isothiocyanate (FITC) anti-bovine immunoglobulin G,
and free from mycoplasmas, as determined by staining with Hoechst reagent
(Sigma, Gillingham, United Kingdom).

BPIV3 was obtained from the Friedrich-Loeffler-Institut (Insel Riems, Ger-
many) and grown on KOP-R cells. After growth in culture flasks till 80% con-
fluence, the cells were infected at an MOI of 0.1 for 2 h. After 3 to 4 days of
incubation at 37°C and 5% CO,, 50 to 60% of the cells showed a cytopathogenic
effect.

Virus-containing supernatants of MDBK and KOP-R cells, respectively, were
collected and centrifuged at 2,000 X g for 15 min to remove cell debris. Virus
stocks were frozen in liquid nitrogen and stored at —80°C. For infection frozen
aliquots of either virus were thawed and diluted with DMEM.

Virus infection. Cultures of continuous cells were washed three times with PBS
prior to infection at an MOI of 0.1. With filter-grown cells, virus suspensions
were administered to the upper chamber for 2 h at 37°C. The viral inoculum was
replaced by 150 wl of DMEM, and the cells were further incubated for 2 days,
followed by fixation with 3% paraformaldehyde.

Prior to infection of BAEC, the cells were washed thoroughly with PBS to
remove secreted mucus from the apical surface. For infection, 150 pl of viral
suspension were applied to the apical compartment for 2 to 3 h (37°C). After
removal of the inoculum the cultures were incubated for 2 or 3 days under ALI
conditions. Staining was performed after fixation with 3% paraformaldehyde.

PCLS were washed with medium and infected with 300 pl of viral suspension.
At 2 h postinfection, medium was added to a final volume of 1 ml. The next day
the medium was changed, and slices were incubated for 2 to 5 days at 37°C,
followed by fixation with 3% paraformaldehyde.

Immunostaining. For permeabilization, cells were treated with 0.2% Triton
X-100. Permeabilized and nonpermeabilized cells were subjected to immuno-
staining by sequential incubation with the respective antibodies; in the case of
filter cultures, the reagents were added to the apical filter chamber.

As an epithelial cell marker, a monoclonal antibody against human cytokeratin
(DakoCytomation) was used followed by an appropriate FITC-labeled second
antibody. For cilium staining, cells were treated with a Cy3-labeled monoclonal
antibody recognizing B-tubulin (Sigma). The goblet cells were stained indirectly
by using the mucin-5AC antibody (gastric; Acris), followed by a FITC-labeled
secondary antibody.

BPIV3-infected cells were visualized using a polyclonal antiviral antiserum
(VMRD, caprine origin) and an FITC-labeled secondary antibody.

Cell nuclei were stained by incubation with DAPI (4,6'-diamidino-2-phenylin-
dole). For this purpose, DAPI was added to the apical surface of the cells and
removed after incubation for 15 min (37°C), before the cells were washed three
times with PBS.

Photomicrographs of immunostained and GFP-expressing cells were obtained
by using the Leica DM IRB2 laser scanning microscope, an inverted microscope
connected to a TCS SP2 AOBS scanhead, and the imaging software Imaris 6.0.

RESULTS

Infection of immortalized cells by BRSV and BPI3. Prior to
infection of primary respiratory epithelial cells, we determined
the sensitivity of continuous cell lines to infection by BRSV-
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FIG. 1. Infection of continuous cell lines (Vero, MDBK, and HBE)
by BPIV3 and BRSV. Confluent cells grown on collagenized filter
supports were inoculated with virus at an MOI of 0.1 from the apical
side. At 2 dpi, cultures were fixed and stained with an antibody for
B-tubulin (red). Virus-infected cells are visualized by the expression of
GFP (green).

GFP and BPIV3. Cells derived from different species (Vero,
MDBK, and HBE cells) were infected at an MOI of 0.1 and
analyzed at 48 h postinfection for the presence of infected cells
by fluorescence microscopy. As shown in Fig. 1, simian, bovine,
and human cells were sensitive to infection by either virus.
BPIV3 was most efficient in the infection of MDBK cells. In
contrast, BRSV-GFP-infected Vero cells and MDBK cells with
equal efficiency and induced the formation of syncytia. Apply-
ing the BRSV-GFP inoculum to HBE cells resulted in a lower
number of infected cells and in no syncytium formation.

Preparation and infection of well-differentiated epithelial
cells derived from the bovine airway. Since respiratory epithe-
lial cells have been reported to be the primary target cells of
BRSV and BPIV3, we established an ALI system for culturing
well-differentiated BAEC. The cells were seeded on collag-
enized semipermeable membrane supports and cultivated to
complete confluence. When the medium was removed from
the apical filter chamber and cells were kept under ALI con-
ditions for more than 2 weeks, BAEC differentiated into a
pseudo-stratified respiratory epithelium composed of different
cell types. Figure 2A shows the characteristic distribution of
nuclei within the layer of epithelial cells. Mucociliary activity
started usually on day 10 and was associated with cilium de-
velopment and the appearance of mucus-secreting cells. The
epithelial character of the cells was verified by cytokeratin
staining (Fig. 2C). Among the cells facing the lumen there
were both ciliated cells, as identified by a Cy3-labeled antibody
directed against B-tubulin (Fig. 2C), and cells covered by mu-
cus, as determined by mucin-5AC staining (Fig. 2B). These
well-differentiated ALI cultures maintained the described
properties for up to 6 weeks. When the cells had become
confluent on filters, they had developed a high electrical resis-
tance of ~2.9 kQcm?. This value decreased somewhat after the
application of ALI conditions and then remained in the range
of 1.5 to 2.0 kQcm? for more than 2 weeks.

To investigate the infection by BPIV3 and to identify pri-
mary target cells within the respiratory epithelium, we infected
well-differentiated BAEC from the apical surface. For this
purpose, we inoculated 2- to 6-week-old ALI cultures of BAEC
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FIG. 2. ALI cultures of BAEC. (A) Pseudostratified epithelium of
BAEC grown for 2 weeks under ALI conditions and visualized by
DAPI staining and confocal laser scanning microscopy. (B) Mucocili-
ary differentiation of 2-week-old ALI cultures of BAEC. Cilia were
stained by an antibody recognizing B-tubulin (red). Mucus-producing
cells were detected by an antibody specific for mucin-5AC. (C) Distri-
bution of ciliated cells within the respiratory epithelium. At 2 weeks
after ALI culturing, BAEC were stained for cytoceratin (green), an
epithelial cell marker, and for B-tubulin to detect cilia (red).

with BPIV3 and fixed the cells at 2 days postinfection (dpi).
After double immunostaining of the cultures for the presence
of cilia and virus antigen, infected cells were visualized by
fluorescence microscopy. As shown in Fig. 3A, infection by
BPIV3 predominantly involved ciliated cells. In this culture
system, viral spread beyond ciliated cells, for instance to mu-
cus-producing cells, was only detected rarely. These data sug-
gest that ciliated cells of the respiratory epithelium are the
primary target cells for BPIV3.

BRSYV infection of well-differentiated BAEC. In spite of the
species-specific infection of the respective host, HRSV and
BRSYV show no difference in the infection of continuous cell
cultures. To analyze the species specificity of BRSV infection,
we established the ALI system for BAEC. Differentiated
BAEC were infected by BRSV-GFP at an MOI of 0.1 that was
also used in the experiments described above. After an incu-
bation of 3 h, the cells were cultured for 3 days under ALI
conditions and then subjected to an analysis by confocal fluo-
rescence microscopy. Infected cells were visualized by BRSV-
mediated GFP-expression; ciliated cells were detected using
antibodies directed against B-tubulin (Fig. 3B, left panels).
Under these conditions, very few GFP-expressing cells were
observed, and these cells were predominantly found in the
border area of the filter, where differentiation of the cells was
less developed (Fig. 3B, upper left panel). Furthermore, BRSV
infection was detectable in nonciliated cells exclusively (Fig.
3B, lower left panel). If the incubation time was extended to 10
days, infection was still restricted to few cells (Fig. 3B, upper
middle panel) which were not ciliated (Fig. 3B, lower middle
panel). Occasionally, syncytium formation was detected. These
results indicate that BRSV is not able to establish an infection
in well-differentiated BAEC cells when applied at an MOI
of 0.1.

To investigate BRSV infection at a higher multiplicity, we
inoculated the apical surface of the cells with BRSV-GFP at an
MOI of 3.5 and analyzed the cells at 3 dpi for GFP expression.
In this case, the GFP-expressing cells were distributed all over
the pseudostratified epithelium (Fig. 3B, upper right panel).
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FIG. 3. Well-differentiated BAEC infected by BPIV3 (A) or BRSV (B). (A) BPIV3 was applied to the apical surface at an MOI of 0.1 for 2 h.
At 2 dpi, cultures were fixed and cilia were visualized by staining for B-tubulin (red). Virus-infected cells were detected by immunostaining (green).
(B) BRSYV infection of pseudostratified epithelia of BAEC. Infected cells were fixed 3 (left and right panels) and 10 (middle panels) dpi,
respectively, and stained with an antibody recognizing B-tubulin (red). Virus-infected cells were visualized by GFP expression (green). BRSV
applied at an MOI of 0.1 (left and middle panels) predominantly infected cells in the border area of the filter, where differentiation was less
developed (white arrow, top panels). The infected cells were not ciliated (bottom panels, higher magnification). When virus was applied at an MOI
of 3.5 (right panels), BRSV-infected well-differentiated BAEC cells were distributed all over the filter (top panel, lower magnification), including

ciliated cells (bottom panel, higher magnification).

Unlike the infection at a low MOI, the appearance of GFP-
expressing cells was not restricted to the border area of the
filter. Under these conditions, ciliated cells were sensitive to
infection (Fig. 3B, lower right panel). These observations pro-
vide evidence that BRSV is able to infect well-differentiated
BAEC, but only when applied at a higher MOI than that required
for BPIV3 infection. As discussed below, the resistance to infec-
tion cannot be explained by restriction of the entry site to the
basolateral plasma membrane.

Analysis of PCLS. To confirm the results obtained with the
ALI cultures, we established another model to investigate
the infection of BAEC by BPIV3 and BRSV. For this purpose,
PCLS were prepared from bovine lungs. Using this culture
system, it is possible to investigate BAEC in the original tissue
organization. The viability of the PCLS was determined by
different criteria. During the whole experiment, the ciliary ac-
tivity of the bronchial epithelium was detectable upon micro-
scopic inspection. Although this criterion of viability is re-
ported to be a reliable parameter (4, 20), two other methods
were applied to verify that the cells of the PCLS functioned
properly. Addition of methacholine (10~ mol/liter) induced
bronchoconstriction (Fig. 4A). This effect was dose dependent;
no bronchoconstriction was observed at concentrations of 107
mol/liter or lower. Removal of the pharmacological agent re-
sulted in a reversion of the contraction (Fig. 4A, lower right
panel). In addition, we applied a staining procedure to visual-
ize live and dead cells. Slices that were tested by this method
showed that cells of the respiratory epithelium, of neighboring
tissues and of the alveoli were vital at 24 h after preparation
(Fig. 4B). Some dead cells were detected in the lower cell
layers. The high vitality of the cells decreased only slowly, so
that 6 days after preparation, the PCLS still were in adequate
condition and appropriate for infection studies.

Virus infection of PCLS. To analyze whether PCLS are
suitable for infection, we inoculated them with BPIV3 (10°
PFU/ml). At 48 h postinfection, microscopic investigation of
infected slices revealed some destruction of the respiratory

epithelium, as indicated by detached cells released into the
lumen of the bronchioli. This was not the case in uninfected
PCLS, indicating that BPIV3 infection has a cytopathogenic
effect. By day 5 postinfection, the epithelium was completely
destroyed. When the slices were stained for virus antigen and
B-tubulin, cells of the respiratory epithelium derived from
bronchioli were found to be the main site of infection (Fig. 5),
although infected cells were also present in other areas of the
lung, e.g., the alveoli or around blood vessels. Taken together,
these findings indicate that ciliated respiratory epithelial cells

FIG. 4. Vitality of PCLS 1 day after preparation. (A) Bronchocon-
striction. PCLS prepared from the bronchioli and cultured for 1 day
were treated with different concentrations of methacholine. The addi-
tion of methacholine at a concentration of 10~® mol/liter induced
bronchoconstriction within seconds (lower left panel). The removal of
methacholine resulted in a reversion of this effect (lower right panel).
(B) Live/dead viability assay. Live cells are shown in green; dead cells
are shown in red. The cells of the respiratory epithelium facing the
airway are indicated by a white arrow (top panel). The bottom panel
shows alveoli.
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FIG. 5. BPIV3 infection of PCLS. At 2 dpi, the slices were stained
for virus antigen (green) and B-tubulin (red). Pictures were taken at
lower (A) and higher (B) magnifications.

are target cells for infection by BPIV3, which results in a severe
cytopathogenic effect.

PCLS were also analyzed as to whether they are sensitive to
infection by BRSV. Slices were infected with BRSV-GFP, and
at 2, 5, or 10 dpi the cells were prepared for confocal fluores-
cence microscopy. Cells were stained using an antibody di-
rected against B-tubulin; virus-infected cells were detected by
determining GFP expression. As shown in Fig. 6A, when PCLS
from bronchioli were infected with 10° PFU/ml, no BRSV-
mediated GFP expression was detectable in the ciliated epi-
thelium at 2 days after inoculation. BRSV-infected cells were
present only in lower cell layers. When the incubation time was
extended to 5 dpi, virus infection spread to neighboring cells of
the connective tissue but not to the ciliated epithelial cells (Fig.
6B). At 10 dpi, infection had further spread (Fig. 6C), but there
was still no GFP expression in the ciliated epithelium (Fig.
6D). In slices obtained from alveoli, infection was less promi-
nent compared to PCLS from bronchioli (data not shown).
When the titer of the inoculum was increased 100-fold (107
PFU/ml) and PCLS were analyzed at 2 dpi (Fig. 6E) or 5 dpi
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(Fig. 6F), a similar picture was obtained, with infected cells
being present in lower cell layers but not in epithelial cells
facing the lumen of the airways. These observations are in
agreement with the findings of BRSV infection in ALI cultures
of BAEC. In contrast to infection by BPIV3, BAEC appear to
be rather insensitive to infection by BRSV.

DISCUSSION

In this study, we have reported for the first time the estab-
lishment of cultures of differentiated BAEC to analyze the
infection by respiratory viruses. We focused on two important
etiological agents of respiratory disease in cattle, BRSV and
BPIV3. The human counterparts of these viruses, HRSV and
HPIV3, have been analyzed in ALI cultures of human airway
epithelial cells and found to preferentially infect ciliated cells.
A similar result was obtained in the present study for BPIV3,
whereas BRSV was found to be rather inefficient in infecting
differentiated BAEC. In ALI cultures, ciliated epithelial cells
were sensitive to BRSV only when the virus was applied at an
MOI of 3.5; on the other hand, BPIV3 was able to initiate
infection even at an MOI as low as 0.1. The resistance of the
ciliated epithelial cells to BRSV infection was also observed
when PCLS were analyzed. Cells facing the lumen of the air-
ways remained uninfected even when the virus inoculum con-
tained a titer of 107 PFU/ml. Infected cells were detected only
in lower cell layers. Infection of these cells is probably the
result of direct inoculation of the tissue bypassing the epithe-
lium. Upon longer incubation, infection spread to neighboring
cells but never reached the surface of the epithelium. The
identity of the infected cells was not determined because of a
lack of specific antibodies. The morphological appearance of
the infected cells suggests that at least some of them may be
dendritic cells. The finding that the surface layer of the respi-
ratory epithelium is resistant to BRSV infection was surprising
as these cells have been reported to be major target cells for

R
i . B
FIG. 6. BRSV infection of PCLS. One day after preparation, PCLS were inoculated with BRSV-GFP. Infected cells are shown in green. For

comparison, cells were stained for B-tubulin (red). PCLS infected with 10° PFU/ml were stained at 2 (A), 5 (B) or 10 (C and D) dpi. PCLS infected
with 107 PFU/ml were stained at 2 (E) or 5 (F) dpi. For clarity, the images in panels B, D, and F are shown at a higher magnification.
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BRSV (17). To explain this unexpected result, we considered
different possibilities. Since BRSV-GFP is an attenuated virus
that does not cause disease symptoms in calves, we also applied
the virulent Snook strain that is used for animal experiments
(16). This virus had only been passed once in tissues culture
from calf lung wash material and, therefore, will not be as
adapted to tissue cell culture as the BRSV-GFP virus. How-
ever, BAEC were as refractory to the Snook strain of BRSV as
they were to BRSV-GFP (data not shown). The same was true
when the parental virus of BRSV-GFP (without the ORF of
GFP) was used (data not shown). Our experiments were
started with cells from adult animals. However, switching to
the lung cells from calves that were about 6 months old did not
result in different results. Therefore, the resistance of the dif-
ferentiated epithelial cells to BRSV infection appears not to be
an age-dependent property of BAEC.

The inability of BRSV to infect BAEC may be related to the
availability of appropriate receptors on the cell surface. Al-
though glycosaminoglycans are sufficient for attachment of
RSV to the cell surface, virus entry is assumed to require the
interaction with a specific protein receptor (13). This protein
appears to be a common protein because many cell lines from
different species are sensitive to infection by both BRSV and
HRSV. However, the infection of differentiated respiratory
epithelial cells has been reported to be species specific (11). In
fact, it has been shown that the F2 subunit of the viral fusion
protein is the major determinant for this host cell specificity. In
a comparative analysis of different recombinant viruses, only
chimeric viruses that contained the F2 protein of HRSV were
able to infect differentiated human respiratory epithelial cells
(11). The fact that cultures of many continuous cells—even
from different species—are sensitive to BRSV infection while
differentiated airway epithelial cells are refractory even to the
homologous virus may be explained by a different level of
surface expression of the receptor required for virus entry. The
tight packing of the cells in a differentiated epithelium may
allow virus infection only when the number of receptors ex-
ceeds a certain threshold value that is higher than in the case
of immortalized cells which grow to a less densely packed
monolayer. An alternative explanation is that the receptor is
downregulated during the differentiation process of BAEC.
Either of these two possibilities is consistent with our finding
that in ALI cultures BRSV infection was detected in the bor-
der area of the filter where cells are not yet fully differentiated.
In the case of adenoviruses and measles virus, the resistance of
airway epithelial cells to apical infection has been attributed to
the fact that the cellular receptor is located on the basolateral
membrane (8, 19). However, it has been shown for HRSV that
infection of HAEC occurs predominantly via the apical mem-
brane (22). Furthermore, in PCLS, we observed the spread of
BRSYV infection in deeper cell layers of the epithelium, but the
virus appeared not to be able to infect the surface layers via the
basolateral membrane.

This explanation of the resistance of BAEC to BRSV infec-
tion by downregulation of the cellular receptor raises the pos-
sibility that the receptor can be upregulated by environmental
stimuli. Such inductors of upregulation might be stress condi-
tions or coinfection by other microorganisms. This concept
provides an intriguing explanation of the BRSV infection in
cattle. Like BPIV3 and bovine herpesvirus 1, BRSV is one of
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the primary pathogens within the bovine respiratory disease
complex. Bacterial coinfections contribute to the severity of
disease. Environmental factors, e.g., housing climate and trans-
port, are also involved in the development of the disease.
Therefore, the bovine respiratory disease complex is desig-
nated a factorial disease. If either of the different factors men-
tioned above results in upregulation of the cellular receptor for
BRSYV in the respiratory epithelial cells, it would explain why
BRSYV infection of cattle is associated with infection of airway
epithelial cells, whereas cells in the intact epithelium are rather
resistant to infection. For a better understanding of the patho-
genesis of the BRSV infection of cattle, it is therefore impor-
tant to direct future efforts to the elucidation of the cellular
receptor for BRSV.

Our results obtained with ALI cultures infected by BRSV
appear to be different from those reported for HRSV. How-
ever, it should be noted that BRSV infection of cultured cells
usually yields amounts of virus in the supernatant that are at
best in the range of 10° to 10° PFU/ml. Such virus titers are not
sufficient for infection of ALI cultures of BAEC. HRSV can be
grown to tenfold-higher titers. This difference may explain why
in a previous report it was found that ciliated HAEC are
sensitive to HRSV. It should be noted that in that study virus
was applied at an MOI of 20, which resulted in an infection
rate ranging from 30 to 70% of the cells (22). Thus, it is
possible that HAEC also differ in their sensitivity to infection
by HRSV and HPIV3, as we have found for BRSV and BPIV3.
In this case, the possibility has to be considered that children
with an upregulated receptor are most endangered by HRSV.
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