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complex apply different strategies to initiate
infection
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Abstract

Bovine respiratory disease complex (BRDC) is the major cause of serious respiratory tract infections in calves. The
disease is multifactorial, with either stress or reduced immunity allowing several pathogens to emerge. We investigated
the susceptibility of bovine airway epithelial cells (BAEC) to infection by the three major viruses associated with the
BRDC: bovine respiratory syncytial virus (BRSV), bovine herpesvirus type 1 (BHV-1) and bovine parainfluenza virus type 3
(BPIV3). For this purpose, two culture systems for well-differentiated BAEC were used: the air-liquid interface (ALI)
system, where filter-grown BAEC differentiate into a pseudostratified respiratory epithelium and precision-cut lung slices
(PCLS) where BAEC are maintained in the original tissue organisation. Comparative infection studies demonstrated that
entry and release of BPIV3 occurred specifically via the apical membrane with ciliated cells being the major target cells.
By contrast, airway epithelial cells were largely resistant to infection by BHV-1. When the epithelial barrier was abolished

discussed.

by opening tight junctions or by injuring the cell monolayer, BHV-1 infected mainly basal cells. Respiratory epithelial
cells were also refractory to infection by BRSV. However, this virus infected neither differentiated epithelial cells nor
basal cells when the integrity of the epithelial barrier was destroyed. In contrast to cells of the airway epithelium,
subepithelial cells were susceptible to infection by BRSV. Altogether, these results indicate that the three viruses of the
same disease complex follow different strategies to interact with the airway epithelium. Possible entry mechanisms are

Introduction

Virus infections of the respiratory tract are the most
common cause of viral diseases worldwide ranging from
common colds to life-threatening pneumonia [1]. A large
number of both RNA and DNA viruses uses the res-
piratory tract to initiate host infection. Infection may be
restricted to or most evident in certain sections of the air-
way system such as trachea, bronchi or alveoli. For some
viruses, the respiratory tract may just serve as a primary
entry site from where infection spreads to other organs or
tissues. All these viruses encounter the respiratory epithe-
lium as a primary barrier against invading pathogens. This
barrier is composed of differentiated epithelial cells that
have different functions. An important defence strategy is
the mucociliary clearance system. While some epithelial
cells are specialized to produce and release mucins, other
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cells are equipped with cilia that enable them to con-
tribute to the transport of the mucus out of the respiratory
tract.

Viruses differ in their ability to infect the differentiated
respiratory epithelial cells. Productive infection by hu-
man influenza viruses has been reported to preferentially
occur in mucus-producing cells [2]. Other viruses, e.g.
parainfluenza virus 3 (PIV3), may have a preference for
ciliated cells [3]. Characteristic features of differentiated
epithelial cells such as ciliary activity are not maintained
in any of the available immortalized cell lines. Analysis
of such cells requires primary cell cultures. When tra-
cheal or bronchial epithelial cells are grown on filter
supports under air-liquid interface (ALI) conditions, they
differentiate and acquire properties of specialized cells,
i.e. mucus production or ciliary activity [4,5]. Another
culture system for differentiated respiratory epithelial
cells are precision-cut lung slices (PCLS), where the epi-
thelial cells are maintained in their original setting. In
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addition to mucus production and ciliary activity, this
culture system provides another characteristic feature of
the airway, bronchoconstriction. As submucosal cells are
also present in PCLS, they can be included in the inves-
tigation [6-8].

Bovine respiratory disease complex (BRDC) is a leading
cause of morbidity and mortality in feedlot cattle. The dis-
ease is considered as a multifactorial disorder caused by a
combination of viral and bacterial pathogens together with
environmental risk factors. The most important viral pa-
thogens associated with BRD are bovine respiratory syn-
cytial virus (BRSV), bovine parainfluenza virus 3 (BPIV3)
and bovine herpesvirus 1 (BHV-1), a member of the sub-
family Alphaherpesvirinae [9-12]. BRSV and BPIV3 are
paramyxoviruses that use the fusion protein F on the cell
surface to mediate fusion of the viral envelope with the
cellular membrane and thus to get the viral genome into
the cell. Prior to fusion, the virions attach to the cell
surface. Attachment of PIV3 is accomplished by another
surface protein, the HN protein which interacts with sialic
acid-containing cellular glycoconjugates and thus binds to
cells in a sialic acid-dependent manner [13,14]. Attach-
ment of human RSV (HRSV) can be mediated by the sur-
face protein G that binds to glycosaminoglycan structures
[15] as well as by the fusion protein F that may bind to
both glycosaminoglycans as well as to a specific protein
receptor [16,17]. Nucleolin has recently been reported to
promote infection though the authors did not exclude the
possibility that another so far unknown protein may serve
as a receptor for entry of HRSV [18]. No data on receptors
for BRSV have been reported yet. Alphaherpesviruses like
BHV-1, herpes simplex virus 1 (HSV-1) or pseudorabies
virus use the surface glycoprotein gC for initial attachment
to heparan sulphate structures. For entry, virions have
to bind to a specific receptor (nectin-1 or herpesvirus
entry mediator (HVEM)) which is accomplished by the
surface protein gD. The subsequent fusion reaction is
mediated by the combined action of the surface proteins
gB/gD/gH/gL [19,20].

We have reported recently that well-differentiated re-
spiratory epithelial cells are susceptible to infection by
BPIV3 whereas they are rather resistant to infection by
BRSV [7]. Here we have included another important
virus of the BRDC, BHV-1 and analysed virus entry into
and release from differentiated respiratory epithelial cells
in more detail. Our results show that the three viruses
have developed different strategies to infect the cells of
the airway epithelium.

Materials and methods

Viruses

The generation of recombinant BRSV expressing green
fluorescent protein (BRSV-GFP) and preparation of viral
stocks has been described in detail elsewhere (7; BRSV
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ATue51908 was kindly provided by Karl-Klaus Conzelmann,
Max-von-Pettenkofer-Institut, Munich). BPIV3 was pro-
vided by Friedrich-Loeffler-Institut (Insel Riems, Germany).
BPIV3 stocks were prepared in KOP-R cells [7]. BHV-1-
GFP was generated from the strain BHV-1/Ausl2 as de-
scribed previously [21] and propagated in KOP-R cells. For
this purpose, cells were grown in 75 cm’-flasks till 80%
confluence and then infected with an MOI of 0.1 for 2 h.
After 1-3 days a cytopathic effect was observed and super-
natants were collected and centrifuged by low speed centri-
fugation (2000 x g). All virus stocks were frozen in liquid
nitrogen and stored at —80 °C.

Cell cultures

MDBK (Madin-Darby bovine kidney cells; kindly provi-
ded by Wolfgang Garten, Philipps-Universitdt Marburg,
Marburg, Germany), Vero cells (African Green Monkey
cells; ATCC, CCL-81) as well as KOP-R cells (bovine oro-
pharynx tissue, RIE 244; Friedrich-Loeffler-Institut, Insel
Riems, Germany) were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 5 or 10% fetal
calf serum (Biochrom AG, Berlin). All cell lines were
maintained in 75-cm? culture flasks at 37 °C and 5% CO,
and passaged twice a week.

ALI cultures

Primary BAEC (bovine airway epithelial cells) were de-
rived from bovine bronchi of 6-8 months old calves and
epithelial cells were prepared as described previously [5,7].
Briefly, cells were seeded on collagen coated, semiperme-
able membrane supports (Greiner, 24 well, 0.4-pm pore
size) at a density of 2.5 x 10° cells per filter support. After
BAEC had reached confluence, the apical medium was re-
moved and cells were cultured under ALI conditions for
at least 3 weeks to establish a polarized and differentiated
epithelium. Prior to infection, the transepithelial electrical
resistance (TEER) was determined to verify an intactness
of the epithelial barrier. For this purpose, a Millicell ERS-2
Volt-Ohm meter (Millipore Corporation, Billerica, MA,
USA) was used. To obtain the actual resistance of the epi-
thelial cell layer, the resistance value of a cell-free filter
support was subtracted from the TEER values determined
across the filter-grown cultures. TEER values were above
400 Q - cm? prior to infection.

PCLS

PCLS were prepared from the lobus accessorius of 6—
8 months old calves as described previously [6,7]. Lobes
were filled with low-melting agarose (agarose LM GQT,
GERBU, Gaiberg, Germany). After the agarose had solidi-
fied, cylindrical portions containing a section of an airway
were stamped out. Using a Krumdieck tissue slicer (TSE
systems, model MD4000-01) slices, 250 pm thick, were
generated and incubated in 1 mL of RPMI 1640 medium
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(Invitrogen/Gibco, Germany) in 24-well plates at 37 °C and
5% CO,. The viability of the slices was determined by
screening for ciliary activity using a light microscope
(Zeiss Axiovert 35).

Viral inoculation

BAEC were washed extensively with phosphate-buffered
saline (PBS) to remove secreted mucus. Subsequently, the
virus suspension, diluted in DMEM, was added at 100 pL
per filter to the cells for 2 h (BPIV3, BHV-1-GFP) or 3 h
(BRSV-GFP) at 37 °C and 5% CO,. For infection of the
cells from the basolateral surface, filters were inverted for
the duration of infection. After unbound virus had been
removed by washing, the cells were further incubated at
37 °C for 1 to 3 days.

To open tight junctions, the cells were washed thrice
with Ca**/Mg”*-free PBS and then apically treated with
Ca®*/Mg**-free PBS containing 0.1 M EGTA (AppliChem,
Darmstadt) at 37 °C. After 10 min, EGTA was removed and
cells were infected with either BHV-1-GFP or BRSV-GEFP.
TEER was determined before and after EGTA treatment.

PCLS were washed three times with PBS to remove
mucus and then infected with virus (10° FFU/mL) diluted
in 500 pL of RPMI medium. After 2 h (BHV-1-GFP, BPIV3)
or 3 h (BRSV-GFP), the inoculum was removed and the
slices were washed twice with PBS followed by the addition
of 1 mL of RPMI medium. Slices were incubated for
1-7 days in 5% CO, at 37 °C. To analyze the importance of
sialic acids for BPIV3 infection, the slices were washed with
PBS followed by incubation with 100 mU/PCLS of
neuraminidase (NA) type V from Clostridium perfringens
(Sigma/Aldrich, Munich) for 1 h at 37 °C. After removal of
NA, the slices were rinsed in PBS prior to virus infection.

To assess viral shedding, supernatants of apically in-
fected ALI cultures were taken post-infection over a
period of 1 week. For this purpose, 100 pL aliquots of pre-
warmed EMEM were applied to the apical surface of the
filter inserts and harvested after a 30 min incubation
period at 37 °C. For basolateral virus release, 500 pL of the
basolateral medium was collected and replaced by fresh
medium. Supernatants were combined with 10 x viral sta-
bilizing solution (1 M MgSO,, 0.5 M HEPES, pH 7.5),
quick-frozen on dry ice and stored at —80 °C. TEER was
determined during the course of the experiment. In the
case of PCLS, 100 pL of the supernatant was collected at
each time point and replaced by the same amount of
RPMI to avoid differences in virus concentration. For each
virus, cultures from at least 3 animals were used and ex-
periments were performed in duplicate.

Fluorescence microscopy

Cells grown on membrane filters and PCLS were fixed
for 20 min at room-temperature with 3% paraformalde-
hyde in PBS. Fixed cells were washed twice with 0.1 M
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glycine in PBS and then permeabilized with 0.2% Triton
X-100 diluted in PBS for 10 min. All antibodies were
diluted in PBS containing 1% bovine serum albumin at
room temperature. BPIV3-infected cells were stained with
a polyclonal antiviral antiserum (VMRD, caprine origin)
followed by a FITC-labeled secondary antibody (Sigma-
Aldrich). Cilia were stained by using a Cy3-labeled mono-
clonal antibody against p-tubulin (Sigma-Aldrich). Basal
cells were visualized by a monoclonal mouse anti-human
CD142 antibody (Serotec) and a primary antibody specific
for TTF-1 (clone BGX-397A mouse monoclonal, Bio-
Genex) was used to stain pneumocytes type II. Nuclei
were visualized with DAPI (4', 6’-diamidino-2-phenylin-
dole) which was added to the apical surface of the cells
and removed after incubation for 15 min (37 °C) followed
by three washing steps with PBS. After washing, cells were
embedded in Mowiol resin and photomicrographs were
generated using a Leica TCS SP5 AOBS confocal laser
scanning microscope. For image processing, Adobe Pho-
toshop (Version 10.0, Adobe Systems, USA) was used.

Immunoplaque assay

One day prior to infection, MDBK (BPIV3, BHV-1-GFP)
or Vero cells (BRSV-GFP) were grown to confluence in 96
well plates and then exposed to serial tenfold dilutions of
virus suspensions in duplicate. For virus adsorption, cells
were incubated at 37 °C for 2 h (BPIV3, BHV-1-GFP)
or 3 h (BRSV-GFP). After inoculation, cells were over-
laid with 3% methylcellulose and plaques were counted
2 (BHV-1-GFP, BPIV3) or 3 (BRSV-GFP) days post-infec-
tion. In case of BPIV3, the cells were stained for virus
antigen. The viral titer is indicated in foci-forming units
per mL (FFU/mL).

Results

Virus infection of ALI cultures

The three viruses associated with the bovine respiratory
disease complex were compared for their efficiency to
infect differentiated respiratory epithelial cells. For this
purpose, BAEC were grown for about four weeks under
ALI conditions to build up a polarized and pseudostrati-
fied epithelium. Cells were infected by BPIV3, BRSV-GFP
or BHV-1-GFP at an MOI of 0.1 and analyzed two (BPIV3
and BHV-1-GFP) or three (BRSV-GFP) days post infection
(dpi) for the presence of infected cells. As described in
earlier studies [7], BPIV3 efficiently infected the respira-
tory epithelium. Co-staining of B-tubulin indicated that
ciliated cells were the target cells (Figure 1A). On the
other hand, infection by BRSV-GFP was very inefficient
(Figure 1B); only a few infected cells were detectable
and those cells were identified as ciliated cells using an
antibody directed against B-tubulin. Only occasionally
non-ciliated cells were infected by BRSV-GFP. When BHV-
1-GFP was applied to the apical surface, the epithelium was
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found to be refractory to infection (Figure 1C). Not a single
infected cell was detectable at two dpi; if the incubation
time was increased up to five days, only occasionally in-
fected cells were found. The same result was obtained when
the titer was enhanced tenfold and infection was monitored
up to five days. Only when an MOI of 10 was applied, a
few cells were infected and appearance of infected foci sug-
gested that infection spread to adjacent cells (see Additional
file 1). Infection of BAEC by the three bovine viruses was
also evaluated by determining the kinetics of virus pro-
duction (Figure 2). Apical release of infectious BPIV3 was
detected at 12 hours post infection (hpi) and increased
exponentially by 24 hpi; the maximum infectivity titer
of ~7 x 10° FFU/mL was determined at 96 hpi. BRSV-GFP
was detectable in the supernatant only at 48 hpi and the
maximum titer of 3 x 10* FFU/mL was reached after seven
days. The apical release of infectious BHV-1-GFP was as
slow as that of BRSV-GFP but proceeded only to a maxi-
mum titer of 2.5 x 10> FFU/mL. Basolateral release of all
three viruses was below detection level. For any of the three
viruses, we did not observe a general decrease in the transe-
pithelial resistance values during the course of the ex-
periment. Despite some fluctuation of individual TEER
values post-infection and variability between individual
trans-wells, apical infection of differentiated cultures did
not affect the integrity of the epithelium (see Additional
file 2A).

Since BRSV-GFP and BHV-1-GFP were not able to es-
tablish an efficient infection of BAEC when applied from
the apical side, we analyzed whether they could initiate
infection from the basolateral side of the cells. For this
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purpose, the device containing the membrane was turned
upside down. Under these conditions, BHV-1-GFP was
able to infect BAEC as indicated by GFP expression after
a 24 h incubation time. The efficiency of infection could
be enhanced by increasing the MOI tenfold (Figure 3A).
In contrast, BRSV-GFP was not able to establish an infec-
tion after basolateral inoculation (Figure 3B).

The results presented above indicate that BHV-1 - but
not BRSV-GFP is able to infect BAEC from the basal
side. To rule out that the pore-size of the filter mem-
brane and the size and morphology of the virions pre-
vented access to the basal side, we used an epithelium
injury model to investigate infection. Well-differentiated
BAEC were mechanically injured with a sterile needle
and subsequently infected by either BHV-1-GFP or
BRSV-GFP from the apical surface for two or three h.
As shown in Figure 4A, infection occurred exclusively
within the region of injury and the underlying cells are
the site of infection (Figure 4C). Further staining with
anti-CD142 which is specifically expressed on bronchial
epithelial basal cells [22] showed that BHV-1-GFP in-
fected this cell type (Figure 4B). In contrast, in case of
BRSV-GEP, hardly any cells at the injury site expressed
GFP (data not shown). As shown above, a few infected
cells were detected in the undamaged region; these cells
were identified as ciliated cells by staining for -tubulin.

To further analyze BHV-1 entry into BAEC, EGTA was
used to transiently open the tight junctions. Cells were
treated with 0.1 M EGTA for 10 min prior to infection
with either BHV-1-GFP or BRSV-GFP. In contrast to un-
treated cultures, TEER values dropped to the baseline after

Scale bars =50 um.

Figure 1 Infection of well-differentiated BAEC by BPIV3 BRSV-GFP and BHV-1-GFP at different magnifications. A) BPIV3 was applied to

the apical surface of ALl cultures (MOI~0.1) for 2 h. At 2 dpi, cultures were fixed and virus-infected cells were detected by immunostaining (green).
B) BRSV-GFP was inoculated for 3 h and the cultures were fixed 3 dpi. Infected cells were detected by GFP expression. C) BHV-1-GFP was applied
at an MOI of 0.1 to the apical side of ALl cultures for 2 h. 2 days later, cultures were fixed. Cilia were visualized by staining against B-tubulin (red).
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Figure 2 Infection of ALI cultures by BPIV3, BRSV-GFP and BHV-1-GFP evaluated by virus titration. ALl cultures were mock infected or
infected by any of the three viruses. Up to 7 dpi, virus shed from the apical or basolateral surface was collected at different times pi. Titration was

performed on Vero (BRSV-GFP) or MDBK (BPIV3, BHV-1-GFP) cells. Shedding was polarized and occurred from the apical side. Experiments were
performed on lungs derived from 3 animals in duplicate. Indicated are mean values + standard deviation. Control values were not above detection

level (40 FFU).

EGTA treatment (see Additional file 2B). As shown in
Figure 5A, pretreatment with EGTA enabled BHV-1-GFP
entry from the apical side as indicated by GFP-positive
foci distributed all over the filter-grown cells. By contrast,
the disruption of the epithelial barrier had no effect on the
efficiency of BRSV-GEFP infection or on the cell type
infected by this virus. Virus titration revealed that the
yield of BHV-1-GFP released into the supernatant was

increased up to 200 fold at 48 hpi. In case of BRSV-GFP,
only low amounts of infectious virus were released into
the supernatants and the final titer determined was similar
(3.3 x 10* vs. 4.3 x 10* FFU/mL after one week) in the un-
treated and EGTA-treated samples. However, infection
proceeded faster when the cells had been pretreated with
EGTA (Figure 5B). The different efficiencies of BRSV-GFP
and BHV-1-GFP in the infection of EGTA-treated ALI

Figure 3 BHV-1-GFP infection of the basolateral surface. A) Cells were infected at the basolateral surface by exposing the inverted filter
membrane to BHV-1-GFP at an MOI of 1 for 2 h. B) As a control, inverted filters were infected by BRSV-GFP for 3 h. Infection was monitored 1 dpi
(BHV-1-GFP) or 3 dpi (BRSV-GFP) by staining for B-tubulin (red) and DAPI (blue). Virus-infected cells were detected by GFP expression. Lower
panels show vertical sections. Scale bars =100 pum.
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Figure 4 Effect of mechanical damage of ALI cultures on BHV-1-GFP infection. BHV-1-GFP was applied to the apical surface of BAEC after
the pseudostratified epithelium had been injured with a sterile needle. At 1 dpi, cells were stained for 3-tubulin (A, C) to visualize cilia or (B)
(D142 to detect basal cells (both in red). C) shows a vertical section of injured epithelium. Scale bars =25 pum in (A), 100 um in (B) and (C).

cultures were also evident in the recovery of the transe-
pithelial resistance which took 48 h in the case of BRSV-
GFP and 120 h in the case of BHV-1-GFP.

Virus infection of precision-cut lung slices
PCLS provide an alternative culture system for differen-
tiated respiratory epithelial cells and have the advantage

that they contain BAEC in the original setting. More-
over, connective tissues and alveolar regions are present
within these slices as well as immunomodulatory cells.
To analyze the infection strategies of BPIV3, BRSV-GEFP
as well as BHV-1-GFP, PCLS were prepared from the
lungs of 6—8 months old calves. For infection studies,
only those slices were used, that — upon microscopic

-EGTA

BHV1-GFP

BRSV-GFP

Figure 5 Effect of EGTA treatment of BAEC on BHV-1-GFP infection. Well-differentiated BAEC were treated with 0.1 M EGTA for 10 min or

o)

released virus (log, FFU/mL)

2 48 7 9 120 144 168

hours post infection

control buffer (PBS). Cells were then exposed to BHV-1-GFP or BRSV-GFP (MOl =0.1) for 2 h. At 2 dpi (BHV-1-GFP) or 3 dpi (BRSV-GFP), the slices were
fixed. Virus-infected cells were visualized by GFP expression (A). Scale bar= 100 um. Apical release of the viruses pretreated with (open symbols) or
without (closed symbols) EGTA. Average and standard deviation from 3 animals (n = 2 each) are shown (B).
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inspection - did not show any loss of the ciliary activity.
PCLS were infected with the same infectious dose
(10° FFU/mL) of any of the three viruses. The patterns of
infected cells were quite different. BPIV3 exclusively in-
fected ciliated cells of the respiratory epithelium, whereas
BHV-1-GFP-infected cells were located underneath the
uppermost epithelial cell layer (Figures 6 and 7A).

It is known that sialic acids serve as receptor deter-
minants for entry of BPIV3. To determine the import-
ance of sialic acids in the infection of differentiated
respiratory epithelial cells by BPIV3, slices were treated
with neuraminidase from C. perfringens prior to infec-
tion. As shown in Figure 6, desialylation almost com-
pletely abolished infection confirming that infection of
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differentiated respiratory epithelial cells — like that of
immortalized cells (data not shown) - is sialic acid-
dependent. Infection of the slices by BHV-1-GEP or BRSV-
GFP was not affected by neuraminidase treatment. Staining
for CD 142 revealed that basal cells, the progenitor cells of
the differentiated respiratory epithelial cells, are primarily
infected by BHV-1-GFP (Figure 7B). When the incubation
time was increased to one week, infection spread to the
periphery of the slice (Figure 7C). In contrast, basal cells
were not targeted by BRSV-GFP. The latter virus predo-
minantly infected subepithelial cells within the peribronch-
iolar connective tissue at three dpi and only a low number
of ciliated cells were GFP-positive (Figure 7D). The mor-
phologies of at least some infected cells in the submucosal

- Neuraminidase

BPIV3

BHV1-GFP

BRSV-GFP

Figure 6 BPIV3, BHV-1-GFP and BRSV-GFP infection of PCLS before or after neuraminidase treatment. PCLS were first incubated for 1 h with
or without 100 mU/PCLS neuraminidase type V and then infected with BPIV3 or BHV-1-GFP with 10° FFU/mL for 2 h or with BRSV-GFP for 3 h. At 2 dpi,
the slices were fixed and in case of BPIV3 stained for virus antigen (green). Cilia were visualized by staining against 3-tubulin (red). Scale bar = 100 um.

+ Neuraminidase
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Figure 7 BHV-1-GFP and BRSV-GFP infection of PCLS. One day after preparation, PCLS were inoculated with BHV-1-GFP for 2 h or BRSV-GFP for

3 h (10° FFU/mL). BHV-1-GFP infection (A-C) was stopped after 2 days (A, B) or after one week (C) and cells were stained for 3-tubulin (A, C) to detect
cilia or with anti-CD-142 for detection of basal cells (B, both in red). BRSV-GFP infection (D-F) was stopped after 3 days (D, E) or one week (F) and slices
were stained for B-tubulin (red) and DAPI (blue). (D) BRSV-infected cells detected in the peribronchiolar connective tissue; (E) a characteristic shape of
a BRSV-GFP-infected cell in the submucosal region. F) BRSV-GFP-infected cells within the peripheral part of the slice. The insert shows infected cells
within the epithelium lining the alveolar lumen. GFP-expressing cells indicate virus-infected cells. Scale bars =25 um in (A + E) and 100 um in (B-D, F).

area resembled those of dendritic cells (Figure 7E). After
one week of incubation, BRSV-infected cells were also
detected in the peripheral part of the slice comprising the
alveoli (Figure 7F). Incubation with anti-TTF-1 (thyroid
transcription factor —1), which stains nuclei of type II
pneumocytes revealed that both, TTF-1 positive and nega-
tive cells, were infected. Stained cells were cuboidal in
shape and found at the intersections of two or more alveoli
whereas infected cells that were not stained by anti-TTF-1
had a flattened morphology (see Additional file 3).

The efficiency of infection was also determined with re-
spect to infectious progeny virus released into the culture
medium. For this purpose, supernatants were collected at
different time points after infection. As shown in Figure 8,
BPIV3 reached a viral titer of 2.3 x 10*> FFU/mL after 48 h,
which increased to 2 x 10° FFU/mL by day seven post in-
fection (pi). Infection of PCLS by BRSV-GFP resulted in
titers in the supernatant that were hardly above the detec-
tion level. Virus release of BHV-1-GFP was intermediate
with titers that were 5 - to 20-fold lower than those deter-
mined for BPIV3. Consistent with the differences in the
amount of virus released into the supernatant, there was
also a difference in the kinetics of virus release: BPIV3 was
detectable in the supernatant at 12 hpi followed by BHV-
1-GFP at 24 hpi; BRSV-GFP was released into the super-
natant not until 48 hpi.

Discussion
Culture systems for differentiated respiratory epithelial
cells are models of choice to investigate how respiratory

viruses interact with the epithelial barrier when they enter
the airways. They comprise cell types like ciliated cells that
are important for airway function and cannot be cultured
as immortalized cells. Using these culture systems, it is
possible to determine which of the different cell types is
susceptible to infection. These results may be different
from those obtained with immortalized cells. A striking
example is BRSV which infects almost all immortalized
cells [18,23], whereas airway epithelial cells are rather re-
fractory to infection ([7], this paper). Membrane-grown
respiratory epithelial cells cultured under air-liquid in-
terface conditions undergo mucociliary differentiation to
generate a pseudostratified epithelium including ciliated
cells, secretory cells and progenitor cells. They allow tar-
geted access of reagents or microorganisms to the apical
and basal membrane. Though we succeeded in establi-
shing ALI cultures from bovine airway epithelial cells,
most studies were performed so far with human cells.
Establishing ALI cultures for cells of different species is
still challenging [24,25]. The alternative culture system for
differentiated respiratory epithelial cells, PCLS, can be
applied to lungs from different species [7,8,26,27]. They
allow analyzing infection of not only the epithelial cells
but also of submucosal cells.

BRSV, BPIV3 as well as BHV-1 are important viral
pathogens within the bovine respiratory disease complex
[9,12]. Therefore, it was of interest to compare the entry
strategies of these viruses. BPIV3 efficiently infected the
airway epithelial cells using sialic acids on the apical sur-
face as a receptor determinant for virus entry from the
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apical side. As virus egress also proceeds via the apical
plasma membrane, BPIV3 - like human PIV3 (HPIV3) -
has the characteristics of several other viruses that cause
a localized infection of the respiratory tract, e.g. influ-
enza viruses [3,28,29]. It remains to be further elucidated
why BPIV3 preferentially targets the ciliated cells. This
is a question that can be addressed in the future with
culture systems for differentiated airway epithelial cells.
BHV-1 showed a completely different infection pattern.
When BHV-1-GFP was applied to the apical side of the
well-differentiated airway epithelial cells, infected cells
were detected only occasionally. Recently, an explant cul-
ture system derived from the upper trachea of cows was
used to analyze BHV-1 infection. Single sites of infection
were detected in the epithelium when the virus was ap-
plied at 10’ TCIDso/mL [30]. This infectious dose is about
100-fold higher than that required for efficient infection
by BPIV3. Thus, differentiated epithelial cells from both
the proximal trachea and the bronchi are rather resistant
to infection by BHV-1. Successful infection required the
access to the basal side of the epithelium either after
opening of the tight junctions by calcium depletion or
after mechanical injuring of the cell monolayer. Infection
studies with ALI cultures indicated that the cells that are
sensitive to BHV-1-GFP infection are not the differenti-
ated epithelial cells but cells with the phenotype of basal
cells, i.e. the progenitor cells of the differentiated epithelial
cells. Also in PCLS, basal cells were found to be the pri-
mary site of infection. When the inoculation time was
increased up to one week, virus was also found in the per-
iphery of the slice, and the distribution pattern suggests
direct cell-to-cell spread. This infection pattern could not
be predicted from studies with polarized immortalized
cells. Our results most closely resemble those reported for

polarized MDCK cells where infection was not possible
via the apical surface, but via the basolateral side after
opening of the tight junctions or after injuring the cell
monolayer [31,32]. However, this cell system could not re-
veal the preference for the basal cell phenotype. Other
studies with polarized cells reported virus entry from both
sides [33,34] or preferentially via the apical membrane
[35]. These conflicting reports underline the importance
of infection studies with differentiated airway epithelial
cells. From our results, the question arises how BHV-1
gets across the epithelial barrier. A model that has been
proposed for HSV-1 suggests entry through small lesions
within the epithelium [31,32,34,36]. Further possible ex-
planations will be discussed below.

A third infection pattern was observed when differen-
tiated epithelial cells were infected with BRSV-GFP.
Though BRSV-GEP - like BPIV3 - preferentially infected
ciliated cells, the overall efficiency of infection was much
lower. Whereas BPIV3 readily infected airway epithelial
cells, only single BRSV-infected cells were observed even
when the virus was applied at an increased MOIL The
difference in infection efficiency was also evident from
the amount of infectious virus released by the infected
cultures. The titers of infectious progeny BRSV-GEP
were up to 600-fold lower when compared to BPIV3. In
contrast to BHV-1-GFP infection, the relative resistance
of the airway epithelium against BRSV-GFP infection
could not be overcome by opening the tight junctions or
by injuring the cell monolayer. The infection pattern
observed with BRSV-GFP resembles that reported for
HRSV. A previous study reporting the release of a sub-
stantial amount of progeny virus had applied an unusual
high multiplicity of infection [37]. Later on, it was re-
ported also for HRSV that airway epithelial cells are



Kirchhoff et al. Veterinary Research 2014, 45:20
http://www.veterinaryresearch.org/content/45/1/20

infected with low efficiency [38,39]. A striking feature of
the BRSV infection is the susceptibility of submucosal
cells to infection. Some of these cells have morphologies
that resemble those of dendritic cells. Others were located
within the epithelium lining the alveolar lumen. Replica-
tion of BRSV within the alveolar epithelium in both type I
and type II pneumocytes has been reported in an ultra-
structural analysis of BRSV-infected calves [40]. Staining
of PCLS for the presence of anti-TTF-1, which was identi-
fied as a marker for type II pneumocytes in sheep and
swine [41,42], demonstrated that type II pneumocytes are
susceptible to infection by BRSV-GFP. Alveolar cells that
were negative for TTF-1 were also infected by BRSV-GEP.
These latter cells had a flattened morphology that is cha-
racteristic for type I pneumocytes. Therefore, both type I
and type II pneumocytes appear to be susceptible to
infection by BRSV-GFP. Unfortunately, the identity of the
infected cells in the submucosal area could not be deter-
mined. Immunological reagents available for bovine cells
are limited and those few that were suitable for staining of
PCLS did not provide an unambiguous result.

As differentiated airway epithelial cells are refractory
to infection by BRSV-GFP and BHV-1-GFP, it remains
to be elucidated how these viruses get across the epithe-
lial barrier. As mentioned above, passage through leaky
sites within the epithelial monolayer is a possibility pro-
posed for HSV-1. An alternative explanation has been
suggested for measles virus. Here, the major receptor,
SLAM, is present on lymphoid cells but absent from epi-
thelial cells. The recently identified measles receptor on
epithelial cells, nectin 4, has a polarized surface distribu-
tion enabling infection via the basolateral side but not
via the apical plasma membrane. Therefore, it has been
suggested that measles virus infection is initiated in al-
veolar macrophages or dendritic cells which are used as
a ferry through the epithelial barrier [43,44]. We cannot
exclude that dendritic cells that uptake antigen from the
airway lumen via their dendrites capture BRSV and carry
infection to the submucosal infection sites as well. In-
vitro studies have demonstrated RSV infection and re-
plication within dendritic cells [45]. Also it has been
suggested that the virus may persist in lymphoid or
other tissues [12,46,47]. A further way to get across the
epithelium without infecting the epithelial cells is trans-
cytosis. This entry option has been shown for several
viruses, e.g. for Epstein-Barr virus to get across the oral
epithelium ([48], and references therein). There are no
data available supporting transcytosis as an entry stra-
tegy for BHV-1 and BRSV. An alternative explanation of
the infection pattern of BRSV and BHV-1 may be that
the viruses enter differentiated bronchial epithelial cells
without immediate initiation of replication. We do not
have any evidence for this possibility, because BRSV and
BHV-1 infection of differentiated bronchial epithelial
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cells was not enhanced even when the infection time
was extended to seven days.

We would like to suggest another entry strategy that
may apply to BRSV and BHV-1. Both viruses have been
associated with the bovine respiratory disease complex, a
multifactorial disease that involves the interplay of diffe-
rent factors such as stress and microbial co-infections.
Bacterial pathogens associated with BRD are Mannheimia
haemolytica, Pasteurella multocida or Mycoplasma bovis
[12,49,50]. Infection of the epithelium by either of these
microorganisms may induce a response reaction in the
epithelial cells that make them susceptible to virus infec-
tion. For example, if the cells are responding by expressing
suitable virus receptors that are otherwise absent from the
cell surface, BRSV or BHV-1 may initiate infection. Thus,
in the future it will be interesting to analyze the inter-
action of bacterial pathogens with differentiated airway
epithelial cells and to determine whether bacterial infec-
tion predisposes the epithelium to virus infection. The
analysis of the entry mechanism of the three bovine vi-
ruses is hampered by the fact that suitable antibodies
against bovine nectin-1, the receptor for BHV-1, are not
available commercially and the receptor for BRSV has not
been identified. However, when bacterial co-infection
increases the susceptibility to infection by BRSV, this ap-
proach may help to identify the receptor for BRSV. Also,
our finding that pneumocytes are susceptible to BRSV-
infection, may be helpful in this respect. Taken together,
our data provide new insights in the airway infection by
bovine respiratory viruses that may help not only to
understand the pathogenicity of viruses involved in BRDC
but also to develop new intervention strategies.

Additional files

Additional file 1: Infection of well-differentiated BAEC by BHV-1-GFP
at different MOls. BHV-1-GFP was applied to the apical surface of ALI
cultures at an MOI of 0.1, 1.0 or 10 for 2 h. Cultures were fixed at 1 - 5 dpi.
Virus-infected cells are shown in green.

Additional file 2: TEER time course of infected ALI cultures. Cultured
cells were apically infected with either of the three viruses or mock-infected
and the transepithelial resistance was measured before infection, post
infection and further at daily intervals (A). TEER was also measured in
EGTA-treated cultures before infection, directly after EGTA treatment, and at
the indicated time points post-infection (B). Values were corrected for the
blank resistance. Mean values and standard deviation of three independent
cultures are shown.

Additional file 3: TTF-1 labeling of PCLS. BRSV-infected PCLS were
stained for TTF-1 followed by a mouse-Cy3 second antibody (red). Upper
panels show a TTF-1 positive, infected cell typically located at the intersection
of two or three alveoli. The middle panel represents an example of an
infected cell with TTF-1 negative staining and a characteristic flattened shape.
Lower panels show TTF-1 positive but uninfected control samples. Infected
cells are shown in green. Nuclei were stained by DAPI. Scale bar = 50 um.
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