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Three-dimensional (3D) porcine nasal mucosal and tracheal mucosal epithelial cell cultures were developed
to analyze foot-and-mouth disease virus (FMDYV) interactions with mucosal epithelial cells. The cells in these
cultures differentiated and polarized until they closely resemble the epithelial layers seen in vivo. FMDV
infected these cultures predominantly from the apical side, primarily by binding to integrin avf36, in an
Arg-Gly-Asp (RGD)-dependent manner. However, FMDYV replicated only transiently without any visible cyto-
pathic effect (CPE), and infectious progeny virus could be recovered only from the apical side. The infection
induced the production of beta interferon (IFN-3) and the IFN-inducible gene Mx1 mRNA, which coincided
with the disappearance of viral RNA and progeny virus. The induction of IFN-3 mRNA correlated with the
antiviral activity of the supernatants from both the apical and basolateral compartments. IFN-a mRNA was
constitutively expressed in nasal mucosal epithelial cells ir vitro and in vivo. In addition, FMDV infection
induced interleukin 8 (IL-8) protein, granulocyte-macrophage colony-stimulating factor (GM-CSF), and
RANTES mRNA in the infected epithelial cells, suggesting that it plays an important role in modulating

the immune response.

Foot-and-mouth disease is an economically important dis-
ease caused by foot-and-mouth disease virus (FMDV), a pi-
cornavirus, belonging to the genus Aphthovirus and family Pi-
cornaviridae. Field strains of FMDYV infect cells by attaching to
integrin receptors through a highly conserved Arg-Gly-Asp
(RGD) tripeptide motif which is located on a surface-exposed
loop of VP1 (29). A number of different species of RGD-
binding integrin (avB1, avB3, avp6, and avPB8) have been re-
ported to serve as receptors for infection (8, 22-24). However,
avB6 is believed to function as the principal receptor for in-
fection in the host (33). FMDYV is highly infectious and can
become established in susceptible animals by inhalation of
relatively small levels of airborne virus (predominantly cattle)
or ingestion of contaminated material (primarily pigs) (5).
Apart from direct infection through injured skin or abrasion,
the epithelial cells of the oral and upper respiratory tract
mucosal surfaces are likely to be the first point of contact with
the virus. In animals, FMDV undergoes early and rapid repli-
cation at the predilection sites in the pharynx and tonsil (5).
This is followed by a viremic phase lasting 4 or 5 days, during
which the virus spreads to other epithelial tissues and estab-
lishes itself at other secondary sites of replication (5). At these
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secondary sites, vesicles normally form, and the vesicles rup-
ture to produce classical ragged-edge erosions. Although nasal
mucosa has been suggested as a primary site of FMDYV repli-
cation (26), there has been no evidence to support this claim
(4). FMDV RNA can be detected in the nasal mucosa and
trachea of pigs up to 4 days after infection; however, patho-
logical signs of infection are not observed at these sites (3; P.
Dash, unpublished observation).

Pigs are known to be more resistant to aerosol infection than
cattle, though they excrete larger amounts of virus once infec-
tion is established (1, 2, 17, 38). The reason for the apparent
reduced susceptibility to aerosol infection of pigs is unclear.
Here we have investigated the interaction of FMDYV with pig
nasal and tracheal epithelial cells using polarized, differenti-
ated three-dimensional (3D) cultures. The results provide in-
sight into the possible reasons why pigs are relatively resistant
to FMDV by aerosol challenge.

MATERIALS AND METHODS

Animals and tissue sample collection. Under Home Office project license
PPL70/5859 and after euthanasia, tissue samples were collected and placed in
cold phosphate-buffered saline (PBS) for subsequent culture from outbred pigs
of either sex. The pigs weighed between 6 and 12 kg and were obtained from the
Institute for Animal Health, Compton Laboratory. For reverse transcription-
PCR (RT-PCR) and immunofluorescence analyses, the tissue samples were
collected and placed in RNALater (Ambion) and 4% paraformaldehyde (PFA),
respectively.

Reagents and antibodies. The components of seeding medium, growth me-
dium, and differentiation medium were as follows. Seeding medium consisted of
Dulbecco’s modified essential medium (DMEM) and Ham’s F12 medium mix-
ture (1:1) containing 5% fetal calf serum (FCS), penicillin (200 U/ml), strepto-
mycin (200 pg/ml), gentamicin (50 wg/ml), kanamycin (100 wg/ml), and ampho-
tericin B (2.5 pg/ml). Growth medium consisted of DMEM and Ham’s F12
medium mixture (1:1) containing 2% Ultroser G (Biosepra), cholera toxin (10
ng/ml) and the antibiotics/antimycotic for seeding medium. The differentiation
medium is the same as growth medium and in addition contained retinoic acid
(0.1 pg/ml). MDBK-t2 growth medium consisted of DMEM with 10% FCS,
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blasticidine S (100 pg/ml), penicillin (100 U/ml), streptomycin (100 pg/ml), and
amphotericin B (2.5 pg/ml). The MDBK-t2 cell line, which is stably transfected
with a chloramphenicol acetyltransferase (CAT) reporter gene cloned under the
human Mx promoter (20), was a kind gift from Bryan Charleston, Institute for
Animal Health, Compton, United Kingdom.

The Golgi marker anti-B-COP antibody (23C) has been described previously
(32). The anti-FMDV monoclonal antibodies (MAbs) B2 and D9 have been
described previously (30). The anti-FMDYV 2C (clone 3F7) antibody was a kind
gift from E. Brocchi (Instituto Zooprofilattico Sperimentale della Lombardia e
dell’Emilia, Brescia, Italy). Anti-human avB8 (clones 14E5 and 37E1) has been
previously described by Mu et al. (35). Other primary antibodies used were
mouse anti-acetylated a-tubulin (6-11-B; Sigma), anti-human avp6 (clone 10D5;
Chemicon), anti-human avB3 (clone LM609; Chemicon), and anti-human 1
(clone HB1.1; Chemicon), which are cross-reactive to pig integrins, rabbit
antisera against ZO-1 (zonula occludens protein 1) and claudin, and mouse
monoclonal antibodies against occludin (all from Zymed) and E-cadherin (BD
Pharmingen). The secondary antibodies used for flow cytometry were phyco-
erythrin-conjugated anti-mouse IgG1 and IgG2a (Cambridge Biosciences). Sec-
ondary antibodies used for immunofluorescence were goat anti-mouse Alexa
Fluor 488 or Alexa Fluor 568, goat anti-rat Alexa Fluor 568, goat anti-rabbit
Alexa Fluor 488 (Invitrogen), and 4',6’-diamidino-2-phenylindole (DAPI) for
nuclear stain. All other reagents and chemicals, unless otherwise stated, were
obtained from Sigma.

3D nasal and tracheal epithelial cell cultures. The 3D nasal mucosal epithelial
(NME) and tracheal mucosal epithelial (TME) cell culture protocol was based
on a modified method used for human airway epithelial cultures (49). Briefly,
nasal and tracheal mucosae, including the cartilage from pigs from the Institute
for Animal Health, Compton, United Kingdom, originating from the same herd
and at the same age (4 weeks old) were washed four times in ice-cold Ca’*
Mg>*-free phosphate buffered saline (PBSa) containing 5 mM dithiothreitol
(DTT) and twice with ice-cold PBSa alone. After the mucosae were washed, they
were removed from the cartilage and incubated at 4°C overnight in PBSa con-
taining protease (type XIV; 0.4 mg/ml). The protease was inactivated (by adding
FCS to a final concentration of 2.5%), and the small sheets of epithelial cells
were dislodged by vigorous agitation. The cells were centrifuged at 500 X g for
10 min at 4°C and washed three times with seeding medium. Contaminating
fibroblasts were removed by selective attachment to 9-mm petri dishes (BD
Biosciences) for 30 to 60 min at 37°C. The cell suspension was collected, adjusted
to 10° cells/ml in seeding medium containing cholera toxin (10 ng/ml), and
seeded at a concentration of 10° cells/cm? onto Transwell tissue culture inserts
(0.4-pm pore size; 6.5-mm membrane diameter; Corning) coated with rat tail
collagen type I (5 pg/cm?) and human fibronectin (5 pg/cm?) (BD Biosciences).
Twenty-four hours after incubation at 37°C, the medium was removed carefully
and replaced with growth medium. After the cells were confluent, the medium
was replaced with differentiating medium and the cells were brought to the
air-liquid interface. Typically, 3-week-old cultures that were completely polar-
ized and differentiated were used for the experiments after the integrity and
polarity of the culture were checked by measurement of the transepithelial
electrical resistance (TEER) using a VoltOhm meter (EVOM; World Precision
Instruments) in accordance with the manufacturer’s instructions. To examine the
integrity of the 3D nasal epithelial culture layer, paracellular permeability was
also examined using *'Cr. To establish that the epithelial cells expressed the tight
junction proteins zonula occludens (ZO-1), occludin, and adherens junction
protein E-cadherin, the 3D cultures were examined by immunofluorescence
using specific reagents.

Electron microscopy. Three-dimensional cultures were examined by scanning
and transmission electron microscopy. Briefly, the cells on the 3D culture mem-
brane were fixed with 2% glutaraldehyde for 1 h and then postfixed with 1%
osmium tetroxide for 1 h. For scanning electron microscopy, the fixed membrane
was removed from the insert, dehydrated by immersion in a series of acetone-
water solutions (70% to 100%), dried, mounted, and sputter coated with gold
particles (<10 nm). These samples were observed using an S-520 scanning
electron microscope (Hitachi). For transmission electron microscopy (TEM), the
fixed membrane was removed and dehydrated in an ethanol series (70% to
100%). After a propylene oxide wash, the samples were embedded in fresh epoxy
resin and sectioned for TEM. The sections were imaged using the FEI Tecnai 12
with a TVIPS F214 digital camera.

Virus. The FMDV strain O1K (Kaufbeuren) cad2 was grown and titrated
using primary epithelial cells derived from bovine thyroid (BTY) which is highly
susceptible to field isolates of FMDV (40). The FMDV strain O1K cad2 is
dependent on integrins as its sole receptor family (22). FMDV O1K cad2 grown
on primary BTY cells was further purified using a sucrose density gradient (15),
and the titer of the virus stock was determined to be 10° 50% tissue culture
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infective doses (TCID5,)/ml. The virus was tested on CHO cells to confirm a lack
of heparan sulfate binding (data not shown). The stock virus was diluted 100-fold
for use in the infection experiments. The FMDYV field strain OUKG/34/2001 (6)
(isolated from the vesicular lesion of an infected pig; 10%% TCIDsy/ml) was
obtained from Zhidong Zhang, Institute for Animal Health, Pirbright, United
Kingdom.

Integrin expression. Integrin expression of nasal and tracheal epithelial cells
from pig tissue samples and 3D cultures was examined by flow cytometric anal-
ysis as described by Jackson et al. (24) with a minor modification. The epithelial
cells from 3D culture were harvested by standard trypsinization and incubated
for 30 min at 37°C, in 5% CO, prior to staining, to permit recovery and reex-
pression of membrane receptors on cells which might have been affected by the
trypsinization process.

Competition assays for virus binding and infection. Virus binding and binding
competition were both examined by a FACSCalibur (Becton Dickinson) using
their CellQuest software, collecting at least 8,000 cells per sample by detecting
cell surface-bound virus using an anti-FMDV VP1-specific MAb (clone B2) as
described previously (28). For the binding competition experiment, competing
MADbs (anti-human avp6 [clone 10D5]; anti-human avB3 [clone LM609] [10
pg/ml]) and peptides (RGD peptide [VPNLRGDLQVLAQKVAR] and RGE
peptide [VPNLRGELQVLAQKVAR] [10 mM, 1 mM, 0.1 mM]) were used (24).
For the infection competition experiment, 3D nasal mucosal epithelial cell cul-
tures (6.5-mm membrane diameter inserts) were pretreated with peptide or
antibody for 30 min, followed by the addition of purified O1K cad2 (multiplicity
of infection [MOI] of ~3). The cultures were incubated for a further 30 min and
acid washed (described below). The apical and basolateral media were collected
at the 16-h time point and titrated on BTY cells to determine the level of
reduction in the virus yield. Virus recovery in the presence or absence of com-
petitors confirmed that this methodology was sufficient for the virus to enter
polarized cells.

Viral inoculation of 3D nasal mucosal epithelial cultures. The cultures that
showed a TEER reading of more than 300 Q - cm? were selected for the infec-
tion experiments. The apical surfaces of the 3D cultures were rinsed three times
with 500 pl of medium, and the cells were infected with 60 .l of viral suspension
(MOI of ~3) for 1 h at 37°C. Infection of the basolateral surfaces of the cultures
was performed by inverting the culture inserts and exposing the permeable
support to a concentration of virus equivalent to that used for the apical inoc-
ulation. Following infection, the residual extracellular virus was inactivated by an
acid wash buffer (saline [pH 5.2] containing 0.127 M acetic acid and 0.087 M
sodium citrate) for 2 min. The physiological pH was restored by adding culture
medium.

Assessment of progeny virus release. To assess the release of progeny virus,
500 wl of medium was added to the apical surface of the infected culture 30 min
prior to the predetermined time points, and the cultures were returned to the
37°C incubator. At the required time point, 500 pl of apical wash and 1 ml of
basolateral medium was collected and stored at —70°C until assayed for virus on
primary BTY cells and expressed as log TCIDs5y,.

Confocal microscopy. The 3D cultures in the inserts (with or without infection)
were fixed in 4% PFA for 1 h at room temperature. The cultured inserts were
rinsed thrice in PBS. The cells were permeabilized with 0.1% Triton X-100 in
PBS for 15 min, incubated in PBS containing 0.5% bovine serum albumin (BSA),
and labeled by the addition of a primary antibody for 1 h. For immunofluores-
cence labeling of the tissue samples, PFA-fixed tissue samples were cut to a
thickness of 50 to 100 wm using a vibrating microtome (Leica Microsystems,
United Kingdom). Fixed and permeabilized tissue sections were labeled as de-
scribed above. Both cultured inserts and the tissue sections were washed with
PBS and further stained with a secondary antibody conjugated to Alexa Fluor.
After the final wash, the nuclei were stained with DAPI. After the final staining
step, the membrane was cut from the insert and mounted onto slides using
Fluoromount G and coverslips. The tissue sections were mounted onto slides
with a gene frame (Thermo Life Sciences) using Fluoromount G and coverslips
and imaged by using a Leica TCS SP2 confocal microscope.

Domain-selective cell surface labeling and Western blot analysis. The surfaces
of the 3D nasal mucosal epithelial cell cultures were labeled with biotin at its
apical or basolateral domain using the method described by Tugizov et al. (45).
For identifying the domain localization of avp6 integrin, the cell lysate was
immunoprecipitated with 2 pug of anti-avB6 antibody and captured with protein
A/G beads. Western blotting was performed with neutravidin-horseradish per-
oxidase (HRP). For detection of B1 integrin, the biotinylated cell lysates were
precipitated with avidin-agarose (Pierce), and the Western blot was probed with
anti-B1 integrin, followed by anti-mouse antibody conjugated to HRP. The blots
were developed using enhanced chemiluminescence (ECL) reagents (Amersham
Biosciences).
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RNA isolation, reverse transcription, and PCR. The total cellular RNA (from
both cultures and tissue samples) was extracted using an RNAqueous kit (Am-
bion), and the DNA contamination from the RNA preparation was removed
using a DNA-free kit (Ambion) per the manufacturer’s instructions. Reverse
transcription was carried out with 2 g of total RNA and an oligo(dT) primer,
using Improm II reverse transcriptase (Promega) per the manufacturer’s instruc-
tions. The cDNA was then used for PCR amplification with GoTaq polymerase
system (Promega) or Master kit (Applied Biosystems, United Kingdom) for
quantitative PCR using the appropriate primers. The primers used were as
follows. For FMDV 2B, the forward primer was 5’AAGGAATTCGGGCCCT
TCTTTTTCTCCGACGTTAZ', and the reverse primer was 5'CTGTTTCTCT
GCTCTCTCAAGS3'. For porcine alpha interferon (IFN-a), the forward primer
was 5’ATGGCCCCAACCTCA-GCCTTC3’, and the reverse primer was 5'TC
ACTCCTTCTTCCTGAGTCT3'. For porcine IFN-B, the forward primer was
5'ATGGCTAA-CAAGTGCATCCTC CAA3’, and the reverse primer was 5'T
CAGTTCCGGAGGTAATCTGTAAG3'. For porcine beta-actin, the forward
primer was 5S’GAGAAGCTGTGCTACGTCGC3', and the reverse primer was
5'CCAGACAGCACTGTGTTGG-C3'. For Mxl, the forward primer was 5'G
AACTGATCAAGGAGGAAZ', and the reverse primer was 5’GCATCTTGTC
ACAA TTCC3'. For granulocyte-macrophage colony-stimulating factor (GM-
CSF), the forward primer was 5'CATGTGGSTGCCATCAAAGAAGCCC3',
and the reverse primer was 5'TGGG-TTTCACAGGAAGTTTCCTCGG3'. For
RANTES (regulated upon activation, normal T-cell expressed and secreted), the
forward primer was 5’ATGAAGGTCT CCACCGCTG-CCCTTGC3’, and the
reverse primer was 5'CTAGCTCAACTCCAAGGAGTTGATG3'.

Quantitative real-time RT-PCR assays to detect viral RNA were performed as
described previously (52). Conversions of viral RNA and IFN mRNA to copy
number/cell were made with the assumption that a cell, on average, contained
approximately 6 pg of total RNA, which has been used to express the tissue
content of FMDV RNA (3).

The primers and probes used were a kind gift from Zhidong Zhang (Institute
for Animal Health, Pirbright, United Kingdom) and were as follows. For porcine
IFN-a, the forward primer was 5'GCCTCCTGCACCAGTTCTACAZ', the re-
verse primer was 5'TGCATGACACAGGCTTCCAG3’, and the probe was
FAM-TCCCTGAGCTGCTGATCCAGTCCA3’, where FAM is 6-carboxyfluo-
rescein. For porcine IFN-B, the forward primer was 5'GCGTGGAATGAAAC
CGTCATT3', the reverse primer was 5’"CCAGGATTGTCTCCAGGTCATC3',
and the probe was FAM-TCTGCCCATCAAGTTCCACAAGGATAGTCT.
For FMDV internal ribosome entry site (IRES), the forward primer was 5'CC
GAGTGTCGCGTGTTACCT3', the reverse primer was 5’ AACCACTGGTGA
CAGGCTAAGG?3', and the probe was FAM-TGCCCTTTAGGTACCC. For
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the forward primer was
5'GCATCGTGGAGGGAC-TTATGA3' , the reverse primer was 5'GGGCCA
TCCACAGTCTTCTG3', and the probe was FAM-CACTGTC-CACGCCAT-
CACTGCCA.

Antiviral activity of FMDV-infected supernatant. To eliminate any residual
infectious virus, the apical and basolateral media from the 3D nasal mucosal
epithelial cell cultures (4.2-cm?> membrane diameter inserts) infected with
FMDV were treated with 5 N HCI to lower the pH to 2 (approximately 10 pl/500
wl of media) for 30 min on ice, which was more than optimal, given that FMDV
is extremely acid labile (11). Following disruption of any virus present, the pH
was restored by the addition of SN NaOH (until the medium changed back to its
original color). The treated apical and basolateral media were diluted 5 times
with MDBK-t2 growth medium and examined for the presence of type I IFN
activity by a Mx-CAT reporter assay using the MDBK-t2 cell line as described
previously (27).

Porcine IL-8 ELISA. Interleukin 8 (IL-8) in both the apical and basolateral
media of infected or control 3D nasal mucosal epithelial cell cultures was mea-
sured using a porcine IL-8 enzyme-linked immunosorbent assay (ELISA) kit
(Biosource) per the manufacturer’s instructions.

Statistical analysis. The data were expressed as the means * standard errors
of the means (SEMs). Differences between treatments were assessed using a
two-tailed Student’s ¢ test for paired observations. A P value of <0.05 is consid-
ered statistically significant.

RESULTS

Establishment and characterization of 3D porcine nasal
and tracheal epithelial cell cultures. Well-differentiated polar-
ized 3D cultures of nasal and tracheal mucosal epithelial cells
were established by adapting the method for human airway
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FIG. 1. Differentiation and polarization of porcine nasal mucosal
epithelial (NME) and tracheal mucosal epithelial (TME) cells in 3D
cultures. Porcine nasal and tracheal epithelial cells were seeded onto
collagen/fibronectin-coated porous inserts and cultured for 3 to 4
weeks. (A to C) Toludine blue staining (A) (3D NME), transmission
electron microscopy (B) (3D NME), and scanning electron microscopy
(C) (3D TME) demonstrate cilia (black arrow) and goblet cells (white
arrow) in the differentiated epithelial culture. (D to F) In 3D NME
cultures, expression analysis of tight and adherent junction marker
proteins ZO-1 (D) shown in green, occludin (E) shown in red, and
E-cadherin (F) shown in green demonstrate that these epithelial cells
are polarized. Cell nuclei were stained with DAPI (blue). (G) A he-
matoxylin-and-eosin-stained section of a pig nasal mucosal tissue sam-
ple is also shown for comparison. (H) Dissociated cells from 3D NME
cultures analyzed by a flow cytometer demonstrate no fibroblast cell
contamination detected by the fibroblast cell marker vimentin. Panel H
indicates that vimentin-positive cells were <3% in the 3D NME
culture.

epithelial cultures (49). Morphological examination of these
cultures revealed pseudostratified mucociliary epithelial struc-
tures with an appearance that closely resembled those in vivo
(Fig. 1) and were uniform between the different batches grown.
After 5 to 7 days of culture under an air-liquid interface, large
parts of the apical surfaces were covered with constantly beat-
ing cilia, observed by phase-contrast microscopy (results not
shown). To assess the purity of epithelial cell culture, poten-
tially contaminated nonepithelial cells were identified by vi-
mentin staining, as vimentin is expressed in cells of mesenchy-
mal origin, including fibroblasts but generally not expressed in
epithelial cells (41). Vimentin staining demonstrated that al-
most all of the cells in the cultures were devoid of fibroblast
contaminants (Fig. 1H). Examination of 3- to 4-week-old 3D
nasal and tracheal epithelial cell cultures by histological sec-
tions and electron microscopic analysis revealed that these

1sanb Aq 8T0Z ‘6T AINC uo /B0 wse’IAly:dny woly papeojumod


http://jvi.asm.org/

9152 DASH ET AL.

A. 1 avp3 avp6 av38
100 B 100 [3 100 B 100 B

75 7 7

50 50

5

25 L1 25

0 0
B. 1w 100 100 100

751 75 75 75

G.

AP BL
Heterodimer:

FIG. 2. Porcine nasal and tracheal epithelial cells express integrin avp6. Flow cytometric analysis of integrin expression on the epithelial cells

av

B6

avp6

B1

.

"'M’

Tubulin

Tubulin

J. VIROL.

isolated from 3D cultured pig nasal epithelial cells (A), pig nasal tissue samples (B), and trachea samples (C). From right to left, epithelial cells were

analyzed for their expression of 1 (MAb HB1.1), avB3 (MAb LM609), avB6 (MAb 10D5), and avB8 (MAbs 37E1 and 14ES). Each integrin staining

is shown as a black histogram, and the background staining is shown as a red line. A representative result of three independent experiments is shown.
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cultures were composed of a number of different epithelial cell
subtypes, including ciliated and nonciliated cells and possibly
mucin-producing goblet cells (Fig. 1A, B, and C). The cultures
also expressed the tight junction (zonula occludens protein 1
[Z0O-1] and occludin) and adherens junction (E-cadherin) pro-
teins, indicating that the cells were polarized (Fig. 1D to F).
The transepithelial electrical resistance (TEER) reached a sta-
ble resistance of about 900 to 1,500 €2 - cm? around day 10
after seeding, demonstrating intracellular junction develop-
ment (see Fig. 4B). The integrity of the 3D cultured epithelial
layers was further demonstrated by a paracellular permeability
assay, as no radioactivity was detected in the basolateral cham-
ber after 30 min of incubation with medium containing radio-
active >'Cr applied at the apical chamber (data not shown).

Porcine nasal and tracheal epithelial cells express integrin
avf36, and FMDYV binding to the epithelial cells is RGD de-
pendent. Expression of the known FMDV RGD-binding inte-
grin receptors on 3D cultured porcine nasal and tracheal mu-
cosal epithelial cells was examined by flow cytometry, confocal
microscopy, and domain-selective labeling and immunopre-
cipitation analysis. Flow cytometry of dissociated epithelial
cells from 3-week-old cultures showed expression of integrin
avB6 but not integrins avB3 and avp8 (Fig. 2A). The expres-
sion of integrin B1 was strongly positive. Porcine nasal and
tracheal mucosal epithelial cells, freshly isolated from animals,
showed the same integrin expression profile (Fig. 2B and C) as
the 3D cultures, confirming that the expression of avp6, avR3,
and avp8 was not altered during culture. Consistent with the
above observations, immunofluorescence microscopy analysis
of 3-week-old 3D cultures (Fig. 2D and E) and sections of
nasal mucosal tissue samples, freshly isolated from healthy
pigs, also showed expression of integrins avB6 and 1 but were
negative for integrins avB3 and avp8 in respiratory epithelial
cells (Fig. 2F). Although the integrin avB6 was expressed on
the apical side of the polarized cells which included some
ciliated cells (identified by an anti-acetylated o-tubulin MAD)
(Fig. 2D), it was more strongly expressed at the basolateral
side. Integrin B1 expression, used in this study as a control, was
expressed mostly on the lateral side and weakly on the apical
side, but not on the basal side of the nasal mucosal epithelial
cells (Fig. 2E). Although the avB3 and avB8 integrins were not
detected on mucosal epithelial cells in the 3D cultures, weak
expression of both avB3 and avB8 on the cells in the lamina
propria of the nasal mucosa was observed from the tissue
samples obtained from healthy pigs (Fig. 2F).

Uninfected 3D nasal epithelial cells were selectively labeled
with biotin, either at the apical or basolateral surfaces of the
polarized epithelial cells, by a domain-selective labeling assay.
The labeled cells were lysed and immunoprecipitated with
anti-integrin antibodies and then blotted with neutravidin-
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HRP. This confirmed that avB6 and B1 integrins were ex-
pressed more strongly on the basolateral side of the 3D NME
cultures (Fig. 2G).

Next we investigated whether av6 on the nasal and tracheal
mucosal epithelial cell cultures was used as a receptor for
FMDV. Binding of FMDV strain O1K cad2 to porcine nasal
mucosal epithelial cells from 3D cultures was demonstrated by
flow cytometry, and this binding was inhibited by an RGD-
containing peptide in a concentration-dependent manner, but
not by the control RGE version of this peptide (Fig. 3A). Virus
binding was also inhibited by the anti-avB6 MADb, but not by
the anti-avB3 MAb (Fig. 3B), confirming av6 as the major
receptor for virus attachment on these cells. FMDYV infection
was also examined with intact 3D cultures in the presence of an
RGD peptide or anti-av6 MAD. The cultures were infected
with O1K cad2, and the amount of infectious virus recovered
from the 3D cultures 16 h after infection was determined.
Virus recovery was reduced by 50% in the presence of the
RGD peptide (Fig. 3C) and by 35% in the presence of the
anti-avB6 MADb compared with the control (Fig. 3D).

FMDV replicates in 3D cultures without CPE. When 3D
nasal mucosal epithelial cultures were infected with FMDYV, a
cytopathic effect (CPE) was not observed at any time point.
Therefore, we examined whether FMDYV was able to replicate
in the cultures by detection of viral RNA using quantitative
RT-PCR for the IRES and by confocal microscopy detection
of the nonstructural protein 2C. In the 3D nasal mucosal epi-
thelial cultures, viral RNA was detected 4 h postinfection and
rapidly disappeared thereafter (Fig. 3E). Similar results were
observed with the 3D tracheal mucosal epithelial cultures, but
the peak of viral RNA production was greater and the viral
RNA persisted longer (Fig. 3F). Confocal microscopy showed
that FMDV nonstructural protein 2C was detected in nasal
epithelial cells 3 h after apical infection (Fig. 3G, H, and I).
Figure 3G and H show the horizontal section of FMDV-in-
fected 3D nasal mucosal epithelial culture and that nonstruc-
tural protein 2C was present in the majority of the cells (Fig.
3H). An example of the image for an orthogonal section of an
FMDV-infected 3D culture is shown in Fig. 31. This shows that
2C was mainly localized at the apical side of columnar cells
(Fig. 3I). In contrast, little or no 2C was detected on the basal
side of the cells.

To test for the presence of infectious virus, media from the
apical and basolateral surfaces of infected cultures were col-
lected at various time points after apical infection and titrated
on primary BTY cells. Infectious virus was detected only in 3D
nasal mucosal epithelial cultures 4 to 24 h postinfection, not
after 48 h postinfection (Fig. 3J). These observations were in
agreement with the quantitative RT-PCR results (Fig. 3E). In
the 3D tracheal mucosal epithelial cultures, infectious virus

(D and E) Confocal microscopic examination of avB6 (D) and integrin B1 chain (E) expression (in red) in a 3D NME culture shown as an
orthogonal section. The cilia are shown in green, stained with anti-acetylated a-tubulin antibody. (F) Confocal images of the B1 chain and avf6,
avB3, and avB8 (green) on nasal tissues. The avB6 and B1 integrins were expressed on mucosal epithelial cells, whereas weak expression of avR3
and avB8 was observed mainly on tubular epithelial cells of the lamina propria. (G) The expression of av6 and B1 integrins was also demonstrated
by biochemical analysis. The surfaces of 3D NME cultures were selectively labeled with biotin, either at the apical (AP) or basolateral (BL) side,
lysed, immunoprecipitated with anti-avB6 (MAb 10D5) and blotted with neutravidin-HRP, or immunoprecipitated with avidin-agarose, which was

followed by Western blotting with a B1-specific MAb (HB1.1).
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was recovered up to 48 h after apical infection, but not after
this time point (Fig. 3K), again reflecting the results of quan-
titative RT-PCR (Fig. 3F). Virus was not detected at the ba-
solateral side of 3D nasal or tracheal epithelial cultures at any
time points sampled (Fig. 3] and K). To examine whether the
lack of CPE and transient replication is specific to the FMDV
OIK cad?2 strain, we infected 3D nasal mucosal epithelial cul-
tures apically with FMDV OUKG/34/2001 virus that had been
isolated from a lesion in an infected pig (6). As shown in Fig.
3L, there was no appreciable difference between these two
viruses in terms of replication rate and level of virus recovered,
and no CPE was observed.

As the FMDYV receptor avB6 was observed to be expressed
more strongly at the basolateral surfaces of the 3D cultures,
the ability of FMDYV to infect through the basolateral route
was examined. Nasal mucosal epithelial 3D cultures were in-
fected either at the apical (as the positive control) or basolat-
eral surfaces, and media from the apical and basolateral cham-
bers were collected 8, 16, 24, 48, 72, and 96 h postinfection for
virus detection by titration on primary BTY cells. Fresh cell
culture media were added back to the inserts after each time
point of sampling so that the data represented virus that had
accumulated in supernatants since the previous time point of
sampling. As demonstrated previously, when the cells were
infected by the apical route, virus was recovered only from the
apical media 8, 16, and 24 h postinfection, and no virus could
be recovered from the basolateral media (Fig. 4A). When the
cells were infected from the basolateral side, infectious FMDV
was recovered from the apical side 16 h and 24 h though with
a lower titer than that seen from infection through the apical
route and only at 8 h postinfection from the basolateral side
(Fig. 4A). In all of the above experiments, the 3D cultures did
not show any visual CPE (Fig. 4E to H) normally characteristic
of an FMDYV infection in BHK cells or primary cells, such as
BTY cells (Fig. 4C and D).

Undifferentiated epithelial cells are more susceptible to
FMDV infection. FMDYV is known to efficiently infect and
replicate in conventional monolayer cultures (40), causing ex-
tensive CPE (14). Therefore, the effect of differentiation of
porcine nasal mucosal epithelial cells on FMDYV susceptibility
was investigated. Collagen- and fibronectin-coated inserts, with
a 0.33-cm? surface area, were seeded with freshly prepared
nasal mucosal epithelial cells from healthy pigs and subse-
quently infected with FMDV O1Kcad2 at a MOI of ~3 at
various days after seeding. After 1 h of incubation with virus,
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the cells were acid washed to inactivate virus that had not been
internalized. The TEER was recorded before each experiment
to assess the degree of differentiation and integrity of the
epithelial layer. The supernatants from both the apical and
basolateral chambers were collected 12 h postinfection and
stored at —70°C. At the end of the experiment (day 25), the
stored samples were titrated on BTY cells to detect the pres-
ence of infectious virus. Virus was recovered from both the
apical and basolateral media of FMDV-infected cultures that
had been seeded between 2 and 15 days earlier (Fig. 4B). Virus
recovery peaked on day 5 after cell seeding (Fig. 4B), and
thereafter, the virus yield from both apical and basolateral
medium started to decrease. This reduction in virus yield con-
tinued for 15 days or more to a point where virus was no longer
detected from the basolateral side (Fig. 4B).

FMDYV induces IFN-B, Mx1, IL-8, RANTES, and GM-CSF
in 3D nasal epithelial cultures. The results described above
demonstrated that FMDYV infects and replicates in 3D nasal
and tracheal mucosal epithelial cultures, but only transiently
and without any visible CPE. To understand the mechanisms
that limit replication in the porcine nasal 3D cultures, we first
investigated type 1 IFN. Both quantitative RT-PCR and stan-
dard RT-PCR were performed for the detection of type I IFN
mRNA using total RNA isolated at different time points
postinfection. IFN-8 mRNA was induced only between 4 and
24 h postinfection (Fig. 5A and B), coinciding with the disap-
pearance of the FMDV RNA (Fig. 5C). Antiviral GTPase
enzyme Mx1 gene mRNA, which is induced by IFN, was also
detected 16 h postinfection onwards (Fig. SA). In contrast,
IFN-a from 3D cultures was detected in both infected and
uninfected cultures throughout the assay (Fig. SA). Interest-
ingly, IFN-o mRNA expression was observed in the majority of
freshly isolated nasal epithelial tissue samples from healthy
pigs, but not from snout tissue samples (data not shown).

The antiviral activity in the apical and basolateral media
collected from the FMDV-infected 3D NME cultures at 8, 24,
and 48 h postinfection, was also analyzed using an Mx-CAT
reporter assay. At 24 h postinfection, significant (P < 0.047)
antiviral activity was observed in the apical media by the CAT
reporter assay compared to the negative-control uninfected
culture supernatant (Fig. 5D).

Expression of the RANTES and GM-CSF mRNA and of
IL-8 protein in FMDV-infected 3D NME cultures was also
examined by RT-PCR and ELISA, respectively. RANTES
mRNA was expressed only during early infection at 8 and 16 h

by RGD peptides (A) in a dose-dependent manner and by an anti-av6 MAb (B), but not by an RGE peptide (A) or an anti-avB3 MAD (B). (C
and D) FMDYV infection and virus recovery from intact 3D cultures were also inhibited by RGD peptides (C) and an anti-avg6 MAb (D), but not
by an RGE peptide (C) or an anti-avB3 MAb (D). These experiments were carried out in duplicate, and the mean data from two independent
experiments are shown (these values are within 5% of each other). (E and F) Quantitative real-time RT-PCR of the FMDV IRES region at various
time points postinfection. (E) 3D NME culture. The values are means plus standard errors (SE) (error bars) (n = 4 for all time points except n =
3 for 8 and 72 h). (F) 3D TME culture. The data shown here are representative of two independent experiments. (G to I) Confocal microscopy
of FMDYV nonstructural protein 2C (green) is shown. FMDYV nonstructural protein 2C in ciliated cells (G) (cilia shown in red) and the wider spread
of infection in 3D cultures (H) are shown. (I) An orthogonal section showing FMDV 2C (green) mostly located in the apical compartment. The
Golgi apparatus is shown in red in panels H and I. (J and K) Graphs of infectious virus release to the FMDV-infected 3D culture supernatants
(apical side [apical membrane {AM}] and basolateral side [basolateral membrane {BM}]) at various times postinfection. (J) 3D NME cultures
(mean = SE [error bar]) (n = 3). (K) 3D TME cultures (mean * SE [error bar]) (n = 3). (L) Replication of field isolate OUKG34/2001strain
compared to that of strain O1K cad2 in 3D NME cultures by quantitative RT-PCR is shown (mean * SE) (n = 3). At both 8 h and 16 h
postinfection, the copy numbers of FMDV IRES were not significantly different between the two strains of FMDYV, though the OUKG34/2001
strain showed a lower copy number than the O1K cad2 strain did.
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FIG. 4. Preferential infection and release of FMDYV from the apical side in 3D nasal mucosal epithelial (NME) cultures without CPE depend
on epithelial cell differentiation. (A) The 3D NME cultures were infected for 1 h with purified FMDV O1K cad2 at a MOI of ~3 through the apical
membrane (AM) or basolateral membrane (BM) and then acid washed. Media from both apical and basolateral chambers were collected at various
time points, and at each time point, the medium was replaced; therefore, the data represent the titer of virus that accumulated in the medium since
the previous time sampling. The filled bars indicate FMDV recovered from the apical infection, and open bars indicate FMDYV recovered from
the basolateral infection. Data are mean = standard errors (error bars) from four independent experiments. (B) When cells are infected apically,
FMDYV can be recovered from the basolateral chamber (BM) in undifferentiated 3D NME cultures, and the FMDV values are negatively
correlated with the TEER values. Virus recovery from the apical side (AM) is also shown. Results are shown as means *+ standard errors from
three independent experiments. (C to H) FMDYV infection induced a widespread cytopathic effect (CPE) in primary bovine thyroid epithelial cells
(uninfected cells [C] and cells infected for 24 h [D]), but CPE was not observed in 3D NME cultures (uninfected cells [E] and in cells infected for
8 h [F], 16 h [G] or 24 h ]H]). Images were observed by light microscopy, and photographs were taken using a Kodak digital camera.

(Fig. 6A), whereas GM-CSF mRNA was detected at all the
time points (i.e., 2, 8, 16, 24, and 48 h), but not in mock
infection controls (Fig. 6A). Although IL-8 protein was de-
tected in both mock-infected and FMDV-infected cultures 8,
24, and 48 h postinfection, the FMDV-infected culture showed
an increase of IL-8 over the same time points in the apical
media, while the IL-8 concentration in mock-infected culture
remained more or less constant. The quantity of IL-8 in the
basolateral media increased over time points both in mock-
and FMDV-infected 3D cultures, though the concentration
was higher in the infected cultures (Fig. 6B).

DISCUSSION

For the first time we have developed monotypic 3D porcine
epithelial cultures and applied this advantage toward a better
understanding of the interaction between FMDYV and porcine

nasal and tracheal epithelium. The cells cultured three dimen-
sionally are differentiated and polarized, and unlike conven-
tional monolayer cultures, they closely resemble the structures
and microenvironments observed in vivo (37). Such properties
have led to the use of 3D cultures in wider areas of research,
including microbiology and immunology in humans and other
species (14, 18, 19, 25, 31, 36, 43, 50, 51). Recently, a short-
term organotypic explant culture of porcine nasal mucosa that
was used for studies on herpesvirus and porcine influenza virus
has been reported (21), but not 3D cultures to our knowledge.

Using wild-type FMDV strains in our studies, our results
confirmed that of the four known integrins (avp6, avp8, avp3,
and avB1) that are used by FMDYV to gain entry into the cells
(8, 22-24), porcine nasal and tracheal mucosal epithelial cells,
both in vivo and in vitro, express the av6 heterodimer, but not
avB3 or avp8. However, despite detection of B1 integrin in
these cells, expression of avB1 could not be confirmed due to
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FIG. 5. Interferon responses to FMDYV infection of 3D nasal mucosal epithelial (NME) cultures. (A) A representative figure of a standard
RT-PCR for IFN-a, IFN-B8, Mx1, and FMDYV nonstructural protein 2B RNA demonstrates the disappearance of FMDV RNA coinciding with the
induction of IFN-B mRNA, followed by expression of interferon-inducible protein Mx1 mRNA. Beta-actin and —RT (no reverse transcriptase)
were included as positive and negative controls, respectively. (B) Quantitative real-time RT-PCR of IFN-8 mRNA in FMDV-infected 3D NME
cultures confirms the increase of IFN-B mRNA following FMDYV infection (*, P = 0.02 for uninfected [UI] cells versus cells infected for 8 h; s,
P = 0.01 for UI cells versus cells infected for 16 h). The data are shown as mean plus standard errors (error bars) from 4 separate experiments.
The copy numbers were calculated as described in Materials and Methods and expressed as the log copy number per million cells. (C) A
representative figure of the relationship between viral RNA and IFN-B mRNA, as examined by quantitative real-time RT-PCR from four
independent experiments is depicted. (D) Antiviral activity in the supernatants from FMDV-infected 3D NME cultures was examined using an
Mx-CAT assay as described in Materials and Methods. The black bars show data for cells collected from the apical side (apical membrane [AM]),
while the gray bars show data for cells collected from the basolateral side (basolateral membrane [BM]). Data are shown as mean plus standard
errors from three independent experiments. The value for cells infected for 24 h from the basolateral membrane was significantly different from

the value for uninfected cells (P = 0.047) and is indicated by an asterisk.

the unavailability of the specific reagent for this heterodimer.
The epithelium-specific expression of integrin avB6 in both
cattle and sheep (10, 33) has identified this integrin as the most
likely primary receptor for infection in vivo (33). Indeed, bind-
ing studies with FMDV O1K cad2 in the presence of peptides
and anti-integrin MAbs showed that FMDV attaches to the
nasal mucosal epithelial cells mostly via avB6 in a RGD-de-
pendent manner (Fig. 3A to D). Thus, the lower susceptibility
of pigs to FMDV by the inhalation route is unlikely to be
related to a lack of FMDYV receptors on the surfaces of nasal
or tracheal mucosal epithelial cells.

Interestingly, FMDYV replicates only transiently in these 3D
nasal and tracheal epithelial cell cultures (Fig. 3E to K), with-
out showing any evidence of extensive CPE (Fig. 4E to H). The
infectious progeny virus was detected only from the apical side
between 4 and 24 h in 3D nasal mucosal epithelial cultures and
between 4 to 48 h in 3D tracheal mucosal epithelial cultures
(Fig. 3] and K) postinfection, but not in basolateral media at
any time point, indicating a directional release of the FMDV in
polarized epithelial cells. This directional release of FMDV
was also demonstrated from the experiments infecting 3D cul-
tures from the basolateral side (Fig. 4A), where the density of

integrin avB6 expression is highest (Fig. 2D and F). These
results indicate that FMDYV is predominantly released from the
apical side in a polarized manner, irrespective of the route of
infection, as has been observed with several other viruses (13,
39, 44, 47, 50, 51). Though we do not have an explanation for
why FMDYV is preferentially released from the apical side, the
difference in susceptibility between the apical and basolateral
routes of infection could be due to the lack of available integrin
avp6 on the basolateral side, since av6 can bind fibronectin,
which is a component of the attachment matrix (48) which was
used in our cultures as well.

The most unexpected observation from this experiment was
the transient replication of FMDYV and absence of any visible
sign of CPE, which agrees with the in vivo observations in
FMD V-infected pig nasal and trachea tissue samples (3; Dash,
unpublished). This phenomenon was also observed with an-
other FMDYV field isolate of strain OUKG/34/2001. Although
extensive CPE characteristic of FMDV infection in conven-
tional monolayer culture was not observed in 3D cultures, the
presence of a few floating dead cells could be observed. Their
numbers were found to be consistently low at all the time
points examined, and any gaps resulting from cell death caused
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FIG. 6. FMDYV infection of 3D nasal mucosal epithelial (NME) cultures induces the IL-8 chemokine and mRNA for RANTES and GM-CSF.
(A) RNA samples were prepared from 3D NME cultures either infected with FMDV O1K cad2 (MOI of ~3) (+) or mock infected (—) at various
time points, and a standard RT-PCR for a number of chemokines and cytokines was performed. RANTES and GM-CSF were induced in the
FMDV-infected cultures. Beta-actin is included as a positive control. (B) Chemokine IL-8 was secreted from both the apical and basolateral sides
of both FMDV- and mock-infected cultures as confirmed by a porcine IL-8 ELISA (measured in picograms per milliliter) (B). The mean values
from two independent experiments are shown. Although the values were not statistically significantly different, both experiments showed that larger
amounts of IL-8 were secreted at the basolateral side of the FMDV-infected cultures at 24 and 48 h postinfection. AM, apical membrane; BM,

basolateral membrane.

by FMDV infection in the 3D cultures were not detected,
which may be due to the wound-healing properties of the
epithelial cells. However, the lack of CPE after FMDYV infec-
tion is unlikely to be due to a characteristic of the cells or the
3D culture technique alone, since infection of similar cultures
with influenza virus results in extensive cytopathology, indicat-
ing the involvement of a viral component(s) (P. Dash, P. G.
Thomas, and P. C. Doherty [St. Jude Children’s Research
Hospital], unpublished observations). Noncytopathic virus rep-
lication at polarized epithelial cells seems not to be unique to
FMDYV, as the lack of cytopathology in human airway polar-
ized epithelial cultures infected with respiratory syncytial virus
and human parainfluenza virus 3 has also been reported (50,
51). At this time, we do not know what mechanism(s) is/are
involved for FMDV nonlytic replication/release in 3D epithe-
lial cells, and further investigation is needed in this regard.
We hypothesized that type I IFN is likely involved in the
limited, or transient, replication of FMDYV in 3D epithelial cell
cultures. Although the level of IFN-a mRNA did not change
across the time points appreciably, IFN-B mRNA was demon-
strated to be upregulated between 4 to 24 h after FMDV
infection, coinciding with the reduction and disappearance of
the FMDV mRNA (Fig. 5SA and B). Consistent with the in-
duction of IFN-B mRNA, the level of antiviral activity in the
supernatant at the 24-h time point of infection of 3D nasal
epithelial cultures was significantly higher (P < 0.047; Fig. 5D)
than in the uninfected culture supernatant. It has been re-
ported that infection of conventional cell cultures by FMDV
strain A12 causes a partial blockage of type 1 IFN expression
and a reduction of the IFN-stimulated gene products (16). The
increased antiviral activity, concurrent with IFN-B mRNA ex-
pression, followed by antiviral GTPase Mx1 mRNA expres-
sion, indicated that in our system FMDYV did not block IFN-
at all or blocked it inefficiently. We do not rule out the role of
leader proteinase of FMDYV in blocking the IFN; however, in
our primary 3D airway epithelial cell culture system, it was not
sufficient to completely block IFN-B production. The leader
proteinase might be expressed too late to block bystander

effects on noninfected neighboring cells, which could then con-
tribute to further IFN secretion and produce a general antiviral
state in the culture. This may be due to the constitutive ex-
pression of low levels of IFN-« in these 3D cultures and re-
sulting enhanced TLR3 expression. The constitutive expres-
sion of IFN-a in 3D nasal epithelial cultures (Fig. 5A) is
probably not an in vitro artifact, as this was also observed in
vivo, but it was not expressed in snout tissue samples from the
same pigs (data not shown). This observation is supported by
publications describing constitutive expression of type I IFN
mRNA in human (42) and mouse tissue (46), including the
expression in well-differentiated airway epithelia (9). However,
the significance of constitutive expression of IFN-a in FMDV
infection is not clear, as there are about 14 genes for IFN-a in
pigs (12), and at the time of the experiment, only sequence
data for IFN-al (GenBank accession number M28623) (28)
were available. In order to determine the roles of IFN-a and
IFN-B during FMDYV infection in 3D cultures and/or other
factors that might be involved in the limited or transient rep-
lication of FMDYV observed, we will need to use different
approaches, such as small interfering RNA (siRNA) or gene
knockout models.

In addition to the type I IFN described above, FMDV
infection in 3D epithelial cultures induced GM-CSF and
RANTES mRNA, as well as the IL-8 protein (Fig. 6). IL-8 and
RANTES are potent chemoattractants (7, 34) and can recruit
IFN-y-producing lymphocytes to the site of FMDYV infection.
Since IFN-y is reported to be able to clear persistent FMDV
infection (53), these chemokines might have an important role
to play in modulating immune response in vivo. In fact, in-
creased transmigration of leukocytes in FMDV-infected 3D
cultures was observed in a preliminary experiment (data not
shown). Although further experiments are needed, these stud-
ies indicate that the respiratory mucosal site is much more
resilient to FMDYV infection than indicated by conventional
epithelial cell cultures and may even be triggering rapid innate
immune responses to prevent FMDYV replication and dissem-
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ination at the local site and also recruiting lymphocytes to
initiate adaptive immune responses in an effective way.

In conclusion, use of porcine 3D epithelial cell cultures
demonstrated that FMDV preferentially infects from the api-
cal membrane and replicates transiently and that the progeny
virus is released only from the apical side of the polarized
mucosal epithelial cells. In addition to the inhibition of prog-
eny FMDYV shedding through the basement membrane, these
epithelial cells also restrict FMDV replication probably by
inducing rapid innate immune responses involving type I IFN.
Furthermore, IL-8, RANTES, and GM-CSF initiate antiviral
innate and probably adaptive immunity through recruitment of
immune cells to the site of FMDYV infection. These observa-
tions might explain, at least in part, why pigs are relatively
resistant to FMDYV infection by the aerosol route, but this
needs to be supported by similar studies with 3D cultures
derived from cattle.
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