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tonsil cells to FMDV infection
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Foot and mouth disease (FMD) is a highly contagious viral disease affecting
cloven-hoofed animals. This disease is one of the most important in animal
health due to its significant socio-economic impact, especially in case of an
outbreak. One important challenge associated with this disease is the ability of
the FMD virus (FMDV) to persist in its hosts through still unresolved underlying
mechanisms. The absence of relevant in vitro models is one factor preventing
advancement in our understanding of FMDV persistence. While a primary
bovine cell model has been established using cells from FMDV primary and
persistence site in cattle, it appeared interesting to develop a similar model based
on ovine anatomical sites of interest to compare host-pathogen interactions.
Thus, epithelial cells derived from the palatine tonsils and the dorsal soft
palate were isolated and cultured. Their epithelial nature was confirmed using
immunofluorescence. Following monolayer infection with FMDV O/FRA/1/2001
Clone 2.2, the FMDV-sensitivity of these cells was evaluated. Dorsal soft palate
(DSP) cells were also expanded in multilayers at the air-liquid interface to mimic
a stratified epithelium sensitive to FMDV infection. Our investigation revealed the
presence of infectious virus, as well as viral antigens and viral RNA, up to 35 days
after infection of the cell multilayers. Further experiment with DSP cells from
different individuals needs to be reproduced to confirm the robustness of the
new model of persistence in multilayer DSP. The establishment of such primary
cells creates new opportunities for FMDV research and analysis in sheep cells.

KEYWORDS

foot-and-mouth disease virus (FMDV), persistence, cellular model, primary cells, sheep,
palatine tonsils, dorsal soft palate

1 Introduction

Wild and domestic artiodactyls are susceptible to the highly contagious foot-and-
mouth disease (FMD). Regarding its potential socio-economic effects in case of an
outbreak, it is among the most significant animal diseases (1). Foot-and-mouth disease
virus (FMDV), the FMD etiological agent, is a single-stranded positive RNA virus that
belongs to the Aphtovirus genus within Picornaviridae family (2).

FMDYV infection is characterized by the appearance of aphthae on epithelia, a state
of lethargy, and loss of appetite (3). Domestic cattle, which are thought to be revelatory,
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exhibit the clinical signs quite readily, whereas the infection
is less severe in small ruminants such as goat and sheep
which act as disseminators (4). Although mortality in adult
animals is typically low, it can be higher in young animals,
particularly in piglets, lambs, and calves, due to acute
myocarditis (5).

Up to 50% of ruminants remain infected after clinical
recovery. Regardless of their particular FMD immune status,
Such healthy

carriers constitute an obstacle to FMDV control because they

they become asymptomatic carriers (4, 6).

represent a potential source of new recombinants and a threat
to transmit FMDV to susceptible animals (5, 7-9). FMDV
persistence is currently defined as the detection of infectious
virus after 28 days post-infection. Mechanisms underlying FMDV
persistence are still not fully understood more than 50 years
after it was first described (10). The differential persistence
of FMDV constitutes one of the gaps of knowledge that
remains unsolved as there are currently no data to explain
why FMDV persistence has been reported in ruminants but
not in pigs (11, 12). The FMDV primary and persistent sites
of infection have been identified over the past few decades and
specifically, the dorsal soft palate and oropharyngeal tonsils in
ruminants (4).

The lack of suitable study models is one barrier to furthering
the understanding of FMDV persistence. Animal studies are
expensive, involve ethical concerns, and call for huge infrastructure.
Since the development of in vitro methods enabling the growth
of the virus, various epithelial cell lines have served as study
models (13-17). Among the standard cell lines used, Fetal goat
tongue (ZZ-R127) cells, are the only one established from FMDV-
sensitive tissue. In order to improve in vitro FMDV study, a
multilayer cellular model derived from primary bovine dorsal soft
palate (DSP), cultured at the air-liquid interface (ALI) has been
developed by Hiagglund et al. (18). It has been demonstrated
that this in vitro DSP-ALI model allowed the establishment
of a persistent FMDV infection and contributed to a better
understanding of the transcriptional responses to FMDV infection
(19). A similar model developed using porcine DSP cells has also
been established (20).

Given the
and the lack of a suitable ovine cell model, we isolated

opportunities provided by such a model

primary cells from ovine palatine tonsils (PT) and dorsal

soft palate to create a multilayered culture model at
the air-liquid interface. To study the acute and long-
term FMDV infection in relevant ovine cells, we first

characterized these cells and then infected them as monolayers
then multilayers.

2 Materials and methods
2.1 Virus

The FMDV O/FRA/1/2001 Clone 2.2 (GenBank: OV121130.1)
used in this study is a twice-plaque-purified viral clone derived
from the O/FRA/1/2001 strain that was further propagated on
BHK-21 cells (14).
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2.2 Isolation of epithelial cells from the
ovine palatine tonsils and dorsal soft palate

Epithelial tissue from the PT and DSP was collected
immediately after slaughter of four sheep. Cells derived from the
four sheep has been treated independently. Dissociation of the
surface epithelium was performed to remove as much connective
and muscle tissue as possible. Epithelial tissue was dissected and
digested at 4°C overnight in incubation medium as detailed in
Hiégglund et al. (18).

2.3 Air-liquid interface multilayers

Cell culture at the air-liquid interphase was performed as
described by Hégglund et al. (18). Ovine dorsal soft palate cells and
palatine tonsils cells were thawed and immediately seeded on the
rehydrated inserts at a density of 1 x 10° cells per insert. After 4
weeks, when the cells formed a complete monolayer, the culture
medium was removed from the upper compartment. The culture
medium contained in the lower compartment was changed every 2
or 3 days during 5 weeks.

2.4 Cell characterization

The cellular expression of epithelial and mesenchymal markers
such as cytokeratin and vimentin, as well as that of integrin oy e,
the specific receptor for FMDYV, was analyzed after five cell passages
in culture flasks, as described by Sarry et al. (20).

Cell multilayers were characterized as described by Higglund
etal. (18).

2.5 FMDV inoculation of cell monolayers

Ovine DSP and PT cells were propagated in culture flasks
for four passages before being seeded in 48-well plates at a
density of 1 x 10° cells per well in DMEM complete medium.
Once the cells formed a complete monolayer, two wells were
trypsinized to count the cells and adjust the multiplicity of infection
(MOI). Viral inoculum of FMDV O/FRA/1/2001 Clone 2.2 was
diluted at MOI 1072, MOI 10~* and MOI 107° in a serum-
free DMEM complete medium. Viral inoculum has not been
removed from the inserts until the first sample collection. Infection
follow-up was performed in the same way as described in Sarry
etal. (20).

2.6 FMDV inoculation of multilayered cells

Ovine DSP cells were cultured on inserts for 5 weeks and
were thereafter inoculated with FMDV O/FRA/1/2001 Clone 2.2
at MOI 10~* or incubated with conditioned-medium. Infection
follow-up was performed in the same way as described in Sarry
etal. (20).
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2.7 Culture supernatant analysis

Culture supernatants collected during infection were analyzed
for infectious virus, FEMDV 3DP°! antigen and 3DP°l RNA detection
as described in Hagglund et al. (18).

3 Results

3.1 Ovine DSP and PT cells are in vitro
cultivatable epithelial cells

Primary cells derived from ovine DSP and PT were isolated on
culture plates, then propagated. The DSP cells were quite easier to
detach during the trypsinization step than the PT cells and seem
to develop slightly faster. Morphology of the PT and DSP cells was
examined under a brightfield microscope (Figure 1A). We observed
cells that resembled epithelial cells in shape, with polygonal or
cobblestone morphologies and rather irregular contours (21).

After five passages cells were characterized by IF. Anti-
cytokeratin immunostaining resulted in a positive signal that was
lower than the one associated with the positive control based on
ZZ-R127 cells. While almost all the ZZ-R127 cells were shown
to express cytokeratin, only 30% of DSP cells and 40% of PT
cells seem to be expressing this epithelial protein marker. Staining
performed using bovine endothelial cells derived from umbilical
cord (BUCEC), considered as a negative control for cytokeratin
detection, was not associated with any signal as shown in Figure 1B.
The secondary antibody alone did not generate fluorescence at
similar conditions of fluorescent microscopy (data not shown).

Anti-vimentin immunostaining of ovine DSP indicates that
a higher percentage of cells were expressing vimentin than
cytokeratin (Figure 1C). Additionally, a more diffuse distribution
of vimentin was found in the epithelial cell line ZZ-R127. The
secondary antibody alone did not generate fluorescence at similar
conditions of fluorescent microscopy (data not shown).

In order to make sure that DSP cells express integrin ay ¢, the
particular FMDV receptor needed to start an infection, a protein-
specific antibody was used to mark DSP cells, before infection.
With the help of this labeling, we were able to detect a signal
that indicated that the integrin ayfs was expressed significantly
in our cells, as seen in Figure 1D. The secondary antibody alone
did not generate fluorescence at similar conditions of fluorescent
microscopy (data not shown).

3.2 Ovine DSP and PT monolayers are
susceptible to type-O FMDV infection

According to light microscopy observation, FMDV
O/FRA/1/2001 Clone 2.2 infection of ovine DSP and PT
monolayers resulted in a variable cell lysis depending on both
the MOI used during infection and the infected cell population
(Figures 2A, B). Cells from DSP appeared to be more sensitive to
early infection as cytopathic effect (CPE) on these cells was almost
complete after only 3 days post-infection at MOI 1072, while it
took 6 days for PT cells. Cytopathic effect also appeared faster in
DSP infected at MOI 10~ (65% CPE after 3 days) than in PT (50%
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CPE after 3 days). However, at this MOI CPE observed on DSP
has reached a stagnation phase at 6 dpi, while CPE observed on
PT was still increasing after 6 dpi. Furthermore, while MOI 10~°
appeared to be sufficient to effectively infect the DSP, this was not
the case for the PT that showed only an extremely limited CPE
that disappeared within the first 6 days post-infection. Despite
some phases of cell growth recovery (data not shown), no complete
reconstitution of the monolayer was observed after its destruction.
Throughout the experiment, no CPE was detected for either the
DSP or PT MOCK samples.

3.3 No infectious FMDV detected beyond
17 days post-infection on ovine DSP
monolayers

Cell culture supernatants collected during the whole
experiment were tested for the presence of infectious viruses
by inoculation on FMDV-sensitive IBRS-2 cells. FMDV-induced
CPE on IBRS-2 was estimated by microscopy observation
(Figure 2C). The MOCK samples did not exhibit any CPE. The
results again depend on both the population of infected cells and
the MOI used for the infection. Indeed, CPE which indicated
the presence of infectious FMDV particles, was detected in
supernatants collected from 6 dpi to 17 dpi for DSP infected at the
three different MOI, with an associated-CPE percentage correlated
to the inoculum concentration. Regarding PT supernatant analysis,
CPE was observed on IBRS-2 cells from day 6 to day 10 when PT
were infected at MOI 1072, and only from day 8 to day 10 for MOI
10~%. No infectious virus was detected in MOI 10~* infected PT
supernatants collected between 6 dpi and 23 dpi.

IBRS-2 cells used for viral isolation were then fixed and stained
to detect FMDV 3DP°! antigens by IF (Figure 2D). There was
no discernible fluorescence associated with MOCK samples. Once
more, results are widely influenced by the MOI applied as well as
the population of infected cells. 3DP°! antigens were detected in
IBRS-2 incubated with DSP supernatants collected up to 17 dpi for
MOI1072,10~%, and 107°. Similarly to what has been observed for
the detection of infectious viruses, it appears that the proportion
of 3DP°! antigen positive cells is correlated to the concentration of
the inoculum used. Regarding IBRS-2 incubated with supernatants
obtained from FMDV infection of PT cells, 3DP°! antigens were
detected only for MOI 1072 and 10~%, up to 13 dpi. Globally, the

proportion of 3DPO!

antigen positive cells is higher after incubation
with supernatants from DSP infection than after incubation with
supernatants from PT infection.

Throughout the experiment, cell culture supernatants from
DSP and PT infection were analyzed for the presence of viral RNA
by rtRT-PCR targeting the 3DP°! protein coding region of FMDV.
The housekeeping-gene control B-actin was detected at Ct values
between 29 and 37 for DSP and from 29 to 39 for PT. FMDV 3DP°!
was not detected in the cell culture supernatant prior to infection, as
well as in MOCK samples, but was detected at 6 days after infection
at MOI 1072, 1074, and 10~° for both cell populations (Figure 2E).
Foot-and-mouth disease virus 3DP°! RNA was detected by rtRT-
PCR in DSP supernatants collected from 6 dpi to 23 dpi for the DSP
cells infected regardless of the MOL 3DP°! RNA Ct values ranged
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FIGURE 1

Ovine DSP and PT cells characterization. (A) DSP and PT morphological observation. DSP and PT cells were cultured in monolayers and were
observed under brightfield microscopy (x100). (B) Cytokeratin staining. DSP and PT were cultured in monolayers on High ibiTreat Ibidi chamber
slides. Cell nuclei were stained with Hoechst (blue) and cells were visualized by fluorescence microscopy using a DMi8 microscope. Staining with
specific mouse cytokeratin antibody and a goat anti-mouse Alexa 488 (green). DSP staining were compared to ZZ-R127 epithelial cell line known to
strongly express cytokeratin and BUCEC endothelial cell line known to not express cytokeratin. (C) Vimentin staining. DSP were stained with specific
mouse vimentin antibody and a goat anti-mouse Alexa 488 (green). DSP staining were compared to ZZ-R127 epithelial cell line. (D) ayBg integrin
staining. DSP were stained with specific mouse cytokeratin antibody and a goat anti-mouse Alexa 488 (green)

Cc

DAPI FITC

il e DSP
¢ 2z-
R127

DAPI FITC

Merge

Dsp

between 23 and 30 Ct in supernatants of DSP infected at MOI 1072,
between 24 and 28 Ct in supernatants of DSP infected at MOI 104
and from 22 to 29 Ct for MOI 10°. Regarding PT supernatants,
3DP°! RNA was detected from 6 to 23 dpi when infected at MOI
10~2 and 10~*, with Ct values ranging from 23 to 29 Ct. In contrast,
when infected at MOI 106, 3DP°! RNA detection was only possible
in supernatant from day 6 post-infection. No RNA was detected in
the other samples.

3.4 Primary ovine DSP cells grew in
multiple layers at the air-liquid interface

In order to study the cooperation that may exist between
the layers forming an epithelium, DSP and PT were grown in
multilayers cultured at the ALI to mimic a natural epithelium. The
DSP cells managed to develop correctly on the collagen-coated

Frontiersin

membrane, but it was not the case for the PT cells. After 5 weeks
in culture at the ALI, the DSP were organized into thin bilayers
dotted with clusters made of a more numerous layers of cells,
as shown by HES staining of the inserts ( ). Cytokeratin
immunohistochemistry detection performed on inserts indicates
that cells grown on the inserts still express this epithelial marker
( ). Therefore, only the DSP cells multilayers were then
infected. Infection was monitored as it was previously done
for monolayers.

3.5 Infectious FMDV detected beyond 28
dpi on ovine DSP multilayers

According to light microscopy observations, the FMDV
O/FRA/1/2001 Clone 2.2 infection of DSP multilayers at MOI 10~*
resulted in a gradual CPE. Thus, relatively few differences could
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FIGURE 2
Monitoring of FMDV infection of ovine DSP and PT cultured in monolayers. Ovine DSP and PT were cultured in monolayers and were infected with
FMDV O Cl2.2 at MOI 1072, 104, 10-%, or a placebo conditioned medium. Viral inoculum has not been removed from the inserts until the first
sample collection. (A) CPE observation at 48 hpi. (B) CPE evolution during the first seven dpi. CPE was visually estimated using brightfield
microscopy. (C) Infectious FMDV detection by viral isolation. Viral isolation on IBRS-2 sensitive cells were performed using collected supernatants to
detect infectious FMDV. CPE on IBRS-2 after a 48 h incubation with supernatants were visually estimated. The results presented here concern culture
supernatants collected during the first 23 dpi. (D) FMDV 3DP° antigen detection by immunofluorescence. IBSR-2 96-well plates used for viral
(Continued)
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FIGURE 2 (Continued)

isolation were fixed with 4% paraformaldehyde and then permeabilized with Triton X-100 before being stained with specific mouse 3DP° antibody
and a goat anti-mouse Alexa 488 (green). Cell nuclei were stained with Hoechst (blue) and cells were visualized by fluorescence microscopy using a
DMi8 microscope. Results were arbitrarily classified according to an index ranging from 0 to 3. 0 indicates no fluorescence, 1 a small amount of
fluorescent cells, 2a majority of fluorescent cells and 3 indicates that almost all cells are fluorescent. Evolution of fluorescence levels estimated after
48h of incubation of IBRS-2 with culture supernatants harvested up to 23 dpi. Results presented here are the average of two samples. (E) FMDV 3DP°!
RNA detection by rtRT-PCR. Duplex rtRT-PCR targeting 3DP°' FMDV RNA as well as B-actin housekeeping gene was performed. The results presented
here concern results from culture supernatants collected during 23 dpi.

HES Anti-Cytokeratin IHC
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10.3389/fvets.2024.1299379
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20um " § 20um
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FIGURE 3

DSP cells cultured at the air-liquid interphase.

IHC of the multi-layered ovine epithelium (primary IHC of the multi-layered ovine epithelium without
Ab : pancytokeratin AE1-3). 40x.

DSP cell multilayers characterization. DSP were cultured in multilayers at the air-liquid interface during 6 weeks. Some inserts were sacrificed to
further investigation. HES staining. To this purpose, inserts were fixed in formalin and then stained with HES. Stained inserts were observed by
microscopy to estimate the number of cell layers. Cytokeratin staining. IHC characterization was also performed to assess cytokeratin expression in

primary Ab. 40x.

be observed between infected and MOCK samples during the first
days after infection, and then the layers of infected inserts were
progressively degraded until they were almost destroyed after 29
dpi. No evidence of cell recovery has been observed until the end of
the infection monitoring (Figure 4A).

Throughout the entire process, cell culture upper supernatants
were collected and examined for the presence of infectious viruses
on IBRS-2 cells. After 48 hpi, no CPE was found on IBRS-2
incubated with the MOCK supernatants. As shown in Figure 4B,
CPE was observed on IBRS-2 cultured in presence of upper
supernatants collected from day 1 to day 35 post-infection. Average
CPE percentage was estimated about 10% when IBSR-2 were
incubated during 48 h with supernatants from day 2 post-infection
and 45% for the ones from 10 dpi. A CPE close to 100%
was visualized when IBRS-2 cells were cultured in presence of
supernatants harvested from 15 dpi to 31 dpi. A 70% CPE was
associated after viral isolation on supernatants collected at 35 dpi.

After the viral isolation, IBRS-2 cells were fixed and stained to
detect 3DP°! antigens. There was no discernible fluorescence related
to MOCK samples. IBRS-2 incubated with upper supernatants
harvested during the first 2 days after infection showed a small
proportion of 3DP°' antigen positive cells (between 10% and
50%), classified as index 1 or 2 (Figure 4C). Around half of the
IBRS-2 cells incubated with supernatants obtained at 6 dpi were
positive for the 3DP! antigen (index 2). The supernatants collected
from 15 dpi to 35 dpi were incubated for 48h, and the wells
under observation showed a massive majority of marked cells
(index 2.5-3).

Frontiersin Veterinary Science

Insert upper supernatants were also examined for the presence
of viral RNA using rtRT-PCR targeting the 3DP°! protein coding
region of FMDV. The housekeeping gene control p-actin was found
at Ct values ranging from 29 to 33. No FMDV RNA was detected
in the insert upper supernatant harvested prior to infection or
from MOCK samples. 3DP°' RNA was detected in infected inserts
supernatants collected throughout the experiment, i.e. up to 35 dpi,
as shown in Figure 4D. The measured Ct values ranged from 21
to 27 with no real decrease in the amount of 3DP°! RNA detected
over time.

4 Discussion

The existing gaps of knowledge regarding FMDV persistence,
can be partially explained by a lack of suitable cell models. While
primary Bovine Thyroid cells (BTY) have long been considered
as the best available tool for FMDYV isolation, the associated
difficulties of supply and culture have promoted the use of cell
lines mostly derived from kidney epithelium, tissues of limited
relevance with respect to the pathophysiology of FMD (22). Since
bovine and porcine models particularly suited to FMDV studies
was developed (18, 20), using primary cells from the dorsal soft
palate, we considered it relevant to develop a similar model from
the anatomically relevant sites in sheep, namely the PT and DSP.

Primary epithelial cells from ovine PT and DSP were therefore
isolated and cultured. Cells from both sites of primary FMDV
replication in this species were successfully cultured. These cells
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FIGURE 4
Monitoring of FMDV infection of ovine DSP cultured in multilayers at the air-liquid interface. DSP were cultured in multilayers at the air-liquid interface
during 5 weeks before being infected with FMDV O CI2.2 at MOl 10~4, or a placebo conditioned medium. CPE were visually estimated almost daily
during the first 2 weeks post-infection. (A) CPE evolution on DSP multilayers. Microscopic CPE observation was pictured just before infection, at 24
hpi, 48 hpi, 7 dpi and 14 dpi for infected and MOCK condition. (B) Infectious FMDV detection by viral isolation. Viral isolation on IBRS-2 sensitive cells
were performed using collected upper supernatants to detect infectious FMDV. CPE on IBRS-2 after a 48 h incubation with supernatants passaged
once in IBRS-2 were visually estimated. The results presented here concern culture supernatants collected during 35 dpi. (C) FMDV 3DP°! antigen
(Continued)
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FIGURE 4 (Continued)

detection by immunofluorescence. IBRS-2 96-well plates used for viral isolation were fixed with 4% paraformaldehyde and then permeabilized with
Triton X-100 before being stained with specific mouse 3DP° antibody and a goat anti-mouse Alexa 488. Cell nuclei were stained with Hoechst and
cells were visualized by fluorescence microscopy using a DMi8 microscope. Results were arbitrarily classified according to an index ranging from 0 to
3. 0 indicates no fluorescence, 1 a small amount of fluorescent cells, 2 a majority of fluorescent cells and 3 indicates that almost all cells are
fluorescent. Here is presented the evolution of fluorescence levels estimated after 48 h of incubation of IBRS-2 with culture supernatants. The results
presented here concern culture supernatants collected during 35 dpi. (D) FMDV 3DP°' RNA detection by rtRT-PCR. Duplex rtRT-PCR targeting 3DP°!
FMDV RNA as well as B-actin housekeeping gene was performed. The results presented here concern culture supernatants collected during 35 dpi.

were then maintained in culture and tested in freeze-thaw
resistance assays. The epithelial character of the cultured DSP and
PT cells was confirmed through morphological observations and
the immunofluorescence detection of selected epithelial markers.
Thus, we have shown that DSP and PT look-like epithelial cells, and
that they express cytokeratin, a constitutive protein of intermediate
filaments (23, 24). The mild expression of cytokeratin in DSP cells
is consistent with their vimentin expression, characteristic protein
of fibroblastic cells but which can also be found in epithelial cells,
and potentially related to FMDV survival (25). Vimentin synthesis
has typically been linked to the epithelial-mesenchymal transition
(EMT) (21, 26, 27). It is not surprising that vimentin was found
more largely than cytokeratin because these markings were carried
out after numerous passages; indeed, it is known that this transition
affects primary epithelial cells over passages (28).

Anti-integrin aVB6 staining of ovine DSP cells showed that
these cells significantly express the preferential receptor for FMDYV,
indicating their probable susceptibility to infection by this virus
(29). The susceptibility of DSP and PT cells to type-O FMDV
infection was assessed on monolayers. Thus, we were able to
successfully infect these two cell populations, which appear to be
almost as susceptible as the bovine DSP cultured by Hagglund et al.
(18). Hence, whereas the bovine DSP infected at MOI 102 showed
an almost complete CPE at 24 hpi, the CPE observed at 24 hpi is
close to 90% for the ovine DSP and is considered complete after
only 3 dpi. However, this experiment also showed that PT were
slightly less susceptible to early FMDV infection than DSP as it
took more than 3 dpi to observe a CPE above 90%. Furthermore,
it appeared that infection of PT at the lowest MOI (MOI 10~°)
was very quickly interrupted and only induced an extremely limited
CPE. Regardless of the MOI used to infect PT and DSP, we were
able to detect infectious FMDYV in the culture supernatants by viral
isolation on susceptible IBRS-2 cells. Consistent with what was
observed in terms of infectious virus, infection at MOT 10~° led
to the detection of viral antigens in the supernatants harvested up
to 17 dpi for DSP but not in the supernatants of PT cells. Regarding
viral RNA detection, we were able to demonstrate the presence of
3DP°! RNA up to 35 dpi in the culture supernatants from the DSP
cells, with very weak Ct values variations between the three MOI.
A similar observation was made regarding 3DP°! RNA detection in
the culture supernatants of PT cells infected at MOI 102 and 10~*.
In contrast, infection of these cells at 10~¢ MOI revealed viral RNA
only up to 5 dpi. Infection of DSP cells at MOI 1072, 10~*, and
1075 and PT cells at MOI 1072 and 10~ with FMDV thus resulted
in the detection of infectious virus as well as viral antigens and viral
RNA in the culture supernatants harvested above 28 dpi, the limit
at which the persistence of FMDV is now defined. However, as the
persistence of FMDV is a phenomenon involving a certain balance
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between the presence of the virus and the survival of its host, it
is difficult to affirm that we developed an ovine cellular model
allowing the study of persistent infection since the cell cultures
were destroyed by the virus during the infection and no sign of
reconstitution was observed.

According to the findings from monolayer cultures, DSP
cells are slightly more susceptible to FMDV infection than
PT cells, so we chose to focus our investigation exclusively
on DSP cells. To establish a stratified epithelium, these cells
were cultivated at the air-liquid interphase. Our multilayer
cultures histological characterization supports the development
of a stratified epithelium. Cytokeratin characterization by
immunohistochemistry performed on DSP multilayers confirmed
their epithelial nature. After infection with FMDV at MOI 1074,
multilayers of DSP cells exhibited a progressive CPE, which was
less severe than that observed in monolayers, but still resulted in
almost complete destruction of the cells at 29 dpi. Observed CPE
seemed stronger than the limited CPE observed when the bovine
model was infected at MOI 10~2 (18). While the monitoring of
the bovine model infection allowed us to observe a complete
reconstitution of the cell layer over time, this was not the case for
the ovine model. Indeed, despite some phases of reconstruction
of pieces of the cell layer, it was continuously degraded by the
virus. Analysis of upper culture supernatants collected during DSP
multilayer infection revealed the presence of infectious viruses,
viral antigen and viral RNA up to 35 dpi. It thus appears that
the presence of infectious virus is more durable in the multilayer
model than in monolayers. Regarding the moderated CPE in the
multilayers, it seems that the cooperation between the different cell
layers could delay the infection of the lower layers and promote the
establishment of a long-term infection (19). However, it is again
difficult here to state that the model developed in this study allows
the establishment of a persistent infection by FMDV since, as we
observed during the infection of primary ovine cells in monolayers,
the cell layer is almost fully destroyed. Since these attempts to
establish a persistent infection were carried out using DSP cells
from a single animal, it would seem appropriate to try again using
tissues collected from other individuals. An attempt should also
be made to establish such an infection in cells from the palatine
tonsils, the structures most likely to be persistently infected.

Despite this, in this study we established two primary cell
populations, from the palatine tonsils and dorsal soft palate of
sheep, which are susceptible to acute and long-term infection
with FMDV (4, 11). The establishment of an air-liquid interphase
cultured multilayer model from ovine DSP allows to reproduce
natural conditions by mimicking a stratified epithelium sensitive
to FMDV infection. As a result, it can be used in combination
with the bovine model established by Hagglund et al. (18) and
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a porcine model based on DSP cells (20) to further explore the
FMDV differential persistence, with special emphasis on how
epithelial innate immune responses are conserved from one species
to another during infection. The use of these multilayered models
will help to reduce the number of studies involving animals by
enabling hypotheses to be evaluated in biological models that are
more appropriate than monolayers of non-specific lineage cells.

Given the very limited number of currently available in vitro
models to study FMDV infection in sheep, it might be interesting to
immortalize these cells to produce the first ovine tissue-derived cell
line of interest for the study of FMDV. Provided they are sensitive
to the other serotypes of FMDV and able to induce a complete
immune response, such a cell line has the potential to be used for
either FMDV research or diagnosis.
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