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Establishment and validation of red
fox (vulpes vulpes) airway epithelial
cell cultures at the air-liquid-
interface

Andreas W. Oehm®2"“, Blandina I. Oliveira Esteves®*, Udo Hetzel®, Marco P. Alves3*6 &
Manuela Schnyder*®

The airway epithelium represents a central barrier against pathogens and toxins while playing a crucial
role in modulating the immune response within the upper respiratory tract. Understanding these
mechanisms is particularly relevant for red foxes (Vulpes vulpes), which serve as reservoirs for various
zoonotic pathogens like rabies or the fox tapeworm (Echinococcus multilocularis). The study aimed

to develop, establish, and validate an air-liquid interface (ALI) organoid model of the fox respiratory
tract using primary airway epithelial cells isolated from the tracheas and main bronchi of hunted red
foxes. The resulting ALI cultures exhibited a structurally differentiated, pseudostratified epithelium,
characterised by ciliated cells, mucus secretion, and tight junctions, as confirmed through histological
and immunohistochemical analysis. Functional assessments using a paracellular permeability assay
and measurement of transepithelial electrical resistance, demonstrated a tight epithelial barrier.

The potential of model’s utility for studying innate immune responses to respiratory infections was
validated by exposing the cultures to lipopolysaccharide, phorbol-12-myristate-13-acetate and
ionomycin, and nematode somatic antigens. Quantitative PCR revealed notable changes in the
expression of pro-inflammatory cytokines TNF and IL-33. This in vitro model represents a significant
advancement in respiratory research for non-classical species that may act as important wildlife
reservoirs for a range of zoonotic pathogens.
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The respiratory tract is a critical interface between the environment and the organism, playing a central role in gas
exchange and serving as a primary barrier against airborne pathogens, toxins, and other noxious agents. Airway
epithelial cells (AEC) proliferate upon epithelial damage and possess crucial roles in initiating, modulating, and
guiding downstream immunological responses to pathogens!—. Respiratory viruses such as influenza virus or
SARS-CoV-2 primarily infect and replicate in AEC, contributing to disease pathogenesis and clinical outcomes™*°.
Also, lung infections caused by helminths compromise airway epithelial integrity through the migration of large
larvae and the release of biomolecules that interact with the host®8. Understanding these pathogen-airway-
epithelium interactions is crucial in a One Health context, as wildlife can serve as reservoirs for a variety of
pathogens that impact both human and animal health. Red foxes (Vulpes vulpes) are of particular interest due
to their widespread presence in rural and urban areas of Europe and their recognised role as reservoirs and
vectors of a range of infectious agents. Among the most prominent zoonotic pathogens associated with red foxes
are the rabies virus, which although lately controlled in Europe through oral vaccination campaigns, remains
a critical concern in regions were control measures are incomplete. Similarly, the detection of SARS-CoV-2 in
foxes has raised questions about the role of wildlife as potential reservoirs for emerging zoonoses*!°. In addition
to viral agents, red foxes carry a plethora of parasitic pathogens of considerable zoonotic concern. Among these,
the fox tapeworm (Echinococcus multilocularis), responsible for alveolar echinococcosis in humans, and ascarid
nematodes such as Toxocara canis, are frequently identified in fox populations'*!%. From a bacterial perspective,
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foxes are known hosts to Mycobacterium spp. and Salmonella spp., or coagulase-positive Staphylococcus which
all can have serious health consequences if transmitted to humans'!"'2.We have not reordered number references
and citations due to missing citation(s) in manuscript. Please check.Thank you for letting me know. I have
provided specifications regaridng the missing informationWe have renumbered the tables in order to maintain
sequential order of table citations within text. Please check.Thank you. Pleas make sure that the Figure and Table
Legends are included. From what I could see, this information is currently missing in some cases. I have made
specifications accordingly throughout the manuscript.

The interactions between pathogens and the fox as a reservoir host remain poorly understood, largely due to
the lack of adequate in vitro models. Recent advancements in tissue culture research have led to the development
of well-differentiated airway cultures at the air-liquid interface (ALI) that better mimic the upper respiratory tract
epithelium, offering a more physiologically relevant platform for studying infectious diseases'>!7, toxicity'®1%,
and drug evaluation?’. These in vitro models, derived from primary tissue, are powerful tools in biomedical
research. They replicate key features of their tissue of origin, providing valuable insights into the tissue-specific
functions and disease mechanisms. This makes them particularly useful for studying epithelial responses,
mucociliary function, and host-pathogen interactions in a more realistic context compared to continuous cell
lines and classical submerged culture systems?!"?2. Despite their advantage, well-characterised in vitro models of
the respiratory tract derived from carnivores are scarce, which limits our understanding of pathogen interactions
with the canid airway epithelium and how these interactions compare with those in other species. To address
this gap, the aims of the present study were (I) to develop and validate an ALI in vitro tissue model based on
primary AEC from red foxes, (IT) to morphologically characterise this model, and (III) to evaluate its suitability
for studying innate immune responses to pathogens.

Results

Study subjects

Respiratory epithelial cells were isolated from twelve red foxes (Vulpes vulpes) hunted in the Swiss canton of
Zurich for population control purposes. Seven of the animals were males and five females. Five animals were
older than one year, while seven foxes were younger than one year of age (age was determined according to tooth
wear).

Cell count and viability

Primary airway progenitor cells were successfully isolated and cultivated from the tracheal tissue and the main
bronchi of twelve individual red foxes. The cells reached confluence within three to five days under submerged
conditions and after two to four days on the inserts. Each fox yielded between two to 55.5 million cells (14.5
Mio +18.3 Mio), with a viability ranging from 75 to 95.2% (88.3% +6.2%) illustrated in Fig. 1. When seeding
and cultivating cells on the insert, a 100% success rate in the differentiation of the cultures was obtained. Cells
could be maintained without considerable degradation for at least three months. Assessment for the presence of
Mycoplasma spp. revealed that cells from all donors were free from contamination.
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Fig. 1. Scatter plot of number of isolated cells against cell viability in respiratory epithelial cells of twelve foxes.
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Histological and immunohistochemical analysis

Haematoxylin-Eosin (HE) stains revealed the structure of a pseudostratified cuboidal/isoprismatic epithelium
of closely packed cells that seem to be arranged in layers due to different sizes and different locations of nuclei
with a ciliary brush border (Fig. 2a) indicative of a well differentiated respiratory epithelium. Epithelial thickness
of in vitro cultures was lower compared to the in vivo situation where cells appeared to be more elongated, high
prismatic (Fig. 2b) despite having a similar morphology. Immunohistochemical analysis (Fig. 3) showed well-
differentiated AECs (WD-AEC) composed of pancytokeratin-expressing epithelial cells (Fig. 3a) in an intact,
organised layer represented by tight junctions (ZO-1, Fig. 3b). Cultures had a consistent, well-formed ciliary
brush border (B-tubulin, Fig. 3c) and contained mucus secreting goblet cells (Fig. 3d). The productive secretion
of mucus necessitated washing of the cultures once to twice a week.

Epithelial barrier integrity

To assess the barrier integrity of established fox WD-AECs, a paracellular assay for the assessment of epithelial
leakage was conducted in triplicate in two independent experiments in all twelve donor foxes. Similarly, TEER
was measured in three donors using the chopstick electrode assay. The relative fluorescence in the basolateral
chamber was considerably lower in comparison with the reference well, totalling an overall mean leakage of the
epithelium of 4.2 +0.92% (min 3.0 - max 6.4). TEER was measured to be 2,373.9 +756.6 Qcm? (min 1,784 — max
3,673).

Antigen stimulation assay

ALI cultures were exposed to LPS, PMA/ionomycin, and a nematode antigen to their functionality and
responsiveness to different antigenic stimuli via the assessment of target gene up-/downregulation. An overview
of the results of the stimulation assay are presented in Table 1; Fig. 4. In general, relative TNF expression was less
pronounced after 24 h than after four hours. At four hours post stimulation, LPS induced an increase in TNF
expression with a fold change of 51.9. PMA/ionomycin was associated with a fold change of 1.6 after four hours,
and nematode antigen with a fold change of 3.2. By 24 h post stimulation, the fold increase in TNF expression
mounted to 3.2, while PMA/ionomycin and nematode antigen were determined at a fold change of 0.8 each.

Discussion

To study host-pathogen interactions in the airway epithelium, it is essential to use an in vitro model that closely
mimics the natural in vivo environment. In particular, this is relevant for species like the red fox, which can
serve as important reservoirs for pathogens of zoonotic potential and veterinary significance. However, well
differentiated ALI models have been limited for animal species not commonly studied in biomedical research.
To address this gap, we describe the development and validation of an ALI in vitro tissue model of the airways
using primary tracheal cells derived from red foxes, enhancing our understanding of respiratory biology in this
important wildlife reservoir species.

The development of our tissue model involved isolating primary cells from fox respiratory tissues, followed
by their expansion and differentiation under ALI conditions. Critical steps included optimising isolation and
digestion protocols to ensure high cell viability and fine-tuning conditions that promoted differentiation into a
functional airway epithelium. Once these steps were refined, the formation of a fully differentiated epithelium
was consistently achieved with a 100% success rate. To our knowledge, information on success rates derived
from other wild animal cultures have not been reported in the literature.

Model validation involved comprehensive histological and functional analyses to confirm the presence of key
cell types, epithelial barrier integrity, and activation upon exposure to prototype antigens. Post-differentiation
morphological and immunohistochemical evaluations of the ALI cultures, using markers indicated by previous
work!’, revealed a well-organised pseudostratified columnar epithelium with clearly defined ciliated and mucus-
secreting cell populations. Immunostaining further confirmed the expression of epithelial markers, tight junction
proteins, and functional ciliary beating, validating both the integrity and functionality of the epithelial layer.

Functional assessments further reinforced the physiological relevance of our system. TEER measurements,
consistent with those reported in previous studies in human ALI cultures** demonstrated high barrier integrity,
with minimal epithelial leakage, both critical parameters for accurately mimicking in vivo conditions. This was

s 2 » h-’ / wrf { ") (“ : \ ‘ |
M = “‘k.. fommpdiiid 'M\‘Q% PN ’,*’ 1 j,:
" 3 . . Y o1 < \( SRR 14 ,5 \ 3
elal o v s g el
. ‘.:_“:‘;..“.gﬂﬂ.%. \,5 \g\i 13“‘ | ﬁl \‘y "93§¢'\ A :_ \/ "*
¢ Ly | ; v RS

U e gw;g & 2y oA

A

Fig. 2. Red fox primary airway cells maintained at the air-liquid interface present a ciliated pseudostratified
columnar epithelium. Representative HE staining of (a) three weeks old red fox WD-AECs and (b) primary
tracheal red fox tissue isolated from afreshly obtained, hunted red fox (Vulpes vulpes) Scale bar: 10 pm; 60x
magnification.
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Fig. 3. Differentiated primary red fox well-differentiated airway epithelial cells (left) in comparison

to fox primary tracheal tissue (right). (a) Immunohistochemical staining of pancytokeratin; (b)
Immunohistochemical staining of tight junction (ZO-1); (¢) Immunohistochemical staining of the ciliary
brush border (B-tubulin); (d) Periodic acid Schiff staining of mucus secreting goblet cells. White arrowhead:
mucus-secreting goblet cell. Scale bar: 10 pm; 60x magnification.

further supported by the assessment of epithelial leakage, which showed a low percentage and indicated strong
epithelial integrity and tightness. In swine ALI cultures, Wang, et al.>* have measured the TEER to be as high as
2,100 Qcm and in human cultures, resistance was determined amount to 2,280 Qcm?. In general, TEER values
vary between species and depending on the age and passage of the cells?»?*%”, In the present case, the functional
assessments reinforce the relevance and physiological appearance of the fox model.

Antigen stimulation assays provided insights into the immunological responsiveness of the cultures.
Differential TNF expression profiles following stimulation with bacterial LPS, PMA/Ionomycin, and nematode
somatic antigen over four and 24 h underscored the immunocompetence of our epithelial cell culture model.
TNE, a pro-inflammatory cytokine essential for inflammation and immune cell activation®®*° showed a
substantial increase in response to LPS after four hours, suggesting effective recognition of bacterial components.
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Gene (Reference) | Primer sequence Annealing temperature (in °C)
GAPDH Forward: 5-GGAGAAAGCTGCCAAATATG-3’ 5
Reverse: 5-ACCAGGAAATGAGCTTGACA-3’
TNFY Forward: 5-CCCCGGGCTCCAGAAGGTG-3’ 64
Reverse: 5-GCAGCAGGCAGAAGAGTGTGGTG-3’
IL-334 Forward: 5-GTACTTTATGCAACTGCGTTCTGG-3 60
Reverse: 5-AGACATTGCTTTCTGCACTTTTC-3

Table 1. Sequences of primers for quantitative reverse transcription PCR including cytokine and reference
genes:. GAPDH: glyceraldehyde 3-phosphate dehydrogenase; TNF: tumor necrosis factor; IL-33: interleukin
33.
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Fig. 4. Expression levels of TNF and IL-33 mRNAs upon stimulation of fox ALI cultures with selected
agonists. LPS lipopolysaccharide from E. coli; PMA phorbol-12-myristat-13-acetat; Iono ionomycin, nematode
somatic antigen:Angiostrongylus vasorum first-stage larval full somatic antigen. Data from three individual
donor foxes.

In contrast, both PMA/Ionomycin and nematode somatic antigen induced a lower TNF expression, indicating
an overall weaker or more limited Thl response, respectively. PMA/Ionomycin is a rather unspecific, broad
activator of immune cells**%, and parasitic nematodes are commonly encountered by a Th,-focussed reaction
following tissue damage®*-%°. Therefore, the overall lower TNF expression levels after stimulation with PMA/
Ionomycin and nematode somatic antigen suggest a potential induction of other pathways. The decline in TNF
expression after 24 h across all stimuli aligns with the rapid but transient nature of TNF production?®*%and
suggests potential cellular exhaustion or feedback inhibition. In the case of PMA/ionomycin, the agents can be
toxic to cells at prolonged incubation times’®, e.g. 24 h, which could explain the observed lower expression of
TNF after 24 h of exposure. Similarly, IL-33, a Th2 cytokine and alarmin constitutively expressed in epithelial
and endothelial cells at barrier sites’’~%°, displayed varied expression profiles in response to the antigens.
LPS triggered a rapid and strong upregulation of IL-33 that decreased over time, indicating a controlled pro-
inflammatory response. PMA/ionomycin triggered a moderate initial increase in IL-33 expression that decreased
over time as well. Nematode antigen however elicited a delayed upregulation of IL-33 expression, potentially
reflecting a role in long-term immune responses to parasitic infections. This delay could be crucial for initiating
downstream immunological processes or might suggest parasite interference with the host’s immune response.
Despite observing a pseudostratified epithelium with structural and functional differentiation in the ALI
system, the cells appeared thinner and shorter compared to the native fox airway epithelium. This discrepancy
highlights that in vitro differentiation might not fully recapitulate the complex three-dimensional architecture
of the respiratory epithelium, including the subepithelial tissue, microenvironment, and resident cells. In vivo,
epithelial cells undergo continuous turnover and differentiation influenced by both intrinsic and extrinsic
factors?®4!. Consequently, the standardised culture conditions of our model cannot fully replicate the dynamic
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processes observed in vivo, potentially affecting the morphology and functionality of the cells. To address this,
optimisation of culture conditions, along with the use of supportive matrices or co-culture systems, could
enhance the ALI model’s relevance and robustness.

In summary, primary airway epithelial cultures derived from fox tracheas offer a versatile platform for various
applications. These cultures enable detailed investigation into host-pathogen interactions within both veterinary
and One-health frameworks. They are also valuable for drug screening and toxicity studies and exploration of
respiratory disease mechanisms specific to foxes, whether as wildlife reservoirs or in zoonotic and veterinary
contexts. Future efforts should focus on refining the model by integrating immune cells and other components
of the respiratory microenvironment, thereby increasing its relevance and utility in biomedical research.

Methods

Ethics statement

Fox primary material was obtained from red foxes hunted in the Swiss canton of Zurich in the context of
population control. All methods were carried out in accordance with the relevant Swiss national and cantonal
guidelines and regulations for animal experiments and the protection of animals and animal welfare. Foxes
were hunted by professionals according to the game law 922.1_1.2.21_119 of the Swiss canton of Zurich and in
consent with the responsible supervisor of the corresponding hunting area. Other approvals of experimental
protocols by an institutional and/or licensing committee were not required for this study at the time the study
was conducted. Methods are reported in accordance with ARRIVE guidelines as applicable to the context of this
study (https://arriveguidelines.org).

Isolation of primary fox AEC and establishment of in vitro tissue culture system

Primary fox material was obtained from hunted foxes during hunting season. Tracheas and main bronchi
were surgically removed from twelve foxes within six hours after death and placed into ice-cold phosphate-
buffered saline (PBS) containing 1% (v/v) 10,000 U/ml penicillin and 10,000 pg/ml streptomycin (Thermo
Fisher Scientific, Basel, Switzerland) and 1% (v/v) 250 pg/ml amphotericin B (Thermo Fisher Scientific, Basel,
Switzerland). Within two hours after collection, under a sterile bench, the organs were cleaned from connective
tissue using surgical material, cut into small pieces of approximately 1 centimeter, and placed into a 50 ml
falcon tube containing 45 ml of the digestion solution prepared with DMEM/F12 (Thermo Fisher Scientific,
Basel, Switzerland), 0.1% (v/v) protease XIV (1 mg/ml) from Streptococcus griseus (Sigma-Aldrich, Buchs,
Switzerland), and 0.001% (v/v) DNase I (10 pg/ml; Worthington Biochemical, Lakewood, New Jersey, USA).
The digestion process was performed at 4 °C for 2 days with gentle agitation. Enzymatic digestion was stopped
by mechanical agitation and by adding 5% (v/v) fetal bovine serum (FBS; FBS Gold, PAN-Biotech, Aidenbach,
Germany). The supernatant from the digestion (containing released respiratory progenitor cells) was transferred
into a fresh falcon tube and centrifuged at 250 g and 4 °C for eight minutes. The clear fraction was discarded
and cells were resuspended in 1 ml DMEM/F12 and counted using a Neubauer chamber. If cell aggregates were
observed, the cell suspension was passed through a cell strainer (100 um). The presence of ciliated cells in the
cell pellet indicated a successful digestion.

Fibroblasts were removed by plastic adherence to a plastic petri dish for 4 h (negative selection) and 10,000
20,000 cells/cm? were seeded onto a T75 flask coated at room temperature overnight in collagen solution from
calf skin (1 mg/ml solution of calf skin collagen in 0.1 M acetic acid (Sigma-Aldrich, Buchs, Switzerland),
diluted 1:10 in sterile water and washed twice with sterile PBS). The remainder of the isolated cells was frozen in
CryoStor (CryoStor’ CS 10, Stemcell Technologies, Vancouver, Canada) as Passage 0. The Submerged culture was
conducted at 37 °C and 5% CO,in a modified expansion medium formulation'” prepared from PneumaCult™
- Ex medium (Stemcell Technologies, Vancouver, Canada) supplemented with 0.1% % (v/v) hydrocortisone
(Stemcell Technologies, Vancouver, Canada), 0.2% (v/v) primocin (InvivoGen, San Diego, CA, USA), 1 uM A83-
01 (Tocris Bioscience, Bristol, United Kingdom), 0.2 uM DMH-1 (Stemcell Technologies, Vancouver, Canada),
and 0.5 uM CHIR-99,021 (Sigma-Aldrich, Buchs, Switzerland). Once 80-90% confluent under submerged
culture conditions, cells were harvested via tryptic digestion (0.25% TrypsinEDTA, TrypLE™ Express Enzyme
(1X), no phenol red, Thermo Fisher Scientific, Basel, Switzerland) and transferred into 24-well transparent inserts
with a pore size of 0.4 pm (ThinCerts™, Greiner Bio-One, Frickenhausen, Germany) freshly coated overnight at
RT with collagen and washed twice with PBS. Cells were seeded at a density of 50,000 cells per insert and both
apical and basolateral chambers were filled with modified expansion medium. After the cells reached confluence,
the medium was removed from the apical chamber, washed twice with HBSS or PBS or TEER solution and the
cultures were maintained under ALI conditions at 37 °C, 5% co,, and 95% humidity to promote mucociliary
differentiation. Medium in the basolateral chamber was steadily replaced with differentiation medium prepared
from PneumaCult™-ALI Medium (Stemcell Technologies, Vancouver, Canada), supplemented with 0.5% (v/v)
hydrocortisone (Stemcell Technologies, Vancouver, Canada), 0.2% (v/v) primocin (InvivoGen, San Diego, CA,
USA), and 0.2% (v/v) of a 2.0 mg/ml (w/v) heparin solution. Medium was exchanged every second to third
day, and cultures were washed weekly after 7 days post-ALI with warm PBS for 20 min at 37 °C. Potential
contamination of cultures with Mycoplasma spp. was assessed using the Mycoplasma gel detection kit (Biotools
B&M Labs, Madrid, Spain) according to the manufacturer’s instructions.

Morphological evaluation of ALI cultures

Morphological evaluation was performed at passage 1 on material from three representative fox specimens once
well-differentiated (WD-ALIs) were observed, usually after 3 weeks in differentiation in ALI culture. Medium
from the basolateral chamber was removed and 4% buffered formaldehyde with pH 6.9 (Sigma-Aldrich, Buchs,
Switzerland) was added both apically and basolaterally. After fixation for approximately 24 h, cell culture
membranes were cut from the insert and routinely embedded in paraffin. Sections of 3.5 um thickness were
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cut and routinely stained with haematoxylin and eosin (HE) to determine the structure of the epithelium.
To visualise structural characteristics of respiratory epithelia, immunohistochemical stainings were initiated
applying the horseradish peroxidase method using a Dako autostainer (Agilent/Dako, Glostrup, Denmark). Dog
and fox tracheas were used as positive controls. Negative controls included the same sections without application
of the primary antibody as well as an internal negative control considering non-epithelial cells and tissues of
the trachea and adjacent tissues. All employed antibodies were commercially available and showed reactivity
to dog antigens, as indicated by the manufacturer’s information as well as empirical in-house experience. After
deparaffinisation, antigen was retrieved via incubation of the slides with citrate buffer (pH 6.0) at 98 °C for 10 min
or with ethylendiamintetraacetic acid (EDTA), pH 9.0) at 98 °C for 20 min. Endogenous peroxidase activity was
blocked during an incubation with hydrogen peroxide solution (Dako REAL™ Peroxidase-Blocking Solution,
Agilent/Dako, Glostrup, Denmark [S2023]) for ten minutes. Epithelial cells were identified by immunostaining
using an antibody targeting pancytokeratin (Lu-5, Agilent/Dako, Glostrup, Denmark [M082101], pretreatment:
citrate buffer; dilution 1:50). A polyclonal goat anti-zonula occludens-1 (ZO-1) antibody (Anti-ZO1 tight
junction protein antibody - C-terminal; ab190085, Abcam, Cambridge, United Kingdom) directed against the
zonula occludens-1 tight junction protein was used to visualise the integrity of the epithelium by staining tight
junctions (no pretreatment, dilution 1:300). Staining for p-tubulin using a rabbit monoclonal anti- § tubulin
antibody ([EPR16774], ab 179513, Abcam, Cambridge, United Kingdom) targeting -tubulin was conducted to
detect the presence and structure of cilia on ciliated cells (pretreatment: EDTA, dilution 1:400). The Envision-
HRP rabbit detection kit (Agilent Technologies, Inc., Santa Clara, CA, USA) was used for all antibodies with a
rabbit anti-goat inserted between primary and detection antibody. Periodic Acid-Schiff (PAS) was implemented
to visualise mucus secreting goblet cells. For comparative reasons, each immunohistochemical stain of the ALI
cultures was accompanied by the same immunohistochemical stain on material from tracheas and main bronchi
from red foxes.

Functional evaluation of ALI cultures
Functional evaluation was performed on WD-ALIs after one passage after a minimum of three weeks in culture.

Epithelial barrier integrity

Cell layer integrity test (paracellular assay)

Cell layer integrity was assessed in WD-ALIs of all twelve donor foxes as previously described*>*. Specifically,
complete PneumaCult™-ALI medium was aspirated from the basolateral chamber and cells were rinsed with
phosphate-buffered saline (PBS). A solution containing 2 mg/ml of 4 kDa fluorescein isothiocyanate-dextran
(FD4, Sigma-Aldrich, Buchs, Switzerland) in 150 pl of complete PneumaCult™-ALI medium was added apically
to the cell cultures. The basolateral chamber was replenished with fresh complete PneumaCult™-ALI medium
and the cultures were subsequently incubated in darkness for four hours at 37 °C and 5% CO, and 95% humidity.
Fluorescence intensity of the basal chamber contents was measured with excitation at 485 nm and emission
at 544 nm using a BioTek Synergy H1 microplate reader (Agilent, Santa Clara, CA, USA). Notably, an empty
24-well insert served as the reference value, and fluorescence percentage (=% leakage of the epithelium) was
calculated relative to this control.

Transepithelial electrical resistance (TEER)

WD- ALI cultures from three donor foxes underwent PBS washing (10-20 min at 37 °C), followed by addition
of 200 uL PBS or TEER solution for 10-20 min to stabilise the temperature. Transepithelial electrical resistance
(TEER) was subsequently measured three times using an EVOM’meter equipped with STX2 “chopstick”
electrodes measuring 4 mm in width and 1 mm in thickness (World Precision Instruments, Florida, USA)*. The
average resistance value was computed and then adjusted for fluid resistance (insert with no cells) and surface
area.

Assessment of functionality via antigen stimulation

WD-ALI cultures of three donor foxes were exposed to lipopolysaccharide solution (5 pg/insert, Thermo Fisher
Scientific, Basel, Switzerland), phorbol-12-myristat-13-acetat (PMA, final concentration 10 ng/insert)/ionomycin
(final concentration 100 ng/insert) (both from Sigma- Aldrich, Buchs, Switzerland), and 5 pg/insert of nematode
antigen of a helminth parasite that would interact with these epithelial cells, i.e. Angiostrongylus vasorumfirst-
stage larval (L1) full somatic antigen. All experiments were conducted in duplicate. L1 were isolated from
infected fox lungs or from the faeces of infected dogs and foxes via the Baermann funnel method as previously
described*!. Full L1 somatic antigen extracts were prepared by combining L1 with 500 pl of PBS and four
stainless steel beads (3 mm diameter, Qiagen, Hilden, Germany). The mixture was processed using the Qiagen
TissueLyser II at a frequency of 30 shakes/s for 120 s. The resulting supernatant was transferred to a cryotube and
subjected to three freeze-thaw cycles using liquid nitrogen and a water bath at 37 °C. Subsequently, the mixture
underwent ultrasonic treatment using a MSE Soniprep 150 (Medical Scientific Equipment MSE, Cholet, France)
with an output of 20-30, a duty cycle of 40%, and three cycles of 25 s each, followed by centrifugation at 4 °C and
maximum speed for 15 min. The supernatants were then transferred to fresh tubes. Throughout the procedures,
parasites and antigens were maintained on ice unless otherwise specified. Protein concentration in the antigen
mixtures was quantified using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Basel, Switzerland),
and aliquots were stored at —80 °C until further use. Prior to the use for cell stimulation, endotoxin levels were
detected using the Pierce™ Chromogenic Endotoxin Quant Kit (Thermo Fisher Scientific, Basel, Switzerland).
Only antigens with an endotoxin concentration of less than 0.01 ng/ml were used for cell stimulation. To remove
endotoxin from samples with an initially higher concentration, the Pierce™ High-Capacity Endotoxin Removal
Resin (Thermo Fisher Scientific, Basel, Switzerland) was used.
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Fold increase
Gene | Time point after stimulation | Sample (273A<t yalues)
LPS 3,041.3+£2,427.4
4h PMA/ionomycin 40.5+52.2
Nematode antigen 44%33
TNF
LPS 62.5+109.4
24h PMA/ionomycin 4.7+3.7
Nematode antigen 0.9+1.0
LPS 30.0£15.0
4h PMA/ionomycin 11.3£6.8
Nematode antigen 0.6+0.3
1L-33
LPS 0.7+0.6
24h PMA/ionomycin 1.6£1.6
Nematode antigen 1.7+25

Table 2. Expression levels of TNF and IL-33 upon stimulation of Fox ALI cultures with selected agonists.
LPS: lipopolysaccharide from E. coli; PMA: phorbol-12-myristat-13-acetat; nematode antigen: Angiostrongylus
vasorum first-stage larval full somatic antigen.

Total RNA was isolated after four and 24 h of stimulation using the RNeasy  Mini Kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol. Genomic DNA was eliminated using the DNA-free DNA
Removal Kit (Thermo Fisher Scientific, Basel, Switzerland). One pg of RNA was mixed with 1 pl of 10x reaction
buffer (containing MgCl2) and 1 pl of RNase-free DNase I. Nuclease-free water was added to each tube to reach
a final volume of 10 pl. The samples were then incubated at 37 °C for 30 min using a heating block for digestion,
followed by inactivation of the DNase at 65 °C for 10 min using the same heating block. Post-DNase treatment,
RNA content was reassessed using Nanodrop OneC (Thermo Fisher Scientific, Basel, Switzerland). To generate
complementary DNA (cDNA), 250 ng of RNA sample were mixed with 2 pl of 5X Maxima H Minus cDNA
Synthesis Master Mix (Thermo Fisher Scientific) and adjusted to a final volume of 10 pl with nuclease-free
water. Additionally, to verify the efficacy of the DNase treatment, no-reverse-transcriptase (RT) controls were
included for each sample to be used in PCR. Reverse transcription was carried out following the manufacturer’s
instructions: incubation at 25 °C for 10 min, followed by 50 °C for 25 min, and final denaturation at 85 °C for
5 min.

For qPCR analysis, PowerUp SYBR Green Master Mix (Applied Biosystems, Zurich, Switzerland) was
employed. Each reaction mixture consisted of 1 pl of 1:5 diluted cDNA, along with 1 pM of both forward and
reverse primers (Microsynth, Balgach, Switzerland), prepared according to the manufacturer’s guidelines. The
primers were further diluted 1:100 with nuclease-free water to attain a PCR working concentration of 1 pM.
AlI cultures were examined for the expression of TNF and IL-33 (Table 2). Canine glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) served as the housekeeping gene and internal control. Additionally, duplicate no-
template-controls (NTCs), comprising only the master mix and 1 pl of nuclease-free water were included to
monitor potential contamination. Amplification was carried out using the QuantStudio 7 Flex system (Applied
Biosystems, Zurich, Switzerland) and MicroAmp optical 96-well reaction plates (Applied Biosystems, Zurich,
Switzerland). qPCR for GAPDH consisted of a hold stage (50 °C 2 min, 95 °C 2 min), followed by 40 cycles of
PCR reaction (95 °C 15 s, 55 °C 15s, 72 °C 1 min), an/d a melt curve stage (95 °C for 15 s, 60 °C for 1 min, 95 °C
for 15 s). For TNE, the hold stage covered 50 °C 2 min, 95 °C 2 min, followed by 40 cycles of 95 °C 15 s, 64 °C
1 min, 72 °C 1 min, and a melt curve stage (95 °C for 15 s, 60 °C for 1 min, 95 °C for 15 s). For IL-33, gPCR
covered a hold stage of 95 °C for 10 s, followed by 40 cycles of PCR reaction (95 °C for 5 s and 60 °C for 30 s)
and the melt curve stage (95 °C for 15 s, 60 °C for 1 min, 95 °C for 15 s). The delta-delta Ct method was applied
to calculate the relative fold gene expression®®. Plots and data visualisations were created using R Software for
Statistical Computing, version 4.3.2%.

Data availability
The data supporting the results and conclusions of this article are included in the manuscript. Raw data files are
available upon request to the corresponding author.
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