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Abstract

By definition no model is perfect, and this also holds for biology and health sciences. In medicine,
murine models are, and will be indispensable for long, thanks to their reasonable cost and huge
choice of transgenic strains and molecular tools. On the other side, non-human primates remain the
best animal models although their use is limited because of financial and obvious ethical reasons. In
the field of respiratory diseases, specific clinical models such as sheep and cotton rat for
bronchiolitis, or ferret and Syrian hamster for influenza and Covid-19, have been successfully
developed, however, in these species, the toolbox for biological analysis remains scarce. In this view
the porcine medical model is appearing as the third, intermediate, choice, between murine and
primate. Herein we would like to present the pros and cons of pig as a model for acquired respiratory
conditions, through an immunological point of view. Indeed, important progresses have been made
in pig immunology during the last decade that allowed the precise description of immune molecules
and cell phenotypes and functions. These progresses might allow the use of pig as clinical model of
human respiratory diseases but also as a species of interest to perform basic research explorations.

Generalities

In its ‘Global Impact of Respiratory Disease’, the World Health Organization (WHO) identifies
‘the big five’ respiratory diseases as chronical obstructive pulmonary disease (COPD), asthma, acute
lower respiratory tract infections, tuberculosis and lung cancer. Moreover, according to Eurostat
report, diseases of the respiratory system accounted for 7.5 % of all deaths in the European Union in
2016 (Eurostat, 2020), and these statistics do not take into account the current SARS-CoV-2
pandemic which will probably become the infectious disease associated to the highest number of
fatalities in 2020. In the pathophysiology of all these diseases, the immune system has definitely a
central role and we need to better understand how it operates in order to prevent and treat the
respiratory diseases.

Current Food and Drug Administration (FDA) guidelines require testing of new
pharmaceutical agents in both small and large animal models when proving a therapeutic concept
(FDA, 2015). We advocate herein to consider pig as a model of choice when investigating the
immunological side of respiratory diseases.

The Suidae family (swine, wild boar, red river hog, and warthog to cite the best known) is
evolutionary more distant from the Hominidae family (including human being and all the great apes)
than the Muridae family (mouse, rat, hamster and naked mole rat). Indeed, men and mice belong to
the same Euarchontoglires superorder whereas pigs belong to the Laurasiatheria superorder. Despite
this, and probably as a consequence of the faster genetic evolutionary rate of mouse, the pig genome
has remained more similar to the human one both in terms of DNA sequences than in term of genes’
synteny (Humphray et al., 2007; Wernersson et al., 2005). Because of this genetic proximity and for
other reasons listed below, the pig has been largely used as a biomedical model and notably as a
model for the study of human infectious diseases and for vaccine development (Gerdts et al., 2015;
Kaser et al., 2018; Lunney, 2007; Meurens et al., 2012). In this review we focused especially on the
pig as a model to study acquired respiratory diseases except cancer, at the light of the accumulating
knowledge concerning the swine respiratory immune system.

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/
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Porcine Respiratory System Structure

The size and the weight of the pig is age-, sex- and breed-dependent. Some minipig breeds
like the Yucatan or the Gottingen present adult pigs with size and weight similar to human adults
making the breeds attractive in biomedical research (Meurens et al., 2012; Swindle et al., 2012).
Overall, the porcine anatomy and physiology are quite similar to human anatomy and physiology,
both species are all-eating for instance (Kaser et al., 2018; Meurens et al., 2012; Swindle et al., 2012).
Moreover, pigs are widely available with usually manageable size allowing for smooth handling and
easy experimental interventions.

Regarding specifically the porcine respiratory tract, the pig has been extensively
characterized and compared with the human one (Judge et al., 2014; Krejci et al., 2013) as well as in
exhaustive reviews that were assessing its potential as a model for cystic fibrosis (Rogers et al., 2008)
and asthma (Kirschvink and Reinhold, 2008). The respiratory tract can be divided into the upper and
lower respiratory tracts. The upper respiratory tract is including the nasal cavities, the sinuses, the
nasopharynx, the larynx and the trachea while the lower respiratory tract includes overall the lung
with the bronchi, the bronchioles, the terminal and respiratory bronchioles, and alveoli. Air enters
the porcine respiratory tract through round nostrils and a pair of nasal cavities situated in the snout
(rostrum). In the nasal cavities, the epithelium is typically pseudostratified with ciliated columnar
cells. The epithelium contains loose lymphocytes, lympho-reticular tissue aggregates and tubo-
alveolar glands. Regarding submucosal glands in nasal turbinates and trachea, some differences have
been shown between pigs and humans using the porcine cystic fibrosis model (Cho et al., 2011).
Similarly, to humans, pigs have ethmoid and maxillary sinuses at birth and develop frontal and
sphenoid sinuses (Sisson et al., 1975). Then, after its circulation in the nasal cavities, the air moves
through the nasopharyngeal tube into the pharynx with the possibility to gain access to the
esophagus. The respiratory part of the pharynx, called nasopharynx, also presents a pseudostratified
ciliated columnar epithelium with goblet cells. In the upper respiratory tract, its nasal-associated
lymphoid tissue (NALT) resembles the human’s Waldeyer ring and pigs, like humans, possess several
tonsils (veli palatine, pharyngea, tubaria, paraepiglotica and lingualis) (Horter et al., 2003; Liebler-
Tenorio and Pabst, 2006; Swindle et al., 2012). This lymphoid tissue is comprised of the Lamina
propria mucosae as well as fine glandules. Then, the larynx links the nasopharynx and the lower
respiratory tract, including epiglotis and vocal cords. In the larynx the mucosa showed again a
pseudostratified columnar epithelium with isolated goblet cells. In the submucosa of epiglottis, plicae
aryepiglotticae and vestibulum larynges, an accumulation of lymphoid tissue is observed. The trachea
consists of 32-36 C-shaped rings of hyaline cartilage with strong fibro-elastic membranes observed
between the rings. The trachea shows a ciliated pseudostratified columnar epithelium and isolated
goblet cells. Below, in the mucosa, small islets of lympho-reticular tissue and combined tubo-alveolar
glands are observed. Regarding the gross anatomy of the porcine lung, two lobes on the left sides
and four on the right have been described (Rogers et al., 2008; Swindle et al., 2012). On the left side,
the lobes are designated as left cranial and caudal and on the right as right cranial, right middle, right
caudal and right accessory. Interestingly, the right cranial lobe is directly linked to the trachea.
Looking at subgross anatomy, pig like human lung, and in contrast to murine lung shows extensive
intralobular and interlobular connective tissue. This tissue joins the bronchi and the main blood
vessels to the pleural surface (Tyler, 1983). However, the interlobular collagenous network is
incomplete in humans whereas in the pig the interlobular septa are “complete” blocking the
collateral ventilation (Rogers et al., 2008; Woolcock and Macklem, 1971). The porcine pleura like its
human counterpart is relatively thick and collagenous and has a vascular supply originating from the
bronchial arteries (McLaughlin et al., 1961; Tyler, 1983). Regarding the lymph nodes (LN) in the
thoracic cavity, they are concentrated into four lymphoid centres, two parietal (thoracicum dorsal
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and ventral) and two visceral (mediastional and bronchale). Moreover, there are the LN adjacent to
the bronchi (tracheobronchales dextri, sinistri and medii). While the vascular circulation of the pig
follows a common pattern of organization and development with human vascular circulation there is
an inverted structure of swine LN compared to their human and murine counterparts. Indeed, in
most of the mammalians, including mouse and man, afferent lymph percolates in a centripetal
manner from the periphery to the center (hilum) of the node. In swine, the afferent lymph diffuses
from the center to the periphery in a centrifugal manner (Mcfarlin et al., 1973). In addition, in pig,
lymphocytes exit the LN through the high-endothelial venules whereas in mouse and man they exit
through the efferent lymphatics (Sasaki et al., 1994). The functional implications of these oddities
have not been explored yet. Overall, even if similar to human airways, the porcine airways show
small differences (Haworth and Hislop, 1981; MclLaughlin et al., 1961; Rendas et al., 1978): i) the
cartilage around porcine airways is more developed than in humans; ii) a lower number of bronchi
generations, after the last cartilage plate, has been reported in pigs compared to what is reported in
humans; and iii) longer terminal bronchioles and overall less-defined respiratory bronchioles are
described. At the microscopic level, porcine lungs show similar cell lineages to human lungs (Haworth
and Hislop, 1981; Jones et al., 1975; Mills et al., 1986; Rogers et al., 2008; Winkler and Cheville,
1984).

General systemic immunology

Before addressing specifically the porcine lung immunology, a brief overview of the systemic
porcine immune system is needed. Comparably to the whole genome comparisons, the immunome
analysis demonstrated a greater similarity between human and pig than between human and mouse.
However, a peculiarity of swine immune system that can be highlighted is the expansion of the type |
IFN gene families, especially the IFN6 and the IFNw (Dawson et al., 2013). IFNS clearly distinguishes
pig from human and mouse since pig has 11 functional IFN& genes and mouse and man have none.
IFNS bind to the same type 1 receptor as IFNq, it has high antiviral and anti-proliferative activities on
porcine cells, but not on human cells (Lefévre et al., 1998). Conversely IFNw separates mouse from
the two other species since mouse has no functional IFNw gene, man 1, and pig 7. IFNw presented
highly cross-species antiviral (but little anti-proliferative) activity (Jennings and Sang, 2019; Shields et
al.,, 2019). A recent review summarized the different porcine cytokines, chemokines and growth
factors, and described the tools available to study them (Dawson et al., 2020).

Looking more precisely at the different immune cell types, three relatively recent reviews
have been published on the porcine innate immune response (Mair et al., 2014), mononuclear
phagocytes (Fairbairn et al., 2011) and the B and T lymphocytes development (Sinkora and Butler,
2016). However, we would like here to recall some important swine specific features:

Myeloid cells: Neutrophil serine proteases (NSP) have critical roles in neutrophil-associated tissue-
destructive diseases. Human and mouse NSP present different peptide substrate specificities
(Kalupov et al., 2009) whereas porcine NSP, present on the surface of triggered neutrophils and
neutrophil extracellular traps (NETs) are efficiently inhibited by human NSP inhibitors (Bréa et al.,
2012). In addition to neutrophils, porcine basophils and eosinophils can be identified by flow
cytometry (Blanc et al., 2020; Haverson et al., 1994).

Peripheral blood monocytes present in pig a similar division in CCR2+/CX3CR1-/CD14+/CD163-
/MHC-Il- and CX3CR1+ CCR2-/CD14-/CD163+/MHC-Il+ monocytes (Moreno et al., 2010). When
human, mouse and porcine monocytes were compared by a transcriptomic study, porcine CD14+ and
CD14- blood monocytes resembled more to their human counterparts than mouse monocytes
(Fairbairn et al., 2013).
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Dendritic cells (DC) subpopulations corresponding to ¢cDC1, cDC2, pDC and moDC (Guilliams et al.,
2014) can be readily identified in blood (Auray et al., 2016), skin (Marquet et al.,, 2014), spleen
(Soledevila, personal communication), tonsils (Soldevila et al., 2018), tracheal epithelium and lung
(Maisonnasse et al., 2016), with minimal species-specific features. The main swine DC peculiarity is
the differential expression of TLR3, which is almost exclusively expressed on pDC in swine (Auray et
al., 2016; Soldevila et al., 2018) but on cDC1 in human (Poulin et al., 2010) and mouse (Desch et al.,
2011). Despite this difference, the calculation of a similarity score between swine, human and mouse
cDC1, cDC2 and pDC transcriptomic signatures highlighted that the three human’s blood DC
populations resembled more to their porcine than to their murine counterparts, especially cDC2,
which appears to be the most similar between pig and man (Auray et al., 2016).

Lymphoid cells: It has long been thought that porcine B cells were generated in ileal Peyer’s patches,
however it is now clear that porcine B lymphopoiesis is located in the bone marrow as for other
mammals (Sinkora and Sinkorova, 2014). To note, the porcine B cell development studies are still
impaired because of the absence of antibodies recognizing pan-B cells markers such as CD19 and
CD20 (Dawson and Lunney, 2018) and the absence of antibodies discriminating porcine 1gG isotypes.
Despite these difficulties, the porcine peripheral B lymphocyte differentiation steps have been
described: IgM+CD2+CD21+ B cells are composed of naive B cells, IgM+CD2-CD21+ are activated or
primed B cells and CD79a+CD2+CD21- or CD2-CD21- represent antibody producing B cells (Sinkora et
al.,, 2013), memory and effector antibody-forming B cells remaining CD790+CD2+CD21- while
CD790+CD2-CD21- B cells are probably composed of resting plasma cells. In a recent paper (Bordet
et al., 2019), we investigated the structure of the trachea-bronchial inverted porcine LN and, thanks
to the conservation of the B cell affinity maturation master-genes expressions (BCL6, Pax5, IRF4,
XBP1 and Blimp1), we were able to distinguish the centroblasts, centrocytes, plasmablasts and
plasma cells in their respective follicular and extrafollicular LN sublocalisations, as observed in mouse
and human (for review see (Klein and Dalla-Favera, 2008)). Interestingly, we also identified a specific
feature of swine inverted LN which is a centroblasts-like B cell type decorated with surface CD169
proteins (Bordet et al.,, 2019), that interact probably with perifollicular macrophages in order to
capture antigens and transport them to follicular DC (fDC). This feature might be a consequence of
LN inversion in pig. In the regular murine LN, naive B cells have been shown to play this antigen-
transporting role (Phan et al., 2009). Follicular DC have not been described so far in pig, however
they have been identified in an evolutionary close species, the sheep, and their phenotype appeared
similar to murine and human fDC (Melzi et al., 2016).

Development of thymic aBT cells follows mice and humans T-cell maturation model (Sinkora
et al., 2013). However, it is important to note that swine possess extrathymic CD4+/CD8a+ T cells,
that appear to be regular memory/activated peripheral CD4 T cells (Gerner et al.,, 2009). The
peripheral blood re-expression of CD8a has been endowed with no specific role. Indeed, so far the
same CD4 T cell subtypes have been described in pig, namely Thl, Th2, Thl7, Treg expressing the
same transcription factors (respectively T-bet, GATA-3, RORyT and FoxP3) than human and murine
CDA4 T cells (for review see (Gerner et al., 2015)). To note, in swine some clues are in agreement with
a B cell activation/Th2 pathways relying more on IL13 than on IL4 (Murtaugh et al., 2009). Finally
peripheral CD8 T cells expressing Eomesodermin (Eomes), a transcription factor involved in the
differentiation and long-term survival of CD8 memory T cells have been described in pig like in mouse
and human blood, although these cells are less numerous in swine than in human (Rodriguez-Gémez
et al., 2016). Finally, by using CD27 staining, Talker et al were able to distinguish bona fide effector
memory cells (CD27"#) from naive and early activated lymphocytes (Reutner et al., 2013).

As in other Laurasiatheria, pigs present a high proportion of y8 T cells (Binns et al., 1992),
paralleled with more D-segments in the TCR delta gene than in human and mouse (Dawson et al.,
2013). Thus porcine y& TCR have a strong diversity potential, with no tissue-specificity (Holtmeier et
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al., 2004) or subset restrictions (Stepanova and Sinkora, 2013) unlike in humans and mice. Moreover,
conversely to murine and human ones, a consistent proportion of porcine y6 T cells retained a strong
expression of GATA3 (Rodriguez-Gédmez et al., 2019).

Invariant NK T cells expressed a semi-invariant TCR which recognizes glycolipids presented on the
non-polymorphic CD1d molecules and corresponding either to stress-related self-ligand or to
microorganism surface-antigens. Interestingly, iNKT cells frequency (Artiaga et al., 2014) as well as
specific CD1d/TCR molecular interactions (Yang et al., 2019) are closer between swine and human
than with mouse.

Conversely to the majority of mammals, swine possess an NK cell subset that does not
express NKp46 (Mair et al, 2012). This might be relevant here since NKp46 recognizes
hemagglutinins (HA) of influenza, parainfluenza, and Sendai virus and that its ligation leads to lysis of
infected cells (Arnon et al., 2004). In swine, NKP46 expression has also been observed on CD3+ cells
expressing ap or yd TCR but presenting the main functions of NK cells (Mair et al., 2016). Cells with a
similar phenotype have been described in mice (Arnon et al., 2004) humans (Arnon et al., 2004) and
cattle (Connelley et al., 2014).

Specific Lung immunology
Macrophages

In all mammalian species, lung macrophages are prominently composed of alveolar
macrophages (AM). AM main roles are the phagocytosis of inhaled particles and the clearance of
surfactant (for review see (Hussell and Bell, 2014)). AM have been shown in mouse to originate from
embryonic monocytes that settled before birth in the alveoli and self-renew independently of
peripheral blood adult monocytes (Guilliams et al., 2013). This scheme can be modified upon events
that trigger both strong inflammation and partial or complete AM depletion. In this case, as
documented in mice, recruited inflammatory monocytes will differentiate in pro-inflammatory
monocyte-derived macrophages (moMB8) before entering AM ‘niche’ (for review see (Guilliams and
Scott, 2017)) and differentiating finally in ‘true’ AM, undistinguishable from the original AM
population (Aegerter et al., 2020). Although not yet formally demonstrated, the belonging of human
AM to the local-self-renewable macrophage type is also postulated. By analyzing AM from lung
grafted patients, several teams tried to clarify the importance of AM self-renewal versus blood
monocytes replacement in human, leading to contradictory conclusions (Bittmann et al., 2001;
Eguiluz-Gracia et al., 2016; Nayak et al., 2016). However a recent work using up to date single cell
technology (Byrne et al., 2020) arbitrated toward a strong contribution of blood monocytes for long
term AM maintenance, the authors arguing that human beings, conversely to lab’s mice, are
constantly challenged by inflammatory stimuli, in a much longer time frame, and that in human
everyday life, the AM pool might be replaced by moMB6 within a year. In porcine lung, we observed
that AM did not express blood-related genes such as cKit, CSF1R CCR2 or CX3CR1 but did expressed
HDAC10, PU.1 (Bordet et al., 2018; Maisonnasse et al., 2016) whose expressions are related to
embryonically-derived macrophage precursors in mouse (Guilliams et al., 2013; Schulz et al., 2012),
in agreement with a similar local-self-renewable capacity of porcine and mouse AM. However,
according to the ‘niche theory’, these local-self-renewable AM could well be former moM86 that
transdifferentiated in true AM upon AM-niche occupancy as postulated in human.

To note, similarly to mouse and man (Keller et al., 2015), porcine AM expressed the
immunoproteasome subunits LMP2, LMP7, and MECL-1 upon respiratory viral infection (Liu et al.,
2018, 2017).

One intriguing feature of pulmonary macrophage network in swine, and the majority of the
Laurasiatheria, is the presence of pulmonary intravascular macrophages (PIM, for review
(Schneberger et al., 2012)) that are not present, at least at steady state, in mouse, rat and human
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(Brain et al., 1999). PIM are resident lung intravascular macrophages intimately tight with endothelial
cells, what differentiates them from marginated blood monocytes (for review see (Kuebler and
Goetz, 2002)). We recently isolated porcine PIM and demonstrated that they were very similar to AM
(Bordet et al., 2018; Crisci et al., 2020), indeed PIM and AM overexpressed genes such as PU.1 and
HDAC10, leading us to suggest than PIM were, like AM, self-renewable embryonically derived
macrophages, and/or that PIM may directly originate from AM (Bordet et al., 2018). PIM have been
involved in acute lung inflammation in Laurasiatheria species (Cantu et al., 2007; Singh et al., 2004).
Interestingly PIM can be induced in rat model of systemic induced inflammation triggered by biliary
duct ligature (Gill et al., 2008) and some clues of PIM induction in humans suffering of liver
dysfunctions (Klingensmith et al., 1978, 1976) have been reported. In a recent report using mice
grafted with human bone-marrow (‘humanized’ mice), the authors detected PIM which were, in this
model, monocyte-derived human macrophages in tight contact with murine endothelial cells (Evren
et al., 2021).

Interstitial macrophages

Interstitial lung moMBO identities and functions have been recently revisited in mouse and
man by the identification of two distinct populations (Chakarov et al., 2019), one Lyvel°“/MHC-
[I"e"/CD163'%, and the other Lyvel"&"/MHC-II""/CD163"e" respectively residing adjacent to nerve
bundles and to blood vessels. The later Lyve1"&"/MHC-II" moM® secreted a high basal level of IL10,
supported blood vessel integrity, and decreased inflammatory cells infiltrations upon pulmonary
inflammation in mice. This degree of precision has not been reached in pig, although we identified an
MHC-II"e"/CD163°%/CD169"8" moM8 population (Maisonnasse et al., 2016) as well as an MHC-
['°v/CD163"e"/CD169"°" (unpublished data), whose differential roles and locations remain to be
explored.

Dendritic cells

Swine DC have been identified in tonsils (Soldevila et al., 2018), tracheal epithelium and
pulmonary parenchyma (Maisonnasse et al., 2016). They can be divided in ¢DC1, cDC2 and moDC
whose RNAseq signatures cluster with their mouse spleen and/or lung counterparts (Crisci et al.,
2020). Plasmacytoid DC have also been identified in swine tonsil, they are E2.2 and IRF7 positive as
observed in mouse and man. The porcine lung cDC and moDC populations present the functional
characteristics of bona fide DC, migrating toward LN chemokine upon maturation, whereas only cDC,
but not moDC significantly trigger naive CD8 and CD4 T cells proliferation. Conventional DC2 are
better in activating CD4 T cells than c¢DC1, and this in lung as well as in tonsil (Maisonnasse et al.,
2016; Soldevila et al., 2018), as previously described in mouse and human (Schlitzer and Ginhoux,
2014). Again consistent in tonsil and in lung, both porcine ¢cDC1 and cDC2 activate CD8 T cells,
conversely to what is observed in mouse (Ng et al., 2018). Interestingly, in humanized mice, human
c¢DC1 and cDC2 expend similarly influenza specific CD8 T cells, however only ¢cDC2 induced mucosal
effector CD8 T cells (Yu et al., 2013). This property of cDC2 has not been explored yet in swine lung.

Another intriguing transpecies feature of DC is the expression of Langerin on c¢DC2 in pig
(Maisonnasse et al., 2016) and human (Bigley et al., 2015) but on cDC1 in mouse (Sung et al., 2006).
It has been shown in human that Langerin is rapidly induced in blood cDC2 upon TGFB exposure
(Bigley et al., 2015). Interestingly, this might be interpreted in conjunction with the expression of
CD103 (aEB7 integrin) on lung porcine cDC2, as well as with the sub-epithelial location of cDC2 in
man (Yu et al.,, 2013) and pig (Maisonnasse et al., 2016). Indeed, TGFp is largely produced by
respiratory epithelial cells and Langerin, like CD103, is induced upon TGFB exposure (Parker et al.,
1992; Picarda et al., 2016). The sub-epithelial location of cDC2 in humans and pigs might explain both
the Langerin and CD103 expression phenotype and the higher involvement of cDC2 in the activation
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of CD8 response compared with their mouse counterparts (Yu et al., 2013). FceRla is expressed in pig
(Maisonnasse et al., 2016) and human (Greer et al., 2014) but not in mouse cDC2. Indeed in mouse
inflammatory moDC expressed the FceRla (for review see (Lambrecht and Hammad, 2012)). This
difference might be of great importance in the feedback of allergic response since IgE/FceRIla
signaling in human cDC2 trigger an inhibition of the inflammatory response (Platzer et al., 2015)
whereas it is thought that FceRla expression on mouse moDC would allow an IgE-mediated allergen
presentation in a positive amplification loop. Interestingly, a recent work in mice complicated the
cDC1/cDC2/moDC picture by demonstrating that upon inflammation lung cDC2 can arbor cDC1 and
moDC features such as IRF8, CD64 and FceRla expressions (Bosteels et al., 2020). It would be
interesting to investigate if these modifications stand true for human and porcine c¢DC2. Finally, in
pig, monocyte-derived DC have been identified upon influenza infection and their phenotype and
functions are compatible with inflammatory DC, harboring low migratory capacities and strong
production of IL1B and IL8 upon stimulation (Maisonnasse et al., 2016).

Innate lymphocytes

NK cells were shown to decrease in peripheral blood and to preferentially localize close to
infected area in porcine influenza infected lung (Forberg et al., 2014), in agreement with an
important role in the control of influenza infection as observed in mice (Gazit et al., 2006). The
CD3+NKp46+ lymphocyte population described by Mair et al. (Mair et al.,, 2016) was minimally
detected in spleen, blood and mediastinal LN (< 2%) but presented a higher frequency, associated to
a large variability according to the animal, in lung (1% to 10%), what may suggest a role of this
population in lung immune surveillance in swine. Invariant NKT (iNKT) cells binding human CD1d
tetramers loaded with an a-GalCer analog have been described in the porcine lung. They are CD3 and
CD44 positive but do not express Nkp46 and CD11b, and can be subdivided in three main populations
expressing no, low or high levels of CD8a (Yang et al., 2017a). Interestingly, it has been shown
recently that porcine iNKT cells were able to respond to influenza-exposed myeloid cells in vitro
(Schéafer et al., 2019).

To our knowledge, an interesting observation has been done only in pig lung, which is the
demonstration that y& T cells were the main alveolar population able to migrate to bronchial LN
(Pabst and Binns, 1995).

T Lymphocytes
As expected from mouse and man data, it has been observed in pig that parasitic Ascaris

suum infection bias the lung immune response toward a Th2 response (GATA3, IL4, IL5 upregulation
in the whole lung tissue) (Steenhard et al., 2009) and that Actinobacillus pleuropneumoniae bacterial
infection triggered a Th17 immune response, as validated by the presence of antigen-specific IL17A
secreting CD4 T cells (Sassu et al., 2017). Intranasal influenza vaccination triggered resident memory
T cells (Holzer et al.,, 2018). Moreover, proliferating poly-functional Thl (IFNy, TNFa and IL2-
secreting) and CD8 (IFNy, TNFa-secreting) lymphocytes can be detected in the trachea-bronchial LN
and the lung of influenza infected animals, from 6 to 44 days post-infection (Talker et al., 2016).
Interestingly flu-specific IFNy-secreting CD8 T cells expressed perforine and were 30 times
overrepresented in the lung than in the peripheral blood. Cytokine production was dominated by T
cells with an early effector phenotype or central memory phenotype (CD27°°) as observed in mice
(Ballesteros-Tato et al., 2010) in agreement with the existence in porcine lung of tissue-resident
memory T cells.

B lymphocytes
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To our knowledge the B cell response in the porcine respiratory tract has only been
addressed through nasal swabs and broncho-alveolar lavages antibody monitoring (among others
(Bernelin-Cottet et al., 2019; Heinen et al., 2000)).

In conclusion, considering the respiratory immune system, mice and swine present both similarities
and differences compared with human beings (Table 1), which must be consciously considered
before choosing one species as an animal model for the pathogen of interest.

Model
We will consider here the porcine models developed to tackle the main respiratory diseases
identified by the WHO, at the exception of lung cancer. Id est, respiratory infections and vaccination,
allergy and asthma, acute and chronic inflammations, to which we will add two short chapters on
microbiota and lung graft (Table 2).
Respiratory infections

Swine has been frequently used to study human respiratory pathogens naturally infecting the
pigs, including, amongst others , Mycobacterium sp (Bolin et al.,, 1997; Ramos et al., 2017),
Pseudomonas aeruginosa (Dehring et al., 1983; Luna et al., 2009), Staphylococcus aureus (Martinez-
Olondris et al., 2010) and Alphainfluenzavirus (Rajao and Vincent, 2015). Alternatively, pigs can be
susceptible to experimental infections of otherwise strictly human pathogens such as Bordetella
pertussis (Foreman-Wykert and Miller, 2005). One of the main gap of naturally occurring respiratory
infections in swine is the absence of a porcine equivalent of the human respiratory syncytial virus
(RSV), a very significant pathogen in human, although an orthopneumovirus close to RSV has been
recently detected in pigs (Hause et al., 2016) and might be present in France too (Richard et al.,
2018). In this chapter we will expose the interest of the pig model for P. aeruginosa, influenza A and
coronavirus infections.

-The bacterium P. aeruginosa rarely infects human lungs unless the host immune system has been
impaired because of cystic fibrosis (CF), chronic obstructive disease (COPD) or ventilator-associated
pneumonia. An infectious model has been developed in pig that recapitulates all the main features of
this human infection, including bronchial contraction, transient increase in pro-inflammatory
cytokines (IL8, IL6 and TNFa), neutrophilia, neutrophil extracellular trap (NET)osis, and the secretion
of massive amounts of neutrophil serine proteases leading to lung damages (Chevaleyre et al., 2016).
-Orthomyxoviridae and more specifically Alphainfluenzavirus (IAV) are pathogens of major
importance in animal and human medicines. As recently reviewed, pig is more and more considered
as an alternative model to consider with ferret and mouse, for the study of human influenza infection
(Starbaek et al., 2018). Pigs are natural hosts of different strains of 1AV (Kuntz-Simon and Madec,
2009), presenting frequent interspecies transmissions from pig to man and the reverse (Chastagner
et al., 20193, 2019b), what underlines the proximity of swine and human IAV as well as the similarity
of the respiratory systems in both species. The most frequently encountered subtypes in pigs, HIN1,
HIN2 and H3N2, are the same than in humans. Besides that, the interest for the pig model is
strengthened by the fact that pig is considered as a mixing vessel of human, porcine and avian
influenza virus for the generation of new influenza virus reassortants (Ma et al., 2009). The
susceptibility of pigs to infections with both avian and mammalian influenza virus was recently
explained to some extent in a study showing that the porcine host factor ANP32A, contrary to
porcine ANP32B and other mammalian ANP32, had stronger supporting activity to the avian viral
RNA polymerase (Zhang et al., 2020). In pigs, IAV are responsible of mild diseases (for review (Crisci
et al., 2013)) with low fever (40.5°C versus 39.5°C for normal body temperature), low inflammatory
signs of the upper respiratory tract (nasal/ ocular discharge and conjunctivitis), dyspnea and



380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

420
421
422
423
424
425
426

coughing (Talker et al., 2016) very similar to human common, mild influenza infections. In mice,
which are not the natural hosts for IAV, adapted strains trigger whole lung infection and
inflammation, leading to death, more similar to highly pathogenic avian influenza infections in
human (Gao et al., 2013). Ferrets are recognized among the best model for testing pathogenicity and
transmission of human respiratory viruses including IAV (Enkirch and von Messling, 2015), although
the evolutionary reasons for this convergence are still a mystery. Interestingly, a recent comparison
of influenza heterosubtypic vaccination in pigs and ferrets, showed different outcome between
species and underlined the interest of using different preclinical models to assess new vaccines
against flu (Holzer et al., 2018). Which animal model, the pig or the ferret, reflects best the situation
in human remains however to be determined.

By keeping the immune response under control, AM are recognized as the ‘peace-keepers’ of
the lung (Schneider et al., 2014). In mouse (Schneider et al., 2014) like in pig (Kim et al., 2008), AM
depletion aggravate the IAV-mediated disease. In pigs, similarly to humans, disease severity has been
associated with increased local pro-inflammatory cytokines (Barbé et al., 2011; Khatri et al., 2010).
This cytokine storm has been associated in mice to the arrival of inflammatory moDC in the lung,
indeed, pharmacological or genetic downregulation of moDC trafficking moderates the early
inflammation, reduces morbidity and mortality without impacting the mounting of the adaptive
immune response (Aldridge et al., 2009). This model might also stand for IAV infection in swine, since
we observed the arrival of similar pro-inflammatory moDC in the porcine lung as soon as 2 days post-
IAV inoculation (Maisonnasse et al., 2016). As in mouse (Westerhof et al.,, 2019) and human
(Bonduelle et al., 2014), influenza virus infections in pigs trigger multifunctional blood (Talker et al.,
2015) and lung (Talker et al., 2016) antigen-specific CD8 and CD4 T cells. Interestingly a strain of
inbred animals, the Babrahama pigs, allowed the use of swine major histocompatibility class | (MHC-
I) tetramers to analyze the anti-NP CD8 T cells raised upon influenza intranasal vaccination (Tungatt
et al.,, 2018), and influenza infection (Edmans et al., 2021). This last study also detected a strong
influx of y6 T cells in the alveolar space during influenza infection. Similarly, and in agreement with a
role in respiratory immunity, the CD3+NKp46+ lymphocyte population described in swine by Mair et
al. (Mair et al., 2016) presented a strong increase in the lung of influenza infected animal, most
probably due to local proliferation. SCID human beings and pigs presenting an autologous deficiency
in Artemis gene (DCLRE1C) (Moshous et al., 2001) do not develop adaptive immune T and B
lymphocytes but harbor functional NK cells (Powell et al., 2016). Human affected by this mutation
present recurrent respiratory infections but not recorded influenza infections (Volk et al., 2015), and
survived early childhood thanks to intravenous Ig therapy. Interestingly SCID/Artemis pigs presented
higher virus excretion and delay in virus clearance, but milder lung lesions and clinical signs
compared with their heterologous counterparts (Rajao et al., 2017), in agreement with a role of the
adaptive immune response both in the control of the viremia and in the inflammatory pathology. In
short, pigs can be an interesting model of human influenza infection using endemic porcine or
human influenza viruses. The height of the influenza porcine model being to use pig-originated
pdmH1N1 (Mena et al., 2016) human pandemic virus in porcine infectious assay as a model of the
human infection (Schwaiger et al., 2019).

-Coronavirus: With the recent COVID-19 crisis there is new need for the development of relevant
animal models to study coronavirus infections. In pig, the only respiratory coronavirus (Porcine
Respiratory Coronavirus, PrCoV) is an Alphacoronavirus which is a variant of the Transmissible
Gastroenteritis Virus (TGEV) (Wang et al., 2019). Indeed, a large 5’ deletion in the Spike gene of TGEV
altered the tropism and the virulence of PrCoV. PrCoV receptor is the aminopeptidase N (APN also
named CD13), mainly expressed on respiratory and intestinal epithelial cells, whereas human SARS-
CoV and SARS-CoV-2 bind to ACE2, a protein similarly expressed on respiratory and intestinal
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epithelial cells but also on endothelial cells, which may have strong implication in virus pathogeny
(Saponaro et al., 2020). Indeed, engineering transgenic mice expressing the human ACE2 suffice to
trigger the full clinical picture of SARS-CoV-2 in mice (Bao et al., 2020; Israelow et al., 2020; Sun et al.,
2020). Regarding the first SARS-CoV, the pig has been demonstrated to be susceptible (Chen et al.,
2005). With the SARS-CoV-2, the situation is less clear and contradictory results have been reported
(Meekins et al., 2020; Pickering et al., 2020; Sclottau et al., 2020; Shi et al., 2020). In 3 out of 4 of
these reports (Meekins et al., 2020; Sclottau et al., 2020; Shi et al., 2020), pigs inoculated using nasal
or oral routes did not develop any lesions nor clinical signs. Moreover, authors did not detect any
viral excretion. However in one of these 3 studies (Meekins et al., 2020) SARS-CoV-2 replicated in
porcine epithelial cell lines. In the fourth study (Pickering et al., 2020), mild clinical signs were
observed in some inoculated pigs and viral RNA was detected in nasal lavage and oral fluid.
Furthermore, infectious virus was isolated from submandibular LN in one pig 13 days post-
inoculation and a serological response was evidenced in two animals 11 days post-inoculation
(Meekins et al., 2020). Thus, at this early stage, it is very difficult to definitely conclude about the
relevance of the pig model for the study of SARS-CoV-2.

The SARS-Cov-2 emergence revealed the lack of knowledge on seasonal human coronavirus.
The prototype viruses from the two main HCoV lineages are 229E (Alphacoronavirus, like the porcine
PrCOV) and OC43 (Betacoronavirus). They cause 15-29% of all common colds, and are the best
characterized HCoV, although 2 other human coronavirus are also considered as endemic (NL63 and
HKU1) (Su et al., 2016). In addition, HCOV-229E uses the same receptor as PrCOV. Thus swine might
be a good model of seasonal coronavirus infections allowing, in addition, the investigation of
coronavirus and IAV co-infections.

Regarding respiratory infections, it is worth to report here that pig lungs are suitable for the
generation of precision cut lung slices (PCLS) permitting the analysis, using multiple in vitro
conditions, of monoinfections (Delgado-Ortega et al., 2014) as well as of coinfecting viruses’ complex
interactions on primary tissue-samples (Dobrescu et al., 2014; Saade et al., 2020).

Vaccination

Reviews arguing for the use of large animal models, including swine, have been published in
2015 that inventoried pig usage for vaccination and challenge tests against Bordetella pertussis,
Chlamydia trachomatis, human norovirus, rotavirus and IAV (Gerdts et al., 2015; Rajao and Vincent,
2015). In addition to allow the evaluation of vaccines directly through protection against an
infectious challenge, animal models can permit to evaluate vaccines indirectly through immune
responses measurement without the final step of the infectious challenge. In this case, the animal
model is not anymore needed to be susceptible to the pathogen. For instance, swine are commonly
used to assess the potency of delivery devices and adjuvants.
-Delivery: The place and mode of delivery determine the localization of memory and effector cells
upon challenge. For instance it has been shown in mice that epicutaneous (EP) vaccination allows
mucosal immune response in mice (Belyakov et al., 2004). Pig skin is recognized as a good model of
human skin because of structure (hairiness, epidermis and dermis thickness, subcutaneous fat) and
lipid composition (Hammond et al., 2000) similarities, which makes pig skin permeability similar to
the human one, as well as because of dendritic cells and macrophages resemblance (Marquet et al.,
2014; Summerfield et al., 2015). Thus pig is a model of choice to test EP, transcutaneous (TC) and
intradermic (ID) vaccination protocols for the induction of respiratory immune protection. Direct
intramuscular (IM) DNA vaccination presented early encouraging success in mouse (Ulmer et al.,
1993) that were not reproduced in large animals including humans and pigs. Although not further
investigated, this discrepancy might rely on tissue stiffness differences according to the animal size.
Vaccination against respiratory diseases can also favor a pulmonary localized immune response by
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directly exposing the target tissue to the antigens using aerosol (AS), intranasal (IN) or intratracheal
(IT) deliveries. For that purpose, the size of swine upper respiratory tract, more similar to the human
ones than small animals such as mouse or ferret, might guarantee a better compliance with clinical
situations (Kirschvink and Reinhold, 2008; Rogers et al., 2008). As an illustration, herein some
technics used in vaccination (mainly against influenza) in swine: prime-boost DNA/whole virus
vaccine delivered ID/IM (Hewitt et al., 2019), single ID Aujeszky’s Disease Virus glycoproteins vaccine
(Le Luduec et al., 2016), influenza-proteins, DC-targeted ID or IM vaccination (Bernelin-Cottet et al.,
2016), protein, epicutaneous anti-RSV vaccination (Hervé et al., 2016), single-cycle influenza virus
delivered AS (Holzer et al., 2018), influenza virus-derived-replicon delivered IM (Ricklin et al., 2017),
nanoparticules whole influenza virus encapsulation delivered IN (Dhakal et al., 2017) and aerosol
intranasal delivery (Martini et al., 2020).

- Adjuvant: In addition to antigen and delivery, an essential part of a vaccine is the adjuvant used to
increase the immunogenicity of dead vaccines. One of the main developing arm of adjuvant is the
use of TLR-ligands, that trigger inflammation and antigen presenting cells activation. In that instance,
swine present a restrictive expression of TLR3 on pDC (Auray et al., 2016; Soldevila et al., 2018)
compared to the TLR3 expression on cDC1 in human (Poulin et al., 2010) and mouse (Desch et al.,
2011). Conversely, pig and human, but not mouse, expressed an active TLR8 receptor that can detect
RNA specifically from live bacteria (Ugolini et al., 2018), leading to a better activation of follicular DC
and the differentiation of high affinity antibodies. Finally, it has been proposed to use aGalSer as an
adjuvant in human vaccination that would harness iNKT cells (Speir et al., 2017) and help for CD8 T
cells activation. This strategy has been prospected in pig (for review (Yang et al., 2017b)). A first
assay using aGalSer as immunostimulant before IAV infection did not allow protection (Gu et al.,
2021), although this result does not preclude the use of aGalSer as true vaccine adjuvant.

Microbiota

In the last years the importance of the microbiota and especially the gut microbiota in the
preservation of homeostasis and health has been extensively studied. The gut microbiota can
influence the lung health and the susceptibility of porcine host to respiratory infections (Bassaganya-
Riera et al., 2003; Niederwerder, 2017). It is also known that all the mucosa in the body have some
connections forming the common mucosal immune system in man (Dang and Marsland, 2019) as in
pig (Wilson and Obradovic, 2020). Because of the use of pigs in biomedical research, some
comparisons between human and pig gut microbiota have been carried out. By deep metagenome
sequencing of faecal DNA from 287 pigs, Xiao and collaborators showed that among functional
pathways found in humans, 96% were present in pigs (Xiao et al., 2016). However, in other studies
comparing gut microbiota (Xiao et al., 2016) and fecal microbiota (Kobayashi et al., 2020) in different
species, it was shown that pig was less close to humans than marmosets and three shrews. Moreover
the pig, even if omnivorous like humans, had fecal microbiota showing some common features with
herbivores as the presence of Fibrobacter, a cellulolytic bacterium (Kobayashi et al., 2020). Recently a
further demonstration of the gut lung axis has been demonstrated in swine with an impact of a
porcine herpesvirus (Aujeszky’s Disease Virus) on microbial community and immune status in the
ileum and colon of piglets (Zhang et al.,, 2019). Finally, the last decade firmly established the
existence and precisely described a symbiotic, stable respiratory microbiota in mouse and man (for
review see (Man et al., 2017). These investigations remain to be done in pig.

Respiratory Allergy and Asthma

Respiratory allergy corresponds to the improper activation of a Th2 response, leading to the
establishment of an IgE mediated anamnestic immune response that will trigger eosinophils
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degranulation and asthma. Although food allergy is well-established in swine (for review see (Rupa et
al., 2009)), allergic asthma does not occur spontaneously in the animal world, albeit guinea pigs,
ferrets and pigs can be artificially sensitized. The establishment of a stable chronic porcine asthma
model appears to be difficult because the sensitivity to the antigen declines after repeated allergen
exposure (Szelenyi, 2000). However, upon Ascaris suum antigen sensitization consisting of an A.
suum extract in Al(OH); followed by two booster doses and a challenge with nebulized allergen, pigs
developed airway inflammation associated with eosinophils and neutrophils infiltration (Fornhem et
al., 1996). On the induction side, cDC2 have been demonstrated to be the main trigger of the Th2
bias involved in the allergic response. As specified in the dendritic cells chapter above, porcine cDC2
resemble more to human than to mice cDC2 on several aspects in blood (Auray et al., 2016) as well
as in the respiratory tract (Crisci et al., 2020). For instance, the two main features important to recall
here are the expression by cDC2 of the FceRla, a receptor of Ig, and the intra-epithelial and sub-
epithelial cDC2 location in the trachea and the bronchia respectively (Maisonnasse et al., 2016; Yu et
al., 2013). Invariant NKT cells have been strongly involved in the Th2 bias of allergic responses (for
review see (Matangkasombut et al., 2009)), interestingly Renukaradhya et al. demonstrated that
intra-tracheal instillation of a-GalCer analog in pigs triggered iNKT cells activation and acute airway
hyperactivity associated with a Th2 cytokine profile (Renukaradhya et al., 2011). On the effector side,
dendrograms indicate that porcine IgE is more similar to IgE of carnivores, horses and humans than
to other artiodactyls IgE (Butler et al., 2009). In swine as in human, mast cell tryptase inhibitor
administrated prior to allergen challenge prevented acute bronchoconstrictive response and
decreased histamine release (Ploeg et al., 2002), while corticoid administration decreased airways
inflammatory cells infiltration (Fornhem et al., 1996). Still on the clinical side, porcine lung smooth
muscles reactions to inflammatory stimuli are a current model of asthma-muscle contraction (Ram-
Mohan et al., 2020; Sieck et al., 2019). Interestingly, airway contractions upon in vivo acid treatment
in piglets (Reznikov et al., 2019) recapitulated the airway hyper-responsiveness (AHR) gender bias
observed in infants (Van Merode et al., 2007).

Several intravenously administered compound such as nanomedicines, radiologic contrast agents
and other pharmaceutical products may trigger in human rare events of pseudoallergic infusion
reactions which are hypersensitivity reactions. Thanks to their high sensitivity, pigs have been used
for decades to detect such reactions, using the “complement activation-related pseudoallergy”
(CARPA) model (for review (Szebeni and Bawa, 2020)). Interestingly, pig high sensitivity seems
strongly related to the presence of constitutive PIM (Csukas et al., 2015), what might be a clue of the
presence of induced PIM in humans susceptible to such reactions.

Acute and Chronic inflammations

Acute lung injury (ALIl) and its severe form acute respiratory distress syndrome (ARDS) are
responsible for more than 10% of intensive care unit admissions. ARDS conditions can be artificially
reproduced in swine by using lung repeated lavages, and oleic acid or endotoxin instillations (for
review see (Ballard-Croft et al., 2012)). Porcine models more related to human medical conditions
have been developed recently such as hemorrhagic shock (Morris et al., 2020), hyperoxia (Katalan et
al., 2017) or ricin induced-ARDS (Katalan et al., 2017). To our knowledge, no porcine model of ARDS
triggered upon infection-induced pneumonia has been reported. The early ARDS stage is
characterized by an acute inflammatory response that includes release of IL1, TNF, IL8 and
subsequent neutrophil recruitment (for review see (Ware, 2006)), that can be mimicked in pig
(Morris et al., 2020).

In developed countries, chronic obstructive disease (COPD) is mostly provoked by smoking
and result in the remodeling and narrowing of small airway associated with pulmonary emphysema,
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likely due to chronic inflammation leading to increased numbers of neutrophils, macrophages, DC, T
and B lymphocytes. Chronic inflammation is maintained by macrophages and neutrophils infiltration
although autoimmunity related to autoantibodies and activated CD8 is suspected (for review see
(Caramori et al., 2016)). The emphysema appears to be linked to metalloproteinases (MMP) catalytic
activity. A mutated-pig phenotype has been described presenting emphysema associated with MMP9
and 12 hyper-expression which might be the first step toward the development of a COPD porcine
model (Bruun et al., 2013). To note, pigs are already used as model for cigarette smoke short (Gilman
et al., 1981) and middle (Gilman et al., 1981) term effects. The development of pig as a COPD model
would allow to explore an interesting hypothesis linking COPD and non-alcoholic fatty liver diseases
(Lonardo et al., 2017) that we would like to bring together with the potential pro-inflammatory PIM
induction in humans suffering of liver dysfunctions (Klingensmith et al., 1978, 1976). Whether the
constitutional presence of PIM in swine might favor or impaired this model remains to be
established.

Lung graft
Herein we will not tackle the field of xenotransplantation, that is beyond the scope of this

review and has been reviewed recently elsewhere (Burdorf et al., 2018). Regular lung transplantation
is the final treatment option for patients presenting end-stage lung diseases. The 1-year survival has
greatly improved in the last 40 years, reaching now 84% (Chambers et al., 2017). Pig is used as a
model of lung transplantation (Mariscal et al., 2018) to study primary graft dysfunctions and test new
preventive interventions to reduce or avoid these conditions (Iskender et al., 2016; Martins et al.,
2004). Interestingly, pig lungs are currently used to improve and further develop the promising ex
vivo lung perfusion (EVLP) method (for review (Tane et al., 2017)) leading to the reconditioning of
lung graft rejected in first instances because of not reaching the graft quality criteria. Porcine model
allowed to validate methods that decreased the expression of acute lung injury related genes
(Dromparis et al., 2019) or that increased the extracorporeal surviving time (Hozain et al., 2020).
Moreover, EVLP development give accessibility and time for intervention on the lung graft before
grafting. The pig model allows to test extracorporeal intervention such as IL10 gene-therapy in order
to act specifically on the immune tolerability of the transplant (MacHuca et al., 2017).

Conclusions and perspectives:

In conclusion, we think that the development of pig as a respiratory model of medical
conditions might be encouraged following three main research fields:

Because of the resemblances between porcine and human cutaneous, respiratory and
intestinal systems, associated to the immunological similarities of these species, pig appears to be a
model of choice to study the interactions between the different mucosae. In this perspective, a
better knowledge of porcine skin, lung and intestinal microbiota will be needed.

The second important point would be to develop pig as a model of respiratory allergies
according to the high similarity of cDC2 in pig and man, as well as to the good knowledge of porcine
neutrophils and iNKT cells. The main immunological hurdle for this development remains the lack of
reagents to follow the B cell response (B cells markers, such as CD19 and CD20 and tools to
discriminate the different IgG isotypes).

Finally, according to the large knowledge accumulated on the pig blood monocytes and
respiratory macrophages, as well as to the relative long life span of pigs, the long term consequences
of immune system alterations triggered by immunostimulants or primary infections, leading to
trained immunity (Angulo et al., 2020; Guillon et al., 2020; Stylianou et al., 2019; Yao et al., 2018) or
tolerance (Bouras et al., 2018; Didierlaurent et al., 2008) might be advantageously studied in this
model.
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To summarize, thanks to the knowledge and tools developed during the last years, pig
appears now as the third medical model after mice and non-human primates, and might be seriously
considered when looking for a respiratory experimental model, especially in the fields of mucosal
interactions, allergies and trained immunity.

Bibliography

Aegerter, H., Kulikauskaite, J., Crotta, S., Patel, H., Kelly, G., Hessel, E.M., Mack, M., Beinke, S., Wack,
A., 2020. Influenza-induced monocyte-derived alveolar macrophages confer prolonged
antibacterial protection. Nat. Immunol. https://doi.org/10.1038/s41590-019-0568-x

Aldridge, J.R., Moseley, C.E., Boltz, D.A., Negovetich, N.J., Reynolds, C., Franks, J., Brown, S.A,,
Doherty, P.C., Webster, R.G., Thomas, P.G., 2009. TNF/iNOS-producing dendritic cells are the
necessary evil of lethal influenza virus infection. Proc. Natl. Acad. Sci. 106, 5306-5311.
https://doi.org/10.1073/pnas.0900655106

Angulo, M., Reyes-Becerril, M., Cepeda-Palacios, R., Angulo, C., 2020. Oral administration of
Debaryomyces hansenii CBS8339-B-glucan induces trained immunity in newborn goats. Dev.
Comp. Immunol. 105, 103597. https://doi.org/10.1016/).DCI.2019.103597

Arnon, T.l,, Achdout, H., Lieberman, N., Gazit, R., Gonen-Gross, T., Katz, G., Bar-llan, A., Bloushtain,
N., Lev, M., Joseph, A., Kedar, E., Porgador, A., Mandelboim, O., 2004. The mechanisms
controlling the recognition of tumor- and virus-infected cells by NKp46. Blood 103, 664—672.
https://doi.org/10.1182/blood-2003-05-1716

Artiaga, B.L., Whitener, R.L., Staples, C.R., Driver, J.P., 2014. Adjuvant effects of therapeutic
glycolipids administered to a cohort of NKT cell-diverse pigs. Vet. Immunol. Immunopathol. 162,
1-13. https://doi.org/10.1016/j.vetimm.2014.09.006

Auray, G., Keller, 1., Python, S., Gerber, M., Bruggmann, R., Ruggli, N., Summerfield, A., 2016.
Characterization and Transcriptomic Analysis of Porcine Blood Conventional and Plasmacytoid
Dendritic Cells Reveals Striking Species-Specific Differences. J. Immunol. 197, 4791-4806.
https://doi.org/10.4049/jimmunol.1600672

Ballard-Croft, C., Wang, D., Sumpter, L.R., Zhou, X., Zwischenberger, J.B., 2012. Large-animal models
of acute respiratory distress syndrome. Ann. Thorac. Surg. 93, 1331-1339.
https://doi.org/10.1016/j.athoracsur.2011.06.107

Ballesteros-Tato, A., Ledn, B., Lund, F.E., Randall, T.D., 2010. Temporal changes in dendritic cell
subsets, cross-priming and costimulation via CD70 control CD8+T cell responses to influenza.
Nat. Immunol. 11, 216-224. https://doi.org/10.1038/ni.1838

Bao, L., Deng, W., Huang, B., Gao, H., Liu, J., Ren, L., Wei, Q., Yu, P., Xu, Y., Qj, F.,, Qu, Y., Li, F., Lv, Q.,
Wang, W., Xue, J., Gong, S., Liu, M., Wang, G., Wang, S., Song, Z., Zhao, Linna, Liu, P., Zhao, Li,
Ye, F., Wang, H., Zhou, W., Zhu, N., Zhen, W., Yu, H., Zhang, X., Guo, L., Chen, L., Wang, C.,
Wang, Y., Wang, X., Xiao, Y., Sun, Q., Liu, H., Zhu, F., Ma, C,, Yan, L., Yang, M., Han, J., Xu, W.,
Tan, W., Peng, X., Jin, Q., Wu, G., Qin, C., 2020. The pathogenicity of SARS-CoV-2 in hACE2
transgenic mice. Nature 583, 830—833. https://doi.org/10.1038/s41586-020-2312-y

Barbé, F., Atanasova, K., Van Reeth, K., 2011. Cytokines and acute phase proteins associated with
acute swine influenza infection in pigs. Vet. J. 187, 48-53.
https://doi.org/10.1016/j.tvjl.2009.12.012

Bassaganya-Riera, J., Pogranichniy, R.M., Jobgen, S.C., Halbur, P.G., Yoon, K.J., O’Shea, M., Mohede,
I., Hontecillas, R., 2003. Conjugated linoleic acid ameliorates viral infectivity in a pig model of
virally induced immunosuppression. J. Nutr. 133, 3204-3214.

14



662

663
664
665

666
667
668
669
670

671
672
673
674
675
676

677
678
679
680

681
682
683

684
685
686

687
688
689
690

691
692
693

694
695
696
697

698
699
700
701
702

703
704
705
706

https://doi.org/10.1093/jn/133.10.3204

Belyakov, .M., Hammond, S.A., Ahlers, J.D., Glenn, G.M., Berzofsky, J.A., 2004. Transcutaneous
immunization induces mucosal CTLs and protective immunity by migration of primed skin
dendritic cells. J. Clin. Invest. 113, 998-1007. https://doi.org/10.1172/JCI20261

Bernelin-Cottet, C., Deloizy, C., Stanek, O., Barc, C., Bouguyon, E., Urien, C., Boulesteix, O., Pezant, J.,
Richard, C.-A., Moudjou, M., Da Costa, B., Jouneau, L., Chevalier, C., Leclerc, C., Sebo, P., Bertho,
N., Schwartz-Cornil, I., 2016. A universal influenza vaccine can lead to disease exacerbation or
viral control depending on delivery strategies. Front. Immunol. 7.
https://doi.org/10.3389/fimmu.2016.00641

Bernelin-Cottet, C., Urien, C., McCaffrey, J., Collins, D., Donadei, A., McDaid, D., Jakob, V., Barnier-
Quer, C,, Collin, N., Bouguyon, E., Bordet, E., Barc, C., Boulesteix, O., Leplat, J.-J., Blanc, F.,
Contreras, V., Bertho, N., Moore, A., Schwartz-Cornil, I., 2019. Electroporation of a nanoparticle-
associated DNA vaccine induces higher inflammation and immunity compared to its delivery
with microneedle patches in pigs. J. Control. Release.
https://doi.org/10.1016/).JCONREL.2019.06.041

Bigley, V., McGovern, N., Milne, P., Dickinson, R., Pagan, S., Cookson, S., Haniffa, M., Collin, M., 2015.
Langerin-expressing dendritic cells in human tissues are related to CD1c+ dendritic cells and
distinct from Langerhans cells and CD141high XCR1+ dendritic cells. J. Leukoc. Biol. 97, 627—
634. https://doi.org/10.1189/jlb.1HI0714-351R

Binns, R.M., Duncan, I.A., Powis, S.J., Hutchings, A., Butcher, G.W., 1992. Subsets of null and gamma
delta T-cell receptor+ T lymphocytes in the blood of young pigs identified by specific
monoclonal antibodies. Immunology 77, 219-27.

Bittmann, I., Dose, T., Baretton, G.B., Miiller, C., Schwaiblmair, M., Kur, F., Lohrs, U., 2001. Cellular
chimerism of the lung after transplantation: An interphase cytogenetic study. Am. J. Clin.
Pathol. 115, 525-533. https://doi.org/10.1309/GAFN-5MPA-LYS8E-DTPQ

Blanc, F., Prévost-Blondel, A., Piton, G., Bouguyon, E., Leplat, J.-J., Andréoletti, F., Egidy, G., Bourneuf,
E., Bertho, N., Vincent-Naulleau, S., 2020. The Composition of Circulating Leukocytes Varies
With Age and Melanoma Onset in the MeLiM Pig Biomedical Model. Front. Immunol. 11, 291.
https://doi.org/10.3389/fimmu.2020.00291

Bolin, C.A., Whipple, D.L., Khanna, K. V., Risdahl, J.M., Peterson, P.K., Molitor, T.W., 1997. Infection of
swine with Mycobacterium bovis as a model of human tuberculosis. J. Infect. Dis. 176, 1559—
1566. https://doi.org/10.1086/514155

Bonduelle, O., Carrat, F., Luyt, C.E., Leport, C., Mosnier, A., Benhabiles, N., Krivine, A., Rozenberg, F.,
Yahia, N., Samri, A., Rousset, D., Van Der Werf, S., Autran, B., Combadiere, B., 2014.
Characterization of pandemic influenza immune memory signature after vaccination or
infection. J. Clin. Invest. 124, 3129-3136. https://doi.org/10.1172/)JC174565

Bordet, E., Frétaud, M., Crisci, E., Bouguyon, E., Rault, S., Pezant, J., Pleau, A., Renson, P., Giuffra, E.,
Larcher, T., Bourge, M., Bourry, O., Boulesteix, O., Langevin, C., Schwartz-Cornil, I., Bertho, N.,
2019. Macrophage-B Cell Interactions in the Inverted Porcine Lymph Node and Their Response
to Porcine Reproductive and Respiratory Syndrome Virus. Front. Immunol. 10, 953.
https://doi.org/10.3389/fimmu.2019.00953

Bordet, E., Maisonnasse, P., Renson, P., Bouguyon, E., Crisci, E., Tiret, M., Descamps, D., Bernelin-
Cottet, C., Urien, C., Lefévre, F., Jouneau, L., Bourry, O., Leplat, J.-J., Schwartz-Cornil, I., Bertho,
N., 2018. Porcine alveolar macrophage-like cells are pro-inflammatory pulmonary intravascular
macrophages that produce large titers of porcine reproductive and respiratory syndrome virus.

15



707

708
709
710
711
712
713

714
715
716

717
718
719

720
721
722
723

724
725
726

727
728
729

730
731

732
733
734
735

736
737
738
739

740
741
742

743
744
745
746
747
748

749
750

Sci. Rep. 8. https://doi.org/10.1038/s41598-018-28234-y

Bosteels, C., Neyt, K., Vanheerswynghels, M., van Helden, M.J,, Sichien, D., Debeuf, N., De Prijck, S.,
Bosteels, V., Vandamme, N., Martens, L., Saeys, Y., Louagie, E., Lesage, M., Williams, D.L., Tang,
S.C., Mayer, J.U., Ronchese, F., Scott, C.L., Hammad, H., Guilliams, M., Lambrecht, B.N., 2020.
Inflammatory Type 2 cDCs Acquire Features of cDC1s and Macrophages to Orchestrate
Immunity to Respiratory Virus Infection. Immunity 52, 1039-1056.e9.
https://doi.org/10.1016/j.immuni.2020.04.005

Bouras, M., Asehnoune, K., Roquilly, A., 2018. Contribution of Dendritic Cell Responses to Sepsis-
Induced Immunosuppression and to Susceptibility to Secondary Pneumonia. Front. Immunol. 9,
2590. https://doi.org/10.3389/fimmu.2018.02590

Brain, J.D., Molina, R.M., DeCamp, M.M., Warner, A.E., 1999. Pulmonary intravascular macrophages:
their contribution to the mononuclear phagocyte system in 13 species. Am. J. Physiol. Lung Cell.
Mol. Physiol. 276, L146-154.

Bréa, D., Meurens, F., Dubois, A.V., Gaillard, J., Chevaleyre, C., Jourdan, M.-L., Winter, N., Arbeille, B.,
Si-Tahar, M., Gauthier, F., Attucci, S., 2012. The pig as a model for investigating the role of
neutrophil serine proteases in human inflammatory lung diseases. Biochem. J. 447, 363—-370.
https://doi.org/10.1042/BJ20120818

Bruun, C.S., Jensen, L.K., Leifsson, P.S., Nielsen, J., Cirera, S., Jgrgensen, C.B., Jensen, H.E., Fredholm,
M., 2013. Functional characterization of a porcine emphysema model. Lung 191, 669—-675.
https://doi.org/10.1007/s00408-013-9504-2

Burdorf, L., Azimzadeh, A.M., Pierson, R.N., 2018. Progress and challenges in lung
xenotransplantation: an update. Curr. Opin. Organ Transplant. 23, 621-627.
https://doi.org/10.1097/MOT.0000000000000582

Butler, J.E., Zhao, Y., Sinkora, M., Wertz, N., Kacskovics, I., 2009. Immunoglobulins , antibody
repertoire and B cell development 33, 321-333. https://doi.org/10.1016/].dci.2008.06.015

Byrne, A.J., Powell, J.E., O’Sullivan, B.J., Ogger, P.P., Hoffland, A., Cook, J., Bonner, K.L., Hewitt, R.J.,
Wolf, S., Ghai, P., Walker, S.A., Lukowski, S.W., Molyneaux, P.L., Saglani, S., Chambers, D.C.,
Maher, T.M., Lloyd, C.M., 2020. Dynamics of human monocytes and airway macrophages during
healthy aging and after transplant. J. Exp. Med. 217. https://doi.org/10.1084/jem.20191236

Cantu, E., Balsara, K.R., Li, B., Lau, C., Gibson, S., Wyse, A, Baig, K., Gaca, J., Gonzalez-Stawinski, G. V.,
Nichols, T., Parker, W., Davis, R.D., 2007. Prolonged function of macrophage, von Willebrand
factor-deficient porcine pulmonary xenografts. Am. J. Transplant. 7, 66—75.
https://doi.org/10.1111/j.1600-6143.2006.01603.x

Caramori, G., Casolari, P., Barczyk, A., Durham, A.L., Di Stefano, A., Adcock, I., 2016. COPD
immunopathology. Semin. Immunopathol. 38, 497-515. https://doi.org/10.1007/s00281-016-
0561-5

Chakarov, S., Lim, H.Y., Tan, L., Lim, S.Y., See, P., Lum, J., Zhang, X.-M., Foo, S., Nakamizo, S., Duan, K.,
Kong, W.T., Gentek, R., Balachander, A., Carbajo, D., Bleriot, C., Malleret, B., Tam, J.K.C., Baig, S.,
Shabeer, M., Toh, S.-A.E.S., Schlitzer, A., Larbi, A., Marichal, T., Malissen, B., Chen, J., Poidinger,
M., Kabashima, K., Bajenoff, M., Ng, L.G., Angeli, V., Ginhoux, F., 2019. Two distinct interstitial
macrophage populations coexist across tissues in specific subtissular niches. Science (80-. ). 363,
eaau0964. https://doi.org/10.1126/SCIENCE.AAU0964

Chambers, D.C., Yusen, R.D., Cherikh, W.S., Goldfarb, S.B., Kucheryavaya, A.Y., Khusch, K., Levvey,
B.J., Lund, L.H., Meiser, B., Rossano, J.W., Stehlik, J., 2017. The Registry of the International

16



751
752
753

754
755
756
757
758

759
760
761

762
763
764
765

766
767
768
769
770

771
772
773

774
775
776
777

778
779
780
781
782

783
784

785
786
787

788
789

790
791
792
793
794
795

Society for Heart and Lung Transplantation: Thirty-fourth Adult Lung And Heart-Lung
Transplantation Report—2017; Focus Theme: Allograft ischemic time. J. Hear. Lung Transplant.
36, 1047-1059. https://doi.org/10.1016/j.healun.2017.07.016

Chastagner, A., Bonin, E., Fablet, C., Quéguiner, S., Hirchaud, E., Lucas, P., Gorin, S., Barbier, N.,
Béven, V., Garin, E., Blanchard, Y., Rose, N., Hervé, S., Simon, G., 2019a. Virus persistence in pig
herds led to successive reassortment events between swine and human influenza A viruses,
resulting in the emergence of a novel triple-reassortant swine influenza virus. Vet. Res. 50, 1-9.
https://doi.org/10.1186/s13567-019-0699-y

Chastagner, A., Enouf, V., Peroz, D., Hervé, S., Lucas, P., Leneveu, P., Garin, E., Simon, G., 2019b.
Bidirectional Human-Swine Transmission of Seasonal Influenza A(H1IN1)pdmOQ9 Virus in Pig
Herd, France, 2018. Emerg. Infect. Dis. 25, 1940-1943. https://doi.org/10.3201/eid2510.190068

Chen, W., Yan, M., Yang, L., Ding, B., He, B., Wang, Y., Liu, X,, Liu, C., Zhu, H., You, B., Huang, S.,
Zhang, J., Mu, F., Xiang, Z., Feng, X., Wen, J., Fang, J., Yu, J., Yang, H., Wang, J., 2005. SARS-
associated coronavirus transmitted from human to pig. Emerg. Infect. Dis. 11, 446—448.
https://doi.org/10.3201/eid1103.040824

Chevaleyre, C., Riou, M., Bréa, D., Vandebrouck, C., Barc, C., Pezant, J., Melo, S., Olivier, M.,
Delaunay, R., Boulesteix, O., Berthon, P., Rossignol, C., Gaillard, J.B., Becq, F., Gauthier, F., Si-
Tahar, M., Meurens, F., Berri, M., Caballero-Posadas, I., Attucci, S., 2016. The pig: A relevant
model for evaluating the neutrophil serine protease activities during acute pseudomonas
aeruginosa lung infection. PLoS One 11, 1-17. https://doi.org/10.1371/journal.pone.0168577

Cho, H.J,, Joo, N.S., Wine, J.J., 2011. Defective fluid secretion from submucosal glands of nasal
turbinates from CFTR -/- and CFTRA AF508/AF508 pigs. PLoS One 6.
https://doi.org/10.1371/journal.pone.0024424

Connelley, T.K., Longhi, C., Burrells, A., Degnan, K., Hope, J., Allan, A.J.,, Hammond, J.A,, Storset, A.K.,
Morrison, W.l., 2014. NKp46 + CD3 + Cells: A Novel Nonconventional T Cell Subset in Cattle
Exhibiting Both NK Cell and T Cell Features . J. Immunol. 192, 3868—-3880.
https://doi.org/10.4049/jimmunol.1302464

Crisci, E., Morolodo, M., Vu Manh, T.-P., Mohammad, A., Jourdren, L., Urien, C., Bouguyon, E.,
Bordet, E., Bevilacqua, C., Bourge, M., Pezant, J., Pléau, A., Boulesteix, O., Schwartz, |., Bertho,
N., Giuffra, E., 2020. Distinctive Cellular and Metabolic Reprogramming in Porcine Lung
Mononuclear Phagocytes Infected With Type 1 PRRSV Strains. Front. Immunol. 11, 1-17.
https://doi.org/10.3389/fimmu.2020.588411

Crisci, E., Mussa, T., Fraile, L., Montoya, M., 2013. Review: Influenza virus in pigs. Mol. Immunol. 55,
200-211. https://doi.org/10.1016/j.molimm.2013.02.008

Csukas, D., Urbanics, R., Wéber, G., Rosivall, L., Szebeni, J., 2015. Pulmonary intravascular
macrophages: Prime suspects as cellular mediators of porcine CARPA. Eur. J. Nanomedicine 7,
27-36. https://doi.org/10.1515/ejnm-2015-0008

Dang, A.T., Marsland, B.J., 2019. Microbes, metabolites, and the gut—lung axis. Mucosal Immunol. 12,
843—850. https://doi.org/10.1038/s41385-019-0160-6

Dawson, H.D., Loveland, J.E., Pascal, G., Gilbert, J.G.R., Uenishi, H., Mann, K.M., Sang, Y., Zhang, J.,
Carvalho-Silva, D., Hunt, T., Hardy, M., Hu, Z., Zhao, S.H., Anselmo, A., Shinkai, H., Chen, C.,
Badaoui, B., Berman, D., Amid, C., Kay, M., Lloyd, D., Snow, C., Morozumi, T., Cheng, R.P.Y.,
Bystrom, M., Kapetanovic, R., Schwartz, J.C., Kataria, R., Astley, M., Fritz, E., Steward, C.,
Thomas, M., Wilming, L., Toki, D., Archibald, A.L., Bed’"Hom, B., Beraldi, D., Huang, T.H., Ait-Ali,
T., Blecha, F., Botti, S., Freeman, T.C., Giuffra, E., Hume, D.A., Lunney, J.K., Murtaugh, M.P.,

17



796
797
798

799
800

801
802

803
804
805

806
807
808
809

810
811
812
813

814
815
816
817
818

819
820
821
822

823
824
825
826

827
828
829
830

831
832
833
834
835

836
837
838
839

Reecy, J.M., Harrow, J.L., Rogel-Gaillard, C., Tuggle, C.K., 2013. Structural and functional
annotation of the porcine immunome. BMC Genomics 14. https://doi.org/10.1186/1471-2164-
14-332

Dawson, H.D., Lunney, J.K., 2018. Porcine cluster of differentiation (CD) markers 2018 update. Res.
Vet. Sci. 118, 199-246. https://doi.org/10.1016/J.RVSC.2018.02.007

Dawson, H.D., Sang, Y., Lunney, J.K., 2020. Porcine cytokines, chemokines and growth factors: 2019
update. Res. Vet. Sci. 131, 266—300. https://doi.org/10.1016/j.rvsc.2020.04.022

Dehring, D.J., Crocker, S.H., Wismar, B.L., Steinberg, S.M., Lowery, B.D., Cloutier, C.T., 1983.
Comparison of live bacteria infusions in a porcine model of acute respiratory failure. J. Surg.
Res. 34, 151-158. https://doi.org/10.1016/0022-4804(83)90054-9

Delgado-Ortega, M., Melo, S., Punyadarsaniya, D., Ramé, C., Olivier, M., Soubieux, D., Marc, D.,
Simon, G., Herrler, G., Berri, M., Dupont, J., Meurens, F., 2014. Innate immune response to a
H3N2 subtype swine influenza virus in newborn porcine trachea cells, alveolar macrophages,
and precision-cut lung slices. Vet. Res. 45, 42. https://doi.org/10.1186/1297-9716-45-42

Desch, A.N., Randolph, G.J., Murphy, K., Gautier, E.L., Kedl, R.M., Lahoud, M.H., Caminschi, .,
Shortman, K., Henson, P.M., Jakubzick, C. V., 2011. CD103 * pulmonary dendritic cells
preferentially acquire and present apoptotic cell-associated antigen. J. Exp. Med. 208, 1789—
1797. https://doi.org/10.1084/jem.20110538

Dhakal, S., Hiremath, J., Bondra, K., Lakshmanappa, Y.S., Shyu, D.L., Ouyang, K., Kang, K. il,
Binjawadagi, B., Goodman, J., Tabynov, K., Krakowka, S., Narasimhan, B., Lee, C.W.,
Renukaradhya, G.J., 2017. Biodegradable nanoparticle delivery of inactivated swine influenza
virus vaccine provides heterologous cell-mediated immune response in pigs. J. Control. Release
247, 194-205. https://doi.org/10.1016/j.jconrel.2016.12.039

Didierlaurent, A., Goulding, J., Patel, S., Snelgrove, R., Low, L., Bebien, M., Lawrence, T., Van Rijt, L.S.,
Lambrecht, B.N., Sirard, J.C., Hussell, T., 2008. Sustained desensitization to bacterial Toll-like
receptor ligands after resolution of respiratory influenza infection. J. Exp. Med. 205, 323-329.
https://doi.org/10.1084/jem.20070891

Dobrescuy, I., Levast, B., Lai, K., Delgado-Ortega, M., Walker, S., Banman, S., Townsend, H., Simon, G.,
Zhou, Y., Gerdts, V., Meurens, F., 2014. In vitro and ex vivo analyses of co-infections with swine
influenza and porcine reproductive and respiratory syndrome viruses. Vet. Microbiol. 169, 18—
32. https://doi.org/10.1016/j.vetmic.2013.11.037

Dromparis, P., Aboelnazar, N.S., Wagner, S., Himmat, S., White, C.W., Hatami, S, Luc, J.G.Y., Rotich,
S., Freed, D.H., Nagendran, J., Mengel, M., Adam, B.A., 2019. Ex vivo perfusion induces a time-
and perfusate-dependent molecular repair response in explanted porcine lungs. Am. J.
Transplant. 19, 1024-1036. https://doi.org/10.1111/ajt.15123

Edmans, M., McNee, A., Porter, E., Vatzia, E., Paudyal, B., Martini, V., Gubbins, S., Francis, O., Harley,
R., Thomas, A., Burt, R., Morgan, S., Fuller, A,, Sewell, A., Charleston, B., Bailey, M., Tchilian, E.,
2021. Magnitude and Kinetics of T Cell and Antibody Responses During HIN1pdmQ9 Infection in
Inbred Babraham Pigs and Outbred Pigs. Front. Immunol. 11, 1-17.
https://doi.org/10.3389/fimmu.2020.604913

Eguiluz-Gracia, I., Schultz, H.H.L., Sikkeland, L.I.B., Danilova, E., Holm, A.M., Pronk, C.J.H., Agace,
W.W.,, Ilversen, M., Andersen, C., Jahnsen, F.L., Baekkevold, E.S., 2016. Long-Term persistence of
human donor alveolar macrophages in lung transplant recipients. Thorax 71, 1006—1011.
https://doi.org/10.1136/thoraxjnl-2016-208292

18



840
841

842

843
844
845
846
847

848
849
850

851
852
853

854
855

856
857
858
859

860
861

862
863
864

865
866
867
868
869
870
871

872
873
874
875

876
877
878

879
880

881
882
883

Enkirch, T., von Messling, V., 2015. Ferret models of viral pathogenesis. Virology 479—-480, 259—-270.
https://doi.org/10.1016/j.virol.2015.03.017

Eurostat, 2020. Respiratory diseases statistics [WWW Document].

Evren, E., Ringqvist, E., Tripathi, K.P., Sleiers, N., Rives, I.C., Alisjahbana, A., Gao, Y., Sarhan, D., Halle,
T., Sorini, C., Lepzien, R., Marquardt, N., Michaélsson, J., Smed-Sérensen, A., Botling, J.,
Karlsson, M.C.I., Villablanca, E.J., Willinger, T., 2021. Distinct developmental pathways from
blood monocytes generate human lung macrophage diversity. Immunity 54, 259-275.e7.
https://doi.org/10.1016/j.immuni.2020.12.003

Fairbairn, L., Kapetanovic, R., Beraldi, D., Sester, D.P., Tuggle, C.K., Archibald, A.L., Hume, D.A., 2013.
Comparative Analysis of Monocyte Subsets in the Pig. J. Immunol. 190, 6389-6396.
https://doi.org/10.4049/jimmunol.1300365

Fairbairn, L., Kapetanovic, R., Sester, D.P., Hume, D.A., 2011. The mononuclear phagocyte system of
the pig as a model for understanding human innate immunity and disease. J. Leukoc. Biol. 89,
855-871. https://doi.org/10.1189/jlb.1110607

FDA, 2015. Product Development Under the Animal Rule - Guidance for Industry, Food and Drug
Administration.

Forberg, H., Hauge, A.G., Valheim, M., Garcon, F., Nunez, A., Gerner, W., Mair, K.H., Graham, S.P.,
Brookes, S.M., Storset, A.K., 2014. Early responses of natural killer cells in pigs experimentally
infected with 2009 pandemic HIN1 influenza a virus. PLoS One 9.
https://doi.org/10.1371/journal.pone.0100619

Foreman-Wykert, A.K., Miller, J.F., 2005. A new animal model of Bordetella pertussis infection and
immunity. Trends Microbiol. 13, 559-560. https://doi.org/10.1016/].tim.2005.09.007

Fornhem, C., Peterson, C.G.B., Dahlbackf, M., Scheyniusj, A., Alving, K., 1996. Granulocyte function in
the airways of allergen-challenged pigs : effects of inhaled and systemic budesonide 26, 1436—
1448.

Gao, H.-N,, Lu, H.-Z,, Cao, B., Du, B., Shang, H., Gan, J.-H., Lu, S.-H., Yang, Y.-D., Fang, Q., Shen, Y.-Z,,
Xi, X.-M., Gu, Q., Zhou, X.-M., Qu, H.-P., Yan, Z,, Li, F.-M., Zhao, W., Gao, Z.-C., Wang, G.-F.,
Ruan, L.-X., Wang, W.-H., Ye, J., Cao, H.-F., Li, X.-W., Zhang, W.-H., Fang, X.-C., He, J., Liang, W.-
F., Xie, J., Zeng, M., Wu, X.-Z,, Li, J., Xia, Q,, Jin, Z.-C., Chen, Q., Tang, C., Zhang, Z.-Y., Hou, B.-M,,
Feng, Z.-X., Sheng, J.-F., Zhong, N.-S., Li, L.-J., 2013. Clinical Findings in 111 Cases of Influenza A
(H7N9) Virus Infection. N. Engl. J. Med. 368, 2277-2285.
https://doi.org/10.1056/nejmoal305584

Gazit, R., Gruda, R., Elboim, M., Arnon, T.l., Katz, G., Achdout, H., Hanna, J., Qimron, U., Landau, G.,
Greenbaum, E., Zakay-Rones, Z., Porgador, A., Mandelboim, O., 2006. Lethal influenza infection
in the absence of the natural killer cell receptor gene Ncrl. Nat. Immunol. 7, 517-523.
https://doi.org/10.1038/ni1322

Gerdts, V., Wilson, H.L., Meurens, F., Van den Hurk, S. van D.L., Wilson, D., Walker, S., Wheler, C.,
Townsend, H., Potter, A.A., 2015. Large animal models for vaccine development and testing.
ILAR J. 56, 53—62. https://doi.org/10.1093/ilar/ilv009

Gerner, W., Kaser, T., Saalmdiller, A., 2009. Porcine T lymphocytes and NK cells - An update. Dev.
Comp. Immunol. 33, 310-320. https://doi.org/10.1016/j.dci.2008.06.003

Gerner, W., Talker, S.C., Koinig, H.C., Sedlak, C., Mair, K.H., Saalmiiller, A., 2015. Phenotypic and
functional differentiation of porcine af T cells: Current knowledge and available tools. Mol.
Immunol. 66, 3—13. https://doi.org/10.1016/j.molimm.2014.10.025

19



884
885
886

887
888
889

890
891
892

893
894
895
896

897
898
899
900

901
902
903

904
905

906
907
908
909

910
911
912

913
914
915

916
917
918
919

920
921
922

923
924

925
926
927

Gill, S.S., Suri, S.S., Janardhan, K.S., Caldwell, S., Duke, T., Singh, B., 2008. Role of pulmonary
intravascular macrophages in endotoxin-induced lung inflammation and mortality in a rat
model. Respir. Res. 9, 69. https://doi.org/10.1186/1465-9921-9-69

Gilman, M., Sylvester, J., Kennedy, T., Menkes, H., Traystman, R.J., 1981. Vascular effects of cigarette
smoke in isolated pig lungs. Am Rev Respir Dis 124, 549-553.
https://doi.org/10.1164/arrd.1981.124.5.549

Greer, A.M., Matthay, M.A,, Kukreja, J., Bhakta, N.R., Nguyen, C.P., Wolters, P.J., Woodruff, P.G.,
Fahy, J. V., Shin, J.S., 2014. Accumulation of BDCA1+ dendritic cells in interstitial fibrotic lung
diseases and Th2-high asthma. PLoS One 9. https://doi.org/10.1371/journal.pone.0099084

Gu, W., Madrid, D.M.D., Yang, G., Artiaga, B.L., Loeb, J.C., Castleman, W.L,, Richt, J.A., Lednicky, J.A.,
Driver, J.P., 2021. Unaltered influenza disease outcomes in swine prophylactically treated with
a-galactosylceramide. Dev. Comp. Immunol. 114, 103843.
https://doi.org/10.1016/j.dci.2020.103843

Guilliams, M., De Kleer, I., Henri, S., Post, S., Vanhoutte, L., De Prijck, S., Deswarte, K., Malissen, B.,
Hammad, H., Lambrecht, B.N., 2013. Alveolar macrophages develop from fetal monocytes that
differentiate into long-lived cells in the first week of life via GM-CSF. J. Exp. Med. 210, 1977—-
1992. https://doi.org/10.1084/jem.20131199

Guilliams, M., Ginhoux, F., Jakubzick, C., Naik, S.H., Onai, N., Schraml, B.U., Segura, E., Tussiwand, R.,
Yona, S., 2014. Dendritic cells, monocytes and macrophages: A unified nomenclature based on
ontogeny. Nat. Rev. Immunol. 14, 571-578. https://doi.org/10.1038/nri3712

Guilliams, M., Scott, C.L., 2017. Does niche competition determine the origin of tissue-resident
macrophages? Nat. Rev. Immunol. 17, 451-460. https://doi.org/10.1038/nri.2017.42

Guillon, A., Arafa, E.I., Barker, K.A., Belkina, A.C., Martin, |., Shenoy, A.T., Wooten, A.K., De Ana, C.L.,
Dai, A., Labadorf, A., Escalante, J.H., Dooms, H., Blasco, H., Traber, K.E., Jones, M.R., Quinton,
L.J., Mizgerd, J.P., 2020. Pneumonia recovery reprograms the alveolar macrophage pool. JCI
Insight 5. https://doi.org/10.1172/jci.insight.133042

Hammond, S.A,, Tsonis, C., Sellins, K., Rushlow, K., Scharton-Kersten, T., Colditz, I., Glenn, G.M., 2000.
Transcutaneous immunization of domestic animals: Opportunities and challenges. Adv. Drug
Deliv. Rev. 43, 45-55. https://doi.org/10.1016/50169-409X(00)00076-4

Hause, B.M., Padmanabhan, A., Pedersen, K., Gidlewski, T., 2016. Feral swine virome is dominated by
single-stranded DNA viruses and contains a novel Orthopneumovirus which circulates both in
feral and domestic swine. J. Gen. Virol. 97, 2090-2095. https://doi.org/10.1099/jgv.0.000554

Haverson, K., Bailey, M., Higgins, V.R., Bland, P.W., Stokes, C.R., 1994. Characterization of monoclonal
antibodies specific for monocytes, macrophages and granulocytes from porcine peripheral
blood and mucosal tissues. J. Immunol. Methods 170, 233—245. https://doi.org/10.1016/0022-
1759(94)90398-0

Haworth, S.G., Hislop, A.A., 1981. Adaptation of the pulmonary circulation to extra-uterine life in the
pig and its relevance to the human infant. Cardiovasc. Res. 15, 108-119.
https://doi.org/10.1093/cvr/15.2.108

Heinen, P., van Nieuwstadt, A., Pol, J., Boer-Luijtze, E., van Qirschot, J., Bianchi, A., 2000. Systemic
and Mucosal Isotype-Specific Antibody. Viral Immunol. 13, 237-247.

Hervé, P.-L., Descamps, D., Deloizy, C., Dhelft, V., Laubreton, D., Bouguyon, E., Boukadiri, A.,
Dubuquoy, C., Larcher, T., Benhamou, P.-H., Eléouét, J.-F., Bertho, N., Mondoulet, L., Riffault, S.,
2016. Non-invasive epicutaneous vaccine against Respiratory Syncytial Virus: Preclinical proof of

20



928

929
930
931
932

933
934
935
936

937
938
939
940

941
942

943
944
945

946
947
948
949
950

951
952

953
954
955
956

957
958
959

960
961

962
963

964
965
966

967
968
969
970
971

concept. J. Control. Release 243. https://doi.org/10.1016/].jconrel.2016.10.003

Hewitt, J.S., Karuppannan, A.K., Tan, S., Gauger, P., Halbur, P.G., Gerber, P.F., De Groot, A.S., Moise,
L., Opriessnig, T., 2019. A prime-boost concept using a T-cell epitope-driven DNA vaccine
followed by a whole virus vaccine effectively protected pigs in the pandemic HIN1 pig challenge
model. Vaccine 37, 4302-4309. https://doi.org/10.1016/j.vaccine.2019.06.044

Holtmeier, W., Geisel, W., Bernert, K., Butler, J.E., Sinkora, M., Rehakova, Z., Sinkora, J., Caspary,
W.F., 2004. Prenatal development of the porcine TCR 6 repertoire: Dominant expression of an
invariant T cell receptor V63-J63 chain. Eur. J. Immunol. 34, 1941-1949.
https://doi.org/10.1002/eji.200425055

Holzer, B., Morgan, S.B., Matsuoka, Y., Edmans, M., Salguero, F.J., Everett, H., Brookes, S.M., Porter,
E., MaclLoughlin, R., Charleston, B., Subbarao, K., Townsend, A., Tchilian, E., 2018. Comparison
of Heterosubtypic Protection in Ferrets and Pigs Induced by a Single-Cycle Influenza Vaccine. J.
Immunol. 200, 4068—4077. https://doi.org/10.4049/jimmunol.1800142

Horter, D.C., Yoon, K.-J., Zimmerman, J.J., 2003. A review of porcine tonsils in immunity and disease.
Anim. Heal. Res. Rev. 4, 143-155. https://doi.org/10.1079/ahrr200358

Hozain, A.E., Tipograf, Y., Pinezich, M.R., Cunningham, K.M., Donocoff, R., Queen, D., Fung, K., 2020.
Multiday maintenance of extracorporeal lungs using cross-circulation with conscious swine. J.
Thorac. Cardiovasc. Surg. 159, 1640-1653.

Humphray, S.J., Scott, C.E., Clark, R., Marron, B., Bender, C., Camm, N., Davis, J., Jenks, A., Noon, A,
Patel, M., Sehra, H., Yang, F., Rogatcheva, M.B., Milan, D., Chardon, P., Rohrer, G., Nonneman,
D., de Jong, P., Meyers, S.N., Archibald, A., Beever, J.E., Schook, L.B., Rogers, J., 2007. A high
utility integrated map of the pig genome. Genome Biol. 8. https://doi.org/10.1186/gb-2007-8-7-
ri3g

Hussell, T., Bell, T.J., 2014. Alveolar macrophages: Plasticity in a tissue-specific context. Nat. Rev.
Immunol. 14, 81-93. https://doi.org/10.1038/nri3600

Iskender, I., Sakamoto, J., Nakajima, D., Lin, H., Chen, M., Kim, H., Guan, Z., Del Sorbo, L., Hwang, D.,
Waddell, T.K., Cypel, M., Keshavjee, S., Liu, M., 2016. Human al-antitrypsin improves early
post-transplant lung function: Pre-clinical studies in a pig lung transplant model. J. Hear. Lung
Transplant. 35, 913-921. https://doi.org/10.1016/j.healun.2016.03.006

Israelow, B., Song, E., Mao, T., Lu, P., Meir, A,, Liu, F., Alfajaro, M.M., Wei, J., Dong, H., Homer, R.J.,
Ring, A., Wilen, C.B., Iwasaki, A., 2020. Mouse model of SARS-CoV-2 reveals inflammatory role
of type i interferon signaling. J. Exp. Med. 217. https://doi.org/10.1084/JEM.20201241

Jennings, J., Sang, Y., 2019. Porcine interferon complex and co-evolution with increasing viral
pressure after domestication. Viruses 11. https://doi.org/10.3390/v11060555

Jones, R., Baskerville, A., Reid, L., 1975. Histochemical Identification Of Glycoproteins In Pig Bronchial
Epithelium: (a) Normal And (b) Hypertrophied From Enzootic Pneumonia 116, 1-11.

Judge, E.P., Hughes, J.M.L., Egan, J.J., Maguire, M., Molloy, E.L., O’'Dea, S., 2014. Anatomy and
bronchoscopy of the porcine lung: A model for translational respiratory medicine. Am. J. Respir.
Cell Mol. Biol. 51, 334-343. https://doi.org/10.1165/rcmb.2013-0453TR

Kalupov, T., Brillard-Bourdet, M., Dadé, S., Serrano, H., Wartelle, J., Guyot, N., Juliano, L., Moreau, T,
Belaaouaj, A., Gauthier, F., 2009. Structural characterization of mouse neutrophil serine
proteases and identification of their substrate specificities: Relevance to mouse models of
human inflammatory diseases. J. Biol. Chem. 284, 34084-34091.
https://doi.org/10.1074/jbc.M109.042903

21



972
973
974

975
976
977
978

979
980
981
982

983
984
985
986

987
988
989

990
991

992
993

994
995

996
997

998
999
1000
1001

1002
1003
1004

1005
1006

1007
1008
1009

1010
1011
1012

1013
1014

Kaser, T., Renois, F., Wilson, H.L., Cnudde, T., Gerdts, V., Dillon, J.A.R., Jungersen, G., Agerholm, J.S.,
Meurens, F., 2018. Contribution of the swine model in the study of human sexually transmitted
infections. Infect. Genet. Evol. 66, 346—360. https://doi.org/10.1016/j.meegid.2017.11.022

Katalan, S., Falach, R., Rosner, A., Goldvaser, M., Brosh-Nissimov, T., Dvir, A., Mizrachi, A., Goren, O.,
Cohen, B., Gal, Y., Sapoznikov, A., Ehrlich, S., Sabo, T., Kronman, C., 2017. A novel swine model
of ricin-induced acute respiratory distress syndrome. DMM Dis. Model. Mech. 10, 173-183.
https://doi.org/10.1242/dmm.027847

Keller, I.E., Vosyka, O., Takenaka, S., KloR, A., Dahlmann, B., Willems, L.I., Verdoes, M., Overkleeft,
H.S., Marcos, E., Adnot, S., Hauck, S.M., Ruppert, C., Glnther, A., Herold, S., Ohno, S., Adler, H.,
Eickelberg, O., Meiners, S., 2015. Regulation of immunoproteasome function in the lung. Sci.
Rep. 5, 1-12. https://doi.org/10.1038/srep10230

Khatri, M., Dwivedi, V., Krakowka, S., Manickam, C., Ali, A., Wang, L., Qin, Z., Renukaradhya, G.J,, Lee,
C.-W., 2010. Swine Influenza H1IN1 Virus Induces Acute Inflammatory Immune Responses in Pig
Lungs: a Potential Animal Model for Human H1N1 Influenza Virus. J. Virol. 84, 11210-11218.
https://doi.org/10.1128/JV1.01211-10

Kim, H.M., Lee, Y.-W,, Lee, K.-J., Kim, H.S., Cho, S.W., van Rooijen, N., Guan, Y., Seo, S.H., 2008.
Alveolar Macrophages Are Indispensable for Controlling Influenza Viruses in Lungs of Pigs. J.
Virol. 82, 4265-4274. https://doi.org/10.1128/jvi.02602-07

Kirschvink, N., Reinhold, P., 2008. Use of Alternative Animals as Asthma Models. Curr. Drug Targets 9,
470-484. https://doi.org/10.2174/138945008784533525

Klein, U., Dalla-Favera, R., 2008. Germinal centres: Role in B-cell physiology and malignancy. Nat. Rev.
Immunol. 8, 22—33. https://doi.org/10.1038/nri2217

Klingensmith, W.C., Tsan, M.-F., Wagner, H., 1976. Factors Affecting the Uptake of 99mTc-Sulfur
Colloid by the Lung and Kidney. J. Nucl. Med. 17, 681-685.

Klingensmith, W.C., Yang, S.L., Wagner, H.N., 1978. Lung uptake of Tc-99m sulfur colloid in liver and
spleen imaging. J. Nucl. Med. 19, 31-35.

Kobayashi, R., Nagaoka, K., Nishimura, N., Koike, S., Takahashi, E., Niimi, K., Murase, H., Kinjo, T.,
Tsukahara, T., Inoue, R., 2020. Comparison of the fecal microbiota of two monogastric
herbivorous and five omnivorous mammals. Anim. Sci. J. 91, e13366.
https://doi.org/10.1111/asj.13366

Krejci, J., Nechvatalova, K., Blahutkova, M., Faldyna, M., 2013. The respiratory tract in pigs and its
immune system: A review. Vet. Med. (Praha). 58, 206—220. https://doi.org/10.17221/6759-
VETMED

Kuebler, W.M., Goetz, A.E., 2002. The marginated pool. Eur. Surg. Res. 34, 92—-100.
https://doi.org/10.1159/000048894

Kuntz-Simon, G., Madec, F., 2009. Genetic and antigenic evolution of swine influenza viruses in
Europe and evaluation of their zoonotic potential. Zoonoses Public Health 56, 310-325.
https://doi.org/10.1111/j.1863-2378.2009.01236.x

Lambrecht, B.N., Hommad, H., 2012. Lung Dendritic Cells in Respiratory Viral Infection and Asthma:
From Protection to Immunopathology. Annu. Rev. Immunol. 30, 243-270.
https://doi.org/10.1146/annurev-immunol-020711-075021

Le Ludueg, J.B., Debeer, S., Piras, F., Andréoni, C., Boudet, F., Laurent, P., Kaiserlian, D., Dubois, B.,
2016. Intradermal vaccination with un-adjuvanted sub-unit vaccines triggers skin innate

22



1015
1016

1017
1018
1019

1020
1021

1022
1023
1024
1025

1026
1027
1028
1029

1030
1031
1032

1033
1034

1035
1036

1037
1038

1039
1040
1041
1042
1043

1044
1045
1046

1047
1048
1049

1050
1051
1052
1053

1054
1055
1056
1057
1058

immunity and confers protective respiratory immunity in domestic swine. Vaccine 34, 914-922.
https://doi.org/10.1016/j.vaccine.2015.12.058

Lefévre, F., Guillomot, M., D’Andréa, S., Battegay, S., La Bonnardiére, C., 1998. Interferon-delta: The
first member of a novel type | interferon family. Biochimie 80, 779-788.
https://doi.org/10.1016/S0300-9084(99)80030-3

Liebler-Tenorio, E., Pabst, R., 2006. MALT structure and function in farm animals. Vet. Res. 37, 257—-
280. https://doi.org/10.1051/vetres:2006001

Liu, Q., Hu, W., Zhang, Y.L., Hu, S.P., Zhang, Z., He, X.J., Cai, X.H., 2018. Anti-viral immune response in
the lung and thymus: Molecular characterization and expression analysis of
immunoproteasome subunits LMP2, LMP7 and MECL-1 in pigs. Biochem. Biophys. Res.
Commun. 502, 472-478. https://doi.org/10.1016/j.bbrc.2018.05.190

Liu, Q., Zhang, Y.L., Hu, S.P., Ma, Z.L., Gao, S.L., Sun, B., Xiao, F., Zhang, Z., Cai, X.H., He, X.J., 2017.
Expression of immunoproteasome subunits in the porcine lung: Alterations during normal and
inflammatory conditions. Vet. Microbiol. 210, 134-141.
https://doi.org/10.1016/j.vetmic.2017.07.024

Lonardo, A., Nascimbeni, F., Ponz de Leon, M., 2017. Nonalcoholic fatty liver disease and COPD: is it
time to cross the diaphragm? Eur. Respir. J. 49, 1700546.
https://doi.org/10.1183/13993003.00546-2017

Luna, C.M., Sibila, O., Agusti, C., Torres, A., 2009. Animal models of ventilator-associated pneumonia.
Eur. Respir. J. 33, 182-188. https://doi.org/10.1183/09031936.00046308

Lunney, J.K., 2007. Advances in swine biomedical model genomics. Int. J. Biol. Sci. 3, 179-184.
https://doi.org/10.7150/ijbs.3.179

Ma, W., Kahn, R., Richt, J., 2009. The pig as a mixing vessel for influenza viruses: Human and
veterinary implications. ] Mol Genet Med 3, 158-166. https://doi.org/10.1038/nchina.2008.185

MacHuca, T.N., Cypel, M., Bonato, R., Yeung, J.C., Chun, Y.M., Juvet, S., Guan, Z., Hwang, D.M., Chen,
M., Saito, T., Harmantas, C., Davidson, B.L., Waddell, T.K., Liu, M., Keshavjee, S., 2017. Safety
and Efficacy of Ex Vivo Donor Lung Adenoviral IL-10 Gene Therapy in a Large Animal Lung
Transplant Survival Model. Hum. Gene Ther. 28, 757-765.
https://doi.org/10.1089/hum.2016.070

Mair, K.H., Essler, S.E., Patzl, M., Storset, A.K., Saalmdiiller, A., Gerner, W., 2012. NKp46 expression
discriminates porcine NK cells with different functional properties. Eur. J. Immunol. 42, 1261-
1271. https://doi.org/10.1002/eji.201141989

Mair, K.H., Sedlak, C., Kaser, T., Pasternak, A., Levast, B., Gerner, W., Saalmiiller, A., Summerfield, A.,
Gerdsts, V., Wilson, H.L., Meurens, F., 2014. The porcine innate immune system: An update. Dev.
Comp. Immunol. 45, 321-343. https://doi.org/10.1016/J.DCI.2014.03.022

Mair, K.H., Stadler, M., Talker, S.C., Forberg, H., Storset, A.K., Miillebner, A., Catharina Duvigneau, J.,
Hammer, S.E., Saalmdiiller, A., Gerner, W., 2016. Porcine CD3+NKp46+lymphocytes have NK-cell
characteristics and are present in increased frequencies in the lungs of influenza-infected
animals. Front. Immunol. 7, 1-17. https://doi.org/10.3389/fimmu.2016.00263

Maisonnasse, P., Bouguyon, E., Piton, G., Ezquerra, A., Urien, C., Deloizy, C., Bourge, M., Leplat, J.J.,
Simon, G., Chevalier, C., Vincent-Naulleau, S., Crisci, E., Montoya, M., Schwartz-Cornil, I.,
Bertho, N., 2016. The respiratory DC/macrophage network at steady-state and upon influenza
infection in the swine biomedical model. Mucosal Immunol. 9, 835—-849.
https://doi.org/10.1038/mi.2015.105

23



1059
1060
1061

1062
1063
1064

1065
1066
1067
1068
1069
1070

1071
1072
1073
1074

1075
1076
1077
1078

1079
1080
1081
1082

1083
1084

1085
1086

1087
1088

1089
1090
1091
1092

1093
1094
1095
1096

1097
1098
1099
1100

1101
1102

Man, W.H., De Steenhuijsen Piters, W.A.A., Bogaert, D., 2017. The microbiota of the respiratory tract:
Gatekeeper to respiratory health. Nat. Rev. Microbiol. 15, 259-270.
https://doi.org/10.1038/nrmicro.2017.14

Mariscal, A., Caldarone, L., Tikkanen, J., Nakajima, D., Chen, M., Yeung, J., Cypel, M., Liu, M.,
Keshavjee, S., 2018. Pig lung transplant survival model. Nat. Protoc. 13, 1814-1828.
https://doi.org/10.1038/s41596-018-0019-4

Marquet, F., Vu Manh, T.-P., Maisonnasse, P., Elhmouzi-Younes, J., Urien, C., Bouguyon, E., Jouneau,
L., Bourge, M., Simon, G., Ezquerra, A., Lecardonnel, J., Bonneau, M., Dalod, M., Schwartz-
Cornil, 1., Bertho, N., Bertho, J, 2014. Pig Skin Includes Dendritic Cell Subsets Transcriptomically
Related to Human CD1a and CD14 Dendritic Cells Presenting Different Migrating Behaviors and
T Cell Activation Capacities. J Immunol 193, 5883-5893.
https://doi.org/10.4049/jimmunol.1303150

Martinez-Olondris, P., Sibila, O., Agusti, C., Rigol, M., Soy, D., Esquinas, C., Pifier, R., Luque, N.,
Guerrero, L., Quera, M.A., Marco, F., De La Bellacasa, J.P., Ramirez, J., Torres, A., 2010. An
experimental model of pneumonia induced by methicillin-resistant Staphylococcus aureus in
ventilated piglets. Eur. Respir. J. 36, 901-906. https://doi.org/10.1183/09031936.00176709

Martini, V., Hinchcliffe, M., Blackshaw, E., Joyce, M., McNee, A., Beverley, P., Townsend, A.,
MacLoughlin, R., Tchilian, E., 2020. Distribution of Droplets and Immune Responses After
Aerosol and Intra-Nasal Delivery of Influenza Virus to the Respiratory Tract of Pigs. Front.
Immunol. 11, 1-12. https://doi.org/10.3389/fimmu.2020.594470

Martins, S., de Perrot, M., Imai, Y., Yamane, M., Quadri, S.M., Segall, L., Dutly, A., Sakiyama, S.,
Chaparro, A., Davidson, B.L., Waddell, T.K., Liu, M., Keshavjee, S., 2004. Transbronchial
administration of adenoviral-mediated interleukin-10 gene to the donor improves function in a
pig lung transplant model. Gene Ther. 11, 1786-1796. https://doi.org/10.1038/sj.gt.3302357

Matangkasombut, P., Pichavant, M., DeKruyff, R.H., Umetsu, D.T., 2009. Natural killer T cells and the
regulation of asthma. Mucosal Immunol. 2, 383-392. https://doi.org/10.1038/mi.2009.96

Mcfarlin, D.E., Binns, R.M., W, M.H.N., 1973. Lymph node function and lymphocyte circulation in the
pig. Adv Exp Med Biol 29, 87-93.

McLaughlin, R.F., Tyler, W.S., Canada, R.O., 1961. A study of the subgross pulmonary anatomy in
various mammals. Am. J. Anat. 108, 149—165. https://doi.org/10.1002/aja.1001080203

Meekins, D.A., Morozov, |., Trujillo, J.D., Gaudreault, N.N., Bold, D., Carossino, M., Artiaga, B.L.,
Indran, S. V., Kwon, T., Balaraman, V., Madden, D.W., Feldmann, H., Henningson, J., Ma, W.,
Balasuriya, U.B.R., Richt, J.A., 2020. Susceptibility of swine cells and domestic pigs to SARS-CoV-
2. Emerg. Microbes Infect. 9, 2278-2288. https://doi.org/10.1080/22221751.2020.1831405

Melzi, E., Caporale, M., Rocchi, M., Martin, V., Gamino, V., di Provvido, A., Marruchella, G., Entrican,
G., Sevilla, N., Palmarini, M., 2016. Follicular dendritic cell disruption as a novel mechanism of
virus-induced immunosuppression. Proc. Natl. Acad. Sci. 113, E6238-E6247.
https://doi.org/10.1073/pnas.1610012113

Mena, I, Nelson, M.I., Quezada-Monroy, F., Dutta, J., Cortes-Fernandez, R., Lara-Puente, J.H., Castro-
Peralta, F., Cunha, L.F., Trovao, N.S., Lozano-Dubernard, B., Rambaut, A., Van Bakel, H., Garcia-
Sastre, A., 2016. Origins of the 2009 H1N1 influenza pandemic in swine in Mexico. Elife 5, 1-21.
https://doi.org/10.7554/elife.16777

Meurens, F., Summerfield, A., Nauwynck, H., Saif, L., Gerdts, V., 2012. The pig: A model for human
infectious diseases. Trends Microbiol. 20, 50-57. https://doi.org/10.1016/j.tim.2011.11.002

24



1103
1104
1105

1106
1107
1108

1109
1110
1111
1112

1113
1114
1115
1116

1117
1118
1119

1120
1121
1122
1123

1124
1125
1126

1127
1128

1129
1130
1131

1132
1133
1134

1135
1136
1137

1138
1139
1140
1141
1142

1143
1144

1145
1146

Mills, A.N., Lopez-Vidriero, M.T., Haworth, S.G., 1986. Development of the airway epithelium and
submucosal glands in the pig lung: Changes in epithelial glycoprotein profiles. Br. J. Exp. Pathol.
67, 821-829.

Moreno, S., Alvarez, B., Poderoso, T., Revilla, C., Ezquerra, A., Alonso, F., Dominguez, J., 2010. Porcine
monocyte subsets differ in the expression of CCR2 and in their responsiveness to CCL2. Vet. Res.
41. https://doi.org/10.1051/vetres/2010048

Morris, M.C., Kim, Y., Blakeman, T.C., Stevens-Topie, S., Jung, A.D., Cox, D.B., Robinson, B.B.R., Pritts,
T.A., Makley, A.T., Goodman, M.D., 2020. Early Identification of Acute Lung Injury in a Porcine
Model of Hemorrhagic Shock. J. Surg. Res. 247, 453-460.
https://doi.org/10.1016/j.jss.2019.09.060

Moshous, D., Callebaut, I., De Chasseval, R., Corneo, B., Cavazzana-Calvo, M., Le Deist, F., Tezcan, .,
Sanal, O., Bertrand, Y., Philippe, N., Fischer, A., De Villartay, J.P., 2001. Artemis, a novel DNA
double-strand break repair/V(D)J recombination protein, is mutated in human severe combined
immune deficiency. Cell 105, 177-186. https://doi.org/10.1016/50092-8674(01)00309-9

Murtaugh, M.P., Johnson, C.R., Xiao, Z., Scamurra, R.W., Zhou, Y., 2009. Species specialization in
cytokine biology: Is interleukin-4 central to the TH1-TH2 paradigm in swine? Dev. Comp.
Immunol. 33, 344-352. https://doi.org/10.1016/j.dci.2008.06.014

Nayak, D.K., Zhou, F., Xu, M., Huang, J., Tsuji, M., Hachem, R., Mohanakumar, T., 2016. Long-Term
Persistence of Donor Alveolar Macrophages in Human Lung Transplant Recipients That
Influences Donor-Specific Immune Responses. Am. J. Transplant. 16, 2300-2311.
https://doi.org/10.1111/ajt.13819

Ng, S.L., Teo, Y.J., Setiagani, Y.A., Karjalainen, K., Ruedl, C., 2018. Type 1 Conventional CD103+
Dendritic Cells Control Effector CD8+ T Cell Migration, Survival, and Memory Responses During
Influenza Infection. Front. Immunol. 9, 3043. https://doi.org/10.3389/fimmu.2018.03043

Niederwerder, M.C., 2017. Role of the microbiome in swine respiratory disease. Vet. Microbiol. 209,
97-106. https://doi.org/10.1016/j.vetmic.2017.02.017

Pabst, R., Binns, R.M., 1995. Lymphocytes migrate from the bronchoalveolar space to regional
bronchial lymph nodes. Am. J. Respir. Crit. Care Med. 151, 495-499.
https://doi.org/10.1164/ajrccm.151.2.7842212

Parker, C.M., Cepek, K.L., Russell, G.J., Shaw, S.K., Posnett, D.N., Schwarting, R., Brenner, M.B., 1992.
A family of B7 integrins on human mucosal lymphocytes. Proc. Natl. Acad. Sci. U. S. A. 89, 1924—
1928. https://doi.org/10.1073/pnas.89.5.1924

Phan, T.G., Green, J.A., Xu, Y., Cyster, J.G., 2009. Immune complex relay by subcapsular sinus
macrophages and noncognate B cells drives antibody affinity maturation. Nat. Immunol. 10,
786-796. https://doi.org/10.1038/ni.1745

Picarda, G., Chéneau, C., Humbert, J.-M., Bériou, G., Pilet, P., Martin, J., Duteille, F., Perrot, P., Bellier-
Waast, F., Heslan, M., Haspot, F., Guillon, F., Josien, R., Halary, F.A., 2016. Functional Langerin
high -Expressing Langerhans-like Cells Can Arise from CD14 high CD16 — Human Blood
Monocytes in Serum-Free Condition . J. Immunol. 196, 3716—3728.
https://doi.org/10.4049/jimmunol.1501304

Pickering, B., Smith, S., Pinette, M., Embury-Hyatt, C., Moffat, E., Marszal, P., Lewis, C., 2020.
Susceptibility of domestic swine to experimental infection with SARS-CoV-2 2. bioRxiv.

Platzer, B., Baker, K., Vera, M.P., Singer, K., Panduro, M., Lexmond, W.S., Turner, D., Vargas, S.0.,
Kinet, J.P., Maurer, D., Baron, R.M., Blumberg, R.S., Fiebiger, E., 2015. Dendritic cell-bound IgE

25



1147
1148

1149
1150

1151
1152
1153
1154
1155

1156
1157
1158
1159

1160
1161
1162

1163
1164

1165
1166
1167
1168

1169
1170
1171

1172
1173
1174

1175
1176
1177

1178
1179
1180
1181

1182
1183
1184
1185

1186
1187
1188
1189

1190

functions to restrain allergic inflammation at mucosal sites. Mucosal Immunol. 8, 516-532.
https://doi.org/10.1038/mi.2014.85

Ploeg, I. Van Der, Alving, K., Sylvin, H., Dahlba, M., 2002. The tryptase inhibitor APC-366 reduces the
acute airway response to allergen in pigs sensitized to Ascaris suum 967-971.

Poulin, L.F., Salio, M., Griessinger, E., Anjos-Afonso, F., Craciun, L., Chen, J.-L., Keller, A.M., Joffre, O.,
Zelenay, S., Nye, E., Le Moine, A., Faure, F., Donckier, V., Sancho, D., Cerundolo, V., Bonnet, D.,
Reis e Sousa, C., 2010. Characterization of human DNGR-1 * BDCA3 * leukocytes as putative
equivalents of mouse CD8a * dendritic cells. J. Exp. Med. 207, 1261-1271.
https://doi.org/10.1084/jem.20092618

Powell, E.J., Cunnick, J.E., Knetter, S.M., Loving, C.L., Waide, E.H., Dekkers, J.C.M., Tuggle, C.K., 2016.
NK cells are intrinsically functional in pigs with Severe Combined Immunodeficiency (SCID)
caused by spontaneous mutations in the Artemis gene. Vet. Immunol. Imnmunopathol. 175, 1-6.
https://doi.org/10.1016/j.vetimm.2016.04.008

Rajao, D.S., Loving, C.L., Waide, E.H., Gauger, P.C., Dekkers, J.C.M., Tuggle, C.K., Vincent, A.L., 2017.
Pigs with Severe Combined Immunodeficiency Are Impaired in Controlling Influenza A Virus
Infection. J. Innate Immun. 9, 193-202. https://doi.org/10.1159/000451007

Rajao, D.S., Vincent, A.L., 2015. Swine as a model for influenza avirus infection and immunity. ILAR J.
56, 44-52. https://doi.org/10.1093/ilar/ilv002

Ram-Mohan, S., Bai, Y., Schaible, N., Ehrlicher, A.J., Cook, D.P., Suki, X.B., Stoltz, D.A., Solway, J., Ai,
X., Krishnan, R., Krishnan, R., 2020. Tissue traction microscopy to quantify muscle contraction
within precision-cut lung slices. Am. J. Physiol. - Lung Cell. Mol. Physiol. 318, L323-L330.
https://doi.org/10.1152/AJPLUNG.00297.2019

Ramos, L., Obregon-Henao, A., Henao-Tamayo, M., Bowen, R., Lunney, J.K., Gonzalez-Juarrero, M.,
2017. The minipig as an animal model to study Mycobacterium tuberculosis infection and
natural transmission. Tuberculosis 106, 91-98. https://doi.org/10.1016/j.tube.2017.07.003

Rendas, A., Branthwaite, M., Reid, L., 1978. Growth of pulmonary circulation in normal pig: Structural
analysis and cardiopulmonary function. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 45, 806—
817. https://doi.org/10.1152/jappl.1978.45.5.806

Renukaradhya, G.J., Manickam, C., Khatri, M., Rauf, A., Li, X., Tsuji, M., Rajashekara, G., Dwivedi, V.,
2011. Functional invariant NKT cells in pig lungs regulate the airway hyperreactivity: A potential
animal model. J. Clin. Immunol. 31, 228-239. https://doi.org/10.1007/s10875-010-9476-4

Reutner, K., Leitner, J., Millebner, A., Ladinig, A., Essler, S.E., Duvigneau, J.C., Ritzmann, M.,
Steinberger, P., Saalmdiiller, A., Gerner, W., 2013. CD27 expression discriminates porcine T
helper cells with functionally distinct properties. Vet. Res. 44, 1-14.
https://doi.org/10.1186/1297-9716-44-18

Reznikov, L.R., Liao, Y.S.J., Gu, T., Davis, K.M., Kuan, S.P., Atanasova, K.R., Dadural, J.S., Collins, E.N.,
Guevara, M. V., Vogt, K., 2019. Sex-specific airway hyperreactivity and sex-specific
transcriptome remodeling in neonatal piglets challenged with intra-airway acid. Am. J. Physiol. -
Lung Cell. Mol. Physiol. 316, L131-1143. https://doi.org/10.1152/ajplung.00417.2018

Ricklin, M.E., Python, S., Vielle, N.J., Brechbiihl, D., Zumkehr, B., Posthaus, H., Zimmer, G., Ruggli, N.,
Summerfield, A., 2017. Virus replicon particle vaccines expressing nucleoprotein of influenza A
virus mediate enhanced inflammatory responses in pigs. Sci. Rep. 7, 1-12.
https://doi.org/10.1038/s41598-017-16419-w

Rodriguez-Gomez, I.M., Talker, S.C., Kaser, T., Stadler, M., Hammer, S.E., Saalmdiiller, A., Gerner, W.,

26



1191
1192

1193
1194
1195
1196

1197
1198
1199
1200

1201
1202

1203
1204
1205
1206

1207
1208
1209

1210
1211
1212

1213
1214
1215
1216
1217

1218
1219
1220

1221
1222

1223
1224
1225

1226
1227
1228
1229

1230
1231
1232
1233

1234

2016. Expression of T-bet, Eomesodermin and GATA-3 in porcine af T cells. Dev. Comp.
Immunol. 60, 115-126. https://doi.org/10.1016/j.dci.2016.02.022

Rodriguez-Gomez, I.M., Talker, S.C., Kaser, T., Stadler, M., Reiter, L., Ladinig, A., Milburn, J. V.,
Hammer, S.E., Mair, K.H., Saalmdiller, A., Gerner, W., 2019. Expression of T-bet, eomesodermin,
and GATA-3 correlates with distinct phenotypes and functional properties in porcine yo T cells.
Front. Immunol. 10. https://doi.org/10.3389/fimmu.2019.00396

Rogers, C.S., Abraham, W.M., Brogden, K.A., Engelhardt, J.F., Fisher, J.T., McCray, P.B., McLennan, G.,
Meyerholz, D.K., Namati, E., Ostedgaard, L.S., Prather, R.S., Sabater, J.R., Stoltz, D.A., Zabner, J.,
Welsh, M.J., 2008. The porcine lung as a potential model for cystic fibrosis. Am. J. Physiol. - Lung
Cell. Mol. Physiol. 295, 240-263. https://doi.org/10.1152/ajplung.90203.2008

Rupa, P., Schmied, J., Wilkie, B.N., 2009. Porcine allergy and IgE. Vet. Immunol. Immunopathol. 132,
41-45. https://doi.org/10.1016/].vetimm.2009.09.013

Saade, G., Ménard, D., Hervet, C., Renson, P., Hue, E., Zhu, J., Dubreil, L., Paillot, R., Pronost, S.,
Bourry, O., Simon, G., Dupont, J., Bertho, N., Meurens, F., 2020. Porcine reproductive and
respiratory syndrome virus interferes with swine influenza a virus infection of epithelial cells.
Vaccines 8, 1-22. https://doi.org/10.3390/vaccines8030508

Saponaro, F., Rutigliano, G., Sestito, S., Bandini, L., Storti, B., Bizzarri, R., Zucchi, R., 2020. ACE2 in the
Era of SARS-CoV-2: Controversies and Novel Perspectives. Front. Mol. Biosci. 7, 1-25.
https://doi.org/10.3389/fmolb.2020.588618

Sasaki, K., Pabst, R., Rothkotter, H.J., 1994. The unique ultrastructure of high-endothelial venules in
inguinal lymph nodes of the pig. Cell Tissue Res. 276, 85—90.
https://doi.org/10.1007/BF00354787

Sassu, E.L., Ladinig, A., Talker, S.C., Stadler, M., Knecht, C., Stein, H., Frombling, J., Richter, B.,
Spergser, J., Ehling-Schulz, M., Graage, R., Hennig-Pauka, I., Gerner, W., 2017. Frequency of
Th17 cells correlates with the presence of lung lesions in pigs chronically infected with
Actinobacillus pleuropneumoniae. Vet. Res. 48, 1-16. https://doi.org/10.1186/s13567-017-
0411-z

Schafer, A., Hiihr, J., Schwaiger, T., Dorhoi, A., Mettenleiter, T.C., Blome, S., Schrdoder, C., Blohm, U.,
2019. Porcine Invariant Natural Killer T Cells : Functional Profiling and Dynamics in Steady State
and Viral Infections 10, 1-19. https://doi.org/10.3389/fimmu.2019.01380

Schlitzer, A., Ginhoux, F., 2014. Organization of the mouse and human DC network. Curr. Opin.
Immunol. 26, 90-99. https://doi.org/10.1016/j.c0i.2013.11.002

Schneberger, D., Aharonson-Raz, K., Singh, B., 2012. Pulmonary intravascular macrophages and lung
health: What are we missing? AJP Lung Cell. Mol. Physiol. 302, L498-L503.
https://doi.org/10.1152/ajplung.00322.2011

Schneider, C., Nobs, S.P., Heer, A.K., Kurrer, M., Klinke, G., van Rooijen, N., Vogel, J., Kopf, M., 2014.
Alveolar Macrophages Are Essential for Protection from Respiratory Failure and Associated
Morbidity following Influenza Virus Infection. PLoS Pathog. 10.
https://doi.org/10.1371/journal.ppat.1004053

Schulz, C., Perdiguero, E.G., Chorro, L., Szabo-Rogers, H., Cagnard, N., Kierdorf, K., Prinz, M., Wu, B.,
Jacobsen, S.E.W., Pollard, J.W., Frampton, J., Liu, K.J., Geissmann, F., 2012. A lineage of myeloid
cells independent of myb and hematopoietic stem cells. Science (80-. ). 335, 86-90.
https://doi.org/10.1126/science.1219179

Schwaiger, T., Sehl, J., Karte, C., Schafer, A., Hiihr, J., Mettenleiter, T.C., Schroder, C., Kéllner, B.,

27



1235
1236

1237
1238
1239
1240

1241
1242
1243
1244

1245
1246
1247

1248
1249
1250

1251
1252
1253

1254
1255

1256
1257

1258
1259
1260

1261
1262

1263
1264
1265

1266
1267

1268
1269
1270
1271

1272
1273
1274
1275

1276
1277

Ulrich, R., Blohm, U., 2019. Experimental HIN1pdmOQ9 infection in pigs mimics human seasonal
influenza infections. PLoS One 14, 1-21. https://doi.org/10.1371/journal.pone.0222943

Sclottau, K., Rissmann, M., Graaf, A., Schon, J., Sehl, J., Wylezich, C., Hoper, D., Mettenleiter, T.,
Balkema-Buschmann, A., Harder, T., Grund, C., Hoffmann, D., Breithaupt, A., Beer, M., 2020.
SARS-CoV-2 in fruit bats, ferrets, pigs, and chickens: an experimental transmission study. Lancet
1, e218-e225.

Shi, J., Wen, Z., Zhong, G., Yang, H., Wang, C., Huang, B., Liu, R., He, X., Shuai, L., Sun, Z., Zhao, Y., Liu,
P., Liang, L., Cui, P., Wang, J., Zhang, X., Guan, Y., Tan, W., Wu, G., Chen, H., Bu, Z., Bu, Z., 2020.
Susceptibility of ferrets, cats, dogs, and other domesticated animals to SARS-coronavirus 2.
Science (80-. ). 368, 1016—1020. https://doi.org/10.1126/science.abb7015

Shields, L.E., Jennings, J., Liu, Q., Lee, J., Ma, W., Blecha, F., Miller, L.C., Sang, Y., 2019. Cross-species
genome-wide analysis reveals molecular and functional diversity of the unconventional
interferon-w subtype. Front. Immunol. 10. https://doi.org/10.3389/fimmu.2019.01431

Sieck, G.C., Dogan, M., Young-soo, H., Valencia, S.0., Delmotte, P., 2019. Mechanisms underlying TNF
a -induced enhancement of force generation in airway smooth muscle.
https://doi.org/10.14814/phy2.14220

Singh, B., Pearce, J.W., Gamage, L.N., Janardhan, K., Caldwell, S., 2004. Depletion of pulmonary
intravascular macrophages inhibits acute lung inflammation. Am J Physiol Lung Cell Mol Physiol
286, L363-72. https://doi.org/10.1152/ajplung.00003.2003

Sinkora, M., Butler, J.E., 2016. Progress in the use of swine in developmental immunology of Band T
lymphocytes. Dev. Comp. Immunol. 58, 1-17. https://doi.org/10.1016/].dci.2015.12.003

Sinkora, M., Sinkorova, J., 2014. B Cell Lymphogenesis in Swine Is Located in the Bone Marrow. J.
Immunol. 193, 5023-5032. https://doi.org/10.4049/jimmunol.1401152

Sinkora, M., Stepanova, K., Sinkorova, J., 2013. Different anti-CD21 antibodies can be used to
discriminate developmentally and functionally different subsets of B lymphocytes in circulation
of pigs. Dev. Comp. Immunol. 39, 409-418. https://doi.org/10.1016/j.dci.2012.10.010

Sisson, S., Grossman, J., R, G., 1975. Porcine osteology: skull, in: Saunders (Ed.), Anatomy of the
Domestic Animal. pp. 1231-1252.

Soldevila, F., Edwards, J.C., Graham, S.P., Stevens, L.M., Crudgington, B., Crooke, H.R., Werling, D.,
Steinbach, F., 2018. Characterization of the Myeloid Cell Populations’ Resident in the Porcine
Palatine Tonsil. Front. Immunol. 9, 1800. https://doi.org/10.3389/fimmu.2018.01800

Speir, M., Hermans, I.F., Weinkove, R., 2017. Engaging Natural Killer T Cells as ‘Universal Helpers’ for
Vaccination. Drugs 77, 1-15. https://doi.org/10.1007/s40265-016-0675-z

Starbak, S.M.R., Brogaard, L., Dawson, H.D., Smith, A.D., Heegaard, P.M.H., Larsen, L.E., Jungersen,
G., Skovgaard, K., 2018. Animal Models for Influenza A Virus Infection Incorporating the
Involvement of Innate Host Defenses: Enhanced Translational Value of the Porcine Model. ILAR
1. 59, 323-337. https://doi.org/10.1093/ilar/ily009

Steenhard, N.R., Jungersen, G., Kokotovic, B., Beshah, E., Dawson, H.D., Urban, J.F., Roepstorff, A.,
Thamsborg, S.M., 2009. Ascaris suum infection negatively affects the response to a Mycoplasma
hyopneumoniae vaccination and subsequent challenge infection in pigs. Vaccine 27, 5161
5169. https://doi.org/10.1016/j.vaccine.2009.05.075

Stepanova, K., Sinkora, M., 2013. Porcine T Lymphocytes Can Be Categorized into Two Functionally
and Developmentally Distinct Subsets according to Expression of CD2 and Level of TCR. J.

28



1278

1279
1280
1281

1282
1283
1284

1285
1286
1287

1288
1289
1290
1291

1292
1293
1294

1295
1296
1297

1298
1299

1300
1301

1302
1303
1304
1305

1306
1307
1308
1309

1310
1311

1312
1313
1314
1315
1316

1317
1318

1319
1320

Immunol. 190, 2111-2120. https://doi.org/10.4049/jimmunol.1202890

Stylianou, E., Paul, M.J,, Reljic, R., McShane, H., 2019. Mucosal delivery of tuberculosis vaccines: a
review of current approaches and challenges. Expert Rev. Vaccines 18, 1271-1284.
https://doi.org/10.1080/14760584.2019.1692657

Su, S., Wong, G., Shi, W,, Liu, J., Lai, A.C.K,, Zhou, J., Liu, W., Bi, Y., Gao, G.F., 2016. Epidemiology,
Genetic Recombination, and Pathogenesis of Coronaviruses. Trends Microbiol. 24, 490-502.
https://doi.org/10.1016/j.tim.2016.03.003

Summerfield, A., Meurens, F., Ricklin, M.E., 2015. The immunology of the porcine skin and its value
as a model for human skin. Mol. Immunol. 66, 14-21.
https://doi.org/10.1016/j.molimm.2014.10.023

Sun, S.H., Chen, Q., Gu, H.J,, Yang, G., Wang, Y.X., Huang, X.Y., Liu, S.S., Zhang, N.N., Li, X.F., Xiong, R.,
Guo, Y., Deng, Y.Q., Huang, W.J,, Liu, Q,, Liu, Q.M., Shen, Y.L., Zhou, Yong, Yang, X., Zhao, T.Y.,
Fan, C.F., Zhou, Yu Sen, Qin, C.F., Wang, Y.C., 2020. A Mouse Model of SARS-CoV-2 Infection and
Pathogenesis. Cell Host Microbe 28, 124-133.e4. https://doi.org/10.1016/j.chom.2020.05.020

Sung, S.-S.J., Fu, S.M., Rose, C.E., Gaskin, F., Ju, S.-T., Beaty, S.R., 2006. A Major Lung CD103 ( E)- 7
Integrin-Positive Epithelial Dendritic Cell Population Expressing Langerin and Tight Junction
Proteins. J. Immunol. 176, 2161-2172. https://doi.org/10.4049/jimmunol.176.4.2161

Swindle, M.M., Makin, A., Herron, A.J., Clubb, F.J., Frazier, K.S., 2012. Swine as Models in Biomedical
Research and Toxicology Testing. Vet. Pathol. 49, 344—-356.
https://doi.org/10.1177/0300985811402846

Szebeni, J., Bawa, R., 2020. Human clinical relevance of the porcine model of pseudoallergic infusion
reactions. Biomedicines 8, 1-24. https://doi.org/10.3390/biomedicines8040082

Szelenyi, I., 2000. Animal models of bronchial asthma. Inflamm. Res. 49, 639-654.
https://doi.org/10.1007/s000110050642

Talker, S.C., Koinig, H.C., Stadler, M., Graage, R., Klingler, E., Ladinig, A., Mair, K.H., Hammer, S.E.,
Weissenbdck, H., Dirrwald, R., Ritzmann, M., Saalmidiller, A., Gerner, W., 2015. Magnitude and
kinetics of multifunctional CD4+ and CD8pB+ T cells in pigs infected with swine influenza A virus.
Vet. Res. 46, 1-16. https://doi.org/10.1186/s13567-015-0182-3

Talker, S.C., Stadler, M., Koinig, H.C., Mair, K.H., Rodriguez-Gémez, |.M., Graage, R., Zell, R., Diirrwald,
R., Starick, E., Harder, T., Weissenbock, H., Lamp, B., Hammer, S.E., Ladinig, A., Saalmiiller, A,
Gerner, W., 2016. Influenza A Virus Infection in Pigs Attracts Multifunctional and Cross-Reactive
T Cells to the Lung. J. Virol. 90. https://doi.org/10.1128/jvi.01211-16

Tane, S., Noda, K., Shigemura, N., 2017. Ex Vivo Lung Perfusion: A Key Tool for Translational Science
in the Lungs. Chest 151, 1220-1228. https://doi.org/10.1016/j.chest.2017.02.018

Tungatt, K., Dolton, G., Morgan, S.B., Attaf, M., Fuller, A., Whalley, T., Hemmink, J.D., Porter, E.,
Szomolay, B., Montoya, M., Hammond, J.A., Miles, J.J., Cole, D.K., Townsend, A., Bailey, M.,
Rizkallah, P.J., Charleston, B., Tchilian, E., Sewell, A.K., 2018. Induction of influenza-specific local
CD8 T-cells in the respiratory tract after aerosol delivery of vaccine antigen or virus in the
Babraham inbred pig, PLoS Pathogens. https://doi.org/10.1371/journal.ppat.1007017

Tyler, W.S., 1983. Small Airways and Terminal Units Comparative Subgross Anatomy of Lungs. Am.
Rev. Respir. Dis. 128, S32-S536.

Ugolini, M., Gerhard, J., Burkert, S., Jensen, K.J., Georg, P., Ebner, F., Volkers, S.M., Thada, S., Dietert,
K., Bauer, L., Schifer, A., Helbig, E.T., Opitz, B., Kurth, F., Sur, S., Dittrich, N., Gaddam, S.,

29



1321
1322
1323
1324

1325
1326
1327
1328
1329

1330
1331
1332

1333
1334
1335
1336
1337
1338

1339
1340

1341
1342

1343
1344
1345
1346
1347

1348
1349
1350

1351
1352

1353
1354
1355

1356
1357

1358
1359
1360
1361
1362

1363
1364

Conrad, M.L., Benn, C.S., Blohm, U., Gruber, A.D., Hutloff, A., Hartmann, S., Boekschoten, M. V.,
Midller, M., Jungersen, G., Schumann, R.R., Suttorp, N., Sander, L.E., 2018. Recognition of
microbial viability via TLR8 drives TFHcell differentiation and vaccine responses. Nat. Immunol.
19, 386—396. https://doi.org/10.1038/s41590-018-0068-4

Ulmer, J.B., Donnelly, J.J., Parker, S.E., Rhodes, G.H., Felgner, P.L., Dwarki, V.J., Gromkowski, S.H.,
Deck, R.R., DeWitt, C.M., Friedman, A., Hawe, L.A., Leander, K.R., Martinez, D., Perry, H.C.,
Shiver, J.W., Montgomery, D.L., Liu, M.A., 1993. Heterologous protection against influenza by
injection of DNA encoding a viral protein. Science (80-. ). 259, 1745-1749.
https://doi.org/10.1126/science.8456302

Van Merode, T., Maas, T., Twellaar, M., Kester, A., Van Schayck, C., 2007. PEDIATRIC ALLERGY AND
Gender-specific differences in the prevention of asthma-like symptoms in high-risk infants 196—
200. https://doi.org/10.1111/j.1399-3038.2006.00513.x

Volk, T., Pannicke, U., Reisli, I., Bulashevska, A., Ritter, J., Bjorkman, A., Schaffer, A.A., Fliegauf, M.,
Sayar, E.H., Salzer, U., Fisch, P., Pfeifer, D., Di Virgilio, M., Cao, H., Yang, F., Zimmermann, K.,
Keles, S., Caliskaner, Z., Gliner, S., Schindler, D., Hammarstrém, L., Rizzi, M., Humme, M., Pan-
Hammarstrém, Q., Schwarz, K., Grimbacher, B., 2015. DCLRE1C (ARTEMIS) mutations causing
phenotypes ranging from atypical severe combined immunodeficiency to mere antibody
deficiency. Hum. Mol. Genet. 24, 7361-7372. https://doi.org/10.1093/hmg/ddv437

Wang, Q., Vlasova, A.N., Kenney, S.P., Saif, L.J., 2019. Emerging and re-emerging coronaviruses in
pigs. Curr. Opin. Virol. 34, 39-49. https://doi.org/10.1016/j.coviro.2018.12.001

Ware, L.B., 2006. Pathophysiology of acute lung injury and the acute respiratory distress syndrome.
Semin. Respir. Crit. Care Med. 27, 337-349. https://doi.org/10.1055/s-2006-948288

Wernersson, R., Schierup, M.H., Jgrgensen, F.G., Gorodkin, J., Panitz, F., Steerfeldt, H.H., Christensen,
O.F., Mailund, T., Hornshgj, H., Klein, A., Wang, Jun, Liu, B., Hu, S., Dong, W., Li, W., Wong,
G.K.S,, Yu, J., Wang, Jian, Bendixen, C., Fredholm, M., Brunak, S., Yang, H., Bolund, L., 2005. Pigs
in sequence space: A 0.66X coverage pig genome survey based on shotgun sequencing. BMC
Genomics 6, 1-7. https://doi.org/10.1186/1471-2164-6-70

Westerhof, L.M., McGuire, K., MacLellan, L., Flynn, A., Gray, J.I., Thomas, M., Goodyear, C.S.,
Macleod, M.K.L., 2019. Multifunctional cytokine production reveals functional superiority of
memory CD4 T cells. Eur. J. Immunol. 49, 2019-2029. https://doi.org/10.1002/eji.201848026

Wilson, H.L., Obradovic, M.R., 2020. Evidence for a common mucosal immune system in the pig. Mol.
Immunol. 66, 22-34.

Winkler, G.C., Cheville, N.F., 1984. The neonatal porcine lung: Ultrastructural morphology and
postnatal development of the terminal airways and alveolar region. Anat. Rec. 210, 303—-313.
https://doi.org/10.1002/ar.1092100205

Woolcock, A., Macklem, P., 1971. Mechanical factors influencing collateral ventilation in human, dog,
and pig lungs. J Appl Physiol 30, 99-115.

Xiao, L., Estellé, J., Kiilerich, P., Ramayo-Caldas, Y., Xia, Z., Feng, Q., Liang, S., Pedersen, A., Kjeldsen,
N.J,, Liu, C., Maguin, E., Doré, J., Pons, N., Le Chatelier, E., Prifti, E., Li, J., Jia, H., Liu, X., Xu, X.,
Ehrlich, S.D., Madsen, L., Kristiansen, K., Rogel-Gaillard, C., Wang, J., 2016. A reference gene
catalogue of the pig gut microbiome. Nat. Microbiol. 1, 1-6.
https://doi.org/10.1038/nmicrobiol.2016.161

Yang, G., Artiaga, B.L., Lewis, S.T., Driver, J.P., 2017a. Characterizing porcine invariant natural killer T
cells: A comparative study with NK cells and T cells. Dev. Comp. Immunol. 76, 343-351.

30



1365

1366
1367
1368

1369
1370
1371

1372
1373
1374
1375

1376
1377
1378
1379

1380
1381
1382

1383
1384
1385

1386

https://doi.org/10.1016/j.dci.2017.07.006

Yang, G., Artiaga, B.L., Lomelino, C.L., Jayaprakash, A.D., Sachidanandam, R., Mckenna, R., Driver, J.P.,
2019. Next Generation Sequencing of the Pig a TCR Repertoire Identifies the Porcine Invariant
NKT Cell Receptor. J. Immunol. 202, 1981-1991. https://doi.org/10.4049/jimmunol.1801171

Yang, G., Richt, J., Driver, J., Yang, G., Richt, J.A,, Driver, J.P., 2017b. Harnessing Invariant NKT Cells to
Improve Influenza Vaccines: A Pig Perspective. Int. J. Mol. Sci. 19, 68.
https://doi.org/10.3390/ijms19010068

Yao, Y., Jeyanathan, M., Haddadi, S., Barra, N.G., Vaseghi-Shanjani, M., Damjanovic, D., Lai, R.,
Afkhami, S., Chen, Y., Dvorkin-Gheva, A., Robbins, C.S., Schertzer, J.D., Xing, Z., 2018. Induction
of Autonomous Memory Alveolar Macrophages Requires T Cell Help and Is Critical to Trained
Immunity. Cell 175, 1634-1650.e17. https://doi.org/10.1016/j.cell.2018.09.042

Yu, C.I., Becker, C., Wang, Y., Marches, F., Helft, J., Leboeuf, M., Anguiano, E., Pourpe, S., Goller, K.,
Pascual, V., Banchereau, J., Merad, M., Palucka, K., 2013. Human cd1lc+dendritic cells drive the
differentiation of cd103+cd8+mucosal effector t cells via the cytokine tgf-B. Immunity 38, 818—
830. https://doi.org/10.1016/j.immuni.2013.03.004

Zhang, C,, Liu, Y., Chen, S., Qiao, Y., Zheng, Y., Xu, M., Wang, Z., Hou, J., Wang, J., Fan, H., 2019.
Effects of intranasal pseudorabies virus AHO2LA infection on microbial community and immune
status in the ileum and colon of piglets. Viruses 11. https://doi.org/10.3390/v11060518

Zhang, H,, Li, H., Wang, W., Wang, Y., Han, G.Z., Chen, H., Wang, X., 2020. A unique feature of swine
ANP32A provides susceptibility to avian influenza virus infection in pigs. PLoS Pathog. 16.
https://doi.org/10.1371/journal.ppat.1008330

31



Table I: Immune-related respiratory tract remarkable features of mouse, human and pig

Mouse Human Pig Comments
Airways -Muzzle -Nose -Snout -hm # pg # ms
# in higher respiratory
tract size and structure
-hm & pg # ms
-Small airways and  -Large airways and -Large airways # in lower respiratory
lungs lungs and lungs tract accessibility
Lymph nodes -Centripetal -Centripetal -Centrifugal -hm & ms # pg
circulation circulation circulation no known consequences
-hm & ms # pg
-Lymphocytes exit  -Lymphocytes exit -Lymphocytes no known consequences
through efferent through efferent exit through
lymphatics lymphatics HEV
Granulocytes -Neutrophil serine ~ -Neutrophil serine  -Neutrophil -hm & pg # ms
proteases not- proteases sensitive  serine proteases  # in tissue inflammation
sensitive to human  to human sensitive to handling
inhibitors inhibitors human inhibitors
AM -Embryonic origin  -Probably of -Probably of -hm=ms=pg
embryonic origin embryonic origin
-Self-renew -No data -No data
-Inflammation, -Large part of -No data
replacement by moAM
moAM
PIM -No information -Induced PIM -Constitutive -hm & ms # pg
upon liver inflammatory high susceptibility of
conditions? PIM pigs to infused particles
moM®6/ -2 populations: -2 populations: -2 populations: -hm=ms=pg
interstitial M0 nerve-associated nerve-associated location not
blood vessel blood vessel explored
associated associated
DC -TLR3 expressed -TLR3 expressed -TLR3 expressed -hm & ms # pg
on cDC1 on cDC1 on pDC # dsRNA response?
-cDCI1 mainly -cDCI and cDC2 -cDCI and -hm & pg # ms
involved in T CD8 involved in T CD8 ¢DC2 involved # T CDS8 induction?
activation activation in T CD8
-cDC2 FceRlo-, -cDC2 FceRlo+, activation -hm & pg # ms
Lang-, CD103-, Lang+, CD103+, -cDC2 FceRla+, # allergy induction?
interstitial location  subepithelial Lang+, CD103+,
location subepithelial
location
NK/NKT cells -NKp46 -NKp46 -NK subset -hm & ms # pg
specifically specifically NKP46-, T no known consequences
expressed on NK expressed on NK lymphocyte
cells cells subset NKP46+
T Lymphocytes -CD4 T cells -CD4 T cells -CD8a on -hm & ms # pg
devoid of CD8 devoid of CDS8 memory CD4 T  no known consequences
expression expression cells -hm & ms # pg
-Low proportion of -Low proportion of # innate immune
v6 T cells v6 T cells -High proportion  response?
of y6 T cells
B Lymphocytes -Naive B cells -Not described -Centroblasts -hm & ms # pg
transporting transporting no known consequences

HEV: High-Endothelial

antigens to fDC

antigens to fDC?

Venules; AM: Alveolar Macrophage; PIM: Pulmonary Intravascular Macrophage;
moAM: monocyte-derived AM; M0O: Macrophages, moM6: monocyte derived Macrophage; DC: Dendritic Cell;
cDC: conventional Dendritic Cell; pDC: plasmacytoid Dendritic Cell; fDC: follicular Dendritic Cell; NK:
Natural Killer; hm: human; ms: mouse; pg: pig. Bibliographic references are in the main text.



Table 2: Non-transmissible respiratory diseases pro and con of the porcine model

PROS CONS
RESPIRATORY B. pertussis -naturally infected
INFECTIONS Mycobacterium sp  -naturally infected
S. aureus -naturally infected
P. aeroginosa -naturally infected
Influenzavirus -natural sensitivity to -no example of highly
human and swine pathogenic infections
strains with mild
clinical signs
Coronavirus -natural porcine -disputed sensitivity to
oaCoronavirus (PrCoV) SARS-CoV-2
similar to the human
seasonal HCoV-229E
Orthopneumovirus -natural porcine -not sensitive to hRSV
Orthopneumovirus?
VACCINATION Delivery -skin structure
-upper respiratory tract
structure
Adjuvant -functional TLRS8 -TLR3 expression on
-cDC1 interstitial and ~ pDC not on cDC1
cDC2 intra-
subepithelial locations
-aGalSer response
MICROBIOTA -omnivorous species -intestinal microbiota
similar to herbivore
- data paucity on
porcine respiratory
microbiota
RESPIRATORY Induction -cDC2 location -no stable chronic
ALLERGY AND -cDC2 expressing IgE  allergic asthma
ASTHMA receptor (FceRlIa) porcine model
Clinical signs -IgE similar to human
-lung smooth muscles
porcine model
-efficacy of tryptase
inhibitors
ACUTE AND -model of early -no infectious model
CHRONIC inflammatory ARDS of ARDS induction
INFLAMMATIONS responses
-constitutive PIM -constitutive PIM
LUNG GRAFT -size allowing similar
surgical intervention
-primary graft
dysfunction model
-ex vivo lung perfusion
model

SARS: Severe Acute Respiratory Syndrome; hRSV: human Respiratory Syncytial Virus; cDC:
conventional Dendritic Cell; pDC: plasmacytoid Dendritic Cell; ARDS: Acute respiratory distress
syndrome; PIM: Pulmonary Intravascular Lymphocyte. Bibliographic references are in the main text.





