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Meinen Eltern.






“There are these two young fish swimming along and they happen to meet an older fish
swimming the other way, who nods at them and says ‘Morning, boys. How's the water?
And the two young fish swim on for a bit, and then eventually one of them looks over at the
other and goes ‘What the hell is water?’

[...]

It is about the real value of a real education, which has almost nothing to do with knowledge,
and everything to do with simple awareness; awareness of what is so real and essential, so
hidden in plain sight all around us, all the time,

that we have to keep reminding ourselves over and over: This is water.

This is water.”

David Foster Wallace

In: This Is Water — Some Thoughts, Delivered on a Significant Occasion, about Living a

Compassionate Life
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From Farm Animal to Biomedical Model — Immunological Research in Pigs

Domestic pigs have lived with humans for ages. Initially, they were used as a source of food. In
recent years, pigs were used not only for nutrition but also as companion animals, as hunters of
precious truffles, as donors for xenotransplantation, and as a new biomedical model species.
However, living in close proximity within a population or to other species harbors a noteworthy
risk: infectious diseases. Pigs are hosts to various infectious agents that can also infect humans.
For both, the main reason they do not succumb to every infection they encounter, is the
individual’s immune system. It distinguishes between self and foreign and thus, protects its
host. Yet, infectious agents evolved a plethora of ways to overcome host barriers and immune
responses — all in order to ensure their own survival. Understanding of the mechanisms

underlying infectious diseases in their hosts but also of the host response is pivotal for survival.

1.1 From Farm Animal to Biomedical Model — Immunological Research
in Pigs
After domestication of wild boar (Sus scrofa scrofa), domestic pigs (Sus scrofa domesticus) were
used for different purposes by humans for ages. In science, after being intensively studied as a
donor species for xenotransplantation [1], domestic pigs have received more attention as a
potential new biomedical model species for other immunological research areas as well. This
comes from the fact that pigs are considerably more similar to humans than other model
species, e.g., mice (Mus musculus). Pigs have a body size and weight comparable to humans.
Moreover, their whole anatomy and physiology resembles those of humans [2]. On a genomic
level, more than 80% of the analyzed parameters involved in immune responses showed a
considerable homology between pigs and humans, compared to less than 10% between humans
and mice [3]. Several lymphatic tissues, i.e., thymus, spleen, mucosa-associated lymphoid tissue
(MALT), and gut-associated lymphoid tissue (GALT), exhibit a high degree of similarity
between pigs and humans [4]. The same is true for receptors of the innate immune system, i.e.,
Toll-like receptors and NOD-like receptors or the complement system (extensively reviewed by
Saalmiiller and Gerner [5]). In recent years, the use of “dirty” animals with a largely intact and
considerably more diverse microbiome reflecting their wild counterparts increased and
revealed dramatic disparities to gnotobiotic (germ-free) and SPF (specific-pathogen-free)
animals [6]. Moreover, to mirror the genetic background in a genetically diverse population like

humans, outbred animals like pigs are especially useful [2].

However, research in pigs is not as advanced as it is in other, still more often used model species.
To differentiate cells by cell-surface and functional markers, immunologists use a standardized
nomenclature, termed clusters of differentiation (CD). Currently, 371 CD markers have been
described for humans [7]. Although porcine homologues have been found for most human CD

markers [8], the lack of available monoclonal antibodies (mAb) reacting with those markers is
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a major obstacle in porcine immunology. Moreover, information about the expression of CD
markers on the different leukocyte subsets is still much less detailed as in humans or mice [5].
Nevertheless, porcine immunology is advancing, cross-reacting or even anti-porcine-specific
mADb are developed, and multiple T-cell subsets have been identified and correlated with human

and/or murine counterparts [9].

The described characteristics of pigs make them an exceptionally suitable model species for
immunological research, especially for infections with viruses of the respiratory and digestive
tract [2, 10].

1.2 Viruses investigated in this Thesis

All living beings, from bacteria to complex animals, are exposed to a constant storm of
infectious microorganisms - viruses. Viruses come in many different shapes and with highly
variable characteristics. Some are cleared right away, some replicate but are not a cause for
disease, others infect and stay for the rest of the host’s life, and some cause severe disease and
lethality in many, if not all, infected individuals. In this thesis, two different viruses were
investigated: One causes mostly minor disease in pigs but has zoonotic potential, the other
represents a major infectious threat for the porcine population with severe disease and high

lethality.

1.2.1 Influenza A Virus

Influenza viruses contain a multi-segmented, negative sense, single-stranded viral RNA
genome. The virus family, Orthomyxoviridae, encompasses seven genera, four of which contain
Influenza viruses. Influenza A virus (IAV) belongs to the genus Alphainfluenzavirus [11]. The
[AV genome consists of eight segments, which encode at least 10 proteins: polymerase basic
protein 2 (PB2, segment 1), polymerase basic protein 1 (PB1, segment 2), polymerase acidic
protein (PA, segment 3), hemagglutinin (HA, segment 4), nucleoprotein (NP, segment 5),
neuraminidase (NA, segment 6), matrix proteins (M1 and M2, segment 7), and non-structural
proteins (NS1 and NEP/NS2, segment 8) [12]. The number of expressed proteins is larger than
the number of genome segments because IAV uses a variety of molecular mechanisms, e.g.,
leaky scanning or alternative splicing [11, 12]. IAV, like other RNA viruses, have a high genetic
diversity [13], which in IAV is increased by two mechanisms. The first is antigenic drift, where
point mutations are inserted through the lack of proof-reading by the viral polymerase [11, 12].

Moreover, their genome structure enables IAV to share genome segments of different origin
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within one infected host cell (but only within the same genus), in a process called reassortment

or, concerning HA or NA with a subsequent phenotypic change, antigenic shift [11, 12, 14].

Based on the two viral surface glycoproteins, HA and NA, IAV are subtyped into 16 HA- and 9
NA-subtypes (two additional HA subtypes, H17N10 and H18N11, have only been found in bats
[15]) [14]. ALl TAV subtypes were isolated from avian species, with the exception of bat-origin
IAV [16]. IAV, as well as other Influenza viruses, are often associated with mammalian and
avian hosts [17]. However, Influenza-like viruses infecting amphibians and fish have recently

been described, indicating that their host range might be broader than thought [18, 19].

IAV is transmitted mostly via aerosols from infected individuals [20], but infection can also
occur after contact to fomites [21]. Although viral shedding typically correlates with signs of
disease and is restricted to the first few days after infection, non-classical courses and unspecific
symptoms limit the ability to isolate infected individuals and thus, might promote viral
transmission [22]. IAV particles enter their host cells by HA-mediated binding to sialic acid
residues on the cell surface [23]. Virus-specific HA variants bind to differently linked sialic
acids, which is the key factor determining host range [14, 23]. Sialic acids are found in two
variants, a-2,3-linked and a-2,6-linked. The former is predominantly found in bird’s intestines
and cells from the lower respiratory tract in mammals, while the latter is present in tissue from
the mammalian upper respiratory tract [24, 25]. Accordingly, avian IAV preferentially bind
a-2,3-linked sialic acids, while mammalian IAV prefer a-2,6-linked sialic acids [24, 25]. Of note,

the distribution of sialic acids in the respiratory tract is highly comparable between humans and

pigs [26].

Antigenic drift and reassortment have resulted in annual seasonal epidemics and five
historically documented pandemics with more than 50 million fatalities in the 1918-1919
pandemic alone [27]. Variants of the 1918 pandemic IAV strain are responsible for the majority
of human TAV infections since [28], which illustrates the long-lasting consequences of viral
pandemics beyond immediate morbidity and mortality [29]. The most recent IAV pandemic in
2009 was caused by an HINT1 subtype (HIN1pdm09). HIN1pdmO09 had an exceptional genome
constellation: the PB2 and PA segments were of avian origin, the PB1 segment came from a
human H3N2 IAV, NA and M segments were derived from an avian-like swine IAV, while HA,
NP, and NS segments came from another classical swine HIN1 IAV [14, 30]. Interestingly, the
HINI1pdmO09 variant circulated in pigs for several years before it was transmitted to humans
and even then, it took months before the outbreak was recognized [31]. This emphasizes a

central role of pigs for IAV evolution.

Pigs have also become increasingly important for IAV spread for other reasons. Traditionally,
pigs were held in relatively small farms (~100 animals) and were not shipped in large quantities.

This has changed dramatically over the last decades, with a shift to large-scale farms (~1,000
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animals) and increased worldwide live animal shipments [32]. Moreover, pigs “learned to fly”
and are now shipped by plane between the biggest pig producers, Southeast Asia, Europe, and
North America in large numbers [32]. Since AV infections in pigs are multifaceted, ranging
from clinically inapparent to highly acute [33], and shipped pigs are usually not tested for IAV,
international transport contributes to the global spread of IAV [34]. Additionally, there are
molecular reasons that brought pigs into the focus of IAV research. As introduced before, IAV
have different host ranges, based on the differently linked sialic acid on the host cell surface. In
contrast to humans, pigs express both sialic acid variants in their upper respiratory tract,
enabling infection with and reassortment of both avian and mammalian IAV [25, 35].
Therefore, the term “mixing vessel” has been coined [16, 36]. This notion has been challenged
by data showing limited expression of a-2,3-linked sialic acids on porcine respiratory cells [37]
and might indicate that the high number of animals in close proximity is the main determinant
for inter-species transmissions [38]. However, emergence of avian and mammalian TAV
reassortants has been shown in contact animals of experimentally infected pigs but not in
humans [39, 40].

There have been numerous outbreaks , both global pandemics [30] and regional epidemics [39,
41], caused by zoonotic transmission of IAV from pigs to humans. However, there have also
been infections of porcine populations by transmission from humans [42]. The IAV strain in
this thesis, HIN1pdm09, has been studied as a cause of a clinically mild disease in pigs with
zoonotic potential. However, there are also viral infections in pigs that cause severe disease and

lethality.

1.2.2 African Swine Fever Virus

The cause for the devastating viral hemorrhagic fever-like illness African swine fever (ASF) is
the ASF virus (ASFV). It is a complex, large, double-stranded DNA virus and the only member
in the genus Asfivirus of the Asfarviridae family [43, 44]. ASFV strains have a genome size of
170-190 kbp [45], encoding more than 150 viral proteins [46]. Based on differences in the major
ASFV capsid protein, p72, 22 genotypes have been defined [45, 47]. ASFV virions are usually
enveloped after budding from the host cell [48]. However, their outer envelope is lost in later

stages of infection, when infected host cells are lysed, without negative effects on infectivity [49].

ASFV infects all members of the Suidae family, with considerable differences depending on the
respective subspecies. In its native geographical origin, sub-Saharan Africa, ASFV circulate in a
sylvatic cycle with soft ticks of the genus Ornithodoros in bushpigs (Potamochoerus larvatus)
and warthogs (Phacochoerus africanus) [50]. ASFV infection is usually clinically inapparent in

both reservoir species [51]. Outside of Africa, ASFV infects domestic pigs and wild boar,




Viruses investigated in this Thesis

causing major disease with high lethality [52], and making it responsible for millions of fatalities
and major economic challenges of global extent [53]. ASFV affects only suids and has no

zoonotic potential [54].

Until the 1950s and 1960s, there were only minor ASF outbreaks in European countries, but
ASFV became endemic in Spain and Portugal and spread to other European and American
countries. These outbreaks were eradicated in the mid-1990s, except for Sardinia [55]. After
ASFV was introduced into Georgia in 2007, it spread to many other European and Asian
countries [55-59]. In September 2020, a wild boar found dead in Brandenburg was tested
positive for ASFV, representing the first case of ASF in Germany [60]. Since then, ASF has
spread regionally and dozens of further cases have been detected. Wild boar seem to play a
major role for ASFV maintenance and spread outside of Africa, considering that ASFV-
transmitting Ornithodoros ticks (or ticks from other genera) are found only in Southern but not
Northern European or Asian countries [61]. This is especially true if close contact between
domestic and wild pigs is not prevented [62, 63]. The initial introduction into wild or domestic
pig populations, however, is usually caused by human negligence [64]. Infectious ASFV
contaminations can be found in multiple places, from pig secretions, meat from infected
animals, to farmer’s clothing (although infection by fomites has not yet been shown) [64]. ASFV

introduction into Georgia was likely caused by contaminated pork from Madagascar [65].

ASFV has a distinct cell tropism and infects and replicates in cells of the myeloid lineage [66].
These includes professional antigen-presenting cells (APC), such as monocytes [67],
macrophages [68], and dendritic cells (DC) [69], but also neutrophil granulocytes [70]. CD163,
a specific marker for macrophages [71], has been discussed as a cellular receptor needed for
viral entry [72]. However, later studies found no correlation between susceptibility and CD163
expression [73] and CD163 knockout pigs were still susceptible to ASFV infection [74]. Thus
far, the only cellular marker correlating with viral susceptibility was CD45 [73], a pan-leukocyte
marker [75]. Interestingly, the extracellular ASFV protein CD2v, which is indispensable for
viral replication in its arthropod vectors [76], shares high homology with porcine CD2, an
adhesion receptor found on porcine T cells [77]. CD2v is pivotal for hemadsorption of
erythrocytes to infected cells [77]. Since attenuated strains often have truncated versions of

CD2v [78], it is probably also important for pathogenesis [77].

Two different ASFV strains of the Georgia lineage were used in this thesis. The first,
“Armenia2008” is a highly virulent strain with high lethality in both wild boar and domestic
pigs [79]. The second, “Estonia2014”, is a moderately virulent strain that induces acute disease
without fatalities in domestic pigs but severe disease and high lethality in experimental
infections of wild boar [80]. Serological evidence found in hunted animals in Northern Estonia

suggested that at least some wild boar survive ASFV field infections [81].

10
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1.3 Porcine Immunity in the Context of Viral Infections

RNA viruses, like IAV, have a high diversity and fast evolution. DNA viruses, like ASFV, on the
other hand, have a vast repertoire of viral proteins to evade the host’s unspecific innate immune
responses. The adaptive arm of the immune system provides more specific responses and is a
crucial player for immunity at mucosal boundaries [82]. Moreover, as obligate intracellular
parasites, viruses are often not completely neutralized by antibody responses mounted by the

host [83]. Therefore, a more specialized part of the immune system has to get involved: T cells.

1.3.1 E pluribus unum - The diverse T-cell Compartment

T cells, named for their characteristic development in the thymus, respond to foreign antigen
as a part of the adaptive immune system. Their (at least in theory) virtually unlimited ability to
respond to antigens is based on the molecular structure of a key T-cell molecule, the T-cell
receptor (TCR). The TCR is expressed on the cell surface in a complex with the T-cell lineage
marker, CD3 [84]. It is comprised of two eponymous chains, a and 3, or y and §, in the two
subsets afy and yd T cells, respectively. The chains consist of up to four domains: constant (C),
variable (V), and joining (J) regions in a and y chains, and additionally diversity (D) segments
in B and § chains. V(D)] recombination, the process of somatic recombination of the three TCR
domains, results in an estimated 10" potential individual ap T-cell clonotypes (the total of T
cells with an identical TCR) [85]. y0 T cells possess an even greater potential diversity, with an
estimated upper limit of 10'® clonotypes [86]. However, only about 10°-10® T-cell clonotypes are
expressed in any given individual [87, 88], and there is a considerable bias in favor of some
clonotypes [89]. Still, this illustrates the vast potential of possible antigen-specific T-cell

responses. Both T-cell subsets will be introduced below.

1.3.1.1 The T-cell Blueprint — a3 T cells

af T cells are the subset of CD3* lymphocytes typically addressed when T cells are mentioned.

They represent the majority of T cells in humans and mice, but also in pigs.

Pigs, like humans and mice, have both conventional af T-cell subsets, CD4*/CD8a” (CD4*) and
CD47/CD8a* (CD8a"). Interestingly, whereas humans and mice usually have twice as many
CD4 T cells as CD8a T cells, this ratio is reversed in pigs [90]. The CD4* subset is currently
thought to mirror human and murine T helper (Th) cells [5]. Among CD4" ap T cells, pigs have
a population of CD25* cells expressing the transcription factor FoxP3 and exerting regulatory

effector functions, thereby meeting the classical definition of regulatory T cells (Tregs) [91].

11
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CD8a" can be subdivided in two subsets, CD8aa* and CD8af3*, depending on the expression of
CDS8 as a homo- or heterodimer, respectively. Porcine CD8ap* aff T cells exert activities of
cytotoxic T cells [92], while the functions of CD8aa* af T cells are not fully understood [90].
At least some evidence suggests that human CD8aa* aff T cells are terminally differentiated

memory cells that downregulated the CD8 pB-chain to decrease antigen reactivity [93-96].

Porcine CD4" af T cells are able to upregulate the expression of CD8a on their surface resulting
in a considerable population of CD4*/CD8a* (DP) T cells [97]. This upregulation is dependent
on antigen contact [5] and is also induced during viral infections or immunizations, including
swine Influenza viruses [98] and vaccines against HIN1pdmO09 [99]. A considerable DP T-cell
population in the human and murine periphery is only found as prematurely released precursor

T cells from the thymus [100], during autoimmune diseases, or at the site of inflammation [101].

T-cell activation generally requires several signals. Mammalian o TCR bind the antigen
presentation molecules major histocompatibility complex (MHC) class I and II on the surface
of APC, where CD8a" and CD4* T cells are restricted to MHC I and MHC I, respectively [102,
103]. In pigs, MHC molecules are referred to as swine leukocyte antigen (SLA) I and II. The
interaction of TCR and MHC/SLA is termed signal 1. The second signal is acquired by
interaction of either pro- or anti-inflammatory molecules on the surface of APC, like CD80/86
or cytotoxic T-lymphocyte-associated protein 4 (CTLA-4, CD152), respectively, with CD28 on
the T-cell surface. The third signal is given by secreted cytokines from the APC, to fine-tune the
T-cell response [84, 102].

af T cells utilize a plethora of cellular effector mechanisms to fight pathogens or other threats.
Based on extra- and intracellular markers and the cell-specific use of these effector functions,
multiple T-cell subsets have been defined. Among them, cytotoxic T cells play a major role
during viral infections. Cytotoxic responses kill infected or otherwise compromised cells, which
can then be cleared by phagocytes. This limits pathogen spread, especially for intracellular
pathogens such as viruses, but also prevents proliferation of mutated cells that pose a risk for
cancer development [104]. Cytotoxicity is exerted by a few key proteins, perforin and
granzymes or interaction of Fas (CD95) and Fas ligand (CD95L/CD178).

Cytotoxic cells, identified by expression of perforin or other cytotoxic molecules, are usually
found in the CD8af* population [92]. In pigs, however, perforin* cells have also been identified
among DP af T cells during infection with ASFV and pseudorabies virus [105-107]. These data
are still under discussion as other groups have been unable to reproduce these results [9].
Moreover, it is unknown whether the DP cytotoxic T cells originate from CD4* or CD8a* T
cells [92, 107].

12
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CD4" Th cells act in a more indirect way, predominantly by secretion of cytokines that
orchestrate further responses. Th responses are classified based on the expression of specific
surface markers, transcription factors, and cytokines [84, 102]. The key cytokines produced by
Thl cells are interferon-y (IFNy) and tumor necrosis factor-a (TNFa), mediating responses
against intracellular pathogens like viruses [108]. Differentiation of Th1 cells is associated with
expression of the T-box transcription factor TBX21 (T-bet) [109]. Th2 cells, characterized by
secretion of interleukin (IL)-4, IL-5, and IL-13 are defined by expression of GATA-3 and have
recently also been described in the pig [110]. They are induced mainly during infections with
extracellular pathogens, demonstrated in pigs during infection with a swine-specific parasite,
Trichuris suis [110]. Th17 cells, defined by expression of the transcription factor retinoic acid
receptor-related orphan receptor gamma t (RORyt) and secretion of IL-17, take part in
responses against extracellular pathogens, like fungi and bacteria, predominantly at mucosal
surfaces [111, 112]. Follicular helper T (Trx) cells in humans and mice are pivotal orchestrators
of humoral immune responses but are scarcely investigated in pigs. In humans, they are
characterized by surface expression of CXC chemokine receptor 5 (CXCR5), inducible T-cell
co-stimulator (ICOS, CD278), programed death 1 (PD-1) and intracellular expression of B-cell
lymphoma 6 (Bcl-6) and IL-21 [113]. Porcine Teu cells have recently been described during
comparative immunization studies in mice and pigs [114]. Mitigation of pro-inflammatory
responses and induction of tolerance to certain antigens is executed Tregs. Tregs, characterized
by expression of the transcription factor forkhead box P3 (FoxP3), express the anti-
inflammatory cytokines IL-10 and Transforming growth factor- (TGFp) and can suppress T-
cell responses by binding of CTLA-4 to CD28 on activated T cells [115]. Moreover, they can
directly kill antigen-specific T cells granzyme-dependently similar to cytotoxic T cells [116].

Pigs belong to a group of animals with another peculiarity. Unlike humans and mice, the
porcine T-cell compartment has another major player: yo T cells. In early studies of porcine
peripheral blood, y§ T cells were incorrectly identified as CD4/CD8a (DN) af T cells [97,
117]. By using antibodies against the porcine yd TCR, it was later shown that most of the DN T
cells belong to the yd T-cell population [118]. Although these cells undergo thymic

development like af T cells, they are a distinct population with specific properties.

1.3.1.2 ABlend of both Systems — y& T cells

Depending on age, y8 T cells represent up to 85% of all peripheral porcine T cells [5, 119, 120].
This is in stark contrast to humans and mice, where yd T cells only account for less than 10%
of all T cells. Still, even in the low numbers found in humans and mice, y§ T-cell responses are
indispensable as they bridge innate and adaptive responses [121]. However, our understanding

of y8 T cells is far from complete.

13
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In pigs, y0 T cells are divided into three major subpopulations, based on the expression of CD2
and CD8a. CD27/CD8a y8 T cells are mostly naive, CD2*/CD8a” y§ T cells are composed of
activated or effector cells, while the CD2*/CD8a" subset consists of terminally differentiated
effector cells [119, 122]. Porcine CD2* yd T cells are also discussed as a separate lineage with
distinct development in the thymus [123]. However, this is contrary to other results showing
CD2 upregulation in vitro and, therefore, remains under discussion [124]. Multiple y§ T-cell
subsets are described in humans or mice. These are based on the expressed y and § chains of
the Y0 TCR. Similar to pigs, the majority of human y8 T cells does not express classical T-cell
surface markers like CD4 and CDS8, although a subset might express low levels of CD8a [125-
127]. However, they do express molecules typically associated with the innate lymphocyte
population of Natural Killer (NK) cells, such as CD16 or the C-type lectin-like receptor NK
group 2 member D (NKG2D) [128]. Since porcine NK cells are only rudimentarily described,
it is difficult to compare surface markers on porcine y§ T cells with their counterparts on
porcine NK cells. Still, the major marker for porcine NK cells, CD8a, is known to be upregulated
in cytotoxic y8 T cells [105]. The increased expression of CD8a on effector y§ T cells indicates

similar innate-like or even cytotoxic responses.

Activation of y§ T cells is thought to be independent of conventional antigen presentation,
although yd TCR ligands might interact with MHC I and II or MHC-related proteins [129].
Instead, antigen detection by yd TCRs is more similar to antigen binding by immunoglobulins
or pattern recognition receptors (PRR) [130-132]. Multiple host-derived proteins are able to
induce y8 T-cell responses [133]. Among them are the MHC-related proteins T10 and T22 in
mice [134, 135] and the MHC class I chain-related proteins A and B (MICA, MICB) or CD1c
in humans [136, 137]. Moreover, human herpesvirus 1 transmembrane glycoprotein gl [138]
and fibroblasts infected with human herpesvirus 5 [139] are recognized by y8 T cells, indicating
that pathogen-derived antigens interact with y§ TCRs as well. Recently, yd T cells have been
shown to bind to the non-classical MHC I-like molecule MR1 [140]. MR1 is typically associated
with presentation of riboflavin metabolites derived from bacteria to another unconventional T-
cell population, mucosal-associated invariant T (MAIT) cells. Most y8-TCR ligands described
so far are typically upregulated during infection or other cellular dysregulations, regardless of
the chemical nature of the specific y§ TCR ligands [129]. This resembles recognition of danger-
associated molecular patterns (DAMP) by the innate immune system and thus, emphasizes the
role of y0 T cells during early immune responses [129]. However, this could also mirror
experimental biases, because the usual experimental approach includes stimulation with tumor
cells or host cells [130]. y8 T cells can also be activated independent of TCR interaction in an
innate-like way by cytokines, especially those produced early during an evolving immune
response, i.e., IL-1 and IL-23 [141]. The broad range of activation mechanisms further

underlines the importance of y§ T cells.
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Depending on the mode of activation, yd T-cell reactions differ significantly. The responses are
fine-tuned by the activating ligands: NKG2D induces cytotoxic responses [142, 143], PRR-
dependent activation (usually concomitant with cytokines) triggers secretion of inflammatory
cytokines [144, 145], while activation via their y8 TCR results in both cytotoxic and
inflammatory responses but also proliferation and other immunoregulatory functions [129]. In
response to innate activation by cytokines, human and mouse y§ T cells primarily secrete IFNy
and IL-17 [141, 146]. Responses of activated porcine yd T cells are largely comparable to human
y8 T cells. Cytotoxic capabilities [147-149] and secretion of pro-inflammatory cytokines, i.e.,
IFNy, TNFa, and IL-17, have been demonstrated [124, 150]. Moreover, porcine y§ T cells can
also be activated by innate cytokines such as IL-12 and IL-18 [124]. Presentation of antigens
similar to professional APCs has been shown for activated human yd T cells. Of note, even
though human af3 T cells also expressed antigen presentation molecules like MHC II and
CD80/86, Yy T cells displayed higher expression levels and were the only T-cell subset capable
of inducing proliferation to the same extent as DCs [151]. Comparable antigen presentation

capabilities have also been implicated for porcine yd T cells [152].

Besides y0 T cells, another innate-like T-cell population exists with major implications for

immunity: invariant Natural Killer T (iNKT) cells.

1.3.2 Same Same but Different — invariant Natural Killer T cells

Porcine iNKT cells are largely similar to conventional T cells (cTC): they develop in the thymus,
express CD3 and a TCR on their surface, and are able to mount antigen-specific responses [84].
However, they also have some very peculiar differences to ¢cTC. Their eponymous characteristic
is a TCR with strikingly reduced diversity. Most iNKT cells express the same TCR, and thus,
react to the same antigenic stimuli [153]. Moreover, they exit the thymus with an already
activated phenotype and even some functions usually attributed to memory cells [154-156].
This pre-activated phenotype enables iNKT cells to react within hours or few days to further
activation, emphasizing their innate-like characteristics [157]. Although they are considered a
rare population, accounting for often far less than 1% of all peripheral T cells, they still

outnumber any af or y§ T-cell clonotype.

Development, differentiation, and many effector mechanisms of iNKT cells are primarily
controlled by a single transcription factor, promyelocytic leukemia zinc finger (PLZF) [158,
159], which is actively suppressed in cTC [160]. Based on the expression of other lineage-
defining transcription factors, i.e., T-bet, RORyt, and GATA-3, murine iNKT cells are divided
into multiple subsets [161]. PLZF*/T-bet" iNKT1 cells produce IFNy and TNFa, exert cytotoxic
properties, and thus, resemble Th1 cells. PLZF"/GATA-3* iNKT2 cells are comparable to Th2
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cells by secretion of IL-4 and IL-13. PLZF°/RORyt" iNKT17 cells express IL-17A, similar to
Th17 cells [162-167]. Functional subsets of human iNKT cells are not as well-defined [161].
Human DN and CD8a* iNKT cells display similarities to murine iNKT1 cells, as they express
IFNy and exert cytotoxic functions upon activation [168, 169]. Moreover, IL-17-producing
human iNKT cells have been shown [170]. However, data on more detailed subsets or tissue
distribution are essentially missing. There is a significant difference in the expression of classical
T-cell surface markers between human and murine iNKT cells. While human iNKT cells are
predominantly CD8a* or DN with a minor CD4" population, murine ones display a major CD4*

and a minor DN subset but do not express CD8a at all [171].

In contrast to ¢TC, which are activated by interaction with MHC I and II molecules, the ligand
for the iNKT-cell TCR is CD1d [172]. CD1d presents glycolipids, although the cognate antigens
are still not entirely understood [173]. In research scenarios, the synthetic CD1d ligand
a-galactosyl-C16-ceramide (aGC) is used to activate iNKT cells in vivo and in vitro [174, 175].
PBS57, a glycolipid related to aGC [176], is also used to detect iNKT cells by flow cytometry
applying CD1d tetramers developed earlier [177, 178]. CD1d is highly conserved among the
species investigated thus far, underlining the pivotal importance of iNKT cells for immunity
even in an evolutionary context [179]. Interestingly, the extended CD1 family in humans and
other mammals (CD1a to CD1e) is reduced in mice, where CD1d is the only member known
to be expressed [173]. Expression of CD1d is also indispensable for iNKT-cell development in
the thymus [180]. Human yd T cells can also be detected by aGC-loaded CD1d tetramers,
indicating intersecting responses of iNKT cells and y8 T cells. [181].

Current understanding suggests three strategies for iNKT-cell activation, as discussed by
Kumar et al. [182]: The first is presentation of strong agonists, usually pathogen-derived
antigens, such as aGC, in the context of CD1d. These signals do not require further stimulation
to induce iNKT-cell responses (TCR-driven activation). However, not all pathogen-derived
antigens are potent agonists like aGC. Moreover, CD1d is also able to present host-derived
glycolipids, which are also less potent triggers. Therefore, these antigens require a second signal
in the form of cytokines for broad iNKT-cell activation (TCR + cytokine-driven activation).
This second signal comes from APCs that detected antigens with their PRRs during early
pathogen encounter [173, 183, 184]. In this context, iNKT-cell activating cytokines are IL-12 or
type I interferons [185, 186]. The last mode of activation is entirely dependent on concomitant
secretion of pro-inflammatory cytokines (cytokine-driven activation). Known inducers of
iNKT-cell responses are IL-12 and IL-18 [187-189]. Cytokine-driven signals are discussed as
the predominant mode of activation during infections in vivo [190]. Of note, these modes of

iNKT-cell activation resemble those of y§ T cells.
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Investigation of iNKT cells in pigs has mostly focused on the potential use of aGC as a vaccine
adjuvant against infectious diseases like IAV [191-196]. Beyond that, little has been known
about porcine iNKT cells in general. Similar to humans, pigs express all members of the CD1
family [197]. Analogous to humans and mice, pigs artificially disrupted of CD1d expression do
not develop iNKT cells [198]. The porcine iNKT-cell TCR consists of Va and Ja segments
homologous to the Va24-Jal8 and Val4-Jal8 structures found in humans and mice,
respectively [199]. The main antigen binding domains (complementarity-determining regions
laand 3a) are conserved between humans and pigs [179]. The frequency of porcine iNKT cells
has been found to be lower than 1% of CD3" cells in the blood [191, 200, 201], which is in the
typical range of human peripheral iNKT cells [202]. In swine, iNKT cells are usually CD8a* and
lack a significant CD4* population [191, 192, 201]. Previous studies also showed high PLZF
expression levels in porcine iNKT cells [203]. Moreover, some evidence indicated that aGC
stimulation of porcine PBMCs resulted in iNKT-cell proliferation [192, 203]. Although these
previous studies indicated a comparable role and function of porcine iNKT cells, many

characteristics were left unexplored.

T-cell populations take part in antiviral immune responses. Still, many aspects have not been
thoroughly investigated so far. The following chapter shall introduce the previously existing

knowledge about porcine antiviral T-cell responses.

1.3.3 Molecular Biological Warfare — Antiviral T-Cell Immunity in Pigs

The late Eckhard Podack coined the phrase of “Immunology [as] the science of biological
warfare” [204]. The analogy of combat between intruding pathogens and the host’s defense
system is quite fitting: For the host, it can be a fight-or-die situation; for the infecting agent, it
is more like live-or-die. Both sides need to be victorious in order to ensure survival. In this
thesis, the fight between quite different pathogens in the same host, the pig, was investigated.
One, IAV, typically causes clinically inapparent disease and the infection is eventually cleared.
The other, ASFV, usually causes severe disease with high lethality. Because of the delicate
structure of the lung, inflammatory responses need to be carefully balanced and cytotoxic
T cells in particular require strict regulation [205]. The pivotal importance of T-cell responses
for immunity in the lung becomes obvious even in the cell numbers: there are about 10" T cells
in the healthy human lung, comparable to the size of the T-cell compartment in the peripheral
blood [205]. The T-cell response of the porcine host against IAV and ASFV infections shall be

introduced in this chapter.

The general analysis of immune responses against IAV infections is hampered by the fact that

different virus strains are used to study porcine immunity. In some studies, IAV strains from
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pigs (swIAV) were used, while human strains (hulAV) were used in others. This is reflected by
differences in the antiviral responses, which makes it challenging to deduce universally
applicable conclusions. In order to reduce the complexity of previous results from the literature,
this chapter will focus on responses against HIN1 swIAV and hulAV and studies with detailed

immune phenotyping.

The central role of T-cell immunity during respiratory infections has also been demonstrated
for IAV infections in numerous studies before. Chemical depletion of alveolar macrophages in
pigs before infection with HIN1 hulAV resulted in increased clinical signs and mortality, which
correlated with reduced levels of pro-inflammatory cytokines in lungs and lower frequencies of
IFNy-producing CD8a* lymphocytes in BAL fluids [206]. T cells were able to reduce disease
severity, viral load, and mortality from lethal challenge infection after heterosubtypic priming
in the absence of antibodies in mice [207], ferrets [208], and non-human primates [209]. In a
similar approach, the intranasal administration of HIN1 T-cell epitopes reduced the viral load
after heterologous challenge infection in pigs [210]. These studies underlined not only the
significance of antiviral T-cell responses, but also demonstrated cross protection by pre-existing
T-cell immunity to infection with heterologous viruses. However, only few studies analyzed the

porcine T-cell response against IAV infection in detail.

In an attempt to use pigs as a model for human IAV infections, Khatri et al. infected pigs with
HIN1 swlIAV and provided the first phenotyping of responding porcine immune cells [211].
They found an influx of y6 T cells as well as cytotoxic CD8a" af T cells in the bronchoalveolar
lavage (BAL) 6 dpi. Moreover, they showed activated, CD25" T cells in lungs and BAL of
infected pigs 6 dpi, concurrent with an increase of DP af T cells in BAL, tonsils, and regional
lymph nodes, and increased Treg frequencies in the lung. This mirrored human IAV infections
and implicated pigs as a suitable model species for IAV infections [211]. Heinen et al. infected
pigs with HIN1 swIAV and collected BAL fluid every other day in the first week and less
frequently in the following weeks after infection [212]. They found an influx of lymphocytes 4-
8 dpi, which primarily consisted of cytotoxic CD8a* af T cells and CD4* ap Th cells but also
NK cells. Frequencies of cytotoxic CD8a* ap T cells showed a second, prolonged increase,
beginning 15 dpi and lasting at least until the challenge infection 42 dpi. They also showed a
subtype-specific proliferative response in lymphocytes from infected animals [212]. Pomorska-
Mol et al. found antigen-specific T-cell responses after in vitro re-stimulations beginning 7 dpi
and decreased lymphocyte counts in pigs after infection with HIN2 swIAV, but performed no
further differentiation of the lymphocyte response [213]. The same authors found a similar
proliferative T-cell response after in vitro re-stimulation beginning 7 dpi and pro-inflammatory
cytokines in the lung of infected pigs in a later study with HIN1 swIAV [214]. A more detailed
immune phenotyping was done by Sinkora et al. in BAL fluids of pigs infected with HIN1
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swlAV 28 dpi [215]. They found increased frequencies of aff T cells in general, and significantly
elevated levels of CD4" Th cells and DP effector/memory cells. Although yd T-cell frequencies
decreased, the remaining cells differentiated into CD2*/CD8a* effector cells. In regional lymph
nodes, they described elevated percentages of DP aff T cells with concurrent decreased levels of
CD4* Th cells. These local responses were not mirrored on a systemic level, as there was only a
small increase of DP aff T cells but no other changes [215]. Tungatt et al. used MHC [ tetramers
loaded with IAV peptides in Babraham inbred pigs immunized twice with HIN1 swIAV. They
showed frequencies of up to 40% of tetramer* CD8B" af T cells in BAL fluids 28 dpi using just
three peptides [216]. In a subsequent experiment, the group infected Babraham pigs with a
swine isolate of HIN1pdmo09 and found the first antigen-reactive, tetramer* CD8p* aff T cells
5 dpiand a strong response 14 dpiin BAL fluid [216]. Although the group sizes were small (only
three pigs were immunized and infected, respectively), this was the first successful attempt to

describe the kinetics of antigen-reactive CD8B* a3 T cells in immunized and infected pigs.

The most recent and also most detailed analyses of porcine T-cell responses during HIN2
swlAV infection were done by Talker et al. in two consecutive papers. In the first study, pigs
were infected twice with HIN2 swIAV at an interval of four weeks [217]. Typical clinical signs
of respiratory disease were found in all infected individuals after primary infection but were
reduced after the second infection. A cytotoxic and proliferative response in peripheral CD8f*
T cells was detected early after the first infection but did not occur after the second infection. A
similar but less distinct course was observed for CD4 Th cells, which proliferated and
upregulated CD8a, primarily after the first infection. Interestingly, the amount of PBMCs that
produced IFNYy after in vitro re-stimulation increased over the course of the study and a boost
effect of the second infection was detectable in most individuals. This was also true for the
numbers of proliferating cells producing more than one of the investigated cytokines, IFNy,
TNFa, and IL-2, and demonstrating signs of cytotoxic activity, measured by increased surface
expression of the degranulation marker CD107a [217]. In the second study, the groups used the
same HIN2 swlAV again, but infected only once [218]. They found proliferating CD4* Th cells
with an activated phenotype (CD8a*/CD27+) in lung lymph nodes between 4 and 12-15 dpi,
and proliferating, activated CD8a* cytotoxic T cells (CD27*) in the lungs at the same time.
IFNy-producing cells were found in blood, lung, and lung lymph nodes 6-15 dpi, except for the
lung, where IFNy-producing cells were still found 44 dpi. In line with this finding, they showed
that most IFNy+ cells were found in the lung, while TNFa was predominantly produced in lung
lymph nodes. Interestingly, they also showed cytokine production after re-stimulation with

heterosubtypic swIAV, which was generally higher in lymphocytes isolated from the lung [218].

Studies investigating the porcine T-cell response after infection with hulAV in detail are also

scarce. A first study with HIN1pdm09 showed mild clinical signs and increased frequencies of
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cytotoxic CD8a* T cells and CD4" Th cells in the blood of infected pigs [219]. Mair et al.
described lymphocytes with an innate, NKT-like phenotype (CD3*NKp46*) that expanded in
the lung of pigs infected with HIN1pdmO09. In vitro, these cells showed cytotoxic potential and
secretion of IFNy upon stimulation, indicating that they play a role in the antiviral response
[220]. Rajajo et al. underlined the importance of T-cell responses against HIN1pdm09 with a
different approach. They investigated pigs with a genetic background of severe-combined
immuno-deficiency (SCID), characterized by an almost complete lack of lymphocytes [221].
H1N1pdmo09-infected SCID pigs showed higher viral loads in the lung, prolonged shedding,
and delayed viral clearance compared to non-SCID heterozygous carrier pigs. Interestingly,
SCID pigs also showed fewer lung lesions and a lower lung pathology score [221]. Detailed
immune phenotyping for infections of pigs with HIN1pdm09 has not yet been published.

Although CD1d presents bacteria-derived glycolipids only, various groups showed iNKT-cell
activation and participation in anti-IAV responses in humans and mice [188, 222, 223]. During
IAV infections in humans and mice, myeloid-derived suppressor cells (MDSC) suppress IAV-
specific antiviral responses. Adoptive transfer of iNKT cells eliminated the immunosuppressive
activities of MDSC and promoted antiviral immunity and viral clearance [222]. Activation of
murine iNKT cells during IAV infection reduced viral titers by early enhancement of innate
immune responses [224]. Moreover, iNKT-cell-derived IFNy promotes potent antiviral effector
functions in CD8a* T cells and NK cells in mice [225]. In pigs, there is only little data available
regarding iNKT-cell responses during viral infections. Studies in pigs involving iNKT cells and
IAV typically focused on immunizations rather than infections [191, 195]. Artiaga et al.
investigated the effects of iNKT-cell activation by addition of aGC as an adjuvant to UV-
inactivated HIN1pdmO09 prior to challenge with live HIN1pdmo09 in comparison to pigs
primed with UV-inactivated virus alone [192]. aGC-adjuvanted priming significantly reduced
viral loads in nasal swabs and resulted in undetectable levels of challenge virus in the lower
respiratory tract. Moreover, levels of IFNy-producing cells and virus-specific antibody titers
were elevated in pigs primed with aGC-adjuvanted, UV-inactivated virus compared to pigs
primed with UV-inactivated virus alone [192]. In a subsequent study, the group challenged
unprimed pigs with HIN1pdm09 and used simultaneous systemic and local iNKT-cell
activation by intramuscular and intranasal aGC administration, respectively, as a potential
treatment [193]. Intranasal administration was more potent in regard to reduction of clinical
signs, lung pathology, and viral load in lungs and nasal swabs. Interestingly, activation and
expansion of iNKT cells 9 or 2 days prior to IAV infection by intramuscular or intranasal aGC

treatment produced no beneficial outcome [226].

Literature regarding the second viral pathogen investigated in this thesis, ASFV, is scarce. Still,

the pivotal importance of cellular immune responses against ASFV infections has been
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demonstrated unambiguously in previous studies [227]. Oura et al. infected naive pigs with the
avirulent ASFV strain OUR/T88/3. Afterwards, CD8a* lymphocytes were depleted by anti-
CD8a antibodies (clones 76-2-11 and 11/295/33) and the pigs were challenged with the
homologous virulent strain OUR/T88/1. CD8a-depleted animals succumbed to challenge,
whereas undepleted controls survived with mild disease [227]. However, since CD8a is
expressed on a wide range of lymphocytes, from NK cells to various T-cell subsets [149, 228], it
remained unknown, which cell type(s) conferred protection. Therefore, the authors tried to
specifically deplete CD8p* cytotoxic T cells with an anti-CD8f mAb (clone PPT22). However,
a significant depletion of CD8B" T cells was only achieved in one of seven pigs. Remarkably,
this CD8p-depleted individual was the only one succumbing to the challenge infection [227].
This is the most conclusive evidence for the importance of CD8a* T cells in anti-ASFV
responses so far, although the groups were relatively small. Still, this in vivo data is supported
by earlier in vitro studies, where PBMCs from pigs after recovery from ASFV infection were
tested in a killing assay. In vitro re-stimulation led to specific killing of ASFV-infected
macrophages, but not uninfected controls or cells infected with classical swine fever virus [229].
Similar cytotoxic responses without further investigation of CD8a dependency have been

shown by other groups as well [230, 231].

As mentioned, CD8a is also found on DP T cells, which account for a considerable population
in pigs and might also exert cytotoxic responses. DP T cells from ASFV-recovered pigs also have
been shown to proliferate and express perforin and IFNy upon in vitro re-stimulation with
ASFV-derived antigens [107, 232]. Moreover, the aforementioned depletion experiments [227]
suggest that DP T cells, like CD8a* cells, might play a role in antiviral immunity during ASFV

infection.

The predominant focus of previous studies investigating cellular immunity against ASFV
infection was put on CD8a* lymphocytes, while CD4* T-cell responses are less well investigated.
Canals ef al. demonstrated a first insight into ASFV-specific reactions of CD4* T cells. They
cultivated PBMCs from ASFV-immune pigs in the presence of live (i.e., intracellular antigen)
or UV-inactivated (i.e., extracellular antigen) virus. Proliferation of CD4* T cells in the presence
of UV-inactivated virus was entirely abrogated by treatment with mAbs against CD4, while the
proliferative response was only partially impaired but not abolished by anti-CD8a, anti-SLA I,
and anti-SLA II mAbs [233]. CD4" T cells also provide T-cell help to B cells in order to induce
antibody production and maturation. Casal et al. showed that depletion of CD4" T cells by mAb
treatment or rosetting resulted in significantly reduced production of ASFV-specific antibodies,

indicating a T cell-dependent class switch [234].

Regulatory T-cell responses during ASFV infections are often not investigated. This is primarily

due to the short period of time between infection and death of the infected individual, providing
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not enough time for Tregs to fully develop and unfold their effector functions. Recently, Treg
responses were investigated in an immunization study with two attenuated ASFV strains, the
naturally attenuated OURT88/3 and the deletion mutant BeninAMGF. Treg frequencies were
elevated 130 days after immunization and seemingly inhibited protective responses after

challenge infection because IL-10 serum levels increased considerably [235].

Porcine y§ T cells might take part in protective responses during ASFV infection, because a
positive correlation between circulating yd T-cell frequencies and survival was found [236]. yd
T cells might also play another role during ASFV infection. They have been shown to be able to
induce T-cell proliferation in an SLA II-dependent manner in the absence of professional APC,
indicating that they present viral antigen to other T-cell populations [120]. This might even
compensate for antigen presentation deficiencies in ASFV-infected APCs [66]. However, the

evidence is weak and has never been explored further.

Since porcine iNKT cells have only been investigated during immunizations or in healthy
individuals, there is no knowledge about possible contributions of this cell type to the antiviral
response against infections. Previously, PBMCs from ASFV-recovered pigs with an innate
phenotype (CD3*/CD6/CD8a*/CD16") similar to NKT cells demonstrated cytotoxic activity,
but a further characterization of these cells has not been done [92]. Still, this indicates that

unconventional T cells might play a role in the ASFV-specific immune response.
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1.4 The Objectives

Infectious diseases harbor a risk for both pigs and humans but most research so far was focused
exclusively on humans, which left the porcine immune system’s composition as well as

characteristics of specific immune-cell populations during infections largely unexplored.

Little general data is available regarding porcine iNKT cells, let alone about their activation or
effector capacities during viral infections. Human and murine studies have shown that iNKT
cells are pivotal to immunity. However, these studies have also proven considerable differences
between murine and human iNKT cells. In the first part of this thesis, it was one objective to
investigate porcine iNKT cells in greater detail and expand the understanding about them in
healthy individuals as well as during viral infections. This serves two major purposes: First, this
knowledge allows further research into viral diseases and antiviral vaccine candidates for pigs,
ultimately improving animal health and wellbeing. Second, it provides the necessary
prerequisites for the establishment of a new model species closer to humans, improving current

animal models especially for infections concerning both pigs and humans.

In a second part, the immune responses of pigs against two different viruses were investigated.
For the first virus, IAV, pigs are not only susceptible hosts and of epidemiological importance
but also a supposedly more suitable model species for human infections. Additionally, pigs are
susceptible to mammalian influenza viruses but can also be infected by avian strains, enabling
recombination events and the emergence of new influenza virus strains. This has been the cause
for a multitude of major outbreaks and pandemics in the last century. Moreover, pigs are
increasingly utilized as a model species in different research settings because their physiological
and immunological properties resemble the human ones more closely than those of mice do.
However, most studies focused on responses of either peripheral cells or isolated time points
only. In contrast, immune responses in this thesis were investigated both locally along the route
of viral entry and systemically over a prolonged study period. The results from these studies in

the porcine model were compared to human responses against IAV infections.

For the second virus, ASFV, the pig is the only natural host. Although enormous losses caused
by ASF already occurred globally, antiviral responses are insufficiently investigated. However,
an improved understanding of the porcine T-cell immunity is needed to develop more precise
countermeasures against the current near-global spread of ASFV. Moreover, although wild
counterparts of domestic pigs, wild boar, play a crucial role in ASFV dissemination, there is
virtually no data about their immune response. Therefore, antiviral responses against both
moderately virulent as well as highly virulent ASFV isolates were studied in domestic pigs and

wild boar.
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Pigs are important livestock and comprehensive understanding of their immune
responses in infections is critical to improve vaccines and therapies. Moreover, similarities
between human and swine physiology suggest that pigs are a superior animal model for
immunological studies. However, paucity of experimental tools for a systematic analysis
of the immune responses in pigs represent a major disadvantage. To evaluate the pig
as a biomedical model and additionally expand the knowledge of rare immune cell
populations in swine, we established a multicolor flow cytometry analysis platform of
surface marker expression and cellular responses for porcine invariant Natural Killer T
cells (INKT). In humans, iNKT cells are among the first line defenders in various tissues,
respond to CD1d-restricted antigens and become rapidly activated. Naive porcine iINKT
cells were CD3%/CD4~/CD8* or CD3*/CD4~/CD8~ and displayed an effector- or
memory-like phenotype (CD25%/ICOS/CD5"/CD45RA~/CCRY < /CD277). Based on
their expression of the transcription factors T bet and the INKT cell-specific promyelocytic
leukemia zinc finger protein (PLZF), porcine iNKT cells were differentiated into functional
subsets. Analogous to human INKT cells, in vitro stimulation of porcine leukocytes
with the CD1d ligand a-galactosylceramide resulted in rapid INKT cell proliferation,
evidenced by an increase in frequency and Ki-67 expression. Moreover, this approach
revealed CD25, CD5, ICOS, and the major histocompatibility complex class Il (MHC II) as
activation markers on porcine iINKT cells. Activated INKT cells also expressed interferon-
v, upregulated perforin expression, and displayed degranulation. In steady state, iINKT
cell frequency was highest in newborn piglets and decreased with age. Upon infection
with two viruses of high relevance to swine and humans, iINKT cells expanded. Animals
infected with African swine fever virus displayed an increase of iNKT cell frequency in
peripheral blood, regional lymph nodes, and lungs. During Influenza A virus infection,
iINKT cell percentage increased in blood, lung lymph nodes, and broncho-alveolar lavage.
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Schafer et al.

Characterization of Porcine iNKTs

Qur in-depth characterization of porcine INKT cells contributes to a better understanding
of porcine immune responses, thereby facilitating the design of innovative interventions
against infectious diseases. Moreover, we provide new evidence that endorses the
suitability of the pig as a biomedical model for iINKT cell research.

Keywords: iNKT cells, T cells, pig, biomedical model, influenza A virus, African swine fever virus

INTRODUCTION

Biomedical research is in need of large animal models that
reflect human infectious diseases better than current rodent
models (1, 2). Because of the striking resemblances between
porcine and human immune system and physiology, pigs could
be a superior model species (3-10). In order to establish
pigs as a new biomedical model species, a more detailed
understanding of porcine immune responses and leukocyte
subsets is strongly needed.

Leukocytes at systemic and peripheral sites are eminently
important for control of microbial colonization and defense
against infections by induction of protective immunity (11). One
of those leukocyte subsets are invariant Natural Killer T (iNKT)
cells. These cells bridge and orchestrate both untargeted innate
and specific adaptive responses, which are crucial for pathogen
clearance and survival. In contrast to the vast heterogeneity
of T cell receptors (TCR) among conventional CD3" T cells
(cTC), iNKT cells possess a semi-invariant TCR. This TCR is
restricted to the non-classical major histocompatibility complex
(MHC) class I-related CDI1d, presenting lipid or glycolipid
antigens. iNKT cells can be activated antigen-dependently with
glycolipids derived from microbes or the host by TCR-CD1d
interactions or antigen-independently via cytokines, mainly
interleukin-(IL-)12 and IL-18 or type I interferons (IFN). The
induction of cytokine expression in iNKT cells does not require
classical co-stimulation, whereas iNKT cell proliferation depends
on co-stimulatory signals by B7/CD28 or CD40/CD40L (12).
Additionally, effector cytokines are present as immediately
available preformed mRNA transcripts in iNKT cells (13).
Therefore, iNKT cells rapidly proliferate and secrete effector
molecules like IFNy, IL-17 or granulocyte-macrophage colony-
stimulating factor after activation (14). Moreover, they are able
to lyse infected cells by perforin and Fas/FasL interaction (15-
18). iNKT cells also augment B cell responses, class switching
and affinity maturation independently of classical helper
cells (19, 20). Several iNKT cell subsets have been identified
by their expression of different transcription factors, like
promyelocytic leukemia zinc finger protein (PLZF) and T-bet,
most notably in mice, where they are primarily differentiated
into  iNKT1 (T-bet*/PLZF*), iNKT2 (T-bet™/PLZEM),
and iNKT17 (T-bet™/PLZF°) (21-26). Differentiated
subsets of human iNKT cells are not as well-defined as in
mice (27).

At present, most studies focusing on porcine INKT cells
investigated the potential use of the cognate CDId ligand a-
galactosyl-Cl6-ceramide («GC) as an adjuvant for vaccines
against Influenza A virus (IAV) and other infectious diseases
(28-32). Knowledge about phenotype, response kinetics, and

functional aspects of iNKT cell responses in pigs is scarce.
The antigen presentation molecules of the CD1 family are of
particular importance for iNKT cells. In addition to CD1d, there
are four other members in the CD1 family, CD1la, CD1b, CDlc,
and CDle. All of these molecules are expressed in pigs as well
as in humans, while mice lack proteins other than CD1d (33).
It has been shown that expression of CD1d on thymocytes is
required for iNKT cell development, in mice (34) as well as
in pigs (35). Murine CDI1d tetramers loaded with the aGC
analog PBS57 have been shown to detect porcine iNKT cells
(7, 36). Their frequency is typically between 0.01 and 1% among
CD3" T cells, thereby resembling human iNKT cell frequencies
(7, 28). Porcine iNKT cells are CD8a" or CD8x~ but lack
expression of CD4 in most tissues (28, 29, 37). In contrast
to human and murine iNKT cells, naive porcine iNKT cells
express high levels of CD44, as most lymphocytes in swine
(38, 39). Moreover, the iNKT cell-specific transcription factor
PLZF is highly expressed in porcine iNKT cells (36). Some
evidence indicates that iNKT cells expand upon stimulation
of porcine PBMC with aGC (29, 36). Using next generation
sequencing, it has recently been shown that porcine iNKT
cells predominantly use Vo and Jo segments homologous to
the Va24-Ja18 and Val4-Jal8 rearrangements used in humans
and mice, respectively (40). Moreover, molecular investigations
demonstrated that the antigen-binding domain of the invariant
a-chain, CDR1a, is conserved between pigs and humans (40).
This indicates that responses of porcine INKT cells mimic
responses of human iNKT cells, thereby further underlining the
suitability of the pig as a biomedical model species for human
iNKT cells.

In order to comprehensively understand porcine
iNKT cells and advance research, we investigated their
phenotype, dynamics and functional responses in-depth in
steady state and during [AV and African swine fever virus
(ASFV) infection.

MATERIALS AND METHODS

Pigs and Biological Samples

In total 13 German landrace pigs for IAV and 12 for
ASFV experiments were obtained from a commercial breeding
unit (BHZP-Basiszuchtbetrieb Garlitz-Langenheide, Germany)
with high biosecurity standards and hygiene (free of [AV
and Porcine reproductive and respiratory syndrome virus
among others). Samples for the investigation of age-dependent
changes in iNKT cell frequency were obtained during routine
veterinary check-ups from the same commercial breeding
unit (BHZP-Basiszuchtbetrieb Garlitz-Langenheide, Germany).

Frontiers in Immunology | www.frontiersin.org

June 2019 | Volume 10 | Article 1380

27



Publications

Schafer et al.

Swine (Danish landrace/Danish Large White/Danish Duroc
hybrid) used for in vitro experiments involving PBMC, were kept
at the Friedrich-Loeftler-Institut (FLI), Greifswald-Insel Riems
under conventional conditions.

Viruses and Infection Experiments

Influenza virus A/Bayern/74/2009 was propagated on Madin-
Darby canine kidney cells (MDCKII) cells in MEM supplemented
with 0.56% bovine serum albumin, 100 U/ml Penicillin,
100 pg/ml  Streptomycin  and 2pg/ml  L-1-Tosylamide-2-
phenylethyl chloromethyl ketone (TPCK)-treated trypsin
(Sigma-Aldrich, USA). For viral titration by TCIDsg assay, serial
10-fold dilutions of virus suspensions were prepared, added
to MDCKII cells in 96-well plates, and incubated for 3 days
at 37°C and 5% CO;. Cytopathic effect was microscopically
evaluated. Titers were calculated according to Spearman-
Kirber (41, 42). Four-week-old piglets were obtained from a
commercial breeding facility directly after weaning. Absence
of acute TAV infection of pigs used for the IAV study was
confirmed by real-time PCR (AgPath.IDTM One-Step RT-
PCR Kit, Applied Biosystems, USA) of nasal swabs prior to
transport to the FLI (modified from Spackman et al. (43)). IAV
infection was performed 3 weeks after transport to our facility
by intranasal administration of 2ml virus suspension (10°
TCIDsp/ml) using mucosal atomization devices (Wolfe Tory
Medical, USA).

ASFV Armenia08 was propagated and titrated using mature
porcine PBMC-derived macrophages as previously described
(44). For back titration, virus hemadsorption test was performed
by endpoint titration of the diluted inoculation virus. In brief,
100 pl virus dilution were incubated for 24 h on PBMC-derived
macrophages in 96-well plates. Thereafter, 20 jul of a 1% homolog
erythrocyte suspension were added and hemadsorption read
after 24 and 48h. All samples were tested in quadruplicates.
Hemadsorbing units (HAU) were used for read-out. For
infection, 2 ml macrophage culture supernatant containing 108
HAU ASFV Armenia08 were inoculated oro-nasally. All work
involving ASFV was done in the high containment facility (L37)
at the Friedrich-Loefller-Institut.

Cell Isolation and Culture

For isolation of peripheral blood mononuclear cells (PBMC),
whole blood was separated by density gradient centrifugation
using Pancoll (PAN-Biotech, Germany). PBMC were collected
and washed with PBS-EDTA (1 mM; used for all analyses).
Cell count was determined using Neubauer improved
haemocytometer. Single cell suspensions from spleen and
Iymph nodes were prepared by mechanically disrupting tissue
with a sieve. Lymphocytes from liver were isolated following
a modified protocol previously described (45). In brief, liver
samples were perfused with ice-cold PBS-EDTA. Perfused
regions were minced with sterile scissors, resuspended in PBS-
EDTA supplemented with 100puM CaCl,, and digested with
Collagenase D (1 mg/ml; Sigma-Aldrich) for 40 min at 37°C.
Remaining tissue was removed by short centrifugation. Cell pellet
was resuspended in PBS-EDTA and used for flow cytometry.
Lymphocytes from lung tissue were isolated by mincing
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non-perfused lung tissue, followed by enzymatic digestion
as described for liver samples. Lung tissue was additionally
mashed through a cell strainer with the plunger of a syringe
after digestion. Unless otherwise stated, cells were cultured in
Ham’s F12/IMDM (1:1), supplemented with 10% fetal calf serum
(FCS), 2-mercaptoethanol (50 M), 100 U/ml penicillin, and
100 jrg/ml streptomycin.

Cell Stimulation

For iNKT cell stimulation, freshly isolated PBMC were seed into
round-bottom 96-well plates at a density of 107 PBMC/ml. aGC
(Toronto Research Chemicals, Canada) dissolved in dimethyl
sulfoxide (DMSO; Sigma-Aldrich, USA) or DMSO as vehicle
control diluted in cell culture media were added. «GC was
used at 0.1 pg/ml (low-dose) and 1pg/ml (high-dose). Cells
were incubated at 38.5°C, 5% CQO; for the indicated time. After
incubation, cells were harvested, washed with PBS-EDTA, and
analyzed by flow cytometry.

For detection of IFNy and perforin, cells were stimulated as
previously described (46). After 4 days, fresh medium with aGC
in the corresponding concentrations was added to the cells. After
another 2 h incubation, Brefeldin A (10 jLg/ml, Biolegend, USA)
was added to enable intracellular accumulation of target proteins,
Cells were incubated for 4h and then stained and analyzed by
flow cytometry.

For analysis of CD107a surface expression as a marker
of degranulation, cells were treated as previously described
(47). Briefly, freshly isolated PBMC were seed into 96-well
plates at a density of 107 PBMC/ml and rested overnight. For
antigenic stimulation, aGC was added for a final concentration
of 0.1 png/ml or 1pg/ml. As unspecific inducers, Phorbol-12-
myristat-13-acetat (PMA; Sigma-Aldrich, USA) and ionomycin
(Sigma-Aldrich, USA) were added for final concentrations of
50ng/ml and 1 pug/ml, respectively. The cells were stimulated in
the presence of anti-CD107a antibodies (clone 4E9/11, Bio-Rad,
USA; 4 pug/ml). After 1 h incubation, Brefeldin A (10 pg/ml), and
Monensin (4 WM, Biolegend, USA) were added and the cells were
incubated for another 5h and then stained and analyzed by flow
cytometry. Specific degranulation was calculated as the difference
in surface expression of stimulated and control cells and is given
as ACD107a.

For in vitro activation assays, porcine CD172at cells
were purified using monoclonal antibodies (cone 74-22-15)
and magnetic anti-mouse IgGl beads (BD Bioscience, USA).
CD172a" cells were infected with IAV (MOI 1) or ASFV (MOI
0.1) for 48h. Then, supernatants were collected, cleared of
debris by centrifugation, and stored at —80°C until further
use. Freshly isolated porcine PBMC were stimulated with
the respective supernatants or 1pg/ml aGC as a positive
control for 4 days and then stained and analyzed by
flow cytometry.

Cell Proliferation Assay

Freshly isolated PBMC were stained using Tag-it Violet
Proliferation and Cell Tracking Dye (Biolegend, USA) according
to the manufacturer’s instructions. Briefly, total PBMC were
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adjusted to 1 x 107 cells/ml in PBS and incubated with the Tag-
it Violet Proliferation and Cell Tracking Dye at a concentration
of 5uM. Cells were incubated for 20min at 37°C in the
dark. Quenching was done by addition of cell culture media
supplemented with 10% FCS. After washing, stained cells were
used for visualization of iNKT cell proliferation after stimulation
with aGC.

Flow Cytometry

Stainings for flow cytometry were performed using either
single cell suspensions or whole blood. All incubation steps
were carried out for 15min at 4°C in the dark, unless
otherwise stated. Antibodies used for flow cytometry are
shown in Supplementary Table 1. For iNKT cell staining, first
tetramers were added at the predetermined concentration (1:500)
and incubated at room temperature in the dark for 30 min.
Antibodies for staining of additional surface markers were
added without washing and incubated with the tetramers
for another 15min. After washing, antibody staining was
proceeded. Unconjugated antibodies were detected by isotype-
specific fluorochrome-conjugated secondary antibodies. When
whole blood or tissue samples containing erythrocytes were
stained, erythrocytes were lysed after surface staining prior
to fixation by lysis buffer (1.55M NH4Cl, 100mM KHCOs3,
12.7 mM Na4EDTA, pH 7.4, in A.dest.). For intracellular staining,
cells were fixed after surface staining using the True-Nuclear
Transcription Factor Buffer Set (Biolegend, USA) according to
the manufacturer’s instructions. Murine CD1d tetramers, empty
or loaded with PBS57, were obtained from the NIH Tetramer
Core Facility.

Doublets were excluded by consecutive gating FSC-W/FSC-
H and SSC-W/SSC-H. Living lymphocytes were gated based on
their forward-scatter (FSC) and side-scatter (SSC) properties.
Live, single lymphocytes were further separated in conventional
T cells (cTC; CD31/CD1d-Tet ™) and iNKT cells (CD3+/CD1d-
Tet") for subsequent analysis.

Per sample, at least 1 x 10° single cTC were recorded. BD
FACS Canto II or BD LSRFortessa with FACS DIVA Software (all
BD Bioscience, USA) and FlowJo V10 (Treestar, USA) were used
for all analyses.

Statistical Analysis

GraphPad Prism 7 (Graphpad Software Inc., USA) was used
for statistical analysis and graph creation. Normality was tested
with the Shapiro-Wilk normality test. Subsequent analysis was
performed with either parametric tests for normally distributed
data sets or non-parametric tests for non-normally distributed
data sets. For analysis of data sets with three or more groups,
Repeated-measures one-way ANOVA was used to investigate
statistically significant differences between the groups. Multiple
comparisons were performed for differences between iNKT
cells and cTC subsets, respectively. No statistical analyses
were performed for differences between iNKT cells and ¢TC.
Holm-Sidak’s post-hoc test was used for correction of multiple
comparisons. For analysis of data from the IAV and ASFV
trial, ordinary one-way ANOVA with Holm-Sidak’s post-hoc test
for correction of multiple comparisons was used. For analysis
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of data sets of two groups, paired t-tests were used. Unless
indicated otherwise, data is shown as mean (SD). Statistical
significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001.

RESULTS

Naive Peripheral Porcine iNKT Cells Are
Mostly CD8x* and Display an Effector- and
Memory-Like Phenotype

To investigate porcine iNKT cells in peripheral blood by flow
cytometry, we used murine CD1d tetramers loaded with the
aGC analog PBS57 (PBS57 Tet) as previously described (7,
36). After exclusion of doublet cells, live ¢cTC were gated
as CD37/PBS57 Tet™ cells and iNKT cells were defined as
CD3%/PBS57 Tet" among the lymphocyte gate [Figure 1A
(48)]. In healthy animals, the average iNKT cell frequency
was 0.5%, comparable to frequencies in blood published earlier
(36, 37). Most naive iNKT cells expressed CD8a, while only a
small amount was CD47, although a considerable proportion
of iNKT cells expressed low levels of CD4 (Figures 1B,C).
Thereby, we confirmed previous findings showing similar
results (36, 37). iNKT cells expressed neither CD8f nor
ydTCR (Figure 1B). For differentiation of iNKT cell subsets,
expression of the classical T cell markers CD8a and CD4 was
analyzed. The subsets were gated according to the respective
expression of these markers on ¢TC. The major subset of
peripheral iNKT cells in swine was CD8a " /CD4 ™ (73.7 £ 11.9%;
Figure 1C). There was no distinct CD4" population; however,
a minor fraction of iNKT cells was CD8a™/CD4° (DP; 3.6 +
1.9%). Moreover, there was a considerable CD8 /CD4~ (DN)
population (21.5 £ 10.8%).

For further differentiation, we investigated steady state
expression of surface markers that are frequently associated
with an effector phenotype in mice and humans, i.e., CD5 (49),
CD25 [IL-2Ra (50)], CD278 [Inducible T-cell co-stimulator,
ICOS (51)], and the major histocompatibility complex class
II [MHC II (52)] in naive iNKT cells and ¢TC. All iNKT
cells were positive for CD5 whereas only around 60% of ¢TC
showed CD5 expression (Figure 2A). Around half of all iNKT
cells expressed CD25 at low levels on their surface, while ¢TC
displayed only a minor CD25M fraction (Figure2A). ICOS
was expressed on virtually all iNKT cells, while only on a
minor fraction of ¢TC (Figure 2A). MHC II was expressed
on most iNKT cells at medium or high levels (Figure2A).
In contrast, cTC were mostly MHC II™ but the MHC II*
fraction expressed it at comparable levels (Figure 2A). Because
CD25 and MHC II were not expressed by all iNKT cells,
we investigated which iNKT cell subset expressed the proteins
(Figure 2B). Differential staining with CD8a revealed that
both proteins were predominantly expressed on CD8at iNKT
cells. DN iNKT cells showed no or low expression of CD25
and MHC II.

To investigate the functional differentiation of porcine iNKT
cells, we analyzed the expression of markers regularly associated
with antigen experience and memory status, CD45RA, C-C
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FIGURE 1 | Identification and phenotype of naive peripheral porcine iNKT cells. Expression of surface markers was analyzed by flow cytometry. (A) Doublets were
excluded by SSC-W vs. SSC-H gates, followed by FSC-W vs. FSC-H gates. Live lymphocytes were identified according to their FSC/SSC characteristics. All T cells
were identified using antibodies against CD3. CD3% T cells stained with the PBS57-loaded CD1d tetramer (left plot) were defined as invariant Natural Killer T cells
(INKT; blue), tetramer-negative cells were defined as conventional T cells (cTC; orange). Unloaded tetramers served as control (right plot). Frequency of INKT cells in
peripheral blood among CD31 lymphocytes shown as Tukey box plot (n = 19). (B) Evaluation of expression of CD8e, CD4, y8TCR, and CD8f on iNKT cells and ¢TC.
Representative plots of at least four experiments are shown. (C) Representative plots of CD8a and CD4 co-expression by ¢TC and iNKT cells. CD8a ™ /CD4~ (DN;
light blue), CD8at/CD4~ (CD8a, blue), and CD8a™/CD4+ (DP; dark blue) subsets among iNKT cells were identified according to their expression pattern in cTC.
Frequency of iINKT cell subsets shown as Tukey box plots (0 = 7).

chemokine receptor type 7 (CCR7), and CD27 (53-56). cTC
displayed a minor fraction of naive CD45RA™ cells, while the
larger fraction consisted of antigen-experienced CD45RA™
cells (Figure 2C). CD45RA™ cTC were further divided
into CD27"/CCR7t central memory cells, CD27"/CCR7 "
transitional memory cells and CD277/CCR7~ effector memory
cells. There was only a minor population of CD27 /CCR7*
activated effector memory cells (Figure 2C). All iNKT cells
were CD45RA™ and thus displayed an antigen-experienced
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phenotype. Most iNKT cells were CD271/CCR7™, resembling
central memory cells. A second major fraction expressed CD27
but was CCR7~, similar to transitional memory cells. About a
third of iNKT cells was CD27~ and could further be divided into
equal fractions of CCR7~ and CCR7", thereby differentiating
subsets comparable to resting and activated effector memory
cells, respectively (Figure2C). Expression of CD27 and
CCR?7 was also investigated for co-expression with CD8a . Most
CD8a™ iNKT cells expressed CCR7 as well as CD27 (Figure 2D).

June 2019 | Volume 10 | Article 1380

30



Publication I

Schaéfer et al.

Characterization of Porcine iNKTs

and cTC. CD45RA™ ¢TC (middle) and iINKT cells (right) were further investigated
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FIGURE 2 | Expression of effector and memory cell-associated markers on naive porcine iNKT cells. Expression of surface markers associated with effector functions
and memory status on naive peripheral INKT cells was analyzed by flow cytometry. (A) Representative flow cytometric plots of CD5, CD25, MHC |I, and ICOS

expression by iINKT cells (blue) and cTC (orange). Summarized data show frequencies of INKT cells or cTC exprassing CD5, CD25, MHC I, and ICOS (mean (SD), n =
6). (B) Representative flow cytometric plots showing differential expression of CD8a and CD25 or MHC Il on INKT cells. (C) Expression of CD45RA (left) on iNKT cells

cells, CD27/CCR7~ transitional memory cells, CD27~/CCR7~ effector memory cells, and CD27~/CCR7* activated effector memory cells. (D) Differential
expression of CD8a and CCRY or CD27. Representative plots and histograms of at least three experiments are shown. **p < 0.001, ***p < 0.0001, paired t-test.

CD27-BVv421

for expression of CD27 and CCR7 and divided into CD27T/CCR7* central memory

DN iNKT cells were negative for CD27 while a fraction expressed
CCR?7 (Figure 2D).

In mice, intracellular staining of transcription factors,
including T-bet and PLZE, is used to define functional iNKT
cell subsets iNKT1 (T-bet™/PLZFT), iNKT2 (T-bet™/PLZFM),
and iNKT17 (T-bet /PLZF®) resembling the T-helper cell
populations Th1, Th2, and Th17, respectively (21-26). Currently,
there is no such differentiation available for porcine iNKT
cells. Therefore, we investigated the expression of T-bet and
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PLZF in porcine iNKT cells. We confirmed that porcine iNKT
cells express higher levels of PLZF than cTC (Figure3A).
Moreover, we detected expression of T-bet in a subset of porcine
iNKT cells (Figure 3A). Co-expression of T-bet and PLZF was
used to define iNKT cell subsets corresponding to the ones
described in other species (Figures3B-E). In naive swine,
the largest iNKT cell subset had a T-bett/PLZF" phenotype
and was therefore defined as iNKT1 (49.8 + 14.8%). The
second major group was T-bet™/PLZEM, thereby resembling
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FIGURE 3 | Differential profiling of naive porcine iNKT cells, Peripheral iNKT cells were differentiated by flow cytometry according to their expression of the transcription
factors PLZF and T-bet. (A) Representative flow cytometric histograms of PLZF (left) and T-bet (right) expression in iNKT cells (blue) and cTC (crange). Control stainings
are shown in gray. (B) Representative flow cytometric plot showing co-expression of T-bet and PLZF in INKT cells and cTGC. (C) Differential gating of iNKT cells
according to their T-bet and PLZF expression. INKT1 were defined as T-bet*/PLZF* (light blue), INKT2 as T-bet=/PLZF (blue), and non-iNKT1/2 as T-bet™ /PLZF®
(dark blue). (D) Expression profiles of T-bet and PLZF in INKT1 (light blue), iNKT2 (blue), and non-iNKT1/2 (dark blue) (n = 6). (E) Frequency of INKT subsets in naive
swine shown as Tukey box plots (1 = 6). *p < 0.05, **p < 0.01, repeated-measures one-way ANOVA with Holm-Sidak’s post-hoc test for multiple comparisons.

iNKT2 (41.7 + 13.3%). A small fraction was T-bet /PLZF  Ki-67 after stimulation of porcine PBMC with low-dose
(3.1 + 1.2%) and was defined as non-iNKT1/non-iNKT2 (0.1 pg/ml) and high-dose (1 pg/ml) aGC or DMSO as vehicle
(non-iNKT1/2) because additional differentiating markers were  control for 4 days. We also visualized cell divisions by staining
not available. Appropriate differentiation was confirmed by  with a fluorescent cell tracking dye. Upon stimulation with
analysis of T-bet and PLZF expression levels in the iNKT  aGC, iNKT cell frequency among CD3* lymphocytes strikingly
cell subsets. T-bet expression in iNKT1 was significantly  increased. After 4 days of stimulation with low-dose aGC,
higher than in iNKT2 and non-iNKT1/2 (Figure3D). PLZF  iNKT cells accounted for about 9.7 &+ 7.9% of CD3" T
expression level was the highest in iNKT2 and the lowest in  cells, a 20-fold increase. High-dose aGC stimulation resulted
non-iNKT1/2 (Figure 3D). in a 30-fold increase, leading to an iNKT cell frequency of

Taken together, we confirmed the phenotype of naive  16.9 + 9% among CD3" lymphocytes (Figure 4A). To verify
iNKT cells from peripheral blood of healthy pigs to be  that this increase was due to proliferation, we investigated
predominantly CD3"/CD4~/CD8" or CD3%/DN. All iNKT the expression of Ki-67, a widely used marker specific for
cells expressed the aBTCR but not the CD8 B-chain. Moreover,  proliferating cells (57). Most iNKT cells were Ki-67" after
we showed that naive porcine iNKT cells display an effector-like ~ stimulation (85.3 + 10.6% and 91.7 + 8.7% after low- and
(CD5M/CD25*/MHC I1*/ICOS*) and memory-like phenotype  high-dose «GC stimulation, respectively), thereby demonstrating
(CD45RA™ /CCR71/CD27%). The CD8a subset expressed higher  that the majority of iNKT cells were proliferating (Figure 4B).
levels of CD25 and MHC II, as well as higher levels of CCR7  Expression of Ki-67 in ¢TC remained on a low level of
and CD27. Additionally, analogous to classifications in rodents,  background activation, proving the specific activation of iNKT
we were able to divide peripheral iNKT cells into three subsets,  cells by «GC (Figure 4B). Staining of PBMC with a fluorescent
iNKT1, iNKT2, and non-iNKT1/2, according to their respective  cell tracking dye (Tag-it Violet) before stimulation allows for

T-bet and PLZF expression. detection of single proliferation steps upon activation. Again,

. . L nearly all iNKT cells were in a highly proliferative state and
Antigenic Activation Induces Strong up to seven proliferation steps were detectable (Figure 4C).
Proliferation in Porcine iNKT Cells There was no detectable difference between both aGC doses.

A major feature of iNKT cells is their ability to proliferate rapidly ~ ¢TC demonstrated no proliferation over background level upon
upon activation. For porcine iNKT cells, data regarding responses ~ aGC stimulation.

after antigenic activation is limited. Therefore, we investigated Taken together, we demonstrated the rapid proliferative
the proliferative ability by quantifying iNKT frequency among  abilities of peripheral porcine iNKT cells in response to
CD3" lymphocytes and expression of the proliferation marker  antigenic stimulation.
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Porcine iNKT Cells Upregulate Expression
of CD25, MHC II, ICOS, and CD5 and
Differentiate Into iINKT1 Upon

Antigenic Stimulation

Whereas several iNKT cell activation markers are known
in mice and humans, for porcine iNKT cells, no markers

Frontiers in Immunology | www.frontiersin.org

have been described to investigate their immune response or
differentiation status. We therefore analyzed low- and high-
dose aGC-stimulated porcine PBMC for activation-dependent
changes in expression of multiple surface and intracellular
markers. Among the established activation markers used for
human and murine T cells are CD25 (50), MHC II (52), ICOS
(51), and CD5 (49). Multicolor flow cytometry revealed that the
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with Holm-Sidak's post-hoc test for multiple comparisons.
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expression of these markers on the surface of ¢TC did not change
significantly irrespective of stimulus or dose. In contrast, upon
activation, iNKT cells significantly upregulated the expression
of all investigated surface markers. Since most naive iNKT cells
were already positive for MHC II, ICOS, and CD5, the percentage
of cells positive for the respective markers did not change.
Only the frequency of CD25% iNKT cells increased significantly
after stimulation. However, the expression level of all markers
on the surface of iNKT cells increased significantly upon aGC
stimulation, as evidenced by heightened MFI. CD25 expression
(Figure 5A) increased from controls (MFI: 591 £ 106) to low-
dose and high-dose aGC-stimulated iNKT cells (MFI: 15,427 +
3,717; 13,593 + 2,568, respectively). MHC II (Figure 5B) was
markedly upregulated between controls (MFI: 2,341 £ 1,248) to

Frontiers in Immunology | www.frontiersin.org

low-dose (MFI: 9,653 £ 1,527) and high-dose aGC-stimulated
iNKT cells (MFI: 8,159 + 1,215). ICOS expression (Figure 5C)
rose from controls (MFI: 849 4 678) to low-dose (MFI: 35,309
=+ 2,548) and high-dose aGC-stimulated iNKT cells (MFI: 31,366
=+ 4,013). Expression levels of CD5 (Figure 5D) increased from
controls (MFI: 1,776 &4 294) to low-dose (MFI: 2,626 &+ 170) and
high-dose aGC-stimulated iNKT cells (MFI: 2,448 + 59). There
were no significant differences in the expression levels of CD25,
MHC 1I, ICOS, and CD5 on ¢TC after stimulation with low or
high concentrations of aGC.

In mice, activated iNKT cells have been shown to regulate the
expression of T-bet and PLZE, depending on the type of activating
stimulus (21-26). Comparable data for swine is missing. To
investigate the differentiation status of uGC-activated porcine
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iNKT cells, we used the differential staining of T-bet and
PLZF established in this study. While PLZF expression was not
regulated in iNKT cells (Figure 6A), T-bet expression increased
in iNKT cells after stimulation with low- and high-dose aGC
(Figure 6A). Co-expression analysis revealed that all aGC-
activated iNKT cells were T-bet™/PLZF* iNKT1 (Figure 6B).
There was no difference between low- and high-dose stimulated
INKT cells.

In short, we established a stimulation protocol for porcine
iNKT cells. Activation by aGC results in strong upregulation of
CD5, CD25,1COS, and MHC II on iNKT cells and differentiation
into T-bet™/PLZFT iNKT1.

Porcine iNKT Cells Upregulate CD8 and
CD4 Expression Upon Antigenic
Stimulation

Naive porcine iNKT cells were mostly CD8a+ or DN and did not
display a distinct CD4" population. However, after stimulation
with aGC, frequencies of iNKT cell subsets changed significantly:
DN iNKT decreased from 21.5 &+ 10.8% in controls to 4.1 &
3.6% in low-dose and 4.0 & 2.8% in high-dose aGC-stimulated
samples (Figures 7A,B). At the same time, the frequency of
CD8a™ iNKT cells increased from 73.7 4 11.9% in controls to
84.1 & 6.5% in low-dose and 79.6 & 6.2% in high-dose stimulated
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samples (Figures 7A,B). Stimulation of porcine iNKT cells with
aGC resulted in a significant increase of DP iNKT cells. In
controls, only 3.6 £ 1.9% of all iNKT cells were DP. Stimulated
iNKT cells upregulated CD4 expression, resulting in 11.2 4= 4.4%
DP iNKT cells in low-dose and 15.5 £ 5.2% DP iNKT cells
in high-dose aGC-stimulated samples (Figures 7A,B). Whether
these subsets have functional implications was analyzed by
investigation of CD25, ICOS, and MHC II expression on DN,
CD8at and DP iNKT cells. All three proteins tended to be
expressed in higher levels on CD8at and DP iNKT cells, while
expression levels on DN iNKT cells were always the lowest
(Figure 7C). However, this was statistically significant only for
ICOS expression.

Porcine iNKT Cells Express IFNy,
Upregulate Perforin, and Display Fast
Degranulation Upon Antigenic Activation

Among the effector mechanisms of INKT cells are the secretion of
effector cytokines and cytotoxicity. Porcine iNKT cells have been
shown to secrete IFNy upon unspecific stimulation with phorbol
myristate acetate (PMA) and ionomycin (36, 37). Knowledge
about antigen-specific induction of effector molecule production
in porcine iNKT cells is missing. Therefore, we investigated
expression of IFNy and perforin and the cytolytic capacities of
¢TCand iNKT cells after stimulation of porcine PBMC with aGC.

iNKT cells showed a dose-dependent increase of IFNy
expression. Treatment of PBMC with low-dose aGC resulted in
8.4% TFNy ™ iNKT cells, while high-dose aGC resulted in 15.9%
IENy™ iNKT cells (Figure 8A). Perforin expression (Figure 8B)
increased significantly in iNKT cells upon treatment with both
low- and high-dose aGC (MFI: 822.3 & 280.3 vs. 1,095 + 175,
respectively) in contrast to naive cells (MFL: 294 + 33). In
contrast, cTC did not express IFNy (Figure 8A) after stimulation
with low- and high-dose aGC. There was, however, an increased
frequency of perforin® ¢TC (Figure 8B) after stimulation with
aGC. Porcine iNKT cells also displayed cytolytic capacities in
response to aGC stimulation. While low-dose aGC did not result
in significant changes in CD107a expression on iNKT cells or
cTC, high-dose aGC resulted in a significantly higher frequency
of CD107a™ iNKT cells (Figure 8C). Unspecific stimulation
with PMA/ionomycin resulted in an even higher frequency of
CD107a*t iNKT cells. However, ¢TC did not show significant
changes of CD107a expression. Thus, we demonstrated antigen-
specific induction of the effector molecules IFNy and perforin
and degranulation of porcine iNKT cells.

iNKT Cell Frequency in Swine Decreases
With Age

Previous studies in humans indicated an important role for iNKT
cells in early stages of life, evidenced by a higher percentage of
iNKT cells in young individuals. To investigate whether the iNKT
cell frequency in swine is also age-dependent, we analyzed the
percentage of CD3™ cells among lymphocytes (Figure 9A) and
iNKT cells among CD3" lymphocytes (Figure 9B) in blood of
healthy pigs two-weeks, four-weeks, 10-12-weeks, 16-weeks, and
25-weeks of age. There was no difference in the frequency of
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CD3" cells among the different groups. In contrast, we found
the frequency of iNKT cells in 2-week-old piglets (1.1% =+ 0.19)
to be significantly higher than in all other groups. iNKT cell
frequency declined rapidly with increasing age. Four-week-old
piglets still displayed significantly higher proportions of iNKT
cells (0.48% =+ 0.25) than older animals. The frequency of iNKT
cells was still elevated, but not statistically significant, in 10-
12 week-old pigs (0.24% + 0.1) compared to older animals.
In comparison to 2-week-old piglets, iNKT cell frequency was
markedly reduced. In 16-week-old and 25-week-old pigs, iNKT
cell frequency remained on a comparable low level (0.09% =+ 0.06,
0.08% = 0.04, respectively).

Virus-Infected Swine Display Increasing
Frequencies of iINKT Cells in
Disease-Related Tissues

iNKT cells are among the first responders after microbial
infection. In pigs, iNKT cell dynamics upon infection have
not been investigated so far. Hence, we measured iNKT cell
frequency in viral infections of either high zoonotic potential,
ie, IAV (HINI1; Figure10A), or of high veterinary and
economic importance, i.e., ASFV strain Armenia08 (Figure 10B).
Over the course of the study, IAV-infected animals showed
no clinical signs of disease. However, during subclinical IAV
infection (Figure 10A), we found a significant increase in
iNKT cell frequency in lung lymph nodes (Nodus lymphaticus
tracheobronchales inferiores) at 4 days post infection (dpi), which
decreased until 7 dpi to levels still higher than in control animals.
In line with this finding, iNKT cell frequencies tended to increase
non-significantly in peripheral blood, broncho-alveolar lavage
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(BAL), and lung at 4 dpi, which returned to control levels at
7 dpi in all tissues. In spleen, iINKT cell frequency peaked at 7
dpi. There were no changes in iNKT cell frequency in the gut.
In contrast to IAV, ASFV-infected swine showed typical clinical
signs of severe disease. ASFV infection was fatal in all animals
in this study. During ASFV infection, we detected a significant
increase in iNKT cell frequency in blood and lung at 5 dpi. In
the lung, frequency dropped to control levels at 7 dpi, while they
remained elevated, although not significantly, in blood. iNKT
cell frequency was also increased in liver and one of the liver
lymph nodes (Nodi lymphatici hepatici) 5 dpi but was on control
levels again at 7 dpi. We therefore described the first iNKT cell
dynamics in virus-infected swine.

To further evaluate the role of porcine iNKT cells in the
aforementioned viral infections and to test our findings with
the synthetic CD1d ligand aGC, we stimulated porcine PBMC
with supernatant of CD172a™ cells infected with IAV or ASFV.
We found a small but significant increase of CD25%, ICOS™,
and Ki-67" iNKT cells after stimulation with TAV-conditioned
supernatant (Figure 11A). For ASFV, there was no detectable
activation of iNKT cells (Figure 11B).

DISCUSSION

iNKT cells are a subset of innate lymphocytes located at
potential pathogen entry sites at mucosal surfaces and lymphoid
tissues. Even though they are a rare population in the vast
pool of lymphocytes, they are pivotal orchestrators of innate
and adaptive responses (58-60). Because of this central role
in immunity, iNKT cells and their cellular responses have
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ANOVA with Holm-Sidak’s post-hoc test for multiple comparisons.

been investigated extensively in mice and humans. However,  distribution (61, 62). Therefore, some authors question the
a large animal model for immunological research in general  reliability of functional classifications of CD4/CD8 subsets
and iNKT cell research in specific is still needed. Because in iNKT. We investigated freshly isolated iNKT. Hence, the
of their physiological and immunological similarities with  described characteristics of iNKT subsets in this study are largely
humans, pigs exhibit high potential as a biomedical model for  unaffected by ex vivo sample processing.
infectious diseases (3-10). Moreover, because pigs are of high Porcine iNKT cells displayed an antigen-experienced
veterinary and economic importance, understanding of their  phenotype, indicated by lack of CD45RA expression on
immune system has an invaluable relevance exceeding mere  the cell surface. Applying the characterization of human
scientific modeling. memory T cells to swine, porcine CCR7"/CD27" iNKT cells
We comprehensively characterized peripheral porcine iNKT  represent a subset functionally similar to central memory cells,
cells and provided evidence for similarities with their human  while CCR™/CD27t and CCR™/CD27 iNKT cells resemble
and murine counterparts. Naive peripheral iNKT cells in swine transitional memory cells and effector memory cells, respectively
were predominantly CD8at and did not display a distinct ~ (56). Upon activation, central memory cells produce IL-2 and
CD4" population, which confirms earlier data (36, 37). These  rapidly proliferate. After differentiation into effector memory
characteristics are comparable to human peripheral iNKT cells,  cells, they express cytokines, including IFNy (55). An elevated
which are predominantly CD8a" or DN, and in contrast to  fraction of CD27 /CCR7" iNKT cells, probably representing
murine iNKT cells, which are mostly CD4" and lack CD8  activated effector cells with de novo expression of CCR7 (63),
surface expression (61). CD8a™ iNKT cells in swine and humans ~ further strengthens our hypothesis that iNKT cells exhibit
are principally CD8ox™ but do not express the CD8 B-chain  a preactivated phenotype in naive animals. A comparable
(61). Differences in the study design in various species may  phenotype has been shown in human and murine iNKT cells
hamper accurate comparative analysis of iNKT. Human and  as well (13, 64-66). This preactivation is discussed as the result
murine iNKT are often expanded in vitro before experimental  of a lower activation threshold of iNKT cells in comparison
investigations, resulting in significant changes of the subset to ¢TC (67) or exposition to endogenous ligands (68). Either
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way, preactivation of iNKT cells in vivo, in line with preformed
cytokine mRNA (13), additionally emphasizes the ability of
iNKT cells to respond immediately to stimuli (66). About half
of all porcine iNKT cells expressed CCR7, which is critical for T
cell extravasation and migration into T cell areas of secondary
Iymphoid tissues (69). CCR7 expression on porcine peripheral
iNKT cells could therefore also explain the significant in vivo
increases of iNKT cell frequencies in regional lymph nodes
during infection with IAV (HIN1) as well as with ASFV strain
Armenia08. Functional CCR7 expression, i.e., chemotactic
migration to CCR7 ligands, has been shown for peripheral
murine and human iNKT cells (70, 71). Moreover, CCR7 seems
to be pivotal for the differentiation into effector subsets in the
periphery (71). This indicates that porcine CCR7* iNKT cells are
licensed to early migration from peripheral blood to secondary
Iymphoid tissues as well. Additionally, we found high levels of
CD27 on porcine CD8a™ iNKT cells but not on DN iNKT cells,
CD27 is essential for survival of CD8" effector cells, especially
after multiple rounds of cell division (72, 73). Ligand-binding of
CD27 on CD87 cells induces proliferation even in the absence
of bona fide stimuli such as IL-2 (74). Cumulatively, our results
emphasize that porcine iNKT cells display an effector-memory
phenotype and that activation of porcine CD8a ™ iNKT cells may
occur in the absence of co-stimulation by other cells.

Our phenotypic characterization further indicated the
presence of two main iNKT subsets, iNKT1 and iNKT2,
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and a minor subset, non-iNKT1/2. According to studies in
mice, these subsets differ not only phenotypically but also
functionally. iNKT1 exhibit properties associated with Thl
cells, like production of IFNy, while iNKT2 produce the Th2
cytokine IL-4. The non-iNKT1/2 fraction may contain several
other iNKT cell subsets, which at present cannot be further
investigated in swine due to lack of detection systems. Among
the possible iNKT subsets are iNKT17, producing IL-17, and
regulatory and follicular helper iNKT cells. Different regulatory
iNKT cells have been identified by the expression of FoxP3
or E4BP4 in mice (75, 76), follicular helper iNKT have been
described as Bcl-67 (19). A recent study has provided evidence
indicating that porcine iNKT cells also provide non-cognate
B cell help (32), indicating that follicular helper iNKT cells
exist in pigs as well. In humans, CD4" iNKT cells are the most
efficient B cell helpers (77). Upregulation of CD4 and MHC II
in activated porcine iNKT cells suggests that CD4™ iNKT cells
in swine have similar functions. MHC II expression by human
¢TC and iNKT cells is also upregulated upon activation during
viral infections (78, 79). Both cell types may act as effective
Antigen-presenting cells (APC) (52). Expression of MHC II on
the surface of T lymphocytes has also been shown for a variety
of other species, including rats, canine, bovine, and equine
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presence of supernatant of purified CD172at cells infected with (A) IAV (MOI 1; gray) or (B) ASFV (MOI 0.1; gray), or 1 pg/ml «GC (black) for 4 days. Frequencies of
INKT cells (blue circles) and ¢TC (orange circles) positive for CD25, ICOS, and Ki-67 are shown. Pooled data of two experiments with six individual pigs for IAV and
three individual pigs for ASFV shown as mean (SD), *p < 0.05, ***p < 0.0001, ordinary one-way ANOVA with Holm-Sidak’s post-hoc test for multiple comparisons.
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(52). Murine T cells, unlike cells from other mammals, do not
express MHC II on their own but rather acquire it from other
cells (52). We found that activation of porcine iNKT cells with
aGC leads to abundant cell surface expression of MHC II. Thus,
porcine iNKT cells reflect human iNKT cells better than murine
iNKT cells, However, the role of MHC II* iNKT cells is not
entirely understood. Earlier studies indicated that interaction
of MHC II and CD4 on CD4" iNKT cells could boost previous
TCR-dependent activation by trans-interaction of MHC IT* and
CD4" iNKT cells, respectively (80). Upregulation of CD4 as well
as MHC II by activated porcine iNKT cells indicates that such a
process may occur in swine as well.

Human as well as murine iNKT cells primarily display an
effector phenotype (61). We showed that porcine iNKT cells
have similar characteristics. Naive porcine iNKT cells abundantly
expressed CD5 and were positive for CD25, MHC II, and
ICOS. These markers are associated with effector cells (49—
52). Expression of CD25 on naive iNKT cells has also been
shown in humans and mice (81, 82), ensuring prompt iNKT cell
responsiveness (83). Expression of CD5 is upregulated by human
¢TC upon activation (49). We observed a corresponding increase
of CD5 on the surface of activated porcine iNKT cells, thereby
demonstrating highly activated cells (49). However, the role of
CD5on cTCand iNKT cells is not entirely understood. Molecular
studies with human CD5 indicate that homophilic interactions
with CD5 on other T cells or APC in trans or on the same cell
in cis are needed for the regulation of T cell immunity (84).
CD5 could also be used for regulation of iNKT cell responses,
because expression of CD5 has been shown to inhibit TCR-
dependent cell activation (49). Therefore, the high levels of CD5
on activated iNKT cells could limit further activation and possible
immunopathology. Responses of INKT cells are further regulated
by ICOS. Interaction of ICOS with ICOSL, expressed exclusively
on APC (85), is essential for homeostasis, activation, and survival
of iNKT cells (51, 86, 87). Expression of ICOS, along with the
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receptors for IL-12 and IL-18, is induced by PLFZ, thereby
shaping the ability of iNKT cells to respond to stimuli (88). This
underlines the importance of ICOS for iNKT cell functionality.
Some studies indicate that ICOS expression is associated with
a Thl-based response, because ICOS expression on iNKT cells
correlates with a pro-inflammatory phenotype and expression of
IFNy (86, 87). Other studies suggest that ICOS is not linked to
a certain Th-subset differentiation but rather identifies cells in
an effector state (89). Thus, ICOS expression on porcine iNKT
cells does not necessarily indicate differentiation of iNKT cells
into iNKT1. However, in context with the expression of other
markers, such as CD25 or CD5, their shift to a T-bet™ iNKT1
phenotype, and their expression of IFNy and perforin, it seems
accurate that aGC-stimulated porcine iNKT cells differentiate
primarily into Th1/iNKT1.

In this study, we observed a higher expression of activation
and effector markers, like CD25 and MHC II, on CD8a iNKT
cells than on CD8a ™~ iNKT cells. Moreover, CD8a ™ iNKT cells
were the primary subset we detected during Thl-biased iNKT
cell responses. Comparable results have been described in earlier
studies, where CD8a™ iNKT cells produced higher amounts of
IFNy during unspecific activation with PMA/ionomycin (37).
CD8u has also been described as an activation marker on
another population of unconventional porcine lymphocytes, y8
T cells (90). This indicates that CD8« also acts as a marker
of maturation and effector functions on porcine iNKT cells.
Additionally, since activation resulted in a loss of DN iNKT
cells and an increase of DP and CD8a™ iNKT cells, both with
a significantly higher ICOS expression than DN iNKT cells,
CD8a™ and DP iNKT cells might represent highly differentiated
effector subsets. The high expression of effector markers even in
steady state indicates that porcine iNKT cells are also licensed
for rapid responses. Overall, porcine iNKT cells phenotypically
mimic human iNKT cells significantly better than murine
iNKT cells.
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Porcine iNKT cells upregulated perforin expression and
displayed degranulation as shown by increased CD107a surface
expression upon antigenic stimulation. This feature is shared
with iNKT cells in mice and humans (17, 91-93). Cytotoxicity,
including perforin production, is induced independent of TCR
stimulation by pro-inflammatory cytokines like IL-12 or IL-18
secreted by APC (91, 94). How iNKT cells precisely mediate
cytotoxicity is still under discussion. Perforin-mediated lysis
was described in viral infections and cancer models (15, 16,
91), while other studies suggested rather Fas/FasL-dependent
lysis of target cells by iNKT cells (18, 94). Both pathways are
CD1d-dependent, although CDId-independent lysis mediated
by NKG2D has also been described (95). Which of these
pathways prevails in a specific context likely depends on the
activation mode and availability of relevant molecules on the
surface of target cells (14). Deciphering activation and mode of
porcine iNKT cell cytotoxicity require in-depth analysis. Our
phenotypic and functional characterization paves ways for such
studies. The increase of perforin-expressing ¢TC we saw in
our studies is likely due to direct and indirect effects on cTC
during iNKT cell activation. IFNYy, highly expressed by activated
iNKT cells, is known to enhance the cytotoxic activity of T
cells by autocrine and paracrine stimulation (96). Moreover,
IFNy has been shown to induce the expression of the high-
affinity IL-12 receptor (97). This enables ¢TC to react to IL-
12, secreted by APC during «GC stimulation. IL-12 in turn
is known to enhance perforin responses (98). This bystander
activation provides further protection during ongoing immune
responses and demonstrates the linkage of both early iNKT cell
and subsequent cTC responses.

Interestingly, we only saw significant differences between the
effects of the two concentrations of aGC in three cases. High-
dose aGC resulted in heightened proliferation, increased perforin
expression, and increased frequencies of IFNy-producing iNKT
cells. As iNKT cells do not require co-stimulation for cytokine-
production (12, 13), dose-dependent effects are explained by
interaction loops between APC and iNKT cells. Activated iNKT
cells readily produce cytokines, like IFNYy, and induce maturation
of dendritic cells, which in turn increase production of iNKT cell-
stimulating cytokines, like IL-12 (99). Notably, aGC is a highly
potent antigen with a high affinity to the iNKT cell TCR and
a long half-life (100). Therefore, aGC likely induces stronger
responses in iNKT cells than activation with natural ligands (27).
The distinctive phenotype of in vitro-stimulated porcine iNKT
cells requires in vitro verification with other CD1d ligands or
bacterial/viral antigens and, most importantly, in vivo validation
in infection studies.

We found a rapid age-dependent decrease in iNKT cell
percentage during the first 12 weeks of life. In animals older
than 12 weeks, iNKT cells maintained the same abundance.
Since the frequency of CD3™ lymphocytes did not change, the
drop in iNKT cell frequency cannot be explained by changes
in the overall T cell frequency. The high iNKT cell frequencies
in young individuals indicate that iNKT cells play a critical
role for immunological responses in the first weeks of life.
Similar age-dependent decreases are known in humans as well
(101, 102). The frequency of iNKT cells in swine investigated
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for age-related changes was lower than in swine investigated in
other experiments. This might be explained by different housing
conditions of the pigs used for different experiments. The
samples for investigation of age-dependent iNKT cell frequency
were obtained from a pig farm with strict biosafety standards,
limiting contact with pathogenic microorganisms. In contrast,
animals for other experiments were kept at our institute under
conventional conditions, enabling microbial colonization. In
mice, iNKT cell frequencies decrease if animals are kept under
germ-free conditions (103, 104). This indicates that iNKT cell
homeostasis in swine is also at least partially dependent on the
microbiome of the respective animal.

We described the first iNKT cell kinetics in pigs in two
viral infections, IAV and ASFV. We observed increases in
iNKT cell frequency in blood and mucosal tissues at early time
points during both infections, in line with the well-documented
relevance of this lymphocyte population at the onset of infection
(58, 105). However, iNKT cell dynamics changed at later stages
of infection and their frequencies decreased over time. Moreover,
we detected small but significant activation of iNKT cells in
in vitro assays using IAV-conditioned supernatant. A host-
beneficial expansion of iNKT cells with antiviral properties
during IAV infection has been described in other species as
well [reviewed in Crosby and Kronenberg (27)]. Mechanistically,
iNKT cells act in various ways during IAV infection. Via
secreted IFNy, iNKT cells activate multiple bystander cells and
induce protective adaptive responses. Moreover, iNKT cells
facilitate conventional antiviral CD8" T cell responses (106),
inhibit immunosuppression by myeloid-derived suppressor cells
(107), and produce cytokines critical for mucosal immunity and
integrity, like IL-22 (108). The iNKT cell influx during IAV
infection in swine peaked significantly in the lung lymph nodes
and non-significantly in lung and broncho-alveolar lavage in
our study. Comparable expansions of iNKT populations in these
tissues were shown during IAV infection in humans (27). This,
in connection with our in vitro data, indicates that iNKT cells
in swine may play a similar role during respiratory infections
as in humans. Future studies will clarify precisely how iNKT
cells are involved in antiviral immunity against IAV in swine.
In response to ASFV infections, CD8" T cells seem to play a
major role (109). Moreover, higher IFNy production correlated
with higher protection from ASFV challenge (110). A role for
iNKT cell-like cells in the immunity against ASFV infection
has been discussed earlier, as cells with a NKT-like phenotype
(CD3"/CD4~/CD8*/CD5%/CD6~ /CD11b"/CD16") expanded
after co-culture of porcine PBMC with ASFV in vitro (110).
However, as others and we showed, the phenotype of these cells
resembled real iNKT cells only rudimentarily. It is therefore
questionable whether the described expansion and effects are
attributable to iNKT cells. Contrary to the changes in vivo, we
did not see any ASFV-induced iNKT cell activation in vitro. This
might be explained by immune evasion mechanisms used by
pathogenic ASFV strains, that were recently been shown to block
type I IFN responses in infected cells (111). Since type I IFN are
potent inductors of iNKT cell activation (14), blockage of type
I IFN expression would impair iNKT cell activation. However,
these evasion mechanisms might at least partially be counteracted
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in vivo, which cannot be simulated in vitro. Our in vivo data still
indicates that iNKT cells are involved in the immune response
against ASFV because the iNKT cell frequency increased locally
in affected tissues and systemically in peripheral blood. However,
an immunopathological role of iNKT cells during ASFV infection
cannot be excluded. Overactivation of iINKT cells may result
in a cytokine storm, which further weakens the animals and
contributes to morbidity (112, 113). Furthermore, excessive local
responses result in immunopathology, like liver damage (114,
115), as typically seen in animals succumbed to ASFV infection.
The role of porcine iNKT cells in ASFV infections has to be
evaluated in future studies.

iNKT cells are increasingly coming to the fore as target cells
for novel vaccine adjuvants. New and more effective vaccines
against infectious diseases are needed for swine as well as for
humans. This is especially true for zoonotic diseases, like TAV,
for which humans and swine are susceptible. «GC or aGC-
analogs have been shown to induce high IgG and IgA titers
against co-administered proteins in mice (116) as well as in swine
(28, 29, 31). Expression of IFNy by iNKT cells is crucial for B
cell help and induction of class switch (20). We observed IFNy
expression by porcine iNKT cells upon antigenic stimulation,
which indicates that pathways similar to those in mice are used
by porcine iNKT cells to help B cells. aGC-adjuvanted vaccines
also prime and potentiate cytotoxic CD8 T cell responses in mice
(116, 117) and non-human primates (118). Targeting iNKT cells
during vaccination represents a promising new way to increase
vaccine efficacy. However, cellular and molecular interactions of
porcine iNKT cells with effector cells of the adaptive immune
system need further evaluation.

Taken together, we established a multicolor flow cytometry
platform for analysis of porcine iNKT cells. Our study pioneered
detailed phenotyping and differentiation of porcine iNKT cells
and their effector molecules. Moreover, we provided first insights
into the relevance of iNKT cells in viral diseases in pigs. We
demonstrated that porcine iNKT cells display striking phenotypic
and functional similarities to human but less to murine iNKT
cells. Therefore, pigs were shown to be a valuable large animal
model for immunological studies, especially for, but not limited
to, INKT cell research.
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Abstract

Pigs are anatomically, genetically and physiologically comparable to humans and represent
a natural host for influenza A virus (IAV) infections. Thus, pigs may represent a relevant bio-
medical model for human IAV infections. We set out to investigate the systemic as well as
the local immune response in pigs upon two subsequent intranasal infections with IAV
H1N1pdm09. We detected decreasing numbers of peripheral blood lymphocytes after the
first infection. The simultaneous increase in the frequencies of proliferating cells correlated
with an increase in infiltrating leukocytes in the lung. Enhanced perforin expression in afg
and yd T cells in the respiratory tract indicated a cytotoxic T cell response restricted to the
route of virus entry such as the nose, the lung and the bronchoalveolar lavage. Simulta-
neously, increasing frequencies of CD8aa expressing af T cells were observed rapidly after
the first infection, which may have inhibited uncontrolled inflammation in the respiratory
tract. Taking together, the results of this study demonstrate that experimental AV infection
in pigs mimics major characteristics of human seasonal IAV infections.

Introduction

Influenza A virus (IAV) infections cause low mortality but high morbidity in humans world-
wide annually, while pandemics that occur at irregular intervals may have a disastrous impact
on global human health [1-3]. Because newly emerging IAV were often of swine origin or
arose from reassortments in the pig as mixing vessel [4-7], pigs have increasingly been evalu-
ated as a biomedical model for human influenza [8]. Pigs are anatomically, physiologically and
genetically similar to humans indicating a closer mimic of the situation in humans than rodent
models. Studies on the immune response in pigs have long been biased by the lack of specific
reagents. Especially the variety of antibodies available for the pig is still far lower to that of
mice. As a result, the knowledge of the porcine immune response in general is much smaller
compared to that of mice. Despite these disadvantages, pigs have decisive advantages as a
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model for human IAV infection: they are themselves a natural host for influenza viruses and
source of new IAV pathogenic for humans. Thus, understanding the immune response of pigs
upon IAV infection and protection by tailored vaccines would assist in the burden on human
health by minimizing the emergence of new viruses in swine and zoonotic transmission [4, 5,
9]. Initially, these approaches primarily aimed at identification of antigen preparations that
elicit a protective antibody response against surface glycoproteins [10-13], which are effective
in controlling IAV infection. However, constant antigenic drift requires an incessant update of
the vaccines to match circulating strains. Thus and by expanding the number of reagents for
porcine immunological analyses, in the past two decades research increasingly focused on
analysis of the immune response against conserved antigenic regions unlikely to change exten-
sively, including cellular immunity. These studies provided evidence for the importance of the
cellular immune response in eliminating IAV, also in pigs. These studies have in common that
they either only investigated blood-derived cells [14-16] or analyzed the systemic and local
immune response only at a very early [17] or late time points of infection [15]. The situation is
further complicated by the use of different IAV strains. Recent work recorded for the first time
the kinetics of T cell responses and their phenotyping, which supported the previous assump-
tion of the induction of IAV-specific CD4" and CD8" T cells [18, 19]. This is in line with sev-
eral publications reporting IAV-specific CD8" T cell responses in humans associated with
cytolytic [20, 21] as well as memory characteristics [22]. Further, IAV-specific memory T cells
were reported to reside in human lungs [23]. Altogether, these porcine studies provided fur-
ther evidence for similarities of the IAV immune response in pigs and humans [22, 24, 25].
However, it is important to note that the prominent porcine populations of CD4*/CD8" dou-
ble positive T cells [26] as well as the high number of peripheral 8 T [27] cells are virtually
absent in humans [28, 29], representing a major difference. Besides the numerical difference,
the functionality of the two cell populations is comparable in both human and swine. CD4"/
CD8" double positive T cells are mature effector cells with memory characteristics that rapidly
mount antigen-specific responses upon antigenic challenge [18, 30]. Besides acting as innate
immune cells via pattern recognition receptors and direct killing of infected cells, y& T cells do
play a major role in antigen processing and presentation in human and swine [31, 32]. The
two most detailed characterizations of T cell dynamics in influenza-infected pigs were per-
formed by Gerner’s group [18, 19]. They reported increased capacity of CD4"/CD8a." T cells
to co-produce IFN-y, TNF-a and IL-2 as well as the appearance of blood-derived IAV-specific
CD8B" T cells [18]. Further investigations revealed increased frequencies of IFN-y and/or
TNF-o producing, influenza-specific CD4" and CD8" T cells in the lungs of infected pigs,
resulting in an accumulation of memory cells in the lungs at 6 weeks post infection [19].
Although these porcine IAV studies report a pronounced involvement of the cellular immune
response, a global analysis and comparison of immune cells and their functions along the
route of entry (nose, lung and lung lymph node) as well as the systemic responses (blood) after
infection with HIN1pdm09 were still missing. To ascertain the value of the pig as a reliable
model mimicking human IAV infection, we compared the immune response in pigs after a
natural IAV infection without inducing major clinical signs, as usually occurs in seasonal
human influenza.

Material and methods
Ethical statement and study design

All animal experiments were approved by the State Office for Agriculture, Food Safety and
Fishery in Mecklenburg-Western Pomerania (LALFF M-V) with reference numbers 7221.3-1-
035/17.
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Table 1. Summary of sampling days and animals during study.

do d2pi d4pi d7pi d14pi d21pi d22pi d25pi d31pi
1* infection 2" infection
Blood samples 6 [3 6 6 6 6 6 6 6
Organ samples 5 5 5 5 3

Blood samples were taken from the same six animals, randomly chosen on day 0. Three control animals underwent necropsy on day 30 post infection.

https://doi.org/10.1371/journal.pone.0222943.t001

In total 29 four-week old German landrace pigs were obtained from a commercial high
health status herd (BHZP-Basiszuchtbetrieb Garlitz-Langenheide, Germany). This farm is free
from the following diseases or pathogens: Pseudorabies, classical swine fever virus (CSFV),
Porcine Reproductive and Respiratory Syndrome Virus (PRRSV), Actinobacillus pleuropneu-
moniae, Mycoplasma hypopneumoniae, ascaris, mange, Brachyspira hyodysenteriae and salmo-
nella category I. Vaccination program does not include vaccination against influenza viruses
but the following vaccines were administered: Sows were vaccinated against porcine circovirus
type 2 (once), Erysipelothrix rhusiopathiae/Porcine parvovirus (twice), salmonella (twice) and
Haemophilus parasuis (twice). Piglets were vaccinated against PCV2 once and Mycoplasma
hypopneurmoniae twice. Piglets for this study were kept under BSL2 conditions in the animal
facilities of the Friedrich-Loeffler-Institut, Greifswald-Riems. IAV infections were performed
twice during study period (Table 1), whereby first infection occurred three weeks after trans-
port to our facility by intranasal administration of 2 ml virus suspension (10° TCIDg/ml)
using mucosal atomization devices (MAD) (Wolfe Tory Medical, USA) with 26 animals. A sec-
ond infection was performed on day 21 after the first infection. Three animals were mock
infected with medium only and served as controls. Blood samples from the same six randomly
selected animals were taken on day 0, 2, 4, 7, 14, 21 (prior to second infection), 22, 25 and 31
after first infection for kinetics of blood cells. After euthanasia with Release® (IDT, Germany),
necropsy was performed on five animals on day 4, 7, 21 and 25 post first infection. Control ani-
mals were euthanized on day 30 after first mock-infection.

Virus

Influenza virus A/Bayern/74/2009 (hereafter referred to as HIN1pdm09) was propagated on
Madin-Darby canine kidney cells (MDCKII) in MEM supplemented with 0.56% bovine serum
albumin, 100 U/ml Penicillin, 100 pg/ml Streptomycin and 2 pug/ml L-1-Tosylamide-2-pheny-
lethyl chloromethyl ketone (TPCK)-treated trypsin (Sigma-Aldrich, USA). For viral titration
by TCIDsy, assay, serial ten-fold dilutions of virus suspensions were prepared, added to
MDCKII cells in 96-well plates, and incubated for three days at 37°C and 5% CO,. Cytopathic
effect was examined microscopically. Titers were calculated according to Spearman-Karber
[33, 34]. An acute [AV infection of pigs acquired prior to the study was excluded by real-time
PCR (AgPath.ID™ One-Step RT-PCR Kit, Applied Biosystems, USA) of nasal swabs immedi-
ately before transport to the experimental facility (modified from [35]).

Sample preparation

Necropsy and pathological gross examination was performed according to standard guidelines
under BSL3** conditions. For extracorporeal bronchoalveolar lavage (BAL), the left main
bronchus was cut with sterile scissors and 200 ml of sterile PBS solution was injected with a
syringe through the main bronchus into the left lung lobe, which was then kneaded softly.
BAL fluid was recovered by syringe.
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For flow cytometric analyses organ samples from the following organs were taken during
necropsy and stored in ice-cold PBS until further use: mucosa of nasal cavity, lung tissue
(lobus dexter medius) and lung lymph node (nodi lymphatici tracheobronchiales inferiores).

Specimen from the following organs were collected for histopathology and fixed in 4% neu-
tral buffered formaldehyde: nasal cavity with conchae, trachea, lungs (lobus sinister cranialis
pars cranialis and caudalis, lobus sinister caudalis, lobus dexter cranialis, lobus dexter medius,
lobus dexter accessorius, lobus dexter caudalis), lymph node from the lymphocentrum
bronchiale.

Lungs were scored for macroscopically detectable atelectasis (reddish-tan, consolidated,
lobular to lobar parenchyma) and scored as follows: (shown as percentage of the total paren-
chyma analyzed for each pulmonary lobe): 0 = no atelectasis, 1 = mild atelectasis (0-30%),

2 = moderate atelectasis (30-60%), 3 = severe atelectasis (60-100%). The max atelectasis score
of all seven scored pulmonary lobes was taken to set up one gross lesion score for each individ-
ual pig. For histopathological examination, formaldehyde-fixed tissue samples were embedded
in paraffin and cut at 3um. The sections were mounted on Super-Frost-Plus-Slides (Carl Roth
GmbH, Karlsruhe, Germany) and stained with hematoxylin-eosin for light microscopical
examination using a Zeiss Axio Scope.Al microscope equipped with 5x, 10x, 20x, and 40x
N-ACHROPLAN objectives (Carl Zeiss Microscopy GmblH, Jena, Germany). All tissue sec-
tions were scored blind and investigated for signs and severity levels of inflammation (rhinitis,
tracheitis, bronchointerstial pneumonia) as follows: 0 = no inflammation, 1 = mild inflamma-
tion, 2 = moderate inflammation, 3 = severe inflammation. The final score for each organ of
an individual animal was raised on the basis of the max value of the respective scores.

Immunohistochemistry was performed to detect Influenza A virus antigen in paraffin
embedded tissue sections using a mouse monoclonal antibody against the matrixprotein of
influenza A virus (M21C64R3, ATCC, Manassas, VA) as previously described [36]. Briefly, tis-
sue sections were dewaxed and rehydrated, and endogenous peroxidase was blocked with 3%
H,0; (Merck, Darmstadt, Germany) for 10 min. After demasking of antigens with 10mM Na-
citrate buffer (pH = 6, 700 W) for 20 min in a microwave oven, sections were incubated with
undiluted normal goat serum for 30 min at room temperature to block nonspecific binding
sites. Thereafter, section were incubated with anti-Influenza A matrix protein antibodies,
diluted 1: 200 in Tris-buffered saline (TBS) at 4°C overnight. This incubation was followed by
a biotinylated goat anti-mouse IgG (1:200, LINARIS biologische Produkte, Dossenheim, Ger-
many) and the avidin-biotin-peroxidase complex (Vector Laboratories, Burlingame, CA) for
30 min each at room temperature. Positive antigen-antibody reactions were visualized by incu-
bation with AEC-substrate (Dako, Hamburg, Germany) for 10 min. Sections were washed
with deionized water and counterstained with Mayer's hemalaun for 30 s. Sections that stained
positive for TAV matrix protein were investigated for cell-specific viral antigen localization and
scored for viral antigen distribution in each inspected organ: 0 = negative, 1 = focal to oligofo-
cal, 2 = multifocal, 3 = diffuse as previously described [37]. For each organ the max values of
all scores were taken into analysis.

Cell preparation and antibody staining for flow cytometric analysis

Whole blood was diluted with PBS 1:10 and overall number of white blood cells and different
leukocyte subpopulations were determined by blood counting device. Flow cytometric analysis
of single cell suspensions from mucosa of nasal cavity, BAL, lung tissue and lung lymph node
were performed. Cell from BAL fluid were enriched by centrifugation and discarding the
supernatant. Leukocytes from mucosa of nasal cavity, lung lymph node and spleen were pre-
pared by mechanical disruption on metal sieves with plungers and washed with PBS. For
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isolation of leukocytes from the lung, tissue was minced with scissors, resuspended in
PBS-EDTA supplemented with 100 uM CaCl,, and digested with Collagenase D (1 mg/ml;
Sigma-Aldrich) for 40 min at 37°C. After pressing the digested tissue gently through a cell
strainer with a plunger, remaining tissue was removed by short centrifugation.

Cell pellets were suspended in FACS buffer for flow cytometric antibody staining. Antibod-
ies used in this study are listed in S1 Table. Unless otherwise stated, all incubation steps were
carried out at 4 °C in the dark for 15 min in case of extracellular staining and for 30 min for
intracellular staining. Staining of whole blood required erythrocyte lysis after surface staining
by conventional lysis buffer (1.55 M NH,Cl, 100 mM KHCO3, 12.7 mM Na,EDTA, pH 7.4, in
A. dest.). For intracellular staining, the True-Nuclear™ Transcription Factor Buffer Set was
used according to manufacturer’s instructions (BioLegend, Germany).

Software and statistics

Flow cytometric analyses were run on BD FACS Cantoll with BD FACS DIVA Software and
analyzed using Flow]Jo Software. GraphPad Prism was used to visualize data and perform statis-
tical analyses. All animal groups examined on days 4, 7, 21, 25 and 30 (control) were analyzed
by the nonparametric Kruskal-Wallis test followed by pairwise Dunn’s post hoc tests compared
to control. For blood analyses same tests were used but post hoc test was compared to day 0. Sta-
tistical significance was designated as p < 0.05 indicated by an asterisk (*) in the graphs.

Results

Intranasal infection of pigs with HIN1pdm09 induced macroscopic and
microscopic lesions in the lungs

After intranasal primary IAV infection, multifocal, reddish-tan consolidated areas (pulmonary
atelectasis) of different sizes were macroscopically observed in inoculated animals after 4, 7
and 21 days (Fig 1A), mainly in the lobus dexter medius and in the lobus sinister cranialis pars
caudalis (Fig 1B). 4 dpi, the animals reached the highest atelectasis score compared to pigs
which were analyzed after 25 dpi (Fig 1C). One control pig showed a minimal, focal atelectasis
in the lobus dexter cranialis.

Inflammatory changes were detected in the nasal mucosa, trachea and lung. Results from
histopathological investigations of nasal mucosa and lungs are summarized in Fig 2. Starting
at 4 dpi pigs showed mild, focal, necrotizing rhinitis with loss of epithelial cells (Fig 2 left
panel) and TAV matrix protein-positive respiratory epithelial cells within the lesions. Mild,
focal, subacute, lymphohistiocytic rhinitis have been observed 7, 21 and 25 dpi. Until 25 dpi
inflammation decreased constantly whereas control pigs were free of rhinitis. One infected pig
showed mild, necrotizing tracheitis at 4 dpi compared to all other infected and control pigs,
which lacked similar lesions. Lung lesions were mainly localized in bronchi, bronchioles and
bronchioloalveolar transition zone leading to mild bronchiolointerstitial pneumonia as shown
in Fig 2 (right panel). 4 dpi, mild necrosis and loss of bronchial and bronchiolar epithelium
was evident in HINIpdm09 inoculated pigs followed by the infiltration of lymphocytes, mac-
rophages and few neutrophils into the affected tissue (Fig 2C, right panel). At 7 dpi, mild alveo-
lar edema was present whereas necrosis extended to the bronchi-alveolar transition zone (Fig
2E, right panel). At that time, lymphocytes and macrophages increasingly infiltrated the pul-
monary interstitium (Fig 2E, right panel), but Influenza A matrix protein was not detectable at
any time point later than 4 dpi (Fig 2B, 2D, 2F, 2H and 2], right panel). 21 dpi, inflammatory
cells were still evident (Fig 2G, right panel). Still negative for viral antigen (Fig 2], right panel),
the amount of infiltrating inflammatory cells slightly decreased at 25 dpi (Fig 21, right panel).
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Fig 1. Gross pathologic changes after macroscopic investigation of lungs from HIN1pdm09-infected pigs. At
indicated time points, three to five animals were subjected to necropsy for macroscopic investigation of artelectasis.

(A) Lung from a pig inoculated with HIN1, 4 dpi. Acute, diffuse atelectasis of the lobus dexter medius (arrow). (B)
Frequency distribution of macroscopic lesions in different lung lobes. (C) Atelectasis scores after 4, 7, 21 and 25 days of
H1N1-inoculated and mock-infected animals. L. = lobus; x in graph axis indicates infection.

https://doi.org/10.1371/journal.pone.0222943.g001

Data from histopathological scoring are summarized in Fig 3. As indicated, IAV matrixprotein
was only detectable 4 dpi in the nose, trachea and lung (Fig 3A). At 7 dpi, infected animals
showed the highest inflammation score in the nose and lung which then slightly decreased and
remained constant until the end of the experiment (Fig 3B). Of note, a moderate significant
positive correlation (Spearmann r = 0.464; p<0.0001) was found between macroscopic (atelec-
tasis) and microscopic lesions in the lung (p < 0.0001) (Fig 4).

IAV HIN1pdmO09 infection led to a shift in distribution of blood immune
cell subsets but not to leucopenia

Counts of total and different subpopulations of white blood cells did not change significantly
during the course of infection (Fig 5). A slight decrease in total cell numbers was observed two
days after the first infection but they recovered until day four and stayed at a comparable num-
ber until day 14 post first infection. On day 21, prior to second infection, cell number was
slightly elevated, stayed at a comparable level the following day and returned to cell numbers
comparable to those on day 0 and remained stable until the end of the study (Fig 5A).

Of the myeloid cells in blood, dendritic cell and neutrophil count decreased initially on day
two post infection but their numbers as well as monocyte count increased on day four post
infection (Fig 5B). On average, monocyte and neutrophil counts remained stable from day 14
post infection until the end of the study, regardless of a second infection, whereas dendritic
cell numbers decreased to a hardly detectable level after the second infection and did not
recover until the end of the study (Fig 5B). Although neutrophil counts decreased initially after
first infection, the frequency of CD14 expressing cells among them increased after first as well
as after second infection (Fig 5C).
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Regarding cell number of lymphocytes, we observed a decrease for af and y8 T cells, as well
as for B cells initially after first infection that lasted until day seven and for the latter until the
end of the study (Fig 5D). On day 14 post infection cell numbers of y8 T cells and B cells recov-
ered, but o T cells numbers were elevated compared to day 0. After second infection of T
cells decreased to basal level and remained unchanged for the rest of the study, whereas second
infection led to another increase in y& T cells on day 22. Three days later (day 25) and on day
31 numbers of these cells reflected basal levels (Fig 5D).

Proliferation of CD8" aff T cells in the blood was increased upon infection
with HIN1pdm09

In line with absolute cell numbers obtained from blood counting device (Fig 5), we also
observed a decreased frequency of & T cells from lymphocytes both after first and second
infection with HIN1pdm09 in blood of pigs (Fig 6A). 14 days after first infection, they
returned to normal levels. After the second infection recovery time was faster and original fre-
quencies were reconstituted on day 25 (four days after second infection).

To determine subpopulations, frequencies of T cells expressing CD4 and/or CD8 were dis-
tinguished into naive Th cells (CD4"/CD8), extrathymic CD4"/CD8" cells (including memory
as well as cytotoxic cells) and cytolytic T cells (CD47/CD8") (Fig 6B). Overall frequencies of
different subpopulations remained stable until day 14 after first infection. Afterwards fre-
quency of cytolytic T cells in bloodstream increased at the expense of naive cell frequencies.
From day 25 (4 days after second infection) increasing frequencies of double-positive Th cells
were detected with further decreasing naive cells. Frequency of proliferating CD8" cells—char-
acterized by Ki-67 expression-increased both after first and to a lesser extent after second
infection with HIN1pdm09. CD8 af T cells did not show signs of proliferation (Fig 6C).

Fig 2. Histopathology from nose (left panel) and lung (right panel) of HIN1-infected pigs. At indicated time
points, three to five animals were subjected to necropsy. Lungs, trachea and conchae were fixed in 4% formaldehyde,
embedded in paraffin and cut at 3um. Hematoxylin-Eosin (A, C, E, G, I) and anti-Influenza matrixprotein
immunohistochemistry (B, D, F, H, ]) were performed on nose and lung tissue. A-B) mock-control. (C-D) 4 dpi. (E-F)
7 dpi. (G-H) 21 dpi. (I-]) 25 dpi. White arrows: infiltration of inflammatory cells; black arrows: Influenza A matrix
protein-positive cells; arrowheads: flattening and loss of epithelial cells; asterisks: necrotic lung tissue.

https://doi.org/10.1371/journal.pone.0222943.g002
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Fig 3. IAV matrixprotein score (A) and inflammation score (B) obtained from the nose, trachea and lung. At
indicated time points, three to five animals were subjected to necropsy. Lungs, trachea and conchae were fixed in 4%
formaldehyde, embedded in paraffin and cut at 3pum. Hematoxylin-eosin staining was used to determine inflammatory
score, immunochistochemistry allowed the detection of IAV matrixprotein. x in graph axis indicates infection.

https://doi.org/10.1371/journal.pone.0222943.9003
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Fig 4. Correlation between macroscopic and microscopic lesions. Correlation between scores of atelectasis and
simultaneous inflammatory processes in the lung obtained by histopathological investigation, Spearman r = 0,4642
(p < 0,0001).

https://doi.org/10.1371/journal.pone.0222943.9004
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Fig 5. Counts of peripheral blood leukocytes after infection with HIN1pdm09. At indicated time points, blood was
collected from the same six pigs, randomly chosen on day 0. Blood counting device revealed total count of A) white
blood cells and B) myeloid cells (monocytes, dendritic cells and neutrophils). C) Within the granulocytic population
frequency of mature granulocytes is indicated by expression of CD14. D) Total count of lymphocytes and E) main
subpopulations: aff T cells, 8 T cells and B cells. x in graph axis indicates infection.

https://doi.org/10.1371/journal.pone.0222943.9005

v0 T cells proliferated and increased CD8 expression in the blood after
infection with HIN1pdmo09

Because v8 T cells do play a major role in pigs during infections, we analyzed these cells and
the distribution of different subtypes in the course of IAV infection. Frequencies remained sta-
ble during the first infection but were increased immediately after the second infection, which
was congruent with decreased frequencies of off T cells (Fig 7A).

CD2 and subsequent CD8 expression on the cell surface of y8 T cells resembles activation
and maturation steps, the former being observed 14 days after first and one day after second
infection with HIN1pdm09 (Fig 7B). Differentiated effector y8 T cells (characterized by simul-
taneous expression of CD2 and CD8) increased after second infection only. In addition, Ki-67
expressing cells increased among activated and differentiated effector memory T cells after the
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Fig 6. Frequencies of ap T cells (A), their subpopulations (B) expressing Ki67 (C). At indicated time points, blood
was collected from the same six pigs, randomly chosen on day 0. Flow cytometric analyses were performed to
determine frequency of CD3"/ y§TCR' T cells (A). Further classification (B) was made based on the expression of
CD4" single positive cells (naive Th cells), CD4"/CD8" (memory as well as cytotoxic T cells) and CD4 /CD8" cytolytic
T cells. Expression of Ki67 (C) indicated proliferative capacity of cells. x in graph axis indicates infection.

https://doi.org/10.1371/journal.pone.0222943.g006

first infection (Fig 7C). After the second infection, only the latter showed higher frequencies of
proliferating cells. Naive y3 T cells did not show proliferative activity.

Frequency of af T cells along the respiratory tract increased after the first
infection only and expressed mainly CD8aa homodimers

To investigate the immune response along the proposed route of infection, frequencies and
functional properties of o T cells from lymphocytes in mucosa from nasal cavity, BAL, lung
and lung lymph node were analyzed. Increasing frequencies for these cells could be observed
four days after first but not after second infection in mucosa of nasal cavity, BAL, lung tissue
and lung lymph node and until day seven after first infection in the former two (Fig 8A). Fre-
quencies were still elevated on day 21 compared to control animals and returned to normal
levels on day 25, four days after second infection in all organ samples.

Differentiation in subtypes expressing either CD8oo homo- or CD8af heterodimers
revealed that under physiological conditions (control) CD8" af T cells from tissues of the
respiratory tract-nose, BAL and lung-are mainly composed of cells expressing the CD8owx
homodimers (Fig 8B). In contrast, in the lymph node CD8of expressing T cells were the pre-
dominant population. After an initial slight drop in nose and BAL four days after first infec-
tion, CD8owx expressing cells increased until day seven in all organs, whereby the ratio in the
lymph node was completely reversed towards the homodimer expressing CD8" T cells. On day
21, prior to second infection, ratio of CD8owo. to CD8af expressing cells was the same as for
control animals. Four days after second infection, the previously observed ratio shift was
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Fig 7. Frequencies of y8 T cells (A), their subpopulations (B) expressing Ki67 (C). At indicated time points, blood
was collected from the same six pigs, randomly chosen on day 0. Flow cytometric analyses were performed to
determine frequency of CD3"/ y§TCR" T cells. Further classification (B) was made based on the expression of CD2
and CD8: CD27/CD8" = naive y3 T cells, CD2"/CD8 = activated v T cells and CD2"/CD8" = differentiated effector v
T cells. Expression of Ki67 (C) indicated proliferative capacity of cells. * = p<0.05 Kruskal-Wallis test followed by
Dunn’s post hoc test compared to day 0. x in graph axis indicates infection.

https://doi.org/10.1371/journal.pone.0222943.9007

repeated and resembled the ratio on day seven except for cells in the lung lymph node, for
which the ratio was the same as on day four (Fig 8B).

In both ap T cell subsets expression of perforin increased after the first
infection

To investigate the functionality of op T cells, expression levels of perforin were investigated
along the infection route. In all organs, expression of perforin in CD8oc” cells increased on
the fourth day after first infection but returned to levels as observed in control animals already
three days later and did not change during the rest of the study (Fig 8C). CD8aB" T cells
showed a similar pattern, although the level of expression was higher, both under basal (con-
trol) as well as in infection conditions (day 4) (Fig 8D). For CD8c:B" T cells in lung and BAL
expression of perforin returned to basal levels on day 7 and remained unchanged. In lung and
to a greater extent in the lymph node, expression of perforin was lowest on day 7, returned to
basal levels on day 21 but decreased once again after the second infection (Fig 8D).

Frequency of v6 T cells in the nose and CD8 expressing subpopulations
were increased after first infection
Because frequencies of ¥8 T cells remained stable in the blood, we investigated whether there

would be changes in organs from the respiratory tract. In the nose, frequency of cells increased
slightly over the fourth to seventh day, stayed elevated until day 21 and returned to levels
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Fig 8. Frequencies of af T cells (A) and CD8aa™ and CD8af” subpopulations (B) expressing perforin (C and D).
At indicated time points, three to five animals were subjected to necropsy. After preparation of single cell suspensions
from nasal mucosa, BAL, lung tissue and lung lymph node, flow cytometric analyses were performed to determine
frequency of CD3"/ y8TCR™ T cells (A). Further classification (B) was made based on the expression of CD8ctx homo-
or CD8of heterodimers. MFI (mean fluorescence intensity) indicated cytolytic activity of CD8acx (C) and CD8of3 (D)
T cells. * = p<0.05 Kruskal-Wallis test followed by Dunn’s post hoc test compared to control. x in graph axis indicates
infection.

https:/fdoi.org/10.1371/journal.pone.0222943.g008

comparable to those in control animals on day 25 (four days after second infection) (Fig 9A).
In BAL, frequencies continuously decreased over study period. This also applies to the lymph
node, albeit to a lesser extent. In the lung, frequency of y8 T cells halved after first and
decreased by 1/3 after second infection (Fig 9A).

Investigations on the activation status revealed that in the nose around 40% and in BAL,
around 60% of y8 T cells already express the CD8a molecule under physiological conditions
(Fig 9B). In contrast to cells in BAL, where frequencies decreased by 10%, activated y3 T cells
increased to 60% in the nose four days after infection. In lung and lymph node, frequencies
increased from 20% to more than 40% on day four after first infection. For nose, lung and the
lymph node, frequency of activated y8 T cells returned to basal levels on day seven and stayed
there for every other time point (Fig 9B).
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Fig 9. Frequencies of 8 T cells (A) and CD8u* subpopulation (B) expressing perforin (C). At indicated time
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https://doi.org/10.1371/journal.pone.0222943,9009

Nasal and BAL v8 T cells show increased expression of perforin and/or
transcription factors associated with activation

Related to effector functions of y3 T cells in nose perforin expression was increased only at day
four after first infection and did not change at any other day of study period (Fig 9C). For vy T
cells in BAL, lung and lung lymph node, expression of effector molecule perforin was slightly
increased on the same day.

Because activation of 8 T cells does not necessarily lead to upregulation of CD8 or perforin,
the transcription factors T-bet and EOMES of these cells were also investigated in mucosa from
the nasal cavity as well as the BAL. Frequency of y8 T cells expressing T-bet only increased in
the nose four days after infection, whereas EOMES single-positive cells increased four days after
second infection only (Fig 10A). Frequency of cells expressing both transcription factors did
not change during study period. In BAL T-bet expressing cells increased both after first and sec-
ond infection, whereas EOMES as well as double positive cells remained unchanged (Fig 10B).

Discussion

Using two different approaches, continuous peripheral blood cell analysis from the same ani-
mals as well as analysis of organ samples from the respiratory tract at specific time points after
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https://doi.org/10.1371/journal.pone.0222943.9010

infection, we characterized in detail the kinetics of the porcine immune response after intrana-
sal infection with HIN1pdmO09. In contrast to previous studies reporting fever as well as clini-
cal sings after intranasal infection of pigs with IAV [10, 14, 38, 39], pigs in our study did not
develop either. Since different virus strains as well as doses were used, this finding was not
unexpected. While a study by Pomorska-Mol et al. reported mild clinical signs without fever
in intranasally HIN1-infected pigs they neither observed significant changes in hematological
parameters nor in numbers of subsets of T and B cells [40]. However, the decreasing lympho-
cyte count caused by decreasing numbers of T cells and B cells within the first week after infec-
tion, correlated well with the other studies [17, 41]. Khatri et al. detected also increasing
frequencies of CD8" af as well as y8 T cells in lungs and lung LN of H1N1-infected pigs [17],
which is in line with our findings. We could further show that this also holds true at the site of
first contact, the nose. Increased numbers correlated with an increased amount of perforin
pointing toward enhanced cytotoxic function. An increase in CD4" T cells in the lungs, which
was reported by two groups that observed high fever and strong clinical signs [14, 17], was not
observed in our study.

The overall leukocyte count was only slightly decreased on day two after the first infection,
which was mainly due to a decrease of the neutrophil population and to a lesser extent to
decreasing numbers of o T cells and B cells. Two days later, absolute numbers of WBC were
restored to normal levels because of elevated numbers of myeloid cells—-monocytes, dendritic
cells and neutrophils-whereas numbers of lymphocytes decreased further until day seven.
These observations parallel the mild lymphopenia with monocytosis in human patients
infected with TAV [42-44], which was proposed as a screening tool for influenza infection [45,
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46]. An increase in neutrophils of IAV patients within the first days of infection described by
some groups [42, 47, 48] could not be detected in our study. However, we observed an increase
in frequency of CD14 expressing cells after both infections. CD14 upregulation is associated
with activation in granulocytes [49, 50] and serves as a coreceptor for TLR7 mediated recogni-
tion of ssRNA [51]. We detected a higher number of dendritic cells in the blood in infected
pigs four days after the first infection with simultaneously increased number of monocytes,
which was not reported for human patients infected with HIN1pdm09. This might be because
in most of the studies characterizing the immune response in HIN1 patients definite time
points are hard to determine e.g. time of the infection. In contrast, the decrease in o T cells
and B cells in pigs covers a period of four to seven days with recovery until day 14 and is com-
parable with decreasing frequencies in patients infected with HIN1pdmO09 although the period
of mild lymphopenia varies between studies [43, 46, 52]. However, after the second infection,
recovery was faster compared to the first infection and thus comparable to vaccinated humans
[53, 54]. Further, we detected an increased proliferative activity in CD4*/CD8" T cells (consti-
tuting of cytotoxic and memory cells) and cytotoxic (CD8") subtypes of o T cells, which was
pronounced after first infection with a lesser increase after second infection resembling a
memory response. These observations are in line with the findings in an experimental human
influenza experiment that additionally reported those CD4" T cells to have cytolytic and thus
direct antiviral characteristics like perforin expression [55, 56]. Description of prominent
CD4" T cell responses being strong in numbers, by contrast, are primarily associated with
severe influenza cases [57].

Given that the HIN1pdm09 infection of the pigs in our setup with MAD leads to an infec-
tion that is almost exclusively localized to the respiratory tract, the increase in aff T cells fre-
quencies in nose and BAL were more prominent starting as early as day 4 post infection and
peaking at day 7. Interestingly, in 14 weeks old healthy pigs the ratio of CD8owo. to CD80o.3
expressing o3 T cells isolated from nasal mucosa, the BAL or lung tissue is shifted towards
CD8a cells with frequencies of 85%, 93% and 85% respectively. This is the first description of
the distribution of these two subtypes in respiratory organs of pigs and is in line with finding
in humans and mice investigating the role of CD8ct expressing cells among the intraepithelial
leukocyte population [58-60]. Because CD8cict is known to be a corepressor of TCR avidity
and diminishes activation [61, 62], it is tempting to speculate that infection with HIN1pdm09
leads to activation whilst upregulation of CD8oto. inhibits at the same time an excessive
immune response. In line with this, due to homeostasis, frequencies of cytolytic CD8af T cells
decreased further enhancing an anti-inflammatory environment. Several studies in mice and
humans do further attribute CD8owo. expressing T cells to have memory function [63-65]. Our
findings point in the same direction, as CD8cet expression of off T cells in the respiratory tract
of pigs increased more rapidly after second infection. In control (healthy) pigs, the expression
level of perforin per cell within the CD8owo. subpopulation in respiratory tract samples is only a
third of the expression level in CD80 expressing T cells supporting in addition that they do
not primarily have cytolytic activity. CD8car expressing T cells arise mainly from CD8o T
cells by downregulation of the B-chain and thus diminishing activation [64, 65]. Therefore, it
is conceivable that the absence of perforin expression after the second infection is due to inhi-
bition by increased frequencies of CD8ow. T cells.

Because lymphocytes in the blood of pigs comprise up to 50% of y8 T cells (~3000 cells/pl
blood), which strongly contrasts the maximum of 5% (<500 cells/ul blood) in healthy humans
[66], it is challenging to draw conclusions with regard to comparability. Nevertheless, absolute
numbers of these cells remained relatively constant throughout the study decreasing only
slightly after the first infection but increasing after the second infection at the expense of off T
cells in the blood. The latter observation might be explained by the different time points of
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blood sampling: after the first infection, blood was taken at day two whereas after the second
infection it was taken on the first day p.i., to gather a potential memory response. The hypothe-
sis is supported by a pronounced increase in proliferative activity in both activated subtypes of
y8 T cells after first infection and a subsequent increase of activated y3 T cells in the blood,
supporting that this cell population serves as first line defense. The rapid decrease in frequency
of proliferative cells might be explained by the recruitment to the site of inflammation (nose
and lung), where their frequencies increased as early as day four after infection with a pro-
nounced perforin expression. Frequencies of y8 T cells in lungs of pigs are comparable to
those of humans [67] and they are known not only to maintain pulmonary homeostasis [68]
but also to efficiently kill IAV infected epithelial cells and macrophages [69, 70]. In line with
these findings from human in vitro experiments [70, 71], we observed a notable increase in
perforin expression of y3 T cells after first infection in mucosa of nasal cavity constituting an
entrance for the virus. Furthermore, concurred increase in frequency of CD8 expressing y3 T
cells was observed along the route of entry from nose to lung and lung lymph node, in the lat-
ter most probably constituting antigen-presenting cells. Because perforin expression did not
increase after the second infection and frequencies of yd T cells in blood where increased only
at day 14 p.i,, it is likely that these cells play a major role in recovery from influenza infections
as described earlier [29]. Finally, also T-bet expression in yd T cells increased after both infec-
tions in nose and BAL, which is associated with improved recovery from influenza infections
[72].

Given that in a natural HIN1 infection in humans the day of infection is not exactly clear, it
seems obvious that a day-to-day comparison of patient data with the predefined time points in
this study is challenging. Further, for obvious reasons, analyses of lung or respiratory epithelial
tissue from patients with mild influenza virus infections are limited. However, transiently
decreased numbers of lymphocytes along with increased monocyte counts in the blood seems
to be a common feature in mild human and porcine subclinical HIN1pdmO09 infections. Fur-
ther, we could show the presence of and increase in CD80olo. expressing o as well as CD8o." 3
T cells in mucosa from respiratory tract after infection in pigs, indicating that these cells
have the same dual role as in humans. They do rapidly respond with perforin expression to
HIN1pdm09 but simultaneously increase expression of the inhibitory CD8cio. molecule to pre-
vent excessive harmful immune responses. Therefore, even though pigs in our study did not
show overt clinical signs, underlying immune and pathogenic mechanisms seem to be similar.
The results from this study further expand the knowledge of the porcine immune response to
pandemic IAV infection and thus, support the use of the pig as a large animal model for human
seasonal influenza infections. This offers not only a model for testing the efficacy of new influ-
enza vaccines regarding cellular immune responses but also to expand the model for further
investigations of influenza induced pneumonia especially in bacto-viral coinfection scenarios.
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1 | INTRODUCTION
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Abstract

Since African swine fever (ASF) first appeared in the Caucasus region in 2007, it
has spread rapidly and is now present in numerous European and Asian countries.
In Europe, mainly wild boar populations are affected and pose a risk for domestic
pigs. In Asia, domestic pigs are almost exclusively affected. An effective and safe
vaccine is not available, and correlates of protection are far from being understood.
Therefore, research on immune responses, immune dysfunction and pathogenesis is
mandatory. It is acknowledged that T cells play a pivotal role. Thus, we investigated
T-cell responses of domestic pigs and wild boar upon infection with the highly viru-
lent ASF virus (ASFV) strain ‘Armenia08’. For this purpose, we used a flow cytome-
try-based multicolour analysis to identify T-cell subtypes (cytotoxic T cells, T-helper
cells, y5 T cells) and their functional impairment in ASFV-infected pigs. Domestic pigs
showed lymphopaenia, and neither in the blood nor in the lymphoid organs was a
proliferation of CD8" effector cells observed. Furthermore, a T-bet-dependent acti-
vation of the remaining CD8 T cells did not occur. In contrast, a T-cell response could
be observed in wild boar at 5 days post-inoculation in the blood and in tendency also
in some organs. However, this cytotoxic response was not beneficial as all wild boars
showed a severe acute lethal disease and a higher proportion died spontaneously or

was euthanized at the humane endpoint.

KEYWORDS

African swine fever virus, domestic pig, experimental infection, T-cell response, wild boar

Since its onset in the Caucasus and Russia in 2007, ASF has spread
widely and now affects several European countries. In autumn

African swine fever (ASF) is one of the most devastating diseases
of domestic pigs and wild boar with lethality rates up to 100%
(Kleiboeker, 2002; Penrith & Vosloo, 2009). The ASF virus (ASFV),
a large double-stranded DNA virus, is the only known member
of the Asfarviridae family (Alonso et al., 2018; Dixon et al., 2005).

2018, the virus also reached China, the world's largest pig producer,
and spread subsequently to several Asian countries (Dixon, Sun,
& Roberts, 2019). Within Europe, the abundant wild boar popu-
lation plays an important role in the maintenance of ASFV. Wild

boars serve as a reservoir for ASFV and present a risk factor for the
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introduction into the domestic pig population (Jori & Bastos, 2009;
Pietschmann et al., 2016).

To date, no effective vaccine is available. Moreover, previous
studies demonstrated dysregulated immune responses, which are
still poorly understood. ASFV encodes several factors that mediate
immune modulation and evasion (Dixon, Islam, Nash, & Reis, 2019).
Multiple genes in the ASFV genome encode for type | interferon and
apoptosis inhibitors during early stages of infection (Dixon, Islam,
etal., 2019). However, infected macrophages might also induce TNF-
a-mediated apoptosis in bystander lymphocytes during later stages
(Dixon, Islam, et al., 2019).

Professional antigen-presenting cells (APCs), such as macro-
phages and dendritic cells, are the main targets for ASFV (Franzoni,
Dei Giudici, & Oggiano, 2018). Consequently, the ability of APCs
to present antigen could be disturbed and the induction of an ef-
fective immune response might be impaired (Franzoni, Graham,
et al., 2018; Galindo & Alonso, 2017; Sanchez-Torres et al., 2003).
Additionally, reduction in lymphocyte counts because of virus-me-
diated apoptosis is a well-known characteristic during ASFV in-
fections (Dixon, Sanchez-Cordon, Galindo, & Alonso, 2017; Oura,
Powell, Anderson, & Parkhouse, 1998; Ramiro-lbanez, Ortega, Ruiz-
Gonzalvo, Escribano, & Alonso, 1997). Besides, little is known about
the mechanisms of the immune response against ASFV. Cytokines
and chemokines are important factors orchestrating the immune
system's response against viral infections. For ASF, an involve-
ment of cytokines (TNF-a, IFN-a, IL-12, IL-1p) in immunopathology,
especially tissue destruction, is described (Lacasta et al., 2015).
Additionally, some authors found a correlation of protection against
ASFV infections with an increase in IFN-y, although the cellular
source remained unknown (King et al., 2011; Sanchez-Cordon,
Montoya, Reis, & Dixon, 2018). However, other authors could not
confirm the correlation of these responses (Carlson et al., 2016).
The cytokine profile of infected macrophages differs depending
on the ASFV strain virulence (Franzoni et al., 2017). Unfortunately,
the number of in vivo studies on ASFV infection, which could
further investigate those questions, is limited (King et al., 2003;
O'Donnell et al., 2015; Reis et al., 2016). Whether antibodies gen-
erated against ASFV proteins are neutralizing remains a matter of
controversy. It was demonstrated that antibodies alone cannot
protect from ASFV. Moreover, they are not predictive for disease
outcome (Escribano, Galindo, & Alonso, 2013; Neilan et al., 2004;
Onisk et al., 1994; Schlafer, Mebus, & McVicar, 1984; Zsak, Onisk,
Afonso, & Rock, 1993).

T cells—especially CD8a" T cells—play an important role in
protective immunity against ASFV (Oura, Denyer, Takamatsu, &
Parkhouse, 2005). After exposure to the avirulent ASFV strain
OUR/T88/3, pigs were depleted of CD8a" lymphocytes with
monoclonal anti-CD8 antibodies. A subsequent challenge with ho-
mologous but virulent OUR/T88/1 revealed that depleted animals
suffered from severe acute ASF and died, whereas undepleted an-
imals showed only mild clinical signs and survived. Since CD8« is
expressed on different T-cell populations such as cytotoxic T cells
(CTL), y8 T cells, NK cells, invariant T cells or memory helper T cells

(Saalmdiller, Pauly, Hohlich, & Pfaff, 1999; Schifer et al., 2019; Yang
& Parkhouse, 1997), it remains unclear which of these subpopula-
tions might mediate the described protection. Most of the findings
on the immune response against ASFV were obtained from in vitro
studies, often limited to the blood of infected animals. As antigen
contact, antigen presentation and T-cell activation take place in
lymphoid organs, investigation of these lymphoid tissues is indis-
pensable. Furthermore, only little is known about the kinetics of
the immune response, neither in blood nor in lymphoid organs, and
whether T cells other than cytotoxic CD8" cells are involved in the
immune response. Finally, it remains to be elucidated whether the
disease is due to a failure to mount protective immunity or even
displays an immunopathologic process. These gaps in knowledge
highlight the necessity to understand ASFV modulation of immune
responses, especially since increased efforts to develop new vac-
cine technologies still have not been successful. The aim of this
study was to investigate the significance of the cellular immune
response in more detail, in order to clarify which cell components
are affected during ASFV infection. Therefore, we have chosen a
comparative approach in which we inoculated domestic pigs and
wild boar with the highly virulent ASFV ‘Armenia08’ in order to in-
vestigate the phenotype of different T-cell populations in blood and
lymphatic organs as well as their kinetics and functionality in the
course of the infection.

2 | MATERIALS AND METHODS

2.1 | Experimental design

The study included 16 German landrace pigs of both sexes aged
three months at the start of the trial and 16 subadult/adult European
wild boars aged 1-2 years. All wild boars were clinically unremark-
able and were treated with anti-parasitics. Domestic pigs were ob-
tained from a commercial pig farm, and the wild boars were provided
by wildlife parks in Mecklenburg-Western Pomerania. For the ex-
periment, the animals were transferred into the high containment
facilities of the Friedrich-Loeffler-Institut (L3+). After one week of
acclimatization, 12 domestic pigs and 12 wild boars were oronasally
inoculated with 2 ml cell culture supernatant containing 10%%° hae-
madsorbing units (HAU)/ml of ASFV ‘Armenia08'. Four domestic pigs
and wild boars each were separated prior to infection, remained un-
treated and served as controls.

Clinical signs of domestic pigs and wild boars were recorded
daily over the course of the trial. Rectal temperatures were only
measured in domestic pigs in order to avoid frequent immobiliza-
tion of wild boars. Fever was defined as a body temperature over
40°C for at least two consecutive days. Based on the adapted scor-
ing system by Mittelholzer et al. (Mittelholzer, Moser, Tratschin,
& Hofmann, 2000), the clinical score was evaluated as previously
described (Petrov, Forth, Zani, Beer, & Blome, 2018). It comprised
the parameters liveliness, bearing, breathing, gait, skin, eyes, faeces
and feed uptake, reaching from O (asymptomatic) to 3 points each
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(severe). The sum of the points was recorded as a clinical score.
Fifteen score points were defined as humane endpoint. Five and
7 days post-infection (dpi), four domestic pigs and four wild boars
were euthanized by intracardial injection of pentobarbital (Release,
Wirtschaftsgenossenschaft deutscher Tierarzte) after deep anaes-
thesia with tiletamine/zolazepam (Zoletil ®, Virbac) and xylazine
(Rompun® 2%, Bayer HealthCare). Necropsy was performed on
all animals. For immunological investigations and to assess levels
of viraemia, blood, lymphoid tissue from spleen, gastro-hepatic
lymph nodes (ghLN, Lymphonodi hepatici or gastrici) and liver were

collected.

2.2 | Virus detection

For virus back titration of the culture supernatant used for infec-
tion, the haemadsorption test (HAT) was performed by endpoint
titration on macrophages derived from peripheral blood monocytic
cells of healthy donor pigs as previously described (Pietschmann
et al., 2015).

All tissue samples were homogenized using a Tissuelyser Il
(Qiagen) at 30 Hz for 3 min in a 2-ml reaction tube in the pres-
ence of one 5-mm stainless steel bead and 300 pl sterile PBS.
For gPCR, viral DNA was extracted from tissue samples using
the NucleoMag VET Kit (Macherey-Nagel) and KingFisher® ex-
traction platform (Thermo Scientific). The gPCR analysis was per-
formed on a CFX96 Real-Time PCR Detection System (Bio-Rad)
according to the assay previously described (King et al., 2003),
with slight modifications (addition of a heterologous internal
control). Genome copy numbers were estimated using an in-
house standard. Standard was prepared as followed: A culture of
peripheral blood mononuclear cell (PBMC)-derived macrophages
was infected with ASFV strain 'Armenia08’ and incubated at
37°C in a humidified atmosphere containing 5% CO2 for 72 hr.
Following a freeze-thaw cycle, the cell culture supernatant was
collected and cleared by centrifugation at 650 x g for 10 min.
Viral nucleic acids were extracted from the supernatant using
the QlAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer's recommendations. Subsequently,
the DNA concentration was determined by spectrophotometry
using a NanoDrop 2000c¢ (Thermo Fisher Scientific, Schwerte,
Germany) and the exact number of DNA molecules was calcu-
lated using open-access online tools (http://molbiocl.edu.ru/eng/
scripts/01_07.html).

2.3 | Haematological analyses

Differential leucocyte counts were determined from fresh EDTA
blood samples using an automated haematological analyzer (ProCyte
Dx Hematology Analyzer, IDEXX). The data were used to calculate
the total number of lymphocyte subpopulations using the frequen-
cies obtained by flow cytometry.

soindary and Emegail

2.4 | Preparation of single-cell suspensions

Single-cell suspensions from spleen and ghLN were generated by
mechanically disrupting tissue with a steel strainer. Lymphocytes
from liver tissue were isolated after perfusion with ice-cold
PBS-EDTA. Subsequently, perfused regions were minced and re-
suspended in PBS-EDTA supplemented with 100 uM CacCl, and
digested with collagenase D (1 mg/ml; Sigma-Aldrich) for 40 min
at 37°C. The remaining tissue was removed via short centrifuga-
tion, and the cell pellet was resuspended in PBS-EDTA and used

for flow cytometry.

2.5 | Flow cytometry

At indicated time points, 50 pl whole blood and 50 pl single-cell
suspensions (corresponding to approximately 1 x 10° cells) of
spleen, ghLN and liver were stained for flow cytometric analyses.
All incubation steps with monoclonal antibodies (mAbs) targeting
extracellular antigens were carried out for 15 min at 4°C in the
dark. Between each antibody staining, a washing step was per-
formed. Before intracellular labelling, erythrocytes in blood sam-
ples were lysed with red blood cell lysis buffer (1.55 M NH,CI,
100 mM KHCQ,, 12.7 mM Na,EDTA, pH 7.4, in Aqua destillata).
Subsequently, samples were fixed and permeabilized with the
True-Nuclear Transcription Factor Buffer Set (BioLegend, USA)
according to the manufacturer's instructions. All incubation steps
for intracellular staining were carried out for 30 min at 4°C in
the dark. Antibodies and conjugates used for flow cytometry are
shown in Table 1. Appropriate controls (isotype and fluorescence
minus one, FMO) were used throughout the establishment of the
stainings. Anti-pig antibodies were used for wild boar as well, be-
cause hoth subspecies (wild boar, Sus scrofa scrofa, and domestic
pig, Sus scrofa domesticus) exhibit high genetic consensus (Groenen
et al., 2012). Moreover, anti-pig antibodies have successfully
been used by other groups (Beltran-Beck et al., 2014; Cabezon
et al., 2017). Flow Cytometer BD FACS Canto Il with FACS DIVA
Software (BD Bioscience) was used for all analyses. Living lym-
phocytes were gated based on their forward-scatter (FSC) and
side-scatter (SSC) properties and further separated into different
T-cell subpopulations. At least 10,000 live, single lymphocytes
were acquired.

2.6 | Statistical analysis

GraphPad Prism7 (GraphPad Software Inc.) was used for statisti-
cal analysis and graph creation. Normality was verified using the
Shapiro-Wilk test. To investigate statistically significant differences
between infected and uninfected animals, ordinary one-way ANOVA
with Dunnett's correction for multiple comparisons was used. Since
both species displayed different cell frequencies even before the in-
fection, differences between both species during the study period
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Marker Clone Isotype Conjugate Source Dilution
CcD2 MSA4 Mouse 1gG2a - In-house 1:100
CD3e PPT3 Mouse IgG1 PE Southern Biotech 1:500
CD3e PPT3 Mouse lgG1 — In-house

CD4a 74-12-4 Mouse IgG2b PerCp-Cy5.5 BD 1:100
CD8a 76-2-11 Mouse IgG2a FITC Southern Biotech 1:100
CD8b PG164A Mouse IgG2a - In-house 1:1,000
CD79a HM47 Mouse lgG1 PE ebioscience 1:200
CD172a 74-22-15 Mouse lgG1 - In-house 1:100
EOMES WD1928 Mouse lgG1 PE Invitrogen 1:50
Foxp3 236A/E7 Mouse IgG1 Biotin ebioscience 1:200
gdTCR PPT16 Mouse 1gG2b - In-house 1:100
Ki-67 B56 Mouse lgG1 Bv421 BD Biosciences 1:40
Perforin dG9 Mouse IgG2b  Alexa 647 BioLegend 1:20
T-bet 4B10 Mouse IgG1 APC BioLegend 1:500
1gG1 RMG1-1 Rat I1gG APC-Cy7 BioLegend 1:250
1gG1 RMG1-1 Rat 1gG BV421 BioLegend 1:400
lgG2a Polyclonal Goat IgG APC-Cy7 Southern Biotech 1:250
lgG2a Polyclonal Goat IgG APC Jackson Immuno 1:1,000
1gG2b Polyclonal Goat IgG PE-Cy7 Southern Biotech 1:400
Streptavidin — - BV510 BiolLegend 1:1,000

TABLE 1 Antibodies used in this study

were not tested. Survival was analysed using the Mantel-Cox test.
Each dot represents one animal with a bar indicating mean. Statistical

significance was defined as p < .05 (*).

3 | RESULTS

3.1 | Clinical course

Back titration of the virus suspension used for inoculation verified
the administered titre of 1 x 10%2° HAU/mI (data not shown). All
tissue samples from inoculated domestic pigs and wild boars were
positive for ASFV genome in gPCR. Subsequent to oronasal inocula-
tion, domestic pigs developed severe clinical signs. Parallel to the
onset of fever 5 dpi, loss of appetite, general depression and hud-
dling were observed. Haemorrhages at the tips of the ears and lower
legs of domestic pigs as well as conjunctivitis occurred in the final
phase of the experiment. Similar signs of disease were observed in
infected wild boars (depression, loss of appetite). Comparison of
clinical signs among domestic pigs and wild boars was hampered by
the fact that wild boar conceal disease by minimized sickness behav-
iour more than domestic pigs (Tizard, 2008). Moreover, assessment
of clinical signs, that is fever, in wild boar, would have required to
narcotize the animals. Such severe manipulations would have dis-
torted the overall outcome and were, therefore, omitted. It has to
be taken into account that survival kinetics alone do not represent
the clinical course in the animals, especially because 4 animals each
were randomly selected for necropsy 5 dpi and 7 dpi. Given the small

group size, it cannot be ruled out that some of the animals eutha-
nized for necropsy would have survived the infection. Still, early
lethality indicated a severe disease course in wild boars. One wild
boar died spontaneously overnight from 5 dpi to 6 dpi, two more
from 6 dpi to 7 dpi. Of the domestic pigs, three were euthanized at
the humane endpoint 8 dpi. Overall, there was no significant differ-
ence in the survival of domestic pigs and wild boar (data not shown).
Due to the progressing clinical signs and the associated insufficient
quality of the blood and tissue sample material, it was not paossible to
analyse all samples at every scheduled time. Nevertheless, data from
remaining animals were integrated into the study to show trends.
During necropsy, typical ASF lesions were observed in all animals,
with increasing severity from 5 dpi to 7 dpi (data not shown). Lesions
were highly variable and included cutaneous reddening, haemor-
rhages in lymph nodes, diffuse renal cortical and medullar haem-
orrhages or petechiae in kidneys, splenomegaly, lung oedema and
gastritis. The remaining animals were kept to investigate later time
points but had to be euthanized 8 dpi and were thus not included in
this study.

3.2 | T-cell responses in peripheral blood

Because ASF is often associated with lymphopaenia and leucocyte
apoptosis, we investigated which cell populations are directly af-
fected and whether there are differences between domestic pigs
and wild boars. In domestic pigs, the total number of leucocytes did
not change during infection. However, a decrease in CD3" (T cells)
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and CD79a* (B cells) lymphocytes 5 dpi and an increase in mono-
cytes 7 dpi were observed (Figure 1 upper panel). In contrast to pre-
1998;

Ramiro-lbanez et al., 1997), we did not detect a decrease in lympho-

vious studies in domestic pigs (Dixon et al., 2017; Oura et al.,

cyte counts in wild boars. Lymphocyte counts increased temporarily
at 5 dpi, while total leucocytes and monocytes increased over the
study period (Figure 1 lower panel). In line with higher lymphocyte
counts, T and B cells of wild boars increased on 5 dpi in contrast
to domestic pigs (Figure 1 lower panel). Besides, we detected no
changes in the numbers of circulating granulocytes in domestic pigs
(Figure 1 upper panel) but granulocytosis in wild boar (Figure 1 lower
panel).

Studying the main subpopulations of T cells (@p T cellsand y8 T
cells) revealed a tendency to decrease in total number of aff T cells
(CD3"y8TCR") of domestic pigs (Figure 2 left panels). In wild boars,

however, aff T cells were temporarily increased at 5 dpi. The total
amount of y8 T cells (CD3*y3TCR") decreased in both, domestic
pigs and wild boars, during infection (Figure 2 right panels). The of
T cells were further divided into three subsets, CD4" helper T cells
(CD3*CD4*CD87), double-positive (DP) T cells (CD3"CD4°CD8")
and CD8" effector T cells (CD3*CD4 CD8"). Analysis of these afp
T-cell subpopulations showed that the total number of CD4* T
cells of domestic pigs decreased. In wild boars, on the other hand,
first an increase at 5 dpi with a subsequent decrease at 7 dpi, even
below their initial level, was observed. This reaction has to be
viewed with caution as at 7 dpi only one animal could be inves-
tigated. The total number of DP T cells increased significantly in
domestic pigs but remained unchanged in wild boars during the
experiment. Numbers of CD8" effector T cells decreased in do-
mestic pigs but displayed a temporary increase at 5 dpi in wild
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4 , FIGURE 2 Distribution and phenotype
I of T-cell subsets in blood were different
8x10° : between domestic pigs and wild boars.
6x103 : Distribution and phenotype of different
: T-cell subsets from domestic pigs (open
4x103 1 circles, white bars) and wild boars (closed
: circles, grey bars) upon ASFV ‘Armenia08'’
2x10° : e infection. T cells from blood (Figure 2),
0 : ghLN (Figure 3), spleen (Figure 4) and
| 5 7 liver (Figure 5) were analysed by flow
: cytometry. At indicated time points,
: pigs were euthanized and lymphocytes
: of indicated tissues were isolated.
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boars. In addition, all v& T-cell subpopulations, namely naive (CD2
CD8), activated (CD2*CD8") and effector (CD2*CD8%) y5 T cells of
domestic pigs, decreased during infection, although effector y6 T
cells recovered to pre-infection levels 7 dpi. This was in contrast to
the increasing numbers of activated and effector y5 T cells in wild
boars 5 dpi (Figure 2).

3.3 | Distribution and phenotype of T-cell subsets in
lymphoid organs

To investigate the complex cellular immune response to ASFV, we
also analysed phenotype and activation status of T cells as well
as their distribution in lymphoid organs. We focused on spleen
and regionally affected lymph nodes, ghLN, because they are well

described as pathomorphologically conspicuous, as well as the liver,
an organ with importance in innate and adaptive immunity.

With regard to ap T cells of domestic pigs, total frequencies of
afp T cells in ghLN (Figure 3) and spleen remained constant (Figure 4).
In the liver, a slight decrease in total frequency was detected over
the course of infection on 7 dpi (Figure 5). In wild boars, a decrease
in frequency of ap T cells in ghLN was observed (Figure 3). In spleen
(Figure 4) of wild boars, ap T cells increased in frequency from 5 dpi,
while they only peaked 5 dpi but returned to baseline at 7 dpi in the
liver (Figure 5).

The distribution of the three aforementioned af T-cell subsets
was analysed more closely. In domestic pigs, frequencies of CD4" T
cells decreased 7 dpi in ghLN (Figure 3) and in spleen from 5 dpi on
(Figure 4). In the liver, we observed an increase in the frequency of
CD4" T cells 5 dpi, but 7 dpi the frequencies decreased (Figure 5).
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FIGURE 3 Distribution and phenotype
of T-cell subsets in ghLN were different
between domestic pigs and wild boar. For
details, see figure legend of Figure 2
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Frequencies of DP T cells in all investigated tissues of domestic pigs
inversely mirrored CD4" T-cell frequencies, with an increase in all
investigated organs. The percentage of CD8" T cells of domestic pigs
did not change over time in ghLN (Figure 3) and spleen (Figure 4),
while in the liver this subpopulation slightly dropped 5 dpi and nor-
malized again 7 dpi (Figure 5). In wild boars, we detected a tempo-
rary decrease in CD8" T cells 5 dpi in ghLN (Figure 3), a decrease
in CD4"* T cells with a corresponding increase in CD8" T cells 7 dpi
in the spleen (Figure 4) and heightened frequencies of CD4" T cells
with a loss of DP T cells 5 dpi in the liver (Figure 5).

Furthermore, total frequencies of y8 T cells in ghLN, spleen and
liver of domestic pigs remained unchanged during infection (Figures 3-
5); additionally, only minor changes in frequencies of subpopulations of
vd T cells were detected. In ghLN, we detected an increase in activated
¥5 T cells. In liver and spleen, frequencies of effector y6 T cells tended

day post infection

to increase, with a corresponding loss of activated y8 T cells. In wild
boars, total frequencies of y& T cells were rather the opposite of ap T
cells: they increased in ghLN 7 dpi (Figure 3), whereas in spleen they
decreased over time (Figure 4). Of note, increasing frequencies of yo T
cells in ghLN were mainly due to increasing frequencies of naive y6 T
cells. However, in the spleen, effector y8 T cells accumulated over the
course of infection. In the liver, frequencies of y8 T-cell subpopulations
did not change over time.

3.4 | Proliferative activity of T cells in
lymphoid organs

To clarify whether the increasing frequencies in subpopula-
tions of ap T cells and y& T cells were caused by infiltration
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FIGURE 4 Distribution and phenotype
of T-cell subsets in spleen were different
between domestic pigs and wild boar. For
details, see figure legend of Figure 2

day post infection

or proliferation, we investigated the proliferative activity by
Ki-67 detection of freshly isolated lymphocytes (Figure 6).
During the course of infection, there were no changes in the
expression of Ki-67 in aff T cells in all investigated tissues of
domestic pigs.

In contrast, DP T cells of wild boars in ghLN as well as in the
spleen and liver showed an increase from 10% to more than 70% in
Ki-67 expressing DP T cells at 5 dpi. Elevated frequencies of Ki-67
expressing DP T cells remained in ghLN and liver, while they de-
clined to basal levels in the spleen. Moreover, we detected slightly
increased frequencies of CD4" and CD8up” T cells exclusively in the
liver of infected wild boars over the course of infection. Additionally,
proliferating v T cells were only observed in ghLN and the liver of
wild boars 5 dpi.

3.5 | Cytotoxic T-cell responses in lymphoid organs

We further analysed the expression of perforin as an effector mech-
anism of T cells. To determine whether there is any correlation be-
tween proliferative activity and expression of effector molecules,
perforin in CD8 and DP «p T cells and ¥ T-cell populations in ghLN,
spleen and liver were analysed (Figure 7). We detected a reduced
perforin expression in T cells of domestic pigs 5 dpi in almost all in-
vestigated tissues; only CD8au” T cells in spleen increased perforin
expression over time. Especially, CD8ap* T cells displayed a nearly
complete loss of perforin in all tissues at 5 dpi, recovering at 7 dpi.
The consumption of perforin at 5 dpi was also seen in wild boars;
however, it was less pronounced with 50% of CD8ap’ T cells still ex-
pressing perforin. The loss of perforin expression was also detected
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FIGURE 5 Distribution and phenotype
of T-cell subsets in liver were different
between domestic pigs and wild boar. For
details, see figure legend of Figure 2
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in DP T cells of domestic pigs, while DP T cells of wild boars in con-
trast increased perforin expression. The same was essentially true
for CD8" y5 T cells.

3.6 | T-helper cell differentiation in lymphoid organs

The expression of T-bet in CD8" and CD4" T cells was investigated
as a marker for activation.

T-bet expression of CD8" T cells (Figure 8a) from blood in domestic
pigs decreased at 5 dpi but returned to basal expression levels at 7 dpi.
In spleen and ghLN, no changes in the frequency of T-bet-expressing
CD8" T cells were detectable. In contrast, in wild boars, the frequency
of T-bet-expressing CD8" T cells increased especially in the blood over
the course of infection, although to a lesser extent than in domestic

day post infection

pigs. T-bet expression of CD4" T cells (CD3'CD8", Figure 8b) increased
significantly 7 dpi in peripheral blood, ghLN and spleen of domestic
pigs, whereas T-bet expression in CD4" T cells of wild boar was hardly
detectable at any time point during the study period.

3.7 | Regulatory T-cell responses in blood and
lymphoid organs

Further, the expression of FoxP3, as a marker for regulatory T cells
(Kaser, Gerner, & Saalmiiller, 2011), was investigated to determine the
induction of a regulatory immune response (Figure 9). High numbers
of FoxP3" T cells in domestic pigs occurred pre-dominantly in blood
and spleen, and to a lesser extent in ghLN at 7 dpi. In wild boars, regu-
latory T cells appeared at 5 dpi, again primarily in blood and spleen.
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day post infection
4 | DISCUSSION Parkhouse, 1997), have been shown to be of pivotal importance

The major focus of our study was to characterize the T-cell-
mediated responses in ASFV-infected domestic pigs compared
with wild boars. CD8«" T cells, consisting of cytotoxic T cells
(CTL), y& T cells, NK cells, invariant T cells or memory helper
T cells (Saalmiiller et al., 1999; Schifer et al., 2019; Yang &

for anti-viral immunity after priming with homologous but attenu-
ated ASFV strains (Oura et al., 2005). Furthermore, macrophages
are described to be the main target cells and replication site of
ASFV (Franzoni, Dei Giudici, et al., 2018; Gomez-Villamandos,
Bautista, Sanchez-Cordon, & Carrasco, 2013). Therefore, we hy-
pothesized that during infections with virulent ASFV strains, T-cell
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responses might be impaired due to insufficient antigen presenta-
tion of infected macrophages.

During an acute viral infection, MHC class |-restricted antigen
presentation leads to T-box transcription factor TBX21 (T-bet)-
dependent differentiation of naive CD8" T cells into CTL. This
activation is characterized by cell proliferation, expression of
pro-inflammatory cytokines (e.g. IFN-y or IL-2) and upregulation
of effector molecules such as perforin and granzyme B (Barry &
Bleackley, 2002; Cobb et al., 2009; Intlekofer et al., 2005; Pearce
et al., 2003). Our results show that this protective immune response
does not occur in virulent ASFV infection. However, we detected an
enormous decrease in perforin expression in CD8ao” and CD8uf™ T
cells, pre-dominantly in domestic pigs.

day post infection

There are various possible explanations for the observed loss
of perforin expression. The transforming growth factor (TGF)-p in-
duces regulatory T-cell (Treg) responses (Chen et al., 2003) but has
also been shown to reduce perforin expression in cytotoxic cells
(Thomas & Massague, 2005). Moreover, TGF-f impairs prolifera-
tion of antigen-reactive lymphocytes by cell cycle arrest (Tiemessen
et al., 2003). This is in line with our findings, but the underlying
mechanisms require further investigation. Release of pro-inflam-
matory cytokines might result in a polyclonal activation, which
ultimately leads to loss of perforin due to consumption and T-cell ex-
haustion. Exhausted T cells are usually thought to occur after multi-
ple antigen encounters during chronic infections (Kurachi, 2019), but
T cells with an exhaustion-like phenotype have been found during
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FIGURE 8 CD8'T cells downregulated T-bet expression and
CD4" T cells differentiated in Th1 cells in domestic pigs but not wild
boars. Expression of T-bet in (a) CD8" and (b) CD8- T cells of blood,
spleen and ghLN of domestic pigs (open circles, white bars) and wild
boar (closed circles, grey bars) is shown for indicated time points.
Each point represents the value of a single pig, while the horizontal
lines represent the means for the indicated time points. *p < .05

acute infections in humans and mice (Erickson et al., 2015). These
cells displayed characteristics of both effector and exhausted T cells
and are thought to minimize tissue damage and immunopathology
(Erickson et al., 2015). Since T-cell exhaustion is Eomes-dependent
(Li, He, Hao, Ni, & Dong, 2018), this hypothesis has to be investi-
gated in future studies. A more technical explanation supporting the
consumption hypothesis is based on the antibody clone used in this
study. Clone dG9 has been shown to detect perforin in granula only,
missing detection of newly synthesized and immediately secreted
perforin molecules (Hersperger, Makedonas, & Betts, 2008). Finally,
it is also possible that the cytotoxic response switched from per-
forin-mediated to Fas/FasL-mediated killing (Meiraz, Garber, Harari,
Hassin, & Berke, 2009). Since antibodies for other porcine cytotoxic
proteins are missing, this switch remains undetectable.

In contrast to domestic pigs, we found T-bet'CD8" T cells in
blood and increasing frequencies of T-bet'CD8" T cells in spleen and
ghLN of wild boars. Even though a decrease in perforin“CD8ap* T
cells in wild boars occurred in ghLN and in the liver, it was only half
as pronounced as in domestic pigs. Moreover, we even observed an
increase in perforin’CD8aa’" T cells in these organs over the time of
infection, indicating a functional activation. Taken together, CD8* T
cells in both species did not proliferate upon ASFV infection, but in
contrast to domestic pigs, CD8" T cells from wild boars developed
an activated phenotype with cytotoxic potential in the course of in-
fection. However, this was measured by T-bet expression only, and
classical activation markers such as CDé9 are still missing. Activation
could also be shown using in vitro assays to determine the release
of IFN-y by CD8" and CD4'CD8" T cells in response to ASFV, as in-
creasing numbers of IFN-y-producing cells have been shown to cor-
relate with protection (Takamatsu et al., 2013). Moreover, this could
investigate functional differences between domestic pigs and wild
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FIGURE 9 FoxP3" regulatory T cells were induced in domestic
pigs and wild boars after ASFV infection. Expression of FoxP3

in CD3" y8 TCR' CD8 CD4" T cells of blood, spleen and ghLN of
domestic pigs (open circles) and wild boar (closed circles) is shown
for the indicated time points. Each point represents the value of a
single pig, while the horizontal lines represent the means for the
indicated time points. *p < .05

boars. The detected cytotoxic T-cell response in wild boar was not
accompanied by a milder disease course or elimination of virus. This
phenomenon needs further investigation.

Another important component for cellular immune responses
are MHC class ll-restricted CD4" T-helper (Th) cells. Activated CD4"
Th cells differentiate into different functional subsets, depending
on cytokines from the antigenic environment (Gerner et al., 2015).
Upon ASFV infection, we observed a strong increase in T-bet*CD4*
T cells in blood and lymphoid organs of domestic pigs 7 dpi, demon-
strating a strong cytotoxic Thl response (Szabo et al., 2000).
However, the proliferation of CD4" T cells could not be detected,
indicating that ASFV infection in domestic pigs causes activation but
not expansion of pro-inflammatory Thl cells. Whether these cells
sufficiently stimulate CTL and macrophages has to be determined.
In wild boars, there was no increase in T-bet expression of CD4" T
cells. A disturbed or non-existent differentiation of Th1 cells further
inhibits downstream activation of macrophages and CTL and anti-vi-
ral immune responses (Pritchard, Kedl, & Hunter, 2019). However,
since Eomes and T-bet show functional redundancy (Intlekofer
et al., 2008), lack of T-bet expression alone does not necessarily in-
dicate a non-functioning Th1 response.

Pigs are known to hold a significant amount of CD4*CD8" dou-
ble-positive (DP) T cells (Saalmiiller, Reddehase, Buhring, Jonjic,
& Koszinowski, 1987). We observed an increase in DP T-cell fre-
quency with a corresponding decrease in CD4" T-cell frequency
in peripheral blood and lymphoid organs of domestic pigs, but
no proliferative activity or proper perforin expression. Strikingly,
we detected an enormous loss of perforin expression 5 dpi in
DP T cells, which was restored two days later. DP T cells in wild
boar showed a high proliferative activity. DP T cells are playing
a distinct role in porcine immune responses (Okutani, Tsukahara,
Kato, Fukuta, & Inoue, 2018; Saalmuller, Hirt, & Reddehase, 1989;
Zuckermann, 1999) and are often described as memory or effec-
tor T cells (Denyer, Wileman, Stirling, Zuber, & Takamatsu, 2006;
2009; Saalmiiller, &
Fachinger, 2002; Zuckermann, 1999). Since only ASFV-naive pigs
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were infected and the trial ended 8 dpi, a memory response can
be excluded. Previous studies demonstrated CD8a upregulation
on porcine CD4 T cells after various in vitro stimulations (Reutner
et al., 2013; Saalmdiller et al., 1987, 2002). Other studies, using in
vitro re-stimulation with viruses or viral peptides, showed prolif-
eration or cytokine production in DP T cells but not conventional
CD4" T cells (Blanco et al., 2000; Lefevre et al., 2012; Reutner
et al., 2013; Saalmiller et al., 2002). DP T cells are capable of
expressing perforin and granzyme (Chung et al., 2018; Herndler-
Brandstetter, Schwanninger, & Grubeck-Loebenstein, 2007; Suni
et al., 2001), also indicating a role as cytotoxic effector cells.
Together, these studies indicate an activation-dependent expres-
sion of CD8a on CD4" T cells and underline the effector functions
of DP T cells.

yd T cells are often described not only as a bridge between
the innate and adaptive immune system but also as cytotoxic ef-
fector cells (Charerntantanakul & Roth, 2006; Gerner et al., 2009;
Takamatsu et al., 2006; Takamatsu, Denyer, & Wileman, 2002).
Previously, it has been shown that y& T cells of ASFV immune
pigs were able to present viral antigen (Takamatsu et al., 2006).
Moreover, higher frequencies of circulating yd T cells correlated
with increased survival in an infection with moderately virulent
ASFV (Post, Weesendorp, Montoya, & Loeffen, 2017). However,
the results of our study suggest that y& T cells are also affected
by highly virulent ASFV. In both species, the numbers of 6 T
cells decreased during infection. We did not see any correlation
between y& T-cell frequencies and survival in our study. This
might be explained by the higher virulence of the ASFV strain in
our study and age differences of the animals compared with pre-
viously published reports (Post et al., 2017). Furthermore, there
was no change in y8 T-cell subsets in domestic pigs. In contrast, in
wild boars, the remaining v6 T cells in blood and spleen differen-
tiated into CD2'CD8™ and CD2°CD8" cells, respectively. Previous
studies described CD2°CD8" v T cells as terminally differenti-
ated effector cells with cytotoxic and anti-viral effector functions
(Lopez Fuertes et al., 1999; Stepanova & Sinkora, 2012; Takamatsu
et al., 2006; Thielke et al., 2003), indicating a strong pro-inflam-
matory response. Interestingly, porcine CD2*CD8" cells have also
been discussed as regulatory cells (Wen et al., 2012) and their ap-
pearance correlates with the increase in FoxP3*CD4" Tregs in wild
boars. This might indicate an anti-inflammatory response in these
animals. CD2°CD8" and CD2*CD8" y5 T cells are thought to elicit
pro-inflammatory responses (Wen et al., 2012). These cells were
found pre-dominantly in lymph nodes of infected wild boars and
might suggest pro-inflammatory responses at the site of infection.
In general, the diverse subsets and functions of porcine vy T cells
need further research.

FoxP3" Tregs are pivotal immune regulators and are needed
to prevent immunopathology and tissue damage (Veiga-Parga,
Sehrawat, & Rouse, 2013). Tregs appeared earlier in wild boars
than in domestic pigs, which might be the reason for the non-de-
velopment of CD4" Th1l cells and lack of activation of CTL. This is
in line with recent findings by Sanchez-Cordon et al. Here, they
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showed that increased Treg frequencies and heightened levels
of regulatory IL-10 after immunization with an attenuated ASFV
strain impair anti-viral responses after virulent ASFV challenge
(Sanchez-Cordon, Jabbar, Chapman, Dixon, & Montoya, 2020).
Treg responses during acute viral infections are multifaceted.
During human dengue fever, Tregs have been shown to proliferate
and function normally. Still, because their frequency was too low,
they were unable to reduce immunopathology (Lihn et al., 2007),
demonstrating that pathological hyper-inflammation is not nec-
essarily associated with impaired Treg functions (Boer, Joosten,
& Ottenhoff, 2015). Mild disease, however, was associated with
increased numbers of Tregs (Liihn et al., 2007). Therefore, the
mere appearance of Tregs during ASFV infection does not exclude
immunopathology. Moreover, during acute West Nile fever virus
infection in mice, Tregs facilitated enhanced memory T-cell for-
mation at the cost of prolonged antigen presence (Graham, Da
Costa, & Lund, 2014). In the case of ASFV infection, prolonged
presence of viruses might cause a higher immunopathology and,
eventually, lethality. On the other hand, during acute herpes sim-
plex virus infection in mice, Tregs have been suggested as pivotal
orchestrators for the migration of inflammatory cells to and pro-
duction of pro-inflammatory cytokines at the site of infection,
thereby facilitating protective immunity (Lund, Hsing, Pham, &
Rudensky, 2008). In general, the influence of Tregs on the clinical
course and immune response during acute ASFV infection needs
further investigation.

Taken together, the experimental ASFV infection with the
highly virulent ‘Armenia08’ strain led to severe clinical courses in
domestic pigs and wild boars. The immune response failed in both
species and most animals died latest 8 dpi, although a few animals
might have survived the infection. Apparently, the ASFV infection
suppressed the proliferation of CD8* T cells, CD4" T cells and y&
T cells. However, in wild boars we detected CD8* T cellsand y& T
cells with an activated phenotype and partial cytotoxic potential.
No activation, measured by T-bet, was observed in domestic pigs.
The reaction of DP T cells after ASFV infection was striking in
both species: domestic pigs reacted with a differentiation of CD4"*
T cells into DP T cells. However, their proliferation remained im-
paired. The DP T cells of wild boars showed massive proliferative
activity and increased perforin expression. Tregs appeared in both
species but earlier in wild boars. Still, the immune responses in
domestic pigs and wild boars were not able to counteract ASFV
infection. Whether the outcome was caused by an inefficient or
excessive immune response has to be determined in future stud-
ies, for which our study paves the way.
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Summary

Infection with African swine fever virus (ASFV) causes a highly lethal hemorrhagic disease in
domestic and Eurasian wild pigs. Thus, it is a major threat to pig populations worldwide and a
cause of substantial economic losses. Recently, less virulent ASFV strains emerged naturally,
which showed higher experimental virulence in wild boar than in domestic pigs. The reason
for this difference in disease progression and outcome is unclear but likely involves different
immunological responses. Unfortunately, besides the importance of CD8a* lymphocytes, little
is known about the immune responses against ASFV in suids. Against this background, we used
a multicolor flow cytometry platform to investigate the T-cell responses in wild boar and
domestic pigs after infection with the moderately virulent ASFV strain “Estonia2014” in two
independent trials. CD4-/CD8a* and CD4*/CD8a* af T-cell frequencies increased in both
subspecies in various tissues, but CD8a* y6 T cells differentiated and responded in wild boar
only. Proliferation in CD8a* T cells was found 10 days post infectionem only. Frequencies of T-
bet* T cells increased in wild boar but not in domestic pigs. Of note, we found a considerable
loss of perforin expression in cytotoxic T cells, 5 and 7 dpi. Both subspecies established a
regulatory T-cell response 10 dpi. In domestic pigs, we show increasing levels of ICOS+ and
CD8at invariant Natural Killer T cells. These disparities in T-cell responses might explain some
of the differences in disease progression in wild boar and domestic pigs and should pave the

way for future studies.

Keywords: African swine fever virus, experimental infection, domestic pig, wild boar, T cell
response, iNKT cells
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1 Introduction

African Swine Fever (ASF) remains a major threat to wild and domestic pig populations (Pikalo,
Zani, Hiuhr, Beer, & Blome, 2019). The causative agent, ASF virus (ASFV), is a large dsDNA virus
and the only member in the genus Asfivirus of the Asfarviridae family (C. Alonso et al., 2018).
In its geographic origin in sub-Saharan Africa, ASFV is transmitted by soft ticks of the
Ornithodoros genus and circulates in other members of the Suidae, warthogs (Phacochoerus
africanus) and bushpigs (Potamochoerus larvatus) (Gaudreault, Madden, Wilson, Trujillo, &
Richt, 2020). While ASFV infection causes major disease in domestic pigs and wild boar with
profound manifestations and high lethality, it is clinically inapparent in its reservoir hosts, i.e.,
African wild suids (C. A. L. Oura, Powell, Anderson, & Parkhouse, 1998). In European and Asian
countries, the abundant wild boar populations serve as a reservoir for ASFV and present a risk
for ASFV introduction into domestic pig holdings (Jori & Bastos, 2009; Pietschmann et al.,
2016). Its near-global panzootic spread already caused death of millions of pigs in commercial

and private farms and also led to major economic challenges (Mason-D’Croz et al., 2020).

At present, little is known about the role of the host’s immune response against ASFV. Once
infection in a mammalian host is established, ASFV has a distinct cell tropism for myeloid cells.
It replicates in monocytes and macrophages but has also been found in granulocytes (Carrasco
et al., 1996; Colgrove, Haelterman, & Coggins, 1969; Gomez-Villamandos, Bautista, Sanchez-
Cordon, & Carrasco, 2013). The pivotal role of lymphocytes, presumably CD8a* T cells in
particular, has been demonstrated by antibody-dependent depletion of CD8a* cells after
priming with an avirulent ASFV strain, which resulted in the loss of protection after

homologous challenge (C. A. Oura, Denyer, Takamatsu, & Parkhouse, 2005).

Recently, we showed that immune responses of domestic pigs and wild boar fail to clear an
infection with the highly virulent ASFV strain “Armenia08”, although for different reasons
(HGhr et al., 2020). Wild boar and domestic pigs showed comparable clinical signs with
substantial fatalities within the first 8 days post infectionem (dpi). However, we found
activated T cells and signs of a cytotoxic response only in wild boar but not in domestic pigs.
Moreover, T-cell proliferation was impaired in domestic pigs, while CD4*/CD8a* T cells in wild
boar showed considerable proliferation. Of note, we detected a significant loss of perforin
expression in both subspecies 5 dpi in CD8a* T cells. Still, neither response was beneficial for

the final disease outcome (Hihr et al., 2020).
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In the present study, we used a similar approach and investigated the immune responses of
domestic pigs and wild boar after infection with the moderately virulent ASFV strain,
“Estonia2014”. ASFV “Estonia2014” has been shown to cause fatal disease in wild boar
whereas different domestic pigs survived the experimental infection (Zani et al., 2018). A
comparative approach with a focus on T-cell responses was used in this study to find a possible
explanation for this phenomenon. Moreover, with these data we are able to compare immune
responses against moderately virulent ASFV with those against highly virulent ASFV recently

published (Hihr et al., 2020).

2 Material and Methods

2.1 Experimental design

Two independent animal trials were included in this study. Domestic pigs (Sus scrofa
domesticus) were obtained from a commercial pig farm and wild boar (Sus scrofa scrofa) were
provided by wildlife parks in Mecklenburg-Western Pomerania. For the infection experiments,
domestic pigs and wild boar were transferred into the high containment facilities of the

Friedrich-Loeffler-Institut (L3+) and were left for acclimatization for a week.

In both studies, domestic pigs and wild boar were oro-nasally inoculated with 2 ml cell culture
supernatant containing 10°2> haemadsorbing units (HAU)/ml of ASFV “Estonia2014”. A clinical
score was assessed daily, based on a previously described scoring system (Pietschmann et al.,
2015). Rectal temperatures were measured each day in domestic pigs and at autopsy in wild
boar. 6 domestic pigs and 7 wild boar were left untreated and served as controls. In trial 1, 12
German landrace pigs, 3 months of age, and 12 wild boar, 1-2 years of age, were used. 4
animals of each group were randomly chosen for autopsy 5 and 7 dpi. For trial 2, 11 German
landrace pigs, 3 months of age, and 12 wild boar, 1-2 years of age, were used. Autopsies were
done 4, 7, and 10 dpi with 3 animals of each group (see table 1). Results from control animals
and animals investigated 7 dpi, respectively, were grouped for all applicable analyses. For
scheduled autopsies or when animals reached the humane endpoint, animals were narcotized
with tiletamine/zolazepam (Zoletil ®, Virbac) and xylazine (Rompun® 2%, Bayer HealthCare)
and then euthanized by intracardial injection of pentobarbital (Release,

Wirtschaftsgenossenschaft deutscher Tierarzte) or exanguination. For analysis of the immune
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response, blood, lung, spleen, gastro-hepatic lymph node (ghLN, Lymphonodi hepatici or

gastrici), as well as liver were collected.

2.2 Virus detection

Hemadsorption test (HAT) was performed for virus back-titration by endpoint titration on
macrophages derived from peripheral blood monocytic cells of healthy donor pigs as

previously described (Pietschmann et al., 2015).

Viral genome was detected in blood and tissues by real-time PCR (gPCR) using routine assays

as previously described (Sehl et al., 2020).

2.4 Preparation of single cell suspensions

Single cell suspensions were prepared as described previously (Hihr et al., 2020; Schifer et
al., 2019). Briefly, spleen and ghLN were mechanically disrupted with a steel strainer. Liver
sections were cleared of peripheral blood by perfusion with ice-cold PBS-EDTA before further
cell extraction. Samples from lungs and perfused liver were then digested (collagenase IV
(2 mg/ml; Biochrom), DNase | (0.1 mg/ml; Sigma-Aldrich)) for 1 h at 37°C in serum-free cell
culture media (1:1 Ham’s F12/IMDM). Tissue residuals were removed by short centrifugation.
The cells were washed with serum-supplemented cell culture media (10% fetal calf serum)

and used for flow cytometry.

2.5 Flow cytometry

At indicated time points, whole blood and single cell suspensions of spleen, ghLN, lung, and
liver were stained for flow cytometric analyses. 50 ul whole blood and 50 pl single cell
suspensions (approx. 1 x 10° leukocytes) were used for staining. To identify iNKT cells, whole
blood was incubated with PBS57-loaded murine CD1d (mCD1d) tetramers at room
temperature for 30 min in the dark as described previously (Schafer et al., 2019). All further
incubation steps with monoclonal antibodies (mAbs) targeting extracellular antigens were

carried out for 15 min at 4°C in the dark. Between each antibody staining, a washing step was
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performed. Before intracellular labeling, erythrocytes in blood samples were lysed with red
blood cell lysis buffer (1.55 M NH4Cl, 100 mM KHCOs, 12.7 mM NasEDTA, pH 7.4, in Aqua
destillata). Subsequently, samples were fixed and permeabilized with the True-Nuclear
Transcription Factor Buffer Set (Biolegend, USA) according to the manufacturer’s instructions.
All incubation steps for intracellular staining were carried out for 30 min at 4°C in the dark.
Antibodies and conjugates used for flow cytometry are shown in table 2. The mCD1d tetramer

was obtained from the NIH Tetramer Core Facility.

Dead cells were excluded by FSC/SSC characteristics and using Zombie Aqua (Biolegend, USA).
Single cells were identified by consecutive FSC-W vs. FSC-H and SSC-W vs. SSC-H gating. Live,
single lymphocytes were further divided into CD3*/y6 T cell receptor (TCR)™ (af T cells),
CD3*/yd TCR* (y&6 T cells), and CD3*/mCD1d tetramer* (iNKT cells). Further subpopulations
were gated according to the markers described in the figures and text. At least 1 x 10 single,
live ap T cells were recorded. CD4 was not detectable in one of the control wild boar in trial
2, presumably because of a polymorphism in the CD4 alleles (Eguchi-Ogawa et al., 2018). CD4*

and CD4*/CD8a" cells from this animal were therefore not included in the analyses.

Flow Cytometer BD FACS Canto Il with FACS DIVA Software (BD Bioscience, San Jos, CA) and

Flowlo™ V10 for Windows (Becton, Dickinson and Company; 2019) were used for all analyses.

2.6 Statistical analysis

Statistical analyses and graph creation were done using GraphPad Prism8 (Graphpad Software
Inc., USA). Normality was verified using Shapiro-Wilk test. To investigate statistically
significant differences between infected and uninfected animals, ordinary one-way ANOVA
with Dunnett’s correction for multiple comparisons was used. Differences between both
swine subspecies were not tested because of differences at the baseline level. Data obtained
in trial 1 is indicated by circles (®), data obtained in trial 2 is indicated by squares (m). Each dot
represents one animal with a bar indicating mean. Statistical significance was defined as p <

0.05 and was indicated with an asterisk (*).
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3 Results

3.1 Clinical course

Back-titration of the virus suspension used for inoculation verified the administered titer of
1 x 10>% HAU/ml per pig in both trials. All tissue samples from inoculated domestic pigs and
wild boar were positive for ASFV genome in qPCR and gross pathology was comparable
between trial 1 and 2 (data not shown). All animals developed signs of disease starting 4 dpi.
Domestic pigs developed moderate disease but recovered until 10 dpi (maximum clinical score
5), whereas wild boar showed signs of moderate to severe disease until the end of the study
(maximum clinical score 10.5) and thus, confirmed higher virulence of ASFV “Estonia2014” in
wild boar. Details regarding viral load, histopathology, and analysis by electron microscopy of

trial 2 can be found in a parallel publication (Sehl et al., 2020).

Briefly, macroscopic pathology, ASFV antigen-positive myeloid cells investigated by flow
cytometry, and viral loads in the investigated tissues showed comparable results in wild boar
and domestic pigs. In contrast, higher levels of ASFV antigen were found in wild boar by

immunohistochemistry.

3.2 Altered T-cell subset frequencies in lymphoid tissue

CD3* T cells were subdivided into ap T cells (CD3*/ y6 TCR™) and y& T cells (CD3*/ y6 TCR™). aff
T cells in domestic pigs showed decreases 5 dpi in blood, spleen, lung, and liver with
corresponding increased y& T-cell frequencies (Figure 1A, B). The T-cell frequencies in
domestic pigs returned to control levels 10 dpi, except for aff T-cell increases in the liver
(Figure 1A). In wild boar, we detected temporarily increased aff T-cell frequencies in blood
and spleen 4 dpi but no other changes to baseline level (Figure 1A) and largely unaffected yé
T-cell frequencies over the study period, except for corresponding decreases in y& T-cell
frequencies in blood and spleen (Figure 1B). No changes were detected in the gastro-hepatic

lymph nodes (ghLN, Lymphonodi hepatici or gastrici) of both subspecies.
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3.3 CD8a* T-cell subsets responded differently in domestic pigs and wild boar

CD8a* lymphocytes are known mediators of immunity during ASFV infection (C. A. Oura et al.,
2005). Being the largest group of CD8a* lymphocytes, we investigated CD8a* T-cell
frequencies among af T cells. Frequencies of CD4-/CD8a* af T cells increased in blood, spleen,
lungs, and liver of domestic pigs (Figure 2A). The increase was most prominent in spleen, lung,
and liver of infected animals and was significant 5 or 7 dpi until the end of the trial. In the
blood, we detected increased frequencies of CD8a* aff T cells 10 dpi only. CD47/CD8a* af T
cells in wild boar demonstrated a comparable course, except for the lung. There were no

frequency alterations of CD4-/CD8a* aP T cells in ghLN of both subspecies (Figure 2A).

Frequencies of CD4'/CD8a* double positive (DP) aB T cells showed a similar but less
pronounced pattern (Figure 2B). Domestic pigs had elevated levels of DP T cells 5 and 7 dpi in
spleen and liver, correlating with increased levels of CD4-/CD8a* aB T cells in the same
samples (Figure 2A, B). We also found increased frequencies of DP af T cells in the lungs and
ghLN 7 dpi. There were no significant changes in the blood. In wild boar, we found increased
DP ap T-cell frequencies 5 dpi in the liver, 5 and 7 dpi in the lungs and 7 dpi in the blood (Figure
2B). Alterations in both subspecies were only temporary, as DP T cell frequencies returned to

baseline levels in all animals 10 dpi.

v T cells are also known to express CD8a upon activation and differentiation into CD2*/ CD8a*
effector cells (Sedlak, Patzl, Saalmiiller, & Gerner, 2014). We did not detect any changes in
effector y& T-cell frequencies in the investigated tissues in domestic pigs (Figure 3). In
contrast, effector y6 T-cell frequencies in wild boar increased in spleen 5 and 7 dpi, and 7 dpi
in lung. Most pronounced and persistent increases were found in the liver of infected animals
4 to 7 dpi (Figure 3). Comparable to DP ap T cells, the changes were not permanent and

effector y& T-cell levels returned to control levels 10 dpi.

We also analyzed Ki-67 expression as a marker for proliferation in the second trial. We found
pronounced proliferation of CD8aa* and CD8af* T cells in domestic pigs as well as in wild boar
10 dpi (Figure 4A, B). Proliferating cells were primarily found 10 dpi, but elevated frequencies
of Ki-67* CD8aa* and CD8af* T cells were also found 7 dpi in the spleen of domestic pigs.
Regarding CD4* af T cells, we found significantly increased frequencies of proliferating
CD4*/CD8a" T cells only in the spleen of both suid species 7 dpi. Moreover, DP T cells in

domestic pigs proliferated significantly 7 and 10 dpi, again only in spleen (Supplemental figure
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1). In contrast, we did not find Ki-67*, proliferating y6 T cells in domestic pigs or wild boar (data

not shown).

3.4 Perforin levels were decreased in cytotoxic T cells

To investigate the ability of cytotoxic lymphocytes to clear virus-infected cells, we analyzed
the expression of one of the major cytotoxic effector molecules, perforin, in cytotoxic

lymphocyte populations, CD8aa* and CD8ap* af T cells, and effector y6 T cells (Figure 5).

In contrast to all other investigated tissues, perforin expression in CD8aa* T cells was
increased 7 dpi in blood and spleen of domestic pigs (Figure 5A, B). Strikingly, it was reduced
4 dpi and virtually undetectable 5 dpi in the liver and ghLN of domestic pigs (Figure 5C, D). In
wild boar, perforin expression decreased 5 dpi in the blood, but was elevated above control

levels 7 and 10 dpi in blood, spleen, liver, and ghLN (Figure 5A-D).

CD8ap* T cells showed a similar but more pronounced course with a significantly decreased
expression of perforin 4 and 5 dpi in domestic pigs as well as wild boar in all investigated
tissues (Figure 5A-D). Compared to the perforin expression in uninfected controls, the perforin
loss in CD8af* T cells was even more distinct than in CD8aa* T cells. Perforin expression was
back to control levels 7 dpi in all animals. In domestic pigs, another significant decrease of

perforin occurred 10 dpi. This second reduction was less pronounced in wild boar.

CD8a* effector yd T cells showed a perforin expression comparable to CD8aa* T cells. In
domestic pigs, the perforin expression was increased 7 dpi in the blood (Figure 5A) but
remained virtually unchanged in the spleen (Figure 5B). Wild boar showed a reduced perforin
expression 5 dpi in blood and spleen. However, this effect was less pronounced as for the
other T-cell populations and returned to control levels 7 and 10 dpi (Figure 5A, B). In the liver
and ghLN, we detected slight perforin decreases in ghLN 10 dpi but no other significant
expression changes in wild boar (Figure 5C, D). In contrast, perforin expression in domestic
pigs showed a significant decrease 5 dpi in the liver, and 4 and 5 dpi in ghLN. After the cells

regained their perforin expression levels 7 dpi, there was another loss 10 dpi (Figure 5C, D).
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3.5 T-bet-dependent T-cell activation was found in wild boar but not domestic pigs

Expression of the T-box transcription factor TBX21 (T-bet) in aff and y& T cells was investigated
as a marker for activation. Domestic pigs had relatively high levels of T-bet* cells even before
the infection and thus, there was no further activation measurable over the course of the
study. In blood and spleen, T-bet expression was decreased below baseline levels
(Supplemental figure 2). In contrast, we detected increased frequencies of T-bet* CD4-/CD8a*
ap T cells in spleen, lung, and liver of infected wild boar 10 dpi (Figure 6). Moreover, we found
heightened proportions of T-bet* CD4*/CD8a~ af T cells 10 dpi and of all differentiation states

of y& T cells 7 and 10 dpi in the lung of infected wild boar (Figure 6).

3.6 Regulatory T cells were induced in both subspecies

FoxP3* cells among CD4*/CD8a~ and CD4*/CD8a* T cells were analyzed to identify regulatory
T-cell responses (Kaser, Gerner, & Saalmiiller, 2011). In spleen, lung, and ghLN, Treg
frequencies increased significantly 7 or 10 dpi in domestic pigs and wild boar, with the highest
frequencies in the lungs of both subspecies (Figure 7). Interestingly, although Tregs were
induced earlier in domestic pigs, Treg frequencies reached higher levels in wild boar. Of note,

there were more DP Tregs than CD4*/CD8a~ Tregs in both subspecies (Figure 7).

3.7 iNKT cells in domestic pigs were activated

During infection with highly virulent ASFV “Armenia08”, we described iNKT-cell frequency
fluctuations in disease-affected tissues (Schafer et al.,, 2019). In trial 2 of this study, we
investigated iNKT-cell frequency and expression of activation markers (CD25, ICOS, and
MHC Il) and maturation markers (CD4 and CD8a) on iNKT cells of domestic pigs according to
previous findings (Schéfer et al., 2019). We did not find changes in iNKT-cell frequency or CD25
expression (Supplemental figure 3). ICOS was upregulated on iNKT cells in blood, spleen, and
ghLN 7 and 10 dpi (Figure 8A). Moreover, frequencies of CD4-/CD8a" and CD4*/CD8a* iINKT
cells increased in the blood of infected animals and to a lesser extent also in the spleen, lung,

and liver (Figure 8A, B). Of note, MHC Il was downregulated on iNKT cells in the blood 4 dpi
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and in the liver 10 dpi (Figure 8D). We were not able to identify an iNKT-cell population in wild

boar and thus could not investigate iNKT-cell responses in those animals.

4 Discussion

The porcine T-cell response against ASFV infection is largely not understood. Moreover,
knowledge about the responses of susceptible Suidae subspecies outside of Africa, domestic
pigs (Sus scrofa domesticus) and wild boar (Sus scrofa scrofa), is scarce. Similar to our first
approach to analyze these differences upon infection with the highly virulent ASFV strain
“Armenia08” (Huhr et al., 2020), we used a multicolor flow cytometry platform to investigate
T-cell responses in domestic pigs and wild boar after infection with the moderately virulent

ASFV isolate, “Estonia2014”.

The most fundamental characteristics of an ongoing immune response are local or systemic
alterations in the composition of leukocytes in tissues affected by disease. As one of the few
known parameters of protection against ASFV infection, the importance of (cytotoxic) CD8a*
lymphocytes has been demonstrated, although to a limited extent only. It has been shown
that isolated porcine PBMC, after in vivo priming with virulent ASFV, were able to specifically
lyse ASFV-infected cells in vitro (Norley & Wardley, 1984). This was a first indication of virus-
specific cytotoxicity. However, PBMCs were not differentiated and protection was not
investigated. SLA |- and CD8-dependent lysis of ASFV-infected target cells by PBMCs from
ASFV-immune minipigs (Martins, Lawman, Scholl, Mebus, & Lunney, 1993) and specific lysis
of isolated CD8a* but not CD4* T cells (F. Alonso, Dominguez, Vifiuela, & Revilla, 1997) has also
been shown. In another study, antibody-dependent depletion of CD8a* cells in vivo in
domestic pigs primed with the low virulent ASFV strain “OUR/T88/3” resulted in loss of
protection after homologous challenge with the virulent ASFV strain “OUR/T88/1” (C. A. Oura
et al., 2005). We could show that the CD8a response in wild boar and domestic pigs during
infection with moderately virulent ASFV is based primarily on increases of CD4-/CD8a* and to
a lesser extent of CD4*/ CD8a* (DP) T cells. Interestingly, in our previous study with the highly
virulent ASFV “Armenia08”, the CD8a response was primarily based on DP T cells (Hihr et al.,
2020). CD4*/ CD8a* DP T cells are often described to possess memory functions (Gerner,
Kaser, & Saalmduller, 2009). ASFV-specific memory responses can be excluded during

experimental ASFV infection with naive pigs. However, ASFV-specific responses might play a
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role in field infections since serological evidence for previous ASFV infections was found in
hunted animals (Nurmoja et al., 2017). On the other hand, DP memory T cells in the spleen
might be activated independent of their cognate antigen by release of IL-15 or IL-18 (Soudja,
Ruiz, Marie, & Lauvau, 2012). Porcine DP T cells are also described to exhibit effector
functions, like cytotoxic responses or cytokine production (Gerner et al., 2009). However, in
contrast to CD8aa* or CD8af* af T cells, we only found proliferating DP T cells in the spleen
but not in other tissues. Moreover, the pronounced loss of perforin in other cytotoxic T-cell
populations was not found in DP T cells. This might indicate that DP T cells are orchestrators
of systemic responses but do not take part in antiviral responses in disease-affected tissue

during moderately virulent ASFV infection.

Pigs belong to a group of mammals with relatively high frequencies of yo T cells. They can
exert effector functions like cytokine production and cytotoxicity, and are even able to present
antigens to other lymphocytes (Sedlak et al., 2014). The main effector population is
characterized as CD2*/CD8a* (Sedlak et al., 2014). In the present study, we found pronounced
increases of effector y6 T-cell frequencies in spleen, lung, and liver of infected wild boar but
not domestic pigs. Moreover, we detected T-bet-dependent activation of y& T cells in wild
boar only. Thisisin line with our previous findings during highly virulent ASFV infection, where
wild boar were found to have a considerably stronger bias for y6 T-cell responses (Hihr et al.,
2020). This indicates a profound dissimilarity in the antiviral responses of both subspecies and
might give an explanation for their different disease severity and survival. Of note, this is in
contrast to previous findings, where higher frequencies of circulating yé T cells correlated with
increased survival of infection with moderately virulent ASFV, independent of age or virus
dose (Post, Weesendorp, Montoya, & Loeffen, 2017). There might be some explanations for
this discrepancy. First, we detected increased lethality and heightened frequencies of effector
y8 T cells in wild boar, while the aforementioned study used domestic pigs. While we were
also not able to detect changes of y6 T-cell frequencies in domestic pigs, this might be caused
by different ASFV strains used. Finally, the numbers of survivors that showed correlations with
y6 T-cell levels in the study by Post et al. were relatively small. This underlines the need for in-
depth research not only during ASFV infection in general but also for the differences between
wild boar and domestic pigs. Moreover, since infection of professional antigen-presenting
cells alter their function (Gomez-Villamandos et al., 2013), it would be of interest to

investigate whether y& T cells take part in the antigen presentation during ASFV infection.
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We found regulatory T cells (Tregs) in both subspecies but higher frequencies in wild boar. The
role of Tregs during ASFV infection is largely unexplored. However, previous studies showed
that Tregs might present a way of viral immune evasion because they were able to inhibit
specifically antiviral responses (Sanchez-Corddn, Jabbar, Chapman, Dixon, & Montoya, 2020).
Higher percentages of Tregs in wild boar might therefore be an explanation for their higher
disease burden in this study and lethality previously observed (Zani et al., 2018). In a parallel
study by Sehl et al. using histopathology from tissues of trial 2 of this study, domestic pigs but
not wild boar showed lymphohistiocytic interstitial pneumonia even 10 dpi (Sehl et al., 2020).
This might be a sign for prolonged pro-inflammatory responses in domestic pigs in contrast to
wild boar. This is in line with our findings of higher Treg frequencies in wild boar. Moreover,
this indicates that pro-inflammatory responses are able to counteract ASFV infection, as long

as they are not downregulated too early.

A porcine T-cell population that is still not well understood is invariant Natural Killer T (iNKT)
cells. We could previously show that iNKT-cell frequencies significantly increased in some
tissues during infection with highly virulent ASFV (Schafer et al., 2019). Although at the time
we were not able to investigate effector mechanisms or surface markers on iNKT cells ex vivo,
our study provided first evidence that iNKT cells participate in the antiviral response during
ASFV infection. The fact, that we were unable to find changes in the general iNKT-cell
frequency might be explained by the less virulent ASFV strain in this study. Nevertheless,
activation of iNKT cells was shown by significantly increased frequencies of ICOS* iNKT cells.
ICOS is an essential protein for iNKT-cell activation, homeostasis, and survival (Gleimer,
Boehmer, & Kreslavsky, 2012). Some studies correlated ICOS expression on iNKT cells with
pro-inflammatory Th1 responses (Akbari et al., 2008; Kaneda et al., 2005), while others
described it as a marker of effector iNKT cells (Burmeister et al., 2008). Increased expression
of CD8a and CD4, as previously established markers of maturation of porcine iNKT cells
(Schafer et al.,, 2019), underlines these findings. Interestingly, a role for NKT cells has
previously been suggested, as CD3*/CD4-/CD8a*/CD5*/CD6~/CD11b*/CD16* cells expanded
after in vitro stimulation of porcine PBMC with ASFV (Denyer, Wileman, Stirling, Zuber, &
Takamatsu, 2006). However, even though we and others could show that the phenotype of
iNKT cells differs from that finding (Schafer et al., 2019), the significant alterations in iNKT-cell
frequency in our first study and our findings in this study support the notion that iNKT cells

take part in the antiviral response against ASFV.
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Besides analysis of the cellular composition of leukocytes in the investigated tissues, effector
functions are also pivotal to understand the underlining immune mechanisms. Perforin is one
of the major lytic molecules used by cytotoxic lymphocytes to kill target cells (Prager & Watzl,
2019). Instead of direct cell lysis, cytotoxic lymphocytes can also induce apoptosis in their
target cells by death receptor-mediated pathways using Fas ligand (FasL) or TRAIL (Prager
& Watzl, 2019). The significant and partially complete loss of perforin 4 to 5 dpi in this study
resembled the observed loss of perforin we found during infection with the highly virulent
ASFV strain “Armenia08” (Huhr et al., 2020). However, the perforin decrease was more
pronounced during infection with highly virulent ASFV, especially on a systemic level, i.e. in
the spleen. There are various explanations for the perforin loss observed in both studies.
Perforin-mediated killing is thought to be the major pathway in the early cytotoxic response
but can be switched to Fas/FasL-mediated apoptosis induction with a complete loss of perforin
expression on RNA and protein level during the course of infection (Meiraz, Garber, Harari,
Hassin, & Berke, 2009). An effector molecule switch might be an explanation for the
observations in our study, however, this is not directly detectable because antibodies against
porcine Fasl are still missing. Still, there are some lines of evidence suggesting this might be
the case. Expression of viral homologues of the mammalian anti-apoptotic protein Bcl-2
(Afonso, Neilan, Kutish, & Rock, 1996) and also prevention of apoptosis by these viral
homologues has been shown for ASFV strains (Galindo, Hernaez, Diaz-Gil, Escribano, & Alonso,
2008). Bcl-2 is also known to preferentially inhibit perforin-mediated apoptosis but less
Fas/FasL-mediated apoptosis, depending on the cellular target (Sutton, Vaux, & Trapani,
1997). A switch from perforin-mediated to Fas/FasL-mediated cytotoxic responses might
therefore be beneficial and protective and would be in line with the lower disease severity
and heightened survival of domestic pigs. Wild boar, in contrast, had higher levels of perforin*
lymphocytes on average, indicating that they might not have switched the cytotoxic pathway
or at least not to the extent that domestic pigs did. Given that inhibition of perforin has been
shown to protect from tissue damage during viral hepatitis (Welz et al., 2018), this might also
be an explanation for the more severe inflammation and tissue degradation in the liver of
infected wild boar (Sehl et al., 2020). On the other hand, it cannot be excluded that we missed
newly synthesized and immediately secreted perforin, which is not detected by antibody clone
dG9 used in this study (Hersperger, Makedonas, & Betts, 2008). However, missing detection

due to immediate secretion would still hint to a strong cytotoxic response. In this case, the
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cytotoxic response would have been higher in domestic pigs because the perforin loss was
detected earlier and more pronounced than in wild boar. Therefore, it can be hypothesized
that the more pronounced and earlier response in domestic pigs was beneficial and protective
at least during infection with moderately virulent ASFV. Wild boar, in contrast, might not have
been able to counter the infection because of their impaired response, eventually leading to
death as observed in previous studies (Zani et al., 2018). Which explanation holds true, switch
of cytotoxic pathways or earlier and stronger cytotoxic response, has to be investigated in
future studies. It still has to be kept in mind that cytotoxic responses are not only beneficial
but might also cause immunopathology and thus, contribute to disease burden (Duan &

Thomas, 2016).

In summary, we described the first comparative analysis of immune responses of wild boar
and domestic pigs during moderately virulent ASFV infection. While more severe in wild boar,
domestic pigs showed signs of moderate disease and recovery of all animals. Overall, we found
comparable courses of immunity in both subspecies. Both developed a heavily CD8a*-biased
response with proliferation of CD8aa* and CD8ap* cells. However, although their af T-cell
responses were largely similar, wild boar developed a more pronounced effector y6 T-cell
response. We also found only small signs of T-bet-dependent activation predominately in
lungs and liver of wild boar but none in domestic pigs. Moreover, we found a distinct loss of
perforin in cytotoxic T cells in domestic pigs and to a lesser extent also in wild boar, similar to
previous results during infection with highly virulent ASFV “Armenia08”. Tregs appeared in
higher levels in wild boar. Finally, we were able show the first description of functional iNKT-
cell responses during ASFV infection. With this data, our study paves the way for further in-

depth analyses of porcine immunity towards ASFV.
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Table 1 Experimental design.

day 1 2 3 a4 5 7 8 9 10 | Controls

WB 4 4 4
Trial 1 c

DP o 4 4 4

S
(]

WB € 3 3 3 3
Trial 2

DP 3 3 3 2

WB, wild boar; DP, domestic pigs
Table 2 Antibodies used in this study.

Marker Clone Isotype Conjugate Source Dilution
CD2 MSA4 mouse IgG2a — in-house 1:100
CD3e PPT3 mouse IgG1  APC Southern Biotech 1:500
CD3e PPT3 mouse IgG1 PE Southern Biotech 1:500
CD4a 74-12-4 mouse IgG2b  PerCp-Cy5.5 BD 1:100
CD8a 76-2-11 mouse IgG2a  FITC Southern Biotech 1:100
CD8b PG164A mouse IgG2a — in-house 1:1000
Foxp3 FIK-16s mouse IgG1 PE-Cy7 ebioscience 1:200
gdTCR PPT16 mouse lgG2b  — in-house 1:100
Ki-67 B56 mouse IgG1 Bv421 BD Biosciences 1:40
Perforin dGo mouse IgG2b  Alexa 647 Biolegend 1:20
T-bet 4B10 mouse IgGl  APC Biolegend 1:500
1gG2a polyclonal Goat IgG APC-Cy7 Southern Biotech 1:250
1gG2b polyclonal Goat IgG PE Southern Biotech 1:400
1gG2b polyclonal Goat IgG PE-Cy7 Southern Biotech 1:400
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Figure legends

Figure 1 T-cell subset variations in various tissues upon moderately virulent ASFV infection.
At the indicated time points, domestic pigs (orange) and wild boar (blue) were euthanized and
lymphocytes of the respective tissues were isolated. CD3* lymphocytes were subdivided into
v6 T cell receptor (TCR)-aB T cells and y6 TCR* y& T cells. Frequency of (A) a and (B) y6 T cells
in blood, spleen, lung, liver, and ghLN. Each point represents data from a single pig while bars
represent the means for the designated time points. Data from trial 1 (e), data from trial 2 (m).

* p <0.05. ghLN, gastro-hepatic lymph node

Figure 2 Increasing frequencies of CD8a* af T cells. At the indicated time points, domestic
pigs (orange) and wild boar (blue) were euthanized and lymphocytes of the respective tissues
were isolated. CD3* o T cells were analyzed for CD4 and CD8a expression. Frequency of (A)
CD4~/CD8a* af T cells and (B) CD4*/CD8a* ap T cells in blood, spleen, lung, liver, and ghLN.
Each point represents data from a single pig while bars represent the means for the designated
time points. Data from trial 1 (e), data from trial 2 (m). *, p < 0.05. ghLN, gastro-hepatic lymph

node

Figure 3 Increasing frequencies of CD8a* effector y6 T cells in wild boar. At the indicated time
points, domestic pigs (orange) and wild boar (blue) were euthanized and lymphocytes of the
respective tissues were isolated. CD3* y& T cells were analyzed for CD8a expression.
Frequency of CD8a* y& T cells (A) spleen, (B) lung, (C) liver, and (D) ghLN. Each point represents
data from a single pig while bars represent the means for the designated time points. Data

from trial 1 (e), data from trial 2 (m). *, p < 0.05. ghLN, gastro-hepatic lymph node

Figure 4 Increasing frequencies of proliferating CD8aa* and CD8aB* af T cells. At the
indicated time points, domestic pigs (orange) and wild boar (blue) were euthanized and
lymphocytes of the respective tissues were isolated. CD8a* af T cells were subdivided based
on their expression of the CD8B chain. Frequency of (A) CD8aa* and (B) CD8af* T cells in
blood, spleen, lung, and liver. Each point represents data from a single pig while bars represent

the means for the designated time points. *, p < 0.05.
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Figure 5 Loss of perforin expression in cytotoxic T cells. At the indicated time points, domestic
pigs (orange) and wild boar (blue) were euthanized and lymphocytes were isolated. (A)
CD8aa* and CD8aB* af T cells, and (B) CD2*/CD8a* effector yé T cells were investigated for
perforin expression in the indicated tissues. Each point represents data from a single pig while
bars represent the means for the designated time points. Data from trial 1 (e), data from

trial 2 (m). *, p < 0.05. ghLN, gastro-hepatic lymph node

Figure 6 T-bet-dependent T-cell activation in wild boar. At the indicated time points, wild
boar were euthanized and lymphocytes were isolated. (A) CD4*/CD8a-, CD4-/CD8a*, and
CD4*/CD8a* af T cells (from left to right) as well as (B) activated and effector y6 T cells were
analyzed for their expression of T-bet. T-bet expression in domestic pigs for comparison can
be found in Supplemental figure 2. Each point represents data from a single pig while bars
represent the means for the designated time points. *, p < 0.05. ghLN, gastro-hepatic lymph

node

Figure 7 FoxP3"* regulatory T cells appeared in domestic pigs and wild boar. At the indicated
time points, domestic pigs (orange) and wild boar (blue) were euthanized and lymphocytes of
the respective tissues were isolated. CD4*/CD8a~ or CD4*/CD8a* af T cells were analyzed for
their expression of FoxP3. Frequency of (A) FoxP3*/CD4*/CD8a" and (B) FoxP3*/CD4*/CD8a* T
cells in blood, spleen, and ghLN. Each point represents data from a single pig while bars
represent the means for the designated time points. *, p < 0.05. ghLN, gastro-hepatic lymph

node

Figure 8 Activation and differentiation of iNKT cells in domestic pigs. At the indicated time
points, domestic pigs were euthanized and lymphocytes of the respective tissues were
isolated. CD3* mCD1d tetramer* iNKT cells were analyzed by flow cytometry. Frequency of
iNKT cells positive for (A) ICOS, (B) MHC II, (C) CD8a, and (D) CD4/CD8a. Each point represents
data from a single pig while bars represent the means for the designated time points. *, p <

0.05. ghLN, gastro-hepatic lymph node
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Supplemental figure 1 Proliferation of CD4*/CD8a~ and CD4*/CD8a* ap T cells in the spleen.
At the indicated time points, domestic pigs (orange) and wild boar (blue) were euthanized and
lymphocytes of the respective tissues were isolated. Frequency of (A) CD4*/CD8a~ and (B)
CD4*/CD8a* T cells in spleen. Each point represents data from a single pig while bars represent

the means for the designated time points. *, p <0.05.

Supplemental figure 2 No evidence of T-bet-dependent activation in domestic pigs. At the
indicated time points, domestic pigs (orange) were euthanized and lymphocytes of the
respective tissues were isolated. Frequency of T-bet* cells in (A) blood, (B) spleen, (C) liver,
and (D) ghLN. Each point represents data from a single pig while bars represent the means for

the designated time points. *, p < 0.05. ghLN, gastro-hepatic lymph node

Supplemental figure 3 Frequency and CD25 expression of iNKT cells in domestic pigs. At the
indicated time points, domestic pigs were euthanized and lymphocytes of the respective
tissues were isolated. CD3* mCD1d tetramer* iNKT cells were analyzed by flow cytometry.
Frequency of iNKT cells (A) of CD3* cells and (B) positive for CD25. Each point represents data
from a single pig while bars represent the means for the designated time points. *, p < 0.05.

ghLN, gastro-hepatic lymph node
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Figure 1 T-cell subset variations in various tissues upon moderately virulent ASFV infection. At the indicated
time points, domestic pigs (orange) and wild boar (blue) were euthanized and lymphocytes of the respective
tissues were isolated. CD3+ lymphocytes were subdivided into y& T cell receptor (TCR)- aB T cells and y&
TCR+ yd T cells. Frequency of (A) aB and (B) yd T cells in blood, spleen, lung, liver, and ghLN. Each point
represents data from a single pig while bars represent the means for the designated time points. Data from
trial 1 (o), data from trial 2 (m). *, p < 0.05. ghLN, gastro-hepatic lymph node
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Figure 2 Increasing frequencies of CD8a+ aP T cells. At the indicated time points, domestic pigs (orange)
and wild boar (blue) were euthanized and lymphocytes of the respective tissues were isolated. CD3+ aB T
cells were analyzed for CD4 and CD8a expression. Frequency of (A) CD4-/CD8a+ aB T cells and (B)
CD4+/CD8a+ aB T cells in blood, spleen, lung, liver, and ghLN. Each point represents data from a single pig
while bars represent the means for the designated time points. Data from trial 1 (), data from trial 2 (m). *,
p < 0.05. ghLN, gastro-hepatic lymph node
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Figure 3 Increasing frequencies of CD8a+ effector yo T cells in wild boar. At the indicated time points,
domestic pigs (orange) and wild boar (blue) were euthanized and lymphocytes of the respective tissues
were isolated. CD3+ yd T cells were analyzed for CD8a expression. Frequency of CD8a+ yd T cells (A)
spleen, (B) lung, (C) liver, and (D) ghLN. Each point represents data from a single pig while bars represent
the means for the designated time points. Data from trial 1 (e), data from trial 2 (m). *, p < 0.05. ghLN,
gastro-hepatic lymph node
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Figure 4 Increasing frequencies of proliferating CD8aa+ and CD8aB+ aB T cells. At the indicated time points,
domestic pigs (orange) and wild boar (blue) were euthanized and lymphocytes of the respective tissues
were isolated. CD8a+ aB T cells were subdivided based on their expression of the CD8B chain. Frequency of
(A) CD8aa+ and (B) CD8aB+ T cells in blood, spleen, lung, and liver. Each point represents data from a
single pig while bars represent the means for the designated time points. *, p < 0.05.
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Figure 5 Loss of perforin expression in cytotoxic T cells. At the indicated time points, domestic pigs (orange)
and wild boar (blue) were euthanized and lymphocytes were isolated. (A) CD8aa+ and CD8aB+ aB T cells,
and (B) CD2+/CD8a+ effector y3 T cells were investigated for perforin expression in the indicated tissues.
Each point represents data from a single pig while bars represent the means for the designated time points.

Data from trial 1 (e), data from trial 2 (m). *, p < 0.05. ghLN, gastro-hepatic lymph node
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Figure 7 FoxP3+ regulatory T cells appeared in domestic pigs and wild boar. At the indicated time points,
domestic pigs (orange) and wild boar (blue) were euthanized and lymphocytes of the respective tissues
were isolated. CD4+/CD8a- or CD4+/CD8a+ af T cells were analyzed for their expression of FoxP3.
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Figure 8 Activation and differentiation of iINKT cells in domestic pigs. At the indicated time points, domestic
pigs were euthanized and lymphocytes of the respective tissues were isolated. CD3+ mCD1d tetramer+
iNKT cells were analyzed by flow cytometry. Frequency of iNKT cells positive for (A) ICOS, (B) MHC 11, (C)
CD8a, and (D) CD4/CD8a. Each point represents data from a single pig while bars represent the means for
the designated time points. *, p < 0.05. ghLN, gastro-hepatic lymph node
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Abstract: Endemically infected European wild boar are considered a major reservoir of African
swine fever virus in Europe. While high lethality was observed in the majority of field cases,
strains of moderate virulence occurred in the Baltic States. One of these, “Estonia 2014”7, led to a
higher number of clinically healthy, antibody-positive animals in the hunting bag of North-Eastern
Estonia. Experimental characterization showed high virulence in wild boar but moderate virulence in
domestic pigs. Putative pathogenic differences between wild boar and domestic pigs are unresolved
and comparative pathological studies are limited. We here report on a kinetic experiment in both
subspecies. Three animals each were euthanized at 4, 7, and 10 days post infection (dpi). Clinical data
confirmed higher virulence in wild boar although macroscopy and viral genome load in blood and
tissues were comparable in both subspecies. The percentage of viral antigen positive myeloid cells
tested by flow cytometry did not differ significantly in most tissues. Only immunohistochemistry
revealed consistently higher viral antigen loads in wild boar tissues in particular 7 dpi, whereas
domestic pigs already eliminated the virus. The moderate virulence in domestic pigs could be
explained by a more effective viral clearance.

Keywords: African swine fever virus; virulence; pathology; wild boar; domestic pig; macroscopy;
histopathology; immunology

1. Introduction

African swine fever (ASF) is a notifiable disease and one of the most important and serious threats
to the pig industry today causing relevant global economic consequences [1]. The ASF virus (ASFV)
belongs to the genus Asfivirus in the Asfarviridae family. The virus affects all species of the Suidae but
only domestic pigs and Eurasian wild boar develop signs of a hemorrhagic fever like illness. Warthogs
are considered reservoir hosts and do not display noticeable clinical signs. The same is probably true
for other African wild suids. In Africa, the virus is endemic in sub-Saharan countries where it is
vectored, especially in the sylvatic cycle with warthogs, by soft ticks of the genus Ornithodorus [2].

In 2007, ASF was introduced into Georgia and has then become a large-scale epidemic involving
different European countries [3]. In 2018, the disease was detected in East Asia where it is progressively
spreading [4-6].

Since (i) ASF established self-sustaining cycles, independent of ticks, and (ii) wild boar densities
increased in the last decades, the wild boar is of particular importance in the spread of ASFV in
Europe [7]. The ASFV strains circulating in Europe belong to the p72 genotype II, which are generally
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highly virulent in both domestic pigs and wild boar and cause acute disease with almost 100%
lethality in animals of all ages and sexes [8,9]. Experimental infection reveals an incubation time of
approximately 3-5 days. Typical clinical findings include high fever, dullness, and anorexia, but also
comprise vomiting, bloody diarrhea, reddening of the skin, respiratory disorders, abortion, or stillbirth
as well as neurological signs [5,10-12]. Animals die within 7-13 days pi commonly showing enlarged,
hemorrhagic lymph nodes, reddening of tonsils, splenomegaly, petechial hemorrhages in different
organs such as the kidney, colon, or urinary bladder as well as lung, and gall bladder wall edema
(reviewed in [13]).

Subacute and chronic forms are also reported, which result from infection with moderately
or low virulent virus strains. Infected animals can survive and even recover from the disease [14].
Such an attenuated phenotype was reported for an Estonian ASFV strain. In 2014, ASF has affected the
Estonian wild boar population, and subsequently spread to domestic pig holdings [15]. Mortality and
morbidity was reported to be variable: in the south of Estonia, mortality was high in wild boar while in
contrast, in the northeast of the country, mortality was strikingly low and anti-ASFV antibodies were
detected in hunted animals [16]. Domestic pigs in general showed only unspecific clinical signs, typical
hemorrhagic fever was less frequently reported. Severe disease was primarily present in pregnant
and nursing sows [15]. An initial animal trial with a north-eastern Estonia Isolate (Ida-Viru region) in
European wild boar resulted in acute, severe disease and clinical signs typical for acute ASF. All but
one boar succumbed to the infection. The survivor recovered completely, showed high antibody
titers and did not establish a carrier state as evidenced by the lack of transmission to sentinels [16].
A follow-up characterization of the isolate obtained from the survivor was conducted in potbelly-type
minipigs and domestic pigs. In total, 75% survived, showing transient infection with mild clinical
signs [17]. In contrast, all wild boar, which were subsequently inoculated with an isolate obtained
from a surviving domestic, died. In a further comparative trial with domestic pigs and wild boar
(with predetermined days of necropsy), only three suckling wild boar piglets recovered while all
domestic pigs showed only transient fever (Hiihr et al., unpublished data).

Although to some extent inconsistent with field observations, there is cumulative evidence that
the north-eastern Estonia isolate is moderately virulent and attenuated in domestic pigs, but still highly
virulent in adult wild boar. Genome sequence analysis revealed a 14.5 kilobase pair deletion at the 5’end
of viral DNA, which is responsible for the attenuated phenotype in domestic pigs [17]. Comparative
pathological studies on ASFV isolates in domestic pigs and wild boar are limited on precise, systematic
and semi-quantitative evaluations of macroscopic and/or histopathologic lesions [18] as well as target
cell identification. Thus, information on host factors for virulence is scarce.

We therefore aimed to compare the early pathogenesis of ASFV “Estonia 2014” in domestic
pigs and wild boar. In a kinetic study, we investigated the clinical outcome for correlation with the
macroscopic and histopathologic lesion, the viral antigen distribution and the cellular response to ASFV
infection. For this purpose, we inoculated nine domestic pigs and nine wild boar with ASFV “Estonia
2014” [17] and monitored daily for clinical signs using a harmonized scoring system. Three animals
each were euthanized and analyzed at 4, 7, and 10 days post infection (dpi).

2. Results

2.1. Clinical Disease

Clinical scores of animals were assessed based on the protocol published by Pietschmann et al.
(2015). Following oronasal inoculation, the incubation period was 4 days in both subspecies. The animals
showed general depression, anorexia, curved back, ataxia, respiratory distress, and increased
recumbency. In brief, wild boar revealed higher clinical scores (up to score 10.5) than domestic
pigs (up to score 5) and remaining domestic pigs recovered until day 10 (score 0), whereas wild boar
still presented with apparent moderate disease (score 6-7) (Figure 1).
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Figure 1. Clinical scores of animals were assessed based on the protocol published by Pietschmann
et al. (2015). Clinical scores of wild boar (A) and domestic pigs (B) were determined daily over the
study period. The dotted arrow marks the onset of African swine fever (ASF)-related clinical scores.
Co = control, WB = wild boar, DP = domestic pig.

In detail, the clinical score of 5/12 wild boar (animals #13, #15, #17, #27, #28) was affected by signs
not related to the infection from the very beginning. Hierarchic encounters led to lameness, slightly
affected liveliness, posture, breathing, and laying (Figure 1A). These animals were evaluated with
maximum 4 points before ASF became clinically apparent. Starting at 4 dpi, clinical signs typical
for ASF were noted (animals #13, #15, #20, #27, #28) and affected all animals from day 5 onwards.
The maximum clinical score of 10.5 was reached at 7 dpi (wild boar #28). The wild boar at 10 dpi had
clinical scores from 6 to 7 points.

At 4 dpi, domestic pig #30 showed diarrhea (score 1), all other pigs were normal (Figure 1B).
The clinical score in domestic pigs increased from day 4 to day 7 pi to maximum 5 points mainly
affecting liveliness, position, breathing, feed intake, and walk. Until day 10 pi all remaining domestic
pigs clinically recovered. Additionally, body temperature was measured daily in domestic pigs, fever
(>40.0 °C) was recorded starting at day 6 pi, lasting until day 10 with up to 40.6 °C. Temperature
profiles from 0 to 10 dpi of individual domestic pigs are shown in Supplementary Table S1. Domestic
pigs and wild boar, which served as control animals, were clinically healthy.

2.2. Viral Genome Load in Blood and Tissues

Prior to inoculation, all animals were tested negative for ASF viral antigen, viral genome, and virus
using lateral flow assays (LFD), ASFV-specific qPCR, and hemadsorption test (HAT), respectively.
The back titration of the inoculated virus calculated according to Spearman and Kérber [19,20] verified
the administered titer of 1 x 10>% hemadsorbing units (HAU) per mL per pig.

The viral genome load in blood and tissue samples was tested by qPCR for correlation with the
clinical course (Figure 2). Blood cells were further investigated by flow cytometry and the frequency
of p72* myeloid subsets was determined. In correlation with the onset of clinical disease, ASFV
genome was detectable from day 4 pi onwards in blood and tissues. The genome load in the blood
peaked with comparable amounts in both subspecies on day 7 (wild boar: 10*7* genome copies per
uL, domestic pigs: 10+3% genome copies per L) and only slightly declined on day 10 pi (wild boar:
10*4! genome copies per uL, domestic pigs: 10>%% genome copies per uL). The highest ASFV genome
loads in tissues were detected in the spleen (1028-10%9 genome copies per pL), followed by the liver
(1012-10*2? genome copies per uL) and lung (101-10*! genome copies per uL) and much lesser in the
inguinal lymph node (100-10%* genome copies per pL). Viral genome loads did not differ significantly
at 4 dpi between wild boar and domestic pigs, but were slightly higher in wild boar compared to
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domestic pigs at 7 dpi. Although the ASFV genome loads decreased at 10 dpi in all tissues of both
subspecies, it was still above 10* genome copies per uL. At this time wild boar revealed significantly
higher viral genome loads in the blood and liver.

Viral genome load in blood and tissues
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Figure 2. Detection of viral genome in blood and tissues (spleen, liver, lung, inguinal lymph node) of
wild boar and domestic pigs by qRT-PCR. WB = wild boar, DP = domestic pig, * p < 0.05.

Flow cytometric analyses of blood samples showed, that the relative proportions of
FSChi/SSCh/CD172*/CD14* cells (granulocytes), FSC™ed/SSCIoW/CD172+/CD14* cells (monocytes),
and FSC™ed/5SClow/CD172+/CD14 cells (dendritic cells) stayed within the range seen in control
animals throughout the experiment. The proportion of p72* cells did not differ significantly between
wild boar and domestic pigs. The relative amount of p72* monocytes and dendritic cells was below
20% at day 4 pi in both subspecies, slightly increased at day 7 pi but markedly peaked at day 10 pi with
up to 90% of monocytes and approximately 40% of dendritic cells affected. There were no significant
differences in the p72 mean fluorescence intensity (MFI) in both subspecies at day 10 pi (wild boar: DC
737 + 68, monocytes 887 + 38; domestic pig: DC 730 + 132, monocytes 819 + 107). The percentage
of p72* granulocytes was high from the beginning in wild boar (40%) and domestic pigs (60%) and
continuously increased until day 10 pi (up to 98% in both subspecies). The p72 MFI was higher in
granulocytes compared to other myeloid populations but did not differ significantly between the two
subspecies (wild boar: 1221 + 67; domestic pig: 1408 £ 163).

2.3. Gross Pathology

Full autopsy was conducted on all animals. Standardized gross scoring was performed on the
following organs based on Galindo-Cardiel et al. [21]: tonsils, spleen, lymph nodes (hepatogastric,
renal and popliteal), lung (cranial and caudal lobes), liver with gall bladder, and kidneys. Gross lesions
were generally mild to moderate and were detected in wild boar and domestic pigs from day 4 pi on.
The severity of lesions increased over time in both subspecies but did not differ markedly.

Slightly enlarged, hemorrhagic lymph nodes were present on 4 dpi in 2/3 wild boar but not in
domestic pigs. At7 dpi 2/3 domestic pigs began to show mild to moderate enlargement of lymph nodes
whereas only 1/3 wild boar was affected. At day 10 pi all domestic pigs and 2/3 wild boar showed
mainly moderate enlargement. Lymph node hemorrhages, particularly affecting the hepatogastric and
renal lymph node, were found in 1/3 wild boar at day 4 pi. All domestic pigs had hemorrhages at day 7.
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At 10 dpi, 2/3 wild boar and all domestic pigs showed hemorrhages. Besides mild enlargement, mild
hemorrhages were only rarely observed in the popliteal lymph node over the study period (4/9 wild
boar, 4/9 domestic pig).

Moderate petechiae (cortico-medullar pattern) mainly affecting the renal cortex occurred at day
10 pi in all wild boar and in 2/3 domestic pigs. Gross appearance was largely comparable in both
subspecies even though the amount of petechiae varied.

In the lung, up to moderate multifocal to coalescing consolidated areas were observed in 2/3
domestic pigs at 7 dpi, mainly affecting the cranial lobes (Figure 3A). On day 10 pi all domestic pigs
revealed pulmonary lesions while only one wild boar showed a small consolidated area in the cranial
lobe (Figure 3B).
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Figure 3. Gross lesions in the lung of wild boar and domestic pigs. (A) Macroscopic scoring of
percentage pulmonary consolidation in lung lobes occurring at 7 and 10 days post infection (dpi) in
wild boar and domestic pigs. (B) Lung lesions of WB and DP at day 10 pi. Arrows indicate consolidated
areas. WB = wild boar, DP = domestic pig.

Occasional findings included moderate diffuse hemorrhagic gastritis in a wild boar at day 7 pi,
edema of the gall bladder wall in a domestic pig at 10 dpi, severe multifocal myocardial necrosis and
hemorrhage in a domestic pig on day 10, and intratonsillar abscesses in wild boar at day 7 and 10 pi.
All findings were confirmed by histopathology. No lesions were found in the spleen. Macroscopically,
no changes were observed in the control animals.

2.4. Histopathological, Immunological, and Electron Microscopical Analysis

From days 4, 7, and 10 pi hematoxylin-eosin stained sections of the spleen, hepatogastric and
popliteal lymph node, palatine tonsil, bone marrow, lung, liver with gall bladder, kidney, cerebrum,
and cerebellum were analyzed and scored semi-quantitatively based on Galindo-Cardiel et al. [21].
T-cell subsets of the immune cell infiltrates detected in the spleen, lung, liver, and hepatogastric
lymph node were further investigated by flow cytometry. Additionally, immunohistochemistry was
performed to identify and semi-quantify p72-positive target cells and cells undergoing apoptosis.

126



Publication V

Pathogens 2020, 9, 662 60f 23

To gain deeper insights in putative target cells within the myelomonocytic cell lineage, the presence
of the ASFV protein p72 was tested in myeloid cells by flow cytometry. In addition, representative
tissue sections of the spleen, lung, and liver from wild boar and domestic pigs were investigated for
cell-specific presence of ASFV particles by electron microscopy at indicated time points.

2.4.1. Spleen

Although splenic gross lesions, like splenomegaly or infarction, were not evident, histopathological
changes were present (Figure 4). Whereas hematoxylin eosin-staining revealed no specific differences
between wild boar and domestic pigs, immunohistochemistry yielded markedly different results
(Figure 5A,B). In detail, apoptosis of lymphocytes in the white pulp was up to moderately present in
control animals as well as at 4 dpi. Apoptosis slightly increased at day 7 and became less at day 10
(Figure 4A). Apoptosis of lymphoid cells was confirmed by active caspase-3 labelling (Figure 4B, see
immunohistochemistry in the inset). In correlation with the onset of clinical disease, apoptosis and
necrosis of myelomonocytic cells in the red pulp were mild at 4 dpi, mild to severe at 7 dpi, and mild to
moderate at day 10 (Figure 4C). Additionally, myelomonocytic cells of the red pulp appeared slightly
swollen (hypertrophic) at day 4 in single wild boar and domestic pigs and became more prevalent at 7
and 10 dpi in wild boar and domestic pigs (Figure 4D, inset). Immunohistochemistry identified viral
antigen abundantly (score 3) in myelomonocytic cells, in particular in the red pulp at day 4 pi in all
animals (Figure 5A). At day 7 pi a high amount (score 3) of positive cells was still detectable in wild
boar while viral antigen load markedly decreased in domestic pigs (score 0-2). At day 10 pi scattered
positive cells (score 1) were detectable in one domestic pig. ASFV p72 antigen detection is illustrated
in Figure 5B.
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Figure 4. Apoptotic and necrotic changes in the spleen of wild boar and domestic pigs. (A) Microscopical

scoring of apoptosis of lymphoid cells. (B) Pyknosis and karrhyorhexis (arrow) of lymphoid cells
and multifocal caspase-3-labelled cells (inset) in a domestic pig at day 4 pi. (C) Microscopical scoring
of apoptosis/necrosis of myelomonocytic cells. (D) Focal coagulative necrosis in the spleen (arrow)

and multifocal hyperplastic dendritic cells in a wild boar at day 7 pi. (inset). WB = wild boar,

DP = domestic pig, median as horizontal line.
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Figure 5. ASFV p72 detection in the spleen of wild boar and domestic pigs. (A) Microscopical scoring
of p72 positive cells in the spleen. (B) Representative sections of anti-p72 immunohistochemistry in
wild boar and domestic pigs at days 4, 7, and 10 pi. (C) Frequencies of CD172*/CD14* monocytes and
CD172*/CD14" dendritic cells among live leukocytes (left panels) and frequencies of p72* monocytes
and p72* dendritic cells (right panels) in the spleens of investigated animals. WB = wild boar,
DP = domestic pig, IHC = immunohistochemistry, * p < 0.05, median as horizontal line (A) or bar (C).

In contrast to p72 antigen detection by immunohistochemistry, flow cytometric analysis showed
that the proportion of infected CD172"/CD14" monocytes was moderate at 10 dpi in both species
(mean 30-40%) while there were only few p72* CD172*/CD14" dendritic cells in the spleen (Figure 5C).
Electron microscopy confirmed infection of monocytes/macrophages showing abundant vacuoles and
intracytoplasmic ASFV particles (details not shown).

2.42. Lymph Nodes

Lymphocytolysis (syn. apoptosis) in lymphoid follicles of the hepatogastric as well as popliteal
lymph node, was mildly present in control animals. Mild to moderate lymphoid apoptosis was
consistently present in both lymph nodes of both subspecies, except for one wild boar showing
severe lymphocytolysis in the hepatogastric lymph node. Apoptosis and necrosis, affecting the
perifollicular cortex and paracortex was found in infected animals at varying degree, starting at 4 dpi.
The hepatogastric lymph node was generally more consistently and more severely affected compared
to the peripheral, popliteal lymph node (details not shown).

Up to moderate ASFV antigen was detected at day 4 pi in single wild boar and domestic pig in both
lymph nodes (Figure 6A,C). Particularly in wild boar, the amount of p72* cells increased markedly but
was low in domestic pigs by day 7 pi, shown in Figure 6B,D. At day 10 pi, viral antigen was undetectable
in hepatogastric lymph nodes or only slightly found in single animals in the popliteal lymph node.
Flow cytometric analysis yielded only few monocytes and denderitic cells in the hepatogastric lymph
node from which primarily monocytes were p72-positive (details not shown).
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Lymph nodes — ASFV p72 detection
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Figure 6. ASFV p72 antigen detection in lymph nodes of wild boar and domestic pigs. (A) Microscopical
scoring of p72 positive cells in the hepatogastric lymph nodes. (B) Section of the hepatogastric lymph
node from a wild boar showing abundant p72 postive cells at day 7 pi. (C) Microscopical scoring of p72
positive cells in the popliteal lymph node. (D) Section of the popliteal lymph node from a WB showing
abundant p72 positive cells at day 7 pi. WB = wild boar, DP = domestic pig, median as horizontal line.

Further, histopathology confirmed macroscopically recorded hemorrhages in the hepatogastric
and popliteal lymph nodes, and additionally congestion was found.

2.4.3. Palatine Tonsil

Apoptosis of lymphoid follicle cells was consistently detected in infected but also in control
animals. Mild congestion and only very mild necrosis was observed at 7 dpi in two wild boar and
one domestic pig. In all infected and non-infected animals, tonsillary crypts were filled with variable
amount of viable and degenerate neutrophilic granulocytes. This was particularly pronounced in two
wild boar from day 7 and one wild boar from day 10 pi. The crypt epithelium as well as myelomonocytic
cells were slightly positive for ASFV antigen in one domestic pig at 4 dpi. All infected animals from
day 7 pi revealed a high amount (score 1-3) of p72 antigen in the tonsil, most abundantly in wild boar.
In one wild boar, the mucosal epithelium was ASFV antigen positive. At day 10 pi only one wild boar
but all domestic pigs showed scattered p72-labelling in the crypt epithelium and myelomonocytic cells
(details not shown).

2.4.4. Bone Marrow

The bone marrow revealed no histopathological changes, but immunohistochemistry showed
p72-positive myeloid cells, including megakaryocytes. High amounts of viral antigen were detected in
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all wild boar at day 7 pi while all domestic pigs showed fewer positive cells. At day 10 pi, only few
positive cells were present in two wild boar (details not shown).

24.5. Lung

Histopathology identified interstitial inflammation in the lungs, mainly affecting the cranial lung
lobes, characterized by infiltrating lymphocytes and few macrophages. Detailed evaluation revealed
for wild boar mild to moderate interstitial pneumonia at 4 dpi in 2/3 animals, and in all wild boar at
7 dpi. No inflammation was detectable at 10 dpi. Domestic pigs also exhibited mild pneumonia at
4 dpi in 2/3 animals, and mild to moderate inflammation at 7 dpi. In contrast to wild boar, moderate to
severe pneumonia was found at 10 dpi (Figure 7A,B). In addition, interstitial macrophages appeared
more prominent in single animals at day 4 pi, which particularly increased in wild boar at day 7 pi
and was present until the end of the study in both groups. Of note, mild infiltrates were also found
in one control wild boar and domestic pig. Mild alveolar edema was only occasionally detected,
but was severe in wild boar #28 euthanized at day 7 pi with the highest clinical score (score 10.5).
Further unspecific findings included pulmonary congestion, found in the majority of controls and
infected animals.

Lung - inflammation
A Scoring of pulmonary inflammation C FACS analysis of T cell subsets
3 A 80 *

e WB
—_ Ao DP

>

60

‘ot

score

20-

0 -_—_ . —— o -ﬁgh Hﬂﬂﬁ

ap T-cell subsets [%)]

T
control D4 D7 D10

80+
60+

404 Aa

204 ° ii
o [

15 T-cell subsets [%]
I

Figure 7. Pulmonary inflammation in wild boar and domestic pigs. (A) Microscopical scoring of
pulmonary inflammation. (B) Section of lung tissue from a domestic pig showing severe interstitial
pneumonia with mainly infiltrating lymphocytes and histiocytes (inset) at day 10 pi. (C) Frequency of
«p and yb T-cell subsets in the lung of control animals (white bars) and wild boar and domestic pigs at
10 dpi (grey bars). WB = wild boar, DP = domestic pig, * p < 0.05, median as horizontal line (A) or
bars (C).

To identify the phenotype of infiltrating cells and compare the responses in wild boar and domestic
pigs, flow cytometric analysis was performed on control and day 10 lung tissues. The overall response
at day 10 was comparable in both subspecies. We detected a significant increase of CD8«" «f3 T
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cells in both subspecies. Moreover, CD4*/CD8a* o3 T cells increased significantly in wild boar and
domestic pigs but considerably less pronounced, while CD4" «f3 T cells showed a corresponding
decrease (Figure 7C). The frequencies of activated y5 T cells were significantly elevated in wild boar
but showed only a small increase in domestic pigs. Effector yb T-cell frequencies were not altered in
both subspecies (Figure 7C).

By immunohistochemistry, ASFV antigen was detected multifocally in mononuclear cells in all
animals starting at day 4 pi, where the number of positive cells was comparably low in wild boar and
domestic pigs (Figure 8A). At day 7 pi viral antigen was found abundantly (score 3) in all wild boar
whereas all lungs of domestic pigs revealed markedly lower amounts (score 1) of positive cells. At day
10 pi antigen detection yielded similar scores for wild boar and domestic pigs (score 1-2). Figure 8B
shows representative anti-p72 labelled lung sections from day 4 to 10 pi. Immunological investigation
demonstrated that at 10 dpi most CD172%/CD14* monocytes in the lungs were p72-positive, while only
around 50% of the dendritic cells were positive for viral p72. Moreover, there were no changes in the
frequencies of lung monocytes in both subspecies. Of note, wild boar showed significantly higher
dendritic cell frequencies than domestic pigs 10 dpi (Figure 8C). By electron microscopy, ASFV particles
were identified in pulmonary intravascular macrophages/monocytes (PIM) (Figure 9).
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Figure 8. ASFV p72 antigen detection in the lung of wild boar and domestic pigs. (A) Microscopical
scoring of p72 positive cells in the lung. (B) Representative sections of the lung in wild boar and domestic
pigs stained with a rabbit anti-p72 serum at days 4, 7, and 10 pi. (C) Frequencies of CD172*/CD14*
monocytes and CD172*/CD14~ dendritic cells among live leukocytes (left panels) and frequencies of
p72* monocytes and p72* dendritic cells (right panels) in the lungs of investigated animals. * p < 0.05,
median as horizontal line (A) or bar (C).
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i

Figure 9. Electron-micrograph of an ASFV-infected pulmonary intravascular macrophage (PIM).
(A) PIM (center) with multiple virions found in the cytoplasm (white square) (B) Detail of figure A
showing typical electron-dense virions (arrows).

2.4.6. Liver

Histopathology identified lymphoid infiltrates mainly affecting the hepatic sinuses, increasing
over time in both subspecies (Figure 10A,B). Starting on 4 dpi in 2/3 domestic pigs, sinusoidal infiltrates
were consistently present in wild boar and domestic pigs at 7 (mild to moderate) and 10 dpi (moderate).
Flow cytometry revealed infiltrating lymphocytes to be mainly CD8x* and to a lesser extent also
CD4*/CD8ux*t of T cells, which increased significantly in wild boar and domestic pigs compared
to controls. CD2*/CD8™y5 T-cell frequencies were also elevated in both subspecies (Figure 10C).
In addition, microscopic investigation found Kupffer cell degeneration, characterized by swelling
and detachment, as well as necrosis. Starting mildly at day 4 pi in one domestic pig, degeneration
and necrosis was found more frequently and more severe in wild boar compared to domestic pigs
and lasted until day 10 pi (Figure 11A,B). The degeneration of Kupffer cells correlated with a clear
drop of CD1721"“’/’CD14Fr cells in the liver at day 10 pi in wild boar and domestic pigs, as found in
the flow cytometric analyses (Figure 11C). Immunohistochemistry demonstrated viral antigen in all
wild boar and domestic pigs at 4 dpi mainly in sinusoid-lining cells, indicative for Kupffer cells and/or
endothelium (score 1-3) but also in few hepatocytes until day 7 pi (data not shown). Whereas all
wild boar exhibited abundant (score 3) viral antigen, 2/3 domestic pigs showed only few positive
sinusoid lining cells (score 1) at 7 dpi. No p72* cells were detected at 10 dpi in both subspecies
(Figure 12A). Flow cytometry showed increasing proportions of p72* CD172*/CD14* monocytes
(up to 70%), CD172*/CD14~ dendritic cells (up to 40%), and CD172low/CD14* putative Kupffer cells
(up to 20%) over time. We found higher amounts of p72* myeloid cells in wild boar compared to
domestic pigs, especially given the fact that the frequencies of monocytes and dendritic cells were
significantly higher in wild boar than in domestic pigs 10 dpi (Figure 12B). However, given that there
were only few Kupffer cells left, the majority of p72* cells consisted of monocytes. The infection of
Kupffer cells was also confirmed by electron microscopy (Figure 12C). Congestion of the liver was
detected in all infected and control animals, but was slightly more severe at day 4 pi.
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Figure 10. Hepatic inflammatory reaction against ASFV infection in wild boar and domestic pigs.

(A) Microscopical scoring of sinusoidal inflammation. (B) Liver section of a domestic pig showing

moderate lymphocytic infiltration (arrow). (C) Frequency of « and yd T-cell subsets in the liver of WB
and DP in controls (white bars) and 10 dpi (grey bars). WB = wild boar, DP = domestic pig, * p < 0.05,

median as horizontal line (A) or bar (C).
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Figure 11. Kupffer cell degeneration in the liver of wild boar and domestic pigs. (A) Microscopical

scoring of Kupffer cell degeneration in the liver. (B) Representative sections of an ASFV infected liver

with marked Kupffer cell swelling/degeneration (arrow) in a wild boar 10 dpi (left) and a liver of a

control animal (right). (C) Identification of myeloid cell populations in the liver by co-expression
of CD14 and CD172. (1) CD14*/CD1721°%, (2) CD14*/CD172*, and (3) CD147/CD172* cells were
identified as putative liver macrophages or Kupffer cells, monocytes, and dendritic cells, respectively.

WB = wild boar, DP = domestic pig, median as horizontal line (A).
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Liver-ASFV p72 detection
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Figure 12. ASFV p72 antigen detection in the liver of wild boar and domestic pigs. (A) Microscopical
scoring of p72 positive cells in the liver. (B) Frequencies of CD172*/CD14" monocytes, CD172*/CD14~
dendritic cells, and CD172!°%/CD14* putative Kupffer cells among live leukocytes (upper panels) and
frequencies of p72" monocytes, p72* dendritic cells, and p72* putative Kupffer cells (lower panels) in
the liver of investigated animals. (C) Electron micrograph of a Kupffer cell with intracytoplasmic ASF
virions (inset). WB = wild boar, DP = domestic pig, * p < 0.05, median as horizontal line.

2.4.7. Kidney

In addition to macroscopically recorded petechial hemorrhages, congestion of the cortex and
medulla were observed in nearly all of the infected, but also in the control animals. Mild interstitial
lymphocytic infiltration confined to the cortex was found in one control wild boar and in the majority
of infected wild boar. ASFV antigen was up to moderately detected in the cortical and medullary
interstitium at day 7 in 3/3 wild boar and 1/3 domestic pigs, and mildly at 10 dpi in 3/3 wild boar only

(details not shown).

2.4.8. Brain
Sections of the cerebrum at the level of the hippocampus revealed no histopathological changes,
but viral antigen was detected in few cortical glial cells in one wild boar at day 7 pi, in two wild boar

and one domestic pig at day 10.
The cerebellar section was evaluated at the level of the pons. Although histopathological changes

were absent, immunohistochemistry revealed focal antigen positive cells in the granule cell layer and
choroid plexus in one wild boar at day 7 pi and positive glial cells in one wild boar at day 10 pi (details

not shown).

3. Discussion

Differences in the disease course and in susceptibility to ASFV infection between domestic pigs
and European wild boar have been described, indicating differences in the pathogenic mechanisms in
the subspecies [18] but mostly exclude histopathology and target cell identification. In the present
study, we compared domestic pigs and wild boar infected with ASFV “Estonia 2014” that previously
showed an attenuated phenotype in domestic pigs but still high virulence in adult wild boar [17].
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To gain more insights on host factors for virulence, we analyzed three domestic pigs and three wild
boar each on 4, 7, and 10 dpi in a kinetic trial. We scored clinical signs, gross pathological changes
and histological lesions, as well as antigen distribution by immunohistochemistry. Blood and tissue
samples were examined for viral genome load by qPCR. Electron microscopy as well as flow cytometry
were performed to further evaluate changes observed pathomorphologically.

Clinical scoring revealed ASF-related disease starting 4 dpi. Wild boar showed much higher
clinical scores than domestic pigs. Whereas domestic pigs fully recovered until day 10, wild boar
still exhibited moderate disease. This mild clinical picture and subsequent recovery of domestic pigs
reflects experimental data obtained by Zani et al. [17] with this virus strain. The very same study
confirmed a more severe clinical course in wild boar, with two female 2-year old wild boar found
dead at 8 and 9 dpi and 6-8-month-old piglets were euthanized at days 16 and 17 pi. This indicates
that virulence might be age-related, although the number of animals used was low and it is generally
assumed that age-dependence of clinical signs does not exist for highly virulent ASFV strains [22].
Since our study focused on early lesions and viral antigen distribution and thus lasted 10 days only,
we cannot exclude that the wild boar might have reached the humane endpoint later on or could have
recovered completely.

ASFV genome was detectable from day 4 pi onwards in blood and tissue samples. The viral
genome load in tissues is most likely dependent on the viral load in the blood since the values for both
were comparably high over the study period. However, no correlation with the overall clinical course
was found based on (i) the lack of marked pathological differences between wild boar and domestic
pigs, in particular at 10 dpi, (ii) absence of clinical disease at 10 dpi in domestic pigs with persistent
high viral loads in blood and tissues with more than 10> genome copies per uL, and (iii) almost
comparable genome loads in tissues of wild boar at days 4 and 10 pi but a more severe disease at
10 dpi. Flow cytometric analyses of whole blood samples showed that the relative proportions of
granulocytes, monocytes, and dendritic cells did not change throughout the experiment and that
frequencies of p72* cells did not differ between wild boar and domestic pigs. In line with previous
observations in granulocytes of domestic pigs inoculated with highly virulent ASFV [23] viral antigen
was abundantly found in our study. It remains unclear whether the viral antigen in granulocytes derives
from productive infection, as it has been shown for highly virulent ASFV strains [23], or phagocytosis of
cell debris and erythrocytes with viral attachments, or a combination of both. Given that erythrocytes
carry the vast majority of infectious particles in the blood [24], it seems likely that cells with high
phagocytosis activity and possible viral replication, i.e., granulocytes, have a higher MFI than other
myeloid cell subsets. Moreover, since granulocyte identification was conducted by FSC vs. SSC
gating, we cannot rule out that large macrophages might have been found in the granulocyte gate.
Given that up to 50% of all live blood leukocytes were granulocytes and most of them were positive
for the viral protein p72, the major antigen load in the leukocyte fraction of the blood was found in
granulocytes throughout the whole study period. We also provide evidence that cells of the myeloid
lineage are affected by ASFV infection in various tissues. It has been shown that ASFV is able to infect
and modulate dendritic cells in vitro [25,26], however, in vivo evidence was scarce [27,28]. The ASFV
protein p72 was found in dendritic cells in virtually all tissues investigated. ASFV infection of dendritic
cells is thought to impair their function [29] but this requires further investigation.

The role and impact of neutralizing antibodies upon ASFV infection are still controversially
discussed, and full neutralization could not be shown in recent studies with convalescent animals
(Petrov et al. 2018). However, the production of efficiently neutralizing antibodies in domestic pigs
could have influenced the disease outcome and explain convalescence in domestic pigs in our study as
it has been described after infection with moderately virulent strains [30].

Although ASFYV is an obligate pathogen for both wild boar and domestic pigs, potential genetic
differences among and across the two subspecies should be considered as they could influence
the susceptibility to ASFV and thus disease outcome [31]. Different clinical signhs, immunological
responses, and pathological outcomes are also known for highly pathogenic porcine reproductive and
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respiratory syndrome virus infection in wild boar and domestic pigs [32]. So far, genetic discrimination
between domestic pigs and wild boar has been challenging since there have been only few genetic
markers identified to distinguish between domestic pigs and wild boar [33], and even immunogenetic
investigation of domestic pigs and wild boar could not identify any statistically significant differences
in allele frequency and heterozygosity across SNPs [34]. However, very recently SLA-1 diversity was
investigated in different domestic pig breeds showing significant distribution of SLA-1 alleles among
pig breeds which could explain differences in the immune response [35]. This has not been done for
wild boar so far and underlines the necessity of further investigation.

In accordance with earlier studies, macroscopic changes did not generally differ between domestic
pigs and wild boar [36]. At 4 dpi, changes were generally mild and gradually became more severe
until 10 dpi. In particular, typical hemorrhages in lymph nodes and kidneys were found as already
described [16,17].

Apoptosis of lymphoid cells (syn: lymphocytolysis) could be confirmed for the spleen and lymph
nodes [37-41] but did not differ between wild boar and domestic pigs. Apoptosis/necrosis in the splenic
red pulp as well as in perifollicular and paracortical regions of lymph nodes were also present to the
same extent in wild boar and domestic pigs, though not as severe as after infection with highly-virulent
strains found in the spleen [42]. Immunochistochemistry revealed much more viral antigen positive
cells in the splenic red pulp as well as in the lymph nodes at day 7 pi in wild boar compared to domestic
pigs, indicating differences in the pace of viral clearance. Higher numbers of viral antigen positive
cells in wild boar were also present in the palatine tonsil, although pathohistological changes were
rather mild and largely similar in domestic pigs and wild boar.

Pulmonary consolidation was present in almost all domestic pigs at day 7 and 10 pi (up to 70%
affected lung lobe), but only in one wild boar (<5% affected). Histopathology identified up to severe
lymphohistiocytic interstitial pneumonia, partially also affecting macroscopically normal lungs of
both subspecies. Pneumonic lesions were particularly associated with viral antigen labelled cells but
those were also found disseminated in otherwise unaffected lung tissue. At day 7 pi viral antigen was
found abundantly in wild boar, but only minimally in domestic pigs, again indicating an impaired
virus elimination in wild boar. Pneumonia is described in domestic pigs after field and experimental
infection [43,44] and can be either associated with ASF or secondary infections [45]. Supporting the
histopathologic findings, flow cytometry of T cell subsets in lung tissue showed an immune response
mainly driven by CD8a™ «f T cells and CD2*/CD8«™ activated v& T cells. A comparable T-cell
response was also found in the liver. CD8o™ T cells are known to be pivotal mediators of the anti-ASFV
response [46]. Recently, it has been shown that highly virulent ASFV infections induce different
responses in wild boar and domestic pigs [47]. Wild boar mounted a cytotoxic Thl response, while the
T-cell response in domestic pigs seemed to be impaired. Neither response was beneficial as all animals
showed signs of severe disease and most succumbed to the infection [47]. During the moderately
virulent ASFV infection in the present study, the pulmonary and hepatic inflammations seem to be
driven mainly by cytotoxic CD8x*" «f3 T cells in both subspecies. A distinct response of cytotoxic T
cells might cause the tissue damage and cell degeneration observed in this study, indicating a possible
role for immunopathologic processes in ASF pathogenesis which urges further research.

We also observed an increase in the number and size of pulmonary macrophages which is fully
consistent with the findings shown by Carrasco et al. [48] who found proliferation particularly of
pulmonary intravascular macrophages (PIM) in response to intracytoplasmic immunocomplexes after
ASFV infection. In the present study, the infection of PIM was demonstrated in wild boar by electron
microscopy, one of the main target cells of ASF in the lung of domestic pigs [49,50].

In the liver, lymphocytic infiltrates were initially observed in the sinuses only in domestic pigs,
but the values in domestic pigs and wild boar increased and converged until day 10. Since p72
antigen was no longer detectable with immunohistochemistry at day 7 pi in domestic pigs, but was
still present in wild boar, again ASFV clearing seems to be more effective in domestic pigs. Kupffer
cell degeneration, necrosis, and loss was obvious in both subspecies although slightly more severe
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in wild boar. This finding is typical for ASF as reported by Carrasco et al. [48] and correlated with
flow cytometry results in the present study, showing a clear drop of CD172!°%/CD14* cells beginning
day 7 pi in wild boar and domestic pigs.

Higher numbers of viral antigen positive cells in wild boar were also present in the kidney and
brain although pathohistological changes were rather mild and largely similar in domestic pigs and
wild boar.

In summary, we confirmed that ASFV “Estonia 2014” is more virulent in wild boar than in domestic
pigs. However, autopsy as well as routine histopathology failed to identify significant differences
in the lesion profile and could not identify the cause for the more pronounced disease in wild boar.
Further, the viral genome load in tissues is most likely attributed to the viral load in the blood and is
thus not suitable to evaluate affected target tissue and cells. The viral genome load also remains almost
unchanged over time, again not reflecting the clinical course. Using flow cytometry, we could show
that cells of the myeloid lineage, including monocytes, dendritic cells, granulocytes, and myeloid cells
in the liver, contain viral antigen in various tissues. Even though we could not find distinct differences
in target cells or virus tropism between wild boar and domestic pigs, immunohistochemistry showed
striking differences at 7 dpi: while antigen detection in wild boar peaked at day 7 in main target tissues,
i.e., spleen, liver, and lung, the domestic pigs have already started to eliminate the virus. This raises
the question of whether in the early phase of the disease, the delayed viral clearing in wild boar is
relevant for the virulence of ASFV Estonia. To address this, particularly immunologic-mechanistical
and functional insights will be important to shed light in this field. In this respect, comparative cytokine
and large-scale immune cell profile analysis in domestic pigs and wild boar are needed to explain the
different phenotypes after infection with ASFV “Estonia 2014".

4, Materials and Methods

4.1. Study Design

In the animal experiment, all applicable animal welfare regulations including EU Directive
2010/63/EC and institutional guidelines were taken into consideration. The animal experiment was
approved by the competent authority (Landesamt fiir Landwirtschaft, Lebensmittelsicherheit und
Fischerei (LALLF) Mecklenburg-Vorpommern) under reference number 7221.3-2-011/19.

The present study was carried out for detailed pathological analysis of disease dynamics of
domestic pigs and wild boar infected with an attenuated Estonian ASFV isolate (“Estonia 2014”). To this
end, an ASFV-positive macrophage culture supernatant was prepared to a final titer of approximately
1 X 10°% hemadsorbing units (HAU) per mL. Domestic pigs and wild boar were inoculated oro-nasally.
The dilutions were based on an end-point virus titration of the original material on macrophages
derived from peripheral blood monocytic cells (PBMCs). Upon application, back titration was carried
out to confirm the administered virus-containing dose.

4.2, Cells

For the preparation of PBMC-derived macrophages blood was collected from healthy domestic
donor pigs that are kept in the quarantine stable at the Friedrich-Loeffler-Institut (FLI). Briefly, PBMCs
were obtained from EDTA-anticoagulated blood using Pancoll animal density gradient medium
(PAN Biotech, Aidenbach, Germany). PBMCs were grown in RPMI-1640 cell culture medium with
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 10% fetal calf serum (FCS) at 37 °C
in a humidified atmosphere containing 5% CO;. The medium was supplied with amphotericin
B, streptomycin, and penicillin to avoid bacterial and fungal growth. To facilitate maturation
of macrophages, GM-CSF (granulocyte macrophage colony-stimulating factor; Biomol, Hamburg,
Germany) was added to the cell culture medium with a concentration at 2 ng/mL.
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4.3. Virus

The Estonian virus “Estonia 2014” isolate belongs to genotype II with a deletion at the 5" end
(GenBank Accession number 1.5478113.1) that corresponds to an attenuated phenotype [17]. The virus
was grown on PBMCs and the supernatant was used for the animal trial with a final titer of 1 x 1052
HAU per mL. The titer was confirmed by back titration of the inoculum.

4.4. Animal Experiment

The study included 12 6-8-month-old European wild boar and 11 10-week-old domestic pigs
of mixed sex. Wild boar were obtained from three different wildlife parks, domestic pigs from one
commercial fattening farm. The animals were housed in groups in the high containment facility of
the FLI (L3+) prior to infection. All animals were individually ear-tagged. The animals were fed a
commercial pig food with corn and hay-cob supplement and had access to water ad libitum. After an
acclimatization period of 1 week, the animals were inoculated oro-nasally with 2 mL of 1 x 10>% HAU
per mL. On day 0, three wild boar and two domestic pigs were euthanized and used as control animals.
On days 4, 7, and 10, three animals from each group (domestic pigs and wild boar) were euthanized and
submitted to necropsy. The animals were deeply anaesthetized with tiletamine/zolazepam (Zoletil®,
Virbac, Carros cedex, France), ketamin (Ketamin 10%, Medistar, Ascheberg, Germany) and xylazine
(Xylavet 2%, CP Pharma, Burgdorf, Germany) and subsequently killed by bleeding.

4.4.1. Clinical Scoring

Clinical parameters of all animals were assessed daily based on a harmonized scoring system
as previously described [51]. The sum of the points was recorded as the clinical score (CS) that was
also used to define humane endpoints prior to the experiment. The body temperature was measured
daily in the domestic pigs and at day 10 pi in wild boar. Blood samples were collected at day 0 before
inoculation and before euthanasia on days 4, 7, and 10 post infection.

4.4.2. Tissue Sample Collection

Full autopsy was performed on all animals and tissue samples including the spleen, hepatogastric
and popliteal lymph nodes, palatine tonsil, bone marrow, lung (cranial and caudal lobe), liver with gall
bladder, kidney, and brain (cerebellum and cerebrum) were taken for histopathological investigation.
For electron microscopy, lung, spleen, and liver were collected. Blood (EDTA, serum, citrate) and swab
samples (cotton swab, genotube, prime store) were taken for further analysis (data not shown).

4.4.3. Pathomorphological and Electron Microscopical Analysis

Gross Pathology and Macroscopic Scoring

During necropsy all animals were scored based to the gross protocol published by Galindo-Cardiel
et al. [21] with slight modifications as follows. Organ lesions were generally scored on an ordinal scale
ranging from 0 to 3 with normal (0), mild (1), moderate (2), or severe (3). In addition, lymphatic tissue
including the spleen, palatine tonsil, and lymph nodes were examined for hyperplasia (size increased),
hemorrhage, and necrosis and scored accordingly. Hemorrhages in the kidney were evaluated with
normal (0), petechiae (1), ecchymoses (2), and diffuse hemorrhage (3). The percentage distribution
of pulmonary consolidation was determined for the lobus cranialis sinister pars cranialis, lobus cranialis
sinister pars caudalis, lobus caudalis sinister, lobus cranialis dexter, lobus medius, lobus caudalis dexter and
lobus accessorius. Tissue samples were fixed in 10% neutral-buffered formalin for at least 3 weeks.

Histopathology and Immunohistochemistry

Representative sections of each fixed organ sample were cut and embedded in paraffin wax.
Bone tissue was decalcified for at least 3 days in Formical 2000 (Decal, Tallman, New York, NY, USA).
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Embedded sections were cut at 2-3 pm thick slices, mounted on Super-Frost-Plus-slides (Carl Roth
GmbH, Karlsruhe, Germany), and stained with hematoxylin-eosin.

For immunohistochemistry, paraffin-embedded sections were dewaxed and rehydrated through
ascending concentrations of ethyl alcohol. Sections were rinsed with deionized water (A. dest.) and
treated with 3% of hydrogen peroxide (Merck, Darmstadt, Germany) for 10 min to block intrinsic
peroxidases. After washing with A. dest. sections were demasked with Tris/EDTA buffer (10 mmol/L
Tris and Immol/L EDTA, pH = 8.95) for 20 min, 700 W in a microwave. Afterwards sections were
gradually cooled down and transferred into coverplates (Thermo Fisher Scientific GmbH, Schwerte,
Germany). Sections were rinsed with Tris-buffered saline (TBS) and incubated with undiluted normal
goat serum for 30 min to block unspecific binding sites prior to incubation with the primary antibody.
Sections were then treated for 1 h with a rabbit polyclonal primary antibody against the major capsid
protein p72 of ASFV (diluted in TBS 1:1600). To investigate apoptosis a rabbit antiserum against active
caspase-3 (Promega, Madison, WI, USA; 1:200, diluted in TBS) was used. Following washing with
TBS sections were incubated with a secondary, biotinylated goat anti-rabbit IgG (Vector Laboratories,
Burlingame, CA; diluted in TBS in 1:200) for 30 min. An ABC-kit (Vector; diluted in TBS 1:200, 30 min)
was used providing the conjugated horseradish peroxidase which was followed by an incubation with
AEC-substrate (DAKO, Hamburg, Germany) for 10 min to visualize positive reactions. The reaction
was stopped with ionized water. Finally, sections were counterstained with hematoxylin for 2 min,
rinsed in ionized water for 10 min and mounted with Aquatex (Merck).

Semi-Quantitative Scoring

A Zeiss AXIO Scope Al microscope equipped with 2.5%, 10x, 20x, and 40x objectives was used
for brightfield microscopial analysis of histological specimen.

Based on the protocol by Galindo-Cardiel et al. [21] sections were semi-quantitatively scored with
some adaptations as follows: normal (0), mild (1), moderate (2), severe (3). Scored pathohistological
changes of each organ are listed in Table 1. For evaluation, the post-examination masking approach
was used [52] to avoid missing subtle or unexpected infection-related changes. An initial evaluation
with full access to all study-related information and slides was made to determine the scoring and
identify the main lesions. Subsequently, slides were masked and scores were assigned.

Table 1. Histopathological changes in tissues investigated in domestic pigs and wild boar.

Organ Lesion (Scored with Normal (0), Mild (1), Moderate (2), Severe (3)

Apoptosis of Lymphoid Cells Hyperplasia/Hypertrophy of

Spleen . Apoptosis/Necrosis in the Red Pulp Myelomonocytic Cells (i.e., Dendritic
(Syn. Lymphocytolysis) Cells, Monocytes, Macrophages)
Liver with Sinusoidal Hyperplasia
gall Congestion/hemorrhage . e Degeneration/necrosis and loss of Kupffer cells of bile duct
inflammatory infiltrates P
bladder epithelium
Lymph . Apoptosis of Appptgsm/necmms, Presence of tingible Hyperplasia
Congestion/hemorrhage } perifollicular cortex of
nodes lymphoid cells body macrophages
and paracortex lymphocytes
Palatine . Apoptosis of Apoptosis/necrosis, .
tonsil Congestion/hemorrhage lymphoid cells perifollicular cells Crypt abscessation
Lung Congestion/hemorthage  Edema  Inflammation Hyperplasia/hypertrophy of alveolar and interstitial
monocytes/macrophages
Kidney Congestion/hemorrhage Inflammatory infiltrates
Brain Inflammatory infiltrates Neuronql Gliosis
degeneration
Bone Necrosis
marrow

Immunohistochemically stained sections were scored for viral antigen distribution and scored on a 0-3 scale.
The most affected area per sample sections was scored with no antigen (0), < 1-3 positive cells (1), 4-15 cells (2),
and >16 cells (3) per high (40x) power field. Cells showing fine granular cytoplasmic labelling were considered
positive; chromogen aggregations without cellular association were not counted.
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4.4.4. Electron Microscopy

To confirm viral infection and to identify ASFV-infected cells, electron microscopy was conducted.
Tissue samples were cut (1 mm?) and fixed overnight in 2.5% glutaraldehyde buffered in 0.1 M sodium
cacodylate pH = 7.2 and 300 mosmol (SERVA Electrophoresis, Heidelberg, Germany). Then, 1%
aqueous OsQOy4 was used for post fixation and 2.5% uranyl acetate in ethanol for en bloc staining (SERVA
Electrophoresis. After a stepwise dehydration in ethanol the samples were cleared in propylene oxide
and infiltrated with Glyeid Ether 100 (SERVA Electrophoresis. For polymerization, samples were filled
in flat embedding molds and incubated for 3 days at 60 °C.

Semithin sections of resin embedded samples were stained with 1% Toluidine Blue O in aqueous
sodium borate (Carl Roth) on a hot plate. The POI was trimmed, and prepared ultrathin sections
were transferred to formvar coated nickel grids (slot grids; Plano, Wetzlar, Germany). All grids were
counterstained with uranyl acetate and lead citrate before examination with a Tecnai Spirit transmission
electron microscope (FEI, Eindhoven, The Netherlands) at an accelerating voltage of 80 kV.

4.4.5. Flow Cytometry

Whole blood or leukocytes isolated from the indicated organs were investigated by flow cytometry.
Single cell suspensions of tissue samples were prepared as described previously [47]. In total, 50 uL
whole blood or 50 uL single cell suspension (approx. 1 x 10° cells) was used for each staining. Incubation
steps with monoclonal antibodies were carried out at 4 °C for 15 min in the dark for extracellular
staining. Cells were fixed and permeabilized using the True Nuclear Transcription Factor Buffer
Set (Biolegend, San Diego, CA, USA) according to the manufacturer’s instructions. For intracellular
staining after fixation, cells were incubated at 4 °C for 30 min in the dark. Erythrocytes were lysed
before fixation with red cell lysis buffer (1.55 M NH,Cl, 100 mM KHCQO3, 12.7 mM NayEDTA, pH =74,
in Aqua destillata).

The following antibodies were used in this study: anti-pig CD3e-APC (clone PPT3, 1:500),
anti-pig CD8«-FITC (clone 76-2-11, 1:100), anti-pig CD4-PerCP (clone 74-12-4, 1:100), anti-pig v6 T
cell receptor (TCR, IgG2b, clone PPT16, 1:100), anti-pig CD2 (IgG2a, clone MSA4, 1:100), anti-pig
CD172e (IgG1, clone 74-22-15; 1:100), anti-pig CD14 (IgG2b, clone MIL2; 1:500), anti-pig CD163-PE
(clone 2A10/11; 1:100), and anti-vp72-ASP (IgG2a, clone 18BG3; 1:100). For detection of unconjugated
primary antibodies, the following secondary antibodies were used: anti-mouse IgG1-BV421 (clone
RMG1-1, 1:400), anti-mouse IgG2b-PE-Cy7 (goat polyclonal, Southern Biotech, 1:400), anti-mouse
IgG2a-APC-Cy7 (goat polyclonal, Southern Biotech, 1:250), and anti-mouse IgG2a-APC (goat polyclonal,
dianova, 1:500). CD4 was not detectable in one of the control wild boars in trial 2, probably because of
a polymorphism in the CD4 alleles [53]. CD4* and CD4*/CD8«x* cells from this animal were therefore
not included in the analyses.

Dead cells were identified using Zombie Aqua (Biolegend) and excluded from subsequent
analyses. Doublets were excluded by FSC-H vs. FSC-A gating. In all tissues, FSC™ed/SSClow
were subdivided into CD172*/CD14* monocytes/macrophages and CD172*/CD14— dendritic cells.
FSChi/SSCh/CD172*/CD14* cells in the blood were identified as granulocytes. The gating strategy
is shown in Supplementary Figure 51. In the liver, a population of CD1721°%/CD14* cells resembled
liver macrophages or Kupffer cells. FSC'*"/SSC!°%/CD3* lymphocytes were differentiated into oy T
cells (CD3"/y& TCR™) and v3 T cells (CD3*/yd TCR*). Analysis of co-expression of CD4 and CD8«x
was used to identify subpopulations of «f T cells. Activated and effector yd T cells were identified
as CD2*/CD8o and CD2*/CD8«*, respectively. Flow Cytometer BD FACS Canto II with FACS
DIVA Software (BD Bioscience, San Jos, CA) and FlowJo™ V10 for Windows (Becton, Dickinson and
Company; 2019) were used for all analyses.
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4.4.6. Processing of Blood Samples

Serum samples were centrifuged at 2150 g for 20 min at 20 °C and EDTA blood was aliquoted and
stored at —80 °C until further use. Tissue samples, which were collected during necropsy, were stored
at 80 °C. qPCRs were performed after homogenization in 1 mL phosphate-buffered saline (PBS) using
a metal bead TissueLyser II (Qiagen GmbH, Hilden, Germany). The supernatant was used for virus
isolation (hemadsorption tests).

ASFV Antigen and Genome Detection

For rapid antigen detection Lateral Flow device INgezim. ASFCROM Antigeno 11.ASF.K42
(Ingenasa) was used with blood and serum. For qPCR, viral nucleic acid was extracted using the
NucleoMag Vet Kit (Machery-Nagel, Diiren, Germany) and the KingFisher® extraction platform
(Thermo Fisher Scientific, Waltham, MA USA). qPCRs were performed according to the protocols
published by King et al. [54] and Tignon et al. [55] with slight modifications. All PCRs were performed
using a C1000™ thermal cycler from BIO-RAD (Hercules, CA, USA), with the CFX96™ Real-Time
System. Results of both qPCRs were recorded as genome copies per pL.

To detect ASFV in serum, blood and tissue samples a hemadsorption test (HAT) was
performed using PBMC-derived macrophages according to slightly modified standard procedures [56].
The samples were tested in quadruplicate.

4.4.7. Statistical Analysis

GraphPad Prism 8 (Graphpad Software Inc., San Diego, CA, USA) was used for statistical analyses
and graph creation. Statistically significant differences were investigated by multiple t-tests with
Holm-Sidak’s correction for multiple comparisons. Statistical significance was defined as p < 0.05 and
indicated with an asterisk (*).

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/8/662/s1,
Figure S1: Gating strategy for the identification of infected myeloid cells by flow cytometry., Table S1: Temperature
profiles of control and infected domestic pigs from 0 to 10 dpi.
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Results and Discussion

4 RESULTS AND DISCUSSION

During Infection, Time Is Everything

Viral infections are fought by two distinct but cooperating arms of the host’s immune system.
The innate system identifies conserved pathogen structures by innate receptors, in a process
that allows for rapid detection and responses. Thereby, it impairs viral spread, but does not
achieve viral clearance in every case. Adaptive immune responses use clonally distributed
receptors with high diversity to detect individual structures on pathogens, and thus, protect the
host substantially more targeted. However, these responses need days to weeks to fully unfold.
Viruses, on the other hand, are fast growing and spread easily between host cells. Time,
therefore, is a vital good in viral infections. Conventional adaptive responses against viral
infections were analyzed in papers II-IV, whereby pigs were investigated as biomedical models
for human TAV infections (paper II) and as natural hosts for ASFV infections (paper III-V).
To effectively protect the host during infections with fast acting pathogens, several fast reacting
lymphocyte populations evolved that close the gap between the two arms. One of these bridging
populations is iNKT cells, which remained rather enigmatic in pigs yet. Their characteristics

were investigated in paper L.

Porcine iNKT cells in steady state and viral infection (Paper )

Porcine iNKT cells have been identified several years ago but expression of surface markers,
functional capacities and involvement in host defense have not been thoroughly investigated.
In contrast, the pivotal roles of INKT-cell responses during infections in humans and mice have
been described long ago [153]. Therefore, the first major task of this thesis was to characterize

porcine iNKT cells in greater detail.

The widespread detection system to investigate iNKT cells is antigen-loaded CD1d tetramers,
commonly used in humans and mice [168, 177, 178] but also in pigs [191-195]. Fluorochrome-
labelled CD1d tetramers allow the implementation of multicolor flow cytometry for the
investigation of rare cells like iNKT cells, which enables researchers to analyze high cell
numbers in order to accumulate a reasonable number of cells of interest. In paper I, we
characterized porcine iNKT cells by multicolor flow cytometry. The most accessible sample is
peripheral blood, which was used as the first tissue in the investigations. A major advantage of
our newly established protocol is that the cells did not need to be cultivated prior to analysis.

Human or murine iNKT cells are often expanded in vitro before they are further investigated.
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Porcine iNKT cells in steady state and viral infection (Paper I)

However, this may change their phenotype and functional properties [171, 237], whereas our

analysis of freshly isolated authentic iNKT cells produces less biased results.

The mean frequency of peripheral iNKT cells in naive domestic pigs was 0.5%, mirroring the
frequency in both human [237] and murine [238] blood. Peripheral iNKT cells displayed a
mostly CD8a* or DN phenotype with a minor DP subset but no distinct CD4* population. This
was in accordance with results from other groups [201, 203] and was also similar to human but
contrary to murine iNKT cells [171]. Porcine CD8a" iNKT cells have previously been shown to
be the main IFNy producer among iNKT cells after in vitro activation [201]. Moreover, CD8a
is also upregulated on y8 T cells [119, 122] and CD4" aff T cells during activation and
differentiation [191]. Earlier studies described porcine iNKT cells as CD4/CD8a* or DN [201,
203], which has been discussed as a substantial difference to human iNKT cells [196]. However,
we could show that porcine iNKT cells express CD4, but only when stimulated. This was
underlined by the fact that activated (CD4/CD8a* and CD4'/CD8a*) porcine iNKT cells
expressed higher levels of classical activation markers, i.e., CD25, ICOS, and MHC I1. Thus, we
proposed expression of CD8a and, even more, CD4 as a marker for activation of porcine iNKT
cells. This also disproves the assumption that porcine and human iNKT cells differ significantly
in this instance and instead indicates central similarities. Given the importance of co-receptor
expression for activation and effector functions, the predominant expression of CD8a might be

of even greater significance.

One of the key characteristics of innate T cells, such as iNKT cells, is their effector and memory
phenotype after exiting the thymus without need for further activation or antigen contact [169,
239, 240]. We were able to show that peripheral porcine iNKT cells display an antigen-
experienced phenotype, evidenced by lack of CD45RA expression. CD45RA is a splice variant
of the CD45 gene with high molecular weight expressed on naive cells. Splice variants with
lower molecular weight (and thus, loss of CD45RA expression) are expressed after antigen
contact and on memory T cells [241]. In line with this, we showed significantly higher
frequencies of cells expressing markers generally associated with activation, i.e., CD5 [242],
CD25 (IL-2Ra [243]), ICOS [244], and MHC II [245] among porcine iNKT cells in comparison
to cTC. This demonstrated that porcine iNKT cells have a pre-activated phenotype in peripheral
blood in healthy individuals, analogous to iNKT cells in other species [169, 239, 240].

Activation and effector functions of murine cTC are regulated by ICOS, especially during the
induction of humoral responses [244]. ICOS expression in murine iNKT cells is also regulated
by the central iNKT-cell transcription factor PLZF [246], is pivotal for their homeostasis and
peripheral survival [247], and is a major co-stimulator for activation [248]. Our data indicate a
central role of ICOS for porcine iNKT cells as well. Not only did virtually all iNKT cells express

ICOS, its expression level further increased upon antigenic activation in iNKT cells but not cTC.
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ICOS expression is also a hallmark of cells vital for the induction and maturation of humoral
responses, Tru cells [113]. Moreover, it has been shown that B cells express the iNKT-cell ligand
CD1d, and interactions of B cells with iNKT cells are sufficient to induce antibody production
and maturation even in the absence of classical Th cells [249]. iNKT cells with a similar
phenotype as Ten cells, termed iNKTey cells, have been found in mice and they also shape
humoral responses in a Tru-like manner [250]. A recent study provided similar evidence for
porcine iNKT cells: Renu ef al. found that addition of aGC, and thus activation of iNKT cells,
to an intranasally administered, inactivated IAV vaccine induced B-cell activation and
improved mucosal antibody levels [195]. This indicates that iNKTsu cells are also present in
pigs. Given that the most efficient B-cell helpers in humans are CD4" iNKT cells [251], the
possibility of B-cell help by porcine iNKT cells is further supported by the upregulation of CD4
and MHC II on iNKT cells upon antigenic activation that we demonstrated, because activated
CD4'/MHCII* iNKT cells in pigs might provide T-cell help even in the absence of cTC.
However, the molecular mechanisms how porcine iNKT cells also provide B-cell help and shape

humoral responses need to be investigated in further studies.

Another important protein found on the surface of porcine iNKT cells is MHC II, which is
typically limited to APCs. However, T cells from many species, including humans, dogs, cattle,
and rats, but not mice, are able to synthesize MHC II, especially after activation [245]. Porcine
T cells are also known to express MHC 1I [9], especially when they acquire memory status [252]
or differentiate after antigen contact [253]. Expression of MHC II is functionally intertwined
with expression of CD4. Blocking CD4 with mAbs decreased the amount of IFNy and IL-4
produced by activated human iNKT cells, also in the absence of MHC II* APC [254]. Therefore,
CD4*/MHC II* iNKT cells regulate activation by interaction of CD4 and MHC II on different
iNKT cells in trans [254]. These results further indicate striking similarities between porcine

and human iNKT cells and demonstrate the advantage of pigs over mice as biomedical models.

Similarities to other species were also found based on the expression analysis of PLZF and
lineage-specific transcription factors. Investigation of naive porcine iNKT cells revealed three
subpopulations in peripheral blood: PLZF*/T-bet* iNKT1, PLZF"/T-bet” iNKT2, and a minor
fraction of PLZF*/T-bet" cells, termed non-iNKT1/2. These subsets were partially similar to
murine ones [161], indicating that iNKT cells have conserved developmental and functional
pathways. However, as of now it is not possible to further distinguish these subsets because
additional mAbs are not yet available for pigs. Proper differentiation was verified in stimulation
experiments with aGC, a known potent inducer of iNKT1 responses [255]. Upon stimulation,
the majority of porcine iNKT cells differentiated into T-bet*/ICOS*/perforin® cells and
produced IFNYy, all indicative of a Th1-biased activation [247, 248].
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Porcine iNKT cells in steady state and viral infection (Paper I)

In paper I, we also presented a first insight into the kinetics of porcine iNKT cells during viral
infections in vivo. We found elevated iNKT-cell frequencies in blood, BAL, lung, and spleen,
and a significant increase in lung LN 4 and 7 dpi during subclinical IAV infection. In pigs with
severe ASF after infection with highly virulent ASFV “Armenia2008”, iNKT-cell frequencies
increased significantly in blood, liver, lung, and liver LN 5 dpi. We did not find changes in
iNKT-cell frequencies but signs of iNKT-cell activation in corresponding tissues during
infection with moderately virulent ASFV “Estonia2014” (paper IV). Significant changes in
iNKT-cell frequencies and upregulation of activation markers suggest that iNKT cells take part
in antiviral immunity during IAV and ASFV infections. The in vivo responses were generally
less pronounced than those found in in vitro studies. This is caused by different potencies of the
stimulants. Experimental activation induced by aGC is more potent than by natural ligands or
cytokines [161], as aGC has high affinity to the iNKT-cell TCR and a long half-life [255].
However, neither IAV nor ASFV are known to produce any glycolipids, indicating that TCR-
driven activation does not take place during these infections. This leaves cytokines or
endogenous glycolipids as inducers of iNKT-cell activation instead of pathogen-derived
antigens [188]. An expansion of iNKT cells has also been shown in IAV-infected mice and
humans [222, 256], and among human PBMCs stimulated with viral TLR ligands or UV-
inactivated HHV-1 [257]. The authors concluded that detection of viral danger signals induced
expression of type I IFNs, resulting in iNKT-cell activation [257]. Type I IFNs were detected in
pigs during infection with IAV [258, 259] as well as ASFV [260, 261]. Therefore, an activating
milieu is probably present in infected pigs. In vitro, we were only able to induce significant levels
of activation with IAV but not ASFV. This can be explained by the experimental setup. We
infected CD172* monocytes and used the supernatant to stimulate freshly isolated PBMCs. At
least during infection with ASFV, DCs are considered the main producers of type I IFNs [260],
which explains the lack of activation with ASFV-primed supernatant. Therefore, it can be
hypothesized that activation of porcine iNKT cells during viral infections is driven by cytokines,

presumably type I IFNs. This needs further in vivo verification.

In summary, in paper I we provided a detailed characterization of porcine iNKT cells at steady-
state and during viral infections. Peripheral porcine iNKT cells primarily expressed CD8a but
not CD4 on their surface and exhibited an antigen-experienced memory phenotype. They were
divided into three functional subsets by differential expression analysis of PLZF and T-bet.
Antigenic activation resulted in significant proliferation, differentiation into a Th1-like state,
and induced expression of effector proteins, i.e., perforin and IFNy. Finally, we demonstrated
in vivo and in vitro response kinetics during infections with IAV and ASFV. These results
provided the most detailed insight into porcine iNKT cells yet and also evidence of considerable

homologies between human and porcine, and to a lesser extent murine, iNKT cells.
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Pigs as biomedical models for infectious diseases (Paper Il)

IAV infections remain a significant threat not only to human but also porcine populations and
are thought to pave the way for secondary, often fatal, bacterial infections, especially in
vulnerable populations, like the elderly or immunocompromised patients [262]. These co-
infections come with increased morbidity and lethality, especially in pandemic influenza [263].
IAV facilitate secondary infections in different ways. Induced type I IFN expression impairs
antibacterial responses in general [264] and T-cell responses in particular [265]. Additionally,
bacterial receptors are increasingly expressed during and after IAV infections or become more
accessible, especially in the lower respiratory tract [266]. Both pigs and humans are susceptible
for IAV but also for related potential elicitors of secondary infections, e.g., Streptococcus suis
and Streptococcus pneumoniae, respectively. Moreover, pigs and humans are equally affected by
these bactoviral coinfections [267, 268]. Besides, physiologic similarities between humans and
pigs allow for investigations of experimental porcine infections with human pathogens, e.g.,

Streptococcus pneumoniae [269].

However, in order to understand co-infections, we need basic data about monocausal infections
because ongoing T-cell responses are still largely not understood. Various immune cells
contributing to antiviral responses have been identified in previous investigations, but
translation of results from murine studies to human patients remains challenging [270]. Thus,
the use of a new biomedical model, the pig, has been suggested [262]. In paper II, we
investigated porcine immune responses against HIN1pdmo09 infection along the route of entry
and in disease-affected tissue. Since studies of the immune response against IAV infections in
pigs have been done before [212-219], we used a new experimental approach. First, we
compared local responses in individual pigs dissected at specific days after infection. Second,
we investigated the systemic response in a separate group, where the same animals were tested

repeatedly, in order to describe individual lymphocyte kinetics.

Infected pigs in our study showed no clinical signs of disease. IAV infections often cause rather
mild clinical signs in pigs, which has also been shown for infections with HIN1pdm09 [219,
271, 272]. This is consistent with studies showing no elevated levels of pro-inflammatory
cytokines in BAL fluid of pigs after infection with HIN1pdm09 [273, 274]. Human IAV
infections vary considerably, probably because the heterogeneity in the human population,
regarding age, infectious dose, and infecting strains, is significantly higher than in experimental
infections of pigs. However, consistent with our findings, studies estimated that a major
proportion of human IAV infections are also asymptomatic [275]. IAV antigen was largely
restricted to the nose and lungs, and to a lesser extent to the trachea of infected pigs and was
only detectable until 7 dpi. Distribution and replication sites of IAV in humans, as well as their

contribution to viral dissemination and infectivity, are not well understood. Recent studies in
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primary human cell cultures and another model species, ferrets, indicate the nasal epithelium

as the major source of viral transmission [276], which is in line with our findings.

On a systemic level, we detected a mild lymphopenia, which was driven by af T cells, yo T cells,
and B cells and lasted until 7 dpi. Lymphopenia is a common symptom of human AV
infections [277-279], and has even been proposed as a possible screening tool for patients [280,
281]. Neutrophilia, increased numbers of neutrophils, are often found in humans [277], but
were not observed in our study. However, we detected an increase of CD14* granulocytes, which
is indicative of granulocyte activation [282]. Moreover, we found proliferating cells among DP
ap T cells, CD8a" af T cells, and activated yd T cells. Proliferation was more pronounced after
the first infection. This is also comparable to human IAV infections [283]. Together, these
systemic findings correlated well with human IAV infections, especially given the fact that the
exact time of infection in humans is usually unknown and thus, changes are difficult to attribute

to a certain period after infection.

Locally, we detected an influx of af T cells, especially in nose and BAL 4 to 7 dpi. The overall
response was heavily dominated by CD8aa* aff T cells, which were the predominant subset in
nose, BAL, and lung. In lung LN, the distribution even reversed from CD8af* to CD8aa" 4 to
7 dpi. Both subsets displayed increased perforin expression 4 dpi in all tissues but most
prominent in the nose, indicative of an ongoing cytotoxic response. yd T cells were considerably
less frequent than af T cells in the investigated tissues, but still displayed an activated phenotype
and increased perforin expression, especially in the nose. Responses after the second infection
were generally similar but less pronounced. Since we found a rapid influx of cytotoxic effector
cells at the site of viral entry, it can be assumed that the proliferating lymphocytes detected
systemically migrated to the sites of inflammation. This is supported by data from human
infections, where proliferating cells in the peripheral blood have been shown to exert cytotoxic
properties [283]. Although significantly more frequent in porcine than in human blood, yd T-
cell frequencies in the lungs of both species are comparable [284]. Moreover, cytotoxic

responses were also found in human y8 T cells during in vitro IAV experiments [285, 286].

Increased CD8aa expression is suggestive of regulatory responses [94, 287]. CD8aa" T cells
emerge from CD8ap* T cells that downregulated the CD8 -chain, which results in reduced
activation [93, 288]. Therefore, we hypothesize that IAV infection in pigs induces broad
cytotoxic and inhibitory T-cell responses at the local level in parallel. This effectively clears the
infection while maintaining tissue integrity and without excessive tissue damage. Of note, the
local immune responses found in our study correlate well with the postulated predominant IAV
distribution in the upper respiratory tract, i.e., nasal epithelium [276]. Distinct cytotoxic
immune responses in the nose suggest that it is the primary site of IAV replication in pigs as

well. Future studies should investigate whether IAV transmission in pigs is also largely

._.
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Results and Discussion

dependent on replication in the nose, to further corroborate the findings in a human-like

model.

In conclusion, in paper IT we demonstrated substantial similarities between human and porcine
infections with HIN1pdm09. Viral antigen and inflammation were limited to nose, trachea, and
lung. Although we found systemic lymphocyte proliferation, cytotoxic responses exerted by
CD8aa" af3 T cells and activated yd T cells were restricted to the route of viral entry. These
responses efficiently cleared both the first and second infection, whereby responses after the
second infection were less pronounced. These results closely mirror characteristics of human
IAV infections. Therefore, pigs, as new biomedical models, offer a promising way to understand

pathogenic processes and immune responses during IAV infection.

Pigs as natural hosts for viral infections (Paper I1I-V)

In the last part of the presented thesis, we investigated porcine T-cell responses during ASFV
infections for which pigs are the only known natural hosts. Since ASFV was introduced from
its sub-Saharan African origin into numerous European and Asian countries, it caused
outbreaks with many million fatalities. The immune response in susceptible species is far from
understood and thus, vaccines are not available. Therefore, we investigated porcine T-cell
responses against highly and moderately virulent ASFV strains, “Armenia2008” (paper III) and
“Estonia2014” (paper IV), respectively, to gain insights into the immune processes involved in
anti-ASFV responses. Besides domestic pigs, wild boar are also susceptible to ASFV infection
and contribute to viral spread in Europe and Asia [61-63]. Therefore, we opted for an
experimental approach in which not only the two virus strains but also the two hosts were
examined. Moreover, we applied a combined analysis platform of clinical, histopathological,
immunological, and electron microscopical investigation techniques to compare “Estonia2014”

infections in both subspecies (paper V).

The importance of CD8a* lymphocytes for protective immunity against ASFV infection has
been shown previously by Oura et al. [227]. A strong CD8a-biased response was also found in
our studies, but with different qualities. During infection with highly virulent “Armenia2008”,
the response in domestic pigs was dominated by DP aff T cells, while infection with moderately
virulent “Estonia2014” induced a response of CD8a* and DP af T cells. In contrast, we found
a strong bias towards yd T cells in wild boar during both infections. yd T cells in wild boar
differentiated into CD2*/CD8a* effector cells, while there was no response of y§ T cells in
domestic pigs. With these results, our studies give a first evidence-based indication, which
CD8a* T-cell population is responsible for the antiviral effects: In domestic pigs, antiviral effects

seem to be orchestrated mainly by CD8a* and DP aff T cells, while wild boar have a response
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dominated by yd T cells. This is particularly interesting because a previous study found a
positive correlation between yd T-cell frequencies and survival of ASFV infection in a rather
small sample of domestic pigs [236]. Our results challenge this correlation because wild boar
had higher disease severity and lethality although they had higher yd T-cell frequencies [80].
Porcine yd T cells, especially when differentiated into CD8a" effector cells, exert mainly pro-
inflammatory functions [289], which might explain the more severe disease progression in wild
boar. These findings correlated with increased Kupffer cell degeneration in the liver of infected
wild boar in a comparative pathological analysis in paper V. Besides, there were only minor
differences between domestic pigs and wild boar on a histopathological level. Domestic pigs
showed higher and prolonged inflammation in the lung, while wild boar demonstrated more
severe degeneration of Kupffer cells in the liver. However, there were no differences in the viral

loads in investigated tissues.

The specific antiviral mechanisms remain to be elucidated. It is unknown whether the bias
towards y8 T cells is a general immune characteristic of wild boar or if it is specific for viral or
even ASFV infections. Although domestic pigs and Eurasian wild boar have high genetic
consensus [290], little is known about potential differences at steady state or in response to
infections. Wild boar are used as a model species for infections with members of the
Mycobacterium tuberculosis complex [291-293] and Classical Swine Fever Virus [294].
However, these studies usually focus on expression analysis of immune-related genes [295, 296]
or survival of vaccinated animals after challenge infection [291, 292]. Leukocytes are rarely
mostly superficially analyzed, e.g., for the CD4/CD8a ratio [292]. Our data, therefore, give a
first broad insight into composition and functional aspects of the wild boar immune system.
However, even this comparison is hampered by the fact that wild boar and domestic pigs in our
studies were not age matched. Nevertheless, comparative studies of wild and laboratory mice
suggest that there are major differences to be expected. Wild mice were found to have
significantly higher frequencies of effector and effector memory T cells, which also secreted
significantly more IFNy and IL-4 [297]. Their higher immune heterogeneity and variability at
the genetic level make wild mice more comparable to humans [6]. Similar findings can be
expected if domestic pigs and wild boar were compared, but this has yet not been done

systematically.

One surprising, reproducible finding was a near-complete loss of the cytotoxic effector
molecule perforin in cytotoxic T-cell subsets in both studies and both suids. The loss was most
pronounced in domestic pigs and during highly virulent “Armenia2008” infection. Cytotoxic
molecules like perforin or FasL are usually induced in T cells in pro-inflaimmatory
environments to directly lyse target cells or induce apoptosis [104]. Several mechanisms behind

the observed loss of perforin are possible. Lysis by perforin might be switched to Fas/FasL-
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mediated induction of apoptosis during ongoing immune responses, which is accompanied by
a loss of perforin even on mRNA level [298]. ASFV strains are known to express functional viral
homologues of the anti-apoptotic protein Bcl-2 [299, 300], which preferentially inhibits
perforin-mediated lysis [301]. A switch to FasL-mediated killing would circumvent this viral
immune evasion and also explain the loss of perforin. Since perforin levels and clinical scores
were lower in domestic pigs, it can be hypothesized that they shifted their cytotoxic response,
eventually leading to viral clearance. Wild boar, on the other hand, had higher remaining
perforin levels, which might be efficiently counteracted by ASFV, ultimately leading to impaired
viral clearance, higher clinical scores, and increased fatalities. This is also in line with more
severe liver damage in ASFV-infected wild boar [302], as perforin inhibition is tissue-protective
during viral hepatitis [303]. Another possible explanation concerns the mAb clone, dG9, which
only detects vesicle-associated perforin [304]. If newly synthesized perforin is not detected, this
indicates a pronounced cytotoxic response especially in domestic pigs and to a lesser extent in
wild boar. Since domestic pigs survive infection with moderately virulent “Estonia2014”, a
strong cytotoxic response seems beneficial, while the lower response in wild boar renders them
vulnerable to ASF. This might also explain why wild boar succumb even to the moderately
virulent ASFV infection [80]. Cytotoxic responses can also be inhibited by TGFp secreted by
Tregs, which we found in infections with highly and moderately virulent ASFV [305]. Finally,
loss of effector molecules could be explained by T-cell exhaustion. T-cell exhaustion is usually
found in chronic infections but has also been shown during acute infections. High antigen loads
in infected tissue and continuous TCR activation lead to exhausted T cells, which loose effector
functions [306]. However, the mechanistic background of the observed loss of perforin has to

be elucidated in future studies.

Moreover, we revealed CD8a* iNKT cells as the principal subpopulation during steady state
and further induced expression of CD8a* on iNKT cells during activation in paper I. In the
study by Oura et al., iNKT cells were therefore also depleted. Expansion of T cells with an innate
phenotype after in vitro stimulation of porcine PBMCs with ASFV indicated a role for iNKT-
cell responses [107]. Although the actual iNKT-cell phenotype differs from the described one,
our results also suggest a contribution of iNKT cells to anti-ASFV immunity. Besides the in vivo
kinetics in paper I, we also described activated iNKT cells in blood, spleen, and ghLN during
infection with moderately virulent ASFV in paper IV. We found higher frequencies of iNKT
cells positive for ICOS, demonstrating highly activated cells [244, 248]. Our findings in paper I
suggest a differentiation into antiviral iNKT1 cells. ICOS expression might also indicate Tru-
like responses, which induce humoral responses and, eventually, production of antibodies
[113]. In line with this assumption, ICOS* iNKT cells were mainly found 7 to 10 dpi in spleen

and LN of infected pigs, at an appropriate time and in tissues known for the presence of
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antibody-producing B cells [84, 102]. However, functional details have to be elucidated in future

studies.

In summary, in papers III and IV we presented the first temporospatial description of T-cell
responses against highly and moderately virulent ASFV infections in domestic pigs and wild
boar. Domestic pigs displayed T-cell responses dominated by CD8a* and DP af T cells during
moderately and highly virulent ASFV infections, respectively. Wild boar, on the other hand,
mounted a distinct y0 T-cell response. The implications remain unknown as of yet. Paper V
correlated histopathological findings with immunological analyses during moderately virulent
ASFV infection.




Summary and Outlook

5 SUMMARY AND OUTLOOK

Viral diseases are a threat to bacteria and enormous animals alike. Vaccines are available against
several viruses. However, for some viruses, like ASFV, we still lack vaccines, while for others,
like TAV, they are not as effective as we need them to be. To a large extent, this is because we do
not fully understand the mechanisms conferring antiviral immunity. To improve our
understanding of antiviral immunity, we used a model species that is in many immunological
aspects closer to humans than the widely used laboratory mice, pigs. In this thesis, pigs were
investigated as a potential biomedical model species for viral respiratory infections in humans
and as a natural host for viral infections. Both approaches provide valuable insights into aspects
of porcine immunology that can either be used as the foundation for translational research or

for the design of targeted therapeutics and vaccines for pigs.

Insights into fundamental characteristics of the porcine immune system form the basis for
translational studies. Paper I pioneered a detailed characterization of porcine iNKT cells. To
make pigs and porcine iNKT cells more available for scientific investigations, we established
multicolor flow cytometry analysis platforms that allow for a more detailed investigation of
these cells than previously possible. We found porcine iNKT cells circulating in peripheral
blood to be a rare population among CD3* lymphocytes that displays a pre-activated effector
state and can be divided into at least three functional subsets. Upon antigenic activation, they
proliferated rapidly, secreted pro-inflammatory cytokines, and exerted cytotoxicity. Moreover,
we provided first evidence for a role of iNKT cells in porcine IAV and ASFV infections, which
we investigated in more detail in paper IV. Central characteristics, i.e., phenotype and
functional properties, exhibit a high degree of similarity between humans and pigs. Moreover,
differences between human and murine iNKT cells are more pronounced than between humans

and pigs.

Based on the results obtained in paper II, the established biomedical model could be used for
further studies of infectious respiratory diseases. IAV infections pave the way for secondary co-
infections with increased morbidity and lethality. These bactoviral co-infections are a threat to
both pigs and humans. The shared susceptibility as well as homologies on the physiological and
immunological level make pigs exceptionally suitable animal models for studies of these
infections. Paper I and II can also be interpreted under translational aspects. Activation of
iNKT cells in porcine vaccination studies showed promising results. Based on these and our
findings, this might be a suitable approach for humans as well. Along with other studies, our
results suggest that pigs might be a well-suited large animal model for research in infectious

diseases. This is true especially for respiratory infections, such as seasonal IAV infections, for
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which pigs are natural hosts and contribute to viral spread and emergence as “mixing vessels”,
which can result in pandemic strains like HIN1pdm09. We could show that porcine iNKT cells
as well as the antiviral responses of cTC against HIN1pdmO09 in pigs are comparable to human
cells and processes. The increased implementation of pigs in basic and applied research might

enable an improved translation of scientific knowledge to human and veterinary medicine.

In two further studies, papers III and IV, we investigated T-cell responses during a viral
infection, ASF, for which pigs are the only natural hosts. Immune responses were similar after
highly and moderately virulent ASFV infection in domestic pigs and wild boar, respectively.
However, they differed between both species. Antiviral immunity in domestic pigs was
predominantly exerted by af T cells, CD8a* and DP af T cells, while the response in wild boar
was dominated by yd T cells, mainly CD8a" effector cells. Since wild boar show a higher disease
severity and lethality, even during infection with moderately virulent ASFV “Estonia2014”, a
shift to yd T cells seems to be detrimental. In contrast, domestic pigs survive infections with
moderately virulent ASFV “Estonia2014”, which indicates that CD8a* or DP af T cells confer
protection at least in infections with non-highly virulent ASFV strains. Interestingly, in paper V
we found higher and prolonged inflammation in domestic pigs, correlating with increased T-
cell influx. However, histopathological analyses revealed no direct explanation for the
differences in disease progression and lethality in domestic pigs and wild boar. These findings

require further studies to elucidate the underlying mechanisms.

The lack of basic data about immunological differences between domestic pigs and wild boar
hampers attempts to understand immunity against ASFV. We found differences between both
suid subspecies already at steady state and even more prominent during ASFV infections in
papers III-V. Most apparently, T-cell responses in wild boar were heavily biased towards yd T
cells, while immune responses in domestic pigs were based on af3 T cells. However, information
about even basic characteristics, like the composition, phenotypes, and functional qualities of
wild boar’s immune system, is missing. Therefore, essential baseline data must be obtained in

order to adequately assess changes in future studies.

Analyses like these reveal major advantages of pigs as a biomedical model. On the one hand,
similar to conventional model species, researchers can investigate every tissue at any desired
time. Tissue from human patients is often scarce or not at all available, so models that can be
investigated at specific times after infection are needed. On the other hand, results obtained in
pigs are more comparable to humans than data from murine studies. Moreover, pigs are
susceptible to similar pathogens as humans and experimental infections can be investigated
without the need for major genetic manipulations. However, there are also limitations of the
porcine model system. Analysis tools are not as advanced as they are for mice, especially in

terms of availability of mAbs or genetically modified organisms. Still, given the major

161



Summary and Outlook

advantages that become more and more obvious, efforts should be made to make pigs more
applicable for basic and translational research. In addition, findings derived from pigs can be
used for the species itself. Pigs are a major livestock species and new treatments, or vaccines
could also be used for them. Therefore, this research could eventually also improve animal

welfare.

In summary, the presented thesis significantly enhanced our knowledge of porcine immune
processes for cTC in general and iNKT cells in particular. Results were obtained both at steady
state and in the context of IAV and ASFV infections, and thus, made pigs more available as a
model for future research. The use of multicolor flow cytometry provided a broad overview of
the ongoing immune reactions and enables further, more wide-ranging studies that can also

address open questions in even more complex infection scenarios.
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