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Abstract

The adhesion and degranulation-promoting adaptor protein (ADAP) serves as a
multifunctional scaffold and is involved in the formation of immune signaling complexes. To
date only limited and moreover conflicting data exist regarding the role of ADAP in innate
immune cells and its contribution in antibacterial immunity during in vivo infection remains
largely elusive.

The first part of this thesis extends existing knowledge on the role of ADAP in NK cells to in
vivo infection with the intracellular pathogen Listeria monocytogenes (Lm). Ex vivo analysis
of infection-primed NK cells revealed impaired cytotoxic capacity in NK cells lacking ADAP
(ADAPko), indicated by reduced CD107a surface expression and inefficient perforin
production. However, ADAP-deficiency had no global effect on NK cell morphology or
intracellular distribution of CD107a-containing vesicles. Proteomic definition of ADAPko and
wild type NK cells did not uncover obvious differences in protein composition during the
steady state and similar early response patterns were induced in NK cells upon infection
independent of genotype. In line with protein network analyses that suggested an altered
migration phenotype in naive ADAPko NK cells, in vitro migration assays uncovered
significantly reduced migration of both naive as well as infection-primed ADAPko NK cells
compared to wild type NK cells. In conclusion, during systemic Lm infection in mice ADAP
is essential for efficient cytotoxic capacity and migration of NK cells.

The second part of the thesis builds on previous, so far unpublished data from our group
showing that ADAPKo mice are highly susceptible to infection with Lm. Enhanced
immunopathology in infected tissues and an overall increased morbidity and mortality was
associated with an excessive infiltration of neutrophils and inflammatory monocytes. Despite
high phagocyte numbers in spleen and liver, ADAPko mice only inefficiently controlled
pathogen growth hinting at a functional impairment of infection-primed phagocytes. Indeed,
flow cytometric analysis of hallmark pro-inflammatory mediators and whole genome
transcriptional profiling of neutrophils and inflammatory monocytes uncovered broad
molecular alterations in the inflammatory program following their activation in the ADAP-
deficient host. Strikingly, ex vivo phagocytosis assay revealed impaired phagocytic capacity of
neutrophils derived from Lm-infected ADAPKo mice. Together these data suggest that an
alternative priming of phagocytes in ADAP-deficient mice during Lm infection induces
marked alterations in the inflammatory profile of phagocytes that contributes to enhanced
immunopathology while at the same time limits their capacity to eliminate the pathogen and to
prevent the fatal outcome of the infection.
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Zusammenfassung

Das Adapterprotein ADAP (adhesion and degranulation-promoting adapter protein) ist als
multifunktionales Protein an der Bildung von Immunsignalkomplexen beteiligt. Bis heute
existieren nur begrenzte und dartber hinaus widerspriichliche Daten bezlglich der Rolle von
ADAP in Zellen des angeborenen Immunsystems und dessen Beitrag zur antibakteriellen
Immunitat wahrend einer in vivo Infektion bleibt weitgehend unklar.

Der erste Teil dieser Dissertation erweitert das vorhandene Wissen bezuglich der Rolle von
ADAP in NK-Zellen durch Nutzung eines in vivo Infektionsmodells mit dem intrazelluléren
Pathogen Listeria monocytogenes (Lm). Ex vivo Analysen von ADAP-defizienten (ADAPko)
NK-Zellen, die im Rahmen der Lm Infektion in vivo aktiviert wurden, ergaben eine
verminderte zytotoxische Funktion, welches durch eine reduzierte CD107a-Oberflachen-
expression und eine ineffiziente Perforinproduktion angezeigt ist. Der Verlust von ADAP hatte
jedoch keine globalen Auswirkungen auf die NK-Zellmorphologie oder die intrazellulare
Verteilung von CD107a-haltigen Vesikeln. Proteomische Untersuchungen von ADAPko und
Wildtyp NK-Zellen ergaben keine offensichtlichen Unterschiede in der Proteinzusammen-
setzung. In Ubereinstimmung mit Proteinnetzwerkanalysen, die einen veranderten Migrations-
phénotyp in naiven ADAPko NK-Zellen nahelegten, zeigten vergleichende in vitro
Migrationstests eine signifikant reduzierte Migration sowohl von naiven als auch von
infektionsaktivierten ADAPko NK-Zellen. Zusammenfassend lasst sich aus diesen
Ergebnissen schlielen, dass ADAP im Verlauf einer systemischen Lm Infektion flr eine
effiziente zytotoxische Funktion und Migration von NK-Zellen essentiell ist.

Der zweite Teil der Dissertation baut auf friiheren, bislang unverdffentlichten Daten unserer
Arbeitsgruppe auf, die zeigen, dass ADAPko Méuse sehr anfallig fur Infektionen mit Lm sind.
Eine verstarkte Immunpathologie in infizierten Geweben und eine insgesamt erhohte
Morbiditat sowie Mortalitit waren mit einer tbermaRigen Infiltration von Neutrophilen und
Monozyten verbunden. Trotz hoher Anzahl an Phagozyten kontrollierten ADAPko Méuse das
Pathogenwachstum nur ineffizient, was auf eine funktionale Beeintrachtigung der Phagozyten
hindeutet. Tatséchlich zeigten durchflusszytometrische Analyse typischer pro-inflamma-
torischer Mediatoren sowie Transkriptiomanalysen von Neutrophilen und inflammatorischen
Monozyten molekulare Verdnderungen nach Aktivierung im ADAP-defizienten Wirt auf.
Bemerkenswerterweise ergab der ex vivo Phagozytosetest eine beeintrachtigte Phagozytose-
leistung von Neutrophilen, die von Lm-infizierten ADAPko-Mausen stammten.
Zusammengenommen legen diese Daten nahe, dass eine alternative Aktivierung von
Phagozyten in ADAP-defizienten Ma&usen wéhrend einer Lm Infektion deutliche
Verénderungen im Entziindungsprofil und der Funktionalitdt von Phagozyten induziert,
wodurch die Fahigkeit zur Eliminierung des Pathogens und somit zur Verhinderung des
todlichen Ausganges der Infektion eingeschrankt wird.
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Introduction

1 Introduction

We are constantly exposed to a plethora of different microorganism surrounding ourselves and
that we inhale, swallow or that are in close contact to our skin. Nevertheless, whether or not
these microbes cause infections and diseases depends on a complex interplay of the
microorganism and the antimicrobial defense mechanisms of the host. The immune system
represents a complex and interactive network of different cell types, tissues, lymphoid organs
and numerous cytokines as well as chemokines. Its fundamental role is to protect the host
against invading pathogens and immunological dysfunctions can result in severe infections.
The immune system can be largely divided into the unspecific innate and the specific adaptive
immunity. The former takes effects as soon as the invasion occurs. With this, it represents the
first line of defense against pathogens by limiting their entry into the host and at the same time
initiating antimicrobial defense by different cellular subsets and chemical substances. The
adaptive immune system can be further subdivided into humoral and cellular immunity. In
contrast to the innate immune response, the adaptive immune system requires more time to
take effect and operates in a pathogen-specific manner. This system is able to give rise to the
so-called immunological memory, which in case of a re-infection with the same pathogen
confers faster and more effective protection of the host.

In the case of infection, a multitude of signaling cascades within the innate and adaptive
immune system becomes activated. Adapter proteins mediate the coupling of transmembrane
receptors to intracellular signaling pathways. Hence, adaptor proteins are central players in
innate and adaptive immune activation and are involved in a number of cellular processes.
Cellular signaling cascades usually result in the activation and nuclear translocation of specific

transcription factors that regulate the expression of a specific set of target genes.

1.1 Adaptor proteins

The different signaling activities taking place in immune cells are dependent on adaptor
proteins. By definition, adaptor proteins do not have an enzymatic or transcriptional activity,
but they serve as scaffolds for molecular signaling complexes. They function by localizing or

de-localizing of proteins. Adapter proteins contain specialized protein-lipid as well as protein-
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protein interaction domains, which are necessary to bind to other parts of the cellular signaling

machinery!=.

1.1.1 ADAP - Adhesion and degranulation-promoting adaptor protein

The adhesion and degranulation-promoting adaptor protein (ADAP) was first described in
human as well as mouse T cells and belongs to the group of cytosolic adaptor proteins. ADAP
was discovered as an interaction partner for the T cell signaling proteins SH2-domain-
containing leukocyte protein of 76 kDa (SLP-76) and fibroblast yes-related non-receptor
kinase (Fyn)*°. The gene encoding for ADAP was identified independently by two different
research groups and published under the synonyms Fyn-binding protein (Fyb) and SH2-
domain-containing leukocyte protein of 76 kDa-associated phosphoprotein of 130 kDa (SLAP-
130)%7. Two isoforms of 120 and 130 kDa have been identified. The splice variants differ by
an insertion of 46 amino acids. ADAP is expressed in cells of the hematopoietic lineage,
including T cells®, natural killer (NK) cells®, platelets®, myeloid cells such as neutrophils and
monocytes as well as pre B cells, while mature splenic B cells lack ADAP, In T cells, the
adaptor protein is involved in intracellular signaling cascades leading to cell activation,
adhesion and motility as well as proliferation, migration and NF«B activation'*!2, ADAP was
the first adaptor protein identified to link T cell receptor- and chemokine-mediated signaling
to integrin activation. With this, ADAP is involved in inside-out signaling***2.

To understand the function of ADAP in different signaling pathways, its contribution to
different cellular functions as well as its overall impact on the immune system, a closer look at

the molecular structure of ADAP is required.

1.1.2 ADAP - Structure, domains and interaction partners

ADAP consists of numerous structural features that enable it to fulfill its function as a
molecular scaffold. No specific sequence information are described for to the first third of the
N-terminal half of the 120 kDa splice variant of ADAP. Nevertheless, in the middle third of
ADAP several proline-rich sequences are located (Figure 1). The immunologically important
interaction takes place through the binding of the Src kinase-associated phosphoprotein of 55
kDa (SKAP55 or SKAP1) and its homologue SKAP-HOM (SKAP2) to the Src Homology 3
(SH3) proline-rich sequence in ADAP"*15 Of note, SH3 domains represent adaptable

scaffolds by targeting proline-rich sequences inside of proteins®.
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Figure 11 Schematic representation of the structure of ADAP. The N-terminus of ADAP does not contain any
known structural elements except proline-rich sequences (Pro, colored in red) in the middle third. The C-
terminally located helical extended SH3 domains (hSH3) are colored in blue. The interaction partners and their
binding domains are shown above and below the schematic structure of ADAP. Interactions are furthermore
described with their marked tyrosine phosphorylated motif (tmp, colored in green). For the sake of simplicity,
potential binding partners and the sites of interaction are not depicted. Figure is not scaled. The scheme was
adapted from references >!617 and created with BioRender.com (2021).

In contrast to the N-terminal region of ADAP, hSH3 domains and several interaction partners
are known for the C-terminal region. Two unusual Src Homology 3 domains have been
described for ADAP®. Due to a tryptophan to lysine replacement, both the N-terminal hSH3N
as well as the C-terminal hSH3¢ domain, show no binding to proline-rich sequences, which is
typical for SH3 domains'#*8. Depending on the phosphorylation of the interaction partners,
they bind between the hSH3 domains to phosphotyrosin or to proline-rich motives with their
own Src homology 2 (SH2) sequences®*®.

ADAP has been identified as an interaction partner of Fyn, which binds at position 625-628
(YDGI; tyrosine-aspartate-glycine-isoleucine) via its SH2 domain. Moreover, Fyn
phosphorylates tyrosine of the YDDV (tyrosine-aspartate-aspartate-valine) motif at positions
595-598 and 651-654. These are subsequently bound by the SH2 domain of SLP-76. With this,
Y*%DDV and Y®!DDV are known to bind to SLP-76, whereas Y*®DDV has a dual function
and mediates as well the binding to a non-catalytic region of the tyrosine kinase adaptor protein
1 (Nck)"1%-2L, Between the two C-terminally located helically extended SH3 domains a binding
site for Ena/vasodilator-stimulated phosphoprotein (VASP) homology 1 (EVH1) is located
(Figure 1)%2. Proteins from the Ena/VASP family are important for the regulation of the cell

adhesion as well as the shape of the cell and migration by modulating the cytoskeleton?.
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Proteins from the before mentioned family are thought to bind to the proline-rich sequences in
ADAP through a EVH1 domain, together with SLP-76, Nck and Wiskott-Aldrich Syndrome
Protein (WASP)!%22, The functional interaction between Nck and ADAP enhances the actin
rearrangement by stabilizing the interaction between WASP and SLP-76%*. Of note, no changes
were observed regarding the F-actin in ADAP knockout mice!!,

Moreover, ADAP consists of a binding site for the interaction with the caspase recruitment
domain-containing membrane-associated guanylate kinase protein 1 (CARMAL) as well as
another binding site for the transforming growth factor beta (TGF-f)-activated protein kinase
1 (TAK1)'22%, Of note, 30 % of ADAP molecules are associated to this module, serving an
important role in the NF-xB activation (Figure 2). NF-xB is a central transcription factor for
the activation as well as the proliferation of T cells?®. Usually, NF-kB is retained inactive in

the cytoplasm by binding to its inhibitor IxB-a.

i

PKCS )

[ CARMA1/Bcl10/MALT1
( TRAF6 ) ADAP

degradation D '\\\-__—/////

Figure 2 | ADAP is involved in the NF-xB signaling pathway. TCR/CD28 co-stimulation CARMAL is
phosphorylated by the PKC6 and recruited to the plasma membrane. In turn, CARMAL binds Bcl10 and MALTY,
forming the CBM complex, which controls IKK mediated NF-«xB activation by promoting the activation of the
IKK complex. Within this complex, MALT1-bound TRAF6 is thought to mediate polyubiquitination of the
inhibitory y-subunit of IKK, leading to its degradation. TRAF6-mediated ubiquitination of IKKy may contribute
to IKK activation. ADAP has an essential role in stabilizing the CBM complex, but also recruits TAK1, a kinase
needed for the phosphorylation of IKKp and IKKYy, rendering this complex functional subsequently leading to the
release of NF-«B. The scheme was adapted from references 2”2 and created with BioRender.com (2021).

am embran
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A complex consisting of IkB kinase alpha (IKKa), IKKf and IKKYy, is needed to phosphorylate
IxBa. Upon co-stimulation of the T cell receptor (TCR)/CD28, CARMAL is phosphorylated
by the protein kinase C theta (PKC6) and recruited to the plasma membrane. Afterwards,
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CARMAL binds to the B-cell CLL-lymphoma 10 (Bcl10) and mucosa-associated lymphoid
tissue lymphoma translocation gene 1 (MALTL1), together forming the CARMA1/Bcl10/
MALT1 complex, which is necessary for TNF receptor associated factor 6 (TRAF®6)
mobilization. TRAF6 in combination with the CBM complex is necessary to polyubiquitinate
the inhibitory y-subunit of IKK, leading to its degradation and subsequent activation of the NF-
kB signaling pathway?’. ADAP has a central role in stabilizing the CBM complex, but also
recruits TAK1, a kinase needed for the phosphorylation of IKKp, rendering the IKK kinase
functional, subsequently leading to the release of NF-kB. The released NF-«xB translocates into
the nucleus and initiates transcription of target genes?>%. This clearly demonstrates that the
complex formation of a PKCO/CBM/TRAF6/ADAP/TAKL signalosome promotes the
activation of NF-«B.

Medeiros et al. suggested the existence of two ADAP “populations” that differ in terms of their
molecular function, with one having a regulatory effect on gene transcription by association
with the CBM complex and one playing a pivotal role in the activation of integrins together
with SKAP55'2, Furthermore Burbach et al. suggested a model in which cytoplasmic ADAP
can activate the transcription factor NF-xB via the CBM complex. A chimera from the
Pleckstrin homology (PH) domain of SKAP55 and the C-terminus of ADAP is generally
located on the plasma membrane and thus enables integrin activation. However, if this
molecular chimera is mutated within the SKAP55 PH domain, it is constitutively present in the
cytoplasm and activates the NF-xB signaling pathway?®. Thus, approximately 70 % of the
ADAP molecules are constitutively bound to SKAP55 while 100 % of the SKAP55 molecules
are associated with ADAP3L, SKAP55 was identified as a protein that interacts with the SH2
domain of the Src kinase Fyn and contains three known phosphorylation sites*. Of note, ADAP
is needed for the expression of the proteins SKAP55/SKAP-HOM?®?34 ADAP-deficiency
results in the absence of the SKAP55/SKAP-HOM dimer on the protein level, whereas mMRNA
level were not affected®. This indicates, that ADAP is needed for a stable expression of these
proteins®234,

T cells express a specific TCR, which consists of an a- and a f-chain. Because the cytoplasmic
ends of these chains are very short, the signal needs to be transmitted through the cytoplasmic
tails of the CD3 complex, containing immunoreceptor tyrosine-based activation motif
(ITAMs). After TCR activation, ITAMs are phosphorylated by different Src kinases such as
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lymphocyte kinase (Lck) and Fyn®®3" (Figure 3). Lck together with Fyn phosphorylates CD3
receptor molecule after TCR-CD3 stimulation.

Additionally, the {-associated protein 70 kDa (ZAP-70) kinase becomes phosphorylated and
activated by Lck. Furthermore, the ADAP/SKAP55 module as well as SLP-76 are recruited to
linker of activated T cells (LAT)®“°, whereas SLP-76 is phosphorylated after the recruitment
of ZAP-703%8:4041,

TCR-CD3 Chemokine
CD4/CD8 receptor ﬁLFA 1
%] TT “ TT l’ﬂ "h Plasm '1a mempy ran
= @"’ ZAPm Nl '/j Cytoplasma
- g Fyn| = —
’ = ( RAPL ) (_ Talin )

(‘skapss ) \Gade )
phosphotyrosin O / r B
binding — ADAP (stp76 )

unknown binding < - »

phosphorylation ._.¢

kinase

Figure 3 | The role of ADAP in the activation of integrins following TCR-CD3 complex or chemokine
receptor stimulation in T cells. Following TCR stimulation, the phosphorylation of LAT mediates the
recruitment of ADAP and SKAP55 to the membrane by Gads and SLP-76. SKAP55 interacts with RAPL and
RIAM. RAPL and RIAM bind active Rap1, and are directly or indirectly via Talin associated with the cytoplasmic
regions of the integrin ar- or Bo-chain (LFA-1). The ADAP/SKAP55 module forms two distinct complexes that
each exclusively interact with one of the chains of the integrin LFA-1. Together with RAPL/Rap1/Mstl it is
responsible for the interaction with the a.-chain, while in complex with the RIAM/Rap1/Mst1/Kindlin-3/Talin
ADAP/SKAPS55 binds to the B2-chain. This interaction leads to a change in the integrin structure, which leads to
its activation. For the chemokine receptor induced activation of the integrin the modules are basically the same,
nevertheless the direct interaction partners between the chemokine receptor and ADAP remain elusive to date.
The scheme was adapted from references 84042 and created with BioRender.com (2021).

The ADAP/SKAP55 module binds and interacts with the two Rapl proteins Rapl interacting
adaptor molecule (RIAM) and the regulator for cell adhesion and polarization enriched in
lymphoid tissues (RAPL)*>****. RIAM and RAPL associated with the cytoplasmic domains of
the integrin via Talin. RIAM interacts with Rapl, Mstl and Kindlin-3, which is important for
the binding and activation of CD18 (B2-integrin), the second subunit of lymphocyte function-
associated antigen-1 (LFA-1)*. Of note, these complexes that are involved in the activation of
integrin LFA-1 in response to chemokine ligation require the ADAP/SKAP55 module®.
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1.1.3 The role of ADAP in NK cells

NK cells develop in the bone marrow from the same common lymphoid precursor as T cells*®.
Furthermore, both cell types share hallmark features like effector cytokine secretion and
cytotoxicity. Due to the essential role of ADAP in T cells and the usage of comparable
signaling pathways in T cells and NK cells, Fostel et al. proposed a comparable requirement
for ADAP in the development and function of NK cells. In contrast to their expectation, ADAP-
deficiency in NK cells did not affect NK cell development and function, as well as cytotoxicity,
interferon-gamma (IFN-y) production, anti-tumor response, and LFA-1-dependent conjugate
formation with target cells®.

Using different experimental settings, May et al. showed that NK cell activation relies on
ADAP*" which is in direct contrast to the previously published data by Fostel and colleagues.
Based on in vitro activation using anti-Ly-49D they found that NK cells lacking ADAP showed
impaired IFN-y production and cytotoxicity as indicated by reduced, expression of the
degranulation marker CD107a*". Furthermore, they demonstrated that the proliferation of NK
cells was not affected by the ADAP-deficiency*’.

Shortly after the publications by Fostel et al. and May et al., Rajasekaran et al. discovered a
striking uncoupling of NK cell cytotoxicity and cytokine secretion that was dependent on
ADAP (Figure 4)*®°0 The authors used an experimental model system based on in vitro
stimulation of NK cells with CD137 and NKG2D in combination with a comprehensive
analysis of the underlying molecular signaling machinery utilized following NK cell activation.
They demonstrated that after in vitro NK cell stimulation with NKG2D or CD137 the adaptor
protein ADAP is associated to the CBM complex, the so-called signalosome. This ADAP-
CBM signalosome was crucial for the production of chemokines (CCL3, CCL4 and CCL5)
and cytokines (IFN-y and granulocyte-macrophage colony-stimulating factor; GM-CSF), but

strikingly not for the cytotoxicity of murine as well as human NK cells*®,
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Figure 4 | Proposed model for the induction of cytotoxicity in NK cells being independent of ADAP. The
signaling via the Lck — Fyn — ADAP — CARMAI1/Bcl10/MALT1/TAK]1 pathway that is required for the
production of inflammatory cytokines like IFN-y. Additionally, the pathway triggered by IL-12 and IL-18 can
lead to the secretion of IFN-y, independently of cytotoxicity. Selectively, also CD137 and NKG2D are able to
induce IFN-y transcription, leading to the IFN-y production via the ADAP-CBM complex. Signaling through the
Lck — Fyn — PI(3)K pathway mainly results in cell-mediated cytotoxicity. Lack of ADAP significantly reduces
pro-inflammatory cytokine production without affecting cell-mediated cytotoxicity. Due to the complexity, only
some of the key signaling elements are presented in this simplified model of NK cell-activation pathways. The
scheme was adapted from references “%2,

Taken together, current data regarding the role of ADAP in NK cells are conflicting. They
range from a crucial role of ADAP in both, pro-inflammatory cytokine production and
cytotoxicity*’, an uncoupling of cytokine production and cytotoxicity with only cytokine
production being dependent on ADAP* and the statement, that ADAP is entirely dispensable
for NK cell function®. While the above mentioned studies utilized different experimental
settings and NK cell stimulating ligands, they all have in common that ADAP-dependency of
principal NK cell functions was largely characterized either in primary or interleukin (IL)-2-

activated NK cells following in vitro stimulation of selected NK cell activating receptors.
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1.1.4 The role of ADAP in myeloid cells

To date, very limited data exist regarding the immunological functions of ADAP in myeloid
cells. Using an ischemia-reperfusion induced acute kidney injury (AKI) Block et al. were the
first who described a role of ADAP in neutrophil-mediated inflammation. They showed that
the interaction between SLP-76 and ADAP is involved for the activation of the integrin LFA-
1 on neutrophils and thus for their E-selectin-mediated slow rolling and extravasation into the
inflamed tissue. As a consequence, ADAP-dependent impaired rolling and adhesion of
neutrophils resulted in reduced susceptibility of ADAPko to AKI®?. In the same line,
conditional ADAP knockout mice lacking ADAP specifically in myeloid cells including
neutrophils and monocytes (ADAP™M x LysM-Cre"") developed a significantly milder course
of experimental autoimmune encephalitis (EAE), indicating that ADAP in myeloid cells
partially contributes to the pathogenesis of EAE®S,

Next to neutrophils, there is some experimental evidence for the role of ADAP in macrophages.
Alenghat et al showed, that the ADAP interaction partner SKAP-HOM is required for the
integrin-stimulated cytoskeletal rearrangement in macrophages and that phosphorylation of
ADAP is dependent on this molecule®. Moreover, Yang et al. recently showed, that ADAP
plays a crucial role in toll-like receptors (TLR)4-mediated macrophage polarization via
modulation of STAT3 activity®™. More specifically, bone marrow-derived macrophages
(BMDM) from ADAP-deficient mice displayed improved polarization towards an M1
macrophage phenotype and enhanced expression of pro-inflammatory cytokines while at the
same time the level of anti-inflammatory cytokines released by ADAPko BMDM in response
to lipopolysaccharide-induced TLR4 activation was decreased®®.

1.2 Listeria monocytogenes - an infection model

The bacterium Listeria monocytogenes (Lm) was first described in 1926 by Murray, Webb and
Swan®®. They isolated the gram-positive and facultative intracellular microorganism, initially
named Bacterium monocytogenes, from the ascitic fluid in guinea pigs and smears from the
omentum of rabbits that suffered from epidemic infection. The official name of the bacterium
Listeria monocytogenes was finally adopted in 1940°. Listeriosis, i.e. the disease caused by
the bacterium, was first reported in humans in 1929%. Listeriosis is an opportunistic and
systemic infection with a potentially fatal outcome. During the 1980s, the number of reported

cases increased and established Listeriosis as a well-recognized foodborne disease®®.
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Lm is found widely spread in nature and prevalent in feces of mammals. Due to its capacity to
persist and even grow within a wide range of pH conditions, high salt concentration as well as
temperatures between 2 and 42 °C, the pathogen represents a serious problem for the food
industry. Clinical manifestations caused by Lm include gastroenteritis, abortions in pregnant
women, meningitis and encephalitis®® . In healthy individuals, Lm generally causes
asymptomatic infections or self-limited febrile diarrhea. However in the elderly, immune-
compromised patients as well as neonates and pregnant women, Lm infection can cause severe
complications®?.

Of note, the bacterium was already used in the 1960s to study cellular immune responses®,
Since then Lm has been further developed to an established model to study various aspects of
the immune system. The natural infection route is typically its oral uptake by contaminated
food. Here, a high proportion of the pathogen is already eliminated in the stomach while the
remaining bacteria can spread systemically (Figure 5)%. The murine listeria infection model is
generally based on intravenous (i.v.) injection of the pathogen followed by its rapid
dissemination to the spleen and the liver®*. Noteworthy, mice are largely resistant to oral Lm
infections, since the binding of the bacterial surface protein internalin A (InlA) to E-cadherin
in the intestine is weak due to a single base pair exchange in murine compared to human E-

cadherin®®.
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Figure 5 | Infection routes of Listeria monocytogenes. In most cases, the pathogen is taken up by contaminated
food. Once the bacterium arrived in the small intestine, it can rapidly spread into mesenteric lymph nodes (MLN)
and the blood stream. It mainly replicates in the spleen and liver. In severe cases, the bacteria can migrate to the
brain via the bloodstream and is furthermore able to cross the placenta, infecting the fetus. Listeria that are injected
i. v. seed to the spleen and the liver, directly through the blood circulation. The scheme was adapted from
reference 5 and created with BioRender.com (2021).

110



Introduction

1.2.1 Pathophysiology and cell biology of Listeria monocytogenes infection

The life cycle of the bacterium reflects the remarkable adaptation of the microbe to survive
within the host. Lm is able to induce its own phagocytosis even in non-phagocytic cells and is
able to proliferate in various cell types®. Host cell invasion is mediated by the two virulence
factors internalin A (InlA) and InIB®, which interact with surface receptors on the host cells.
The listeria uptake mechanism is also known as the 'zipper' mechanism, through which the
pathogen can also spread to neighboring cells®. InlA binds to the transmembrane adhesion
protein E-cadherin, which is a host cell adhesion molecule. InIB on the other side binds to the
hepatocyte growth factor (HGF-Rc) Met. This interaction activates a signal cascade within
cholesterol-rich microdomains, which leads to the internalization of the bacterium. Upon this
receptor-mediated internalization of Lm, the pathogen enters the host cell (Figure 6) and is

consequently enclosed by a phagocytic vacuole®
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Figure 6 | Different steps of the infectious live cycle of the intracellular pathogen Listeria monocytogenes.
After a receptor-mediated internalization, the bacterium gets engulfed in a primary vacuole. By the secretion of
bacterial proteins like the phospholipases, PI-PLC and PC-PLC, besides the pore-forming toxin listeriolysin O,
the bacterium can disrupt the vacuole membrane and escape the vacuole, entering the cytosol were it can replicate.
Here, Lm can start to polymerize actin at the bacterial pole for cell-to-cell spread, which is induced by ActA.
Invading a neighboring cell, the intracellular bacterium is enclosed in a secondary double-membrane vacuole.
The scheme was adapted from reference 7.

The pathogen lyses the phagosomal membrane with the help of two different phospholipases
(P1-PLC and PC-PLC) and the pore-forming toxin listeriolysin O (LLO) and thus reaches the
cytosol of the host cell were it starts to replicate’®. The bacterium forms a large number of actin
filaments, induced by the actin assembly-inducing protein (ActA), which are arranged at the
pole of the bacterial cell. This complex then moves to the host cell surface and forms a
microvillus at the tip of Lm were it forms contact with a neighboring cell, which then

phagocytizes the apical end of the microvillus. The bacterium lyses the membrane of the newly
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formed phagocytotic vesicle and thus reaches the cytoplasm of the neighboring host cell. By
this so-called cell-to-cell spread, Lm is able to move from one cell to another without entering
the extracellular space’.

1.2.2 Immune responses to Listeria monocytogenes

Since the 1960s, Listeria monocytogenes has been intensively used as a model pathogen to
study different aspects of innate and adaptive immunity in mice. Together, these studies
revealed a highly complex interplay of innate and adaptive immune cells in anti-listerial

immunity with the cellular immune response being crucial for pathogen elimination®.

1.2.2.1 Adaptive immunity

The adaptive immune system consists of T and B lymphocytes. Due to its intracellular live
cycle and its capability of cell-to-cell spreading without leaving the intracellular space, Lm
largely escapes antibody-mediated immunity. Thus, cellular immunity against Lm is primarily
mediated by cytotoxic CD8" T cells’*.

Dendritic cells (DCs) and macrophages are professional antigen-presenting cells that are able
to present proteolytically generated peptide antigens from lysed bacteria via major
histocompatibility complex (MHC)-1 and MHC-I1 molecules to naive T cells’®. With this, they
play an important role in inducing the adaptive immune responses. DCs are constantly
sampling antigens from the periphery. In case of their infection-induced activation, they
migrate into the draining lymph nodes to prime T cell responses.

Degradation of antigens derived from cytosolic Lm mainly occurs in the cytosol followed by
MHC class | presentation to CD8" T cells’*. During the expansion phase, T cells acquire
effector functions and the cytokine IL-12 plays a crucial role in the induction of CD8* T cells
expansion during infection with the intracellular pathogen™. Activated CD8" T cells lyse
infected antigen-presenting cells (APCs) via perforin and granzyme secretion or by inducing
programmed cell death through Fas/FasL interaction in addition to the secretion of tumor
necrosis factor (TNF)-a and IFN-y’®7. Generally, Lm infection also induces a strong Th:
response and Thy cell-produced IFN-y in turn empowers macrophages to kill phagocytosed
bacteria’®. Though CD4* T helper cells play a minor role during the primary immune response
against Lm, their function is important during the memory response. In the absence of CD4" T

cells, protective immunity mediated by CD8* memory T cells is severely impaired’®.
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1.2.2.2 Innate immunity

Although T cell-mediated immunity is essential for clearing Lm, an effective innate immune
response must precede to activate lymphocytes’. Of note, the innate immune response is
essential for the early control of a Lm infection and with that for controlling the bacterial
growth®, Thus, the innate immune system serves as the first defense mechanism against
Listeria infection. In addition to the virulence factors already mentioned above, such as LLO
and ActA, Lm expresses numerous pathogen-associated molecular patterns (PAMPS) on its
surface8l. Host cells recognize PAMPs on the surface of the pathogen by so-called pattern
recognition receptors (PRRs) such as the membrane-bound TLR. Of note, TLR2 signaling
plays an important role for an effective early control of Listeria infection and mice lacking
TLR2 are more susceptible to systemic Lm infection®. TLR2 is able to oligomerize with other
receptors such as TLR1 or TLR6 and to recognize a variety of PAMPs. Following ligand
binding, the conformation of TLR changes enabling the intracellular domain of the TLR to
interact with various adaptor molecules like myeloid differentiation primary response gene 88
(MyD88), the mitogen-activated protein kinase (MAPK) or interferon regulating factor 3
(IRF3). Ultimately, this leads to the activation of intracellular signal transduction pathways
such as the NF-«xB path® resulting in the induction of genes involved in host defense, cytokine
and chemokine production®?,

Cellular components of the innate immunity include among others DCs, macrophages and
natural Killer cells as well as eosinophils, basophils, mast cells and neutrophils®*. The latter
along with infiltrating monocytes are important in the initial control of bacterial growth due to
their antimicrobial activities®®®”. Neutrophils are able to kill bacteria by phagocytosis, the
generation of reactive oxygen species (ROS) and the formation of neutrophil extracellular traps
(NETSs)®87, Furthermore, neutrophils release different chemokines thus further promoting
antibacterial immunity and recruitment of innate immune cells to the infection site®"-%,
Macrophages are primary targets for Listeria infection, i.e. the pathogen replicates within these
cells once it has entered the blood stream®. Besides this, tissue resident macrophages,
especially Kupffer cells in the liver that are as well efficiently infected by Lm, are very
important since they are able to clear a large proportion of the bacteria already during the early
phase of infection®®. Macrophages produce among others IL-12 and tumor necrosis factor

(TNF)-a in response to a Listeria infection, inducing the release of the pro-inflammatory
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cytokine IFN-y by natural killer cells. The release of cytokines in turn recruits additional

immune cells and a rapid local anti-microbial response is induced®°L.

1.3 NKcells - Natural Killer cells

The term “NK” cell was initially introduced in 1975 in the context of their ability to kill target
cells without former immunization to these targets which is in direct contrast to cytolytic T
cells®>%, At this time, NK cells were characterized as »/... 7 small lymphocytes of undefined
nature exerting spontaneous selective cytotoxic activity against Moloney leukemia cells /... k,
a capability considered as “natural cytotoxicity”®3. Later on, NK cells were characterized as
large granular cells, defined by the absence of a T-cell receptor (CD3), representing a further
subpopulation of lymphocytes in addition to T cells and B cells®3. Because of their ability to
eliminate target cells without prior sensitization, they were originally assigned to the innate
immune system. Of note, recent work has shown that NK cells display some characteristics of
specific immunity and thus may be also considered as a bridge between the innate and adaptive
immune system®.

However, NK cells are cytotoxic effectors that play a significant role in protection against
different pathogens as well as transformed host cells®®. NK cells occur widespread throughout
the body®®, being present in the circulation and in many tissues, including the bone marrow
(BM), the spleen, the lymph nodes, the liver as well as the lung, the intestine and the placenta®’.
In inbred laboratory mice, the frequency of NK cells among lymphocytes ranges from 2-5 %
in the spleens and BM®%,

NK cells belong to the family of innate lymphoid cell (ILC), known to produce type I cytokines
upon stimulation, primarily IFN-y and TNF-a®>1%, Their development is dependent on the
cytokines IL-7 and IL-15. ILCs are generally divided into three groups: the ILC type 1, ILC2
and ILC3. NK cells belong to the group of ILC1 and their effector functions largely mirrors
those of CD8" cytotoxic T cells®%,

NK cells are usually identified by the expression of specific surface markers that may vary
between different mouse strains. NK cells derived from the C57BL/6 background express
surface markers like NK1.1 (NKR-P1C), NKp46 (NCR1/ CD335) as well as CD49b (DX5/
Integrin VLA-2a)°L. The absence of the marker CD3 is important to distinguish them from T
cells and natural killer T (NKT) cells that as well express NK1.1 and NKp461°2,
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Following activation, NK cells secrete IFN-y which aids the activation and subsequent
differentiation of naive T cells!®. Thus, by secretion of cytokines and chemokines, NK cells
represent an important link between the innate and acquired immune system®. As mentioned
above and in contrast to NKT, yd T cells and conventional T cells, NK cells do not express a
T cell receptor or any other antigen-specific receptor® 1%, MHC class | molecules represent
ligands for inhibitory NK cell receptors like Ly49C, Ly491 or NKG2A, forming the basis for
the so-called “missing self” mode of action. Cells from healthy hosts generally express MHCI
molecules, which bind to inhibitory ligands, thus preventing the activation of NK cells via their
activating receptors, such as Ly49H, NKG2D and NCR1. Infected cells however down-
requlate the expression of MHCI molecules, thus allowing their activation®”. Thus, upon
infection, NK cells are recruited very early to the site of pathogen entry and replication were
they become activated to kill infected target cells and as such play fundamental roles in

immediate host response!®.

1.3.1 Functional maturation of murine NK cells

Compared to the well-characterized mechanisms of T and B cell development, the knowledge
regarding the development of NK cell is rather limited. Nevertheless, over the years a
consensus model had been developed'®. According to this, NK cell development can be
subdivided into three phases: the early phase (NK cell progenitors; NKPs), an intermediate
phase of differentiation (immature NK cells; iNKs), followed by a late maturation phase
(mature NKs; mNKs)%9%,

Like T cells, NK cells derive from a common lymphoid progenitor (CLP) in the bone
marrow*%’. Even though, the bone marrow is the primary location of NK cell development!®,
they may also develop in the liver as well as the thymus'®. Of note, much of our current
understanding of murine NK cell development is built on studies on bone marrow-derived NK
cells, which represent the majority of NK cells*'®. During their maturation and development,
NK cells express different surface receptors in a certain order, which can be used to identify
the individual stages of NK cell development©.

NK cell progenitors (NKP) are identified by lacking different T cell lineage markers, such as
CD3, CD4, CD8, CD19 and B220, whereas they are NKG2D- and CD122-positive, the latter
known as a subunit of interleukin (IL)-2/1L-15 receptor. Furthermore, these NKPs lack NK1.1
and CD49b™?!, IL-15 drives the differentiation from NKPs to iNKs'*? and additionally the
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acquisition of NK1.1 and NKp46 occurs at the iNKs stage!'®*!4. Subsequently, a lack of
different cytolytic properties as well as regulatory functions leads to the next stage. Here, iNKs
further characterized by the differential expression of CD27 and the absence of CD11b
expression, become mNK cells. Mature NK cells are defined by an increase in CD49b
expression!. The development from iNKs to mNKs is a process called NK cell differentiation
and further correlates with an increasing CD11b and a decreasing of CD27 expression!411°
according to different stages (Figure 7). Thus, murine mNKs undergo a functional
classification based on CD27 and CD11b expression, which help to identify the different NK
cell subsets®®11°, The level of CD11b expression divides NK cells into immature and mature
NK cell subsets!'4. The expression of the surface marker CD27 distinguishes the mature NK
cells into CD27* (M1) and CD27- (M2) subsets*>1®, NK cells expressing both, CD27 and
CD11b, are also called double-positive (DP) NK cells?®
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Figure 7 | NK cell development and subsets. Linear developmental pathway (top panel) from haematopoetic
stem cells (HSCs) in the bone marrow (BM) to fully functional NK cells via NKP (NK cell progenitors), immature
NK (iNK) and mature NK cells (mNK; M1 and M2). Schematic representation of a FACS plot (bottom panel)
from spleen-derived NK cells of ADAP wild type mice 3 days p. i. (own data). Late mNK cells mature from an
immature subsets with CD27* CD11b expression via the expression of the cell surface markers CD27* and
CD11b* (M1; DP) to a CD27" and CD11b* (M2) subset. Expression of CD27 is colored in blue, whereas CD11b
expression is colored in green. The scheme was adapted from references %5117 and created with BioRender.com
(2021).
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All of these three subsets differ in their ability to proliferate as well as in their cytotoxic
capacity. Of note, during the development and maturation process, the potential of NK cell for
homeostatic expansion is reduces whereas the ability to kill target cells as well as the
susceptibility to apoptosis is increasing over time. Furthermore they produce fewer cytokines,
but develop a higher capability to kill, and with this become more cytotoxic against different
target cells as they mature!**-116, Generally, it has been shown that with proceeding maturation
NK cells lose the potential for effective proliferation in response to I1L-2, reviewed in 1/, Aside
from the two markers CD27 and CD11b, mNKs are furthermore divided into several
phenotypic subsets depending on different other markers. Of note, the correlation between
these markers is not known in detail yet, the phenotypic subsets remains unclear*'®. NK cells
that went through all maturation stages are terminally functional. However, there is still
evidence that their functionality with regard to cytotoxicity and cytokine production may not

be developed equally!®-118,

1.3.2 NK cell cytotoxicity

Once activated via their activation receptors, NK cells achieve cytotoxicity mediated through
the release of lytic granules containing granzyme B (GrzB) and perforin!1%-12L, The whole
procedure is known as degranulation and is used as a correlate of NK cell cytotoxic activity??,
Stimulation of NK cell activating receptors, such as NCRs or NKG2D, leads to a cytoskeletal
re-arrangement, with lytic granules trafficking to the contact zone. The formation of the
immunological synapse is followed by secretion of cytolytic granules?3124,

The release of perforin towards the target cell induces pore formation, enabling various
granzymes to enter the target cell. Granzymes belong to the group of serine proteases, leading
to an activation of caspase molecules inducing the apoptotic cell death of the target
cellt21122125 The process of NK cell degranulation results in the surface expression of the
lysosomal-associated membrane protein-1 (LAMP-1 or CD107a) on the NK cell and as such
LAMP-1/CD107a serve as markers for NK cell cytotoxic functiont?:127,

Next to the killing via lytic granule release, NK cells are able to eliminate different target cells
upon contact also by the perforin-independent death-receptor pathway. This involves the TNF
or TNF-related apoptosis inducing ligand (TRAIL) and the receptor Fas (FasR)%®'?. The
ligation of these receptors mediates the activation of pro-caspases, resulting in proteolysis of

target cells!?,
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1.3.3 The role of NK cells in immunity to Listeria monocytogenes

The general role of NK cells during Lm infection is controversially discussed and it is yet not
clear, whether NK cells exhibit a beneficial or detrimental role in immunity to Lm. On the one
hand, Teixeira and Kaufmann showed, that NK cell-deficiency results in a reduced bacterial
load®3°, which implies a negative role for NK cells in listeriosis. In the same line, Viegas et al.
documented the survival of an otherwise lethal Lm infection in mice lacking NK cells. As an
underlying mechanism for this protection they identified a high amount of NK cell-released
IFN-y leading to a chemokine receptor 2 (CXCR2) downregulation on neutrophils, thus
impairing the recruitment of these cells to the site of infection*1. On the other hand, NK cells
are also considered to exhibit protective functions during Listeria infection. NK cells are
activated by DCs and 1L-18 that is induced during Lm infection'®2. A proof for the activation
of NK cells by DCs has been provided in studies where CD11c* cells were depleted, resulting
in a severe impairment of NK cell activation during Lm infection%,

The Lm virulence factor p60 indirectly supports the activation of NK cells and thus IFN-y
production®** as it stimulates the cytokine secretion by DCs'®. However, in vivo infection of
mice with Lm generally induces efficient NK cell activation*3*'%, a process that involves a
multifaceted cellular network including macrophages, neutrophils, and dendritic cells as well
as different mediators derived from these cells!®*_ In respect to the IFN-y production by NK
cells, type | interferons might be able to suppress the activity of macrophages by IFN-y'%, This
effect could explain why interferon-o/f receptor (IFNAR)-deficient mice are more resistant to
infection with Lm?313°_ Additionally, NK cells have been shown to serve immune-suppressive
roles during neuroinflammation, which leads to the speculation that they also might serve
regulatory roles during systemic Lm infection®4°,

Indeed, NK cells were shown to exert important regulatory functions during infection with Lm
or other pathogens that cause systemic disease. Using IL-10 reporter mice, Perona-Wright et
al. found that approximately 80 % of the NK cells circulating in peripheral blood expressed
the immunosuppressive cytokine IL-10 on day 4 post infection. They argued that IL-10
production was triggered by high serum concentration of 1L-12 and suggested that this might
represent a negative feed-back loop to prevent extended inflammation and tissue damage
during systemic infection®*. Clark et al. confirmed these findings showing that NK cells switch
from IFN-y production to the secretion of 1L-10'%, Depletion of NK cells in IL-10-deficient

mice had no effect on the bacterial load, suggesting that NK-mediated susceptibility was due
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to secretion of this immune suppressive cytokine rather than a lack of immune stimulatory
IFN-y. Mice lacking NK cells exhibit significantly lower serum levels of IFN-y 24 hours post
infection'*®. However, there is a wide variety of other cell types that can be induced to secrete
IFN-y during the first few days of infection. NK cell-deficient mice showed improved pathogen
clearance in the affected organs. This again suggests that activated NK cells do not have a
major protective role during Listeria infection4,

As shortly mentioned before, type | interferons interestingly appear to interfere with the
generation of an efficient host immune response controlling Listeria infection. This was
particularly evident in mice that exhibited a deficit in the type I interferon signaling pathway.
The deficient animals showed both improved survival and reduced bacterial loads compared
to the wild type controls. Since NK cells are activated by type | interferons, it was suggested
that NK cells may worsen the outcome of the infection'#>!44, In summary, the overall function

of NK cells in murine listeriosis remains unclear and deserves further investigation.

1.4 Neutrophils

Neutrophils are also known as polymorphonuclear leukocytes (PMNs). They have been
described as one of the main players during inflammation. Of note, neutrophils are recruited
early on to the site of infection and exhibit different effector functions using multiple effector
mechanisms. The number of neutrophils in infected tissues drastically increases and after
fulfilling their antimicrobial functions, dying cells are removed by macrophages and DCs*.
Neutrophils constitute up to 10-25 % of the circulating leukocyte population in mice'®®.
Neutrophils share common precursors with other myeloid cells of the innate immune system,
such as monocytes**®. Upon activation, neutrophils release various enzymes and toxic proteins
from their granules in order to kill bacteria’*’. In the mouse model, neutrophils can be best
identified by their surface expression of the protein lymphocyte antigen 6 complex locus G6D
(Ly6G), which is exclusively and abundantly expressed by fully matured neutrophils®.
Neutrophils are very short-lived cells. After maturation, their extravasation from the bone
marrow (BM) into the blood occurs. Via the blood circulation they enter the tissues were they
undergo phenotypic as well as morphological changes'*®. Release of neutrophils from the BM
into the circulation is tightly regulated. The chemokine receptor 4 (CXCR4), which is
expressed on the surface of neutrophils, plays a crucial role for maintaining neutrophils in the
BM. Osteoblasts as well as other BM cells produce the C-X-C-motif ligand 12 (CXCL12 or
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stromal cell-derived factor 1; SDF-1), which binds to CXCR4 and retains neutrophils in the
BM™™, Retention and the release of neutrophils is coordinated by the balanced expression of
CXCR4 (retention) and CXCR2 (release)'®. The granulocyte-colony stimulating factor (G-
CSF) induces down-regulation of CXCL12 on osteoblasts, and induces the production of the
chemoattractants CXCL1 (keratinocytes-derived chemokine; KC) and CXCL2 (macrophage
inflammatory protein-2; MIP-2). G-CSF furthermore reduces the expression of CXCR4 on
neutrophils themselves!®? and stimulates cytokine expression by neutrophilst®?.

Once in the circulation, neutrophil extravasation into tissues involves the following steps:
tethering, rolling, adhesion, crawling and transmigration (Figure 8). The recruitment of
neutrophils to the side of infection is initiated by different infection-triggered alterations at the

endothelial surface.
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Figure 8 | Classical neutrophil recruitment cascade. Serial steps of the recruitment of neutrophils from the
vasculature into the tissue are visualized here. These cascade steps are: tethering, rolling, adhesion, crawling and,
finally, transmigration. The rolling is mainly selectin-dependent, however, adhesion, crawling and final
transmigration depends on integrin interactions. Chemokines on the luminal part of the endothelium are important
for the activation of neutrophils rolling, at the same time inducing conformational changes of integrins on
neutrophil surface. This allows for later events. Following along a chemokine gradient, crawling neutrophils are
guided and able to transmigration. Regarding the transmigration of neutrophils there are two possible methods,
of which the paracellular way is shown here. Not shown is the transcellular transmigration via individual cells
and the required dome formation. The scheme was adapted from reference ° and adapted from “Leukocyte
Migration at Sites of Infection”, by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-
templatesand created with BioRender.com.
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However, efficient neutrophil chemotaxis is dependent on chemoattractive molecules that
induce signaling pathways and lead to the upregulation of surface adhesion molecules. More
specifically, the migration from the bloodstream into the tissue is mediated by the adhesion
molecules P-selectin and E-selectin, which have overlapping functions. Both selectins bind
glycoproteins on the surface of neutrophils, including the P-selectin glycoprotein ligand 1
(PSGL1Y), facilitating the tethering (capturing) of floating neutrophils and allow them to roll
along the endothelium®®3, The subsequent tighter adhesion of the neutrophil is mediated by the
interaction of the neutrophil expressed integrin LFA-1 with endothelial intercellular adhesion
molecules (ICAM)¥™4 Of note, LFA-1 is the primary adhesion molecule on neutrophils,
mediating the transition from rolling to adhesion on the endothelial cell surface®®®.

Upon integrin activation, the cytoskeletal protein Talin-1 binds to the integrin B-subunit. This
binding stimulates the LFA-1 extension, and furthermore promotes slower rolling of
neutrophils along the endothelium. However, dual activation of Talin-1 and Kindlin-3 induces
LFA-1, which also promotes neutrophil arrest*®. Nevertheless, in the context of inflammation,
PSGL1 and CXCR2 regulate LFA-1 activation'®, leading to signaling pathways inside the
neutrophil, known as outside-in signaling. Together, these events stabilize neutrophil adhesion
to the endothelium and contribute to neutrophil recruitment by initiating cell motility!®31%8,
After adhesion, neutrophils transmigrate through the endothelial cell layer to leave the blood
stream and enter the underlying tissue. Neutrophils are then attracted to the injured site by
different chemokines.

Upon engagement of PSGL-1 with E-selectin, Src-family kinases are recruited and
phosphorylate adapter proteins like y chain of immunoglobulin Fc receptors (FCRy) or NDAX
activation protein of 12 kDa (DAP12)*°, subsequently leading to the phosphorylation of spleen
tyrosine kinase (Syk)*°, which then recruits the complex of SLP-76 together with ADAP%2, In
addition, Bruton tyrosine kinase (Btk) is activated, and phosphorylates PI3K (Phosphoinositide
3-kinase), phospholipase C y (PLCy) and p38-mitogen-activated protein kinase (p38-MAPK),
resulting in integrin activation and cytoskeletal rearrangements within the neutrophil*®3161,
After migrating through the endothelium, neutrophils cross the basal membrane, by breaking
down the membrane collagens via proteases such as elastases'®?, however it is not clear

whether these proteases really contribute to the neutrophil migration®,
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1.4.1 Neutrophil effector functions during Listeria monocytogenes infection
Neutrophils eliminate pathogens utilizing three major mechanisms as illustrated in Figure 9:
phagocytosis of invading bacteria, degranulation as well as the release of so-called neutrophil

extracellular traps (NETs)'*.

Phagocytosis Degranulation NET formation

Figure 9 | Antimicrobial killing mechanisms of neutrophils. There are three known ways in which neutrophils
can eliminate pathogens: phagocytosis of pathogens such as Lm, degranulation of antibacterial substances and
formation of NETs. The scheme was adapted from reference **° and created with BioRender.com (2021).

A recent study based on antibody-mediated depletion of Ly6G-positive neutrophils underlined
the importance of neutrophils in controlling bacterial growth during murine listeriosis*.
Neutrophils produce substantial amounts of TNF-o that play a key role in immunity to
infections. Consequently, neutrophil depletion in Lm infected mice leads to decreased TNF-a
levels and increased bacterial burden®*. In the same line, the deletion of the TNF-a encoding
gene or the absence of the TNFR1 resulted in an increased susceptibility to Lm infection in
mice'®. Another cytokine that is produced by phagocytes including neutrophils early on during
bacterial infection is IL-1. Immediately after Lm infection, IL-1o as well as IL-1f are produced
in liver and spleen and exogenous IL-1a is known to decrease the bacterial burden by
promoting neutrophil recruitment to the infection sites'®®1%’. In case the receptor for IL-1o and
IL-1B is blocked, the susceptibility to Lm infection is increased*®®.
Within the tissues, neutrophils follow various chemoattractive substances guiding them to the
site of inflammation. Neutrophil recruiting chemokines like CXCL1 and CXCL2'®° are
produced in the liver after Lm infection. It has been shown that CXCL2 depletion reduces
neutrophil recruitment into the Lm infected liver, and blockage of CXCR2 entirely stops their
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recruitment!’®. Additionally, cytokines such as 1L-6 and IL-8 take part in recruiting neutrophils
to the sites of inflammation, where they are able to secrete different pro-inflammatory
mediators and chemokines’* and as such contribute to the development of immuno-
pathology'’

CXCL8 and MCP-1 and thus further boost the recruitment of additional neutrophils,

. Activated neutrophils themselves secrete chemokines including CXCL1, CCL3,

monocytes and NK cells to the infection site®.

1.4.1.1 Phagocytosis

Phagocytosis is the ingestion of a pathogen followed by its intracellular digestion, a function
mostly related to neutrophils and macrophages. Phagocytosis and consequently the
intracellular killing of pathogens is, among others, induced by pro-inflammatory cytokines like
IFN-y"2 and TNF-al’3. Pathogens are often coated with a number of opsonins which mark
them for efficient recognition by phagocytes!’. Among them, 1gG or iC3b bind to the surface
of the pathogen and mediate binding to the FcyReceptors FcyRIIA (CD32) and FcyRIIIB
(CD16), as well as the complement receptor 1 (CR1 or CD35) and CR3 (CD11b/CD18
integrin) on phagocytest’#17, The pathogen is taken up into the cell, where it is located within
a phagosome. Once being encapsulated, neutrophils kill pathogens using NADPH oxygenase-
dependent mechanisms as well as antibacterial proteins (see section 1.4.1.2) released from
granules. Of note, the role of SKAP2 in this process has been described recently. In detail the
authors showed, that murine neutrophils showed an impaired phagocytosis of E. coli particles
in SKAP2-deficient neutrophils'®.

1.4.1.2 Degranulation

Neutrophils, as well as monocytes, secrete proteases and other substances at the site of
inflammation. Next to their microbicidal activities, these components can induce considerable
tissue damage. The granules containing pre-stored antimicrobial proteins that are able to
destroy pathogens are a hallmark of neutrophils. During their maturation, neutrophils form
three types of granules that are packed inter alia with pro-inflammatory proteinst’’. These
granules are the azurophilic granules containing myeloperoxidase (MPO), defensins and
neutrophil elastase (NE), the secondary specific granules containing lactoferrin, lysozyme and
collagenases next to the tertiary gelatinase granules containing the matrix metalloproteinase 9
(MMP9 or gelatinase B)*°. Together, these substances mediate antimicrobial defense by

degrading engulfed bacterial®’.
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Reactive oxygen species (ROS) increase the activity of the membrane-bound NADPH oxidase,
the key enzyme in the formation of oxygen radicals in granulocytes. This enzyme catalyzes the
reduction of molecular oxygen (O2) to the hyperoxide anion (O2). Subsequently, the toxic
radical hydroxyl (OHe) or the peroxide anion (OH") are formed. Both are highly reactive
radicals with antibacterial properties, able to oxidize enzymes or membrane components, thus
functionally inactivating them?’. It has been reviewed, that the phosphorylation of the tyrosine
kinase Syk introduces the guanine factor Vavl/3 phosphorylation in neutrophils involving
ADAP/SLP-76 and the PLCy2 complex, which furthermore promotes the oxidative burst!’®.

In addition to ROS, neutrophils generate reactive nitrogen species through the expression of
an inducible nitrogen oxide synthase (iNOS or NOS2), an enzyme that converts O, and L-
arginine into nitric oxide (NO") and that is encoded by the Nos2 gene. Of note, mice lacking
Nos2 showed increased susceptibility to bacterial infection’®, indicating that iNOS-mediated

microbicidal activity is crucial for anti-bacterial defense.

1.4.1.3 NETSs - Neutrophil extracellular traps

Activated neutrophils are able to eliminate pathogens by the release of neutrophil extracellular
traps (NETS). NETSs are fiber structures consisting of decondensed chromatin and antimicrobial
factors in addition to histones, proteins and enzymes, e.g. myeloperoxidase and NE, with the
latter components being attached during the ETs release from neutrophils!®. Noteworthy,
NETs entrap microbes, thereby preventing their spread and at the same time facilitating
phagocytosis of caught bacteria, fungi and parasite. Those fiber structures are furthermore
thought to directly kill bacteria by antimicrobial histones and proteases'®. On the one hand,
the neutrophil-specific serine protease NE degrades bacterial virulence factors'®?, On the other
hand, MPO which is one of the most abundant protein in neutrophils catalyzes the oxidation
of halide ions in the presence of hydrogen peroxide®®. Consequently, NE- and MPO-knockout
mice are more susceptible to infections with bacteria'®. Interestingly, there is a marked
variability in the general capacity of NET formation by neutrophils across species and different
mouse strains'®®.

As described earlier in section 1.4.1.2, MPO and NE are stored in primary azurophilic granules
of neutrophils (Figure 10)'#>!8_ After neutrophil activation, ROS is induced via MEK/ERK
signaling which triggers the MPO pathway. Stimulated MPO activates and triggers NE release

from azurophilic granules, which in turn is translocated to the nucleus. Of note, NE is required
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for the degradation of the actin cytoskeleton in order to block phagocytosist®’. Located in the
nucleus, NE proteolytically processes histones after synergizing with MPO, a complex known
as azurosome, leading to the decondensation of chromatin®. This decondensation, which is
essential for NET formation, is associated with citrullination of histone H3 by the peptidyl
arginine deiminase 4 (PAD4)88 Together, the formation of NETSs is tightly regulated in

order to prevent pathology.
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Figure 10 | NET formation - a model. Naive neutrophils store NE and MPO in azurophilic granules (resting).
Following the activation of neutrophils and ROS production (O2), NE translocates from the azurophilic granules
to the nucleus. Here, NE cleaves histones and promotes the decondensation of chromatin (activated). MPO binds
to chromatin in the late stages of the process whereas binding of MPO promotes further decondensation. NE and
MPO cooperatively enhance chromatin decondensation, leading to cell rupture and NET release (NETSs). Of note,
details of the molecular mechanism are still subjects for further investigations. The scheme was adapted from 188
and created with BioRender.com (2021).

1.5 Monocytes - Introduction and the role post Listeria monocytogenes infection
Monocytes are a type of circulating blood leukocytes, classified as mononuclear phagocytes.
They are originated in the bone marrow from the same common myeloid progenitor as
neutrophils, and can further differentiate into macrophages and DCs*%%%9%,
As neutrophils, monocytes are rapidly recruited to the sites of infection, were they are activated
and exert central antimicrobial functions®2. As such, they represent a critical component of the
innate immune response during inflammation. Consequently, targeted depletion of these cells
enhances susceptibility to Lm infection in mice®, indicating their importance and crucial role
for protection against listeriosis'®. In mice, the expression of the chemokine receptor CCR2 is
typically used to distinguish between monocytes subsets'®*. Of note, mice deficient for CCR2
or its ligand are highly susceptible to Lm, succumbing early on during infection!®. Peripheral
monocytes can be roughly subdivided into two main subsets, based on their lymphocyte
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antigen 6C (Ly6C) expression. These include the CX3CR1°YCCR2*Ly6C"9" inflammatory
and CX3CR1MICCR2'Ly6C'" patrolling monocytes!®. The CX3CR1'““CCR2*Ly6C"9"
inflammatory monocytes are characterized by trafficking to the sites of inflammation and
infection'®. Lack of Ly6C"9" monocytes is associated with a rapid death of Lm infected mice,
indicating their central role during listeriosis!®®, The CX3CR1"9"CCR2'Ly6C"" patrolling
monocytes are thought to differentiate into monocyte-derived tissue-resident macrophages
once they have entered the tissue'®’. The role of these Ly6C'™" monocytes during infection is
less well defined. However, they are considered to contribute to the very early immune
response to Lm infection!®, Interestingly, a monocyte-derived dendritic cell population that is
recruited to the spleen and produces considerable amounts of TNF-a and iNOS has been
described as so-called TNF- and iNOS-producing dendritic cells (TipDCs). The recruitment of
these TipDCs is dependent on CCR2/CCL2 signaling and these cells are vital for the early
control of bacterial pathogen?®.

During inflammation, monocytes circulate through the bloodstream and migrate into infected
tissues. The recruitment of inflammatory monocyte to the infection site is mediated by
stimulation of the chemokine receptor CCR2 via its ligands CCL2 (MCP-1) and CCL7
(monocyte chemo attractant protein-3; MCP-3)'%, suggesting that monocytes follow a CCL2
gradient from the bloodstream to the infected foci. CCL7 might also play a role in recruiting
Ly6C"9" monocytes'®®. Besides this, it had been shown that during Lm infection Ly6CMd"
monocytes are localized in the liver, and moreover these monocytes express TNF and iNOS*®°,
which in turn stimulates NK cells to produce considerable amounts of IFN-y. Moreover they
contribute to phagocytosis and as such exert important effector functions for an effective

immune response during Lm infection®-2%°,

1.6 Basis for this thesis

Since murine listeriosis represents an excellent model for examining various aspects of innate
and adaptive immune responses in vivo, it has been used before in the laboratory of Prof. Dunja
Bruder to study the role of ADAP in immunity against Listeria monocytogenes. In frame of his
doctoral thesis, Dr. Gerald P. Parzmair successfully used the Lm infection model to clarify in
very much detail the role of ADAP in different pathogen-specific T cell subsets during
infection?0292, Moreover, so far unpublished data from his thesis impressively demonstrated

a remarkably enhanced and at this time unknown susceptibility of ADAPko mice to listeriosis.
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Since these data build the basis for this present thesis, part of them is depicted here in
consultation with Dr. Gerald P. Parzmair. Note, that Figure 11 is modified from the doctoral
thesis “Parzmair, Gerald P. The Role of the Adaptor Protein ADAP in different T cell subsets
and Pathogen-specific Immune Responses against Listeria monocytogenes. PhD thesis. Faculty

of Natural Sciences, Otto-von-Guericke University Magdeburg, May 2016°2%,
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Figure 11 | ADAP-deficiency renders mice highly susceptible for infection with the intracellular pathogen
Listeria monocytogenes. Wild type (m) and ADAPko (o) mice were either infected i. v. with (A) 5 x 10* CFU or
(B-E) 2.5 x 10* CFU Lm or left untreated (uninfected control mice, day 0) and were sacrificed at the indicated
times post infection. (A) Infected mice were weighed and monitored daily and the survival was reported. Data are
depicted as mean + SEM for n = 8-14 individually analyzed mice. Statistical analyses were performed using two-
way ANOVA with Bonferroni's post hoc test for the weight loss data and Mantel-Cox log-rank test for the survival
data. (B) Bacterial loads in spleen and liver after Lm infection. The dashed line represents the limit of detection.
Data are depicted as medians for n = 8-10 individually analyzed mice. Statistical analyses were performed after
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logio-transformation using two-way ANOVA with Bonferroni's post hoc test. (C) H&E histology of infected
spleens and livers 3 days post infection. Organs were stored in 4 mL 4 % paraformaldehyde and later sectioned
for histology and analyzed by H&E staining. The black bar at the bottom right corner of each panel represents a
distance of 200 pum for the spleen sections and 100 pum for the liver sections. (D) Scoring of degree of
inflammation in spleens and livers. (E) Neutrophil (left panels), and monocyte (right panels) absolute numbers in
spleens and livers. Leukocytes were isolated from spleen and liver, stained against cell specific markers and their
frequencies were determined by flow cytometry. From these frequencies the absolute numbers of the cells were
calculated. Data are depicted as mean + SEM for n = 4-5 individually analyzed mice and statistical analyses were
performed using two-way ANOVA with Bonferroni's post hoc test.. *p < 0.05, **p < 0.01, ***p < 0.001. Modified
from reference 2%,

As summarized in Figure 11, ADAPko mice lost significantly more weight during the course
of the Lm infection and their survival rate was significantly reduced compared to wild type
mice (Figure 11 A). Evaluation of the bacterial burden in spleen and liver revealed delayed
bacterial elimination in ADAP-deficient mice (Figure 11 B). Histopathological examination
uncovered that in comparison to wild type mice, ADAPko animals exhibited an overall
increased pathology in spleen and liver 3 days post infection (Figure 11 C and D). Of note, a
higher number of leukocyte foci was observed in the liver of ADAPKo mice. As depicted in
Figure 11 E, subsequent FACS-based quantification of leukocytes in spleen and liver revealed
an excessive and sustained infiltration of neutrophils (left panels) and a delayed decline of
monocyte numbers (right panels) in spleen and liver of Lm infected ADAPko mice.

Together, these unpublished observations clearly indicate that ADAPKo mice are highly
susceptible to infection with Lm. Despite excessive infiltration of phagocytes that might
contribute to the pronounced immunopathology, ADAPko mice failed to control early bacterial
growth. This, together with the fact that differences in morbidity and survival became evident
very early after infection, implies that ADAP-deficiency negatively affects innate immune
responses against Lm. To experimentally prove this hypothesis by the examination of different

aspects of anti-listerial innate immunity was the overall aim of this thesis.

|28



Introduction

1.7  Aims of the thesis

Since NK cells and phagocytes are well known to become activated early after Listeria
monocytogenes (Lm) infection and exhibit crucial functions in innate immune response to the
pathogen, the potential roles of ADAP in the activation and acquisition of effector functions
during listeriosis was studied in these cellular subsets.

The first part aimed to extend existing knowledge regarding the role of ADAP in NK cells. To
achieve this, naive ADAPko and wild type NK cells will be stimulated in vitro with antibody
and/or cytokines followed by flow cytometry-based analysis of cytokine production and their
capacity to degranulate. In order to allow NK cell priming within their natural environment
and to adapt the experimental set-up to a more physiological stimulation, splenic NK cells from
in vivo Lm-infected ADAPko and wild type mice will be re-stimulated in vitro with YAC-1
target cells and degranulation will be assessed by flow cytometry. To gain additional insight
regarding a potential effect of ADAP on NK cell morphology, microtubule network structures
and vesicle distribution, FACS-sorted naive and NK cells from infected mice will be analyzed
by confocal microscopy and will be applied to unbiased high-resolution mass spectrometry in
order to identify possible ADAP-dependent alterations in the NK cell proteome. To rule out
any effect of ADAP-deficiency in immune cells other than NK cells, conditional ADAPko
mice lacking ADAP specifically in NK cells will be used to study the specific impact of ADAP
in NK cells on the outcome of Lm infection. Moreover, in vitro NK cell migration towards a
chemokine gradient comparing naive and infection-primed NK cells from conditional ko mice
and wild type counterparts will be assessed.

In summary, the first part of this thesis will provide profound novel insight into the role of
ADAP in NK cells during systemic Lm infection.

To date, very limited data exist regarding the immunological function of ADAP in myeloid
cells. To gain further insight into the potential contributions of ADAP to the activation and
acquisition of effector function in relevant phagocytes, Lm infections will be performed in
ADAPko and wild type controls followed by in-depth characterization of neutrophils and
inflammatory monocytes. This will include quantification of the recruitment of these cellular
subsets to the site of infection, characterization of their cytokine and effector molecule profile,
their unbiased transcriptional profiling as well as their functional characterization with regard
to the formation of neutrophil extracellular traps and their phagocytic capacity.

Together, the second part of the thesis will provide detailed knowledge regarding the potential
impact of ADAP on immune responses mediated by neutrophils and inflammatory monocytes

during Lm infection.
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2 Materials

2.1 Conventional ADAP knockout

ADAP wild type and knockout (ADAPko) mice have been created and first described as SLAP-
130/Fyb™ by Peterson et al. in 2001, Peterson et al generated these mice by inserting a
neomycin cassette (p0PNT.neo) into the animals’ ADAP gene locus, in order to switch off its
functionality. This leads to the inactivation of the SLAP-130 gene which codes for the ADAP
protein in all cells. Mice were on C57BL/6J genetic background. Initial analysis of immune
cellularity in these conventional ADAPko mice showed reduced number of CD4" and CD8" T
cells whereas the number of B220" B cells was increased. Of note, the number of DX-5" NK
cells was analogous with those in the wild type littermate controls. Furthermore the number of
thymocytes and platelets was significantly reduced in ADAPko mice. Overall, the animals
show no pathological phenotype, as investigated by Peterson and colleagues in 2001,
ADAPKko mice therefore have a normal birth rate, are viable, fertile and show normal growth.
The respective control mice are the ADAP wild type mice with two intact ADAP alleles.
ADAPko and ADAP wild type mice used in this study were littermates derived from the same
breeding. Mice were bred in the animal facility at the Helmholtz Center for Infection Research
in Braunschweig (Germany) or in the animal facility of the Medical Faculty of the Otto-von-
Guericke University Magdeburg (Germany). Mice were kept under specific pathogen-free
conditions in environmentally-controlled clean rooms and were used at 8-24 weeks of age.
Experiments were approved by the local government agencies of the Niederséchsisches
Landesamt fir Verbraucherschutz und Lebensmittelsicherheit and Landesamt fir
Verbraucherschutz, Sachsen-Anhalt under File ID 42502-2-1603 UniMD.

2.2 Conditional ADAP knockout mice

2.2.1 ADAPY x NKp46-CreM

The ADAP™ x NKp46-Cre™ mouse lacks ADAP expression in cells with an active NKp46
promoter, as usually found in NK cells. To generate this mouse line, mice containing the so
called “knockout first allele” C57BL/6N-Fyb!™*aEVCOMM) HMou/cnrm203 were sourced from the
EUCOMM project and purchased from the European Mouse Mutant Archive EMMA. By
means of the so-called "knockout-first strategy"”, the ADAP allele is modified up- and

downstream of its largest and critical exon 2. The lacZ and neomycin-resistance cassettes were
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both removed by breeding with further transgenic mice, expressing a Flp recombinase resulting
in floxed ADAP exon 2 alleles (flanking loxP sites) and formal restoration the wild type
phenotype®®*. To generate conditional knockout mice with deletion of ADAP in the NK cell
lineage, mice with floxed alleles were crossed with NKp46-iCre knock in mice kindly provided
by Prof. Eric Vivier?®, The presence or absence of the FRT sites, the loxP sites, the gene of
interest and the respective Cre transgene were checked routinely by PCR using genomic DNA
isolated from ear tissue. To investigate specific effects of ADAP deletion and to exclude off-
target effects of Cre recombinase, ADAP™" x Cre" and ADAP™ x Cre" were always used
as littermates. Transgenic mice of this mouse model, are used in this thesis, and are named
ADAPYW x NKp46-Cre™ (wild type littermates) and ADAP™™ x NKp46-Cre™ (NKp46-
conditional ADAP knockout). Of note, NK cell maturation in the bone marrow as well as

distribution of mature NK cells in spleen and peripheral blood was similar in both genotypes?%*.

2.2.2 ADAP" x LysM-Cre"®

To create this mouse line, the above-mentioned conditional ADAP™™ mouse was mated with
the LysM-Cre™ mouse. LysM is the gene product of the Lyz2 gene, which is expressed in all
myeloid phagocytes, like neutrophil granulocytes, monocytes, macrophages and DCs.
Analogous to the NKp46-Cre™ mouse, the LysM-Cre™ mouse is a heterozygous deletion
mutant for the Lyz2 gene in which one allele of Lyz2 has been replaced by the gene of the Cre
recombinase. By mating the two mouse strains, the ADAP™ and LysM-Cre™, the ADAP™/
x LysM-Cre"™ mouse is created, whose phagocytes are no longer able to express ADAP. The

corresponding control mouse line is the ADAP"Y x LysM-Cre™,

2.3 Consumables
All consumables, technical devices, buffer and media from cooperation experiments are stated

in the methods part (Manufacturer, # Cat number).

Table 1 | Chemicals

Product Cat number Manufacturer

-Mercaptoethanol 1001090202 Sigma-Aldrich
Bacto™ Agar 214010 BD Bioscience
Bacto™ Brain Heart Infusion 237200 BD Bioscience
BD FACS™ Clean 340345 BD Bioscience
BD FACS™ Flow 342003 BD Bioscience
BD FACS™ Rinse 340346 BD Bioscience

(continued on the next page) |31
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BD FACS™ Shutdown 334224 BD Bioscience
Brefeldin A 420601 BioLegend
Brefeldin A B7651 Sigma-Aldrich
BSA AT7906 Sigma-Aldrich
DMSO A9941 Carl Roth
Ethanol, absolute 2246.1000 CHEMSOLUTE®
Ethanol, 100 % 8025 Baker
EDTA E6758-500G Sigma-Aldrich
FCS P4047500 PAN Biotech
Fixable Viability Dye eFlour® 780 65-0865-14 eBioscience
Gentamycin P11-004 PAA
IGEPAL® CA-630 18896 Sigma-Aldrich
IMDM (GlutaMAX-I) 31980-022 Gibco
lonomycin 10634 Sigma-Aldrich
MilliQ - -
Monensin M5273 Sigma-Aldrich
NaCl 3975.2 Carl Roth
PFA 252549-1L Sigma-Aldrich
PFA 158127 Sigma-Aldrich
PBS 14190-169 Gibco
PBS tablets 18912-014 Gibco
Penicillin-Streptomycin 15070-063 Gibco/Invitrogen
PMA P1585 Sigma-Aldrich
Percoll 17-0891-01 GE Healthcare
RLT buffer 79214 Qiagen
RNAIlater 76106 Qiagen
RPMI 1640 medium (+ L-glutamine) 21875034 Gibco
Triton-X100 X100 Sigma-Aldrich
TWEEN-20 A1379-100mL Sigma-Aldrich
Trypan blue 15250-061 Gibco
TRIS-hydrochlorid 9090.3 Carl Roth
Table 2 | Kits
Product Cat number Manufacturer
CD4* T cell isolation Kit, mouse 130-104-454 Miltenyi Biotech
Cytofix/Cytoperm Kit 00-5123-43 BD Bioscience
Cytofix/Cytoperm Kit 554714 BD Bioscience
Fast-Start Essential DNA Green Master 06402712001 Roche
Liver Dissociation Kit + C-tubes 130-105-807 Miltenyi Biotech
Maxima First Strand cDNA Synthesis Kit 00408695 Thermo Fisher Scientific
NK cell isolation Kit, mouse 130-115-818 Miltenyi Biotech
RNeasy Mini Kit 74104 Qiagen
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2.4 Technical devices
Table 3 | Technical devices

CO2 incubator
COz incubator (Heracell)
Counting chamber
Homogenizer
Flow Cytometer
Flow Cytometer
Flow Cytometer
gentleMACS
Incubation shaker
Laboratory balance
Magnetic stirrer
Megafuge 40R
Microscope
Multifuge X3 FR
pH measuring instrument
Roller mixer
Shaker
Spectrophotometer
Spectrophotometer
Suction pump
Thermocycler
Thermomixer
Vacuum dryer
Vortex

Water bath

NU-8500E
50116047

Neubauer
POLYTRON® PT 3100 D
BD FACS Canto™ I
BD LSRFortessa™
Attune NxT
dissociator

Ecotron

Pioneer®

C-MAG HS7
50126358

CX21

10325804

EL20

SRT9

DOS-10L
GeneQuant™ pro
ND-1000

Vacusafe
LightCycler®480 I
Thermomixer comfort
RVC 2-18 CDplus
Vortex Genie 2
WNE 7

Product Model Manufacturer
autoMACS ProSeparator Miltenyi Biotech
Centrifuge Allegra® X-15R Beckman Coulter
Centrifuge Multifuge® 1S-R Heraeus
Centrifuge Centrifuge 5417-R Eppendorf

Clean bench HERAsafe® KS Heraeus

Integra Bioscience
Thermo Fisher Scientific
Marienfeld Superior
KINEMATICA AG

BD Bioscience

BD Bioscience

Thermo Fisher Scientific
Miltenyi Biotech
INFORS HT

Ohaus

IKA

Thermo Fisher Scientific
Olympus

Thermo Fisher Scientific
Mettler Toledo

Stuart

neolab

Amershan Bioscience
NanoDrop Technologies
Integra Bioscience
Roche

Eppendorf

Christ

Scientific Industries
Memmert

2.5 Antibodies - FACS Panels

In the following section, all antibodies that have been used for different analyses are listed.

Each antibody was titrated before the usage.

Table 4 | In vitro NK cell stimulation

(continued on the next page) |33

Antibody Conjugation Clone Manufacturer
Fixable Viability Dye eFlour780 - eBioscience
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CD107a Biotin 1D4B BiolLegend
CD49b APC DX5 BioLegend
CD11b PerCP-Cy5.5 M1/70 BioLegend
IFN-y BVv421 XMGL1.2 BioLegend
Streptavidin PE-Cy7 - BiolLegend
Table 51 FACS sorting of NK cells
Antibody Conjugation Clone Manufacturer
Fixable Viability Dye eFlour780 - eBioscience
CD16/CD32 - 93 BioLegend
CD3e FITC 145-2C11 BiolLegend
Ly6G BV510 1A8 BioLegend
CD11b BVv421 M1/70 BiolLegend
NK1.1 Biotin PK136 BioLegend
CD49b APC DX5 BioLegend
CD27 PE LG.3A10 BioLegend
Streptavidin PE-Cy7 - BioLegend
Table 6 | IL-10 expression
Antibody Conjugation Clone Manufacturer
Fixable Viability Dye eFlour780 - eBioscience
CD16/CD32 - 93 BioLegend
B220 FITC RA3-6B2 BioLegend
CD4 FITC RM4-5 BioLegend
CD8 FITC 53-6.7 BioLegend
CD3 BV510 17A2 BioLegend
NK1.1 PE PK136 BD Pharmingen
NKp46 eFlour660 29A1.4 Invitrogen
IL-10 BVv421 JES5-16E3 BiolLegend
Table 7 | Integrin expression
Antibody Conjugation Clone Manufacturer
CD16/CD32 - 93 BioLegend
CD3e FITC 145-2C11 BioLegend
CD4 FITC GK1.5 BioLegend
CD8 FITC 53-6.7 BioLegend
CD19 FITC 6D5 BioLegend
TER-119 FITC TER-119 eBioscience
NK1.1 APC-Cy7 PK136 BioLegend
NKp46 V450 29A1.4 BD Bioscience
CD122 PE-Cy7 TM-p1 BiolLegend
CD11b BV510 M1/70 BioLegend
CD18 Alexa Fluor 647 M18/2 BiolLegend
CD29 PE HMp1-1 BioLegend
CD1la PE 2D7 BD Pharmingen

(continued on the next page) |34
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| CXCR4 C450 29A1.4 BioLegend

Table 8 | Degranulation
Antibody Conjugation Clone Manufacturer
CD3¢ BUV395 17A2 BD Bioscience
NK1.1 APC PK136 eBiosciences
Perforin PE S16009B BioLegend
Granzyme B FITC NGZB eBiosciences
IFN-y BV785 XMG1.2 BiolLegend

Table 9 | Migration
Antibody Conjugation Clone Manufacturer
CD16/CD32 - 2.4G2 BD Pharmingen
CD3¢ FITC 145-2C11 BD Pharmingen
NK1.1 APC-Cy7 PK136 BioLegend
NKp46 BV450 29A1.4 BD Bioscience

Table 10 | Phagocytes infiltration and cytokine measurement

(continued on the next page) 135

Antibody Conjugation Clone Manufacturer
Fixable Viability Dye eFlour780 - eBioscience
CD16/CD32 - 2.4G2 BD Pharmingen
CD4 FITC RM4-4 BioLegend
CD8a FITC 53-6.7 BioLegend
B220 FITC RA3-6B2 BioLegend
CD45 PerCP-Cy5.5 30-F11 BioLegend
Ly6G PE-Cy5 1A8-Ly6g Invitrogen
CD11b BV605 M1/70 BioLegend
CX3CR1 BV510 SAO011F11 BioLegend
Ly6C APC HK1.4 BioLegend
IL-1a PE ALF-161 BioLegend
TNF-a PE-eFlour610 MPG6-XT22 Invitrogen
NOS2 PE-Cy7 CXNFT Invitrogen
Table 11 | FACS sorting of phagocytes and phagocytosis assay
Antibody Conjugation Clone Manufacturer
Fixable Viability Dye eFlour780 - eBioscience
CD16/CD32 - 2.4G2 BD Pharmingen
Fluospheres™ FITC - Fisher Scientific
CD3e APC 145-2C11 BioLegend
CD4 APC RM4-5 BiolLegend
CD8 APC 53-6.7 BioLegend
B220 APC RA3-6B2 BioLegend
CD45 PerCP-Cy5.5 30-F11 BioLegend
Ly6G PE-Cy5 1A8-Ly6g Invitrogen
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CD11b PE-Cy7 M1/70 BioLegend
CX3CR1 Bv421 SAO011F11 BioLegend
Ly6C BV711 HK1.4 BioLegend

2.6  Buffer and media composition

Table 12 | General Culture media

Media Composition Solvents

BHI-Media 18.5 g Bacto™ Brain Heart Infusion in 500 mL MilliQ
18.5 g Bacto™ Brain Heart Infusion . -
BHI Agar 7.5 g Bacto™ Agar in 500 mL MilliQ

Table 13 | IMDM complete

Component Final concentration
IMDM with GlutaMAX-1 500 mL

FCS 10 % (v/v)
Penicillin/ Streptomycin 1% (v/v)
Gentamycin 0.1 % (v/v)
-Mercaptoethanol 0.1 % (v/v)

Table 14 | FACS buffer

Component Final concentration
PBS,pH 7.4 -

FCS 2 % (vIV)

EDTA 2 mM

Table 15 | Buffer for NK cell isolation

Component Final concentration
PBS, pH 7.4 -

BSA 0.5% (v/v)

EDTA 2 mM

Table 16 | Lysis buffer

Component

Final concentration

PBS, pH 7.4
IGEPAL CA-630

0.2%
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3 Methods

3.1 Microbiological techniques

3.1.1 Cultivation of bacteria

To initially grow Listeria monocytogenes (Lm), two bacteria bearing polystyrene beads from a
cryo glycerol stock were placed in 5 mL BHI medium and were cultured at 37 °C with
overnight shaking. On the next day 100 puL were pipetted onto a BHI agar plate and spread
over the entire plate. The plate with the bacterial suspension was then cultivated at 37 °C, and
afterwards stored in the refrigerator for later use. A day before mouse infection, a pre-culture
was prepared by transferring Lm cells with an inoculation loop from the initial overgrown agar
plate into 5 mL of fresh BHI medium. The preculture was then incubated over night at 37 °C
and 180 rpm shaking speed. To prepare the main culture, 1 mL was removed from the
incubated preculture and added to 4 mL of fresh BHI medium, followed by incubation for
about 4 h in the incubator at 37 °C and 180 rpm to ensure that the bacteria were in the

metabolically active growth phase.

3.1.2 Infection of mice with Listeria monocytogenes
The Lm strain 10403S (kindly provided by Dirk Busch (Germany) and described before in
references 2022%) was used for infection experiments. Lm culture in the metabolically active
phase were prepared as described above (see section 3.1.1) and bacterial numbers were
determined by measuring ODeoo UsSing a spectrophoto-meter. PBS served as a blank. Based on
a previously established OD/cell-density correlation curve the suspension was further diluted
in sterile PBS to an ODsoo corresponding to the desired infection dose per mouse and per
experiment.
If not stated otherwise, mice were infected by intravenous (i. v.) injection into the tail vein with
the calculated dose of 2.5 x 10* bacteria suspended in 100 pL of PBS. To determine the
effective infectious dose, serial dilutions of the inoculum were plated on BHI agar plates
followed by an overnight incubation of the plates at 37 °C. The colonies were counted on the
next day. Effective number of bacteria that had been applied to the mice was calculated based
on the serial dilution with the highest countable CFU count.
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3.1.3 Determination of the bacterial burden

The bacterial burden in organs of Lm infected mice was determined from organ homogenates
as colony forming units (CFU). Organs of interest from mice were collected at different time
points post Lm infection and transferred into sterile tubes with 1 mL for the spleen and 2 mL
for the liver of PBS with 0.2 % (v/v) IGEPAL CA-630 (NP-40) for lysis of eukaryotic cells
and homogenized using a mechanic homogenizer device. The lysis buffer was required to make
sure that also intracellular bacteria are released from their host cell. Five 10-fold serial dilutions
of the homogenized organs were prepared and 10 puL was plated on BHI agar plates. The plates
were incubated over night at 37 °C. Colonies on the agar plates were than counted the next day
and the CFU was calculated in respect to the according dilution factor.

3.2 Cell biological techniques

3.2.1 Organ isolation and preparation of single-cell suspension

Mice were euthanized with CO; inhalation and exitus was proven by reflex control of the legs.
Before the organs of interest were collected a transcardial perfusion with 10 mL ice-cold PBS
was carried out in order to flush out as many blood components as possible from the organs,
which would interfere with the subsequent processing. Subsequently, the organs were removed
and stored in PBS on ice until further cell isolation. If blood and serum was required, prior to
transcardial perfusion, heart blood was obtained by puncturing the heart with a 1 mL
disposable fine-dose syringe and treated as described (see section 3.2.3).

For cell isolation, the spleens were weighted, placed in a petri dish and flushed with 10 mL
ice-cold PBS with the help of a syringe or were directly meshed through a 100 um cell strainer
into a 6-well plate. After transfer into a 15 mL falcon tube, the dish was flushed with additional
5 mL PBS and this volume was also transferred into the falcon tube. The cells were centrifuged
at 300 xg at 4 °C for 10 min and the supernatant was discarded. Next, erythrocyte lysis was
performed using 0.2 % NaCl/MilliQ as well as 1.6 % NaCl/MilliQ. The cell pellet was first
resuspended in 5 mL 0.2 % NaCl and after approximately 20 sec 5 mL of 1.6 % NaCl was
added, bringing the suspension back to a physiological osmolarity. Finally 5 mL PBS was
added. Cells were centrifuged as described before and the supernatant was discarded. The cell
pellet was resuspended in PBS and stored on ice until further usage.

Before processing livers, the gallbladder was excised. Liver samples were meshed through a

70 um cell strainer directly into a 50 mL falcon tube and the strainer was flushed with about
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30 mL PBS. Supernatant was discarded after a centrifugation at 300 xg at 4 °C for 10 min.
Erythrocytes lysis was performed as described for spleen samples, however 10 mL of all
buffers was used. The cell suspension was centrifuged as defined before and the supernatant
was aspirated. Leukocytes from liver samples were obtained by a density gradient
centrifugation using Percoll (density of stock solution: 1.124 g/mL). To this end, cells were
resuspended in 10 mL Percoll/0.15 M NaCl solution (density: 1.041 g/mL). Cell suspension
was then centrifuged at 1800 rpm at RT for 20 min without using the brake of the centrifuge.
The density centrifugation resulted in a pellet of total liver leukocytes in the bottom of the
falcon tube, whereas the hepatocytes and other remaining organ material stays in the Percoll
layer. Next, the supernatant was aspired and the pellet was washed with 10 mL PBS and
centrifuged again at 300 xg at 4 °C for 10 min. Finally, the cells were resuspended in PBS and

stored on ice until further analysis.

3.2.2 Liver dissociation

For higher cellular yields of single-cell suspensions of liver leucocytes, a liver dissociation
procedure was applied. To this end, the Liver Dissociation Kit from Miltenyi Biotech company
was used. This procedure combines mechanical dissociation and enzymic degradation of the
extracellular matrix, thereby efficiently releasing intercellular and interstitial leucocytes. After
isolating the liver and removing the gallbladder, liver was digested according to the protocol
of the kit manufacturer’s. Briefly, the liver was rinsed with DMEM and transferred into a C-
tube (Miltenyi Biotech) with 4.7 mL of prewarmed dissociation mix (200 uL Enzyme D
solution, 100 pL enzyme R solution and 20 uL enzyme A solution in DMEM). The C-tube was
inserted upside down into the gentleMACS Dissociater device (Miltenyi Biotech) and the
gentleMACS program m_liver_03 was run. After termination of the program, C-tube was
detached from the device and incubated for 30 min at 37 °C under continuous tube rotation.
Subsequently, C-tube was again inserted into the gentleMACS Dissociater and the
gentleMACS program m_liver_ 04 was applied. After termination of the program, cell
suspension was filtered through a 100 um strainer, which was washed with 5 mL DMEM. The
tube with the cell suspension was filled up with DMEM medium and centrifuged at 300 xg for
10 min at 4 °C. The supernatant was completely aspirated and the cells were resuspended in

an appropriate volume of PBS. Until further use the cell suspension was stored on ice. To
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isolate total leukocytes from the cell suspension, Percoll density gradient centrifugation (see

section 3.2.1) was used.

3.2.3 Serum preparation, cytokine analyses and ALT measurement

Mice were sacrificed and blood was obtained by puncture of the heart. Blood samples in
1.5 mL Eppendorf Tubes were incubated for 30 min at RT and for another additionally 30 min
at 4 °C. After a short 5 min centrifugation at 14000 rpm the serum supernatant was collected
and stored at -80 °C.

For the detection of different cytokines in serum samples a flow cytometry-based multi-analyte
assay (LegendPlex; custom mouse panel) or a pre-defined cytometric bead array (Mouse
Inflammation cytokine panel; 13-plex) both from BioLegend was used according to the
manufacturer’s recommendations.

For the analysis of the serum alanine transaminase (ALT) concentration, a commonly used
diagnostic indicator for liver pathology, 32 uL serum was applied on a Refloton® test stripe
(Roche). Measurement of the test stripe took place on Reflovet Plus spectrophotometer from

Roche.
3.3 Molecular techniques

3.3.1 Genotyping of mice from in-house breeding

The mouse-individual genotypes of in-house breed ADAPko ADAP wild type and ADAP het
mice were determined by conventional endpoint PCR using a piece of ear biopsy and the
KAPA Mouse Genotyping Hot Start Kit (Sigma).

Thus, ear biopsy was digested by adding 2 pL Express Extract Enzyme (1 U/uL) and 10 pL of
10x KAPA Express Extract Buffer. The biopsy preparation was filled up with 100 pL
molecular biology grade water and subsequently heated up for 10 min at 75 °C, followed by
heating for 5 min at 95 °C. After mixing and centrifuging the solution for 1 min at full speed,
the DNA extract was transferred into a new tube. The composition of the genotyping PCR
reaction mix can be found in Table 17. Genotyping primer combinations used for the according
mouse line are presented in Table 18.

For PCR amplification 1 pL of the previously prepared template DNA was added to the PCR
reaction mix. The PCR program for the Thermocycler is presented in Table 19. After the

thermocycler program was complete the samples were applied to a 1.5 % agarose gel which
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ran for about 35 min at 160 volts in a electrophoresis system. Lengths of PCR amplicon
products defined the according genotype. ADAP wild type mice show an amplicon at around
350 bp and ADAPko mice at approx. 550 bp. Heterozygous mice showed both bands.

Table 17 | PCR mix components for the reaction of amplification

Component Volume [pL]
Genotyping mix 125

MgCl2 (25 mM) 0.5

Primer forward 1.25

Primer reverse 1.25

DMSO 1.5

water 8.5

Template 1.0

Table 18 | Oligonucleotides primers for mice genotyping

Oligonucleotide Sequence 5° 2 3’ (length)

ADAP_neo GCGCTACCGGTGGATGTGGAATGT (24)
ADAP_fwd CCGTGGGGCCAAAGTCAGGAGAA (23)
ADAP _rev CCCACCCCAAGGTCCTTTCTTAC (23)

Table 19 | Cycler program used for genotyping PCR

Cycle Temperature [°C] Time Number of cycles
Initiation Denaturation 95 3 min

Denaturation 95 15 sec

Annealing 60 15 sec 35
Elongation 72 15 sec

Terminal Elongation 72 10 min

3.3.2 RNA isolation and reverse transcription

Mouse organs and tissue material was submerged in RNAIlater solution (Qiagen) for 24 h at
4 °C and subsequently stored at -80 °C until RNA isolation. Tissue samples were removed
from RNAlater solution and homogenized in RLT buffer containing 1% (v/v) B-
Mercaptoethanol. The homogenate was centrifuged for 10 min at 3000 xg at RT and 500 pL
of the supernatant was used for the RNA isolation. RNA was isolated according to the
manufacturer’s instructions of the RNeasy Mini Kit (Qiagen). RNA was eluted in 100 pL
nuclease-free water. Contaminating DNA within isolated total RNA was digested using the
RNase-free DNase set (Ambion). RNA content was determined with the NanoDrop ND-1000

spectrophotometer.
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For cDNA synthesis in a reverse transcription reaction, equal amounts of RNA per experiment
were transcribed using the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions (see Table 20). The resulting single-
stranded cDNA can be used as a template for the quantification of specific transcripts by means

of quantitative real-time RT polymerase chain reaction (QRT-PCR).

Table 20 | Mixture for cDNA synthesis in a reverse transcription reaction

Component Volume [uL]
Template RNA 1pg-5Hug
Maxima Enzyme Mix 2.0

5 x Reaction Mix 4.0
DEPC-water ad 20.0

This mixture was mixed and centrifuged. Afterwards the mixture was placed into a
thermocycler and was run with the following program, summarized in Table 21. Subsequently
8 uL TE 10/1 buffer (Tris-EDTA; 1:10 with MilliQ) per 1 ug reversely transcribed RNA were
added to the samples.

Table 21 | Thermal program for reverse transcription reaction

Temperature Time [min]
25°C 10

50 °C 15

85°C 5

3.3.3 DNase treatment to remove DNA contamination from total RNA

For the digestion with the RNase-free DNase Kit, 5 uL total RNA was used. After adding
0.5 uL volume of 10 x DNase buffer and 1 pL of DNase enzyme to the RNA, the mixture was
gently mixed and incubated at 37 °C for 20-30 min. Next, resuspended DNase Inactivation
Reagent (0.5 uL volume) was added, reaction was mixed well and incubated for 5 min at RT
with occasional flick mixing. Afterwards, the samples were centrifuged (10000 xg for 1 min)
and the supernatant, containing the RNA, was carefully transferred to a fresh tube. RNA

concentration was determined with the NanoDrop ND-1000 spectrophotometer.
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3.3.4 Quantitative real-time Polymerase chain reaction (qQRT-PCR)

Quantitative gRT-PCR can be used to measure the level of expression of a specific gene of
interest. The expression level of the gene of interest is typically normalized to the expression
of a so-called housekeeping gene, that signifies solid and ubiquitous expression in most cell
types. Here, the ribosomal protein 9 (Rps9) was generally used for gene level normalization.
Real-time PCR was performed on a Roche Light Cycler Il device in 96-well format using
SybrGreen-based Fast-Start Essential DNA Green Master Mix and the thermal program, stated
in Table 22. The device internal Light Cycler Il Software was used to determine threshold
cycle (Cy) values from amplification curves by the second-derivate maximum method. Relative
quantification of gene of interest expression normalized to Rps9 was calculated with the AACt
method?®” with efficiency correction. All reactions were performed in duplicates and averaged
Ct values were used in AACt calculation. Per sample and PCR reaction, 1 L. cDNA was used
as template material. Reaction mix is given in Table 23. All primers, see Table 24, had a stock
concentration of 100 umol/L and were used in a final concentration of 500 nmol/L. Annealing

temperature of all primers were designed to be at about 60 °C.

Table 22 | Thermal program for gRT-PCR

Cycle Temperature [°C] Time Number of cycles
Incubation 95 5 min
95 10 sec
Amplification 60 10 sec 45
72 10 sec
Cooling 4 stored

Table 23 | Components for the qRT-PCR reaction

Component Volume [uL]
forward Primer (2000 nmol/L) 5.0

reverse Primer (2000 nmol/L) 5.0

cDNA 1.0
Fast-Start Essential DNA Green Master Mix 10.0
Molecular biology grade water 4.0

Table 24 | Primer sequences for gRT-PCR

Gene Forward primer sequence (length)* Reverse primer sequence (length)*
-2 CAAGCAGGCCACAGAATTGAAA (22) GGCACTCAAATGTGTTGTCAGA (22)
11-12p40 GTAACCAGAAAGGTGCGTTCC (21) GAACACATGCCCACTTGCTG (20)
11-15 GGTCCTCCTGCAAGTCTCTC (20) GGTGGATTCTTTCCTGACCTCTC (23)
11-18 GAAAGCCGCCTCAAACCTTC (20) CCAGGTCTCCATTTTCTTCAGG (22)
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11-21 ATCTTCTTGGGGACAGTGGC (20) AGTGCCCCTTTACATCTTGTGG (22)
Rps9 CTGGACGAGGGCAAGATGAAGC (22) TGACGTTGGCGGATGAGCACA (21)

* Sequences are given in 5’- 3’ orientation.

The mRNA sequences and identifiers of genes of interest, used for primer design, were derived
from NCBI’s RefSeq database and intron spanning qRT-PCR primers were designed using the
web based assay design center tool from Roche company. To determine effective gRT-PCR
efficiency of all primers, C; values of 4 serial dilutions, corresponding to 3, 1, 0.1 and 0.01 pL
template mix, which contained a mixture of all cDNA samples from one given experiment,
were determined. PCR efficiency for each primer pair was calculated by the Light cycler

software and was used for relative expression quantification with efficiency correction.
3.4 Immunological techniques

3.4.1 Fluorescence-activated cell sorting (FACS)

Single cell suspensions of leucocyte samples in PBS or FACS buffer were transferred and
stained in 96-well round-bottom plates and centrifuged (1200 rpm, 5 min, 4 °C) to pellet the
cells, the supernatant was discarded.

Cells were incubated (10 min, 4 °C, dark) in 100 uL PBS containing anti-CD16/CD32
antibody and fixable live/dead discrimination dye (eFluor780). CD16/CD32 antibody binds
specifically to Fcy I11/11 receptors, predominantly present on phagocytes, to prevent unspecific
binding of subsequently used fluorescently labeled FACS antibodies. The live/dead
discrimination dye only stains dead cells that have impaired membrane integrity, thereby
enabling cell entry of the dye and thus allowing exclusion of dead cells in later data analysis.
After a washing step with 150 uL the plate was again centrifuged, the supernatant was decanted
and the plate gently tapped and vortexed to loosen the cell pellet.

Depending on the purpose of analysis, different combinations of FACS antibodies were used
to stain the cells (see Table 4, Table 5, Table 6, Table 7, Table 8, Table 9, Table 10 and
Table 11). Antibody staining procedure was done as described before.

If biotinylated antibodies were used, secondary Streptavidin counter-staining was carried out
for 10 min at 4 °C protected from light (100 uL FACS buffer with labeled Streptavidin per
well). After a finalizing washing step, cell pellets were resuspended in 200 uL FACS buffer
and transferred to FACS sample tubes. Samples were either acquired on a BD FACS Canto Il
(BD Bioscience), Attune NxT Flow Cytometer (Thermo Fisher Scientific) or a BD LSR
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Fortessa (BD Bioscience) and FACS data were analyzed using a FlowJo software (Version
9.6.4, Tristar).

In cases where the intracellular production of cytokines was to be analyzed, the cells were in
vitro stimulated prior FACS staining procedure, if not stated otherwise. To this end, leukocytes
were transferred to 15 mL tubes, resuspended in 1 mL stimulation medium (IMDM complete
medium with phorbol-12-myristat-13-acetate (PMA; final concentration: 1:100.000
=10 pg/mL) and lonomycin (final concentration: 1:1000 = 1 ng/mL) and initially incubated
for one hour at 37 °C. The combination of PMA and lonomycin enhances the current
phenotypic state of the cells, thereby boosting also in vivo established inflammatory properties
like cytokine production. After 1 h, Brefeldin A (stock concentration: 10 mg/mL, finale
concentration: 5 pL/mL) and Monensin (stock concentration: 2 mM, dilution factor: 1000) was
added to the medium, while the incubation was continued for additional three hours. Brefeldin
A and Monensin prevent cytokine secretion by inhibiting the Golgi apparatus and vesicle
merging with the outer plasma membrane and thus ensure accumulation of produced cytokines
with the cell. This greatly improves their detection by intracellular cytokine-antibodies. After
incubation time was over, live dead discrimination as well as the surface marker staining was
done as described above. For intracellular antibody staining Fixation/Permeabilization Kit (BD
Bioscience) according to the manufacturer’s protocol was used, as described in section 3.4.1.
In detail, cells were incubated overnight in 100 puL/well Fix/Perm buffer in the dark. On the
next day, the 96-well plate was centrifuged (1200 rpm, 5 min, 4 °C) and the supernatant was
decanted. Cells were washed with 100 puL/well of 1 x permeabilization buffer, plate was
centrifuged, supernatant was decanted, and the cells were stained with 100 uL/well of the
intracellular antibody staining mix (in 1 x permeabilization buffer) for 30 min at 4 °C in the
dark. The cells were washed with permeabilization buffer. Stained cells were taken up in
200 uL FACS buffer and transferred to FACS tubes. For compensation of fluorochrome
spillover during data analysis, each fluorescently labeled antibody within a staining panel was
stained separately on excessive splenocyte cell material. PMT voltages of the flow cytometer’s
detection channels were adjusted to the according cell material based on unstained, but equally
treated sample material. In case of cytokine staining, negative cells were defined with the
corresponding fluorescence-minus-one (FMO) controls.

NK cells were gated as displayed in Figure 12, whereas a representative gating scheme to

identify neutrophils and inflammatory monocytes can be found in Figure 13.
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Figure 12 | Representative gating scheme to define NK cells from Listeria monocytogenes. Cells, here shown
for infected spleens 3 days post infection, were pre-gated on leukocytes by FSC versus SSC (pre-gating not
shown) and doublets were excluded by FSC-A versus FSC-H gating. Dead cells were eliminated by staining with
live/dead marker and only CD457 cells were further characterized. Based on the expression intensity of indicated
surface markers, NK cells were defined and divided in subsets, according to Table 5.
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Figure 13 | Representative gating scheme to define neutrophils and inflammatory monocytes from Listeria
monocytogenes. Cells, here shown for infected spleens 3 days post infection, were pre-gated on leukocytes by
FSC versus SSC (pre-gating not shown) and doublets were excluded by FSC-A versus FSC-H gating. Dead cells
were eliminated by staining with live/dead marker and only CD45* cells were further characterized. Based on the
expression intensity of indicated surface markers, neutrophils and inflammatory monocytes were defined,
according to Table 10 and Table 11.
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3.4.2 NK cell isolation and in vitro stimulation

In order to isolate NK cells from the spleen, magnetic activated cell sorting (MACS) followed
by FACS sorting technology was used. One day prior to stimulation of isolated NK cells, a 96-
well U-bottom plate was pre-coated with anti-NK1.1 (clone: PK139, BiolLegend, stock
concentration: 0.5 mg/mL) in a final concentration of 1 ug/mL (dilution factor: 500), which
was diluted in PBS and incubated overnight at 4 °C. On the next day, this plate was washed
with 150 uL PBS to remove unbound NK1.1 antibody and centrifuged (1200 rpm, 5 min, 4 °C)
and stored until further use.

For MACS sorting spleens were harvested and processed into single cell suspension. Initially
lymphocytes from all spleen samples were collected as described (see section 3.2.1).
Splenocytes were incubated in PBS containing anti-CD16/CD32 antibody as described in
section 3.4.1, and subsequently washed with NK cell buffer (containing 0.5 g BSA, 0.5 M
EDTA ad 100 mL PBS) and consequently the mouse NK cell isolation Kit (Miltenyi Biotech)
was used according to the manufacturer’s instructions without erythrocyte lyses of splenocytes
in respect to the autoMACS program Depletes. For in vitro stimulation untouched NK cells
were added to the pre-coated well plate.

If indicated, either recombinant mouse IL-2 (stock concentration: 0.2 mg/mL, final
concentration: 3000 Units/mL; dilution factor: 200) and recombinant mouse IL-12 (stock
concentration: 0.1 mg/mL, final concentration: 1 ng/mL; dilution factor: 100.000) or PMA
(20 ng/mL) and ionomycin (1 pg/mL) were added to the wells and NK cells were stimulated
for 4 h at 37 °C in an incubator with 7.5 % CO.. Control cells were cultured in IMDM-
complete medium without any stimulation. After the first 2 h, Brefeldin A was added to all
wells including the control wells. After the full 4 h of in vitro stimulation, NK cells were
incubated with antibodies according to section 3.4.1 and Table 4, whereas Biotin stained
samples were counterstained with streptavidin. Intracellular staining done as described before
(see section 3.4.1). Cells were analysed using an Attune NxT Flow Cytometer (Thermo Fisher
Scientific). The purity of autoMACS isolated NK cells was > 86 %.

3.4.3 FACS-sorting
For Proteome analyses of NK cells (see section 3.5.1), Microarray analyses (see section 3.5.2)
and microscopy of NK cells (see section 3.6.1), NK cells were sorted using a FACS cell sorter.

For this purpose, leukocytes from spleens and livers were isolated as described before (see
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sections 3.2.1 and 3.2.2). Subsequently, a T cell and B cell depletion, using the autoMACS
device (Miltenyi Biotech) was carried out. Briefly, cell pellets were incubated with biotinylated
antibodies for CD3 (dilution factor: 250) and B220 (dilution factor: 120) diluted in PBS and
incubated for 5 min (4 °C, dark). Afterwards, cells were resuspended in FACS buffer and anti-
Biotin MicroBeads from the CD4" T cell isolation Kit (mouse) were used according to the
manufacturer’s instructions (Manual magnetic labeling; Miltenyi Biotech) and incubated for
10 min (4 °C, dark) before proceeded to the magnetic cell separation (program: DEPLETE).
Resulting cell suspension was centrifuged and the cell pellet was stained with antibodies
according to Table 5 and Table 11.

3.4.4 IL-10 Expression on NK cells

For IL-10 expression on NK cells, total leukocytes from spleen and liver were processed into
single cell suspension as described in sections 3.2.1 and 3.2.2 and suspensions were treated
with anti-CD16/32 (see section 3.4.1). Cell suspensions were furthermore stimulated for 4 h
with PMA/lonomycin (see section 3.4.1) and later surface stained with antibodies according
to Table 6. Cells were fixed (Fixation/Permeabilization Kit) overnight and intracellular
staining was done as described before (see section 3.4.1). Cells were analysed with a Attune
NXT Flow Cytometer (Thermo Fisher Scientific). Flow cytometric data were analysed using
the BD FACS Diva v6.1.3 software.

3.4.5 Integrin expression on NK cells

For Integrin expression on NK cells, total leukocytes from spleen were processed into single
cell suspension as described in section 3.2.1 and suspensions were treated with anti-CD16/32
(see section 3.4.1). Cell suspensions were furthermore surface stained with antibodies
according to Table 7. Cells were analysed with a BD LSR Fortessa (BD Bioscience). Flow

cytometric data were analysed using the BD FACS Diva v6.1.3 software.

3.4.6 Degranulation

NK cells mediate cell killing action following cell-to-cell contact with an appropriate target
cell and subsequent local secretion of cytotoxic mediators by degranulation. A major trigger
of NK cell cytotoxicity is the absence of MHC class I on the target cell. The MHC I-deficient
YAC-1 cell line is thus commonly used to provide standardized target cells for NK cell

degranulation assays in vitro, since it is known to be sensitive to NK cell-mediated cytotoxicity,
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representing a great tool to assess the NK cell cytotoxic capacity. NK cells that underwent
degranulation express the lysosomal-associated membrane protein-1 (CD107a) protein on their
surface, thereby allowing discrimination of degranulated from resting NK cells'?5. Thus, the
degranulation assay was used to evaluate the cytotoxic capacity.

For the functional assessment of NK cells, splenocytes were co-incubated with YAC-1 target
cells at an effector:target ratio of 10:1 for a total incubation time of 6 h at 37 °C and 5 % CO-
in complete RPMI 1640 medium (Gibco), containing 10 % FCS, 100 U7mL penicillin,
50 pg/mL streptomycin, 1 mM L-glutamine (Gibco, #25030081). To detect CD107a
expression, the medium contained anti-CD107a antibody (concentration: 1:200). After 1 h of
incubation, the co-culture was supplemented with Monensin and Brefeldin A (Sigma) to
prevent receptor internalization and cytokine secretion, respectively, at a final concentration of
5 nug/mL. Subsequently, the cells were surface-stained for the identification of NK cells (CD3"
NK1.1") and intracellularly for perforin, granzyme B (GrzB) and IFN-y using the antibodies,
mentioned in Table 8. For intracellular staining of perforin, GrzB and IFN-y, cells were
permeabilized and fixed using the Cytofix/Cytoperm buffer (BD Bioscience) according to the

manufacturer’s protocol, as described in section 3.4.1.

3.4.7 Migration

The experimental evaluation of the chemotactic ability of immune cells towards certain chemo-
attractants of interest is highly useful to understand migratory behavior of those immune
subsets in vivo. Technically, this can be achieved by using in vitro transwell systems. Those
consist of a plastic well with a pores bottom, harboring tiny pores with defined diameter.
Transwell inlays sit inside wells of conventional cell culture plates, e.g. 12-well plate. This
generates two cell-culture-medium containing chambers. Cells are seeded in the upper chamber
and the chemoattractant is provided in the lower chamber. Numbers of initial cells in the upper
chamber are compared to numbers of transmigrated cells in the bottom chamber. Here, the NK
cell attracting chemokine CXCL12 (250 ng/mL) was added to the lower chamber in a total
volume of 600 pL chemotaxis medium (RPMI medium, containing 25 mM HEPES and 0.5 %
BSA). Total splenocytes were loaded to the upper chamber at a density of 5 x 10° cells in
100 pL chemotaxis medium. Cells were allowed to migrate across the pores of the transwell
inserts (pore size of 5 um) at 37 °C and 5 % CO.. After 4 h, transmigrated cells from triplicate
wells were harvested by centrifugation for 5 min at 300 xg, resuspended in 100 pL PBS,
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containing 2 mM EDTA, stained with trypan blue and counted using a haemocytometer. The
percentage of NK cells before and after transmigration was analysed by flow cytometry as
described in section 3.4.1. Briefly, cells were first incubated with anti-CD16/CD32 for 10 min
on ice, followed by staining with antibodies, mentioned in Table 9 for 30 min on ice. After
washing, analysis was performed on a BD LSRFortessa flow cytometer. NK cells were gated
by data analysis and absolute NK cell numbers within the upper and lower chamber was
calculated. Assay readout was calculated as follows: number of migrated NK cells / number of

input NK cells.

3.4.8 Staining of NETs in mouse tissue

Mice were anesthetized by intraperitoneal (i. p.) injection of 100 pL per g of bodyweight of
the narcotic solution (10 % ketamine, 2 % xylazine in 0.9 % saline). Proper depth of the
terminal anesthesia was determined by testing for the interdigital reflex. The heart was
punctured for heart blood collection. Organs were rinsed by perfusion of the heart with 20 mL
PBS. Afterwards, the organs were perfused with 10 % formalin via the heart. Spleens and livers
had been fixed in situ by perfusion with 4 % formalin. Following this, tissues were removed
and fixed in 4 % formalin for 15-20 h. Tissues were then stored in 70 % ethanol (dark, 4 °C),
paraffin-embedded and subsequently cut into 4 um sections as described before in reference
208 Antigen retrieval protocol, described from Becker et al.2% was run at 50 °C for 90 min.
Paraffin sections were dried, followed by dewaxing and rehydration. Subsequently, sections
were incubated with HIER buffer (heat-induced epitope retrieval, Aptum) at different
temperatures before three rinsing steps with de-ionized water and one time with PBS. After
antigen retrieval, sections were permeabilized for 5 min with 0.5 % Triton X-100 (Sigma) in
PBS at RT, followed by three rinsing steps with PBS. Sections were treated with blocking
buffer, containing 2 % donkey serum, 5 % normal goat, 0.05 % TWEENZ20 and 0.05 % Triton
X-100, for 30 min to prevent non-specific binding before rinsing steps occurred. Primary
antibodies for anti-neutrophil elastase (NE; Abcam) and anti-histone H3 (Thermo Fisher) were
diluted in blocking buffer incubated on the sections overnight followed by different rinsing
steps. The same procedure was followed for the secondary antibodies conjugated to Alexa
Fluor 488 donkey anti-rabbit IgG (Bioss) and Alexa Fluor 647 goat anti-rat 1gG (Thermo
Fisher) with an incubation of 30 min at RT in the dark. Staining of the nuclei was done using

DAPI (CarlRoth) prepared in PBS followed by rinsing steps. Since Lm infection might not be
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homogeneously distributed throughout the organ, four pictures per slide for all three layers (12
in total) at a magnification of 200-fold were taken. Tissue sections were analyzed with the
KEYENCE BZ-X800 microscope. and analysis was done by counting the numbers of histone

and NE expression quantified by using Image-Pro Plus 6.

3.4.9 Phagocytosis assay

The phagocytosis assay quantifies the ingestion of FITC-labeled latex beads by phagocytes.
Isolated splenocytes and liver leukocytes (see sections 3.2.1 and 3.2.2) of a mouse were placed
in triplicates into a 96-well plate (4 x 10° cells/well) and incubated for 2 h at 37 °C with 5 %
CO.. Samples permanently incubated at 4 °C served as negative controls. After the incubation,
cells were set up with a cell to beads ratio of 1:5 with FITC-fluorescent (yellow-green),
carboxylated latex beads (Fluospheres™, F8823, Fisher Scientific, Germany) in IMDM-
complete medium, containing 10 % FCS, 1 % Penicillin/Streptavidin, 0.1 % Gentamycin and
0.1 % 2-Mercaptoethanol. Subsequently, cells were washed and stained using antibodies
according to Table 11. Flow cytometric analyzes was performed using an Attune NXT Flow
Cytometer (Thermo Fisher Scientific). Obtained data were analyzed using FlowJo software
(Version 9.9.6.). Phagocytosis of latex beads was evaluated by the median fluorescence
intensity (MFI) of the positive population in the FITC-fluorescence channel. Within a gated
cell subset the percentage of cells that phagocytosed 1, 2, 3 or more than 3 latex beads (FITC-

positive cells) were calculated, according to references 209210,

3.5 Omics techniques

3.5.1 Proteome analyses

FACS-sorted NKp46™ NK cells (see section 3.4.3) were lysed in buffer (1 % SDS (Carl Roth,
# 4360.2), 1x Complete protease inhibitor cocktail (Roche, 1# 1697498001), 50 mM HEPES,
pH 8.5 (Carl Roth, # 9105.3) and 10 mM DTT (Sigma-Aldrich, # D-0632)) for 5 min at 95 °C,
after resting 5 min on ice. Benzonase (MERCK, # 1.016915.0001) was added and samples
were incubated (37 °C, 30 min). Afterwards, different chemicals were added to reduce and
protect cysteine residues, respectively. Protein purification, protein digestion and peptide
purification was performed according to a slightly adapted Single-Pot Solid-Phase-enhanced
Sample Preparation (SP3) protocol?''?'2, Sequencing grade trypsin was added at a ratio of 1:20
weight per weight in 50 mM HEPES with pH 8. After < 14 h incubation at 37 °C, samples
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were slightly acidified using formic acid (FA; Biosolve, # 01934125 and # 0023244101BS),
shaken and incubated overnight at RT after raising the acetonitrile concentration to at least
95 %. Beads containing the adsorbed peptides were washed once with pure acetonitrile and
were air dried. Peptides were eluted in a first step with 20 uL 2 % DMSO (Sigma-Aldrich, #
D-0632) for 30 min, and in a second step with 20 pL 0.065 % FA, 500 mM KCI (Carl Roth, #
6781.1) in 30 % acetonitrile (ACN; Baker, # 901) for 30 min. Peptides were vacuum dried and
dissolved in 0.2 % trifluoroacetic acid + 3 % ACN for subsequent ultracentrifugation (model:
Sorvall Discovery M120 SE, Hitachi) (50000 xg, 30 min, RT). LC-MS/MS analyses of
purified and desalted peptides were performed on a Dionex UltiMate 3000 n-RSLC system
connected to an Orbitrap Fusion™ Tribrid™ mass spectrometer (model: Tribrid™, Thermo
Fisher Scientific). Peptides of each sample were loaded onto a C18 precolumn (model: 3 um
RP18 beads, Acclaim), washed for 3 min at a flow rate of 6 pL/min and separated on a C18
analytical column (model: 3 mm PepMap RSLC, Dionex) at a flow rate of 200 nL/min via a
linear 120 min gradient from 97 % MS buffer A to 25 % MS buffer B, followed by a 30 min
gradient from 25 % MS buffer B to 62 % MS buffer B. The LC system was operated with the
Chromeleon software embedded in the Xcalibur software suite. The effluent was electro-
sprayed by a stainless-steel emitter. Using the Xcalibur software, the mass spectrometer was
controlled and operated in the “top speed” mode, allowing the automatic selection of as many
doubly and triply charged peptides in a 3 sec time window as possible and the subsequent
fragmentation of these peptides. Peptide fragmentation was carried out using the higher energy
collisional dissociation mode and peptides were measured in the ion trap (HCD/IT). MS/MS
raw data files were processed via the Proteome Discoverer program using Mascot as search
machine and fasta files from the Swiss-Prot/UniProt database from January 2018. Used Mascot
search parameters were: maximum missed cleavage site: 1, precursor mass tolerance: 10 ppm,
fragment mass tolerance: 0.05 Da. Oxidation of methionine was set as a variable modification
whereas modification of cysteine by MMTS was set as fixed modification. Filters used in
Proteome Discoverer were peptide confidence: high, search engine rank: 1 and false discovery
rate: 1%. The entire mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the data set identifier
PXD016305.
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3.5.2 Microarray analyses

RNA of neutrophils and inflammatory monocytes, FACS-sorted from spleen and liver
leukocytes of day 3 Lm infected wild type and ADAPko mice, were purified using the RNeasy
Mini Kit, as described above (see sections 3.3.2 and 3.3.3). To acquire a representative mix of
all individual, and thus variable samples (n = 6 mice/genotype), a pool within the sorted cells
(n = 3 mice/genotype; triplicate, n = 2 for neutrophils of liver wild type; duplicate). The
preparation of RNA samples for microarray analysis, including amplification, fragmentation,
microarray hybridization, staining as well as scanning was performed at the Genome Analytics
Group at Helmholtz Centre for Infection (HZI) Research in Braunschweig, Germany. Samples
were analyzed with the Affymetrix Clariom S mouse microarray resulting in 23 microarrays:
Microarray raw data were initially analyzed using the Transcriptome Analysis Console (TAC)
software (Thermo Fisher Scientific). Briefly, data were summarized, log.-transformed and
quantile-normalized with SST-RMA algorithm. A percentile filter, to decimate lowly abundant
transcripts, was applied to the microarray data, removing transcripts with signal intensities
consistently below the 20" percentile of the average signal intensity distribution in all
microarrays of a given cell subset. Differential expression between ADAPko and wild type
cells was calculated based on ANOVA method with FDR < 0.05 and applying a fold change
(FC) cutoff of: - 3 < FC > + 3. Volcano plots were generated in Python using Matplotlib library
and the Spyder programming environment. K-means clustering of z-score transformed
normalized log: signal intensities of differentially regulated genes was calculated and plotted
using Genesis software?'®, Gene Ontology (GO) enrichment analysis was performed with
Cytoscape software and the ClueGO plugin®#, using two-sided hypergeometric test with
Bonferroni-step-down multiple-hypothesis-testing correction and GO-term fusion/grouping
options applied. Only GO-terms with FDR < 0.05 and GO-level above > 8 were considered.
Enriched GO-terms were mapped to previously determined k-means clusters and the
percentages of transcripts in each cluster affiliating to significantly enriched GO-terms were
color-coded and hierarchically clustered in the Genesis software. Microarray data were
deposited in NCBI’s Gene Expression Omnibus and are accessible through the GEO series
accession number GSE175993.
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3.6 Imaging techniques

3.6.1 Microscopy

FACS-sorted NK cells (see section 3.4.3) were seeded onto poly-L-lysine (Sigma-Aldrich,
#P8920) coated coverslips and allowed to adhere for 30 min. Cells were fixed for 20 min,
followed by washing with PBS. Cells were permeabilized using 0.15 % Triton-X100 in PBS
for 5 min followed by blocking with 1 % BSA in PBS containing 0.05 % TWEEN-20 (Carl
Roth, # 9127.1) for 1 h. Antibodies were applied in blocking solution and staining was
performed for 2 h at RT. Cells were washed three times with PBS containing 0.05 % Tween-
20 followed by dehydration using first 70 % and 100 % ethanol. Samples were dried by air and
mounted using Mowiol (Carl Roth, # 9 127.1). Light microscopy was carried out on an inverted
microscope (model: ECLIPSE Ti-E, Nikon) with standard epifluorescence illumination.
Images were acquired with a back-illuminated, cooled charge-coupled-device camera (model:

DS2-Qi2, Nikon). Data acquisition was performed in NIS-Elements.

3.6.2 Histopathology analyses

To evaluate structure and organ pathology of spleen and liver of infected and uninfected control
mice, histopathological preparations were generated and systematically scored. Mice were
euthanatized by inhalation of CO2. Subsequently, spleen and liver were removed, washed in
PBS and fixed with 4 % paraformaldehyde (PFA). Organs were embedded in paraffin,
sectioned at 4 um thickness and Hematoxylin and eosin (H&E) staining was done by the
veterinary pathologist Dr. Olivia Kershaw, from the Freie University Berlin. Blinded
histological evaluations were performed by the veterinary pathologist Dr. Olivia Kershaw,
according to literature Telieps et al.?!>. The number of foci of inflammation was mainly
assessed by the grade of affected tissues (grade 1: mild; grade 2: moderate) through
microscopy. To measure the characteristic of pathology, samples were microscopically scored

in a blinded manner by measuring necrotic areas.

3.7 Statistics

All statistical analyses were performed using the GraphPad Prism Software v9 (GraphPad
Software, Inc, La Jolla, USA). The type of the statistic test is indicated in each single figure
legend. Where indicated, z-scores of a dataset were calculated by subtraction of the mean of

the dataset from each individual data entry and division by the standard deviation of the dataset.
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4 Results

To date the adaptor protein ADAP has largely been studied in the context of effector functions
in and activation of T cells. CD8" T cells and NK cell develop from the same common
lymphoid precursor and share hallmark features like effector cytokine secretion and
cytotoxicity. Apart from T cells, a vital role for ADAP in regulating cell adhesion by integrins
has been described for neutrophils. Only limited data is available for the function of ADAP in
other immune cells including monocytes.

As described earlier in the introduction, available data regarding the immunological function
of ADAP in NK cells are conflicting. They vary from a crucial role of ADAP in the production
of pro-inflammatory cytokines like IFN-y and cytotoxicity to an ADAP-dependent uncoupling
of cytokine production and cytotoxicity, with only cytokine production being dependent on
ADAP, up to the finding that ADAP in NK cells is entirely dispensable for their function. So
far, no data existed concerning the role of ADAP for the function of NK cells in an in vivo
infection setting. NK cell activation in vivo is certainly far more multifaceted than their
activation under artificial in vitro conditions. Thus, the first part of this thesis aimed at
extending existing knowledge regarding the impact of ADAP on NK cell function using in vivo
infection of wild type and ADAPko mice with Lm, a pathogen well-known to effectively
induce the activation of NK cells.

While an important contribution of ADAP in integrin-associated adhesion as well as for the
recruitment of leukocytes has been demonstrated, its role in pathogen-specific immunity during
in vivo infection remains largely elusive. Neutrophils and monocytes are rapidly recruited to
sites of infection, were they are activated and exert various central antimicrobial functions. The
second part of this thesis will therefore elucidate the role of ADAP in phagocyte-mediated anti-
bacterial immunity utilizing the in vivo Lm infection model in conventional ADAPko mice and

mice lacking ADAP exclusively in phagocytes.
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Part 1

4.1 Role of ADAP in NK cells during Listeria monocytogenes infection in mice

Note: Results of this part of the thesis (pages 57-83) have been published in:

Boning, M. A. L.; Trittel, S.; Riese, P.; van Ham, M.; Heyner, M.; Voss, M.; Parzmair, G. P.;
Klawonn, F.; Jeron, A.; Guzman, C. A.; Lothar, J.; Schraven, B.; Reinhold, A. and Bruder, D.
ADAP promotes degranulation and migration of NK cells primed during in vivo Listeria
monocytogenes infection in mice. Front. Immunol., 2020, 10, 3144. https://doi.org/
10.3389/fimmu.2019.03144.

| 56



Results

4.1.1 Cytotoxic capacity of in vivo Lm infection primed NK cells requires ADAP

As mentioned in the introduction, NK cells exhibit the capacity to produce effector cytokines,
with IFN-y being the principal NK cell cytokine produced early on during infection0%216,
Importantly, IFN-y plays a vital role for the activation of additional immune cells needed for
an effective immunity to pathogens®!:28,

To first address the role of ADAP in cytokine production by naive as well as infection primed
NK cells, ADAPko and wild type mice were infected intravenously with a sublethal dose of
Lm. On day 1 and 3 post infection, spleens were harvested and processed into single cell
suspensions. Uninfected mice served as internal control (day 0). NK cells were isolated by
negative selection and afterwards stimulated in vitro with anti-NK1.1 alone or together with
IL-2/1L-12 or PMA/ionomycin known to activate several intracellular signaling pathways, and
moreover resulting in the activation and production of a variety of cytokines'. Following in
vitro stimulation, flow cytometric analysis of IFN-y production by NK cells was performed.
As depicted in Figure 14, no genotype-dependent differences regarding the percentage of IFN-
v producing NK cells and the level of IFN-y production (MFI) were observed in unstimulated
NK cells isolated from naive or infected mice. However, ADAP-dependent differences in NK
cell activation became evident following their in vitro stimulation. NK cell stimulation with
anti-NK1.1 revealed a significantly lower frequency of IFN-y secreting NK cells and in part, a
significantly reduced amount of the effector cytokine IFN-y produced by NK cells from naive
ADAPko mice compared to ADAP sufficient mice (Figure 14 B). This held also true for
infection-primed NK cells day 1 and, in tendency, day 3 post Lm infection. Both IL-2 and IL-
12 are known to enhance the cytolytic activity and IFN-y production by NK cells. In line with
this, the combined stimulation with anti-NK1.1 and IL2/IL-12 revealed the most prominent
genotype-dependent differences in this setting with a strikingly reduced number of IFN-y
producing NK cells in ADAPko mice that moreover produced significantly lower quantities of
the cytokine as indicated by the MFI (Figure 14 B).
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Figure 14 | Production of IFN-y in naive and Listeria monocytogenes infection-primed NK cells is
dependent on ADAP. Wild type (m) and ADAPko (o) mice (age: 10-24 weeks) were either infected i.v. with 2.5
x 10* CFU Lm or left untreated (uninfected control mice, day 0) and were sacrificed at the indicated times post
infection. Leukocytes were isolated from the spleen. Untouched naive NK cells from the spleen were either
stimulated in vitro with anti-NK1.1 (plate bound) alone or in combination with IL-2/IL-12 or PMA/ionomycin
for 4 h or were left unstimulated (ctr.). Controls were cultured in medium without further stimulation. After 2 h
brefeldin A was supplemented to all wells including the control wells to prevent receptor internalization and
cytokine secretion, respectively. Subsequently, frequency of IFN-y producing NK cells was analyzed by flow
cytometry. (A) Representative histograms (left panels) are shown for re-stimulation with anti-NK1.1 in
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combination with IL-2 and IL-12 (- unstained and untreated; m stained and untreated; o stained and treated).
Numbers in the histograms represent percentage of positive and ctr. cells. (B) Summary plots are depicted as
mean + SEM of CD3"CD49*IFN-y* NK cells (top panels) and mean fluorescence intensity (MFI, bottom panels)
of IFN-y in NK cells is shown with n = 3-8 individually analyzed mice per group out of three independent
experiments. Dashed line indicates MFI of 500 for orientation. Statistical analyses were performed using two-
tailed, unpaired t-test with Welch’s correction (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Parts of the
modified figure have already been published in reference 2%,

The fact that the wild type mice exhibit higher frequencies of IFN-y* NK cells is also visible
in the representative histogram shown for the re-stimulation with anti-NK1.1. in combination
with IL-2/IL-12 (Figure 14 A) for the indicated times post Lm infection. Combined stimulation
of the NK cells with NK1.1 and PMA/lonomycin revealed no genotype-dependent differences,
except for day 3 post infection with a reduced frequency of IFN-y producing ADAPko NK
cells compared to the NK cells from wild type animals. Taken together, cytokine production
by naive as well as infection-primed NK cells from mice deficient in ADAP is reduced
compared to those of the wild type counterparts in different stimulation settings. The
significant reduction in IFN-y production by naive as well as Lm infection-primed NK cells
from ADAP-deficient mice raised the question whether NK cell activation in general would be
impaired in the absence of ADAP. To test this, the activation status of NK cells was assessed
by means of the surface expression of the activation marker CD69 using the same experimental
setting as described before.

Figure 15 shows the frequencies of CD69 expression by as well as the MFI of CD69
expression on naive and infection-primed NK cells from wild type and ADAPko mice. This
analysis did not reveal any differences among the different stimulation settings during the
course of Lm infection. Nevertheless, independent from the genotype the percentage of CD69*
NK cells increased from day O to day 3 post infection (wild type: 70.9 + 13.6 %, ADAPko:
93.5+ 1.6 %). This increase was detectable for all stimulation conditions, even ex vivo without
further restimulation. Moreover, the level of CD69 expression on NK cells increased over time
and notably, on day 3 post infection ADAPko mice expressed significantly more CD69
following NK1.1 stimulation in comparison to the wild type counterparts. Taken together, in
contrast to IFN-y, surface expression of the activation marker CD69 by naive as well as

infection-primed NK cells appears not to depend on ADAP.
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Figure 15 | Expression of the activation marker CD69 of naive and Listeria monocytogenes infection-
primed NK cells is independent on ADAP. Wild type (m) and ADAPko (0) mice (age: 10-24 weeks) were either
infected i. v. with 2.5 x 10* CFU Lm or left untreated (uninfected control mice, day 0) and were sacrificed at the
indicated times post infection. Leukocytes were isolated from the spleen. Untouched naive NK cells from the
spleen were either stimulated in vitro with anti-NK1.1 (plate bound) alone or in combination with IL-2/IL-12 or
PMA/ionomycin for 4 h or were left unstimulated (ctr.). Controls were cultured in medium without further
stimulation. After 2 h brefeldin A was supplemented to all wells including the control wells to prevent receptor
internalization and cytokine secretion, respectively. Subsequently, frequency of CD69 expressing NK cells was
analyzed by flow cytometry. (A) Representative histograms (left panels) are shown for re-stimulation with anti-
NK1.1 in combination with IL-2 and IL-12 (- unstained and untreated; m stained and untreated; o stained and
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treated). Numbers in the histograms represent percentage of positive and ctr. cells. (B) Summary plots are depicted
as mean £ SEM of CD3 CD49*CD69" NK cells (top panels) and mean fluorescence intensity (MFI, bottom
panels) of CD69 on NK cells is shown with n = 3-5 individually analyzed mice per group out of two independent
experiments. Dashed line indicates MFI of 500 for orientation. Statistical analyses were performed using two-
tailed, unpaired t-test with Welch’s correction (*p < 0.05).

As stated above, in vivo NK cell activation is far more complex than the activation induced
under in vitro conditions. Taken this into account, studies were extended to an experimental
setting based on NK cell priming within their natural environment during in vivo infection,
followed by a more physiological in vitro stimulation using the MHC class I-deficient NK cell
target cell line YAC-1. This cell line is sensitive to NK cell-mediated cytotoxicity®® that can
be indirectly measured by CD107a surface expression on NK cells'?®. For in vivo NK cell
priming, wild type and ADAPko mice were sublethally infected with Lm. Afterwards, NK cells
were isolated from the spleen of wild type and ADAPko mice on day 3 post Lm infection, as
well as from uninfected controls (day 0). Splenocytes were co-cultured for 6 h with or without
YAC-1 target cells, followed by NK cells staining for surface CD107a expression and
intracellular perforin content. In the absence of YAC-1 target cells, no genotype-dependent
difference in CD107a expression and perforin content was detectable, neither in naive not in
the Lm infection-primed NK cells (Figure 16 A, top panels and B). Moreover, for naive NK
cells (day 0), the overall percentage of CD107a" NK cells increased during co-culture with
YAC-1 target cells for both genotypes (no target: wild type: 5.0 % + 0.3 %, ADAPKo: 3.9 +
0.3 %; (+) YAC-1: wild type: 13.7 + 1.6 %, ADAPko: 7.2 + 0.5 %). This effect was as well
observed in infection-primed wild type NK cells on day 3 post Lm infection (no target: wild
type: 12.8 + 0.9 %; (+) YAC-1: wild type: 32.0 + 1.3 %) indicating that in vitro re-stimulation
of NK cells with YAC-1 target cells stimulated significantly more cells to degranulate.
Strikingly though, YAC-1 cells did not induce any further degranulation of in vivo primed
ADAPKo NK cells. Taken together, YAC-1-mediated stimulation of naive NK cells revealed
a striking and highly significant ADAP-dependent degranulation defect indicated by reduced
numbers of CD107a expressing ADAPko compared to wild type NK cells.
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Figure 16 | Degranulation capacity and perforin production by Listeria monocytogenes infection-
primed NK cells depends on ADAP. Wild type (m) and ADAPko (0) mice (age: 9-18 weeks) were either
infected i. v. with 2.5 x 10* CFU Lm or left untreated (uninfected control mice, day 0) and were sacrificed
at the indicated times post infection. Leukocytes were isolated from the spleen. Splenocytes were isolated
and co-incubated in vitro without targets (-) or with YAC-1 target cells (+) for a total incubation time of 6 h.
After 1 h of incubation, the co-culture was supplemented with brefeldin A and monensin to prevent receptor
internalization and cytokine secretion, respectively. (A) Representative density dot plots with smoothing
and outliers showing surface CD107a or intracellular perforin versus NK1.1 expression on wild type and
ADAPKo splenocytes from naive mice (day 0) as well as on day 3 post Lm infection in the presence or
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absence of YAC-1 target cells. Numbers in the density dot plots represent percentage of positive cells.
Frequency of summary plots for (B) surface CD107a* and (C) perforin"d" CD3"NK1.1* NK cells in the
spleen of uninfected mice (day 0) and day 3 post Lm infection after in vitro co-incubation with YAC-1 target
cells. Data are depicted as mean + SEM of n = 10-11 individually analyzed mice per group out of two
independent experiments. Statistical analyses were performed using two-way ANOVA with Bonferroni
correction for multiple hypothesis testing (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Figure has already
been published in reference 2%°, Note: In cooperation with Prof. Carlos A. Guzman, Dr. P. Riese and Dr. S. Trittel
(Helmholtz Centre for Infection Research Braunschweig, Research Group Vaccinology and Applied
Microbiology).

Cytotoxicity of NK cells is, among others, mediated by the release of granules containing
perforin and granzyme B!!°. The observed ADAP-dependent degranulation defect raised the
obvious question if ADAP-deficiency would have an additionally impact on the intracellular
perforin level as well as on the GrB and IFN-y secretion by NK cells. Thus, wild type and
ADAPKko mice were analyzed as well for these markers by flow cytometry.

As depicted in Figure 16 A and C bottom panels, for naive NK cells (day 0) no genotype-
dependent changes were observed regarding perforin production, independent of the re-
stimulation of NK cells with YAC-1 target cells (no target: wild type: 5.6 + 1.9 %, ADAPko:
7.2+2.2%; (+) YAC-1: wild type: 7.1 + 1.6 %, ADAPKko: 9.5 + 1.1 %). However, well in line
with the increased degranulation capacity, Lm infection primed NK cells to produce higher
levels of perforin. Strikingly, this acquisition of NK cell effector function was significantly
impaired in infection-primed NK cell from mice lacking ADAP, as indicated by the decreased
frequency of perforin"® ADAPko NK cells (no target: wild type: 57.7 + 3.2 %, ADAPko: 37.6
+ 4.1 %; (+) YAC-1: wild type: 65.8 + 1.5 %, ADAPKko: 43.6 + 5.0 %).

As for CD107a and perforin, significantly more infection-primed NK cells produced IFN-y and
granzyme B (Figure 17 A, B and C) following co-cultivation with YAC-1 target cells, with
the frequency of IFN-y-producing cells raising from 0.4 + 0.07 % (day 0) to 5.9+ 0.9 % (d 3
p. i.) for the wild type and from 0.23 £ 0.04 % (day 0) t0 9.9 + 3.0 % (d 3 p. i.) for the ADAPko
NK cells. A similar picture was found for the percentage of GrB* NK cells. These data are
indicative for an efficient in vivo priming, however no genotype-dependent alterations were
observed. Taken together, the more physiological stimulation of naive or infection-primed NK
cells with YAC-1 target cells uncovered no ADAP-dependent effect with regard to their

capacity to produce IFN-y as well as GrB.
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Figure 17 | Production of IFN-y and granzyme B by Listeria monocytogenes infection-primed and YAC-1
re-stimulated NK cells is independent of ADAP. Wild type (m) and ADAPko (0) mice (age: 9-18 weeks) were
either infected i. v. with 2.5 x 10* CFU Lm or left untreated (uninfected control mice, day 0) and were sacrificed
at the indicated times post infection. Leukocytes were isolated from the spleen. Splenocytes were isolated and co-
incubated in vitro without targets (-) or with YAC-1 target cells (+) for a total incubation time of 6 h. After 1 h of
incubation, the co-culture was supplemented with brefeldin A and monensin to prevent receptor internalization
and cytokine secretion, respectively. (A) Representative density dot plots with smoothing and outliers showing
IFN-y or granzyme B (GrB) versus NK1.1 expression on wild type and ADAPKo splenocytes from naive mice
(day 0) as well as on day 3 post Lm infection in the presence or absence of YAC-1 target cells. Numbers in the
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density dot plots represent percentage of positive cells. Frequency of summary plots for (B) IFN-y* and (C) GrB*
CD3 NK1.1* NK cells in the spleen of uninfected mice (day 0) and day 3 post Lm infection after in vitro co-
incubation with YAC-1 target cells. Data are depicted as mean = SEM of n = 10-11 individually analyzed mice
per group out of two independent experiments. Statistical analyses were performed using two-way ANOVA with
Bonferroni correction for multiple hypothesis testing. Parts of the modified figure have already been published in
reference 22°. Note: In cooperation with Prof. Carlos A. Guzman, Dr. P. Riese and Dr. S. Trittel (Helmholtz Centre
for Infection Research Braunschweig, Research Group Vaccinology and Applied Microbiology).

We next asked whether the observed striking differences in NK cell degranulation and perforin
production were the result of an inefficient NK cell priming in the ADAPko animals during
Lm infection or rather an intrinsic effect of ADAP-deficiency in NK cells. It is well-known,
that in order to successfully fulfill their immunological functions, cytokines secreted by other
immune cells are needed to prime NK cell activation, proliferation and their differentiation into
fully activated effector cells??1222, Thus, a comparative quantification of the serum cytokines
that have been described in the context of NK cell activation®®133223224 \yas performed. Wild
type and ADAPko mice were Lm infected and sacrificed at the indicated times post infection.
Heart blood was taken and the concentration of altogether 13 cytokines in the serum was
analyzed by flow cytometry-based multi-analyte assay (custom mouse panel). As depicted in
Figure 18, the serum cytokine levels for IL-1B, IL-10, IFN-B and IFN-y on day 1 post Lm
infection were equivalent in wild type and ADAPko mice. However, although generally low
abundant, the IL-1a level was significantly reduced in ADAPko mice (wild type: 12.5 +
1.7 pg/mL, ADAPko: 5.1 + 0.6 pg/mL) whereas the TNF-a concentration was slightly higher
(wild type: 38.6 + 6.6 pg/mL, ADAPko: 67.0 + 13.0 pg/mL) compared to the wild type animals
on day 1 post infection. While analysis of IL-2, IL-4, IL12p70, IL-15 and 1L-18 did not reveal
genotype-dependent differences, the 1L-12p40 serum level was reduced in ADAPko mice on
day 1 p. i. compared to the wild type mice. Of note, IL-21 was not detectable (data not shown).
Interestingly, serum levels of IFN-B, IFN-y, as well as IL-1a and in tendency TNF-a, which
are all known to stimulate cytotoxic priming in NK cells 225227 were even higher 3 days post

infection in ADAP-deficient compared to wild type mice.
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Figure 18 | ADAPko and wild type mice exhibit distinct differences in serum levels of NK cell activating
cytokines day 1 and day 3 post Listeria monocytogenes infection. Wild type (m) and ADAPko (o) mice (age:
8-24 weeks) were infected i. v. with 2.5 x 10* CFU Lm and sacrificed at the indicated times post infection. Blood
was obtained by puncture of the heart, after centrifugation the supernatant was collected. Cytokine concentration
(pg/mL) in serum of Lm infected mice was analyzed via a flow cytometry-based multi-analyte assay (custom
mouse panel). Summary plots present the average concentration of the analytes calculated from two replicates.
Data are depicted as mean £ SEM for n = 5-10 individually analyzed mice per group out of two independent
experiments. Horizontal dotted lines show the limit of detection. Protein concentrations under the detection line
were considered undetectable and hence were not included into statistics; numbers represent the detectable
samples out of the total number of samples, if not stated otherwise all samples were detectable. Statistical analyses
were performed using two-tailed, unpaired t-test with Welch’s correction (*p < 0.05, **p < 0.01). Modified figure
has already been published as a Supplement figure in reference 2%,

To further validate serum cytokine data on the transcriptional level, quantitative gene
expression analyses for the major NK cell activating cytokines were performed in splenocytes
obtained from mice 1 and 3 days post Lm-infection.

As depicted in Figure 19, this analysis did not reveal any genotype-dependent differences with

regard to mRNA expression levels in splenocytes.
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Figure 19 | Wild type and ADAPko mice exhibit equal expression levels of NK cell activating cytokines in
splenocytes on day 1 and day 3 post Listeria monocytogenes infection. Wild type (m) and ADAPko (0) mice
(age: 12-15 weeks) were infected i. v. with 2.5 x 10* CFU Lm and sacrificed at the indicated times post infection.
Leukocytes were isolated from the spleen and subsequently re-suspended in RLT buffer. RNA was isolated from
splenocytes. For cDNA synthesis RNA was transcribed, whereas cDNA was used as a template for quantitative
real-time PCR. mRNA sequences were derived from ncbi gene database and intron spanning real time PCR
primers were designed accordingly using the web based assay design center tool from Roche company. The
relative expression of the investigated target genes was calculated with the aid of the AACt method. Quantitative
RT-PCRs were run in duplicates in the LightCycler 480 system Il. Shown are the relative mRNA expressions for
the chemokines 11-2, 11-12p40, 11-15, 11-18 and 11-21 in wild type and ADAPKo splenocytes on day 1 and day 3
post Lm infection normalized to the house keeping gene Rps9. Summary plots are depicted as mean + SEM for n
= 3-5 individually analyzed mice per group out of one experiment. Statistical analyses were performed using two-
tailed, unpaired t-test with Welch’s correction. Modified figure has already been published as a Supplement figure
in reference 22,

Taken together, ADAPKo animals did not exhibit an overall defect in mounting a pro-
inflammatory cytokine response. At least in part, they even showed a more pronounced
cytokine response to Lm infection than their wild type counterparts. This implies that the
observed impaired effector function in ADAPko NK cells is not the consequence of their
insufficient priming in the ADAP-deficient animals, but is more likely an intrinsic effect due
to ADAP-deficiency in the NK cells itself.

4.1.2 Morphology, vesicle distribution and the overall pattern of protein abundances is not
affected in NK cells deficient for ADAP during Lm infection
The stimulation of splenocytes with YAC-1 target cells uncovered an unequivocal role of
ADAP in the degranulation of NK cells. Since it has been reported that ADAP-deficiency
impairs the translocation of the microtubule-organizing center (MTOC) following T cell
activation®®, we next analyzed whether ADAP-deficiency would equally affect NK cell
morphology, microtubule network structures and distribution of vesicles. To this end, NK1.1*
NK cells were FACS-sorted from the spleen of wild type and ADAPko mice 1 day post Lm

infection and analyzed by confocal light microscopy without any further in vitro stimulation.
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As illustrated in Figure 20 A, NK cells showed a well-structured and genotype-independent
microtubule network with single microtubules originating from the MTOC, indicated with a
white arrow. Remarkably, the staining for CD107a identified CD107a* vesicles (colored in
green) spread in the periphery of the MTOC, as well as the a-tubulin itself (colored in red),
but with no observable alterations in NK cells from wild type and ADAPko mice. Additionally,
the quantification of the polarized MTOC-oriented CD107a distribution in NK cells from Lm
infected mice did not reveal any differences (Figure 20 B). For both genotypes around 65 %
to approximately 90 % of the sorted NK cells exhibited a MTOC-oriented distribution of
CD107a (wild type: 75.2 + 4.0 %, ADAPKo: 75.0 + 5.4 %). Analogously, NK cells from naive
wild type and ADAPko mice showed no differences in CD107a distribution (data not shown).
Thus, the ex vivo analysis of NK cells at an early phase of Lm infection did not uncover obvious
ADAP-dependent differences regarding the cellular morphology as well as the localization of
CD107a in vesicle-like structures.

In order to identify potential ADAP-dependent alterations of infected and naive wild type and
ADAPko mice, the molecular phenotyping was extended by NK cell proteome profiling by
unbiased high-resolution mass spectrometry. For this purpose, splenic NK cells from wild type
as well as ADAPko mice were isolated on day 1 post Lm infection and analyzed without further
stimulation in comparison to NK cells from naive wild type and ADAPko mice. This was done
using a label-free quantitative proteomics approach (LC-MS). The box plots are showing the
distribution of abundances (logio) of all proteins detected in each individual sample. The
numbers of the detected proteins in each single sample are given in red in the top of the
respective plots. In total, the relative abundance of 4.131 proteins was quantified in NK cells.
Within the individual samples of wild type and ADAPko mice, 3.365-3.705 proteins were
identified that showed a normal distribution in protein abundances, indicating the robustness
of the analytical workflow (Figure 20 C). Of note, the obtained data did not distinguish wild
type from ADAPko mice rather than separated the abundances of detectable proteins into

infected and non-infected mice.
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Figure 20 | Similar distribution of CD107a and proteomic characterization of naive and Listeria
monocytogenes infection-primed NK cells in wild type and ADAPko mice. Wild type (WT; m) and ADAPKo
(KO; o) mice (age: 11-17 weeks) were either infected i. v. with 2.5 x 10* CFU Lm or left untreated (uninfected
control mice, day 0) and were sacrificed one day post infection. Leukocytes were isolated from the spleen. (A-B)
Flow cytometry sorted splenic NK cells were gated as alive singlets stained CD3'NK1.1* cells. Sorted NK cells
were prepared for microscopy or mass spectrometry. (A) NK cells were seeded onto poly-L-lysine coated
coverslips and stained for CD107a (green) and o-tubulin (red). Representative images of NK cells from Lm
infected mice are given as stacked images. Scale bars are 2 um. (B) Quantification of CD107a distribution toward
the MTOC in wild type and ADAPko in NK cells from Lm infected mice (n = 4; up to 25 cells per animal were
analyzed). (C-D) Flow cytometry sorted splenic NK cells were gated as alive singlets stained CD3"NK1.1* cells.
Sorted NK cells were lysed and analyzed by high-resolution mass spectrometry after tryptic digestion. (C) Box
plots showing the distribution of abundances (logio) of all proteins detected in each sample. Numbers of detected
proteins in each single sample are given in red. Wild type n =5, ADAPko n = 6. (D) Cluster analysis by using
Proteome Discoverer™ revealing two main clusters, i.e. infected mice and non-infected mice. The color code is
showing the relative enrichment of proteins; green: less present, red: more present. The different proteins were
clustered on the basis of the color code pattern. Modified figure has already been published, partially as a
Supplement figure, in reference ?2°. Note: In cooperation with Prof. Lothar Jansch and Dr. M. van Ham
(Helmholtz Centre for Infection Research Braunschweig, Research Group Cellular Proteomics).

Moreover, computational clustering analysis of the total NK cell proteomes distinguished again
NK cells from infected and non-infected mice, but did not discriminate between NK cells from
wild type and ADAPko mice, as indicated by the color code showing the relative enrichment

of the proteins (Figure 20 D).
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To next address whether the overall pattern of protein abundances in NK cells differs in wild
type compared to ADAPko mice, flow cytometry sorted splenic NK cells were analyzed by
high-resolution mass spectrometry. The scatter plots in Figure 21 A summarize the mean
abundances (logio) of all detected NK cell proteins and selected proteins that are associated
with NK cell function are highlighted in colored circles and squares. Dot plots presented in
Figure 21 A depict the absolute abundances of eight selected NK cell proteins for each

individually analyzed mouse for all four experimental conditions.
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Figure 21 | Global NK cell protein composition is similar in naive and Listeria monocytogenes infection-
primed NK cells in wild type and ADAPko mice. Wild type and ADAPKo mice (age: 11-17 weeks) were either
infected i. v. with 2.5 x 10* CFU Lm or left untreated (uninfected control mice; non-infected, day 0) and were
sacrificed at the indicated times post infection. Leukocytes were isolated from the spleen. Flow cytometry sorted
splenic NK cells were gated as alive singlets stained CD3'NK1.1* cells. Sorted NK cells were prepared for mass
spectrometry. NK cells were lysed and analyzed by high-resolution mass spectrometry after tryptic digestion. (A)
Scatter plots depicting mean logig abundances (n = 3; for wild type day 0: n = 2) of all detected proteins (circles
and squares) and selected NK cell proteins are marked in colors (color code given in the right panel). (B) Dot
plots depicting absolute abundances of selected NK cell proteins for each individual mouse in all four conditions
(m wild type non-infected, = wild type infected, m ADAPko non-infected, m ADAPko infected). Modified figure
has already been published in reference 2. Note: In cooperation with Prof. Lothar Jansch and Dr. M. van Ham
(Helmholtz Centre for Infection Research Braunschweig, Research Group Cellular Proteomics).

As demonstrated in Figure 21 A (top panel), computational cluster analysis of total NK cell
proteomes clearly discriminated NK cells from infected and non-infected mice, but did not
differentiate between NK cells from wild type and ADAPko mice. Besides this, it presents the
variation of NK cell proteins from infected versus non-infected mice in the two different
genotypes (lower panel). As depicted in Figure 21 A, the comparison of protein abundancies

revealed higher variation in NK cells from infected versus non-infected mice (lower panel).
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This definitively underscores that the infection-related in vivo priming of NK cells, but not the
presence or absence of ADAP, is decisive for the global changes observed in the proteome
composition of NK cells (lower panel). This was the case for a number of NK cell proteins that
were identified with a comparable abundance in NK cells from naive wild type and ADAPko
mice (Figure 21 B). For instance, the abundance of granzyme A (grza) and grzb in NK cells
increased after Lm infection, but to the same extend in both genotypes. Other proteins related
to NK cell functions including CD107a, perforin and the Killer cell lectin-like receptor (KLR)
subfamily members Ly-49a, Ly-49¢g, Ly-55a and Ly-55b were less abundant in NK cells from
infected mice, this was however as well independent of the genotype (Figure 21 B).

Taken together, unbiased ex vivo proteome profiling of splenic naive and infection-primed NK
cells clearly revealed in vivo responsiveness of NK cells to the infection but did not uncover
any obvious ADAP-dependent alterations in the effector molecule inventory involved in this

process.

4.1.3 NK cell migration, but not IL-10 production, is dependent on ADAP during Lm
infection

Since the proteome analyses of naive and infection-primed splenic NK cells did not uncover
obvious global ADAP-dependent alterations in the effector molecule inventory, the question
raised, if and how ADAP-deficiency in NK cells would affect the overall course of Listeria
monocytogenes infection. To rule out effects of ADAP-deficiency in immune cells other than
NK cells, conditional knockout mice (ADAP™ x NKp46-Cre) were used that lack ADAP
specifically in NK cells. Importantly, the maturation of NK cells in the bone marrow and the
distribution of mature NK cells in the spleen and peripheral blood were shown before to be
normal in these mice®3.

To get a first impression regarding the role of ADAP in NK cells for the immune response
towards Lm, conditional ADAPko mice and littermate controls were infected with a sublethal
dose of Lm, followed by monitoring of the body weight loss as an indicator for disease severity.
Strikingly, as depicted in Figure 22 A, the conditional ADAPko mice lost significantly more
weight from day 2 until day 5 post Lm infection (day 2 p. i.: 93.6 £ 1.0 %; day 5 p. i.: 89.4 +
3.0 %) compared to the littermates (day 2 p. i.: 96.7 = 0.8 %; day 5 p. i.: 98.8 £ 1.4 %). At the

chosen infection dose, none of the mice succumbed to the infection (data not shown). Taken

|71



Results

together, these data gave a first hint that ADAP in NK cells might be involved in the regulation

of inflammatory pathways especially during the early innate immune response towards Lm.
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Figure 22 | Enhanced susceptibility of conditional ADAPko mice to Listeria monocytogenes infection is not
associated with altered bacterial burden in the spleen. ADAP™M x NKp46-Cre™ (o) mice (age: 10-24 weeks)
lacking ADAP specifically in NK cells and respective littermate controls (ADAP"" x NKp46-Cre™, m) were
either infected i. v. with (A) 5 x 10* CFU or (B, C) 2.5 x 10* CFU Lm or left untreated (uninfected control mice,
day 0) and were sacrificed at the indicated times post infection. (A) Body weight loss of ADAP"t x NKp46-
CreM™t control and conditional ADAP™M x NKp46-Cre™ mice during the course of Lm infection over a period of
8 days. (B) CFU was quantified in the spleen as a measure for the bacterial load. (C) Serum ALT levels were
determined. The dashed line indicates the threshold of 30 IU x L™, Levels higher than this are considered elevated
and indicative of a liver damage. Data are depicted as mean + SEM for n = 6-15 individually analyzed mice per
group out of three independent experiments. Statistical analyses were performed using two-tailed, unpaired t-test
with Welch’s correction (*p < 0.05, **p < 0.01, ****p < 0.0001). Parts of the modified figure have already been
published in reference 2.

Given the aforementioned finding of an enhanced susceptibility of conditional ADAPKo mice
to Lm infection, we next evaluated their capacity to control bacterial growth at the site of Lm
infection. For this purpose, spleens from both genotypes were collected at the indicated times
post Lm infection. The organ homogenates were plated on BHI agar plates and the bacterial
burden was determined after 24 h incubation. As presented in Figure 22 B, the bacterial load
was identical in both genotypes during the course of Lm infection indicating that ADAP-
deficiency in NK cell does not affect anti-bacterial immunity.

Since impaired pathogen control was excluded as underlying mechanism for enhanced disease
severity in conditional ADAPko mice, serum alanine aminotransferase (ALT) levels as a
reliable clinical biomarker indicative for liver damage were quantified. To this end, cardiac
blood of Listeria-infected conditional ADAPko and wild type mice was collected from naive
mice (day 0) as well as on day 2, 3 and 5 post infection and the ALT level in the serum was
determined. As depicted in Figure 22 C, ALT serum levels were equally low in the absence

of infection (day 0) in both genotypes (wild type: 42.1 £ 3.5 IU/mL, cond. ADAPko: 32.6
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4.0 IU/mL). While the ALT levels significantly increased from day O to day 2 post infection
(wild type: 88.6 + 13.1 IU/mL, cond. ADAPko: 76.1 + 6.0 IU/mL) in both genotypes, no
statistically significant differences were observed between wild type and conditional ADAPko
mice. Five days post infection the ALT concentration went back to baseline level in both
genotypes (wild type: 36.0 + 3.5 IU/mL, cond. ADAPko: 31.4 = 7.2 IU/mL). Together, this
analysis did as well not reveal an explanation for the increased disease severity in conditional
ADAPko mice following Listeria infection.

It is well-known that Lm infection is accompanied by the expression of a plethora of pro- and
anti-inflammatory cytokines??2°, Cytokines such as TNF-a??° and IFN-y??%%3 are described
to play a central role in protective immunity against a Lm infection. In contrast, IL-10 was
shown to have a detrimental role in listeriosis?*2. The downstream consequences of I1L-10
expression differ depending on the phase of infection the cytokine is secreted??. Potential
differences in the serum concentrations of these cytokines during Lm infection in wild type and
conditional ADAPko mice might hint at potential changes in the inflammatory response and
thus might help explaining the enhanced disease severity in mice lacking ADAP in NK cells.
Thus, serum cytokines were analyzed by flow cytometry-based multi-analyte assay (custom
mouse panel, Figure 23).

While for most individually analyzed mice IL-1f and IL-10 serum concentrations remained
under the detection limit up to day 3 post Lm infection, TNF-a (day 2 p. i. wild type: 51.2 +
4.3 pg/mL, cond. ADAPko: 54.7 £11.7 pg/mL; day 3 p. i. wild type: 70.3 + 21.3 pg/mL, cond.
ADAPKo: 62.1 £ 6.1 pg/mL) and IL-1a (day 2 p. i. wild type: 8.6 £ 1.7 pg/mL, cond. ADAPKo:
10.3 £ 2.7 pg/mL; day 3 p. i. wild type: 18.3 £ 6.4 pg/mL, cond. ADAPko: 30.0 £ 5.4 pg/mL)
concentrations slightly rose over time (Figure 23). This was however independent of ADAP
expression in NK cells. Moreover, while the serum concentration of IFN-f (wild type: 2846.1
+ 1356.5 pg/mL, cond. ADAPko: 1140.4 + 279.1 pg/mL) and IFN-y (wild type: 16329.5 +
2549.7 pg/mL, cond. ADAPKo: 17667.1 + 4212.3 pg/mL) were comparable on day 2 post
infection in conditional ADAP-deficient and wild type mice, conditional ADAPKo mice
exhibited significantly higher levels of IFN-B (wild type: 1082.5 + 132.0 pg/mL, cond.
ADAPko: 2484.0 + 471.3 pg/mL) compared to the wild type counterparts on day 3 post Lm
infection. This ADAP-dependent difference was not observed for IFN-y serum levels, which

declined equally in both genotypes after a peak on day 2 post infection. For IL-2, 1L-4,
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IL12p40, IL12p70 IL-15 and 1L-18 no statistically significant genotype-dependent differences
were found (data not shown). Of note, IL-21 was not detectable (data not shown).
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Figure 23 | Conditional ADAPko and wild type mice exhibit equivalent serum levels of NK cell activating
cytokines on day 1 and day 3 post Listeria monocytogenes infection as well as in an naive state. ADAP™ x
NKp46-Cre™ (o) mice (age: 10-24 weeks) lacking ADAP specifically in NK cells and respective littermate
controls (ADAP"" x NKp46-Cre™, m) were either infected i. v. with 2.5 x 10* CFU Lm or were left untreated
(uninfected control, day 0) and were sacrificed at the indicated times post infection. Blood was obtained by
puncture of the heart, after centrifugation the supernatant was collected. Cytokine concentration (pg/mL) in serum
of Lm infected mice was analyzed via a flow cytometry-based multi-analyte assay (custom mouse panel).
Summary plots present the average concentration of the analytes calculated from two replicates. Data are depicted
as mean = SEM for n = 5-10 individually analyzed mice per group out of three independent experiments.
Horizontal dotted lines show the limit of detection. Protein concentrations under the detection line were
considered undetectable and hence were not included into statistics; numbers represent the detectable samples out
of the total number of samples, if not stated otherwise all samples were detectable. n. d.; not detectable. Statistical
analyses were performed using two-tailed, unpaired t-test with Welch’s correction (*p < 0.05).

During the later stages of a Lm infection, I1L-10 confers central regulatory functions??. Since
it has been recently shown, that IL-10 produced by NK cells enhances the susceptibility of
mice to Lm infection®*® the question raised whether ADAP-deficiency would affect the
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capacity of NK cells to produce IL-10. To experimentally address this, ADAP"f x NKp46-
Cre™ and respective littermates were either infected or were left untreated, leukocytes were
isolated from the spleen and the liver, and afterwards cells were re-stimulated, intracellularly
stained for IL-10 and analyzed by flow cytometry.

As depicted in Figure 24, NK cells from the spleen (wild type: 0.02 + 0.01 %, cond. ADAPko:
0.01 £ 0.006 %) and the liver (wild type: 0.8 = 0.3 %, cond. ADAPko: 0.4 + 0.05 %) of naive

mice did not produce relevant amounts of 1L-10 (Figure 24 A, B and C).
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Figure 24 | 1L-10 production by NK cells from conditional ADAPko mice after Listeria monocytogenes
infection is independent of ADAP. ADAPY x NKp46-Cre"™ (o) mice (age: 12-20 weeks) lacking ADAP
specifically in NK cells and respective littermate controls (ADAP"Y"t x NKp46-Cre"®, m) were either infected i.
v. with 2.5 x 10* CFU Lm or were left untreated (uninfected control, day 0) and were sacrificed at the indicated
times post infection. Leukocytes were isolated from the spleen and the liver. Subsequently cells were re-stimulated
in vitro with PMA/ionomycin for 4 h. After 1 h brefeldin A and Monensin were added. Flow cytometry analyzed
splenic and hepatic NK cells were gated as alive singlets stained Lin"CD3"NK1.1*NKp46™* cells. Negative cells
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were defined with the corresponding FMO for IL-10 whereas positive cells were gated. Representative histograms
(left panels) are shown for (A) splenic and (B) hepatic CD3"NK1.1*"NKp46* IL-10 producing NK cells (
respective stained fluorescence minus one control,  unstained and untreated, o stained) whereas numbers
represent percentage of positive NK cells on day 0 (female mice) and day 3 post Lm infection. Summary plots
show percentage of 1L-10 producing NK cells (middle panel) in (A) spleen and (B) liver. Data are presented as
mean + SEM for n = 4-5 individually analyzed mice per group out of one experiment. Data were constrained to
alive singlet NK cells and are shown in columns side-by-side in a concatenated qualitative dot plot (right panels)
in which each column represents data of an individual mouse. Statistical analyses were performed using two-
tailed, unpaired t-test with Welch’s correction. Parts of the modified figure have already been published in
reference 220,

Three days post Lm infection, the IL-10 production in NK cells was induced in both organs,
however this was independent of the genotype (spleen: wild type: 0.2 + 0.06 %, cond.
ADAPKo: 0.05 £ 0.01 %; liver: wild type: 10.0 + 2.3 %, cond. ADAPko: 8.3 + 2.4 %). Of note,
there was generally a stronger increase in the percentage of IL-10" NK cells in the liver.
Together, these data largely excluded the possibility that the enhanced morbidity of conditional
ADAPKo mice lacking ADAP in NK cells (Figure 22) was due to an altered IL-10 production
by ADAP-deficient NK cells.

We next asked whether ADAP-deficiency in NK cells would affect their recruitment to sites
of infection. To this end, a closer look was taken to the absolute number of the NK cells in
spleen and liver of Lm infected mice. For the calculation of the absolute NK cell numbers
during the course of Lm infection leukocytes where isolated from the organs, stained for
different specific cell markers and the frequency was than quantified by flow cytometry. As
depicted in Figure 25 A and B, ADAP-deficiency exclusively in NK cells was accompanied
by a significant reduction in absolute NK cell numbers in the spleen and in the liver post Lm

infection.
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Figure 25 | Reduced accumulation of ADAP-deficient NK cells in the spleen and the liver of Listeria
monocytogenes infected conditional ADAPko mice. ADAP™ x NKp46-Cre™ (o) mice (age: 10-24 weeks)
lacking ADAP specifically in NK cells and respective littermate controls (ADAP"" x NKp46-Cre™, m) were
either infected i. v. with 2.5 x 10* CFU Lm or left untreated (uninfected control mice, day 0) and were sacrificed
at the indicated times post infection. Leukocytes were isolated from (A) the spleen and (B) the liver. (A, B) Flow
cytometry analyzed splenic and hepatic NK cells were gated as alive singlets stained Lin"CD49b*NK1.1* cells.
Negative cells were defined with the corresponding FMO whereas positive cells were gated. Summary plots show
the absolute NK cell numbers, calculated from the NK cell frequencies assessed by flow cytometry referred to the
absolute leukocyte numbers as well as the frequencies of live cells. Data are depicted as mean + SEM for n = 4-
15 individually analyzed mice per group out of three independent experiments. Statistical analyses were
performed using two-tailed, unpaired t-test with Welch’s correction (*p < 0.05, **p < 0.01, ***p < 0.001). ns;
not significant. Parts of the modified figure have already been published in reference 22

Notably, this was evident already in the spleen of naive mice (Figure 25 A), but not in the liver
(Figure 25 B). In the spleen of wild type animals the absolute number of NK cells steadily
rose until day 5 post Lm infection, with the increase from day 2 to day 5 post infection being
significant (spleen day 2 p. i.: wild type: 0.6 + 0.2 %, day 5 p. i.: wild type: 1.2 + 0.2 %). The
same pattern was observed for the absolute NK cell number in the liver (liver day 2 p. i.: wild
type: 0.1 +£0.03 %, day 5 p. i.: wild type: 0.6 + 0.1 %) (Figure 25 B ). In contrast, the number
of ADAPko NK cells in the spleen as well as in the liver rose to a far lesser extent, reaching
the plateau already by day 2 post Lm infection in the spleen. In the liver, the absolute number
of ADAPko NK cells remained almost the same for day 2, 3 and 5 post infection. For the liver,
but not for the spleen, the conditional ADAPko mice exhibited less NK cells on day 3 post
infection (spleen day 3 p. i.: wild type: 0.8 £ 0.1 %, cond. ADAPko: 0.5 + 0.1 %; liver day 3
p. i.: wild type: 0.3 £ 0.1 %, cond. ADAPKko: 0.2 + 0.01 %). This hold true for both organs on
day 5 post infection (spleen day 5 p. i.: wild type: 1.2 + 0.2 %, cond. ADAPko: 0.5 + 0.1 %;
liver day 5 p. i.: wild type: 0.6 £ 0.1 %, cond. ADAPko: 0.3 £+ 0.03 %).
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Taken together, there was a significantly reduced accumulation of ADAP-deficient NK cells
in the spleen as well as in the liver during L. monocytogenes infection. This raised the question,
whether this was due to an ADAP-dependent impaired migration or rather an altered NK cell
maturation. Of note, flow cytometric analysis of NK cell maturation markers revealed only
slight though in part significant differences in the maturation of ADAP-sufficient and -deficient
NK cells in the spleen and the liver of Lm infected mice during the course of infection (Figure
26 and Figure 27). However, the frequency of NK cells that reached the different maturation
stages was the same by day 5 post Lm infection in the spleen and as such, impaired NK cell
maturation was largely excluded as a reason for the pronounced ADAP-dependent differences

in NK cell abundance in the spleen and the liver of Lm infected mice.
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Figure 26 | ADAP-deficiency in NK cells only marginally affects NK cell maturation in spleen of Listeria
monocytogenes infected conditional ADAPko mice. ADAP™f x NKp46-Cre™ (o) mice (age: 10-24) lacking
ADAP specifically in NK cells and respective littermate controls (ADAP"" x NKp46-Cre, m) were either
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infected i. v. with 2.5 x 10* CFU Lm or left untreated (uninfected control mice, day 0) and were sacrificed at the
indicated times post Lm infection. Leukocytes were isolated from the spleen. Flow cytometry analyzed splenic
NK cells were gated as alive singlets stained Lin"CD49b*NK1.1* cells. Negative cells were defined with the
corresponding FMOs whereas positive cells were gated. For classification of the different maturation stages NK
cells were stained for CD27 and CD11b. NK cell subsets are shown as double negative (DN; CD27°CD11b’),
CD27*CD11b", double positive (DP; CD27*CD11b*) and CD11b*CD27-. (A) Representative density dot plots
with outliers showing surface expression of CD27 and CD11b and (B) summary plots show the percentages of
NK cell subsets in the spleen. Data are depicted as mean = SEM for n = 4-15 individually analyzed mice per
group out of three independent experiments. Statistical analyses were performed using two-tailed, unpaired t-test
with Welch’s correction (*p < 0.05, **p < 0.01). Modified figure has already been published in reference 22°.
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Figure 27 | ADAP-deficiency in NK cells only marginally affects NK cell maturation in liver of Listeria
monocytogenes infected conditional ADAPko mice. ADAP™f x NKp46-Cre™ (o) mice (age: 10-24) lacking
ADAP specifically in NK cells and respective littermate controls (ADAP"" x NKp46-Cre™, m) were either
infected i. v. with 2.5 x 10* CFU Lm or left untreated (uninfected control mice, day 0) and were sacrificed at the
indicated times post infection. Leukocytes were isolated from the liver. Flow cytometry analyzed hepatic NK
cells were gated as alive singlets stained Lin"CD49b*NK1.1* cells. Negative cells were defined with the
corresponding FMOs whereas positive cells were gated. For classification of the different maturation stages NK
cells were stained for CD27 and CD11b. NK cell subsets are shown as double negative (DN, CD27-CD11b’),
CD27*CD11b", double positive (DP, CD27*CD11b*) and CD11b*CD27". (A) Representative density dot plots
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with outliers showing surface expression of CD27 and CD11b and (B) summary plots show the percentages of
NK cell subsets in the liver. Data are depicted as mean + SEM for n = 4-15 individually analyzed mice per group
out of three independent experiments. Statistical analyses were performed using two-tailed, unpaired t-test with
Welch’s correction (*p < 0.05, **p < 0.01). Modified figure has already been published in reference 22°,

It has been shown before that ADAP is involved in the migration of other immune cells''*3
and moreover, protein network analyses of NK cell proteomes identified three pathways related
to cell migration that were potentially affected by ADAP-deficiency in NK cells (data not
shown). Moreover, it is well-described, that the activation of integrins, upon stimulation of the
T cell- or CCR7 chemokine receptor, induces inside-out signaling® and recent findings show
that the migration of both, CD4* and CD8" T cells, is dependent on ADAP?°2, Moreover the
integrin-dependent stimulation of NK cells is important for their migration and cytotoxicity?*2,
Considering this, the observed phenotype (Figure 25) might at least in part be the outcome of
an impaired migration of ADAP-deficient NK cell to sites of Lm infection. To experimentally
address this hypothesis, in vitro NK cell migration assays using an artificial CXCL12 gradient
were performed using splenocytes from naive and Lm-infected mice 1 and 3 days after the

infection.
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As depicted in Figure 28 A the migration of naive NK cells (day 0) from conditional ADAPko
mice was indeed reduced compared to the wild type animals (wild type: 5.2 + 0.3 %, cond.

ADAPKo: 3.6 + 0.2 %).
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Figure 28 | Impaired migratory capacity of splenic ADAP-deficient NK cells from Listeria monocytogenes-
infected mice. ADAP™ x NKp46-Cre™ (o) mice (age: 12-20 weeks) lacking ADAP specifically in NK cells and
respective littermate controls (ADAP"Y" x NKp46-Cre" m) were either infected i. v. with 2.5 x 10* CFU Lm or
left untreated (uninfected control mice, day 0) and were sacrificed at the indicated times post infection.
Leukocytes were isolated from the spleen. (A) Splenocytes were seeded in the upper transwell chamber that was
placed in medium containing the chemokine CXCL12 (250 ng/mL). After 4 h cells were recovered from the lower
chamber, counted and analyzed by flow cytometry to determine the percentage of migrated NK cells (% of input).
(B) Level of CXCR4 and (C) CD11a surface expression on NK cells. Depicted are representative histograms (m
respective stained fluorescence minus one control FMO, o stained) and mean fluorescence intensity (MFI) + SEM
of (B) CXCR4 and (C) CD11a on NK1.1" NK cells analyzed day 0 (female mice), day 1 and day 3 post infection.
Data are depicted as mean = SEM for n = 4-5 individually analyzed mice per group out of one to two independent
experiments. Statistical analyses were performed using two-tailed, unpaired t-test with Welch’s correction (*p <
0.05, **p < 0.01, ***p < 0.001). Modified figure has already been published in reference 2. Note: In cooperation
with PD Dr. A. Reinhold and M. Sc. M. Voss (Institute of Molecular and Clinical Immunology Magdeburg).

Despite the overall increased percentage of input, similar results were observed for infection-
primed NK cells day 1 post Lm infection (wild type: 19.4 + 2.3 %, cond. ADAPko: 12.2 +
1.4 %). Although not reaching statistical significance, reduced migration of ADAPko NK cells
was also evident day 3 post Lm infection. Together and well in line with our expectation, in
vitro NK cell migration towards a chemokine gradient was significantly impaired both in naive
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as well as in in vivo pre-activated ADAP-deficient NK cells. This lead to the question if the
expression of the CXCL12 receptor CXCR4 on the surface of NK cells would be affected by
ADAP-deficiency. As depicted in Figure 28 B, naive NK cells as well as day 1 and day 3
infection-primed NK cells, did not show any ADAP-dependent differences in CXCR4
expression levels. Therefore, the reduced in vitro migration of ADAPKo NK cells towards the
NK cell attracting chemokine CXCL12 was not the consequence of altered surface expression
of the CXCL12 receptor CXCRA4.

The adhesion molecule LFA-1, consisting of CD18 and CD11a, interacts with its ligand ICAM
on endothelial cells, promoting the entry of leukocytes into tissues. Notably, LFA-1 was shown
to be important for the adhesion and migration of NK cells through the wvascular
endothelium?3, Of note, the intracellular domain of CD11a is linked to the signaling complex
involving the adaptor protein ADAP, at least in T cells?3>2%, Due to this, the surface expression
of different integrins on NK cells was next analyzed. For this purpose, splenic NK cells from
Lm infected wild type and conditional ADAPko mice were stained for selected integrins and
analyzed by FACS. While ADAP-deficiency had no impact on the expression levels of CD18,
CD29 and CD11b (Figure 29), a significant drop in CD11a surface expression was observed
on ADAPKo compared to wild type NK cells on day 1 post Lm infection (wild type: 2245.5 +
413.6 %, cond. ADAPKo: 523.0 + 21.9 %) (Figure 28 C).
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Figure 29 | ADAP-deficiency has no impact on CD18, CD29 and CD11b expression levels on NK cells in
conditional ADAPko mice during Listeria monocytogenes infection. ADAP™f x NKp46-Cre"™ (o) mice (age:
12-20) lacking ADAP specifically in NK cells and respective littermate controls (ADAPY'Wt x NKp46-Cre"!, m)
were either infected i. v. with 2.5 x 10* CFU Lm or left untreated (uninfected control mice, day 0) and were
sacrificed at the indicated times post infection. Leukocytes were isolated from the spleen. Level of (A) CD18, (B)
CD29 and (C) CD11b surface expression on NK cells. Depicted is the mean fluorescence intensity (MFI) of (A)
CD18, (B) CD29 and (C) CD11b on NK1.1* NK cells analyzed day 0 (female mice), day 1 and day 3 post Lm
infection. Data are depicted as mean + SEM for n = 4-5 individually analyzed mice per group out of one to two
independent experiments. Statistical analyses were performed using two-tailed, unpaired t-test with Welch’s
correction. Note: In cooperation with PD Dr. A. Reinhold and M. Sc. M. Voss (Institute of Molecular and Clinical
Immunology Magdeburg).
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These data indicate that ADAP is crucial for efficient migration of NK cells both in vitro and
in vivo and that reduced NK cell cellularity in infected tissue of conditional ADAPko mice
might be, at least in part, the consequence of reduced CD11a surface expression on ADAP-
deficient NK cells.

As summarized in Figure 30, data generated within the first part of this thesis clearly show
that the in vitro stimulation of naive NK cells from ADAPKko mice with anti-NK1.1 alone or in
combination with IL-2/IL-12 induces a normal degranulation as measured by CD107a surface
expression in addition to a decreased IFN-y production (Figure 30, highlighted in blue).
However, ADAPko NK cells are impaired in their migration, both in a naive state (day 0) as
well as following their in vivo activation (day 1 p. i.) which might be the result of a decreased
CD11la surface expression on these NK cells (Figure 30, highlighted in red).
Moreover, Lm infection-primed NK cells exhibit reduced levels of perforin, suggesting that
ADAP-deficiency negatively affects the generation and/or intracellular storage of this
cytotoxic effector molecule. In addition to that, reduced CD107a expression is indicative for a

potential degranulation defect in ADAP-deficient NK cells.
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Figure 30 | Summary - NK cells. This figure summarizes major differences observed in surface marker
expression (CD11a; migration, CD107a; degranulation), effector molecule inventory (perforin, granzyme B;
GrzB) and IFN-y release by NK cells from wild type (left side) versus ADAPko (right side) mice. Created with
BioRender.com (2021).
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Part 2

4.2 Role of ADAP in phagocytes during Listeria monocytogenes infection in mice

Note: Results from this second part of this thesis (pages 85-110) have been submitted for

publication in Frontiers in Immunology (status: 25.06.2021):

Boning, M. A. L.; Parzmair, G. P.; Jeron, A., Disedau, H. P.; Kershaw, O.; Xu, B.; Relja, B.;
Schldter, D.; Dunay, I. R.; Reinhold, A.; Schraven, B. and Bruder, D. Enhanced susceptibility
of ADAP-deficient mice to Listeria monocytogenes infection is associated with altered

phagocyte phenotype and function. Manuscript submitted in Frontiers in Immunology.
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4.2.1 Increased infiltration of neutrophils and monocytes into Lm-infected organs of
ADAPko mice

As depicted earlier in Figure 11, Parzmair clearly demonstrated that ADAP-deficiency renders
mice highly susceptible for infection with the intracellular pathogen Lm and that the increased
morbidity and mortality of ADAPko mice is associated with failures in pathogen control and
enhanced immunopathology in the early phase of the infection compared to the wild type
littermates?®*. Furthermore, an exaggerated infiltration of neutrophils and monocytes into Lm-
infected organs of ADAPko compared to the wild type mice was shown?®*, The pronounced
leukocyte aggregates in the liver of ADAPko animals observed on day 3 post Lm infection
prompted us to have a closer look on the identity and number of leukocytes infiltrating the
spleen and the liver at different times post infection. Since ADAPko mice already succumbed
by day 4 post infection, innate immune cells were considered the primary targets for the
following analysis. Among those cell types, neutrophils and monocytes are rapidly recruited
to the sites of infection, were they are activated and exert central antibacterial functions.
Therefore, the relative cell numbers of neutrophils and monocytes during the course of Lm
infection were analyzed in spleen and liver by flow cytometry.

As depicted in Figure 31 A (left panel) and well in line with data described before (Figure 11
E), the frequency of neutrophils in the spleen of wild type mice reached the highest level 3
days post infection (wild type: 13.6 + 1.8 %), followed by a slight decrease during the further
course of Lm infection (day 5 p. i.: wild type: 9.8 + 1.4 %). In contrast, the frequency of
neutrophils in the spleen of ADAPko mice rose faster and remained higher compared to the
wild type mice up to day 5 post Lm infection (day 3 p. i.: ADAPko: 20.7 + 2.0 %, day 5 p. i.:
ADAPko: 19.6 + 1.9 %). Analogous results were obtained for the percentage of neutrophils in
the liver (Figure 31 A, right panel). Here, the frequency of neutrophils in wild type mice rose
on day 3 post infection (wild type: 11.7 + 1.3 %) and remained quite stable until day 5 post
infection (wild type: 11.5 + 1.6 %). A similar pattern was observed in ADAPko animals where
the overall frequency of neutrophils was however significantly higher than in wild type mice
(day 3 p. i. ADAPko: 19.4 + 1.9 % and day 5 p. i. ADAPko: 17.4 + 1.2 %). Taken together,
these results show that during the early phase of Lm infection higher numbers (Figure 11 E)
and frequencies (Figure 31 A) of neutrophils are found in the spleen and liver of ADAPko

mice.
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Figure 31 | Increased accumulation of neutrophils and monocytes in spleen and liver of ADAPKo mice after
Listeria monocytogenes infection. Wild type (m) and ADAPko (0) mice (age: 10-17 weeks) were either infected
i. v. with 2.5 x 10* CFU Lm or left untreated (uninfected control mice, day 0) and were sacrificed at the indicated
times post infection. Leukocytes were isolated from the spleen and liver. Liver tissue was digested via the
gentleMACS dissociator in order to isolate liver leukocytes followed by density centrifugation with 35 %
Percoll/PBS. Subsequently cells were re-stimulated in vitro with PMA/ionomycin for 4 h. After 1 h brefeldin A
and Monensin were added. Flow cytometry analyzed (A) Ly6G*CD11b* and (B) CD11b'Ly6G"
CX3CR1'™Ly6Cho" [eukocytes were gated as alive singlets and stained for CD45*Lin" cells. Negative cells were
defined with the corresponding FMO whereas positive cells were gated. Data are depicted as mean + SEM. Data
shown are representative of (A) three individual experiments for n = 4-6 individually analyzed mice per group
and (B) from one experiment with n = 4-6 individually analyzed mice per group. Statistical analyses were
performed using unpaired, nonparametric Mann-Whitney test (*p < 0.05, **p < 0.01, ***p < 0.001). Manuscript
submitted in Frontiers in Immunology (status: 25.06.2021).

Regarding the percentage of inflammatory monocytes in the spleen, ADAPko mice showed
significantly higher frequencies of Ly6C"9" cells 3 days (wild type: 40.8 + 2.8 %, ADAPKo:
61.8 £5.6 %) and (in tendency) 5 days (wild type: 28.3 + 6.0 %, ADAPko: 58.6 + 10.6 %) post
Lm infection (Figure 31 B, left panel). Of note, no significant genotype-dependent differences
were observed regarding Ly6C"9" monocytes in the liver following Lm infection (Figure 31
B, right panel). In summary, these data demonstrate that throughout the early phase of Lm
infection exaggerated numbers of neutrophils as well as inflammatory monocytes are recruited
to the spleen and liver of ADAP-deficient mice. Nevertheless, despite their increased numbers
(Figure 11 E and Figure 31), these phagocytes appeared to be inefficient in controlling
pathogen growth in ADAPko mice early following Lm infection (Figure 11 B).

These date raised the question whether ADAP-deficiency in mice leads to a functional
impairment of phagocytes and if so, whether the observed phenotype could be attributed
directly to ADAP-deficiency in phagocytes or would depend on an altered activation of
phagocytes in the ADAP-deficient host. To experimentally proof this, Lm infections were
carried out in mice lacking ADAP exclusively in phagocytes (ADAP™x LysM-Cre";
conditional ADAPKo).
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Strikingly, health monitoring of conditional ADAPko and littermate control mice (ADAPW/"! x
LysM-Cre"®) revealed no genotype-dependent differences with regard to the overall morbidity
and mortality (Figure 32 A). In addition, the lack of ADAP in neutrophils and monocytes had
no effect on the bacterial burden in spleen and liver of conditional ADAPko compared to
control mice early during Lm infection (Figure 32 B). As expected, the histological analyzes
of the spleen and the liver revealed acute and necrotizing inflammatory changes on day 3 post
Lm infection. In more detail, the spleens showed multifocal to almost diffuse, acute and
necrotizing splenitis, while the livers showed multifocal, acute and randomly distributed,
necrotizing hepatitis. However, all histological changes as well as the overall degree of
inflammation in spleens and livers were genotype-independent (Figure 32 C and D). In line
with this, the serum ALT levels of conditional ADAPko mice were comparable to the control
mice following Lm infection. Both genotypes reached their peak ALT level on day 3 (wild
type: 46.6 £ 5.0 U/L, ADAPKo: 61.7 £ 7.8 U/L) post Lm infection. On day 5 p. i. the level of
ALT returned to normal, independent of the genotype (wild type: 30.8 + 3.8 U/L, ADAPKo:
39.5 £ 5.0 U/L). Of note, the ADAPko mice generally showed a slightly increased ALT level
in the serum compared to the wild type mice, however without any statistical significance,
overall indicating only minor and genotype-independent liver damage as a consequence to the
infection (Figure 32 E).
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Figure 32 | Disease phenotype of conditional ADAPko mice resembles that of Listeria monocytogenes-
infected littermate controls. ADAP™ x LysM-Cre" (o) mice (age: 9-14 weeks) lacking ADAP specifically in
phagocytes and respective littermate controls (ADAPY'Wt x |ysM-Cre" m) were infected i. v. with (A) 1 x 10°
and (B, C, D, E) 2.5 x 10* Lm or left untreated (uninfected control mice, day 0) and sacrificed at the indicated
times post infection. (A) Infected mice were weighed and monitored daily and the survival was reported. Data are
depicted as mean = SEM for n = 8 individually analyzed mice per group out of two independent experiments.
Statistical analyses were performed using two-way ANOVA with Bonferroni's post hoc test for the weight loss
data and Mantel-Cox log-rank test for the survival data. (B) Bacterial loads in spleen and liver after Lm infection.
The dashed line represents the limit of detection. Data are depicted as medians for n = 3-6 individually analyzed
mice. Statistical analyses were performed after logio-transformation using two-way ANOVA with Bonferroni's
post hoc test. (C) H&E histology of infected spleens and livers 3 days post infection. Organs were stored in 4 mL
4 % paraformaldehyde and later sectioned for histology and analyzed by H&E staining. The black bar at the
bottom right corner of each panel represents a distance of 100 pm for the spleen sections and 200 pm as well as
50 pm for the liver sections. (D) Scoring of degree of inflammation in spleens and livers. Data are depicted for n
= 2-5. (E) Serum ALT levels were determined. The dashed line indicates the threshold. Levels higher than this
are considered elevated and indicative of liver damage. Data are depicted as mean = SEM for n = 3-13 individually
analyzed mice per group out of at least two independent experiments. Statistical analyses were performed using
two-tailed, unpaired t-test with Welch’s correction. Note: (C) In cooperation with Prof. Achim Gruber and Dr. O.
Kershaw (Department of Veterinary Medicine at the Freie Universitat Berlin, Institute of Veterinary Pathology).
Manuscript submitted in Frontiers in Immunology (status: 25.06.2021).
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Additionally, serum cytokine levels in conditional ADAPko and wild type control mice
following Lm infection was compared. Despite IFN-y on day 3 p. i., no alterations in the
cytokine response in mice lacking ADAP in phagocytes were detectable (Figure 33). These
data clearly indicate that ADAP-deficiency in phagocytes is not sufficient to mirror the above

described phenotype observed in Lm infected conventional ADAPKo mice.
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Figure 33 | Conditional ADAPko and littermate controls display similar serum cytokine profile post
Listeria monocytogenes infection. ADAP™f x LysM-Cre™ (o) mice (age: 9-16 weeks) lacking ADAP
specifically in phagocytes and respective littermate controls (ADAPY* x |ysM-Cre" m) were infected i. v. with
2.5 x 10* Lm or left untreated (uninfected control mice, day 0) and sacrificed at the indicated times post infection.
Blood was obtained by puncture of the heart, after centrifugation the supernatant was collected. Cytokine
concentration (pg/mL) in serum of infected mice was analyzed via a flow cytometry-based multi-analyte assay
(custom mouse panel). Summary plots present the average concentration of the analytes calculated from two
replicates. Data are depicted as mean + SEM for n = 5-10 individually analyzed mice per group out of at least two
independent experiments. Horizontal dotted lines show the limit of detection. Protein concentrations under the
detection line were considered undetectable and hence were not included into statistics; numbers represent the
detectable samples out of the total number of samples, if not stated otherwise all samples were detectable.
Statistical analyses were performed using two-tailed, unpaired t-test with Welch’s correction (*p < 0.05).
Manuscript submitted in Frontiers in Immunology (status: 25.06.2021).
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4.2.2 Infection-associated priming of phagocytes in an ADAP-deficient host induces an
altered phagocyte phenotype

The striking discrepancy that on the one hand neutrophil and inflammatory monocyte
infiltration is significantly increased in ADAPko mice during Lm infection (Figure 11 E and
Figure 31) but on the other hand pathogen elimination is significantly delayed (Figure 11 B)
lead to the question whether the infection-associated activation of phagocytes in ADAPko mice
would negatively affect their function. To this end and in order to describe the phenotype of
these cells in more detail, wild type and ADAPko mice were infected with Lm followed by
flow cytometry-based quantification of TNF-a, IL-1a and iNOS. These mediators are known
to be secreted by infection-primed phagocytes and play essential roles during the early course
of immune response to bacterial pathogens.

As depicted in Figure 34 A and B (left panels), the release of TNF-a by neutrophils was
comparable in ADAPko and wild type mice, both in the spleen (day 3 p. i.: wild type: 183.2
MFI, ADAPko: 324.8 MFI; day 5 p. i.: wild type: 252.8 MFI, ADAPKo: 276.9 MFI) and in the
liver (day 3 p. i.: wild type: 252.5 MFI, ADAPKo: 355.7 MFI; day 5 p. i.: wild type: 231.1
MFI, ADAPKo: 257.6 MFI). Interestingly though, neutrophils from ADAPko mice produced
significantly more IL-1a on day 3 p. i. in the spleen (wild type: 365.3 MFI, ADAPKo: 710.4
MFI) and on day 3 and day 5 p. i. in the liver (day 3 p. i.: wild type: 519.2 MFI, ADAPko:
756.8 MFI; day 5 p. i.: wild type: 551.1 MFI, ADAPko: 708.8 MFI) compared to the wild type
counterparts (Figure 34 A and B, middle panels). Of note, increased IL-1a production was

already evident in the spleen of naive ADAP-deficient mice (day 0).
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Figure 34 | Neutrophils from ADAPko mice show an altered inflammatory profile during in vivo Listeria
monocytogenes infection. Wild type (m) and ADAPko (0) mice (age: 10-17 weeks) were infected i. v. with 2.5
x 10* CFU Lm or left untreated (uninfected control mice, day 0) and were sacrificed at the indicated times post
infection. Leukocytes were isolated from (A) spleen and (B) liver. Liver tissue was digested via the gentleMACS
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dissociator in order to isolate liver leukocytes followed by density centrifugation with 35 % Percoll/PBS.
Subsequently all cells were re-stimulated in vitro with PMA/ionomycin for 4 h. After 1 h brefeldin A and
Monensin were added. Cells were stained for Ly6G*CD11b* cells in reference to CD45*Lin" leukocytes. (A, B)
Representative data (top panels) from one experiment with n = 4-6 individually analyzed mice per group were
constrained to alive singlet Ly6G*CD11b* neutrophils and are shown in columns side-by-side in a concatenated
qualitative density plot (with outliers) in which each column represents data of all pooled mice from one genotype
to a given time. Shown is the mean of cytokine positive neutrophils (in %) and the MFI (geometric mean) of all
pooled mice per genotype in the top of the data. Summary plots (bottom panels) present the percent of cytokine
(TNF-a, IL-1a and iNOS)-positive neutrophils, determined in reference to the corresponding FMO controls in a
violin plot with all data points. Results from each independent experiment with n = 8-14 individually analyzed
mice per group were normalized over all mice on a given day post infection by z-score calculation. Resulting z-
scores from 2-3 independent experiments are shown. Statistical analyses were performed using unpaired,
nonparametric Mann-Whitney test (*p < 0.05, **p < 0.01, ***p < 0.001). Manuscript submitted in Frontiers in
Immunology (status: 25.06.2021).

In addition to IL-1a, hepatic but not splenic neutrophils from ADAP-deficient mice produced
considerably more iNOS compared to littermate controls during the course of Lm infection
(day 3 p. i.: wild type: 707.9 MFI, ADAPko: 1143.9 MFI; day 5 p. i.: wild type: 888.8 MFl,
ADAPKo: 1040.8 MFI) (Figure 34 B).

Similar cytokine production patterns were observed for inflammatory monocytes in the spleen
and the liver of ADAPko compared to the wild type control animals. Of note, genotype-
dependent differences in the TNF-o production of Ly6C"9" monocytes from ADAPko mice in
spleen and liver were observed already in naive mice (day 0) (Figure 35 A, left panels).
Following Lm infection, Ly6CM9" monocytes derived from the spleen of ADAPko mice
produced more TNF-a compared to the wild type littermates (day 3 p. i.: wild type: 351.9 MFI,
ADAPko: 622.3 MFI). As shown in Figure 35 B (left panels), decreased TNF-a production by
Ly6C"9" monocytes was observed on day 5 post infection in the liver of ADAPko mice (day
5 p. i.: wild type: 520.0 MFI, ADAPko: 99.7 MFI).

As for the neutrophils, Ly6C"9" monocytes from ADAPko mice produced higher amounts of
IL-1a on day 3 p. i. in the spleen (wild type: 1121.8 MFI, ADAPKko: 1377.7 MFI) and the liver
(wild type: 1150.6 MFI, ADAPko: 1939.9 MFI), depicted in Figure 35 A and B (middle
panels). Moreover, while iNOS production in neutrophils from ADAPkKo mice was increased
only in the liver, Ly6C"9" monocytes derived from both, the spleen (day 3 p. i.: wild type:
1798.0 MFI, ADAPko: 3391.3 MFI; day 5 p. i.: wild type: 1951.3 MFI, ADAPko: 2513.1 MFI)
and the liver (day 3 p. i.: wild type: 1653.6 MFI, ADAPko: 4249.6 MFI; day 5 p. i.: wild type:
1894.6 MFI, ADAPKo: 2918.3 MFI) of ADAPko mice, produced significantly more iNOS
during the course of Lm infection (Figure 35 A and B, right panels).
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Figure 35 | Inflammatory monocytes derived from ADAPko mice exhibit an altered inflammatory profile
during in vivo Listeria monocytogenes infection. Wild type (m) and ADAPko (0) mice (age: 10-17) were
infected i. v. with 2.5 x 10* CFU Lm or left untreated (uninfected control mice, day 0) and were sacrificed at the
indicated times post infection. Leukocytes were isolated from (A) spleen and (B) liver. Liver tissue was digested
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via the gentleMACS dissociator in order to isolate liver leukocytes followed by density centrifugation with 35 %
Percoll/PBS. Subsequently all cells were re-stimulated in vitro with PMA/ionomycin for 4 h. After 1 h brefeldin
A and Monensin were added. Cells were stained for CX3CR1'“Ly6C"9" cells in reference to CD45*Lin"Ly6G
CD11b* leukocytes. (A, B) Representative data (top panels) from one experiment with n = 4-6 individually
analyzed mice per group were constrained to alive singlet CX3CR1"°“Ly6C"9" inflammatory monocytes and are
shown in columns side-by-side in a concatenated qualitative density plot (with outliers) in which each column
represents data of all pooled mice from one genotype to a given time. Shown is the mean of cytokine positive
inflammatory monocytes (in %) and the MFI (geometric mean) of all pooled mice per genotype in the top of the
data. Summary plots (bottom panels) present the percent of cytokine (TNF-a, IL-1o. and iNOS)-positive
inflammatory monocytes, determined in reference to the corresponding FMO controls in a violin plot with all data
points. Results from each independent experiment with n = 8-14 individually analyzed mice per group were
normalized over all mice on a given day post infection by z-score calculation. Resulting z-scores from 2-3
independent experiments are shown. Statistical analyses were performed using unpaired, nonparametric Mann-
Whitney test (*p < 0.05, **p < 0.01, ***p < 0.001). Manuscript submitted in Frontiers in Immunology (status:
25.06.2021).

Taken together, data depicted in Figure 34 and Figure 35 very much support the hypothesis
that phagocytes like neutrophils and inflammatory monocytes, which were primed during

Listeria infection within an ADAP-deficient environment, develop an altered phenotype.

4.2.3 Broad changes in the gene expression profile of neutrophils and monocytes from
ADAPko mice during Lm infection

Enhanced production of pro-inflammatory cytokines such as IL-1a and bactericidal mediators
such as iNOS by phagocytes is well in line with the observed increased immunopathology in
ADAPKo mice, but are in contrast to our observation that the bacteria are poorly controlled in
mice lacking ADAP. Thus, in order to further characterize potential alterations in phagocyte
phenotype and function on the genetic level, unbiased ex vivo transcriptional profiling of
neutrophils and inflammatory monocytes derived from spleen and liver of Lm-infected mice
was performed.

To this end, neutrophils and inflammatory monocytes from total leukocyte preparations from
livers and spleens day 3 post infection were sorted by FACS. Per genotype, organ and cell type,
3 independent sample sets, each consisting of cells pooled from 2 mice per replicate, were
generated. Of note, due to limitations in cell numbers, neutrophils from livers of day 3 infected
wild type mice were analyzed only in duplicates. Together, transcriptomes of 23 samples were
assessed by Clariom S microarray analysis. For both cell subsets, lists of differentially
expressed genes were compiled (see Table 25 and Table 26), comparing ADAPko versus wild
type genotype and applying a fold change (FC) cutoff of + 3-fold with False Discovery Rate
(FDR) < 0.05, as shown in the volcano plots in Figure 36 A for neutrophils and Figure 37 A

for inflammatory monocytes.
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As depicted in Figure 36 A, spleen- and liver-derived neutrophils from Lm infected ADAPko
mice show more genes which are up- rather than downregulated based on their expression in
wild type mice (spleen: up: 200, down: 129; liver: up: 229, down: 170). Compared to
neutrophils, the transcriptional influence of ADAP-deficiency in inflammatory monocytes is
less pronounced, with 70 upregulated and 63 downregulated transcripts in spleen-derived
inflammatory monocytes, and 110 upregulated and 100 downregulated transcripts in their
liver-derived counterparts (Figure 37 A).

Highly affected transcripts in neutrophils from both organs are e.g. Ffar2, Qsox1, Lipg, Batf2,
Ggtl, Prok2 and Nosz2, all being intensely upregulated in the ADAPko genotype with some of
them known for being functionally involved in neutrophil recruitment and their induction under
inflammatory conditions. Highly affected transcripts, similarly regulated in inflammatory
monocytes from both organs are Gmppb, Ms4a3, Nos2, S100a9 and Saa3. As expected for the
ADAPKko genotype, expression of the ADAP encoding gene (Fyb transcript) is reduced
compared to the wild type genotype in all comparisons for both cell subsets derived from both
organs, thereby confirming ADAP-deficiency (FC in spleen: neutrophils: -4.74, inflammatory
monocytes: -5.88; FC in liver: neutrophils: -2.88, inflammatory monocytes: -5.43).

To describe the organ-specific alterations induced by ADAP-deficiency in more detail, genes
differentially regulated in phagocytes from spleen or liver were merged. This approach resulted
in a total of 604 annotated transcripts differentially regulated in neutrophils from spleen or
liver and 290 transcripts generally regulated in inflammatory monocytes. Out of the 604
transcripts generally regulated in neutrophils, only 124 core transcripts were found to be
regulated in neutrophils from both spleen and liver (Figure 36 B). Interestingly, 205 transcripts
were found to be regulated exclusively in spleen-derived neutrophils and 275 transcripts
specifically in liver-derived neutrophils. Similarly, in inflammatory monocytes, out of 290
generally regulated transcripts only 53 core transcripts show differential expression in both
spleen and liver. Moreover, 80 transcripts were specific for spleen-derived monocytes, and a
majority of 157 transcripts was found to be specific for liver-derived inflammatory monocytes
(Figure 37 B), suggesting a tissue-specific, Lm-induced transcriptional patterns within
neutrophils as well as inflammatory monocytes. Interestingly, the lack of ADAP seems to have
greater influence on expression levels of neutrophils and inflammatory monocytes derived

from the liver rather than from the spleen.
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Figure 36 | Microarray analysis of neutrophils from spleen and liver of wild type and ADAPKo mice 3 days
post Listeria monocytogenes infection. Wild type and ADAPKo mice (age: 9-15 weeks) were infected i. v. with
2.5 x 10* CFU Lm and sacrificed on day 3 post infection. Neutrophils (Neutro; Ly6G*CD11b* cells) were FACS-
sorted from spleen and liver. Per genotype and organ, neutrophils from 6 mice were isolated and cells from 2 mice
each were pooled, resulting in n = 3 independent replicate sample pools per organ and genotype (n for wild type
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liver = 2). Total RNA was isolated and analyzed by Clariom S microarray (23 samples in total). Differentially
expressed transcripts in spleen/liver-derived neutrophils were determined comparing ADAPko versus wild type
condition (fold change > + 3-fold, FDR < 0.05). (A) Volcano plots of validly detected transcripts from indicated
microarray comparisons, plotting -logic FDR versus log, fold change. Point sizes refer to mean log; signal
intensities (SI) of transcripts calculated across all microarrays. Point color code reflects point density. FC
(red/green vertical lines) and FDR (blue horizontal lines) criteria for differential gene expression are indicated.
Grey boxes show numbers of significantly up (red) and down (green) regulated transcripts. Gene symbols of
selected transcripts are stated. (B) Venn diagram of 604 transcripts, differentially regulated in neutrophils isolated
from spleen or liver comparing ADAPKko versus wild type condition, respectively. (C) Log S| data of the 604
transcripts were z-score transformed, k-means clustered (k = 5) and transcripts in resulting clusters were
descendingly sorted by maximal absolute z-score (marked by withe point indicators). Data represent color-coded
z-scores. Stated gene symbols in each cluster are descendingly ranked by average absolute FC, showing the top n
symbols. Top left subfigure: Averaged representation of k-means clusters. Sample type, cluster ID and numbers
of genes per cluster are indicated. (D) Gene Ontology (GO) enrichment analysis for GO category “Biological
Process” (FDR < 0.05, GO-level > 8). GO term groups with highest significance and numbers over over-
represented genes for ADAPko versus wild type are shown. Data represent hierarchically clustered percentages
of enriched genes (color code), that fall into indicated k-means clusters. Numbers in brackets represent number
of enriched genes per GO-term. Note: In cooperation with Dr. Robert Geffers (Helmholtz Centre for Infection
Research Braunschweig, Research Group Genome Analytics) and Dr. A. Jeron (Institute for Medical
Microbiology and Hospital Hygiene Magdeburg, Research Group Infection Immunology). Manuscript submitted
in Frontiers in Immunology (status: 25.06.2021).

In order to dissect expressional differences in ADAPKko versus wild type neutrophils and
inflammatory monocytes in more detail, log. signal intensities of the 604 and 290, respectively
identified transcripts were z-score transformed and subjected to k-means cluster algorithm
(KMC, with k = 5).

Cluster numbering was based on averaged mean expression profiles of each cluster and
ascendingly sorting them according to the ADAPKo conditions. Next, gene clusters were
evaluated by Gene Ontology (GO) enrichment analysis for statistically overrepresented GO-
terms in the “Biological process” GO category (FDR < 0.05, GO-level > 8). The following
section will concentrate on the description of clustering and GO-enrichment results for
neutrophils followed by the description of the data for inflammatory monocytes.

Clustering of neutrophil data (Figure 36 C) resulted in 115 (cluster 1), 151 (cluster 2), 74
(cluster 3), 116 (cluster 4) and 148 (cluster 5) groups of genes, respectively. Cluster 1 signifies
low to moderate z-scores in most conditions (see k-means cluster overview), except for liver-
derived neutrophils from wild type mice on day 3 post infection. Here, a strong gene induction
with high positive z-scores was observed. Functional enrichment of genes in cluster 1 attributes
to GO-terms like response to glucocorticoid (14 transcripts), cell migration, long-chain fatty
acid transport and purine ribonucleoside biosynthetic process (Figure 36 D).

Cluster 2 (151 transcripts) is, next to cluster 5, one of the largest clusters. It shows genotype-
related differences in the expression profiles. However, these differences are largely not organ-
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specific. In more detail, cluster 2 transcripts show high z-scores in spleen-derived neutrophils
from wild type mice, with moderate to high z-scores also in the wild type liver condition.
Consequently, cluster 2 transcripts are generally not induced in neutrophils from both organs
of ADAPko mice and hence can be regarded as ADAP-dependent. Functional attributions
reveal GO-enriched terms related to positive regulation of the PRR signaling pathway (7
transcripts), granulocyte migration (13 transcripts) and regulation of purine nucleotide
metabolic process (12 transcripts).

With 74 transcripts, cluster 3 represents the smallest cluster containing transcripts with
moderate to high z-scores especially in the ADAPKo liver condition. Neutrophils derived from
wild type mice show minimal z-scores with the remaining two conditions mainly showing
moderate z-scores of cluster 3 transcripts. Thus, cluster 3 transcripts are most relevant for
neutrophils derived from the liver of ADAPKo mice, being consistently upregulated in this
condition. Noteworthy and in line with FACS data presented in Figure 34, top-regulated
transcripts are //1a (interleukin 1 alpha; fold change ADAPko versus wild type: 2.6-fold in
liver and 75-fold in spleen) and Nos2 (inducible nitric oxide synthase 2; fold change: 26.8-fold
in liver and 29.1-fold in spleen), both being involved in hallmark innate inflammatory and
bactericidal processes. Further functional attributions show GO-enrichment in granulocyte
migration, purine ribonucleoside biosynthetic process as well as purine nucleotide metabolic
process.

Cluster 4 (116 transcripts) shows a largely different expression profile compared to cluster 1.
In cluster 4, transcripts of neutrophils from both organs of ADAPko mice are generally
upregulated, indicated by a higher z-score. The functional attributions show very strong
enrichment of glucosamine-containing compound catabolic process, protein ADP-ribosylation
and response to type 1 interferon (8 transcripts). Of note, Qsox1 which is known for resolution
and protective response during acute stress in mice?®’ is strongly upregulated in spleen- and
liver-derived neutrophils form ADAPko mice.

Cluster 5 (148 transcripts) is most interesting when it comes to ADAP genotype-dependent
differences, as transcripts in this cluster are highly induced only in neutrophils from ADAP-
deficient mice, both in spleen and liver. Functional GO annotation enrichment clearly
demonstrates involvement of cluster 5 transcripts in IFN-y response. Interestingly, numerous
cluster 5 genes relate to the family of guanylate-binding proteins (Gbp; e.g.: Gbp2b; Gbp5,

Gbp3, Gbp4, Gbp8, Gbp10; Gbp6 and Gbp11), known to function as IFN-y-induced GTPases.
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They play a central role in protective immunity against microbial as well as viral pathogens?3.
Since these guanylate-binding proteins are known to be induced by IFN-y-signaling, it is worth
to note that we indeed observed that ADAPko mice exhibit significantly elevated serum levels
of IFN-y 3 days post Lm infection (Figure 18). Likely in consequence of the enhanced IFN-y
response, production of reactive oxygen species in neutrophils from ADAPko mice by the
nitric oxide synthetase 2 (Nos2) might be enhanced, considering Nos2 fold changes of 29.1
(spleen) and 26.8 (liver).

The k-means clustering for spleen- and liver-derived inflammatory monocytes from wild type
and ADAPko mice 3 day post Lm infection (Figure 37 C) categorized the total number of 290
transcripts into 5 clusters as well: 97 (cluster 1), 48 (cluster 2), 15 (cluster 3), 59 (cluster 4)
and 71 (cluster 5) genes.

Cluster 1 clearly shows an ADAP-dependent expression profile, with impaired transcriptional
induction in ADAPKo, compared to strong expression in inflammatory monocytes isolated
from both, spleen and liver of wild type animals. GO-enrichment revealed few significantly
enriched transcripts involved in liver regeneration (3 transcripts) as well as animal organ
regeneration (5 transcripts) and regulation of vascular associated smooth muscle cell
proliferation (Figure 37 D). Interesting genes in this cluster are e.g. Cx3cr12%240 and Ace®*.
Cluster 2 (48 transcripts) represents average transcript induction in all settings except for the
inflammatory monocytes derived from liver of wild type mice 3 days post Lm infection. The
maximal absolute z-scores in this compartment clearly indicates the highest regulation of genes
compared to the ADAPko mice. Functional attributions show pronounced enrichments
regarding regulation of interleukin-10 production, T-helper cell differentiation next to the
CD4", apT cell differentiation.

Cluster 3 comprises of 15 transcripts and thus is the smallest gene profile cluster in respect to
inflammatory monocytes. Nevertheless, it is of interest since it contains upregulated gene
transcripts like 111r2 (fold change: 3.62 in liver, fold change: 33.06 in spleen ADAPKo versus
wild type) and Dmkn (dermokine, fold change: 3.88 in liver, fold change: 9.95 in spleen
ADAPko versus wild type). Of note, dermokine expression is known to be induced in

inflammatory diseases®*.
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Figure 37 | Microarray analysis of inflammatory monocytes from spleen and liver of wild type and ADAPko
mice 3 days post Listeria monocytogenes infection. Wild type and ADAPko mice (age: 9-15 weeks) were
infected i. v. with 2.5 x 10* CFU Lm and sacrificed on day 3 post infection. Inflammatory monocytes (iMono;
Ly6G CD11b*Ly6C*CX3CR1* cells) were FACS-sorted from spleen and liver. Per genotype and organ,
inflammatory monocytes from 6 mice were isolated and cells from 3 mice each were pooled, resulting inn =3
independent replicate sample pools per organ and genotype. Total RNA was isolated and analyzed by Clariom S
microarray (23 samples in total). Differentially expressed transcripts in spleen-/liver-derived inflammatory
monocytes were determined comparing ADAPko versus wild type condition (fold change > + 3-fold, FDR <
0.05). (A) Volcano plots of validly detected transcripts from indicated microarray comparisons, plotting -logio
FDR versus log; fold change. Point sizes refer to mean log, signal intensities (SI) of transcripts calculated across
all microarrays. Point color code reflects point density. FC (red/green vertical lines) and FDR (blue horizontal
lines) criteria for differential gene expression are indicated. Grey boxes show numbers of significantly up (red)
and down (green) regulated transcripts. Gene symbols of selected transcripts are stated. (B) Venn diagram of 290
transcripts, differentially regulated in inflammatory monocytes isolated from spleen or liver comparing ADAPko
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versus wild type condition, respectively. (C) Log. Sl data of the 290 transcripts were z-score transformed,
k- means clustered (k = 5) and transcripts in resulting clusters were descendingly sorted by maximal absolute z-
score (marked by withe point indicators). Data represent color-coded z-scores. Stated gene symbols in each cluster
are descendingly ranked by average absolute FC, showing the top n symbols. Top left subfigure: Averaged
representation of k-means clusters. Sample type, cluster ID and numbers of genes per cluster are
indicated. (D) Gene Ontology (GO) enrichment analysis for GO category “Biological Process” (FDR < 0.05, GO-
level > 8). GO term groups with highest significance and numbers over over-represented genes for ADAPko
versus wild type are shown. Data represent hierarchically clustered percentages of enriched genes (color code),
that fall into indicated k-means clusters. Numbers in brackets represent number of enriched genes per GO-term.
Note: In cooperation with Dr. Robert Geffers (Helmholtz Centre for Infection Research Braunschweig, Research
Group Genome Analytics) and Dr. A. Jeron (Institute for Medical Microbiology and Hospital Hygiene
Magdeburg, Research Group Infection Immunology). Manuscript submitted in Frontiers in Immunology (status:
25.06.2021).

Both, clusters 4 and 5 (59 and 71 transcripts, respectively) show a clear and strong genotype-
dependent transcript induction for spleen- and liver-derived inflammatory monocytes from the
ADAPKo mice, while the gene expression in spleen- and liver-derived inflammatory
monocytes of wild type animals is mainly downregulated.

Interestingly, the transcript for S100a9 (S100 calcium binding protein A9, fold change: 28.68
in liver and 8.66 in spleen) and S100a8 (fold change: 11.45 in liver and 8.91 in spleen), both
belonging to cluster 4, were upregulated in the spleen- and liver-derived inflammatory
monocytes. Both factors are known to be involved in neutrophil chemotaxis (7 transcripts) and
neutrophil migration (11 transcripts). Furthermore, these proteins play a crucial role in the
regulation of inflammatory processes and immune responses. Additionally, they can increase
the bactericidal activity of phagocytes by promoting phagocytosis. However, the functional
attributes of genes compiled in cluster 5 are quite diverse, and the cluster contains genes
involved in complement receptor activity, positive regulation of innate immune responses as
well as regulation of natural Killer cell mediated cytotoxicity and cellular response to
exogenous dsRNA.

A closer look on GO term groups with highest significance and numbers of over-represented
genes suggests inflammatory monocytes from ADAP-deficient mice to have an altered
phenotype regarding the regulation of NK cell cytotoxicity, T cell differentiation, organ/liver
regeneration and neutrophil migration (Figure 37 D). Especially, transcripts involved in
neutrophil attraction/migration are consistently stronger expressed in inflammatory monocytes
derived from ADAPKo mice. An interesting observation made in splenic inflammatory
monocytes from ADAP-deficient animals is the strong induction of the neutrophil attractant

I11a (fold change: 7.5) together with the up-regulation of the IL-1a decoy receptor 111r2 (fold
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change: 30), potentially antagonizing IL-1a sensing by inflammatory monocytes in the
ADAPKo environment in an autocrine manner.

Taken together, microarray analyses showed that neutrophils in general are transcriptionally
more affected by ADAP-deficiency than inflammatory monocytes, regardless of their tissue
origin. Moreover, it seems that the observed ADAP-dependent transcriptional alterations in
both cell subsets relate to the ADAP-deficient tissue environment. This notion is based on the
large extend of tissue-specific differential gene expression in neutrophils and inflammatory
monocytes of splenic or liver origin. As can be expected for a multifaceted signaling adaptor
protein like ADAP, consequences of its deficiency in neutrophils and inflammatory monocytes
can only be interpreted in the context of relevant inflammatory signaling events the cells are
exposed to in a tissue-specific manner. In light of this and given the comparable disease
severity in Lm infected phagocyte-specific conditional ADAPKo and wild type controls, it
remains difficult to distinguish cell-intrinsic and tissue-environmental consequences of ADAP-
deficiency in the conventional ADAPko mouse model.

Despite the majority of regulated genes in neutrophils and inflammatory monocytes were either
regulated in spleen or liver (Figure 36 and Figure 37), there are also common sense genes
regulated in cells from both organs that were considered of special interest. Since ADAP is a
receptor-associated signaling adapter protein, a mouse receptor/ligand database?*® was used to
filter the previously identified ADAP-dependent genes for known receptor/ligand interactions
(Figure 38).

Receptor encoding common sense genes in neutrophils comprise Adora2b, IL15ra, 1L18bp,
TIrl and Tmem67. Common sense soluble ligands produced by neutrophils are Cxcl10, 114,
112¢, 1127, Prok2 and Spintl, with only 114 showing reduced expression in neutrophils from
ADAPKo mice (Figure 38, right hand sided). Microarray analysis shows that common sense
receptors up-regulated in inflammatory monocytes from ADAPko mice are C3ar1, Fprl, 111r2
and Mertk, whereas Atpla3, Cx3crl, Cxcr4 and Plxndl are down-regulated (Figure 38, left
hand sided).
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Figure 38 | Receptors and ligands differentially expressed in neutrophils and inflammatory monocytes from
spleen and liver of Listeria monocytogenes infected ADAPKo mice 3 days post infection. Gene symbols of
differentially expressed transcripts from microarray analysis in Figure 36 and Figure 37 were filtered by a mouse
receptor/ligand interaction database according to reference 2 and resulting gene lists were sorted by fold change.
Differentially regulated (up: red, down: green) common sense genes found in cells isolated from spleen as well
as liver are shown in bold letters and are indicated with an arrow. Note: In cooperation with Dr. Robert Geffers
(Helmholtz Centre for Infection Research Braunschweig, Research Group Genome Analytics) and Dr. A. Jeron
(Institute for Medical Microbiology and Hospital Hygiene Magdeburg, Research Group Infection Immunology).
Manuscript submitted in Frontiers in Immunology (status: 25.06.2021).

Notably, these common sense receptors differ from those in neutrophils. In inflammatory
monocytes from ADAPko mice, the only up-regulated common sense ligands identified are
Lcn2, S100a8 and S100a9. Nevertheless, our analyses revealed new clues as to which signaling
pathways within neutrophils and inflammatory monocytes may depend on ADAP as a
signaling adapter in a naturally orchestrated, innate-driven in vivo infection.

In summary, transcriptional profiling of neutrophils and inflammatory monocytes uncovered
pronounced alterations in gene expression dependent on their priming in an ADAP-sufficient
or -deficient environment. The observed molecular changes imply that phagocytes would as
well undergo ADAP-dependent functional adaptations. To directly prove whether ADAP-
deficiency would affect hallmark features in phagocytes, in vivo NET formation as well as ex

vivo phagocytosis assays were performed.
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4.2.4 Reduced phagocytotic capacity of neutrophils primed in ADAPko mice during Lm
infection

To next test whether and how phagocyte function in ADAPko mice might be affected,
assessments of extracellular traps (NETs) formation and the phagocytic capability of
neutrophils were performed. To quantify NET formation, histones in Lm-infected spleen and
liver tissues were stained. As shown in Figure 39 A, no significant differences in the quantity
of NETs in spleens of ADAPko animals compared to the wild type counterparts were detected.
Interestingly, while the number of detectable NETs in spleens of ADAPKo mice was
significantly reduced from day 1 to day 3 post Lm infection (day 1 p. i.. ADAPko: 65.6 £
7.6 mean = SEM of counts, day 3 p. i.: ADAPko: 31.2 + 2.9 mean = SEM of counts), this effect
was not observed in wild type mice (Figure 39 A, right panel; day 1 p. i.: wild type: 40.2 +
6.5 mean + SEM of counts, day 3 p. i.: wild type: 30.3 +£ 9.7 mean + SEM of counts).

NET counts in the liver of infected animals displayed a different picture. While no differences
in NET numbers were observed on day 1 post infection, the number of NETs on day 3 post
infection was significantly increased in ADAP-deficient animals compared to the wild type
counterparts (Figure 39 B; wild type: 27.0 £ 2.7 mean + SEM of counts, ADAPko: 49.3 +
6.1 mean = SEM of counts). Thus, ADAP-deficiency results in minor but distinct changes in

NET formation by neutrophils in Lm-infected organs.
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Figure 39 | Distinct changes in NET formation by neutrophils from ADAP-deficient mice in response to in
vivo Listeria monocytogenes infection. Wild type (m) and ADAPko (o) mice (age: 10-14 weeks) were infected
i. v. with 2.5 x 10* CFU Lm and sacrificed at the indicated times post infection. Formalin-fixed tissue slices were
stained with primary antibody (neutrophil elastase, Histone H3), and subsequently with the secondary antibody
(Alexa Fluor 488 donkey anti-rabbit 1gG, goat anti-rat IgG Alexa Fluor) as well as DAPI for nuclei staining.
Representative pictures show the overlay of the nuclei (colored in blue), histones (colored in pink) and neutrophil
elastase (colored in green) in (A) spleen and (B) liver tissues, whereas white arrows highlight the histones.
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Summary plots show the mean of counted histones. Four pictures per slide (3 different layers) at a magnification
of 200x were taken and histones were counted using Image-Pro Plus 6 (double-blinded). Data are depicted as box
and whiskers £ min to max for n = 4 individually analyzed mice per genotype out of one experiment. Statistical
analyses were performed using two-way ANOVA with Bonferroni’s post hoc test (*p < 0.05). Note: In
cooperation with Prof. Borna Relja and Dr. B. Xu (Department of Radiology and Nuclear Medicine, Research
Group Experimental Radiology). Manuscript submitted in Frontiers in Immunology (status: 25.06.2021).

To further define potential functional alterations in phagocytes that might explain the
inefficient pathogen control in ADAPKo mice (Figure 11 B), a closer look was taken at the
phagocytic activity of neutrophils and inflammatory monocytes from Lm-infected mice. To
this end, FACS-based ex vivo phagocytosis assays using fluorescence labeled latex

microspheres were performed (Figure 40).
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Figure 40 | In vivo Listeria monocytogenes-primed neutrophils from ADAP-deficient mice are functionally
impaired in their phagocytotic capacity. Male wild type (m) and ADAPko () mice (age: 10-17 weeks) were
infected i. v. with 2.5 x 10* CFU Lm and sacrificed at the indicated times post infection. Leukocytes were either
isolated from the spleen respectively liver tissue was digested via the gentleMACS dissociator in order to isolate
liver leukocytes followed by density centrifugation with 35 % Percoll/PBS. Leukocytes were from spleen and
liver were stained for Ly6G*CD11b* neutrophils in reference to CD45*Lin" cells and phagocytosis of
Ly6G*CD11b* cells was assessed by a 2 h incubation of the cells with carboxylate-modified FITC-fluorescent
latex microspheres at 37 °C or 4 °C serving as negative controls (ctr.) with a cell to beads ratio of 1:5. (A)
Representative histograms for spleen (left histograms) and liver (right histograms) for Ly6G*CD11b* neutrophils
in wild type and ADAPko mice in addition to the related negative ctr. 1 and 3 days post infection. Numbers and
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dotted lines of the histograms show the fractioned cells according to the amount of incorporated beads. Phagocytic
capability of (B) spleen and (C) liver neutrophils was considered by the MFI of bead positive populations. Data
are depicted as mean = SEM for n = 6-8 individually analyzed mice per group out of two independent experiments.
Statistical analyses were performed using two-way ANOVA with Bonferroni's post hoc test (**p < 0.01, ****p <
0.0001). Note: In cooperation with Prof. Ildiko Rita Dunay (Center for Behavioral Brain Sciences Magdeburg,
Institute of Inflammation and Neurodegeneration Magdeburg) and M. Sc. H. P. Disedau (Institute of
Inflammation and Neurodegeneration Magdeburg). Manuscript submitted in Frontiers in Immunology (status:
25.06.2021).

While on day 1 p. i. no genotype-dependent differences were observed for the spleen,
neutrophil phagocytic capacity was significantly decreased in ADAPko mice on day 3 p. i.
(day 3 p. i.: wild type: 48817.5 + 1106.8 mean + SEM, ADAPKko: 34812.8 + 1721.5 mean +
SEM) (Figure 40 A and Figure 40 B). In the liver, genotype-dependent differences were
already detectable on day 1 post Lm infection and became even more pronounced by day 3
(Figure 40 A and Figure 40 C; wild type: 39103.1 + 1538.8 mean + SEM, ADAPko: 28320.1
+ 1956.4 mean + SEM). Interestingly, no ADAP-dependent effects on phagocytosis were
observed for inflammatory monocytes, except for day 1 post infection in the liver, were
inflammatory monocytes from ADAPKo mice showed reduced phagocytic activity compared
to the wild type control mice (Figure 41; wild type: 26362.9 + 1081.4 mean + SEM, ADAPko:

20786.4 + 1360.0 mean = SEM).

Analysis of the FITC-fluorescent signal intensity allows to further distinguish the cells
according to the absolute number of incorporated beads (Supplement Figure 1). Strikingly,
this analysis revealed that next to their overall reduced phagocytic capacity, the number of
incorporated beads was generally lower in splenic and hepatic neutrophils from ADAPKo than
in wild type mice (Supplement Figure 1 A). Well in line with data depicted in Figure 41, this
effect was far less pronounced in inflammatory monocytes from the liver and was not observed
in these cells derived from the spleen (Supplement Figure 1 B).

In conclusion, ex vivo phagocytosis assay uncovered functional impairment of neutrophils that
were primed in the ADAP-deficient environment. This might explain at least in part the
inability of ADAPko mice to limit bacterial growth and, in consequence, the fatal outcome of

the infection.

1107



Results

A

Spleen Liver

day 1 p.i. day 3 p.i. day 1 p.i. day 3 p. .

0123 3 0 123 >3 0 123 >3 0 12 >3

J L L JI wild type ctr.
J L J J ADAPKo ctr. 4°C
L e | S U WY N . M wid type

# cells ———

: 37°C
A— ADAPko
beads FITC
B Spleen C Liver
wild type ctr.i wild type clr.i
4°C 4°C
ADAPko ctr.+ ADAPko ctr. |
day 1 p. 1. day 1p.i.
37r°c 3r°c j| *k Rk
ADAPko- }4 ADAPko H—*
I wild type ctr.- I wild type c(r.-
4°C 4°C
ADAPKo ctr. ADAPko ctr.
day 3 p. . :] day 3 p. i. j
wia oo [N N cI wia type J R
37°C ©
ADAPko- %1 ADAPko }
0 20600 40600 60600 BIJ!I!GO 0 20000 40000 60000 80000
MFI beads FITC MFI beads FITC

Figure 41 | Phagocytic capacity of inflammatory monocytes following in vivo Listeria monocytogenes
infection is largely independent of ADAP. Male wild type (m) and ADAPko (o) mice (age: 10-17 weeks) were
infected i. v. with 2.5 x 10* CFU Lm and sacrificed at the indicated times post infection. Leukocytes were either
isolated from the spleen respectively liver tissue was digested via the gentleMACS dissociator in order to isolate
liver leukocytes followed by density centrifugation with 35 % Percoll/PBS. Leukocytes were from spleen and
liver were stained for CX3CR1'"Ly6CM" cells in reference to CD45Lin"CD11b* cells and phagocytosis was
assessed by a 2 h incubation of the cells with carboxylate-modified FITC-fluorescent latex microspheres at 37 °C
or 4 °C serving as negative controls (ctr.) with a cell to beads ratio of 1:5. Representative histograms for (B)
spleen and (C) liver CX3CR1'VLy6C"9" cells in wild type and ADAPko mice in addition to the related negative
ctr. 1 and 3 days post infection. Numbers and dotted lines of the histograms show the fractioned cells according
to the amount of incorporated beads. Phagocytic capability of (B) spleen and (C) liver inflammatory monocytes
was considered by the MFI of bead positive populations. Data are depicted as mean + SEM for n = 6-8 individually
analyzed mice per group out of two independent experiments. Statistical analyses were performed using two-way
ANOVA with Bonferroni's post hoc test (****p < 0.0001). Note: In cooperation with Prof. lldiko Rita Dunay
(Center for Behavioral Brain Sciences Magdeburg, Institute of Inflammation and Neurodegeneration Magdeburg)
and M. Sc. H. P. Diisedau (Institute of Inflammation and Neurodegeneration Magdeburg). Manuscript submitted
in Frontiers in Immunology (status: 25.06.2021).
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Taken together, data from the second part of this thesis show that during Lm infection
neutrophils (Figure 42) and inflammatory monocytes (Figure 43) from ADAPko mice

accumulate in the spleen and the liver.
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Figure 42 | Summary - Neutrophils. This figure summarizes major differences in terms of neutrophil release of
IL-1ae and iINOS (1), NET formation (2), transcriptional profile (3) and phagocytosis capacity (4) in spleen (left)
and liver (right) from wild type (each left side) versus ADAPko (each right side) mice. Created with
BioRender.com (2021).

Despite this, the pathogen is only inefficiently controlled in these mice (Figure 11), hinting at
a functional impairment of infection-primed phagocytes. Of note, quantification of pro-
inflammatory mediators such as IL-1a., as well as transcriptional profiling of the whole genome
revealed broad molecular alterations following activation of neutrophils and inflammatory
monocytes in the ADAP-deficient host. Moreover, while the formation of NETs by neutrophils
was only slightly affected in ADAPKo, ex vivo analyses uncovered a significantly impaired
phagocytotic capacity of neutrophils. Together with an altered activation profile, reduced
phagocytic function might explain inefficient pathogen control and thus the fatal outcome of
the infection in ADAPko mice.
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profile (3) in spleen (left) and liver (right) from wild type (each left side) versus ADAPko (each right side) mice.
Created with BioRender.com (2021).
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5 Discussion

5.1 Role of ADAP in NK cell cytotoxicity during Listeria monocytogenes in mice
Rajasekaran et al. studied in very much detail signaling pathways that are induced in NK cells
following the in vitro stimulation of activating receptors such as CD137 and NKG2D. They
uncovered an ADAP-dependent signaling pathway that is exclusively involved in
inflammatory cytokine production, but not required for cytotoxicity of NK cells*. As
mechanism underlying this remarkable dichotomy they described a unique interaction between
Fyn and ADAP, linking the upstream signaling to the CBM module. Under the chosen
experimental conditions, this interaction of ADAP with the CBM complex led to IFN-y as well
as chemokine production, but did not induce cytotoxicity in murine and human NK cells*®, NK
cell function heavily depends on the conditions in which they are activated. Therefore, Vivier
and colleagues raised some doubt regarding the transferability of these findings to NK cells
that have been activated in vivo under more physiological conditions*. Well in line with this,
antibody/cytokine-mediated in vitro stimulation of naive and infection-primed NK cells
confirmed impaired IFN-y secretion by ADAP-deficient NK cells (Figure 14)??°. However, as
shown in this thesis, a more physiological stimulation of NK cells that were either primed in
the ADAP-sufficient or -deficient host by YAC-1 target cells indeed did not reveal any
negative effect of ADAP-deficiency on IFN-y production by NK cells. Strikingly though,
YAC-1 stimulation of naive or infection-primed NK cell uncovered an impaired cytotoxic
function of ADAPko NK cells (Figure 16 and Figure 17)%%°.

An altered ADAPKo phenotype was additionally confirmed by ex vivo profiling of the NK cell
proteome following their in vivo activation in the context of Lm infection. This revealed an
overall decrease of intracellular perforin and CD107a in NK cells, suggesting the release of
perforin from CD107a" granules after their in vivo priming. Furthermore, LC-MS/MS analysis
revealed a marginal but noticeable reduction in CD107a protein abundance in NK cells from
ADAPko compared to wild type control mice following Lm infection further confirming a
decreased cytolytic activity of ADAPko NK cells (Figure 21 B)?%. Strikingly, independent of
the genotype, infection-primed NK cells exhibited an overall decreased abundance of almost
all detectable prototypic NK cell proteins with the exception of granzyme A and granzyme B,

which were found at even higher abundances (Figure 21)?%°. The fact that the priming of NK

1111



Discussion

cells results in increased granzyme A and B levels but at the same time decreased abundance
of CD107a and perforin seems to be counter-intuitive at a first glance, but numerous
mechanisms could explain this finding. Heyner et al. showed a co-localization of CD107a and
perforin, but not with granzymes (unpublished data, personal communication). Furthermore, it
was reported that different cytotoxic vesicles are present within the cell, dependent on the
activating signal used to stimulate NK cell function. As an example, the engagement of 2B4 or
NKG2D on NK cells induces the co-localization of perforin with Rab27a* but not Munc13-4*
vesicles. In direct contrast, an antibody-dependent CD16 activation of NK cells leads to
localization of perforin to Munc13-4* vesicles but not to Rab27a*%*4. Of note, both, Munc13-4
and Rab27a, are described to be involved in granzyme B polarization to the immunological
synapse?*>. Consequently, the observed differences concerning the abundances of granzyme
A/B and CD107a/perforin in NK cells might on the one hand be the result of a complex
receptor/ligand binding event, which is induced early on during infection and leads to discrete
maturation of lytic granules in NK cells?®. On the other hand, proteins that are newly
synthesized as a consequence of infection-triggered gene expression, might also contribute to
the differences of cytotoxic protein abundances. Well in line with the proteome data (Figure
21 B), Fehniger et al. uncovered that resting NK cells contain high levels of granzyme A but
only little granzyme B as well as perforin®*. Remarkably, Fehniger and colleagues observed a
strong discrepancy in terms of protein versus mRNA content, with mRNA being detectable in
naive NK cells at high abundance for all three genes. Whereas naive NK cells were granzyme
A-positive, an IL-15-stimulation increased the frequency of granzyme B and perforin
expressing NK cells and, of note, only granzyme B abundance was associated with induced
mRNA expression®6. While these data provide evidence for potential differences concerning
the regulation of transcription as well as translation for these different cytotoxic mediators,
they do not fully explain the inverse pattern of granzyme A and B as well as perforin in
infection-primed NK cells. Nevertheless, perforin and granzyme B were shown to be essential
for efficient cytotoxicity in vitro and in vivo®*® and we showed here that the abundance of one
of them appears to be reduced in NK cells lacking ADAP (Figure 16 A, bottom panels and
C)?2°,
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5.2 The impact of ADAP on migration and infiltration of innate immune cells during
Listeria monocytogenes in mice
During the early phase of Lm infection, phagocytes such as neutrophils and monocytes

contribute to the initiation of an inflammatory response®*’

and furthermore, these cells are
critically involved in immune containment of the pathogen®®. Infiltrating monocytes and
especially neutrophils are attracted to the site of infection were they contribute to
immunopathology as adverse side effects®1"!,

The in vivo infection experiments revealed increased infiltration of neutrophils and monocytes
into the spleen and the liver of ADAP-deficient mice (Figure 11 and Figure 31). This is well
in line with the observation that NK cells from infection-primed ADAPKo mice exhibited a
significantly impaired production of the phagocyte attracting chemokines CCL3, CCL4, and
CCL5 compared to their wild type counterparts (data not shown)??. On the other hand it has
been reported that SLP-76-deficient neutrophils are not able to spread following stimulation of
the p2-integrin®®, SLP-76 is an immune cell adaptor that is associated with phosphorylated
ADAP via the Src kinase Fyn>*®. Of note, SLP-76-deficient neutrophils fail to trigger central
downstream regulators following integrin ligation, thus providing convincing evidence for a
vital role of SLP-76 in regulating neutrophil function®*. Further reports showed that ADAP-
deficient neutrophils displayed a reduced transmigration behavior into tissues®?. In more detail,
Block et al. studied the recruitment of neutrophils to the kidney in wild type compared to
ADAPko mice, using an ischemia-reperfusion induced acute kidney injury (AKI) model. They
demonstrated, that ADAP and SLP-76 are both part of the E-selectin-mediated integrin
activation. As already mentioned in the introduction, the tyrosines Y112 and Y128 of SLP-76
as well as the interaction of SLP-76 with ADAP are known to be required for the activation of
LFA-1 and the E-selectin-mediated slow rolling, and thus for the recruitment of leukocytes
into inflamed tissue. Block and colleagues demonstrated that the loss of ADAP indeed resulted
in an impaired rolling, adhesion to the endothelium and transmigration and these defects
resulted in an increased resistance of ADAPko mice to AKI®2 Furthermore, it has been
suggested that the lack of SLP-76 in myeloid cells affects neutrophil functions in vivo®°. If
and how data generated in frame of the present thesis are comparable to the ones mentioned
before could be discussed controversially, since Block and colleagues studied neutrophil
migration in a setting of sterile inflammation. The Lm infection model used in the present work

results in direct as well as indirect pathogen-related activation of a variety of different immune
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and nonimmune cells, together establishing a multifaceted cellular interaction network, which,
at different layers, might be dependent on the adaptor protein ADAP. This might be one
explanation for the diverse effects observed regarding the impact of ADAP-deficiency on

neutrophil migration.

In addition to the increased neutrophil infiltration in spleen and liver of ADAPko mice
following Lm infection (Figure 31), no differences in the absolute numbers of neutrophils as
well as monocytes were detectable in conditional ADAPKo mice lacking ADAP exclusively in
NK cells (data not shown)??, Interestingly, studies performed in frame of this thesis revealed
that ADAP-deficiency in NK cells was associated with a more severe course of Lm infection
(Figure 22 A), which was not due to impaired antibacterial immunity (Figure 22 B)?%,
Activated NK cells respond to Lm infection*? in a complex process that requires crosstalk with
macrophages, neutrophils as well as dendritic cells!%*", With this, NK cells are able to shape
the immune response by the release of pro-inflammatory cytokines and chemokines as well as
due to cell-to-cell contacts®®1%2, Enhanced disease severity might be indicative for a critical
role of ADAP in NK cells in the overall innate immune response induced during Listeria
infection. Of note, macrophages and neutrophils are considered to be the major source for IL-
12 during listeriosis®>?>3, Notably, we found no quantitative differences in serum IL-12 levels
(data not shown) between Lm-infected conditional ADAPko mice and littermate controls??°,
which would have been a potential indicator for altered activation of phagocytes in mice
lacking ADAP in NK cell. Together, the observed enhanced body weight loss of Lm-infected
conditional ADAPko mice (Figure 22 A) can most likely not be attributed to an enhanced
immunopathology exerted by phagocytes. However, the molecular mechanism by which
ADAP-deficiency in NK cells promotes disease severity during Lm infection remains elusive.

So far, no data were available regarding the migration of ADAP-deficient NK cells. Utilizing
an in vitro transwell system we showed for the first time that CXCL12-induced migration of
ADAP-deficient NK cells is reduced compared to wild type NK cells??°, During infection, NK
cells are recruited to sites of inflammation in a chemokine-dependent manner. This is well-
reflected by the observed increased migratory activity of Lm infection-primed compared to
naive NK cells (Figure 28 A)??°, CXCL12 is an important chemokine not only for T cells, but
also for the chemoattraction of NK cells®%. Since Lm infection in mice represents a complex
disease with different leukocyte subsets being recruited and activated to produce pro-
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inflammatory cytokines and chemokines during early innate immune activation, in vitro testing
of CXCL12-induced migration of NK cells only insufficiently reflects the in vivo situation.
Nevertheless, impaired migratory activity of ADAP-deficient NK cells might at least in part
explain the reduced numbers of NK cells in the spleen of conditional ADAPKo mice early after
Lm infection (Figure 25 A)?2°. In T cells, the inside-out signaling pathways leading to integrin
activation after chemokine receptor stimulation are well-described*? and Parzmair et al. have
recently shown that migration of both, CD4* and CD8* T cells, depends on ADAP?%2, For NK
cells, it is known that integrin-dependent activation is essential for migration and for
cytotoxicity®®. Therefore, it seems likely that similar signaling complexes are formed in T
cells and NK cells. Of note, compared to wild type NK cells, CD11a surface expression on
infection-primed ADAPko NK cells was markedly reduced on day 1 post Lm infection (Figure
28 C)?%°. As described in the introduction, CD11a together with CD18 forms the heterodimeric
adhesion molecule LFA-1 which upon interaction with its ligand ICAM on endothelial cells
promotes entry of leukocytes from the bloodstream into tissues. In fact, an early study by
Allavena et al. has shown that LFA-1 is crucial for NK cell adhesion to and migration through
the vascular endothelium?3. Importantly, at least in T cells the intracellular domain of CD11a
is directly linked to the signaling complex involving ADAP?*2%, Thus, it is tempting to
speculate that the lack of ADAP in NK cells and the associated reduced surface expression of
CD11a on NK cells 1 day post Lm infection is mechanistically linked to the reduced
accumulation of NK cells in the infected spleen of conditional ADAPko mice (Figure 25)?%°,
However, since differential CD11a expression on ADAPko versus wild type NK cells was only
transient and genotype-dependent differences in CD11a surface expression were lost by day 3
post infection, most probably further molecular factors will contribute to the observed
phenotype. Yet, further studies are needed to dissect in more detail the molecular mechanism
underlying reduced migratory activity of naive and infection-primed ADAP-deficient NK
cells.

However, Parzmair?®! and data generated in frame of this thesis showed, that ADAPko mice
display a significantly enhanced pathology in spleen and liver as well as excessive bacterial
load, and exaggerated accumulation of neutrophils and monocytes in ADAP-deficient mice
compared to wild type counterparts (Figure 11 and Figure 31). Remarkably, these
inflammatory changes were not observed in conditional knockout mice, lacking ADAP

exclusively in phagocytes (Figure 32), hinting at an extrinsic rather than an intrinsic effect of
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ADAP in neutrophil and monocyte activation and effector function during Lm infection or a
combination of both aspects. ADAP-dependent alterations in cytokine and chemokine
expression in response to infection might be considered to play a key role in modulating the

recruitment as well as priming of these cell types, i.e. neutrophils and inflammatory monocytes.

5.3 Infection-associated priming of innate immune cells in the ADAP-deficient host

During Lm infection several cytokines are induced, known to permit NK cell activation®® and
indeed most of the known NK cell-activating cytokines were detectable in sera of both, Lm-
infected wild type and ADAPko mice (Figure 18)?%°. Thus, ADAPko mice did not exhibit a
general defect in cytokine response to Lm infection®®®. Therefore, it can largely be excluded
that impaired effector function in ADAPko NK cells is due to their impaired priming in the
ADAP-deficient host rather than an inherent effect due to ADAP-deficiency in NK cells??,
Apart from the proteome data (Figure 20 and Figure 21), further analyses regarding the
influence of Lm infection on the expression of activating/inhibitory receptors on NK cells and
the expression of the corresponding ligands on target cells??° lead to the hypothesis that during
infection the combination of cytokines and/or receptor-ligand pairs is ideal to prime NK cells
for both, cytokine production and cytotoxicity. Thus, under these optimized priming conditions
the separation of the ADAP-dependent and -independent signaling pathways in NK cells is
abrogated??°. Still, future studies are needed to clarify the underlying mechanisms on a

molecular level.

Independent of the role of ADAP in NK cells during listeriosis it is still not clear whether NK
cells have a beneficial or detrimental character in immunity to Lm infections. A very early
study by Teixeira and Kaufmann revealed an improved pathogen control in mice lacking NK
cells!®. This deleterious role of NK cells in listeriosis was later confirmed by Viegas and
colleagues, which demonstrated that even though NK cells are not essential for the elimination
of the pathogen, NK cell-deficient mice showed improved survival after Lm-infection®3!.
However, data from Shtrichman et al. implied that NK cells might rather be protective during
Lm infection®®. By secretion of the pro-inflammatory cytokines IL-12, TNF-a, IL-1p, and IL-
18 by Lm-activated dendritic cells, NK cells are primed to produce IFN-y, which is known to
play a pivotal role in innate and adaptive immunity to intracellular bacteria and indeed mice
lacking the IFN-y receptor are highly susceptible to Listeria infection®®. Despite comparable

IFN-y production in infection-primed wild type and ADAP-deficient NK cells (Figure 17 A,
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top panels and B), IFN-y serum concentration was increased by day 3 p. i. in ADAP-deficient
mice (Figure 18). However, since in conventional ADAPKo mice also immune cells other than
NK cells are deficient for ADAP, IFN-y produced by e.g. T cells, NKT cells, macrophages, B
cells or dendritic cells may account for the observed difference. This is supported by the finding
that in conditional ADAPko mice lacking ADAP exclusively in NK cells the IFN-y serum
concentration markedly increases by day 2 post Listeria infection, while no significant
differences in infection-induced IFN-y levels between wild type and conditional ADAPKo mice

were observe (Figure 23)?%°,

It has recently been shown, that independent from their IFN-y production, NK cells may as
well contribute to enhanced susceptibility of mice to Listeria infection'®. As an underlying
mechanism for the detrimental role of NK cells in listeriosis the authors uncovered that NK
cells responding to Listeria infection acquire the ability to produce the immunosuppressive
cytokine IL-10%%. In a follow-up study the same group identified that licensing of 1L-10
production in NK cells requires 1L-18 released by Lm-infected Bat3* DCs?’. In frame of the
current thesis, no effect of ADAP-deficiency in NK cells on their capacity to produce IL-10
was observed (Figure 24)%°. However, since neither the concentration of the
immunosuppressive IL-10, nor the levels of the NK cell licensing cytokine 1L-18 differed in
sera from Lm-infected wild type and ADAPko mice (Figure 18 and Figure 23)%%, the
possibility that IL-10 produced by NK cells would account for the enhanced morbidity of

conditional ADAPKo mice to Lm infection can largely be excluded.

Phagocytosis by neutrophils and inflammatory monocytes as well as the subsequent killing of
pathogens is, among others, induced by pro-inflammatory cytokines such as IFN-y1722%8 and
TNF-al2°,  Additionally, next to neutrophils themselves®®, TNF-a is produced by
macrophages and monocytes and at the same time stimulates NK cells to produce substantial
amounts of IFN-y, which in turn increases the intracellular killing capacity of these cells.
Potential failures in the TNF-o/IFN-y regulatory network, and consequently reduced
bactericidal capacity of macrophages and monocytes, could explain the increased bacterial
loads in ADAPKo animals. However, while ADAPko NK cells produce lower levels of IFN-y
following in vitro stimulation, no effect of ADAP-deficiency on IFN-y production by NK cells
primed during in vivo Lm infection was observed??°. Moreover, data obtained in frame of this
thesis revealed that both TNF-o and IFN-y levels are in fact significantly higher in ADAPko
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than in wild type mice during Lm infection??, therefore excluding reduced abundance of these
mediators as the underlying mechanism for altered phagocyte priming.

Additionally to TNF-a and IFN-y, the concentration of IL-1a was increased in sera of Lm-
infected ADAP-deficient mice??°. Of note, IL-1a can induce neutrophil recruitment®’, drives
immunopathology, and is involved in several pathophysiological processes'®. Increased serum
levels of IL-la in combination with increased levels of the neutrophil recruiting
chemoattractant CXCL1 (KC)?*! might explain in part the massive neutrophil influx in spleen
and liver of ADAPko mice depicted in the present thesis. However, ADAPKo mice appear to
be inefficient in controlling pathogen growth, suggesting that they were not appropriately
activated within the ADAP-deficient immune system.

Monocytes are considered to differentiate into iNOS- and TNF-a-producing inflammatory
monocytes during Lm infection?®. Okunnu et al. stated that during Lm infection monocytes are
more efficient than neutrophils in respect to the production of TNF-o and IL-102%%, which is
well in line with data from this thesis (Figure 34 and Figure 35, left and middle panels). The
authors stated that the production of TNF-a might enhance the ability of neutrophils to take up
and kill Lm?!, Data from this thesis, however, did not reveal any correlation between TNF-a
production and antibacterial function of neutrophils.

Most of the published data on ADAP in immune cells were collected from in vitro experiments
or in vivo studies using models for sterile inflammation. As an exception from this, Li et al.
reported that ADAPko mice were more susceptible to infection with highly pathogenic
influenza A virus, which was most likely due to a severe CD8" T cell-mediated immune
pathology. The cytokine storm induced in influenza infected ADAPKo animals was explained
by impaired TGF-B production by CD8* T cells?®?. Interestingly, while this study focused on
adaptive immunity, Parzmair also found TGF-B plasma levels in ADAPKo to be reduced
already in naive mice and, moreover, increases in TGF-$ were delayed in ADAP-deficient
mice early on following Lm infection®®®. Platelets might be mechanistically involved in this
abnormal response, since they store high amounts of TGF-B%3. Of note, Rudolph and
colleagues demonstrated that the platelet-specific deletion of ADAP increases experimental
autoimmune encephalomyelitis (EAE) in mice, leading to the hypothesis that ADAP plays a

regulatory role in platelets during EAE®®2%. One might speculate that dependent on the
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inflammatory setting both, innate and adaptive immune responses are insufficiently controlled

in ADAP-deficient mice, thus leading to severe immunopathology following Lm infection.

5.4 Broad alterations in the gene expression profile of neutrophils and inflammatory
monocytes from Listeria monocytogenes-infected ADAP-deficient mice

The enhanced expression of common sense receptors in ADAPKo neutrophils renders them
interesting candidates for future analysis regarding involvement of ADAP in their associated
signaling pathways or mechanisms responsible for their increased expression (Figure 38). In
this context, IL-15 receptor o (IL-15ra) seems of particular interest. Interleukin 15 (IL-15)
promotes neutrophil migration, activation and phagocytosis. The multi-subunit IL-15 receptor
consists of the IL-15ra, IL-2/15 receptor B (CD122) and common cytokine receptor y chain
(Gammac or CD132) subunits, and is highly expressed on neutrophils?®4, I1L-15 receptor
engagement in human neutrophils stimulates phagocytosis in dependency of the tyrosine-
protein kinase Syk, which physically interacts with IL-15ro and becomes phosphorylated?®,
Importantly, ADAP is known to interact with Syk and together with SLP-76 activates the
downstream Bruton tyrosine kinase (Btk)®2. Btk is considered as a key kinase in many innate
immunity signaling networks as reviewed by Weber et al.?®®, Blocking of IL-15ra was shown
to reduce phagocytic capacity of human neutrophils by 40 %2%°. Thus, ADAP-deficiency may
prevent efficient enhancement of neutrophil phagocytosis by abrogating Btk activation, despite
enhanced expression of IL-15ra on ADAPko neutrophils and robust levels of IL-15 in
ADAPko sera??’. Taken together, this proposed mechanism might represent a possible
explanation for the significantly reduced phagocytic properties of neutrophils in ADAPko
mice.

Furthermore, there is evidence that neutrophils might be dispensable for controlling Lm
infection and instead inflammatory monocytes are suggested to be of highest importance for
innate Lm control?®’. In this regard, it is important to note, that the phagocytic capacity of
inflammatory monocytes from ADAPko mice is less affected than that of neutrophils.
However, ADAPko mice still fail to effectively control early bacterial growth suggesting that
inflammatory monocytes from ADAP-deficient animals are functionally impaired in other

aspects.

Another gene of interest that is very prominently upregulated in neutrophils from spleen and

liver of Lm-infected ADAPko mice is Batf2/Irfl (Basic leucine zipper transcription factor 2;
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interferon regulatory factor 1) (Figure 36 A). Strikingly, Batf2-deficiency was shown to
increase resistance of mice to high-dose Lm infection which was accompanied by reduced
tissue pathology and reduced bacterial burden?®. This matches our findings (Figure 11 and
Figure 36 A), since Batf2 is strongly upregulated in ADAPko mice, which succumb to the
infection. Of note, Batf2-knockdown in stimulated macrophages resulted in downregulation of
Tnf, Ccl5, 11-12b and Nos2, indicating an important role for Batf2 in the innate immune
response?®®. Considering this, the observed overexpression of Batf2 and Nos2 in phagocytes of
ADAPko mice might be linked to the exaggerated immunopathology in these animals.
Interestingly, Cd101 (Immunoglobulin superfamily member 2), which together with CXCR2
is used to distinguish CXCR2'CD101% immature from CXCR2'CD101* mature
neutrophils?*’, was down-regulated in neutrophils, thereby possibly indicating compromised
maturity of ADAPKo neutrophils and at the same time supporting the hypothesis that
neutrophils are differentially primed during Lm infection in an ADAP-deficient.

Next to these mentioned genes, Ffar2 (Gpr43) encoding a free fatty acid receptor is highly
upregulated in splenic and hepatic neutrophils of Lm-infected ADAPKo mice (Figure 36 A).
Ffar2 is involved in the modulation of immune cell recruitment during inflammation?®
matching the enhanced infiltration of neutrophils into spleen and liver of ADAPko mice.
Interestingly, Cd177 is upregulated in neutrophils from liver of Lm-infected ADAPko mice.
CD177 belongs to the Ly6 toxin superfamily?’*, and its expression is induced by inflammatory
stimuli?’2. Furthermore, CD177 is associated with the B2-integrins CD11b/CD18 (Mac-1)?".
CD177 expression was shown to be induced during bacterial infections?™ and a recent study
has shown that CD177 mediates neutrophil migration through endothelial cells by interacting
with serine proteinase-32°. Prok2/Bv8 is an inflammatory mediator strongly induced in
neutrophils in response to G-CSF?7%2"7 and, of note, data from this thesis show an increased
expression of Prok2 in splenic neutrophils of infected ADAPko mice (Figure 36 A). Zhong et
al. demonstrated Prok2/Bv8 to endorse the migration of neutrophils from human blood cells
likely via ERK and phosphatidylinositol 3-kinase (PI3K) pathways?’8. Thus, one might
speculate that the upregulation of Cd177 and Prok2 in neutrophils from ADAPKo mice is

mechanistically involved in the enhanced infiltration of these cells into Lm-infected spleen.
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5.5 Reduced phagocytotic capacity of murine neutrophils during Listeria monocytogenes
infection

Neutrophils and monocytes release proteases and aggressive microbicidal substances at the
infection site, causing tissue damage as adverse side effect'#’. Substances like defensins as well
as neutrophil elastase, which are contained in neutrophil granules, are involved in antimicrobial
defense by degrading engulfed bacteria'®’. Additionally, neutrophils can generate reactive
nitrogen species in a mechanism involving the inducible nitrogen oxide synthase (iNOS,
NOS2). Noteworthy, transcriptome data from this thesis clearly indicate that preferentially pro-
inflammatory pathways are switched on, both in infection-primed neutrophils and monocytes
from ADAPko and wild type mice, while at the same time molecular processes involved in
tissue regeneration are less active, especially in monocytes (Figure 36 and Figure 37). Thus,
it appears that phagocytes from ADAP-deficient mice are potential drivers of inflammation
which is well in line with the pronounced immunopathology observed in spleen and liver of
Lm-infected ADAPko mice.

Neutrophils catch and kill bacteria by releasing extracellular traps (NETS) containing histones
as powerful antimicrobials. The formation of NETS is triggered by different agonists such as
cytokines, microbial components and by bacteria themselves. Nevertheless, the so-called
NETosis requires the formation of ROS. Interestingly, equal numbers of histone counts in
infected spleens were observed in ADAPko and wild type mice. However, the number of
histone counts declined from day 1 to day 3 post Lm infection in ADAPko but not in wild type
animals (Figure 39 A). In contrast, although in the liver no differences in histone counts were
detected on day 1 p. i., significantly more histones were released by neutrophils in ADAP-
deficient mice compared to wild type counterparts on day 3 post Lm infection (Figure 39 B).
However, no obvious impairment of NET release in ADAPko mice was observed and further
experiments are required to clarify, if and to which extend the distinct differences in NET
formation would affect pathogen control.

Next to NETS, neutrophils are capable to control bacterial pathogens by phagocytosis followed
by the intracellular killing of ingested pathogens by producing reactive nitrogen and oxygen
species®. It has been shown, that neutrophils play an important role in the immune response
to low dose Lm infection in the liver, while in the spleen these cells play a vital role for
protection against high dose infections®*. Additionally, and as mentioned before, neutrophils
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are more effective in phagocytosis of Lm than inflammatory monocytes?®*. Coppolino and
colleagues documented that, among others, SLP-76 is necessary for the formation of
phagosomes. Next to the initiation of phagocytosis, a molecular complex of Fyb, SLP-76 and
other molecules is formed and the activation of Fcy receptors leads to signaling events during
phagocytosis that regulate actin polymerization, which indeed is indispensable for
phagocytosis'®. Noteworthy, TNF and especially iNOS are essential for clearing a murine Lm
infection'’19, One might speculate that in spleen of Lm-infected ADAPKko mice neutrophils
switch from NETosis on day 1 post infection to phagocytosis on day 3, supported by the
significantly reduced number of histones released (Figure 39 A) and at the same time the
increased phagocytosis on day 3 post infection (Figure 40 A and B, Supplement Figure 1 A,
right panel). A functional switch like this has indeed been described before?”*-28 and is well
in line with the findings of this thesis in livers on day 3 post Lm infection. Here, neutrophils
from ADAPKo mice formed more NETS than the wild type animals (Figure 39 B), while in
direct contrast the phagocytic capacity of neutrophils from these mice was reduced (Figure 40
Aand C, Supplement Figure 1 A, left panel). Taken together, one may consider the ineffective
phagocytic capacity together with the observed broad alteration in the transcriptional program
of neutrophils and in part inflammatory monocytes to be responsible for impaired pathogen
control in ADAPKo animals.

It remains largely unclear which of the observed effects regarding phagocyte phenotype and
their functionality is most prominently affecting the outcome of listeriosis in ADAP-deficient
mice and still there is a puzzling dichotomy between phagocyte accumulations at infection sites
and inefficient pathogen control (Figure 11 and Figure 31). It should be further considered
that impaired early control of the pathogen and with this uncontrolled bacterial growth might
result in continuing attraction of phagocytes that in turn directly contribute to
immunopathology in spleen and liver of Lm-infected ADAPko mice!’t. During NET
formation, histones are released into the surrounding tissues. Noteworthy, histones are toxic
for invading pathogens, but additionally can cause tissue damage®?. The priming of
neutrophils results in a rapid as well as effective elimination of several pathogens, but also to
the induction of toxic ROS, which can enhance tissue damage?®®. Targeted depletion of
neutrophils during infection with Lm led to increased susceptibility and mortality especially at
higher infection doses!®. Interestingly, bacterial burden in spleen and liver as well as survival

curves in neutrophil-deficient animals closely resemble those observed in ADAPKo mice.
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Together, these data not only highlight the overall importance of neutrophils during the early
phase of listeriosis but at the same time support the findings that ADAP-deficiency negatively

affects neutrophil-mediated immunity.

Taken together, in frame of this thesis the role of ADAP in a variety of different innate immune
cell types was analyzed in the context of Listeria monocytogenes infection in mice. The
obvious advantage of the chosen infection model is that it allows an in vivo priming of NK
cells, neutrophils and inflammatory monocytes under physiological conditions, thereby adding
another level of complexity and extending existing knowledge that has been mainly generated
in simplified in vitro systems. Data obtained within this thesis show that during systemic Lm
infection in mice ADARP is essential for efficient cytotoxic capacity and migration of NK cells,
while an alternative priming of phagocytes during Lm infection in the ADAP-deficient host
results in broad alterations in their inflammatory profile as well as impaired phagocytic
capacity. We propose, that these alterations, together with so far unknown additional effects of
ADAP-deficiency on anti-bacterial immune response induced in other innate immune cells,
contribute to failures in anti-bacterial defense and ultimately the fatal outcome of listeriosis in
mice lacking ADAP.
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7 Appendix

7.1 Supplementary Figures
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Supplement Figure 1 | In vivo Listeria monocytogenes-primed neutrophils and inflammatory monocytes
from ADAP-deficient mice are functionally impaired in their phagocytotic capacity. Male Wild type (m) and
ADAPko (o) mice (age: 10-17 weeks) were infected i. v. with 2.5 x 10* CFU Lm and sacrificed at the indicated
times post infection. Leukocytes were isolated from spleen and liver, stained for neutrophils (Ly6G*CD11b*) and

(continued on the next page) 1140
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inflammatory monocytes (CX3CR1'%Ly6CM9") in reference to CD45*Lin" cells and phagocytosis was assessed
by a 2 h incubation of these cells with carboxylate-modified FITC-fluorescent latex microspheres at 37 °C or 4 °C
serving as negative controls (ctr.) with a cell to bead ratio of 1:5. Bar charts for (A) neutrophils and (B)
inflammatory monocytes show the fractioned cells according to the amount of incorporated beads (m > 3 beads,
m 3 beads, = 2 beads, 1 bead, m 0 beads). Data are depicted as mean = SEM for n = 6-8 individually analyzed
mice per group out of two independent experiments. Statistical analyses were performed using two-tailed,
unpaired t-test with Welch’s correction (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Note: In
cooperation with Prof. lldiko Rita Dunay (Center for Behavioral Brain Sciences Magdeburg, Institute of
Inflammation and Neurodegeneration Magdeburg) and M. Sc. H. P. Disedau (Institute of Inflammation and
Neurodegeneration Magdeburg). Manuscript submitted in Frontiers in Immunology (status: 25.06.2021).

7.2 Supplementary Tables

Table 25 | List of regulated genes from spleen- and liver-derived neutrophils 3 days post Listeria
monocytogenes infection identified by microarray analyses from ADAPko versus wild type
mice. Differentially regulated genes from FACS-sorted spleen and liver were identified as follows: Per genotype
and organ, neutrophils from 6 mice were isolated and cells from 2 mice each were pooled, resulting in n = 3
independent replicate sample pools per organ and genotype (n for wild type liver = 2). Total RNA was isolated
and analyzed by Clariom S microarray (23 samples in total). Differentially expressed transcripts in spleen/liver-
derived neutrophils were determined comparing ADAPko versus wild type condition (fold change > + 3-fold,
FDR < 0.05). For each gene the averaged log. normalized signal intensity, fold change (ADAPko versus wild
type), FDR and the k-means cluster (KMC) assignment are shown. Genes are sorted according to their k-means
cluster number and within the clusters descendingly sorted by the average absolute fold changes. Genes above
the applied fold change threshold (FC > + 3) are in bold and color-coded (green: down-regulated, red: up-
regulated). FDR values < 0.05 are bold. Table is relates to Figure 36.

(continued on the next page)
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11,48
3,77
9,15
5,65
4,00
6,42
13,26
3,92
8,81

4,35
3,15
6,53
5,38
3,77
521

7,89
7,9
5,12
6,96
8,59
9,14
7,73
8,82
6,48
3,74
6,54
4,32
5,20
10,41
14,06
12,09
6,38

10,70

11,67

10,40

10,38

7,24

4,50
11,94
8,62
4,46
3,25

Spleen

FC

(ADAPKo vs. wild

type)

FDR

1,7E-02

4,0E-03
6,8E-03

3,6E-02

1,56-02
10E04

9,56-03

30504

7,08:04

31503

34602
9,4E-03

6,0E-03
2,0E-04
4,0e-04

3,56-02

23603
89E-03

9,56-03
1,7E-03

9,2E03
2,4E-02

ADAPko
[mean log, SI]

8,42
6,52
6,85
3,64
522
7,04
414
742
11,63
7,22
6,39
9,08
9.43
548
7,65
8,87
4,46
467
15,39
3,80
9,33
4,69
336
5,55
6,67
4,66
583
577
7,52
5,41

6,78
823
10,09
6,10
8,70
5,88
5,20
6,47
528
5,22
9,23
16,16
12,98

8,88

6,24

4,21
1,7
7,80
5,54
3,36

(continued on the next page)

wild type
{mean log, SI

13,04
10,74
11,03
7,75
9,28
11,02
8,08
11,32
15,31
9,54
10,18
12,14
12,70
9,00
8,80
12,27
7,88
7,72
16,31
713
12,35
7,99
6,64
8,17
9,82
7,73
8,91

8,48
10,30
8,36
9,75
10,73
12,99

7,98

13,23

11,20

9,67

8,56

10,74

12,80
8,95
7,29
5,42

Liver
FC
(ADAPKo vs. wild
type)

1,902
11E02
4,26:03
14602
16602
8,3E-03
1,7E-03
2,4E-02
3,0E-04

1,2E-03
2,6E-083
2,86-03
4,8E-02

1,6E-02
8,7E-03
7,0E-04

12608

2,6E-02
34E-02

39502
7,903
6,503
3,802
37E02
2,6E-02
1,6E-02
12608
8,0E-04
2,002
30504
14602

2,9e-02

6,8E-03
43502
7,0E-04
2,1E03
1,26-02
23602
19502
2,3E-02

2,3E-03
3,0E-03
1,4E-02
19502

4,5E-02
4,1E-02
8,8E-03
3,6E-02
2,3E-02
4,6E-02
2,56-02
4,902
2,0E-02

8,56-03
3,6E-08

KMC
Cluster ID
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Appendix

Annotation

Array ID

TC0800002565.mm.2
TC0400003542.mm.2
TC1500002282.mm.2
TC0100003010.mm.2
TC0100001431.mm.2
TC0900003055.mm.2
TC0100001338.mm.2
TC1800000503.mm.2
TC0500001049.mm.2
TC0400002977.mm.2
TC0300001409.mm.2
TC0600000454.mm.2
TC0600000648.mm.2
TC0600002200.mm.2
TC1300002617.mm.2
TC1500001067.mm.2
TC0100001568.mm.2
TC0400003603.mm.2
TC0900001414.mm.2
TC1600000138.mm.2
TC0300000453.mm.2
TC0600000324.mm.2
TC1600001667.mm.2
TC0100003882.mm.2
TC0200000620.mm.2
TC0100003129.mm.2
TC0700002648.mm.2
TC0600000461.mm.2
TC0300002594.mm.2
TC1100002001.mm.2
TC0600003235.mm.2
TC0600000462.mm.2
TC0900001182.mm.2
TC0200003401.mm.2
TC0700001876.mm.2
TC0700001669.mm.2
TC0300001064.mm.2
TC0900002254.mm.2
TC1900001105.mm.2
TC0800001802.mm.2
TSUnmapped00000006.mm
TC1800000184.mm.2
TC0600000463.mm.2
TC1800000665.mm.2
TC1100003268.mm.2
TC1100000798.mm.2
TC1700000629.mm.2
TC1100000007.mm.2
TC0200001770.mm.2
TC1200002230.mm.2
TC1500002221.mm.2
TC1200000427.mm.2
TC1100000891.mm.2
TC0900001673.mm.2
TC1300000191.mm.2
TSUnmapped00000010.mm.
TC0100001351.mm.2
TC1100003093.mm.2
TC0200003224.mm.2
TC0400003451.mm.2
TC1500001300.mm.2
TC1100001767.mm.2
TC0700000756.mm.2
TC0700003015.mm.2
TC1500001783.mm.2
TC1100001127.mm.2
TC0400001000.mm.2
TC1300000175.mm.2
TC0900002044.mm.2
TC0300002324.mm.2
TC1000002488.mm.2
TC1100000730.mm.2
TC1500002258.mm.2
TC1700000688.mm.2
TC0600003232.mm.2
TC0800001420.mm.2
TC0800001803.mm.2
TC0900002451.mm.2
TC1300000967.mm.2
TC1000000708.mm.2
TC1000000409.mm.2
TC1500000380.mm.2
TC0700002080.mm.2
TC1500000037.mm.2
TC1900000915.mm.2
TC0300003222.mm.2
TC1200000825.mm.2
TC0600001709.mm.2

Gene Symbol

1127ra
Ago1

Krt8
Tmem163
2810025M15Rik
Dagt
Ptgs2
DmxI1
Z1p326
Haus6
Adht
Gstk1
Chn2
Ezh2
Ipot1
Nrda1
Sh2d1b1
Fam167b
Impdh2
Snx29
Tsc22d2
Akr1b8
Phidb2
Chpf
Hspa5
Nav1
LOC101055953
Tas2r143
Cd101
Slc26a11
Clecta
Tas2r135
Slc9a9
Strbp
Itgax
Pde3b
Ptpn22
Ncam1
Tmem216
Defb40
Rcor3
Mapre2
Tas2r126
Nedddl
Gm10392
Pigl

Btnl2
Patz1; Gm11944
Chact
Rps6ka5
Cers5
Arhgap5
Ctet
Cerd
Hist1h2bk
Reor3
Ivns1abp
Alox15
Fenb
Zmpste24
Fam105a
Ace
Siglecf
Fut2
Slc39%a4
Abhd15
Gm12689
Hist1h2bm
Slc37a2
Syt
Polr2e
Mprip
Krt80
H2-Q10
Clec12b
Osgin1
Defb38
Kif23
Mblac2
Ber
Rtndip1
Med30
Mrpi23
Fyb
Ankrd13d
Ovgp1
Yipm1
Lrmp

ADAPko
[mean log, SI]

4,08
7,67
4,64
6,48
6,73
7,18
10,32
9,37
5,57
6,81
5,04
7,30
8,35
6,83
5,38
8,94
6,72
6,79
7,78
6,79
9,15
5,46
6,13
3,29
13,59
5,58
6,59
7,81
10,41
8,50
5,60
6,51
7,18
7,50
7,79
6,51
8,74
5,48
6,65
7,39
6,97
8,56
6,64
9,38
4,66
6,77
6,22
6,33
579
9,13
8,63
492
721
7,5
6,62
7,15
10,70
6,13
7,64
7,90
6,74
6,30
8,01
4,08
7,3
6,49
6,71
8,91
7,20
472
9,25
7,86
9,96
11,46
5,35
8,52
5,29
11,67
49
9,10
9,67
11,41
10,10
13,39
9,32
8,90
8,98
7,04

wild type

[mean log, SI]

4,03
8,30
4,53
6,37
6,16
721

12,15
10,09
6,32
6,97
4,89
710
7.67
732
5,62
10,53
715
6,32
799
6,69
9,51

5,48
6,06

13,82
5,74
6,85
12,16
14,57
1,17
9,09
10,05
10,33

10,86

7,80
10,82

9,92

11,38

9,28

Spleen

FC

(ADAPKo vs. wild

type)

FDR

5,2E03

14603

19605
26605
2,6E-06
21E02
5,56-03

13802
2,0E04
21E-03
33603

15502
4,7TE-02

ADAPko
[mean log, SI]

4,31
7,31
5,04
6,37
6,81
6,39
13,93
8,99
5,63
5,32
5,00
7,09
7,55
7,55
5,09
15,23
6,32
7,47
7,85
6,34
8,88
6,54
6,09
3,33
12,93
5,22
6,19
6,90
8,58
6,35
6,27
4,97
6,96
7,84
7,03
5,91
8,99
5,66
5,88
6,71
5,21
8,85
6,67
7,76
4,15
5,98
5,71
5,20
5,75
8,31
817
3,37
5,89
5,75
5,9
5,90
9,07
5,64
7,29
6,93
6,30
5,38
6,39
6,54
6,80
6,55
6,37
8,31
6,96
5,06
8,25
6,52
8,04
10,32
5,21
9,23
517
9,80
4,80
8,11
8,98
10,81
8,96
13,80
7,84
7,74
7,68
7,39

(continued on the next page)

wild type
[mean log, SI]
6,34
9,14
7,04
8,36
8,63
8,38
14,40
10,67
7,29
7,19
6,87
8,92
9,17
9,22
6,84
15,75
7,94
9,06
9,54
8,04
10,49
8,26
7,80

14,56
6,87
7,79
9,13

11,05

10,12
9,37
7,53
9,77

11,00
9,7
9,17

1,79
4,56
597
8,61
8,15

11,68
824

10,76
593
8,02
.1
8,12
6,99

10,94

10,62
5,81
8,01
7,45
8,65
8,33

11,93

5,85

8,32

15,32
9,55
9,11

10,09
8,69

Liver
FC
(ADAPKo vs. wild
type)

17602

4,503

39502
2,1E02
35602
2,0e04
2,6E-02
21E02
4,1E-02
1,602

3808
4,1E-02
4,7E-02
9,7E-03

4,6E-02
16602
34602
1,6E-02
4,86-02
3,002

14503
14502
23602

3,0E-04
2,0E-04

9,0E-04
6,103

17603

93605
37E02
1,6E-02

9,56-08

55603
4,2E-08
6,0E-04
11E02

34502
7,903
38503

19602

2,4E-02

1402

4,7E-03

74603
3,0e04

23602
7,903
38603
3,608
4,203
95503
1,6E-03
32602

4,205

KMC
Cluster ID
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Appendix

Annotation

Array ID

TC0200002972.mm.2
TC0400004186.mm.2
TC0800001029.mm.2
TC0700001391.mm.2
TC0800001805.mm.2
TC1500002012.mm.2
TC1900000763.mm.2
TC0100001754.mm.2
TC0100001495.mm.2
TC0700001837.mm.2
TC0200002876.mm.2
TC0100003029.mm.2
TC0900000720.mm.2
TC1900000906.mm.2
TC0200002152.mm.2
TC1900000898.mm.2
TC1300001563.mm.2
TC0600000591.mm.2
TC1300001461.mm.2
TC1000000422.mm.2
TC0800000959.mm.2
TC1700001209.mm.2
TC1200000567.mm.2
TC0800000172.mm.2
TC0200002366.mm.2
TC0500003169.mm.2
TC0200000585.mm.2
TC1900000026.mm.2
TC1400000459.mm.2
TC0300000694.mm.2
TC1800000869.mm.2
TC0400001163.mm.2
TC0500002893.mm.2
TC1000000332.mm.2
TC0100001317.mm.2
TC1100001474.mm.2
TC0800002422.mm.2
TC0300003226.mm.2
TC1200002077.mm.2
TC1300000183.mm.2
TC1200000996.mm.2
TC1100000582.mm.2
TC0500002095.mm.2
TC1000001572.mm.2
TC0X00000151.mm.2
TC0700002076.mm.2
TC0100003867.mm.2
TC0100000829.mm.2
TC1100000684.mm.2
TC0600002354.mm.2
TC1100002862.mm.2
TC1000000312.mm.2
TC1700002771.mm.2
TC0200001030.mm.2
TC1600000432.mm.2
TC1800000771.mm.2
TC0400000519.mm.2
TC0800000756.mm.2
TC0600002941.mm.2
TC1100002695.mm.2
TC1100003934.mm.2
TC0600000841.mm.2
TC0700003087.mm.2
TC1000000147.mm.2
TC1500000578.mm.2
TC1300001762.mm.2
TC1300001669.mm.2
TC0200003436.mm.2
TC1700000533.mm.2
TC0600000538.mm.2
TC0200003320.mm.2
TC0400001135.mm.2
TC0X00002384.mm.2
TC0400001451.mm.2
TC0700002226.mm.2
TC1100002673.mm.2
TC0200000007.mm.2
TC1800000625.mm.2
TC1500002285.mm.2
TC0100002576.mm.2
TC1900000205.mm.2
TC0800001089.mm.2
TC0500001572.mm.2
TC1700002267.mm.2
TC1400002058.mm.2
TC1400001189.mm.2
TC1600000659.mm.2
TC1100001183.mm.2

Gene Symbol

Itga8
Nfia
Papd5
Arrb1
Defb39
Cerk
Pdcd4
TIr5

Sele
Mylpf
Camk1d
Cxcrd
Sema7a
Carns1
Dtd1
BC021614
Hist1h2bg; Hist1h2br
Mpp6
Gpr137b
Prep

Ly
Galm
Kihdc2
Agpat5
Trp53inp2
Tpent
Fam102a
Cdk2ap2
Ear12; Ear2; Ear3
Ferlt
Mbp
Calr4
Abcg3
Rev3l
Uchls
Gngt2
Nr2f6
Gm5150
Entpd5
Hist1h2br
9030617003Rik
Cdkn2aipnl
Prkag2
Zbtb39
Atpbap2
Tnni2
Serpinb10
Dgkd
4930438A08Rik
Vopp1
Flen
Hdac2
Nme3
Dcaf17
Bex6
Mex3c
Tgfbr1
Isynat
Vgli4
Rmndsb
Polg2
St3gal5
Svip
Map3k5
Gm19945
Serpinb1a
Acot13
Scai
Slc37a1
Zfp398
Ralgps1
Lrp8

Ids
Oscp1
Clen4
Rufy1
Phxr1
Csfir
Csad
Tns1
Ddb1
Ogfod1
Abhd11
Satb1
Haus4
Slain1
Nepro
Rab11fip4

ADAPko
[mean log, SI]

437
9,44
12,12
10,02
7,38
8,22
1,17
8,49
6,62
7,08
5,82
13,05
713
9,12
8,37
775
9,26
5,84
11,65
8,55
8,47
8,72
10,82
717
8,85
6,86

6,57

8,76

11,89
5,60
6,77
717
6,69
8,08
8,20
9,00
8,89

10,74
8,18

14
9,82

12,22

8,55

517

7.7

1,79

wild type

[ean log, SI]

587
10,98
13,79
12,34
9,63
9,48
12,17
10,67
8,96
9,00
773
15,18
9,31

10,84
10,08
9,42
11,47
1

12,96
10,10
10,84
10,99
12,20
9,26
1,17
8,64

8,98
13,02
12,22
8,30
11,37

10,52
13,10

8,48

10,74

579
8,36

13,39

10,09

Spleen

FC

(ADAPKo vs. wild
type)

9,0E-04

11E03

1,0e-03

6,7E-03
6,66-03

2,7E03
12602

L1EQR
4,08:02

15602
4,803

12603
30504

11E03
9,803

8,4E-03
12E02
17E02

6,0E-03
7,5603

4,6E-03

4,1E-02

2,56-02
2,0E-04
5,6E-03
11E-02
27E03
20504
50803
37E-02
19503
4,0e-02
2,303
2,503

25502

6,35-03

39502

2,TE02
6,08-04
9,0E:04

29602

ADAPko
[mean log, SI]

4,18
8,92
11,43
10,36
7,46
7,24
10,02
6,69
5,65
6,58
6,31

14,13
6,60
6,88
7,10
6,86
8,10
5,04
11
8,48
9,33
7,58
8,34
7,21
8,70
6,74

7,24

5,39
10,39
12,82

3,67
13,12
4,83

8,27

7,01
11,16

7,53

9,25
10,97

7,29
8,26

5,41
8,34

7,37
12,30
4,88

5,49
6,71

7,06
7,80
9,23
8,09
10,35
8,42
12,04
8,46
11,89
10,97
9,20
10,46
7,10
7,92
5,05
6,37
4,08
6,32
8,05
712
5,19
12,35
11,40
6,28
5,93
5,64
6,40
712
8,49
5,88

5,05
7,95

(continued on the next page)

wild type
[mean log, SI]
6,31
10,99
13,36
11,37
8,60
9,43
12,26
7,78
6,28
8,01
7,79
15,56
7,57
8,53
8,77
8,57
8,96
7,05
13,07
10,27
9,48
8,08
10,20
8,19
8,92
8,20

7,06
12,12
13,69

5,09
14,13

9,57
7,52
13,01
8,70
10,17
12,75
8,47
7,80
Al

7,25
8,56
13,95
6,75

12,74
944
12,81
11,97
)|

1,17
7,75
8,87
6,02
6,82
5,81

7,99
8,38
8,81

6,93
13,14
12,18
6,25
7,55
7,42
8,25

10,22
7,55

6,69
8,22

Liver
FC
(ADAPKo vs. wild
type)

40604
6,0E-03
23608

4,05-04
5,4E-03

4,36-02
42603

1,96-02
3,3E-08
1,0E-02

4,35-02

25608
6,3E-03

2,6E-02

23502
6,703

6,203

17602
14802

2,0E-04

9,0E-04
4,7TE-02

3,803

2,4E-03

8,1E-03
2,2E-02

19502

1,86-02

80E04
42603
29502

4,8E-02

3,0E-02

11E-02
4,85-02

35502
5,002

55603
3,802
9,803
4,0e-02
3,802
34602
23602
2,902

KMC
Cluster ID
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Appendix

Annotation

Array ID

TC1400001669.mm.2
TC1700001034.mm.2
TC0700003039.mm.2
TC0200004599.mm.2
TC1100001171.mm.2
TC0200003278.mm.2
TC0300003210.mm.2
TC0500001025.mm.2
TC0900001365.mm.2
TC0600000226.mm.2
TC1700000846.mm.2
TC1700000148.mm.2
TC0300000567.mm.2
TC0200004913.mm.2
TC0300000161.mm.2
TC1300001135.mm.2
TC0100003057.mm.2
TC0200001226.mm.2
TC0500002945.mm.2
TC1600001419.mm.2
TC1100001256.mm.2
TC1400001898.mm.2
TC0800000115.mm.2
TC1300002756.mm.2
TC1700000489.mm.2
TC1600000179.mm.2
TC0200002961.mm.2
TC1900000711.mm.2
TC0400004171.mm.2
TC0500002756.mm.2
TC1100000792.mm.2
TC1000001698.mm.2
TC0600003307.mm.2
TC0900000184.mm.2
TC1600000353.mm.2
TC1000000531.mm.2
TC0900002676.mm.2
TC0600000227.mm.2
TC0700003793.mm.2
TC1600001092.mm.2
TC1200001663.mm.2
TC0X00001322.mm.2
TC0200002300.mm.2
TC1900000067.mm.2
TC0400001010.mm.2
TC1700000496.mm.2
TC1600001559.mm.2
TC0100002725.mm.2
TC1000002320.mm.2
TC0400001034.mm.2
TC1100002653.mm.2
TC0200001729.mm.2
TC0800002431.mm.2
TC0200002589.mm.2
TC0100002656.mm.2
TC1700002536.mm.2
TC0900002883.mm.2
TC1400002454.mm.2
TC0600003229.mm.2
TC1000002438.mm.2
TC0100002461.mm.2
TC1000003130.mm.2
TC0500003417.mm.2
TC0600001736.mm.2
TC0500001043.mm.2
TC0700003823.mm.2
TC0800000184.mm.2
TC1300001209.mm.2
TC1700002673.mm.2
TC1100003401.mm.2
TC1400002165.mm.2
TC1200000280.mm.2
TC0X00003437.mm.2
TC1700001791.mm.2
TC0400003756.mm.2
TC1700000077.mm.2
TC0100003309.mm.2
TC0700002776.mm.2
TC0700002611.mm.2
TC0300002684.mm.2
TC0300002683.mm.2
TC0300002685.mm.2
TC1400001112.mm.2
TC1600002142.mm.2
TC0900000746.mm.2
TC0900001481.mm.2
TC1700000487.mm.2
TC0100002866.mm.2

Gene Symbol

Smimé4
Adgre1
Saa3
I11a
Nos2
Ptges
Schip1; Gm21949
Spp1
Cish
Hilpda
Clic5
Sod2
1112a
Bel2i1
Tnfsf10
Serft
Ikbke
Slc43a3
Mfsd7a
Cldn1
Cel4
Erotl
F10
Gm21188
Pnpla1
Abcet
Pfkfb3
Cnnm2
1sg15
Cxcl10
Adora2b
Pemt1; BC020402
Dusp16
Icam1
Lpp
P4hat
Mapk6
Fam71f2
Dgat2
Mx2
Ifrd1
Whbp5
Cox4i2
Fosl1
Pgm2
Cdkn1a
Fam162a
Spi10
AridSb
Ak4
OIfr1396
Thbs1
Bst2
Snait
Dock10
Nirc4
Rasa2
Lacc1
Cd69
Pfkl
KIf7
Rbms2
Sh2b2
Stk38l
Lrre8c
Plekhb1
Defb5
Pdedd; Mir1904
Gm10309
Celd
Cdadc1
Gdap10
li2rg
Ccdc167
Clic4
Tagap
Qsox1
Ffar2
Cd177
Chil3
Chils
Chil4
Olfm4
Iltgb2!
Adpgk
Ltf
Mapk13
Pam

ADAPko
[mean log, SI]

10,54
9,25
13,01
12,89
9,79
10,59
9,27
11,04
8,67
11,76
9,27
12,76
8,86
12,04
10,03
9,55
13,44
10,64
8,40
8,89
11,23
11,16

13,22
11,84

10,05

Spleen
) FC
[n:aflgsa] (ADAPKo vs. wild
type)
12,13
10,92
686 710
6,66 79
492 21
783 67
539 148
672 200
519 1.2
794 141
678 56
9,49 96
7,04 35
922 71
6.8 89
7,06 57
10,63 70
742 93
659 35
865
828 77
10,09
725 58
9,02
7,08
6,30 38
8,80
7,10 70
12,00 33
9,08 47
590 40
873
10,88 56
10,32 56
970 47
715
781 59
489
11,15
721 39
491
10,02 43
583
705
945
11,55 49
955
12,68 36
12,18 36
53
6,05
11,86 43
12,87 41
617
8,90 43
4,86
10,13
7,04 31
10,74 43
767
12,17
745 32
997 37
737
825 35
7,89
739
617 31
642
13,86 36
9,19
12,25
1,47 34
977
8,04 32
13,90 31
10,30 11
11,68 76
14,26 31
15,11
935 58
1,2
977 58
11,67
12,07
16,04
10,30 51
977 55

20503
8,35-05
6,4E-05
4,66-03
20504

1,0e-03

2,004

4,26-06

9,0E-04
2,0E-04

83E-05
2,0E-04
3,7E-02
33603

39603
24605
4,1E-02

7,06-04
4,0e-03
1,26-02
32502

30504

2,403

1LO0E04
15502
30504
43506
24807
9,56-03
11E03

26502

30504

ADAPko
[mean log, SI]

10,11

11,38
9,83
14,87
12,98
9,59
10,91

13,13

10,97
10,06

(continued on the next page)

wild type
[mean log, SI]
10,40
9,34
10,62
14,76
712
8,42
8,44
11,51
7,02
13,65
7,84
11,87
8,21
10,74
8,72
7,98
12,13
10,65
6,43
9,27
13,75
11,37
8,77
9,12
6,64
7,20
8,84
9,08
12,50
11,09
747
8,39
13,95
13,22
11,03
7,65
11,03
7,54
10,84
7,92
10,42

11,03

10,29
9,03
15,13
8,29
12,21
8,80
12,47
743
10,32
8,11

6,57
9,05
6,34
17,22

8,42

11,03
7,55
7,77

7,37
7,77
10,51
8,65
7,69

Liver
FC
(ADAPKo vs. wild
type)

21,0

26,8
197
104

67
31
104
46
98
54
33
63
48

74
85

32
44

45
48

50
43
35
45
46
38
39

42

31
32

39
36

4l

37
34

30

FDR

57603

7,0e04
3,6E-03
4,05:04

7,1E-03

1,56-02
2,0e-03
11E-05
9,1E-03

1,95-03
1,0E-02

4,8E-05
1,6E-02

5,56-08

25503

33503
6,0E-04

30502
2,56-02
15602
1,86-03

4,2E-02
3,003
7,103

4,1E-02
15603
4,0E-02
31E02

2,0e:04
1,7E-08
6,203

39602

25602
1,0e-03
2,0E03

9,0E-04

4,902
4,7E-03

5,8E-03
1,7E-02

2,0E:04
35502

11E02

1,0503
4,6E-02

8,0E-04

1,207
1,609
58507
7,08:04
8,305
4,004
88503
11E03
1,405
4,2E-05
3,0e04
35602

KMC
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Appendix

Annotation
Array ID Gene Symbol
TC1300001868.mm.2 Adtrp
TC1400002578.mm.2 Dach1
TC1000001737.mm.2 Stxbp5
TC0200000222.mm.2 1115ra
TC1900000504.mm.2 Ifit1
TC0800000659.mm.2 Ddx60
TC1400002098.mm.2 Tgm1
TC1500000660.mm.2 Triobp
TC1400001157.mm.2 Kif5
TC1100000681.mm.2 Gm12250
TC1100001140.mm.2 Flot2
TC1400002065.mm.2 Cebpe
TC0400002220.mm.2 Tmem67
TC1700001596.mm.2 Mmp25
TC1500001062.mm.2 Acvrib
TC0700000693.mm.2 1600014C 10Rik
TC0700004516.mm.2 Ifitmé
TC0800001432.mm.2 Crispld2
TC0100000638.mm.2 Bes1l
TC0500000928.mm.2 Anxa3
TC1300000919.mm.2 Glrx
Gm26602;

TC1000000825.mm.2 LOC100862144
TC0700000396.mm.2 Ceacam10
TC1600000500.mm.2 Parp9
TC1700002315.mm.2 Lrg1
TC1900000501.mm.2 Ifit3

TC0500003436.mm.2

TC1500002183.mm.2
TC1900001414.mm.2
TC0700004660.mm.2
TC0200004545.mm.2
TC0600001369.mm.2
TC0300001841.mm.2
TC0500003730.mm.2
TC0600002958.mm.2
TC0600000416.mm.2
TC1300002445.mm.2
TC0600002342.mm.2
TC1300002767.mm.2
TC0300001447.mm.2
TC0600000852.mm.2
TC0600001481.mm.2
TC0300002659.mm.2
TC0800003077.mm.2
TC1700000009.mm.2
TC0700000847.mm.2
TC0900002321.mm.2
TC0100000215.mm.2
TC1900001422.mm.2
TC0700001739.mm.2
TC1100002641.mm.2
TC1900001670.mm.2
TC1500001727.mm.2
TC1100003369.mm.2
TC1800001151.mm.2
TC1400000306.mm.2
TC0500002320.mm.2
TC0200002405.mm.2
TC0100002333.mm.2
TC1100004265.mm.2
TC1300001526.mm.2
TC0300000367.mm.2
TC0500003193.mm.2
TC0100001222.mm.2
TC0300000959.mm.2
TC0200000933.mm.2
TC0100002210.mm.2
TC0500002504.mm.2
TC0100001570.mm.2
TC1000002374.mm.2
TC0200005181.mm.2
TC1500000553.mm.2
TC0500001844.mm.2
TC0600002114.mm.2
TC0100003887.mm.2
TC0700002951.mm.2
TC0300000258.mm.2
TC1400000524.mm.2
TC1300000273.mm.2
TC0900003112.mm.2
TC1500002347.mm.2
TC0500002528.mm.2

TC0200003245.mm.2

TC0100002588.mm.2
TC0400004012.mm.2
TC0500003297.mm.2
TC0700002976.mm.2
TC1300001573.mm.2

Muc3a; A630081J09Rik

Rnd1
Ankrd22
Mvp
Sppl2a
Usp18
Dcuntd1
Gbp9
Tmem40
Mgam
Scamp1
Nt5¢3
Zfp935
Gbp2
Capg
Parp11
Mov10
Galns
Tiam2
Gys1
Cib2
Rab23
Ifit1bl1
Mettl9
Irgm1
Gm10197
Ly6i
Rffl
4933408B17Rik
Tkt; Mir3076
Prom1
Tldc2
Asnsd1
Igtp
Gpr141
Mgst2
Aldh2
Chilt
Gja5
Gca
Mitd1
Rbm47
Olfmi2b
Gucd1
Znfx1
Ly6g
Alox5ap
Parp12
Nos1ap
Siglece
Atp11b
Peli2
Cmah
Kihl18
Parp10
Atp8al

Ntng2; 6530402F 18Rik

Rnf25
Agtrap
Stx2
Ptov1
Prss16

ADAPko
[mean log, SI]

10,03
9,73
11,42
12,24
13,74
13,07
13,62
14,21
12,89
15,80
12,85
10,29
10,98
13,37
9,31
14,52
16,52
11,95
10,46
10,40
13,59

14,40

121
14,25
14,16
14,84
9,86
12,22
11,61

15,02

11,69

13,27

10,11
12,20
17,12
15,87
16,41
12,73
14,73
11,85
10,31
14,85
12,20
16,17
11,93

11,44

12,64
10,80
12,61
12,06
9,79

wild type

[mean log, SI]

8,79
9,19
9,10
10,19
12,38
11,52
11,88
13,09
11,66
14,44
10,76
12,10
8,75
12,22
7.16
12,79
15,06
9,72
7,90

16,22

12,76

11,20
8,69
13,94
11,07
15,02
10,99

11,92

11,91
9,95
11,01
11,80
7,87

Spleen
FC
(ADAPKo vs. wild
type)

50

34

43
47

45
33

47
59

39

45
37

31
47
39

37
32

51

31

BS

32

38

FDR

4,0E-03
5,0E-04
4,56-02

11E03
3,3E-02

1,1E-02
8903

10504
1L7E02
2,6E-02
24E02
8,6E-03
6,503

14602

1,7E-02

42602

3403
37E02

1,0E:04
11503

8,0E-04
5,0E-03
30504
3,7E02

6,56-03

4,7TE-02
4,4E-03

22602

21E-02
1,4E-02
4,402

9,0E-04
8,0E-04

34E-02
2,8E-02

89E-03
15603

1,7E-02

22502
22602

2,2E-02

ADAPko
[mean log, SI]

12,49

13,32
16,52
10,27

14,12

12,30
13,71
11,66
9,18
14,21
10,01
15,86
11,95

11,91

11,85
10,51
10,04
12,16
791

(continued on the next page)

wild type
[mean log, SI]
6,00
7,03
8,28
8,81
10,30
9,48
9,9
11,16
8,82
12,22
8,74
7,14
7,10
9,73
6,77
10,92
13,99
8,35
6,70
7.21
10,79

11,67

1,72

13,33

10,58
11,14
6,94
6,28
6,55
10,30
15,16
13,19
14,28
10,14
11,76
9,74
8,00
12,43
8,38
14,24
10,21

9,95

10,00
8,73
8,92

10,16
747

Liver
FC
(ADAPKo vs. wild

type)
10,0
10,6
70
70
7.6
6,8
6,2
73
71
6,7
49
&
43
6,8
44
53
58
38

64
58

34

40

FDR

9,2E-06
2,0e-08
2,1E-03
1,004
2,2E-03
5,95-03

3,0E-04
1,0E-04
3,0E-04
39502
9,5E6-03
9,0E-04
5,0E-04

7,1E-03
1,2E-08
3,502

3,0E-04
30504

1,2E-03

4,004
3,2E-03

3,4E-02
11E-08

2,0804
1,0502
92503
9,0E-04
14502
33503
4,2E:08
2,502
6,803
3,803
2,0e:04
4,3E-02
2,205

10602

1,0e-03
10504

22503

KMC
Cluster ID
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Appendix

Annotation

Array ID

TC0200001859.mm.2
TC0700001174.mm.2
TC0400000084.mm.2
TC1900000634.mm.2
TC0500003176.mm.2
TC1400000793.mm.2
TC0500003411.mm.2
TC0500003175.mm.2
TC1900000320.mm.2
TC0400001726.mm.2
TC0700003057.mm.2
TC1300000624.mm.2
TC0600001639.mm.2
TC0700002632.mm.2
TC1100001143.mm.2
TC0300000967.mm.2
TC1000000717.mm.2
TC1800001595.mm.2
TC1900000102.mm.2
TC1800001396.mm.2
TC0600000182.mm.2
TC0600002843.mm.2
TC0500000710.mm.2
TC0700001015.mm.2
TC1100000120.mm.2
TC0500000468.mm.2
TC1800000610.mm.2
TC1800000606.mm.2
TC0200001765.mm.2
TC1200002524.mm.2
TC1600001198.mm.2
TC0700004288.mm.2
TC1300000586.mm.2
TC1700002816.mm.2
TC0100002495.mm.2
TC0500002480.mm.2
TC0500001663.mm.2
TC1900000500.mm.2
TC0800000111.mm.2
TC0500000488.mm.2
TC1500001054.mm.2
TC0200001222.mm.2
TC0400003680.mm.2
TC0100001765.mm.2
TC0300001444.mm.2
TC1000000571.mm.2
TC1800000609.mm.2
TC0300003133.mm.2
TC0500002895.mm.2
TC1400002193.mm.2
TC1400002328.mm.2
TC1100004159.mm.2
TC0300001703.mm.2
TC0500003729.mm.2
TC1100003779.mm.2
TC1600001775.mm.2
TC0900001170.mm.2
TC0400000698.mm.2
TC0500001522.mm.2
TC0500002896.mm.2
TC0300001244.mm.2
TC0900000412.mm.2
TC1200002359.mm.2
TC1600000664.mm.2
TC0X00002637.mm.2
TC1700002815.mm.2
TC1400002161.mm.2
TC1200000769.mm.2
TC0300001271.mm.2
TC0300000767.mm.2
TC1600000765.mm.2
TC0100001592.mm.2
TC0500001240.mm.2
TC0800002947.mm.2
TC0900000033.mm.2
TC1400002162.mm.2
TC1900000141.mm.2
TC1900000797.mm.2
TC1900001137.mm.2
TC0800001255.mm.2
TC0700003850.mm.2
TC1700000600.mm.2
TC0800002842.mm.2
TC1700002558.mm.2
TC0300002113.mm.2
TC0600003369.mm.2
TC0400002665.mm.2
TC0400002605.mm.2

Gene Symbol

Sqrdl
Whamm
Trp53inp1
Entpd7
Oas3
Ltb4r1
Ssc4d
Oas2
Nmrk1
Mult
Mrgpra2a
Hrh2
Mgst1
Lipe
Fam222b
Fmo5
Ggt1
Lipg
Batf2
Gm4841
Cped1
Prok2

Kit
Fam169b
Abcal3
Cd38
ligp1
Gm4951
Spint1
Serpina3f
Socs1
Nupr1
Fbxw17
Cfb
Acad|
T
Fam20c
Ifit2
Atp11a
Lap3
Slc4a8
Ube2I6
SmpdI3b
Dusp10
Gbp2b; Gbp5
Ppat
F830016B08Rik
Ifid4.
Gbp10; Gbp6
Spryd7
Rhobtb2
Lgals3bp
Gyg
Gbp8
Dhx58
Gpr15
Plscr1
Slc31at
Tpst1
Gbp1
Gelm
Vwaba
Wars
Cd200r4
Pdk3
Cda
Phf11a
Sipatl1
Camk2d
Kenn3
Cldnd1
F11r
Qaslt
Mikl
Casp12
Phf11b
Pla2g16
Casp7
Ms4a6d
Cdht
1118bp
Daxx
Psmb10
Eif2ak2
Lxn
Slcot1ab
Abcal
The1d2

ADAPko
[mean log, SI]

11,34
11,37
9,96
10,43
14,72
13,78
8,91
15,01

10,74

11,12
11,09
11,99
15,18
10,44
11,01
11,99
12,50
15,70
12,96
9,71

12,44
14,92
12,94
13,51
13,01
9,48
13,93

12,36

14,10

14,99
10,41
12,95
11,37
9,09
5,85
11,08
10,70

Spleen
) FC
[":‘a:flgg] (ADAPKo vs. wild
type)
10,60
10,67
918
9,70
13,85
13,50
852
14,55
10,58
985
13,59
13,78
1573
12,38
10,20
10,24
10,17 651
763 101,3
598 570
718 34
761 %68
773 %7
934 29
560 2,2
731 86
647 260
9,66 207
10,61 131
9,60 187
10,96 169
705 197
10,19 104
635 108
13,08
865 97
9,86 108
626 82
9,03 84
10,98 89
744 89
9,55 87
1,17 66
877 39
9,06 1.9
1.2 73
789 94
827 71
974 48
12,35 71
747 78
762 105
9,01 79
10,21 49
12,90 70
10,80 45
665 83
10,39 41
12,47 55
10,11 71
10,95 59
10,91 43
649 80
11,16 68
834 40
10,15 46
6,51 70
7,89 67
7,86 58
11,58 57
415 62
938 73
7,86 63
1,14 36
10,29 51
497 73
10,60 61
11,91 53
787 42
142
586 63
12,07 40
841 40
10,61 51
10,02
714 39
450
872 52
8,66 41

FDR

9,3503

2,7TE02

6,6E-03
7,004
6,4E-03
2,0E04

10504

94603
11E-02

ADAPko
[mean log, SI]

10,94
10,85
7,75
9,81

10,84
10,58

(continued on the next page)

wild type
[mean log, SI]
9,15
9,04
5,99
8,11
12,19
11,20
6,51
11,74
9,49
8,37
12,82
10,62
14,49
9,75
8,86
8,56
9,04
7,63
6,69
6,34
9,53
8,02
10,76

6,39

10,35
823
9,69

8,27
10,58
7,75
9,42
11,09
8,31
11,39
10,86
8,80
7,85
8,40
11,99
7,60
8,33
9,27
9,04
13,24
10,31
6,34
9,94
11,35
10,90
10,85
10,63
6,04
11,65
8,14
9,14
6,27
8,85
8,90
12,33
4,16
10,79
7,84
9,82
10,56
4,83
1,73
12,56
7,23
9,73
7,30
12,47
8,25
11,54
9,19
7,33
4,36
9,56
8,80

Liver
FC
(ADAPKo vs. wild

45

B
65

65
62
32

4,0
55

58

37
35

B
36

7,903

52505

5,7E-03

4,0E02

1,4E-03
8,4E-06

7,1E03

9,0E-06

6,703
14502

1,4E-05
1,66-02
30805

30504
2,203
1,602
1,002
2,508

14502
7,103
1,0e-04

3,5E-02
5,0E-02

14603

3,7E-02
7,0E-03

2,95-02

1,2E02
47EQ2

37E03
1,802
95503
4,004
6,0E-04
95603

4,1E-02

KMC
Cluster ID
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Appendix

Annotation
Array ID Gene Symbol

TC1900000604.mm.2 Ubtd1
TC0500003731.mm.2 Gbp4
TC0400002104.mm.2 Tnfrsf18
TC0700004287.mm.2 1127
TC1200000239.mm.2 Tssct
TC1900001541.mm.2 Got1
TC0800000674.mm.2 Tmem192
TC1500001061.mm.2 Acvrl1
TC1500000615.mm.2 1110038F 14Rik
TC0600001689.mm.2 Cmas
TC1300000157.mm.2 Aoah
TC0300001292.mm.2 Tifa
TC1100000078.mm.2 Dbnl
TC1900001123.mm.2 AW112010
TC1000001761.mm.2 Stx11
TC1400000574.mm.2 Pnp
TC0500003060.mm.2 Kctd10
TC0900000051.mm.2 Mmp27
TC1200000279.mm.2 Nampt
TC1500001728.mm.2 Ly6a
TC1100000989.mm.2 Xaft
TC0600003139.mm.2 Tapbpl
TC1400002122.mm.2 Cenpj
TC0200003362.mm.2 Stom
TC1100000119.mm.2 Upp1
TC1400001047.mm.2 Esd
TC1200000700.mm.2 Gphn
TC1600000356.mm.2 Morf4i1-ps1
TC0700001519.mm.2 Trimé
TC0700004258.mm.2 Nsmce1
TC1900000517.mm.2 Pcgf5
TC0400003890.mm.2 Ddi2; Rsctat
TC0800002518.mm.2 Smad1
TC1100001657.mm.2 1fi35
TC1100003379.mm.2 SIfn9
TC0500000627.mm.2 Rhoh
TC0300001446.mm.2 Gbp3
TC1300002774.mm.2 Zfp456
TC0200002796.mm.2 Ogfr
TC0100003591.mm.2 Pydc4
TC0100003320.mm.2 Tor3a
TC1500001749.mm.2 Naprt
TC0500000432.mm.2 Stx18
TC1700002814.mm.2 Céb
TC0300001136.mm.2 Psma5
TC1600001556.mm.2 Parp14
TC0X00000728.mm.2 Gm5936
TC1500000960.mm.2 Pced1b
TC1600001641.mm.2 Atpbvia
TC0X00001124.mm.2 Apool
TC0400001509.mm.2 Ak2
TC1000000604.mm.2 Dnajc12
TC0600003503.mm.2 Herc6
TC1200002522.mm.2 Churc1
TC1000001988.mm.2 Zufsp
TC0900001012.mm.2 Gnb5
TC1300000904.mm.2 Erap1
TC0200005015.mm.2 Rbl1
TC1600001337.mm.2 Kihi6.
TC1300000009.mm.2 Asb13
TC0500002552.mm.2 Gnpda2
TC1300002246.mm.2 Zp429
TC1100001661.mm.2 Tmem106a
TC1700000842.mm.2 Enpp5
TC0600000577.mm.2 Gpnmb
TC0400002744.mm.2 Ptgr1
TC0600000565.mm.2 Gimap9

TC1400002870.mm.2

TC1900000221.mm.2
TC0200003599.mm.2
TC0400002601.mm.2
TC0500002843.mm.2
TC1200002525.mm.2
TC0900002054.mm.2
TC0200004245.mm.2
TC0100003627.mm.2

Setdb2; Phf11c; Phf11d

Msdabe
Cd302
Trim14
Hpse
Serpina3g
Tbrg1
Teptiit
Akt3

ADAPko
[mean log, SI]

13,32
16,31
12,33

11,37
14,20
10,15
13,98
10,01
11,69
15,39

13,99

9,24
8,18
9,46

11,57

11,33
9,16
7,74
7,63
9,05

12,01
5,71

13,08

Spleen
) FC
[n:aflgsn] (ADAPKO \s, wild
type)
175
14,39 38
10,38 39
862 43
923 42
829 53
949 37
814
734 42
816 52
12,41
862 38
11,01 33
12,85 41
10,94
14,20 32
628 34
573 48
11,82
12,02 38
10,13 33
"7 36
842 37
991 34
15,50
12,67 31
675 31
720
641
9,56 42
10,28
12,11 43
825 37
12,55
803 39
10,02 32
13,49 37
675 40
10,02 34
11,33 34
10,15
621 33
10,62 32
10,53 42
14,05 32
10,44
812 35
6,64 31
811 43
612 33
12,07
617 33
15,01
939 32
1236
490 38
864 40
813 41
11,66 34
725 38
625 42
797 41
12,39 30
699 33
743 35
7,34
771 34
993 31
1073
862
584 37
712
741 31
10,42 30
39 35
1,44 31

FDR

27603
18608
2,602
10E03

13E02
7,503
19502
58603

8,4E-05
2,0E02
71503
3402

11E03
1L2E02
30804
19602
1,3E02
19E-02
6,1E-06
10504
3,6e-02

10E04
2,0e:03

4,903

7,06-04

1,36-02

4,0E-03

57603

7,2603
2,7TE02
42502
80E04

ADAPko
[mean log, SI]

13,33
16,06
11,55

1,73
12,64
9,77
14,23
8,38
11,88
14,50
7,38
11,58
13,11
11,63
7,08
11,32
11,26
15,71
11,78

12,61

8,70
11,34

1,73
10,32
5,77
7,57
8,99
11,36
4,73
12,60

wild type
[rean log, SI]
11,14
14,18
9.7
8,13
9,72
9,89
9,43
7,06
7,55
9,01
11,86
9,30
9,97
13,57
10,11
13,22
5,39
513
11,19
13,36
10,30
11,24
7,99
9,60
14,86
12,81
6,68
6,78
5,62

9,94
10,57
14,33
10,14

8,54

7,16

8,16

594
1,73

6,66
14,53

11,96

nn

8,07
10,50

9,97
8,55
5,61

5,80
8,32
10,60
4,44
12,63

Liver

(ADAPKO vs. wild
type)

FC

46
37
36
31
32
35
50
45
37
48
37
34

39

34

31

24l

31

32

34
34

34

FDR

1,2E-02

2,262
82E-03

1,86-02
83505
4,95-02
38606
24502
2,002
1,9e-02
2,1E02
4,4E-02
2,002
3,0E-04
15502

2,1E02
3,0E-08

39E-02
1,6E-02

1,308

2,0e:04

3,002
4,36-02
2,8E02
2,502
15502

7,2E-03

19502

1,7E-02

1,1E-03

7,2E-08

2,0E-02
3,7E-02

34602

KMC
Cluster ID
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Table 26 | List of regulated genes from spleen- and liver-derived inflammatory monocytes 3 days post
Listeria monocytogenes infection identified by microarray analyses from ADAPko versus wild type
mice. Differentially regulated genes from FACS-sorted spleen and liver were identified as follows: Per genotype
and organ, inflammatory monocytes from 6 mice were isolated and cells from 2 mice each were pooled, resulting
in n = 3 independent replicate sample pools per organ and genotype. Total RNA was isolated and analyzed by
Clariom S microarray (23 samples in total). Differentially expressed transcripts in spleen/liver-derived
inflammatory monocytes were determined comparing ADAPko versus wild type condition (fold change > + 3-
fold, FDR < 0.05). For each gene the averaged logz normalized signal intensity, fold change (ADAPko versus
wild type), FDR and the k-means cluster (KMC) assignment are shown. Genes are sorted according to their k-
means cluster number and within the clusters descendingly sorted by the average absolute fold changes. Genes
above the applied fold change threshold (FC > =+ 3) are in bold and color-coded (green: down-regulated, red: up-
regulated). FDR values < 0.05 are bold. Table is relates to Figure 37.

(continued on the next page)
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Annotation
Array ID Gene Symbol

TC0400001770.mm.2 Padi2
TC1100001767.mm.2 Ace
TC0100003129.mm.2 Nav1
TC0800000621.mm.2 Hpgd
TC0200005164.mm.2 Sulf2
TC1100004000.mm.2 Abca9
TC1200001686.mm.2 Stxbp6
TC1700000990.mm.2 Adgred
TC0400001107.mm.2 Dhcr24
TC0200004207.mm.2 Ldlrad3
TC0100000642.mm.2 Cyp27at
TC1200000682.mm.2 Plekhg3
TC1500000037.mm.2 Fyb
TC0600001443.mm.2 Lpar5
TC0700002617.mm.2 Atp1a3
TC1100001677.mm.2 Cd300lg
TC0900003248.mm.2 Cx3crt
TC1600000432.mm.2 Bex6
TC0600002965.mm.2 Pixnd1

TC1100004057.mm.2

TC1200000647.mm.2
TC1100004058.mm.2
TC1200001902.mm.2
TC0900000581.mm.2
TC1000003119.mm.2
TC1100003462.mm.2
TC0700002168.mm.2
TC1100003870.mm.2
TC0200001798.mm.2
TC0600001521.mm.2
TC0900000492.mm.2
TC0500003024.mm.2
TC0500003219.mm.2
TC0600000570.mm.2
TC0300000060.mm.2
TC1500001791.mm.2
TC0600003433.mm.2
TC0100001262.mm.2
TC0200004843.mm.2
TC0700004313.mm.2
TC0100001018.mm.2
TC1600001150.mm.2
TC0100002350.mm.2
TC1000003078.mm.2
TC0400003253.mm.2
TC1300002002.mm.2

TC0200002580.mm.2

TC1300000735.mm.2
TC0900003115.mm.2
TC0700001086.mm.2
TC1700002298.mm.2
TC0800002184.mm.2
TC1900001622.mm.2
TC1300001461.mm.2
TC1000000147.mm.2
TC1100000343.mm.2
TC0100000886.mm.2
TC0700001391.mm.2
TC0800001608.mm.2
TC1100004051.mm.2
TC0900001568.mm.2
TC0300000968.mm.2
TC1100004229.mm.2
TC1100004002.mm.2
TC1900000610.mm.2
TC0900001182.mm.2
TC1900000819.mm.2
TC1900000748.mm.2
TC0600000648.mm.2
TC0200000393.mm.2
TC0400002799.mm.2
TC0500003284.mm.2
TC1100004157.mm.2
TC0700001816.mm.2
TC1700000584.mm.2
TC1000000142.mm.2
TC0700001888.mm.2
TC1900001131.mm.2
TC0200001782.mm.2
TC1100003505.mm.2
TC1900000763.mm.2
TC1100001115.mm.2
TC0100002236.mm.2
TC1100003663.mm.2
TC1300002463.mm.2
TC1100002914.mm.2
TC0700000424.mm.2
TC1300001641.mm.2

Gm11710; Gm11711;
Cd300h
Prkch
Cd300lh; Gm11711
Rtn1
Nxpe4
Lrp1
Ypel2
Tmem150b
Map3k14
Stard9
Clec2i
Pvrit
Adrbk2
Camkk2
Tmem176a
Fabp5
Arhgap39
Itpr2
Kif21b
Acss1
Spn
Phipp1
Rogdi
Ankrd44
Slc16a7
Zfyve9
Semadd
1500012F01Rik;
Snord12
Dapk1
Nbeal2; Mirg107
Akap13
Pot1b
Wwe2
Calhm2
Gpr137b
Map3k5
Stk10
Ramp1
Arrb1
Insr
Cd300lb
Ctdspl
Prkab2
Cbr2
Abcab
Marveld1
Slc9a9
Atml1
Add3
Chn2
Pnpla7
Akna
Slc15a4
Timp2
Ypel3
Adamts10
Ifngr1
Inpp5f
Ms4a7
Mga
Akap1
Pdcd4
Ssh2
Tbc1ds
Arlsc
lqgap2
Mapk7
Tafb1
Hfe

ADAPko
[mean log, SI]

7,54
8,64
5,84
5,36
7,69
5,67
6,38
9,51
5,90
713
10,12

9,80

8,99
5,87

9,36
7,75
8,87
10,04
7,98
8,61

6,15
7,31

7,78
7,48
10,26
591

8,68
8,29

12,43

8,21
9,58
7,05
12,33
8,56
8,49
10,18
10,33
11,93
8,59
9,93
10,65
8,34
6,52
8,03
5,45
4,95
591
7,23
10,19
11,85
5,77
10,41
13,13
13,32
8,28
"4

9,92

wild type

[mean log, SI]

12,41
12,86
9,25
9,83
11,37
9,37
923
12,90
8,74
9,57
12,63
12,00
15,08
9,47
13,75
8,67
8,24
11,56
12,25

10,57

11,61
11,61
7.29
12,25
14,58
7,04
731

11,29
11,18
11,20
8,14
10,09
11,58
10,28
10,91
11,35
8,88
10,10
8,06

10,94
13,08

14,20

Spleen

FC

(ADAPKo vs. wild

type)

FDR

5,8E-03
7,06-04
7,004
1,4E-02
25202
2,0e03

3,2E-03
4,3603

3,803
7,56-06
1,66-03
2,0E-02

20503
22602
4,08:02
5,86-03
29602
4,86-03

2,TEQ
3,2E-02
2,7TE02
34E-02
6,4E-03

11802
29502

4,66-02

13E02
34E02
3,502
21E02
73505
16602

2,TE-02

17E02

82E-03

4,7E03

39502

1,6E-02

4,0E-02
16503

1,302
2,0E-02

ADAPko
[mean log, SI]

6,32
6,09
5,93
4,98
6,32
5,83
6,25
7,90
5,29
7,16
9,16
9,69
12,57
5,41

11,08
5,63
5,19
9,15
9,00

8,71

711
13,13

7,58
8,76
6,61

11,96

7,55
10,75
9,26
11,95
8,30
9,91
10,11
7,45
573

5,87

(continued on the next page)

wild type
[mean log, SI]
9,92
9,16
9,91
6,97
9,80
7,37
9,33
10,17
8,25
10,36
12,30
12,70
15,01
5,88
13,36
8,52
6,89
11,15
11,46

10,76

11,97
12,00
6,49
10,23
14,37
6,97
7,25
11,58
11,16
10,71
718
9,77
10,85
8,15
10,65
11,48
9,56
9,87
797
8,02
9,85
7,76
11,87
6,85
9,08
8,08

14,15

9,58
10,58
8,55
13,44
10,07
8,52
11,99
11,33
13,61
9,41

11,24
12,06
8,74
7,58
8,87
6,99
6,09
6,74
8,08
11,10
12,38
7,51

11,18

Liver
FC
(ADAPKo vs. wild
type)

9,1E-03
2,3E-03
10804

18602

6,0E-04
17802
2,1E03
53503
4,503
2,0e04
58605

6,6E03
41E02
2,65:02

2,002
15602

6,8E-03
8,8E-03

85603
36503
12608
12603
8,8E-05
36503

4,56-03
9,1E03

25502

39603

1,1E-02

1,0504
4,95-02
2,002

7,0E-03

4,0E-02
3,003
37E02

4,7TE-02
6,9E-03
1,56:03

4,56-02
35603

8,3E-03

57603
34E03
4,7E-03
2,08:02
17E02
33502

2,86-02
4,8E-02

3,003
3,002

6,0503
4,7E-03
1,8E-02

KMC
Cluster ID
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Annotation

Array ID

TC0600001622.mm.2
TC0500003632.mm.2
TC0200005136.mm.2
TC1600002157.mm.2
TC1800000282.mm.2
TC0100001663.mm.2
TC0700003829.mm.2
TC0500003198.mm.2
TC0X00003209.mm.2
TC0400001677.mm.2
TC1700002337.mm.2
TC1700001027.mm.2
TC0100003029.mm.2
TC0200004196.mm.2
TC0X00001715.mm.2
TC0200004808.mm.2
TC0200004676.mm.2
TCO0Y00000223.mm.2
TC1700000655.mm.2
TC0500001698.mm.2
TC1700001827.mm.2
TC1900001390.mm.2
TC1700001936.mm.2
TC1500001155.mm.2
TC0900000824.mm.2
TC0800001694.mm.2
TC1100000910.mm.2
TC1500001630.mm.2
TC1700002324.mm.2
TC0400000529.mm.2
TC1400001499.mm.2
TC0700000562.mm.2
TC1600001380.mm.2
TC0100001176.mm.2
TC1100004144.mm.2
TC1500001410.mm.2
TC0500000896.mm.2
TC1300000958.mm.2
TC1100003125.mm.2
TC1700001935.mm.2
TC0700003839.mm.2
TC1400000244.mm.2
TC0600003601.mm.2
TC0600002056.mm.2
TC0600003236.mm.2
TC1600001770.mm.2
TC0400001715.mm.2
TC1500000835.mm.2
TC0200003592.mm.2
TC1000000529.mm.2
TC1300000498.mm.2
TC0200001396.mm.2
TC0700000024.mm.2
TC0900002281.mm.2
TC0500003418.mm.2
TC1100002455.mm.2
TC0700002424.mm.2
TC0100000292.mm.2
TC0700000575.mm.2
TC0200004599.mm.2
TC0900003313.mm.2
TC0700004487.mm.2
TC0200005030.mm.2
TC1700000932.mm.2
TC0900000497.mm.2
TC1400001182.mm.2
TC0700002173.mm.2
TC1300002204.mm.2
TC1900000111.mm.2
TC1000001621.mm.2
TC0600003084.mm.2
TC0700003793.mm.2
TC1100001267.mm.2
TC0300002376.mm.2
TC0700003039.mm.2
TC1000000823.mm.2
TC1700002315.mm.2
TC1000000822.mm.2
TC0300000811.mm.2
TC1100001171.mm.2
TC0400003792.mm.2
TC1500001054.mm.2
TC0200003303.mm.2
TC1500001940.mm.2
TC0600003250.mm.2
TC0200001854.mm.2
TC0400003793.mm.2
TC1400002065.mm.2

Gene Symbol

AtfTip
Slc46a3
Pltp
Prdm15
Apc
Sdccag8
P2ry6
Sh2b3
Ketd12b
1d3

Rfx2
Tnfsf9
Cxcr4
Gm10800
Gm21887
Thbd
Gpepd1
Erdr1
Gm20481
Amz1
Sik1
Sgms1
Hspata
Ptger4
Dennd4a
Irs2
Gm17305
Asap1
Ptprs
Nr4a3
Nr1d2
Nfkbid
Dgkg
Sledtal
Tmcé
Kif10
Ceng2
Arrdc3
Nirp1b
Hspatb; Hspata
Art2a-ps
4931406H21Rik
Foxp1
Wdr91
Clec7a
St3galé
Eif4g3
Tbe1d22a
Baz2b
Sowahc
Cds3
Phf21a
Leng8
Sik2
Cux1
Gm17332
Cedc9
11r2
Dmkn
I11a

Cert
Adam8
Tgm2
Trem1
Usp2
Irg1
Ube2s
Ctsl
Ehd1
Mmp19
Clecde
Dgat2
Wifdc21
$100a9
Saa3
Elane
Lrg1
Prtn3
$100a8
Nos2
Clgb
Slc4as
Len2
Cenpm
Kira17
AA467197; Mir147
C1qc
Cebpe

ADAPko
[mean log, SI]

11,78
8,25
4,03
6,82
7,81
7,92
7,82
6,50
3,55
4,76
6,26
5,50
9,53
6,97
10,79
719
8,28
13,13
8,98
6,38
10,21
9,10
10,63
7,25
11,03
9,88
7,26
10,54
8,81
3,93
4,65
9,55
8,70
10,58
6,86
7,08
9,98
7,47
9,46
8,47

7,07

7,35
10,37
11,84

5,57
10,11

8,85

7,15
10,36

3,39

7,52
14,64

9,97

9,41
12,52
10,65
10,81
13,44

9,16
13,73

8,37
12,10
11,63

9,63
15,04
104
15,97
15,18
15,51
12,68
1,13
14,10
16,16

9,70
10,99
12,44
16,63

9,09
10,34
12,79

9,62

9,27

wild type

[mean log, SI]

12,57
10,04
571
6,43
8,39
8,35
9,51
6,92
5,16
6,18
7,66
5,50
12,12
8,14
12,36
8,43
9,96
14,44
7,82
8,41
12,54
10,36
9,79
8,41
12,43
11,00
8,55
11,92
9,62
3,93
6,02
9,59
10,03
11,18
8,05
8,88
10,66
9,61
9,78

7,92
10,72
12,38
6,07
10,68
9,49
721
10,40
3,45
7,60

6,66
6,50
10,34
8,15
8,49
11,34
7,34
11,66
6,64
10,36
9,75
7,92
13,39
8,80
11,75
12,07
11,61
9,08
721
10,87
13,00
6,05
9,15
9,91
13,33
6,91
7,66
10,11
761
6,62

Spleen

FC

(ADAPKo vs. wild

type)

1,502
16603

1,303

38503

6,0E-04

1,602

3,902
10504

13E02

2,002
1,702

5,103

6,0E-04

4,66-08
6,0E-04
32602
8,56-03
16502
7,66:03
9,26-03

10602
1,6E-02
7,6E-03
17503
42602

4,4E-02
33603
1,56-03
19502
6,4E-03

7,0e:04
9,66-03
5,86-03
4,603

80E04
2,0E-02

6,7E-03

ADAPko
[mean log, SI]

11,12
7,38
3,92
5,56
7,04
7,35
817
5,87
3,38
9,52
5,92
7,84
12,18
6,49
11,92
9,09
10,61
14,35
917
7,28
13,74
11,53
10,54
8,63
12,75
11,22
7,89
10,60
8,81
8,22
4,94
11,06
9,21
9,92
7,78
9,30
9,97
11,34
8,62
8,63

7,98

7,97
10,48
13,52

7,26
10,18
8,55
6,57
9,99

3,42

7,55
15,31
10,39
12,28
13,37
10,94
12,79
15,39
9,58
13,93
8,49
12,57
11,96

9,57
15,60
10,54
16,05
15,56
16,34

10,94

(continued on the next page)

wild type
[mean log, SI]
12,72
7,74
4,47
7,26
8,64
9,01
8,49
7,49
3,52
13,65
9,70
11,67
14,25
9,48
14,58

11,90
10,73
12,13
15,88
8,48
14,29
7,52
11,88
12,02
9,53
15,83
10,76
11,60
10,72
12,39
8,41
8,10
10,65
13,37
7,39
8,15
9,20
13,98
6,69
7,65
10,28
7,06
7,45

Liver

(ADAPKO vs. wild
type)

FC

36
=)

15502

9,803
2,7TE02
1,6E-02

4,56-02

24502
9,1E03
1,66-03
4,0E:04
9,903

11503
15608
33602
9,6E-03
2,502
1,202
7,08:04
32602
2,202
1,7E08
3202

8,2E-03
2,902
1,56-02
3,7E-02
6,56-05
2,0E-02
3,95-02

4,4E-02
8,803

11E02
25602
3,1E-08
6,503
3,603
34502

3,2E-02
8,1E-03

78603
1,602
4,6E-02
57603
22602
34E03
6,503
37E02
91503
55603
34E03

8,0E-04
4,205

3,003
1,0503
4,0e-04
12608
8,7E03
2,902
1,002
11E02
31503
5,0E-04
3,0e03
12602
3,0E:02

KMC
Cluster ID
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Annotation

Array ID Gene Symbol
TC0800001833.mm.2 Gm15056
TC0200004511.mm.2 Gatm
TC0500001732.mm.2 Kdelr2
TC0X00003434.mm.2 Ubl4a
TC1900001340.mm.2 Insl6.
TC0600003079.mm.2 C3ar1
TC0700000847.mm.2 Gys1
TC1100003161.mm.2 Aspa
TC0100001574.mm.2 Fcgrd
TC1100001222.mm.2 Cclt2
TC0900001170.mm.2 Piscr1
TC0900001883.mm.2 Spc24
TC1600001559.mm.2 Fam162a
TC1100000015.mm.2 Selm
TC0600001839.mm.2 Asns
TC0700003850.mm.2 1118bp
TC1900001418.mm.2 Ch2sh
TC0700000990.mm.2 Vimp
TC1700002204.mm.2 Gucata
TC1600000508.mm.2 Gm5483
TC1000000469.mm.2 Nus1
TC0700004258.mm.2 Nsmce1
TC0400000523.mm.2 Sec61b
TC0700002128.mm.2 Tarm1
TC0600000928.mm.2 Bola3
TC0900002054.mm.2 Tbrg1
TC0900002764.mm.2 Hmgn3
TC1500001542.mm.2 Mrpl13
TC1900001124.mm.2 Ms4a8a
TC0900001008.mm.2 Arpp19
TC1500002059.mm.2 Rabl2
TC0500002756.mm.2 Cxcl10
TC0300001621.mm.2 Mrps28
TC0500002649.mm.2 Spink2
TC1100001443.mm.2 Mrpl27
TC1900000401.mm.2 Gm3873
TC1000001946.mm.2 Hint3
TC0700002143.mm.2 Lair1
TC0700003769.mm.2 Aqgp11
TC0X00003420.mm.2 Uxt
TC0300000530.mm.2 Lekr1
TC0700004508.mm.2 Bet1l
TC1400001535.mm.2 Mrps16
TC1900001140.mm.2 Ms4a3
TC0200001935.mm.2 Mertk
TC1700001522.mm.2 Fpr1
TC0900001461.mm.2 Ngp
TC1900000102.mm.2 Batf2
TC0500000468.mm.2 Cd38
TC0300001255.mm.2 Sec24d
TC0200001765.mm.2 Spint1
TC1500000852.mm.2 Creld2
TC1800001396.mm.2 Gm4841
TC1700001596.mm.2 Mmp25
TC0900001391.mm.2 Gmppb
TC1400000501.mm.2 Cdkn3
TC1700001757.mm.2 Fkbp5
TC0500001614.mm.2 Cldn15
TC0500001240.mm.2 Qaslt
TC0300001448.mm.2 Ccbl2
TC1000000571.mm.2 Ppal
TC1600001198.mm.2 Socs1
TC0100001170.mm.2 Fam72a
TC0200002232.mm.2 Gins1
TC0200005494.mm.2 Phpt1
TC1100000119.mm.2 Upp1
TC0300002053.mm.2 P2ry13
TC0300000161.mm.2 Tnfsf10
TC0100001570.mm.2 Olfmi2b
TC1600000699.mm.2 Retnlg
TC1700000835.mm.2 Pla2g7
TC1300000919.mm.2 GIrx
TC0100002495.mm.2 Acad|
TC1500000553.mm.2 Ly6g
TC1200002524.mm.2 Serpina3f
TC0200000933.mm.2 Gea
TC1700000214.mm.2 Fpr2; Fpr3
TC1200002525.mm.2 Serpina3g
TC0200004913.mm.2 Bel2i1
TC1100004265.mm.2 Igtp
TC0800000111.mm.2 Atp11a
TC1500000615.mm.2 1110038F 14Rik

TC1000000175.mm.2

TC1100003115.mm.2
TC1700000487.mm.2
TC1000002572.mm.2
TC1600000322.mm.2
TC0X00001071.mm.2

H60b; Raet1a; Raet1b;
Raet1c; Raet1d;
Raet1e

Scimp

Mapk13

Nfyb

Dnajb11

Pgk1

ADAPko
[mean log, SI]

8,27
9,15
11,37
11,33
9,53
9,99
9,94
7,31
14,57
7,56
10,14
8,98
9,88
11,29
7,98
12,52
5,42
12,08
824
6,83
12,61
11,35
12,47
14,66
9,10

12,78

12,41
7,42

11,66
9,19

Spleen
) FC
[":‘aflgg] (ADAPKo vs. wild
type)
843
775
9,50 37
9,56 34
829
7,50 56
844
541 39
13,84
586 33
848 32
748
9,44
10,21
6,86
11,05
387
10,69
830
590
11,35
10,81
11,44
12,99 32
885
837
923
870
965
12,04
751
1,13 32
855
838
12,2
12,51
11,96
11,04
47
12,85
638
10,43
803
659 =38
756 101
9,901 55
176
8,96 59
10,39 72
764 63
14,29 36
145 45
11,54 40
699 80
9,01 47
6,22 38
757 63
9,50 40
956 74
787 41
12,30 42
7,03 67
6,94 33
763
11,00
12,90 40
868
837 34
489 51
870 38
13,53
10,31 46
9901 46
6,89
12,96 37
11,14
10,05
9,66
641
12,04 34
11,29 51
992
555 42
11,07
590
812
979 36
7,90

1,902

4,86-03

21E02
21502

1,302

2,05:02

7,004
17E02
6,7E-03
8,503
3,902
8,903
2,0E04
2,0E04
3902

1,602
19603

4,7E-03

1,26-02

4,98-03

1,6603

28503

3,0E-02

2,902

28502

1102

8,7E-03

4,56-02

ADAPko
[mean log, SI]

9,18
9,78
12,23
11,82
9,64
9,78
97

8,37
15,02
7,79
10,69
9,60
11,70
12,53
8,78
12,24

13,74

11,36

(continued on the next page)

wild type
[mean log, SI]
5,83
6,81
9,66
9,23
6,89
8,18
7.1
6,29
12,46
5,76
8,69
7,62
9,30
10,36
6,66
10,44
3,55
10,35
7,42
517
11,15
9,96
11,00
13,23
8,31
7,45
8,39
8,33
9,45
11,53
6,57
11,54
8,65
8,33
11,69
11,51
11,63
11,46
4,01
12,11
5,40
9,67
7,29
5,79
6,25
8,34
5,46
T
10,62
7,16
12,79
10,99
10,00
8,20
8,18
531
6,80
8,70
9,71
7,32
11,42
6,19
5,76
6,06
10,37
12,44
6,20
6,64
5,42
8,08
11,97
10,50
10,13

12,16
8,99
9,24
8,26
6,02

12,33

11,75
8,79

5,83

9,66
5,92

9,73
7,42

Liver
FC
(ADAPKo vs. wild
type)
10,2
78
59

53

35
4,6

B

FDR

2,2E03
4,7TE-02
3,6602
8,003
57503
2,302
3,002
2,003
1,96-02
9,803
2,56-02
2,1E03
39602

2,003
56503
1,502
19503
3,0503
4,2E-02
8,303

9,1E-03
5,4E-03

3,1E02
32602
6,503
1,08:02
3,0E08

42502
4,8E-02
4,2E-02
4,8E-02
22502
4,56-08
4,4E-02
4,7E-08
39502
1,08:02

2,0804
37E02
23503
8,0E-04
4,1E03

2,56-02
1,56-02
4,6E-02
6,0E-04

8,0E-04
2,6E-02

15602

18503
4,6E-02

3,6E-03
3,802
2,0502
7,0503
6,803

17E-02

11E02

KMC
Cluster ID
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Appendix

Annotation

Array ID Gene Syrmbol
TC0800000770.mm.2 1112rb1
TC0500000689.mm.2 Dcun1d4
TC0200002407.mm.2 Rpn2
TC0200002150.mm.2 Sec23b
TC0X00002238.mm.2 Mospd1
TC0900000050.mm.2 Mmp8
TC0200003224.mm.2 Fenb
TC0800001132.mm.2 Usb1
TC0300000037.mm.2 Zc2hcla
TC0300002030.mm.2 Commd2
TC0400004014.mm.2 Fbxo6
TC0X00002847.mm.2 2610002M06Rik
TC1100003340.mm.2 Tefm
TC0200000620.mm.2 Hspab
TC0700000693.mm.2 1600014C 10Rik
TC0X00002189.mm.2 Rap2c
TC1400002161.mm.2 Phf11a
TC1600000664.mm.2 Cd200r4
TC1100000681.mm.2 Gm12250
TC1700002110.mm.2 Cenpq
TC0100000300.mm.2 1118rap
TC0900000786.mm.2 Anp32a
TC1100002091.mm.2 Inpp5j
TC1300002339.mm.2 Rfesd
TC0500002755.mm.2 Cxcl9
TC0200001011.mm.2 Phospho2

ADAPko
[mean log, SI]

8,78
5,40
8,67
11,95
11,81
15,00
8,53
11,44
823
10,41
10,61
9,79
9,84
16,06
13,04
11,24
11,57
11,61
15,09
8,41

7,76
11,81
8,91

10,57
15,07
8,32

wild type

[mean log, SI]

6,73
3,99
6,99
10,35
10,81
13,32
6,89
9,61

732
10,10
9,77
8,98
9,18
14,33
12,06
10,30
10,90
10,85
14,28
7,95
595
11,15
7,24
10,22
15,00
8,34

Spleen

FC

(ADAPKO vs. wild
type)

42

32
30

32
31

33

32

FDR
35603
22602
27E02
2,902
1,05:02

19502
6,0E-03

82503

33602

4,803

ADAPko
[mean log, SI]

6,46
4,96
8,46
11,59
11,30
14,73
8,09
10,09
7,84
10,40
10,54
10,16
9,09
15,39
12,81
10,34
11,43
10,81
14,23
7,72
7,01

11,09
7,24
10,66
14,68
8,15

wild type
[mean log, SI]

5,80
3,34
717

10,29
9,52

13,59
6,91
9,25
6,05
8,37
8,74
8,37
7,24

14,52

11,15
8,69
9,69
9,15

12,60
5,9
6,71
9,44
6,73
8,97

12,96
6,56

Liver
FC

(ADAPKO vs. wild

type)

31

34

5]
41

35
36

32
32
s
32

34
il
32

33
30

FDR

7,1E-03
6,8E-03
2,402

15602
4,8E-02
5,0E-02
8,0E04
8,9E-03

3902
1,36-02
2,502
4,7E-02

4,0e-02
4,202
8,4E-03

13503
2,56-02

KMC
Cluster ID
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Appendix

7.3 Ehrenerklarung

Ich versichere hiermit, dass ich die vorliegende Arbeit ohne unzuléssige Hilfe Dritter und ohne
Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe; verwendete fremde und
eigene Quellen sind als solche kenntlich gemacht.
Ich habe insbesondere nicht wissentlich:

- Ergebnisse erfunden oder widersprichlich Ergebnisse verschwiegen,

- statistische Verfahren absichtlich missbraucht, um Daten in ungerechtfertigter Weise

Zu interpretieren,

- fremde Ergebnisse oder Veroffentlichungen plagiiert,

- fremde Forschungsergebnisse verzerrt wiedergegeben.
Mir ist bekannt, dass VerstoRe gegen das Urheberrecht Unterlassungs- und
Schadensersatzanspriiche des Urhebers sowie eine strafrechtliche Ahndung durch die
Strafverfolgungsbehorden begriinden kann.
Ich erklare mich damit einverstanden, dass die Arbeit ggf. mit Mitteln der elektronischen
Datenverarbeitung auf Plagiate Gberprift werden kann.
Die Arbeit wurde bisher weder im Inland noch im Ausland in gleicher oder ahnlicher Form als

Dissertation eingereicht und ist als Ganzes auch noch nicht veroffentlicht.

Magdeburg, 28.06.2021

Martha Boning
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