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Summary
Summary

The human pathogen Aspergillus (A.) fumigatus is a fungal mold that can cause severe
infections in immunocompromised hosts. Pathogen recognition and immune cell cross-talk
are essential for clearing fungal infections efficiently. Immune cell interactions in particular

may enhance individual cell activation and cytotoxicity towards invading pathogens.

This study analyzed the reciprocal cell activation of natural killer (NK) cells and mono-
cyte-derived dendritic cells (moDCs) after stimulation with A. fumigatus cell wall fractions
and whole-cell lysates. Furthermore, the impact of the on moDCs expressed fungal recep-
tors Dectin-1 and TLR-2 on NK cell activation was analyzed. Stimulation of moDCs with
ligands for Dectin-1 and TLR-2 and transfer of soluble factors on autologous NK cells
showed that moDCs could induce NK cell activation solely by secreting factors. In summary,
both cell types could induce reciprocal cell activation if the stimulated cell type recognized
fungal morphologies and ligands. However, moDCs displayed a broader set of A. fumigatus
receptors and, therefore, could induce NK cell activation when those were not activated by

the stimulus directly.

Consequently, new fungal receptors should be identified on NK cells. The NK cell char-
acterization marker CD56 was reduced detected in flow cytometry after fungal co-culture.
Notably, this decreased detection was not associated with NK cell apoptosis, protein deg-
radation, internalization, or secretion of CD56 molecules. CD56 was shown to tightly attach
to hyphal structures, followed by its concentration at the NK-A. fumigatus interaction site.
Actin polymerization was necessary for CD56 relocalization, as pre-treatment of NK cells
with actin-inhibitory reagents abolished CD56 binding to the fungus. Blocking of CD56 sup-
pressed fungal mediated NK cell activation and secretion of the immune-recruiting chemo-
kines MIP-1a, MIP-13, and RANTES, concluding that CD56 is functionally involved in fungal

recognition by NK cells.

CD56 binding to fungal hyphae was inhibited in NK cells obtained from patients during
immune-suppressing therapy after allogeneic stem cell transplantation (alloSCT). Addition-
ally, reduced binding of CD56 correlated with decreased actin polymerization of reconstitut-
ing NK cells challenged with the fungus. The immune-suppressing therapy with corticoster-
oids negatively influenced the secretion of MIP-1a, MIP-13, and RANTES in NK cells after
fungal stimulation ex vivo. Similar results were obtained when NK cells from healthy donors
were treated with corticosteroids prior to fungal co-culture. Thus, corticosteroids were iden-

tified to have detrimental effects on NK cell function during infection with A. fumigatus.




Zusammenfassung
Zusammenfassung

Der humanpathogene Pilz Aspergillus (A.) fumigatus kann lebensbedrohliche Infektio-
nen in immunsupprimierten Patienten verursachen. Die Immunerkennung von Pathogenen
sowie die Wechselwirkungen zwischen Immunzellen sind essentiell flir die erfolgreiche Be-
kampfung von Pilzinfektionen. Zell-Zell-Interaktionen tragen zur gegenseitigen Aktivierung

bei und kdnnen somit die Zytotoxizitat gegenuber eindringenden Pathogenen steigern.

In dieser Arbeit wurde die gegenseitige Zellaktivierung von nattrlichen Killerzellen (NK-
Zellen) und die aus Monozyten generierten, dendritischen Zellen (DZ) nach Stimulation mit
Zellwandfraktionen und Zelllysaten des Pilzes A. fumigatus analysiert. Des Weiteren wurde
der Einfluss dendritischer Rezeptoren auf die NK-Zellaktivierung untersucht. Die Stimula-
tion mit Liganden fur Dectin-1 und TLR-2 induzierte die Freisetzung |6slicher Faktoren, wel-
che ausreichend waren, um autologe NK-Zellen zu stimulieren. Zusammenfassend ist zu
sagen, dass DZ mehr Rezeptoren zur Pilzerkennung exprimieren und somit NK-Zellen auch
dann aktivieren konnten, wenn diese, aufgrund fehlender Rezeptoren, nicht stimuliert wur-

den.

Basierend auf diesen Ergebnissen sollten neue Pathogen-Erkennungsrezeptoren auf
NK-Zellen identifiziert werden. Der Charakterisierungsmarker CD56 zeigte nach fungaler
Kokultur eine reduzierte Detektion in durchflusszytometrischen Analysen. Die verminderte
Proteindetektion von CD56 war nicht assoziiert mit Apoptose, Internalisation, Sekretion o-
der Proteindegradierung. Weitere Analysen bestatigten eine starke CD56-Bindung zu Pilz-
hyphen, gefolgt von einer Konzentration des Proteins an der NK-A. fumigatus Interaktions-
stelle. Diese Relokalisation zeigte eine Abhangigkeit zu Aktin, da Zytoskelett-Inhibitoren die
CD56-Bindung am Pilz verhinderten. Eine spezifische Blockade von CD56 Rezeptoren re-
duzierte die Freisetzung der immun-rekrutierenden Chemokine MIP-1a, MIP-1B und RAN-
TES, was folgern lie3, dass CD56 eine funktionelle Rolle in der Pilzerkennung der NK-

Zellen hat.

NK-Zellen, die wahrend einer Immunsuppressionstherapie aus Empfangern einer allo-
genen Stammzelltransplantation (alloSZT) gewonnen wurden, zeigten eine inhibierte Bin-
dung von CD56 an Pilzhyphen. Diese korrelierte mit einer reduzierten Aktinpolymerisation
nach fungaler Stimulation. Weiterhin hemmte eine Immunsuppressionstherapie mit Corti-
costeroiden die Sekretion von MIP-1a, MIP-13 und RANTES in NK-Zellen, die mit Pilz ex
vivo stimuliert wurden. Ahnliches war zu beobachten, wenn NK-Zellen von gesunden Spen-
dern vor Pilzstimulation mit Corticosteroiden vorbehandelt wurden. Daraus folgend wurde
den Corticosteroiden ein negativer Einfluss auf die NK-Zellfunktion bei Pilzinfektionen zu-

gesprochen.



Introduction

1 Introduction

1.1 Aspergillus fumigatus morphologies, pathology, and

diagnostics

1.1.1 The conidia

A. fumigatus is a saprophytic, opportunistic fungal mold primarily found on degrading
biomass, e.g., rotten organic material. Depending on the environmental nutrient supply, the
morphology of Aspergillus spp. ranges from dormant conidia to germlings, growing hyphae,
and conidiophores [1-4]. A. fumigatus can perform asexual and sexual reproduction; how-
ever, sexual reproduction occurs very rarely and only under certain conditions [5]. Thus, the

asexual life cycle is the more general form of reproduction.

The first stage of the fungal morphology is the conidia — a 2-3 ym small roundish struc-
ture surrounded by the so-called ‘rodlet layer’ (Figure 1). This surface rodlet coat is immu-
nologically inert and inhibits immune cell activation until the conidial germination and crack-
ing of the rodlet layer occur [6]. The hydrophobin RodA mediates the unique, patterned
structure of the rodlet layer, and ArodA conidia have different binding characteristics to host
proteins, e.g., albumin, collagen, fibrinogen, or laminin [7-10]. However, the deletion of

RodA does not impact virulence in a murine pulmonary-infection model [11].

Under the rodlet layer lies the conidial cell wall, consisting of a-glucans, B-glucans,
chitin, galactomannan, and melanin (Figure 1) [12-14]. DHN (1,8-dihydroxynaphtalene)
melanin, which is responsible for the green/bluish color of the fungus, protects the conidia
from phagolysosomal acidification (pH < 5) and thus favors fungal survival and growth [15,
16]. Furthermore, DHN melanin shields the fungus against UV radiation and masks patho-
gen-associated molecular patterns (PAMPs), thereby inhibiting immune responses [6, 17].
Conidia are thought to display low metabolic activity since they are majorly important to
overcome starvation conditions and for fungal dissemination [18]. However, they produce
toxins that trigger necrotic cell death of pneumocytes or alter neutrophil function by inhibiting

the communication with other immune cells [19, 20].

The first host-pathogen contact occurs in the lung, where inhaled conidia interact with
alveolar epithelial cells, lung macrophages, neutrophils, and the complement system [21-

25]. In that way, hundreds of conidia are inhaled and cleared daily without any damage to
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the host [26, 27]. However, A. fumigatus infections might become life-threatening in immu-
nosuppressed conditions, in which first-line barriers are ineffective, and conidia outgrow

and invade deeper tissues.

conidia g - ‘““*}{ ®

hyphae
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Figure 1: The cell wall composition of A. fumigatus conidia and hyphae. The rodlet layer
shields the conidia from immunological detection. Melanin, mainly DHN melanin, is responsible for
the green/bluish color of the conidia. After settling on an optimal nutrient medium, conidia germinate
and develop into hyphae, which are covered with the exopolysaccharide galactosaminogalactan.The
cell wall consists of 90 % polysaccharides, including galactomannan, $-glucans, a-glucans, and chi-
tin. The figure was designed after the model from [28, 29].

1.1.2 Germ tubes and hyphae

Once settled on an optimal nutrient medium, conidia switch to the second morpholog-
ical stage of the fungus — the germlings/germ tubes. Those structures are unique since they
display the remainings of the conidial cell wall and new polysaccharides at the outgrown

parts (Figure 1) [29, 30]. Interestingly, the cell wall biosynthesis is a highly dynamic process
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since different external stimuli, e.g., medium composition, low O./high CO- ratios, and anti-

fungals can change the cell wall composition [31].

The cell wall consists of up to 90 % of polysaccharides, such as -(1,3)-glucan, a-(1,3)-
glucan, chitin, galactosaminogalactan, and galactomannan (Figure 1) [13, 28, 29, 32].
These sugars have different functions, e.g., the stability of the cell wall, adhesion, protection
against extracellular stress, blocking of immune responses, and induction of host cell apop-
tosis [33-36]. Some of these sugars are recognized by the immune system and therefore
play an essential role in fungal recognition, such as chitin [37]. Furthermore, some sugars,

e.g., galactomannan, can modulate and inhibit immune responses [37-39].

In general, germ tubes are more efficiently recognized by the immune system com-
pared to conidia and thus lead to stronger immunological reactions. Therefore, germ tubes
are often used to study host-pathogen interactions [40, 41]. A. fumigatus germ tubes can
grow and invade deeper lung tissues, thereby mediating epithelial cell destruction and re-
lease of lactate dehydrogenase (LDH) which can be used as a molecular marker for cell
damage [42, 43]. Germ tubes eventually grow larger and reach the morphological stage of
fungal hyphae, which are long, filamentous, septate structures. Hyphae can reach and in-
vade blood vessels, thereby disseminating into other body parts by the bloodstream and

induce hematogenously disseminated aspergillosis [44].

1.1.3 Immune status

As mentioned above, the immune system can rapidly clear inhaled A. fumigatus conidia
in healthy individuals. However, different immunological conditions, ranging from hypersen-
sitivity to absent immunological responses, affect the fungal clearance and favor the growth
and distribution in the human body (Figure 2) [45]. Hypersensitivity to Aspergillus spp. is
characterized by overshooting immune responses including allergic reactions, and over 20

allergens have been described for A. fumigatus so far (www.allergen.org).

Allergic bronchopulmonary aspergillosis (ABPA) is a disease mostly affecting asth-
matic or cystic fibrosis patients, in which Th2 hypersensitivity in response to A. fumigatus
leads to elevated IgE serum levels and eosinophilia [46-48]. Since Th2 responses were
shown to be non-protective against A. fumigatus infections, ABPA patients are susceptible
to develop pulmonary infiltrates or bronchiectasis [49, 50]. A saprophytic aspergillosis in-
fection (aspergilloma) occurs by the colonization of a pre-existing pulmonary cavity or ec-
tatic bronchus. Aspergillomas are non-invasive, mass-like fungal balls combined with in-
flammatory cells, mucus, and cellular debris that mainly affect patients with chronic obstruc-

tive pulmonary disease (COPD), bronchiectasis, cystic fibrosis or chronic lung cavities [51].
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Invasive aspergillosis (IA) is the most severe form of an Aspergillus infection, affecting
mainly immunocompromised patients after solid organ transplantation, chronic granuloma-
tous disease, hematological malignancies, HIV patients, or patients undergoing alloSCT
(Figure 2) [52]. In alloSCT patients, the incidence of developing IA ranges between 5 % to
10 %, and the overall mortality rate is devastating with 50-100 % [52, 53].

Invasive
infection Colonization Hypersensitivity

Invasive
aspergillosis

[«7]
v
18]
7]
Ral
-D .
%5 | Chronic
2 | necrotizing ABPA
o |aspergillosis
>
R Aspergilloma
Asymptomatic
colonization Asthma
Aberrant Normal Aberrant

Immune response

Figure 2: Aspergillus mediated diseases. Depending on the immunological status, A. fumiga-
tus infections may lead to various severe complications, including allergic bronchopulmonary asper-
gillosis (ABPA), asthma, asymptomatic colonization, aspergilloma, chronic, necrotizing aspergillosis
and invasive aspergillosis (IA). Figure adapted from [45].

1.1.4 Risk factors after alloSCT

Circulating A. fumigatus conidia in the environment display a potential infection risk for
immunosuppressed patients after alloSCT [54-56]. Schmitt and colleagues showed that de-
spite the relatively low abundance of A. fumigatus (0.3 %) among the airborne fungi, 44 %
of the molds isolated from patients were derived from A. fumigatus [57]. High-efficiency
particulate air (HEPA) filters were invented to clean the hospital air from pathogens, e.g.
circulating A. fumigatus conidia [58]. However, IA manifests in 5 % to 10 % after receiving

an allograft, and several factors have been identified that increase the risk of developing IA:

(a) Immune cell reconstitution/ neutropenia

Early phases after alloSCT are characterized by the reconstitution of innate immune
cells, e.g., neutrophils, eosinophils, basophils, monocytes, and NK cells. Patients experi-

ence a neutropenic state in which neutrophils are absent or represented by a very low
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amount of cells (< 0.5 x 10° cells/L) (Figure 3). Neutrophil reconstitution takes 14-30 days
after alloSCT and may be further delayed by the use of specific drugs and therapies [59,
60]. In this pre-engraftment phase, life-threatening infections with various pathogens, in-
cluding bacteria, viruses, and fungi become more likely, and neutropenia was described as

a risk factor for developing IA (Figure 3) [61].

(b) Graft-versus-host disease (GvHD)

The post-alloSCT period is further characterized by T and B cell deficiency for up to 2
years, and lymphopenia was associated with the development of IA [62-65]. Donor T cells
may induce overreacting immune responses due to human leukocyte antigen (HLA)-mis-
match, leading to graft-versus-host disease (GvHD) [66]. GVHD is defined by epithelial tis-
sue destruction and mainly affects the skin, the gastrointestinal tract, the liver, and the eyes
[67-69]. Despite treatment, acute GvHD remains the second leading cause of death after
alloSCT and acute GvHD grades lll to IV, acute GvHD grades Il to IV, and chronic extensive
GvHD are further risk factors for developing 1A [63, 70].

(c) Glucocorticoid therapy

Glucocorticosteroids belong to the first-line treatment after the occurrence of GvHD
[71, 72]. These cell-permeable steroids bind to glucocorticoid receptors in the cytoplasm.
Glucocorticoid-receptor-complexes translocate into the nucleus, bind to glucocorticoid re-
sponse elements (GREs), and function as transcriptional inducers or repressors, or interact
with other transcription factors and influence target gene expression [73-76]. In particular,
glucocorticoids inhibit pro-inflammatory signaling, e.g., NF-kB, ERK-1/2, JNK-1, and AP-1
activity [76, 77]. Glucocorticoids mediate a higher susceptibility to invasive fungal infections
by inhibiting several cell functions, e.g. the cytotoxicity of polymorphonuclear neutrophils
(PMNs), lymphocyte proliferation, and the cytokine production, cell migration, and phago-

cytotic ability of macrophages, and monocytes [78-83].
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Phase I: pre-engraftment II: post-engraftment  III: late phase

(days 0 to +30) (days 30 to +100) (days 100 to >365)
Risk neutropenia 1 T-cells /4 B-cells 4 T-cells /4 B-cells
factors barrier breakdown functional asplenia functional asplenia
1 T-cells /1 B-cells acute GvHD and chronic GvHD and
functional asplenia its treatment its treatment
Bact. Gram negative bacilli Encapsulated bacteria

Gram positive organisms

Fungi Aspergillus spp ———— Aspergillus spp —— Aspergillus spp
Candida spp

Pneumocystis jiroveci

Viruses Herpes simplex virus
Cytomegalovirus
Varicella zoster virus
Epstein Barr PTLD

Other viruses: HHV-6, respiratory and enteric

Figure 3: Phases after alloSCT. In the pre-engraftment phase, neutropenia is a risk factor for
different kinds of infections, including viruses, bacteria, and fungi. In the post-engraftment phase,
patients might suffer from acute graft-versus-host disease (GvHD), whereas chronic GvHD emerges
in later phases. Aspergillus infections might occur in all three phases after alloSCT. Figure adapted
from the EBM handbook 2012 [64].

1.1.5 Diagnosis of IA

Different assays were established that enhance the detection and diagnosis of fungal
byproducts and infections in different human samples, e.g., bronchoalveolar lavage (BAL),
whole blood, serum, and plasma [84-86]. These assays detect fungal species with different
sensitivity and specificity, depending on the use of the biological sample and the time after
infection [87, 88].

The B-D-glucan enzyme-linked immunosorbent assay (ELISA) detects (-(1,3)-glucan,
which is present in the cell wall of various fungi and thus is not Aspergillus specific [89, 90].
In contrast, Aspergillus specific galactomannan, present in serum and other body fluids, can
be detected by the PLATELIA™ Aspergillus Ag test [89]. However, the sensitivity is de-
creased by over 30 % under antifungal therapy [91].
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The lateral flow device (LFD) assay offers a fast and specific discovery of live A. fu-
migatus hyphae in BAL or serum [92]. The detection is based on the monoclonal antibody
binding to a structure only released from growing A. fumigatus hyphae [92]. However, this
assay harbors several disadvantages and is, therefore, critically discussed in the literature
[93].

Detection of specific fungal DNA is a valuable tool to pinpoint the species and strain
and thus enabling specific therapy [94]. Therefore, Aspergillus PCR was recently included
in the updated EORTC (European Organization for Research and Treatment of Cancer)
guidelines for the diagnosis and management of aspergillosis [95]. These guidelines define
possible, probable, and proven aspergillosis based on the appearance of host factors, clin-
ical criteria, and microbiological findings [96]. A possible IA requires the presence of a host
factor and clinical criteria, whereas a probable IA is given when cases further meet the

criteria for a mycological finding (Figure 4).

updated EORTC guidelines W

C N\

i. alloSCT
ii. neutropenia

iii. corticosteroids

iv.T cell immunosuppressants e

Qherited immunodeﬁoiey \&\ / &n ic ﬁ/py Galactomannan-ty

Figure 4: Updated EORTC guidelines. Critical host factors and the fulfillment of clinical factors
define a possible IA, whereas the presence of a further mycological finding corresponds to a probable
IA. Since December 2019, EORTC guidelines include the fungal PCR test within the group of myco-
logical findings. CT scan acquired from [51].

A proven |A is characterized by either the recovery of mold from sterile body material
or the detection of characteristic fungal morphologies by needle aspiration or biopsy ac-
companied by associated tissue damage [96]. Host factors include the recipience of an

allograft, a recent history of neutropenia (< 0.5 x 10° cells/L for > 10 days), corticosteroid
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treatment (minimum dose of 0.3 mg/kg/day for > 3 weeks), T cell immunosuppressant treat-
ment, or an inherited severe immunodeficiency (Figure 4) [96]. A computed tomography
(CT) scan with characteristic signs of an Aspergillus infection and the occurrence of a tra-
cheobronchitis meet the criteria of a clinical factor. Mycological criteria include either direct
tests (positive fungal culture or microscopy from BAL, sputum, bronchial brush, or sinus
aspirate) or indirect tests. Indirect tests may be the detection of fungal galactomannan by

the PLATELIA™ assay, or two consecutive, positive fungal PCRs (Figure 4).

1.1.6 Antifungal treatment

Antifungal therapy is applied under suspicion of a fungal infection. Voriconazole and
isavuconazole are the preferred antifungals for first-line treatment of pulmonary IA [89]. Tri-
azoles inhibit the ergosterol synthesis from lanosterol in the fungal cell membrane [97, 98].
These antifungals specifically target the cytochrome P450-dependent lanosterol 14a-deme-
thylase (Erg11p), which catalyzes the reaction from lanosterol to ergosterol. In conse-
quence, toxic methylsterol is accumulated and leads to fungal growth inhibition and cell
death [99, 100].

Mutations in Erg11p mostly cause resistance to azole treatment, which is also docu-
mented for clinical isolates of A. fumigatus [101, 102]. A study performed in the Netherlands
reports the occurrence of azole-resistant Aspergillus strains to be up to 9.4 % and claimed
the high azole usage for crop protection as a possible source. Devastatingly, azole-resistant
fungal infections were associated with high mortality rates within 12 weeks of diagnosis
[103]. These studies highlight the importance of the responsible usage of antifungals and

the need for future research in the development of alternative antifungal agents.
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1.2 Interaction of A. fumigatus with the host

1.2.1 First-line barriers

After inhalation, conidia travel into the lungs and may reach the lower respiratory tract
due to their small size (Figure 5) [8]. As the first physical barrier, respiratory epithelial cells
express fungal pathogen recognition receptors (PRRs), which regulate the gene expression
of pro-inflammatory cytokines, production of reactive oxygen species (ROS), and secretion

of antimicrobial peptides upon fungal contact [104].
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Figure 5: Conidial and hyphal morphologies interact with the human host. Inhaled A. fu-
migatus conidia reach the alveolar epithelium, which secretes defensins and antimicrobial peptides
after fungal recognition. Alveolar macrophages and PMNs are proficient in killing fungal conidia by
phagocytosis and neutrophil extracellular traps (NET) formation. Marking of A. fumigatus by the com-
plement system further enables the phagocytosis by macrophages and PMNs. If not successfully
cleared, conidia may outgrow and infiltrate deeper tissues. After endothelial infiltration, A. fumigatus
hyphae can enter the bloodstream, where they interact with further immune cells, e.g. monocytes
and NK cells. Figure adapted from [105].

PRRs are expressed on a variety of immune cells and bind to PAMPs on different
fungal morphologies [23, 106]. DHN melanin, which covers A. fumigatus conidia, is recog-
nized by the recently described PRR MelLec [23], while Dectin-2 binds to hyphal structures

through the recognition of galactomannan [106].

11
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Toll-like receptors (TLRs) are well-conserved fungal PRRs. TLR-2 was recently shown
to directly bind to the cell wall polysaccharide chitin, while TLR-9 was actively recruited to
A. fumigatus containing phagosomes [107, 108]. However, one of the best-studied fungal
PRRs remains the (-1,3-glucan receptor Dectin-1 that is expressed on PMNs, macro-

phages, monocytes, and bronchial and alveolar epithelial cells [21, 109-112].

Soluble PRRs may opsonize PAMPs on the fungal surface. Opsonization leads to the
activation of the complement system and marks conidia and germ tubes for phagocytosis
by PMNs and other phagocytes that express the respective receptors, e.g., CR3 and CR1,
on their surface [25, 113]. CR3 can further bind to unopsonized fungi by the interaction of
B-1,3-glucan to the carbohydrate-binding site located in CD11b [114]. Once recognized ei-
ther via PRRs or opsonization, A. fumigatus conidia are phagocytosed and killed via ROS
in cytotoxic granules [115]. The severity of ineffective ROS production is documented in
patients with chronic granulomatous disease that are susceptible to a variety of fungal dis-
eases [116]. PMNs may further inhibit fungal growth by the formation of neutrophil extracel-
lular traps (NETs) [117]. NETs mainly consist of DNA, histones, and granular proteins. High
local concentrations of antimicrobial peptides lead to the degradation of virulence factors

and the killing of the trapped pathogen [118].

1.2.2 Dendritic cells

Dendritic cells (DCs) develop from hematopoietic progenitor cells in the bone marrow
and were firstly identified by their T cell-stimulating function [119, 120]. Those classical DCs
(cDCs) can be divided into cDC1 and cDC2 [121]. Besides cDcs, plasmacytoid DCs (pDCs)

were discovered that produce type 1 interferon in response to pathogens [122].

In blood, there are different DC subsets, namely pDCs and myeloid DCs (mDCs, cDC1,
and cDC2). While pDCs display low fungicidal activity against conidia, A. fumigatus hyphae
were shown to induce the secretion of TNF-a and INF-a by the interaction of Dectin-2 and
galactomannan [106, 123, 124]. Stimulation with A. fumigatus morphologies induces the
secretion of pro-inflammatory cytokines in mDCs, e.g., IL-6, TNF-a, IFN-y, and IL-8 [124].
PDCs and mDCs are poorly represented in the human peripheral blood (pDC: 0.16-0.45 %;
mDCs: 0.05-0.18 %); thus, alternative ways to perform in vitro studies with high cell num-

bers were developed [125].

Monocyte-derived DCs (moDCs) can be generated in vitro after CD14* isolation from
peripheral blood mononuclear cells (PBMCs) and stimulation with GM-CSF and IL-4 for
several days [126]. Compared to the DC subsets in the human blood, moDCs rather share
similarities with mDCs than pDCs [124]. Following stimulation with A. fumigatus morpholo-

gies, moDCs secrete pro-inflammatory cytokines, e.g., IFN-y, IL-12p70, IL-6, IL-8, IL-23,
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and IL-17 [41, 124]. An inflammatory milieu can induce the differentiation from monocytes
to inflammatory DCs (infDCs) in vivo, which were shown to share transcriptional similarities
with in vitro generated moDCs [127, 128]. Immature moDCs are CD1a*CD14- and express
fungal PRRs, e.g. DC-SIGN (Dendritic Cell-Specific Intercellular adhesion molecule-3-
Grabbing Non-integrin), Dectin-1, Dectin-2, Mannose receptor (MR), TLR-2, and TLR-4
(Figure 6) [123, 126, 129-133].

IFN-y, IL-8,
IL-12p70, IL-17
© ©
© © TNF-q, IL-2, IL-6,
© IL-10,1L.-23
© ©
© O ©
© © ©) ©
l"
Syk/MyD88/CARD9
conidia R

e \

TLR-4
Decttin-1

\J

hyphae

A. fumigatus

Figure 6: Fungal recognition and cytokine secretion by moDCs. MoDCs bind to A. fumiga-
tus conidia and germ tubes with classical TLRs and C-type lectin receptors. Subsequently, effector
mechanisms and cytokine secretion are initiated. Dectin-1 signaling induces the secretion of TNF-q,
IL-2, IL-6, IL-10, and IL-23.

The C-type lectin receptor Dectin-1 recognizes 3-(1,3)-glucans and induces signaling
by synergizing with other receptors, e.g., TLR-2 and TLR-4 [109, 134]. Dectin-1 has an
intracellular immunoreceptor tyrosine-based activation motif (ITAM)-like motif, and after lig-
and binding, Dectin-1 is tyrosine-phosphorylated by Src kinases. Canonical and non-canon-
ical NF-kB signaling is initiated by Syk/Card9 signaling or Raf-1 [135-138]. Additionally, Syk
was shown to induce MAPK activation independent of Card9, and Dectin-1 signaling can
further lead to NFAT activation [138-140]. Finally, Dectin-1 mediated activation initiates the
differentiation of T-helper 17 (Th17) and T-helper 1 (Th1) CD4* T cells in vitro [141].
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1.2.3 NK-DC cross-talk

Cross-talk of immune cells is important to recruit further leukocytes to sites of inflam-
mation, enhance immune cell function, and activate the adaptive immunity [142-145]. The
interaction of NK cells and DCs with other cell types during infection with A. fumigatus was
reported before [146, 147]. DC-neutrophil interactions were shown to be essential for DC
maturation and migration to lymph nodes in an intrapulmonary infection model of A. fumiga-
tus, as immature DCs accumulated in the lungs of neutropenic mice [146]. In another study,
NK cell-derived IFN-y was responsible for stimulating the anti-fungal activity of alveolar

macrophages in A. fumigatus infected mice [147].

NK-DC cross-talk takes place in lymphoid organs and inflamed tissue and is defined
by cell contact-dependent and independent mechanisms (Figure 7) [148-150]. NK cell acti-
vation can be triggered by MHC class I-related chain A and B (MICA/B)-NKG2D or
CXC3CL1-CXC3CRH1 interactions (Figure 7) [151, 152]. A study by Borg et al. showed that
IL-12, present at the immunological synapse between NK cells and DCs, mediates NK cell
activation and IFN-y secretion [153]. NK cells can induce lysis of immature DCs by the
interaction of DNAM-1 with its ligands poliovirus receptor (PVR) and Nectin-2 [154] (Fig-
ure 7). Interestingly, the activating NK cell receptor NKp30 can have a dual function and

either initiates DC lysis or DC maturation by the secretion of IFN-a [149, 154].
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CXC3CL1

© IL-18
IL-15
© Type IIFN

CXC3CR1

Figure 7: Soluble and cell contact-dependent NK-DC cross-talk. Reciprocal NK-DC inter-
actions lead to the activation of both cell types. NK cells can lyse immature DCs or induce DC mat-
uration by cell contact and independent mechanisms. Furthermore, mature DCs induce NK cell ef-
fector function by soluble and contact-dependent cross-talk. Figure adapted and modified from [155].
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1.3 Natural killer cells

1.3.1 NK cell development

NK cells are innate lymphocyte cells derived from CD34+ progenitors. The NK cell
development was long thought to occur in the bone marrow; however, recent studies show
that CD34+ progenitor cells derived from the bone marrow can circulate and further develop
in secondary lymphoid organs [156]. NK cells display a highly diverse subset with variable
surface marker expression within the innate lymphoid cells (ILCs), as reviewed by Freud et
al. [157].

NK cell maturation is directly linked to enhanced cell motility. By measuring the mean
square displacement (MSD) during the development from CD34+ hematopoietic cells to NK
cells over 21 days, Lee and Mace could demonstrate the progressive increase in the MSD
throughout cell differentiation. To later stages in NK cell development, heterogeneity of cell
migration was observed and correlated with the phenotypic heterogeneity of the NK cell

subsets defined by flow cytometry [158].

In the blood, NK cells constitute to 5-20 % of the lymphocytes. Based on their surface
expression of CD56 and CD16, NK cells are grouped into two major NK cell subsets, namely
CD5619"CD16'°~ and CD569™CD16* (Figure 8) [159-161]. In humans, around 90 % of the
blood NK cells are CD569™CD16r°s, whereas the rest remain CD56°9""CD16"¢9[161]. While
CD56Prie"t NK cells are potent cytokine producers, CD569™ NK cells are proficient in lysing
target cells, such as tumors or virally infected cells [162, 163]. There is multiple evidence
that CD56%1s" cells are direct precursors of the CD569™ subset [164-166].

1.3.2 NK cell cytotoxicity

NK cell effector function is controlled by signals from inhibitory and activating receptors
(Figure 8) [167-170]. According to the ‘missing-self hypothesis’, lysis of targets is mediated
by the absence or reduced expression of major histocompatibility complex (MHC) class |
molecules on ‘non-self’ cells [171]. Killer cell immunoglobulin-like receptors (KIR) recognize
and bind autologous MHC molecules, thereby activate the immunoreceptor tyrosine-based
inhibitory motif (ITIM) domain leading to an inhibition of NK cell effector function [172]. Since
tumors and virally infected cells hardly express MHC molecules on their surface, the missing
signals from inhibitory receptors lead to a shift of NK cell function towards activation and
target cell lysis [173-175].
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Figure 8: NK cell subsets in the peripheral blood. The major NK cell subsets in the human
blood are CD569" and CD56™ NK cells. CD56"9" NK cells express the homing receptor CCR7,
are highly stimulated by IL-2, secrete cytokines, and show a high surface expression of CD56. In
contrast, CD569™ NK cells display a lower abundance of CD56 molecules on their surface, express
chemotactic receptors, KIRs, and the antibody-dependent cellular cytotoxicity (ADCC) receptor
CD16. Both subsets display high lymphokine-activated killer (LAK) activity. Figure adapted and mod-
ified from [176].

The immunological synapse (IS) between NK cells and target cells is formed after tar-
get cell recognition by activating NK cell receptors, actin-dependent reorganization of those
receptors, and microtubule-dependent relocalization of cytolytic granules to the IS [177].
Released at the IS, the pore-forming protein perforin enables the entry of the pro-apoptotic
granzyme B into the target cell, while proteins that are present on the NK cell after exocy-
tosis prevent killer mediated self-destruction [178-180]. Granzymes induce target cell apop-

tosis by the cleavage of several proteins, e.g., caspase-3, DNA-PK, and Bid [181-183].

The granzyme/perforin pathway is a fast process (~20 min after target cell recognition),
which can occur in serial killing events [184]. Besides serial killing, NK cells can eliminate
targets by the interaction of Fas-ligand (FasL) and TNF-related apoptosis-inducing ligand
(TRAIL) with the respective receptors on the target cell [185, 186]. This interaction leads to

the activation of the Caspase 8/10 signaling pathway in target cells and subsequently to cell
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apoptosis [187-190]. While serial killing is a fast and periodic event, death receptor-medi-
ated target cell apoptosis occurs later after recognition (~2 h) and is seen as the ‘final killing
event’ [184].

1.3.3 NK cells and pathogens

NK cells play essential roles in pathogenic infections with, e.g., viruses, bacteria, pro-
tozoa, and fungi [191-195]. Among the fungal pathogens, human NK cell receptors were
identified as PRRs for Cryptococcus (C.) neoformans, Candida (C.) glabrata, and Candida
(C.) albicans [191, 192]. The C-type lectin receptor NKp30 recognizes (-(1,3)-glucan at the
surface of C. albicans and C. neoformans and induces granule repolarization and fungal
killing [191, 196]. The activating human NK cell receptor NKp46 and the mouse ortholog
NCR1 were shown to bind the fungal adhesins Epa1, Epa6, and Epa7 and mediate fungal
killing of C. glabrata (Figure 9) [192].

Lytic granules

Tumor cell or

viral infected cell

Cryptococcus neoformans

Candida glabrata

Candida albicans

Figure 9: NK cell interaction with target cells. Killer cell Ig-like receptor (KIR) signaling fol-
lowing interaction with major histocompatibility complex (MHC) class | molecules inhibits NK cell
killing. NK cells can recognize target cells by activating and inhibitory receptors, and cytotoxicity is
mediated by granzyme/perforin or death receptor signaling (FasL/TRAIL). Pathogenic fungi are rec-
ognized by NKp30 (Candida albicans and Cryptococcus neoformans) or NKp46 (Candida glabrata),
leading to the release of cytotoxic granules. The PRR for A. fumigatus remains unknown so far.
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The PRR for A. fumigatus remains unknown so far but would be of great interest, as
several studies implicate the importance of NK cells during A. fumigatus infections. Morri-
son et al. demonstrated that CCL2-mediated NK cell migration into lungs of neutropenic
mice was critical for early host defense mechanisms during IA [197]. A later study performed
by Park et al. showed that NK cells are the early source of IFN-y in the lungs of mice devel-
oping IA and that IFN-y is essential to stimulate further innate immune cells, e.g. alveolar
macrophages [147, 198]. The relevance of NK cells in a clinical setting was shown by Stueh-
ler et al., showing that patients after alloSCT had a worsened outcome of IA in cases of
delayed NK cell reconstitution or lowered NK cell counts in the peripheral blood [199].
Hence, NK cells support the innate immune system during IA infections and especially may

have a protective function during neutropenia.

1.3.4 CD56

The neural cell adhesion molecule (NCAM1, CD56) is mainly studied in the nervous
system, where it plays a crucial role in neuronal development, synaptic plasticity, and re-
generation, as reviewed by Ditlevsen et al. [200]. CD56 consists of three major isoforms
that are generated by alternative splicing from a single gene on chromosome 11[201-204].
These isoforms differ in size and can contain extracellular, transmembrane and/or intracel-
lular domains. CD56 may include all three domains (180 kD isoform), a shorter intracellular
domain (140 kD isoform), or only an extracellular domain with a transmembrane GPI anchor
(120 kD isoform) [201, 205, 206].

The extracellular domain contains five immunoglobulin-like (Ig) domains followed by
two fibronectin type lll (FNIII) domains [207, 208]. The Ig domains are involved in homophilic
binding to other CD56 molecules on the same (cis) or on other cells (frans) [209]. Addition-
ally, CD56 can interact with extracellular matrix components, e.g., heparin or collagen [210,
211]. CD56 is expressed on different leukocyte subsets, e.g., T cells, monocytes, and den-
dritic cells, but the highest expression is observed on NK cells that express all three isoforms
[176, 212-214].

In particular, CD56 was shown to play a crucial role during NK cell maturation. A study
from Mace et al. showed that CD56, Src family kinases, and CD62L are required for
CD56Pright NK cell motility on stromal cells. By the addition of CD56 blocking antibodies to
the in vitro differentiation, the frequency of stage 4 CD56"9" NK cells was decreased, and
CD34+ precursor cells accumulated, concluding that CD56 is involved in NK cell develop-
ment [215].
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There is multiple evidence that CD56 might be involved in cytotoxicity as CD56+ tumor
cells are more sensitive to NK cell-mediated cytotoxicity and ectopic CD56 expression on
CD56- tumor cells increases target cell lysis [216, 217]. Interestingly, CD56 down-regulation
after incubation of healthy NK cells in sera from chronic lymphocytic leukemia (CLL) patients
reduced target cell lysis, further indicating a role for CD56 in cytotoxicity [218]. CD56 can
be post-translational modified with, e.g., polysialic acid (PSA) on the Ig5 domain [219]. This
post-translational modification is unique since the chain length of loaded PSA can reach up
to 370 residues [220]. Sialyltransferases catalyze this reaction and thereby mediate the
highly negative charge of CD56 [221]. PSA was shown to be involved in NK cell activation
and cytotoxicity [220, 222].
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1.4 Aims of the thesis

Immune cell interactions may enhance individual cell responses to pathogens. NK cells
and DCs are cells of the innate immune system that were shown to interact directly and
indirectly with the fungal mold A. fumigatus. Therefore, this study aimed to investigate im-
mune cell interactions in the context of NK-DC cross-talk during A. fumigatus infections.
The recognition of fungal morphologies is mediated by PRRs, which interact with PAMPs
on the pathogen’s surface. In contrast to moDCs, Aspergillus specific PRRs are rarely stud-
ied on NK cells. Therefore, the aim was to stimulate NK cells and moDCs with A. fumigatus
morphologies and ligands for PRRs, and analyze the reciprocal cell activation by co-cultur-

ing stimulated cells with the autologous, unstimulated counter cell type.

Additionally, cytokines and chemokines that correspond to NK-DC cross-talk should be
analyzed. In particular, this study aimed to investigate the impact of secreted factors after
stimulation of the moDC receptors Dectin-1 and TLR-2 on NK cell activation. Therefore,
signaling of Dectin-1 and TLR-2 should be silenced or blocked on post-transcriptional and
protein levels, followed by stimulation with specific PRR ligands and transfer of soluble fac-

tors on autologous NK cells (Figure 10).

Since there is no PRR on NK cells known that recognizes A. fumigatus, the aim of the
thesis was to identify the fungal interaction partner on NK cells (Figure 10). Therefore, live-
cell co-cultures and screening of possible receptor candidates with flow cytometric and mi-

croscopic approaches should be performed.

NK cells were shown to counteract fungal infections, as patients after alloSCT display
a higher risk to develop IA when NK cell reconstitution is delayed, or cell counts are dimin-
ished in the peripheral blood. Therefore, the goal was to characterize functional differences
between NK cells derived from recipients of an allograft and healthy individuals (Figure 10).
This should be performed by isolating NK cells from the peripheral blood of patients on
defined time points after alloSCT (60, 90, 120, and 180 days). NK cells would be challenged
with live A. fumigatus germ tubes before analyzing NK cells regarding the expression of

surface receptors and secretion of soluble factors.
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NK — DC cross-talk

moDC ©

PRR on NK cell

A. fumigatus

NK cells after alloSCT

Figure 10: Aim of the thesis. The aim of the thesis was to investigate NK-DC cross-talk during
infection with A. fumigatus. In particular, the impact of the on moDCs expressed PRRs Dectin-1 and
TLR-2 on NK cell activation should be analyzed. Due to the lack of known fungal PRRs on NK cells,
screening for possible fungal recognition receptors on NK cells should be performed. Additionally,
the function of NK cells after allogeneic stem cell transplantation (alloSCT) should be investigated
and compared with NK cells derived from healthy donors.




2 Material and Methods

2.1 Material

2.1.1 Equipment and consumables

Material and Methods

Tables 1 and 2 list the used equipment and the consumables in the study.

Table 1: Equipment used in the study.

Designation Brand name/specification Manufacturer
2D. TR IX-71 Olympus
(microscopy)
3D dSTORM AXIO Ob_serve!'.Z1_ equipped with a water- Carl Zeiss
(microscopy) immersion objective (LD C-Apochromat Microscopy
63x/1.15W Corr M27)
Cell counter VICELL XR Beckman Coulter
Cell culture incubator CO: Incubator C60 Labotect
Cell culture incubator CO2-Inkubator HERAcell 240 Thermo Scientific
Centrifuge Centrifuge 5415 R Eppendorf
Centrifuge Galaxy Mini Centrifuge VWR
Centrifuge Heraeus® Multifuge® 3SR and 3S Thermo Scientific
Centrifuge MC-6400 Centrifuge Hartenstein
Centrifuge Rotanta 46 RC Hettich
Confocal Laser Scanning LSM700 System with a Plan-Apochromat Carl Zeiss
Microscopy 63x/1.40 oil immersion objective Microscopy
(':ryQSto.rage system and K Series Cryostorage System with XL-240 Tec-lab GmbH
liquid nitrogen tank tank
LR ER. CEEIET FITER Alphalmager™ Light Cabinet Biozym
system
DNA gel electrophoresis BluePower 500 Serva
system
GENios Microplate Reader and Infinite®
ELISA reader 200 PRO P Tecan
ELISA washer hydroFLEX microplate washer Tecan
Flow cytometer BD FACSCalibur BD Bioscience
Fridge and freezer CUP 3021 and HERAfreeze Liebherr

Hemocytometer

Laboratory Seesaw
Laboratory Seesaw
MACS separator
Magnetic stirrer
Microscope
Microwave

Mister Frostie
Multiplex Reader
PCR pipetting box

Neubauer Improved

Duomax 1030

Mini Rocker Shaker

Quadro MACS Separator

Variomag Electronicrihrer
Microscopes Eclipse 50i and TS 100
MM41568

Cryogenic storage system K series
Bio-Plex 200 System

DNA/RNA UV-Cleaner box UVC/T-AR

HBG Henneber-
Sander
Heidolph
Hartenstein
Miltenyi Biotec
Monotherm
Nikon
Micromaxx®
Taylor-Wharton
Bio-Rad
BioSan
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Table 1 (continued): Equipment used in the study.

Designation Brand name/specification Manufacturer
pH meter pH 211 Microprocessor pH Meter :aer:]?: Irsitiy-
Pipettes Pipettes Eppendorf Reference and Xplorer Eppendorf
Pipettus Accu-jet pro Brand

Protein gel casting sys- ..i PROTEAN 3 system Bio-Rad

tem
Real-time PCR machine

Scales

Scales

SEM (Scanning Electron
Microscopy)

Semi-dry blotting cham-
ber

Shaker

SIM (Structured lllumina-
tion Microscopy)

Sonificator

Spectrophotometer
Thermal cycler

Thermal cycler

Vortexer

Waterbath
Workbench

StepOnePlus™

AED

GF-2000

JSM-7500F with a detector for secondary
electrons (SEI detector)

BlueFlash-M

HT

Elyra S.1 with a Plan-Apochromat 63x/1.4
oil objective in combination with 642nm,
561nm, and 405nm laser lines

UP50H

NanoDrop 1000
Eppendorf 5341

9800 Fast Thermal Cycler

Vortex Genie 2

Waterbath Memmert
MSC-Advantage™

Applied Biosys-
tems

Kern

AND Instruments

JEOL

Serva
Infors AG

Carl Zeiss
Microscopy

Hielscher Ult-
rasonics

Peqglab
Eppendorf
Applied Biosys-
tems

Scientific Indust-
ries

Memmert
Thermo Scientific

Table 2: Consumables used in the study.

Designation Brand name/ specification Manufacturer
12-well plate Multiwell™ 12 well BD Bioscience
200 pl tubes Multiply®- uStrip Pro 8-strip low profile Sarstedt
24-well plate Multiwell™ 12 well BD Bioscience
48-well plate Multiwell™ 12 well BD Bioscience
6-well plate Multiwell™ 12 well BD Bioscience
75-flasks CellSTAR® Greiner Bio-One

8 well chambers
(microscopy)

96-well half area (ELISA)

96-well plate
96-well plate (ELISA)

96-well plate (PCR)

Blotting paper
Cell scraper
Cell strainer

8-well Tissue Culture Chambers

Costar® Assay Plate, Clear, Flat Bottom,
Half Area, High Binding, Polystyrene
Multiwell™ 12 well

Microplate, 96 well, PS, F- Bottom
MicroAmp™ 96 well Tray for VeriFlex™
Blocks

Mini Trans-Blot® Filter Paper

Cell Scraper 16 cm

BD Falcon™ Cell Strainer, 40 ym

Sarstedt

Corning

BD Bioscience
Greiner bio-one
Applied Biosys-
tems

Bio-Rad
Sarstedt

BD Bioscience
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Table 2 (continued): Consumables used in the study.

Designation Brand name/ specification Manufacturer
Coverslips (microscopy) 18 mm round coverslips Hartenstein
Cryopreservation tubes CryoTube Vials Nunc

EDTA whole blood collec- S-Monovette® 9 ml K3E 1.6 mg Sarstedt

tion columns EDTA/mI arste
Electroporation cuvettes Gene Pulse Cuvette 0.4 cm Bio-Rad
Falcons (15 and 50 ml) CellStar Tubes Greiner Bio-One
Filter tips (1000 pl) TipOne 1000 pl XL Graduated Filter Tip StarLab

Filter tips (20 and 100 pl) Biosphere Filter Tips Sarstedt

Flow cytometry tube
MACS separation column

Medical X-ray film

Microplates for ELISA (96

well)
Needle (20G)

Nitrocellulose membrane

Object slides (microscopy)
Optical adhesive cover/
sealing strip (ELISA)
Optical adhesive cover/
sealing strip (PCR)

Pasteur pipette

Protein gel electrophoresis

gels
Reaction tube

Serological pipettes (5, 10,

and 25 ml)

Syringes (2, 5, and 10)

Polystyrene round-bottom tube, 5 ml
LS Column
Fuji SuperRX

Flat bottom, binding, crystal-clear

BD Microlance 3 20G needles
Protan, Nitrocellulose-Transfer mem-
brane, 0.45 uym

object glass slides

ELISA Plate Sealers

Sealing tape, optically clear

Transfer Pipette 3.5 ml
Mini-PROTEAN® TGX™ Precast Gels
Micro Tubes (1.5 and 2 ml)

Cellstar Serological Pipettes

BD Discardit Il

BD Bioscience
Miltenyi Biotec
Hartenstein

Greiner Bio-One
BD
Schleicher-Schell
Hartenstein

R&D Systems®

Sarstedt
Sarstedt
Bio-Rad
Sarstedt
Greiner Bio-One
BD

2.1.2 Kits

The used kits are listed in Table 3. All the kits were stored accordingly to the manufac-

turer’s instructions.

Table 3: Kits used in the study.

Designation

Brand Name

Contents

Cat. No. Manufacturer

cDNA synthe- First Strand
sis kit cDNA Synthesis

M-MuLV Reverse Transcrip-
tase (20 U/ul), RiboLock
RNase Inhibitor (20 U/ul),

10mM dNTP Mix, Random
Hexamer Primer (100 uM, 0.2
ug/ml), Water, nuclease-free

5X Reaction Buffer, K1612

Thermo Scien-
tific

DNA diges-
tion kit

RNAse-Free
DNase Set

DNase |, RNase-Free (lyophi-
lized), 1500 Kunitz units
Buffer RDD, RNase-free wa-
ter

79254

Qiagen
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Table 3 (continued): Kits used in the study.

Designation Brand Name Contents Cat. No. Manufacturer
Capture Antibody, Detection
ELISA DuoSet® Detec- Antibody, Standard, and DR R&D
(CCL3/MIP-1q) tion System Streptavidin-HRP 05
Capture Antibody, Detection
ELISA DuoSet® Detec- Antibody, Standard, and Dy271- R&D
(CCL4/MIP-1B) tion System Streptavidin-HRP 05
ELISA Coating Buffer (5X), Capture
_ ELISAMAX™  Antibody (200X), Assay Dilu- :
.(rcégl)'SIRAN Deluxe Set ent (5X), Detection Antibody alliel - Eelegee
(200X), Avidin-HRP (1000X)
Capture antibody, Detection
. biotinylated anti-Perforin anti-
fik;SA (perfo- Human Peror body, PRF1 Standard, Ab83709 Abcam
Ready-to-use TMB, Streptav-
idin-HRP
Intrastaining Cytofix/ Cyto-  Cytofix/Cytoperm™ (1X) o
kit perm™ Perm/Wash Buffer (10X) seia B0 Blesetnes
Monocyte iso- CD14 MicroBe- 2 ml CD14 MicroBeads, hu- 130-050- Miltenvi Biotec
lation beads ads man 201 y
Multiplex im- ProcartaPlex® :tjg ”:jg I7IE)-2I’LI-L1-2, IIII__-$8
munoassay  Multiplex Immu- TNF-;J MlPF-)3G, IP-10, and - eBioscience
for DCs noassay IFN-y ’ ’ ’
Multiplex im- ProcartaPlex® I\P/Ie”:fgrﬁ; I\gg}?z%nl?:g TIE%
munoassay  Multiplex Immu- |~ = A N AQE T eBioscience
for NK cells  noassay IL-6, TNF-qa, IL-1a, GM-CSF,

NK cell isola-
tion beads

RNA isolation
kit

Whole blood
NK cell isola-
tion kit

NK cell Isolation

IFN-y
1 ml NK Cell Biotin-Antibody
Cocktail, 2 ml NK Cell Mi- ~ 190-092-

A croBead Cocktail R
RNeasy Mini Spin Columns,
. ... Buffer RLT, Buffer RW1,
RNeasy MiniKit g ffer RPE, RNase-Free Wa- /199
ter
MACSxpress® Buffer A, Buffer B, lyophilized 130-098-
Whole Blood NK beads conjugated to mono- 185

Cell Isolation Kit clonal antibodies (3 vials)

Miltenyi Biotec

Qiagen

Miltenyi Biotec

2.1.3 Reagents, cytokines, and buffers

Table 4 lists the reagents used in the study. If not stated otherwise, all reagents were

stored accordingly to the manufacturer’'s recommendations.

Table 4: Reagents used in the study

Designation Brand Name Contents Cat. No. Manufacturer
Agarose Qagsjrose S0 500 g Agarose Standard 3810.3 Roth

e , . PZN-
Antibiotic Refobacin® Gentamycinsulfat 80 mg 7829173 Merck




Table 4 (continued): Reagents used in the study.
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Designation @ Brand Name Contents Cat. No. Manufacturer
Coenzyme Q 2,3-Dimethoxy-
(XTT) y ®  5-methyl-p-ben- 1 g of Coenzyme D9150-1G Sigma-Aldrich
zoquinone
... Rosewell Park Memorial In- .
Culture me-  RPMI1640 with gy o 1640 medium, Gluta- Life Technolo-
. and without : 72400-054 gies (Invitro-
dium henol red MAX™-| (glutamine) sup- en)
P plement, HEPES 9
Development Deve_lopment
solution (wes- solutllon for Reagents A (1000 ml) and HT536 AGFA
medical x-ray B (250 ml)
tern blot) .
processing
DMSO DMSO Dimethylsulfoxide HN47.1 Roth
DNA ladder  100bp ladder 0> M DNAladder500 (3557~ New England
pg/ml Biolabs
DNA loading Gel Loading . New England
buffer Dye, Blue (6X) 4 ml of gel loading dye B7021S Biolabs
: 100 ml Clarity western lumi-
2l westgrn Clzriiyy UiEstEm nol/enhancer solution 170-5060 Bio-Rad
blot solution ECL Substrate . .
100 ml peroxide solution
Ethylenediaminetetraacetic
EDTA EDTA acid disodium salt solution, E7889 Sigma-Aldrich
0.5M
Ethanol 100 % Ethanol 100 % - 32205-11 Sigma-Aldrich
Ethanol 70 % Ethanol 70 % - - UKW Phar-
macy
2l (. (Sl 90> 4p 2o e E1510 Sigma-Aldrich
mide solution mide solution
FACS Clean oD FACS —  (iean Solution (5 1) 340345 5D
Clean Solution Bioscience
BD FACS Flow , BD
FACS Flow Sheath Fluid Flow Solution (20 I) 342003 Bioscience
FACSRinse oD FACS — pinse Solution (51) 340346 5D
Rinse Solution Bioscience
FCS FBS Fetal Bovine Serum F7524 Sigma-Aldrich
Ficoll Biocoll Sepa- 1\ it 1,077 g/ml, isotonic L6115 Biochrom
rating Solution
Fixation solu- Rapid Fixer for
tion (western medical x-ray 1000 ml of fixation solution 2828Q AGFA
blot) processing
Formaldehyde 37 % formalin stabilized
Formaldehyde ) \tion 37 %  with methanol (1000 ml) ' >28-" Roth
H2SO4 H2SO4 1 mol/l H2sO4 (1000 ml) X873.1 Roth
Hank’s Bal- : .
HBSS anced Salt So- ‘:;’('jtg glnadHrggshg:iIS#guﬁgg H6648 Sigma-Aldrich
lution (HBSS) 9
. ProLong™ Gold ,
Mou_ntlng Antifade Moun- 5 x 2 ml mounting reagent P36934 The.r.mo i
medium tant entific
NaOH NaOH 1 mol/l NaOH (1000 ml) 1600901 37. Merck
N.lucina COIY-D-lysine hy- 10 mg of lyophilized poly-D- P7886- . ) .
Poly-D-lysine drobromide lysine 10mg Sigma-Aldrich
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Table 4 (continued): Reagents used in the study.

Designation = Brand Name Cat. No. Manufacturer
Protease in- - . .
hibitor tab- Protea;e Inhibitor roktall 1169498001 Ro_che Life
lets tablets in a glass vial Science
Protein gel 25 mM Tris, 192 mM Gly-

electrophore- 10X TGS cine, 0.1 % SDS, pH 8.3 1610732 Bio-Rad

sis buffer (1X dilution)

. PageRuler .
Protein lad- o octained Lad- 170 — 10 kDa ladder 26616 ~|hermo Sci-
der entific
Protein loa-
ding buffer 70607-3 Merck
Red blood ly- Red Blood Cell Red Blood Cell Lysis Solu- 130-094- Miltenyi Bio-
sis solution Lysis Solution 183 tec
R'NA stabili- RNAprotect 250 ml RNAprotect Cell Re- 76526 Qiagen
zing reagent
SimplyBlue™ . ™ .
staining so- Sl ElEt 2 staining solution (1 1) LC6060 The_r.mo ser

. entific

lution
Sterile water Aqua B. Braun 0123 B. Braun
SYBR areen iTag™ Universal 2x concentrated, ready-to-

gre SYBR® Green use reaction g°PCR master 172-5124  Bio-Rad
mastermix
TAE 10X buf- UltraPure™ TAE 400 mM Tris-acetate .
fer 10 mM EDTA 15558-042 Invitrogen
TMB sub- TMB Substrate  2x 110 ml Substrate A and 421101 BioLegend®
strate
Trypanblue TrypanBlue | [/Pan Bluesolution 93595 Sigma-Aldrich
Tween® 20 Tween® 20 1000 ml of reagent P1379-1L  Sigma-Aldrich

PZN- . .

Water Ampuwa® 1214482 FreseniusKabi
XTT sodium . X4626- . .
salt XTT sodium salt 500 mg XTT reagent 500mg Sigma-Aldrich

Table 5 lists the cytokines and stimulants used for NK cell and moDC cell cultures. All

cytokines were stored in aliquots at -20°C if not stated otherwise.

Table 5: Cytokines and stimulants used in cell culture.

Stock solution and sto- Final con-

Designation - Cat. No. Manufacturer
centration
Manufactured
1 pg/ml (NK by Serion® Im-
A. fumigatus Diluted in 1X PBS and BA132VS munologics
whole cell lysate stored in aliquots at -20 °C and sold by Lo-
phius Biosci-
ence
Al (alkali-insolu-
ble) cell wall ly- Stored at4 °C - [223, 224]

sate
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Table 5 (continued): Cytokines and stimulants used in cell culture.

Designation Stock solution and storage Final CON- cat. No. Manufacturer
centration
DS IRE 0.1 ug/ml in HBSS 1ugiml Tireklps InvivoGen

2/TLR-4 ligand)

Negative control 20 uM AliStars Negative Con-

trol siRNA in ET-free water,  1.25 pM 1027280 Qiagen

SIRNA stored in aliquots at -20 °C
. : Ordered
Proleukin® S 50,000_U/m| in HBSS, . 1000 U/ml by UKW  Novartis
(IL-2) stored in aliquots at -20 °C
pharmacy
TLR-2 blocking 0.1 mg/ml in ET-free water, 10 ua/ml mab2- Invivogen
antibody stored in aliquots at -20 °C Hg mtlr2 9

Zymosan (TLR-
2/Dectin-1 lig-
and)

Zymosan deple-
ted (Dectin-1 lig-
and)

1 mg/ml in HBSS,

stored in aliquots at 4 °C 10 ug/ml Tirl-zyn  InvivoGen

5 mg/ml in HBSS,

stored in aliquots at -20 °C 100 ug/ml  TIrl-zdzn InvivoGen

Table 6 lists the self-made solutions. If not stated otherwise, buffers were stored at

room temperature.

Table 6: Self-made solutions.

Designation Contents and preparation

15t antibody diluent Dilute the 1st antibody as desired in 5 % milk in TBST or 5 %
(Western blotting) BSA in 12 ml TBST, add 0.05 % Sodium azide, store at 4 °C
2" antibody diluent Dilute the 2" antibody 1:10,000 in 5 % milk in TBST in a total
(Western blotting) volume of 10 ml, store at 4 °C

Blocking solution and

antibody staining solu- Dissolve 5 % BSA in HBSS, store at 4 °C

tion (microscopy)

RPMI 1640 supplemented with 10 % FCS and 120 pg/ml
Refobacin, store at 4 °C

Fixation solution (mi-

Dissolve 3 % formaldehyde in RPMI, store at 4 °C
croscopy)

HBSS buffer (cell isola- HBSS supplemented with 1 % FCS and 2mM EDTA, store at
tion) 4°C
PBS. 10X Dissolve 80 g NaCl, 11.6 g Na;HPO4, 2 g KH2PO4, and 2 g

’ KCl in1 1 H2O and adjust pH to 7.4
Dissolve 80 g NaCl, 11.6 g NazHPO4, 2 g KH2PO4, and 2 g
KClI to 11 with H2O, adjust pH to 7.4
Dissolve 40 g Urea, 10 ml Glycerin, 1 g SDS, and 1.21 g Tris
PE-buffer (Western blot- in 11 H20 and adjust pH to 6.8, dissolve one tablet of prote-
ting) ase inhibitor in 10 ml buffer supplemented with 5 ul 1 M DTT,

store in aliquots at -20 °C

Cell culture medium

PBS, 10X

Ponceau staining solu- . . . .

tion (Western blotting) Dissolve 0.5 g Ponceau S in 100 ml acetic acid
Dissolve 3.03 g Tris, 14.41 g Glycine in 895 ml H,O, add

Semi-dry blotting buffer 100 ml methanol and 5 ml 10 % SDS diluted in water, adjust

pH to 8.3 and store at 4 °C
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Table 6 (continued): Self-made solutions.

Designation

Contents and preparation

TBS, 10X

TBST (Western blotting)
Wash buffer (ELISA)

Dissolve 12.18 g Tris and 87.66 g NaCl to 1 | with H.O, adjust
pHto 7.5

Dilute 50 ml TBS stock solution to 1X TBS with H,O

Dissolve 100 ml PBS stock solution (10X) to 1X PBS, add
0.05 % Tween® 20 and fill up to 11 with H>,O

Table 7 lists the used primers in the study. Primers were diluted with nuclease-free

water and stored at -20 °C.

Table 7 Primers used in the study.

Gene Accession Forward primer Reverse primer

Number
ALAS  NM_000688.5 SSSQGCACAGATGAAT- gg'cl';_Cr?CATCGGTTTTCA-
CDS6  NM 0006157 CAACGACGAGGCTGAG-  ACGAAGCCTTTTCTT-
Dectin-1 NM_197047.2 g;('?SC-B%TGTGGTCCTG gﬁ%ﬁACCCCTGTGGTTTT_

2.1.4 Antibodies and fluorescent dyes

The used antibodies and fluorescent dyes are listed in Tables 8-10. The antibodies

used for microscopy and flow cytometry were stored at 4 °C, while western blot antibodies

were stored at -20 °C. The used fluorescent dyes were kept at -20 °C.

Table 8: Anti-human Antibodies and dyes used for flow cytometry.

Target Host Isotype  Conjugation g;i':'ng Clone Manufacturer
2B4 Mouse IgG1 FITC 1:40 C1.7 Biolegend
CD14 Mouse IgG2a FITC 1:50 MSE2 BD Bioscience
CD16 Human IgG1 FITC 1:50 REA423 Miltenyi Biotec
CD16 Mouse IgG1 PerCP 1:20 3G8 Biolegend
CD1a Mouse IgG1 APC 1:50 HI149 BD Bioscience
CD3 Mouse IgG2a PerCP 1:50 BW264/56  Miltenyi Biotec
CD56 Mouse IgG1 FITC 1:40 B159 BD

CD56 Mouse IgG1 APC 1:20 2331 BD

CD69 Human IgG1 APC 1:50 REA824 Miltenyi Biotec
CD69 Mouse IgG1 FITC 1:40 FNS50 Biolegend
CD80 Mouse IgG1 APC 1:25 2D10 Miltenyi Biotec
CD83 Mouse IgG1 FITC 1:20 HB15e BD Bioscience
CD86 Mouse IgG2b PE 1:50 IT2.2 Biolegend
Dectin-1 Mouse 1gG2b PE 1:20 259931 R&D
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Table 8 (continued): Anti-human Antibodies and dyes used for flow cytometry.

Target Host Isotype Conjugation g(t)a:::mg Clone Manufacturer
DNAM-1 Mouse IgG1 APC 1:40 11A8 Biolegend
Jasplakinolides
F-actin - - I:Eiieg&trh 1:10 - Spirochrome
647

HLA-ABC Human IgG1 PE 1:20 REA Miltenyi Biotec
HLA-DR Mouse IgG2a PE 1:50 G46-6 BD Bioscience
Iso. ctrl. Mouse IgG1 FITC * RMG-1 Biolegend

Iso. ctrl. Mouse IgG1 PerCP * MOPC-21 Biolegend

Iso. ctrl. Mouse IgG1 APC * MOPC-21 BD Bioscience
Iso. ctrl. Mouse IgG1 FITC * X40 BD Bioscience
Iso. ctrl. Mouse IgG1 APC * X-56 Miltenyi Biotec
Iso. ctrl. Mouse IgG1 APC * RMG1-1 Biolegend

Iso. ctrl. Mouse IgG1 PE * X-56 Miltenyi Biotec
Iso. ctrl. Mouse IgG1 PE * RMG-1 Biolegend

Iso. ctrl. Mouse IgG1 PE * X40 BD Bioscience
Iso. ctrl. Mouse IgG2a FITC * MOPC-173 Biolegend

Iso. ctrl. Mouse IgG2a PerCP * S43.10 Miltenyi Biotec
Iso. ctrl. Mouse I1gG2a PE * G155178  BD Bioscience
Iso. ctrl. Mouse I1gG2a PE * S43.10 Biolegend

Iso. ctrl. Mouse I1gG2a APC * RMG2a-62 Biolegend

Iso. ctrl. Mouse 1gG2b PE * RMG2b-1 Biolegend

Iso. ctrl. Mouse 1gG2b PE * 27-35 BD Bioscience
Iso. ctrl. Human - FITC - REA293 Miltenyi Biotec
Iso. ctrl. Human - PE - REA293 Mitenyi Biotec
NKG2D Mouse IgG1 PE 1:50 1D11 Miltenyi Biotec
NKp30 Mouse IgG1 PE 1:40 P30-15 Biolegend
NKp44 Mouse IgG1 PE 1:40 P44-8.1 BD Bioscience
NKp46 Mouse IgG1 PE 1:40 9E-2 BD Bioscience
NTB-A Mouse IgG1 PE 1:40 NT-7 Biolegend
TLR-2 Mouse IgG2a PE 1:20 TL2.1 Biolegend
TLR-4 Mouse IgG2a APC 1:20 HTA125 Biolegend
a-mouse Goat Ig APC 1:20 polyclonal BD Bioscience

*corresponding to the concentration of the staining antibody

Table 9: Antibodies and dyes used for microscopy.

Target Antibody / Dye Staining conc. Manufacturer
Mouse anti-human CD56 Alexa . .

CD56 Fluor™ 647 (HCD56) 1:50 Biolegend

Cell waI_I Calcofluor White Stain Read_y-to-use Thermo Scientific

(A. fumigatus) solution

F-actin Phalloidin Alexa Fluor™ 555 1:100 Thermo Scientific
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Table 10: Antibodies used for western blotting.

Target Host  Conjugation Working Clonality Mo_lecular Manufacturer
conc. weight

a-mouse Horse HRP-linked 1:10,000 Polyclonal - Cell Signaling

a-rabbit Goat HRP-linked 1:10,000 Polyclonal - Cell Signaling

CD56 Mouse - 1:500 123C3 Ill%g Bz Cell Signaling

SDHA Rabbit - 1:1000 Polyclonal 70 kDa Cell Signaling

2.1.5 Software

The used software for data analyses is listed in Table 11.

Table 11: Software used in the study.

Designation Version Application Manufacturer
BD CellQuest™ Pro 3.3.1 Analysis of flow cytometric data BD Bioscience
EndNote X7 Citation program ;I;r;gmson Reu-
Fiii Analysis of microscopic images and
iji - Fiji
western blots
FlowJo X10 Analysis of flow cytometric data Tree Star Inc.

GraphPad Prism 7

Statistical analysis and graphical de- GraphPad Soft-

sign ware
Microsoft Excel 15-16 Calculations Microsoft
I;n(':i::t)sc,ft FOUET 15-16 Presentations Microsoft
Microsoft Word 15-16 Thesis writing Microsoft
NanoDrop Software 3.1.0 Measuremgnt ST 06 R PeqglLab
concentrations
NCBI Pick Primers - Primer design NCBI
Reconstruction of dISTORM images
rapidSTORM 3.3.1 from recorded 2D and 3D image [225]
stacks
StepOne Software 2.3 Real-time PCR data analysis Applied Biosys-

tems
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2.2 Methods

2.2.1 Cultivation of Fungal strains
2.2.1.1 Generation of conidial suspensions

The human A. fumigatus isolate ATCC46645 (American Type Culture Collection) was
used in most of the experiments. To analyze NK cell binding to different fungal strains,
A. niger (CBS 553.65), A. clavatus (CBS 114.48), A. flavus (CBS 625.66), and C. albicans
(SC5314) were tested in direct co-cultivation. Aspergillus strains were plated on malt extract
agar plates (kindly provided by the Institute for Hygiene and Microbiology, University of
Wirzburg) at 35 °C until conidiophores (green/bluish color) were visible. Conidia were har-
vested by adding 10 ml of sterile water and removing the conidia smoothly with a cotton
swab. The conidial suspension was filtered two times over a 40 um cell strainer and was
counted with a hemocytometer. Conidial solutions were stored in water at 4 °C. C albicans

was cultured as recently described [226].

2.21.2 Generation of germ tubes

For germ tube generation, 2 x 107 conidia were transferred in a 50 ml tube supple-
mented with 20 ml RPMI 1640 (or RPMI + 10 % FCS for A. niger) under constant shaking
for 9-15 h at 25 °C. C. albicans colonies were cultured to stationary phase [226] and trans-
ferred to RPMI 1640 at 37 °C for 6 h to induce germination. Fungal growth was monitored
by microscopy, and germ tubes were centrifuged at 5,000 x g for 10 min. The supernatant
was discarded, and 5 ml RPMI + 10 % FCS were added to reach a final concentration of 4
x 106 germ tubes/ml. Germ tubes were passed three times through a 20G needle to obtain
a single-germ tube solution. For stimulation with live A. fumigatus germ tubes, an MOI of

0.5 and a co-cultivation time of 6 h was used.

2.2.1.3 Inactivation of A. fumigatus and C. albicans

For stimulations with inactivated fungus, 1 x 108 conidia were transferred in a 50 ml
tube to generate germ tubes as described above. After centrifugation, germ tubes were
resuspended in 1 ml of 100 % ethanol and were incubated for 30 min at RT. The solution
was transferred into a 2 ml reaction tube, and three washing steps (full speed, 5 min) with
2 ml of distilled water were performed. Germ tubes were resuspended in RPMI and counted

using a hemocytometer. The successful inactivation was monitored by plating 1 x 10° of
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inactivated germ tubes in RPMI at 37 °C. If no growth was detected, germ tubes were used

for cell stimulation using an MOI of 1.

2.2.1.4 Generation of cell wall fractions and lysate

The mycelial cell wall fractions were prepared and kindly provided by the group of Jean-
Paul Latgé (Institut Pasteur, Paris). Therefore, the A. fumigatus strain CEA17 (AkuBku&
pyrGA) was used [227]. This strain was used in previous studies to increase the frequency
of homologous recombination, and the group of Latgé used it as a control for the analysis
of the cell wall constitution [227, 228]. The preparation of cell wall fractions was performed
by hot-alkali treatment as described in previous studies [223, 224]. The alkali-insoluble (Al)
cell wall fraction (working concentration 5 pg/ml) is rich in -1,3 glucans, chitin, galactoman-
nans, and galactosaminogalactans, whereas the alkali-soluble (AS) fraction (working con-
centration 10 pg/ml) mainly consists of a-1,3 glucans and galactomannans [228]. The my-
celial cell wall fractions were stored at 4 °C and used for stimulation of moDCs or NK cells
for 9-24 h. The commercially available A. fumigatus lysate was generated from the whole
mycelium. Therefore, the cell wall was cracked by liquid nitrogen, followed by ultrasonic
treatment. The plasma membrane was disrupted by filtering the lysate over a French press
under high pressure [229]. The fungal lysate was inactivated by filtration, and internal quality

checks were performed.

2.2.1.5 Metabolic analysis

The tetrazolium salt XTT (2,3-bis-[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-
carboxanilide) was used for measuring the fungal metabolism. XTT is a yellow dye that is
reduced to an orange formazan dye by viable cells only. This reaction is related to NADH
production through glycolysis, and the amount of formazan dye formed correlates to the
number of metabolically active cells [230, 231]. The XTT assay was also shown to be ap-
plicable for fungi [232]. A. fumigatus conidia (0.5 x 10°) were plated in a volume of 50 pl of
RPMI in 96-well plats at 37 °C for 16 h. The supernatant of the formed mycelium was
smoothly removed and exchanged by 100 pl of NK cell supernatants cultured alone or with
A. fumigatus germ tubes that were meanwhile stored at -20 °C. Medium was plated as a
control, and XTT reagent was used as the blank control. 96-well plates were incubated for
6 h at 37 °C before supernatants were removed, and empty wells were measured at an
absorbance of 600 nm with an ELISA reader (Tecan). The XTT reagent was prepared
30 min before the stimulation time ended by mixing 0.0122 g of the tetrazolium salt with
24.5 ml of HBSS and heating the solution to 55 °C for 30 min (water bath). Co-enzyme

(0.00122 g) was added, and the XTT-ready-to-use solution was vortexed rigorously before
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100 pl XTT ready-to-use solution was applied to the mycelium. After an incubation time of
30 min at 37 °C, absorbance was measured at a wavelength of 450 nm. The OD (optical
density) values measured for the wells with hyphae incubated in supernatants of former co-
cultures (NKAF) were divided by the ones obtained from hyphae incubated in supernatants
from NK cell cultures (NK). The OD values measured at 600 nm and 450 nm were inserted

in the following equation, and the fungal damage was calculated:

([OD4so — ODeoo]nkar — [ODaso — ODeoo]blank)
([OD450 — ODsoo]nk — [ODaso — ODeoolblank)

Fungal damage (%) =100 - x 100 (1)

2.2.2 Human immune cell isolation and culture
2.2.2.1 PBMC isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from leukoreduction sys-
tem (LRS) chambers, which are a byproduct of platelet donations and mainly contain white
blood cells from healthy individuals. LRS chambers were obtained from the Institute of
Transfusion Medicine and Haemotherapy from the University Hospital Wirzburg. PBMCs
were isolated by ficoll-hypaque density gradient centrifugation. For that, peripheral blood
from LRS chambers was transferred into a 50 ml tube and mixed with HBSS buffer supple-
mented with EDTA and FCS (RT) to a volume of 50 ml. The blood solution was divided and
smoothly layered onto two 50 ml tubes containing 15 ml ficoll each. Density gradient cen-
trifugation was performed at 800 x g for 20 min (RT) at the lowest acceleration and brake
settings. The PBMC layer was collected with a Pasteur pipette and transferred in a fresh
50 ml tube. The tube was filled to 50 ml with HBSS buffer and was centrifuged at 120 x g
for 15 min (RT) at the lowest acceleration and brake settings. This washing step was per-
formed two times before PBMCs were counted with a cell viability analyzer. All following
centrifugation steps were performed at 300 x g and 4 °C at the highest acceleration and

brake settings if not stated otherwise.

2.2.2.2 MoDC generation

Monocytes were isolated from PBMCs by magnetic separation of CD14* cells following
the manufacturer’s instructions. Monocyte-derived dendritic cells (moDCs) were generated
by culturing 2.5 x 10° cells in a volume of 3 ml per well (6-well plate) in the presence of
250 pg/ml GM-CSF and 10 pg/ml IL-4 for five days. One-third of the volume was exchanged
on the second and fourth day after monocyte isolation. Therefore, 1 ml per well was re-
moved, centrifuged, and supplemented with the three-fold concentration originally used for

IL-4 and GM-CSF. After moDC generation, cells were harvested with a cell scraper using
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pre-warmed HBSS buffer. Cells were centrifuged and resuspended in fresh cell medium.
For RNAI experiments, moDCs were electroporated on the fourth day after monocyte isola-
tion and cultured at a cell concentration of 1 x 10° cells/well in 12-well plates in the presence
of IL-4 and GM-CSF for 24 h. For stimulation, moDCs were cultured at a concentration of

1 x 108 cells/ml in the presence of the stimulus for 16 or 24 h.

2.2.2.3 NK cell isolation

NK cell isolation from PBMCs or whole blood (30 ml whole blood collected in 3x 9 mi
EDTA blood collection tubes) was performed by depletion of all other cell types with mag-
netically labeled antibodies following the manufacturer’s instructions. In the case of NK cell
isolation from whole blood, red blood cell lysis was performed for 2 min (RT) after collecting
the target cell fraction from the separated blood sample. NK cell isolation from patients was
performed on defined time points after alloSCT and patient characteristics are displayed in
Table 12.

Table 12: Patient characteristics.

GvHD

Age with sys- CStreat- (g
ID Gender Day 60 Day 90 Day 120 Day 180 . ment du-
(yrs) temic CS . dosage
ration
treatment
2 female 36 CSA CSA CSA, pred CSA, pred no >18 weeks low-dose
4 male 59 CSA MMF CSA, MMF CSA noT no - -
5 male 62 MMF pred pred noT skin ~4 weeks |n|(tj|al fz))
oses
6 female 60 CSAMMF  CSA MM CSA hwdro- CSA hydio- o0 weeks low-dose
7 male 57 MMF noT noT noT no - -
8 female 49 CSA MMF csa  CSARitwxi- CSA.pred, i) 7 _3 yeeks Mal high
mab rapa doses
9 male 55 "aPa MMF hy- e osa CSA CSA, pred, (o IT  ~4 weeks Mitial high
drocort, CSA rapa doses
10 male 63 pred, rapa pred, rapa pred, rapa noT no >8 weeks low-dose
12 female 45 CSA, MMF n/a n/a n/a no - -
CSA, rapa, . initial high
14 female 42 MME rapa, pred rapa, pred rapa, pred skin  >15 weeks doses
15 male 66 2P LA, e, LA, g [kl rapa, pred no >25 weeks low-dose
pred pred pred
16 female 34 CSA, MMF  CSA MMF CSAMME. rocort skin  ~6 weeks miual high
pred doses
17 male 58 MM::a‘p(;SA’ rapa, MMF rapa rapa no = -
CSA, pred, . initial high
18 male 45 budesonid rapa, pred rapa, pred n/a liver, IT >14 weeks doses
22 male 48 rapa, MMF rapa, MMF  rapa, MMF noT no - -
24 male 49 CSA, rapa CSA, rapa n/a n/a no - -
26 male 65 CSA MMF CSA, MMF CSA CSA no - -

CSA = cyclosporine, rapa = rapamycin, hydrocort = hydrocortisone, pred = prednisolone, MMF =
mycophenolate mofetil, CS = corticosteroid, IT = intestinal tract, low-dose (<1 mg/kg), high-dose
(>1 mg/kg)
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Untouched NK cells were cultured at a concentration of 1 x 108 cells/ml in the pres-
ence of 1000 U/ml IL-2 (Proleukin® S) overnight if not stated otherwise. Cell harvesting was
performed with a cell scraper using pre-warmed HBSS buffer. After a centrifugation step,

cells were resuspended at a cell concentration of 1 x 108 cell/ml in fresh cell medium.

2.2.2.4 Direct NK-DC co-cultivation

For experiments analyzing the direct cell-to-cell contact, either pre-stimulated NK cells
or moDCs were co-cultured with the counterpart cell type. NK cells and moDCs were cho-

sen from the same PBMC donor to avoid NK cell-mediated DC lysis.

NK cells were stimulated after overnight incubation in IL-2. MoDCs were stimulated on
the fifth day after monocyte isolation. The stimulation concentrations were 5 ug/ml for the
Al and 10 ug/ml for the AS cell wall fraction. The A. fumigatus lysate was used at a working
concentration of 1 pg/ml (for NK cell stimulation) and 5 pg/ml (for stimulation of moDCs),
respectively. As a positive control, NK cells were stimulated with 500 IU/ml IL-15 and
moDCs were stimulated with 1 pg/ml lipopolysaccharide. After 24 h of stimulation, the stim-
ulated cell type was co-cultured with the unstimulated counterpart cell type for 16 h. This

incubation time was adopted from previous studies that analyzed NK-DC cross-talk [233].

Pre-stimulated NK cell cultures were washed two times to remove the stimulants from
the supernatants and were adjusted to 2 x 106 cells/ml. Unstimulated moDCs were har-
vested on the fifth day after monocyte isolation, supernatants were removed, and cells were
adjusted to a cell concentration of 2 x 10° cells/ml. Co-cultures were set by mixing 0.6 x 10°
cells each to a final volume of 1.2 ml in a 12-well plate. Accordingly, pre-stimulated moDCs
were harvested on the sixth day after monocyte isolation and co-cultured with NK cells pre-

incubated in IL-2 overnight.

2.2.2.5 Transfer of moDC supernatants or cytokines on NK cells

To analyze the ability of moDC supernatants to activate NK cells, moDCs were stimu-
lated with inactivated A. fumigatus germ tubes (MOI 1), Al fraction (5 ug/ml), the Dectin-1
ligand ‘zymosan depleted’ (100 pg/ml), the Dectin-1/TLR-2 ligand zymosan (10 ug/ml), or
the TLR-2/TLR-6 ligand FSL-1 (100 ng/ml). Stimulation of Dectin-1 silenced moDCs was
performed in a volume of 1 ml in 12-well plates at a cell concentration of 1 x 108 cells/ml.
An incubation time of 9 h was chosen since moDCs displayed appropriate Dectin-1 silenc-
ing after this time. TLR-2 blocked moDCs were stimulated for 24 h since moDC activation
by the positive control FSL-1 was not observed at earlier time points. Stimulation of moDCs

after TLR-2 blocking was performed at a cell concentration of 1 x 108 cells/ml in a volume
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of 0.4 ml in 24-well plates. The supernatants of stimulated moDCs were harvested by cen-
trifugation and were transferred directly onto resting NK cells. NK cells were used after
isolation from PBMCs without pre-stimulation with IL-2. For that, NK cells were adjusted to
a cell concentration of 20 x 108 cells/ml, and 10 ul of NK cell suspension was dissolved in

190 pl moDC-derived supernatant and plated in 96-well plates for 16 h.

To analyze whether soluble factors can mediate NK cell activation, NK cells were stim-
ulated in the presence of cytokines and chemokines for 16 h. Each cytokine or chemokine
was used in a lower and higher concentration: IL-6 (10 ng/ml and 50 ng/ml), IL-10 (1 ng/ml
and 5 ng/ml), IP-10 (4 ng/ml and 5 ng/ml) and IL-12 (5 ng/ml and 10 ng/ml). Additionally,
NK cells were treated with a combination of all cytokines and chemokines, either with the
lower or higher concentration. After 16 h, NK cell activation was measured by flow cytometry

using an anti-CD69 antibody.

2.2.2.6 Culture of K-562 cells

The human lymphoblast cell line K-562 (ATCC® CCL-243™) was cultured in RPMI
1640 + 10 % FCS at a cell concentration of 1 x 108 cells/ml. Cells were cultured in T75-flasks

and medium was exchanged every two to three days.

2.2.2.7 Cryopreservation and thawing of cells

For cryopreservation, cells were centrifuged for 10 min at 300 x g and resuspended in
freezing medium (FCS + 8 % DMSO) at a maximal cell concentration of 5 x 107 cells/ml.
Cryotubes were immediately placed in a cryogenic storage system (“Mister Frosty”) at
- 80 °C for 24 h before cells were shifted into liquid nitrogen for long-term storage. For cell
thawing, cryotubes were thawed in a water bath (37 °C), and thawed cells were transferred
into 10 ml of pre-warmed cell culture medium (RPMI + 10 % FCS). After a centrifugation
step, cells were resolved in cell culture medium to remove the remainings of the freezing
medium. Thawed PBMCs were used for isolating NK cells, which were pre-stimulated with
IL-2 overnight. K-562 cells were frozen in complete growth medium supplemented with 5 %
DMSO.

2.2.3 Gene expression analysis

2.2.3.1 RNA isolation

Up to 1 x 108 NK cells and 0.5 x 106 moDCs cultured in 24- or 12- well plates were

harvested for RNA isolation. Therefore, cells were detached with a cell scraper or a pipette
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tip and transferred into a 1.5 ml reaction tube. An RNA stabilizing agent (400 ul) was added
to the empty well to detach the remaining cells. Meanwhile, the collected cells in the 1.5 ml
reaction tube were centrifuged at 500 x g for 5 min, and the RNA stabilizing agent was

transferred onto the cell pellet. Samples were stored at -20 °C until RNA was isolated.

RNA isolation was performed using the RNeasy Mini Kit. On the day of RNA isolation,
the samples were thawed and centrifuged for 10 min at 5,000 x g (4 °C). The cell pellet was
resuspended in 350 pl RLT lysis buffer, and samples were mixed and supplemented with
350 pl of 70 % ethanol. The cell homogenates were applied onto an RNeasy Mini spin col-
umn and centrifuged at 8,000 x g for 30 sec (RT). All following centrifugation steps were
performed at 8,000 x g for 30 sec. After washing the columns one time with 700 yl RwW1
buffer and two times with 500 yl RPE buffer, columns were centrifuged dry at full speed
(13,200 x g, 1 min). The RNA was eluted in 30 ul pre-warmed RNAsefree water (8,000 x g,
2 min) and a spectrophotometer was used to determine the RNA concentration. The
260/280 and 260/230 ratios were used to analyze the RNA quality (with values of 2.0 and
2.0-2.2 being the optimum).

2.2.3.2 cDNA synthesis

First-strand copy DNA (cDNA) was synthesized using 100-500 ng RNA in a volume of
10 ul (filled up with RNase free water). To that, 10 ul of the master mix, constituting of the

following components, was pipetted:

Table 13: Mastermix for cDNA synthesis.

Reagent Volume per sample (in pl)
5X Reaction buffer 4
Random hexamer primer 1
RNAse inhibitor 1
Reverse transcriptase 2

The reverse transcription protocol consisted of the following steps: 5 min at 25 °C,
60 min at 37 °C, and 5 min at 70 °C. CDNA was diluted (1:2 for 100 ng used RNA to 1:50
for 500 ng used RNA), and stored at -20 °C.

2.2.3.3 Real-time (RT) PCR

The used primers are listed in Table 7. Primer pairs were generated with the NCBI Pick
Primer tool and designed in that way that they span an exon-exon junction. Additionally,
primer pairs were separated by at least one intron on the corresponding genomic DNA

(gDNA) to prevent and distinguish the unintended amplification of the gDNA. Primers were
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diluted in nuclease-free water to a stock solution of 10 uM and stored at -20 °C. The real-

time (RT) PCR was pipetted as shown in Table 14.

Table 14: RT-PCR master mix.

Reagent Volume per sample
Forward primer [10 pg/mi] 1ul
Reverse primer [10 ug/ml] 1 ul
Nuclease-free water 4 ul
SYBR® Green Mix 10 ul
Diluted cDNA 4 ul

Samples were pipetted in duplicates, and ALAS7 was used as a housekeeping gene
control. Fast thermal cycling was performed by initial polymerase activation and cDNA de-
naturation at 95 °C for 30 sec, followed by 40 cycles of denaturation at 95 °C for 3 sec and
an annealing/extension phase at 60 °C for 30 sec. Lastly, a melting curve analysis was

performed by thermal heating from 60 °C to 95 °C in 0.5 °C steps.

The quantified cDNA fragments were analyzed with gel electrophoresis for the right
band size. Therefore, 0.5 g agarose was diluted in 50 ml 1X TAE buffer. The solution was
heated until the complete agarose was dissolved before adding 4 ul of ethidium bromide. A
15-well gel comb was applied after pouring the liquid gel into a gel electrophoresis chamber.
1X TAE solution was poured into the chamber until the gel was completely covered. The
DNA was mixed with 5X sample loading dye, and the samples were pipetted into the gel
pockets. 7 ul of the DNA ladder (100 kb) was applied, and the gel electrophoresis was per-
formed at 150 mA for 50 min. The right band size of the amplicons was checked with an

Alphalmager™ Light Cabinet.

RT-PCR was analyzed with the StepOne™ Software. Therefore, the automated base-
line tool was used, and the threshold for the fluorescence signal was set to 0.1. The Cycle
Threshold mean (Ct mean) was calculated from the duplicates and the relative gene ex-
pression of moDCs or NK cells treated with siRNA targeting Dectin-1 or A. fumigatus germ

tubes was calculated with the following equation:

2(Ctmean control = Ctmean treatment)target gene

Relatlve gene expreSSIOn = 2(Ctmean control = Ctmean treatmem)ALAS (2)

‘Control’ samples were either formerly treated moDCs with non-silencing control or un-
stimulated NK cells. ‘Treatment’ samples were either moDCs treated with siRNA targeting

Dectin-1 or stimulated NK cells.
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2.2.3.4 Dectin-1 silencing

MoDCs were harvested on the fourth day after monocyte isolation and were resus-
pended in RPMI 1640 (without phenol-red) to reach a concentration of 1 x 107 cells/ml. To
100 ul of moDC suspension, 6.6 pl of Dectin-1 siRNA [20 uM] or non-silencing control were
added, before the solution was transferred into a 4-mm electroporation cuvette. The elec-
troporation was performed using an electroporation pulse generator set to a rectangle pulse
of 340 V for 10 ms. MoDCs were plated in cell culture medium with FCS and fresh cytokines
in 12-well plates (BD Falcon) at a cell concentration of 1 x10° cells/ml. After 24 h, moDCs
were stimulated with the Al cell wall fraction, inactivated A. fumigatus germ tubes, depleted
zymosan, and zymosan, as recently described [234]. Real-time (RT) PCR monitored the
efficiency of Dectin-1 silencing. Therefore, RNA was isolated, cDNA was generated, and
RT-PCR was performed as described above. Gene silencing of Dectin-1 was 86.38 % com-

pared to the transfection control.

2.2.4 Protein analysis
2.2.41 Flow cytometry

Cell cultures were harvested with a cell scraper, and 1 x 105 — 5 x 105 cells were ana-
lyzed per FACS tube. Samples were washed with 2-3 ml of pre-cooled HBSS buffer before
a centrifugation step was performed. All centrifugation steps concerning the preparation of
flow cytometric probes were performed at 800 x g for 5 min. For analysis of surface proteins,
100 pl of pre-cooled HBSS buffer supplemented with 1 % FCS and 0.5 % EDTA were
added. Antibodies or isotype controls were applied at the appropriate concentrations (Table
8), and FACS tubes were incubated in the dark at 4 °C for 20 min. Cells were washed with
2-3 ml of HBSS buffer, resuspended in a cell concentration of 1 x 10° cells in 100 pl, and
analyzed by flow cytometry immediately. For intracellular stainings, cells were fixed after
washing off the unbound surface antibodies using the BD Cytofix/Cytoperm™ protocol. For
that, cells were resuspended in 0.5 ml of fixation reagent and incubated in the dark at 4 °C.
After two washing steps with 2 ml of Perm/Wash™ buffer, intracellular antibody staining
was performed in the dark (RT) for 30 min. Two additional washing steps with Perm/Wash™
buffer were performed, and cells were resuspended in 1x10% cells in 100 pyl of

Perm/Wash™ reagent.

During the process of moDC generation, cells lose the surface expression of CD14 and
induce the expression of CD1a. The purity of moDCs was monitored by CD14-/CD1a* gat-
ing [234]. NK cells were gated into CD3-/NKp46+ cells as recently described [235]. NK cell

purity was consistently over 95 %. Unstained cells were used for adjusting the forward and
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side scatter (FSC and SSC), and flow cytometric compensation was performed by staining
cells with fluorescent antibodies against highly expressed surface markers. Isotype controls
were used in each experiment. Flow cytometric analysis was performed on a FACSCalibur

(BD), and data were analyzed by BD CellQuest™ Pro and FlowJo software.

NK cell binding to fungal hyphae was assessed by measuring the CD56 Mean Fluo-
rescence Intensity (MFI) after fungal co-culture (NKAF) and in control cells (NK). CD56

binding to the fungus was calculated with the following equation:

CD56 MFI (NKAF)

Relative CD56= CD56 MFI (NK) (3)

Similar to CD56 binding, fungal mediated actin polymerization was calculated by divid-
ing the F-actin signal from NK cells co-cultured with the fungus (NKAF) through the F-actin

MFI measured in control cells (NK):

SiR-647 MFI (NKAF)

Relative F-actin ==_-""-"r (NK) 4)

2.2.4.2 Singleplex and multiplex immunoassays

All enzyme-linked-immunosorbent assays (ELISA) were performed as described by the
manufacturers. For singleplex assays, either 96-well medium binding or half-area, high-
binding plates were used. ELISAs with 96-well half-area plates were performed with one-
fourth of the volume described by the manufacturer. The washing buffer consisted of PBS
supplemented with 0.05 % Tween® 20 if not stated otherwise in the manufacturer’s proto-
col. The colorimetric reaction was stopped with 0.5 M H,SO4, and the absorbance was
measured with an ELISA reader. The multiplex immunoassays were kindly performed by
Dr. Kerstin Hinniger (HKI, Jena). For that, a volume of 50-100 pl of cell culture supernatants
was stored at -20 °C and sent on dry-ice to Jena. The assay was performed according to

the manufacturer's instructions.

2.2.4.3 Immunoblotting

NK cells cultured alone or with A. fumigatus germ tubes were harvested after incuba-
tion for 6 h and transferred into a 1.5 ml reaction tube. After centrifugation at 500 g for 5 min,
supernatants were removed and cell pellets were lysed on ice with 30 ul of PE buffer. Ly-
sates were treated for 3x 10 sec with an ultrasonic processor (amplitude: 40 %, cycle: 1)
and centrifuged at full speed (4 °C) for 10 min. Supernatants were removed to a fresh 1.5

ml reaction tube, and the protein concentration was determined using a spectrophotometer.
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Cell lysates were mixed with 4X SDS loading buffer to a maximal volume of 30 pl and
heated to 95 °C for 5 min. Protein samples (10-20 ug) were loaded on a gel (4-20 % Mini-
PROTEAN® TGX™ Precast Protein Gels) together with 7 pl of the protein ladder (170-
10 kDa). Gels were inserted into the gel-electrophoresis chamber filled with 1X TGS running
buffer. A constant amperage (15 mA for one gel, 30 mA for two gels) was applied and
increased to 30 or 50 mA after 20 min, respectively. After a total electrophoresis time of
50 min, gels were removed and incubated in pre-cooled (4 °C) blotting buffer, together with

filter papers and blotting membranes (4.5 um pore size, nitrocellulose), for 5-15 min.

Semi-dry blotting was performed at 75 mA for 2 h. As a control for successful protein
transfer, gels were stained with 20 ml of SimplyBlue™ staining solution for 24 h. Mem-
branes were stained with 20 ml Ponceau staining solution for 2-3 min and were cut accord-
ingly to the expected band sizes for CD56 (120-220 kDa) and SDHA (70 kDa). Ponceau
staining was washed away with ddH-O for 2x 10 min. Membranes were blocked for 30 min
on a laboratory seesaw; therefore, the blocking solution was chosen after the 1st antibody
staining solution and was performed either with 5 % BSA or milk in TBST. Membranes were
transferred into boxes containing 12 ml of the first-antibody solution and were put on a see-
saw overnight at 4 °C. Membranes were incubated for 3x 10 min in boxes containing 20 ml
TBST and were transferred into the secondary-antibody solution (1:10,000 in 5 % BSA or
milk in TBST) for 2-3 h (RT).

After washing off the secondary-antibody solution in 20 ml TBST for 3x 10 min, mem-
branes were transferred into a cassette for x-ray films. The remaining TBST on the mem-
branes was removed carefully with a paper towel by placing the towel at the membrane’s
border. The membranes were incubated with a freshly prepared dilution of horseradish pe-
roxidase (HRP) substrate solution (Clarity™ Western ECL Substrate) for 5 min. This solu-
tion contains a luminol-based chemiluminescent substrate that detects HRP conjugates,
which are attached to the secondary antibody. The chemiluminescent detection was per-
formed in a dark chamber. Therefore, three tanks containing development solution, VE-
H>0, and fixation solution were prepared. X-rays were laid on membranes for the lumines-
cent transfer (1-10 min) and were developed and fixed by incubation of the x-ray in the
respective tank. After that, x-rays were scanned and analyzed by Fiji software using the Gel
Analysing Tool. Relative protein content was calculated with the housekeeping protein as a
control. Therefore, the area of the bands was measured in pixel, and the area of the CD56
protein bands was divided by the area measured for the housekeeping protein band. The

original x-ray films are shown in the supplementary information in our manuscript [235].
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2.2.4.4 Receptor blocking

MoDCs were harvested on the fifth day after monocyte isolation and treated with
10 ug/ml TLR-2 blocking antibody or isotype control at 37 °C for 1 h. Therefore, moDCs
were incubated in cell medium in a 1.5 ml reaction tube at a cell concentration of
2 x 108 cells/ml. After blocking, the antibody or isotype control was diluted to 5 pg/ml during
moDC stimulation at a cell concentration of 1x108 cells/ml. As a control for successful TLR-
2 blocking, moDCs were stained with a goat anti-mouse antibody and analyzed by flow

cytometry.

The CD56 blocking antibody was derived by immunizing 5 week—old Balb/C mice
with activated (CD56+) NK cells. NK cell clones (EC1 and SA260 for A76 and Z25 mAbs,
respectively) or a polyclonal NK cell population (for AZ20 mAb) were used. After different
cell fusions, the antibody was selected for the ability to induce lysis in redirected killing
assays against target cells [236]. CD56 blocking was performed as recently described [235].
Therefore, NK cells were blocked in 1.5 ml reaction tubes containing 10 ug/ml GPR165
(lgG2a) monoclonal antibody or isotype control diluted in cell culture medium at a cell con-
centration of 4 x 108 cells/ml. Blocking was performed at 37 °C for 30 min, cells were diluted
to 1 x108 cells/ml, and NK cells were cultured alone or with A. fumigatus germ tubes at

37 °C for 9 h. During the culture, the blocking antibody or isotype control was 4 fold diluted.

2.2.4.5 Microscopy

Scanning electron microscopy (SEM)

NK cells were seeded alone or with A. fumigatus germ tubes (MOI 0.5) on micro-
scopic coverslips coated with poly-D-lysine. 3 h post-incubation, samples were washed with
PBS and were fixed for 12-18 h at 4 °C in a solution of 2.5 % glutaraldehyde, 2.5 mM MgClo,
50 mM KCI, and 50 mM cacodylic acid, pH 7.2. Afterward, samples were washed with
50 mM cacodylic acid, pH 7.2 and then, dehydrated stepwise with acetone, critical point
dried and metal coated with gold-palladium. Specimens were examined with a field emis-
sion scanning electron microscope using a detector for secondary electrons (SEI detector)
at 5 kV and a magnification of x10,000.

Confocal Laser Scanning Microscopy (CLSM)

8-well Lab-Tek® chambers were treated with 500 ul/well 0.5 M NaOH for 30 min,
washed with 3x 500 pl/well of sterile water, and coated with 150 pl/well of poly-D-lysine
solution (1:200 in sterile water). Poly-D-lysine was used for increasing the cell attachment
to the well bottom in wells that later contained NK cells. NK cells were adjusted to 1 x 10%/ml

in 200 pl of cell medium with or without the presence of 0.1 x 108 A. fumigatus germ tubes.
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Chambers were incubated at 37 °C for 6 h. The supernatant was removed and cells were
fixed in 3 % formaldehyde (FA) in RPMI at 37 °C for 10 min or in 0.67 % FA for 30 min. All
reagents and procedures after the fixation step were performed at RT under sterile condi-
tions, direct light was avoided, and incubation in antibody solutions was performed in the
dark. Samples were washed three times, blocked for 30 min with 5 % BSA in HBSS, and
stained in 1:50 with anti-CD56 antibody solution for 1 h. After washing the specimens five
times for 5 min each with HBSS, samples were fixed for 10 min. After three washing steps,
samples were resuspended in 500 yl HBSS and analyzed the following day at the CLSM.
The microscopic settings were adjusted as recently described [235]. CLSM images of the
NK cell-A. fumigatus interaction were acquired with a LSM700 system (Carl Zeiss) with a

plan-apochromat 63 x/1.40 oil immersion objective.

Direct stochastic optical reconstruction microscopy (dSTORM)

Samples were prepared as described above. DSTORM imaging of A. fumigatus in-
cubated NK cells and control NK cells was performed in photoswitching buffer (100 mM
mercaptoethylamine in PBS pH 7.4). 2D measurements were conducted on an inverted
wide-field fluorescence microscope (IX-71; Olympus) as described previously[237-239]. For
each measurement 15,000 images with an exposure time of 20 ms and irradiation intensity
of ~7 kW/cm? were recorded using highly inclined and laminated optical sheet (HILO) illu-
mination. For 3D dSTORM measurements [240] an Axio Observer.Z1 (Carl Zeiss Micros-
copy) equipped with a water-immersion objective (LD C-Apochromat 63x/1.15W Corr M27;
Carl Zeiss Microscopy) was used. Fluorophores were excited with a 150 mW 640 nm laser
(iBeam Smart 640-S; Toptica) which was spectrally cleaned (MaxDiode LD01-640/8; Sem-
rock). Emission and excitation light was separated using a dichroic mirror (BrightLine Di01-
R405/466/532/635-25 x 36; Semrock) and a bandpass filter (ZET405/488/532/642 m,
Chroma) and the wavelength range of the emitted light was specified further with a single
bandpass filter (E700/75 m; Chroma). Astigmatism of the point spread function (PSF) was
introduced by a 250 mm achromatic cylindrical lens (Thorlabs). Fluorophores were detected
by an EMCCD camera (iXon Ultra DU897U-CSO; Andor). At least 30,000 frames at a frame
rate of 54 Hz were collected for each 3D measurement. The open source rapidSTORM
[225], version 3.3.1 software was used to reconstruct dISTORM images from the recorded

2D and 3D image stacks.

Structured lllumination Microscopy (SIM)

18 mm round glass objective slides were placed in a 12-well plate. Slides were treated with
NaOH and poly-D-lysine, and NK cell-A.fumigatus co-cultures or NK cell cultures were per-
formed as described above. Supernatants were removed, and samples were fixed as de-

scribed above. Slides were transferred in a dark, humid staining chamber. Blocking and
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staining were performed by adding a volume of 150 ul on the objective slides. The antibody
staining solution was prepared as described above. Slides were washed five times with
200 pl of HBSS, and fixed with 3 % FA in RPMI for 10 min. The phalloidin staining solution
(1:100 in HBSS) was applied for 24 h. After that, slides were washed five times with HBSS
(5 min) and treated with a fixation solution for 10 min. The remaining fluid was removed,
specimens were embedded with three droplets of ProLong Gold™ solution, transferred up-
side-down onto microscope slides, and dried for 24 h. Microscopic specimens were ana-
lyzed on a Zeiss Elyra S.1 SIM using the Plan-Apochromat 63x/1.4 Oil objective in combi-
nation with 642nm, 561nm, and 405nm laser lines. Z-stacks with slice spacings of 300 nm
were taken, and emission signals were recorded with an sCMOS PCO Edge 5.5 and ana-
lyzed with the ZEN 2.3 SP1 software. For visualization, maximum intensity projections of
reconstructed z-stacks were used. To quantify the actin signal of each NK cell, z-stacks
were projected as summed slices. A constant circular area was moved over each NK cell,
and the intensity was measured using Fiji [241].

Whole images, and not only parts, were adjusted regarding brightness and contrast.

2.2.5 Statistics

In Chapter 1 and 2, data are displayed as means and standard error of the mean
(SEM). When two groups were compared, data were analyzed with two-tailed, paired t-test.
When comparing multiple conditions, data were analyzed by one-way ANOVA with correc-
tion for multiple testing by FDR method of Benjamini and Hochberg. As the number of rep-
licates per experiment increased in Chapter 3, D’Agostino-Pearson omnibus test was used
to analyze data regarding their normal distribution. Normally distributed data were either
analyzed with an unpaired t-test with Welch’s correction or a paired t-test. Data that did not
follow Gaussian’s distribution were analyzed with a Mann-Whitney test. When more than
two groups were analyzed (multiple comparisons), normally distributed data were tested by
one-way ANOVA with correction for multiple testing by FDR correction. Data not following
Gaussian’s distribution were tested with a Kruskal-Wallis test with FDR correction (no data
matching) or with a Friedman test with FDR correction (matched data). Data are displayed
as means with and without standard deviation (SD) in case of normal distribution and me-
dians with and without range when data were not following normal distribution. Statistical
analysis was performed with GraphPad Prism 7. Statistical significance is indicated with
asterisks as follows: * p < 0.05, ** p < 0.01, *** p< 0.001).
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3 Results

Chapter 1:

First insights in NK-DC cross-talk and the importance of soluble factors

during infection with A. fumigatus

The following work was published in:

Frontiers in Cellular and Infection Microbiology, August 2018
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Introduction

The saprophytic mold A. fumigatus causes infections in immunocompromised hosts,
especially those suffering from hematological malignancies or undergoing alloSCT [242]. IA
is the most severe form of the disease where inhaled A. fumigatus conidia germinate and
grow into deeper lung tissues and become angio-invasive. After germination, fungal anti-
gens are exposed and lead to substantial immunological responses mediated by immune
cells of the innate and adaptive immune system [243, 244]. DCs are phagocytic cells that
are key components of the innate immune system that function as antigen-presenting cells
[245]. Phagocytosis of pathogens activates DCs upon they migrate into secondary lymphoid
organs and present pathogenic antigens to T cells [246]. Therefore, DCs play an essential
role by linking innate and adaptive immune responses. DCs interact with A. fumigatus
through the internalization receptor Dectin-1 that binds to surface -1,3-glucans and thereby
initiates DC maturation [132]. Dectin-1 can synergize with TLR-2, which mediates enhanced
cytokine production [134]. Signals derived from Dectin-1 and TRL-2 result in the activation
of the nuclear factor kB signaling pathway [242]. Furthermore, TLR-9 recognizes A. fumiga-
tus DNA, which induces the production of pro-inflammatory cytokines in mouse bone mar-
row-derived DCs and human pDCs [247].

NK cells contribute to the innate immune system and play an important role in tumor
surveillance and lysis of target cells [248]. Besides the interaction with human cells, NK
cells further participate in the control of several pathogens, including viruses and fungi [191,
249, 250]. NK cells have been shown to interact with Cryptococcus neoformans, Candida
albicans, and Mucorales spp. [251]. Dependent on the underlying host immune status, NK
cells exerted either a beneficial or a detrimental effect on the outcome of systemic Candida
infection in murine infection models [252]. NK cells were shown to directly bind the fungal
hyphae by the neural cell adhesion molecule (NCAM-1, CD56), which leads to the secretion
of macrophage inflammatory protein (MIP)-1a, MIP-13, and RANTES (regulated on activa-

tion, normal T cell expressed and secreted protein) [235].

Additionally, it is known that NK cell stimulation with germ tubes induces the secretion
of perforin that mediates anti-fungal activity by so far unknown mechanisms [253]. DCs and
NK cells interact in lymphoid organs and inflamed tissue [148-150]. NK-DC cross-talk can
lead to activation of both cell types, and this reciprocal activation is induced by soluble and
contact-mediated factors [148]. The direct cell contact leads to high doses of cytokines at
the immunological synapse, e.g., synaptic IL-12 enhances NK cell activation and cytotoxi-
city [254]. However, the reciprocal interactions between DCs and NK cells in the presence
of the fungus have not been studied before. Therefore, we firstly investigated in vitro NK-

DC cross-talk in the presence of A. fumigatus by flow cytometry and cytokine profiling.
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Direct cell-to-cell contact was analyzed by the co-culture of previously stimulated cells
with the unstimulated counterpart cell type. For stimulation of cells, alkali-insoluble (Al) and
alkali-soluble (AS) mycelium cell wall fractions, as well as A. fumigatus (AF) lysate, were
used. Al is rich in B-1,3 glucans, chitin, galactomannans, and galactosaminogalactans,
whereas AS consists of a-1,3 glucans and galactomannans [228]. AF lysate is a whole cell
lysate, and in contrast to the cell wall fractions also includes intracellular stimulants. All three
stimulants induced a significant up-regulation of the DC maturation markers HLA-DR,
CD80, CD86, CD40, and CCRY7, with AF lysate showing the most prominent effect on moDC
maturation (Fig. 11a-e). After the determination of moDC maturation, the supernatants con-
taining the soluble stimulants were removed by medium exchange, and moDCs were co-
cultured with autologous, resting NK cells for 16 h (Fig. 11f). Interestingly, NK cells upreg-
ulated the activation marker CD69 after co-culture with stimulated moDCs, whereas unstim-

ulated moDCs did not induce NK cell activation (Fig. 11f).
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Figure 11: A. fumigatus stimulated moDCs can activate autologous, resting NK cells.
MoDCs were either left untreated (US) or were stimulated with soluble (AS, 10 ug/ml) and insoluble
(Al, 5 ug/ml) cell wall fractions or A. fumigatus lysate (AF lysate, 5 ug/ml) for 24 h. Flow cytometry
was performed to measure the mean fluorescence intensity (MFI) of the maturation markers (a) HLA-
DR, (b) CD80, (c) CD86, (d) CD40, and (e) CCRY7. (f) NK cells were left untreated (NK) or co-cultured
with previously Al, AS, AF lysate stimulated or unstimulated MoDCs (US). NK cell activation was
measured by the percentage of CD69 expressing NK cells. Data are represented as mean + SEM of
three independent experiments. A student’s test was performed, and significant differences are
marked by asterisks (* p < 0.05, ** p < 0.01).




Results

Experiments were also performed vice versa by stimulating NK cells with Al, AS, and
AF lysate for 24 h. NK cells increased their CD69 expression after stimulation with AF lysate
(Fig. 12a) but showed no significant up-regulation after treatment with Al or AS, even when

stimulated with concentrations up to 20 pg/ml (Fig. 12b).

To investigate whether activated NK cells can transfer stimulating signals to immature
moDCs, NK cells were treated either with AF lysate or plain medium for 24 h (Fig. 12a).
Supernatants were removed, and NK cells were resuspended in fresh medium before NK-
DC co-cultures were set for 16 h. MoDCs displayed a significant up-regulation of the matu-
ration markers CD80 and CD86 after co-cultivation with NK cells stimulated with the AF
lysate but not after co-culture with unstimulated NK cells (Fig. 12c, d), indicating that only
activated NK cells can induce moDC maturation. These experiments firstly showed that
moDCs and NK cells interact during infection with A. fumigatus, resulting in cell maturation

or activation.
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Figure 12: NK cell activation after stimulation with fungal components and NK-DC co-
culture. NK cells were left untreated (NK US) or were stimulated with (a) the A. fumigatus lysate (NK
AF lysate, 1 ug/ml), (b) alkali-insoluble (Al) and alkali-soluble (AS) cell wall fractions (5 — 20 ug/ml)
or the positive control (Pos. ctrl, 500 U/ml IL-15) for 24 h. NK cell activation was quantified by the
expression of CD69 positive NK cells. MoDCs were either left untreated (US) or were co-cultured
with autologous, unstimulated (NK US) or pre-stimulated (NK AF lysate) NK cells for 16 h. As a
positive control, MoDCs were stimulated with 1 ug/ml LPS (Pos. ctrl.). MoDC maturation was inves-
tigated by the measurement of the mean fluorescence intensity (MFI) of (c) CD80 and (d) CD86
costimulatory molecules. Data are represented as mean + SEM of three independent experiments.
A student’s t-test was performed and significant differences are marked by asterisks (* p < 0.05,
**p <0.01, ** p <0.001).
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In summary, moDCs were stimulated by all three stimulants (Fig. 11a-e), while NK cells
exhibited cell activation only after stimulation with AF lysate (Fig. 12a). However, NK cells
were successfully stimulated by moDCs that were treated with stimulants that were not able
to directly activate NK cells, implying that moDCs are relevant cells for NK cell activation
during infection with A. fumigatus. Human NK cells express low amounts of Dectin-1 and
TLR-2 on their surface [235]; therefore, stimulation with TLR-2 and Dectin-1 ligands induce
moDC maturation (Fig. 13a, b) but no NK cell activation (Fig. 13c).
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Figure 13: Stimulation of moDCs and NK cells with cell wall fraction, inactivated germ
tubes, depleted zymosan, and zymosan. MoDCs were left untreated (DC US) or were stimulated
with alkali-insoluble cell wall fraction (Al, 5 pg/ml), inactivated A. fumigatus germ tubes (GT, MOI 1),
depleted zymosan (ZD, 100 pg/ml), or zymosan (Z, 10 ug/ml) for 9 h. MoDC maturation was ana-
lyzed by the measurement of the mean fluorescence intensity (MFI) of (A) CD83 and (B) CD86. Data
are represented as mean + SEM of n = 6 independent experiments. (C) NK cells were left untreated
(NK) or were stimulated with either the positive control (IL-15, 500 U/ml), Al (5 pg/ml), GT (MOI 1),
ZD (100 pg/ml), or Z (10 ug/ml) for 16 h. NK cell activation was investigated by measuring the per-
centage of CD69 expression with flow cytometry. Data are represented as mean + SEM (C) n =3
independent experiments. A student’s t-test was performed and significant differences are marked
by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).

To investigate whether Dectin-1 or TLR-2 signaling in moDCs may be responsible for
NK cell activation by the secretion of cytokines, we transferred supernatants from Dectin-1
and TLR-2 silenced or blocked moDC stimulations onto resting, autologous NK cells. For
stimulation, we used different components containing ligands for Dectin-1 and TLR-2. Dec-
tin-1 recognizes the highly abundant -(1,3)-glucans in the cell wall of A. fumigatus [109],
and TLR-2 binds to fungal conidia and hyphae [255].

Mock silenced moDCs, and Dectin-1 silenced moDCs were stimulated with Al, inacti-
vated A. fumigatus germ tubes (GT), depleted zymosan (ZD) and zymosan (Z) for 9 h before
moDC supernatants were transferred onto autologous, resting NK cells for 16 h. Gene si-
lencing of Dectin-1 was 86.38 % compared to transfection control (Fig. 14a). Supernatants
from unstimulated moDCs enhanced CD69 expression (mock: 19.37 %, siRNA: 16.27 %)
compared to NK cells treated with blank medium (4.90 %, Fig. 14b). Mock silenced moDC

supernatants of Al, GT, or ZD stimulations induced a moderate CD69 expression (41.26-
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48.84 %, Fig. 14b), whereas supernatants derived from stimulation with Z boosted NK cell
activation (90.76 %, Fig. 14b). Soluble factors of mock silenced moDCs induced higher
CD69 expression (41.3 %) compared to Dectin-1 silenced moDCs (33.1 %) when stimu-
lated with the Dectin-1 ligand ZD (Fig. 14b). Supernatants from moDCs stimulated with Al
showed a trend towards decreased NK cell activation compared to mock silenced controls
treated with Al (Fig. 14b). However, Dectin-1 silencing could not significantly reduce NK cell
activation, concluding that there might be other moDC receptors besides Dectin-1 with more

impact on NK cell activation.
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Figure 14: Soluble factors derived from Dectin-1 silenced and mock silenced moDCs ac-
tivate autologous NK cells. (a) MoDCs were electroporated with Dectin-1 siRNA or mock siRNA
and were cultured for 24 h at 37 °C. RNA was isolated from 1 x 10 cells and was converted to cDNA.
RT-PCR was performed to quantify Dectin-1 downregulation on the mRNA level. Dectin-1 mRNA
expression level of Dectin-1 silenced moDCs was calculated compared to mock control. (b) Dectin-
1 silenced or mock silenced moDCs were stimulated with the alkali-insoluble cell wall fraction (Al,
5 pg/ml), inactivated A. fumigatus germ tubes (GT, MOI 1), depleted zymosan (ZD, 100 ug/ml), zy-
mosan (Z, 10 pug/ml), or were left untreated (US) for 9 h. Soluble factors from moDC stimulation were
transferred onto resting, autologous NK cells for 16 h. The expression of CD69 assessed NK cell
activation. Data are represented as mean + SEM of n = 5 independent experiments. Statistical anal-
yses were performed by (a) student’s t-test or (b) ANOVA + Bonferroni correction and significant
differences are marked by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).

Thus, we next tested whether TLR-2 signaling in moDCs is important for moDC-
mediated NK cell activation. Therefore, moDCs were incubated with a TLR-2 blocking anti-
body (bAb) or isotype control for 1 h before cells were stimulated with Al, GT, ZD, and Z for
24 h. FSL, a synthetic diacylated lipoprotein derived from Mycoplasma salivarium [256], is
recognized by TLR-2/TLR-6 heterodimers [257] and was used as a positive control as sug-
gested by the manufacturer. As a control for successful TLR-2 blocking, bAb and control-
treated moDCs were stained after 24 h with a goat anti-mouse secondary antibody (Fig.
15a, b). MoDC maturation was measured by flow cytometry using an anti-CD80 antibody
(Fig. 15¢). The TLR-2/-6 ligand FSL induced a significant up-regulation of CD80 on moDCs
treated with the isotype control but not with the TLR-2 bAb, confirming successful TLR-2
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blocking (Fig. 15¢). However, TLR-2 blocking had no influence on CD80 up-regulation on

moDCs stimulated with Al, GT, ZD and Z compared to unstimulated controls (Fig. 15c).
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Figure 15: TLR-2 blocking and moDC stimulation. MoDCs were treated with TLR-2 blocking
antibody (10 ug/ml) or isotype control at a cell concentration of 2 x 10° cells/ml for 1 h at 37 °C.
(a) TLR-2 blocking was monitored by staining the blocking antibody with a secondary goat anti-
mouse antibody. (b) Fluorescence histogram of the secondary antibody staining of one out of 3 in-
dependent experiments is shown. MoDCs were diluted to 1 x 108 cells/ml with medium and stimulated
with the alkali-insoluble cell wall fraction (Al, 5 ug/ml), inactivated A. fumigatus germ tubes (GT, MOI
1), depleted zymosan (ZD, 100 pg/ml), zymosan (Z, 10 ug/ml), FSL (100 ng/ml) or were left untreated
(US) for 24 h. (A) MoDCs treated with TLR-2 blocking antibody or isotype control were stained with
goat anti-mouse secondary antibody. Geo Mean of fluorescence was analyzed from n = 3 independ-
ent experiments. A student’s t-test was performed and significant differences are marked with an
asterisk (* p < 0.05 (c) CD80 mean fluorescence intensity (MFI). Data are represented as mean +
SEM of n = 5 independent experiments. ANOVA + Bonferroni correction was performed and signifi-
cant differences are marked by asterisks (* p < 0.05, *** p < 0.001).

FSL-treated moDCs induced a decreased CD69 up-regulation on NK cells when TLR-
2 was blocked compared to isotype-treated moDCs (Fig. 16a). Notably, NK cells were not
activated by FSL in direct stimulations (Fig. 16b). TLR-2 blocking had no influence on NK
cell activation when NK cells were incubated in Z stimulated DC supernatants (Fig. 16a).

Taken together, neither Dectin-1 nor TLR-2 inhibition could prevent moDC-mediated NK
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cell activation when we used cell wall fractions (Al) or whole fungal structures (GT) for stim-
ulation. In contrast, NK cell activation was specific for the used moDC stimulus, since stim-
ulation with Z yielded in the highest NK cell activation (Fig. 14b, 6a).
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Figure 16: Soluble factors derived from TLR-2 blocked moDCs activate autologous NK
cells. MoDCs treated with TLR-2 blocking antibody (10 ug/ml) or isotype control were stimulated
with the alkali-insoluble cell wall fraction (Al, 5 ug/ml), inactivated A. fumigatus germ tubes (GT, MOI
1), depleted zymosan (ZD, 100 pg/ml), zymosan (Z, 10 ug/ml), FSL (100 ng/ml) or were left untreated
(US) for 24 h. Soluble factors from moDC stimulation were transferred onto resting, autologous NK
cells for 16 h. (a) NK cell activation was assessed by the expression of CD69. Untreated NK cells
were used as a control (ctrl.). (b) NK cells were stimulated with FSL ligand (50 ng/ml, 100 ng/ml or
150 ng/ml) for 16 h. Data are represented as mean + SEM of (a) n = 4, (b) = 3 independent experi-
ments. Statistical analyses were performed by (a) ANOVA + Bonferroni correction or (b) a student’s
t-test and significant differences are marked by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).

To analyze which soluble factors are secreted after stimulation with Z, several cyto-
kines and chemokines which play a role in general immune reactions (IFN-y, IL-6, IL-8, IL-
10, IL-1q, IL-1B8, MIP-3a, TNF-a) or are specifically important for NK cell activation (IL-2, IL-
12p70, IL-15, IL-18, IP-10) were analyzed by multiplex immunoassay (Fig. 17a-h). Secre-
tion of IFN-y, IL-2, IL-15, IL-18, and IL-1a was weak or not detectable after stimulation of
moDCs with the different stimuli (data not shown). In contrast, high levels of IL-1B, IL-8,
TNF-a, and MIP-3a were detected after all stimulations (IL-1B: 96.42-232.77 pg/ml; IL-8:
2.95-3.97 ng/ml; TNF-a: 5.5-28.03 ng/ml; MIP-3a: 1.29-4.24 ng/ml, Fig 17a-d). IL-6 and IL-
10 were highly secreted after all stimulations but showed the highest secretion after treat-
ment with Z (Fig. 7e, h). Furthermore, stimulation with Z boosted the secretion of IL-12p70
and Interferon-y-inducible protein (IP)-10 (Fig. 17f, g). These results showed that the stim-

ulating properties of Z are beneficial for cytokine secretion and NK cell activation.
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Figure 17: Cytokines and chemokines in moDC supernatants. MoDCs were stimulated with
the alkali-insoluble cell wall fraction (Al, 5 pg/ml), inactivated A. fumigatus germ tubes (GT, MOI 1),
depleted zymosan (ZD, 100 ug/ml), zymosan (Z, 10 ug/ml), or were left untreated (US) for 9 h. IL-1
(a), IL-8 (b), TNF-a (c), MIP-3a (d), IL-10 (e), IL-12p70 (f), IP-10 (g), and IL-6 (h) cytokine levels were
analyzed by multiplex immunoassay. Data are represented as mean +/- SEM of n = 3 independent
experiments. A student’s t-test was performed to compare treated samples (Al, GT, ZD, Z) with un-

stimulated (US) samples. Significant differences are marked by asterisks (* p <’0 Oé > p <0.01)

To test whether the measured cytokines and chemokines after moDC stimulation are
sufficient to induce CD69 expression by NK cells, we thawed PBMCs, isolated NK cells
and stimulated those with cytokines and chemokines (Fig. 18). We specifically focused on
cytokines and chemokines showing the highest concentrations after stimulation with Z (Fig

17e-h), since Z stimulated moDC supernatants induced the highest NK cell activation (Fig
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14b, 16a) and therefore were the most prominent candidates containing important cytokines
and chemokines in NK-DC cross-talk. Thus, NK cells were stimulated with a lower and a
higher concentration of IL-6, IL-12, IP-10 and IL-10 within the measured range of secreted

cytokines and chemokines after moDC stimulation with Z (Fig. 17e-h).

However, only IL-15 could induce such a high CD69 expression on NK cells measured
with Z stimulated moDC supernatants before (Fig 18). In consequence, the cytokines and

chemokines tested alone or in combination were not responsible for CD69 expression.
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Figure 18: NK cell stimulation with cytokines and chemokines. NK cells were isolated from
thawed PBMCs and were stimulated with IL-6 (10 ng/ml and 50 ng/ml), IL-10 (1 ng/ml and 5 ng/ml),
IP-10 (4 ng/ml and 5 ng/ml), IL-12 (5 ng/ml and 10 ng/ml) or the combination of all cytokines and
chemokines in low or high concentration, respectively. After 16 h, NK cell activation was analyzed
by flow cytometry. Data are represented as mean + SEM of n = 3 independent experiments. A
student’s t-test was performed to compare treated samples with unstimulated (US) samples. Signif-
icant differences are marked by asterisks (*** p < 0.001).
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Discussion

Stimulation with antigen-pulsed donor DCs can enhance the proliferation status of
PBMCs derived from stem cell recipients [258] and induces a protective Th1 response [143].
Also, NK cell counts and reconstitution time inversely correlate with a higher risk of devel-
oping mold infections after stem cell transplantation showing that NK cells might have a
protective effect against A. fumigatus [199]. NK-DC cross-talk may be beneficial against
pathogens in several ways. Firstly, it has been shown that TLR-activated DCs can induce
IFN-y secretion by NK cells [145], which is essential for the stimulation of further cell types
such as alveolar macrophages to phagocytose fungal spores [147, 198]. Secondly, NK cell
killing of pathogens or pathogen-infected cells may be enhanced by DCs. For example,
CXCL10 secretion after infection of DCs with Mycobacterium tuberculosis enhanced NK

cell migration to sites of infection where they killed pathogen-infected cells [259].

To investigate if and how DCs modulate the NK cell immune response against A. fu-
migatus, we investigated the immune cell cross-talk after stimulation with inactivated A.
fumigatus germ tubes and other ligands. The primary focus was put on the fungal receptors
Dectin-1 and TLR-2, which are known to be expressed on moDCs but hardly on NK cells.
We initially analyzed whether NK cells and moDCs can transfer activation signals during
cell-to-cell contact. Indeed, both cell types showed activation or maturation after stimulation
with A. fumigatus lysate and, therefore, can transfer stimulating signals to autologous, rest-
ing, or immature cells, showing that these immune cells can communicate during A. fumiga-
tus infections. Interestingly, moDCs recognized cell wall fractions of A. fumigatus that con-
tain the Dectin-1 specific ligand B-(1,3)-glucan and could activate NK cells even when the
stimulus did not directly activate those. Since NK cells rarely express Dectin-1 or TLR-2 on
their surface [235], these experiments supported our hypothesis that DCs have a substantial
role in NK cell activation, which may also play a role in vivo during infection with A. fumiga-

tus.

TLR-2, TLR-4, Dectin-1 and Dectin-2 are important fungal recognition receptors on
DCs [123, 260, 261]. While A. fumigatus conidia and hyphae modulate TLR-2 and TLR-4
signaling [260], galactomannan is specifically bound by Dectin-2 [262], and -(1,3)-glucans
are recognized by Dectin-1 [109]. To analyze the impact of moDC-mediated Dectin-1 sig-
naling on NK cells, we silenced Dectin-1 and stimulated moDCs with ligands for Dectin-1.
The polysaccharide ($-(1,3)-glucan is a component of the fungal cell wall and therefore rep-
resented in cell wall fractions, inactivated germ tubes, and yeast-derived cell wall prepara-
tions of zymosan. Hot alkali treatment of zymosan results in the removal of TLR-2 stimulat-
ing agents and, therefore, depleted zymosan is exclusively stimulating Dectin-1. However,

Dectin-1 silenced moDCs stimulated with ZD were still able to up-regulate CD69 expression
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on NK cells, assuming that only a few amounts of unsilenced receptors are sufficient for
moDC maturation. We noticed no significant difference in the induction of NK cell activation
between stimulated moDCs treated with Dectin-1 or mock siRNA, concluding that Dectin-1

has no important impact on moDC-mediated NK cell activation.

Next, we analyzed the influence of TLR-2 on moDC-mediated NK cell activation. FSL
was used as a positive control recommended by the manufacturer. FSL is no exclusive
TLR-2 ligand and, additionally, stimulates TLR-6. There was decreased moDC maturation
after FSL stimulation when TLR-2 was blocked; however, other stimulants showed no dif-
ferences in inducing moDC maturation and NK cell activation after TLR-2 blocking. Thus,
we conclude that neither Dectin-1 nor TLR-2 are essential for moDC-mediated NK cell ac-
tivation, or that other functional receptors are able to compensate for the function of these
receptors. Redundancy of fungal receptor function was also hypothesized by Chai et al.
after they observed that Dectin-1 polymorphism resulted in less secretion of TNF-a and IL-
6 from PBMCs but had no influence on cytokine secretion in monocyte-derived macro-
phages. Concludingly, they hypothesized that other receptors could compensate for lost
Dectin-1 signaling [263]. It has been shown that Dectin-1 and TLR-2 can synergize to me-
diate macrophage activation by mycobacteria [264]. Thus, future experiments are required

to analyze the effects of simultaneous blocking of Dectin-1 and TLR-2 on NK cell activation.

DCs secreted intermediate to high amounts of IL-13, TNF-a, and MIP-3a, which are
cytokines secreted after activation of Dectin-1 [261, 265]. High NK cell activation was me-
diated after transferring supernatants of Z-stimulated moDCs. We detected specific Z-in-
duced cytokines that might be responsible for NK cell activation, namely I1L-12p70, IL-6, IL-
10, and IP-10. While IL-6 and IL-10 are general pro- and anti-inflammatory cytokines [266],
IL-12p70 and IP-10 were described to induce NK cell activation and to be partially depend-
ent on TLR-2 signaling [267-269]. Therefore, we tested whether physiological concentra-
tions of IL-6, IL-10, IL-12, or IP-10 can induce CD69 expression, as seen with supernatants
of Z-stimulated moDCs. Even when used in combination, IL-6, IL-12, IL-10, or IP-10 were
not able to induce CD69 expression on NK cells. In conclusion, other soluble factors induce

NK cell activation after moDC stimulation with TLR-2/Dectin-1 ligands.

In summary, this is the first study that gives insight into NK-DC cross-talk during infec-
tion with A. fumigatus in vitro. Future studies are required to deeper characterize NK-DC

cross-talk regarding the importance of cellular and soluble factors.
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Chapter 2:

CD56 is a pathogen recognition receptor on human NK cells

The following work was published in:

Nature Scientific Reports, July 2017
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Introduction

IA is a devastating disease caused by A. fumigatus, which affects immunocompro-
mised patients suffering from hematological malignancies or undergoing alloSCT [270]. The
mortality rate of HSCT patients diagnosed with IA ranges from 60-90 % [271], and the prog-
nosis for long-term survival is extremely poor [272]. Recently, it was shown that alloSCT
patients with probable/proven IA had a delayed reconstitution of natural killer (NK) cells for
more than a year post-alloSCT [199]. Besides, patients with severe IA were found to have
a lower NK cell count compared to patients with well-controlled IA, suggesting that NK cells

play a critical role in immunity to IA.

NK cells comprise 5-15 % of the PBMCs in healthy individuals and belong to the innate
immune system [273]. Upon activation, NK cells release immune-regulatory cytokines to
stimulate other immune cells and display cytotoxicity directed against tumor or virus-in-
fected cells by granule release [273]. NK cells are defined as CD56 positive and CD3 neg-
ative cells and can be distinguished into CD3-CD569™CD16* and CD3-CD56e""CD16- cells.
While CD569™ cells are more cytotoxic, CD569" cells produce high levels of cytokines
such as IFNy and TNFa [176]. The function of NK cells is induced by the interplay of inhib-
itory and activating receptors [274], leading to cytotoxicity directed against tumors and virus-
infected cells. Besides the recognition of these cells, NK cells also recognize other infec-
tious pathogens, become activated, and as a response induce either lysis of these patho-
gens or trigger activation of other immune cells by cytokine release [191, 275, 276]. Con-
sequently, an important function of NK cells in response to several fungal pathogens, in-
cluding A. fumigatus, C. albicans, C. neoformans, and Mucorales spp. has been demon-
strated [191, 249, 250, 253, 277-279].

Previous studies demonstrated that NK cells are activated by direct interaction with
A. fumigatus germ tubes and hyphae [253, 277]. Upon activation, NK cells release cytotoxic
granules containing granzyme and perforin, which damage A. fumigatus hyphae [253]. Di-
rect contact with A. fumigatus germ tubes induces IFNy release of NK cells, which interferes
with fungal metabolic activity and growth [277]. Furthermore, studies in a neutropenic IA
mouse model demonstrated that NK cell recruitment is essential for the clearance of the
fungal infection and that IFNy release by NK cells is critical for the immune defense during
IA [147, 197, 198]. Although NK cells have been shown to play a crucial role in host-patho-
gen interaction during A. fumigatus infection, the underlying mechanism and the NK cell

recognition receptors have not been identified to date.
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To identify possible PRRs on NK cells, the expression of several NK cell activating
receptors and of the A. fumigatus PRRs TLR-2, TLR-4, and Dectin-1 [261, 280, 281] were
analyzed in the presence of A. fumigatus after different incubation times using flow cytom-
etry. Importantly, no difference in the expression of the mentioned receptors was noticed
(Fig. 19). Even so, NKp30 has been described as a PRR for fungal pathogens [191, 192];

no significant changes were detected in the presence of A. fumigatus (Fig. 19).
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Figure 19: Expression of PRRs and NK cell activating receptors is not altered by the
presence of A. fumigatus. Primary NK cells were pre-treated overnight with IL-2 (1000 U/ml). NK
cells were treated with 500 U/ml IL-15 and IL-2 (Pos. ctrl.), with A. fumigatus germ tubes (AF GT) at
MOI 0.5 or left untreated (Ctrl.) for 3 h, 6 h, 9 h, and 12 h. Flow cytometry was performed to analyze
a) TLR-2, b) TLR-4, c) Dectin-1, d) NKp44, e) NKG2D, f) 2B4, g) DNAM-1, h) NTB-A, i) NKp30 and
j) CD16 cell surface expression. NK cells were defined as NKp46*CD3". For TLR-2, TLR-4, Dectin-
1, NKp30, and NKp44 percent positive cells are shown whereas for NKG2D, 2B4, DNAM-1, CD16
and NTB-A the geometric mean fluorescence is visualized. Data are represented as mean + SEM of
a)n=5b)n=6,c)n=4,d)n=4,e)n=4,f)n=3,g)n=3,h)n=3,i)n=5andj)n =5 independent
experiments.

CD56 used in combination with CD3 is a well-known characterization marker to distin-
guish NK cells from other immune cells such as T-cells or monocytes [282, 283]. Surpris-
ingly, we detected a prominent reduction of CD56 fluorescence positivity of NK cells after
co-cultivation with A. fumigatus germ tubes compared to control NK cells (Fig. 20a). Addi-

tionally, NK cells were observed to upregulate the CD69 receptor (Fig. 20b) upon fungal
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contact, indicating NK cell activation [284]. Interestingly, the reduction of CD56 fluorescence
positivity of NK cells started as early as 2 h post-incubation (Fig. 20c). To evaluate whether
this effect was dependent on the fungal MOI, we investigated the decrease of CD56 fluo-
rescence positivity of NK cells at different MOls 6 h after co-cultivation. A significant de-
crease of CD56 fluorescence positivity of NK cells (71.9 %) was observed at an MOI of 0.1
compared to control NK cells (97 %) (Fig. 20d).
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Figure 20: Reduction in CD56 positivity after fungal contact. NK cells were treated with
500 U/ml IL-15 and IL-2 (Pos. Ctrl.), with A. fumigatus germ tubes (AF GT, MOI 0.5) or left untreated
(Ctrl.) for different periods of time. Flow cytometry was performed to analyze (a) CD56 expression
(n=4), (b) CD69 expression (n=5), (c) time-dependent down-regulation of CD56 (n=5) and (d)
CD56 expression after treatment with different MOls of A. fumigatus germ tubes (AF GT, n=3). NK
cells were incubated for 3, 6, 9 and 12 h to determine (a) CD56 and (b) CD69 expression. To deter-
mine the time-dependent down-regulation of CD56 NK cells were incubated for 0.5, 1, 1.5, 2, 2.5 and
3 h (c). To assess the effect of different fungal MOls, NK cells were incubated for 6 h (d). NK cells
were defined as NKp46"CD3". Data are represented as mean + SEM. Significant differences were
are marked by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).

A potential mechanism that could provoke down-regulation of protein expression on
the cell surface is apoptosis. Mycotoxins produced by A. fumigatus are not only able to
inhibit DNA and RNA synthesis in affected cells, but can also induce apoptosis by cell mem-
brane alterations [285]. To investigate whether the reduction of CD56 fluorescence positivity

of NK cells was caused by the induction of apoptosis, NK cells were stained with Annexin V
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to identify apoptotic NK cells. NK cells confronted with A. fumigatus germ tubes for 9 h
showed a reduction of CD56 fluorescence positivity (Fig. 21a), while only a few NK cells
were both, CD56 negative and Annexin V positive. However, the CD56 negative NK cells
were mostly negative for Annexin V (54.6 %), indicating that apoptosis is not induced in

these cells (Fig. 21a).

To better understand the mechanism of CD56 reduction, we determined CD56 gene
expression in NK cells confronted with A. fumigatus germ tubes for different incubation
times. In the control experiments, the expression of CD56 mRNA was time-dependently
increased after treatment with IL-15 and IL-2 (Fig. 21b), whereas the expression of CD56
mRNA in NK cells co-cultivated with A. fumigatus was not altered (Fig. 21b). These results
indicated that gene expression was not differentially regulated by exposure to A. fumigatus
and that a different mechanism is responsible for the reduction of CD56 positive NK cells.
To study potential CD56 shedding upon contact of NK cells with A. fumigatus, cell culture
supernatants were collected from co-cultures after 3, 6, 9, and 12 h and the supernatants
were tested for CD56 by ELISA. The level of CD56 in the supernatant was observed to be
equal or below the smallest standard for all samples and no significant changes in CD56
levels were detected at any of the incubation times of the co-culture experiments (Fig. 21c).
Thus, CD56 shedding from the cell surface during NK cell — A. fumigatus interaction could

be excluded as a possible mechanism.

To investigate whether CD56 was internalized upon contact with A. fumigatus, NK cells
were co-cultured with A. fumigatus germ tubes for 6 h before CD56 was surface- and intra-
cellularly-labeled. CD56 on the cell surface of NK cells cultured with germ tubes was signif-
icantly reduced compared to control NK cells, while the intracellular CD56 signal did not
change (Fig. 21d). Even when only the intracellular signal was measured by former tryp-
sinization of surface receptors, CD56 levels did not change (Fig. 21d). The protein concen-
tration of CD56 was evaluated to investigate whether CD56 protein was degraded or protein
synthesis was inhibited in NK cells exposed to A. fumigatus potentially due to the release
of mycotoxins [285]. Cells were harvested after co-culture with A. fumigatus for 4 h, and
protein lysates were subsequently prepared for western blot analysis. The signal of the
CD56 protein in A. fumigatus treated NK cells was comparable with the ones of control cells
(Fig. 21e). Since we detected a decrease in CD56 fluorescence positivity of NK cells in flow
cytometry but not by western blotting, we concluded that this effect might be the conse-

quence of fewer antigen-antibody interactions due to sterical problems.
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Figure 21: CD56 reduction is not induced by apoptosis, deregulation of protein, and gene
expression. NK cells were either treated with 500 U/ml IL-15 and IL-2 (Pos. ctrl.), with A. fumigatus
germ tubes (AF GT, MOI 0.5) or left untreated (Ctrl.). (a) Induction of apoptosis was determined 9 h
after co-cultivation, and (b) mRNA/transcript expression after different incubation times was quanti-
fied by real-time RT-gPCR. (c) CD56 withdrawal was analyzed by ELISA. (d) Intracellular and mem-
branous CD56 expression was analyzed by flow cytometry 6 h after co-cultivation. To detect only
intracellular CD56 signal, NK cells were treated with trypsin before intracellular staining. (e) Protein
concentrations were visualized by western blot analyses 4 h after co-cultivation. Blots were cropped
and image processing was performed by Adobe Photoshop software. Representative data of five
independent experiments. Data of (a—d) are represented as mean + SEM for n = 3. Significant differ-
ences are marked by asterisks (** p < 0.01).

NK cells were shown to release IFNy and perforin upon direct contact with A. fumigatus
[253, 277]. Thus we investigated the role of direct contact on the reduction of CD56 fluores-
cence positivity of NK cells. Co-cultures were prepared, separating NK cells and A. fumiga-
tus germ tubes with transwell permeable membranes. The membranes were small enough
to prohibit the contact of cells and A. fumigatus but large enough for molecules such as
cytokines or mycotoxins to diffuse into the lower compartment. Expression of CD56 and

CD69 on the surface of NK cells was determined after a 6 h cultivation. As a positive control,
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IL-15 and IL-2 were added to the transmembrane system to activate NK cells (Fig. 22a).
Separation of A. fumigatus germ tubes and NK cells by the transwell membrane did not
induce NK cell activation, nor was CD56 fluorescence positivity of NK cells reduced (Fig.
22a). These results demonstrate that the reduction of CD56 fluorescence positivity of NK
cells was not mediated via a fungal-derived soluble factor but was depended on direct con-

tact with A. fumigatus.

To determine whether the decrease of CD56 fluorescence positivity of NK cells was
regulated by the interaction with live germ tubes, NK cells were co-cultivated with inacti-
vated A. fumigatus germ tubes, inactivated C. albicans, and live A. fumigatus germ tubes.
NK cells exhibit cytotoxicity against tumor cells and become activated upon contact with
these cells [286]; therefore, NK cells cultivated in the presence of the cancer cell line K562
served as a positive control. Cells were incubated for 12 h with different targets. Then, CD56
and CDG69 fluorescence positive cells were determined. K562 cells induced significant acti-
vation of NK cells that was comparable to the activation of NK cells treated with IL-15 and
IL-2 but showed no decrease of CD56 (Fig. 22b). Inactivated C. albicans and A. fumigatus
did not induce the reduction of CD56 fluorescence positivity nor the activation of NK cells
(Fig. 22b). Live A. fumigatus germ tubes activated NK cells and significantly reduced the
number of CD56 fluorescence positive NK cells (Fig. 22b), suggesting that the decrease of

CD56 fluorescence positivity of NK cells was only induced by live A. fumigatus.

From these experiments, we hypothesized that CD56 interacts as a recognition recep-
tor for A. fumigatus. A further potential mechanism hypothesized for the reduction of CD56
fluorescence positivity of NK cells upon contact with A. fumigatus germ tubes is that CD56

acts as an interaction receptor for A. fumigatus.
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Figure 22: Reduction of CD56 is a result of the direct fungal contact. (a) NK cells were
separated from fungal germ tubes (AF GT, MOI 0.5), medium supplemented with 500 U/ml IL-15 and
IL-2 (Pos. ctrl) or medium (Ctrl.) by a transwell membrane (n = 3). (b) NK cells were cultured alone
(Ctrl.), with 500 U/ml IL-15 and IL-2 (Pos. ctrl.), with K562 at an effector to target ratio of 5:1 (K562),
with inactivated C. albicans (inact. CA, MOI 0.5) and with live and inactivated A. fumigatus germ
tubes (AF GT, inact. AF GT, MOI 0.5, n=6). Data are represented as mean + SEM. Significant dif-
ferences are marked by asterisks (** p < 0.01).

SEM, CLSM, and dSTORM microscopy were used to determine whether or not human
NK cells interact directly with A. fumigatus hyphae and if CD56 is re-located during this
interaction. NK cells were cultured alone or in the presence of A. fumigatus germ tubes for
3 h, and SEM pictures were taken from NK cell-A. fumigatus co-cultures. NK cells were
observed interacting directly with A. fumigatus, and the interaction site was mostly at the
hyphal part of the fungus (Fig. 23). We observed a close interaction of NK cells with A. fu-

migatus suggesting that NK cells recognize the fungus via specific receptors.

A o 77 e

Figure 23: Direct contact with A. fumigatus hyphae. NK cells-A. fumigatus 3 h co-culture
specimens were inspected with a field emission SEM using a detector for secondary electrons at
5kV and a magnification of x10,000. Representative result of two independent experiments per-
formed in duplicates. Picture (b) is a zoome-in of (a), illustrating the interaction site of NK cells with A.
fumigatus hyphae. Scale bar for (a—c): 1 um.
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To further confirm this observation and the possibility that CD56 is a recognition recep-
tor we performed CLSM and super-resolution dSTORM microscopy. After the cultivation of
NK cells in the presence of A. fumigatus for different incubation times, CD56 localization
was determined. Indeed, NK cells incubated with A. fumigatus revealed a strong CD56 sig-
nal at the contact site, whereas other parts of the plasma membrane exhibited only a weak
signal (Fig. 24b, d, f). In contrast, the CD56 fluorescence signal in control cells was homog-
enously distributed on the plasma membrane (Fig. 24a, c). 3D-dSTORM analysis revealed
a concentration of CD56 fluorescence at the interaction site and in lanes surrounding the

interaction site (Fig. 24e, f).

cLSM 2D-dSTORM 3D-dSTORM
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Figure 24: CD56 re-organization to the interaction site. NK cells and NK cells-A. fumigatus
co-cultures were visualized with (a,b) CLSM, (c,d) 2D dSTORM, and (e,f) 3D dSTORM after staining
with anti-CD56. NK cells were either left untreated (a,c) or incubated with A. fumigatus germ tubes
(MOI 0.5) for 3 h (b,d—f). (b) Autofluorescence was recorded to visualize NK cell-A. fumigatus inter-
action. Transmitted light pictures (ci, di), (e), widefield fluorescence images (cii, dii), and dSTORM
images (ciii, diii) of the interaction site were compared. In (f) the x-y projection of a reconstructed 3D
dSTORM image is given, which is color-coded in z. (e) The transmitted light picture is a zoom out of
3um (a,e), 4 um (di), and 5 um (b). 3D stack showing interaction site of NK cell and A. fumigatus
(e,f). NK cells were incubated for 3 h with A. fumigatus, after that stained with anti-CD56-Alexa Fluor
647, and visualized in 3D.

We further observed that CD56 relocalization occurs in a time-dependent manner (Fig.
25a). At 3 h and 6 h after initiation of co-culture, CD56 signal is observed at the fungal
interface and still ubiquitously distributed in the remaining NK cell membrane, which is not
interacting with the fungus. At 9 h and 12 h, the CD56 signal is detected at the fungal inter-

face but not in the remaining NK cell membrane anymore (Fig. 25a).
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Figure 25: Time course of the NK cell-A. fumigatus interaction and direct binding of CD56
to the fungus. (a) NK cells were cultured with A. fumigatus germ tubes (MOI 0.5) for 3, 6, 9, and
12 h. CLSM pictures were taken from these co-cultures. (b) A total number of 154 interaction sites
per time point (3, 6, 9, and 12 h) were analyzed from one donor by CLSM. We performed image
analysis using Fiji software with the 3D object counter plugin to evaluate the volume in um?3 of relo-
cated CD56 at the fungal interaction site. Significant differences are indicated by an asterisk
(*p <0.05) and were analyzed by one-way ANOVA. (c) Fungal hyphae were incubated for 6 h with 0,
1, 5, and 10 pg/ml soluble CD56 and afterward stained with anti-CD56 antibody. Alexa 647-labeled
anti-CD56 antibody was used to visualize the distribution of CD56, while germ tubes were detected
by their autofluorescence. Scale bars represent 5 um (a) and 30 um (b).

To proof that the interaction site is increasing time-dependently, we measured the
length and amount of CD56 stained interaction sites after 3, 6, 9, and 12 h of co-culture,

respectively. Indeed, the highest counts and the greatest lengths of interaction sites were
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detectable after 12 h of co-cultivation (Fig. 25b), confirming that CD56 is re-localized to the
fungal interface in a time-dependent manner. To elucidate whether CD56 is directly inter-
acting with the fungus or if CD56 accumulation at the fungal interface is mediated by indirect
mechanisms, we co-cultured live A. fumigatus germ tubes with different concentrations of
soluble CD56 protein for 6 h and afterward stained the samples with a fluorescent anti-
CD56 antibody (Fig. 25c). As a control, A. fumigatus germ tubes were cultured alone and
were stained with fluorescent anti-CD56 antibody to exclude the possibility of unspecific
antibody binding to the fungus (Fig 25c). In contrast to the negative control, incubation of
A. fumigatus with soluble CD56 resulted in the staining of fungal structures after incubation
with an anti-CD56 antibody (Fig. 25c). These experiments showed that CD56 is time-de-

pendently relocalized to the fungal interface and directly binds the fungus.

It is well known that NK cells encounter the cytoskeleton when they recognize and lyse
target cells [287]. While the actin cytoskeleton plays a role in the early recognition of target
cells and enables receptor reorganization [287], cell lysis occurs to later time points and is
mediated by the transport of Iytic granules to the target interface via microtubules [287]. To
investigate whether the actin or the microtubule cytoskeleton plays a role in the re-organi-
zation of CD56, we treated NK cells with either actin or microtubules inhibiting agents and
then co-cultured NK cells with A. fumigatus germ tubes for 0, 3, 6, and 9 h, respectively.
Cytochalasin D is preventing actin polymerization and elongation by binding to existing actin
filaments [288], whereas colchicine binds to soluble tubulin dimers and thereby inhibits mi-
crotubule polymerization [289] and the transport of granules to the membrane [290]. NK
cells treated with cytochalasin D compared to control NK cells did not show any differences
in the CD56 fluorescence positivity of NK cells (Fig. 26a). However, when NK cells were
challenged with the fungus we detected significantly less CD56 reduction of fluorescence
positivity in cytochalasin D treated samples compared to controls, concluding that relocali-
zation of CD56 is inhibited (Fig. 26a). In contrast, treatment with colchicine did not change
the reduction of CD56 positivity in NK — A. fumigatus co-cultures compared to co-cultures
without microtubule inhibition (Fig. 26b). In consequence, inhibition of actin polymerization
but not inhibition of the microtubules impaired CD56 relocalization to the fungal interaction
site concluding that CD56 plays a role in the early fungal recognition. To further functionally
analyze the role of CD56, we blocked CD56 on the NK cell surface using an anti-CD56
blocking antibody before co-cultivation of NK cells with A. fumigatus germ tubes for 9 h (Fig.
26¢). The blocked CD56 receptor was still recognized by the flow cytometric antibody di-
rected against CD56 since NK cells treated with the blocking antibody displayed the same
percentage of CD56 positivity as unblocked NK cells (Fig 26¢). In the presence of the fun-

gus, CD56 blocking restored the number of CD56 fluorescence positive NK cells to 55 %
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after fungal co-culture compared to 20 % when CD56 was not blocked (Fig. 26¢). Interest-
ingly, treatment with CD56 blocking antibody significantly decreased the fungal-induced ac-
tivation of NK cells (13.3 %) compared to NK cells on which CD56 was not blocked (18.5 %)
(Fig. 26c¢).
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Figure 26: CD56 mediated fungal recognition is dependent on actin, and CD56 blocking
inhibits NK cell function. NK cells were incubated with (a) cytochalasin D (Cyt. D, n=4), (b) col-
chicine (Col., n=3), and (c) CD56 blocking antibody (bAb, n = 4) before co-cultivation with the fungus
(AF GT). The percentage of CD56 positive cells was determined after incubation with the fungus for
0, 3, 6, and 9h. A paired student’s t-test was performed to compare NK +ctrl+ AF GT against
NK + CytD + AF GT or NK + Col + AF GT (a,b). Control samples were cultured in the presence of the
corresponding control solution. The percentage of CD56 and CD69 positive cells was assessed after
a co-cultivation time of 9 h. CD56 and CD69 expression were analyzed using flow cytometry. NK
cells were defined as NKp46*CD3". Supernatants derived from CD56 blocking experiments were
analyzed by ProcartaPlex™ multiplex immunoassays (n =4, d—f). The concentration of (d) MIP-1q,
(e) MIP-1B, and (f) RANTES detectable in supernatants is displayed in pg/ml. A paired student’s t-
test was performed to compare (c) NK + AF GT against NK + bAb + AF GT and (d—f) NK against + AF
GT and + AF GT against+ bAb AF GT. Data are represented as mean +/- SEM. Significant differ-
ences are indicated by an asterisk (* p < 0.05).

To further characterize the effects on CD56 blocking in the NK cell response to the
fungus, culture supernatants from CD56 blocked and unblocked NK cells were analyzed by
multiplex immunoassay (Fig. 26d-f). Challenging unblocked NK cells with A. fumigatus pro-
voked a significant induction in the secretion of MIP-1a and RANTES while MIP-13 showed
atendency (p = 0.067) to be higher secreted after fungal stimulation (Fig. 26d-f). This fungal

mediated cytokine secretion was reduced when CD56 was blocked on the NK cell surface
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compared to the unblocked NK cells in the presence of the fungus. We detected no signifi-
cant differences between CD56 blocked NK cells with and without fungal stimulation (Fig.
26d-f). Indeed, we further observed a significant reduction for MIP-1a secretion in CD56
blocked NK cells challenged with the fungus compared to unblocked NK cells in the pres-
ence of the fungus (Fig. 26d). These blocking experiments verified the functional role of
CD56, confirming that CD56 is a recognition receptor for A. fumigatus. To investigate
whether CD56 fluorescence positivity of NK cells was also reduced in the presence of other
Aspergillus species, pre-stimulated NK cells were cultured with A. niger, A. clavatus, A. fla-
vus, and A. fumigatus germ tubes for 6 h. The expression of CD56 and CD69 was then
determined using flow cytometry. All Aspergillus species tested induced a reduction of
CD56 (Fig. 27a). However, NK cells confronted with A. fumigatus germ tubes displayed a
significantly higher decrease of CD56 fluorescence positivity of NK cells compared to A. ni-

ger, A. flavus, and A. clavatus (Fig. 27a).
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Figure 27: The reduction of CD56 is not as stringent for other Aspergillus species as it
is for A. fumigatus. Primary NK cells were pre-treated overnight with IL-2 (1000 U/ml). Pre-treated
NK cells were cultured in the presence of germ tubes of A. fumigatus, A. niger, A. flavus or A. clavatus
at MOI 0.5, or were left untreated (Ctrl.) for 6 h. NK cells treated with 500 U/ml IL-15 and IL-2 served
as the control for NK cell activation (Pos. ctrl.). The expression of (a) CD56 and (b) CD69 was ana-
lyzed using flow cytometry. NK cells were defined as NKp46*CD3". Data are represented as mean
of the geometric mean fluorescence intensity (GeoMFI) + SEM of n =4 independent experiments.
Significant differences between AF GT treated NK cells and NK cells treated with the other Asperqilli
are indicated by asterisks (* p < 0.05; ** p < 0.01).

NK cells co-cultivated with A. fumigatus, A. flavus, and A. clavatus displayed an in-
crease in the CD69 expression indicating NK cell activation, whereas NK cells treated with
A. niger showed a decrease in CD69 expression compared to control NK cells (Fig. 27b).
These results suggest that Aspergillus species express a specific molecule on their surface
recognized by CD56 on NK cells.
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Discussion

This study is the first to visualize the direct interaction of NK cells and A. fumigatus and
to show that CD56 has a functional role during fungal recognition. NK cells can recognize
fungal pathogens and induce their lysis [191, 249, 275, 276]. Besides their antifungal activity
towards C. albicans, C. neoformans, Paracoccidioides brasiliensis [291], and Coccidioides
immitis [292], it was shown that NK cells recognize A. fumigatus and display antifungal ac-
tivity directed against the hyphae [277, 293]. However, the mechanism of this interaction is

still poorly understood.

Previous studies demonstrated that NK cells form direct conjugates with C. neofor-
mans [292, 294] and that NKp30 and NKp46 act as fungal PRRs [191, 192]. These publi-
cations and our previous studies [277] suggested that the interaction of NK cells and A. fu-
migatus is mediated by a PRR. Unexpectedly, neither experimentally tested NK cell activat-
ing receptors nor the known fungal recognizing receptor NKp30 were modulated upon co-
culture with A. fumigatus. Surprisingly, we observed a striking decrease of CD56 fluores-
cence positivity on the NK cell surface upon exposure to the fungus. By quantifying the
NCAM/CD56 protein concentration in the supernatant of NK cell-A. fumigatus co-cultures,
we could exclude that NCAM/CD56 was neither shed from the cell surface nor was the
secreted isoform of NCAM/CD56 expressed. Mycotoxins have an impact on the mRNA and
protein expression of host cells, but our analyses clearly showed that the secreted myco-
toxins have no influence on the expression level of CD56 on transcriptome and protein level
of NK cells.

On neuronal cells, NCAM/CD56 can be endocytosed and is then mostly recycled to
the cell surface, whereas a minority of the endocytosed NCAM/CD56 is degraded [295].
Analyses showed that NCAM/CD56 was not internalized upon contact with A. fumigatus.
Thus, we speculated about a potential binding of CD56 to the fungus that is masking the
molecule as it was seen as well for NKp30 in the studies of Li et al. [191]. Indeed, we were
able to show a direct interaction of NK cells with live A. fumigatus by SEM, CLSM, and
super-resolution dSTORM microscopy, which showed that NCAM/CD56 distribution on the
NK cell surface markedly changed after fungal contact. Besides, NCAM/CD56 re-location
was observed until the complete CD56 signal was detected at the fungal interaction site

and the lengths and amounts of the interaction site increased over time.

Furthermore, we could exclude that CD56 is shed from the NK cell surface and bound
to A. fumigatus by CLSM microscopy. In NK cell-A. fumigatus co-cultures we were not able
to detect any CD56 outside of the interaction site with NK cells. NCAM/CD56 positive NK
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cells were also decreased in the presence of other Aspergillus species but less when com-
pared to A. fumigatus suggesting that A. fumigatus is expressing a CD56 ligand with a

higher abundance.

Two isoforms (140 kD and 180 kD) of NCAM show transmembrane binding and have
intracellular domains while the 120 kD isoform has a glycosyl-phosphatidylinositol mem-
brane anchor but no intracellular domains [296]. While the three isoforms have different C-
termini, the N-terminal extracellular domains are identical in all three isoforms [297]. There-
fore, we used the 120 kD isoform to test whether CD56 is directly interacting with A. fumiga-
tus. By microscopy, we showed that soluble CD56 directly binds in a concentration-depend-
ent manner to growing A. fumigatus structures, confirming our previous observations and

hypothesis.

Blocking of CD56 did not only reduce fungal mediated NK cell activation but further
inhibited the amount of secreted cytokines. Chemokines like MIP-1a, MIP-13, and RANTES
are secreted by human blood NK cells [298, 299]. MIP-1a, MIP-13, and RANTES modulate
the migratory behavior of leukocytes, and their importance in cryptococcal infections was
highlighted by the study from Huffnagle and McNeil [300]. Huffnagle and McNeil showed
that depletion of either MIP-1a or the common MIP-1a, MIP-13, and RANTES receptor
CCRS5 conferred to a higher fungal burden and inhibited leukocyte recruitment in the central
nervous system of knockout mice [300]. The role of the CCRS5 ligands MIP-1a, MIP-13, and
RANTES were also highlighted in another study that reported an abolished NK cell accu-
mulation at sites of infection in CCR5”'mice [301]. A decreased detection of MIP-1a, MIP-
1B, and RANTES in supernatants derived from samples in which NK cells were blocked
with CD56 and challenged with the fungus compared to control co-cultures suggests a cru-

cial role for these chemokines in the immune response directed against the fungus.

Based on these results and the previous publications, we conclude that CD56 is in-
volved in the secretion of MIP-1a, MIP-1B3, and RANTES to recruit further leukocytes such
as NK cells, monocytes, and neutrophils to sites of A. fumigatus infections. Recently, Mace
et al. demonstrated that CD56 is accumulated at the developmental synapse to stromal
cells and that CD56 is co-localized with F-actin [215]. By showing that CD56 re-localization
is dependent on the actin cytoskeleton, we could confirm the findings of Mace et al. [215].
A recent study published by Voigt et al. demonstrated a decrease of NCAM/CD56 expres-
sion in the presence of live C. albicans [279]. In addition, it was shown that the surface
protein gp63 of Leishmania further reduces CD56 fluorescence positivity, indicating that
NCAM/CD56 plays a functional role in the recognition of eukaryotic and prokaryotic patho-
gens expressing a specific molecule on their cell surface. These publications further
strengthen our hypothesis that NCAM/CD56 is a fungal PRR [193].
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The functional role of NCAM/CD56 expressed by NK cells referring to NK cell cytotox-
icity against tumor cells has been controversially discussed. On the one hand, it was ob-
served that NCAM/CD56 had no impact on the lysis of target cells [302, 303], whereas, on
the other hand, other groups demonstrated that the cytotoxicity of NK cells interacting with
NCAM-expressing target cells is enhanced by NCAM/CD56 [304, 305]. These reports sug-
gested a functional role of NCAM/CD56 in the recognition of target cells and the induction
of cytotoxicity. These observations and our findings suggest that NCAM/CD56 is a PRR
and plays a functional role in NK cell cytotoxicity. Our study provides novel insights into the

interaction of NK cells and A. fumigatus as well as in NK cell biology.
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Chapter 3:

Reconstituting NK cells after alloSCT reveal impaired recognition

of A. fumigatus mediated by corticosteroids
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Introduction

Following alloSCT, patients are characterized by a period of profound T and B cell
deficiency until the completion of immune system reconstitution, which can take up to two
years [62]. During this critical period of cell deficiency, in which a patient is more susceptible
to bacterial, viral, and fungal infections, cellular components of innate immunity are of major
importance as they represent the first line of immune defense. Phagocytes, such as mono-
cytes and dendritic cells, communicate with the adaptive immune system, thereby modulat-
ing inflammatory responses. Cytokines, chemokines, and chemokine receptors play essen-
tial roles in immunity against opportunistic pathogens and may determine the type of effec-

tor response.

NK cell development starts in the bone marrow and secondary lymphoid organs until
NK cells reach a defined stage, enter the bloodstream, and seed into peripheral organs
[306]. Interestingly, NK cells are not restricted after migration but can circulate from organ
to blood and vice versa, as shown in the study by Marquardt et al. [307]. NK cells constitute
approximately 10 % of lymphocytes in blood [308] and can be subdivided into CD56%™ and
CD56Prignt cells [161]. While CD5619"t NK cells do not express the Fc receptor CD16 and
are potent cytokine producers, CD16 is highly expressed on CD569™ NK cells, and this
subset can efficiently lyse target cells [161]. There is strong evidence for a gradual differen-
tiation from CD56P19" cells into CD569™ NK cells [164, 165, 309]. Under healthy conditions,
the equilibrium between CD56P"9"tand CD569™ NK cells is on the side of CD569™ NK cells,
which represent ~90 % of blood NK cells [308]. In recipients of an allograft, the percentage
of CD5619"t NK cells in the peripheral blood increases to 40-50 %, while CD569™ NK cells

are underrepresented [166].

NK cells are essential during fungal infections, which has been shown in mouse models
as well as in clinical studies. Morrison et al. showed in a neutropenic mouse model that
CCL2 depletion inhibited pulmonary NK cell migration and favored the development of IA
[197]. In a later study, NK cell-derived IFN-y was shown to be essential to control fungal
infections in neutropenic mice, and depletion of NK cells or IFN-y resulted in a higher fungal
burden [147, 198]. Confirming the importance of NK cells in humans, Stuehler et al. moni-
tored recipients of an allograft over 12 months and found a clear correlation between re-
duced NK cell counts and delayed NK cell reconstitution with a higher risk of developing IA
in patients receiving alloSCT [199]. These studies highlighted the role of NK cells during

fungal infections in immunocompromised hosts and were influential for this study.

83



84

Results

Results

To monitor NK cell counts and subsets in healthy donors and patients after successful
treatment of AML (acute myeloid leukemia), ALL (acute lymphatic leukemia) or multiple
myeloma (MM) by alloSCT, we analyzed blood at 60, 90, and 120 days after alloSCT and
in healthy controls. In line with previous studies [310], total NK cell counts were similar within
60-120 days after transplantation compared to healthy controls (Fig. 28a). Patients after
alloSCT experience a period of immune deficiency in which T cells are underrepresented
[62]; thus, the percentage of other cell types in PBMCs increases. When the percentage of
NK cells (Fig. 28b) measured in PBMCs was plotted against the percentage of T cells after
alloSCT (Fig. 28c), a negative correlation was observed (p <0.0001), confirming that the

higher percentage of NK cells in PBMCs was associated with T cell deficiency (Fig. 28d).
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Figure 28: NK and T cell composition in patients after alloSCT and healthy controls.
(a) Total NK cell counts per ul, (b) NK cell percentages in PBMCs and (c) T cell percentages in
PBMCs were measured in the peripheral blood from healthy individuals (H) or patients 60, 90, or 120
days post-alloSCT (P60, P90, P120). Statistics were analyzed by (a) Kruskal-Wallis test with FDR
correction (Benjamini and Hochberg), (b, ¢) one-way ANOVA with FDR correction (Benjamini and
Hochberg, * q < 0.05, Fs[3, 70] = 2.248, F¢ [3, 70]= 1.964). Data were acquired from (a-c) n = 10 (H),
n=22(P_60),n=23(P_90)and n=19 (P_120) independent experiments. (d) NK/ T cell ratios were
calculated by Pearson correlation. Data were obtained from n = 60 different experiments including
time points ranging from 60-120 days post-alloSCT patients (n = 26).

NK cells obtained from healthy donors or after alloSCT were analyzed for the expres-

sion of specific surface markers (Fig. 29). Therefore, NK cells were stained with anti-CD56
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and anti-CD16 antibodies and gated into CD569"CD16-, CD56%"MCD16*, and
CD569mCD16** subsets (Fig. 29a). NK cells derived after alloSCT significantly displayed
lower amounts of CD569™CD16** cells, whereas the proportion of CD56°""CD16* and
CD56e"'CD16- cells was higher (Fig. 29b). There were no significant differences detectable
when we analyzed the CD56 and CD16 MFI within each subset between healthy donors
and recipients of an allograft, concluding that the phenotypic expression of CD56 and CD16
within subsets remains unchanged after alloSCT (Fig. 29c, d). These experiments showed
that NK cell recovery after alloSCT is a fast process; however, NK cell subset distribution

does not recover by 180 days post-alloSCT.
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Figure 29: NK cell subsets in reconstituting NK cells. NK cells were pre-stimulated with
1000 U/ml IL-2 overnight. (a) Representative gating strategies for healthy individuals (left) and recip-
ients of an allograft (right). (b) NK cell subsets were compared between healthy individuals and re-
cipients of an allograft. Data are displayed as mean + SD. (c) CD56 MFI and (d) CD16 MFI within
NK cell subset were analyzed by flow cytometry. Data were acquired from n = 10 (H); n = 11 (P60);
n =14 (P90); n = 12 (P120); n = 9 (P180) different experiments. Medians are displayed. Statistical
analysis was performed by (b) one-way ANOVA (CD16**CD56™ and CD16*CD56°9", F[14, 156] =
25.87) and Kruskal-Wallis test (CD16"CD56"9"). Corrections for multiple testing were performed by
the FDR method of Benjamini and Hochberg. Statistical significances are marked by asterisks
(* p<0.05 **p<0.01, ** p <0.001).
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CD56 is a PRR on human NK cells, and stimulation with A. fumigatus germ tubes
causes relocalization of the normal homogenously distributed CD56 from the NK cell sur-
face to the fungal interface, resulting in a reduced detection of CD56 by flow cytometry.
Furthermore, CD56 binding to the fungus induces the secretion of the chemokines MIP-1q,
MIP-1B, and RANTES, which initiates the recruitment of further immune cells [235]. Since
we observed an increased expression of CD56 on peripheral blood NK cells obtained after
alloSCT, we next analyzed whether transplantation influences the binding of NK cells to the
fungus. Therefore, we co-cultured NK cells from alloSCT recipients or healthy individuals
with A. fumigatus germ tubes for 6 h before analyzing the cells by flow cytometry. To distin-
guish between CD16- and CD16* NK cells, which show a higher and a lower expression of
CD56, we gated NK cells into CD16*and CD16 cells and analyzed CD56 expression within
each population by flow cytometry. Relative CD56 values were calculated through dividing
CD56 expression after fungal co-culture by CD56 expression before fungal co-culture
(Equation 3 in the chapter 2.2.4.1 Flow Cytometry, Methods). Thus, low relative CD56 val-
ues indicated a strong binding of CD56 (Fig. 30).
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Figure 30: Corticosteroid treatment inhibits CD56 binding to the fungus. NK cells were
pre-stimulated with 1000 U/ml IL-2 overnight before NK cells were co-cultured with A. fumigatus germ
tubes (AF, MOI 0.5) or plain medium at 37 °C for 6 h. NK cells were gated into NKp46+/CD16+ or
NKp46+/CD16- cells. CD56 mean fluorescence intensity (MFI) was evaluated by flow cytometry with
and without fungal co-culture. Relative CD56 expression was calculated for alloSCT NK cells (P) and
healthy controls (H). Values for relative CD56 expression were grouped regarding (a) the time after
alloSCT and (b) corticosteroid treatment. Data were acquired from (a) n =11 (H); n=9 (P60), n =13
(P90); n =12 (P120); n = 9 (P180) and (b) n = 18 experiments. Medians are displayed. Significant
differences were calculated by the Kruskal-Wallis test with correction for multiple testing by the FDR
method of Benjamini and Hochberg and are marked by asterisks (* p < 0.05; *** p < 0.001).

Independent of the total amount of CD56 molecules on the cell surface, healthy CD16-
NK cells displayed lower relative CD56 values compared to healthy CD16* NK cells, indi-
cating better fungal binding by CD16- cells (Fig. 30a). In contrast, there was no detectable
difference between CD16* and CD16- cells in alloSCT patients (Fig. 30a). The binding ca-
pacity of NK cells obtained after alloSCT did not change over time; however, we detected

outliers leading to high standard deviations in each group (Fig. 30a).
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Thus, we next analyzed whether additional factors contributed to the detected outliers
and high standard deviation. Corticosteroids have anti-inflammatory and immunosuppres-
sive effects and are administered to prevent graft rejection after alloSCT [311]. Additionally,
several cell functions, e.g., cytotoxicity, cell metabolism, and cytokine production, are sup-
pressed by glucocorticoid treatment [312-314]. Indeed, corticosteroid treatment during the
blood collection time points negatively affected CD56 binding to the fungus (Fig. 30b, Ta-

ble 12 on page 36), confirming an adverse effect of corticosteroids on NK cell function.

Our previous studies demonstrate that CD56 relocalization to the fungal interface is
dependent on actin [235]. Since NK cells obtained from patients treated with corticosteroids
after alloSCT showed reduced CD56 relocalization (Fig. 30), we hypothesized that this
might be due to cytoskeletal defects. Thus, we first analyzed whether fungal stimulation
induces actin polymerization by co-culturing NK cells obtained from healthy controls or after
alloSCT with A. fumigatus germ tubes for 6 h. Co-cultures were fixed and stained with fluo-
rescently labeled phalloidin. SIM was used to visualize actin dynamics in NK cells with sub-
diffraction spatial resolution [315]. Indeed, the presence of A. fumigatus germ tubes induced
actin polymerization measured by higher fluorescent staining of the F-actin binding probe
phalloidin in NK cells from healthy individuals (Fig. 31a). In particular, the fluorescence of
phalloidin increased at cell surface areas where the NK cell membrane interacted with the
fungal hyphae (marked by arrow), concluding that actin polymerization is induced by fungal
hyphae (Fig. 31a). Indeed, quantitative analysis with Fiji software revealed that the fluores-
cence signal of F-actin increased in all three tested healthy donors after fungal co-culture
(Fig. 31b).
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Figure 31: A. fumigatus stimulates F-Actin in NK cells. NK cells were pre-stimulated with
1000 U/ml IL-2 overnight. NK cells were co-cultured with (AF, MOI 0.5) or without (ctrl) A fumigatus
germ tubes for 6 h. Cultures were fixed, and F-actin was stained with phalloidin staining solution for
24 h. Calcofluor was used to visualize the fungal cell wall. (a) Fluorescence intensities were com-
pared between NK cells treated with A. fumigatus germ tubes (AF, left) or control cells (ctrl, middle).
To better visualize the distribution of F-actin on control cells, we displayed the fluorescence signal of
phalloidin with three times higher contrast (right). Increases in F-actin levels by fungal treatment are
marked by an arrow. Fungal hyphae are displayed in magenta. Representative data from n = 3 dif-
ferent experiments are shown. (b) Quantification of the actin signal per NK cell derived from n = 37
(H1), n =48 (H2), and n = 62 (H3) SIM z-stacks. Data are displayed in medians and arbitrary units.
Statistics were calculated by Wilcoxon test to compare the control samples and the fungal treated
samples within each donor. Significant differences are displayed by asterisks (*** p < 0.001).

Next, we analyzed the actin cytoskeleton with live-cell staining using flow cytometry.
NK cells obtained from healthy individuals or patients 60, 90, 120, or 180 days post alloSCT
were incubated with A. fumigatus germ tubes for 6 h, co-cultures were harvested, and cells
were incubated in 1 yM SiR 647 F-actin binding peptides (Fig. 32). The induction of actin
was calculated by dividing the actin signal after fungal co-culture by the actin signal before
fungal co-culture (Fig. 32). To analyze the dependency of CD56 binding on the actin induc-
tion, we plotted relative CD56 values obtained from NK cells after alloSCT against the indi-
vidual fungal mediated actin induction (Fig. 32a). Relative CD56 values negatively corre-
lated with the induction of actin (p = 0.0054, two-tailed Spearman correlation), indicating

that CD56 relocalization is dependent on fungal mediated actin polymerization (Fig. 32a).
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In contrast to CD56 binding, fungal mediated actin polymerization was dependent on
the time point of blood collection after alloSCT. Interestingly, NK cells collected at early time
points after alloSCT showed a weaker fungal mediated actin polymerization (mean at day
60: 1.69) in comparison to later time points (mean at day 180: 3.69) or healthy controls
(mean: 3.26, Fig. 32b). We hypothesized that these effects might be due to different actin
polymerization within NK cell subsets. Therefore, we analyzed fungal mediated actin
polymerization in CD16* and CD16- NK cells. CD16* and CD16- NK cells showed no differ-
ences in actin polymerization after A. fumigatus co-culture (Fig. 32c), concluding that the
reduced actin polymerization after alloSCT is related to alternative mechanisms, e.g., NK

cell development.
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Figure 32: Actin induction following fungal stimulation recovers within 6 months after
alloSCT. NK cells were isolated from patients 60, 90, 120, and 180 days after alloSCT (P) or healthy
controls (H). For analysis, NK cells were pre-stimulated with 1000 U/ml IL-2 overnight and afterward
co-cultured with A. fumigatus germ tubes (MOI 0.5) or alone for 6 h. NK cells were treated with the
F-Actin binding probe Sir647 for 50 min before cells were analyzed by flow cytometry. Relative actin
induction was calculated by the division of Sir647 MFI after fungal co-culture with Sir647 MFI of
control cells. Data were acquired from (a) n =44, (b) n = 11 (H); n =9 (P60), n = 13 (P90); n = 12
(P120); n = 8 (P180) and (c) n = 4 (H); n = 8 (P60); n = 6 (P90); n = 6 (P120); n = 9 (P180) different
experiments. Data are displayed as (b) means and (c,d) medians.Significant differences were calcu-
lated by (a) two-tailed Spearman correlation, (b) One-way ANOVA with FDR correction (F[4, 48] =
3.112), (c) Kruskal-Wallis test with FDR correction to compare within NK cell subsets, Wilcoxon test
to compare between NK cell subsets, and (d) unpaired t-test with Welch’s correction. Statistical sig-
nificance is marked by an asterisk (* p < 0.05).
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Since CD56 binding to the fungus was dependent on fungal mediated actin polymeri-
zation (Fig. 32a) and CD56 binding was negatively affected by corticosteroid treatment
(Fig. 30b), we next analyzed whether actin polymerization changed during corticosteroid
treatment. Therefore, we grouped patients into corticosteroid receiving and non-corticoster-
oid receiving cohorts and only included samples matching the time after alloSCT and further
drug treatment. However, fungal mediated actin induction was not affected in alloSCT NK
cells during corticosteroid treatment (Fig. 32d), concluding that the actin cytoskeleton is not

the primary target of corticosteroids investigated in this study.

NK cells secrete MIP-1a, MIP-13, and RANTES after direct co-culture with A. fumigatus
germ tubes, and blocking of CD56 inhibits the secretion of those chemokines leading to the
conclusion that CD56 is triggering soluble responses to A. fumigatus hyphae [235]. MIP-1q,
MIP-18, and RANTES are secreted explicitly by CD16*CD569™ NK cells, which are un-
derrepresented early after alloSCT (Fig. 29b) [316]. To analyze CD16*CD569™ NK cells, we
separated CD16* from CD16- cells by CD16 positive magnetic isolation (Figure 33a). CD16*
cells derived 90 days after alloSCT secreted significantly lower amounts of MIP-1a and
showed a reduced secretion of MIP-13 and RANTES after fungal stimulation compared to

healthy controls, indicating functional deficiencies of this subset (Fig. 33b-d).

a subset purity b MIP-1a c MIP-18 d RANTES
— ns - ns 601 - * 400- 30-
[ ]
o 1001 50- s00{ ° .
8 801 40+ 201
o - —_— ° -_ °
£ 60 E 304 E 200; E
H 8] o 2 . S0 - :
: 401 - 1004 =~ -
S d L ]
20 10 . ° L4 ° ° _.‘
o 0 opme  opw® "." 04 ° Swwe  Ggeer owe® 0 ° . ces’  omem
CD16+ Co1s- CDi6+ CD16 CDi6+ CDi6 cDig+ CDi6

@ healthy @ alloSCT

Figure 33: Chemokine secretion is inhibited in CD16+ cells after alloSCT. NK cells were
obtained from healthy individuals or 90 days after alloSCT and were pre-stimulated with 1000 U/ml
IL-2 overnight. (a) NK cell subsets were isolated with CD16 magnetic bead positive isolation, and
subset purity was analyzed by flow cytometry. NK cell subsets were co-cultured with A. fumigatus
germ tubes (AF, MOI 0.5) or plain medium for 6 h at 37 °C. Supernatants were collected, and chem-
okine levels of (b) MIP-1a, (c) MIP-183, and (d) RANTES were analyzed. Data are displayed as (a)
medians + range, (b-d) medians and were acquired from n = 5 different experiments. Significant
differences were calculated by the Kruskal-Wallis test with correction for multiple testing by the FDR
method of Benjamini and Hochberg and marked by an asterisk (* p < 0.05).

To investigate the impact of corticosteroids on cytokine and chemokine secretion, we
analyzed the supernatants of NK cell-A. fumigatus co-cultures from healthy individuals or

alloSCT patients with and without corticosteroid treatment. CXCL8 is an important, pro-
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inflammatory chemokine for PMN recruitment and showed inhibited secretion during corti-
coid therapy. However, measured chemokine levels were below the stimulatory concentra-
tion [317] (Fig. 34a). IL-1a was shown to induce the NF-kB pathway and to be mandatory
for leukocyte recruitment during A. fumigatus infections. Demonstrated by a murine infec-
tion model with A. fumigatus, the concentration of pulmonary IL-1a increased after fungal
challenge and reached 1000 pg/ml after 48 h [318, 319]. After 6 h of NK cell-A. fumigatus
co-culture, the concentration of secreted IL-1a was 24 pg/ml for healthy individuals, while
lower concentrations were observed for patients after alloSCT that additionally were re-

duced after corticosteroid treatment (< 7 pg/ml) (Fig. 34b).
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Figure 34: IL-1a and CXCLS8 secretion after NK cell-A. fumigatus co-cultures. NK cells
were collected (a) 90 or 120 days after alloSCT or (b) 60, 90, 120, and 180 days after alloSCT or
from healthy controls and were incubated with 1000 U/ml IL-2 overnight before the medium was
exchanged and NK cells were cultured alone or with A. fumigatus germ tubes for 6 h. Supernatants
were collected, and (a) CXCL8 and (b) IL-1a were determined by multiplex immunoassay. Data were
acquired from (a) n = 6 (healthy); n = 4 (alloSCT); n = 4 (alloSCT+cort) and (b) n =11 (H),n =6
(alloSCT 60), n = 7 (alloSCT 90), n = 6 (alloSCT 120), n = 3 (alloSCT 180), n =3 (cort 60), n =5
(cort 90), n = 120 (cort 120), n = 5 (cort 180) experiments. Data are displayed as (a) medians and
(b) means. Statistical analysis was performed by (a) one-way ANOVA with FDR correction and
(b) Kruskal-Wallis test with FDR correction. Significant differences are marked by asterisks
(* p<0.05, **p<0.01).

NK cells were shown to damage fungal hyphae by the secretion of perforin [253]. Thus,
we analyzed if the release of those cytotoxic molecules is reduced in reconstituting NK cells
(Figure 35). The fungal-mediated secretion of perforin was comparable between NK cells
derived from healthy individuals or recipients of an allograft with or without corticosteroid
therapy, concluding that corticosteroids had no impact on perforin secretion in NK cells
(Figure 35). To analyze if other soluble factors induce fungal damage, we performed an
XTT assay with supernatants of former NK cell-A.fumigatus co-cultures and NK cell single
cultures. Therefore, A. fumigatus hyphae were grown overnight in RPMI medium before
medium was exchanged with NK cell-A. fumigatus or NK cell supernatants. After 6 h, su-

pernatants were replaced by XTT reagent and the fungal metabolism was measured with
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an absorbance reader after 30 min. The fungal damage was calculated as explained before
(2.2.1.5 Metabolic analysis, Methods) and was comparable to other studies [293]. Similar
to the secretion of perforin, corticosteroids did not influence the NK cell-mediated fungal

damage (Figure 35).
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Figure 35: Perforin and XTT analysis of NK-A. fumigatus supernatants. (a) NK cells were
pre-stimulated with 1000 U/ml IL-2 overnight. NK cells obtained after alloSCT (P), after alloSCT and
corticosteroid treatment (Pcort) or from healthy controls (H) were co-cultured with A. fumigatus germ
tubes (AF, MOI 0.5) or plain medium for 6 h at 37 °C. The concentration of perforin in supernatants
was analyzed by multiplex immunoassay. Data were acquired fromn=11 (H), n =6 (P60), n =3
(P60cort), n = 4 (P90), n = 3 (P90cort), N = 6 (P120), n = 3 (P120cort), n = 3 (P180), n = 5 (P180cort)
experiments. (b) 0.5x10° A. fumigatus conidia/well were plated in 96 well plates and grown for 15 h
at 37°C. Supernatants from NK single cultures or NK-A. fumigatus co-cultures were added onto
grown A. fumigatus biofilms. Plates were incubated for 6 h at 37°C before supernatants were re-
moved, wells were washed with PBS, and XTT reagent was added for 30 min at 37°C. Fungal me-
tabolism was calculated compared to controls. Data were acquired fromn =4 (H),n= 5 (P60), n =
3 (P60cort), n =5 (P90), n = 3 (P90cort), n = 2 (P180), n = 4 (P180c0rt) experiments. Statistical analysis
was performed by Kruskal-Wallis test with FDR correction.

In contrast, the secretion of the CD56 mediated chemokines MIP-1a, MIP-13, and
RANTES was reduced early after alloSCT but normalized to healthy levels on day 180 (Fig.
36). Interestingly, corticosteroid treatment further reduced the secretion of MIP-1a, MIP-1j3,
and RANTES by NK cells. This defect was significant for 120 days post-alloSCT (Fig. 36).
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Figure 36: Chemokine secretion by alloSCT NK cells and healthy controls. NK cells were
pre-stimulated with 1000 U/ml IL-2 overnight. NK cells obtained after alloSCT with and without corti-
costeroid treatment (alloSCT + cort) or from healthy controls (H) were co-cultured with A. fumigatus
germ tubes (AF, MOI 0.5) or plain medium at 37 °C for 6 h. Supernatants were collected, and chem-
okine levels of (a) MIP-1a, (b) MIP-183, and (c) RANTES were analyzed. Data were acquired from n
=11 (H), n =6 (alloSCT 60), n =7 (alloSCT 90), n = 6 (alloSCT 120), n = 3 (alloSCT 180), n = 3 (cort
60), n = 5 (cort 90), n = 120 (cort 120), and n = 5 (cort 180) experiments. Data are displayed as
medians. Significant differences were calculated by Kruskal-Wallis test with correction for multiple
testing by the FDR method of Benjamini and Hochberg. Statistical significances are marked by as-
terisks (* p < 0.05, ** p < 0.01, *** p < 0.001).

Since we observed defects in CD56 binding and chemokine secretion of NK cells ob-
tained from patients after corticosteroid treatment, we next analyzed the effects of cortico-
steroids on healthy NK cells ex vivo. Therefore, we stimulated NK cells for 40 h with physi-

ological levels of prednisolone that are present in patients during an acute phase treatment.
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Corticosteroids were shown to decrease the expression of surface NK cell activation
receptors [320]. Indeed, we observed a down-regulation of NKp46 and CD69 after stimu-
lating healthy NK cells with prednisolone ex vivo (Figure 37a, b). In compliance to the neg-
ligible effects of corticosteroids on fungal-mediated actin polymerization and perforin secre-
tion after alloSCT, prednisolone had no impact on the F-actin content and perforin release
in healthy NK cells (Figure 37c, d).
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Figure 37: Prednisolone treatment of healthy NK cells decreases the expression of the
activation markers NKp46 and CD69 but has no impact on fungal mediated perforin secretion.
NK cells were treated with 25 ug/ml prednisolone in the presence of 1000 U/ml IL-2 for 40 h. The
medium was exchanged, and NK cells were either cultured alone or with A. fumigatus germ tubes
(MOQI 0.5) for 6 h. Cells were analyzed regarding the surface expression of (a) NKp46 and (b) CD69
using flow cytometry. (c) F-actin was stained using Sir647 fluorescent probes. Supernatants were
analyzed with (d) perforin ELISA. Data were acquired from (a-c) n = 8, (d) n = 5 different experiments.
Data are displayed as (a-c) means and (d) medians. Statistical analyses were performed by (a-c)
paired t-test and (d) Friedman test with FDR correction for multiple testing (Benjamini and Hochberg).
Significant differences are marked by asterisks (* p < 0.05, ** p < 0.01).

Prednisolone had no effect on either NK cell viability nor on the cell amount measured
by a cell viability analyzer (Fig. 38a). After treatment, the medium was exchanged, and NK
cells were co-cultured with A. fumigatus germ tubes for 6 h. Prednisolone induced the down-
regulation of CD56 MFI on the NK cell’'s surface, which made relative CD56 binding an

unreliable readout for analyzing prednisolone treatment ex vivo (Fig. 38b).
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Figure 38: Prednisolone treatment of healthy NK cells reduces CD56 mediated chemo-
kine secretion of MIP-1a, MIP-1B, and RANTES. NK cells were cultured with 1000 U/ml IL-2 in the
presence of 25 ug/ml prednisolone for 40 h. (a) NK cell viability and cell counts were monitored by
trypan blue staining using a cell viability analyzer (Beckman Coulter Vicell XR). NK cell-A. fumigatus
(MOI 0.5) co-cultures were set for 6 h. (b) CD56 mean fluorescence intensity (MFI) was analyzed by
flow cytometry. The secretion of (c) MIP-1a and (d) MIP-1B and (¢) RANTES was analyzed by mul-
tiplex immunoassay. Data were acquired from (a) n = 5, (b-e) n = 8 different experiments. Data are
displayed as (a) means + SD, (b,c) means, and (d,e) medians. Statistics were calculated by (a) paired
t-test, (b, ¢) one-way ANOVA with FDR correction (Fg[1.452, 10.16] = 445.2, Fc[1.198, 8.385] =
21.46) and (d, e) Friedman test with FDR correction. Statistical significances are marked by asterisks
(** p<0.01, ** p <0.001).
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Notably, the down-regulation of CD56 MFI was not observed in corticosteroid treated
NK cells obtained after alloSCT (Fig. 39). Since we could not use CD56 binding as a readout
for prednisolone treatment ex vivo, we concentrated on the chemokines MIP-1a, MIP-1(,
and RANTES, which were previously shown to be directly linked to CD56 mediated fungal
binding [235]. Interestingly, prednisolone treatment abrogated the ability to secrete those

chemokines in fungal stimulated NK cells (Fig. 38c-e).

From these experiments, we concluded that corticosteroids have detrimental effects
on the fungal binding and secretion of cytokines and chemokines, while the fungal-mediated

actin polymerization and perforin release were not influenced by corticosteroids.
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Figure 39: CD56 MFI is not altered on NK cells obtained from corticosteroid recipients.
NK cells derived after alloSCT were incubated with 1000 U/ml IL-2 overnight before the medium was
exchanged, and NK cells were cultured for 6 h in RPMI + FCS. The surface expression of CD56 was
determined by flow cytometry. Mean fluorescence intensities (MFI) of CD56 was determined in NK
cells obtained from patients with (cort) or without corticosteroid (no cort) treatment. Samples were
matched regarding time after alloSCT and further drug treatment. Data were acquired from n = 14
experiments. Data are displayed as medians. Statistical analysis was performed by unpaired t-test
with Welch’s correction.
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Discussion

Patients after alloSCT are at an increased risk of IA due to a long-term state of T/B cell
deficiency [62]. Besides, a lack of innate immune cells such as neutrophils further negatively
impacts on the outcome of |A [321]. Stuehler et al. correlated NK cell counts and NK cell
reconstitution with a higher risk of developing IA, which underlined the role of NK cells in
the defense against A. fumigatus [199]. NK cells are not activated by the exposure to A. fu-
migatus conidia, nor do they phagocytose other A. fumigatus morphologies [253]. Following
contact with A. fumigatus, NK cells release perforin, which was shown to directly inhibit
fungal metabolism [253]. To analyze the antifungal activity of NK cells, we co-cultured NK
cells with A. fumigatus germ tubes, transferred the supernatants of co-cultures to A. fumiga-
tus hyphae and measured the fungal metabolism after 6 h. Indeed, supernatants of former
co-cultures contained elevated levels of perforin and inhibited the fungal metabolism, which

was comparable in supernatants derived from NK cells after alloSCT and healthy controls.

By comparing CD56 and CD16 expression levels on NK cells obtained after alloSCT
and healthy controls, we confirmed the presence of more immature CD16-CD56Pr9"t NK
cells in the peripheral blood of allograft recipients which persisted in most of the patients
until 180 days post-transplant. The interaction of NK cells with A. fumigatus is mediated by
the neuronal cell adhesion molecule (NCAM-1, CD56), which binds to interacting hyphae in
an actin and time-dependent manner. Blocking of CD56 reduced the secretion of MIP-1q,
MIP-13, and RANTES after fungal stimulation [235]. CD56 relocalization is accompanied
by decreased detection of CD56 on NK cells, which could be explained either by fungal
shielding of CD56 molecules and therefore reduced flow cytometric antibody binding and/
or transfer of CD56 molecules from the NK cell to the surface of A. fumigatus germ tubes.
Therefore, strong binding to the fungus results in lower CD56 percent positivity on NK cells
[235].

CD56 binding was enhanced on the CD56%" compared to the CD569™ subset in
healthy individuals, which might be because CD56"9"t cells also display a slightly higher
fungal mediated actin polymerization. We detected no significant differences in fungal bind-
ing between NK cells derived from healthy individuals or alloSCT patients independent from
the time point of blood draw; however, CD56 binding after alloSCT was distributed inhomo-
geneously and showed outliers. We further considered the possibility that different drug
treatments might influence NK cell binding to fungal pathogens. Indeed, CD56 binding was
inhibited when blood samples were collected from patients during corticosteroid therapy
that is mainly applied to treat acute or chronic-graft-versus-host disease (GvHD). Interest-

ingly, patients developing acute or chronic GvHD after alloSCT have also an increased risk

97



98

Results

for IA, especially when receiving corticosteroids [322]. Therefore, we next focused on the

impact of corticosteroid treatment on NK cell function.

Former studies report that CD56 relocalization to the fungal interface is abolished after
disruption of actin dynamics by cytochalasin D, concluding actin-dependent CD56 relocali-
zation [235]. We supported these findings by showing that a higher fungal mediated actin
induction correlated with higher CD56 relocalization. We further demonstrated that the over-
all potential for fungal mediated actin polymerization was reduced in NK cells obtained after
alloSCT. Interestingly, this was a time-dependent effect and actin defects recovered within

180 days post-alloSCT at which time actin induction was similar to healthy controls.

Until now, it has not been clear why NK cells obtained early after alloSCT show a lower
potential for actin polymerization. Actin polymerization is crucial for NK cell differentiation,
activation, and cytotoxicity [158, 323, 324]. Interestingly, the recent work from Lee and Mace
has revealed that NK cell motility increases with cell maturation, concluding that the actin
cytoskeleton may fully develop over time [158]. Since actin dynamics are crucial for several
cellular processes, this may impact further functions in NK cells and other cell types post-
alloSCT that have to be investigated in future studies. However, corticosteroids had no im-
pact on fungal mediated actin polymerization in alloSCT patients or NK cells from healthy
donors treated ex vivo with prednisolone, concluding that corticosteroids may specifically

inhibit the CD56 signaling pathway downstream of actin rearrangements.

We analyzed CD56 downstream signaling and, interestingly, corticosteroid treatment
inhibited the secretion of MIP-1a, MIP-13, and RANTES in NK cells obtained at day 60-120
post-alloSCT. After 180 days, chemokine levels from corticosteroid treated NK cells nor-
malized to that of healthy control levels which may be due to tapering of corticosteroid treat-
ment over time, as corticosteroids are primarily used to treat GvHD after alloSCT [311, 325].
Therefore, low-level doses of corticosteroids to later time points may only marginally impact
chemokine secretion. Corticosteroid treatment ex vivo inhibits NK cell-mediated tumor cell
lysis, IFN-y secretion, and the downregulation of NK cell activation receptors [320]. The
primary corticosteroid agent for treatment of a GvHD is prednisolone, thus we tested the
effect of prednisolone on NK cells from healthy individuals ex vivo. We observed a down-
regulation of NK cell surface markers; however, fungal mediated perforin secretion was not
affected. Until now, the mechanisms of NK cell-mediated cytotoxicity towards fungal path-
ogens are not evident and might include mechanisms different from the ones relevant for
tumor cell lysis. This would explain the persistence of fungal mediated perforin secretion
when compared to reduced cytotoxicity towards tumor cells after corticosteroid treatment
[320]. Furthermore, NK cells derived from patients after alloSCT receiving corticosteroid

therapy showed no differences in the fungal mediated perforin secretion.
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Glucocorticoids intracellularly bind to glucocorticoid receptors which are then trans-
ported into the nucleus. GR can either bind to glucocorticoid response elements (GREs),
and function as transcriptional inducers or repressors, or interact with other transcription
factors, thereby influencing their target gene expression [73-76]. In particular, glucocorti-
coids can inhibit NF-kB target gene expression by increasing the export rate of the activated
p65 (RelA) NF-kB subunit from the nucleus to the cytoplasm [76]. MIP-1a, MIP-18, and
RANTES are NF-kB target genes, and their biological function is to recruit leukocytes to

sites of inflammation and the initiation of a protective Th1 response [326-330].

IL-1a is essential for the recruitment of neutrophils to sites of A. fumigatus infections
[331]. In particular, IL-1a signaling was shown to induce the secretion of several other chem-
okines, including MIP-1a, and MIP-13 [319]. We could show that IL-1a secretion was inhib-
ited during corticosteroid therapy. This and the fact that NK cells during corticosteroid ther-
apy also secreted lower amounts of the chemokines MIP-1a, MIP-183, and RANTES indi-
cates that NK cells from patients receiving corticosteroid therapy might have functional de-
fects in their capacity to recruit further immune cells, e.g., neutrophils, to sites of inflamma-

tion.

We demonstrated that CD56 binding and secretion of chemokines involved in the CD56
signaling pathway is impaired after corticosteroid treatment, suggesting that CD56 may ac-
tivate NF-kB signaling after fungal binding. Since it was previously shown that NK cells have
a protective effect on the outcome of IA [199], our data demonstrated that corticosteroid
treatment might favor the development of IA also by suppressing NK cell function in addition

to effects on other immune cells.
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4 Discussion

4.1 Classical PRRs on NK cells and moDCs

Anti-fungal immune cell functions are initiated by the recognition of PAMPs on the path-
ogen’s surface. Depending on the receptor repertoire on the immune cell, PAMPs may ac-
tivate different cell signaling pathways. DCs express a wide range of fungal specific PRRs,
e.g., TLR-2, Dectin-1, MR, and DC-SIGN (see 1.2.2 Dendritic cells, Introduction), and, con-
sequently, recognize and interact with all kinds of A. fumigatus morphologies. In contrast,
A. fumigatus conidia, which are surrounded by an immunological inert rodlet layer, are not
recognized by NK cells [253, 332]. Instead, NK cells are activated by A. fumigatus germ
tubes and hyphae, to which they form tight contacts to the extracellular parts. Since NK
cells do not phagocytose fungal morphologies, only extracellular PRRs are able to mediate

fungal stimulated NK cell activation and were investigated in this study.

Therefore, it was analyzed to which extent NK cells express known fungal PRRs on
their surface. The surface expression of the chitin receptor TLR-2 ranged on NK cells from
1-27 %. Chitin is a cell wall component of fungal conidia and germ tubes, and previous
studies reported the internalization of TLR-2 from the cell surface after phagocytosis of
A. fumigatus conidia [255]. However, NK cells did not interact with A. fumigatus conidia
[253] and showed no changes in the TLR-2 protein expression on their surface when co-
cultured with A. fumigatus germ tubes. Furthermore, stimulation of NK cells with the TLR-
2/Dectin-1 ligand zymosan did not induce NK cell activation, leading to the conclusion that

TLR-2 is not responsible for fungal mediated NK cell activation.

Similar to TLR-2, TLR-4 expression did not change on the NK cell’s surface after stim-
ulation with live A. fumigatus germ tubes and remained below 15 %. Former studies showed
that the polysaccharide galactomannan suppresses TLR-4 signaling and thereby favors the
evasion of host immune responses [37]. Therefore, a possible role for TLR-4 in inducing

NK cell activation and fungal recognition was excluded.

Several C-type lectin receptors, e.g., Dectin-1, NKp30, or MelLec, were described to
be important fungal PRRs [23, 109, 191]; thus, their expression was analyzed in more detail.
NK cells rarely expressed Dectin-1 on their surface (<2 %). In contrast, NKp30, which is
also recognizing 3-(1,3)-glucan [196], was highly expressed on NK cells (83-88 %). How-
ever, NKp30 expression did not change after challenging NK cells with A. fumigatus germ
tubes. Also, NK cells were neither stimulated by the Dectin-1 ligand ‘zymosan depleted’,

which is produced by hot-alkali treatment of zymosan, nor by 3-(1,3)-glucan- containing cell
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wall fractions of A. fumigatus hyphae, concluding that Dectin-1 and NKp30 are not involved

in fungal recognition.

The activating receptor NKp46 recognizes protein structures on C. glabrata [192]. One
recent study showed that NKp46 is down-regulated on NK cells after co-culture with A. fu-
migatus, the authors concluded that NKp46 is binding to a fungal ligand [333]. The Epa
proteins bound by NKp46 are Candida specific. Hence, they can not be responsible for
NKp46 down-regulation on NK cells interacting with A. fumigatus [333-335]. Besides fungal
binding, down-regulation of surface receptors might be induced by fungal mediated apop-
tosis [336]. Indeed, our study showed that the down-regulation of NKp46 after fungal co-
culture was directly associated with the emergence of apoptotic cells, as indicated by An-
nexin V/NKp46+ co-staining (data not shown). Thus, NKp46 was used as a marker for NK

cell vitality and was not further considered as a fungal recognition receptor.

Besides NKp46, NKG2D was also down-regulated in the same study by Santiago et al.
after co-culture with A. fumigatus germ tubes [333]. Similar to NKp46, the authors hypoth-
esized that the down-regulation of NKG2D might be induced by binding to a fungal ligand
[333]. In contrast, we did not observe any down-regulation of NKG2D following fungal co-
culture in our study. Varying results between the study by Santiago et al. and ours (see
Chapter 3) might occur from different incubation times and NK cell gating strategies in flow
cytometry. Santiago et al. used overnight incubations for NK cell-A. fumigatus co-cultures,

whereas we used a maximal co-incubation time of 12 hours.

After 12 hours, the number of viable NK cells that could be used for flow cytometry
dramatically decreased. It has been shown that NK cell exhaustion leads to the down-reg-
ulation of activating surface receptors [337]. In particular, NKG2D was shown to be down-
regulated on NK cells during chronic viral infections [338]. Thus, the differences in NKG2D
surface detection in the study from Santiago et al. and ours might be explained by NK cell
exhaustion due to the longer co-incubation times with A. fumigatus germ tubes in their study
[333].

The other NK cell receptors (NTB-A, NKp44, 2B4, and DNAM-1) that we tested showed
no differential protein expression upon fungal co-culture and were therefore not considered
as fungal interaction partners. The incubation with cell wall fractions, depleted zymosan,
inactivated germ tubes, or zymosan did not activate NK cells. One possible explanation is
the low expression of classical surface receptors for A. fumigatus on NK cells, which does

not allow them to recognize major polysaccharides on the fungal cell wall.

In contrast, moDCs express a wide range of fungal specific PRRs, and, consequently,
are stimulated by inactivated germ tubes, TLR-2 and Dectin-1 ligands, and polysaccharide-

containing cell wall fractions. These ligands induced the up-regulation of the moDC co-
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stimulatory receptors CD80, CD86, CD83, and CD40, which are routinely used for as-
sessing moDC maturation since they bind to naive T cells and can induce T cell differenti-
ation into pro- or anti-inflammatory cells [339-341]. Additionally, up-regulation of the C-C
chemokine receptor type 7 (CCR7) and the MHC class Il receptor, HLA-DR, was observed.
These markers are essential for antigen presentation and homing to secondary lymphoid
tissues [342, 343]. The up-regulation of co-stimulatory molecules, homing receptors, and
molecules for antigen presentation proved the capacity of the used ligands and cell wall

fractions to induce DC maturation.
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4.2 NK-DC cross-talk

4.2.1 Contact-dependent cell activation

NK-DC cross-talk plays an important role in infections with various pathogens, e.g.,
viruses, bacteria, and parasites [344-346]. Thus, the goal was to assess whether moDCs
and NK cells can activate each other in the context of fungal infections. It was important to
use autologous cells since NK cells can recognize and lyse allogeneic cells if HLA-C allo-
types do not match [347]. Furthermore, high NK:DC ratios were shown to induce NK cell-
mediated DC lysis, which is why our study used an NK:DC ration of 1:1 [348].

Due to the broader receptor repertoire, moDCs recognized more stimulants and sub-
sequently induced NK cell activation measured by CD69 expression when those were not
able to recognize the stimulus. NK cells were not activated after stimulation with polysac-
charide- containing stimulants, even when the cell wall fractions were used in fourfold higher
concentrations as used for moDC stimulation, concluding the absence of the respective

receptors on NK cells.

In contrast, the whole-cell lysate from A. fumigatus was able to stimulate NK cells.
According to the manufacturer, this lysate contains not only polysaccharide structures but
also intracellular and extracellular proteins. NK cells were activated by stimulation with the
A. fumigatus lysate and transferred activation signals onto autologous, immature moDCs,

confirming that both cell types can activate the counterpart, immature or resting cell type.

4.2.2 NK cell activation by soluble factors

At sites of inflammation and pathogenic growth, monocytes may acquire an inflamma-
tory phenotype and develop into inflammatory DCs, which can secrete pro-inflammatory
cytokines and chemokines and thereby initiate a protective Th1 response [127]. Those in-
flammatory DCs share a high content of enriched expressed genes with in vitro generated
moDCs [128].

To investigate whether in vitro generated moDCs can induce NK cell activation by se-
creted factors, moDCs were stimulated with A. fumigatus morphologies, cell wall fractions,
or ligands of PRRs recognizing A. fumigatus. Notably, NK cells were not activated by the
ligands used for moDC stimulation. Therefore, the moDC supernatants could only induce

NK cell activation if moDCs secreted soluble factors that activated NK cells.
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TLR-2 activation leads to the recruitment of the myeloid differentiation primary re-
sponse protein 88 (MyD88), the induction of the NF-kB signaling pathway [349], and gene
expression of the pro-inflammatory cytokines and chemokines IL12B, TNF-q, IL-8, IL-6, IL-
1B, and CCL3 [107]. Furthermore, TLR-2 can collaborate with Dectin-1 and thereby poten-
tiate Dectin-1 mediated ROS production and the secretion of IL-12 and TNF-a [350]. Inhibi-
tion of the B-(1,3)-glucan receptor Dectin-1 was shown to reduce lung inflammation while
increasing the fungal burden in A. fumigatus infected mice [261]. Following ligand binding,
Dectin-1 is phosphorylated by Src kinases. Canonical and non-canonical NF-kB signaling,
MAPK signaling, and NFAT activation were shown to be induced by Dectin-1 stimulation
[135-140]. The soluble response includes the secretion of TNF, CXCL2, IL-23, IL-6, IL-10,
and IL-2 [350-353].

The alkali-insoluble cell wall fraction contains B-glucans, chitin, galactomannan, and
galactosaminogalactan [228]. Galactomannan and galactosaminogalactan were shown to
have anti-inflammatory effects on immune cell function [37, 354]. Furthermore, the TLR-2
stimulatory capacity of chitin is abolished through de-acetylation by hot-alkali treatment
[107, 355]. Therefore, it is likely that the moDC-stimulating ligands in the cell wall fraction
are mainly B-glucans, which was confirmed by the similar cytokine profile secreted by de-

pleted zymosan and cell wall fraction- stimulated moDCs.

Inactivation of A. fumigatus germ tubes with ethanol preserves the recognition of poly-
saccharides by immune cells. The main sugars in the cell wall of A. fumigatus are galactos-
aminogalactan (GAG), galactomannan, B-glucans, a-glucans, and chitin [33]. Shielded by
the upper polysaccharide layers, chitin is localized adjacent to the fungal cell membrane.
Thus, the limited accessibility of chitin on inactivated germ tubes may hinder TLR-2 medi-
ated recognition and cytokine secretion compared to the stimulation with the pure ligands
(zymosan). The limited detection of chitin on inactivated germ tubes and in cell wall fractions
would explain the similar cytokine profile when moDCs were stimulated with depleted zy-

mosan, inactivated germ tubes, and cell wall fractions.

In contrast, moDC stimulation with zymosan specifically increased the secretion of IL-
12p70, IL-6, IL-10, and IP-10, which resulted in the highest NK cell activation. While IL-6
and IL-10 are general pro- and anti-inflammatory cytokines [266], IL-12p70 and IP-10 have
been described as inducers of NK cell activation and are at least partially dependent on
TLR2 signaling [267, 269, 356]. However, stimulation with those cytokines, even when used
in combination, could not induce NK cell activation, concluding that additional soluble fac-

tors derived from moDCs are essential for NK cell activation.

It was hypothesized that either Dectin-1 or TLR-2 blocking abrogates zymosan medi-

ated NK cell activation. However, Dectin-1 silencing had no significant impact on mediating
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NK cell activation since CD69 expression on NK cells was up-regulated by Dectin-1 silenced
moDCs stimulated with depleted zymosan. These findings led to the conclusion that only a
few amounts of unsilenced receptors are sufficient for DC maturation and NK cell activation.
The blocking of TLR-2 signaling via antibody treatment inhibited the up-regulation of the co-
stimulatory molecule CD80 when moDCs were stimulated with TLR-2/TLR-6 ligands. Since
there was no pure TLR-2 ligand commercially available, the TLR-2/TLR-6 stimulating ligand
FSL-1 was used as a positive control. Blocking of TLR-2 did not influence NK cell activation,
even when moDCs were stimulated with the Dectin-1/TLR-2 ligand zymosan. Therefore, it
was concluded that similar to Dectin-1, very few receptors of TLR-2 are sufficient to secrete
cytokines that induce NK cell activation, or that other functional receptors can compensate

TLR-2 receptor functions.

Receptor redundancy was discussed before by showing that a polymorphism in Dectin-
1 resulted in less secretion of TNF-a and IL-6 by PBMCs but had no influence on cytokine
secretion in monocyte-derived macrophages, concluding that other receptors can compen-
sate the lost Dectin-1 signaling [263]. Since Dectin-1 can synergize with TLR-2, future stud-
ies may include the simultaneous blocking and silencing of TLR-2 and Dectin-1 to analyze

whether the receptor synergism is important for cytokine secretion that stimulates NK cells.
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4.3 CD56 as a PRR on human NK cells

4.3.1 CD56 binding to the fungus

The C-type lectin receptor CD69 is up-regulated on NK cells shortly after induction of
different NK cell activation pathways [357, 358]. Therefore, we used CD69 expression to
determine the NK cell activation status in our study. The expression of CD69 increased
time-dependently after setting NK cell-A. fumigatus co-cultures and showed the highest in-
duction after 12 hours. Meanwhile, the detection of CD56 decreased when NK cells were
analyzed by flow cytometry. Interestingly, blocking of CD56 before fungal co-culture inhib-
ited NK cell activation, concluding that fungal recognition by CD56 is directly involved in

mediating NK cell activation.

The binding to the fungus was associated with a decreased detection of CD56 surface
molecules. It is known that relocalization of receptors to fungus- containing phagolyso-
somes reduces their surface expression [255], thus, we analyzed whether CD56 was inter-
nalized. We used two different anti-CD56 antibody clones to distinguish extra- and intracel-
lular CD56. We first performed an extracellular protein staining with one antibody clone,
followed by fixation and internal protein staining with another antibody clone. Additionally,
we used trypsin to cut off all extracellular CD56 molecules before NK cells were fixed and
stained intracellularly. All stainings showed no internal fluorescent signal for CD56, con-
cluding that CD56 was not internalized. In contrast, Santiago et al. reported that around
60 % of CD56 is internalized after co-culture with A. fumigatus. In that study, one monoclo-
nal antibody was used to stain extra- and intracellular CD56 molecules. The fixation of cells
after the surface staining might have led to a higher accessibility of extracellular CD56 pro-
teins that were not bound by antibodies during the first staining. Thus, the increased CD56
signal after fixation might have been derived from extracellular origin and not, as concluded,

from the cytoplasm.

A. fumigatus secretes serine proteases that contribute to respiratory tract inflammation
[359]. To analyze whether fungal proteases degraded CD56, the protein content of CD56
was analyzed by western blotting. The total protein amount of CD56 was not reduced after

fungal co-culture, confirming that fungal proteases did not degrade CD56.

The secretion of CD56 into the supernatant was reported before [360]; therefore, we
performed an enzyme-linked immunosorbent assay to check if CD56 was released into the
supernatant. The concentration of secreted CD56 did not change after fungal co-culture,

leading to the conclusion that CD56 remains at the surface after binding. Thus, alternative
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mechanisms besides secretion, internalization, or degradation are responsible for the re-

duced CD56 detection on the cell surface.

The shielding of CD56 by a fungal interaction partner might explain its reduced detec-
tion by flow cytometry. Since this was observed with three different antibody clones that
recognized different antigens on CD56, a large area of the CD56 protein might be shielded
by fungal structures. Similarly, the antibody-mediated detection of concentrated CD56 pro-
tein at the fungal interface could be inhibited compared to homogeneously distributed CD56

on cells cultured alone, resulting in a decreased detection of the fluorescent signal.

Furthermore, a strong interaction with the fungus may lead to remaining CD56 protein
on the fungal surface after harvesting NK cell-A. fumigatus co-cultures. This hypothesis can
be supported by the observations we made during microscopic analysis. Before and after
staining of NK cell-A. fumigatus co-cultures with antibodies directed against CD56, exten-
sive washing steps were performed with up to five washes per well. The applied shear-
forces may lead to the detachment of some NK cells from the fungus, and, indeed, some
CD56-dense patches were observed on A. fumigatus hyphae without the presence of NK
cells. These CD56-dense patches were only observed on fungal hyphae that were co-cul-
tured with NK cells and further had a similar length and structure as NK cell-A. fumigatus
interaction sites. Therefore, it is likely that these patches reflect former interaction sites and
that the respective NK cell interacting with the fungus was washed away in later washing
steps. Similar shear-forces may apply when preparing the co-cultures for flow cytometry,
and, therefore, membranous structures reflecting former interaction sites might stay on the

fungal surface after detaching co-cultures from the well bottom or during washing steps.

In conclusion, it is likely that CD56 is either shielded by the fungus or other CD56 mol-
ecules or remains at the fungal interaction site after harvesting NK cells from former co-

cultures, which leads to a decreased detection of CD56 when analyzed by flow cytometry.

4.3.2 CD56 mediates actin rearrangements

Mace et al. demonstrated in an ex vivo CD34+ cell culture on stromal cells that CD56
has a role in actin rearrangements and NK cell development. Interestingly, migration of
CD34+ cells correlated with the occurrence of CD56 expression at the cell surface, and
CD56 interactions with stromal cells were essential for NK cell maturation since blocking of
CD56 favored the accumulation of immature CD34+ cells. From these experiments, the
authors concluded that CD56-mediated NK cell migration is essential for NK cell maturation
[215].
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It is known that actin plays a role in target cell lysis, as the initiation of cytotoxicity is
mediated by the relocalization of activating receptors to the immunological synapse. While
this process was shown to be actin-dependent, the latter reorganization of cytotoxic gran-

ules to the target cell interface was dependent on microtubules [287].

Thus, CD56-mediated actin polymerization may represent the initial NK cell response
towards the fungus. Pre-treatment of healthy NK cells with the actin polymerization inhibitor
cytochalasin D resulted in inhibited CD56 relocalization to the fungal interface. In contrast,
inhibition of the microtubule cytoskeleton by colchicine did not influence CD56 relocaliza-
tion, concluding that CD56 is reorganized to the interaction site as an early event in target
cell recognition mediated by actin. Indeed, the amount of relocalized CD56 molecules di-
rectly correlated with the induction of actin polymerization in NK cells obtained from recipi-

ents of an allograft after fungal stimulation.

In neuronal cells, the proposed model of CD56 signaling involves a phosphorylation
cascade leading to neurite outgrowth [361]. After CD56 relocalization to lipid rafts, the in-
tracellular p21- activated kinase (Pak1) is dephosphorylated and forms a complex with the
Pak-interacting exchange factor (P1X) and the cell division control protein 42 homolog
(cdc4?2). This complex formation induces the autophosphorylation and activation of Pak1,
which in turn, phosphorylates the LIM kinase (LIMK). LIMK phosphorylates cofilin at Ser3
and thereby reduces its actin-depolymerizing activity. Consequently, actin is polymerized,
which promotes growth cone motility and generation of traction forces required for neurite
outgrowth [361]. Future studies may investigate whether the CD56 downstream kinases in
neurons are also presentin NK cells, and, whether their phosphorylation status is influenced

by stimulation with A. fumigatus.

4.3.3 The fungal interaction partner of CD56

Fungal inactivation by different treatments, e.g., ethanol, formaldehyde, or heat, influ-
ences the stability of proteins. In contrast, those treatments hardly influence the polysac-
charide structure, as Dectin-1 and TLR-2 are still able to recognize their fungal ligands after

pre-treatment of fungi with heat or ethanol [41, 362].

Treatment of proteins with ethanol or heat disrupts the hydrogen bonds and thus leads
to the destruction of the proteins to the primary amino acid sequence, while fixation with
formaldehyde destructs the proteins to the secondary structure [363-365]. Incubation of
A. fumigatus germ tubes in ethanol or at high temperatures abrogated fungal mediated NK
cell activation and CD56 binding when NK cells were analyzed by flow cytometry (data not
shown). Similarly, NK cells did not attach to A. fumigatus hyphae and showed no CD56

relocalization when hyphae were fixed for microscopic analyses before NK cells were
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added. Consequently, NK cell recognition and CD56 binding are either dependent on live

fungus or an intact protein structure at the fungal surface.

While the polysaccharide-containing cell wall fractions did not stimulate NK cell binding
or activation, the whole-cell lysate was able to induce NK cell activation, but not CD56 bind-
ing. In contrast to the cell wall fractions, the whole-cell lysate further contains intracellular
antigens that are not accessible for NK cells when they are incubated with whole fungal
morphologies. Therefore, other receptors besides CD56 might be involved in mediating NK

cell activation when fungal lysates are used.

Additional experiments that were performed in the lab but are not part of this thesis
lead to the hypothesis that the interaction partner of CD56 might have carbohydrate por-
tions. Sodium periodate (NalO,) reacts with vicinal diols in ring structures of polysaccha-
rides, leading to the break of the ring structure [366]. By the oxidation of the carbohydrate
portion of glycoproteins, periodate induces the release of formaldehyde as a byproduct of
this reaction [367]. Mild treatment of A. fumigatus hyphae with the oxidating reagent did not
affect the fungal viability but diminished CD56 binding and secretion of MIP-1a. Since sug-
ars are important PAMPs, the interaction partner of CD56 likely contains protein as well as
carbohydrate structures. Interestingly, there is evidence in the literature showing that re-
duced detection of CD56 in flow cytometry is observed after co-incubation of NK cells with
the glycoprotein gp63 from Leishmania major, leading to the hypothesis that CD56 might
bind to glycoproteins [193].
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4.4 Analysis of NK cell function after alloSCT

4.4.1 NK cell reconstitution and phenotypic analysis

Phagocytotic cells of the innate immune system are mandatory for fungal clearance.
Inhaled A. fumigatus conidia are killed by alveolar macrophages, which are mainly resident
lung cells derived from very early developmental events, or, to a lesser extent, differentiate
from circulating bone-marrow-derived adult monocytes [368, 369]. During the onset of pul-
monary lung infections, PMNs are recruited from the blood within hours and clear fungal
pathogens by ROS production [370, 371]. The process of fungal mediated ROS production
in PMNs is impaired early after alloSCT but recovers 90 days post-alloSCT [199].

Additionally, neutropenic or monocytopenic patients may display reduced or absent
cell counts and therefore are prone to develop IA [321, 372]. In that phase, other immune
cells are necessary for the recruitment of leukocytes and clearance of the fungus. In partic-
ular, NK cells were shown to have a protective effect against Aspergillus infections by se-
creting IFN-y that stimulates macrophages to phagocytose fungal morphologies in neutro-
penic mice [147]. Furthermore, it is known that patients after alloSCT have an increased
risk of developing IA in case of lower NK cell counts or delayed NK cell reconstitution, con-

cluding that NK cells have anti-fungal functions after stem cell transplantation [199].

The individual immune cell reconstitution after alloSCT was shown to range from 14
days to 2 years [59]. PMNs belong to the first cell types that reconstitute after stem cell
transplantation; monocytes and NK cell counts were shown to be fully reconstituted 30 days
post-alloSCT, and T and B cell compartment reconstitution can take up to two years [59,
199, 373]. In this study, we analyzed the NK cell reconstitution and characterized the phe-
notype of reconstituting NK cells by measuring the surface expression of CD56 and CD16.
It is generally accepted that CD569" NK cells represent the more immature subset since
they have longer telomeres and can differentiate into CD569™ NK cells in vitro and in vivo
[164, 165].

While NK cell counts 60 days post-alloSCT were comparable to the counts of healthy
individuals, NK cell phenotypes were shifted towards the immature CD569"CD16"9 and
intermediate CD5619"CD16rP°s subset. This abnormal subset distribution persisted for over
180 days post-alloSCT. To analyze whether there are differences within healthy and recon-
stituting NK cell subsets, surface expression of CD56 and CD16 was analyzed on the three
NK cell subsets. The fluorescence signals derived from CD56 and CD16 stainings did not
differ within CD56PMe"CD16"°9, CD569"MCD16P°, and CD569™CD16P°s NK cells, showing

that the amount of CD56 and CD16 molecules within subsets is comparable. In conclusion,
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NK cell maturation is a long-lasting process, and reconstituting NK cells may reflect func-

tional differences compared to fully matured NK cells in healthy individuals.

4.4.2 The influence of corticosteroids on NK cell function

Corticosteroid therapy is used for the treatment of GvHD [71, 72]. In our study, 59 %
of the patients received either long-term low-dose or short-term high-dose corticosteroid
treatment. The occurrence of GvHD (35 %) was treated with corticosteroids for up to
15 weeks with initial high doses (>1 mg/kg) that rapidly were tapered over time. Corticoster-
oid therapy without the incidence of GvHD (24 %) was applied in cases of adrenal insuffi-
ciency that was treated with Hydrocortison®, a corticosteroid with a lower duration of action
compared to prednisolone. Patients further received low-dose corticosteroids when the
blood concentrations for other immunosuppressive agents (e.g., cyclosporine) were below

the aimed concentration level for a short time.

Fungal binding was analyzed by co-culturing NK cells derived from alloSCT patients or
healthy donors with A. fumigatus germ tubes. The binding of reconstituting NK cells was
very inhomogeneous, characterized by outliers that showed diminished CD56 binding. In-
terestingly, when reconstituting NK cells were grouped regarding corticosteroid administra-
tion, NK cells in groups of corticosteroid-treated patients displayed reduced fungal binding.
Previous CD56 blocking experiments showed that the secretion of MIP-1a, MIP-13, and
RANTES was dependent on CD56-binding to the fungus. Since corticosteroid therapy did
not only reduce CD56 binding but furthermore inhibited the secretion of those chemokines,
we concluded that MIP-1a, MIP-183, and RANTES are regulated downstream of CD56 sig-

naling.

Since CD569™ NK cells are the major subset to secrete chemokines before target cell
lysis [316], we analyzed whether the reduced abundance of CD569™ NK cells after alloSCT
was responsible for the decreased chemokine secretion. Therefore, we performed CD16
positive cell isolation from NK cells to separate CD56°'9"CD16"%9 and CD569™CD16r°s cells
in alloSCT patients and healthy individuals. While CD56"""CD16"9 cells hardly secreted
MIP-1a, MIP-1B, and RANTES, CD569mCD16P°s NK cells showed fungal-induced chemo-
kine secretion. Notably, NK cells derived from recipients of an allograft secreted lower
amounts of chemokines compared to healthy individuals, concluding functional defects in
reconstituting CD569™ NK cells. Thus, the reduced abundance of mature CD569™ NK cells,
functional defects, and corticosteroid therapy negatively influenced the secretion of MIP-1q,
MIP-18, and RANTES during fungal co-culture.
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To verify that the reduced fungal binding and chemokine secretion was caused by cor-
ticosteroid therapy, healthy NK cells were treated ex vivo with corticosteroids. Therefore,
the commonly administered corticosteroid prednisolone was applied comparable to in vivo
concentrations. Notably, the duration of corticosteroid incubation greatly varied between
patients and NK cells from healthy individuals. While patients received corticosteroids over
weeks, healthy NK cells were stimulated for 40 hours only. A longer cultivation of NK cells
was not possible due to the reduced life-span of primary NK cells when cultured ex vivo.
Additionally, we decided not to expand primary NK cells ex vivo since this alters the expres-

sion of surface receptors and modulates cell functions [374].

It was shown in literature that corticosteroids down-regulate NK cell activation recep-
tors by unknown mechanisms [320]. Indeed, the natural killer activating receptor NKp46
and the marker for NK cell activation, CD69, were down-regulated on NK cells after predni-
solone treatment ex vivo. CD56 expression was not affected on NK cells derived from pa-
tients receiving corticosteroids but on healthy NK cells treated with prednisolone ex vivo.
CD56 down-regulation might have occurred due to similar mechanisms that are responsible
for the down-regulation of NKp46 and CD69, and made the measurement of CD56 binding

not feasible for healthy NK cells treated with prednisolone ex vivo.

As mentioned before, CD56 is relocalized to the fungal interaction site by actin-de-
pendent mechanisms. Thus, the impact of corticosteroids on the actin cytoskeleton was
investigated by live NK cell staining with the cell-permeable probe Sir647, which is structur-
ally derived from high affinity F-actin binding toxins [375, 376]. The probe efficiently stained
F-actin without affecting NK cell viability. Actin polymerization was induced in NK cells upon
fungal stimulation, and the increase in F-actin positively correlated with CD56 binding to the
fungus. Fungal-mediated actin polymerization was not affected by corticosteroids that were
administered to alloSCT patients during therapy or healthy NK cells ex vivo. Hence, corti-

costeroids may inhibit the CD56 signaling independent from actin.

Fungal-mediated actin polymerization was time-dependently regulated after alloSCT.
While NK cells obtained early after alloSCT (60 days) showed a decreased fungal-mediated
actin polymerization, NK cells collected after 180 days displayed normal fungal-mediated
F-actin induction. The actin cytoskeleton is crucial for NK cell differentiation, activation, and
cytotoxicity [158, 323, 324]. Lee and Mace extensively studied the role of actin dynamics
during NK cell maturation and demonstrated that cell motility and maturation were tightly
linked to each other, concluding that the actin cytoskeleton is important for NK cell differen-
tiation [158]. This finding might explain why NK cells obtained early after alloSCT display a
reduced fungal-mediated actin induction compared to more matured NK cells collected 180

days post-alloSCT. Since actin dynamics are crucial for several cellular processes in all
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types of cells, it might be interesting to analyze the fungal-mediated actin polymerization in

other cell types after alloSCT.

Infections of NK cells with A. fumigatus trigger the release of perforin in vitro, which is
sufficient to inhibit the fungal metabolism measured by XTT [293]. It was shown that corti-
costeroids inhibit NK cell cytotoxicity towards tumor cells [320, 377]; thus, we analyzed fun-
gal-mediated perforin secretion during corticosteroid therapy. However, corticosteroids had
no influence on the secretion of perforin in NK cells derived from corticosteroid-treated pa-
tients or healthy donors. Additionally, corticosteroid therapy did not alter the ability of NK
cells to inhibit fungal metabolism, indicating that there might be different cytotoxic mecha-

nisms towards tumors and fungi.

In contrast, treatment of healthy NK cells ex vivo with prednisolone abrogated the se-
cretion of MIP-1a, MIP-13, and RANTES following fungal stimulation. These data confirmed
the observations made with NK cells derived from corticosteroid-treated patients that
showed inhibited secretion of those chemokines. Hence, corticosteroids were probably re-

sponsible for the decreased chemokine secretion in recipients of an allograft.

IL-1a is a cytokine that was previously shown to be protective against Aspergillus in-
fections as IL-1a signaling is critical for leukocyte recruitment in pulmonary fungal infections
[319]. Interestingly, IL-1a secretion was reduced after fungal stimulation when i) NK cells
from donors of an allograft received corticosteroid therapy or ii) CD56 was blocked in
healthy NK cells (data not shown). Thus, the secretion of IL-1a, in combination with MIP-
1a, MIP-13, and RANTES, might be induced by CD56 signaling.

The cell-permeable glucocorticoids bind to respective receptors in the cytoplasm. After
ligand binding to the receptor, receptor complexes are translocated into the nucleus where
they bind to glucocorticoid response elements and thereby function as transcriptional induc-
ers or repressors. Additionally, glucocorticoid receptor complexes can further interact with
other transcription factors and influence their target gene expression [73-76]. In particular,
glucocorticoids can inhibit NF-kB target gene expression by increasing the export rate of
the activated p65 (RelA) NF-kB subunit from the nucleus to the cytoplasm [76]. NF-kB sig-
naling induces the transcription of MIP-1a, MIP-1B8, and RANTES, which is important for the
recruitment of leukocytes and initiation of a protective Th1 response [326-330]. Since CD56
binding and specific chemokine secretion was impaired after corticosteroid therapy, CD56
may be involved in NF-kB activation. Hence, the protective effect of NK cells against A. fu-

migatus infections shown in other studies might be due to the activation of NF-kB signaling.
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4.5 Conclusions

In this study, we analyzed the interaction of different immune cells with the pathogenic
fungus A. fumigatus. While DCs express a large panel of PRRs, including the ones known
to bind fungal structures, NK cells are innate immune cells that do not express typical PRRs.
Therefore, we analyzed the ability of fungus-activated moDCs to induce NK cell activation.
MoDCs could induce NK cell activation after stimulation with fungal morphologies or im-
portant PRR ligands when these stimuli did not directly activate NK cells. Thus, DCs exhib-
ited NK cell supporting function, which highlights the importance of immune cell cross-talk

during pathogenic infections (Figure 40).

Moreover, we identified the neuronal cell adhesion molecule (NCAM-1, CD56) as the
PRR for A. fumigatus on NK cells. This non-classical PRR recognized fungal structures
displayed on hyphae but not on conidia. Fungal recognition required live fungus since CD56
did not bind to inactivated A. fumigatus germ tubes. The relocalization of CD56 to the fungal
interaction site was shown to induce the secretion of MIP-1a, MIP-1B, and RANTES. Fur-
thermore, the fungal PAMP recognized by CD56 was not A. fumigatus-specific since the
PRR also bound to other Aspergillus spp. However, the PAMP must have the highest ex-
pression on A. fumigatus, as this species induced the greatest CD56 relocalization on NK

cells (Figure 40).

In this study, we analyzed the functional differences between reconstituting NK cells in
allograft recipients and healthy individuals. Besides the presence of more immature
CD569"'CD16- NK cells in the peripheral blood of alloSCT patients, reconstituting NK cells
showed an inhibited CD56 mediated fungal binding. This binding was significantly reduced
when patients received corticosteroid therapy. Furthermore, NK cells obtained from patients
during corticosteroid treatment showed an inhibited secretion of MIP-1a, MIP-1B, and
RANTES, which were identified to be secreted after CD56 binding. Additionally, ex vivo
treatment of healthy NK cells with corticosteroids revealed inhibited secretion of those
chemokines. Thus, corticosteroids were identified to have detrimental effects on NK cell

function during infection with A. fumigatus (Figure 40).
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Figure 40: Conclusions of the study. MoDCs recognize more fungal ligands and polysaccha-
rides compared to NK cells that do not express high amounts of the respective PRRs, e.g., Dectin-1
and TLR-2. Subsequently, moDCs secrete pro- and anti-inflammatory cytokines and chemokines,
like IL-1B8, IL-6, IL-8, IL-10, IL-12p70, IP-10, MIP-3a, and TNF-a. Soluble factors from moDCs are
able to activate autologous NK cells measured by CD69 expression. Therefore, moDCs display sup-
porting function in NK cell activation. The PRR CD56 recognizes hyphal structures on the surface of
A. fumigatus hyphae. Blocking of CD56 inhibits the secretion of the chemokines MIP-1a, MIP-183,
and RANTES, which are important for leukocyte recruitment in inflamed tissue. After alloSCT, NK
cell subsets are shifted towards the CD56"9" phenotype. Corticosteroid therapy inhibits fungal
recognition and chemokine secretion by CD56. Furthermore, actin polymerization following fungal
stimulation is inhibited early after alloSCT but recovers until day 180 post-alloSCT. Thus, fungal
responses are inhibited after alloSCT.
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4.6 Future perspectives

The interaction of innate and adaptive immunity is essential to control and clear invad-
ing fungal pathogens. Still, little is known about NK-DC interactions during A. fumigatus
pathogenicity. Interestingly, it was demonstrated that DCs could enhance surface expres-
sion of CD56 on NK cells in direct NK-DC co-cultures, resulting in the up-regulation of NK
cell-mediated cytotoxicity [378, 379]. Thus, future studies may investigate whether DCs can

enhance fungal recognition of NK cells by inducing the up-regulation of CD56.

CD56 is used as a characterization marker to discriminate NK cell subsets in the pe-
ripheral blood. Only recently, several studies claim that CD56 might induce NK cell cytotox-
icity [216, 217, 380]. However, the mechanism of CD56 mediated lysis of target cells stays
elusive until now. Thus, the role of CD56 in NK cell-mediated fungal cytotoxicity might be
investigated in future studies. It would be interesting to analyze CD56-knockout NK cells
regarding their ability to secrete perforin after fungal challenge. Furthermore, NK cell cyto-
toxicity was shown to be mediated by polysialic acid (PSA) residues loaded on the 1g5 do-
main of CD56 [219]; therefore, future studies might focus on the influence of PSA on fungal

damage measured with an XTT assay.

Until now, it remains elusive what the fungal interaction partner for CD56 could be.
CD56 is a glycoprotein that can interact with components of the extracellular matrix (EM),
e.g., heparin or collagen [210, 211]. The EM of A. fumigatus contains sugars and proteins
[381, 382]. Additionally, collagen-like genes with a possible extracellular location were iden-
tified in different Aspergillus species, including A. fumigatus, that suggest the presence of
collagen-like proteins on the fungal surface [383]. Therefore, future studies might clarify
whether the EM of A. fumigatus is involved in NK cell recognition. CD56 forms homophilic
interactions by the interaction of the Ig domains in an antiparallel fashion on trans localized
CD56 molecules [209]. Therefore, another possibility to find an interaction partner would be
to search for CD56 similar motifs on the fungal cell surface by bioinformatic tools. Addition-
ally, a possible interaction partner might be identified by protein pull-down. To achieve this,
tagged CD56 protein containing only the extracellular domain might be incubated with A. fu-
migatus whole-cell homogenates, followed by analysis of the protein complex with mass

spectrometry.

These experiments would help to characterize the role of CD56 on NK cells, and, by

doing this, would give new insights into NK cell-fungal interactions and general NK cell bi-

ology.
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