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Summary

The mold Aspergillus fumigatus causes life-threatening infections in
immunocompromised patients. Over the past decade new findings in research have
improved our understanding of A. fumigatus-host interactions. One of them was the
detection of localized areas of tissue hypoxia in the lungs of mice infected with
A. fumigatus. The transcription factor hypoxia-inducible factor 1a (HIF-1a) is known as
the central regulator of cellular responses to hypoxia. Under normoxia, this constitutively
expressed protein is degraded by oxygen-dependent mechanisms in most mammalian cell
types. Interaction with pathogens can induce HIF-1la stabilization under normoxic
conditions in innate immune cells. Bacterial infection models revealed that hypoxic
microenvironments and signaling via HIF-1a modulate functions of host immune cells.
Moreover, it was recently described that in murine phagocytes, HIF-1la expression is
essential to overcome an A. fumigatus infection. However, the influence of hypoxia and
the role of HIF-1a signaling for anti-A. fumigatus immunity is still poorly understood,
especially regarding dendritic cells (DCs), which are important regulators of anti-fungal
immunity. In this study, the functional relevance of hypoxia and HIF-1a signaling in the

response of human DCs against A. fumigatus has been investigated.

Hypoxia attenuated the pro-inflammatory response of DCs against A. fumigatus
during the initial infection as shown by genome-wide microarray expression analyses and
cytokine quantification. The up-regulation of maturation-associated molecules on DCs
stimulated with A. fumigatus under hypoxia was reduced; however, these DCs possessed
an enhanced capacity to stimulate T cells. This study thereby revealed divergent influence
of hypoxia on anti-A. fumigatus DC functions that included both, inhibiting and enhancing

effects.

HIF-la was stabilized in DCs following stimulation with A. fumigatus under
normoxic and hypoxic conditions. This stabilization was partially dependent on Dectin-1,
the major receptor for A. fumigatus on human DCs. Using siRNA-based HIF-1a silencing

combined with gene expression microarrays, a modulatory effect of HIF-1a on the anti-




fungal immune response of human DCs was identified. Specifically, the transcriptomes of
HIF-1a silenced DCs indicated that HIF-1a enhanced DC metabolism and cytokine release
in response to A. fumigatus under normoxic and hypoxic conditions. This was confirmed
by further down-stream analyses that included quantification of glycolytic activity and
cytokine profiling of DCs. By that, this study demonstrated functional relevance of HIF-1a
expression in DCs responding to A. fumigatus. The data give novel insight into the cellular
functions of HIF-1a in human DCs that include regulation of the anti-fungal immune
response under normoxia and hypoxia. The comprehensive transcriptome datasets in
combination with the down-stream protein analyses from this study will promote further
investigations to further characterize the complex interplay between hypoxia, activation

of Dectin-1 and HIF-1a signaling in host responses against A. fumigatus.




Zusammenfassung

Der Schimmelpilz Aspergillus fumigatus verursacht lebensbedrohliche Infektionen in
immunsupprimierten Patienten. Im letzten Jahrzehnt haben neue Forschungsergebnisse
unser Verstandnis der Interaktion von A. fumigatus mit seinem Wirt verbessert. Dazu
zahlt die Beschreibung von lokalisierten Arealen der Hypoxie im Lungengewebe von
Mausen die mit A. fumigatus infiziert wurden. Der Transkriptionsfaktor Hypoxie-
induzierbarer Faktor 1la (HIF-1a) ist schon lange als der zentrale Regulator der zelluldren
Antwort gegeniber Hypoxie bekannt. Unter Normoxie wird dieses konstitutiv exprimierte
Protein in den meisten Korperzellen durch sauerstoffabhdngige Prozesse abgebaut. In
angeborenen Immunzellen kann die Interaktion mit Pathogenen zu einer Stabilisierung
von HIF-1a unter normoxischen Bedingungen fiihren. Bakterielle Infektionsmodelle haben
gezeigt, dass hypoxische Mikromilieus und der HIF-1a Signalweg die Funktion von
Immunzellen des Wirtes beeinflussen kénnen. Zudem konnte kirzlich nachgewiesen
werden, dass die Expression von HIF-1a in murinen Phagozyten wdhrend einer Infektion
mit A. fumigtus essentiell fir eine effektive Bekampfung des Pilzes ist. Der Einfluss der
Hypoxie und die Rolle von HIF-1a flr die gegen A. fumigatus gerichtete Immunantwort
sind jedoch immer noch unzureichend charakterisiert. Das trifft besonders auf die fir die
Regulation der anti-fungalen Immunantwort wichtigen dendritischen Zellen (DCs) zu. In
dieser Studie wurde die funktionale Bedeutung der Hypoxie und des HIF-1a Signalweges

fir die Antwort humaner DCs gegentber A. fumigatus untersucht.

Hypoxie hatte einen abschwachenden Effekt auf die initiale pro-inflammatorische
Antwort von DCs gegen A. fumigatus. Dies konnte durch genomweite Microarray
Expressionsanalysen sowie Zytokinbestimmungen gezeigt werden. Die Hochregulation
von Markern, die mit einer Maturierung von mit A. fumigatus-stimulierten DCs assoziiert
sind, war unter Hypoxie reduziert. Jedoch zeigten diese DCs eine erhohte Fahigkeit zur
Stimulation von T Zellen. Damit wurden in dieser Studie divergente Effekte der Hypoxie
auf die gegen A. fumigatus gerichtete Immunantwort humaner DCs aufgedeckt. Dies
beinhaltete sowohl einen inhibierenden als auch einen verstdrkenden Einfluss in

Abhangigkeit der untersuchten DC Funktion.




HIF-1a wurde in DCs nach Stimulation mit A. fumigatus unter normoxischen als
auch hypoxischen Bedingungen stabilisiert. Diese Stabilisierung war teilweise abhangig
von Dectin-1, dem wichtigsten Rezeptor flir A. fumigatus auf humanen DCs. Durch eine
Kombination aus RNAi-vermittelter Herunterregulation von HIF-1a und Genexpressions-
Microarrays wurde ein modulierender Effekt von HIF-1la auf die anti-fungale
Immunantwort humaner DCs identifiziert. Die Transkriptomanalyse von HIF-1a
herunterregulierten DCs deutete darauf hin, dass HIF-la den Metabolismus und die
Zytokinfreisetzung in DCs wahrend der Antwort auf A. fumigatus unter normoxischen als
auch hypoxischen Bedingungen verstarkt. Dieser Befund wurde durch weiterfiihrende
Analysen bestatigt, die eine Quantifizierung der glykolytischen Aktivitdt sowie die
Erstellung eines Zytokinprofils der DCs beinhalteten. Damit konnte in dieser Studie eine
funktionale Relevanz der Expression von HIF-1la in DCs fur die gegen A. fumigatus
gerichtete Immunantwort aufgedeckt werden. Diese Daten geben einen neuen Einblick in
die zelluldaren Funktionen von HIF-1a in humanen DCs, die eine Regulierung der anti-
fungalen Immunantwort beinhalten. Die umfassenden Transkriptom-Datensdtze dieser
Studie, die durch Proteinanalysen funktional erganzt wurden, bilden die Grundlage fir
weiterfihrende Untersuchungen. Damit wird es moglich sein, das komplexe
Zusammenspiel aus Hypoxie, Aktivierung von Dectin-1 und Signallibertragung iber HIF-1a
in der Immunantwort gegen A. fumigatus Uber die Ergebnisse dieser Studie hinaus noch

besser zu charakterisieren.




1 Introduction

1 Introduction

1.1 Aspergillus fumigatus as a human pathogen

1.1.1 Clinical relevance of A. fumigatus infections

Fungi are the least well studied pathogens of man [1]. This may be due to the fact
that healthy people seldom develop severe fungal infections. However, alterations in the
immune status of the (human) host may cause life-threatening invasive fungal diseases.
Over the past decades, systemic fungal infections have become more common. This is
due to an increase in immunocompromised patients as a consequence of modern
medicine. The risk cohort includes patients receiving chemotherapy, solid organ or
hematopoietic stem cell transplantation (HSCT), but also intensive care unit as well as
surgical or HIV/AIDS patients [1]. Only very few of the known fungal species are truly
pathogenic. The majority of lethal invasive fungal infections in immunocompromised
patients are opportunistic infections caused by normally commensal or saprophytic fungi,

primarily species of Aspergillus, Candida, Cryptococcus and Pneumocystis [1].

Among those fungi, Aspergillus species are responsible for one of the most feared
invasive fungal infections. The disease, known as invasive (pulmonary) aspergillosis (lA), is
rapidly progressive, very difficult to treat and has the highest rate of mortality among
invasive fungal infections [2, 3]. IA is predominantly caused by the species A. fumigatus.
Depending on the patient cohort and the underlying disease, mortality rates of IA range
between 30 to 95 % in infected populations [4]. IA is one leading cause of death in
patients receiving HSCT [5, 6]. Given the threat of A. fumigatus infections especially for
HSCT and other immunocompromised patients, various research projects aimed to shed
light on the host immune response against A. fumigatus and the factors influencing the
progression and outcome of IA. Over the last decades, much progress has been made in
understanding fungal-host interactions. However, the treatment outcome of IA remains

poor and the mortality rate is still high.
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The successful treatment of IA is challenged by emerging drug resistant strains. In
the last years, azole resistant A. fumigatus isolates have been identified. Azoles represent
one major class of anti-fungal agents and resistance may become a critical problem in
handling IA [7]. Therefore, research is aiming at developing new antifungal treatments by
identifying new drug targets. A second research strategy is to unravel the still not fully
understood immune response against A. fumigatus and to develop therapies that
improve the host defense in immunocompromised patients, including cell based
therapies. Therefore, further extensive studies on the critical factors influencing the host
immune response against A. fumigatus may help to identify and improve novel

therapeutic strategies to boost host resistance and to manage the disease.

1.1.2 Biology and life-cycle of A. fumigatus

A. fumigatus is a saprophytic mold and one of several hundred species of the genus
Aspergillus. 1t belongs to the phylum Ascomycota. Most of the Aspergillus species are not
pathogenic and several are utilized in industrial biotechnology, e.g. for the production of
food (A. oryzae) and pharmaceuticals (A. terreus) [8]. Among the species that may cause
diseases in humans, A. fumigatus is the primary causative agent of most of these
infections. As a ubiquitous filamentous saprophyte, A. fumigatus is commonly found in
soil and decaying matter where it grows and recycles carbon and nitrogen [9]. In contact
with air, its mycelium forms conidiophores. These are specialized structures that produce
large numbers of asexual spores, so-called conidia, which are dispersed through the air
[2]. In a suitable environment, these airborne, dormant conidia can swell and germinate,
forming so-called germ tubes, which will then outgrow into branching hyphae and form a
mycelium. Besides this asexual life cycle, in 2008 O’Gorman et al. discovered a sexual
reproduction cycle that leads to the formation of cleistothecia and ascospores. It requires

isolates of complementary mating types and increases genotypic variation [10].

Airborne A. fumigatus conidia are ubiquitous in the environment. It is estimated
that humans inhale several hundred conidia per day. Due to their small diameter of 2 to
3 um, they can reach the lung alveoli [6]. A. fumigatus does not possess true virulence
factors; however, its ability to survive, overcome and grow in hostile microenvironments
encountered in its natural habitat, e.g. a compost heap, as well as in the human lung, the

primary site of infection, distinguishes it from other non-pathogenic saprophytic molds.
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A. fumigatus is very thermotolerant and germinates and grows optimal at temperatures
around 37 °C. Furthermore, it has a high nutritional versatility and utilizes a variety of
nitrogen and carbon sources. Another important virulence attribute includes its ability to
survive and generate energy in low oxygen environments. Thus, the characteristics that
enable A. fumigatus to grow in its natural habitat also enable it to live as an opportunistic

pathogen [8].

1.1.3 A. fumigatus associated diseases

A. fumigatus is not truly pathogenic and an immune competent host is very unlikely
to develop an infection. In individuals with a compromised immune response, however,
A. fumigatus may cause severe invasive infections. As mentioned in the first paragraph, IA
is the most severe fungal infection in immunocompromised patients. There are several
major risk factors for developing IA, including prolonged neutropenia or neutrophil
dysfunction, high-dose corticosteroid therapy, transplantation (especially lung and bone
marrow), hematological malignancy (especially leukemia), cytotoxic therapy and
advanced AIDS (low CD4 count) [11]. IA usually starts in the lung with the germination of
inhaled conidia in the alveoli of the lower respiratory tract. In neutropenic patients, IA is
marked by invasive growth of A. fumigatus hyphae into lung tissue and blood vessels,
followed by bleeding, tissue necrosis, thrombosis and collapse of alveoli. In patients
under corticosteroid-therapy, initiation of the inflammatory response induces tissue
damage and excessive inflammation (Figure 1). If not treated, IA usually results in
pneumonia and the infection disseminates hematogenously, infecting other organs such

as the brain and leading to the death of the patient in the end.

Clinical symptoms of IA are rather unspecific and include fever, chest pain, dyspnoe,
cough and hemoptysis (the coughing up of blood) [12]. Diagnostic methods include the
serologic marker galactomannan (a fungal cell wall component that is also present in non-
Aspergillus species), detection of fungal DNA or RNA in serum or whole blood via PCR,
radiology (CT scans), isolation of the fungus from materials such as bronchoalveolar
lavage fluid (BAL) and histopathological diagnosis from biopsy samples. However,
diagnosis remains difficult due to nonspecific serology and radiologic testing. Several
compound classes are available for anti-fungal therapy, including triazoles, polyenes and

echinocandins. As already mentioned in the first paragraph, emerging resistance to azoles
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poses a problem in antifungal therapy. The earlier the treatment is given, the better is the
chance to survive IA. Furthermore, even though there is no common consensus, many
physicians recommend administering antifungal prophylaxis to high risk patients to

ensure a better control of IA [13].

Corticosteroid-induced immunosuppression:
PMN recruitment and tissue damage

Basement = o \ P ﬁ.
membrane (&
cells ! °

Q ¢

P

Sporulation Inhalation of airborne conidia  Conidial germination in
absence of sufficient

pulmonary defenses

Neutropenia:
excessive hyphal growth and dissemination

Figure 1 | Invasive Aspergillosis following pulmonary infection with A. fumigatus.

A. fumigatus conidia are released into the air via asexual reproduction and are ubiquitous in the
environment. Inhalation by immunocompromised individuals may result in conidial germination in the lung
alveoli, leading to either PMN-mediated fungal control with significant inflammation (in patients under
corticosteroid therapy) or uncontrolled hyphal growth with a lack of PMN infiltrate and, in severe cases,
dissemination (in neutropenic patients). PMN, polymorphonuclear leukocyte (in this case, neutrophils).
Figure modified by [8].

Besides IA, A. fumigatus may cause a range of other diseases in humans, dependent
on the immune status of the host and the presence of underlying diseases (Figure 2).
Chronic necrotizing aspergillosis (CNA, also called semi-invasive or subacute invasive
aspergillosis) is slowly progressive (weeks and months). In contrast to IA, vascular
invasion or dissemination to peripheral organs are uncommon. In general, CNA is a rare

syndrome that might affect patients with other underlying (chronic) lung diseases [11].

An aspergilloma is described as a conglomeration of condensed hyphae, also called
a fungal ball, and is usually located in a preexisting (thoracic) cavity. Therefore, a
predisposing factor is cavitary lung disease. Patients with an aspergilloma are mostly
asymptomatic. Episodes of hemoptysis caused by hyphal invasion of bronchial arteries,

however, are possible life-threatening complications [14].
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A. fumigatus can also be the causative agent for episodes of asthma and allergic
bronchopulmonary aspergillosis (ABPA). Both are hypersensitivity reactions against
A. fumigatus antigens. ABPA is most common in patients already suffering from asthma
or cystic fibrosis. This severe form of allergic disease may lead to irreversible pulmonary
damage. Treatment is aimed at reducing the exaggerated immune response against the

constantly inhaled A. fumigatus antigens by oral corticosteroid therapy [11].

Invasive
infection Colonisation Hypersensitivity

Invasive
aspergillosis

Chronic

Severity of disease

necrotizing ABPA
aspergillosis
Aspergilloma
Asymptomatic
colonization Asthma
Abberant Normal Abberant

Immune response

Figure 2 | Diseases attributable to A. fumigatus, depending on the host immune status.

A. fumigatus may cause a range of diseases in humans. Individuals with a severely compromised immune
system are most likely to develop an invasive aspergillosis. Patients with mild immunosuppression or
chronic lung disease are susceptible to chronic necrotizing aspergillosis, whereas aspergillomas are mostly
found in hosts with cavitary lung disease. Asymptomatic colonization may occur in individuals with a
normal immune response. Constant exposure to A. fumigatus is a risk factor for the development of
asthma. A severe form of hypersensitivity against A. fumigatus allergens is allergic bronchopulmonary
aspergillosis (ABPA), which may develop in patients with atopic asthma or cystic fibrosis as underlying
disease. Figure modified by [5].
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1.2 Host immune responses against A. fumigatus

1.2.1 Components of the anti-fungal immune response

Humans live under constant exposure to inhaled A. fumigatus conidia that contain
antigens and allergens; however, these conidia do not activate the innate immune system
continuously or induce inflammatory responses [15]. That is in part due to defense
mechanisms in the lung that remove inhaled conidia before they get in contact with
immune cells. The mucociliary clearance of the upper respiratory tract removes inhaled
particles. Another important barrier is the mucosal epithelial cell surface of the
respiratory tract. The fluid lining the airway epithelium contains cellular secretions that
contribute to effective mucociliary clearance. Furthermore, the pulmonary fluid contains
opsonic proteins such as collectins (released by type Il lung epithelial cells), pentraxin 3
(PTX3, produced by phagocytes) and complement proteins. All these serum proteins
opsonize inhaled conidia and thereby contribute to host defense [8]. Due to their small
size, conidia may escape clearance by these lung specific defense mechanisms and reach

the lung alveoli, where they encounter cells of the immune system.

Generally, the immune system in higher animals can be divided into innate
immunity, acting as the front-line defense against a broad range of pathogens, and
adaptive immunity, providing pathogen-specific responses and immune memory. Cells of
the innate immune system include macrophages, neutrophils, natural killer (NK) cells and
monocytes. Dendritic cells (DCs) bridge innate and adaptive immunity and have both
innate (antigen uptake, cytokine release) and adaptive (antigen presentation and T cell
activation) characteristics. Lymphocytes (B and T cells) are antigen specific cells and part

of the adaptive immune system.

In the course of an immune response against A. fumigatus, first of all phagocytes,
most importantly alveolar macrophages, promote immune activation and fungal
clearance (Figure 3). They release cytokines and chemokines to recruit other effector
immune cells to the site of the infection. This includes neutrophils, NK-cells and
monocytes. DCs are either recruited via the bloodstream or are already patrolling the

intestine space. Through recognition and uptake of A. fumigatus antigens, DCs release
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pro-inflammatory cytokines at the site of the infection. In addition, they mature and
migrate to the peripheral lymph nodes to promote anti-fungal T cell responses.

Therefore, DCs bridge the innate and adaptive immunity.

Inhalation of Airway

A. fumigatus Nasal turbinates surface

conidia fluid Airway epithelium

i Ve Basement

E—

o & e membrane
Lumen of
trachea

» N/
o Soluble receptors Air space lumen

Cell bound receptors

4 L0 /A/ /
: o / Alveolar
Airway gpithelium \ \> macrophage

*f'\
‘ ™ . . Alveolar eplthellum
e — /- 4 e 8
S e o
itic ’ . . . Dendritic:
Dendritic . Interstitial ‘ c——f-'—'\ ’ el
cell N 3 ce

Lymph node

l
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Figure 3 | Components of the host response to inhaled and germinating A. fumigatus conidia.

The first line of defense against inhaled conidia is the mucociliary clearance and the surface fluid of the
airway epithelium. Soluble and cell bound receptors contribute to phagocytosis of dormant and
germinating conidia by alveolar macrophages. Other immune cells are recruited to the site of the infection
once the conidia start germinating, including monocytes, NK cells, PMNs and dendritic cells (DCs). They all
contribute to innate anti-fungal defense mechanisms. DCs play a central role in the initiation of adaptive
immunity in their function as professional antigen presenting cells. DCs take up A. fumigatus conidia and
germ tubes, they maturate and move to draining lymph nodes to induce Th cell responses against the
fungus. NK, natural killer cell; PMN, polymorphonuclear leukocyte (neutrophil); Th, T helper. Figure
modified by [5]
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Table 1 summarizes selected effector functions of the different immune cell

populations during immune responses against A. fumigatus.

Table 1 | Effector functions of different immune cell populations against A. fumigatus.

Cell type

Selected functions/ characteristics

(Alveolar)
macrophages

Monocytes

Neutrophils

(PMNs)

NK cells

DCs

T cells

- Phagocytosis of inhaled conidia, intracellular killing by acidification
of the phagosome and cathepsin D activation

- Coordination of the early inflammatory response

- Monocyte and neutrophil recruitment

- Phagocytosis of conidia and inhibition of germination
- Progenitors of macrophages and inflammatory DCs
- Production of pro-inflammatory cytokines

- Phagocytosis of conidia and germ tubes, fusion of antimicrobial
granules

- Intracellular and extracellular activity against germ tubes and
hyphae

-  Formation of neutrophil extracellular traps (NETs)

- Direct antifungal response against hyphae (release of antimicrobial
molecules)

- Production of proinflammatory cytokines

- Release of IFN-y (indirect and direct antifungal activity)

- Recognition and uptake of A. fumigatus conidia and germ tubes,
antigen processing

- Production of pro-inflammatory cytokines

- Activation of CD4* T cells through presentation of fungal antigens
on MHC-II

- Diverse subtypes of DCs exist in vivo (details in paragraph 1.2.3,
p. 20ff.)

- Diverse subtypes of A. fumigatus-specific CD4* T cells (Th1, Th2,
Th17, Treg)

- Thland Th17 responses are considered to be protective

- Th2 responses are associated with destructive allergic immunity

- Adoptive T cell therapy is a therapeutic strategy

- Details in paragraph 1.2.3.3, p. 25ff.

The content of this table is summarized in [16].
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1.2.2 Pattern recognition of A. fumigatus

1.2.2.1 The fungal cell wall is the target for immune recognition

Macrophages and DCs encounter A. fumigatus conidia that have reached the
alveoli. Interestingly, these phagocytes bind and ingest dormant as well as germinating
conidia but only the latter ones induce further immune responses including activation of
the central immune-regulating transcription factor NF-kB, secretion of proinflammatory
cytokines and production of reactive oxygen species (ROS) [17]. From the host point of
view, that prevents unnecessary and excessive immune responses since only germination
makes A. fumigatus an invasive pathogen while the dormant conidia are largely
innocuous. Dormant airborne conidia are not recognized by immune cells due to a layer
of surface hydrophobin, the so-called rodlet layer, which contains RodA proteins
(Figure 4). Once the conidia start germinating in a suitable environment, they lose the
masking rodlet cover and expose cell wall components, such as the carbohydrate

B(1,3)-glucan, which are recognized by innate immune cells [15].

Figure 4 | Electron microscopy section of the Cell wall (300 nm)
conidial wall. "

A layer consisting of regularly arranged hydrophobic l
rodlet proteins covers dormant A. fumigatus conidia. ¥
Through this surface hydrophobin layer, conidia avoid
immune recognition. Another component of the outer, -
electron dense membrane is melanin. The translucent

Melanin

Rodlets
(10 nm)

|nner. layer contal'ns structurfal polysa.cchfarldes %m'd . internal cell wall
proteins that are immunogenic. Germinating conidia polysaccharides
lose their rodlet layer and induce immune activation. (o, B 1-3 glucan,

galactomannan, chitin)

Figure modified by [18].

Components of the fungal cell wall comprise ideal targets for recognition of
A. fumigatus by innate immune cells as these structures are fungal specific and not found
in the human host [19]. In general, immune cells have to differentiate between self and
non-self in order to properly defend the host against invading pathogens but not attack
own body cells. Alveolar macrophages and DCs discriminate between self and non-self
(and between innocuous dormant and potentially hazardous germinating conidia) by
expression of cell bound patter recognition receptors (PRRs). Some of these PRRs
specifically bind to components of the fungal cell wall. Therefore, innate and adaptive

immunity to fungal infections is critically dependent on fungal recognition by PRRs [1].
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1.2.2.2 PRRs are crucial for the recognition of A. fumigatus

PRRs are germ line encoded proteins and either secreted or localized on the cell
surface or intracellular. They recognize highly conserved structures on microorganisms
(pathogen associated molecular patterns, PAMPs) and are part of the innate immune
system. Among the four major families of PRRs, namely C-type lectin receptors (CLRs),
Toll-like receptors (TLRs), nucleotide-binding oligomerization domain receptors (NOD-like
receptors, NLRs) and RIG-I-like receptors (RLRs), especially CLRs and TLRs seem to be
important for the recognition of A. fumigatus [20]. They are expressed on macrophages,
PMNs, monocytes and DCs. PRR activation induces various immune effector functions,
including the release of specific chemokines and cytokines, production of ROS in
macrophages and neutrophils and maturation of DCs, enabling them to induce anti-fungal
T cell responses. The central proinflammatory transcription factor NF-kB is the key
transcriptional activator downstream of PRR signaling. Table 2 summarizes PRRs that have

been identified in recognition of A. fumigatus molecules.

Table 2 | PRRs involved in recognition of A. fumigatus.

PRR A. fumigatus ligand * Expressed on (examples)
Dectin-1 (a CLR) B(1,3)-glucans DCs, macrophages, monocytes, B cells
DC-SIGN (a CLR) Galactomannans DCs, macrophages
TLR2 unknown DCs, macrophages, monocytes, PMNs, B and T cells
TLR4 unknown DCs, macrophages, monocytes, PMNs, B and T cells
CD14 (cooperates with TLR2/TLR4) macrophages, monocytes

* Many A. fumigatus ligands/ molecules responsible for PRR activation are still unknown. DC-SIGN,
Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin. Other abbreviations are
described in the text. Table adapted from [21].

Murine knockout models, some of which will be described below, demonstrated an
important role of PRRs in anti-A. fumigatus host response. These models are either
immune competent knockout mice or immunosuppressed mice that are susceptible for
infections with A. fumigatus. Mice immunosuppressed with corticosteroids or
neutropenic mice are commonly used models to study the pathogenesis of IA. In line with
these knockout models, several human genetic variants (single nucleotide
polymorphisms, SNPs) in PRRs have been associated with an increased risk to develop IA,
especially in HSCT recipients (reviewed in [22]). This includes SNPs in Dectin-1 [23], DC-
SIGN [24], TLR4 [25] and PTX3 [26].
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1.2.2.3 Dectin-1 is the major PRR for recognition of A. fumigatus

Dectin-1 is the major CLR involved in the recognition of A. fumigatus and binds to
B(1,3)-glucans on the surface of germ tubes and hyphae [27]. It is a transmembrane
protein with a single C-type lectin domain in the extracellular region and an
immunoreceptor tyrosine-based activation motif (ITAM)-like motif in its intracellular tail
[28]. Several signaling pathways downstream of Dectin-1 have been identified. The two
major downstream signaling pathways are the spleen tyrosine kinase/-caspase
recruitment domain containing protein 9 (SYK/CARD9) and the RAF1 pathway. Both act
synergistically to induce and fine-tune canonical and non-canonical NF-kB activation,

leading to cytokine expression [29]. Details are depicted and described in Figure 5.

Figure 5 | Dectin-1 signaling through
SYK and RAF1 induces NF-kB.
Dectin-1 binds to B-glucans, carbohydrates
in the fungal cell wall, which induces
Cytoplasm . . . .

(Ras phosphorylation of its ITAM-like motif and
_ 1 l receptor dimerization. SYK is recruited,
@'é/R@® leading to the formation of a complex
- (CARDY) (CARD9/ BCL-10/ MALT1) that in turn
BCMALTI (NIK) induces activation of the canonical IKK
l complex. IKKB phosphorylates IkBa,
CK_KD (KK thereby targeting it for proteasomal
(KKa)(KKB) degradation and releasing NF-kB, which
] 1 I consists of either p65-p50 or REL-p50
(ikBa) —, —@RELB dimers which then translocate to the
%@ Pristastome 1 nucleus..SYK also activates no.n—canonlcal
NF-kB via NIK and IKKa, which process
REL. @REFB pl00 to p52, leading to nuclear
e»|le» enle» e» e» e» e»|e» @» e | translocation of p52-RELB dimers. In a SYK
@@@ Nucleus dependent manner, RAF1 is activated by
B Ras proteins, which leads to
_’®Ser27é phosphorylation of p65 at Ser276, thereby
P65 RELB providing a binding site for CBP to
acetylate p65 at different lysine residues
and thus increasing transcriptional activity
of the p65-p50 dimers. Ser276
AC p65 pés (ReLe) phosphorylated p65 dimerizes with RELB
inactive NF-kB to form inactive dimers that cannot bind

DNA, thereby providing a cross-regulatory
mechanism between canonical and non-canonical NF-kB. BCL-10, B cell lymphoma 10; CARD9, caspase
recruitment domain family member 9; CBP, CREB binding protein; IkB, inhibitor of NF-kB; IKK, IkB kinase;
ITAM, immunoreceptor tyrosine-based activation motif, MALT1, mucosa-associated lymphoid tissue
lymphoma translocation 1; NIK, NF-kB inducing kinase; SYK, spleen tyrosine kinase. Figure adapted from
[29].
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In addition to induction of NF-kB through SYK and RAF1, Dectin-1/SYK signaling
couples to NLRP3, a protein belonging to another group of PRRs, the NLRs that are
localized intracellular (not shown in Figure 5). NLRP3 is involved in the activation of the
inflammasome, a multiprotein complex crucial for the induction of IL-1B, a key pro-
inflammatory factor in innate antifungal immunity [30]. Although much progress has been
made in understanding of Dectin-1 signaling, some steps are still unclear and regulatory

mechanisms are poorly understood [28].

The essential relevance of Dectin-1 signaling for a functional immune response
against A. fumigatus was demonstrated in 2009 using a murine Clec7a”’- model [31].
Clec7a is the gene encoding Dectin-1. Non-immunosuppressed Clec7a”’- mice show
increased mortality after intratracheal challenge with A. fumigatus conidia compared to
wild type mice. That is due to an impaired production of several pro-inflammatory
cytokines, resulting in decreased neutrophil recruitment and uncontrolled fungal growth
in the lungs. In Clec7a’" mice, alveolar macrophages produce less pro-inflammatory
mediators and neutrophils show a decreased release of ROS, resulting in impaired killing

of A. fumigatus in response to the administration of conidia.

Furthermore, the authors provide evidence of a Dectin-1 dependent production of
IL-17 in the lung after stimulation with A. fumigatus and evidence that neutralization of
IL-17 impairs the early clearance of the fungus in wild type mice. This is in line with an
earlier study from 2007 demonstrating the induction of Th-17 cells through
Dectin-1/SYK/CARD9 mediated activation of DCs [32].

Besides Dectin-1, other CLRs are involved in the recognition of A. fumigatus.
DC-SIGN (dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin) is
expressed on DCs and macrophages. DC-SIGN recognizes fungal galactomannan and
thereby mediates binding and internalization of A. fumigatus conidia [33]. The mannose
receptor pathway [34] and Dectin-2 [35] seem to recognize A. fumigatus antigens as well.
The specific fungal ligands recognized by these CLRs and their overall importance in anti-

A. fumigatus host defense remain to be fully elucidated.

17



1 Introduction

1.2.2.4 TLRs play a role in the recognition of A. fumigatus

The second class of PRRs important for recognition of A. fumigatus are the TLRs.
The Drosophila protein Toll was originally recognized as a protein essential for
establishing dorsoventral polarity during embryogenesis [36]. Lemaitre et al. discovered
in 1996 that Toll also plays a crucial role in immune responses directed against
A. fumigatus, which is a pathogen for drosophila [37]. One year later, the mammalian

homolog of Toll, the Toll-like receptors, were identified [38].

Human TLR2 and TLR4 are the major surface TLRs involved in the recognition of
A. fumigatus. Nonetheless, it is currently unknown which fungal structures are the ligands
for TLR2 and TLR4, since fungal polysaccharides are structurally distinct from the
prototypical ligands of TLR2 and TLR4 [21, 39]. In a murine model of IA (i.e.,
immunosuppressed mice), mice lacking TLR2, TLR4 or the downstream molecule MyD88
show decreased cytokine release and higher fungal burden compared to
immunosuppressed wild-type (WT) mice [40, 41]. However, following pulmonary
A. fumigatus challenge, immunocompetent TIr27-, Tir4’ or Myd88’- knockout mice
showed the same viability compared to WT mice, suggesting that these molecules are
dispensable for the clearance of A. fumigatus under immunocompetent conditions [42]. It

is important to note that this is in contrast to the reduced viability of Clec7a”- mice [31].

Both TLR1 and TLR6 can form heterodimers with TLR2. In 2012, Rubino et al.
reported that the detection of A. fumigatus involves both TLR1 and TLR6 in mice and TLR1
but not TLR6 in humans and confirmed the role of TLR2 and TLR4 for the detection of
A. fumigatus in both species [43]. CD14 was originally described as a receptor for LPS
(a major cell wall component of Gram-negative bacteria) [44]. It contributes to immune
responses by loading of TLR4 and TLR2 with their ligands [21]. In addition, CD14 seems to
be involved in the activation of human monocytes by A. fumigatus hyphae [45], although
the mechanisms by which CD14 promotes anti-fungal responses in leukocytes are still

largely unknown [21].

A. fumigatus itself seems to modulate TLR signaling and thereby influences the
immune response. Co-stimulation of TLR2 or TLR4 with A. fumigatus conidia and Pam3Cys
(a TLR2 ligand) or LPS (a TLR4 ligand) reduces the proinflammatory cytokine release in

comparison to stimulation with the respective ligand alone, thus suggesting that
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A. fumigatus conidia attenuate host proinflammatory responses through modulation of
TLR2 and TLR4 signaling [46, 47]. On the other hand, Dectin-1 seems to collaborate with
TLR2- and TLR4-dependent pathways, leading to enhanced proinflammatory responses
upon simultaneous TLR2/4 and Dectin-1 ligation [48, 49]. Taken together, the immune
signaling pathways induced by TLR2 and TLR4 in response to A. fumigatus are rather

complex and seem to include several regulatory mechanisms.

The intracellular TLR3 and TLR9 also seem to play a role in host defense against
A. fumigatus. TLR3 recognizes A. fumigatus RNA and signals through the adaptor
molecule TRIF (TIR-domain-containing adaptor-inducing interferon-B). Trif”~ and
TIr3’- mice are highly susceptible to be infected with A.fumigatus and develop
A. fumigatus induced-inflammation in a non-immunosuppressed intranasal infection
model or show increased mortality under immunosuppression, respectively [50, 51]. In
patients receiving HSCT, TLR3 mediated protective class I-restricted memory CD8* T cell
responses against A. fumigatus [50]. TLR9 mediates immune activation by recognizing
unmethylated CpG motifs in A. fumigatus DNA [52] and is actively recruited to
phagosomes containing A. fumigatus conidia [53]. However, as TIr97/- mice survive an

infection with A. fumigatus, TLR9 seems to be unessential for resistance [41].

1.2.2.5 Soluble PRRs involved in anti-A. fumigatus responses

Several soluble PRRs are involved in anti-A. fumigatus responses. The collectins
surfactant protein A (SP-A) and D (SP-D) are soluble C-type lectins produced by
pneumocytes in the lung. SP-A and SP-D opsonize A. fumigatus conidia, thereby
enhancing phagocytosis and killing through neutrophils and macrophages. SP-A and SP-D
seem to play a role in the prevention of hypersensitivity reactions to inhaled A. fumigatus
antigens [54]. In addition, intranasal administration of human SP-D protected
immunosuppressed mice against otherwise lethal infection with A. fumigatus [55].
Contrary to the protective effect of SP-D, mice with a deletion of SP-A acquire resistance

to IA [56].

Mannose-binding lectin (MBL) is a plasma protein that binds to A. fumigatus and
activates the lectin complement pathway [57]. Its relevance during an A. fumigatus
infection seems to be dependent on the host immune status. While immunocompetent

MBL knockout mice are resistant to experimental systemic aspergillosis [58],
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immunosuppressed mice that received human recombinant MBL had a clear survival
benefit when infected with A. fumigatus [59]. Pentraxin 3 (PTX3) is another soluble PRR
that can bind to A. fumigatus conidia, and thereby mediates recognition through
macrophages and DCs [60]. PTX3 knockout mice are more susceptible for an A. fumigatus

infection as demonstrated in a murine model of IA [60].

1.2.3 Dendritic cells and initiation of acquired immunity

1.2.3.1 Recent developments in the classification of human DC
subsets

DCs are professional antigen presenting cells that bridge innate and adaptive
immunity and are essential for the initiation of acquired immunity by establishing a
functional T cell response [61]. They were first described by Steinman et al. in 1973 [62].
Most of the current knowledge regarding DC biology and function stems from murine

models or human monocyte-derived DCs, a model system for human DCs.

In general, immature DCs (i.e., DCs that have not been activated by foreign
antigens) continuously scan their environment and take up antigens. In a process called
maturation, DCs process the antigens intracellular and migrate to the lymph nodes to
stimulate T cells, thereby changing their major function from antigen capture (immature
DCs) to antigen presentation (mature DCs). A second major function of DCs is the release
of cytokines and chemokines to recruit other immune cells to the site of the infection
(e.g., neutrophils, macrophages and NK cells) and to fine-tune the immune response. DCs
express high levels of major histocompatibility complex (MHC) class Il molecules, in
humans called human leukocyte antigen (HLA)-DR, to present foreign peptide antigens.
Human DCs lack typical lineage markers (Lin) like CD3 (T cells), CD19 (B cells) and CD56

(NK cells) and are therefore classically characterized as Lin" / HLA-DR* cells.

Physiological human DCs are heterogeneous and comprised of different sub-
populations which are similar but not identical to murine DC sub-populations. In the last
years, transcriptional profiling helped to dissect the taxonomy of human DC populations
and their homology to the murine system. However, these approaches also uncovered
even more complexity in the origins and specialized functions of human DCs [63]. Figure 6

summarizes the current (2014) textbook knowledge of human DC development.
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Figure 6 | Human DC development.

DCs arise from a common myeloid DC progenitor in the bone marrow and further differentiate into
subsets, the major ones being classical DCs and plasmacytoid DCs. Inflammatory DCs may arise from
monocytes in inflamed tissue, whereas tissue-resident DCs, such as Langerhans cells in the epithelia, may
develop from embryonic precursors. Figure adapted from [64].

A common DC progenitor is thought to give rise to the two major subsets of human
DCs circulating in the blood, classical DCs (cDCs, CD11c*) and plasmacytoid DCs (pDCs,
CD11c). cDCs and pDCs both lack expression of CD14 (which is mainly expressed on
monocytes). pDCs comprise the most numerous blood DCs and express CD123, CD303
and CD304 [63]. pDCs secrete large amounts of type | interferons (IFN-0/B) in response to
viral infections and are generally considered to be important effector cells in antiviral
immune responses through recognition of viral RNA and DNA with the endosomal located

TLR7 and TLR9, respectively [65].

cDCs (also called conventional or myeloid DCs) can be divided into two sub-
populations: the major subset of mDC1 (CD1c*) and a minor subset of cross-presenting
(i.e. presentation of extracellular antigens on MHC class | molecules to CD8* T cells) mDC2
(CD141%) [63]. The postulated major function of these DCs is the induction of T cell

responses.
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Classical CD14* monocytes may also give rise to DC sub-populations. CD14* DCs are
a steady-state DC population found in tissues and lymph nodes. They express CD11c but
lack CD1c and CD141 and were originally described as interstitial or dermal DCs; however,
in healthy humans, interstitial tissue contains CD1c* (mDC1) and CD141* (mDC2) cDCs as
well. CD14* DCs are more similar to monocytes and macrophages than to mDCs and their
functions have not yet been finally clarified [63]. Furthermore, during inflammation,
monocytes that are recruited to the site of infection may give rise to inflammatory DCs.
Evidence from the literature suggests that, depending on the different infection
environments, DC subsets with distinct functions may arise and may include inflammatory
dendritic epidermal cells (IDECs) and TNF and inducible nitric oxide synthase-producing

(TiP) DCs [63].

Langerhans cells (LCs) comprise a specialized DC population found in the epidermis
and other stratified squamous epithelia like the bronchus. Until now it was commonly
assumed that LCs arise from monocytes. A recent Nature publication, however, suggests
that this self-renewing cell population stems from yolk-sac-derived erythroid-myeloid
progenitors and characterizes them as adult tissue-resident macrophages ([66] and

Figure 6).

In addition, more human DC populations have been described in the last years. This
includes non-classical monocytes expressing CD16 and some MHC-II and other
co-stimulatory molecules as well as a subset of CD16* monocytes expressing the antigen
6-Sulpho LacNAc (SLAN) DCs [63]. However, not all researchers agree with the

classification of these cell populations as DCs.

Taken together, the definition of human DC populations is a challenging field of
research. Much remains to be uncovered about human DC hematopoiesis in healthy
individuals and the consequences of the differentiation of inflammatory DCs from

monocytes during an infection [63].
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1.2.3.2 Role of DCs in anti-A. fumigatus immune responses

As mentioned in the previous section, most of our current knowledge about DC
functions is deviated from either murine or human DC model systems. These models
provided an insight into the role of DCs in anti-A. fumigatus immune responses and
established them as a cell type of particular interest in the context of IA, especially in
neutropenic hosts. In the following, the known effector functions that are initiated by DCs

in response to A. fumigatus will be summarized.

Several PRRs are expressed on the surface of DCs. Among them, TRL2 and TLR4 [67,
68] and the CLR Dectin-1 [69] recognize A. fumigatus. Upon encounter with A. fumigatus,
immature DCs maturate and release proinflammatory mediators, upregulate MHC-II
(HLA-DR) and co-stimulatory molecules (among them CD40, CD80 and CD86) on their
surface and migrate to peripheral lymphoid organs to initiate anti-A. fumigatus T cell

responses [69, 70].

Interestingly, in neutropenic hosts, inflammatory DCs seem to play an important
role in fungal clearance that is associated with DC responses directly at the site of
infection rather than the initiation of adaptive immunity. In a murine model of
neutropenic IA, inflammatory DCs rapidly accumulate in response to an A. fumigatus
infection in the lung and mediate protective responses [71]. Accumulation of DCs at the
site of infection seems to be mediated by a positive feedback loop initiated by elevated
levels of DC-derived TNF in the lung, which in turn drives the local production of the
chemokines CCL2 and CCL20, inducing the further recruitment of TNF-producing DCs to
the lung [71]. The protective effect of inflammatory DCs during IA is supported by the
finding that adoptive transfer of DCs into neutropenic mice decreases fungal growth, an
effect that is even more pronounced with Ccr7/- DCs [72]. The chemokine receptor CCR7
is required for DC trafficking to the lymph nodes and is upregulated on maturing DCs,
concomitant with a down-regulation of CCR6, which is the receptor for CCL20 and
mediates trafficking of immature DCs to the infected lung tissue [72]. The authors suggest
a trapping of Ccr7/- DCs at the site of infection (i.e., the lung) that may lead to a cytokine
milieu that favors effective fungal clearance, probably through a better balance between

pro- and anti-inflammatory signals.

23



1 Introduction

Few studies investigated the role of specific human DC subpopulations (Figure 6) in
the context of A. fumigatus infections. LCs are activated after binding to A. fumigatus
conidia in vitro [73] and possess the ability to differentiate into migratory DCs; however,
their possible role for antigen presentation in the course of an A. fumigatus infection is
uncertain. Ramirez-Ortiz et al. suggested that pDCs may play a role in host responses
against A. fumigatus, although their major function lies in the establishment of anti-viral
immunity [74]. Contrary to this study, our group recently published data demonstrating
that pDCs are not activated by different A. fumigatus morphologies in vitro [75]. The
divergence in these studies might be explained by different methods applied for the
isolation of the pDC population from human peripheral blood. Taking into account all
these data, the significance and role of pDCs in anti-A. fumigatus immunity remain
unclear. Interestingly, data from our group demonstrate that CD1c* ¢DCs (mDC1) are
activated by and respond to A. fumigatus in vitro in a similar way compared to in vitro
generated monocyte-derived DCs [75]. This underlines the comparability of moDCs as a
model system and blood mDC1 and suggests that both DC subtypes might be suitable for

immunotherapy.

DCs are currently in the focus of immune-cell based, adoptive therapies for high risk
patients, such as HSCT recipients. The first demonstration of a DC based vaccine against
IA in a murine model was reported over a decade ago. In 2002, Bozza et al. showed that
DCs phagocytose and transport A. fumigatus conidia and hyphae to the draining lymph
nodes and initiate helper T cell (Th) responses against the fungus [70]. One year later, the
same authors used fungus-pulsed DCs to induce activation of protective CD4 Thl

responses on adoptive transfer in a murine IA model of HSCT recipients [76].

In general, DCs as professional antigen-presenting cells are capable to induce T cell
responses against A. fumigatus, although the specific contributions of the different DC
subsets (Figure 6) are currently unclear. In vitro generated monocyte-derived DCs that are
loaded with antigen and transferred to the host are considered a versatile tool in the
development of anti-fungal vaccines [77]. Figure 7 summarizes adaptive, CD4* T cell
mediated immune responses that are initiated by DCs that mature through downstream

signaling of PRRs after ligation to different fungal morphologies.
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Figure 7 | Pattern recognition, innate and adaptive immune responses to A. fumigatus.

Immune cells like macrophages, neutrophils and DCs express cell associated PRRs like dectin-1 and TLRs and
soluble PRRs like pentraxin 3 and mannose-binding lectin that recognize fungal morphologies (conidia, germ
tubes and hyphae). Ligation of PRRs leads to activation of NF-kB and induction of chemokines and cytokines
that activate and recruit further inflammatory cells to the site of infection. NADPH oxidase can be activated
by dectin-1 and leads to generation of reactive oxygen species. DCs mature after ligation of PRRs and
stimulate antigen-dependent responses in helper T cells (Th) and regulatory T cells (Tregs). The different
T cell subsets have diverse effector functions in response to A. fumigatus. These functions can be beneficial
or detrimental for the host. Figure adapted from [78].

1.2.3.3 T cell responses and adaptive immunity against A. fumigatus

In a study analyzing T cell responses against A. fumigatus in healthy individuals and
in patients after HSCT with proven or probable IA, most of the healthy cohort and the
patients surviving IA displayed a positive lymphoproliferative response to A. fumigatus
antigens with a dominant release of IFN-y in culture supernatants [79]. This study
demonstrates the presence of adaptive immunity against A. fumigatus in the healthy host
and provides proof of an important role of a Thl-type cellular immune response in

controlling IA in patients with hematologic malignancies.
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Effector functions of anti-fungal T cell immunity are largely mediated through
release of cytokines, the principal ones being IFN-y, TNF and IL-17, which enable the host
to restrict fungal growth [80]. Thl cells play a central role in the decrease of fungal
burden through the release of IFN-y, TNF and GM-CSF. These cytokines prompt the
release of nitric oxide (NO) and stimulate ROS production through the activation of pro-
inflammatory macrophages [80]. Contrary, a Th2 response induces release of IL-4 and
IL-13 and promotes allergy. In ABPA (paragraph 1.1.3, p. 7), an A. fumigatus specific Th2
response contributes to the progression of the disease [81]. In IA patients, Th2 cytokine
responses were associated with unfavorable outcomes compared to Th1l responses

whereas Thl responses enhanced anti-fungal host defense in a murine model of IA [78].

Th17 responses are initiated during fungal infections (not only A. fumigatus but
including other fungal pathogens such as Candida albicans) through SYK/CARD9, MYD88
and mannose receptor signaling pathways in DCs and macrophages [82]. The hallmark
cytokine of Th17 responses is IL-17. In contrast to the Th1 cytokines, the activities of IL-17
are not yet fully understood in the context of a fungal infection and remain controversial
as both, beneficial and harmful effects, have been reported. IL-17 promotes neutrophil
recruitment, which are central in the defense against invading A. fumigatus hyphae, but
IL-17 has also been reported to impair anti-A. fumigatus immune resistance [83]. This
might be explained by recent evidence that different sub-populations of Th17 cells exist.
Depending on the release of IL-10 or GM-CSF, they are segregated into nonpathogenic
and pathogenic Th17 cells [80]. Although Rivera et al. reported that A. fumigatus induced
Dectin-1 signaling may favor Th17 and suppress Th1 responses [84], Chai et al. found that
A. fumigatus induced only weak Th17 responses and provided evidence that the human
anti-A. fumigatus host defense relies more on Th1 than on Th17 cellular responses [85].

Therefore, the role of Th17 responses during IA remains controversial.

Regulatory T cells (Tregs) protect against allergic responses towards A. fumigatus
antigens and mediate tolerance (control of inflammation) through the release of IL-10
and TGF-B that lead to reduction of inflammation, NO release and macrophage activation.
Hence, Tregs seem to be responsible for the fine regulation of adaptive cellular immunity

to avoid excessive tissue damage but provide effective fungal clearance [82].
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Besides CD4* T cells, A. fumigatus specific CD8* T cells are also present in mice and
humans. Carvalho et al. provide data demonstrating the importance of TLR3 mediated
protective memory CD8* T cell responses against A. fumigatus in HSCT recipients [50].
However, much is still to be learned about the functions and relevance of CD8* T cells in

anti-A. fumigatus immunity.

The role of B cells in anti-A. fumigatus immunity is not well investigated. In general,
antibody mediated immunity may play a role during fungal infections through growth
inhibition of the fungus by binding of immunoglobulins to B-glucans on the fungal surface,
by binding to secreted fungal proteins and toxins and by enhancing the activity of effector
cells and phagocytes [86]. In a murine model of IA monoclonal 1gG1, directed against
A. fumigatus cell wall glycoprotein, indeed had a protective effect [87]. Taken together,
although the therapeutic potential of immunoglobulins for prevention of IA in risk

patients has been acknowledged, this research field is still in its infancies.

1.2.4 Model systems for studying human DCs and
macrophages

Circulating human DC subsets (cDCs and pDC, Figure 6, p. 21) comprise physiological
DC populations. Nonetheless, their numbers in peripheral blood are regularly too low to
perform experiments which require a certain cell number and their isolation is very cost-
intensive. Therefore, experiments with these in vivo DC subsets are often not feasible for
in vitro studies. Monocyte-derived DCs (moDCs), generated by cultivation of classical
CD14* monocytes with the cytokines GM-CSF and IL-4, are commonly used to study
human DC functions. In addition, moDCs are also applied in vivo for cancer
immunotherapy [88]. These model DCs are highly functional and are potent stimulators of
CD4* T cells. They cross-present to CD8* T cells and produce key inflammatory cytokines
such as IL-1, IL-6, IL-12 and TNF [63]. However, these in vitro generated DCs may be most
similar to inflammatory DCs (Figure 6). In vitro generated moDCs, cDCs, inflammatory DCs
and their committed progenitors all express the zinc finger transcription factor Zbtb46
that distinguishes them from cells of other lymphoid or myeloid lineages (e.g. pDCs,
macrophages and monocytes) [89]. This confirms the similarity of in vitro generated
moDCs with physiological cDCs. This study used moDCs as a model system to investigate

human DC functions. They will be simply referred to as “DCs” throughout this thesis.
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Comparable to DCs, the direct isolation of human alveolar macrophages from
human bronchoalveolar lavage (BAL) or tissue samples is not feasible for experimentation
with larger numbers of cells. In addition, the availability of such material is very limited.
However, as tissue-based macrophages, including alveolar macrophages, derive from
blood monocytes in vivo, they can be differentiated in vitro by the addition of growth
factors. Several protocols have been reported for the generation of monocyte-derived
macrophages and the further differentiation into classically activated macrophages
(termed M1) or alternatively activated macrophages (termed M2) [90]. In the present
study, macrophages were used for some confirmatory experiments. Macrophages were
differentiated by cultivation of monocytes with the addition of M-CSF over six days and
subsequently stimulated with A. fumigatus or several PRR ligands, leading to classical

macrophage activation (K. Czakai, unpublished data).
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1.3 Hypoxia, HIF-1a and invasive aspergillosis

1.3.1 Hypoxia at sites of A. fumigatus infections

In a range of diseases, the mucosal surface of the lung experiences decreased
oxygen tension leading to localized areas (microenvironments) of prominent hypoxia.
Hypoxia can have an impact upon innate immune and subsequent infectious and pro-
inflammatory processes [91]. Based on typical histopathological characteristics observed
in A. fumigatus infected human and murine lung tissue, it was hypothesized that hypoxic
microenvironments are present during IA, and that their formation may depend on the

patient cohort and the model of immunosuppression, respectively [92].

In neutropenic patients (chemotherapy-treated), IA is characterized by high fungal
invasion of lung tissue and a minimal inflammatory response, leading to angioinvasion,
intravascular thrombosis, coagulative necrosis and intraalveolar hemorrhage, all of which
might foster the development of hypoxic microenvironments. In contrast, IA in non-
neutropenic patients (steroid/corticosteroid treated) is characterized by a deregulated
immune response with low fungal burden and extensive infiltration of PMNs, and hypoxia

may be caused by tissue damage and inflammatory necrosis (Figure 1, p. 8).

Grahl et al. recently demonstrated the presence of hypoxic areas at the site of
A. fumigatus infection in three distinct murine models of IA [93]. As it is difficult to
actually measure and determine oxygen levels in vivo, the authors employed a staining
method using pimonidazole hydrochloride (hypoxyprobe-1), a hypoxia-detecting agent
that specifically binds to thiol-containing proteins in hypoxic cells with oxygen levels
below 1.5 % O, [94]. This substance was injected intravenously prior to the sacrifice of the
animals and was then detected in tissue slices by immunohistological staining (Figure 8).
With this method it was demonstrated that sites of A. fumigatus invasive growth in the
lung are accompanied by tissue hypoxia, demonstrating that both host and fungal cells

encounter and have to cope with hypoxic microenvironments during IA.
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Figure 8 | Hypoxia occurs in murine models of IA.

Hypoxyprobe-1, a hypoxia detecting agent, was used to monitor in vivo hypoxia in two immunological
distinct murine models of pulmonary IA. (A) Chemotherapy (neutropenic) model. Mice were
immunosuppressed with cyclophosphamide and triamcinolone. (B) Corticosteroid model. Mice were
immunosuppressed with a single dose of triamcinolone. (A+B) Mice were inoculated with A. fumigatus
conidia. Hypoxyprobe-1 was injected intravenously prior to sacrifice on day 4 after inoculation, followed by
tissue preparation and immunohistological staining. Blue, host cells (DAPI staining); green, A. fumigatus;
red, hypoxia. Figure adapted from [93].

It is critical to understand and characterize the potential implications of hypoxic
microenvironments during |IA. Previous reports indicated that the efficacies of antifungal
drugs may be altered under hypoxic conditions [95]. Changing oxygen levels during an
A. fumigatus infection may also influence fungal virulence or have an impact upon the
host immune response [96]. As both the fungal and host cells experience changing oxygen
levels not only during disease, but also in a physiological state, they developed

mechanisms to adapt to hypoxia. These mechanisms will be described in the following.

1.3.2 Hypoxic adaption by A. fumigatus

In contrast to other fungi like the model organism Saccharomyces cerevisiae, which
has a facultative anaerobic life-style, A. fumigatus is an obligate aerobic eukaryote. Unlike
in S. cerevisiae, the mechanisms of adaption to hypoxic conditions have not been
thoroughly described for A. fumigatus. It is mostly unknown how pathogenic fungi
respond to hypoxic microenvironments encountered at sites of infection [97]. However,
as A. fumigatus naturally inhabits the soil and compost piles, it probably evolved
mechanisms to deal with low oxygen levels commonly found in such an environment. In

fact, two decades ago, Hall et al. observed that various pathogenic Aspergillus species,
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including A. fumigatus, are capable of in vitro growth under very low oxygen levels
(02<0.5 %) [98]. Yet, A. fumigatus seems to be unable to grow or germinate under strict

anaerobic conditions and requires a functional respiratory chain for conidiation [99].

Only recently have scientists begun to explore the mechanism of adaption to
hypoxia by A. fumigatus. In 2008, Willger et al. characterized SrbA as a fungal
transcription factor that seems to be required for hypoxic adaption by A. fumigatus. SrbA
is an ortholog of the mammalian sterol regulatory element binding protein (SREBP) [100].
The first SREBP ortholog, Srel, was characterized in the fission yeast Schizosaccharomyces
pombe where it functions as an oxygen sensor and principal regulator of anaerobic gene
expression [101, 102]. The mutant A. fumigatus strain lacking SrbA is incapable of growth
at 1% O, and consequently did not cause disease in two distinct murine models of IA
[100]. Furthermore, unlike other fungal SREBPs, A. fumigatus SrbA mutants show defects
in cell polarity and display abnormal hyphal branching [100]. SrbA itself seems to be
regulated at least in part through a group of genes that are orthologs of the S. pombe
Dsc E3 ligase Golgi complex-coding genes that are critical for Srel processing in fission
yeast [103]. However, the mechanisms of SrbA regulation in A. fumigatus and its

transcriptional targets have yet to be fully elucidated.

In addition to the transcription of hypoxia regulated genes through SrbA, it is
assumed that various pathways of fermentation may be employed by A. fumigatus when
growing at sites of low oxygen levels [97]. The S. pombe Srel pathway does not regulate
genes involved in respiration or fermentation; therefore, other transcription factors may
exist in fungi to regulate changes in the energy metabolism under hypoxia [104]. Grahl
et al. demonstrated that A. fumigatus employs ethanol fermentation under hypoxia;
however, this pathway was not essential for hypoxic growth [93]. In addition, they
identified a fungal alcohol dehydrogenase that influences disease pathogenesis. In a
murine model, infection with the knockout mutant resulted in a significant increase of
neutrophils at the site of invasive fungal growth [93]. Another group recently investigated
hypoxia-inducible genes in A. fumigatus by transcriptome analysis and identified cellular
respiration as an important contributor for the survival of the fungus under hypoxic
conditions [105]. All in all, several mechanisms seem to contribute to fungal pathogenesis

in a hypoxic infection microenvironment.
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Very recently, Shepardson et al. demonstrated that growth under hypoxic
conditions modulates the cell wall of A. fumigatus. Compared to normoxia, hypoxia-
grown hyphae exhibit a thicker cell wall and the content of total and surface-exposed
B-glucan is increased, while overall fungal metabolism and growth are reduced under
hypoxic conditions [106]. The increase in the B-glucan content of the fungal cell wall is
associated with enhanced innate immune responses of macrophages and neutrophils
towards hypoxia-grown hyphae, and these effects seem to be dependent on dectin-1, the
mammalian receptor for B-glucan [106]. Hence, hypoxia seems to change important
virulence attributes such as the fungal cell wall, which may impact upon the host immune

response and probably influence the outcome of an infection.

1.3.3 HIF-1a as the central regulator of the host hypoxic
response

Immune cells have to cope with reduced oxygen availability once they have reached
hypoxic sites of infection, in case of IA the infected lung tissue. While hypoxic adaption of
A. fumigatus is not definitely characterized, it is well established how human cells
respond to low oxygen levels. The hypoxia-inducible factor 1 (HIF-1) system regulates
oxygen homeostasis in metazoan organisms [107]. The HIF system was first discovered as
a transcriptional enhancer of the human erythropoietin (EPO) gene [108]. HIF-1 is a basic-
helix-loop-helix-PAS heterodimer, composed of a constitutively expressed HIF-1B and an
oxygen-regulated HIF-1a subunit [109]. Besides HIF-1a, two other a-subunits have been
described, HIF-2a (encoded by EPAS1) and HIF-3a. HIF-3a is distantly related to the other
two a-subunits and multiple isoforms have been described. It is the least well studied HIF
subunit; however, it may be a negative regulator of hypoxia-induced gene expression in
the human kidney [110]. HIF-2a is more similar to HIF-1a and is expressed in certain cell
types, including endothelial cells [111]. A possible relevance of HIF-2a for immune cells
such as DCs is largely unknown though [112]. In contrast to HIF-2a, HIF-1a is widely

expressed, including essentially all innate and adaptive immune cell populations [112].

Oxygen-dependent regulation of HIF-1a occurs at the protein level (Figure 9). HIF1A
mMRNA is continuously transcribed and translated into the HIF-1a protein. However, the
HIF-1a protein has a very short half-life in the presence of oxygen (< 5 min) [109]. The

degradation process is initiated by oxygen-dependent hydroxylation of the HIF-1a proline
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residues Pro402 and Pro564 by prolyl hydroxylases (PHDs). This hydroxylation increases
the affinity of the von Hippel-Lindau tumor suppressor protein (VHL) and results in
binding of VHL to HIF-1a. VHL itself is the recognition component of an E3 ubiquitin ligase
complex that mediates polyubiquitination of HIF-1a and thereby targets it for proteolysis
by the ubiquitin-proteasome pathway [113]. In addition to the proteasomal degradation
initiated by PHDs, factor inhibiting HIF (FIH) hydroxylates HIF-1a at asparagine 803 [114]
which blocks its interaction with the coactivators of target gene transcription (p300/CBP),
thereby inhibiting the transactivation function of HIF-1a [115]. PHDs and FIH require
oxygen and divalent ferrous iron as cofactors. Hypoxia or iron deprivation decrease the
activity of PHDs and FIH. As a consequence, HIF-1a protein stability is increased, leading
to its dimerization with HIF-1pB, translocation to the nucleus and transcriptional activation
of its target genes [107]. Dimerization of HIF-1a and HIF-1B might also occur in the

nucleus [116].

Figure 9 |1 O; dependent HIF-1a regulation. Proteasome
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HIF-la mediates adaptive responses to hypoxia including erythropoiesis,

angiogenesis, and metabolic adaption [107]. Consistent with the central role of the HIF
system in the hypoxic response, targeted inactivation of HIF-la in mice results in
developmental arrest and lethality by E11 of Hifla"/- embryos due to abnormal vascular

development [117]. Hypoxic microenvironments are commonly found in solid tumors,
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leading to the activation of HIF-la and the transcription of target genes including
angiogenic growth factors like vascular endothelial growth factor A (VEGFA) and enzymes
of the glucose metabolism. Thereby, HIF-1a promotes tumor growth. HIF inhibitors are

already in clinical use to block the HIF-1a pathway in cancer therapy [113].

1.3.4 HIF-1ais involved in antimicrobial defense

The role of HIF-la as a central transcription factor in oxygen sensing and
tumorigenesis has been extensively characterized; however, a greater role of the HIF
system in cell biology has been implicated. This includes the discovery of unique roles of
HIF-1a in a diverse range of biological processes such as development, stem cell biology
and immunity [118]. There is indeed accumulating evidence for a central role of HIF-1a as
a regulator of mammalian immune defense mechanisms [119], especially in phagocytes
[120]. Interestingly, the function of HIF-1a in immune cells is not limited to a hypoxic
microenvironment. Stimulation of immune cells with bacterial antigens, for example,

leads to stabilization of the HIF-1a protein under normoxic conditions [112].

The role of HIF-1a in innate and adaptive immunity has been most extensively
studied in the context of bacterial infections. In their seminal study from 2003, Cramer
et al. described a major role of myeloid expressed HIF-1a in the defense mechanisms
initiated against bacteria (Group B streptococci) in vitro and in vivo [121]. The authors
generated mice with a conditional deletion of HIF-1a in cells of the myeloid lineage
(predominantly neutrophils and macrophages). In these HIF-1a deficient murine myeloid
cells, the cellular ATP pool was drastically reduced, resulting in a profound impairment of
antibacterial myeloid cell functions (aggregation, motility, invasiveness and bacterial
killing) [121]. Stabilization of HIF-1a in macrophages and neutrophils upon exposure to
bacterial pathogens generally seems to be a critical step for an effective antibacterial
immune response. HIF-1a has been shown to play a role in a range of infections with
gram-positive and gram-negative bacteria but also during viral and parasitic infections
[122]. To give an example, loss of myeloid-expressed HIF-1a increases the susceptibility of
mice towards invasive Streptococcus pyogenes infection, a gram-positive bacterium (also
called Group A Streptococcus) [123]. Remarkably, Chlamydia pneumoniae interferes with
the regulation of host cell HIF-1a for its own benefit. During the early phase of the

infection, C. pneumoniae contributes to the stabilization of HIF-1a in hypoxic conditions,
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thus providing energy by enhanced glucose uptake into the infected host cell. During the
late phase of intracellular chlamydial replication however, C. pneumoniae targets HIF-1a
by secretion of chlamydial protease-like activity factor, leading to the degradation of
HIF-1a. These manipulations of HIF-1a by the pathogen are essential for the efficient
replication of C. pneumoniae under hypoxia [124]. These studies demonstrate a critical
involvement of HIF-1a in infectious disease pathogenesis and a functional relevance that

goes far beyond mediating adaptive responses to hypoxia.

The above cited study by Cramer et al. identified involvement of HIF-1a in
regulating the metabolic activity of myeloid cells [121]. Thereby the metabolic profile of
activated immune cells resembles that of cancer cells, characterized by a shift in
metabolism from oxidative phosphorylation towards aerobic glycolysis, a mechanism
known as the Warburg effect [125]. These changes in cell metabolism are mediated via
HIF-1a-induced transcriptional activation of genes like glucose transporter 1 (SLC2A1),
lactate dehydrogenase A (LDHA), and pyruvate dehydrogenase kinase 1 (PDK1), whose
protein products mediate a switch from oxidative to glycolytic metabolism [126]. Besides
regulating metabolic activity in activated immune cells, HIF-1a has a range of other
functions in myeloid immune cells. Importantly, HIF-1a signaling in these cells is
connected to the NF-kB pathway. There is evidence that HIF-1a activates NF-kB and
thereby mediates neutrophil survival under hypoxic conditions [127]. Furthermore,
several studies reported up-regulation of HIFIA mRNA levels upon TLR stimulation. This
transcriptional enhancement seems to be mediated via the NF-kB pathway [128, 129].
This link between hypoxia and (innate) immune signaling pathways is generally

considered as an explanation for the immune-modulating functions of HIF-1a [128].

Only very few studies addressed the question of how HIF-1a signaling may influence
the host response to fungal pathogens such as A. fumigatus. Hypoxic microenvironments
had been shown to occur during A. fumigatus infection in the lung in distinct models of IA
([93] and Figure 8, p. 30). In infiltrating immune cells, the lack of oxygen at the site of
infection as well as the interaction with A. fumigatus via PRRs may lead to the
stabilization of HIF-1a. In a very recent publication from 2014, Shepardson et al. [130]
were the first to describe a functional importance of HIF-la expression in murine
neutrophils and macrophages to mount an effective immune response against

A. fumigatus. Otherwise immune competent mice with a myeloid deletion of HIF-1a died
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upon infection with A. fumigatus. The authors used the same mouse model as Cramer et
al. [121] and provide evidence that the role of HIF-1a in anti-fungal immune defense
might defer from its role during bacterial infections. They demonstrate that HIF-1la
deficient macrophages and neutrophils are not impaired in their ability to Kkill
A. fumigatus conidia, as had been expected from the bacterial infection models. HIF-1a
deficient mice show decreased production of the chemokine CXCL1 and increased
neutrophil apoptosis. The authors conclude that these defects lead to reduced survival of
these mice upon infection with A. fumigatus. However, in this murine model HIF-1a is
deleted predominantly in mature macrophages (83-98 %) and neutrophils (near 100 %),
while only partial deletion is detected in CD11c* splenic dendritic cells (16 %) [131].
Therefore, the functional relevance of HIF-1a expression in (human) DCs during an

A. fumigatus infection remained unclear.

1.3.5 Relevance of HIF-1a and hypoxia for DC functions

Various research projects aimed at elucidating the specific role of hypoxia and
HIF-1a signaling for the immune response initiated by DCs. However, divergent findings
and different model systems make it difficult to interpret the data and to translate the
findings to the in vivo situation. Most of the in vitro studies analyzing the effects of
hypoxia and/or HIF-1a. on DCs used LPS as a model stimulating agent. LPS is a prototypic
TLR4 ligand and part of the outer cell membrane from gram-negative bacteria. In
contrast, fungal-derived B-glucans stimulate Dectin-1, the major PRR involved in
recognition of A. fumigatus on human DCs [69]. In addition, the available mouse models
with a knockout of HIF-1a in the DC compartment only lead to partial deletion of HIF-1a
or the deletion is not specific for DCs (J. Jantsch, unpublished data and personal
communication). The lack of suitable murine models with a HIF-1a knockout in DCs makes
it difficult to elucidate the specific role of HIF-1a in DC responses against fungal (and

bacterial) pathogens.

Concluding from a number of studies, HIF-1a is commonly thought to promote
maturation, activation, migration and subsequent antigen-presentation in DCs responding
to bacterial antigens [132-136]. Regarding the effect of hypoxia on DC activation, previous

studies yielded contradictory results and the literature provides conflicting data,
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especially regarding the positivity or negativity of the effects of hypoxia on DC functions
[132]. The results vary depending on the study, some studies report an enhanced TLR-
induced DC maturation under hypoxia [134, 136], while another observed impaired

maturation [137].

Taken together, it seems to be common consensus that HIF-1la contributes to
immune responses initiated by DCs and that hypoxia has a potential influence on the
activation and function of DCs. Possible implications of hypoxia and HIF-1a signaling on
human DCs in the context of A. fumigatus infections have not yet been investigated so

far.
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1.4 Aim of Thesis

In bacterial infection models, hypoxia as well as HIF-1a signaling have been shown
to influence the function of immune cells, including DCs [121, 138]. Hypoxic
microenvironments occur during A. fumigatus infection in the murine lung [93]. Recently,
the involvement of HIF-1a in immune responses against A. fumigatus has been described
in @ murine model of IA [130]. However, the influence of hypoxia or HIF-1a signaling on
human DC responses against A. fumigatus is largely unknown. For these reasons, the
overall aim of this thesis was to explore the functional relevance of hypoxia and HIF-1a

signaling for human DCs that are stimulated with A. fumigatus (Figure 10).

. Figure 10 | Schematic representation of the
30 um ° Aspergillus ) ) )
— ik fumigatus interplay between A. fumigatus-stimulated
TA DCs, hypoxia and HIF-1a signaling.
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\\\sw_.- Dectin-1 The influence of hypoxia and HIF-1a signaling on

Hypoxia the immune response of human DCs against
A. fumigatus was investigated in this study. The
most important receptor for A.fumigatus on
human DCs is Dectin-1. Downstream signaling
can induce NF-kB which is known to interact with
HIF-1a. A. fumigatus infections are accompanied
by local tissue hypoxia, leading to hypoxia-
dependent HIF-1a stabilization. A. fumigatus
might induce HIF-1a by mechanisms other than
hypoxia/ NF-kB signaling and hypoxia might
induce (transcription) factors other than HIF-1a.
(Insert) Microscopic picture of a DC interacting
Immune response with swollen A. fumigatus conidia (expressing
red fluorescent protein).

Dendritic
cell

Using genome-wide microarray expression analyses, the influence of hypoxia should
be investigated in initial experiments. The role of HIF-1a should be investigated by an
RNAi mediated knockdown of HIF-1a in human DCs in combination with microarray
expression analyses. With the findings gained from the hypoxia- and HIF-1a mediated DC
transcriptomes, further down-stream analyses should be performed to confirm and
extend the microarray results on protein level. Thereby, two major goals were pursued in
this study: (I) to better characterize the DC response against A. fumigatus by including

hypoxic culture conditions as an expected microenvironment during IA and (ll) to
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investigate the possible functional role of HIF-1a in human DC responses against

A. fumigatus as a novel aspect of the human anti-fungal immune response.

This study is also significant from a translational point of view. As HIF-1a is required
for an effective immune response during various bacterial infections, it is in the focus as a
pharmacological target to boost innate host defense in the therapy of infectious diseases
[139]. Human DCs themselves could potentially be used in novel cell-based antifungal
therapy approaches [140]. Fundamental research data concerning the role of hypoxia and
HIF-1a for DCs in the context of A. fumigatus infections are needed as a basis in the

development of such novel therapeutic treatments of fungal infections.
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2 Material and Methods

2.1 Material

2.1.1 Equipment and consumables

Table 3 | Equipment used in this study.

2 Material and Methods

Designation Brand name/specification Manufacturer
Blood gas analyzer Cobas C701 Roche

Cell culture incubator CO2-Inkubator HERAcell 240 Thermo Scientific
Centrifuge Centrifuge 5415 R Eppendorf
Centrifuge Heraeus® Multifuge® 3SR Thermo Scientific
Centrifuge Galaxy Mini Centrifuge VWR

Centrifuge MC-6400 Centrifuge Hartenstein
Centrifuge Rotanta 46 RC Hettich
Electroporation pulse generator  EPI 2500 Dr. L. Fischer
ELISA Reader GENios Microplate Reader Tecan

ELISA Washer hydroFLEX microplate washer for 96-well Tecan

Flow cytometer BD FACSCalibur BD Bioscience
Fridge and freezer CUP 3021 and HERAfreeze Liebherr

Hemocytometer

Hypoxia workstation
Immunoblotting station
MACS separator

Magnetic stirrer
Microscope

Mister Frostie

Oxygen controllable incubator
PCR pipetting box

pH Meter

Pipettes

Pipettus

Protein gel casting system
Protein gel electrophoresis
Real-time PCR machine
Semi-dry blotting chamber
Sonificator
Spectrophotometer
Thermal cycler

Thermal cycler

Vortexer

Waterbath

Workbench

Neubauer Improved

Invivo2 400

Standard Power Pack P25

Quadro MACS Separator
Variomag Electronicriihrer
Microscopes Eclipse 50i and TS 100
Cryogenic storage system K series
CO: Incubator C60

DNA/RNA UV-Cleaner box UVC/T-AR
pH 211 Microprocessor pH Meter
Pipettes Eppendorf Reference
accu-jet pro

Mini-PROTEAN 3 system

Power Pac Basic station
StepOnePlus™

BlueFlash-M

UP50H

NanoDrop 1000

9800 Fast Thermal Cycler
Eppendorf 5341

Vortex Genie 2

Waterbath Memmert

Herasafe HS 15

HBG Henneberg-Sander

Baker Ruskinn
Biometra

Miltenyi Biotec
Monotherm

Nikon
Taylor-Wharton
Labotect

BioSan

Hanna instruments
Eppendorf

Brand

Bio-Rad

Bio-Rad

Applied Biosystems
Serva

Hielscher Ultrasonics
Peglab

Applied Biosystems
Eppendorf
Scientific Industries
Memmert
Heraeus/Kendro
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2 Material and Methods

Table 4 | Consumables used in this study.

Designation Brand name/ specification Manufacturer
12-well plate Multiwell™ 12 well BD Biosciences
24-well plate Multiwell™ 24 well BD Biosciences
6-well plate Multiwell™ 6 well BD Biosciences

96-well plate (ELISA)

96-well plate (PCR)

Blotting paper

Cell culture flask, T75

Cell scraper

Cell strainer

Cryovial

Electroporation cuvette
Falcons (15 and 50 ml)

Filter tips (1000 pl)

Filter tips (20 and 100 pl)
Flow cytometry tube
Glucose determination blood
collection tube

MACS Separation Column
Medical X Ray Film
Microplates for ELISA (96 wells)
Needle (20G)

Nitrocellulose membrane

Optical adhesive cover/sealing
strip (ELISA)

Optical adhesive cover/sealing
strip (PCR)

Pasteur pipette

Reaction tube

Serological Pipettes (5, 10 and
20 ml)

Syringes (2, 5 and 10 ml)

Microplate, 96 well, PS, F-Bottom
MicroAmp™ 96 well Tray for VeriFlex™ Blocks
Whatman Chromatography Paper
Cellstar Cell Culture Flasks 75 cm?

Cell Scraper 16 cm

BD Falcon™ Cell Strainer, 40 um
CryoTube Vials

Gene Pulser Cuvette 0.4 cm

Cellstar Tubes

TipOne 1000 ul XL Graduated Filter Tip
Biosphere Filter Tips

Polystyrene round-bottom tube, 5 ml
Glucose FE S-Monovette, 2.7 ml

LS Column

Fuji SuperRX

Flat bottom, binding, crystal-clear

BD Microlance 3 20G needles

Protran, Nitrocellulose Transfer Membrane,
0.45 um

ELISA Plate Sealers

Sealing tape, optically clear
Transfer pipette 3.5 ml
Micro Tubes (1.5 and 2 ml)

Cellstar Serological Pipettes

BD Discardit Il

greiner bio-one
Applied Biosystems
Whatman
greiner bio-one
Sarstedt

BD Biosciences
Nunc

Bio-Rad
greiner bio-one
StarLab
Sarstedt

BD Biosciences
Sarstedt

Miltenyi Biotec
Hartenstein
greiner bio-one
BD
Schleicher-Schell

R&D Systems®
Sarstedt
Sarstedt
Sarstedt

greiner bio-one

BD
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2.1.2 Commercially obtained Kits

Table 5 | Commercially obtained kits used in this study.

2 Material and Methods

Designation Brand Name Contents Cat. No. Manufacturer
Apoptosis FITC Annexin V 10X Annexin Binding Buffer 556547 BD Bioscience
detection kit  Apoptosis FITC Annexin V
Detection Kit 1 Propidium lodide Staining Solution
cDNA First S