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Summary

SUMMARY
The fungus Candida albicans lives as part of the commensal flora on mucosal surfaces of most healthy
individuals without causing overt symptoms. However, alterations of the hosts' immune status can
lead to the induction of pathogenicity in C. albicans. One predisposing factor for an increased
susceptibility to oropharyngeal candidiasis is impaired IL-17-signaling. Patients suffering from acquired
or inborn defects of the IL-17 pathway are highly susceptible to mucocutaneous candidiasis, including
infections of the oral mucosa. It has thus become clear that IL-17, which is most well-known for its role
in autoimmunity and autoinflammation, exerts important functions in host defense. This has
stimulated a strong interest in research on IL-17 immunity in recent years. However, these studies
focused mainly on the identification of cellular sources of IL-17. The molecular mechanisms regulating
IL-17 production and the downstream effects of IL-17 that lead to fungal control have not been
analyzed in detail. In this thesis, we investigated which host responses are mediated by IL-17-signaling
in the context of OPC, how the host compensates an absence of IL-17-signaling during the infection
and which antigen presenting cells regulate the production of IL-17 by C. albicans-specific T helper
cells.
Careful analysis of proposed effectors mechanisms regulated by IL-17 revealed that IL-17-dependent
and -independent immune responses are required for efficient control of the fungus. Neutrophils were
shown to be indispensable to prevent the fungus from spreading into underlying tissues. It was
commonly assumed that neutrophil responses in the oral mucosa are regulated by IL-17, as it was
shown to be the case in some lung infection models. Surprisingly, this was not true during OPC:
Neutrophil recruitment and function were completely independent of the IL-17 pathway. However, for
efficient fungal control, an IL-17-mediated mechanism was strictly required. We found that during
OPC, IL-17 acted on epithelial cells of the oral mucosa and induced the production of antimicrobial
peptides and proteins, such as S100A8 and S100A9, which were shown to be required for fungal control
in other C. albicans infection models.
Absence of IL-17-signaling enabled C. albicans to establish a persistent infection in the oral mucosa but
infected mice do not succumb to the fungus. In the second part of the thesis, we investigated
compensatory mechanisms that enable host survival, although the fungal burden remained high during
persistent infection. We found increased expression of pro-resolving lipid mediators, which can
actively resolve inflammatory responses. Additionally, expression of the anti-inflammatory cytokine IL10 was increased. This was associated with a decrease in neutrophils and an increase in monocytes
that differentiated into macrophages. Together, those mechanisms switched the host response from
an inflammation-promoted antifungal response to pathogen tolerance and at the same time limited
the immunopathology caused by the inflammatory response.
1

In the third part of this thesis, the regulation of IL-17 production by T helper cells was investigated.
Naïve CD4+ T cells are primed by antigen presenting cells, mainly dendritic cells (DCs). Dependent on
their origin, maturation status and microenvironment, DCs instruct the polarization of T helper cells
into the different effector subsets. This polarization depends on the specific co-stimulatory signals and
the cytokine milieu provided by the DC. Here we identified monocyte-derived DCs as the critical DC
subset to instruct Th17 priming of C. albicans-specific T cells. We found that during OPC inflammatory
monocytes infiltrate the oral mucosa. Depletion of these cells or blocking their differentiation into
monocyte-derived DCs strongly impaired antigen transport from the oral cavity to the draining cervical
lymph nodes and subsequent Th17 priming.
In summary, our data revealed the mechanism of IL-17-mediated antifungal response, which is
mediated by epithelial cells but does not affect the recruitment of neutrophils during OPC. In absence
of IL-17, control of C. albicans is impaired, resulting in a persistent infection with high fungal loads and
active resolution of inflammation to prevent excessive tissue damage. This is supported by
inflammatory monocytes infiltrating the oral mucosa. They can differentiate into macrophages, which
take up cell debris and enable tissue repair, or they differentiate into monocyte-derived DCs. The latter
migrate to the cervical lymph node and prime C. albicans-specific Th17 cells. Those findings provide
new insights into the complexity of immune regulation and may open new avenues in search for
innovative therapies and vaccination strategies against clinically highly relevant mucosal fungal
infections.

ZUSAMMENFASSUNG
Bei den meisten gesunden Menschen gehört der Pilz Candida albicans zur kommensalen Flora der
Schleimhäute, ohne offensichtliche Krankheitssymptome zu verursachen. Veränderungen im
Immunstatus einer Person können jedoch Pathogenität des Pilzes auslösen. Ein Faktor, der die
Anfälligkeit für oropharyngeale Candidiasis erhöht ist eine Störung des IL-17-Signalweges. Erworbenen
oder angeborenen Immundefekten dieses Signalweg führen zu einer erhöhten Anfälligkeit für
mucocutane Candidiasis, wie zum Beispiel einer Infektion der Mundschleimhaut mit C. albicans. Die
wichtige Rolle von IL-17 für den Schutz vor Candida albicans Infektionen der Schleimhäute konnte auch
im Mausmodell bestätigt werden. Es ist bekannt, dass IL-17 eine wichtige Rolle in
Autoimmunkrankheiten spielt, es hat sich jedoch herauskristallisiert, dass es auch für die
Immunantwort auf Pilzinfektionen wichtig ist. Dies hat ein verstärktes Interesse an der Erforschung
der IL-17-vermittelten Immunantwort hervorgerufen. Allerdings haben sich die meisten Studien
hauptsächlich auf den zellulären Ursprung von IL-17 fokussiert. Welche molekularen Mechanismen die
IL-17 Produktion regulieren und wie IL-17 in diesem Kontext wirkt, wurde bisher noch nicht genau
analysiert. Diese Arbeit beschäftigt sich mit der Frage, welche Teile der Immunantwort von IL-17
2
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reguliert werden, wie das Immunsystem ein Fehlen von IL-17 während einer Pilzinfektion
kompensieren kann und welche Antigen-präsentierenden Zellen die Produktion von IL-17 durch HelferT-Zellen regulieren.
Eine sorgfältige Analyse der IL-17-abhängigen Effektormechanismen ergab, dass die vollständige
Kontrolle des Pilzes nur durch das Zusammenspiel von IL-17-abhängigen und IL-17-unabhängigen
Immunantworten möglich ist. Neutrophile hindern den Pilz am Eindringen in tiefere Gewebeschichten
und sind unverzichtbar während der Immunantwort. Es wird allgemein angenommen, dass IL-17 die
Neutrophil-vermittelte Immunantwort in Schleimhäuten reguliert; wie es auch in einigen
Infektionsmodellen in der Lunge gezeigt wurde. Überraschenderweise war dies in der oropharygealen
Candidiasis allerdings nicht der Fall: Neutrophil-Rekrutierung und -Funktion waren komplett
unabhängig vom IL-17 Signalweg, der dennoch für die Kontrolle des Pilzes notwendig war. Wir haben
herausgefunden, dass IL-17 auf das Epithel der Mundschleimhaut wirkt und die Produktion von
antimikrobiellen Peptiden und Proteinen, wie S100A8 und S100A9, induziert. In anderen
Infektionsmodellen mit C. albicans wurde gezeigt, dass diese in der Immunantwort eine wichtige Rolle
spielen.
Fehlt IL-17 während der Immunantwort gegen C. albicans kann der Pilz eine dauerhafte Infektion
auslösen. Im zweiten Teil dieser Arbeit haben wir untersucht, wie das Immunsystem diesen fehlenden
Mechanismus kompensiert um das Überleben infizierter Mäuse zu sichern, obwohl die
Mundschleimhaut noch immer stark mit dem Pilz belastet war. Wir konnten eine erhöhte Expression
von Proteinen messen, die entzündungshemmenden Lipidmediatoren synthetisieren, welche
wiederum die Entzündungsreaktion auflösen können. Zusätzlich war die Produktion von
entzündungshemmenden Zytokinen wie IL-10 erhöht. Zeitgleich konnten wir einen Rückgang an
Neutrophilen und die verstärkte Einwanderung von Monozyten beobachten, welche zu Makrophagen
ausdifferenzieren. Zusammengenommen wandeln diese Faktoren die Immunantwort weg von der
Entzündungsreaktion, die der Bekämpfung des Pilzes dient, hin zu einer Situation in der das Pathogen
toleriert wird aber die Begrenzung der Entzündungsreaktion grösseren Gewebeschaden verhindert.
Im dritten Teil dieser Arbeit haben wir untersucht, wie die IL-17 Produktion in Helfer-T-Zellen reguliert
wird. Naive CD4+ T Zellen werden von Antigen-präsentierenden Zellen aktiviert, meist handelt es sich
dabei um dendritische Zellen. Abhängig von Herkunft, Entwicklungsstadium und Umgebung der
dendritischen Zellen induzieren sie die Polarisierung der T Zellen in verschiedene Effektorzellen, z.B.
Th1, Th2 oder Th17 Zellen. Die genaue Ausprägung wird durch spezifische Rezeptoren und Zytokine,
die von der dendritischen Zelle produziert werden, bestimmt. Im Kontext der oropharygealen
Candidiasis konnten wir zeigen, dass dendritische Zellen, die sich von einwandernden Monozyten
ableiten, essentiell für die Entwicklung von C. albicans-spezifischen Th17 Zellen sind. Eine Depletion
3

der Monozyten oder das Blockieren ihrer Entwicklung zu dendritischen Zellen führte zu stark
reduziertem Transport von Antigen zu den zervikalen Lymphknoten sowie einer daraus resultierenden
stark verminderten Th17-Antwort.
Zusammenfassend zeigen unsere Ergebnisse, wie IL-17 die Immunantwort auf eine C. albicans
Infektion in der Mundschleimhaut reguliert. Es induziert die Produktion von antimikrobiellen
Substanzen im Epithelium, spielt aber für die Rekrutierung von Neutrophilen keine Rolle. Das Fehlen
von IL-17 schwächt die Immunantwort und ermöglicht C. albicans eine persistente Infektion mit
kontinuierlich hoher Pilzbelastung zu etablieren. Dennoch wird die Entzündung aktiv gehemmt um
eine ausgedehnte Schädigung des Gewebes zu verhindern. Dieser Vorgang wird durch Monozyten
unterstützt, die in das Gewebe einwandern. Zum einen entwickeln sie sich zu Makrophagen, die
zerstörte Körper-und Pilzzellen aufnehmen und damit die Voraussetzung zur Reparatur des Gewebes
schaffen. Zum anderen entwickeln sich Monozyten in dendritischen Zellen, die C. albicans-Antigen
aufnehmen und zum zervikalen Lymphknoten transportieren, wo sie die Entwicklung von
pilzspezifischen Th17 Zellen regulieren.
Diese Ergebnisse ermöglichen neue Einsichten in die Komplexität der Immunregulierung und eröffnen
innovative Wege auf der Suche nach Behandlungsstrategien gegen die klinisch sehr wichtigen
Pilzinfektionen der Schleimhäute.
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GENERAL INTRODUCTION
1.1

THE FUNGUS CANDIDA ALBICANS - AN OPPORTUNISTIC PATHOGEN

The kingdom of fungi comprises a highly heterogeneous group of eukaryotes. A large number of very
different fungi have great impact on human life, either in a positive or negative way. Already in the 5th
millennium BC civilizations started to make use of yeast species in the production of beer, wine and
bread although the microorganisms themselves were not identified by that time [1]. Today, large
industries are using fungal species for production or refinement of comestibles. Fungi were also
involved in milestones during the development of modern pharmaceutical industry. One of the most
important events was probably the discovery of the antibiotic penicillin by A. Fleming in 1928, which
is produced by the mold Penicillium notatum [1]. Apart from their beneficial and important role in food
and pharmaceutical industry, a large group of fungi cause a health hazard for humans. Next to bacteria,
virus and helminthes they form another genus of pathogenic organisms, causing a variety of diseases
ranging from unpleasant but mostly harmless infections of nails to health threatening systemic
infections, with high mortality rates in the affected patients. Some fungal species including Candida
sp. and Trichisporon sp. are part of the commensal flora, especially at mucosal surfaces [2], other
species such as Aspergillus fumigatus are ubiquitous in the environment. Usually, they do not cause
symptoms of disease, unless the hosts' immune system is compromised by an underlying disease,
immunosuppressive treatment, genetic defects or breaking of immune barriers such as open wounds.
In those cases, opportunistic pathogenic fungi can cause severe diseases. Lung infections with
Aspergillus fumigatus are often promoted by underlying defects of the lung tissue and immune
response, including chronic obstructive pulmonary condition (COPD), tuberculosis infection and lung
cancer [3]. Systemic infections with Candida albicans (C. albicans) are the fourth most common cause
of nosocomial bloodstream infections in the United States with a mortality rate of 47% [4]. Many
patients are infected during treatment in intensive care units. The most common risk factors are
trauma or gastrointestinal surgery or a central venous catheter leading to the disruption of barriers
such as skin or gastrointestinal mucosa and give the fungus direct access to the bloodstream. Broadspectrum antibiotic treatments affects the commensal flora and can lead to overgrowth and host
invasion of C. albicans. Apart from that, genetic disorders or treatments impairing neutrophils
responses are also an important risk factor for systemic infections [5]. C. albicans is present as a
commensal at mucosal surfaces of up to 75% of the healthy population, without causing any
symptoms. However, changes in the immune status can lead to intractable superficial infections. The
most prominent example is HIV infection and progression to AIDS. During the course of infection CD4+
T cells including Th17 cells decrease in those patients, increasing their susceptibility to a number of
opportunistic pathogens including C. albicans. Other risk factors include long-term antibiotics or
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steroid treatments and immunosuppressive treatments after organ transplantation or against
autoimmune diseases [6]. Together these observations indicate that the cellular immunity, in
particular the CD4+ T cell-mediated arm, is critical for protection from superficial infections.
A range of inborn genetic defects throughout the complete IL-17-signaling pathway, including
recognition of the pathogen, and acquired deficiencies render patients susceptible to chronic
mucocutaneous candidiasis (CMC). Patients bearing a mutation in CARD9 seem to present reduced
numbers of Th17 cells and are prone to develop CMC among other diseases, however the numbers of
patients diagnosed with this defect are too low to draw firm conclusion from the human data [6]. Data
obtained in mice proved that Dectin-1-SYK-CARD9 signaling leads to priming of Th17 cells and this
process is dependent on functional CARD9 protein [7]. Patients with autosomal dominant hyper IgE
syndrome bear mutations in STAT3 and have only few Th17 cells. These patients often suffer from CMC
and infections of skin and lung with Staphylococcus aureus. The STAT3-dependence of Th17
development was also confirmed in mouse studies [6]. Once the cytokines are secreted, the next
possibility to interrupt signaling are autoantibodies directed against IL-17A, IL-17F and the related IL22. These were found in autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy
(APECED) patients bearing a mutation in the gene AIRE. Mutations in the genes for IL-17F, the receptor
IL-17RA or the IL-17RA adapter protein Act1 were also identified in patients and were associated with
high CMC susceptibility [6, 8].

1.2

INTERLEUKIN-17 AND ITS ROLE IN IMMUNITY

The IL-17 cytokine family consist of the six members IL-17A to IL-17F. IL-17A and IL-17F, the two most
intensively studied family members, are closely related and signal either as homo- or as heterodimers
via a heterodimeric receptor composed of an IL-17RA and an IL-17RC chain. Regulation and function
of IL-17A and IL-17F are similar and they can at least in part compensate for each other. They are
referred to as IL-17 in the following. IL-17RA is broadly expressed by cells of the non-hematopoietic
and the hematopoietic compartment. IL-17RC expression is more restricted, with high levels expressed
by vascular and lymphatic endothelium and squamous epithelium [9]. Absence of IL-17-signaling was
correlated with a reduction of neutrophil attracting chemokines, such as CXCL1 and CXCL2 as well as
pro-inflammatory cytokines GM-CSF, IL-6 and TNF in pneumonia models induced by Staphylococcus
aureus or Klebsiella pneumonia [10, 11]. In both systems, neutrophil recruitment was decreased
resulting in impaired bacterial clearance. During Streptococcus pneumonia lung infection, CD4+ T cell
derived IL-17 enhances neutrophil recruitment during a secondary infection. In primary infections it
was shown to be critical for recruitment of monocytes and macrophages [12]. Absence of IL-17 did not
impair expression of neutrophil attracting chemokines in an experimental model of oral Citrobacter
rodentium infection, instead it strongly reduced the expression of antimicrobial peptides (AMPs), such
6
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as -defensin 1, 3 and 4 [13]. IL-17 was also shown to cooperate with IL-22 and induce AMP expression
in human keratinocytes and bronchial epithelial cells [14]. The role of IL-17 during the immune
response is thus dependent on the pathogen but it also depends on the site of infection. Mice lacking
a functional IL-17 pathway are susceptible to both systemic and oropharyngeal C. albicans infection.
However, the mechanisms, by which IL-17 is involved in fungal control in the two settings is completely
different. During systemic infection, IL-17 affects fungal control in a very unusual and indirect manner.
It regulates development of fully competent NK cells, which secrete GM-CSF in response to C. albicans
promoting the fungicidal activity of neutrophils [15]. In contrast, NK cells and GM-CSF are not involved
in antifungal immunity during oropharyngeal candidiasis (A. Gladiator, unpublished data and [16]). IL17 induces AMP secretion of epithelial cells, which is essential to clear the fungus and prevent
persistent infection [16].
Different cells can produce IL-17, depending on the tissue and the time point during infection.
However, in all situations IL-17 expression is strictly dependent on the transcription factor RORt.
RORc-/- mice, which lack RORt and fail to express IL-17A and IL-17F, are not able to clear C. albicans.
In a mouse model of oropharyngeal candidiasis (OPC), the production of IL-17 is induced as early as
day 1 post infection (p.i.) proving the involvement of an innate cellular source. The major producers of
IL-17 during OPC are RORt-expressing innate lymphoid cells (ILC3s) which depend on IL-23 [17].
Additionally, C. albicans specific CD4+ T cells differentiate into Th17 cells during OPC [18]. In humans,
the majority of C. albicans specific CD4+ T cells is part of the Th17 compartment and T cell defects are
a major predisposing factor for superficial C. albicans infections.

1.3

RECOGNITION OF CANDIDA ALBICANS

C. albicans is a dimorphic fungus with a yeast and a hyphae form. Both forms are important for
pathogenicity. Whereas the yeast form is beneficial for dissemination via the bloodstream during a
systemic infection, formation of hyphae is associated with enhanced tissue invasion and colonization
[19]. The fungal cell wall is formed by an inner layer attached to the cell membrane and an outer layer
and is composed of 80-90% carbohydrates. The outer layer is comprised of glycoproteins that are
decorated with O- and N-linked mannose polymers (mannans) and linked to polysaccharides of the
inner cell wall by glycosylphosphatidylinositol (GPI) anchors via -1,6-glucan. The inner cell wall is
made of the skeletal polysaccharides chitin and -1,3-glucan, giving the cell its strength and shape. The
composition of the cell wall slightly differs between hyphae and yeast. The hyphae cell wall consist 35 times more chitin than the yeast cells wall. Additionally some components may be differentially
expressed at the surface and therefore be differentially accessible for the immune system [20].
Immune responses to C. albicans are initiated by recognition of cell wall components through pattern
recognition receptors (PRRs), mainly C-type lectins (CLRs) and Toll-like receptors (TLRs). Dectin-1 is a
7

prototypic member of the C-type lectin (CLR) family of pattern recognition receptors (PRRs) and was
studies intensively in the context of C. albicans recognition. After recognition of its ligand b-1,3-glucan,
it activates the spleen tyrosine kinase (SYK) which then couples to the caspase recruitment domaincontaining protein 9 (CARD9)-pathway or the RAF1 pathway. This leads to activation of canonical and
non-canonical NF-kB pathway, respectively, and subsequent cytokine gene expression. Dectin-2 and
Mincle have no ITAM-like motiv in their cytoplasmic tail but instead form a complex with the ITAM
bearing FC receptor  chain (FcR) which in turn mediates downstream signaling via the SYK-CARD9
pathway. Dectin and Mincle bind high mannose structures in the fungal cell wall, but whether or not
Mincle can directly sense C. albicans is controversial [21, 22]. Mincle recognizes mycobacterial
trehalose-6,6’-dimycolate (TDM) [23] and has also been reported to sense necrotic cells via the nuclear
protein spliceosome associated protein 130 (SAP130) [24]. CLRs mediated signaling via the SYK-CARD9pathway triggers NF-kB activation and results in the expression of pro-inflammatory cytokines
including IL-1, IL-6 and IL-23. These cytokines are critical in the induction of inflammatory responses
and play a key role in the priming and polarization of T helper cells.

1.4

DENDRITIC CELLS AND TH17 PRIMING

T helper cell activation and differentiation is coordinated by APCs, mainly dendritic cells (DCs). Antigen
uptake and PRR-stimulation at the site of infection induce maturation of DCs. Mature DCs express
surface molecules required for migration to the draining lymph nodes, such as CCR7, and provide 3
essential signals for priming to the CD4+ T cell. Signal 1 is the antigen presentation on MHC II to the T
cell receptor (TCR). Co-stimulation by CD80/CD86, which bind to CD28 on the T cell is referred to as
signal 2. Polarization of the T helper cell is determined by signal 3, which is the secretion of cytokines
by the DC [7]. Th17 polarization requires secretion of TGFand IL-6. Additionally IL-1 receptor signaling
promotes Th17 polarization in synergy with IL-6 and IL-23, which is required to expand and stabilize
Th17 responses [25, 26]. The combination of cytokines induce by the DC is dependent on the type of
DC as well as the stimuli it receives during maturation.
DCs are not a homogeneous cell population distributed throughout the body but include a variety of
cells with different phenotypes and functions adapted to the site of the body where they reside.
Additionally, inflammation changes the composition of DCs in the organ concerned. Two main DC
lineages are distinguished: conventional and inflammatory or monocyte-derived DCs (moDCs). Both
share common DC features such as DC surface markers, migratory properties and the ability to prime
T cells. Macrophage/DC progenitors (MDPs) in the bone marrow are the last common progenitor cells.
Flt3 ligand (Flt3L) promotes development into the common DC progenitor (CDP) which in turn gives
rise to various tissue specific conventional DCs [27]. Progeny of the second DC linage is usually not
present during steady state. GM-CSF promotes MDP differentiation into Ly6Chi monocytes [27] that
8
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egress from the bone marrow in a CCR2-dependent manner and are recruited to the site of
inflammation, where they develop into moDCs [28]. MoDCs were shown to be recruited and contribute
to T cell priming in various inflammatory settings. In psoriatic skin model, IFN-primed moDCs prime
Th1 and Th17 cells and thereby promoting disease symptoms [29]. MoDC accumulation and T cell
priming is induced by different pathogens at different sites of infection, including infections with
Aspergillus fumigatus [30], Mycobacterium tuberculosis [31] and Citrobacter rodentium [32]. In some
infection models, the interaction between moDCs and lymph node resident DCs led to efficient T cell
priming. MoDCs take up fungal antigens during dermal infection with Blastomyces dermatitidis,
however, they fail to display antigenic peptide-loaded MHC complexes and activate T cells in the
draining lymph node [33]. Instead, they seem to transfer the antigen to lymph node-resident DCs for
T cell priming [33].
The cytokine profile produced by the DCs depends on factors like cytokines, which are expressed by
tissue cells in response to the pathogen, and PAMPs derived by the pathogen. IFN, IFN and IL-18 for
instance polarize the DC to induce Th1 responses, whereas histamine and PGE2 lead to Th2 priming
[34]. Additionally the type of DCs determines the outcome of T cell priming. In a model of cutaneous
candidiasis, for instance, epidermal Langerhans cells and dermal Langerin+ DCs were found to have
opposing roles in the polarization of antigen-specific T cells. While Langerhans cells appeared to be
necessary and sufficient for the development of Th17 responses, Langerin+ dermal DCs induced
polarization of Th1 cells [35]. A complex interplay of pathogen and cells in the invaded tissue as well
as different members of the DC family regulate the outcome of T helper cell priming.

9

AIM OF THE THESIS
IL-17-mediated immunity takes a center stage in host defense against fungal infections. Lack of the IL17 pathway severely impairs humans and mice from controlling fungal infections. Cells providing IL-17
are found within the innate and the adaptive immune system. During OPC in mice, ILC3s are a major
source of IL-17 during the onset of infection. Additionally Th17 cells are primed efficiently during OPC
and contribute to the IL-17 production at later time points during the course of infection.
This work sets out to investigate the cells and molecular mechanisms, by which IL-17 mediates
antifungal defense in the oral mucosa, and explore immune strategies engaged by the host in absence
of IL-17-signaling. Finally, it addresses the regulation of Th17 activation in response to C. albicans.
In the first project, we explore IL-17-signaling-mediated host responses that contribute to fungal
control during oropharyngeal infection with C. albicans. Based on previous findings from other
infection models, IL-17-signaling was generally believed to act by promoting neutrophil recruitment to
the oral mucosa. However, there was no prove that neutrophil recruitment is linked to IL-17-signaling.
Indeed, IL-17 does not induce neutrophil recruitment during OPC but is still required for fungal control.
We therefore aim to identify target cells of IL-17 and IL-17-dependent host response mechanisms.
In the second project, we investigate how the immune system deals with an oropharyngeal C. albicans
infection in absence of IL-17-signaling. In absence of neutrophils, mice succumb to oral infection with
C. albicans within 3 days post infection. Absence of IL-17, however, does not lead to killing of the host
but to the establishment of a persistent infection with a high fungal burden in the oral cavity. We
explore compensatory mechanisms that enable the host to prevent fungal overgrowth on the one
hand, but protect itself from overt immunopathology on the other hand.
Finally, in the third project of this thesis, we investigate the role of different DC subsets during T cell
priming in the context of an oropharyngeal C. albicans infection. Various DC subsets are present in the
oral cavity or derive from infiltrating cells during infection. They are different from DC subsets found
at other mucosal sites and their role in T cell priming, especially during fungal infection, has not been
studies in detail yet. Here, we focus on the identification of DCs that prime C. albicans-specific Th17
cells during OPC.
Project I is published in Mucosal Immunology (2014, doi: 10.1038/mi.2014.57), parts of the general
introduction and general discussion are published in Current Fungal Infection Reports (2013, 7(2): p.
138-143).
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2.1

ABSTRACT

Interleukin-17 (IL-17)-mediated immunity has emerged as a crucial host defense mechanism against
fungal infections. IL-17A and IL-17F, the two best studied members of the IL-17 cytokine family, are
essential for the control of Candida albicans in mucosal tissues and the skin. The precise mechanism
by which IL-17A and IL-17F prevent fungal outgrowth has not been clarified so far. Common target
genes of the IL-17 pathway include G-CSF and CXC-chemokines, which are required for neutrophil
mobilization from the bone marrow and recruitment to the site of infection. Neutrophils are critical
for limiting fungal dissemination in the mucosal epithelium as we show here in a mouse model of
oropharyngeal candidiasis. Surprisingly however we found that the IL-17 pathway is not required for
the neutrophil response to C. albicans. Mice deficient for the IL-17 receptor subunits IL-17RA or IL17RC or depleted of IL-17A and IL-17F exhibited a normal G-CSF and CXC-chemokine response and
displayed no defect in neutrophil recruitment or function. Instead, the inability of these mice to clear
the fungus was associated with a selective defect in the induction of antimicrobial peptides in the
epithelium that resulted in persistent fungal abscesses in the stratum corneum. These data uncouple
IL-17-dependent

effector

mechanisms

from

the

neutrophil

response

and

reveal

a

compartmentalization of the antifungal defense in the oral mucosa providing a new understanding of
IL-17-mediated mucosal immunity against C. albicans.

*published: Trautwein-Weidner et al., Mucosal Immunology (2014, doi: 10.1038/mi.2014.57)
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2.2

INTRODUCTION

Interleukin 17 (IL-17)-mediated immunity has emerged as a key mechanism for protection from
mucosal fungal infections. Genetic defects in the IL-17 pathway are associated with chronic
mucocutaneous candidiasis (CMC), a condition characterized by recurrent or persistent infections of
the skin, nails, genital and oral mucosa with Candida species [6]. The first direct evidence that IL-17 is
important in CMC protection was the identification of patients with complete autosomal-recessive
deficiency in the IL-17 receptor A (IL-17RA) or partial autosomal-dominant IL-17F deficiency [36]. More
recently, patients with missense mutations in the adaptor molecule Act1 [8] have been identified. In
addition, patients with loss-of-function mutations in STAT3 or gain-of-function mutations in STAT1,
which exhibit a deficit in IL-17-producing circulating T cells, and patients with mutations in AIRE with
high titers of neutralizing autoantibodies to IL-17A, IL-17F and IL-22 display CMC [37-41]. Together,
these findings indicate that IL-17 cytokines play a non-redundant role in antifungal defense at barrier
tissues. Experiments in mice have reproduced the strict dependence of mucocutaneous defense
against C. albicans on IL-17 signaling [42, 43]. The family of IL-17 cytokines consists of 6 members (IL17A through IL-17F). The most well studied cytokines IL-17A and IL-17F, which can form homo- and
heterodimers, signal via the heterodimeric receptor complex IL-17RA-IL-17RC, while the related
cytokine IL-17C uses a dimeric receptor composed of IL-17RA and IL-17RE for signaling [44]. T helper
cells are considered the major producers of IL-17A and IL-17F [25]. They are thought to contribute to
long-term protection from fungi, in particular from C. albicans, which is part of the normal commensal
flora in Man [45]. Consistent with this notion, C. albians-specific memory T cells in humans belong
preferentially to the IL-17-secreting subset [46], and antigen-specific Th17 cells promote protection
from fungal challenge when induced in a vaccination setting [18, 47, 48]. In addition to CD4+ T cells,
IL-17 can be secreted by a wide variety of cells of the innate immune system [49], which are particularly
relevant during acute infection. Accordingly, IL-17A- and IL-17F-producing innate lymphoid cells (ILCs)
play a key role in mediating IL-17-dependent protection against C. albicans in a mouse model of
oropharyngeal infection [17].
Although IL-17 cytokines have been studied widely in recent years, their mode of action remains poorly
understood. While IL-17RA is expressed broadly, on hematopoietic and non-hematopoietic cells, the
co-receptor IL-17RC has a more restricted expression pattern [9]. Non-hematopoietic cells including
epithelial cells, endothelial cells and fibroblasts are thought to be the most prominent target cells of
IL-17A and IL-17F. Ligand binding to the IL-17RA-IL-17RC heterodimer activates NF-kB via the adaptor
protein Act1 and TNF receptor-associated factor 6 (TRAF6) as well as the CCAAT/enhancer binding

Early studies on the biological function of IL-17A linked it to neutrophil biology. They demonstrated
that IL-17 induces the production of G-CSF, IL-6 and the neutrophil chemotactic factor IL-8 in human
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cells [50, 51] and that forced expression of IL-17 via different mechanisms (i.e. induction of
endogenous IL-17 by endotoxin; overexpression of adenovirus-encoded IL-17A or recombinant IL-17A
administration) results in a massive neutrophilia [51-53]. Disruption of the IL-17 pathway has been
reported to cause a defective neutrophil response in several experimental settings. For example,
pulmonary infection with Klebsiella pneumonia and Staphylococcus aureus in IL-17RA deficient mice
causes a reduced induction of G-CSF, GM-CSF and neutrophil-attracting chemokines [10, 11] and is
associated with decreased neutrophil recruitment to the site of infection and impaired bacterial
control [11, 54]. Likewise, IL-17 is also involved in the neutrophil-mediated control of S. aureus
infection in the skin [55]. Chemokine and cytokine induction and neutrophil recruitment is also
affected in IL-17-deficient mice in response to Mycobacterium bovis bacille Calmette-Guérin infection
associated with reduced granuloma formation [56]. Moreover, IL-17RA deficiency abrogates
protection from the parasite Trypansoma cruzi due to reduced parasite killing by neutrophils and
amelioration of neutrophil-driven immunopathology [57]. Finally, IL-17-dependent vaccine immunity
to Blastomyces dermatitidis correlates with increased neutrophil numbers and antifungal activity at
the site of infection [48]. In addition to these situations, in which the IL-17-mediated neutrophil
response promotes pathogen clearance and is thus beneficial to the host, IL-17 may also have
pathogenic effects when dysregulated, by mediating chronic inflammation linked to overt neutrophilia.
This is for instance reported in cystic fibrosis, psoriasis, pulmonary aspergillosis or respiratory syncytial
virus and influenza virus infection [58-62]. Together, this suggests a key role of neutrophils in IL-17mediated responses. Surprisingly, the regulation of the neutrophil response to C. albicans has not been
analyzed in detail despite the prominent role of IL-17 in protection from this fungus [6].
Here we show that the protective effects of IL-17 against oropharyngeal candidiasis (OPC) are
independent of neutrophil effector functions. Although neutrophils are involved in restricting the
invading fungus at the site of infection, neutrophil recruitment and activity is not impaired in IL-17RAand IL-17RC-deficient mice or in mice depleted of IL-17A and IL-17F cytokines. Instead, IL-17 signaling
appears to mediate mucosal immunity against C. albicans by regulating the expression of antimicrobial
peptides in the oral epithelium, which eliminate the fungus from the oral mucosa and prevent
persistent infection.

2.3
2.3.1

RESULTS
Neutrophils are essential for fungal control in OPC

To evaluate the neutrophil response during oropharyngeal infection with C. albicans we assessed the
dynamics of neutrophil recruitment to the site of infection. We observed cellular infiltrates in the
tongue starting as early as 16 hours post-infection (Figure 2.3.1A and B and data not shown).
Neutrophils accumulated in the epithelial layer, predominantly at areas where C. albicans hyphae
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invaded the keratinocyte barrier on the dorsal and ventral side of the tongue. Fungal staining was
detected within the cellular infiltrates although the hyphae appeared degraded compared to the more
peripheral long hyphae in the stratum corneum. We did not observe C. albicans penetrating the
basement membrane and the underlying tissue. The population of infiltrating leukocytes, which
consisted mainly of neutrophils with a lesser contribution of monocytes, reached maximal levels at 24
- 48 hours post-infection and declined thereafter, concomitant with resolution of infection and
recovery of the mice (Figure 2.3.1A and data not shown). Depletion of neutrophils in wild type mice
using the NimpR14 antibody resulted in a strong impairment to control the fungus and the mice had
to be euthanized for humane reasons at day 3 post-infection (Figure 2.3.1C and data not shown). We
next aimed to show the indispensable role of neutrophils in the model by using alternative neutrophildepletion strategies. We first used the anti-Ly6G antibody 1A8, but despite complete removal of
neutrophils from the blood, large numbers of neutrophils could still be found in the tongue of infected
mice, even when high doses of the antibody were administered daily (Figure 2.3.2A). Although the
population of Ly6hi cells appeared to be strongly reduced in the tongue of 1A8-treated mice, careful
analysis revealed that large population of CD11b+Ly6C+ cells were in fact neutrophils coated with 1A8,
which were unable to bind any additional fluorescently-labelled 1A8 antibody used for the analysis
(Figure 2.3.2A and data not shown). Thus, we employed a combined strategy by depleting circulating
neutrophils with anti-Ly6G antibody and blocking the mobilization of newly generated neutrophils
from the bone marrow with anti-G-CSF antibody, respectively, as previously described [63]. Indeed,
this led to a >95% reduction of neutrophils but no defect of inflammatory monocyte accumulation in
the infected tongue (Figure 2.3.2B, C). Similarly, to the NimpR14-treatment this regimen resulted in
high fungal loads three days post-infection, a time point when the fungus was cleared in wild type
animals not given neutrophil-depleting antibodies (Figure 2.3.1D). In the absence of neutrophils, C.
albicans hyphae grew uncontrolled and penetrated the lamina propria of the tongue as early as 1 day
post-infection and much more prominently on day 2 post-infection (Figure 2.3.1E and F). Together
these data highlight the essential role of neutrophils for host protection from OPC, as was recently
suggested by Huppler et al. [64]. In response to infection neutrophils form a seemingly impermeable
immunological fence adjacent to the epithelial barrier, which confines the fungus to the site of
infection.
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Figure 2.3.1: Neutrophils are essential for fungal control in OPC. (A) CD11b+ Ly6G+ Ly6C+ neutrophils in the tongue of infected
WT mice were counted by flow cytometry at the indicated time points. Data are the mean + SD of 2 - 7 mice pooled from 3
independent experiments. (B) Sagittal sections of the tongue of infected WT mice were stained with PAS and counterstained
with hematoxylin. A representative section for each time point is shown. Scale bar = 100 m. (C) Fungal burden in the tongue
of untreated or NimpR14-treated WT mice was analyzed on day 2 and day 3 post-infection. (D) Fungal burden in the tongue
of untreated or anti-Ly6G and anti-G-CSF-treated WT mice on day 3 post-infection. Data in (C) and (D) are pooled from 2
experiments each. Each symbol represents one mouse; the mean + SD is indicated. The dotted line represents the detection
limit. (E-F) Representative sagittal tongue sections from untreated or anti-Ly6G and anti-G-CSF-treated (E) or NimpR14treated (F) WT mice on day 1 (E) or day 2 (F) post-infection and stained with PAS and hematoxylin. Representative sections
are shown. Scale bar = 100 m. See also Fig. S1.
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Figure 2.3.2: (A) Anti-Ly6G treatment does not deplete neutrophils in the tongue of infected mice. Ly6C, Ly6G and CD11b
staining of neutrophils in the tongue of untreated or 1A8-treated WT mice on day 1 post-infection. Representative FACS plots
are shown. CD11bhi Ly6Cint neutrophils appear 1A8lo, but they are not depleted. (B) Combined anti-Ly6G and anti-G-CSF
treatment selectively depletes neutrophils. CD11bhi Ly6Cint neutrophils and CD11bint Ly6Chi inflammatory monocytes in the
tongue of untreated or anti-Ly6G/anti-G-CSF treated WT mice were analyzed by flow cytometry on day 1 post-infection.
Representative FACS plots are shown. (C) Summary graphs of data shown in B). Each symbol represents one mouse. The mean
+ SD is also indicated. The difference in CD11bint Ly6Chi inflammatory monocytes is not statistically significant.

2.3.2

IL-17A and IL-17F are dispensable for neutrophil recruitment to the oral mucosa

Based on our published results that ILC-derived IL-17A and IL-17F is required for protection from OPC
during the acute phase of infection [17], we wanted to confirm that the enhanced susceptibility of IL17-deficient animals was the result of an impaired neutrophil response. For this, we counted
neutrophils in bulk tongues by flow cytometry on day 1 post-infection when fungal load was
comparable in WT and IL-17-deficient mice. Surprisingly, we did not detect a reduction in the number
of neutrophils recruited to the infected tongue in mice that were depleted of IL-17A and IL-17F in
comparison to control mice that did not receive IL-17 cytokine depleting antibodies (Figure 2.3.3A and
data not shown). Similarly, neutrophil recruitment was normal in infected mice lacking IL-17A and IL17F due to antibody-mediated depletion of ILCs or genetic deficiency in RORγt (Figure 2.3.4A and B).
Moreover, mice with a genetic defect in the IL-17A and IL-17F-specific receptor subunit IL-17RC did
also not have defective neutrophil trafficking during OPC (Figure 2.3.3B). Furthermore, we did not
observe any alterations in the dynamics of infiltration or in the distribution of neutrophils within the
tongue in mice lacking a functional IL-17 pathway (Figure 2.3.3C and data not shown). Following from
these unexpected results, we questioned whether other pro-inflammatory IL-17 cytokines may
compensate for the absence of IL-17A and IL-17F or IL-17RC, respectively. We found that IL-17C was
strongly induced by C. albicans (Figure 2.3.3D). Consistent with published data [65, 66], IL-17C was
produced by CD45-negative cells in the oral mucosa and independently of the transcription factor
RORγt (Figure 2.3.3D and data not shown). However, Il17re-/- mice lacking the IL-17C-specific receptor
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subunit displayed normal numbers of neutrophils infiltrating the tongue on day 1 post-infection and
were as resistant to OPC as wild type animals. They cleared the fungus, recovered their normal weight
and showed no sign of pathology by day 7 post-infection (Figure 2.3.3E-G). Together, these data
suggested that (pro-inflammatory) IL-17 cytokines are dispensable for promoting the neutrophil
response during OPC. Redundancy between IL-17A, IL-17F and IL-17C could be excluded by depleting
IL-17A and IL-17F in Il17re-/- mice (data not shown). Accordingly, undiminished neutrophil numbers
were also enumerated in the tongue of infected Il17ra-/- mice lacking the common IL-17 receptor
subunit (Figure 2.3.3G).

Figure 2.3.3: The IL-17 pathway is dispensable for neutrophil recruitment to the oral mucosa. (A) CD11b+ Ly6G+ Ly6C+
neutrophils in the tongue of naïve and infected WT mice that were treated with anti-IL-17A and anti-IL-17F or left untreated,
as indicated, were counted by flow cytometry on day 1 post-infection. (B) CD11b+ Ly6G+ Ly6C+ neutrophils in the tongue of
naïve and infected WT and Il17rc-/- mice were counted by flow cytometry on day 1 post-infection. (C) Sagittal sections of the
tongue of WT and Il17rc-/- mice were stained with PAS and counterstained with hematoxylin on day 1 post-infection.
Representative sections are shown. Scale bar = 100 m. (D) Il17c mRNA induction in the tongue of WT and Rorc-/- mice on
day 1 post-infection. (E) Fungal burden in the tongue of WT and Il17re-/- mice on day 7 post-infection. The dotted line
represents the detection limit. (F) Body weight of WT and Il17re-/- mice in response to infection. (G) CD11b+ Ly6G+ Ly6C+
neutrophils in the tongue of naïve and infected WT, Il17ra-/-, and Il17re-/- mice were counted by flow cytometry on day 1
post-infection. (H) G-CSF levels were quantified on day 1 post-infection in the serum of naïve and infected WT mice that were
treated with anti-IL-17A and anti-IL-17F or left untreated (left), and in naïve and infected Il-17ra-/- and Il-17rc-/- mice (middle
and right). In (A), (B), (D), (E), (G) and (H), each symbol represents one mouse; the mean + SD is indicated. In (F), data shown
are then mean + SD of 6 mice. Data are pooled from at least two independent experiments in (A), (B), (F), (G) and (H).
Differences between infected groups are not statistically significant in any of the panels. See also Fig. 2.3.4.

To provide an explanation for these unexpected findings, we examined the IL-17-dependence of GCSF, a common target of the IL-17 pathway regulating neutrophil mobilization from the bone marrow.
We found that G-CSF mRNA expression was strongly induced in response to OPC (data not show) and
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high levels of G-CSF protein were present in the serum of infected mice (Figure 2.3.3H). However, GCSF induction in response to C. albicans was independent of IL-17 (Figure 2.3.3H). Similarly, induction
of the neutrophil-chemotactic factor CXCL1 was unchanged in mice lacking functional IL-17 signaling
(Figure 2.3.4C). In conclusion, these data clearly show that IL-17 is not essential for neutrophil
mobilization from the bone marrow and trafficking to the infected tissue during OPC.

Figure 2.3.4: (A-B) ILC-depletion and ROR t-deficiency does not impact on neutrophil recruitment during OPC. CD11b+ Ly6G+
Ly6C+ tongue neutrophils were counted by flow cytometry on day 1 post-infection in Rag1-/- mice treated with anti-CD90.2
as indicated (A) or in WT and Rorc-/- mice (B). White bar show naïve animals, grey bars are infected animals. Each symbol
represents one mouse, the mean + SD is also indicated. (C) Neutrophil-chemotactic factor expression is not altered in absence
of IL-17 signaling. Cxcl1 mRNA induction in the tongue of WT and Il17ra-/- was quantified by real-time RT-PCR on day 1 postinfection. Each dot represents data from one mouse, the mean + SD is also indicated. Data are pooled from 2 independent
experiments. Differences between infected groups are not statistically significant.

2.3.3

Neutrophil function is normal in IL-17-deficient mice

In the aim of identifying the underlying mechanism of IL-17-dependent antifungal defense in OPC we
tested whether IL-17 may impact the activity of neutrophils. As we have shown previously, IL-17
pathway-deficiency is not associated with an intrinsic defect in candidacidal activity of neutrophils [15].
We therefore explored the role of GM-CSF, which plays a key role in promoting the candidacidal
activity of neutrophils during systemic candidiasis and thereby prevents mice from rapidly succumbing
to intravenous infection with C. albicans [15]. In agreement with Csf2, the gene encoding GM-CSF,
being a known target of the IL-17 pathway [10, 11, 50, 67] its expression was strongly induced during
OPC in WT but not IL-17RC-deficient animals (Figure 2.3.5A). However, GM-CSF-deficiency did not
cause impaired fungal control during OPC (Figure 2.3.5B and C) highlighting important differences in
the mechanism of antifungal control during different forms of candidiasis. When directly evaluating
the activation status of neutrophils in Il17ra-/- mice and controls we did not observe differences in the
expression of the activation markers CD11b and CD18 (Figure 2.3.5D). Furthermore, the release of
reactive oxygen species by neutrophils isolated from infected tongues was not affected by the lack of
a functional IL-17 pathway (Figure 2.3.5E and F), despite the fact that mice deficient in gp91phox
(encoded by Cybb), an essential subunit of the NADPH oxidase required for the generation of reactive
oxygen species, were unable to clear the fungus (Figure 2.3.5G). Finally, we observed dispersed DAPI
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and extra-nuclear histone H1 staining in neutrophil-rich areas in infected tongues suggesting the
presence of neutrophil extracellular traps (NETs), but we were unable to detect differences between
IL-17A- and IL-17F-depleted and non-depleted mice (data not shown). From these data we concluded
that although neutrophils appeared to be strongly activated during acute OPC, their contribution to
protection seemed to be completely independent of the IL-17 pathway.

Figure 2.3.5: Neutrophil activity is normal in absence of a functional IL-17 pathway. (A) Csf2 mRNA induction in the tongue
of WT and Il17rc-/- mice on day 1 post-infection. Each symbol represents one mouse, the mean + SD is indicated. Data are
pooled from 2 independent experiments. (B) Fungal burden in the tongue of WT and Csf2-/- mice on day 7 post-infection.
Each symbol represents one mouse; the dotted line represents the detection limit. (C) Body weight of WT and Csf2-/- mice in
response to infection. Data are the mean + SD of 6 animals and are pooled from 2 independent experiments. (D) CD11b and
CD18 surface expression on CD11b+ Ly6G+ Ly6C+ neutrophils in the tongue and in the peripheral blood of Il17ra-/- and
heterozygous control mice on day 1 post-infection. The same results were also observed in wild type controls (not shown).
Each symbol represents one mouse, the mean + SD is indicated. (E-F) Blood and tongue neutrophils from infected Il17ra-/- and
heterozygous control mice were incubated with DCFH-DA and DCF levels were analyzed by flow cytometry. Representative
stainings of CD11b+ Ly6G+ Ly6C+ neutrophils from infected mice are shown in (E). Data from infected Cybb-/- neutrophils are
included as a negative control. Quantification of DCFhi neutrophils is shown in (F). Each symbol represents one mouse, the
mean + SD is indicated. Data are representative of 2 independent experiments (F) Fungal burden in the tongue of Cybb-/- and
wild type control mice was analyzed on day 2 and day 3 post-infection as indicated. Each symbol represents one mouse; the
mean + SD is indicated. Data are pooled from 2 independent experiments.
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2.3.4

IL-17A and IL-17F are essential for fungal clearance in a neutrophil-independent manner

While IL-17 signaling defects do not impact the neutrophil response to OPC, as suggested by our
results, the IL-17 pathway is strictly required for host protection and fungal clearance in the oral
mucosa. In agreement with published reports [17, 42, 68], IL17ra-/- and Il17rc-/- mice failed to clear
the fungus (Figure 2.3.6A). Instead they stabilized their body weight and adapted a constant
colonization with C. albicans (Figure 2.3.6B, C and data not shown). C. albicans hyphae persisted in
localized foci in the stratum corneum (Figure 2.3.6D). In response to the prolonged presence of the
fungus, the epithelial architecture appeared strongly disrupted in vicinity of fungal foci, but the local
response was no longer characterized by large inflammatory infiltrates after one week of infection.
Neutrophil numbers were maximal on day 1 post-infection and continuously decreased thereafter in
both Il17rc-/- and wild type mice (Figure 2.3.6E). The slightly higher neutrophil counts in Il17rc-/- mice
observed on day 3 post-infection and onwards was most likely a consequence of the increased fungal
burden in these mice at these later time points (see Figure 2.3.6A, C and data not shown). Next we
explored the time window, in which IL-17A and F were required for fungal control. For this we
administered neutralizing antibodies to wild type mice to deplete IL-17A and IL-17F starting from day
2 post-infection, a time point when the massive neutrophil response was already declining (see Figure
2.3.1A and Figure 2.3.6E) while IL-17 production was still dependent on innate cellular sources [17].
This prevented fungal clearance and kept the mice from regaining their initial weight (Figure 2.3.6F,
G). In fact, the fungal load was only mildly reduced in these mice on day 7 post-infection compared to
mice depleted of IL-17A and IL-17F during the entire course of infection starting from day -1 (Figure
2.3.6G) suggesting that the IL-17 pathway remains critical for host protection beyond the immediate
neutrophil-mediated response on day 1 post-infection. Together, these data supported and expanded
our previous conclusions and indicated that neutrophils were not sufficient for resolution of infection
and that the clearance of C. albicans from the tissue was dependent on IL-17 and mediated by cells
other than neutrophils. Experiments with bone marrow chimeric mice confirmed a role of
radioresistant cells, most likely epithelial cells (data not shown).
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Figure 2.3.6: IL-17 deficiency allows persistent fungal colonization without overt inflammation. (A) Fungal burden in the
tongue of WT, Il-17ra-/- and Il-17rc-/- mice on day 7 post-infection. (B) Body weight of WT, Il17ra-/- and Il-17rc-/- mice in
response to infection. (C) Fungal burden in the tongue of WT and Il17rc-/- mice on day 14 post-infection. (D) PAS/hematoxylin
staining of sagittal tongue sections from WT and Il17rc-/- mice on day 7 post-infection. Representative sections are shown.
Scale bar = 100 m. (E) CD11b+ Ly6G+ Ly6C+ neutrophils were counted in naïve and infected tongues of WT and Il17rc-/- mice
at the indicated time points. (F-G) Body weight (F) and fungal burden in the tongue (G) of infected WT mice on day 7 postinfection that were treated with anti-IL-17A and anti-IL-17F starting from day-1 or from day +2 post-infection onwards. The
dotted line in (A), (C) and (G) represents the detection limit. In (A), (C), (E) and (G), each symbol represents one mouse, and
the mean + SD is indicated. In (F), data are the mean + SD of 9-10 animals. Differences between the treated groups and the
untreated group are statistically significant from day 4 post-infection onwards. Differences between the two treated groups
are not statistically significant. Data shown in (A), (B), (C), (E), (F) and (G) are pooled from at least 2 independent experiments.

To further explore the role of IL-17A and IL-17F in host protection from OPC, we turned to IL-17 target
genes that we had not considered so far, namely antimicrobial peptides (AMPs). AMPs including
S100A8, S100A9 and defensin beta 3 are strongly induced during OPC [42]. However, the molecular
and cellular regulation of AMPs remains not well understood. Here we focused on S100A9, a subunit
of the protein complex calprotectin, which chelates divalent metal ions required for microbial growth
[69] and which contributes critically to protection from C. albicans in several infection models [70]. We
found that S100A9 protein accumulated in the oral mucosa in vicinity of invading C. albicans (Figure
2.3.7A). While S100A9 mRNA induction in total tongue preparations was strongly reduced in absence
of a functional IL-17 pathway [42], we found that S100A9 protein levels were only partially reduced in
total tongue homogenates of IL-17A- and IL-17F-depleted as well as IL-17RA- and IL-17RC-deficient
animals compared to respective controls (Figure 2.3.7B and data not shown). We hypothesized that
this discrepancy between mRNA and protein measurements may be explained by different modes of
regulation in different cellular compartments. S100A9 is produced abundantly by neutrophils, which
store pre-formed S100A9 protein in their cytoplasm and release it during NETosis to decorate expelled
chromatin fibers [70]. In addition, S100A9 can also be expressed in non-hematopoietic cells such as
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epithelial cells under inflammatory conditions [71]. We hypothesized that S100A9 in the tongue of
OPC-infected mice maybe derived from at least two different cellular sources and that epithelial cellderived but not neutrophil-derived S100A9 expression maybe under the control of the IL-17 pathway.
Such a scenario would be consistent with our observation that total tongue S100A9 protein expression
was only partially dependent on IL-17 while de novo S100A9 mRNA induction in response to C. albicans
relied on a functional IL-17 pathway.

Figure 2.3.7: S100A9 expression in the epithelium but not in neutrophils is selectively regulated by the IL-17 pathway. (A)
Sagittal tongue sections from infected WT mice were stained 1 day post-infection with anti-S100A9 (green) and DAPI (blue).
Representative images are shown. Scale bar = 53 m. (B) S100A9 protein levels on day 1 post-infection in tongue homogenates
of WT (white bars) and Il17rc-/- mice (grey bars). (C) S100A9 protein levels on day 1 post-infection in tongue homogenates of
WT (white bars) and Il17ra-/- mice (grey bars) that were treated with anti-Ly6G and anti-G-CSF or left untreated as indicated.
(D) S100A9 mRNA on day 1 post-infection in the tongue of WT and Il17ra-/- mice, which were treated as in (C). Each symbol
represents one mouse; the mean + SD is indicated. Data shown in (B) and (C) are representative of 2 independent experiments,
while data shown in (D) are pooled from 2 independent experiments. (E-F) Live CD45- EpCAM+ CD31- tongue epithelial cells (E)
and CD45+Ly6G+ neutrophils (F) were sorted from WT and Il17ra-/- mice on day 1 post-infection and S100A9 mRNA levels were
determined. Data are the mean + SD of replicate measurements from a pool of 5 animals per group. nd, not detected.

To test this hypothesis we depleted Il17ra-/- mice of neutrophils prior to infection. This resulted in a
complete loss of S100A9 protein compared to the partial reduction in neutrophil-sufficient IL17ra-/mice on day 1 post-infection. In contrast, de novo synthesis of S100A9 mRNA was impaired in absence
of IL-17 signaling independent of the presence or absence of neutrophils (Figure 2.3.7C, D). The same
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was also observed for other AMPs such as defensin beta 3 (Figure 2.3.8).The selective IL-17
dependence of AMP induction in epithelial cells but not neutrophils was further confirmed by cell
sorting experiments. While S100A9 mRNA was not detected in epithelial cells from Il17ra-/- mice on
day 1 post-infection (Figure 2.3.7E), S100A9 transcripts were present in neutrophils from both wild
type and Il17ra-/- mice at comparable levels (Figure 2.3.7F). Together, these data revealed a cell type
specific regulation of AMPs including S100A9 and defensin beta 3 in neutrophils and nonhematopoietic cells. Epithelial cells, but not neutrophils, act as effector cells of IL-17-mediated
protection form OPC. This is consistent with and strongly supports our findings that IL-17 acts in a
neutrophil-independent manner to mediate antifungal immunity in the oral mucosa.

Figure 2.3.8: Induction of -defensin 3 in the epithelium but not in neutrophils depends on the IL-17 pathway. defb3 mRNA
on day 1 post-infection in the tongue of WT and Il17ra-/- mice, which were treated with anti-Ly6G and anti-G-CSF or left
untreated as indicated. Each symbol represents one mouse; the mean + SD is indicated. Representative data of 2 independent
experiments are shown.

2.4

DISCUSSION

The biology of IL-17 called much attention since the first report on Th17 cells almost a decade ago [67,
72], and even more since the discovery of IL-17-secreting innate lymphoid cells [73, 74]. Given its
potential to promote pathological conditions, IL-17 was investigated most extensively in the context
of autoimmune and auto-inflammatory diseases [25]. However, IL-17 plays a crucial role in hostprotection from certain types of infections, first and foremost those caused by C. albicans, as revealed
by the identification of genetic defects in IL-17-related genes in CMC patients [6]. While the focus of
research has been concentrated on identifying the cellular sources of IL-17 in different settings, less
effort was put on defining the mechanism by which IL-17 exerts its biological effects. Because common
IL-17 target genes regulate neutrophil mobilization from the bone marrow and recruitment to the site
of infection, the activity of IL-17 is generally considered to be linked to neutrophils. In the context of
OPC however, as we show here, the functions of IL-17 and neutrophils are distinct and they are
uncoupled from one another. While neutrophils confine the fungus to the oral epithelium and like a
rampart prevent fungal dissemination into the underlying tissue, IL-17 is essential for eliminating C.
albicans from the host and for preventing fungal persistence in the epithelium in a neutrophil-
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independent manner. This study provides important new insights into IL-17-mediated antifungal
defense mechanism acting at mucosal barrier tissues.
Most evidence for IL-17-dependency of neutrophil recruitment was obtained from pulmonary
infection models [75]. In the skin however and in line with what we observed during OPC, IL-17mediated effects appeared to be independent of neutrophils [76]. Further studies will be necessary to
provide clarity about tissue-specific regulation of divergent IL-17-mediated activities. Our data are
based on the analysis of 5 different settings with a defective IL-17 pathway, including Il17ra-/-, Il17rc/-, IL-17A- and IL-17F-depleted WT mice, RORc-/- and ILC-depleted Rag1-/- mice, which all provided
comparable results. In contrast to published reports by the Gaffen group, which described reduced
neutrophils in IL-17 receptor deficient mice on tissue section and by visual smear examination on day
5 post-infection [42, 64, 68], we did not find any changes in neutrophil numbers or distribution when
counting the cells in the entire tongue by flow cytometry and evaluating neutrophil distribution on
histological sections. We focused our analysis on an early time point, when the impact of neutrophils
on the control of infection was most relevant and when the fungal load was comparable between IL17 pathway-deficient and control animals. From day 3 post-infection onwards we observed even
higher neutrophil numbers in IL-17 receptor deficient mice compared to controls, which was most
likely the result of the persistent infection in absence of a functional IL-17 pathway. The detailed
mechanism that instructs G-CSF-dependent neutrophil mobilization and recruitment during OPC
awaits further investigations. Direct fungal recognition by the epithelium induces G-CSF production
[77] and may thus be sufficient to drive the neutrophil response during OPC.
The IL-17 family member IL-17C activates similar target genes as IL-17A and IL-17F [65, 66], and by
promoting psoriaform skin inflammation in mouse and Man it displays overlapping effects with IL-17A
and IL-17F [78]. The strong induction of IL-17C during OPC suggested that this new IL-17 family member
may also be involved in antifungal defense. However, our data indicate that this is not the case and
that IL-17RE-dependent signaling does not contribute to protection from OPC. IL-17E, which we also
investigated, was not induced during OPC, highlighting the importance of IL-17A and IL-17F as the main
IL-17 family members in antifungal defense.
Neutropenia - in contrast to IL-17 deficiency - is generally not a specific risk factor for mucocutaneous
candidiasis in humans. The situation in mice, where C. albicans is not part of the normal microflora, is
different and neutrophils are strictly required to restrain the large fungal load that the host is exposed
to under experimental conditions. Accordingly, the severity of disease is not comparable between
neutrophil-depleted and in IL-17-deficient mice. While C. albicans hyphae penetrated deep tissue in
neutrophil-depleted conditions the fungus was restricted to the stratum corneum and formed isolated
foci during persistent colonization in IL-17 signaling deficient animals. A similar distribution was
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observed in pseudomembranous candidiasis in HIV-infected individuals [79], which display low T cell
counts and in particular Th17 counts [15]. Despite the superficial location of C. albicans in the
epithelium, the host does not succeed to clear the fungus in the absence of a functional IL-17 pathway.
The need for IL-17 is continuous and is critical from the very beginning, as illustrated by the
dependence on IL-17 production from innate cellular sources [17]. Delayed depletion of IL-17A and IL17F from day 2 post-infection onwards resulted in only a limited reduction in fungal load compared to
mice depleted throughout the entire period of infection and it prevented full recovery. Persistent
colonization of the oral epithelium with C. albicans is not associated with enhanced inflammation or
neutrophilia. This is in sharp contrast to the situation observed in systemic candidiasis, where
uncontrolled fungus in infected kidneys elicits increased recruitment of neutrophils [15, 80], and
neutrophil accumulation (late after infection) is associated with immunopathology and mortality [81,
82].
IL-17A has been proposed to bind directly to C. albicans [83]. However, such an interaction, which
could potentially have negative consequences for the fungus, is unlikely to be involved in antifungal
immunity at the oral mucosa, as the defect in controlling the fungus observed in mice lacking IL-17A
(and IL-17F) cytokines is comparable to that in Il17ra-/- and Il17rc-/- mice expressing normal or even
higher levels of IL-17. IL-17-dependent induction of AMPs during OPC has been reported previously
[42], but their cellular source remained unclear as only bulk tongue tissue was analyzed. AMPs such as
calprotectin and defensins are produced by different cell types including neutrophils and epithelial
cells. Here, we dissected the AMP response and demonstrated that IL-17-driven AMP expression is
uncoupled from the neutrophil response. S100A9 production by epithelial cells, which is regulated at
the level of transcription, depends selectively on IL-17 signaling in the oral mucosa. In contrast, S100A9
secretion by neutrophils, which is regulated post-translationally, is independent of IL-17. This result
highlights the critical role of the oral epithelium in protective immunity against OPC. The contribution
of individual AMPs to fungal clearance remains difficult to analyze conclusively due to a lack of suitable
tools. Furthermore, AMPs display a high degree of redundancy, which renders the innate immune
system very robust. Accordingly, selective deficiency in Lipocalin 2 does not abolish the resistance of
mice to OPC [84]. The critical role of calprotectin in antifungal defense on the other hand has been
demonstrated by the reduced fungal clearance and enhanced mortality of S100A9-deficient mice in
response to C. albicans infections including the skin [70]. In line with the murine studies, HIV-positive
individuals, which are prone to develop CMC and in particular OPC, show reduced levels of calprotectin
in saliva [85]. Together, this strongly suggests that the critical role of the IL-17 pathway for protective
immunity against C. albicans is to instruct the antifungal response of the epithelium and that the IL17-driven activity is fully uncoupled from the neutrophil response in the oral mucosa.
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2.5

MATERIALS AND METHODS

Mice and depletion strategies. C57Bl/6 mice were purchased from Janvier Elevage. Il17ra-/-, Il17rc-/and Il17re-/- mice were obtained from Amgen and bred at our animal facility Rodent Center HCI. Rorc/-, Csf2-/- and Cybb-/- mice were a gift from Burkhard Becher (University of Zürich, Switzerland),
Manfred Kopf and Wolf-Dietrich Wolf (both ETH Zürich, Switzerland), respectively. All mice were on
the C57Bl/6 background, were kept in specific pathogen-free conditions and were used at 6-15 weeks
of age. In some experiments, anti-IL-17A (clone 17F3, BioXCell, 200 µg per mouse per day) and anti-IL17F61 (kindly provided by Pfizer Inc., 200 µg per mouse per day) was administered daily starting from
one day prior to infection. For neutrophil depletion, NimpR14 (produced from the hybridoma, which
was kindly provided by Dr. Nancy Hogg, Cancer Research U.K., London) was administered daily starting
from one day prior to infection. Alternatively, anti-GSF (clone 67604, R&D Systems, 10µg per mouse
per day) was administered daily starting from one day prior to infection together with one dose of antiLy6G (clone 1A8, BioXCell, 150µg per mouse) on day -1. All antibodies were administered via the
intraperitoneal route. All mouse experiments described in this study were conducted in strict
accordance with the guidelines of the Swiss Animal Protection Law and were performed under
protocols approved by the Veterinary office of the Canton Zürich, Switzerland (license number
184/2009 and 201/2012). All efforts were made to minimize suffering and ensure the highest ethical
and humane standards.
Fungal strain and infection. The C. albicans laboratory strain SC5314 was grown in YPD medium at 30°C
for 15-18 hours. Mice were infected with 2.5x106 cfu C. albicans sublingually as described [86] without
immunosuppression. Mice were monitored for morbidity and euthanized when they showed severe
signs of pain or distress. The loss and recovery of body weight was monitored throughout the course
of all experiments and is displayed as % of initial weight. For determination of fungal burden the tongue
was removed, homogenized in sterile 0.05% NP40 in H2O for 3 minutes at 25 Hz using a Tissue Lyzer
(Qiagen) and serial dilutions were plated on YPD agar containing 100 µg/ml Ampicillin.
Isolation of tongue cells and analysis by flow cytometry. Mice were anaesthetized with a sublethal dose
of Ketamin, Xylazin and Acepromazin, and perfused by injection of PBS into the right heart ventricle.
Tongues were cut into fine pieces and digested with DNase I (2.4 mg/ml, Roche) and Colagenase IV
(4.8 mg/ml, Invitrogen) in PBS for 45 min at 37°C. Single cell suspensions were stained in ice-cold PBS
supplemented with 2mM EDTA, 10% FCS and 0.02% sodium azide with CD45 (clone 104, Biolegend),
CD11b (clone M1/70, Biolegend), Ly6C (clone AL-21, BD Biosciences), Ly6G (clone 1A8, BD Biosciences),
CD18 (M18/2, Biolegend), EpCAM (G8.8, Biolegend) and CD31 (clone MEC13.3, Biolegend). Data were
acquired on a LSRII (BD Biosciences) and analyzed with FlowJo software (TreeStar). An Aria III (BD
Biosciences) was used for cell sorting.
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RNA isolation and quantitative RT-PCR. Isolation of total RNA from tongues and generation of cDNA
was carried out according to standard protocols. Quantitative PCR was performed using SYBR Green
(Roche) and a Rotor-Gene 3000 (Corbett Research). The primers were Cxcl1 fwd 5'-ccgctcgcttctctgtg3', Cxcl1 rev 5'-gcagctcattggcgatag-3'; S100a9 fwd 5'-gtccaggtcctccatgatgt-3' and S100a9 rev 5'tcagacaaatggtggaagca-3';

defb3

fwd

5'-gtctccacctgcagcttttag-3'

and

defb3

rev

5'-

actgccaatctgacgagtgtt-3'; Il17c fwd 5’-ctggaagctgacactcacg-3’ and Il17c rev 5’-ggtagcggttctcatctgtg-3’.
Data were normalized to β-actin and displayed as relative values.
Tissue homogenization and ELISA. For protein measurements, tongues were homogenized in PBS with
0.1% Triton-X100 and Roche Protein Inhibitor tablet using a Tissue Lyzer (Qiagen,) for 3 minutes at 25
Hz. G-CSF protein was determined by sandwich ELISA using purified anti-G-CSF (clone 67604, R&D
Systems) for coating and biotinylated polyclonal rabbit anti-G-CSF (Peprotech) for detection according
to standard protocols. S100A9 protein levels were determined with the S100A9 DuoSet ELISA kit (R&D
Systems).
Histochemistry and Immunofluorescence. Tissues were embedded in OCT (Sakura), snap-frozen in
liquid nitrogen and stored at -20°C. Sagittal cryosections (10 µm) were air-dried at room temperature,
stained with periodic-acid Shiff (PAS; Roth) and counterstained with Haematoxylin (Roth). Sections
were mounted with Pertex (Biosystems Switzerland) and analyzed on an Axiovert 25 (Zeiss) at 10-40X
magnification. All scale bars indicate 100 µm. For immunofluorescence stainings cryo-sections were
fixed with ice-cold 4% PFA and stained with anti-S100A9 (kindly provided by C. Urban, Umea, Sweden,
0.5ug/ml), anti-mouse-IgG-Alexa647 (5ug/ml, Abcam), anti-rat-IgG(H+L)-Alexa488 (7.5ug/ml, Jackson
Immunoresearch) and 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich). Slides
were mounted with Mowiol (VWR International AG). Images were acquired with a Zeiss Axiovert 200m
microscope, a Visitron CSU-X1 spinning-disc confocal unit and an Evolve 512 EMCCD camera. 10x and
20x objectives were used. Image analysis was performed with Volocity software (Perkin Elmer).
Oxidative burst assay. Neutrophils

-DA (Sigma) in Ca2+ and Mg2+-

free medium at 37°C for 15 minutes , washed with RPMI and stimulated with 5 x 104 heat killed
Candida before the cells were stained with cell surface antibodies and analyzed by flow cytometry.
Statistics. Statistical significance was determined by non-parametric Mann-Whitney U-test using
GraphPad Prism (GraphPad Software) with *, p < 0.05; **, p < 0.01; ***, p < 0.001. For data plotted on
a logarithmic scale the geometric mean is indicated.
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3.1

ABSTRACT

The cytokine Interleukin-17 (IL-17) has emerged as critical mediator of fungal control in skin and
mucosal tissues. The two best-studied members of the IL-17 family, IL-17A and IL-17F, were shown to
be crucial for fungal control during acute phase of oropharyngeal Candida albicans infection by
inducing the production of antimicrobial proteins in epithelial cells. In absence of IL-17 signaling, the
host engages alternative mechanisms that switch the response from the unavailable pathogen
resistance program to pathogen tolerance. This leads to persistent C. albicans infection of the oral
mucosa and at the same time prevents excessive tissue damage caused by an overt inflammatory
response. In this study, we investigate factors and mechanisms, which limit the inflammation. Proresolving lipid mediators, including LipoxinA4, inhibit neutrophil recruitment and stimulate infiltration
of monocytes, which differentiate into macrophages. These cells clear the site of inflammation from
debris, which is derived from the pathogen or dead cells, and thereby enabling repair of the tissue.
Anti-inflammatory cytokines, including IL-10, support this process by preventing a prolonged
inflammatory response. Complementary, the production of antimicrobial proteins is induced during
the persistent phase of infection by an IL-17-independent mechanism. Together, this reveals the tight
regulation of pro- and anti-inflammatory mechanisms activated during OPC in settings where fungal
control is limited by immune deficiencies and prevention from immunopathology caused by the
antifungal response is required for host survival.
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3.2

INTRODUCTION

Chronic mucocutaneous candidiasis (CMC) in human is a heterogeneous disorder characterized by
persistent infection of skin, nails and mucosal surfaces with Candida species. Various genetic disorders
predispose individuals for CMC. A number of mutations could be identified which disrupt signaling of
Interleukin-17A (IL-17A) and IL-17F as (collectively called IL-17 in the following) via the IL-17 receptor,
a heterodimer composed of IL-17RA and IL-17RC. CMC patients with a defect in AIRE produce
neutralizing autoantibodies against IL-17A, IL-17F and the related IL-22 [38, 40]. Other groups of CMC
patients have loss-of-function mutations in either IL-17F or the receptor IL-17RA [36], defects in ACT1,
an essential adaptor molecule downstream of the IL-17 receptor [8] or mutations impairing the
production of IL-17A and IL-17F. This is the case in individuals suffering from hyper-IgE syndrome (HIES)
due to a mutation in STAT3 [87]. This transcription factor is required to activate the transcription factor
RORγt, a critical step during IL-17 induction. Individuals with mutations in STAT1 or CARD9 also fail to
mount full Th17 responses [6, 88].
Comparable to human, mice with deficiencies in IL-17-signaling are unable to control C. albicans when
infected experimentally via the oral route. Neutralization of IL-17A and IL-17F as well as genetic defects
in IL17RA or IL-17RC results in persistent oropharyngeal candidiasis (OPC), providing an experimental
model to study CMC. The same is true for Rorc-/- mice lacking the transcription factor RORγt. In
contrast to WT mice, IL-17-signaling deficient mice have a high fungal load on day 7 p.i. and they display
a reduced body weight. The colonizing fungus and the low body weight remain stable at least until day
14 p.i.. During the acute phase of infection, IL-17-signaling is required to induce the production of
antimicrobial proteins (AMPs) by epithelial cells [16]. mRNA and protein concentration of the AMP
S100A9 are strongly reduced in mice lacking IL-17-signaling on day 1 p.i.. Neutralization of IL-17A and
IL-17F from day 2 p.i. on also prevents C. albicans clearance from the oral cavity proving a prolonged
requirement for signaling IL-17-signaling in the course of infection. However, the mice do not succumb
to the infection, which indicates that other factors are involved and may compensate for the lack of IL17.
To prevent the fungus from overcoming the epithelial barrier and disseminating into underlying
tissues, induction of an inflammatory response characterized by the recruitment of neutrophils is
critical. The recruitment of neutrophils is independent of IL-17 in the context of OPC [16]. Neutrophils
control C. albicans hyphae by extracellular defense mechanisms, such as neutrophil extracellular traps
(NETs), release of granular content including hydrolytic enzymes and reactive oxygen species (ROS).
These aggressive and rather unspecific mechanisms can inadvertently induce severe tissue damage
and have therefore to be limited and counteracted in time to avoid chronic inflammation and disease.
This resolution of inflammation is an active process rather than a passive dilution or just degradation
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of pro-inflammatory stimuli. Lipid mediators play a critical role in regulating the resolution of
inflammation. While prostaglandinE2 (PGE2) and leukotrieneB4 can amplify inflammatory signals, they
also activate enzymes involved in the synthesis of pro-resolving mediators such as cyclooxygenases
(COX) and lipoxygenases (LOX). This gradually promotes the synthesis of lipoxins, resolvins and
protectins. Resolution of inflammation includes the inhibition of further neutrophil recruitment and
promotes infiltration of monocytes, their differentiation into macrophages and the activation of
phagocytosis to clear apoptotic neutrophils and debris derived from cells and the pathogen (reviewed
in [89]).
LipoxinA4 (LXA4) together with resolvinD1 (RD1) and protectinD1 (PD1) belongs to the widely studied
group of eicosanoids and were found to play a role during different pro-resolution settings. Eicosanoids
are derived from poly-unsaturated-fatty-acids (PUFA) including arachidonic acid (AA) and
docosahexaenoic acid (DHA) which are released from membrane phospholipids by phospholipases. A
range of different enzymes can metabolize AA. COX1 and COX2 use AA as substrate and catalyze the
first step in the generation of different prostaglandins including PGE2. 15LOX can metabolize AA to
initiate biosynthesis of LXA4 but it can also process DHA to generate RD1, PD1 and related lipid
mediators (reviewed in [90]). Although they inhibit neutrophil infiltration, those pro-resolving lipid
mediators do not act as immunosuppressive agents, but stimulate the expression of antimicrobial
defense molecules. Additionally they are thought to stimulate wound healing [91] and eventually
enabling the tissue to return to homeostasis.
Oropharyngeal infection with C. albicans induces a strong inflammatory response, which together with
epithelial antifungal mechanisms leads to fungal clearance in WT mice. Mice lacking a functional IL-17siganling pathway, however, are not able to clear the infection but develop a persistent infection
comparable to CMC in humans. In order to protect itself from excessive tissue damage caused by the
inflammation the host has to find a balance between defense against the pathogen to keep it from
systemic dissemination and tolerating the pathogen to prevent tissue damage by the inflammatory
response. Here we use a mouse model of OPC investigate the mechanisms engaged by the IL-17deficient host to establish this balance. We focus on changes compared to the acute phase of infection
in terms of antifungal defense mediated by neutrophils and epithelial cells. Additionally we investigate
cytokines and lipid mediators contributing to the resolution of inflammation and the establishment of
fungal toleration.

3.3
3.3.1

RESULTS
Neutrophil numbers are reduced during persistent OPC

Mice bearing a deficiency in IL-17-signaling develop a persistent oropharyngeal infection with
C. albicans. During the onset of inflammation (day 1 p.i.) neutrophils strongly infiltrate the tongue but
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the neutrophil response is transient and neutrophil numbers drop significantly at later time points of
infection despite the continuous high fungal load (Figure 3.3.1A and [16]). In addition to the number
of neutrophils, we also investigated their activation status by quantifying their expression of
CD11b/CD18, ROS production and granularity. As described in [15] two neutrophil populations can be
identified based on their surface expression levels of CD11b and CD18. The CD11bhigh population shows
high ROS production and high granularity, whereas the CD18high population shows only low ROS
production and appears to be de-granulated (Figure 3.3.1B).

Figure 3.3.1: Neutrophil count and activity are reduced during persistent infection. (A) CD45+Ly6G+ Ly6C+ neutrophils in the
tongue of naïve and infected WT and Il17rc-/- mice were quantified by flow cytometry at the indicated time points. Each
symbol represents one mouse; the mean and SD is indicated; data from two independent experiments are pooled. (B)
CD45+Ly6G+ Ly6C+ neutrophils were analyzed for CD11b and CD18 expression, ROS production (DCF), and granularity (change
in scatter). CD11bhigh cells are shown in green, CD18high cells are shown in black. (C) Quantification of CD11bhigh and CD18high
cells within the neutrophil populations as defined in (B) Each bar is the mean + SD of 6 mice pooled from two independent
experiments.

In WT mice during the acute phase of infection, the majority of neutrophils falls into to the CD11b high
subpopulation. In Il17rc-/- mice we could find slightly more neutrophils within the CD18high population.
The ratio between the CD11bhigh and CD18high subpopulations of neutrophils did not change over the
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course of 7 days (Figure 3.3.1C). The reduced number of neutrophils was not compensated by an
increase in activity of the remaining neutrophils.

3.3.2

Wound healing is increased in the persistent phase of infection

The tongue is covered by a keratinized stratified squamous epithelium. It is characterized by layers of
epithelial cells: the basal cells closest to the dermis, followed by the suprabasal layers and the cornified
layer, which consist of heavily keratinized cells and is in contact to the environment. Only cells in the
basal layer proliferate and differentiate during their migration towards the apical site until they finally
become part of the cornified layer. Each differentiation step is characterized by the expression of a
combination of different keratins. Cells in the basal layer can be identified based on their expression
of Keratin 14. In the suprabasal layer, epithelial cells express Keratin 6 [92]. Loricrin and Keratin 10 are
expressed in epithelial cells during late stages of differentiation found in the cornified layer [93]. The
orderly architecture of the epithelial layers is heavily disturbed during C. albicans infection by invading
hyphae on the one hand and by infiltrating inflammatory leukocytes including neutrophils and
monocytes on the other hand. The damage caused by the fungus and the inflammatory response
(Figure 3.3.2A PAS and Ly6G staining) must be repaired to reinstall homeostasis. To evaluate whether
wound healing is induced under these conditions, we stained consecutive sections of persistently
infected tongues of Il17ra-/- mice for different keratins by immunofluorescence. We found heavily
altered keratin expression patterns at lesional sites compared to flanking regions, referred to as nonlesional regions (Figure 3.3.2A). Loricrin was strongly expressed in the cornified layer in non-lesion
regions, while the staining was completely absent within a lesion, suggesting heavily compromised
differentiation in this area. A similar picture was also observed for keratin 10: in non-lesion regions
specific staining was observed in the cornified layer of papillae but no staining was detected within the
lesion. In contrast, keratin 6 was strongly expressed in the lesional epithelium. It was not restricted to
the suprabasal layer as outside the lesions, but rather observed throughout the complete lesion
including basal, suprabasal and cornified layers. This altered distribution indicates strong proliferation
in combination with reduced differentiation. Finally, we stained for keratin 14 and found its expression
to be limited to the basal layer in non-lesional regions, whereas within the lesion keratin 14 expression
was similar to keratin 6 expression evenly distributed through all layers of the epithelium (Figure
3.3.2A).
To further strengthen these findings we quantified an epithelial differentiation marker in bulk tongue
on the level of mRNA. Expression of the late differentiation marker keratin 10 was strongly reduced at
late time points after C. albicans infection in Il17rc-/- mice in comparison to WT mice, supporting the
notion that intensive proliferation at expense of normal keratinocyte differentiation was taking place
during the persistent phase of OPC (Figure 3.3.2B).
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Figure 3.3.2: Enhanced wound healing and tissue regeneration during persistent infection. (A) Consecutive tongue sections
from Il17ra-/- mice on day 7 p.i. were stained with PAS or with antibodies specific for Ly6G, Loricrin, Keratin 6, Keratin 10 and
Keratin 14. (B, C) mRNA of Il17rc-/- mice was analyzed for Krt10, Hb-egf and Mmp3 expression at the indicated time points
post infection. Each symbol represents one mouse, the mean + SD is indicated.

To complement the previous findings we examined factors involved in tissue repair. The family of
epidermal growth factor (EGF) plays an important role in the epithelialization during cutaneous wound
healing. The family member Heparin-binding EGF-like growth factor (HB-EGF) was shown to induce
accelerated keratinocyte migration important for wound closure [94]. When measuring Hb-egf
transcripts, we found increased mRNA levels on day 1 p.i. in both WT and Il17rc-/- mice as a reaction
to the tissue damage caused by infiltrating hyphae and the immune response. In WT epithelium Hbegf expression was reversed to naïve levels on day 7 p.i.. In the absence of a functional IL-17-signaling
pathway Hb-egf expression remained high, which is probably a consequence of the persistent fungus
and the resulting need for tissue repair (Figure 3.3.2C). The same was also observed for MMP3, a
protease involved in the activation of HB-EGF [16]. Mmp3 mRNA was up regulated on day 1 p.i. in WT
and Il17rc-/- mice and remained highly expressed until day 7 p.i. in Il17rc-/- mice (Figure 3.3.2C).
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Taken together this led to the hypothesis that during the persistent phase of infection the epithelium
establishes a balance between a tolerable fungal load and the tissue damage caused immune
pathology. This situation is characterized by reduced neutrophil response and enhanced tissue repair.
However, in remains unclear, which mechanisms keep the fungus under control and prevent it from
dissemination into underlying organs.

3.3.3

IL-22 is critical for fungal control in absence of IL-17-signaling

The cytokine IL-22 is closely related to IL-17 with respect to the cell types from which it is produced
and to effector responses it regulates, including AMP induction and wound healing. During OPC in WT
mice, IL-22 was only weakly induced during the acute phase of infection (Figure 2.3.3A). Consistent
with this IL-22 plays only a minor role for fungal control in the presence of a functional IL-17 pathway.
During persistent infection in IL-17R-deficient mice however, IL-22 expression was strongly increased
(Figure 3.3.3A). This finding prompted us to speculate that IL-22 may compensate the lack of IL-17 and
contribute to fungal containment in persistently infected mice lacking functional IL-17-signaling. We
therefore blocked the IL-17 pathway by administering neutralizing anti-IL-17A and anti-IL-17F
antibodies in WT and Il22-/- mice. While antibody treated WT mice displayed an intermediate defect
in controlling the infection and stabilized their weight after 3 days of infection, IL-17-depleted Il22-/mice lost weight continuously and carried very high fungal loads on day 7 post infection. Untreated IL22 mice behaved similarly to IL-17-depleted WT mice. These data suggested that IL-22 is critical in
absence of IL-17 signaling as blocking both pathways together disables the mice to control the fungus.

Figure 3.3.3: IL-22 is critical for fungal control in absence of IL-17-signaling. (A) Il22 mRNA in the tongue of WT and Il17rc-/mice was analyzed at the indicated time points. (B, C) WT and Il22-/- mice, with or without neutralization of IL-17A and IL17F, were orally infected. Body weight was monitored during the course of infection (B) and the fungal load in the tongue of
the mice was determined on day 7p.i.(C). (A and C) Each symbol represents one mouse, mean + SD is indicated. (B) Data are
mean and SD of 3-4 mice per group.

3.3.4

Antimicrobial proteins mediate fungal control

AMPs play an important role in host defense against mucocutaneous C. albicans infections. As shown
previously [16, 42], several AMPs including beta-defesins and calprotectin, a heterodimer of S100A8
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and S100A9, are strongly induced upon oral infection with C. albicans. During acute infection, S100a9
mRNA expression by epithelial cells was strictly dependent on Il-17-signaling [16]. To our surprise, we
found that at later time points S100a8 and S100a9 mRNA was expressed independently of a functional
IL-17-pathway (Figure 3.3.4A). IL-17-signaling thus appeared to be redundant for the regulation of
AMPs in epithelial cells during the persistent phase of infection. In psoriatic skin, IL-22 was shown to
be the main mediator of AMP expression [14]. To investigate the mechanism of IL-22-mediated
protective immunity, that keeps C. albicans under control in absences of a functional IL-17 pathway,
we investigated the induction of AMPs in the different conditions of single and combined cytokine
deficiency described before. Unexpectedly, Il22-/- mice displayed no defect in S100a9 expression,
irrespective of whether they were depleted of IL-17 or not (Figure 3.3.4B). This indicated that, although
IL-22 was critical for maintenance of fungal persistence and prevention of fungal dissemination in
absence of IL-17, this effect was independent of AMPs.

Figure 3.3.4: Enhanced AMP production on day 7 p.i. is independent of IL-17. (A) Mice were orally infected with C. albicans.
mRNA in the tongue of WT and Il17rc-/- mice was analyzed at the time points indicated. (B) WT and Il22-/- mice, with or
without neutralization of IL-17A and IL-17F, were orally infected. S100A9 mRNA in the tongue was measured on day 7p.i. (A,B)
Each point represents one mouse.Mean + SD is indicated.

3.3.5

Inflammation is actively resolved during the persistent phase of infection

Inflammation is an important response of the host following pathogen invasion. However in situations
where tolerating the infectious agent causes less host damage than the immune response against it, it
is critical for host survival to restrict inflammation and prevent inadvertent tissue damage. Cytokines
are well characterized mediators of inflammatory responses. The pro-inflammatory cytokine IL-1 is
known to mediate inflammatory responses. On the other hand, anti-inflammatory cytokines such as
IL-10 suppress inflammation and are important to maintain homeostasis at sites with high antigen load
like the gastrointestinal tract. We therefore analyzed the mRNA expression of those cytokines to
identify their role during persistent C. albicans infection. Il1 mRNA was highly expressed during the
acute phase of infection in both WT and Il17rc-/- mice, with higher levels in WT. During the persistent
phase of infection in Il17rc-/- mice, Il1 expression remained detectable but levels were reduced
compared to those measured during the acute phase. WT mice have cleared the infection on day 7 p.i.
and no Il1 expression was detected anymore (Figure 3.3.5A). On the other hand, we found Il10 mRNA
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highly increased (Figure 3.3.5B) providing evidence that anti-inflammatory mechanisms are induced
during persistent infection. Consistent with this, we found that Il10-/- mice were not able to control
the infection and restore the initial body weight as efficient as WT mice Figure 3.3.5C). Together with
the notion that those mice have lower fungal counts on day 2p.i. in the tongue Figure 3.3.5D), we
speculate that IL-10 initially slows down fungal control by dampening the inflammatory response while
it prevents immunopathology and thereby limits excessive fungal growth within the damaged
epithelium.
Apart from cytokines, lipid mediators play an important role in regulating inflammatory responses. The
lipid mediator Prostlandin E2 (PGE2) can be rapidly induced as response to inflammation and amplifies
cardinal signs of acute inflammation. Consistently we found COX2, an enzyme involved in the
biosynthesis of PGE2, to be highly induced during the acute phase of infection in both WT and Il17rc/- mice. On day 7p.i. however, when the infection was cleared in WT mice, COX2 expression was
reduced to the level found in naïve mice. In contrast, COX2 mRNA levels remained high in Il17rc-/- mice
(Figure 3.3.5E). Additionally, we measured expression of 15LOX in tongues of infected mice, a key
enzyme in biosynthesis of the pro-resolving lipid mediators LXA4, PD1 and RvE2 and a target enzyme
of PGE2. As expected, this enzyme was barely expressed during the acute phase of inflammation, but
is was highly up-regulated in Il17rc-/- mice on day 7 p.i., indicating that pro-resolving lipid mediators
were induced and may contribute to limit inflammation and prevent tissue damage in persistently
infected mice (Figure 3.3.5E).
Another mechanism that may be involved in the induction of tolerance is the regulation of the
tryptophan metabolism. The enzyme indolamine-2,3-dioxygenase (IDO) metabolizes Tryptophan to LKynorenin, which can shift T cell polarization away from Th17 effector cells towards Tregs that can
produce IL-10 [95]. Additionally, inhibition of IDO was shown to increase immunopathology caused by
exacerbated inflammation and neutrophil response [96]. During persistent C. albicans infection, we
could detect elevated levels of IDO expression (Figure 3.3.5F). However, the role of IDO in this setting
was not analyzed in detail so far.
Taken together, the change from a pro-inflammatory response during acute infection to a response
characterized by increased expression of IL-10 and pro-resolving lipid mediators suggested that there
is no general suppression of the immune system during the persistent phase of infection but an active
change in the immune response to limit overt inflammation and promote increased tissue repair. This
prevents systemic dissemination of C. albicans but at the same time enables local tolerance of the
fungus to prevent excessive tissue damage caused by the immune response.
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Figure 3.3.5: Anti-inflammatory cytokines and pro-resolving lipid mediators are produced during persistent infection.
(A,B,E,F) WT and Il17rc-/- mice were orally infected with C. albicans. mRNA in the tongue was analyzed at the time points
indicated. Each symbol represents one mouse, the mean + SD is indicated. (C, D) WT and IL-10-/- mice were infected orally.
Body weight was monitored during the course of 7 days p.i. (C) and the fungal load in the tongue was determined on day 2p.i.
(D) In C, each symbol represents the mean + SD of 3 mice, in D each symbol represents on mouse, mean+ SD are indicated.

3.3.6

Eosinophils and monocytes infiltrate the tongue during persistent infection

15LOX can be produced by different cell types including tissue resident macrophages, dendritic cells
and eosinophils. In a model of zymosan-induced acute peritonitis, eosinophils and eosinophil-derived
15LOX-dependent products including LXA4 and PD1 were shown to be critical to limit inflammation
[97]. We therefore investigated the eosinophil response to C. albicans and quantified eosinophils
infiltrating the tongue during the course of infection. We found a strong increase of these cells on day
1 p.i. which remained at the same level until day 7 p.i. (Figure 3.3.6A, B), indicating that eosinophils
may contribute to the establishment of a balance between host and C. albicans during persistent
infection. Further investigations are required to directly link this cell type to the production of proresolving lipid mediators.
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Tissue resident macrophages have been shown to critically promote inflammation resolution and
tissue repair in different infection or injury models. During homeostasis, they are replenished by
CX3CR1+Ly6C- monocytes, while CX3CR1-Ly6C+ monocytes give rise to monocyte-derived DCs and
macrophages during inflammation and the following resolution phase.
To examine the dynamics of monocyte and macrophage populations during persistent infection, we
treated CX3CR1WT/GFP mice with anti-IL-17A and anti-IL-17F antibodies and infected them orally before
analyzing the cells in the tongue by flow cytometry. Tissue resident macrophages were identified as
CD64+CD11b+CX3CR1+MHCII+Ly6C- cells. In naïve mice we found a distinct population of CX3CR1+Ly6Ccells in the CD11b+CD64+ population, which could be further divided into MHC II- monocytes and the
MHC II+ tissue resident macrophages. There was no Ly6C+ monocyte population detectable in the naïve
situation. On day 7 p.i., Ly6C+ monocytes infiltrated the tongue of infected animals. A sub-population
was also positive for CX3CR1. We analyzed the MHC II expression of both Ly6C+ populations and the
CX3CR1+ population. MHC II expression seemed to correlate with the expression of CX3CR1, leading to
the hypothesis that a part of the infiltrating Ly6C+ monocytes differentiate into tissue resident
macrophages via a Ly6C+CX3CR1+MHC II+ intermediate phenotype (Figure 3.3.6C). However, the total
number of tissue resident macrophages did not change significantly between naïve mice and mice
during persistent C. albicans infection (Figure 3.3.6D), indicating that newly differentiating monocytes
may replace apoptotic or emigrating macrophages.
Together these preliminary flow cytometry analyses suggest that eosinophils and tissue resident
macrophages might be important for the resolution of inflammation and promoting tissue repair.
However, the identification of their exact role during persistent infection requires further
investigation.
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Figure 3.3.6: Eosinophils and CX3CR1high Ly6Chigh monocytes accumulate during the persistent infection in the tongue. (A,B)
The number of eosinophils was determined by flow cytometry at the time points indicated. Cells were pre-gated on scatter,
live cells, CD45+, Ly6G-, MHC II-. Eosinophils were identified by their expression of CD11b and SiglecF and quantified in (B). Each
symbol represents one mouse; data are pooled from two independent experiments. (C, D) Monocyte populations were
analyzed on day 7p.i. in the tongue of CX3CR1WT/GFP mice that were treated or not with anti-IL-17A and anti-IL-17F antibodies.
Within the live, CD45+, CD64+ and CD11b+ cells, monocyte populations were identified based on their expression of CX3CR1
and Ly6C. CX3CR1-Ly6C+ cells shown in green, CX3CR1+Ly6C+cells shown in blue and CX3CR1+Ly6C-cells shown in red. The
populations were analyzed for their expression of MHC II, except the Ly6C+populutions in the untreated mice, because there
are no Ly6C+ populations in this setting. Tissue resident macrophages were defined as CX3CR1+Ly6C-MCH II+ and are quantified
in (D).

3.4

DISCUSSION

Mice lacking a functional IL-17-signaling pathway are unable to clear oropharyngeal C. albicans
infections. Instead, they develop a persistent infection with stable fungal load in the tongue without
succumbing to the fungus. While neutrophils play a key role in preventing the fungus from
disseminating into underlying tissues during the acute phase of infection, they appear to be less
important during the persistent phase. Instead, AMP production is strongly induced to keep the fungus
from dissemination. Additionally we observed an increase in wound healing in the damaged
epithelium. We have evidence, that bioactive chemical compounds, so-called lipid mediators, mediate
40

Project II
both antimicrobial defense and resolution of the acute inflammation, enabling tissue repair. Together
these compensatory mechanisms are required to prevent further tissue damage and are a prerequisite
to establish homeostasis in presence of high fungal load.
During the acute phase of infection, IL-17-signaling was crucial to induce AMP production in epithelial
cells [16]. In absence of IL-17-signaling, we found a strong increase of AMP induction during the
persistent phase of infection. Based on findings in psoriatic skin, where IL-22 instead of IL-17 is a master
regulator of AMP induction [14], we investigated whether IL-22 is the alternative promoter for AMP
induction. At least for the subunits of calprotectin, S100A8 and S100A9, this was not the case.
However, IL-22 deficiency itself induced a persistent infection similar to a defect IL-17-deficience. This
is in contrast to the phenotype published by Conti et al. [42], where Il22-/- mice showed only slightly
delayed clearance. This might be due to differences in the Il22-/- strains used in both studies, an
assumption which could only be clarified by performing a side-by-side experiment with both strains of
knock-out mice. Nevertheless, we have strong evidence that IL-22 is important for fungal control,
especially in absence of IL-17-signaling, although the underlying mechanism remains to be identified.
We hypothesize a role in wound healing and tissue repair during persistent OPC, as it was shown to
have in the skin and the intestinal mucosa [98, 99].
The immune system has different options to deal with invading pathogens. In most cases the host
initially attacks the microorganism and rapidly clears it from the system, a process defined as pathogen
resistance to a certain pathogen [100]. WT mice are resistant to oral C. albicans infections. The oral
mucosa undergoes different phases throughout the infection. The acute phase is characterized by
strong neutrophil infiltration and activity. Additionally IL-17-signaling induced AMP expression in
epithelial cells, a critical process for fungal clearance [16]. In WT mice the fungus is cleared within 5
days, the inflammation is resolved and the epithelium regains homeostasis. However, in mice lacking
a functional IL-17-signaling pathway, the immune system is unable to clear the fungus because an
important mediator - IL-17-signaling - is missing. For this reason, the immune system switches to an
alternative defense strategy to avoid collateral tissue damage by overt inflammation and tolerates the
pathogen. In contrast to resistance to C. albicans, where the fungus is eliminated rapidly, tolerance of
C. albicans limits the health impact of a given high fungal burden on the host caused by
immunopathology [100]. In mice, which lack IL-17-signaling, the fungus cannot be cleared but it is not
uncontrolled. Its distribution is restricted to the cornified layer of the epithelium and from there it
triggers only a very limited pro-inflammatory response. Pro-inflammatory mediators like IL-1 and
neutrophil counts are very low by day 7 p.i. and only few small foci of neutrophil aggregation can be
found in the tongue. The control and adjustment of an immune response against fungi is highly critical
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in order to avoid chronic diseases. This has for instance been studied in the context of Aspergillus
induced allergy [101].
During the persistent phase of oral C. albicans infection, several cell types including (apoptotic)
neutrophils, infiltrating monocytes and tissue resident are involved in inflammation resolution [102].
Neutrophils interact with near epithelial cells or platelets to produce the lipid mediator LXA4, which
inhibits the recruitment of additional neutrophils but promotes monocyte recruitment [89, 103] as
well as uptake of apoptotic cells by monocyte-derived macrophages [104]. LXA4 is synthesized by
15LOX. This enzyme is also produced by other cell types including macrophages, which start to express
them in response to the uptake of apoptotic neutrophils [105]. Another likely source for lipid mediators
are basophils. They are present in the tongue during persistent infection and have been shown to
express 12/15-lipoxygenases and synthesize LXA4 as well as other pro-resolving lipids [106]. However,
further investigation is required to analyze which cells are the major producers of lipid mediators in
the different phases of infection. Additionally to pro-resolving lipid mediators, anti-inflammatory
cytokines are important to prevent overshooting inflammation. Phagocytosis of apoptotic cells by
macrophages can additionally induce the release of IL-10 and TGF [107]. It remains to be proven that
macrophages are a (major) source of IL-10 during the persistent phase of infection. Nevertheless, we
have evidence that a lack of IL-10 during OPC prevents resolution of infection. C. albicans may take
advantage from easily accessible nutrients released by the inflammation damaged tissue if IL-10 is
lacking. However, the precise role of IL-10 during persistent infection caused by IL-17-signaling
deficiency awaits further investigations.
Taken together, we found that in absence of IL-17-signaling the host is not able to clear the fungus
from the oral mucosa. Instead, the organism changes the defense strategy by activating antiinflammatory and pro-resolution mechanisms that dampen the inflammation and prevent excessive
tissue damage. In order to control the fungus and keep it from dissemination, IL-17-independent
pathways are activated which lead to AMP production. These findings may open new perspectives for
future therapeutic approaches that support isolated immune mechanisms for antifungal responses
leading to efficient fungal control and minimized side effects.

3.5

MATERIALS AND METHODS

Mice and depletion strategies. C57Bl/6 mice were purchased from Janvier Elevage. Il17ra-/- and il17rc/- mice were obtained from Amgen and bred at our animal facility Rodent Center HCI. Il10-/- mice were
bred at the Institute of Laboratory Animal Sciences, University of Zürich, Switzerland. Il22-/- mice were
a gift from Burkhard Becher (University of Zürich, Switzerland), CX3CR1-GFP mice were a gift from WolfDietrich Wolf (ETH Zürich, Switzerland). All mice were on the C57Bl/6 background, were kept in specific
pathogen-free conditions and were used at 6-15 weeks of age. In some experiments, anti-IL-17A (clone
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17F3, BioXCell, 200 µg per mouse per day) and anti-IL-17F61 (kindly provided by Pfizer Inc., 200 µg per
mouse per day) was administered daily starting from one day prior to infection. Antibodies were
administered via the intraperitoneal route. All mouse experiments described in this study were
conducted in strict accordance with the guidelines of the Swiss Animal Protection Law and were
performed under protocols approved by the Veterinary office of the Canton Zürich, Switzerland
(license number 201/2012). All efforts were made to minimize suffering and ensure the highest ethical
and humane standards.
Fungal strain and infection. The C. albicans laboratory strain SC5314 was grown in YPD medium at 30°C
for 15-18 hours. Mice were infected with 2.5x106 cfu C. albicans sublingually as described [86] without
immunosuppression. Mice were monitored for morbidity and euthanized when they showed severe
signs of pain or distress. The loss and recovery of body weight was monitored throughout the course
of all experiments and is displayed as % of initial weight. For determination of fungal burden the tongue
was removed, homogenized in sterile 0.05% NP40 in H2O for 3 minutes at 25 Hz using a Tissue Lyzer
(Qiagen) and serial dilutions were plated on YPD agar containing 100 µg/ml Ampicillin.
Isolation of tongue cells and analysis by flow cytometry. Mice were anaesthetized with a sublethal dose
of Ketamin, Xylazin and Acepromazin, and perfused by injection of PBS into the right heart ventricle.
Tongues were cut into fine pieces and digested with DNase I (2.4 mg/ml, Roche) and Collagenase IV
(4.8 mg/ml, Invitrogen) in PBS for 45 min at 37°C. Single cell suspensions were stained in ice-cold PBS
supplemented with 2mM EDTA, 10% FCS and 0.02% sodium azide with CD45 (clone 104, Biolegend),
CD11b (clone M1/70, Biolegend), Ly6C (clone AL-21, BD Biosciences), Ly6G (clone 1A8, BD Biosciences),
CD18 (M18/2, Biolegend). Data were acquired on a LSRII (BD Biosciences) and analyzed with FlowJo
software (TreeStar).
Oxidative burst assay. Neutrophils were incubated with 20uM DCFH-DA (Sigma) in Ca2+ and Mg2+-free
medium at 37°C for 15 minutes , washed with RPMI and stained with cell surface antibodies and
analyzed by flow cytometry.
RNA isolation and quantitative RT-PCR. Isolation of total RNA from tongues and generation of cDNA
was carried out according to standard protocols. Quantitative PCR was performed using SYBR Green
(Roche) and a Rotor-Gene 3000 (Corbett Research). The primers were -actin fwd 5'ccctgaagtaccccattgaac-3'
gtccaggtcctccatgatgt-3'

and
and

-actin
S100a9

atcaccatcgcaaggaactc-3'

and

S100a8

cggggagtgcagatacctg-3'

and

Hb-egf

ttaaagacaggcacttttggcg-3'

and

Mmp3

rev
rev
rev
rev
rev

5'-cttttcacggttggccttag-3';

S100a9

fwd

5'-

5'-tcagacaaatggtggaagca-3';

S100a8

fwd

5'-

5'-ccatgccctctacaagaatg-3';

Hb-egf

fwd

5'-

5'-ttctccactggtagagtcagc-3';

Mmp3

fwd

5'-

Krt10

fwd

5'-

5'-ccctcgtatagcccagaaact-3';
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cgaagagctggcctacctaaa-3' and Krt10 rev 5'-gggcagcgttcatttccac-3'; Il22 fwd 5'-catgcaggaggtggtgcctt-3'
and Il22 rev 5'-cagacgcaagcatttctcag-3'; Il1 fwd 5'-caaccaacaagtgatattctccatg-3' and Il1 rev 5'gatccacactctccagctgca-3'; Il10 fwd 5'-ggttgccaagccttatcgga-3' and Il10 rev 5'-acctgctccactgccttgct-3';
Cox2 fwd 5'-tgcactatggttacaaaagctgg-3' and Cox2 rev 5'- tcaggaagctccttatttccctt-3'; 15Lox fwd 5'ggctccaacaacgaggtctac-3' and 15Lox rev 5'- aggtattctgacacatccacctt-3'. Data were normalized to βactin and displayed fold change to naive.
Histochemistry and Immunofluorescence. Paraffin-embedded tongues were cut in sagittal sections
(7 µm). For PAS stainings, sections were air-dried at room temperature, stained with periodic-acid Shiff
(PAS; Roth) and counterstained with Haematoxylin (Roth). For immunohistochemistry, sections were
stained with anti-Ly6G (clone 1A8) and biotin-goat anti-rat IgG (Jackson). For development the
VECTASTAIN® Elite ABC‐Peroxidase Kit (Reactolab) was used. Sections were mounted with Pertex
(Biosystems Switzerland) and analyzed on an Axiovert 25 (Zeiss) at 10X magnification. All scale bars
indicate 100 µm. For immunofluorescence stainings sections were stained for Keratin 6, Kerstin 10,
Keratin 14 and Loricrin and an anti-rabbit-Cy3 antibody. Antibodies were a kind gift of M. Schäfer,
ETHZ. Slides were mounted with Mowiol (VWR International AG). Images were acquired with a Imager.
A1 microscope equipped with a 10x objective, and a AxiocamMrm camera. Image analysis was
performed with Photoshop (Adobe).
Statistics. Statistical significance was determined by non-parametric Mann-Whitney U-test using
GraphPad Prism (GraphPad Software) with *, p < 0.05; **, p < 0.01; ***, p < 0.001. For data plotted on
a logarithmic scale the geometric mean is indicated.
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4.1

ABSTRACT

Patients suffering from T cell deficiencies display an increased prevalence of fungal infections,
indicating that T cells play an important role in antifungal defense. A prominent example is given by
AIDS patients who frequently suffer from oropharyngeal candidiasis (OPC) during the course of disease
progression. In an experimental model of OPC, Candida albicans-specific CD4+ T cells differentiate very
efficiently into IL-17-secreting Th17 cells, whereas no IFN producing CD4+ T cells can be detected in
cervical lymph nodes draining the oral cavity. Here we are addressing which antigen presenting cells
(APCs) are responsible for driving this highly selective Th17 priming during OPC. Monocyte-derived DCs
(MoDCs) are a prominent subset of APCs infiltrating the lymph nodes from the site of infection,
suggesting that they mediate directly or in cooperation with lymph node-resident APCs the priming of
C. albicans-specific Th17 cells. We could show that MoDCs present C. albicans-derived antigens in the
draining lymph nodes of infected mice and activate C. albicans-specific T cells ex vivo. Furthermore,
they are required for efficient Th17-priming in vivo. This study illustrates and extends the prominent
function of MoDCs as activators of the adaptive immune system, a function that has recently been
attributed to them in other tissues such as the lung but not yet in the oral cavity, a very prominent but
so far little studied site of pathogen entry.
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4.2

INTRODUCTION

The fungus Candida albicans lives as part of the mucosal commensal flora in most healthy individuals.
However, C. albicans is an opportunistic pathogen. Alterations of local or systemic factors in the
immune system of the host can induce pathogenicity and enable C. albicans to invade the tissue.
Predisposing factors for oropharyngeal candidiasis include oral treatments with broad-spectrum
antibiotics [108] or corticosteroids [109], reduced production of saliva as for example associated with
the Sjögrens syndrome [110] and a range of defects in the cell-mediated immunity. AIDS patients are
the most prominent examples for acquired defects in the cell-mediated immunity [111] but also
immunosuppressive treatments as required after bone marrow transplantation [112] increases
susceptibility for OPC. Additionally, there is a number of genetic defects associated with recurring or
chronic mucocutaneous candidiasis (CMC), causing frequent infection of skin, nails, vaginal and oral
mucosa. A large proportion of these underlying defects is associated with impaired Th17
differentiation or signaling of the Th17-derived cytokines IL-17A and IL-17F (referred to as IL-17 in the
following). These defects include mutations in signaling molecules (STAT1, STAT3) required for
cytokine induction as well as mutations in the cytokine receptor IL-17RA, the IL-17RA adapter molecule
Act1 [8] or autoantibodies targeted against Th17 cytokines as found in patients with autosomal
recessive autoimmune polyendocrinopathy syndrome type I (AR APS-I) (reviewed in [6]). In healthy
individuals, most circulating CD4+ T cells recognizing Candida-derived antigen are part of the Th17 cell
pool [46].
Whereas the contribution of Th17 cell-derived cytokines to host defense is well studied, it is less clear
how this important T helper cell subset is generated during OPC. The polarization of activated T cells
is highly dependent on the nature of a pathogen and the pattern recognition receptors (PRRs) by which
it is sensed. C. albicans is recognized by C-type lectin receptors (CLRs), including Dectin-1 and Dectin2, which bind parts of the fungal cell wall and induce the expression of inflammatory cytokines via the
SYK-CARD9 signaling pathway [95]. Apart from the induction of innate antifungal responses these
cytokines can also prime antigen presenting cells, mainly dendritic cells (DCs) to mediated priming and
polarization of naïve CD4+ T cells into specific effector T cells such as Th1, Th2 or Th17 cells or a mixture
of subsets. In the case of OPC, fungal recognition leads to the generation of Th17 cells. The composition
of DC subsets is tissue specific and can change during an infection (reviewed in [113]). The specific DCs
being resident in the tissue also influence the outcome of T cell priming, leading to different T cell
responses upon infection with the same pathogen but with different target organs. Whereas during
OPC T cells specifically differentiate into Th17 cells, systemic infection with C. albicans results in a
mixed Th1 and Th17 response [18].
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DCs are derived from a common precursor (MDP) in the bone marrow but split into two lineages
depending on the signal they receive. FMS-like tyrosine kinase 3 ligand (Flt3L) induces the development
of the common DC progenitor (CDP), which in turn differentiates into pre-pDC or pre-DC that circulate
in the blood stream, enter the tissue during steady state or inflammation and differentiate into tissue
specific conventional DCs (cDCs). The second lineage requires GM-CSF signaling for development into
Ly6C+ monocytes that also circulate in the blood. However, these cells enter the tissue only during an
ongoing inflammation and differentiate into moDCs, which express DC-typical surface markers such as
MHC II and CD11c and are able to mediate T cell priming [27]. Langerhans cells are a special type of
DC. Under steady state conditions they were shown to be self-renewal in the skin [114].
The oral mucosa shares features with other mucosal surfaces and the skin. However, it is a unique
tissue with its own cellular composition, pathways and regulatory mechanisms. Similar to the skin,
different DC subsets are present in the oral mucosa including Langerhans cells, Langerin+CD103+ DCs
(equivalent to Langerin+ dermal DCs) and a range of Langerin- DCs, e.g. CD11b+ interstitial DC [115].
T cell priming capacities of comparable DC subsets in different tissues can be different [115]. Whereas
in the skin Langerhans cells were shown to induce Th17 priming in response to C. albicans infection
[35] they did not influence CD4+ T cell priming in a sublingual vaccination model with
ovalbumin/Cholera toxin, which is as well a Th17 inducing system. In contrast, oral interstitial CD11b+
DCs were shown to transfer antigen to the draining lymph node and mediate the T cell response in this
system [116].
Using a mouse model of oropharyngeal candidiasis, we aimed at identifying the DC subset responsible
for priming of C. albicans-specific Th17 cells. A TCR-transgenic (tg) mouse ("Hector"), expressing a
C. albicans-specific TCR, which was recently generated in our lab, provides a powerful tool to study ex
vivo activation capacities of different DC subsets and enabled us to investigate the differentiation of
antigen-specific Th17 cells in vivo. We could show that conventional DCs are not required for Th17
priming. In contrast, depletion of Ly6C+ monocyte or blocking of their maturation into moDCs severly
impaired antigen presentation in the draining lymph node as well as in vivo differentiation of
C. albicans-specific Th17 cells.

4.3
4.3.1

RESULTS
Langerin-independent priming of Th17 cells

During oropharyngeal candidiasis (OPC), fungus-specific T helper cells differentiate selectively into IL17 producing effector cells in the draining cervical lymph nodes (cLN) (Figure 4.3.1A and B, [18]).
Langerhans cells have been reported to be necessary and sufficient for the induction of Th17 in
response to C. albicans in a cutaneous infection model [35]. During OPC, Langerin+ cells can be found
in the cLNs of infected mice (data not shown). In order to investigate whether they play a role in Th17
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priming during OPC, we made use of Langerin-DTR mice [117] that were treated with diphtheria toxin
to deplete all Langerin+ cells and analyzed the C. albicans-specific CD4+ T cell subset in the cLNs for the
differentiation into Th17 cells. Depletion of Langerin+ cells did not have any influence on Th17 priming
during OPC (Figure 4.3.1C). The same holds true for Th17 priming in Batf3-/- mice, which lack the
Langerin+ dermal DC population [118]. In contrast to the skin infection model, we could not see any
inhibition of the Th17 priming (Figure 4.3.1D).

Figure 4.3.1: Th17 priming during OPC is independent of Langerhans cells and Langerin + dermal DCs cells. (A-D) Cells were
isolated from cervical lymph nodes of naïve or orally infected mice on day 7 p.i. and re-stimulated with DC1940 cells pulsed
with heat-killed C.albicans. After 6h of re-stimulation in presence of Brefeldin A cells were stained for T cell markers and
intracellular for cytokines. (A) Representative FACS plots of ICS performed on re-stimulated WT cells are shown. Cells are pregated on singlets, live cells, CD3+ and CD4+ cells. (B) Quantification of the data shown in (A), each symbol represents one
mouse. (C, D) Quantification of the ICS performed with cells isolated from Langerin-DTR mice with or without diphtheria toxin
treatment (C) or Batf3-/- mice and heterogeneous littermate controls (D).

4.3.2

C. albicans derived antigens are transported by cells in a CCR7 dependent manner

Given that two major tissue resident and migratory DC populations were not involved in Th17
activation during OPC, we wondered whether C. albicans or C. albicans-derived antigens drain via the
lymphatic system to the cLN or if cell-associated transport to the lymph node is required. We were
unable to culture live C. albicans from cLNs (data not shown), indicating that cells transport C. albicansderived antigen from the site of infection to the lymph node. The surface receptor CCR7 controls
migration of cells into lymph nodes. Since CD4+ T cells as well as APCs require CCR7 for the migration
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to draining LN we adoptively transferred Candida-specific TCR-tg T cells (Hector cells) into Ccr7-/- mice.
We infected those mice and analyzed Th17 priming of the transferred CCR7-competent T cells. After
re-stimulation with C2 peptide Hector cells produced IL-17A following in vivo priming in WT animals.
In contrast, Th17 priming of Hector cells in a CCR7-deficient host was strongly reduced upon restimulation with C2 peptide, suggesting that Candida-antigen delivery to the lymph node depends on
a CCR7-mediated transport (Figure 4.3.2A). To identify cell populations, which deliver antigen, we then
analyzed the cellular composition of the cervical lymph node on day 2 post infection. We tried to
analyze Candida-antigen bearing cells by using different GFP-Candida strains or fluorescent-labeled
Candida-strains for infection to identify cells, which have taken up Candida particles. However, those
attempts were not successful. Analyzing the cell composition in the cervical lymph node on day 2 p.i.
we identified 3 main populations of MHC II+CD11c+ cells: migratory DCs (MHC IIhigh/CD11c+), lymph
node resident DCs (LN-resident DCs; CD11chigh/MCH II+) and CD11cint/MHC IIint cells (Figure 4.3.2B, left
panel). Whereas LN-resident DCs and CD11cint/MHC IIint cells were only marginally affected by the
absence of CCR7, the migratory population was completely absent in Ccr7-/- mice (Figure 4.3.2B, right
panel). Migratory DCs expressed only intermediate levels of CD11c but a majority of the population is
CD11bhigh (Figure 4.3.2C). We have thus isolated CD11b+ cells from cLN of infected mice and tested
their capacity to present antigen to C. albicans-specific T cells ex vivo. To analyze the presentation
capacity of CD11b+ cells, we enriched cells isolated from the cLN at different time points post infection
for CD11b using magnetic cell separation (MACS). The cells were co-cultured with C. albicans-specific
T cell hybridoma, which secrete IL-2 upon TCR stimulation. IL-2 presence in the supernatant was
determined by survival of CTLL2-cells, which is strictly dependent on IL-2. We found that presentation
of C. albicans antigen in the cLN peaked at day 2 p.i., therefore this time point was chosen for
subsequent ex vivo assays (Figure 4.3.2D). Next, we analyzed the T cell activation and proliferation
induced by CD11b+ and whether this is influenced by CCR7. Again we MACS-enriched cLN of WT and
Ccr7-/-mice on day 2 p.i. for CD11b and co-cultured them with isolated Hector cells. Expression of the
activation marker CD69 by Hector cells was up-regulated after co-culture with CD11b+ cells isolated
from infected WT mice (Figure 4.3.2E). These cells also induced proliferation of Hector cells monitored
by CFSE-dilution after 4 days of co-culture (Figure 4.3.2F). In contrast, both CD69-induction and
proliferation of Hector cells were strongly impaired when CD11b+ cells from cLNs of Ccr7-/- mice were
used for co-cultured (Figure 4.3.2E and F), confirming that C. albicans-antigen is transported by
migratory cells to the cLN and this process is dependent on CCR7.
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Figure 4.3.2: C. albicans derived antigen requires cell-associated CCR7-dependent transport to the cervical lymph nodes. (A)
CD4-enriched Hector cells were adoptively transferred into WT and Ccr7-/- mice. Cells were isolated from cervical lymph nodes
(cLNs) of orally infected mice on day 7 p.i. and re-stimulated with DC1940 cells pulsed with heat-killed C.albicans. After 6h of
re-stimulation in presence of Brefeldin A cells were stained for T cell markers and intracellular IL-17A. The quantification of IL17A+ Hector cells is shown. Cells are pre-gated on singlets, live cells, CD90.1+, TCRVa2+, CD3+ and CD4+ cells. (B) Cells were
isolated from cervical lymph nodes of orally infected mice on day 2 p.i.and analyzed for the expression of DC specific markers.
Cells are pre-gated on scatter, singlets, live cells. 3 DC populations are defined based on their expression of MHC II and CD11b:
migratory DCs (MHC IIhighCD11cint), lymph node resident DCs (MHC IIintCD11chigh) and MHC IIintCD11cint cells. (C) CD11bexpression of the migratory cell population in (B). (D) WT mice were infected orally with C. albicans. cLN cells were enriched
for CD11b at the indicated time points and co-cultured with C. albicans-specific T cell hybridoma. Activation of hybridoma was
measured by their IL-2 secretion. (E,F) WT and Ccr7-/- mice were orally infected with C. albicans. cLNc cells were isolated on
day 2 p.i. and MACS enriched for CD11b. 104 CD11b+ cells were co-cultured with 6*106 CFSE labeled Hector T cells, MACS
enriched for CD4. Expression of the activation marker CD69 (E) and proliferation (CFSE dilution) (F) were assessed by flow
cytometry on day 1 (E) and day 4 (F) of co-culture, respectively.

4.3.3

CD11b+CD24+ migratory DCs present C. albicans-derived antigen

The mononuclear phagocyte system consists of a variety of different DC subsets, monocytes and
macrophages. This composition is dependent on the site in the organism and the health status of the
tissue in focus. To identify the cells presenting C. albicans-derived antigens we sorted the 3 populations
defined in Figure 4.3.2B from infected mice on day 2 post infection and co-cultured them with Hector
cells to analyzed their CD4+ T cell proliferating capacity. Whereas lymph node resident DCs and
CD11cint/MHC IIint cells did not induce proliferation, migratory DCs presented C. albicans-antigen and
induced a large proportion of Hector cells to proliferate (Figure 4.3.3A-C). Taken together with the
previous findings, we conclude that cells within the migratory DC population transport antigen to the
draining LN and directly present it to CD4+ T cells. The CD11b+ population of cells analyzed includes
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CD11b+ bona fide DCs and contaminating CD11b+ macrophages. We thus analyzed CD24 and CD64 to
separate between those two populations. Whereas the CD11cint/MHC IIint population contained a
distinct population of CD64+ macrophages, migratory and LN-resident DCs were CD64-negative but
expressed CD24. They thus constitute a homogenous population of CD11c+CD11b+MHC II+CD24+ DCs
(Figure 4.3.3D). However, they may still contain a mixture of cells originating from two different
precursors, namely pre-DCs and monocytes.

Figure 4.3.3: CD24+ bona fide DCs efficiently present Candida antigen (A-C) cLN cells were isolated on day 2 p.i. and DC
subsets were sorted based on their CD11c/MHC II expression.; Ly6G+Ly6C+ neutrophils were additionally sorted as negative
control. (A) Sorted populations were analyzed for their MHC II and CD11c expression, a combination of plots of all DC subsets
is shown). (B) 104 sorted cells were co-cultured with 6*106 CFSE labeled Hector T cells, MACS enriched for CD4. Proliferation
(CFSE dilution) was assessed by flow cytometry on day 4 of co-culture. Representative FACS plots (B) and quantification (C)
are shown. (D) Cells were isolated from cLNs of orally infected mice on day 2 p.i.and analyzed for the expression of DC specific
markers. Cells are pregated on scatter, singlets, live cells and migratory DCs, LN-resident DCs or MHC IIintCD11cint cells,
respectively.CD24 and CD64 expression of those population are plotted. Representative FACS plots are shown.

4.3.4

Monocyte-derived DCs prime Th17 response

Different DC populations are dependent on different signals during their development and maturation.
Conventional DCs (cDCs) including various subtypes are derive from blood-borne pre-DCs and are
considered to be dependent an Fms-related tyrosine kinase ligand 3 (FLT3L) for maturation [119, 120].
To analyze whether Th17 priming DCs belong to this group, we orally infected Flt3L-/- mice and
analyzed Il-17 production by CD4+ T cells. Flt3L-/- mice did not display a defect in Th17 priming (Figure
4.3.4A and B). We therefore hypothesized that the Th17 priming DCs can be found in the group of
monocyte-derived DCs, which develop independently of Flt3L. We therefore analyzed the infiltration
of Ly6Chigh monocytes into the tongue upon infection. During OPC in mice, the highest inflammation
and fungal load in the tongue can be found on day 1 p.i. [16]. Similar to neutrophils, Ly6Chigh monocytes
infiltrate into the tongue starting around 15h p.i. and reach a maximum around 30h p.i. before the
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numbers decline (Figure 4.3.4Error! Reference source not found.C). Analyzing the previously defined
DC subsets in the cLN on day 2 p.i. we could find an increase of migratory DCs as expected from the
data shown in Figure 4.3.2. Analyzing the remaining subsets, we found no difference in the abundance
of LN resident DCs between naïve and day 2 infected mice, but a strong infiltration of the
MHC IIintCD11cint population upon infection. More detailed analysis showed that within this population
a specific subset of monocytes was selectively increased whereas the remaining cells showed no
significant change (Figure 4.3.4D and E). Ly6Chigh monocytes are characterized by their expression of
CCR2. They depend on CCR2 signaling to be released from the bone marrow and to infiltrate the site
of inflammation. Indeed, additional staining for CCR2 identified the CD11b+Ly6C+ cells as CCR2+
monocytes (data not shown). CCR2-DTR mice allow a specific depletion of CCR2+ monocytes upon
diphtheria toxin (DT) treatment [30]. We treated CCR2-DTR and control WT mice prior infected with
DT and isolated cLN cells on day 2 p.i.. We MACS enriched those cells for CD11b and co-cultured them
with Candida-specific T cell hybridoma, which secrete IL-2 upon activation. IL-2 quantification revealed
a strong activation of T cell hybridoma by in vivo loaded CD11b+ cells isolated from WT mice but hardly
any activation was mediated by cells isolated from CCR2-cell depleted mice (Figure 4.3.4F). To show
that not only antigen presentation presentation but also the in vivo Th17 priming is affected, we
infected Ccr2-/- mice. Consistent with the previous findings, Th17 priming was reduced in absence of
Ccr2 signaling (Figure 4.3.4G and H). In a lung inflammation model, Csf-1r was found to be critical for
the differentiation of moDCs [121]. We used a blocking monoclonal antibody to Csf-1r (clone AFS98)
during the oral infection of mice. This treatment reduced Th17 priming in the cervical lymph nodes on
day 7 p.i., indicating inflammatory monocyte derived DCs are required for efficient Th17 priming during
OPC (Figure 4.3.4I and J). This population is derived from blood Ly6Chigh monocytes infiltrating the
tissue upon inflammation (reviewed in [122]). Different infection models including a lung infection
model with A. fumigatus suggested a role for monocyte-derived DCs (moDCs) during Th17 priming
[30].
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Figure 4.3.4: Monocyte-derived DCs mediate Th17 priming during OPC. (A, B) Cells were isolated from cervical lymph nodes
of orally infected WT and Flt3L-/- mice on day 7 p.i. and re-stimulated with DC1940 cells pulsed with heat-killed C.albicans.
After 6h of re-stimulation in presence of Brefeldin A cells were stained for T cell markers and intracellular for IL-17A. Cells are
pre-gated on singlets, live cells, CD3+ and CD4+ cells. Representative FACS plots of ICS are shown in (A). (B) Quantification IL17A producing CD4+ T cells, each symbol represents one mouse. (C) Cells were isolated from the tongue of infected mice on
the time points indicated and analyzed by flow cytometry. The number of CD45+, CD11b+, Ly6G- and Ly6C+monocytes/tongue
is indicated. Each point represents the mean of 4 mice pooled from 2 independent experiments. (D, E) Cells were isolated from
cervical lymph nodes of naïve (white bars) and orally infected mice on day 2 p.i.(grey bars) and analyzed by flow cytometry.
Representative FACS plots are shown (D) Cells are pre-gated on scatter, singlets, live cells and DC subsets as defined in Figure
4.3.2B are quantified in (E): migratory DCs (MHC IIhighCD11cint), lymph node resident DCs (MHC IIintCD11chigh) and
MHC IIintCD11cint cells. The MHC IIintCD11cintpopulation was further subdivided into Ly6Chigh monocytes and other cells. (F)
Candida-specific CD4+ T cell hybridoma was cultured with CD11b-MACS-enriched cLN cells isolated from naive mice (white
bars) or on day 2 p.i. (grey bars) from WT or CCR2-DTR mice, both treated with diphtheria toxin. After 24h supernatants were
transferred to the IL‐2 sensitive CTLL‐2 cells and their survival was measured via Alamar Blue assay. (G-J) Cells were isolated
from cervical lymph nodes of orally infected WT or CCR2-/- mice (G, H) or WT mice with ot without anti-CSF1R treatment (I, J)
on day 7 p.i. and re-stimulated with DC1940 cells pulsed with heat-killed C.albicans. After 6h of re-stimulation in presence of
Brefeldin A cells were stained for T cell markers and intracellular for IL-17A. Representative FACS plots of ICS are shown in (G,
I). Cells are pre-gated on singlets, live cells, CD3+ and CD4+ cells. (H, J) Quantification of the data shown in (E), each symbol
represents one mouse.
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4.4

DISCUSSION

Th17 cells are key mediators of antifungal responses at mucosal surfaces. However, the requirements
for their priming in this unique environment are not understood in detail so far. Here, we could show
that Ly6C+ monocytes infiltrate the oral mucosa upon infection and mature into moDC that are
required for the specific Th17 response during oropharyngeal C. albicans infection.
The oral cavity is a specialized tissue with features of skin (e.g. keratinization) and mucosal surfaces. It
also harbors some exclusive features as the formation of papillae on the tongue, the production of
saliva and a unique composition of the microbiota [123]. As the skin, the oral mucosa harbors
Langerhans cells (LCs) and Langerin-expressing interstitial DCs (Ln+ iDCs) [115]. Both cell types
influence Th17 priming in a skin infection model with C. albicans. LCs were shown to be necessary for
Th17 polarization whereas Langerin+ dermal DCs inhibited Th17 priming in this model [35]. However,
during OPC mice lacking Langerin+ dermal DCs (Batf3-/- mice) did not show increased Th17 priming
and depletion of all Langerin+ cells including LCs also did not alter the Th17 response. This goes in line
with observations that in contrast to epidermal LCs, LCs in the oral mucosa play an important role in
the induction of tolerance which is required to maintain tissue homeostasis (reviewed in [115]). In
addition to Langerin+ cells, members of the cDC lineage were dispensable for Th17 priming. This we
could show using Flt3L-/- mice, which had no defect in Th17 priming. On the other hand, we could
show that Ly6C+ monocytes, that infiltrate the site of infection, were required to transport antigen to
the draining cLN and mediate T cell priming. Depletion of these cells or antibody-mediated blocking of
their maturation into moDCs strongly impaired priming of C. albicans specific Th17 cells.
Inflammatory monocytes, defined by their expression of Ly6C and CCR2, strongly infiltrate the tongue
upon C. albicans infection. In absence of CCR2, monocytes are not able to enter the circulation from
the bone marrow and subsequently the site of infection. We could show that the presentation of
C. albicans-derived-antigens in the cLNs was strongly reduced when CCR2+ cells were depleted during
infection. In line with this finding Th17 responses were strongly impaired in Ccr2-/- mice compared to
WT mice. A similar mechanism was published for other fungal infections at mucosal surfaces. In a lung
infection model with the fungus Aspergillus fumigatus, T cell activation was strictly dependent on
monocyte-derived cells. In contrast, depletion of CCR2+ cells did not prevent CD4+ T cell activation in
the spleen during a systemic A. fumigatus infection [30]. MoDCs were also important for T cell priming
in a subcutaneous vaccination model with Blastomyces dermatitidis [33]. In addition to those infection
models, it was also shown that moDCs are important for Th17 priming in autoimmune diseases such
as EAE [124] and psoriasis [29]. Taken together this suggests an important role of moDCs for the
priming of Th17 cells in inflammatory settings. However, analysis of maturated moDCs is difficult as

54

Project III
they are not distinguishable from conventional DCs based on commonly used DC markers such as
CD11c and MHC II.
During their maturational differentiation into moDCs, the cells up-regulate MHC II and CD11c but at
the same time they down-regulate CCR2 and Ly6C. This makes it difficult to track those cells. To prove
that the CD11b+ DCs mediating Th17 priming in our system arise from the monocyte population we
analyzed Th17 priming in mice where the maturation of inflammatory monocytes was blocked.
Maturation of inflammatory monocytes into DCs was shown to be dependent on Csf1r-signalling [121].
Administration of a Csf1r-blocking antibody significantly decreased Th17 priming during oropharyngeal
candidiasis.
Taken together, we found that monocytes are recruited to the oral mucosa during fungal infection and
play a critical role for priming of C. albicans-specific Th17 cells. This might open new perspectives for
the development of therapeutic or vaccination strategies that involve targeted delivery of vaccines to
specific cells involved in the induction of protective responses.

4.5

MATERIALS AND METHODS

Mice. C57Bl/6 mice were purchased from Janvier Elevage. Ccr7-/- [125], Batf3-/- [126] and
Ccr2-/- [127] and Flt3L -/- [128] mice were bred at the Institute of Laboratory Animal Sciences
(University of Zürich, Switzerland). The C. albicans-specific TCR-tg mouse Hector (generated by
A. Gladiator in our lab) and CCR2-DTR mice [ 3 0 ] were bred at our animal facility Rodent Center
HCI. Langerin-DTR mice [117] were a kind gift of Björn Claussen. All mice were on the C57Bl/6
background, kept in specific pathogen-free conditions and used at 6-15 weeks of age. All mouse
experiments were conducted in accordance with the guidelines of the Swiss Animal Protection Law
and were approved by the Veterinary office of the Canton Zürich, Switzerland (license number
184/2009 and 201/2012).
Fungal strain and infection. The C. albicans laboratory strain SC5314 was grown in YPD medium at
30°C for 15-18 hours. Mice were infected with 2.5x106 cfu C. albicans sublingually as described
(Conti et al., 2009) without immunosuppression. In some experiments, 10ng/g diphtheria toxin was
administered starting from one day prior to infection u n t i l d a y 5 p . i . via the intraperitoneal
route. For blocking of Csf1r 2mg anti-Csf1r antibody (clone AFS98) was administered one day prior
infection via the intraperitoneal route, followed by a second dose of 1mg on day 1 post infection. Mice
were monitored for morbidity and euthanized when they showed severe signs of pain or distress. The
loss and recovery of body weight was monitored throughout the course of all experiments.
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Isolation of tongue cells and analysis by flow cytometry. Mice were anaesthetized with a sublethal dose
of Ketamin, Xylazin and Acepromazin, and perfused by injection of PBS into the right heart ventricle.
Tongues were cut into fine pieces and digested with DNase I (2.4 mg/ml, Roche) and Colagenase IV
(4.8 mg/ml, Invitrogen) in PBS for 45 min at 37°C. Single cell suspensions were stained in ice-cold PBS
supplemented with 2mM EDTA, 10% FCS and 0.02% sodium azide with CD45 (clone 104, Biolegend),
CD11b (clone M1/70, Biolegend), Ly6C (clone AL-21, BD Biosciences) and CCR2 (clone 475301, R&D
Systems). Data were acquired on a LSRII (BD Biosciences) and analyzed with FlowJo software
(TreeStar).
Ex vivo antigen presentation assay. Cervical lymph node cells isolated from naïve mice or on day 2 post
infection were MACS enriched using CD11b-biotin and Streptavidin-Beads (Miltenyi) according to the
manufacturer's recommendations. Cells were co-cultured at a ration 1:1 with C. albicans-specific T cell
hybridoma (generated by A. Gladiator in our lab) in the presence of 5x104 heat-killed C. albicans at
37°C. After 24h supernatants were transferred to 1x104 CTLL-2 cells which are dependent upon IL-2 for
growth and incubated overnight. The viability of CTLL-2 cells was assessed by the Alamar blue cell
viability test (Lucerna Chem) following the manufacturer’s protocol.
In vitro activation and proliferation of HECTOR T cells. Spleenocyte cell suspensions were generated
from HECTOR mice, a T cell receptor (TCR) transgenic mouse strain created by A.Gladiator in our group,
in which a majority of CD4+ T cell express the receptor specific for Candida-derived Alcohol
dehydrogenase (ADH1). CD4+ T cells were isolated by MACS enrichment using anti-CD4 Beads
(Miltenyi) following the manufacturer's recommendations. For in vitro proliferation assays, HECTOR
CD4+ T cells were stained with 1µM Carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen). 6x104
Hector cells were co-cultured with 104 CD11b-enriched APCs. On day 1 (activation) or day 3
(proliferation) T cells were stained in ice-cold PBS with LIVE/DEAD Fixable Near-IR Stain (Life
Technologies), anti-CD4 (clone RM4-5), anti-CD3(clone 145-2C11), anti-CD90.1 (clone HIS51), antiTCRVα2 (clone B20.1) and anti-CD69 (clone H1.2F3, activation assay only). Data were acquired on a
LSRII (BD Biosciences) and analyzed with FlowJo software (Tristar).
Ex vivo analysis of Th17 priming. Cervical lymph nodes from sublingually infected mice were removed
on day 7 post infection. Lymph node cells were re-stimulated in vitro for 6 hours with DC1940 cells [129]
that were pulsed with C2 peptide (100 ng/ml), 2.5x105/ml heat-inactivated C. albicans or left unpulsed.
Brefeldin A (10 g/ml, AppliChem) was added for the last 5 hours. Cells were stained in ice-cold PBS
with Brefeldin A (10 g/ml, AppliChem), LIVE/DEAD Fixable Near-IR Stain (Life Technologies), anti-CD4
(clone RM4-5) and anti-CD3(clone 145-2C11), fixed and permeabilized with BD Cytofix/Cytoperm (BD
Biosciences). Intracellular IL-17A was stained in Perm/Wash buffer (BD Biosciences) containing anti-IL17A (clone TC11-18H10.1) antibody. Data were acquired on a LSRII (BD Biosciences) and analyzed with
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FlowJo software (Tristar). In some experiments, 106 HECTOR cells/mouse were injected i.v. into
recipient mice one day prior to infection. In those experiments, anti-CD90.1 (clone OX-7) and antiTCRVα2 (clone B20.1) were included in the staining.
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GENERAL DISCUSSION
5.1

TH17 PRIMING BY MONOCYTE-DERIVED DCS AT MUCOSAL SURFACES

Fungal infections exhibit a serious health hazard, in particular in immunocompromised individuals. The
clinical circumstances in which fungal infections occur are associated with impaired cell-mediated
immunity. AIDS and severe hematological malignancies are examples of acquired defects in T cell
function that predispose to severe infections with Candida albicans, Aspergillus fumigatus,
Cryptococcus neoformans, Histoplasma capsulatum and Pneumocystis jiroveci, illustrating the fact that
T lymphocytes represent an important component of host defense against fungal pathogens.
Whereas IFN--producing Th1 cells have originally been thought to mediate host protection from
fungal infections, the more recently discovered interleukin 17 (IL-17)-secreting T cells have come into
the limelight of antifungal immunity in the past few years. Th17 cells constitute a separate subset of
CD4+ T cells that are defined by the expression of the transcription factor RORt, which drives the
production of IL-17 and related cytokines. Th17 cells have first been associated with a pathogenic
function because of their capacity to promote auto-inflammatory disorders such as rheumatoid
arthritis and psoriasis [25]. However, it is now clear that Th17 cells can protect against infections with
extracellular pathogens [130]. Mice bearing a defect in IL-17 immunity have a strongly impaired
resistance to fungal infections [42, 48, 131-133]. A crucial role for IL-17 in antifungal host defense has
also been identified in humans: rare polymorphisms in genes involved in Th17 differentiation and
function are associated with an increased susceptibility to mucocutaneous infections with C. albicans
[134], indicating that the IL-17 pathway plays a particular and non-redundant role in antifungal
immunity [135].
The development of T helper cell subsets from naïve CD4+ T cells depends on antigen presentation by
professional antigen presenting cells (APCs) such as dendritic cells (DCs), engagement of co-stimulatory
molecules, and a specific cytokine milieu. For Th17 cells priming a combination of TGF, IL-6, IL-23 and
IL-1 has to be delivered by the DC [25]. The composition of DCs is dependent on the tissue and
changes during the course of infection. Inflammation rapidly recruits Ly6C+ inflammatory monocytes,
which are generated in the bone marrow and circulate the body in anticipation of an inflammation.
Depending on the signals they receive they can develop into monocyte-derived macrophages or DCs
(moDCs), which have been shown to contribute to T cell priming during mucosal infections. In a lung
infection model with Aspergillus fumigatus, depletion of Ly6C+ monocytes reduced conidial transport
to the draining lymph nodes, abolished CD4+ T cell priming and thereby impaired fungal clearance.
However, depletion of those cells during a systemic A. fumigatus infection did not abolish CD4+ T cell
priming in the spleen [30]. We could show that during oral infection with C. albicans, Ly6C+ monocytes
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infiltrated both the tongue and the draining cervical lymph nodes (cLN) in high numbers. Depletion of
those cells led to a strong reduction of antigen presentation in the cLN on day 2p.i. and a decrease in
Th17 priming on day 7 p.i.. In vitro studies with human CD14+ monocytes, which are the equivalent to
mouse Ly6C+ monocytes, indicate that monocytes are primed during their differentiation to mediate
different downstream responses. With respect to C. albicans-induced immune responses, it could be
shown that CD14+ monocytes co-cultured with C. albicans conidiae developed into monocyte-derived
macrophages, characterized by the up-regulation of surface CD86 and MHC II, but not CCR7, and thus
they were unable to induce T cell priming. In contrast, monocytes cultured together with C. albicans
hyphae developed into moDCs that expressed high levels of CCR7 and induced T cell proliferation
[136]. Th17 differentiation was not analyzed in this study. In another study, CD14+ monocytes were
differentiated in presence of GM-CSF together with TNF instead of IL-4. In response to LPS they
strongly expressed TNF and IL-23p19p40, which is associated with Th17 polarization. This was in
contrast to the GM-CSF + IL-4 differentiated moDCs that expressed IL12p70, a Th1 polarizing cytokine.
Subsequently TNF + GM-CSF differentiated moDCs were able to induce IL-17 production in resting T
cells [137]. Additionally human moDCs were shown to induce Th17 differentiation ex vivo [138]. A
recent in vivo study identified moDCs as Th17 priming DCs during experimental EAE. In this setting GMCSF signaling during the maturation of monocytes to moDCs was required for the induction of Th17polarizing cytokines, specifically IL-6 [124].
Taken together, inflammatory Ly6C+ (mouse) or CD14+ (human) monocytes provide an easily accessible
pool of DC progenitors that are recruited during inflammation and differentiate specifically in the
tissue microenvironment into DCs that are prone to mount an adequate adaptive response.
Naïve CD4+ T cells differentiate selectively into Th17 cells during OPC. This is in contrast to other
infection models, including systemic C. albicans infection, where a mixed Th1 and Th17 response is
induced [18]. We could show that in accordance with other settings, Th17 differentiation is strictly
dependent on IL-6 and IL-1R-signaling during OPC (A. Gladiator, unpublished results). However, the
decisive factor inducing the selective Th17 response remains unclear. Preliminary data indicate that IL17 itself, which is derived from RAG-independent innate source, promotes Th17 differentiation:
antibody mediated depletion of RORt-expressing innate lymphoid cells (ILC3s) in RAG-/- mice skewed
the priming of adoptively transferred C. albicans-specific T cells during OPC towards a Th1 response
rather than Th17 response (A. Gladiator, unpublished results).
In addition to their Th17 instructing function during adaptive immunity, ILC3s play an important role
during the acute phase of C. albicans infection. While C. albicans-specific Th17 cells become available
only about day 5 p.i. in the cLN of infected mice, IL-17 is required right from the onset of infection for
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efficient fungal control. This gap is closed by ILC3s, which start providing IL-17 within the first 24h p.i.
[17].

5.2

THE ROLE OF IL-17 DURING INFECTION AT MUSOSAL SURFACES

The cytokine IL-17 was originally associated with immunopathology causing autoinflammatory
diseases such as psoriasis, psoriatic arthritis and rheumatoid arthritis. Although the downstream
effector mechanisms of IL-17-signaling are slightly different between those diseases, they all have in
common that IL-17-signaling is associated with an increase of neutrophil-attracting chemokines
including CXCL1 and CXCL8 and an enhanced neutrophil response. Other IL-17-mediated effects
specific to different conditions were also identified. During psoriasis, for example, IL-17 was shown to
increase the expression of antimicrobial peptides including -defensin and S100A family members and
decrease the expression of cell adhesion factors, leading to disruption of the skin barrier [139].
Nevertheless, IL-17 is not an evolutionary mistake, but IL-17 has emerged as a key regulator of
protective host responses to fungal infections in mucocutaneous barrier tissues. In mice, absence of
IL-17 was shown to negatively impact on fungal control in infection models with various fungi, including
Aspergillus fumigatus [133], Histoplasma capsulatum [132] and C. albicans [17, 42]. However, the exact
target mechanism of IL-17-dependent immune response regulation during oropharyngeal infections
with C. albicans was not analyzed in detail until recently. In several infection models, in particular
pulmonary infections, IL-17-signaling was associated with induction of neutrophil recruiting
chemokines and neutrophil infiltration. However, during OPC we found that neutrophil recruitment
and function is independent of IL-17-signaling [16]. Irrespective of their independence of IL-17,
neutrophils are nevertheless crucial to prevent the fungus from disseminating into deep tissues [16,
64]. It remains unclear at present how neutrophils are recruited to the oral mucosa. We have evidence,
that IL-1R-signaling, which was shown to be important for neutrophil recruitment to the lung mucosa
in the context of a Legionella pneumophila infection [140], is is not involved in the neutrophil response
during OPC. Mice lacking the IL-1R controlled C. albicans comparably well than WT mice, which gives
evidence that the indispensable neutrophil response is functional in those mice (A. Gladiator,
unpublished results). However, we could show that G-CSF is required for neutrophil recruitment. GCSF mRNA expression in the tongue and protein levels in the serum were highly increase during OPC.
Antibody mediated neutralization of the cytokine abolished neutrophil recruitment to the site of
infection [16]. The cellular source and the G-CSF inducing pathways are not identified yet. Nonhematopoietic like endothelial cells may produce G-CSF in response to direct recognition of the fungus
or pro-inflammatory cytokines [141].
During OPC, the major target cells of IL-17 are epithelial cells. Many studies on IL-17-mediated effects
concentrated on intestinal epithelial cells, which play a critical role in maintaining immune
61

homeostasis. IL-17 contributes by inducing the production of AMPs and enhancing synthesis of claudin,
a tight junction protein required for stable connection between epithelial cells [142]. In our
experiments, expression of AMPs by oral epithelial cells, especially S100A8 and S100A9, was strictly
dependent on IL-17-signaling during acute OPC. Absence of IL-17-signaling by epithelial cells and
subsequent AMP secretion enabled C. albicans to establish a persistent infection, even in presence of
a fully functional neutrophil compartment. Protein analysis in the tongue of infected mice revealed
that neutrophils also contribute AMPs, but in an IL-17-independent manner [16]. In contrast to
epithelial cells, which synthesize AMPs de novo in response to stimulation, neutrophils store preformed AMPS in cytoplasmic granules and release them upon stimulation [143]. Irrespective of the
regulation of AMP production by the different cellular sources, neutrophil-derived AMPs were not
sufficient to prevent persistent C. albicans infection in mice. For successful fungal clearance, both the
IL-17-independent neutrophil response and the IL-17-dependent epithelial response were required. A
possible explanation may lay in the unequal distribution of AMPS derived from the different cell types.
Whereas epithelial cell-derived AMPs can reach fungi throughout the epithelium, including the
cornified layer, neutrophil-derived AMPs are presented on chromatin fibers that compose so-called
neutrophil extracellular traps (NETs), which are engaged by neutrophils in response to extracellular
pathogens. NETs decorated with antimicrobial active proteins and peptides including S100A8 and
S100A9 play an important role in controlling systemic, intranasal and subcutaneous C. albicans
infections [70], and we have evidence from immunofluorescence images that NETs also form in the
oral mucosa during OPC. The chromatin scaffold appeared to bind the AMPs, probably to establish a
high local concentration around invading fungi [16].
In conclusion, different cell types contribute to the antifungal response and synergize to guarantee an
efficient control of invading C. albicans during oropharyngeal infection. Neutrophils act in an IL-17independent manner to prevent the fungus from spreading into deep tissues while IL-17-dependent
antimicrobial mechanisms of epithelial cells are required to clear the fungus from the oral mucosa. It
is not excluded that additional cellular players may also contribute.

5.3

THE INDUCTION OF TOLERANCE IN ABSENCE OF IL-17 DURING OPC

Defective IL-17-signaling results in recurrent or persistent mucocutaneous C. albicans infections in man
and mouse [6, 42]. In contrast to systemic infections, which are associated with high mortality rates,
chronic mucocutaneous infections caused by the lack of IL-17-signaling are usually not life threatening
because the immune system is able to establish a local tolerance towards the fungus.
Tolerance towards a pathogen in combination with reduction of the inflammatory response is induced
by the immune system when tissue damage caused by immunopathology is more severe than damage
caused by the infectious agent. Our body has co-evolved with a wealth of microbes surrounding us and
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has learned to tolerate many of them in barrier tissues. The most intensively studied system of
homeostatic microbial interactions is the interaction of the commensal microflora with the intestinal
mucosa in the gastrointestinal tract. Tolerance towards gut bacteria is established by the physical
segregation between microbes and the host through the intestinal epithelium in combination with a
biochemical and antibody mediated barrier to prevent microbes from invading the host. Additionally
highly specialized cells including microfold and goblet cells sample antigen derived from the
commensal flora to enable tolerance induction of immune cells [144]. Two cell types have emerged to
be the key mediators of tolerance towards "healthy" gut bacteria: regulatory T cells (Tregs) [145] and
RORgt-dependent ILCs [146]. ILCs can present commensal-derived antigens on MHC II to CD4+ T cells
but do not activate but rather suppress them due to the lack of co-stimulation. Additionally they are a
key source for IL-17 and IL-22, which induce the production of AMPs. Tregs were shown to express a
TCR repertoire specific for gut bacteria. Alterations in the gut bacteria composition, as for example
induced by antibiotics treatment, leads to adaptation of the Treg TCR repertoire expression.
Disturbance of this system causes severe inflammatory diseases such as Cohn's disease and colitis. The
mechanism of immune homeostasis identified in the gut are highly specialized for this specific area of
the body with unique cells and structures. Therefore, specific tolerance mechanisms may apply to
different tissues.
C. albicans is a major component of the oral microflora in humans. Epithelial cells are able to
discriminate between colonizing and pathogenic C. albicans based on fungal morphology and fungal
burden. Although yeast cells are sensed by the host, they do not induce an inflammatory response. In
contrast, if epithelial cells recognize C. albicans hyphae, they respond by induction of pro-inflammatory
cytokines including IL-1, IL-1, IL-6, G-CSF and GM-CSF [77]. Following the initiation of inflammation,
antifungal mechanisms described before are engaged to control and reduce the fungal burden.
Neutrophils form large aggregates at sites of fungal invasion within the epithelium [16]. Together with
epithelial damage caused by penetrating hyphae this process can lead to severe disturbance of the
barrier function of the oral epithelium. For this reason, inflammation has to be limited rapidly. A range
of "inflammation brakes" probably mediates this resolution. Neutrophils themselves can limit the
recruitment of further neutrophils by degradation of chemokines and pro-inflammatory cytokines by
their NETs [147]. In cooperation with neighboring cells, such as epithelial cells, neutrophils produce
pro-resolving lipid mediators, including LXA4. LXA4 and related lipid mediators inhibit neutrophil
activity and entry to the site of inflammation but promotes monocyte recruitment and phagocytosis
of apoptotic neutrophils as well as cell and pathogen debris [102]. Apart from neutrophils tissue
resident macrophages and basophils can contribute to the secretion of pro-resolving lipid mediators.
Both cell types are present during OPC and might contribute to resolution of inflammation, although
their role has not been investigated in detail so far. Once inflammation is resolved, monocyte63

macrophages remove apoptotic neutrophils, cell and pathogen debris to enable wound healing [102].
However, since in IL-17 receptor deficient mice the fungus causing the initial inflammation was not
cleared from the oral epithelium, anti-inflammatory mechanisms were engaged to prevent chronic
inflammation. Expression of IL-10 was up-regulated during the persistent phase of infection and
therefore may be a promising candidate to investigate for its capacity to mediate tolerance towards
C. albicans. Immune responses regulated by IL-10 in this setting have not yet been investigated,
however preliminary results provided evidence that CD4+ T cells infiltrate the oral mucosa during
persistent infection that may be IL-10 producing.
An alternative mechanism of tolerance is mediated by the enzyme indoleamine 2,3-dioxygenase (IDO),
which catalyzes the degradation of tryptophane to kynurenine. IDO was shown to inhibit inflammation
during gastrointestinal C. albicans infection [96]. Blockage of IDO by a tryptophan-analogue led to
increased tissue damage of the intestinal epithelium and reduced survival of infected mice due to
induction of pro-inflammatory cytokines TNF, IL-6 and IL-12 and a decrease of Treg numbers.
Additionally the inhibitor acted on the fungal IDO resulting in enhanced yeast-to-hyphae transition and
thereby contributed to the amplification of inflammation [96]. In IL-17 receptor deficient mice we
found IDO mRNA strongly induced during the persistent phase of OPC, suggesting that tryptophan
metabolisms may also contribute to the regulation of overt inflammation.
A detailed understanding of the immune mechanisms against oropharyngeal infection by C. albicans
may provide the basis for future development of new antifungal therapies, especially with increasing
resistances against commonly used antimycotics in mind. One approach might be the specific induction
and support of epithelial antifungal responses, which ideally do not promote immunopathology or
cause dysbiosis.
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ABBREVIATIONS
Act1

NF‐kB activator 1

ADH1

alcohol dehydrogenase 1

APC

antigen presenting cell

C/EBP

CCAAT‐enhancer‐binding protein

CARD9

caspase recruitment domain‐containing protein 9

CD

cluster of differentiation

cDC

conventional DC

CFSE

carboxyfluorescein diacetate succinimidyl ester

CLR

C‐type lectin receptor

CMC

chronic mucocutaneous candidiasis

DAMP

danger associated molecular pattern

DC

dendritic cell

EAE

experimental autoimmune encephalomyelitis

Flt3L

FMS-like tyrosine kinase 3 ligand

FoxP3

forkhead box P3 (correlates with Tregs)

GPI

glycosylphosphatidylinositol

IL

interleukin

ILC

innate lymphoid cell

KO

knock out

MAPK

mitogen‐activated protein kinase

MHC‐II

Major Histocompatibility Complex II

MoDC

monocyte‐derived DC

NF‐kB

nuclear factor kappa‐light‐chain‐enhancer of activated B cells

OPC

oropharyngeal candidiasis
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Abbreviations
PAMP

pathogen associated molecular pattern

PBS

phosphate buffered saline

PKA

cAMP‐Protein Kinase A

PRR

pattern recognition receptor

RORt

RAR‐related orphan receptor gamma (correlates with Th17)

ROS

reactive oxygen species

STAT

Signal transducer and activator of transcription

Syk

spleen tyrosine kinase

T‐bet

T‐box transcription factor (correlates with Th1)

TCR

T cell receptor

tg

transgenic

Th

T helper

TLR

Toll‐like receptor

TRAF

tumor necrosis factor receptor (TNFR)‐associated factor

Treg

regulatory T cell

VVC

vulvovaginal candidiasis
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