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Summary

Opportunistic fungal pathogens, such as Candida albicans, are serious threats especially for the
increasing number of immunocompromised patients susceptible to infection. C. albicans, which is
an otherwise harmless commensal on mucosal surfaces, can under certain circumstances cause
both relatively benign superficial as well as life-threatening systemic infections. Main risk factors
associated with the development of candidiasis are immunosuppression, especially neutropenia,
and use of long-term antibiotics,. Systemic infections can arise endogenously from primary sites of
colonization, mainly the gastrointestinal tract, from local infections or as consequence of the use
of medical devices such as intravenous catheters. Via distribution of fungal cells through the blood
stream, C. albicans infections can affect all inner organs. With a mortality rate of up to 50% despite
antifungal therapy and the development of resistance against antifungal drugs, systemic candidiasis

is of significant clinical importance.

The ability to undergo morphologic transition from yeast to hypha has been considered for a long
time to be essential for pathogenesis and virulence of C. albicans. This view has been supported by
findings that C. albicans strains locked in the yeast or filamentous morphology are less or even
avirulent in murine systemic infection models. Nevertheless, both morphologies are found during
colonization and infection in men and mice and are thought to contribute to pathogenesis: Whereas
yeast are believed to promote dissemination, hyphae are likely required for the traversal from the
gastrointestinal tract to the blood stream, mediate tissue invasion, damage, and escape from
immune cells. In line with this, this thesis shows that C. albicans mutants lacking EED1, either due
to deletion (eed1A/A mutant) or repressed expression (t-EED1 strain in the presence of
doxycycline), which are unable to maintain hyphal growth resulting in the switch back to yeast cell
growth after germ tube formation, are attenuated in virulence in an invasion-based intraperitoneal
infection model. Surprisingly though, these mutants retain their virulence in a murine infection
model of systemic candidiasis leading to disease progression indistinguishable from the filamentous
wild type. The results of this thesis challenge the central dogma that hyphal formation per se is
required for virulence in candidiasis. The retained virulence of mutants lacking EED1 or its
expression was accompanied by rapid yeast replication within internal organs, especially in the
kidney, the main target organ of systemic candidiasis. Whereas the renal pro-inflammatory cytokine
response was delayed early after infection, increased cytokine production was observed at later
time points, likely as the result of the increased immune cell infiltration, suggesting a contribution
of immunopathology to pathogenesis. This work shows that rapid proliferation is likely the
consequence of enhanced metabolic adaptation and increased fitness, as the eed1A/A mutant

shows better growth in kidney homogenates and on certain physiologically relevant carbon sources
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in vitro. High kidney yeast burden resulted in kidney damage and systemic inflammation
comparable to wild type infections. Therefore, rapid proliferation by metabolic adaptation and
increased fitness, resulting in high organ yeast burden, can compensate for the loss of filament

formation in C. albicans.

Taken together, this thesis shows that hyphae are required for damage and virulence in invasion-
based infection models but are dispensable for pathogenesis during systemic candidiasis. The data
obtained in this study might have implications on the development of therapeutic strategies: Drugs
preventing hyphal formation might be advantageous to treat candidiasis to a certain extent, but it
has to be kept in mind that C. albicans can vigorously adapt and can compensate for the loss of

hyphae by using other virulence properties.
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Zusammenfassung

Opportunistische Krankheitserreger wie z.B. Candida albicans stellen ernstzunehmende
Bedrohungen vor allem fiir die zunehmende Anzahl an immunsupprimierten Patienten dar. Der Pilz
C. albicans, der als harmloser Kommensale auf Schleimhauten gesunder Menschen zu finden ist,
kann unter bestimmten Voraussetzungen sowohl oberflachliche Schleimhautinfektionen als auch
lebensbedrohliche systemische Infektionen verursachen. Die Hauptrisikofaktoren, die zur
Entwicklung einer Candidose beitragen kénnen, sind Immunsuppression und die Verwendung von
Antibiotika Uber einen langeren Zeitraum. Die meisten systemischen Candidosen haben einen
endogenen Ursprung und kénnen durch Translokation aus dem kolonisierten Magen-Darm-Trakt,
Disseminierung lokaler Infektionen, oder auch {ber die Bildung von Biofilmen auf
Medizinprodukten wie z.B. intravendsen Kathetern, in die Blutbahn gelangen. Uber den Blutstrom
kann der Pilz alle inneren Organe befallen. Mit einer Mortalitatsrate, die trotz der Verwendung von
Antimykotika bei bis zu 50% liegt, sowie der Entwicklung behandlungsresistenter C. albicans

Stamme ist die systemische Candidose von groRer klinischer Bedeutung.

Der Fahigkeit von C. albicans, vom Hefewachstum in ein filamentéses Wachstum Ubergehen zu
kénnen, wird seit jeher als essentieller Virulenzfaktor angesehen. Diese Ansicht beruht unter
anderem auf Beobachtungen, dass Mutanten, die ausschlieRlich in der Hefeform oder als Filamente
wachsen kdénnen, in murinen systemischen Infektionsmodellen eine reduzierte Virulenz aufweisen
oder gar avirulent sind. Nichtsdestotrotz sind beide Morphologien wahrend der Kolonisierung und
der Infektion in Mausen und Menschen zu finden und tragen mutmalilich zur Pathogenese bei.
Wahrend der Hefeform eine Rolle bei der Disseminierung zugeschrieben wird, tragen Filamente
wahrscheinlich zur Translokation vom Magen-Darm-Trakt, zum invasiven Wachstum im Gewebe,
zur Gewebsschadigung, und dem Entkommen aus Phagozyten bei. Im Einklang damit konnte
innerhalb dieser Arbeit gezeigt werden, dass C. albicans Mutanten, die Aufgrund der Deletion
(eed1A/A Mutante) oder Repression von EED1 (t-EED1 Stamm in Gegenwart von Doxycyclin) das
Hyphenwachstum nicht aufrechterhalten konnen, eine attenuierte Virulenz in einem
invasionsbasierten intraperitonealen Infektionsmodell aufweisen. Uberraschenderweise waren
diese Mutanten, die zwar noch Keimschlduche ausbilden kdonnen, danach aber wieder ins
Hefewachstum zurlickwechseln, in einem systemischen Infektionsmodell genauso virulent und
wiesen einen vergleichbaren Infektionsverlauf wie der filamentdse Wildtyp auf. Die Ergebnisse der
hier vorliegenden Arbeit stellen daher das zentrale Dogma in Frage, dass die Hyphenbildung
essentiell fiir die Virulenz von C. albicans ist. Die Virulenz der Mutanten, die kein EED1
besitzen/exprimieren, ging mit einer erhéhten Replikation in der Hefeform in den Organen einher.

Im Besonderen waren die Nieren betroffen, die das Hauptzielorgan der systemischen Candidose

3



4

Zusammenfassung

darstellen. Wahrend die anfangliche proinflammatorische Zytokinfreisetzung innerhalb der Nieren
verzogert war, kam es zu spateren Zeitpunkten zu einer erhohten Produktion, mutmaRlich
begriindet durch den vermehrten Einstrom von Immunzellen, was auf einen Beitrag der
Immunpathologie zur Pathogenese in der Abwesenheit von EED1 schlieRen ldsst. Diese Arbeit zeigt,
dass die schnelle Vermehrung wahrscheinlich die Folge einer verbesserten metabolischen
Anpassung und einer erhdhten Fitness ist, da die eed1A/A Mutante ein besseres Wachstum in vitro
in Medien zeigt, die Nierenhomogenisat oder andere physiologisch relevante Kohlenstoffquellen
enthalten. Die hohe Nierenbelastung durch die Hefezellen fiihrte zu einer Nierenschadigung und
systemischen Entziindung, vergleichbar mit Infektionen, die durch den C. albicans Wildtyp
ausgelost wurden. Daher kann durch rapide Vermehrung des Pilzes, gewahrleistet durch
metabolische Anpassung und gesteigerter Fitness die fehlende Hyphenbildung kompensiert

werden.

Zusammengefasst konnte in dieser Arbeit gezeigt werden, dass Hyphen zwar fir Schadigung und
Virulenz innerhalb invasionsbasierter Infektionsmodelle, jedoch nicht fir die Pathogenese
systemischer Infektionen bendtigt werden. Die Ergebnisse dieser Arbeit sind fiir die Entwicklung
therapeutischer Strategien relevant: Therapeutika, welche die Filamentierung unterdriicken,
kénnen zu einem gewissen Grad fiir die Behandlung von Vorteil sein, da sie invasives Wachstum
verhindern. Jedoch ist dabei zu bedenken, dass C. albicans in der Lage ist, sich rasch anzupassen
und der Verlust der Hyphenbildung eventuell durch andere Virulenzfaktoren und Fitnessattribute

kompensiert werden kann.
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1. Introduction

1.1 Human pathogenic fungi

The fungal kingdom is estimated to include 3.5-5.1 million species (Brien et al. 2005). Of the 120,000
fungal species described so far, around 600 are known to cause disease in humans (Hoog 2000).
Healthy individuals are armed with effective mechanisms provided by the immune system to
prevent fungal infections and battle disease progression suceessfully in most cases (Kohler et al.
2017, Brown et al. 2012). Nevertheless, some fungi like e.g. Histoplasma capsulatum,
Paracoccidioides brasiliensis and Cryptococcus gattii are true pathogens that are able to infect
humans independent of theirimmune status (Hall and Noverr 2017, Klein and Tebbets 2007, Sil and
Andrianopoulos 2014, Kronstad et al. 2011, Byrnes et al. 2011). However, the majority of the
pathogenic fungi are considered opportunistic pathogens that primarily cause infections in
individuals with a weakened or dysfunctional immune system (Hall and Noverr 2017, Gostincar et
al. 2018). Fungal opportunistic pathogens are distributed all over the fungal tree (Gostincar et al.
2018) and include amongst others Aspergillus spp., Candida spp., Cryptococcus neoformans, and
Taleromyces marneffei (Pasricha et al. 2017, Kronstad et al. 2011, Pfaller and Diekema 2004). Most
of the fungal infections present as benign superficial infections of the skin or mucosa that can even
be asymptomatic. Dermatophytes like Epidermophytum spp., Microsporum spp. and Trichophyton
spp. as well as Malassezia spp. are able to infect keratinized tissue like skin, hair, and nails
superficially and together account for the majority of fungal infections worldwide (White et al.
2014, Weitzman and Summerbell 1995). However, fungi can potentially cause life-threatening
systemic infections associated with high morbidity and mortality despite antifungal treatment
(Horn et al. 2009, Perlroth, Choi, and Spellberg 2007). In fact, every year around 1.6 million people
die worldwide due to fungal infections but still, in comparison to pathogenic bacteria, fungal
pathogens remain underestimated and understudied (Almeida, Rodrigues, and Coelho 2019,

Casadevall 2017, Brown et al. 2012).

1.2. Candida albicans

Within the phylum Ascomycota the genus Candida comprises approximately 150 very
heterogeneous species (Moran, Coleman, and Sullivan 2012). Most of these mainly grow as yeast
but some have the ability to grow in filamentous forms as pseudo- or true hypha. More than 20
Candida species can cause infections in humans (Calderone and Clancy 2012, Pfaller et al. 2010).
The medically most important ones are C. albicans, C. glabrata, C. parapsilosis, C. tropicalis,

C. krusei (Yapar 2014, Das et al. 2011), and the recently emerging C. auris (Pfaller et al. 2010, Meis
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and Chowdhary 2018). In fact, C. albicans is the species most commonly isolated from infection
sites (Pfaller et al. 2010). Most of the time C. albicans infections are of intrinsic origin; in fact in up
to 70-80 % of the human population, C. albicans resides as a harmless commensal, thereby
colonizing the mucosal surfaces of the gastrointestinal (GI) and/or genitourinary tract as part of the
normal microbiota (Hall and Noverr 2017). C. albicans has coevolved with its mammalian host
(Kadosh and Lopez-Ribot 2013) and is considered an obligate commensal (Odds 1988). Although
some environmental isolates have been found (Bensasson et al. 2019), a natural environmental

reservoir has not been identified, yet (Hall and Noverr 2017).

1.3. Infections caused by C. albicans

As with other diseases caused by opportunistic fungal pathogens, immunosuppression or a
dysfunctional immune system, the use of long-term and/or broad-spectrum antibiotics, and
uncontrolled diabetes are amongst others the main risk factor for the development of candidiasis
(Brusselaers, Blot, and Vogelaers 2011, Delaloye and Calandra 2014, Greenfield 1992). The
spectrum of diseases ranges from mild superficial mucosal to severe and life-threatening systemic

candidiasis.

1.3.1. Mucosal infections
The most common and relatively benign infections are superficial infections affecting the

vulvovaginal, oropharyngeal and/or esophageal mucosa (Fidel 2002, Delaloye and Calandra 2014).
Although in most of the cases non-lethal, symptomatic infections reduce the quality of life and are
globally associated with high medical costs (Willems et al. 2020). Oropharyngeal candidiasis (OPC)
is most prevalent in human immunodeficiency virus (HIV)-infected individuals (Pankhurst 2009) and
is frequently one of the first clinical indications of an HIV infection (Berberi, Noujeim, and Aoun
2015). More than 90% of HIV*/acquired immunodeficiency syndrome (AIDS) patients will
experience OPC at some time during the disease progression (Samaranayake 1992, Samaranayake
and Holmstrup 1989). In addition, risk factors for OPC include e.g. local or systemic
immunosuppression, wearing of dentures, and chemotherapeutic therapy (Swidergall and Filler
2017, Akpan and Morgan 2002). In some cases C. albicans can spread from the oropharynx to the
esophagus causing esophageal candidiasis. This illness is commonly observed in patients with

advanced AIDS, leads to difficulties in swallowing and is often associated with pain (Vazquez 2000).

The most prevalent C. albicans infection, however, is represented by vulvovaginal candidiasis (VVC),
with three out of four women experiencing VVC at least once in their lifetime (Willems et al. 2020).

Eight percent of women suffer from recurrent VVC, defined as more than 3 episodes per year
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(Denning et al. 2018). In contrast to other mucosal infections caused by C. albicans VVC is often
affecting otherwise immunocompetent women that are predominantly in child-bearing age
(Willems et al. 2020). Further factors that predispose for VVC are hormone therapy, high-estrogen

containing oral contraceptives, pregnancy, and sexual activity (Sobel et al. 1998, Fidel 2004).

1.3.2. Invasive Candidiasis
C. albicans is able to cause life-threatening infections that are often health-care-associated and

primarily affect critically ill immunocompetent or severely immunocompromised patients (Pfaller
1996, Perlroth, Choi, and Spellberg 2007) resulting in high mortality rates of up to 50% despite
antifungal therapy (Horn et al. 2009, Perlroth, Choi, and Spellberg 2007, Delaloye and Calandra
2014). With the advances of modern medicine, the incidence of candidiasis increased together with
the number of immunosuppressed patients susceptible to opportunistic pathogens (Yapar 2014,
Delaloye and Calandra 2014, MacCallum 2012). Invasive or systemic candidiasis (terms are often
interchangeably used) can be divided in bloodstream infections, defined as the presence of Candida
in the blood (candidemia), and deep-seated candidiasis (Pappas et al. 2018, Clancy and Nguyen
2013). Candidemia is considered the third or fourth most common cause of bloodstream infections
in the intensive care unit (ICU) in the USA and therefore represents a significant clinical problem
(Kullberg and Arendrup 2015, Delaloye and Calandra 2014). Risk factors for the development of
systemic infections are multi-factorial and include: 1) Intrinsic factors such as C. albicans
colonization, increased age, gastrointestinal perforation (Pappas et al. 2018); 1l) iatrogenic factors
such as prolonged stays in the hospital or ICU, hematological and solid malignancies,
chemotherapeutic/immunosuppressive therapy, organ transplantation, major surgery (especially
gastrointestinal surgery), and the presence of a central venous catheter (Pappas et al. 2018, Yapar
2014, Das et al. 2011). Further factors associated with an increased risk to develop systemic
candidiasis are profound neutropenia and graft-versus-host disease (Pappas et al. 2018).
Additionally, congenital immune deficiencies and genetic alterations such as single-nucleotide
polymorphisms (SNPs) can predispose for systemic C. albicans infections. For example SNPs in
genes coding for Toll-like receptors (TLR1-4) mediating pathogen recognition or in the interleukins
IL-12b and IL-10 (Johnson et al. 2012) are associated with an increased risk for systemic and

persistent candidemia, respectively (Kumar et al. 2014, Johnson et al. 2012).

Different scenarios exists how C. albicans is able to reach the bloodstream: 1) endogenously from
the gut, either directly due to fungal overgrowth as a consequence of microbial dysbiosis, leading
to fungal invasion, damage and breaching of the intestinal barrier or indirectly by leakage of the gut
during abdominal surgery or due to secondary effects of medications such as e.g.

cyclophosphamide, having a negative impact on the intestinal barrier function (Owari et al. 2012,

7
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Koh et al. 2008); Il) from deep-seated local infections, as consequence of e.g. a progressing
peritonitis or mucocutaneous infection (Kullberg and Arendrup 2015); Ill) C. albicans is introduced
directly via intravenous catheters in the nosocomial setting, directly circumventing the hosts
physical barrier functions (Kullberg and Arendrup 2015, Delaloye and Calandra 2014). Once in the
bloodstream C. albicans is able to disseminate systemically and to infect and invade into almost all
internal organs (referred to as systemic candidiasis) (Lionakis et al. 2011) resulting in different
clinical manifestations. Depending on the host immune status and the route of infection, the
kidneys, liver, spleen but also the brain and the heart are the organs most often affected by
systemic candidiasis (Moore, Leef, and Pang 2003, Cornely, Bangard, and Jaspers 2015, Walsh and
Dixon 1996). Deep-seated candidiasis is defined as the fungal invasion and growth in otherwise
sterile tissues that is arising often preceding candidemia (Kullberg and Arendrup 2015, Pappas et
al. 2018). Severe Candida infections can progress to sepsis (Delaloye and Calandra 2014, Spellberg
et al. 2005), defined as “life-threatening organ dysfunction caused by a dysregulated host response
to infection” (Singer et al. 2016). Accurate early diagnosis is key to a successful treatment (Pappas
et al. 2018, MacCallum and Odds 2004, Garey et al. 2006), however, clinical presentations of
invasive candidiasis are rather unspecific and mimic those of viral and bacterial infections (Delaloye

and Calandra 2014, Dolin et al. 2019) and therefore present a diagnostic challenge.

1.4. Host defense against C. albicans infections

In the healthy host a balanced interplay between C. albicans and the host immune system is
required to keep C. albicans in a commensal state (Richardson and Moyes 2015). The innate
immune system constituting of epithelial and endothelial cells, providing a passive physical barrier,
together with the complement system and phagocytic cells present the first line of defense against
potential pathogens (Gilbert, Wheeler, and May 2014, Yan, Yang, and Tang 2013, Chowdhury,
Sacks, and Sheerin 2004). Professional phagocytes such as neutrophils, monocytes/macrophages
and dendritic cells (DCs) are key players in the antifungal host response as they are able to engulf
and kill pathogens (Miramén et al. 2012, Brown 2011). The importance of neutrophils but also
macrophages for controlling fungal infections was shown in infection models in mice depleted of
these cells rendering the mice susceptible to systemic C. albicans infections (Fulurija, Ashman, and
Papadimitriou 1996, Qian et al. 1994). The requirement of neutrophils to combat fungal infection
is consistent with neutropenia being a predisposing factor for the development of candidemia in
humans (Pappas et al. 2018). The first point of interaction between host cells and pathogen is the
cell wall of C. albicans (Chaffin 2008). The cell wall constitutes of two layers built of the

polysaccharides mannans (O-linked and N-linked), glucans and chitin. The outer most exposed layer
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consists of mannosylated proteins. They shield the inner layer consisting of carbohydrate polymers
B-1,3 glucan covalently linked to B-1,6 glucan and chitin (Gow and Hube 2012). Phagocytes as well
as epithelial and endothelial cells are able to sense pathogens through the action of pattern
recognition receptors (PRRs) recognizing various conserved pathogen-associated molecular
patterns (PAMPs) that in part are present on the fungal cell wall (Brown 2011). PRRs such as the
Toll-like receptors TLR2 and TLR4 and the C-type lectin receptors Dectin-1 and mannose receptor
(MR) recognize phospholipomannan, O-mannan, B-glucan and N-mannan, respectively (Cheng et
al. 2012). Receptor binding triggers a signaling cascade that results in the release of pro-
inflammatory cytokines and activation of the innate immune response (Netea et al. 2006). In
addition to the immediate but rather unspecific innate immune response, phagocytosis of
pathogens by antigen-presenting cells such as DCs is crucial for the initiation of the specific adaptive
immune response (Richardson and Moyes 2015). DCs are able to degrade phagocytosed fungal cells
and present antigenic peptides using major histocompatibility complex class Il molecules (MHC II)
and present them to antigen-reactive T cells after migration to the lymphoid tissue (Clement et al.
2016, Steinman 2006). After activation these T cells can, depending on e.g. the external cytokine
environment, differentiate into different subsets of T-helper effector cells such as Thl, Th2, Th17
and Treg cells (Dong and Flavell 2000, Richardson and Moyes 2015, Alberts et al. 2002). These
subsets differ in their cytokine expression pattern as well as in their effect on the immune function.
Thl cells, characterized amongst others by the release of pro-inflammatory cytokines such as
interferon-y (IFN-y) (van de Veerdonk and Netea 2010), mediate protective effects against
C. albicans mucosal and systemic infections (Balish et al. 1998, Cenci et al. 1998). Activation of Th1
cells results in macrophage and neutrophil activation, enhanced phagocytic function and killing (van
de Veerdonk and Netea 2010, Alberts et al. 2002). In contrast Th2 cells, characterized by producing
interleukins IL-4 and IL-10, have a dampening effect on inflammation. Although they are helpful in
fighting parasitic pathogens (van de Veerdonk and Netea 2010), if activated in the context of
candidiasis, they rather mediate fungal growth and dissemination and are therefore considered
non-protective (Richardson and Moyes 2015, Alberts et al. 2002). Differentiation of naive T cells
into IL-17 producing Th17 cells is crucial for the recruitment and activation of neutrophils to the site
of infection. While a Th17 response is needed to fight systemic candidiasis in mice (Huang et al.
2004), in humans it is mainly needed for protection against mucocutaneous C. albicans infections

(Eyerich et al. 2008).
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1.5. C. albicans virulence factors and fitness attributes

In microbiology virulence is defined as the capacity of an organism to cause damage and/or disease
in a host (Shapiro-llan et al. 2005, Casadevall and Pirofski 1999). In order to do so, C. albicans must
be able to evade or counter the host immune system, survive, replicate and adapt quickly to ever-
changing conditions in vivo (Kéhler et al. 2017, Gauthier 2017). Many virulence factors and fitness
attributes have been described to contribute to the pathogenic potential of C. albicans. The fungal
polymorphism, the ability to adhere to, invade, and damage host cells, and the production of
extracellular hydrolytic enzymes like secreted aspartyl proteases (Saps), lipases and phospholipases

are amongst the most important virulence factors (Mayer, Wilson, and Hube 2013).

1.5.1. Adhesion, invasion and damage
The prerequisite for successful colonization and the establishment of an infection is the ability of

C. albicans to adhere to cells, tissues and inert abiotic surfaces, e.g. medical devices such as
intravascular catheters or prostheses (de Groot et al. 2013, Verstrepen and Klis 2006). Furthermore,
adhesion is required for biofilm formation and for cell-cell interaction of C. albicans (flocculation)
or interaction with other microbes termed coaggregation (Chaffin 2008). C. albicans possesses
plenty of specialized cell-surface proteins, mainly glycoproteins that promote adhesion (Verstrepen
and Klis 2006, Essen, Vogt, and Md&sch 2020). These adhesins commonly share a three-domain
structure and are linked to the glucan layer of the cell wall via a glycosyl-phosphatidyl-inositol (GPI)-
anchor (Verstrepen and Klis 2006, de Groot et al. 2013). The N-terminal domain, exposed at the cell
surface is required for ligand recognition and binding (Essen, Vogt, and Mdsch 2020). Although
yeast have the capacity to adhere, the morphological transition to hyphae is coinciding with
enhanced adhesive properties as a result of varying expression and surface exposure of adhesins
during different morphological stages (Chaffin 2008). The most thoroughly studied adhesins are the
hyphal wall protein Hwp1 and the members of the agglutinin-like sequence (ALS)-family, consisting
of Als1-7 and Als9 (Hoyer 2001). Hwp1 is hypha-associated and the N-terminus that mimics
transglutaminase substrate is covalently cross-linked to yet unknown host proteins via the activity
of mammalian transglutaminase (Nobile et al. 2006, Staab et al. 1999). Although not required for
systemic infection, Hwp1 is needed for colonization of the oral cavity (Staab, Datta, and Rhee 2013).
Among the eight Als proteins Als3 is the most prominent adhesin, only expressed during hyphal
development (Hoyer et al. 1998). Als3 promotes adhesion to host cells through interaction with N-
cadherin on endothelial and E-cadherin on epithelial cells (Phan et al. 2007). In addition, Als3 but
also Ssal serve as fungal invasins required for C. albicans to promote induced endocytosis by
endothelial and epithelial cells (Phan et al. 2007, Yang et al. 2014, Sun et al. 2010). Besides induced

endocytosis which is a passive process, C. albicans is able to invade via active fungal-driven



1. Introduction

penetration (Phan et al. 2007, Dalle et al. 2010, Zakikhany et al. 2007). Both mechanisms can result
in epithelial cell damage but require proper hyphal formation (Filler et al. 1995, Phan et al. 2007,
Zhu and Filler 2010). Fungal driven penetration requires hyphal elongation, physical forces and the
secretion of hydrolytic enzymes (Yang et al. 2014). However, damage of epithelial cells is not
directly coupled to hyphae formation or fungal invasion, as it requires the hypha-associated
secreted peptide toxin Candidalysin (Moyes et al. 2016). A mutant unable to produce Candidalysin
encoded by ECE1 is still able to invade and penetrate through epithelial cells but lost its damage
potential resulting in avirulence or reduced virulence in a murine OPC model (Moyes et al. 2016)
and a systemic infection model (Swidergall et al. 2019), respectively, despite proper hyphal

formation.

1.5.2. Hydrolytic enzymes
Hydrolytic enzymes contribute directly to the virulence potential of C. albicans. Secreted enzymes

like the secreted aspartyl proteases (Saps), lipases and phospholipases facilitate nutrient acquisition
by degradation of extracellular complex substrates allowing the fungus to transport the breakdown
products into the cell (Chaffin 2008). However, in addition to their role in nutrient acquisition,
proteinases can directly damage host cells and can be involved in immune evasion by degradation
of host molecules of the immune system (Naglik, Challacombe, and Hube 2003). The Sap family
comprises ten members that have different pH optima for activity and differ in their substrate
specificity (Schild et al. 2011, Naglik et al. 2004). Whereas Sap1-3 are mainly associated with yeast
cells, Sap 4-6 are hyphae-associated (Naglik et al. 2004).

1.5.3. Metabolic flexibility
During colonization of different niches as well as during infection C. albicans faces a great variety

of different nutrient compositions (Brock 2009). Metabolic flexibility is the ability to quickly respond
and adapt to changing conditions and different nutrients to generate energy depending on the
energy demand (Smith et al. 2018). Metabolic flexibility is considered a fitness attribute of
C. albicans (Mayer, Wilson, and Hube 2013) and is key for the success of C. albicans as a commensal
but also provides advantages during infection. In addition, it is known to increase fungal
colonization, resistance to phagocytic recognition and killing (Ballou et al. 2016), and enhances
pathogenicity (Childers et al. 2016, Ene et al. 2014). In an effort to restrict fungal growth, especially
during infection, the host actively withholds nutrients, a measure known as ‘nutritional immunity’
(Crawford and Wilson 2015). Like every other living cell, C. albicans requires macronutrients (e.g.
carbon and nitrogen; needed in higher quantities) and micronutrients (e.g. vitamins, trace metals
such as zinc and iron; needed in smaller quantities) for survival and growth (Ene et al. 2014,

Crawford and Wilson 2015). Especially in niches in which nutrients are limited, e.g. within
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phagocytic cells or in the Gl tract, where C. albicans has to compete with other microorganisms for
nutrients (Brock 2009), metabolic flexibility allows C. albicans to assimilate the available carbon
sources (Huang et al. 2017). C. albicans is a Crabtree-negative yeast that, in contrast to e.g.
Saccharomyces cerevisiae, is able to assimilate glucose and alternative carbon sources such as
amino acids, fatty acids, and carboxylic acids at the same time (Sandai et al. 2012, Childers et al.
2016). Physiological concentrations of preferred fermentable carbon sources such as glucose and
fructose vary greatly in the Gl tract depending on food intake (Van Ende, Wijnants, and Van Dijck
2019), are low in blood (Brown et al. 2014, Laughlin 2014), and are rather scarce in tissues or even
absent in micro-environments and in phagocytes (Barelle et al. 2006, Lorenz, Bender, and Fink
2004). Therefore, C. albicans has to additionally rely on the assimilation of non-fermentable carbon
sources via the glyoxylate cycle, B-oxidation and gluconeogenesis (Ramirez and Lorenz 2007) to
feed its demand for energy and to generate macromolecules from C; compounds such as acetate,
ethanol and citrate (Lorenz and Fink 2002) in order to survive and replicate in vivo. C. albicans
deletion mutants lacking genes coding for key enzymes of alternative carbon metabolic pathways
like the glyoxylate cycle (ICL1) and gluconeogenesis (PCK1) appeared less virulent in murine
systemic infection models (Lorenz and Fink 2001, Barelle et al. 2006). However, a mutant lacking
the gene coding for the glycolytic enzyme pyruvate kinase PYK1 was avirulent as well indicating that
glycolysis is needed for growth inside the host (Barelle et al. 2006). Interestingly, Barelle et al.
showed that within an organ, or even within close proximity, fungal cells are able to activate
different pathways indicating that fungal cells are exposed to micro-environments with varying
carbon sources and are therefore highly heterogeneous with respect to assimilation (Barelle et al.

2006).

1.5.4. Polymorphism
C. albicans is a polymorphic fungus that can grow in three major vegetative growth forms: as

unicellular yeast or filamentous as pseudohypha or hypha (Fig.1) (Sudbery, Gow, and Berman 2004).
Oval-shaped yeast are around 6-7 pum in diameter (Mukaremera et al. 2017) and propagate by
asymmetric budding (Berman 2006). Both filamentous forms are able to grow in a highly polarized
fashion (Thompson, Carlisle, and Kadosh 2011). However, whereas pseudohyphae are ellipsoid with
a minimum width of 2.8 um in the middle, have constrictions at the septal side and are highly
branched (Sudbery, Gow, and Berman 2004), true hyphae appear parallel-walled with segments
that are constant in width (approximately 2 um) (Desai 2018, Thompson, Carlisle, and Kadosh 2011,
Chen et al. 2020, Carlisle et al. 2009). It is still a matter of debate whether pseudohypha, that appear
like elongated yeast cells attached end-to-end can be considered an independent morphotype or

whether they are resembling an intermediate form between yeast and hyphae as they show some
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similarities with both cell types (Noble, Gianetti, and Witchley 2017, Sudbery, Gow, and Berman
2004).

Yeast Pseudohyphae Hyphae

Fig. 1: C. albicans can exist in three main morphologies: Yeast, pseudohyphae and hyphae. The
figure was adapted from Thompson et al. (Thompson, Carlisle, and Kadosh 2011). The scale bar

represents 10 um.

C. albicans is able to rapidly and reversibly transit between these morphologies, also known as
phenotypic plasticity (Whiteway and Bachewich 2007), which can have an impact on both
commensalism and pathogenicity (Xie et al. 2013). Phenotypic plasticity is the consequence of the
response to different environmental conditions and stimuli via expression of different gene sets
(Rai et al. 2018, Tao et al. 2014). In addition to the three main morphologies described above
C. albicans is capable of forming chlamydospores, which are large 10-20 um in diameter, thick-
walled cells that can be formed by filaments at the hyphal tip (the so-called suspensor cell) under
certain nutrient starvation conditions (Staib and Morschhauser 2007, Bottcher et al. 2016). Until
now it is unknown whether chlamydospores have a biological function (Staib and Morschhauser
2007, Bottcher et al. 2016). Furthermore, yeast-like morphotypes have been described such as
opaque cells that play a role in mating (Soll 2004), gastrointestinal-induced transition (GUT) and
gray cells (Noble, Gianetti, and Witchley 2017, Tao et al. 2014). C. albicans is, in addition, able to
form (single species or mixed species) biofilms composed of yeast, pseudohyphae and hyphae that
form a three-dimensional structure surrounded by an extracellular matrix (Blankenship and
Mitchell 2006). Biofilms are established primarily by planktonic yeast cells that adhere to a suitable

biotic or abiotic surface (Chin et al. 2016). In the clinical setting C. albicans biofilms formation on
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implanted devices e.g. on catheters, pacemakers or prosthetic joints are a serious concern as they
can directly and perpetually seed systemic infections (Nobile and Johnson 2015, Chin et al. 2016).
Following adhesion, yeast start to proliferate and to form hypha in the initiation stage of biofilm
formation (Gulati and Nobile 2016). Afterwards, the biofilm starts to mature coinciding with
repression of yeast and enhancement of filamentous growth (Nobile and Johnson 2015). At this
stage the three-dimensional structure is developing and the extracellular matrix is built that
protects the biofilm by maintaining its integrity, preventing the diffusion of administered
antibiotics/antifungals or other toxic substances from diffusion into the biofilm and/or ultimately
defends the biofilm against phagocytic activity in the in vivo setting (Blankenship and Mitchell 2006,
Wall et al. 2019, Chandra et al. 2001). As a consequence, biofilms present a therapeutic challenge
as they exhibit a high resistance to antifungal drugs and the defense measures of the host immune
system (Nobile and Johnson 2015). The depletion of nutrients and accumulation of quorum sensing
molecules inside the biofilm is initiating the dispersal stage that closes the life-cycle of biofilms
(Blankenship and Mitchell 2006). In the dispersal stage yeast can be released by budding off from
the top-most hyphal layer from biofilms creating the opportunity to access and colonize new host

niches (Uppuluri et al. 2010, Gulati and Nobile 2016).

1.5.4.1. Regulation of the transition from yeast to hypha morphology

The transition from yeast to hypha has been extensively studied in C. albicans. Hypha formation is
a two-step process that requires the initiation of filamentation and the maintenance of hyphal
growth (Martin et al. 2011, Lu, Su, and Liu 2014) and is regulated in a complex signaling network
(Chen et al. 2020, Noble, Gianetti, and Witchley 2017). Several environmental and nutritional cues
present in the mammalian host such as physiological temperature (37 °C), serum, neutral/alkaline
pH, N-acetyl-glucosamine (GlcNAc), elevated CO; and low O, concentration alone or in combination
have the potential to trigger the yeast-to-hypha transition (Fig. 2) (Sudbery 2011, Ernst 2000, Noble,
Gianetti, and Witchley 2017, Kornitzer 2019, Desai 2018, Taschdjian, Burchall, and Kozinn 1960,
Biswas, Van Dijck, and Datta 2007). Depending on the signals sensed, different signaling cascades,
which are partly interconnected, are activated and transduce the signal into the cell resulting in the
underlying cellular response (Kornitzer 2019, Sudbery 2011). This response can have an extensive
impact not only on morphology but also on the structure of the cell wall, the gene expression profile
and the expression of virulence characteristics (Jacobsen et al. 2012, Biswas, Van Dijck, and Datta
2007). One central signaling pathway involved in the initiation of filamentation is the Ras1-cAMP-
protein kinase A (PKA) pathway (Shapiro, Robbins, and Cowen 2011). Sensing of a broad range of
environmental stimuli (GIcNAc, CO,, physiological temperature, hypoxia, nutrient limitation and

serum amongst others) result in the activation of the small GTPase Ras1 (Inglis and Sherlock 2013,
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Huang et al. 2019, Hogan and Muhlschlegel 2011). By physical interaction, the activated Rasl
stimulates the enzymatic activity of the downstream located adenylyl cyclase Cyrl, resulting in
increasing intracellular cAMP level. The cAMP level can be influenced by the phosphodiesterases
Pdel and Pde2 that can degrade cAMP (Inglis and Sherlock 2013). However, the Ras1-cAMP-protein
kinase A (PKA) pathway can also be activated independently of Rasl through sensing of hyphal
inducing conditions directly by Cyrl (Hogan and Muhlschlegel 2011). The cAMP-dependent PKA is
consisting of the catalytic subunits Tpkl and Tpk2 and the regulatory subunit Bcyl (Huang et al.
2019). Becy1lis able to bind cAMP, leading to its dissociation from PKA and the release of the catalytic
subunit (Huang et al. 2019), resulting in the regulation of transcription factors (TFs). The master
transcriptional regulator downstream of the cAMP-PKA pathway is represented by Efgl (Bockmihl
and Ernst 2001) (Biswas, Van Dijck, and Datta 2007). In addition, Ras signaling can activate a
conserved mitogen-activated protein kinase (MAPK) pathway with the downstream major TF Cph1l
(Inglis and Sherlock 2013, Biswas, Van Dijck, and Datta 2007). Both, Efgl and Cphl promote the
transcription of hypha-associated genes (HAGs). One of the key targets of these TFs is the UME6
gene coding for a transcriptional regulator that is required for the induction of the hyphal-specific
G1 cyclin encoded by HGC1 (Carlisle and Kadosh 2010, Zeidler et al. 2009). Besides Hgc1 and Umes,
Eed1 is essential for hyphal elongation (Martin et al. 2011, Zheng, Wang, and Wang 2004, Carlisle
and Kadosh 2010).
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Fig. 2: Simplified regulatory network for hyphal initiation and elongation adapted from Martin et
al. (Martin et al. 2011). Hyphal formation requires the initiation of germ tube formation of yeast
cells (yellow) by sensing environmental signals such as 37 °C, serum components, neutral pH, GIcNAc,
elevated CO: or low Oz concentration. Via e.g. the Rasl-cAMP-PKA pathway the signals are
transduced into the cell resulting in the activation of downstream TFs such as Cphl and Efgl
promoting expression of hypha-associated genes. The quorum sensing molecule farnesol (FOH) is
able to inhibit the yeast-to-hypha transition by binding to the Ras1-cAMP-PKA pathway component
Cyrl thereby interfering with cAMP production. The elongation of germ tubes into true hypha (grey)
requires derepression of genes targeted by the transcriptional repressors Nrgl and Tupl, and
expression of UME6 and EED1. In red: homozygous deletion of UME6 or EED1 results in the switch
from hyphal to yeast cell growth as elongation of germ tubes into hypha could not be maintained. In
contrast, deletion of TUP1 or NRG1 results in filamentous growth even under conditions that do not

favor hyphal growth.

In addition to the positive regulations described above, pathways that are negatively regulating
morphogenesis exist. Tupl, Nrgl and Rfgl represent repressor of filamentation that in the absence
of hyphal inducing signals prevent hyphal formation (Cleary et al. 2012, Braun et al. 2000, Banerjee
et al. 2008). Initiation of filamentation requires Nrg1 level to decrease (Braun, Kadosh, and Johnson

2001) and the subsequent dissociation of Nrg1 allows the GATA family TF Brg1 to recruit the histone
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deacetylase 1 (Hdal) to the promotor regions of HAGs resulting in chromatin modifications. As a
consequence, this prevents Nrgl from binding promoting the elongation of germ tubes into hyphae

(Lu, Su, and Liu 2012).

1.5.4.2. The C. albicans EED1 gene

One of the genes strictly required for hyphal maintenance in C. albicans is EED1 (alias DEF1, EDTI,
ORF19.7561). EED1 was identified as one of the genes up-regulated in samples from HIV* patients
with oropharyngeal candidiasis and in a reconstituted human oral epithelium (RHE) model by
Zakikhany et al. (Zakikhany et al. 2007). A mutant lacking EED1 (eed1A/A) is able to initiate hyphal
growth under hypha-inducing conditions resulting in germ tube formation, but switches back to
yeast cell growth by budding off yeast at the apical pole, the site of septation and from the mother
cells after approximately 4 h of growth in vitro (Polke et al. 2017, Martin et al. 2011, Zakikhany et
al. 2007). Within the time frame of hyphal initiation, the eed1A/A mutant is able to express HAGs
such as HGC1, ALS3, HWP1 and UMEG6 at wild type (WT) levels (Zakikhany et al. 2007, Martin et al.
2011). With the switch back to yeast growth the expression of HAGs is abolished (Martin et al.
2011). The phenotype of the eed1A/A mutant closely resembles the phenotype of a mutant lacking

UMEG6, a TF that is also required to maintain hyphal extension (Banerjee et al. 2008).

The defect in maintaining hyphal elongation, which was found under various hypha-inducing
conditions (Zakikhany et al. 2007, Martin et al. 2011), resulted in a reduced capacity of the eed1A/A
mutant to induce tissue damage in oral epithelial cells and enterocytes and in the RHE model in
vitro (Wachtler et al. 2011, Zakikhany et al. 2007). Adhesion and invasion of C. albicans was not
affected by the absence of EED1 (Wachtler et al. 2011, Zakikhany et al. 2007). However, the
eed1A/A mutant was unable to escape from epithelial cells but instead remained trapped and
proliferated in the yeast form in the upper layer of the RHE, the reason why it was termed Epithelial
Escape and Dissemination (Zakikhany et al. 2007). Martin et al. showed, that EED1 can be integrated
into the regulatory circuit of hyphal maintenance, as expression of EED1 was regulated by Efgl,
Nrgl and Tupl and that UME6 expression depends on the expression level of EED1 (Fig. 2)(Martin
et al. 2011).

Recently it was shown that the eed1A/A mutant produces high amounts of the quorum sensing
molecule farnesol (FOH) and, in addition, is hypersensitive to this compound (Polke et al. 2017).
The presence of small amounts of FOH exert a negative impact on the length of germ tubes and the

number of cells that are able to initiate filamentation, an effect that could also be observed when
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cells were seeded in higher densities (Polke et al. 2017). Despite considerable efforts (Polke 2017),

the molecular function of EED1 remains unknown until today.

1.5.4.3 Role of morphology during commensalism and disease

It has been proposed that all morphologies of C. albicans play their own role during commensalism
and pathogenicity (Jacobsen et al. 2012). This view is supported by the fact that all morphologies
can be detected during infection in men and mice (Cleary et al. 2016, Di Carlo et al. 2013, Gupta
2001). As a harmless colonizer of mucosal surfaces of the Gl tract and/or the vaginal mucosa,
C. albicans is primarily found in the yeast form (Willems et al. 2020, Vautier et al. 2015). The yeast-
to-hyphal transition has been linked with the shift from the commensal to the pathogenic state
(Cleary et al. 2016, Desai 2018). Hyphal formation: 1) enables the fungus to invade and Il) damage
epithelial layers and tissues in vitro (Wachtler et al. 2011, Dalle et al. 2010) and in vivo (Felk et al.
2002); 1) represents a mechanism to evade phagocytes, e.g. macrophages after phagocytosis by
piercing leading to the fungal outgrowth (Lorenz, Bender, and Fink 2004, Miramén, Kasper, and
Hube 2013); and IV) is linked to the expression of genes coding for virulence factors such as Sap4-
6, Hwpl and Als3, Ecel and Hgcl (Mayer, Wilson, and Hube 2013, Jacobsen et al. 2012). Therefore,
it is not very surprising that hyphal formation is thought to be closely linked to virulence. During
the course of infection, the yeast form is believed to promote dissemination through the
bloodstream, adherence to endothelial cells and to play a role in the establishment of biofilms
(Thompson, Carlisle, and Kadosh 2011, Jacobsen et al. 2012, Gulati and Nobile 2016). Further
insights into the role of morphology during infection was obtained by the generation of C. albicans
strains locked in the yeast or filamentous form, which were tested in different in vitro and in vivo
infection models. In colonization experiments, yeast-locked strains showed higher and more stable
colonization levels compared to strains locked in the filamentous form in the Gl tract (Vautier et al.
2015) as well as in the vagina (Peters et al. 2014). Mucosal infection models in vitro (Wachtler et al.
2011, Zakikhany et al. 2007) as well as in vivo models such as OPC (Swidergall et al. 2019, Park et al.
2005) and vaginitis models (Peters et al. 2014) revealed that hypha (together with ECE1 expression)
are essential for pathogenesis whereas yeast appeared to be avirulent. Similar results have been
obtained for systemic infection models mimicking disseminated C. albicans infections in humans
(Spellberg et al. 2005): Strains locked in the yeast form such as efg1A/AcphlA/A (Lo et al. 1997),
hgclA/A (Zheng, Wang, and Wang 2004) and a strain constitutively expressing the hyphal repressor
NRG1 (tet-NRG1 in the absence of doxycycline (Saville et al. 2003, Saville et al. 2008)) have been
shown to be avirulent or attenuated in virulence. Although it seems that hyphae are fundamental

for virulence, hyphal formation alone is not sufficient to drive pathogenesis during systemic
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candidiasis as mutants locked in a filamentous state such as the tup1A/A mutant (Cleary et al. 2016,
Braun et al. 2000), the nrg1A/A mutant (Murad et al. 2001, Braun, Kadosh, and Johnson 2001) and
the rfix2A/A Mutant (Hao et al. 2009) are attenuated in virulence in comparison to the wild type in
systemic infections as well. Hence, it was therefore concluded that morphological plasticity is

required for pathogenicity in systemic candidiasis (Kadosh and Lopez-Ribot 2013).
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2. Aim of this study

The ability of C. albicans to form hyphae is considered one of its most important virulence factors.
Hyphae are important for invasive growth and tissue damage (Dalle et al. 2010, Wachtler et al.
2011, Felk et al. 2002). In addition, upon phagocytosis by professional phagocytes such as
macrophages, C. albicans is able to initiate the yeast-to-hypha transition within the phagosomes.
This eventually can lead to fungal outgrowth and damage of the immune cells and therefore
represents one mechanism of C. albicans to evade the immune system (Lorenz, Bender, and Fink
2004, Miramén, Kasper, and Hube 2013). Manuscript | (Gerwien et al. 2020) shows that clinical
vaginal isolates of C. albicans with certain defects in filamentation are less able to damage
macrophages. In addition, C. albicans mutants unable to form proper hyphae and mutants locked
in the yeast form are attenuated or even avirulent in murine systemic infection models (Lo et al.
1997, Zheng, Wang, and Wang 2004, Saville et al. 2008, Saville et al. 2003). On the other hand,
C. albicans strains locked in the hyphal form are attenuated in virulence as well (Cleary et al. 2016,
Braun et al. 2000, Murad et al. 2001, Braun, Kadosh, and Johnson 2001, Hao et al. 2009), indicating
that the reversible transition and the presence of different morphologies in vivo are required for
proper virulence during systemic candidiasis. The first host cells C. albicans encounters during
experimentally induced systemic candidiasis are cells of the blood. Manuscript Il (Machata et al.
2021) deals with the establishment of an ex vivo murine whole-blood model to investigate the host-
pathogen interplay early after systemic infection. Interestingly, in contrast to human blood, murine
blood was not able to kill fungal cells and to prevent hyphal formation. However, hyphal formation
was not the reason for reduced killing in murine blood, as a filament-deficient strain likewise
survived. While ex vitro and in vitro experiments are helpful to investigate certain aspects of the
interaction between a pathogen and the host, they can only in part reflect the complex in vivo
situation: An eed1A/A mutant, unable to maintain hyphal growth, shows reduced invasion and
damage capacities in vitro (Wachtler et al. 2011), surprisingly however, although slightly delayed in
comparison to the WT, the mutant was causing 100% mortality in a systemic infection model
(Martin et al., unpublished). These results challenge the long-standing hypothesis of the
requirement of hyphal formation for virulence during systemic candidiasis. The major aim of this
study was to characterize the virulence phenotype of strains lacking EED1 or repressing its
expression in different in vitro and in vivo infection models, and to discover mechanisms leading to
virulence in the absence of hyphal formation. The results are summarized in manuscript 11l (Dunker
et al. 2021). The insights gained from this thesis shed new light on the role of filamentation in

systemic C. albicans infections.
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3.1. Manuscript I: Gerwien et al., mSphere, 2020

Clinical Candida albicans Vaginal Isolates and a Laboratory Strain Show Divergent
Behaviors during Macrophage Interactions

Franziska Gerwien, Christine Dunker, Philipp Brandt, Enrico Garbe, llse D. Jacobsen, Slavena
Vylkova

mSphere. 2020 Aug 19. 5(4):e00393-20. doi: 10.1128/mSphere.00393-20.

Summary

The opportunistic fungal pathogen C. albicans is the most common cause of vulvovaginal
candidiasis, affecting 75% of women at least once in their lifetime. Although non-lethal, infections
can affect quality of life and are globally associated with high medical costs. In this study, C. albicans
isolates from three different patient groups: 1) asymptomatic C. albicans colonization, II)
symptomatic vulvovaginal candidiasis and Ill) recurrent vulvovaginal candidiasis were compared
with the commonly used C. albicans laboratory strain SC5314 regarding their interaction with
macrophages as key players of the innate immune system. The ability to form hyphae shaped the
interaction with macrophages in a group-independent manner: Strains capable of proper hyphal
formation damaged macrophages more efficiently than strains with certain defects in
filamentation. However, strains that caused symptomatic infections showed a higher B-glucan
exposure on their surface, indicating that they are potentially more immunoreactive. The results
show, that although heterogenic with respect to filamentation and macrophage interaction, all
these strains are highly adapted to their local environment.
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Clinical Candida albicans Vaginal Isolates and a Laboratory
Strain Show Divergent Behaviors during Macrophage
Interactions
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ABSTRACT Typically, established lab strains are widely used to study host-pathogen
interactions. However, to better reflect the infection process, the experimental use of
clinical isolates has come more into focus. Here, we analyzed the interaction of mul-
tiple vaginal isolates of the opportunistic fungal pathogen Candida albicans, the
most common cause of vulvovaginal candidiasis in women, with key players of the
host immune system: macrophages. We tested several strains isolated from asymp-
tomatic or symptomatic women with acute and recurrent infections. While all clinical
strains showed a response similar to the commonly used lab strain SC5314 in vari-
ous in vitro assays, they displayed remarkable differences during interaction with
macrophages. This coincided with significantly reduced B-glucan exposure on the
cell surface, which appeared to be a shared property among the tested vaginal
strains for yeast extract/peptone/dextrose-grown cells, which is partly lost when the
isolates faced vaginal niche-like nutrient conditions. However, macrophage damage,
survival of phagocytosis, and filamentation capacities were highly strain-specific.
These results highlight the high heterogeneity of C. albicans strains in host-
pathogen interactions, which have to be taken into account to bridge the gap be-
tween laboratory-gained data and disease-related outcomes in an actual patient.

IMPORTANCE Vulvovaginal candidiasis is one of the most common fungal infections
in humans with Candida albicans as the major causative agent. This study is the first
to compare clinical vaginal isolates of defined patient groups in their interaction
with macrophages, highlighting the vastly different outcomes in comparison to a
laboratory strain using commonly applied virulence-determining assays.

KEYWORDS Candida albicans, vulvovaginal candidiasis, macrophages, cell wall
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quent epithelial invasion, and immune cell infiltration lead to inflammatory symptoms Copyright © 2020 Gerwien etal. This is an
like vaginal itching, burning, and pain (2). Albeit nonlethal, this disease affects 75% of Zf;neaéf:ﬂ?;”&i;ﬁ;ﬁ!&ﬁﬁgﬂﬁ j_‘oe fems
all women at least once in their lifetime (3), while recurrent VVC (RVVC; defined as >3 International license.
episodes per year) affects about 8% of all women (4). These clinical representations Address correspondence to Slavena Vylkova,
diminish life quality and cause high costs in the global health system (5). slavenaylovaaleibnizikide:

VVC is a multifactorial hyperinflammatory disorder with several known risk factors 22::;22298?5\3‘228228
from the host side (antibiotic treatment, imbalance in vaginal microbiome, sexual Published 19 August 2020

activity, high estrogen levels, pregnancy, and low lactate levels), whereas the reasons
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for RVVC remain largely unknown (6). In the course of infection, C. albicans exploits one
of its key virulence attributes: the ability to form hyphae. The filamenting fungus
breaches epithelial barriers, and as a first line of defense phagocytic immune cells are
recruited in vast numbers to mediate clearance. Elevated Th17-mediated cytokine
secretion (interleukin-22 [IL-22], II-17A, and IL-17F) and inflammasome activation, fol-
lowed by IL-1 cleavage, also accompanies this process of hyperinflammatory immune
cell infiltration into the vaginal tissues, which is largely responsible for the observed
clinical symptoms (7). In this context, nutritional prerequisites have been shown to play
an important role in modeling the fungal cell wall architecture and subsequent immune
cell recognition (8, 9). In particular, lactate, a predominant carbon source in the vaginal
tract (10) has been shown to influence host pathogen interaction and infection
outcomes (11-13). Hence, we were particularly interested in studying host-pathogen
interactions with strains that have not been extensively propagated in laboratories and
come directly from a host niche, using a macrophage cell line as a feasible tool. For this
purpose, we compared the commonly used laboratory C. albicans strain SC5314 to
multiple clinical vaginal isolates from three defined patient groups: (i) asymptomatic C.
albicans colonization, (ii) VVC, or (iii) RYWC. We observed that during macrophage
encounter the isolates behave group-independently different than SC5314, which
might be associated with their various capabilities to filament. However, fungal cell wall
architecture, while vastly uniform for all tested vaginal isolates, is remarkably different
from SC5314 for YPD (yeast extract, peptone, dextrose)-grown cells. Growth in the
lactate containing vaginal simulating media unveiled partly group-specific differences
in cell wall composition between the isolates, specifically in chitin and B-glucan
exposure. Thus, the differences in cell surface architecture might lead to altered
initiation of an immune response in the corresponding host niche.

Vaginal isolates show great variability in macrophage interaction. Macro-
phages, similarly to polymorphonuclear leukocytes, recognize, phagocytose, and sub-
sequently kill invading pathogens as part of their role in the innate immune response.
C. albicans has been shown to be able to escape phagocytosis via hyphae formation
(14). Therefore, we tested the ability of the clinical isolates to filament in various
hyphae-inducing in vitro conditions (see Fig. S1 in the supplemental material) and
observed great variability between the isolates with no clear pattern within a specific
patient group. Likewise, various degrees of filamentation were noted when the vaginal
strains were cocultured with macrophages in Dulbecco’s modified Eagle’s medium
(DMEM), with the majority of the isolates showing prominent defects in hyphal growth
compared to the SC5314 control (Fig. 1A; see also Fig. S2). Overall, a clear association
between filamentation and macrophage damage was observed: strains with robust
hyphal growth were more likely to cause immune cell damage similar to the SC5314
strain, whereas less filamenting strains failed to induce a SC5314-like LDH release
(Fig. 1A). Consequently, the capacity to form filaments appeared to be tightly con-
nected with fungal survival following confrontation with macrophages, with the ex-
ception of isolates JS7 and JS20 (Fig. 1B). Of particular interest were strains JS14 and
JS16, both isolated from VVC patients, due to their opposing characteristics: while
JS14 was able to filament, damage macrophages, and survive phagocytosis, JS16 was
impaired in all of these aspects. Importantly, these two strains appeared to be nearly
indistinguishable in the in vitro filamentation assays. Since both fungal recognition by
the immune cells and the ability to filament within the phagosome can influence the
outcome of infection, we chose these particular strains to test in detail their interaction
with J774.1 cells. JS16 showed a slightly diminished intracellular hyphal length com-
pared to the SC5314 laboratory strain (Fig. 1C), whereas JS14 was not as well recog-
nized by macrophages (Fig. 1D). These mild phenotypes were rather surprising since
they could not explain the gross differences in infection outcomes. In summary, the
vaginal isolates react to macrophages in a patient group-independent manner, show-
ing various filamentation defects that affect macrophage interaction. Infection outcome
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FIG 1 J774.1 macrophage interaction with C. albicans vaginal isolates. Color coding indicates Isolate type. (A) Macrophage killing (measured via LDH release)
following infection with the selected strains. Damage is displayed as the percentage of Triton-X-treated high control (100% macrophage lysis) at 24 h
postinfection. Uninfected macrophage control results were subtracted beforehand. Five biological replicates in technical triplicates were conducted. The degree
of hyphal formation (DMEM with macrophages, 24 h, 37°C) is indicated by the pattern of the bar: +++, SC5314-like hypha length with branching; ++,
moderate hyphae length with marginal branching; +, short hyphae; —, no hyphae or sporadic germ tubes. (B) Fungal killing was assessed for SC5314 and all
tested isolates after 24 h by calculating the ratio of Candida microcolonies using the following formula: (colonies in the presence of macrophages/colonies in
DMEM) X 100. Three biological replicates were conducted. The degree of hyphal formation (DMEM with macrophages, 24 h, 37°C) is indicated by pattern of
the bar: +++, SC5314-like hypha length with branching; ++, moderate hyphae length with marginal branching; +, short hyphae; -, no hyphae or sporadic
germ tubes. (C) Intraphagosomal filamentation was assessed for SC5314, JS14, and JS16 by measuring the hyphal lengths of 100 phagocytosed yeasts at 1 h
postinfection by fluorescence microscopy and differential staining (phagocytosed Candida cells: ConA negative and CFW positive). The presented data are from
three biological replicates. (D) Recognition by macrophages was assessed 30 min postinfection for SC5314, JS14, or JS16 strains and presented as the percentage
of macrophages nonassociated with fungal cells (w/o Ca), with attached fungal cells (w/attached Ca), or with ingested fungal cells (w/ingested Ca). Heat-killed
Candida cells (HK Ctrl) were included as control with known diminished recognition due to induced cell wall aberrations. Three biological replicates were
conducted. For statistical analysis, a one-way analysis of variance (ANOVA) was performed, followed by Dunnett’s multiple-comparison test (¥, P < 0.05; **, P <
0.01; #, P < 0.0001 [compared to SC5314]).

is highly strain specific and does not reflect pathogenicity-related grouping in a clinical
setting.

Vaginal isolates have different cell wall architecture in rich medium compared
to SC5314. The fungal cell wall composition plays an essential role in initial recognition
by the immune cells with chitin, mannan, and B-glucan being the main components
(15). It is known that fungal B-glucan is highly immuno-reactive (16) and B-glucan
masking by mannan can inhibit fungal recognition and killing by macrophages (17, 18).
Nutritional factors, such as lactate, can induce B-glucan masking mediated by the
exoglucanase Xog1 presumably as a strategy to reduce the visibility of the commensal
fungus to the immune system (19). Here, we compared surface exposure of the cell wall
components of the vaginal isolates when grown either in commonly used laboratory
rich medium (YPD) or in niche-specific vaginal simulating medium (VSM). Surprisingly,
all vaginal isolates displayed significantly less B-glucan exposure (25 to 50% of the
laboratory strain SC5314) and elevated mannan and chitin exposure when grown
in YPD (Fig. 2A). However, when grown in VSM the total B-glucan MFI values were
decreased for SC5314, compared to YPD, with similar intensities in strains of the
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FIG 2 Cell wall architecture of SC5314 and C. albicans vaginal isolates. The levels of chitin, mannan, and B-glucan were measured as the x-fold increase of
median fluorescence intensity (MFI) over an unstained control via differential staining and flow cytometry. Values are shown as means *+ the standard
deviations (n = 3). For statistical analysis, a one-way ANOVA was performed, followed by Dunnett’s multiple-comparison test (*, P < 0.05; **, P < 0.01; ***, P <
0.001; #, P < 0.0001 [compared to SC5314]). (A) Fungal cells were grown as an ON culture in YPD. A sublethal concentration of caspofungin (CAS;
0.625 ng/ml = 1/4 MIC,,) was added to SC5314 as a positive control for B-glucan exposure. (B) Fungal cells were grown for 2 days in VSM.

asymptomatic and recurrent group (Fig. 2B). In VSM, there also appeared to be
group-specific effects for asymptomatic strains (less chitin) and acute strains (more
B-glucan) compared to SC5314 and the other tested strains. Since B-glucan masking in
lactate containing media such as VSM has been reported to reduce immune visibility
(19), our results imply specifically that the acute strains might be more immunoreactive.
This would fit to the common view that clinical symptoms during acute vaginal
infections are mostly accounted for host-driven hyperinflammatory response toward
Candida colonization (7). The vaginal isolates might have lost their typical response
pattern to the rich medium YPD (in contrast to SC5314), keeping their lactate-primed
B-glucan masking constitutively active. However, upon exposure to environmental
conditions representing the host niche, we noted group-specific patterns in B-glucan
and chitin exposure, which might explain the differences in pathogenicity.

Conclusion. Altogether, these results suggest that vaginal clinical isolates are highly
specialized to their host niche and likely even to the immunological and nutritional
status of the individual they have been isolated from. In this form they might lose
adaption capacity to environmental changes, as was seen with the filamentation
defects during lab cultivation conditions and the altered cell wall arrangements, when
exposed to the laboratory rich medium YPD. Tight adaption to the originating host
niche might render clinical strains less flexible to the conditions used in typical
laboratory tests but still highly specialized to persist in their host niche. Caution has to
be applied since these strains might appear defective in commonly applied laboratory
tests, and yet they are likely highly competent in the niche where they originate, as
shown by their ability to persist and even cause disease. These observations highlight
the importance of studying more niche-specific nutritional, immunological, and micro-
biome conditions.

Macrophage infection assays. For all macrophage experiments J774A.1 cells were
cultivated in DMEM plus 10% fetal bovine serum at 37°C and 5% CO,. Macrophages
were seeded in a 96-well plate (4 X 10* cells/well for the macrophage killing assay or
1 X 10* cells/well for the fungal survival assay) or in a 24-well plate (1 X 10° cells/well,
24-well plate for the recognition and filamentation assay) and incubated overnight
(ON). The medium was replaced with fresh DMEM, and the cells were infected with
YPD-grown (30°C, 180 rpm) and washed Candida strains at a defined multiplicity of
infection (MOI).
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(i) Macrophage killing assay. For the macrophage killing assay, the macrophages
were infected with 8 X 10% Candida cells/well (MOI of 2), followed by incubation for 24
h. Then, 10 ul of 5% Triton X-100 was added (10 min, 37°C) to the noninfected high
control to obtain full lysis. The plate was then centrifuged, and the supernatant was
diluted 1:10 in phosphate-buffered saline (PBS). For lactate dehydrogenase (LDH)
measurement, a cytotoxicity detection kit (Roche) was used according to the manu-
facturer’s protocol in technical triplicates. Emission at 542 nm was measured with a
TECAN ElisaReader M200 (Software iControl). Noninfected macrophages were used as
a negative control, and optical density values were subtracted from sample values.

(ii) Fungal survival assay. The fungal survival assay was performed in DMEM as
described previously (20), with slight variations. A total of 2.5 X 10* fungal cells/well
(MOI of 2.5) were added to wells with or without macrophages, followed by five serial
1:5 dilutions. After 24 h of incubation, the cells were fixed, and microcolonies were
counted using an inverse microscope in wells of the same dilution where a clear
discrimination of the microcolonies was possible. Fungal survival was calculated as
follows: (number of colonies in the presence of macrophages/number of colonies
without macrophages) X 100.

(iii) Recognition and filamentation assay. For the recognition and filamentation
assay, macrophages were infected with 5 X 10> Candida cells (MOI of 5) and heat-killed
(80°C, 20 min) SC5314 cells were added as the control, since heat treatment leads to poor
recognition by the host cells due to disturbances in the cell wall architecture. The assay
plate was incubated on ice for 30 min for synchronization of phagocytosis. Nonadhered C.
albicans cells were washed away with DMEM. After incubation in DMEM for 30 min or 1 h,
washing, and fixation (4% Histofix, 15 min, 37°C), nonphagocytosed fungal cells were
stained with ConA-647 (concanavalin A conjugated to Alexa Fluor 647; 50 ug/ml in PBS, 30
min). After washing, cells were permeabilized with 0.5% Triton (5 min), and then counter-
stained with Calcofluor White (CFW; 35 ug/ml in 0.1 M Tris-HCI [pH 9], 20 min). Cells were
washed with ddH,O (three times, 10 min), and samples were analyzed with a Zeiss Axio
observer fluorescence microscope. The hyphal lengths of 100 phagocytosed cells (ConA neg-
ative, CFW positive) were measured. Recognition was determined by assessing the phagocytosis
state of 200 macrophages via differential staining for having no association, attached (ConA
positive, CFW positive), or ingested Candida cells (ConA negative, CFW positive).

Staining of cell wall components. Fungal cells were cultivated in either YPD (1 liter:
20 g peptone, 10 g yeast extract, 20 g glucose) or vaginal simulating media (1 liter: 2 g
glucose, 0.16 g glycerol, 2 g lactic acid, 1 g acetic acid, 0.018 g bovine serum albumin
[BSA], 0.4 g urea, 1.4 g KOH, 0.222 g CaCl,, 3.51 g NaCl [pH 4.2]), adapted from Vylkova
and Lorenz (20). As previously described, a sublethal concentration of caspofungin
(0.625 ng/ml = 1/4 MIC,,) was added to SC5314 to obtains elevated B-glucan levels
(21). Next, 1 X 108 Candida cells were harvested, washed once in PBS, and fixed in 2%
Histofix for 20 min and 600 rpm at room temperature. After an additional PBS washing
step, the pellet was dissolved in 2% BSA/PBS and incubated for at least 10 min at 37°C
to block unspecific binding. Simultaneous staining was performed for 1 h at 37°C and
100 rpm by the addition of 0.5 ul of primary anti-B-1,3-glucan antibody (Biosupplies,
1 mg/ml, stains B-1,3-glucan), 0.3 ul of ConA647 (Sigma, 5 mg/ml, stains mannan), and
7 wl of WGA-FITC (Sigma, 2 mg/ml, stains chitin) in 100 ul of 2% BSA/PBS per sample.
After two washing steps with 2% BSA/PBS, 2 ul of secondary goat anti-mouse PE-Cy7
antibody (BioLegend, 0.2 mg/ml) was added in 100 ul of 2% BSA/PBS per sample for
30 min at 37°C and 100 rpm. After washing, the cells were resuspended in 2% BSA/PBS
and analyzed with a FACSVerse (BD Biosciences) counting 10,000 events. Data analysis
was performed using FlowJo 10.6.2 software.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF file, 0.2 MB.
FIG S2, TIF file, 0.7 MB.
FIG S3, TIF file, 0.3 MB.
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Hypha formation in different hypha-inducing media conditions (37°C)
Isolate type Laboratory Strain Asymptomatic Recurrent
Strain SC5314 JS1 | JS3 | JS7 JS19 JS20 JS27

M199, pH 7.5 * +++ ++ | ++ | ++ + 4+t
2% GlcNac * ot ++ | |+
Human serum # +++ +++ | +++ | HH+

Spider # +++ + + +
*Liquid, 6h; # Solid 2 d

FIG S1

Filamentation of vaginal isolates in different hypha-inducing media. Color coding indicates the
isolate type. Degree of hyphal formation (DMEM with macrophages, 24 h, 37°C) is indicated by
pattern of the bar: ++++, hyphae length exceeds SC5314; +++, SC5314-like hypha length with
branching; ++, moderate hyphae length with marginal branching; +, short hyphae; —, no hyphae or
sporadic germ tubes. Incubation time was 6 h (liquid) or 2 days (solid). Composition of media:
GlcNac (2% N-acetyl-d-glucosamine, 0.5% ammonium sulfate, 0.17% YNB), human serum (10%
heat-inactivated human serum, 0.5% ammonium sulfate, 0.17% YNB, 2% glucose, 2% agar), or
Spider (1% nutrient broth, 1% mannitol, 0.2% K;HPO,, 2% agar [pH 7.2])
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FIG S2

Filamentation of vaginal isolates with J774.1 macrophages in DMEM. C. albicans strains were
cocultured with J774.1 macrophages in DMEM (MOI of 5, 24 h). Pictures were taken after
conducting the macrophage killing assay. Between the three infection-related groups
(asymptomatic, acute, and recurrent isolates), various isolates showed group-independent
filamentation defects. Scale bar, 100 um.
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FIG S3

Gating strategy for staining of C. albicans cell wall components. C. albicans was incubated as
indicated in YPD or VSM; stained for the respective cell wall components chitin, mannan, and B-
glucan; and analyzed with a FACSVerse (BD Biosciences) counting 10,000 single yeast cells. Gating
was performed to exclude debris and doublets. The median fluorescence intensity (MFI) was
quantified and compared to an unstained control. Data analysis was performed using FlowJo 10.6.2
software. Exemplary measurements for YPD-grown strains SC5314 and JS14 are shown.
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Whole Blood
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Summary

Systemic candidiasis is often arising as consequence of dissemination of fungal cells via the
bloodstream. In this study, a human whole-blood model was adapted to murine blood to study the
complex host-pathogen interplay ex vivo. This publication shows that murine blood significantly
differs from human blood not only with regards to its composition: While neutrophils are the most
abundant leukocytes in human blood, lymphocytes are the most frequent cell type in murine blood.
In contrast to human blood, murine blood was not able to kill fungal cells, and was less able to
prevent hyphae formation by C. albicans. However, less efficient killing was neither due to hypha
formation by C. albicans nor due to the reduced number of neutrophils in comparison to human
blood. Therefore, caution has to be payed when translating data obtained in one host with another.
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Murine infection models are widely used to study systemic candidiasis caused by
C. albicans. Whole-blood models can help to elucidate host-pathogens interactions
and have been used for several Candida species in human blood. We adapted the
human whole-blood model to murine blood. Unlike human blood, murine blood was
unable to reduce fungal burden and more substantial filamentation of C. albicans was
observed. This coincided with less fungal association with leukocytes, especially
neutrophils. The lower neutrophil number in murine blood only partially explains
insufficient infection and filamentation control, as spiking with murine neutrophils had
only limited effects on fungal killing. Furthermore, increased fungal survival is not mediated
by enhanced filamentation, as a filament-deficient mutant was likewise not eliminated. We
also observed host-dependent differences for interaction of platelets with C. albicans,
showing enhanced platelet aggregation, adhesion and activation in murine blood. For
human blood, opsonization was shown to decrease platelet interaction suggesting that
complement factors interfere with fungus-to-platelet binding. Our results reveal
substantial differences between murine and human whole-blood models infected with
C. albicans and thereby demonstrate limitations in the translatability of this ex vivo model
between hosts.

Keywords: whole blood ex vivo model, host-pathogen interaction, Candida albicans, neutrophils, mice

INTRODUCTION

Dissemination of pathogens from a primary site of colonization or infection can occur via different
routes, including lymphatic vessels and the blood stream (1). The hematogenous is by far the most
frequent route for systemic infections of various bacterial and fungal pathogens, in the most severe
cases leading to blood stream infections (2). Survival in blood can thus be considered a major
virulence trait in the development of systemic infections. However, our understanding of how
pathogens interact with cellular and humoral host factors in blood is limited, mainly due to
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technical issues: While it is relatively easy to study the interaction
of pathogens with isolated blood cells, or their survival in serum
or plasma, such approaches lack the complexity of interactions
between different types of immune cells and additional factors,
e.g., complement, present in blood. Assessing host-pathogen
interactions in vivo in patients is challenging due to ethical and
logistic limitations. In mice, as the most commonly used
laboratory animal for in vivo experiments, the blood volume
that can be withdrawn repeatedly is very limited and thereby
hampers in depth analysis of interactions within blood.
Furthermore, if bacteremia or fungemia occurs transiently or
intermittingly, pathogens might not be detectable in every blood
sample during hematogenous dissemination (3). Therefore, we
previously established an ex vivo human whole-blood infection
model that allowed us to define which immune cells interact with
the human fungal pathogen Candida albicans (4), to identify
cross-talk between different components of the host response (5),
and to detect substantial differences between related fungal
pathogens (6).

Candida infections (candidiasis) caused by C. albicans
commonly arise from endogenous strains that colonize mucosal
surfaces as a commensal in healthy individuals. Risk factors for
candidiasis are microbiota imbalance, impaired mucosal barrier
function, and immunosuppression (7, 8). In the majority of cases
the fungus causes relatively benign mucosal infections such as oral
and vaginal candidiasis (9). Life-threatening infections arise from
dissemination via the blood stream resulting in deep-seated or
systemic candidiasis (8). Disseminated candidiasis is associated with
high mortality rates that can exceed 50% despite antifungal therapy
(10, 11). Dissemination from the gut into internal organs can be
triggered in mice by a combination of intestinal barrier disruption
and immunosuppression (12), but the most commonly used model
to study systemic candidiasis is intravenous infection of mice (13).
This model is considered a gold standard tool for detailed
investigations of fungal virulence and of host immune responses,
and largely resembles catheter-associated disseminated candidiasis
in men (13, 14). However, the initial interaction of C. albicans with
murine blood and its impact on the development of systemic
candidiasis is not well understood. Following intravenous
infection, C. albicans rapidly disappears from circulating
peripheral blood (15, 16), yet it is unknown whether this is due to
killing of circulating fungal cells, adhesion to endothelium, rapid
invasion of internal organs, or a combination of these factors.

In the human whole-blood model, neutrophils predominantly
associate with and phagocytose C. albicans (4). Fungal killing in
the human whole-blood model is to 98% accountable to
neutrophils (4) and mediated by phagocytosis, degranulation
and formation of extracellular traps. However, murine blood
differs significantly from human blood in the abundance of
neutrophils: These cells are the most abundant leukocytes in
human blood (55-70%) while murine blood is dominated by
lymphocytes (70-80%) with neutrophils accounting only for 8%
to 24% of all leukocytes (17). To elucidate whether these
differences affect interaction of C. albicans with whole blood,
we adapted our protocol established for human blood for
application to mice. Our results show significant differences

between humans and mice in the ex vivo model, including
lower association of the fungus with leukocytes, higher
association with thrombocytes, and substantially less killing of
C. albicans in murine blood.

MATERIALS AND METHODS
Ethics Statement

Human peripheral blood was collected from healthy volunteers
with written informed consent. This study was conducted in
accordance with the Declaration of Helsinki and all protocols
were approved by the Ethics Committee of the University
Hospital Jena (permit number: 273-12/09). All animals used
for the project were held in accordance with the European
Convention for the Protection of Vertebrate Animals Used for
Experimental and Other Scientific Purposes and the experiments
performed in accordance with European and German
regulations. The sacrifice of mice for blood withdrawal was
performed under §4 “removal of organs” of the German
Animal Welfare Act and was approved by the local animal
welfare officer (no specific permit number issued). The
systemic candidiasis model was approved by the Thuringian
authority and ethics committee (Thiiringer Landesamt fiir
Verbraucherschutz, permit number 03-007/13 and HKI-19-003).

Strains and Culture Conditions

C. albicans GFP-expressing strains M137 (18) (pACT1-GFP) and C.
albicans AefglAcphl + pADHI-GFP were used. To construct C.
albicans AefglAcphl + pADHI1-GFP a CaGFP-caSAT1 construct
with homology regions for the integration into the C. albicans
ADHI locus was excised with Ascl/Sacl from the plasmid pSK-
ADHI1prom-CaGFP-SAT1 (4) and then transformed into the
EFG1/CPHI double mutant HLC52 (19). Transformation was
performed with the established lithium acetate protocol (20).
Transformants were grown for two days on YPD with 200 mg/ml
nourseothricine and verified by PCR and microscopy. For
experiments C. albicans over-night cultures grown in YPD
medium (2% peptone, 1% yeast extract, 2% glucose) at 30°C and
180 rpm were diluted 1:50 in YPD medium and sub-cultured for
another 3 to 4 h into the mid-log phase under the same conditions.
Yeast cells were washed three times with PBS, counted and diluted
in PBS to 5 x 10’/ml or 5 x 10%ml, as indicated.

GFP-expressing S. aureus [6850/pALC1743 (21, 22)] and
Escherichia coli ATCC 25922 (23) were cultivated overnight at 37°
C, 180 rpm in LB medium. The overnight culture was inoculated
1:100 into fresh LB medium and incubated at 37°C, 180 rpm until
0.Dggp 0.6 to 0.7 was reached. The cultures were then washed three
times with PBS and bacterial cell numbers were calculated based on
ODgoo-CFU correlations. Cultures were diluted to desired
concentrations with PBS before inoculation of whole blood.

Whole-Blood Model

Human peripheral blood from healthy donors was collected in
hirudin-monovettes (Sarstedt, Germany, 2.7 ml volume).
Hirudin was used as an anti-coagulant as it was previously
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shown to have no effect on complement activation (24). Due to
their size, direct use of the hirudin-monovettes was not feasible
for the collection of murine blood. Therefore, three hirudin-
monovettes were rinsed with total volume of 500 ul sterile saline
(0.9% NaCl) to solubilize the hirudin. Needles and syringes
rinsed with hirudin-NaCl were then used to collected blood
from female BALB/c mice (8-12 weeks old, Charles River,
Germany) or from C57BL/6] mice (8-12 weeks old, Service
Unit Experimental Biomedicine, Friedrich-Schiller-University
Jena, Germany) by heart puncture immediately after sacrifice
by intraperitoneal application of an overdose of ketamine (500
mg/kg) and xylazin (25 mg/kg). The blood was then immediately
transferred to a falcon tube containing 500 pl hirudin-NaCl, in
which blood from ten animals was pooled for each experiment.
Pilot experiments analyzing fungal CFU in whole blood of female
and male C57BL/6] mice revealed no sex-specific differences;
thus, both male and female mice were used for the experiments.
The human whole-blood infection assay was performed as
described previously (4), and murine blood was infected in the
same way. Briefly, 1/50 volume fungal or bacterial suspensions
prepared as described above were added to murine or human blood,
resulting in an infectious dose of 1 x 10%/ml for most experiments or
1 x 10°/ml for lower infection dose experiments. The incubation of
the whole blood was carried out at 37°C under slow constant
motion on a rolling device (Phoenix instrument RS_TRO05) for time
points from 10 min to 480 min. Survival of the pathogens was
determined by plating on agar plates (YPD for C. albicans, LB for E.
coli and S. aureus) using serial dilutions in PBS and counting colony
forming units. To determine the effect of ketamine/xylazin on
phagocytosis and association of C. albicans with immune cells, 40
pug/ml ketamine and 2 pg/ml xylazin were added to human blood
directly before the experiment. 40 pg/ml ketamine is equivalent to
fivefold the maximal serum concentration in mice after
intraperitoneal application of 100 mg/kg ketamine (25).

Blood Analysis and Flow Cytometry

Generally hematology analysis of murine samples was performed
using a BC-5300Vet (Mindray) configured for murine blood. For
murine samples, blood smears were prepared for each time point
and stained by May-Gruenwald-Giemsa staining (Roth).
Filamentation and interaction with platelets were observed by
light microscopy. Further analyses were performed by differential
staining and subsequent measurement with a flow cytometer. For
murine blood, differential staining was performed with CD45-
PerCP (Cat. no. 557235, clone 30-F11, 12 pg/ml, BD
Biosciences), CD19-APC-Cy7 (Cat. no. 115530, clone 1D3; 12
pg/ml, Biolegend) for B-cells, CD3e-V500 (Cat. no. 560771,
clone 500A2, 12 pg/ml, BD Biosciences) for T-cells, Ly6G-PE
(Cat. no. 127608, clone 1A8, 12 ug/ml final conc; Biolegend) for
neutrophils, NK1.1-BV421 (for C57BL/6] mice: Cat. no. 108731,
clone PK136, 12 pg/ml, Biolegend) or CD335-BV421 (for
BALB/C mice: Cat. no. 562850, Clone 29A1.4, 12 pg/ml, BD
Biosciences) for NK cells, CD11b-APC (Cat. no. 130-091-241,
clone M1/70.15.11.5, 30 pg/ml, Miltenyi) for monocytes and
neutrophils, CD41 (Cat. no. 133906, clone MWReg30, 12 pg/ml,
Biolegend) for platelets, and CD69-PE vio770 (Cat. no. 130-103-

944, clone H1.2F3, 30 pg/ml, Miltenyi) and CD62-PE-Vio779
(Cat. no. 130-105-537, clone REA 344, 30 pg/ml, Miltenyi) as
platelet activation markers. In parallel, staining with the
appropriate isotype controls (APC Rat IgG2b, x Isotype
Control, clone RTK5430, Cat. no. 400611, Biolegend; V500:
Syrian hamster IgG2 K Isotype Control, clone B81-3, Cat. no.
560785, BD Bioscience; PE: rat IgG2a % Isotype Control, clone
RTK2758, Cat. no. 400507, Biolegend; PerCP rat IgG2b « Isotype
Control, clone A95-1, Cat. no. 552991, BD Bioscience; APC-Cy7
rat IgG2a x Isotype Control, clone RTK2758, Cat. no. 400524,
Biolegend; V450 rat IgG2a k Isotype Control, clone R35-95, Cat.
no. 560377, BD Bioscience; V450 mouse IgG2a x Isotype
Control, clone G155-178, Cat. no. 560550, BD Bioscience; PE
Vio770 hamster IgG1 Isotype Control, clone G235-2356, Cat. no.
553956, BD Bioscience; PE rat IgGl ¥ Isotype Control, clone
RTK2071, Cat. no. 400407, Biolegend; APC human IgG1 Isotype
Control, clone QA16A12, Cat. no. 403505, Biolegend) was
performed as a binding specificity control. After staining the
erythrocytes were removed using the BD FACS Lysing solution
and fixed samples were analyzed on a FACSVerse (BD
Biosciences) flow cytometer after two washing steps in PBS
supplemented with 3% FCS.

Human whole-blood was analyzed with a BD FACSCanto II
flow cytometer. Platelets were specifically identified by CD42b"
staining (mouse anti-human CD42b-APC antibody, clone HIP-1,
Cat. no. 303912, BioLegend). Co-staining with mouse anti-human
CD66b-V450 antibody (clone G10F5, Cat. no. 561649, BD
Bioscience) identified platelets associated with neutrophils.
Activation of human platelets was investigated by changes in
surface CD62P expression (mouse anti-human CD62P-PE
antibody, clone AK-4, Cat. no. 555524, BD Bioscience). In
parallel, staining with the appropriate isotype controls (APC
mouse IgGl, ¥ Isotype Ctrl, clone MOPC-21, Cat. no. 400122,
BioLegend; V450 mouse IgM, K Isotype Control, clone G155-228,
Cat. no. 560861, BD Bioscience and PE Mouse IgGl, K Isotype
Control, clone MOPC-21, Cat. no. 555749, BD Bioscience) was
performed as a binding specificity control. Stained blood samples
were treated with BD FACS Lysing solution followed by washing
and harvesting cells in BD CellWASH solution. FlowJo10 was used
for analysis of all samples.

Neutrophil Isolation From Murine

Bone Marrow

Neutrophils were isolated from bone marrow of femur and tibia
of three to four female 8- to 12-week-old BALB/c mice as
previously described (26). Briefly, bone marrow was flushed
with RPMI 1640 supplemented with Penicillin/Streptomycin
(Sigma) and homogenized using a 40 um cell strainer. Lysis of
erythrocytes was carried out for 1 min on ice using a lysis buffer
containing 8 mg/ml NH,4Cl, 1 mg/ml K,CO3 and 0.01% EDTA.
Neutrophils were purified using a Percoll gradient of 52%, 69%,
and 78% in PBS and cells were collected from the 69% to 78%
interface. After washing with HBSS neutrophils were
resuspended in HBSS, analyzed on a BC-5300Vet (Mindray)
and stored on ice until usage for a maximum of 1 h. The purity of
isolated neutrophils was roughly 70%.
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Analysis of Platelets From Mice

With Systemic Candidiasis

Six- to eight-week-old female specific-pathogen-free BALB/c mice
(16 to 18 g) purchased from Charles River (Germany) were
housed in groups of five in individually ventilated cages with
free access to food and water. Mice were infected with 2.5 x 10* C.
albicans CFU/g body weight in 100 ul DPBS via the lateral tail vein
at day 0. Groups of mice were sacrificed at the indicated time
points post infection by intraperitoneal application of an overdose
of ketamin (500 mg/kg) and xylazin (25 mg/kg). 100 ul of blood
were collected under terminal anesthesia by retro-orbital bleeding,
immediately transferred into a tube containing 10 ul EDTA
solution (1.6 mg/ml), and gently mixed. 20 pl of the sample
were analyzed on a BC-5300Vet (Mindray) to determine platelet
counts and mean platelet volume. Platelet-rich plasma (RPP) was
prepared from 40 pl of whole-blood by centrifugation at 135 g for
15 min at room temperature. To detect platelet activation, platelets
were stained for 30 min with fluorescence-labeled antibodies
(BioLegend) directed against CD41 (clone HIP8, Cat. no.
303710, 0.1 ug/ml) as platelet marker and CD63 (clone H5C6,
Cat. no. 353006, 8 pg/ml) as activation marker, followed by
fixation with 1% formaldehyde. Surface expression of CD62P,
fibrinogen binding and C3c binding were determined as described
for CD63 using fluorescence-labeled antibodies (CD62P:
BioLegend, clone AK4, Cat. no. 304906, 1.5 pg/ml; fibrinogen:
BioRad, polyclonal, Cat. no. 4440-8004F, 100 ug/ml; C3c: Dako,
polyclonal, Cat. no. F0201, 400 ug/ml). Non-activated unstained
cells and non-activated and activated stained cells were used to
calibrate the flow cytometer using single stains and combined
stains. Plasma was prepared by centrifugation of 40 pl whole-
blood at 1500 g for 15 min at room temperature. Plasma
concentrations of soluble CD62P were determined using the
Quantikine® ELISA Mouse sP-Selectin/CD62P kit (R&D
Systems, USA) performed according to manufacturer instructions.

Isolation of Platelets

and Confrontation Assay

Venous blood of healthy human volunteers was collected in
sodium citrate monovettes (Sarstedt) and directly centrifuged at
80 x g for 20 min (without break). Supernatants were collected
and treated with 0.25 mg/ml acetylsalicylic acid (Sigma Aldrich)
for 30 min followed by addition of 1 mM Prostaglandin E1
(Sigma Aldrich), both to prevent pre-activation of the containing
platelets. Centrifugation at 400 x g for 8 min pelleted platelets
that were afterwards suspended in HEPES-Tyrodes buffer (10
mM HEPES, 137 mM NacCl, 2.8 mM KCl, 1 mM MgCl,6H,0, 12
mM NaHCQ3, 0.4 mM Na,HPO,2H,O0, 5.5 mM Glucose, 0.35%
BSA, without Ca®"). Purified platelets were treated again with 1
mM Prostaglandin El, centrifuged at 400 x g for 10 min and
suspended either in RPMI 1640 medium containing 20%
autologous active or heat-inactivated plasma. Autologous
human plasma was collected after centrifugation of Hirudin-
anticoagulated blood from the same donor at 16,000 x g for
10 min. To inactivate complement proteins, autologous human
plasma was incubated for 1 h at 56°C. Murine platelets were
prepared from freshly collected blood of healthy mice as

concentrates by thrombocytapheresis with Amicus cell
separator (Baxter, Vienna, Austria) by the Department of
Immunology and Blood Transfusion (Innsbruck Medical
University, Innsbruck, Austria). The platelet concentration was
determined by a hemocytometer and adjusted to a concentration
of 1.2 to 1.4 x 10°/ml. Murine serum was collected by
centrifugation of blood samples from (i) SPF mice without any
treatment, (ii) mice systemically infected with a sublethal dose of
1 x 10" C. albicans CFU/g body weight on days 8 to 21 after
infection (see 2.6), (iii) C3-deficient mice (B6.12954-C3"™1€™/]).
Pooled serum of 5 to 12 mice per group was used for experiments
with isolated platelets.

Confrontation of isolated platelets with C. albicans was
performed at a ratio of platelets to fungal cells of 10:1 for the
indicated time points (37°C, constant rolling at 5 rpm). Mock-
infected platelets with the two different media served as controls.

Quantification of Cytokines

Plasma samples were generated from whole-blood aliquots that
were incubated on ice for 45 min to 1 h and subsequently
centrifuged at 4°C for 10 min at 10,000 x g. Supernatants were
stored at —80°C until further use. Concentration of IFN-y, IL-1f3,
TNF-0, IL-6, and KC (CXCL1) in murine samples was
determined by ELISA (Invitrogen, Thermo Fisher Scientific)
performed according to manufacturer’s instructions.

RESULTS

C. albicans Survives in Murine

Whole Blood

The fate of C. albicans upon exposure to murine blood was
analyzed in whole blood collected from two of the most
commonly used mouse strains for infection experiments,
BALB/c and C57BL/6]. As described by Hiinniger et al. for the
human whole-blood model (4), whole blood was inoculated with
1 x 10°/ml of yeast-grown C. albicans and fungal survival was
determined by counting colony forming units (CFU) at various
time points over a time course of 3 h. In contrast to human blood
in which a 50% decrease of the initial CFUs within the first hour
of contact was observed (4), the fungal burden did not decrease
during incubation in neither BALB/c nor C57BL/6] mouse blood
but remained stable throughout the experiment (Figures 1A, B).
Of note, ketamine and xylazin were used to euthanize mice prior
to blood collection. As ketamine has been shown to affect
antimicrobial functions of macrophages and neutrophils in a
dose-dependent manner (27-30), we added ketamine and
xylazin to human blood and quantified fungal killing. At the
used dose (40 pg/ml ketamine and 2 pg/ml xylazin) ketamine/
xylazin treatment did not affect fungal killing (Figure S1).

Less Immune Cells Interact With

C. albicans in Murine Compared

to Human Blood

In order to determine whether the higher fungal survival in
murine compared to human blood was associated with
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FIGURE 1 | Survival and association of C. albicans with leukocytes in murine whole blood. Colony forming units (CFU) were determined from infected blood of
BALB/c (A) and C57BL/6J (B) mice. Each dot represents the data from an independent experiment; lines represent mean + standard deviation (n = 3, except
BALB/c 90 min and 120 min: n = 2). (C, D) The percentage of GFP-expressing Candida binding to immune cells of blood was calculated relative to total C. albicans
cells in infected blood (set to 100%) during a time course of 3 h. All values correspond to the means of three independent experiments with pooled whole blood from
10 mice. Left: BALB/c; right: C57BL/6. (E, F) The percentage of various immune cells associated with Candida was determined relative to their overall cell population
in the blood. All values correspond to the means of three independent experiments with pooled whole blood from 10 mice. Left: BALB/c; right: C57BL/6.
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differences in the interaction with immune cells, we analyzed the
number of immune cells and association of C. albicans with
leukocytes. Quantification of total leukocyte numbers using a
hematology analyzer showed a moderate, non-significant decline
over time in both mouse strains (Figure S2A). While the
numbers of CD45" leukocytes in relation to all blood cells
showed no obvious changes throughout the infection (Figure
S2B), the numbers of neutrophils decreased by almost 50%
within the first 10 min after addition of C. albicans (Figure
$2C). This was not the case for mock-infected control samples
(Figure S2D). In contrast, the number of other types of
leukocytes remained stable over time (Figure S3). Note that
the relative abundance of neutrophils was significantly lower in
the blood of B57BL/6] (4.56 + 1.3%) than of BALB/c mice (8.63 +
1.58%; p = 0.02).

Using a strain constitutively expressing green fluorescent
protein the association of C. albicans with leukocytes was
determined by flow cytometry. Within 30 min, more than 50%
of C. albicans cells were associated with immune cells in BALB/c
whole blood (Figure 1C). The proportion of fungal cells

associated with immune cells remained relatively stable until
the end of the experiments (Figure 1C). A similar trend was
observed in blood of C57BL/6] mice; however, the rate of
association was lower and did not exceed 40%. Surprisingly, a
large proportion of C. albicans cells were found to be associated
with B- and T-cells in both mouse lines (Figures 1C, D). This
contrasts results from the human whole-blood model in which
monocytes and neutrophils were the dominant types of immune
cells physically interacting with C. albicans (4). Since the ratio of
the different immune cell populations in blood differs
significantly between humans and mice, we speculated that the
association to lymphocytes could be the consequence of the
higher abundance of these types of immune cells in murine blood
rather than the result of specific interactions. We thus calculated
the percentage of host cells interacting with C. albicans within
the different immune cell populations (Figures 1E, F). Although
only a small fraction of C. albicans cells were associated with
neutrophils, up to 50% and 40% of all neutrophils associated to
fungal cells in blood from BALB/c and C57BL/6] mice,
respectively. In contrast, only a minor fraction of the B- and
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T-cell populations interacted with the fungus, suggesting that the
observed association is indeed a stochastic physical event rather
than the result of specific interactions.

The Reduced Fungal Killing in Murine
Blood Is Only Partially Due to Lower
Neutrophil Numbers

Neutrophils are the most active immune cells interacting with C.
albicans in both human and murine blood, and have been shown
to be critical for killing of the fungus in the human whole-blood
model (4). However, the absolute number of neutrophils is
approximately 10-fold lower in murine (0.4 x 10%ml) than
human blood (4 x 10%ml; according to reference values and
determined by a hematology analyzer). Using the same infection
dose (1 x 10°ml) in both models thus resulted in a pathogen to
neutrophil ratio of 2.5 in murine but 0.25 in human blood. We
hypothesized that the higher microbe to neutrophil ratio in the
murine whole-blood model overwhelmed the capacity of the
neutrophils to interact with and control C. albicans. Therefore,
we analyzed fungal survival in whole blood of BALB/c mice using
a 10-fold lower infection dose (1 x 10%/ml), which is comparable
to the ratio used previously in human whole blood (4). With the
reduced infection dose there was a moderate reduction of the
fungal burden by 30% within 3 h of infection (Figure 2A). A
similar effect was observed when murine blood was
supplemented with neutrophils isolated from bone marrow to
reach cell numbers comparable to human blood (4.4 +
0.51 x 10°/L of cells, determined by a hematology analyzer)
(Figure 2B). Thus, both the addition of external neutrophils and
the lower infection dose led to increased fungal killing, but
survival of C. albicans after 180 min was still substantially
higher (>40%) than in a human whole-blood model (10% (4);).
Furthermore, fungal burden decreased only slowly in murine
blood, whereas 50% of fungal cells were killed within the first
60 min in human blood (4). To exclude effects mediated by
ketamine/xylazin, ketamine and xylazin were added to human

blood; this did not affect association rates with neutrophils and
monocytes (Figure $4).

Filamentation of C. albicans in Whole
Blood Is Not Effectively Inhibited by
Murine Neutrophils but Fungal Survival
Does Not Require Filamentation

The lower number of neutrophils in murine compared to human
blood did not fully explain the lower killing of C. albicans in
murine blood. However, functional differences between human
and murine neutrophils have been described: A previous study
from Ermert et al. (31) described a reduced efficiency of murine
neutrophils to kill Candida species due to the fact that mice lack
B-defensins and produce lower amounts of myeloperoxidase.
They also showed that internalized C. albicans can escape from
murine but not from human neutrophils by outgrowing
neutrophils through filamentation and subsequent rupture of
the neutrophil membrane (31). We therefore analyzed C.
albicans morphology in whole blood by microscopy. Following
infection with yeast cells, after 60 min the majority of C. albicans
(~70%) in murine blood were hyphae and after 180 min nearly
all (>90%) fungal cells grew as filaments (Figure 3A). In contrast,
hyphal morphology was observed only for 10% and 20% of all C.
albicans cells in human blood after 60 and 180 min, respectively
(Figure 3B).

C. albicans morphology has been shown to affect recognition
by neutrophils (5, 32) and monocytes (33). Furthermore, while
human neutrophils prevent C. albicans filamentation and escape
following phagocytosis (31), human monocytes and
macrophages do not, and intracellular filamentation leads to
immune cell lysis and fungal escape (34). Given the higher rate of
C. albicans filamentation observed in murine blood, and the role
of morphology for immune escape, we used a yeast-locked C.
albicans Aefgl/Acphl mutant expressing GFP (19) in the murine
whole-blood infection model to determine if the higher
filamentation rate could explain higher survival of C. albicans

>

108,

105,

104

C. albicans CFU/ml

B
107 © - PMNs
E = + PMNs
E 6.
5 10
12
o
L
<} 5.
3 10
[3)

0 10 30 60 90 120 150 180

Time (min)

0 30 60 90 120 180

Time (min)

FIGURE 2 | Increased PMN - to - Candida ratio leads to a non-significant decrease of the fungal burden after 180 min. (A) Colony forming units were determined on
YPD plates from infected blood samples at various time points for 3 h. All values correspond to the means of three independent experiments with pooled whole blood
from 10 BALB/c mice infected ex vivo with 1 x 10%ml of C. albicans::gfo. Each dot represents the mean of an independent experiment + standard deviation (n = 3).
(B) Colony forming units were counted in murine whole blood as described for (A) with the following modifications: the infection dose was 1 x 10%ml and murine whole
blood was supplemented with 4.5 x 10%ml neutrophils that were previously isolated from bone marrow of BALB/c mice. Although differences between control and
neutrophil supplemented blood were observed at later time points, these were not statistically significant (p>0.05, Wilcoxon matched-pairs signed rank test).
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FIGURE 3 | Morphology of C. albicans in murine and human blood during the course of infection. Blood smears were prepared at the given time points and the
state of fungal filamentation was determined by counting yeast or hyphae form of Candida (n = 100 per time point) on an Axioplan 2 microscope (Zeiss) after staining

of cells with Mai-Gruenwald- Giemsa.

in murine blood. Surprisingly, no decrease in CFU counts was
observed with this strain and fungal numbers even increased 2.5-
fold from 60 to 180 min (Figure 4A). The increasing fungal
burden correlated with a decrease in CD45" cells (Figure 4B),
and especially neutrophils (Figure 4C), at later time points
(150 min and 180 min). The percentage of C. albicans Aefgl/
Acphl cells not associated with any of type of immune cell
(~80%, Figure 4D) was significantly higher compared to the wild
type strain (~50%, Figure S2A). This is in contrast to
experiments with human blood, in which similar association of
wild type and mutant with immune cells was observed (4, 5).
However, more than 25% of all neutrophils were associated with
this mutant after 2 h (Figure 4E), and the release of cytokines
upon infection with the mutant was comparable to or higher
than C. albicans wild type infection (Figure S4). Thus, the large
number of free Aefgl/Acphl cells cannot be explained by an
inability of immune cells to recognize mutant yeast cells.

Rapid Platelet Aggregation and Activation
in Murine Blood Upon Exposure

to C. albicans

In addition to fungal filamentation, microscopic analysis
revealed aggregates of platelets around C. albicans cells (Figure
5A). This interaction was confirmed and quantified by flow
cytometry (Figure 5B): Within 10 min almost 60% of C. albicans
cells were associated with platelets. The association rate slowly
decreased over time to 40% after 3 h. At early time points, over
35% of the fungal-associated platelets expressed the activation
marker CD69 on their surface (Figure 5C). We also observed
increased expression of CD62 on the surface of C. albicans bound
platelets, however in only 20% of all platelets (Supplementary
Figure S6). To exclude that platelet activation was an artefact of
the ex vivo situation, blood samples of intravenously (i. v.)
infected mice were analyzed. In vivo, platelet counts increased
significantly over a course of three days post infection (Figure
6A). Transient platelet activation was observed at 6 h post
infection characterized by a significant increase of complement
C3c, indicating opsonization, the platelet aggregation factor
fibrinogen, and the activation markers CD63 and CD62P on
the surface of platelets (Figures 6B-E). While at later time points
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expression of these markers was comparable to control samples,
increased concentrations of soluble CD62 were detectable in the
plasma of infected mice from 1 to 3 days post infection by ELISA
(Figure 6F). Taken together, these data demonstrate interaction
and activation of platelets following infection with C. albicans in
murine blood ex vivo and in vivo.

Opsonization of C. albicans in Human
Blood Leads to Low Platelet Association
Our next aim was to determine if interaction with thrombocytes
also occurs in human blood. Consistent with previous findings
(4), we observed decreasing numbers of C. albicans cells not
associated with host cells in human blood over time (Figure 7A).
Only a small proportion (less than 10%) of fungal cells directly
associated with platelets (Figure 7B). This was in sharp contrast
to the results we obtained in murine blood. To investigate the
potential influence of human blood components on fungal-
platelet interaction, confrontation of isolated human platelets
with C. albicans cells was performed in the presence of non-
treated (active) or heat-inactivated autologous plasma and
showed a time-dependent increase in platelet-C. albicans
interaction when plasma proteins were inactivated (Figure
7C). In contrast, the presence of non-treated plasma
containing active complement proteins resulted in a low
platelet association. Consequently, we tested if opsonization of
fungal cells interferes with platelet binding. Indeed, pre-
opsonized C. albicans showed a significantly reduced
interaction with isolated platelets compared to non-opsonized
C. albicans (Figure 7D) indicating that opsonization of
extracellular C. albicans during human whole-blood infection
prevents the binding of platelets. In a comparable experiment
using isolated murine thrombocytes and murine serum, active
but not inactive serum significantly increased the binding of
thrombocytes to C. albicans (Figure 8A).

The observation that inactivation of human plasma increases
interaction of thrombocytes with C. albicans suggests that
complement factors interfere with binding of human platelets to
the fungus. While it remains unclear how complement becomes
activated in active human plasma upon contact with C. albicans,
the classical, antibody-mediated complement activation pathway
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FIGURE 4 | Survival and immune cell association of the yeast-locked C. albicans strain Aefg1Acph1 + pADH1-GFP in murine whole-blood of BALB/c mice.
(A) Whole blood was pooled from 10 mice and infected ex vivo with 1 x 10/ml of the GFP-expressing C. albicans mutant. CFU were determined from
infected blood at indicated time points. Each dot represents the mean of an independent experiment + standard deviation (n = 3). (B, C) Immune cell
stability during the course of infection, (B) relative number CD45" cells and (C) neutrophils as % of all cells. Asterisks indicate significant differences
(*"p<0.005, ****p<0.0005; 1-Way ANOVA and Holm-Sidak’s multiple comparison test to compare each infected time point to O min). (D) The percentage of
GFP-expressing Candida binding to immune cells was calculated relative to total C. albicans cells in infected blood (set to 100%) during a time course of

3 h. All values correspond to the means of three independent experiments with pooled whole blood from 10 mice. (E) The percentage of various immune
cells associated with Candida was determined relative to their overall cell population in the blood. All values correspond to the means of three independent

experiments with pooled whole blood from 10 mice.
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FIGURE 5 | C. albicans-induced platelet activation and aggregation (A) Fungal interactions with platelets were visualized in blood smears of ex vivo infected murine
whole blood after staining with Mai-Gruenwald- Giemsa. Aggregates of thrombocytes (black arrow) surround Candida (white arrow) mostly during the first hour of
infection. Flow cytometry analysis shows (B) strong binding of C. albicans to platelets almost immediately after infection and (C) induced expression of CD69 on the
surface of platelets. Asterisks indicate significant differences (p<0.05; 1-Way ANOVA and Holm-Sidak’s multiple comparison test to compare each infected time point
to O min).
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FIGURE 7 | Interaction of human platelets with C. albicans during whole-blood infection is influenced by complement opsonization. (A) The percentage of
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five independent experiments with blood from different donors. A steady reduction of extracellular fungi over time was observed (1-Way ANOVA and Test for linear
trend, p<0.0001). (B) Less than 10% of extracellular C. albicans cells showed a CD42b* staining at each time point, reflecting a low platelet binding to C. albicans in
human whole-blood (n = 5). (C) Isolated human platelets were confronted with C. albicans either in the presence of non-treated (active plasma) or heat-inactivated
autologous plasma (inactive plasma). Co-incubation in medium containing active plasma prevented the time-dependent increase in platelet-C. albicans interaction as
observed for heat-inactivated plasma. Significantly less CD42b-positive fungal cells were observed with active compared to inactive plasma at each time point
(unpaired, two-tailed t-test, p<0.0001, n = 7). (D) C. albicans cells were either pre-incubated in non-treated (C3b-opsonized C. albicans) or heat-inactivated
autologous plasma (non-opsonized C. albicans, no surface C3b) before confrontation with isolated human platelets in medium with inactive plasma for 1 h.
Opsonization of C. albicans resulted in a markedly lower association with platelets compared non-opsonized C. albicans (p = 0.035, unpaired, two-tailed t-test).

might be involved. Specific-pathogen free mice, as used in this
study, are usually not colonized by C. albicans (35) and show
comparatively low colonization with fungi (36), resulting in very
low detectable anti-Candida antibodies in SPF mice (37). Thus,
due to the absence of antibodies, whole murine blood and serum
might lack the level of opsonization mediated by normal human
plasma and, in consequence, lower opsonization could result in
higher interaction with platelets. To test this hypothesis, we
compared the binding of isolated thrombocytes to C albicans in
the presence of active serum from normal SPF mice (naive mice)
and mice that survived a sublethal systemic C. albicans infection
(reconvalescent mice). The binding of thrombocytes to fungal cells
was significantly higher with serum from naive mice; furthermore,
naive serum and serum from C3-deficient mice induced similar
binding of thrombocytes to C. albicans (Figure 8B), supporting
the hypothesis that the lack of prior contact to the fungus in SPF
mice contributes to the observed differences between human and
murine whole blood regarding interaction with thrombocytes.

Whole Murine Blood Is Not Able to Clear
Bacterial Infections Ex Vivo

In order to determine whether the inability of murine blood to
control infections ex vivo is restricted to C. albicans, we
performed infections with S. aureus and E. coli as models for

Gram-positive and Gram-negative bacteria, respectively. Similar
to our observations with the filament-deficient C. albicans strain,
CFU counts for both bacterial pathogens remained stable for the
first 90 min followed by a steady increase (Figure 9A). This
increase in pathogen load was even more pronounced than that
observed for C. albicans Aefgl Acphl (Figure 4A), and was also
seen with a 10-fold lower infection dose, albeit at a lesser extent
(Figure S7). Also similar to infection with the yeast-locked C.
albicans mutant was the reduction of leukocyte numbers (Figure
9B), and for S. aureus especially neutrophil counts (Figure 9C),
at late time points. The association of bacteria to immune cells
varied quite drastically between both bacterial strains: While
almost 60% of neutrophils were rapidly bound to S. aureus
within 10 min and almost all neutrophils were attached to
these Gram-positive bacteria 1.5 h post infection (Figure 9D),
bacterial host cell association occurred much later for E. coli and
a maximum of 50% of neutrophils were attached to bacteria at
2 h post infection (Figure 9E).

DISCUSSION

Intravenous infection of mice is the most commonly used model
to study candidiasis (13). It is known that C. albicans disappears
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comparison test for pairwise comparisons of all groups within one time point and indicated by asterisks).
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FIGURE 9 | Bacterial survival and immune cell association in murine whole blood. (A) Colony forming units of S. aureus and E. coli were determined from infected
murine blood. All values correspond to the means of three independent experiments with pooled whole-blood from 10 BALB/c mice infected ex vivo with 1 x 10%/ml
of GFP-expressing bacteria. Each dot represents the mean of an independent experiment +/- standard deviation (n = 3). The relative numbers of CD45" cells (B) and
of (C) neutrophils (Ly6G*/CD11b") during the course of infection were measured by flow cytometry. (D) The percentage of various immune cells associated with
GFP-expressing S. aureus or (E) with GFP-expressing E. coli was determined relative to their overall cell population in the blood. All values correspond to the means
of three independent experiments with pooled whole blood from 10 mice.
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quickly from circulating blood within a few minutes to hours
after infection (15, 16, 38), but the mechanisms underlying this
phenomenon and the fungal interaction with blood components
are not fully understood. We have previously employed a human
whole-blood model to determine the interaction of C. albicans
with leukocytes and the fate of the fungus. In this study, the
model was adapted to mice to elucidate host-fungal interactions
in whole blood over a period of 3 h.

One of the most striking differences observed between the
murine and human whole-blood experiments was the lack of C.
albicans killing in murine blood, both at the infectious dose used
in our previous study on human blood (1 x 10°/ml) and at a 10-
fold lower dose (1 x 10°/ml). A commonly used infectious dose in
the intravenous mouse model is 2.5 x 10* CFU/g body weight,
equivalent to 5 x 10° CFU for a 20 g mouse (13, 16). The
approximate blood volume of a 20 g mouse is 1.6 ml (39),
resulting in approximately 3 x 10° CFU injected per ml of blood.
Thus, the doses used in this study are relevant for the in vivo
mouse model. Consequently, the inability of murine blood to
effectively eliminate the fungus cannot be explained by an
inadequately high infectious dose. Furthermore, as comparable
results were obtained with blood from BALB/c and C57BL/6
mice, low fungal killing is unlikely to be a consequence of the
specific genetic background.

Differences were also observed in the interaction with
immune cells: A higher proportion of fungal cells was not
associated to any leukocytes in murine (40-50%) compared to
human blood (10-20% (4),). Especially the proportion of C.
albicans cells associated with neutrophils was substantially lower
in mouse blood (<30% compared to >60% (4),). Neutrophils are
known to be the major effector cells mediating C. albicans killing
in human whole-blood infection (4), and they are essential for
host defense against disseminated candidiasis both in humans
(40, 41) and mice (42, 43). It is unlikely that the low number of
C. albicans interacting with neutrophils is due to insufficient
recognition, as the high proportion of neutrophils associated
with C. albicans indicated that these leukocytes responded to the
fungus. The lower absolute numbers, however, lead to a
pathogen-to-neutrophil ratio that might have been too high to
allow efficient infection control. Contrary to this hypothesis,
reducing the infectious dose did not substantially increase fungal
killing. It is possible that the abundance of other immune cells
blocked physical contact between neutrophils and Candida.
Consistent with this, many fungal cells were associated with
lymphocytes during high dose infection, even though the
proportion of lymphocytes interacting with Candida was low,
indicating limited directed activity. We therefore increased the
absolute number of murine neutrophils to that in human blood,
thereby also altering the neutrophil-lymphocyte ratio. As this
had only a minor impact on fungal killing, functional differences
between murine and human immune cells are likely to
contribute to fungal survival in murine blood.

While human and murine neutrophils share many
characteristics, they differ in some functional aspects. For
example, murine neutrophils do not produce defensins (44),
express less myeloperoxidase and lysozyme (45), and differ in the

expression and production of pattern recognition receptors,
cytokines, and chemokines [summarized in (46)]. Ermert et al.
showed that this translates into functional differences: Isolated
murine neutrophils were less efficient in killing C. albicans in
vitro than their human counterparts (31). Furthermore, while
neutrophils were shown to be responsible for preventing hyphae
development in human blood (18), isolated murine neutrophils
fail to inhibit filamentation of phagocytosed yeast, resulting in
fungal escape (31). Consistent with this, we observed substantial
filamentation of C. albicans in murine, but not human blood.
Thus, the higher filamentation rate in murine blood might be the
consequence of an inability of murine neutrophils to control
filamentation not only in vitro but also in the more complex ex
vivo model. Killing of neutrophils by C. albicans filamentation
after phagocytosis would furthermore explain the decline of
neutrophil numbers over time in infected murine blood.
However, extracellular filamentation has been shown to also
occur in human blood (4), and we can therefore not exclude that
the increased filamentation observed in murine blood is due to
the lower number of fungal cells interacting with immune cells.

Although long filaments are more difficult to phagocytose due
to their size (47), it is unlikely that filamentation alone is
responsible for the lack of fungal killing, as survival and even
proliferation in murine whole blood was observed for a filament-
deficient C. albicans mutant. This was surprising because
mutants lacking either of the genes (EFGI and CPHI) deleted
in the mutant used here were previously reported to display
reduced survival in human blood (18), and the double mutant is
avirulent in a systemic mouse infection model (48). The
association rate of this mutant with leukocytes was however
lower compared to wild type fungi (<25% compared to up to
50%). This is indicative of lower phagocytosis rates and likely
leads to less phagocytosis-dependent fungal killing. The lower
association rates could be due to the generally less efficient
recognition of yeast versus hyphal cells by neutrophils (32, 49).
The specific gene deletions furthermore affect the exposure of cell
wall components serving as pathogen-associated molecular
patterns (50-52). As the percentage of neutrophils interacting
with the non-filamentous mutant was however only slightly less
than for the wild type, it appears unlikely that altered recognition
alone is responsible for proliferation of the filament-deficient
mutant. This is supported by the cytokine measurements that
demonstrate similar or higher responses of murine whole blood
to the mutant compared to the wildtype, and is consistent with
the higher cytokine release by monocytes and PBMCs in
response to yeast cells observed by others (33, 53).

While our results overall suggest a very limited capacity of
murine neutrophils to control C. albicans in murine blood, it
should be noted that we observed a reduction of fungal burden at
late time points in murine whole blood with added neutrophils.
Although not statistically significant, this is in agreement with
other studies demonstrating some efficacy of isolated murine
neutrophils against this fungus (31, 54). In this context it should
be noted that neutrophils are primed during recruitment to a site
of inflammation, leading to increased expression of pattern
recognition receptors and enhanced effector functions (55, 56).
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TABLE 1 | Summary of the key differences between the murine and human whole-blood model for C. albicans.

Murine whole blood

Human whole blood

C. albicans killing

A iation C. with leuk tes
Association with neutrophils relative to all leukocytes
Association with monocytes relative to all leukocytes
Association with lymphocytes relative to all leukocytes

% association neutrophils with C. albicans

Filamentation (% hyphae)

Interaction with platelets
C. albi iation with p

in whole blood

Not detectable
Approx. 40-60% max. (mouse strain-dependent)
>50% (time point-dependent)

>25% (time point-dependent)

>50% (time point-dependent)

40-50% (mouse strain-dependent)

>60% after 60 min; > 90% after 180 min

250% within 60 min, 280% within 180 min (4)
Approx. 80% max (4).

>80% (4)

<15% (4)

Not detectable (4)

Not determined

<10% after 60 min; <20% after 180 min

<60% after 10 min; 40% after 180 min <10%

Thus, the limited impact of neutrophils in murine whole blood
cannot be transferred to neutrophil efficacy in tissue in vivo.
However, our results suggest that the rapid decline of C. albicans
CFU numbers in the peripheral blood of intravenously infected
mice is not due to fungal killing within circulating blood.
Possibly, interaction between C. albicans and murine blood
leukocytes in vivo occurs only after fungal attachment to
endothelial cells (57, 58).

Host-dependent differences in the interaction of C. albicans
with leukocytes were also observed for platelets: In the murine
whole-blood model, aggregation of platelets around and
adhesion to fungal cells was observed which was associated
with platelet activation. Transient activation of platelets was
also observed in vivo in mice, consistent with previous
observations by others (38). In contrast, only few platelets
associated with C. albicans in human blood, supporting recent
findings by Eberl et al. (59). The absence of the formation of
obvious platelet aggregates around fungal elements in human
blood is consistent with other studies (60, 61), and might be
mediated by fungal chitin (62). Importantly, others showed that
only those human platelets that bound to C. albicans became
activated (59). The low number of bound platelets likely results
in a very small increase of activation in the overall platelet
population. This could explain why several studies described
that this fungus does not activate human platelets (60, 63, 64),
whereas we detected a significant increase of released platelet
effector molecules. Interestingly, we found that the physical
interaction between C. albicans and human platelets was
enhanced by plasma inactivation, suggesting that complement
factors interfere with binding of human platelets to the fungus. In
this context our observation that prior exposure of mice to C.
albicans significantly affected the impact of their serum on the
rate of interaction between the fungus and thrombocytes might
be of relevance not only for this, but also for other studies and
might have implications beyond C. albicans infection: SPF mice,
which are commonly used to study infections, lack contact to
common opportunistic pathogens and thus adaptive immune
response to these microbes. As demonstrated here, this could
explain some of the differences observed between mice and men,
and might also contribute to the limited efficacy of murine whole
blood to eliminate E. coli and S. aureus shown in this study. Even
though S. aureus has been isolated from laboratory SPF mice
colonies, over 70% of tested animals were found to be free of this
opportunistic pathogen (65). It can also be assumed that SPF
mouse colonies are free from pathogenic E. coli and thus naive to

the strain used in this study. Further research is clearly needed to
investigate to which extent the lack of prior exposure affects host
responses of mice in infection models.

In summary, we present here a thorough analysis of host-
pathogen interaction in a murine whole-blood model, the first
point of fungal interaction with the host immune system in
experimental candidiasis, and provide time-resolved data on
fungal survival and association to immune cells. Our results
indicate substantial differences to the host-fungal interactions
shown in a human whole-blood model (summarized in Table 1),
thereby limiting the translatability of data obtained in a murine
whole-blood model to human infections—even though the
murine systemic infection model recapitulates several
important aspects of systemic infection in humans. This could
be at least in part due to the lack of C. albicans colonization of
SPF mice.
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Supplementary Figure 1. Effect of ketamine and xylazin on C. albicans killing in the human
whole-blood model. Blood from healthy human volunteers was left untreated (control, black circle)
or 40 pug/ml ketamine and 2 pg/ml xylazin (ketamine/xylazin, red square) were added just before
infection with C. albicans. Samples collected at the indicated time points were plated in serial
dilution and CFU were quantified. Three experiments using different donors were performed with the
control and ketamine/xylazin treatment performed in parallel. Mean + standard deviation are
indicated by the lines. Statistical analysis was performed by paired, two-tailed t test comparing
control and ketamine/xylazin for each time point and showed no significant difference between the
groups.
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Supplementary Figure 2. Inmune cell numbers in infected murine whole blood. (A) Total
leukocyte counts were determined with an automated hematology analyzer. Changes over time were
not statistically significant (unpaired t test corrected for multiple comparisons using the Holm-Sidak
method). (B) The relative numbers of CD45™ cells in blood were measured by flow cytometry. (C, D)
Relative numbers of neutrophils (Ly6G*/CD11b") in infected blood (C) and blood mock-infected
with PBS (D) measured by flow cytometry. Data from three independent experiments is presented as
mean + standard deviation in each graph.
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Supplementary Figure 3. Immune cell stability in murine whole blood upon exposure to
Candida. Cell populations were measured by flow cytometry following ex vivo C. albicans infection
of blood from BALB/c (A) and C57BL/6 mice (B). Statistical analysis was performed by unpaired,

two-tailed t test.
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Supplementary Figure 4. Effect of ketamine and xylazin on association of C. albicans with
neutrophils and monocytes in the human whole-blood model. Blood from healthy human
volunteers was left untreated (control, black) or 40 pg/ml ketamine and 2 pg/ml xylazin
(ketamine/xylazin, red) were added just before infection with C. albicans. Samples collected at the
indicated time points were analyzed by flow cytometry. Three experiments using different donors
were performed with the control and ketamine/xylazin treatment performed in parallel. The
percentage of GFP-expressing Candida binding to immune cells of blood was calculated relative to
total C. albicans cells in infected blood (set to 100 %) during a time course of three hours and is
depicted as mean =+ standard deviation. Statistical analysis was performed by paired, two-tailed t test
comparing control and ketamine/xylazin for each time point and showed no significant difference

between the groups.
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Supplementary Figure 5. Cytokine response to C. albicans infection in murine blood. Blood
from BALB/c mice was infected with GFP-expressing C. albicans wild type (white) or efg/ AcphlA
double mutant (grey, square pattern). PBS-mock infection served as control. Cytokines were
quantified in plasma at the indicated time points. Asterisks indicate significant differences (p<0.05;
1-Way ANOVA and Holm-Sidak’s multiple comparison test for comparison of infected to control
blood; unpaired, two-tailed t test for comparison of the two strains at one time point). Mean +
standard deviation of two to three independent experiments are shown.
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Supplementary Figure 6. Numbers of CD62-activated platelets associated with C. albicans
during the time of infection. Cells were differentially stained in whole blood and activated platelets
(CD41" CD62") that were also positive for GFP were included in the analysis. Activated platelets are
shown in relative amounts to all positive platelets (CD417).
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Supplementary Figure 7. Bacterial survival in murine whole blood at lower infection dose.
Colony forming units of S. aureus and E. coli were determined from infected murine blood. All
values correspond to the means of three independent experiments with pooled whole-blood from 10
BALB/c mice infected ex vivo with 1 x 10°/ml of GFP-expressing bacteria. Each dot represents the
mean of an independent experiment +/- standard deviation (n=3).
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Rapid proliferation due to better metabolic adaptation results in full virulence of a

filament-deficient Candida albicans strain

Christine Dunker, Melanie Polke, Bianca Schulze-Richter, Katja Schubert, Sven Rudolphi, A.
Elisabeth Gressler, Tony Pawlik, Juan P. Prada Salcedo, M. Joanna Niemiec, Silvia Slesiona-Kiinzel,
Marc Swidergall, Ronny Martin, Thomas Dandekar & lIse D. Jacobsen
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Summary

The yeast-to-hypha transition of C. albicans is considered to be a key virulence factor. This study
shows that hyphae are required for tissue invasion, damage, and virulence in invasion-based
infection models. However, hypha formation is not required for virulence in systemic candidiasis,
as filament-deficient mutants lacking EED1 (expression) were as virulent as the wild type in murine
infection models resembling catheter-associated candidiasis in humans. Retained virulence of the
eed1A/A mutant was associated with rapid yeast proliferation, which is likely the result of better
metabolic adaptation and increased fitness, leading to high organ fungal burden and disease
progression indistinguishable from infections caused by the C. albicans wild type. These data
challenge the central dogma that hypha formation is per se essential for pathogenesis.
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Rapid proliferation due to better metabolic
adaptation results in full virulence of a filament-
deficient Candida albicans strain
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The ability of the fungal pathogen Candida albicans to undergo a yeast-to-hypha transition is
believed to be a key virulence factor, as filaments mediate tissue damage. Here, we show that
virulence is not necessarily reduced in filament-deficient strains, and the results depend on
the infection model used. We generate a filament-deficient strain by deletion or repression of
EEDT (known to be required for maintenance of hyphal growth). Consistent with previous
studies, the strain is attenuated in damaging epithelial cells and macrophages in vitro and in a
mouse model of intraperitoneal infection. However, in a mouse model of systemic infection,
the strain is as virulent as the wild type when mice are challenged with intermediate infec-
tious doses, and even more virulent when using low infectious doses. Retained virulence is
associated with rapid yeast proliferation, likely the result of metabolic adaptation and
improved fitness, leading to high organ fungal loads. Analyses of cytokine responses in vitro
and in vivo, as well as systemic infections in immunosuppressed mice, suggest that differ-
ences in immunopathology contribute to some extent to retained virulence of the filament-
deficient mutant. Our findings challenge the long-standing hypothesis that hyphae are
essential for pathogenesis of systemic candidiasis by C. albicans.
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‘he polymorphic yeast Candida albicans colonizes up to

70% of the human population as a commensal on mucosal

surfacesl:2. As an opportunistic fungal pathogen, however,
C. albicans is able to cause superficial as well as life-threatening
systemic infections promoted by disturbances in the microbiota
and impaired host defenses®*. Despite antifungal therapy, dis-
seminated candidiasis is associated with high mortality rates of up
to 50%C.

The reversible transition of spherical budding yeast to pseu-
dohyphal or hyphal filaments is promoted in vivo by body tem-
perature, serum, physiological pH and elevated CO,
concentration”8, Nevertheless, both morphologies are present in
tissues during systemic infection®. While filaments facilitate tissue
invasion, damage and escape from host cells!®!1, yeast cells are
believed to be important for mucosal colonization, dissemination
through the bloodstream, adherence to endothelial cells and
biofilm formation!2. Furthermore, yeast and hypha are recog-
nized differentially by immune cells!3. Saville et al. dissected the
relative contribution of C. albicans filamentation to virulence
during systemic infection by using a regulable expression system,
placing one copy of the negative regulator of filamentation NRGI
under the control of a tetracycline-regulable promotor!4. Mice
challenged intravenously with the tet-NRGI strain succumbed to
infection when hyphal growth was permitted but survived when
fungal cells were enforced to grow in the yeast form. Similarly,
other C. albicans yeast-locked mutants, such as the cphIA/A
efgIA/A double and hgcIA/A mutant have been shown to be
avirulent or are strongly attenuated in virulence!>16. On the other
hand, mutants locked in the filamentous form like tupIA/A or
nrglA/A are less virulent as well'7-19, implying that morpholo-
gical plasticity is essential for virulence in murine disseminated
candidiasis.

One of the factors required for maintenance of hyphal growth,
invasion and damage of C. albicans is encoded by EEDI (Epi-
thelial Escape and Dissemination 17:29). A homozygous eedlA/A
deletion mutant is still able to initiate germ tube formation, but
fails to elongate these into hypha and eventually switches back to
yeast cell growth”2021. Here we show that the eed]A/A mutant is
fully virulent in a murine model of systemic candidiasis and
confirmed this finding using a tetracycline-regulable expression
system to induce or repress EEDI in C. albicans in vivo. Virulence
of these filament-deficient mutants is associated with high yeast
proliferation rates in vivo and enhanced growth in vitro on
nutrient sources likely encountered in the host, suggesting
metabolic adaptation as the underlying mechanism for retained
virulence in the absence of filamentation. Analysis of host
responses furthermore supports a contribution of altered
immunopathology to C. albicans virulence in the absence of
filamentation.

Results

EEDI is required for virulence in a murine intraperitoneal
infection model. Hypha formation has been shown to be
essential for tissue invasion and damage in vitro and
in vivo! L1422, Consistent with this, the eed]A/A mutant, unable
to maintain hyphal growth, was not able to damage renal, hepatic
and oral epithelial cells in vitro within 24h of co-incubation
(Fig. 1a). To assess the impact of EEDI for tissue invasion and
damage in vivo, we employed an intraperitoneal infection model.
In this model, C. albicans filamentation facilitates invasion from
the peritoneal cavity into intraperitoneal organs such as liver,
spleen and pancreas®3. In line with the in vitro results, deletion of
EED] led to reduced damage of liver and pancreatic tissue indi-
cated by lower serum levels of tissue-specific enzymes and lower
clinical scores compared to mice infected with the wild type strain

(WT; Supplementary Fig. 1). This attenuated virulence phenotype
was confirmed using a conditional knock out mutant (t-EED1), in
which one EEDI allele was deleted and the other was placed
under the control of a tet-OFF promoter!4. In the presence of
doxycycline (t-EED1 + ), repressed EEDI expression leads to
yeast cell growth. In absence of doxycycline (t-EED1—), the gene
is constitutively expressed resulting in increased filamentation on
solid media (Supplementary Fig. 2a) and filamentation compar-
able to the WT in liquid media (Supplementary Fig. 2b). In the
presence of doxycycline, mice developed significantly less clinical
symptoms after intraperitoneal infection with the t-EED1+ yeast
compared to the WT and the t-EED1— filamentous strain
24h post infection (p.i.) (Fig. 1b). Histological analysis showed
t-EED1+ yeast that remained in the upper tissue layers below the
liver capsule whereas WT and t-EED1— hyphae invaded deeply
into liver parenchyma (Fig. 1c). Furthermore, infection with WT
and t-EED1— induced significantly increased serum levels of
alanine aminotransaminase (ALT) and pancreatic amylase indi-
cating liver and pancreatic injury, respectively (Fig. 1d). In con-
trast, reduced tissue invasion of the t-EED1+ yeast resulted in
serum enzyme levels of ALT and pancreatic amylase comparable
to the uninfected control. Interestingly, a significantly higher
fungal burden was recovered from liver tissue of mice infected
with either the t-EED1+ or eed]A/A mutant compared to the
respective WT (Fig. le and Supplementary Fig. 1c). Thus, tissue
damage and clinical symptoms correlated with the ability to form
hyphae in the intraperitoneal infection model, and deletion or
repression of EEDI resulted in attenuation of virulence despite a
higher liver fungal burden.

Deletion of EEDI1 affects dissemination from the gastro-
intestinal tract in immunosuppressed mice. It is generally
believed that the gastrointestinal tract is the main reservoir for C.
albicans in humans*42°. In order to disseminate systemically, the
fungus needs to translocate across the mucosal barrier?42°,
Consistent with the in vitro results for renal, hepatic and oral
epithelial cells, deletion of EEDI significantly reduced the
ability of C. albicans to damage enterocytes under normoxic and
hypoxic conditions (Fig. 2a), resulting in maintained barrier
function and reduced translocation in vitro (Fig. 2b, c). Coloni-
zation of the intestinal tract was moderately increased for
eed]A/A compared to the WT in antibiotic-treated immuno-
competent mice, but not in mice treated with cyclophosphamide
(Fig. 2d, e). Dissemination of the eedIA/A mutant to internal
organs was, however, only observed upon cyclophosphamide
treatment (Fig. 2f), where a significantly higher number of colony
forming units (CFU) in kidneys were observed for eedl1A/A
compared to the WT. Of note, while cyclophosphamide reduces
the numbers of immune cells and also impacts the intestinal
barrier function?27, we did not observe any symptoms of dis-
seminated disease in the mice. This suggests that the treatment
was not sufficient to induce the level of immunosuppression and/
or intestinal damage required for translocation of a sufficiently
high number of fungal cells to cause disease?’. Nonetheless, these
results support the concept that growth in the yeast form is
beneficial for intestinal colonization?82% (at least in immuno-
competent mice) and dissemination!2, but that filamentation is
required for active translocation?2.

EEDI is not essential for virulence in a systemic infection
model. Based on the in vitro data and results from the intra-
peritoneal infection model, we expected the EEDI mutants also to
be attenuated in a murine systemic (intravenous) infection model
that mimics catheter-associated disseminated candidiasis in
humans. Surprisingly, the eedlA/A mutant showed enhanced
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virulence compared to the WT when low infectious doses were
used (Fig. 3a) whereas with a high infectious dose mortality was
delayed for t-EED1+ yeast (Fig. 3b). Intermediate infectious
doses led to virulence and disease progression indistinguishable to
the WT when t-EED1 was either forced to grow as yeast or as
hyphae (Fig. 3¢, Supplementary Fig. 3). Histology confirmed that
t-EED1 + grew as yeast in vivo (Fig. 3d). Consistent with pre-
vious reports, experiments conducted in parallel with the tet-
NRGTI strain!“ resulted in clinical disease only when filamentation
was facilitated by the presence of doxycycline (Supplementary
Fig. 4a-c!%). We also noted that mice infected with the WT
(THE1-CIp10) reached humane endpoints earlier when receiving

doxycycline; this is likely a consequence of lower water uptake in
these groups (see method section for details). Determination of
CFU in mice infected with the intermediate dose showed similar
initial fungal burden 6h p.i. in kidney, liver, brain and spleen
(Fig. 3e). However, already 24h p.i. we observed significantly
increased (~25-fold higher) fungal burden in the kidneys of mice
infected with t-EEDI + yeast compared to the filamentous
strains. Likewise, fungal burden increased for tet-NRGI- yeast,
reaching significantly higher levels 72 h p.i. compared to the WT-,
but in comparison to t-EED1 + yeast declined until the end of the
experiment (Supplementary Fig. 4d). Furthermore, fungal burden
of t-EEDI + yeast in the brain continued to increase until mice
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Fig. 1 Hyphal elongation of C. albicans is required for tissue damage in vitro and virulence in an intraperitoneal infection model. a Damage of oral
(TR146), hepatic (HepaRG) and renal (A498) epithelial cells was quantified by measuring the release of lactate dehydrogenase (LDH) into the supernatant
after co-incubation for 24 h with WT (SC5314) or eed1A/A mutant. Uninfected cells served as negative control. LDH released by WT was set to 100%.
Data are presented as mean + SD from four biologically independent experiments. Within each experiment, supernatants from three wells infected by the
same strain were pooled and LDH was measured. Data was analyzed by two-tailed students t-test. b-e t-EED1 + yeasts are attenuated in invasion, damage
and virulence potential despite higher organ fungal loads in the intraperitoneal infection model 24 h post infection. Mice were infected intraperitoneally
with 1x 108 cells of WT (THEI-CIp10) or t-EEDT in the presence (+) or absence (—) of doxycycline supplied via the drinking water. Data derived from two
independent experiments, WT— and WT+ n=10, t-EED1— and t-EED1+4 n =9 animals per group. b Repression of EEDT by doxycycline led to significantly
reduced clinical symptoms in mice. The semiquantitative clinical score was determined by assessing fur, coat and posture, behavior and lethargy, fibrin
exudation and other symptoms like diarrhea. The score ranges from O (no symptoms) to 10 (severe illness). ¢ Representative images of periodic acid-Schiff
stained histological sections of liver tissue 24 h p.i., fungal cells are stained purple. Arrows point towards the liver surface (capsule, partially destroyed).
The scale bar represents 100 um and applies to all images. d Damage of liver and pancreas was quantified by measuring serum levels of alanine
aminotransaminase (ALT) and pancreatic amylase, respectively. Enzyme levels of uninfected mice (n = 9) served as negative control. e Fungal burden in
the liver. b, d, e Median and interquartile range are shown, two-sided Mann-Whitney test. Asterisks above bars represent significant differences compared

to the uninfected control *p <0.05; **p < 0.07; ***p < 0.001. Source data are provided as a Source Data file.

became moribund, whereas after infection with filamentous
strains cell numbers peaked 24 h p.i. and were stable or declined
thereafter. After an initial decline, the CFU of the t-EED1 + yeast
stabilized and increased in liver and spleen while they con-
tinuously declined after infection with the WT, t-EED1- or tet-
NRGI yeast or hypha (Fig. 3e; Supplementary Fig. 4d). To test the
possibility that differences in fungal load were due to the
underestimation of CFU plated from filamentous C. albicans
strains, we performed quantitative PCR targeting the C. albicans
18 S rRNA gene RDN18 in complex DNA isolated from infected
kidney homogenates®®. A strong correlation (R?=0.7076)
between CFU count and DNA content irrespective of the fungal
morphology (Supplementary Fig. 5) supports the CFU results.

During hematogenously disseminated candidiasis EEDI defi-
ciency leads to delayed renal cytokine production but increased
immune cell infiltration at later time points. We hypothesized
that the increased fungal burden observed for t-EEDI + yeast
could be the result of an altered early innate immune response
leading to reduced fungal killing. Therefore, we quantified
immune cells in the kidney over the course of infection. Leuko-
cytes started to infiltrate kidneys 24 h p.i. and no difference was
observed in the overall number or subpopulations of leukocytes
24 and 48h p.i. between WT + and t-EEDI + yeast (Supple-
mentary Figs. 6-7). However, morphology-dependent significant
differences between WT + and t-EED1+ were observed 72 h p.i.:
Total leukocyte numbers were approximately 2-fold higher in
response to t-EED14- yeast (Fig. 4a), with increased numbers of
monocytes (4.5-fold), macrophages (3.2-fold) and DCs and NK
cells (2-fold). This coincided with 190-fold higher yeast fungal
burden compared to WT+ (Fig. 3e). Interestingly, significantly
less leukocytes accumulated in kidneys after infection with the t-
EED1— filamentous strain compared to WT— (Supplementary
Fig. 8), despite comparable CFU 72 h p.i. (Fig. 3e). While renal
cytokine levels induced by the filamentous t-EED1— were com-
parable to the WT— throughout the course of infection (Sup-
plementary Figs. 9-10), less pro-inflammatory cytokines were
induced by t-EED1+ yeast than by WT+ 24h p.i. (Fig. 4b),
despite higher fungal burden of t-EEDI1+ yeast. In contrast,
cytokine levels were comparable 48 h p.i,, and a tendency towards
increased cytokine release, with significant higher amounts of IL-
18, IP-10, RANTES and IFN-y in response to t-EED1+ yeast, was
observed 72h p.i. (Fig. 4b). In moribund mice no morphology-
dependent difference in cytokine levels was observed (Supple-
mentary Fig. 10). To investigate whether the local differences in
renal cytokine production were reflected by differences in sys-
temic inflammation, we determined serum levels of the sepsis
markers soluble triggering receptor expressed on myeloid cells

(STREM-1) and neutrophil gelatinase-associated lipocalin
(NGAL). NGAL and sTREM-1 levels increased rapidly and
throughout the course of infection (Fig. 4c) irrespective of the
fungal morphology.

Lower cytokine levels induced by t-EEDI+ yeast in the
presence of similar leukocyte numbers 24h p.i. suggested
differences in the interaction with leukocytes and/or epithelial
cells and their interaction with fungal cells was therefore analyzed
in vitro. Murine bone marrow (BM) neutrophils and BM-derived
macrophages (BMDMs) were capable of phagocytosing and
killing C. albicans WT and eed]A/A mutant to the same extent
in vitro after 1 h and 2 h, respectively (Fig. 5a, b; Supplementary
Fig. 11a). At that time point both strains had formed germ tubes
(Supplementary Fig. 11b and Supplementary Fig. 12). After 6 h,
the WT maintained filamentation while the eed1A/A mutant had
switched back to yeast cell growth (Fig. 5c; Supplementary
Fig. 12). Analysis at 6h showed that a significantly larger
proportion of C. albicans eedlA/A was killed by BMDMs
compared to the WT. However, we noted that the relative
increase in CFU of the eed]A/A mutant from Oh to 6h was
considerably higher than for the WT both in the presence and
absence of macrophages (Fig. 5d). This resulted in significantly
higher numbers of eedIA/A than WT cells in the presence of
BMDMs. In addition, the eedIA/A mutant showed a reduced
capacity to damage BMDMs (Fig. 5e) and to stimulate TNF-a
release by BMDMs 24 h p.i. (Fig. 5f). At that time wells that
contained the C. albicans WT were completely covered by hyphae
whereas wells with eed1A/A showed yeasts only and macrophages
were visible from time to time (Supplementary Fig. 12). In
contrast, activation of murine PMNs determined by the release of
IL-10, IL-6 and TNF-a (Supplementary Fig. 11¢c) and production
of reactive oxygen species (ROS; Supplementary Fig. 11d) was
comparable between the strains. Infection of renal, hepatic and
oral epithelial cells with the eed1A/A mutant induced no increase
of pro-inflammatory cytokines compared to uninfected controls
(Fig. 5g), likely due to the lack of damage caused by the mutant in
this model (Fig. la). For oral epithelial cells, no significant
increase was observed for the WT either, although a tendency of
higher cytokine production was observed. Thus, the initial lower
cytokine release in response to t-EED1+ yeast in vivo is likely due
to reduced damage of and lower cytokine production by renal and
hepatic cells and macrophages, which is balanced by the response
of recruited immune cells at later time points.

eedIA/A yeast display enhanced growth on physiologically
relevant carbon sources. EEDI depleted yeast were able to
increase their cell number approximately 100-fold from 6 h to 24
h p.i. in murine kidneys (which equals a generation time of 2.6 h
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compared to 7.1 h for the WT). Since we found no evidence for
reduced recognition or killing by immune cells, this observation
cannot be explained by increased immune evasion resulting in
less killing. We thus hypothesized that EEDI-deficient yeasts are
metabolically better adapted to acquire locally available nutrients
resulting in increased proliferation. Therefore, we analyzed the
growth of C. albicans WT and the eedIA/A mutant in the
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presence of different fermentable and non-fermentable carbon
sources at 37 °C (Fig. 6). Growth of both strains was similar with
2% glucose in complex (YPD) and defined media (SD). However,
in the presence of physiological glucose concentrations of 0.1% in
SD medium, the mutant reached lower cell densities at stationary
phase. In YPD with 0.1% glucose, in contrast, the eedlA/A
mutant continued to grow steadily after depletion of glucose
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Fig. 2 The eed1A/A mutant shows a reduced translocation

in vitro and in a gut di

+,
p

ion model in i t but not in

immunocompromised mice. a-c C2BBe1 cells were infected with C. albicans WT (SC5314) or the eed1A/A mutant and incubated under normoxic (21% O,)
or hypoxic (1% O,) conditions for 24 h. a Damage of C2BBel cells was quantified by measurement of LDH and is shown in % of high control (cells lysed
with Triton X-100). Uninfected cells served as negative control. b Integrity of epithelial barrier was quantified by TEER measurement. Data are expressed as
change of TEER 24 h post infection compared to TEER values prior to infection in percent. € Translocation across the epithelial barrier was assessed by CFU
plating. a-¢ Graphs show the mean £ SD of three independent biological replicates, two-tailed students t-test. p-values are shown in the graph. d Fungal
burden in feces of antibiotic-treated immunocompetent and mice rendered immunocompromised by cyclophosphamide treatment. Immunocompetent, day
2 and 4 n=8; day 7 and 14 n = 4 mice per group, one experiment. Immunocompromised WT infected n = 3; eed1A/A n = 8, one experiment. e Schematic
overview of the timeline for the gastrointestinal dissemination model. f Fungal burden in liver (left) and kidneys (right) of immunocompetent or
cyclophosphamide-treated immunosuppressed (+Cyclo) mice colonized with either C. albicans WT or eedTA/A mutant 14 d post infection. WT n=3, one
experiment; WT + Cyclo and eed1A/A n =4, one experiment; eed1A/A + Cyclo n = 8 mice, data from two independent experiments. Dashed lines indicate
limit of detection. d, f Shown is the median with interquartile range, two-sided Mann-Whitney test, p-values are shown in the graph. Source data are

provided as a Source Data file.

reaching higher ODs than the WT. Importantly, the eedl1A/A
mutant showed enhanced growth in the presence of the physio-
logical relevant alternative carbon sources lactate, acetate, citrate,
amino acids and the amino sugar N-acetyl-glucosamine
(GlcNAc). Additionally, the eedIA/A mutant showed faster
onset of growth in YCB-BSA compared to the WT indicating that
this strain is highly proteolytically active. Furthermore, eed1A/A
showed better growth than the WT in murine kidney homo-
genates. Taken together, these data suggest that the absence of
EEDI results in better metabolic adaptation in vivo, facilitating
faster proliferation resulting in increased fungal burden.

To gain information on possible mechanisms mediating the
enhanced proliferation of the eedIA/A mutant on alternative
carbon sources, we performed RNAseq analysis of cells grown in
SD with glucose at 30 °C for 10 h (designated as 0 h time point),
followed by a shift to citrate or casamino acids as sole carbon
source at 37°C (2h, 6h, and 12h; Supplementary Fig. 13a).
Growth in SD with glucose resulted in yeast morphology for both
strains (Supplementary Fig. 13b); on casamino acids, both strains
formed germ tubes within 2 h, but only the WT formed hyphae at
later time points (Supplementary Fig. 13b). With citrate as sole
carbon source, filamentation was observed only for the WT
(Supplementary Fig. 13b). In both, citrate and amino acid media,
the eedIA/A mutant showed enhanced growth as observed by
optical density as well as by determination of dry weight
(Supplementary Fig. 14a). Principal component analysis (PCA)
of the RNAseq data showed that biological replicates clustered
together and that the transcriptome of both strains varied over
time (Supplementary Fig. 14b). Comparison of eedIA/A mutant
and WT for each condition and time point (with a log, fold
change of 2.0 as cut off) revealed that only one yet uncharacter-
ized gene (orf19.2962) was differentially expressed during yeast
growth at the 0 h time point (2.1-fold down-regulated). After the
shift to media containing either citrate or casamino acids as sole
carbon sources, relatively few genes (<320) were differentially
expressed in the mutant compared to the WT at any given time
point, and the majority of differentially expressed genes (DEGs)
were down-regulated in eedIA/A compared to the WT (Supple-
mentary Fig. 15). Consistent with differences in morphology,
down-regulated genes in both conditions included genes
associated with filamentous growth, biofilm formation, and
adhesion (e.g. ECE1, HGCI, BRG1, UME6, HYRI, SAP5, HWPI
and ALSI; Supplementary Fig 16a). The expression of secreted
aspartyl proteinases likewise coincided with morphology, with the
hypha-associated genes SAP4-6! showing reduced transcription
while transcription of the yeast-associated genes SAPI and
SAP33! was enhanced in the eed]A/A mutant during growth on
casamino acids (Supplementary Fig. 16b). The highest number of
DEGs was observed at the 12 h time point (Fig. 7a), when the
eed]A/A mutant grew as yeast but also the filamentous WT

switched back to yeast cell growth to some extent (Fig. 7b). Genes
that were up-regulated in eed]A/A mutant compared to WT in
both media included the ammonium permease MEPI, the
putative 2-isopropylmalate synthase LEU4, the secreted yeast
wall protein YWPI, the transcription factor MSSI1, and 5 yet
uncharacterized open reading frames. Most of the DEGs showed
a medium-specific regulation. After 12 h of growth with citrate as
sole carbon source Gene Ontology (GO) term analysis identified
enrichment of genes associated with organic acid, (long-chain)
fatty acid and small molecule biosynthetic and metabolic
processes within the up-regulated DEGs in the eed]A/A mutant
(Fig. 7¢), which might explain the better growth of the mutant on
citrate. Genes that were up-regulated exclusively in citrate
included e.g., the dicarboxylic acid transporter JEN2 and a key
enzyme of gluconeogenesis, PCKI. Of note, the only significantly
enriched GO term after 12 h of growth on casamino acids in the
genes up-regulated in eedIA/A was found to be carbohydrate
transport. However, individual genes that were significantly up-
regulated included the broad specificity amino acid permease
GAP2, the predicted amino acid transmembrane transporter
UGA5, the GATA-type transcription factor GATI that regulates
nitrogen utilization, and the glyoxylate cycle enzyme isocitrate
lyase ICL1 (Supplementary Data 1), which might contribute to
enhanced growth. In addition to GATI, three other transcription
factors (TFs) were up-regulated and 13 down-regulated in the
eed]A/A mutant 12 h after shift to either citrate of casamino acids
(Supplementary Fig. 16¢). Several down-regulated TFs were
associated with filamentous growth and thus, differential
expression likely reflects differences in morphology (e.g., UMEG,
SFL2, BRGI, TECI, OFI132, ACE2%3). Counterintuitively, though,
transcription of MSS11, encoding a factor interacting with Flo8 to
activate transcription of hypha-specific genes®, was higher in the
mutant in both citrate and amino acid media. Similarly,
expression of RFX2 was reduced in the eedIA/A mutant -
deletion of this gene, however, results in hyper-filamentation and
increased expression of hypha-associated genes®®. Interestingly,
both WORI and WOR3 were significantly down-regulated after
prolonged growth in both media, possibly indicating increased
commitment of the eed1A/A mutant to grow as white cells. White
cells have been shown to have a metabolic advantage over opaque
cells with various nutrients at 37 °C3°, lead to higher renal fungal
burden, and are more virulent in systemic infection models3”-8,

High numbers of yeast cells result in renal damage in vivo. To
determine if immune cell recruitment together with high fungal
burden during t-EED1 + infection was sufficient to cause renal
damage in the absence of invading hyphae, we measured KIM-1,
a biomarker for renal proximal tubule injury in the urine of
infected mice3%40. KIM-1 levels increased after infection with all
strains without significant differences (Fig. 8a). Additionally, we
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Fig. 3 C. albicans retains its virulence potential in a mouse model of syst is even in the at of hyphal elong due to repression or
jeletion of EED1 panied by higher organ fungal loads. Mice were intravenously infected with the following doses: a Low doses of 1x 103 or 1x 104
CFU/g body weight of WT (SC5314) or eed]A/A mutant. One experiment, n = 8 mice per group (except for WT 1x 103, n=7). b A high dose of 1.25 x 10>
CFU/g body weight of WT (THET-ClIp10) or t-EED1 in the presence of doxycycline. One experiment, n =10 mice per group. € An intermediate dose of 2.5 x
104 CFU/g body weight with WT (THE1-CIp10) or t-EED1 in the presence (+) or absence (—) of doxycycline. One experiment, n =10 mice per group. a-c
Survival was monitored over a course of 20 or 21 days and is shown as Kaplan-Meyer curve. Survival curves were compared using the two-sided Log-rank
(Mantel-Cox) test, p-values are shown in the graph. d Representative images of PAS stained histological cross sections of kidneys from moribund mice
infected with 2.5 x 104 CFU/g body weight with WT (THE1-CIp10) or t-EED1 in the presence (+) or absence (—) of doxycycline. Fungal cells are stained
purple. Scale bar represents 20 um and applies to all images. e Organ fungal loads of mice infected with 2.5 x 104 CFU/g body weight with WT (THE1-
Clp10) or t-EED1 in the presence (4) or absence (—) of doxycycline. Shown is the number of CFU per gram organ from mice sacrificed 6, 24, 48 and 72 h
post infection and from moribund mice (mor). Data are shown as median with interquartile range. Dashed gray lines indicate limit of detection. Moribund:
one experiment, n=10; Kidney: two independent experiments n=10. Liver, spleen, brain: three independent experiments, n=15. Two-sided
Mann-Whitney test, asterisks indicate significant changes of t-EED1+ compared to WT+ groups at the indicated time points. *p < 0.05; **p < 0.07;
***p <0.001.
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evaluated kidney function by measuring serum creatinine and
blood urea nitrogen (BUN) levels. Both increased at comparable
rates, reaching highly elevated levels indicating severe renal
dysfunction**2 in moribund mice only (Fig. 8b, c). Finally, the
same extent of apoptosis was observed in the kidneys of mor-
ibund mice infected with either WT or t-EED1 (Fig. 8d, e).
Therefore, enhanced fungal proliferation can compensate for the
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reduced capacity of hypha-mediated damage in C. albicans
lacking expression of EEDI.

Rapid yeast proliferation in combination with immuno-
pathology contributes to mortality. To investigate whether
mortality caused by the yeast form is the result of high organ
fungal loads interfering with organ function or whether
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Fig. 4 Increased immune cell infiltration in kidneys of mice 72 h after systemic infection with t-EED1+ yeast coincides with increased local cytokine
production while systemic inflammation is not affected. Mice were systemically infected with an intermediate dose of 2.5 x 104 CFU/g body weight of
WT (THE1-Clp10), t-EED1 or remained uninfected in the presence (++) of doxycycline. a Immune cells infiltrating the kidney 72 h post infection. Shown are
absolute numbers of living immune cells per kidney. Two independent experiments, n=10. b Cytokine levels were measured in kidney homogenates 24 h
and 72 h post infection. Asterisks above bars represent significant differences compared to the uninfected control. Two independent experiments, n =10,
except for uninfected+, n=9. MIP-1a, TNF-a for uninfected+, n= 5. IL-10 data derived from one experiment, n="5. ¢ Markers for systemic inflammation
sTREM-1and NGAL were quantified by ELISA in serum of mice after 6, 24, 48, 72 h and when mice become moribund (mor). Dashed lines indicate median
serum protein levels of uninfected controls in the presence (dark gray) or absence of doxycycline (light gray). Two independent experiments. sSTREM-1n=
10, except for 6 h n =6 and mor n=5; for WT- 24h n=8 and 48 h n=9. NGAL n =10, except for WT— 24 h n=9, t-EED1— 24hn=8and 72hn=9.
a-c Shown is the median and interquartile range, two-sided Mann-Whitney test. a, b p-values are shown in the graph and b asterisks indicate significant
differences in comparison to the uninfected control (*p < 0.05; **p < 0.07; ***p < 0.001). Source data are provided as a Source Data file.

immunopathology is the driving force in the pathogenic process,
mice successfully depleted of peripheral neutrophils and mono-
cytes (Supplementary Fig. 17) were intravenously infected with
low infectious doses (1 x 102 and 1 x 103 CFU/g body weight).
Although the eedIA/A mutant led to 100% mortality in immu-
nosuppressed mice, this was significantly delayed in comparison
to WT strain infections (Fig. 9a). However, in immunocompetent
mice challenged with 1x 103> CFU/g body weight, the obverse
effect was observed: while 6/7 mice survived in the WT, only 3/8
mice survived in the eedIA/A group until the end of the experi-
ment (Fig. 3a). In addition, histological analysis of renal tissue
showed more pronounced immune cell infiltrations in response
to eed1A/A yeast in immunocompetent mice (Fig. 9b), suggesting
some contribution of immunopathology to yeast driven mortality.
In the absence of neutrophils and monocytes, fungal burden of
WT and eedIA/A mutant progressively increased during the
course of infection. However, organ fungal load of the eedI1A/A
mutant exceeded that of the WT in all organs tested, with sig-
nificant differences detectable as early as 12h post infections in
liver and kidneys (Fig. 9c). At the humane endpoint, the fungal
burden of the eed]A/A mutant exceeded those of the WT in all
organs tested (Fig. 9c and Supplementary Fig. 18a) with a 150-
fold and 280-fold increase in kidney and spleen fungal burden,
respectively. Furthermore, the urinary KIM-1 to creatinine ratio
steadily increased after infection with C. albicans eed1A/A, indi-
cating that filaments are not essential for induction of renal injury
(Fig. 9d). However, kidney function as determined by measure-
ment of BUN in serum of immunosuppressed mice was not
affected at any time after infection with WT or eed]A/A mutant
(Supplementary Fig. 18b), possibly because the time to the
humane endpoint was too short to allow accumulation of waste
products by impaired renal clearance.

Discussion

C. albicans hypha formation has been linked to invasion and
damage, and C. albicans strains locked in either the yeast or
hyphal morphology were repeatedly found to be less virulent in
systemic infection models!>~!8. Consequently, morphological
plasticity is considered as an important virulence trait of C.
albicans*>*. Consistent with the role of filamentation for inva-
sion and damage, repression or absence of EEDI in C. albicans,
interfering with hyphal elongation and leading to yeast growth,
resulted in significantly reduced capacity to damage epithelial
cells in vitro, and reduced virulence in a murine intraperitoneal
infection model in vivo although the mutant was present in
higher numbers than the WT in the liver. The observation that
following intraperitoneal injection EEDI-deficient cells super-
ficially invaded the liver parenchyma but remained below the
liver capsule, without causing detectable damage, resembles the
described behavior of the eedIA/A mutant in a reconstituted
human epithelium model?’. Thus, our results support previous
research demonstrating that hyphae are important for tissue
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infiltration. In the gut, however, C. albicans can be found in both
yeast and hyphal form?$4>46, Some studies found higher colo-
nization rates for strains locked in the yeast morphology (e.g., the
cphIA/A efglA/A double mutant and the hgcIA/A mutant?8),
whereas enforced filamentous growth resulted in lower intestinal
colonization (e.g. C. albicans nrglA/A and tupIA/A mutants®’28,
repression of TUPI%?, and constitutive expression of UMEG28:4%),
We likewise observed higher colonization rates for the eed1A/A
mutant in immunocompetent mice, supporting the concept that
yeast growth favors intestinal colonization. How C. albicans is
translocating across the intestinal barrier remains unknown. In
vitro, translocation requires filamentation®?, but low level trans-
location has been observed in immunocompetent mice inde-
pendent of fungal morphology?8. This has been suggested to be
mediated by transport via host cells that sample the intestinal
content’. We observed reduced basal dissemination of the
eed1A/A mutant to the liver, which might be a consequence of
altered interaction of the mutant with dendritic cells or M cells
mediating entry into the bloodstream by lumen sampling or
transcytosis?®4” in the absence of hyphal formation, but this
aspect was not investigated further in this study. In contrast,
increased fungal burden in liver and kidney was observed in C.
albicans eed1A/A colonized mice treated with cyclophosphamide,
and in these mice kidney CFU were significantly higher for the
eed1A/A compared to the WT. However, this data does not allow
any conclusion on the translocation process, as the higher fungal
load could also be a consequence of increased proliferation of the
mutant within this organ. It should furthermore be noted that the
fungal burden in kidneys following translocation from the gut
was substantially lower than that observed after intravenous
infection, which explains why colonized mice did not develop
signs of systemic candidiasis upon cyclophosphamide treatment.

Surprisingly, the filamentation defect caused by EEDI defi-
ciency did not impair virulence in a systemic infection model
when intermediate infectious doses were injected directly into the
bloodstream. Remarkably, infectious doses lower than 10% cells
per gram body weight resulted in increased virulence of the
eed]1A/A mutant compared to the WT, whereas with high infec-
tious doses or in absence of neutrophils and monocytes mortality
was delayed but still reached 100%. In the murine model of
hematogenously disseminated candidiasis, infection is established
via the lateral tail vein mimicking disseminated C. albicans
infections in humans*$. While virtually all organs can get affected
during infection the kidney is not able to control fungal growth®’.
The fungus reaches the kidneys via the renal artery and the
afferent arterioles. In order to invade into tubules and the renal
parenchyma, the fungus needs to adhere to endothelial cells and
pass through into the renal cortex. This step probably does not
require fungal invasion by hypha formation, as tet-NRGI- yeast
and a hgcIA/A mutant defective in hyphal formation were shown
to traverse from the bloodstream to the renal endothelium!416.
Although attenuated in its damage capacity, the eedIA/A mutant
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Fig. 5 eed1A/A yeast are less efficient in d ing and inducing cytokine resp of bone marrow-derived macrophages (BMDMs) and epithelial

cells. Murine bone marrow-derived macrophages (BMDMs) were infected at an MOI of 1 with C. albicans WT (SC5314) or eedTA/A mutant and incubated
at 37°C and 5% CO,. a Phagocytosis calculated as phagocytic index (the number of C. albicans cells phagocytosed by 100 BMDMs within 1h of
incubation). Mean +SD from three biologically independent experiments. b Fungal survival was analyzed after co-incubation with BMDMs for 2 h by CFU
plating. Survival was normalized to C. albicans controls incubated in the absence of immune cells. € Fungal morphology of WT and eed1A/A mutant in the
absence (—) or presence (+) of BMDMs after 6 h of incubation. Scale bar represents 20 um and applies to all images. d Fungal survival was analyzed after
co-incubation with BMDM s for 6 h by CFU plating. Left: Survival was normalized to C. albicans controls incubated in the absence of immune cells. Right: To
account for the observation that the mutant replicates faster than the WT in the absence of macrophages, data is shown as fold increase in CFU from O h to
6 h with and without BMDMs. e Damage of BMDMs was quantified by measuring lactate dehydrogenase (LDH) release into the supernatant after 24 h of
co-incubation with C. albicans WT or eedIA/A mutant. Uninfected cells served as negative control and Triton X-100 lysed cells served as high control.
f TNF-a release of BMDMs 24 h after co-incubation with C. albicans WT (SC5314), eed1A/A mutant or heat-killed (HK) WT cells. BMDMs were left
untreated (BMDM only) or stimulated with 100 ng/ml LPS as positive control. g Release of IL-6 and IL-8 by renal (A498), hepatic (HepaRG) and oral
(TR146) epithelial cells 24 h after infection with C. albicans. Uninfected cells served as negative control. b, d, e, f, g Mean £SD of four biologically
independent experiments are shown. b, d In each experiment, three wells were infected with each strain and fungal survival was quantified per well. The
mean of these three samples is shown as single point for the individual experiment. Data were analyzed by two-tailed student's t-test. p-values are shown
in the graph. Source data are provided as a Source Data file.
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carbon sources and kidney homogenates and furthermore show enhanced

proteolytic activity. Growth curves of C. albicans in YPD with 2 or 0.1% glucose or SD medium with different concentrations of sugars or alternative carbon
sources as indicated in the graphs. YCB-BSA contained 0.5% of BSA as sole nitrogen source, pH was adjusted to 4.0. For kidney homogenates, kidneys of
uninfected mice were removed aseptically, homogenized and diluted to 25 mg/ml in DPBS. Growth was recorded by measuring the optical density at 600
nm in a microplate reader at 37 °C. Measurements were performed in 30 min intervals over a course of 60 h. Graphs show the mean + SD of three to five
independent biological replicates. Source data are provided as a Source Data file.

is able to adhere and invade into epithelial cells in vitro2%-50,

which might be sufficient to mediate entry into renal tissue
in vivo. Thus, while filamentation is required for active tissue
penetration in the intraperitoneal infection model, it might be
dispensable if defensive barriers are breached by direct injection
into the blood stream.

Following establishment of the fungus in the kidney in
immunocompetent mice, pathogenesis is thought to be driven by
both direct fungus-mediated damage and immunopathology.
Enhanced immunopathology could compensate for the lack of
hypha-mediated fungal damage during pathogenesis; however, in
the early time points following infection with an intermediate
infectious dose of t-EEDI1+ yeast we rather observed a reduced
induction of pro-inflammatory cytokines, likely as a result of the
reduced capacity of the yeast to directly damage epithelial cells
and macrophages and stimulate cytokine release. Macrophages
have been shown to be less prone to killing by hypha-deficient
strains®! and to release less TNF-a after stimulation with C.
albicans strains unable to germinate;>? likewise, murine macro-
phages produced less TNF-a in response to the eed1A/A mutant.
However, the amount of TNF-a in infected kidneys was not
affected by absence of EEDI-driven filamentation and the inter-
action with murine neutrophils in vitro was comparable for WT
and eed1A/A mutant. Interestingly, while killing of the mutant by
BMDMs was increased after 6h of co-incubation, the relative

NATURE COMMUNIC

increase in CFU was higher for the eed1A/A mutant than for the
WT, suggesting that the increased proliferation is sufficient to
compensate for the higher killing rate mediating survival and
allowing for continuous organ colonization. It thus appears
unlikely that the higher renal fungal burden of the yeast is solely
due to reduced fungal clearance as a result of impaired recogni-
tion by and/or activation of immune cells.

We hypothesized that increased fitness mediated by better
metabolic adaptation to the locally available nutrients facilitated
rapid proliferation of EEDI deficient yeast in vivo in the systemic
infection model, and that the higher fungal burden in the liver
after intraperitoneal infection might likewise reflect increased
growth of the mutant. Upon infection C. albicans faces a hostile
environment with varying nutritional compositions. Preferred
carbon sources such as glucose are present only in low con-
centrations in the bloodstream (0.06-0.1%°3,) and can become
scarce in microenvironments or deprived by phagocytes upon
ingestion!?. Consequently, C. albicans relies on the assimilation of
alternative carbon sources in order to survive and proliferate
within the host>®. As Crabtree-negative yeast, C. albicans is able
to assimilate glucose and alternative carbon sources such as
amino acids, fatty acids, and carboxylic acids, at the same time®>.
This metabolic flexibility is known to increase colonization,
resistance to phagocytic recognition® and killing, and enhances
pathogenicity>”>%. The eed1A/A mutant indeed showed enhanced
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Fig. 7 Transcriptional analysis of the eed1A/A mutant during growth on citrate or casamino acids (CAA) after 12 h at 37 °C. a Venn diagrams showing
the numbers of genes significantly up- or down-regulated (£log, 2 and adjusted p-value <0.05) in the eed1A/A mutant compared to WT (SC5314) with
citrate or CAA as sole carbon source. Genes referred to in the text are highlighted. b Morphology of C. albicans WT and eed1A/A mutant after 12 h of
growth on citrate or CAA. Representative pictures from three biologically independent experiments are shown. Scale bar represents 20 um and applies to
all images. ¢ Network analysis of Gene Ontology (GO) term enrichments of significantly up-regulated genes (+ log, 2 and adjusted p-value <0.05) in

eed1A/A mutant compared to WT after 12 h of growth on citrate. Font size represents the p-value (p < 0.1) of the GO term: big letters - small p value,
ranging from p < 2.3 x 105 to low p-value p < 0.09 indicated by small letters. Color is representing the uniqueness, indicating how particular each term is
with respect to the set of terms being evaluated (original data analyzed are available in Supplementary Data 1).

growth in kidney homogenates and in the presence of alternative
carbon sources that are available in vivo, such as acetate, lactate,
amino acids, citrate, and the amino sugar N-acetyl-glucosamine.
Additionally, the eedIA/A mutant displayed an enhanced pro-
teolytic activity, possibly supporting utilization of host proteins
and immune evasion by degradation of complement proteins and
antimicrobial peptides in vivo®®-6l. Whereas hypha-associated
SAPs appeared to be down-regulated during growth on casamino
acids, enhanced expression of SAPI, SAP3, SAP7, SAP9 and

SAP10 was observed. Since Sapl-3, Sap4-6 and Sap9-10 have
different pH optima for activity, pH 3-5, pH 5-7 and pH 5-8,
respectively, and in addition Saps differ in their substrate
specificity?1-62, this compensatory gene expression might lead
to the earlier onset of BSA utilization observed for the eed1A/A
mutant. The increased growth on citrate is especially interesting
as citrate is present in blood in a range of 0.05 to 0.3 mM, freely
filtered in the glomerulus, and extensively reabsorbed in the
nephrons of the kidney®3. Therefore, citrate levels are
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Fig. 8 Kidneys are injured early after intravenous challenge with C. albicans by yeast and hyphal forms, while kidney function is not impaired within 72

h post infection. When moribund, mice developed severe renal dysfunction acc

ied by renal a Kidney injury was quantified by

measuring and normalizing urinary KIM-1level to urinary creatinine 24, 48 and 72 h post infection. Two independent experiments, n =10 per group except
for WT- 24 and 48 h and t-EED1+ 72 h: n=9. Biomarkers for kidney function b serum creatinine and ¢ blood urea nitrogen (BUN) were quantified in

serum of mice 6, 24, 48, 72 h post infection and increased especially in serum of moribund (mor) mice. Two independent experiments. Serum creatinine n
=10, except for WT— mor, WT+ 24-72 h, t-EED1+ 24 and 48 h n=29, for t-EED1— 6 h and t-EED1+ mor n = 8. BUN n =10, except for WT— 24, 48 h and
mor n =9, t-EED1+ mor n = 8. a-c Dashed lines indicate median serum biomarker level of uninfected controls in the presence (+, dark gray) or absence of
doxycycline (—, light gray). Data are shown as median and interquartile range. d Immunohistochemistry of the renal pelvis of moribund mice identified
apoptotic areas stained in brown. Scale bar represents 200 pm. e Quantification of apoptotic areas in kidneys of moribund mice (n=5 per group). Shown
are apoptotic areas in pm in box-and-whiskers graph with min to max. No significant changes were observed by two-sided Mann-Whitney test. Source

data are provided as a Source Data file.

approximately 3-4-fold higher in the renal cortex than in
plasma. Furthermore, mice develop metabolic alkalosis early
after systemic infection*8 which is known to further increase
citrate concentration in the cortex, and in addition enhances
renal citrate excretion 20-fold compared to the steady state®3.
Therefore, citrate could be an abundant source of carbon
available for C. albicans in the renal cortex and tubules during
the early phase of systemic infection. Thus, enhanced growth
on citrate might contribute to the higher renal fungal burden in
the absence of EEDI expression. Transcriptional profiling

NATURE COMMUNIC

during growth of C. albicans on citrate as sole carbon source
revealed only few genes that were up-regulated in the eed1A/A
mutant compared to the WT after 12h. These, however,
included genes involved in metabolism of carboxylic acids and
hence could aid in the metabolism of citrate. Similarly, upre-
gulation of GATI might be promoting growth on casamino
acids. However, many metabolic enzymes are regulated by post-
transcriptional modifications to respond quickly to changing
environmental conditions®»65, and it is therefore likely that the
transcriptional changes described here reflect only in part the
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cellular changes leading to enhanced proliferation of the eed1A/
A mutant.

Infection with t-EED1+ yeast resulted in higher organ fungal
burden, significantly more leukocytes infiltrating the kidneys and
increased renal pro-inflammatory cytokine production at later
time points contributing to local immunopathology*®%. Markers
of systemic inflammation, sTREM-1 and NGAL, increased
rapidly in serum of infected mice irrespective of fungal mor-
phology. NGAL thresholds defining sepsis in humans®’ and
STREM-1 thresholds in mice®® were reached within 24 h after
infection, while damage of proximal tubular cells measured by
KIM-1 became detectable slightly later (between 24 and 48 h p.i.).
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Impaired kidney function determined by increased blood urea
nitrogen level and serum creatinine was only evident in moribund
mice, consistent with findings by Spellberg et al.48, again without
significant differences between hypha-forming and filament-
deficient strains. Histologically, t-EED1+ yeast were found in
large numbers mainly within tubules and in the renal pelvis; it
appears possible that accumulation of yeast led to obstruction of
tubules and the collecting duct system®, increasing the intrarenal
pressure and thereby, in addition to immunopathology, causes
renal tissue damage. This is supported by our data showing that
the area of apoptotic tissue in kidneys did not differ between mice
infected with WT and t-EEDI1+ and suggests that the lack of
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Fig. 9 Systemic infection with the C. albi eedlA/A leads to delayed mortality of i higher fungal burden
accompanied by increased kidney injury compared to mice infected with the WT. Mice that were rendered immunosuppressed by depletion of
neutrophils and monocytes using the RB6-8C5 antibody were intravenously infected with 1x 102, 1x 103 or 1x 104 CFU/g body weight of C. albicans WT
(SC5314) or eed1A/A mutant. a Survival of mice was monitored after infection with 1x102 CFU/g or 1x 103 CFU/g body weight for 21 days. Survival of
mice infected with 1x 102 CFU/g (n= 6 per group) or 1x 103 CFU/g body weight (n=8 per group) is shown as Kaplan-Meyer curve and curves were
compared using the two-sided Log-rank (Mantel-Cox) test. p-values are shown in the graph. b Representative images of PAS stained histological cross
sections of kidneys from moribund immunocompetent or immunosuppressed mice infected with 104 CFU/g body weight of WT or eed/A/A mutant.
Immunocompetent and immunosuppressed uninfected control mice were sacrificed 7 d after mock infection. Black arrows point towards purple stained
C. albicans hyphae (WT) or yeast (eed]A/A mutant), white arrows towards immune cells infiltrating the renal tissue. Scale bar represents 20 um and
applies to all images. ¢ Organ fungal burden of immunosuppressed mice infected with 1x 102 CFU/g body weight 12 h and 18 h post infection and when
moribund (mor). d Quantification of kidney injury by measuring and normalizing urinary KIM-1 to urinary creatinine level. ¢, d Two independent
experiments, n = 6, except for eed1A/A mutant 12 h, n = 4; controls, n = 4. Data are shown as median with interquartile range and were compared using
the two-sided Mann-Whitney test. p-values are shown in the graph. d p-values above bars represent significant changes in comparison to the uninfected

control. Source data are provided as a Source Data file.

hyphae-driven direct damage can be compensated by enhanced
yeast cell growth. The exact molecular mechanisms by which
absence of EEDI influences both morphogenesis and growth on
alternative carbon sources remains unknown; however, it should
be noted that retention of some level of virulence in the absence
of hyphal elongation is not a unique feature of EEDI deficient
strains. Homozygous deletion of UMES, resulting in a similar
filamentation defect as observed for the eedIA/A mutant, leads to
significantly attenuated virulence, but still causes lethal infections
in mice”?. Virulence of a sfI2A/A mutant was comparable to the
WT despite a filamentation defect’!. In contrast to the eed1A/A
mutant, systemic infection with the sfl2A/A mutant, however, did
not result in increased fungal burden, and some filamentation
occurs in the absence of SFL27172, The role of SFL2 for interac-
tion with immune cells has not been investigated so far, and it
thus remains unclear if differences in immunopathology con-
tribute to the virulence of the sfl2A/A mutant. Furthermore, a
screen of a C. albicans deletion library identified mutants with
defects in filamentation but with unaltered infectivity;”? a detailed
analysis of these mutants might reveal additional strains for
which virulence in murine systemic candidiasis models does not
depend on filamentation.

Of note, significantly higher CFUs in kidneys were also
observed for tet-NRGI- yeast on day 3 after systemic infection
compared to both the parental strain (Supplementary Fig. 4d) and
the same strain with doxycycline (p=0.001), consistent with
observations by Saville et al.!4. However, the fungal burden of tet-
NRGI- yeast was approximately 1-log lower than for t-EED1+
yeast at this time point (mean 3.19 x 10° + 2.5 x 10° compared to
3.45x 106 +1.15 x 10°), and declined over time (Supplementary
Fig. 4d). This indicates that while increased proliferation in vivo
might be a feature shared by different filament-deficient strains, it
quantitatively differs; the lower fungal burden resulting from
infection with tet-NRGI yeast compared to t-EED1 yeast is likely
one factor contributing to the difference in virulence between
these two strains. In addition to metabolic fitness, resistance to
host defense mechanisms determines the extent to which C.
albicans can proliferate in vivo. While C. albicans locked in the
yeast form by constitutive expression of NRGI (tet-NRGI) were
avirulent in immunocompetent mice in this and previous
studies!474, the same strain was capable of inducing lethal
infection in mice rendered leukopenic by combined treatment
with cyclophosphamide and cortisone acetate’””. In these mice,
the yeast-locked strain reached a significantly higher fungal
burden than the corresponding filamentous strain’, which was
also higher than observed in immunocompetent animals in this
study and by others!'4. Furthermore, in the same study the fungal
load observed in mice with different types of immunosuppression
and infected with the filamentous strain was comparable at the
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humane endpoint, even though this was reached at different time
points after infection’”. Similarly, MacCallum and Odds’®
observed comparable kidney burden in mice at the humane
endpoint even if animals were challenged with different infectious
doses and survived for a different duration. Together, this sug-
gests that a certain number of fungal cells can be tolerated within
the kidney, and that this threshold is higher for yeast than for
hyphae.

Comparison of tet-NRGI and EEDI-deficient strains further-
more indicates that, despite a shared morphology, different yeast
strains display substantial differences in the ability to proliferate
in vivo in the presence of functional innate immunity.

To our knowledge, this is the first study showing that increased
metabolic fitness of C. albicans not only contributes to virulence
in hematogenously disseminated candidiasis, but that enhanced
proliferation of yeast cells can result in pathogenesis and mor-
tality indistinguishable from infection with hyphae-forming WT
and t-EED1— strains. Of note, the eed1A/A mutant caused 100%
mortality in a systemic infection model in immunosuppressed
mice, although delayed compared to the WT. In the absence of
hypha-mediated damage and overt immunopathology, this indi-
cates that rapid proliferation resulting in high organ fungal loads
might be sufficient to drive pathogenesis. Previous studies have
reported similar results: tet-NRGI yeast, which are avirulent in
immunocompetent mice (Supplementary Fig. 4!4), can cause
lethal infection in immunosuppressed mice’>. Whether this was
due to increased fungal burden was not determined. The rele-
vance of fungal load for pathogenesis is furthermore supported by
the fact that the course of disease and rate of mortality in mice
with systemic candidiasis is highly dependent on the initial
infection dose’®7”. Furthermore, by adjusting the infectious dose
of different strains Odds et al. achieved a comparable mean
survival time of mice infected either with C. albicans SC5314 or
an isolate (RV4688) that displayed less filamentation in the
murine kidney. Interestingly, less filamentation of RV4688 also
coincided with a higher fungal burden compared to SC5314 in
this study””.

Considering that immunosuppression is a major risk factor for
the development of candidemia’® the findings in this study might
provide some explanation for the virulence of non-albicans
Candida species, such as C. glabrata and C. auris, that do not
form true hyphae’?80. Interestingly, the yeast form is the virulent
cell type in most pathogenic dimorphic fungi, such as Histo-
plasma spp. and Blastomyces spp., that grow as mycelia in the
environment but switch to yeast upon entering the host®l. While
the pathogenicity factors and pathogenesis mechanisms employed
by these yeast cells differ significantly from C. albicans yeast, this
underscores the general concept that yeast cells are not per se less
virulent than hyphae.
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Methods

C. albicans strains, strain construction and growth conditions. The t-EED1
strain was generated in the THE1%2 background. Therefore, the URA3-tetracycline-
regulable (TR) promoter region was amplified from p99CAU182 using primers
Eed1-TET-F and Eed1-TET-R (Supplementary Table 1). Fragments were used to
replace the endogenous promotor of one allele of EEDI. The second allele of EED1
was deleted using the SATI flipping method®? with plasmids already containing
the EEDI-flanking regions used to generate the homozygous eed1A/A deletion
mutant M13157. Transformants were selected on YPD with 200 mg/ml
nourseothricin® and were verified by PCR and Southern Blot analysis.

The C. albicans clinical isolate SC5314%4, the isogenic eed1A/A mutant’, t-EED1
and the respective parental strain THE1-CIp10!8 were maintained as glycerol
stocks and grown on YPD (1% yeast extract, 2% peptone, 2% glucose) agar plates.
Single colonies were inoculated into liquid YPD and grown overnight at 30 °C with
horizontal shaking at 180 rpm. When needed, C. albicans cells were grown to
exponential phase by diluting liquid cultures to an optical density at 600 nm
(ODggo) of 0.2, followed by incubation at 30 °C and 180 rpm for 3-4 h. Cultures
were washed twice with phosphate buffered saline (PBS) prior to experiments.

For infection experiments, fresh C. albicans colonies were inoculated into liquid
YPD and grown to late exponential phase (14-16 h) at 30 °C with horizontal
shaking at 180 rpm. Doxycycline hyclate (50 pg/ml; Sigma Aldrich) was added to t-
EEDI cultures to prevent hypha formation. Cells were washed twice with sterile
PBS and resuspended in Dulbecco’s Phosphate Buffered Saline (DPBS, Gibco),
counted using a hemocytometer and adjusted to the desired concentrations in
DPBS. Infectious doses were confirmed by serial dilutions and plating on YPD agar
plates.

Morphology of tetracycline-regulable strains in vitro. To investigate fungal
morphology of the tet-regulable t-EED1 strain in vitro, THE1-CIp10 and t-EED1
were streaked on YPD plates in the absence or presence of 50 ug/ml doxycycline.
Plates were incubated under non-hypha-inducing conditions at 25 °C for 2 days
before pictures were taken from single colonies with an inverse microscope (Axio
Vert.Al; Zeiss). To test for morphology under hypha-inducing conditions, 5 x 10*
cells of the strains were seeded in RPMI1640 in the absence or presence of 50 ug/ml
doxycycline per well in 12-well plates and incubated at 37 °C and 5% CO,. Pictures
were taken after various time points by inverse microscopy.

Growth curves. To evaluate growth in the presence of different carbon sources
SC5314 and the eed1A/A mutant were diluted to ODgg of 0.1 in YPD medium with
2 or 0.1% glucose or in SD minimal medium (0.67% yeast nitrogen base; BD
Biosciences) in the presence of 2% glucose, 0.1% glucose, 2% N-acetyl-glucosamine
(GleNAg; Sigma-Aldrich), 2% sodium-DL-lactate (Sigma Aldrich), 2% potassium
acetate (Merck), 2% citric acid monohydrate (Roth) or 2% casamino acids (BD
Biosciences). For testing of proteolytic activity, C. albicans strains were grown in
SD medium overnight, washed twice with PBS and ODg was set to 0.1 in YCB-
BSA (1.17% Yeast Carbon Base (BD Biosciences), 1% glucose, 0.5% BSA (Serva)),
pH 4.0. For growth in kidney homogenates, kidneys of uninfected mice were
removed aseptically, homogenized and diluted to 25 mg/ml in DPBS and filtered
through 70 um and 40 pm cell strainers before filter sterilization. Growth was
recorded by measuring ODgqq in a microplate reader at 37 °C. Measurements were
performed in 30 min intervals over a course of 60 h. Blank values were subtracted
from all measurements.

Sample preparation for RNA isolation, RNA ing and analysis of data.
For RNAseq, overnight cultures of C. albicans WT SC5314 and eed]A/A mutant
were grown in SD with 2% glucose at 30 °C and 180 rpm (Supplementary Fig. 13a).
To synchronize cultures cells were inoculated at an ODggo of 0.1 in SD with 2%
glucose and grown at 30 °C and horizontal shaking at 180 rpm. After 10 h samples
for the 0 h time point were taken and cells were transferred to SD medium con-
taining 2% of citrate (Roth) or 2% of casamino acids (CAA; BD Bacto) as sole
carbon source at an ODgo of 0.2 in individual flasks for each time point. Cells were
grown at 37 °C and 180 rpm. After 2h, 6 h and 12 h samples were removed from
the cultures and cell pellets for RNA isolation were obtained by centrifugation at
20,000 x g for 3 min and were immediately frozen in liquid nitrogen. Additional
samples were taken at these and intermediate time points to determine the optical
density at 600 nm, dry mass and morphology of fungal cells. For the determination
of dry mass, nylon Whatman® membrane filters with a pore size of 0.2 um were
dried at 55°C for 24 h in a hybridization oven, weight and placed on a bottle top
vacuum filter. Cells were loaded on the membrane by filtration and washed with
ddH,O. After drying for additional 24 h, membranes were weighed again and dry
mass was calculated. Experiments were conducted in triplicates and RNA isolation
was performed as previously described”. In brief, pellets were resuspended in 400 pl
AE-buffer (50 mM sodium acetate, 10 mM EDTA) and 40 ul 10% SDS. An equal
volume of phenol/chloroforme/isoamylalcohol was added followed by incubation
at 65 °C for 5 min. Homogenous solutions were frozen at —80 °C for 10 min,
transferred to 65 °C for 5 min. Freezing and thawing was repeated once. Solutions
were centrifuged for 10 min at 20,800 x g and the upper phase was transferred into
a new reaction tube. 10% volume 3 M sodium acetate (pH 5.3) and 1 volume 2-
propanol were added. Precipitation of RNA was carried out for 30 min at —20 °C.
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After centrifugation for 10 min at 12,000g the supernatant was discarded and RNA
pellets were washed twice with 70% ethanol. RNA was solved in RNase free water.
RNA quantity was determined with a Nanodrop ND1000 (Peqlab) and quality was
assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies). Library pre-
paration and RNA sequencing was carried out at Novogene (UK) Company
Limited. Sequencing was performed using an Illumina NovaSeq 6000 system to
obtain 150 bp paired-end reads.

Mapping of the fastq files delivered by the company (raw data are accessible at
NCBI under BioProject accession number PRINA714826, https://www.ncbi.nlm.
nih.gov/bioproject/PRJNA714826) and counting of the gene transcription reads
was performed using the European Galaxy serverSS that is providing an
environment and sets of tools for the following analysis steps: First, FastQC was
used to assess the quality of the sequences and Cutadapt was applied. Sequences
were mapped to the genome of C. albicans WT (SC5314) using the RNA-Star tool,
the “length of the genomic sequence around annotated junctions” parameter was
set to 149. From that analysis, bam files were constructed that were used to quantify
gene counts with the FeatureCount function. The reverse stranded bam files were
processed allowing for fragment counts but not multimapping. The minimum
mapping quality per read was set to 10. Final count files were analyzed in R, using
the Deseq2 package®6 that allows searching for differentially expressed genes
(DEGs) by comparing the count tables of different conditions. For this purpose,
transcription profiles of the mutant were compared to the WT at the 0 h time
point, as well as for each time point in medium containing citrate or casamino
acids. The principal component analysis was done using the PCA function from
the Deseq2 package in R. All genes were used for the calculation. Gene Ontology
(GO) term enrichment analysis was performed from significantly up- or down-
regulated genes (+ or - log, 2 and adjusted p-value <0.05) in eed]A/A mutant
compared to WT using the CGD GO Term Finder®”. Based on the analysis of GO
terms with REVIGO®® graphs were created using cytoscape®®. Venn diagrams were
created using Venny2.1 (https://bioinfogp.cnb.csic.es/tools/venny/).

Mice. All animal experiments were performed in accordance with European and
German regulations. Protocols were approved by the Thuringian authority and
ethics committee (Thiiringer Landesamt fiir Verbraucherschutz, permit numbers:
HKI-19-003, 03-007/13, 03-002/11, 03-004/15, 03-008/13). Eight- to ten-week-old
female specific-pathogen-free BALB/c mice (16 to 18 g), purchased from Charles
River (Germany), were housed in groups of five in individually ventilated cages at
22 +1°C, 55+ 10 % relative humidity, 12 h/12 h dark/light cycle, with free access to
food and water and autoclavable mouse houses as environmental enrichment.

Intraperitoneal and systemic infection model. For intraperitoneal infection and
survival analyses after intravenous infection with THE1-CIp10, t-EED1 and tet-
NRGI, mice received drinking water containing 5% sucrose without (—) or with
(+) 2 mg/ml doxycycline starting 3 days prior to infection. Water was replaced
every two days. The low acceptance of doxycycline containing water resulted in a
loss of body weight in the doxycycline group only, indicating possible dehydration.
This could have aggravated the consequences of impaired renal function caused by
systemic infection and likely explains while mice infected with THE1-CIp10
reached the humane endpoints earlier if they received doxycycline (Fig. 2c).
Therefore, in further experiments mice received a diet containing 625 mg/kg
doxycycline (Envigo Teklad, catalog no. TD.120769). Food was replaced every

5 days; acceptance was high, resulting in body weights comparable to the non-
doxycycline groups. For the intraperitoneal infection model, mice were infected
intraperitoneally with 1 x 108 CFU in 500 yl DPBS and mice were humanely
sacrificed 24 h post infection. For hematogenously disseminated candidiasis mice
were infected with 1 x 102 to 1.25 x 10> CFU/g body weight in 100 ul DPBS via the
lateral tail vein at day 0. For survival experiments, mice were euthanized when
showing signs of severe illness (details described below), and these animals are
referred to as “moribund”. Groups of mice (n = 5) were sacrificed 6, 24, 48 and
72 h post infection with 2.5 x 10* CFU/g body weight for analysis of fungal burden,
immune cell infiltration, renal cytokines, serum and urinary marker protein pro-
gression during the acute phase of infection. Uninfected control mice received (ctr
+ ) or did not receive doxycycline (ctr—) containing food. Time point experiments
were repeated two to three times.

Induction of neutro- and monocytopenia. To deplete neutrophils and monocytes
100 ug of the InVivo Plus anti-mouse Ly6G/Ly6C (Gr-1) monoclonal antibody
(clone RB6-8C5; BioXcell) in 100 ul DPBS were administered intraperitoneally 24 h
prior to infection and every 48 h thereafter. Mice were systemically infected with C.
albicans WT (SC5314) and the eed1A/A mutant using 1 x 102, 1x 10> or 1 x 10%
CFU/g body weight. Successful depletion of peripheral neutrophils (neutropenia
defined as less than 200 PMNs/pl blood*?) and monocytes was confirmed when
animals reached humane endpoints by white blood cell differential count using the
hematology analyzer BC-5300Vet (Mindray; Supplementary Fig. 11). Uninfected
control groups (n = 2) did or did not receive RB6-8C5 and were sacrificed 7 days
after they were mock-infected with 100 ul DPBS into the lateral tail vein.

Murine model of g: I colonization and di ination. To avoid
environmental contamination, cages, bedding, bottles and drinking water were
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sterilized prior to use and mice were handled exclusively in laminar flow hoods.
Mice received sucrose-containing drinking water and sucrose concentration was
increased from 2.5% starting 7 d prior to infection for 2 d to 5% for 1 d. From day
—4 until the end of the experiment mice received antibiotics to reduce the intestinal
bacterial flora: 1500 U/ml penicillin and 2 mg/ml streptomycin were added to 7.5%
sucrose-containing drinking water that was replaced daily; Mice were fed with
chow containing 625 mg/kg doxycycline sterilized by irradiation. On day 0, mice
were inoculated by gavage with 100 ul DPBS containing 5 x 107 C. albicans WT
(SC5314) or eed1A/A. Mice were divided in two groups: one group was only
colonized whereas in the other group dissemination was induced by injecting 200
mg/kg body weight cyclophosphamide (Endoxan, Baxter) intraperitoneally on day
7 and 10 post infection. Successful depletion of immune cells was confirmed by
white blood cell differential count using the hematology analyzer. Feces were
collected from individual mice on day 2, 4, 7 and 14, weighed and plated on YPD
agar with or without 80 pg/ml chloramphenicol for determination of fungal and
bacterial CFUs, respectively. On the end of the experiment (14 days p.i.) mice were
humanely sacrificed and fungal burden were determined in liver and kidney.

Clinical monitoring and scoring. Body weight and body surface temperature were
recorded daily. After infection the health status of the mice was checked at least
twice a day. For RB6-8C5 treated immunosuppressed mice, health status was
recorded every 3 h for 39 h and every 6 h thereafter. An additive clinical score was
determined to evaluate disease severity. For intraperitoneal infection the following
parameters were included: fur, coat and posture (normal, 0; fur mildly ruffled, 1;
fur strongly ruffled, 2; fur strongly ruffled and hunched posture, 3), lethargy
(absent, 0; mild, 1; moderate, 2; severe, 3), intraabdominal fibrin exudation (none,
0; single, small flocks, 1; multiple adhering flocks, removable, 2; multiple adhering
flocks, removing causes damage to organ, 3), presence of other symptoms like
ocular discharge, diarrhea (absent, 0; present, 1). The maximum possible score was
10. For systemic infections and the colonization and dissemination model the
following parameters were included: fur (normal, 0; slightly ruffled, 1; ruffled, 2),
lethargy (absent, 0; mild, 1; moderate, 2; severe, 3), body temperature (normal, 0;
moderately increased, 1; increased, 2; hypothermia, 3). The maximum possible
score was 8. Mice were humanely sacrificed when they reached the humane end-
points defined as (i) severe lethargy, (ii) hypothermia, or (iii) a cumulative clinical
score of > 5. Mice were euthanized with an overdose of ketamine (100 pl of 100 mg/
ml) and xylazine (25 pl of 20 mg/ml) applied intraperitoneally followed by blood
withdrawal.

Determination of serum and urinary biomarkers. Blood was collected by cardiac
puncture (intraperitoneal infection and survival experiment) or via the vena cava
inferior from mice euthanized at defined time points. Serum enzyme levels of
pancreatic amylase and alanine aminotransaminase (ALT) were measured using
the EuroLyser CCA 180 Vet system (QinLAB Diagnostik) according to standard
methods recommended by the International Federation of Clinical Chemistry. The
Mouse TREM-1 ELISA Kit (RayBiotech), DetectX® Urea Nitrogen (BUN) Detec-
tion Kit (Arbor Assays), Mouse Lipocalin-2 (NGAL) ELISA Kit (RayBiotech) and
DetectX® Serum Creatinine Kit (Arbor Assays) were used to measure the respective
parameters in serum of mice. Urine of mice was collected from mice euthanized 24,
48 and 72 h p.i. from moribund and uninfected mice. Either spontaneous urine was
collected or gentle trans-abdominal pressure was applied onto the bladder and
urine was collected using untreated glass capillary tubes. Urinary KIM-1 and
creatinine levels were measured using the Mouse TIM-1 ELISA Kit (RayBiotech)
and the Creatinine Parameter Assay Kit (R&D Systems), respectively. KIM-1 levels
were normalized to urinary creatinine to account for differences in urinary
concentration.

Quantification of immune cells by flow cytometry. To evaluate immune cell
infiltration during the course of infection, organs were perfused with normal saline
after withdrawal of blood. Organs were removed and weighed. One half of each
kidney was cut into small pieces and digested in the presence of collagenase D
(30 pg/ml; Sigma Aldrich) and DNase I (0.7 mg/ml; Sigma Aldrich) in RPMI
(RPMI 1640; Gibco) supplemented with 10% fetal bovine serum (FBS; Bio&SELL),
Pen Strep (100 U/ml Penicillin and 100 pg/ml Streptomycin; Life Technologies),
and 1 mM sodium pyruvate (Gibco) for 30 min at 37 °C with moderate horizontal
shaking (70 rpm). Single cells were obtained by passing the digested tissue through
a 70 um cell strainer. Cells were washed and erythrocytes were lysed by addition of
red blood cell lysis buffer (0.15 mM NH,Cl, 10 mM KHCO;, 1 mM Na,EDTA, pH
7.2). Remaining cells were washed, resuspended in 70% Percoll (GE Healthcare)
and layered under 30% Percoll. Leukocytes were enriched by density gradient
centrifugation (400g, 20 min, room temperature (RT), acceleration 1, deceleration
0). Leukocytes were collected from the interphase, washed with PBS and volumes
were determined. Cells were transferred in a 96-well plate. Leukocytes were stained
for flow cytometric analysis and acquired on a FACSVerse (BD Biosciences). The
following antibodies were used: PerCP anti-CD45 (30-F11, BD Biosciences), APC
anti-CD11b (M1/70, eBioscience), eFluor anti-CD335 (29A1.4, eBioscience), FITC
anti-F4/80 (BMS, eBioscience), PE anti-CD11c (N418, eBioscience), PE-Cy7 anti-
MHCII (M5/114.15.2 eBioscience), eFluor anti-Ly-6C (HK1.4, eBioscience) FITC
anti-CD19 (1D3, BD Biosciences), PE-Cy7 anti-CD3e (145-2C11, eBioscience). Fc

receptors were blocked by addition of anti-mouse CD16/32 (93; BioLegend) 1:50 to
the staining mixture. Dead cells were excluded from analysis using the Fixable
Viability Dye eFluor® 506 (eBioscience) prior to specific antibody staining. A
detailed description of the gating strategy is provided in Supplementary Fig. 19.
Data were analyzed using FlowJo V.10.0.8 software.

F logy and i y. For histology, longitudinal sections
of kidneys were fixed with buffered formalin and embedded in paraffin, cut into
3-4 um slices, and stained with periodic acid-Schiff (PAS) staining according to
standard protocols. Apoptotic cells in the kidney were detected by immunohis-
tochemistry using the ApopTag in situ apoptosis detection kit (EMD Millipore)
following the manufacturer’s directions. Briefly, paraffin-embedded sections were
rehydrated in Histo-Clear II (National Diagnostics) and alcohols followed by
washing with phosphate-buffered saline (PBS). The sections were pre-treated with
20 pg/ml Proteinase K (Ambion) in PBS for 15 min at RT. Endogenous peroxidases
were blocked by incubating slides for 15 min in 3% hydrogen peroxide. Sections
were incubated with equilibration buffer (EMD Millipore) for 30's at RT, followed
by terminal deoxynucleotidyl transferase (TdT; EMD Millipore) incubation at 37 °
C for 1h. Sections were further exposed to anti-Digoxigenin (EMD Millipore, Cat
Number $7100) for 30 min at RT, and the positive reaction was visualized with
DAB 3, 3-diaminobenzidine (DAB) substrate (Thermo Scientific). After counter-
staining the specimens with 0.5% methyl green (Sigma), they were imaged by
bright field microscopy. For quantification, apoptotic areas were quantified using
PROGRES GRYPHAX"® software (Jenoptik).

Determination of organ fungal burden and in vivo cytokine production.
Weighed organs were homogenized in MPO buffer (200 mM NaCl, 5 mM EDTA,
10 mM TRIS pH 8, 10% glycerol, 1 mM PMSF, 28 ug/mL Aprotinin, 1 pg/ml
Leupeptin) using an UltraTurrax (Ika). Homogenates were serially diluted and
plated onto YPD plates containing 80 ug/ml chloramphenicol (Roth) for enu-
meration of CFU. Supernatants were generated by centrifugation (1500 g, 4 °C,
15 min) and frozen at —80 °C until determination of cytokine concentrations.
Cytokines were quantified using a customized ProcartaPlex™ Mix&Match Mouse
12-plex (eBioscience; cytokines that were included: GRO-alpha (KC), IFN-y, IL-1p,
IL-10, IL-12p40, IL-18, IL-6, IP-10, MCP-1, MIP-1a, RANTES, TNF-a.) The plex
was performed according to manufacturer’s instructions using a Luminex Magpix
system (Luminex Corporation).

Neutrophil isolation from bone marrow and differentiation of bone marrow-
derived macrophages. Bone marrow was obtained from 8-20 week old female
BALB/c mice as described previously”!. Briefly, mice were euthanized by cervical
dislocation and femora, tibiae and humeri were removed and placed in RPMI
supplemented with Pen Strep. Bone marrow was flushed with supplemented RPMI
and single cell suspensions were obtained by continuous pipetting. Bone residues
were removed by filtration through a 40 um pore-size filter. Cells were pelleted and
erythrocytes were lysed by addition of RBC lysis buffer. Cells were resuspended in
Hanks’ balanced saline solution without Ca and Mg (HBSS"; Lonza). Mature
neutrophils were purified using a discontinuous Percoll gradient consisting of 52%,
69%, and 78% Percoll in HBSS". Mature neutrophils were recovered from the 69%/
78% interphase after centrifugation (1500 g, 4 °C, 30 min, acceleration 2, decel-
eration 2), washed and resuspended in HBSS . Neutrophils were counted using the
hematology analyzer. Purity of neutrophils was confirmed by flow cytometry to be
between 89 - 95%. For differentiation into macrophages, bone marrow cells were
seeded at a density of 5 x 106 cells in 175 cm? cell culture flasks in RPMI containing
10% heat-inactivated (h.i; 30 min at 56 °C) FBS, Pen Strep and 40 ng/ml recom-
binant murine M-CSF (ImmunoTools). Cells were incubated in a humidified
incubator at 37 °C with 5% CO, and medium was exchanged every 2-3 days. After
7 days, adherent cells were detached in RPMI + FBS by scrapping. Viable cells were
counted using trypan blue exclusion and diluted to desired concentrations. For
phagocytosis assays 5 x 105 neutrophils or macrophages were allowed to adhere to
sterile coverslips in a 24-well plate for 1-2h at 37 °C, 5% CO, in a humidified
incubator. To increase the adherence of neutrophils, coverslips were pre-treated
with 0.1% gelatin and incubated at 4 °C overnight. Wells were washed twice with
PBS before seeding. For cytokine measurement, survival and damage assays 8 x 104
neutrophils or macrophages were seeded in 96-well plates in RPMI supplemented
with 1% mouse serum. Cells were allowed to adhere to the substrate by culturing
them for 1-2h at 37°C, 5% CO, in a humidified incubator prior to infection.

Phagocytosis, survival and damage assays. To quantify phagocytosis, cells were
infected with C. albicans at a multiplicity of infection (MOI) of 1 in the presence of
1% murine serum in a total volume of 500 ul. After 1h of co-incubation at 37 °C
with 5% CO,, cells were fixed with 2% paraformaldehyde. Extracellular C. albicans
cells were stained with Alexa Fluor 647-conjugated Concanavalin A (Thermo
Fisher Scientific) for 30 min, intra- and extracellular fungal cells were stained with
Calcofluor White (Sigma-Aldrich) after permeabilization of immune cells with
0.5% Triton X-100. Coverslips were mounted with ProLong Gold antifade reagent
(Thermo Fisher Scientific) and fluorescence images were recorded using the Axio
Observer.Z1 (Carl Zeiss Microscopy). The phagocytic index was determined by
counting the numbers of C. albicans cells phagocytosed by 100 immune cells.
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Fungal survival in the presence of immune cells was determined by infecting
macrophages or neutrophils with C. albicans (MOI1) in the presence of 1% murine
serum in a total volume of 150 pl. After 2 or 6 h, immune cells were lysed by
addition of 50 pl 5% Triton X-100. Fungal cells were resuspended by rigorously
pipetting and lysates were diluted and plated onto YPD plates and incubated for
48 h at 37 °C. Survival rates were calculated by normalization from control wells
containing no immune cells and the increase in fungal CFU was calculated by
normalization to the starting inoculum for cells in the presence or absence of
BMDMs. Fungal morphology was recorded by inverse microscopy using an Axio
Vert. Al microscope (Zeiss) after various time points. To quantify damage and
TNF-a, BMDMs were co-incubated with C. albicans (MOI1) for 24 h. For total
LDH release (high control), BMDMs were lysed by addition of 20 ul 5% Triton X-
100, incubated for 10 min at 37 °C. Supernatants were obtained by centrifugation at
300 x g for 10 min. LDH was quantified using the Cytotoxicity Detection Kit
(Roche) and TNF-a was quantified by ELISA (Ready-SET-Go, eBioscience)
according to manufacturer’s instructions.

Cytokine and ROS production. Macrophages and neutrophils were infected with
living or heat-killed (HK; 70 °C, 10 min) C. albicans WT cells (MOI1) in a total
volume of 200 pl. Unstimulated immune cells and cells treated with 100 nM
phorbol 12-myristate 13-acetate (PMA; Sigma Aldrich) or 100 ng/ml lipopoly-
saccharide (LPS; Sigma Aldrich) served as negative and positive controls, respec-
tively. After co-incubation for 24 h at 37 °C with 5% CO, supernatants were
recovered after centrifugation (1500 x g, 4 °C, 15 min) and TNF-q, IL-6 and IL-10
were determined by commercially available ELISA kits (Invitrogen) according to
manufacturer’s instructions.

Total ROS accumulation by neutrophils was quantified by luminol-enhanced
chemiluminescence. Therefore, 5 x 10* freshly isolated neutrophils were seeded
into white clear-bottom 96-well plates (Corning) in RPMI without phenol red
(Gibco). Cells were allowed to attach for 30 min at 37 °C and 5% CO, prior to
infection. Neutrophils were infected with C. albicans (MOI1) left untreated or were
stimulated with PMA as positive control. Immediately after stimulation, 50 ul of
RPMI without phenol red containing 200 mM luminol (Fluka) and 16 U
horseradish peroxidase (Sigma Aldrich) were added. Luminescence was recorded
every 2.5 min for 190 min at 37 °C in a Tecan Infinite microplate reader. The area
under the curve was calculated with GraphPad Prism 7.

Epithelial cell infection. The following human epithelial cell lines were used in this
study: Hepatic epithelial cells (HepaRG; Gibco) were maintained in William’s
Medium E with GlutaMAX and HepaRG Thaw, Plate & General Purpose Medium
Supplement; renal epithelial cells (A498; DSMZ) were cultivated in Minimum
Essential Medium with L-glutamine supplemented with 10% h.i. FBS; oral epi-
thelial cells (TR146; Episkin) were cultivated in Dulbecco’s Modified Eagle Medium
(DMEM) with high glucose supplemented with 10% h.i. FBS; intestinal epithelial
cells (Caco-2 clone type C2BBel; ATCC®CRL-2102"M) were maintained in
DMEM supplemented with 10% h.i. FBS and 10 pg/ml human holotransferrin
(Merck Millipore). Cells were cultured in a humidified incubator at 37 °C with 5%
CO, under normoxic conditions (21% O,) if not stated otherwise. In addition,
C2BBel cells were cultivated under hypoxic conditions (1% O,) in a temperature
controlled Hypoxystation (H35, Don Whitley Scientific) to mimic physiological
intestinal O, concentrations. For damage assays and the quantification of cyto-
kines, cells were detached and 2 x 10 cells (TR146, A498) or 4 x 10 cells
(HepaRG) were seeded in 96-well plates 2 d prior to infection. Cells were washed
and infected with exponentially grown C. albicans strains at a MOI of 1 in a volume
of 200 ul. Medium without fungal cells served as mock control. After 24 h of co-
incubation, supernatants were recovered after centrifugation (200 x g, 5 min). To
measure epithelial integrity and translocation, Corning® Transwell® polycarbonate
membrane inserts with 5 um pore size and 6.5 mm in diameter were coated with
100 pl of 10 pg/ml collagen I for 2h at RT before they were washed twice and
placed in a 24-well plate filled with 600 pl supplemented DMEM. 2 x 104
C2BBel cells were seeded in 200 pl supplemented DMEM in inserts and cultivated
for 14 d at 37 °C, 5% CO, with 21% O, or 1% O,. Medium was replaced on day 5
and every second day thereafter. Epithelial cells were infected by adding 1 x 10° C.
albicans cells to the upper compartment and incubated for 24 h at the conditions
mentioned above. To measure epithelial integrity, the trans-epithelial electrical
resistance (TEER) was quantified using a chopstick electrode connected to the
Epithelial Voltohmmeter EVOM2 (WPI) before and 24 h post infection. TEER
measurements from inserts containing medium only served as blank values and
were subtracted from all measurements. Supernatants of the upper compartment
were kept for measurement of lactate dehydrogenase (LDH). To quantify the
potential of the different C. albicans strains to translocate through the C2BBel cell
layer, 24 h after infection the lower compartment was treated with 20 U/l zymo-
lyase (Amsbio) for 2 h at 37 °C and 5% CO,?2. Detached fungal cells were plated on
YPD agar and CFUs were counted. Epithelial cell damage was quantified by
measurement of LDH in supernatants using the Cytotoxicity Detection Kit
(Roche). Uninfected cells served as negative control. For total cells lysis (high
control) 10 pl of 5% Triton X-100 were added. Human IL-6 and IL-8 were
quantified by ELISA (Invitrogen) according to the manufacturer’s instructions.
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Quantitative PCR. DNA was isolated from kidneys infected with either the WT
(THE1-CIp10) or t-EED1 in the presence of doxycycline. Kidneys were homogenized
and centrifuged for 15 min at 1500 x g. DNA was extracted from pellets using the Yeast
DNA Extraction Kit (Thermo Scientific) following manufacturer’s instructions. For
amplification of the C. albicans 18 S rRNA gene RDNI8 the following primers were
used: sense amplification primer, 5-GGACCCAGCCGAGCCTT-3’ and antisense
amplification primer, 5-AAGTAAAAGTCCTGGTTCGCCA-3, Quantitative PCR
was conducted using 1 ul of template DNA and the QPCR Mix EvaGreen (Bio&SELL)
on a CFX 96 Real time System (BioRad). The following condition were used for product
amplification: 95 °C for 15 min, 40 cycles of each 95 °C for 15, 59 °C for 15 and 72 °C
for 15s. To confirm PCR product specificity, a melting curve was generated. The
resulting Ct values were plotted against the CFU determined from the homogenized
tissue.

Statistical analysis. GraphPad Prism 7 was used to analyze all data sets. Shown
are either the mean and standard deviation (SD) or the median and the inter-
quartile range as indicated in the figure legends. The two-tailed student’s t-test or
the Mann-Whitney test was used to test for statistical significances. p-values < 0.05
were considered significant, *p < 0.05; *¥p < 0.01; ***p <0.001. Survival curves
were compared using the Log-rank (Mantel-Cox) test.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The RNAseq data that support the findings of this study are available at NCBI under
BioProject accession number PRINA714826 (https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA714826). Source data are provided with this paper.
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Supplementary Fig. 1 An eed1A/A mutant is attenuated in damage and virulence potential in the intraperitoneal
infection model 24 h post infection. Mice were infected intraperitoneally with 1x10% cells of the WT (SC5314), or
eed1A/A mutant or were mock infected with PBS (n=5 per group). a) The semiquantitative clinical score was determined
by assessing fur, coat and posture, behavior and lethargy, fibrin exudation and other symptoms like diarrhea. The score
ranges from 0 (no symptoms) to 10 (severe illness). b) Damage of liver and pancreas was quantified by measuring serum
levels of alanine aminotransaminase (ALT) and pancreatic amylase, respectively. c) Fungal burden of the liver. a-c) Data
are shown as median with interquartile range and were statistically analyzed using the two-sided Mann-Whitney test, p-
values are shown in the graphs. Source data are provided as a Source Data file.
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Supplementary Fig. 2 In the absence of doxycycline t-EED1 is hyper-filamentous on solid medium but forms
filaments comparable to the WT in liquid medium. Representative pictures of three biologically
independent experiments are shown. a) Colony morphology of C. albicans WT (THE1-Clp10) and t-EED1
grown for 2 days on YPD agar at 25 °C in the presence (+) or absence (-) of doxycycline. Bars represent 200
pum (upper row) and 100 um (lower row). b) Morphology of C. albicans WT (THE1-Clp10) and t-EED1 grown
for 4 h and 24 h in RPMI at 37 °C and 5% CO,in the presence (+) or absence (-) of doxycycline. Scale bar
represents 20 um and applies to all images.
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Supplementary Fig. 3 Development of clinical symptoms and change in body weight during the course of
systemic infection with WT and t-EED1. Mice were intravenously infected with 2.5x10* CFU/g body weight
with WT (THE1-Clp10) or t-EED1 in the presence (+) or absence of doxycycline (-) supplied to mice via the
drinking water. a) Change in body weight relative to body weight at day-3 (start of doxycycline treatment).
At day 0, mice were infected intravenously with the indicated C. albicans strains. b) Development of clinical
symptoms during the course of infection. The semiquantitative clinical score was determined by assessing
fur, body surface temperature, behavior and lethargy. The score ranges from 0 (no symptoms) to 8 (severe
iliness). a,b) Shown is the mean £ SD. One experiment, n=10 mice per group. The surviving mouse in the
WT- group (Fig. 3c) was excluded from analysis.
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Supplementary Fig. 4: tet-NRG1- yeast are avirulent whereas tet-NRG1+ hyphae lead to delayed mortality in a mouse model of
systemic candidiasis. Mice were intravenously infected with 2.5x10* CFU/g body weight with WT (THE1-Clp10) or tet-NRG1 in the
presence (+) or absence (-) of doxycycline supplied to mice via the drinking water. a) Survival was monitored over a period of 20
days and is shown as Kaplan-Meyer curve. Survival curves were analyzed using the two-sided Log-rank (Mantel-Cox) test, two
curves were compared at a time; **** p < 0.0001. b) Change in body weight relative to body weight at day -3 (start of
doxycycline treatment). At day 0, mice were infected intravenously with the indicated C. albicans strains. c) Development of
clinical symptoms during the course of infection. The semiquantitative clinical score was determined by assessing fur, body
surface temperature, behavior and lethargy. The score ranges from 0 (no symptoms) to 8 (severe illness). a-c) One experiment,
n=10 mice per group. b,c) Shown is the mean +SD. The surviving mouse in the WT- group was excluded from analysis. d) Organ
fungal loads in mice sacrificed 6, 24, 48 and 72 h post infection and in moribund mice (mor). Mice challenged with tet-NRG1-
were humanely sacrificed 19 days post infection. Data are shown as median with interquartile range. Dashed lines indicate limit
of detection. Moribund: one experiment, n=10; kidney: two independent experiments, n=10; liver and brain: two independent
experiments, n=10; spleen: one experiment, n=5. Two-sided Mann-Whitney test, significant differences at time points are
indicated by asterisks: light blue, tet-NRG1- yeast compared to WT-; dark blue, tet-NRG1+ filamentous cells compared to WT+.
Source data are provided as a Source Data file.
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Supplementary Fig. 5 Correlation between fungal DNA content and CFU count from homogenized renal
tissues of intravenously infected mice. Renal tissue was homogenized for enumeration of CFU and for DNA
isolation to quantitative fungal DNA by PCR, targeting the C. albicans 185 rRNA gene RDN18. The resulting
cycle threshold (Ct) values were plotted against the log transformed CFU counts from the respective
samples. A strong correlation (R?=0.7076) between CFU count and DNA content irrespective of the fungal
morphology was observed. Source data are provided as a Source Data file.
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Supplementary Fig. 6 Renal leukocyte infiltration in mice intravenously infected with 2.5x10* CFU/g body
weight of WT or t-EED1 and in uninfected controls in the presence (+) or absence of doxycycline (-) 24 h
post infection. The absolute number of living immune cells per kidney is shown as median and interquartile
range. Two independent experiments , n=10, except for uninfected- NK cells n=6, DCs n=9, B cells and T cells
n=7. Two-sided Mann-Whitney test, p-values are shown in the graphs. Source data are provided as a Source
Data file.



Kidney infiltrating leukocytes 48 h p.i.

Leukocytes

-
=)
=3
S

p=0019
p=0.009

-
=)
S

Q

%%,

CD45+
cells (x10%)/ kidney
- >

0.1
{éx N x
L L
&
& &
Q(‘
NK cells
1000
> g<0001
o
c
k=
2
2
S X
o
©
o

x x
s& é)\ O@b
R
&
&

Leukocytes

CD45+
cells (x10%)/ kidney

=3
=3
S

CD335+
cells (x103)lkidney

1

e
o

Ly6C+ CD11b™"

MHCII+ CD11c+
cells (x10%)/kidney

Ly6C+ CD11b™

cells (x10%)/kidney

MHCII+ CD11c+
cells (x10%)/kidney

cells (x103)/kidney

=)
S
S

=
o
S

-
o

-

o
o

=3
S

o

o
o

=
S
S

e

=3
13

-
o

1

o
4

Neutrophils

p <0001
220001
o

[e]e]

DCs

p=0005

e

$ S &
v &

R

Neutrophils

p=0011

MHCII+ F4/80+
cells (x10%)/kidney

CD19+
cells (x10%)/kidney
>

cD19+
cells (x10%)/kidney
>

MHCII+ F4/80+
cells (x10%)/kidney

Macrophages

p=0008

20043
10 e I

e
B

=
o
2

B cells

-
=3
=3
S

=3
S

e
e

Macrophages

p=0019
p=0023

oS!

e
2

1000

-
=)
S

=

e

Ly6C+ cD11bM
cells (x10%)/kidney

-

- o
2 2 o
o © o

-
=
=3
=3
S

CD3e+
cells (x10%)/kidney

Ly6C+ CD11b"

cells (x10%)/kidney

CD3e+
cells (x10%)/kidney

-
=
=3
S

-
=
S

-
o

= 9o
2 o o
s © o

o
o

o
2

Manuscript 11l

Inflammatory
monocytes

T cells

P <0001

Pp<0001

Inflammatory
monocytes

p<0.001

81

Supplementary Fig. 7 Renal leukocyte infiltration in mice intravenously infected with 2.5x10* CFU/g body
weight of WT or t-EED1 and in uninfected controls in the presence (+) or absence of doxycycline (-) 48 h
post infection. The absolute number of living immune cells per kidney is shown as median and interquartile
range. Two independent experiments , n=10, except for t-EED1+ n=9 and uninfected- NK cells n=6, DCs n=9,
B cells and T cells n=7. Two-sided Mann-Whitney test, p-values are shown in the graphs. Source data are
provided as a Source Data file.
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Supplementary Fig. 8 Renal leukocyte infiltration in mice intravenously infected with 2.5x10* CFU/g body
weight of WT or t-EED1 and in uninfected controls in absence of doxycycline (-) 72 h post infection. The
absolute number of living immune cells per kidney is shown as median and interquartile range. Two
independent experiments , n=10, except for uninfected- NK cells n=6, DCs n=9, B cells and T cells n=7. Two-
sided Mann-Whitney test, p-values are shown in the graphs. Source data are provided as a Source Data file.
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Supplementary Fig. 9 Local cytokine production in kidneys of mice intravenously infected with 2.5x10%

CFU/g body weight of WT or t-EED1 6, 24, 48 h post infection and in uninfected controls in the presence (+)
or absence of doxycycline (-). Cytokine concentrations were determined in kidney homogenates. Shown is
the median with interquartile range from two independent experiments. n=10, except for uninfected
controls n=9; MIP-1a, TNF-a uninfected controls n=5. IL-10 data derived from one experiment, n=5. Two-
sided Mann-Whitney test. Asterisks above bars represent significant differences compared to the uninfected
control, * p £0.05; ** p <0.01; *** p < 0.001. Source data are provided as a Source Data file.
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Supplementary Fig. 10 Local cytokine production in kidneys of mice intravenously infected with 2.5x10*
CFU/g body weight of WT or t-EED1 72 h post infection, in moribund animals (mor) and in uninfected
controls in the presence (+) or absence of doxycycline (-). Cytokine concentrations were determined in
kidney homogenates. Shown is the median and interquartile range from two independent experiments.
n=10, except for uninfected controls n=9; MIP-1a, TNF-a uninfected controls n=5. IL-10 data derived from
one experiment, n=5. Two-sided Mann-Whitney test. Asterisks above bars represent significant differences
compared to the uninfected control, * p < 0.05; ** p < 0.01; *** p < 0.001. Source data are provided as a
Source Data file.
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Supplementary Fig. 11 Interaction of C. albicans WT and eed1A/A mutant with murine bone marrow
neutrophils (PMNs). PMNs were infected at a MOI of 1. a) The phagocytic index is the number of C. albicans
cells phagocytosed by 100 PMNs within 1 h of incubation at 37 °C and 5% CO,. Fungal survival was analyzed
after co-incubation with PMNs at 37 °C and 5% CO, for 2 h by CFU plating. Survival was normalized to C.
albicans controls incubated in the absence of immune cells. Graphs show the mean +SD of three
independent biological replicates. b) Morphology of C. albicans strains during co-incubation with PMNs
after 3 h. Representative pictures of two biologically independent experiments are shown. Scale bar
represents 20 um and applies to all images. c) Cytokines released by PMNs after co-incubation for 24 h with
living or heat-killed (HK) C. albicans WT cells. PMNs were left untreated (PMN only) as negative or
stimulated with 100 nM PMA or 100 ng/ml LPS as positive controls. d) Release of reactive oxygen species
(ROS) by PMNs upon stimulation with C. albicans was quantified by luminol-enhanced chemiluminescence
assay in 2.5 min intervals over a period of 190 min using a microplate reader. The graph shows the
calculated area under the curve (AUC). As negative and positive control, PMNs were left untreated or
stimulated with 100 nM PMA, respectively. Shown is the mean £SD from a,d) three or c) four independent
biological replicates except for PMN+LPS n=3. Source data are provided as a Source Data file.
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Supplementary Fig. 12 Morphology of C. albicans WT and eed1A/A mutant in the presence of bone
marrow-derived macrophages (BMDMs; left) or without BMDM s (right). BMDMs were infected at a MOI of
1 and cells were incubated at 37 °C and 5% CO,. Representative pictures of three biologically independent
experiments are shown. Pictures were taken after various time points as indicated on the left. Scale bar

applies to all images.
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Supplementary Fig. 13 Sample preparation for RNAseq analysis and fungal morphology at the time of
sampling. a) C. albicans WT (SC5314) and eed1A/A mutant were grown over night in Synthetic Minimal
Media (SD) containing glucose as sole carbon source at 30 °C and 180 rpm. Cultures were synchronized in
the same media and cultivated for 10 h at 30 °C (0 h). Cultures were then shifted to SD medium containing
either casamino acids (CAA) or citrate as sole carbon source and incubated at 37 °C and 180 rpm. After 2 h,
6 h and 12 h samples were taken. b) Morphology of C. albicans WT (SC5314) and eed1A/A mutant during
growth on citrate or casamino acids as sole carbon source at 37 °C and 180 rpm. Representative pictures of
three biologically independent experiments are shown. The scale bar applies to all images.
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Supplementary Fig. 14 The eed1A/A mutant grows better on the alternative carbon sources citrate and
casamino acids and shows differences in expression profiles compared to the WT. a) Growth of WT
(SC5314) and eed1A/A mutant on citrate and casamino acids as sole carbon source at 37 °C and 180 rpm
was recorded by OD measurement at 600 nm and the determination of dry mass. Mean  SD from three
biologically independent experiments (one flask per strain and experiment) are shown. Source data are
provided as a Source Data file. b) Principal component analysis (PCA) of expression data obtained by
RNAseq from C. albicans WT (W; SC5314) and eed1A/A mutant (M) grown on citrate or casamino acids for 0,
2,6and 12 h.
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Supplementary Fig. 15 Venn diagrams showing the number of genes significantly up- and down-regulated
(+/- log, 2 and adjusted p-value < 0.05) in the eed1A/A mutant compared to WT (SC5314) during growth for
2, 6 and 12 h with a) citrate (Cit) or b) casamino acids (CAA) as sole carbon source at 37 °C.
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Description

activator that binds to Flo8 via a LisH motif to cooperatively activate transcription of hypha-specific
genes; required for hyphal growth

regulator of white-opaque switching; required for maintenance of opaque state; Hap43-induced

minor role in transcriptional regulation vs Efgl; regulates filamentous growth, phenotypic switch; EFG1
and EFH1 genetically interact; expression interferes with mouse intestinal tract colonization

regulator of nitrogen utilization; required for nitrogen catabolite repression and utilization of isoleucine,
tyrosine and tryptophan N sources; required for virulence in a mouse systemic infection model

Transcription factor ("master switch") of white-opaque phenotypic switching; required to establish and
maintain the opaque state

Transcription factor; modulator of white-opaque switch; induced in opaque cells; promoter bound by
Worl

recruits Hdal to hypha-specific promoters

important for gut growth

Transcriptional repressor; regulator of filamentation

colony morphology-related gene regulation by Ssn6

required for normal resistance to copper; repressed by Sful in high-iron conditions; regulated by Sef1,
Sful, and Hap43

white cell pheromone response, hyphal gene regulation; required for Spider and RPMI biofilm
formation; regulates BCR1

required for filamentous growth, for virulence in RHE model but not in mice

Putative transcription factor with zinc finger DNA-binding motif, involved in regulation of white-opaque
switching and filamentous growth

regulates morphogenesis, cell separation, adherence, virulence in a mice; mutant is hyperfilamentous

Transcriptional regulator of cell cycle gene expression

regulates translational efficiency and controls transition to filamentous growth
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Supplementary Fig. 16 Heat plots showing transcriptional regulation of a) hypha-associated genes in
eed1A/A mutant compared to WT (SC5314) in medium containing casamino acids (CAA; left) or citrate
(right) as sole carbon source after different time points; b) the secreted aspartic proteinase (SAP) gene
family in eed1A/A mutant compared to WT (SC5314) during growth with casamino acids as sole carbon
source; c) transcription factors (TFs) in eed1A/A mutant compared to WT (SC5314) after 12 h of growth with
citrate or casamino acids (CAA). The description is modified from the "Candida Genome Database"
(http://www.candidagenome.org/). b,c) Asterisks indicate significant regulation (tlog, 2 and adjusted p-
value < 0.05) as determined by two-sided Wald test, p-values were corrected for multiple comparisons
using the Benjamini and Hochberg method.
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Supplementary Fig. 17 Neutrophils and monocytes were successfully depleted in RB6-8C5 treated mice.
Immunocompetent or RB6-8C5 treated mice were systemically infected with 1x103 CFU/g body weight of
WT (SC5314) or eed1A/A mutant. Absolute numbers of white blood cells (WBC), neutrophils and monocytes
determined at the humane endpoint are shown. One experiment, n=8 mice per group. Dashed lines
indicate median values from 10 uninfected immunocompetent mice. Shown is the median and interquartile
range, two-sided Mann-Whitney test. p-values are shown in the graphs. Source data are provided as a
Source Data file.
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Supplementary Fig. 18 Fungal burden in brain and determination of kidney function in immunosuppressed
mice after systemic infection. Mice depleted of neutrophils and monocytes by using the antibody RB6-8C5
were infected with 1x10%2 CFU/g body weight of C. albicans WT (SC5314) or eed1A/A mutant. Mice were
humanely sacrificed 12 and 18 h post infection and a) organ fungal burden was determined by CFU plating.
Kidney function was measured by quantification of blood urea nitrogen (BUN) in serum of mice. Uninfected
mice served as control (ctr). a,b) Two independent experiments, n=6, except for eed1A/A mutant at 12 h,
n=4. Shown is the median with interquartile range, two-sided Mann-Whitney test. p-values are shown in the
graphs. Source data are provided as a Source Data file.
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Leukocytes: living, CD45+, single cells
T cells: living, CD45+, single, CD3+ cells
B cells: living, CD45+, single, CD19+ cells
Dendritic cells (DCs): living, CD45+, single, MHCII+, CD11c+ cells
Macrophages: living, CD45+, single, MHCII+, CD11c-, F4/80+ cells
Neutrophils: living, CD45+, single, CD11b+, LyCgintermediate
e P P Inflammatory monocytes: living, CD45+, single, CD11b+, LyC6high
~

Ly6C Natural killer cells (NKs): living, CD45+, single, CD335+
Supplementary Fig. 19 Gating strategy for the differentiation of immune cell populations after flow cytometry. Dead
cells were excluded from analysis by staining with the Fixable Viability Dye eFluor® 506. Living Fixable Viability Dyel°¥
cells were gated on size and granularity to exclude debris. CD45+ single cells were used to further discriminate
different immune cell populations. T and B cells were identified by expression of CD3 and CD19, respectively.
Dendritic cells were identified by expression of MHCIlI and CD11c and macrophages were characterized as MHCII+,
CD11c-, F4/80+ cells. Neutrophils and inflammatory monocytes were identified by co-expression of CD11b and Ly6C
and differentiated by the level of Ly6C expression: neutrophils as Ly6C" and inflammatory monocytes as Ly6C" cells.
Natural killer cells (NKs) were identified by expression of CD335.
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Supplementary Table 1: Primers used in this study

Name Primer sequences (5 —» 3’) Used for
Amplification of
URA3-TR
Eedl- GCTTTAACTTTCACTTTCATTTTCAATTTTGTTTGCTGCTTGTCTAACAGTTTA promater reglon
TTATCATTTTGCTTTTTTTTTCATACTACAATTAACTACAAGTAATACGACTC
TET-F from p99CAU1
ACTATAGGG
(Nakayama et al
2000)
Amplification of
URA3-TR
Eed1- ggatctgggagtcttacgaggacggectgttccgtttctaatgttggatgtgttaaattgtettctttc | promoter region
TET-R catgttgaaatccaaacgagaatgatgaagCTAGTTTTCTGAGATAAAGCT from p99CAU1
(Nakayama et al
2000)
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4. Additional results related to Manuscript Ill

4.1. tet-NRG1- yeast are avirulent in a murine intraperitoneal infection model

C. albicans t-EED1+ yeast are reduced in their capacity to damage epithelial cells and show a
reduced virulence potential in the intraperitoneal infection model (Manuscript Ill, Fig.1).
Comparable to the attenuated phenotype of t-EED1+ yeast, the tet-NRG1 strain, which in the
absence of doxycycline (tet-NRG1-) is solely growing in the yeast form is incapable of damaging oral

epithelial cells in vitro (Fig. 3).
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Fig. 3: tet-NRG1- yeast are unable to damage oral epithelial cells. Damage of oral epithelial cells
(TR146) caused by C. albicans was quantified by measuring the release of lactate dehydrogenase (LDH)
into the supernatant after co-incubation for 24 h with C. albicans WT (THE1-Clp10) or tet-NRG1 strains
in the presence (+) or absence (-) of doxycycline. Respective fungal morphologies are depicted in the
graph. Uninfected cells served as negative control. LDH released by WT was set to 100%. Data are
presented as mean + SD from four biologically independent experiments. Within each experiment,
supernatants from three wells infected by the same strain were pooled and LDH was measured. Data

were analyzed by two-tailed students t-test, p values are shown in the graph.

In accordance with the reduced ability to damage epithelial cells in vitro, the tet-NRG1- yeast
showed an attenuated virulence potential in the invasion-based intraperitoneal infection model in
mice in comparison to the filament-forming WT+/- and tet-NRG1+ strain (Fig. 4). Mice infected with
tet-NRG1- yeast showed less clinical symptoms (Fig. 4a) and reduced serum enzyme levels of ALT

and pancreas amylase indicating liver and pancreas damage, respectively (Fig. 4b). Although
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attenuated in the intraperitoneal infection model, a higher liver fungal burden was observed for

tet-NRG1- yeast in comparison to the respective WT (Fig. 4c).
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Fig. 4: tet-NRG1- yeasts are attenuated in the murine intraperitoneal infection model despite higher
liver fungal burden. Mice were infected intraperitoneally with 1 x 102 cells of C. albicans WT (THE1-
Clp10) or tet-NRG1 in the presence (+) or absence (-) of doxycycline supplied via the drinking water. a)
Infection with tet-NRG1- yeast resulted in significantly reduced clinical symptoms in mice. The
semiquantitative clinical score was determined by assessing fur, coat and posture, behavior and
lethargy, fibrin exudation and other symptoms like diarrhea. The score ranges from 0 (no symptoms) to
10 (severe iliness). b) Damage of liver and pancreas was quantified by measuring serum levels of alanine
aminotransaminase (ALT) and pancreatic amylase, respectively. Enzyme levels of uninfected mice (n =
9) served as negative control. ¢) Fungal burden in the liver. a-c) Respective fungal morphologies are
depicted in the graph. Data derived from two independent experiments, WT+/- doxycycline and tet-
NRG1- n = 10, tet-NRG1+ n = 8 animals per group. Shown is the median and interquartile range, two-
sided Mann—Whitney test. p values are shown in the graph, asterisks above bars represent significant

differences compared to the uninfected control *p < 0.05; **p < 0.01; ***p < 0.001.
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4.2 The initial fungal load in kidney, liver and spleen is higher than in the brain

In the early stages of experimentally induced systemic infection with C. albicans the fungus
disseminates via the bloodstream and can be found in all internal organs. When mice were
challenged with an intermediate infectious dose of 2.5x10* CFU/g body weight with C. albicans WT
and t-EED1+ yeast kidney, liver and spleen were uniformly affected in terms of fungal load 6 h p.i.
mirroring the infectious dose (Fig. 5). In contrast, the brain showed an approximately 10-fold lower

fungal burden compared to the other organs tested.
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