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Iron is an absolute requirement for both the host and most pathogens alike and is
needed for normal cellular growth. The acquisition of iron by biological systems is
regulated to circumvent toxicity of iron overload, as well as the growth deficits imposed
by iron deficiency. In addition, hosts, such as humans, need to limit the availability of
iron to pathogens. However, opportunistic pathogens such as Candida albicans are
able to adapt to extremes of iron availability, such as the iron replete environment of
the gastrointestinal tract and iron deficiency during systemic infection. C. albicans has
developed a complex and effective regulatory circuit for iron acquisition and storage
to circumvent iron limitation within the human host. As C. albicans can form complex
interactions with both commensal and pathogenic co-inhabitants, it can be speculated
that iron may play an important role in these interactions. In this review, we highlight
host iron regulation as well as regulation of iron homeostasis in C. albicans. In addition,
the review argues for the need for further research into the role of iron in polymicrobial
interactions. Lastly, the role of iron in treatment of C. albicans infection is discussed.
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INTRODUCTION

The polymorphic yeast, Candida albicans, is one of the organisms which makes up the human
microbiome. Although the yeast is largely commensal, it has the potential to become a deadly
opportunistic pathogen, especially to individuals with immune deficiency due to organ transplant,
chemotherapy or the presence of HIV (Pfaller and Diekema, 2007; Sudbery, 2011). The virulence
of C. albicans makes it the most common invasive fungal pathogen in humans after Cryptococcus
and the fourth leading cause of nosocomial bloodstream infections (Brown et al., 2012). Virulence
factors associated with C. albicans pathogenicity and survival include morphological transition,
expression of adhesins, thigmotropism, production of tissue damaging hydrolytic enzymes, and
formation of biofilms (Mayer et al., 2013; Sardi et al., 2013). However, for C. albicans to express its
virulence and pathogenesis within the host, it requires iron (Ramanan and Wang, 2000).

Iron is essential to the survival of most organisms, especially as a cofactor for important
metabolic processes, except for the Lyme disease pathogen Borrelia burgdorferi which does not
require iron but uses manganese instead (Posey and Gherardini, 2000). Lactic acid bacteria have
also been reported not to require iron for growth (Archibald, 1983; Pandey et al., 1994), however,
according to Duhutrel et al. (2010), in the presence of hematin, myoglobin, and hemoglobin,
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Lactobacillus sakei exhibits enhanced survival in the stationary
phase. Additionally, the presence of iron was detected within
the cytoplasm of L. sakei when grown in the presence of
hematin, myoglobin, and hemoglobin (Duhutrel et al., 2010).
This observation indicates that certain lactic acid bacteria can
take up iron and may even utilize it differently.

The important roles assigned to iron proteins include the
transportation and activation of molecular oxygen, reduction
of ribonucleotides, and dinitrogen, and the activation and
decomposition of peroxides (Pierre et al., 2002). Although iron
is abundant within the earth crust, in the human host, iron
is a highly restricted nutrient (Frey and Reed, 2012; Hood
and Skaar, 2012). The need for iron restriction is due to its
propensity to catalyze the formation of reactive free oxygen
radical species with hydrogen or lipid peroxide, which have
a damaging effect on cellular components (Philpott, 2006).
Furthermore, its demand by pathogenic microbes necessitates the
host to restrict its availability as a defense mechanism known as
nutritional immunity (Weinberg, 1975). Therefore, C. albicans
has developed sophisticated systems to scavenge iron within the
host for survival (Eck et al., 1999; Ramanan and Wang, 2000;
Weissman et al., 2002). This review aims to discuss iron as a
vital component of the human host, as well as how C. albicans
can exploit host-derived iron. In addition, focus is placed on
the regulation of iron acquisition in this yeast. This review also
discusses the known roles of iron in C. albicans-polymicrobial
interactions, as well as manipulation of iron availability as
treatment options for C. albicans infection.

IRON IN LIVING SYSTEMS

Iron is a vital micronutrient for all living organisms. It plays
a central role in biological processes and its availability is
essential for biogenesis of cellular components and metabolism
(Crichton and Pierre, 2001). Iron is found in numerous proteins,
including in haem groups and iron-sulfur clusters (Beinert
et al., 1997). These proteins are involved in iron transport and
storage, DNA synthesis and mitochondrial respiration (Beinert
et al, 1997; Lill, 2009). The two oxidation states of iron,
ferrous (Fe?t) and ferric (Fe*™), give this metal a chemical
character that allows for its involvement in important enzymatic
reactions where electron transfer is essential (Philpott, 2006).
The oxidized form of iron, ferric (Fe**) form, is present in
aerobic environments, where it reacts with oxygen to form
oxides and oxyhydroxide polymers that have a relatively low
solubility (107° M) at neutral pH (Aisen et al., 2001). The more
soluble reduced form, ferrous (Fe>T) iron, reacts with oxygen
to form toxic reactive oxygen species (ROS) through Fenton
reactions (Winterbourn, 1995; Ilbert and Bonnefoy, 2013).
Reactive oxygen species (ROS) are highly reactive molecules
and can oxidize cell components such as lipids, proteins, or
DNA thereby disrupting cellular integrity (Scherz-Shouval and
Elazar, 2007). Both pathogens and the host have developed
precise mechanisms that regulate iron uptake, utilization, and
storage to prevent the threat posed by ROS (Barber and Elde,
2015).

HOST IRON HOMEOSTASIS
Iron Distribution Within the Host

Iron in the human host is largely unavailable as it is constantly
sequestered by specialized proteins which prevent attack by
ROS or exploitation by pathogens (Ganz and Nemeth, 2015).
An average adult human body contains approximately 3—5g of
iron (approximately 44—55 mg.kg ! body weight), of which 66%
circulates within the blood as a component of hemoglobin within
the erythrocytes (Mendel, 1964; Caza and Kronstad, 2013).
Haemoglobin is a protein comprised of two alpha-beta pairs
of globin chains each encircling an iron-tetrapyrrole ring called
haem (Marengo-Rowe, 2006). The haem group contains iron as
a co-factor at its core and the iron reversibly binds oxygen only
when it is in the ferrous form (Fe2™) (Marengo-Rowe, 2006). The
remaining iron within the host is either coupled to ferritin within
the hepatocytes (~1,000 mg); associated with macrophages in
spleen, liver, and bone marrow (~600 mg) or attached to smaller
haem proteins such as myoglobin (~300mg) (Mendel, 1964;
Andrews, 1999). A smaller portion of body iron functions as
a co-factor in enzymes (e.g., cyclooxygenases and ribonuclear
reductases) or is found attached to iron-binding proteins such
as transferrin and lactoferrin (Lambert, 2012; Tandara and
Salamunic, 2012). Daily iron uptake from diet via duodenal
enterocytes is minimal (1-2mg per day) compared to daily
iron requirements, especially for hemoglobin synthesis, which
requires approximately 20—25mg iron (Ganz and Nemeth,
2012). Thus, iron is frequently recycled from damaged or
senescent erythrocytes (lifespan 120 days) by macrophages via
erythrophagocytosis (erythrocyte ingestion by macrophages) to
supply close to 95% of daily iron requirements (Johnson and
Wessling-Resnick, 2012). Haem-bound iron is released from
erythrocytes within macrophages by haem oxygenase (HO-1)
and is further transported to the bone marrow for erythropoiesis
via transferrin (Ganz and Nemeth, 2012). Haem oxygenase 1
(HO-1) proteolytically degrades haem to yield carbon monoxide,
biliverdin, and ferrous iron (FeZt), which is shuttled to the
extracellular fluids by iron exporter ferroportin, present on the
cell surfaces of macrophages (Colas and Ortiz De Montellano,
2003; Santos et al., 2003; Pendrak et al., 2004). Several molecules,
including haptoglobin, haemopexin, albumin, and both high-
and low-density lipoproteins (HDL and LDL) bind haem that
is released into the bloodstream during haemolysis, in order
to reduce iron toxicity and increase efficiency of iron recycling
(Ascenzi et al., 2005; Caza and Kronstad, 2013). This is essential
in limiting iron availability to invading pathogens, as both
bacterial and fungal pathogens have been shown to target
haem, hemoglobin, and other iron-complex proteins (Ganz and
Nemeth, 2015).

Iron Regulation Within the Host

Systemic iron levels are tightly regulated by iron metabolism
master regulator, hepcidin (encoded by HAMP), while individual
cells may independently regulate iron by receptor-mediated
endocytosis of transferrin (Ganz and Nemeth, 2015). Hepcidin
is a liver-derived hormone that regulates introduction of iron
into plasma from three major sources: iron stored within
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hepatocytes, absorbed iron in the duodenal enterocytes and
iron recycled from macrophages (Ganz and Nemeth, 2012;
Pantopoulos et al., 2012). Hepcidin binds to ferroportin—an
iron-exporting protein expressed on the plasma membrane
of macrophages, hepatocytes, and enterocytes—resulting in
ferroportin endocytosis and degradation, thereby greatly
reducing iron export to the extracellular fluids (Finberg, 2013).
Elevated concentrations of hepcidin increase iron sequestration
by macrophages and decrease duodenal iron absorption
during inflammatory reactions and thus reduces plasma iron
levels (Cassat and Skaar, 2013; Noble, 2013). Hepcidin has
been reported to be induced by high levels of dietary iron,
inflammation, and bacterial lipopolysaccharide (LPS) (Haley
and Skaar, 2012). During periods of high iron requirement,
such as in iron deficiency or pregnancy, its levels are reduced to
increase duodenal iron absorption and release from macrophages
(Anderson and Vulpe, 2009). Deletion of the gene associated with
hepcidin (HFE-High iron gene) in mice, resulted in excessive
iron overload, i.e., haemochromatosis, a condition characterized
by high iron levels, presence of free oxygen radicals and cell
damage (Ganz, 2003; Schaible and Kaufmann, 2004). The HFE
gene encodes for a major histocompatibility complex (MHC)
class I molecule, HFE, which associates with TfR1 (Transferrin
receptor 1) to mediate iron uptake especially in the duodenum
(Pantopoulos, 2008). Mutations in the HFE gene in humans
result in high iron uptake and hepcidin deficiency, leading to
iron overload (Ganz, 2003). Retained high levels of this hormone
within the plasma have been associated with hypoferremia and
iron deficiency anemia (Kim et al., 2014).

Host Defence and Nutritional Immunity

Iron homeostasis and bioavailability to either the host or invading
pathogens is tightly regulated through coordination of hepcidin,
iron binding proteins and several enzymes involved in iron
metabolism (McKie et al., 2001; Nemeth et al., 2004). The process
of sequestering iron by the host and restricting its bioavailability
to invading pathogens is called nutritional immunity (Weinberg,
1974). In the circulatory system, extracellular iron transport
to various cell types is facilitated by transferrin, a plasma
protein that has a high affinity (Kq ~10722 M) for iron (Aisen
and Brown, 1977). However, only 30-40% of transferrin is
saturated with iron, as circulating transferrin concentrations
(~30uM) can bind 60 uM of iron, and only 18-21 uM iron
concentrations have been reported within the plasma (Weinberg,
1971). This leaves approximately 107!8 M free iron, which is
inaccessible to bloodstream pathogens, even though transferrin
itself may be a target of pathogens for iron exploitation during
bloodstream infections such as in candidaemia (Knight et al,,
2005; Caza and Kronstad, 2013). Three types of transferrin
proteins have been defined: serum transferrin (apotransferrin
in iron free-form), secretory lactoferrin—found in extracellular
secretions such as milk, (released also by leukocytes); and
ovotransferrin which is present in egg-white (Masson et al.,
1966; Masson and Heremans, 1971; Han, 2014b). Transferrin
transfers iron to cells through transferrin receptor 1 (TfR1)
found on the surface of most body cells, and via transferrin
receptor 2 (TfR2) expressed mainly in hepatocytes (Anderson and

Vulpe, 2009; Caza and Kronstad, 2013). Transferrin-Transferrin
receptor (TfR1) interaction triggers cell-mediated endocytosis of
the complex and iron bound on transferrin dissociates within
endosomes at a low pH (~5.5) since apotransferrin binds iron
with a higher affinity at physiological pH relative to a low
pH (Bali and Aisen, 1992; Anderson and Vulpe, 2009). During
infections, pro-inflammatory cytokines play an essential role in
hepcidin-independent sequestration of iron. Tumour necrosis
factor alpha (TNF-a), interleukins (IL-1 and IL-6), and interferon
gamma (IFN-y) increase uptake of free iron by macrophages and
transferrin through upregulation of transferrin receptor proteins
(Byrd and Horwitz, 1993; Ludwiczek et al., 2003; Drakesmith and
Prentice, 2012).

Since most of the iron within the host circulates in the blood
bound to hemoglobin within erythrocytes, several mechanisms
are deployed by the host to quickly remove haem and hemoglobin
during haemolysis or dietary haem absorption (Haley and Skaar,
2012). Haptoglobin and haemopexin rapidly bind hemoglobin
and haem released from erythrocytes respectively for iron
recycling and to possible avoid toxicity posed by free haem
(Kumar and Bandyopadhyay, 2005; Hood and Skaar, 2012).
Haemopexin-bound haem is transported to the liver for
recycling and liver parenchymal cells take up the complex
via receptor-mediated endocytosis (Tolosano et al., 2010).
Serum albumin can bind free haem in cases of enhanced
haemolysis, although it remains unclear if albumin can transport
haem to the liver (Tolosano et al., 2010). Some extracellular
and membrane-associated proteins essential in sequestering
iron within the host, especially during microbial infections
and immune response, have also been described (Ganz and
Nemeth, 2015). These include siderocalin [also referred to
lipocalin-2 or neutrophil gelatinase-associated lipocalin (NGAL)]
and the natural resistant-associated macrophage protein 1
(NRAMP1) (Forbes and Gros, 2001; Chakraborty et al., 2012).
Siderocalin is produced mainly by neutrophils, macrophages, and
epithelial cells through cytokine-mediated response, especially
IL-18 (Borregaard and Cowland, 2006). Siderocalin binds to
several kinds of siderophores including bacterial enterobactin
(Escherichia coli, Klebsiella, or Salmonella spp) and mycobactin
(Mycobacterium tuberculosis), thereby subverting the pathogen’s
access to siderophore-complexed iron (Flo et al., 2004; Johnson
and Wessling-Resnick, 2012). On the other hand, NRAMP1 is a
pH dependent phagosomal protein, associated with macrophages
and neutrophils (Vidal et al., 1995, 1996). This protein is a
divalent metal ion transporter that pumps iron out of the
phagolysosome into the macrophage cytoplasm to limit iron-
access to intracellular pathogens (Kuhn et al., 2001).

As the above information reflects, iron homeostasis is tightly
regulated for proper cellular functioning as well as for immune
response. Global iron homeostasis is disturbed during systemic
candidiasis. In a murine model, macrophages were shown to
aggregate around fungal lesions, concomitantly reducing iron
availability for the fungus (Potrykus et al., 2013). In addition,
hepcidin release is increased during candidiasis, inhibiting
release of iron from stores. This in turn leads C. albicans to alter
its iron acquisition strategy as disease progresses. Interestingly,
C. albicans has been shown to increase hepcidin production
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possibly via the signal transducer and activator of transcription
3 (STAT3) pathways, which also plays a role in T helper
cell 17 (Th17) inflammatory responses (Armitage et al., 2011;
Drakesmith and Prentice, 2012). T helper cell 17 (Th17) is critical
in C. albicans host-clearance during inflammatory response
(Hernandez-Santos and Gaffen, 2012). Moreover, the study of
Armitage et al. (2011) demonstrated that C. albicans reduced
transferrin saturation from ~70 to 15% in infected mice although
there was no significant correlation between induced hepcidin
and transferrin saturation (Armitage et al., 2011). C. albicans has
also been shown to utilize transferrin as iron source in vitro as
demonstrated by Knight and co-workers, though transferrin is
generally known to inhibit C. albicans growth (Caroline et al,,
1964; Esterly et al., 1967; Han, 2005; Knight et al., 2005).

IRON ACQUISITION BY CANDIDA
ALBICANS

In order to obtain iron from the host, C. albicans may use either
a high affinity reductive system, a siderophore uptake system or
the hemoglobin-iron uptake system for iron acquisition (Moors
et al,, 1992; Ramanan and Wang, 2000; Lesuisse et al., 2002).
Iron acquisition via the reductive system involves the reduction
of ferric iron to the ferrous form with the subsequent transport
of the reduced ferrous iron into the cell via a ferrous transporter
complex (reviewed in Philpott, 2006). Although C. albicans has
not been reported to use lactoferrin as an iron source, the
reductive system can be used to acquire iron from sources
such as ferritin and transferrin as well as free iron (Knight
et al.,, 2005; Almeida et al., 2008). In C. albicans, two ferric
reductases, Cfll (Frel) (Yamada-Okabe et al., 1996; Hammacott
et al., 2000) and Cfl95 (Frel0, Rbt2) (Knight et al., 2002), have
been characterized. Within the C. albicans genome, there are
as much as 17 ferric reductase-related genes but not all these
genes are likely to be a ferric reductase. A functional ferric
reductase has a ferric reductase domain and a FAD and/or
NAD binding domain. These domains were absent in two of
the reported reductases while another reductase was lacking a
FAD and NAD binding domain (reviewed by Almeida et al,
2009). During iron acquisition, C. albicans ferric reductases Cfl1
and Cf195, localized in the plasma membrane, reduce ferric iron
to a soluble ferrous state (Xu et al., 2014b; Yu et al, 2014).
Due to the spontaneous generation of toxic free radicals by
ferrous iron, a multicopper oxidase enzyme is involved in the
reconversion of the produced ferrous iron to a ferric state; a
reaction known as ferroxidation (reviewed by Kosman, 2003;
Almeida et al., 2009). The oxidation of iron by multicopper
oxidases requires copper, and this is supplied by the intracellular
copper transporter Ccc2 (Weissman et al., 2002). Finally, the iron
permease, Ftrl, forms a complex with the multicopper oxidases
to transport the ferric iron into the cell (Ziegler et al., 2011;
Mamouei et al., 2017). Another mechanism of iron acquisition
in C. albicans is via the low molecular weight ferrichrome as
well as ferrioxamine-type siderophores which chelate iron with
a high affinity (Minnick et al.,, 1991; Ardon et al,, 2001). The
analysis of the C. albicans genome has not revealed a siderophore

synthesis pathway (Lan et al., 2004). In C. albicans, there is only
one siderophore transporter which is the Sit1/Arnl transporter.
Since C. albicans does not directly produce siderophores, it then
takes up xenosiderophores using the Sitl/Arnl transporter or
reductive iron uptake pathway (Ardon et al., 2001; Heymann
et al.,, 2002).

Haemin and hemoglobin, which make up 70% of the
potentially available iron in the host, can also be utilized by
C. albicans through haemolytic activity (Manns et al., 1994).
The uptake of iron from haem proteins does not depend on
the high affinity system, but rather relies on the common in
several fungal extracellular membrane (CFEM) proteins (Kuznets
etal,, 2014). The CFEM domain is characterized by eight cysteine
residues of conserved spacing and commonly found in many
fungi membrane proteins (Kulkarni et al., 2003). In C. albicans,
CFEM proteins namely Rbt5, Pgal0 (Weissman and Kornitzer,
2004; Weissman et al., 2008), Pga7 (Kuznets et al., 2014), and
Csa2 (Nasser et al., 2016) are responsible for haem iron uptake.
Rbt5, a GPI-anchored haem-receptor, works in combination with
Pga7, and possibly the secreted hemophore Csa2, to shuttle haem
across the cell wall to the plasma membrane (Kuznets et al., 2014).
A schematic representation of the iron uptake mechanisms can
be seen in Figure 1.

REGULATION OF IRON ACQUISITION IN
CANDIDA ALBICANS

The duality of C. albicans as both a commensal and pathogen
of humans, exposes it to differences in nutrient availability that
are associated with different environments within the human
body (Blankenship and Mitchell, 2011). This extends to iron
availability. During infection, nutritional immunity, and iron-
binding proteins may make iron largely unattainable, however,
during commensalism in the oral cavity and gastrointestinal
tract, iron may be more freely available. This forces a need on
C. albicans to regulate iron acquisition to circumvent iron toxicity
as well as iron deficiency in environments with different iron
availability (Kronstad, 2013).The robustness of iron acquisition
is tightly linked to the stage of infection, for example, in the
initial stage of infection, gene expression is characterized by a
strong iron acquisition strategy due to limited iron availability,
whereas during the late infection stage, more iron is available
due to extensive tissue damage (Lin C. et al.,, 2014; Xu et al.,
2015). To compensate for changes in iron availability, proteins
involved in iron acquisition are differentially expressed (Sorgo
et al., 2013). For example, the expression of the ferritin receptor,
Als3, increases in the hyphae-associated program, and inhibition
of the hyphal form leads to its diminished expression and
reduced capability of ferritin-binding (Almeida et al., 2009).
During systemic infection with occurrence of C. albicans in the
bloodstream, low iron availability leads to the expression and
nuclear localization of Sefl (Chen et al., 2011). This CyssZn;
transcription factor induces the expression of iron uptake genes,
virulence-associated genes as well as the expression of HAP43,
the subunit of the CCAAT-binding factor with transcriptional
activator function (Baek et al., 2008). Hap43 in turn represses

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

June 2018 | Volume 8 | Article 185


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Fourie et al.

Iron in Candlida albicans Interactions

o Ferrous iron

e o Haem
o ° - @
- _) o A
Low pH .
CFEM ?
n Oxidase Permease <l protein
i Ferric Ftr1 network
Ferritin reductase ‘
Ferii receptor - H lobi
erritin n Als3 < lemoglobin
Endocytosis
° 7 g
+Cu -
¢ C é :a‘
. opper
° transporter Ha?’"
. Cec2 degradation %
Hmx1 ‘
Transferrin @
‘ ; receptor ? o €N
L]
-
Low pH? Iron usage Isz )
Reduction? e O and storage f;?:;:phme
Conformational o Sit1/Am 1
change ?
Transferrin : $
Xenosiderophore
Plasma membrane
e Ferriciron

FIGURE 1 | Schematic of the iron uptake mechanisms of Candida albicans. Iron can be acquired from host iron binding proteins such as hemoglobin (Kuznets et al.,
2014), ferritin (Almeida et al., 2008), and transferrin, as well as from free iron through the action of the reductive iron uptake pathway (Knight et al., 2002, 2005). In
addition, the siderophore uptake system (Sit1/Arn1) functions in iron acquisition from xenosiderophores (Heymann et al., 2002).

Cell wall

iron consuming processes and induces iron uptake genes (Baek
et al, 2008; Singh et al., 2011). Interestingly, the CCAAT-
binding factor also plays a role in the regulation of the oxidative
stress response in C. albicans (Chakravarti et al, 2017). In
addition to this, Hap43 represses the GATA family transcription
factor Sful. This transcription factor prevents toxicity in iron
replete medium through inhibition of Sefl, and indirectly Hap43,
thereby repressing genes involved in iron acquisition (Lan et al.,
2004). This suppression of Sefl by Sful is not only mediated
by transcriptional inhibition, but Sful has also been shown to
physically associate with Sefl and sequester it in the cytoplasm,
where it is unable to perform transcriptional activation of
iron acquisition genes (Chen and Noble, 2012). In addition to
Sful, Sefl is also post-transcriptionally regulated by the protein
kinase Ssn3. Under iron-depleted conditions, Ssn3 forms a
complex with Sefl and activates it via phosphorylation. Also,
Ssn3 promotes the nuclear localization of Sefl, where Sefl can
induce iron-acquisition genes. This information places Sefl as a
promoter of virulence, through its ability to enable C. albicans
to live in the iron-deficient environment of the mammalian
host, as well as placing Sful as a promoter of commensalism
through protecting C. albicans from iron-mediated toxicity in
the iron-replete environment of the gastrointestinal tract (Chen
and Noble, 2012). A summary of the regulation of genes involved
in iron uptake and regulation of iron by Sefl, Sful, and Hap43
is given in Table 1. This information was obtained through
PathoYeastract (Monteiro et al., 2017), a database for regulatory
associations between transcription factors and target genes.
Table 1 includes documented regulatory associations, where, in
the case of iron in C. albicans, it is based on the work of

Chen et al. (2011), Lan et al. (2004), and Singh et al. (2011), as
well as potential regulation based on the presence of putative
DNA-binding sites in the promoter region of genes. In addition
to the aforementioned transcription factors, transcription of iron
acquisition genes such as RBT5 is also inhibited by methylation
during iron-replete conditions (Mishra et al., 2011). Interestingly,
these authors also observed an increased frequency of mutation
in genes that are repressed under iron-replete conditions. A
schematic of C. albicans iron regulation can be seen in Figure 2.

In addition to the regulation of systems for iron uptake
from the extracellular environment, the localization and storage
inside the cell is of considerable importance. Dysregulation
of intracellular iron homeostasis may lead to cell cycle arrest
and autophagy (Dong et al., 2017). Xu et al. (2014a) identified
a pathway that controls intracellular iron levels, including
mobilization from storage compartments such as vacuoles and
mitochondria. This pathway includes the mitochondrial carrier
Mrs4 and the two vacuolar transporters Cccl and Smf3 with
contrasting roles (Cccl promotes vacuolar storage of iron,
whereas Smf3 plays a role in vacuolar export). Importantly, all
three of these genes are targets of regulation by Hap43 (Chen
et al.,, 2011; Singh et al,, 2011; Monteiro et al., 2017), linking
regulation of iron not only to acquisition from external sources
but also intracellular homeostasis.

Interestingly, large scale gene expression and chromatin
remodeling was identified to take place in response to iron (Puri
et al., 2014). The Hogl and Cekl MAPK signaling pathways,
known to play a role in stress responses, as well as in adhesion and
biofilm formation, were activated in response to high iron (Kaba
etal,, 2013; Puri et al., 2014). This may indicate that cells respond
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TABLE 1 | Known regulatory associations between transcription factors and
genes associated with iron uptake or homeostasis obtained from PathoYeastract
(Monteiro et al., 2017).

System ORF Gene name

Ferric orf19.1263 CFL1

reductases orf19.1264 CFL2
orf19.1270 FRE3
orf19.1930 | CFL5
orf19.1932 | CFL4
orf19.6138 | CR_07300W_A
orf19.7077 | C7_00430W_A
orf19.701 CFL11
orf19.3538 | FRE9
orf19.1415 | FRET0
orf19.2312 | C71_11020W_A
orf19.56634 | FRP1
orf19.7112 | FRP2
orf19.1844 | CR_06870C_A
orf19.6139 | FRE7
orf19.867 C2_03530W_A
orf19.4843 | C7_09780C_A

Multicopper orf19.4211 FET31

oxidases orf19.4213 FET3
orf19.943 FET33
orf19.4215 | FET34
orf19.4212 | FET99
orf19.4328 | CCC2

Iron orf19.7219 | FTR1

permeases orf19.7231 FTR2
orf19.4802 | FTH1
orf19.3227 | FTH2

Ferritin uptake orf19.1816 | ALS3

Siderophore orf19.2179 SIT1

uptake

Haemoglobin/ orf19.5636 RBT5

Haem uptake orf19.7114 CSA1
orf19.3117 | CSA2
orf19.56635 | PGA7
orf19.5674 | PGA10
orf19.6073 | HMX1

Regulation orf19.3753 | SEF1
orf19.4869 | SFUT
orf19.681 HAP43

Intracellular orf19.2178 MRS4

iron

homeostasis
orf19.6948 | CCC1
orf19.2069 | SMF3

Dark gray indicates documented regulation whereas light gray indicates potential
regulation.

to iron availability as an indication of their environment, i.e.,
the iron replete gastrointestinal tract where increased adhesion
and resistance to oxidative stress would be beneficial. Indeed,
Pande et al. (2013) showed that passage of C. albicans through the
gastrointestinal tract triggers the epigenetic Gastrointestinally-
indUced Transition (GUT) phenotype, where a decrease in iron
acquisition is seen in response to the iron-replete environment
of the gastrointestinal tract. This serves as evidence that iron
availability leads to a fine-tuned response via transcription factors
for iron acquisition, as well as chromatin level and genome wide
changes where iron availability may act as cues for specific niches
requiring different adaptations.

ROLE OF IRON IN POLYMICROBIAL
INTERACTION OF CANDIDA ALBICANS
AND BACTERIA

The microbiome has the ability to alter physiology of the host,
including metabolism and immunity (Nash et al, 2017). In
addition, members of the microbiome may drastically affect the
growth of co-habitants (Hoffmann et al., 2013). Compared to
bacteria, fungal constituents can be as low as 0.1% of the total
microbiota and may show large diversity (Ghannoum et al., 2010;
Qin et al,, 2010). The microbiome, including the mycobiome,
is largely dependent on the area of the body, and may be
altered during disease (Pragman et al., 2010; Mukherjee et al.,
2014; Gouba and Drancourt, 2015). For example, Candida is
more prevalent among HIV infected subjects. In addition, broad
spectrum antibiotic treatment can increase the colonization of
C. albicans in the gastrointestinal tract and the presence of
this fungus can hamper recovery of microbiota (Erb Downward
et al., 2013). The different niches within the human body may
provide different amounts of available iron due to conditions
at these bodily sites, including oxygen availability and pH.
This includes the low availability of iron during systemic
infection, compared to the more iron replete environments of
the oral cavity and gastrointestinal tract. Conditions of the
gastrointestinal tract, including decreased oxygen availability
and pH, may promote the ferrous iron form which is more
soluble compared to its ferric, oxidized state and thus more
bioavailable (Lambooij et al., 2017). Colonic microbiota may also
influence the valence state of iron by the action of extracellular
reductases (Cowart, 2002). Interestingly, although sufficient iron
may be present in the gastrointestinal tract, more specifically
the colonic lumen, mostly due to excess dietary iron, it may
have limited availability to microbiota. This is due to dietary
molecules such as polyphenol and phytate as well as metabolic
by-products that sequester available iron (reviewed by Kortman
etal, 2014).

Tissue infection may expose the host as well as pathogens to
hypoxia at the site of infection due to decreased tissue perfusion,
microvascular injury, or metabolic activities of pathogens and
inflammatory cells (Nizet and Johnson, 2009; Chung et al., 2012).
In addition, host proteins such as ferritin are unstable at acidic
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pH, therefore, acidification of environments that contain iron-
binding proteins may release protein-bound iron, making it
available for use by microbes such as C. albicans (Almeida et al.,
2008). An example of this is the acidification of an environment
through acid production (such as lactate) by bacteria such as
Staphylococcus aureus, a frequent co-isolate with C. albicans from
patients’ lungs with cystic fibrosis (CF) as well as Streptococci
(Bauernfeind et al., 1987; Friedman et al., 2006; Chotirmall
et al., 2010). This would lead to the formation of the preferred
ferrous state of iron and release of iron from host proteins such
as transferrin. Co-habitation of C. albicans with these bacteria
may enable C. albicans to obtain iron more easily through a
synergistic relationship. Interestingly, an increase in iron and
iron-related proteins is found in the lungs of CF patients (Hunter
2013; Quinn et al, 2014). In addition, the low pH of
the CF lung, in part due to inflammation, may promote the
ferrous form (Tate et al., 2002; Tyrrell and Callaghan, 2016).
The availability of ferrous iron correlates with disease severity on
CF patient lungs (Hunter et al., 2013). This provides a unique
environment for pathogens, as more iron is available, that may
increase the severity of infection. In addition, the lysis of bacterial
or fungal cells may release iron into the environment that can
act as a source for co-inhabitants. This phenomenon has been
reported between co-habitants where Pseudomonas aeruginosa
induces the lysis of S. aureus for iron (Mashburn et al., 2005;
Barnabie and Whiteley, 2015; Nguyen et al., 2015). P. aeruginosa
is another frequent co-isolate of C. albicans in the CF lung

et al.,

and reports indicate an antagonistic interaction between the
fungus and bacterium in vitro. This includes physical killing of
C. albicans by P. aeruginosa as well as inhibition of metabolic
activity and biofilm formation by bacterial cell wall components
and secreted factors, including phenazines and quorum sensing
molecules (Brand et al., 2008; Holcombe et al., 2010; Bandara
et al., 2013). This killing of C. albicans cells may provide co-
inhabitants with iron. In addition, in vitro studies indicate that
siderophore production by P. aeruginosa suppresses growth of
C. albicans through iron sequestration (Purschke et al., 2012;
Trejo-Herndndez et al., 2014). Interestingly, C. albicans has been
shown to repress P. aeruginosa siderophore production in vivo,
indirectly reducing the virulence of the bacterium (Lamont et al.,
2002; Lopez-Medina et al., 2015).

P. aeruginosa has become rather famous for its nutrient
acquisition strategies, including iron. For example, P. aeruginosa
produces phenazines, redox active molecules that can reduce
ferric iron and promote the growth of the bacterium through
increasing iron availability (Wang et al., 2011). Interestingly,
Briard et al. (2015) showed that sub-inhibitory concentrations
of phenazines produced by P. aeruginosa can reduce ferric
iron, making it more bio-available for its CF co-inhabitant A.
fumigatus. However, at higher concentrations the phenazine 1-
hydroxyphenazine may chelate iron. A similar result may be
expected for P. aeruginosa in the presence of other fungi such
as C. albicans (Briard et al, 2015). Although co-inhabitants
of C. albicans may elicit environmental changes to promote
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nutrient acquisition, C. albicans itself is known to rapidly
decrease the oxygen in its environment and even promote the
growth of obligate anaerobic bacteria in oxic environments
(Lambooij et al, 2017). Due to the differences in oxygen
availability in different bodily sites, this may encourage more
pronounced alterations in areas that are normally associated
with available oxygen, such as the lungs and oral cavity
compared to the gastrointestinal tract, which is usually associated
with hypoxia. This is especially interesting since the ferrous
iron form is promoted in the absence of oxygen. Thus,
one can speculate that C. albicans may shift the occurrence
of the ferrous iron form making it more available for co-
inhabitants.

As mentioned above, C. albicans can utilize xenosiderophores
from other co-inhabitants in a process known as “siderophore
piracy” (Holzberg and Artis, 1983; Haas, 2003). The iron from
these siderophores produced by co-inhabitants can be assimilated
via both the reductive iron uptake system as well as the
siderophore transporter Sitl/Arnl (Heymann et al., 2002; Hu
et al., 2002; Lee and Han, 2006). The Sitl/Arnl siderophore
uptake system can take up hydroxamate siderophores such
as those produced by Aspergillus fumigatus, another co-isolate
in CE as well as other fungal-associated ferrichrome-type
siderophores, whereas the reductive iron acquisition system
can acquire iron from ferrioxamines, associated with bacterial
origin (Heymann et al., 2002; Lesuisse et al., 2002). Therefore,
C. albicans appears to possess dedicated uptake systems for
ferrichrome siderophores (via Sitl/Arnl) and ferrioxamine
siderophores (reductive iron uptake—Ftrl dependent), whereas
in S. cerevisiae, this distinction is less pronounced, as Sitl
can facilitate uptake of ferrioxamines as well as ferrichrome-
type siderophores (Heymann et al, 2002). This change in
specificity may be sequence specific, as CaSitl shares only 46%
identity with ScSitl, whereas CaSitl also shares similarity to
other proteins in S. cerevisiae that play roles in siderophore
acquisition, such as Arnl (51%), Arn2 (44%), and Enbl
(32%).

Except for P. aeruginosa, limited information focused on
iron is available for the interaction of C. albicans with
other pathogenic bacteria [i.e., Streptococcus gordonii binds
to the ferritin receptor, Als3, of C. albicans (Liu and Filler,
2011)]. As iron can act as a driving force in population
dynamics and due to its vital role in virulence, it is of
considerable importance to focus research on the role of
iron in polymicrobial infection. In addition, only speculative
information is available in terms of the role of iron in the
interaction of C. albicans with commensal organisms such as
those found in the gastrointestinal tract and the role that
it may play in C. albicans transition into pathogen from a
commensal.

ROLE OF IRON IN TREATMENT OF
CANDIDA ALBICANS INFECTIONS

From the information presented in this review, it is apparent
that dysregulation of iron in both the host and the pathogen

can have consequences on the severity of infection. In the
host, deviation from iron homeostasis, such as iron overload
(haemochromatosis) or iron deprivation, can increase the
host’s susceptibility toward infection (Kumar and Choudhry,
2010). An example of this is the predisposition to fungal
infection of leukemia patients due to disturbances in serum iron
availability (Iglesias-Osma et al., 1995). In addition, iron can
directly promote microbial growth (Cassat and Skaar, 2013),
Zimmermann et al. (2010) reported an increase in enteric
pathogens with iron supplementation. On the other side of
the spectrum, Lu (2016) reported a high prevalence of oral
candidosis for patients suffering from iron deficiency. This
effect may be due to decreased immunity toward infection,
including impaired cellular immunity, antibody response, and
epithelial cell-alterations (Ishida and Johansen, 2014; Lu,
2016).

Iron overload in the host can be due to hereditary or
dietary factors and the main therapy for this is through
the administration of small molecule chelators (Meyer, 2006).
These chelators can alter the development of inflammatory
diseases, have antiviral properties and can also be used in
the treatment of malignancies (Meyer, 2006; Lehmann et al.,
2015). They also have potential as alternative treatment for
multiple drug-resistant infections (Thompson et al., 2012). Iron
overload in mice can hamper the protective Thl response and
ability to clear C. albicans infection (Mencacci et al., 1997;
Ishida and Johansen, 2014). This effect can be rescued through
treatment with the iron chelator deferoxamine. Although
chelators show promise in treatment of some infections,
they can also exacerbate certain types of infections such as
mucormycosis and salmonellosis (Collins et al., 2002; Spellberg
et al., 2005). This is because chelators such as deferoxamine
have bacterial origins as siderophores and can be used by
certain microorganisms, such as Rhizopus spp. in the case of
mucormycosis, and Salmonella typhimurium in the case of
salmonellosis (Perloth et al., 2007). However, newer generations
or synthetic chelators may circumvent this problem. An example
is the hydroxypyridone antimycotic, ciclopirox olamine, used
for topical treatment of mucocutanous mycoses, which has
been shown to exhibit strong antimicrobial properties toward
C. albicans as well as Cryptococcus spp. through chelation of
iron (Niewerth et al., 2003; Lee et al.,, 2005; Oliveira et al.,
2010). Repurposing this drug toward drug-resistant bacterial
species has also proven to be promising (Carlson-Banning
et al,, 2013). Strikingly, in contrast to fluconazole, no resistance
toward the chelator, ciclopirox olamine, has been reported,
indicating the importance of research into treatments that
limit microbial growth through inhibition of micronutrient
acquisition.

Several other strategies to limit iron acquisition by C. albicans
have been investigated. The development of a monoclonal
antibody, denoted C7, proved its potential as a therapeutic
agent by its ability to induce iron starvation in C. albicans,
resulting in strong antifungal properties (Brena et al, 2011).
This effect on C. albicans is through the blocking of the
reductive iron uptake pathway in the yeast. Administration
of the glycoprotein lactoferrin can be a valid prospect for
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C. albicans treatment through not only sequestration of iron,
but also direct toxicity and this led to the development of a
mucoadhesive tablet containing lactoferrin for the treatment of
oropharyngeal candidosis (Kuipers et al., 2002; Bai et al., 2006;
Velliyagounder et al., 2015). Similar to this, administration of
supraphysiological concentrations of transferrin limits microbial
growth and show anti-Candida properties (Han, 2005, 2014a;
Lin L. et al, 2014). Large iron chelator molecules such
as transferrin and lactoferrin have reduced toxicity to the
host compared to small molecule chelators. Interestingly,
deletion of the C. albicans MNN5 gene, encoding for a
a-1,2-mannolsyltransferase, further increases susceptibility to
lactoferrin possibly through the alteration of cell surface proteins
that increase the toxicity of lactoferrin to C. albicans (Bai et al.,
2006).

Research also suggests that using iron chelators as adjuncts
during antifungal therapy may be beneficial, as iron deprivation
can alter membrane fluidity and permeability, leading to
increased susceptibility to antifungal agents (Prasad et al,
2006). The calcineurin pathway, involved in stress response
in fungi, is supressed during iron deprivation, which
leads to hypersensitivity to stresses, including membrane
disturbances, such as those caused by antifungal drugs that
target cell membrane homeostasis (Hameed et al, 2011).
The hypersusceptibility to membrane perturbations as a
result of iron starvation has previously also been reported
for the bacterial pathogen Mycobacterium tuberculosis (Pal
et al, 2015). Interestingly, iron deprivation in C. albicans
can affect cell surface composition and daughter cells from
iron-limited biofilms are more susceptible to amphotericin B
than parent cells (Baillie and Doulgas, 1998). The tetracycline
antibiotic, doxycycline, has been shown to also drastically
increase the susceptibility of C. albicans to fluconazole, due
to the ability of doxycycline to chelate iron and cause iron
starvation in C. albicans (Fiori and Van Dijck, 2012). In
addition, combination therapy of antifungal agents with
lactoferrin also elicits a synergistic effect (Kuipers et al,
1999).

REFERENCES

Aisen, P., and Brown, E. B. (1977). The iron-binding function of transferrin in iron
metabolism. Semin. Hematol. 14, 31-53.

Aisen, P., Enns, C., and Wessling-Resnick, M. (2001). Chemistry and biology
of eukaryotic iron metabolism. Int. J. Biochem. Cell Biol. 33, 940-959.
doi: 10.1016/S1357-2725(01)00063-2

Almeida, R. S., Brunke, S., Albrecht, A., Thewes, S., Laue, M., Edwards, J. E. Jr.,
et al. (2008). The hyphal-associated adhesion and invasion Als3 of Candida
albicans mediates iron acquisition from host ferritin. PLoS Pathog. 4:¢1000217.
doi: 10.1371/journal.ppat.1000217

Almeida, R. S., Wilson, D., and Hube, B. (2009). Candida albicans
iron acquisition within the host. FEMS Yeast Res. 9, 1000-1012.
doi: 10.1111/.1567-1364.2009.00570.x

Anderson, G. J., and Vulpe, C. D. (2009). Mammalian iron transport. Cell. Mol.
Life Sci. 66, 3241-3261. doi: 10.1007/s00018-009-0051-1

Andrews, N. C. (1999). Disorders of iron metabolism. N. Engl. ]. Med. 341,
1986-1995. doi: 10.1056/NEJM199912233412607

CONCLUSIONS

Iron is an absolute requirement for most biological systems. The
information discussed above describes the complex regulatory
circuits for iron acquisition and homeostasis of both host and
C. albicans. Considering the importance of iron in C. albicans
growth and virulence, it can be expected that iron may play
a significant role in the interaction of C. albicans with both
commensal and pathogenic microorganisms in different niches
within the human body. However, there is little information
available regarding the role of iron during the interaction of
C. albicans with co-inhabitants. Nutrient availability may alter
population dynamics; therefore, iron availability and competition
may affect disease outcome as well as C. albicans transition
from commensalism to pathogenesis. Medical manipulation of
iron availability in fighting infections, such as those caused by
C. albicans, may prove to be a valuable addition to existing
therapies. Given the frequent co-infection of C. albicans with
other pathogens, as in the case of CF, manipulation of iron
availability may also show potential in the treatment of these
polymicrobial infections, however, further research is required.

AUTHOR CONTRIBUTIONS

RE, OK, and BM compiled the information, co-wrote the
manuscript and approved the final version submitted. JA
provided scholarly input in placing the literature into context,
edited the manuscript and approved the final version submitted.
CP provided scholarly input in placing the literature into
context, co-wrote the manuscript and approved the final version
submitted.

FUNDING

The financial assistance of the National Research Foundation
(NRF) toward this research is hereby acknowledged. Opinions
expressed and conclusions arrived at, are those of the author and
are not necessarily to be attributed to the NRF.

Archibald, F. (1983). Lactobacillus plantarum, an organism not requiring iron.
FEMS Microbiol. Lett. 19, 29-32. doi: 10.1111/j.1574-6968.1983.tb00504.x

Ardon, O., Bussey, H., Philpott, C., Ward, D. M., Davis-kaplan, S., Verroneau, S.,
et al. (2001). Identification of a Candida albicans ferrichrome transporter and
tts characterization by expression in Saccharomyces cerevisiae. J. Biol. Chem.
276, 43049-43055. doi: 10.1074/jbc.M108701200

Armitage, A. E., Eddowes, L. A., Gileadi, U., Cole, S., Spottiswoode, N.,
Selkuvakumar, T. A. et al. (2011). Hepcidin regulation by innate immune and
infectious stimuli. Blood 118, 4129-4140. doi: 10.1182/blood-2011-04-351957

Ascenzi, P., Bocedi, A., Visca, P., Altruda, F., Tolosano, E., Beringhelli, T.,
et al. (2005). Hemoglobin and heme scavenging. IUBMB Life 57, 749-759.
doi: 10.1080/15216540500380871

Baek, Y. U, Li, M., and Davis, D. A. (2008). Candida albicans ferric reductases
are differentially regulated in response to distinct forms of iron limitation
by the Rim101 and CBF transcription factors. Eukaryotic Cell 7, 1168-1179.
doi: 10.1128/EC.00108-08

Bai, C., Xu, X.-L.,, Chan, F.-Y,, Lee, R. T. H., and Wang, Y. (2006). MNN5
encondes an iron-regulated o-1,2-mannosyltransferase important for protein

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

June 2018 | Volume 8 | Article 185


https://doi.org/10.1016/S1357-2725(01)00063-2
https://doi.org/10.1371/journal.ppat.1000217
https://doi.org/10.1111/j.1567-1364.2009.00570.x
https://doi.org/10.1007/s00018-009-0051-1
https://doi.org/10.1056/NEJM199912233412607
https://doi.org/10.1111/j.1574-6968.1983.tb00504.x
https://doi.org/10.1074/jbc.M108701200
https://doi.org/10.1182/blood-2011-04-351957
https://doi.org/10.1080/15216540500380871
https://doi.org/10.1128/EC.00108-08
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Fourie et al.

Iron in Candlida albicans Interactions

glycosylation, cell wall integrity, morphogenesis, and virulence in Candida
albicans. Eukaryotic Cell 5, 238-247. doi: 10.1128/EC.5.2.238-247.2006

Baillie, G. S., and Doulgas, L. J. (1998). Iron-limited biofilms of Candida albicans
and their susceptibility to amphotericin B. Antimicrob. Agents Chemother. 42,
2146-2149.

Bali, P. K, and Aisen, P. (1992). Receptor-induced switch in site-site
cooperativity during iron release by transferrin. Biochemistry 31, 3963-3967.
doi: 10.1021/bi00131a011

Bandara, H. M., K Cheung, B. P., Watt, R. M,, Jin, L. J., and Samaranayake, L. P.
(2013). Pseudomonas aeruginosa lipopolysaccharide inhibits Candida albicans
hyphae formation and alters gene expression during biofilm development. Mol.
Oral Microbiol. 28, 54-69. doi: 10.1111/0mi.12006

Barber, M., and Elde, N. (2015). Buried treasure: evolutionary perspectives on
microbial iron piracy. Trends Genet. 31, 627-636. doi: 10.1016/j.tig.2015.09.001

Barnabie, P. M., and Whiteley, M. (2015). Iron-mediated control of Pseudomonas
aeruginosa-Staphylococcus aureus interactions in the cystic fibrosis lung. J.
Bacteriol. 197, 2250-2251. doi: 10.1128/JB.00303-15

Bauernfeind, A., Bertele, R. M., Harms, K., Horl, G., Jungwirth, R., Petermiiller,
C. et al. (1987). Qualitative and quantitative microbiological analysis
of sputa of 102 patients with cystic fibrosis. Infection 15, 270-277.
doi: 10.1007/BF01644137

Beinert, H., Holm, R., and Munck, E. (1997).
natures modular, multipurpose structures. Science
doi: 10.1126/science.277.5326.653

Blankenship, J. R., and Mitchell, A. P. (2011). Candida albicans adds
more weight to iron regulation. Cell Host Microbe 10, 93-94.
doi: 10.1016/j.chom.2011.08.001

Borregaard, N., and Cowland, J. B. (2006). Neutrophil gelatinase-associated
lipocalin, a siderophore-binding eukaryotic protein. Biometals 19, 211-215.
doi: 10.1007/s10534-005-3251-7

Brand, A., Barnes, J. D., Mackenzie, K. S., Odds, F. C., and Gow, N. A. R. (2008).
Cell wall glycans and soluble factors determine the interactions between the
hyphae of Candida albicans and Pseudomonas aeruginosa. FEMS Microbiol.
Lett. 287, 48-55. doi: 10.1111/j.1574-6968.2008.01301.x

Brena, S., Cabezas-Olcoz, J., Moragues, M. D., de Larrinoa, I. F., Dominguez,
A., Quindés, G., et al. (2011). Fungicidal monoclonal antibody C7 interferes
with iron acquisition in Candida albicans. Antimicrob. Agents Chemother. 55,
3156-3163. doi: 10.1128/AAC.00892-10

Briard, B., Bomme, P., Lechner, B. E., Mislin, G. L. A., Lair, V., Prévost, M. C. et al.
(2015). Pseudomonas aeruginosa manipulates redox and iron homeostasis of
its microbiota partner Aspergillus fumigatus via phenazines. Sci. Rep. 5:8220.
doi: 10.1038/srep08220

Brown, G. D., Denning, D. W., Gow, N. A. R,, Levitz, S. M., Netea, M. G., and
White, T. C. (2012). Hidden killers: human fungal infections. Sci. Transl. Med.
4,165rv13. doi: 10.1126/science.1222236

Byrd, T. F., and Horwitz, M. A. (1993). Regulation of transferrin receptor
expression and ferritin content in human mononuclear phagocytes. J. Clin.
Invest. 91, 969-976. doi: 10.1172/JCI116318

Carlson-Banning, K. M., Chou, A, Liu, Z., Hamill, R. ], Song, Y., and Zechiedrich,
L. (2013). Toward repurposing ciclopirox as an antibiotic against drug-resistant
Acinetobacter baumannii, Escherichia coli, and Klebsiella pneumoniae. PLoS
ONE 8:¢69646. doi: 10.1371/journal.pone.0069646

Caroline, L., Taschdjian, C. L., Kozinn, P. J., and Schade, A. L. (1964). Reversal
of serum fungistasis by addition of iron. J. Investig. Dermatol. 42, 415-419.
doi: 10.1038/jid.1964.90

Cassat, J. E., and Skaar, E. P. (2013). Iron in infection and immunity. Cell Host
Microbe 13, 509-519. doi: 10.1016/j.chom.2013.04.010

Caza, M., and Kronstad, J. (2013). Shared and distinct mechanisms of iron
acquisition by bacterial and fungal pathogens of humans. Front. Cell. Infect.
Microbiol. 3:80. doi: 10.3389/fcimb.2013.00080

Chakraborty, S., Kaur, S., Guha, S., and Batra, S. K. (2012). The multifaceted roles of
neutrophil gelatinase associated lipocalin (NGAL) in inflammation and cancer.
Biochim. Biophys. Acta 1826, 129-169. doi: 10.1016/j.bbcan.2012.03.008

Chakravarti, A., Camp, K., McNabb, D. S., and Pinto, I. (2017). The iron-
dependent regulation of the Candida albicans oxidative stress response by the
CCAAT-binding factor. PLoS ONE 12:e0170649. doi: 10.1371/journal.pone.01
70649

clusters:
653-659.

Iron-sulfur
277,

Chen, C., and Noble, S. M. (2012). Post-transcriptional regulation of the
Sefl transcription factor controls the virulence of Candida albicans in its
mammalian host. PLoS Pathog. 8:€1002956. doi: 10.1371/journal.ppat.1002956

Chen, C., Pande, K., French, S. D., Tuch, B. B., and Noble, S. M. (2011).
An iron homeostasis regulatory circuit with reciprocal roles in Candida
albicans commensalism and pathogenesis. Cell Host Microbe 10, 118-135.
doi: 10.1016/j.chom.2011.07.005

Chotirmall, S. H., Greene, C. M., and McElvaney, N. G. (2010). Candida
species in cystic fibrosis: a road less travelled. Med. Mycol. 48, 5114-5124.
doi: 10.3109/13693786.2010.503320

Chung, D., Haas, H., and Cramer, R. A. (2012). Coordination of hypoxia
adaptation and iron homeostasis in human pathogenic fungi. Front. Microbiol.
3:381. doi: 10.3389/fmicb.2012.00381

Colas, C., and Ortiz De Montellano, P. R. (2003). Autocatalytic radical reactions
in physiological prosthetic heme modification. Chem. Rev. 103, 2305-2332.
doi: 10.1021/cr0204303

Collins, H. L., Kaufmann, S. H. E., and Schaibe, U. E. (2002). Iron chelation
via deferoxamine exacerbates experimental salmonellosis via inhibition if the
nicotinamide adenine dinucleotide phosphate oxidase-dependent respiratory
burst. J. Immunol. 168, 3458-3463. doi: 10.4049/jimmunol.168.7.3458

Cowart, R. E. (2002). Reduction of iron by extracellular iron reductases:
implications for microbial iron acquisition. Arch. Biochem. Biophys. 400,
273-281. doi: 10.1016/S0003-9861(02)00012-7

Crichton, R. R., and Pierre, J. L. (2001). Old iron, young copper: from Mars to
Venus. Biometals 14, 99-112. doi: 10.1023/A:1016710810701

Dong, Y., Zhang, D., Yu, Q., Zhao, Q., Xiao, C., Zhang, K., et al. (2017). Loss
of Ssql leads to mitochondrial dysfunction, activation of autophagy and cell
cycle arrest due to iron overload triggered by mitochondrial iron-sulfur cluster
assembly defects in Candida albicans. Int. ]J. Biochem. Cell Biol. 85, 44-55.
doi: 10.1016/j.biocel.2017.01.021

Drakesmith, H., and Prentice., A. M. (2012). Hepcidin and the iron-infection axis.
Science 338, 768-772. doi: 10.1126/science.1224577

Duhutrel, P., Bordat, C., Wu, T. D., Zagorec, M., Guerquin-Kern, J. L., and
Champomier-Verges, M. C. (2010). Iron sources used by the nonpathogenic
lactic acid bacterium Lactobacillus sakei as revealed by electron energy loss
spectroscopy and secondary-ion mass spectrometry. Appl. Environ. Microbiol.
76, 560-565. doi: 10.1128/ AEM.02205-09

Eck, R, Hundt, S., Hartl, A., Roemer, E., and Kunkel, W. (1999). A multicopper
oxidase gene from Candida albicans: cloning, characterization and disruption.
Microbiology 145, 2415-2422. doi: 10.1099/00221287-145-9-2415

Erb Downward, J. R., Falkowski, N. R., Mason, K. L., Muraglia, R., and Huffnagle,
G. B. (2013). Modulation of post-antibiotic bacterial community reassembly
and host response by Candida albicans. Sci. Rep. 3:2191. doi: 10.1038/srep02191

Esterly, N. B., Brammer, S. M., and Grouse, R. G. (1967). The relationship
of transferrin and iron to serum inhibition of Candida albicans. J. Investig.
Dermatol. 49, 437-442. doi: 10.1038/jid.1967.162

Finberg, K. E. (2013). Regulation of systemic iron homeostasis. Curr. Opin.
Hematol. 20, 208-214. doi: 10.1097/MOH.0b013e32835{5a47

Fiori, A., and Van Dijck, P. (2012). Potent synergistic effect of doxycycline
with fluconazole against Candida albicans is mediated by interference
with iron homeostasis. Antimicrob. Agents Chemother. 56, 3785-3796.
doi: 10.1128/AAC.06017-11

Flo, T. H., Smith, T. N, Sato, S., Rodriguez, D. J., Holmes, M. S., Akira, S., et al.
(2004). Lipocalin 2 mediates an innate immune response to bacterial infection
by sequestering iron. Nature 232, 917-921. doi: 10.1038/nature03104

Forbes, J. R., and Gros, P. (2001). Divalent-metal transport by NRAMP proteins
at the interphase of host-pathogen interactions. Trends Microbiol. 9, 397-403.
doi: 10.1016/S0966-842X(01)02098-4

Frey, P. A., and Reed, G. H. (2012). The ubiquity of iron. ACS Chem. Biol. 7,
1477-1481. doi: 10.1021/cb300323q

Friedman, D. B, Stauff, D. L., Pishchany, G., Whitewell, C. W., Torres, V. J.,
and Skaar, E. P. (2006). Staphylococcus aureus redirects central metabolism to
increase iron availability. PLoS Pathog. 2:¢87. doi: 10.1371/journal.ppat.0020087

Ganz, T. (2003). Hepcidin, a key regulator of iron metabolism and mediator of
anemia of inflammation. Blood 102, 783-788. doi: 10.1182/blood-2003-03-0672

Ganz, T., and Nemeth, E. (2012). Hepcidin and homeostasis. Biochim. Biophys.
Acta 1823, 1434-1443. doi: 10.1016/j.bbamcr.2012.01.014

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

10

June 2018 | Volume 8 | Article 185


https://doi.org/10.1128/EC.5.2.238-247.2006
https://doi.org/10.1021/bi00131a011
https://doi.org/10.1111/omi.12006
https://doi.org/10.1016/j.tig.2015.09.001
https://doi.org/10.1128/JB.00303-15
https://doi.org/10.1007/BF01644137
https://doi.org/10.1126/science.277.5326.653
https://doi.org/10.1016/j.chom.2011.08.001
https://doi.org/10.1007/s10534-005-3251-7
https://doi.org/10.1111/j.1574-6968.2008.01301.x
https://doi.org/10.1128/AAC.00892-10
https://doi.org/10.1038/srep08220
https://doi.org/10.1126/science.1222236
https://doi.org/10.1172/JCI116318
https://doi.org/10.1371/journal.pone.0069646
https://doi.org/10.1038/jid.1964.90
https://doi.org/10.1016/j.chom.2013.04.010
https://doi.org/10.3389/fcimb.2013.00080
https://doi.org/10.1016/j.bbcan.2012.03.008
https://doi.org/10.1371/journal.pone.0170649
https://doi.org/10.1371/journal.ppat.1002956
https://doi.org/10.1016/j.chom.2011.07.005
https://doi.org/10.3109/13693786.2010.503320
https://doi.org/10.3389/fmicb.2012.00381
https://doi.org/10.1021/cr0204303
https://doi.org/10.4049/jimmunol.168.7.3458
https://doi.org/10.1016/S0003-9861(02)00012-7
https://doi.org/10.1023/A:1016710810701
https://doi.org/10.1016/j.biocel.2017.01.021
https://doi.org/10.1126/science.1224577
https://doi.org/10.1128/AEM.02205-09
https://doi.org/10.1099/00221287-145-9-2415
https://doi.org/10.1038/srep02191
https://doi.org/10.1038/jid.1967.162
https://doi.org/10.1097/MOH.0b013e32835f5a47
https://doi.org/10.1128/AAC.06017-11
https://doi.org/10.1038/nature03104
https://doi.org/10.1016/S0966-842X(01)02098-4
https://doi.org/10.1021/cb300323q
https://doi.org/10.1371/journal.ppat.0020087
https://doi.org/10.1182/blood-2003-03-0672
https://doi.org/10.1016/j.bbamcr.2012.01.014
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Fourie et al.

Iron in Candlida albicans Interactions

Ganz, T., and Nemeth, E. (2015). Iron homeostasis in the host defence and
inflammation. Nat. Rev. Immunol. 15, 500-510. doi: 10.1038/nri3863

Ghannoum, M. A., Jurevic, R. J.,, Mukherjee, P. K, Cui, F., Sikaroodi,
M., Naqvi, A, et al. (2010). Characterization of the oral fungal
microbiome (mycobiome) in healthy individuals. PLoS Pathog. 6:¢1000713.
doi: 10.1371/journal.ppat.1000713

Gouba, N., and Drancourt, M. (2015). Digestive tract mycobiota: a source of
infection. Med. Mal. Infect. 45, 9-16. doi: 10.1016/j.medmal.2015.01.007

Haas, H. (2003). Molecular genetics of fungal siderophore biosynthesis and uptake:
the role of siderophores in iron uptake and storage. Appl. Microbiol. Biot. 62,
316-330. doi: 10.1007/s00253-003-1335-2

Haley, P. H., and Skaar, E. P. (2012). A battle for iron: host sequestration
and Staphylococcus aureus acquisition. Microbes Infect. 14, 217-227.
doi: 10.1016/j.micinf.2011.11.001

Hameed, S., Dhamgaye, S., Singh, A., Goswami, S. K., and Prasad, R. (2011).
Calcineurin signaling and membrane lipid homeostasis regulates iron mediated
multidrug resistance mechanisms in Candida albicans. PLoS ONE 6:¢18684.
doi: 10.1371/journal.pone.0018684

Hammacott, J. E., Williams, P. H.,, and Cashmore, A. M. (2000). Candida
albicans CFLI encodes a functional ferric reductase activity that can
rescue a Saccharomyces cerevisiae frel mutant. Microbiology 146, 869-876.
doi: 10.1099/00221287-146-4-869

Han, Y. (2005). Utilization of ferroproteins by Candida albicans during

candidastasis by apotransferrin. Arch. Pharm. Res. 28, 963-969.
doi: 10.1007/BF02973884
Han, Y. (2014a). The identification of surface interaction of

apostransferrin with Candida albicans. Arch. Pharm. Res. 37, 1301-1307.
doi: 10.1007/s12272-013-0301-5

Han, Y. (2014b). Apotransferrin has a second mechanism for anticandidal
activity through binding of Candida albicans. Arch. Pharm. Res. 37, 270-275.
doi: 10.1007/s12272-013-0263-7

Hernandez-Santos, N., and Gaffen, S. L. (2012). Th17 cells in immunity to Candida
albicans. Cell Host Microbe 11, 425-435. doi: 10.1016/j.chom.2012.04.008

Heymann, P., Gerards, M., Schaller, M., Dromer, F., Winkelmann, G., and Ernst, J.
F. (2002). The siderophore iron transporter of Candida albicans (Sit1p/Arnlp)
mediates uptake of ferrichrome-type siderophores and is required for epithelial
invasion. Infect. Immun. 70, 5246-5255. doi: 10.1128/IA1.70.9.5246-5255.2002

Hoffmann, C., Dollive, S., Grunberg, S., Chen, J., Li, H., Wu, G. D,, et al. (2013).
Archaea and fungi of the human gut microbiome: correlations with diet and
bacterial residents. PLoS ONE 8:¢66019. doi: 10.1371/journal.pone.0066019

Holcombe, L. J., McAlester, G., Munro, C. A., Enjalbert, B., Brown, A. J.
P., Gow, N. A. R, et al. (2010). Pseudomonas aeruginosa secreted factors
impair biofilm development in Candida albicans. Microbiology 156, 1476-1486.
doi: 10.1099/mic.0.037549-0

Holzberg, M., and Artis, W. M. (1983). Hydroxymate siderophore production by
opportunistic and systemic fungal pathogens. Infect. Immun. 40, 1134-1139.

Hood, M. I, and Skaar, E. P. (2012). Nutritional immunity: transition
metals at the pathogen-host interphase. Nat. Rev. Microbiol. 10, 525-537.
doi: 10.1038/nrmicro2836

Hu, C. J, Bai, C, Zheng, X. D, Wang, Y. M., and Wang, Y. (2002).
Characterization and functional analysis of the siderophore-iron
transporter CaArnlp in Candida albicans. ]. Biol. Chem. 277, 30598-30605.
doi: 10.1074/jbc.M204545200

Hunter, R. C., Asfour, F., Dingemans, J., Osuna, B. L., Samad, T., Malfroot, A., et al.
(2013). Ferrous iron is a significant component if bioavailable iron in cystic
fibrosis airways. MBio 4, €00557-e00513. doi: 10.1128/mBi0.00557-13

Iglesias-Osma, C., Gonzalez-Villaron, L., San Miguel, J. F., Caballero, M. D.,
Vazquez, L., and de Castro, S. (1995). Iron metabolism and fungal infections
in patients with haematological malignancies. J. Clin. Pathol. 48, 223-225.
doi: 10.1136/jcp.48.3.223

Ilbert, M., and Bonnefoy, V. (2013). Insight into the evolution of the
iron oxidation pathways. Biochim. Biophys. Acta 1827, 161-175.
doi: 10.1016/j.bbabio.2012.10.001

Ishida, J. H., and Johansen, K. L. (2014). Iron and infection in hemodialysis
patients. Semin. Dial. 27, 26-36. doi: 10.1111/sdi.12168

Johnson, E. E., and Wessling-Resnick, M. (2012). Iron metabolism and
the innate immune response to infection. Microbes Infect. 14, 207-216.
doi: 10.1016/j.micinf.2011.10.001

Kaba, H. E. J., Nimtz, M., Miiller, P. P., and Bilitewski, U. (2013). Involvement
of the mitogen activated protein kinase Hoglp in the response of Candida
albicans to iron availability. BMC Microbiol. 13:16. doi: 10.1186/1471-
2180-13-16

Kim, A., Fung, E. Parikh, S. G., Valore, E. V., Nemeth, E, and Ganz,
T. (2014). complex
pathogenesis with partial dependence on hepcidin. Blood 123, 1129-1137.
doi: 10.1182/blood-2013-08-521419

Knight, S. A. B, Lesuisse, E., Stearman, R., Klausner, R. D., and Dancis, A. (2002).
Reductive iron uptake by Candida albicans: role of copper, iron and the TUP1
regulator. Microbiology 148, 29-40. doi: 10.1099/00221287-148-1-29

Knight, S. A. B., Vilaire, G., Lesuisse, E., and Dancis, A. (2005). Iron acquisition
from transferrin by Candida albicans depends on the reductive pathway. Infect.
Immun. 73, 5482-5492. doi: 10.1128/IA1.73.9.5482-5492.2005

Kortman, G. A. M., Raffatellu, M., Swinkels, D. W., and Tjalsma, H.
(2014).
a gut microbial perspective.
doi: 10.1111/1574-6976.12086

Kosman, D. J. (2003). Molecular mechanisms of iron uptake in fungi. Mol.
Microbiol. 47, 1185-1197. doi: 10.1046/j.1365-2958.2003.03368.x

Kronstad, J. W. (2013). Iron in eukaryotic microbes: regulation, trafficking and
theft. Curr. Opin. Microbiol. 16, 659-661. doi: 10.1016/j.mib.2013.08.009

Kuhn, D. Lafuse, W., and Zwilling, B. (2001). Iron transport
mycobacterium avium-containing phagosomes from an Nrampl(Gly169)-
transfected RAW264.7 macrophage cell line. J. Leukoc. Biol. 69, 43-49.
doi: 10.1189/j1b.69.1.43

Kuipers, M. E., de Vries, H. G., Eikelboom, M. C., Meijer, D. K. F., and
Swart, P. J. (1999). Synergistic fungistatic effects of lactoferrin in combination
with antifungal drugs against clinical Candida isolates. Antimicrob. Agents
Chemother. 43, 2635-2641.

Kuipers, M. E., Heegsma, J., Bakker, H. I., Meijer, D. K. F., Swart, P. J., Frijlink, E.
W., et al. (2002). Design and fungicidal activity of mucoadhesive lactoferrin
tablets for the treatment of oropharyngeal candidosis. Drug Deliv. 9, 31-38.
doi: 10.1080/107175402753413154

Kulkarni, R. D., Kelkar, H. S., and Dean, R. A. (2003). An eight cysteine-containing
CFEM domain unique to a group of fungal membrane proteins. Trends
Biochem. Sci. 28, 118-121. doi: 10.1016/S0968-0004(03)00025-2

Kumar, S., and Bandyopadhyay, U. (2005). Free heme toxicity and its detoxification
systems in human. Toxicol. Lett. 157, 175-188. doi: 10.1016/j.toxlet.2005.
03.004

Kumar, V., and Choudhry, V. P. (2010). Iron deficiency and infection. Indian J.
Pediatr. 77, 789-793. doi: 10.1007/s12098-010-0120-3

Kuznets, G., Vigonsky, E., Weissman, Z., Lalli, D., Gildor, T., Kauffman, S. J.,
et al. (2014). A relay network of extracellular heme-binding proteins drives
C. albicans iron acquisition from hemoglobin. PLoS Pathog. 10:e1004407.
doi: 10.1371/journal.ppat.1004407

Lambert, L. A. (2012). Molecular evolution of the transferrin family
and associated receptors. Biochim. Biophys. Acta 1820, 244-255.
doi: 10.1016/j.bbagen.2011.06.002

Lambooij, J. M., Hoogenkamp, M. A., Brandt, B. W., Janus, M. M., and Krom, B. P.
(2017). Fungal mitochondrial oxygen consumption induces the growth of strict
anaerobic bacteria. Fungal Genet. Biol. 109, 1-6. doi: 10.1016/j.fgh.2017.10.001

Lamont, I. L., Beare, P. A, Ochsner, U, Vasol, A. I, and Vasil, M. L.
(2002). Siderophore-mediated signalling regulates virulence factor production
in Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. U.S.A. 99, 7072-7077.
doi: 10.1073/pnas.092016999

Lan, C. Y., Rodante, G., Murillo, L. A,, Jones, T., Davis, R. W., Dungal, J., et al.
(2004). Regulatory networks affected by iron availability in Candida albicans.
Mol. Microbiol. 53, 1451-1469. doi: 10.1111/j.1365-2958.2004.04214.x

Lee, J. H, and Han, Y. (2006). Candida albicans can utilize siderophore
during candidastasis caused by apotransferrin. Arch. Pharm. Res. 29, 249-255.
doi: 10.1007/BF02969401

Lee, R. E. B,, Liu, T. T., Barker, K. S., Lee, R. E., and Rogers, P. D. (2005). Genome-
wide expression profiling of the response to ciclopirox olamine in Candida
albicans. J. Antimicrob. Chemother. 55, 655-662. doi: 10.1093/jac/dkil05

Lehmann, C., Islam, S., Jarosch, S., Zhou, J., Hoskin, D., Greenshields, A., et al.
(2015). The utility of iron chelators in the management of inflammatory
disorders. Mediat. Inflamm. 2015:516740. doi: 10.1155/2015/516740

A mouse model of anemia of inflammation:

stress  from
1202-1234.

intestinal
Rev. 38,

turned inside out:
FEMS Microbiol.

Nutritional iron

into

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

11

June 2018 | Volume 8 | Article 185


https://doi.org/10.1038/nri3863
https://doi.org/10.1371/journal.ppat.1000713
https://doi.org/10.1016/j.medmal.2015.01.007
https://doi.org/10.1007/s00253-003-1335-2
https://doi.org/10.1016/j.micinf.2011.11.001
https://doi.org/10.1371/journal.pone.0018684
https://doi.org/10.1099/00221287-146-4-869
https://doi.org/10.1007/BF02973884
https://doi.org/10.1007/s12272-013-0301-5
https://doi.org/10.1007/s12272-013-0263-7
https://doi.org/10.1016/j.chom.2012.04.008
https://doi.org/10.1128/IAI.70.9.5246-5255.2002
https://doi.org/10.1371/journal.pone.0066019
https://doi.org/10.1099/mic.0.037549-0
https://doi.org/10.1038/nrmicro2836
https://doi.org/10.1074/jbc.M204545200
https://doi.org/10.1128/mBio.00557-13
https://doi.org/10.1136/jcp.48.3.223
https://doi.org/10.1016/j.bbabio.2012.10.001
https://doi.org/10.1111/sdi.12168
https://doi.org/10.1016/j.micinf.2011.10.001
https://doi.org/10.1186/1471-2180-13-16
https://doi.org/10.1182/blood-2013-08-521419
https://doi.org/10.1099/00221287-148-1-29
https://doi.org/10.1128/IAI.73.9.5482-5492.2005
https://doi.org/10.1111/1574-6976.12086
https://doi.org/10.1046/j.1365-2958.2003.03368.x
https://doi.org/10.1016/j.mib.2013.08.009
https://doi.org/10.1189/jlb.69.1.43
https://doi.org/10.1080/107175402753413154
https://doi.org/10.1016/S0968-0004(03)00025-2
https://doi.org/10.1016/j.toxlet.2005.03.004
https://doi.org/10.1007/s12098-010-0120-3
https://doi.org/10.1371/journal.ppat.1004407
https://doi.org/10.1016/j.bbagen.2011.06.002
https://doi.org/10.1016/j.fgb.2017.10.001
https://doi.org/10.1073/pnas.092016999
https://doi.org/10.1111/j.1365-2958.2004.04214.x
https://doi.org/10.1007/BF02969401
https://doi.org/10.1093/jac/dki105
https://doi.org/10.1155/2015/516740
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Fourie et al.

Iron in Candlida albicans Interactions

Lesuisse, E., Knight, S. A. B., Camadro, J. M., and Dancis, A. (2002). Siderophore
uptake by Candida albicans: effect of serum treatment and comparison with
Saccharomyces cerevisiae. Yeast 19, 329-340. doi: 10.1002/yea.840

Lill, R. (2009). Function and biogenesis of iron-sulphur proteins. Nature 460,
831-838. doi: 10.1038/nature08301

Lin, C, Lin, C. N,, Wang, Y. C,, Liu, F. Y., Chien, Y. W., Chuan, Y. ], et al. (2014).
Robustness analysis on interspecies interaction network for iron and glucose
competition between Candida albicans and zebrafish during infection. BMC
Syst. Biol. 8:56. doi: 10.1186/1752-0509-8-S5-S6

Lin, L., Pantapalangkoor, P., Tan, B., Bruhn, K. W., Ho, T., Nielsen, T., et al. (2014).
Transferrin iron starvation therapy for lethal bacterial and fungal infections. J.
Infect. Dis. 210, 254-264. doi: 10.1093/infdis/jiu049

Liu, Y., and Filler, S. G. (2011). Candida albicans Als3, a multifunctional adhesin
and invasin. Eukaryotic. Cell 10, 168-173. doi: 10.1128/EC.00279-10

Lopez-Medina, E., Fan, D., Coughlin, L. A., Ho, E. X,, Lamont, I. L., Reimann,
C., et al. (2015). Candida albicans inhibitis Pseudomonas aeruginosa virulence
through suppression of pyochelin and pyoverdine biosynthesis. PLoS Pathog.
11:1005129. doi: 10.1371/journal.ppat.1005129

Lu, S. Y. (2016). Perception of iron deficiency from oral mucosa alterations that
show a high prevalence of Candida infection. J. Formos. Med. Assoc. 115,
619-627. doi: 10.1016/j.jfma.2016.03.011

Ludwiczek, S., Aigner, E., Theurl, I, and Weiss, G. (2003). Cytokine-mediated
regulation of iron transport in human monocytic cells. Blood 101, 4148-4154.
doi: 10.1182/blood-2002-08-2459

Mamouei, Z., Zeng, G., Wang, Y. M., and Wang, Y. (2017). Candida albicans
possess a highly versatile and dynamic high-affinity iron transport system
important for its commensal-pathogenic lifestyle. Mol. Microbiol. 106, 986-998.
doi: 10.1111/mmi.13864

Manns, J. M., Mosser, D. M., and Buckley, H. R. (1994). Production of a Hemolytic
Factor by Candida albicans. Infect. Immun. 62, 5154-5156

Marengo-Rowe, A. (2006). Structure-function of human hemoglobins. Proc. (Bayl.
Univ. Med. Cent.) 19, 239-245. doi: 10.1080/08998280.2006.11928171

Mashburn, L. M, Jelt, A. M., Akins, D. R., and Whiteley, M. (2005). Staphylococcus
aureus serves as an iron source for Pseudomonas aeruginosa during in vivo
coculture. J. Bacteriol. 187, 554-566. doi: 10.1128/JB.187.2.554-566.2005

Masson, P. L., and Heremans, J. F. (1971). Lactoferrin
from different species. Comp. Biochem. Physiol. 39B,
doi: 10.1016/0305-0491(71)90258-6

Masson, P. L., Heremans, J. F., and Dive, C. H. (1966). An iron-binding
protein common to many external excretions. Clin. Chim. Acta 14, 729-724.
doi: 10.1016/0009-8981(66)90004-0

Mayer, F. L., Wilson, D., and Hube, B. (2013). Candida albicans pathogenicity
mechanisms. Virulence 4, 119-128. doi: 10.4161/viru.22913

McKie, A. T., Barrow, D., Latunde-Dada, G. O., Rolfs, A., Sager, G., Mudaly, M.,
et al. (2001). An iron-regulated ferric reductase associated with the absorption
of dietary iron. Science 291, 1755-1759. doi: 10.1126/science.1057206

Mencacci, A., Cenci, E., Boelaert, J. R., Bucci, P., Mosci, P., F¢ d’Ostiani, C., et al.
(1997). Iron overload alters innate and T-helper cell responses to Candida
albicans in mice. J. Infect. Dis. 175, 1467-1476.

Mendel, G. (1964). Iron metabolism
diseases:  an interpretive  formulation.
doi: 10.1001/jama.1964.03070010051011

Meyer, D. (2006). Iron chelation as therapy for HIV and Mycobacterium
tuberculosis co-infection under conditions of iron overload. Curr. Pharm. Des.
12, 1943-1947. doi: 10.2174/138161206777442164

Minnick, A. A., Eizember, L. E.,, McKee, J. A., Dolence, E. K., and Miller, M.
J. (1991). Bioassay for siderophore utilization by Candida albicans. Anal.
Biochem. 194, 223-229. doi: 10.1016/0003-2697(91)90171-O

Mishra, P. K., Baum, M., and Carbon, J. (2011). DNA methylation regulates
phenotype-dependent transcriptional activity in Candida albicans. Proc. Natl.
Acad. Sci. U.S.A. 108, 11965-11970. doi: 10.1073/pnas.1109631108

Monteiro, P. T., Pais, P., Costa, C., Manna, S., Sa-Correia, I., and Teixeira, M. C.
(2017). The PathoYeastract database: an information system for the analysis of
gene and genomic transcription regulation in pathogenic yeasts. Nucleic Acids
Res. 45, D597-D603. doi: 10.1093/nar/gkw817

Moors, B. M. A, Stuu, T. L., Blank, K. J., Buckley, H., and Mosser, D. M. (1992).
A role for complement receptor-like molecules in iron acquisition by Candida
albicans. J. Exp. Med. 175, 1643-1651. doi: 10.1084/jem.175.6.1643

in  milk
119-129.

and etiology of iron-storage

JAMA 189, 45-53.

Mukherjee, P. K., Chandra, J., Retuerto, M., Sikaroodi, M., Brown, R. E., Jurevic, R.,
et al. (2014). Oral mycobiome analysis of HIV-infected patients: Identification
of Pichia as an antagonist of opportunistic fungi. PLoS Pathog. 10:e1003996.
doi: 10.1371/journal.ppat.1003996

Nash, M. J., Frank, D. N., and Friedman, J. E. (2017). Early microbes modify
immune system development and metabolic homeostasis-the “restaurant”
hypothesis revisited. Front. Endocrinol. 8:349. doi: 10.3389/fendo.2017.
00349

Nasser, L., Weissman, Z., Pinsky, M., Amartely, H., Dvir, H., and Kornitzer, D.
(2016). Structural basis of haem-iron acquisition by fungal pathogens. Nat.
Microbiol. 1, 1-10. doi: 10.1038/nmicrobiol.2016.156

Nemeth, E., Tuttle, M. S., Powelson, J., Vaughn, M. B., Donovan, A., Ward,
D. M, et al. (2004). Hepcidin regulates cellular iron efflux by binding
to ferroportin and inducing its internalization. Science 306, 2090-2093.
doi: 10.1126/science.1104742

Nguyen, A. T., Jones, ]. W., Ruge, M. A, Kane, M. A., and Oglesby-Sherrouse,
A. G. (2015). Iron depletion enhances production of antimicrobials by
Pseudomonas aeruginosa. J. Bacteriol. 197, 2265-2275. doi: 10.1128/JB.000
72-15

Niewerth, M., Kunze, D., Seibold, M., Schaller, M., Korting, H. C., and Hube,
B. (2003). Ciclopirox olamine treatment affects the expression pattern of
Candida albicans genes encoding virulence factors, iron metabolism proteins
and drug resistance factors. Antimicrob. Agents Chemother. 47, 1805-1817.
doi: 10.1128/AAC.47.6.1805-1817.2003

Nizet, V., and Johnson, R. S. (2009). Interdependence of hypoxic and innate
immune responses. Nat. Rev. Immunol. 9, 609-617. doi: 10.1038/nri2607

Noble, N. M. (2013). Candida albicans specializations for iron homeostasis:
from commensalism to virulence. Curr. Opin. Microbiol. 16, 708-715.
doi: 10.1016/j.mib.2013.09.006

Oliveira, P. C., Medeiros, C. S. Q., Macédo, D. P. C., Andrade, S. L.,
Correia, M. T. A. L., Mesquita, S. D., et al. (2010). Ciclopirox olamine: an
antifungal alternative against cryptococcosis. Lett. Appl. Microbiol. 51, 485-489.
doi: 10.1111/j.1472-765X.2010.02914.x

Pal, R, Hameed, S., and Fatima, Z. (2015). Iron deprivation affects drug
susceptibilities of Mycobacteria targeting membrane integrity. J. Pathog.
2015:938523. doi: 10.1155/2015/938523

Pande, K., Chen, C., and Noble, S. M. (2013). Passage through the mammalian gut
triggers a phenotypic switch that promotes Candida albicans commensalism.
Nat. Genet. 45, 1088-1091. doi: 10.1038/ng.2710

Pandey, A., Bringel, F., and Meyer, J. M. (1994). Iron requirement and search for
siderophores in lactic acid bacteria. Appl. Microbiol. Biotechnol. 40, 735-739.
doi: 10.1007/BF00173337

Pantopoulos, K. (2008). Function of the haemochromatosis protein HFE.
A lesson from animal models. World ]. Gastroenterol. 14, 6893-6901.
doi: 10.3748/wjg.14.6893

Pantopoulos, K., Porwal, S. K. Tartakoff, A., and Devireddy, L. (2012).
Mechanisms of mammalian iron homeostasis. Biochem. 51, 5705-5724.
doi: 10.1021/bi300752r

Pendrak, M. L., Chao, M. P., Yan, S. S., and Roberts, D. D. (2004). Heme oxygenase
in Candida albicans is regulated by hemoglobin and is necessary for metabolism
of exogenous heme and hemoglobin to alpha-biliverdin. J. Biol. Chem. 279,
3426-3433 doi: 10.1074/jbc.M311550200

Perloth, J., Choi, B., and Spellberg, B. (2007). Nosocomial fungal infections:
epidemiology, diagnosis, and Med. Mycol. 45, 321-346.
doi: 10.1080/13693780701218689

Pfaller, M. A., and Diekema, D. J. (2007). Epidemiology of invasive candidiasis:
a persistent public health problem. Clin. Microbiol. Rev. 20, 133-163.
doi: 10.1128/CMR.00029-06

Philpott, C. (2006). Iron uptake in fungi: a system for every source.
Biochim. Biophys. Acta 1763, 636-645. doi: 10.1016/j.bbamcr.2006.
05.008

Pierre, J. L., Fontecave, M., and Crichton, R. R. (2002). Chemistry for an
essential biological process: the reduction of ferric iron. Biometals 15, 341-346.
doi: 10.1023/A:1020259021641

Posey, J. E., and Gherardini, F. C. (2000). Lack of a role for iron in the Lyme disease
pathogen. Science 288, 1651-1653. doi: 10.1126/science.288.5471.1651

Potrykus, J., Stead, D., MacCallum, D. M., Urgast, D. S., Raab, A., van Rooijen, N.,
et al. (2013). Fungal iron availability during deep seated candidiasis is defined

treatment.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

12

June 2018 | Volume 8 | Article 185


https://doi.org/10.1002/yea.840
https://doi.org/10.1038/nature08301
https://doi.org/10.1186/1752-0509-8-S5-S6
https://doi.org/10.1093/infdis/jiu049
https://doi.org/10.1128/EC.00279-10
https://doi.org/10.1371/journal.ppat.1005129
https://doi.org/10.1016/j.jfma.2016.03.011
https://doi.org/10.1182/blood-2002-08-2459
https://doi.org/10.1111/mmi.13864
https://doi.org/10.1080/08998280.2006.11928171
https://doi.org/10.1128/JB.187.2.554-566.2005
https://doi.org/10.1016/0305-0491(71)90258-6
https://doi.org/10.1016/0009-8981(66)90004-0
https://doi.org/10.4161/viru.22913
https://doi.org/10.1126/science.1057206
https://doi.org/10.1001/jama.1964.03070010051011
https://doi.org/10.2174/138161206777442164
https://doi.org/10.1016/0003-2697(91)90171-O
https://doi.org/10.1073/pnas.1109631108
https://doi.org/10.1093/nar/gkw817
https://doi.org/10.1084/jem.175.6.1643
https://doi.org/10.1371/journal.ppat.1003996
https://doi.org/10.3389/fendo.2017.00349
https://doi.org/10.1038/nmicrobiol.2016.156
https://doi.org/10.1126/science.1104742
https://doi.org/10.1128/JB.00072-15
https://doi.org/10.1128/AAC.47.6.1805-1817.2003
https://doi.org/10.1038/nri2607
https://doi.org/10.1016/j.mib.2013.09.006
https://doi.org/10.1111/j.1472-765X.2010.02914.x
https://doi.org/10.1155/2015/938523
https://doi.org/10.1038/ng.2710
https://doi.org/10.1007/BF00173337
https://doi.org/10.3748/wjg.14.6893
https://doi.org/10.1021/bi300752r
https://doi.org/10.1074/jbc.M311550200
https://doi.org/10.1080/13693780701218689
https://doi.org/10.1128/CMR.00029-06
https://doi.org/10.1016/j.bbamcr.2006.05.008
https://doi.org/10.1023/A:1020259021641
https://doi.org/10.1126/science.288.5471.1651
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Fourie et al.

Iron in Candlida albicans Interactions

by a complex interplay involving systemic and local events. PLoS Pathog.
9:¢1003676. doi: 10.1371/journal.ppat.1003676

Pragman, A. A, Kim, H. B, Reilly, C. S, Wendt, C., and Isaacson, R. E.
(2010). The lung microbiome in moderate and severe chronic obstructive
pulmonary disease. PLoS ONE 7:¢47305. doi: 10.1371/journal.pone.00
47305

Prasad, T., Chandra, A., Mukhopadhyay, C. K., and Prasad, R. (2006). Unexpected
link between iron and drug resistance of Candida spp.: iron depletion
enhances membrane fluidity and drug diffusion, leading to drug-susceptible
cells. Antimicrob. Agents Chemother. 50, 3597-3606. doi: 10.1128/AAC.006
53-06

Puri, S., Lai, W. K. M, Rizzo, J. M., Buck, M. J., and Edgerton, M.
(2014). Iron-responsive chromatin remodelling and MAPK signalling enhance
adhesion in Candida albicans. Mol. Microbiol. 93, 291-305. doi: 10.1111/mmi.
12659

Purschke, F. G., Hiller, E., Trick, I, and Rupp, S. (2012). Flexible survival
strategies of Pseudomonas aeruginosa in biofilms result in increased fitness
compared with Candida albicans. Mol. Cell. Proteomics 11, 1652-1669.
doi: 10.1074/mcp.M112.017673

Qin, J., Li, R, Raes, J, Arumugam, M. Burgdorf, K. S. Manichanh,
C., et al. (2010). A human gut microbial gene catalogue established
by metagenomic sequencing. Nature 464, 59-65. doi: 10.1038/nature
08821

Quinn, R. A, Lim, Y. W., Maughan, H., Conrad, D., Rohwer, F., and Whiteson,
K. L. (2014). Biogeochemical forces shape the composition and physiology of
polymicrobial communities in the cystic fibrosis lung. MBio 5, €00956-¢00913.
doi: 10.1128/mBi0.00956-13

Ramanan, N., and Wang, Y. (2000). A high-affinity permease essential for Candida
albicans virulence. Science 288, 1062-1064. doi: 10.1126/science.288.5468.1062

Santos, R., Buisson, N., Knight, S., Dancis, A., Camadro, J. M., and Lesuisse,
E. (2003). Haemin uptake and use as an iron source by Candida albicans:
role of CaHMXIl-encoded haem oxygenase. Microbiology 149, 579-588.
doi: 10.1099/mic.0.26108-0

Sardi, J. C. O., Scorzoni, L., Bernardi, T., Fusco-Almeida, A. M., and
Mendes Giannini, M. J. S. (2013). Candida species: current epidemiology,
pathogenicity, biofilm formation, natural antifungal products and new
therapeutic options. J. Med. Microbiol. 62, 10-24. doi: 10.1099/jmm.0.04
5054-0

Schaible, U. E., and Kaufmann, H. E. (2004). Iron and microbial infection. Nat.
Rev. Microbiol. 2, 946-953. doi: 10.1038/nrmicro1046

Scherz-Shouval, R., and Elazar, Z. (2007). ROS, mitochondria and the regulation
of autophagy. Trends Cell Biol. 17, 422-427. doi: 10.1016/j.tcb.2007.
07.009

Singh, R. P., Prasad, H. K,, Sinha, I., Agarwal, N., and Natarajan, K. (2011). Cap2-
HAP complex is a critical transcriptional regulator that has dual but contrasting
roles in regulation of iron homeostasis in Candida albicans. J. Biol. Chem. 286,
25154-25170. doi: 10.1074/jbc.M111.233569

Sorgo, A. G., Brul, S., de Koster, C. G., de Koning, L. J., and Klis, F. M. (2013).
Iron restriction-induced adaptations in the wall proteome of Candida albicans.
Microbiology 159, 1673-1682. doi: 10.1099/mic.0.065599-0

Spellberg, B., Edwards, J. Jr., and Ibrahim, A. (2005). Novel perspectives
on mucormycosis: pathophysiology, presentation, and management. Clin.
Microbiol. Rev. 18, 556-569. doi: 10.1128/CMR.18.3.556-569.2005

Sudbery, P. E. (2011). Growth of Candida albicans hyphae. Nat. Rev. Microbiol. 9,
737-748. doi: 10.1038/nrmicro2636

Tandara, L., and Salamunic, 1. (2012). Iron metabolism: current facts and future
directions. Biochem. Med. 22, 311-328. doi: 10.11613/BM.2012.034

Tate, S., MacGregor, G., Davis, M., Innes, J. A, and Greening, A. P.
(2002). Airways in cystic fibrosis are acidified: detection by exhaled
breath condensate. Thorax 57, 926-929. doi: 10.1136/thorax.57.
11.926

Thompson, M. G., Corey, B. W, Si, Y, Craft, D. W.,, and Zurawski,
D. V. (2012). Antibacterial activities of iron chelators against common
nosocomial pathogens. Antimicrob. Agents Chemother. 56, 5419-5421.
doi: 10.1128/AAC.01197-12

Tolosano, E., Fagoonee, S., Morello, N., Vinchi, F., and Fiorito, V. (2010). Heme
scavenging and the other facets of hemopexin. Antioxid. Redox Signal. 12,
305-320. doi: 10.1089/ars.2009.2787

Trejo-Hernandez, A., Andrade-Dominguez, A., Hernandez, M., and Encarnacién,
S.(2014). Interspecies competition triggers virulence and mutability in Candida
albicans — Pseudomonas aeruginosa mixed biofilms. ISME J. 8, 1974-1988.
doi: 10.1038/isme;j.2014.53

Tyrrell, J., and Callaghan, M. (2016). Iron acquisition in the cystic fibrosis lung
and potential for novel therapeutic strategies. Microbiology 162, 191-205.
doi: 10.1099/mic.0.000220

Velliyagounder, K., Alsaedi, W., Alabdulmohsen, W., Markowitz, K., and
Fine, D. H. (2015). Oral lactoferrin protects against experimental
candidiasis in mice. J. Appl. Microbiol. 118, 212-221. doi: 10.1111/jam.
12666

Vidal, S. M., Pinner, E., Lapage, P., Gauthier, S., and Gros, P. (1996).
Natural resistance to intracellular infections: Nrampl encodes a membrane
phosphoglycoprotein absent in macrophages from susceptible (Nramp1 D169)
mouse strains. J. Immunol. 157, 3559-3568.

Vidal, S., Tremblay, M. L., Govoni, G., Gauthier, S., Sebastiani, G., Malo, G., et al.
(1995). The Ity/Lsh/Bcg locus: natural resistance to infection with intracellular
parasites is abrogated by disruption of the Nrampl gene. J. Exp. Med. 182,
655-666. doi: 10.1084/jem.182.3.655

Wang, Y., Wilks, J. C., Danhorn, T., Ramos, I, Croal, L, and Newman,
D. K. (2011). Phenazine-1-carboxylic acid promotes bacterial biofilm
development via ferrous iron acquisition. J. Bacteriol. 193, 3606-3617.
doi: 10.1128/JB.00396-11

Weinberg,  E. D. (1971). Roles of iron in  host-parasite
interactions. J. Infect. Dis. 124, 401-410. doi: 10.1093/infdis/124.
4.401

Weinberg, E. D. (1974). Iron and susceptibility to infectious
disease. Science 184, 952-956. doi: 10.1126/science.184.41
40.952

Weinberg, E. D. (1975). Nutritional immunity. host’s attempt to withhold iron
from microbial invaders. JAMA 231, 39-41.

Weissman, Z., and Kornitzer, D. (2004). A family of Candida cell surface
haem-binding proteins involved in haemin and haemoglobin-iron
utilization. Mol. Microbiol. 53, 1209-1220. doi: 10.1111/j.1365-2958.2004.
04199.x

Weissman, Z., Shemer, R., Conibear, E., and Kornitzer, D. (2008). An
endocytic mechanism for haemoglobin-iron acquisition in Candida
albicans. Mol. Microbiol. 69, 201-217. doi: doi: 10.1111/j.1365-2958.2008.
06277.x

Weissman, Z., Shemer, R, and Kornitzer, D. (2002). Deletion of the
copper transporter CaCCC2 reveals two distinct pathways for iron
acquisition in Candida albicans. Mol. Microbiol. 44, 1551-1560.

doi: 10.1046/j.1365-2958.2002.02976.x

Winterbourn, C. C. (1995). Toxicity of iron and hydrogen peroxide: the
Fenton reaction. Toxicol. Lett. 82-83, 969-974. doi: 10.1016/0378-4274(95)03
532-X

Xu, N,, Dong, Y., Cheng, X, Yu, Q. Qian, K, Mao, J., et al. (2014a).
Cellular iron homeostasis mediated by the Mrs4-Cccl-Smf3 pathway is
essential for mitochondrial function, morphogenesis and virulence in Candida
albicans. Biochim. Biophys. Acta 1843, 629-639. doi: 10.1016/j.bbamcr.2013.
12.009

Xu, N., Qian, K., Dong, Y., Chen, Y., Yu, Q., Zhang, B., et al. (2014b).

Novel role of the Candida albicans ferric reductase gene CFLI
in iron acquisition, oxidative stress tolerance, morphogenesis and
virulence. Res. Microbiol. 165, 252-261. doi: 10.1016/j.resmic.2014.
03.001

Xu, W, Solis, N. V., Ehrlich, R. L., Woolford, C. A, Filler, S. G., and Mitchell, A.
P. (2015). Activation and alliance of regulatory pathways in C. albicans during
mammalian infection. PLoS Biol. 13:e1002076. doi: 10.1371/journal.pbio.10
02076

Yamada-Okabe, T., Shimmi,
M., and Yamada-Okabe,
capping enzyme
albicans.  Microbiology
9-2515

Yu, Q, Dong, Y., Xu, N, Qian, K, Chen, Y., Zhang, B., et al. (2014).
A novel role of the ferric reductase Cfll in cell wall integrity,
mitochondrial ~function, and to host Candida

O., Doi, K., Arisawa,
H. (1996). the mRNA-
and ferric-reductase-related genes from Candida

142, 2515-2523. doi: 10.1099/00221287-142-

R., Mizumoto,
Isolation of

invasion cells in

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

13

June 2018 | Volume 8 | Article 185


https://doi.org/10.1371/journal.ppat.1003676
https://doi.org/10.1371/journal.pone.0047305
https://doi.org/10.1128/AAC.00653-06
https://doi.org/10.1111/mmi.12659
https://doi.org/10.1074/mcp.M112.017673
https://doi.org/10.1038/nature08821
https://doi.org/10.1128/mBio.00956-13
https://doi.org/10.1126/science.288.5468.1062
https://doi.org/10.1099/mic.0.26108-0
https://doi.org/10.1099/jmm.0.045054-0
https://doi.org/10.1038/nrmicro1046
https://doi.org/10.1016/j.tcb.2007.07.009
https://doi.org/10.1074/jbc.M111.233569
https://doi.org/10.1099/mic.0.065599-0
https://doi.org/10.1128/CMR.18.3.556-569.2005
https://doi.org/10.1038/nrmicro2636
https://doi.org/10.11613/BM.2012.034
https://doi.org/10.1136/thorax.57.11.926
https://doi.org/10.1128/AAC.01197-12
https://doi.org/10.1089/ars.2009.2787
https://doi.org/10.1038/ismej.2014.53
https://doi.org/10.1099/mic.0.000220
https://doi.org/10.1111/jam.12666
https://doi.org/10.1084/jem.182.3.655
https://doi.org/10.1128/JB.00396-11
https://doi.org/10.1093/infdis/124.4.401
https://doi.org/10.1126/science.184.4140.952
https://doi.org/10.1111/j.1365-2958.2004.04199.x
https://doi.org/10.1111/j.1365-2958.2008.06277.x
https://doi.org/10.1046/j.1365-2958.2002.02976.x
https://doi.org/10.1016/0378-4274(95)03532-X
https://doi.org/10.1016/j.bbamcr.2013.12.009
https://doi.org/10.1016/j.resmic.2014.03.001
https://doi.org/10.1371/journal.pbio.1002076
https://doi.org/10.1099/00221287-142-9-2515
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Fourie et al.

Iron in Candlida albicans Interactions

albicans.
12194

Ziegler, L., Terzulli A., Gaur, R, McCarthy, R, and Kosman, D. ].
(2011). Functional characterization of the
high-affinity  iron  transport
Mol. Microbiol. 81,
7704.x

Zimmermann, M. B., Chassard, C., Rohner, F., N'Goran, E. K., Nindjin, C., Dostal,
A, etal. (2010). The effects of iron fortification on the gut microbiota in African
children: a randomized controlled trial in Cote d’Ivoire. Am. J. Clin. Nutr. 92,
1406-1415. doi: 10.3945/ajcn.110.004564

FEMS Yeast Res. 14, 1037-1047. doi: 10.1111/1567-1364.

ferroxidase, permease
from  Candida  albicans.
10.1111/j.1365-2958.2011.0

complex
473-485. doi:

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Fourie, Kuloyo, Mochochoko, Albertyn and Pohl. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 14

June 2018 | Volume 8 | Article 185


https://doi.org/10.1111/1567-1364.12194
https://doi.org/10.1111/j.1365-2958.2011.07704.x
https://doi.org/10.3945/ajcn.110.004564
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Iron at the Centre of Candida albicans Interactions
	Introduction
	Iron in Living Systems
	Host Iron Homeostasis
	Iron Distribution Within the Host
	Iron Regulation Within the Host
	Host Defence and Nutritional Immunity

	Iron Acquisition by Candida albicans
	Regulation of Iron Acquisition in Candida albicans
	Role of Iron in Polymicrobial Interaction of Candida albicans and Bacteria
	Role of Iron in Treatment of Candida albicans Infections
	Conclusions
	Author Contributions
	Funding
	References


