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ABSTRACT Candida albicans, the causative agent of mucosal infections, including
oropharyngeal candidiasis (OPC), as well as bloodstream infections, is becoming in-
creasingly resistant to existing treatment options. In the absence of novel drug can-
didates, drug repurposing aimed at using existing drugs to treat off-label diseases is
a promising strategy. C. albicans requires environmental iron for survival and viru-
lence, while host nutritional immunity deploys iron-binding proteins to sequester
iron and reduce fungal growth. Here we evaluated the role of iron limitation using
deferasirox (an FDA-approved iron chelator for the treatment of patients with iron
overload) during murine OPC and assessed deferasirox-treated C. albicans for its in-
teraction with human oral epithelial (OE) cells, neutrophils, and antimicrobial pep-
tides. Therapeutic deferasirox treatment significantly reduced salivary iron levels,
while a nonsignificant reduction in the fungal burden was observed. Preventive
treatment that allowed for two additional days of drug administration in our murine
model resulted in a significant reduction in the number of C. albicans CFU per gram
of tongue tissue, a significant reduction in salivary iron levels, and significantly
reduced neutrophil-mediated inflammation. C. albicans cells harvested from the
tongues of animals undergoing preventive treatment had the differential expression
of 106 genes, including those involved in iron metabolism, adhesion, and the re-
sponse to host innate immunity. Moreover, deferasirox-treated C. albicans cells had a
2-fold reduction in survival in neutrophil phagosomes (with greater susceptibility to
oxidative stress) and reduced adhesion to and invasion of OE cells in vitro. Thus, de-
ferasirox treatment has the potential to alleviate OPC by affecting C. albicans gene
expression and reducing virulence.

KEYWORDS Candida albicans, deferasirox, drug repurposing, iron, iron chelation,
neutrophils, oral epithelial cells, oropharyngeal candidiasis, saliva

he yeast Candida albicans is the most abundant member of the oral fungal

community, or the mycobiome (1). C. albicans can cause oropharyngeal candidiasis
(OPC) when host immune responses are diminished or denture stomatitis among
denture wearers. Furthermore, in the United States alone, Candida species have been
observed to be the fourth leading cause of nosocomial bloodstream infections, which
often result in high mortality rates (reviewed in reference 2). The oral cavity has now
been shown to be a potential source of C. albicans for such infections (3, 4). Currently,
only three major classes of clinical antifungal drugs exist (5); unfortunately, there has
been a steady increment in the incidence of fungal drug resistance (reviewed in
reference 6), while no new class of antifungals has emerged in decades (5).

Oral microorganisms depend largely on saliva as a source of carbon and nitrogen,
as well as essential trace elements, including metals, for their survival. Iron is one of the
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most essential metals required by all living organism for growth. In all living organisms,
including C. albicans, iron is essential for many cellular processes, such as energy
production and DNA repair. Iron participates in oxidation-reduction reactions, is a part
of heme- and FeS cluster-containing proteins, and is a cofactor for various other
proteins. Besides its role in primary cellular functions, iron also modulates the C.
albicans transcriptome (7, 8); the chromatome, or the state of the chromatin in terms
of accessibility to the DNA replication machinery (9); and signals into Cek1 (9) and Hog1
(10) mitogen-activated protein kinase (MAPK) pathways to alter virulence traits, such as
adhesion, biofilm formation, and germination. A mutant of C. albicans lacking a
high-affinity iron permease transporter, FTRT, is avirulent in systemic infection (11).

Nutritional immunity, whereby the host sequesters essential micronutrients from
invading pathogens, is one component of innate immunity. Saliva contains various
metal-binding proteins dedicated to this purpose. Salivary lactoferrin (LF) is an iron-
binding glycoprotein that has antifungal activity, and its importance is highlighted by
the fact that LF-deficient mice showed a 2-fold higher fungal burden of oral C.
albicans than wild-type mice, while administration of human LF to these mice
resulted in significantly reduced C. albicans levels (12). Furthermore, intracellular
metal sequestration, particularly the sequestration of iron, has been proposed to be
one of the antifungal mechanisms for salivary Histatin 5 (Hst 5), since Hst 5 can bind
up to 10 equivalents of iron and iron uptake genes are downregulated in Hst
5-treated cells (13).

The importance of iron is further underscored by the fact that C. albicans has
multiple pathways dedicated to iron acquisition. These include reductive iron uptake,
heme iron acquisition, and siderophore-mediated uptake pathways (reviewed in refer-
ence 14), and cells deploy intricate mechanisms utilizing multiple transcriptional reg-
ulators (TRs) that allow them to adapt to host niches differing in iron bioavailability (7).
Iron is more bioavailable at acidic pH, while the resting pH (6.6 to 6.9) of saliva in a
healthy mouth is near neutral, adding an additional layer of sequestration. However,
acid produced by oral bacteria can decrease the pH of the saliva (15), thereby increas-
ing iron availability. Iron is the second most abundant metal in saliva (16), and it has
been proposed that 30% of total salivary iron is soluble (17). Also, unlike human
intestinal cells, which express a divalent metal transporter (reviewed in reference 18),
there are no known mechanisms for iron absorption for oral mucosa. Together, these
present possible pools of bioavailable oral iron, despite the host’s attempt at seques-
tration, that can be used by C. albicans.

Studies linking virulence with bioavailable iron are limited. However, Candida spp.
were responsible for 68% of invasive fungal infections recorded in a cohort having a
positive correlation with hepatic iron overload (19). Exacerbations of Candida spp.
infections have also been reported in iron-overloaded thalassemia patients in Europe
(20). Deferasirox, an FDA-approved iron chelator for patients with iron overload,
showed promising antifungal effects against fungal mucormycosis in animal models
(21) as well as synergy with antifungals against Cryptococcus neoformans in vitro (22).
More recently, another iron chelator (DIBI) was shown to eliminate vaginal candidiasis
when administered along with fluconazole in a mouse model (23).

Very little is known about the effect of metals on C. albicans growth in the oral
cavity, although oral carriage of yeast has been shown to correlate with salivary metal
levels (16). Given the importance of iron in C. albicans virulence, deferasirox treatment
may help alleviate OPC or may be indicated for preventive/prophylactic treatment of
high-risk immunosuppressed populations. Here we show that deferasirox treatment
can help reduce the C. albicans tissue burden in a murine model of OPC, with
concomitant changes in the expression of fungal genes involved in iron metabolism
and adhesion. Furthermore, we show that treatment causes a reduction in fungal
survival in phagosomes and lowers the levels of C. albicans adhesion to and invasion of
oral epithelial cells.
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RESULTS

Deferasirox treatment reduced the severity of murine OPC and the fungal
burden in tongue tissues. We hypothesized that oral administration of deferasirox to
mice in drinking water would lower the iron levels in saliva and thus reduce the
availability of the environmental iron needed to sustain C. albicans infection. We
therefore tested a therapeutic regimen whereby deferasirox was administered from
days 1 through 5, subsequent to infection with C. albicans (using an immunosup-
pressed mouse model where mice are infected with fungal cells orally and sublingually
on day 0 and given immunosuppressive cortisone injections on days —1, +1, and +3;
Fig. 1A). Therapeutic treatment reduced the fungal burden in tongue tissue
(6.2 = 0.8 log,, CFU/g for untreated mice to 5.4 = 1.4log,, CFU/g for treated mice),
although the levels of reduction were not statistically significant (Fig. 1B, top). Next, we
used a preventive regimen (deferasirox administered starting 2 days prior to infection
and over the 5-day course of infection) (Fig. 1A). Preventive deferasirox treatment
significantly reduced the fungal burden in tongue tissue compared to that in untreated
mice (mean, 6.9 * 0.6 log,, CFU/g for control mice and 6.38 = 0.5 log,, CFU/g for
treated mice) (P = 0.015, Mann-Whitney U test) (Fig. 1B, top). Both the preventively and
therapeutically treated groups of mice had a significant 4-fold reduction in salivary iron
levels compared to those in the respective control groups (P = 0.045 and P = 0.017,
respectively, Mann-Whitney U test) (Fig. 1B, middle). To examine the extent of neutro-
phil invasion as a marker of inflammation induced by fungal infection, tongue myelo-
peroxidase (MPO) activity was also measured. Tongues from mice receiving preventive
deferasirox treatment had significantly reduced MPO activity (almost 2-fold) in tongue
tissue homogenates than tongues from untreated mice (P = 0.038, two-tailed t test),
while the mean MPO activity was reduced, but not significantly, in tongue tissues from
mice receiving therapeutic deferasirox treatment (P = 0.126) (Fig. 1B, bottom). Thus,
although both treatment regimens resulted in reduced salivary iron levels, the longer
duration of preventive therapy was more effective in reducing the number of tongue
C. albicans CFU and neutrophil-mediated inflammation.

To validate C. albicans infection histologically, sagittal tongue tissue sections of the
entire tongue surface of preventively treated and control mice were stained with
periodic acid-Schiff (PAS) and hematoxylin and eosin (H&E), to evaluate C. albicans
infection, epithelial structure, and inflammatory cell infiltration. Tongues from un-
treated mice had a thick, well-organized biofilm (BF) of C. albicans yeasts and hyphae
located at the corneum stratum of the tongue epithelium, above the granulosum
stratum (Fig. 2A). Marked hyperkeratosis (HK) of the filiform papillae and areas of
inflammatory cell infiltration characteristic of neutrophils with a multilobed nucleus
were also observed (Fig. 2B and C, arrowheads). In deferasirox-treated mice, the C
albicans BF was thinner and less organized (Fig. 2D), and the tongue epithelium had
less hyperkeratosis and reduced inflammatory cell infiltration (Fig. 2E and F). No
invasion of lower epithelial layers or underlying connective tissue was observed within
the tongues from either group of mice. Thus, histology qualitatively corroborated that
the severity of infection was reduced in deferasirox-treated mice.

Deferasirox therapy altered C. albicans gene expression during OPC. The gene
expression of C. albicans cells harvested from the tongues of untreated mice was
compared with that of C. albicans cells harvested from the tongues of mice adminis-
tered preventive deferasirox treatment using RNA sequencing (RNA-seq). Using a Log2
fold change in expression and a P value of =0.05 as the threshold for significance, 106
differentially expressed genes (DEGs) were identified (see Table S1 in the supplemental
material). Based on gene descriptions in the Candida Genome Database (CGD) (24), 25
genes (Table 1) out of the 106 DEGs either were regulated by transcriptional factors
(Hap43, Sful, Sef1, and Tup1) involved in the regulation of iron metabolism (7, 25), were
directly regulated by iron (ALS2 and PGA48) (8), or had iron-related functions (PGA10
and ARH2, required for heme iron acquisition [26] and heme biosynthesis [27], respec-
tively).
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FIG 1 Deferasirox treatment reduced the fungal burden in tongue tissue. (A) Timeline of oral candidiasis
infection in mice. Immunosuppression with cortisone (Cort), infection with C. albicans, and preventive and
therapeutic treatment with deferasirox. (B) (Top) The numbers of CFU per gram of tongue tissues were
obtained from C. albicans-infected mice. Preventive deferasirox treatment significantly reduced the number
of tongue CFU compared to that in the no-treatment group (P = 0.015, Mann-Whitney U test). Therapeutic
treatment also reduced the tongue fungal burden without significance (P = 0.32). (Middle) Mice treated
with deferasirox, both preventively and therapeutically, had a significant (P = 0.045 and P = 0.017, respec-
tively) reduction in the salivary iron concentration (in nanograms per milliliter) compared to that in the
no-treatment group. (Bottom) Preventive deferasirox significantly reduced the tongue myeloperoxidase
(MPO) level (units per gram of tissue) compared to that in the no-treatment group (P = 0.038, t test), while
therapeutic treatment reduced the MPO level without significance (P = 0.126). Data were pooled from two
independent experiments for numbers of CFU and MPO levels. Bars show the mean =+ SD.
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FIG 2 Deferasirox (DFX) treatment reduced the severity of fungal infection and inflammation in tongue tissue. Representative photomicrographs
of sagittal tongue tissue sections of untreated (A, B, C) and preventive deferasirox-treated (D, E, F) mice are shown. Tissue sections (4 um thick)
were processed for PAS staining (A, D) or H&E staining (B, C, E, F). Arrows indicate the C. albicans biofilm thickness (A, D). Arrowheads indicate
areas of inflammatory infiltrate (B, E) and neutrophils (C, F). The boxed regions in panels B and E are enlarged in panels C and F, respectively. HK,
hyperkeratosis; Ep, epithelium; BF, biofilm. Bars, 100 um (A, B, D, E) or 20 um (C, F).

C. albicans genes involved in adhesion as well as genes encoding cell wall proteins
were also affected by deferasirox treatment (Table 1). While adhesins encoded by ALS2
and ALS4 were upregulated, the expression of other genes with opposing effects was
observed, including the upregulation of YWP1, which has a role in dispersal, and the
downregulation of PGA48 (a putative glycosylphosphatidylinositol [GPI]-anchored
adhesin-like protein), as well as PHO8 and PHO89 (potentially adherence-induced
proteins). We further identified other C. albicans genes (the SOD5 and GST3 genes and
the SSA2 gene) that affect its interaction with the oral innate immune response
(neutrophil and Hst 5-mediated killing, respectively) that were downregulated upon
deferasirox treatment (Table 1).

Deferasirox-treated C. albicans cells have reduced survival in phagosomes and
reduced adhesion to and invasion of oral epithelial cells. To determine the reason
for reduced infection (Fig. 1) and inflammation (Fig. 2) upon deferasirox treatment, we
compared deferasirox-treated cells with untreated C. albicans cells for differences in
neutrophil uptake (phagocytosis) and subsequent survival within the phagosome. The
phagocytosis of fungal cells by primary human neutrophils was evaluated using a
phagocytic index (PI) and immune-fluorescent staining (Fig. 3, top left). Fungal cells
showed a normal cell morphology and hyphal formation after exposure to deferasirox
(Fig. 3, top left) and were as efficiently phagocytized by human neutrophils as un-
treated cells (Pl = 0.80 and 1.0, respectively; P = 0.33, unpaired Student’s t test) (Fig. 3,
bottom left). However, phagocytosed deferasirox-treated C. albicans cells showed a
significant decrease in survival (12.2%) compared to untreated control fungal cells
(25.2%) (P = 0.048) (Fig. 3, bottom left), suggesting that they are more susceptible to
oxidative and/or nonoxidative killing.
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FIG 3 Deferasirox-treated C. albicans cells have reduced survival in phagosomes and reduced adhesion to and invasion of oral epithelial cells.
(Left) (Top) Deferasirox-treated C. albicans cells are phagocytosed by human neutrophils similarly to untreated control yeast cells. DIC, differential
inference contrast. (Bottom) Human neutrophils were infected with C. albicans deferasirox-treated or untreated cells, and the phagocytic index
was calculated after 30 min (left). The survival of C. albicans within human neutrophils was evaluated after 3 h by plating lysed neutrophils to
measure the numbers of yeast CFU (right). Deferasirox-treated C. albicans cells showed a normal hyphal morphology and had no difference in
the phagocytic index from untreated cells but had significantly (P = 0.048) reduced survival within neutrophils compared to untreated cells.
(Right) (Top) Deferasirox-treated C. albicans cells were quantitated for adhesion to (1.5 h) and invasion of (4.5 h) TR146 epithelial cell monolayers
grown on glass coverslips. For adhesion quantitation, nonadherent C. albicans cells were removed by washing, and adherent Candida cells were
fixed with 4% formaldehyde. For invasion quantitation, adherent Candida cells (after 4.5 h) were stained with anti-Candida antibody and Alexa
Fluor 488. (Bottom) Quantification of adherent cells showed that C. albicans cells treated with deferasirox had significantly reduced adhesion to
(P = 0.015; left) and invasion of (P = 0.012; right) TR146 epithelial cell monolayers compared with control cells. Results represent the mean *+

standard deviation from three independent experiments.

Since most of the tissue destruction during C. albicans epithelial infections is a result
of the invasion of host tissue by fungal hyphae, we also examined the effect of
deferasirox on the ability of C. albicans to adhere to and invade oral epithelial (OE) cells.
Adhesion and invasion were observed microscopically (Fig. 3, top right). Alexa Flour
488-stained C. albicans cells (with green fluorescence) with and without small germ
tubes were observed over confluent OE cells after 2 h, while after 5 h of coincubation,
some hyphae were observed to invade OE cells (as shown by the loss of the green
fluorescence; Fig. 3, top right). Quantification of adherent cells showed that C. albicans
cells treated with deferasirox had significantly reduced adhesion to (P = 0.015) and
invasion of (P = 0.012) OE cells compared with untreated cells (Fig. 3, bottom right).
Together, these data suggest that deferasirox treatment not only makes fungal cells
more susceptible to neutrophil killing but also reduces their ability to adhere to and
invade OE cells.

Deferasirox-treated C. albicans cells have altered responses to hydrogen per-
oxide and Hst 5. To understand the reason for the reduced survival of deferasirox-
treated C. albicans cells inside the neutrophil phagosome (Fig. 3), we examined the
susceptibility of deferasirox-treated C. albicans cells to oxidative and nonoxidative
neutrophil-mediated killing mechanisms in vitro. When deferasirox-treated C. albicans
cells were further treated with H,0,, they showed significantly increased susceptibility
to oxidative stress, with nearly 100% killing being seen in cells treated with 1 mM H,0,
but 20% killing being seen in control cells not treated with peroxide (P < 0.001) (Fig. 4,
left). In contrast, no differences in the susceptibility of deferasirox-treated C. albicans
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FIG 4 Deferasirox-treated C. albicans cells have increased susceptibility to hydrogen peroxide but less sensitivity to Hst 5. C.
albicans control and deferasirox-treated cells were incubated with 1, 2.5, 5, or 10 mM H,0, for 2 h at 30°C (left), 0.5, 1, or 2.5 uM
human neutrophil peptide 1 (HNP-1) for 1 h at 37°C (middle), and 3.75 and 15 uM histatin 5 (Hst 5) for 1 h at 30°C (right). Cells
were then diluted and plated on agar to obtain the number of viable CFU. Killing was calculated as 1 — (number of CFU from
treated plates/number of CFU from control plates). Results represent the mean * standard deviation from two independent
experiments. Significance was calculated using Student’s t test.

cells to the cytotoxic human neutrophil peptide 1 (HNP-1) (Fig. 4, middle) were found,
suggesting that deferasirox treatment increased C. albicans susceptibility to oxidative
stress but not to nonoxidative stress following phagocytosis by neutrophils.

As a part of human salivary innate immunity, Hst 5 also plays an important
candidacidal function. Since we found decreased expression of C. albicans SSA2 (the cell
surface protein required for Hst 5 binding) (Table 1) following deferasirox treatment, we
expected that cells might have altered susceptibility to Hst 5. Indeed, deferasirox-
treated fungal cells were significantly less susceptible to 3.75 and 15 uM Hst 5
(P =10.0415 and P = 0.006, respectively; Fig. 4, right). Thus, deferasirox may render C.
albicans less susceptible to Hst 5 by reducing its uptake by the fungal cells.

DISCUSSION

Here we present the first study on the effect of iron chelation as a treatment
modality for OPC. Preventive deferasirox administration resulted in decreased salivary
iron levels, which correlated with a significant reduction in the fungal load in tongue
tissue (Fig. 1). While the reduction in C. albicans levels in the therapeutic arm of the
study was comparable to that in the preventive arm, it did not reach statistical
significance. This is likely a result of the inherent limitation of this OPC model, whereby
decreased water intake by mice as the oral infection progresses can reduce the amount
of drug administered; this limitation was potentially overcome in the preventive arm,
due to the addition of two extra days of infection-free drug administration. Alternative
drug delivery methods are very likely to improve the significance in the therapeutic arm
as well. These data also suggest that oral rinses in clinical trials with humans might
prove highly effective for the treatment of OPC, since fungal growth in the presence of
deferasirox for only 2 to 3 h resulted in reduced adhesion to and invasion of oral
epithelial cells. However, this study was conducted using only one genetically marked
strain, and therefore, further testing of wild-type clinical isolates may be warranted.

Changes in the C. albicans transcriptome (7, 8) and chromatome (9) in response to
environmental iron have been studied extensively in vitro. However, this study provides
the first transcriptome of C. albicans as a function of host iron levels during infection in
vivo. Regulation of iron in C. albicans is mediated primarily by four transcriptional
regulators (TRs), Tup1 (a global repressor) (25), Hap43 (a repressor/activator), Sful (a
repressor), and Sef1 (an activator) (7), that allow it to moderate intracellular iron levels.
Cells lacking Sfu1 or Sef1 have altered fitness in niches with various iron levels, such as
the iron-rich gut and low-iron blood (7). Deferasirox-treated mice showed alterations in
22 genes regulated by one or more of these TRs (Table 1), showing that C. albicans
responds to perturbations in host iron levels in real time during infection.

Adherence to epithelial cells followed by their invasion is an important attribute of
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C. albicans virulence. Large cell surface glycoproteins encoded by the agglutinin-like
sequence (ALS) gene family are major cell surface adhesins that play an important role
in attachment to epithelium surfaces (28). Previous microarray data have shown that
the levels of ALS2 and ALS4 transcripts are upregulated under low-iron conditions (8).
Our RNA-seq data also showed that the C. albicans ALS2 and ALS4 genes are upregu-
lated in deferasirox-treated mice (Table 1). Surprisingly, we did not observe any change
in the expression of another important adhesin gene (ALS3) in our RNA-seq analysis,
despite its role in iron acquisition from ferritin (29). However, studies showing the
upregulation of ALS3 were conducted either in mice without any chelator treatment
(30) or ex vivo with OE cells (29), and it is important to note that a compensatory
function within the ALS family has been proposed (31). We did, however, observe
the upregulation of the YWP1 gene and the downregulation of the PGA48, PHOS,
and PHO89 genes (Table 1). Since a mutation in YWPT increases adhesion (32),
increases in its expression, along with the decrease in potential adhesin-like protein
(Pga48) and, possibly, adherence-induced proteins (Pho8 and Pho89), may reduce
C. albicans adhesion to OE cells, explaining the reduction in the fungal burden in
vivo (Fig. 1) and the reduced adherence of deferasirox-treated C. albicans to OE cells
in vitro (Fig. 3).

The iron-mediated differential expression of additional novel genes was identified in
this study, and this finding further supports the role of iron chelation as a potential
treatment strategy against OPC. We observed a reduction in the expression of C
albicans genes encoding SOD5 (encoding a primary C. albicans superoxide dismutase
enzyme responsible for protecting fungal cells from neutrophil-mediated oxidative
stress [33]) and GST3 (encoding a C. albicans enzyme involved in resistance to peroxide
stress) (Table 1) in deferasirox-treated mice. Downregulation of these two genes may
explain the greater susceptibility of deferasirox-treated C. albicans cells to H,O, (Fig. 4),
which potentially led to reduced survival in neutrophil phagosomes (Fig. 3). The
iron-mediated downregulation of C. albicans SSA2 (Table 1), on the other hand, may
reduce the cell wall binding of Hst 5, resulting in resistance to killing (Fig. 4). Metabolic
inhibition due to the slowing down of active respiration has been shown to reduce Hst
5 susceptibility in C. albicans (reviewed in reference 34). Hence, it is possible that the
expected reduced mitochondrial output under low-iron conditions may be yet another
cause for the reduced Hst 5 susceptibility in deferasirox-treated fungal cells.

Various transition metals besides iron also play important roles in the pathobiology
of OPC. However, our RNA-seq results did not show the differential expression of genes
involved in response to other metals, such as zinc and copper (see Table S1 in the
supplemental material). This is in line with the much greater affinity of deferasirox for
iron than for Zn or Cu (35). This underscores the crucial role that iron plays in OPC,
independent from other metals, and shows a promising role for deferasirox in treating
OPC.

Furthermore, preventive treatment may be an option for individuals with a fore-
seeable risk of oral candidiasis or in individuals with high levels of oral C. albicans
carriage that may make them vulnerable to systemic infections during hospitalizations
for intensive care or while they are undergoing surgical procedures. Despite the known
side effects of the drug, deferasirox treatment was well tolerated in a study involving
healthy volunteers, with the levels of serum ferritin (a marker of an individual's iron
levels) remaining normal (36), thereby making preventive deferasirox treatment a
practical approach in susceptible individuals with normal iron levels. Moreover, synergy
between deferasirox and existing antifungal drugs may provide better candidacidal
activity when both are administered together. We are currently investigating this
potential possibility, using both in vitro and in vivo assays, with the understanding that
the use of deferasirox for OPC by itself is unlikely. Nevertheless, this proof-of-concept
study underscores the fact that iron chelation can potentially provide an alternative or,
at the least, an adjunct antifungal therapy for OPC.
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MATERIALS AND METHODS

Media and growth conditions. Cells of the Candida albicans CAl4 URA strain (Aura3:imm434/Aura3::
imm434RPS1/Arps1:Clp10-URA3) were cultured for 12 h in yeast extract-peptone-dextrose (YPD) medium
with 50 pg/ml of uridine and then used for murine infection as described below; YPD-uracil plates with
antibiotics (streptomycin and penicillin diluted 0.5X; Sigma) were used for determination of the numbers
of CFU. Overnight cultures of C. albicans in yeast nitrogen base (YNB) with 2% glucose were diluted to
an optical density at 600 nm (ODy,,) of 0.3 to 0.4 in fresh medium supplemented with deferasirox
(0.07mg/ml) or not supplemented as a control and allowed to grow for 2 to 3 h to reach an OD4, of 0.6
to 0.7 for use in all in vitro experiments.

Murine model of OPC. An immunosuppression model of murine OPC was used, as described
previously (37), with the following modifications. Briefly, C57BL/6 mice (female, 4 to 6 weeks old) were
immunosuppressed with 225 mg/kg of body weight of cortisone acetate (Sigma-Aldrich) on days —1, +1,
and +3 before and after sublingual infection with C. albicans (1 X 107 cells/ml) for 1h on day 0.
Deferasirox (0.07 mg/ml) was provided in the drinking water with 2% dextrose for preventive or
therapeutic treatment, as shown in Fig. 1. Carbachol (100 ul of 0.1 mg/ml) was administered intraperi-
toneally to stimulate saliva production, and saliva was collected by aspiration from the mouth. Animals
were treated humanely, as per the protocols approved by the University at Buffalo (IACUC project no.
ORB06042Y).

Salivary iron estimation. Salivary iron levels were estimated using inductively coupled plasma
resonance mass spectroscopy (ICP-MS), as described previously (16). Murine saliva was thawed, and
0.050 ml from each mouse was pipetted into an acid-cleaned polypropylene digestion tube. Control
human saliva and samples of control human saliva spiked at 1 ng/ml were also digested and analyzed
alongside study samples to demonstrate background concentrations and method accuracy. Nitric acid
(Ultrex purity; Fisher Scientific, Waltham, MA) was added to each vial, and the samples were mixed and
transferred to a temperature-controlled ultrasonic water bath. Next, the samples were heated to 60°C
and allowed to digest for 30 min. The samples were allowed to cool, spiked with internal standard to a
final concentration of 1 ng/ml of indium and scandium, and diluted to 5 ml with deionized water for trace
metal analysis. Analysis was done using a Thermo Fisher Element 2 SF-ICP-MS system (Bremen, Germany)
equipped with an ESI SC2-DX autosampler and a Peltier-cooled spray chamber, and all elements were
monitored at medium resolution (m/Delta m = approximately 4,000, where the value m/Delta m [mass
over difference in mass] represents the resolution power of the instrument during analysis, where m is
the mass being measured and Delta m is the difference between two peaks being measured).

Tongue tissue collection and processing and CFU determination. At day 5 after infection, mice
were sacrificed by cervical dislocation while they were under anesthesia, and their tongues were
harvested and divided into two halves length-wise. One half was homogenized for determination of the
number of CFU and myeloperoxidase (MPO) activity (described below), and the other half was fixed in
formalin, paraffin embedded, and then sectioned and stained with PAS and H&E stain as previously
described (38). For determination of the number of Candida CFU, one half of the tongue tissue was
weighed, homogenized, and plated on yeast extract-peptone-dextrose (YPD) plates. CFU results were log
transformed before statistical analysis by the Mann-Whitney U test. Results are presented as the mean
number of log,, CFU = standard deviation (SD).

MPO assay. The activity of MPO, a surrogate marker of neutrophil infiltration, was measured as
previously described (39). Briefly, previously weighed tongue tissue was incubated on ice in phosphate
buffer containing hexadecyltrimethylammonium bromide. Tissue samples were homogenized and then
underwent three cycles of sonication and freeze-thawing. Cellular debris was removed by centrifugation.
The MPO levels in the supernatants were then analyzed spectrophotometrically at 450 nm. Results were
reported as the number of MPO units per gram of tongue tissue. The rate of H,O, consumption was
measured spectrophotometrically over a 5-min period.

RNA-seq. Fungal plaques were harvested from infected murine tongues by gently lifting the fungal
biomass from the underlying murine tissue with sterile forceps, followed by incubation with 1% Triton
X-100 for 10 min at 23°C to lyse the murine cells. After incubation, the C. albicans cells were pelleted and
resuspended in 1 ml of the TRIzol reagent (Life Technologies) for 5 min to further remove traces of
murine cells and centrifuged again at 1,500 X g for 5 min. The cell pellet was resuspended in 1 ml of the
TRIzol reagent and vortexed (4 cycles, 6 m/s) with 0.45-um-diameter glass beads using a FastPrep-24
instrument (MP Biomedicals). Lysed cells (1 ml) were collected, chloroform (200 ul) was added, and the
cells and chloroform were then mixed vigorously for 15s and maintained for 2 to 3min at room
temperature. The cell lysate was centrifuged at 21,000 X g for 10 min at 4°C to separate the RNA-
containing upper aqueous layer, which was collected and mixed with 0.5 volume of 100% ethanol to
precipitate total RNA from the C. albicans cells. The total RNA was further purified using an RNeasy minikit
from Qiagen according to the manufacturer’s instructions. The RNA samples were stored at —80°C for the
next steps.

Total RNA was quantified using a RiboGreen assay (Invitrogen), and the quality of the RNA samples
was checked using a Fragment Analyzer standard sensitivity assay (Advanced Analytical). An lllumina
TruSeq RNA sample preparation kit (lllumina) was used to prepare cDNA libraries from RNA samples per
the manufacturer’s instructions. The cDNA libraries were quantified using a PicoGreen assay (Invitrogen)
and library quantification kit (Kappa Biosciences). A Fragment Analyzer high-sensitivity next-generation
sequencing (NGS) kit (Advanced Analytical) was used to confirm the quality and the size of the cDNA
libraries. The cDNA libraries were then normalized, multiplexed, and sequenced using an Illumina
HiSeq2500 system following the manufacturer’s instructions at the UB Genomics and Bioinformatics Core
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Facility (Buffalo, NY). Raw RNA sequencing reads were generating using the Illumina HiSeq2500 system
and a 50-cycle single-read flow cell.

The resulting sequencing reads were demultiplexed using Illumina’s bcl2fastq (v2.17.1.14) software.
Reads for each sample were then reviewed for quality using FastQC (v0.11.5) software and mapped to
the reference genome (C_albicans_SC5314_A22) using TopHat (v2.1.1) software. The resulting alignment
files were then supplied to the Cuffdiff (v2.1.1) package, which calculates expression levels based on an
input gene annotation file and tests the statistical significance of the observed changes. Annotations
with a false discovery rate of <0.05 were considered significant.

Isolation of human neutrophils from peripheral blood. Human peripheral blood was obtained
from healthy volunteers (UB protocol IRB 626714) and collected in Vacuette EDTA tubes coated with
K,EDTA (Greiner Bio-One). Next, blood was processed to obtain neutrophils using 1-step polymorphs
(Accurate Chemical & Scientific Corporation) following the manufacturer’s instructions. The purity of the
neutrophils was determined using Wright-Giemsa staining (Polysciences, Inc.). Neutrophils at a density of
1 X 106 cells/ml were suspendered in RPMI 1640 supplemented with L-glutamine (Corning Cellgro) and
10% fetal bovine serum (Seradigm) and seeded in a 24-well plate (Corning Inc.).

Pl assay. Phagocytic index (Pl) assays were performed as previously described (40). C. albicans cells
were then washed three times with phosphate-buffered saline (PBS) to remove any remaining medium,
suspended in RPMI 1640, and counted in a hemocytometer. C. albicans cells were added to freshly
isolated human neutrophils at a multiplicity of infection (MOI) of 3 for 30 min at 37°C in 5% CO, to allow
phagocytosis. After uptake, the neutrophil and C. albicans cell suspensions were collected and placed in
positively charged slides (Globe Scientific Inc.) to allow attachment. Nonphagocytosed C. albicans cells
were stained with calcofluor white (CW; Sigma-Aldrich) and fixed with 4% paraformaldehyde (Electron
Microscopy Sciences) for 30 min. After fixation, the cells were permeabilized for 5 min with 0.1% Triton
X-100 (Fisher Bioreagents) and stained with 4 mg/ml of Alexa Fluor 488-phalloidin (Invitrogen) to identify
phagocytic cells. Finally, the cells were covered with a no. 1 cover glass (Knittel Glaeser) mounted with
fluorescent mounting medium (Dako). On the next day, the Pl was obtained by direct observation using
a Zeiss Axio Observer Z1 inverted fluorescence microscope (Carl Zeiss, Germany). A minimum of 100
neutrophils was counted for each condition, and phagocytosed C. albicans cells (cells not stained with
CW) were quantified. The Pl was calculated as (total number of phagocytosed yeast cells/total number
of neutrophils counted). Assays were performed in duplicate and in three independent experiments.
Data were analyzed using Student’s t test on GraphPad Prism (v7.0) software (GraphPad Software, San
Diego, CA, USA).

C. albicans survival within human neutrophils. Overnight cultures of C. albicans in YNB medium
were diluted and allowed to grow to exponential phase as described previously (40). C. albicans cells
were then washed, suspended in RPMI 1640, and counted in a hemocytometer. Fungal cells were added
to neutrophils at an MOI of 0.1 and incubated at 37°C in 5% CO, for 3 h to allow killing. After 30 min of
coincubation, cells were sampled to evaluate the Pl as indicated above, and the total number of
phagocytosed C. albicans was calculated as Pl X total number of neutrophils added. After 3 h, sterile
ice-cold water and 0.25% SDS were added to the cell suspensions in order to lyse the neutrophils and
release phagocytosed C. albicans cells. The fungal cell suspension was collected and plated on YPD agar
at 30°C for 24 h to obtain the number of viable CFU. Survival was obtained as (number of C. albicans CFU
after 3 h/total number of phagocytosed C. albicans cells) X 100. Assays were performed in duplicate and
in two independent experiments. Data were analyzed using Student’s t test on GraphPad Prism (v7.0)
software (GraphPad Software, San Diego, CA, USA).

Epithelial cell adhesion and invasion. The TR146 buccal epithelial squamous cell carcinoma line
was obtained from the European Collection of Authenticated Cell Cultures (ECACC). TR146 cells were
routinely cultured in 1:1 Dulbecco modified Eagle medium-Ham'’s F-12 medium (DMEM-F-12 medium)
supplemented with 10% fetal bovine serum and maintained at 37°C in a 5% CO, humidified incubator.
For the experiments, TR146 epithelial cells were seeded at 1 X 10° cells/ml on sterile acid-washed
18-mm-diameter glass round coverslips (VistaVision; VWR) placed in a 12-well cell culture and cultured
until the cells were confluent.

Adhesion assays were performed using a TR146 epithelial cell monolayer as described previously (41).
Briefly, TR146 oral epithelial cells were grown to confluence on coverslips and were serum starved
overnight prior to the experiment. Control and deferasirox-treated Candida cells (1 X 105 cells/ml) were
added to confluent TR146 cells in 1T ml serum-free DMEM-F-12 medium. C. albicans cells were allowed to
infect TR146 cells for 90 min and 4.5h for adhesion and invasion, respectively. After incubation,
nonadherent C. albicans cells were removed and washed three times with 1X PBS and fixed with 4%
formaldehyde. For staining, Candida cells were incubated with rabbit anti-Candida antibody (1:1,000) for
2 h and subsequently with a goat anti-rabbit immunoglobulin-Alexa Fluor 488 antibody (1:2,000) for 1 h
at room temperature. After staining, the cells in the TR146 cell monolayer were permeabilized using 0.1%
Triton X-100 for 20 min at 37°C in the dark. The coverslips were rinsed in water, mounted on slides using
1 to 2 drops of fluorescent mounting medium (Dako), and allowed to air dry for 1 to 2 h. The slides were
documented using a Zeiss Axio Observer Z1 microscope. Adhesion was calculated as the percentage of
cells that adhered in relation to the total number of cells. The percentage of invading Candida cells was
determined by dividing the number of invading cells by the total number of adherent cells. A minimum
of 500 Candida cells was counted to calculate percent invasion.

Hydrogen peroxide assay. C. albicans susceptibility to hydrogen peroxide (H,0,) was evaluated as
previously described (42) with modifications. Briefly, mid-log-phase C. albicans (control and deferasirox-
treated) cells were washed three times with 1X PBS and counted in a hemocytometer. Cells were
suspended at 1 X 107 cells/ml in YPD medium supplemented with 1, 2.5, 5, or 10 mM H,0, (Sigma-
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Aldrich) and incubated for 2 h at 30°C with shaking. Control samples were treated similarly but incubated
without H,O, The cells were then serially diluted in PBS, and 100 ul of the suspension was plated on YPD
agar. The plates were incubated at 30°C for 24 h to obtain the number of viable CFU.

HNP-1 killing assay. Human neutrophil peptide 1 (HNP-1) candidacidal activity was evaluated as

described previously (43) with minor modifications. Overnight cultures were diluted to an ODg,, of 0.3
to 0.4 in fresh YPD medium and then regrown to reach an ODg,, of 0.8 to 1.0. The cells were washed
three times with 10 mM sodium phosphate buffer (NaPB), pH 7.4. A total of 1.5 X 10° cells/ml| were
suspended in NaPB with 0.5, 1, or 2.5 uM HNP-1 (Anaspec, Inc.), and control samples were left without
HNP-1. Cells were incubated at 37°C with shaking at 220 rpm for 1 h. The cells were then diluted in 10 mM
NaPB, and the cells were plated onto YPD agar. The plates were incubated for 24 h at 30°C, and the
numbers of CFU were obtained.

Histatin 5 (Hst 5) killing assay. Hst 5 killing assays were performed as described previously (13).
Accession number(s). The data described here have been deposited in NCBI's Gene Expression

Omnibus (GEO) database and are accessible through GEO series accession number GSE123277 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123277).

SUPPLEMENTAL MATERIAL
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