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High iron-mediated increased oral fungal burden, oral-to-gut transmission, 
and changes to pathogenicity of Candida albicans in oropharyngeal 
candidiasis
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ABSTRACT
Background: Iron affects the diversity of the oral microbial landscape. Laboratory-strain CAI4 
of Candida albicans that causes oropharyngeal candidiasis (OPC) exhibits iron-induced 
changes to the cell wall, impacting phagocytosis (by macrophages) and susceptibility of 
fungal cells to cell wall-perturbing antifungals, in vitro.
Aim: To understand the effect of iron on the CAI4-strain, wild type (WT) SC5314-strain, and 
oral isolates of C. albicans.
Methods: An immunosuppressed murine model of OPC was used to assess the effect of iron 
on oral-to-gut infection and antifungal susceptibility of the CAI4-strain. In vitro antifungal 
susceptibility, cell wall analysis, and phagocytic assays were performed under low and high 
iron, for the SC5314-strain and oral isolates.
Results: High iron enhanced oral and gut fungal levels for the CAI4-strain in mice; CAI4 cells 
from low iron mice were more susceptible to antifungals. The SC5314-strain and oral isolates 
showed enhanced antifungal-resistance towards most antifungals tested, under high iron. 
Iron-mediated cell wall changes and phagocytic response in the SC5315-strain were similar to 
CAI4; oral isolates showed a variable response.
Conclusion: Host iron can potentially alter infection severity and dissemination, efficacy of 
antifungal treatment, and host immune response during OPC. Clinical isolates showed most 
of these effects of iron, despite exhibiting a varied cell wall composition-change response to 
iron.
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Introduction

Candida albicans is the most common commensal fun-
gus in healthy individuals, and the primary causative 
agent of oropharyngeal candidiasis (OPC) in the immu-
nocompromised [1]. Changes in the host-specific envir-
onment, including alterations in iron levels, can cause 
variations in the C. albicans burden and affect its viru-
lence 2). Iron is an essential nutrient that can be sourced 
by oral microbes from inorganic iron (in saliva), heme- 
bound iron (in crevicular fluid and non-vegetarian 
diet), and non-heme iron (in vegetarian diet); or can 
be sequestered from iron-binding proteins like trans-
ferrin, lactoferrin, and hemoglobin. Lack of a divalent 
metal transporter in the oral epithelium, host-related 
factors like iron-rich diet, and abundance of acid- 
producing bacteria that increases iron bio-availability 
by reducing environmental pH [3], can potentially 
make the oral environment particularly iron-rich.

In order to sustain its growth in the oral cavity, 
C. albicans can obtain iron from multiple host 
sources (except lactoferrin) [4]. Treatment with the 

FDA-approved oral iron chelator deferasirox (DFX) 
reduced the C. albicans burden during OPC in mice 
(Puri et al. 2019b). This raises the possibility that an 
increase in host iron levels can enhance the fungal 
load in the oral cavity. Oral microbes are continu-
ously ingested and cause gut microbial dysbiosis [5]. 
Therefore, a high iron-mediated increase in the oral 
fungal load can potentially facilitate enhanced 
Candida gut colonization, which is a source of life- 
threatening disseminated candidiasis [6].

The fungal cell wall plays a crucial role in the 
virulence of systemic and mucosal infections, includ-
ing OPC. The dynamic structure of the C. albicans 
cell wall is crucial for cell shape, viability, pathogen-
esis, interaction with other microbial species, and 
evasion of host immune cells [7]. The outer layer of 
the cell wall is made of mannans, while the inner 
layer consists of β-1,3-glucan complexed with chitin, 
along with small amounts of β-1,6-glucan [8]. 
Mannans mask β-1,3-glucans and a decrease in man-
nan levels induces β-1,3-glucan exposure on the cell 
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surface. Also, an increase in chitin levels can be 
associated with enhanced exposure of β-1,3-glucan 
[9,10]. As the primary fungal pathogen-associated 
molecular pattern (PAMP), β-1,3-glucan binds to 
Dectin-1, a C-type lectin pattern recognition receptor 
(PRR) of the host’s immune cells [11]; and promotes 
phagocytosis and inflammatory responses [12].

Factors such as environmental pH, zinc, iron, and 
lactic acid can alter the β-1,3-glucan exposure as well 
as the actual levels of mannan, β-1,3-glucan, or chitin 
in wild-type (WT) and common laboratory strains of 
C. albicans [13–16]. We have recently shown that 
a commonly used laboratory strain of C. albicans 
(CAI4 that is prototrophic for uracil biosynthesis, 
Ura+) modulates its cell wall in response to environ-
mental iron, altering its susceptibility to cell wall- 
perturbing (CWP) agents and host immune response 
[16]. An iron-rich environment enhanced β-1,3-glu-
can exposure-dependent phagocytosis [16], while cell 
wall structural changes also affected the response to 
antifungals including CWP agents [13,16]. However, 
strain heterogeneity among clinical isolates of fungi 
can affect virulence traits [17]. This underscores the 
need to evaluate such isolates to understand how they 
may differ from the WT and laboratory strains of 
their respective species. The effect of iron on the 
cell wall architecture, drug susceptibility, and 
immune recognition of oral clinical isolates of 
C. albicans that have already been exposed to differ-
ent oral challenges in the host is completely 
unknown.

Here, we analyze the effect of high iron on oral 
infection and oral-to-gut transmission, along with the 
effect of iron on drug resistance, during OPC. In 
addition, we evaluated the effect of iron on changes 
in the fungal cell wall and the resulting modulation in 
antifungal-sensitivity and macrophage-mediated pha-
gocytosis, for both WT and oral isolates of 
C. albicans.

Material and methods

Fungal strains, media, culture conditions, and 
animals

C. albicans CAI4 (Ura+) strain (Δura3::imm434/ 
Δura3::imm434RPS1/Δrps1::Clp10-URA3) 2 and 
WT SC5314 strain (ATCC, MYA-2876™) were used, 
along with C. albicans oral isolates. These clinical 
isolates were collected over the past 2 years from 
the dental clinics at the Temple University, and strain 
identification was performed at the Oral Microbiome 
Research Laboratory, initially using Chrom AgarTM 

(BD), followed by molecular characterization, as 
described in the Supplemental section (Figure S2 
and Supplemental methods). Isolates from de- 
identified yeast extract-peptone-dextrose (YPD; 

Difco) plates were regrown in YPD and stored at 
−80°C as glycerol stocks. C. albicans exponential- 
phase cells were prepared as described previously 
[16] in yeast nitrogen base (YNB; 4027–112; MP 
Biomedicals) limited iron medium as low iron med-
ium or the same with the addition of 50 µM bath-
ophenanthrolinedisulfonic acid (iron-chelator) and 
100 µM FeCl3.6H2O as replete iron medium (or 
high iron medium) [2]. For antifungal sensitivity 
assays, uridine (50 μg ml−1) containing YNB or 
YPD agar plates were used. For experiments invol-
ving animals, 4 to 6 weeks old C57BL/6 female mice 
from Jackson Labs, Bar Harbor, ME, were used.

Murine model of OPC and tissue collection for 
C. albicans Cfu determination

The immunosuppression model of murine OPC was 
used, as described previously [18], with the following 
modifications: 1) Mice were divided into two groups: 
control (without treatment; n = 8) and iron-overload 
(treated with 10 mg/kg of body weight of iron- 
dextran (Sigma) intraperitoneally [19] at day −1; 
n = 8); 2) Tranquilizer chlorpromazine hydrochloride 
(10 mg kg−1) was given to each mouse on day 0, 
before infection [20]. On day 5, the mice were eutha-
nized; and tongue, stomach (upper half of the body 
including 5–7 mm of the esophagus), and small intes-
tine (10 cm in length, recovered from the cecum side) 
were excised. The right lateral half of each mouse's 
tongue and whole samples of the stomach and small 
intestine were weighed and homogenized in PBS. 
Serial dilutions of tissue mixture of all mice were 
plated individually on YPD-agar plates (containing 
50 μg ml−1 uridine and streptomycin/penicillin) and 
incubated at 30ᵒC for 48 h. The C. albicans burden in 
tissues was assessed by Cfu (colony forming unit) 
quantification.

Antifungal sensitivity

Sensitivity of C. albicans grown under low and high 
iron in vivo
To assess the antifungal sensitivity of C. albicans 
grown in vivo under low and high iron conditions, 
we used our immunosuppressed murine model of 
OPC, as described above. The mice were divided 
into two groups: 1) high iron mice (untreated) 
and 2) low iron mice (treated with DFX). The DFX 
mice group was treated by prophylactic iron chelation 
therapy with 10 mg kg−1 DFX (Novartis) in suspen-
sion of sodium chloride solution (0.9% w/v) using 
oral gavage [21]. A total of 8 mice per group were 
included. On day 5, homogenized tissue mixtures 
were prepared as described in the above section and 
pooled together per group. Pooled tissue mixtures of 
DFX-treated and untreated mice groups were plated 
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on YPD-agar plates (as described above) with or 
without antifungals [1 μg ml−1 tunicamycin, 75 ng 
ml−1 caspofungin (Sigma-Aldrich), an inhibitor of β- 
1,3-glucan synthase enzyme, and 12.5 μg ml−1 calco-
fluor white (CFW)] and incubated at 30ᵒC for 48 h. 
Sensitivity of C. albicans was assessed by Cfu- 
quantification. Plates without antifungals were con-
sidered as control for respective mice groups.

C. albicans sensitivity in vitro
C. albicans susceptibility to tunicamycin (1.75 μg 
ml−1) and CFW (100 μg ml−1) were tested by a spot 
dilution assay, while zymolyase sensitivity was 
assessed in liquid media by measuring C. albicans 
growth (O.D.600) in the presence of 30 U zymolyase, 
for 4 h, as described previously [16].

Minimum inhibitory concentration (MIC)
For evaluation of clinical antifungal drug sensitivity 
towards C. albicans grown in low or high iron medium, 
exponential cells of C. albicans were diluted to an 
O.D.600 of 0.1 in their respective medium and incu-
bated at 30ᵒC for 24 h in the absence (as control) or 
presence of drugs. The following antifungal drugs were 
tested: amphotericin B (0.125–16 μg ml−1), nystatin 
(0.5–16 μg ml−1), fluconazole (0.125–16 μg ml−1), and 
caspofungin (0.03–4 μg ml−1). The MICs of antifungal 
drugs were determined to have the lowest concentra-
tion that inhibited ≥90% of the C. albicans cells.

Fluorescent staining and analysis of cell wall 
components

Concanavalin A (ConA), CFW, and aniline blue (AB) 
were used to stain C. abicans mannan, chitin, and β- 
1,3 glucan, respectively, while β-1,3 glucan exposure 
was detected by the anti-β-1,3 glucan antibody-based 
staining method, as described previously [16]. Images 
were taken with a confocal microscope at 100 × mag-
nification and quantified by measuring mean fluores-
cence intensities (MFI) using the ImageJ software.

Phagocytosis

The phagocytosis assay was followed by C. albicans 
co-incubation with primary murine bone marrow- 
derived macrophages (BMDM) at a multiplicity of 
infection (MOI) of 5:1 in 1 ml of RPMI-1640 
(Hyclone) media for 3 h at 37°C under 5% CO2, as 
described previously [16].

Ethics statement

All animal experiments were performed as per guide-
lines of the Animal Care and Use Protocol, under the 
protocol (ACUP: 4623) reviewed, and approved by 
the institutional Animal Care and Use Committee 

(IACUC) of the Temple University to ensure proper 
care and handling of the laboratory animals.

Statistical analysis

Statistical analysis was performed using the Mann- 
Whitney or Student t-test, as indicated, between the 
low and high iron study groups, using the GraphPad 
Prism software version 7 (USA).

Results

High host iron increases C. albicans oral burden 
and oral-to-gut dissemination

Using our murine OPC model, we first tested 
whether higher host iron levels lead to an increase 
in the oral fungal burden during infection. Mice were 
treated with iron supplement at a dose that increases 
murine iron levels [19] and iron-treatment was 
further confirmed by total serum iron measurements 
in treated and control mice (Figure S1). High iron 
mice showed significantly higher colony forming 
units (Cfu)/g of tongue tissue for CAI4 (Ura+) 
C. albicans, as compared to untreated control mice 
(Figure 1). Next, we hypothesized that high iron- 
mediated increased pathogen level in the oral cavity 
will cause greater dissemination of C. albicans to 
downstream organs. Indeed, compared to control 
mice, iron-treated mice with OPC had significantly 
higher (Cfu)/g of tissue, both in the stomach and the 
intestine (Figure 1), respectively. This suggests that 
OPC in higher iron mice is more severe and can lead 
to a significant increase in the presence of C. albicans 
in the gastrointestinal tract.

Changes in iron levels alter C. albicans 
susceptibility to CWP antifungals

In line with the above results (Figure 1), reduced iron 
levels in mice with the iron chelator DFX, on the 
other hand, decreased the oral fungal burden during 
OPC (Puri et al. 2019b). Furthermore, iron affected 
the CAI4 (Ura+) C. albicans cell wall by altering its 
susceptibility to CWP antifungals (tunicamycin (inhi-
bitor of the synthesis of N-linked oligosaccharide 
chains on mannoproteins), zymolyase (inhibitor of 
β-1,3 glucan synthase), or CFW; a chitin-binding 
dye), in vitro [16]. Hence, we next performed CWP 
antifungal-susceptibility testing on CAI4 (Ura+) 
C. albicans isolated from untreated (control) and 
DFX-treated mice (representing relatively higher 
and lower host iron environments, respectively) 
with OPC. Iron-treatment was confirmed by total 
serum iron measurements in treated and control 
mice (Figure S1). Homogenized tongue tissue of 
infected mice was plated on YPD medium alone 
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and YPD containing either tunicamycin, caspofungin 
(clinical inhibitor of β-1,3 glucan synthase), or CFW.

All three antifungals caused an increase in viability 
(3.7-, 12.9-, and 27.8-fold for tunicamycin, caspofun-
gin, and CFW, respectively) for C. albicans cells iso-
lated from control mice with higher iron levels, 
compared to fungal cells isolated from DFX-treated 
mice with lower iron levels (Figure 2(a)). 
Tunicamycin and caspofungin results were statisti-
cally significant (p = 0.028 for both), while CFW 
result was close to significance (p = 0.057). This 
suggested that higher iron levels in the host made 
C. albicans cells more resistant to CWP antifungals. 
We defined this phenomenon of high iron-mediated 
resistance to CWP antifungals as the ‘iron-effect’ on 
antifungal susceptibility.

To examine whether growth in high iron environ-
ment similarly affects the CWP antifungal- 
susceptibility of oral isolates of C. albicans as well, 
we compared the drug sensitivities of C. albicans oral 
isolates grown in low and high iron medium. As 
observed previously for CAI4 (Ura+) C. albicans 
grown in vitro [16] or in vivo (Figure 1), the WT 
SC5314 strain grown in vitro in high iron was more 
resistant to tunicamycin and CFW in a spot assay 
(Figure 2(b)); and showed significantly higher growth 
in the presence of zymolyase in liquid medium, com-
pared to cells grown in low iron (Figure 2(c)). Almost 
all of the oral isolates showed this iron-effect, 
although the actual growth differences in tunicamy-
cin under low and high iron were notably minimal, 
with one strain (strain-19) showing no iron-effect 
(Figure 2(b)-middle). In contrast, all oral isolates 
showed a robust iron-effect when exposed to CFW 
(Figure 2(b)-right) or zymolyase (Figure 2(c)); with 
greater resistance in high iron cells, as compared to 
respective low iron cells. Taken together, a high iron 
environment makes C. albicans cells more resistant to 
CWP antifungals, both in vivo and in vitro; and the 

iron-effect, previously observed for CAI4 (Ura+) is 
largely retained by oral C. albicans isolates, especially 
for antifungals that target the inner cell wall.

High iron increases C. albicans resistance to 
commonly used clinical antifungals

To determine if the iron-effect extends to clinical 
antifungals, we tested the sensitivities of specific 
CWP antifungals (caspofungin) and cell membrane- 
targeting antifungals (amphotericin B, nystatin, and 
fluconazole) against WT SC5314 C. albicans and our 
oral isolates, under low and high iron (Table 1). 
Growth in high iron enhanced the caspofungin MIC 
(1.6 to 8.3-fold increase) for all of the oral isolates, 
compared to the low iron cells. MIC of high iron cells 
against amphotericin B increased by 2- to 4-fold, and 
against nystatin by 2-fold, for six out of the seven 
isolates tested, as compared to the respective low iron 
cells. However, no differences in the MIC of flucona-
zole were observed for cells grown in low or high iron 
conditions. Our results show that a high iron envir-
onment can enhance the antifungal-resistance against 
a majority of the commonly used clinical antifungals, 
against C. albicans oral isolates.

Levels of C. albicans cell wall components of 
oral isolates show variable response to iron

Iron-mediated changes in antifungal-susceptibilities 
towards CWP agents were previously shown to be 
caused by specific iron-induced alterations in the cell 
wall architecture of CAI4 (Ura+) C. albicans [16]. To 
understand the iron-mediated cell wall changes in 
oral isolates of C. albicans, we compared the levels 
of mannan, chitin, and β − 1,3 glucan between low 
and high iron cells of oral isolates of C. albicans, 
along with the WT SC5314 cells. As expected, similar 

Figure 1.Iron-overload causes enhanced infection and promotes oral-to-gut dissemination of C. albicans during murine OPC. The 
numbers of Cfu per gram of tissue, tongue (a), stomach (b), and intestine (c), were obtained from C. albicans (CAI4, Ura+)- 
infected untreated (control) or iron-dextra-treated (iron-overload) immunosuppressed WT (C57BL/6) mice. The data are 
presented as strip plots with mean ± SD for each group (statistical analysis performed using Mann–Whitney test; significance 
at *, P ≤ 0.05; **, P ≤ 0.01).
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to what was previously reported for CAI4 (Ura+) 
[16], the WT SC5314 strain presented major differ-
ences in the levels of cell wall components in 
response to changes in environmental iron; with 

high iron cells showing a significant decrease in man-
nan (Figure 3(a)) and chitin (Figure 3(b)) and 
a significant increase in β-1,3 glucan (Figure 3(c)), 
as compared to low iron cells. These changes in 

Figure 2.Iron influences antifungal resistance. (A) Resistance of CAI4 (Ura+) C. albicans cells isolated from WT C57BL/6 mice 
(untreated controls and deferasirox (DFX)-treated (with lower iron levels) immunosuppressed mice) to tunicamycin (1 μg/ml), 
caspofungin (75 ng/ml) and CFW (12.5 μg/ml) in vitro. Viable cell counts were determined by Cfu enumeration over 48 h at 30°C. 
Sensitivity results are expressed as percent reduction in Cfu on plates containing antifungal agents, compared to growth on 
control plates lacking any antifungal agent; with statistical comparison of these percent reductions for C. albicans isolated from 
control and DFX-treated mice groups. The data are presented as strip plots with mean ± SD for each group (statistical analysis 
performed using Mann–Whitney test; significance at *, P ≤ 0.05). (b and c) Resistance of WT SC5314 and oral isolates of 
C. albicans grown in low or high iron medium to CWP agents on respective YNB based media (for 1.75 μg/ml tunicamycin or 
100 μg/ml CFW) by spot dilution assay on agar plates after 48 h at 30°C or on liquid media (for 30 U zymolyase) by measuring 
growth (O.D.600) for 4 h at 30°C.

Table 1. Minimum inhibitory concentrations (MIC) of clinical antifungal drugs for oral isolates of C. albicans.

Strains

Amphotericin B Fluconazole Nystatin Caspofungin

Low Fe 
medium

High Fe 
medium

Low Fe 
medium

High Fe 
medium

Low Fe 
medium

High Fe 
medium

Low Fe 
medium

High Fe 
medium

WT 0.5 1 1 1 4 4 <0.3 0.5
3 1 2 2 2 4 4 0.06 0.5
4 0.5 1 ≥16 ≥16 4 8 <0.3 0.5
5 1 1 2 2 4 8 0.06 0.5
18 0.5 2 2 2 4 8 <0.3 0.5
19 0.5 2 1 1 4 8 <0.03 0.25
21 1 2 1 1 4 8 <0.03 0.125
22 0.5 2 2 2 4 8 <0.3 0.5

Bold numbers represent higher MIC values in high Fe medium as compared to low Fe medium. 
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specific cell wall components of the WT strain in 
response to iron were considered as the ‘iron-effect’ 
for cell wall compositional changes.

With regard to mannan, only 28.57% of the oral 
isolates showed the iron-effect (with significantly 
lower mannan levels in high iron cells, compared to 
cells grown in low iron), while another 28.57% of the 
isolates showed the opposite effect; 42.86% of the 
isolates showed no difference between low and high 
iron cells (Figure 3(a)). For chitin levels, 42.86% of 
the isolates showed the iron-effect (with significantly 
lower chitin levels in high iron cells, compared to low 
iron cells), while the remaining 57.14% isolates 
showed the opposite effect (Figure 3(b)). Further, β- 
1,3 glucan levels in cells grown in high iron were 
significantly higher in 28.57% isolates, compared to 
low iron cells (thus showing the iron-effect), while 
14.29% of the isolates showed the opposite effect; and 
57.14% of C. albicans isolates showed no difference 
upon growth in low and high iron (Figure 3(c)). 
Thus, the effect of iron on the C. albicans cell wall 
composition was not uniform and varied between 
different oral isolates.

High iron increases β-1,3-glucan exposure to 
enhance phagocytosis of oral C. albicans isolates

We next tested the effect of iron-mediated changes 
on the incidence of β-1,3-glucan exposure in oral 
C. albicans isolates. To examine this, we compared 
the levels of β-1,3-glucan exposure in C. albicans cells 
grown in low and high iron. As expected, similar to 
what we previously reported for CAI4 (Ura+) 
C. albicans [16], the WT SC5314 strain showed an 
increase in β-1,3-glucan exposure upon growth in 
high iron, compared to low iron cells. Most oral 
isolates exhibited a similar effect, with a significant 
increase in β-1,3-glucan exposure levels in high iron, 
except for two isolates that showed a non-significant 
increase (Figure 4(a)).

Since exposure of β-1,3-glucan enhances 
C. albicans recognition by immune cells causing an 
enhanced phagocytic response [16], we next exam-
ined if iron-mediated increase in β-1,3-glucan expo-
sure affected macrophage phagocytic-response for 
our oral isolates. We exposed murine bone-marrow 
derived macrophages (BMDMs) to low and high 

Figure 3.Impact of iron on cell wall architecture of oral isolates. Fluorescent micrographs for WT SC5314 and oral isolates of 
C. albicans, grown in low or high iron medium, stained for mannan (Con A) (a), chitin (CFW) (b), and β-1,3-glucan (AB) (c). 
Micrographs (scale bar = 5 μm) are representative of three independent replicate experiments. Mean fluorescence intensities 
(MFI) for n > 150 cells for each growth condition are represented as MFI ± SEM and error bars indicate 95% CI. Data were 
analyzed using Student’s t-test. *** P ≤ 0.0005; ** P ≤ 0.005; *P < 0.05 and ns = no significance.
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iron-grown C. albicans WT SC5314 cells and cells of 
oral isolate 5 and 18 (representing isolates showing 
non-significant and significant increases in β-1,3-glu-
can exposure in high iron, respectively). As expected, 
high iron WT cells showed a significant increase in 
phagocytosis (2.14-fold increase, compared to low 
iron cells). Similarly, cells of isolate 5 and 18 grown 
in high iron also showed an increase in phagocytosis, 
which was observed to be non-significant (1.48-fold 
increase) for isolate 5, while significant (2.83-fold 
increase) for isolate 18 (Figure 4(b)). Thus, high 
iron caused an increase in β-1,3-glucan exposure 
among the oral isolates of C. albicans tested, and 
this architectural change has the potential to enhance 
phagocytosis by macrophages.

Discussion
The oral cavity as a niche contains a polymicrobial 
population that has the potential to majorly impact 
systemic health. High iron modulates the gut micro-
biome [22] and now we are learning its impact on the 
oral microbiome. It leads to a more diverse oral 

microbial community [23] while promoting higher 
carriage of specific bacteria [24]. Here, we show that 
iron overload enhances the severity of OPC in mice, 
as well as the oral-to-gut transmission of C. albicans 
(Figure 1). Candida spp. are the fourth leading cause 
of all microbial bloodstream infections [25]. Contrary 
to the original belief that catheter lines lead to blood-
stream infections and eventual sepsis of C. albicans, 
genotyping studies have confirmed that in the major-
ity of such bloodstream infections, the pathogen ori-
ginates from the gut [26,27]. Further, it has been 
reported previously that extensive esophageal candi-
diasis can lead to gastric candidiasis [28], while we 
provide here evidence for potential gastrointestinal 
(GI)-colonization, post-OPC, in our murine model 
(Figure 1). This suggests that oral C. albicans has 
the potential to cause disseminated disease by mod-
ulating fungal levels in the downstream GI tract, 
specifically in a high iron host.

Besides being the leading cause of OPC, as a key- 
stone pathogen, C. albicans can also cause oral micro-
bial dysbiosis within the host ecosystem and promote 
aggressive oral infections by encouraging synergistic 

Figure 4.High iron induces enhanced β-1,3-glucan exposure and BMDM-mediated phagocytosis of oral isolates. (a) Fluorescent 
micrographs for WT SC5314 and oral isolates of C. albicans, grown in low or high iron medium, stained with anti-β-1,3-glucan 
antibody and Cy3-labelled secondary antibody for exposed β-1,3-glucan. Micrographs scale bar = 5 μm. Mean fluorescence 
intensities (MFI) for n > 150 cells from three independent experiments for each growth condition represented as MFI ± SEM and 
error bars indicate 95% CI. Data were analyzed using Student’s t test. * P ≤ 0.05; *** P ≤ 0.0005 and ns = no significance. (b) 
Primary murine-BMDMs were infected with C. albicans cells of WT SC5314, and oral isolates 5 and 18, grown in low or high iron 
medium at MOI of 3 for 1 h at 37°C under 5% CO2. Micrographs (B-left) showed external C. albicans cells stained with CFW (blue 
color) and phagocytized C. albicans cells (unstained; shown by yellow arrows or yellow circles indicate macrophages contained ≥ 
6 C. albicans cells). Images represent the data derived from three independent experiments in triplicates. Micrographs scale 
bar = 25 μm. Phagocytic indices were calculated using the following formula: [(total number of engulfed candida/total number 
of counted macrophages) × (number of macrophages containing engulfed cells/ total number of counted macrophages)] × 100, 
(B-right). The results of triplicates are represented as means ± SEM and error bars indicate 95% CI. Data were analyzed using 
the Student’s t test. * P ≤ 0.05; ** P ≤ 0.005, and ns = no significance.
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interactions with oral pathogenic bacteria [29]. Many 
of these biologically significant interactions involve 
direct binding of secreted or structural bacterial com-
ponents to the C. albicans cell surface. Niche-specific 
changes in host iron can alter the C. albicans cell wall 
architecture (Figure 3 [16,30];) and thus hold the 
potential to alter these inter-kingdom interactions. 
The Internalin-family protein (InlJ) of the periodon-
tal pathogen Porphyromonas gingivalis interacts with 
the C. albicans cell-surface adhesin Als3 that also 
serves as a ferritin receptor involved in iron uptake 
and hence regulated by environmental iron [31]. In 
addition, C. albicans MP65, an iron-regulated surface 
mannoprotein [2] was shown to bind P. gingivalis 
cells. Glucosyltransferase GtfB (an exopolysaccharide) 
of the caries-causing Streptococcus mutans and adhe-
sin SspB (belonging to the AgI/II family polypep-
tides) of the early colonizer Streptococcus gordonii 
bind to C. albicans cell wall mannans or Als3, respec-
tively [32,33]. Also, lack of mannosylated proteins 
(O- or N-linked mannans) on the C. albicans cell 
wall inhibits its interaction with both these bacteria 
[32,34]. Iron-mediated changes to the C. albicans sur-
face, specifically mannans levels (Figure 3(a) [16,30];) 
can thus affect periodontal disease and the cariogenic 
potential in the oral cavity, as well as alter the com-
position of the early colonizers of the oral cavity [24]. 
It is, however, imperative to note that clinical strains 
did not have uniform changes in response to iron. 
Therefore, both individual’s iron levels and the spe-
cific oral strain present can have a major impact on 
the outcome of various oral diseases.

The non-uniform effect of iron on the cell wall of 
oral isolates of C. albicans can have multiple potential 
causes. As the outermost layer, mannans face direct 
exposure of environmental stresses and are greatly 
influenced by various kinds of oral challenges, such as 
diverse bacterial microbiota and dietary supplements in 
the host [35]. Such challenges can cause intrinsic varia-
tions in the mannan levels in the cell wall of clinical 
isolates, prior to those being exposed to high and low 
iron in vitro (Figure 3(a)), thereby causing a variable 
effect of iron on the mannan content in these isolates. 
Further, changes in the cell wall mannan can affect the 
activity of the cell wall associated proteins that partici-
pate in cell wall morphogenesis, such as chitinases 
(hydrolyses chitin), β-1,3-glucanases (hydrolyses β- 
1,3-glucan), and cell wall remodeling enzymes (e.g. β- 
1,3-glucan transferase BGL2) [36]. These in turn can 
explain the inter-strain variation in chitin and β- 
1,3-glucan levels among the oral isolates (Figure 3(b,c)).

A decrease in mannans, an increase in chitin, and 
a decrease in β-1,3-glucan in the WT C. albicans cell 
wall led to higher tunicamycin, CFW, and zymolyase 
(including caspofungin) resistance, respectively, under 
high iron (Figure 2(b,c), Table 1), similar to previous 
observation [16]. Interestingly, despite inter-strain 

variations in the effect of iron on the cell wall compo-
nents of C. albicans oral isolates, most showed the iron- 
effect on drug-resistance (Figure 2(b,c), Table 1). The 
effect of high iron on amphotericin B was more pro-
nounced than that observed for nystatin (Table 1), 
although both represent polyene antifungals. 
Structural differences between the two drugs that 
bestow higher antifungal activity on amphotericin 
B over nystatin [37] may explain this observation. 
Interestingly, iron levels had no effect on the flucona-
zole MIC for any of the strains tested (Table 1). This is 
potentially a result of the fact that fluconazole treat-
ment of C. albicans causes extensive remodeling of iron 
homeostasis networks [38] that may limit the actual 
changes in intracellular iron levels caused by growth in 
low and high iron.

Mitogen activated protein kinase (MAPK) Cek1 
activation can impact sensitivity towards tunicamycin 
and CFW [39,40]; while treatment with β-1,3-glucan 
inhibitor (glucanase) enhances the activation of Slt2p 
(homologous to the C. albicans MAPK Mkc1 cell wall 
integrity pathway) in Saccharomyces cerevisiae [41]. 
Iron is a well-known inducer of Cek1, while MKc1 
plays a cooperative role along with Cek1 in the reg-
ulation of the cell wall architecture [42]. Thus, iron- 
induced MAPK signaling as alternative mechanisms 
for high iron-mediated increase in resistance of WT 
and oral isolates of C. albicans to CWP agents need to 
be explored with respect to iron.

Acknowledgments

The authors acknowledge Bettina Buttaro (Temple 
University) for assistance with confocal microscopy and 
Elisabetta Liverani (Temple University) for providing pri-
mary murine macrophages. The authors are grateful to 
Malcolm Whiteway (Concordia University) for CAI4 and 
Novartis for providing deferasirox.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by R03DE026451 (SP) and 
R01DE030130 (SP), funded by the National Institute of 
Dental and Craniofacial Research, National Institutes of 
Health.

Authors’ contributions

A. Tripathi contributed to study design, data acquisition, 
analysis, and interpretation, drafted, and critically revised 
the manuscript; Anubhav S. Nahar contributed to data 
acquisition, analysis, and interpretation of experiments; 
R. Sharma contributed to study design, data acquisition, 
analysis, and interpretation, drafted, and critically revised 
the manuscript; T. Kanaskie contributed to data 

8 A. TRIPATHI ET AL.



acquisition; N. Al-Hebshi critically revised the manuscript; 
S. Puri contributed to study design, data analysis, interpre-
tation, and critically revised the manuscript. All authors 
agree to be accountable for all aspects of the work.

ORCID

Sumant Puri http://orcid.org/0000-0002-5509-007X

References

[1] Vila T, Sultan AS, Montelongo-Jauregui D, et al. Oral 
candidiasis: a disease of opportunity. J Fungi (Basel, 
Switzerland). 2020;6(1):15.

[2] Puri S, Lai WK, Rizzo JM, et al. Iron-responsive chro-
matin remodelling and MAPK signalling enhance 
adhesion in candida albicans. Mol Microbiol. 2014;93 
(2):291–305.

[3] Johnson DB, Kanao T, Hedrich S. Redox transforma-
tions of iron at extremely low ph: fundamental and 
applied aspects. Front Microbiol. 2012;3:96.

[4] Fourie R, Kuloyo OO, Mochochoko BM, et al. Iron at 
the centre of candida albicans interactions. Front Cell 
Infect Microbiol. 2018;8:185.

[5] Olsen I, Yamazaki K. Can oral bacteria affect the 
microbiome of the gut? J Oral Microbiol. 2019;11 
(1):1586422.

[6] Agvald-Ohman C, Klingspor L, Hjelmqvist H, et al. 
Invasive candidiasis in long-term patients at 
a multidisciplinary intensive care unit: candida colo-
nization index, risk factors, treatment and outcome. 
Scand J Infect Dis. 2008;40(2):145–153.

[7] Hernández-Chávez MJ, Pérez-García LA, 
Niño-Vega GA, et al. Fungal strategies to evade the 
host immune recognition. J Fungi. (Basel, 
Switzerland). [accessed 2017/09//]. 2017;3(4):51. 
http://europepmc.org/abstract/MED/29371567

[8] Garcia-Rubio R, de Oliveira HC, Rivera J, et al. The 
fungal cell wall: candida, cryptococcus, and aspergillus 
species. Front Microbiol. 2020;10:2993.

[9] Chen T, Jackson JW, Tams RN, et al. Exposure of can-
dida albicans β (1,3)-glucan is promoted by activation of 
the cek1 pathway. PLoS Genet. 2019;15(1):e1007892.

[10] Hopke A, Nicke N, Hidu EE, et al. Neutrophil attack 
triggers extracellular trap-dependent candida cell wall 
remodeling and altered immune recognition. PLoS 
Pathog. 2016;12(5):e1005644.

[11] Arana DM, Prieto D, Román E, et al. The role of the 
cell wall in fungal pathogenesis. Microb Biotechnol. 
2009;2(3):308–320.

[12] Hardison SE, Brown GD. C-type lectin receptors 
orchestrate antifungal immunity. Nat Immunol. 
2012;13(9):817–822.

[13] Ene IV, Adya AK, Wehmeier S, et al. Host carbon 
sources modulate cell wall architecture, drug resis-
tance and virulence in a fungal pathogen. Cell 
Microbiol. 2012;14(9):1319–1335.

[14] Klis FM, Brul S. Adaptations of the secretome of 
candida albicans in response to host-related environ-
mental conditions. Eukaryot Cell. 2015;14 
(12):1165–1172.

[15] Malavia D, Lehtovirta-Morley LE, Alamir O, et al. 
Zinc limitation induces a hyper-adherent goliath phe-
notype in candida albicans. Front Microbiol. 
2017;8:2238.

[16] Tripathi A, Liverani E, Tsygankov A, et al. Iron alters 
the cell wall composition and intracellular lactate to 
affect candida albicans susceptibility to antifungals 
and host immune response. J Biol Chem. 2020;295 
(29):10032–10044.

[17] Bastos RW, Valero C, Silva LP, et al. Functional char-
acterization of clinical isolates of the opportunistic 
fungal pathogen aspergillus nidulans. mSphere. 
2020;5(2). DOI:10.1128/mSphere.00153-20.

[18] Tati S, Li R, Puri S, et al. Histatin 5-spermidine con-
jugates have enhanced fungicidal activity and efficacy 
as a topical therapeutic for oral candidiasis. 
Antimicrob Agents Chemother. 2014;58(2):756–766.

[19] Vale-Costa S, Gomes-Pereira S, Teixeira CM, et al. 
Iron overload favors the elimination of leishmania 
infantum from mouse tissues through interaction 
with reactive oxygen and nitrogen species. PLoS Negl 
Trop Dis. 2013;7(2):e2061.

[20] Hu W, Ninomiya K, Ishibashi H, et al. A novel murine 
model of pharyngeal candidiasis with local symptoms 
characteristic of pharyngeal thrush produced by using 
an inhaled corticosteroid. Med Mycol. 2007;45 
(2):143–148.

[21] Ibrahim AS, Gebremariam T, French SW, et al. The 
iron chelator deferasirox enhances liposomal ampho-
tericin b efficacy in treating murine invasive pulmon-
ary aspergillosis. J Antimicrob Chemother. 2010;65 
(2):289–292.

[22] Kortman GAM, Raffatellu M, Swinkels DW, et al. 
Nutritional iron turned inside out: intestinal stress 
from a gut microbial perspective. FEMS Microbiol 
Rev. 2014;38(6):1202–1234.

[23] Xi R, Wang R, Wang Y, et al. Comparative analysis of the 
oral microbiota between iron-deficiency anaemia (ida) 
patients and healthy individuals by high-throughput 
sequencing. BMC Oral Health. 2019;19(1):255.

[24] Wang R, Kaplan A, Guo L, et al. The influence of iron 
availability on human salivary microbial community 
composition. Microb Ecol. 2012;64(1):152–161.

[25] Wilson LS, Reyes CM, Stolpman M, et al. The direct 
cost and incidence of systemic fungal infections. Value 
Health. 2002;5(1):26–34.

[26] Miranda LN, van der Heijden IM, Costa SF, et al. 
Candida colonisation as a source for candidaemia. 
J Hosp Infect. 2009;72(1):9–16.

[27] Nucci M, Anaissie E. Revisiting the source of candidemia: 
skin or gut? Clin Infect Dis. 2001;33(12):1959–1967.

[28] Tanowitz HB, Simon D, Wittner M. Gastrointestinal 
manifestations. Med Clin North Am. 1992;76 
(1):45–62.

[29] Bertolini M, Ranjan A, Thompson A, et al. Candida 
albicans induces mucosal bacterial dysbiosis that pro-
motes invasive infection. PLoS Pathog. 2019;15(4): 
e1007717.

[30] Pradhan A, Avelar GM, Bain JM, et al. Non-canonical 
signalling mediates changes in fungal cell wall pamps 
that drive immune evasion. Nat Commun. 2019;10 
(1):5315.

[31] Sztukowska MN, Dutton LC, Delaney C, et al. 
Community development between porphyromonas 
gingivalis and candida albicans mediated by inlj and 
als3. mBio. 2018;9(2):e00202–00218.

[32] Hwang G, Liu Y, Kim D, et al. Candida albicans 
mannans mediate streptococcus mutans exoenzyme 
gtfb binding to modulate cross-kingdom biofilm 
development in vivo. PLoS Pathog. 2017;13(6): 
e1006407–e1006407.

JOURNAL OF ORAL MICROBIOLOGY 9

http://europepmc.org/abstract/MED/29371567
https://doi.org/10.1128/mSphere.00153-20


[33] Silverman RJ, Nobbs AH, Vickerman MM, et al. 
Interaction of candida albicans cell wall als3 protein 
with streptococcus gordonii sspb adhesin promotes 
development of mixed-species communities. Infect 
Immun. 2010;78(11):4644–4652.

[34] Dutton LC, Nobbs AH, Jepson K, et al. 
O-mannosylation in candida albicans enables devel-
opment of interkingdom biofilm communities. mBio. 
2014;5(2):e00911.

[35] Abbott DW, Martens EC, Gilbert HJ, et al. 
Coevolution of yeast mannan digestion: convergence 
of the civilized human diet, distal gut microbiome, 
and host immunity. Gut Microbes. 2015;6 
(5):334–339.

[36] Chaffin WL, Lopez-Ribot JL, Casanova M, et al. Cell wall 
and secreted proteins of candida albicans: identification, 
function, and expression. Microbiology and molecular 
biology reviews. Mmbr. 1998;62(1):130–180.

[37] Brautaset T, Sletta H, Degnes KF, et al. New 
nystatin-related antifungal polyene macrolides with 
altered polyol region generated via biosynthetic 

engineering of Streptomyces noursei. Appl Environ 
Microbiol. 2011;77(18):6636–6643.

[38] Hunsaker EW, Franz KJ. Candida albicans repriori-
tizes metal handling during fluconazole stress. 
Metallomics. 2019;11(12):2020–2032.

[39] Eisman B, Alonso-Monge R, Roman E, et al. The cek1 
and hog1 mitogen-activated protein kinases play com-
plementary roles in cell wall biogenesis and chlamydos-
pore formation in the fungal pathogen candida albicans. 
Eukaryot Cell. 2006;5(2):347–358.

[40] Roman E, Cottier F, Ernst JF, et al. Msb2 signaling mucin 
controls activation of cek1 mitogen-activated protein 
kinase in candida albicans. Eukaryot Cell. 2009;8 
(8):1235–1249.

[41] Boorsma A, Nobel H, Riet B, et al. Characterization of 
the transcriptional response to cell wall stress in sac-
charomyces cerevisiae. Yeast. 2004;21(5):413–427.

[42] Román E, Alonso-Monge R, Miranda A, et al. The 
mkk2 mapkk regulates cell wall biogenesis in coopera-
tion with the cek1-pathway in candida albicans. PloS 
one. 2015;10(7):e0133476.

10 A. TRIPATHI ET AL.


	Abstract
	Introduction
	Material and methods
	Fungal strains, media, culture conditions, and animals
	Murine model of OPC and tissue collection for C.albicans Cfu determination
	Antifungal sensitivity
	Sensitivity of C.albicans grown under low and high iron invivo
	C.albicans sensitivity invitro
	Minimum inhibitory concentration (MIC)

	Fluorescent staining and analysis of cell wall components
	Phagocytosis
	Ethics statement
	Statistical analysis

	Results
	High host iron increases C.albicans oral burden and oral-to-gut dissemination
	Changes in iron levels alter C.albicans susceptibility to CWP antifungals
	High iron increases C.albicans resistance to commonly used clinical antifungals
	Levels of C.albicans cell wall components of oral isolates show variable response to iron
	High iron increases β-1,3-glucan exposure to enhance phagocytosis of oral C.albicans isolates

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	Authors’ contributions
	References

