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Candida albicans (C. albicans) is an opportunistic human fungal pathogen that can cause
severe infection in clinic. Its incidence and mortality rate has been increasing rapidly.
Amphotericin B (AMB), the clinical golden standard antifungal agent, has severe side
effects that limit its clinical application. Thus, lowering the concentration and increasing the
efficacy of AMB in a combinatorial antifungal therapy have been pursued by both industry
and academia. Here we identify that fingolimod (FTY720), an immunomodulatory drug
used for oral treatment of relapsing-remitting multiple sclerosis, can potentiate the efficacy
of AMB against C. albicans growth synergistically. Furthermore, we observe an antifungal
efficacy of FTY720 in combination with AMB against diverse fungal pathogens.
Intriguingly, cells treated with both drugs are hypersensitive to endothelial endocytosis
and macrophage killing. This is later found to be due to the hyperaccumulation of reactive
oxygen species and the corresponding increase in activities of superoxide dismutase and
catalase in the cells that received combinatorial treatment. Therefore, the combination of
AMB and FTY720 provides a promising antifungal strategy.

Keywords: Candida albicans (C. albicans), antifungal agents, amphotericin B (AMB), fingolimod (FTY720), reactive
oxygen species (ROS)
INTRODUCTION

As one of the most important human fungal pathogens, C. albicans normally resides in human body
including oral cavity, gastrointestinal (GI) tracts and vagina as a non-pathogenic commensal
organism (Gulati and Nobile, 2016; Prieto et al., 2016). However, it will cause severe mucosal and
even systemic candidiasis infections when the microbial homeostasis is disrupted (Achkar and Fries,
2010; Gulati and Nobile, 2016; Prieto et al., 2016). The mucosal injury in GI tracts caused by diseases
such as IBD progression facilitates the colonization and invasion of C. albicans leading to higher
frequency of GI tracts infection (Gerard et al., 2015; Li et al., 2018; Stamatiades et al., 2018).
However, the arsenal of antifungals is rather limited compared with that of antibiotics. The polyene
macrolide antifungal amphotericin B (AMB) is very effective in the treatment of systemic
candidiasis, and is recommended for IBD patients with opportunistic fungal infections (Belenky
et al., 2013). However, due to its poor permeability across the membrane, an overdose of AMB must
be administered to the patients in clinic, resulting in severe side effects such as nephrotoxicity
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(Mesa-Arango et al., 2014). To minimize the side effects, AMB
was combined with other antifungals such as azoles (Johnson
et al., 2004; Mukherjee et al., 2005). However, frequent
application of azoles and their derivatives may lead to
increased drug resistance (Sarkar et al., 2014). Thus, it is
necessary to investigate the combinatorial application of AMB
and other compounds to reduce the dosage of AMB while
maintaining or increasing its efficacy.

Fingolimod (FTY720) is a S1P receptor inhibitor against several
pro-inflammatory conditions including multiple sclerosis
(Sukocheva et al., 2020). It can reduce the severity of UC,
attenuate intestinal injury, and shows anticancer effects in GI tract
(Feng et al., 2018; Sukocheva et al., 2020). When combined with
AMB, FTY720 was thus identified to be a promising candidate
which exerts a synergistic effect with AMB against the growth of C.
albicans. FTY720, an agonist of sphingosine 1-phosphate receptor
(SIPR) and a substrate for sphingosine kinase (SphK), is an
immunomodulatory drug used for oral treatment of relapsing-
remitting multiple sclerosis (RRMS) (Huwiler and Zangemeister-
Wittke, 2018), which has little interference with immune response
to infection (Pinschewer et al., 2000). In this study, we evaluated the
antifungal activity of FTY720 alone and in combination with AMB
against C. albicans. We further tested the inhibitory efficacy of the
drug combination against the growth of diverse fungal species and
unveiled the mechanisms underlying the synergistic effect.
MATERIALS AND METHODS

Strains, Medium and Growth Condition
Details of strains used in this study are shown in Table S1. The
fungal cells were cultured in YPD medium (1% yeast extract, 2%
glucose and 2% peptone) and grown for 24 hours at 30°C. FaDu
cells were cultured in MEM (Thermo Fisher) supplemented with
1% Penicillin-Streptomycin (Gibco, Cat# 15070063) and 10%
fetal bovine serum (FBS) (BI, Cat# 1545515), and RAW264.7
cells were cultured in DMEM supplemented with 10% FBS (BI,
Cat# 1545515). FTY720 (Sigma, Cat# SML0700) and AMB
(Sigma, Cat# V900919) was diluted in fresh YPD medium or
cell culture medium to get the indicated concentration and the
control group contained equivalent concentration of DMSO.

Growth Curve Assay
Cells grown overnight in YPD at 30°C were diluted to OD600 =
0.2 (0.1 OD600 for clinically isolated Candida strains) with
different drug treatment in flat-bottomed 96-well plate. The
OD600 was obtained every 60 min in a BioTek Synergy H1
Multi-Mode Microplate Reader (Winooski, VT, USA). The SDs
of at least three technical replicates were calculated and graphed
in Graphpad Prism Software. All panels shown represent at least
three biological replicates.

Determination of Minimum
Inhibitory Concentrations
The minimum inhibitory concentrations (MIC) of FTY720 alone
and the combination with AMB against C. albicans isolates were
determined according to the broth microdilution method described
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in the CLSI guidelines (Clinical Laboratory Standards Institute,
2008). Growth inhibition was determined by visual reading and
optical densities measured at 600 nm using a BioTek plate reader.
TheMIC80 was defined as 80% growth inhibition compared to a no-
drug control (Lewis et al., 2002; Li et al., 2011; Khan and Ahmad,
2012). The in vitro interaction between two drugs was defined by
the fractional inhibitory concentration index (FICI) (Odds, 2003).
The FICI model was expressed as follows: FICI = FICAMB +
FICFTY720 = (MIC80 of AMB in combination/MIC80 of AMB
alone) + (MIC80 of FTY720 in combination/MIC80 of FTY720
alone). The interpretation of FICI was: FICI for synergy ≤ 0.5, FICI
for antagonism > 4.0, and 0.5 <FICI ≤ 4.0 without interaction.

Effect of AMB and FTY720 Combination on
C. albicans Biofilm Formation
The cells were diluted into 100 µL RPMI-1640 medium in a 96-
well plate and incubated in a 37°C incubator for 4 hours to form
an adherent biofilm. The biofilm was treated with FTY720 and
AMB for 24 hours. To quantify biofilm formation, XTT (Sangon
Biotech, Cat# A602525-0250) solution containing 1% phenazine
methyl sulfate (Sigma-Aldrich, USA) was added to each well (100
µl) and incubated at 37°C for 2 – 3 h. The absorbance of the
supernatant was then measured at 492 nm using a BioTek
microplate reader (Li et al., 2019).

Filamentation Assay
Cells grown overnight were diluted with hyphae inducing
medium (YPD+10% serum, M199 and Spider medium)
containing either FTY720 or AMB to an OD600 of 0.05. After
incubation at 37°C for 2 h, the cells were observed under the
NIKON microscope and compared with the vehicle control. All
experiments were performed in triplicates.

Colony Forming Units (CFUs) Assay
C. albicans cells grown overnight in YPD for 15 hours were
diluted to OD600 = 0.2 in YPD and OD600 = 0.05 in YPD + 10%
serum medium. At 0 h, the cells were diluted and plated onto
YPD plates. After treatment with 11 mg/L FTY720 in YPD at
30°C or in YPD+10% serum at 37°C for 2 h, the cells were diluted
and plated onto YPD plates. The CFUs were counted after 24 h of
incubation at 30°C. The percent survival was calculated as (CFUs
after FTY720 treatment/CFUs at 0 h) × 100.

ROS Measurement in C. albicans
C. albicans cells grown overnight in YPD for 15 hours were adjusted
to 1×107 cells/ml. The intracellular level of ROS was measured with
the fluorescent dye 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA) (Sigma, Cat# D6883). The dye was added into the
medium to a final concentration of 50 mM. After incubation with
the dye for 45 min at 37°C, the cells were washed with PBS and
exposed to the drugs and incubated at 30°C with constant shaking
(200 rpm) for 2 hours. Cell samples were observed with confocal
scanning laser microscope with excitation wavelength at 485 nm
and emission wavelength at 520 nm. At the same time, cell
suspensions were harvested and transferred to the wells of a flat-
bottom microplate (BMG Microplate, 96 well, Black) to detect
fluorescence intensity by a BioTekmicroplate reader with excitation
April 2021 | Volume 11 | Article 627917
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wavelength at 485 nm and emission wavelength at 520 nm and the
ratio of intensity normalized with OD600 of the culture was
calculated (Liu et al., 2018). For the ROS clearance assay by N-
acetyl-l-cysteine (NAC) (Sigma, Cat# A9165) (Carter et al., 2005;
Kim et al., 2013), cells were grown overnight in YPD at 30°C and
diluted to OD600 = 0.1 with different drug treatments in flat-
bottomed 96-well plate. The statistical significance of OD600 at 8
hours (in the cell logarithmic phase) was calculated using ordinary
one-way ANOVA with Dunnett’s corrected post-hoc comparisons.
All panels shown represent at least three biological replicates. At
least three biological replicates were obtained for each experiment.

SOD Activity and Catalase
Activity Measurement
C. albicans cells grown to exponential phase in YPD medium
overnight were collected by centrifugation and washed twice
with PBS with final OD600 = 0.1 in YPD medium. The cells were
then exposed to DMSO or 5.5 mg/L FTY720 or 0.08 mg/L AMB
or the drug combination at 30°C with constant shaking (200
rpm) for 3 hours. The following steps were completed on ice:
after incubation, cells were harvested, washed twice with PBS,
resuspended with prepared lysis buffer and transferred to tubes
containing silicon beads (0.1 mm Zirconia/Silica Beads, Biospec,
catalog # 11079101z). After beads-beating at 3000 rpm for 45 s
per cycle for 4 cycles (Chowdhury and Kohler, 2015; Liu et al.,
2017), the supernatants were determined for enzymatic activity
after centrifugation at 12000 rpm for 10 minutes at 4°C. Protein
concentration was measured using the Pierce™ BCA Protein
Assay Kit (Thermo Scientific #23250). SOD activity of the cell
lysate was then detected with the SOD Assay Kit - WST
(DOJINDO #S311) and the absorbance of the samples was
measured with a BioTek microplate reader at 450 nm at 37°C
to calculate its SOD activity. Catalase activity was measured by a
colorimetric catalase assay (Beyotime #S0051) according to the
manufacturer’s instructions (Salvatori et al., 2018).

Lactate Dehydrogenase (LDH) Assay
To evaluate the cytotoxicity of FTY720, a total number of 2 × 104

FaDu cells (or 1 × 104 NCM460 cells) were incubated with
different concentration of FTY720 for 1 h in MEM (or DMEM)
medium containing 10% FBS (BI Cat#1545515) in 37°C
incubator with 5% CO2. The LDH level was evaluated using
Cytotoxicity LDH Assay Kit (Dojindo Cat#CK12) according to
manufacturer’s instructions (Mei et al., 2020).

Measurement of Host Cell Endocytosis
To determine the effects of drug combination on endocytosis, the
FaDu cells were incubated with 1 × 105 yeast-phase C. albicans
cells per well for 45 min in MEM medium containing 1%
Penicillin-Streptomycin (Gibco, Cat#15070063) and 10% FBS
(BI, Cat#1545515) under different drug treatments in a 37°C
incubator with 5% CO2. The cells were then diluted and plated
onto YPD plate for colony forming units (CFUs) count.

Macrophage Killing Assay
Macrophages were co-incubated with C. albicans (MOI = 1) at
37°C for 2 h in an incubator containing 5% CO2. Cells were
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
washed adequately in cold PBS, resuspended in warm DMEM
medium, and further incubated at 37°C with drug
supplementation for 2 hours. Macrophages cells were lysed in
PBS containing 0.1% Triton X-100 to release fungal cells. A serial
dilution was performed and plated onto YPD plates. The CFUs
were counted after 24 h of incubation at 30°C. The percent survival
was calculated as (1- CFUs after co-culture with macrophages/
CFUs of C. albicans cultured with medium without macrophages)
×100 (Vonk et al., 2002; Liu et al., 2018; Salvatori et al., 2018).

Statistics
Statistical analysis for comparisons of numerical values was
made using SPSS software (Version 20., Chicago, IL, USA).
The calculations were performed by the GraphPad Prism
statistical program (GraphPad Software, Inc., CA, USA).
RESULTS

Inhibitory Effect of the Combination of
FTY720 and AMB Against Multiple
Fungal Species
FTY720 exhibited a promising combinatorial effect to inhibit the
growth of C. albicans when combined with AMB (Figure 1A).
To further confirm whether it is synergistic or not, we performed
the broth microdilution method to calculate the MIC80 and FICI
of AMB and FTY720. MIC80 represents the minimum inhibitory
concentration of drug that inhibited fungal growth by 80%
compared with control. The combination of FTY720 and AMB
exhibits an enhanced efficacy to suppress C. albicans growth in
comparison with single FTY720 or AMB treatment. The FICI
was calculated to be 0.19 < 0.5 which indicated a synergistic effect
(Table 1 and Figure 1). Thus, we demonstrated that the
combination of FTY720 and AMB indeed exerts a synergistic
inhibitory effect against C. albicans (Figure 1B).

To test the antifungal activity against multiple fungal pathogens,
we further treated Cryptococcus neoformans (C. neoformans) and
Saccharomyces cerevisiae (S. cerevisiae) with the combination of
FTY720 and AMB. It was shown that there also exists a more
significant inhibitory effect for the combination againstC. neoformans
and S. cerevisiae comparing with single treatment (Figure 1C and
Figure S1), which indicated that the drug combination presents
antifungal activity against multiple fungal pathogens.

The Drug Combination Inhibits the Growth
of Clinically Isolated Candida Strains
To further confirm the inhibitory effect of combination on Candida
cells, we isolated four strains of C. albicans, three strains of Candida
glabrata (C. glabrata) and three strains of Candida tropicalis (C.
tropicalis) from the respiratory tract, urinary tract, and blood
samples of the patients in the clinical laboratory of Ruijin
Hospital, Shanghai, China. As shown in Figure 2 and Figure S2,
the growth of clinically isolated C. albicans, C. glabrata, and C.
tropicalis under combinatorial treatment was significantly inhibited.
Thus, FTY720 also potentiates the antifungal effect of AMB against
clinical Candida isolates.
April 2021 | Volume 11 | Article 627917
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Suppression of Hyphal Growth and Biofilm
Information by the Drug Combination
in C. albicans
The ability to switch between hyphae and yeast is critical for C.
albicans pathogenesis. Next, we asked whether the hyphal
growth would be suppressed by FTY720 combined with AMB.
In YPD medium supplemented with 10% serum, single
treatment by FTY720 didn’t change the morphology of C.
albicans (Figure 3A). However, the filamentation was inhibited
upon addition with the drug combination. In both M199 and
A

B

C

FIGURE 1 | Inhibitory effect of FTY720 and AMB on multiple fungal species. (A, B) Growth curve analysis of C. albicans in the presence of AMB and FTY720 at
different concentration. The OD600 was obtained every 60 min in a BioTek plate reader. (C) Dose-dependent growth inhibition of S. cerevisiae and C. neoformans by
FTY720 and AMB. Results are represented by the mean ± SD of three biological replicates.
TABLE 1 | Drugs interactions of FTY720 and AMB against C. albicans in vitro.

Strains MIC80 (mg/L)a FICIb Activity

Alone Combined

FTY720 AMB FTY720 AMB

SC5314 > 22 0.32 1.38 0.04 0.19 SYN
aFICI, fractional inhibitory concentration index
bSYN, synergism;
MIC80 values and FICIs were calculated from three independent experiments.
April 2021 | Volume 11 | Article 627917
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Spider medium, the hyphal length was much shorter than that of
vehicle control when treated with FTY720 alone. Surprisingly,
the filamentation was substantially suppressed by combinatorial
treatment with both FTY720 and AMB (Figure 3A). These
results indicate that combination of FTY720 and AMB exhibits
a much stronger inhibitory effect on the filamentation of C.
albicans than the single treatment with FTY720 or AMB.

To confirm the possibility that the cells are not able to
filament because their growth is inhibited, we performed the
CFUs assay to determine whether the cell growth is inhibited or
not. We found that they were decreased in both YPD and YPD +
10% serum media after treatment with FTY720 for 2 hours
(Figure S3). Thus, our results indicated that the cells were not
able to filament might be due to growth inhibition.

Additionally, AMB and FTY720 significantly inhibited the
biofilm formation in C. albicans (Figures 3B, C). To further
assess the inhibitory activity of the drug combination on C.
albicans biofilm, we used an XTT colorimetric assay that can
monitor the metabolic activity of the biofilm (Jin et al., 2003; Li
et al., 2019). Interestingly, combined treatment of AMB and
FTY720 resulted in a significant reduction in biofilm adhesion
(Figure 3C). Taken together, these results demonstrated that
combination of FTY720 and AMB inhibits biofi lm
formation significantly.
ROS Hyperaccumulation After Treatment
With Both FTY720 and AMB in C. albicans
ROS production is one of the important mechanisms
contributing to the fungicidal effect of AMB (Mesa-Arango
et al., 2014). To detect the ROS levels, the cells were incubated
with 2’, 7’-dichlorodihydrofluorescein diacetate (H2DCFDA). As
shown in Figure 4A, we observed an increased fluorescence
induced by single treatment with AMB or FTY720. However,
when combined with FTY720, the ROS levels in C. albicans was
significantly elevated upon treatment with the combination of
AMB and FTY720 (Figure 4B). Furthermore, while 0.04 mg/L
AMB didn’t result in significant increase in fluorescence, the
increasing concentration of FTY720 significantly increases
florescence in a dose-dependent manner, compared with single
treatment. Oxidative stress induced by accumulation of ROS was
reported to stimulate the antioxidant enzyme activity including
SOD and CAT in cells (Guirao-Abad et al., 2017). As shown in
our results, the relative antioxidant enzymatic activities of SOD
and CAT in C. albicans after treatment with AMB/FTY720 was
significantly increased more than that of the single agent
treatment (Figures S4A, B).

AMB has been shown to play a fungicidal role by inducing
ROS generation (Guirao-Abad et al., 2017). We hypothesized
that clearance of ROS by NAC would thus eliminate the
hypersensitivity to the combinatorial treatment. Thus, we
further investigated the scavenge of both intracellular and
extracellular ROS by N-acetyl-l-cysteine (NAC) and tested if
the elimination of ROS will weaken the inhibitory activity of
FIGURE 2 | Enhanced inhibitory effect of FTY720 and AMB on different
Candida clinical isolates. The OD600 was obtained every 15 min in a BioTek
plate reader for 16 hours. Results are represented by the mean ± SD of three
biological replicates.
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AMB and FTY720. As shown in Figures 4C–E, the addition of 1
mM NAC dramatically compromised the inhibitory effects of
multiple AMB and FTY720 combination. Higher concentrations
of NAC were more significant on attenuating the fungicidal
effects of drug combination (Figure S5). Collectively, we
demonstrated that combination of FTY720 and AMB induced
ROS hyperaccumulation in C. albicans leading to cell
growth defect.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
Low Concentration of FTY720 Showed No
Cytotoxicity on FaDu and NCM460
We evaluated the cytotoxicity of FTY720 on two mammalian cell
lines via LDH assay, FaDu (hypopharyngeal carcinoma cell line)
and NCM460 (normal human colon mucosal epithelial cell line).
As shown in Figure S6, we observed a dose-dependent cellular
damage by FTY720 on both cell lines. While the higher
concentration (88 mg/L, 44 mg/L and 22 mg/L) of FTY720
A

B C

FIGURE 3 | Suppression of C. albicans filamentation and biofilm formation by FTY720 and AMB. (A) Cells were inoculated into different hyphae-inducing medium in
the presence or absence of FTY720 and AMB and grown for 2 h at 37°C (Scale bar=20 mm). (B) Adhesive biofilm formation of C. albicans in RPMI medium
supplemented with different concentrations of FTY720 and AMB in a 96-well plate and photos were taken after discarding supernatant. (C) In vitro activity of different
concentrations of FTY720 and AMB at the early stage of biofilm formation after incubation in 96-well plate at 37°C for 4 h, as determined by XTT colorimetric
readings at 490 nm. Error bars represent SDs of 3 technical replicates. Statistical significance was determined using one-way analysis of variance (ANOVA) with
Tukey’s corrected post-hoc comparisons. *P < 0.05, **P < 0.01, ****P < 0.0001.
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A

B

C

D

E 

FIGURE 4 | Combination of FTY720 and AMB induced ROS hyperaccumulation and increased activity of SOD and CAT in C. albicans. (A) ROS generation in C.
albicans cells stimulated by 0.04 mg/L of AMB and 5.5 or 2.75 mg/L of FTY720 loaded with 50 µM fluorescent dye, 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA) (BF, brightfield). (B) Fluorescent intensity of ROS in C. albicans cells treated by 0.04 mg/L AMB and 5.5 or 2.75 mg/L FTY720. (C) Cells were treated
with single or combination of 0.08 mg/L AMB and 11, 5.5, or 2.75 mg/L FTY720 with/without 1mM NAC. The OD600 was obtained every 60 min in a BioTek plate
reader for 24 hours. (D) Cell growth was quantified after incubation for 8 hours. (E) Cell growth was quantified after treatment with single or combination of 0.08 mg/
L AMB and 2.75 mg/L FTY720 with/without various concentrations of NAC. Results are represented by the mean ± SD of three biological replicates. *P < 0.05 vs
control, ***P < 0.001 vs control, ****P < 0.0001 vs control. ns, not significant vs control.
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induced significant cellular damage, lower dosage (11 mg/L and
below) showed no cytotoxicity, suggesting the potential
application of low concentration of FTY720 as non-toxic
antifungal agent (Figure S6).

The Endocytosed C. albicans Was
Reduced After Treatment of FTY720
and AMB
The hyphal invasion by C. albicans in vitro can severely damage
endothelial cells or oral epithelial cells. Endocytosis of the
pathogen is prone to induce host cell damage (Martinez-Lopez
et al., 2006). Therefore, we determined the number of C. albicans
cells adhering to the oral epithelial cell line FaDu and
investigated the endocytosis of C. albicans by these host cells
after treatment with FTY720 and AMB (Figure S7A). FTY720/
AMB combination showed almost 58% reduction in the number
of colonies visualized by CFU counts that were endocytosed by
oral epithelial cells compared to the no drug control.
Furthermore, cells treated with FTY720 or AMB alone was also
hypersensitive to epithelial endocytosis, which suggested that
FTY720 and AMB disrupted the endocytosis by epithelial cells.
In aggregate, these results indicate that C. albicans treated with
FTY720 and AMB cannot invade oral epithelial cells efficiently,
and the drug combination treatment can reduce the ability of C.
albicans to destroy cells (P <0.001).

Increased Macrophage Killing of C.
albicans Cells Treated With FTY720
and AMB
As macrophages are the major innate immune defense against C.
albicans invasion, we then measured macrophage killing of
fungal cells by RAW264.7. Less C. albicans released by the
lysed macrophages were observed with AMB alone (P <0.01)
than with FTY720 alone (P <0.05) (Figure S7B). The combination
of FTY720 and AMB exhibited the most significant antifungal
efficacy against C. albicans because the C. albicans cells treated by
FTY720 combined with AMB were more sensitive to the
phagocytic cell killing than vehicle control (P < 0.001), which is
consistent with the conclusions drawn from our previous
experiments. Collectively, these results concluded that the
combination of FTY720 and AMB exerted a stronger inhibitory
effect on C. albicans than the single drug treatment.
DISCUSSION

AMB is the gold standard antifungal drug for most of the severe
invasive fungal infections, especially in Candida spp. infections
of IBD patients. However, the serious adverse effects like
nephrotoxicity limited its clinical application especially during
the early phase of treatment (Mesa-Arango et al., 2014).
Development of new antifungal agents will be costly and time-
consuming. Drug repurposing provides an immediate
therapeutic strategy against fungal infection (Mei et al., 2020).
Furthermore, the combinatory strategy which enhances the
efficacy and reduces the dosage of AMB to lessen the severity
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
of the side effects are emerging in the industry. And the
combination of commercial antifungal agents with an FDA
approved drug with antifungal activity may be much easier to
approach to the clinical practice (Nooney et al., 2005). In this
study, we found that FTY720 remarkably inhibited the growth of
C. albicans in combination with AMB compared with AMB
alone. The FICI index indicated a synergistic interaction between
AMB and FTY720 (Table 1), which is reported for the first time
as far as we know.

FTY720 was reported to improve the symptoms of ulcerative
colitis (UC) (Feng et al., 2018; Sukocheva et al., 2020). However,
the mechanism of its beneficial effects in colitis remains
unknown (Danese et al., 2018; Panés and Salas, 2018). Our
study suggested its potential on eliminating the overgrowth
of C. albicans.

The filamentation was almost completely inhibited by the
combination of FTY720 and AMB (Figure 3A). Pathogenic
biofilms composed of disrupted microbiota are capable of
exacerbating intestinal inflammation in IBD progression
(Hager and Ghannoum, 2017). Candida biofilms, composed of
a hydrophilic matrix cells and hyphae, have unique hydrophobic
structure. AMB binds directly to ergosterol to alter cell
membrane activity in fungal cells (Ghannoum and Rice, 1999).
Since filamentation is an important feature of biofilm formation
(Nobile and Johnson, 2015), we hypothesized that the drug
combination may have an inhibitory effect on biofilm
formation. Indeed, we intuitively monitored the disappearance
of biofilms in the presence of different concentrations of drug
combinations (Figures 3B, C). Thus, this drug combination is
potential to improve the treatment of Candida biofilm
associated infection.

Combinatorial treatment with AMB and FTY720 results in a
remarkably increased ROS level in C. albicans. ROS normally
includes oxygen anions, free radicals and peroxide (Scherz-
Shouval and Elazar, 2007). Remarkable accumulation of ROS
can result in oxidative stress and cellular components damage
which are toxic to the organisms, even leading to autophagy,
apoptosis or necrosis (Scherz-Shouval and Elazar, 2007;
Nakagawa, 2008; Yu et al., 2016). AMB binds to ergosterol at
plasma membrane causing loss of ions, induces ROS
accumulation in different pathogenic fungal species (Mesa-
Arango et al., 2014; Silva et al., 2020) and causes lipid
peroxidation through a greatly increased ROS level and
reactive nitrogen species (NOS) level (Ferreira et al., 2013).
The ROS induction subsequently leading to apoptosis is an
important mechanism of AMB in C. albicans (François et al.,
2006). After eliminating ROS in the environment by NAC, the
growth under drug treatment become similar to the control
group. It was shown that the fungicidal effects of drugs were
impaired by reducing the drug-induced ROS amount, indicating
that ROS accumulation may be one of the mechanisms
underlying the antifungal drug combination.

ROS generation stimulated antioxidant pools including non-
enzymatic and enzymatic antioxidizing agents, such as SOD,
CAT and peroxidases, to counteract its detrimental effects and
reduce the level of ROS (Scherz-Shouval and Elazar, 2007;
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Yu et al., 2016), which plays a key role in the antioxidant defense
system for aerobic organisms (Dantas Ada et al., 2015). Here C.
albicans treated with the combination of AMB and FTY720
showed higher levels of oxidative enzymes than control group or
single drug group, which corroborates the hypothesis that an
adaptive response occurs when Candida is exposed to oxidative
stress. Our results suggest that the combination of FTY720 and
AMB exhibits an oxidant effect on Candida, resulting in the
hypersensitivity of Candida to phagocytic cell attack (Arce
Miranda et al., 2019).

C. albicans attaches and adheres to the epithelial cells through
adhesins and invades epithelial cells by induced endocytosis and
active penetration (Naglik et al., 2011; Wachtler et al., 2012).
Induced endocytosis was normally initiated in the cell entry stage
for further invasion (Naglik et al., 2011). This host-driven
mechanism, which requires the host cell to actively participate
in, is widespread in many microbe-epithelial interactions in
microbial pathogens including bacteria and fungi (Goosney
et al., 1999; Moyes et al., 2015). Since low concentration of
FTY720 shows no cytotoxicity to mammalian cells, we
performed the endocytosis assay and found that the endocytosis
of C. albicans by FaDu oral epithelial cells was reduced when
combined with AMB (P <0.001), which may be due to the
inhibitory effect of the drug combination on the viability,
activity and invasion of C. albicans. Recruitment of phagocytes
to the infection site plays an important role in the body’s innate
immune defense againstC. albicans (Sheth et al., 2011). C. albicans
cocultured with phagocytic cells under the combination of
FTY720 and AMB (Figure S7) turned out to have less viability
and to be more susceptible to phagocytic cell killing indicating
better antifungal efficacy of the combination of FTY720 and AMB.

A major mechanism of killing engulfed fungi by innate immune
defender phagocytes is the NADPH-oxidase complex (NOX2)-
mediated process, a respiratory burst (also called an oxidative
burst) (Dantas Ada et al., 2015; Salvatori et al., 2018). NOX2
assembles on the membrane of maturing neutrophil phagosomes
and can produce ROS and reactive nitrogen species (RNS) to defend
against phagocytosed microbes (Dantas Ada et al., 2015; Salvatori
et al., 2018). Interestingly, C. albicans can immediately induce the
expression of antioxidant proteins including CAT, SOD and
glutathione peroxidase to cope with the oxidative stress induced
by the pathogen-host interaction, which plays an important role in
its tolerance to high oxidative stress, resistance to phagocyte killing,
immune evasion from the host immune response and survival in
the host (Frohner et al., 2009). However, the ROS produced by
NOX2 can also be secreted outside phagosomes to cause an
oxidative stress of C. albicans prior to phagocytosis (Frohner
et al., 2009; Miramon et al., 2012), which will recruit more
phagocytes to the infection site (Brothers et al., 2013), limit
filamentous growth intracellularly (Brothers et al., 2013) and form
new toxic substances with other chemicals (Brown et al., 2009),
eventually forming a fungicidal environment for C. albicans (Dantas
Ada et al., 2015). Additionally, C. albicans is susceptible to the
combination of ROS and cationic fluxes, which also accounts for the
potent antifungal efficacy of phagocyte (Kaloriti et al., 2014). Cations
possesses the potential to inhibit the detoxification of H2O2 resulting
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
in intracellular hyperaccumulation of ROS (Kaloriti et al., 2014). It
was reported that proteases, including elastase and cathepsin G,
activated by K+

flux contributed to killing activity of phagocytes
(Reeves et al., 2002). In our study, the combinatorial FTY720 and
AMB provided assistance to the phagocyte in the battle against
invasive fungi.

This study indicated for the first time that the FTY720 was able
to synergize with AMB against Candida species, which offers the
possibility to decrease the toxicity of the high dose of FTY720 or
AMB and to improve its therapeutic efficacy against fungal infection
in IBD patients. We also further determined the oxidative stress-
induced effect of FTY720 and AMB in C. albicans. However, these
in vitro results are not enough to support the application of the
combinatorial drugs in clinical, which needs in vivo studies and even
structural modification of FTY720. Further studies are needed to
investigate the existence of a synergism of FTY720 and AMB in the
murine mouse model of candidiasis, as well as the exact molecular
mechanism underlying the synergistic antifungal effect. In
conclusion, our investigation provided a new therapeutic strategy
against fungal infection.
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