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Abstract 
Candida albicans is the main conditional pathogenic fungus among the human microbiome. Extracellular vesicles (EVs) secreted 
by C. albicans are important for its pathogenesis. However, the effects and mechanisms of EVs on C. albicans own growth are not 
clear. Here, we isolated EVs from C. albicans cells grown in four culture media, including RPMI 1640, DMEM, YPD, and YNB, and 
measured their effects on the own growth of C. albicans in these media. All the C. albicans EVs from the four media could promote 
the growth of C. albicans in RPMI 1640 and DMEM media, but had no effects in YPD and YNB media, indicating that the effects of 
EVs on C. albicans growth were dependent on some media contents. By comparing the media contents and transcriptome analysis, 
arginine was identified as the key factor for the growth promotion of C. albicans EVs. EVs activated the l-arginine/nitric oxide pathway 
to promote the growth of C. albicans through that EVs increased the NO levels and upregulated the expression of NO dioxygenase 
gene YHB1 to reduce the intracellular reactive oxygen species (ROS) and cell apoptosis. During the host cell infections, C. albicans 
EVs synergistically enhanced the destructive effects of C. albicans to host cells, including RAW264.7, HOK, TR146, and HGEC, 
suggesting that the growth promotion by EVs enhanced the pathogenesis of C. albicans. Our results demonstrated the important roles 
of EVs on C. albicans own growth for the first time and highlight its synergism with C. albicans to increase the pathogenesis.

Key points
• C. albicans extracellular vesicles (EVs) promoted its own growth.
• EVs activated the l-arginine/NO pathway to reduce ROS and apoptosis of C. albicans.
• EVs enhanced the damage to the host cell caused by C. albicans.
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Introduction

Candida albicans is one of the most common opportunistic 
fungal pathogens (Lee et al. 2021). It can colonize in the 
oral cavity, vagina, and digestive tract of healthy people, 

and become pathogenic when the host is under low immune 
conditions (Pappas et al. 2016), particularly in immuno-
compromised individuals, such as patients with AIDS, 
patients undergoing chemotherapy, and individuals receiv-
ing immunosuppressant therapies (Lohse et al. 2018). C. 
albicans infections include superficial mucosal infection, 
dermal infections, and disseminated bloodstream infections 
with mortality rates above 40% (Calderone and Fonzi 2001; 
Pappas et al. 2004; Wenzel 1995). It is also one of the most 
common coinfected fungal species with SARS-CoV-2 in 
COVID-19 (Chen et al. 2020b).

Extracellular vesicles (EVs) are naturally released nano-scale 
particles from different cells (Oliveira et al. 2010; van Niel et al. 
2018). They were once considered carriers of cell “garbage” or 
debris shed by cells, but now, EVs have proved to be important 
for the cell communications in unicellular and multicellular 
organisms (Dawson et al. 2020; Rybak and Robatzek 2019). 
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C. albicans EVs are composed of proteins, lipids, nucleic acids, 
and carbohydrates (de Toledo Martins et al. 2019), including 
proteins with 1, 3-β-glucosidase activity (Gow and Hube 2012), 
enolase, 3-phosphate dehydrogenase (Gpdh), phosphoglycerate 
kinase (Pgk), and phosphoglycerate mutase (Karkowska-Kuleta 
et al. 2011), which were found to be highly related to the fungal 
cell attachment and the interactions with the host (Sandini et al. 
2011). C. albicans EVs were capable to regulate its pathogenic 
process and drug resistance (Rodrigues et al. 2013; Roszkowiak 
et al. 2019). An endosomal sorting complex required for trans-
port (ESCRT)-deficient mutant of C. albicans reduced EVs 
production and greatly increased sensitivity to the antifungal 
drug fluconazole, indicating the effects of EVs on the antifun-
gal drug responses of C. albicans (Zarnowski et al. 2018). C. 
albicans EVs also stimulated macrophages to produce NO and 
cytokine IL-10, and dendritic cells to produce cytokines such 
as TGF-β and TNF-α (Zamith-Miranda et al. 2018) indicating 
the crosstalk between C. albicans EVs and host immune cells. 
Recently, EVs produced by C. albicans were found to inhibit its 
biofilm formation and yeast to hyphae transition. The sesquiter-
penes, diterpenes, and fatty acids from C. albicans EVs stopped 
its filamentation and promoted the formation of pseudo hyphae 
(Bitencourt et al. 2022; Honorato et al. 2022). However, the 
effects and mechanisms of C. albicans EVs on its own growth 
are still unclear.

Arginine is one of the most versatile amino acids in cells 
(Zou et al. 2019). It is a precursor not only for protein synthesis 
but also for the synthesis of nitric oxide, urea, polyamines, pro-
line, glutamate, creatine, and agmatine (Wu and Morris 1998). 
Arginine has a variety of functions, including immunomodula-
tory, antioxidant, anti-inflammatory, regulation of cell prolif-
eration, anti-apoptosis, and regulation of lipid metabolism. It 
has been also widely used in clinical nutritional therapy (Gogoi 
et al. 2016; Khalaf et al. 2019; Szefel et al. 2019). Currently, 
there are four main arginine metabolic pathways: (1) convert-
ing to creatine under the action of arginine-glycine transferase 
(Barcelos et al. 2016); (2) biosynthesizing agmatine through 
arginine decarboxylase (ADC) decarboxylation (Hyvönen 
et al. 2020); (3) producing bioactive nitric oxide (NO) and cit-
rulline through nitric oxide synthase (eNOS) (Wu et al. 2021); 
(4) decomposing into ornithine and urea by arginase (Longo 
et al. 2020). C. albicans can metabolize arginine and grow 
on the media in which arginine was the sole nitrogen source 
(Schaefer et al. 2020). Arginine can promote the hyphal growth 
and biofilm formation of C. albicans and also enhance the 
cross-kingdom interactions with bacteria (Xiong et al. 2022). 
Arginine is a precursor of NO as well, while the endogenous 
NO produced by C. albicans protects itself against azoles (Li 
et al. 2016). However, the role of arginine in the actions of C. 
albicans EVs remains unknown.

In our study, aiming to reveal the effects of EVs on the 
growth of C. albicans, EVs from the C. albicans cells in 
four media were isolated. We found that EVs were proved 

to promote the growth of C. albicans through the l-arginine/
nitric oxide pathway to reduce intracellular reactive oxy-
gen species (ROS) and cell apoptosis for the first time. Our 
results highlighted the important roles of EVs on C. albicans 
own growth and pathogenesis.

Materials and methods

Strain and culture conditions

C. albicans SC5314 (ATCC MYA − 2876) was grown in 
YPD plates (4 g yeast extract, 8 g anhydrous glucose, 8 g 
peptone, 8 g agar dissolved in 400 mL deionized water) at 
37 °C overnight (Chen et al. 2020a; Zhou et al. 2021; Zhu 
et al. 2021). For the treatment with EVs, the colonies of C. 
albicans were picked out and placed into phosphate buffered 
saline (PBS), adjust the final suspensions to 1 ×  106 colony-
forming unit (CFU)/mL concentration in different medium, 
including YPD, YNB (Solarbio, Beijing, China), RPMI 
1640 (Thermo Fisher Scientific, Waltham, MA, USA), and 
DMEM (Gibco, Grand Island, NY, USA), and incubated at 
37 °C.

Isolation of EVs by overspeed centrifugation

C. albicans EVs were isolated by overspeed centrifugation as 
described previously (Martínez-López et al. 2022). Briefly, 
C. albicans was incubated in YPD liquid medium overnight 
at 37 °C. The precipitates were collected by centrifugation 
at 4000 g 4 °C and resuspended in PBS. After being counted 
under a microscope using cell counting plates, C. albicans 
was inoculated in YPD/YNB/RPMI 1640/DMEM medium 
to a final concentration of 1 ×  106 CFU/mL and cultivated 
at 30 °C and 150 rpm for 72 h. C. albicans supernatant was 
then collected by centrifugation at 15,000 g for 15 min at 
4 °C. The supernatant was filtered by a filter with a pore 
size of 0.35 μm. Then, a 100 KD ultrafiltration tube was 
used to concentrate the supernatant to 1/20 of the original 
volume. The supernatant was removed by centrifugation at 
4 °C and 100,000 g for 2 h, and the precipitate was rinsed 
with frozen PBS. The precipitate was centrifuged again 
at 4 °C and 100,000 g for 2 h. After the supernatant was 
removed, the precipitate was resuspended with 1 mL frozen 
PBS. The final EVs’ suspension was collected and filtered 
with a 0.22 μm filter, stored at 4 °C until used.

Identification of EVs

Scanning electron microscope (SEM) observation EVs were 
observed by SEM as described previously (Chen et al. 2017). 
Ten microliters of EVs collected above was evenly spread on 
round cell climbing sheets, air-dried at room temperature, and 
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fixed in 2.5% glutaraldehyde solution overnight at 4 °C. The 
fixed EVs’ samples were dehydrated successively with dif-
ferent concentrations of ethanol (50%, 60%, 70%, 80%, 90%, 
95%, and absolute ethanol), and each concentration was dehy-
drated for 15 min. After drying and spraying gold, the samples 
were observed by scanning electron microscopy Tecnai G2 
F20 S-TWIN (FEI Company, Hillsboro, OR, USA).

Transmission electron microscopy (TEM) observation EVs 
were observed by TEM (Karkowska-Kuleta et al. 2020). 
Briefly, 100 μL of EVs was aspirated and dropped onto the 
copper grid for 10 min. Fifty microliters of 1% phospho-
tungstic acid was aspirated and stained on the copper grid 
for 2 min. Samples were rinsed with deionized water for 2 
times, air dried, and observed on the transmission electron 
microscopy (FEI Company, Hillsboro, OR, USA).

Particle size detection Particle size distribution of EVs 
was detected by nano-size analyzer (Honorato et al. 2022). 
Briefly, the suspension of EVs was diluted to 2 mL and 
added to the quartz dish of nano-size analyzer Zetasizer 
Nano ZS (Malvern Panalytical, Malvern, UK). The range of 
EVs’ particle size was detected at 25 °C.

EVs’ protein concentration detection The concentrations 
of EVs’ proteins were measured according to the instruc-
tions of BCA protein quantification kit (Beyotime, Chengdu, 
China). Briefly, EVs’ suspensions were absorbed into a 
96-well plate, and 200 μL of reaction solution was added 
to each well. The samples were then incubated at 37 °C for 
30 min. The absorbance value of each well sample at  A562 
nm was detected by microplate reader (Thermo Fisher Scien-
tific, Waltham, MA, USA). The absorbance values of differ-
ent concentrations of EVs’ protein were calculated according 
to the BCA standard curves.

Colony forming unit count

C. albicans were treated with 15 μg/mL EVs from YNB 
or PBS control in different medium at 37 °C for 24 h. The 
influence of different amino acids on promoting prolifer-
ative effects was tested in 0.2% glucose YNB and YPD 
media in addition of 0.02%, 0.05%, 0.1%, 0.2%, 0.3% 
l-arginine, 0.2% l-cysteine, 0.2% l-proline, 0.2% l-leucine, 
0.2% l-isoleucine, 0.2% l-valine, 0.2% l-methionine, 0.2% 
l-glutamic acid, 0.2% l-ornithine, 0.2% l-citrulline, and 
0.2% l-histidine, respectively (all the amino acids were 
from Solarbio, Beijing, China). The influence of different 
glucose concentrations on promoting proliferative effects 
was tested using media including in RPMI 1640 medium 
with the addition of 0.2%, 2% glucose, and YNB medium in 
addition of 0.2%, 0.4%, 0.8%, and 2% glucose, respectively. 
The influence of oxidants and antioxidants on promoting 

proliferative effects was tested using media including 
0.2% glucose YNB with 0.25 mM, 0.5 mM  H2O2 (Boster, 
Wuhan, China) or 0.125 mM, and 0.25 mM glutathione 
(GSH) (Solarbio, Beijing, China). After being mixed in 
96-well plates, C. albicans cells were serially diluted with 
PBS; then, 150 μL of C. albicans dilutions was spread on 
YPD plates. After 12 h of culture at 37 °C, the CFUs were 
counted. All the experiments were repeated in triple.

Growth curve of C. albicans

The growth curves of C. albicans were detected as described 
previously (Wang et al. 2021). C. albicans was treated with 
15 μg/mL EVs and PBS, then inoculated in YNB medium 
to a concentration of 1 ×  104 CFU/mL into 96-well plates, 
covered with 100 μL mineral oil (Sigma-Aldrich, Saint 
Louis, MO, USA) to prevent evaporation. The plates were 
incubated in a Multiskan Spectrum (Chro Mate1, Awareness 
Technology, Palm City, FL, USA) at 37 °C. The absorbance 
at  OD600 nm was measured every 30 min. Absorbance at dif-
ferent time points was plotted to generate the growth curve. 
Three duplicate wells were set for each group.

Determination of cellular reactive oxygen species

Reactive Oxygen Species Assay Kit (Beyotime, Chengdu, 
China) was used for ROS (reactive oxygen species) detection. 
C. albicans was inoculated in 96-well plates with three repli-
cate wells in each group. After the treatment with 15 μg/mL 
EVs, DCFH-DA (2′,7′-dichlorodihydrofluorescein diacetate) 
was added with a final concentration of 10 μM in 3 h, 6 h, 
9 h, 12 h, and 24 h, and transferred to incubation in 37 °C for 
1 h. PBS was served as control. A microplate reader (Thermo 
Fisher Scientific, Waltham, MA, USA) was used to detect the 
fluorescence intensity with the wavelength of excitation light 
at 488 nm and emission light at 525 nm. After fluorescence 
intensity detection, CFU was counted for each well and the 
related ROS levels were normalized by CFU.

Fungal cell apoptosis analyzed by flow cytometry

Flow cytometry was performed using the Annexin V-FITC/
PI Apoptosis Detection Kit (Yeason, Beijing, China). After 
the treatment of 15 μg/mL EVs and PBS control at 37 °C for 
6 h, C. albicans was centrifuged at 300 g for 5 min at 4 °C. 
The precipitate was washed twice with pre-cooled PBS. 
After the centrifugation to collect the precipitate, PBS was 
discarded, and then resuspended with 100 μL binding buffer. 
Then, 5 μL Annexin V-FIFC and 10 μL PI were added and 
the samples were mixed well. After the reaction at room 
temperature for 10–15 min in the dark, 400 μL binding 
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buffer was added. A flow cytometer (Beckman FC500, 
Carlsbad, CA, USA) was used for analysis, and the excita-
tion and emission wavelengths were set to 488 and 525 nm, 
respectively. All experiments were performed in triplicate.

Transcriptomic analysis

Transcriptomic analysis was conducted as described previ-
ously (Yawen et al. 2022). Total RNA was extracted from the 
C. albicans cells treated with 15 μg/mL EVs or PBS control 
at 37 °C for 6 h by using TRIzol Reagent (Plant RNA Purifi-
cation Reagent for plant tissue) according to the manufactur-
er’s instructions (Invitrogen, Carlsbad, CA, USA). Genomic 
DNA was removed using DNase I (Takara Inc., Chengdu, 
China). Then, RNA quality was determined by 2100 Bio-
analyser (Agilent, Chengdu, China) and quantified using 
the ND-2000 (NanoDrop Technologies, Thermo Fisher 
Scientific, Waltham, MA, USA). Only high-quality RNA 
sample (OD 260/280 = 1.8 ~ 2.2, OD 260/230 ≥ 2.0, RIN ≥ 6.5, 
28S:18S ≥ 1.0, > 1 μg) was used to construct a sequencing 
library (Hu et al. 2021). Then, sequencing is done using a 
sequencer Illumina Novaseq 6000 (Illumina, San Diego, CA, 
USA) in the Majorbio company (Shanghai, China).

Determination of nitric oxide content

Measurement of NO in C. albicans was conducted as 
described by Li et al. (2016). C. albicans was inoculated in 
96-well plates with three replicate wells in each group. After 
the treatment with 15 μg/mL EVs and PBS control at 37 °C 
for 1 h, DAF-FM DA (3-amino,4-aminomethyl-2′,7′ -difluo-
rescein, diacetate) (Beyotime, Chengdu, China) was added 
at a final concentration of 5 μM, and then incubated at 35 °C 
for 1 h in the absence of light. The excitation and emission 
light wavelengths were set as 495 and 515 nm, respectively, 
with microplate readers (Thermo Fisher Scientific, Waltham, 
MA, USA) to detect the fluorescence intensity. After fluo-
rescence intensity detection, CFU was counted for each well 
and the related NO levels were normalized by CFU.

Lactate dehydrogenase (LDH) cytotoxicity assay

LDH cytotoxicity assay was conducted as described previ-
ously (Zhou et al. 2021). Macrophage RAW264.7, human 
oral keratinocytes (HOK), human squamous carcinoma cells 
(TR146), and human gingival epithelial cells (HGEC) were 
inoculated in 96-well plates at 1 ×  105 cells/mL using DMEM 
medium without fatal bovine serum (FBS) and antibiotics. 
The cells were cultured overnight at 37 °C, 5%  CO2. Then, 
PBS, C. albicans, 15 μg/mL EVs, and C. albicans + 15 μg/mL 
EVs were added and treated for 24 h. EVs were isolated from 

RPMI 1640 medium. Cytotoxicity LDH Assay Kit (Dojindo, 
Beijing, China) was used for LDH detection. After the treat-
ment, 50 μL of Dye Mixture and Assay Buffer was added. 
After 30-min reaction, 25 μL stop solution was added. The 
absorbance of each well sample at  A490 nm was detected by 
microplate reader (Thermo Fisher Scientific, Waltham, MA, 
USA). All experiments were performed in triplicate.

RNA extraction and qPCR

qPCR was conducted as described previously (Zhu et al. 2021). 
C. albicans treated with 15 μg/mL EVs and PBS control at 
37 °C for 6 h. The samples were collected by centrifugation at 
4000 g for 10 min at 4 °C after treatment with EVs and PBS 
control in C. albicans and resuspended with TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA). The total RNA was extracted 
after the wall was broken with liquid nitrogen. Excess DNA in 
RNA was removed and reverse transcribed using the Prime-
ScriptTM RT Reagent Kit Reverse Transcription Kit (Takara 
Inc., Chengdu, China) (Hu et al. 2021; Kong et al. 2022). Real-
time PCR was performed using reverse transcription cDNA 
as template. Gene amplification was performed following the 
SYBR® PremixEx Taq™ kit (Takara Inc., Chengdu, China) 
two-step strategy: (1) 95 °C for 30 s; (2) 40 PCR cycles (95 °C 
for 5 s, a gene-specific annealing temperature for 30 s). The 
primer sequence was 18S-F: TGG AAG CTG CTG GTA TTG AC, 
18S-R: TCC TTT TGC ATA CGT TCA GC. YHB1-F: ATC GAT 
TTA GAA GCC GCA GA, YHB1-R: GAC CAC GTT CAG GTT 
TTG GT. The qPCRs were run on LightCycler 480 II (Roche, 
Basel, Switzerland). The formula for calculating the relative 
value of gene expression was  2−△△Ct (Zhou et al. 2018). All 
experiments were performed in triplicate.

Statistical analysis

Data are represented as the mean ± standard deviations (SD) 
from at least three biological replicates and three techni-
cal replicates. The level of significance was analyzed by 
unpaired t-test and one-way ANOVA. p < 0.05 was consid-
ered significant. The Jin value method formula was used 
to calculate the collaboration index:  EA+B =  EA +  EB-EA  EB, 
Q > 1.15 indicates a synergistic effect (Jin 2004). All statisti-
cal analyses were performed using GraphPad Prism 8 v8.3.1 
(GraphPad software, Beijing, China).

Results

EVs promoted the growth of C. albicans

EVs were successfully isolated from C. albicans cells grown 
in different media by overspeed centrifugation. C. albicans 
EVs were nanoparticles with bilayer membranes (Fig. 1a, 
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b) with the sizes arranging from 100 to 500 nm (Fig. 1c). 
The protein concentrations of EVs were 200–300 μg/mL. 
When C. albicans was treated with EVs (5, 10, and 15 μg/
mL), EVs significantly promoted the growth of C. albicans 
at dose dependent manner (Fig. 1d, e) and 15 μg/mL was 
then selected for further evaluation. To determine whether 
different media would affect the C. albicans EVs’ promoting 
properties, EVs from C. albicans cells grown in four cul-
ture media including RPMI 1640, DMEM, YPD, and YNB 
media were isolated. Interestingly, all the isolated EVs signif-
icantly promoted the growth of C. albicans in RIMI 1640 and 
DMEM media but had no effects in YNB or YPD medium 
(Fig. 1f), indicating that the growth promotion of EVs was 
dependent on the contents of C. albicans growth media.

EVs regulated the arginine metabolism of C. 
albicans

To identify how the EVs promoted the growth of C. albi-
cans, transcriptomic analysis of C. albicans treated by EVs 
in RPMI 1640 medium was performed. EVs significantly 
upregulated 150 genes and downregulated 315 genes com-
pared to the control group (Supplemental Fig. S1a). GO 
enrichment analysis indicated that the cellular and meta-
bolic processes of EVs treated C. albicans were significantly 
changed (Supplemental Fig. S1b). KEGG pathway enrich-
ment analysis indicated that the arginine and proline metabo-
lism pathway and arginine biosynthesis pathway were sig-
nificantly enriched after the EVs’ treatment (Fig. 2a). The 

Fig. 1  C. albicans EVs promoted its growth. a SEM of C. albicans 
EVs isolated from YNB medium. Scale bar, 1 μm. b TEM of C. albi-
cans EVs isolated from YNB medium. Scale bar, 100 nm. c Range 
of size distribution of C. albicans EVs isolated from YNB medium 
measured by nanoparticle tracking analysis (NTA). d CFUs of C. 
albicans grown in RPMI 1640 medium treated with different con-

centrations of EVs and PBS were served as control. e Growth curves 
of C. albicans treated with 15 μg/mL EVs and PBS were served as 
control. f C. albicans treated with different EVs grew in different 
media. All of the experiments were performed in three distinct rep-
licates, and the data are presented as the means ± SD, **p < 0.05, 
****p < 0.0001, no significance (ns) p > 0.05
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genes related to arginine biosynthesis pathway were signifi-
cantly upregulated, while the genes associated with arginine 
degradation were significantly downregulated (Fig. 2b, Sup-
plemental Fig. S2a, b, Supplemental Table S1). The tran-
scriptome data suggested that the growth promotion capabil-
ity of EVs on C. albicans own growth was highly associated 
with C. albicans arginine metabolism related pathways.

C. albicans growth promotion by EVs was dependent 
on arginine

To confirm whether EVs’ growth promotion capability 
depended on arginine according to the transcriptomic analy-
sis, the components of the four different media were firstly 
compared. The media differences between growth promo-
tion media (RPMI 1640 and DMEM) and non-promotion 
media (YNB and YPD) were mainly glucose and amino 
acids (Supplemental Table S2). Then, glucose and amino 
acids were added to YNB and YPD media to verify whether 
they could affect the growth promotion capability of EVs. 
The addition of glucose did not affect the growth promotion 
characters of EVs on C. albicans in both promotion and non-
promotion media, including YNB and RPMI 1640 media, 
respectively (Supplemental Fig. S3); however, when arginine 
was added to non-promotion media (YNB and YPD media), 
EVs significantly promoted the growth of C. albicans at dose 
dependent manner (Fig. 3a, b). Then the growth promotion 
was confirmed whether it was arginine specific by adding 
different amino acids into YNB media, and it turned out that 
EVs can only promote the growth of C. albicans under the 
addition of arginine (Fig. 3c) indicating that the promotion 
of C. albicans growth by EVs was dependent on arginine.

EVs activated l‑arginine/nitric oxide pathway

Since the arginine biosynthesis pathway was upregulated but 
the degradation pathway was downregulated, we then tested 
whether the upregulated arginine biosynthesis activated the 
l-arginine/nitric oxide pathway. YHB1, a nitric oxide dioxy-
genase gene, plays essential roles in nitric oxide scavenging/
detoxification in C. albicans (Ullmann et al. 2004). There-
fore, the expression of YHB1 was firstly measured. EVs sig-
nificantly upregulated the expression of YHB1 (Fig. 4a). The 
intracellular nitric oxide (NO) levels of C. albicans treated 
by EVs in different media were then measured. EVs signifi-
cantly increased the intracellular NO levels of C. albicans 
grown in RPMI 1640 and DMEM media, as well as the YNB 
and YPD media with the addition of arginine, but had no 
effects in YNB and YPD media (Fig. 4b), in line with the 
arginine dependent growth promotion of EVs, and also indi-
cating that EVs promote the growth of C. albicans through 
the activation of the l-arginine/nitric oxide pathway.

EVs reduced the ROS level of C. albicans

The accumulation of intracellular NO levels plays important 
roles in the regulation of oxidative stress in cells (Araujo and 
Welch 2006; Förstermann et al. 2017). Then, the reactive oxy-
gen species (ROS) were measured from the C. albicans cells 
since the EVs significantly increased the intracellular NO lev-
els of C. albicans in the presence of arginine. EVs significantly 
reduced the intracellular ROS contents in C. albicans to 65% 
compared to that from the PBS control group at 3 h and 35% 
at 24 h (Fig. 5a). The addition of oxidant  H2O2 and antioxidant 
GSH was employed to further validate the effects of EVs on 

Fig. 2  Transcriptomic analysis of C. albicans treated by EVs. a The 
enriched KEGG pathways of C. albicans treated with 15 μg/mL EVs 
compared to that from C. albicans treated with PBS. b Heat map of 

shifted specific genes from the arginine biosynthesis and arginine 
degradation pathways
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Fig. 3  The growth promotion of EVs was dependent on arginine. a 
Effects of different arginine concentrations on the growth regulation 
induced by 15  μg/mL EVs. EVs were isolated from YNB medium 
and C. albicans grew in YNB medium. PBS was served as control. 
b Effects of the growth regulation induced by 15 μg/mL EVs in YPD 
medium with or without arginine. EVs were isolated from YNB 

medium. PBS was served as control. c Effect of media containing 
different amino acids on the growth regulation induced by 15 μg/mL 
EVs. EVs were isolated from YNB medium and C. albicans grew 
in YNB medium. All of the experiments were performed in three 
distinct replicates, and the data are presented as the means ± SD, 
*p < 0.05, ***p < 0.001, ****p < 0.0001, no significance (ns) p > 0.05

Fig. 4  EVs activated the l-arginine/NO pathway. a YHB1 mRNA 
expression in C. albicans after 15 μg/mL EVs’ treatment. EVs were 
isolated from YNB medium and C. albicans grew in YNB medium 
with 0.2% arginine. b Intracellular NO content in C. albicans after 
treatment with 15  μg/mL EVs in different medium. EVs were iso-

lated from YNB medium. All of the experiments were performed in 
three distinct replicates, and the data are presented as the means ± SD, 
**p < 0.01, ***p < 0.001, ****p < 0.0001, no significance (ns) 
p > 0.05
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ROS production. The addition of  H2O2 significantly reduced 
the growth promotion abilities of EVs on C. albicans, while 
the addition of GSH significantly enhanced the growth promo-
tion of EVs (Fig. 5b, c), further indicating that EVs promoted 
the growth of C. albicans by the reduction of the ROS level. 
ROS is an important inducer for cell apoptosis. Therefore, the 

fungal cell apoptosis of C. albicans treated by EVs was then 
measured. EVs significantly reduced the ratio of early apopto-
sis, late apoptosis, and cell necrosis in C. albicans (Fig. 5d, e), 
indicating that EVs inhibited the ROS production through the 
activation of l-arginine/nitric oxide pathway to reduce the cell 
apoptosis and to promote the growth of C. albicans.
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EVs enhanced the damage to the host cell caused 
by C. albicans

The pathogenesis of C. albicans affected the growth promo-
tion of EVs was then evaluated. EVs alone showed weak 
capabilities on different host cells, including macrophage 
RAW264.7, human oral keratinocytes (HOK), human squa-
mous carcinoma cells (TR146), and human gingival epithe-
lial cells (HGEC). However, EVs significantly increased the 
cell damages caused by C. albicans (Fig. 6a). The synergis-
tic effect between EVs and C. albicans was evaluated using 
the Jin value method (Jin 2004). The Q values of RAW264.7, 
HOK, TR146, and HGEC were respectively 3.82, 1.92, 2.98, 
and 2.35, indicating that EVs and C. albicans had a synergis-
tic effect on cell destruction. Meanwhile, the host cell dam-
age caused by EVs and C. albicans combinations was also 
positively related to the C. albicans cell numbers (Fig. 6b).

Discussion

Fungal EVs were first reported in 1972 (Gibson and Peberdy 
1972) and further studies have proved the important roles 
of fungal EVs in drug resistance, fungal pathogenicity, and 
host immune response (Liebana-Jordan et al. 2021; Reales-
Calderón et al. 2017; Yang et al. 2020). Recently, Zarnowski 
et al. (2021) investigated the effects of C. albicans EVs on the 
biofilm development and found that EVs could promote the 
formation of extracellular matrix in C. albicans to increase 
the antifungal drug resistance and the adhesion and spread of 
C. albicans. Honorato et al. (2022) found that EVs inhibited 
C. albicans hyphal development and promoted pseudomy-
celial formation with multiple budding sites, indicating that 
fungal EVs were messengers affecting biofilm formation, 
morphogenesis, and virulence of C. albicans. Bitencourt 

et al. (2022) proposed that EVs released from filamentous 
C. albicans promoted the development of the C. albicans 
mycelial state, while EVs released from yeast-like C. albi-
cans promoted the proliferation of the C. albicans yeast 
state. Different media greatly influenced the morphology of 
C. albicans and the contents of EVs (Brown et al. 2014). In 
our study, EVs isolated from different media, including YPD, 
YNB, DMEM, and RPMI 1640, could significantly promote 
the proliferation of C. albicans grown in RPMI 1640 and 
DMEM media, but not YNB and YPD media, suggesting 
that the EVs’ growth promotion capability dependents on 
the medium in which C. albicans growth, rather than the 
medium in which the EVs were isolated. According to previ-
ous studies, 1202 proteins were identified in C. albicans EVs 
(Dawson et al. 2020). The protein species of C. albicans EVs 
in mycelial and yeast states are different, while the protein 
content of C. albicans EVs from the yeast state was 10–100 
times higher than that from mycelium state (Zarnowski et al. 
2018). Lipids also play an important role due to the similarity 
of lipid composition within EVs (Rodrigues et al. 2007). The 
major lipids found in EVs are phospholipids, ergosterols, and 
ceramides, which are major components of cell membranes 
(Vargas et al. 2015). Ceramide, known as a “virulence regula-
tor,” is an important immunogenic molecule, and antibodies 
against ceramide can inhibit fungal growth (Nimrichter and 
Rodrigues 2011). The protein contents including the proteins 
with 1, 3-β-glucosidase activity (Gow and Hube 2012), β-1, 
6-glucan, mannanan, 3-phosphate dehydrogenase (Gpdh), 
phosphoglycerate kinase (Pgk), and phosphoglycerate mutase 
(Karkowska-Kuleta et al. 2011) from EVs can directly affect 
fungal growth, cell attachment, and host recognition (Sandini 
et al. 2011), and these protein components may be the key 
components to promote the growth of C. albicans. Further 
investigations are needed to identify the key factors from EVs 
that promote the own growth of C. albicans.

Arginine has a variety of functions, including antioxidant, 
anti-inflammatory, anti-apoptosis, proliferation promotion, 
and lipid metabolism regulation (Bronte and Zanovello 2005; 
Luiking et al. 2005; Popovic et al. 2007; Stechmiller et al. 
2005). The l-arginine/nitric oxide pathway is widely recog-
nized as an important regulator of cellular function and com-
munication (Gogoi et al. 2016). It has been broadly applied 
in the development of septic shock, hypertension, and athero-
sclerosis, as well as the antihypertensive effect of invertase 
inhibitors (Palmer 1993; Wu et al. 2021). In this pathway, 
arginine acts as a substrate to generate NO by endothelial 
nitric oxide synthase (eNOS) (Moncada and Higgs 1993). 
NO is a free radical gas that can interact with biological free 
radicals. It is a potent free radical scavenger/terminator and 
antioxidant (Boudko 2007). The role of l-arginine/nitric oxide 
pathway in fungi has not been well studied. Li et al. (2016) 
identified the presence of endogenous NO in C. albicans and 
confirmed its participation in the oxidative stress response 

Fig. 5  EVs decreased ROS accumulation of C. albicans to reduce 
fungal cell apoptosis. a Intracellular ROS content in C. albicans. The 
triangle-labeled group was C. albicans grew in YNB medium with 
0.2% arginine, and the circle-labeled group was C. albicans grew in 
YNB medium without arginine. The control group was C. albicans 
treated with PBS, and the experimental group was C. albicans treated 
with 15 μg/mL EVs. The percentages shown in the figure are C. albi-
cans treated with EVs vs C. albicans treated with PBS. b Effect of 
oxidant  (H2O2) treatment on the growth regulation of C. albicans 
by 15  μg/mL EVs. c Effect of antioxidant (GSH) treatment on the 
growth regulation of C. albicans by 15 μg/mL EVs. d Flow cytom-
etry is used to detect the proportion of early apoptosis, late apopto-
sis, and cell necrosis in C. albicans. The first three figures are PBS-
treated groups, and the last three figures are 15  μg/mL EV-treated 
groups. e Statistical analysis of flow cytometry. All of the experi-
ments above were used EVs isolated from YNB medium and C. albi-
cans grew in YNB medium with 0.2% arginine. All the experiments 
were performed in three distinct replicates, and the data are presented 
as the means ± SD, *p < 0.05, ****p < 0.0001, no significance (ns) 
p > 0.05

◂
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of C. albicans, but they failed to identify the classic eNOS 
sequences from the C. albicans genome indicating that C. 
albicans has a new type of enzyme with NOS-like activity. 
YHB1 encodes a nitric oxide dioxygenase with the function 
of nitric oxide scavenging/detoxification. YHB1 can be rap-
idly activated by NO, while the high level of intracellular NO 
can also upregulate its expression to enhance the reduction 
of intracellular oxidative stress (Ullmann et al. 2004). In our 
study, we proved that EVs upregulated the expression of 
YHB1 and increased the intracellular NO levels of C. albi-
cans under arginine condition, while EVs also decreased the 
ROS accumulation and related cell apoptosis of C. albicans. 
Combining the transcriptome analysis, our results indicated 
that at the presence of arginine, EVs upregulated the arginine 

biosynthesis and activated the l-arginine/nitric oxide path-
way to increase the intracellular NO levels, then inhibited the 
ROS accumulation to reduce the cell apoptosis (Fig. 7). In 
this study, we also found that although EVs had weak host 
cell damage abilities, but EVs significantly enhanced the cell 
damage abilities of C. albicans for the first time, indicating 
that EVs promoted the pathogenesis of C. albicans through 
the growth promotion. This might provide us with a new way 
to reduce the pathogenesis of pathogenic fungi.

In conclusion, our study demonstrated that C. albicans 
could regulate its own growth through secreted EVs. EVs 
promoted C. albicans growth by reducing intracellular ROS 
accumulation and decreased cell apoptosis through l-argi-
nine/nitric oxide pathway. EVs also enhanced the abilities 

Fig. 6  EVs’ synergies with C. albicans to destroy host cells. a Per-
centage of cytotoxicity of different cells after 15 μg/mL EVs and PBS 
control treatment. EVs were isolated from RPMI 1640 medium and 
the cells grew in DMEM medium. b Cytotoxicity of different concen-

trations of C. albicans and EVs in RAW264.7 cells. All of the experi-
ments were performed in three distinct replicates, and the data are 
presented as the means ± SD, ***p < 0.001, ****p < 0.0001

Fig. 7  Schematic diagram of 
growth promotion of EVs’ 
pathway. EVs activated the 
l-arginine/nitric oxide pathway 
to increase the intracellular NO 
levels, then inhibited the ROS 
accumulation to reduce the 
cell apoptosis and increased its 
pathogenicity
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of C. albicans to damage host cells. Our study highlighted 
the effects and mechanism of EVs on C. albicans itself and 
provided new information for fungal infections and treat-
ment in the future.
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