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Abstract: Candida albicans is an important opportunistic fungus causing both disseminated and local infections. 
The discovery of neutrophil extracellular traps (NETs) has presented a new strategy to kill microorganisms in host’s 
innate immune response. Although it has been reported that NETs can trap and kill both yeast and hyphal forms 
of C. albicans, the mechanism by which C. albicans escape from NETs has not been fully understood. In this study, 
the ability of two strains of C. albicans SC5314 and 3683 to escape NETs-mediated killing was compared. It was 
found that SC5314 induced higher levels of reactive oxygen species (ROS) and expressions of Rac1/2 and more 
NETs formation by neutrophils, and also generated more deoxyribonucleases (DNase) than 3683 did. However, 
resistance to neutrophils killing was greater in SC5314 than that of 3683. When extracellular traps were degraded 
by exogenous DNase I or catalase, and neutrophil phagocytic activity blocked by cytochalasin D, the killing capacity 
of neutrophils co-cultured with either C. albicans SC5314 or 3683 was significantly decreased. This study indicates 
that C. albicans can escape from the trapping and killing of NETs by secreting DNase, which offers further insights 
into the basis for differences in virulence of different strains of C. albicans.
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Introduction

Candida albicans which can cause systemic 
fungal infections in humans is the predomin- 
ant opportunistic yeast in oral cavity. Immuno- 
compromised patients are particularly suscep-
tible to the infection, although it can be dete- 
cted in interdigital skin, oral cavity, and on the 
intestinal and vagina mucosa among healthy 
people. A wide usage of antibiotics and immu-
nosuppressants, as well as the prevalence of 
HIV infection, has resulted in a steady rise in 
prevalence of both oral and systemic candidia-
sis [1-3].

The innate immune system is the first defen- 
se line against invasion of microorganisms,  
in which neutrophils is an essential compon- 
ent playing a significant role in host’s defense 
against candidiasis [4-7]. It is generally accept-
ed that neutrophils eliminate invading microbes 

via phagocytic uptake, secretion of antimicrobi-
als, and release of neutrophil extracellular traps 
(NETs) [8]. NET is a complex extracellular matrix 
primarily composed of chromatin (histones and 
DNA), and includes granule proteins such as 
neutrophil elastase, myeloperoxidase and cal-
protectin, which are bound to the DNA [8, 9]. 

Urban et al. [10] reported that C. albicans can 
induce neutrophils forming extracellular traps 
that capture and kill hyphal as well as yeast 
becoming fungus. However, C. albicans blasto-
spores captured by NETs can be released, and 
recovered in vitro by incubation with DNase in 
cell culture medium [11]. Neutrophils can kill 
invading microorganisms by producing high 
concentrations of superoxide, and studies on 
neutrophils from patients with chronic granulo-
matous disease (CGD) have provided evidence 
that reactive oxygen species (ROS) is essential 
for formation of NETs [12, 13]. 
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Our previous studies on virulence of C. albicans 
in inbred mice demonstrated that strain SC- 
5314 could develop a more severe tissue da- 
mage and fungal burdens in infected organs 
than 3683 after challenging with live yeasts 
[14], and C. albicans 3683 was killed more ef- 
ficiently by murine neutrophils in vitro than 
strain SC5314 [15]. In this study, it was pro-
posed that differences in virulence of these  
two strains of C. albicans partially resulted  
from their different ability to escape from trap-
ping and killing by NETs. The expressions of 
Rac1/2 and ROS generation by yeasts were 
also explored since neutrophils from CGD pa- 
tients displayed a defect in ROS formation, 
which resulted in an inability to produce NETs, 
and Rac isoforms which are the key regulators 
of ROS generation via NADPH oxidase system 
[16-18].

Materials and methods 

Strains and incubation

Candida albicans SC5314 and 3683 were a 
gift from Dr. C.S. Farah in School of Dentistry, 
University of Queensland. C. albicans 3683 
was isolated from the oral cavity of a patient 
with cutaneous candidiasis, and C. albicans 
SC5314 from a patient with disseminated can-
didiasis [19]. Yeasts were stored at -70°C in 
15% (V/V) glycerol in Sabouraud’s broth (OXOID, 
UK). Yeasts were grown for 18 h at 37°C with 
continuous agitation, and then washed three 
times in PBS, and resuspended in RPMI 1640 
(Gibco, USA). The study was approved by the 
Ethics Committee of Sun Yat-Sen University 
(ERC-2011-14).

Isolation of neutrophils

Human neutrophils were isolated from periph-
eral blood of healthy donors by using Poly- 
morphprepTM as described previously [20]. 
Whole blood was collected into a tube contain-
ing anticoagulant (EDTA). And 5 ml of anticoag-
ulant whole blood was carefully layered over 5 
ml of PolymorphprepTM in a 15 ml centrifuge 
tube. The samples were centrifuged at 450 g 
for 35 min in a swing-out rotor at 20°C. After 
centrifugation, the lower band containing PMNs 
was harvested, diluted with PBS, and centri-
fuged at 400 g for 10 min. The cells were re- 
suspended in RPMI 1640 containing 2% Fetal 
bovine serum.

Confocal immunofluorescence observe net-
formation

Immunofluorescence assay was performed as 
described by Urban et al. [10]. Briefly, 13 mm 
glass coverslips were treated with 0.001% poly-
lysine to allowed neutrophils settlement and 
added to 24 well plates in triplicate. 4×105 neu-
trophils and 8×104 C. albicans (cells: yeasts = 
5:1) were resuspended in RPMI 1640 contain-
ing 2% FBS in 24 well plates. Sample plates 
were centrifuged for 3 min at 700 g and incu-
bated at 37°C for 30, 60 and 120 min respec-
tively. The negative control was also incubated 
for 30, 60 and 120 min in the absence of C. 
albicans. After incubation, the samples were 
fixed with 4% paraformaldehyde (PFA) for 20 
min at room temperature, and washed three 
times with PBS. The samples were blocked 
overnight with 10% normal goat serum, 1% 
bovine serum albumin and 0.05% Tween-20 in 
PBS and incubated with primary antibodies 
which were directed against human neutrophil 
elastase (rabbit polyclonal, Santa Cruz, USA). 
Then the samples were washed three times 
with PBS, and the secondary antibodies specif-
ic for rabbit IgG (FITC-labeled Goat polyclonal, 
Abcam, USA) were added into the samples for 1 
h incubation. After samples were washed three 
times with PBS again, DAPI was added to detect 
DNA. Finally, the samples were observed with a 
LSM780 confocal microscope (Zeiss, Germany).

Detection of ROS generation

DCFH-DA assay was used to detect ROS gener-
ation as described by Yu CL et al. [21]. Briefly, 
ROS was measured by using OxiSelect™ Intra- 
cellular ROS Assay Kit (Cell Biolabs, San Diego, 
CA) according to the manufacturer’s instruc-
tion. DCFH-DA readily diffuses through the cell 
membrane and is hydrolyzed by intracellular 
esterases to non-fluorescent 2’, 7’-dichlorofluo-
rescin. In the presence of intracellular ROS, it is 
rapidly oxidized to highly fluorescent. The DCF 
fluorescence intensity is proportional to the 
amount of ROS formed intracellularly. Neutro- 
phils were co-cultured with SC5314 or 3683  
at a ratio of 10:1 in 96-well plate (black) for 5 
min, 10 min, 30 min, and 60 min respectively. 
After incubation, the samples were centrifuged, 
washed with PBS, and then 100 µL of 1X DCFH-
DA/media solution was added to cells for incu-
bation at 37°C for 30 min. Each sample was 
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assayed in triplicate. The excess of DCFH-DA 
was removed and washed with PBS. The DCF 
fluorescence intensity was detected by Micro- 
plate Reader (SpectraMax M5, USA) at an exci-
tation wavelength of 480 nm and at an emis-
sion wavelength of 530 nm.

SDS-PAGE and immunoblotting for Rac1/2

Neutrophils were incubated with SC5314 or 
3683 at a ratio of 10:1 (cells: yeasts) in 24-well 
plates at 37°C for 30 min and 2 h respectively. 
Samples were then centrifuged at 1000 rpm 
for 5 min and washed with PBS before added  
to a lysis buffer. Lysates were subjected to EP 
tubule to centrifuge at 14000 rpm for 15 min 

and separated by SDS-PAGE followed by im- 
munoblotting according to manufacturer’s in- 
structions (Bio-Rad Laboratories) as described 
previously [14]. Blots were probed with mouse 
monoclonal anti-Rac1 Ab (Abcam, UK), Rabbit 
polyclonal anti-Rac2 Ab (Abcam, UK) and de- 
tected by using an HRP-labeled secondary Ab 
(Southern Biotech, USA).

NET killing activity

Killing assays were performed as described in 
our previous study [22]. Briefly, 2×104 neutro-
phils and 2×102 C. albicans (SC5314 or 3683) 
(cells:yeasts = 100:1), 2×103 (10:1), 2×104 (1: 
1) were co-cultured in RPMI 1640 containing 

Figure 1. Immunostaining of NETs-formation induced by C. albicans. The isolated human neutrophils were incu-
bated with C. albicans SC5314 (B1-3) or 3683 (C1-3) or PBS (A1-3) at a ratio of 5:1 (cells: yeasts) for 120 min. Then 
the samples were fixed, and stained with antibodies against human neutrophil elastase (green) and DAPI to detect 
DNA (blue). At last, the samples were observed and photographed with confocal microscope. White arrows point to 
neutrophils, red arrows point to NETs.
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2% FBS at 37°C in 5% CO2 for 2 h. After incuba-
tion, cells were lysed by hypotonic shock (1 ml 
distilled water was added into the samples for 
10 min). Yeasts were then serially diluted, over-
laid with YPD, and incubated 48 h at 37°C. CFU 
were counted and percentage of killing was cal-
culated as following: [1-(CFU/ml experiment 
group)/(CFU/ml control group)]×100%.

Neutrophils with C. albicans were designed as 
seven groups: a group with exogenous DNase 
(100 U/ml) (Sigma, USA); a group with 100 μg/
ml G-actin (Worthington, USA) to inhibit DNase 
activity; a group with exogenous DNase and 10 
μg/ml cytochalasin D (sigma, USA) to inhibit 
both phagocytotic uptake and extracellular kill-
ing; a group with exogenous catalase (100 U/
ml) (Worthington, USA); a group with 3-Ami- 
no-1,2,4-triazole (AT) (1 mM) (Calbiochem, Ger- 
many) to inhibit catalase activity; a group with 
exogenous catalase and cytochalasin D; and a 
group without neutrophils as an internal con- 
trol to determine baseline fungal counts.

DNase activity assay

DNase activity assays were conducted by using 
exogenous DNA and agarose gel electrophore-
sis as described by Buchanan et al. [23]. Briefly, 
C. albicans SC5314 and 3683 were cultured 
overnight in Sabouraud’s broth respectively, 
and the supernatants were collected after cen-
trifugation. 2.5 μl supernatant was mixed with 
7.5 μl calf thymus DNA (1 μg/μl) (Sigma, USA) in 
40 μl DNase (Sigma, USA) buffer (3 mM MgCl2, 
3 mM CaCl2, 300 mM Tris; pH7.4) and incubat-

(SC5314 or 3683) (cells: yeasts = 1:1), 3.0×103 
(1:2), 6×103 (1:4) were co-cultured in RPMI 
1640 containing 2% at 37°C in 5% CO2 for 2 h 
and 4 h. After incubation, the samples were 
centrifuged, and supernatants were collected 
and stored at -80°C. For preparation of aga-
rose plates, 7.91 ml of 0.05 M Ca/Mg buffer 
(0.05 M Tris-HCl with pH of 7.2 containing 0.05 
M MgCl2, 0.025 M CaCl2, 0.015 M NaN3), 0.93 
ml of calf thymus DNA (Sigma, USA) at 5 mg/ml, 
0.04 ml of ethidium bromide at 10 mg/ml and 
10 ml of melted 2% agarose (Sigma, USA) were 
poured to 8×8 cm plates. The 3 mm wells (3×4 
wells/plate) were gently punched on the plates, 
and then filled with 10 µl of samples and incu-
bated at 37°C overnight. At the same time, 
Deoxyribonuclease I (DNase I) (Sigma, USA) 
was also added into wells following standard at 
concentrations of 0.25, 0.5, 1, 2 ug/ml respec-
tively. After that, 0.05 M EDTA was overlaid onto 
the plates (to stop the reaction) and the plates 
were photographed by a UV gel imaging system 
(FluorChem Q, ALPHA, USA). The diameters of 
dark circles of hydrolyzed DNA were analyzed 
with Image-Pro Plus 6.0. 

Statistical analysis

Experiments were repeated three times on sep-
arate days and all quantitative data were ana-
lyzed by using one-way analysis of variance 
(ANOVA) and student’s t-test as implemented in 
GraphPad Prism Version5.01 (GraphPad Inc, 
San Diego, CA, USA). P<0.05 was considered 
statistically significant.

Figure 2. ROS generation by neutrophils co-cultured with C. albicans for 5 
min, 10 min, 30 min and 60 min. After incubation, the sample were cen-
trifuged and resuspended in DCFH-DA, and incubated at 37°C for 20 min. 
Microplate Reader detected the DCF fluorescence. *P<0.05, **P<0.01.

ed for 1 h. Samples were 
added in triplicate. To halt 
DNase activity, 12.5 μl of 
0.33 M EDTA was added. After 
incubation, electrophoresis in 
1% agarose gel (Sigma, USA) 
was used to visualize and 
compare relative DNA degra-
dation by the two strains 
supernatant.

Detection of DNase concen-
tration 

Radial enzyme diffusion as- 
says were used to detect 
DNase concentration as de- 
scribed by Macanovic et al. 
[24]. Briefly, 1.5×103 neutro-
phils and 1.5×103 C. albicans 
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Results

Candida albicans induces NETs

Human neutrophils were stimulated with either 
C. albicans SC5314 or 3683 to observe the  
formation of NET. NETs were visualized by im- 
munofluorescent staining of extracellular DNA 
and neutrophil elastase. NET formation was 
rarely observed in neutrophils with PBS, or in  
C. albicans-infected neutrophils at 30 min, 60 
min (data not shown). Significant NET formation 
was only generated after 120 min of infection 
(Figure 1). In addition, more neutrophil-released 
NETs were reproducibly visualized after chal-
lenge with SC5314 when compared with 3683.

ly decreased (P<0.05). In the presence of AT,  
a catalase inhibitor, the killing capacity of  
the neutrophils was significantly enhanced (P< 
0.05). When neutrophil killing was blocked by 
cytochalasin D and ROS were simultaneous- 
ly inhibited by catalase, resulting in NETs for-
mation deficiency [27], a dramatic decrease of 
fungal killing of both stains of C. albicans was 
observed (Figure 3).

Immunoblot analysis of Rac1 and Rac2

Rac1 and Rac2, which share over 90% identity 
in primary sequence, are critically important in 
regulating multiple signal transduction path-
ways. They have long been proven to be involved 

Figure 3. The catalase effects on killing of yeast by neutrophils. Neutrophils 
were infected with C. albicans SC5314 or 3683 and incubated for 2 h, a 
group with exogenous catalase (100 U/ml) (Worthington, USA); a group with 
3-Amino-1,2,4-triazole (AT) (1 mM) (Calbiochem, Germany) to inhibit cata-
lase activity; a group with exogenous DNase and 10 μg/ml cytochalasin D 
(sigma, USA) to inhibit both phagocytotic uptake and extracellular killing; and 
a group without neutrophils as an internal control to determine baseline fun-
gal counts. The percentage of neutrophils killing was [1-(CFU/ml experiment 
group)/(CFU/ml control group)]×100%. *P<0.05, **P<0.01.

ROS production by neutro-
phils

As the generation of ROS  
via the NADPH oxidase com-
plex was found to be essen- 
tial in the production of NETs 
[25], ROS production of neu-
trophils induced by the two 
strains of C. albicans was 
compared at different peri- 
ods of incubation. The DCF 
fluorescence intensity of neu-
trophils co-cultured with SC- 
5314 was significantly higher 
than 3683 at 5 min, 10 min, 
30 min, which suggested that 
SC5314 induced more ROS 
than 3683. Besides, only min-
imal levels of intercellular 
ROS were detected in neu- 
trophils after 60 min of cul-
ture. However, ROS was rare- 
ly detected in neutrophils (as 
negative control) during the 
whole incubation (Figure 2).

Catalase, as one of the key 
enzymes found in C. albicans, 
leads to the breakdown of 
ROS, and is believed to af- 
fect the extracellular killing 
abilities of neutrophils [26]. 
When exogenous catalase 
was added to neutrophils 
incubated with SC5314 and 
3683 for 2 h, the killing of 
both strains was significant- 
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Figure 4. Immunoblot analysis of Rac1 and Rac2 levels in human neutrophils induced by yeasts. After co-cultured 
with two strains of yeasts, the level of Rac1 and Rac2 expression by neutrophils at 30min (A and B) and 2 h (C and 
D) were detected. Lane 1, the uninfected controls were incubated in the absence of C. albicans; Lane 2, C. albicans 
SC5314 and human neutrophils were mixed and incubated; Lane 3 C. albicans 3683 and human neutrophils were 
mixed and incubated; Lane 4 uninfected neutrophils were stimulated by LPS as the positive control group. GAPDH 
was used as a loading control *P<0.05, **P<0.01.
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in NADPH oxidase activation [28], essential for 
the generation of NETs. The expression levels 
of Rac1 and Rac2 were compared in human 
neutrophils infected with SC5314 and 3683. 
After 30 min culture, the expression levels of 
both Rac1 and Rac2 in neutrophils infected by 
SC5314 were significantly higher than those 
induced by 3683 (Figure 4A, 4B). However, 
after 2 h, only Rac2 expression remained sig-
nificantly higher in neutrophils infected by 
SC5314 than by 3683 (Figure 4C, 4D).

Comparison of Candida killing by NETs 

Firstly, the killing abilities of neutrophils were 
evaluated at 1 h and 2 h after co-cultured with 
C. albicans SC5314 and 3683 respectively. 
The higher killing percentages of 3683 by neu-
trophils were observed compared with those of 
SC5314 (Figure 5). The difference was most 
significant at a ratio of 100:1, after 2 h of cul-
ture. The data also demonstrated that the kill-
ing capacity of neutrophils increased with the 
ratio and duration of culture (Figure 5).

In order to evaluate the relative contributions of 
intracellular and extracellular killing, cytochala-
sin D was added to block neutrophils phagocy-
tosis in the cultures. In contrast to our previous 
study [15], in which total killing by neutrophils 
was measured in the absence of cytochalasin 
D, the percentages of NETs killing were signifi-
cant higher in the SC5314 group compared 
with 3683 group at 2 h incubation, whereas 
only at 100:1 (cells: yeasts), the killing of 
SC5314 was higher than that of 3683 at 1 h 
incubation (Figure 6) (P<0.05). 

DNase production by C. albicans

DNase, which can damage DNA structure of 
NETs [8], has been found to help many microor-
ganisms escape from NETs [23, 24]. To study  
the role of DNase in the escape of C. albicans 
from trapping and killing by neutrophils, super-

Figure 5. The percentage of killing of yeasts by neu-
trophils. Neutrophils were infected with C. albicans 
SC5314 or 3683 and incubated for 1 h or 2 h. Yeasts 
were then diluted and overlaid with YPD, incubated 
48 h at 37°C. The percentage of NETs killing was 
[1-(CFU/ml experiment group)/(CFU/ml control 
group)]×100%. *P<0.05, **P<0.01. 

Figure 6. The percentage of killing of yeasts by NETs. 
Neutrophils were infected with C. albicans SC5314 
or 3683 and incubated for 1 h or 2 h respectively. 
In NETs killing assays, cytochalasin D was added to 
inhibit phagocytotic uptake. Yeasts were then dilut-
ed and overlaid with YPD, incubated 48 h at 37°C. 
The percentage of NETs killing was [1-(CFU/ml ex-
periment group)/(CFU/ml control group)]×100%. 
*P<0.05, **P<0.01.
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natants of the yeasts culture were collected  
for the detection of DNase activity. High DNase 
activity of both SC5314 and 3683 were obser- 
ved. More importantly, when the radial enzy- 
me diffusion assay was used to detect the 

DNase concentrations of supernatants from 
two strains of C. albicans co-cultured with neu-
trophils (cell: yeast = 1:1, 1:2, 1:4) for 2 h, 4 h, 
it was found that SC5314 significantly generat-
ed more DNase than 3683 (Figure 7). 

Figure 7. The concentrations of DNase of SC5314 and 
3683 after co-cultured with neutrophils. Radial enzyme 
diffusion assays was used to detect the DNase concen-
tration. After neutrophils co-cultured with C. albicans at 
ratio of 1:1, 1:2, 1:4 for 2 h, 4 h, supernatant were col-
lected and added 10 ul/well to DNA agarose gel, and 
incubated overnight at 37°C. The second line was stan-
dard DNase I at 0.25, 0.5, 1 ug/ml (from left to light). 
The diameter of dark circles of hydrolyzed DNA was 
analyzed (A: 2 h, B: 4 h) according to making DNase I 
standard wave (X: DNase I concentration (ng/ml), Y: the 
diameter of dark circles). *P<0.05, **P<0.01.
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Effect of DNase on neutrophils killing of C. 
albicans 

When exogenous DNase (100 U/ml) was added 
into co-cultures of neutrophils with two strains 
of yeasts for 1 h, there was little difference in 
killing between control groups and experimen-
tal groups (Figure 8). This implied that DNase 
did not facilitate the escape of C. albicans in 
the early phase of fungicidal activity, since 
there was no NETs formation occurring at the 
moment (Figure 1).

To determine whether there was a later involve-
ment of DNase in escape from NET-mediated 
killing, the fungicidal activity of neutrophils was 
measured after being co-cultured with SC5314 
or 3683 in the presence of exogenous DNase 
for 2 h. This resulted in decreased killings of 
both strains. As expected, the samples in the 
presence of G-actin, a DNase inhibitor, showed 

significantly increased killing by the neutro-
phils. When neutrophils killing was blocked by 
cytochalasin D and extracellular traps degrad-
ed by DNase, fungal killing was decreased sig-
nificantly in both stains of C. albicans, parti- 
cularly SC5314 (Figure 9). It is indicated that 
the alteration in DNase activities had a greater 
impact on the killing of SC5314 than on 3683.

Discussion 

NETs are anti-microbial structures released by 
activated neutrophils, and have opened a new 
path for the research on mechanisms of innate 
immunity. Nevertheless, different microorgan-
isms and strains show considerable variations 
in resistance to NETs [29], and such mecha-
nisms are poorly understood. 

Our previous study demonstrated that the neu-
trophils from inbred mice could kill C. albicans 
3683 more efficiently than SC5314 [15], which 
partially explained why C. albicans SC5314 was 
more virulent than strain 3683, and higher fun-
gal burdens were established in the brain and 
kidney of susceptible (CBA/CaH) and resistant 
(BALB/c) mice after intravenous challenge [14]. 
The present work also demonstrated that hu- 
man neutrophils could kill more strain 3683 
than SC5314 in vitro (Figure 5), which again 
confirmed that C. albicans SC5314 was more 
virulent to host when compared with 3683. 
Taken together, how C. albicans such as SC53- 
14 resist in antifungal activity of neutrophils 
becomes essential in understanding the inter-
actions between yeasts and hosts.

There is no doubt that NETs can trap or/and  
kill many kinds of microorganisms including 
hyphal and yeast form fungus either through 
myeloperoxidase or calprotectin [8-10, 30]. In 
this study, it was found that SC5314 could in- 
duce human neutrophils more formation of 
NETs than 3683 (Figure 1), and that the killing 
of SC5314 by NETs was significantly more ef- 
ficient than that of 3683 (Figure 6), implying 
that the elimination of SC5314 by neutrophils 
relied on NETs more than the 3683.

The generation of ROS, mainly through the 
enzymatic reactions mediated by NADPH oxi-
dase and myeloperoxidase (MPO), has been 
proven to be essential in the release of NETs 
[8]. Patients with chronic granulomatous dis-
ease (CGD), who cannot produce ROS, fail to 

Figure 8. The percentages of killing neutrophils to 
yeasts with addition of DNase for 1 h. Neutrophils 
were co-cultured with DNase, infected with C. albi-
cans SC5314 (A) or 3683 (B), and incubated for 1h. 
Controls were without DNase. Yeasts were then di-
luted and overlaid with YPD, incubated 48 h at 37°C. 
The percentage of neutrophils killing was [1-(CFU/ml 
experiment group)/(CFU/ml control group)]×100%. 
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generate NETs upon exposure to PMA [12], and 
it is the same for MPO-deficient patients [31]. 
In addition, the assessment on the ROS pro-
duction of neutrophils treated with specific 
inhibitors also confirmed the function of NADPH 
oxidase and MPO in NET release [32]. In this 
study, neutrophils co-cultured with C. albicans 
SC5314 after 5 min, 10 min and 30 min gener-
ated more ROS than those with C. albicans 
3683 (Figure 2). The results were consistent 
with the confocal immunofluorescence assay 
that SC5314-induced NETs exceed 3683-in- 
duced NETs (Figure 1), which implied the cru-
cial role of ROS in determining the release of 
NETs. According to studies on catalase-defici- 
ent C. albicans hyphae that showed enhanced 
susceptibility to damage by human neutrophils 
[33], it was hypothesized that as an impor- 
tant antioxidant abundant in C. albicans, cata-

constituents of the NADPH oxidase complex, 
have been proved essential in the formation of  
NETs [34]. In this study, we found that neutro-
phils infected with SC5314 expressed higher 
Rac1 and Rac2 than those infected with 3683 
(Figure 4), which was consistent with our ab- 
ove results that SC5314 stimulated neutro- 
phils producing more ROS and NETs forma- 
tion. Moreover, the more distinct Rac2 expres-
sion of SC5314-infected neutrophils also con-
firmed the previous studies on Rac1null and 
Rac2null mice which suggested Rac2 was the 
major isoform involved in NETs formation [34]. 
Previous reports provided evidence that Rac2 
was a critical regulator that activated the neu-
trophil NADPH oxidase through specific sig- 
naling pathways involving not only ERK2/1 
(p42/44) MAP kinase but also JNK and p38 
MAP kinase [35, 36]. Nevertheless, the specific 

Figure 9. The effects of DNase on killing of yeasts by neutrophils. Neutrophils 
were infected with C. albicans SC5314 (A) or 3683 (B) then incubated for 2 
h, the percentage of killing of C. albicans SC5314 or 3683 by neutrophils 
was decreased after addition of external DNase, however, the killing capac-
ity of neutrophils was increased after addition of G-actin, a DNase inhibitor. 
When neutrophil killing was blocked with cytochalasin D and simultaneously, 
the NETs were degraded by DNase, killing of both strains of C. albicans de-
creased significantly.*P<0.05, **P<0.01.

lase might be responsible for 
a diverse virulence of C. albi-
cans by degrading ROS to 
reduce NETs release in this 
study. The killing assays then 
demonstrated a decreased 
percentage of killing of neu-
trophils treated with exogeno- 
us catalase and an increased 
killing capacity of neutrophils 
treated with AT (a catalase 
inhibitor). Moreover, when ph- 
agocytotic uptake of neutro-
phils was blocked by cytocha-
lasin D, the addition of cata-
lase can significantly decre- 
ase the fungal killing of both 
stains of C. albicans (Figure 
3). However, unlike the des- 
tructive case where neutro-
phil killing and extracellular 
traps was blocked by cytocha-
lasin D and DNase, there still re- 
mained some killing activity  
at this time, especially in  
neutrophils infected with C. 
albicans SC5314. This result 
might be due to NETs for- 
mation rescued by compro-
mised source of ROS such as 
the function of mitochondrial 
electron transport chain.

Rac1 and Rac2, Rho family 
GTPase members that used 
to be recognized as important 
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mechanism of NETs formation still remains 
unclear so far, which will lead us to put the 
efforts on studies of the interactions between 
neutrophils with C. albicans, particularly patho-
gen recognition receptors (PRRs) and patho-
gen-associated molecular patterns (PAMPs) 
such as enolase [22].

DNase activity plays an important role in pro-
moting resistance of microorganisms to neu- 
trophil killing, because of its potential to dam-
age the DNA framework of NETs [8]. DNase 
expressed by Streptococcus, Pneumococcus 
and Staphylococcus was demonstrated to be 
both necessary and sufficient to promote neu-
trophil resistance and increase virulence, by 
promoting degradation of NETs [23, 24]. It was 
reported that DNase could facilitate microbial 
evasion of neutrophil-derived NETs, not only by 
direct degradation of DNA structure, but also by 
attenuating neutrophil ROS production [37]. 
Another study on neutrophils infected with C. 
albicans showed weakened NETs-associated 
killing after the treatment with DNase I [10]. 
Moreover, C. albicans blastospores captured  
by NETs could be released, and recovered by 
incubation in cell medium with DNase [11]. 
Therefore, there was precedent for consider-
ation that DNase had a key role in the escape 
from NETs of the isolates of C. albicans used  
in this study.

In this study, the existence of C. albicans-
derived DNase was first confirmed by demon-
strating the high DNA degradation ability of 
supernatants from cultures of C. albicans SC- 
5314 and 3683. Furthermore, SC5314 could 
generate more DNase than 3683 after being 
stimulated with neutrophils (Figure 7). Then we 
found that the addition of exogenous DNase 
into co-cultures of neutrophils with two strains 
of yeasts for 1 h did not reduce the killing of 
yeasts (Figure 8), indicating that DNase rarely 
facilitated the evasion of C. albicans at early 
phase of the fungicidal activities or DNase only 
functioned after the formation of NETs. How- 
ever, the killing of yeasts was expectedly re- 
duced when the neutrophils was incubated 
with DNase for 2 h (Figure 9), and significant 
increase in killing effect of G-actin (a DNase 
inhibitor) on neutrophils was also found, which 
confirmed the impairment of DNase on NETs-
derived neutrophil killing. Especially, when the 
phagocytotic uptake of neutrophils was blo- 

cked by cytochalasin D and the NET killing  
was inhibited with the addition of exogenous 
DNase simultaneously, the neutrophil defense 
was almost completely abrogated (Figure 9).

In conclusion, this present study demonstrates 
that the distinct virulence between C. albicans 
SC5314 and 3683 is associated with their dif-
ferent ability to escape from the trapping and 
killing of NETs, which might be attributed to the 
secretion of DNase by two strains of yeasts.
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