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Neutrophils, the first line of the host’s defense, use a variety of antimicrobial mechanisms
to fight invading pathogens. One of the most crucial is the production of neutrophil
extracellular traps (NETs) in the process called NETosis. The unique structure of NETs
effectively inhibits the spread of pathogens and ensures their exposure to a high
concentration of NET-embedded antimicrobial compounds. NETosis strategy is often
used by the host to defend against fungal infection caused by Candida albicans. In
immunocompromised patients, this microorganism is responsible for developing systemic
fungal infections (candidiasis). This is correlated with the use of a vast array of virulence
factors, leading to the acquisition of specific resistance to host defense factors and
available drug therapies. One of the most important features favoring the development of
drug resistance is a C. albicans ability to form biofilms that protect fungal cells mainly
through the production of an extracellular matrix (ECM). Among the main ECM-building
macromolecules extracellular nucleic acids have been identified and their role is probably
associated with the stbilization of the biofilm structure. The complex interactions of
immune cells with the thick ECM layer, comprising the first line of contact between
these cells and the biofilm structure, are still poorly understood. Therefore, the current
studies aimed to assess the release of extracellular nucleic acids by C. albicans strains at
different stages of biofilm formation, and to determine the role of these molecules in
triggering the NETosis. We showed for the first time that fungal nucleic acids, purified
directly from mature C. albicans biofilm structure or obtained from the whole fungal cells,
have the potential to induce NET release in vitro. In this study, we considered the
involvement of TLR8 and TLR9 in NETosis activation. We showed that DNA and RNA
molecules initiated the production of reactive oxygen species (ROS) by activation of the
NADPH oxidase complex, essential for ROS-dependent NETosis. Furthermore, analysis
of the cell migration showed that the nucleic acids located in the extracellular space
surrounding the biofilm may be also effective chemotactic factors, driving the dynamic
migration of human neutrophils to the site of ongoing fungal infection.

Keywords: neutrophil extracellular traps (NETs), Candida albicans, biofilms, extracellular nucleic acids,
extracellular matrix (ECM)
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INTRODUCTION

Candida albicans is a widespread eukaryotic microorganism that
colonizes diverse niches in the human body (Soll et al., 1991).
Many immune system disorders contribute to the loss of balance
between the host's immune system and yeast, causing the
development of a systemic fungal infection – candidiasis.

The ability of C. albicans to cause difficult-to-treat infections
depends on the use of many fungal virulence factors. The most
important strategies used by C. albicans include the production of
proteins enabling adhesion to host tissue surfaces, in particular,
adhesins of Als (agglutinin-like sequence) and Hwp (hyphal wall
protein) protein families, the secretion of a large group of the
aspartyl proteases (Saps) (Nobile et al., 2006; Naglik et al., 2008;
Mayer et al., 2013; Zawrotniak et al., 2017; Rapala-Kozik et al.,
2018), as well as the production of toxin—candidalysin (Naglik
et al., 2019). Another virulence mechanism used by C. albicans is
a morphological transition between a typical yeast-like form,
facilitating the pathogen spread within the body, to a more
virulent hyphal form, ensuring the invasion into the host tissues
(Saville et al., 2003). From a perspective of the development of
difficult-to-control yeast infections, the most important strategy is
the formation of complex, multi-species three-dimensional
structures called biofilms. Biofilms can be formed on a variety
of biotic and abiotic surfaces and provide several benefits, among
which the most important is the increase of drug resistance and a
reduction of sensitivity to changes in environmental conditions
(Taff et al., 2013). Biofilm formation by C. albicans is a long-term
and multistage process. In the first phase, yeast cells attach to the
surface due to the exposure of adhesins and change the
morphological form (Cavalheiro and Teixeira, 2018). The next
stage is characterized by the intensive production of a highly
hydrated gel-like extracellular matrix (ECM). The process of
mature biofilm formation is followed by a dispersion phase, in
which budding daughter cells are released to subsequently colonize
distant niches (Blankenship and Mitchell, 2006; Cavalheiro and
Teixeira, 2018). The thick layer of ECM creates a physical barrier
that protectsC. albicans against chemical agents (e.g., antimycotics)
and the host's immune system. The ECM components also provide
additional adhesion (Hawser et al., 1998). In the case of Candida
biofilms,ECMconsistsofmanypolymeric substancesamongwhich
more than 460 functional proteins [55% wt/wt], mannan and
glucan complexes (25% [wt/wt]), lipids (15% [wt/wt]) and DNA
(5% [wt/wt]) have been identified (Martins et al., 2010; Zarnowski
et al., 2014).

The presence of nucleic acids in the extracellular space is a
phenomenon relatively well described in the case of prokaryotic
biofilms. Bacterial extracellular DNA (eDNA) is involved in
horizontal gene transfer (HGT) (Molin and Tolker-Nielsen, 2003).
However, in vitro studies have shown that eDNA molecules, due to
unique properties such as high viscosity and negative electrostatic
charge, perform functions that are not related to the transmission of
genetic information. Research has shown that eDNA molecules
enhance bacterial adhesion and can additionally stabilize the
structure of the biofilm (Whitchurch et al., 2002). Besides, it has
been shown that eDNA can act as a chelator, binding divalent ions,
e.g., magnesium (Mulcahy et al., 2008).
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Thefirst evidence for thepresence of eDNA inbiofilms formedby
C. albicans was presented in 2010 (Martins et al., 2010). Its
contribution to maintaining the mature C. albicans biofilm
integrity was documented by an observation that the biomass of
biofilmdeveloped for 48hours in thepresence of deoxyribonuclease I
(DNase I) was reduced by about 40%. While adding even a small
amount of exogenous DNA resulted in the formation of a dense cell
network (Sapaar et al., 2014). The presence of eDNA also inhibited
thepenetrationofbiofilmbyantimycotics, inparticularamphotericin
B, and thus contributed to the increased biofilm’s drug resistance
(Martins et al., 2012). Subsequent studies showed that eDNA of
C.albicans consistsmainlyof randomnon-coding sequences, and the
only exon found was a fragment encoding a cyclophilin-type
peptidyl-prolyl cis-trans-isomerase (CPR3) (Zarnowski et al., 2014).

The mechanism of extracellular nucleic acid release by
C. albicans has not been thoroughly explained so far, but it has
been shown that this process can be associated with the activity
of chitinases – a group of hydrolases involved in the remodeling
of the cell wall during the formation of the hyphal form of the
cells (Rajendran et al., 2014). Yeast cells also transport some
macromolecules in extracellular vesicles (EV). Fungal EVs are
often equipped with proteins, lipids, glucans, and pigments
(Da Silva et al., 2015). Besides, EV released by C. albicans
transport short (<200 bp) non-coding RNA fragments, among
which micro RNA-like sequences (miRNAs) have been identified
(Da Silva et al., 2015).

Neutrophils (polymorphonuclear leukocytes, PMNs) belong
to the first line of defense of the host's innate immune system
against a broad spectrum of invading pathogens. The recognition
of pathogens by PMN leads to the activation of several fighting
strategies – phagocytosis, degranulation, or the generation of
neutrophil extracellular traps (NETs) in a process called NETosis
(Brinkmann et al., 2004). NETs are made of decondensed
chromatin fibers decorated with numerous proteins derived
from azurophilic granules (in particular neutrophil elastase,
myeloperoxidase, and cathepsin G), secondary and tertiary
granules (e.g. lactoferrin, gelatinase), and histones (Urban
et al., 2009). The unique structure of NETs allows neutrophils
to immobilize pathogens and ensures the exposure to high
concentrations of numerous biocidal agents (Brinkmann et al.,
2004; Urban et al., 2009). There are several types of NETosis, and
the choice of pathway depends on the stimulants and the
receptor involved. The best-known mechanism to date is the
“suicidal” NETosis, a process induced about 3 hours after
pathogen recognition (Pilsczek et al., 2010). In this type of
NETosis, reactive oxygen species (ROS) generation by NADPH
oxidase plays a crucial role. The NET release can also occur
through rapid mechanisms – ROS-independent mechanism,
called “vital” NETosis (Rochael et al., 2015) and calcium
ionophores-induced NETosis (Douda et al., 2015). Infections
caused by small-size pathogens are effectively eradicated by
phagocytosis. In infections caused by microorganisms such as
C. albicans, which can undergo a morphological yeast-to-hyphae
transition and additionally form complex biofilms, the removal
of intruders via phagocytosis is relatively inefficient (Branzk et al.,
2015). In the case of such infections, the preferred mechanism
that effectively controls the fungal invasion is the NETosis
May 2021 | Volume 11 | Article 681030
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(Urban et al., 2006; Branzk et al., 2015). In various Candida
species, several molecules are involved in the activation of NET
formation. It has been shown that fungal cell wall components
such as mannans and b-glucans, as well as secreted aspartyl
proteases, and even molecules engaged in the quorum-sensing
(farnesol) can be involved in the induction of NET release (Byrd
et al., 2013; Zawrotniak et al., 2017; Zawrotniak et al., 2019).

However, the interaction of neutrophils with the ECM layer
surrounding the C. albicans biofilm has not been well studied,
especially in terms of the role of extracellular nucleic acids. The
recognition of nucleic acids of pathogenic origin by cells of
the immune system is possible due to the presence of various
classes of pattern recognition receptors (PRRs) located in the
cytoplasm or within membranous intracellular structures called
endosomes (Barrat et al., 2016). Among them, the following
receptors have been distinguished: RIG-I-like (RLR), NOD-like
(NLR), AIM2-like (ALR), Toll-like (TLR), cGAS, and IFI16
(Ishikawa et al., 2009; Kawasaki and Kawai, 2014; Barrat et al.,
2016; Khan et al., 2019).

The direct role of nucleic acids derived from human and
pathogenic cells in activating the NETosis process is poorly
understood. Most published studies have mainly focused on the
role of RNAmolecules in this process. The first work that assigned
RNA a role of potential NETosis activator concerned the
activation of neutrophils by the genetic material derived from
the HIV-1 retrovirus (Saitoh et al., 2012). The role of bacterial
genomic RNA in the activation of ROS-dependent NETosis was
demonstrated in 2017 (Rodriguez-Rodrigues et al., 2017). NETosis
activation by RNA derived from human cells has also been
observed. Studies performed on the psoriasis model showed
that, unlike bacterial RNA, human RNA induced NETosis only
when complexed with the positively charged LL-37 peptide, which
was important for the translocation of RNA molecules to
endosomes (Herster et al., 2020). Such an autoimmune
neutrophil response was only observed for RNA-LL37
complexes, while the DNA molecules interacting with this
peptide did not exert a similar. It was suggested that this process
may depend on the activation of one of the intracellular receptors,
particularly TLR8 that recognizes ssRNA. In contrast to nuclear
DNA, it was shown that mitochondrial DNA (mtDNA) molecules
released during necrosis may be a potential NETosis activator (Liu
et al., 2019; Singel et al., 2019). Structurally, this DNA is similar to
pathogenic genetic material because it is characterized by the
presence of numerous unmethylated CpG sequences and a
circular shape. A preliminary study showed that mtDNA-
activated NETosis is mediated by TLR9 and cGAS receptors
(Liu et al., 2019). The only work that indirectly suggested the
involvement of eDNA located in the ECM of the bacterial biofilm
in NETosis induction was a finding that the degradation of the
nucleic acid-rich matrix surrounding the biofilm of P. aeruginosa
with DNase I inhibited the ability of biofilms to activate the
neutrophil pro-inflammatory response and significantly reduced
the amount of released NETs (Fuxman Bass et al., 2010).

The significance of extracellular nucleic acids derived from
the eukaryotic pathogen for the induction of NETosis has not yet
been demonstrated. Therefore, the current study aimed to
present a role of extracellular nucleic acids, isolated from
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
C. albicans biofilm and whole cells, in the induction of the
NETosis process and verify their chemotactic properties.
MATERIALS AND METHODS

Yeast Strains and Culture
C. albicans strains ATCC 10231 and SC5413 were grown in YPD
medium (1% yeast extract, 2% soybean peptone, and 2% glucose)
at 30°C for 16 h on an orbital rotary shaker MaxQ 6000 (180
rpm) (Thermo Fisher Scientific, Waltham, MA, USA) to the
stationary phase. Cells numbers were determined by optical
density (OD) measurements at 600 nm, assuming that
OD600=1 value corresponds to 3x107 cells per 1 ml.

Biofilm Formation
Biofilm formation was performed using C. albicans cells from the
stationary growth phase. The cells were centrifuged (3000 rpm, 5
min), and washed twice with sterile PBS. The suspensions of
Candida cells (105 - 107 cells/ml) in 100 ml of RPMI 1640
medium w/o phenol red (Biowest, Nuaille, France) were added
into microplate wells, with a high-binding surface (Corning
Corporation, Corning, NY), and the biofilms were formed for
48 h at 37°C under aerobic conditions in an incubator (Galaxy
170R, Eppendorf, Hamburg, Germany).

To isolate eDNA and eRNA, the cells were grown in 20 ml of
RPMI 1640 medium, starting from 1ml of cells from the stationary
phase. Cells were incubated under aerobic conditions for 48 h at
37°C on an orbital shaker in a 200 ml Erlenmeyer flask (170 rpm).

To observe biofilm growth over time, C. albicans (104 cells/ml)
were cultured for 24 h at 37°C under aerobic conditions in an
incubator (Galaxy 170R, Eppendorf, Hamburg, Germany) and
then for a further 24 h in a microscope incubator (Leica,
Wetzlar, Germany).

Detection of Extracellular Nucleic Acids
To identify the presence of eDNA and eRNA in the biofilmmatrix,
selectedfluorescentdyeswereused: SytoxGreen (MolecularProbes,
Eugene, OR) at a final concentration of 1 mM for DNA and RNA
staining,Quant-iT PicoGreen (Invitrogen,Waltham,MA) at a 200-
fold dilution of concentrated dye for dsDNA staining, and SYTO
RNA Select (Invitrogen,Waltham,MA,USA) at a concentration of
500 nM for RNA identification. Biofilms were imaged usingAE31E
(Motic, Barcelona, Spain), IX73 (Olympus, Tokyo, Japan), and
DMI6000B (Leica, Wetzlar, Germany) fluorescence microscopes.
Additionally, the presence of eDNA and eRNA in the biofilm was
confirmed by nuclease treatments. After 48 hours of biofilm
culturing in 96-well plate (105 cells/ml), DNase I (a final
concentration of 20 U/ml; Thermo Scientific, Waltham, MA) or
RNase A (a final concentration of 0.2 mg/ml; Thermo Scientific,
Waltham, MA) in a reaction buffer containing MgCl2 (Thermo
Scientific, Waltham, MA) were added to RPMI 1640 medium. The
incubation with nucleases was carried out for 1.5 h. After the
digestion, extracellular nucleic acids were stained with Sytox
Green and the fluorescence was measured using a Biotek Synergy
H1 microplate reader (excitation: 485 nm, emission: 528 nm).
Biofilms not treated with nucleases served as a reference.
May 2021 | Volume 11 | Article 681030
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Isolation and Purification of Extracellular
Nucleic Acids
To isolate eDNA/eRNA, we applied a slightly modified method
successfully used for the isolation of fungal multifunctional
proteins, deposited on the surface of the fungal cells
(Zawrotniak et al., 2017). C. albicans cells that formed biofilms
on the surface of Erlenmeyer flask walls were gently scratched,
and the cell pellet was suspended in 100 mM Tris-HCl buffer
with 0.9% NaCl pH 7.4, and then washed: once with 100 mM
Tris-HCl buffer with 0.9% NaCl pH 7.4, and twice 50 mM Tris-
HCl buffer pH 7.5. The solutions of cell wall-deposited
components were prepared by treatment of biofilm-forming
cells with b-1,3-glucanase (Lyticase from Arthrobacter luteus;
Sigma-Aldrich, St. Louis, MO). Lyticase (1250 U per 1 g of
biofilm wet mass) was added to the cell suspension in 2 ml of 50
mM Tris buffer, pH 7.5 containing 40 mM b-mercaptoethanol
and protease inhibitor cocktail (Roche, Penzberg, Germany).
Cells were incubated for 2 h at 37°C with gentle shaking (170
rpm). Trypan Blue staining was used to verify that at least 95% of
the C. albicans cells remained intact after this treatment. After
centrifugation of the cells (1500 x g, 3 min), the supernatant,
containing surface-located material, was transferred into new
Eppendorf tubes, and a series of centrifugations (3000 x g, 3 min;
6000 x g, 6 min; 10000 x g, 10 min) were performed to remove
insoluble material. The supernatant was dialyzed against 50 mM
Tris-HCl pH 7.5 for two days. Nucleic acids were separated from
the cell wall proteins (CWP) by ion-exchange chromatography
(IEC) on MonoQ-Sepharose column (GE Healthcare/Pharmacia,
Uppsala, Sweden) equilibrated in 50 mM Tris-HCl buffer, pH
7.5. The CWP fractions were eluted using a 10 min gradient of
NaCl (0 - 0.4 M) in 50 mM Tris-HCl buffer, pH 7.5, and the
fractions of the nucleic acids were eluted during 10 min gradient
of NaCl (0.4 – 1 M) in 50 mM Tris-HCl buffer, pH 8.5 ml
(procedure based on Zawrotniak et al., 2017). The fractions
containing the highest concentration of nucleic acids, identified
by the measurement of OD260nm, were collected and dialyzed
against 20 mM MOPS buffer with 350 mM NaCl (pH 6.25). For
further separation of eDNA from eRNA molecules, the second
chromatographic step on the MonoQ column was used. In the
elution process, a NaCl gradient (0.3 – 1 M) in 20 mM MOPS
(pH 6.25) optimized based on the work of Jahn et al. (1991) was
used. Finally, the buffer in the collected samples was exchanged
to sterile PBS using the desalting column (PD-10, GE
Healthcare). Sample purity was assessed using absorbance
measurement in the range from 240 nm to 300 nm with a
Biotek Synergy H1 microplate reader, which showed the absence
of protein and organic reagent impurities.

Genomic DNA Isolation
C. albicans cells from an overnight culture in YPD were placed in
an Eppendorf tube (2x108 cells/tube), centrifuged, and washed
twice with PBS buffer. Then, sterile glass beads (425-600 mm) and
400 ml of reagent containing phenol:chloroform:isoamyl alcohol
(25:24:1) and 400 ml of yeast lysis buffer (2% Triton X-100; 10%
SDS; 5M NaCl; 1M Tris-HCl pH 8; 0.5M EDTA) were added
to the cell pellet. The yeast cell homogenization process was
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
carried out using the Bertin Precellys Evolution cell homogenizer.
The homogenate was centrifuged (10 min, 12000 x g, 4°C). Then
equal volume of chloroform:isoamyl alcohol (24:1) mixture was
added to the aqueous phase of homogenate and centrifuged
(10 min, 12000 x g, 4°C). To precipitate DNA, 1/10 volume of
0.3M sodium acetate (pH 5.5) and 2 volumes of 96% ethanol were
added to the aqueous phase, then the samples were incubated
overnight at -20°C. After incubation, samples were centrifuged
(15 min, 12000 x g, 4°C). The white precipitate, containing DNA,
was washed twice with 70% ethanol and dried, then dissolved in
100 ml of nuclease-free water. Sample purity was assessed using
a sample absorbance measurement in the range from 240 nm to
300 nm with a Biotek Synergy H1 microplate reader.

Total RNA Isolation
Sterile glass beads (diameter: 425-600 mm) and 800 ml of TRI-
Reagent were added to the washed cell pellet obtained as above
mentioned. Similarly, to DNA isolation, the yeast cell
homogenization process was carried out. 160 ml chloroform
was added to the homogenate and incubated for 30-minutes at
4°C, followed by centrifugation of the samples (10,000 x g, 15
min, 4°C). An equal volume of isopropanol was added to the
aqueous phase and the samples were placed at -20°C overnight.
The samples were then centrifuged (10,000 x g, 15 min, 4°C) and
the supernatant was gently removed. The pellet was suspended in
70% ethanol and centrifuged after a few minutes of incubation
(10,000 x g, 15 min, 4°C). The resulting white RNA pellet was
washed twice with 70% ethanol and dried, then dissolved in
100 ml of nuclease-free water. RNA concentration and purity
were determined analogously to DNA acquisition.

Neutrophil Isolation
Human polymorphonuclear cells (PMNs) were isolated from
EDTA-treated (5 mM) whole-blood samples obtained from
healthy donors via the Regional Blood Donation Center
(Cracow, Poland). The entire isolation process was carried out
at room temperature, while all reagents used were preheated to
37°C. To separate morphotic elements from the plasma, the
blood samples (20 ml) were centrifuged at 420 x g for 20 min.
Then 2/3 of the upper phase containing the plasma was
discarded and the bottom layer containing leukocytes and
erythrocytes was restored to the original volume of 20 ml with
PBS and thoroughly mixed by inverting the tube. The cell
suspension was carefully layered on the lymphocyte separation
medium (Biowest, Nuaille, France). After centrifugation (420 x g
for 30 min.), the low-density fractions were discarded. To the
lower phase, containing erythrocytes and granulocytes, 2
volumes of 1% polyvinyl alcohol were added. The separation of
erythrocytes from granulocytes was carried out for 20 min, after
which the upper phase, containing granulocytes, was collected
into a new tube and centrifuged at 420 x g for 6 minutes. For
additional purification of isolated granulocytes, the cells were
suspended in 1 ml of Red Blood Lysis Buffer (Roche, Penzberg,
Germany) and then washed with PBS. The granulocyte pellet was
suspended in 1 ml RPMI 1640 medium w/o phenol red (Biowest,
Nuaille, France). The number of cells was determined using a
May 2021 | Volume 11 | Article 681030
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Bürker chamber. The neutrophil purity was assessed routinely by
forward- and side-scatter flow cytometric analyses. The applied
isolation method yields a >95% pure population of the cells. Due
to the short life of neutrophils, all experiments were carried out
immediately after isolation.

Test of Neutrophil Viability
Immediately after the isolation process, viability analysis of
isolated neutrophils was performed, which was based on
staining cells with propidium iodide (PI) and fluorescein
isothiocyanate (FITC)-labeled Annexin V (AnV) (Dead Cell
Apoptosis Kit with Annexin V-FITC and PI, Invitrogen,
Carlsbad, CA, USA). Cells (1x106) were washed three times
with PBS and stained with PI and AnV for 15 minutes, according
to the supplier’s instruction. Cell viability assessment was
performed using flow cytometry (LSR Fortressa, BD, San Jose,
CA, USA).

NET Visualization and Quantification
Neutrophils (106 cells/ml) were seeded in the well of the 96-wells
black microplate (Greiner Bio-One, Frickenhausen, Germany),
in 100 µl of RPMI 1640 and allowed to settle for 20 min at 37°C,
5% CO2. Then, cells were washed twice with PBS, and yeast DNA
and RNA samples at variable concentration, prepared in RPMI
1640 medium, were added. Unstimulated neutrophils and
neutrophils treated with 25 nM of PMA (Sigma-Aldrich) served
as negative and positive controls, respectively. The stimulation of
neutrophils was carried out for 3 hours at 37°C, 5% CO2. After
incubation, the stimulants were removed, and the cells were
washed gently with PBS. For the nucleic acid quantification,
micrococcal nuclease (MNase) at a concentration of 1 U/ml
(Roche, Penzberg, Germany) was added, and the neutrophils
were incubated at 37oC for 20 min to release NETs into the
supernatant. The collected supernatants were centrifuged and
stained with Sytox Green fluorescence dye (final concentration 1
mM). 50 ml of each sample was transferred into a 96-well
microplate to measure the fluorescence (excitation: 495 nm,
emission: 525 nm) using the microplate reader.

For fluorescence microscopy analyzes, stimulated
neutrophils were gently washed with PBS and fixed with 3.6%
paraformaldehyde for 10 min at room temperature. Then, primary
antibodies (1:200): anti-neutrophil elastase (NE; Abcam,
Cambridge, UK) and anti-myeloperoxidase (MPO; Abcam,
Cambridge, UK), diluted in PBS buffer with 0.5% BSA, were
added and the samples were incubated overnight at 4°C. After
incubation, neutrophils were gently washed twice with PBS, and
secondary anti-rabbit (1:500; Abcam, Cambridge, UK) antibodies
were added. The plates were incubated for 1 h at 37°C and cells
were washed twice with PBS. Additionally, NETs were labeled with
the Sytox Green dye (final concentration 1 mM) and visualized
using a fluorescence microscope, as previously described.

Analysis of ROS Production
The production of reactive oxygen species (ROS) was analyzed
using the method based on the fluorescence of oxidized
dihydrorhodamine 123 (DHR 123; Invitrogen, Waltham, MA).
Neutrophils (106 cells/ml) were added in 100 µl RPMI 1640 and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
allowed to settle for 20 min at 37° C, 5% CO2 in the wells of 96-
well microplate. Neutrophils were washed with PBS, and
nonfluorescent DHR 123 was added to each well at a final
concentration of 10 mM and incubated for 10 minutes. Then,
10 µl of yeast nucleic acids (a final concentration of 0.6 µg/ml)
were added to cells. Untreated neutrophils were used as a
negative control, and cells, stimulated with 25 nM PMA, as a
positive control. The fluorescence of oxidized DHR 123 was
recorded immediately after adding stimulants, for one hour with
minimal integration time, using a microplate reader.

NADPH Oxidase Inhibition
To assess the role of ROS in NETosis induction via yeast
DNA and RNA, freshly isolated neutrophils were preincubated
for 30 min at 37°C in RPMI 1640 medium with 10 mM DPI
(Sigma-Aldrich), a commonly used NADPH oxidase inhibitor.
After incubation, cells were washed twice with PBS and
stimulated as mentioned above. Untreated neutrophils were
used as control.

Inhibition of Endocytosis
The role of endocytosis in the induction of NETosis was
determined by the use of cytochalasin D, a compound
inhibiting actin microfilament polymerization. Freshly isolated
neutrophils were preincubated for 30 min at 37°C in RPMI 1640
medium with 5 mM cytochalasin D (CytD, Sigma-Aldrich). After
incubation, the inhibitor was removed, cells were washed twice
with PBS and stimulated with yeast nucleic acids as described
above. Untreated neutrophils were used as control.

Analysis of TLR8 Receptor Activation
The presence of the TLR8 (CD288) receptor in human
neutrophils was verified using flow cytometry. For this
purpose, freshly isolated neutrophils were fixed with 3.6%
paraformaldehyde. Then, the cells were permeabilized with
Triton X-100, and after washing twice with sterile PBS, the
cells were incubated overnight at 4°C with phycoerythrin-
conjugated (PE) anti-human TLR8 antibodies (BioLegend, San
Diego, CA, USA). Identification of yeast RNA binding receptors
was carried out using CU-CPT9a molecule (InvivoGen, San
Diego, CA, USA), which prevents the activation of TLR8. In
these experiments, neutrophils (106 cells/ml, 100 µl RPMI-1640)
settled on the microplate were stimulated for 3 h with yeast RNA
(a final concentration of 0.5-1.2 mg/ml) and PMA (positive
control; a final concentration of 25 nM) diluted in a solution
containing CU-CPT9a (a final concentration of 100 nM).
Neutrophils treated by the same concentration of CU-CPT9a
but without stimulants served as a negative control.

Chemotaxis Analysis
The chemotaxis of neutrophils in the presence of yeast DNA and
RNA was evaluated by the 24-well chemotaxis chamber
technique (Transwell®-Clear inserts, Corning, NY, USA). 100
ml of neutrophil suspension (107 cells/ml) were applied to the
inserts (3 µm pores) in PBS buffer. Samples of DNA and RNA
(0.5 mg/ml), fMLP (10 µM; used as a positive control), and
PBS (negative control) were placed in the lower compartment.
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The chambers were incubated at 37°C in 5% CO2 atmosphere for
30 min. The cells that migrated into the lower compartment of
the chamber were fixed and quantified.

Statistical Analysis
Statistical analysis was performed with the GraphPad Prism 8
software (GraphPad Software, CA, USA). The results are
presented as a mean value with a standard error of the mean
(SEM). To assess significance between groups, unpaired t-test or
one-way ANOVA with Dunnett's multiple comparisons post-
hoc test were performed. The results were considered statistically
significant at p-value <0.05 (*p ≤ 0.0332, **p < 0.0021, ***p <
0.0002, ****p < 0.0001) or not statistically significant (ns) for
p > 0.1234.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
RESULTS

Extracellular Nucleic Acids Are Present in
the ECM Biofilm Formed by C. albicans
We compared the morphology of biofilms and nucleic acid
exposure for two C. albicans strains: ATCC 10231 and SC5413.
Our observation suggested that the release of extracellular nucleic
acids depends on the initial cell number and may be correlated
with cell morphology (Figure 1A). The standardization of culture
conditions showed that a relatively small initial cell count (105

cells/ml) is crucial for the efficient production of extracellular
nucleic acids. For this number of cells, induction of filamentous
growth was observed for both strains. Increasing the cell density
(up to 107 cells/ml) inhibited the formation of hyphae and
A

B

FIGURE 1 | Extracellular nucleic acids presence in the ECM of C. albicans biofilm. (A) 105 cells/ml or 107 cells/ml of C. albicans were placed in a 96-well plate in
100 ml RPMI 1640 and cultured aerobically for 48 hours at 37°C. The formed biofilms were stained with Sytox Green (a final concentration of 1 mM) and imaged
using fluorescence microscopy in the green channel and transmitted light (AE31E, Motic microscope). (B) C. albicans (ATCC 10231, SC5413) cells present in hyphal
form in 48 hours-biofilm (105 cells/ml) were visualized with an Olympus IX73 microscope.
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decreased the release of nucleic acids. However, the obtained
results showed significant differences between these strains, both
in the morphology of the formed biofilms and the ability to nucleic
acid release For cells of SC5413, the formation of typical long and
thin hyphae covering the entire plate's surface was observed
(Figure 1B). In contrast, the ATCC 10231 cells formed rather
pseudohyphae, characterized by the presence of constrictions at
the septal site. ATCC 10231 biofilm formed characteristic dense
clusters in which significant amounts of nucleic acids were located.

To determine at which stage of biofilm formation the
extracellular nucleic acids are released, we carried out the
microscopic observation of biofilm growth progress and found
that the release of nucleic acids started at least after 24 hours of
biofilm formation, and their exposure increased over the next
hours (34–48 h). Clusters of nucleic acids were a feature of
mature, minimum 48-hour biofilms. The effect of nucleic acid
release over time was shown at the three selected time points and
marked with arrows (Figure 2).

Additionally, we conducted an experiment involving the
addition of DNase I and RNase A to 48-hour biofilms. After
1.5 h of enzymatic degradation of eDNA/eRNA, the biofilms
were stained with Sytox Green and the fluorescence of the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
biofilm was measured. Biofilms not treated with nucleases
(-DNase/-RNase) served as negative controls. The results
showing the percentage of fluorescence of control biofilms
(without DNase/RNase) are presented in Figure 3A. Our
observations indicated that ATCC 10231 strain formed a
biofilm containing a significant amount of extracellular nucleic
acids, with the domination of eRNA, in an opposite to biofilms
formed by strain SC5413 where no significant effect of nucleases
on the eDNA or eRNA was observed. For further identification
of both types of nucleic acids in ATCC 10231 biofilm, we used
selective dyes, characterized by an increased affinity for dsDNA
(Quant-iT PicoGreen, Invitrogen) and RNA (SYTO RNASelect,
Invitrogen) (Figure 3B).

C. albicans Extracellular Nucleic Acids
Trigger NET Release
The first experiments, aimed at a preliminary assessment of the
possible activation of the NETosis process in human neutrophils
by fungal nucleic acids, were carried out using samples purified by
IEC (Supplementary Figure 1) and containing pure eRNA or a
mixture of eDNA and eRNA. We analyzed the neutrophil
responses to the extracellular nucleic acid concentration in a
FIGURE 2 | Release of extracellular nucleic acids during the formation of biofilms by C. albicans (ATCC 10231). Cells (104/ml) were placed in a 96-well plate, in 100
ml RPMI 1640 and incubated at 37°C for 24 hours. Then, the Sytox Green dye was added to the biofilm formed, and microscopic observation was continued for a
further 24-hour (DMI6000B microscope, Leica).
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range of 0.15 mg/ml to 5 mg/ml. Statistically, significant NET
production was observed above 0.6 mg/ml for both types of
samples. In this concentration range, for samples containing a
mixture of nucleic acids, we observed the generation of NETs at
the level of 40-60% of the positive control, but in the case of pure
eRNA fraction, the response ranged from 50-70%. Representative
results are shown in Figure 4A. To identify the NET structures,
the Sytox Green dye and primary antibodies against the
characteristic NET marker - neutrophil elastase (NE), were used.
The results confirmed that the DNA was released by neutrophils
in the NETosis process, and not as a result of accidental neutrophil
cell rupture or nonspecific binding of fungal eDNA/eRNA to the
cells (Figure 4B).

Because obtaining a pure fraction of eDNA in IEC was
inefficient, and the response of cells to DNA and RNA
molecules may follow different signaling paths, in subsequent
experiments we used both types of nucleic acids, isolated from
the whole C. albicans cells using methods ensuring their high
purity. For the application of pure DNA and RNA samples, a
series of 10 independent experiments with healthy donor
samples were performed involving the stimulation of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
neutrophils with a wide range of nucleic acid concentrations.
The results, comparing the neutrophil response to yeast DNA
and RNA, are shown in Figures 5A, B. The presence of NET
structures was confirmed using antibodies that recognized MPO
(Figure 5C).

The obtained results showed that the optimal concentration
at which NET release in response to genomic DNA and total
RNA was observed, was within a range of 0.3 – 5 mg/ml.
Moreover, the activation of NETosis by RNA molecules was
more efficient than by DNA. Independent experiments showed
that the neutrophil response to DNA and RNA was characterized
by relatively high variability between healthy donors.

Kinetics of NET Release Upon Contact
With Yeast DNA and RNA
The activation of the NETosis mechanism, depending on the
type of stimulating factors, took up to 3 hours. Relatively fast
responses were induced by chemical compounds, which freely
diffuse across the membrane and directly activate signal pathway
mediators. The fast generation of NETs was also characteristic of
the vital and calcium ionophores-induced NETosis mechanisms
A

B

FIGURE 3 | Extracellular nucleic acids in C. albicans biofilm. (A) C. albicans biofilms (ATCC 10231 and SC5413; 105 cells/ml) were cultured at 37°C in 100 µl RPMI
1640 medium for 48 hours. Then biofilms were incubated with DNase I (20 U/ml) and RNase A (0.5 mg/ml) for 1.5 h. After incubation, the fluorescence of the Sytox
Green dye (a final concentration of 1 mM) was measured using a microplate reader (Biotek, Synergy H1). The results represent the mean fluorescence value of three
replicates after 48 hours of culture. ANOVA and Dunnett’s multiple comparisons post-test was used. The results were considered statistically significant at p < 0.05
(**p ≤ 0.0021, ***p ≤ 0.0002) or not statistically significant (ns) for p > 0.1234. (B) C. albicans cells (ATCC 10231, 105 cells/ml) were placed in three separate wells of
96-well high-binding plate and cultured at 37°C for 48 hours under aerobic conditions in 100 ml RPMI 1640 medium. The biofilms were then stained with fluorescent
dyes that selectively bind the nucleic acids (Sytox Green, 1 mM; Quant-iT PicoGreen, 200-fold diluted; Syto RNASelect, 500 nM) and visualized in transmitted light
and green fluorescence (AE31E, Motic).
May 2021 | Volume 11 | Article 681030

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Smolarz et al. Netosis Induction by Candidal Biofilm
of NETosis (Douda et al., 2015; Rochael et al., 2015). To analyze
the kinetics of the NETosis triggered by yeast DNA and RNA,
neutrophils (106 cells/ml; 100 ml per well, in separate series for
each time point) were incubated with the selected concentration
of nucleic acids (0.6 mg/ml) up to 3 hours, and NET production
was determined at each time point, using sample staining with
Sytox Green dye (Figure 6). The response of neutrophils to
nucleic acid treatment started after 45 minutes, similar to the
results observed for neutrophils activated with PMA.

Yeast DNA and RNA Induction of NETosis
Is ROS-Dependent
The kinetics of NET release triggered by nucleic acids suggested
that the mechanism of NETosis activation may be similar to the
process initiated by PMA treatment of neutrophils and may
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
depend on the production of ROS. To confirm the participation
of ROS in this process, we used neutrophil staining with
dihydrorhodamine 123 (DHR 123) prior to the addition of
nucleic acids, as this dye passively diffuses across membranes,
and after oxidation localizes to the mitochondria. The obtained
results (Figure 7A) indicated that both yeast DNA and RNA at a
concentration of 0.6 mg/ml induced the oxidation of DHR 123, at
a level comparable to PMA treatment. Additionally, freshly
isolated neutrophils were preincubated for 30 minutes with
NADPH oxidase inhibitor (DPI, 10 mM) before the addition of
yeast DNA and RNA samples (0.6 mg/ml) (Figure 7B). The
inhibition of NADPH oxidase resulted in the reduction of NET
production to the level of the negative control, suggesting that
the induction of NETosis by nucleic acids used a ROS-
dependent pathway.
A

B

FIGURE 4 | Neutrophil stimulation with eRNA and eDNA. Neutrophils (106 cells/ml) were incubated for 3 hours with chromatographically purified extracellular nucleic
acids (0.15 - 5 mg/ml). Unstimulated cells served as a negative control and the positive control was represented by the response of neutrophils to 25 nM PMA.
(A) The released NETs were digested with MNase (a final concentration of 1 U/ml) and the collected samples were stained with Sytox Green (1 mM). Results are
shown as percent fluorescence of the positive control (PMA) ± standard error of the mean (SEM) for two replicates. ANOVA with Dunnett’s multiple comparisons
post-hoc test was used. The results were considered statistically significant at p < 0.05 (*p ≤ 0.0332, **p ≤ 0.0021, ***p ≤ 0.0002, ****p < 0.0001 or not statistically
significant (ns) for p > 0.1234. (B) To confirm the presence of NET structures, after stimulation neutrophils were fixed with 3.6% paraformaldehyde and then
incubated overnight at 4°C with rabbit primary antibodies anti-NE (200-fold diluted in PBS with 0.5% BSA). The released NETs were detected with anti-rabbit
secondary antibodies, conjugated to the Alexa Fluor 555 (500-fold diluted in PBS with 0.5% BSA) and Sytox Green dye (1 mM). NETs were visualized using
fluorescence microscopy (AE31E, Motic).
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A

B

C

FIGURE 5 | Stimulation of neutrophils with yeast nucleic acid samples (DNA, RNA). Neutrophils (106 cells/ml) were incubated at 37°C for 3 hours with yeast DNA
and RNA samples in a concentration range of 0.15 – 5 mg/ml. (A) Released NETs were quantified in the supernatant after 15 minutes of treatment with MNase
(a final concentration of 1 U/ml). Data represent a comparison of NET release for 10 independent experiments ± SEM. ANOVA with Dunnett’s multiple comparisons
post-hoc test was used (*p ≤ 0.0332, **p ≤ 0.0021, ****p ≤ 0.0001, or not statistically significant (ns) for p > 0.1234). (B) After stimulation, unfixed NETs were stained
with Sytox Green (1 mM) and visualized using Motic AE31E fluorescence microscopy. (C) After stimulation, cells were fixed 3.6% paraformaldehyde, rabbit primary
antibodies anti-MPO (200-diluted) were added to fixed neutrophils, stimulated previously with 1.2 mg/ml DNA or RNA, and incubated overnight at 4°C. The released
NETs were detected with anti-rabbit secondary antibodies conjugated to the Alexa Fluor 555 (500-fold diluted) or Sytox Green dye (1 mM) and was visualized using
Olympus IX73 fluorescence microscope.
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Nucleic Acid Endocytosis Is a Prerequisite
for NETosis
The use of cytochalasin D (CytD), an inhibitor of actin fiber
polymerization, allowed to indirectly determine whether
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
endocytosis of yeast nucleic acids is a necessary step to induce
the NETosis process. A quantitative analysis (Figure 8) showed
that the use of cytochalasin D inhibited the NETosis process
induced by nucleic acids but did not affect the overall capacity for
FIGURE 6 | Kinetics of NET release. Neutrophils (106 cells/ml; 100 ml per well) were incubated for 2 hours with DNA and RNA isolated from the planktonic form of
C. albicans (0.6 mg/ml). Released NETs were fixed at specific time points, then stained with Sytox Green dye, and imaged using fluorescence microscopy (as
described above).
A B

FIGURE 7 | The role of ROS-dependent pathway in the NET release. (A) DHR 123 (10 mM) was added to neutrophils (106 cells/ml) suspended in 100 µl RPMI 1640
and after 10 minutes of incubation, DNA or RNA samples at the final concentration of 0.6 µg/ml were added. Untreated neutrophils served as a negative control, and
cells stimulated with 25 nM PMA represented a positive control. The fluorescence of oxidized DHR 123 was measured for one hour with minimal kinetic interval,
using a BioTek Synergy H1 microplate reader. Graphs present the values of the fluorescence increase ± SEM (n=2). (B) Neutrophils (106/ml cells; 100 ml per well)
with inhibited NADPH oxidase activity (+ DPI, 10 mM) were incubated with yeast DNA and RNA (0.6 mg/ml) for 3 hours. Neutrophils not treated with inhibitor but
stimulated with DNA or RNA served as a control (- DPI). Results are presented as a percentage of response to PMA (-DPI) ± SEM for n=2. ANOVA with Dunnett’s
multiple comparisons post-hoc test was used. The differences considered statistically significant at p < 0.05 (*p ≤ 0.0332, **p ≤ 0.0021) or not statistically significant
(ns) for p > 0.1234.
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NETosis, as evidenced by the lack of inhibitory effect during
neutrophil stimulation with PMA. The findings indicated that
yeast nucleic acids induce NET formation via the endocytosis-
dependent pathway.

TLR8 Receptor Is Involved in the
Activation of Yeast RNA-Induced NETosis
The well-known receptor that recognizes RNA molecules is
TLR8 (CD288), located within endosomes (Barton and Kagan,
2009). Its level in the tested neutrophils was verified by flow
cytometry , each t ime before the main experiment
(Supplementary Figure 2). To assess whether yeast RNA-
induced NETosis is related to TLR8 receptor activation, we
used the CU-CPT9a molecule, which by binding to the TLR8
dimer, stabilizes the receptor in its resting state and antagonizes
further conformational changes caused by the stimulating factors
(Zhang et al., 2018). Our data showed that the induction of
NETosis by yeast RNA was lowered in the presence of CU-
CPT9a in the medium, supporting the conclusion of TLR8
participation in this process (Figures 9A, B). However, the
antagonistic effect of CU-CPT9a was not observed during
stimulation of the cells with PMA, which confirmed that the
applied compound did not contribute to the loss of the ability of
cells to NETosis. We also checked whether the applied TLR8
antagonist could affect the RNA-mediated production of ROS
(Figure 9C). The results showed that the presence of CU-CPT9a
lowered ROS production to the negative control level,
confirming the role of TLR8 in the recognition of yeast RNA.

Similar analyzes were undertaken to determine the receptor
involved in the activation of NETosis by yeast DNA. However,
the use of a short synthetic suppressive oligonucleotide (CpG
ODNs), identified as TLR9 antagonist (Lenert, 2010), did not
produce conclusive results (Supplementary Figure 3). The role
of the receptor involved in the recognition of yeast DNA remains
to be elucidated.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12
Nucleic Acids of C. albicans Are Strong
Chemotactic Factors
Neutrophil movements in the presence of stimulating factors
were studied using dedicated chambers, containing trans-well
inserts. The chemotactic agents (yeast DNA and RNA at final
concentration 0.6 mg/ml) were added to the bottom of the
chamber, while neutrophils were placed within the inserts,
separated by a porous membrane (3 mm). As the negative
control, PBS was used, whereas the positive control was
represented by the responses of neutrophils to 10 mM solution
of fMLP, a characteristic bacterial peptide, being a well-known
chemotactic agent. The number of cells that passed through the
membrane according to the factor gradient was counted after one
hour of treatment. The obtained results showed that both yeast
nucleic acids stimulated neutrophil chemotaxis, but yeast DNA
molecules are particularly efficient chemoattractants for
neutrophils, comparing to yeast RNA (Figure 10).
DISCUSSION

Recent research has allowed for the characterization of the main
C. albicans virulence factors, owing to which this fungal
pathogen can successfully colonize various niches in the host's
organism and defend against its immune system. One of the
important strategies favoring the development of life-threatening
fungal infections is the formation of biofilms, that, mainly due to
the presence of a dense layer of the extracellular matrix, provide a
protective environment for fungi, increase their adhesion, and
contribute to drug resistance (Cavalheiro and Teixeira, 2018).

The components of the ECM include nucleic acids, which,
apart from their basic function of genetic information storage,
are also able to perform other roles in the extracellular space. An
example is the phenomenon of NETosis, where the extracellular
DNA of neutrophils is involved in the host’s defense. However,
FIGURE 8 | The role of endocytosis in the induction of NETosis, stimulated by yeast DNA and RNA. Neutrophils with inhibited endocytosis ability by the use of
cytochalasin D (106 cells/ml; 100 ml per well) were incubated with yeast DNA and RNA at a concentration of 0.6 mg/ml for 3 hours. Neutrophils with the active
cytoskeleton (- CytD) served as control. NETs were quantified in supernatants after MNase treatment (a final concentration of 1 U/ml). Results are presented as a
percentage of response relatively to that to PMA (- CytD) for n=2. Unpaired t-test was used to compare differences between the NETosis intensity of -CytD and +
CytD cells. The differences considered statistically significant at p <0.05 (*p ≤ 0.0332, **p ≤ 0.0021) or not statistically significant (ns) for p > 0.1234.
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microbial nucleic acids may also play important functions in
the extracellular space within bacterial or fungal biofilms
(Whitchurch et al., 2002; Okshevsky and Meyer, 2015; Rostami
et al., 2016). The studies carried out so far have focused mainly
on the analysis of the role of extracellular nucleic acids present in
the ECM of monospecies bacterial biofilms, while little attention
has been paid to the analysis of this phenomenon in eukaryotic
and mixed biofilms.

Therefore, the first stage of our research was to unequivocally
confirm the reports of other researchers indicating the presence
of extracellular nucleic acids in the matrix of biofilms formed by
the pathogenic yeast-like fungus C. albicans (Martins et al., 2010;
Martins et al., 2012; Rajendran et al., 2014). We conducted a
series of optimizations aimed at determining in vitro conditions
favorable for the release of measurable amounts of extracellular
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13
nucleic acid but we keep in mind that the standardization is
performed on the artificial surface. The standardization
concerned a wild-type C. albicans strain ATCC 10231 and a
highly virulent strain SC5413. Fluorescence microscopy analyzes
showed significant differences in nucleic acid-releasing ability
between those strains. These differences may be correlated with
the morphology of biofilm-forming cells. In the case of strain
ATCC 10231, we observed cell growth mainly in the form of
pseudohyphae, while the SC5314 strain forms typical long, thin
hyphae which promotes increased tissue penetration and
increases virulence (Thewes et al., 2008). It can be assumed
that the pseudohyphal form may favor the release of eDNA and
eRNA, which can form a gel-like structure of the ECM, as was
proposed for the biofilm of P. aeruginosa (Seviour et al., 2019).
Such conception could support the finding that the ATCC10231
A

B

C

FIGURE 9 | The role of TLR8 receptor in NETosis activation by yeast RNA. (A) Neutrophils (106 cells/ml; 100 ml per well) were stimulated at 37°C under 5% CO2

atmosphere for 3 h with yeast RNA (1.2 mg/ml) or PMA (positive control; a final concentration of 25 nM) diluted in CU-CPT9a solution (100 nM). RPMI 1640 medium
containing the same concentration of inhibitor served as the negative control. Released NETs were stained with Sytox Green (1 mM) and quantified in supernatants
after MNase treatment (a final concentration of 1 U/ml). (B) Released NETs were stained with Sytox Green dye and imaged using Olympus IX73 fluorescence
microscope. (C) To neutrophils (106 cells/ml) suspended in inhibitor (100 nM) and dihydrorhodamine 123 (10 mM) solutions, RNA was added at a final concentration
of 0.6 µg/ml. ROS production was measured for one hour using a BioTek Synergy H1 microplate reader. Unpaired t-test was used to compare differences between
the NETosis intensity and ROS production of -CU-CPT9a and +CU-CPT9a. The differences considered statistically significant at p <0.05 (**p ≤ 0.0021) or not
statistically significant (ns) for p > 0.1234.
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biofilm was more resistant to substances affecting cell membrane
integrity (Lupetti et al., 2002).

Moreover, the observations are consistent with the results
obtained by Rajendran et al. (2014) who reported a positive
correlation between the expression of genes associated with the
change of morphological form (encoding chitinases and adhesin
HWP1) and the efficient release of eDNA by C. albicans.
Furthermore, the fact that obtaining a biofilm surrounded by
eDNA and eRNA is only possible for cultures with a relatively
small initial cell number, confirmed the correlation with cell
morphology, which is regulated by quorum sensing molecules i.e
farnesol and its derivatives (Hornby et al., 2001; Oh et al., 2001;
Alem et al., 2006). In the case of a greater initial number of cells,
the formation of hyphae is inhibited, and according to our
results, is correlated with a reduced amount of extracellular
nucleic acids.

Our time-lapse analysis demonstrated that the release of
detectable amounts of nucleic acids occurs after about 48
hours, in contrast to bacterial biofilms where the appearance of
eDNA was reported at the early stages of biofilm formation
(Whitchurch et al., 2002). A similar observation was presented
by Martins et al. (2010) who suggested that extracellular nucleic
acids are components that ensure the stability of a mature
C. albicans biofilm and are not essential for the early stage of
yeast adhesion. Such a result was also presented in the case of
biofilms formed by another pathogenic fungus Aspergillus
fumigatus (Rajendran et al., 2014).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 14
In studies published so far, where the analysis of Candida
biofilms structure has been conducted, it has been mentioned
that mainly eDNA molecules appear among the components of
the protein-lipid matrix (Martins et al., 2010; Martins et al., 2012;
Rajendran et al., 2014; Sapaar et al., 2014). Our results presented
that, in addition to eDNA, the biofilm structure contains also a
significant amount of eRNA. Interesting studies were carried out
by Da Silva et al. (2015) who showed that short fragments (<250
nucleotides) of C. albicans RNA may be transported by MVs,
supporting our finding of a significant amount of eRNA in
ATCC 10231 biofilm. In turn, the results obtained in the case
of bacterial biofilm indicated that DNA and RNAmolecules may
form complexes by Watson-Crick interactions and nonspecific
bonds (Seviour et al., 2019). Such structures may favor the
formation of a dense ECM, stabilizing the bacterial biofilm.
These results suggest that a similar situation may occur in the
case of biofilms formed by C. albicans.

Recent studies have focused mainly on proving a possibility of
induction of NETosis as a result of contact with molecules
exposed on the C. albicans cells surface, which include mainly
b-glucans (Brogden et al., 2014), mannans, and through the
secreted virulence factors such as aspartyl proteases (Zawrotniak
et al., 2017) or by the action of the fungal quorum-sensing
molecule – farnesol (Zawrotniak et al., 2019). Many previous
studies aimed to determine the mechanism of neutrophil
responses to planktonic C. albicans form. However, the biofilm
structure, due to the presence of a dense layer of ECM, forming a
physical barrier, masks pathogen’s cells, and partially protect
them against attack by the host's immune system. Such
impairment in NET release in contact with C. albicans biofilm
was reported by Johnson and co-workers (Johnson et al., 2016).
The possibility of inducing NET release by yeast nucleic acids has
not been considered so far. Few studies, that used bacterial, viral,
or human nucleic acids have suggested that in particular, RNA
molecules have some potential to activate NET production
(Saitoh et al., 2012; Rodriguez-Rodrigues et al., 2017; Herster
et al., 2020). We revealed for the first time that nucleic acids
obtained from ECM of C. albicans biofilm and whole yeast cells
growing in planktonic form have a significant potential to
activate NETosis. Our analysis indicated that the neutrophil
response to fungal nucleic acids can be observed even at their
low concentrations, pointing at the possible rapid activation of
immune mechanisms at the site of infection. In most of our
experiments, we observed that NET release in response to RNA/
eRNA molecules was more effective than the response to DNA
molecules. A similar observation indicating a weaker neutrophil
response to human DNA than RNA (in the form of a DNA/LL37
complex) was already observed in the study of Herster et al.
(2020) in a model of psoriasis.

Both NETosis and phagocytosis, on the one hand, use similar
signaling pathways and the pathogen-killing arsenal, but, on the
other hand, are classified as separate fighting mechanisms
(Hakkim et al., 2011; Branzk et al., 2015; Manfredi et al.,
2018). Analyzes suggest that NETosis may be activated as a
result of ineffective phagocytosis resulting, for example, from the
large size of the pathogen (Branzk et al., 2015). Considering the
previous reports, we initially checked whether the endocytosis of
FIGURE 10 | Neutrophil chemotaxis in response to yeast DNA and RNA.
Neutrophils (107 cells/ml, 1 ml per well) were incubated for 30 minutes in
chemotaxis chambers with yeast DNA, RNA (0.6 mg/ml), and fMLP (10 mM),
which served as a positive control. Negative control represented the cells
treated with PBS. After the incubation, the neutrophils that were found at the
bottom of the plate were fixed and counted. The data present the mean cell
count for 4 independent repetitions. Unpaired t-test was used to compare
differences between means. The results were considered statistically
significant at p <0.05 (**p ≤ 0.0021, ****p > 0.0001) or not statistically
significant (ns) for p > 0.1234.
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nucleic acids is a necessary step to initiate NETosis. We showed
that cytoskeleton activity is necessary for the NET release during
yeast DNA- and RNA-induced NETosis but not in the case of
PMA. Such a scenario may result from the intracellular location
of receptors that recognize nucleic acids, and thus from the
necessity of translocation of the stimulating molecule into the
cell compartment. Our observations are in line with the results
published by Rodriguez-Rodrigues et al. (2017) that neutrophils,
stimulated with long fragments of bacterial RNA and with
nystatin-inhibited endocytosis induced NETosis in a lowered
yield. The situation is slightly different in the case of neutrophil
responses to human RNA, which require the presence of the LL-
37 peptide for recognizing, and such a complex mediates RNA
internalization and further translocation into intracellular
compartments (Herster et al., 2020). The contribution of
receptors that may be involved in the binding of free DNA and
RNA molecules on the outer side of the membrane and thus in
the initiation of the internalization is still poorly understood. A
possibility of exposure of TLR9 receptors on the surface of
neutrophils was suggested (Lindau et al., 2013), which may be
an important clue in the search for a mechanism of DNA
internalization. In the case of receptors recognizing RNA, their
exposure to the extracellular space has not been confirmed
so far, and the possible mechanism of RNA internalization
remains unknown.

Knowing that C. albicans DNA and RNA/eRNA have the
potential to activate NETosis, we analyzed the role of two
of the best-known receptors for nucleic acids expressed by
human neutrophils i.e TLR8 and TLR9 (Hayashi et al., 2003;
Janke et al., 2009). It is known that activation of these receptors
drives the production of type I interferon and other cytokines
(Alvarez-Arellano et al., 2014; Nascimento et al., 2019), but the
reports indicating TLR8 involvement in activating NETosis are
relatively recent. Our data obtained in an attempt to verify TLR9
activation by yeast DNA molecules, using antagonistic
suppressive oligonucleotides (TTAGGG), did not bring
unequivocal results. Moreover, there is no conclusive
information in the literature on the relationship of any DNA
recognition receptor with the induction of this process. The main
concern is finding the appropriate TLR9 blocking agent. The
TTAGGG sequence shows an inhibitory effect on cellular
function after several hours of pre-incubation, and this is
longer than expected for a NETosis occurrence. So it excludes
the oligonucleotide usage in the study. The role of RNA
molecules in the activation of NET production was
demonstrated in the context of human and bacterial samples
(Rodriguez-Rodrigues et al., 2017; Herster et al., 2020). The cited
studies suggested that this process most likely depends on TLR8
activation. Our results are consistent with these observations. We
demonstrated that the use of CU-CPT9 compound preventing
the formation of an active TLR8 conformation, blocked
C. albicans RNA-induced NETosis.

In further research, we have made attempts to determine the
detailed mechanism underlying the activation of NETosis via
C. albicans DNA and RNA. We checked whether the NETosis
pathway is related to the production of ROS. The results
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 15
indicated that both yeast DNA and RNA molecules activate
the oxidative burst. These results were additionally supported by
the complete inhibition of NET production after the use of a
specific NADPH oxidase inhibitor. Besides, the time and course
of NETosis activation by yeast nucleic acids corresponds to the
response to PMA, a compound that is a classical activator of
NADPH oxidase and ROS-dependent NETosis (Cox et al., 1985;
Brinkmann et al., 2004). Involvement of the ROS-dependent
pathway was also observed in response to bacterial RNA
(Rodriguez-Rodrigues et al., 2017). Additionally, we showed
that the activation of ROS production by RNA is correlated
with the participation of the TLR8 receptor.

Recent studies have allowed the identification of several
chemotactic factors produced by C. albicans cells (Gabrielli
et al., 2016; Zawrotniak et al., 2017; Zawrotniak et al., 2019).
We also decided to analyze the chemotactic potential of human
neutrophils in response to yeast nucleic acids. The role of nucleic
acid molecules as factors activating cell migration has not been
well investigated so far, and the only information on this topic
appeared in 2017 and concerned the response to bacterial RNA
(Rodriguez-Rodrigues et al., 2017). Our results indicated a
surprisingly high chemotactic potential of C. albicans DNA
and RNA molecules. In all experiments carried out, a very
dynamic migration, occurring after a few minutes of
stimulation was observed. The obtained results indicated that
the extracellular nucleic acids present in the ECM, surrounding
the biofilm, may be an important chemotactic factor driving
dynamic migration of neutrophils to the site of an ongoing
fungal infection.

The results presented in this paper show for the first time that
extracellular nucleic acids appearing in C. albicans biofilms
during mature biofilm formation may be factors driving the
dynamic response of human neutrophils at late stages of
fungal infection.

Activation of NETosis in contact with fungal biofilm exposing
eRNA/eDNA in ECM could also be supported by the antifungal
treatment, such as with echinocandins. By influencing the fungal
cell organization, it can augment the innate immune response of
the host (Hoyer et al., 2018). A better understanding of fungal
biofilm formation, composition and stability during infection
progression will open new avenues for the development of
effective antifungal therapies.
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