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Abstract

Cryptococcosis, a systemic mycosis capable of disseminating to the central nervous sys-
tem with frequent lethal effects, is caused by the species Cryptococus neoformans and
Cryptococcus gattii. Several infectious agents such as virus, bacteria, and parasites may
be associated to DNA damage and carcinogenesis in humans. Products of the oxida-
tive metabolism, such as NO, produced as a host defense mechanism to destroy these
pathogens, have been implicated in this damage process, due to excessive production re-
lated to an established chronic inflammatory response. Here, we investigated whether C.
neoformans and /or C. gattii can cause DNA damage in human peripheral blood mononu-
clear cells (PBMCs) and whether this process is related to NO levels produced by PBMCs.
We found that both species are equally able to induce genotoxicity in PBMCs. However,
an association between DNA damage and high NO levels was only detected in relation
to C. gattii. The results point to the possibility that patients with cryptococcosis are more
susceptible to the development of other diseases.
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Introduction

Cryptococcosis, a systemic mycosis whose incidence has
increased drastically in last decades, is caused by capsu-
lated yeasts belonging to the genus Cryptococcus. Infection
in humans is associated with two fungus species: Crypto-

coccus neoformans and Cryptococcus gattii that, however,
affect different populations.1 While C. neoformans infects
individuals with a profound immune deficiency response,
C. gattii is able to infect immunocompetent individuals.2–4

Understanding the mechanisms involved in these differences

344 C© The Author 2017. Published by Oxford University Press on behalf of The International Society for Human and Animal
Mycology. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article-abstract/56/3/344/3868371 by U

niversidade Estadual Paulista Jï¿½
lio de M

esquita Filho user on 19 August 2019

mailto:jebilizario@gmail.com
mailto:journals.permissions@oup.com


Andrade et al. 345

has been a challenge for researchers. Infection of brain and
meninges by C. neoformans is the most important clini-
cal form in immunosuppressed individuals, such as those
with AIDS, in which cryptococcosis is listed as one of the
most important causes of death.5,6 In immunocompetent
patients, C. gattii infection is clinically characterized by
pulmonary complications and pneumonia, with or without
meningitis. Symptoms may also occur in the skeletal mus-
cles, with a tendency to present lesions with lung and/or
cerebral mass, and hydrocephalus.5

Host protection against Cryptococcus is closely asso-
ciated to M1 or classically activated macrophages.7 This
mechanism, in turn, depends on immune cells, including
natural killer (NK) cells, CD8+ T cells, and CD4+ Th1
cells8 that respond to the pathogen by secreting inflamma-
tory cytokines, such as interferon γ (IFN-γ ), which sig-
nals macrophages to polarize toward a M1 phenotype.8–11

These macrophages destroy pathogens mainly via the ac-
tivation of the oxidative metabolism.12 Specifically in the
relation to Cryptococcus, the enzyme iNOS acts on the
substrate L-arginine to produce NO, which has anti-fungal
properties.13–16 However, the metabolite produced primar-
ily to attack the pathogen by nitration, oxidation, or chlo-
rination17 can cause, when in excess, injury to host cells
inducing DNA damage leading to mutagenesis and other
diseases.18

Studies have strongly suggested that several infectious
agents such as virus, bacteria and parasites may be associ-
ated to carcinogenesis in humans.19 Despite this, it has been
very difficult to definitively identify pathogens as causative
agents of cancers. In addition, studies making association
of fungal diseases and DNA damage have not yet been de-
scribed. This study aimed to evaluate whether Cryptococ-
cus neoformans and/or C. gattii can cause DNA damage in
human peripheral blood mononuclear cells and whether
this process is related to NO levels produced by these
cells.

Methods

Subjects

Six healthy donors of both sexes and from 18 to 40 years
old, who attended to the Hemocenter of University Hospi-
tal of the School of Medicine - Botucatu, São Paulo State
University – UNESP, were included in this study after sig-
nature of informed consent form. Individuals with infec-
tious or granulomatous diseases, positive human immun-
odeficiency virus (HIV) diagnosis, pregnant women, and
smokers were excluded. This study was approved by the In-
stitution Research Ethics Committee (registration number:
38381014).

Blood taken

Blood (60 ml) was collected through venipuncture (forearm
vein) and by using a vacuum system (Vacutainer R©). Sodium
heparin was used as anticoagulant.

Fungi

C. neoformans strains were obtained from the American
Type Culture Collection (ATCC 28957), and C. gattii
strains (AFLP4) were provided by the Mycology Service
from the Department of Microbiology and Immunology of
the Biosciences Institute - I.B.B., UNESP, Botucatu. Both
strains are clinical isolates. Yeasts were cultured in 20
× 200 mm tubes containing Sabouraud culture medium
(Difco, Franklin Lakes, NJ, USA) with yeast extract, at 25◦C
for 5 days.

Isolation and infection of peripheral blood
mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were sepa-
rated by Ficoll- Hypaque density gradient (Sigma-Aldrich,
St. Louis, MO, USA) (centrifugation at 405 g for 30 min-
utes). The ring rich in lymphocytes and monocytes was col-
lected and washed twice with RPMI-1640 (Sigma-Aldrich,
St. Louis, MO, USA). The cells were subsequently resus-
pended in complete culture medium (RPMI 1640 supple-
mented with 2 mM L-glutamine, 40 mg/ml gentamicin and
10% inactivated fetal bovine serum). Identification of the
cells and assessment of their viability were performed using
Trypan Blue staining. Cells were seeded in 24-well tissue
culture plates (1 × 107/ml) infected with C. neoformans or
C. gattii (106 yeasts/ml) during 7 days at 37◦C in an atmo-
sphere of 5% CO2. After this period, culture supernatants
were collected and evaluated for NO concentrations, and
cells were submitted to comet assay for analyzing DNA
damage. At the time of performing these assays cells viabil-
ity was about 80%.

NO quantification

NO concentrations were evaluated by measuring the accu-
mulation of nitrite in cultures supernatants of noninfected
or C. neoformans or C. gattii infected PBMCs using the
standard Griess assay. Aliquots (100 ul) of the supernatants
were added to equal volumes of Griess reagent constituted
of 1% sulfananilamide diluted in 5% H3PO4 and 0.1%
naphthylenediamine (all from Sigma-Aldrich) in 24-well tis-
sue culture plates. Absorbance at 540 nm of the resultant
reaction was determined by using an ELISA reader (BioTex,
Wenoaski, Vermont, USA). Conversion of absorbance to

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article-abstract/56/3/344/3868371 by U

niversidade Estadual Paulista Jï¿½
lio de M

esquita Filho user on 19 August 2019



346 Medical Mycology, 2018, Vol. 56, No. 3

NO concentrations was performed according to a standard
curve (NaNO2), and the results were expressed in μM.

DNA damage

DNA damage was evaluated in noninfected or C. neofor-
mans or C. gattii infected PBMCs and was performed as
described by Singh et al.20 with some modifications. Three
types of lesions were analyzed: the general lesions, the ox-
idized purines by using the enzyme formamidopyrimidine-
DNA glycosylase (FPG), and the oxidized pyrimidines by
using the enzyme endonuclease III (endoIII). Aliquots of
10 ul of PBMCs (107/ml) were added to 120 ul of 0.5%
low–melting point agarose. This mixture was layered onto a
slide precoated with a 1.5% normal–melting point agarose,
covered with a cover slip and placed at 4◦C for 10 minutes
to allow agarose to solidify. After this period, the coverslip
was removed and the slide submersed in freshly prepared
cold lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM
Tris, pH 10, 1% Triton × 100 and 10% DMSO) followed
by washing in phosphate-buffered saline (PBS) (Ca2 + and
Mg2 + free) for 5 minutes and treatment with FPG and
endoIII enzymes (1:1000 dilution) at 37◦C for 30 minutes.
Slides were then transferred to horizontal electrophoresis
tank, which was filled with freshly prepared alkaline buffer
(1 mM EDTA and 300 mM NaOH, pH > 13). After 40
minutes, electrophoresis was performed (25 V for 30 min-
utes). The slides were placed for 15 minutes in neutral-
ization solution (0.4 M Tris, pH 7.5), fixed with absolute
ethanol, dried at room temperature, and stored at 4◦C. At
the time of analysis, the slides were stained with 50 ul Syber
Gold solution, covered with coverslips and 100 nucleoids
per slide (total of 400 nucleoids per culture) were examined
under an immunofluorescence microscope (400× magnifi-
cation) coupled to the Comet Assay II (Perceptive Instru-
ments, Havervill, Suffolk, UK). The test was performed in
duplicate, with slides coded and analyzed by blind test.
DNA damage was measured by analyzing tail intensity (%
of migrated DNA) and tail moment [the product of tail
length (DNA migration) and fraction of DNA in the comet
tail, i.e., % of DNA in the tail].21

Statistical analysis

Analyses were performed by using the GraphPad Prism
5.0 software. Results concerning to NO evaluation were
analyzed by ANOVA for independent samples followed
by Tukey Kramer test. Differences among the results of
DNA damage evaluation were calculated by the gamma
distribution test. The level of significance was set at
P < .05.

Results

DNA damage induced by C. gattii
and C. neoformans in PBMC cultures

The results regarding general DNA damages triggered by
both fungal species and referring to tail moment, that
identifies the presence or absence of lesions, and those of
tail intensity indicating the lesions intensity, are shown in
Figure 1A. We found that the values after infection with
C. gatti were significantly higher (“tail moment” and “tail
intensity”) as compared to control cultures (P < .05). The
same did not occur in cultures infected with C. neofor-
mans, in which the values were similar to the controls. In
Figure 1B the oxidative lesions detected specifically in
purines, by using the enzyme formamidopyrimidine-DNA
glycosylase (FPG), are shown. Values higher than those ob-
tained in the control cultures were detected after infection
with C. gatti and C. neoformans (“tail moment” and “tail
intensity”). However, the results were statistically signifi-
cant only after challenge with C. neoformans (P < .05). In
Figure 1C the lesions occurring specifically in the pyrim-
idines (enzyme ENDO III) can be analyzed. We detected
values significantly higher than control cultures for both
species (tail moment and tail intensity) (P < .05). Together,
our results indicate that both C. neoformans and C. gattii
are able to induce damage in the DNA of the evaluated
cells.

NO production

In order to evaluate whether the detected DNA damage
was associated to NO production, levels of this metabo-
lite were quantified in the supernatants of PBMCs infected
with the two species of Cryptococcus. Unstimulated PBMCs
produced low NO levels that were significantly increased
(P < .05) only after infection with C. gatti (Fig. 2).

Discussion

Although studies have demonstrated that some pathogens
are able to induce DNA damage,19 data about fungal geno-
toxicity are rare. Peripheral blood leukocytes have been
used to study DNA damage caused by some factors such as
infectious agents, as they can represent the lesions induced
in other cells. Another advantage is the feasibility of using
such cells in human studies. In turn, comet assay is a rela-
tively simple, sensitive and powerful method to determine
genotoxicity.20 Thus, in this study the capacity of C. neo-
formans and C. gattii in inducing DNA damage was inves-
tigated by using human peripheral blood mononuclear cells
and the comet assay. In the experiments in which the general
lesions were evaluated, we found that only C. gattii induced
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Figure 1. DNA damage detected by Comet Test and expressed as tail moment and tail intensity in noninfected (control) or in C. neoformans or C. gattii
infected PBMCs during 7 days. A: general lesions; B: oxidative lesions detected specifically in purines, by using the enzyme formamidopyrimidine-
DNA glycosylase (FPG); C: oxidative lesions occurring specifically in the pyrimidines (enzyme ENDO III). The results are expressed as mean ± SD
of experiments performed with cells obtained from six subjects. Statistically significant differences between groups are indicated: ∗P < .05 versus
control.

Figure 2. NO production by noninfected (control) or C. neoformans or C.
gattii infected PBMCs during 7 days. The results are expressed as mean
± SD of experiments performed with cells obtained from 10 subjects.
Statistically significant differences between groups are indicated: ∗P <

.05 versus control and C. neoformans.

significant DNA damage. However, when oxidative lesions
on specific bases (purines and pyrimidines) were analyzed,
we concluded that both species are able to induce genotoxi-
city by oxidative stress. General lesions can occur by several
factors, such as radiation, medicines, UV light, and so forth.
Damages in purine and pyrimidine bases are specifically due
to oxidative stress. Thus, differences detected when general
lesions were evaluated can be others than those detected
in specific tests. This may explain why only C. gatti was
shown to induce general lesions, while both species are able

to induce specific lesions. To our knowledge, this is the
first report detecting this process associated to Cryptococ-
cus. Despite all of this, previous studies already showed
that this fungus has the ability to cause other types of cell
injury mediated by oxidative stress, as impaired mitochon-
drial function, activation of caspase-1, and altered protein
synthesis rate in macrophages. All these cellular damages
could promote and potentiate C. neoformans survival in
macrophages and contribute to its evasion from host im-
mune response.22 Other studies showed that human alve-
olar epithelial cells lineage are killed after GXM-mediated
interaction with C. neoformans.23

Our findings allow us to include the two species of
Cryptococcus among the infectious agents that can cause
cells genotoxicity such as Mycobacterium tuberculosis,24

Trypanossoma cruzi,25 Leishmania chagasi,26,27 Klebsiella
pneumoniae.28 and others.

The mechanisms involved in the association between
carcinogenesis and infection are not totally elucidated.
Two main mechanisms are proposed: direct action of the
pathogen on DNA or an indirect effect by activating a
strong inflammatory response that induces cells to an ex-
cessive oxidative metabolism. Oxidative damage to DNA
has been recognized as the main factor that promotes car-
cinogenesis.29,30 This second mechanism has already been
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proven in infections whose resistance requires the genera-
tion of an important inflammatory response that culminates
with the activation of the oxidative metabolism for the de-
struction of the pathogen, as in the case of infection with
Leishmania26,27 and T. cruzi.25 These data imply that this
mechanism can also be suggested by infection with Crypto-
coccus, as host resistance to this fungus is associated with
M1 macrophages, which, for activation, require the pro-
duction of proinflammatory cytokines such as IFN-γ and
tumor necrosis factor α (TNF-α). The main product of acti-
vated M1 macrophages is NO that is able to destroy Cryp-
toccocus7 but that in excess can lead to oxidative stress.

Here, in an attempt to determine the association of DNA
damage /high NO production, the levels of this metabolite
were evaluated in the supernatants of PBMCs infected with
C. neoformans and C. gatti. Surprisingly, we detected that
only C. gatti was able to induce high NO production. Thus,
an association between DNA damage and high NO levels
were only detected in relation to this Cryptococcus species.
Despite high NO levels not being detected in response to C.
neoformans, other products of oxidative metabolism not
evaluated in the present study, such as H2O2, peroxide an-
ion, and others can be produced in excess and be involved
in DNA damage in response to this strain. Thus, further
assays need to be performed in order to confirm the true
involvement of NO and other metabolites in the detected
lesions induced by two strains, such as those in which the
lesions are evaluated before and after neutralization of the
possible metabolites involved. Independent of these differ-
ences, the results show the potential capacity of both fungus
species in inducing cellular damage associated to oxidative
stress. These results may indicate a greater susceptibility of
these individuals to some diseases that may range from can-
cer to other metabolic disorders linked to oxidative stress.
Future studies should be directed towards confirming these
assumptions.
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