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Cryptococcus gattii is the main etiological agent of cryptococcosis in immunocompetent individuals. The triazole drug itracona-
zole is one of the antifungals used to treat patients with cryptococcosis. Heteroresistance is an adaptive mechanism to counteract
the stress of increasing drug concentrations, and it can enhance the ability of a microorganism to survive under antifungal pres-
sure. In this study, we evaluated the ability of 11 C. gattii strains to develop itraconazole heteroresistance. Heteroresistant clones
were analyzed for drug susceptibility, alterations in cell diameter, capsule properties, and virulence in a murine model. Hetero-
resistance to itraconazole was intrinsic in all of the strains analyzed, reduced both the capsule size and the cell diameter, induced
molecular heterogeneity at the chromosomal level, changed the negatively charged cells, reduced ergosterol content, and im-
proved the antioxidant system. A positive correlation between surface/volume ratio of original cells and the level of heteroresis-
tance to itraconazole (LHI) was observed in addition to a negative correlation between capsule size of heteroresistant clones and
LHI. Moreover, heteroresistance to itraconazole increased the engulfment of C. gattii by macrophages and augmented fungal
proliferation inside these cells, which probably accounted for the reduced survival of the mice infected with the heteroresistant
clones and the higher fungal burden in lungs and brain. Our results indicate that heteroresistance to itraconazole is intrinsic and
increases the virulence of C. gattii. This phenomenon may represent an additional mechanism that contributes to relapses of
cryptococcosis in patients during itraconazole therapy.

Increased attention has been given to Cryptococcus gattii since an
outbreak of devastating cryptococcosis in immunocompetent

individuals (1). Azoles are antifungals widely used for both pro-
phylactic therapy and the long-term management of cryptococco-
sis due to their efficacy and safety (2). Recent studies have de-
scribed the emergence of heteroresistant clones of Cryptococcus
species that are able to counteract the actions of azoles (3, 4).
Heteroresistance is defined as resistance to antibiotics expressed
by a subset of a microbial population that initially is considered
susceptible to these antibiotics. These resistant subpopulations are
able to adapt to increasing drug concentrations in a stepwise man-
ner (5). Although it is known that heteroresistance can result in
changes in morphology, growth patterns, and the virulence of
Cryptococcus species, the clinical implications of this phenomenon
remain unclear (3, 6).

Itraconazole is an alternative antifungal agent used in the treat-
ment of cryptococcosis if fluconazole is unavailable or contrain-
dicated (7). Although itraconazole cannot access the cerebrospi-
nal fluid easily, some studies have demonstrated that it provides
good results in the prophylaxis and treatment of cryptococcosis in
patients with or without AIDS (8, 9).

In spite of the fact that itraconazole and fluconazole have the
same principal mechanism of action (i.e., inhibition of sterol 14-
�-demethylase), our group has previously shown that these drugs
induced different levels of oxidative burst in vitro. Fluconazole
treatment does not result in the formation of free radicals, while
itraconazole induces oxidative stress at the beginning of treat-
ment, which triggers the antioxidant enzymatic system (10).

Presently, no studies have focused on the characterization of
the heteroresistance of C. gattii to itraconazole. In this study, we

evaluated distinct parameters involved in the heteroresistance and
their relationship to virulence in a murine model. Overall, our
results demonstrate that the development of heteroresistance is
correlated with an increase in the surface/volume (S/V) ratio in C.
gattii cells and that heteroresistant clones are more virulent than
the original strains from which they are derived.

MATERIALS AND METHODS
Ethics statement. The protocol for the animal studies described here was
approved by the Comissão de Ética no Uso de Animais (CEUA) of the
Universidade Federal de Minas Gerais, Minas Gerais, Brazil (protocol
19/2013).

Cryptococcus gattii strains and study design. Two strains from the
ATCC, eight clinical strains (isolated from cerebrospinal fluid), and one
strain from the environment of C. gattii, all from the culture collection of
the Laboratório de Micologia/Universidade Federal de Minas Gerais, Mi-
nas Gerais, Brazil, were tested. The following assays were performed on all
11 of the strains: antifungal drug susceptibility testing, initial screening
and stability of heteroresistance to itraconazole, time-kill curves, post
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antifungal effect, and capsule visualization and size measurements by In-
dia ink counterstaining.

Strains L135/03 and L27/01 were chosen for further experiments based
on the cell size and level of heteroresistance to itraconazole.

Antifungal drug susceptibility testing. The MIC for itraconazole
(Sigma-Aldrich, St. Louis, MO) was determined by both the microdilu-
tion method (11) and spot tests on Sabouraud’s dextrose agar (SDA)
supplemented with different concentrations of itraconazole (3, 4, 12). For
the spot tests, cell suspensions of different inocula (e.g., from 1 � 104 to
1 � 109 CFU/ml) of all the strains were plated onto SDA plates containing
different concentrations of itraconazole (from 0.03 to 16.0 �g/ml). The
growth pattern was read after 72 h of incubation at 37°C. All of the tests
were performed in duplicate for each strain.

Initial screening and stability of heteroresistance to itraconazole.
Isolates were considered heteroresistant when a fraction of the inoculum
was able to grow at a higher concentration than the MIC. This phenom-
enon occurred in the spot tests for all of the strains at 109 CFU/ml. Fur-
thermore, cell suspensions of all of the strains (1 � 109 to 5 � 109 CFU/
ml) were cultured onto SDA plates containing increasing concentrations
of itraconazole (up to 16 �g/ml) in a stepwise manner until growth ceased
(12). The culture plates were incubated at 37°C for 96 h. The clones re-
sulting from this process were referred to as heteroresistant clones, while
the cells that they were derived from were referred to as original cells.

In order to test the stability of the resistance to itraconazole, each
strain was subcultured every 48 h on SDA plates without itraconazole. The
MIC of each strain was determined after the 5th and 10th subculturing.

Time-kill curves and PAFE. The evaluation of the time-kill kinetics
(using concentrations equal to the MIC and 2�MIC) and the postanti-
fungal effect (PAFE) (using concentrations equal to the MIC) of itracona-
zole against the original C. gattii strains and the heteroresistant clones
were performed as previously described (10, 13).

Cell diameter, capsule size, and zeta potential measurements. Orig-
inal and heteroresistant yeast cells were visualized with an optical micro-
scope (Axioplan; Carl Zeiss) following suspension in India ink. The cap-
sule and diameter of at least 100 cells were measured using ImageJ 1.40 g
software (http://rsb.info.nih.gov/ij/; National Institutes of Health, NIH,
Bethesda, MD) (14). In addition, the surface-to-volume ratio (S/V) was
calculated using the formula 3/r, where r is radius (15). The zeta potentials
of the original and heteroresistant yeast cells were calculated using a zeta
potential analyzer (Zetasizer NanoZS90; Malvern, United Kingdom) as
described previously (16).

PFGE. Pulsed-field gel electrophoresis (PFGE) was performed accord-
ing to Santos et al. (17). Briefly, 108 cryptococcal cells and 10 mg/ml of
lysing enzyme from Trichoderma harzianum (Sigma, St. Louis, MO, USA)
were used for the preparation of spheroplast yeast cells. The running con-
ditions for the PFGE were 100 to 200 s at 3.5 V for 16 h, followed by 200 to
300 s at 4.0 V for 32 h. The Saccharomyces cerevisiae chromosomal DNA
PFGE marker (0.225 to 2.2 Mb) (Bio-Rad) was used as a size standard.

Ergosterol quantification. The amount of ergosterol in the original
and heteroresistant L135/03 and L27/01 C. gattii strains following a 1-h
treatment with itraconazole was determined using n-heptane (Sigma-
Aldrich). Spectrophotometric readings were taken at 282 nm as described
previously (10, 17). A calibration curve using an ergosterol standard
(Sigma-Aldrich) was constructed and used to calculate the amount of
ergosterol in the yeast. The results are expressed as micrograms/milliliter
of ergosterol and represent the means from 3 independent experiments.

Phagocytosis assay and IPR. Murine peritoneal macrophages from
C57BL/6 mice (2 � 105 cells/ml) were obtained 3 days after a thioglycolate
(3%) injection and maintained in RPMI 1640 medium supplemented
with 10% fetal bovine serum. Macrophages were infected with the original
or heteroresistant yeast cells from the L135/03 and L27/01 strains (6 � 104

cells/ml) opsonized with 10% murine serum and incubated for 3 or 27 h at
37°C under 5% CO2. The phagocytic index was calculated as the percent-
age of cells with internalized C. gattii after 27 h, while the intracellular
proliferation rate (IPR) was calculated as the quotient of the intracellular

yeast cell numbers at 27 h (the time point at which there was the maxi-
mum number of intracellular yeast) and 3 h (17). The results were con-
firmed by infecting J774 macrophages.

Measurement of ROS production, lipid peroxidation, and PER and
SOD activities. The original and heteroresistant yeast cells from the
L135/03 and L27/01 strains were treated with itraconazole for 1 h prior to
the tests. 2=,7=-Dichlorofluorescein diacetate (DCFH-DA; Invitrogen,
Carlsbad, CA, USA) was used for reactive oxygen species (ROS) quantifi-
cation, and fluorescence was measured with a fluorometer (Synergy 2 SL
luminescence microplate reader; Biotek) (10, 17). The products of the
lipid peroxidation were measured as thiobarbituric acid-reactive sub-
stances (TBARS) (10, 17). A cell extract of C. gattii cells was obtained for
the measurement of superoxide dismutase (SOD) and peroxidase (PER)
activities (10, 17).

All of the results are expressed as the ratio of the data from cells treated
with itraconazole to the data from the growth control (medium without
drug plus inocula) � standard errors (SE).

Virulence of heteroresistant and original strains in C57BL/6 mice.
Six C57BL/6 male mice per group were anesthetized by intraperitoneal
(i.p.) injection with ketamine hydrochloride (60 mg/kg of body weight)
and xylazine (10 mg/kg) in sterile saline and then inoculated via the intra-
tracheal (i.t.) or intravenous route with 30 �l of 1 � 106 CFU/ml of the
original or heteroresistant yeast cells from the L135/03 and L27/01 strains
of C. gattii. Phosphate-buffered saline (PBS) was used in control animals.
The mice were monitored daily for survival.

Other groups of mice were i.t. infected with 106 cells of the original
cells or heteroresistant clones of strain L135/03 to obtain lungs and brain
at 10 days postinoculation. The organ homogenates were plated onto SDA
to determine the fungal burden, expressed as CFU per gram (17).

MICs for itraconazole of colonies recovered from mice. In order to
test the stability of the heteroresistance to itraconazole, colonies recovered
from mice infected with original or heteroresistant clones also were recov-
ered on SDA plates supplemented with itraconazole. Briefly, cell suspen-
sions (1 � 109 to 5 � 109 CFU/ml) were cultured onto SDA plates con-
taining increasing concentrations of itraconazole. The culture plates were
incubated at 37°C for 72 h. The MIC was the minimum concentration that
inhibited 50% of growth compared to that of the control.

Histopathology. C57BL/6 mice were inoculated by the intratracheal
route with 106 cells of the original cell lines or heteroresistant clones of
strain L135/03. Animals were euthanized at 10 days postinfection. Brain
and lungs were fixed in formalin, embedded in paraffin, sectioned, and
stained with hematoxylin-eosin (HE). Histopathological analysis was per-
formed, and the score of yeast quantity was determined as 0 (absent), 1
(mild), 2 (moderate), and 3 (severe). The score of inflammation ranged
from 0 to 6 (combined scores from 0 to 3 for two distinct lesions, i.e.,
peribrochial infiltrate and perivascular and alveolar thickening).

Analyses of 10th subculturing of cells from heteroresistant clones.
In order to better characterize the cells from the 10th subculturing from
heteroresistant clones in medium without drug, we performed morpho-
metric and survival curve experiments with L135/03 original and hetero-
resistant cells and from clones at the 10th subculturing. The methodolo-
gies used were the same as those described above for capsule and diameter
sizes and survival curve.

Statistical analysis. All statistical analyses were performed using Graph-
Pad Prism, version 5.00, for Windows (GraphPad Software, San Diego, CA,
USA). A one-way analysis of variance (ANOVA) using a Kruskal-Wallis non-
parametric test was used to statistically compare the differences among
groups, while an individual comparison between groups was done by the
Bonferroni posttest. A 95% confidence interval was considered in all experi-
ments. Statistically significant results were attained when the P value was less
than the significance level (P � 0.05). The Pearson and Spearman correlation
tests were used to determine the correlation between morphometric param-
eters and the level of heteroresistance to itraconazole. For the evaluation of the
survival of mice, data were analyzed using the log-rank method. All tests were
repeated at least twice.
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RESULTS

Antifungal drug susceptibility testing and screening of hetero-
resistance. In the antifungal susceptibility testing, the geometric
mean of the MIC values was 0.25 �g/ml (Fig. 1B). All strains were
able to grow in the presence of itraconazole at 37°C only when the
inoculum used was 109 CFU/ml (Fig. 1A). In the spot tests for this
inoculum, the geometric mean of the MIC values was 2.2 �g/ml
(Fig. 1B).

All strains of C. gattii exhibited heteroresistance, but they did
so at different levels that ranged from 3 �g/ml to 13 �g/ml. The
median of the levels of heteroresistance to itraconazole (LHI) was
used to calculate the cutoffs and separate the isolates into low (first
quartile), intermediate (second quartile), and high (third quartile)
heteroresistance (Fig. 1B). The patterns from the spot test analyses
of serial dilutions are shown in Fig. 1A. Overall, the LHI varied
from 1.5 to 6.5 times higher than the MIC values.

Following 10 sequential subcultures of highly resistant sub-
clones derived from all of the strains in drug-free medium, all
of the subclones reverted to the initial susceptibility to itra-
conazole.

Heteroresistance to itraconazole alters time-kill curves and
postantifungal effect. The kinetics of fungal death caused by itra-
conazole against the original strains and heteroresistant clones was
evaluated. The original strains died faster, with a reduction of about
50% in metabolic activity after 24 h when using the MIC and 2�MIC
(data not shown). In contrast, only a small reduction was observed for
the heteroresistant strains after 72 h using the MIC (P � 0.001) and
2�MIC (Fig. 1C and data not shown, respectively).

The PAFE determined for itraconazole varied from 0 to 24 h
(mean PAFE, 2.3 h) and from 0 to 4 h (mean PAFE, 0.6 h) for the
original strains and heteroresistant clones, respectively. Four of
the 11 strains analyzed showed a reduction in PAFE, while the

FIG 1 Screening of original and itraconazole-heteroresistant C. gattii strains. (A) Checker board of the growth of the strains that showed low, medium, and high
heteroresistance to increasing concentrations of itraconazole (ITC) on solid medium at 37°C and photos of spot test analyses representing growth of 0 to 50%,
50 to 80%, and 80 to 100% of a random C. gattii strain on SDA medium supplement with itraconazole. (B) Table showing the MIC of itraconazole against the
strains in fluid and solid medium and the level of heteroresistance to itraconazole. (C) Time-kill curves. (D) Postantifungal effect (PAFE) in all of the C. gattii
strains in which the downward lines represent the strains that showed a reduction in the PAFE and the horizontal lines represent the strains that maintained the
same PAFE following induction of heteroresistance. The results of the time-kill curve are expressed as the percentage of growth compared with growth of the
control. Results for the PAFE are expressed in hours. Data represent the means from 3 independent experiments consisting of duplicate assays. C, clinical; E,
environmental.
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other 7 strains maintained the same PAFE following the induction
of heteroresistance (P � 0.11) (Fig. 1D).

Morphological alterations correlate with the level of hetero-
resistance in C. gattii cells. The arithmetic means of the capsule
size and cell diameter of the strains were 2.4 and 10.8 �m, respec-
tively, and their S/V ratios ranged from 0.38 to 0.7 (Fig. 2A). In
contrast, the arithmetic means of the capsule size and cell diameter
of heteroresistant clones were 1.1 and 7.0, respectively, and their
S/V ratios ranged from 0.68 to 1.1. All of these parameters were
significantly different between the original strains and the hetero-
resistant clones (P � 0.001 for all tests) (Fig. 2A). Interestingly, a
positive correlation between the S/V ratio of the original cells and
LHI was observed (P � 0.002, r � 0.8) (Fig. 2B). In addition, a
negative correlation between the capsule size of heteroresistant
clones and LHI was revealed (P � 0.02, r � 0.7) (Fig. 2C).

It is well established that smaller cells adapt faster to changes in
environmental conditions than larger cells (17–19). In order to

verify the influence of heteroresistance on ergosterol content and
virulence of C. gattii, two strains were selected for further analysis,
i.e., L135/03 (high S/V and low LHI) and L27/01 (low S/V and
high LHI) (Fig. 2D).

PFGE banding patterns and ergosterol content are different
in heteroresistant yeasts. PFGE revealed that the original and
heteroresistant yeast cells from strain L135/03 had the same num-
ber of chromosomes (nine) but different banding patterns, while
the original and heteroresistant yeast cells from L27/01 had a dif-
ferent number of chromosomes (12 and 11, respectively) and dif-
ferent banding patterns, as shown in Fig. 3A.

Heteroresistant clones revealed a significantly lower ergosterol
content than those of the original strains (L135/03, P � 0.01;
L27/01, P � 0.01) (Fig. 3B). It is noteworthy that the L27/01 strain
exhibited an LHI of 13 �g/ml and a higher content of ergosterol
than L135/03 (P � 0.01), which had an LHI of 3 �g/ml and smaller
amounts of ergosterol (Fig. 3B).

FIG 2 Surface/volume (S/V) and capsule size are altered by the heteroresistance of clones to itraconazole (ITC). (A) Table listing capsule size, diameter sizes, and
S/V of original and heteroresistant strains of C. gattii. (B) Correlation between S/V of original and heteroresistant strains (micrograms/milliliter). (C) Correlation
between capsule size of heteroresistant cells and heteroresistance (micrograms/milliliter). (D) Schematic representation of the article’s aim. C, clinical; E,
environmental.
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Heteroresistant cells are phagocytosed more but also are
more resistant to macrophage killing than original cells. The
heteroresistant cells possessed lower cellular charges (L135/03,
P � 0.02; L27/01, P � 0.01) (Fig. 4A) and were more susceptible to
internalization than the original yeast cells (L135/03, P � 0.01;
L27/01, P � 0.03) (Fig. 4B). However, the heteroresistant clones
demonstrated a greater ability to proliferate inside macrophages
(L135/03, P � 0.01; L27/01, P � 0.01) (Fig. 4C). It is important to
note that the original (P � 0.01) and heteroresistant (P � 0.01)
cells from strain L27/01 (high LHI) showed an intracellular pro-
liferation rate significantly higher than that of L135/03 (low LHI).

Heteroresistant cells were more resistant to oxidative burst.
C. gattii cells were further tested to determine whether the induc-
tion of heteroresistance leads to a better adaptation to oxidative
burst. The ROS measurement (L135/03, P � 0.01; L27/01, P �
0.03) (Fig. 5A) and TBARS assay (L135/03, P � 0.01; L27/01, P �
0.01) (Fig. 5B) showed that heteroresistant cells were less suscep-
tible to oxidative stress caused by itraconazole. Results also dem-
onstrated that ROS production (P � 0.05) (Fig. 5A) and lipid
peroxidation (P � 0.05) (Fig. 5B) were higher for strain L135/03
(low LHI) than for strain L27/01 (high LHI).

To explore the relationship between antioxidant enzymes and
the heteroresistance to itraconazole, we measured the SOD and
PER activities. The results showed that compared to the levels for
the original cells, SOD activity (Fig. 6C) was higher in the hetero-
resistant cells originating from both of the strains exposed to itra-
conazole (L135/03, P � 0.01; L27/01, P � 0.01), but that the PER
activity (Fig. 6D) was higher only in heteroresistant cells derived
from strain L27/01 (high LHI) (P � 0.04). In line with the data

from the ROS measurements and TBARS assay, cells from strain
L135/03 (low LHI) treated with itraconazole showed less SOD and
PER activities than those from strain L27/01 (high LHI).

Heteroresistance also enhances the ability of cells to survive
under other stresses. For example, endogenous ROS play an im-
portant role in the antifungal activity of itraconazole (12).

Heteroresistance to itraconazole enhanced the virulence of
C. gattii in C57BL/6 mice. Mice infected by an intratracheal (P �
0.04) or an intravenous (P � 0.003) route with heteroresistant
clones from C. gattii strain L135/03 (LHI, 3 �g/ml) succumbed
significantly earlier than those infected with original cells from the
same strain. The same results were obtained for mice infected with
heteroresistant cells from strain L27/01 (LHI, 13 �g/ml) by an
intratracheal (P � 0.002) or an intravenous (P � 0.005) route
(Fig. 6A and B).

Interestingly, the original L27/01 strain (high LHI) also was
more virulent than the original L135/03 strain (low LHI) by both
routes (intratracheal, P � 0.04; intravenous, P � 0.002) (Fig. 6A
and B). Altogether, the results raise the possibility that at least one
mechanism behind the increased virulence of C. gattii-heterore-
sistant cells to itraconazole is their ability to escape host defenses
through better internalization and survival in macrophages.

Further, strain L135/03 (original and heteroresistant) was used
to infect animals for a better characterization of the disease caused
by the different clones. After 10 days postinoculation, the fungal
burden in lungs was significantly higher (P � 0.001) in mice in-
fected with heteroresistant cells (Fig. 6C). It is important to note
that the original L135/03 strain did not disseminate to the brain

FIG 3 Heteroresistance to itraconazole promotes different banding patterns following PFGE and reduction of ergosterol content. (A) Banding patterns of
original strains L135/03 and L27/01 and their heteroresistant clones following 1% PFGE. Lane 1, PFGE size marker (SM), 0.225 to 2.2 Mb S. cerevisiae
chromosomal DNA. Arrows indicate the different bands observed between the original and heteroresistant cells. (B) Reduction in ergosterol content of original
strains L135/03 and L27/01 and their heteroresistant clones following a 1-h treatment with itraconazole. Results are expressed in micrograms/milliliter.
Statistically significant differences between original and heteroresistant cells and between cells treated with and without itraconazole are represented by the
horizontal lines (P � 0.05). Statistically significant differences between original strains L135/03 and L127/01 subjected to the same treatment are represented by
an asterisk (P � 0.05). Data represent the means � SE from two independent experiments consisting of triplicate assays. ITC, itraconazole; O, original; H,
heteroresistant.
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until 10 days postinoculation, while heteroresistant cells colo-
nized the central nervous system (Fig. 6D).

Level of heteroresistance to itraconazole was maintained af-
ter infection of mice. The ability of the heteroresistant clones re-
covered from the lungs (Fig. 6E) and brain to grow at higher con-
centrations of itraconazole was maintained, as verified in medium
supplemented with this drug.

The heteroresistant clones induced lower inflammatory in-
filtrate in C57/BL6 mice than the original strains. The heterore-
sistance to itraconazole influenced the inflammatory infiltrate in
lungs (Fig. 6F, G, and H). Lungs of mice infected with original
strain L135/03 showed few yeasts in pulmonary parenchyma,
while lungs of mice infected with heteroresistant clones of strain
L135/03 showed numerous yeasts. Intense, coalescent to diffuse
inflammation characterized by moderated alveolar thickening
and intense peribronchial and alveolar mononuclear cells (MN)
and neutrophil infiltrate were observed in mice infected with orig-

inal L135/03. On the other hand, mild inflammation characterized
by mild peribronchial MN or mild alveolar neutrophil infiltrates
were observed in mice infected with heteroresistant L135/03.

Cells from 10th subculturing of heteroresistant clones re-
main more virulent and smaller than original cells, although
susceptibility to itraconazole returned to original levels. The cell
diameter (P � 0.001) and capsule size (P � 0.001) of cells from the
10th subculturing of L135/03 heteroresistant yeasts remained
smaller than those of the original yeasts but were larger than those
of heteroresistant cells (P � 0.001 for both parameters) (Fig. 7).
Interestingly, yeasts from the 10th subculturing were equally as
virulent as the heteroresistant L135/03 strain (P � 0.33) (data not
shown). Indeed, the cells from the 10th subculture returned to the
initial susceptibility to itraconazole.

DISCUSSION

There are few data regarding the consequences of long-term ex-
posure to itraconazole in C. gattii cells. In this study, we have
provided the first evidence that heteroresistance to itraconazole in
C. gattii is associated with a lower susceptibility to oxidative burst
and enhanced virulence.

Heteroresistance to itraconazole was intrinsic to all of the 11
strains of C. gattii tested. It is important to note that the acquired
itraconazole resistance of the clones was abolished in a stepwise
manner upon repeated subculturing in drug-free medium. The
selection of heteroresistant populations was evidenced only after
the propagation of concentrated inocula (109 CFU/ml) at 37°C.
Others have previously used the same procedure to screen for the
presence of azole-resistant Candida species isolates (12). The tem-
perature of 37°C was chosen to simulate the temperature of the
mammalian body, since the ability to modify their physiology and
grow well at this temperature is fundamental for invasive human
fungal pathogens (20). In light of our findings, we cannot exclude
the possibility of the selection of a heteroresistant population in
patients undergoing long-term itraconazole therapy.

In our experiments, heteroresistant clones died slowly and ex-
hibited short or no PAFEs of itraconazole. Based on the pharma-
codynamic characteristics outlined above, we can surmise that
heteroresistant cells would need longer and continuous exposure
than the original cells to itraconazole in order to produce an effi-
cient fungistatic effect.

It is important to highlight that the LHI differed among the
strains tested and that 3 profiles were observed: low, intermediate,
and high LHI. The heteroresistance was seen to alter the cell mor-
phology and induce a reduction in the capsule size and cell diam-
eter. In this way, a positive correlation between the S/V ratio of the
original cells and the LHI was observed, while a negative correla-
tion between the capsule size of heteroresistant clones and the LHI
also was seen. Similar effects have been reported following the
exposure of Cryptococcus neoformans to subinhibitory concentra-
tions of fluconazole, voriconazole, amphotericin B, and terbin-
afine (16, 21). Indeed, the S/V ratio of a cell affects several aspects
of its biology, since the rate of the cell’s growth depends on, among
other things, the rate of nutrient exchange.

According to the basics of microbiology, there are significant
advantages of being small, because the higher S/V ratio of smaller
cells supports a higher rate of nutrient exchange per cell volume
compared with that of larger cells. This fact influences several
aspects of the cell’s evolution, since an amount of resources will
allow a larger population of small cells than of large cells (15).

FIG 4 Heteroresistant cells are more readily internalized by macrophages but
are more able to protect against oxidative burst. (A) The heteroresistant cells
possessed lower cellular charges. (B) Phagocytic index. (C) Intracellular pro-
liferation rate. Statistically significant differences between the original cells and
their heteroresistant clones are represented by the horizontal lines (P � 0.05).
Significant differences between the original L135/03 and L127/01 cells are rep-
resented by one asterisk (P � 0.05) and those between L135/03 and L127/01
heteroresistant clones by two asterisks (P � 0.05). Data represent the means �
SE from two independent experiments consisting of triplicate assays. O, orig-
inal; H, heteroresistant.
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Some authors have reported that capsule growth is associated with
a slower yeast growth rate, implying a high-energy-consuming
process (22). Although the capsule can provide resistance to some
antifungals (e.g., amphotericin B), it does not have any effect on C.
neoformans treated with itraconazole (23). In this way, modifica-
tions in S/V and capsule size by itraconazole increases the ability of
cells to adapt more rapidly to abrupt changes in environmental
conditions and to more easily exploit new habitats.

Certain stress conditions play a role in repressing the synthesis
of capsule and ergosterol in yeast by altering cell integrity (24, 25).
Researchers have demonstrated that C. neoformans overcomes the
stress of contact with fluconazole through the formation of
disomy in specific chromosomes, especially chromosome 1, which
is closely associated with the ERG11 gene (6). Our results revealed
different banding patterns between the original and heteroresis-
tant cells by PFGE, suggesting an adaptive mechanism due to itra-
conazole pressure. Gene duplication and loss is a powerful mech-
anism in fungal evolution (26). Therefore, we presume that the
genome reorganization, as seen in heteroresistant clones, is a con-
sequence of the development of resistance to azoles.

Some authors also have reported that exposure of C. neofor-
mans to subinhibitory concentrations of fluconazole alters the
lipid profile of the yeast cells (27). Our data clearly demonstrated
that heteroresistance to itraconazole reduced ergosterol levels in
C. gattii cells. Given that capsule synthesis is associated with the
accumulation of vesicles in the cell wall (27), it is possible that the
inhibition of synthesis of ergosterol results in a defective mem-
brane that interferes with the vesicular trafficking required for
capsule synthesis.

In our study, heteroresistant cells from the strains with low
(L135/03) and high LHI (L27/01) were significantly more phago-

cytosed than the original cryptococcal cells. These observations
could be explained by the alterations in capsule (size and charge)
observed in heteroresistant cells. Since cryptococcal cells are neg-
atively charged, we hypothesized that the heteroresistance to itra-
conazole decreased the magnitude of the negative charge and re-
duced the electrostatic repulsion between the yeast cells and
macrophages (16, 17).

Although capsule enlargement in C. neoformans confers resis-
tance to oxidative stress, providing a mechanism for intracellular
survival (23), our data demonstrated that heteroresistance signif-
icantly enhanced the intracellular proliferation rate of the yeast
cells. To better understand these results, the susceptibility of het-
eroresistant clones to oxidative burst due to treatment with itra-
conazole was evaluated. Interestingly, heteroresistant clones were
significantly more resistant to oxidative stress than the original
cells following treatment with itraconazole (Fig. 5). Indeed, high-
LHI (L27/01) strains showed lower levels of ROS and TBARS than
low-LHI strains (L135/03). Furthermore, the greater resistance to
oxidative burst in heteroresistant clones could be explained by the
overexpression of the antioxidant enzymes PER and SOD. Our
group previously showed that itraconazole led to ROS formation
and lipid peroxidation in C. gattii cells, and this phenomenon
strongly increased the activities of enzymes of the antioxidant sys-
tem (10).

The antioxidant enzymes protect cryptococcal cells against ox-
idative stress and intracellular killing by macrophages. Previous
studies demonstrated that melanin, SOD, glutathione peroxi-
dases, and cytochrome C peroxidase (28) are components of the
antioxidant system in cryptococci. Moreover, mitochondria de-
pend on a manganese-containing superoxide dismutase (Sod2)
that plays an essential role in the growth of C. neoformans at 37°C

FIG 5 Heteroresistant cells are more resistant to oxidative burst. Shown are the amounts of reactive oxygen species (ROS) (A), lipid peroxidation (TBARs) (B),
and total SOD (C) and PER (D) activities after 1 h of treatment with itraconazole. Results are expressed as the ratio of the treatment to the control. Statistical
differences between the original cells and their heteroresistant clones are represented by the horizontal line (P � 0.05). Differences between L135/03 and L127/01
original cells are represented by one asterisk (P � 0.05) and those between L135/03 and L127/01 heteroresistant clones by two asterisks (P � 0.05). Data represent
the means � SE from two independent experiments consisting of triplicate assays. O, original; H, heteroresistant.
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by regulating the steady-state concentration of ROS in mitochon-
dria (29). With this in mind, we presume that the set of factors
observed in heteroresistant clones, such as high S/V, small capsule
size, and enhanced SOD and PER activities, will provide favorable
conditions to these cells, allowing them to proliferate inside mac-
rophages.

In order to determine if heteroresistance alters fungal viru-
lence, we inoculated the original C. gattii and heteroresistant cells
into C57BL/6 mice by intratracheal or intravenous routes. The
heteroresistant clones were more virulent under both conditions
(Fig. 6A and B). The growth of cryptococci within macrophages is
one of the earliest observations reported during the cryptococcal
host-to-pathogen interaction. The ability of cryptococci to grow
within the phagosome relies on their ability to scavenge nutrients
that allow them to proliferate (30). Our findings demonstrated

that heteroresistant clones could survive better than the original
cells following engulfment by macrophages, and that this phe-
nomenon could explain the enhanced virulence observed in the
murine model. Furthermore, the heteroresistant clones possessed
capsules of reduced size, reinforcing data from previous studies
that suggested that large polysaccharide capsules have difficulty in
crossing the blood-brain barrier and in establishing infection in
the central nervous system (31).

We observed that both original and heteroresistant cells with
high LHI (L27/01) were more virulent than cells with low LHI
(L135/03) in the intravenous model, which is unlike what was
observed in the intratracheal model. These data could be attrib-
uted to the natural barriers that differ between the intravenous
and intratracheal routes and to the severe pulmonary disease in-
duced when C. gattii is inoculated intratracheally. For instance,

FIG 6 Heteroresistant clones were more virulent in C57/BL6 mice than in the original strains. Six mice per group were inoculated by the intratracheal (A) and
intravenous (B) routes with 106 cells of the original cells or heteroresistant clones of strains L135/03 and L27/01. Animals were monitored daily. The test was
repeated twice. C57BL/6 mice were inoculated by the intratracheal route with 106 cells of the original cell lines or heteroresistant clones of strain L135/03. Lungs
(C) and brain (D) were removed, homogenized, diluted, and plated onto Sabouraud dextrose agar for measurement of CFU after 10 days postinfection. (E) Level
of heteroresistance to itraconazole of C. gattii recovered from mice. (F) Histopathological analysis of lungs 10 days postinoculation with original L135/03 strains
showed few yeasts (arrow) and intense, coalescent to diffuse inflammation. (G) Lungs of mice infected with the L135/03 heteroresistant clone showed numerous
yeasts (arrow) and mild inflammation. HE was used as the stain, and the magnification is �200. (H) Score of C. gattii amount and inflammatory lesions intensity
in the lungs of C57BL/6 mice. Statistical differences between the original cells and their heteroresistant clones are represented by the horizontal line and asterisks
(P � 0.05). O, original; H, heteroresistant; ND, nondetected.
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within the lung, surfactant protein D (SP-D) acts as an opsonin of
poorly encapsulated cryptococci. This process is beneficial to the
pathogen, since opsonization with SP-D shows a large reduction
in the destruction of acapsular mutants (32).

To better understand the influence of heteroresistance in vir-
ulence, we determined the CFU and histopathology for animals
infected with strain L135/03. Higher fungal burden in lungs and
brain (Fig. 6) of mice infected with heteroresistant clones induced
less inflammation after 10 days of inoculation. Appropriate in-
flammatory balance is critical for the prognosis of cryptococcal
infection, with Th1 and TH17 cytokines resulting in reduced in-
tracellular proliferation (33). In addition, researchers observed
that the anti-inflammatory cytokines interleukin-4 (IL-4) and
IL-13 have a nonprotective effect, and the loss of the Th1 response
is associated with development of cryptococcal meningoenceph-
alitis (34). In this way, our results showed that in mice infected
with heteroresistant clones, lesser inflammatory infiltrate and
higher fungal burden were seen than in mice infected with the
original strain, which resulted in poor prognosis (Fig. 6). We also
observed that heteroresistant yeasts were more phagocytosed and
proliferate more inside the macrophages (Fig. 4B and C). These
results corroborate the observations found by researches that tried
to correlate the Cryptococcus neoformans-macrophage interac-
tions and the outcome of infection in the corresponding patients.
They observed that patients with isolates that had both a high
phagocytic index and high intracellular proliferation experienced
a 5-fold-increased risk of death (35).

We demonstrated that the itraconazole heteroresistance levels
of all C. gattii strains could be increased in a stepwise manner by
exposing them to higher concentrations of the drug, and all re-
verted back to the original level of susceptibility by the 10th sub-
culturing in drug-free medium. These results are similar to those
found by others (3, 4). Interestingly, the cells recovered from lungs
and brain are able to grow at higher concentrations of itraconazole
(Fig. 6E). These differences, found in vivo and in vitro, may be
explained by the fact that the strains still needed to adapt to free
radicals from phagocytic cells in vivo, and there was no stress in
vitro. Further, our group previously showed that the yeasts ex-
posed to itraconazole increased the activities of enzymes of the
antioxidant system for surviving oxidative burst and lipid peroxi-
dation generated from itraconazole. In this way, we supposed that
what occurred was a “cross adaptation,” and because of this phe-
nomenon, the cells recovered from mice continued to be less sus-
ceptible to itraconazole. However, the clinical significance of this
phenomenon should be studied more in the future.

In conclusion, heteroresistance to itraconazole was found to be
intrinsic in all of the C. gattii strains tested and represents an
adaptive mechanism for survival under azole stress. Our findings
demonstrated that heteroresistance alters cell morphology (S/V
and capsule size), the amounts of ergosterol in the cells, and anti-
oxidant enzyme activities. These modifications may represent ad-
ditional mechanisms resulting in the ineffectiveness of itracona-
zole treatment in patients with high fungal burden, since they lead
to changes in pharmacodynamics parameters (e.g., time-kill curve
and PAFE) and increased virulence of C. gattii.
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