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In 1999, heteroresistance to triazoles was reported in Cryptococcus neoformans strains isolated from an azole
therapy failure case of cryptococcosis in an AIDS patient and in a diagnostic strain from a non-AIDS patient.
In this study, we analyzed 130 strains of C. neoformans isolated from clinical and environmental sources before
1979, prior to the advent of triazoles, and 16 fluconazole (FLC)-resistant strains isolated from AIDS patients
undergoing FLC maintenance therapy during 1990 to 2000. All strains isolated prior to 1979 manifested
heteroresistance (subset of a population that grows in the presence of FLC) at concentrations between 4 and
64 pg/ml, and all 16 FLC-resistant AIDS isolates manifested heteroresistance at concentrations between 16
and 128 pg/ml. Upon exposure to stepwise increases in the concentration of FLC, subpopulations that could
grow at higher concentrations emerged. Repeated transfer on drug-free media caused the highly resistant
subpopulations to revert to the original level of heteroresistance. The reversion pattern fell into four categories
based on the number of transfers required. The strains heteroresistant at =32 pg/ml were significantly more
resistant to other xenobiotics and were also more virulent in mice than were those heteroresistant at =8 pg/ml.
During FLC treatment of mice infected by strains with low levels of heteroresistance, subpopulations exhibiting
higher levels of heteroresistance emerged after a certain period of time. The ABC transporter AFR1, known to
efflux FLC, was unrelated to the heteroresistance mechanism. Our study showed that heteroresistance to azole
is universal and suggests that heteroresistance contributes to relapse of cryptococcosis during azole mainte-

nance therapy.

Cryptococcus neoformans causes life-threatening infection
primarily in immunocompromised patients worldwide. Crypto-
coccal meningoencephalitis, the most common clinical mani-
festation of cryptococcosis, is fatal unless treated, and the
fatality rate is high even with the most efficient antimycotic
treatments (11, 22).

Due to its minimal toxic effects and ready penetration into
the central nervous system, fluconazole (FLC) has been widely
used for treatment of cryptococcosis in AIDS as well as non-
AIDS patients (8, 36). Since azoles are fungistatic drugs,
strains repeatedly exposed to the drugs eventually adapt to the
stress exerted by these drugs and become azole resistant (38).

To date, most advances regarding the mechanism of resis-
tance to azole drugs in pathogenic fungi have been made in
Candida species (3, 9, 20, 39-41, 44, 47, 48, 51, 52) and, to a
lesser extent, in Aspergillus fumigatus (16-18). The most com-
mon mechanisms of resistance to azoles in these pathogens
include an increased production of multidrug transporters or
the target enzyme Ergllp (12, 15, 25) and mutations in the
target gene, ERGI11 (26, 39). In addition, the formation of an
isochromosome bearing ERG1! and a transcriptional regulator
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of efflux pumps (42, 43) as well as the activation of Hsp90 that
facilitates modification of ergosterol biosynthesis genes (13,
14) has been reported to confer azole resistance in Candida
albicans.

Controversy exists as to whether acquired azole resistance
occurs in C. neoformans during azole therapy, even though the
occurrence of FLC-resistant C. neoformans strains has been
reported mostly in AIDS patients undergoing FLC mainte-
nance therapy (2, 5, 21, 30, 33, 55, 56). Little is known about
the molecular mechanisms responsible for cryptococcal resis-
tance to azoles except for the case of an ERGI1I mutation
reported in the strain isolated from an AIDS patient who had
recurrent cryptococcal meningoencephalitis (37).

In 1999, we reported the occurrence of azole resistance in
strains of C. neoformans that was described as heteroresistance
(30). The pattern we described as heteroresistance was ob-
served in C. neoformans strains of serotypes D and A isolated
from patients in Italy and Israel, respectively. Both strains
produced cultures with heterogeneous populations in which
more than 90% of the cells were susceptible (=16 pg/ml), but
the cells highly resistant to FLC (MICs of =64 pg/ml) were
present as a subpopulation. Interestingly, while the highly re-
sistant subclones demonstrated a homogeneous population of
resistant cells on medium containing azole concentrations
equal to their MIC, susceptible clones could never be purified
to contain only susceptible cells. The highly resistant clones
lost resistance upon repeated transfer in drug-free media,
while consistently maintaining a small fraction of the resistant
subpopulation. Serial isolates from the recurrent infection dur-
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ing maintenance therapy in the Italian patient, however, ex-
hibited an increase in the number of subpopulations that were
resistant to drug concentration levels in subsequent episodes.
Since molecular strain typing determined the first episode as
well as the five subsequent episodes that were caused by the
same strain, it indicated an increase in the level of FLC het-
eroresistance of the strain during therapy.

Heteroresistance in C. neoformans, therefore, can be defined
as follows. (i) A heteroresistant subpopulation of cells will have
variable growth at a certain concentration of an antimicrobial
agent which inhibits a majority of the cells; when exposed to
the drug, individual cells may either grow well, slowly, or not at
all. (ii) The resistant subpopulation can adapt in a stepwise
manner to higher concentrations of the drug. (iii) The resistant
subpopulation yields a pure culture of resistant cells, while the
susceptible population cannot be purified to contain only sus-
ceptible cells. (iv) The resistance in the subpopulation is a
reversible adaptive response to the presence of the drug.

In the present study, we analyzed over 100 clinical and en-
vironmental strains of C. neoformans isolated before 1979 in
order to determine the nature of heteroresistance, an adaptive
resistance. Since these strains were isolated at least a decade
before the availability of azoles, they were deemed suitable to
determine whether heteroresistance of C. neoformans to FLC
is intrinsic or the consequence of drug exposure in the envi-
ronment. To our surprise, heteroresistance to FLC was a com-
mon phenomenon in all the strains tested. Moreover, both the
frequency and the level of resistance in the heteroresistant
clones varied significantly between strains. Interestingly, the
levels of FLC at which the strains manifested heteroresistance
generally correlated with the observed degree of virulence in
mice. Furthermore, the level of heteroresistance was also as-
sociated with the ability of C. neoformans yeast cells to survive
on media containing toxins and antibiotics produced by soil
microorganisms. These findings indicate that heteroresistance
to FLC in C. neoformans is intrinsic, and the mechanisms that
control the level of heteroresistance to azoles in each C. neo-
formans strain also contribute to the fungus’ ability to respond
to various other environmental stresses.

MATERIALS AND METHODS

Strains and media. A total of 130 strains of C. neoformans (102 of serotype A
and 28 of serotype D) isolated prior to 1979 were included in this study. Ninety-
seven strains were isolated from cryptococcosis patients, and 33 were isolated
from the environment (see Tables S1 and S2 in the supplemental material).
These strains have been maintained as lyophilized stock in our laboratory. In
addition, we included 16 C. neoformans serotype A strains isolated from AIDS
patients who were undergoing FLC maintenance therapy between 1990 and
2000. These isolates had been determined to be FLC resistant (MIC > 16 pg/ml)
by reference laboratories (see Table S3 in the supplemental material). Yeast
peptone dextrose (YPD) agar (1% yeast extract, 2% peptone, 2% dextrose) was
used as the basal medium for growth.

FLC. FLC powder was provided by Pfizer Global Research & Development
(Groton, CT). Stock solutions were prepared in the solvent dimethyl sulfoxide
(Sigma) at a concentration of 50 mg/ml. Diflucan was purchased from Pfizer,
Roerig (New York, NY) for the experimental animal study.

Susceptibility testing. Etests (AB Biodisk, Solna, Sweden) as well as spot tests
on YPD agar supplemented with different concentrations of FLC were per-
formed for all 146 strains (130 strains isolated before 1979 and 16 FLC-resistant
strains isolated during 1990 to 2000 from AIDS patients) to determine their
susceptibility and heteroresistance to FLC.

Initial screening for heteroresistance. Cell suspensions (1 X 10° to 4 X 10%
CFU/ml) of all strains suspended in sterile saline were plated onto YPD plates
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containing various concentrations of FLC (4 to 128 pg/ml). The growth pattern
was read after 72 h of incubation at 30°C. The isolates were regarded as possibly
heteroresistant when only a fraction of the population grew on plates containing
a concentration that is higher than the concentration which allowed 100% of the
viable cells to grow. To isolate the highly resistant subclones, the heteroresistant
clones that grew on different concentrations of FLC were isolated and passaged
on YPD agar containing stepwise (twofold) increases in the concentrations of
FLC (up to 256 pg/ml). The culture plates of each passage were incubated at
30°C for 72 to 96 h.

Stability of FLC resistance in vitro. Highly resistant (=64 ug/ml) subclones
from strains originally manifesting heteroresistance at =16 ug/ml FLC were used
to study the stability of their resistance phenotype. Cells of each clone were
suspended in YPD broth. Fifty microliters of the suspension was then transferred
into 5 ml of fresh drug-free YPD broth and incubated at 30°C for 24 h. Such
transfers were carried out daily for each isolate for up to 45 days. The proportion
of subpopulations resistant to FLC (16 to 128 ng/ml) was determined periodi-
cally by plating 100 wl each of subcultures onto YPD agar and YPD plus FLC
agar and incubating them at 30°C for 72 h before counting the number of
colonies.

Sterol analysis. We have chosen the H99 strain, a genome sequencing strain
of serotype A widely used for pathobiological studies, and isolates from its
derived subpopulations resistant to FLC for sterol analysis. The cells of H99 and
those resistant at 64 pg/ml FLC (H99%%*) were grown overnight in YPD broth at
30°C. Each culture was adjusted to an optical density at 600 nm of 0.2 and divided
into two samples—one supplemented with 64 wg/ml FLC, and the other with no
drug. All four samples were grown at 30°C for 3 h, and the cells were harvested
by centrifugation and washed once with sterile distilled water. The pellets were
resuspended in 9 ml methanol; 4.5 ml 60% (wt/vol) KOH was added together
with 5 pg cholesterol (used as an internal recovery standard). Cell suspensions
were heated to 75°C in a water bath for 2 h to complete the saponification, and
the resulting mixtures were allowed to cool to room temperature. The sterols
were then extracted twice with 2 ml hexane, using vigorous vortex mixing for 2
min. The upper hexane layers containing the sterols were removed, washed twice
with water, and dried over anhydrous sodium sulfate. The hexane solutions
containing the sterols were analyzed by gas chromatography (GC) with an Agi-
lent 6850 gas chromatograph with an HP-1 fused silica column and a flame
ionization detector. Cholesterol and ergosterol were identified by comparison
with standards. For identification, a GC-mass spectrometry (MS) instrument
(Polaris Q, from Thermo Electron, coupled to a Focus GC) was used to obtain
mass spectral data in the electron impact mode for each of the GC peaks. This
GC-MS instrument used a Restek SMS fused silica column (30-m length,
0.25-mm inside diameter, 25-um film thickness) at a program temperature from
200°C (1 min) to 300°C at a rate of 10°C/min. The mass spectral data used in
combination with a database (NIST/EPA/NIH Mass Spectral Library version 2.0)
and published spectra (31) allowed the identification of several peaks for which
there were no standards available.

Disruption and reintroduction of the AFRI gene in the strain H99. The AFR!
gene was disrupted by homologous recombination. In a deletion construct, the
open reading frame of AFRI was replaced with the NEO gene, using overlap
PCR. The native AFRI gene was deleted by biolistic transformation of the strain
H99 with the deletion construct (46). Southern analysis was used to confirm the
deletion of AFRI among the putative afr/A clones screened by PCR. The afr/A
strain was reconstituted with the wild-type AFRI gene cloned from H99 by
electroporative transformation of the afr/A strain with the reconstitution con-
struct containing the nourseothricin (NAT) resistance gene as a selectable
marker.

Quantitative RT-PCR. Expression of the AFRI gene was quantitatively as-
sessed with real-time reverse transcription (RT)-PCR. The yeast cells of wild-
type (H99) and resistant (H99R%%) strains were grown overnight to logarithmic
phase (~2 X 10® cells/ml) in YPD liquid medium at 30°C with constant shaking
(225 rpm). Each culture was then divided into two samples—one supplemented
with 64 wg/ml FLC and the other with no drug. All four samples were incubated
for 1 h at 30°C; the cells were harvested by centrifugation and were washed with
sterile H,O. Cell pellets were frozen on dry ice, lyophilized for 15 h, and then
lysed by vortexing with glass beads. Total RNA was isolated using the RNA
TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
protocol. RNA was purified with the RNeasy MinElute cleanup kit (Qiagen,
Valencia, CA) and treated with RNase-free DNase (Qiagen, Valencia, CA) to
remove genomic DNA. cDNA was synthesized using a high-capacity cDNA
archive kit (Applied Biosystems, Foster City, CA). RT-PCR was performed with
TaqMan universal PCR master mix (Applied Biosystems, Branchburg, NJ) and
the Applied Biosystems 7500 real-time PCR system. Each reaction was run in
triplicate, and data were expressed relative to the transcript level of the glycer-
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FIG. 1. Diagram of azole heteroresistance in C. neoformans strain H99. The strain showed a heterogeneous composition in which most of the
cells were susceptible but some (0.3 to 0.6%) were observed to be resistant to 32 pg of FLC per ml. The resistant colonies grown on medium with
the same concentration of FLC (32 pg/ml) generated a homogeneous population of resistant cells. Upon stepwise exposure to increasing
concentrations of FLC, subpopulations are observed to adapt to higher concentrations of the drug. Upon repeated transfers in drug-free medium,
a majority of the cells in these highly resistant subclones revert back to the stable initial heteroresistant phenotype. Flu, fluconazole.

aldehyde-3-phosphate dehydrogenase gene (GPD) as an endogenous control.
Quantitation of gene expression was performed using the relative standard curve
method, and the results were expressed as relative change. The AFRI primers
used for RT-PCR were AFR-RTfw, CCCACTTTGCCATACTTTTGG, and
AFR-RTrev, AACTGTGGAGACAAGACCACTGATAA, and the probe was
TGGATGTGGCCTCTCGACCCTTTC. The primers for GPD used in RT-PCR
were GPD-RTfw, TGGTCGTCAAGGTTGGAATCA, and GPD-RTrev, CTC
GATGGCGTTCCTGAGA, and the probe was CGGTTTCGGTCGTATTGG
TCGAATTG.

Resistance to other xenobiotics. Five strains of serotype A that were hetero-
resistant at =32 pg/ml FLC and five strains that were heteroresistant at <8 pg/ml
(see Table 4; also see Fig. S2 in the supplemental material) were chosen to study
their growth on YPD agar containing various antibiotics and L-canavanine, a
nonproteinogenic amino acid. The strains were first inoculated into YPD broth
and incubated overnight at 30°C, washed, serially diluted (1 to 10* dilutions) in
sterile saline, and spotted (3 pl) onto YPD agar plates containing different
xenobiotics. The compounds tested were trichostatin A (32 and 64 pg/ml),
rhizoxin (0.05 and 0.1 pg/ml), gliotoxin (0.8 and 1.6 pg/ml), and L-canavanine (30
pg/ml). Unless specified, all compounds were obtained from Sigma (Sigma-
Aldrich, St. Louis, MO). Cells of the 10 strains were spotted onto YPD agar and
incubated at 30, 37, and 40°C for 72 h to compare their growth rates.

Virulence study. All animal studies were approved by the institutional animal
care and use committee. To compare the virulence among different strains, a
murine model of pulmonary cryptococcosis was established in female BALB/c
mice (weight, 20 g) by intranasal inoculation of serotype A strains. Five strains
heteroresistant at =32 pg/ml and five strains heteroresistant at =8 wg/ml FLC,
which had been used for the comparison of xenobiotic tolerance, were used in
this study. The strains used were also comparable in production of capsule,
melanin, and urease at 37°C. The growth rates of these strains at 37°C, measured
by the colony size (100 to 150 colonies/plate) on YPD agar after 72 h of incu-
bation, were similar, except for that of NIH38 (heteroresistant at 4 pwg/ml), which
showed slightly smaller colonies. Although the strain NIH38 had a lower growth
rate at 37°C, it was chosen along with the strain NIH404 to represent the group

which manifested heteroresistance at 4 wg/ml because of its higher cell viability
than that of other strains in the same group. Mice were anesthetized with
isoflurane, and a 20-pl droplet containing 5 X 107 cells was placed on the nares
of each mouse while the diaphragm was compressed. The diaphragm was re-
leased to allow each mouse to inhale the droplet. Ten animals were used for each
strain. The survival of mice was recorded daily for a total of 60 days.

FLC therapy for experimental animals. For the FLC efficacy study, a selected
group of isolates with different levels of heteroresistance were tested in mice by
using the systemic model of cryptococcosis. The mice were challenged intrave-
nously with inoculums ranging from 5 X 10* to 5 X 10° CFU/mouse. FLC was
administered intraperitoneally at a concentration of 10 mg/kg/day. Treatment
was begun 24 h after infection and was continued for 14 days. The mice were
observed through day 40, and deaths were recorded daily. Two mice in each
group were used for the analysis of fungal burden in the brain at the indicated
days postinfection (see Fig. 7 and 8). Mice were euthanized by CO,-induced
asphyxia, and the number of viable CFU was determined by quantitative plating
of the brain homogenates onto YPD agar plates with or without FLC at 8, 16, or
32 pg/ml. There were eight mice per group in the survival study and two mice
each per group in the analysis of fungal tissue burden.

Statistics. Survival data from the animal experiments were analyzed using the
log rank test. An unpaired ¢ test was used in evaluating the CFU from the tissue
burden studies. A P value of less than 0.05 was considered to be significant.

RESULTS

Heteroresistance to FLC in C. negformans is intrinsic. The sero-
type A reference strain, H99, whose genome has been sequenced
(http://www.broad.mit.edu/annotation/genome/cryptococcus
_neoformans/MultiHome.html), was used in our study to establish
the representative pattern of heteroresistance (Fig. 1). While no
inhibition in the growth of H99 cells was observed at 16 pg/ml FLC,
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TABLE 1. The 102 isolates of C. neoformans serotype A screened
on FLC-containing medium
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TABLE 3. The 16 clinical strains of C. neoformans isolated after
1990 screened on FLC-containing medium

Source of isolates FLC resistance

No. of isolates %

FLC resistance No. of isolates %

collectlegc;Qb cfore fitge/gnol;y“ tested (%)° Heteroresistance Isolate source fitgirgnol;g tested (%)° Heteroresistance
Clinical 4 6(7.6) 100 Clinical, isolated =8.0 0 100
8 32 (40.5) since 1990 16 3(18.8)
16 21 (26.6) 32 2(125)
=32 20 (25.3) 64 4(25)
Environmental 4 2(8.7) 100 128 7(43.7)
8 11 (47.8) ) ; . R .
16 6 (26.1) “ FLC heteroresistance levels were determined as described in Materials and
’ Methods.
=32 4074 ® The total number of clinical isolates is 16.

“ FLC heteroresistance levels were determined as described in Materials and
Methods.

? The total number of clinical isolates is 79, and the total number of environ-
mental isolates tested is 23.

only 0.3 to 0.6% of the cells grew as an initial minor subpopulation at
32 pg/ml FLC within 72 h. We designated the level of FLC hetero-
resistance in H99 as 32 pg/ml. When the cells grown at 32 pg/ml FLC
were transferred to fresh YPD agar containing 32 pg/ml FLC, all the
cells grew. Upon transfer to medium containing 64 pg/ml FLC,
however, only 0.3 to 0.6% grew again and formed colonies within
72 h. Among these cells, now resistant at 64 pg/ml FLC, only 25% of
the subpopulation could grow on agar medium containing 128 pg/ml
FLC. When subjected to repeated transfer in drug-free broth, the
cells of these highly resistant subclones reverted back to a frequency
between 0.3 and 0.6% on 32 pg/ml FLC.

To our surprise, all 130 strains of C. neoformans that had
been isolated before 1979 (see Tables S1 and S2 in the sup-
plemental material), at least 10 to 20 years prior to the advent
of azole therapy, manifested heteroresistance at specific con-
centrations of FLC (Tables 1 and 2). Fifty-seven strains (51 of
serotype A and six of serotype D) exhibited subpopulations
resistant to FLC at a concentration of =16 pg/ml; the remain-
ing 73 strains were more susceptible and produced heterore-
sistant colonies at an FLC concentration of =8 pg/ml (Tables
1 and 2).

We also analyzed 16 clinical strains isolated from AIDS
patients undergoing FLC maintenance therapy between 1990
and 2000 and that had been identified as FLC resistant by the
conventional microdilution test (MIC range, 16 to 64 png/ml)

TABLE 2. The 28 isolates of C. neoformans serotype D screened
on FLC-containing medium

Source of isolates FLC resistance

No. of isolates %

co]lectlegc;gb cfore (Citge/gnol;}’: tested (%)° Heteroresistance
Clinical 4 5(35.8) 100
8 7 (50)
16 1(7.1)
32 1(7.1)
Environmental 4 4 (28.6) 100
8 6 (42.8)
16 4 (28.6)
32 0

“ FLC heteroresistance levels were determined as described in Materials and
Methods.

 The total number of clinical isolates is 14, and the total number of environ-
mental isolates tested is 14.

for heteroresistance. Interestingly, all these strains also dis-
played heteroresistance at FLC levels ranging from 16 to 128
pg/ml (Table 3). Furthermore, all the strains tested showed
resistant subpopulations at a frequency of 0.3 to 10% at each
specified drug concentration. These data indicate that hetero-
resistance to FLC in C. neoformans is intrinsic and the resis-
tance in the majority of FLC-resistant isolates recovered from
AIDS patients during FLC maintenance therapy is attributed
to heteroresistance.

Stepwise increase of FLC-resistant levels in resistant sub-
populations. A minor subpopulation in each strain capable of
growth on YPD at a certain concentration of FLC yielded
homogenous resistant colonies when subcultured on medium
with the same concentration of FLC. This indicated that once
the subpopulations had adapted to a certain concentration of
FLC, the majority of cells in the clonal population became
resistant to the drug at that concentration. The subpopulations
of strains heteroresistant at FLC concentrations of 4 to 16
pg/ml were exposed in a stepwise manner to increasing con-
centrations of up to 64 wg/ml. All such isolates successfully
acquired resistance at 64 pg/ml. The clones highly resistant to
FLC (initially selected on 32 to 128 pg/ml) could tolerate FLC
concentrations up to 256 pg/ml. This indicated that the level of
FLC resistance in the heteroresistant subpopulations could be
increased in a stepwise manner and that the maximum con-
centration of FLC to which each strain could adapt varied
depending on the strain.

Reversibility of resistance in vitro. We demonstrated that
the FLC resistance levels of the subpopulations for all C.
neoformans strains could be increased in a stepwise manner by
exposing them to higher concentrations of the drug. We ran-
domly selected 57 strains with original levels of heteroresis-
tance between 16 and 128 pg/ml FLC that had been isolated
before 1979 and all 16 FLC-resistant strains isolated from
AIDS patients undergoing FLC maintenance therapy between
1990 and 2000 to study the reversibility of resistance. Clones
from the stepwise selection at higher drug concentrations (64
to 128 pg/ml) of the 73 strains were repeatedly transferred in
drug-free YPD broth. Cultures were periodically plated onto
YPD agar with 16 to 128 pg/ml FLC and evaluated for the
frequency of the population that formed colonies on the me-
dium at the given drug concentration. All strains isolated be-
fore 1979 and the 16 strains, except for one, isolated from
AIDS patients with recurrent cryptococcosis during FLC main-
tenance therapy lost resistance at 64 to 128 pg/ml and reverted
back to the original level of heteroresistance by day 45. Inter-
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FIG. 2. Stability of FLC resistance after daily transfers in drug-free
medium at 30°C. Four strains represented four different classes based
on the number of daily transfers required prior to reversion regardless
of their original level of FLC heteroresistance. Subclones resistant at
64 pg/ml FLC were isolated and transferred daily into new YPD
drug-free broth for 45 days. The first class reverted abruptly after three
transfers (NIH157%* strain) while the remaining three classes, repre-
sented by isolates H99R®*, NIH316%%, and NIH371R%] required at
least 16, 26, and 45 transfers, respectively.

R64 R64

estingly, based on the duration required for reversion, regard-
less of their original level of heteroresistance, we were able to
classify these strains into four different classes. The first class
reverted abruptly after only three transfers, while the remain-
ing three classes required at least 16, 26, and 45 transfers,
respectively. One of the 16 AIDS isolates, once it acquired
resistance to FLC, showed no signs of reversion even by day 45.
To show the reversion pattern of the four classes, we selected
four strains of serotype A that manifested heteroresistance at
32 ng/ml and analyzed the reversibility of their resistance after
selecting subpopulations that could withstand 64 wg/ml FLC.
Figure 2 shows reversibility of the four strains representing the
four classes among serotype A strains. Subclones resistant at
64 pg/ml FLC were isolated and transferred daily into new
YPD drug-free broth for 45 days. The NIH157 strain, which
reverted after three transfers, yielded a 10% subpopulation
that grew at 32 pg/ml FLC and represented the first class. H99,
the reference strain of serotype A, belonged to the second
class, which required 16 daily transfers before completely re-
verting to the original heteroresistance phenotype—growth of
0.3 to 0.6% subpopulations at 32 pg/ml FLC. The frequency of
these heteroresistant subpopulations remained unchanged for
an additional 29 transfers. The strains NIH316 and NIH371
belonged to the third and fourth classes, respectively.

Sterol content of H99 and its heteroresistant subpopula-
tions. It is possible that the FLC-resistant subpopulation re-
flected changes in the sterol content of cells, allowing them to
survive in high concentrations of FLC. The sterol profile of
H99 was compared with that of H99®%*  a strain resistant to 64
png/ml FLC generated in vitro by exposing H99 cells to 64
pg/ml FLC. Upon exposure of H99 cells to 64 pug/ml FLC, the
ergosterol content in the cells was greatly reduced, and its
major sterol was eburicol, which is consistent with the fact that
FLC blocks the C,, demethylation step (31) (Fig. 3A and B).
When both H99 and H99R®* strains were treated with FLC,
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their ergosterol levels were similar, although the eburicol level
was higher in the H99®%* strain (Fig. 3B and D). The sterol
profile of H99®%* without FLC treatment was similar to that of
H99, except that the eburicol level was higher and the ergost-
7-enol level was lower than those of the H99 strain (Fig. 3A
and C). This difference was likely caused by the fact that the
H99R%* strain was maintained on an FLC-containing medium.
Upon daily transfers (three times) of the H99®%* cells in drug-
free medium, the eburicol and ergost-7-enol levels were re-
stored to those of H99 (data not shown). These results indi-
cated that there were no significant differences in the sterol
profiles between the isolates in the presence or absence of
FLC. Thus, we excluded the mutation in ergosterol biosynthe-
sis as the cause of resistance in the H99®%* strain in addition to
the fact that its resistance is reversible.

AFRI, an ABC transporter, is not required for heteroresis-
tance. To determine the role of AFRI in heteroresistance, the
only ATP binding cassette transporter thus far known to be
involved in C. neoformans FLC efflux, we disrupted the AFRI
gene in the H99 strain. The MIC to FLC of the afr/A mutant
was reduced >60-fold compared to that of H99 (0.38 versus 24
pg/ml by Etest; see Fig. S1 in the supplemental material). The
susceptibility of the reconstituted strain was similar to that of
H99, with FLC MICs with Etest ranging from 24 to 32 pg/ml.
These results confirmed that the AFRI gene is involved in FLC
resistance in C. neoformans. To assess the role of AFRI in
heteroresistance, cells of the afr/A strain were plated onto
YPD agar containing various concentrations of FLC. Unlike
H99, cells of the afrl A strain were not able to form colonies on
media containing higher than 1 pg/ml FLC. On media con-
taining 1 pg/ml FLC, 0.3% of cells formed colonies. This in-
dicated the FLC concentration at which the afr/A strain that
exhibited heteroresistance was reduced 32-fold without losing
the frequency of heteroresistant subpopulation. Cells of the
subpopulation growing on 1 pg/ml FLC when further exposed
to increasing concentrations of the drug in a stepwise manner
yielded homogeneous growth on FLC concentrations up to 8
pg/ml. These cells grown at 8 pg/ml FLC (afr] AR® strain cells)
were transferred daily into drug-free medium to evaluate sta-
bility of the resistance. After 26 transfers in YPD at 30°C, cells
of the afr1 A®® strain reverted back to the initial heteroresistant
phenotype (0.3% at 1 pwg/ml), indicating that AFRI is involved
in FLC resistance but is unrelated to the heteroresistant phe-
notype in C. neoformans. Furthermore, quantitative RT-PCR
analysis revealed that the AFRI expression level in HO9®* was
twofold higher than that of the wild-type strain (Fig. 4). A
twofold increase in the expression of AFRI in strain H99®%*
confirms the role of AFRI in FLC resistance.

Relationship between FLC heteroresistance and resistance
to other xenobiotics. In order to determine the relationship
between heteroresistance to FLC and resistance to other xe-
nobiotics, we chose five highly resistant strains (=32 pg/ml)
and five strains expressing heteroresistance at a low concen-
tration of FLC (=8 pg/ml) (Table 4; see Fig. S2 in the supple-
mental material) and compared their resistance levels to com-
pounds unrelated to FLC. The compounds chosen for testing
are secondary metabolites produced by soil microorganisms,
including molds, bacteria, and actinomycetes which are likely
to cohabit with C. neoformans in nature. These include glio-
toxin (produced by molds such as Aspergillus and Penicillium),
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FIG. 3. GC-MS analysis of the sterol profile. The cells of H99 and its resistant subpopulations (H99%*) were grown without FLC (A and C)
or with the presence of 64 wg/ml FLC (B and D). Total sterols were extracted from each sample and analyzed by GC-MS. The numbers associated
with the GC peaks are as follows: 1, cholesterol; 2, ergosterol; 3, ergost-7,22-enol; 4, neoergosterol; 5, ergost-7-enol; 6, eburicol; 7, unidentified

sterol with a molecular weight of 424.

[ No treatment

4.5 4 B Flu 64 pg/ml

Expression ratio

H99 H9gRe4

FIG. 4. Expression of AFRI in C. neoformans strains H99 (wild
type) and H99R® (resistant strain) grown in vitro without FLC or with
64 pg/ml FLC. Quantification of the relative transcript levels was
performed by real-time RT-PCR analysis as described in Materials and
Methods. Data are reported as increases (n-fold) in GPD-normalized
expression levels.

rhizoxin (produced by Burkholderia species), and trichostatin A
(produced by species of Streptomyces) and L-canavanine (found
in legume seeds). L-Canavanine, a nonproteinogenic amino
acid (34), was chosen for two reasons. (i) Feral pigeons eat
various kinds of legume seeds and pigeon droppings, the major
environmental source of C. neoformans, and may contain this

TABLE 4. List of 10 isolates of C. neoformans selected for
characterization of heteroresistance in vitro and in vivo

Year of FLC heteroresistance
Isolate Source . .

isolation level (pg/ml)
H99 Clinical 1978 32
B4548 Clinical 1998 64
NIH10 Clinical 1963 32
NIH157 Clinical 1966 32
NIH376 Environmental 1969 32
NIH306 Clinical 1969 8
NIH382 Clinical 1969 8
NIH355 Clinical 1968 8
NIH38 Clinical 1962 4
NIH404 Environmental 1970 4
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TABLE 5. Resistance to antibiotics, toxins, or nonproteinogenic
amino acids”

Strains
heteroresistant
at indicated

Origin Compound Source concn of FLC
(ng/ml)”
=32 =8
Fungal Gliotoxin A. fumigatus +++  +/-
Bacterial Rhizoxin Burkholderia sp. +++ +¢
Actinomycete Trichostatin A Streptomyces ++ +/—
platensis
Nonproteinogenic L-Canavanine  Seeds of legume +++ +9

amino acid

“ Each C. neoformans strain (see Table 4) was grown in YPD medium, 10-fold
serially diluted (1 to 10* dilutions), and 3 pl of each cell suspension was spotted
onto YPD agar plates containing different biological compounds.

b ++, FLC-resistant strain B4548 was more sensitive to trichostatin A (32 to
64 pg/ml) and the growth was similar to that of FLC-sensitive isolates; ++ +, all
tested strains exhibited resistance to the compound; +/—, all tested strains
showed increased susceptibility to the compounds compared to the strains het-
eroresistant at =32 pg/ml FLC.

¢ Strains NIH306 and NIH404 were less sensitive to 0.05 wg/ml rhizoxin and
the growth was similar to that of FLC-resistant strains.

@ Strain NIH382 was less sensitive to L-canavanine (30 pg/ml) and the growth
was similar to that of FLC-resistant strains.

arginine analog. It is also a component of the canavanine-
glycine-bromothymol blue medium, which is used to distin-
guish strains of C. neoformans from those of Cryptococcus gattii
(23). The highly FLC-heteroresistant strains (=32 pg/ml) gen-
erally exhibited a higher resistance to the four compounds than
did the strains with heteroresistance at a lower concentration
(=8 ng/ml) of FLC (Table 5). It is clear, however, that the
tolerance to these xenobiotics cannot be defined as heterore-
sistance, since the tolerance did not increase upon serial pas-
sages in higher concentrations of the inhibitors and it could not
be reversed in their absence (data not shown).

Heteroresistance and virulence in experimental animal
models. The virulence of strains expressing heteroresistance at
different concentrations of FLC was studied in mice, using
intranasal inoculation. Three of five strains (H99, NIH157,
NIH10) showing heteroresistence at high FLC levels (=32
pg/ml) exhibited increased virulence causing 80 to 90% mor-
tality within 60 days in comparison to animals infected with
low-level heteroresistant strains (=8 pg/ml), which produced 0
to 10% mortality during the same period. Figure 5 shows the
significant differences in survival of mice infected with the two
groups (P < 0.0001). These data indicated a correlation be-
tween virulence of C. neoformans strains and their level of
heteroresistance to FLC in vitro.

To evaluate the efficacy of FLC therapy, 10 mice each from
three groups were inoculated intravenously with strains H99,
NIH136, and NIH38 (MICs of FLC by Etest were 24, 2, and 1
pg/ml, respectively) expressing FLC heteroresistance levels of
32, 8, and 4 wg/ml, respectively. The mice were treated with 10
mg FLC/kg/day for 2 weeks starting 24 h after infection. The
control mice infected with H99 received only vehicle for 2
weeks. The inoculum of H99 was 100-fold less than that of the
other strains, since H99 is significantly more virulent. H99
caused 100% mortality in both the control (no treatment) and
the FLC-treated group by day 17, with a marginal difference in
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the survival rate (Fig. 6A). In the groups infected with NIH136
and NIH38, however, FLC-treated mice survived considerably
longer than did those of the untreated controls (P < 0.01) (Fig.
6B and C). The FLC therapy efficacy was most pronounced in
mice infected with NIH38 that exhibited heteroresistance at
the lowest level (4 pg/ml). While 100% of the control mice
died by day 29, only 50% of the mice treated with FLC had
died by day 40, the termination date of the experiment (Fig.
6C). To investigate the progression of infection and the possi-
bility of FLC-derived enrichment in resistant subpopulations,
fungal burdens in the brain were determined. In the H99 (het-
eroresistant at 32 wg/ml)-infected animals, there were no clear
differences in the brain fungal burdens between treated and
control subgroups (Fig. 7A). In contrast, in the groups infected
with the strains NIH136 (heteroresistance at 8 ug/ml) and
NIH38 (heteroresistance at 4 pg/ml), fungal burdens were
lower, as expected, in the FLC-treated animals than in the
control mice (1.5 and 2 logs less in NIH136- and NIH38-
infected mice, respectively) (Fig. 7B and C). However, when
the brain homogenate of the same animal was plated onto
YPD plates containing FLC, the number of resistant subpopu-
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FIG. 5. Virulence of C. neoformans strains expressing different lev-
els of heteroresistance. Anesthetized mice were intranasally inoculated
with 5 X 107 viable yeast cells. (A) Five strains heteroresistant at =32
wg/ml FLC. (B) Five strains heteroresistant at =8 pg/ml FLC. Survival
rates (percentages) are plotted against the number of days after inoc-
ulation.
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FIG. 6. Effects of FLC treatment on the survival of mice infected
intravenously with strains H99 (5 X 10 cells/mouse) (A), NIH136 (5 X
10° cells/mouse) (B), or NIH38 (5 X 10° cells/mouse) (C) expressing
heteroresistance levels at 32, 8, and 4 pg/ml, respectively. FLC was
administered intraperitoneally for 2 weeks at 10 mg/kg/day. Survival
rates (percentages) for FLC-treated animals and untreated controls
are plotted against the number of days after inoculation.

lations was significantly higher in the treated mice than that in
the control mice. No difference in the proportions of the FLC
resistance subpopulation at 32 pg/ml was observed between
the FLC-treated and untreated H99-infected mice (Fig. 8A).
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FIG. 7. Effect of FLC treatment on brain tissue fungal burdens in
mice infected intravenously with strains H99 (A), NIH136 (B), or
NIH38 (C). Organ homogenates were obtained from two mice per
group that had been sacrificed and necropsied on various days postin-
fection. Data represent the mean CFU per gram of tissue obtained
from two different mice in each group.

Since the strain NIH136 expressed heteroresistance at 8 pwg/ml,
the proportion of the FLC-resistant subpopulation was ana-
lyzed on YPD containing 8 wg/ml FLC. In the group infected
with this strain, the frequency of the resistant subpopulation at
8 pg/ml of FLC increased from 0.3% on day 0 (inoculum) to
1.32% on day 15 in the brain of treated mice, and the fre-
quency of the resistant subclones decreased from 0.3 to 0.19%
in untreated animals (Fig. 8B). Interestingly, in animals in-
fected with NIH38 (heteroresistant at 4 wg/ml), the subpopu-
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FIG. 8. Percentage of resistant subpopulations in the brain tissue of
mice treated with FLC. The brain homogenates of mice infected with
H99 (A), NIH136 (B), or NIH38 (C) were plated onto YPD agar
plates containing FLC (8 to 32 pg/ml) and incubated at 30°C, and
colonies were counted after 48 h.

lation resistant at 8 pg/ml was found only in FLC-treated mice
that increased from 0% (inoculum) to 3.57% by day 12 of
treatment (Fig. 8C). These results demonstrate that FLC treat-
ment has little efficacy in the cases of infection caused by
strains expressing high heteroresistance levels (=32 pg/ml).
However, FLC treatment induces the emergence of subclones
which can tolerate higher concentrations of FLC if the infect-
ing strain has a low level of heteroresistance (=8 pug/ml). These
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results also demonstrate that one can predict FLC therapy
efficacy by evaluating the intrinsic level of heteroresistance in
the pretreatment strain isolated at the time of diagnosis.

DISCUSSION

Triazoles are the largest class of antifungal drugs in clinical
use for the past 2 decades. Long-term usage of FLC, the most
widely used triazole drug, for the management of cryptococ-
cosis in AIDS patients, led to the emergence of FLC-resistant
strains (2, 4, 19, 33, 50). However, the isolation of resistant
strains during long-term azole therapy for cryptococcosis has
been much less frequently reported than has been that of other
pathogenic yeasts, such as Candida species (7, 15, 41, 47, 48).
As a result, relatively little attention has been paid to the
mechanism of azole resistance in C. neoformans.

When we first described the heteroresistance to azoles in C.
neoformans (30), we excluded the possibility of mutations in
ergosterol biosynthetic genes or efflux pumps, since the fre-
quency of resistant subpopulations was too high and all resis-
tant clones reverted back to the original susceptible phenotype.
There was, however, a question whether this type of unusual
resistance to azoles was intrinsic or acquired through exposure
to azole drugs since they were isolated during the 1990s. In the
present study, we found FLC heteroresistance in all strains of
C. neoformans isolated long before the advent of azole drugs,
indicating that heteroresistance in this pathogen is intrinsic.
The pattern of heteroresistance was not different between clin-
ical isolates and environmental isolates, further supporting the
intrinsic nature of heteroresistance.

Contrary to our observation, Yamazumi et al. (56) reported
the heteroresistant phenotype only in 5 of 107 C. neoformans
clinical strains. This rate being lower than our results can be
explained by the differences in media and screening methods
used. We screened the heteroresistant phenotype by plating
cells onto YPD agar supplemented with a wide range of FLC
concentrations (4 to 128 pg/ml) while disregarding the MIC of
each strain. Yamazumi et al. (56), on the other hand, regarded
strains to be heteroresistant only when isolates produced re-
sistant subpopulations on potato dextrose agar plates contain-
ing FLC concentrations that are four to eight times higher than
the MICs of each strain. Besides the differences in the media
used, the latter screening method would have excluded all
the strains heteroresistant at low concentrations (=8 pg/ml)
of FLC.

Heteroresistance was found to be unrelated to the serotypes
of C. neoformans since strains of both serotypes A and D
exhibited heteroresistance. However, a majority of the sero-
type D strains (79%) isolated before 1979 manifested hetero-
resistance at lower concentrations of FLC (=8 pg/ml) than did
serotype A strains (50%). Moreover, 3.7% of serotype D
strains versus 23.5% of serotype A strains from this collection
yielded subpopulations resistant at the FLC concentration of
=32 pg/ml (Tables 1 and 2). It appears, therefore, that a
considerably higher percentage of the serotype A strains pos-
sess a higher potential to withstand azole stress than do sero-
type D strains. It is a well-established fact that serotype A
strains are predominant in nature as well as in clinical cases
worldwide (11, 22). It is interesting to note that the level of
FLC concentration at which strains manifest heteroresistance
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is associated with their ability to tolerate other xenobiotics
produced by soil microorganisms and plants. Unlike numerous
other soil fungi, C. neoformans does not produce antimicrobial
secondary metabolites as a defense mechanism. C. neoformans
cells produce a large polysaccharide capsule which can protect
them from dehydration, reactive oxidative species, and phago-
cytosis by soil amoeba (45, 57). It also produces various hydro-
Iytic enzymes, such as protease, urease, and phospholipase
(11). However, these may not be sufficient to defend itself and
thrive in harsh environmental conditions such as pigeon drop-
pings and soil. It is conceivable that the mechanism which
controls heteroresistance to azoles in C. neoformans may also
be involved in the regulation of the fungal response to other
environmental stresses.

It is also significant that the strains that exhibited a higher
level of heteroresistance were also more virulent in the animal
model than were strains that expressed a lower level of het-
eroresistance.

A previous report of the emergence of “mutant” clones
resistant to FLC in 21 C. neoformans strains (54) appears to
suggest that the rate of “mutation” may actually represent the
rate at which subpopulations express heteroresistance at 8
pg/ml FLC. However, this possibility remains to be tested. The
gene mutations that result in the FLC resistance appear to be
rare in C. neoformans, which may explain the existing contro-
versy as to whether the acquired azole resistance occurs in the
species. There has been only one documented clinical case in
which a gene mutation was attributed to FLC resistance in a
strain isolated from recurrent infection during maintenance
therapy. Protein sequence comparisons between Ergl1p of the
isolate susceptible to FLC and an FLC-resistant strain isolated
from a recurrent episode in the same patient revealed an
amino acid substitution, G484S, in the resistant strain (37).
While numerous genes in the genome of C. neoformans have
been annotated as efflux pumps (24), only one ABC trans-
porter, AFRI, to date has been attributed to efflux of FLC (35).
Though AFRI mutants have not been isolated from patients, a
laboratory-constructed afrlA strain manifested increased sus-
ceptibility to FLC in a serotype D strain of C. neoformans (35).
Indeed, deletion of AFRI in the serotype A strain H99 dras-
tically reduced FLC resistance, while resistance in the recon-
stituted strain with the wild-type AFRI gene was restored to
the original level. Unlike H99, the afr/A strain exhibited het-
eroresistance at 1 pg/ml FLC, which could only be raised to 8
pg/ml FLC by stepwise adaptation. Furthermore, 26 daily
transfers in drug-free media were required for the afr/AR®
subclones to revert back to the original phenotype (heterore-
sistance at 1 pg/ml). These results indicated that AFRI plays a
major role in FLC resistance without being involved in the
mechanism of heteroresistance.

Our findings underscore the clinical importance of hetero-
resistance in recurrent cryptococcosis during FLC mainte-
nance therapy. All 16 of the FLC-resistant strains isolated
during 1990 to 2000 from therapy failure cases manifested
heteroresistance at 16 to 128 pg/ml and yielded clones able to
tolerate up to 256 to 400 wg/ml upon stepwise exposure to
higher concentrations of FLC. Clones resistant to the highest
concentrations of FLC from all but one strain reverted back to
their original heteroresistance phenotype by the 45th consec-
utive transfer in drug-free media. We did not continue daily
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transfers of the clinical strain that maintained high resistance
to FLC through 45 transfers. This strain may require more
than 45 daily transfers before reverting back to original het-
eroresistance levels at 128 pg/ml FLC. On the other hand, this
strain may have a mutation in the gene(s) affecting azole re-
sistance in addition to heteroresistance at high levels of FLC.

The reversibility of resistance in almost all FLC-resistant
strains isolated from clinical cases may have caused contro-
versy as to whether acquired azole resistance occurs in C.
neoformans during azole therapy, even though FLC-resistant
C. neoformans strains have been isolated mostly from AIDS
patients undergoing FLC maintenance therapy.

It is not surprising to observe that the efficacy of FLC ther-
apy is much higher for infecting strains that have low levels of
heteroresistance (=8 pg/ml) since the maximal level of FLC in
cerebrospinal fluid is approximately 8 pg/ml (6, 53). As ex-
pected, increases in the frequency of subpopulations resistant
to 32 pg/ml FLC were not observed in the brains of H99-
infected mice treated with FLC. These results suggest that at
least 23.5% of the serotype A strains can cause infection in
which FLC therapy may not be efficacious even if resistant
subpopulations do not emerge during therapy. FLC therapy
significantly prolonged the survival of mice infected with
strains that exhibited heteroresistance at =8 pg/ml, and at
least 50% of serotype A strains isolated before 1979 belonged
to this category. However, analysis of CFU in the brains of
mice infected with strains of low-level heteroresistance (4
pg/ml and 8 pg/ml) revealed that FLC therapy caused the
emergence of subpopulations resistant at 8 pg/ml in both
groups. The analysis of CFU from the brains of untreated mice
infected with a strain heteroresistant at 4 pg/ml FLC showed
no emergence of subpopulations that could tolerate higher
levels of FLC throughout the treatment. The brains from
treated mice, however, yielded subpopulations resistant at 8
pg/ml FLC by day 12 of treatment. Since FLC is a fungistatic
drug, it is apparent that growth arrested in a majority of the
fungal cells sensitive to 8 pg/ml FLC while the heteroresistant
subpopulation slowly accumulated by day 12 of treatment.
Since the present study and previous reports have showed a
correlation between the in vitro susceptibility of C. neoformans
strains and the in vivo response to FLC (1, 49), heteroresis-
tance may well be a critical factor contributing to the FLC
treatment failure of cryptococcosis. Our study suggests that the
determination of each strain’s heteroresistance level prior to
the initiation of FLC therapy is warranted for the better man-
agement of cryptococcosis treatment.

Heterogeneous resistance can also develop in Candida albi-
cans after only short exposures to FLC, both in vitro and in
vivo (10, 29, 32). This rapid development of resistance has been
observed in C. albicans strains that cause disseminated infec-
tion in patients after receiving bone marrow transplantation
(27, 29). In these clinical isolates, resistance to the azole drugs
was transient, as the strains became susceptible after serial
transfers in the absence of the drugs (27, 28). A recent study by
Selmecki et al. (42) revealed an association between aneu-
ploidy and azole resistance in C. albicans. In the resistant
strains, the presence of extra left arms of chromosome 5 was
detected, and the gain and loss of this isochromosome were
strongly associated with increased and decreased azole resis-
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tance. It remains to be elucidated whether a similar mechanism
is responsible for the heteroresistance in C. neoformans.

In conclusion, FLC heteroresistance was found to be uni-
versal in C. neoformans strains tested and represents a novel
intrinsic adaptive mechanism for survival under the azole
stress. Not all strains heteroresistant at high levels of FLC were
hypervirulent, but all highly virulent strains manifested hetero-
resistance at high concentrations of FLC. This indicates that
determination of the heteroresistance level for the diagnostic
strain of each cryptococcosis case will offer helpful insights into
the management of long-term FLC therapy. Further studies
are necessary to elucidate the molecular mechanisms of het-
eroresistance.
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