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Research article
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The study of regulatory networks in human pathogens such as Cryptococcus neoformans provides insights into
host-pathogen interactions that may allow for correlation of gene expression patterns with clinical outcomes.
In the present study, deletion of the cryptococcal copper-dependent transcription factor 1 (Cufl) led to defects
in growth and virulence factor expression in low copper conditions. In mouse models, cu4f1A strains exhibited
reduced dissemination to the brain, but no change in lung growth, suggesting copper is limiting in neurologic
infections. To examine this further, a biologic probe of available copper was constructed using the cryptococ-
cal CUFI1-dependent copper transporter, CTR4. Fungal cells demonstrated high CTR4 expression levels after
phagocytosis by macrophage-like J774.16 cells and during infection of mouse brains, but not lungs, consis-
tent with limited copper availability during neurologic infection. This was extended to human brain infections
by demonstrating CTR4 expression during C. neoformans infection of an AIDS patient. Moreover, high CTR4
expression by cryptococcal strains from 24 solid organ transplant patients was associated with dissemination to
the CNS. Our results suggest that copper acquisition plays a central role in fungal pathogenesis during neuro-
logic infection and that measurement of stable traits such as CTR4 expression may be useful for risk stratifica-

tion of individuals with cryptococcosis.

Introduction

Cryptococcus neoformans has emerged as a major causative agent of
infection in immunocompromised hosts as a result of infections
such as AIDS as well as transplant conditioning regimens and
cancer chemotherapy (1). The most serious clinical manifesta-
tion of cryptococcal infection is meningoencephalitis, which is
occasionally associated with cryptococcemia and is a predictor
of poor outcome (2, 3). Cryptococcal pneumonia is also serious,
but it is associated with a better prognosis and is more preva-
lent in organ transplant and hematologic malignancy patients
(4-6). More recently, an immune reconstitution syndrome has
been described both in AIDS patients with the availability of
antiretroviral therapy (7) and in organ transplant/hematologic
malignancy patients (8). Overall, AIDS-related rates of crypto-
coccal infection have diminished in developed countries with
the advent of highly active antiretroviral therapy (HAART), but
the problem has remained stubbornly persistent in transplant/
hematologic patients. Clearly, a need remains for novel methods
for the treatment and control of this disease.

The transition metal copper is both required for growth of
fungi and highly sequestered by biologic buffers and proteins
within the mammalian host (9). This suggests a scenario whereby
the pathogen competes with the mammalian host for available
copper stores. Unfortunately, some patients at risk for cryptococ-

Nonstandard abbreviations used: BAL, bronchoalveolar lavage; BCS, bathocupro-
inedisulfonic acid; CSF, cerebrospinal fluid; Ctr4, copper transporter 4; Cuf1, copper-
dependent transcription factor 1; YPD, yeast extract/peptone/dextrose medium.
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cosis such as AIDS patients may be at a particular disadvantage
in the cellular battle with pathogens for copper, because these
patients have been shown to have elevated levels of copper in
serum (10, 11). The importance of intact copper homeostasis
in the fungal pathogen C. neoformans is suggested by the copper
dependency of at least 2 virulence factors, the Cu/Zn superoxide
dismutase (12) and the copper-containing laccase enzyme (13,
14). In addition, copper may prove to be particularly important
during fungal pathogenesis, because copper homeostasis also
affects iron through a requirement for copper by the high-affin-
ity iron transporter Fet3 (15).

While there is little doubt that copper is required for pathogens
such as C. neoformans, the question remains as to whether copper is
biologically limiting to the pathogen within the mammalian host.
To help address this question, we studied the role for a cryptococcal
homolog of copper-dependent transcription factor 1 (Cufl) and
its relationship to the Cufl-dependent copper transporter 4 (Ctr4)
during mammalian pathogenesis. These studies showed that cop-
per is indeed limiting to the fungus during infection of brain, but
not lungs of mice, the former, requiring the induction of the cop-
per transporter during infection in both mice and humans. Fur-
thermore, strain variation in expression levels of the CTR4 copper
transporter was evident within a cohort of primary cryptococcal
isolates from organ transplant patients, and that higher expres-
sion levels of this stable genetic trait were associated with brain
dissemination in these patients.

Results
Identification of a copper-dependent transcription factor in C. neoformans.
Complementation of one of a series of previously described lac-
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Deletion of CUF1 from C. neoformans yields a copper-sensitive phenotype. (A) Schematic of the Cuf1 protein from C. neoformans shows a
KGRP consensus sequence and multiple cysteine-rich domains (cysteines represented by circles). (B) Phenotypes of CUF1 mutants under
various copper conditions. Cells were diluted to an Ago of 0.2, serially diluted 1:5, and applied to YPD alone or YPD supplemented with either
750 uM BCS or 10 uM CuCl, at 37°C for 3 days. (C) Cells were incubated for melanin production as described in Methods (left panels) or on malt
extract for 5 days at 30°C and examined by India ink (middle panels) or incubated on Christensen’s agar for 2 hours (right panels).

case-deficient mutants (JEC111; ref. 16) identified a cryptococcal
homolog of the copper regulator CUFI. The cryptococcal Cufl
protein exhibits homology within the N terminus to DNA-bind-
ing regions described for the copper transcription factors, Acel
from Saccharomyces cerevisiae and Cufl from Schizosaccharomyces
pombe, both of which contain a KGRP consensus sequence (ref.
17 and Figure 1A). In addition, the cryptococcal Cufl contains a
C-terminal region and contains a cysteine-rich sequence containing
the consensus putative copper-binding motif 3*C-X-C-X5-C-X-
C-X,-C-X,-H common to the copper-sensing transcription factor
Macl from S. cerevisiae and Cuf1 from S. pombe (18). Identification of
a cryptococcal Cufl homolog provides a unique tool to study the role
of copper homeostasis during pathogenesis, because Cuf1 is believed
to be exclusively a copper-dependent transcription factor (18, 19).
As predicted by the JEC111 mutant, a targeted c#fIA mutant
showed decreased laccase activity and a severe growth defect at
low copper concentrations, achieved through the addition of the
copper chelator bathocuproinedisulfonic acid (BCS); this growth
defect was restored after addition of 10 uM CuCl, (Figure 1B), as
previously described for macl- and cufl-null alleles of S. cerevisiae
and S. pombe, respectively (17, 20). Lack of sufficient intracellular
stores of copper would be expected to result in ineffective copper
loading of the mitochondrial Cox1 enzyme, which was confirmed
by the severe growth defect exhibited in Figure 1B (21). Growth in
yeast extract/peptone/dextrose medium (YPD) without copper was
mildly attenuated (Figure 1B), suggesting a mild deficiency of cop-
per in this media; however, addition of 1 mM hydrogen peroxide or
2 ug/ml menadione caused no additional growth reduction (data
not shown), suggesting no increased sensitivity to oxidant stress of
the mutant. However, the cryptococcal cuf1A mutant showed intact
expression of capsule and urease (Figure 1C), suggesting sufficient
metal stores for these activities under the conditions tested.
Reduced virulence of a cryptococcal cufl A mutant strain. We next used
the cuflA strain in order to assess the virulence of a cryptococcal
strain dependent on copper repletion for effective growth and viru-
lence factor expression. As shown in Figure 2A, deletion of CUF1
resulted in attenuated virulence in an i.v. mouse model of crypto-
coccosis despite a very large inoculum of 10° cells; application of the
same number of WT cells caused rapid development of meningoen-
cephalitis and death (P < 0.01, cufIA versus WT and cufIA::CUFI).
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Parallel experiments comparing virulence of a lacIA mutant to
that of the WT in the same genetic background using the same i.v.
model found a smaller reduction in virulence in the lacIA mutant
(median survival, WT, 7 days; lacIA, 11 days; P < 0.05 [data not
shown]) as reported previously for this fungal genetic background
in a different mouse model (22), which suggests that the attenuated
virulence of the cufIA mutant was not solely caused by its defect in
laccase activity. These data show the importance of CUFI in the
expression of laccase and virulence and provide genetic evidence in
support of the importance of intact copper homeostasis in crypto-
coccosis. To further understand the nature of the requirement for
copper of the cufIA mutant during pathogenesis, we assessed lung
fungal burden in a pulmonary model using CBA/J mice (23). As
shown in Figure 2B, WT and cufIA mutant cells showed equivalent
pulmonary fungal burden over 4 weeks, suggesting that efficient
copper acquisition and processing is less essential to C. neoformans
during pulmonary infection. Brain dissemination in the intrana-
sal CBA/J model for all fungal strains was not sufficient to allow
statistically analyzable comparisons between strains. To corrobo-
rate the similarity of growth in the lung using the i.v. model, a time
course of fungal burdens was conducted after i.v. injection of 10°
WT and cufIA fungal cells. As shown in Figure 2C, cufIA and WT
cells showed equivalent growth in the lung in this second model
(P =0.49), whereas the rate of cufIA growth in the brain was reduced
compared with that of WT cells (P = 0.006), consistent with the
attenuated virulence of the mutant shown in Figure 2A. Cells in the
spleen showed a trend toward reduced growth of the mutant, but
this was not statistically significant (P = 0.10).

CTR4 expression as a copper-dependent biologic probe in murine macro-
phages and during infection of mice. Copper-associated defects in the
cufl A mutant suggested that a copper transporter, such as a CTR4
homolog recently identified for use as an inducible promoter in
C. neoformans (24), may show CUFI dependence. As shown in Fig-
ure 3A, CTR4 showed a high level of CUFI-dependent activation
under copper-limiting conditions as assessed by Northern blot, as
described previously for S. pombe (18). Furthermore, expression of
a CTR4-GFP fusion protein in WT C. neoformans under its native
promoter allowed for visualization of the gene’s expression levels
(Figure 3B) and quantitation by flow cytometry (Figure 3C), both
of which demonstrated expression of CTR4 under copper-limit-
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Figure 2

Effect of CUF1 deletion on survival in mice
and pulmonary fungal burden. (A) Swiss
albino mice were injected by tail vein with
10¢ of the indicated cells, and their prog-
ress was followed until they were mori-
bund. (B) CBA/J mice were intranasally
inoculated with 105 of the indicated cells
and at the indicated time points (0 weeks
corresponds to 24 hours), mice were sac-
- rificed, and their lungs were removed and
cultured for growth of fungal cells on YPD.
Data are mean + SEM cfu perorgan.n=3
per time point. Only 1 of the mice infected
with cuf1A cells and assigned for sacrifice
at 3 weeks survived. (C) Swiss albino mice
were injected as in A and sacrificed at the
indicated time points, after which the indi-
cated organs were removed and cultured
for growth of fungal cells on YPD.
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ing conditions and suppression after addition of as little as 1 uM
of copper salts (Figure 3D). In addition, CTR4 expression was not
induced in the presence of copper after glucose starvation or incu-
bation with oxidants such as 1 mM hydrogen peroxide or 2 ug/ml
menadione (data not shown). In contrast, cuf1A cells expressing an
equivalent CTR4-GFP construct did not exhibit copper-deficient
CTR4 expression, as expected (data not shown).

Next, CTR4-GFP expression was used to provide a biologic probe
of copper availability to the fungus within the macrophage-like
cell line J774.16 (25). After phagocytosis of cryptococcal cells,
CTR4 was initially repressed at 1 hour as a result of exogenous
copper added to the fungal growth media prior to inoculation
(Figure 4A). However, after 48 hours, intracellular cryptococcal
cells, demonstrated by colocalization with tetramethylrhodamine-
labeled dextran, showed fluorescence indicative of CTR4 expression
(P < 0.001, intracellular fungi versus all other groups; Figure 4, A
and B). In contrast, phagocytosis of cryptococcal cuf1A mutant cells
transformed with the equivalent CTR4-GFP construct in equiva-
lent copy number did not show expression of CTR4-GFP, consis-
tent with the notion of CUFI-dependent activation of CTR4. These

Figure 3

CUF1 activates CTR4 under low copper conditions. (A) Northern blot
analysis was performed using RNA from the indicated cells grown on
YPD and then incubated for 3 hours in asparagine salts with BCS or
copper as indicated. (B) Epifluorescence of C. neoformans express-
ing a CTR4-GFP fusion protein under the native CTR4 promoter on
asparagine salts as in A and supplemented with either 10 uM BCS or
3 uM CuCls,. BF, bright field. Original magnification, x1,000. (C) Equiv-
alent cells incubated as in B were analyzed by cell flow cytometry as
described in Methods. The shaded histogram corresponds to signal
from cells supplemented with Cu, and the open histogram corresponds
to signal from cells treated with BCS. (D) Plot of mean peak position
of epifluorescence by flow cytometry of CTR4-GFP—expressing cells
incubated as in A and supplemented with the indicated concentrations
of ether BCS or copper.
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data suggest that cryptococcal CTR4 activation is CUFI dependent
within phagolysosomes of the J774.16 macrophage cell line, likely
a result of its copper-limiting environment. Furthermore, fungal
cells recovered from mouse brains showed a high level of CTR4-
GFP expression (Figure 4, C and D) compared with equivalent cells
transformed with a plasmid not expressing CTR4-GFP (as a control
for autofluorescence), consistent with limited copper availability
during brain infection. In contrast, C. neoformans WT and cuf1A
cells recovered from mouse lungs in a pulmonary model did not
express CTR4-GFP, which suggests a greater availability of copper
in this host tissue or a reduced requirement for copper by the fun-
gus (Figure 4D). However, insufficient fungal cells were obtained
from the brains of CBA/J mice to evaluate CTR4 expression.

BF

c +Cu
150 D
c 07
o
‘@ 06
100
2 4
2 : E: 05
W sg pod
S 04
0 s
101 100 100 102 10° 03
Fluorescence intensity 19 5 0 5
BCS (uM) Cu (uM)
Volume 117  Number3  March 2007



EIWT + CTR4-GFP

50~ [JcufiA + CTR4-GFP

25
pEe=— = = —

Intra Extra Intra Extra

48 h

Fluorescent cells (%)

107 10° 10 107

Fluorescence intensity
D WT:CTR4-GFP

cufiA Control

Expression of CTR4 in human cryptococcosis. To determine whether the
above findings in mice could be applied to human cryptococcosis,
we assessed CTR4 expression in human cryptococcosis. The patient
was a 42-year-old male with fatal cryptococcosis that was reported
previously (26). In situ hybridization was performed with an anti-
sense RNA strand or a sense strand (negative control) of a 237-bp
fragment encoding a nonconserved region of the C terminus of
C. neoformans CTR4. A positive hybridization signal was detected only
in sections probed with the antisense probe (Figure 5A), whereas sec-
tions probed with the corresponding sense probe showed no hybrid-
ization to yeast forms (Figure 5B). Sections were also stained with
mucicarmine specific for C. neoformans capsule (Figure SC) and H&E
(Figure SD). These data demonstrate cryptococcal CTR4 expression
during human infection, extending a requirement for efficient fun-
gal copper acquisition to human disease.

In order to further examine the role of C. neoformans CTR4 expres-
sion in human infection, we assessed CTR4 expression in 24 consec-
utive primary clinical isolates from patients receiving solid organ
transplants; isolates were collected as part of an ongoing study of
C. neoformans infection in organ transplant patients (27). All strains
were established to be serotype A strains (28). The patients included
in the present study were restricted to those receiving solid organ
transplant with a positive serum cryptococcal antigen and positive
fungal cultures from either bronchoalveolar lavage (BAL), lung
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Figure 4

Expression of CTR4 in macrophages and mouse brain dem-
onstrates low copper availability during infection. (A) WT or
cuf1A cells expressing equivalent CTR4-GFP constructs
under the CTR4 promoter were incubated with the mac-
rophage-like cell line J774.16 for the indicated times; 200
intracellular (Intra) and extracellular (Extra) were scored for
the presence of epifluorescence at the indicated time points.
(B) Representative intracellular fungal cells from A were
visualized by epifluorescence and intracellular colocalization
by Tetramethylrhodamine-labeled dextran after phagocyto-
sis as described in Methods. Original magnification, x1,000.
(C) C. neoformans cells expressing either CTR4-GFP (open
histogram) or empty plasmid (shaded histogram) were
injected (108 cells) by tail vein into Swiss albino mice and
after sacrifice, fungal cells were harvested from their brains,
and epifluorescence was measured by flow cytometry. (D)
Representative cryptococcal cells from C were visualized by
microscopy after recovery from the brains and lungs of intra-
nasally injected CBA/J mice. DIC, differential interference
contrast. Original magnification, x1,000.
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biopsy, pleural fluid, or cerebrospinal fluid (CSF) (see
Table 1). Those diagnosed with CNS infection had a posi-
tive CSF culture at the time of diagnosis, while those with
pneumonia alone had at least 1 lumbar puncture at the
time of diagnosis thatyielded a negative cryptococcal anti-
gen and negative fungal cultures. One patient that had a
positive BAL culture but did not have a cryptococcal anti-
gen performed was excluded prior to the study because of
a concern that the BAL culture may represent coloniza-
tion. As shown in Table 1, the immunosuppressive regi-
men was predominately anticalcineurin based, with 9 in
the pulmonary group and 10 in the CNS group receiving
such agents. Induction of fungal CTR4 was performed on
primary isolates in 2 independent experiments to assess
the genetic stability of the phenotype in each isolate. For
our in vitro induction media, we chose asparagine salts without

Bun

glucose (pH 6.5) because this provided a convenient in vitro test
that could be adapted for high throughput use in later clinical tri-
als and because this media was found to induce both CTR4 and
laccase in the laboratory reference strain, H99, and laccase has also
been demonstrated to be expressed during brain infection in mice
(13). Only a single induction condition was chosen because of a
concern that multiple comparisons between groups may reduce the
statistical power of the comparison.

Interestingly, as shown in Figure 6, CTR4 expression varied widely
between the clinical isolates (Figure 6A) but showed reproducible
CTR4/ACTI1 ratio values for each strain in duplicate experiments
(Figure 6B). In contrast, the essential gene, ACT1, was expressed
uniformly among isolates, varying less than 5%, as reflected by
the intensity of ribosomal bands visualized by ethidium bromide
staining of the gel. In addition, dot blots of genomic DNA from
the clinical isolates showed uniform CTR4/ACT]I ratios, varying
no more than 5% between isolates, which demonstrated that the
wide variation in hybridization signals in the CTR4 Northern blot
was not due to intrastrain variation in CTR4 sequence (data not
shown). Interestingly, numerous strains causing CNS infection
expressed high levels of CTR4 compared with isolates causing only
pulmonary disease. In addition, the mean CTR4/ACT1 ratio was
significantly elevated in these isolates compared with those caus-
Volume 117 797
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CTR4 expression during human cryptococcosis suggests low avail-
able copper stores during fungal infection. (A) In situ hybridization of
C. neoformans—infected brain tissue hybridized with an antisense
CTR4 digoxigenin-labeled RNA probe. Arrows indicate alkaline
phosphatase—positive yeast cells. (B) In situ hybridization of C. neofor-
mans—infected brain tissue hybridized with a sense CTR4 digoxigenin-
labeled RNA probe. Arrows indicate alkaline phosphatase—negative
yeast cells. (C) Mucicarmine stain of C. neoformans—infected brain tis-
sue. Arrows indicate mucicarmine-positive yeast cells. (D) H&E stain of
C. neoformans—infected brain tissue. Arrows indicate unstained yeast
cells. Original magnification, x400.

ing pulmonary disease only (P = 0.043). In a secondary analysis,
isolates with CTR4/ACT1 ratios greater than 4.15, the mean value
of the CNS isolates, were significantly more likely to disseminate
to the brain (P = 0.022, Fisher’s exact test), with an odds ratio of
16.8. In addition, because of a concern that 5 patients in the CNS
infection group received different immunosuppressive regimens
than did members of the pulmonary infection group (Table 1),
additional analysis was performed comparing only the patients in
each group receiving anticalcineurin-based regimens (i.e., exclud-
ing patients 11,12, 14,17, and 18 from Figure 6). According to this
secondary analysis, the association of mean levels of CTR4/ACT1
with CNS infection increased in significance, as CTR4/ACT1 levels
more highly correlated with dissemination to the CNS (P =0.019).
Interestingly, when isolates from representative high expressors
(patients 16 and 22) and low CTR4 expressors (patients 8 and 9)
were each inoculated i.v. into 10 Swiss albino mice at a 10* inocu-
lum, mouse survival was lower and brain cfu counts at day 8 were
higher in the high-expressor group than in the low-expressor group
(mean + SEM survival, patient 16,9.1 + 0.2 days; patient 22,9.5 £+ 0.2
days; patient 8, 20 = 0 days; patient 9, 13 + 1.4 days; brain
cfu + SEM, patient 16, 1.4 + 0.5 x 107; patient 22, 1.1 + 0.2 x 107,
patient 8,4.9 + 0.9 x 105; patient 9, 7.8 + 1.0 x 10°; P < 0.01, survival
and cfu counts between all patients with the exception of patients
16 and 22). However, because mouse models for cryptococcosis
have not been validated regarding the ability to predict strain-
related virulence in humans, conclusions about the contribution
of CTR4 expression and virulence in these isolates must be inter-
preted with caution. Nevertheless, while such a result in a small
sample size requires validation in larger trials for clinical applica-
bility, it appears that CTR4 expression was predictive of dissemi-
nation toward CNS infection in this cohort of 24 clinical isolates.
Because of a low number of deaths among the groups (6 deaths),
we were not able to analyze for outcome by this parameter.
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Discussion
In the present study, isolation and deletion of a copper-dependent
transcription factor, Cufl, in the fungal pathogen C. neoformans
allowed for analysis of the role of copper homeostasis during fungal
infection. As expected, the cryptococcal cufl1A deletion strain exhib-
ited copper-suppressible growth and virulence factor defects. More
interestingly, virulence of the cufIA deletion strain was attenuated
compared with WT or CUFI-complemented cells using an i.v. dis-
semination model dependent on production of fatal meningoen-
cephalitis (23). However, lung fungal burden of the cufIA mutant
after intranasal or i.v. challenge was equivalent to that of the WT,
suggesting that the copper-suppressible phenotype is more associ-
ated with the development of neurologic rather than pulmonary dis-
ease. While copper has not to our knowledge been directly implicated
in fungal virulence prior to these studies, the importance of effective
copper acquisition and processing by pathogens has been suggested
by an association in Candida albicans of the copper transporter Ctrl
and iron uptake (29), the role of C. albicans MACI in filamentation
and invasive growth of S. cerevisiae (30), and differential expression of
copper-related genes during phenotypic switching (31), traits asso-
ciated with virulence in C. albicans. Indeed, competition for copper
within the host may represent a general principle of microbial host
defense, as increases in septic death have been observed following
liver transplant in patients with Wilson disease, which is associated
with copper excess (32). This finding suggests that, in addition to
possible immune dysregulation effects (33), excess copper stores
could tilt the balance of infection toward pathogens such as C. neo-
formans by providing a more ready source of the required metal.
Because transcription of CUFI is constitutive, activating genes by
a posttranslational mechanism (34), we used transcriptional levels
of a copper/CUFI1-dependent copper transporter, CTR4, fused to a
GFP reporter gene in order to biologically probe both CUFI activity
and copper levels as sensed by the fungal pathogen. Historically,
copper levels have been notoriously difficult to evaluate because

Table 1
Clinical and demographic characteristics of the study patients
and transplant recipients with C. neoformans infection

CNS
(n=15)
47 (26-68)

Characteristic Pulmonary
(n=9)

Age, yr (range) 53 (27-77)

Transplant type
Kidney
Kidney-pancreas
Liver

Heart

Lung

10
1
4

— N w | w

Immunosuppressive regimen
Anticalcineurin-based
Tacrolimus and prednisone
Tacrolimus, azathioprine, and prednisone
Tacrolimus, MMF, and prednisone
Cyclosporine, MMF, and prednisone
Tacrolimus only
Other
Azathioprine and prednisone -
MMF and prednisone -

| — oMM A~ ©
—hOo | NS

MMF, mycophenolate mofetil.
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Figure 6

CTR4 expression varies among cryptococcal isolates, and high levels of expression confer greater ability to disseminate to the brain in human
patients. (A) Twenty-four C. neoformans primary isolates were obtained from consecutive patients (or an H99 laboratory strain) as described in
the Methods. Cells were induced by inoculation in asparagine salts, and RNA was obtained and subjected to Northern blot using a fragment of
the indicated gene. Ribosomal RNA (rRNA) was visualized by ethidium bromide staining of gels. (B) Northern blots were conducted in duplicate,
and CTR4/ACT1 ratios were calculated for the indicated strains by densitometry. (C) Plot of CTR4/ACT1 ratios according to infected organ.

Horizontal lines indicate the mean value for each group. P = 0.04.

the metal’s biologic availability is heavily dependent on the degree
of sequestering by numerous proteins and buffers and may also be
dependent on its oxidation state, making bulk measurements of tis-
sue quantities uninformative (35). Interestingly, cryptococcal CTR4
expression was found to be highly induced during macrophage
residence in a J774.16 cell line, suggesting that the availability of
copper to the intracellular pathogen is insufficient for its meta-
bolic requirements. Macrophage residence is an important envi-
ronmental niche during pathogenesis of C. neoformans (36). Reduc-
ing macrophage copper content could thus be a specific defense
mechanism, limiting infection by depriving the pathogen of an
essential nutrient. Poor biologic availability may also be caused
by an unfavorable oxidation state of the copper ion, which can be
altered by macrophage-secreted molecules such as nitric oxide (37).
Alternatively, minimization of copper stores in macrophages could
represent a regulatory phenomenon, as copper has been shown to
induce release of iron stores through a regulation of macrophage
FPNI1 expression (38). High expression levels of CTR4 were also
exhibited by cryptococcal cells recovered from mouse brains, con-
sistent with low levels of available copper in this organ. This could
be a result of low levels of copper within macrophages containing
intracellular fungi or of specific mechanisms within the brain that
limit the availability of copper. It is worth noting that excesses of
copper have been associated with pathologic neuronal apoptosis,
which leads to Alzheimer disease, Parkinson disease, and amyo-
trophic lateral sclerosis (39). In addition, endocytosis by neuroen-
dothelial cells is thought to represent a mechanism for neurodis-
semination of C. neoformans (40) and could represent a low-copper
intracellular environment similar to that of macrophages that
would require efficient fungal copper acquisition for successful
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brain invasion. In contrast, CTR4-GFP expression in cryptococcal
cells recovered from the lung was suppressed, suggesting that cop-
per stores may be less limiting during pulmonary infections, con-
sistent with the pulmonary fungal burden data showing growth of
cuflA cells similar to that of WT cells. These effects may be caused
by a requirement of higher levels of copper in lung tissue to prevent
acute lung injury, which is associated with copper suppression of
excessive MMP-2 and MMP-9 activity (41). Alternatively, metabolic
requirements for copper by the fungus may be lower in lung tissue
than in the brain, resulting in a less copper-limiting environment
and reduced CTR4 expression during pulmonary infection. In addi-
tion, it is possible that heterogeneity in other phenotypes, such as
cytokine response to antigen (42), could also contribute to differ-
ential CTR4 expression patterns.

Recently, there has been interest in approaches that may allow
stratification of clinical outcomes based on unique genetic attri-
butes (43). This prompted an examination whose results showed
that cryptococcal CTR4 expression, under equivalent in vitro condi-
tions, varied among patient isolates from organ transplant recipi-
ents; these expression levels correlated with a propensity for dis-
semination to the CNS, which is associated with poor outcome (2).
This is not to say that CTR4 expression is the sole determinant of
CNS dissemination in cryptococcosis. In infectious diseases such
as cryptococcosis, the outcome of an infection is determined by a
complex array of properties from both the host and the pathogen.

Regarding the pathogen, classical virulence studies have empha-
sized qualitative differences between isolates (i.e., having a capsule or
not having a capsule); however, in a real-world environment, strain-
to-strain variability is more a reflection of quantitative differences.
Thus, to understand differences in virulence between unrelated WT
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strains, it may be important to characterize regulatory pathways,
such as CUF1/CTR4, responsible for the natural phenotypic varia-
tions that can contribute to the ability of individual pathogens to
successfully thrive in the mammalian host. Attributes that are essen-
tial for growth under all conditions, such as actin expression by the
ACTI gene (44), may be so essential that they are under strong evo-
lutionary pressure to maintain uniform expression among strains,
as demonstrated in the present study, much in the way that amino
acids within the active sites of enzymes are more invariate among
strains than are those in the more dispensable folding regions out-
side of the active site (45). Nonessential genes that are nevertheless
important for survival in the host have recently been described as
conveying properties of pathogenic fitness (46). Lack of an absolute
requirement for survival in the environment may thus allow greater
transcriptional variation in genes of pathogenic fitness, such as we
observed for CTR4 among the cohort of patient isolates in the pres-
ent study. It is notable that CTR4 expression levels in vitro did not
predict CNS dissemination in all isolates tested. Thus, CTR4 gene
expression may be one of several factors that mediate the biological-
ly complex propensity of this organism to disseminate to the CNS.
Nevertheless, high expression of genes such as CTR4 may be associ-
ated with more successful pathogen strains that are more efficient
at survival in the copper-deficient conditions of the host, allowing
coordinate expression of virulence factors (47) such as laccase used
to identify the cyfIA mutant in these studies. These results were sug-
gested by our mouse studies, in which the copper-sensitive cufIA
mutant cells displayed attenuated virulence despite a high fungal
inoculum. However, the effect of copper acquisition appeared to be
even greater during human infection, perhaps due to differences in
host tissue and smaller fungal burdens expected early in infection,
and points to the importance of translating animal experiments to
the human condition. In conclusion, while these findings require
validation in larger clinical studies for generalizability, they suggest
that robust methods might be developed that allow for risk stratifi-
cation of patients’ isolates based on genetic variability in the regula-
tion of pathogenic fitness genes such as CTR4.

Methods

Fungal strains, plasmids, and media. The C. neoformans ATCC 208821 (H99)
strain was a generous gift of J. Perfect, Duke University, Durham, North
Carolina, USA. Strain H99FOA19, a uracil auxotrophic mutant derived
from H99 (48), was employed as a recipient strain for creating targeted
gene deletion. The strains were grown in YPD (2% glucose, 1% yeast extract,
2% Bacto-peptone) or YPD agar followed by incubation in asparagine salts
without glucose (1 g/l asparagines; 10 mM sodium phosphate, pH 6.5;
and 0.25 g/l MgSO.) for CTR4 expression. Asparagine minimum selective
media for transformant selection and detection of laccase production were
previously described (49). Plasmid pCIP, containing the URAS gene, was a
kind gift of KJ. Kwon-Chung, NIH, Bethesda, Maryland, USA. Plasmids
containing the hygromycin resistance gene were a gift of G. Cox, Duke Uni-
versity, Durham, North Carolina, USA (50).

Cell lines and culture media. J774.16 (ATCC) is a murine macrophage-like
cell line derived from a reticulum sarcoma. Cells were maintained at 37°C
in 10% CO; in DMEM (Invitrogen) that was supplemented with 10% heat-
killed FCS (Harlan), Cellgrow 1x nonessential amino acids (Mediatech),
Cellgrow 100 mg/ml penicillin/streptomycin, and 10% NCTC-109 medium
(Invitrogen). Cell lines were used between 5 and 15 passages.

Disruption and complementation of CUF1. Chemical methods were used to
isolate a laccase-deficient mutant, JEC111 (a kind gift of J. Edman, UCSF,
San Francisco, California, USA; ref. 16). The mutant was complemented by a
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cryptococcal complementation library (kindly provided by J. Heitman, Duke
University, Durham, North Carolina, USA) as described previously (51). One
plasmid was found to complement the mutant and contained a 7.4-kb frag-
ment of a cryptococcal gene containing a single annotated sequence (anno-
tation 177.m03070; http://www.tigr.org/tigr-scripts/euk_manatee/shared/
ORF_infopage.cgi?db=cnal&orf=177.t00214).

To make the CUFI deletion construct, a 2.7-kb genomic fragment encom-
passing the major part of the CUFI open reading frame was PCR amplified
and subsequently cloned into pBluescript SK (Stratagene), and a 1.3-kb
PCR-amplified fragment of the C. neoformans transformation marker URAS
(52) was inserted within 2 PstI sites, resulting in a 1.3-kb disruption within
CUF1I. C. neoformans strain H99FOA19 was then transformed by biolistic
transformation, transformants were screened by PCR (50), and the deletion
was confirmed by Southern blot analysis. Digestion of WT C. neoformans
DNA with Sacl yielded a 7.7-kb band hybridized with a 6-kb fragment of
the CUFI gene, whereas mutant DNA digested and hybridized in the same
way resulted in 2 bands (5.8 kb and 1.7 kb) because of a SacI restriction site
within the URAS transformation marker. The c#fIA mutant strain was then
complemented using a 6-kb genomic fragment and a hygromycin resistance
cassette (50) as previously described (48). Genomic insertion of the comple-
mented gene was confirmed by Southern blot analysis of uncut DNA.

Construction of a CTR4-GFP cryptococcal expression plasmid. The crypto-
coccal shuttle vector pPORA-KUTAP was used to express a fusion protein
between the CTR4 promoter region and a recently described GFP possess-
ing C. neoformans codon usage (53). First, pPORA-KUTAP containing the
synthetic GFP upstream of the EF-1a. terminator was digested with Bg/II
and EcoRI to remove the ACT1 promoter; next, a PCR-amplified fragment
of genomic DNA from H99 (using primers GCCGCCGGATCCCAGAT-
TAAGTGAAGCAAG [CTR4-857S-Bam| and CTTGGAATTCCCCAT-
GTTCATGTGGCTGTG [CTR4-1934A-RI]) was digested with compatible
enzymes and ligated to produce pCTR4-GFP. The plasmid was recovered,
verified by sequencing, linearized with Scel, and transformed into either
H99FOA19 or cufl AFOA cells by standard methods of electroporation (48).
Transformants were selected by equivalent copy number demonstrated on
uncut Southern analysis as described previously (54). For in vitro expres-
sion, cells were incubated in asparagine salts containing 2% glucose with
the indicated amounts of copper (data not shown) or copper chelators,
1 mM hydrogen peroxide, or 2 ug/ml menadione as described previously
(53) overnight and then examined either by deconvolution microsocopy
using an IX-70 Olympus microscope or by flow cytometry. GFP fluores-
cence was examined in each cell using an EPICS Elite ESP flow cytometer
gated to exclude aggregates using time of flight. GFP signal was collected
using a 550-nm pass dichoic and a 525-nm bandpass filter.

Macrophage phagocytosis and CTR4 expression. The J774.16 macrophage-like
cell line (ATCC) was used to evaluate the ability of the C. neoformans cells to
grow inside macrophages and express CTR4-GFP using a previously described
method for cryptococcal phagocytosis (55). Briefly, cells were allowed to grow
for 5-7 days in DMEM (Cellgro) supplemented with 10% FCS and harvested
from monolayers. Macrophage concentration was adjusted to 10° cells/ml,
and 100 ul of the macrophage suspension was added to each well of a
96-well plate. The cells were primed with murine IFN-y (Sigma-Aldrich)
at a concentration of 50 U/ml and were incubated at 37°C, 5% CO, over-
night. Yeast cell suspensions (107 per ml) of WT H99, WT::CTR4-GFP, and
cuf1A:CTR4-GFP were prepared from fresh cultures in 2% glucose, asparagine
salts agar containing 10 uM CuCl, opsonized with 100% mouse serum and
incubated at 37°C for 1 hour. To each well in the 96-well plate, 10* serum-
opsonized cryptococcal cells were added plus 50 U IFN-y (Sigma-Aldrich) and
1 ug LPS and a suspension of TMR-labeled dextran (1 x 106 MW, Invitrogen)
to allow colocalization of fungal cells and the phagolysosome as described
previously (56) and incubated at 37°C 5% CO,. After 1 hour, extracellular
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yeast cells and dextran were removed by washing with PBS 3 times. Cells were
then examined at 1, 24, and 48 hours by epifluorescent microscopy using an
IX-70 deconvolution microscope and Slidebook version 4 software (Intelli-
gent Imaging Innovations Inc.). All experiments were performed in triplicate,
and the results of 1 representative experiment are shown.

In situ hybridization. The method of Panepinto et al. (26) was used. Briefly,
formaldehyde-fixed tissue was sectioned (4-um sections), dewaxed with
xylene, and rehydrated. A 237-bp PCR-amplified fragment of a CTR4 exon
from H99 genomic DNA (using the primers GCCGCCTCTAGACCCT-
GCGCGCCATCCTTC [CTR4+434A-Xba] and GCCGCCCTCGAGAT-
GTTGCTCAACTTCAACACCG [CTR4+197S-Xho]) was subcloned into
pBluescript SK (Stratagene), verified by sequencing, transcribed using T7
polymerase, and labeled with U-digoxigenin according to the manufac-
turer’s instructions (Roche Diagnostics). Tissue sections were subjected to
RNA denaturation with sequential washes with 0.2 N HCI, washed twice
with SSC at 70°C, blocked with buffer containing iodoacetamide and
N-ethylmaleimide, and dehydrated. Serial sections were hybridized with
either sense or antisense probes at 50°C overnight, then washed at the same
temperature in RNAase-free buffer. Slides were incubated with a second alka-
line phosphatase-conjugated secondary antibody overnight at 4°C, washed,
and visualized with 5-bromo,4-chloro,3-indolylphosphate/nitroblue tetra-
zolium substrate and counterstained with Fast Red (Sigma-Aldrich).

Participants and sample collection. Patients were recruited as part of an
ongoing study of C. neoformans infection in organ transplant patients
(57). Briefly, patients undergoing solid organ transplant who had a cryp-
tococcal isolate from sterile fluid and a confirmatory positive crypto-
coccal antigen were recruited from the University of Pittsburgh Medical
Center. All study protocols were approved by the respective institutional
review boards at the University of Pittsburgh and the University of Illinois
at Chicago. Frozen stocks of primary patient isolates were divided into
2 independent cultures and grown on YPD agar for 5 days, after which
a fresh mid-log phase culture was induced for CTR4 by incubation in
asparagine salts for 3 hours at 30°C as described previously (26). RNA
and DNA was harvested, and Northern blot or dot blots were performed
as described previously (48) with a PCR-amplified fragment of CTR4 from
strain H99 using the primers CAGATTAAGTGAAGCAAG (CTR4-1)
and CCCATGTTCATGTGGCTGTG (CTR4-2) or ACTI from the same
strain using the primers GCTGGTGACGACGCTCCC (ACT1-MA-F) and
GCAAGGATAGAACCACCGATCC (ACT1-MA-R).
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Virulence factor expression and virulence studies. Capsule was measured by
India ink microscopy (48), urease production was assessed by incubation
on Christensen’s agar (58), and the method of Liu et al. (59) was used to
measure laccase activity. Virulence studies were conducted according to
a previously described i.v. mouse meningoencephalitis model (14) using
Swiss albino mice or an intranasal model using CBA/J mice (12). Animal
studies were approved by the University of Illinois at Chicago Animal Care
Committee. Studies involving human tissue were approved by the Univer-
sity of Illinois at Chicago Office for the Protection of Research Subjects
and the Institutional Review Board (protocol no. 2004-0600).

Statistics. Statistical significance of mouse survival times was assessed
by Kruskall-Willis analysis (ANOVA on Ranks, GraphPad Prism software,
version 4.03) as described previously (60). Differences between expression
levels in the human C. neoformans isolates were assessed by a nonparamet-
ric 2-tailed unpaired Student’s ¢ test with Welch’s correction. An F test
was performed, which showed the variances were significantly different
(P =0.022). Fisher’s exact test was performed as described previously (61).
Survival in mice of the human isolates was compared using a 1-way analy-
sis of variance with a post-test Bonferroni correction for multiple compari-
sons as described previously (61). In mouse mortality studies, experiments
were terminated for humanitarian reasons once significance between
groups was established; for statistical comparisons, time of death of the

survivors was recorded as the day of experimental termination.
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