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Functional genomics has become a major focus in the study of microbial pathogenesis. This study used a
functional genomic tool, differential display reverse transcription-PCR, to identify a transcriptional profile of
Cryptococcus neoformans cells as they produced meningitis in an immunosuppressed host. This serial global
gene expression during infection allowed for the identification of up- and down-regulated genes during
infection. During this profiling, a single gene for the enzyme isocitrate lyase (ICL1) was found to be up
regulated at 1 week of infection in a rabbit meningitis model and during a time of maximum host cellular
response. The finding suggested that this enzyme and the glyoxylate shunt pathway are important to this
yeast’s energy production during infection. However, site-directed ic/] mutants had no apparent virulence
defect in two animal models and no growth defect within macrophages. These observations suggest that
although the yeast responded to a certain environmental cue(s) by an increase in ICL1 expression during
infection, this gene was not necessary for progression of a C. neoformans infection. Compounds that specifically
target only ICL1 are unlikely to cripple C. neoformans growth in vivo.

The basidiomycete Cryptococcus neoformans has become an
attractive model yeast for molecular pathogenesis studies and
identification of drug targets. It possesses a series of important
features which make it a particularly useful molecular model
pathogen. First, it is an important human pathogen whose
incidence of life-threatening infections dramatically increased
during the human immunodeficiency virus pandemic, thus
making its appearance as a worldwide opportunistic infection
(38). This infection can occur in both immunocompetent and
immunocompromised individuals. Current therapeutic regi-
mens are helpful in the management of infections, but the need
for prolonged therapy in some patient populations and the
frequent occurrence of failures demonstrate that further fun-
gicidal drug regimens remain an important clinical need (7).
Second, it is a sexual yeast with the ability to perform genetic
crosses that allow for the use of genetic recombination and
offers the ease of working with a haploid genome. Third, there
is a firm understanding of the pathophysiology and immunol-
ogy of this infection which adds insight into the relevance of
the host (6, 39). Fourth, there are several excellent, robust
animal models in which the proof of concept for virulence
studies can be examined and used for the study of different
treatment strategies. Fifth, there are already a series of genes
in C. neoformans associated with infection and their quantita-
tive and qualitative impact on virulence has been described
through gene disruption experiments. These genes include
those for the following: capsule formation (8-11, 27), melanin
production (20, 31, 49), high-temperature growth (36, 48),
purine metabolism (47), myristylation (32), topoisomerase
(54), signal transduction (2, 3, 12, 18, 41, 55), alpha-mating
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type locus (30), phospholipase (13), urease (14), and manno-
sylation (57). In addition to a single gene disruption strategy, a
more global approach has used signature-tagged mutagenesis
to identify virulence genes (40). Furthermore, it has also been
shown that with the use of a double-gene knockout, genes can
act synergistically to complete the virulence phenotype (55). It
is clear that a further understanding of the molecular virulence
composite of C. neoformans can be achieved by using one or
more genes at a time.

In conjunction with the direct strategy of selecting a specific
gene(s) or phenotype(s), another approach to identify poten-
tial genes involved in the virulence composite is to use the
array of functional genomic techniques for transcriptional pro-
filing. For instance, these techniques can focus on isolation and
identification of infection site-specific expressed genes in C.
neoformans. The hypothesis to be tested is that the genes
turned on or off at the site of infection and their regulators are
essential for the survival of the yeast in the host or that these
genes identify certain genetic pathways or networks which are
necessary to produce infection and disease. In other words, the
yeast can help direct the focus of the investigations.

Since the goal in our studies is to identify potential gene
targets for antifungal drug development and to reduce the
complexity of gene expression profiling, we chose to limit our
examination of C. neoformans gene expression to acute men-
ingitis with active yeast proliferation within the central nervous
system. In this acute stage of infection, the yeast is surviving
and growing within the subarachnoid space and must respond
to a limited but dynamic immune response. It is this stage in
which most disseminated cryptococcal infections are diagnosed
and treated. However, it should be emphasized that the C.
neoformans gene expression profile might be significantly dif-
ferent during chronic infection or with other stages of infec-
tion, such as during dormancy or reactivation, or at other body
sites of infection.
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C. neoformans infection can be ideally studied in a rabbit
model of cryptococcal meningitis which has correlated both
pathologically and clinically with human disease (45). This
site-specific model system allows for global C. neoformans gene
expression profiling in the subarachnoid space, by direct re-
moval of aliquots of yeast cells and testing of yeast gene ex-
pression over days of infection. We used reverse transcription-
PCR (RT-PCR) with differential display analysis (ddRT-PCR)
to identify a global profile of genes being expressed at the site
of infection. Then, a specifically regulated gene was chosen and
a null mutant was created to determine its importance for the
virulence composite. This gene (ICLI), which encodes the
enzyme isocitrate lyase, was induced at 1 week of infection in
the subarachnoid space. Isocitrate lyase is the main controlling
protein in the glyoxylate shunt pathway in yeasts (4, 5, 21). In
other yeasts, the pathway is known to be regulated by environ-
mental concentrations of glucose (52) and the main function of
the protein is to produce energy when glucose is limited and
two carbon molecules are more readily available in the envi-
ronment (28, 35). ICLI was isolated, sequenced, and charac-
terized, and ic/l null mutants were created. ICLI’s inducible
expression in vivo did not correlate with its impact on the
virulence composite.

MATERIALS AND METHODS

Strains and media. C. neoformans strain H99, a serotype A, MATa clinical
isolate, and a fluoroorotic acid (FOA)-resistant H99 (ura5) strain (H99-1) were
used in this study. The ic// mutant strains (H99-11, H99-23) were created from
this FOA-resistant strain. Strains were routinely grown on yeast extract-peptone-
dextrose (YEPD) medium. However, yeast nitrogen base (YNB) supplemented
with 2% glucose or 4% (wt/vol) acetate (YNB-acetate) was used for detection of
ICL1 expression or acetate utilization, respectively.

Preparation of genomic DNA. High-molecular-weight genomic DNA from C.
neoformans was prepared as previously described (15). Genomic DNA for PCR
was isolated from the C. neoformans strains as follows: yeast cells were grown to
mid- to late-log phase in 10 ml of YEPD broth at 30°C, pelleted and washed
three times in sterile distilled water, and resuspended in 0.5 ml of TENTS (10
mM Tris [pH 7.5], 1 mM EDTA [pH 8.0], 100 mM NaCl, 2% Triton X-100, 1%
sodium dodecyl sulfate). Then, 0.2 ml of 0.5-mm-diameter glass beads and 0.5 ml
of phenol-chloroform (1:1) were added and samples were vortexed for 2 min.
After centrifugation for 10 min in a Microfuge apparatus at 13,000 rpm, the
aqueous phase was transferred to a fresh tube, 2 volumes of 100% ethanol was
added, and samples were placed at —20°C for 10 min. Precipitated DNA was
collected, resuspended in 0.5 ml of Tris-EDTA (pH 8.0) containing 10 ng of
RNase A/ml, and incubated at 37°C for 20 min. The DNA was then extracted
once with phenol-chloroform, reprecipitated, washed with 70% ethanol, resus-
pended in 100 pl of Tris-EDTA, and stored at —20°C.

RNA extraction and ddRT-PCR. Total RNA was prepared as described in the
FastRNA Kit-Red protocol (BIO 101, La Jolla, Calif.), and first-strand synthesis
of cDNA was performed using the protocol prescribed for the GenHunter RNA
Image Kit (GenHunter, Nashville, Tenn.). First-strand synthesis was performed
using anchored primers oligo(dT-dA), oligo(dT-dC), and oligo(dT-dG). ddRT-
PCR was performed with the 13-mer arbitrary primer H-AP-1 (5'-AAGCTTG
ATTGCC-3'), yielding multiple bands (Fig. 1). Visualization of the mRNA
transcripts was performed using **P (New England Nuclear, Boston, Mass.) in
the PCR mix. PCR conditions were 95°C for 2 min (1 cycle); 94°C for 30 s, 40°C
for 50 s, and 72°C for 2 min (35 cycles); and 72°C for 5 min (1 cycle). The cloning
and sequencing of display fragments were performed with the pCR-Trap cloning
system (GenHunter) according to manufacturer’s instructions.

For isolation and sequencing of the entire ICLI gene, the following strategy
was used. The EMBL3 genomic DNA library of C. neoformans has been previ-
ously described (15). The genomic library of H99 in EMBL3 was screened by
using the ICLI-amplified transcript isolated from the differential display of C.
neoformans. Positive plaques were purified through three rounds of repeated
screening using the plate lysate method, as described by Sambrook et al. (50).
The genomic clones were further analyzed by restriction enzyme digestion with
BamHI, EcoRI, Sall, and Xhol. Two restriction enzymes were chosen, a Sall-
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FIG. 1. RT-PCR differential display analysis of mRNA from C.
neoformans. Lanes T/A, T/C, and T/G show the results for each indi-
vidual anchored oligo(T) primer with second primer H-AP-1. Lane
T/C 1, in vitro yeast cells grown at 30°C; lane T/C 2, in vitro yeast cells
grown at 37°C; lane T/C 3, in vivo yeast cells taken from CSF of rabbits
at day 2 of infection; and lane T/C 4, in vivo yeast cells taken from CSF
of rabbits at day 7 of infection. The arrow indicates a band represent-
ing detection of /CLI expression from yeast cells at day 7 of infection.

restricted fragment of 7 kb and Xhol, producing two fragments of 5 and 2.3 kb.
These fragments were then subcloned separately into pBluescript SK(—) plas-
mid. Double-stranded DNA from the Sall clone was sequenced in both direc-
tions and shown to contain the entire [CLI gene. Sequences from the Stanford
C. neoformans database (http://www-sequence.stanford.edu/group/C.neofor-
mans/index.html) were aligned to recreate the JEC 21 ICLI (serotype D) gene.
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Molecular biological techniques. DNA probes were labeled with [*>P]JdCTP
(New England Nuclear), using the random primers labeling kit (Gibco-BRL,
Gaithersburg, Md.) with 0.5 kb of ICLI gene or the entire ICLI gene as tem-
plate.

Southern and Northern blotting, plaque lifts, and hybridization of nylon filters
were performed according to Sambrook et al. (50). DNA was sequenced by the
dideoxy chain termination method (51) using Sequenase version 2.0 (USB, Life
Science, Cleveland, Ohio), or sequencing performed by the Duke University
Sequencing Facility.

Karyotype analysis of H99 was performed according to the method of Perfect
et al. (44).

Construction of the ICLI gene disruption cassette by PCR. By using a PCR
overlap strategy for making disruption constructs (15, 25), three PCR fragments
were generated (see Fig. 5). Each fragment was generated in a separate PCR
with the PFU Taq polymerase (Stratagene, La Jolla, Calif.), using H99 genomic
DNA or a plasmid isolate of the H99 genomic URA5 gene. Conditions for the
PCR were as follows: 95°C for 2 min (one cycle); 95°C for 15 s, 55°C for 15 s, and
72°C for 2 min (35 cycles); and a final extension at 72°C for 2 min (one cycle).
Note that the extension time at 72°C allows for 1 min per 1,000 bp.

Generation of construct fragments was performed as follows. (i) The 5’
P/ICL1I region was generated by using a primer site designated T2 (5'CTCTAT
CTTCCTTCTCCGCCC3'), which was 600 bp upstream of the ATG start site,
and a primer site designated /CL12C (5'GGTCGAGCAACTTCGCTCCCCGC
CCTCACCACGAGC3'), which was 400 bp downstream of the ATG start site.
The ICL12C primer is composed of 18 bp of the 5’ P/ICL1 fragment at the 3" end
and 18 bp of the 5" region of the URAS5 gene. (ii) The URAS insert (1,760 bp) was
generated by using the primers URA1C (5'GCTCGTGGTGAGGGCGGGGA
GCGAAGTTGCTCGACC3') and URA4C (5'GCGGTTGATAGCGCATTG
GGCTTGCCTCCAGGAGGTGG3'). URAIC is the complementary sequence
of primer ICLI2C (see above). URA4C is the complementary sequence of
primer ICL13C (see below). This fragment allowed for a deletion within ICL1 of
approximately 1,360 bp. (iii) The 3'ICLI fragment (700 bp) was generated by
primers ICL13C (5'CCACCTCCTGGAGGGAAGCCCAATGCGCTATCAAC
CGC3'), which was the complementary sequence of the URA4C primer, and IC5
(5'"CCAGCGGTGGATGAGACACC 3") (20 bp), which was the end of the /CLI
gene just upstream of the stop codon.

The three PCR fragments were gel purified, and the concentration was ad-
justed to give 25 ng/pl. Equal amounts of each fragment (2 wl) were added to a
single PCR tube, and the outermost primers (T2 and IC5) were used with ExTaq
(Fisher Scientific, Atlanta, Ga.) to generate the ICLI knockout construct. PCR
conditions for the knockout construct were as follows: 95°C for 2 min (1 cycle);
95°C for 15 s, 55°C for 15 s, and 72°C for 4 min (35 cycles); and a final extension
at 72°C for 5 min (1 cycle).

Transformation of C. neoformans. The PCR construct ICL1/URAS was used to
transform the FOA-resistant C. neoformans H99 (ura5 mutant) strain by using
biolistic delivery of DNA, following the protocol described previously (46).
URA™ prototrophic transformants were selected on URA dropout medium
containing 1 M sorbitol at a temperature of 30°C. Transformants were patched
on URA dropout plates and then streaked onto YNB-acetate plates to deter-
mine acetate utilization at 30°C. Genomic DNA preparations of the selected
URA™ acetate-negative mutant transformants were used for both PCR and
Southern blot analysis to determine whether insertion of the URAS5 gene had
occurred at the wild-type ICLI gene locus.

In vitro growth kinetics of C. neoformans icll null mutants versus wild-type
H99. The in vitro growth rate assays were performed at 30°C and 37°C, in YNB
high-glucose (2%), YNB low-glucose (0.2%), and YNB-acetate (2%) media. At
2, 8, 18, 24, and 48 h, quantitative counts were performed. Strains were also
grown for phenotype analysis on dopamine, low-iron minimal medium agar, and
minimal medium broth with 0.2% oleic acid as the sole carbon source.

Animal models. (i) Rabbit cryptococcal meningitis model. New Zealand White
rabbits weighing 2 to 3 kg were housed in separate cages and provided with water
and Purina rabbit chow ad libitum. H99 and ic/ mutants (H99-11 and H99-23)
were prepared by growth for 48 h at 30°C in YNB broth supplemented with 2%
glucose. The cells were pelleted, washed once, and suspended in phosphate-
buffered saline (PBS) at a cell density of 3.3 X 10% cells/ml. After sedation with
ketamine (Fort Dodge Laboratories, Fort Dodge, Iowa) and xylazine (Vedco, St.
Joseph, Mo.), approximately 10°® viable cells of each strain in a volume of 0.3 ml
were inoculated intracisternally into three rabbits per strain that had received an
intramuscular injection of 1.2 mg of betamethasone acetate-phosphate (Scher-
ing-Plough, Kenilworth, N.J.) 1 day earlier and then daily during infection.
Rabbits were sedated with ketamine and xylazine on days 4, 7, 11, and 14 after
inoculation, and cerebrospinal fluid (CSF) was withdrawn. Quantitative yeast
cultures were performed by diluting the CSF in PBS, plating on YEPD agar, and
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incubating at 30°C for 72 h and by counting colonies. For isolation of yeast cells
to obtain RNA from in vivo cells for ddRT-PCR and confirmatory RT-PCR of
ICL1, 2 X 10° H99 yeast cells from YEPD agar plates were grown for 72 h at
30°C, suspended in PBS, and inoculated intracisternally into 10 rabbits. Rabbits
were immunosuppressed with daily doses of 5 mg of hydrocortisone administered
intramuscularly. CSF yeast cells were collected at days 2, 4, and 7 of infection.
After being withdrawn from subarachnoid space, yeast cells were placed directly
on ice, washed twice in sterile water, and stored at —70°C until RNA was
isolated.

(ii) Inhalation murine model. Cryptococcal strains were used to infect 4- to
6-week-old female A/JCr mice (NCI/Charles River Laboratories) by nasal inha-
lation as previously described (13). Ten mice per strain were inoculated with 5 X
10* yeast cells of H99 and ic/l null mutants H99-11 and H99-23 in a volume of
50 pl (introduced into the nares after sedation with pentobarbital) and hung
from a string by their front incisors. The mice were monitored twice daily and fed
ad libitum. Any mice that were moribund or appeared to be in pain were
sacrificed by CO, inhalation.

All animal protocols were approved by the Duke University Laboratory Ani-
mal Committee.

Macrophage growth assay. The MH-S murine alveolar macrophage cell line
(American Type Culture Collection, Manassas, Va.) was maintained in RPMI
1640 medium containing 10% fetal calf serum, 2 mM L-glutamine, 1 mM sodium
pyruvate, 4.5 g of glucose/liter, 1.5 g of bicarbonate/liter, and 0.05 mM 2-mer-
captoethanol and penicillin-streptomycin at 37°C with 5% CO,. Macrophages
were harvested from monolayers by using 0.25% trypsin—-0.03% EDTA, and cell
viability was determined by trypan blue exclusion and by counting in a hemacy-
tometer. The macrophage concentration was adjusted to 10° viable cells/ml. And
in experiments using activated macrophages, the cells were primed with 50 units
of murine gamma interferon/ml and stimulated with 0.3 ug of lipopolysaccha-
ride/ml just prior to mixing yeasts. One hundred microliters of the macrophage
suspensions was placed into 96-well plates. Cryptococci (H99, H99-11, and H99-
23) were washed three times in PBS, counted, and placed in tissue culture
medium at 10°/ml. Yeast suspension (100 pl) was added to the MH-S cells at a
multiplicity of infection (effector to target) ratio of 1:1. Control wells containing
only macrophages and yeasts were included in all experiments. All wells con-
tained 10 pg of 18B7 (immunoglobulin G1 anti-glucuronoxylomannan monoclo-
nal antibody)/ml as an opsonin. The macrophage-yeast mixtures were allowed to
incubate for 30 min to 1 h and were then washed with three exchanges of culture
medium to remove extracellular yeasts. At 4 and 24 h, quantitative cultures were
performed by aspirating the medium from each well and lysing macrophages with
two exchanges of 100 wl of 1% sodium dodecyl sulfate, and the contents were
combined and plated on YPD agar with chloramphenicol. All experiments were
done in triplicate and repeated.

Statistics. Student’s ¢ test was used in evaluating the yeast colony counts from
rabbits and macrophage monolayers. Survival data from the mouse experiments
were analyzed by using a Kruskal-Wallis test. A P value of =0.05 was considered
significant.

Nucleotide sequence accession number. The sequence data of the C. neofor-
mans ICLI gene (H99, serotype A) are available from GenBank/EMBL/DDBJ
under accession no. AF 455253.

RESULTS

Differential gene expression. With the use of differential
gene expression studies, we obtained a transcriptional profile
of yeast cells under specific environmental and in vivo condi-
tions. In Fig. 1, the use of ddRT-PCR with the anchored
primers and the H-AP-1 primer shows the partial transcripts of
H99 cells under in vitro conditions (lane 1 at 30°C and lane 2
at 37°C). The lanes were loaded with the same amount of RNA
from each temperature, and the transcriptional profiles were
similar. We observed fewer than 30 potential transcript differ-
ences between the two temperatures. One transcript difference
between the two conditions was identified as an up-regulated
cytochrome oxidase C subunit 1 gene (COXI), which was
found at 37°C but not at 30°C. This differential gene regulation
was confirmed by Northern analysis. Lanes 3 and 4 represent
transcripts from yeast cells directly removed from the CSF on
days 2 and 7 of infection. Following CSF aspiration from each



VoL. 70, 2002

Day 4

Day 7

FIG. 2. RT-PCR for ICLI expression in yeast cells taken from CSF
on days 4 and 7 of infection. Specific RT-PCR results for the ICL1
transcript on RNA isolated from yeast cells at day 4 (left) are com-
pared to those from day 7 of infection (right).

animal, yeast cells from 10 rabbits were directly placed on ice
and then pooled together. To minimize stress on yeast cells,
they were washed two times with cold water (4°C), which lysed
host cells, and then yeasts were frozen until RNA isolation.
This processing of the yeast cells should have had minimal
influence on their RNA transcription. However, amounts of
total RNA from these yeast cells were difficult to measure
because RNA yields from in vivo cells were low. We suspect
this finding was caused by a combination of factors in vivo,
including low RNA synthesis levels, large polysaccharide cap-
sules, and the limited number of yeast cells (between 10° and
10® CFU) compared to those found under in vitro conditions
(10® to 10° CFU). For days 2, 4, and 7 of infection, total viable
yeast counts from the CSF from each animal were similar when
pooled, with concentrations ranging from 6.5 X 107 CFU at
day 2 to 2 X 107 CFU at day 7. It can be seen by the display gel
of the in vivo cells (Fig. 1) that there was a dynamic change in
the transcriptional profile of C. neoformans as it met the
stresses of prolonged infection and of CSF cellular responses,
whose evolution has been described previously (42, 43, 45).
The gene expression profile of C. neoformans appears dramat-
ically different from that of in vitro-grown cells, and the tran-
scripts changed from day 2 to day 7 of infection. Multiple
partial transcripts were cloned and sequenced from the RT-
PCR display, and our interest was particularly focused on one
highly up-regulated transcript observed at day 7 (see arrow in
Fig. 1). It was not present at day 2 of infection and was not
observed under in vitro growth conditions. We therefore re-
peated the RT-PCR at days 4 and 7 of infection, at which times
the total numbers of yeast cells from CSF were similar. As
previously shown in the screening differential display gel, the
transcript by RT-PCR was present at day 7 of infection but was
not detected from yeast cells at day 4 of infection (Fig. 2).
Characterization of ICLI. The partial gene transcript was
isolated from the differential display gel, cloned, and se-
quenced. When a search was conducted in GenBank, the nu-
cleotide sequence matched isocitrate lyase genes from other
fungal species. This partial transcript was used as a probe to
isolate and sequence the full-length gene from a genomic li-
brary of H99. A ¢cDNA clone was identified and sequenced to
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help identify intronic borders. The nucleotide sequence of
ICLI from serotype A H99 is similar (>98% identical) to a
copy of the JEC21 ICLI in the database at Stanford (http:
/www-sequence.stanford.edu/group/C.neoformans/index.html)
of the serotype D (JEC21) C. neoformans genome sequence. The
ICLI gene is approximately 2,200 bp in size. It contains seven
introns with average length of 80 bp. Intron delineation followed
a typical configuration (GTNNGT-CTRAY-YAG, where hy-
phens indicate start of intron, loop, and end of intron, respective-
ly). It is interesting that in the majority of introns, a sequence of
(C/G)AAA preceded either the GTNNGT or the CAG se-
quence. We also found two introns which did not conform to the
above arrangement. One intron had the sequence GTNNCG,
while another had the termination sequence TAG. After restric-
tion enzyme digestion, a Southern blot analysis of H99 genomic
DNA demonstrated that /CL1 was a single-copy gene, unlike
Saccharomyces cerevisiae, which has a second isocitrate lyase gene
(24). A search of genomic databases at Stanford, The Institute for
Genomic Research, and Duke did not reveal a second copy or a
similar homolog. A chromosome blot was probed with ICLI,
which confirmed a single location of the gene on the second
smallest chromosome of H99 (46).

The deduced amino acid sequence of H99 ICL1 was com-
pared to those of other fungal species (Fig. 3). The C. neofor-
mans ICLI was found to be most homologous with that of
another basidiomycete, Coprinus cinereus, and was followed in
rank of similarity by those of Neurospora crassa, Aspergillus
nidulans, S. cerevisiae, Candida albicans, and Yarrowia lipoly-
tica. The 5’ region of the isocitrate lyase protein in C. neofor-
mans had a wide range of variation in amino acid sequence
compared to those of other fungi, which is typical of this
protein. The homologous regions are the amino acid stretches
of 86 to 142, 161 to 269, 366 to 388, 404 to 430, 455 to 464, and
502 to 537. The conserved region SPS (amino acids 425 to 427)
is highly maintained between fungal species and has been iden-
tified as the active site of the enzyme for binding the substrates
of isocitrate and glyoxylate (29).

ICL regulation. ICL1 expression was further analyzed by
setting up the following in vitro conditions to elucidate its
regulation. The Northern blot analysis in Fig. 4 shows the
following expression effects of certain environmental stimuli.
The concentration of glucose has profound effects on ICLI
expression. At low glucose concentrations (i.e., 0.2%), which
might approach levels that are found in biological fluids, ICL1
is minimally expressed. With 2% glucose in the medium, tran-
scripts of ICLI are not detected. This suppression appears to
be specific for glucose, since another sugar, raffinose, appears
to actually induce /CLI production. There seems to be a three-
to fourfold induction of ICLI in yeast cells exposed to 30°C
compared to that at 37°C. ICLI is highly induced in the pres-
ence of two carbon compounds such as ethanol and acetate,
but these highly stimulatory molecules can be suppressed in
their inducing abilities in the presence of elevated glucose
concentrations, since 2% glucose can completely suppress the
ability of these compounds to induce ICLI (Fig. 4).

Creation of ic/l null mutants. With this understanding of
ICL]I structure and regulation, both in vitro and in vivo, our
next focus was to correlate its expression with a possible phe-
notype; thus, a null mutant was constructed. A PCR overlap
strategy was performed in which the 1,760 bp URAS5 was placed
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Northern Analysis of ICL1
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FIG. 4. Northern analysis of /CLI expression under specific in vitro conditions. Gene expression was measured after exposure to different
temperatures (30°C and 37°C), sugars, or two carbon molecules for 5 h. The severalfold induction of expression under specific conditions was
compared to ICL expression of cells prior to inducing conditions and corrected for actin expression by phosphorimager intensity measurements.

within the coding region of ICLI, which removed approxi-
mately 1,300 bp of the internal ICLI gene (Fig. 5A). The
construct ICLI1/URAS was biolistically delivered into an FOA-
resistant H99 strain, H99-1. Thirty-four URA5-positive trans-
formants were taken from the auxotrophic selection plates and
screened for growth on acetate plates. Seventeen of the trans-
formants selected were URAS positive but could not grow on
acetate. A PCR was performed with primers from the ICLI
gene which flanked the area where the URAS gene was in-
serted. This strategy was designed to detect the insertion of the
URAS5 gene at the ICLI locus; a replacement of the locus
should produce a PCR product which is approximately 400 bp
larger than that of the wild-type locus. In Fig. 5B, the results of
a PCR with primers to identify the /CLI locus show transfor-
mants and the wild-type H99 strain. Four transformants dis-
played the anticipated ~400-bp increase in size for the homol-
ogous insertion of the URA5 at the wild-type locus. One
transformant possessed both the intact endogenous gene and
the disruption construct. For two of the transformants, which
we have designated icll::URAS5 mutants H99-11 and H99-23,
we had Southern blot analysis performed to ensure that these
mutants represented single homologous events (Fig. 5C). Mu-

tants H99-11 and H99-23 were further characterized and did
not grow on plates with acetate as the only carbon source (Fig.
6). However, when grown in YEPD broth and compared to the
parent strain (H99) over 72 h at 30°C or 37°C, their growth
rates were identical. Furthermore, H99-11 and H99-23 were
not viable after growth for 7 days in medium with 0.2% oleic
acid as the only carbon source, whereas wild-type (H99) cells
proliferated approximately 100-fold from the original inocu-
lum. When examined for other possible phenotypes related to
virulence, the mutant strains grew at high temperatures (39°C)
at the same rate as the parent strain, melanized similarly on
dopamine plates, and produced similar size capsules when
grown on low-iron minimal medium.

Outcome of infection with ic/I mutants. H99-11 and H99-23
were inoculated into animals in two animal models to deter-
mine whether isocitrate lyase function was required for or
impacted the virulence composite of C. neoformans. The wild-
type strain (H99) and the two ic// mutants were inoculated into
the subarachnoid space of immunosuppressed rabbits. As
shown in Fig. 7, quantitative counts were measured from days
4 to 14 of infection. At days 4 and 7, there was a slight increase
in numbers of wild-type yeast cells compared to those of both
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FIG. 5. Gene disruption of /CL1I and analysis. (A) PCR overlap knockout construct. Separate PCRs for 5" P/ICL1, URAS5, and 3’ ICL1 and then
PCR overlap with equal concentrations of product producing ICL/URAS were performed. (B) PCR detection of a ICL/URAS insertion at the
wild-type locus. Lane 3 shows the wild type (H99) with a 1.9-kb fragment. ic/I knockout mutants with an insertion of URAS5 at the ICL1 locus (lanes
2,4, 5, and 6) were expected to have a 400-bp-larger fragment, and a transformant with both endogenous and ectopic constructs is present in lane
1. Lanes 2 and 4 represent H99-11 and H99-23 strains. (C) Southern analysis of H99 and two ic/ mutants (H99-11 and H99-23). Restriction enzymes
were Clal (lanes 1 to 3), BamHI (lanes 4 to 6), and EcoRI (lanes 7 to 9). The Southern analysis of H99 (lanes 1, 4, and 7), H99-11 (lanes 2, 5,
and 8), and H99-23 (lanes 3, 6, and 9) shows a single copy, and the expected size difference is seen as Clal fragments between the wild type and

the icl mutants.

icl mutants. However, only at day 4 of infection did one mutant
show a significant difference in numbers of yeast cells com-
pared to those of wild-type cells (P = 0.04), but by day 10 of
infection there was no difference in yeast numbers between any
two of the strains. In fact, when CSF yeast counts for the two
icll mutant strains were measured at 2 weeks of infection
compared to 1 week of infection, the numbers of yeasts con-
tinued to increase in the subarachnoid space. In order to fur-
ther analyze the impact of ic// mutants on infection, we then
used an inhalation model of murine cryptococcosis. This model
represents a separate animal species, another method of infec-
tion which places different demands on the infecting fungus,
and a different endpoint measurement of virulence. As shown
in Fig. 8, there were no significant differences in survival be-
tween wild-type H99, H99-11, and H99-23.

Impact of ic/ll mutations on intracellular growth. As shown
in Table 1, H99, H99-11, and H99-23 grew almost 100-fold
inside macrophages over 24 h without an impact of macro-

phage activation on yeast growth. No growth defect was de-
tected for H99-11 and H99-23 compared to wild-type H99.

DISCUSSION

Investigators of functional genomics seeking global genetic
screens for virulence (40) have a series of tools, such as cDNA
library subtraction, serial analysis of gene expression, in vivo
expression technology, ddRT-PCR, and microarray technol-
ogy, for use in comprehensively examining global gene expres-
sion in fungal pathogens under a variety of conditions. This
study demonstrates that one of these systems, ddRT-PCR, can
be used to perform transcriptional profiling of C. neoformans
as infection progresses within the host. It is clear that C. neo-
formans transcriptional profiles change in the central nervous
system during the progression of infection, and ddRT-PCR can
be used to identify these regulated genes.

These qualitative and quantitative genomic techniques are
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FIG. 6. Growth on YEPD plate (A) and acetate plate (B). All strains grow on nutrient medium (A), but when medium contains acetate as the
only carbon source (B), the ic/ mutants will not grow (lower two quadrants of panel B).

extremely powerful for use in attempts to understand the yeast
response to a changing environment from several aspects.
First, the in vivo transcriptional profiling circumvents concerns
about trying to dynamically replicate specific host environ-
ments in vitro. Second, results from transcript identification
allow new insights into potential genetic factors which might
not have been predicted a priori. Third, with a genetically
tractable yeast, a gene expression profile can be examined in
relationship to the actual gene function and phenotype under
similar environmental conditions. It is often assumed that if a
gene is expressed or specifically regulated under a particular
set of conditions, then that gene or its linked genes are impor-
tant for the growth and/or survival of the organism under those
conditions. However, this assumption is not always correct. For
example, a disconnection between expression and phenotype
for §. cerevisiae has been vividly illustrated in a study in which
a functional genomic screen for gene expression had a parallel
analysis of gene deletion strains for phenotype (59). Results in
this study showed that little correlation existed between bio-
logical growth and gene expression data. This fact makes it
essential that the importance of a fungal gene’s expression
profile for the organism’s growth and/or survival be matched to
its null mutant phenotype. In fact, in this study no correlation
was found between ICLI gene-induced expression at the in-
fection site and its importance to the total virulence composite.

ICL1 is a gene which encodes a relatively conserved protein
that critically controls the glyoxylate pathway used for utiliza-
tion of two carbon molecules (C,) for energy. Isocitrate lyase
cleaves isocitrate to succinate and glyoxylate. In other systems,
isocitrate lyase and the entire glyoxylate pathway have been
shown to be enhanced under conditions of low glucose and low
oxygen tension (57), in the presence of acetate and high tem-
perature (26), and during intracellular growth (26, 37). On the
other hand, the enzyme can be inhibited by metabolites such as
succinate, 3-phosphoglycerate, or phosphoenolpyruvate. In C.
neoformans, icll mutants could not grow on plates with acetate
as a sole carbon source, and while the wild-type strain could
grow in a fatty acid (oleic acid) medium, ic// mutants died in
this medium. These phenotype results are consistent with iso-
citrate lyase’s importance in providing energy from C, com-

pounds and fatty acids in its environment, such as may occur in
the intracellular environment of a macrophage. It is also clear
from our studies that the C. neoformans ICL1 gene is highly up
regulated by ethanol and acetate but suppressed by high con-
centrations of glucose. Unlike the dimorphic fungal pathogen
Penicillium marneffei, in which ICL1 expression is increased at
mammalian temperatures (N. G. Haycocks, C. R. Cooper, and
M. R. McGinnis, Abstr. 101st Gen. Meet. Am. Soc. Microbiol.,
abstr. F34, 2001), ICLI expression is not induced at 37°C. In
fact, we found a slight decrease in ICLI expression at 37°C
compared to 30°C. This finding demonstrates that there has
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FIG. 7. Quantitative yeast counts of H99 and null mutants H99-11
and H99-23 in CSF of rabbits. There were three animals per group.
Infection with wild-type H99 was measured to day 10 of infection, and
infection with H99-11 and H99-23 was measured to day 14 of infection.
Differences in yeast counts between groups at days 4, 7, and 10 of
infection were not significant (P > 0.05) except for that in the com-
parison of H99 versus H99-11 at day 4 (P = 0.04).
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FIG. 8. Murine survival of inhalation cryptococcosis. There were 10
mice in each group, and animals were evaluated daily. There was no
difference in survival between groups (P = 0.8). O, H99-11; @, H99-23;
and V¥, H99.

been a divergence in ICLI response to certain environmental
stimuli within fungi.

There was a significant induction of in vivo ICL1 expression
in C. neoformans as infection progressed. The elevated in vivo
expression of ICLI detected at day 7 of infection suggested
that an increasing number of yeast cells in the CSF are con-
tained inside macrophages which have been activated during
progression of infection. From previous studies on the dynamic
immunological reactions occurring in this experimental model
of cryptococcal meningitis (42, 45), Perfect et al. observed
induced ICLI expression which correlated with a time (day 7 of
infection) when the host had developed its maximum numbers
of CSF cells and CSF macrophages had acquired their activa-
tion state for fungicidal or tumoricidal activity (43). Thus,
there may be several factors which induce ICL expression at 1
week of infection. First, exposure to the intracellular lipids or
acetate of activated macrophages has been shown to induce
isocitrate lyase gene expression in other organisms studied (26,
37). Second, there is a changing of CSF glucose concentrations
in the subarachnoid space of the rabbit during infection, with
some animals developing CSF hypoglycorrachia (45), and this
three- to fivefold drop of CSF glucose concentrations might
induce ICLI expression. Third, there are magnetic nuclear
resonance data for mice with cryptococcomas which include
reports of detection of the metabolites ethanol and acetate in
brain tissue and thus, these carbon molecules might be avail-
able in the subarachnoid space for induction of ICL1 (T. E.
Dzendrowski, V. Himmelreich, S. Dowd, C. Allen, C. Mount-
ford, and T. C. Sorrell, 4th Int. Conf. on Cryptococcus and
Cryptococcosis, Paris, France, Abstr. PC18, 1999).

Using this inducible expression data, it was exciting to hy-
pothesize that the glyoxylate pathway is crucial for C. neofor-
mans energy needs when the yeast is within a hostile environ-
ment such as the central nervous system. There has been
animal model support for the importance of the pathway in
pathogenesis. For example, an intracellular pathogen, Myco-
bacterium tuberculosis, was found to have had its expression of
isocitrate lyase induced during infection of activated macro-
phages (26, 37). In elegant pathogenesis experiments, McKin-
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ney et al. showed the importance of isocitrate lyase and the
glyoxylate shunt in vivo for the persistence of Mycobacterium
tuberculosis infection (37). Using comparisons of ic/ mutant
strains with the wild-type strain, those investigators showed
that in immunocompetent mice, acute infection was not im-
pacted by the presence of isocitrate lyase but that this enzyme
was needed for persistence in the host tissue. Furthermore, it
was demonstrated that isocitrate lyase was important only for
growth in activated macrophages and that its negative impact
on the virulence composite was lost in immunodeficient mice.
These observations illustrate that the potential importance of
isocitrate lyase for M. tuberculosis is profoundly influenced by
the host’s response to infection. Similarly, in the rabbit model,
ICL1 induction appeared to correlate with accelerated host
immune responses in that the induction took place during
times when CSF macrophage activation occured (43).

The glyoxylate pathway has also been linked to fungal patho-
genesis. With the use of microarray technology, Lorenz and
Fink examined the transcriptional profile of the model yeast S.
cerevisiae. A population of S. cerevisiae cells which had been
phagocytosed by macrophages was isolated, and a whole-ge-
nome microarray analysis was performed to compare tran-
scripts from intracellular yeasts to those from extracellular
yeasts. Many of the most highly induced S. cerevisiae genes
intracellularly encoded proteins related to the glyoxylate cycle.
Those investigators then examined a common fungal patho-
gen, Candida albicans, by creating an ic/l null mutant to de-
termine whether the intact glyoxylate pathway was necessary to
complete the virulence composite. In a disseminated murine
candidiasis model, the ic// null mutant was found to be atten-
uated, exhibiting a prolonged survival compared to a wild-type
strain, but eventually the ic// mutant was able to kill the mice
(33).

Given our in vivo gene expression studies and the previous
work investigating Mycobacterium and Candida, our findings
on virulence impact with C. neoformans icll mutants were
surprising. First, two independent ic/I mutants showed a slight
initial decrease in CSF yeast counts compared to those of the
wild-type strain in early infection but yeast counts of mutants
rose to wild-type levels as the infection progressed and at times
during infection when ICL 1 expression was induced. The yeast
counts in the CSF continued to rise later in infection, with no
suggestion that /CL I was uniquely important to the growth and
survival of this yeast within the central nervous system site.
More than a dozen null mutants for different C. neoformans
genes have been studied in the rabbit model; it is clear that

TABLE 1. C. neoformans growth inside macrophages over 24 h

Mean log,, CFU/well (£ SD) at:*

Strain 4H 24 H
Resting” Activated® Resting? Activated®
H99 3.24 = 0.10 3.20 = 0.05 5.09 = 0.03 5.02+0.13
H99-11 3.25 = 0.05 3.12*+0.12 5.03 = 0.09 5.02 =0.08
H99-23 3.23 £0.53 3.15 = 0.03 5.04 = 0.11 5.08 = 0.12

¢ Unstimulated macrophage effectors.

® Gamma interferon-lipopolysaccharide-activated macrophage effectors.

¢ No differences in counts between each pair of strains (P > 0.05). SD, stan-
dard deviation.
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various levels of attenuation can be detected (1, 2, 13, 14, 16,
17, 41, 47, 57). However, in relationship to these other atten-
uated strains, the ic// mutants possessed excellent survival abil-
ities in the CSF and generally possess wild-type growth char-
acteristics in vivo.

For a separate check on isocitrate lyase’s impact on patho-
genesis, the ic/l mutants were introduced into an inhalation
murine model. In this model, yeasts travel into the lungs and
through macrophages until dissemination into the central ner-
vous system occurs. This model puts different demands on the
yeast’s ability to survive and produce disease in another animal
species. It was clear that in the murine model, an intact glyoxy-
late pathway was not necessary for the production of disease at
the site at which the inoculum was administered. A significant
component of survival in this model is the yeast’s ability to
survive and grow intracellularly within macrophages (20). Con-
sistent with their ability to produce disease compared to that of
wild-type cells, the ic/] mutants showed no growth defect in
either resting or activated macrophages.

The results of our investigations of ICLI impact on a central
nervous system infection with C. neoformans are consistent
with previous in vivo studies using S. cerevisiae. Goldstein and
McCusker showed that despite induction of the isocitrate lyase
gene after macrophage phagocytosis of S. cerevisiae, this yeast
can grow and compete well in the brains of mice, even though
its ICLI gene and glyoxylate pathway are not functional (22).
These data support the C. neoformans finding that there is a
disconnection between the importance of the glyoxylate path-
way in in vivo gene expression profiling and the observed
phenotypes of null mutants for pathogenesis in this pathway. It
is hypothesized that despite the block in the glyoxylate path-
way, host glucose levels in these models at the site of infection
still provide a consistent energy source for the yeast to support
growth and produce disease. Alternatively, there may be a
second pathway in C. neoformans which can utilize two- and
three-carbon products of fatty acid breakdown for energy when
the glyoxylate pathway is blocked by the absence of isocitrate
lyase. For instance, S. cerevisiae has an ICL2 gene (2-methyl
isocitrate lyase) which is involved in propionyl-coenzyme A
metabolism (34), but in our search of the cryptococcal genomic
databases there was no apparent homolog in C. neoformans.
Further studies will be needed to determine if another pathway
exists.

The discovery of molecular weak points in fungal pathogens
may help us develop targets to test and identify new antifungal
drugs. Isocitrate lyase and the glyoxylate pathway have been
potential targets for several reasons. First, they exist in pro-
karyotic and eucaryotic pathogens but not in mammals and this
meets an important criteria for selectivity. Second, this path-
way has a focus on inhibition of nutrient availability which has
been used successfully with herbicides. Third, most conven-
tional drugs target processes for cell growth and division but
this focus could target slow-growing yeast at a metabolic stage.
Fourth, compounds or inhibitors of this target have already
been shown to possess antifungal activity in vitro (23), and
finally, the structure of the isocitrate lyase enzyme for some
pathogens has been elucidated to help in drug design (53).
Despite the attractive features of this target for drug develop-
ment, it is clear from our studies that the impact on blocking
the glyoxylate pathway in C. neoformans at isocitrate lyase is
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not sufficient to prevent the yeast from producing disease in
certain animal models. However, the importance of isocitrate
lyase for the virulence composite of C. neoformans might be
found under other conditions or models. Further investigation
of how isocitrate lyase and the glyoxylate pathway (i) affect
tissue-specific yeast growth, (ii) produce different pathogenesis
outcomes with two different fungal pathogens, and (ii) interact
with other specific energy inhibitors or other fatty acid degra-
dation pathways is needed to fully appreciate this enzyme’s
potential as an antifungal target.
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