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Cell-mediated immunity plays a crucial role in host defenses against Cryptococcus (Filobasidiella) neoformans.
Therefore, the identification of cryptococcal antigens capable of producing T-cell-mediated responses, such as
delayed-type hypersensitivity (DTH) reactions, may be useful in the development of immune-based strategies
to control cryptococcosis. In order to characterize DTH-producing antigens, culture supernatants from the
unencapsulated Cap-67 strain were separated by anion-exchange chromatography. After further fractionation
by preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis, a purified protein with an apparent
molecular mass of 25 kDa was found to produce DTH, as evidenced by increased footpad swelling in mice
immunized with culture supernatants, relative to unimmunized mice. The 20-amino-acid N-terminal sequence
of the 25-kDa protein was used to search data of the C. neoformans Genome Project. Based on the genomic DNA
sequence, a DNA probe was used to screen a � cDNA library prepared from strain B3501. Clones were isolated
containing the full-length gene (d25), which showed homology with a number of polysaccharide deacetylases
from fungi and bacteria. The recombinant d25 protein expressed in Escherichia coli was similar to the natural
one in DTH-producing activity. Moreover, immunization with either the natural or the recombinant protein
prolonged survival and decreased fungal burden in mice challenged with the highly virulent C. neoformans
strain H99. In conclusion, we have described the first cryptococcal gene whose product, a 25-kDa extracellular
polysaccharide deacetylase, has been shown to induce protective immunity responses.

Cryptococcus (Filobasidiella) neoformans is an encapsulated
yeast that can infect both immunocompetent individuals and
patients with a number of defects in antimicrobial defenses
(21, 25). Cryptococcosis has emerged as one of the most fre-
quent life-threatening infections in AIDS patients. Conven-
tional antifungal therapy has major limitations, and patients
may progress to fatal meningoencephalitis despite chronic
treatment (21). Therefore, there is a need to develop alterna-
tive strategies to control cryptococcosis. Glucuronoxyloman-
nan (GXM), the main capsular constituent, is a well-charac-
terized virulence factor displaying antiphagocytic and tolerogenic
activities. Accordingly, administration of anti-GXM antibodies
can protect against infection (1, 23, 24).

Cell-mediated immunity plays a crucial role in controlling
cryptococcal growth. In mice, as in humans, defects in cellular
immunity lead to systemic and often fatal forms of the disease.
Therefore, strategies based on cell-mediated immune re-
sponses could be useful to control cryptococcosis. Active im-
munization strategies for patients at risk of developing the
disease must, of course, take into account the possibility of a
progressive failure of important arms of the immune system,
such as CD4� T cells in AIDS patients. However, recent tech-
nical improvements in manipulation of CD4� and CD8� T
cells, including their genetic modification, are opening new
exciting possibilities in the field of adoptive immunization (33).
A prerequisite for the successful application of these tech-

niques is the identification of antigens capable of inducing
protective cell-mediated responses.

In mouse models, delayed-type hypersensitivity (DTH) re-
sponses correlate well with restriction of C. neoformans sys-
temic spreading (26) and have been extensively used to study
cell-mediated immunity. DTH reactions can be elicited follow-
ing intratracheal infection with viable yeasts (22) or immuni-
zation with either heat-killed yeasts (22) or concentrated cul-
ture supernatants known as CneF (3, 30). Immunization with
CneF but not heat-killed C. neoformans produces significant
protection in lethal experimental cryptococcosis (27). Little is
known of CneF antigens capable of eliciting cell-mediated
responses. CneF is known to contain, in addition to GXM,
galactoxylomannan (GalXM) and mannoproteins (MPs) (29).
MPs but not GXM or GalXM were found to induce DTH
reactions (29). MPs, however, are heterogeneous proteins
sharing the ability to bind to concanavalin A (ConA) columns.
The structure and antigenic properties of individual MP com-
ponents have been only partially characterized (4, 5). A 98-kDa
MP, with homology to chitin deacetylases, was recently cloned
and shown to stimulate a mouse CD4�-T-cell hybridoma to
produce interleukin 2 (18).

Mandel et al. cloned a cryptococcal gene, termed DHA1,
which encodes a secreted protein capable of inducing DTH
(20). Since this protein only partially accounted for the DTH-
inducing ability of whole CneF, it is likely that other crypto-
coccal antigens are also capable of producing cell-mediated
responses. In the present study, we have purified a 25-kDa
protein from cryptococcal culture supernatant and cloned the
corresponding gene. This showed significant homology with
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chitin deacetylases from other fungi, as well as bacterial N-
acetylglucosamine deacetylases and xylanases. After expres-
sion in Escherichia coli, the recombinant protein was able to
produce not only DTH but also protective immunity responses
that were similar in extent to those produced by the natural
25-kDa protein. To our knowledge, this is the first character-
ization of a cryptococcal protein capable of inducing protective
immunity.

MATERIALS AND METHODS

Strains. The encapsulated C. neoformans A9759 strain (serotype A), kindly
donated by E. Reiss, Centers for Disease Control, Atlanta, Ga., was employed to
produce culture supernatants used to immunize mice in DTH studies. The
acapsular strain Cap-67, originally derived from serotype D strain B3501, was
provided by E. Jacobson (Richmond, Va.) and was used for protein purification
procedures. Cap-67 was used for two reasons. First, because it does not produce
the high-molecular-weight GXM, thus simplifying supernatant concentration
and protein purification. Second, a cDNA library prepared from the parent strain
B3501 is commercially available (see below). Moreover, Cap-67 is closely related
to strain JEC 21, which was chosen for sequencing by the Stanford University
Technology Center C. neoformans Genome Project. The highly virulent serotype
A C. neoformans strain H99 was used to establish a model of experimental
cryptococcosis. Both C. neoformans H99 (ATCC 208821) and Blastomyces der-
matitidis (ATCC 56123) were purchased from the American Type Culture Col-
lection (Manassas, Va.).

Endotoxin-free conditions. Endotoxin-free conditions were maintained by us-
ing glassware heated for 3 h at 180°C. Endotoxin-free water, produced with a
Maxima Life Science USF Elga apparatus (distributed by Dasit S.p.A., Milan,
Italy), was used for dialysis and preparation of culture media and buffers.

Cultures. To obtain culture supernatants, cryptococci were grown at 30°C in a
chemically defined, entirely dialyzable medium (3). Briefly, starter cultures were
prepared by inoculating isolated colonies from Sabouraud agar plates (Difco;
distributed by DID, Milan, Italy) to 200 ml of dialyzable medium.

The culture was incubated under agitation at 30°C for 2 days and used to
inoculate 2-liter aliquots of fresh medium to a density of 104 cells per ml.
Cultures were incubated under agitation with an orbital shaker at 30°C and
harvested after 7 days. Yeast cells were removed by tangential filtration through
0.2-�m-pore-size cassettes (Pellicon System; Millipore S.p.A., Vimodrone, Italy).
The supernatants were concentrated by tangential filtration with 10,000-Da-
cutoff cassettes, dialyzed against water, and lyophilized (10, 11).

B. dermatitidis was reconstituted in sterile water, and the yeast phase was
grown on Sabouraud agar plates. Five isolated colonies were inoculated in 200 ml
of Sabouraud broth (Difco) and incubated at 35°C under agitation for 48 h.
Yeast cells were collected by centrifugation, killed by heat treatment (60°C for 90
min), washed three times with phosphate-buffered saline (PBS) (0.01 M phos-
phate, 0.15 M NaCl, pH 7.4), and resuspended to a concentration of 108/ml.

DTH reactions. Female BALB/c mice aged 8 to 10 weeks were obtained from
Stefano Morini, S. Polo D’Enza, Italy. To sensitize mice with cryptococcal anti-
gens, lyophilized supernatants from the A9759 strain were solubilized in PBS (1.4
mg/ml) and were emulsified with an equal volume of complete Freund’s adjuvant
(CFA) (Sigma, Milan, Italy). Mice were immunized by subcutaneous injection at
two different sites of 0.2 ml of the emulsion. Control nonsensitized mice received
a PBS-CFA emulsion. Seven days later, mice were footpad tested by the inocu-
lation of 25 �l of a PBS solution of the test antigen (right hind pad) and PBS only
(left hind pad). In selected experiments, the endotoxin-inactivating agent poly-
myxin B (Sigma) was added to a final concentration of 20 �g/ml to the antigen
solutions used for challenge. Twenty-four hours after challenge, mice were eu-
thanatized. By using a surgical blade, both hind pads were cut off at the tarsus,
which was recognized as a dent of bone above the articulatio tarsi transversa (17).
Data were expressed as differences in weight between the right and left hind
pads. DTH data presented here are means � standard deviations of values
observed in six mice during three separate experiments.

Anion-exchange chromatography. Lyophilized supernatants from strain
Cap-67 were dissolved in 0.01 M Tris-HCl buffer, pH 8.0, and loaded on a 30-ml
DEAE column (Macro-prep DEAE-Support; Bio-Rad Laboratories, Milan, It-
aly). A flow rate of 1 ml/min was used for sample loading and throughout the
subsequent chromatographic procedures. After absorbance (280 nm) values went
back to the baseline, increasing NaCl concentrations (0.05, 0.5 and 1 M in 0.01
M Tris-HCl buffer, pH 8.0) were applied sequentially. Ten-milliliter fractions

were collected, pooled according to the absorbance peaks, dialyzed against
water, and lyophilized.

Analytical methods. Protein concentration was determined by the Bradford
protein microassay method (Bio-Rad) using bovine serum albumin (BSA) as a
standard, according to manufacturer’s instructions. Endotoxin levels in crypto-
coccal supernatants and fractions were measured by a Limulus amebocyte lysate
assay kit (Associates of Cape Cod Inc.; distributed by International PBI, Milan,
Italy). In all of the Cap-67 preparations endotoxin concentration was �5 pg/mg.

Electrophoresis and Western blots. Analytical sodium dodecyl-sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) was performed with the PhastSys-
tem using precast 10 to 15% gels, as per manufacturer’s instructions (Amersham
Pharmacia Biotech, Milan, Italy). Gels were stained with Coomassie according to
the instructions of the gel manufacturer.

Preparative SDS-PAGE was performed to separate different bands from con-
centrated chromatographic fractions using a Protean II xi Slab Cell (Bio-Rad).
After electrophoresis, protein recovery and removal of SDS from the acrylamide
gel were performed using the Model 422 Electro-Eluter (Bio-Rad), according to
the manufacturer’s instructions. Purity of the obtained preparations was checked
by analytical SDS-PAGE in overloaded gels (2 �g per lane) using the PhastSys-
tem.

Amino acid sequencing. The purified 25-kDa protein was subjected to SDS-
PAGE electrophoresis in 20- by 20-cm gels, as described above, blotted onto
polyvinylidene difluoride membranes (Immobilon P; Millipore), and stained
according to the manufacturer’s instructions. N-terminal amino acid sequencing
was performed directly on excised bands at Midwest Analytical, Inc., St. Louis,
Mo., using a Perkin-Elmer Biosystems (Foster City, Calif.) Model 477 Protein
Sequencer. BLAST software (2) was used to conduct homology searches of the
GenBank database and the C. neoformans Genome Project available at the web
site of the Stanford Genome Technology Center (http://wwwsequence.stanford
.edu/group/C.neoformans/index.html).

Sequence analysis was carried out at the BCM Search Launcher server (http:
//searchlauncher.bcm.tmc.edu/seq-util/seq-util.html) (35). Signal peptide cleav-
age site analysis was performed using SignalP (http://www.cbs.dtu.dk/services
/SignalP/) (32). Domain analysis was done using the Pfam database (http:
//pfam.wustl.edu/).

cDNA library screening. A sense primer (5�-CTATCAACAACTGTAATCA
GC-3�), based on the genomic sequence coding for the N-terminal amino acids
INNCNQ (http://wwwsequence.stanford.edu/group/C.neoformans/index.html), was
used in conjunction with an antisense universal T7 primer to obtain a PCR
product from a � ZAP II phage C. neoformans cDNA library prepared from
strain B3501 (Stratagene, La Jolla, Calif.). The PCR was perfomed with a Taq
DNA polymerase (Roche, Monza, Italy) using 35 cycles and an annealing tem-
perature of 54°C. The PCR product was then cloned using the TA cloning kit
(Invitrogen, Carlsbad, Calif.) and transformed into Top10 cells (Invitrogen).
Plasmid DNA was isolated from transformants by standard methods and was
used for both nucleotide sequencing and preparing a labeled probe for cDNA
library screening. Briefly, both DNA strands were sequenced by the Thermo
Sequenase Fluorescent Labeled Primer Cycle Sequencing Kit (Amersham Phar-
macia), using the ALFexpress DNA Sequencer (also from Amersham Pharma-
cia).

A 192-bp fragment was cut by restriction enzymes, [32P]dCTP labeled (High
Prime kit; Boehringer GmbH, Mannheim, Germany), and used as a probe for
cDNA library screening. One of the positive clones, termed pK-C, was selected
for further analysis.

d25 gene expression in E. coli. DNA from the pK-C clone was excised from the
� ZAP II vector using the manufacturer’s recommendations and sequenced. A
684-bp sequence carrying the complete open reading frame was identified in
pK-C and designated d25.

In order to obtain the product of the d25 gene, the latter was amplified from
the pK-C clone using the gene-specific primers 5�- CGGGATCCGCGACCGT
CGAAACTATCAACAACTG-3� and 5�-GGAATTCATTGCCAAGAGCTAT
CCCTCTCTC-3�, where underlined nucleotides represent restriction sites for
BamHI and EcoRI, respectively.

The gene was cloned in the expression vector pGEX-4T-1 (Amersham Phar-
macia), and used to transform the E. coli BL21 strain. Protein expression and
purification were performed as described earlier (34). Briefly, after induction
with 1 mM isopropyl-�-D-thiogalactopyranoside, the d25–glutathione-S-trans-
ferase (GST) fusion protein was purified from lysed cells by absorption with
glutathione-agarose beads (Sigma), followed by elution in the presence of 5 mM
reduced glutathione (Sigma). The recombinant protein was subjected to SDS-
PAGE and either stained with Coomassie or electroblotted onto nitrocellulose
membrane for Western blot analysis using GST-specific polyclonal antibodies
(Amersham Pharmacia), according to the manufacturer’s instructions. The re-
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combinant d25 protein was also analyzed by SDS-PAGE after cleavage of the
GST moiety with the site-specific protease thrombin (Sigma), according to the
protocols provided by the manufacturer.

RNA extraction and Northern blots. For RNA extraction, Cap-67 cultures
were grown as described above and the cells were harvested by centrifugation.
The pellet was resuspended in extraction buffer (0.01 M Tris HCl, pH 7.5, 100
mM LiCl, 10 mM EDTA, and 0.2% SDS) and vortexed with glass beads in the
presence of phenol-chloroform-isoamyl alcohol (25:24:1). After extracting the
aqueous phase with chloroform-isoamyl-alcohol (24:1), RNA was precipitated
with 1 volume of 5 M LiCl. For Northern blot analysis, the RNA preparation was
size fractioned on a 1.3% agarose formaldehyde gel and transferred to a nylon
membrane (Hybond N; Amersham Pharmacia). Hybridization was performed as
described in the instructions provided with the membrane using the [32P]-labeled
probe also employed for cDNA library screening.

Experimental cryptococcosis model. To assess the ability of d25 to produce
protective immunity, female BALB/c mice aged 8 to 10 weeks were immunized
before challenge with a highly virulent C. neoformans strain (H99). Purified
d25-GST fusion protein, GST, natural 25-kDa protein, or lyophilized superna-
tant from the Cap-67 strain, each at 0.2 mg/ml (protein concentration) in PBS,
was mixed with an equal volume of CFA. Mice were immunized subcutaneously
with 0.2 ml of emulsion and after 7 days were injected intravenously with 7.5 �
103 C. neoformans cells grown to the mid-log phase in synthetic medium. The
lungs, spleens, and livers were removed at the indicated times after challenge,
and the number of CFU in each organ was determined using standard methods.
Three mice per group were used for CFU determinations, while 10 mice per
group were observed daily for 30 days to measure survival time.

Statistical analysis. All data are expressed as means � standard deviations.
Statistical significance of differences in footpad weight or number of organ CFU
was assessed by one-way analysis of variance and the Student-Keuls-Newman
test. When P values of less than 0.05 were obtained, the differences were con-
sidered statistically significant. Survival data were analyzed with Kaplan-Meier
survival plots followed by the log rank test (JMP Software; SAS Institute, Cary,
N.C.) on an Apple Macintosh computer.

Nucleotide sequence accession number. The d25 gene sequence has been
deposited with the EMBL Nucleotide Sequence Database (accession number
AJ414580).

RESULTS

DTH induction by cryptococcal supernatants. In initial ex-
periments we ascertained whether supernatants obtained using
Cap-67, the strain initially chosen for protein purification stud-
ies, could produce DTH in mice immunized with A9759 su-
pernatants. The rationale for using unrelated strains for im-
munization and challenge (e.g., A9759 and Cap-67, respectively)
in these and subsequent studies was to focus on antigenic
epitopes shared by the strains that were, therefore, likelier to
be widely expressed among cryptococcal isolates. In the exper-
iments shown in Fig. 1A, mice were immunized with concen-
trated A9759 supernatants in CFA and challenged after 7 days
in the right hind footpad with A9759 or Cap-67 supernatants.
Control unimmunized (i.e., injected with CFA only) mice were
challenged in the footpads exactly like the immunized ones.

A9759 supernatants produced significant footpad swelling in
A9759-immunized animals but not in control, unsensitized
mice (Fig. 1A). Significant responses in A9759-immunized an-
imals were also produced by challenge with Cap-67 superna-
tants, indicating the presence of antigenic epitopes shared by
the two strains. In contrast, significant reactions were not pro-
duced by B. dermatitidis in A9759-sensitized animals. Con-
versely, neither A9759 nor Cap-67 supernatants were able to
produce significant DTH in mice sensitized with B. dermatitidis
(Fig. 1B). As expected, B. dermatitidis-immunized mice devel-
oped a significant response upon challenge with the homolo-
gous antigen.

DTH induction by chromatographic fractions. To identify
DTH-producing components, Cap-67 supernatants were frac-
tioned by anion-exchange chromatography into four protein-
containing peaks (not shown). Peak 1 contained material that
did not bind to the column, while peaks 2 to 4 were eluted after
increasing NaCl concentrations (0.05, 0.5, and 1 M, respec-
tively) were applied. Peak 4 material was not further studied
because of its relatively low protein content.

To test the Cap-67 fractions for DTH-inducing activity, mice
immunized with concentrated A9759 supernatants in CFA or
control, unimmunized (i.e., injected with PBS-CFA only) mice
were challenged, in the right hind footpad with peak 1, peak 2,
or peak 3 fractions (10 �g in 25 �l of PBS). The left footpad
was inoculated with an equal volume of vehicle. Figure 2 shows
that peak 3 had the highest potency in producing DTH reac-
tions, as evidenced by footpad swelling in immunized but not in
control mice. Peak 2 induced moderate DTH reactions, while
peak 1 showed no activity (Fig. 2).

DTH induction by preparative SDS-PAGE fractions. When
peak 2 or 3 fractions were subjected to analytical SDS-PAGE,
different Coomassie-positive bands were found, the most
prominent of which showed molecular masses of 96, 76, and 17
kDa (peak 2) and 200, 115, 83, 67, 50, 45, and 25 kDa (peak 3).

FIG. 1. Induction of DTH by cryptococcal supernatants (sups).
Mice were immunized with 280 �g of lyophilized supernatants from
the A9759 C. neoformans strain (A9759 sups) (A) or with B. dermati-
tidis (107 cells) (B). Control nonimmunized mice received PBS only.
Seven days later, mice were challenged in the right hind pad by the
inoculation of A9759 or Cap-67 supernatants (35 �g) or B. dermatitidis
(5 � 104 cells). Results indicate differences in weight between the right
hind pad (challenged with the test preparation) and the left one (in-
oculated with vehicle only). Data represent means � standard devia-
tions of six observations conducted during three separate experiments.
�, P � 0.05, relative to nonimmunized mice, by one-way analysis of
variance and the Student-Keuls-Newman test.
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Based on these findings, peak 2 and 3 proteins were subjected
to preparative SDS-PAGE followed by electroelution from gel
slices. Figure 3 shows the DTH-inducing activities of the var-
ious fractions (each at dose of 10 �g) in mice immunized with
A9759 supernatants.

The highest activity was produced by the 20- to 30-kDa peak
3 fraction (Fig. 3). A single 25-kDa protein was present in this
fraction, as shown by SDS-PAGE analysis using overloaded
gels (Fig. 4A). Significant DTH was also produced by the 30- to
47-kDa peak 3 fraction (Fig. 3A). However, a 25-kDa band, in
addition to 32- and 45-kDa ones, was detected in this fraction
(not shown). Therefore, we could not exclude that the activity
of the 30- to 47-kDa fraction was caused by contamination with
the 25-kDa protein. Figure 3B shows that moderate DTH-
producing activity was also present in the 70- to 100-kDa peak
2 fraction.

Since the 20- to 30-kDa peak 3 fraction showed the highest
DTH-producing activity, further studies focused on this frac-
tion. The 15- to 25-kDa peak 2 fraction, containing a single
17-kDa protein, as well as preparative SDS-PAGE-purified
BSA, served as negative controls for further studies. Figure 5
shows that the DTH responses produced by the 25-kDa protein
were dose dependent, while neither the 17-kDa protein nor
BSA had any activity. The specificity of these results was fur-
ther evidenced by the inability of the 25-kDa protein to pro-
duce DTH in mice sensitized with B. dermatitidis (not shown).
Experiments were repeated after adding the endotoxin-inacti-
vating agent polymyxin B (20 �g/ml) to the 25-kDa solution
used for challenge. No differences were detected in footpad
swelling induced by these preparations in the absence and in

the presence of polymyxin B (not shown). These data indicated
that contamination with endotoxin was unlikely to account for
the DTH-inducing abilities of the 25-kDa protein.

Cloning and expression of the d25 gene. The sequence of the
20 N-terminal amino acids of the 25-kDa protein was deter-
mined and used to search data of the C. neoformans Genome
Project (http://www-sequence.stanford.edu/group/C.neoformans
/index.html). The 20-amino-acid sequence obtained matched
to the N terminus of the mature form of an extracellular
protein after cleavage of the signal peptide. GenBank search
and domain analysis identified the protein as a deacetylase. To
obtain gene-specific DNA fragments, a combination of a for-
ward sense primer and a T7 universal primer was used in PCR
amplification from a C. neoformans � ZAP II phage cDNA
library prepared from strain B3501.

A fragment, approximately 600 bp in length, was obtained.
Based on the DNA sequence of this fragment, a gene-specific
probe was successfully used in screening of the cDNA library.
A positive clone, termed pK-C, was selected, and the cDNA
insert was sequenced. An open reading frame coding for a
226-amino-acid protein with a mass of about 25 kDa was iden-
tified and designated d25. The size of the d25 gene matched
the expected value, as determined by Northern blot analysis of
total Cap-67 RNA (Fig. 4B). Figure 6 shows the complete
DNA sequence of the d25 gene and its corresponding deduced
amino acid sequence.

Additional analysis, conducted by comparing the d25 cDNA
sequence with the genomic one found in the C. neoformans
Genome Project database, indicated the presence of four in-
trons of 55, 53, 56, and 52 bp from 5� to 3�. Moreover, a

FIG. 2. Induction of DTH by different anion-exchange chromatog-
raphy fractions. Mice were immunized with 280 �g of concentrated
supernatants from the A9759 strain (A9759). Control nonimmunized
mice received PBS only. Seven days later, mice were challenged in the
right hind pad by the inoculation of 10 �g (protein content) of peak 1,
2, or 3 preparations. Twenty-four hours after challenge, mice were
sacrificed and hind pad weights were determined. Results indicate
differences in weight between the right hind pad (challenged with the
test preparation) and the left one (inoculated with vehicle only). Data
represent means � standard deviations of six observations conducted
during three separate experiments. �, P � 0.05, relative to nonimmu-
nized mice, by one-way analysis of variance and the Student-Keuls-
Newman test.

FIG. 3. DTH induction by preparative SDS-PAGE fractions. Mice
were immunized or injected with PBS as indicated in the legend to Fig.
2. Footpad testing was done with 10 �g of the designated antigen
fractions. Data represent means � standard deviations of six observa-
tions conducted during three separate experiments. �, P � 0.05, rela-
tive to nonimmunized mice, by one-way analysis of variance and the
Student-Keuls-Newman test.
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putative signal peptide sequence was identified using SignalP.
The putative cleavage site was predicted between amino acids
19 and 20 when setting parameters for yeasts. When setting
parameters for gram-positive bacteria, for which longer leader
peptides are considered, the cleavage site was predicted be-
tween amino acids 26 and 27. This cleavage site matched ex-
actly the data obtained by amino acid sequencing of the mature
natural protein, which indicated the Ala residue at position 27
as the most N-terminal amino acid.

Asparagine glycosylation sites were not detected, as evi-
denced by absence of the consensus sequence NASE. A
BLAST search indicated that the protein has partial homology
with a number of highly conserved polysaccharide deacety-
lases, including fungal chitin deacetylases, bacterial peptidogly-
can N-acetylglucosamine deacetylases, and the rhizobial nod-

ulation factor B proteins. The highest degrees of homology
were found with a Streptococcus pyogenes deacetylase (37%
identity), Blumeria graminis chitin deacetylase (36%), and
Streptomyces coelicolor deacetylase (31%). A BLAST search of
the C. neoformans Genome Project database indicated the
presence of an additional gene with homology to chitin
deacetylases, which was identical to the one described by Lev-
itz et al. (18).

Figure 7 shows alignment of similar amino acid sequences
from d25 and a polysaccharide deacetylase domain consensus
sequence (pfam01522) from the Pfam database. The d25 re-

FIG. 4. SDS-PAGE and Northern blot analysis of the 25-kDa deacetylase. (A) SDS-PAGE analysis of the purified 25-kDa natural protein.
(B) d25 Northern blot analysis. The arrow indicates the size of the d25 mRNA band. (C) SDS-PAGE analysis of the purified d25-GST fusion
protein. (D) SDS-PAGE analysis of the recombinant d25 protein after cleavage of the GST moiety.

FIG. 5. Induction of DTH by the 25-kDa protein. Mice were im-
munized or injected with PBS as indicated in the legend to Fig. 2.
Results indicate differences in weight between the right hind pad
(challenged with the test preparation) and the left one (inoculated with
vehicle only). Data represent means � standard deviations of six ob-
servations conducted in three separate experiments. �, P � 0.05, rel-
ative to nonimmunized mice, by one-way analysis of variance and the
Student-Keuls-Newman test.

FIG. 6. Complete DNA and deduced amino acid sequence of the
d25. The boxed sequence indicates a putative signal peptide, and the
bars indicate introns of 55-, 53-, 56-, and 52-bp from the 5� to 3� end.
White lettering on a black background indicates the N-terminal se-
quence obtained from the natural protein.
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gion that displays homology to the polysaccharide deacetylase
domain is located in the amino-terminal region (amino acids
14 to 140). The carboxyl-terminal region (amino acids 141 to
226) does not display any significant similarity to other pro-
teins.

DTH activity of d25. The d25 gene was subcloned into the
bacterial expression vector pGEX-4T-1 to generate d25Z, and
the expressed recombinant product was purified as indicated in
Materials and Methods. The molecular weight of d25, after
cleavage of the GST moiety with thrombin, exactly matched
that of the natural purified protein (Fig. 4). The d25 protein
was poorly or nonglycosylated, as determined using the Im-
mun-Blot Kit for Glycoprotein Detection (Bio-Rad; data not
shown).

To ascertain whether the recombinant d25 protein had the
same DTH-producing activity as the natural one, mice immu-
nized with A9759 supernatants were challenged in their foot-
pad with 10 �g of the purified d25-GST fusion protein or GST
alone. Figure 8 shows that the former but not the latter in-
duced significantly higher increases in footpad weight of im-
munized mice than in unimmunized mice. These data indi-
cated that the recombinant protein was similar to the natural
one in DTH-producing activity.

Protective effects of immunization with d25. A murine cryp-
tococcosis model was used to study the ability of the 25-kDa

deacetylase to induce protective responses. To this end, mice
were immunized with the d25-GST fusion protein, GST alone,
or the natural 25-kDa protein, as detailed in Materials and
Methods, and infected, 7 days later, with the highly virulent
H99 strain. Additional groups of mice were immunized with
whole Cap-67 supernatant, used as a positive control, or PBS,
used as negative control. Groups of three mice were sacrificed
at 3, 5, and 7 days after infection, and the numbers of CFU
were measured in the lungs, spleens, and livers (Fig. 9). No
significant differences between the experimental groups were
detected in any of the organs at 3 days after infection. Simi-
larly, no differences in liver and spleen colony counts were
detected at 5 days after infection. At this time, however, sig-
nificantly lower numbers of CFU were present in the lungs of
mice immunized with Cap-67 supernatant, d25-GST, or the
natural 25-kDa protein, relative to those treated with GST
alone or PBS (P � 0.05). Similarly, at 7 days after infection,
significantly lower numbers of CFU were detected in each
organ of mice immunized with Cap-67 supernatant, d25-GST,
or the natural 25-kDa protein than in those immunized with
either GST alone or PBS (P � 0.05, Fig. 9). These data indi-
cated that immunization with either the natural or the recom-
binant 25-kDa deacetylase resulted in enhanced clearance of
cryptococci from the spleens, livers, and lungs of infected mice.

In further studies we looked at the effects of deacetylase
immunization on survival. To this end, groups of 10 mice were
immunized and infected as described above. Lethality was
monitored daily for 30 days. Figure 10 shows that enhanced
survival was observed in mice immunized with either Cap-67
supernatants, d25-GST, or the 25-kDa natural protein, relative
to those immunized with GST alone or PBS. In fact, mean
survival times were significantly higher in mice immunized with
Cap-67 supernatants (23 � 1.0 days), d25-GST (21 � 1.3 days),
or 25-kDa protein (21 � 1.4 days) than in those treated with
GST alone (13 � 1.2 days) or PBS (13 � 1.0 days; P � 0.05).
The differences in survival time between Cap-67-immunized
mice and those immunized with either d25-GST or the 25-kDa
natural protein were not statistically significant.

DISCUSSION

Cell-mediated immunity plays a crucial role in host defenses
against cryptococcosis. However, little is known of C. neofor-
mans antigens capable of inducing such responses. The char-
acterization of protein antigens is useful not only in the devel-
opment of control strategies based on cell-mediated immunity,
including adoptive immunization (33), but also in the identifi-

FIG. 7. Alignment of similar amino acid sequences from d25 and polysaccharide deacetylase domain consensus sequence (PDDCS). White
lettering on a black background indicates identity; � indicates conserved amino acid substitutions.

FIG. 8. Induction of DTH by the d25 recombinant protein. Mice
were immunized or injected with PBS as indicated in the legend to Fig.
2. Results indicate differences in weight between the right hind pad
(challenged with 10 �g of each test preparation) and the left one
(inoculated with vehicle only). Data represent means � standard de-
viations of six observations conducted in three separate experiments. �,
P � 0.05, relative to nonimmunized mice, by one-way analysis of
variance and the Student-Keuls-Newman test. sups, supernatants.
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cation of potential carriers for the synthesis of GXM-protein
conjugate vaccines.

DTH reactions have been classically used to detect cell-
mediated responses to cryptococcal antigens in mice. These
reactions have been produced mostly using heat-killed crypto-
cocci or supernatants obtained from formalin-killed cultures
and known as CneF (3, 26, 28, 30, 31). CneF but not killed
yeasts produced protective responses in an experimental mu-
rine cryptococcosis model (27). The supernatants that we used
as the starting material for purification are similar to previously
described CneF, with the exception that formalin treatment
was not used in our studies. Similarly to CneF (30), our super-
natants consistently induced DTH reaction in mice immunized
with the homologous antigen but not with B. dermatitidis (Fig.
1).

The major finding of the present study is the identification in
cryptococcal culture supernatants of a 25-kDa protein capable
of producing DTH and protective immunity responses. Both
the natural protein and the corresponding recombinant prod-
uct could produce significant footpad swelling in immunized

animals but not in unimmunized controls or in those immu-
nized with an heterologous antigen (B. dermatitidis). The spec-
ificity of these findings was further supported by the absence in
immunized mice of DTH reactions to other cryptococcal prod-
ucts, including different biochemical fractions obtained from
culture supernatants (Fig. 2, 3 and 5).

Therefore, the ability to induce DTH responses is appar-
ently restricted to a relatively small number of cryptococcal
proteins. This is in agreement with a previous study, also using
biochemical separation of culture supernatants (20). Of
course, our data do not exclude that other cryptococcal prod-
ucts are capable of producing DTH reactions. Rather, DTH
production by whole supernatants may be accounted for by the
combined activities of more than one extracellular protein.
Mandel et al. have described a cryptococcal gene, termed
DHA1, which encodes a DTH-producing peptide found in cul-
ture supernatants (20). Levitz et al. have recently characterized
a 98-kDa MP that is capable of stimulating a mouse CD4�-T-
cell hybridoma to produce interleukin 2 (18). Interestingly,
both the latter protein and the one described here show ho-
mology with polysaccharide deacetylases. Studies are under
way to ascertain whether the antigenic properties of these
proteins reside in their deacetylase domain.

Since immunization with culture supernatants can not only
sensitize mice for the development of DTH after challenge but
can also protect them against experimental infection (27), we
ascertained whether a deacetylase could produce protective
immunity. We found here that both the natural and recombi-
nant deacetylases prolonged survival and decreased fungal bur-
den in mice challenged with the highly virulent C. neoformans
strain H99. It is presently unclear whether the 25-kDa protein
described here has any relationship to previously characterized
antigens (6, 7, 15). None of the antigenic cryptococcal proteins
described thus far was shown to elicit protective immunity
responses.

Several cryptococcal products capable of binding human
and/or rodent antibodies in Western blots have been previ-
ously described (6, 7, 13), although their ability to induce
cell-mediated responses has not been tested. Sera from human
immunodeficiency virus-positive patients with cryptococcosis

FIG. 9. Mean numbers of cryptococcal CFU in livers, spleens, and
lungs from immune and control mice at 3, 5, and 7 days after intrave-
nous challenge with 7.5 � 103 viable C. neoformans cells. Three mice
per group were used for CFU determinations. The data are from one
representative experiment of three producing similar results. SD, stan-
dard deviations.

FIG. 10. Percent survival of GST-, 25-kDa-, d25-GST-, and Cap-
67-immunized mice and control mice after challenge to the mice with
7.5 � 103 viable C. neoformans cells. Mice were treated 7 days before
challenge with the designated preparations. Ten mice per group were
observed over a 30-day period.
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frequently recognize protein antigens of 26, 52, 74, 110, and
114 kDa (13). Seventy-five- and 30-kDa bands were frequently
detected in Western blots by sera of animals infected with C.
neoformans strain 24067 (6). In addition, 34- to 38-kDa and
115-kDa proteins have been purified and characterized using
specific monoclonal antibodies (14, 15). The 115-kDa protein
was a mannose-rich protein with N-linked oligosaccharides
(15).

The main constituents of cryptococcal supernatants have
been previously characterized as GXM, GalXM, and MP (29).
Of these, MPs but not GXM or GalXM were capable of in-
ducing DTH (29). MPs are apparently composed of different
proteins sharing the ability to bind ConA columns. Two MP
fractions have been recently described as MP1 and MP2, with
molecular masses of 35.6 and 8.2 kDa, respectively, although
their DTH-inducing activities have not been tested (4, 5). It is
unlikely that the 25-kDa deacetylase described in the present
study is an MP. Firstly, the protein did not bind ConA in
Western blots (unpublished observations). Secondly, reported
molecular weights of MP1 and MP2 differ from that of the
deacetylase described here. Moreover, the NASE N glycosyl-
ation consensus sequence, which is often found in mannose-
rich proteins, was not found in d25. This is at variance with the
deacetylase described by Levitz et al. (18).

The d25 deduced amino acid sequence showed significant
homology with highly conserved polysaccharide deacetylases,
including fungal chitin deacetylases, bacterial peptidoglycan
N-acetylglucosamine deacetylases, and the rhizobial nodula-
tion factor B proteins. Chitin deacetylase genes from Mucor
rouxii, Saccharomyces cerevisiae, and Colletotrichum lindemuth-
ianum have been cloned and characterized elsewhere (8, 16,
36, 37). Characterization of these and other fungal chitin
deacetylases suggests that they can operate in tandem with
chitin synthase and may have an important role in cell wall
biosynthesis (8, 9, 12). Clearly, further studies are needed to
test the hypothesis that the protein described here is involved
in cell wall formation and is, therefore, a potential target for
chemotherapy (19).
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