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Paracoccidioides brasiliensis causes a chronic granulomatous mycosis prevalent in Latin America. The
successful resolution of infection with this fungus is dependent on the activation of cellular immunity. We
previously identified heat shock protein 60 (HSP60) as a target of the humoral response in paracoccid-
ioidomycosis. Herein we expressed the gene encoding HSP60 in Escherichia coli and analyzed the immu-
nological activity of this recombinant antigen. The immunization of BALB/c mice with recombinant
protein emulsified in adjuvant stimulated a cellular immune response. Splenocytes from immunized mice
proliferated in response to antigen and released interleukin-12 and gamma interferon (IFN-�). Vaccina-
tion with HSP60 reduced the fungal burden in mice given 106 or 107 yeasts and protected mice from a
lethal challenge. The efficacy of the vaccination was blunted by the neutralization of IFN-�. CD4� cells
were necessary for the efficacy of the vaccination in both the afferent and efferent phases. Thus, we have
demonstrated that this immunodominant antigen is a candidate for the development of a vaccine against
this fungus.

The dimorphic fungus Paracoccidioides brasiliensis is the eti-
ological agent of paracoccidioidomycosis (PCM), a deep my-
cosis endemic to Latin America, including Brazil (43). An
infection is caused by the inhalation of airborne conidia. PCM
exhibits a wide spectrum of clinical and pathological manifes-
tations, ranging from benign and localized forms to severe
disseminated disease (10, 34). In most cases, the infection is
restricted primarily to the lungs but can disseminate to other
organs (43).

Experimental (14, 15, 45) and clinical (12, 36, 37, 38) studies
have indicated the relevance of humoral and/or cellular im-
mune responses in the pathogenesis and evolution of PCM.
Specific T-cell-mediated immune responses play a fundamen-
tal role in the resistance to P. brasiliensis. Compared to indi-
viduals with localized disease, patients with systemic PCM dis-
play several defects in cellular immunity characterized by
impaired in vivo delayed type hypersensitivity reactivity, alter-
ations in the ratio of CD4�/CD8� cells, an imbalance in cyto-
kine levels, and a depressed in vitro T-cell proliferation to
fungal antigens (2, 5, 6, 7, 11, 37, 38).

Heat shock protein 60 (HSP60) from fungal, protozoal, and
bacterial pathogens has been identified as a prominent antigen
recognized by CD4� cells. Recombinant preparations of
pathogen-derived HSP60 have been successfully used as vac-

cines in infection models (18, 24, 31, 35, 39, 40, 42, 48, 49).
Vaccination with recombinant or native Histoplasma capsula-
tum HSP60 reduces the fungal burden in mice given a sublethal
inoculum of yeast cells and improves survival in animals chal-
lenged intranasally with a lethal inoculum (20, 24). A surface
form of H. capsulatum HSP60 is involved in the adhesion of
parasite yeast cells to host macrophages via interaction with
CD18 integrin receptors (32).

Intrigued by the immunological properties of the highly con-
served family of HSP60 proteins, our group isolated the complete
coding cDNA of HSP60 from P. brasiliensis (PbHSP60). Initially,
we studied the humoral immune responses to this antigen among
human subjects. By immunoblot analysis, recombinant PbHSP60
was recognized by antibodies in 72 of 75 sera from paracoccid-
ioidomycosis patients. No cross-reactivity was detected with indi-
vidual sera from patients with aspergillosis, sporotrichosis, cryp-
tococcosis, and tuberculosis. Reactivity to HSP60 was observed in
sera from 9.52% of control healthy individuals and 11.5% of
patients with histoplasmosis (17, 26).

In the present study, we developed a murine model of pul-
monary PCM in order to examine the cellular immune re-
sponses against PbHSP60 antigen. We endeavored to delineate
the protective immune response elicited by recombinant
HSP60 in the inductive and expressive phases of vaccine-in-
duced immunity and identified the cytokines and T-cell sub-
populations responsible for HSP60 protective properties. Our
results suggest that vaccination with the recombinant protein
PbHSP60 conferred protection in mice against a pulmonary
PCM. The depletion of CD4� cells during the inductive and
expressive phases of vaccination abrogated the protective ac-
tivity of PbHSP60.
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MATERIALS AND METHODS

Animals. BALB/c (H-2d) mice were purchased from Jackson Laboratory, Bar
Harbor, ME. The animals were housed in isolator cages and were maintained by
the University of Cincinnati Department of Laboratory Animal Medicine, which
is accredited by the American Association for Accreditation of Laboratory An-
imal Medicine. All animal experiments were done in accordance with the Animal
Welfare Act guidelines of the National Institutes of Health.

Preparation of P. brasiliensis yeast cells and infection of mice. P. brasiliensis
isolate 01 (ATCC MYA-826) was cultured at 37°C in liquid Ham’s F-12 medium
supplemented with 18 g/liter of glucose, 0.6% HEPES, 1% cystine, 0.1%
L-glutamic acid at 37°C in an orbital incubator at 200 rpm. After 7 days, log-phase
cultures were harvested by centrifugation and washed three times with Hanks
balanced salt solution (HBSS; Mediatech, Inc., Herndon, VA), and yeasts were
enumerated in a hemocytometer. Experimental infection was initiated by lightly
anesthetizing the animals with 3% isoflurane, followed by intranasal inoculation
with 1 � 106, 1 � 107, or 3 � 107 P. brasiliensis yeast cells in a volume of 50 �l.

PbHSP60 production. To generate recombinant protein, the intron-free
PbHSP60 was incubated with the following set of primers (the positions of the
bases are given in relation to the ATG starting codon): NH2-terminal sense
(bases 1 to 17; 5�-GCGGCCGCCATATGCAGCGAGCTTTTAC-3�) and car-
boxy-terminal antisense (bases 1764 to 1776; 5�-GCGGCCGCCAGATCTCTG
AACATACCCCCG-3�). The sense primer introduces an NdeI site (underlined),
and the carboxy-terminal antisense primer introduces a BglII site (underlined).
The material was amplified by PCR using the following conditions: 94°C for 60 s
and 72°C for 3 min for 35 cycles with High Fidelity Taq polymerase (Invitrogen,
San Diego, CA). The gene product was gel purified and cloned into the NdeI and
BamHI sites of pET19b (Novagen, Madison, WI). The plasmids were trans-
formed into BL21(DE3) lysogen host cells. To express the recombinant protein,
transformed Escherichia coli cells were grown in Luria-Bertani medium (1,000
ml) at 37°C in a shaking incubator with the Overnight Express autoinduction
system (Novagen, Madison, WI) at 200 rpm overnight. The cells were harvested
by centrifugation at 5,000 � g. E. coli pellets were resuspended in a buffer
consisting of 10 mM imidazole, 500 mM NaCl, and 50 mM Tris-Cl (pH 7.9) and
lysed by a freeze-thaw cycle followed by sonication. The soluble and insoluble
fractions were separated by centrifugation at 20,000 � g. The insoluble pellet
fraction was found to contain the recombinant product when analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis.

HSP60 purification. The insoluble pellet fraction was resuspended by sonica-
tion in a denaturing solubilization buffer consisting of 4 M urea, 500 mM NaCl,
10 mM imidazole, and 50 mM Tris (pH 7.9). The denatured material was
recovered in the supernatants after centrifugation at 20,000 � g and filtered
through a 0.22-�m-pore-size cellulose acetate membrane to remove particulate
material. The protein was purified by metal chelate affinity chromatography with
a Ni2�-Sepharose affinity column (His-Bind; Novagen) and washed with 60 mM
imidazole. The recombinant product was eluted with 140 mM imidazole in the
same buffer. The eluted material was dialyzed against 20 mM Tris (pH 7.4)-200
mM NaCl containing decreasing concentrations of urea. The eluate was concen-
trated by ultrafiltration, and the protein concentration was determined by the
Bradford method (9).

Immunization of mice with PbHSP60. Groups of mice were immunized sub-
cutaneously at the base of the tail with PbHSP60 or an equal amount of bovine
serum albumin (BSA). Antigens were suspended in adjuvant containing mono-
phosphoryl lipid A, synthetic trehalose dicorynomycolate, and cell wall skeleton
(Corixa, Hamilton, MT). The cell wall skeleton was derived from streptococcal
species. The animals were injected subcutaneously with 0.1 ml of emulsion (10 �g
of protein) twice. The injections were separated by 2 weeks. The BSA was
purchased from Sigma-Aldrich (St. Louis, MO).

Depletion of T-cell subsets and IFN-� neutralization. To determine the influ-
ence of CD4� or CD8� cells on the inductive phase of vaccination, the mice were
injected intraperitoneally with 100 �g of monoclonal antibody (MAb) to CD4 or
CD8 on days �7 and �3 and on the day of the first immunization. This amount
of MAb achieved a �95% depletion of both cell populations as determined by
flow cytometry. Subsequently, the mice received 100 �g of MAb each week until
the end of the vaccination. For studies of the expressive phase, treatment with
MAb was begun after vaccination and continued until the experiments were
terminated. The mice were challenged with P. brasiliensis 2 weeks postvaccina-
tion. In some experiments, the mice were treated with MAb to gamma interferon
(IFN-�) (rat immunoglobulin G2b [IgG2b] cell line XMG-1.2) purchased from
the National Cell Culture Center (Minneapolis, MN) or rat IgG. The mice
received 1 mg of antibody every week.

Organ culture for P. brasiliensis. Groups of four to six mice of each treatment
were sacrificed at 2, 4, and/or 6, 8, or 12 weeks postinfection. The lungs, livers,

and spleens were removed aseptically and homogenized individually in 10 ml of
sterile saline solution by a Teflon tissue grinder. Homogenates were diluted
serially and 0.1 ml of each dilution was plated in duplicate onto brain heart
infusion agar (Difco; 5% agar [wt/vol] supplemented with 4% [vol/vol] fetal
bovine serum [Atlanta Biologicals]) and 10 �g of gentamicin per ml. The plates
were incubated at 37°C, and the colonies were counted daily until no increase in
counts was observed. The fungal burden was expressed as the mean number of
CFU per whole organ � the standard error of the mean (SEM). The limit of
detection was 102 CFU.

Splenocyte preparation. The spleens from mice were teased apart between the
frosted ends of two glass slides. The cells were washed three times with HBSS
(BioWhittaker, Walkersville, MD) and resuspended at a concentration of 2.5 �

106 cells per ml in RPMI medium, containing 10% fetal bovine serum, 1%
L-glutamine, 1% sodium pyruvate, 1% nonessential amino acids, and 10 �g of
gentamicin/ml.

Proliferation assay. Male BALB/c mice were subcutaneously immunized twice
with 10 �g or 100 �g of PbHSP60 in an adjuvant containing monophosphoryl
lipid A, synthetic trehalose dicorynomycolate, and cell wall skeleton (Corixa,
Hamilton, MT). The control mice were injected with BSA alone. The injections
of antigen were separated by 2 weeks. Splenocytes were prepared as described
above. To each well of a microtiter plate, 5 � 105 splenocytes in 0.1 ml of
medium were added (RPMI 1640 containing 10% fetal bovine serum, 10 mg of
gentamicin/ml); 50 �l of either medium or antigen (PbHSP60) was added to each
well in different concentrations (0.5, 2.5, 5, 25, or 50 �g/ml). The cells were
incubated for 120 h. The cells were pulsed 18 h before being harvested with the
addition of 1 �Ci of [3H]thymidine (specific activity, 6.7 Ci/mmol; New England
Nuclear, Boston, MA). The cells were harvested to glass fiber filter paper, and
the incorporation of radioactivity was measured by a liquid scintillation counter.
Activity was analyzed as the stimulation index: the counts per minute of cells
stimulated with antigen divided by the counts per minute of cells in media alone.
Reactivity to PbHSP60 was defined as a stimulation index, indicating a �2.5-fold
increase in the proliferation of cells compared to that of cells that were cultured
in medium alone. The experiments were performed at least three times.

Determination of cytokine production in vitro. Splenocyte suspensions were
prepared from BALB/c mice immunized with PbHSP60 or BSA at serial intervals
after vaccination. A total of 5 � 105 splenocytes per well of suspension was added
to each well of a 24-well plate. The cells were exposed to 0, 0.5, 1.0, or 10 �g of
PbHSP60 in a volume of 25 �l or were incubated with an equal volume of buffer.
The cell suspensions were cultured for 24 h at 37°C in 5% CO2, and the
supernatants from the cultures were harvested, filter sterilized, and stored at
�70°C until assayed. The cytokine concentrations in the splenocyte supernatants
were determined by antigen capture enzyme-linked immunosorbent assay
(ELISA). We measured IFN-�, interleukin-4 (IL-4), IL-12p70, tumor necrosis
factor alpha (TNF-�; Endogen, Cambridge, MA), and IL-10 (BD Biosciences,
San Diego, CA.). We expressed the results as the change in the level of cytokine
by subtracting the amount of cytokine detected in nonstimulated splenocytes
from that found in the supernatant of antigen-stimulated cells.

Preparation of lung leukocytes. Lungs were teased apart with the frosted ends
of two glass slides and digested with collagenase (1 mg/ml) and DNase (20 �g/ml;
Sigma-Aldrich). The solution was filtered through 60-�m nylon mesh (Spectrum
Laboratories, Inc., Rancho Dominguez, CA) and washed three times with HBSS.
Leukocytes were isolated by gradient density centrifugation using Lympholyte-M
(Cedarlane Laboratories, Hornby Ontario, Canada).

Reagents and flow cytometry. The following antibodies were purchased from
BD Biosciences: CD62L- and CD11c-allophycocyanin; B220-, Mac3-, and Ly-
6G-phycoerythrin; Ly-6C-biotin; and CD8� conjugated to streptavidin-peridin-
chlorophyll protein. CD205-phycoerythrin was purchased from Miltenyi Biotec
(Auburn, CA). The cells (106/ml) were incubated with 0.5 �g of antibody in
staining buffer (1% BSA in phosphate-buffered saline) for 30 min at 4°C. Non-
specific staining was blocked by preincubation with MAb to CD16 (BD Bio-
sciences). The cells were washed in staining buffer, and fluorescence was mea-
sured using a FACScaliber flow cytometer (BD Biosciences). Between 50,000 to
100,000 events were counted.

Histology. The lungs were inflated, excised, fixed in 10% formalin, and em-
bedded in paraffin blocks. Sections (5 �m) were stained with hematoxylin and
eosin. Analysis of the sections was performed in a blinded fashion.

Statistical analysis. The protective activity of PbHSP60 was determined by
comparing the organism burden in organs from immunized and control animals
using analysis of variance (ANOVA). A P value of 	0.05 was considered signif-
icant. The levels of cytokine production were compared between mice immu-
nized with PbHSP60 or with BSA and analyzed by ANOVA.
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RESULTS

P. brasiliensis pulmonary infection and dissemination. Ini-
tially, we sought to establish the course of infection in BALB/c
mice infected with P. brasilieusis 01. Mice were infected with a
putative nonlethal inoculum of 106 yeasts intranasally. The
burden of infection was monitored by CFU counts in the lungs,
livers, and spleens at 2, 4, 8, and 12 weeks postinfection. The
numbers of CFU in the lungs of BALB/c mice at weeks 2, 4,
and 8 postinfection were similar. Thereafter, the CFU counts
in the lungs declined by week 12. Yeast cells were recovered
from the livers and spleens during weeks 2 to 12, and their
numbers remained constant over that interval (Fig. 1). Thus,
we had established that isolate 01 could infect and disseminate
in BALB/c mice and that 106 yeasts could disseminate to lym-
phoid and visceral organs from the lungs.

Splenocytes from mice injected with yeast cells or with
PbHSP60 proliferate in response to PbHSP60. To determine
if PbHSP60 elicits a specific cellular immune response,
BALB/c mice were immunized subcutaneously twice with 10
�g or 100 �g of PbHSP60 or with BSA as a control. Figure
2 shows that splenocytes from animals immunized with 10
�g of PbHSP60 or with 100 �g of PbHSP60 proliferate when
exposed to the protein in vitro, while splenocytes from con-
trol mice did not. The proliferative response by cells from
animals injected with 10 �g of antigen exceeded that of mice
immunized with 100 �g of PbHSP60 at the higher in vitro
concentrations.

Since the response to the higher amount of PbHSP60 led to
a decrease in proliferation, we analyzed whether this amount
was toxic to cells. We incubated splenocytes from mice vacci-
nated with BSA or with 10 �g or 100 �g of PbHSP60 and
examined the percentage of viable cells following incubation
for 5 days in microtiter plates. In cells from BSA-immunized
mice, viability was 68.3% � 4.7% (n 
 3) in cells incubated
with the smaller amount and 66.8% � 6.3% in cells incubated
with 100 �g of antigen. In splenocytes from PbHSP60-immu-
nized mice, cell viability was 88.3% � 5.9% in 10 �g and
85.6% � 3.9% in 100 �g of PbHSP60. Thus, toxicity did not
account for the differences.

PbHSP60 vaccination specifically enhances the in vitro pro-
duction of IL-12 and IFN-�. Splenocytes from mice injected
with PbHSP60 or BSA, as a control, were stimulated with 10
�g of PbHSP60 or an equal amount of BSA in vitro, respec-
tively. The production of IFN-�, IL-4, IL-10, IL-12, and
TNF-� by splenocytes was assessed by ELISA. The produc-
tion of IL-12 and IFN-� by splenocytes from mice immu-
nized with PbHSP60 was significantly greater (P 	 0.01)
than that of the control group (Fig. 3). IL-12 production
peaked at day 7 following the second vaccination. IFN-�
production exceeded that of the controls at each time point
and was maximal on day 7 after the second vaccination. On
the other hand, we failed to detect elevations during this
period of vaccination in the levels of IL-4, IL-10, and TNF-�
(data not shown).

Protective activity of PbHSP60. We sought to determine
whether the observed Th1 T-cell recognition of PbHSP60 an-

FIG. 1. Time course of P. brasiliensis infection. Mice were infected
i.n. with 1 � 106 P. brasiliensis isolate 01 yeast cells, and groups of mice
were euthanized at weeks 2, 4, 8, and 12 postinfection. Each bar
represents the mean (� SEM) of the results from six animals. Range
bars represent SEM. One of two experiments is shown.

FIG. 2. PbHSP60 is a target of the cellular immune response to P.
brasiliensis. Increasing concentrations of PbHSP60 (0.5, 2.5, 5, 25, or 50
�g/ml) were incubated with 5 � 105 splenocytes from BSA-immunized
mice or mice immunized with 10 or 100 �g of P. brasiliensis recombi-
nant HSP60. [3H]thymidine incorporation was measured after 6 days
of culture. Means (� SEM) of the results from three experiments are
illustrated. *, P of 	0.05 by ANOVA compared to controls; **, P of
	0.01 by ANOVA compared to controls.

FIG. 3. Cytokine levels in supernatants from the splenocytes of
mice injected with BSA or PbHSP60 and stimulated with cognate
antigen. At serial intervals after immunization, spleen cells from mice
were stimulated for 48 h with equal amounts of BSA, or PbHSP60, and
the levels of IL-12 and IFN-� in the supernatants were determined by
ELISA. The arrows under the x axes indicate the time of the second
injection of antigen. The results represent the means � SEM for eight
mice at each time point. *, P of �0.01 compared to BSA. The results
were pooled from two independent experiments.
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tigen could confer protective immunity in BALB/c mice.
Groups of six mice were injected twice with 10 �g of PbHSP60
or with an equal amount of BSA emulsified in RIBI adjuvant.
The injections were separated by 2 weeks. As an additional
control, a group of mice was left unimmunized. Two weeks
after immunization, the mice were challenged with 1 � 106 or
1 � 107 yeast cells intranasally, and we analyzed the fungal
burden in the lungs following immunization. The fungal bur-
den was assessed for 12 weeks in mice that were infected with
the smaller amount of inoculum and for 6 weeks in mice that
received the larger amount of inoculum (Fig. 4). In mice that
received 1 � 106 yeasts, there was a significant decrease in the
fungal burden (P 	 0.01) at weeks 2 and 4 (Fig. 4A). At weeks
8 and 12, the fungal burdens in the lungs were not different
(Fig. 4A). With the higher inoculum, a modest to moderate
effect, albeit significant (P 	 0.01), was observed at weeks 2, 4,
and 6 (Fig. 4B).

The above experiments were performed with lower levels
of inocula of P. brasiliensis in which controls eventually clear
the infection. We subsequently examined whether PbHSP60
would protect against a lethal inoculum of yeast cells. We
infected mice immunized with BSA or with PbHSP60 with
3 � 107 yeast cells intranasally (i.n.) and followed their
survival. The mice immunized with PbHSP60 survived for
100 days, whereas all of the controls died (Fig. 5). In par-

allel, groups of PbHSP60 mice received rat IgG or MAb to
IFN-� and were examined for survival. The neutralization of
IFN-� eliminated the protective effect of the vaccination.
The survivors were checked for the presence of fungi, but
none were detected in the lungs, livers, or spleens. Thus,
PbHSP60 protected against a lethal challenge.

Inflammatory response of vaccinated animals. We infected
PbHSP60-vaccinated mice and controls with 3 � 107 yeast cells
i.n. and at 30 days postinfection examined the lung inflamma-
tory response by flow cytometry and by histopathology. We
selected this inoculum because it was lethal to controls, and it
most likely would produce the greatest difference between the
groups. The lungs of infected control mice manifested fewer
CD4� cells but more B cells and inflammatory macrophages
that are Mac-3� CD62L� and Mac-3� Ly-6C� (Table 1).

Histopathologically, the control lungs exhibited moderate to
severe multifocal macrophage infiltration of the alveoli with
perivascular and peribronchial lymphocyte cuffing and fibrosis.
Numerous neutrophil plugs were observed in the lumen of
bronchioles. In the lungs of mice immunized with PbHSP60,
the lungs contained mild macrophage infiltration and focal
perivascular lymphocyte cuffing. Neutrophils were scant (data
not shown).

Requirement for CD4� or CD8� cells in vaccine-mediated
protection. Groups of mice were depleted of either CD4� or
CD8� or both before immunization with PbHSP60. As a con-
trol, groups of vaccinated mice were given rat IgG. After the
second immunization with antigen, treatment with MAb was
discontinued, and the cells were allowed to repopulate over a
period of 6 weeks. Subsequently, the mice were challenged
with 1.0 � 106 yeast cells i.n. The depletion of CD4� cells or
both CD4� and CD8� cells during the inductive phase of
immunization effectively abolished the protective efficacy of
PbHSP60 as observed at 2 weeks (Fig. 6A). At 4 weeks, the
effect of CD4� cell depletion was not as dramatic as at 2 weeks.
However, the elimination of both subsets eliminated the effect

FIG. 4. Protective efficacy of PbHSP60. Groups of BALB/c mice
were immunized twice with 10 �g of PbHSP60 or with an equal
amount of BSA. Two weeks after the last injection of antigen, the
animals were challenged with 1 � 106 or 1 � 107 yeast cells i.n.
(A) Time course of animals immunized with PbHSP60 or BSA and
infected with 1 � 106 yeast cells. (B) Time course of animals immu-
nized with PbHSP60 or BSA and infected with 1 � 107 yeast cells. *,
P of 	0.01 compared to BSA.

FIG. 5. Protective efficacy of PbHSP60 in animals infected with 3 �
107 yeast cells i.n. The mice were vaccinated with PbHSP60 or with
BSA twice, and three weeks after the second injection of antigen, the
mice were challenged with 3 � 107 yeast cells i.n. Separate groups of
PbHSP60-vaccinated mice received rat IgG or MAb to IFN-� after
infection. Survival was followed for 100 days.

VOL. 76, 2008 PbHSP60 VACCINATION AGAINST PARACOCCIDIOIDOMYCOSIS 4217



of PbHSP60. The animals depleted of CD8� were protected by
the vaccine and were able to control the fungal burden as well
as the controls.

Subsequently, we examined the role of CD4� and/or CD8�

cells during the expressive phase of immunization. In this ex-
perimental design, the animals were vaccinated with PbHSP60
while their T-cell subpopulations were intact. Two weeks after
vaccination, the mice were administered MAb to CD4, CD8, or
both, while other groups received rat IgG as a control. Infec-
tion with 106 yeast cells was initiated by i.n. inoculation 1 week
after the cell depletion. The depletion of CD4� or CD4� plus
CD8� cells altered the efficacy of the vaccination at week 2
(Fig. 6B). At 4 weeks, however, only the vaccinated mice de-
pleted of the CD4� and CD8� subsets manifested higher fun-
gal burdens (P of 	0.05 compared to PbHSP60-immunized
mice given rat IgG, MAb to CD4, MAb to CD8, or both). By
day 60, all vaccinated mice depleted of CD4� and CD8� cells
died, whereas the other groups survived.

DISCUSSION

PCM is classified as one of the deep endemic mycoses,
sharing several clinical and pathological characteristics with
histoplasmosis, blastomycosis, and coccidioidomycosis. At the
histological level, P. brasiliensis infection is characterized by a
chronic mononuclear and lymphocytic infiltrate, the formation
of granulomas, caseating necrosis, and fibrosis. These features
may also be observed in other deep mycoses and infections
with facultative intracellular pathogens such as mycobacteria.

From the clinical point of view, PCM may present as a chronic,
disseminated infection with episodes of latency and relapses
that is characteristically seen in infections with facultative in-
tracellular parasites (1, 8, 30). Epidemiologically, PCM may
often affect otherwise immunocompetent individuals, but se-
vere, invasive, and lethal clinical forms are more prevalent in
patients with defects in cellular immune responses, strongly
suggesting that T-cell-mediated immunity plays a central role
in resistance against P. brasiliensis (28, 46).

Distinct subpopulations of helper T cells are known to be
involved in divergent pathways of immune responses (20).
Immunity to P. brasiliensis may be regulated by Th1 or Th2
subsets that would ultimately determine the outcome of the
infection (24). There are only few reports describing the role
of P. brasiliensis antigens in the induction of protective im-
munity. Much of the work with antigens has focused on the
humoral response specifically for serodiagnosis. An exocel-
lular molecule termed gp43, a candidate serodiagnostic an-
tigen from P. brasiliensis, has also been shown to be protec-
tive. Vaccination with the recombinant gp43 protein or the
DNA encoding gp43 protects susceptible mice from infec-
tion (48). The success of the vaccination with either the
entire protein or the peptide is dependent on eliciting a Th1
response. The P10 domain of gp43 also stimulates cellular
immunity and is protective against intratracheal infection by
a virulent strain of P. brasiliensis (47, 48). The protective
effect of the peptide is correlated with the induction of an
IFN-�-secreting Th1 lymphocyte population.

FIG. 6. CFU in the lungs of T-cell-depleted and PbHSP60-vaccinated mice. (A) Mice (n 
 6) were immunized, concomitantly depleted of
CD4� or CD8� cells or both, and challenged with 1 � 106 yeast cells. A group of immunized mice was administered rat IgG. (B) In the expressive
phase, groups of mice (n 
 6) were vaccinated and then depleted of CD4� or CD8� cells or both and challenged with 1 � 106 yeast cells.
Immunized controls received rat IgG. CFU were enumerated at weeks 2 and 4 of infection. The data represent the mean log10 CFU � SEM. The
results of one of two experiments are shown. *, P of �0.05 compared to the immunized controls.

TABLE 1. Number of leukocytes in the lungs of P. brasiliensis-infected mice injected with BSA or HSP60a

Injection

Mean (� SEM) no. of leukocytes (104)b

CD3� CD4� CD3� CD8� Ly-6G� (PMN) Mac-3� Ly-6C�

(M�)
Mac-3� CD62L�

(M�)
CD11c� B220�

(B cells)
CD11c� Ly-6C�

(DC)
CD11c� CD205�

(DC)

BSA 4.81 � 1.3 1.0 � 0.24 3.92 � 3.61 1.97 � 0.13 2.69 � 0.63 22.95 � 1.23 0.44 � 0.05 1.36 � 0.08
HSP60 6.23 � 0.9c 0.9 � 0.16 1.95 � 2.00d 1.05 � 0.14c 2.02 � 0.48c 10.23 � 2.3d 0.31 � 0.05 1.40 � 0.15

a Analysis performed at day 30 of infection. Six to eight samples were analyzed in two separate experiments.
b PMN, neutrophils; M�, macrophage; DC, dendritic cells.
c P of 	0.05 compared to BSA.
d P of 	0.01 compared to BSA.
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Other P. brasiliensis antigens fractioned by anion-ex-
change chromatography have been examined for protective
activity. Two fractions, termed F0 and FII, have been dem-
onstrated to confer protection in mice, whereas another
fraction, FIII, exacerbates diseases (22). The immunization of
mice with F0 and FII, predominantly surface-localized antigens,
elicited a protective effect against highly infective yeast forms of
P. brasiliensis. Although the FIII fraction induces IFN-�, this
property did not result in protection against the challenge infec-
tion (21, 23).

Previously, we had identified H. capsulatum HSP60 as a
prominent target of T-cell-mediated immunity and a protective
vaccine in experimental pulmonary histoplasmosis (18, 44).
Given the high level of evolutionary conservation among the
HSP family, and particularly among the H. capsulatum and P.
brasiliensis HSP60 gene and protein sequences, we postulated
that PbHSP60 would share some of the immunobiologic prop-
erties of H. capsulatum HSP60. We utilized a model of respi-
ratory P. brasiliensis infection in BALB/c mice. This strain has
been used previously by several groups for analysis of pulmo-
nary infection with P. brasiliensis (3, 16, 21, 25, 33, 41). Mice
inoculated with 1 � 106 or 1 � 107 P. brasiliensis yeasts devel-
oped a predictable course of infection, in which the infectious
agent could be recovered and quantified up to 12 weeks after
the initial challenge. Mice given 3 � 107 yeasts succumbed to
infection.

When we immunized animals with recombinant PbHSP60,
we detected a vigorous splenocyte proliferative response in
association with the secretion of significant levels of IFN-� but
not IL-4, IL-10, or TNF-�. In terms of proliferation, we no-
ticed a distinct dose response in which 10 �g/ml was optimal
and 100 �g was suboptimal. This finding was not attributed to
toxicity by the larger amount of antigen. PbHSP60 elicited
vigorous IL-12 release during the vaccination period. Taken
together, the results indicate that PbHSP60 immunization elic-
ited a highly biased Th1 immune response. Our previous stud-
ies in vaccination with H. capsulatum Hsp60 also demonstrated
a dominant Th1 response as manifested by IFN-� release (18).
In the absence of this cytokine, vaccine efficacy is abrogated
and there is a major shift in the clonal phenotype and function
of T cells (44). Differences did emerge between H. capsulatum
HSP60 and PbHSP60. With the former, IL-10 was elevated and
found to be essential for vaccine efficacy during the inductive
phase (18) but was inhibitory of natural immunity (19). On the
other hand, IL-10 was not released by PbHSP60-exposed
splenocytes, strongly suggesting that it does not play a role in
vaccine-associated immunity.

It has been well established that IFN-� plays a pivotal role in
protection against various pathogens through the enhance-
ment of the killing activity of macrophages (13). Low levels or
the absence of IFN-� secretion have been associated with se-
vere forms of PCM. Experimental findings show that different
mouse strains previously infected with anti-IFN-� MAb pre-
vent the clearance of yeast cells from the lungs and promote
their dissemination to the liver and to the spleen (13, 28). We
demonstrated that the effect of PbHSP60 to mediate protective
immunity was clearly dependent on the presence of IFN-�.
These findings extend observations of the role of this cytokine
in protective immunity during vaccination.

To provide an important link between innate and acquired

immunity, many groups of investigators have tried to elucidate
the role of IL-12, the proinflammatory cytokine mainly pro-
duced by phagocytic cells (50). IL-12 is required for the devel-
opment of Th1 responses against fungal infections. The treat-
ment of mice with IL-12 at the onset of an intravenous or
intratracheal infection with Cryptococcus neoformans, H. cap-
sulatum, or Coccidioides immitis provides protection to the
animals (27, 29, 52). The in vivo neutralization of IL-12 aggra-
vates the pulmonary PCM of both susceptible and resistant
mice. We were able to demonstrate that IL-12 was stimulated
by PbHSP60 during the inductive phase of vaccination but that
it was not released by cells 2 weeks after the vaccine was
complete (R. Soares and G. Deepe, unpublished observa-
tions).

In murine PCM, both CD4 and CD8 cells participate in the
clearance of infection (4, 13, 28, 46). Herein, we demonstrated
that CD4� cells were important in the afferent phase of vac-
cination but that in the efferent phase, the elimination of either
subset or both subsets dampened protection. These findings
are similar to that found for HSP60 from H. capsulatum (18)
but differ from that when live yeasts are used as an antigen
(51). In that scenario, CD4� cells are dispensable and CD8�

cells compensate for their absence in mediating protective
immunity. These results clearly demonstrate that immuniza-
tion with a viable microbe does activate both subsets of T cells,
whereas a protein appears to generate only a single protective
T-cell population. Modifying a protein to traffic in both the
class I and class II major histocompatibility complex pathways
might be of great value in generating protective CD4� and
CD8� cells.

We also assessed the inflammatory response in the control
and vaccinated mice. Significantly more CD4� cells were de-
tected in the lungs of HSP60-vaccinated mice, but there were
fewer neutrophils, B cells, and inflammatory macrophages.
Moreover, the inflammatory response was milder in the vacci-
nated animals. The higher number of neutrophils and macro-
phages in the control mice would suggest a more vigorous but
less organized response to infection. The greater number of B
cells might be a compensatory mechanism to combat the in-
fection.

In summary, we have demonstrated that HSP60 from P.
brasiliensis can confer a protective immune response in
BALB/c mice. This work extends the number of antigens that
might be considered for vaccine development against this fun-
gal pathogen and increases the number of pathogens that can
be protected with HSP60.
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