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Clinical and animal studies of coccidioidomycosis have demonstrated that activated CD4� T lymphocytes are essential for pro-
tection against this fungal respiratory disease. We previously reported a vaccine against Coccidioides infection which contained
three recombinant CD4� T cell-reactive proteins and induced a robust, protective immune response in mice. Due to the antici-
pated high cost of production and clinical assessment of this multivalent vaccine, we generated a single protein which contained
immunodominant T cell epitopes of the three polypeptides. Epitopes were initially identified by computational prediction of
their ability to bind promiscuously to human major histocompatibility complex class II (MHC II) molecules. Cellular immuno-
assays confirmed the immunogenicity of the synthesized epitope peptides, while in vitro binding assays revealed a range of pep-
tide affinity for MHC II. A DNA construct was synthesized for bacterial expression of a recombinant protein vaccine which con-
tained five epitopes with the highest affinity for human MHC II, each fused with leader and spacer peptides proposed to optimize
epitope processing and presentation to T cell receptors. Recall assays of immune T lymphocytes obtained from human MHC
II-expressing HLA-DR4 transgenic mice confirmed that 4 of the 5 epitope peptides were processed. Mice immunized with the
epitope-based vaccine admixed with a synthetic oligodeoxynucleotide adjuvant or loaded into yeast glucan particles and then
challenged intranasally with Coccidioides showed early lung infiltration of activated T helper-1 (Th1), Th2, and Th17 cells, ele-
vated gamma interferon (IFN-�) and interleukin (IL)-17 production, significant reduction of fungal burden, and prolongation of
survival compared to nonvaccinated mice. This is the first report of an epitope-based vaccine against coccidioidomycosis.

Coccidioides is a desert soil-dwelling mold and causative agent
of coccidioidomycosis (also known as San Joaquin Valley fe-

ver), which is a potentially life-threatening human respiratory dis-
ease (3). Two species of Coccidioides have been identified (Coccid-
ioides immitis and C. posadasii) (14) based mainly on results of
multilocus sequence typing and evidence of differential thermo-
tolerances between the species (37). While C. immitis appears to
be geographically restricted to central and southern California, C.
posadasii is widely distributed in Arizona, Texas, northern Mex-
ico, and parts of Central and South America. In spite of their
genetic distinction, no discernible difference between the two spe-
cies in pathogenicity is recognized. More than 10% of the current
U.S. population resides in regions of coccidioidomycosis ende-
micity in the southwestern United States between west Texas and
southern California, and more than 150,000 new coccidioidal in-
fections are estimated to occur annually in the United States alone
(4). This respiratory disease typically presents with flu-like symp-
toms, which in most individuals resolve spontaneously over a few
days. However, the pathogen can establish a latent infection that
may reactivate months to years later. Solid-organ-transplant pa-
tients who reside in the regions of endemicity and undergo immu-
notherapy to prevent organ rejection face a risk of reactivation of
a latent infection or presentation of a new coccidioidal infection
acquired from an asymptomatic donor (12). An estimated 5% of
healthy, immunocompetent people with a symptomatic response
to inhalation of a bolus of Coccidioides spores develop an acute,
primary pulmonary infection that can subsequently convert to a
life-threatening, disseminated disease. A significantly higher per-
centage of human immunodeficiency virus type 1 (HIV-1)-in-
fected individuals living in regions where coccidioidomycosis is
endemic are at risk of contracting the severe clinical form of this

disease (36). No approved human vaccine exists against San
Joaquin Valley fever or, for that matter, against any other fungal
disease (7). Retrospective evidence from patient studies suggests
that people who contract an acute pulmonary or disseminated
Coccidioides infection and recover develop lifelong cell-mediated
immunity against recurrent coccidioidomycosis. Based on this
observation, together with results of protection studies with ex-
perimental animals, it has been proposed that generation of a
vaccine against this respiratory mycosis is feasible.

Numerous vaccine constructs have been generated and tested
in animal models of coccidioidomycosis, including killed or live,
attenuated strains of the pathogen, crude immunoreactive cell
wall extracts, and purified recombinant antigens (10). Particularly
promising results were obtained when the concentrated total pro-
tein content of a detergent-extracted parasitic cell wall isolate of
Coccidioides was used to vaccinate C57BL/6 mice against a poten-
tially lethal intranasal (i.n.) challenge of the pathogen (47). Since a
large body of evidence has indicated that T cell immunity is pivotal
for a protective response, we set out in this vaccine study to iden-
tify the T cell-reactive proteins present in the protective, antigenic
preparation. Our initial strategy included the identification of pa-
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tient seroreactive polypeptide components of the crude detergent
cell wall extract, which were separated by two-dimensional gel
electrophoresis and examined by immunoblot analysis. Selected
seroreactive gel-stained bands were excised, subjected to trypsin
digestion, and sequenced by tandem mass spectrometry. Bioinfor-
matic methods were employed to identify the gene that encoded
each of 43 gel-excised proteins by reference to the translated Coc-
cidioides genomic databases (42). The deduced protein sequences
then underwent computational analysis using an algorithm (Pro-
Pred) (43) which identified putative T cell epitopes predicted to
bind promiscuously to human major histocompatibility complex
class II (MHC II) molecules. The genes which encoded 3 of the
deduced proteins were selected for cloning and bacterial expres-
sion based on predictions that each of the gene products contained
multiple T cell epitopes, were relatively small in molecular size,
and contained signal peptides characteristic of secreted polypep-
tides (46). Alignment of their amino acid sequences with submit-
ted protein sequences in the National Center for Biotechnology
Information (NCBI) database (1) revealed that the three selected
antigens were homologs of a previously reported fungal aspartyl
protease (Pep1), alpha-mannosidase (Amn1), and phospholipi-
dase B (Plb). T cell reactivity of synthetic peptides (20- to 32-mer)
spanning all predicted promiscuous epitopes of each of the three
proteins were evaluated by gamma interferon (IFN-�)-enzyme-
linked immunospot (ELISPOT) assays (46, 47). It was evident
from the results of these immunoassays that certain epitope pep-
tides induced significantly greater T cell reactivity than others. The
full-length recombinant Pep1, Amn1, and Plb proteins were
tested singly or as a mixture, and each was combined with a syn-
thetic oligodeoxynucleotide adjuvant (CpG ODN) (31) to vacci-
nate C57BL/6 mice against coccidioidomycosis (47). The com-
bined-protein vaccine provided significantly better protection
than each of the single protein vaccines; approximately 90% of the
animals survived beyond 90 days postchallenge, and the majority
had cleared the pathogen from their lungs and spleen.

In spite of the positive outcome of these investigations, we
realized that a major obstacle would be encountered in the appli-
cation of this multivalent vaccine to human studies. The cost of
preparation of each component protein to achieve necessary stan-
dards for good manufacturing practice (GMP) as well as the ex-
pense of separate toxicology studies would make the cost of the
multivalent recombinant protein vaccine prohibitively exorbitant
for clinical trial. We propose here an alternative approach to over-
come these limitations in which the most immunogenic T cell
epitope peptides of Pep1, Amn1, and Plb are incorporated into a
single, epitope-based protein vaccine. In an earlier study, compu-
tational prediction of immunodominant T cell epitopes present in
a protective 43-kDa glycoprotein (gp43) of Paracoccidioides brasil-
iensis was introduced as a novel approach to the design of a fungal
vaccine (45, 48). CD4� T cell epitope-driven vaccine constructs
against microbial diseases have been shown to be immunologi-
cally potent and relatively easy to produce and have been pre-
dicted to be safe for human use (41). In this report, we describe a
strategy for construction and immunological evaluation of a re-
combinant epitope-based vaccine (rEBV) against coccidioidomy-
cosis and present initial results of its protective efficacy.

MATERIALS AND METHODS
Fungal strain, growth conditions, and spore preparation. Coccidioides
posadasii (C735) was the clinical isolate used in this study. The saprobic

phase was grown on GYE agar (1% glucose, 0.5% yeast extract, 1.5% agar)
for 3 to 4 weeks at 30°C to generate a confluent layer of spores on the
surface of the culture medium. Spore suspensions used for intranasal
challenge of mice as described below were prepared as previously reported
(22). All culturing and preparatory procedures which involved live cells of
C. posadasii were conducted in a biosafety level 3 (BSL3) laboratory cer-
tified by the Centers for Disease Control and Prevention and located at the
University of Texas at San Antonio.

Mouse strain. A breeding colony of HLA-DR4 (DRB1*0401) trans-
genic mice which express human MHC II (26) was used in this study. The
HLA-DR4 mice were genetically engineered from a C57BL/6 background
and were backcrossed to MHC II-deficient mice lacking IA� and IE�
alleles to eliminate production of endogenous murine MHC II molecules
(26, 34). All mice were housed in a pathogen-free animal facility at the
University of Texas at San Antonio and were handled according to the
guidelines of the Institutional Animal Care and Use Committee. Mice
were relocated to the CDC-certified animal BLS3 (ABSL3) laboratory be-
fore challenge with live Coccidioides spores.

Bioinformatics. Prediction of promiscuous T cell epitope compo-
nents of the three previously reported immunoreactive, recombinant pro-
teins (Pep1, Amn1, Plb) was based on protein sequence analyses using the
ProPred algorithm (http://www.imtech.res.in/raghava/propred/) (43).
Examination of epitope conservation between the translated genomes of
C. immitis and C. posadasii was made possible by access to the Broad
Institute Coccidioides group database (http://www.broadinstitute.org
/annotation/genome/coccidioides_group/MultiHome.html) and per-
formed by protein sequence alignment using the BLASTP algorithm (1).
Sequence homology between each of the T cell epitopes and human pro-
teins was determined using the nonredundant NCBI protein database
(http://www.ncbi.nlm.nih.gov/sites/gquery) as previously reported (46,
47). Search parameters were adjusted for short input sequences. The E-
value for each epitope was reported. Identification of single nucleotide
polymorphisms (SNP) by alignment of multiple nucleotide sequences of
Coccidioides isolates in the Broad Institute database cited above was con-
ducted using “neighborhood quality standard” (NQS) criteria (2) to con-
trol for base-calling errors and alignment artifacts as previously reported
(37). Nonsynonymous coding SNP were called from sequenced isolates of
Coccidioides spp. by alignment of reads with the C. immitis RS strain
genome reference sequence using annotation version 3 available from the
Broad Institute (37). Mapping with assembly and qualities (Maq) soft-
ware was employed (30).

Assays employed for selection of T cell epitopes. Evaluation of T cell
reactivity of synthetic peptides in this study was conducted by IFN-�
ELISPOT assays essentially as previously reported (46). In the present
study, T lymphocytes were initially isolated from the spleens of HLA-DR4
mice (females, 12 weeks old) which had been immunized with the three
combined recombinant, full-length proteins (Pep1, Amn1, Plb) as previ-
ously reported (47) and tested for in vitro recall response to synthetic
peptides representing the respective epitopes (Table 1) (46, 47). In this
assay, the mice were not infected with Coccidioides. Eight of the 25 total
epitopes originally identified by ProPred predictive analysis of amino acid
sequences of the three immunoreactive proteins were synthesized, evalu-
ated by IFN-� ELISPOT assays, and shown to have the highest T cell
reactivity (47) (Table 1). The second set of IFN-� ELISPOT assays re-
ported here were employed for further evaluation of the processing of the
epitope peptides which were incorporated into the recombinant epitope-
based vaccine (rEBV; see Fig. 3 and 7). The assays were conducted as
previously reported (46), except that HLA-DR4 mice were immunized
with the rEBV protein plus adjuvant and isolated immune T lymphocytes
were separately stimulated in vitro with the epitope peptides cited above.
An additional 18-mer peptide (GSIACYLHNKYDSSASST), which corre-
sponded to a region of Pep1 not predicted to contain a T cell epitope (46),
was synthesized and included in the ELISPOT assays as a negative control.
Immune T cells cultured in the presence of concanavalin A (ConA; Sigma,
St. Louis, MO) served as a positive control as previously reported (46).
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An in vitro human MHC II binding assay was also performed with each
of the 8 synthetic peptides (Table 1) and served as a pivotal selection
criterion for the epitope peptides that were ultimately incorporated into
the epitope-based vaccine. The MHC II binding characteristics of the
synthetic peptides were determined using a dissociation-enhanced lan-
thanide fluoroimmunoassay (DELFIA). This competitive inhibition assay
was performed essentially as previously reported (15). In brief, purified
HLA-DRB1*0401 (MHC II) molecules derived from a cultured HLA-
DR4 fibroblast cell line were incubated with a biotinylated reference class
II-associated invariant chain peptide (CLIP; residues 97 to 120) at a fixed
concentration (250 nM) together with serial dilutions of each biotinylated
synthetic peptide (10-fold titration between 1 nM and 100 �M). The
purified MHC II molecules, CLIP, and epitope peptides were coincubated
for 48 h in phosphate-buffered saline (PBS) containing 5% dimethyl sul-
foxide (DMSO) and 0.05% Nonidet P-40 in the presence of a protease
inhibitor mixture. The molarity of each synthetic peptide which ac-
counted for 50% inhibition (IC50) of CLIP binding to MHC II molecules
was determined by plotting the percent inhibition versus the concentra-
tion of the test peptide. The CLIP epitope has an average IC50 of approx-
imately 500 nM. Five of the 8 synthetic peptides identified by the DELFIA
to have an IC50 of less than 1,000 nM (2 times the IC50 of CLIP) were
considered to bind with highest affinity to the human MHC II molecules.

Design, expression, and purification of the recombinant epitope-
based vaccine. A single, bacterium-expressed, recombinant epitope-
based vaccine (rEBV) was designed to contain the 5 promiscuous, immu-
nodominant T cell epitopes derived from Pep1, Amn1, and Plb. The
specific epitopes (Pep1-P1, Pep1-P2, Amn1-P10, Amn1-P11, and Plb-P6)
were selected for incorporation into the rEBV protein based upon the
following criteria: (i) computational prediction of promiscuous binding
to the human MHC II receptor, (ii) demonstration of the ability to be
processed by antigen-presenting cells (APCs) and presented to CD4� T
cells as revealed by results of ELISPOT assays, and (iii) the ability to bind
with high affinity to human MHC II molecules as demonstrated by
DELFIA. The N terminus of each epitope was flanked by an Ii-Key frag-
ment of the murine invariant chain protein (LRMKLPKS), which has
been reported to enhance MHC II presentation (21), while the C termini
of 4 of the 5 epitope peptides were flanked by a GPGPG spacer to avoid
processing of junctional epitopes (32). The upstream 20-residue segment
of the protein construct is a component of the translated plasmid expres-
sion vector (pET28b�; Novagen, Madison, WI) and includes 6 histidine
residues used for nickel-affinity chromatographic purification of the
rEBV as previously described (11). The nucleotide sequence designed to
encode the vaccine protein was codon optimized for translation by Esch-

erichia coli and was synthesized by EZBiolab, Inc. (Carmel, IN). The 507
bp included a 492-bp coding sequence, a stop codon, and two restriction
sites (NdeI and XhoI) engineered to permit the gene to be ligated into the
E. coli expression vector in the correct translation frame. The plasmid
construct was used to transform E. coli strain BL21(DE3) for protein ex-
pression as previously reported (25). The recombinant protein (rEBV)
was purified under denaturing conditions as previously described (31).
Endotoxin was separated from the purified rEBV by passage of the protein
through an ActiClean Etox affinity column (Sterogene Bioseparations,
Inc., Carlsbad, CA). The amount of residual endotoxin was determined
using a Limulus amebocyte lyase pyrochrome kit (Associates of Cape Cod,
Inc., East Falmouth, MA). Stock solutions of rEBV contained approxi-
mately 0.003 endotoxin units per microgram of purified protein. Confir-
mation of the correct amino acid sequence of rEBV was performed by
liquid chromatography-tandem mass spectrometry (LC-MS/MS) in the
Proteomics Center of the University of Texas at San Antonio.

Vaccination protocol, animal challenge, and evaluation of protec-
tion. HLA-DR4 mice were immunized subcutaneously in the abdominal
region with the rEBV protein plus adjuvant. For the latter, either a syn-
thetic oligodeoxynucleotide containing unmethylated CpG dinucleotides
(CpG ODN) or a preparation of rEBV-loaded yeast cell wall-derived glu-
can particles (GPs) was used. Details of the adjuvant composition and
administration are described below. The mice were immunized with 10
�g of rEBV plus adjuvant followed by two boosts at 2-week intervals using
the same amounts of vaccine protein and adjuvant preparation. Mice were
challenged intranasally with a suspension of 40 to 50 viable spores of C.
posadasii in 30 �l of PBS 4 weeks after completion of the immunization
protocol as previously reported (46). Nonvaccinated mice were immu-
nized with adjuvant alone. Mice were sacrificed at 9 days postchallenge for
determination of the fungal burden in their lungs and spleen as previously
described (22, 23). Survival studies of vaccinated versus nonvaccinated
mice were conducted over 3 weeks postchallenge as previously reported
(52).

Adjuvant preparations and administration. Synthesized CpG ODN
(Integrated DNA Technologies, Inc., Coralville, IA) (10 �g) was solubi-
lized in 100 �l of incomplete Freund’s adjuvant (IFA; Sigma) and ad-
mixed with the recombinant vaccine protein (rEBV) for each immuniza-
tion as previously described (31). The same CpG ODN mouse-specific
nucleotide sequence was employed as previously reported (11). Glucan
particles derived from cell wall preparations of Saccharomyces cerevisiae
(Fleischmann’s baker’s yeast) were prepared essentially as previously re-
ported (20). One hundred batches of rEBV-GP antigen formulations were
prepared and aliquoted in 5-dose batches containing 50 �g rEBV in vol-

TABLE 1 Summary of data used for comparative evaluation of 8 predicted T-cell epitopes of Pep1, Amn1, and Plb antigensa

Synthetic
epitope
peptide

Sequence of computationally
predicted epitope peptides

ProPred
binding
prediction
(% of alleles)

ELISPOT assay
(no. of spots
per well)

DELFIA
(IC50 [nM])b

% sequence
similarity
between
speciesc

Homology
to human
proteins
(E-value)d

No. of
nonsynonymous
coding SNPe

Pep1-P1 MRNSILLAATVLLGCTSAKVHL 100 125 86.1 100 10�2 0
Pep1-P2 HVRALGQKYFGSLPSSQQQTV 85 100 64.3 100 10�1 0
Amn1-P9 LFETTIRYLGGMISAYDLLK 100 125 1,649.1 100 10�6 0
Amn1-P10 PAKVDVLLAQSLKLADVLKF 100 100 322.8 100 10�1 0
Amn1-P11 NGLATTGTLVLEWTRLSDIT 100 100 166.6 100 10�2 0
Amn1-P13 YYNLRPEVIESIYYAYRMTK 92 50 1,826.7 100 10�5 0
Plb-P2 AIPLDSNVHIRALPNAPNGY 90 175 2,954.4 95 10�2 1
Plb-P6 TPLVVYIPNYPYTTWSNIST 90 125 815.6 95 10�3 1
a The synthetic epitope peptides listed are those predicted to bind to �80% of 51 human MHC II alleles in the ProPred algorithm. The same peptides were also shown to stimulate
IFN-� production by immune CD4� T cells (measured by ELISPOT assays) as previously reported (46, 47). The synthetic peptides indicated in bold type were ultimately selected
for incorporation into an epitope-based vaccine construct.
b Peptide concentrations that showed 50% inhibition of CLIP binding to HLA-DR4 transgenic mouse-derived major histocompatibility class II (MHC II) molecules in the DELFIA.
c Results of alignment of peptide sequences of C. immitis and C. posadasii isolates using the Broad Institute Coccidioides Group database.
d E-values of the results of an NCBI BLASTP search of peptide sequence similarities (1) with proteins in the Homo sapiens protein database.
e Numbers of nonsynonymous coding single-nucleotide polymorphisms (SNP) identified for each peptide sequence (37).
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umes of 1 mg GPs/0.5 ml and stored frozen. The antigen loading process
consisted of a series of hydration and lyophilization steps to absorb the
antigen inside the cavity of the GPs. Dry GPs (20 mg) were swollen with
0.5 mg of the chromatographically purified rEBV solubilized in 100 �l of
a 6 M urea aqueous solution and incubated for 2 h at 4°C to allow diffusion
of the rEBV into the hollow GP cavity. The GPs were then frozen and
lyophilized. To ensure that the antigen was predominantly inside the hol-
low GP cavity, the dry rEBV-GP powder was again swollen in 50 �l water
to hydraulically push the antigen into the GP cavity as the particles ab-
sorbed the water. After incubation for 1 h at 4°C, the GPs were again
frozen and lyophilized. A carrier protein, purified chicken ovalbumin
(OVA; Worthington Biochemical Corporation, Lakewood, NJ) was used
to protect the antigen and together with yeast tRNA formed a complex
that trapped the rEBV inside the GP (tRNA was derived from torula yeast,
type VI; Sigma-Aldrich, St. Louis, MO). The tRNA interacted with the
proteins to form complexes which were too large to diffuse out through
the porous glucan shell. The rEBV-GPs were swollen in 100 �l OVA (25
mg/ml in water) for 1 h at 4°C and then frozen and lyophilized. The dry
rEBV-GP-OVA particles were again swollen in 50 �l water to hydrauli-
cally push the antigen and OVA into the GP cavity. After incubation for 1
h at 4°C, the GPs were frozen and lyophilized. To trap the rEBV-OVA
inside the particles, the GPs were hydrated in the presence of 25 mg/ml
yeast tRNA in 0.15 M NaCl and incubated at 50°C for a total of 90 min
followed by a series of saline washes to remove urea, untrapped rEBV, and
excess OVA and tRNA. The series of steps described above resulted in the
loading of 5 �g rEBV/0.2 mg GP dose. To achieve the targeted 10 �g
rEBV/0.2 mg GP dose, the rEBV-GP-OVA-tRNA formulation was lyoph-
ilized and the entire multistep loading process was repeated. The rEBV-
GP-OVA-tRNA suspension (10 �g rEBV/0.2 mg GP dose) was sterilized
in 70% ethanol and washed with saline solution. The concentration of
GPs was determined using a hemocytometer, and 0.5-ml aliquots (each
containing 5 � 108 particles) were diluted and frozen. Confirmation of
the successful incorporation of rEBV into the glucan particles was con-
ducted by SDS-PAGE using representative aliquots of treated GPs for
detection of the 24-kDa vaccine protein and 43-kDa OVA.

Light and electron microscopy. Hydrated glucan particles which had
been loaded with rEBV plus OVA and tRNA were observed by bright-field
light microscopy. Thin sections of resin-embedded aliquots of these same
glucan particles were also examined by electron microscopy. In the latter
case, GPs were chemically fixed with 6% glutaraldehyde (Sigma) prepared
in 0.1 M sodium cacodylate buffer for 2 h at room temperature. After
fixation, the particles were stained with 0.5% uranyl acetate prepared in
the same buffer for 2 h at 4°C and then stained again with 2% uranyl
acetate–70% ethanol for 2 h at 4°C. After further alcohol dehydration, the
GPs were embedded in Spurr’s low viscosity resin (9) and thin sections of
the samples were examined by transmission electron microscopy at the
University of Texas Health Sciences Center.

Immunoblot and ELISA. Immunoblot analyses of Coomassie blue-
stained and unstained sister gel electrophoresis separations of the bacte-
rium-expressed, recombinant vaccine protein were conducted using ei-
ther pooled sera from patients with confirmed Coccidioides infection or
sera from an equal number of healthy individuals as previously reported
(46). Indirect enzyme-linked immunosorbent assays (ELISAs) of the pu-
rified rEBV protein were also conducted as previously described (31). Sera
from patients with coccidioidomycosis and from healthy controls were
tested for total IgG antibody reactivity with the purified rEBV protein.
Patient sera (n 	 48) were kindly provided by Craig Rundbaken (Valley
Fever Clinic, Phoenix, AZ). Control sera (n 	 15) were obtained from
Innovative Research, Inc. (Novi, MI). Wells of high-binding enzyme im-
munoassay (EIA) microtiter plates (Corning Life Sciences, Lowell, MA)
were coated overnight with 50 ng of the purified rEBV protein in 100 �l
PBS. The wells were blocked with PBS containing 1% bovine serum albu-
min (BSA) for 2 h, washed with PBS– 0.05% Tween 20, and incubated for
1 h at room temperature with human serum samples diluted 1:200 with
PBS. Secondary antibody (goat anti-human IgG) conjugated with horse-

radish peroxidase (Southern Biotech, Birmingham, AL) and diluted
1:4,000 in 100 �l PBS was added to the wells and incubated for 1 h as
described above. After a final washing step, bound antibody was detected
in the wells by addition of 100 �l of SureBlue TMB peroxidase substrate
(KPL, Gaithersburg, MD), and the absorbance was measured spectro-
scopically at a wavelength of 450 nm. The assays of patient and control
sera were conducted in triplicate.

In vitro assays of cytokine secretion by immune splenocytes. At 7
days postchallenge, spleens of nonvaccinated HLA-DR4 mice immunized
with adjuvant alone (CpG or GP plus OVA) or of mice vaccinated with
rEBV plus CpG or rEBV plus GP plus OVA (3 animals per group) were
separately harvested, pooled, and macerated for isolation of immune
splenocytes as previously reported (52). The cells were cultured in 24-well
plates (8 � 106 cells/well) in 2 ml RPMI 1640 containing 10% heat-inac-
tivated fetal bovine serum (FBS), 1% gentamicin, and 1% L-glutamine to
which 1 �g/ml or 10 �g/ml of either purified OVA or the rEBV protein
was added. Examination of in vitro stimulation was conducted by incuba-
tion of the immune splenocytes in growth medium alone or with the
addition of either OVA or the vaccine protein for 48 h at 37°C in the
presence of 5% CO2. Splenocytes incubated in growth medium alone or
growth medium plus OVA served as negative controls. After incubation, a
cocktail of protease inhibitors (cOmplete, EDTA-free; Roche Diagnostics,
Pleasanton, CA) was added to each well and culture supernatants were
collected from the centrifuged samples (11,950 � g, 10 min at 4°C). The
supernatants were stored at �80°C until they were subjected to cytokine
analysis. The concentration of selected cytokines was determined using a
Bio-Plex suspension array system (Bio-Rad Laboratories, Hercules, CA)
according to the manufacturer’s instructions. Three separate splenocyte
preparations and cytokine assays were performed for each of the four
groups of mice listed above.

FACS analysis and intracellular cytokine staining of pulmonary leu-
kocytes. Total pulmonary leukocytes were isolated from nonvaccinated
HLA-DR4 mice immunized with adjuvant alone (CpG or GP plus OVA)
or mice vaccinated with either rEBV plus CpG or rEBV plus GP plus OVA
and sacrificed at 9 days postchallenge (4 mice per group) as previously
reported (22). Pulmonary leukocytes were also isolated from naïve (un-
treated) mice. The total number of viable pulmonary leukocytes from
each lung sample was visualized by the trypan blue exclusion test and
quantified by light microscopy using a hemocytometer. Standard meth-
odology was employed for direct monoclonal antibody (MAb) labeling
and enumeration of selected pulmonary immune T cell phenotypes by
fluorescence-activated cell sorter (FACS) analysis with a FACSCalibur
flow cytometer (BD Biosciences, Franklin Lakes, NJ) as previously de-
scribed (22). In brief, isolated pulmonary leukocytes of each group of mice
were separately transferred to RPMI medium containing 10% heat-inac-
tivated FBS for cell sorting analysis. Leukocytes from nonvaccinated, vac-
cinated, and naïve mice (each in a volume of approximately 0.5 � 106

cells/ml) were aliquoted to a 96-well plate and incubated with appropriate
fluorochrome-conjugated MAbs for determination of relative numbers of
activated, lung-infiltrated T cells as previously reported (22). The expres-
sion level of CD44, an adhesion molecule that binds to hyaluronic acid, is
elevated in activated T cells and was used as an activation marker (22).
Absolute numbers of each selected T cell subpopulation were determined
by multiplying the percentage of each gated population by the total num-
ber of viable pulmonary leukocytes derived from hemocytometer counts
as described above. Intracellular cytokine staining (ICS) was performed
by fluorocytometry to identify subpopulations of specific cytokine-pro-
ducing T cells as previously reported (22). Permeabilized leukocytes were
stained with a cocktail of fluorochrome-conjugated anti-IFN-�, anti-in-
terleukin-5 (IL-5), or anti-IL-17A. The percentage of specific cytokine-
producing CD4� T cells at 9 days postchallenge relative to total numbers
of activated CD4� T cells which had infiltrated the lungs was determined
by analysis of FACS data using the FlowJO software package (Tree Star,
Inc., Ashland, OR). Pulmonary leukocytes obtained from age- and gen-
der-matched naïve (untreated) mice were included in these studies for
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determination of baseline absolute numbers and percentages of selected T
cell phenotypes. Three separate pulmonary leukocyte isolations and FACS
analyses were performed for each of the five groups of mice listed above.

Histopathology. Comparative histopathology analysis was conducted
with excised lungs from Coccidioides-infected, nonvaccinated HLA-DR4
mice immunized with the GP plus OVA adjuvant alone and from infected
mice vaccinated with rEBV plus GP plus OVA. The animals (3 mice per
group) were sacrificed at 9 days postchallenge as previously reported (52).
The lungs of age-matched naïve mice were included for tissue compari-
son. Fixation of lung tissue and embedding procedures were performed as
described previously (52), and tissue sections (5 �m thick) were stained
with hematoxylin and eosin (H&E) by a standard procedure. Paraffin
sections were examined using a Leica DMI6000 microscope equipped
with an automated TurboScan stage (Objective Imaging, Ltd., Cam-
bridge, United Kingdom), and microscope images of infected lung tissue
were acquired and analyzed using Surveyor software (Objective Imaging)
as previously reported (23).

Statistical analyses. The Student t test was used to compare differ-
ences with respect to ELISA results, ELISPOT assays, cytokine concentra-
tions, calculations of absolute numbers of lung-infiltrated immune cells,
and percentages of specific cytokine-producing T cells as previously re-
ported (22). The Mann-Whitney U test was used to determine differences
between the fungal burdens of nonvaccinated and vaccinated mice mea-
sured as CFU as previously reported (52). Survival data were examined by
the Kaplan-Meier test using log rank analysis to compare survival plots as
reported previously (52). A P value of 
0.05 was considered statistically
significant.

Nucleotide sequence accession numbers. The genomic and cDNA
sequences of the PEP1, Amn1, and Plb genes which encode the previously
reported T cell-reactive proteins of C. posadasii were deposited in
GenBank (accession no. DQ164306, DQ176863, and DQ188099, respec-
tively). The sequence of the synthesized gene encoding the recombinant,
epitope-based vaccine protein (rEBV) that was ligated into the pET28b�
expression vector has also been deposited in GenBank (accession no.
JX103829).

RESULTS
Combined prediction and validation permitted selection of can-
didate T cell epitopes. The T cell epitopes which were incorpo-
rated into our experimental vaccine were initially predicted by
computational analyses of amino acid sequences of three previ-
ously reported immunoreactive proteins (40) and validated here
by a set of selection criteria. This study was an extension of our
previously reported investigations of the T cell reactivity and pro-
tective efficacy of the three recombinant proteins, Pep1, Amn1,
and Plb, predicted on the basis of ProPred analyses to contain a
total of 25 human MHC II-binding epitopes (46, 47). Synthetic
peptides (20- to 22-mer) which corresponded to 8 of these de-
duced epitope peptides were selected on the basis of their having
been predicted to bind to a minimum of 80% of the MHC II
molecules expressed by the 51 representative HLA-DR alleles in-
cluded in the ProPred algorithm (Table 1). These 8 synthetic pep-
tides were first evaluated by IFN-� ELISPOT assays to validate in
vitro epitope processing and presentation to immune CD4� T
cells. The immune T lymphocytes were derived from HLA-DR4
mice which had been vaccinated with the combined three full-
length proteins. The results indicated that each of the 8 computa-
tionally selected epitope peptides was recognized by immune T
cells but that the peptides elicited different levels of in vitro lym-
phocyte activation and cytokine response (Table 1). As a second
selection criterion, each of the 8 T cell-reactive peptides was tested
in a competitive binding assay (DELFIA) to determine their rela-
tive affinities for human MHC II molecules. The results revealed

that, of the 8 synthetic peptides, 3 (previously designated Amn1-
P9, Amn1-P13, and Plb-P2 [46, 47]) had relatively low affinity for
MHC II complexes in this competitive inhibition assay compared
to the other 5 peptides (Table 1). Bioinformatic methods were
applied for further selection of T cell epitopes. Results of amino
acid sequence alignment of the 8 peptides with annotated ge-
nomes of C. immitis and C. posadasii performed using the BLASTp
algorithm revealed conservation of residues between the two spe-
cies except for Plb-P2 and Plb-P6 (Table 1). The single amino acid
substitution at residue 7 in Plb-P2 (N to D) resulted in reduction
of the ProPred-predicted MHC II-binding promiscuity of this
peptide, while the substitution at residue 15 of Plb-P6 (W to F) did
not. The amino acid and nucleotide sequences of the peptides
were also examined for homology with human proteins and oc-
currences of nonsynonymous single nucleotide polymorphisms
(SNPs), respectively (Table 1). A BLASTp search of the Homo
sapiens protein database using the 8 peptides as probes revealed
significantly higher human protein homology with both
Amn1-P9 and Amn1-P13 than with the other epitopes. SNP
calling from the multiple alignment analysis revealed single
nonsynonymous coding polymorphisms in the nucleotide se-
quences of Plb-P2 and Plb-P6 (Table 1), which in the case of
Plb-6 did not change the amino acid sequences of the peptide
due to degeneracy of the genetic code. On the basis of these
combined assays of the original 8 ProPred-predicted promis-
cuous epitopes, the 5 (Pep1-P1, Pep1-P2, Amn1-P10, Amn1-
P11, and Plb-P6) which best fulfilled our selection criteria for
vaccine candidacy were identified.

The epitope-based vaccine construct. The amino acid se-
quence of the recombinant epitope-based vaccine (rEBV) was de-
signed to include the 5 selected epitope peptides described above
as well as N-terminal leader peptides (fragment of the invariant
chain) (16, 28) and glycine/proline spacer sequences (GPGPG)
(32) for enhanced processing and presentation to MHC II com-
plexes (Fig. 1A). The 20-residue N-terminal segment of the con-
struct was designed to accommodate the requirements for optimal
E. coli expression and purification of the recombinant vaccine
protein as described above in Materials and Methods.

The purified recombinant protein vaccine was recognized by
patient antibody. The synthesized 507-bp DNA which encoded
the recombinant epitope-based vaccine protein was expressed by
E. coli transformed with a pET-28b-EBV plasmid construct. The
predicted molecular size of the recombinant protein was 20 kDa
but in SDS-PAGE gels appeared as an approximately 24-kDa poly-
peptide (Fig. 1B). This difference in size was probably due to the
high proline content of rEBV, which has been shown to result in
anomalous estimates of the molecular size of proteins based on
electrophoresis gel separations (40). The chromatographically pu-
rified recombinant protein also sometimes appeared as a dimer in
electrophoresis gels (not shown in Fig. 1B). Results of amino acid
sequence analysis of both the monomeric and dimeric forms of
rEBV were in agreement with the predicted sequence of the vac-
cine protein. Immunoblot assays (Iblt.) of the purified rEBV con-
ducted with pooled sera from either patients with confirmed coc-
cidioidal disease (�) or healthy volunteers (�) showed that only
antibody from Coccidioides-infected individuals recognized the
recombinant protein. We also performed ELISAs to test the range
of reactivity of patient sera with the rEBV protein (Fig. 2). Sera
from all 48 individual patients diagnosed with pulmonary Coccid-
ioides infection recognized the recombinant protein, and the me-
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dian absorbance determined as total bound IgG-specific antibody
was 0.20 compared to 0.09 for the control sera (P 
 0.001). The
patient outliers with high absorbance values were individuals di-
agnosed with disseminated coccidioidomycosis.

Immune CD4� T cells isolated from mice vaccinated with
rEBV plus CpG exhibited in vitro recall response to synthetic
peptide epitopes. Synthetic peptides corresponding to the 5 se-
lected epitopes incorporated into the vaccine construct were used
separately to test the in vitro response of immune CD4� T cells
derived from HLA-DR4 mice vaccinated with rEBV plus CpG
(Fig. 3). IFN-� ELISPOT assays of each peptide (10 �g/ml) and
full-length rEBV (5 �g/ml) were compared to that of a control
peptide (10 �g/ml) not predicted to be T cell reactive. Immune

CD4� T cells showed significant response to in vitro stimulation
with Pep1-P1, Pep1-P2, Amn1-P10, Amn1-P11, and the full-
length rEBV compared to the control peptide. However, in vitro
stimulation of immune T cells with Plb-P6 failed to elicit a re-
sponse. No statistically significant difference was observed be-
tween responses of immune CD4� T cells cultured in growth me-
dium alone and those of T cells cocultured with the control
peptide (P 	 0.87). Immune CD4� T cells cultured in the pres-
ence of ConA (0.5 �g/ml) generated a significant immune re-
sponse (�100 spots/well; not shown).

Splenocytes isolated from infected mice vaccinated with
rEBV plus CpG secreted protective cytokines upon in vitro stim-
ulation with the recombinant vaccine protein. An in vitro recall
assay was conducted (Table 2) to determine whether immune

FIG 1 Schematic and amino acid sequence of the epitope-based protein vaccine
(A) and its expression, purification, and patient seroreactivity (B). (A) The five
selected promiscuous epitope peptides are indicated in bold type and identified
according to the convention previously reported (i.e., Pep1-P1, Pep1-P2, etc.) (46,
47). The Ii-Key fragment of the murine invariant chain, indicated in italics, is
located at the N terminus of each epitope and includes the core (LRMK) plus linker
sequence (LPKS). The underlined glycine/proline spacer sequence (GPGPG) is
located at the C terminus of each epitope, except for Plb-P6. The 21-residue N-
terminal sequence of the vaccine protein is derived from the translated pET28b�
plasmid expression vector and includes a histidine motif for nickel-affinity purifi-
cation of the E. coli-expressed recombinant protein. (B) SDS-PAGE separation and
immunoblot(Iblt.)oftheE.coli-expressedrecombinantepitope-basedvaccine(rEBV)
protein. Standards (Std.) and lysates of E. coli transformed with the pET28b-EBV plas-
mid vector construct in the presence (�) or absence (�) of isopropyl �-D-thiogalac-
topyranoside (IPTG) and the nickel affinity-purified rEBV are shown. The immuno-
blot of rEBV was incubated with either pooled sera from patients with confirmed
Coccidioides infection (�) or pooled sera from healthy individuals (�).

FIG 2 Results of ELISA of human control sera (n 	 15) and sera from patients
with confirmed coccidioidal infection (n 	 48), each reacted with the purified
rEBV protein adsorbed to the wells of microtiter plates (50 ng/well). The data are
presented as box plots which indicate the 25th and 75th percentiles. Bars above and
below the boxes indicate the 90th and 10th percentiles, respectively. The mean
absorbance at 450 nm is indicated by a horizontal line within the boxes. Outliers
are indicated as solid circles. The asterisk indicates a statistically significant differ-
ence between the mean absorbance values of control and patient sera.

FIG 3 Assessment of IFN-� production by CD4� T cells isolated from HLA-
DR4 transgenic mice conducted by IFN-� ELISPOT assays. Mice were either
vaccinated with the rEBV protein admixed with CpG or immunized with CpG
alone. Asterisks indicate statistically significant differences between recall re-
sponses of rEBV-immune T cells coincubated with the indicated synthetic
epitope peptide (10 �g/ml) and those of immune T cells incubated in culture
medium alone. The control (Ctl.) peptide was derived from a sequence of the
aspartyl protease (Pep1) protein which was not predicted to contain a T cell
epitope (46). Immune T cells coincubated with the full-length rEBV protein (5
�g/ml) or ConA (not shown) served as positive controls. T cells from mice
immunized with the CpG adjuvant alone served as a negative control. Naïve
antigen-presenting cells (APCs) coincubated with peptides or rEBV also
served as a negative control. The data presented are representative of the results
of three independent experiments. Error bars indicate standard deviations.
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splenocytes isolated from mice immunized with rEBV plus CpG at
7 days after challenge could be induced to secrete an array of
cytokines that correlated with a protective immune response to
Coccidioides infection as previously defined in a study of vacci-
nated C57BL/6 mice (22). Representative proinflammatory, reg-
ulatory, and T helper (Th)-type cytokines were all secreted at sig-
nificantly higher concentrations by in vitro-stimulated immune
cells isolated from vaccinated than by those isolated from nonvac-
cinated mice. The concentration of IL-6 in supernatants of rEBV-
stimulated splenocytes showed an 8-fold increase upon exposure
to the vaccine protein at 1 �g/ml, while that of IL-17A revealed a
14-fold increase upon coincubation with 10 �g/ml of rEBV. A
modest 3- to 4-fold increase in the concentration of IL-10 was
recorded in supernatants of in vitro-stimulated immune spleno-
cytes derived from mice vaccinated with rEBV plus CpG com-
pared to nonvaccinated mice. Cytokines representative of a Th1-
type response (IL-2 and IFN-�) showed concentration increases
of up to 43- and 50-fold, respectively, in supernatants of immune
cells isolated from vaccinated compared to nonvaccinated mice.
The concentrations of secreted Th2-type cytokines (IL-4, IL-5)
revealed less-striking increases compared to those of the Th1-type
cytokines (up to 9- and 19-fold increases in concentration, respec-
tively) upon stimulation of immune splenocytes isolated from
mice vaccinated with rEBV plus CpG.

Activated T cells infiltrated infected lungs of mice vaccinated
with rEBV plus CpG in significantly higher numbers than lungs
of nonvaccinated mice. We determined both the absolute num-
bers and percentages of representative Th1, Th2, and Th17 CD4�

T cells that had infiltrated the lungs of mice vaccinated with rEBV
plus CpG and nonvaccinated mice at 9 days postchallenge (Fig. 4).
FACS/ICS methods were used to gate for IFN-�-, IL-5-, and IL-
17A-producing subsets of activated CD4� T cells. The absolute
numbers of CD4� IFN-�� CD44� T cells detected in the infected
lungs at 9 days after challenge were approximately 2-fold higher in
vaccinated than in nonvaccinated mice. Although fewer CD4�

IL-5� CD44� T cells had infiltrated the lungs of both groups of
mice at 9 days postchallenge than representative Th1 cells, the
absolute numbers of these Th2 cells were approximately 3-fold
higher in vaccinated than in nonvaccinated mice. Activated CD4�

IL-17A� CD44� T cells also infiltrated the lungs of mice vacci-
nated with rEBV plus CpG in significantly higher numbers than
those of nonvaccinated mice (approximately 3-fold) at 9 days
postchallenge. Intracellular staining combined with flow cytom-
etry was employed to examine the percentages of the same T cell
phenotypes relative to the total activated CD4� T cells which had
infiltrated the infected lungs after 9 days (Fig. 4). In mice vacci-
nated with rEBV plus CpG, the percentages of representative Th1
and Th17 cells were markedly higher than the percentage of Th2
cells. In addition, the percentage of IFN-�-producing Th1 cells
was consistently higher than that of IL-17A-producing Th17 cells
at 9 days postchallenge. The lung homogenates of nonvaccinated,
infected mice revealed significantly lower percentages of the three
T cell phenotypes than those of vaccinated mice.

Mice vaccinated with rEBV plus CpG revealed a significant
reduction of fungal burden but marginally increased survival
compared to nonvaccinated mice. Transgenic mice were chal-
lenged intranasally with a potentially lethal inoculum of C. posa-
dasii spores (approximately 40 to 50 viable cells). Mice vaccinated
by the subcutaneous route with rEBV plus CpG showed a signifi-
cant reduction of CFU in their lung homogenates (median CFU 	
6.5 log10) compared to nonvaccinated mice (median 	 7.7 log10)
at 9 days postchallenge (P 
 0.001; data not shown). A trend was
also evident indicating that the numbers of CFU in the spleens of
vaccinated mice were lower but not significantly different from
the numbers of CFU detected in the spleens of nonvaccinated
mice after 9 days. Survival studies were conducted over a period of
3 weeks postchallenge. Control mice immunized with CpG alone
and inoculated intranasally showed a steep mortality plot between
13 and 16 days postchallenge (Fig. 5). Mice vaccinated with rEBV
plus CpG, on the other hand, revealed an increase in survival

TABLE 2 Concentrations (pg/ml) of cytokines (pg/ml) secreted in vitro by rEBV-stimulated immune splenocytes isolated from nonvaccinated mice
versus mice vaccinated with rEBV plus CpG and sacrificed at 7 days postchallengea

Secreted cytokine

In vitro stimulation of immune splenocytes from mice in indicated group

Growth medium alone

rEBV

1 �g/ml 10 �g/ml

Nonvaccinated Vaccinated Nonvaccinated Vaccinated Nonvaccinated Vaccinated

Proinflammatory
IL-6 5.9 � 2.9 44.2 � 2.9* 281.3 � 7.5 2,225.0 � 130.9* 814.3 � 49.2 2,042.0 � 152.7*
IL-17A 4.9 � 0.4 23.8 � 2.2* 28.2 � 0.9 273.5 � 13.6* 23.2 � 4.8 325.9 � 13.2*

Regulatory
IL-10 9.0 � 0.8 34.8 � 3.6* 55.4 � 4.1 233.8 � 14.9* 221.6 � 10.9 769.9 � 18.6*

Th1 type
IL-2 97.0 � 8.6 176.4 � 10.3* 185.4 � 5.6 2,101.3 � 45.6* 97.2 � 2.9 4,195.6 � 142.5*
IFN-� 7.8 � 2.0 8.6 � 1.6 60.5 � 7.8 3,035.0 � 95.7* 71.4 � 6.6 2,531.0 � 188.8*

Th2 type
IL-4 4.5 � 0.7 13.0 � 0.2* 5.4 � 0.2 15.3 � 0.9* 3.6 � 0.1 34.0 � 0.2*
IL-5 2.1 � 0.6 47.5 � 0.9* 10.5 � 1.4 214.5 � 6.8* 9.8 � 0.8 166.3 � 7.5*

a rEBV, recombinant vaccine protein was added to immune cells in growth medium and the mixture was incubated for 48 h. Nonvaccinated mice were immunized with CpG alone.
Asterisks indicate a significant difference between cytokine concentrations (P 
 0.05) in culture supernatants of in vitro stimulated immune splenocytes derived from
nonvaccinated mice versus mice vaccinated with rEBV plus CpG.
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between 14 and 20 days after challenge, but this difference was not
statistically significant compared to the results seen with the non-
vaccinated mice (P 	 0.05). These results are representative of
three separate fungal burden and survival studies conducted un-
der the same conditions.

Immunization of transgenic mice with the recombinant
epitope vaccine plus CpG induced a pattern of immunological
response which correlated with protection against coccidioido-
mycosis in the mouse model (22, 23, 50). However, results of
survival studies indicated that durable host protection was not
achieved. We speculated that our choice of adjuvant may have at
least partly accounted for the limited success of the recombinant
protein vaccination protocol. Specifically, we proposed that im-
munization with the epitope-based vaccine plus CpG ODN may
not be optimal for promotion of the Th1 and Th17 signal path-

ways, which have been reported to be essential for vaccine immu-
nity to Coccidioides infection (22, 50).

Glucan particles were evaluated as an alternate adjuvant and
antigen delivery system. We chose to evaluate the application of
glucan particles to our immunization procedure as a replacement
of the CpG ODN adjuvant, since vaccination with GPs has re-
cently been reported to combine enhanced cellular immune re-
sponse with efficient antigen delivery to the host (19, 20). Hy-
drated GPs are fairly uniform in size (approximately 4 �m
diameter) and small enough to be engulfed by host phagocytes
(Fig. 6A). Thin sections of particles loaded with rEBV plus OVA
plus tRNA and stained with uranyl acetate revealed that most of
the protein/nucleic acid complex is contained within the hollow
cavity of the GPs (Fig. 6B). Although uranyl acetate preferentially
binds to nucleic acids, uranyl salts also bind to both negatively and
positively charged amino acids (18). The uranyl acetate-stained GPs
revealed deposits of electron-dense material primarily in the hollow
center of the particles. Protein separation of the antigen-loaded GPs
by gel electrophoresis confirmed that both rEBV (24 kDa) and OVA
(43 kDa) had been encapsulated in the hydrated particles and that
each immunization with 1 � 108 glucan particles contained approx-
imately 10 �g of rEBV as predicted (Fig. 6C).

IFN-� ELISPOT assays revealed a significantly enhanced re-
call response of CD4� T cells from mice immunized with anti-
gen-loaded GPs compared to rEBV plus CpG. CD4� T cells iso-
lated from HLA-DR4 mice immunized with GPs which had been
loaded with 10 �g of the vaccine protein (rEBV plus GP plus
OVA) revealed an approximately 10-fold-higher recall response
to a representative synthetic epitope peptide (Pep1-P1) than im-

FIG 4 FACS analysis of IFN-�-, IL-5-, and IL-17A-expressing Th1, Th2, and Th17 cells, respectively, in lung homogenates derived from mice vaccinated with
rEBV plus CpG compared to those derived from nonvaccinated transgenic mice. The latter were immunized with the CpG adjuvant alone. Mice were sacrificed
at 9 days postchallenge (DPC). Naïve (untreated) mice were included for determination of the baseline of numbers of corresponding lung-associated immune
cells. The absolute numbers of lung-infiltrated T helper cell phenotypes are shown as bar graphs. Asterisks indicate significantly higher absolute numbers of the
responsive T cell phenotypes in lungs of vaccinated than in nonvaccinated mice. Error bars indicate standard deviations. Percentages of gated, specific cytokine-
producing T helper cells per lung were determined by intracellular cytokine staining and are indicated as insets in each panel. The results reported are
representative of three independent experiments.

FIG 5 HLA-DR4 transgenic mice vaccinated with rEBV plus CpG (open cir-
cles) showed a trend to increased survival between 14 and 20 days after intra-
nasal challenge with 40 spores of C. posadasii compared to nonvaccinated mice
immunized with CpG alone (closed circles), but the difference between the
survival plots was not statistically significant (P 	 0.05). The results are repre-
sentative of three separate experiments.
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mune T lymphocytes obtained from mice vaccinated with rEBV
plus CpG (cf. Fig. 3 and 7). Both sources of immune T cells showed
a higher in vitro response to Pep1-P1 than to the control peptide,
and CD4� cells isolated from mice immunized with CpG or GP
plus OVA alone showed minimal in vitro recall responses.

Splenocytes isolated from mice vaccinated with rEBV plus
GP plus OVA revealed enhanced secretion of IL-17A and IFN-�
upon in vitro stimulation. Results of the in vitro assay summa-
rized in Table 3 were obtained under the same conditions as our
evaluation of the recall response of immune splenocytes isolated
from mice vaccinated with rEBV plus CpG and from nonvacci-
nated, infected mice reported in Table 2. Concentrations of the
same set of cytokines in Table 3 were examined after in vitro stim-
ulation with either OVA or rEBV. Immune splenocytes isolated
from vaccinated mice responded to the presence of rEBV but not
OVA during incubation, indicating that OVA in the GP prepara-
tion did not significantly contribute to the priming of host im-
mune cells following vaccination and Coccidioides infection. A
marked increase in secretion of IL-6, IL-17A, IL-2, and IFN-� was
observed in splenocyte supernatants isolated from mice vacci-
nated with the preparation of glucan particles containing rEBV
compared to nonvaccinated mice upon in vitro stimulation with
rEBV. This same trend was reported in Table 2. However, immune
splenocytes obtained from infected mice vaccinated with rEBV
plus GP plus OVA secreted markedly higher concentrations of
IL-17A and IFN-� but lower concentrations of IL-2 upon in vitro
stimulation with rEBV than immune splenocytes obtained from
mice vaccinated with rEBV plus CpG. In both assays, only a mod-
est increase in IL-10 production in the supernatants of immune
splenocytes stimulated with rEBV was recorded. A surprising ob-
servation was the elevated production of IL-6 and IFN-� by
splenocytes isolated from infected control mice immunized with
GP plus OVA and stimulated in vitro with rEBV (Table 3). We
suggest that the �-glucan component of GPs contributed to nonspe-
cific inflammatory cell activation, which could explain the high levels
of production of these two cytokines. IFN-� production in this case

could also have been a dominant recall response of activated T cells
which recognized epitopes of the rEBV protein presented during Coc-
cidioides infection.

Higher numbers of activated CD4� IFN-�� and CD4� IL-
17A� T cells infiltrated the infected lungs of mice vaccinated
with rEBV plus GP plus OVA than infiltrated the lungs of non-
vaccinated mice. The absolute cell numbers and percentages of
representative Th1, Th2, and Th17 CD4� cells that had infiltrated
the lungs of mice vaccinated with rEBV plus GP plus OVA at 9
days postchallenge (Fig. 8) correlated with the pattern of activa-
tion and cytokine production by immune splenocytes upon in
vitro stimulation with rEBV reported in Table 3. Absolute num-
bers and percentages of CD4� IFN-�� CD44� and CD4� IL-
17A� CD44� T cells were significantly higher in lung homoge-
nates of mice vaccinated with rEBV plus GP plus OVA than in
those of nonvaccinated mice immunized with GP plus OVA alone.
Markedly lower levels of infiltration of Th2-type CD4� T cells
were observed, which correlates with the relatively low levels of
IL-4 and IL-5 production reported in Table 3. Comparison of the
data in Fig. 4 and 8 supports our argument that the application of
glucan particles to our vaccine formulation substantially in-
creased both Th1 and Th17 cell responses to Coccidioides infec-
tion. Naïve mice were included in Fig. 8 for baseline comparison
of absolute cell numbers and percentages of infiltration of the
selected CD4� T helper phenotypes.

Transgenic mice vaccinated with rEBV plus GP plus OVA
showed significantly reduced fungal burden in their lungs and
consolidation of infection sites revealed by histopathology.
Mice immunized with the glucan particle preparation containing
the rEBV protein revealed a significant reduction of CFU in their
lungs at 9 days postchallenge compared to mice immunized with
GP plus OVA or PBS (Fig. 9A; median CFU values are indicated).

FIG 7 IFN-� ELISPOT assay of immune CD4� T cell recall response to a
representative epitope peptide component (Pep1-P1; 10 �g/ml) of the recom-
binant vaccine protein. Transgenic mice were immunized with rEBV that was
either admixed with CpG or uploaded into glucan particles. CD4� T cells
derived from mice immunized with GP plus OVA alone served as a negative
control. Immune T cells incubated in growth medium alone or in the presence
of the same control peptide as described for Fig. 3 also served as negative
controls. Immune CD4� T cells incubated with ConA (not shown) served as a
positive control. Asterisks represent significant difference in the stimulation of
immune CD4� T cells with Pep1-P1 compared to the control peptide; the
dagger represents significant difference in the stimulation of CD4� cells de-
rived from rEBV plus GP plus OVA-vaccinated mice versus rEBV plus CpG-
vaccinated mice.

FIG 6 Light and electron microscopic images of hydrated glucan particles
which had been loaded with the vaccine protein (rEBV) plus OVA and tRNA
are shown in panels A and B, respectively. The thin-sectioned glucan particle
(GP) shown in panel B was chemically fixed and stained with uranyl acetate.
(C) The protein content of GPs loaded with OVA versus rEBV plus OVA was
revealed by SDS-PAGE as shown in lanes L2 and L3, respectively. Lane L1
contained 5 �g of purified rEBV represented by the 24-kDa Coomassie-stained
band. The optical density of the band with matching molecular size in lane L3
was approximately twice that of the rEBV band in lane L1. The bars in panels A
and B represent 4 �m and 2 �m, respectively.
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Both the vaccinated mice and the control mice immunized with
GP plus OVA showed a lower fungal burden in the spleen than
Coccidioides-infected mice which had been injected subcutane-
ously with PBS alone prior to challenge (P 
 0.05). On the other
hand, the numbers of CFU in spleen homogenates of the two
groups of mice immunized with glucan particle preparations were
not significantly different, although a trend was evident that indi-

cated that dissemination of the pathogen to the spleen was re-
duced in mice vaccinated with rEBV plus GP plus OVA. These
results are representative of two separate fungal burden studies
conducted under the same conditions.

Comparative histopathology of the lungs of mice vaccinated
with rEBV plus GP plus OVA and lungs from nonvaccinated mice
at 9 days postchallenge (Fig. 9B to D) revealed striking differences

TABLE 3 Concentrations (pg/ml) of cytokines secreted in vitro by rEBV- versus OVA-stimulated immune splenocytes isolated from nonvaccinated
mice versus mice vaccinated with rEBV plus GP plus OVA and sacrificed at 7 days postchallengea

Secreted cytokine

In vitro stimulation of immune splenocytes from nonvaccinated and vaccinated mice

OVA (1 �g/ml) rEBV (1 �g/ml) OVA (10 �g/ml) rEBV (10 �g/ml)

Nonvaccinated Vaccinated Nonvaccinated Vaccinated Nonvaccinated Vaccinated Nonvaccinated Vaccinated

Proinflammatory
IL-6 110.3 � 7.1 74.5 � 2.6 1,614.1 � 54.9 3,391.6 � 141.5* 192.4 � 9.6 97.1 � 3.3 2,004.2 � 88.3 2,925.2 � 213*
IL-17A 404.9 � 41.7 160.7 � 2.8 258.5 � 13.2 1,317.1 � 73.6* 974.6 � 21.8 331.4 � 29.9 153.4 � 6.6 1,460.7 � 99.3*

Regulatory
IL-10 26.8 � 2.3 29.4 � 1.5 102.1 � 1.3 190.9 � 16.9* 36.5 � 2.1 30.8 � 1.9 416.2 � 6.7 803.1 � 10.1*

Th1 type
IL-2 270.6 � 11.0 231.7 � 3.5 32.0 � 2.5 450.4 � 11.3* 462.6 � 20.0 270.6 � 1.3 32.9 � 2.4 553.4 � 28.9*
IFN-� 91.5 � 6.6 19.3 � 3.1 2,138.1 � 189.6 4,880.4 � 698.5* 217.2 � 8.4 23.6 � 4.5 1,853.5 � 340 4,163.7 � 278*

Th2 Type
IL-4 28.3 � 0.7 12.7 � 0.1 9.0 � 0.3 45.2 � 1.9* 45.0 � 2.2 15.0 � 0.4 4.0 � 0.1 58.3 � 1.2*
IL-5 127.3 � 4.2 44.2 � 1.2 18.3 � 1.6 176.0 � 5.7* 208.1 � 13.3 74.3 � 0.9 14.9 � 1.4 161.4 � 6.2*

a OVA or rEBV protein was added to immune cells in growth medium and the mixture was incubated for 48 h. Nonvaccinated mice were immunized with GP plus OVA alone.
Asterisks indicate a significant difference between cytokine concentrations (P 
 0.05) in culture supernatants of rEBV-stimulated immune splenocytes derived from nonvaccinated
versus vaccinated mice.

FIG 8 FACS analysis of IFN-�-, IL-5-, and IL-17A-expressing Th1, Th2, and Th17 cells, respectively, in lung homogenates derived from mice vaccinated with rEBV plus
GP plus OVA compared to nonvaccinated transgenic mice immunized with GP plus OVA alone. Determinations of absolute numbers and percentages of selected
immune CD4� T cell phenotypes which had infiltrated infected lungs of mice at 9 days postchallenge were conducted as described for Fig. 4. Naïve (untreated) mice were
included for determination of baseline numbers of corresponding lung-associated immune cells. Asterisks indicate significantly higher absolute numbers of the
responsive T cell phenotypes in lungs of vaccinated compared to nonvaccinated mice. Error bars indicate standard deviations. Percentages of gated, specific cytokine-
producing T helper cells per lung are indicated as insets in each panel. The results reported are representative of three independent experiments.
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in the nature of the host response to infection. Nonvaccinated
mice immunized with GP plus OVA alone (Fig. 9B) showed an
intense suppurative response to the Coccidioides insult, which is
typical of the nonvaccinated murine model (52). Large numbers
of spherules were observed in various stages of development.
Many of the parasitic cells revealed a large central vacuole (arrow
in Fig. 9B), indicative of an early stage of the reproductive cycle.
The dense clusters of stained inflammatory cells visible in this
section are associated with mature parasitic cells which had re-
leased their endospores (endosporulation [ES]). An intense in-
flammatory cell response to endosporulating spherules has been
reported previously (8, 24, 52). Host tissue damage due to inflam-
matory pathology was evident in the lungs of these nonvaccinated
mice, and the immune response resulted in little consolidation of
the infection. In contrast, the histopathology of lungs of vacci-
nated mice revealed a more organized immune response at 9 days
postchallenge (Fig. 9C). Comparatively few parasitic cells were
typically observed within an abscess (arrows in Fig. 9C), and the
host tissue adjacent to the abscess had structural features of nor-
mal lung tissue (cf. Fig. 9E). Note that the abscess shown in Fig. 9C
contained numerous darkly stained regions composed of concen-
trated inflammatory cells (e.g., the circled region). At higher mag-
nification, some of these regions are seen to be surrounded by
what appears to be a layer of fibroblasts (Fig. 9D). We suggest that
the host cell complex shown in Fig. 9D represents an early stage in
the formation of a granuloma, which may eventually coalesce with
comparable regions of differentiation within the abscess. Coales-
cent granulomas in histopathology studies of pulmonary tubercu-
losis and paracoccidioidomycosis have been previously reported
(33) and may contribute to protection by forming a region of
consolidation and clearance of the pathogen.

Transgenic mice immunized with the vaccine consisting of
rEBV plus GP plus OVA showed a significant increase in sur-
vival compared to nonvaccinated mice. The two groups of mice
represented in Fig. 10 were challenged intranasally with 50 viable
spores. The nonvaccinated mice immunized with GP plus OVA
alone were moribund by 10 days postchallenge and began to die by
11 days. The vaccinated mice appeared healthy through this early
period after challenge and survived over a significantly longer pe-
riod than the nonvaccinated mice (P 	 0.02). In addition, mice
vaccinated with the glucan particle preparation containing the
rEBV protein showed a significant increase in survival compared
to mice vaccinated with rEBV plus CpG (cf. Fig. 10 and 5, respec-
tively; P 	 0.01).

FIG 9 Comparison of the fungal burdens (A) and histology results (B to E) of
HLA-DR4 transgenic mice vaccinated with rEBV plus GP plus OVA versus
nonvaccinated mice. The animals were sacrificed at 9 days postchallenge. Non-
vaccinated mice were immunized with GP plus OVA alone or injected with
PBS. The boxes in panel A indicate the 25th and 75th percentiles. The hori-
zontal lines within the boxes represent the median CFU. The bars above and
below the boxes indicate the 90th and 10th percentiles, respectively. The aster-
isk in panel A indicates a statistically significant difference between the levels of
CFU in the lungs of mice vaccinated with rEBV plus GP plus OVA versus
control mice vaccinated with GP plus OVA (P 	 0.02). The daggers indicate
significant differences in the fungal burden of both the infected mice immu-
nized with GP plus OVA and those vaccinated with rEBV plus pGP plus OVA
and the fungal burden of animals injected with PBS followed by intranasal
challenge. The dashed line in panel A represents the limit of detection of CFU
in organ homogenates. (B and C) The histopathology analyses of Coccidioides-
infected lungs of mice immunized with GP plus OVA alone (B) versus trans-
genic mice vaccinated with rEBV plus GP plus OVA (C) show striking differ-
ences in host response. The single arrow in panel B indicates a cluster of young
parasitic cells (spherules; preendosporulation stage), while the regions of con-
centrated inflammatory cells locate sites where mature spherules have under-
gone endosporulation (ES). The abscess in the lung of a mouse vaccinated with
rEBV plus GP plus OVA (C) shows early consolidation of the infection, com-
paratively few parasitic cells (arrows), and an early stage in the differentiation
of an apparent coalescent granuloma (circled). The latter is revealed at higher
magnification in panel D. The histology of a corresponding region of the lung
of a naïve (untreated) mouse is shown in panel E. Bars in panel B to E represent
500 �m, 1,000 �m, 70 �m, and 250 �m, respectively.

FIG 10 Differences in survival of HLA-DR4 transgenic mice vaccinated with
rEBV plus GP plus OVA (open circles) and of nonvaccinated mice immunized
with GP plus OVA alone and challenged intranasally with 50 viable spores
(closed circles) were statistically significant (P 	 0.02). The results are repre-
sentative of three separate survival experiments.
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DISCUSSION

In our previous evaluation of a coccidioidomycosis vaccine which
consisted of a mixture of three T cell-reactive proteins (46, 47), we
proposed that the superior protection observed in C57BL/6 mice
immunized with this multivalent reagent compared to each of the
single-protein vaccines was the consequence of presentation of a
broader range of epitope peptides to T cell receptors, resulting in a
more robust cell-mediated immune response to infection. On the
basis of this assumption, we designed experiments to test whether
a single polypeptide vaccine construct composed of selected im-
munodominant T cell epitopes of the mixed recombinant protein
vaccine (47) could also protect mice against a potentially lethal
intranasal challenge with Coccidioides spores. Selection of epitope
peptides for incorporation into this recombinant epitope-based
vaccine (rEBV) was initially based upon results of computational
analysis of the primary structure of each of the three T cell-reactive
proteins. The web-based, freely accessible ProPred algorithm (43)
was chosen to identify putative promiscuous epitopes, which were
defined as peptides predicted to bind to at least 80% of the MHC II
molecules expressed by the 51 HLA-DR alleles represented in the
algorithm. For the purpose of validation, we initially used murine
ELISPOT assays to confirm that the computationally predicted,
synthesized epitope peptides were processed based on their ability
to stimulate IFN-� cytokine production by immune CD4� T cells
in vitro. The immune T cells in the ELISPOT assay initially re-
ported in Table 1 were derived from HLA-DR4 transgenic mice
which had been immunized with the combined, full-length re-
combinant Pep1, Amn1, and Plb proteins as previously reported
(47). We have previously argued that, since the HLA-DR allele
(DRB1*0401) is the most prevalent DR4 allele in humans (44), this
transgenic mouse strain is an appropriate animal model for pre-
clinical evaluation of candidate T cell epitopes destined for incor-
poration into a human vaccine against coccidioidomycosis (46).
Further validation of the ProPred-predicted, promiscuous
epitopes was conducted by a sensitive in vitro MHC II binding
assay (DELFIA) that permitted selection of peptides with highest
affinity for HLA-DR4 (DRB1*0401) molecules (15). Five syn-
thetic epitope peptides selected on the basis of this assay were
further evaluated by bioinformatic methods for sequence similar-
ity between the two Coccidioides species, lack of homology with
reported human proteins, and absence of nonsynonymous coding
SNPs that could result in codon changes. These studies were con-
ducted by appropriate computational analyses of the Broad Insti-
tute Coccidioides group genomic database (37, 42) and were essen-
tial to ensure that peptides selected for the epitope-based vaccine
are conserved between species, unlikely to elicit an autoimmune
response by the vaccinated host, and encoded by stable tran-
scripts.

A single-protein construct was designed which included the 5
selected epitopes, linked at their N and C termini to previously
reported peptides proposed to promote epitope peptide binding
to MHC II and ensure appropriate peptide presentation. The Ii-
Key segment of the invariant chain (Ii) was incorporated into the
protein construct at the N terminus of each epitope and included
the conserved active core (LRMK) plus four downstream mouse-
specific residues (LPKS) that have been proposed to link the core
to each epitope peptide (21). The Ii-Key peptide component of the
immunoregulatory Ii protein has been reported to help direct
the vaccine peptides into the antigenic peptide binding site of the

MHC II complex (16, 28). In an earlier study, the Ii-Key core was
conjugated with the epitope peptide using a flexible, nonnatural
amino acid (�-aminovaleric acid) and the complex was generated
by peptide synthesis (28). We chose instead to use a strategy for
construction of the epitope-based vaccine which avoided the need
for separate peptide synthesis and conjugation and instead per-
mitted versatility in the generation of a multiepitope protein by
application of conventional recombinant DNA technology. MHC
II molecules bind peptides that are at least 13 residues in length
and can be much longer, as described in this study, although typ-
ically a 9-residue anchor sequence represents the backbone which
associates with the peptide binding groove of the MHC II mole-
cule (27). During processing of the multiepitope vaccine in the
endocytic pathway of APCs, there is an obvious need for proper
cleavage of the linear array of epitope peptides prior to their pre-
sentation to MHC II molecules for delivery to the cell surface.
Livingston and coworkers (32) reasoned that separation of
epitopes by spacer residues composed of a minimum of 5 amino
acids which are not usually found at the anchor positions could
facilitate appropriate presentation of tandemly linked epitope
peptides by disruption of the binding of junctional epitopes.
Those authors provided experimental evidence that a GPGPG
spacer performs this function and enables the successful process-
ing of multiepitope vaccine constructs. The five epitope peptides
which embodied our recombinant epitope-based vaccine ranged
between 20 and 22 residues in length and were separated from
each other by a GPGPG spacer, except for Plb-P6 at the C termi-
nus of the vaccine construct. The 21-residue sequence of the vac-
cine protein upstream of the leading Ii-Key peptide was derived
from the plasmid vector used for E. coli transformation and ex-
pression of the recombinant polypeptide and included a histidine
motif that permitted purification of the rEBV protein by nickel-
affinity chromatography.

Initial evaluation of immunoreactivity of the rEBV protein was
conducted by combined assessment of patient antibody recogni-
tion, cellular immunoassays, and analyses of rEBV-induced cyto-
kine production. All samples of sera from patients with confirmed
coccidioidal infection recognized the recombinant protein based
on ELISAs of bound IgG-specific antibody, which underscores the
relevancy of the recombinant protein for human vaccine develop-
ment. The outcome of IFN-� ELISPOT assays of the candidate
epitopes indicated that, of the 5 epitope peptides, 4 (Pep1-P1,
Pep1-P2, Amn1-P10, and Amn1-P11) were processed by APCs
and presented to MHC II complexes, while the C-terminal peptide
of rEBV (Plb-P6) was apparently not processed. Partial degrada-
tion during bacterial expression of the vaccine protein was ruled
out as an explanation, since sequence analysis revealed that the
Plb-P6 peptide was intact (data not shown). A possible limiting
factor for reactivity of Plb-P6 peptide was that it showed the lowest
affinity for human MHC II molecules compared to the other 4
selected epitope peptides examined by DELFIA. However, our
previously reported ELISPOT assay confirmed that immune T
cells derived from HLA-DR4 transgenic mice vaccinated with the
full-length, recombinant Plb protein responded in vitro to the
Plb-P6 peptide (47). Another consideration is that the Plb-P6 pep-
tide component of rEBV needed to be flanked at its C terminus
with the spacer sequence in order to be processed, as may have the
case for the other epitope peptides. Studies are under way to test
this possibility. The secretion of cytokines by immune T cells to a
large extent defines the functional activity of the lymphocytes
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(17). The profile of cytokines secreted in vitro by recall stimulation
of immune splenocytes obtained from infected mice immunized
with rEBV plus CpG suggested that the recombinant vaccine had
primed the cells for production of appropriate chemical signals
that have previously been shown to induce a protective immune
response (22, 23). Th1-type cytokines (IFN-� and IL-2) were se-
creted at significantly higher concentrations by rEBV-stimulated
splenocytes obtained from mice vaccinated with rEBV plus CpG
than by those obtained from nonvaccinated mice. The contribu-
tions of activated Th1 cells to host defense against Coccidioides are
well established (22, 52). Treatment of susceptible BALB/c mice
with recombinant murine IFN-� significantly protected the ani-
mals against systemic challenge, while administration of an anti-
IFN-� monoclonal antibody to resistant DBA/2 mice sharply de-
creased their ability to control the disease (35). Immunotherapy
combining recombinant IFN-� and IL-12 was effective in amelio-
rating the course of coccidioidomycosis in BALB/c mice (10). Al-
though limited production of Th2-type cytokines was apparent in
the recall assay, activation of the Th2 signal pathway is a consistent
feature of vaccine immunity to coccidioidomycosis in mice (22).
However, the underlying basis for the occurrence of an amplified
Th2 response during infection with Coccidioides has not been clar-
ified (49). IL-6 is a pleiotropic, proinflammatory cytokine pro-
duced by an array of immune cells (5). Evidence has been reported
that this cytokine participates in a feedback loop to increase the
differentiation of Th17 cells (38). In fact, a 10- to 14-fold increase
in the concentration of secreted IL-17A correlated with the peak of
IL-6 production in supernatants of immune splenocytes from
mice vaccinated with rEBV plus CpG compared to nonvaccinated
mice. Evidence that activation of the Th17 signal pathway is es-
sential for protection against murine coccidioidomycosis (22, 50,
51) is further discussed below. The relatively low concentrations
of IL-10 detected in the supernatants of immune splenocytes com-
pared to IFN-� are consistent with the suggestion of a dynamic
reciprocal relationship between these two cytokines (13). Damp-
ened IL-10 production during early stages of coccidioidal disease
may be a factor that contributes to the observed infiltration and
expansion of activated CD4�IFN-�� T cells in infected lungs of
the vaccinated transgenic mice.

FACS analysis of lung homogenates of vaccinated mice indi-
cated that clonal expansion of both Th1 and Th17 cells had oc-
curred by 9 days postchallenge. Significantly higher percentages of
activated CD4� IFN-��and CD4� IL-17A� T lymphocytes rela-
tive to total CD4� cells that had infiltrated the pulmonary tissue
were detected in mice vaccinated with rEBV plus CpG than in
nonvaccinated mice. Several lines of evidence indicate that activa-
tion of the Th17 signal pathway plays a key role in murine defense
against coccidioidomycosis. For example, loss of function of IL-17
receptor A in IL-17ra�/� mice immunized with a protective, live
vaccine resulted in a 60% reduction of their survival over 45 days
postchallenge compared to 100% survival of mice with intact re-
ceptor function and normal Th1 immunity (22). In vitro-activated
transgenic CD4� T cells (Bd 1807) with a polarized Th17 pheno-
type, when adoptively transferred to mice that lacked endogenous
CD4� cells, conferred protection against coccidioidomycosis
(51). Activation of alveolar macrophages and neutrophils by re-
combinant IL-17 in vitro augmented fungicidal capacity, suggest-
ing that antifungal Th17 cells contribute to protection by recruit-
ment and activation of innate cells (50). It appears that a vaccine

against lung infection with Coccidioides should promote early dif-
ferentiation and activation of Th17 cells if it is to be effective.

On the basis of results of our combined in vitro and ex vivo
immunoassays of the vaccine protein, we anticipated a positive
outcome of protection studies of HLA-DR4 mice immunized sub-
cutaneously with rEBV plus CpG. In fact, a significant reduction
of CFU in the lungs of vaccinated mice was observed at 9 days
postchallenge compared to those of the nonvaccinated animals.
Although a trend was also evident that mice vaccinated with rEBV
plus CpG survived longer than nonvaccinated mice, the difference
between the respective survival plots was not statistically signifi-
cant. The humanized mouse strain used in this study has proven to
be highly susceptible to pulmonary infection and dissemination of
Coccidioides to the spleen after intranasal challenge with as few as
30 to 40 spores. Nevertheless, our vaccine formulation of rEBV
plus CpG and immunization regimen apparently failed to induce
a robust and durable protective response to the fungal infection.
We speculated that a possible cause of the deficiency may have
been the adjuvant employed (CpG ODN). Adjuvants are recog-
nized to play pivotal roles in enhancement of the magnitude of
adaptive immunity as well as the specificity and clonotypic diver-
sity of the responding CD4� T cell repertoire (6). Glucan particles
prepared from isolated yeast cell wall material and composed pri-
marily of particulate �-1,3-glucans have recently been shown to
function as both an effective adjuvant and an efficient delivery
system (20). �-glucans are recognized by Dectin-1 receptors ex-
pressed on the surface of host phagocytes, including dendritic cells
(DCs), macrophages, and neutrophils, and have been shown to
induce the synthesis of cytokines involved in polarization of the
Th17 signal pathway (19). GPs are hollow structures which in the
appropriate chemical environment can be induced to take up and
retain reproducible amounts of antigenic proteins. The particles
are small enough to be readily phagocytosed by DCs via their
Dectin-1 receptors followed by innate cell secretion of proinflam-
matory cytokines (20). Results of our comparison of CD4� IFN-�
ELISPOT recall assays reported here have indicated that delivery
of the rEBV to APCs via glucan particles was much more effi-
ciently processed than delivery by presentation of the vaccine pro-
tein admixed with CpG. In addition, high in vitro production of
IL-17A and IFN-� by immune splenocytes isolated from infected
mice which had been vaccinated with rEBV plus GP plus OVA was
observed upon recall stimulation with rEBV but not with OVA.
This specificity of the recall response was maintained even though
the amount of OVA loaded into the glucan particle preparation
was more than twice that of the recombinant vaccine protein.
Moreover, this rEBV-specific, in vitro cytokine response of im-
mune splenocytes was dramatically enhanced in mice vaccinated
with the GP preparation compared to mice vaccinated with rEBV
plus CpG. Correlated with these results was a significant increase
in numbers of CD4� IFN-�� and CD4� IL-17A� T cells which
had infiltrated the lungs of infected mice vaccinated with rEBV
plus GP plus OVA compared to mice immunized with rEBV plus
CpG. Protection studies also showed that the HLA-DR4 mice im-
munized with the glucan particle preparation and challenged in-
tranasally with Coccidioides revealed a significantly better out-
come than mice vaccinated with rEBV plus CpG based on
comparisons of pathogen clearance, histopathology, and survival
results. Particularly striking was the difference between the two
groups in the results of histopathology analysis of the lungs 9 days
after challenge (not shown). Paraffin sections revealed increased
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consolidation of the lung infections in mice immunized with
rEBV plus GP plus OVA compared to animals vaccinated with
rEBV plus CpG.

In conclusion, we argue that both the nature of the primed
immunological response of the humanized mouse to early stages
of Coccidioides infection and the degree of protection achieved by
our first-generation, glucan particle-delivered epitope-based vac-
cine indicate sufficient promise to warrant further investigations.
Current studies are focused on modification of several key features
of the recombinant protein construct and immunization protocol
which we believe will significantly improve the protective efficacy
of the vaccine. The observed degree of vaccine immunity was es-
sentially the result of APC presentation of only four T cell
epitopes. The epitope-based vaccine construct permits incorpora-
tion of alternative and/or additional epitope peptides with relative
ease. We have validated our earlier prediction of the existence of a
reservoir of Coccidioides parasitic cell wall-extractable, T cell-re-
active proteins which contain promiscuous T cell epitopes (47).
Selection of additional peptide vaccine candidates using criteria
developed in this study is under way. Immune splenocytes derived
from mice vaccinated with the glucan particle preparation in-
duced a significantly lower IL-2 response upon in vitro recall stim-
ulation than those derived from mice immunized with rEBV ad-
mixed with the CpG ODN adjuvant. IL-2 receptor signaling has
been shown to play an important role in Th1 effector cell differ-
entiation (29). We plan to add CpG ODN to the current GP prep-
aration and evaluate its effect on protection. Examination of fac-
tors which improve loading and delivery of the vaccine protein in
glucan particles and evaluation of different antigen dosages are in
progress. Finally, alternate routes of immunization are under in-
vestigation. Intranasal (i.n.) immunization has been shown to
promote Th17-biased immune responses, which have been previ-
ously reported to contribute to the effectiveness of a vaccine
against coccidioidomycosis (54). On the other hand, i.n. immu-
nization poses a risk of antigen delivery to the central nervous
system and recent studies have indicated that sublingual vaccina-
tion is a safer route (39). Further development of an epitope-based
vaccine against coccidioidomycosis should both help to elucidate
underlying mechanisms of immune recognition and yield a po-
tentially promising protective reagent against this respiratory dis-
ease (53).
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