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We have previously reported that CS7BL/6 mice vaccinated with a live, attenuated mutant of Coccidioides
posadasii, referred to as the AT vaccine, are fully protected against pulmonary coccidioidomycosis. This
model was used here to explore the nature of vaccine immunity during the initial 2-week period after
intranasal challenge. Elevated neutrophil and eosinophil infiltration into the lungs of nonvaccinated mice
contrasted with markedly reduced recruitment of these cells in vaccinated animals. The numbers of
lung-infiltrated macrophages and dendritic cells showed a progressive increase in vaccinated mice and
corresponded with reduction of the lung infection. Concentrations of selected inflammatory cytokines and
chemokines were initially higher in lung homogenates of vaccinated mice but then generally decreased at
14 days postchallenge in correlation with containment of the organism and apparent dampening of the
inflammation of host tissue. Profiles of cytokines detected in lung homogenates of AT-vaccinated mice
were indicative of a mixed T helper 1 (Th1l)-, Th2-, and Th17-type immune response, a conclusion which
was supported by detection of lung infiltration of activated T cells with the respective CD4* gamma
interferon (IFN-y)*, CD4" interleukin-5 (IL-5)*, and CD4" IL-17A™ phenotypes. While Th1 and Th2
immunity was separately dispensed of by genetic manipulation without loss of AT vaccine-mediated
protection, loss of functional Th17 cells resulted in increased susceptibility to infection in immunized
mice. Characterization of the early events of protective immunity to Coccidioides infection in vaccinated
mice contributes to the identification of surrogates of immune defense and provides potential insights into

the design of immunotherapeutic protocols for treatment of coccidioidomycosis.

Coccidioides posadasii and Coccidioides immitis are the
etiologic agents of a mild to potentially life-threatening re-
spiratory disease known as coccidioidomycosis or San
Joaquin Valley fever. In spite of the genetic diversity be-
tween the two species revealed by comparative genomic
sequence analyses (36), laboratory studies have failed to
show any significant difference in their virulence in mice.
Coccidioides is considered both a primary and an opportu-
nistic pathogen, since coccidioidal infections occur in immu-
nocompetent as well as immunocompromised individuals
(12). Disease onset typically results from inhalation of dry,
air-dispersed spores (arthroconidia) released by the soil-
borne saprobic phase of the pathogen. An estimated 40% of
individuals exposed to this microbe in regions of the south-
western United States where it is endemic develop symp-
tomatic disease, which can manifest as an acute or progres-
sive pneumonia with formation of pulmonary nodules and
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cavities, extrapulmonary nonmeningeal mycosis, or coccid-
ioidal meningitis. The last of these is the most severe com-
plication and commonly requires aggressive therapy (29).
An additional clinical concern related to this mycosis is that
latent coccidioidal infections can reactivate in solid-organ
recipients, and these patients often require lifelong antifun-
gal prophylaxis (19). Escalation of the cost of antifungal
treatment of coccidioidomycosis argues for methods to pre-
vent and better control the disease (11).

Inhaled spores of Coccidioides become hydrated and un-
dergo isotropic growth to form spherule initials (also called
round cells; 20 to 40 pwm diameter) (5). These parasitic cells
presumably first come into contact with epithelial cells and
macrophages in the respiratory tract of the host. Little is
known about the host response during the first few days after
the microbial insult. Investigations of murine primary macro-
phage interactions with spores and spherule initials have indi-
cated that under in vitro conditions the phagocytes are unable
to efficiently kill the parasitic cells (14). The results of recent
investigations of host-pathogen interactions cast doubt on
whether the oxidative burst is required for phagocytic killing of
Coccidioides in vitro (15, 28) and suggest that other, still un-
defined mechanisms of innate immunity are involved in the
protective response to this fungal pathogen. The contents of
mature spherules convert into a multitude of endospores,
which are ultimately released from the maternal cells and can
disseminate hematogenously from original sites of infection.
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Histopathological examinations of infected lungs of nonvac-
cinated mice at 1 to 2 weeks postchallenge have revealed large
numbers of neutrophils adjacent to mature spherules that have
ruptured and released their endospores (43). We have pro-
posed that neutrophils respond to the contents of these para-
sitic cells in a chemotaxis-like fashion; the more spherules in
the lungs, the more neutrophils are present (17). This intense
inflammatory response at infection sites may contribute to lung
tissue damage which could exacerbate the course of disease.
The majority of nonvaccinated, Coccidioides-infected C57BL/6
mice become moribund by 14 days, and all die within 3 weeks
after challenge. On the other hand, vaccination of this same
mouse strain with a live, attenuated mutant of C. posadasii
generated by a triple-gene knockout procedure (AT vaccine)
resulted in survival of 100% of the animals to at least 75 days
after intranasal challenge with a potentially lethal suspension
of viable spores (43). The survivors mounted a robust, T-cell
mediated immune response to the respiratory infection, devel-
oped well-differentiated pulmonary granulomas, showed no
evidence of inflammatory damage, and exhibited near clear-
ance of the organism from lung tissue with minimal dissemi-
nation of the pathogen to extrapulmonary sites (43). Although
sterilizing immunity was not achieved, the presence of residual
granulomas and a benign outcome of infection in the vacci-
nated host constitute an acceptable goal for a vaccine against
this respiratory disease. This murine model of coccidioidomy-
cosis supports the general paradigm for granulomatous dis-
eases: activated T lymphocytes secrete cytokines, which acti-
vate macrophages, inducing the formation of granulomas that
lead to the killing or containment of the pathogen (21).

Unfortunately, the mouse model of pulmonary coccidioido-
mycosis is not the ideal simulation of this respiratory disease in
humans. An intranasal insult of naive C57BL/6 mice with 60 to
80 Coccidioides spores consistently manifests as an acute, dis-
seminated infection. In contrast, a typical symptomatic, pri-
mary respiratory infection in humans initially presents as a
comparatively slowly developing granulomatous disease that
either resolves spontaneously or progresses to the dissemi-
nated form of the mycosis. However, we propose that investi-
gations of the differences in patterns of innate and T-cell-
mediated immune responses to Coccidioides infection between
vaccinated and nonvaccinated mice during early stages of this
respiratory disease can provide valuable insight into mecha-
nisms of protection against this respiratory pathogen. The re-
sults of these studies in turn could potentially aid in the devel-
opment of novel strategies for immunotherapy and contribute
to the design of a human vaccine against coccidioidomycosis.
In this paper, we examine the nature of protective immunity to
lung infection with Coccidioides during the first 2 weeks post-
challenge in C57BL/6 mice which were immunized with the
live, attenuated vaccine strain.

MATERIALS AND METHODS

Fungal strains, growth conditions, and spore preparation. The virulent fungal
strain used to challenge mice in this study was a clinical isolate of C. posadasii
(C735). A previously described, genetically engineered mutant (Acts2/ard1/cts3)
derived from this parental strain (43) was employed as a live, attenuated vaccine
and is designated AT. Both strains were cultured on GYE growth medium (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 agar surface. Petri plates were flooded with
endotoxin-free saline, and spores were harvested into plastic centrifuge tubes
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containing sterile glass beads (5-mm diameter). Hyphal elements were disrupted
by hand shaking, and the spore suspensions were filtered through a layer of nylon
fiber to remove the hyphal fragments. Spore concentrates of the parental or
mutant strain were obtained by centrifugation (5,000 X g), and the cell pellets
were washed twice with saline and stored at 4°C. All culturing and preparatory
procedures which involved live cells of C. posadasii were conducted in a biosafety
level 3 (BSL3) laboratory certified by the Centers for Disease Control and
Prevention and located at the University of Texas at San Antonio.

Mouse strains. Inbred, female C57BL/6 mice were obtained from the National
Cancer Institute/Charles River Laboratory (Wilmington, MA). Breeder pairs of
interleukin-17A (IL-17A)-deficient (IL-17a~/~) and IL-17 receptor A-deficient
(IL-17ra~’~) mice were provided by Jay Kolls at the University of Pittsburgh and
by Amgen, Inc. (Thousand Oaks, CA), respectively. Gamma interferon receptor
(TFN-yr)-deficient (IFN-yr~'~) mice and IL-4r~/~ mice were gifts from Bernard
Arulanandam at the University of Texas at San Antonio. The IL-17a~/~, IL-
17ra~/~, and IFN-yr~/~ mice were genetically engineered on a C57BL/6 back-
ground, while the IL-4r~/~ mice were generated on a BALB/c background. All
strains of mice had an average weight of 20 to 25 g when used for the reported
experiments, and only female mice were employed. All mice were housed in a
pathogen-free animal facility at the University of Texas at San Antonio and were
handled according to guidelines approved by the Institutional Animal Care and
Use Committee. The mice were relocated to the CDC-certified animal BSL3
(ABSL3) laboratory before vaccination and challenge with live Coccidioides
spores.

Vaccination, chall and evaluations of fungal burden and survival. Mice
(females, 8 weeks old) were immunized subcutaneously in the abdominal region
with 5.0 X 10* viable spores of the AT vaccine strain suspended in 100 wl sterile
saline, followed 14 days later with a vaccination boost of 2.5 X 10* live spores as
previously reported (43). Nonvaccinated, control mice were immunized with
saline alone using the same protocol as described above. At 4 weeks after
completion of the vaccination protocol, mice were challenged by intranasal
instillation with 60 to 80 viable spores of the virulent strain of C. posadasii
(isolate C735) suspended in 35 pl saline (43). The fungal burdens in lungs and
spleen were determined at 2 to 14 days postchallenge by plating serial dilutions
of separate organ homogenates on GYE agar containing 50 p.g/ml chloramphen-
icol as previously described (43). The number of CFU was expressed on a log
scale and either reported for individual mice or presented as a box plot for each
group of 12 to 15 animals as previously reported (43). Survival studies of vacci-
nated versus nonvaccinated mice were conducted over 45 days postchallenge as
previously reported (43).

Pulmonary leukocyte isolation. The lungs of individual vaccinated or nonvac-
cinated mice sacrificed at 2 to 14 days postchallenge (4 mice per time point) were
carefully excised, mashed with the back of a sterile 3-ml syringe plunger, and
passed through a cell strainer (70-pm-diameter pore size) into a petri dish (60 by
15 mm) containing 5 ml of RPMI 1640 medium (HyClone, Logan, UT) plus 1%
heat-inactivated fetal bovine serum (FBS) (HyClone). The dispersed tissue and
cells of each mouse were washed with an additional 3 ml RPMI 1640 plus 1%
FBS and centrifuged (500 X g) for 10 min without use of the centrifuge brake.
The supernatants were carefully aspirated, and each pellet was resuspended and
incubated for 3 min in 3 ml of ACK buffer (Lonza, Inc., Walkersville, MD) for
lysis of erythrocytes. Two volumes of RPMI 1640 plus 1% FBS were added to the
mixture, which was then filtered through a second cell strainer (40-pm-diameter
pore size) The total leukocytes were centrifuged as described above and resus-
pended in 1 ml of RPMI 1640 medium containing 10% heat-inactivated FBS for
subsequent assays. The number of live host cells obtained from each lung sample
was visualized by the trypan blue exclusion test and quantified using a hemocy-
tometer.

Quantification of innate cell types in Coccidioides-infected lungs. Standard
methodology was employed for direct monoclonal antibody (MAD) labeling and
enumeration of selected pulmonary innate immune cells by fluorescence-acti-
vated cell sorting using a FACSCalibur flow cytometer (BD Biosciences, Frank-
lin Lakes, NJ) as previously reported (15). Data were acquired with CellQuest
Pro software (BD Biosciences) and analyzed using a FlowJo software package
(Tree Star, Inc., Ashland, OR). Fluorochrome-labeled MAbs used in this study
included anti-CD11b (clone M1/70), anti-CD45 (clone 30-F11), anti-Ly6G (clone
IA8), anti-CD11c (clone HL3), anti-SiglecF (clone E50-2440), and anti-Mac3
(clone M3/84) obtained from BD Biosciences. The total number of pulmonary
leukocytes in each lung sample was quantified by multiplying the total number of
hemocytometer-determined viable cell counts by the percentage of CD45™ cells
determined by flow cytometry. The gating strategies for enumerating neutrophils,
eosinophils, tissue macrophages, alveolar macrophages, and dendritic cells were
Ly6G* CD11b* CDllc™, SiglecF* CD11c¢™, Mac3® CDI1l1c¢™, intermediate
level of CD11b (CD11bM) CD1l1c™, and high level of CD11b (CD11b')
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CDl11c*, respectively (15). The absolute numbers of each subpopulation of the
selected innate cell type in lungs of nonvaccinated and AT-vaccinated mice prior
to Coccidioides challenge and subsequently at 2- to 14-day intervals postchal-
lenge were determined by multiplying the percentage of each gated population
by the total number of viable pulmonary leukocytes derived from hemocytometer
counts as described above.

Assays of concentrations of selected cytokines and chemokines in lung ho-
mogenates. Concentrations of selected cytokines and chemokines in superna-
tants of lung homogenates were compared between nonvaccinated and AT-
vaccinated mice sacrificed at 7 and 11 days postchallenge (4 animals per group).
Lung homogenates of individual mice were prepared as previously described
(15), supernatants were obtained by centrifugation (8,000 X g at 4°C for 10 min),
and samples were stored at —80°C until ready for analysis. Normal, untreated
mice were included for determinations of baseline amounts of each cytokine in
their lung homogenates. Assays of cytokine and chemokine concentrations were
conducted using a Bio-Plex suspension array system (Bio-Rad Laboratories,
Hercules, CA) as previously reported (15), except for concentrations of the IL-22
cytokine, which were determined using a mouse IL-22 Quantikine enzyme-linked
immunosorbent assay (ELISA) kit (R&D, Minneapolis, MN) as recommended
by the manufacturer. Assays of samples from individual mice were performed in
triplicate.

Assessment of percentages of activated CD4* and CD8" T cells in infected
lungs. Pulmonary leukocytes isolated as described above were incubated with
selected cocktails of MAbs to determine relative percentages of activated CD4™
and CD8™ T cells in lungs of nonvaccinated or vaccinated mice at 5, 7, 9, 11, and
14 days postchallenge. A cocktail which contained either fluorochrome-labeled
anti-CD3 (clone 17A2) and anti-CD4 (clone RM4-5) or anti-CD3 and anti-CD8«
(clone 53-6,7) was used for determination of absolute numbers of CD3* CD4"
CD8a ™ cells (i.e., total CD4" T cells) and CD3* CD4~ CD8a™" cells (i.e., total
CD8" T cells), respectively. The absolute number of each subpopulation of
pulmonary leukocytes was deduced by multiplying the percentage of each gated
population by the total number of pulmonary leukocytes derived from hemocy-
tometer counts as described above. A second pair of cocktails of fluorochrome-
labeled MAbs contained anti-CD45, anti-CD4, or anti-CD8« plus anti-CD44
(clone 1M7) and was used to examine absolute numbers of activated CD4™ and
CD8™" T cells. The expression level of CD44, an adhesion molecule that binds to
hyaluronic acid, is elevated in activated T cells and was used as an activation
marker (41). The gating strategies for activated CD4" and CD8a™ T cells were
CD45" CD4"* CD8a~ CD44* and CD45* CD4~ CD8a™ CD44™", respectively.
The percentages of activated T cells within the total CD4" and CD8«™" T-cell
subpopulations were presented as the means * standard errors of the means
(SEM) for 4 animals per group of nonvaccinated or AT-vaccinated mice at each
indicated time postchallenge.

Assays of selected cytokines produced in vitro by immune CD4% T cells.
Spleens of nonvaccinated and AT-vaccinated mice infected as described above by
the intranasal route were harvested (4 animals per group), separately pooled,
and macerated as reported previously (44). Animals were sacrificed prior to
challenge (day 0) or at 5 days after challenge with 60 to 80 spores of the virulent
strain of C. posadasii as described above. Isolation of CD4™" T cells from spleen
cell suspensions was conducted using a mouse CD4™ T-cell isolation kit (Milte-
nyi Biotec Inc., Auburn, CA). Splenocytes obtained from age- and gender-
matched C57BL/6 naive mice were used as antigen-presenting cells (APCs).
These were irradiated (3,000 rads) using an RS-2000 irradiator (Rad Source
Tech. Inc., Alpharetta, GA) as reported previously (39). CD4™ T cells (2.5 X
10°) and APCs (2.5 X 10°) were cocultured either in the presence of Coccidioides
T27K antigen (40 pg/ml medium) (46) or in medium alone and transferred to
wells of a 24-well plate containing 1 ml of RPMI 1640 medium plus 10% (vol/vol)
heat-inactivated FBS, 100 IU/ml penicillin, and 100 wg/ml streptomycin. The
T27K antigen is a multicomponent, soluble derivative of C. posadasii parasitic
cell homogenates and has been shown to have protective activity against pulmo-
nary coccidioidomycosis in mice (1). Supernatants of the stimulated immune T
cells were collected after 48 h of incubation. Opt-EIA mouse cytokine Kits
(Pharmingen, San Diego, CA) were used for ELISAs of selected cytokines as
reported previously (43). ELISAs of samples from individual mice were per-
formed in triplicate. Standard curves were generated using purified, recombinant
cytokines supplied by the manufacturers of the kits and were used to calculate
the amounts of specific cytokines in each sample.

Intracellular cytokine staining. Isolated pulmonary leukocytes (0.5 X 10°
cells/ml) from nonvaccinated or AT-vaccinated mice were stimulated for 4 h with
anti-CD3e (clone 145-2C11; 0.1 pg/ml) and anti-CD28 (clone 37.51; 1 ug/ml) in
the presence of Golgi-Stop (BD Biosciences) to halt the transport of cytokines
from the cells. The pulmonary cells were then blocked with Fc-Block and washed
before incubation with fluorochrome-conjugated anti-CD4 or anti-CD8a. The
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cells were then formalin fixed and permeabilized with a working solution of
Cytofix/Cytoperm buffer (BD Biosciences) at 4°C for 20 min as recommended by
the manufacturer. Permeabilized cells were subsequently stained with a cocktail
of fluorochrome-conjugated anti-IFN-y (clone XMG1.2), anti-IL-5 (clone
TRFKS), or anti-IL-17A (clone TC11-18H10) for 30 min at 4°C. The leukocytes
were gated on CD4* CD8a~ or CD4~ CD8a™ cells, and cytokine expression in
each gate was analyzed. The absolute numbers of specific cytokine-producing
CD4" and CD8™ cells relative to total lung-infiltrated leukocytes per lung at 5,
7,9, 11, and 14 days postchallenge were calculated by multiplying the percentage
of each gated population by the total number of viable pulmonary leukocytes
determined by hemocytometer counts as described above. The percentages of
specific cytokine-producing CD4™" T cells per lung at 7, 9, and 11 days postchal-
lenge relative to total activated CD4™" T cells which had infiltrated the lung were
determined from data analysis using the FlowJo software package.

Statistical analyses. The Mann-Whitney U test was used to compare the
absolute cell numbers and percentages of each subset of pulmonary leukocytes of
nonvaccinated versus AT-vaccinated mice at selected times postchallenge and for
comparison of cytokine/chemokine concentrations in lung homogenates as pre-
viously described (43). The Wilcoxon rank test was used to compare differences
in the median CFU values for statistical significance. Survival data were analyzed
by the Kaplan-Meier method using log rank analysis to compare survival curves
as reported previously (15). A P value of <0.05 was considered statistically
significant.

RESULTS

Differences between early Coccidioides lung infection and
dissemination in nonvaccinated and vaccinated mice. The first
generation of the parasitic cycle of Coccidioides occurs by con-
version of arthroconidia into spherule initials. The latter con-
tinue to grow isotropically to form large coenocytes (spherules,
typically >80 wm diameter) and then differentiate internally to
form a multitude of endospores (>100) which are released
upon rupture of the maternal spherules. Endospores undergo
isotropic growth and develop into the next generation of par-
asitic cells (5). The time required for arthroconidia to differ-
entiate into endosporulating spherules in vivo is estimated to
be between 48 and 72 h after intranasal challenge. Nonvacci-
nated mice showed a near-linear increase in the number of
CFU in lung homogenates over the 2-week period postchal-
lenge, with a major increase in fungal burden occurring be-
tween 2 and 4 days (Fig. 1A). Dissemination of the pathogen to
the spleen from initial sites of lung infection in nonvaccinated
mice was detected at 7 to 8 days after intranasal inoculation,
and the fungal burden in the spleen subsequently increased
sharply at 14 days in correlation with the progressive infection
of lung tissue (Fig. 1C). All nonvaccinated mice reached the
early moribund stage by 14 days postchallenge. Lung homog-
enates of the AT-vaccinated mice, on the other hand, showed
fewer CFU at 8 days than those of the nonimmunized animals,
and the fungal burden of the protected mice remained signif-
icantly lower between 8 and 14 days postchallenge than in the
nonprotected animals (Fig. 1A and B). By 14 days the fungal
burden in lungs of the immunized mice had begun to clear.
Minimal dissemination of the pathogen from lungs to spleen
was observed in the vaccinated animals between 4 and 10 days,
and no CFU were detected in the spleen at 14 days postchal-
lenge (Fig. 1D).

Nonvaccinated and vaccinated mice showed differences in
lung infiltration of host innate immune cells. Flow cytometry
was employed to compare the inventories of neutrophils, mac-
rophages, dendritic cells, and eosinophils which had infiltrated
Coccidioides-infected lungs of nonvaccinated and vaccinated
C57BL/6 mice during the initial 2-week period after challenge.
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FIG. 1. Fungal burdens detected in lung and spleen homogenates at 2- to 14-day intervals after intranasal challenge with a potentially lethal
inoculum of Coccidioides spores (C735 isolate). Two groups of C57BL/6 mice (24 animals each) either were vaccinated with a live, attenuated strain
of C. posadasii previously shown to protect against pulmonary infection (AT vaccine) or were immunized with saline (nonvaccinated controls [Ctl.]).

The data presented are representative of three separate experiments.

A statistically significant difference in the size of the neutrophil
population in vaccinated compared to nonvaccinated mice was
first detected on day 7 (Fig. 2A). The absolute numbers of
neutrophils were subsequently sustained at moderate levels in
vaccinated mice throughout the 14-day period postchallenge.
In contrast, a dramatic increase in the size of the neutrophil
subpopulation occurred in nonvaccinated mice during days 8 to
11, when the fungal cells had disseminated to extrapulmonary
organs (Fig. 1C). The subsequent decrease in lung-infiltrated
neutrophils in the nonvaccinated mice at 14 days corresponded
with histopathological evidence of necrosis of infected lung
tissue (43). The numbers of tissue and alveolar macrophages
were consistently higher in vaccinated than in nonvaccinated
mice after 5 and 7 days, respectively (Fig. 2B and C). A linear
increase in the numbers of alveolar macrophages was observed
in vaccinated mice between 8 and 14 days, while a sharp de-
crease in the numbers of these phagocytes in lungs of nonvac-

A

cinated mice was detected during this same interval postchal-
lenge (Fig. 2C), which correlated with the period when
proliferation and metastasis of the pathogen had occurred
(Fig. 1C). Both vaccinated and nonvaccinated mice exhibited
recruitment of dendritic cells and eosinophils to the lungs
between 6 and 11 days postchallenge (Fig. 2D and E). How-
ever, during the following 3 days the number of eosinophils
recruited into the lungs of nonvaccinated mice showed a major
increase in contrast, to the case for AT-vaccinated mice, which
revealed little change in the size of the eosinophil subpopula-
tion (Fig. 2E).

Modulation of proinflammatory cytokine and chemokine
concentrations during progressive lung infection correlates
with changes in innate and T helper cell responses. Compar-
ative Bio-Plex assays of the concentrations of selected proin-
flammatory cytokines and chemokines in lung homogenates
were conducted at 7 and 11 days postchallenge (Table 1).
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FIG. 2. Infiltration of selected innate immune cell types into lungs of vaccinated or nonvaccinated Coccidioides-infected C57BL/6 mice
sacrificed prior to challenge (day 0) or at intervals of 2 to 14 days postchallenge (4 animals per time point). Absolute numbers of host cells in
preparations of lung homogenates were determined by cytofluorometry using a BD FACSCalibur flow cytometer and FlowJo software. The results
are presented as mean values = SEM for each group of mice at each time point postchallenge. The asterisks indicate significantly higher numbers
of innate immune cell numbers in vaccinated than in nonvaccinated mice, while the dagger indicates a higher number in nonvaccinated mice (P <

0.05). The data shown are representative of two independent experiments.
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TABLE 1. Concentrations of proinflammatory cytokines and chemokines in lung homogenates of nonvaccinated and AT-vaccinated mice at 7
and 11 days postchallenge

Proinflammatory

Concn (pg/ml, mean = SEM)*

7 days postchallenge

11 days postchallenge

AT-vaccinated mice

Nonvaccinated mice

AT-vaccinated mice

cytokine or
chemokine Naive mice
Nonvaccinated mice
Cytokines
IL-1a 93.3 £59.3 1,105.6 = 171.1
IL-1B 715.0 = 138.1 5,622.9 = 1,141.1
TNF-a 46.8 9.3 1,755.9 = 187.6
IL-6 24.1 £ 10.5 1,067.2 = 422.4
G-CSF 44.5 = 33.6 13,766.1 + 3,035.2
Chemokines
CCL2/MCP-1 2429 =752 4,678.7 = 810.9
CCL3/MIP-1a 348.2 = 163.0 6,270.9 = 889.7
CCL4/MIP-1B 40.7 = 17.6 1,198.6 = 258.3
CCLI11/eotaxin 900.5 = 70.0 5,271.7 = 417.9
CXCLI/KC 105.9 = 32.7 6,682.9 = 1,655.3
CCLS5/RANTES 852.5 = 774.3 1,226.5 = 102.6

1,783.4 + 279.0**
9,783.0 = 1,151.8*
2,231.1 = 223.1%
1,817.3 £519.9
11,773.3 = 2,142.2

8,883.7 + 1,333.4*
19,687.0 = 3,208.2**
2,977.1 = 632.0%°
7,189.9 = 490.8*"
7,858.7 = 1,809.7
1,803.3 =+ 380.9*"

4,343.5 = 976.6™¢
11,830.9 + 2,154.2%¢

3,867.3 = 1,225.4%¢

2,366.6 = 482.9%¢
45,326.5 = 9,346.0*¢

5,420.5 = 813.6
16,042.4 + 3,444.8%¢
2,299.7 * 463.8%¢
5,704.8 = 543.8*¢
8,542.4 = 1,856.7

527.1 £93.0

2,371.8 = 975.8
11,067.5 + 2,936.6
2,1382 = 441.9
1,587.2 + 744.7
9,622.7 + 3,941.0

4,586.5 * 1,976.3+
5,894.7 + 2,489.1%
1,600.8 *+ 620.2%
4,842.4 + 1,234.9%
5,477.5 + 1,652.4
1,724.7 + 530.2%

@ * significant difference (P < 0.05) between concentrations in lung homogenates of nonvaccinated and vaccinated mice. ¥, significant difference (P < 0.05) between
concentrations in lung homogenates of vaccinated mice sacrificed at 7 or 11 days postchallenge.

® Higher in vaccinated mice.
¢ Higher in nonvaccinated mice.

These time points were chosen because they correlated with
the induction of major differences in innate immunity to infec-
tion between the nonvaccinated and vaccinated mice (Fig. 2).
Basal concentrations of the selected cytokines in naive (un-
treated) mice were included for comparative purposes, as pre-
viously reported (44). The concentrations of three of the se-
lected proinflammatory cytokines (IL-la, IL-1B, and tumor
necrosis factor alpha [TNF-a]) and five CC-type chemokines
(CCL2/MCP-1, CCL3/MIP-1a,, CCLA/MIP-1B, CCL5/RANTES,
and CCL11/eotaxin) were significantly higher in lung homoge-
nates of vaccinated mice than in those of nonvaccinated mice
at 7 days postchallenge (Table 1). These data correlate with the
early influx of neutrophils, macrophages, dendritic cells, and
eosinophils into Coccidioides-infected lungs of the AT-vacci-
nated C57BL/6 mice (Fig. 2A to E). The concentrations of IL-6
showed no statistically significant difference between lung ho-
mogenates of the two groups of mice at 7 days, while at 11 days
the IL-6 concentration in the lungs of nonvaccinated mice had
increased by more than 2-fold and was significantly higher than
that in lung homogenates of the vaccinated mice. This same
trend was revealed by the changes in concentrations of gran-
ulocyte colony-stimulating factor (G-CSF). Further compara-
tive analyses revealed that at 11 days postchallenge, the con-
centration of each of the selected proinflammatory cytokines in
lung homogenates of vaccinated mice was significantly lower
than that in the nonvaccinated mice. This correlated with a
dampening of the infiltration of neutrophils and eosinophils
into the lungs of vaccinated mice, while the nonvaccinated
mice intensified recruitment of these innate cells. Assays of
selected chemokine concentrations in lung homogenates (Ta-
ble 1) also revealed decreases in concentrations of CCL2/
MCP-1, CCL3/MIP-1a, CCL4/MIP-B, and CCL11/eotaxin in
infected lungs of vaccinated compared to nonvaccinated mice
between 7 and 11 days postchallenge. This was consistent with
a reduction in the degree of the tissue inflammatory response
as revealed by histopathological examinations (43). Although

the concentrations of CXCL1/KC (neutrophil chemoattrac-
tant) were not significantly different in the two groups of mice,
they also showed the same trend as revealed by IL-6 and
G-CSF. Finally, the concentration of CCLS5/RANTES was
maintained at a relatively high level in the lungs of vaccinated
compared to nonvaccinated mice between 7 and 11 days after
challenge, which correlated with an influx of macrophages
(Fig. 2B and C) and T lymphocytes, as shown below.

Assays of the concentrations of selected cytokines which are
representative of T helper cell response to early lung infection
in nonvaccinated and vaccinated mice were also conducted
(Fig. 3). We compared the amounts of Thl-type cytokines
(IFN-vy and IL-12p70) and representative Th2 (IL-4 and IL-5)
and Th17 (IL-17A and IL-22) cytokines in lung homogenates
at 7 and 11 days postchallenge. Our results revealed that the
concentrations of Thl- and Th17-type cytokines in vaccinated
mice increased sharply between 7 and 11 days after challenge,
corresponding with early signs of pathogen clearance from the
lungs of the AT-immunized animals, and were significantly
higher than the concentrations of the same cytokines produced
by nonvaccinated mice. IFN-y concentrations in nonvaccinated
mice showed a sharp decrease between 7 and 11 days, while the
amounts of Th17 and other Thl-type cytokines in lungs of
nonprotected animals remained relatively low and showed no
significant difference between the two times postchallenge. Al-
though the concentrations of Th2-type cytokines showed an
approximately 2-fold decrease between 7 and 11 days in vac-
cinated mice, the amounts of IL-4 and IL-5 in lung homoge-
nates of the vaccinated animals were significantly higher than
the detected amounts of these same cytokines at both times
postchallenge in nonvaccinated mice.

Activated CD4" and CD8™ T cells infiltrate infected lungs
of vaccinated mice in significantly higher numbers than in
nonvaccinated mice. We determined the percentages of total
activated, lung-infiltrated CD4 ™" and CD8™ T cells after 5 to 14
days of Coccidioides infection in nonvaccinated versus vacci-
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FIG. 3. Determinations of cytokine concentrations in lung homogenates of infected C57BL/6 mice which were immunized either with the
AT vaccine (open bars) or with saline (solid bars; controls [Ctl.]). Lung homogenates were obtained at 7 and 11 days postchallenge. Normal,
untreated mice (N; hatched bars) were included for determinations of baseline amounts of each cytokine in their lung homogenates. Each
sample was analyzed in triplicate. The asterisks indicate significantly higher concentrations of cytokines in lung homogenates of vaccinated
compared to nonvaccinated mice. The results are presented as mean values = SEM. The data presented are representative of two

independent analyses.

nated mice (Table 2). At each selected time postchallenge, the
percentages of activated CD4" and CD8™" T cells were signif-
icantly higher in vaccinated than in nonvaccinated mice. In
addition, the percentages of activated CD4™" cells present in
the infected lung tissue were consistently higher than the per-
centages of activated CD8™ cells during the entire 9-day inter-
val postchallenge.

AT vaccine-primed CD4™ T cells respond ir vitro to Coccid-
ioides antigen by production of Thl-, Th2-, and Th17-type
cytokines. We employed a recall response assay to determine
whether immune CD4" effector T cells isolated from total
splenocytes at just 5 days postchallenge secrete the same set of
cytokines indicative of T helper cell activation as detected in
lung homogenates of AT-vaccinated mice. As previously
pointed out, the T27K antigen used to evaluate this in vitro
response has previously been used as a pathogen-specific an-
tigen to stimulate peripheral blood monocytic cells of patients
with confirmed Coccidioides infection (1). Immune CD4* T

cells isolated from spleens of vaccinated but noninfected mice
(day 0) responded to the presence of T27K by production of
low but detectable concentrations of IFN-y, IL-5, and IL-17A
cytokines (Fig. 4). Significantly enhanced production of these
same cytokines by immune CD4" T cells was observed at 5
days postchallenge, suggesting that clonal expansion of the
Coccidioides-specific Th1l, Th2, and Th17 cells had occurred.
Minimal amounts of these cytokines were detected in super-
natants of T27K-stimulated CD4™" T cells obtained from non-
vaccinated mice on days 0 and 5 postchallenge.
AT-vaccinated and infected mice show progressive expan-
sion of Th1 and Th17 cells but limited expansion of Th2 cells.
We used flow cytometry and intracellular cytokine staining
methods to determine percentages of IFN-y*-, IL-5-, and
IL-17A"-expressing subpopulations of CD4* T cells in both
the total leukocyte and total activated CD4" T-cell popula-
tions which had infiltrated the lungs of nonvaccinated versus
vaccinated mice between 5 and 14 days postchallenge (Fig. SA

TABLE 2. Percentages of activated versus total CD4* and CD8™ T cells in the lungs of nonvaccinated and AT-vaccinated mice at 5 to 14
days postchallenge

No. of CD4" CD8a~ CD44™" cells/total no. of CD4* T

Day postchallenge cells X 100 (mean = SEM)”

No. of CD8a* CD4~ CD44™ cells/total no. of CD8* T
cells X 100 (mean + SEM)*

Nonvaccinated mice

AT-vaccinated mice

Nonvaccinated mice AT-vaccinated mice

5 38.43 + 1.83 62.40 = 2.85%F 18.88 = 1.75 49.07 = 1.18*
7 33.50 = 1.95 49.45 + 3.06™F 25.56 +2.29 41.10 £ 2.50*
9 44.40 = 0.78 76.93 = 2.75%% 18.84 = 3.60 45.30 = 1.59*
11 3223 £ 1.94 73.68 = 5.32*F 16.72 = 2.64 42.57 £ 3.32*%
14 45.70 = 3.04 63.98 *+ 2.94*% 23.00 £ 2.17 44.63 = 1.04*

@ *_ statistically significant difference between vaccinated and nonvaccinated mice (P <0.05); T, statistically significant difference between activated CD4* and CD8*

T cells in AT-vaccinated mice (P <0.05).



VoL. 79, 2011 VACCINE IMMUNITY TO COCCIDIOIDOMYCOSIS 4517

= Thil Th2 Th17

S 12 & & 40

— H Ctl. * E 16 % %

—é 8 OAT E 12 —E'

2 28 20 %

=4 2 t &

iy T w4 =10 Ij

£ o O —=lll 5 [l =0

K-~ t+—-——++ ——++—-——+4+ 5 R sl it ol &
= _— = =

Day 0 Day 5 Day 0 Day 5 Day 0 Day 5
Postchallenge Postchallenge Postchallenge

FIG. 4. Determinations of concentrations of representative Thl-, Th2-, and Th17-type cytokines detected in culture supernatants of in
vitro-stimulated, immune CD4" T cells isolated from spleens of AT-vaccinated C57BL/6 mice (open bars) or nonvaccinated mice (solid bars;
controls [CtL.]). In vitro stimulation was conducted using the T27K antigen. The asterisks indicate significantly higher concentrations of selected
cytokines in vaccinated mice at 5 days postchallenge than at day 0 (P < 0.001), while the daggers indicate higher cytokine concentrations in
vaccinated than in nonvaccinated mice (P < 0.05). Immune T cells incubated with medium alone served as a control. Each sample was analyzed

in triplicate. The results are presented as mean values = SEM.

to F). The results revealed that the subset of CD4" IFN-y* T
cells in vaccinated/infected mice had expanded sharply be-
tween 9 and 11 days, but then dramatically decreased between
11 and 14 days after challenge (Fig. SA and D). The subpop-
ulation of CD4" IL-17A™ T cells showed a relatively greater
increase at 11 days than the CD4™" IFN-y* subpopulation, but

this surge of infiltration was also followed by a decrease at 14
days postchallenge (Fig. 5C and F). On the other hand, the
absolute numbers and percentages of CD4™ IL-5" T cells in
the lungs of vaccinated and infected mice peaked at 7 days and
then decreased sharply between 7 and 9 days postchallenge
and remained suppressed through 14 days (Fig. 5B and E).
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FIG. 5. FACS analysis of IFN-y-, IL-5-, and IL-17A-expressing Th1, Th2, and Th17 cells, respectively, in lungs of AT-vaccinated compared to

nonvaccinated (Ctl.) C57BL/6 mice at 5 to 14 days postchallenge. The absolute numbe

rs (A to C) and percentages of gated, specific cytokine-

producing cells per lung (insets in panels D to F) were determined by intracellular cytokine staining. Asterisks in panels A to C indicate significantly
higher absolute numbers of the respective T-cell phenotypes in lungs of vaccinated compared to nonvaccinated mice. The results are presented
as mean values = SEM. The data presented are representative of three independent experiments.
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FIG. 6. Comparison of box plots of CFU detected in dilution plate
cultures of lung homogenates obtained from AT-vaccinated and non-
vaccinated (Ctl.) wild-type mice versus specific cytokine receptor
knockout mice (IFN-yr/~ and IL-4r /") at 14 days after intranasal
challenge with a potentially lethal inoculum of Coccidioides spores.
The boxes indicate the 25th and 75th percentiles. The horizontal lines
within the boxes represent the medians. The daggers indicate statisti-
cally significant differences in CFU between vaccinated and nonvacci-
nated wild-type mice (C57BL/6 or BALB/c). The asterisks indicate
significant differences between vaccinated and nonvaccinated knock-
out mice with either deletion of the IFN-y receptor gene (C57BL/6) or
deletion of the IL-4 receptor gene (BALB/c). No statistically signifi-
cant difference in CFU data was found between the groups of AT-
vaccinated and nonvaccinated wild-type C57BL/6 or BALB/c mice and
their respective receptor knockout strains. The results are representa-
tive of two separate experiments.
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These data correlate well with our reports of the concentra-
tions of corresponding cytokines detected in lung homogenates
of vaccinated, infected mice during the same period postchal-
lenge (Fig. 3A, D, and E). The nonvaccinated, infected mice,
on the other hand, showed comparatively little expansion of
the subsets of Thl, Th2, and Th17 cell types during this same
period of examination. We also compared the absolute num-
bers of CD8a™ T cells expressing IFN-vy, IL-5, and IL-17A in
vaccinated versus nonvaccinated mice (data not shown). In
contrast to the case for CD4" IFN-y™ T cells, the number of
lung-infiltrated CD8a™ IFN-y™ T cells detected in vaccinated
mice reached a maximum at 7 days and then sharply decreased
between 9 and 14 days postchallenge. The absolute numbers of
CD8a™ TFN-y™ T cells in immunized mice were significantly
lower than the numbers of CD4™ IFN-y™ T cells between 5
and 14 days postchallenge. Comparatively few CD8«™* IL-5
and CD8a " IL-17A™ cells were detected in the AT-immunized
mice, and minimal change was recorded between 5 and 14 days
after challenge. Nonvaccinated/infected mice showed signifi-
cantly lower numbers of the three phenotypes of CD4* and
CD8™ T cells than vaccinated mice throughout the period of
examination.

IFN-y and IL-4 receptors are not essential for protective
immunity induced by the AT vaccine. We used IFN-y and IL-4
receptor knockout mice to determine whether the respective
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FIG. 7. Comparison of survival plots of AT-vaccinated (open sym-
bols) and nonvaccinated (solid symbols) C57BL/6 mice which have
deletions of either the IL-17A gene (IL-17a~/") or the IL-17 receptor
A gene (IL-17ra™'~). Each group of mice (15 per group) was chal-
lenged with equal numbers of viable spores of C. posadasii (isolate
C735). Comparisons of the survival plots of the AT-vaccinated IL-
17ra~’~ and IL-17a~/~ mice and the plots of the vaccinated IL-17ra~/~
and the nonvaccinated IL-17ra”’~ mice revealed statistically signifi-
cant differences (P = 0.01 and P = 0.001, respectively). The data are
representative of two separate experiments.

signal pathways play essential roles in AT vaccine-mediated
protection (Fig. 6A to D). Fungal burdens in the lungs and
spleen were determined at 14 days postchallenge. Nonvacci-
nated IFN-yr~/~ (C57BL/6 background) and IL-4r /"
(BALB/c background) mice were as susceptible to Coccidioides
infection as the corresponding age- and gender-matched non-
vaccinated wild-type strains based upon comparable CFU in
their lung and spleen homogenates. In addition, the AT-vacci-
nated and challenged knockout strains and their wild-type
counterparts showed comparable reductions of CFU in their
lungs and spleens, indicating that loss of IFN-y or IL-4 recep-
tor function did not result in increased susceptibility to Coc-
cidioides infection.

IL-17 receptor A is essential for AT vaccine-mediated pro-
tection. We previously reported that IL-17A knockout (IL-
17a/7) mice are still able to contain and partially clear Coc-
cidioides from their lungs after intranasal challenge, and we
suggested that this was attributable to redundancy of the family
of IL-17 cytokines that respond to the infection (42). We have
supported this observation here by the demonstration that
100% of the vaccinated and infected IL-17a~/~ mice survived
to at least 45 days postchallenge (Fig. 7). In contrast, loss of
function of the IL-17 receptor A in IL-17ra~’~ mice rendered
them more susceptible to Coccidioides infection after immuni-
zation with the AT vaccine than immunized IL-17a~/~ mice.
Figure 7 shows that 60% of the AT-vaccinated and infected
IL-17ra~’~ mice died over the first 3 weeks postchallenge. The
survivors failed to recover their original weight loss and be-
came increasingly moribund during the period of observation.
Flow cytofluorometric studies of lung-infiltrated innate im-
mune cells in infected lungs of the AT-vaccinated IL-17ra™/~
mice at 7 days postchallenge revealed significantly decreased
recruitment of neutrophils, eosinophils, dendritic cells, and
macrophages compared to that in vaccinated wild-type mice
(data not shown). All nonvaccinated and infected knockout
mice (IL-17a~/~ and IL-17ra /") became moribund by 12 to
18 days after challenge and died by 25 days.
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DISCUSSION

Live vaccines typically generate optimal protection
against infectious agents by stimulation of multiple immune
effectors that target a broad spectrum of antigenic mole-
cules of the pathogen (18). Immunization of C57BL/6 mice
with a previously described live, attenuated “AT” vaccine
strain of Coccidioides has been shown to induce protection
against pulmonary coccidioidal infection based on early re-
duction of parasitic cell number and containment of the
organism (43). Minimal dissemination of the pathogen to
the spleen from sites of colonization in the lungs was ob-
served over the initial 10-day period after intranasal inocu-
lation, and clearance of the extrapulmonary infection had
occurred by 2 weeks postchallenge. Immunity to coccidioid-
omycosis in AT-vaccinated mice was characterized by robust
innate and T-cell-mediated immune responses to early
stages of the disease. However, this protective response
appeared to be manifested under moderated conditions
managed by undefined regulatory mechanisms which effec-
tively curtailed the host inflammatory pathology that was
observed in nonvaccinated mice (43).

The host response to the initial phase of coccidioidal pneu-
monia is signaled by targeted neutrophil infiltration, which is a
pathological hallmark of bacterial and fungal infections of the
respiratory system and pivotal for host defense (2). Neutro-
philic inflammation, however, can also lead to acute lung injury
as a result of uncontrolled accumulation of the phagocytes
combined with high concentrations of inflammatory cytokines
in the infected host tissue. Dendritic cells and macrophages
also infiltrate the infected lungs of C57BL/6 mice during the
first 2 weeks after intranasal challenge with Coccidioides
spores, although in lower numbers than neutrophils. However,
they too contribute significantly to early innate immunity as a
result of their phagocytic activity, production of inflammatory
mediators, and efficient processing and presentation of anti-
genic peptides that lead to T-lymphocyte activation and induc-
tion of an adaptive immune response to infection. A wide array
of host cells express numerous germ line-encoded pattern rec-
ognition receptors (PRRs) that recognize conserved pathogen-
derived protein, polysaccharide, or nucleic acid motifs and
activate various inflammatory and antimicrobial pathways (37).
Dectin-1 and Toll-like receptor 2 (TLR-2) are two such PRRs
which are expressed in response to the presence of Coccid-
ioides spherules and have been shown to be important in im-
mune cell activation and trafficking of phagocytes to infected
lungs of C57BL/6 mice (40). Fungal cell wall-associated 3-glu-
cans are known to bind to the Dectin-1 recognition receptor,
which mediates its biological effects through cooperation with
TLR-2 (13). Human neutrophil recruitment and inflammation
in Mycobacterium leprae infection have been reported to be
coordinately regulated by activation of TLR-2 and IL-1B (23).
We have shown that neutrophil infiltration into the lungs of
both nonvaccinated and vaccinated mice at 7 days postchal-
lenge occurred in the presence of proinflammatory cytokines
IL-1B, IL-1a, and TNF-a. However, the concentrations of
these and other proinflammatory cytokines (i.e., IL-6 and G-
CSF) sharply decreased in the infected lungs of vaccinated
compared to nonvaccinated mice at 11 days after challenge.
This modulation of cytokine production correlated with a ma-
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jor reduction in the absolute number of lung-infiltrated neu-
trophils in vaccinated mice but with a significant increase in the
numbers of tissue and alveolar macrophages in the protected
animals. The concentration of CCL5/RANTES, an inflamma-
tory chemokine known to be secreted by airway epithelial cells
in response to infectious agents, was markedly elevated in the
lung homogenates of immunized/infected mice. Release of this
chemokine from host cells is induced by the presence of IFN-y
and TNF-a and has been shown to function as a chemoattrac-
tant for monocytes and T lymphocytes (7, 16, 30). Tissue and
alveolar macrophages were recruited in significantly higher
numbers to the lungs of vaccinated than to the lungs of non-
vaccinated mice and presumably played roles in clearance of
the organism from pulmonary tissue of the protected animals.
Dendritic cells, which have been suggested to play a dominant
role in antigen presentation to and activation of T lymphocytes
during coccidioidomycosis (35), showed comparable levels of
lung infiltration in the nonvaccinated and vaccinated mice dur-
ing the initial 14 days postchallenge. On the other hand, the
degrees of lung infiltration of activated T cells in the two
groups of mice were markedly different. The numbers of acti-
vated CD4™" and CD8™ T cells which had infiltrated the lungs
of vaccinated mice between 5 and 14 days postchallenge were
significantly higher than those in the lungs of nonvaccinated
animals. Although CD4" was the dominant phenotype de-
tected in the lung homogenates, both CD4™ and CD8" T cells
have been shown to mediate vaccine-induced protection
against Coccidioides infection (10).

T helper type 17 cells are a distinct lineage of T lymphocytes
that are activated in response to early stages of Coccidioides
infection and further contribute to the recruitment of innate
cells to the lungs (25). IL-17 and IL-22 are proinflammatory
cytokines produced primarily by Th17 cells, and they have been
shown to participate in the induction of neutrophil recruitment
and tissue repair (25). Numerous innate cell types can also
produce these cytokines (e.g., neutrophils, macrophages, and
mucosal NK cells), which underscores their relevance to the
early inflammatory response (31). We have previously reported
that secretion of IL-17 and IL-22 in Coccidioides-infected lung
tissue stimulates innate immune cells to increase production of
IL-1B, TNF-o, and IL-6 secretion (42). Enhanced IL-6 pro-
duction during initial stages of infection has been proposed to
act in a positive feedback loop to further increase the differ-
entiation of Th17 cells (32). IL-17 also influences neutrophil
expansion and survival, and modulates neutrophil infiltration
to infection sites via G-CSF and CXCL1/KC stimulation, to-
gether with other members of the family of CXC-type chemo-
kines (26). The higher concentrations of both G-CSF and
CXCL1/KC in lungs of nonvaccinated compared to vaccinated
mice at 14 days postchallenge correlate with the persistent
recruitment of neutrophils in the former, while reduced con-
centrations of these chemokines in immunized animals corre-
sponds with the apparent dampening of lung inflammation.
IL-17 also induces production of CCL2/MCP-1 and CCL3/
MIP-1a, which are chemoattractants for monocytes, macro-
phages, and dendritic cells (32). Lung homogenates of vacci-
nated mice showed enhanced secretion of these two
chemokines at 7 days followed by a reduction in concentration
at 14 days postchallenge. On the other hand, a progressive
increase in the concentration of these chemical signals was
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observed in the lungs of nonvaccinated mice. These observa-
tions and data presented in an earlier report (42) provide
evidence that the Th17 signal pathway is a major contributor to
both the initiation and control of the inflammatory response to
Coccidioides infection.

Recent studies have suggested that eosinophils are multi-
functional leukocytes involved in tissue homeostasis and innate
immunity and are capable of producing immunoregulatory cy-
tokines (22). A progressive increase in the number of lung-
infiltrated eosinophils was observed in both nonvaccinated and
vaccinated animals during the first 11 days after Coccidioides
challenge. This was followed during the next 3 days by a major
influx of these innate cells into the lungs of nonvaccinated mice
versus a decrease in the lungs of AT-vaccinated animals. The
presence of pulmonary eosinophilic microabscesses in patients
infected with Coccidioides has been correlated with dissemi-
nated disease and a poor prognosis (8). IL-5 promotes the
development of eosinophils from hematopoietic progenitor
cells, while IL-4 and CCL11/exotaxin cooperate in the promo-
tion of eosinophil trafficking to mucosal tissue. Eosinophils
produce a wide range of proinflammatory cytokines and
chemokines, although generally in smaller amounts than other
leukocytes (38). The precise role of cytokines secreted by eo-
sinophils during coccidioidomycosis development and host de-
fense is poorly understood.

Th1-type immunity, which is characterized by activation
of CD4™ T cells and secretion of IFN-y and IL-12p70, has
been shown to stimulate a protective cell-mediated immune
(CMI) response to Coccidioides infection in the lungs of
C57BL/6 mice (43). Experimental evidence derived from
murine models of coccidioidomycosis has indicated that ac-
tivation of the Thl signal pathway induces the ability of
phagocytes to kill Coccidioides at sites of host tissue inva-
sion, while loss of IL-12 or IFN-y secretion increases the
severity of disease (6). On the other hand, Fierer and co-
workers (10) have shown that CD4" T-cell-deficient mice
immunized with a live, attenuated vaccine strain of Coccid-
ioides could still be protected against pulmonary coccidioid-
omycosis, and they suggested that CD8™" T cells also play a
role in protection even though they are not required in the
CD4" competent host. We have revealed that CD8"
IFN-y* T cells had infiltrated the infected lungs by 7 days
postchallenge and may act synergistically with CD4%
IFN-y™ cells in early host defense.

Th2 immunity is promoted by IL-4 and IL-5 secretion, which
induces B cells to produce antibodies, activates eosinophils,
and is suggested to downregulate the host CMI response to
coccidioidal infection (43). In spite of the evidence that a
persistently elevated Th2 response during coccidioidomycosis
is not protective, activation of the Th2 signal pathway is a
consistent feature of vaccine immunity to this respiratory dis-
ease in mice (4, 43). Investigators of animal models of other
fungal infections have argued that antibodies are required for
Th2 and Th17 cell differentiation, collaborate with phagocytic
cells and T lymphocytes to kill the pathogen, and modulate
inflammation to prevent tissue damage (27, 34). Primary pul-
monary coccidioidomycosis in humans is typically signaled
within the first few days of infection by a marked rise in the
titer of anti-Coccidioides IgM antibody, which is soon followed
by an isotype switch to coccidioidal antigen-specific IgG pro-
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duction (33). The possibility that this initial rise in IgM pro-
duction could have a positive influence on early cellular im-
mune responses to coccidioidal infection has not yet been
explored. Rapaka and coworkers (34) have proposed that IgM
antibodies targeting highly conserved fungal cell wall carbohy-
drates (e.g., B-glucan and chitin) play a role in the binding of
fungal organisms, influence early migration of dendritic cells to
draining pulmonary lymph nodes, and contribute to Th2 and
Th17 cell responses. During the initial 7 days after intranasal
challenge with Coccidioides, we detected significantly higher
concentrations of IL-12p70, IL-4, IL-5, IL-17A, and IL-22 in
lung homogenates of AT-vaccinated mice than in those of
nonimmunized animals. In addition, the concentrations of
those cytokines representing activated Th2 (IL-4 and IL-5) and
Th17 (IL-17A) signal pathways were substantially higher than
the detected amounts of Thl-type cytokines (IFN-y and IL-
12p70) at this early time postchallenge. In support of these
observations, our results of in vitro recall assays of cytokine
production suggested that greater clonal expansion of immune
Th2 and Th17 cells than of Th1 lymphocytes had occurred by
5 days postchallenge. Significantly higher percentages of CD4™
IL-5" and CD4" IL-17A" T cells than of CD4" IFN-y" T
cells had also infiltrated the lungs of vaccinated, infected mice.
These combined observations attest to the stimulation of a
strong combined Th2 and Th17 cell response to the respiratory
insult of Coccidioides spores and parasitic cells during the first
7 days after challenge. Moreover, during the next 7 days, sur-
rogates of the level of Th2 cell activation showed a sharp
decrease (both cytokine concentrations and T-cell numbers) in
lung tissue of vaccinated animals, while indicators of Th1 and
Th17 cell response revealed a progressive increase between 7
and 11 days. However, comparative analyses of both the cyto-
kine and fluorescence-activated cell sorter (FACS) data at 11
days postchallenge suggest that the Th17 signal pathway
plays a dominant role in the response of the vaccinated host
to infection at this stage in the course of the disease. Fur-
thermore, the essential requirement of vaccine-induced
Th17 cells for protection against Coccidioides was demon-
strated in mice by genetic deletions designed to dispense of
Th1, Th2, or Th17 immunity. Both IFN-y and IL-4 receptor-
deficient mice could still be protected against intranasal
challenge with Coccidioides by immunization with the AT
vaccine to a degree that was equivalent to that for vacci-
nated wild-type mice. IL-17 receptor A knockout mice, on
the other hand, could be only partially protected. These
findings support our earlier conclusion that a vaccine against
coccidioidomycosis should be able to induce the Th17 signal
pathway if it is to be effective (42).

In summary, the results of our analyses of the initial expan-
sion of lung-infiltrated immune cells in response to coccidioi-
dal infection together with associated production of cytokine
and chemokine signals in vaccinated mice provide a profile of
the early events of protective immunity to this respiratory
disease. Evidence derived from investigations of animal mod-
els of fungal infections as well as clinical studies of human
mycoses indicate that IL-17-producing cells play key roles in
bridging between innate and adaptive immunity (20). Although
the Thl signal pathway has been shown to be dispensable for
vaccine immunity to coccidioidomycosis, Thl and Th17 cells
most likely share specific tasks in the control of fungal infection
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in the immunocompetent host. An intriguing possibility is that
Th17 cells can be converted into Th1/Th17 cells by combined
IFN-y and IL-12 signaling (24), which indicates a synergistic
role for these T helper cells in response to infection. The
function of the Th2 signal pathway in defense against coccid-
ioidomycosis is still unresolved, and research efforts are re-
quired to determine whether antibodies can contribute to early
regulation of cell-mediated immunity and pathogen clearance.
The consistent and well-delineated changes in cytokine/chemo-
kine production and T-cell infiltration of infected lung tissue in
vaccinated mice observed in this study imply the existence of a
precisely orchestrated regulation of the T helper cell response
to Coccidioides infection. The results of our examinations of
the expression levels of the T-bet, GATA-3, and RORvt genes,
which encode transcription factors required for the differenti-
ation of Thl, Th2, and Th17 cells, respectively (45), during
early stages of the disease will be reported in a separate pub-
lication. A modulating factor in Th1l and Th17 promotion of
the inflammatory response appears to be the activation of
IL-10-producing T regulatory cells, which can inhibit the syn-
thesis of IFN-y and TNF-«a and limit the magnitude of phago-
cyte recruitment to infection sites (3, 9). Current studies of our
murine model of vaccine immunity to coccidioidomycosis are
focused on the characterization of these immune regulatory
mechanisms that limit inflammatory pathology while promot-
ing pathogen clearance.
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