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Systemic fungal infections are becoming more common and difficult to treat, and vaccine pre-
vention is not available. Pulmonary infection with the dimorphic fungus Blastomyces dermatitidis
often progresses and requires treatment to prevent fatality. We recently created a recombinant
strain of the fungus lacking the WI-1 adhesin and pathogenicity. We show here that administra-
tion of viable yeast of this attenuated strain vaccinates against lethal pulmonary experimental
infection due to isogenic and nonisogenic strains from diverse geographic regions. To our knowl-
edge, this is the first example of a recombinant attenuated vaccine against fungi. The vaccine
induces delayed-type hypersensitivity and polarized type 1 cytokine responses, which are linked
with resistance. A cell-wall/membrane (CW/M) antigen from the vaccine strain also induces polar-
ized and protective immune responses. Lymph node cells and CD4* T-cell lines raised with CW/M
antigen transfer protective immunity when they release type 1 cytokine IFN-y, but not when they
release IL-4, and neutralization of IFN-y confirmed its role in vivo. Thus, by mutating a patho-
genetic locus in a dimorphic fungus, we have created an attenuated vaccine strain and have begun

to elucidate fungal and host elements requisite for vaccine immunity.

J. Clin. Invest. 106:1381-1389 (2000).

Introduction
The systemic dimorphic fungus Blastomyces dermatitidis
produces a progressive pulmonary and disseminated
infection and is one of the principal systemic mycoses of
humans and animals worldwide. Infections that go undi-
agnosed or untreated often progress and become fatal
even in immunocompetent hosts. The progressive nature
of many clinical B. dermatitidis infections distinguishes
blastomycosis from several other related mycoses such as
histoplasmosis, coccidioidomycosis, and paracoccid-
ioidomycosis, which more often occur as self-limited
infections. A murine model of B. dermatitidis infection has
been developed that resembles clinical features of pul-
monary blastomycosis in people (1, 2). Administration of
B. dermatitidis via the respiratory route, with as few as
10-100 virulent yeast, leads to chronic, progressive pneu-
monia, which consumes mice within several weeks of
infection (3). Thus, even a small number of B. dermatitidis
yeast cannot be resolved by an immunocompetent host.
Antigens that stimulate clearance of B. dermatitidis
infection have not been identified. WI-1, a surface pro-
tein adhesin on B. dermatitidis, is an immunodominant

antigen that evokes humoral and cell-mediated
immune responses in infected humans (4-6), dogs (7),
and mice (2). Immunization of mice with WI-1 elicits
immune responses and enhances resistance against
lethal pulmonary infection (2). Although WI-1 immu-
nization prolongs survival of mice in a model of lethal
pulmonary blastomycosis, the biologic effect is modest.
Immunized mice live 1-2 weeks longer than do nonim-
munized controls, but most immunized mice succumb
to infection. Thus, immune responses to antigens other
than WI-1 may be important for protective immunity.

Homologous gene targeting and disruption of WI-1
renders B. dermatitidis yeast unable to establish a lethal
pulmonary infection (3). On histological inspection,
animals infected with wild-type B. dermatitidis strain
ATCC 26199 (American Type Culture Collection,
Rockville, Maryland, USA) show pulmonary alveoli
obliterated with inflammation and yeast, whereas mice
infected with recombinant WI-1 knockout strain no. 55
show largely normal appearing lungs, with focal, well-
formed granulomas containing few sequestered organ-
isms. Hence, the multiplication of recombinant, WI-1
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knockout strain no. 55 is controlled, and the histolog-
ical appearance of infected tissue implies that the
organism has elicited acquired immunity. These find-
ings suggest that a recombinant, attenuated strain,
such as strain no. 55, might vaccinate against pul-
monary blastomycosis.

We tested that possibility and report here a recom-
binant, live, attenuated vaccine against B. dermatitidis.
The vaccine induces a polarized type 1 cytokine pro-
file linked with resistance. A cell-wall membrane
(CW/M) antigen of the vaccine strain independently
induces polarized and protective immune responses.
CD4* T-cells that recognize this protective antigen
transfer resistance to naive mice when they release
IEN-y, but not when they instead release IL-4. Finally,
neutralization of IFN-yin vivo confirmed its requisite
role in vaccine-induced resistance.

Methods
Fungal strains and growth conditions. Strains used includ-
ed ATCC 26199, a virulent strain isolated from a
human patient in South Carolina (1) and an isogenic,
nonpathogenic mutant of 26199 lacking WI-1, desig-
nated strain no. 55. Details about generation, charac-
terization, and pathogenicity of recombinant strain no.
55 have been described (3). Also included were ATCC
60636, isolated from soil and patients during a Wis-
consin outbreak of blastomycosis (8); ATCC 60637, iso-
lated from soil at the Tomorrow River in Wisconsin (9);
ATCC 66136, a soil isolate from Ontario, Canada (10);
SC 89, a patient isolate from South Carolina (A.F. Di
Salvo, State Health Lab, Reno, Nevada, USA); and SC
396, a soil isolate from Georgia (11). Isolates were
maintained in yeast form on Middlebrook 7H10 agar
slants with oleic acid-albumin complex (Sigma Chem-
ical Co., St. Louis, Missouri, USA) at 37°C. Liquid cul-
tures of yeast were grown in Histoplasma macrophage
medium (HMM) (12, 13) in a 37°C shaking incubator.
Mouse strains. Inbred C57BL/6 and BALB/c strains of
mice were obtained from The Jackson Laboratory (Bar
Harbor, Maine, USA). Male mice were 6-7 weeks of age
at the time of purchase and were housed and cared for
according to guidelines of the University of Wisconsin
Animal Care Committee, which approved this work.
Immunization with recombinant, live, attenuated strain no.
55. Mice were injected with 10* yeast in PBS (10 mM
sodium phosphate, 154 mM sodium chloride [pH 7.4])
by different routes, intranasally, subcutaneously, or
intravenously. Mice were boosted with the same number
of yeast 2 weeks later. After initial studies demonstrated
that the subcutaneous route of immunization was most
effective, subsequent experiments used this route. Mice
were immunized twice, 2 weeks apart, each time receiv-
ing subcutaneous injection of 10° no. 55 yeast at each of
two sites, dorsally and at the base of the tail.
Delayed-type hypersensitivity. Two weeks after vaccina-
tion, delayed-type hypersensitivity (DTH) was meas-
ured by injection of 10% heat-killed no. 55 yeast into
the footpad of one hind leg and PBS as a control into

the footpad of the other hind leg. Footpad swelling
was measured 24 hours after injection. DTH was
defined as swelling due to yeast minus that due to PBS,
expressed in millimeters.

Proliferation assays, production of culture supernatants, and
cytokine measurements. Single-cell suspensions were pre-
pared from spleens of mice as described elsewhere (14).
Suspensions were made in ice-cold culture medium
(DMEM containing 10% FBS, 16 mM HEPES buffer, 2
mM L-glutamine, and 100 U/ml penicillin, and 100
Hg/ml streptomycin). Staining of cells with trypan blue
indicated greater than 95% viability.

Spleen cells were stimulated at a concentration of
5% 10°cells/mlin 5 pg/ml of mitogen concanavalin A
(CON A) or 12.5 pg/ml of yeast antigen. To measure
proliferation, 1 X 10° spleen cells were cultured in vitro
in 200 pl of medium in 96 well plates. After 72 hours
of incubation at 37°C, in 5% CO;, 1 pCi/well of
[*H]TdR was added to each well. After 18 hours, cells
were harvested onto glass fiber filters with an auto-
mated cell harvester (Matrix 9600; Packard Instru-
ments, Downers Grove, Illinois, USA) and counts per
minute of label incorporated into DNA of cells was
measured in a gamma counter.

Cells-culture supernatants were generated in 24-well
plates in a volume of 1 ml containing 5 x 106 spleen cells.
Cells were cultured with antigen or mitogen at concen-
trations noted previously here. Supernatants were har-
vested after 48 hours and 96 hours of coculture. ELISA
kits were used to measure IL-2 and IL-4 (PharMingen,
San Diego, California, USA) and IFN-y (R&D Systems
Inc., Minneapolis, Minnesota, USA). ELISAs were devel-
oped with Vectastain ABC-AP (Ak-5000; Vector Labora-
tories, Burlingame, California, USA) and alkaline phos-
phatase substrate p-Nitrophenyl phosphate disodium
hexahydrate (Sigma Chemical Co.). Optical density (405
nM) of wells was measured with an automatic plate read-
er (Spectra Max 190; Molecular Devices Corp., Sunny-
vale, California, USA).

Preparation and administration of antigens of recombinant
strain no. 55. Antigens were extracted from yeast cells
of strain no. 55 according to the method of Gomez et
al. (15). Briefly, yeast were grown in liquid HMM for 5
days. Harvested cells were killed in thimerosal
(1:10,000 wt/vol) in PBS (pH 7.2) for 1 hour at 37°C
followed by overnight incubation at 4°C. Washed, pel-
leted cells were suspended in PBS containing 1 mM
phenylmethylsulfonyl fluoride, S UM leupeptin and 5
% 104 M sodium EDTA. Cells were disrupted (Braun
Biotech, Allentown, Pennsylvania, USA) at 4°C for 2
minutes using alternating 30-second cycles of homog-
enization and cooling. Disrupted cells were cen-
trifuged, and supernatant was saved and termed yeast
cytosol extract (YCE). Pelleted cell walls were extract-
ed with urea (15). Supernatant was saved and termed
CW/M extract. Antigen preparations were dialyzed
against PBS, centrifuged at 31,000 g for 30 minutes.
Soluble material was sterilized with a 0.2-pm filter
and stored at -20°C.
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Yeast surface proteins (YSP) also were extracted. Fresh-
ly harvested yeast of strain no. 55 were boiled in H,O (1
volume cells + 2 volume H,O) for 5 minutes. The extract
was cooled on ice, vortexed for 1 minute, and cen-
trifuged twice at 8,000 g for 5 minutes each. Extract was
sterilized with a 0.2-pm filter, and stored at -20°C.

C57BL6 mice were immunized subcutaneously at two
sites, dorsally and at the base of the tail, with antigen,
using 200 g of protein per injection. Antigen was emul-
sified in CFA (Sigma Chemical Co.) for the first immu-
nization and in incomplete Freund’s adjuvant for the
second immunization 2 weeks later. Control mice
received an equal volume of PBS emulsified in adjuvant.

Antigen-specific T-cell lines. C57BL6 mice were immunized
subcutaneously with strain no. 55 yeast given in two loca-
tions, dorsally and at the base of the tail, three times, 2
weeks apart each. Two weeks after immunization, mice
received 200 pg of CW/M emulsified in complete Fre-
und’s adjuvant administered into the base of the tail and
both foot pads of hind legs. After ten days, draining
lymph node cells were removed and cultured in medium
(as described here, and also containing 0.12 mg/ml L-argi-
nine, 0.035 mg/ml L-asparagine, 1 mM MEM sodium
pyruvate, 0.6 mg/ml folic acid, and 5.5 x 10-° M 2-mer-
captoethanol) at the concentration of 2 X 10° cells/ml
with 6 x 10°/ml syngeneic, irradiated (1,800 R) spleen
cells as antigen-presenting cells and 12.5 pg/ml of CW/M
antigen. Stimulated cells were harvested 8 days later, and
cultured at 2 X 105 cells/ml in the presence of antigen and
2 % 106 antigen presenting cells/ml in a 24-well plate. To
maintain this T-cell line, cells were restimulated every 2
weeks with fresh CW/M antigen and antigen-presenting
cells. T cells from the line were 96% CD3", CD4"; they pro-
liferated in vitro specifically in response to stimulation
with CW/M, and released IL-4, but not IFN-y. The line is
designated CW/M-Th2.

To generate a T-cell line with a polarized type 1
cytokine response, mice were immunized and draining
lymph node cells were cultured in vitro as previously
described here, with a modification. Culture medium
was supplemented with 10 U/ml human rIL-2, 1 pg/ml
rat anti-mouse IL-4 mADb (a gift from C. Reynolds, Bio-
logical Resources Branch, Frederick, Maryland, USA)
and 600 U/ml murine rIFN-y (PharMingen). A result-
ing line, designated CW/M-Th1, was 97% CD3*, 99%
CD4; it proliferated in vitro specifically on stimulation
with CW/M antigen, and released IFN-y, but not IL-4.
After eight rounds of stimulation, CW/M-Th1 main-
tained its phenotype without addition of rIFN-y,
anti-IL-4 mAb, and r-IL-2 (data not shown). In vitro
analyses of CW/M-Th1 were done in the absence of
exogenous IL-2, anti-IL-4 mAb, or IFN-y.

IEN-yneutralization. Ammonium sulfate-precipitated
mAb XMG1.2 (anti-IFN-y) was kindly provided by G.S.
Deepe (Cincinnati, Ohio, USA). Six hours before infec-
tion, mice received 0.5 mg mAb intravenously in 0.5 ml
PBS. Mice were boosted with 0.5 mg mADb intraperi-
toneally every 4 days. Control mice received equivalent
amounts of rat IgG (Sigma Chemical Co.).

Experimental infection. Mice were infected intratra-
cheally with B. dermatitidis yeast as described later here,
although in some initial experiments, mice were infect-
ed intranasally (2). For intratracheal infection, mice
were anaesthetized by intraperitoneal injection of eto-
midate (30 mg/kg; Bedford Laboratories, Bedford,
Ohio, USA). Skin over the trachea was incised and
underlying tissue separated. A 30-gauge needle (Becton
Dickinson, Rutherford, New Jersey, USA) was bent and
attached to a tuberculin syringe containing B. dermati-
tidis yeast. The needle was inserted into the trachea, and
30 pl of inoculum was dispensed using a stepper device
(Tridak, Brookfield, Connecticut, USA). Incised skin
was closed with cyanoacrylate adhesive (Veterinary
Products Laboratories, Phoenix, Arizona, USA). Mice
recovered under a heating lamp. To assess vaccine effi-
cacy, two outcomes were measured. Lung infection was
quantified by plating homogenized lung and enumer-
ating yeast CFUs on brain-heart infusion (Difco Labo-
ratories, Detroit, Michigan, USA) agar. Lung CFU fora
mouse was defined as total CFU per lung. Detection
limit was 10 CFU per lung. Alternatively, duration of
survival was monitored.

Statistical analysis. Kaplan Meier (16) survival curves
were generated for infected mice. Survival times of mice
that were alive by the end of the study were regarded as
censored. Time data were analyzed by the log rank sta-
tistic (Mantel-Haenszel test) (17), and exact P values
were computed using the statistical packaged Stat
Xact-3 software (CYTEL Software Corp., Cambridge,
Massachusetts, USA). Differences in number of CFU
were analyzed using the Wilcoxon rank test for non-
parametric data (16). A two-sided P value of less than
0.05 is considered statistically significant.

Results
Administration of recombinant strain no. 55 protects
mice against pulmonary blastomycosis. The evolution
of experimental pulmonary blastomycosis is shown for
nonimmune mice in Figure 1, b and ¢, and illustrates
unchecked multiplication of yeast in lungs, progressive
pneumonia, and death. In contrast, targeted disruption
of the WI-1 adhesin abolishes pathogenicity of B. der-
matitidis in this murine model of pulmonary infection
and leads to clearance of yeast from lung (3). We tested
here whether clearance of WI-1 knockout strain no. 55
induces immunity and vaccinates against wild-type B.
dermatitidis infection. Naive C57BL/6 mice received two
injections of strain no. 55 yeast either intranasally or
subcutaneously, or three injections by multiple routes,
intranasally, subcutaneously, and intravenously, with
each injection spaced 2 weeks apart. After immuniza-
tion, mice were analyzed for evidence of immunity and
resistance to experimental B. dermatitidis infection.
Immunization subcutaneously or by the combined
route prompted strong DTH, whereas immunization
intranasally yielded marginal DTH (Figure 1a). Immu-
nized mice were challenged with the parent wild-type
strain ATCC 26199. At 3 weeks after infection, lung
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Figure 1

Acquired resistance to blastomycosis after vaccination with a recom-
binant, live, attenuated strain of B. dermatitidis. (a) DTH responses.
C57BL/6 mice were vaccinated by different routes: intranasal (i.n.),
subcutaneous (s.c.), and intravenous (i.v.). After immunization,
groups of four mice were injected with 10° dead yeast of strain no.
55 into one footpad or PBS into the other. Footpad swelling was
measured 24 hours later. Error bars are SEM. (b) Burden of lung
infection. Two weeks after immunization, groups of 10 mice were
infected intranasally with 104 26199 wild-type yeast. Three weeks
later, mice were analyzed for lung CFU. Geometric means of CFUs
were calculated. Error bars are SEM. P values are for comparison of
each immunized group versus nonimmune controls. (c) Survival after
infection. Groups of ten C57BL/6 mice were infected as in b and
monitored for survival over 128 days. P values are for comparison of
each immunized group versus nonimmune mice.

CFU was reduced significantly in all immunized
groups versus controls (Figure 1b). Immunization sub-
cutaneously or by the combined route reduced lung
CFU by between two to three logs versus controls.
Immunization intranasally reduced lung CFU margin-
ally, but significantly, versus controls.

In survival studies, 80% of mice immunized subcuta-
neously and 50% immunized by the combined route
lived for 128 days and did not appear ill at the end of the
experiment (Figure 1c). When surviving mice were ana-
lyzed, six of eight immunized subcutaneously and all five

immunized by the combined route had no detectable
yeast in their lungs. Although results shown in Figure 1
are for C57BL/6 mice; similar results were observed in
BALB/c mice (data not shown). For studies described
later here, we vaccinated C57BL/6 mice by subcutaneous
administration of attenuated strain no. S5.

Recombinant strain no. 55 is localized at the vaccine site, but
isogenic wild-type yeast disseminate. We investigated
whether vaccination requires attenuated strain no. 55
or if it can be accomplished with the wild-type parental
yeast. Strains 26199 and no. 55 were administered sub-
cutaneously at two sites, twice, 2 weeks apart at doses of
10°, 106, and 107 yeast, and dissemination to lung, liver,
spleen and brain was assessed. Six weeks after initial
injection, nine of ten mice that had received 107 wild-
type yeast showed dissemination of infection to the
lung (mean CFU, 205,600 + 194,840). Several of these
mice were ill with poor coat, weight loss, and hunched
posture, and it was clear that they would die of infec-
tion; two with 1,864,000 and 149,000 lung CFU, respec-
tively, appeared moribund. Only one of ten mice inject-
ed with 107 isogenic strain no. 55 vyeast had
dissemination to lung; that animal had 50 CFU and did
not appear ill. For lower vaccine doses of 10° and 109,
four of ten mice that received wild-type yeast, at either
dose, showed dissemination to lung; the groups had
mean CFU values of 3,420 + 2,549 and 8,193 + 8,226,
respectively. One mouse that received 10° wild-type
yeast showed advanced lung infection with 78,400 CFU.
In contrast, none of the mice injected with strain no. 55
at either of these two doses had dissemination to lung.
Neither strain disseminated to liver, spleen, or brain. For
vaccinations described later here, we administered 10°
yeast of strain no. 55 per injection.

Optimal form and schedule for administration of recombi-
nant, attenuated strain no. 5S. To optimize vaccination, we
tested whether viability of yeast and immunization
schedule influenced resistance. Vaccination twice, 2
weeks apart, with live yeast reduced lung CFU signifi-
cantly more than did vaccination with dead yeast
(mean, 110 + 90 vs. 3,560 + 4,320; P=0.0009), although
the latter also reduced lung CFU compared with non-
immune mice (mean, 113,500 + 64,400; P=0.039). Addi-
tionally, two vaccinations reduced lung CFU signifi-
cantly more than did one vaccination (mean, 54 + 34 vs.
12,300 + 8,300; P = 0.0004), although the latter also
reduced lung CFU compared with nonimmune mice
(mean, 476,900 + 171,700; P = 0.0008). A third vaccina-
tion added no benefit (data not shown). Thus, for stud-
ies shown later here, we vaccinated subcutaneously with
2 x 107 live yeast of strain no. 55, divided at two sites,
given twice, 2 weeks apart.

Vaccination with strain no. 55 cross-protects against infection
with nonisogenic strains. So far, vaccination with recombi-
nant attenuated strain no. 55 has protected against rein-
fection with the wild-type isogenic strain ATCC 26199,
a patient isolate from South Carolina. We wondered
whether strain no. 55 vaccine resistance would cross-
protect against infection with nonisogenic strains, and
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Table 1

Vaccination with recombinant live attenuated strain no. 55 cross-
protects against experimental pulmonary infection with five other
nonisogenic isolates of B. dermatitidis

Groups? Lung CFUB Significance
ATCC 60636

Nonimmune 4,885,000 + 908,700 0.0002
Immune 10,260 + 9,940

ATCC 60637

Nonimmune 2,449,400 + 291,000 0.0004
Immune 14,700 + 20,500

ATCC 66136

Nonimmune 252,500 £37,800 0.0004
Immune 200+ 210

SC89

Nonimmune 6,226,500 + 3,443,400 0.0004
Immune 2,390 + 2,530

SC396

Nonimmune 1,582,400 + 717,300 0.0002
Immune 1

AMice were immunized subcutaneously by injecting live yeast of strain no. 55
yeast twice, 2 weeks apart. Nonimmune control mice were nonimmunized.
Two weeks after immunization, animals were infected intratracheally with 102
yeast of the indicated nonisogenic strain. Three weeks later, mice were ana-
lyzed for burden of lung infection. BLung CFU are calculated as the geometric
mean of ten mice per group + SEM.

tested immunized mice for resistance to five such
strains of B. dermatitidis from different geographical
regions. All five strains were found to be virulent and
killed mice by 3 weeks after infection (data not shown).
Mice that were immunized with vaccine strain no. 55
and then challenged with any of the nonisogenic strains
had markedly lower lung CFU (two to six logs) com-
pared with nonimmune controls (Table 1).
Immunization with recombinant strain no. 5SS evokes a
polarized type 1 cytokine profile. We analyzed immune
responses associated with vaccine resistance. Before
infection, splenocytes from immunized mice prolifer-
ated and produced type 1 cytokines IL-2 and IFN-yin
response to CW/M antigen of strain no. 55 (Figure 2,
a—c). Splenocytes of nonimmune mice did not prolifer-
ate or produce these cytokines in response to the anti-
gen, but they did in response to CON A. After infection,
splenocytes from immunized mice again proliferated
and made elevated amounts of IL-2 and IFN-y in
response to the antigen (Figure 2, d-f). Splenocytes
from nonimmunized mice proliferated weakly in
response to the antigen, but still did not release IL-2
and IFN-y except in response to CON A. IL-4, a type 2
cytokine, was never detected from immune or nonim-
mune splenocytes stimulated with CW/M, but was
detected in response to CON A (data not shown).
Immunization with cell-wall antigens of recombinant strain
no. 55 evokes type 1 cytokines and protects against infection.
Because a CW/M antigen stimulated release of type 1
cytokines from splenocytes of vaccinated mice, we test-
ed whether this antigen or others made here immunized
mice and protected against infection. SDS-PAGE

showed that the three antigens had multiple con-
stituents, ranging widely in molecular weight, although
YSP had major constituents of 50-60 kDa (Figure 3a).

Immunization with all three crude antigens evoked
type 1 cytokine responses detectable before infection
(data not shown) and afterward (Figure 3b). Splenocytes
of mice immunized with CW/M produced the strongest
IFN-yand IL-2 response in vitro on stimulation with anti-
gen. Splenocytes of mice immunized with one antigen
also released type 1 cytokine on exposure to the other two
antigens, implying that the preparations contain over-
lapping components. No IL-4 was detected when spleno-
cytes from any immunized group were cultured in the
presence of antigen, whereas CON A evoked IL-4 release
from these cells, as already described (data not shown).
Splenocytes from nonimmunized, infected mice pro-
duced undetectable IFN-y, but they did release small
amounts of IL-2 after in vitro exposure to the antigens.

Immunization with each antigen sharply reduced
lung infection (Figure 3c). CW/M was most protective
and reduced lung CFU three logs in immunized mice
versus nonimmunized controls. Immunization with
each antigen also increased survival (Figure 3d). At 165
days after infection, nonimmunized controls had
expired, but 40% of mice that got YSP, 70% that got
CW/M, and 100% that got YCE were alive and appeared
healthy. Survivors were analyzed for residual lung infec-
tion. All four YSP-immunized mice, seven of nine YCE-
immunized mice, and five of seven CW/M-immunized
mice had no detectable lung CFU. Thus, most survivors
had sterilizing immunity.

a Prior to infection d After infection
medium medium 5o
CONA m/——— CONA |——+—
CW/M 1] CW/M —
medium | medium
CON A | CON A
CW/M CW/M
0 3000 6000 9000 0 2000 4000
b cpm e cpm
medium ] medium
CONA ————+ CON A
CW/M CW/M
medium | medium
CON A CON A
CWM cwiM
0123 4/ 567 0123 4/ 567
IL-2 (ng/ml -2 (ng/ml
c (ng/ml) f IL-2 (ng/mi)
medium ] medium
CONA T—————— CONA ——
CW/M ¥ CW/M
medium ) medium
CONA CON A _|e—
CW/M CwM e =
0 1 2 3 4 5 0 1 2 3 4 5
IFN-v (ng/ml) IFN-v (ng/ml)
Figure 2

Immune responses of vaccinated mice. Splenocytes from nonim-
mune mice (open bars) and immunized mice (filled bars) were
cocultured at 5 x 10° cells/ml with medium alone, CON A (5
pg/ml), or CW/M antigen (12.5 gg/ml). Data are mean values of
four independent experiments. (a and d) Proliferation was measured
as cpm of [3H]TdR incorporated into proliferating cells after 4 days
of coculture. (b and c) Before infection with B. dermatitidis, I1L.-2 and
IFN-y were measured in supernates of splenocytes, cultured as
described in the text. (e and f) After infection with B. dermatitidis,
studies were performed asinb and c.
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Figu

Immunogenicity and protective efficacy of antigens of recombinant attenuated strain no. 55. (a) SDS-PAGE of soluble antigens prepared from
recombinant, attenuated strain no. 55. Antigens are CW/M, YSP, and YCE. A total of 100 Hg of protein for CW/M and YCE and 50 pg for YSP
was loaded per lane and run on a 10% acrylamide gel under reducing conditions. Molecular weight markers (Mr) are depicted. (b) Cytokine
production by splenocytes in vitro after immunization with antigen. Three weeks after infection, splenocytes from immunized and control mice
were harvested and cultured (5 % 106 cells/ml) in the presence of antigens (12.5 [ig/ml) described in a. Culture supernatants were harvested
after incubation for 48 hours and 96 hours and analyzed for IFN-y (96 hours) and IL-2 (48 hours) by ELISA. Detection limit of 0.05 ng/ml for
each. (c) Burden of lung infection. Groups of 10 C57BL/6 mice were immunized with 400 g antigen in Freund’s adjuvant twice, 2 weeks apart;
infected intratracheally with 102 26199 wild-type yeast; and analyzed for lung CFU three weeks after infection. Values depicted are geometric
mean CFUs + SEM. Pvalues are for each group in relation to nonimmune controls. (d) Survival after infection. Groups of 10 C57BL/6 mice were
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infected as in ¢ and monitored for survival over 165 days. P values are for comparison of each immunized group versus nonimmune mice.
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Adoptive transfer of protective immunity by lymphoid cells
reactive with CW/M. We investigated the lymphoid
compartment in which protective cells reside, to iso-
late and analyze them. Mice were vaccinated three
times with strain no. 55, 2 weeks apart. Subsequently,
they received 200 pg soluble CW/M or YSP antigen
once as detailed in Methods. Ten days after immu-
nization, splenocytes and draining lymph node cells
were collected for functional analysis. Lymphoid pop-
ulations of immunized mice produced a polarized
type 1 cytokine response when cultured in vitro with
immunizing antigen (data not shown). Immune
splenocytes or lymph node cells raised with CW/M or
YSP antigen passively transferred both DTH and
resistance to infection (Figure 4, a and b). Lymph
node cells from CW/M-immunized mice were most
active and reduced lung CFU by nearly five logs com-
pared with control cells.

CD4* T-cell lines reactive with CW/M antigen transfer
resistance in the presence of IFN-y. Cell-mediated immu-
nity is crucial for the development of acquired resist-
ance to B. dermatitidis (18). From the results described
here, we presumed that CW/M reactive T cells in the
lymph nodes, which make type 1 cytokines, con-
tribute to vaccine-induced resistance. To explore this,
we generated two T-cell lines reactive with CW/M and
analyzed their phenotype and function in vitro and

in vivo. Both lines were found to be greater than 95%
CD3* CD4" aff T cells (data not shown), and each
proliferated in response to antigen stimulation in
vitro with CW/M (Figure 5a). CW/M-Th2 cells
released IL-4 in response to antigen stimulation, but
no IFN-y. CW/M-Thl cells produced IFN-y in
response to antigen stimulation, but no IL-4. After
adoptive transfer, CW/M-Th1 cells reduced lung CFU
24-fold, compared with control (Figure 5b). In con-
trast, CW/M-Th2 cells led to a twofold increase in
lung CFU. In a survival study, mice (n = 10) treated
with CW/M-Th1 cells survived a mean of 39 + 7 days,
whereas PBS-control-treated mice survived a mean of
22 + 4 days (P=0.001).

T-cell line transfers and preceding results illustrate
that vaccine resistance correlates with IFN-y produc-
tion in vitro. To provide firm evidence that IFN-y
contributes to resistance in vivo, we treated vaccinat-
ed mice with anti-IFN-y mAb throughout infection.
IFN-y neutralization increased lung CFU 100-fold at
2 weeks after infection, compared with rat IgG con-
trol (mean CFU 5,210 + 4,500 vs. 58 + 60, respective-
ly; P=0.01). Nonvaccinated controls had a mean of
3,092,300 + 763,970 lung CFUs. Thus, IFN-y is
required for vaccine resistance, but not solely respon-
sible, and other cytokine-dependent or -independent
mechanisms are likely to contribute.
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Figure 4

Adoptive transfer of DTH and resistance to B. dermatitidis by immune
splenocytes and lymph node cells. Mice were immunized three times
subcutaneously with strain no. 55, and 2 weeks later, boosted with
CW/M or YSP antigen in CFA. As a control, mice were immunized three
times with hen egg lysozyme (HEL) in Freund’s. Ten days after immu-
nization, cells were harvested and passively transferred into naive mice.
(a) DTH. Two hours after transfer, two mice per group were injected
with 105 heat-killed yeast of strain no. 55 into one hind footpad and
PBS into the other. Footpad swelling is depicted as mean = SEM. (b)
Burden of lung infection. One day after transfer, groups of 10 mice
were infected intratracheally with 2 x 102 yeast of wild-type strain
26199; they were analyzed for lung CFU 3 weeks later. P values are in
comparison to corresponding lymphoid populations of HEL controls.

Discussion

In people and animals, sporadically occurring pul-
monary blastomycosis generally progresses and
requires treatment to prevent a fatal outcome. Exper-
imental infection in mice is uniformly lethal. We
demonstrate here that resistance to pulmonary infec-
tion with B. dermatitidis can be achieved by immuniza-
tion with a recombinant, live, attenuated strain of B.
dermatitidis lacking the WI-1 adhesin. Live, attenuated
viral vaccines have been used widely with great effica-
cy. Attenuated variants of fungi have been used previ-
ously to immunize against infection. An echinocan-
din-resistant variant of Candida albicans (PCA-2)
vaccinates mice against infection with a nonisogenic
wild-type virulent strain CA-6 (19). An attenuated vari-
ant of Trichophyton verrucosum has been used to vacci-
nate against ringworm in cattle (20). The genetic basis
of attenuation has not been defined in either of these
fungal vaccine variants. Spontaneous reversion may
occur in such situations and raises concern about
uncharacterized natural variants of fungi and other
microbial pathogens. To our knowledge, we describe

the first recombinant, attenuated vaccine against B.
dermatitidis or other fungal pathogen.

In our study, the parental, wild-type strain ATCC
26199 was not suitable for vaccination. That strain dis-
seminated from the skin injection site to the lung,
where infection progressed. Morozumi et al. (21)
reported that subcutaneous administration of live
ATCC 26199 yeast protected mice against pulmonary
blastomycosis. In contrast to our study, those authors
reported that ATCC 26199 yeast injected subcuta-
neously into each of two sites was cleared by 4 weeks
after injection. The discrepancy between their findings
and ours might be explained by recent findings about
spontaneous variation of ATCC strain 26199. Mutants
0£26199 have arisen spontaneously by serial passage in
vitro: ATCC 60915 is an attenuated mutant (22), and
ATCC 60916 is avirulent (23). Phenotypic alterations
recently documented in these mutants include partial
or complete loss of surface a-(1,3)-glucan (24) and
changes in the amount of surface and secreted WI-1
(25). To guard against loss of pathogenicity in B. der-
matitidis, including strain 26199, we monitor virulence
in mice and measure surface 0-(1,3)-glucan and WI-1
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Figure 5

In vitro responses and in vivo function of T-cell lines with polarized
cytokine phenotypes in response to CW/M antigen from strain no.
55. (a) Proliferation and production of IFN-y and IL-4 by T-cell lines
in vitro in response to stimulation with CW/M. Assays were per-
formed as described in Figure 2. (b) Burden of lung infection after
adoptive transfer of T-cell lines. A day after adoptive transfer of T
cells (107 cells per mouse), animals (n = 13 per group) were infected
intratracheally with 102 yeast of wild-type strain 26199. Controls
received mock transfer with PBS. Three weeks after infection, mice
were analyzed for lung infection. Values are geometric mean CFUs +
SEM. P values are for comparison of mice that received a T-cell line
versus those that did not.
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routinely during passage. We also discard isolates after
eight to ten weekly passages in vitro. The wild-type
strain 26199 used for vaccination by Morozumi et al.
(21) appears to have mutated spontaneously and lost
virulence, which could have escaped attention, as phe-
notypes associated with loss of virulence had not been
delineated at that time. It should be emphasized that
spontaneous attenuated mutants of dimorphic fungi
are often unstable and frequently revert to the virulence
phenotype after passage in serum in vitro or animals
(26). This fact underscores the importance of using
genetically defined and stable mutations for attenuat-
ed vaccine strains of dimorphic fungi, rather than
spontaneous, uncharacterized mutants. Parenthetical-
ly, spontaneous variation does not account for loss of
virulence of recombinant strain no. 55. Resupply of
WI-1 in trans restores pathogenicity to strain no. 55,
which establishes that loss of WI-1, not another defect,
is responsible for loss of virulence (3).

Additional attributes make the recombinant, attenu-
ated strain no. 55 a promising vaccine and source of
protective antigens. Vaccination induced substantial
resistance: lung CFU 2-3 weeks after infection was
reduced by three or more logs; a majority of immu-
nized mice survived a lethal challenge; and most sur-
viving mice had sterilizing immunity. Importantly, vac-
cinated mice resisted a challenge with both the isogenic
wild-type strain and nonisogenic strains from various
geographical regions. Thus, vaccine strain no. 55 shares
immunodominant, protective antigen(s) with noniso-
genic strains of B. dermatitidis.

To pursue those protective antigens, we generated
crude preparations from vaccine strain no. 55 and test-
ed their capacity to vaccinate against experimental
infection. Each of the three antigens (YSP, YCE, and
CW/M) induced protective immunity. Complexity and
protective efficacy of the antigens varied. CW/M is the
most complex and protective one in lowering the bur-
den of lung infection. The YSP antigen is the least com-
plex and protective. Enhanced protective efficacy of
CW/M could be due to the presence of a greater num-
ber of protein antigens or of uniquely protective com-
ponents. In a more chronic pulmonary infection, in
which mice were infected with a lower inoculum and
controls expired over a 2-month interval, YCE and
CW/M protected at least 70% of mice from death. A
chronic infection may better resemble naturally occur-
ring infection with B. dermatitidis and underscores the
vaccine potential of the antigens. Gomez et al. (15) iso-
lated CW/M antigen from Histoplasma capsulatum, which
protects against lethal experimental histoplasmosis.
HIS-62, or hsp 60, is a major component of H. capsula-
tum CW/M and mediates protection (27, 28). Active
components of B. dermatitidis CW/M are under study.

To elucidate immune correlates of vaccine resist-
ance, we compared the cytokine profiles of immu-
nized, resistant mice and nonimmunized, susceptible
mice. Production of type 1 cytokines in vitro was
tightly linked with vaccine-induced resistance to B.

dermatitidis in vivo. First, immunized, resistant mice
produced IFN-y in response to in vitro antigen stim-
ulation, whereas nonimmune, susceptible mice did
not. Second, splenocytes and lymph node cells that
adoptively transferred DTH and resistance exhibited
polarized type 1 cytokine profiles in vitro. Third, pro-
tective efficacy after immunization with antigens cor-
related with IFN-y production by antigen-stimulated
splenocytes in vitro. Fourth, protective immunity
could be transferred with CD4* T cells of a line only
when they evinced a polarized type 1 cytokine profile.
Last, and importantly, neutralization of IFN-yin vac-
cinated mice reduced control of infection 100-fold,
offering direct evidence for participation of IFN-yin
resistance. Thus, our results support the Th1/Th2
paradigm of immunity to medically important fungi,
including B. dermatitidis (29-32).

A role for type 1 cytokine in vaccine immunity to B.
dermatitidis is not unexpected, as IFN-y production is an
established mechanism by which T cells enhance fun-
gicidal activity of phagocytes (33). However, in our
study, much greater resistance was transferred by
immune splenocytes or lymph node cells than by CD4*
T-cell lines. Neutralization of IFN-y also impaired, but
did not abolish, vaccine immunity. Lymphocyte traf-
ficking and incomplete neutralization could explain
these respective results. However, other T-cell subsets
or cytokines, or B-cells, in concert may also contribute
to vaccine immunity and are being investigated (M.
Wiithrich et al., manuscript in preparation).
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