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Worldwide rates of systemic fungal infections, including three of the major pathogens responsible for such
infections in North America (Coccidioides posadasii, Histoplasma capsulatum, and Blastomyces dermatitidis), have
soared recently, spurring interest in developing vaccines. The development of Th1 cells is believed to be cru-
cial for protective immunity against pathogenic fungi, whereas the role of Th17 cells is vigorously debated. In
models of primary fungal infection, some studies have shown that Th17 cells mediate resistance, while others
have shown that they promote disease pathology. Here, we have shown that Th1 immunity is dispensable and
that fungus-specific Th17 cells are sufficient for vaccine-induced protection against lethal pulmonary infec-
tion with B. dermatitidis in mice. Further, vaccine-induced Th17 cells were necessary and sufficient to protect
against the three major systemic mycoses in North America. Mechanistically, Th17 cells engendered protection
by recruiting and activating neutrophils and macrophages to the alveolar space, while the induction of Th17
cells and acquisition of vaccine immunity unexpectedly required the adapter molecule Myd88 but not the fun-
gal pathogen recognition receptor Dectin-1. These data suggest that human vaccines against systemic fungal

infections should be designed to induce Th17 cells if they are to be effective.

Introduction

Vaccines that prevent infectious disease have been hailed as the
greatest achievement in public health over the last century (1).
The soaring rates of systemic fungal infections worldwide have
spurred interest in developing vaccines (2-8). Experimental vac-
cines against fungi are under study, but none are in clinical tri-
als or commercially available (6). We and others have engineered
vaccines that protect against experimental infection with the
primary pathogenic fungi Coccidioides posadasii (9), Histoplasma
capsulatum (10), and Blastomyces dermatitidis (11), which cause
the major systemic mycoses of North America and account for
one million new infections annually (12). A dominant Th1 cell
response mediated by IL-12 is thought to be essential for protec-
tive immunity against these (9-11, 13, 14) and other pathogenic
fungi (2, 15). Ablation of IL-12 or IFN-y worsens the course of
fungal infections (13, 14, 16, 17). IFN-y, the signature cytokine
of antigen-specific (Ag-specific) Th1 cells, activates phagocytes
to kill fungi at sites of infection (14).

IL-17 and Th17 cells participate in the host response to fungi
during primary infections in nonimmune hosts, but the literature
is at odds as to whether Th17 cells play a helpful or harmful role.
IL-17 receptor A knockout (I/17ra~/~) mice are susceptible to sys-
temic Candida albicans infection due to reduced infiltration of neu-
trophils into infected organs (18). Likewise, Th17 cell-deficient
IL23p19~- and Il117ra”~ mice exhibit severe oropharyngeal candi-
diasis, while Th1 cell-deficient Il12p35~7~ mice show a low fungal
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burden and no overt disease (19). IL-17 also promotes host defense
against primary pulmonary infection with Pneumocystis carinii (20),
H. capsulatum (21), and Aspergillus fumigatus (22).

In sharp contrast to the studies cited above, the pathogenic
and regulatory role of IL-17 in limiting protective Th1 responses
has been highlighted in models involving intragastric delivery of
C. albicans and intranasal administration of A. fumigatus (23). At
these mucosal sites, Th17 cells exacerbate inflammation and fun-
gal infection and produce severe tissue pathology. These differ-
ences imply that the influence of Th17 cells on the course of fun-
gal disease may be affected by the disease model, timing of Th17
cell recruitment, tissue inoculum, and balance of pathogen versus
Th17 cellular response at a given time during the course of infec-
tion. Although Th17 cells damage tissue in response to fungi dur-
ing the course of primary infections or autoimmune conditions,
it is plausible that they could be engaged for vaccine immunity
where the response is rapid and early after fungal exposure and not
delayed by the need for Th17 differentiation.

The differentiation of Th17 cells in response to fungi has been a
subject of intense study. Dectin-1 is a pattern recognition receptor
for fungi that is part of a novel innate signaling pathway involving
Syk kinase (24, 25) and the adaptor Card9 (26-28), which in turn
are critical for inducing Th17 responses to fungal infection. Dec-
tinl7/~ mice show impaired resistance to C. albicans, P. carinii, and
A. fumigatus infection (22, 29, 30). Without Dectin-1, lung immuni-
ty against A. fumigatus yields less IL-17, reduced proinflammatory
cytokine and chemokine production by alveolar macrophages, and
fewer neutrophils, which also display defective antifungal defense
mechanisms (22). Collectively, this work has indicated that Dectin/
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Syk kinase/Card9 signaling are instrumental in the differentiation
of Th17 cells and their downstream functions in response to infec-
tion with opportunistic fungi.

We asked the following here: (a) whether Th17 cells are or can be
engaged by vaccination to confer resistance to fungi, and if so, (b)
how Th17 cells are induced by vaccine to differentiate from naive
T cells into antifungal Th17 effectors. We report that vaccine-
induced Th17 cells protect against lethal experimental infection
with agents of the systemic mycoses of North America, B. derma-
titidis, C. posodasii, and H. capsulatum. Th17 cells confer resistance in
the absence of Th1 immunity and alone are sufficient for protec-
tion. Th17 cells recruit and activate neutrophils and macrophages
to the alveolar space. Unexpectedly, vaccine induction of Th17
cells requires Myd88, not Dectin-1.

Results

Naive T cells differentiate into Th17 cells upon vaccination. The role of Th17
cells has been studied mainly during primary fungal infection (18,
20, 23, 31). Here, we explored whether Th17 cells are induced dur-
ing the afferent phase of vaccination against B. dermatitidis. We have
reported that Th1 cells are induced (11) and here compared that
response to Th17 cell development. After vaccine, CD4 T cells from
the draining nodes produced IL-17 and IFN-y transcript and protein
in response to Ag (Figure 1, A and B). To confirm the phenotype of
primed CD4 T cells that traffic to the vaccine site, we stained the cells
for intracellular cytokine. Endogenous, polyclonal cells and B. derma-
titidis-specific Tg CD4* T cells (Wiithrich et al., unpublished obser-
vations) adoptively transferred before vaccination made IL-17 and
IFN-y (Figure 1C). 25% of these IL-17-producing CD4" cells in the
skin produced IFN-y (Table 1). The proportion of Th17 cells among
TCR Tg cells was greater than in the endogenous pool of CD4* T
cells, implying that Th17 cells in the latter pool are Ag-specific.

Th17 effector cells migrate to the lung and make IL-17 and IL-22 dur-
ing recall. To see whether primed Th17 cells migrate to the lung
of vaccinated mice after a pulmonary challenge, we assayed
transcript and the number of cytokine-producing lung T cells.
Transcripts for type 17 cytokines IL-17A and IL-17F, and IL-22
and type 1 cytokine IFN-y were elevated in vaccinated mice ver-
sus unvaccinated controls during the first 3 days after infection
(Figure 1D). To see whether the difference in cytokine produc-
tion stems from primed CD4 T cells, we stained lung T cells for
intracellular cytokine. The percentage and number of IL-17- and
IFN-y-producing T cells rose sharply in vaccinated versus unvac-
cinated mice by day 2 after infection and remained significantly
higher until day 6 (Figure 1E). Cytokine production was chiefly
confined to CD44*CD62L1°CD4* T cells (data not shown). From
4% to 8% of the IL-17-producing CD4" cells also produced IFN-y
upon recall (Table 1). The number of IL-17* endogenous and
B. dermatitidis-specific TCR Tg CD4* T cells recruited to the lung
rose similarly during the first 4 days after infection and increased
in avaccine-dose-dependent manner (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI43984DS1). The number of cytokine-producing Th17 and Th1
cells correlated with lung CFU in vaccinated and unvaccinated
mice. Vaccinated mice reduced lung CFU by day 2 after infection,
and by day 6 most had cleared the yeast from their lungs. In unvac-
cinated mice, lung CFU stayed at the input level for the first 4 days
and then grew until the mice were moribund at day 15 (Figure 1F).
Thus, the onset of Th17 and Th1 cytokine-producing T cells in
the lung coincided with the reduction in lung CFU.

The Journal of Clinical Investigation

http://www.jci.org

research article

IL-17 mediates vaccine immunity during the efferent phase. Since Th17
cells are induced during the afferent phase after vaccination and
they migrate to the lung and express type 17 cytokines during
the efferent (recall) phase, we tested whether IL-17 contributes
functionally to vaccine resistance. We used 3 approaches. First, we
neutralized IL-17 in vaccinated C57BL/6 mice after pulmonary
challenge. IL-17 neutralization increased lung CFU by more than
3 logs compared with rat IgG-treated control mice (Figure 2A).
Neutralization of IFN-y increased lung CFU 61-fold versus rat
IgG control, and neutralization of IL-17 and IFN-y together did
not have an additive effect.

In a second approach, also designed to block IL-17 action during
the vaccine efferent phase, we treated mice with adenovirus that
overexpresses soluble IL-17R:Fc fusion protein (32-34), which binds
IL-17 and blocks its receptor binding. IL-17 neutralization with
IL-17R:Fc in vaccinated mice after pulmonary challenge increased
lung CFU by 1,630-fold versus AdLuc-treated control mice (Figure 2B).
Neutralization of IL-17 in unvaccinated mice increased lung CFU
by only 4- to 5-fold versus AdLuc controls, indicating IL-17 exerted
its effect during vaccine immunity. We extended these findings to
a second inbred strain of mice, BALB/c. Neutralization of IL-17 by
mADb and soluble IL-17R:Fc yielded similar results in vaccinated
BALB/c mice (Supplemental Figure 2, A and B).

In a third approach, to further address the roles of IL-17 and
IL-17A/IL-17R signaling, we investigated resistance in vaccinated
Il17ra~/~ mice. Mouse Th17 cells produce only IL-17A and IL-17F
(35, 36), which both signal through IL-17RA. Thus, even if [l17ra7/~
mice develop vaccine-induced Th17 and Th1 cells, IL-17 could
not signal via its receptor to mediate its effector functions. We
first analyzed the Th17 and Th1 phenotypes in Il17ra7~ mice.
At 4 days after infection, the numbers of primed Th17 and Th1
cells recalled to the lung were similar in vaccinated /17747~ and
wild-type mice (Figure 2C). Lung transcript of IFN-y (and IL-4)
was similar between the groups (Figure 2C). Thus, Th17 and Th1
cell development and migration to the lung were not impaired in
the absence of IL-17R signaling. Intact IL-17 signaling apparently
was not required to prime and recruit antifungal Th1 cells into
the lung, in contrast to infections with Mycobacterium tuberculosis
(37) and Francisella tularensis (38). Despite unimpaired Th1 func-
tion in vaccinated 1117747~ mice, they had lung CFUs more than
400-fold higher than wild-type mice. In contrast, the lung CFUs
were similar in unvaccinated Il17ra~/~ mice and wild-type controls
(Figure 2D). Thus, Th17 cells mediate vaccine immunity to fungi
independent of Th1 cells, and innate IL-17-producing cells appear
to play a negligible role in explaining this resistance.

IL-17A is obligate for vaccine immunity. Although IFN-y and TNF-a
regulate the expression of vaccine immunity to fungi in wild-type
mice, both cytokines are dispensable upon vaccination of Ifng/~ and
Tnfa”/ mice (14). To see whether IL-17A is obligate or dispensable
in vaccine immunity, we immunized /1747~ mice and tested their
resistance to lethal pulmonary infection (Figure 2E). Vaccinated
111747~ mice had more than 2 log more lung CFUs than wild-type
controls. Similarly to 1l17ra7~ mice, Il1747/~ mice were only slightly
more susceptible to primary infection than wild-type mice.

The early production of IL-17 upon bacterial challenge in the
lung is needed to recruit primed Th1 cells that reduce the bacte-
rial burden (37). We therefore tested the type 1 cytokine response
in vaccinated I11747~ mice 3 to 4 days after infection, when the
number of cytokine-producing T cells peaks in vaccinated mice.
The expression of lung IFN-y transcript and the number of IFN-y-
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Figure 1

Naive CD4 T cells differentiate into Th17 cells during the afferent phase of vaccination and are recalled to the lung during the efferent phase.
(A) Ag-specific Th17 cells accumulate in the skin-draining lymph nodes during vaccine induction. Purified CD4 T cells from the skin-draining
lymph nodes of vaccinated mice were cocultured with CW/M Ag for 2 days and cytokine transcripts analyzed by RT-PCR. Mean + SEM (n = 3);
representative of 3 experiments. (B) Primed Th17 cells produce IL-17 in response to in vitro Ag stimulation. 3 weeks after the boost, purified CD4
T cells from the draining nodes were stimulated with CW/M Ag for 3 days and the supernatants analyzed. Mean + SEM (n = 4); representative
of 3 experiments. (C) Th17 cells infiltrate the vaccine site. Lymphocytes were isolated from the vaccine site. To verify cytokine response by Ag-
specific T cells, B. dermatitidis—specific 1807 Tg cells were transferred into recipients before vaccination. T cells from the site were stimulated
with a-CD3 and a-CD28 mAb for 4 hours and analyzed for intracellular cytokine. Dot plots show percentage of cytokine-producing polyclonal or
Tg CD4 cells. (D and E) Th17 effector cells migrate to the lung during the recall and vaccine efferent phase. Vaccinated mice were challenged
with B. dermatitidis i.t. and the expression of lung cytokine transcript was measured by RT-PCR. For the kinetics of IL-17—and IFN-y— producing
CDA4 T cells, the number of cytokine-producing cells was calculated by multiplying the number of total lung cells by the percentage of cytokine-
producing CD4 T cells. Mean + SEM (n = 4); representative of 3 experiments. (F) Lung CFUs coincide with number of cytokine-producing CD4
T cells. Mean + SEM (n = 8-10); representative of 2 experiments. *P < 0.05 versus unvaccinated mice.
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Table 1

Dual producing CD4 T cells: IL-17—positive cells that produce IFN-y and vice versa in the skin and

in the lung upon recall

IFN-y-producing

CD4 T cells Source IL-17-positive cells (%)
1807 Skin 251+39
Endogenous, polyclonal CD4 Skin 24872
1807 Lung 7.7+21
Endogenous, polyclonal CD4 Lung 39=x07

Lymphocytes were isolated from the vaccine site and the lungs of vaccinated and challenged wild-type

research article

The recruitment of polymorpho-
nuclear cells (PMNs) into the lung
was similarly minimal in vaccinated
1112rb2~/~, Ther”/~, and wild-type mice.
In contrast, unvaccinated mice of all
3 strains showed massive infiltration
of PMN’s and macrophages. Thus, in

IL-17-producing
IFN-y—positive cells (%)

106+17

10.2 + 3.1 the absence of Th1 immunity, vac-
14.4 + 3.1 cinated 1112rb2~/-, Thet/~, and Thet”/~
10.6+1.3 Stat4~/~ mice were resistant and

showed no signs of increased inflam-
mation and tissue destruction.

mice that received 105 naive 1807 cells prior to vaccination. T cells were stimulated with a-CD3 and

a-CD28 mADb for 4 hours and analyzed for intracellular cytokine. The frequency of IL-17+ and IFN-y*
double-producing cells was determined as follows: 1807 and polyclonal, endogenous CD4 cells that
expressed IL-17 were analyzed for the percentage of IFN-y—producing cells and vice versa. Data repre-

sent the mean + SEM of 4 mice/group; representative of 3 experiments.

producing CD4 T cells was similar or increased in vaccinated 111747

mice compared with wild-type controls (Figure 2C and data not
shown). Lung IFN-y and IL-4 transcripts were higher in vaccinated
111747/~ mice versus vaccinated wild-type controls, indicating that
Th1and T2 cytokines were not diminished in the absence of IL-17A.
Hence, the loss of IL-17A did not impair the induction or recruit-
ment of Th1 cells, but was obligate for vaccine immunity.

Th1 cells are dispensable for vaccine immunity. We analyzed vaccine
immunity against fungi in the absence of Th1 cells. We vaccinated
mice thatlack components of the IL-12/Stat4 pathway (39) or IFN-y/
T-bet (40) pathway needed to develop Th1 immunity and studied
their T helper and resistance phenotypes. We used 1[12p357/~ and
I112rb2~/~ mice to target the IL-12 pathway; Thet/~ mice for that
pathway; and Tbet/~Stat4~/~ mice to eliminate both pathways. Vac-
cinated I[12p357-, I112rb2~~, Tbet/~, and Tbet”/~Stat4~~ mice (all on
the C57BL/6 background) (Figure 3, A-D) and Ifng”~ mice (on the
BALB/c background) (Supplemental Figure 2A) were as resistant
as wild-type mice to pulmonary challenge. Thus, IL-12, T-bet, and
IFN-y signaling are dispensable in vaccine resistance. In contrast,
mice lacking the p40 subunit shared between the heterodimeric
IL-12 and IL-23 cytokines did not acquire vaccine immunity
(Figure 3A). Since IL-23 is required for maintenance of Th17 cells,
this result implies that Th17 cells are required for vaccine immu-
nity, whereas Th1 cells are dispensable.

To see how the loss of Th1 differentiation factors IL-12 and T-bet
affected T helper development, we analyzed the phenotypes of vac-
cine-induced CD4 T cells during recall after pulmonary challenge.
Vaccinated [112rb2-/~, Tbet /-, and Tbet/~Stat4~~ mice had 4- to S0-fold
less IFN-y lung transcript, 2- to 3-fold fewer IFN-y-producing CD4
cells in the lungs, and 10-fold or more fewer Ag-specific IFN-y pro-
tein in vitro versus wild-type controls (Supplemental Figure 3, A-D).
In contrast, the expression of IL-17A (and IL-4) was not significantly
altered in these mice, indicating that primed T cells were not skewed
toward a Th17 or Th2 phenotype. Thus, I112rb27/~ and Thet7~ mice
acquired vaccine immunity despite impaired Th1 immunity, imply-
ing that vaccine-induced Th17 cells may confer protection.

In primary infection models of intragastric candidiasis and pul-
monary aspergillosis, Th17 cells promote tissue inflammation and
pathology and impair resistance (23). To see whether immunity
in 1112rb27/~ and Tbet/~ mice induces tissue injury and pathology,
we analyzed lung histology in the vaccinated mice at 2 weeks after
infection when unvaccinated mice were moribund (Figure 3E).
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Ag-specific Th17 cells are sufficient to
mediate vaccine immunity. Since Th17
immunity was unaltered or slightly
elevated in Thl-deficient I/12rb2/-
and Tbet7~ mice, we hypothesized
that Ag-specific, Th17 cells are suf-
ficient to mediate antifungal resistance. To test this, we used 2
approaches, each exploiting B. dermatitidis-specific TCR Tg cells.
First, we generated in vitro polarized Tg cells, making substantial
IL-17, and adoptively transferred these Th17 effector cells into
nonirradiated or sublethally irradiated wild-type mice. Since adop-
tively transferred Th17 effectors can deviate into Th1 cells (41),
we also crossed B. dermatitidis TCR Tg 1807 mice with I[12rb2~/
and Tbet”/~ mice to generate [112rb27/~ x 1807 and Thet/~ x 1807
mice that lack IL-12 or T-bet signaling to prevent deviation into
Th1 effectors. The polarization in vitro of Il12rb27~ x 1807 cells,
Tbet~x 1807 cells, and wild-type 1807 cells yielded approximately
20%IL-17-and less than 1% IFN-y- producing TCR Tg cells (Figure 4A
and data not shown). One day after adoptive transfer into nonir-
radiated mice and 8 weeks after transfer into irradiated animals (to
reconstitute the lymphoid organs), mice were challenged to assess
resistance. Nonirradiated recipients of “wild-type” 1807 cells,
1112rb2-/- x 1807 cells, or Thet”/~ x 1807 cells had 5- to 10-fold less
lung CFU than mice that received Th17-polarized OT2 (control) cells
(Figure 4B). Polarized Th17 Tg cells remained committed to their
lineage phenotype on recall to the lung (Supplemental Figure 4A).
The relative number of IL-17- versus IFN-y-producing 1807 cells
in the lung was 8-, 21-, and 28-fold higher for wild-type 1807 cells,
I112rb27~ x 1807 cells, and Thet7~ x 1807 cells, respectively.

The lung CFU were more than 70-fold lower in irradiated recipi-
ents of polarized wild-type 1807 cells or I[12rb2/- x 1807 cells than in
OT2 control mice (Figure 4C). The greater CFU reduction in irradiat-
ed recipients was likely due to more expansion of Tg cells in lympho-
penic recipients. From intracellular cytokine staining of lung cells,
transferred Tg cells remained polarized toward a Th17 phenotype
(Supplemental Figure 4B); however, in vitro Ag stimulation of lymph
node cells showed aless polarized Th17 phenotype (data not shown),
as might be expected after expansion in lymphopenic mice (41).

Consequently, we pursued another approach. We generated Ag-spe-
cific Th17 cells in vivo by adoptive transfer of naive I/12rb27~ x 1807
cells or Thet”/~ x 1807 cells into OT1 recipients before vaccination.
OT1 mice have few endogenous CD4 T cells and fail to acquire
vaccine immunity (Wiithrich et al., unpublished observations).
We hypothesized that, without IL-12 and T-bet signaling, 1807
cells would differentiate chiefly into Th17 cells. OT1 recipients of
I112vrb27~ x 1807 cells, Tber/~ x 1807 cells, or wild-type 1807 cells
before vaccination had approximately 3 to 5 log less lung CFU than
OT1 recipients of control OT2 cells (Figure 4D). Vaccine-induced
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Th1 cells are dispensable in vaccine immunity to fungi. (A) //12p35-- and 1112/23p40--, (B) ll12rb2--, (C) Tbet™-, or (D) Thet"-Stat4-- and wild-
type mice were vaccinated and challenged with B. dermatitidis as in Methods and the lung CFU analyzed. CFU values are the mean + SEM of
10-12 mice/group; representative of 2 experiments per group. The numbers shown are fold reduction in lung CFU versus unvaccinated controls.
*P < 0.001 versus unvaccinated controls and vaccinated p40-- mice. (E) Vaccine-induced Th17 cells do not mediate lung pathology. Histology
(16 days after infection) of lungs from wild-type and Th1-deficient vaccinated mice showed normal lung alveolar parenchyma with few foci of
perivascular lymphocytes, but no PMN infiltrates. In contrast, lungs from unvaccinated mice showed massive infiltration with PMNs and macro-

phages and many yeast. Original magnification, x100; x400 (insets).

I112rb27~ x 1807 cells and Tbet/~ x 1807 cells recruited to the lung
after challenge had a polarized Th17 phenotype, whereas wild-type
1807 cells were divided into Th17 and Th1 cells (Figure 4E). Thus,
1112rb27~ x 1807 cells and Thet7/~ x 1807 cells differentiated chiefly
into Th17 cells in vivo and were sufficient to confer protection.
Th17 cells mediate vaccine resistance to C. posadasii and H. capsulatum.
We used 2 other models in which s.c. injection of vaccine protects
against experimental histoplasmosis (10) and coccidioidomycosis
(9) to see whether our findings apply to other dimorphic fungi.
We first tested to determine whether Th17 cells are induced by
C. posadasii vaccination using live spores from a genetically engi-
neered, attenuated mutant strain (AT vaccine) lacking chitinase 2
and 3 and D-arabinotol-2-dehydrogenase, and recalled to the lung
on pulmonary challenge. IL-17 transcript and CD4°'CD44" T cells
that expressed IL-17 protein appeared at day 5 and peaked 7-11
days after infection of vaccinated mice, whereas unvaccinated mice
failed to recruit Th17 cells to the lung (Figure 5, A and B, and Sup-
plemental Figure 5A). CD4 T cells from the skin-draining lymph
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nodes of vaccinated mice also produced IL-17 when stimulated
with T27K Ag (ref. 42 and Figure 5C). After pulmonary challenge
with C. posadasii, the kinetic of Th17 cell recruitment to the lung cor-
related with the reduction of lung CFU (Supplemental Figure 5B)
and vaccinated I/1 7747~ mice had more than 2 logs more CFU in
the lungs and spleen versus vaccinated controls (Figure 5D).

Mice vaccinated with H. capsulatum also recruited more IL-17-
producing (and IFN-y-producing) CD4 T cells to the lungs after
infection than did unvaccinated controls (Figure SE). Balb/C mice
showed similar percentages of Th17 and Th1 cells in their lungs,
whereas C57BL/6 mice had more Th1 cells. To see whether Th17
cells confer vaccine immunity to H. capsulatum, we vaccinated and
challenged Il17ra/~ mice. Lung CFUs were more than 2 logs high-
er in vaccinated /17747~ mice than vaccinated wild-type controls
(Figure SF). The T helper phenotypes of IL-17RA and wild-type
mice during the recall were comparable (Supplemental Figure 5).
Thus, Th17 cells also mediate vaccine immunity to both C. posadasii
and H. capsulatum infection.

Volume 121~ Number 2

February 2011 559



research article

A Th17 polarization B 108 Non-irradiated WT recipients
*
1.5
Ao 19.2 107 % El;l 49 55
| — . 106 I:;]:| E;]]
)
10°
~ 0.76 S
J o 104
310
102
' 1:)" " 1:)5 10°
> 10°
IFN-Y Cell transfer - OT2 1807 1807 1807
Background - WT WT  I12rb2 Tbet
(o] 10°- Irradiated WT recipients D 109 OT1 recipients
107 1.3 . . 108 825
10¢ ) 72.4 74.5 107
108
o 105 > * .
[T 5
g) 104 g‘ 104 I:-}
3 100 = 0
102 102
1
10" 10
10°
10° Vaccination - + + + + +
Cell transfer - oT2 1807 1807 Cell transfer - - OT2 1807 1807 1807
Background - WT WT 1112rb2 Background - - WT WT I12rb2 Tbet
E F
M IFN-y 317+ OIL-13*
20, 0.5 BFNy CJiL7
()
= 0.41
b 8 151
C N b g
%g E 0.3
% 10 2 0.2]
o £ *
o 0
3 3 5 0.11 |-l-|
o
& 0.0——. — . . .
0 Vaccination - + + + + +
T-cells oT-2 1807 1807 1807 Transfer - - OT2 1807 1807 1807
Background wWT Thet 1112rb2 Background - - WT Tbet I12rb2 WT
-I- -I- -I- --

Figure 4

Ag-specific Th17 cells are sufficient to mediate antifungal resistance. (A) Polarization of Th17 cells. The dot plot shows the percentage of IL-17—
and IFN-y—positive CD4+ cells and is representative of all 4 types of TCR Tg T cells (below). (B and C) Transfer of Th17-polarized cells into
wild-type recipients. Th17-polarized cells from wild-type x 1807, /l12rb2-- x 1807, Thet’- x 1807, and OT2 mice were transferred into nonir-
radiated or sublethally irradiated wild-type mice (78). The next day (nonirradiated recipients) or 8 weeks later (irradiated recipients), mice
were challenged with B. dermatitidis and analyzed for lung CFU 2 weeks later. Values are the mean + SEM (n = 11-18). Numbers shown are
fold reduction in lung CFU versus OT2 controls. *P < 0.05 versus OT2 controls. (D) In vivo primed Th17 cells protect vaccinated OT1 mice.
10¢ wild-type x 1807, ll12rb2-- x 1807, and Tbet"- x 1807 cells were transferred into OT1 mice. Recipients were vaccinated, challenged, and
analyzed for lung CFU. Values are the mean + SEM (n = 9-12). Numbers shown are the fold reduction in lung CFU versus OT2 controls.
*P < 0.05 versus unvaccinated mice and vaccinated mice that received OT2 cells. (E) T helper phenotype of in vivo primed //72rb2-- x 1807 and
Tbet’- x 1807 cells. At day 4 after infection, the percentages of cytokine-producing transferred Tg cells were quantified (4—6 mice per group).
*P < 0.05 versus 1807 x Thet”~ and 1807 x l/12rb2-- cells. (F) IL-17 and IFN-y production by splenocytes in response to CW/M Ag in vitro was
analyzed; *P < 0.05 versus all other groups.
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Th17 cells mediate vaccine immunity to multiple dimorphic fungi. (A-D) C. posadasii. C57BL/6 mice were vaccinated with the live attenuated
strain (AT) and challenged with C. posadasii spores as in Methods. The phenotype of lung CD4 T cells was analyzed serially after infection
(A and B). IL-17 production by splenocytes in response to T27K Ag was analyzed in vitro as in Methods (C); *P < 0.05 versus respective PBS
control (A—C). Vaccinated mice were challenged and lung CFU analyzed 2 weeks after infection (D). The numbers shown are fold reduction in
CFU versus respective control. *P < 0.001 versus unvaccinated controls; **P < 0.05 versus vaccinated wild-type mice; ***P < 0.05 versus vac-
cinated //17a-- mice. (E) H. capsulatum. Balb/C and C57BL/6 mice were vaccinated s.c. and challenged with a sublethal dose of H. capsulatum
yeast as in Methods. At day 4 after infection, the percentages of IL-17— and IFN-y—producing CD4+ T cells were assayed by intracellular cytokine
staining and FACS. Data are the mean + SEM of 4 mice/group. *P < 0.01 versus unvaccinated mice; **P < 0.01 versus vaccinated wild-type
mice. (F) C57BL/6 wild-type, /l17ra~-, and II17a-- mice were vaccinated and challenged as in Methods. At day 14 after infection, the mice were
sacrificed and analyzed for the burden of lung infection. Data are the mean + SEM of 10 to 20 mice per group. *P < 0.01 versus unvaccinated
mice; **P < 0.01 versus vaccinated wild-type mice.
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Th17 vaccine immunity recruits and activates PMNs and macrophages
to the alveolar space. To clarify how vaccine-induced Th17 cells medi-
ate resistance, we studied the recruitment and activation of phago-
cytes in the lungs of infected mice. Th17 cells recruit and/or activate
PMN'’s and macrophages to kill Klebsiella pneumoniae (33, 35, 43) and
Bordetella pertussis (44). We studied the perturbations of phagocytes in
bronchoalveolar lavage (BAL) fluids of vaccinated I/1 7727~ and wild-
type mice 4 days after infection when the latter had nearly cleared the
fungal pathogen (Supplemental Figure 6A). We reasoned that the
killing of yeast by recruited and/or activated phagocytes must have
occurred at or before this time. The numbers of CD4 T cells were
similar in both strains of vaccinated mice at this time point (Supple-
mental Figure 6B). However, vaccinated Il1 772/~ mice had fewer total
and activated (LFA1*) PMNs and activated (CD11b") alveolar macro-
phages than corresponding wild-type mice (Figure 6, A-D, and data
not shown). Thus, the influx and activation of leukocyte populations
that can kill fungi are reduced in the absence of IL-17 signaling.

To see whether IL-17 augments killing of fungi by phago-
cytes, we activated PMNss and alveolar macrophages in vitro with
rIL-17A or heterodimeric rIL-17A/F and cocultured them with
yeast. Homo- and heterodimeric rIL-17 enhanced yeast killing
by PMNs and macrophages in an IL-17RA-dependent manner
(Figure 6, E and F). To see whether PMNs are linked functionally
with vaccine resistance, we depleted these cells with anti-Ly6G
mADb from vaccinated mice during the efferent phase (after infec-
tion). At day 4 after infection, lung CFUs were 2-3 logs higher in
PMN-depleted mice than rat IgG controls (Figure 6G). Thus, Th17
cells promote vaccine-induced Th17 immunity by recruiting and
activating phagocytes in the alveolar space.

Th17 differentiation requires Myd88, but not Dectin-1. The Dectin-1
agonist curdlan (pure f-glucan) acts as an adjuvant to induce
model Ag-specific Th1 and Th17 cells (28), and Dectin-1-activat-
ed DCs exposed to 3-glucan convert regulatory T cells into Th17
cells (45). Dectin17~ mice are also susceptible to C. albicans and
P. carinii in some models (29, 30). We tested to determine whether
Dectin-1 is required to induce Ag-specific Th17 cells and vaccine
immunity to B. dermatitidis. Dectinl~~ mice showed no deficit in
vaccine immunity versus wild-type mice (Figure 7A). Neither
was Th17 differentiation impaired in vaccinated Dectinl~~ mice
(Figure 7B) when analyzing lung transcript; the number of lung,
polyclonal cytokine-producing CD4 T cells 4 days after infection;
and the amount of Ag-specific cytokine made in vitro by CD4
cells. Thus, the development and recruitment of Th17 and Th1
cells was intact in Dectinl~~ mice.

To see whether TLRs regulate vaccine-induced Th17 and Thl
responses and resistance, we vaccinated Myd88~~ mice. These mice
were unable to control live vaccine (data not shown), so we vaccinat-
ed them with killed yeast. Vaccinated Myd88~~ mice failed to acquire
resistance and had lung CFUs similar to those of unvaccinated con-
trols (Figure 7B). These mice also failed to recruit primed endog-
enous T cells or Ag-specific 1807 cells to the lungs (Figure 7D). The
number of total polyclonal, IL-17* or IFN-y* CD4 T cells recalled
to the lung was similar in vaccinated and unvaccinated Myd88~~
mice (Figure 7D). CD4 T cells from the draining lymph nodes and
spleen of vaccinated Myd88~/~ mice did not produce IL-17 or IFN-y
in response to Ag stimulation in vitro (Figure 7D). Thus, Myd88 is
required for vaccine-induced antifungal Th17 (and Th1) responses.

Besides serving as an adaptor for TLRs, Myd88 is an adaptor
for the IL-1R/IL-18R family (46, 47) and provides T cell-intrinsic
signals required for their function (48). Our finding that T17 dif-
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ferentiation was severely impaired in wild-type 1807 cells trans-
ferred into Myd88~~ mice makes it unlikely that a T cell intrinsic
defect accounts for failed differentiation (Figure 7D). Yet to for-
mally exclude any role for IL-1R or IL-18R signaling as a cause of
the MyD88 phenotype, we studied T17 differentiation of wild-
type 1807 cells in vivo in recipients lacking IL-1R1 or IL-18R1.
After vaccination and challenge, IlIr/~ and IL18r/" recipients
recruited numbers of IL-17-producing 1807 cells (and endog-
enous, polyclonal CD4" cells) to the lungs that were similar to
wild-type recipients (Supplemental Figure 7A). Lung CFUs also
were reduced to the same extent in all 3 strains of vaccinated mice
(Supplemental Figure 7B). Thus, IL-1R and IL-18R are dispens-
able in the development of T17 cells and vaccine resistance. More-
over, failed T17 differentiation of 1807 cells in Myd88~~ mice is
not due to impaired IL-1R or IL-18R signaling, but is likely due to
impaired signaling via TLRs.

Discussion
The beneficial and detrimental effects of IL-17 and Th17 cells in
defending against fungi have been reported in models of primary
infections and debated, but the contribution of Th17 cells in vac-
cine immunity to fungi has received little attention (49). Here,
we show that Th17 cells can be engaged by vaccination to confer
resistance against multiple dimorphic fungi: C. posadasii, H. capsula-
tum, and B. dermatitidis. Neutralization of IL-17A with anti-IL-17A
mADb, blockade of IL-17A with adenovirus overexpressed solu-
ble IL-17R:Fc, and vaccination of Il17ra/~ mice all showed that
IL-17A is required for vaccine immunity. Vaccinated I/1747/~ mice
showed impaired resistance despite having normal Th1 cell immu-
nity. Because the Th1 products IFN-y and TFN-o are dispensable
and compensated by each other during the induction of vaccine
immunity (14), we expected that Thl cytokines would in turn
compensate for the loss of IL-17A. Instead, we found that IL-17 is
indispensable in vaccine resistance. Resident memory Th17 cells
specific for C. albicans have been reported in humans (50) and their
role in host defense is supported by the finding that Th17 cells
induced by Als3 foster resistance to murine candidiasis (49) and
that patients with hyper IgE syndrome are predisposed to muco-
cutaneous candidiasis (51).

IL-17 primes and recruits protective Th1 cells against intracellular
bacteria. In a vaccine model of tuberculosis (37), depletion of IL-17
during challenge reduced chemokine expression and accumula-
tion of IFN-y-producing CD4 T cells in the lung. Thus, Th17 cells
are thought to recruit Th1 cells to the lung to restrict the growth of
M. tuberculosis. In a model of pulmonary tularemia, Th17 cells regu-
lated the generation of Th1 cells required for protective immunity
(38). IL-17A induced IL-12 production in DCs and mediated Th1
responses. Neither IL-17A nor its inducible chemokines protected
mice in the absence of the IL-12-Th1 axis, suggesting that Th17
cells alone cannot confer resistance against tularemia. In our fun-
gal models, vaccinated Il17a7~ or 1l17ra~~ mice did not show any
reduction in lung IFN-y transcript or in number of IFN-y-produc-
ing CD4" T cells after challenge. Thus, IL-17A did not affect the
priming or recruitment of protective antifungal Th1 cells to the
lung. Th17 cells therefore conferred vaccine resistance in our fun-
gal models by Thl-independent mechanisms.

Th17 cells are also sufficient for vaccine immunity to dimor-
phic fungi. Vaccinated I112p357/~, 1l112rb2~/~, Thet”/~ and Tbet”/~
Stat4~~ (all B6 background), and Ifsg/~ (BALB/c background)
mice with impaired Th1 immunity were as protected as wild-type
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Figure 6

Th17 cells are instrumental in phagocyte recruitment and activation. //17ra”- and wild-type mice were vaccinated with B. dermatitidis and chal-
lenged. At day 4 after infection, cells from BAL fluid were harvested, enumerated, and stained by FACS. (A) The number of LFA1+ PMNs in BAL;
mean + SEM of 4—10 mice/group. *P < 0.05 versus unvaccinated wild-type and vaccinated //717ra-- mice. (B) The percentage of LFA1+* PMNs
(CD11b*, 7/4+, and Ly6G*) in BAL; mean + SEM (n = 4). (C) The number of CD11b* macrophages (CD11c*, Mac3+) in BAL; mean + SEM (n = 4).
*P < 0.05 versus unvaccinated wild-type and vaccinated //77ra”- mice. (D) The percentage of CD11b* macrophages (CD11c*, Mac3+) in BAL;
mean = SEM (n = 4). (E and F) IL-17—-induced killing by neutrophils and alveolar macrophages. Neutrophils and alveolar macrophages from naive
wild-type and //17ra”- mice were activated with 200 ng/ml of IFN-y, homodimeric IL-17A/A, or heterodimeric IL-17A/F. B. dermatitidis yeast were
added to cells at a MOI of 0.01 and cocultured for 4 hours with neutrophils and 24 hours with macrophages. Cell culture supernatants and cell
lysates were combined and cultured to enumerate CFU. *P < 0.05 versus resting neutrophils and macrophages; **P < 0.05 versus corresponding
cocultures with cells from //77ra- mice. (G) Influence of neutrophil depletion on vaccine immunity. Neutrophils in vaccinated and unvaccinated
wild-type mice were depleted with 250 ug of 1A8 mAb injected i.v. at days 0 and 2 after infection. As a control, mice received rat IgG. At day 4
after infection, lung CFU were enumerated. Data represent an average + SEM (n = 10-12). *P < 0.001 versus corresponding rat |gG—treated
mice. The numbers shown are the fold increase in CFU in neutrophil-depleted versus nondepleted mice.
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Vaccine-induced resistance is independent of Dectin-1, but dependent on Myd88. (A) Dectin1-- mice and wild-type controls were vaccinated
with B. dermatitidis. 2 weeks after challenge, mice were analyzed for lung CFU. *P < 0.001 versus unvaccinated control mice. (B) Myd88-- mice
and wild-type mice were vaccinated with 106 heat-killed yeast. Mice were challenged and 2 weeks later, when the unvaccinated controls were
moribund, lung CFU were enumerated. Data are the mean + SEM (n = 8-12). *P < 0.001 versus all other groups. (C and D) Lung transcript was
analyzed 2 days after infection. RNA was isolated from lung, and transcripts were analyzed by RT-PCR. Data are expressed as fold change
versus unvaccinated mice and represent the mean + SEM (n = 4-6). *P < 0.05 versus transcript in unvaccinated controls; **P < 0.05 versus tran-
script in vaccinated wild-type mice. Intracellular cytokine staining was done at day 3—4 after infection. Lung cells were stained and the absolute
numbers of cytokine-producing CD4+ CD44+ T cells determined by FACS. Data represent the mean + SEM (n = 4). *P < 0.05 versus intracellular
cytokine in unvaccinated wild-type controls and vaccinated Myd88-- mice (C and D). To assay Ag-specific cytokine production, CD4+ cells were
purified from the skin-draining lymph nodes and spleen and stimulated with CW/M Ag for 2 days. Supernatant was assayed by ELISA. Data
are the mean + SEM of 4 independent experiments (n = 4 mice/group). TP < 0.001 versus cytokine production by CD4 cells from unvaccinated
controls or vaccinated Myd88-- mice (C and D).

mice. Adoptive transfer of B. dermatitidis-specific CD4 cells from  expanded more than in wild-type mice and differentiated chiefly
1807 Tg mice, polarized toward a Th17 phenotype, mediated into Th17 cells that conferred resistance. Wild-type 1807 cells
resistance to infection in wild-type mice. I/12rb27/~ x 1807 cells  expressed a balanced Th1/Th17 profile and also protected mice.
and Tbet/~ x 1807 cells transferred into vaccinated OT1 mice Invivo primed Th17 cells are therefore sufficient to mediate anti-
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fungal protection. Our findings generated in 2 inbred strains of
mice (C57BL/6 and BALB/c) do not support the dogma that Th1
cells are required to combat fungal infection (15, 52).

Vaccinated mice with polarized Th17 cells appeared healthy
after challenge and their lungs were free of aberrant inflamma-
tion and tissue damage. These findings contrast with Th17-exac-
erbated inflammation and infection against gastric C. albicans
and pulmonary A. fumigatus infection (23). There, IL-23 and IL-17
subverted the inflammatory program of PMNs, which produced
tissue inflammatory pathology associated with infection. Despite
a formidable proinflammatory program, Th17 cells may be large-
ly beneficial in our vaccine models due to their rapid lung entry
upon recall, and the resulting positive balance of Th17 cells versus
fungal inoculum, allowing for rapid clearance of infection before
chronic inflammation.

Since Th17 cells were sufficient for vaccine resistance and did
not mediate protection by inducing and recruiting Th1 cells to the
lung, we explored other mechanisms. IL-17 (A/A, F/F, and A/F) pro-
duced by Th17 cells regulates the induction of CXC chemokines
in fibroblasts and bronchial epithelial cells, which recruit PMNs
into the airways (35, 53-56). Loss of IL-17RA signaling or deple-
tion of Th17 cells ablates the expression of chemokines and recruit-
ment of PMNs and impairs host defense against K. pneumoniae and
M. tuberculosis (33,37).1L-17A also activates macrophages to kill B. per-
tussis (44). In our vaccine model, the recruitment of activated PMNs
and macrophages to the alveoli was constrained in the absence of
IL-17A signaling. Depletion of PMNs during the efferent phase
abolished vaccine immunity. Activation of alveolar macrophages
and PMNs by IL-17A/A and IL-17A/F in vitro augmented fungal
killing, suggesting that antifungal Th17 cells confer protection
by recruiting and activating these phagocytes. However, we can-
not exclude the possibility that other myeloid or nonmyeloid cells
could also be targets of vaccine-induced IL-17 signaling (57, 58).

Dectin-1 is reportedly required for inducing Th17 responses to
fungal infections (22, 28, 59). In the absence of Dectin-1, the pro-
duction of IL-17 and other inflammatory mediators is reduced
in the lungs of A. fumigatus-infected mice and killing by phago-
cytes impaired (22). Dectinl”/~ mice are vulnerable to primary
pulmonary infection with A. fumigatus, C. albicans, and P. carinii
(22, 29, 30). In contrast, Dectin-1 is unexpectedly dispensable
in the development of vaccine-induced Th17 cell responses and
resistance to fungi in our study.

Myd88 instead had a profound role in inducing Th17 respons-
es and vaccine immunity. Myd88~~ mice failed to control vaccine
yeast in the skin or recruit primed Ag-specific Th17 and Th1 cells
(endogenous and Tg) to the lung to combat fungal infection.
Since Myd88 mediates not only TLR signals, but also those via
IL-1R and IL-18R, impaired Th17 cell priming and recruitment
could be related to the latter defects in signaling (47, 60). The fact
that adoptively transferred wild-type 1807 cells failed to recruit
to the lung in Myd88~/~ mice, but showed no deficit in I/1r7/~ and
111877~ mice, indicates that the deficits in Myd88~~ mice are not
due to impaired IL-1R or IL-18R signaling, but are likely due to
impaired signaling via TLRs.

In Aspergillus infection, the initial priming of CD4 T cells in the
mediastinal lymph nodes and their entry and differentiation in the
lungs is independent of Myd88 (61), although Myd88 does regu-
late the early differentiation of these cells in the draining nodes.
The different cell wall composition of A. fumigatus and B. derma-
titidis may explain the differences in these studies. p-glucan on
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A. fumigatus conidia regulates Dectin-1 recognition, whereas other
ligands may be important for Myd88-dependent signaling on
B. dermatitidis and the other systemic dimorphic fungi.

Methods
Mouse strains. Inbred strains of mice on the C57BL/6 background were used
for this work unless otherwise stated and obtained from Jackson Laborato-
ries. The strains included wild-type C57BL/6, T lymphocyte-specific Thy
1.1 allele carrying congenic B6 strain B6.PL-Thy1?/Cy (stock 000406) (62),
1112p357/-B6.129S1-11124"1" /] (stock 002692) (63), I112/23p407/~ B6.129S1-
111261 )] (stock 002693 (64), [112¢b2-/~ B6.12981-11127B2 /] mice (stock
3248) (65), Thet /- B6.129S6-Thx2116m /] mice (stock 004648) (66), 1171~
B6.129S7-1l1r111m%/] mice (stock 003245) (67), and /18717~ B6.129P2-
I118r114k/] mice (stock 4131) (68). Recently reported B. dermatitidis-specific
1807 TCR Tg mice (Wiithrich et al., unpublished observations) were crossed
twice to homozygous I/12rb27~ and Thet”~ mice on a B6 background to yield
1807 TCR Tg mice that lack IL-12RB2 or T-bet. Breeder pairs for IL17ra”~
(33), 1117a7- (69) and Tbet/~Stat4”/~ mice (70) were provided by Amgen, Jay
Kolls (University of Pittsburgh, Pittsburgh, Pennsylvania, USA), and Mark
Kaplan (Indiana University, Indianapolis, Indiana, USA). Myd88~/~ mice (60)
were provided by Doug Golenbock and Stuart Levitz (University of Mas-
sachusetts, Worcester, Massachusetts, USA). To extend our findings with
C57BL/6 mice, we also studied mice from Jackson Laboratories on a BALB/c
background: wild-type and Ifng/~ C.129S7(B6)-Ifng™ /] (stock #002286).
All mice were 7-8 weeks of age at the time of experiments. Mice were housed
and cared for according to guidelines of the University of Wisconsin Animal
Care Committee, who approved all aspects of this work.

Fungi. B. dermatitidis strains used were ATCC 26199 (71), a wild-type viru-
lent strain, and the isogenic, attenuated mutant lacking BAD1, designated
strain 55 (72). Isolates of B. dermatitidis were maintained as yeast on Mid-
dlebrook 7H10 agar with oleic acid-albumin complex (Sigma-Aldrich) at
39°C. H. capsulatum strain G217B was maintained on Histoplasma Macro-
phage Medium (HMM) plates. C. posadasii isolate C735 is a virulent, human
clinical strain that was used to generate a live, attenuated vaccine strain
(AT) by deleting the chitinases 2, 3, and D-arabinotol-2-dehydrogenase
genes as previously described (9). The saprobic phase of both the parental
and mutant strains were grown on GYE medium (1% glucose, 0.5% yeast
extract, 1.5% agar) at 30°C for 3 to 4 weeks to generate a confluent layer of
arthroconidia (spores) on the agar surface.

Generation of in vitro—stimulated Th17 effector 1807 cells. IL-17-producing
TCR Tg effector CD4 cells were generated by adding naive, magnetic bead-
purified CD4 cells from 1807 mice on plate-bound anti-CD3 (2 ug/ml)
(BD Bioscience) with soluble anti-CD28 (5 ng/ml) in the presence or
absence of human recombinant IL-6 (30 ng/ml) (206-IL; R&D), human
recombinant TGF-f (1 ng/ml) (240-B/CF; R&D), rat anti-mouse IL-4 mAb
(clone 1B11, 10 ug/ml), and anti-IFN-y mAb (10 pg/ml) (NCI Biological
Research Branch) for 5 days at 37°C and 5% CO,. The culture medium
used was IMDM (16529; Sigma-Aldrich) supplemented with 2 x 103 M
L-glutamine, 100 U/ml penicillin, 100 pug/ml streptomycin, 5 x 105 M
B-mercaptoethanol, and 5% FCS (73). 2 x 107 effector TCR Tg cells were
transferred i.v. into nonirradiated or sublethally irradiated (5.5 Gy)
C57BL/6 mice. Irradiated mice were rested for 10 weeks before infection.

Vaccination and experimental fungal infection. Mice were vaccinated with
B. dermatitidis as described (11) twice, 2 weeks apart, each time receiving a s.c.
injection of 10° attenuated vaccine strain 55 yeast at each of 2 sites, dorsally
and at the base of the tail, unless otherwise stated. Mice were infected intra-
tracheally (i.t.) with 2 x 103 isogenic wild-type 26199 B. dermatitidis yeast
as described (11). Infected mice were analyzed 2 weeks after infection for
extent of lung infection, determined by plating of homogenized lung and
enumeration of yeast CFU on brain heart infusion (BHI) (Difco) agar.
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Mice were vaccinated with H. capsulatum as described (10) twice, 2 weeks
apart, each time receiving a s.c. injection of 10¢ G217B yeast at each of 2
sites, dorsally and at the base of the tail. To prevent hypersensitivity of the
vaccinated mice, they were rested 8 to 10 weeks before pulmonary chal-
lenge. Mice were challenged with a sublethal dose of 105 G217B i.t. The
lung burden was determined 14 days later by plating lung homogenates on
sheep blood containing Mycosel plates to enumerate lung CFU.

Mice were vaccinated and challenged with C. posadasii as reported (9).
Mice were immunized s.c. in the abdominal region with 5.0 x 10* viable
spores of the AT strain (9). The spores were suspended in 100 ul PBS. Pri-
mary immunization was followed 14 days later with an immunization
boost of 2.5 x 10*live spores. Unvaccinated control mice were injected s.c.
with PBS alone using the same temporal sequence as employed above. The
vaccinated and control mice were challenged by the intranasal route with a
potentially lethal dose of spores (50-80 viable cells) isolated from the viru-
lent, parental strain 4 weeks after completion of the vaccination protocol
(12). The fungal burden determined as CFU in lungs and spleen of the vac-
cinated and unvaccinated mice was conducted at 14 days after infection by
plating serial dilutions of the respective organ homogenates on GYE plates
containing 50 pug/ml of chloramphenicol.

Isolation of effector T cells from the site of vaccination. Inflamed s.c. tissue was
excised from the site of vaccination, placed into ice-cold PBS, minced into
fine pieces, and digested with 0.28 Wench units Liberase Blendzyme 3
(184184; Roche Diagnostics) at 37°C/5% CO; for 30 minutes. To fur-
ther release single cells, the tissue was mashed with the back of a 10-ml
syringe plunger, and DNAse I was added to a final concentration of
50 ug/ml (Sigma-Aldrich) and incubated for another 30 minutes. The
dissolved tissue and cells were pipetted up and down 5 times and filtered
through a 70-uM cell strainer. The filtered cells were spun down at 500 g
for 5 minutes with no brake. The supernatant was carefully aspirated.
The pellet was resuspended in 10 ml PBS and spun down again to wash
the cells and yield a firm pellet that was resuspended in complete media
for stimulation or surface staining.

Intracellular cytokine staining. Skin-tissue-derived cells were harvested at
serial time points after vaccination, and lung cells from individual mice were
harvested at day 3-4 after infection. The isolated cells (0.5 x 10° cells/ml)
were stimulated for 4 hours with anti-CD3 (clone 145-2C11; 0.1 ug/ml) and
anti-CD28 (clone 37.51; 1 ug/ml) in the presence of Golgi-Stop (BD Biosci-
ences) to halt egress of cytokines from the cells. After cells were washed and
stained for surface CD4 and CD8 using anti-CD4 PeCy7, anti-CD8 PerCp,
anti-CD44-FITC, and anti-CD62L PE mAbs (BD Biosciences — Pharmin-
gen), they were fixed and permeabilized in Cytofix/Cytoperm at 4°C over-
night. Permeabilized cells were stained with anti-IFN-y Alexa Fluor 700
(clone XMG1.2), anti-IL-17 PE (clone TC11-18H10), and anti-1L-13 Alexa
Fluor 647-conjugated (51-7133) mAbs (BD Biosciences — Pharmingen
and Ebioscience) in FACS buffer for 30 minutes at 4°C, washed, and ana-
lyzed by FACS. Lymphocytes were gated on CD4 or CD8 and CD44", and
cytokine expression in each gate was analyzed. The number of cytokine-
producing CD4* and CD8" T cells per lung was calculated by multiplying
the percentage of cytokine-producing cells by the number of CD4" and
CD8" cells in the lung.

In vivo neutralization of IL-17 and IFN-y. To neutralize IL-17 in animals, we
treated mice either with anti-IL-17 mAb or infected them with recombi-
nant adenovirus expressing soluble IL-17 receptor. We injected 250 ug of
anti-IL-17A mAb (M210 generously provided by Amgen) i.v. every other
day during the efferent phase of vaccine immunity starting at day 0 after
pulmonary infection. To neutralize IL-17 with the soluble receptor, mice
were infected i.t. and/or i.v. with 2.4 to 4 x 10? PFU of AdIL-17RA or AdLuc
(control virus expressing luciferase) (provided by Jay Kolls and propagated
by the Vector Core lab at the University of Michigan, Ann Arbor, Michi-
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gan, USA). Injection of AdLuc did not yield detectable levels of soluble
IL-17 receptor by Western blot, whereas AdIL-17RA did (data not shown).
For maximal expression, we injected the recombinant adenovirus i.v. at
days -3 and -1 before challenge and i.t. as a cochallenge with 26199 yeast
at day 0. To neutralize IFN-y, mice were given 250 ug of XMG1.2 mAb i.v.
(purified from ascites), and controls were given 250 ug of rat IgG (Sigma-
Aldrich) by a similar schedule.

Cytokine protein measurements. Cell culture supernatants were generated
in 24-well plates in 1 ml containing 5 x 10° splenocytes and lymph node
cells and 12.5 ug/ml of B. dermatitidis yeast cell-wall/membrane (CW/M)
Ag (11). CW/M Ag contained less than 0.1 endotoxin unit/ml. Super-
natants were collected after 96 hours of coculture. IFN-y, IL-17, and
IL-13 (R&D System) were measured by ELISA according to manufac-
turer specifications (detection limits were 0.05 ng/ml, 0.02 ng/ml, and
0.05 ng/ml, respectively).

FACS analysis of phagocyte populations in BAL fluid. 10 ml of BAL fluids
was harvested from each mouse by repetitive instillation of 1 ml cold
PBS containing 0.05% EDTA and kept on ice. Cells from BAL fluid were
resuspended in flow cytometry buffer containing 0.5% BSA and 2 mM
EDTA and stained with the appropriate antibody cocktails. To analyze
alveolar macrophages, we used a cocktail of antibodies containing Pacif-
ic Blue Live/Dead stain, CD11c-APC, CD11b-PECy7, MHC II-FITC,
and Mac3-PE; and for neutrophils we used Pacific Blue Live/Dead stain,
Ly6G-FiTC, 7/4-biotin (74) with streptavidin PerCPCy5, CD11b-APC,
and LFA1-PECy?7.

Ex vivo macrophage- and neutrophil-killing assays. Alveolar macrophages
from the BAL fluids and neutrophils from the peritoneum were har-
vested (75) and resuspended in complete RPMI and plated in 96-well
plates at a concentration of 105 cells/well and 4 x 10° cells/well, respec-
tively. For macrophages after a 3-hour incubation, at 37°C and 5% CO,,
the nonadherent cells were washed away. For neutrophils, nonadher-
ent cells were harvested after 2 hours of incubation. Macrophages and
neutrophil monolayers were incubated overnight in complete medium
alone or medium plus 100 U/ml of recombinant IFN-y, 200 ng/ml of
recombinant IL-17 A/A homodimer (R&D Systems), or 200 ng/ml of
IL-17 A/F heterodimer (R&D Systems). B. dermatitidis yeast were added
to the monolayers at a MOI of 0.01. This concentration of IL-17 was
chosen after preliminary studies using 25-200 ng/ml showed concen-
tration-dependent growth inhibition of yeast that peaked at 200 ng/ml.
The cocultures were incubated for 4 hours (neutrophils) and 24 hours
(macrophages) at 37°C and 5% CO,. Supernatants were harvested, and
cells were lysed with 250 ml of sterile water. Lysates were combined with
supernatants, passed through a 22-gauge needle to disrupt any clumps
of yeast, and plated on BHI agar. Colonies were counted after 1 week of
incubation at 37°C without CO,.

Neutrophil depletion. Vaccinated and unvaccinated mice were treated i.v.
with 250 ug of anti-Ly6G mAb (1A8) (BioXCell) (76, 77) on the day of chal-
lenge and 2 days after infection. Depletion was confirmed by FACS analysis
of cells in the lung homogenates. As a control, mice were treated with simi-
lar amounts of rat IgG (Sigma-Aldrich).

Statistics. The number of cytokine-producing CD4* and CD8" T cells,
the relative changes in cytokine transcripts, and the differences in num-
ber of CFU were compared among groups using ANOVA models (78).
Outcome measures were logarithmically transformed for analysis where
appropriate. A 2-sided P value of less than 0.05 was considered statisti-

cally significant.
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