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IL-17A-Expressing T Cells Are Essential for Bacterial
Clearance in a Murine Model of Hypersensitivity Pneumonitis’

Philip L. Simonian,>* Christina L. Roark,” Fabian Wehrmann,* Allison M. Lanham,*
Willi K. Born,” Rebecca L. O’Brien,” and Andrew P. Fontenot*"

Hypersensitivity pneumonitis (HP) is an inflammatory lung disease characterized by a diffuse mononuclear cell infiltrate in the
lung that can progress to pulmonary fibrosis with chronic exposure to an inhaled Ag. We previously reported that CS7BL/6 mice
repeatedly exposed to the ubiquitous microorganism Bacillus subtilis develop mononuclear infiltrates in the lung that contain
Vv6/V81* y8 T cells. In the absence of this T cell subset, mice treated with B. subtilis had significantly increased collagen
deposition in the lung, suggesting a regulatory role for Vy6/V81™ y& T cells. To further investigate the role of Vy6/Vé1™ y6 T
cells in B. subtilis-induced lung fibrosis, we exposed transgenic Vy6/V 61 mice to this microorganism and found decreased collagen
content in the lung compared with wild-type C57BL/6 mice. Cytokine analysis of lung homogenates from wild-type C57BL/6 mice
demonstrated increased IL-17A concentrations with repeated exposure to B. subtilis. In the absence of IL-17 receptor signaling,
IL-17ra~’~ mice had delayed clearance of B. subtilis with increased lung inflammation and fibrosis. Although IL-17A was pre-
dominantly expressed by Vy6/V81™ T cells, a compensatory increase in IL-17A expression by CD4* T cells was seen in the absence
of 8 T cells that resulted in similar levels of IL-17A in the lungs of TCR8™’~ and wild-type C57BL/6 mice. In combination, our
data suggest an important role for IL-17A-expressing T lymphocytes, both yé and af8 T cells, in eliminating this microorganism
that prevents excessive inflammation and eventual lung fibrosis in this murine model of B. subfilis-induced hypersensitivity

pneumonitis. The Journal of Immunology, 2009, 182: 6540-6549.

ypersensitivity pneumonitis (HP)® is an inflammatory
H lung disease that results from repeated inhalation of

aerosolized Ags (1). The etiologic agents are com-
posed of a wide variety of organic particles (e.g., mammalian
and avian proteins, fungi, and bacteria) and certain small m.w.
volatile and nonvolatile chemical compounds. HP occurs in sev-
eral clinical forms (e.g., acute, subacute, and chronic), depend-
ing on the nature of the Ag, the quantity and duration of expo-
sure, and host/environment interactions (1). The acute form of
disease is typically nonprogressive, with spontaneous resolution
after cessation of Ag exposure. In the chronic subset of patients,
pulmonary fibrosis occurs in up to 41% of cases, resulting in
irreversible pulmonary dysfunction and right heart failure (2—
5). Lung fibrosis has been shown to be an independent predictor
of mortality in these patients, with a 5-year mortality of 27%
and a median survival of 13 years (6). Histopathologically, this
disorder is characterized by a diffuse mononuclear cell infiltra-
tion of the lung with poorly formed granulomas located near the
bronchovascular bundle (7). Although these mononuclear infil-
trates contain large numbers of CD4 " and CD8™ T cells that are
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important in the pathogenesis of HP, yd T cells have also been
described in the lungs of patients with HP and other granulo-
matous diseases such as sarcoidosis, but their function remains
unknown in these lung disorders (8—10).

v T cells are a unique subset of lymphocytes whose function is
poorly understood. However, these cells have been implicated in
the regulation of the immune response generated against microbial
pathogens and allergens (11). The fact that yd T cells are found in
the subepithelium of alveolar and nonalveolar regions of the lung
(12) suggests that they play an important role in the immune re-
sponse directed against inhaled particles such as microbial patho-
gens (13). For example, mice intratracheally infected with Cryp-
tococcus neoformans develop a transient increase in yd T cells in
the lung that peaks 3—6 days after infection. In the absence of yd
T cells, C. neoformans is cleared more rapidly from the lung, sug-
gesting that yd T cells may down-regulate the Thl-mediated im-
mune response initiated by C. neoformans at the expense of mi-
crobial persistence (14). Similar to pulmonary infection with C.
neoformans, mice infected with Pneumocystis carinii or Bordetella
pertussis have a transient increase in yd T cells in the lung and
enhanced clearance of these microbial pathogens in the absence of
v6 T lymphocytes (15, 16). These data suggest that y6 T cells in
these models of lung infection down-regulate the immune response
generated against the inhaled pathogen, which may prevent tissue
damage. Conversely, in the absence of yd T cells, mice infected
with Nocardia asteroides have a delay in microbial clearance and
increased mortality (17, 18). The reason for these contradictory
observations is not clear, but all of these studies suggest that y6 T
cells are important in pulmonary infections caused by a variety of
inhaled microorganisms.

We developed a murine model of HP whereby mice repeatedly
exposed to the ubiquitous microorganism Bacillus subtilis develop
mononuclear infiltrates in a peribronchovascular distribution and
pulmonary fibrosis similar to the human disease (19). Interestingly,
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these mononuclear infiltrates contain large numbers of yd T cells
that express the Vy6/V81™" TCR. In the absence of Vy6/V81™ T
cells, mice develop increased numbers of CD4" and CD8* T cells
and accelerated pulmonary fibrosis, suggesting that these V+y6/
V81" T lymphocytes protect against collagen deposition caused
by chronic exposure to B. subtilis. In this report, we show that
transgenic V+y6/V4l mice repeatedly exposed to B. subtilis de-
velop large expansions of Vy6/V81 ™ 8 T cells in lung that as-
sociate with reduced numbers of CD4™ T cells and macrophages
and less lung fibrosis. Although HP is considered a Th1l-mediated
disease, we found increased levels of IL-17A that was predomi-
nantly expressed by Vy6/V81™ T cells. In the absence of IL-17
receptor signaling, IL-17ra”’~ mice developed increased lung in-
flammation and collagen deposition compared with wild-type (wt)
C57BL/6 mice, with a marked delay in clearance of B. subtilis.
Interestingly, in mice deficient in y8 T cells, TCR ™/~ mice had
similar levels of IL-17A compared to those of wt C57BL/6 mice,
with a compensatory increased expression of IL-17A by CD4" T
cells. Taken together, these data further our understanding of the
role of this yd T cell subset and its secreted cytokines in the im-
mune response directed against B. subtilis.

Materials and Methods

Treatment of mice

Eight-week-old transgenic Vy6/V 4l (R. L. O’Brien) (20, 21), C57BL/6,
TCR&™/~ (The Jackson Laboratory), and IL-17ra™’~ mice (Amgen)
were treated with 30 ul (5 million CFU) of Bacillus subtilis (American
Type Culture Collection no. 21332) or sterile PBS on 3 consecutive
days each week for up to 4 consecutive weeks by nasal inhalation. All
mice have been backcrossed onto a C57BL/6 background for at least 10
generations. B. subtilis was prepared as previously described (19).
Briefly, a single colony of B. subtilis was grown in tryptic soy broth at
37°C with constant agitation into log phase, centrifuged, and resus-
pended in sterile PBS before administration to mice by nasal inhalation.
A Limulus amebocyte assay (Sigma-Aldrich) was performed to confirm
that the B. subtilis preparation and sterile PBS contained <20 ug of
endotoxin per milliliter. Mice were lightly anesthetized with isofluorane
to allow inhalation of either B. subtilis or sterile PBS. These studies
were approved by the Animal Care and Use Committee at the Univer-
sity of Colorado Denver (Aurora, CO).

Preparation of mononuclear cells from lung homogenates

Mice at each time point were sacrificed 24 h after the last treatment with
B. subtilis as previously described (19). Briefly, the chest cavity was
opened using sterile surgical dissection and the inferior vena cava and
abdominal aorta were clamped. The left atrium was opened by incision,
and the right ventricle was infused with at least 2 ml of sterile PBS to
remove any residual blood from the pulmonary vasculature. The heart and
lungs were removed en bloc, and the heart, thymus, and lymph nodes were
dissected away from the lungs. The right lung was removed, snap-frozen in
liquid nitrogen, and stored at —80°C for collagen quantification. The left
lung was cut into small pieces and placed in RPMI 1640 containing 5%
FBS, collagenase (Sigma-Aldrich), and DNase (Boehringer Mannheim).
After 30 min of collagenase digestion at 37°C, lungs were further disrupted
by aspiration through an 18-gauge needle. The collagenase-digested lungs
were layered on top of Ficoll (Accurate Chemical & Scientific) and cen-
trifuged at 1200 rpm for 30 min at room temperature. The interface be-
tween the medium and Ficoll was removed and washed twice with RPMI
1640 containing 5% FBS.

Flow cytometry and immunofluorescence analysis

T lymphocytes isolated from the lungs of mice treated with either B. sub-
tilis or sterile PBS were surface stained with mAbs directed against CD3,
CD4, CDS8, and Cé (BD Biosciences). Because Vy6/V81~ 8 T cells from
transgenic Vy6/V381 mice express CD8a, CD3"CD8™ T cells were iden-
tified by gating on C8~ and NK1.17 cells and analyzed for expression of
CD3"CD8™" T cells. For intracellular cytokine staining, total lung cells
were cultured at 1 X 10° cells/ml in complete medium containing 10 pg/ml
brefeldin A (Sigma-Aldrich) at 37°C for 4 h. After activation, the cells
were washed and stained with mAbs directed against CD3, CD4, and CDS.
8 T cells were identified by staining with anti-Cé mAb (BD Biosciences)
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followed by fixation in 1% paraformaldehyde overnight. y& T cells that
express the Vy6™ TCR were identified using a mAb, 17D1, that recognizes
the Vy6~ TCR after staining with anti-Cé mAb (21). Fixed cells were
permeabilized for 10 min at room temperature in 0.5% saponin and stained
with mAbs directed against IL-17A (eBioscience) and isotype controls for
30 min at 4°C. Electronic compensation was performed with Ab capture
beads (BD Biosciences) stained separately with individual mAbs used in
the test samples. The lymphocyte population was identified using forward
and 90° light scatter patterns, and fluorescence intensity was analyzed us-
ing a FACS Aria cytometer (BD Immunocytometry Systems). The data files
were analyzed using FloJo software (Tree Star).

Histology

All mice were sacrificed 24 h after their last exposure to B. subtilis or
sterile PBS. The lungs were removed and infused with 10% formalin, em-
bedded in paraffin, and stained with H&E (Dako) or Masson’s trichrome
(Sigma-Aldrich) stain following the manufacturer’s instructions.

Cytokine analysis

Total lung homogenates were prepared by homogenizing whole lung sam-
ples in 500 wl of sterile PBS from C57BL/6 mice treated with either B.
subtilis or sterile PBS for 1, 2, 3 and 4 consecutive weeks. Sterile PBS was
infused through the pulmonary vasculature by right heart puncture as de-
scribed above before preparation of lung homogenates. One hundred mi-
croliters of supernatant from each lung homogenate was analyzed for cy-
tokines using the Protein Multiplex Immunoassay kit (BioSource
International) per the manufacturer’s protocol. Briefly, Multiplex beads
were loaded onto a Millipore MultiScreen BV 96-well filter plate followed
by diluting each sample 1/2 with assay diluent. Serial dilutions of cytokine
standards were prepared in parallel and added to the plate. After 2 h of
incubation on a plate shaker (600 revolutions/minute) in the dark at room
temperature, the samples were washed and biotinylated anti-mouse multi-
cytokine reporter was added to each well. After incubation on a plate shaker
at room temperature for 1 h, the plate was washed and PE-conjugated strepta-
vidin was added directly to each well. The plate was incubated for 30 min,
washed, and transferred to the Bio-Plex Luminex 100 XYP instrument for
analysis. Cytokine concentrations were calculated using Bio-Plex Manager 3.0
software with a five parameter curve-fitting algorithm applied for standard
curve calculations. Activated TGF-f1 (R&D Systems), IL-22 (R&D Systems),
IL-17A (eBioscience), IFN-y (eBioscience), and IL-23 (eBioscience) in su-
pernatants from whole lung homogenates were quantified by ELISA according
to the manufacturer’s instructions.

Collagen quantification

The collagen content of the right lung from mice treated with either B.
subtilis or sterile PBS was determined using Sirius red staining (19). Each
lung sample was thawed at 4°C in sterile PBS supplemented with protease
inhibitors (Sigma-Aldrich), homogenized in 5 ml of 0.5 M acetic acid
containing 1 mg of pepsin/10 mg of tissue, and incubated for 24 h at 4°C.
After centrifugation at high speed for 10 min, 100 ul of each supernatant
was mixed with 900 ul of Sirius red dye reagent, allowed to incubate at
room temperature for 30 min, and then centrifuged at high speed for 10
min. After aspiration of the supernatant, the pellet containing the complex
of soluble collagen and Sirius red dye reagent was resuspended in 0.5M
NaOH, and the ODy,, was measured using a spectrophotometer. The col-
lagen content in micrograms was calculated from a standard curve gener-
ated using known concentrations of collagen per the manufacturer’s
instructions.

Total and differential cell counts

Total and differential cell counts were performed on collagenase-digested
lung before purification of mononuclear cells over Ficoll as previously
described (19). Briefly, single-cell suspensions of total lung cells were
transferred to a glass slide using a cytocentrifuge apparatus and stained
with Wright-Giemsa stain (VWR) per manufacturer’s instructions. Epithe-
lial cells were not included in the total cell count while RBCs were re-
moved by RBC lysis. Differential cell counts were performed by counting
at least 200 cells under high power field.

Colony counts

Whole lung samples were isolated from mice treated with B. subtilis for 4
consecutive weeks at different time points after the last administration of
the microorganism as described above. Colony counts were performed by
homogenating whole lung or spleen samples in 500 ul of sterile PBS using
a tissue homogenizer. Serial dilutions of the entire lung homogenate were
plated on tryptic soy broth agar plates and grown at 37°C for 24 h.
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FIGURE 1. Transgenic Vy6*'* mice repeatedly exposed to B. subtilis
develop mononuclear infiltrates. A, Representative H&E of lungs from
transgenic Vy6™'*, wt C57BL/6, and TCRS ™'~ mice repeatedly exposed
to inhaled B. subtilis or PBS for 4 consecutive weeks is shown. Vy6*/*
mice develop mononuclear infiltrates in both the peribronchovascular and
the interstitial spaces. Data shown represent at least five mice from at least
two separate experiments (original magnification X 100). B, Total and dif-
ferential cell counts were performed on total lung homogenates from
Vy6+' " (+/+), wt C5TBL/6 (wt), and TCR8™'~ (§7/7) mice repeatedly
treated with inhaled B. subtilis for 4 consecutive weeks. C, Vy6/V81™,
CD4", and CD8™ T cell counts were performed on total lung homogenates
from Vy6 ™" (+/4), wt C57BL/6 (wt), and TCR8 ™'~ (§/7) mice repeat-
edly treated with inhaled B. subtilis for 4 consecutive weeks. Data were
compiled from at least two separate experiments.

Statistical analysis

A Mann-Whitney U analysis and one-way ANOVA with a Bonferroni’s
multiple comparison test were used to determine whether there were sig-
nificant differences between the treatment groups at each time point (Prism
4; GraphPad Software). p < 0.05 was considered statistically significant.

Results
Altered composition of mononuclear cell infiltrates after
B. subtilis inhalation in transgenic Vy6/V81 mice

To further investigate the potential regulatory role of yd T cells in
lung inflammation and fibrosis, we repeatedly exposed homozy-
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FIGURE 2. Transgenic Vy6*'" mice repeatedly exposed to B. subtilis
develop less lung fibrosis. A, Representative trichrome staining of lungs
from transgenic Vy6*'", wt C57BL/6, and TCR8™'~ mice repeatedly
treated with inhaled B. subtilis or PBS for 4 consecutive weeks is shown.
Data shown represent at least five mice from at least two separate exper-
iments (original magnification X100). B, Quantification of collagen con-
tent using Sirius red colorimetric assay in the lungs of individual transgenic
Vy6™'* (+/+), wt C5TBL/6 (wt), and TCR8 ™'~ (§7/7) mice treated with
B. subtilis (Bsub) or PBS for 4 consecutive weeks. Data were compiled
from at least two separate experiments.

gous Vy6/V81 transgenic (Vy6"'") mice to B. subtilis by nasal
inhalation for 4 consecutive weeks. Nearly all 6 T cells from
V61" mice expressed the canonical Vy6/V81 TCR (20, 21).
Vy6*'* mice developed peribronchovascular mononuclear cell in-
filtrates after B. subtilis exposure, whereas no cellular infiltrates
were seen in the lungs of PBS-treated control mice (Fig. 1A). As
compared with wt C57BL/6 mice treated in an identical fashion, a
1.4-fold increase in total lung cell numbers was seen in B. subtilis-
treated V6" mice (p < 0.01) (Fig. 1B). In addition, a signif-
icantly increased number of lung lymphocytes was seen in Vy6 ™'+
mice compared with either wt C57BL/6 mice (p < 0.001) or
TCR&™’~ mice (p < 0.001) (Fig. 1B), with a 3-fold increase in
Vy6/V81™" y8 T cells compared with wt C57BL/6 mice (p <
0.001) (Fig. 1C). Interestingly, CD4™ T cells were decreased by
50% in the lungs of Vy6™" mice compared with wt C57BL/6 mice
(p < 0.05), but were markedly expanded in TCR8 ™/~ mice (p <
0.001) (Fig. 1C). CD8" T cells were not significantly different be-
tween Vy6 /" and wt C57BL/5 mice but were increased in TCRS ™'~
mice in response to chronic treatment with B. subtilis (Fig. 1C). Mac-
rophage numbers were also decreased in Vy6™"'" mice compared
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FIGURE 3. Analysis of Thl, Th2, and Th17 cytokines from the lungs of wt C57BL/6 mice treated with B. subtilis. A, Cytokines from supernatants of
total lung homogenates were analyzed from wt C57BL/6 mice treated with B. subtilis for 1, 2, 3, and 4 wk compared with control mice treated in an identical
fashion with sterile PBS for 4 wk. Data represent the mean £ SD of five mice at each time point treated with B. subtilis or sterile PBS from at least two
separate experiments. B, Cytokines from supernatants of total lung homogenates were analyzed by ELISA from Vy6*/* (+/+), wt C57BL/6 (wt), and
TCRS&™'~ (8~'7) mice treated with either B. subtilis (Bsub) or PBS for 4 wk. Data represent the mean *+ SD of five mice treated with B. subtilis or sterile

PBS from at least two separate experiments.

with wt C57BL/6 (p < 0.05) and TCRS '~ mice (p < 0.01) (Fig.
1B). Similar numbers of neutrophils were seen in each group of mice
after 4 consecutive weeks of B. subtilis exposure (Fig. 1B). Taken
together, these data document a strong response of the transgenic
Vy6/V81" y8 T cells to treatment with B. subtilis and the inhibitory
effect this T cell subset has on expansion of other cell types such as
CD4" T lymphocytes and macrophages.

Vy6/V3l transgenic mice have attenuated lung fibrosis after
B. subtilis exposure

We have previously shown that in the absence of Vy6/V8l™* T
cells, lung fibrosis is accelerated in mice chronically exposed to B.

subtilis (19). To determine whether yo T cells prevent collagen
deposition in the lung, we repeatedly treated Vy6™/* mice with B.
subtilis for 4 consecutive weeks. As shown in Fig. 24, Vy6*'"
mice repeatedly exposed to B. subtilis showed significantly de-
creased collagen deposition in the peribronchovascular space by
Masson’s trichrome staining compared with both wt C57BL/6 and
TCR& ™/~ mice treated in an identical fashion. Using the more
sensitive Sirius red colorimetric assay for collagen deposition, B.
subtilis-treated Vy6 ™" mice developed a 1.9-fold decrease in col-
lagen content in the lung compared with wt C57BL/6 mice (p <
0.01) and a 2.3-fold decrease compared with mice deficient in yd
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FIGURE 4. IL-17A expression by Vy6/V81™" and CD4" T cells. Rep-
resentative density plots of intracellular IL-17A expression in Vy6/V81™
or CD4" T cells from Vy6 /", wt CS7TBL/6, or TCRS ™/~ treated with B.
subtilis for 4 wk are shown. Vy6/V81" and CD4" T cells were isolated
from the lungs of individual mice and placed in medium with brefeldin A
for 4 h. The percentage of Vy6/V81™ or CD4* T cells expressing IL-17A
is shown in the upper right quadrant of each density plot. Data are rep-
resentative of at least five individual mice treated with B. subtilis from at
least two separate experiments.

T cells (TCR8™/~ mice) (p < 0.001) (Fig. 2B). Interestingly,
Vv6™*'* mice had increased collagen deposition in the lung com-
pared with PBS-treated control animals (mean = SD; 356 = 26
pg/ml vs 258 £ 12 pg/ml; p < 0.05) (Fig. 2B), suggesting that
Vy6/V81 ™" 48 T cells can significantly attenuate but not com-
pletely abrogate B. subtilis-induced lung fibrosis.

B. subtilis exposure induces a Thl7-polarized immune response
in the lung

Although HP is considered a Thl-mediated disease (22), lung fi-
brosis is seen in both humans and murine models of this disease
(6), suggesting that other cytokines may be important for the de-
velopment of B. subtilis-induced disease. We analyzed the cyto-
kine profile from homogenized lungs of mice treated with B. sub-
tilis and PBS for 1, 2, 3, and 4 wk. Because there was no
statistically significant difference in cytokine levels in PBS-treated
control animals after 1, 2, 3, or 4 wk of treatment, only the 4-wk
time point is shown. As seen in Fig. 3A, very low levels of both
IFN-v and TNF-« were detected in the lungs of mice treated with
B. subtilis at each time point compared with controls. IL-5, a Th2
cytokine, was elevated in the lungs of mice after 2 wk of treatment
with B. subtilis, but IL-5 levels were not statistically significant at
any other time points compared with PBS-treated control mice.
IL-13 was also found in the lungs of mice treated with B. subtilis,
but the levels were not significantly different from controls,
whereas IL-4 was below the detection limit of the assay in both the
B. subtilis-treated and control animals (Fig. 3A).

As opposed to type 1 and 2 cytokines, we found increasing
amounts of IL-17A in the lungs of mice with repeated exposure to
B. subtilis, with a 14-fold increase in IL-17A in the lung of B.
subtilis-treated mice compared with control animals (p < 0.001)
after 4 wk of treatment (Fig. 3A). IL-22 was also elevated in the
lungs of B. subtilis-treated C57BL/6 mice with a 3.7-fold increase
in IL-22 (p < 0.01) compared with PBS-treated control mice after
4 wk of treatment (Fig. 3A). In addition, IL-17A and IL-22 were
not detected in the spleens of the same animals (data not shown),
suggesting a compartmentalized Th17 immune response directed
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FIGURE 5. IL17ra~’~ mice develop increased mononuclear infiltrates
in response to B. subtilis. A, Representative H&E staining of lungs from
IL17ra™’~ mice repeatedly treated with inhaled B. subtilis for 4 consecu-
tive weeks shows increased mononuclear infiltrates compared with PBS-
treated controls. Data shown for H&E represent at least four mice from at
least two separate experiments (original magnification X100). Arrow de-
notes a mononuclear infiltrate in a peribronchovascular distribution. B, To-
tal cell and lymphocyte, macrophage, and neutrophil counts from the lungs
of B. subtilis-treated IL17ra™'~ or wt C57BL/6 mice repeatedly treated
with inhaled B. subtilis for 4 consecutive weeks are shown. C, Vy6/V81™,
CD4", and CD8" T cell counts from the lung of B. subtilis-treated
IL17ra™"~ or wt C57BL/6 mice repeatedly treated with inhaled B. subtilis
for 4 consecutive weeks are depicted. Data are representative of at least five
individual mice treated with B. subtilis from at least two separate
experiments.

against B. subtilis in the lung. IL-6, a cytokine important for the
commitment of Th17 cells, increased rapidly after the second week
of exposure but steadily declined with continued exposure to B.
subtilis, suggesting that commitment to the Th17 lineage occurs in
the early stages of exposure to this microorganism (Fig. 34). TGF-
B1, also important in the differentiation of Th17 cells (24), was
2.6-fold higher in the lung of B. subtilis-exposed mice compared
with PBS-treated control mice after 4 wk of treatment (Fig. 3A). In
addition, IL-23, essential for expansion and maintenance of com-
mitted Th17 cells, was elevated in the lungs of C57BL/6 mice with
repeated exposure to B. subtilis for 4 wk compared with control
animals (4.6-fold) (Fig. 3A).

Because increasing numbers of Vy6/V81™" T cells correlated
with decreased lung fibrosis, we next compared Thl, Th2, and
Th17 cytokines from lung homogenates of Vy6*'*, wt C57BL/6,
and TCR8 ™'~ mice after 4 wk of treatment with either B. subtilis
or PBS. Low levels of IFN-y and TNF-a were detected in the
lungs of Vy6™'*, wt C57BL/6, and TCR8™'~ mice but were not
significantly different from controls after 4 wk of treatment (Fig.
3B and data not shown). For Th2 cytokines, IL-4 was below the
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detection limit of the assay while IL-5 and IL-13 levels were sim-
ilar to those of PBS-treated control animals (data not shown). Con-
versely, levels of the Thl7-associated cytokines IL-6, IL-23, and
TGEF-B1 were all increased in the lungs of Vy6™'" and TCR8™'~
mice treated with B. subtilis compared with control animals, but
they were similar to those in wt C57BL/6 mice treated in an iden-
tical fashion (Fig. 3B and data not shown). Interestingly, IL-17A
levels were further increased in the lungs of B. subtilis-treated
Vy6™" mice compared with both wt C57BL/6 and TCR8™/~
mice with similar concentrations of IL-17A in TCR8™/~ and wt
C57BL/6 mice (Fig. 3B). In addition, IL-22 levels were increased
in Vy6™/" mice compared with wt C57BL/6 mice, whereas in the
absence of y8 T cells, TCR8 ™/~ mice had significantly decreased
concentrations of IL-22 in the lung compared with both Vy6™*/*
and wt C57BL/6 mice (Fig. 3B). These data indicate that a Th17-
polarized immune response predominates in the lungs of animals
repeatedly exposed to B. subtilis.

CD4*

Expression of IL-17A by Vy6/V81™ 8 T cells and conditionally
by CD4* T cells

Because IL-17A was the predominant cytokine identified in re-
sponse to B. subtilis and has been shown to be expressed by nu-
merous cell types including 5, CD4 ", and CD8™" T cells (24), we
analyzed these T lymphocyte populations in the lungs of mice for
IL-17A. As shown in Fig. 4, a higher percentage of Vy6/V81™* T
cells express IL-17A compared with CD4 " T cells in both Vy6™ /"
and wt C57BL/6 mice while CD8" T cells did not express IL-17A
(data not shown). Interestingly, in the absence of y8 T cells, CD4 ™"
T cells isolated from the lungs of B. subtilis-treated TCRS /™ mice
had increased expression of IL-17A (Fig. 4), which may account
for the similar levels of IL-17A in the lungs of wt C57BL/6 and
TCR& ™'~ mice (Fig. 3B). Therefore, in the absence of Vy6/VS1'
T cells there is not only a 5-fold increase in the number of CD4 ™
T lymphocytes but also a 13-fold increase in the number of CD4 ™"
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T cells expressing IL-17A, suggesting a crucial role for IL-17A in
the immune response directed against B. subtilis.

IL17ra™"" mice have increased inflammation

To further define the role of IL-17A in the immune response to
repeated exposure to B. subtilis, we treated IL-17ra”’~ mice with
B. subtilis for 4 wk. In the absence of IL-17A receptor signaling,
B. subtilis-treated IL-17ra’~ mice had increased lung inflamma-
tion by H&E (Fig. 5A) with a 1.5-fold increase in total cell num-
bers (p < 0.05), a 1.7-fold increase in lymphocytes (p < 0.05),
and 1.9-fold expansion of macrophages (p < 0.05) compared with
the lungs of wt C57BL/6 mice treated in an identical fashion (Fig.
5B). A decreased number of neutrophils in the lungs of IL-17ra™"~
compared with wt C57BL/6 mice (p < 0.05) was also seen (Fig.
5B). Consistent with an expanded number of total lymphocytes,
there was a significant increase in Vy6/V81 ™" T cells in the lungs
of IL-17ra~’~ compared with wt CS7BL/6 mice (p < 0.01) after
4 wk of treatment with B. subtilis (Fig. 5C). In addition, CD4*
(p < 0.01) and CD8™ (p < 0.05) T cells were also expanded in
the lungs of IL-17ra”’~ compared with the lungs of wt C57BL/6
mice (Fig. 5C).

In the absence of IL-17A receptor signaling, B. subtilis-treated
IL-17ra~’~ mice also had increased levels of inflammatory cyto-
kines. As shown in Fig. 6A, IFN-vy and IL-5 were increased in the
lungs of B. subtilis-treated mice compared with PBS-treated con-
trols as well as wt C57BL/6 mice treated with either B. subtilis or
PBS. IL-6, IL-17A, and IL-23 were also elevated in the lungs of B.
subtilis-treated IL-17ra~'~ mice compared with wt C57BL/6 mice
treated with B. subtilis (Fig. 6A). Although there was a trend to-
ward higher levels of IL-22 and TGF-g1 levels in the lungs of B.
subtilis-treated IL-17ra~’~ mice compared with wt C57BL/6 mice,
the differences were not statistically significant (Fig. 6A). Vy6/
V81" y8 T cells remained the cell type predominantly responsible
for IL-17A expression in IL-17ra~’~ mice treated with B. subtilis
for 4 wk (Fig. 6B).

IL17ra™"" mice have increased lung fibrosis with bacterial
persistence in the lung

We previously reported that wt C57BL/6 and mice deficient in
Vy6/V81™" T cells (Vy4~/~67'" mice) clear B. subtilis from the
lung with similar efficiency (18, 19). To determine whether IL-17A
receptor signaling is necessary for bacterial clearance, we per-
formed colony counts on whole lung homogenates at different time
points after inhalation of the microorganism. As shown in Fig. 74,
Vy6*'*, wt C57BL/6, and TCR 8/~ mice were able to clear B.
subtilis from the lung and spleen 8 h after exposure. In contrast, B.
subtilis persisted in the lungs of IL-17ra™’~ mice up to 30 h after
inhalation of B. subtilis.

To determine whether IL-17ra”"" mice developed accelerated
lung fibrosis due to increased inflammation, we analyzed collagen
content in the lung using both Masson’s trichrome staining and a
Sirius red colorimetric assay. As shown in Fig. 7B, IL-17ra”’~
mice developed collagen deposition in a peribronchovascular dis-
tribution compared with PBS-treated control animals. By Sirius
red colorimetric assay, IL-17ra’~ mice developed a statistically
significant increase in collagen content in the lung compared with
wt C57BL/6 mice (840 = 62 wg vs 690 = 38 ug; p < 0.05) treated
in an identical fashion with B. subtilis for 4 wk (Fig. 7C). Taken
together, these data suggest that in the absence of IL-17A signal-
ing, IL-17ra~’~ mice fail to efficiently eliminate B. subtilis from
the lung, which results in increased inflammation and accelerated
fibrosis.
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FIGURE 7. IL17ra~"" mice develop increased lung fibrosis in response
to persistent B. subtilis infection. A, B. subtilis colony counts from lung
homogenates of individual IL17ra”’~, TCR8 /", wt C57BL/6, and
Vy6™*/* mice. All mice were treated with B. subtilis for 3 consecutive days
each week for 4 consecutive weeks and analyzed for the persistence of B.
subtilis in the lung and spleen at different time points after last exposure to
B. subtilis. Data represent the mean = SD colony counts from at least four
mice at each time point treated with B. subtilis from at least two separate
experiments. B, Representative Masson’s trichrome staining of lungs from
IL17ra™’~ mice repeatedly treated with inhaled B. subtilis for 4 consecu-
tive weeks shows collagen deposition in a peribronchovascular distribu-
tion. Arrow denotes collagen deposition in a peribronchovascular distribu-
tion. Data shown for Masson’s trichrome represent at least four mice from
at least two separate experiments (original magnification X100). C, Quan-
tification of collagen content using Sirius red colorimetric assay shows
increased collagen deposition in the lungs of individual IL17ra™'~ com-
pared with wt C57BL/6 mice treated with B. subtilis or PBS for 4 consec-
utive weeks. Data compiled from at least two separate experiments.

Discussion

Hypersensitivity pneumonitis is an inflammatory lung disease
caused by repeated inhalation of a variety of environmental Ags
that can progress to lung fibrosis with chronic exposure to the
inhaled Ag. Although T cells are important in the pathogenesis of
HP, their role in the development of pulmonary fibrosis remains
poorly understood (25). We previously reported that C57BL/6
mice repeatedly exposed to B. subtilis develop lung fibrosis with
increased numbers of CD4™" and CD8™" T cells in the lung and a
large expansion of Vy6/V81™* y8 T cells (19). In the absence of 8
T cells, Vy4~/~6™'~ mice had increased numbers of CD4" and
CD8™ T lymphocytes with accelerated lung fibrosis upon repeated
exposure to inhaled B. subtilis, suggesting that Vy6/VS1™ T cells
protect against lung fibrosis by limiting the expansion of a8 T
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cells. In the present study, we build on these studies using Vy6/
V1 transgenic mice. With chronic exposure to B. subtilis, Vy6/
V81 transgenic mice have further increased numbers of Vy6/V81™
T cells in the lung with fewer CD4™" T cells and macrophages and
less lung fibrosis compared with wt C57BL/6 mice. Although HP
is considered a Th1l-mediated disease, we found increasing levels
of the Th17 cytokine IL-17A, which was predominantly expressed
by Vy6/V81 ™ T cells. In the absence of IL-17 signaling, B. subtilis
persisted in the lung, resulting in increased inflammation and fi-
brosis and suggesting an important role for IL-17A in eliminating
B. subtilis.

To investigate the mechanisms by which yé T lymphocytes
attenuate B. subtilis-induced lung inflammation and fibrosis, we
initially analyzed lung homogenates for type 1 and 2 cytokines.
In a number of models of solid organ fibrosis, Thl and Th2
cytokines differentially regulate organ fibrosis (26). Numerous
studies suggest that the type 1 cytokine IFN-vy is important for
the granulomatous inflammation seen in HP (17, 20) as well as
protective against collagen deposition in the bleomycin-induced
model of lung fibrosis (27). Therefore, we hypothesized that yd
T cells prevent fibrotic lung disease through the expression of
IFN-y. We found, however, very low levels of IFN-v in the
lung and did not find significant expression of IFN-y by +3d,
CD4%, or CD8™ T cells at any of several time points examined
(P. L. Simonian and A. P. Fontenot, unpublished observation).
In contrast to type 1 cytokines, type 2 cytokines have been
reported to promote lung fibrosis (26). We found increased lev-
els of the type 2 cytokine IL-5 compared with PBS-treated con-
trol mice. IL-5 has been shown to exacerbate bleomycin-in-
duced lung fibrosis, but IL-5~/~ mice showed no impairment in
fibrosis, suggesting that IL-5 may act as an amplifier rather than
a direct mediator of pulmonary fibrosis (28). In addition, we did
not find increased levels of other type 2 cytokines such as IL-4
and IL-13 compared with controls. These data suggest that in
this model of B. subtilis-induced HP, type 2 cytokines play at
most a minor role in promoting lung fibrosis.

The absence of significant type 1 and 2 cytokine expression
in the lungs of mice treated with B. subtilis raised the possibility
that other T cell cytokines were involved in the immune re-
sponse directed against B. subtilis. Numerous studies show an
important role for IL-17 expressed by CD4 " T cells in mucosal
immunity against lung pathogens (29), whereas IL-17 expres-
sion by yd T cells is important in pulmonary tuberculosis (23),
collagen-induced arthritis (30), and Listeria monocytogenes-in-
duced liver disease (31). In this regard, the predominant cyto-
kine identified in the lungs of wt C57BL/6 mice treated with B.
subtilis was IL-17A, which was expressed predominantly by
Vy6/V81™" T cells. The fact that Th17 cytokines were identified
in the lung in the absence of type 1 and 2 cytokines was not
surprising. Numerous reports have recently shown that IL-6 and
TGF-f3 are necessary for the development of T cells that express
Th17 cytokines such as IL-17A and IL-22 while directly inhib-
iting the differentiation of Thl and Th2 cells (24). TCR &6/~
and wt C57BL/6 mice, however, had similar levels of IL-17A in
the lung associated with a compensatory increase in the number
of IL-17A-expressing CD4™ T cells, suggesting that this T cell
cytokine is critical for the immune response directed against B.
subtilis. Numerous studies demonstrate that IL-17A is impor-
tant for neutrophil recruitment to the site of inflammation and
assists in pathogen clearance (24, 32). Consistent with these
reports, we found a decreased number of neutrophils in the lung
of B. subtilis-treated IL-17ra~’~ mice compared with wt
C57BL/6, Vy6 ™" and TCR8 '~ mice, indicating that IL-17A
signaling is important for neutrophil recruitment to the lung in

6547

response to repeated exposure to B. subtilis. Interestingly,
Vy6™*'" mice treated with B. subtilis had further increased lev-
els of IL-17A in the lung but a similar clearance rate of B.
subtilis from the lung as compared with wt C57BL/6 and
TCR&™/~ mice. The presence of nearly identical numbers of
neutrophils in Vy6™*'" mice treated with B. subtilis compared
with wt C57BL/6 and TCR&™/~ mice suggests that a threshold
concentration of IL-17A may be required for neutrophil recruit-
ment to lung and pathogen removal. In addition, B. subtilis
persisted in the lungs of IL-17ra~’~ mice compared with wt
C57BL/6, Vy6™'* and TCR 8/~ mice, suggesting that IL-17A
signaling is necessary for efficient pathogen clearance, most
likely through neutrophil recruitment.

Despite the fact that TCR 8/~ mice had similar levels of IL-
17A, neutrophil numbers, and pathogen clearance as C57BL/6
mice, these mice, like Vy4 =6/~ mice (19), develop accelerated
lung fibrosis in response to repeated exposure to B. subtilis. In
addition, Vy6™'" mice had increased levels of IL-17A with sim-
ilar rates of bacterial clearance as wt C57BL/6 and TCR & '~
mice, yet decreased lung fibrosis. Together, these findings suggest
that Vy6/V81™* y8 T cells may possess other mechanisms that
attenuate lung inflammation and fibrosis independently of IL-17A
expression. Vy6/V81™* T cells may regulate the immune response
directed against B. subtilis by limiting the expansion of other in-
flammatory cell types including macrophages and CD4™" T cells,
thus promoting the resolution of lung inflammation and possibly
fibrosis. Numerous studies suggest that yd T cells are important for
terminating the host immune response directed against infectious
agents (33, 34). In a murine model of L. monocytogenes infection,
cytotoxic yd T cells induced apoptosis of peritoneal macrophages,
resulting in a return to normal macrophage homeostasis and the
prevention of chronic inflammation (35). Consistent with these
reports, we found decreased numbers of macrophages in the lungs
of transgenic V-y6/V481 mice compared with mice deficient in yd T
cells (TCR 8/7). Therefore, it is possible that Vy6/V&1™* T cells
suppress inflammation and pulmonary fibrosis by limiting the ex-
pansion and/or activation of macrophages.

We also observed a further reduction in the number of CD4 '
T cells in the lungs of B. subtilis-treated transgenic V-y6/Vél
mice compared with wt C57BL/6 mice treated in an identical
fashion. These data are consistent with our previous report that
showed increased numbers of CD4"* T cells and accelerated
lung fibrosis in the absence of yd T lymphocytes (19). Although
a decline in the number of CD4" T cells in the lung associates
with less lung fibrosis in transgenic Vy6/V 81 mice, Vy6/V81™
T cells may not directly regulate the expansion of CD4™ T cells
in these mice. As opposed to wt C57BL/6 mice, transgenic V y6/
V81 mice have Vy6/V81 ™" T cells in the lung before B. subtilis
exposure that may prevent the expansion of B. subtilis-specific
CD4" T cells in the lung upon repeated Ag treatment. In ad-
dition, although very few af T cells are found in the lung
before treatment with B. subtilis, transgenic Vy6/VS1l mice
have fewer a3 T cells than wt C57BL/6 mice in the spleen and
other immune organs. Therefore, although increasing numbers
of CD4™ T cells in the lung correlate with accelerated lung
fibrosis, it remains to be established whether Vy6/V81™ T cells
directly regulate the expansion of CD4™" T cells in mice repeat-
edly exposed to B. subtilis.

In another murine model of HP and lung fibrosis, we recently
reported C57BL/6 mice repeatedly exposed to Saccharopolys-
pora rectivirgula in an identical fashion as B. subtilis also ac-
cumulate Th17 cytokines in the lung (36). Interestingly, we and
others (37) showed that in the absence of IL-17 receptor signaling
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(IL-17ra~"") as well as in IL-17 deficient mice (IL-17 "), inflam-
mation and collagen deposition induced by S. rectivirgula were
markedly diminished. These data suggest that in this model Th17
cytokines promote inflammation and lung fibrosis consistent with
other murine models of autoimmune disease such as experimental
autoimmune encephalitis (38). In the S. rectivirgula model of HP,
however, yd T cells are only found at very low numbers and do not
appear to protect against lung fibrosis. In addition, CD4™" T cells
were the predominant cell type expressing Th17 cytokines in re-
sponse to S. rectivirgula (36). In the absence of IL-17 receptor
signaling however, IL-17ra~’~ mice developed a heterogeneous
expansion of y8 T cells that correlated with decreased numbers of
macrophages and CD4™" T cells and with lung fibrosis (P. L. Si-
monian and A. P. Fontenot, unpublished observation). These data
further suggest that the presence of yd T cells may attenuate lung
fibrosis by limiting the expansion of inflammatory cells in the lung
in response to microbial invasion, which is independent of IL-17A.

In addition to IL-17A, we also found increased levels of
IL-22 in the lungs of wt C57BL/6 mice with repeated exposure
to B. subtilis exposure. Interestingly, Vy6 ™" mice had further
increased levels of IL-22 in the lung after repeated exposure to
B. subtilis compared with wt C57BL/6 mice, whereas in the
absence of y8 T cells (TCR8™/~ mice), IL-22 concentrations
are markedly decreased in the lung, which inversely correlated
with the amount of B. subtilis-induced lung fibrosis. Although
the function of IL-22 in this model is not known, IL-22 has been
shown to act synergistically with IL-17A or IL-17F to induce
expression of antimicrobial peptides on keratinocytes (39).
More recently, IL-22 has been shown to be important for mu-
cosal host defense against Klebsiella pneumoniae in the lung
(40). In this model, IL-22 increased lung epithelial cell prolif-
eration and increased transepithelial resistance to injury,
whereas IL-17A was important for induction of G-CSF, neu-
trophil recruitment, and clearance of the microorganism (40).
IL-22 has also been shown to increase expression of inflamma-
tory cytokines but not proliferation or collagen synthesis in sub-
epithelial myofibroblasts in inflammatory bowel disease (41).
Studies are ongoing to determine the role of 1L-22 in this mu-
rine model of HP and lung fibrosis.

In summary, the expansion of Vy6/V81™" y8 T cells in the lung
in response to B. subtilis exposure significantly reduces lung in-
flammation and the resultant fibrosis. As opposed to type 1 or 2
cytokines, we found increased levels of IL-17A expressed by Vy6/
V817" T cells and, in their absence, CD4™" T cells. In the absence
of IL-17A signaling, neutrophil numbers were reduced and B. sub-
tilis persisted in the lung of IL-17ra”’~ mice, resulting in accel-
erated lung inflammation and fibrosis. These data suggest an im-
portant role for IL-17A-expressing T lymphocytes, both yd and
CD4" T cells, in eliminating this microorganism, thus preventing
excessive lung inflammation and eventual fibrosis in this murine
model of HP.
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