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Hypersensitivity pneumonitis (HP), an inflammatory
lung disease, develops after repeated exposure to in-
haled particulate antigen and is characterized by a vig-
orous T helper type 1-mediated immune response, re-
sulting in the release of IL-12 and interferon (IFN)-y.
These T helper type 1 cytokines may participate in the
pathogenesis of HP. Stachybotrys chartarum (SC) is a
dimorphic fungus implicated in a number of respira-
tory illnesses, including HP. Here, we have developed a
murine model of SC-induced HP that reproduces pathol-
ogy observed in human HP and hypothesized that toll
receptor-like 9 (TLR9)-mediated dendritic cell responses
are required for the generation of granulomatous in-
flammation induced by inhaled SC. Mice sensitized and
challenged with 10° SC spores develop granulomatous
inflammation with multinucleate giant cells, accompa-
nied by increased accumulation of neutrophils and
CD4" and CDS8™ T cells. SC sensitization and challenge
resulted in robust pulmonary expression of tumor ne-
crosis factor-«, IL-12, and IFN-y. SC-mediated granulo-
matous inflammation required IFN-y and was TLR9 de-
pendent, because TLR9™/~ mice displayed reduced
peribronchial inflammation, decreased accumulation
and/or activation of polymorphonuclear (PMN) and
CD4" and CD8™ T cells, and reduced lung expression of
type 1 cytokines and chemokines. T-cell production of
IFN-y was IL-12 dependent. Our studies suggest that
TLR9 is critical for dendritic cell-mediated development
of a type 1 granulomatous inflammation in the lung in
response to SC. (4m J Pathol 2011, 179:2779-2787; DOI:
10.1016/j.ajpath.2011.08.019)

Hypersensitivity pneumonitis (HP) is an inflammatory lung
disease that develops after repeated exposure to inhaled
particulate antigen.” Exposure to these antigens occurs

most frequently in certain occupations or hobbies or
within the home environment. Accumulating evidence
suggests that molds may represent an underappreciated
cause of HP. For instance, molds are increasingly being
recognized as a cause of HP after exposure to contam-
inated humidifiers, heating ducts, and, more recently,
flooded old buildings. Stachybotrys chartarum (SC) is a
fungus that causes “black mold disease” and “sick build-
ing syndrome” and has been speculated as a main of-
fender in promoting HP.

Histopathology in HP is characterized by dense accu-
mulation of macrophages, lymphocytes, epithelioid cells,
and fibroblasts around indigestible particles or antigens.?
Hypersensitivity-type granulomas are believed to be in-
duced by the interaction of activated T cells, macro-
phages, and dendritic cells (DCs) in an antigen-specific
manner.® DCs are potent antigen-presenting cells in the
lungs and play a main regulatory role in T-cell activation
and differentiation. T cells are necessary for the develop-
ment and progression of HP.*® For instance, athymic
nude mice that lack T cells are protected from the devel-
opment of HP in response to inhaled antigenic challenge.
In rodent models of HP, there is a shift in T-cell population
to CD8™ predominance by 24 to 48 hours after challenge
with antigen.®~” In humans with HP, there is an increase
in the number of CD8" T and CD8™ natural killer T cells
in bronchoalveolar lavage fluid or lung interstitium or
both.8~"" Mechanisms that promote CD8" T-cell accu-
mulation/activation have not been thoroughly defined.

The generation of granulomatous inflammation in HP
depends on the expression of T helper type 1 (Th1)
cytokines, including tumor necrosis factor (TNF)-q, 1L-12,
and interferon (IFN)-v."23 In a murine model of HP due
to the thermophillic fungus Saccharopolyspora rectivirgula,
genetic deletion or antibody neutralization of IFN-y re-
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sulted in a decrease in TNF-« and IL-12 production, lung
permeability, granuloma formation, and subsequent fi-
brotic response, compared with wild-type (WT) mice.'*
Moreover, mice that are Th1 biased are more susceptible
to the development of HP in response to antigen,
whereas Th2-biased mice are generally resistant.’®
Conidia from SC can function as antigens to promote
allergic or hypersensitivity responses. In the limited ani-
mal studies performed to date, the intranasal (i.n.) instal-
lation of SC spores to nonsensitized mice resulted in an
influx of mononuclear cells and neutrophils, which is as-
sociated with the induction of pro-inflammatory cytokines
(IL-1, IL-6, and TNF-a) and chemokines [macrophage
inflammatory protein (MIP)-1a and monocyte chemoat-
tractant protein 1].7%" In presensitized animals, i.n. chal-
lenge with SC resulted in a granulomatous inflammatory
cell infiltrate in lung peribronchial, perivascular, and al-
veolar spaces and an increase in the lung expression of
IL-1, TNF-a, and MIP-1a.'®"° Despite the substantial clin-
ical effect of SC, little is known about the specific mech-
anisms responsible for SC-mediated lung disease.

Toll-like receptors (TLRs) are a family of type | trans-
membrane receptors that respond to pathogen-associ-
ated molecular patterns expressed by a diverse group of
infectious microorganisms, resulting in activation of the
host’s immune system.?°2 The role of TLRs in the gen-
eration of HP is incompletely defined. Given the composi-
tion of fungal cell wall components,®*2° the most relevant
TLRs are TLR4, which binds to and is activated by lipopoly-
saccharide and fungal mannans, and TLR2, which recog-
nizes fungal B-glycans and zymosan.?®2” TLR9 is of par-
ticular interest, because this TLR recognizes fungal DNA,
and this TLR has been shown to drive type 1 responses to
both microbial and nonmicrobial antigens.®?® We have
shown that TLR9 is required for optimal expression of acti-
vating type 1 cytokines and chemokines in response to both
intracellular and extracellular lung bacterial pathogens.*3°
TLR9 may also contribute to granulomatous inflammation.
For example, TLR9™~ mice displayed a marked reduction
of mononuclear cell accumulation, granuloma formation
within the liver, and reductions in both IFN-y and TNF-«
production in response to heat-killed Propionobacterium ac-
nes, compared with WT mice.®"®2 The cellular components
and pathogen recognition receptors involved in responding
to intrapulmonary SC spores have not been defined and are
the focus of this study.

Materials and Methods

Reagents

Murine recombinant cytokines were purchased from R&D
Systems (Minneapolis, MN). Polyclonal antimurine cytokine
antisera used in enzyme-linked immunosorbent assay
(ELISA) or neutralization experiments were produced by
immunization of rabbits with either recombinant murine
cytokines in multiple intradermal sites with complete
Freund’s adjuvant. ELISA for quantization of murine
IFN-y was purchased from PBL Biomedical Laborato-
ries (Piscataway, NJ).

Animals

Specific pathogen-free BALB/c mice and IFN-y~/~ mice
on a BALB/c genetic background (matched for age and
sex) were purchased from The Jackson Laboratory (Bar
Harbor, ME). TLR9 ™/~ mice (BALB/c background) were
bred in house. All mouse strains were housed in specific
pathogen-free conditions within the animal care facility
(Unit for Laboratory Animal Medicine) until the day of
sacrifice.

Administration of SC Conidia
Intratracheal

Mice were injected with ketamine and xylazine by the i.p.
route. After adequate anesthesia, mice were restrained in
the supine position. The anterior aspect of the neck was
exposed, and an incision was made to visualize the tra-
chea. A 26-gauge needle was advanced endotracheally,
and, through this, 30 uL of normal saline containing SC
conidia was injected. The animals were then allowed to
recover, and the wound was closed with surgical staples.
No adverse effects were encountered with this procedure.

Intranasal

Animals were lightly anesthetized with ketamine and
xylazine. After adequate anesthesia, 10 to 20 ulL of a
solution containing SC conidia was placed in the nares of
mice until the solution was inhaled.

Intraperitoneal

Mice were injected i.p. with 50 ulL of a solution con-
taining SC conidia.

Removal of Various Organs at the Time of
Necropsy

Mice were euthanized at various intervals after SC sensiti-
zation and challenge by inhalation of carbon dioxide and
exsanguinated; organs (lungs, spleens) were removed.

Macrophage Isolation

At various times after i.t. inoculation, mice were eutha-
nized in a rapid and painless fashion while deeply anes-
thetized. The trachea was cannulated with a plastic tube;
the lungs were lavaged with a 3-mL aliquot of calcium,
magnesium-free PBS, and alveolar macrophages were
purified with the adherence purification method.

Total Lung Leukocyte Preparation

Lungs were removed from euthanized animals, and leu-
kocytes were prepared as previously described. Briefly,
lungs were minced with scissors to a fine slurry in 15
mL/lung digestion buffer [RPMI/5% fetal calf serum/1
mg/mL collagenase (Boehringer Mannheim Biochemical,



Germany)/30 ng/mL DNase (Sigma-Aldrich, St. Louis,
MO)]. Lung slurries were enzymatically digested for 30
minutes at 37°C. The total lung cell suspension was pel-
leted, resuspended, and spun through a 20% Percoll
gradient to enrich for leukocytes before further analyses.

Multiparameter Flow Cytometric Analyses

Total lung leukocytes were isolated as described above.
Lymphocyte subsets were analyzed by first gating on
CD45™ “lymphocyte-sized” leukocytes and then exam-
ined for lymphocyte-associated markers. Antibodies
(BD Pharmingen, San Diego, CA, and Caltag, UK) used
for phenotyping include T-cell markers (anti-CD4, anti-
CD8, anti-CD69), B cells (anti-CD19), pan-natural killer
cells (anti-DX5), CD11c, major histocompatibility com-
plex type Il (MHCII), and Gr-1 (DC). Cells were col-
lected on a FACSCalibur cytometer (Becton Dickinson,
San Jose, CA) with the use of Cellquest software ver-
sion 7 (Becton Dickinson). Analyses of data were per-
formed using the Cellquest software package.

Cytokine ELISA

Lung homogenate or DC supernatant fluids were col-
lected, and cytokine levels were determined by a sand-
wich ELISA method as previously described.

Generation of Bone Marrow-Derived DCs

Bone marrow was harvested from WT and mutant mice
and seeded in tissue culture flasks in RPMI 1640-based
complete media with 10 ng/mL murine recombinant gran-
ulocyte-macrophage colony-stimulating factor (GM-
CSF). Cells were fed after 3 days, and loosely adherent
cells were collected after 6 to 7 days and incubated with
anti-CD11c antibody coupled to magnetic beads (Milte-
nyi Biotec, Auburn, CA). Cells were purified with positive
selection for CD11c™ cells by running the cell suspension
through a magnetic column. CD11c™ DCs were plated
overnight and resuspended in fresh media the next day.

Isolation of Lung DCs

Leukocytes from lung digests were purified with positive
selection for CD11c¢™ cells by running the cell suspension
through a magnetic column. CD11c™ cells were plated
on plastic for 1 hour to remove residual lung macro-
phages, then nonadherent cells were plated for further
analysis. Final cells were >90% DCs, as determined by
flow cytometry (CD11c™, MHCI™ Gr-1'w).

MRNA Extraction and Real-Time (TagMan)
Quantitative PCR

Total RNA from cells was isolated per manufacturer’s
protocol for the RNAeasy Mini kit (Qiagen, Valencia, CA).
RNA amounts were determined by spectrometric analy-
sis at 260 nm. All primers were designed with Primer
Express software version 2 (Applied Biosystems, Foster
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City, CA). Levels of mRNA were determined by real-time
quantitative RT-PCR analysis with the use of an ABI
PRISM 7000 Sequence Detection System (ABI/Perkin
Elmer Co, Foster City, CA).

For inflammatory score grading, H&E staining per-
formed on lung sections was harvested from mice at day
2 after SC challenge. The total number of peribronchial
inflammatory cells was quantitated per 40X high-power
fields in 10 random fields as follows: 0 to 5 cells were
graded as 0, 5to 10 cells were graded as 1, 10 to 20 cells
were graded as 2, 20 to 30 cells were graded as 3, and
>40 cells were graded as 4. The value from all of the 10
fields is represented as mean + SEM.

Statistical Analyses

Ratio scale data were evaluated by analysis of vari-
ance with Newman-Keuls follow-up. Statistical signifi-
cance was determined with the unpaired, two-tailed
Student’s t-test and nonparametric Mann-Whitney U
test. Calculations were performed with InStat for Macin-
tosh version 6 (GraphPad Software, San Diego, CA). In all
cases, P < 0.05 was considered significant.

Results

Effect of Sensitization and Challenge with SC
Conidia on Lung Histopathology

We have developed a murine model of HP with the use of
the fungus SC, which has been associated with a variety
of respiratory diseases, including sick building syndrome
and black mold disease. This is a particularly attractive
model, because SC is a clinically relevant cause of lung
disease, and the model nicely mimics the repeated ex-
posure to antigen that would occur in the natural setting.
In this model, we sensitized BALB/c mice (WT) with i.p.
injections of 10° SC spores on days —14 and —7 and
then administer 10° spores i.n. on days —5 and —3. At
day 0, we challenged sensitized mice with 10° fungal
spores i.t., then harvested the lungs at day 2 and day 5.
We used BALB/c mice for our experiments, because
these mice are Th1 biased when challenged with various
fungi, and studies suggest a more robust type 1 granu-
lomatous response in Thi-biased mice.’® The it. chal-
lenge with SC spores in sensitized mice resulted in a
marked accumulation of neutrophils and mononuclear
cells within the interstitial compartments and a predomi-
nantly lymphocytic infiltration within the peribronchial re-
gions (Figure 1), maximal at day 2 after i.t. SC (Figure
1C). In addition, giant cells and loose epitheloid granulo-
mas were observed within both the interstitial and peribron-
chial areas. Partial resolution or i.t. saline (Figure 1A) of
granulomatous inflammation was noted by day 5 (Figure
1D). Nonsensitized mice with i.t.-administered SC spores
did not develop appreciable inflammation or evidence of
granulomas (Figure 1B). We also challenged mice with de-
fective TLR4 signaling (TLR4"*s9, BALB/c genetic back-
ground) with SC conidia and found a similar degree of
granulomatous inflammation as observed in WT mice, indi-
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Figure 1. Lung histopathology after SC challenge. H&E staining of lung
sections obtained from mice after saline (A) or nonsensitized (B) or sensi-
tized mice challenged with SC at day 2 (C) or day 5 (D). Accumulation of
neutrophils and mononuclear cells is shown within the interstitial compart-
ments, and a predominantly lymphocytic infiltration within the peribronchial
regions as indicated by thin arrows, as well as multinucleated giant cells
(thicker arrow) and loose epitheloid granulomas within both the interstitial
and peribronchial areas in SC-challenged mice. Four to five mice were used
per group, and the experiments were repeated twice. Original magnification,
X40. N = 4 to 5; mean (SEM of two experiments).

cating that granulomatous inflammation in this model did
not depend on TLR4 signaling, excluding a possible role for
lipopolysaccharide contamination (data not shown).

SC Sensitization and Challenge Promote Lung
PMN- and T-Cell Accumulation

We next examined lung inflammatory cell influx in mice
after SC sensitization and subsequent i.t. challenge. We
observed a robust accumulation of inflammatory cells in
lung digests of WT animals 2 days after i.t. SC challenge,
representing a >10-fold increase over baseline num-

4

a
-]
I

g
Total number of PMN
(x10%

Total number of cells
(x10%)

0 T T T T T 0 T T T
unt. 1 2 3 4

T
3 4

w
=.
E
-
~
od

Days post SC Days post SC
B 1.59 * 59
& &
] 2 4
2 =5 *
1.0
4 2 3
=1 4
+ *
® 24
£ o :
s s M
= =
0.0-— T T T T T [\ T T T T T
unt 1 2 3 4 5 Unt 1 2 3 4 5
Days post SC Days post SC

Figure 2. A: Accumulation of inflammatory cells after SC challenge. WT
mice were sensitized and challenged with SC as described, lungs were
harvested at day 2 and day 5 after challenge, lung collagenase digests were
performed, total number of leukocytes were counted with a hemocytometer,
cytospins were performed, and total PMN cell were quantitated. B: Flow
cytometry was performed, and total CD4" and CD8" T cells were quanti-
tated. N = 4 to 5; mean £ SEM of two experiments. *P < 0.05 compared with
untreated controls.
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Figure 3. A: Type 1 cytokine expression in lung and lung histopathology in
IFNy ™/~ mice after SC sensitization and challenge. WT mice were sensitized
and challenged with SC as described, and lungs were harvested at day 2 and
day 5. Relative expression of IFNy, TNF-a, and IL-12 p40 was measured by
real-time PCR. Error bars indicate mean (SEM of two experiments). B: H&E
staining was performed on lung sections harvested from WT and IFN-y "/~
mice at day 2 after SC challenge. N = 5 in each experiment, repeated twice.

ber of cells (Figure 2A), with a decrease in number of
inflammatory cells by day 5. There was an approxi-
mately fourfold increase in the number of neutrophils at
day 2 after SC (Figure 2B). No change in number of
lung macrophages was observed after SC sensitiza-
tion/challenge (data not shown). SC sensitization and
challenge also resulted in an increase in the total num-
ber of CD4™ T cells (Figure 2C) and especially CD8" T
cells (Figure 2D), maximal at 2 days after i.t. SC chal-
lenge (2.8-fold and 6.4-fold increase over baseline,
respectively; P < 0.05).

SC Sensitization and Challenge Result in Type 1
Cytokine Production, and Granulomatous
Inflammation Is Reduced in IFN-y~'~ Mice

To further assess the mechanisms underlying cellular
changes observed in mice after SC sensitization and
challenge, we profiled type 1 cytokine expression in
whole lungs 2 and 5 days after challenge. SC-challenged
mice displayed a substantial induction of the type 1 cy-
tokines IFN-v, IL-12, and TNF-«a (Figure 3A), maximal at
day 2 after i.t. SC administration.

Previous studies have shown that IFN-vy is essential for
the generation of the granulomatous inflammatory re-
sponse seen in HP. To examine the role of IFN-y in
SC-induced HP, WT and IFN-y '~ mice were sensitized
and challenged with SC, then lungs were harvested at



Table 1. Inflammation Score and Granulomas in Lung Sections
Harvested from WT and IFN-y~/~Mice at Day 2 after
SC Challenge

TLR9 in Hypersensitivity Pneumonitis 2783
AJP December 2011, Vol. 179, No. 6

Table 2. Inflammation Score and Granulomas in Lung Sections
Harvested from WT and TLRO ™/~ Mice at Day 2 after
SC Challenge

Inflammation score/ No. of granulomas/

Inflammation score/ No. of granulomas/

10 fields 10 fields 10 fields 10 fields
wild type 3.75+0.23 191 +07 wild type 3.97 = 0.11 1.8 +0.37
IFNy /"~ 0.55 = 0.11 0+0 TLR9 /- 1.43+0.13 0+0

H&E staining performed on lung sections harvested from WT and
IFNy~~ mice at day 2 after SC challenge and total number of inflamma-
tory cells and granulomas quantitated per magnification of x40 high-
power fields. Inflammatory cells were graded as described in Materials
and Methods.

day 2. As previously observed, WT mice displayed his-
tologic evidence of peribronchiolar mononuclear aggre-
gates and loosely formed granulomas; these were
graded on the basis of the inflammation score described
in Materials and Methods (Table 1). In contrast, IFN-y~/~
mice were protected after SC challenge, with minimal to
no evidence of inflammation at days 2 (Figure 3B) and 5
(histology not shown), further supporting a necessary role
for IFN-vy in SC-induced HP.

TLR9 ™~ Mice Have Reduced Granulomatous
Inflammation after Sensitization and Challenge
with SC Conidia

TLR9 is known to play a role in the regulation of Th1
responses.??:3334 To investigate the contribution of TLR9
to SC-induced granulomatous inflammation, we sensi-
tized and challenged WT and TLR9-deficient mice with
i.p. injections of 10° SC spores on days —14 and —7, and
then administer 10° spores i.n. on days —5 and —3. At
day 0, sensitized mice were administered 10° fungal
spores, and lungs were harvested on day 2. As observed
previously, WT mice developed peribronchial and inter-
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Figure 4. Lung histopathology and inflammatory cell accumulation in WT
and TLR9 /™ mice after SC challenge. WT and TLRO /™ mice were sensitized
and challenged with SC, and lungs were harvested at day 2. H&E staining was
performed on lung sections as shown in A and B. C: Lung collagenase digests
were performed, and total leukocytes were quantitated in different groups
with a hemocytometer. D: Total PMN cells were quantified on cytospins. N =
4to 5 in each group; experiments were performed twice. *P < 0.05 compared
with untreated controls; *P < 0.05 compared with SC challenged WT mice.

H&E staining performed on lung sections harvested from WT and
TLR9™/~ mice at day 2 after SC challenge and total number of inflamma-
tory cells and granulomas quantitated per magnification of x40 high-
power field. Inflammatory cells were graded as described in Materials and
Methods.

stitial inflammatory infiltrates, multinucleated giant cells,
and loose epitheloid granulomas (Figure 4A). By compar-
ison, TLR9™/~ mice had a significantly blunted inflamma-
tory response, including a marked decrease in inflamma-
tory cells, giant cells, and granuloma formation (Figure
4B). To quantify the difference between the WT and
TLR9™~ mice, inflammation scores were performed as
described in Materials and Methods, as well as the num-
ber of granulomas quantified, shown as Table 2.

To quantify changes in the number of inflammatory
cells, WT and TLR9™/~ mice were sensitized and chal-
lenged as before, lungs were harvested at day 2 after
challenge, and collagenase digests were performed. As
observed previously, WT mice had a robust increase in
the number of total cells (Figure 4C) and PMN cells at day
2 after challenge (Figure 4D). In comparison, TLR9-defi-
cient mice had fewer numbers of both total cells and PMN
cells (50% and 35% decrease, respectively).

TLR9-Deficient Mice Have Decreased
Accumulation and Activation of T Cells and DCs
Compared with that in WT Mice after SC
Sensitization and Challenge

Next, the number and activational state of T-cell populations
present in the lungs of WT and TLR9™/~ mice were quan-
titated at baseline and after SC administration by flow cy-
tometry. As shown in Figure 5A, SC sensitization and chal-
lenge resulted in an increase in the total number of CD4™ T
cells and activated CD4™ T cells (as indicated by expres-
sion of the activational marker CD69; P < 0.05) in WT mice
(Figure 5B). TLR9™/~ mice had a similar increase in total
CD4* T cells, but the number of activated CD4™* T cells was
significantly reduced in SC-challenged TLR9 ™/~ mice (P <
0.05). We observed an even more impressive increase in
the total and activated CD8" T cells (Figure 5, C and D,
respectively) in WT mice 2 days after i.t. SC challenge
(6.4-fold and ninefold increase over baseline, respectively).
Compared with WT animals, there was a 35% decrease in
total CD8™ T cells (P = 0.05) and a nearly 70% reduction in
CD69* CD8" T cells in TLR9™/~ mice after sensitization
and challenge with SC conidia (P < 0.05). Furthermore, a
considerable increase was observed in the number of nat-
ural killer cells after SC challenge which was significantly
reduced in TLR9™/~ mice (data not shown). Collectively,
these studies suggest that TLR9 mediates T-cell accumu-
lation and activation during the evolution of SC-induced HP.
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Figure 5. Accumulation and activation of T cells
and DCs in WT and TLRO ™/~ mice after SC challenge.
WT and TLRO™'~ mice were sensitized and chal-
lenged with SC, and lungs were harvested at day 2.
Lung collagenase digests were performed, and total
number of CD4™ T cells (A), activated CD4™ T cells
(B), total number of CD8" T cells (C), activated
*% CD8" T cells (D), total number of DCs [both myeo-
loid dendritic cell (mDC) (E) and plasmacytoid den-
dritic cell (pDC) ()], as well as activated mDCs indi-
cated by expression of costimulatory marker CD80
(G) and CD40 (H) were measured by flow cytometry.
N = 6 to 8 in each group; experiments were per-
formed twice. Results are expressed as mean = SEM.
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DCs are potent antigen-presenting cells in the lung
and are necessary for T-cell activation and polariza-
tion. To assess DC accumulation in lungs harvested
from SC-challenged WT and TLR9/~mice, T cells, B
cells, and autofluorescent macrophages were elimi-
nated by forward and side scatter characteristics, and
the remaining cells were assessed for expression of
MHCII, CD11c, and Gr-1. We found no difference in the
number of conventional DC (MHCII*,CD11c™, GR-17)
in the lungs of WT and TLR9 /" mice in the unsensi-
tized state (Figure 5E). However, the sensitization and
challenge with SC resulted in a 2.5-fold increase in the
number of conventional DCs (Figure 5F) (MHCII™,
CD11c™, GR-1"°") and a fourfold increase in plasma-
cytoid DCs (Figure 5G) (GR-17%) in lungs of WT mice 48
hours after challenge, whereas a more modest in-
crease was observed in the total number and percent-
age of these cells in spore-challenged TLR9™/~ mice
(P < 0.05). Furthermore, with the use of four-color flow
cytometry, we observed impairment in the activation/
maturation of conventional DCs as indicated by re-
duced expression of the costimulatory molecules of
CD40 and CD80 in the lungs of infected TLR9 ™/~ mice
48 hours after i.t. SC administration compared with
infected WT animals (Figure 5H) (P < 0.01).

*P < 0.05 compared with untreated controls; *P <

post SC 0.05 compared with WT mice after SC.

TLR9 ™~ Mice Have Reduced Type 1 Cytokine
and Chemokine Production after Sensitization
and Challenge with SC Spores

We next assessed the expression of TNF-a, type | cyto-
kines IL-12 and IFN-vy, and chemokines in the lungs of WT
and TLR9-deficient mice challenged with SC. In WT ani-
mals, sensitization and subsequent challenge with SC
induced a vigorous time-dependent expression of these
cytokines, with TNF-a and IL-12 p40 mRNA levels peak-
ing at day 2, and IFN-y mRNA levels continuing to rise out
to day 5 after i.t. SC spore administration (Figure 6A). In
comparison to WT mice, mRNA expression of TNF-q,
IL-12 p40, and IFN-y was substantially diminished in the
lungs of TLR9-deficient mice after challenge with SC.
Similar to the mRNA data, WT mice had a substantial
induction of TNF-¢, IL-12, and IFN-vy protein at day 2 after
sensitization and challenge, which was significantly de-
creased in TLR9 ™/~ mice (Figure 6B). Given that im-
paired neutrophil and activated T-cell influxes were ob-
served in TLR9™/~ mice after SC, we also assessed
neutrophil and effector T cell-specific chemokine pro-
duction. Compared with WT animals, TLR9 ™~ mice had
significantly lower levels of MIP-2 and keratinocyte-de-
rived chemokine at day 2 (54% and 77% reduction, re-
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Figure 6. Cytokine and chemokine levels in lungs of WT and TLRO ™/ after SC sensitization and challenge. WT and TLRO ™/~ mice were sensitized and challenged
with either saline or SC, and lungs were harvested at day 2 and day 5. Cytokine levels of IFN-y, TNF-q, IL-12 (A) and chemokine levels of keratinocyte-derived
chemokine (KC), MIP-2, and IFN-inducible protein 10 (IP-10) (B) were measured by ELISA. N = 6 to 8 in each group; experiments were performed twice. Results
are expressed as mean * SEM. *P < 0.05 compared with untreated controls; **P < 0.05 compared with WT mice after SC sensitization and challenge.

spectively; P < 0.01), which was maintained at day 5. In
addition, the maximum induction of IFN-inducible protein
(IP)-10 was reduced by nearly 50% (P < 0.01).

DCs from TLR9 ™~ Mice Display Impaired SC-
Induced IL-12 Production and Reduced Ability
to Activate T Cells

DCs are required for the development of antigen-specific
type 1 cytokine responses, particularly IFN-y production
by T cells.®® To determine whether the diminished gran-
ulomatous inflammatory response observed in the
TLR9™/~ mice was secondary to altered DC function, WT
and TLR9™/~ mice were sensitized (i.p. and i.n.) as de-
scribed previously, and bone marrow was harvested on
day 0. Bone marrow cells were cultured for 6 days in
GM-CSF, DC-purified by CD11c™* magnetic bead sepa-
ration on day 6, and stimulated with SC spores in a ratio
of 1:10. Spontaneous ex vivo production of IL-12 was
measured by ELISA, and IL-12 p40 mRNA expression
was determined by real-time PCR. As shown in Figure 7A,
incubation of sensitized WT DCs with SC resulted in con-
siderable induction of IL-12 p40 mRNA and IL-12 protein
(Figure 7B), which was substantially mitigated in lung
DCs from TLR9™~ mice (P < 0.05). To assess the con-
tribution of IL-12 production from DCs to expression of
IFN-y from T cells, bone marrow was isolated from sen-
sitized WT and TLR9 ™/~ mice on day 0, then DCs were
maturated for 6 days in GM-CSF. DCs were then stimulated
with SC and cocultured with splenic T cells harvested from
naive WT mice for 18 hours in the presence and absence of
IL-12 antibody. T cells cocultured with WT DCs produced
large quantities of IFN-y. The induction of IFN-y depended
on IL-12 production by DCs, because IFN-y expression was
totally abolished in the presence of IL-12 antibody (Figure
7C). Interestingly, T cells when cocultured with sensitized

TLR9™~ DCs produced 60% less IFN-y compared with
incubation with WT DCs (P < 0.01). To confirm a similar
defectin IL-12 production in lung DCs, DCs were harvested
from the lung on day O after sensitization, then stimulated
with SC, and cell supernatant IL-12 levels were determined

s
vy)

o 400
: L = wr
£:4 S g - iR -3
w0 - 7LRo- ~0 a0
24 E =
e ¥ £4a
28 25 o
ez =2
= 22
gt’ o .
oy =3 10
J a
E »
Untreated post 5C Untreated post SC
3000
80 *
= =] o wr
E . TLRe”
£ 2000 . 2 Fw
i — 5=
= * a2 40
-
E 1000 I ‘o_ll S -
& ¥g
3 2
2
* * &
0

0 ¥ o Untreated post SC
& 9 &
&

E ¥4

s
& K
Figure 7. Production of IL-12 by sensitized bone marrow DCs and lung DCs
harvested from WT and TLRO ™/~ and antigen presentation by WT and TLRO™/~
DCs. WT and TLR9 /™~ mice were sensitized by SC, and bone marrow cells were
harvested at day 0, cells were cultured with GM-CSF, and DCs were purified by
CD11c* magnetic beads at day 6 and stimulated with SC spores (1:10). IL-12 protein
levels were measured by ELISA in supernatant fluids collected at 18 hours after
stimulation (B) and IL-12 p40 mRNA expression was measured by real-time PCR (A).
In a separate experiment, sensitized bone marrow DCs from WT and TLRO ™~ mice
were cocultured with naive WT splenic T cells for 18 hours, and their antigen-
presenting function was measured by T-cell IFN-y production in the presence or
absence of IL-12 antibody by ELISA (C). Lung DCs were harvested from sensitized
WT and TLRO ™~ mice as described previously and stimulated with SC, and cell
supernatant levels of IL-12 were measured by ELISA (D). N = 4 to 5 in each group;
each experiment was repeated twice. Results represent mean * SEM. *P < 0.05
compared with untreated controls; **P < 0.05 compared with WT mice after SC or
*P <0.01 compared with IL-12 antibody (Ab) treatment.
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after 18 hours in culture. As observed in bone marrow—
derived DCs, the production of IL-12 from TLR9™/~ lung
DCs was considerably reduced (P < 0.05) compared with
their WT counterparts (Figure 7D). Collectively, these find-
ings suggest that the reduction of IFN-y responses to
SC administration in TLR9-deficient mice is probably attrib-
utable to impaired antigen-induced production of IL-12
by DCs.

Discussion

In this study, we show for the first time the critical role of
TLR9 in generation of the Th1 response in a mouse model
of SC-induced HP. Several pattern recognition receptors
have previously been implicated in the immunopathogen-
esis of HP, including TLR2 and TLR6, as well as the down-
stream adaptor protein MyD88 in a SR mouse model of
farmer’s lung disease.®®” Although TLR9 has been shown
to be important for granuloma formation and IFN-y produc-
tion during Gram-positive infection (Propionibacterium ac-
nes)® or in response to mycobacterial antigen,3 the role of
TLR9 in HP was previously unknown.

We found reduced accumulation of neutrophils and
activated CD4" and CD8" T cells in TLR9 ™/~ mice dur-
ing SC sensitization/challenge. Neutrophils have previ-
ously been shown to contribute to IFN-y production dur-
ing the acute phase of Saccharopolyspora rectivirgula—
induced HP, and the neutrophilic response in this model
was MyD88 dependent.>” We observed a significant de-
crease in production of neutrophil chemokines MIP-2 and
keratinocyte-derived chemokine in TLR9 ™/~ mice after
SC challenge. Similarly, TLR9-deficient mice also had a
substantial defect in the production of IFN-inducible pro-
tein 10, a potent chemoattractant of effector CD4* and
CD8* T cells.®° Effector T cells, especially CD8 T cells,
are main cellular sources of IFN-y that drive the cell-
mediated, delayed-type hypersensitivity immune re-
sponse in HP.#" Our results indicate that granulomatous
inflammation in our murine model of SC-induced HP is
IFN-y dependent, and the defect in PMN-, effector T-,
and natural killer—cell accumulation in TLR9™/~ mice
could all contribute meaningfully to reduce IFN-y produc-
tion found in these animals.

In addition to defects in IFN-y production, decreases in
IL-12 expression in TLR9™/~ mice during SC-induced HP
were also observed. Although IL-12 is made by multiple
lung immune cells, we found impaired production of IL-12
by sensitized DCs isolated from TLR9 ™/~ mice. DCs drive
Th1 immune responses via the production of IL-12.42 The
role of DCs in the pathophysiology of HP has not been
clearly defined. Girard and colleagues*® have demon-
strated a significant increase in the number of mature
CD11c™ cells in lungs of SR-challenged mice simultane-
ously infected with Sendai virus, suggesting the role of
DCs in the generation of HP. Moreover, exposure to my-
cobacterial antigen has been shown to induce accumu-
lation of lung DCs, which was reduced in TLR9-deficient
mice.** We found decreased DC recruitment and blunted
DC activation in TLR9™/~ mice in vivo. Moreover, DC-
derived IL-12 was required for SC-induced IFN-y produc-

tion be splenic T cells, and both bone marrow—-derived
DCs and lung DCs from TLR9~/~ mice showed defects in
antigen-induced IL-12 production. These observations
suggest that protection against granulomatous inflamma-
tion in TLR9™/~ mice is due, at least in part, to alterations
in DC function.

We have previously shown that lung macrophages
from TLR9™/~ mice default to a alternatively activated
(M2), rather than classically activated (M1) phenotype
during active bacterial or fungal pulmonary infec-
tion.29%%4% The M2 phenotype is characterized by re-
duced production of inflammatory genes, such as TNF-«
and iNOS, and increased expression of arginase, and is
induced by cytokines expressed during type 2 responses
(eg, IL-4, 1L-13).%¢ Similar to observations made in infec-
tion models, we observed evidence of reduced classical
activation of lung macrophages (as manifest by de-
creased TNF-a expression and nitric oxide production) in
sensitized TLR9™/~ mice 48 hours after i.t. SC challenge
(see Supplemental Figure S1 at http://ajp.amjpathol.org).
This defect is probably linked to reduced expression of
IFN-v, and this macrophage phenotype may contribute to
impaired production of TNF-a and possibly neutrophil-
specific chemokines.

In summary, our studies have identified SC as a po-
tential cause of HP, an effect that depends on Th1 cyto-
kines. Moreover, TLR9 is a critical component of the
granulomatous response to SC, and TLR9-mediated DC
responses are necessary for antigen-specific T-cell re-
sponses in this model. TLR9 signaling may serve as a
therapeutic target in the treatment of patients with this
devastating disease.
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