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Mycobacterial hypersensitivity pneumonitis
requires TLR9-MyD88 in lung CD11b+
CD11c+ cells

H. Daito***, T. Kikuchi***, T. Sakakibara®, K. Gomi*, T. Damayanti*, J. Zaini*,
N. Tode*, M. Kanehira*, S. Koyama*, S. Fujimura®’, M. Ebina*#, K.J. Ishii’, S. Akira®,
T. Takai’/, A. Watanabe*" and T. Nukiwa*#*

ABSTRACT: Mycobacteria are among the most common causes of hypersensitivity pneumonitis
(HP), but controversy persists with regard to the involvement of the infectious potency of the
organism in mycobacterial HP (hot tub lung). This study aimed to establish a mouse model of hot
tub lung to clarify its pathophysiology.

Mice were exposed intranasally to formalin-killed Mycobacterium avium from a patient with hot
tub lung (HP strain) or chronic pulmonary infection (non-HP strain), and bronchoalveolar lavage
fluids and lung tissues were evaluated for allergic inflammation.

Dead M. avium HP strain, but not non-HP strain, elicited marked HP-like pulmonary
inflammation in wild-type mice. Although the inflammation was induced in mice lacking CD4 or
CD8, the induction of HP-like responses was prevented in mice lacking myeloid differentiation
factor (MyD)88 or Toll-like receptor (TLR)9. Cultured lung CD11c+ cells responded to M. avium in
a TLR9-dependent manner, and reconstitution of TLR9-/- mice with lung CD11c+ cells from wild-
type mice restored the inflammatory responses. Further investigation revealed that pulmonary
exposure to M. avium HP strain increased the number of lung CD11b+ CD11c+ cells (dendritic
cells) through TLR9 signalling.

Our results provide evidence that hot tub lung develops via the mycobacterial engagement of
TLR9-MyD88 signalling in lung CD11b+ dendritic cells independent of the mycobacterial
infectious capacity.

KEYWORDS: Dendritic cells, hypersensitivity pneumonitis, innate immunity, nontuberculous
mycobacteria, Toll-like receptors

ypersensitivity pneumonitis (HP), also

known as extrinsic allergic alveolitis, is

a granulomatous inflammatory lung dis-
ease that represents an immunological response
to inhalation of airborne aetiological agents [1-3].
Over 300 agents have been reported as causative,
but avian antigens, mycobacteria associated with
hot tubs and organic dust derived from farming
practices account for most cases of HP with
identifiable causes [1-4]. Despite the limited range
of aetiological agents, the underlying pathophy-
siology of HP remains ill-defined, and therefore no
specific laboratory tests are available to make a
definite diagnosis of HP easily [1-3, 5].

There is considerable debate regarding the patho-
genesis of hot tub lung, a major clinical form of HP

caused by pulmonary exposure to nontubercu-
lous mycobacteria, mainly Mycobacterium avium,
present in hot water aerosols from hot tubs,
whirlpools and spas [6, 7]. Mycobacteria have
pathogenic potential not only as immunogenic
agents for HP, but also as infectious agents for
chronic pulmonary infections even in immuno-
competent subjects [8-12]. Such epidemiological
features of mycobacteria raise unresolved ques-
tions about hot tub lung disease, i.e. whether an
inflammatory process, an infectious process or a
combination of both contributes to the disease
process, and whether mycobacterial agents, other
hot tub cofactors or host predisposition is respon-
sible for the pathogenesis [9, 12]. Although an
animal model of HP disease in response to the
inhalation of mycobacteria would be likely to
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resolve these controversies, no animal model of hot tub lung has
yet been reported.

The primary objective of this study was to establish a mouse
model of hot tub lung with a clinical isolate of M. avium from a
patient with hot tub lung disease, referred to as M. avium HP
strain. The participation of either inflammatory or infectious
processes in the pathogenesis of hot tub lung disease
was delineated using formalin-killed mycobacteria. We also
focused on the immunopathology of hot tub lung disease using
mice deficient in several immunological molecules that are
essential for innate and adaptive immune systems.

METHODS

Mice

C57BL/6 mice were purchased from Charles River Japan
(Yokohama, Japan). CD4-deficient (B6.12952-Cd4"™ ™ /) and
CD8-deficient (B6.12952-Cd8a"™™M% /1) mice were obtained
from Jackson Laboratory (Bar Harbor, ME, USA). Toll/
interleukin (IL)-1 receptor domain-containing adaptor indu-
cing interferon (IFN)-B (TRIF)-deficient mice were generated as
described previously and were backcrossed to C57BL/6 [13].
Myeloid differentiation factor (MyD)88-, Toll-like receptor
(TLR)2-, TLR4-, TLR7- and TLR9-deficient mice were pur-
chased from Oriental BioService (Kyoto, Japan). All animals
used in this study were matched for age (6-10 weeks old),
sex (female) and strain (C57BL/6 background) within each
experiment, and were housed under specific pathogen-free
conditions, in accordance with the guidelines of the institu-
tional animal care and use committee of our institution.

Mycobacterium avium strains

The M. avium strains used in this study were two clinical
isolates, HP and non-HP strains. The HP and non-HP strains
were isolated from sputum specimens of a patient with hot tub
lung disease and a patient with chronic pulmonary infection,
respectively. The M. avium isolates were grown in Middlebrook
7H9 broth with ADC enrichment medium (BD Diagnostics,
Sparks, MD, USA) for 2-3 weeks at 37°C under 5% CO,.
Formalin-killed (2% for 1 h) M. avium was washed three times
and suspended in sterile PBS (pH 7.4). The concentration was
adjusted spectrophotometrically. Mycobacterial killing was
confirmed by incubating 10° CFU of formalin-killed M. avium
on 7H10 agar plates containing OADC enrichment medium (BD
Diagnostics) at 37°C under 5% CO, for 3 weeks with no
consequent colony formation. PCR-based mycobacterial geno-
typing with variable numbers of tandem repeats (VNTR) was
essentially as described previously, and the number of repeat
units was determined in four repetitive unit loci using the
following primer sets: Mycobacterium avium tandem repeats
(MATR)-1, 5'-GAACGTTGGGCCGAATGCGA-3' and 5'-GTG
TCGGACCCCTCCCGTAA-3"; MATR-2, 5-TTGAGCAGCTC
GTAAAGCGT-3" and 5-CGCGCTCAAGGAGATGGTTC-3';
MATR-3, 5'-TCCTCGACAATCAGCACACT-3" and 5'-CCAA
TCACAACGGCACCATC-3'; MATR-4, 5'-TCGTTCTGGTGGC
CTTCGGT-3' and 5'-TGTCCAGGTGGAGTTTTCGC-3' [14].

Exposure protocols

We carried out intranasal administration of 2x10% CFU of
formalin-killed M. avium (50 pL) into anaesthetised mice on
three consecutive days per week for 3 weeks or on only two
consecutive days. 4 or 5 days after the last exposure,
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bronchoalveolar lavage (BAL) fluid and lungs were obtained
from the mice as described previously [15, 16]. Briefly, the lungs
were lavaged twice with 0.75 mL PBS. After centrifugation
(2,300 x g for 5 min), the supernatants were used to determine the
concentrations of IL-4, IL-12p40, tumour necrosis factor (TNF)-a,
and IFN-y with ELISA kits (Invitrogen, Carlsbad, CA). After the
cell pellets were resuspended in 1 mL PBS, total BAL cells were
counted with a haemocytometer, and >300 cells on cytospin
slides stained with Diff-Quik (Sysmex, Kobe, Japan) were
differentiated on the basis of cellular morphology and staining
characteristics of macrophages, lymphocytes, neutrophils, and
eosinophils. Paraffin sections (5 pm thick) were prepared from
lung tissue fixed with 10% formaldehyde, and were stained with
haematoxylin and eosin for histological assessment.

Isolation of lung CD11c+ cells for cytokine assay and cell
transfer

Single-lung cell suspensions were prepared by collagenase
digestion and red blood cell lysis, and CD11lc+ and CD11c-
cells were purified with magnetically labelled beads specific
for mouse CD11c (Miltenyi Biotec, Auburn, CA, USA). The cell
purity was typically >85% as assessed by staining cells with
fluorescein isothiocyanate (FITC)-conjugated anti-CD11c anti-
body (clone HL3; BD Biosciences). IL-12p40 secretion in vitro
was determined in cell supernatants using a commercial
ELISA kit as described above, after the lung CDllc+ and
CD1lc- cells (10° per well) were cultured with 10” CFU of
formalin-killed M. avium HP strain or 5 pg'mL'1 synthetic
cytidine-phosphate-guanosine (CpG) oligodeoxynucleotides
(endotoxin <0.001 U'mg'l; GeneDesign, Osaka, Japan) in
complete RPMI-1640 media (10% fetal bovine serum, 2 mM
L-glutamine, 100 U-mL! penicillin, and 100 ug-mL'1 strepto-
mycin) for 24 h [17]. In the cell transfer experiments, 10° lung
CD11c+ or CDl1lc- cells were intravenously transferred into
TLR9-deficient mice 1 day before exposure to the formalin-
killed M. avium HP strain.

Flow cytometry

Surface phenotype of lung CD1lc+ cells was analysed for
CD11b and CD103 expression as previously described [18-20].
After counting, lung CDI1lc+ cells magnetically purified as
described above were stained with FITC-conjugated anti-CD103
(clone M290; BD Biosciences) and phycoerythrin (PE)-conju-
gated anti-CD11b antibody (clone M1/70; BD Biosciences) [21].
To detect plasmacytoid dendritic cells (DCs), lung cells were
stained with PE-conjugated anti-mouse plasmacytoid dendri-
tic cell antigen-1 (mPDCA-1) antibody (clone JF05-1C2.4.1;
Miltenyi Biotec). The expression of surface markers was
analysed using an EPICS XL cytometer with EXPO32 ADC
software (Beckman Coulter, Fullerton, CA, USA).

Statistical analysis

All data are reported as mean=+SE. Statistical comparisons
were performed by using the two-tailed (unpaired) t-test. In all
analyses, p-values <0.05 were taken to indicate statistical
significance.

RESULTS

Patient with hot tub lung

A 66-yr-old man was referred to our hospital due to a 1-month
history of cough, weight loss and exertional dyspnoea. He had
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1y:\:]ES5S B Patient characteristics

Haematology

White blood cells pL™ 7000
Red blood cells pL™ 4.39x10°
Haemoglobin g-dL™ 135
Platelets pL" 23.3x10°
Serology
C-reactive protein mg-dL"" 0.1
KL-6 U-mL" 1090
Blood gas analysis (room air)
pH 7.45
Pa,co, Torr 37.3
Pa,0, Torr 76.8
HCO5; mmol-L" 25.6
Biochemistry
Total protein g-dL™ 7.1
Albumin g-dL™ 39
Aspartate aminotransferase IU-L™ 23
Alanine aminotransferase IU-L" 20
Lactate dehydrogenase IU-L" 172
Blood urea nitrogen mg-dL™ 19
Creatinine mg-dL 1.0
Sodium mEq-L™" 142
Potassium mEq-L™" 3.7
Chloride mEg-L" 106
Trichosporon cutaneum antibody Negative
BAL fluid
Recovery rate % 56
Total cells mL™ 7.4x10°
Macrophages % 48
Neutrophils % 1
Lymphocytes % 51
Eosinophils % 0
CD4/CD8 18.2
Sputum
Acid-fast bacilli Positive
Mycobacterium avium-PCR Positive
Culture Mycobacterium avium
Cytology Class |l

Pa,co,: arterial carbon dioxide tension; Pa0,: arterial oxygen tension; BAL:
bronchoalveolar lavage fluid.

no significant past medical history and had never smoked. At
the time of admission to our hospital, bilateral pulmonary fine
crackles were heard on auscultation. He was slightly hypox-
aemic (arterial oxygen tension 76.8 Torr; table 1). The results of
pulmonary function test were normal. Chest radiography
showed bilateral military nodules and opacities, with lower
lobe predominance (fig. 1a). Computed tomography (CT) scan
of the chest revealed diffuse ground-glass opacities accompa-
nied by ill-defined centrilobular micronodules (fig. 1b; see
online supplement for an enlarged version). Transbronchial
lung biopsy exhibited non-necrotising granulomas, with multi-
nucleated giant cells in a peribronchial distribution (fig. 1c).
BAL yielded 7.4 x 10° cellss-mL™, 51% of which were lympho-
cytes (table 1). Chest images as well as lung biopsy and BAL
specimens were regarded as compatible with HP, despite the
lack of detectable antibody against Trichosporon cutaneum, which
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may cause Japanese summer-type HP [1-4, 22]. The sputum was
positive for acid-fast bacilli, and M. avium was cultured from the
patient’s sputum and BAL fluid samples. By home environ-
mental sampling, the drain in the patient’s bathroom was found
to contain heavy growth of M. avium, which was identical to that
in sputum as determined by VNTR analysis (fig. 1d). Based on
this constellation of findings, we made a diagnosis of HP due to
inhalation of M. avium in the patient’s bathroom at home (i.e. hot
tub lung), which he was advised to renovate. He discontinued
use of the contaminated bathroom, and within 5 months, he
showed clinical improvement with complete resolution of
findings on CT scan without any medication (fig. 1e, see online
supplement for an enlarged version).

HP-like reactions induced by pulmonary exposure to M.
avium from the patient with hot tub lung

We assumed that the pathological features of hot tub lung
disease are dependent on the immunogenicity of inhaled M.
avium. This hypothesis was supported by an animal model in
which mice were exposed intranasally to killed M. avium on
three consecutive days per week for 3 weeks (fig. 2). We used
M. avium isolated from the sputum of the patient with hot tub
lung disease, referred to as the HP strain, which had been
killed by formalin treatment, for repeated intranasal instilla-
tion to separate the infectious potency from the pathogenicity
(fig. 2a). The killed M. avium HP strain induced HP-like
cellular responses in the BAL fluid, with significantly increased
numbers of total cells, neutrophils and lymphocytes, but not of
macrophages or eosinophils, compared with those in the BAL
fluid of mice exposed to killed M. avium from a patient with
chronic pulmonary infection, referred to as the non-HP strain
(total cells, p<<0.05; neutrophils, p<<0.01; lymphocytes, p<<0.05;
macrophages, p>0.05; eosinophils, p>0.05; fig. 2b and data not
shown). The BAL fluid of wild-type mice exposed to M. avium
HP strain showed T-helper (Th)l-skewed cytokine responses
with high levels of IL-12p40, TNF-o, and IFN-y, but not IL-4;
these cytokine responses were compatible with those reported
previously in clinical HP patients (M. avium HP versus non-HP
strain; IL-12p40, p<<0.01; TNF-o, p<<0.05; IFN-y, p<<0.01; IL-4,
p>0.05; fig. 2c—e and data not shown) [5]. The lungs of mice
exposed to M. avium HP strain, but not non-HP strain, showed
histopathological alterations consistent with HP, including
marked peribronchial and perivascular mononuclear cell
infiltration, interstitial inflammation and non-necrotizing gran-
ulomas (fig. 2f). These data indicated that M. avium from the
patient with hot tub lung disease provoked HP-like reactions via
the immunostimulatory capacity of the mycobacteria, indepen-
dent of the mycobacterial infectious capability.

M. avium-induced HP-like reactions in the absence of CD4+
or CD8+ T-cells

Although CD4+ Thl cells and CD8+ cytotoxic T-cells, key
effector cells of adaptive immunity, have been suggested to be
important in the pathophysiology of HP, neither CD4 nor CD8
deficiency impaired the development of HP-like reactions in our
mouse model of hot tub lung (fig. 3). Although wild-type mice
exposed to killed M. avium HP strain exhibited increased
numbers of total cells, neutrophils and lymphocytes with high
levels of Thl-skewing cytokine production in the BAL fluid,
there were no significant differences between CD4-/- or CD8-/-
mice and wild-type mice (total cells, p>0.05; neutrophils,
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FIGURE 1. Clinical findings in a patient with hot tub lung disease. a) Chest radiograph on hospital admission. b) Chest computed tomography (CT) on hospital
admission. c) Histological lung section stained with haematoxylin and eosin at x100 magnification. Scale bar=200 um. d) Variable numbers of tandem repeats profiling of
Mycobacterium avium isolates from the patient’s sputum and the bathroom in his home (hypersensitivity pneumonitis (HP) subject). Controls included M. avium cultured from
sputum from a subject with chronic pulmonary infection (non-HP subject). Four repetitive unit genomic loci (Mycobacterium avium tandem repeats (MATR)-1 to MATR-4) were

amplified by PCR and electrophoresed on a 2.5% agarose gel. e) Chest CT 5 months after the patient discontinued use of the bathroom in question.

p>0.05; lymphocytes, p>0.05; IL-12p40, p>0.05; TNF-o, p>0.05;
IFN-y, p>0.05; fig. 3a—d and data not shown). The observed
histological changes displaying a robust inflammatory response
were also not different between CD4-/- or CD8-/- mice and
wild-type mice (fig. 3e). These results suggested that adaptive
immune responses are not crucial for the development of HP, at
least that due to M. avium exposure (i.e. hot tub lung disease).

Relatively short time course of M. avium exposure to
develop HP-like reactions

We next designed an experiment to determine the participa-
tion of innate immunity in the pathogenesis of hot tub lung
disease. The results confirmed that administration of killed
M. avium on only two consecutive days (fig. 4a) elicited similar
inflammatory responses to those observed in the 3-week
protocol described above (fig. 4). As in the 3-week protocol,
killed M. avium HP strain instilled in this 1-week protocol
caused HP-like reactions that were characterised by neutro-
philia and lymphocytosis in the BAL fluid and the lung tissues,
as well as elevated levels of IL-12p40, TNF-o and IFN-y, but not
IL-4, in the BAL fluid (compared with M. avium non-HP strain;
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total cells, p<<0.01; neutrophils, p<<0.005; lymphocytes, p<<0.05;
macrophages, p>0.05; eosinophils, p>0.05; IL-12p40, p<<0.005;
TNF-0, p<0.005; IFN-y, p<0.05; IL-4, p>0.05; fig. 4b—f
and data not shown).

M. avium-induced HP reactions dependent on MyD88

Using the 1-week protocol, we analysed the signalling pathways
of TLRs, which are the best characterised pattern recognition
receptors for innate immunity and found that M. avium-induced
HP-like reactions are dependent on MyD88 (fig. 5). MyD88 and
TRIF are two major adaptor molecules for TLR signalling
pathways that can be largely classified as either MyD88-
mediated pathways to induce mainly inflammatory cytokines,
such as IL-12 and TNF-o, or TRIF-mediated pathways to induce
mainly type-I IEN, such as IFN-a/p (fig. 5a). Therefore, we
evaluated whether MyD88- and/or TRIF-mediated pathways
are responsible for HP-like reactions after exposure to killed M.
avium. In comparison with wild-type mice, TRIF-/- mice
showed similar responses to killed M. avium HP strain, as
indicated by comparable levels of increased total cellularity with
neutrophilia and lymphocytosis and elevated Thl-skewing

VOLUME 38 NUMBER 3 691
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FIGURE 2. Repeated exposure over 3 weeks to killed Mycobacterium avium from our hot tub lung patient induced hypersensitivity pneumonitis (HP)-like reactions in
mice. a) Experimental scheme. M. avium from patients with hot tub lung disease and with chronic pulmonary infection are referred to as HP strain and non-HP strain,
respectively. Wild-type (WT) mice were exposed intranasally (i.n.) to formalin-killed M. avium HP strain or non-HP strain on three consecutive days per week for 3 weeks.
4 days after the last exposure, bronchoalveolar lavage (BAL) fluids and lung tissues were taken and evaluated. b) Number of total cells and differential counts in BAL fluids.
Cytokine levels in BAL fluids: c) interleukin (IL)-12p40; d) tumour necrosis factor (TNF)-a; e) IL-4. f) Histological lung sections stained with haematoxylin and eosin at x100
magpnification. Scale bars=200 pm. Controls included wild-type mice exposed to PBS instead of M. avium (PBS). Data are presented as mean + st (n=4); Total: total cells;

Mac: macrophages; Neu: neutrophils; Lym: lymphocytes. *: p<<0.05 for HP strain compared with non-HP strain.

cytokines in the BAL fluid, and cellular infiltration in the lung
histology (total cells, p>0.05; neutrophils, p>0.05; lymphocytes,
p>0.05; IL-12p40, p<0.05 (but TRIF-/- was higher than wild-
type); TNF-o, p>0.05; IFN-y, p>0.05; IL-4, p>0.05; fig. 5b—f and
data not shown). In contrast, MyD88-/- mice were significantly
resistant to exposure to killed M. avium in all inflammatory
parameters except IFN-y in the BAL fluid (compared with wild-
type mice; total cells, p<<0.005; neutrophils, p<<0.05; lympho-
cytes, p<0.005; IL-12p40, p<0.05; TNF-o, p<0.05; IFN-y,
p>0.05; IL-4, p<<0.005 (but MyD88-/- was higher than wild-
type); fig. 5b—f and data not shown). These data indicated that
M. avium-induced HP-like reactions depend solely on MyD88-
mediated signalling pathways.
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TLR9 leading to MyD88-mediated signalling pathways is
critical for promoting M. avium-induced HP reactions

In the MyD88-mediated signalling pathways, we further
investigated and identified TLR9 as the master receptor that
leads to M. avium-induced HP reactions in a MyD88-
dependent manner (fig. 6). Therefore, we evaluated the effects
of TLR2, TLR4, TLR7 and TLR9 deficiency on the development
of M. avium-induced HP reactions, as MyD88 is used
universally by all TLRs except TLR3, and TLR1 and TLR6
generally form heterodimers with TLR2 to function [23-25, 27].
Among mutant mice defective in the relevant gene, only
TLR9-/- mice failed to mount HP-like reactions after pulmon-
ary exposure to killed M. avium HP strain in comparison with

EUROPEAN RESPIRATORY JOURNAL
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FIGURE 3. Mycobacterium avium-induced HP reactions were unaffected in CD4- or CD8-deficient mice. Wild-type (WT), CD4-/-, and CD8-/- mice were exposed to killed
M. avium hypersensitivity pneumonitis strain, as described in fig. 2a. @) Number of total cells and differential counts in BAL fluids. Cytokine levels in BAL fluids: b) interleukin
(IL)-12p40; c) tumour necrosis factor (TNF)-a; d) IL-4. e) Histological lung sections stained with haematoxylin and eosin at x 100 magnification. Scale bars=200 um. Data are

presented as mean + st (n=5). Total: total cells; Mac: macrophages; Neu: neutrophils; Lym: lymphocytes.

wild-type controls; the numbers of BAL total cells, neutro-
phils, and lymphocytes were significantly decreased in
TLRY-/- mice in association with a reduction in the level of
Thl-skewing cytokines in the BAL fluid and reductions in
peribronchial, perivascular and parenchymal infiltration of
inflammatory cells in the lung tissue (total cells, p<<0.005;
neutrophils, p<0.05; lymphocytes, p<0.001; IL-12p40,
p<0.01; TNF-o, p<0.005; IL-4, p>0.05; fig. 6). However,
these M. avium-induced inflammatory changes were all
unaffected by TLR2, TLR4 and TLR7 deficiency when
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compared with wild-type controls (total cells, p>0.05;
neutrophils, p>0.05; lymphocytes, p>0.05; IL-12p40, p>0.05
for TLR4-/- and TLR7-/-, p<<0.05 for TLR2 (TLR2 was higher
than wild-type); TNF-o, p>0.05; IL-4, p>0.05; fig.6).
Notably, histological analysis of lung tissues revealed that
the inflammatory cell infiltrate was slightly increased in
TLR2- and TLR4-deficient mice compared with wild-type
mice (fig. 6e). These studies indicated that TLR9Y is necessary
for M. avium-induced HP reactions through MyD88-mediated
signalling pathways.
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TLR9 engagement in lung CD11c+ cells is responsible for
M. avium-induced HP-like reactions

We also addressed the lung cell type involved in TLR9-MyD88
signalling to generate M. avium-induced HP-like reactions.
The results supported an essential role of lung CD11c+ cells in
the TLR9-mediated inflammatory process (fig. 7). In prelimin-
ary in vitro experiments using lung cells isolated from naive
wild-type mice, lung CDI1lc+ cells secreted much larger
amounts of IL-12p40 than did lung CDllc- cells when
cultured with killed M. avium HP strain (p<<0.001; fig. 7a).
This was similar to the increased IL-12p40 secretion observed
upon stimulation with synthetic CpG oligodeoxynucleotides
that can be sensed by TLRY; in addition, defective TLRY in
lung CD11c+ cells significantly compromised IL-12p40 secre-
tion in response to killed M. avium (wild-type versus TLR9-/-
CD11c+ cells, p<0.005; fig. 7a). Following the in vitro finding
that lung CD11c+ cells, but not lung CD11c- cells, can respond
to killed M. avium, at least in part, in a TLR9-dependent
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Non-HP strain

FIGURE 4. Decreased exposure to killed Mycobacterium
avium for 1 week also induced hypersensitivity pneumonitis
(HP) reactions as in the 3-week exposure protocol. a)
Experimental scheme. Wild-type (WT) mice were exposed to
formalin-killed M. avium HP strain or non-HP strain on two
consecutive days. 5 days after the last exposure, bronch-
oalveolar lavage (BAL) fluids and lung tissues were taken
and evaluated. b) Number of total cells and differential
counts in BAL fluids. Cytokine levels in BAL fluids: c)
interleukin (IL)-12p40; d) tumour necrosis factor (TNF)-a;
e) IL-4. f) Histological lung sections stained with haemato-
xylin and eosin at x 100 magnification. Scale bars=200 pm.
Data are presented as mean +Se (n=4); *: p<0.05 for HP
strain compared with non-HP strain. i.n.; intranasally; Total:
total cells; Mac: macrophages; Neu: neutrophils; Lym:
lymphocytes.

manner, we examined whether TLRY deficiency in lung
CD11c+ cells could explain the impaired HP-like reactions
after M. avium exposure in TLR9-/- mice. For this, we
transferred lung CD11c+ or CD11c- cells from wild-type mice
intravenously into TLR9-/- recipients and examined the
development of allergic inflammation in response to killed
M. avium HP strain (fig. 7b). Assessment of lung histology,
differential cell counts and cytokine production in BAL fluid
demonstrated that lung CD1lc+ cells from wild-type mice
significantly reconstituted M. avium-induced HP-like reactions
in TLR9-/- mice subjected to M. avium exposure as compared
with lung CD1lc- cells (total cells, p<0.01; neutrophils,
p<0.0005; lymphocytes, p<<0.005; IL-12p40, p<<0.05; TNF-a,
p<0.05; IL-4, p>0.05; fig. 7c-g). Taken together, the results of
these in vitro and in vivo studies indicated that in lungs
exposed to M. avium, lung CDI1lc+ cells respond to the
mycobacterial stimuli through TLR9 engagement and con-
comitantly facilitate HP-like reactions.
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FIGURE 5. Mycobacterium avium-induced hypersensitivity pneumonitis (HP)-like reactions were blunted in myeloid differentiation factor (MyD)88-deficient mice, but not
in Toll/interleukin (IL)-1 receptor domain-containing adaptor inducing interferon (IFN)-B (TRIF)-deficient mice. Wild-type (WT), MyD88-/- and TRIF-/- mice were exposed to
formalin-killed M. avium HP strain, as described in figure 4a. a) Toll-like receptor (TLR) signalling pathways. TLRs are located at the plasma and endosomal membrane. Two
major adaptor molecules, MyD88 and TRIF, are recruited to the TLRs for signaling pathways leading to nuclear factor (NF)-kB-dependent inflammatory cytokine production
and interferon (IFN) regulatory factor (IRF)3/7-dependent IFN-o/p production [23-26]. b) Number of total cells and differential counts in bronchoalveolar lavage (BAL) fluids.
Cytokine levels in BAL fluids: c) IL-12p40; d) tumour necrosis factor (TNF)-a; €) IL-4. f) Histological lung sections stained with haematoxylin and eosin at x 100 magnification.
Scale bars=200 um. Data are presented as mean + Se (n=4); Total: total cells; Mac: macrophages; Neu: neutrophils; Lym: lymphocytes. *: p<0.05 compared with WT mice.

TLR9-mediated increase in number of lung CD11b+ DC
subset after pulmonary exposure to killed M. avium HP
strain

The contribution of TLR9 in lung CDIllc+ cells to the
pathogenesis of M. avium-induced HP was further confirmed
by our results indicating that pulmonary exposure to killed M.
avium HP strain increased the number of the CD11b+ subset in
lung CD11c+ cells (i.e. CD11b+ DCs) via a TLR9-dependent
pathway, despite a lack of increase in other subsets of lung
CD11c+ cells, including alveolar macrophages (CD11b- CD103-),
lung CD103+ DCs (CD11b- CD103+) and plasmacytoid DCs

EUROPEAN RESPIRATORY JOURNAL

(fig. 8). As determined by flow cytometric analysis of lung
CD1lc+ cells, the frequency of cells expressing CD11b was
increased by pulmonary exposure to killed M. avium HP strain,
and this increase was reduced by genetic ablation of TLR9 in HP
strain-exposed mice or exposure to non-HP strain (PBS, wild-
type, 15%; HP strain, wild-type, 57%; HP strain, TLR9-/-, 14%;
non-HP strain, wild-type, 38%; fig. 8a). Unlike the increase in
lung CD11b+ DCs, there were no differences in the frequency of
lung CD11c+ cells expressing CD103 (i.e. CD103+ DCs) among
these groups (2—4%, fig. 8a). In accordance with the cell
frequency, lungs from wild-type mice exposed to M. avium HP
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FIGURE 6. Mycobacterium avium-induced hyper-
sensitivity pneumonitis (HP) reactions were attenuated
in Toll-like receptor (TLR)9-deficient mice, but not in
mice lacking other myeloid differentiation factor
(MyD)88-dependent TLRs. Wild-type (WT), TLR2-/-,
TLR4-/-, TLR7-/- and TLR9-/- mice were exposed to
formalin-killed M. avium HP strain, as described in
figure 4a. a) Number of total cells and differential
counts in bronchoalveolar lavage (BAL) fluids.
Cytokine levels in BAL fluids: b) interleukin (IL)-12p40;
c) tumour necrosis factor (TNF)-o; d) IL-4. e)
Histological lung sections stained with haematoxylin
and eosin at x100 magnification. Scale bars=200 pm.
Data are presented as mean+se (n=5). Total: total
cells; Mac: macrophages; Neu: neutrophils; Lym:
lymphocytes. *: p<<0.05 compared with WT mice.
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FIGURE 7. Toll-like receptor (TLR)9 in lung CD11c+ cells is responsible for the Mycobacterium avium-induced hypersensitivity pneumonitis (HP) reactions. a) Interleukin
(IL)-12p40 secretion from lung CD11c+ or CD11c- cells in response to killed M. avium. CD11c+ and CD11c- cells obtained from lungs of wild-type (WT) and TLR9-/- mice were
cultured with formalin-killed M. avium HP strain for 24 h. Controls included WT lung cells cultured without M. avium (-), and those cultured with synthetic cytidine-phosphate-
guanosine (CpG) oligodeoxynucleotides, known as the TLR9 ligand. b) Experimental scheme for panels c—g. Similar to figure 6, TLR9-/- mice were exposed to formalin-killed
M. avium HP strain on days 1-2. However, 1 day before exposure to M. avium (day 0), the TLR9-/- mice were reconstituted with lung CD11c+ or CD11c- cells from naive WT
mice. c) Number of total cells and differential counts in bronchoalveolar lavage (BAL) fluid. d—f) Cytokine levels in BAL fluid: d) IL-12p40; e) tumour necrosis factor (TNF)-a; f)
IL-4. g) Histological lung sections stained with haematoxylin and eosin at x 100 magnification. Scale bars=200 pum. Data are presented as mean 4+ St (n=3); i.n.: intranasally;
Total: total cells; Mac: macrophages; Neu: neutrophils; Lym: lymphocytes. #: p<0.05 for CD11c+ WT cells compared with CD11c- WT cells and CD11c+ TLR9-/- cells;
1 p<0.05 for CD11c+ cell transfer compared with CD11c- cell transfer.
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FIGURE 8. Lungs exposed to killed Mycobacterium avium exhibited increased numbers of CD11b+ dendritic cells (DCs), but not plasmacytoid DCs. a, b) Lung CD11b+
and CD103+ DCs. Wild-type (WT) mice and Toll-like receptor (TLR)9-/- mice were exposed to formalin-killed M. avium hypersensitivity pneumonitis (HP) strain, as described in
figure 4a. 5 days after the last exposure (day 7), CD11c+ cells were obtained from lungs and stained with antibodies against CD11b and CD103 for 2-colour flow cytometry
analysis. a) The percentages of cells in each population, CD11b+ CD103- cells (i.e. CD11b+ DCs) and CD11b- CD103+ cells (i.e. CD103+ DCs). b) Absolute numbers of cells
per whole lungs of mice. Data are presented as mean+se (n=3). c) Lung plasmacytoid DCs. The experiment was similar to that described in (a) and (b), but all lung cells
were stained with anti-mouse plasmacytoid dendritic cell antigen-1 (mPDCA-1) antibody for one-colour flow cytometry analysis. The numbers in histograms denote the
percentages of mPDCA-1+ cells (i.e. plasmacytoid DCs). For all panels, controls included WT mice exposed to PBS instead of killed M. avium, and those exposed to M. avium

non-HP strain. *: p<0.05 compared with WT mice exposed to M. avium HP strain.

strain showed a significant increase in the absolute number of
CD11b+ DCs in comparison with those from all other control
mice (PBS, p<0.0005; TLR9-/-, p<0.0005; non-HP strain,
p<0.00005; fig. 8b). However, the absolute numbers of lung
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CD103+ DCs were very small and remained unchanged in all
groups (p>0.05; fig. 8b). In addition, the frequencies of lung
plasmacytoid DCs positive for mPDCA-1 were all <0.1% and
remained unchanged in all groups (p>0.05; fig. 8c). Thus, lung
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CD11b+ DCs play an important role in the development of
mycobacteria-induced HP, i.e. hot tub lung disease, by sensing
and transducing the mycobacterial stimuli via the TLR9-MyD88
signalling pathways to induce allergic inflammation.

DISCUSSION

The results of the present study have clarified the pathogenesis
of mycobacteria-induced HP (hot tub lung) in a mouse model
using M. avium isolated from a patient with this disease. The
formalin-killed M. avium strain from the hot tub lung patient,
but not M. avium strain from a patient with chronic pulmonary
infection, caused severe allergic granulomatous pneumonitis
in wild-type mice. Although the allergic inflammation was not
altered in mice lacking key molecules involved in adaptive
immunity (i.e. CD4 and CD8), mice deficient in MyD88, a
crucial TLR signalling adaptor, showed impaired inflamma-
tory response against mycobacterial inhalation. Among the
MyD88-mediated signalling pathways, TRL9 signaling in lung
CD11b+ DCs was shown to be required for development of
hypersensitivity lung inflammation associated with M. avium
exposure.

Previous reports have outlined numerous types of causative
agent for HP [1-3]. A recent report from the Mayo Clinic
indicated that M. avium-intracellulare complex from hot tub
water is the most frequent cause after avian antigens, accounting
for approximately 30% of cases with HP where the aetiological
agent was identified [4]. However, it has not been clarified
whether the clinicopathology of hot tub lung disease involves an
infectious process, a hypersensitivity reaction, or both [9, 12]. In
addition, given clinical observations indicating the lack of serum
immunoglobulin precipitins to mycobacterial antigens in this
disease, some have assumed that another agent contaminating
hot water aerosols is causal in the hypersensitivity response,
whereas others have argued that it is a direct mycobacterial
infection rather than a hypersensitivity phenomenon [7, 28]. To
address the underlying pathophysiology of hot tub lung
disease, the present study demonstrated that HP-like reactions
take place in mice subjected solely to formalin-killed M. avium
from a patient without any immunogenic cofactors, such as
adjuvant, and that mycobacterial inflammation emerges even in
genetically engineered mice with compromised ability to
generate specific antibody responses. The data clearly indicated
that the immunostimulatory capacity of the mycobacteria
enables the exposed host to develop HP as an innate immune
response, and that the pathology is related neither to myco-
bacterial infectious capacity nor to antigen-specific humoral
immune response of the exposed host.

To gain insight into the pathological mechanism of HP, several
animal models have been investigated, the most common of
which is the mouse model of farmer’s lung, where HP is
clinically caused by inhalation of thermophilic actinomycetes
(e.g. Saccharopolyspora rectivirgula) proliferating in damp hay
[29-31]. Using the mouse S. rectivirgula-induced farmer’s lung
model, the role of Th1 CD4+ lymphocytes and the involvement
of cellular and humoral adaptive immunity have been studied
and moderately well documented [32-38]. Nevertheless, in a
newly established mouse model of hot tub lung, we found that
pulmonary hypersensitivity reactions against inhaled M. avium
emerge even in genetically engineered mice deficient in CD4+ T-
cells and CD8+ T-cells, which play an indispensable role in
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adaptive immune responses. These findings prompted us to
further investigate the pathological role of innate immune
response mediated by pattern recognition receptors (PRRs),
focusing on TLRs as the most extensively studied PRRs [27, 39,
40]. Our results indicated that TLR9-MyD88 signalling in lung
CD11b+ DCs contributes to the pathogenesis of HP that is
ascribed to inhaled M. avium. These data were supported by
previous studies, in which lung CD1lc+ cells, MyD88 and
MyD88-mediated protein kinase D1 were shown to be asso-
ciated with the neutrophilic inflammatory response in a mouse
farmer’s lung model with S. rectivirgula exposure [41-43]. Thus,
the results of the present and previous studies demonstrated
that genetic deficiency of TLR2 represents no impact on HP-like
reactions to M. avium and S. rectivirgula [43]. Despite these
observations, FONG et al. [44] reported that the incidence of S.
rectivirgula-induced farmer’s lung in mouse depends on TLR6,
which is considered to function only as a heterodimer with
TLR2. An as-yet undetermined signalling pathway may explain
the relevance of TLR2/TLR6 signalling for induction of HP.

DCs are widely distributed cells that are specialised for
induction of immune responses and tissue-associated DC
subsets have been described in some organs [45, 46]. The lung
has been reported to contain three major DC subsets, the
CD11b+, CD103+ and plasmacytoid DC populations [20]. In this
context, the present study demonstrates that pulmonary
exposure to M. avium HP strain increased the number of lung
CD11b+ DCs through TLR9Y triggering. However, the compar-
able numbers of CD103+ and plasmacytoid DCs in the lungs
between control and M. avium exposure suggest a minimal role
of these DC subsets, if any, in the pathogenesis of hot tub lung
disease. The observations in the present study are consistent
with the finding that CpG-containing immunostimulatory DNA
sequences brought about TLR9-dependent lung inflammation
without plasmacytoid DCs, which are known to produce large
quantities of type I IFN upon TLR9 stimulation [47].

HP generally occurs in only ~10% of subjects exposed to
eliciting agents [48, 49]. The underlying reasons are postulated
to be immunogenicity of the agents, intensity and duration of
exposure and susceptibility of the host [1-3]. The results of the
present study demonstrating that M. avium isolated from a
patient with hot tub lung disease, but not that from one with
chronic pulmonary infection, brought about HP-like inflam-
matory responses in exposed mice underscore the immunos-
timulatory potency of inhaled aetiological agents as an
important pathogenetic factor of HP. Our finding that the
oligodeoxynucleotide-sensing TLR9 contributes to the patho-
genesis of hot tub lung disease suggests that a comparative
sequence analysis of the M. avium HP and non-HP strains may
reveal some sequence motifs that can potentially enhance
immune responses. Although the recovery of M. avium isolates
from the patient’s sputum and the drain of his bathroom with
identical VNTR patterns suggested that the source of the
patient’s M. avium was the bathroom in his home, no other
family members using the same bathroom were affected with
hot tub lung disease. Taken together, these observations
suggest that pulmonary exposure to a highly immunogenic
strain of M. avium is necessary, but not sufficient, for the
pathogenicity of hot tub lung, and host propensity to develop
the disease may also be required. Further studies are needed to
clarify these mechanisms by characterising the M. avium
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strains used in this study in more detail and to identify factors
responsible for the pathogenicity of hot tub lung disease.
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