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Table 1 Patient background

Table 2 Parameters at onset of
febrile neutropenia (FN)

Data are presented as
mean = standard error

WBC white blood cells, TP total
protein, Alb albumin, AST
aspartate amino transferase,
ALT alanine aminotransferase,
LDA lactate dehydrogenase,
ALP alkaline phosphatase, BUN
blood urea nitrogen, CRP
C-reactive protein

However, there were no significant differences in body
temperature, MASCC score, white blood cell counts, and

neutrophil counts.
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Parameter Total (%)  Responders Non- P value
n =60 (%) responders
n =47 (%)
n=13
Age (median, years) 68 (45-82) 68 (45-82) 68 (51-79) 0.693
Gender
Male 45 (75) 36 (76.6) 9 (69.2) 0.587
Female 15 (25) 11 (24.4) 4 (30.8)
Small cell carcinoma 29 (48.3) 22 (46.8) 7 (53.8) 0.807
Non-small cell carcinoma 31 GLTY 223532 6 (46.2)
Chronic obstructive pulmonary disease (COPD)
-+ 38 (633) 31 (63.3) 7(53.8) 0.117
- 22 (36.7) 16 (26.7) 6 (46.2)
Multinational Association of Supportive Care in
Cancer (MASCC) score
<21 20 (33.3)  15(31.9) 5 (38.3) 0.653
>21 40 (66.6) 32 (68.1) 8 (61.5)
Chemotherapy ' 0.255
Single agent 21 (35.0) 14 (29.8) 7 (53.8)
Platinum-based regimen 38 (63.3) 32 (68.1) 6 (46.2)
Other 1(1.7 1.1 0(0.0)
Number of chemotherapy cycles given before 0.741
febrile neutropenia (FN)
i 28 (46.7) 23 (48.9) 5 (38.5)
2 9 (15.0) 6(12.8) 3(23.0
3 1(1.7) 12.1) 0 (0.0)
>4 22 (36.7)y 17 (36.2) 5(38.5)
Antimicrobial agents 0.222
Cephalosporin 26 (43.3)y 21 (44.7) 5(38.5)
Carbapenem 19 31.7) 14 (29.8) 5 (38.5)
Fluoroquinolone 14 (233) 12255 2(153)
Carbapenem -+ fluoroguinolone 147 0 (0.0 1.7
Parameter Total Responders Non-responders P value
Temperature (°C) 38.3 (0.06) 38.2 (0.07) 38.2 (0.17) 0.278
MASCC score 224 (04) 22,6 (0.4) 21.4(0.8) 0.187
WBC (ul) 1323 (48) 1404 (42) 1030 (72) 0.062
Neutrophils (/pl) 307 (40) 347 (45) 163 (77) 0.056
TP (mg/dl) 6.7 (0.1) 6.8 (0.1) 6.4 (0.3) 0.073
Alb (mg/d) 33007 3.3 (0.07) 3.1 .17 0.096
AST (UM 22 (2.5) 233 (3.2) 18.6 (1.7) 0.428
LDH U/ 256 (70) 287 (92) 168 (14) 0.178
ALP (1IUM) 303 (59) 325 (74) 233 (32) 0.510
BUN (mg/dl) 18.2 (1.8) 16.6 (1.3) 23.7 (6.8) 0.106
CRP (mg/dl) 7.0 (1.0} 5715 115 2.1y 0.016

Parameters with P < 0.20 as determined by a single
logistic regression analysis were adopted as candidates for

the multiple logistic analysis. The most appropriate model
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Table 3 Results of multiple logistic analysis of patient characteris-
tics as continuous variables and treatment failure

Table 5 Results of modified MASCC score for sensitivity of pre-
dicting treatment failure for initial antimicrobial agents

Parameter Odds ratio 95 % confidence P value
interval (C)

CRP (>10 mg/dh 11.0 1.635-74.5 0.014

TP (mg/dh 0.32 0.081-1.30 0.112

Alb (mg/dl) 2,40 0.306-18.9 0.405

WBC (/uh) 1.05 0.906-1.22 0513

Neutrophils (/ul) 0.765 0.548-1.07 0.115

Table 4 Modified MASCC score for predicting non-responders to
initial antimicrobial agents

Characteristic Score
Febrile neutropenia (FN) with no or mild symptoms 5
No hypotension (systolic blood pressure =90 mmHg) 5
No chronic obstructive pulmonary disease (COPD) 4
Solid tumor or hematological malignancy with no previous 4
fungal infection
No dehydration requiring parenteral fluids 3
Febrile neotropenia with moderate symptoms 3
Qutpatient status 3
Age <60 years 2
Serum CRP at the time of FN onset <10 mg/dl 3

A score of <22 predicted a non-responder status

was selected with a stepwise method. The parameters
described below were selected as independent risk factors
of treatment failure. The elevation of the serum CRP level
at the time of FN onset was a strong independent risk factor
for the failure of initial treatment. The multivariate analysis
demonstrated that a CRP level higher than 10 mg/dl is an
independent risk factor for the failure of initial antimicro-
bial agents for febrile neutropenia with lung cancer (OR
11.0, 95 % CI 1.635~74.5) (Table 3).

As the next step, we tried to confirm whether a serum
CRP level higher than 10 mg/dl predicts the failure of
initial antimicrobial agents. The MASCC score demon-
strated that the sensitivity of the prediction of failure of the
initial antimicrobial agents used for FN was 0.695, speci-
ficity was 0.385, positive predictive value (PPV) was
0.800, and negative predictive value (NPV) was 0.26. The
MASCC score did not show a good predictive value, so we
added the CRP level to the MASCC score as a new item.
We added three points to the MASCC sore for patients with
a serum CRP level less than 10 mg/d], and the cutoff value
was set to 22 (Table 4). As a result, the modified MASCC
score improved the results, and the sensitivity of the pre-
diction of failure of the initial antimicrobial agents used for
FN was 0.870, specificity was 0.462, PPV was 0.851, and
NPV was 0.50 (Table 5).

Parameter MASCC Modified MASCC
Sensitivity 0.695 0.870

Specificity 0.385 0.462

PPV 0.800 0.851

NPV 0.26 0.50

We added three points to the MASCC score for patients with a serum
CRP level less than 10 mg/dl, and the cutoff value was set at 22
(modified MASCC score), as shown in Table 4

PPV positive predictive value, NPV negative predictive value

Discussion

In the present study, predictive factors for the failure of
initial antimicrobial agents for the trcatment of FN in
patients with lung cancer were analyzed. Elevation of
serum CRP level at the time of FN onset could be a can-
didate predictive factor for the failure of treatment on the
basis of a simple logistic regression analysis and a multi-
variate analysis. In this study, the cutoff value for the
serum CRP level was determined to be 11.3 mg/dl. A
multivariate analysis demonstrated a CRP level higher than
11.3 mg/dl to be an independent risk factor for the failure
of initial antimicrobial agents for FN with lung cancer (OR
11.2, 95 % CI 1.64-75.9). As Chalmers et al. [10] dem-
onstrated low CRP levels (<10 mg/dl) on admission to be
independently associated with a reduced 30-day mortality,
the cutoff value for the serum CRP level was set to 10 mg/
dl. The odds ratio of the serum CRP level at 11.3 mg/dl
was the same as that for 10 mg/dl. We therefore deter-
mined a serum CRP level of 10 mg/dl to be a strong pre-
dictive factor for treatment failure.

C-reactive protein was originally discovered by Tillett
and Francis [11] in 1930 as a substance present in the
serum of patients with acute inflammation that reacted with
the C polysaccharide of pneumococci. CRP has been used
for diagnosing infectious diseases and as a marker for the
assessment of treatment. However, patients with lung
cancer often show elevated CRP levels even in the absence
of an infectious disease. Cancer itself can induce inflam-
mation, which results in increase in CRP [12, 13]. Another
issue is that the elevation of CRP is not always associated
with the prognosis of the disease. In the case of commu-
nity-acquired pneumonia, neither the IDSA/American
Thoracic Socicty consensus guidelines [14] nor the British
Thoracic Society guidelines [15] describe that serum CRP
is an index of the severity of the pneumonia. However,
Chalmers et al. [10] documented that low CRP levels
(<10 mg/dl) on admission were independently associated
with a reduced 30-day mortality (OR 0.18, 95 % CI

@ Springer
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0.04-0.85). The guidelines for Japanese hospital-acquired
pneumonia state that patients who showed a serum CRP
level greater than 20 mg/dl had a higher mortality rate [16].
In a previous report, we demonstrated that the severity of
FN and the serum CRP level were risk factors for refrac-
tory FN in patients with lung cancer [9]. However, Bajwa
and colleagues [17] have reported that the plasma levels of
CRP within 48 h of acute respiratory distress syndrome
(ARDS) onset are associated with improved survival. In the
present study, we demonstrated results similar to those
previously reported by Fujita et al. [9]. Taking these ref-
erences into consideration, we hypothesized that the serum
CRP level at the onset of FN could be important for pre-
dicting the response, and that the CRP level in the FN
patients is associated with the severity of infection.

Actually, the MASCC score has been proposed for the
selection of low-risk patients but not for predicting the
failure of initial antimicrobial agents in FN. In this study,
we wondered whether the MASCC score per se could
predict the response of FN patients with lung cancer to the
initial antimicrobial agents. In the present study, the
MASCC score did not indicate the response. However,
when the CRP score was added to the MASCC score, the
new score could predict the failure of initial antimicrobial
agents in FN patients with lung cancer more precisely than
the classic MASCC score. We also investigated how much
weight should be assigned to the CRP level to most
accurately serve as a predictor of the response. Three
points were deemed to be the most appropriate, rather than
one, two, or five points (data not shown). To predict the
failure of initial antimicrobial agents used to treat FN
patients with lung cancer, the CRP score should be added
to the MASCC score. Because the present study was a
retrospective study, further studies are needed to confirm
the present conclusions.

Another issue is what antimicrobial agents should be
used if the modified MASCC score predicts the failure of
the conventional agents. At the present time, this issue
remains controversial. Fleischhack and colleagues [18]
reported that the success rate of initial monotherapy with
meropenem was more effective than that with cefetazi-
dime. However, there was a report that monotherapy with
cefepime demonstrated a high degree of clinical efficacy
and safety in the treatment of FN in patients with lung
cancer [19]. As shown in Table I, FN is treated with
carbapenem at a high frequency (31.7 %) in the present
study. Some researchers have been concerned that the use
of carbapenem more than 7 days could lead to the emer-
gence of multidrug-resistant Pseudomonas aeruginosa
[20]. The American Thoracic Society and Infectious Dis-
eases Society of America guidelines recommend that hos-
pital-acquired pneumonia should be treated with ecarly,
appropriate, broad-spectrum, combination therapy [21].

@ Springer

However, this treatment has also been reported to lead to
both increased mortality and renal dysfunction [22]. The
issue concerning the selection of microbial agents needs to
be resolved in the near future.
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ABSTRACT

Background: In 1999, a Japanese epidemiological survey of chronic hypersensitivity pneu-
monitis (HP) showed that summer-type HP was the most prevalent variant of the disease.
The number of reported cases of chronic HP has recently been increasing, and the clinical
features of the disease seem to have changed. We conducted another nationwide
epidemiological survey of chronic HP in Japan to determine better estimates of the
frequency and clinical features of the disease.
Methods: A questionnaire was sent to qualified hospitals throughout Japan, and data on
cases of chronic HP diagnosed between 2000 and 2009 were collected.
Results: In total, 222 cases of chronic HP from 22 hospitals were studied. Disease subtypes
included bird-related HP (n=134), summer-type HP (n=33), home-related HP (n=25), farmer's
lung (n=4), isocyanate-induced HP (n=3), and other types {(n==23). The median proportion of
Iymphocytes in bronchoalveolar lavage fluid was high (24.5%). The primary findings of computed
tomography of the chest were ground-glass attenuation and interlobular septal thickening,
Centrilobular fibrosis was the major pathological finding on examination of surgical lung biopsy
specimens from 93 patients. The median survival ime was 83 months.
Conclusions: The proportion of bird-related HP was higher than that in the previous epidemio-
logical survey, and the proportions of isocyanate-induced HP and farmer's lung were lower. A
crucial step in diagnosing chronic HP is to thoroughly explore the possibility of antigen exposure.
© 2013 The Japanese Respiratory Society. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Hypersensitivity pneumonitis (HP) is an immunologically
mediated lung disease induced by inhalation of antigens
contained in a variety of organic dusts. HP is usually classified
into acute, subacute, and chronic forms, although the sub-
acute form might be a variant of acute HP [1]. Chronic HP is
thought to be influenced by persistent or recurrent exposure to
an antigen. Potential sources of inciting antigen vary among
geographic regions and are influenced by multiple climatic,
cultural, socioeconomic, and occupational factors. The clinical
manifestations are heterogeneous and are likely to be deter-
mined by the intensity and frequency of exposure to etiologic
antigens, as well as by genetic susceptibility [2]. The clinical
features of chronic HP, namely, the physical findings, radi-
ological and pathological abnormalities, and poor prognosis,
are similar to those of idiopathic pulmonary fibrosis (IPF) [3].

A nationwide epidemiological survey of chronic HP in
Japan was reported in 1999 [4]. The report covered 36 cases
of chronic HP, including summer-type HP (n=10), bird fan-
cier's lung (BFL, n=7), home-related HP (n=5), isocyanate-
induced HP (n="5), farmer's lung (n=4), and other variants of
the disease (n=5). Among the forms of acute HP in Japan,
summer type was reported to be the most prevalent (81.9% of
331 cases) and BFL accounted for only 57% of cases [5].
Pulmonary physicians, radiologists, and pathologists now
take steps to differentiate chronic HP from IPF. An important
step in discriminating chronic HP from IPF/unusual intersti-
tial pneumonia is to thoroughly explore the possibility of
antigen exposure, because avoidance of antigen exposure
may improve a patient's condition or halt disease progres-
sion. Since the last epidemiological survey was conducted,
the number of reported cases of chronic HP has been
increasing and the clinical characteristics of the disease seem
to have changed.

Our group conducted another nationwide epidemiological
survey of chronic HP in Japan to determine better estimates
of the frequency and clinical characteristics of the disease
over the past decade.

2, Materials and methods
2.1. Patient selection

The Research Committee on Diffuse Lung Diseases, a study
group organized and sanctioned by the Japanese Ministty of
Health, Labour and Welfare, conducted a survey on the status of
chronic HP from 2000 to 2009. The committee sent a question-
naire to 25 qualified hospitals throughout Japan; data on 253
cases were collected from 22 hospitals, and data on 222 patients
who satished the diagnostic criteria for chronic HP [4,6] were
collected from the questionnaires. The diagnostic criteria for
chronic HP included clinical improvement after withdrawal from
the suspected environment and/or reproduction of symptoms by
an environmental provocation or laboratory-controlled inhala-
tion of a causative antigen and/or antibodies or lymphocyte
proliferation to the presumptive antigen, evidence of pulmonary
fibrosis on a pathological examination or on computed tomo-
graphy (CT) scans, and respiratory symptoms related to HP for 6
months or longer [4].

2.2. Questionnaire

The questionnaire survey covered the following topics: causative
antigens, symptoms, physical findings, laboratory findings, pul-
monary function tests, bronchoalveolar lavage (BAL), radiogra-
phy and CT findings, pathological findings of surgical lung biopsy
specimens, imrnunological findings on specific antibodies, the
lymphocyte proliferation test |7}, the provocation test [&], treat-
ment, and prognosis. Data on each patient were described by
members of the Research Committee or by members of the
Japan Respiratory Society serving as staff at the hospitals that
returned the questionnaires. The study conformed to the
Declaration of Helsinki and was approved by the internal review
board of every institution that responded. Approval was obtained
from the institutional review board on April 12, 2012, and the
approval number was 1040.
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2.3.  Statistical analysis

Data were analyzed using Prism 5 (GraphPad Software, Inc,,
San Diego, CA) and are expressed as medians and 25th-75th
percentiles. Comparisons between groups were performed
using one-way analysis of variance for continuous variables
and the # or Fisher's exact test for categorical variables. The
log-rank test was used to compare survival between the
patients in each group. Correlation coefficients were obtained
using the Spearman's correlation coefficient test. All statis-
tical comparisons were 2-sided, and p values less than 0.05
were considered statistically significant.

3. Results
3.1.  Characteristics of each HP group

The 222 cases of chronic HP analyzed in the study included
the following variants of the disease: bird-related HP (n=134j,
summer-type HP (n=33), home-related HP (n=25), farmer's
lung (n=4), isocyanate-induced HP (n=3), and other types
{n=23) (Table 1). The other types of chronic HP consisted
of 19 cases with unknown causative antigen, 2 cases of hot
tub lung, 1 case induced by organic manure, and 1 case
induced by wood debris. We recognized bird-related HP in all
areas of Japan. Howevey, there were few cases of summer-
type HP and home-related HP in northern areas of the
country (A and B), and farmer's lung was identified in the
agricultural area (Fig. 1). The median age at diagnosis was
64.0 years. A predominance of male patients had summer-
type HP, home-related HP, isocyanate-induced HP, and farm-
er's lung. A female predominance was observed in only 1
subgroup: bird-related HP. One-half of the patients (52.8%)
with chronic HP had a history of smoking. The median
duration from onset of HP-associated respiratory symptoms
to the first hospital visit was 15.0 months. The median
observation period was 31.0 months.

3.2.  Symptoms and physical indings

The primary symptoms of chronic HP were cough (73.3%) and
dyspnea on exertion (72.7%). Sputum was observed in 30.7%
of the cases, and fever was seen in only 16.1% (Table 2).
Slightly more than one-tenth of the cases (11.9%) were
asymptomatic. Fine crackles and clubbed fingers were
observed in 91.4% and 32.7% of the cases, respectively.

3.3.  Laboratory data

The median white blood cell count and median level of C-
reactive protein were within normal limits (Table 3). The median
values of Krebs von den Lungen 6 (KL-6) and surfactant protein D
(SP-D), 2 established markers of pulmonary fibrosis, were abnor-
raally high (1448 U/ml. and 240 ng/mL, respectively). Anti-nuclear

Fig. 1 - Distribution pattern of occurrence of chronic HP in
Japan. The proportions of chronic HP in 7 areas are shown
(A-G). White, bird-related HP; gray, summer-type HP;
horizontal lines, home-related HP; dotted lines, farmer's lung;
vertical lines, isocyanate-induced HP; black, others. The total
number of cases is shown on the circle graphs.

Téble 1 - Summary by type of chronic HP®

HRHP FL IHP

Type BRHP SHP Other Total
Number 134 33 25 4 3 23 222
Gender (M/F) 62/72 20/13 16/9 4/0 3/0 15/8 120/102
Smoking history (never/ex/current) 67/44/16 14/16/3 9/13/2 1/3/0 0/0/3 10/13/0 101/89/24
64.0 65.0 69.0 70.5 52.0 63.0 64.0
Age of diagnosis (years) [55.0-70.0]  [60.0-72.0]  [60.5-745]  [655-77.6]  [51.0-63.0]  [57.0-69.0]  [57.0-70.5]
(134) (32) (25) “ 3 @3) (221
13.0 11.0 23.0 34.0 4.0 32.0 15.0
Onset to the first visit {months}) [2.0-43.01 {4.0-61.0] {4.0-55.0] [1.0-240.0 [2.0-7.0] [8.0-44.0] {3.0-44.0]
(106) (27) (23) & &) (21) (183)
38.0 38.0 31.0 6.0 24.0 245 31.0
Observation period {months) [19.8-59.5] [17.0-55.0] [14.0-48.5] [6.0-6.0] [12.0-24.0} [7.5-31.0] [16.0-53.0]
(105) (31) (25) ) @) (22) (187)

BRHP, bird-related hypersensitivity pneumonitis; SHP, summer-type hypersensitivity pneumonitis; HRHP, home-related hypersensitivity
pneumonitis; FL, farmer's lung; IHP, isocyanate-induced hypersensitivity pneumonitis; Other, other types of chronic hypersensitivity
prneumonitis.

# Values are expressed as median [25th-75th percentile], with the estimated number of patients in parentheses.
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Table 2 - Synéxt’o'xirxis and physzcal 'ﬁhcﬁngs; ;

SHP HRHP FL [HP

Other

Type BRHP Total

Fever 17/131 (13.0) 6/32 (18.8) 8/25 (32.0) 1/4 (25.0) 1/3 (66.7) 2/22 (9.1) 35/217 (16.1)
Cough 99/130 (76.2) 22/32 (68.8) 16/25 (64.0) 3/4 (75.0) 3/3 (100.0) 16/23 (69.6) 159/217 (73.3)
Sputurn 39/130 (30.0) 14/32 (43.8) 5/24 (20.8) 1/4 (25.0) 2/3 (66.7) 5/22 (22.7) 66/215 (30.7)
Dyspnea 94/129 (72.9) 23/32 (71.9) 16/25 (64.0) 3/4 (75.0) 3/3 (100.0) 18/23 (78.3) 157/216 (72.7)
Fine crackles 103/111 (92.8) 23/27 (85.2) 20/22 (90.9) 2/3 (66.7) 3/3 (100.0) 20/21 (95.2) 171/187 (91.4)
Clubbed fingers 28/109 (25.7) 11/25 (44.0) 9/22 (40.9) 1/2 (50.0) 1/3 (33.2) 4/14 (28.6) 54/165 (32.7)

BRHP, bird-related hypersensitivity pneumonitis; SHP, summer-type hypersensitivity pneumonitis; HRHP, home-related hypersensitivity
pneumonitis; FL, farmer's lung IHP, isocyanate-induced hypersensitivity pneumonitis; Other, other types of chronic hypersensitivity

pneumonitis.
# The percentage of positive ratios is expressed in parentheses,

Table 3 = Laboratory fi ndings®

BRHP SHP

Total

Type HRHP FL IHP Other
WBC (//L) 6700 7200 6500 6445 5600 6895 6800
[5700-8000] [6000-9100] [5900-8250) [4705-8155) [4600-9500] [6003-8700] [5700-8200]
(127) (33) (25) @ 3 (22) (214)
CRP (mg/dL) 0.22 0.20 0.30 1.10 0.46 0.12 0.23
[0.10-0.75] [0.10-0.80] [0.10-0.90] [0.23-1,60] [0.11~0.52] [0.00-0.60] [0.10-0.80]
(129) (33) (25) (3 6 (22) (215)
LDH (10/L) 242 237 228 219 299 222 238
[209-298] [230~255] [199~279] [208-373] [228-339) [202-272] [209-287)
(129) @3 (25) o) @ (21) (214)
KL-6 (U/mL) 1670 1250 1134 2510 5410 1196 1448
[923-3187] [759-2090] [746-4895) [1020-2990] [3470-9000) [667-1819] [872-3170]
(112) 27) (22) @ @ (20) (187)
SP-D (ng/ml) 228 234 264 648 929 250 240
[136-427) [180-431] [140-342) [340-955] [460-1180] [113-342] [141-437]
(86) (25) (20) @ €} ©) (145)
Positive ratio
ANA 13/69 (18.8%) 6/22 (27.3%) 7124 (29.2%) 0/4 (0%) 0/3 (0.0%) 8/21 (38.1%) 34/140 (24.3%)
RF 21/80 (26.3%) 10/26 (38.5%) 3/21 (14.3%) 1/3 (33.3%) 0/3 (0.0%) 3/21 (14.3%) 38/160 (23.8%)
MPO-ANCA 3/55 (5.5%) 2/23 (8.7%) 0/21 (0.0%) - 0/3 (0.0%) 0/15 (0.0%) 5/117 (4.3%)
PR3-ANCA 0/29 (0.0%) 0/11 (0.0%) 0/14 (0.0%) - 0/3 (0.0%) 0/12 (0.0%) 0/69 (0.0%)

BRHP, bird-related hypersensitivity pneumonitis; SHP, summer-type hypersensitivity pneumonitis; HRHP, home-related hypersensitivity
pneumonitis; FL, farmer's lung; IHP, isocyanate-induced hypersensitivity pneumonitis; Other, other types of chronic hypersensitivity
pneumnonitis; WBC, white blood cell count; CRP, G-reactive protein; LDH, lactate dehydrogenase; KL-6, Krebs von den Lungen 6; SP-D,
surfactant protein D; ANA, anti-nuclear antibody; RF, rheumatoid factor; MPO-ANCA, myeloperoxidase anti-neutrophil cytoplasmic antibody;

PR3-ANCA, proteinase-3 anti-neutrophil cytoplasmic antibody.

# Values are expressed as median [25th~-75th percentile], with the estimated number of patients in parentheses.

antibody, rheumatoid factor, and myeloperoxidase anti-
neutrophil cytoplasmic antibody were positive in 24.3%, 23.8%,
and 4.3% of the cases, respectively. None of the patients,
however, manifested clinical features suggestive of collagen
vascular disease.

3.4.  Pulmonary function tests

Restrictive impairment and decreases in diffusing capacity
were observed (Table 4). The median percentages of predicted
vital capacity and forced vital capacity were 78.7% and 76.7%,
respectively, and the median percentage of predicted carbon
monoxide diffusing capacity was 55.9%. In contrast, the
median percentage of forced expiratory volume in 1s was
within normal limits (83.8%).

3.5. BAL

Table 4 shows the profile of BAL fluid at the time of diagnosis
of chronic HP. The median proportion of lymphocytes was
high {24.5%), and the median CD4/CD8 ratio was 2.00. Although
few in number, the patients with isocyanate-induced HP had
the highest median percentage of lymphocytes and the lowest
median CD4/CD8 ratic among the 6 HP groups. The CD4/CD8
ratio of those with isocyanate-induced HP ;was significantly
lower than that of those with home-related HP.

3.6.  Imaging
Radiographs and CT scans were evaluated on the basis of the

characteristics of the shadows observed (Table 5). The typical
radiography findings were ground-glass opacity (82.5%) and
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Table 4 - Pulmonary function test and bronchoalveolar lavage fluid findings® ~

FL HpP Other

Type BRHP SHP HRHP Total
Pulmonary function test
%VC (%) 77.8 82.4 73.9 96.3 86.8 78.8 787
[62.7-94.1] {71.7-92.0] {65.5-88.6] [57.3~100.9} {86.8-86.8] [55.8-96.1} {64.5-92.9]
(123) (33) (18) 4) (1) (20) (199)
%EVC (%) 735 754 75.1 95.8 86.2 755 76.7
[59.1-87.7] [65.2-90.6] [57.3-81.0] [56.1~101.5] [86.2-86.2] [58.4-87.7] [59.8-87.7]
71) (25) (18) @ @ (15) (132)
FEVy0% (%) 82.9 814 86.3 83.8 75.9 84.7 83.8
[78.6-89.1] [78.4-86.0] [81.8-91.8] [71.9-103.0] [75.9-75.9] [82.7-88.3] [78.8-88.3]
(120) (33) (22) @ () (20) (200)
%DLco (%) 555 60.5 54.1 71.2 316 54.2 55.9
[44.2-78.7) [38.3-70.9] [47.3-73.9] [32.7-108.5] [31.6-31.6] [43.0-71.7) [44.0-75.0]
(102) 27) (14) @ () (17) (165)
Bronchoalveolar lavage fluid
Macrophages (%) 66.0 62.3 711 275 14.8 707 66.2
[23.8-84.6] [20.4-84.5] [63.0-86.0] [19.5-55.0] [8.1-16.3] [42.4-83.6] [26.3-84.3]
(114) (22) (23) @ &) (23) (189)
Lymphocytes (%) 25.0 27.3 17.0 43.6 84.3 245 245
[10.0-71.3] [10.4-74.3] [7.4-25.1) [18.0-56.2] [67.5-86.1] [5.5-48.8] [9.8-64.8]
(117) (22) 23) @ @) (23) (192)
Neutrophils (%) 20 26 1.5 4.5 0.7 2.0 20
[0.6-4.7] [1.3-5.7] [0.6-7.9] [1.3-40.9] [0.4-0.7] [1.0-6.0] [0.7-5.3]
(13 (22) (23) @ &) 23) (188)
Eosinophils (%) 1.0 1.4 0.8 2.6 5.3 1.0 1.2
[0.1-2.9] [0.7-3.0} [0.2-3.2] [0.3-12.7] [0.1-15.6] [0.6-3.0] [0.4-3.0]
{113) (22) {23) 4 ¢ @3) (188)
CD4/CD8 ratio 1.96 1.53 233 0.88 0.09 2.80 2.00
[0.12-3.56] [0.57-4.24] [1.24-5.20] [0.26-1.91] [0.03-0.11] [1.70-3.80] [1.00-3.75]
(106) (17) (@1) @ @ @3) (174)

BRHP, bird-related hypersensitivity pneumonitis; SHP, summer-type hypersensitivity pneumonitis; HRHP, home-related hypersensitivity
pneumonitis; FL, farmer's lung; IHP, isocyanate-induced hypersensitivity pneumonitis; Other, other types of chronic hypersensitivity
pneumonitis; %VC, vital capacity percentage predicted; %FVC, forced vital capacity percentage predicted; FEV, 0%, ratio of forced expiratory
volume for 1s to forced vital capacity; %DLco, diffusing lung capacity for carbon monoxide percentage predicted.

? Values are expressed as median [25th-75th percentile], with the estimated number of patients in parentheses.

*po 0.01 using # test.

volume loss (43.1%). The major findings of CT scan of the
chest were areas with ground-glass attenuation (85.7%) and
interlobular septal thickening (60.8%), followed by honey-
combing (41.0%). Laterality of these findings was noted in
only 94% of the patients in whom the findings were
observed. Distribution of abnormal chest shadows was iden-
tified predominantly in the lower lobes in 41.7% of the cases,
in the whole lung in 44.9%, and in the upper lobes in 13.4%.
The percentages of interlobular septal thickening and hon-
eycombing in those with summer-type HP were higher than
in those with bird-related HP.

3.7.  Pathological findings

Ninety-three of the cases were evaluated using surgical lung
biopsy specimens (Table 6). Centrilobular fibrosis (74.5%) and
alveolitis (66.0%) were the primary findings. Fibroblastic foci,
honeycombing, and perilobular fibrosis, all conditions fre-
quently seen in IPF, were observed in 41.5%, 35.1%, and 34.0%

of the cases, respectively. Giant cells and granulomas were
observed in 37.2% and 30.2% of the cases, respectively.
Additionally, 20 cases could not be detected with causative
antigens, even if they were diagnosed histologically. The
percentages of centrilobular fibrosis, honeycombing, perilob-
ular fibrosis, lymphoid follicles, bronchiolitis, and organizing
pneumonia in those with home-related HP were significantly
higher than in those with bird-related HP. Moreover, the
percentage of perilobular fibrosis in those with summer-
type HP was significantly higher than in those with bird-
related HP.

3.8.  Immunological findings

Table 7 shows the results of the immunological tests. Bird-
related HP and home-related HP had high positive ratios of
specific antibody. The positive ratios for the lymphocyte pro-
liferation test, environment provocation test, and inhalation
provocation test were 72.4%, 59.6%, and 80.0%, respectively.
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Table 5 ?‘Radiég?aphy and CT findings®

HEHP

Type BRHP SHP FL IHP Other Total

X-ray
Ground-glass opacity ~ 85.1 85.2 69.6 0.0 66.7 857 82.5
Volume loss 38.1 58.3 52.6 100.0 0.0 47.6 431
Linear shadow 27.1 14.8 39.1 100.0 333 57.1 30.7
Infiltration 325 25.5 39.1 0.0 333 48 29.1
Micronodule 281 11.1 348 0.0 333 19,0 254
Laterality 82 13.6 200 0.0 0.0 20,0 9.9
Distribution upper/ 40 ue 308 7.4/704/222  9.5/57.4/333  100.0/0.0/0.0  33.3/33.3/333  A8/A2.9/524  124/50.0/376
lower/ whole

cT
Ground-glass opacity  88.6 85.2 826 100.0 100.0 71.4 85.7
Interlobular septal 544 85.2° 65.2 0.0 333 66.7 60.8
thickening
Honeycombing 33.1° 63.6 52.0 100.0 0.0 43.5 41.0
Interlobular reticular . , 40.7 522 0.0 0.0 61.9 40.7
shadow
Micronodule 39.5 40.7 26.1 0.0 333 333 37.0
Consolidation 33.3 29.6 34.8 0.0 333 14.3 30.7
Laterality 64 20.0 18.2 0.0 0.0 5.3 9.4
Distrbution Upper/ 1000y 001 77/654/269  9.1/545/364  0.0/100.0/0.0  33.3/33.3/333  A8/38.A/57.10  134/417/44.9

lower/ whole

BRHP, bird-related hypersensitivity pneumonitis; SHP, summer-type hypersensitivity pneumonitis; HRHP, home-related hypersensitivity
pneumonitis; FL, farmer's lung; IHP, isocyanate-induced hypersensitivity pneurnonitis; Other, other types of chronic hypersensitivity

pneumonitis.
# Values are expressed as the percentage of positive ratio.
*po 0.01 using f test.

Table 6 - Pathological ﬁndings“

HRHP (n=14)

Type BRHFP (n="56) SHP (n=5) Other (n=18) Total (N==93)
Centrilobular fibrosis 73,27 100.0 100.0° 55.6 74.5
Alveolitis 64.3 100.0 85.7 444 66.0
Fibroblastic foci 30.4 60.0 57.1 61.1 41.5
Giant cells 30.4 40.0 57.1 44.4 37.2
Honeycombing 23.2% 20.0 64.3° 55.6 351
Perilobular fibrosis 21.4° 100.0% 71.4° 27.8 34.0
Granulomas 28.1 40.0 26.7 38.9 30.2
Lymphoid follicles 12.5¢ 40.0 64.3% 333 25.5
Bronchiolitis 14.3% 20.0 64.3° 11.1 21.3
Organizing pneumonia 7.1% 20.0 42.9% 11.1 13.8

BRHP, bird-related hypersensitivity pneumeonitis; SHP, summer-type hypersensitivity pneumonitis; HRHP, home-related hypersensitivity
pneumoenitis; Other, other types of chronic hypersensitivity pneumonitis.

@ Values are expressed as the percentage of positive ratio.
" po 0.05 using £ test.

¥ po 0.01 using £ test.

§ po 0.001 using # test.

3.9. Treatment and prognosis

Steroids were administered to 134 patients (69.1%) and were
effective in 79.2% of the patients who received them. There were
no differences in the efficacy of steroids among the 6 groups.
Immunosuppressants were administered to 42 patients as com-
bination therapy with steroids and were effective in 39.4% of the
patients who received them. The median survival time was
83 months, and no difference in survival curve was found among
the 3 major subgroups (Fig. 2).

4, Discussion

The most prevalent variant of chronic HP in the present
survey was bird-related HP, accounting for 60.3% of cases of
chronic HP. Although there were some differences regarding
CT and pathological findings between bird-related HP and
other subtypes, the other clinical features, including symp-
toms, physical findings, laboratory data, pulmonary function
tests, BAL, and prognosis, were similar among them. Several
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Other

Type BRHP SHP HRHP FL IHP Total

Specific antibody 07/118 (82.2)  31/33 (93.9)  2/21(95) - {31/2 00 47 (57.0) 1377182 (75.3)
i‘ggph“yte proliferation 59/82 (72.0) '2/2 (100)  2/2 (100.0) (11/30‘ o - - 63/87 (72.4)
f:s?mnmem provocation 15/24 (62.05)  9/14 (643) 817 (47.) - - ?1/(2)0‘0) 34/57 (59.6)
Inhalation provocation test 42/51 (82.4) 0/1 {0.0) 0/1.{0.0) - - f{g 0.0) 44/55 (80.0)

BRHP, bird-related hypersensitivity pneumnonitis; SHP, summer-type hypersensitivity pneumonitis; HRHP, home-related hypersensitivity
pneumonitis; FL, farmer's lung IHP, isocyanate-induced hypersensitivity pneumonitis; Other, other types of chronic hypersensitivity

pneurmnonitis.
# The percentage of positive ratic is expressed in parentheses.

........ PP PRIV SUDPE P

40 1 — BRHP (n= 105)
]+ SHP (n=32)
<=~ HRHP (n = 25)

Survival rate (%)
@
=

0 50 100 150

Months
Fig. 2 - Survival curve of the 3 major groups with chronic HP.
The survival of those with bird-related HP (BRHP), summer-
type HP (SHP}, and home-related HP (HRHP) is shown using a
Kaplan-Meier curve. There is no signifi cant difference among
the groups by log-rank test.

reasons may account for this finding. First, clinicians have
grown more familiar with bird-related HP over the past
decade, and more clinicians are mindful of the antigen
responsible for pulmonary fibrosis [9-12]. Second, the public
has ample chance of exposure to avian antigens through
contact with living birds, poultry manure, duvets and jackets
made of bird feathers, and the like [8,13-15]. Third, the
immune response to avian proteins may differ from that to
other antigens, and the turnover of avian proteins in the
lungs may be decreased [16,17]. Finally, more immunological
methods are available for the diagnosis of bird-related HP
compared with other HPs.

Geographical, social, and occupational factors determine
the particular types of HP found throughout the world
Lacasse et al. demonstrated that BFL was the most cormmon
subtype among all chronic forms of HP (80.9%) [1]. In a report
from the Mayo Clinic on 85 cases with HP of all types, 66 (78%)
had chronic HP, and the common causative antigens were
avian antigens (34%) and Mycobacterium avium complex in hot
tub water (21%) (only a few cases with hot tub lung have been
reported in Japan) [9]. Farmer's lung accounted for 11% of
cases, and another 9% were related to household mold
exposure. Selman et al reported that the most common

subgroup of HP diagnosed in Mexico was BFL [18]. The most
common subgroup of chronic HP in small studies from
Turkey and China was also BFL [10,19]. These lines of
evidence suggest that the major diagnosis of chronic HP
may be a bird-related HP in different areas of the world.

Some studies have reported that patients with bird-related
HP are predominantly female [9,11]. By way of explanation,
Selman et al. proposed that the proportion of HP cases caused
by domestic exposure to avian antigens may be higher in
women than in men. In our study, many of the patients with
bird-related HP were men. In cases not directly exposed to
birds, we identified the causative agents as poultry manure
and duvets and jackets stuffed with bird feathers.

KL-6 and SP-D, which are established markers of pulmon-
ary fibrosis, were both elevated, whereas G-reactive protein
level and white blood cell count, which are markers of
inflammation, were normal. As in the case with IPF, the main
pathogenesis of chronic HP is thought to be irreversible
pulmonary fibrosis and not an inflammatory process. We
found a significant correlation between KL-6 and SP-D in our
population (r=0.497, po 0.0001).

BAL fluid in patients with chronic HP revealed relative
lymphocytosis, but this BAL finding is not specific for a diagnosis
of chronic HP. Previous studies have shown that the CD4/CD§
ratio in BAL fluid may vary significantly according to the clinical
presentation of the disease, the biological characteristics of the
inhalation antigen, the exposure to the causative antigen at the
time of diagnosis, the immune susceptibility of particular
patients, and a history of smoking [20]. An insidious onset of
chronic HP was associated with lung fibrosis and relatively
elevated CD4+ T cells in BAL fluid [21,22]. The CD4/CD8 ratio
in this survey was 2.00 and the median CD4/CD8 ratic of
isocyanate-induced HP was the lowest, which is similar to that
reported in the previous survey [4].

CT is an essential tool in the diagnostic evaluation of
interstitial lung diseases. The CT features of chronic HP fre-
quently overlap those of nonspecific interstitial pneumonia and
unusual interstitial pneumonia. Honeycombing and lower zone
predominance of abnormalities, 2 hallmark features of IPF, were
seen in 41.0% and 41.7% of the patients in the present survey,
respectively. As in previous reports [11,12,23-25], CT of patients
with chronic HP revealed high frequencies of ground-glass
opacity and centrilobular nodules. The CT features that best
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differentiated chronic HP from IPF and nonspecific interstitial
pneumonia are reported to include lobular areas with decreased
attenuation and vascularity, centrilobular nodules, and no
lower zone predominance of abnormalities [74], yet almost half
of the patients in our survey had lower zone predominance of
abnormalities,

Lung biopsy plays an important role in identifying patients
for whom no offending antigen is discovered, particularly those
with persistent symptoms. We expanded an understanding
of the pathology of chronic HP, and the number of cases
diagnosed by surgical lung biopsies seems to have increased
recently. The pathological features of chronic HP typically
comprise an overlapping unusual interstiial pneumonia-like
pattern, a nonspecific interstitial pneumonia-like pattern, and
centrilobular fibrosis. In chronic HP, fibrosis is represented by
irregular linear opacities, traction bronchiectasis, lobar volume
loss, and honeycombing [26]. Chronic HP is more challenging
to diagnose than acute HP, because granulomas can rarely be
found. Granulomas were detected in only 5 of 26 cases of
chronic HP (19.2%) reported by Ohtani et al. [6]. Granulomas
were observed in 30.2% of cases in this larger study, but we
believe them to be useful for differentiating chronic HP from
IPF, because they are usually absent in the latter disease.
Although we have no clear explanation about the differences
between bird-related HP, summer-type HP, and home-related
HP on CT and pathological findings, we supposed that different
inhalation antigens might comprise different phenotypes.

Our evaluations of immunological findings included anti-
bodies to the causative antigens, the lymphocyte proliferation
test, the inhalation provocation test, and the environment
provocation test. The positive ratios were high in all of the
immunological tests performed. Positive serologic test results
confirm prior exposure and sensitization to an antigen but do
not suffice in making the diagnosis of HP in the absence of an
appropriate clinical and radiologic context. Furthermore, the
absence of precipitating antibodies does not exclude the diag-
nosis of HP. Serum precipitins, however, may be useful to
identify the causative agent once the diagnosis has been
established. Only a limited number of institutions are equipped
to perform immunological examinations, especially the lym-
phocyte proliferation test and inhalation provocation test. A
previous study by Ramirez-Venegas et al. also demonstrated
the diagnostic utility of a provocation test with pigeon serum in
patients with subacute/chronic pigeon breeder's disease [131.

Antigen avoidance is the key element in the treatment of
patients with HP. Complete cessation of exposure to the
provoking antigen is the appropriate management, yet some
of the patients surveyed showed a gradual deterioration even
after antigen avoidance. Steroids were administered to 134
patients (69.1%) and were effective in 79.2% of the patients
who received them. In the earlier epidemiological survey {4]
the efficacy of steroid administration was limited in chronic
HP but high in acute HP. We should also evaluate the
effectiveness of pirfenidone and N-acetylcysteine, agents that
have demonstrably prevented the decline of pulmonary
function in recent studies {27,28].

Our survey has several limitations. Detailed clinical data were
often difficult to collect retrospectively, and some values were
missing. A workshop by the National Heart, Lung, and Blood
Institute proposed the classifications of “recurrent” and

“insidious” for cases of chronic HP {25]. Although differences in
clinical characteristics between the recurrent type and insidious
type have been shown {21}, we did not distinguish them in this
survey. The numbers of cases with particular exposures (iso-
cyanate-induced HP and farmer's lung) were too small to be
statistically meaningful in detecting differences. This study may
be partly influenced by a selection bias of hospitals we surveyed.

In conclusion, we collected data on 222 cases with chronic
HP throughout Japan over the past decade. The proportion of
bird-related HP was higher than in the previous epidemiological
survey, and the proportions of isocyanate-induced HP and
farmer's lung were lower. We should be mindful of causative
antigens when diagnosing interstitial lung diseases.
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Muramatsu S, Tamada T, Nara M, Murakami K, Kikuchi T,
Kanehira M, Maruyama Y, Ebina M, Nukiwa T, Ichinose M.
Flagellin/TLRS signaling potentiates airway serous secretion from
swine tracheal submucosal glands. Am J Physiol Lung Cell Mol
Physiol 305: 1L819-L830, 2013. First published October 4, 2013;
doi:10.1132/ajplung.00053.2013.—Airway serous secretion is essen-
tial for the maintenance of mucociliary transport in airway mucosa,
which is responsible for the upregulation of mucosal immunity.
Although there are many articles concerning the importance of Toll-
like receptors (TLRs) in airway immune systems, the direct relation-
ship between TLRs and airway serous secretion has not been well
investigated. Here, we focused on whether TLRS ligand flagellin,
which is one of the components of Pseudomonas acruginosa. is
involved in the upregulation of airway serous sccretion. Freshly
isolated swine tracheal submucosal gland cells were prepared, and the
standard patch-clamp technique was applied for measurements of the
whole cell ionic responses of these cells. Flagellin showed potential-
ing effects on these oscillatory currents induced by physiologically
relevant low doses of acetylcholine (ACh) in a dose-dependent man-
ner. These potentiating effects were TLRS dependent but TLR4
independent. Both nitric oxide (NO) synthase inhibitors and ¢cGMP-
dependent protein kinase (cGK) inhibitors abolished these flagellin-
induced potentiating effects. Furthermore, TLR5 was abundantly
expressed on tracheal submucosal glands. Flagellin/TLRS signaling
further accelerated the intracellular NO synthesis induced by ACh.
These findings suggest that TLRS takes part in the airway mucosal
defense systems as a unique endogenous potentiator of airway serous
secretions and that NO/cGMP/cGK signaling is involved in this rapid
potentiation by TLRS signaling.

Ca?*-activated C1™ channel; nitric oxide; cGMP-dependent protein
kinase; patch-clamp; Pseudomonas aeruginosa

TRACHEAL SUBMUCOSAL GLANDS secrete mucin, various enzyme
proteins, and electrolytes (therefore, water), which serve as a
nonspecific airway defense mechanism. Additionally, submu-
cosal glands secrete immunoglobulins to neutralize many mi-
crobes, serving as a specific airway defense mechanism (34).
Among these airway mucosal defense systems, airway serous
secretion plays important roles in hydrating airway surfaces
and flushing mucin glycoproteins out of the ducts, contributing
to the maintenance of mucociliary transport (2, 4, 10, 24, 48).
Human, feline, and swine tracheal gland acinar cells generate
ionic currents in response to relatively low doses of cholinergic
and a-adrenergic stimuli, and these currents are activated by
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the intracellular Ca®" concentration ([Ca®"];) raised by these

neurotransmitters (16, 31, 38, 44, 45). The Ca**-activated CI~
channel (CaCC) may play an important role in physiological
basal secretions in the airways. It has recently become known
that CaCC composes a newly identified transmembrane protein
with unknown function, 16, Ano 1 (TMEMI6A), which exists
in both the airway surface epithelium and submucosal glands
(28, 33). Concerning the electrophysiological characteristics of
CaCC, we have reported that tyrosine kinase, cyclic-ADP
ribose, and nitric oxide (NO)/cGMP/cGMP-dependent protein
kinase (¢GK) are involved in the intracellular pathway of
oscillatory ionic currents evoked by low doses of acetylcholine
(ACh) (18, 39, 44).

Toll-like receptors (TLRs) are known to be key proteins that
recognize distinct pathogen-associated molecular patterns
(PAMPs) and activate innate immune responses as well as
antigen-specific adaptive immunity (1, 22). It is also known
that airway epithelial cells express several kinds of TLRs and
that the activation of TLRs on epithelial cells induces the
production of several cytokines, chemokines, and antimicrobial
peptides (11, 12, 40). In chronic inflammatory airway diseases
like chronic obstructive pulmonary disease (COPD), Pseu-
domonas aeruginosa (P. aeruginosa) often colonizes the air-
way mucosal surface and sometimes causes repeated respira-
tory infections, resulting in exacerbations of these diseases
(42). P. aeruginosa involves LPS in its cell wall and flagellin
in its flagellum, each of which are known to be a ligand for
TLR4 and TLRS, respectively. We have recently shown that
the TLR4 ligand functions as a unique, endogenous potentiator
of serous secretion from tracheal gland acinar cells (31).
However, because LPS is known to be a prototypical example
of endotoxin, it may cause nonspecific effects other than as a
TLR4 ligand in vivo. On the other hand, although it has
become increasingly clear that flagellin/TLRS signaling plays
an important role in the airway mucosal innate immunity
systems (35), it is not well known whether flagellin potentiates
airway serous secretion.

Here, we investigated the potential role of flagellin in serous
secretion from tracheal submucosal glands. Flagellin potent-
ated the electrolyte secretion from tracheal gland acinar cells,
and its potentiating effect was reproduced only when cells were
stimulated by physiologically relevant low doses of ACh. The
intracellular mechanism of this rapid action appeared to be
induced by both NO and ¢GK. These potentiating effects
induced by flagellin were TLRS dependent but TLR4 indepen-
dent. Flagellin caused a significant potentiation in ACh-in-
duced intracellular NO synthesis, which was almost abolished
by treatment with anti-TLRS blocking antibody. These findings
suggest that TLRS is also involved in the airway mucosal
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defense systems as a unique endogenous potentiator of elec-
trolyte-water secretion from submucosal gland acinar cells and
that NO/cGMP/cGK signaling is involved in this rapid TLRS
signaling pathway.

MATERIALS AND METHODS

Preparation of cells. Swine tracheas were obtained at a local
slaughterhouse immediately after the animals had been killed and
were transported to our laboratory in an ice-cold extracellular solu-
tion. The external surfaces of tracheas were cleaned of fat and
connective tissues and cut into rings 3-4 cm long. The posterior
(membranous) strip of tracheal walls were then excised longitudinally,
leaving attached to both sides a cartilaginous portion of about 1 ¢cm in
width, and were fixed by pins in the extracellular solution with the
external wall side up. The outermost layer and thick smooth muscle
layer were carefully removed. The submucosal glands could then be
easily distinguished from the surrounding connective tissue under a
stereoscopic microscope with the light shed horizontally. Fresh, un-
stained submucosal glands were isolated using two pairs of tweezers
and microscissors. The isolated glands were further dispersed enzy-
matically by incubating them with enzyme solution containing colla-
genase (200 U/ml) and DL-DTT (0.31 mg/ml) for 30 min at 37°C.
After dispersion and a wash with centrifugation at 180 g, the cells
were resuspended in a standard extracellular solution until use, as
reported previously (16, 17, 31, 38, 39, 44, 45). In a series of
experiments investigating the effect of blocking antibodies, anti-TLR

5 polyclonal antibody (10 pg/ml) or nonspecific 1gG (10 pg/ml) was -

also preincubated with cells for 1 h at 37°C before use.

Electrical recordings. lonic currents were measured with a patch-
clamp amplifier (EPCY9; HEKA Electronic, Lambrecht, Germany),
low-pass filtered at 2.9 kHz, and monitored on both a built-in software
oscilloscope and a thermal pen recorder (RECTI-HORIZ-8K; Nip-
pondenki Sanei, Tokyo, Japan). Patch pipettes were made of borosili-
cate glass capillary with an outer diameter of 1.5 mm using a vertical
puller (PP-83; Narishige Scientific Instruments, Tokyo, Japan) and
had a tip resistance of 4-6 M{). The junction potential between the
patch pipette and bath solution was nulled by an amplifier circuitry.
After the establishment of a high-resistance (1 G(}), tight seal, the
whole cell configuration was obtained by rupturing the patch mem-
brane with negative pressure applied to the pipette tip. Membrane
currents were monitored at two different holding potentials (Hps), i.e.,
0 and —80 mV, which roughly corresponded to the C1™ and K™
equilibrium potential. The double current monitoring, i.e., alternate
recording of the ionic currents corresponding to Hp of 0 and —80 mV,
was accomplished by applying 200-ms voltage pulses of —80 mV at
a frequency of 2 Hz to the pipette voltage of 0 mV (16, 17, 31, 38, 39,
44, 45). The upward or downward deflection of the current tracing
represents outward current ({,) or inward current (f;), respectively,
Using proper channel inhibitors and ion substitution experiments, we
have confirmed that the ACh-evoked [, and /; were carried mainly by
K™* and CI™, both of which were dependent on intracellular Ca®™*
concentration ([Ca?* ;) (16, 17, 31, 38, 39, 44, 45). The solutions
included an extracellular (bath) solution of 120 mM NaCl, 4.7 mM
KCl1, 1.13 mM MgClp, 1.2 mM CaCl,, 10 mM glucose, and 10 mM
HEPES and an intracellular (pipette) solution of 120 mM KCI, 1.13
mM MgCls, 0.5 mM EGTA, | mM Na2ATP, 10 mM glucose, and 10
mM HEPES. The fluids were superfused over the cells by hydrostatic
pressure-driven application (20-30 cmH,0) through polyethyiene
tubes. All solutions were at pH 7.2, and all experiments were carried
out at room temperature (22-25°C).

Quantification procedure. The procedure to estimate the ionic
responses was also applied in our previous reports (17, 31, 44, 45).
We first measured the area circumscribed with the current trace (/, or
1) and baseline for 20 s (area under curvezp) by using a digital
planimeter (PLACOM, KP-92N; Koizumi, Tokyo, Japan). This area
shows the net electric charge movements of 20-s duration in each

TOLL-LIKE RECEPTOR 5 POTENTIATES AIRWAY SECRETION

condition. The mean magnitudes of ionic currents for 20 s were next
expressed by the following calculation: Lnean = area under curve,/20
(pQ/s).

The effect of flagellin on the ACh-stimulated response was esti-
mated by comparing data just before and after treatment with flagellin
and was expressed as a percentage of pretreatment control values:
Yol mean( ACh + flagellin) = [Imean(ACh + fagellin}/fmea(ACh)] X
100. The effect of ¢GK inhibitor on the responses induced by both
ACh and flagellin was expressed as a percentage of Lnean{ACh + ¢GK
inhibitor). %/mean(ACh + flagellin + ¢GK inhibitor) = [Jyean(ACh +
flagellin + ¢GK inhibitor)//yean(ACh + ¢GK inhibitor)] X 100. In
some experiments, ¢GK inhibitor was replaced by NO synthase
(NOS) inhibitors.

Immunofluorescent staining. After the swine were killed, fresh
trachea or spleen blocks were prepared and cut into sections that were
3 mm X 10 mm. Tissue blocks were fixed by 10% buffered formalin
and embedded in paraffin wax. The slides were heated in an autoclave
at 121°C for 15 min in 0.1% sodium azide solution (pH 9.0; Nichirei,
Tokyo, Japan) after deparaffinization for antigen retrieval. The sec-
tions (2.5-pm thickness) were incubated for 10 min with Protein
Block Serum-Free (Dako, Carpenteria, CA) at room temperature to
block nonspecific binding sites. After removal of the blocking solu-
tion, these sections were incubated with a rabbit polyclonal anti-TLR3
Ab specific to a 300-350-amino-acid residue (IMG-580, diluted
1:100; IMGENEX, San Diego, CA) overnight at 4°C, as described
previously (31). Antibody localization was performed using the
DAKO EnVision/AP (Dako, Glostrup, Denmark) in darkness at room
temperature for 50 min. Negative control samples were incubated with
the secondary antibody only. The reaction was then completed with a
substrate system using Permanent Red (Dako) as the chromogen.
Sections were mounted in Stow Fade Antifade kit (Invitrogen, Carls-
bad. CA) with DAPI (9). '

Western blotting. Swine tracheal submucosal glands were lysed in
RIPA buffer containing protease inhibitor cocktail and phosphatase
inhibitor cockrail (Sigma-Aldrich, St. Louis, MO) and centrifuged at
15.000 g for 30 min at 4°C. Proteins were separated by SDS-PAGE
(Novex 12% Tris-glycine) and transferred onto PVDF using iBlot
(Invitrogen). Membranes were then blocked with PYDFE Blocking
Reagent for Can Get Signal (Toyobo, Osaka, Japan), immunoblotted
with a rabbit polyclonal anti-TLRS Ab (IMG-580, IMGENEX) di-
luted with Can Get Signal Immunoreaction Enhancer Solution I
(Toyobo) for 1 h at room temperature followed by the relevant
horseradish peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA) diluted with Can Get Signal Immu-
noreaction Enhancer Solution 2 (Toyobo) for 1 h at room temperature.
The signals were visualized using the ECL detection system (GE
Healthcare, Piscataway, NJ).

RT-PCR. Total RNA was isolated from swine tracheal submucosal
gland cells and from swine spleen tissue as a positive control with an
RNeasy Mini kit (QTAGEN, Tokyo, Japan). All cDNA was prepared
by reverse transcription from 1 pg of total RNA, using oligo(dT)zo
primer and Superscript HI reverse transcription (Invitrogen). The
oligonucleotide primers used in PCR were as follows: swine TLRS
sense, 3'-TTT CTG GCA ATG GCT GGA CA-3'; antisense, 5'-TGG
AGG TTG TCA AGT CCA TG-3'; swine B-actin sense, 5'-CAT
CAC CAT CGG CAA CGA-3'; antisense, 5'-GCG TAG AGG TCC
TTC CTG ATG T-3'. The PCR cycling conditions were 3 min at
94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 60°C. and 30 s
at 72°C. DNA fragments were analyzed in a 2% agarose gel electro-
phoresis.

Intracellular NO imaging with diaminofluorescein-2 diacetate. A
highly specific fluorescent NO indicator, 4,5-diaminofluorescein
(DAF-2), is known to be useful to estimate the amount of NO
produced in the cytosol (25). The diacetate salt DAF-2DA is mem-
brane permeable and is soon hydrolyzed at the ester bonds by the
intracellular esterase, resulting in the membrane impermeable and
relatively nonfluorescent compound, DAF-2. In the presence of oxy-
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gen, NO combines with DAF-2 and forms the highly fluorescent
triazolofluorescein DAF-2T. Peak excitation and emission wave-
lengths for DAF-2T occur at 495 and 515 nm. respectively. The
fluorescence intensity shows a linear correlation with the concentra-
tion of DAF-2T, which is in parallel with the cellular production of
NO. We have reported that freshly isolated swine tracheal glands
showed good fluorescent responses with 10 pM DAF-2DA (31, 44).
All experiments were carried out under the same conditions, To
prevent the fluorescence signaling from becoming attenuated, the
fluorescence intensity was measured for 5 s every 5 min. The solutions
were the same compositions as used in the patch-clamp experiments
(see Electrical recordings) and were gassed with 100% O, during the
measurements, The green levels in the areas of gland cells in the
captured microfluorographs were determined by digital image solt-
ware (NIS-Elements Basic Research version 3.00; Nikon, Tokyo,
Japan). Thus we detected the increase in the amount of intracellular
NO per unit area of gland acini at each measurement time. NO
production was estimated as fold increases over the basal fluorescence
intensity. The fluorescence intensitics in Fig. 6 parallel the total
amount of NO in the cytosol, not the newly synthesized NO per unit
time. In Fig. 6, cells were preincubated with DAF-2DA for at least 40
min before each experiment.

Intracellular calcium assays. Freshly isolated swine tracheal sub-

mucosal gland cells were prepared as described in Preparation of

cells. Cells were loaded with the ratiometric calcium indicator Fura-2
AM (Dojindo, Kumamoto, Japan) for 1 h and washed three times at
room temperature, according to the manufacturer’s protocol. They
were plated with 190 pl standard extracellular solutions in black-
walled, clear-bottom Poly-p-Lysine-coated 96-well microplates (BD
Biosciences, San Jose, CA) for 30 min at room temperature before
measurements, The fluorescence reading (excitation at 340 and 380
nm and emission at 510 nm) was carried out in Flexstation 3
microplate reader (Molecular Devices, Sunnyvale, CA), every 4 s for
10 min. After control fluorescence intensities were measured for 120
s under unstimulated conditions, 20 pl of ACh (30 nM final concen-
tration) was automatically injected. Then, 22 pl of either ACh (200
nM final concentration) or flagellin (1.0 pg/ml final concentration)
was injected at 240 s. Softmax Pro (Molecular Devices) was used for
data analysis.

Statistics. Data were expressed as means = SE; n is the number of
experiments on different cells. Electrophysiological experiments were
analyzed by the Wilcoxon signed rank test. NO imaging experiments
were analyzed by the Mann-Whitney U-test. Statistical significance
was accepted at P < 0.05, indicated by asterisks in all figures.

Reagents. HEPES was purchased from Dojindo. DAF-2DA was
from Sekisui Medical (Tokyo, Japan). Nw-monomethyl-L-arginine
acetate (L-NMMA) and collagenase were from Wako Pure Chemicals
(Osaka, Japan). Flagellin and LPS-Rhodobacter Sphaeroides (LPS-
RS) were from InvivoGen (San Diego, CA). KT-5823, Rp-8-Br-
¢GMP, and N6-(1-iminoethyl)-L-lysine hydrochloride (L-NIL) were
from Calbiochem (La Jolla, CA). A goat polyclonal anti-TLRS block-
ing antibody specific to a 151-181-amino-acid residue that is a part of
extracellular epitopes and is known to be one of the flagellin-binding
domains (8, 15, 50) was from Enzo Life Sciences International
{(Farmingdale, NY). A goat-nonspecific 1gG was from R&D Systems
(Minneapolis, MN). A rabbit polyclonal anti-TLRS Ab (IMG-530)
specific to 300-350-amino-acid residue. which is a part of extracel-
lular and flagellin-binding domains (7, 15), was purchased from
IMGENEX and used for both the immunofiuorescence and Western
blotting. All other chemicals used were purchased from Sigma.

RESULTS

Porentiating effects of flagellin on ACh-induced ionic currents.
We used flagellin as a ligand for TLRS. As mentioned in our
previous reports (16, 17, 31, 38, 44, 45), freshly isolated
tracheal submucosal gland acinar cells simultaneously generate
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two kinds of [Ca’"]i-dependent ionic currents under proper
experimental conditions by the stimulation of ACh (30 nM).
These currents are closely related to calcium oscillations,
which are known to be essential for the secretory responses of
many kinds of exocrine cells (5, 21, 36, 43, 46). We first
investigated whether flagellin shows potentiating effects on
ACh (30 nM)-induced ionic currents. As shown in Fig. 14, 1.0
pe/ml of flagellin significantly increased both I, and [; evoked
by ACh (30 nM) 1.6-fold (116.4 = 17.0 pQ/s for ACh and
180.3 *= 27.1 for ACh/flagelling o, P << 0.05; n = 13) and
1.4-fold (27.9 * 42 vs. 37.0 & 54 pQ/s, P < 0.05; n = 13)
of the pre-flagellin control values, respectively. When cells
were stimulated by 0.5 pg/ml of flagellin in combination with
ACh (30 nM), both ACh-evoked I, and I, were increased
1.4-fold (164.1 % 40.1 pQ/s for ACh and 213.2 = 422 for
ACh/flagellings, P < 0.05; n = 8) and 1.3-fold (28.1 = 8.1 vs.
37.5 = 10,0 pQ/s, P < 0.05; n = 8) of the pre-flagellin control
values, respectively (Fig. 18). However, 0.1 pg/ml of flagellin
showed no effect on both ACh (30 nM)-evoked 1, (169.5 +
40.1 pQ/s for ACh and 168.0 = 40.0 for ACh/flagelling ;, P =
0.87;n = 8)and [; (14.1 £ 3.3 vs. 14.8 = 3.7 pQ/s, P = 0.86;
n = 8) (Fig. 10). Flagellin (1.0 p.g/ml) per se was without
effect on the baseline currents from nonstimulated resting cells
(n = 6) (Fig. 1D). Remarkably, 1.0 pg/ml of flagellin com-
bined with 10 nM of ACh could generate oscillatory responses,
such as those induced by 30 nM of ACh (Fig. 1E). Data
summarizing the effects of flagellin on the ionic currents
evoked by 30 nM of ACh are shown in Fig. 1F.

When cells were stimulated by very high concentrations (1
M) of ACh, they were desensitized, and flagellin no longer
showed any potentiation of the ionic currents (Fig. 1G). It is
suggested that flagellin can potentiate ionic currents only when
the cells are moderately stimulated by low doses of ACh but
not by physiologically irrelevant, robust concentrations of
ACh. Intracellular calcium assays revealed that flagellin (1.0
we/ml) did not further increase the [Ca®"]; in ACh (30 nM)-
treated cells (Fig. 2). These findings suggest that flagellin
potentiates the ionic responses induced by the physiologically
relevant dose (30 nM) of ACh in a dose-dependent manner
without any increase in [Ca’*]; and that these potentiating
effects would be due to the increased sensitivity of NOS to
[Ca®'); signaling.

Importance of the interaction between flagellin and TLRS in
these potentiating effects. 1t has been reported that LPS shows
the same potentiating effects as described above via the acti-
vation of TLR4 (31). To confirm the importance of the inter-
action between flagellin and TLRS but not TLR4, we investi-
gated the effects of an anti-TLRS blocking antibody and a
specific TLR4 antagonist. When cells were pretreated with 10
pg/ml of goat anti-human TLRS blocking antibody (anti-TLRS
Ab), the potentiating effects by flagellin on both the ACh (30
nM)-evoked I, (169.5 % 41.0 pQ/s for ACh/antiTLR5Ab and
175.8 = 39.8 for ACh/antiTLR5Ab/flagellin, P = 0.34;n = 8)
and £, (28.1 £ 6.9 pQ/s vs. 32.0 = 8.3, P = 0.08; n = 8) were
completely abolished (Fig. 3A). Goat-nonspecific IgG (10
pg/ml) did not have any inhibitory effects on the flagellin-
induced potentiations ({5 126.0 * 33.2 pQ/s for ACh and
171.9 £ 43.0 for ACh/flagellin, P < 0.05;n = 6, [;:29.2 £ 5.0
vs. 385 &= 6.1 pQ/s, P < 0.05; n = 6) (Fig. 3B). When cells
were pretreated with LPS-RS (10 pg/ml), a specific TLR4
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Fig. 1. Representative original recordings showing the effects of flagellin on acetylcholine (ACh) (30 nM)-evoked fonic currents. The upward or downward
deflection of the current tracing represents outward current (f,) or inward current (f3), respectively. Using appropriate channel inhibitors and ion substitution
experiments, we demonstrated that the ACh-induced /, and /; were carried mainly by K™ and C1™, respectively, and were dependent on [Ca®*]i. Moreover, we
found that physiologically relevant, basic secretions from swine tracheal submucosai glands could be triggered by ~30 nM of ACh (16, 17, 31, 38, 39, 44, 45).
The viability of all tested cells was confirmed by the occurrence of ionic responses after the subsequent addition of 30 nM of ACh. A: 1.0 pg/mi of flagellin
rapidly and significantly increased ACh (30 nM)-evoked I, and /i. B: 0.5 pg/ml of flagellin slightly but significantly increased ACh (30 nM)-evoked I, and k.
C: 0.1 pg/ml of flagellin did not cause any effects on either ACh (30 nM)-evoked 1, or I;. D: flagellin (1.0 pg/ml) per se did not cause appreciable effects on
the baseline currents in submucosal gland cells, whose viability was confirmed by the response to the subsequent addition of ACh (30 nM). E: 1.0 pg/ml of
flagellin generated oscillatory responses even under the presence of as low as 10 nM of ACh, which appeared to be insufficient to generate ionic channels,
F- summary of the potentiating effects of flagellin on ACh (30 nM)-evoked I, and 4. The electric charge movements of 20-s duration just before and after the
introducing flagellin were compared by estimating the mean values of the ACh responses as 100% to exclude artifacts from differences in the membrane
capacitance in each cell. Flagellin potentiated the ACh-evoked ionic currents in a dose-dependent manner, and these potentiating effects were significant only
in the cases with 0.5 pg/ml of flagellin or more. *P < 0.05. G: robust stimulation by as high as 1 uM of ACh generated large and transient currents. However,
even in the presence of ACh (1 uM), these currenis were spontaneously decreased, which is known as desensitization {data not shown). In the same condition,
flagellin no longer showed potentiating effects on these large currents,

antagonist, flagellin still showed a significant potentiating effect maneuvers to block the interaction between flagellin and TLRS

on both ACh (30 nM)-evoked I, and J; to 1.5-fold (101.8 = 248
pQ/s for ACh and 141.1 £ 29.1 for ACh/flagellin, P < 0.05;
n="T)and 1 3-fold (12.5 £ 2.7 vs. 17.9 = 4.8 pQ/s, P < 0.05;
n = 7), respectively (Fig. 3C). Conversely, anti-TLLRS Ab did
not have any inhibitory effects on the LPS-induced potentia-
tions (L: 89.8 = 17.7 pQ/s for ACh and 143.0 = 255 for
ACHLPS, P <0.05;n=8,1;: 250 = 2.0 vs. 35.2 £ 2.3 pQ/s,
P < 0,05, » = 8) (Fig. 3D). As summarized in Fig. 3E, the

completely abolished the potentiating effects of flagellin on the
ACh (30 nM)-evoked ionic currents. Flagellin-induced poten-
tiations were not inhibited by LPS-RS, and LPS-induced po-
tentiations were not inhibited by anti-TLRS Ab (Fig. 3F).
These findings suggest that the interaction between flagellin
and TLRS5 is essential for the potentiating effects described
above and that cross reactions between flagellin and TLR4
were not involved in these potentiations.
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Fig. 2. Intracellular calcium assays showing no impact of flagellin on ACh (30
nM)-treated submucosal gland cells. A: representative tracing showing the
intracellular Ca®* concentration ([Ca®"]) stimulated by 30 nM of ACh,
followed by the subsequent addition of 1.0 pg/ml of flagellin (black line) and
200 oM of ACh (gray line) in Fura-2-loaded tracheal submucosal gland cells.
Fluorescence intensities slightly increased by 30 nM of ACh, similar to the
ionic responses observed in Fig. 1. Flagellin (1.0 pg/ml) did not further
increase the [Ca®*}; in these cells although the cells had the capacity to
increase in [Ca®*}; after the stimulation by 200 nM of ACh. B: summary of the
changes in fluorescence intensities from baseline 340/380 ratio. Baseline
values (ACh 0, Fla 0) were determined by 8 data points measured over 30 s
before ACh (30 nM) stimulation. Each bar represents the mean value deter-
- mined by 8 data points measured over 30 s after the addition of several agonists
as indicated in the bottom of graph.

Abundant expression of TLR5 on swine tracheal submucosal
glands. Immunofluorescent staining and RT-PCR experiments
were performed using swine tracheal specimens to confirm the
expression of TLRS. As a positive control, the specimen of
swine spleen was evaluated in the same way. In the immuno-
fluorescent experiments, strong red-positive fluorescence was
observed in tracheal submucosal gland cells as well as ciliated
epithelial cells located on the surface of trachea (Fig. 4, A-D).
RT-PCR also revealed a clear band corresponding to TLRS in
the product from ¢cDNA of swine tracheal submucosal gland
acinar cells (Fig. 4E). Western blotting analysis further con-
firmed the expression of TLR5 in swine tracheal submucosal
gland cells (Fig. 4F). These findings indicate that TLRS 1s
certainly expressed on tracheal gland acinar cells at both the
protein and mRNA levels.

Mechanisms underlying the flagellin-induced potentiation of
triggered ionic currents in submucosal gland. A relationship
between flagellin/TLRS and NO/cGMP/cGK signaling has

1.823
been suggested in some reports (26, 30). Additionally, we have
also reported that LPS-induced rapid activation of TLR4 in-
volved NO/cGMP/cGK signaling (31). Therefore, we investi-
gated whether NO/cGMP/cGK signaling was involved in the
present flagellin-induced potentiation. We used two different
nonspecific NOS inhibitors, nitro-L-arginine methyl ester (v-
NAME) and L-NMMA. In the presence of L-NAME (1 mM),
flagellin did not show any potentiating effects on either the
ACh (30 nM)-evoked 1, (172.3 & 43.0 pQ/s for ACh/L-NAME
and 167.0 & 42.1 for ACh/i-NAME/flagellin, P = 0.61; n =
Tyor L (37.5 = 109 vs. 42.0 = 123 pQ/fs, P = 0.17;n = 7)
(Fig. 5A). L-NMMA (1 mM) also completely abolished the
flagellin-induced potentiating effects on both the ACh (30
nM)-evoked I, (1125 = 25.2 pQ/s for ACh/L-NMMA and
108.3 = 22.2 for ACh/L-NMMA/flagellin, P = 042; n = 6)
and /; (20.8 & 8.8 vs. 24.0 = 10.9 pQ/s, P = 0.85; n = 6) (Fig.
5B). Concerning the involvement of inducible NOS (iNOS),
we investigated the effect of the INOS inhibitor L-NIL. Even
when cells were pretreated with 1-NIL (40 wM), flagellin rather
significantly increased both the ACh (30 nM)-evoked 1,
(128.1 %= 42.4 pQ/s for ACh/L-NIL and 160.4 * 403 for
ACh/L-NIL/flagellin, P << 0.05; n = 6) and [; (45.8 = 11.9 vs.
52.1 = 10.8 pQ/s, P < 0.05; n = 6) (Fig. 5C). As summarized
in Fig. 5F, nonspecific NOS inhibitors completely abolished
the flagellin-induced potentiating effects, but the iNOS inhib-
itor did not. These findings suggest that constitutive NOS, not
iNOS, is involved in the TLR5-mediated rapid potentiating
effects on the tracheal gland secretion.

We next investigated the involvement of ¢GK by using two
different types of ¢GK inhibitors, KT-5823 and Rp-8-Br-
cGMP. Under the pretreatment with 1 uM of KT-5823, flagel-
lin did not show any potentiating effect on either the ACh (30
nM)-evoked I, (84.4 == 21.6 pQ/s for ACh/KT5823 and 97.9 =+
24.5 for ACh/KT5823/flagellin, P = 0.09; 1 = 6) or [; (15.6 =
53 vs. 177 £ 7.1 pQfs, P = 0.37; n = 6) (Fig. 5D).
Rp-8-Br-cGMP (5 uM) also completely abolished the poten-
tiating effect by flagellin on both the ACh (30 nM)-evoked 7,
(50.9 = 11.7 pQ/s for ACh/Rp8BreGMP and 57.1 * 14.1 for
ACH/Rp8BreGMP/flagellin, P = 0.09; 1 = 7) and J; (14.3 =
45 vs. 15.1 = 5.7 pQfs, P = 034; n = 7) (Fig. 5E). As
summarized in Fig. 5G, ¢cGK inhibitors completely abolished
the potentiating effects by flagellin. These findings suggest that
the TLRS ligand-mediated potentiation of triggered ionic cur-
rents in tracheal submucosal gland is closely related to the
activation of NO/cGMP/cGK pathway.

Further upregulation in intracellular NO synthesis by flagel-
lin on ACh-treated cells. To address the possibility that flagel-
lin activates TLRS, upregulates intracellular NO synthesis, and
potentiates the ACh-triggered ionic currents, we investigated
whether flagellin has the ability to upregulate the synthesis of
NO in tracheal giand cells. The intraceilular NO synthesis was
estimated using DAF-2DA, a highly specific fluorescent NO
indicator as described in our previous reports (31, 44). Repre-
sentative fluorescence micrographs of tracheal gland acini are
shown in Fig. 6, A~E. Unstimulated control cells did not show
any increases in the green fluorescence signals during the
40-min observation (Fig. 64). On the other hand, cells stimu-
lated by ACh (30 nM) showed slightly increased fluorescence
intensities (Fig. 6B8). Flagellin (1.0 pg/ml) in combination with
ACh (30 nM) caused significantly stronger increases in the
fluorescence intensities than ACh (30 nM) alone (Fig. 6C).
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Interestingly, when cells were preincubated with 10 pg/ml of
anti-TLRS Ab, the fluorescence intensities under the presence
of both flagellin (1.0 wg/ml) and ACh (30 nM) were at almost
the same levels as those under the presence of ACh (30 nM)
alone (Fig. 6D). Moreover, the cells stimulated by flagellin (1.0
pg/ml) alone showed slightly increased fluorescence intensities
(Fig. 6E). A summary of the changes in the time courses is
shown in Fig. 6F. Fluorescence intensities were calculated by
measuring the intensities per unit area from the cytosol and
were compared by estimating mean intensities of prestimula-
tion (0 min) as 1.0. Under the stimulation by flagellin (1.0
wg/ml) in combination with ACh (30 nM), the fluorescence
intensities increased more rapidly and sirongly than in cells
stimulated by ACh alone. However, these significant increases
in the fluorescence intensities were completely abolished in the
presence of anti-TLRS5 Ab, and these intensity curves were at
almost the same levels as those stimulated by ACh (30 nM)
alone. These findings are in line with electrophysiclogical
experiments (see Fig. 1F and 3E). When the fluorescence
intensities were estimated at 10 min, flagellin (1.0 pg/ml)
significantly increased the ratio in intensities up to 1.2-fold
compared with ACh (30 nM)-stimulated cells (1.04 = 0.02 for
ACh-stimulated value; n = 7, and 1.24 * 0.04 for ACH/

{ug/mi}
10 {ug/ml

| Anti-TLRSAD |

L

s - -
[Lps-ks |

flagellin-stimulated value; n = 9, P < 0.05) (Fig. 6G). These
upregulations in NO syntheses were almost completely
abolished under the presence of anti-TLRS Ab (Fig. 6G).
These findings suggest that interaction between flagellin and
TLRS5 significantly upregulates the NO synthesis, contribut-
ing to the potentiating effect on electrolytes secretion from
tracheal gland cells under physiologically relevant stimula-
tion by ACh (30 nM).

DISCUSSION

In chronic inflammatory airway diseases such as COPD, P.
aeruginosa often colonizes the airway mucosal surface and
appears to have a role in the persistent inflammation or hyper-
secretion in the airways that results in repeated exacerbations
in these diseases (42). However, the exact reason why P.
aeruginosa is closely related to hypersecretion is still not well
understood. We considered that PAMPs might be involved.
Both P. aeruginosa flagellin and LPS are PAMPs recognized
by host pathogen-recognition receptors, TLR4 and TLRS,
respectively (1). We have reported that LPS derived from P.
aeruginosa caused significant potentiating effects on airway
serous gland secretion via the activation of TLR4 (31). Be-
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Fig. 4. Expression of TLRS on swine tracheal submucosal gland acinar cells using immunofluorescent staining (A-D) and RT-PCR (£). Scale bars = 100 pwm,
A: photomicrograph of swine trachea showed abundant, localized submucosal glands beneath the surface tracheal epithelium. B: immunofluorescent staining
showed strong red signals (TLRS) from the submucosal glands as well as tracheal epithelium. C: swine trachea was counterstained with DAPI (blue). D: as a
positive control tissue, a section from swine spleen was evaluated in the same way. Obvious red signals were observed on spleen tissue. £: RT-PCR also
demonstrated the clear expression of TLRS-mRNA from tracheal submucosal gland acinar cells and was observed in swine spleen as a positive control tissue.
Negative control by skipping the reverse transcriptional step showed no amplification. M, marker. : Western blotting analysis revealed the expression of TLRS
protein (90 kDa) in swine tracheal submucosal gland cells. Control was extract prepared from swine spleen.

cause LPS is known to be a prototypical example of endotoxin,
it might cause nonspecific effects other than as a TLR4 ligand
in vivo. In the present study, we focused on the function of
TLRS as another possible potentiator of airway serous secre-
tion. Flagellin significantly potentiated CI™ secretion from
freshly isolated tracheal submucosal gland acinar cells in a
dose-dependent manner, and its potentiating effect was repro-
duced only when the cells were stimulated by physiologically
relevant low doses of ACh (30 nM) (basal secretion) but not by
robust doses of ACh (1 pM) (experimental maximum stimu-
lation). Flagellin significantly increased the ACh-induced in-
tracellular NO synthesis, and NO/cGMP/cGK signaling was
involved in this rapid potentiation by flagellin/TLRS5. Addi-
tionally, our studies presented here showed the absence of any
interaction between the flagellin/TLRS signaling and LPS/
TLR4 signaling because the flagellin-induced potentiations
were not inhibited by LPS-RS and the LPS-induced potentia-
tions were not inhibited by anti-TLRS5 Ab (Fig. 3F). Combined
with our previous report (31), these findings suggested that

both TLR4 and TLRS5 are endogenous potentiators of serous
secretion from tracheal submucosal gland acinar cells and are
likely to play important roles in the pathogenesis of airway
hypersecretion in chronic P. aeruginosa infection. Concerning the
concentration of flagellin, Yu and colleagues (51) reported that
flagellin (0.1-10.0 pg/ml) upregulated MUCSAC expression by
activating TLRS on 16HBE cells, but 0.01 pg/ml of flagellin did
not (51). Illek and colleagues (14) reported that flagellin (0.1-1.0
pg/mi) activated p38, NF-kB, 1L-8, and cystic fibrosis transmem-
brane conductance regulator (CFTR)-dependent airway secretion
in Calu-3 cells. These reports are in line with ours. However, other
reports showed that as low as 50-200 ng/ml of fagellin signifi-
cantly upregulated IL-8 production and IL-23 production in air-
way epithelial cells (41) and intestinal dendritic cells (23), respec-
tively. We do not have a clear explanation for these differences,
but we suppose that submucosal gland cells need a relatively high
concentration of flagellin to potentiate airway secretion in vitro;
otherwise they need carrier proteins or something to enhance the
effects of flagellin in vivo.
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