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Introduction

Summary

Allergic asthma is a chronic disease of the airways associated with airway
hyperresponsiveness, a variable degree of airflow obstruction, airway remod-
elling and a characteristic airway inflammation. Factors of the vitamin D
axis, which include vitamin D metabolites and vitamin D binding protein
(VDBP), have been linked to asthma, but only few data exist about their
regulation in the lung during acute allergen-induced airway inflammation.
Therefore, we analysed the regulation of factors of the vitamin D axis during
the early- and late-phase reaction of allergic asthma. Fifteen patients with
mild allergic asthma underwent segmental allergen challenge. VDBP was
analysed in bronchoalveolar lavage fluid (BALF) and serum using the
enzyme-linked immunosorbent assay (ELISA) technique. 25-hydroxyvitamin
D; [25(OH)D;] and 1,25-dihydroxyvitamin D; [1,25(OH),Ds] were analysed
by a commercial laboratory using the liquid chromatography—mass spec-
trometry (LC/MS) technique. VDBP (median 2-3, range 0-2-7-1 ug/ml),
25(0OH)D; (median 0-060, range < 0-002-3-210 ng/ml) and 1,25(OH),D;
(median < 0-1, range < 0-1-2-8 pg/ml) were significantly elevated in BALF
24h but not 10 min after allergen challenge. After correction for plasma
leakage using the plasma marker protein albumin, VDBP and 25(OH)D;
were still increased significantly while 1,25(OH),D; was not. VDBP and
25(OH)D; were correlated with each other and with the inflammatory
response 24 h after allergen challenge. Serum concentrations of all three
factors were not influenced by allergen challenge. In conclusion, we report a
significant increase in VDBP and 25(OH)Dj; in human BALF 24 h after aller-
gen challenge, suggesting a role for these factors in the asthmatic late-phase
reaction.

Keywords: asthma, bronchoalveolar lavage fluid, segmental allergen challenge,
vitamin D, vitamin D binding protein (VDBP)

(UVB) radiation converts 7-dehydrocholesterol to vitamin
D; (cholecalciferol) [1]. Hydroxylation to 25(OH)D;

The steroid hormone vitamin D plays an important role in
the regulation of calcium and phosphate metabolism. The
effects on bone health are well established. In addition,
during the last decades, there has been a great deal of inter-
est in the additional functions of vitamin D. Research on
vitamin Dj; has revealed its diverse biological action, includ-
ing respiratory health and immunity.

Only a few foods contain vitamin Ds; the main source of
vitamin D is sunlight-induced synthesis. In a photolytic
reaction, which takes place in the skin, ultraviolet B
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(calcidiol), the major circulating metabolite of vitamin D, is
catalysed mainly in the liver by vitamin-D-25-hydroxylase
[2]. The second hydroxylation to the most active form
1,25(0OH),D; is traditionally thought to take place in the
kidneys, but increasing numbers of tissues and cells have
been described to express lo-hydroxylase (Cyp27B1),
which catalyzes this reaction [3].

In peripheral blood, most vitamin D metabolites are
bound to both vitamin D-binding protein (VDBP) and
albumin. Because the affinity of VDBP for 25(OH)D; and
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Table 1. Patient characteristics.

The vitamin D axis in acute allergic asthma

Age Duration of FEV, Total Specific
Sex (years) asthma (years) (%pred) IgE (kU/I) IgE (kU/) Allergen Dose (AU) Medication
F 20 4 92 83 26-4 D. pter. 29 BA
F 23 10 102 141 23:2 D. pter. 2300 BA
F 22 6 101 192 46-9 D. pter. 1920 BA
F 23 11 88 207 1-7 Rye 58 BA, IC
M 23 18 103 262 79-8 Birch 1070 BA, IC
F 23 3 85 116 14-4 Birch 156 BA
F 27 17 81 88 16-8 D. pter. 560 BA, IC
M 26 2 90 130 19-1 Birch 44 AH, BA
M 21 18 93 29 65 D. pter. 230 BA, IC
F 20 15 95 66 1.7 Birch 450 AH, BA, IC
F 28 21 89 243 20-1 Rye 500 BA
M 21 n.d. 94 189 25-1 D. pter. 270 BA, CR
M 42 29 91 1103 353 D. pter. 260 BA, CR
F 24 1 80 243 89-9 Birch 105 AH
M 32 n.d. 87 67 392 Birch 325 BA

Sex, age, duration of asthma of the patients, prebronchodilator FEV;, medication prior to the study (AH, BA, CR, IC), serum levels of total

(normal range < 100 kU/I) and allergen-specific (normal range < 0-7 kU/l) IgE and the allergen and dose used for segmental allergen challenge.

AH = oral antihistamine; AU = allergen units; BA = inhaled B, agonist; CR = cromoglycate; D. pter. = Dermatophagoides pteronyssinus; FEV, = forced

expiratory volume in 1 s; IC = inhaled corticosteroid; IgE = immunoglobulin E; n.d. = not determined; M = male; F = female.

1,25(0OH),D; is much higher than that of albumin, the
majority of these molecules is bound to VDBP [4]. Uptake
of vitamin D metabolites into cells takes place by
endocytosis of bound metabolites by binding of VDBP to
megalin and cubulin on target cells or by diffusion of
unbound metabolites across cell membranes [5-7].

Allergic asthma is a chronic disease of the airways which
is associated with airway hyperresponsiveness, a variable
degree of airflow obstruction, airway remodelling and a
characteristic airway inflammation [8]. Several epidemio-
logical studies have linked vitamin D deficiency in children
and adults with asthma. While some studies showed a
reduction in asthma excacerbations following vitamin D
supplementation, others postulated an increased asthma
risk after vitamin D supplementation (reviewed in [1] and
[2]). As a consequence of these data, there is currently no
recommendation for or against vitamin D supplementation
in asthma, and further information about the physiological
role of the vitamin D axis in the lung during an asthmatic
response is needed. Therefore, we analysed the release of
VDBP and vitamin D metabolites 25(OH)D; and
1,25(0OH),D; into the endobronchial lumen during the
early and late asthmatic response using the human asthma
model of segmental allergen challenge.

Methods

Subjects

Fifteen adult patients with mild to moderate allergic asthma
from the region of Rostock (Germany) were included into
the study (Table 1) using the following criteria: (1) airway

hyperresponsiveness, (2) positive allergen skin prick tests
and (3) elevated total or specific immunoglobulin (Ig)E
concentrations. Inhaled allergen provocation and calcula-
tion of the individual provocation dose were performed as
described previously [9]. Inhaled and segmental allergen
challenge were separated by at least 4 weeks. Cromoglycate
and corticosteroids were withdrawn at least 7 days before
challenge. All patients gave their written informed consent
and the study was approved by the Ethics Committee from
the University Medical Clinic Rostock (HV-2011-0012).

Segmental allergen challenge

Segmental allergen challenge was performed as described
[9]. Briefly, 2-5 ml of saline was instilled into the left S8 and
S4 or S5 segments, and the left S8 was lavaged 10 min later
using 100 ml of prewarmed saline. Subsequently, the aller-
gen (diluted in 2-5 ml saline) was instilled into the right S8
and S4 or S5 segments, and the right S8 was lavaged by
using 100 ml prewarmed saline after 10 min, or earlier if
substantial bronchoconstriction was observed endoscopi-
cally. The second bronchoalveolar lavage was performed in
the left and right S4 or S5 segments 24 h after challenge.
Before each bronchoscopy, venous blood samples were
obtained.

Processing of bronchoalveolar lavage fluid

Bronchoalveolar lavage fluid (BALF) samples were filtered
and centrifuged at 4°C and 400 g for 10 min. Supernatants
were removed and stored at —80°C until measured. Cells
were resuspended in phosphate-buffered saline. A fraction
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of the suspension was used for cell counts using a Neubauer
chamber and for cytospins. Cytospins were stained with
May-Griinwald-Giemsa solution (Merck, Darmstadt,
Germany) and differential cell counts determined using
standard morphological criteria. Results were expressed as
the total number of cells per ml of recovered BALF.

Quantification of 25-hydroxyvitamin Ds,
1,25-dihydroxyvitamin D; and vitamin
D-binding protein

Vitamin D metabolites [normal serum range: 25(OH)D;,
20-70 ng/ml; 1,25(0OH),D;, 16-67 pg/ml] were quantified
in serum and BALF samples in a commercial laboratory
(Labor Limbach, Heidelberg, Germany) by using the liquid
chromatography—mass spectrometry (LC/MS) technique
[detection limits: 25(OH)Ds, 0-002 ng/ml; 1,25(OH),D;,
0-1 pg/ml]. Vitamin D binding protein was detected in
serum and BALF samples using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit (R&D
Systems, Wiesbaden, Germany).

Calculation and subtraction of the plasma
leakage-induced vitamin D and VDBP concentrations

Because BALF concentrations of vitamin D derivatives and
VDBP were much lower compared to serum concentra-
tions, the serum marker protein albumin was measured in
BALF and serum samples using a commercially available
ELISA kit (AssayPro, St Charles, MO, USA). The hypotheti-
cal plasma leakage-induced concentration of vitamin D
derivatives and VDBP was then calculated using the follow-
ing formula:

Cp]asma leakage = (Cserum /albuminserum ) X albuminBALF

The concentration of vitamin D metabolites and VDBP in
BALF corrected for plasma leakage was calculated using the
following formula:

Ceorrected = Cmeasured in BALF — Cplasma leakage

Statistical analysis

Data were analysed using spss version 5-0 software (SPSS,
Inc., Chicago, IL, USA). Most parameters were distributed
asymmetrically. Comparison of the groups was performed
using the Wilcoxon signed-rank test. Correlation analysis
was performed using Spearman’s correlation coefficient.
Probability values of P < 0-05 were regarded as significant.
Box-plots show the median (line within the box),
interquartile range (edges of the box) and range of values
less distant than 1-5 interquartile ranges from the upper or
lower quartile (vertical lines).

Results

Vitamin D-binding protein in serum and BALF

Concentrations of VDBP in BALF were increased signifi-
cantly 24 h after allergen challenge compared with saline-
challenged lung segments, while serum concentrations were
not affected by allergen challenge (Table 2). Because serum
concentrations of VDBP were much higher than BALF con-
centrations, we measured the plasma marker protein
albumin in BALF, which allows us to calculate the potential
contamination by plasma leakage (see Methods section for
details). After correction of VDBP values for plasma
leakage-induced concentrations, there was still a significant
increase in VDBP in BALF 24 h after allergen challenge
(Fig. 1).

25-hydroxyvitamin D; and 1,25-dihydroxyvitamin D
in serum and BALF

Seven patients analysed had serum levels of 25(OH)D;
lower than 20 ng/ml and were therefore classified as vitamin
D-deficient. One patient was analysed in October, one in
December, one in February, three in March and one in May.
Two patients analysed in October and November, respec-
tively, showed 25(OH)D; concentrations > 20 ng/ml. After
10 min in saline-challenged lung segments and the allergen-
challenged segment, 25(OH)D; and 1,25(OH),D; could
hardly be detected, while a significant increase in concentra-
tions of vitamin D derivatives was observed 24 h after aller-
gen challenge (Table 2). Serum concentrations of vitamin D
metabolites were not influenced by allergen challenge
(Table 2) and no significant association between serum and
BALF levels of vitamin D metabolites was detected. After
correction of the measured values for potential contamina-
tion by plasma leakage, a significant increase in 25(OH)D;
in BALF 24 h after allergen challenge was still observed
(Fig. 1). In contrast, 1,25(OH), D; was no longer elevated
24 h after allergen challenge (Fig. 1).

Correlation with the inflammatory response

Numbers of lymphocytes, neutrophils and eosinophils were
elevated significantly in BALF 24 h after allergen challenge
compared with saline-challenged control segments
(Table 3). In BALF 24 h after allergen challenge, a signifi-
cant correlation between concentrations of 25(OH)D; and
numbers of macrophages (rs=0-543; P=0-037), numbers
of lymphocytes (rs=0-885; P=0-001), numbers of
neutrophils (rs=0-775; P=0-001), numbers of eosinophils
(rs=0-796; P=0-001) as well as the allergen dose used for
challenge (rs = 0-657; P =0-008) were found. No significant
correlations were found between 1,25(0OH),D; and inflam-
matory or clinical parameters. In BALF 24 h after allergen
challenge, VDBP was correlated significantly with the
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Table 3. Cell counts in bronchoalveolar lavage fluid (BALF) after allergen challenge.

10 min 24 h
Saline Allergen Saline Allergen
Recovery (ml) 52 (17-74) 35 (8-69) 57 (43-76) 50 (20-75)
Macrophages (10*/ml) 47 (1-85) 18 (2-36) 68 (13-122) 78 (2-223)
Lymphocytes (10%/ml) 3 (0-13) 1(0-4) 4 (1-12) 11 (1-111)*
Neutrophils (10°/ml) 0(0-2) 0(0-1) 3 (0-111) 8 (1-154)*
Eosinophils (10*/ml) 0 (0-4) 0 (0-3) 1(0-4) 60 (0-654)*

The table displays the recovery and number of cells in BALF after saline and allergen challenge, respectively. All parameters are shown as median
values (range) (n = 15). Asterisks mark significant differences (P <0:05) in cell counts between allergen-challenged and saline-challenged lung

segments.

mechanisms might contribute to this observation. So it has
been shown that VDBP bound to neutrophils, which are
elevated in our model of asthma, can be released unaltered
into the extracellular space by serine protease activity [15].
Our findings are in line with a previous study which
described elevated VDBP concentrations in BALF of chil-
dren with severe therapy-resistant asthma [16]. In the latter
investigation, there was also no impact of the asthmatic
status on serum VDBP levels [16], suggesting that VDBP is
up-regulated locally in the asthmatic lung. In our study, the
best correlation was detected between VDBP and
neutrophils in BALE. Thus, it could be speculated that
VDBP contributes to neutrophil recruitment in this human
model of allergic asthma. It has already been shown in a
mouse model of lung inflammation that VDBP is involved
in neutrophil recruitment into lung [17].

Of note, it has to be assumed that the allergen-induced
influx of macrophages and lymphocytes can degrade VDBP
to macrophage-activating factor (MAF), which is generated
by cleavage of carbohydrate residues from VDBP [11]. The
ELISA used in our experiments has not been tested for
cross-reactivity with MAF. Therefore, we cannot rule out
completely that some of the measured VDBP might in fact
be due to VDBP-derived MAFE.

Most of the patients who were classified as vitamin
D-deficient were analysed from October to March, suggesting
that vitamin D deficiency might be due to low sunlight expo-
sure during these months, as the main source of vitamin D in
humans is sunlight-induced synthesis [2]. Nevertheless,
vitamin D deficiency has been linked to allergic asthma by
several studies (reviewed in [1] and [2]), and therefore other
physiological mechanisms might additionally account for the
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observed phenomenon in our study. Our results on vitamin
D metabolites in human BALF corroborate previous findings
which reported a significant increase in 25(OH)Ds, but not
1,25(0OH),D; in human BALF 20-24 h after allergen chal-
lenge, after correction for plasma exudation [18]. In keeping
with this study, we found a significant correlation between
25(OH)D; and the inflammatory response in BALF 24 h after
allergen challenge. However, compared to the investigation by
Liu et al., we were able to show that 25(OH)D; concentra-
tions increase 24 h after allergen challenge, but not 10 min
after allergen challenge, suggesting an allergen-dependent
up-regulation of vitamin D concentrations in the lungs
during the late-phase asthmatic response. While elevated
levels of 1,25(OH),D; in BALF after allergen challenge can be
explained by plasma leakage, our data provide evidence that
other mechanisms such as metabolic and/or transport
mechanisms may additionally account for the increase in
25(OH)D;. It may be speculated that transport via VDBP,
which is also elevated after allergen challenge and correlated
with 25(OH)Ds, might be one of the mechanisms contribut-
ing to this observation.

Concentrations of 1,25(OH),D;, the most active form of
vitamin D, were very low in BALF (< 3:0 pg/ml) even after
allergen challenge, and therefore a physiological role of free
1,25(OH),D; in allergen-induced endobronchial inflamma-
tion seems questionable. Nevertheless, vitamin D;
hydroxylating enzymes have been detected in a variety of
other tissues such as the skin, the intestine and the lungs as
well as in cells such as lung macrophages, monocytes,
dendritic cells and T lymphocytes [3,19,20]. This suggests
that our finding of allergen-induced elevated levels of
25(OH)Ds in the lung may have a pathophysiological rel-
evance. In bronchial smooth muscle cells vitamin D;
induces genes involved in morphogenesis, cell growth and
survival, as well as genes encoding for structural proteins
which may be involved in airway remodelling [21]. In bron-
chial and respiratory epithelial cells, vitamin D induces
thymic stromal lymphopoietin (TSLP) and expression of
the anti-microbial peptide cathelicidin, respectively [3,22].
DCs were recognized as a central target for vitamin D:
1,25(0OH),D; inhibits DC differentiation, maturation and
function by decreasing production of IL-12 and increasing
secretion of IL-10 [23-26]. By modulating DC function in
that manner, 1,25(OH),D; alters T cell activation favouring
the induction of regulatory T cells and leading to T cell
hyporesponsiveness [24,27]. Several studies have shown
that VDBP is restricting the bioavailability of 25(OH)D; to
monocytes and DC and therefore suppresses vitamin D
receptor signalling [28,29], suggesting that elevated levels of
VDBP in our model of allergen-induced lung inflammation
might favour a proinflammatory DC phenotype. To date, it
is unclear if anti-inflammatory effects through elevated
vitamin D metabolites or proinflammatory effects through
elevated VDBP predominate our human model of allergen-
induced inflammation.

The vitamin D axis in acute allergic asthma

In conclusion, we report significantly elevated levels of
VDBP and 25(OH)Dj; in BALF 24 h after allergen challenge
in a human model of allergic asthma suggesting an as-yet
unclear role for both factors in late events of allergen-
induced endobronchial inflammation.
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