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Abstract

We have developed a method for measuring leukotriene B4 glucuronide, a marker of systemic leukotriene B4 biosynthesis, in
human urine. This method involves the separation of two positional isomers of leukotriene B4 glucuronide by high-performance
liquid chromatography, followed by hydrolysis with B-glucuronidase and then leukotriene B4 quantification by enzyme immunoassay
after purification by high-performance liquid chromatography. One of two positional isomers of leukotriene B4 glucuronide was
predominantly presentin urine. The concentration of the isomer increased inurine from aspirin-intolerant asthina patients after aspirin
challenge. Urinary leukotriene B4 and leukotriene B4 glucuronide concentrations in 13 normal healthy adults were 94.6 pg/mg-
creatinine (median) and 22.3 pg/mg-creatinine, respectively. Urinary LTE4 concentration increased during the first 3 h after allergen
inhalation in atopic patients. However, allergen-induced bronchoconstriction was not associated with an increased concentration of
LTB4 glucuronide in urine. The method enabled us to precisely determine urinary leukotriene B4 glucuronide concentration.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Leukotrienes (LT) are a group of bioactive compounds, which play important roles in immediate hypersensitiv-
ity reaction and inflammation. The biosynthesis of LTs is initiated by the oxygenation of arachidonic acid to form
5-hydroperoxyeicosatetraenoic acid, which is subsequently converted to LTA4. This unstable epoxide I.TA4 is enzy-
matically metabolized to LTC4, which is converted in turn to LTD4 and then to LTE4, LTB4, the alternative end
product of the 5-lipoxygenase pathway, is produced from LTA4 by LTA4 hydrolase. Cysteinyl-LTs (LTC4, LTD4,
and LTE4) are potent constrictors of bronchial smooth muscle and are also potent and specific chemoattractants for
eosinophils. LTB4 is a potent chemoattractant for neutrophils and is considered to play a role in various inflammatory
responses. There have been many studies showing that cysteinyl-LTs have considerable potential to contribute to the
pathophysiological features of asthma. Significance of LTB4 in bronchial asthma is still controversial. As determined
from the pharmacological properties of an LTB4 antagonist, LTB4 is considered to have no substantial impact on the
pathophysiological features of bronchial asthma [1]. On the other hand, a study using LTB4 receptor knockout mice
showed that LTB4 has a substantial impact on the development of Th2-type immunoresponses [2]. As mentioned above,
the role of LTB4 in the development of the pathophysiological features of bronchial asthma has not been completely
clarified.

* Corresponding author, Tel.: +81 42 742 8311; fax: +81 42 742 7990.
E-mail address: h-mita@sagamihara-hosp.gr.jp (H. Mita).

1098-8823/$ — see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.prostaglandins.2006.09.010



H. Mita et al. / Prostaglandins & other Lipid Mediators 83 (2007) 42—49 43

Urine has been found to be a useful biological fluid in monitoring the endogenous release of chemical mediators. If
metabolic clearance systems including liver function were not altered in the disease state, urinary metabolite concen-
tration provides an easily performed method to monitor whole-body production of the precursor. The major drawback
of using urine is that a reliable metabolite of endogenous production of the mediator needs to be identified and urine
analysis cannot provide any information on the cellular origin of mediators. The concentration of LTE4 in human urine
is considered a good marker of LTC4 production in the human body. LTB4 itself is not a good marker of LTB4 produc-
tion because of its rapid metabolism, and the metabolite that can be a good marker of LTB4 production has not been
identified until very recently. Karin et al. suggested the possibility of using the concentrations of LTB4 glucuronide and
20-carboxy LTB4 in urine as markers of LTB4 whole-body production [3]. Studying the LTB4 production status in the
body of asthmatic patients is useful for clarifying the clinical significance of LTB4. In a previous study, we measured
LTB4 glucuronide concentration in urine and found that aspirin-intolerant asthmatic patients subjected to an aspirin
tolerance test showed an increase in not only LTE4 concentration but also LTB4 glucuronide concentration in urine
[4]. Because LTB4 glucuronide concentration was calculated by subtracting LTB4 concentration in urine after hydrol-
ysis by B-glucuronidase from LTB4 concentration in urine before hydrolysis, no information on the concentration of
the isomer of LTB4 glucuronide was obtained in that study. Moreover, relatively large amounts of urine samples are
required for this measurement method and errors frequently occur in the evaluation of urine samples containing low
concentrations of LTB4 glucuronide. The aim of this study is to develop a method of measuring the concentration of
LTB4 glucuronide in human urine.

2. Materials and methods
2.1, Preparation of LTB4 glucuronide

Two isomers of LTB4 glucuronides were synthesized by reacting LTB4 with a mixture of UDP-
glucuronosyltransferase cofactors containing uridine 5'-diphosphoglucuronic acid (BD Biosciences, Woburn, MA,
USA) in the presence of human liver microsomes (BD Biosciences) according to manufacturer’s instruction.

2.2. Aspirin challenge test

Three aspirin-intolerant asthma patients (two males and one female, 37-54 years old) received intravenous aspirin
challenge. These three patients were in a clinically stable condition and all medications were stopped for at least 12h
prior to the challenge test. At the time of the study, FEV1.0 exceeded 80% of the predicted value. The challenge
test was performed as reported previously [4]. Briefly, urine samples were collected at the beginning of the study.
After the intravenous injection of 1 ml of saline, if FEV1.0 did not change by more than 10% from the prechallenge
baseline, doubled doses of lysine aspirin (12.5, 25, 50, 100, and 200 mg equivalent of aspirin) were intravenously
administered. FEV1.0 was recorded every 10 min after the administration and the time interval between administra-
tions of increasing doses was 30 min. The challenge test was stopped when a positive reaction occurred, which was
defined as a decrease in FEV1.0 by 20% or more from the baseline. Urine samples were collected for the measure-
ment of LTB4 glucuronide and LTE4 concentrations during the following periods: the hour immediately prior to the
provocation test and 0-3, 3-6, 6-9, and 9-24h after the onset of bronchoconstriction. Urine samples were collected
in polypropylene tubes containing 4-hydroxy-TEMPO and stored at —35 °C until analysis. Permission to conduct the
study was obtained from the Sagamihara National Hospital Ethics Committee and all the subjects gave their informed
consent.

2.3. Allergen inhalation test of atopic asthmatic patients

Bronchial provocations with cat, mite or house dust allergens were performed on seven patients on nine occa-
sions. The patients were five female and two male, 21-73 years of age (mean, 33.9), with a mean forced expiratory
volume in 1s (FEV1.0) of about 90% of the predicted value. The patients inhaled an allergen solution in a Dev-
ilbiss nebulizer operated by air at a flow rate of 51/min. The nose was clipped and aerosols were inhaled through
a mouthpiece during tidal breathing. After the measurement of baseline FEV1.0, patients inhaled saline for 2 min.
When a change in FEV1.0 was not observed, allergen inhalation was performed. Allergen solution was inhaled for
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2 min and FEV1.0 was measured 10 min after each inhalation. The starting concentration of the allergen extract for
inhalation was determined from the threshold concentration on intradermal skin test. Allergen solutions at increasing
concentrations were inhaled until a decrease in FEV1.0 of at least 20% was achieved. All asthma medications were
withheld for at least 12 h before the provocation test. Urine samples were collected at the same interval as described
above.

2.4. Measurement of urinary LTB4 glucuronide concentration

We used an Empore C18 disk cartridge (3 M, St. Paul, MN, USA) for extracting LTB4 glucuronide and LTB4, because
the cartridge enabled the extract of these compounds from urine and the chromatographic effluent into a small volume
of methanol with sufficient recovery. Siliconized glass tubes, polypropylene tubes and polypropylene pipettes were
used throughout the study. After an aliquot of urine (2 ml) was loaded on an Empore C18 disk cartridge, the cartridge
was washed with distilled water and LTB4 glucuronide was eluted with 0.5 ml of methanol. When using authentic
LTB4 glucuronide, the rate of recovery of both isomers of LTB4 glucuronide from the Empore C18 disk cartridge
was estimated to be more than 90%. The methanol extract was concentrated under a nitrogen stream. The residue was
purified by high-performance liquid chromatography (HPLC) and the fraction corresponding to the retention times of
both isomers of LTB4 glucuronide were collected. HPLC was performed using a NOVA-PAK C18 column (Waters,
Milford, MA, USA) with a solvent mixture of methanol-distilled water—acetic acid (65:35:0.1, v/v/v) containing 0.1%
EDTA (pH adjusted to 5.4 with ammonium hydroxide) at a flow rate of 1.0ml/min at 37 °C. The methanol extract
could be injected into the HPLC column every 20 min. After the addition of two volumes of distilled water to the
effluent, LTB4 glucuronide was extracted using an Empore C18 disk cartridge. To liberate LTB4, LTB4 glucuronide
was incubated with B-glucuronidase (200U, G7646, Sigma, St. Louis, MO, USA) in 1 ml of 0.1 M phosphate buffer
(pH 7.0) at 37 °C for 20h. The solution was purified by HPLC using the same elution buffer as described above. The
fraction corresponding to the retention time of authentic LTB4 was collected and LTB4 was extracted with an Empore
C18 disk cartridge. LTB4 concentration was determined using an enzyme immunoassay kit (Cayman Chemical, Ann
Arbor, M1, USA). The concentrations were expressed as picogram per milligram of creatinine.

2.5. Cross-reactivity of each isomer of LTB4 glucuronide to the antibody used in the enzyme immunoassay

Cross-reactivity of each isomer to the antibody against LTB4 was determined by incubating with LTB4 tracer and
LTB4 or each isomers at increasing concentrations.

2.6. Measurement of urinary LTE4 concentration

LTE4 was quantified using an enzyme immunoassay kit (Cayman Chemical) after purification by HPLC as reported
previously [5].

2.7. Normal healthy subjects

The controls (6 male and 7 female, 30~55 years of age) were non-atopic healthy hospital staff members. None of
them were taking any medication.

2.8. Analysis of data

Data are expressed as median values and range in bracket unless otherwise specified. Differences between groups
were evaluated using the Wilcoxon #-test. The Kruskal-Wallis H-test, a non-parametric statistical test, was per-
formed for time-course experiments. When the test showed a significant difference, pairwise comparisons were
performed using the Mann—-Whitney U-test with Bonferroni’s correction. A value of p < 0.05 was considered statistically
significant.
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Fig. 1. The reaction mixture of LTB4, uridine 5’-diphosphoglucuronic acid and human liver microsomes was analyzed by HPLC (A). LTB4 was
eluted at the retention time of about 10.4 min. LTB4 was generated by the incubation of the fraction corresponding to peak 1 (B) or that to peak 2
(C) with B-glucuronidase.

3. Results
3.1. Preparation of LTB4 glucuronide

After the incubation of LTB4 with uridine 5’-diphosphoglucuronic acid in the presence of human liver microsomes,
the reaction mixture was analyzed by HPLC using the same solvent as that for LTB4 purification. Three distinct
peaks appeared on the chromatogram (Fig. 1A). The peak of the fraction eluted at the retention time of approximately
10.4 min corresponds to LTB4. When the fractions for the two other peaks, which eluted at shorter retention times (3.2
and 4.5 min), were incubated with B-glucuronidase in 1 ml of 0.1 M phosphate buffer, both fractions generated LTB4,
suggesting that these are isomers of LTB4 glucuronide (Fig. 1B and C).

3.2. Time course of hydrolysis of LTB4 glucuronide by S-glucuronidase

To determine the kinetics of the hydrolysis of LTB4 glucuronide, each isomer of LTB4 glucuronide was incubated
with B-glucuronidase at 37 °C for various durations. LTB4 glucuronide of peaks 1 and 2 showed a weak cross-reactivity
to the antibody against LTB4 in enzyme immunoassay (Fig. 2). The concentration at which each isomer reduced the
binding of the LTB4 tracer by 50% was compared with the concentration of LTB4. When assessed on the basis of
Fig. 2, the cross-reactivities of the isomers corresponding to peaks 1 and 2 were 0.15% and 1.8%, respectively. Since
LTB4 glucuronide might coexist with LTB4 in the solution during a brief incubation, the concentration of LTB4 was
measured by enzyme immunoassay after purification by HPLC. Fig. 3 shows that about 20h was required for the
completion of the hydrolysis of both isomers of LTB4 glucuronide.

3.3. Concentration of each isomer of LTB4 glucuronide

To examine the concentration of each isomer of LTB4 glucuronide, each isomer of LTB4 glucuronide was separately
collected by HPL.C. When the concentration of an isomer of LTB4 glucuronide was determined by enzyme immunoassay
after hydrolysis with B-glucuronidase, the concentration of the fraction corresponding to peak 1, which eluted earlier
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Fig. 2. Cross-reactivity of two isomers of LTB4 glucuronide to antibody against LTB4.

by HPLC, was significantly higher than that corresponding to peak 2 (20.9 pg/mg-creatinine, [4.7-76.7] versus 3.65
[0-9.6], =10, p <0.01 analyzed by the Wilcoxon t-test). There was a significant correlation between the concentrations
of both isomers (r=0.651, p =0.04).

3.4. Quantification of urinary LTB4 glucuronide by enzyme immunoassay in combination with HPLC

We do not know the precise concentration of LTB4 glucuronide because there has been no information about
the molecular extinction coefficient of LTB4 glucuronide. Thus, we examined the recovery rate of the procedure
from various aspects as follows. (1) After isolation of LTB4 glucuronide by HPLC, LTB4 glucuronide was incu-
bated with 8-glucuronidase. After extraction of LTB4 from the reaction mixture with an Empore C18 disk cartridge,
LTB4 was quantified by enzyme immunoassay. Because the concentration of LTB4 was determined to be 2.8 pmol/ml,
the concentration of LTB4 glucuronide in the starting solution was assumed to be 2.8 pmol/ml without considering
the rate of hydrolysis with B-glucuronidase treatment. Five aliquots of LTB4 glucuronide (2.8 pmol/ml) were pro-
cessed using all procedures, namely, hydrolysis with B-glucuronidase, LTB4 extraction with an Empore C18 cartridge,
LTB4 purification by HPLC, and LTB4 extraction from effluent with an Empore C18 cartridge. The LTB4 concentra-
tion was determined to be 2.11 £ 0.31 pmol/ml by enzyme immunoassay, suggesting that the total recovery rate was
75.4 £11.0% (mean = S.D., n=15). (2) When LTB4 (600 pg) was injected into the HPLC column and the effluent con-
taining LTB4 was extracted with an Empore C18 cartridge, the recovery rate was 90.7 £:4.2% (n=>5), suggesting that
LTB4 is recovered in high yield. (3) When four aliquots of an isomer (peak 1) of 1.TB4 glucuronide were hydrolyzed
with B-glucuronidase, the concentration of LTB4 was 142 - 9.93 ng/ml. The coefficient of variation was 7%, suggest-
ing that LTB4 glucuronide can be reproducibly converted to LTB4 under our experimental conditions. Nevertheless,
beside the recovery rate described above, LTB4 glucuronide concentration may be slightly underestimated because we
do not know whether LTB4 glucuronide was fully converted to LTB4 by incubation with 3-glucuronidase.
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Fig. 3. Kinetics of hydrolysis of LTB4 glucuronide by incubation with 8-glucuronidase; peaks 1 and 2 correspond to the fractions eluted at the
retention times of 3.2 and 4.5 min shown in Fig. 1, respectively.
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Fig.4. Changes in concentrations of urinary LTE4 and two LTB4 glucuronide isomers in three patients with aspirin-intolerant asthma after intravenous
aspirin challenge.

3.5. Concentrations of LTE4 and two LTB4 glucuronide isomers in aspirin-intolerant asthma patients after
aspirin provocation

As shown in Fig. 4, a significant increase in the concentration of LTE4 was observed in urine from the three aspirin-
intolerant asthma patients after the aspirin challenge, Of the two isomers of LTB4 glucuronide, a significant increase in
the concentration of the isomer corresponding to peak 1 was observed. These results agreed with those in our previous
report [5]. On the other hand, although the concentration of the isomer corresponding to peak 2 also increased, the
increase was not apparent owing to the originally low concentration.

3.6. Concentrations of LTE4 and LTB4 glucuronide in normal healthy adults

In 13 normal healthy subjects, the concentrations of LTE4 and LTB4 glucuronide were 94.6 pg/mg-creatinine
(median, range 21.4-159.9) and 22.3 pg/mg-creatinine (range 7.4-49.1), respectively. There was no correlation between
LTE4 concentration and LTB4 glucuronide concentration in urine from normal healthy adults.

3.7. Concentrations of LTE4 and LTB4 glucuronide in atopic asthmatic patients after allergen inhalation

All patients developed isolated early asthmatic responses after allergen inhalation. The baseline FEV1.0 was
3.06 £0.861 (mean == S.D.) and the mean percent decrease in FEV 1.0 after allergen inhalation was 67.8 £17.4% at
10 min. All the patients showed an increase in concentration of urinary LTE4 in the first 3h after the challenge. There
was a significant increase in urinary LTE4 concentration during the 3 h after FEV1.0 decreased by 20% or more from
the baseline after allergen inhalation (96.1 pg/mg-creatinine, [61.7-346] versus 449 pg/mg-creatinine, [110-1546],
p<0.05). If LTB4 release is induced by allergens in atopic asthmatic patients, it is possible to detect an increase in
urinary LTB4 glucuronide concentration after allergen inhalation. However, there was no significant change in uri-
nary LTB4 glucuronide concentration after allergen inhalation (Fig. 5). These results suggest that cysteiny-LTs are
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Fig. 5. Changes in urinary LTB4 glucuronide (right) and LTE4 (left) concentrations in atopic asthmatic patients after allergen inhalation. Data are
presented as box plots showing medians and interquartile ranges. In the box plots, the lower boundary indicates the 25th percentile. The line within
the box indicates the 50th percentile (median) and the upper boundary of the box indicates the 75th percentile. Error bars above and below the box
indicate the 90th and 10th percentiles, respectively. * Significantly different from baseline concentration (p <0.05).

involved in causing bronchoconstriction induced by inhalation challenge during early asthmatic responses. The absence
of significantly increased concentrations of LTB4 glucuronide during bronchoconstruction suggests that LTB4 is not
involved in the induction of early bronchial responses; alternatively, LTB4 is generated in amounts too small to be
reflected in an increased concentration of urinary LTB4 glucuronide.

4. Discussion

When LTB4 and uridine 5’-diphosphoglucuronic acid were incubated in the presence of human liver microsomes,
two new peaks appeared on the HPLC chromatogram (Fig. 1A), and this chromatogram agreed with that reported
by Turgeon et al. [6]. When the fractions corresponding to the two peaks, which were distinctively eluted after the
retention times of approximately 3.1 min and 4.5 min, were incubated with B-glucuronidase, both fractions generated
LTB4, suggesting that these peaks correspond to LTB4 glucuronide. In human urine, the concentration of the isomer
that was eluted by HPLC after a shorter retention time was significantly higher than that of the isomer that was eluted
after a longer retention time. In an in vitro experiment using human liver microsomes, the height of peak 2 was
approximately one-half that of peak 1 (Fig. 1A), suggesting that the isomer of LTB4 glucuronide corresponding to
peak 2 was produced at a lower concentration than the isomer corresponding to peak 1. Although the distinct LTB4
glucuronide isomers show the same fragmentation pattern in LC-MS/MS analysis, the structure of LTB4 glucuronide,
namely, the functional group of LTB4 to which glucuronic acid attaches, has not been clarified [6].

The possibility that the concentration of LTB4 was underestimated cannot be denied because we were not able to
determine recovery rate of the entire experimental procedure, particularly the rate of hydrolysis of LTB4 glucuronide
using B-glucuronidase. However, we examined the recovery rate of the procedure from various aspects and considered
that there was no significant recovery loss.

The early asthmatic responses after allergen inhalation seem to be mainly induced by bronchoconstriction mediators
released from cells, such as mast cells, within the airway lumen. Many studies showed that LTE4 concentration in
urine increases in atopic patients following the inhalation of an allergen solution [7-11]. In our study, a significantly
high concentration of LTE4 was observed in urine samples obtained during 3 h after bronchoconstriction as shown
in Fig. 5. On the other hand, the concentration of LTB4 glucuronide generally did not significantly increase. This
may be expected because human mast cells produce a large amount of LTC4 following IgE-dependent stimulation but
produce only a small amount of LTB4 [12,13]. Moreover, LTB4 is produced by transcellular biosynthesis induced by
cell-to-cell interaction [14]; however, the results shown in Fig. 5 suggest that allergen inhalation causes low, if any,
LTB4 production induced by cell-to-cell interaction. Because it has been reported that only 0.2% of intravenously
administered LTB4 is excreted in urine, a slight change in the concentration of LTB4 glucuronide may not be detected
because of measurement errors. There is a possibility that changes in LTB4 concentration is more difficult to detect
than those in LTE4 concentration except for considerable changes.

If we assume that the amount of creatinine produced in a human body is 1500 mg/day and that approximately 0.2%
of LTB4 produced in a human body is excreted as LTB4 glucuronide in urine [3], the amount of LTB4 produced
in the body of a healthy person can be calculated as approximately 16.7 pg/day (49.7 nmol/day), because the LTB4
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glucuronide concentration in the urine sample from a healthy person was determined to be 22.3 pg/mg-creatinine in our
study. On the other hand, because it was reported that approximately 5% of LTC4 is excreted as LTE4 in urine [15], the
amount of LTC4 produced in the body of a healthy person can be similarly calculated as approximately 2.82 p.g/day
(4.5 nmol/day).

In conclusion, we established a method of measuring LTB4 glucuronide, which may be used as a marker of systemic
LTB4 production. Using the method described in our previous report, we found that errors tended to occur when the
concentration of LTB4 glucuronide was low because we calculated the concentration of LTB4 glucuronide from the
difference between the concentration of LTB4 hydrolyzed and that not hydrolyzed. These errors rarely occur in the
present method (data not shown); moreover, the advantage of this method is that it requires half the amount of a
urine sample for analysis compared with that used in the previous method. By measuring the concentration of LTB4
glucuronide as well as that of LTE4, the condition of the human leukotriene pathway can be comprehensively evaluated.
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Epidemiological studies have suggested that the recent increase in the incidence and

severity of immunoglobulin (Ig)E-mediated allergic disorders is inversely correlated with
Mycobacterium bovis bacillus Calmette Guerin (BCG) vaccination; however, the underlying
mechanisms remain uncertain. Here, we demonstrate that natural killer T (NKT) cells in
mice and humans play a crucial role in the BCG-induced suppression of IgE responses. BCG-
activated murine Var14 NKT cells, but not conventional CD4 T cells, selectively express high
levels of interleukin (IL)-21, which preferentially induces apoptosis in Be cells. Signaling
from the IL-21 receptor increases the formation of a complex between Bcl-2 and the
proapoptotic molecule Bel-2—-modifying factor, resulting in Be cell apoptosis. Similarly, BCG
vaccination induces IL-21 expression by human peripheral blood mononuclear cells (PBMCs)
in a partially NKT cell-dependent fashion. BCG-activated PBMCs significantly reduce IgE
production by human B cells. These findings provide new insight into the therapeutic effect
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of BCG in allergic diseases.

The prevalence of IgE-mediated allergic dis-
eases such as asthma, hay fever, and atopic der-
matitis has increased dramatically over the past
two decades, especially in industrialized coun-
tries (1). For example, the incidence of asthma
has nearly doubled since 1980 in the United
States as well as in Japan (1, 2). However, the
precise mechanisms underlying the increased
incidence of allergic diseases are not fully un-
derstood. One possible explanation has been
termed “the hygiene hypothesis,” which pro-
poses that improved hygiene combined with
the excessive nse of antibiotics in industrial
countries has markedly reduced the incidence
of infections, particularly in children. This lack
of early exposure to infectious agents is associ-
ated with accelerated IgE production and an

The online version of this article contins supplementl material.
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increased incidence of allergic disorders (1-3).
Epidemiological studies support this hypoth-
esis (4-6), and bacterial and viral products have
been proposed as therapeutic strategies to sup-
press the development of allergic responses. For
example, vaccination with Mycobacterium bovis
bacillus Calmette Guerin (BCG) has been re-
ported to suppress IgE production and inhibit
the development of allergic diseases in mouse
models (7-9) and in humans (10). Furthermore,
injection of CpG oligodeoxynucleotides, bac-
terial DINA surrogates recognized by Toll-like
receptor (TLR)9, reduces serum IgE levels in
mice (11).

It has been widely accepted that IgE pro-
duction is totally dependent on Th2 cells,
whose functions are reciprocally inhibited by
Thi cells. Mechanistically, therefore, the hy-
giene hypothesis is based on an imbalance in
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the Th1/Th2 ratio because bacterial components stimulate
Thl responses that in turn inhibit Th2 responses and IgE
production (12), On the other hand, recent findings have in-
dicated that a spectum of T cells with immunoregulatory
properties is involved in the regulation of IgE production and
the pathophysiology of allergic diseases (13). For example,
CD4*CD25% regulatory T cells inhibit Th2 responses by
producing immunosuppressive cytokines that can directly in-
hibit B cell activation (14, 15). Furthermore, NKT cells ex-
pressing an invariant antigen receptor (Va14-Ja281 for mice
and Va24-JaQ for humans; reference 16) suppress Th2 and
IgE responses via their production of IFN-y (17).

In addition to these cellular mechanisms, it has also been
reported that IL-21 is involved in the suppression of IgE pro-
duction in both mice and humans (18, 19). IL-21 is a type I
cytokine produced by activated CD4* T cells and has a broad
capacity to regulate lymphoid cell functions (20-22). Among
these functions, 1L-21 directly inhibits antibody production
by IgE-bearing B (Bg) cells induced by CD40L and IL-4
(18). Conversely, IL-21R~deficient mice exhibit enhanced
IgE production (23). IL-21 has been shown to specifically in-
hibit germ line transcription of the IgE constant region (Ce)
gene but not of other isotype genes (18). However, there is
no direct evidence that this inhibition of germ line transcrip-
tion is responsible for the suppression of IgE production, as
class switch recombination of Ig genes and subsequent anti-
body secretion are differentially regulated events (24). IL-21
also induces apoptosis in B cells (25, 26), which could par-
tially explain the reduction of IgE production; however, this
effect was not shown to be specific for IgE. Hence, the
mechanism by which IL-21 specifically inhibits IgE produc-
tion is not yet fully understood.

Here, we have investigated BCG-mediated IgE suppres-
sion and found that NKT cells specifically induced apoptosis
in Be cells through the production of IL-21, resulting in a
dramatic decrease in IgE production. JL-21 increased the for-
mation of a complex between Bcl-2 and the proapoptotic
molecule Bcl-2—-modifying factor (Binf), which is selectively
expressed in Be cells and counteracts the antiapoptotic activ-
ity of Bel-2. We have found that similar mechanisms are op-
erative in humans. This is the first report demonstrating that
IL-21 produced by Va14 NKT cells plays an important role
in the regulation of IgE responses in both mouse and human
immune systems.

RESULTS

Va14 NKT cell-dependent IgE suppression by BCG treatment
We used an OVA-patched sensitization protocol (27) to de-
termine if BCG activates Va14 NKT cells. Va14 NKT cells
were detected by a-galactosylceramide (o-GalCer)—loaded
CD1d tetramer staining. In control mice treated with PBS or
OVA without BCG, ~15% of the liver mononuclear cells
(MNCs) were Vald NKT cells (Fig. 1 A, left and middle).
However, BCG treatment significantly increased the fre-
quency of Val4 NKT cells to >25% (Fig. 1 A, right). BCG
treatment also increased the absolute number of Vael4 NKT
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Figure 1. Requirement of Va14 NKT cells in BCG-mediated IgE
suppression. (A) FACS profiles of liver MNCs. The liver MNCs obtained

1 wk after the last immunization were stained with a-GalCer/CD1d tetra-
mer and anti-TCRB mAb. Three mice per each group were analyzed and
representative data are shown. (B and C) Effects of BCG on antibody re-
sponses in WT and V14 NKT KO mice. Total and OVA-specific serum IgE (B),
lgG1, and 19G2a (C) were assayed by ELISA. Five mice were used in each
group. Values are expressed as mean = SD. The asterisks (*} indicate that
the amount of IgE was below the detection level for anti-OVA IgE (<31.2
Ufmb), anti-OVA 1981 (<0.002 UJml), or anti-OVA lgG2a (<1.25 U/ml). NS,
not significant. All experiments were repeated three times with
similar results.

cells because the total number of liver MNCs was also in-
creased by 50-80% (not depicted). Sera were collected from
these mice 1 wk after the last sensitization, and IgE levels
were evaluated. In WT mice, both total and OVA-specific
IgE levels were suppressed by BCG treatment (Fig. 1 B). In
mice lacking the Ja18 gene (Va14 NKT KO), there was no
significant BCG-induced suppression of IgE responses, sug-
gesting that suppression requires Va14 NKT cellks.

The effect of BCG administration on Th1/Th2 responses

It is well known that the isotype commiunent of B cells dur-
ing Ig class switching is tightly regulated by Th1/Th2 cell
cytokines (28) and that Va14 NKT cells play a regulatory
role in T cell differentiation (17, 29, 30). Therefore, we mea-
sured serum IgG2a (Th1) and IgG1 (Th2) levels to assess any
changes in the Th1/Th2 balance. BCG administration did
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Figure 2. Activation of DCs by BCG. IL-12 production (A) and NF-xB
activation (B). (A) Intracellular staining of BM-DCs with anti-IL-12p40/p70
and anti-CD11c mAbs with or without in vitro BCG (50 pg/ml) treatment
for 12 h. BCG-treated BM-DCs (10,000 cells) were analyzed by FACS,
and the number in each panel indicates the percentage of total cells.

(B) NF-kB activation. 2 X 105 BM-DCs were stimulated with or without
50 pg/mi BCG or 1 M CpG in vitro. NF-kB activity was determined by
EMSA. (C and D} No requirement of TLR2 and TLR4 in BCG-mediated iL-12
production, 2 X 108 BM-DCs derived from WT (C) or TLR2/4 double KO (D)
mice were stimulated in vitro with or without 10 p.g/m! LPS, 10 pg/ml
PGN, or 150 wg/m! BCG for 48 h, and I1L-12p70 levels were measured by
ELISA. (E and F) Requirement of IRAK-4 for IL-12 production. 2 X 10° BM-
DCs were assayed for 1L-12p70 by ELISA after stimulation with 0, 50, or
150 pa/mi BCG or 1 pM CpG (E), and for IL-6 with 10 ng/m!| TNF-a
stimulation for 48 h (F). in C-F, values are expressed as mean = SD of
triplicate cultures. The asterisks (*} indicate that the levels were below the
detection limits for IL-12p70 (<62.5 pg/ml} and IL-6 (<15.6 pg/mi). NS,
not significant. All experiments were repeated twice with similar results.

not significantly alter the levels of OVA-specific IgG1 or
IgG2a, although total levels of both isotypes were significantly
enhanced (Fig. 1 C).

Innate signaling pathway for BCG-mediated

IL-12 production

During microbial infection, both CD1d- and IL-12-mediated
signals are required for the rapid activation of Va14 NKT
cells (31). Thus, we assessed IL-12 production after BCG
treatment. BM-derived DCs (BM-DCs) were stimulated in
viro with 50 pg/ml BCG and examined for IL-12 production
by intracellular cytokine staining using an IL-12p40/p70 mAb.
Upon BCG stimulation, a large fraction of CD11chgh cells

JEM VOL. 203, December 25, 2006

A wWT Va4 NKT KO B Va4 NKT T
Tine o 6 12 24 0 6 12 24 (n) Time
IL-215 L L2 B i 3
HPRT e e et HPRT e
Cc BCG D
o 5 50 500 qgim) BCG O A
21 e isotype + - - -
DC+ A i antib-12 - - + -~ +
anti-CD1d - ~ - + 4+
IL-21 .21 [

Dc-l

HPRT s e

T
HPRT

Figure 3. [L~21 expression. (A} Va14 NKT cell-dependent IL-21-pro-
duction. Liver MNCs were obtained after BCG injection (500 pg/mouse)
and examined for IL-21 mRNA expression. (B) Identification of the
source of 1L-21, V14 NKT and conventional T cells were sorted from
liver MNCs and examined for I1L-21 mRNA expression. (C) Requirement
of DCs for BCG-induced IL-21 expression by Vo 14 NKT cells. Liver
TCRB* cells were cultivated in the presence of 50 pg/ml BCG with
(top) or without (bottom) BM-DCs for 24 h and analyzed for IL-21
mRNA expression. Liver TCRB* cells stimulated with 10 pg/ml anti-CD3
mAb were used as a positive {Pos.) control. (D) Requirement of IL-12~
and CD1d-mediated signals for IL-21 mRNA expression upon BCG
stimulation. An isotype control, anti-{L-12p40/p70, or anti-CD1d

mAb (20 wg/ml) was added to the cultures of liver TCRB* cells and
BM-DCs as described in C. All experiments were repeated twice with
similar results.

produced IL-12 (Fig. 2 A). NF-kB activation is crucial for
IL-12 production, and BCG treatment activated NF-kB to
the same extent as treatment with the positive control CpG,
as demonstrated by electrophoretic mobility shift assay (Fig.
2 B). These results indicate that BCG directly induces IL~12
production in DCs by activating NF-«B.

1t has been reported that mycobacterial cell wall antigens
such as peptidoglycan (PGN) or lipoarabinomannan induce
proinflammatory gene transcription through TLR2 and TLR4
(32). However, when we compared IL-12p70 production by
BCG-stimulated WT and TLR2/TLR4 double KO BM-DCs,
there was no difference (Fig. 2 C). As expected, however, the
TLR2/4-deficient cells failed to respond to LPS or PGN
(Fig. 2 D). These results indicate that receptor(s) other than
TLR2 and TLR4 are responsible for the recognition of whole
BCG organisins.

To analyze intracellular signaling pathways activated by
BCG, we measured IL-12p70 production by BM-DCs
from WT and IL-1R~associated kinase (IRAK)-4 KO mice.
BM-DCs from IRAK-4 KO mice produced less IL-12p70
than those from WT mice in response to both BCG and
CpG (Fig. 2 E), whereas they produced comparable levels
of IL-6 in response to TNF-o sumulation (Fig. 2 F), Simi-
larly, BM-DCs from myeloid differentiation factor 88
(MyDS88) KO mice produced nearly undetectable IL-12p70
upon BCG stimulation, whereas IL-6 production remained
unchanged (Fig. S1, available at hetp://www jem.org/cgi/
content/full/jem.20062206/DC1). Therefore, the recogni-
tion of BCG organisms is mediated by innate receptors
other than TLR2 and TLR4 that signal through both IRAK-4
and MyDD88.
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BCG-induced iL-21 expression in Va14 NKT cells

The recently identified IL-21 and its receptor (IL-21R),
members of the common y-chain (‘yc)-dependent cytokine
family, have been shown to regulate IgE production without
influencing Th2 cell differentiation (18, 20, 23). Thus, we
examined the possibility that JL-21 might be induced by
BCG stimulation and might suppress IgE responses in a Va 14
NKT celi-dependent manner. We first measured [L-21
mRNA expression in TCRB* liver MNCs by a RT-PCR.
IL-21 mRNA was detected in liver TCRB* liver MNCs of
WT mice within 6 h after BCG injection (Fig. 3 A). In con-
trast, no IL-21 mRINA was detected in the Va14 NKT KO
mice (Fig. 3 A), suggesting that Va14 NKT cells are the
source of IL-21 in response to BCG. To test this hypothesis,
we separated conventional T cells and Va4 NKT cells and
found that 1L-21 mRINA was more abundant in the Va4
NKT cells after BCG injection (Fig. 3 B). Similarly, after
stimulation with ant-CD3, IL-21 mRNA levels in Val4
NKT cells were more than seven times higher than in CD4
T cells, confirming that these cells are the major source of
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Figure 4. 1L-21-mediated Bz cell apoptosis. (A} RT-PCR analysis.
Expression of IgE (Ce), IL-21R, and -yc was investigated in naive B (left)
and Be (right) cells. {B) Suppression of IgE production in naive B cell cul-
tures. Naive B cells and Vau14 NKT cells (10° each} were cocultured in the
presence of sCD40L and IL-4. (C) Suppression of IgE production in the Be
cell culture. 105 Ve 14 NKT cells were added to the Be cell (105) cultures. In
B and C, 20 pg/ml anti-1L-21 mAb or isotype control mAb was added at
the same time as the Va.14 NKT cells. The concentration of total IgE was
measured by ELISA in triplicate. Values are expressed as mean % SD. NS,
not significant. The experiments were repeated three times with similar
results. (D) IL~21-mediated Be cell apoptosis. 2 X 10° Be and By cells
were generated and then further cultured with or without 30 ng/ml {L-21
for 30 h. Annexin V staining was then performed. The numbers represent
percentage of the gated cells. Annexin V* cells among Bz and By cells
just before 1L-21 treatment was 25.7 and 29.2%, respectively (not depicted).
The experiments were repeated three times with similar results.
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IL-21 in this model (Fig. S2 A, available at http://www jem.
org/cgi/content/full /jem.20062206/DC1).

Requirement for IL-12 and CD1d in IL-21 expression

by V14 NKT cells

We next analyzed the role of DCs in BCG-induced 1L-21
mRNA expression. Co-culture of Val4 NKT cells with
DCs plus IL-12 strongly induced IL-21 mRINA expression,
whereas no IL-21 mRNA was induced in the absence of DCs
(Fig. 3 C). Purthermore, IL-21 mRNA expression was inhib-
ited by the addition of anti~IL-12, anti-CD1d, or both into
the cultures (Fig. 3 D), indicating that both IL-12 and CD1d
are required for IL-21 expression by V14 NKT cells.

IL-21-mediated IgE suppression

To examine whether BCG-activated Voel4 NKT cells actu-
ally suppress IgE production, Be cells were generated from
naive CD19% splenic B cells using the 3-d culture system
described by Snapper et al. (33). The starting population of
naive B cells expressed negligible IL-21R and contained no
Be cells as defined by Ce wanseripts (Fig. 4 A). However, after
3 d of the culture, the majority of CD19* B cells became Bs
cells and expressed IL-21R. (Fig. 4 A). We then investigated
the effects of BCG treatment on B cells, before and after 1gE
class switching, The addition of BCG-treated liver MNC:s at
the onset of the naive B cell cultures significantly suppressed
IgE production (~50%; Fig. 4 B). However, when BCG-
activated Vaul4 NKT cells were added to the Be cell culture on
day 3 and the cells were further cultivated for 5 d, IgE pro-
duction was even miore strongly inhibited (>90% suppres-
sion; Fig. 4 C). These results indicate that, even after B cells
have undergone Cg class switching, BCG-activated Val4
NKT cells can potently suppress IgE production. The inhibi-
tion of IgE production was IL-21 dependent, as an anti—IL-21
mAb completely abrogated the inhibitory effects (Fig. 4, B
and C). When the B cells in these cultures were assessed for
apoptosis by annexin V staining, there was a significant increase

HPRT [
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Figure 5, Bmf-mediated Be cell apoptosis. {A) RT-PCR. RNA from
Be and By cells was analyzed for its expression of the indicated genes
by RT-PCR. Note that no significant differences in Bel-2 and IL-21R
expression between Be and By cells were observed. {B) Western blotting.
Be cells were stimulated with 1L-21 at 37°C for 30 min, and their

cell lysates (6 X 10F) were subjected to immunoprecipitation with
anti-Bel-2 mAb and immunoblotting with anti-Bmf antibody (top) or
anti-Bel-2 mAb (bottom). All experiments were repeated three times
with similar results.
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in apoptotic Be cells that was not observed in the By cells
(Fig. 4 D, middle). Apoptosis of Be cells was abrogated by
the addition of anti-IL-21, a treatment that had no significant
effect on By cells (Fig. 4 D, right).

Bmf-induced Be cell apoptosis

To understand the molecular mechanisms underlying IL-21-
induced IgE suppression, we performed DNA microamay
analyses to compare gene expression between Be and By
cells. The DNA microarray data were deposited in the
Center for Information Biology Gene Expression database
(CIBEX; http://cibex.nig.ac.jp/) under accession number
CBX15. The proapoptotic Bmf gene (34) was dramatically
up-regulated in Be cells, a finding that was confirmed by
RT-PCR (Fig. 5 A). No significant difference in the ex-
pression of IL-21R, Bcl-2, or yc was detected (Fig. 5 A),
suggesting that elevated Bmf gene expression in Bg, but not
in By, cells may account for their differential sensitivity to
IL-21-mediated apoptosis.

To investigate whether the Bmf expressed in Be cells is
functional in its proapoptotic activity, Bmf cDNA was iso-
lated from Be cells and used to prepare several mutants of en-
hanced GFP—fused Bimnf. These mutations included an A69P
mutation in the dynein light chain 2 binding motif and an
L138A mutation in the BH3 domain. These Binf mutants
were transfected into Baf3 cells. Upon IL-3 deprivation,
mock transfectants underwent apoptosis. Transfection with
WT Bmf or Bmf~A69P to Baf3 cells also significantly aug-
mented apoptosis (Fig. S3, available at http://www jem.org/
cgi/content/full/jem.20062206/DC1). However, reduced
apoptosis was seen in Baf3 cells transfected with BH3 mu-
tants, such as Bmf_L138A or Bmf-A69P/L138A (Fig. S3),
indicating that Bmf in Be cells is functional and the BH3
domain of the protein is important for mediating its proapop-
totic activity.

Based on the understanding of proapoptotic activity of
Bmf expressed in Be cells, we investigated the formation of
Bmf-Bel-2 complexes in Be cells after activation with IL-21.
Bmf in Be cells faintly binds to Bcl-2 in unstimulated cells
(Fig. 5 B, left). However, when Be cells were stimulated
with I1-21, the formation of Bmf-Bcl-2 complexes was sig-
nificantly augmented (Fig. 5 B, right).

BCG-mediated IL-21 induction in human Va24 NKT cells

To determine how widespread our findings are, we investi~
gated whether IL-21 and Va24 NKT cells are required for
the BCG-mediated suppression of human IgE responses.
When human PBMCs were stimulated with a-GalCer or
BCG, a significant up-regulation of IL-21 mRNA was de-
tected by quantitative PCR (Fig. 6 A). The BCG-induced
up-regulation of IL-21 mRINA was effectively suppressed by
blocking with antibodies against CD1d, IL-12p40/p70, or
both (Fig. 6 B), indicating that the CD1d-restricted NKT
cell-dependent suppression of IgE responses observed in
mice also operates in the human immune system. IL-21
mRNA cxpression by anti-CD1d and anti-1L-12 treatment
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was significantly reduced but was not as efective as in the
mouse Vald NKT cell system (Fig. 3 1), perhaps suggesting
a significant contribution of human conventional CD4t T
cells (Fig. S2 B).

To evaluate in vivo responses, we inoculated BCG into
healthy volunteers and examined IL-21 mRNA levels in
PBMCs 1 wk later. There was a significant up-regulation of
IL-21 mRINA levels in five out of six individuals (Fig. 6 C),
and, furthermore, IL-21 suppressed IgE production by human
Be cells (Fig. 6 D, left). As expected, the addition of BCG-
stimulated, but not control, PBMCs significantly inhibited
IgE production (Fig. 6 D, right).
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Figure 6. 1L~21 mRNA expression and IL-21~induced IgE suppression
in humans. (A) IL-21 mRNA expression in PBMCs. 10° human PBMCs
were stimulated with 100 ng/mi a-GalCer or 50 pg/mi BCG and
examined for IL-21 expression by quantitative real-time PCR with
Tagman probes, The data are representative of five donors. (B) IL-12 and
CD1d are required for IL-21 expression. 10¢ PBMCs were stimulated in
vitro with 50 pg/ml BCG in the presence of 10 pg/ml anti-CD1d andor
anti-IL-12p40/p70 mAb. Representative data from five donors are
shown. (C) 1L-27 mRNA expression in PBMCs. Healthy volunteers were
inoculated intradermally with BCG (two drops of 26.7 mg/ml of BCG
emulsion per person). In A-C, the data for IL-21 expression were nor-
malized to 185 ribosomal RNA expression, and relative expression levels
are shown. Statistical analysis was performed using a matched pairs
ttest in C. (D) Suppression of IgE production. Left, suppression of IgE
production by IL-21. 2 X 10° human B cells were cultured with sCD40L
and IL-4 in the presence of human IL-21 for 14 d. Right, suppression of
1gE production by BCG-activated human PBMCs. 10° Be cells were co-
cultured with 105 PBMCs; sCD40L, and IL-4 in the presence of 50 wg/ml
BCG for 14 d. Total IgE was measured by ELISA. Values are expressed as
mean = SD of triplicate cultures. The asterisks (*) indicate that the IgE
levels are below the detection limit for total IgE {<0.014 IU/ml). Data
shown are representative of three donors. Results were expressed as a
fold difference in human IL-21 gene expression relative to a control
sample (vehicle) after being normalized with 185 ribosomal RNA expres-
sions in each sample.
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