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Thioredoxin-1 (TRX) is a stress-inducible redox-regulatory protein with antioxidative and anti-inflammatory effects.
Here we show that the release of histamine from mast cells elicited by cross-linking of high-affinity receptor for IgE
(FceRI) was significantly suppressed in TRX transgenic (TRX-tg) mice compared to wild type (WT) mice. Intracellular
reactive oxygen species (ROS) of mast cells stimulated by IgE and antigen was also reduced in TRX-tg mice compared to
WT mice. Whereas there was no difference in the production of cytokines (IL-6 and TNF-ot) from mast cells in response
to 2,4-dinitrophenylated bovine serum albumin (DNP-BSA) stimulation in TRX-tg and WT mice. Immunological status
of TRX-tg mice inclined to T helper (Th) 2 dominant in primary immune response, although there was no difference in
the population of dendritic cells (DCs) and regulatory T cells. We conclude that the histamine release from mast cells in
TRX-tg mice is suppressed by inhibition of ROS generation. As ROS are involved in mast cell activation and facilitate
mediator release, TRX may be a key signaling molecule regulating the early events in the IgE signaling in mast cells
and the allergic inflammation.
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Introduction

Thioredoxin-1 (TRX) is a small (12 kDa) multifunc-
tional protein with redox-active dithiol/disulfide in the
active site; -Cys-Gly-Pro-Cys- [1, 2]. TRX was originally
discovered in Escherichia coli as an electron donor for
ribonucleotide reductase. We cloned human TRX as an
adult T cell leukemia-derived factor (ADF) produced by
human T cell leukemia virus type-I-transformed T cells
[3]. Previous studies have shown that TRX is induced by
various stresses including viral infection, exposure to UV
light, x-ray irradiation, and hydrogen peroxide [4]. Indeed,
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truncated TRX (Trx80), which is the N-terminal partial (1-
80 or 1-84) polypeptide of TRX, is identical to eosinophil
cytotoxicity-enhancing factor (ECEF) which activates
eosinophils and monocytes [5, 6]. It is also reported that
Trx80 affects human monocytes and directs the immune
system to Th1 responses via IL-12 production [7].

TRX transgenic (TRX-tg) mice that carry the human
TRX transgene under the control of B-actin promoter and
overexpress human TRX throughout the body are more
resistant to oxidative stress-associated disorders includ-
ing focal cerebral ischemia [8], influenza virus-induced
pneumonia [9], cytokine- or bleomycin-induced acute lung
injury [10], and hepatitis caused by lipopolysaccharide
(LPS) [11] and survive longer than wild type C57BL/6
mice [12].

Allergic mechanisms are complex, but they are resolved



into three main stages. First, initial exposure to allergen
leads to activation of allergen-specific Th2 cells and
IgE synthesis. Subsequent exposures to allergen cause
degranulation by IgE-sensitized mast cells. Cytokines or
chemokines released by mast cells contribute to the late
allergic responses. At the initial stage, dendritic cells (DCs)
play an important role in Th cell polarization, and IL-12
secreted by DCs leads to the differentiation of Th cells into
Thl cells. Th2 responses that are characteristic of allergic
reaction can be regulated by CD4°'CD25" regulatory T
cells [13]. Mast cells and basophils play pivotal roles in
the early allergic responses. The cross-linking of the high-
affinity receptor for IgE (FceRI) on these cells activates
intracellular signaling pathways that lead to degranulation
and release of histamine and other mediators which cause
allergic inflammation [14].

Oxidative stresses have been involved in the patho-
genesis of allergic disease and inflammation. A recent
report demonstrated that upon antigen-specific interaction
of DCs with T cells, the intracellular oxidative state of
DCs was elevated [15]. This increase in reactive oxygen
species (ROS) was detected in the process of antigen pre-
sentation and not during activation of DCs. Furthermore,
hydrogen peroxide also activates DCs, indicating that the
generation of oxidants is important for DC function [16,
17]. During antigen presentation, DCs uptake cystine and
release cysteine and TRX. TRX accumulates intracellulaly
in DCs upon maturation and is secreted after interaction
with antigen-specific T cells [18]. ROS are also induced in
FceRlI-stimulated mast cells and these oxidants produced
endogenously play an important role in regulation of
various mast cell responses, including degranulation and
cytokine production [19].

It was reported that TRX prevents allergic reaction
especially in the inflammatory phase, but its mechanism
remains to be elucidated. In this study, we investigated the
effect of TRX on the sequence of allergic responses. First,
we stimulated mast cells from WT and TRX-tg mice with
cross-linking of FceRI, and measured histamine release and
supernatant cytokines. Second, we compared serum levels
of immunoglobulins in WT and TRX-tg mice. Finally, we
analyzed the percentage of the immune cells such as DCs
or CD4°CD25" T cells in WT mice and TRX-tg mice.

Materials and Methods

Mice

8 to 12-week-old C57BL/6 mice (WT mice) were purchased
from Japan SLC (Shizuoka, Japan). TRX-tg mice were established
as described previously [8].

Generation of mast cells
Bone marrow derived mast cells were obtained according to the
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method described previously [20]. Briefly, bone marrow cells were
flushed from the femurs of WT and TRX-tg mice, filtered through
40 pum cell strainer (BD Falcon, Bedford, MA), and cultured in
RPMI 1640 medium supplemented with 15% FCS, 50 uM 2-mer-
captoethanol and 180 pM mouse recombinant IL-3 purchased from
PeproTech. Passages were made every week. More than 95% of
the cells were identified as immature mast cells 4 weeks after the
initiation of the culture.

Histamine release assay

Mast cells were sensitized overnight with anti-2,4-dinitrophenyl-
ated (DNP) IgE (1 pg/ml) and stimulated with Ag, DNP- bovine
serum albumin (BSA) (300 ng/ml), for 20 min. Then cells were placed
on ice to stop reaction. Supernatant was collected and histamine
released into medium was measured by HPLC.

Flow cytometric analysis

Cells were incubated with antibodies for 20 min at 4°C. The
following eBioscience mouse antibodies were used: PE-conjugated
anti-FceRloo (MAR-1), PE-conjugated anti-CD117 (2B8), PE-con-
jugated anti-CD11c (N418), PE-conjugated anti-CD80 (16-10A1),
PE-conjugated anti-CD86 (GL1) FITC-conjugated MHC class 11
(M5/114.15.2). FITC-conjugated anti-CD4 mAb (H129.19) PE-con-
jugated anti-CD25 mAb (3C7) were purchased from BD Phermingen.
Flow cytometric analysis was performed using a FACSCalibur (BD
Biosciences, Mountain View, CA) with Flowjo software (Tree Star,
Ashland, OR).

Cytokine assay

To determine the production of cytokines, mast cells were
sensitized overnight with anti-DNP IgE and stimulated with Ag,
DNP-BSA for 24 h, and supernatants were collected and assayed for
IL-6, TNF-a and IL-12 by ELISA using Duo-set ELISA kits (R&D
systems, Minneapolis, MN).

Fluorescent detection of intracellular ROS by flow cytom-
etry

Intracellular ROS was measured according to the methods de-
scribed previously [21]. Briefly, BMMC were sensitized with anti-
DNP IgE overnight, and stimulated with DNP-BSA for 30 min. Then
BMMC were incubated with 5 uM 2',7'-dichlorofluorescein diacetate
(DCFH-DA) for 30 min. Intracellular ROS was measured using the
cell-permeable, oxidation-sensitive dye DCFH-DA.

Epicutaneous sensitization

Epicutaneous sensitization of mice was performed as described
previously [22]. Briefly, mice were anesthetized with ketalar and
flunitrazepam and shaved on the back with depilatory (Kanebo, To-
kyo, Japan). 100 pg of DNP-OVA (LSL) in 100 ml of normal saline
was placed on 1 cm? sterile gauze. Patches were fixed and secured to
skin with transparent bio-occlusive dressings (3 M, Tokyo, Japan).
The patch was placed for 1 week and then removed. Each course of
immunization was repeated 3 times at 2 weeks intervals. On day 0,
35, and 50, mice were bled and sera were prepared.

Intraperitoneal (i.p.) sensitization

Mice were sensitized with an i.p. injection of DNP-OVA (100
mg) in aluminum hydroxide gel and normal saline. On day 14, mice
were bled and sera were prepared.
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Determination of serum levels of IgE and IgG subclasses

Total IgE in sera was determined by means of ELISA kit (Mori-
naga, Yokohama, Japan). IgG subclasses in sera were determined with
ELISA. Briefly, 96-well microplates (Nunc, Wiesbaden-Schiertein,
Germany) were coated with DNP-BSA in 50 mM carbonate buffer
(pH 9.0) and incubated overnight at 4°C. After blocking, diluted
samples were added and incubated for 3 h at RT. DNP-specific IgG1
or [gG2a were detected using horseradish peroxidase (HRP)-labeled
anti-mouse IgG1 or [gG2a (Zymed, San Francisco, CA), respectively.
The colorimetric reaction was developed by TNB+ substrate-chro-
mogen (DAKO, Carpinteria, CA). The optical density of each well
was determined by using a microplate reader.

Splenic DCs preparation

Spleens were digested with collagenase D (1 mg/ml) in PBS for
40 min at 37°C. Low-density cells were separated with BSA gradient
centrifugation (Sigma, St. Louis, MO). CD11c" cells were collected
by using MACS beades (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). DCs were stimulated with 100 ng/ml LPS (Sigma, St. Louis,
MO) for 24 h.

RT-PCR

Total RNA was isolated from whole splenocytes by using RNeasy
Mini kit (QIAGEN, Hilden, Germany). cDNA was amplified by Su-
perScript III First-strand synthesis system for RT-PCR (Invitrogen,
Carlsbad, CA). The RT products were amplified by means of PCR
for 30 cycles. The primer set for IL-4 and IFN-y were purchased
from CLP (San Diego, CA).

Statistical analysis
For statistical analysis, we performed ¢ test. Results are expressed
as mean+SD.

Results

Lower release of histamine from mast cells in TRX-tg mice
than WT mice

Culturing bone marrow cells from WT and TRX-tg mice
in IL-3-containing medium for 4 weeks leads to the genera-
tion of > 95% pure population of mast cells. These mast
cells express similar levels of FceRI and c-kit (CD117) on
their cell surfaces (Figure 1A). The secretion of histamine
was significantly suppressed in FceRI-stimulated mast
cells from TRX-tg mice more than that from WT mice
(Figure 1B). We examined intracellular ROS which have
been implicated in degranulation in mast cells. Intracel-
lular ROS was reduced in the mast cells of TRX-tg mice,
compared to WT mice (Figure 1C). These results indicate
that TRX suppresses the degranulation of mast cells through
inhibition of ROS accumulation. Late-phase reaction of im-
mediate hypersensitivity appears to be partly dependent on
the production of cytokines such as IL-6 and TNF-a from
FceRI-stimulated mast cells. Mast cells from TRX-tg mice
secreted higher IL-6 at low concentration of DNP-BSA than
that from WT mice, but the secretion of TNF-a was not
significantly different from WT mice (Figure 1D).

Higher serum levels of Th2-mediated immunoglobulins
in TRX-tg mice than in WT mice at primary immune re-
sponse

We analyzed serum levels of total IgE in epicutaneous
sensitization which leads to Th2 responses. On day 35, the
levels of total IgE were increased in TRX-tg mice compared
with those in WT mice, but on day 50, the levels of those
immunoglobulins were not different between WT and TRX-
tg mice (Figure 2A). These results suggested that levels
of the Th2-mediated immunoglobulins were increased in
TRX-tg mice during earlier immune responses. For ana-
lyzing the primary immune responses, we next examined
serum levels of total IgE and antigen specific IgG sub-
classes in i.p. sensitization. Mice were injected DNP-OVA
in alum through i.p., and 2 weeks later were bled. Sera were
prepared for determination of immunoglobulin levels. The
levels of total IgE and DNP-specific IgG1 were increased
in TRX-tg mice compared with those in WT mice. In con-
trast, the level of IgG2a in the sera of TRX-tg mice was
lower than that in WT mice (Figure 2B). The expression
of Th1 or Th2 response-related genes after immunization
in spleen was examined by means of RT-PCR. IL-4 was
not detected, but IFN-y expression was decreased in the
spleen of TRX-tg mice (Figure 2C). These results suggest
that immunological status of TRX-tg mice was inclined to
Th2 dominant in primary immune response, however, the
Th2 cell development of challenged TRX-tg mice was not
increased compared to WT mice.

No difference in the population of DCs and CD4"CD25"
regulatory T cells in TRX-tg and WT mice

To characterize the phenotype of immune regulatory
cells, especially DCs and CD4"CD25" regulatory T cells,
in TRX-tg mice, single cell suspension obtained from
spleen was stained with several immune cell markers and
analyzed by flow cytometry. There were no differences in
DC populations between WT and TRX-tg mice (Figure 3A).
Moreover, we stimulated DCs with LPS and analyzed some
surface molecules which represented DC maturation. DC
maturation of those mice did not differ (Figure 3B). There
was also no difference in the CD4"CD25" cell population
of those mice (Figure 4).

Discussion

Mast cells are derived from CD34" haematopoietic
progenitor cells [14]. We generated mast cells from bone
marrow cells of WT and TRX-tg mice under IL-3-contain-
ing medium for 4 weeks. The expression of FceRI and
c-kit (CD117) on mast cells and the number of cells were
not different between WT and TRX-tg mice (Figure 1A).
These results suggest that TRX overexpression does not
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Figure 1 Characterization of mast cells from WT and TRX-tg mice. (A) Expression of FceRI and c-kit (CD117) on the surface of mast
cells from WT and TRX-tg mice. Mast cells derived from bone marrow cells were cultured with IL-3 for 4 weeks. Flow cytometric
analysis of these cells were performed. (B) Histamine release from WT and TRX-tg mast cells upon FceRI cross-linking. Mast cells
were sensitized overnight with anti-DNP IgE and stimulated with Ag, DNP-BSA for 20 min. Histamine released into medium was
measured by HPLC. *p<0.05. (C) Intracellular ROS in mast cells measured by flow cytometer. BMMC were sensitized with anti-DNP
IgE overnight, and stimulated with DNP-BSA for 30 min. We used untreated mast cells from WT mice as control. (D) Production
of IL-6 and TNF-a from FceRI-stimulated WT and TRX-tg mast cells. Mast cells were sensitized overnight with anti-DNP IgE and
stimulated with Ag for 24 h. Cytokines secreted into medium were measured by ELISA. *, significantly different from WT at same
concentration of DNP-BSA (p<0.05)
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Figure 2 The immunological status of sensitized TRX-tg mice. Total IgE and antigen—specific antibody response in WT and TRX-tg
mice sensitized with DNP-OVA by epicutaneous (A) or i.p. (B) sensitization. (C) The expression of Thl-, or Th2-related genes in
the spleen. RNA was purified from spleen 3 d after i.p. injection of Ag and alum and subjected to RT-PCR.

change the population and differentiation of bone marrow
derived mast cells.

We found that the histamine release of mast cells gen-
erated from TRX-tg mice was significantly decreased
compared with that from WT mice (Figure 1B). The cross-
linking of FceRI with antigen results in activation of Lyn
and Syk [23]. Lyn and Syk phosphorylate a number of
targets such as phospholipase C (PLC)y and Btk [24, 25].
PLCy activation causes inositol triphosphate (IP3) and
diacylglycelol, which play an important role in Ca®" influx
and in activation of protein kinase C (PKC), respectively.
Optimal degranulation requires both modestly increased
intracellular Ca®* concentrations and activation of PKC
isoforms [26]. ROS, functionally linked to mast cell acti-
vation, facilitate mediator release and activate PLCy, PKC
and Ca”" influx. Since ROS reduction by TRX is mediated
through multiple mechanisms [27], one would speculate
that PLCy, PKC, and Ca*" influx activated by ROS will be

suppressed in TRX-tg mice, as depicted in Figure 5 and
supported by our data of reduction of ROS in mast cells
from TRX-tg mice (Figure 1C). These results suggest that
the histamine release from TRX-tg mast cells was impaired
through reduction of ROS.

Degranulation and cytokine secretion are separable
independent process; i.e., early- and late- phase reaction
triggered by the cross-linking of FceRI respectively. The
signaling pathways leading to the secretion of cytokines
are distinct from that leading to the release of histamine.
FceRlI ligation results in the activation of mitogen-activated
protein kinase (MAPK) pathways that include c-Jun N-ter-
minal kinase (JNK) and p38 MAPK. JNK and p38 MAPK
activate transcription factors that regulate the expression
of cytokine genes such as IL-6 and TNF-a [28-31]. It is
known that ROS activates the signaling pathways to NF-
kB, which are suppressed by TRX overexpression through
scavenging of ROS in cytosol. On the other hand, in the
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Figure 3 Characteization of DCs from WT and TRX-tg mice. (A) Splenocytes were analyzed for CD11c and MHC class II double
positive cell profiles. (B) The surface expression of costimulatory molecules on LPS-stimulated DCs from WT and TRX-tg mice.

nucleus, TRX enhances the DNA-binding activity of NF-
kB, which is essential for transcription of target genes
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including IL-6 and TNF-a [27]. Our present date showed
that TRX did not have a remarkable effect on cytokine
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Figure 5 Hypothetical schema of TRX regulation in FceRI-induced
activation pathway. The cross-linking of FceRI with the antigen re-
sults in activation of Lyn, Syk, Btk, and PLCy. PLCy activation plays
an important role in Ca?" influx and in activation of PKC. ROS which
induced in FceRI-stimulated mast cells are functionally linked to mast
cell activation and activate PLCy, PKC and Ca*" influx. TRX may
prevent histamine release from mast cells by scavenging ROS.

secretions in mast cells, which may be due to the TRX
inhibitory effect on cytosolic NF-kB, thereby leading to

less nuclear NF-xB available for transcription activity for
cytokines (Figure 1D).

We demonstrate that TRX prevents histamine release
from mast cells, which is an essential reaction of allergic
diseases. We reported that serum TRX levels increased in
patients with asthma, especially in the phase of asthma
attack [32]. Oxidative stress and oxidants have been
implicated in the pathogenesis of asthma, and increased
release of ROS. Activated eosinophils in asthma secrete
ROS and granular basic proteins that damage the bronchial
epithelium cause vasodilation and airway hyperresponsive-
ness [33, 34]. Since asthma is characterized by prominent
production of ROS from inflammatory cells, it is sug-
gested that the secretion of TRX into serum may be a kind
of host-defense reaction against ROS. In addition, TRX
suppresses eosinophilic inflammation through eosinophil
infiltration in the airway during asthma attack, and mini-
mize the allergic inflammation. It is also reported that TRX
regulates eosinophil migration through redox regulation by
a dithiol reductase activity [35]. Thus, oxidative stresses,
including that caused by ROS, may play a critical role in
the pathogenesis of asthma. Recently we have shown that
TRX inhibits OVA-induced airway hyperresponsiveness
and inflammation in a mouse asthma model [36]. In the
antigen-induced airway inflammation of asthma, Th2 cyto-
kines (e.g., IL-4, IL-5 and IL-13) enhance the development
of IgE production and eosinophilic airway infiltration. DCs
play a key role in capturing, processing, transporting, and

Cell Research | www.cell-research.com



presenting antigens to T cells. DCs initiate primary T cell
responses by antigen-presentation, consequently promote
Thl-, Th2-, or regulatory T cell responses. Various DC-
derived molecules induce Th cell polarization have been
identified. For example, Th1-polarizing cytokines are IL-12
and IFN-y, whereas Th2-polarizing cytokines are IL-10 and
TGF-B. Among them, IL-12 is an important cytokine that
promotes Thl-response. It was reported that Apoptosis
signal-regulating kinase 1 (ASK1), a mitogen-activated
protein (MAP) kinase kinase kinase which activates the
JNK and p38 MAP kinase pathway, is involved in immune
responses dependent on TLR4. Production of IL-12 in
ASK1-deficient DCs was reduced relative to that in control
DCs [37]. TRX interacts with ASK 1 and is a physiological
inhibitor of ASK1. Although no differences in population
or maturation of DCs between WT and TRX-tg mice are
observed (Figure 3), it is still likely that IL-12 production
in TRX-tg mice would be reduced via suppressing ASK1
activity, and this reduced IL-12 production induces Th2-re-
sponse in TRX-tg mice. It was also reported that ASK-1 ac-
tivates activator protein-1 (AP-1) through INK/p38 MAPK
signaling pathway in human bronchial asthma [38].

We showed that TRX-tg mice were inclined to develop
Th2 reaction during primary immune response (Figure
2), and the percentage of CD4°CD25" regulatory T cells
in TRX-tg mice was not different from that in WT mice
(Figure 4). It is suggested that the suppression of allergic
reaction and inflammation in TRX-tg mice may not depend
on Th1/Th2 polarization or immune suppressive cells. On
the other hand, it was reported that TRX-tg mice are more
resistant to diesel exhaust particles (DEP)-induced acute
lung damage than WT mice. DEP causes acute injury with
airway neutrophilic inflammation and the generation of
ROS. TRX inhibits DEP-induced acute lung damage by
scavenging ROS and by regulating Akt-mediated anti-
apoptotic signaling [39]. Exposure to DEP with antigen
enhances airway inflammation, airway hyperresponsive-
ness, the production of antigen-specific IgE and IgG1, and
the local expression of cytokines [40]. Further study will
clarify the effect of TRX on the airway hyperresponsiveness
and eosinophilic inflammation caused by DEP.

The suppressive effect of TRX on inflammatory or al-
lergic diseases may be possibly not only due to scavenging
ROS but also another modulating system. For example,
macrophage migration inhibiting factor (MIF) plays a
crucial role in allergic inflammation [41]. Glycosylation
inhibitory factor (GIF) is cystinylated molecule of MIF [42]
and was originally identified as an inhibitory factor of Ig E
antibody response [43]. MIF has the conserved sequence
motif of the TRX family consisting of -C-X-X-C- [44] and
the expression level of MIF is reciprocally regulated by
TRX [45]. Interestingly, MIF is down-regulated in TRX-
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tg mice (Tamaki et al., unpublished data). Also we are
confirming our preliminary date of the direct interaction of
TRX and MIF/GIF (in preparation). Future work will aim
to clarify that the role of MIF/GIF in the redox regulation
of allergic inflammation is regulated by TRX.

In conclusion, the present study shows that the release of
histamine from mast cells was suppressed in TRX-tg mice
and intracellular ROS in mast cells from TRX-tg mice was
reduced. Our results suggest that TRX may have a protec-
tive effect against allergic inflammation and diseases.
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