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Development of megakaryoblastic leukaemia in Runx7-Evi1 knock-in chimaeric mouse

Leukemia (2006) 20, 1458~1460. doi:10.1038/sj.leu.2404281;
published online 8 June 2006

Chromosomal translocations involving the Runx1 gene create
various chimaeric proteins that are believed to cause human
leukaemia. Runx1-ETO and Runx1-Evil, generated as conse-
quences of 1(8;21) and t(3;21), respectively, share molecular
structural similarities; they both contain DNA-binding domain
of Runx1 and transcriptional repression domains from either
ETO or Evil. Despite such similarity, the subtypes of leukaemia
related to each of the chimaeric protein are different; Runx1-
ETO typically occurs with acute myelocytic leukaemia of M2
subtype in the French-American-British classification, whereas
Runx1-Evil is mostly associated with megakaryoblastic leukae-
mia of M7 subtype or megakaryoblastic crisis in chronic
myelocytic leukaemia. Experimental animals that express the
fusion proteins in the hematopoietic cells have been created to
recapitulate the diseases. Both Runx1-ETO transgenic' and
conditional knock-in* mice do not develop leukaemia by itself
and require additional genetic aberrations to transform myeloid

Leukemia

progenitors. Here, we report the development of megakaryo-
blastic leukaemia in Runx1-Evil knock-in chimaeric mouse.
Runx1-Evil knock-in chimaeric mice were created by
injecting recombinant TT2 ES cells® into wild-type blastocyst.*
We created six of such chimaeric mice, and five of them showed
sudden deaths after 7 months of age without any significant
finding in post mortem. Interestingly, one of the chimaeric mice
that died at 5 months of age showed marked hepatospleno-
megaly. Wright-Giemsa staining of stump preparation from the
enlarged spleen demonstrated massive infiltration of large
dysplastic cells, some of which contained multi-lobulated
nuclei with various size of cytoplasm reminiscent of megakaryo-
blastic leukaemia (Figure 1a). Histology section showed
disrupted gross architecture of the spleen, with white and red
pulp intermingling (Figure 1c). In the liver, substantial infiltra-
tion of leucocytes was observed around the portal vein
(Figure 1d). Most of the infiltrating cells consisted of reactive
neutrophils, with partial presence of the dysplastic megakaryo-
cytic cells observed in the spleen. Multiple fibrin thrombi were
identified in the portal vein, indicating the occurrence of
disseminated intravascular coagulation. These findings all
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Figure 1

Development of megakaryoblastic leukaemia in Runx1-Evi1 chimaeric mouse. (a) Wright-Giemsa staining of stump preparation from

spleen (objective lens (OL), x 40/0.65; original magnification (OM), x 400). (b) Electron micrograph of spleen cells (OM, x3000). M, myeloid
cell; Meg, megakaryocytic cell. (¢, d) Hematoxylin-eosin staining of sections from spleen (c) (OL, x 10/0.40; OM, x 100) and liver (d) (OL, x 20/

0.70; OM, % 200).

indicate an aggressive form of leukaemia. The electron
microscopic analysis of the infiltrating cells in the spleen
showed 20% of the cells positive for platelet-peroxidase,
substantiating megakaryocytic origin of the leukaemic celis
(Figure 1b). Taken together, we conclude that this chimaeric
mouse developed megakaryoblastic leukaemia.

The key aspect of our observation is that Runx1-Evil protein is
leukaemogenic per se, unlike Runx1-ETO. Such clear difference
in the pathophysiological outcome likely arises from the Evil
portion of Runx1-Evil protein. Evil is reported to stimulate
activator protein 1 activity, repress transforming growth factor-
B signaling,® and inhibit c-Jun N-terminal kinase function.” Such
versatile function of Evil may underlie stronger oncogenic
capacity of Runx1-EviT than Runx1-ETO. Another important
aspect is that the affected lineage in human is conserved in the
experimental animal. Our observation indicates strong causal
relationship between the expression of Runx1-Evil protein and
megakaryoblastic leukaemia. Indeed, the Runx7-Evil chimaeric
gene was isolated from a patient developing megakaryoblastic
crisis in chronic myelocytic leukaemia that accompanied
emergence of t(3;21).8 It is unknown whether Runx1-Evil is
preferentially oncogenic in megakaryoblast, or show exclusive
maturation block in the megakaryocytic lineage when expressed
in early haematopoietic cells. Foetal liver cells from RunxT-Evil
knock-in heterozygous embryo can give rise to dysplastic
megakaryocytes.* Such abnormal progenitors may have per-
sisted in the adult bone marrow and expanded to cause massive
infiltration of the megakaryoblasts in the liver and spleen.
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The role of the bax gene polymorphism G(—248)A in chronic lymphocytic leukemia

Leukemia (2006) 20, 1460-1461. doi:10.1038/sj.leu.2404280;
published online 8 June 2006

Two recent publications in Leukemia have investigated
the potential role of the bax G(—248)A polymorphism in
chronic lymphocytic leukemia (CLL),"* which pertain to our
previous study,” and that of Saxena et al.* Our single centre
study of 203 patients showed that this polymorphism signifi-
cantly influenced Bax protein expression, overall survival
(P=0.05) and in particular survival from first treatment
(P=0.012). In contrast to the original paper by Saxena et al.*
we showed no difference in allele frequency between CLL
samples and those derived from healthy volunteers, nor an
increased incidence of the polymorphism in advanced stage
disease. Unfortunately, Nuckel et al” misquote our work by
stating that we showed an association between the polymorph-
ism and advanced stage disease — we did not (P=0.62). In all
other aspects, Nuckel et al.? assessed clinical and prognostic
parameters that we and Skogsberg et al' had previously
identified as irrelevant with regards to the bax G(~248)A
polymorphism. Crucially, they failed to address the pivotal
question of the role of the polymorphism on therapeutic
response.

Although many of the findings from the study of Skogsberg
et al.' (463 patients) and our own are compatible, there are a
number of major differences. (1) They failed to identify any
significant overall survival difference (median survival 85
months versus 102 months; P==0.21 in 350 patients) or survival
from first treatment (median survival 36 months versus 63
months; P=0.26 in 98 patients). (2) They could not demonstrate
a difference in bax RNA expression between the polymorphic
groups. These differences between the two studies are worthy of
further comment.

Our study was a single centre study in which all the clinical
data was complete, whereas in the study of Skogsberg et al." (a
multicentred international coltaboration involving seven centres
in three countries), there were some significant omissions of
clinical data. Survival from treatment data was presented for
only 98 patients when their study contains 154 Binet B/C
patients. In addition, with a median follow-up of 60 months, a
significant number of the 243 stage A patients would also have
required therapy and could therefore have been included too.
Despite this, their study showed a 27-month difference in
survival from therapy between the different polymorphic groups
(36 months versus 63 months; P=0.26) that is, a trend towards
worse survival. We make explicit in our study that virtually all
the patients were entered into the prevailing Medical Research
Council CLL study at the time. This means that the indications to
commence therapy and disease assessment were standardized
according to internationally accepted criteria and indeed the
therapies the patients received were not too dissimilar ~ very
difficult to control for in a retrospective, multinational, multi-
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Figure 1 In vitro sensitivity (LDso) to fludarabine in 66 previously

untreated CLL patients defined by bax genotype.

centre study such as Skogsberg et al." More disconcerting is how
the 98 patient ‘subset’ were selected? It is clear from Figure 3b
that Skogsberg et al." chose to look at 73 GG patients who had
died. It is clear that for the GA subgroup they chose dead and
alive patients. Why did they not just compare the dead GG
subgroup with the dead GA subgroup? — this would have at least
stopped any, albeit unintentional bias being introduced. How
did the authors choose which of the over 60 live GA subgroup to
include in this analysis?

Skogsberg et al." stated that they could find no difference in
bax RNA expression for the different polymorphic groups.
However, they only studied 35 patient samples and failed to
state how many of these samples were derived from patients
who had received prior therapy. This is important as it has been
shown that previous treatment exposure is a contributory factor
in determining Bax protein expression.* In our study, we
measured Bax protein (122 patients) not RNA and found
overlapping, but significantly different Bax expression between
the different polymorphic groups. In new data presented here,
we show that CLL samples derived from previously untreated
patients with the bax G(—248)A polymorphism are more
resistant to in vitro fludarabine (Figure 1). However, the large
overlap in fludarabine LDso values between the polymorphic
groups indicate that bax genotype is not the only determinant of
drug sensitivity in CLL cells.

As outlined above, the Skogsberg et al.’ study has several flaws
and we look forward to larger prospective studies in CLL and
other human malignancies that will hopefully offer definitive
evidence of the importance of this single-nucleotide polymorph-
ism in determining treatment response and clinical outcome.
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showed the marked growth suppression of MPC-17 immature
myeloma cells, but not MPC-1 ¥ mature myeloma cells in the
MM2 case. In the primary myeloma cells from 20 cases, we
summarized that the combination of Dex with baicalein showed
consistent growth suppression in MPC-17 immature myeloma
cells from all cases, and MPC-1" mature myeloma cells were
significantly suppressed in seven out of 20 cases.

The ligand-induced activation of PPARS is reported to
suppress the NF-xB activity. Two possible mechanisms for its
downregulation of NF-kB activity were reported: one was the
upregulation of kB gene expression” and the other was the
inhibitory physical interaction between the p65 subunit of
NE-xB and PPAR in the nucleus.® We examined whether PPARS
interacted with the p65 of NF-kB after IL-1a stimulation by
the immunoprecipitation followed by Western blotting. Costi-
mulation of [L-1¢ with Dex and baicalein strongly enhanced
the physical interaction between p65 of NF-xB and PPARf (data
not shown). The binding activity of NF-xB (p65/p50) to the B
site was also suppressed in the treatment with Dex and
baicalein. Furthermore, the expression of the NF-xB target
genes, such as /L-6 and IkBu, was markedly reduced by the
treatment of Dex and baicalein combined with IL-1a stimulation
in U266 cells.

With regard to the therapeutic aspect, the cooperative growth
suppression of Dex and baicalein in myeloma cells might be
useful for myeloma therapy. Combinatory treatment with both
may overcome the Dex resistance and the baicalein resistance
in primary myeloma cells, as well as myeloma cell lines. It is
possible that baicalein combined with Dex can induce the
activation of PPARB and glucocorticoid receptor (GR), which
cooperatively suppress the transcriptional activity of NF-xB in
the nucleus of myeloma cells. Clinical trials would rapidly
evaluate the utility of this combinatory treatment in relapsed and
refractory myeloma cases.
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Chronic idiopathic myelofibrosis expressing a novel type of TEL-PDGFRB chimaera

responded to imatinib mesylate therapy

Leukemia (2007) 21, 190-192. doi:10.1038/sj.leu.2404397;
published online 23 November 2006

Constitutive activation of platelet-derived growth factor receptor
(PDGFR) is one of the features of myeloproliferative disease
(MPD).! PDGFR is a member of type [l receptor tyrosine kinase
that transmits mitotic signals in cells of mesenchymal origin.
Both PDGFRA and PDGFRB genes, located on chromosomes
4q12 and 5g33 respectively, form fusion gene as a result of
chromosome translocation. Representative examples are TEL-
PDGFRB in  (5;12)(q33;p13)* and FIPILI-PDGFRA in
del(4)(g12),® both of the gene products known to have ligand-
independent kinase activity. The former is observed in chronic
myelomonocytic leukaemia (CMMol) as well as other MPDs
with eosinophilia, whereas the latter has been reported in
hypereosinophilic syndrome (HES).

We report here a case of chronic idiopathic myelofibrosis
(CIMF) with (5;12)(q33;p13), which transformed to acute
myelogenous leukaemia (AML). This case is unique in two
aspects: (1) this is the first report of CIMF with TEL-PDGFRB
fusion and (2) a novel type of TEL-PDGFRB fusion transcript that
retained the internal and ETS domains of TEL was expressed. The
leukaemic cells responded well to a series of chemotherapy,
which was followed by administration of imatinib mesylate, a
kinase inhibitor for both PDGFR and ABL. It gave a partial
cytogenetic response but failed to maintain a remission of
leukaemia. This case implies the existence of various types of
TEL-PDGFRB fusion gene with possible impact on the pheno-
type of the disease.

A 37-year-old male presented with nasal and gingival
bleeding in August 2005. He showed marked hepatosplenome-
galy at presentation: spleen was palpable 10cm below the left



costal margin, and liver 2cm below the right costal margin.
Laboratory examination revealed a haemoglobin level of 7.6 g/
dl, a white blood cell count of 2.8 x 10%1 (13.5% blasts) and a
platelet count of 9.0 x 10%1. Six per cent erythroblasts as well as
dacryocytes were observed in the peripheral blood. The bone
marrow could hardly be aspirated. Histological examination of
the biopsied specimen showed marked myelofibrosis accom-
panied by focal proliferation of blast-like cells and megakar-
yocytes among reticulin fibres. The blastic cells in the peripheral
blood were negative for myeloperoxidase, nonspecific esterase,
CD13 and CD41, but positive for CD33 (94.2%), CD34 (78.8%),
CD56 (92.1%) and HLA-DR (88.4%). Because neither lymphoid
markers nor electron microscopic platelet peroxidase activities
were detected in the leukaemic cells, he was diagnosed as AML
MO according to the FAB classification. The preceding history of
slight leukocytosis (15.6 x 10%1) at 16 months before the
diagnosis and the presence of severe myelofibrosis with massive
splenomegaly and tear drop cells at presentation suggested that
his leukaemia had been transformed from CIMF. Cytogenetic
analysis of the peripheral blood cells showed abnormality of 46,
XY, 1(5;12)(g33;p13)121/46, idem, =17, +r1[17}/47, idem, + 8,
—17, +r1{1]. The patient was treated with induction course of
chemotherapy consisting of cytarabine and idarubicin. After one
course of chemotherapy, complete remission was achieved
morphologically with improvement of myelofibrosis and recov-
ery of platelet count. Additional two courses of chemotherapy
with high-dose cytarabine for consolidation maintained mor-
phological remission. Although cells with normal karyotype
transiently appeared in the bone marrow during these courses of
chemotherapy, the stem line clone carrying (5;12) never
disappeared and formed 100% of the dividing cells at the end
of the consolidation therapy. Imatinib mesylate treatment
{400 mg/day) was commenced in November 2005 and con-
tinued for 3 months until February 2006 when anaemia and
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leukocytopenia emerged accompanied by high fever and
unconsciousness. Serum calcium and C-reactive protein levels
increased up to 13.8 and 14.43 mg/dl, respectively. Bone
scintigraphy showed abnormal uptakes in multiple regions such
as right shoulder and left femur, suggesting the relapse of AML
with multiple blastoma in the bone. Although the bone marrow
aspirate became dry again, chromosome analysis revealed re-
emergence of normal clone but also the sidelines with the same
additional abnormalities as those seen at presentation. Despite
the intensive chemotherapy with cytarabine and idarubicin,
leukaemic cells reappeared in the peripheral blood. The patient
succumbed to multiple organ failure owing to disseminated
intravascular coagulation syndrome and died in March 2006
(Figure 1).

Based on the physical and laboratory findings, and the clinical
course, this patient was diagnosed as AML transformed from
CIMF. No (5;12)(q33;p13) has been reported in CIMF cases so
far. Nested reverse transcription-PCR experiment of the periph-
eral blood specimen at diagnosis using HemaVision leukaemia
typing/subtyping system (DNA Technology A/S, Aarhus, Den-
mark) showed single TEL-PDGFRB fusion product that was
larger in size than expected. Sequencing analysis of the product
revealed in-frame fusion between exon 7 of TEL gene and exon
10 of PDGFRB gene (TEL7-PDGFRBI1G; Figure 2). All other
common leukaemogenic fusion genes screened by HemaVision
including major BCR-ABL were not detected. JAK2VO'F,
frequently found in MPDs including CIMF, was not detected
in this case.

In all previously reported cases with the (5;12)(q33;p13)
translocation, exon 4 of TEL gene was fused in-frame to exon 11
of PDGFRB gene (2) (TEL4-PDGFRB11). TEL4-PDGFRfA11
consists of the sterile-alpha-motif (SAM) domain of TEL, which
fuses to the transmembrane and catalytic domains of PDGFRS.
The SAM domain of TEL is known to act as the interface for
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Clinical course. Imatinib was commenced in November 2005 following 3 courses of chemotherapy. At this point, although complete
remission of acute leukaemia was achieved morphologically, all dividing cells analysed cytogenetically had t(5;12). After 3 months of imatinib
therapy, partial cytogenetic response was obtained with the appearance of cells having normal karyotype. Boxes in the top represent the results of
cytogenetic analysis and numbers indicate the ratio of the t(5;12)-positive cells in the total. Abbreviations: PB, peripheral blood; BM, bone marrow;
HD, high dose; Ara-C, cytarabine; IDA, idarubicin; WBC, white blood cell; Plt, platelet.
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Figure 2 Structure of novel TEL-PDGFRp fusion protein. Sche-
matic diagrams of TEL, PDGFRf and previously reported (TEL4-
PDGFRA11) and novel (TEL7-PDGFRB10) TEL-PDGFRp chimaeric
proteins are depicted. The nucleotides and amino-acid sequences at
the TEL7-PDGFRA10 fusion junction are shown below. The dotted and
solid arrows indicate the breakpoints in TEL7-PDGFRA10 and TEL4-
PDGFRp11, respectively. Abbreviations: SAM, sterile-alpha-motif
domain; ETS, ETS domain; lg, immunoglobulin-like domain; TM,
transmembrane region; PTK, protein-tyrosine kinase domain.

homo-oligomerization and thus make oncogenic conversion of
the catalytic domain provided from PDGFRA.* In the fusion
protein encoded by TEL7-PDGFRB10, the internal and ETS
domains of TEL are also included in the chimaeric protein,
which differs from previously reported TEL4-PDGFRpA11. Co-
repressor N-CoR and histone deacetylase-3 are known to bind to
TEL via this internal domain and have important roles in
transcription-repressive  activity of TEL and its chimaeric
proteins. On the other hand, it is interesting to note that no
other TEL-related chimaeric molecules fused to tyrosine kinase
possess the ETS DNA-binding domain. These additional internal
and ETS domains in TEL7-PDGFRE10 may modify the original
function of TEL4-PDGFRp11.

There is an example presenting that the internal domain of
TEL in TEL-tyrosine kinase chimaera may have an impact on the
disease phenotype. TEL-TRKC fusion gene is formed as a result
of t(12;15){p13;g25) and encodes activated kinase. It is unique
in that it is found in both solid tumours and leukaemia,” with a
single exon difference, and codes for the internal domain of TEL
between the two sets of cancer phenotypes. Mouse models have
suggested that the presence of the internal domain of TEL may
alter the phenotype of the tumours.® Given the fact that this
novel TEL7-PDGFRB10 fusion was observed in a CIMF case,
unknown function of the internal and ETS domains of TEL in the
context of chimaera may be responsible for the disease
phenotype.

it is important to stress that the t(5;12)(g33;p13)-carrying
clone without additional chromosomal abnormalities remained
throughout the clinical course, even when morphological
complete remission of AML was obtained. This indicates that
1(5;12)(q33;p13) may have been the first hit in stem cell to cause
CIMF, which later transformed into AML with additional genetic
hit(s).

Imatinib is a biochemical inhibitor for PDGFR” as well as ABL
and c-kit. It has recently been reported that imatinib is clinically
effective for MPD with aberrant activation of POGFR kinase
such as HES with FIPTLT1-PDGFRA® and CMMol. or other MPDs
with TEL-PDGFRB.® Although the treatment period may not
have been enough in this case, some cytogenetic response after
three-month administration of imatinib was observed. This case
suggests that tyrosine kinase activation other than JAK2VC'F
mutation may also be responsible for the pathogenesis of CIMF
and such cases may respond to imatinib therapy.

K Tokita, K Maki, ] Tadokoro, Y Nakamura, Y Arai, K Sasaki,
M Eguchi-Ishimae, M Eguchi and K Mitani

Department of Hematology, Dokkyo Medical University
School of Medicine, Shimotsuga-gun, Tochigi, Japan
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Abstract

Dendritic cells (DCs) and mast cells (MCs) co-localize in peripheral tissues of antigen entry, i.e. skin
and mucosa. Due to the proximity of these two cell types, activation of MCs may affect DC functions.
Here, we co-cultured human monocyie-derived DCs with cord blood-derived MCs activated by cross-
linking of FceRl to elucidate the net effect of the whole MC products on DCs. Activated MCs induced

maturation of DCs, and potently suppressed IL-12p70 production by the DCs. Whereas co-culture
of DCs with activated MCs alone did not significantly influence the type of CD4* T cell responses
induced by the DCs, DCs co-cultured with activated MCs in the presence of pro-inflammatory or
Tw1-inducing factors caused T,2 polarization. Although histamine was involved in the induction of DC
maturation and T,2 polarization by activated MCs, a combinatorial effect of various MC-derived
factors, including those acting in a cell contact-dependent manner, was required for the optimal
induction of Th2-promoting DCs. Furthermore, we demonstrated that clusters of DCs are located
closely with MCs in lesions of atopic dermatitis. Collectively, this study suggests that the interaction
between DCs and IgE-activated MCs in a pro-inflammatory or even T, i-prone environment is
instrumental in maintaining and augmenting T,2 responses in allergy, and that disruption of the
DC-MC interaction may constitute an effective strategy to treat ongoing allergic diseases.

Introduction

Immature dendritic cells (DCs) are located mainly in peripheral
tissues through which antigens invade, particularly in skin and
mucosa (1). At the initial stage of an immune response, imma-
ture DCs are activated directly by pathogens and indirectly by
various inflammation-associated factors produced by tissue
resident cells in the microenvironment (2). Activation of DCs
induces their maturation and migration to secondary lymphoid
organs, where the mature DCs prime antigen-specific naive
Tcells. During the process of maturation, DCs integrate signals
from both pathogens and tissue-derived factors and ac-
quire the capacity of inducing different types of CD4™ Tcell re-
sponses, prototypes of which are T,,1 and T,,2 types. Thereby,
DCs induce appropriate types of adaptive immune responses
for efficient elimination of the given pathogens.

Another abundant cell type present in skin and mucosa is
mast cells (MCs) (3-6). MCs are well recognized as key effec-
tor cells in IgE-associated, T,2-type immune responses. Upon
activation by cross-linking of a high-affinity IgER, FceRI, MCs

immediately undergo degranulation and secrete a vast array of
humoral mediators (reviewed in 5, 6). These include preformed
granule-associated molecules [e.g. neutral proteases, tumor
necrosis factor (TNF)-a and histamine), de novo synthesized
lipid mediators [e.g. prostaglandin D, (PGD,), leukotriene
C4 and B,], cytokines and chemokines. In addition to FceR,
MCs express a diverse spectrum of receptors for ‘danger’ sig-
nals, such as pathogens and endogenous inflammatory medi-
ators (5, 8). By virtue of their ability to directly sense ‘dangers’
and to immediately secrete a vast array of humoral mediators,
MCs play an important role in the first line of defense against
microbial invasions as well as in immediate allergic reactions.

Recent studies have been revealing critical roles of MCs in
inducing optimal adaptive T cell responses (6). First, MCs, by
immediately secreting preformed TNF-o upon bacterial inva-
sion, induce hypertrophy of draining lymph nodes and recruit-
ment of circulating T celis (7). Second, MCs appear to be
critical for the full manifestation of experimental autoimmune
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encephalomyelitis (8, 8). Third, several studies suggest that
MCs migrate to secondary lymphoid organs and influence
T cell responses (9-11). Thus, other than an established role
as immediate effector cells in allergic responses, MCs are
likely to be critically involved in determining the strength
and quality of adaptive immune responses.

MCs and immature DCs co-localize at antigen entry sites,
j.e. skin and mucosa. Both human and mouse MCs acti-
vated by cross-linking of FceRl have been shown to express
markedly high levels of chemokines that aftract immature
DCs: CCL2, CCL3 and CCL4 (12, 13). Reciprocally, DCs have
been shown to produce CCL5 and CCL8 (14) that can interact
with CCR3 on MCs (15). Due to such apparent interaction
between the two cell types, a vast array of humoral and pos-
sibly membrane-associated molecules derived from MCs
may influence DC functions in peripheral inflamed tissues,
which leads to modulation of adaptive T cell responses in
draining lymphoid organs (6). Indeed, several molecules se-
creted by MCs have been shown to affect DC functions. First,
histamine, which is stored in MC granules and is immediately
released upon activation, induce human monocyte-derived
dendritic cells (MoDCs) to transiently express CD86 expres-
sion (18), to produce more IL-10 and less IL-12 and to dif-
ferentiate into Th2-promoting DCs (17-20). Second, PGDy, a
major eicosanoid from MCs, reduces IL-12 production by
MoDCs and favors T2 development (21, 22). Third, thymic
stromal lymphopoietin (TSLP), whose mRNA is expressed in
MCs, promote maturation of CD11c* blood DCs and their dif-
ferentiation into T.2-promoting DCs (23-25). Lastly, MC-
derived exosomes have been shown to induce DC maturation
(26). These studies suggest that MCs influence DC functions
via different mechanisms. However, MCs express many other
secretory and membrane-associated molecules that poten-
tially affect DCs, and the net effect of the whole MC-derived
factors on DC function, which will occur in a physiological
situation, remains to be determined.

Here, to investigate the effects of the whole MC products on
DC functions, we co-cultured human MoDCs with cord blood-
derived MCs activated by cross-linking of FceRl, and exam-
ined DC maturation, cytokine production and naive CD4* Tcell
differentiation primed by the DCs. Significantly, whereas co-
culture of DCs with activated MCs alone did not have any effect
on polarization of Tcell differentiation, DCs co-cultured with ac-
tivated MCs in the presence of other DC maturation-inducing
factors polarized T cell responses toward a T2 type. Although
histamine was involved in inducing Tp2-promoting DCs, com-
binatorial effects of other MC-derived factors, including those
acting in a cell contact-dependent manner, were required for
the optimal induction of T,2-promoting DCs.

Methods

Medja and reagents

RPMI 1640 (Sigma-Aldrich, St Louis, MO, USA) supplemented
with 10% heat-inactivated FCS (ThermoTrace, Victoria, Australia),
2 mM L-giutamine, penicillin G, streptomycin (GIBCO BRL,
Carlsbad, CA, USA) and 10 mM HEPES (Nacalai Tesque,
Japan)was used (referred to as complete medium). Recombin-
ant human cytokines, IL-3, IL-4, IL-6, IFN-y, TNF-« and IL-1B

were purchased from PeproTech (London, UK), and stem cell
factor (SCF) was obtained from Amgen (Thousand Oaks, CA,
USA). Granulocyte-macrophage colony-stimulating factor (GM-
CSF) was obtained from Schering-Plough.

Generation of human umbilical cord blood-derived MCs

Umbilical cord blood was obtained from healthy volunteers
in local obstetrics hospitals. Written informed consent was
obtained from mothers from whom the cord blood was got,
and the procedures were approved by the Human Studies In-
ternal Review Board of Kyoto University. Cord blood-derived
MCs were obtained as previously described (27). Briefly,
mononuclear cells were isolated from cord blood by centri-
fugation on Ficol-Paque (Amersham Pharmacia Biotech,
Uppsala, Sweden), and the cells were cultured in AIM-V me-
dium containing 5% FCS in the presence of 100 ng ml~" SCF
and 50 ng mi~' IL-6 for >10 weeks. Half of the medium was
exchanged weekly for fresh medium supplemented with the
cytokines. Then, the cells were further incubated with 1 pg
mi~" IgE (Biosource International, Camarillo, CA, USA), 5 ng
mi~? IL-3, 10 ng mi™" IL-4 for 5 days in the presence of SCF
and IL-6. These factors have been shown to act synergisti-
cally on cord blood-derived MCs, and prolong survival, induce
maturation, enhance FceR!l expression and optimize secre-
tion of histamine, PGD, and leukotriene C, when MCs are ac-
tivated by cross-linking of FceRI (15, 28-32). For the last 3 h of
incubation, IgE was added again to assure that IgE binds to
FceRl, and then IgE-sensitized mature MCs were harvested.
MCs obtained by this method were positively stained with
toluidine blue and expressed FceR! (stained with anti-FceR!
mAb: clone CRA-1). The purity of MCs was >98% as assessed
by the expressions of CD117 (eBioscience, San Diego, CA,
USA) and CD203¢ (Beckman Coulter Immunotech, Marseille,
France) by flow cytometry.

Generation of human MoDCs

Buffy coats were obtained from healthy donors in the local
blood bank (Red Cross Blood Center, Kyoto, Japan). PBMCs
were isolated by centrifugation on Ficoll-Paque. Monocytes
were purified from PBMCs by positive selection using anti-
CD14-conjugated microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). Monocytes were cultured for 6-7 days
in complete medium in the presence of 40 ng mi~" [L-4, and 50
ng mi~!" GM-CSF to induce immature MoDCs. Every 3 days,
half of the medium was exchanged for fresh medium supple-
mented with the cytokines.

Co-culture of DCs and MCs

Immature MoDCs and IgE-sensitized mature MCs were co-
cultured in complete medium at a density of 5 X 10° DCs
mi~" per well in a 24-well microplate in the presence of
50 ng mi~' GM-CSF, 40 ng m!~" IL-4 and 100 ng mi~' SCF
at a DC:MC ratio of 2:1, unless otherwise indicated. For MC
activation by cross-linking of FceRi, goat anti-human IgE anti-
body (Biosource International) was added at a concentration
of 3pug mi~', and the co-culture was performed for 24 h. Where
indicated, 10 ug mi~" mouse anti-human TNF-a mAb (clone:
MADb1, BD PharMingen, San Diego, CA, USA), a mixture of
histamine receptor antagonists or 10 puM indomethacin



(Sigma-Aldrich) (33), was added. The following histamine
receptor antagonists were combined: 10™° M pyrilamine
(Sigma-Aldrich), 107% M cimetidine (a gift from Sumitomo
Pharmaceuticals, Osaka, Japan) and 107° M thioperamide
(Sigma-Aldrich) for H1, H2 and H3 plus H4 receptor block-
ing, respectively (18, 34). Separation of DCs and MCs by a
porous membrane in the co-culture was performed by using
transwell culture plates with polycarbonate membrane insert
with 0.4-pm pore size (Costar, Corning, NY, USA). In some
experiments, DCs were stimulated with 100 ng mi~" LPS (from
Escherichia coliO111:B4, Sigma-Aldrich), 1000 1Umi=" IFN-y,
10 ng mi~" TNF-a, 10 ng mi~" IL-1p andfor 10™° M histamine
(Sigma~Aldrich), with or without MCs. Concentrations of
IL-12p70 in 24-h supernatants were measured by the ELISA
kits (BD PharMingen). Stimulation of DCs with CD40 ligand
(CD40L) was done as described (35), using irradiated (55
Gy) CD40L-transduced L cells.

Measurement of concentrations of MC-derived
humoral mediators

IgE-sensitized mature MCs were plated alone at the same
density and under the same cytokine condition as the DC-
MC co-culture, and were activated by cross-linking of FczRl.
Concentrations of TNF-« in 24-h supernatants were measured
by an ELISA kit (Biosource international), and those of hista-
mine and PGD; by enzyme immunoassay kits (Cayman Chem-
ical, Ann Arbor, M, USA).

Phenotypic analysis of DCs and MCs

The expression of surface markers was analyzed by
FACSCalibur (Becton Dickinson, Mountain View, CA, USA)
using the following mAbs: FITC-labeled anti-CD80, CD83,
CD40, CD54, HLA-ABC and HLA-DR (Beckman Coulter Immu-
notech); FITC-labeled anti-CD86 (BD PharMingen) and FITC-
labeled anti-CCR7 mAbs (R&D Systems, Minneapolis, MN,
USA). For cells in DC-MC co-culture, the cells were stained
with PE-labeled anti-CD11c mAb (Becton Dickinson), and
CD11c™M cells and CD11c9™ cells were gated as DCs
and MCs, respectively. For OX40 ligand (OX40L), cells were
stained with ik-5 mADb {mouse IgG2a) (36) and FITC-labeled
Fab’), goat anti-mouse 1gG antibody (Zymed Laboratories,
San Francisco, CA, USA).

Analysis of cytokine production by primed T cells

Naive CD4* T cells were isolated from human cord blood
mononuclear cells with the CD4 isolation kit Il or from adult
PBMCs with CD4 Multisort kit and CD45RA microbeads
(Miltenyi Biotec). This method yielded highly purified (>92%)
CD4" CD45RA™ naive T cells as assessed by flow cytometry
(data not shown). Naive Tcells (5 X 107 cells) were co-cultured
with allogeneic DCs (5 X 10° cells) in complete medium in
96-well round-bottom microplates. DCs co-cultured with
MCs were purified by FACSAria cell sorter (Becton Dickinson)
by gating CD11c®™@™ population as DCs before they were
used to stimulate T cells. On day 3, 10 ng mi~" IL-2 (teceleukin,
Takeda Pharmaceuticals, Japan) was added. T cells were
further expanded and subjected to analysis of cytokine pro-
duction on days 12-14. For intracellular cytokine staining,
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primed T cells were re-stimulated with 50 ng mi~" phorbol myr-
istate acetate (PMA) (Sigma-Aldrich) and 500 ng mi~' A23187
(Calbiochem) for 6 h. Brefeldin A (10 pg mi~") (Sigma-Aldrich)
was added during the last 3 h. The cells were fixed, permea-
bilized and stained with FITC-labeled anti-IFN-y mAb (BD
PharMingen) plus PE-labeled anti-IL-4 mAb (BD PharMingen).
For ELISA, Tcells were re-stimulated with PMA/A23187 at 1 X
10® celis mi~" for 24 h, and the supernatants were harvested.
For {FN-v, a matched antibody pair (clone 2G1 and B133.5;
Pierce Biotechnology, Rockford, IL, USA) was used. For IL-
4, IL-5, IL-10 and IL-13, commercially available ELISA kits
(Biosource International) were used.

Real-time reverse transcription-PCR analysis of
Notch ligands

Total RNA was isolated from FACS-sorted DCs after DC-MC
co-culture using RNeasy Mini kit (Qiagen, Hilden, Germany).
Total RNA (0.5 pg) was reverse transcribed using TagMan
Reverse Transcription Reagents (Applied Biosystems, Tokyo,
Japan) according to the manufacturer’s protocol. Real-time
PCR was performed using gPCR Mastermix Plus (Eurogentec,
Belgium) and TagMan Gene Expression Assays for JAGH,
JAG2 and DLL4 (Applied Biosystems) on the ABI PRISM
7700 Sequence Detection System. Relative quantitations of
mRNA expressions were performed by the relative standard
curve method and mRNA expression levels of each gene were
normalized to those of B-glucronidase.

Immunohistochemical staining

Formalin-fixed, paraffin-embedded sections were prepared
from biopsied specimens of lesional skins from patients with
atopic dermatitis. After deparaffinization, endogeneous perox-
idase activity was blocked by 0.3% HzO, in methyl alcohol. The
slides were pre-incubated with 1% normal horse serum and
incubated with anti-human MC tryptase mAb (clone: G3,
Chemicon International, Temecuia, CA, USA). Subsequently,
they were incubated with biotinylated horse anti-mouse serum,
and the development of staining was performed using avidin-
biotin-peroxidase complex (ABC-Elite, Vector Laboratories,
Burlingame, CA, USA) and diaminobenzidine. After incuba-
tion with 0.1 M glycine-HC! (pH 2.2) and antigen retrieval
by autoclave methods (37), fascin was stained with mouse
anti-human fascin mAb (clone: 55K-2, DakoCytomation,
Carpinteria, CA, USA) by the same procedure as the above,
using avidin-biotin-alkaline phosphatase and New fuchsin
in the development step. Using isctype-matched control mAbs
instead of the anti-tryptase or anti-fascin mAb did not show
non-specifically stained cells.

Results

Activated MC-derived factors induce DC maturation

First, we examined whether the in vitro-generated MCs secrete
humoral factors upon activation that have been reported to
affect DC functions. igE-sensitized mature MCs were plated
at the same cell density and under the same cytokine condi-
tion as the DC-MC co-culture, and activated by cross-linking
of FceRl. They secreted considerable amounts of TNF-a
(256 = 0.6 pg mi™"), histamine (6.7 = 0.6 uM) and PGD,
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(21.3=0.86 ngmi~*)for 24 h. As expected, addition of a cyclo-
oxygenase inhibitor, indomethacin, inhibited the production of
PGD, by activated MCs, whereas a mixture of histamine recep-
tor antagonists did not affect the secretion of the three factors
(data not shown). Thus, the in vitro-generated MCs are phys-
iologically relevant in that they secrete major humoral factors
produced by MCs, including the ones which can affect DC
functions.

To examine the net effect of the whole activated MC-derived
factors on DC functions, we co-cuitured IgE-sensitized mature
MCs with immature MoDCs, and then activated MCs by cross-
linking of FceRI by adding goat anti-human IgE antibody. GM-
CSF, IL-4 and SCF were added to the co-culture to maintain the
viability of DCs and MCs and to optimize mediator release from
MCs (32, 38, 39). SCF alone did not induce DC maturation or
affect DC maturation induced by LPS (data not shown). First,
we analyzed phenotypes of DCs after 24 h of co-culture with
activated MCs by flow cytometry, gating CD11¢™™ popula-
tion as DCs (Fig. 1). Without activation, MCs had no effect
on the phenotypes of the DCs. In contrast, MCs activated
by cross-linking of FceRl induced up-regulation of CD80,
CD86, CD83, CCR7, HLA-ABC and HLA-DR onthe co-cultured
DCs. Activated MCs did not affect maturation of DCs induced
by LPS (Fig. 1) or LPS/IFN-y (data not shown) added at the
same time as the MC activation. These data indicate that ac-
tivated MC-derived factors induce DC maturation, and that
they do not have antagonistic effects on Toll-like receptor
4-mediated maturation of DCs.

To investigate relative contributions of each MC-derived
factor to DC maturation, we added histamine receptor anta-
gonists, neutralizing anti-TNF-o mAb or indomethacin (33) to
the DC-MC co-culture to block the actions of histamine or
TNF-a, or to inhibit the synthesis of PGD, in activated MCs, re-
spectively. Because immature MoDCs express histamine H1,
H2, H3 and H4 receptors (18, 20, 40), a mixture of antagonists

[ednt:lu] CcDgs

against all the receptors (pyrilamine, cimetidine and thiopera-
mide) was used. In addition, to evaluate the effect of cell con-
tact on DC maturation, we separated DCs from MCs by a
porous membrane using transwell plates. Although MCs can
also produce IL-4 (4-6), which affects DC function, the addi-
tion of exogenous |L-4 to the co-culture preciudes us from eval-
uating the influence of MC-derived IL-4 on DCs. As shown in
Fig. 2, up-regulation of co-stimulatory molecules, CD80 and
CD86, on DCs was largely inhibited by histamine receptor
antagonists, whereas anti-TNF-a mAb or indomethacin did
not show a considerable effect. Separation of DCs and MCs
diminished the levels of the up-regulation. These data indi-
cate that histamine is responsible for the up-regulation of
co-stimulatory molecules on DCs, whereas TNF-a and PGD,
are not involved. Cell contact has an augmenting effect on
the up-regulation. It remains to be determined whether this
augmentation is mediated by membrane-associated mol-
ecules on MCs that act in combination with histamine or by
possible increases in local concentrations of MC-derived sol-
uble factors around DCs.

IL-12p70 production by DCs is potently suppressed by
activated MCs

[L-12p70 is a key DC-derived cytokine that plays a crucial role
in induction of T,1 responses (41). Thus, we next examined the
effects of activated MC-derived factors on IL-12p70 produc-
tion by DCs. We co-cultured DCs and MCs, and stimulated
DCs with either LPS or CD40L in the presence or absence
of IFN-y to induce IL-12p70 production by DCs (42, 43). At
the same time as the DC stimulation, MCs were activated
by cross-linking of FceRl. After 24 h of culture, concentrations
of IL-12p70 in the supernatants were measured by ELISA
(Table 1). Stimulation with either LPS or CD40L in the presence
or absence of IFN-y induced variable amounts of 1L-12p70
CCRY

HLA-ABC HLA-DR

Unstimuiated }

Resting MC

Activated MC

LPS

LPS/aMC

Fig. 1. Activated MC-derived factors induce DC maturation. immature MoDCs were either cultured alone or co-cultured with IgE-sensitized
mature MCs at a DC:MC ratio of 2:1. To activate |gE-sensitized MCs, FceRI was cross-linked with goat anti-human IgE antibody. Where indicated,
100 ng mi™! LPS was added to immature DCs either alone or with activated MCs (at the same time as FceRI cross-iinking). After 24 h of co-
culture, surface phenotypes of DCs were analyzed by flow cytometry. CD1 16219 cefls were gated and analyzed as DCs. Open histograms
indicate background staining with an isotype-matched control mAb. These results are representative of three independent experiments.
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With cell contact Without cell contact

CDes

73

Unstimulated

€D3s CD8o

Y

None

HRA

aMC

Anti-TNF-t

IND

Fig. 2. Contribution of each activated MC-derived factor to the induction of DC maturation. immature MoDCs and activated MCs were co-
cultured, in the same chamber (with cell contact) or separated by a porous membrane (without cell contact) in transwell culture plates. A mixture
of histamine receptor antagonists (10~7 M pyrilamine, 10~% M cimetidine and 1078 M thioperamide), 10 pg mi™" neutralizing anti-TNF-« mAb or
10 uM indomethacin was added to the co-culture as indicated. After 24 h of co-culture, cells were analyzed by flow cytometry as above. Open
histograms indicate background staining with an isotype-matched control mAb. Numbers indicate the relative fluorescent intensity of each
marker, obtained by dividing the mean fluorescent intensity of each marker by that of the isotype control. aMC, activated mast cells; HRA,
histamine receptor antagonists: IND: indomethacin. These results are representative of three independent experiments.

production by DCs, depending on donors. Remarkably, IL-
12p70 production by DCs was potently suppressed by acti-
vated MCs irrespective of the type of DC stimulation, indicating
that activated MCs suppress IL-12p70 production whether
DCs are activated by a pathogen-derived signal in the periph-
eral tissues or by a T cell-derived signal during interaction with
Tcells. Separation of DCs and MCs only slightly diminished the
suppression, indicating that soluble factors play a major role.
Histamine receptor antagonists only partially reversed the
suppression, and addition of histamine at 10~° M, the con-
centration comparable to that produced by activated MCs
in this system, was not sufficient to reproduce the suppressive
effect of activated MCs, indicating that although histamine
plays an important role, combinatorial effects of other MC-
derived soluble factors are also present. Atthough PGD; has
been reported to suppress IL-12p70 production by MoDCs
(21, 22), indomethacin did not have a considerable effect on
the suppression, even when combined with histamine receptor
antagonists, indicating that PGDy, is not a critical factor for the
suppression in this culture system. Thus, activated MCs po-
tently suppress IL-12p70 production by DCs mainly through his-
tamine and other synergistic soluble factors except PGD,. Cell
contact appears to play only a minor role in this suppression.

DCs co-cultured with activated MCs in combination with other
maturation-inducing factors induce Tp2-promoting DCs

The cytokine profile of CD4* T cells primed by mature DCs is
profoundly affected by signals given to DCs during maturation

(2). Thus, we primed allogeneic naive CD4* T cells with DCs
that had been co-cultured with activated MCs in the presence
or absence of other maturation-inducing factors: LPS or TNF-o/
IL-1B. Some of MC-derived factors such as IL-4, histamine and
OX40L have been shown to have direct effects on Tcells (11,
44). To eliminate direct effects of activated MCs on Tcell prim-
ing, we purified DCs from the DC~-MC co-culture by a cell
sorter before they were used to prime T cells. The purity of
DCs was always >98% as assessed by the CD11¢ expression
by flow cytometry. After 12-14 days of expansion, the T cells
were re-stimulated with PMA/A23187 and their cytokine pro-
files were analyzed by intracellular cytokine staining for IFN-y
and IL-4 (Fig. 3A).

Immature DCs or DCs stimulated with LPS or TNF-o/IL-1B
mainly induced IFN-y single-producing Tn1 cells with a minor
population of T cells exhibiting an IFN-y/IL-4 double-positive
pattern of uncommitted ‘T,0-like’ T cells. Co-culturing DCs with
activated MCs in the absence of other maturation-inducing
factors did not affect the cytokine profile of Tcells. Remarkably,
however, when DCs were co-cultured with activated MCs in the
presence of LPS or TNF-o/IL-1B, the frequency of IL-4 single-
producing Tn2 cells considerably increased, while the fre-
quency of both Ty1 and T,0-like cells decreased. The degree
of the Th2-polarizing effect was correlated with the DC:MC ra-
tio, while this effect was still observed at the DC:MC ratio of
32:1 (Fig. 3B). Moreover, the Tn2-polarizing effect was ob-
served even when DCs were co-cultured with activated MCs
in the presence of LPS/IFN-y, a combination that strongly
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Table 1. Effects of MC-derived factors on IL-12p70 production by DCs®

Experiment 1

Experiment 2 Experiment 3

Unstimulated
LPS/IFN-y None

Histamine

aMC (contact)

aMC (transwell)

aMC (contact) + HRA
aMC (contact) + IND
aMC (contact) + HRA/IND
None

Histamine

aMC (contact)

aMC (transwell)

aMC (contact) + HRA
aMC (contact) + IND
aMC (contact) + HRA/IND

LPS

<7.8 <15.8 <15.6
12067 = 34 393 =5 3403 + 27
2810 = 66 138 =+ & 1103 = 16
816 = 14 <15.6 187 = 3
1320 £ 53 <15.6 542 = 15
4320 = 29 301 =2 375 = 1
1210 + 41 <15.6 131 £ 3
4490 + 226 348 * 28 ND

313+ 1 ND ND

53 +1 ND ND

<7.8 ND ND

36 + 1 ND ND

96 = 1 ND ND

<7.8 ND ND

84 + 1 ND ND

Experiment 4

Experiment 5 Experiment 6

Unstimulated
CD40L/IFN-y None

aMC (contact)
CD40oL None

aMC (contact)

<7.8 <7.8 <7.8

55914 * 3150 61335 + 1438 63327 *= 2879
18793 = 833 24169 + 250 15420 = 411
21537 = 627 10047 = 120 16863 = 725
6415 = 260 5172 = 116 5157 + 42

3mmature DCs (5 x 10° cells mi™") were cultured without stimulation, or stimulated with LPS or CD40L in the presence or absence of IFN-y for
24 h. Histamine, activated MCs (aMCs), histamine receptor antagonists (HRA) and/or indomethacin (IND) were also added as indicated. The
concentrations of IL-12p70 (pg mi™") in culture supernatants were measured by ELISA. Results shown are means = SD of duplicate ELISA

values. ND: not done.

induces Tn1-promoting DCs (42; Fig. 3C). Thus, IgE-activaied
MCs, when combined with additional DC maturation factors,
induce DCs that diminish T,1 and promote T2 differentiation.

Activated MCs induce Tp2-promoting DCs by
combinatorial effects of different factors

We then investigated relative contributions of each MC-derived
factor to the induction of T2-promoting DCs (Fig. 3C). DCs
stimulated with LPS/IFN-y induced IFN-y single-producing
T 1 cells with a minor population of IFN-v/IL.-4 double-producing
Tcells, as observed with DCs stimulated with LPS or TNF-o/IL-
1B. DCs co-cultured with activated MCs in the presence of
LPS/IFN-y increased iL-4 single-producing Tn2 cells and
decreased T,1 and T.0-like cells. Both addition of histamine
receptor antagonists and separation of DCs and MCs consid-
erably reduced the T2 polarization of DCs, indicating that both
histamine and cell contact contribute to the induction of T,,2-
promoting DCs. Importantly, addition of histamine at 1075 M
only slightly antagonized the T 1 induction by DCs stimulated
with LPS/IFN-y. Indomethacin did not have any considerable
effect on T cell polarization in accordance with the absence
of its effect on activated MC-induced suppression of IL-
12p70 production by DCs (data not shown).

We also examined cytokine production by T cells by ELISA
(Fig. 3D). CD4* T cells primed by LPS/IFN-y-stimulated DCs
produced a high level of IFN-y and low or undetectable levels
of Tn2 cytokines (IL-4, IL-5 and IL.-13) as well as IL-10. Addition
of histamine alone slightly suppressed the Ty1 induction, as
shown by a decrease in IFN-y production and slight increases
in IL-5, IL-10 and IL-13 production. Activated MCs decreased
IFN-y production more potently than histamine, and remark-
ably increased the production of Tn2 cytokines and IL-10 far

more than histamine did. Histamine receptor antagenists or
separation of DCs and MCs considerably suppressed the pro-
duction of T2 cytokines and IL-10, whereas did not signifi-
cantly increase the IFN-y production.

The intracellular staining data (Fig. 3A and C) indicate that
a considerable number of naive T cells differentiated toward
IFN-v/IL-4 double-producing Tr0-like cells in the absence of
MCs. Consequently, the overall frequency of IL-4-producing
Tcells (i.e. Tp2 cells plus T,0-like cells) does not change much
irrespective of the presence or absence of MCs. However, the
ELISA data (Fig. 3D) suggest that I1L-4 single-producing Tr,2
cells induced by MC-stimulated DCs are qualitatively distin-
guished from IFN-y/IL-4 double-producing Tn0-like cells in-
duced without MCs, because the former T cells appear to
produce large amounts of other T,2 cytokines (IL-5 and
IL-13) and IL-10, whereas the latter T cells produce little
amounts of these cytokines (Fig. 3D). These data indicate
that the CD4* T cells induced by MC-stimulated DCs appear
to be truly Tn2-polarized cells, and thus such DCs have T,,2-
promoting activity as well as T,1-suppressing activity.

Collectively, activated MCs, even in the presence of Tn1-
promoting stimuli (LPS/IFN-v), induce DCs that suppress
T.1 and promote T,,2 differentiation by combinatorial effects
of different factors, including histamine, other soluble factors
except PGD, and cell contact-dependent factors.

Close anatomical associations between DCs and
MCs in atopic dermatitis

Finally, to obtain insights into the DC-MC interactions in vivo,
we examined the anatomical relationship between DCs
and MCs in inflammatory skin lesions. We visualized DCs
and MCs in lesional skins of chronic atopic dermatitis by
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A None LPS TNF-ofiL-1B B LPS
3 11
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~ aMC - LPS +aMC 2:1 LPS +aMC 8:1 LPS +aMC 32:1
IFN-y IFN-y "
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Fig. 3. DCs were polarized toward T2 by co-culture with activated MCs. (A) Immature DCs were cultured with or without activated MCs in the
presence or absence of LPS or TNF-o/IL-1p. After 24 h, CD11¢c®"9"™ cells were sorted as DCs by a cell sorter, and were used to prime cord blood
allogeneic naive CD4" T cells. After 12- to 14-day expansion, T cells were re-stimulated with PMA/A23187, and were analyzed by intracellular
cytokine staining for IFN-y and IL-4. Percentages of cytokine-producing cells are indicated in each quadrant, (B) Immature DCs were cultured
with activated MCs at different DC:MC ratios in the presence of LPS for 24 h. The cytokine profile of adult allogeneic naive CD4* T cells primed by
the DCs was analyzed as in (A). (C) immature DCs were stimulated with LPS/IFN-y in the presence or absence of gither histamine or activated
MCs for 24 h. In some co-culture, a mixture of histamine receptor antagonists was added, or DCs and MCs were separated by a porous
membrane in transwell plates. The cytokine profiles of cord blood allogeneic naive CD4" T cells primed by the DCs were analyzed as in (A).
(D) Cord blood allogeneic naive CD4" T cells were primed with the DCs as in (C), and were re-stimulated with PMA/A23187 at 1 X 10° cells mi~"
for 24 h. The concentrations of cytokines in supernatants were measured by ELISA. Error bars indicate standard deviation of duplicate
measurements. aMC, activated MCs; His, Histamine; HRA, histamine receptor antagonists; TW, transwell. The results in (A-D) are representatives
of three independent experiments.

immunohistochemical staining using anti-fascin mAb for DCs aggregates (Fig. 4A, arrows). Tryptase-positive cells were
and anti-tryptase mAb for MCs (Fig. 4). Anti-fascin mAb has scattered throughout the dermis, and some of them sur-
been reported to react with DCs, endothelial cells and some rounded the aggregates of fascin-positive cells with a few
neuronal cells in central nervous systemn (45-47). In all of four intermingled with fascin-positive cells (Fig. 4B and C). The an-
patients examined, both fascin-positive cells with DC morphol- atomical proximity of the two cell types was observed in all
ogy and tryptase-positive cells were detected. Fascin-positive patients, suggesting functional associations between DCs
cells were present in the superficial layer of dermis, forming and MCs in inflammatory skin lesions.
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A

Fig. 4. Close anatomical associations between DCs and MCs in atopic dermatitis. A biopsied specimen of lesional skin of atopic dermatitis was
immunohistochemically stained by anti-fascin mAb for DCs (red) and anti-tryptase mAb for MCs (brown). (A) Arrows indicate aggregates of
fascin-positive cells in the superficial layer of the dermis. Original magnification: X100. (B and C) Magnified views of the aggregates of fascin-
positive cells shown in (A). Note that tryptase-positive cells surround the aggregates, and some of them are intermingled with fascin-positive
cells. Original magnification: x400. These results are representative of four different patients.

Discussion

Co-localization of DCs and MCs in sub-epithelial areas as
sentinels for invading antigens, and immediate production of
a variety of inflammatory mediators by activated MCs, suggest
that MCs may influence the type of adaptive T cell immune
responses through modulating the function of maturing DCs
in inflamed tissues. However, no studies have directly
addressed this question by co-culturing the two cell types
in vitro. In this study, we utilized in vitro cultured human
MCs, and examined the net effect of activated MCs as a whole
on DCs. We found that (i) IgE-activated MCs induce DC mat-
uration, as shown by the up-regulation of several surface mol-
ecules (Fig. 1), and potently suppress IL-12p70 production by
DCs (Table 1), (ii) activated MCs alone do not have the ability to
polarize DCs, but when combined with other DC maturation-
inducing factors, such as LPS, TNF-o/IL-1p (pro-inflammatory
cytokines) or even LPS/IFN-y (potent IL-12-inducing factors),
activated MCs induce DCs that suppress Ty1 differentiation
and promote T2 differentiation (Fig. 3A-D) and (iii) histamine
is an important mediator of these effects as reported (16-20),
but a combinatorial effect of different MC-derived factors, in-
cluding other soluble and cell contact-dependent factors, is
required for the optimal induction of T,2-polarizing DCs
(Fig. 3C and D).

There have been several MC-derived molecules reported to
affect DC functions. First, histamine has been shown to up-
regulate CD86 on DCs, suppress IL-12p70 production by
DCs and polarize DCs toward a Tn2-inducing type (16-20).
In line with these reports, up-regulation of CD86 appeared
to be almost totally dependent on histamine (Fig. 2). However,
the addition of histamine together with LPS/IFN-y or LPS only
partially suppressed IL-12p70 production, compared with the
stronger suppressive effect of activated MCs (Table 1). In ad-
dition, histamine receptor antagonists only partially reversed
the suppression of IL-12p70 production by activated MCs. Ac-
cordingly, the T,2-promoting effect of histamine and the Tn2-
attenuating effect of histamine receptor antagonists in the
DC-MC co-culture were also partial {(Fig. 3C and D). These
data indicate that histamine alone is not sufficient to reproduce
the IL-12-suppressing and Th2-promoting effects of activated
MCs.

PGD; is another mediator synthesized by activated MCs
(4-6). Stimulation of MoDCs with PGD, has been shown to

diminish 1L-12p70 production and favors a Tn2 response
(21, 22). In our study, however, inhibition of PGD, synthesis
by indomethacin (a cyclo-oxygenase inhibitor) did not influ-
ence the MC-induced suppression of IL-12p70 production
(Table 1)} and T2 polarization of DCs (data not shown), even
when it was combined with histamine receptor antagonists.
Thus, PGD; is not likely to be involved in T,2 induction by
MCs in our system.

As other potential MC-derived soluble factors inducing Tn2-
promoting DCs, we examined two recently reported cytokines,
|L-25 and TSLP. It has been reported that IL-25 is produced by
a murine in vitro cultured MCs (48), and is implicated in induc-
tion of T2 responses (49, 50). However, we could not detect |-
25 mRNA expressions in the DC-MC co-culture at several time
points within 24 h (data not shown). Human in vitro cultured
MCs have been shown to express TSLP mRNA, and TSLP
induces maturation and T2 polarization of human myeloid
CD11c* DCs (23, 25). However, stimulation of MoDCs with
TSLP did not affect their phenotypes, indicating that they do
not express a receptor for TSLP, and moreover, addition of
anti-TSLP-blocking antibody to the DC-MC co-culture did
not diminish the induction of T2 responses by the DCs (data
not shown). Thus, it is unlikely that IL-25 or TSLP is involved in
the induction of Ty2-promoting DCs in our co-culture system.

Due to localization of DCs and MCs in anatomical proximity
and high-level expressions of DC-attracting chemokines by
lgE-activated MCs (12, 13), MCs may well have chances to
directly contact with DCs in inflamed tissues. When DCs
and MCs were co-cultured in direct contact, suppression of
1L-12p70 production and T,2 polarization of DCs were maxi-
mal, whereas separation of DCs and MCs by a porous mem-
brane diminished these effects (Table 1 and Fig. 3C and D).
These data suggest the presence of membrane-associated
molecules on the surface of activated MCs that exert these
effects in cooperation with MC-derived soluble factors.

Interestingly, DCs exhibited T,1-suppressing as well as
Th2-promoting capacities only when DCs were co-cultured
with activated MCs in the presence of other exogenous pro-
inflammatory factors (Fig. 3A), including strong Tr1-inducing
factors (LPS/IFN-y) (Fig. 3C). It has been shown that helminth
antigens, which induce T,2 responses, more profoundly al-
tered gene expressions in DCs when mixed with LPS than used
alone (51). This and our observations suggest that coopera-
tion of Tn2-inducing factors with pro-inflammatory, or even



Th1-inducing, factors results in a full-blown T2 response. This
is consistent with the observations in mice where LPS can pro-
mote T,2 responses (52, 53), and may explain exacerbation of
allergic symptoms by superimposed bacterial infections (54).
These findings may also give a warning to an anti-allergy vac-
cine strategy that attempts to treat allergies by deviating the
immune response toward T,1 (55); simple application of
Tn1-inducing factors may not alleviate a T,2 response, but
may rather exacerbate it.

Whereas IL-12 plays a dominant role in T,1 development,
the absence of 1L-12 does not appear to be sufficient for
Tn2 development (25, 86). Using different experimental sys-
tems, several molecules inducing naive CD4" T cells to differ-
entiate into a T2 type have been reported to be expressed by
DCs (57). OX40L (25, 58-62) is one of the candidates of such
Th2-inducing molecules. Moreover, Amsen ef al. (63) demon-
strated in a murine system that different Notch ligands on
antigen-presenting cells instruct naive T cells to differentiate
into different effector T cells; Delta promotes T,,1 responses,
while Jagged promotes T,2 responses, suggesting that DCs
polarized by activated MCs may express high levels of Jag-
ged. However, OX40L (Supplementary Fig. 1, available at
International Immunology Online) was not detected on the
The-inducing, LPS/IFN-y-stimulated DCs co-cultured with acti-
vated MCs by flow cytometry. In addition, there was no corre-
lation between expression levels of Notch ligands (Jagged-1
and Jagged-2) measured by real-time reverse transcription—
PCR and Tn2-inducing capacity of DCs stimulated with differ-
ent stimuli (Supplementary Fig. 2, available at International
Immunology Online). These data indicate that neither OX40L
nor Notch ligands are responsible for the Ty2 polarization in
our system.

de Jong et al. (64) demonstrated that Ty1- or T,2-promoting
DCs express diverse Ty-polarizing signals according to types
of microbial stimuli, and some T,2-promoting DCs exert its
function via an OX40L-dependent mechanism, while others
via an OX40L-independent, unknown mechanisms. Thus, T,2-
inducing molecules on DCs may be diverse, depending on
types of stimuli and DCs. It is possible that an unspecified
Th2-inducing molecule, other than OX40L and Notch ligands,
is expressed on Tp2-promoting DCs co-cultured with activated
MCs.

Finally, we examined anatomical relationships between DCs
and MCs in inflammatory skin lesions. We chose biopsied
specimens from patients with chronic atopic dermatitis, be-
cause we thought that DC-MC interactions would be most
prominently visualized in Tn2-type inflammatory lesions. In
all specimens, both DCs and MCs were located in proximity
in the dermis (Fig. 4). Intriguingly, MCs surrounded and en-
tered the aggregates of DCs, suggesting production of MC-
attracting chemokine by the DC aggregates, such as CCL5
and CCL8 (14) that can interact with CCR3 on MCs (15). These
histological findings, together with the in vitro data that a rela-
tively few MCs can influence Tcell polarization induced by DCs
(Fig. 3B), suggest that interactions of MCs with DCs are phys-
iologically relevant in vivo, and that MCs may affect DC func-
tion through soluble and also possibly membrane-associated
factors in the dermis of atopic lesions.

An IgE antibody is an end product of a Tx2 response, and
thus, IgE-mediated activation of MCs occurs as a conse-
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quence of a previous Tp2 response. Qur observation that
IgE-activated MCs polarizes DCs toward T.2 implies that
a DC-MC interaction may constitute a positive feedback loop
to maintain or augment T2 responses. Recently, Kalinski and
Moser (65) proposed a ‘success-driven consensual immunity’
model, wherein outcomes of a ‘successful' adaptive immune
response induce polarization of DCs toward the same type
of responses, constituting a positive feedback loop that sta-
bilizes the type of adaptive immune responses. Our study is
consistent with this model, demonstrating a successful T,2 re-
sponse where IgE-activated MCs deliver signals to DCs results
in the stabilization of the T,2 response. This mechanism may
favor a defense against extracellular parasites by augmenting
a T,2 response, but may also lead to persistence of unwanted
Tn2 responses, such as allergies. Thus, disruption of the DC-
MC interaction may constitute an effective strategy to treat on-
going allergic reactions.

Supplementary data

Supplementary figures are available at /nternational Immun-
ology Online.

Acknowledgements

We thank Yoshinobu Toda (Center for Anatomical Studies, Graduate
School of Medicine, Kyoto University) for excellent technical support
in immunohistochemistry and Keiko Fukunaga for excellent technical
assistance. This paper is supported in part by Establishment of Inter-
national Center of Excellence (COE) for Integration of Transplantation
Therapy and Regenerative Medicine (COE Program of the Ministry of
Education, Culture, Science and Technology, Japan).

Abbreviations

CD40L CDA40 ligand

COE Center of Excellence

DC dendritic cell

GM-CSF granulocyte-macrophage colony-stimulating factor
MC mast cell

MoDC monocyte-derived dendritic cell
OX40L OX40 ligand

PGD2 prostagiandin D,

PMA phorbol myristate acetate

SCF stem cell factor

TNF tumor necrosis factor

TSLP thymic stromal lymphopoietin
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Recent studies have demonstrated that mast cells not only me-
diate inflammatory reactions in type I allergy but also play an
important role in adaptive immunity. In the present study, we
investigated the effects of interferon- , which shares the same
receptor as IFN- , on human cord blood-derived mast cells.
Mast cells produced TNF- |, and IL-10, and expressed OX40
ligand upon activation by crosslinking of Fc RI. When treated
with interferon- , TNF- production was decreased while IL-
10 and TGF- productions were increased. Furthermore, flow
cytometric analysis revealed that interferon- downregulated
expression OX40 ligand on mast cells which is crucial for mast
cell-T cell interaction. We confirmed that the viability of mast
cells was not affected by interferon- - treatment. Accordingly,
interferon- -treated mast cells induced lower levels of CD4"
T cell proliferation compared with those without interferon-
treatment. These results suggest that type I interferons suppress
T cell immune responses through their regulatory effects on mast
cells.

KEY WORDS: Mast cells; CD4" T cells; Type I interferons; OX40
ligand; .

INTRODUCTION

Mast cells (MCs) are well known for their ability to me-
diate inflammatory reactions in pathological processes of
allergic diseases (1). Upon recognition of specific anti-
gens by IgE bound to Fc RI, MCs secrete various kinds
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of cytokines, chemokines, and chemical mediators, which
trigger allergic reactions (2). This IgE-dependent activa-
tion of MCs has been emphasized as a major causative
event of harmful type I hypersensitivity. However, MCs
are originally engaged in the first line defense against
bacterial as well as parasite infections. Recent evidence
has indicated that in mice, MCs recruit and activate T
cells in the draining lymph nodes during bacterial infec-
tion and thus positively regulate adaptive immunity (3).
TNEF- has been shown to play a pivotal role in this en-
forcement of T cell responses (3, 4). In addition to TNF-
secretion, MCs can directly interact with T cells and even
present antigens to T cells in the context of MHC class 1
and class II (5-7), resulting in enhanced T cell prolifer-
ation. It has been reported that human MCs and murine
BMMCs express OX40 ligand (OX40L) upon activation
and the OX40/0X40L system plays a crucial role in MCs-
mediated T cell proliferation (8, 9).

In clinical settings, MCs are implicated in the pathogen-
esis of most allergic diseases in which Th2-type immune
responses appear to be predominant such as bronchial
asthma and atopic dermatitis (10). On the other hand,
recent reports have revealed that MCs also play important
roles in some Thl dominant diseases such as inflamma-
tory bowel diseases (11), multiple sclerosis (MS) (12),
and experimental autoimmune encephalomyelitis (EAE),
an animal model of MS. MS is a demyelinating disorder
of the central nervous system that preferentially affects
young adults. Although myelin-specific CD4" T cells are
principal effector cells, other cell types are also likely to be
involved in the pathogenesis of the disease. It is noted that
MCs are required for the development and aggravation of
EAE because MC-deficient W/W" mice are less sensitive
to EAE than wild-type mice and reconstitution of MCs
by injection of bone marrow-derived MCs from wild-type
mice restore the severity of EAE(13). In humans, MCs
are found in the CNS plaques of MS patients (14) and
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the concentrations of histamine and tryptase were higher
in MS patients compared with normal healthy individuals
(15, 16), suggesting that MCs are also involved in MS.
Treatment of MS remains to be a challenging problem.
Apart from several immunosuppressive drugs, type I IFNs
have been shown to be effective in a proportion of MS
patients (17), although the precise mechanism of their
effects has not been fully elucidated. In a study using
specimens from MS patients, IFN- has been reported to
correct Th1/Th2 imbalance by increasing IL-4 production
and lowering IFN-  production (18). Since type I IFNs do
not have such a direct effect on CD4™" T cells, these TEpPOIts
suggest the presence of other target cells of type I IFNs
that mediate alleviation of pathological T cell responses.
Based on the roles of MCs in EAE and MS as discussed
above, it is to be determined whether type I IFNs could
modify MC-mediated T cell activation processes. As far
as we know, effects of IFNs on MCs have not been studied
in detail. In the present study, we addressed this question
by using human cord blood-derived MCs and IFN- , a
type I IFN. Herewith we report that IFN- did not affect
the viability of MCs but decreased TNF- production and
OX40 ligand expression while increased TGF- and IL-
10 production. Thus, type I IFNs indirectly attenuate T
cell responses through the regulatory effects on MCs. The
possible involvement of MCs in the effectiveness of IFN-
therapy for MS and other Th1 diseases is discussed.

MATERIALS AND METHODS

Antibodies and Cytokines

SCF and IL-6 were purchased from Wako (Tokyo,
Japan) and IL-3 and IL-4 were from Peprotech (Rock
Hill, NJ). Human myeloma IgE was from Chemicon
International (Temecula, CA) and goat anti-human IgE
from Biosource (Camarillo, CA). Phycoerythrin (PE)-
conjugated anti-human OX40 ligand monoclonal anti-
body (mADb) (clone ik-1) and PE-conjugated mouse IgG1
was obtained from Becton-Dickinson (Franklin Lakes,
NIJ). Anti-OX40L blocking mAb (mouse 1gG2a, clone ik-
S) was generated in our laboratory (19). Control IgG2a
(clone UPC10) was purchased from Sigma (St. Louis,
MO).

Preparation of MCs

Human cord blood-derived MCs (CBMCs) were gen-
erated as described (20). In brief, mononuclear cells
were isolated from cord blood of healthy neonates with
the informed consent of the parents and subsequently
cultured in AIM-V (Invitrogen, Carlsbad, CA) supple-
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mented with 10% fetal bovine serum (Life Technologies,
Rockville, MD), 100 U/ml penicillin, 100 g/ml strepto-
mycin, 292 g/ml L-glutamine (penicillin-streptomycin—
glutamine; Life Technologies), 100 ng/ml SCF and
50 ng/ml IL-6. Half medium change was performed once
a week. Cells cultured for more than 8 weeks were used
which consisted of 95% pure MCs measured as c-kit-
positive cells by flow cytometry.

Activation of MCs

Naive MCs were cultured with 5 ng/ml IL-3 and
10ng/mlIL-4 for 5 days. Human IgE wasaddedat 1 g/ml
for the last 24 h to be presensitized. For the aggregation of
Fc RI, presensitized MCs were collected, washed three
times, and cultured with2  g/ml goat anti-human IgE Ab
in SCF-containing medium (without IL-6) in the presence
or absence of IFN- for the indicated periods of time.

RI-PCR

Presensitized MCs were cultured with anti-IgE Ab and
with or without IFN- (Biosource, Camarillo, CA) for
6 h. Cells were then collected and washed three times.
Total RNA was isolated with RNeasy mini kit (QIAGEN,
Hilden, Germany). 1 g of RNA was used in reverse
transcription using ImProm-II ™ reverse transcription
system (Promega, Madison, WI). The same amount
of complementary DNA was used in the subsequent
PCR. The following primers were used: -actin (sense
5 -TCAGCCTCTTCTCCTTCCTGATCG-3; antisense
5 -TGAAGAGGACCTGGGAGTAGATGA-3) (21),
TNF- (5 -GTTCCTCAGCCTCTTCTCCT-3 ; antisense
5 -ATCTATCTGGGAGGGGTCT T-3) (22), IL-10 (sen-
se 5 -ATGCCCCAAGCTGAGAAC CAAGACC CA-3;
antisense 5 -AAGGGGCTGGGTCAGCTATCCCA-3)
(23), and TGF- (sense 5-CTACTAGGCCAAGGA
GGTCAC-3 ; antisense 5 -TTGCTGAGGTATGGCCAG
GAA-3) (24). PCR products were separated through
1.5% agarose gel, stained with ethidium bromide, and
visualized with an UV transilluminator.

Measurement of Cytokine Production

Cytokine production was measured by ELISA accord-
ing to the manufacture’s protocol. Presensitzed MCs were
treated with goat anti-human IgE Ab and IFN- for 6 h
at 1.0 10%/ml. Culture supernatants were then collected
and storedat 80 C until they were subjected to analysis.
Concentrations of TNF- , IL.-10, and TGF- in the su-
pernatants were measured by using the respective ELISA
kits (Biosource).



