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monocytosis or increased HbF. Detailed clinical history and laboratory data is

provided as Supplemental data 1.

Detailed methods for experiments are described in Supplemental data 2

(
Results and Discussion

Case 1 showed a high likelihood of being a case of ALPS according to the
symptoms and clinical data presented (Supplemental data 1, Table 1) except for:
number of Double-negative T (DNT) cells which was only 1.4% of TCRap cells
(Fig. 1a). JMML was also nominated as a disease to be differentiated, because
remarkable hepatosplenomegaly with thrombocythemia and moderate
monocytosis was noted. However, no hypersensitivity to GM-CSF as determined
by colony formation assay for BM-MNC (data not shown) or phbspho STATS
staining (data not shown) was observed. DNA sequence for JMML associated
genes such as NRAS, KRAS, HRAS, PTPN11 and CBL was determined, and
KRAS G13D mutation was idéntified (Fig. 1b). The mutation was seen
exclusively in the hematopoietic cell lineage and no mutation was seen in the
oral mucosa or nail-derived DNA. Granulocytes, monocytes, T cells, and B cells
were all positive for KRAS G13D mutation (data not shown). The proportion of
mutated cells in each hematopoietic lineage was quantitated by mutation allele
specific quantitative PCR methods, which revealed mutated allele was almost
equally present in granulocytes, T cells and B cells (Fig 1c). CD34-positive
hematopoietic stem celis (HSC) was also positive for KRAS G13D mutation, and
60% of CFU-GM colonies developed from isdlated CD34 cells carried KRAS
G13D mutation (data not shown). These observations suggest that the mutation
occurre‘d at the HSC level, and HSCs consists of wild type and mutant HSCs.
NRAS mutated Type IV ALPS was previously characterized by apoptosis
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resistance of T-cells in IL-2 depeletion®. Then, activated T cells were subjected
tb an apoptosis asséy by FAS stimulation or IL-2 depletion. Remarkable |
resistance to IL-2 depletion ‘but not to FAS-dependent apoptosis (Fig. 1d and e)
was seen. This was in contrast to T cells from FAS mutated ALPS type 1a which
showed remarkable resistance to FAS dependent apoptosis and normal
apoptosis induction by IL-2 withdrawal (Fig. 1d and e). Western blotting analysis
of activated T cells or Epstein-Barr virus-transformed B cells showed reduced
expreésion of Bim (Fig. 1f).

In case 2, autoimmune phenotype and hebatosplenomegaly were remarkable as
shown in Supplementary data 1. The patient was initially diagnosed as Evans
Syndrome based on presence of hemolytic anemia and autoimmune
thrombocytopenia. DNT cells were 1.1% of TCRap cells in the peripheral blood,
which did not meet with the criteria of ALPS. Although spontaneous colony
formation was shown in PB- and BM-MNC, and GM-CSF hypersensitivity was
demonstrated in BM-MNC' derived CD34 positive cell (Supplemental data 1
Table2), she showed no massive monocytosis or increased HbF. Thus the
diagnosis was less likely to be ALPS or JMML. DNA seqﬁencing of JMML related
genes such as NRAS, KRAS, HRAS, PTPN11, and CBL identified somatic but
not germline KRAS G13D mutation (Fig. 1b). KRAS G13D mutation was
detected iny granulocytes and T cells. Mutation was not identified in B cells by
conventional DNA sequencing (data not shoWn). Mutant allele specific
quantitative PCR revealed mutated allele was almost equally present in
granulocytes and T cells, but barely in B cells (Fig. 1¢). Activated T cells showed
resistance to IL-2 depletion but not to FAS-dependent apoptosis (Fig. 1d and e).
Bbth of our cases were characterized by strong autoimmunity, immune
cytopenia and lymphadenopathy or hepatosplenomegaly with partial similarity
with ALPS or JMML. However, they did not meet with the well defied diagnostic
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criteria of ALPS? or JMML®. It is interesting that Case 2 presented GM-CSF
hypersensitivity, which is one of the hallmarks of JMML. Given the strict clinical
and laboratory criteria of JMML and ALPS, our two cases should be defined as a
new disease entity, like RAS associated ALPS like disease (RALD). Recently
defined NRAS mutated ALPS type IV may also be included in a similar disease
entity. |

There are several cases of JMML reported simulianeously having clinical and
laboratory findings compatible with autoimmune disease®®. Autoimmune
syndromes are occasionally seen in patients with myelodysplastic syndromes,
including chronic myelomonocytic leukemia'®. These previous findings may
suggest a close relationship of autoimmune disease and JMML. Since KRAS
G13D has been identified in JMML""*, it is tempting to speculate that KRAS
G13D mutation is involved in JMML as well as RAS associated ALPS like
disease (RALD). It should be noted in JMML, erythroid cells reportedly carry
mutant RAS, while B and T cell involvement was variable'®. In both of our cases,
myeloid cells and T cells carried mutant RAS, while B cells were affected variably.
These findings would support a hypothesis that the clinical and hematological
features are related to the differentiation stages of hematopoietic stem cells
where RAS mutation is acquired. JMML-like myelo-monocytic proliferation may
predict an involvement of RAS mutation in myeloid stem/precursor cell level
whereas ALPS-like phenotype may predict that of stem/precursor cells of '
lymphoid lineage, especially of T cells. Under the light of subtle differences
between the two cases presented, their hematological and clinical features may
reflect the characteristics of the stem cell level where KRAS mutation is acquired.
Involvement of the precursors with higher propensity toward lymphoid lineage
may lead to autoimmune phenotypes, while involvement of those with propensity

toward the myeloid lineage may lead to GM-CSF hypersensitivity while still
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sharing some ovérlapping autoimmune characteristics.

One may argue from the other points of view with regard to the
clinicopathological. features of these disorders. First, transformation in a fetal
HSC might be obligatory for the development of JMML' and that in HSC later in
life may not have the same consequences. Second, certain KRAS mutations
may be more potent than the others. Codon 13 mutétions are generally less
deleterious biochemically than codon 12 substitutions, and patients with JMML
with codon 13 mutations have been reported to show spontaneous hematologic

215 Thus further studies are needed to reveal in-depth

improvement
clinicopathological characteristics in this type of lympho-myelo proliferative
disorders. ‘

KRAS mutation may initiate the oncogenic pathway as one of the first genetic
hits, but is insufficient to cause frank malignancy by itself'®"”. Considering recent
findings that additional mutations of the genes involved in DNA repair, cell cycle
arrest, and apoptosis are required for full malignant transformation, one 'can
argue that RAS associated ALPS like disease (RALD) patients will alsob‘develop
malignancies during the course of the diseases. Occasional association of
n1yeloid blast crisis in JMML and that of lymphoid malignancies in ALPS will
support this notion. Thus the two patients are now being followed up carefully. It
was recently revealed that half of the patients diagnosed with Evans syndrome,
an autoimmune disease presenting with hemolytic anemia and

thrombocytopenia, meet the criteria for ALPS diagnosis'®'®

. In this study,
FAS-mediated apoptosis analysis was utilized for the screening. Considering the |
cases we presented, it will be intriguing to re-evaluate Evans syndrome by IL-2
depletion-dependent apoptosis assay focusing on the overlapping autoimmunity

with RAS associated ALPS like disease (RALD).
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Figure Legends
Figure 1
a. Flow cytometric analysis of DNT cells. CD8 and CD4 double staining was
performed in TCRapB-expressing cells.
b. Electropherogram showing KRAS G13D mutation in BM-MNC in case 1 (left
panel) and case 2 (right panel).
c. Gene dosage of mutated allele in granulocyte (Gr), T cell (T) and B cell (B).

" Relative géne dosage was estimated by a mutant allele specific PCR method in
case 1 and 2 using albumin gene as internal control.
d. Apoptosis assay using activated T cells. Apoptosis percent was measured by
flow cytometry with Annexin V staining 24 and 48 hr after IL-2 depletion
e. Apoptosis percent was measured 24hr after addition of anti-FAS CH11
antibody (final 100ng/ml)

f. Western blotting analysis of Bim expression.
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Notch receptor-mediated signaling is in-
volved in the developmental process and
functional modulation of lymphocytes, as
well as in mast cell differentiation. Here,
we investigated whether Notch signaling
is required for antipathogen host defense
regulated by mast cells. Mast cells were
rarely found in the small intestine of wild-
type C57BL/6 mice but accumulated ab-
normally in the lamina propria of the
small-intestinal mucosa of the Noich2-
conditional knockout mice in naive sta-
tus. When transplanted into mast cell-

deficient Ws"/Ws" mice, Notch2-null bone
marrow-derived mast cells were rarely
found within the epithelial layer but abnor-
mally localized to the lamina propria,
whereas control bone marrow-derived
mast cells were mainly found within the
epithelial layer. After the infection of
Notch2 knockout and control mice with
L3 larvae of Strongyloides venezuelen-
sis, the abundant number of mast celis
was rapidly mobilized to the epithelial
layer in the control mice. In contrast,
mast cells were massively accumulated

in the lamina propria of the small intesti-
nal mucosa in Nofch2-conditional knock-
out mice, accompanied by impaired eradi-
cation of Strongyloides venezuelensis.
These findings indicate that cell-
autonomous Notch2 signaling in mast
cells is required for proper localization of
intestinal mast cells and further imply a
critical role of Notch signaling in the
host-pathogen interface in the small intes-
tine. (Bfood. 2011;117(1):128-134)

Introduction

Mast cells are important in a wide variety of physiologic and
pathologic processes, including protective immune responses to
parasites and allergic disorders.’ In intestinal parasite infec-
tion, mast cells play a central role in the immune response.?
During the induction phase of parasite-induced inflammation,
mast cells move from the submucosa to the tip of the villi,
accompanying the serial changes in the protease expression
pattern. Initially, they are positive for mouse mast cell pro-
tease-5 (mMCP-5) but negative for mMCP-1 and mMCP-2;
eventually, they become positive for nMCP-1 and mMCP-2 but
negative for mMCP-5, demonstrating convergence from connec-
tive tissue—type mast cells (CTMCs) to mature mucosal-type
mast cells (MTMCs).* The parasite-infected mice consequently
experience jejunal mast cell hyperplasia,’ and the serum concen-
tration of mMCP-1, an activation marker of small intestinal mast
cells, is increased by > 1000-fold compared with that in the
naive status.”

In the mammalian immune system, we and other groups have
demonstrated that Notch signaling is involved in the commit-
ment and differentiation of T cells. the development of splenic

marginal zone B cells, and the differentiation and functional
modulation of mature T cells, including T-helper type T (Th1)/
Th2 polarization®” and differentiation of CD8-positive cyto-
toxic T cells.® Regarding the Notch signaling in mast cells. bone
marrow-derived mast cells (BMMCs) highly express Jagged1®
and Notch2!® among the Notch ligands and the receptors,
respectively. We have previously shown that signaling through
the Notch2 receptor induces mast cell development from
myeloid progenitors by transcriptional up-regulation of hairy
and enhancer of split homolog-1 (Hes-1) and transacting
T cell-specific transcription factor GATA-3 (GATA3)."' Induc-
tion of antigen-presenting potential of mast cells by Notch
signaling is also demonstrated.’> A question yet to be solved is
how Notch signaling affects mast cell properties in vivo.

In this report, we examined the effect of Notch2 signaling in
in vivo mast cells using Notch2-conditional knockout mice.!?
We show that Notch2 signaling is specifically required for
intraepithelial localization of intestinal mast cells and antipara-
site immunity. In contrast, Notch2 is dispensable for either
distribution or development of CTMCs.

Submitted July 8, 2010; accepted September 28, 2010. Prepublished online as
Blood First Edition paper, October 22, 2010; DOl 10.1182/blood-2010-
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Figure 4. Notch2 is not required for peritoneal mast cell
development. (A) Bone marrow cells from N2-MxcKO-Ly5.1
mice or control Notch2™xTox-{y5 1 mice were transplanted. into
lethally irradiated Ws"/Ws" mice. Peritoneal mast cells were
stained with anti—-c-Kit~APC, IgE, and biotinylated anti-Notch2
antibody (HMN2-35}, followed by anti-lgE—FITC and streptavidin-
PE, or they were stained with anti—c-Kit—-APC, IgE, and anti-Ly
5.1-PE, followed by anti-lgE—FITC; they were then analyzed by
FACSCalibur (BD Biosciences). (B) The proportion (left) and the
absolute number (right) of peritoneal mast cells were not signifi-
cantly different between WAR/WS" mice transplanted with
Notch2-WT bone marrow cells and those transplanted with
Notch2-null bone marrow cells. P = .210642 (mast cell propor-
tion) and P = .196045 (mast cell number}.
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transplanted with Notch2-null bone marrow cells
Notch2""-Ly5.1

N2-MxcKO -Ly5.1
- WYWLy5.2

1o

ad

"o

4a

sample name

= —aflotnz )

sample name
o

B
® i mast cell proportion g mast cell number
1. 30 :
0.8 25 T E
i

0.6 20 1
0.4 :2 T L
o = a 5 |

Notch2™™-Ly5.1
= WIWLY52 - WOWLLyS.2

mast cells of pIpC-treated N2-MxcKO mice still expressed
Notch2 (data not shown). Therefore, to clarify the requirement
of Notch2 in the CTMC development, we examined peritoneal
mast cells in mast cell-deficient W*"/W*» mice after transplantion
of Norch2-null bone marrow cells carrying the Ly3.1 marker. In
this system, mast cells exclusively develop from transplanted
bone marrow progenitors, in which the Cre recombinase under
the Mx-promoter is quite effective '* (supplemental Figure 1). In
this experiment, we found that the proportion and absolute
number of peritoneal mast cells was not significantly different
between those developed from the N2-MxcKO-Ly5.1 bone
marrow cells and those developed from littermate Notch2fovfies-
Ly5.1 bone marrow cells (Figure 4A-B). Notch2 was not
expressed in the peritoneal mast cells derived from N2-MxcKO-
Ly5.1 bone marrow cells but was expressed in those derived
from littermate Norch2fe<fox-y5.1 bone marrow cells (Figure
4A middle), indicating that Noich2 was deleted efficiently.
These results suggest that Notch2 is dispensable for the
development and distribution of CTMCs.

0 R ALY
Notch2™™-Ly5.1  N2-MxcKO-Ly5.1
— WIWLy5. 2 —= WOWiLy5.2

N2-MxcKO -Ly5.1

Cell-autonomous Notch2 signaling in mast cells is important
for mast cell migration across the basement membrane in the
small intestine

We then asked a question whether aberrant mast cell migration in
the small intestine in N2-MxcKO mice is dependent on Notch2
signaling in mast cells per se. We intravenously infused Norch2-
null or control BMMCs into nonirradiated W/Ws" mice after
S venezuelensis infection, because it is reported that BMMCs could
only transiently reconstitute intestinal mast cells in mast-cell
deficient mice if these recipient mice are in naive status.'” In tissue
sections, we found that the distribution of mast cells in the small
intestine was different between control BMMCs-reconstituted mice
and Notch2-null BMMCs-reconstituted mice; control BMMCs
were mainly migrated into the epithelial layer, while a majority of
Notch2-null BMMCs remained in the lamina propria. This observa-
tion indicates that mast cell-autonomous Notch2 expression contrib-
utes to mast cell migration across the basement membrane from
lamina propria into the epithelial layer (Figure SA-B). Even in the
control BMMC-infused mice, however, a substantial proportion of
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Figure 5. Mast cell-autonomous Notch2 expression is required for mast cell
migration toward the epithelium. Ws"/Ws" mice infected with S venezuelensis were
intravenously infused with Th2-conditioned Notch2-null or control BMMCs on days 3
and 6 of infection. (A) Notch2-null BMMCs poorly migrated toward the epithelium
compared with control BMMCs. Toluidine blue staining followed by eosin staining.
Criginal magnification »%200. (Top) Control BMMCs; (Bottom) Notch2-null BMMGs.
{B) The number of mast cells per 10 veus in the small intestine on day 12 after
S venezuelensis infection in W"/Ws" mice, without BMMC infusion, with control
BMMC infusion, and with Notch2-null BMMC infusion. Data are presented as means
~ SEM; n = 3 (control BMMC infusion) and n = 4 (Notch2-null BMMC infusion).
P = .004080 (villus, epithelium) and P = .000020 (crypt, epithelium). Note that mast
cells in WS WSt mice infused with Notch2-null BMMCs abnormally resided in the
lamina propria, whereas most of those in Ws"/W5" mice infused with control BMMCs
had intraepithelially migrated. (C) Mast cell number in mid to apical side of the
epithelial layer was divided with that in the basal side of the epithelial layer. (D) Time
course of S venezuelensis egg numbers in the stool. The number of excreted eggs
was not significantly different between WS"/W=" mice infused with Nofch2-null and
control BMMCs. Data are presented as means = SEM.

mast cells still remained in the lamina propria, submucosa, and
smooth muscle layers, and the distribution of mast cells within the
epithelium was confined to the basement membrane side of the
epithelial layer (Figure 5B-C). This mast cell localization pattern
was different from that in the Noich2/¥#es mice with S venezuelen-
sis infection, in which mast cells were present mainly at the mid to
apical side of the epithelial layer (Figure 5C). The numbers of
S venezuelensis eggs in the stool were virtually the same in the
§ venezuelensis—infected W*/W*" mice infused with Notch2-null
and control BMMCs and in the S venezuelensis—infected Wsh/Ws#
mice without any BMMC infusion throughout the period after
infection (Figure 5D).

BLOOD, 6 JANUARY 2011 - VOLUME 117, NUMBER 1

Taken together, the BMMC-W*/W*" transplantation model
demonstrated that Notch2 in the mast cells indeed determines their
intraepithelial migration from lamina propria; nevertheless, this
model was not adequate to examine the physiologic mast cell
distribution pattern and subsequent parasite expulsion that depends
on mast cells.

Notch2 signaling regulates antiparasite immunity of mast cells
in the intestine

The BMMC-W*/W* reconstitution model could not completely
reflect physiologic mast cell distribution pattern in the small
intestine. Therefore, to further assess the effect of Notch2 signaling
on the mucosal immune response of intestinal mast cells under a
pathologic condition, N2-MxcKO or control Norch2fexfex mice
were infected with S venezuelensis. Total mast cell number was
increased in Norch2/¥fex mice much more than in N2-MxcKO
mice, especially in the epithelium in both crypts and villi 8 days
after infection (Figure 6A-B). Thirteen days after infection, mast
cells in the epithelium in Notch2’*¥* mice were still more
abundant than those in N2-MxcKQO mice (Figure 6C-D), while mast
cell accumulation in the lamina propria in ¥2-MxcKO mice was
more prominent in both villi and crypt than that in the earlier stage
of infection (Figure 6A,C). In particular, dense aggregation of mast
cells was prominent in the lamina propria of N2-MxcKO mice at
the tip of the villi (Figure 6D). As a consequence, the total number
of mast cells in the intestine of N2-MxcKO mice became equiva-
lent to those of Notch2“f* mice 13 days after infection (Figure
6C.E). The number of §venezuelensis eggs in the stool was
gradually decreased during day 8 to 10 in control Notch2#e/fox mice
but not in N2-MxcKO mice (Figure 6F). Furthermore, the worms
were still observed in N2-MxcKO mice but not in Notch2fotos
mice 12 days after infection (Figure 6G). These data suggest that
Notch2 deficiency alters the distinct distribution pattern of mast
cells in the small intestine, which is responsible for the defective
eradication of S venczuelensis.

Discussion

There is a growing body of evidence that Notch signaling
modulates cellular migration and adhesion in endothelial, neural,
and lymphoid lineage cells, as well as cancer cells.'® We have
shown that Notch2 signaling induces the development of mast
cells.!! However, it has remained unclear whether Notch2 signaling
is involved in the distribution of mast cells in the intestinal mucosa
or connective tissues or in controlling the functions of mast cells
against microorganisms. Here, we investigated the role of Notch2
signaling in mast cells in terms of their distribution and functions
using cell-specific Notch2-deficient mice. We found that in N2-
MxcKO mice, mast cells were abnormally accumulated in the
lamina propria of the small intestine, suggesting that Norch2-null
mast cells have some defect in the migration toward the epithelium.
Furthermore, N2-MxcKO mice failed to eradicate S venezuelensis
and exhibited a distinct mast cell migration pattern in the intestine
compared with control mice, suggesting that mast cells regulate the
host-microbial interface in the intestine through Notch2 signaling.

Mast cell number was rather increased in the intestinal mucosa
of N2-MxcKO mice compared with control mice in naive status.
Mast cell progenitors were supposed to reside in the submucosa
and gradually move toward the villi, accompanied by their
differentiation into mature mast cells. Based on our observation in
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Figure 6. Notch2 is essential for antiparasite immunity of
mast cells in the intestine. N2-MxcKO or control Notch2foxfiox
mice were subcutaneously injected with third-stage infective
larvae of S venezuelensis. (A) The number of mast cells per 10
veus in the small intestine on day 8 after S venezuselensis
infection. Data are presented as means = SEM. The number of
mast cells was much less in N2-MxcKO mice; n = 3, P = .008592
(total), P = .005695 (villus, epithelium), P = .000715 (villus, lamina
propria), P — .005245 {crypt, epithelium), and P — 045466 (crypt,
lamina propria). Note that mast cells in N2-MxcKO mice were
abnormally clustered in the lamina propria, whereas most of those
in the control Notch2"xox mice were intraepithelially migrated.
(B) Toluidine blue staining followed by eosin staining of the small C
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intestine on day 8; original magnification xX200. (C) The number of
mast cells per 10 vcus in the small intestine on day 13 after
S venezuelensisinfection. Data are presented as means = SEM;
n = 3, P = .026076 (villus, epithelium), P = .00194 (villus, lamina
propria}, P — .021177 (crypt, epithelium), and P — .019324 (crypt,
lamina propria), P = .047445 (submucosa). (D) Toluidine blue
staining followed by eosin staining of the small intestine on day
13. Original magnification x200. (E) The total number of mast
cells per 10 vcus on day 0, day 8, and day 13 of infection. The total
number of mast cells was significantly lower in N2-MxcKO mice at
the early phase (day 8) and almost equal at the later phase (day
13} to that of control mice. Data are presented as means = SEM; D
n - 10 and 8 (day 0, Notch2ixox and N2-MxcKO); n ~ 3 and 3
(day 8, NotchZloxlx and N2-MxcKO): n = 4 and 4 (day 13,
Notch2oxilex and N2-MxcKO). (F) Time course of egg number in
the stool. The number of excreted eggs was significantly greater
in N2-MxcKO mice compared with those in Notch2fexliox mice,
Data are represented as means = SEM;n = 4; P = .0291 (day 8)
and P =.0219 (day 9). (G) Hematoxylin-eosin staining of the
small intestine on day 12. Original magnification x200. Arrows
indicate worms. Worms were still observed in the villi in the
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an § venezuelensis-infection model, mast cells increase in number
in the epithelium in control Notch2#vfox mice, while they abnor-
mally aggregate in lamina propria in N2-MxcKO mice, especially
in the later stage of infection. This suggests that mast cell migration
from lamina propria toward the epithelium across the basement
membrane is impaired in N2-MxcKO mice. Consequently, mast
cell turnover might be prolonged in N2-MxcKO mice. Given that
the mechanism of mast cell migration from lamina propria toward
the epithelium is common in naive status and infection status, such
migration defect may also explain the mast cell increase in
N2-MxcKO mice in naive status that we observed.

The defect of mast cell migration toward intraepithelium of the
small intestine in A2-MxcKO mice is very similar to that in integrin
B6-deficient mice,' in which activation of transforming growth
factor (TGF)— signaling is impaired.” A crosstalk between Notch
signaling and TGF- signaling might occur in intestinal mast cells
as well as the cases of other cell types.?' Alternatively, Notch
signaling might directly regulate a downstream target of TGF-B1 in
intestinal mast cell migration (eg, the induction of integrin aE
expression).'*? Integrin oE, forming an integrin aER7 complex on
mast cells, binds to E-cadherin on epithelial cells and is involved in
mast cell localization in the epithelium.?? The expression level of

Day12

integrin «EB7, measured by flow cytometric analysis, however,
was not affected by Notch-ligand stimulation in BMMCs (unpub-
lished data).

In the previous paper we showed that Notch signaling facilitates
mast cell lineage development at the expense of granulocyte/
macrophage development from both common myeloid progenitors
(CMPs) and granulocyte-macrophage progenitors (GMPs) in vitro.!!
Mast cells, however, were not depleted in N2-MxcKO mice in
naive status in vivo, but rather slightly increased in the small
intestine of N2-MxcKO mice. This clearly indicates that Notch2
signaling is dispensable for steady-state mast cell generation in
vivo. However, the dynamic increase of mast cells during the early
phase of intestinal parasite infection was markedly impaired in
N2-MxcKO mice. The mechanisms underlying the Notch2 signal-
ing requirement only in parasile-infected mice remain to be
clarified. Nevertheless, rapidly increasing intestinal mast cells have
to be supplied by mast cell progenitors. The pathways and
mechanisms responsible for mast cell progenitor recruitment and
trafficking are likely to be dynamic and susceptible to modification
during inflammation.! Such a modulation of the mast cell genera-
tion pathway during intestinal infection might underlie the require-
ment of Notch2 only during parasite infection. This is similar to
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IL-3-deficient mice. IL-3 is essential for mast cell differentiation in
vitro; however, IL-3-deficient mice have the normal number of
mast cells at the steady state, whereas mast cell hyperplasia is
impaired upon intestinal parasite infection.”

Our data showed that parasite expulsion was impaired in
N2-MxcKO mice. We could not exclude the possibility that the
Notch2 deletion in immune cells other than mast cells modulate the
response against the nematode infection. If we could show that
Th2-conditioned wild-type BMMCs successfully eradicate § ven-
ezuelensis in W/Wsh mice and that Nosch2-null BMMCs do not, it
would be clearer that Notch2 signaling in mast cells per se but not
in other immune cells should be critically important for defense
against S venezuelensis infection. The failure of rescue experiments
may be caused by the abnormal mast cell distribution pattern of
wild-type BMMCs in W*/W*" mice. Nevertheless, the result of this
experiment supported the previous finding that the proper epithelial
migration of mast cells is required for efficient expulsion of
S venezuelensis** and thus provides an insight that the impaired
S venezuelensis expulsion in N2-MxcKO mice is attributed to the
mast cell-autonomous deletion of Notch2.

In conclusion, our data clearly indicate that Notch2 receptor
signaling is specifically required for proper intestinal mast cell
distribution in a cell-autonomous manner. Furthermore, involve-
ment of Notch2 signaling in mucosal immunity was proven,
particularly for eradication of infected parasites, although whether
this is due to the Notch2 signaling in mast cells is yet to be
elucidated.
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T Cell Leukemia/Lymphoma 1 and Galectin-1 Regulate
Survival/Cell Death Pathways in Human Naive and IgM™
Memory B Cells through Altering Balances in Bcl-2 Family
Proteins'

Siamak Jabbarzadeh Tabrizi,* Hiroaki Niiro,> Mariko Masui,” Goichi Yoshimoto,’
Tadafumi Tino,' Yoshikane Kikushige,” Takahiro Wakasaki,? Eishi Baba," Shinji Shimoda,"
Toshihiro Miyamoto,* Toshiro Hara,* and Koichi Akashi™®

BCR signaling plays a critical role in purging the self-reactive repertoire, or in rendering it anergic to establish self-tolerance in
the periphery. Differences in self-reactivity between human naive and IgM™ memory B cells may reflect distinct mechanisms by
which BCR signaling dictates their survival and death. Here we demonstrate that BCR stimulation protected naive B cells from
apoptosis with induction of prosurvival Bel-2 family proteins, Bel-x, and Mcl-1, whereas it rather accelerated apoptosis of IgM*
memory B cells by inducing proapoptotic BH3-only protein Bim. We found that BCR-mediated PI3K activation induced the
expression of Mcl-1, whereas it inhibited Bim expression in B cells. Phosphorylation of Akt, a downstream molecule of PI3K, was
more sustained in naive than IgM™* memory B cells. Abundant expression of T cell leukemia/lymphoma 1 (Tell), an Akt coac-
tivator, was found in naive B cells, and enforced expression of Tcll induced a high level of Mcl-1 expression, resulting in prolonged
B cell survival. In contrast, Galectin-1 (Gal-1) was abundantly expressed in IgM™ memory B cells, and inhibited Akt phosphor-
ylation, leading to Bim up-regulation. Enforced expression of Gal-1 induced accelerated apoptosis in B cells. These results suggest
that a unique set of molecules, Tcll and Gal-1, defines distinct BCR signaling cascades, dictating survival and death of human

naive and IgM™ memory B cells. The Journal of Immunology, 2009, 182: 1490-1499.

rimary human peripheral B cells are made up of hetero-

geneous subpopulations that include a high proportion of

memory B cells compared with those in rodents. Due to
the advantage conferred by the usefulness of CD27 as a memory
marker in humans, peripheral B cells are divided into at least three
distinet subsets: naive (IgM*CD277), IgM™ memory (IgM™
CD27™), and switched memory (IgGTATCD27%) B cells (1). Of
particular interest are [gM™ memory B cells in that they do not
exist in mice and could develop through the novel germinal center-
independent pathways and express somatically mutated 1gM Abs
(2). To date, [gM™ memory B cells have been proposed to be
circulating splenic marginal zone (MZ)* B cells and to play a crit-
ical role in the protection against encapsulated organisms (2, 3).
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Although in vivo function of IgM ™~ memory B cells is becoming
evident (4), the molecular mechanisms of activation of this subset
remain poorly characterized.

Due to random rearrangements of the subunits of a functional BCR
from genomic cassettes, a large proportion of developing human B
cells in the bone marrow express self-reactive BCRs, but most of
these potentially noxious BCRs are purged from the repertoire at sev-
eral checkpoints in the bone marrow and the periphery (5). Never-
theless, up to 20% of mature naive B cells in normal peripheral blood
still express low-affinity self-reactive BCRs (5). In sharp contrast,
IgM ™~ memory B cells isolated from normal donors are devoid of such
self-reactive BCRs (6). These findings suggest a distinct homeostatic
control of human naive and IgM ™ memory B cells.

BCR transmits the signals that are critical for both the elimina-
tion of self-reactive repertoire and the expansion of pathogen-spe-
cific repertoire. Upon BCR ligation by Ags, Lyn and Syk protein
tyrosine kinases are initially activated. Syk propagates the signal
by phosphorylating downstream signaling molecules. This results
in activation of key signaling intermediates PI3K and phospho-
lipase C (PLC)¥2. PI3K activates Akt kinase, which is critical for
B cell survival (7). PLCy2 activation leads to the release of intra-
cellular Ca®~ and protein kinase C activation, which in turn cause
activation of MAPK family kinases (ERK, JNK, and p38 MAPK)
and transcription factors including NF-«B and NF-AT. These out-
puts subsequently connect with further-downstream molecules re-
sponsible for determining B cell fates such as survival, growth, and
differentiation.

GFP; CLL, chronic lymphocytic leukemia: BAFF, B cell-activating factor of the
TNF tamily.

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/$2.00
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The Bel-2-regulated pathway plays a critical role in BCR-in-
duced survival and death (8, 9). The Bcl-2 family proteins fall into

three subgroups: the first subgroup including Bcl-2, Bel-x;, and -

Mecl-1 inhibits some apoptotic pathways; the second subgroup in-
cluding Bax and Bak directly induces apoptosis by promoting cy-
tochrome ¢ release from the mitochondria; the third subgroup,
called BH3-only proteins, consists of at least eight mammalian
proapoptotic proteins and is activated in a stimulus-specific, as
well as a cell type-specific, manner. Among Bcl-2 family proteins,
a BH3-only protein Bim is particularly important in controlling
lymphocyte apoptosis. Bim deficiency causes a substantial expan-
sion of autoreactive B cells leading to autoimmune diseases (10).
B cells lacking Bim are refractory to BCR-induced apoptosis (10).
Bim preferentially binds anti-apoptotic Mcl-1 (11, 12). Condi-
tional knockout of Mcl-1 causes premature death of immature and
mature B cells (12), suggesting a pivotal role of Mcl-1 in B cell
survival. Based on these findings, tipping the balance between
Mecl-1 and Bim expression may be a critical determinant for B cell
survival and death. To date, little is known about how BCR sig-
naling dictates the survival and death of human B cell subsets via
the Bel-2-regulated pathway.

In this study, we demonstrate that BCR stimulation rescued na-
ive B cells from apoptosis with Becl-x; and Mcl-1 induction,
whereas it rather accelerated apoptosis of [gM" memory B cells
with Bim induction. Sustained Akt activation in naive but not
IgM™ memory B cells appears to be critical for reciprocal expres-
sion pattern of these Bcl-2 family proteins. Moreover, we demon-
strate that T cell leukemia/lymphoma 1 (Tcll) and galectin-1 (Gal-
1), abundantly expressed in naive and IgM™ memory B cells,
respectively, play a crucial role in regulating Akt activation,
thereby affecting their survival and death via the Bcl-2-regulated
pathway.

Materials and Methods

Reagents

PE-Cy35-conjugated mouse anti-human (h) CD3, -hCD4; -hCD8, -hCD11b,
-hCD14, -hCD56, and -human glycophorin A mAbs; FITC-conjugated
mouse anti-hCD19, -hCD69, -hCD86, -hCDYS mAbs; and PE-conjugated
mouse anti-hCD27 mAb were purchased from BD Immunocytometry.
FITC-conjugated goat anti-hIgM. -hIgD. -hIgG, -hIgA. rabbit anti-hGal-1
sera and recombinant hGal-1 were obtained from MBL. Goat anti-hIgM
and TgG/IgA/flgM F(ab'), fragments were purchased from Jackson Immuno-
Research Laboratories. Rabbit anti-human phospho-ZAP70/Syk, anti-
human phospho-PLCy2 (Y1217), anti-human phospho-JNK, anti-human
phospho-ERK, anti-human phospho-Akt, anti-human Bim, anti-human
Tell sera. and rabbit anti-human phospho-p85/p70 S6K, anti-human phos-
pho-NF-kB p65, and anti-human Bcl-x; mAbs were from Cell Signaling
Technology. Mouse anti-B-actin mAb and rabbit anti-human Mcl-1 sera
were from Sigma-Aldrich. A PI3K inhibitor (Ly294002) was purchased
from Calbiochem (EMD Biosciences).

Isolation and culture of B cell subsets

Human PBMCs were separated from buffy coats kindly provided by
Fukuoka Red Cross Blood Center (Chikushino, Japan). The buffy coats
originate from kind whole blood donations of RBC transfusion by healthy
volunteers (age range, 1855 years). Informed consent was obtained from
all subjects. B cells were isolated with Dynabeads M450 CD19 and
DETACHaBEAD CD19 (Dvnal Biotech) according to the manufacturer’s in-
structions. Isolated B cells exhibited >99.5% viability confirmed by trypan
blue exclusion and >95% purity by flow cytometry. Cells were further
purified by cell sorting using a FACSAria (BD Biosciences). A represen-
tative sample of human B cell subsets is shown in Fig. 14. Cells were
stained with PE-CyS-conjugated anti-hCD3, -hCD4, -hCD8, -hCDl11b,
-hCD14. -hCD36, -human glycophorin A; FITC-conjugated anti-human
1gG: FITC-conjugated anti-human IgA; and PE-conjugated anti-hCD27 to
obtain naive (IgGTATCD277), IgM™ memory (IgGTATCD277), and
switched memory (IgG™/IgA~CD277) B cells. Isolated B cell subsets ex-
hibited >95% viability confirmed by trypan blue exclusion and >99%
purity by flow cytometry (Fig. 1B). Cells were cultured at | X 10° cells/ml
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in a flat-bottom 96-well microtiter plate in complete RPMI 1640 supple-
mented with 10% FCS. Preliminary experiments showed that trace levels
of phospherylation of BCR signaling molecules are observed in B cell
subsets immediately after purification probably due to mechanical stress.
The cells were thus rested for a couple of hours and used for further
analysis throughout the study. Consistent with a previous study (2),
[gM™ memory B cells exhibited a slightly higher level of IgM and a
slightly lower level of IgD than did naive B cells (Fig. 1C). Absence of
surface expression of CD95, CD86, and CD69, representative activation
markers, in both subsets before stimulation, suggests that these cells are
rested (Fig. 10).

Expression constructs and transient transfection of human B
subsets

Constructs encoding human Tcll- or Gal-1-enhanced GFP (EGFP) fusion
proteins (pEGFP-Tcll or -Gal-1) were generated by inserting sequence
encoding the full-length protein into the pEGFP-N3 vector (Clontech).
Transient transfections of B cell subsets with pEGFP-Tcl | or pEGFP-Gal-1
were conducted using the Nucleofector protocol from AMAXA Biosys-
tems. Cells (I X 10°) were suspended in 100 pl of Nucleofector solution
with 5 ug of plasmid DNA and then electroporated using program U-15.
Cells were transferred to 2.5 ml of medium containing 15% FCS and har-
vested 24 h after transfection. The transfection efficiency ranges between
20 and 30% for each experiment.

Annexin V staining

After culture, cells (1-2 X 10%) were washed twice with PBS and then
suspended in 85 ul of binding buffer (MBL) containing Ca*~. Cell sus-
pension supplemented with 10 ul of annexin V-FITC or -PE (MBL) and 5
wg of propidium iodide or 1 g of 7-aminoactinomycin D was incubated
at room temperature for 15 min in the dark. Subsequently, 600 ul of bind-
ing buffer were added, and the percentage of early apoptotic cells was
measured using flow cytometry.

Mitochondria membrane potential

Assessment of mitochondria membrane potential was performed using Mi-
totracker Red CMXRos (Invitrogen). Cells were incubated in 50 nM Mi-
totracker Red at 37°C for 1 h in the dark. Flow cytometric analysis (50,000
events/sample) was performed on FACSCalibur (BD Biosciences). Cell
debris was electronically gated out based on the forward scatter. Data were
further analyzed using FlowJo software.

Measurement of intracellular free calcium

Cells were washed with RPMI 1640 containing 10% FCS and adjusted at
1 X 10° cells/ml. After incubation at 37°C for 15 min, 1 ug/ml fluo-4-
acetoxymethyl esterM (Dojindo) was added, and the cells were incubated
for a further 30-45 min with resuspension every 15 min. The cells were
centrifuged and resuspended in RPMI 1640 at 2 % 10° cells/ml. The cells
were stimulated with anti-IgM (20 pg/ml), and the fluorescence intensity of
intracellular fluo 4 was monitored and analyzed using flow cytometry.

Western blot analysis

Unstimulated or stimulated cells (1 X 10%) were lysed as described (13).
Lysates were then denatured in an equal volume of 2> SDS sample buffer,
resolved by a 10% SDS-PAGE gel and electrotransterred to nitrocellulose
membranes in non-SDS-containing transter buffer (25 mM Tris, 0.2 M
glycine, 20% methanol, pH 8.5). Western blotting was performed with
anti-phospho-Syk (1/2,000), anti-phospho-PLCy2 (1/2.000). anti-phospho-
p85/p70 S6 kinase (1/2,000). anti-phospho-JNK (1/2,000). anti-phospho-
ERK (1/2,000), anti-phospho-Akt (1/2.000), anti-phospho-p65 NF-«B (1/
2,000), anti-Bim (1/2,000). anti-Bcl-x;_(1/2,000), anti-Mcl-1 (1/5.000). anti-
Tcll (1/2.000), anti-Gal-1 (1/2,000), and anti-B-actin (1/5,000) followed by
a 1/15,000 dilution of anti-rabbit or anti-mouse HRP-conjugated IgG (Jack-
son ImmunoResearch Laboratories). Blots were developed with ECL plus
kit (Amersham Biosciences). The chemiluminescence intensity was mon-
itored with a laser3000 (FujiFilm) instrument. We quantitated band inten-
sity of the proteins using ImageGauge software (FujiFilm) and normalized
their expression in reference to B-actin levels. Using these normalized data,
relative expression is subsequently calculated as fold changes in protein
expression compared with the controls.

Quantitative real-time PCR

Total RNA was extracted from sorted human B cell subsets using Isogen
reagent (Nippon Gene) and treated with DNase [ (Invitrogen) to remove
contaminating genomic DNA. First-strand cDNA was synthesized using a
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FIGURE 1. [solation of purified human peripheral B ]
cell subsets. A, Phenotypic analysis of B cell subsets in & RJ
human peripheral blood. Donor B cells were purified by 8 1024 a
] @)

staining with Abs to CD3, CD4, CD8, CDI11b, CD14,

CDS56, and glycophorin A (GPA) and were then evalu-
ated by flow cytometry. B cell subsets were identified
accerding to surface 1gG/IgA and CD27 expression:
[¢§GTATCD27” B cells (naive), 1gG"ACD27" B
cells (IgM* memory), and IgG*ATCD27" B cells
(switched memory). Data are presented as density plots.
B, Highly purified B cell subsets were separated after

cell sorting. C. Surface marker expression in human B C |
cell subsets. Purified B cell subsets betore (Unstim) and
after stimulation (Stim) with 20 pg/ml F(ab’), goat anti-
hlgM (36 h) were analyzed separately for IgM, IgD.
CD95, CD86, and CD69 surface expression. Bold line.
Naive B cells: gray area, IgM~™ memory B cells; thin
line, isotype control line. These results are representa-
tive of peripheral blood samples from more than 10 dif-
ferent donors. k.

107
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QuantiTect reverse transcription kit (Qiagen). Quantitative real-time PCR
was conducted in the ABI Prism 7700 Sequence Detector (Applied Bio-
systems). Reactions were performed in triplicate wells in 96-well plates.
TagMan target mixes for Bim, Bel-x,. Mcl-1, Tcll. and Gal-1 were pur-
chased from Applied Biosystems. 18S rRNA was separately amplified in
the same plate to be used as an internal control for variances in the amount
of ¢cDNA in PCR. Collected data were analyzed with Sequence Detector
software (Applied Biosystems). Data were expressed as a fold change in
gene expression relative to those from unstimulated naive B cells.

CD69
Unstim

Intracellular flow cytometry

After two washings with PBS containing 1% FCS. 5 X 10° cells were
placed in a 96-well microtiter plate. Cells were resuspended with 50 pl of
medium plus 50 pl of fixation buffer (BD Biosciences) and incubated for
10 min at 37°C. After washing again with PBS containing 1% FCS, cells
were suspended with 50 pl of saponin permeabilization buffer (BD Bio-
sciences) and spun down, The cell petlet was incubated with primary Abs
{anti-human Mcl-1 or Bim) in saponin buffer at room temperature for
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FIGURE 2. BCR signaling profiles of naive and IgM™ memory B cells at early time points. A. B cell subsets were stimulated with 20 pg/ml F(ab'),
goat anti-hIgM for the indicated time intervals. Cell lysates were subsequently separated on an 8% or 10% SDS-PAGE gel, and analyzed by Western
blotting with anti-phospho-Syk, -PLC+2, -JNK. -ERK sera, and anti-phospho-p70/85 S6K, -p65 NF-«kB mAb and anti-B-actin mAb. Results are repre-
sentative of three independent experiments. RE, Relative expression. 8, Ca** mobilization in naive and IgM ™ memory B cells. Intracellular free calcium
levels in fluo-4-acetoxymethyl ester-loaded cells were monitored using flow cytometry, after cells were stimulated with 20 pug/ml F(ab’), goat anti-hlgM.

Results are representative of five independent experiments.

30-45 min. After a washing with PBS containing 1% FCS, cell were
incubated with PE-conjugated donkey anti-rabbit IgG (Jackson Immuno-
Research Laboratories) at room temperature for 30—45 min. Cells were
washed one more time with PBS containing 1% FCS and analyzed at low
flow rate on a FACSCalibur. B cell population was identified on its forward
and side scatter distribution, and 15,000 cell events were analyzed for mean
fluorescence using FlowJo software.

Results
Early BCR signaling is exaggerated in IgM™ memory but not
naive B cells

BCR signaling is critical for B cell fate decisions such as B cell
survival, growth, and differentiation (14). We first tested
whether the profile of early BCR signaling is different between
naive and IgM™ memory B cells. Phosphorylation of Syk, one
of the earliest events in BCR signaling, was more pronounced
in IgM™ memory B cells (Fig. 2A4). Two enzymes, PI3K and
PLC~2, function as critical mediators downstream of Syk acti-
vation in B cells (15). Phosphorylation of p85/p70 S6K, a
downstream molecule of PI3K, and PLCy2, was more pro-
nounced in IgM ™~ memory B cells (Fig. 24). Activated PLCy2
converts phosphatidylinositol 4,5-bisphosphate into 1P3 and
diacyl glycerol, the former of which is critical for calcium flux
in B cells (14). Consistent with PLC+y2 phosphorylation, BCR-
induced calcium flux was higher in IgM™ memory B cells (Fig.
2B). Calcium flux and diacyl glycerol led to activation of
NF-«B and MAPKs such as JNK and ERK. Phosphorylation of
JNK and ERK was more pronounced in [gM ' memory B cells,
whereas p65 NF-«B phosphorylation was comparable in both
subsets (Fig. 2A4). Taken together, during the early phase of
BCR activation, downstream signaling is pronounced especially
in IgM" memory B cells as compared with naive B cells.

BCR stimulation rescues naive but not IgM™ memory B cells
from apoptosis

Following anti-IgM stimulation alone, naive and IgM ™ memory B
cells did not either divide or release Igs in the culture (data not
shown), suggesting that BCR signaling alone is not sufficient to
induce the growth and differentiation of human B cell subsets. We

then tested whether the BCR signaling affects the survival and
death of naive and IgM™ memory B cells. In the absence of stim-
uli, a considerable fraction of purified naive and IgM™* memory B
cells underwent apoptotic cell death within 2 days in vitro (Fig.
3A). Spontaneous cell death was more pronounced in naive B cells
than in IgM* memory B cells. BCR stimulation, however, signif-
icantly rescued naive B cells from apoptosis, whereas [gM™ mem-
ory B cells were not rescued (Fig. 3, A and B). Thus, BCR sig-
naling can protect naive, but not IgM™ memory B cells from
apoptotic cell death.

Mitochondrial perturbations including cytochrome ¢ release and
inner membrane depolarization correlate with BCR-induced apo-
ptosis (16). We thus tested whether BCR-induced depolarization of
the mitochondrial inner membrane could be altered in naive and
IgM™ memory B cells. High levels of mitochondrial membrane
potential were observed in both subsets immediately after sorting,
indicating their highly viable state (Fig. 3C, a and d). A 2-day
culture of these subsets without stimuli caused a remarkable de-
crease in mitochondrial membrane potential (Fig. 3C, & and e).
BCR stimulation for 2 days, however, partially abrogated the loss
of mitochondrial membrane potential in naive, but not IgM™ mem-
ory B cells (Fig. 3C, ¢ and f). Thus, BCR signaling rescues the B
cell apoptosis pathway upstream of mitochondrial damage in na-
ive, but not IgM™ memory B cells.

BCR stimulation induces anti-apoptotic Mcl-1 in naive B cells,
whereas it induces proapoptotic Bim in IgM™ memory B cells
at the protein level

Bel-2 family proteins are the primary regulators of mitochondrial
membrane integrity and play a vital role in the control of apoptosis
(9). We tested whether BCR signaling affects gene expression of
Bim, Bel-xy, and Mcl-1 in naive and IgM™ memory B cells (Fig.
4A). Bel-x; mRNA expression was induced after BCR stimulation
in both subsets. and such induction was more pronounced in naive
B cells. In contrast, the expression level of Bim mRNA was
slightly higher in [gM™ memory B cells irrespective of BCR stim-
ulation. Mcl-1 mRNA expression was not significantly changed in
both subsets. We next tested whether BCR signaling affects protein
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