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Table 5. Relationship between first (GYHD-induced) and second (rescue) donors in graft-versus-GVHD treatment

Relationship of 2 donors

HLA disparity in the direction of

GVH-target HLA Engraftment of

No. First donor Second donor (second to first donors) 1st to 2nd donors antigens in 2nd donor* rescue grafts
14 first son second son HLA-matched sibling 0 - +
15 younger sister  youngest sister ~ HLA-matched sibling 0 - +
17 brother sister HLA-matched sibling 0 - +
1 mother sister Daughter and mother 2 - +
9 sister mother Mother and daughter 3 — +
10 brother mother Mother and son 3 - +
16 UCB son Unrelated 2 - +
5 first son second son HLA-haploidentical sibling 3 A24B48DR14 +
6 mother brother Son and mother 2 A26B59 +
7 mother sister Daughter and mother 2 B7DR1 +
11 brother mother Mother and son 2 B52DR15 +/—1
12 son brother Uncle and nephew 2 B54DR4 -
8 father mother Spouse 5 A11B35DR4 -
13 father mother Spouse 6 A33B44DR13 -

*HLA determinants of 2nd donors that could be major targets for GVH reaction in first (GVHD-induced) transplantation.
"The patient rejected the first rescue transplantation, but achieved engraftment of the second rescue transplantation.

usually tolerate an intensified conditioning treatment.
However, as shown in our murine BMT model, recipients
with severe GVHD were in a profoundly immunosuppres-
sive state as a result of GVHD-related activation-induced
cell death [27,28] and, therefore, with the help of unmanip-
ulated (T-cell replete) grafts, could easily accept second
allografts, even under minimal conditioning treatment,
which was advantageous for recipients with serious organ
damage.

Regarding GVHD induced by second allogeneic grafts,
we demonstrated that second GVHD could be suppressed
by conventional GVHD prophylaxis consisting of FK506
and a small dose of mPSL. This was fully expected because,
in the unmanipulated HLA-haploidentical reduced-intensity
SCT that we recently developed, using a conditioning treat-
ment consisting of fludarabine + busulfan + ATG, and
GVHD prophylaxis consisting of FK506 + mPSL 1 mg/kg,
the actual incidence of GVHD was only 10% [13]. We
consider that, in addition to in vivo T-cell purging by ATG,
reduced-intensity conditioning, and a small dose of mPSL
effectively suppressed inflammatory cytokine production in
the transplantation period, which was shown to be closely
involved in the pathophysiology of GVHD [29]. The molec-
ular and cellular mechanisms of the high resistance to GVHD
development have not been fully determined: however, in our
murine studies, significantly reduced interferon-y levels and
a significantly increased percentage of CD3"CD4 " foxp3™
cells [30,31] were observed in day 7 spleens of second rescue
BMT recipients compared with recipients of first BMT with
severe GVHD. In addition, antigen-presenting cells (APCs)
in the recipient spleen were found to have already been re-
placed by those of first-donor origin at the time of the second
BMT. When APCs are replaced with first donor-derived cells
from host cells, the first donor APCs need to cross-present
host antigens to second donor T cells to induce GVHD;

however, it was reported using major histocompatibility
complex—matched, minor antigen-mismatched, murine
BMT systems that this cross-presentation was insufficient
to induce GVHD [32]. Although the present study includes
mostly HLA-mismatched donor/recipient combinations,
the limited ability of first donor-derived APCs to cross-
present host antigens is considered to reduce the magnitude
of the GVH reaction, at least compared with the first trans-
plantation, in which host-type APCs directly present host
antigens.

For successful graft-versus-GVHD treatment, engraftment
of the rescue donor graft was mandatory in our murine model
in which immunosuppressive agents were not used. In the
present clinical study, even in patients who rejected the rescue
graft, some GVHD symptoms improved within a week after
the second transplantation because of conditioning treatment,
including immunosuppressive agents and possibly because of
the alloreactive response of second donor grafts to dampen first
donor lymphocytes. Although these effects may have potential
to completely control GVHD coupled with GVHD prophy-
laxis after second transplantation, as observed in patient
no. 11, basically as long as the alloresponse from first donor-
derived lymphocytes is maintained, GVHD symptoms
continue or are aggravated, as shown in most patients who re-
jected second grafts. In fact, 8 of the 11 patients achieving
rescue donor engraftment had a complete response, and 6 of
the 8 patients survived without GVHD symptoms, with
a median follow-up of 2128 days. These results strongly
suggest, also in humans, that the engraftment of second donor
grafts contributes to enduring control of GVHD and longer
survival of patients with severe, refractory GVHD. Regarding
HLA disparity between the first and second (rescue) donors,
when rescue donors did not have HLA determinants that could
be major targets for the GVH reaction in transplantation
inducing GVHD, no rejection occurred (Table 5). As the extent
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of HLA disparity in the direction of the first to second donor
became greater, rejection tended to occur more frequently.
When the 2 donors were HLA-matched siblings, 100% rescue
donor chimerism was gradually achieved over 2 to 3 months.

Furthermore, as suggested in our murine model, the timing
of rescue transplantation was another key factor for obtaining
a positive graft-versus-GVHD effect. In particular, graft-
versus-GVHD treatment in the late stage of GVHD is not
effective. When organ damage due to GVHD proceeds fully,
although the cell components involved in GVHD are all elim-
inated, recovery from severe organ damage is difficult, as
shown by the lack of long-term survivors among recipients
with a low PS score =20%. Thus, graft-versus-GVHD treat-
ment may be started as one of the treatments for steroid-
refractory GVHD before patients are heavily treated.

As patients did not show relapse of the original disease after
successful graft-versus-GVHD treatment, and the majority of
GVHD patients treated by autologous SCT had a relapse of the
original disease [8—10], this strongly suggests GVL effects of
second rescue allografts. In autologous transplant settings for
GVHD, autografts can reintroduce malignant cells into the
recipients in addition to the absence of GVL effects. Further-
more, in rescue transplantation of GVHD by allogeneic grafts,
there is a possibility that malignant cells may have been elim-
inated by allogeneic NK cells as ATG was integrated into the
conditioning treatment [33]. Thus, graft-versus-GVHD treat-
ment has a unique feature in that it exerts GVL effects together
with treating GVHD, which indicates the achievement of
separating GVL from GVHD, a goal in allogeneic SCT.

We have proposed here the novel concept of graft-versus-
GVHD and clinically showed that, using reduced-intensity
conditioning and T-cell-replete grafts mostly from an
HLA-mismatched donor, the second allogeneic SCT suc-
ceeded in eliminating harmful lymphocytes responsible
for GVHD without the new development of GVHD. Thus,
this graft-versus-GVHD strategy may be a promising treat-
ment for refractory GVHD, although our results will have to
be confirmed in a large-scale study.
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Notch2 and Immune Function

Mamiko Sakata-Yanagimoto and Shigeru Chiba

Abstract Notch2 is expressed in many cell types of most lineages in the
hematolymphoid compartment and has specific roles in differentiation and func-
tion of various immune cells. Notch2 is required for development of splenic
marginal zone B cells and regulates differentiation of dendritic cells (DCs) in the
spleen. Notch2 appears to play some specific roles in the intestinal immunity,
given that the fate of mast cells and a subset of DCs is regulated by Notch2 in the
intestine. Notch2 also has important roles in helper T cell divergence from na CD4
T cells and activation of cytotoxic T cells. Moreover, recent genetic evidence
suggests that both gain-and loss-of-function abnormalities of Notch2 cause
transformation of immune cells. Inactivating mutations are found in Notch2 sig-
naling pathways in chronic myelomonocytic leukemia, while activating mutations
are found in mature B cell lymphomas, which reflects the role of Notch2 in the
developmental process of these cells.
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1 Introduction

The expression pattern of Notchl, Notch2, Notch3, and Notch4 varies from one
cell type to another. Notch2 plays specific roles in the immune compartment
independently of and cooperatively with Notchl and Notch3. In this chapter, we
mostly focus on evidence based on mouse genetic studies regarding Notch2
functions in immune cells. In the last part, we discuss the involvement of Notch2
in neoplastic transformation in conjunction with human hematologicmalignancies.

2 Notch2 Signaling in Marginal Zone B Cell Development

Mature splenic B cells are mainly divided into 2 types of B cells, follicular B (FOB)
cells and marginal zone B (MZBs) cells (Martin and Kearney 2002). FOB cells are
one of the main effectors of acquired immunity, able to respond to a large variety of
antigens, while MZB cells can only elicit an immune response to a limited number of
antigens. Immature B cells, developing from hematopoietic stem cells (HSCs) in the
bone marrow, migrate to the spleen, and differentiate first into T1 (typel) transitional
B cells (characterized by: IgM™ IgD'® CD21'), before differentiating into T2 (type2)
transitional B cells (IgM™ IgD™ CD21"™ CD23") (Loder et al. 1999). These pro-
genitors further differentiate into the two types of B cells, MZB cells (IgM™ IgD'®
CD21™ CD23") and FOB cells (IgM™ IgD™ CD21™ CD23") (Martin and Kearney
2002). Conditional inactivation of Nofch2 in the B cell lineage results in defective
MZB cell development, while FOB cell development is unaffected (Saito et al. 2003),
which is basically consistent with the phenotype of RBP-J conditional knockout mice
(Tanigaki et al. 2002). The cleaved Notch-RBP-J activator complex contains at least
one out of three family members of the mastermind-like proteins (MAMLI1-3).
Mastermind-likel (MAML1) plays an essential role in MZB cell development,
which is why MZB cells are lacking in MAMLI-null mice (Wu et al. 2007; Oyama
et al. 2007). Among Notch ligands, Delta-like 1 (DI11) is responsible for MZB cell
development, based on the fact that DI/ deletion using the Mx-Cre loxP system leads
to loss of MZB cells (Hozumi et al. 2004; Sheng et al. 2008). Several lines of
evidence indicate thatloss of D//] expression on nonhematopoietic cells causes MZB
cell defects (Hozumi et al. 2004; Sheng et al. 2008; Tan et al. 2009). However, the
exact cell types through which DIll-induced Notch2 signaling triggers MZB
development remains to be elucidated. The essential role of Notch signaling in MZB
cell development is further proven by a number of other gene-targeted mice in which
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Fig. 1 Notch2 regulates marginal zone B cell development. DIl engagement of the Notch2 receptor
expressed on splenic immature B cells initiates the Notch2 signaling cascade through ADAMI10-
mediated cleavage. This results in the formation of Notch-RBP-J-MAMIL1 proteins, which regulates
gene expression and skews the differentiation program toward MZB cells rather than FOB cells

genes of the Notch signaling cascade were inactivated. Mind bomb (Mib), an E3
ubiquitin ligase, activates Notch signaling through endocytosis of Notch ligands.
Deletion of Mib1 in nonhematopoietic cells recapitulates defects in MZBs, whereas
deletion in hematopoietic cells resulted in MZB levels that were comparable to
control mice (Song et al. 2008).

Deletion of ADAM10, which encodes a matrix metalloprotease that processes
the extracellular domain of the Notch receptor after ligand binding, also results in
defects in MZB cells (Gibb et al. 2010). In contrast, deletion of Msx2-interacting
nuclear target protein (MINT), which is a repressor of RBP-J mediated tran-
scriptional activity and thus considered to be a negative regulator for Notch sig-
naling, showed decreased numbers of FOB cells and increased numbers of MZB
cells (Kuroda et al. 2003). Notch receptors can be modified by fringe glycosyl
transferases. Lunatic and manic fringe were shown to cooperatively enhance DI11-
Notch?2 interaction, and thereby induce MZB development (Tan et al. 2009).
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Taken together, these data suggest that D111 engagement of the Notch2 receptor
expressed on splenic immature B cells initiates the Notch2 signaling cascade
through ADAM]10-mediated cleavage. This results in the formation of a multi-
protein complex including Notch-RBP-J-MAML1 proteins, which regulates gene
expression and thereby skews the differentiation program toward MZB cells rather
than FOB cells (Fig. 1). :

3 Notch2 Signaling in Peripheral T Cell Differentiation
and Activation

Signaling through Notch1 has been proven to be among the most important systems
for immature T cell differentiation in the thymus (Radtke et al. 1999). During T cell
differentiation, Notch signaling is also an essential component for functional mat-
uration and activation of peripheral T cells, in which Notch2 appears to be among the
main players (Maekawa et al. 2008). Notch2 expression is increased along with
activation of CD8+ cytotoxic T lymphocytes (CTL) (Maekawa et al. 2008). CTLs of
both Notch2 and RBP-J conditional knockout mice show an impaired activation
potential in vitro as well as in vivo (Maekawa et al. 2008). Cleaved Notch2 (N2IC)
directly interacts with CREB and p300 and binds to the promoter of the granzyme B
gene, an effector molecule of CTL (Maekawa et al. 2008). Conditional inactivation of
Notch2 in CD8+ T cells results in a decreased antitumor response (Sugimoto et al.
2010). Notch1 appears to be dispensable for an efficient CTL response given the fact
that deletion of Notchl in CD8+ T cells shows an antitumor response comparable to
control mice (Sugimoto etal. 2010). However, this view was recently challenged by a
report showing that Notchl also directly controls main players of CTL, including
Eomes, perforin, and granzyme B (Cho et al. 2009).

Notch2/Notchl double deficient animals reveal impaired differentiation of na
CD4+ T cells toward helper T2 (Th2) cells. Notch was shown to directly regulate
the transcription of the transcription factor GATA3, and the cytokine interleukin-4
(IL-4) (Amsen et al. 2004, 2007; Fang et al. 2007), both of which are important
mediators of Th2 differentiation. RBP-J deficient animals recapitulate the phe-
notype observed in Notch2/Notchl deficient animals indicating that this process is
mediated through canonical Notch signaling (Amsen et al. 2004). The role of
Notch signaling in Thl differentiation is less clear. Several reports demonstrated
that Th1 differentiation is augmented by Notch signaling (Maekawa et al. 2003;
Sun et al. 2008); however, a Thl response is maintained in Notch2/Notchl double
deficient, and RBP-J deficient animals (Amsen et al. 2004), as well as in mice
expressing a dominant negative MAMLI (Tu et al. 2005), questioning the
importance of Notch signaling in Thl differentiation.

With certainty, it can thus be summarized that Notch2 signaling induces
cytotoxic T cell differentiation and activation, and that Notchl and Notch2 con-
cordantly induce Th2 cell differentiation.
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4 Notch2 Signaling in Mast Cells

Mast cells arise from HSCs in the bone marrow, migrate to peripheral tissues as
immature progenitors, where they subsequently differentiate into mature mast cells
(Galli et al. 2005). However, the detailed process of their development is still
disputed. Mast cells can be generated in vitro by culturing mouse bone marrow
cells with a defined cocktail of cytokines. This in vitro system allows to partially
mimic the physiologic development of mast cells. Notch2 signaling instructs
myeloid progenitors to adopt a mast cell fate as opposed to differentiate into
neutrophils or macrophages, through the coordinated regulation of HesI and
GATA3 (Sakata-Yanagimoto et al. 2008). Mast cells are divided into two subtypes;
mucosal and connective tissue type mast cells (Gurish and Boyce 2006; Miller and
Pemberton 2002). Each subtype features specific mast-cell proteases (mMCP)
(Miller and Pemberton 2002). Notch2 signaling skews cultured mast cells toward
the mucosal type rather than connective tissue type (M.S.-Y. and S.C., unpublished
data). The Strongyloides venezuelensis (SV) infection model is useful for analyzing
mast cell-mediated mucosal immunity (Maruyama et al. 2000). This nematode
evokes intraepithelial mast cell hyperplasia in the small intestine (Maruyama et al.
2000). Notch2-null mice show impaired expulsion of SV, possibly because of a
delayed mast cell progenitor production in the bone marrow, impaired migration of
mast cells from the lamina propria to the intraepithelium of the intestine, and
impaired activation of intestinal mast cells (Sakata-Yanagimoto et al. 2011). The
number and distribution of connective tissue-type mast cells are normal in Notch2-
null mice (Sakata-Yanagimoto et al. 2011), suggesting that Notch2 signaling is
specifically required for proper migration and activation of intestinal mast cells.

5 Notch2 Signaling in Dendritic Cells

Dentritic cells (DCs) initiate immune responses by presenting antigen to na T cells
(Steinman and Idoyaga 2010). DCs arise from common bone marrow progenitors
that can give rise to both DCs and macrophages (Steinman and Idoyaga 2010).
DCs comprise two subclasses, i.e., the so-called plasmacytoid DCs and classical
DCs. Classical DCs residing in the spleen are further classified into two main
subsets; CD8+CD11b— DCs which mediate cross-presentation to cytotoxic T cells
via MHC class I pathway (Dudziak et al. 2007; den Haan et al. 2000) and CD8—
CD11b+ DCs which preferentially present MHC class II restricted antigens to
CD4+ helper T cells (Dudziak et al. 2007). CD8—CD11b+ DCs are mainly
localized in the marginal zone, adjacent to the Dll1-expressing cells (Caton et al.
2007). CD11b+ DCs in the lamina propria of the intestine contain two distinct
subsets; CD11b+CD103+ DCs and CD11b+CD103— DCs. CD11b+CD103+ DCs
migrate to mesenteric lymph nodes and are presumed to have antigen presenting
potential to helper T cells (Denning et al. 2011; Bogunovic et al. 2009).
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DC-specific deletion of either Notch2 or RBP-J impairs the development of
CD8—CD11b+ DCs in the spleen (Caton et al. 2007; Lewis et al. 2011). CD8+
DCs are also decreased by deletion of Notch2 but are not affected by the deletion
of RBP-J (Caton et al. 2007; Lewis et al. 2011). Splenic CD11b+ DCs are divided
into two subsets according to the expression levels of Esam and Cx3crl (Lewis
et al. 2011). CD11b+Esam™#"Cx3cr1'°" but not CD11b+Esam'*~Cx3cr1™&" DCs
are almost abrogated by deletion of either Notch2 or RBP-J (Lewis et al. 2011).
CD11b+Esam™&"Cx3cr1'¥ cells are required for proper priming of T cells in the
spleen, which are reduced in RBP-J-null mice (Lewis et al. 2011).

Notch2 selectively controls CD11b+CD103+ DCs in the lamina propria of the
intestine as well as those that migrate toward mesenteric lymph nodes, which in
turn are important for supporting IL-17 producing CD4+ T cells. CD11b+CD103+
DCs are not affected by the inactivation of RBP-J (Lewis et al. 2011).

Taken together, Notch2 regulates tissue-specific subsets of DCs in the spleen
and in the intestine. Notch2 function might be partly mediated by a RBP-J inde-
pendent/noncannonical pathway.

6 Notch2 Signaling in Hematopoietic Stem Cells

Notch signaling plays an essential role in self-renewal of stem cells as well as in the
growth and differentiation of diverse progenitors within various organs. In contrast, the
role of Notch signaling in self-renewal of HSC has been disputed over the years. Early
in vitro gain-of-function experiments, such as introduction of a constitutive active form
of Notch (Varnum-Finney et al. 2000; Stier et al. 2002) or the transcription factor Hes1
(Kunisato et al. 2003), and stimulation of HSCs with cell-surface expressed ligands or
ligand-immunoglobulin chimeric proteins (Karanu et al. JEM 2000; Ohisi et al. JCI
2002; Suluki et al. Stem cells 2006), indicated that Notch signaling supports self-
renewal of HSCs and has a role in HSC expansion. On the contrary, several loss-of-
function experiments suggest that Notch signaling is dispensable for maintenance of
HSCs. HSCs lacking RBP-J and those expressing dominant negative MAMLI, a potent
inhibitor of the Notch transcriptional complex, achieve long-term reconstitution
comparable to wild-type HSCs, when transplanted into irradiated mice (Maillard et al.
2008). The reconstitution potential of HSCs null for both Notchl and Jaggedl was
shown to be comparable to that of wild-type HSCs (Mancini et al. 2005).

However, recently, such negative findings were partially challenged. At a very
early time point after treatment with 5-fluorouracil, the number of multipotent
progenitors (MPPs) was decreased in Notch2-null mice, compared to that in
control mice (Varnum-Finney et al. 2011). Similarly, shortly after transplantation,
both MPPs and long-term HSCs were decreased in Notch2-null BM transplanted
mice (Varnum-Finney et al. 2011).

In summary, these data suggest that although Notch signaling is dispensable for
homeostasis of HSCs, in challenge and stress situations signaling through Notch2
seems to play a role in the process of HSCs expansion.

—111 —



Notch2 and Immune Function ' 157

7 Notch2 Signaling in Transformation of Blood Cells

7.1 Notch2 Mutations in B Cell Lymphomas

Notchl is among the most important molecules for physiologic development of T
cells (Radtke et al. 1999), and Notch? is indispensable for MZB cell development
(Saito et al. 2003) as described above. Discovery of hyperactivation of Notchl and
Notch2 through gain-of-function mutations in immature T cell neoplasms (Weng
et al. 2004) (T cell acute lymphoblastic leukemia or T-ALL in humans) and in
subtypes of mature B cell neoplasms (Lee et al. 2009; Troen et al. 2008), respectively,
appears to echo the physiologic roles of these molecules in specific lineages and
differentiation stages. Those mutations are concentrated in the extracellular het-
erodimerization (HD) domain and the intracellular proline-, glutamic acid-, serine-,
and threonine-rich (PEST) domain of NotchI in T-ALL (Weng et al. 2004), and only
in the PEST domain of Notch2 in mature B cell lymphomas (Lee et al. 2009; Troen
et al. 2008). The distribution of mutations suggests that hyperactivation of Notch2
signaling in B cell lymphomas still requires binding of the ligand, whereas mutations
within the HD domain of Notchl in T-ALL results in ligand independent activation of
Notchl signaling. In contrast to the fact that Notchl mutations are found in
approximately 50 % of T-ALL cases (Weng et al. 2004), Notch2 mutations were
identified in only five out of 63 cases (8 %) of diffuse B-cell lymphoma (Lee et al.
2009) and in two out of 41 cases (5 %) of MZB cell lymphoma (Troen et al. 2008).

The relationship between B cell development and gain-of-function mutations in
Notch2 is not as clear as in the context of T cell development and Notchl
mutations. Genetic evidence described above strongly suggests an oncogenic role
of deregulated Notch2 in B lineage transformations. On the contrary, there has
been a series of reports describing the tumor suppressive function of Notch sig-
naling in B lineage cells, particularly in B-cell lymphoblastic leukemia (B-ALL)
(Zweidler-McKay et al. 2005; Kannan et al. 2011), although loss-of-function
mutations have not been found in the Notch2 signaling pathway. Integrating these
pieces of information, it seems likely that Notch2 signaling can context depen-
dently promote or suppress growth of B lineage cells. Another complexity was
recently added by the identification of Notchl mutations through the genome-wide
screening of patient samples suffering from chronic lymphocytic leukemia (Puente
et al. 2011), a type of intermediately mature B cell neoplasm and mantle cell
lymphoma (Kridel et al. 2012), another type of mature B neoplasms.

7.2 Notch2 Signaling in Myeloid Neoplasms

Recently, Notch signaling was proven to function as a tumor-suppressor in chronic
myelomonocytic leukemia (CMML) (Klinakis et al. 2011); several components of
the Notch pathway, including Nicastrin (NCSTN), APHIA, MAMLI, and Notch2
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Table 1 Role of Notch signaling as tumor activator or tumor suppressor in hematopoietic leu-
kemia/lymphoma

Gain-of-function Loss-of-function
T B M B M
Notchl T-ALL CLL AML (B-ALL)?
ATL MCL :
DLBCL :
Notch2 MZB lymphoma CMML
DLBCL

T-ALL, T-cell acute lymphocytic leukemia; ATL, adult T-cell leukemia/lymphoma; CLL,
chronic lymphocytic leukemia; MCL, mantle cell lymphoma; DLBCL, diffuse large B-cell
lymphoma; MZB lymphoma, marginal zone B-cell lymphoma; AML, acute myeloid leukemia;
B-ALL, B-cell acute lymphocytic leukemia; CMML, chronic myelomonocytic leukemia

* Loss-of-function mutations in Notch signal components have not been found in B-ALL

itself were found to be mutated and defective in CMML patients. This conclusion
is also supported by the phenotype of mice lacking NCSTN, a component of
y-secretase, as well as that of Notchl-, Notch2-, and Notch3- triple null mice
(Klinakis et al. 2011). These animals show enhanced granulocyte-monocyte
progenitor potential and develop a fatal CMML-like disease (Klinakis et al. 2011).
On the contrary, activating mutations of Notchl were found in acute myeloid
leukemia, a precursor myeloid neoplasms, though the frequency is less than 1 %
(Wouters et al. 2007; Fu et al. 2006). Thus, as is the case of B cell malignancies,
Notch signaling can function as either tumor promoter or suppressor within
myeloid neoplasms.

These oncogenic and tumor suppressive functions of Notchl and Notch2
signaling in T cell, B cell, and myeloid lineages have been summarized in Table 1.
Knowledge about this area will expand rapidly in the very near future using current
sequencing technology.

8 Conclusion

Signaling through Notch2 has an essential role in two major cell types present in
the marginal zone of the spleen, splenic MZB cells, and splenic DCs. Notch2
signaling also mediates intestinal immunity by regulating development and
localization of intestinal DCs and mast cells, and development of helper T cells
and CTLs. Genetic and biologic evidence indicates that abnormal Notch2 sig-
naling is involved in transformation of immune cells, although its functions appear
to be bivalent; oncogenic signaling for mature B neoplasms and tumor suppressive
signaling for mature myeloid neoplasms. The reason of specificity and non-
redundant functions of Notch2 in the immune system may be partly attributed to
the differences in expression patterns among Notch family genes, although this
issue needs to be elucidated in more detail in future studies.
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c-Maf plays a crucial role for the definitive erythropoiesis that accompanies
erythroblastic island formation in the fetal liver
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c-Maf is one of the large Maf (musculoapo-
neurotic fibrosarcoma) transcription fac-
tors that belong to the activated protein-1
super family of basic leucine zipper pro-
teins. Despite its overexpression in hema-
tologic malignancies, the physiologic
roles c-Maf plays in normal hematopoi-
esis have been largely unexplored. On a
C57BL/6J background, c-Maf~/~ embryos
succumbed from severe erythropenia be-
tween embryonic day (E) 15 and E18.

cells showed that the mature erythroid
compartments were significantly reduced
in c-Maf-~ embryos compared with
c-Maf++ littermates. Interestingly, the CFU
assay indicated there was no significant
difference between c-Maft'+ and c-Maf-'~
fetal liver cells in erythroid colony counts.
This result indicated that impaired defini-
tive erythropoiesis in c-Maf~"- embryos is
because of a non-cell-autonomous ef-
fect, suggesting a defective erythropoi-
etic microenvironment in the fetal liver.

As expected, the number of erythroblasts
surrounding the macrophages in erythro-
blastic islands was significantly reduced
in c-Maf~*~ embryos. Moreover, decreased

‘expression of VCAM-1 was observed in

c-Maf-/- fetal liver macrophages. In con-
clusion, these results strongly suggest
that c-Maf is crucial for definitive erythro-
poiesis in fetal liver, playing an important
role in macrophages that constitute eryth-
roblastic islands. (Blood. 2011;118(5):

Flow cytometric analysis of fetal liver

Introduction

1374-1385)

In mouse embryogenesis, red blood cells are produced in the yolk
sac in a process calléd primitive erythropoiesis. Erythropoiesis then
takes place in the fetal liver around embryonic day (E) 10 onward
and in BM and spleen after birth. This process, which is character-
ized by enucleated red blood cells, is called definitive erythropoi-
esis.! During terminal erythroid differentiation, erythroblasts are
associated with a central macrophage, which forms a specialized
microenvironment, the so-called erythroblastic islands. In the
erythroblastic islands, a central macrophage provides favorable
proliferative and survival signals to the surrounding erythroblasts,
and it eventually engulfs the extruded nuclei of maturing erythro-
cytes.>® Inhibition of the interaction between macrophage and
erythroblasts usually leads to embryonic anemia accompanied by
accelerated apoptosis of erythroid cells. Targeted disruption of the
gene palld, which encodes actin cytoskeleton associated protein
(palladin) prevented effective erythroblast-macrophage interac-
tions because of differentiation defects in the macrophage.
Therefore, mouse embryos homozygous for the mutant gene
experience severe anemia and succumb in the embryonic period.
Meanwhile, it has been reported that a series of adhesion
molecules are also involved in the process of forming erythroblas-
tic islands. Erythroblast macrophage protein (EMP) is a transmem-
brane protein expressed in both erythroblasts and macrophages,
and it mediates the erythroblast-macrophage interaction. Indeed,
the targeted deletion of EMP causes lethal anemia in mouse
embryos because of the suppressed formation of erythroblastic

islands.” Furthermore, a previous report showed that the interaction
between very late Ag-4 (auf; integrin) on erythroblasts and
VCAM-1 on macrophages plays a key role in maintaining the
islands.® For example, administration of Abs raised against either
o4f3; integrin or VCAM-1 caused disruption of the island struc-
ture.® However, the molecular mechanism, in terms of transcrip-
tional regulation of island-affiliated genes in macrophages, remains
largely unknown.

The large Maf transcription factor c-Maf is a cellular homolog
of v-maf, which was isolated from a chicken musculoaponeurotic
fibrosarcoma induced by avian retrovirus AS42 infection.® The
large Maf transcription factors contain an acidic domain that
promotes transcriptional regulation and a basic region/leucine
zipper domain that mediates dimerization, as well as DNA binding
to either Maf recognition elements (MARESs) or the 5’ AT-rich
half-MARE.!%-12 Each large Maf protein has been shown to play a
distinct role in cellular proliferation and differentiation in both
pathologic and physiologic situations.*>!? In B-lymphoid and
T-lymphoid lineages, aberrant expression of c-Maf works as an
oncogene, as shown in patients with multiple myeloma and
angioimmunoblastic T-cell lymphoma and in a transgenic mouse
model. 202 Physiologic c-Maf expression is indispensable for the
proper regulation of IL-4 and IL-21 gene expression in T-helper
cells.?*? In macrophages, c-Maf has been reported to regulate
IL-10 expression, which is essential for differentiation of regula-
tory T cells.? In addition, combined deficiency of MafB and c-Maf
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enables long-term expansion of differentiated, mature macro-
phages.?” We recently reported that c-Maf is abundantly expressed
in fetal liver macrophages and that it regulates expression of F4/80,
which mediates immune tolerance.?® However, the physiologic
consequences of c-Maf deletion on terminal erythroid differentia-
tion in erythroblastic islands have been largely unexplored.

In the present study, we demonstrate that c-Maf-deficient mice
exhibit embryonic anemia, which is associated with a fajlure to
retain erythroblastic islands. Moreover, we found significantly
reduced expression of VCAM-1 in c-Maf—deficient macrophages,
which presumably accounts for the deficiency in island mainte-
nance and subsequent embryonic anemia. Thus, these results
suggest that c-Maf is indispensable for definitive erythropoiesis in
fetal liver, because it activates VCAM-1 expression in macro-
phages, and this causes the maintenance of erythroblastic islands.

Methods
Mice

c-Maf-deficient mice were originally generated on a 129/Sv background!*
and have been backcrossed onto a C57BL/6J background for > 7 genera-
tions. In staging the embryos, gestational day 0.5 (E0.5) was defined as
noon of the day a vaginal plug was found after overnight mating. Mice were
maintained in specific pathogen-free conditions in a Laboratory Animal
Resource Center. All experiments were performed according to the Guide
for the Care and Use of Laboratory Animals at the University of Tsukuba.

Hematologic analysis of fetal liver cells, embryonic blood, and
adult blood

Single-cell suspensions prepared from fetal livers were washed and
resuspended in 1 mL of 2% FBS/PBS. The cell number was counted with
the use of a hemocytometer. Collection of embryonic peripheral blood was
performed as described previously.?® Peripheral blood samples from adult
mice were obtained from retro-orbital venous plexus with the use of
heparin-coated microtubes. Blood counts were determined with an auto-
mated hemocytometer (Nihon Kohden). Blood smears were prepared with
the wedge technique and were stained with May-Griinwald-Giemsa and
then photographed with a Keyence Biorevo BZ-9000 microscope. Images
were processed with Photoshop software (Adobe).

Flow cytometry

Freshly isolated fetal liver cells were immunostained at 4°C in PBS/2%
FBS in the presence of 5% mouse serum to block Fc receptors. Cells were
incubated with FITC-conjugated anti-TER-119 and allophycocyanin (APC)-
conjugated anti-CD44 Abs, followed by a 5-minute incubation with
phycoerythrin PE-conjugated Annexin V (BioVision) at room temperature.
To quantify the presence of VCAM-1 and integrin «V on macrophages,
FITC-conjugated anti—-Mac-1, Alexa Fluor 647-conjugated anti~VCAM-1
and PE-conjugated anti-integrin oV Abs were used for analyses. All Abs
except PE-conjugated annexin V were from eBioscience. Flow cytometry
was performed on a Becton Dickinson FACS LSR with CellQuest software.
The isolation of erythroblasts at different stages of maturation was
performed as described previously.3® Data were analyzed with FlowJo
(Tree Star Inc) analysis software.

Cell cycle analysis

Cell cycle analysis was performed with propidium iodide (PI). Further
details are provided in supplemental Methods (available on the Blood
website; see the Supplemental Materials link at the top of the online article).

Histology and TUNEL assay

Whole E13.5 embryos were fixed in 10% formalin neutral buffer solution
(Wako). Paraffin-embedded tissue was sectioned, mounted, and stained

use only. . \1af1s CRUCIAL FOR ERYTHROPOIESIS IN FETALLIVER 1375

with H&E. TUNEL assays were performed with an in situ Apoptosis
Detection Kit according to the manufacturer’s protocol (TaKaRa). Images
were captured by a digital camera system with the use of a Leica DM RXA2
microscope (Leica Microsystems).

CFU assay

CFU assays were performed in MethoCult GF M3434 (StemCell Technolo-
gies) for erythroid burst-forming unit (BFU-E) and granulocyte, erythroid,
megakaryocyte, and macrophage CFU (CFU-GEMM), and M3334 for
erythroid CFU (CFU-E), following the manufacturer’s instructions. CFU-E
was scored 2 days after plating. BFU-E and CFU-GEMM were scored
8 days after plating.

Preparation of “native” erythroblastic islands and
“reconstituted” erythroblastic islands

Native erythroblastic islands were isolated from fetal livers with the use of a
previously described protocol.3! Full details are provided in supplemental
Methods.

Microarray analysis of fetal liver macrophages

Microarray analysis was performed as described previously? Further
details are provided in supplemental Methods. The data have been
deposited in the Gene Expression Omnibus database under the accession
number GSE23305.

Real-time RT-PCR analysis of fetal liver macrophages

Macrophages were prepared from fetal livers of c-Maf*’* or c-Maf~/~
mice. Separation of fetal liver macrophages with the use of Mac-1*
magnetic beads and the MACS system was performed as described
previously.?® RNA extraction and quantitative RT-PCR were performed as
described previously.?® Primers used for PCR and the PCR conditions are
available in supplemental Table 1.

Luciferase reporter assay

The VCAM-1 0.7 kilobase (kb) promoter (VCAM-1 Luc) or VCAM-1 mut
Luc ligated to a Iuciferase reporter® was transiently cotransfected with
c-Maf expression plasmids in macrophage cell line J774 with the use of
FuGENE 6 (Roche). Twenty-four hours after the transfection, cells were
collected, and reporter gene assays were performed with the Dual Lu-
ciferase Kit (Promega). Transfection efficiency was normalized to the
expression of Renilla luciferase.

Reconstitution of hematopoietic system with fetal liver cells

The donor cells for hematopoietic reconstitution were prepared from
E14.5 fetal livers of c-Maf*/* or c-Maf~/~ (C57BL/6J-Ly5.1) mice. Fetal
liver cells (2 X 10%cells) were injected into the tail vein of 8- to
10-week-old C57BL/6J-Ly5.2 mice that were previously exposed to x-rays
at a 10-Gy dose.

Phenylhydrazine stress test

Mice were injected subcutaneously on days 0, 1, and 3 with 50 mg/kg
phenylhydrazine (PHZ) hydrochloride solution in PBS as previously
described.** Blood was obtained from the retro-orbital plexus on days 0,
3,6, 8, and 10. :

Statistical analysis

Data were represented as mean = SEM. Statistical significance between
any 2 groups was determined by the 2-tailed Student ¢ test, in which
P values < .05 were considered significant.
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Table 1. Genotypic analysis of neonates and embryos from c-Maf+/~
intercross on a C57BL/6J background

No. of each c-Maf genotype (no. of dead embryos)

Embryonic Total no.
stage c-Maf+/+ c-Maf+/~ c-Maf-+- of embryos
125 TR o = -

E13.5 57

EM5 750

E15.5 35

Et65 11

E185 14

Embryos were isolated at the indicated time points of gestation and within 7 days
of birth (postnatal), and analyzed for viability. Genotypes of embryos were deter-
mined by PCR.

Results
Lethal erythropoietic deficiency in c-Maf-/~ embryos

The ¢-Maf~~ mice, as originally generated, exhibited perinatal
mortality within a few hours after birth on a 129/Sv background.!*
However, unexpectedly, on a C57BL/6J genetic background, c-Maf
deficiency resulted in embryonic lethality from E15.5 onward, and
almost all c-Maf~~ embryos died before E18.5 (Table 1). The fetal
livers from c-Maf~~ embryos at E13.5 appeared pale compared
with those from healthy c-Maf*/* control embryos (Figure 1A). As
expected, the hematocrits of peripheral blood in the ¢-Maf~/~
embryos (E13.5~E15.5) were markedly reduced (E13.5.
13.4% = 1.8%; E14.5, 14.5% * 1.0%; E15.5, 16.9% = 1.0%),
compared with the c-Maf™* controls (E13.5, 18.7% =+ 0.6%;
El4.5, 23.1% * 1.7%; E15.5, 29.6% *+ 1.8%; Figure 1B). May-
Griinwald-Giemsa staining of peripheral blood smears showed a
significant reduction of enucleated red blood cells in c-Maf~/~
embryos (E13.5, 6.68% = 1.0%; E14.5, 17.2% * 1.9%; E15.5,
29.8% = 5.6%; Figure 1C-D), whereas c-Maf*/* control embryos
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retained a normal population of enucleated red blood cells (E13.5,
25.5% * 4.7%; E14.5, 54.1% * 1.1%; E15.5, 86.9% =* 2.8%;
Figure 1C-D). Considering that the enucleated red blood cells are
mainly derived from definitive erythropoiesis, these data suggest
that c-Maf—deficient embryos suffer from impaired definitive
erythropoiesis on the C57BL/6J genetic background. A previous
study showed that placental insufficiency causes embryonic lethal-
ity.35 To assess the effect of c-Maf on the placenta, immunofluores-
cence staining of placenta was performed with an anti-c-Maf Ab
(supplemental Figure 1B). The expression of c-Maf was not
detected in placenta. Compared with the head tissue as a positive
control, c-Maf mRNA expression was 5-fold less in the placenta
(supplemental Figure 1C). In addition, no obvious abnormalities in
the c-Maf~/~ placenta were observed after H&E staining (supple-
mental Figure 1D).

Increased apoptotic cell death in c-Maf-/- fetal liver

We next examined the cellular viability, as well as the cell cycle
status, of c-Maf~~ fetal liver cells, in the hope of elucidating
the molecular and cellular basis of their erythropoietic deficiency.
The fetal liver size in c-Maf/~ embryos was smaller; thus,
consistently fewer fetal liver cells were harvested from c-Maf~/~
embryos between E13.5 and E15.5 (E13.5, 3.37 + 0.5 X 106 cells;
E14.5,7.61 + 1.0 X 106 cells; E15.5, 6.54 = 2.7 X 106 cells) than
from age-matched c¢-Maf*/* control embryos (E13.5,
6.89 = 0.4 X 109 cells; El14.5, 16.6 = 2.3 X 106 cells; E15.5,
32.5 = 2.4 X 106 cells; Figure 2A-B). Of note, H&E staining of
E13.5 c-Maf~/~ fetal liver sections showed an increased number of
pyknotic nuclei, which are indicative of apoptosis, compared with
the ¢-Maf*/~ control embryo (Figure 2C). In addition, TUNEL-
positive apoptotic cells were remarkably increased in E13.5
c-Maf~/~ fetal liver sections (Figure 2C). Moreover, flow cytomet-
ric analysis of Pl-stained fetal liver cells showed an increased
abundance of a sub-Gy/G, population early apoptotic cell fraction
in c-Maf~/~ fetal liver (8.77% = 2.5%) compared with c-Maf*’*

*¥

Figure 1. c-Maf-'- embryos are anemic. (A) Gross
appearance of £13.5 embryos. The ¢c-Maf-*~ embryo is
paler and smaller than its c-Maf*/* littermate. Scale bar
represents 5 mm, The picture was taken with a NIKON
coolpix 5200 digital camera in macro mode and pro-
cessed with the Adobe Photoshop CS4 software. (B) He-
matocrit values for c-Maft** (n = 6) and c-Maf/~ (n = 6)
embryos at E13.5, c-Maf*/* (n = 8) and c-Maf-"~ (n = 7)
embryos at E14.5, and c-Maf*/* (n = 12) and c-Maf-"~
(n=9) embryos at E15.5. Data are presented as
mean * SEM. The mean hematocrit values for c-Maf-*~
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embryos were significantly lower than values for c-Maf*/*
at E13.5, E14.5, and E15.5. (C) Blood smears from
E13.5 embryos stained with May-Griinwald-Giemsa stain.
The blood smear from a c-Maf~~ embryo contains far
fewer enucleated red blood cells. Images were acquired
by a Biorevo BZ microscope (Plan Apo 20x0.75 DIC N2)
at room temperature and processed with the Adobe
Photoshop CS4 software. Scale bars represent 20 um.
(D) The percentage of enucleated red blood cells in
peripheral blood for c-Maf*/* (n = 5) and c-Maf~/~ (n = 7)
embryos at E13.5, c-Maf*/* (n = 4) and ¢-Maf"~ (n = 4)
embryos at E14.5, and c-Maf*~ (n = 8) and c-Maf "~
(n = 8) embryos at E15.5. A minimum of 200 cells was
counted for each sample. Data are presented as
mean x SEM. The percentage of enucleated red blood
cells is significantly reduced in c-Maf~/~ embryos than in
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Figure 2. Increased number of apoptotic cells is
observed in c-Maf-/~ fetal liver. (A) Gross appearance A
of E13.5 fetal liver. The ¢-Maf~/~ fetal liver is smaller than
a ¢c-Maft/* fetal liver. Scale bar represents 100 pm. The
picture was taken with a NIKON coolpix 5200 digital
camera in macro mode and processed with the Adobe
Photoshop CS4 software.(B) The mean total number of
fetal liver cells in c-Maf*/+ (n = 14) and c-Maf* (n = 10)
embryos at E13.5, c-Maf*/* (n = 6) and c-Maf /"~ (n = 4)
embryos at E14.5, and ¢-Maf*/* (n = 8) and c-Maf/~
(n = 8) embryos at E15.5. The mean number of fetal liver
cells is significantly reduced in c-Maf~/~ embryos. Data
are presented as mean * SEM. (C) H&D staining of
c-Maf*~~ and c-Maf/~ fetal liver sections (top). Arrow-
heads indicate pyknotic nuclei, which indicate apoptotic
cells. TUNEL assays showed increased apoptosis in the
c-Mat-/~ fetal liver (botiom panel). Images were acquired
by a Leica DM RXA2 microscope (Lecia HC PL Fluotar C
20%/0.50 PH2) at room temperature and processed with
the Adobe Photoshop CS4 software. Scale bars in the top
panel represent 200 um. Scale bars in the bottom panel
represent 50 pm. (D) The fraction of cells in different
phases of the cell cycle was measured by Pl staining
followed by flow cytometric analyses. The percentage of
cells in sub-Go/G1, Gy, S phase, and G»/M are indicated.
The sub-Gy/Gy phase represents the apoptotic popula-
tion. The apoptotic population was increased in c-Maf /=
fetal liver.

c-Maf ¥*

control cells (0.67% = 0.01%; Figure 2D). However, the cellular
population of each phase of the cell cycle, that is, Gy/G,, S, and
Gy/M, was not significantly affected (Figure 2D). Overall, these
observations suggest that the fetal liver hematopoietic cells from
c-Maf~/~ embryos are prone to undergo apoptotic cell death.

Impaired fetal liver erythropoiesis because of a
non—cell-autonomous effect of c-Maf deficiency

Given the significant disturbance of erythropoiesis, we next
attempted to delineate the maturation status of erythroid lineage
cells in ¢-Maf~/~ fetal liver. To this end, we examined fetal liver
erythropoiesis by flow cytometry with the use of the erythroid
markers CD44 and TER-119, which distinguish various stages of
erythroid-cell differentiation (Figure 3A). By modifying a method
reported by Chen et al*® to isolate erythroblasts at different
maturation stages from adult BM, we isolated erythroblasts from
fetal liver cells and analyzed their structure (Figure 3B). Decreased
numbers of mature erythroid compartments (regions II, III, IV, and
V in Figure 3C) were observed in ¢-Maf~~ fetal liver than in
c-Maf*'* fetal liver. These results showed a reduction of basophilic
erythroblasts, polychromatic erythroblasts, orthochromatic erythro-
blasts, reticulocytes, and mature red cells in c-Maf ™/~ fetal liver.

use only.
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Previously, Zhang et al*® reported a method to study erythropoiesis
with the use of an anti-CD71 Ab and an anti-TER-119 Ab. Similar
results were obtained with their method. Decreased numbers of
mature erythroid compartments (region 3 to region 5 in supplemen-
tal Figure 2A-B) were observed in c-Maf™/~ fetal liver in combina-
tion with anti-CD71 Ab and anti-TER-119 Ab. These observations
prompted us to quantify the apoptotic cell population at each stage
of erythroid cells by annexin V staining.

In good agreement with the preferential decrease of the mature
erythroid compartments (regions II-V), we observed a highly
increased number of annexin V-positive cells in the most mature
erythroid compartment (region V) of c-Mayf~/~ fetal liver compared
with the c-Maf*/* fetal liver. In contrast, the premature erythroid
compartments (regions I-IV) of c-Maf~/~ fetal liver cells exhibited
a comparable number of annexin V-positive cells with the c-Maf*/+
control (Figure 3D; supplemental Figure 2C). To examine the state
of globin regulation, the Mac-1~ cells from E13.5 fetal liver were
sorted and analyzed for mRNA of Hbb (hemoglobin beta chain)
genes by real-time RT-PCR analysis. Expression profiles showing
switching of Hbb genes indicated that the definitive Hbb gene
Hbb-b1 (hemoglobin, beta adult major chain) was significantly
down-regulated, whereas the. primitive globin genes Hbb-bH1
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Figure 3. Definitive erythropolesis in fetal liver is impaired in c-Maf-/~ embryos but c-Maf~/~ fetal liver cells can form erythroid colonies. (A) Flow cytometric analysis
of fetal liver cells isolated from E13.5 embryos labeled with a FITC-conjugated anti~TER-119 mAb and an APC-conjugated anti-CD44 mAb. Regions I to V are defined by a
characteristic staining pattern and forward scatter (FSC) intensity of cells as indicated. (B) Representative images of erythroblast structure on stained cytospins from the
5 distinct regions shown in Figure 3A of wild-type fetal liver. images were acquired by a Biorevo BZ microscope (Plan Apo 20x0.75 DIC N2) at room temperature and processed
with the Adobe Photoshop CS4 software. Scale bar represents 20 um. (C) Comparison of ¢-Maf*/* and c-Maf/- fetal livers in region | to region V. [J represents c-Maf*/*; @,
c-Maf/~; n = 8~10 per group; *P < .05. (D) The ratio of annexin V* cells from region | to region V was compared in c-Maf*/* and c-Maf~/ fetal livers. () represents c-Maf*/*;
B, c-Maf~~;n = 3 per group; *P < .05. (E) In vitro colony assay with the use of fetal liver cells from c-Maf*/* () and ¢c-Maf/~ () embryos at E13.5. A total of 20 000 fetal liver
cells were plated and cultured with methylcellulose media. The numbers of CFU-E~, BFU-E-, and CFU-GEMM-derived colonies per fetal liver are shown. No significant
difference (n.s.) was found in the number of CFU-E—-, BFU-E~, or CFU-GEMM-derived colonies per fetal liver in c-Maf*/* embryos and c-Maf~/~ embryos; n = 6~7 per group;
data are presented as mean + SEM. FL indicates fetal liver,

(hemoglobin z, beta-like embryonic chain) and Hbb-y (hemoglobin
y, beta-like embroyonic chain) were not significantly suppressed in
the ¢-Maf~/~ fetal liver erythroid fraction compared with the
c-Maf*"* control (supplemental Figure 3).

To examine the colony formation potential of hematopoietic
progenitors in c-Maf~/~ fetal liver, conventional set of CFU assays
were performed. As a result of CFU assays, there were no
significant differences between c-Maf** and c-Maf~~ in the
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Figure 4. Absence of c-Maf impairs the formation of
erythroblastic islands in the fetal liver. (A) Native A
erythroblastic islands isolated from c-Maf*/* and c-
Mat* fetal liver were immunostained with F4/80 (green)
and TER-119 (red) Abs as described in “Methods.” F4/80
is used as a macrophage-specific marker, and TER-119
is used as a marker for erythroblasts. The number of
erythroblasts surrounding each macrophage was signifi-
cantly reduced in c-Maf-/~ fetal liver. (B) Erythroblastic
islands reconstituted with c-Maf*/* erythroblasts were
immunostained. The number of c-Maf*/* erythroblasts
surrounding each c-Maft’* or c-Maf~~ macrophage is
shown. c-Maf*/+ erythroblasts surrounding c-Maf~/~ mac-
rophages were significantly reduced compared with those
seen for c-Maft’* macrophages. (C) Erythroblastic is-
lands reconstituted with c-Maf/~ erythroblasts were
immunostained. The number of c-Maf~~ erythroblasts
surrounding each ¢-Maft/* or ¢-Maf~~ macrophage is
shown. c-Maf~/~ erythroblasts surrounding c-Maf~*~ mac-
rophage were significantly reduced compared with those
seen for c-Maf*/+ macrophages. Although c-Maf-/~ eryth-
roblasts can form reconstituted erythroblastic islands with
c-Maf+/* macrophages, c-Maf~~ macrophages showed
impaired formation of reconstituted erythroblastic islands
with c-Maf*/* erythroblasts. Images were acquired by a
Biorevo BZ microscope (Plan Apo 20x0.75 DIC N2) at
room temperature and processed with the Adobe Photo-
shop CS4 software. The scale bar represents 20 pm;
n = 4--6 embryos per group. For each combination,
= 20 macrophages per embryo were analyzed. *P < .05,
Data are presented as mean = SEM.
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number of CFU-E—, BFU-E-, and CFU-GEMM-derived colonies
per fetal liver (Figure 3E). In addition, CFU-E colonies were
indistinguishable in structure and size (supplemental Figure 4A-B).
Moreover, erythroid cells derived from c-Maf~/~ CFU-Es exhibited
a similar structure, and enucleated red blood cells were also similar
to those from ¢-Maf*/* control CFU-Es in cytospin slides stained
with May-Griinwald-Giemsa (supplemental Figure 4C). Taken
together, these results suggest that c-Maf~/~ erythroid cells are still
capable of developing into mature cells in vitro, in contrast to the
result of flow cytometric analysis with the use of fetal liver cells
(Figures 3A-C; supplemental Figure 2A-B), which reflects the in
vivo condition. Therefore, the impaired definitive erythropoiesis in
the c-Maf~~ embryos is more likely because of a non-cell-
autonomous effect of c-Maf deficiency.

Absence of c-Maf causes impaired erythroblastic island
formation in the fetal liver ‘

c-Maf is abundantly expressed in fetal liver macrophages, although
it is largely missing from the erythroid cells in fetal liver.
Therefore, we initially surmised that c-Maf deficiency in fetal liver
macrophages disturbed the erythroblastic islands.? To address this
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hypothesis, we attempted to examine whether ¢-Maf~/~ macro-
phages failed to maintain the erythroblastic islands. For this
purpose, we isolated the erythroblastic island from c-Maf** and
c-Maf~~ fetal livers and counted the number of erythroblasts
associated with each single central macrophage according to a
previously described method.!

Interestingly, although > 10 TER-119* erythroblasts were
adhered to a F4/80* macrophage in c-Maf*/* fetal livers, c-Maf—
deficient central macrophages seemed to harbor far fewer
erythroblasts (Figure 4). As shown in Figure 4A, the number of
erythroblasts attached to a single central macrophage was signifi-
cantly reduced in c-Maf~/~ erythroblastic islands (14.2 = 0.3 and
5.6 = 1.5 erythroblasts per macrophage for c-Maf™* and c-
Maf~"~, respectively). This result clearly indicates that erythroblas-
tic islands are impaired in the c-Maf~/~ fetal livers.

Next, to address whether c-Maf deficiency in macrophages was
specifically responsible for the impairment of erythroblastic is-
lands, a series of reconstitution experiments was performed. After
attaching native erythroblastic islands either from c-Maf™* or
c-Maf~/~ fetal livers on a glass coverslip, the adherent erythroblasts
in the islands were stripped from the macrophages. Next, the
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