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Abstract

It has been over 35 years since the discovery of a special subtype of B cells in mice. These IgM* B
cells are named B-1 cells, whereas conventional B cells are referred to as B-2 cells. B-1 cells
express Ly-1 (CD5) and CD11b antigen, which are usually expressed in T cells and myeloid cells,
respectively, reside mainly in the peritoneal and pleural cavities, and secrete natural IgM
antibodies in a T cell-independent manner. B-1 cells are further categorized into CD5* B-1a cells
and CD5™ B-1b cells. B-1 cells may develop through positive selection and secrete natural
antibodies, including low-affinity-binding autoantibodies. Transplantation assays have revealed
that the fetal liver, not the bone marrow (BM), is a major site for the production of B-1a cells,
leading to the concept of a fetal origin for B-1a cells. This review introduces how the origin of
B-1a cells has been explored, and describes the current state of knowledge gained through various
approaches.

The adult BM progenitors have poor B-1a cell capacity, proved by
transplantation and lineage tracing assays

Traditionally, it is known that fetal liver cells repopulate B-1a cells efficiently, whereas adult
BM progenitors do not fully repopulate B-1a cells by adoptive transfer assays. Hardy and
Hayakawa demonstrated that pro-B cells in the fetal liver and adult BM have different B cell
capacities; while BM pro-B cells produce B-2 cells, fetal liver pro-B cells produce more
B-1a cells upon transplantation[1]. These results suggest the presence of different B-
lymphopoietic waves in the embryo and postnatal animals. Conditional Rag-2 knockout
mice by Mx-Cre showed B cell maturation arrest at the pro-B cell level in the BM and the
reduction of follicular B (B-2) cells in the spleen, whereas peritoneal B-1a cells were
maintained[2]. Thus, this study indicates that the peritoneal B-1a cells are not generated by
the BM progenitors in a steady-state situation. The B-1a cell capacity of highly purified
long-term hematopoietic stem cells (LT-HSCs) in adult BM was further investigated using
single cell transplantation assays, and lineage™Sca-1*c-kit*(LSK)CD150* LT-HSCs failed to
reconstitute peritoneal B-1a cells[3].
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Compatible with the above data, recent lineage tracing studies have reported additional
evidence that HSCs in adult BM poorly generate B-1a cells. Pdzklipl was specifically
expressed in adult CD150*CD48~ LT-HSCs[4]. Pdzklip1-CreERT2: Rosa-tomato mice
enable to trace HSC-derived hematopoiesis in vivo; Pdzklipl-expressing HSCs are labeled
by tamoxifen injection. Brain microglia is derived from early extra-embryonic yolk sac (YS)
[5], not HSCs, and were not marked in the mouse model when tamoxifen was administrated
into adult mice. Similarly, fewer than 5% of the peritoneal B-1a cells were labeled while up
to 80% of the BM HSCs were labeled at 11 months after tamoxifen injection into the adult
mice. Another HSC-lineage tracing study examined the contribution of HSC to normal
hematopoiesis by labeling Fgd5 expressing cells[6]. Fgd5 is exclusively expressed in the
endothelial cells and HSCs[7]. When tamoxifen was injected into adult Fgd5CreERT2:
Rosa-tomato mice, the tomato+ percentage in all hematopoietic lineages gradually
increased; however, the peritoneal B-1a cells were not labeled. These studies indicate two
important findings: 1) adult HSCs do not differentiate and provide blood cells continuously,
instead early progenitors last longer than expected and maintain the steady-state
hematopoiesis, and 2) B-1a cells are not generated in adults in the physiological setting.

In contrast, several studies have shown that adult BM progenitors can generate B-1a cells.
Lin~™ BM cells marked with GFP by mouse stem cell virus transduction were transplanted
into lethally irradiated recipients and repopulated GFP* CD5* B-1a cells in the recipient
peritoneal cavity[8]. These donor BM-derived B-1a cells were functional and secreted
natural IgM antibodies; however, they expressed significant Ig N-additions shown by single
cell PCR. One of the characteristics of fetal B cells is no terminal deoxynucleotidyl
transferase (TdT) expression and low to zero N-addition in the immunoglobulin V region.
Another study used an inducible Ragl knockout-rescue model where the Ragl gene was
knocked and rescued in the mb-1* B cell lineage by tamoxifen injection[9]. Ragl is
indispensable for the Ig rearrangement and Ragl knockout mice showed maturation arrest in
the BM pro-B progenitor stage and all IgM+ B cells were diminished[10]. By tamoxifen
injection into adult mice, the peritoneal B-1a cells were recovered as well as other IgM+ B
cells in the spleen and BM. These rescued B-1a cells also showed N-region additions,
implying that they were derived from adult progenitors. Therefore, there are some
progenitors that can produce a good number of B-1a cells in particular settings; however, it
is still unknown what types of progenitors have B-1a cell potential in adult BM.

More recently, the conversion of B-2 cells into CD5B-1a cells (but not B-1 cells to B-2
cells) has been demonstrated by the inducible transgenic system that changes the BCR that
is unique for B-2 cells to B-1 cells, and vice versa[11]. This elegant system clearly indicates
the phenotype conversion of B-2 cells into B-1a cells, but there is a caveat. Once the BCR
VH chain is determined in a cell, it would be less likely for the BCR to be converted into the
usage of different V-chain regions in vivo in a physiological setting.

origin of B-1a cells: Do fetal liver HSCs generate B-1a cells?

Adoptive transplantation assays have shown that the fetal liver is the main source of B-1a
cells. Montecino-Rodriguez and colleagues identified B-1 specific progenitors (lin
~CD19*B220!°¢d cells) in the fetal liver and neonatal BM and the number of B-1 specific
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progenitors decreased with age[12, 13]. Because the fetal liver contains HSCs, it was
assumed that ultimately the fetal liver HSCs produced B-1 progenitors that mature into
peritoneal B-1a cells. However, Ghosn et al. asked the question whether highly purified fetal
liver HSCs can produce B-1a cells[14]. Against expectations, CD150*LSK HSCs in the
E15.5 fetal liver failed to repopulate the peritoneal B-1a cells in the recipient mice. Instead,
the authors found that the CD1507LSK cells repopulated the peritoneal B-1a cells. These
results raised a question of what type of cells is the source of B-1 progenitors in the fetal
liver.

On the other hand, Kristiansen and colleagues demonstrated that functional HSCs in the
E14.5 fetal liver are the main source of peritoneal B-1a cells using barcoding study[15].
They barcoded E14.5 FL LSK cells with a retrovirus and transplanted them into lethally
irradiated mice. They analyzed the clonality of B-1, B-2, and T lymphoid subsets as well as
myeloid cells by examining shared barcoding in each population. The majority of the
peritoneal B-1a cells shared the same barcoding with the B-2 cells and splenic myeloid cells,
suggesting these three lineages were derived from the same progenitors.

The presence of “developmentally restricted HSCs (dr-HSCs)” in the fetal liver has been
reported, which produces “fetal-derived” innate-type lymphoid cells including Vy3 T cells
and B-1a cells[16]. The dr-HSCs are within the KSL population, expressing FLK2-Cre:GFP
* (that previously expressed FIk2). While GFP*(FIk2*) KSL cells from the fetal liver
engrafted in the recipient mice over the long-term, the same population in adult BM never
repopulated the irradiated adult recipient over the long-term. Therefore, the dr-HSCs were
detectable only in the fetal liver by transplantation assays. It is unknown whether the dr-
HSCs were the same population that produced both B-1a and B-2 cells, equivalent to the
HSPC demonstrated by Kristiansen[15].

Layered immune model: multiple waves of B-1 lymphopoiesis

Given that B-1a cells are of fetal origin, similar to Vy3-y8T cells in the skin, Herzenberg
proposed in 1989 the layered immune model where each immune cell is derived from
different types of stem cells during ontogeny[17]. This proposal was updated by Dorshkind’s
group with additional evidence in 2013[18]. Early embryonic tissue [paraaortic
splanchnopleural (P-Sp)] and/or Y'S have B-lymphoid potential in vitro co-culture with
stromal cells (OP9 or S-17) and these B cells include B-1a cells[19]. It was also
demonstrated that B progenitors that were produced in vitro from early YS and P-Sp
differentiated into only peritoneal B-1 and splenic marginal zone B cells after transplantation
into NOD-SCIDII2Ryc™~ (NSG) neonates[20]. This B cell potential that was detectable in
early YS and P-Sp regions was assumed to be the first wave of B-lymphopoiesis (Fig. 1). It
was also demonstrated that B-1 progenitors (presumably derived from early YS and P-Sp)
were present in the HSC-deficient fetal liver, supporting the concept of HSC-independent
B-1 cell development and that B-1 progenitors in early fetal liver were YS/P-Sp derived[21].
In the updated layered immune theory, Dorshkind’s group proposes that the second B-
lymphopoiesis is derived from FL, which predominantly produce B-1 cells with less B-2 cell
production, and that the third wave is derived from BM HSCs that produce mainly B-2 cells
with reduced or minimum production of B-1a cells[18]. Supporting this hypothesis,
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Montecino-Rodriguez and colleagues demonstrated the presence of multiple waves of B-
lymphopoiesis using a PU.1 hypomorphic mouse model[22]. PU.1 is expressed in HSPCs
and is an important transcriptional factor that regulates B cell development[23]. PU.1 is
encoded in the Sfpil gene and upstream regulatory element located 14 kb from the Sfp/iZ
starting site is deleted in the PU.1 hypomorphic mouse. The PU.1 hypomorphic mice display
severe B-2 cell reduction while B-1a cells are maintained[24]. However, Montecino-
Rodriguez et al. found that B-1 specific progenitors in the fetal liver were diminished in the
PU.1 hypomorphic mice, suggesting the impairment of the initial wave of B-1
lymphopoiesis derived from YS. The B-1 progenitors were recovered in the E18.5 fetal and
neonatal liver and the peritoneal B-1a cell number resulted in an increased number
compared to the wild type. In contrast, B-2 progenitors in the fetal liver was not altered,;
however, adult-HSC-derived B-2 lymphopoiesis was diminished. The RNA-sequencing of
these B-1 and B-2 progenitors at different ages distinguished three waves of B-1
lymphopoiesis and two waves of B-2 lymphopoiesis. These results advanced the concept of
the layered immune model, but also raised another question: What is the origin of the second
and third waves of B-1 cells and the second wave of B-2 cells? This is still an open question.
In the layered immune model (Fig. 1), the second wave in the fetal liver was originally
considered to be derived from FL HSCs; however, Ghosn’s study that FLL HSC did not
generate B-1a cells[14] questioned which cells/tissue provided the B-1 progenitors found in
the fetal liver. The dr-HSCs in the fetal liver may be the population responsible for
producing both B-1 and B-2 lineages in the PU.1 hypomorphic mouse model, although
further investigation is required.

Relationship between the emergence of HSCs and B-1a cells

From the FL transplantation assays, we also confirmed that CD150~CD48*LSK cells (not
CD150™ LSK HSCs) in E15.5 fetal liver were responsible for B-1a cell generation upon
transplantation, which was compatible with Ghosn’s study[14, 25]. Then, if FL HSCs do not
produce B-1a cells, which cells are the precursors of CD150"CD48*LSK cells that produce
B-1a cells? As reported previously, the YS and P-Sp hemogenic endothelial cells are strong
candidates for this production[20]. However, the first HSCs arising in the aorta-gonado-
mesonephros (AGM) region of E10.5-11.5 mouse embryo have not been evaluated for their
B-1a production capacity. The first HSC generation from the AGM region is a step-wise
process from hemogenic endothelial cells through HSC-precursor (pre-HSC) cells
(CD45~VE-cadherin® cells)[25] (Fig. 2). Pre-HSCs reportedly mature into multi-lineage
repopulating cells following co-culture with Akt-expressing AGM-derived endothelial cells
(AGM-ECs)[26]. Hadland and colleagues co-cultured a single pre-HSC with AGM-ECs and
transplanted the cells that formed a hematopoietic colony derived from a single pre-HSC.
All engrafted mice transplanted with single-clone-derived cells displayed both B-1a and B-2
cell engraftment in addition to T and myeloid cell engraftment[27]. Therefore, CD45"VE-
cadherin* pre-HSC population has the capacity to produce B-1a cells and HSCs following
AGM-EC co-culture. However, it is still not clear whether the HSCs produced B-1a cells or
pre-HSCs produced B-1a cell and HSCs by asymmetric cell division.

Our group further investigated the hematopoietic capacity of the pre-HSC population by
direct transplantation assays into NSG neonates[25]. We injected E10.5 CD45~VC*c-kit*
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pre-HSC population into sublethally irradiated NSG neonates that are more permissive for
embryonic cell engraftment. Surprisingly, there were many recipient mice that displayed
donor-derived cell engraftment in the peritoneal cavity but not in the peripheral blood. In
these mice, only the peritoneal B-1 and marginal zone B cells were engrafted, similar to
HSC-deficient FL transplantation as previously reported[21]. There were several recipient
mice that showed multi-lineage repopulation including B-1a cells. However, these recipients
were transplanted with more than three embryo equivalents of pre-HSC cells. EPCR has
been reported to enrich the pre-HSC population[28] and when only 10 EPCRMIM/C*c-kit*
cells were transplanted, only B-1 cells were repopulated in the recipient mice. The
frequencies of multi-lineage and B-1a repopulating cells were 1 of 10 e.e and 1 of 0.3 e.e,
respectively. Thus, the E10.5 pre-HSC population contains more B-1 biased repopulating
cells. When these EPCRM3M/C*c-kit* cells were co-cultured with AGM-ECs, their B-1
progenitor colony forming capacity converted into B-1 and B-2 progenitor capacities at the
single cell level. Because pre-HSCs become mutli-lineage repopulating cells after co-culture
with AGM-ECs, these results strongly indicate that the pre-HSC population is B-1 cell
biased and mature into multi-lineage repopulating HSCs by gaining B-2 cell capacity. Given
the higher frequency of B-1 biased repopulating cells among pre-HSCs, it can be speculated
that at least a part of the B-1a cells were produced by E10.5 hemogenic endothelial cells
directly, separate from the fist HSCs. However, whether B-1a cells are produced via HSCs
has yet to be elucidated.

Will lineage tracing studies answer this question? Thus far, there is no report that
distinguishes the origin of B-1a cells and HSCs in embryonic stages. However, a study by
Pei et al., may provide a hint. They developed an elegant polylox barcoding system that was
induced by tamoxifen-inducible Tie-2 Mer-Cre-Mer transgenic mice[29]. In this mouse
model, by single 40HT injection into an E9.5 pregnant dam, more than 95% of HSCs
successfully recombined the barcodes and were traceable up to 11 months after birth. They
examined the barcoding of HSPC and blood lineages to predict the productive HSC clones.
In their analysis, B-1a cells were branched separately from other B-2 and T lymphoid
subsets and were isolated from all other blood lineages. Their results implied that B-1a cells
developed separately from other blood lineages derived from adult HSCs.

Lin28b: a possible regulator of fetal hematopoiesis

Yuan and colleagues performed global miRNA-expression profiling of FL and adult BM
pro-B progenitors (IgM~B220*CD19*CD24+*CD42™ cells) because this population in the FL
generate more B-1a cells while the same population in the adult BM generate B-2 cells[1],
and found that the Lin28b and let-7 family of miRNA were differentially expressed in FL
and BM pro-B cells[30]. The transplantation of adult BM HSPC overexpressing resulted in
the repopulation of embryonic-type lymphoid cells including B-1a, marginal zone B cells,
v8T cells, and NKT cells. Lin28b was also reported as a master regulator of
developmentally timed changes in the HSC program[31]. Zhou and colleagues further
validated the role of Lin28 and its miRNA, Let-7, on the B-1a cell production from B
progenitor cells[32]. They confirmed that Lin28b was highly expressed in fetal liver Pro-B
cells while Let-7 was highly expressed in adult BM pro-B cells. Lin28b overexpressing BM
pro-B cells repopulated B-1a cells efficiently upon adoptive transfer whereas the control
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ult BM pro-B cells did not. Similarly, Let-7 overexpressing fetal liver pro-B cells

(repressed Lin28b expression) failed to repopulate peritoneal B-1a cells. Taken together,

Li

n28b regulates B-1a cell development in the fetal liver stage. To understand the origin of

B-1a cells more precisely, further investigation of the molecular mechanism that regulates
fetal lymphopoiesis in the hemogenic endothelial cells and pre-HSCs will be required.
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Fig. 1. Updated layered immune model
This schema updated and modified the figure proposed by Montecino-Rodriguez and

Dorshkind[18]. The first B cell-wave is derived from the hemogenic endothelial cells in the
YS/P-Sp at around E8.5-9.5. B cells from this wave are B-1 lymphocyte biased[20]. The
second wave is derived from presumably pre-HSCs or HSCs at an early stage of fetal liver.
This second wave seems to be the main source of B-1a cells, and also starts to produce B-2
cells. The third wave is derived from HSCs in the post-natal BM, generating mainly B-2
cells with minimum numbers of B-1 cells.
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Fig. 2. HSCs mature from hemogenic endothelial cellsthrough pre-HSC stages.
The current evidence supports the concept of pre-HSCs, intermediate stages between

hemogenic endothelial cells and HSCs. Pre-HSCs express markers for both endothelial cells
and hematopoietic cells.
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