From bloodjournal.hematologylibrary.org at University of Tokyo on February 3, 2013. For personal use only.

5410  NISHIDAetal

o

A

& 12 Kidney

8.2

a6

53 0.8

&5 .
2904 & MT1-MMP*
32 MT1-MMP"
B

e
<
w

Ery.C

o

of CD11b+Gri+ cells
in BM (x 107 cells)

—
N

—

=)
@
o

wn
<@
—

Relative expression
of G-CSF/B-actin

Absolute number

o

0

BLOOD, 7 JUNE 2012 - VOLUME 119, NUMBER 23

Figure 3. Erythroid and myeloid differentiation block in MT1-MMP~/~ mice. (A) Real-time PCR of Epo in kidney (n = 3). (B-C) Percentage of different erythroblast
poputations during erythroid development (proE-EryA-EryB-EryC) of (B) BM cells or of (C) dissociated mouse spleen cells from MT1-MMP+* (n = 5) and MT1-MMP~/~ mice
(n = 3). (D) Percentage of CD11b*/Gr-1* cells per femur as determined by FACS (n = 5). Errors in bar graphs are SEM; **P < .01. (E) Real-time PCR of G-CSF in BM cells

(n = 3).

The earliest T-cell progenitors are produced in the BM. We found an
increase in the percentage of immature CD4~CD8 ¢c-Kit~CD44~
cells T cells in MTI-MMP™/~ BM cells (4.1 X 105 £ 0.2 X 10°
cells in MT1-MMP~/~ and 2.6 X 105 = 0.3 X 105 cells in MT1-
MMP** BM, respectively; n = 4, P <.05). The MT1-MMP~"~
thymus (Figure 2G) was small with a low number of thymocytes
(Figure 2H). Thymic lobes, and specifically the medullar region,
appeared smaller than in MT1-MMP*/* mice (Figure 2I). Flow
cytometric analysis of thymocytes revealed no difference in the
percentage of immature CD4~ or CD8™ double-negative (DN)
thymocytes or of CD4~CD8 ¢-Kit~CD44~ thymocytes between
the MT1-MMP*/* and the MTI1-MMP~/~ mice. However, a
relative decrease in the percentage of the more mature CD4*CD8*
double-positive (DP) thymocyte population and in the CD4*
single-positive (SP) cell population was revealed in thymocytes
from the MT1-MMP~/~ mice (Figure 2J). In absolute terms,
CD4 SP numbers were reduced 2.5-fold, CD§ SP 2.1-fold, and DP
thymocytes 5.3-fold, whereas the DN population remained unaf-
fected. These data indicate that T-cell progenitors developed within
the BM even in the absence of MT1-MMP, but that their further
differentiation in the thymus was blocked at or before development
of the immature DN thymocyte population, causing default differ-
entiation into CD4 cell SP and NK-cell lineages.

To assess whether the abnormal thymic colonization observed
in MT1-MMP~/~ mice was because of the loss of MT1-MMP
in hematopoietic cells or in stromal cells, MTI-MMP** and
MT1-MMP™~ BM donor cells were transplanted into lethally
irradiated wild-type recipients. Chimeras were analyzed 4 months
after transplantation. T- and B-cell differentiation of transplanted
MTI1-MMP~/~ cells (expressing the Ag Ly5.2 (CD45.2) on leuko-
cytes) within the BM were normal (Figure 2K-L). These data
indicated that MT1-MMP~/~ mice showed impaired T- and B-cell

development. Even though MT1-MMP~/~ mice showed a hemato-
poietic cell defect (see Figure 1), MT1-MMP~/~ BM cells retained
the potential to differentiate into T- and B-cell lineages in an
MTI1-MMP+* environment. These data indicate that, aside from
its influence on stem cells, MT1-MMP also plays an additional role
in regulating the BM niche.

MT1-MMP ablation impairs erythroid and myeloid
differentiation

Anemia, as seen in 14-day-old MT1-MMP mice (see Figure 1C), is
expected to trigger a compensatory response that is mediated
principally through increased serum levels of erythropoietin (Epo),
a master cytokine of erythropoiesis. Epo controls growth, survival,
and differentiation of erythroid progenitors, either cooperatively
with, or independently of KitL.3>34 Despite severe anemia, Epo
mRNA expression in kidney tissues of MT1-MMP~/~ mice was
low (Figure 3A) and the expected compensatory increase in spleen
size did not occur (see Figure 2B).

To assess erythroid differentiation, we examined CD71 and
TER119 expression in the BM and splenic erythroblasts, and
classified erythroid cells into 4 populations at progressive levels of
differentiation: proerythroblasts TER119medCD71MehESChieh (ProE),
TER119MehCD7 [hiehFSChigh  (Bry.A), TERI119MehCD71MehESClow
(Ery.B), and TER119MehCD7 [1oVESClow (Ery.C).33

MT1-MMP~/~ BM erythroid lineage cells accumulated at the
ProE, Ery.A, and Ery.B stage, and cells at the late erythroblast
differentiation stages (Ery.C) were reduced (Figure 3B). In spleen,
all stages of erythroid lineage cells were reduced in MT1-MMP~/~
mice (Figure 3C). These data suggest that MT1-MMP is involved
in both BM and splenic erythropoiesis, and that the defect in
erythropoiesis in MT1-MMP™~ mice might be due, in part, to
impaired Epo production.
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Granulocytic cells of adult mouse BM express CD11b and high
amounts of Gr-1. The absolute number of CD11b*/Gr-17 granulo-
cytes was lower in MT1-MMP~/~ than in MT1-MMP** BM cells
(Figure 3D). G-CSF is a growth, differentiation, and activating
factor for neutrophils and their precursors. Regardless of the
observed neutropenia, no difference in G-CSF (Figure 3E) or
thrombopoietin (Tpo; data not shown) expression was observed in
the BM cells of these mice, indicating that other factors might be
responsible for the impaired myelopoiesis.

MT1-MMP deficiency reduces siromal cell-derived cytokine
production

Chimera experiments indicated that the observed hematopoietic
defect in MT1-MMP-deficient mice was in part because of a niche
defect, suggesting that dysregulated production of stromal cell-
derived cytokine(s) may be responsible for the hematopoietic
differentiation block observed in MT1-MMP~/~ mice. BM and
thymic stromal cells produce IL-7.36 Plasma levels of the stromal
cell-derived factors KitL, SDF-1e, and IL-7 were lower in
MTI1-MMP~/~ mice than in MT1-MMP** mice (Figure 4A-C).
We observed a reduced number of nestin® niche cells in MT1-
MMP~/~ mice and, interestingly, nestin™ niche cells highly express
KitL and SDF-1.3! In accordance with these data, MT1-MMP~/~
BM cells and MT1-MMP™/~ primary stromal cells showed lower
mRNA expression of IL-7, KitL, and SDF-1a/CXCLI2 compared
with MTI-MMP** cells (Figure 4D, supplemental Figure 1). In
addition, very few primary stromal cells grew in cultures estab-
lished using MT1-MMP~/~ BM cells (supplemental Figure 1).

To exclude the possibility that the growth/chemokine factor
decrease in MT1-MMP~/~ mice was because of a lower number of
the growth factor—producing stromal cells, we modulated MT1-
MMP expression on a murine stromal cell line (MS-5). Overexpres-
sion of MTI-MMP in MS-5 stromal cells (MT1-MMP TF)
increased KitL, SDF-la, and IL-7 gene expression (Figure 4E). In
contrast, MT1-MMP knock down in MS-5 murine stromal cells
using shRNA (MTI-MMP KD) reduced the expression of KizL,
SDF-Ia, and /L-7 mRNA than control MS-5 cells (Figure 4F).
Consistent with this result, less KitL, SDF-1q, and IL-7 protein
was detected in supernatants of MT1-MMP KD cultures compared
with control cultures as determined by ELISA (Figure 4G). The
frequency of CXCR4 (the SDF-1 receptor) and c-Kit (the KitL
receptor) expressing Sca-1T MTI1-MMP~'~ BMMCs was not
significantly changed (data not shown). These data indicate that
loss of MT1-MMP activity in stromal cells reduced signaling by
IL-7, KitL, and SDF-1a, factors known to regulate B and T lympho-
poiesis and erythropoiesis.

We next examined the release and expression of these factors by
primary MEFs. Confirming our BM cell and primary stromal cell
cytokine/chemokine data, low expression of Kitl, SDF-Iw, and
IL-7 was found in MT1-MMP~/~ MEFs (Figure 4H-I).

To investigate whether the observed impaired production of
cytokines/chemokines would also result in impaired function, we
set up an MEF feeder~based culture supplemented with IL-3.
Whereas Lin~ cells differentiated in MTI-MMP** MEF-
supported cultures, the number of CD11b*/Gr-17 cells in MT1-
MMP~/~ cultures did not change significantly (Figure 4J). Addition
of neutralizing Abs against KitL confirmed that the observed
myeloid cell differentiation was mainly because of the KitL that
was released by the cultures.

We set up a migration assay to investigate SDF-1a function.
Lin~ cells derived from BM cells migrated toward an MTI-
MMP*+/* MEF supernatant, a process that is mediated by SDF-1, as
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shown by using neutralizing Abs against SDF-1. In contrast, no
migration of Lin~ cells was observed toward an MT1-MMP~/~
supernatant (Figure 4K).

MT1-MMP increases cytokine/chemokine production in niche
cells by suppressing HIF-1a

The HIF gene is known to regulate VEGF, placental growth factor,
angiopoietin 2, platelet-derived growth factor-B, SDF-1a, Epo, and
KitL/SCF expression.” HIF-1a activity under normoxia depends on
the FIH-1. FIH1-mediated hydroxylation disrupts a critical interac-
tion between HIFa and the coactivators p300/CBP, impairing HIF
transcriptional activity.3”*® To determine whether HIF signaling is
involved in MT1-MMP modulation of hematopoietic differentia-
tion, we assessed HIF-l1a, HIF-2a, and FIH-1 protein levels in
MT1-MMP knockdown and control MS-5 cells. MT1-MMP knock-
down did not affect HIF-1a or HIF-2a protein expression (supple-
mental Figure 2), but did up-regulate FIH-1 protein expression
within the cytosol of MS-5 cells (Figure 5A), where FIH-1 can
prevent HIF-1a binding to the transcriptional coactivator p300/
CBP thereby blocking HIF-1-induced transcription of genes such
as SDF-1 and KitL.?¥ Immunohistochemical analysis showed that
less nestin® stromal cells coexpressing FIH-1 were found in
MT1-MMP~/~ BM cells than in MT1-MMP** BM cells (Figure
5B). These findings are consistent with previous data that, in
monocytes, the cytoplasmic tail of MT1-MMP binds to FIH-I,
leading to inhibition of FIH-1 activity by its inhibitor,
Mint3/APBA3.%

HIF-1 immunostaining showed that HIF-1, in contrast to its
expression in MT1-MMP** BM cells, was preferentially ex-
pressed in the cytoplasm of MT1-MMP~/~ BM cells (Figure 5C).

Our data suggested that MTI-MMP can activate the HIFI
pathway in stromal cells as it does in monocytes. We therefore
hypothesized that FIH-1 overexpression in stromal cells would
cause a reduction in cytokine/chemokine production, which was
indeed the case (Figure 5D-F). These data suggested that FIH-1
overexpression reduced SDF-1, KitL, and IL-7 gene transcription
in stromal cells. Furthermore, although the knockdown efficiency
of FIH-1 by shRNA was only 30%, FIH-1 knockdown rescued
KitL, SDF-1a, and IL-7 gene expression in MT1-MMP knockdown
(70% reduction by siRNA) MS-5 cells (Figure 5G-I) indicating that
the decreased HIF-mediated cytokine gene transcription in
MT1-MMP knockdown stromal cells can be partially rescued by
blocking FIH-1 activity. These data highlight the importance of
MT1-MMP-mediated HIF-1 activation for the transcriptional
regulation of critical hematopoietic niche factors.

Exogenous SDF-1« and KiiL addition restores leukopenia and
thrombopenia in MT1-MMP~/~ mice

Finally, we asked whether growth factor addition would rescue the
observed block in leukopenia and thrombopenia because of
MTI1-MMP deficiency. Indeed, addition of recombinant IL-7 to
MT1-MMP~/~ or wild-type BMMC cultures induced a similar
number of B-cell colonies (CFU-IL-7) in the MT1-MMP™/~ as in
the wild-type cells (Figure 6A).

MS-5 cells support myeloid cell differentiation of Lin~ wild-
type cells in vitro. However, fewer GFP* hematopoietic cells were
generated from Lin™ wild-type BM cells on MT1-MMP KD MS-5
stromal cells than on control MS-5 cells. Addition of KitL restored
hematopoietic cell growth on the MT1-MMP KD MS-5 feeder
cultures (Figure 6B).
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Figure 4. MT1-MMP deficiency prevents transcription of niche chemokines/cytokines. (A-C) KitL, SDF-1q, and IL-7 plasma levels in MT1-MMP** and MT1-MMP~/~
plasma were measured by ELISA (n > 6). KitL, SDF-1a, and /L-7 gene expression in (D) total BM cells, (E) MS-5 control and MT1-MMP-overexpressing cells, and
(F) MT1-MMP knockdown (KD) and control MS-5 celis were analyzed using real-time PCR. The results are expressed relative to expression of a g-actin. (G) KitL, SDF-1, and
IL-7 protein levels in MT1-MMP knockdown (KD) and control MS-5 cell-culture supernatants were determined by ELISA. (H) KitL, SDF-1a, and /L-7 gene expression in
MT1-MMP*/+ and MT1-MMP~/~ MEF cells was determined using real-time PCR. The results are expressed relative to expression of B-actin. (I} KitL. and SDF-1a protein levels
in the indicated MEF cell-culture supernatants were evaluated by ELISA. (J) Lin~GFP* cells were cultured on MT1-MMP** and MT1-MMP ~/~ MEF cells in the presence or
absence of neutralizing Abs against KitL. The number of CD11b*Gr1* cells was assessed after 7 days by FACS (n = 5). (K) Lin~ cells were plated in transwells. MT1-MMP*/*
and MT1-MMP ~/~ MEF cell-culture supernatants supplemented with recombinant SDF-1a were added to the lower chamber. Neutralizing Abs against SDF-1a were added to
both chambers. The percentage of migrated cells was determined (n = 9 from 2 independent experiments). Errors in bar graphs are SEM; *P < .05, **P < .01, Data shown are

representative of 3 to 4 independent experiments.
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Figure 5. MT1-MMP deficiency prevenis HIF-mediated transcription of niche factors. (A) FIH-1 expression in subcellular fractions was analyzed by Western blotting.
o/B tubulin and integrin-B1 are representative cytosolic and membrane proteins, respectively. (B) Representative images of immunofiuorescent staining of nestin (green
fluorescence) and FiH-1 (red fluorescence) in BM sections derived from MT1-MMP** and MT1-MMP~/~ mice. The arrows indicate nestin*/FIH-1 cells. Nuclei were
counterstained with DAP! (blue; bars, 100 um). (C) Representative images of immunofluorescent staining of HIF-1« (green fluorescence) in BM cells derived from
MT1-MMP*+* and MT1-MMP~/~ mice. Nuclei were counterstained with DAPI (blue). (D-1) KifL, SDF-1a. and IL-7 gene expression in (D-F) MS-5 cells overexpressing FitH-1,
and (G-1) in MT 1-MMP—deficient MS-5 cells with or without FIH-7 knockdown as analyzed using real-time PCR. The results are expressed relative to expression of a B-actin,
which was set at 1.0. Data shown.are representative of 3 to 4 independent experiments.

Similarly, KitL treatment restored WBC and PLT numbers in  restored in MTI-MMP~'~ mice by injection of KitL or SDF-I,
the PB in MT1-MMP™~ mice to the values of wild-type controls  survival was not improved (data not shown).
(Figure 6C-D) and a single injection of SDF-1a increased both Collectively, these results suggest that MT1-MMP alters the
WBC and PLT counts in the PB of MT1-MMP~/~ mice 2 days after ~ HSC niche by modulating HIF signaling, which promotes cytokine
injection (Figure 6E-F). Although hematopoietic cell growth was  production and enhances cell differentiation and migration.
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Figure 6. MT1-MMP-deficient mice have a defective
BM stromal niche with impaired terminal differentia-
tion because of impaired release of HIF-1a~associated
factors. (A) Number of colonies in IL-7—containing cul-
tures of MT1-MMP** and MT1-MMP~/~ BM cells (n = 3).
(B) Cocuiture of wild-type Lin~ BM GFP* cells on

FU-IL-7 /10° BM cells
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Discussion

In this report, we identified MT1-MMP as a key player of postnatal
hematopoiesis. We demonstrate that MT1-MMP-expressing cells
serve as key links between the HIF-1 regulatory system and
transcriptional regulation of vital niche chemokines/cytokines
necessary for HSC maintenance and cell differentiation (Figure 7).
Specifically, we show that MT1-MMP deficiency leads to impair-
ment of steady-state hematopoiesis because of a reduced HSC pool
and a trilineage differentiation block. Mechanistically, we provide

MTI-MMP™
= MTI-MMP* +KitL
MTI-MMP*~
e MT1-MMP* +KitL

2 Days after SDF-1o injection

confluent MT1-MMP knockdown or control MS-5 cells
with/without KitL. (C-D) PB WBCs (C) and PLT (D) after
KitL injections into MT1-MMP*/*+ (n = 10) and MT1-
MMP~/~ mice (n=3). (E-F) PB WBCs (E) and PLT
(F) counts 2 days after initiation of SDF-1 treatment of
MT1-MMP** (n = 10) and MT1-MMP~/~ mice (n = 2).
Errors in bar graphs are SEM; *P < .05, *P < .01.

B MT1-MMP
=2 MTI-MMP' +SDF-1¢
= MT1-MMP-
ez MT1-MMP+ +SDF-10,

evidence that MT1-MMP deficiency in niche/stromal cells in-
creases cytosolic FIHI on expense of the membrane-associated
FIH1 expression, thereby preventing transcription of the HIF-
responsive genes EPO, KitL, IL-7, and SDF-1c. Thus, this study
identifies MT1-MMP as a key molecular link between hypoxia and
the regulation of vital HSC niche factors.

We reported that MMP-9 and plasminogen activation is impor-
tant for the ectodomain shedding of the hematopoietic growth
factor like KitL.!%1° MT1-MMP can activate various proteases,
including plasminogen or MMP-2, which in turn can activate
MMP-9. It has been reported that MMP-2 activation can process

} MTI-MMP*

MTL-MMP

HSC

Figure 7. Proposed model of the role of MT1-MMP-
expressing niche cells, which serve as key links
between the HIF-1 regulatory system and transcrip-
tional regulation of vital niche chemokines/cytokines
necessary for HSC maintenance and cell differentia-
tion. MT1-MMP deficiency in niche cells up-regulates
FIH1 expression, thereby preventing transcription of the
HIF-responsive genes EPQ, Kitl, IL-7, and SDF-Ta.
MT1-MMP deficiency leads to impaired steady-state he-
matopoiesis because of a trilineage differentiation block.

differentiation
proliferation /

migration
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SDF-1/CXCL12.40 We are currently examining whether ectodo-
main shedding by MT1-MMP-activated MMPs could be another
reason for the low cytokine levels observed in MT1-MMP~/~ mice.

Other known modulators of the BM and of niches such as the
cancer stem cell niche, including vascular endothelial growth
factor-A, angiopoietin 2, placental growth factor, and platelet-
derived growth factor B, are also HIF-regulated target genes and
therefore might also depend on MT1-MMP function.”841-43 But
further studies will be needed to proof this concept.

Using BM chimeras generated using MT1-MMP~/~ and MT1-
MMP** donor cells, we showed that the developmental T-cell
differentiation arrest observed in MT1-MMP~/~ mice was mainly
because of a niche defect, and not because of the impaired stem cell
pool observed in these mice. In MT1-MMP ™/~ mice, we found
preferential differentiation into CD4 SP thymocytes, which is most
likely because of impaired Notch signaling.** Indeed, a recent
study demonstrated that MT1-MMP directly cleaves DlI-1, a Notch
ligand on BM stromal cells.*> The continued presence of DII-1 is
required for T-cell commitment and maintenance at the DN1 and
DN2 stages of thymocyte development. In the absence of Notch
signaling, the developing DN1 and DN2 thymocytes adopt a
NK-cell fate by default, a phenomena that we indeed observed in
the MT1-MMP~/~ mice.

IL-7 signaling and Notch signaling are implicated in B-cell
lymphopoiesis.*” We found that HSC differentiation toward B lym-
phocytes was compromised in MT1-MMP-deficient BM cells. The
long-term proliferation capacity of BM pre-B1 cells is known to be
critically dependent on Kitl, and IL-7 expression and signaling,
factors that we have shown require the presence of MT1-MMP for
their expression.*8#? Furthermore, we provide evidence that MT1-
MMP deficiency in stromal cells also impairs the expression of
SDF-1a, which is a key regulator of B-cell lymphopoiesis and BM
myelopoiesis.® Our data are consistent with those of a previous
report, which observed that defects in B lymphopoiesis are modu-
lated by MT1-MMP-mediated cleavage of DlI-1 on BM stromal
cells.® Impaired BM myelopoiesis was found in MT1-MMP-
deficient mice, regardless of the fact that G-CSF expression was
normal. Factors such as KitL and SDF-1ua have also been impli-
cated in myelopoiesis, and therefore might be at least partially
responsible for the observed phenotype.

In addition, in vivo administration of KitL and SDF-{a rescued
the pancytopenia in MT1-MMP-deficient mice. As both growth
factors can increase the egress and mobilization of mature hemato-
poietic cells, but also can promote hematopoietic cell differentia-
tion, the restoration of PB counts in MT1-MMP-deficient mice
could be because of improved hematopoietic cell migration and/or
differentiation. We confirmed data by Vagima et al demonstrating
that MT1-MMP is expressed on hematopoietic progenitor cells.?!
This group showed that MT1-MMP is required for G-CSF-
mediated hematopoietic progenitor cell mobilization.
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SDF-1a is required for the maintenance of BM HSCs and is
expressed by both perivascular and endosteal cells.’’!3 Deficits in
the maintenance of the HSC pool in the absence of CXCR4 are
HSC autonomous. Indeed, we could show that MT1-MMP defi-
ciency altered SDF-1c/CXCL12-CXCR#4 signaling and impaired
the stem cell pool.

Our studies on the role of MT1-MMP in hematopoietic niche/
stromal cells provide the rationale for further exploration of
MT1-MMP in other hypoxic niches, for example, the cancer niche
or the “ischemia-associated niche,” as MT1-MMP seems to control
the hematopoietic cell response in those diseases by controlling
cytokine production.
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Because a shortage of donor organs has been a major
obstacle to the expansion of organ transplantation
programs, the generation of transplantable organs is
among the ultiimate goals of regenerative medicine.
However, the complex cellular interactions among
and within tissues that are required for organogenesis
are difficult to recapitulate in vitro. As an alternative,
we used blastocyst complementation to generate plu-
ripotent stem cell (PSC)-derived donor organs in
vivo. We hypothesized that if we injected PSCs into
blastocysts obtained from mutant mice in which the
developiment of a certain organ was precluded by
genetic manipulation, thereby leaving a niche for or-
gan development, the PSC-derived cells would devel-
opmentally compensate for the defect and form the
missing organ. In our previous work, we showed
proof-of-principle findings of pancreas generation by
injection of PSCs into pancreas-deficient Pdxi™’~
mouse blastocysts. In this study, we have extended
this technique to kidney generation using Salll ™/~
mouse blastocysts. As a result, the defective cells were
totally replaced, and the kidneys were entirely
formed by the injected mouse PSC-derived cells, ex-
cept for structures not under the influence of Sall
expression (e, collecting ducts and microvasculature).
These findings indicate that blastocyst complementation
can be extended to generate PSC-derived kidneys. This
system may therefore provide novel insights into renal
organogenesis. (4m J Pathol 2012, 180:2417-2426; bup://
dx.doi.org/10.1016/j.ajpaih.2012.03.007)

At present, most patients with end-stage renal failure are
treated by dialysis. Some patients eventually undergo
kidney transplantation, but this option is limited by a
shortage of donor organs. Therefore, the number of pa-
tients undergoing dialysis continues to grow, with com-
plications, poor quality of life, and increasing medical
costs. Moreover, the shortage of donor organs has led to
other social problems, such as organ trafficking, trans-
plant tourism, and transplant commercialism.” Under
these circumstances, to transplant donor organs derived
from pluripotent stem cells would be a much welcomed
alternative. Induced-PSC (iPSC) technology®® has re-
cently enabled the generation of individual- or patient-
derived PSCs, with studies of disease-targeting stem cell
replacement therapy. However, the generation of an or-
gan from iPSCs is considered impractical because it
remains difficult to replicate in vitro the complex interac-
tions among cells and tissues during organogenesis. To
overcome this obstacle, we attempted to generate or-
gans in vivo using the blastocyst complementation tech-
nique originally reported by Chen et al* in analyses of
genes involved in lymphocyte development. We reported
the successful application of this technique to generate
PSC-derived mouse and rat pancreas in the Pdx?7™/~
mouse.® In the PSC-generated pancreas, defective cells
were totally replaced, and the pancreas was formed al-
most entirely by the injected mouse and rat PSC-derived
cells. The mouse and rat PSC-derived pancreas pro-
duced a variety of hormones, including insulin, and the
transplantation of PSC-derived pancreas islets improved
hyperglycemia in a diabetic mouse model. The premise
driving this work is that a niche for organogenesis can be
created in postblastocyst mutant mouse embryos that are
genetically precluded from developing a particular or-
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gan. Injected PSC-derived cells will colonize this devel-
opmental niche and compensate for the developmental
defect to form a donor-induced organ in vivo.

Here we report our extended application of blastocyst
complementation to generate kidneys from PSCs using
Sall1™'~ mice. Sall1 is the mammalian orthologue of the
Drosophila region-specific homeotic gene spalt (saf). Sall
expression in the organism is restricted temporally to the
period of nephrogenesis and disappears thereafter. Sallt
expression in the embryonic and newborn kidney is re-
stricted histologically to metanephric mesenchyme and
renal stroma. In embryonic kidney development, Sall1 is
essential for ureteric bud attraction toward the mesen-
chyme. Mice deficient in Sall7 therefore die soon after
birth because of kidney agenesis or severe dysgenesis,
whereas structures formed independently of Sall7 such
as the ureters and bladder are present.® This study was
performed to establish whether Sall7 =/~ blastocysts offer
a developmental niche for kidney tissue and could there-
fore be used to generate PSC-derived kidneys via blas-
tocyst complementation.

Materials and Methods

Animals

CB7BL6/NCrSlc, BDF1, and ICR mice were purchased
from SLC Japan (Shizucka, Japan). 129/OlaHsd (129/
Ola) mice were purchased from Jackson Laboratory (Bar
Harbor, ME). Salll mutant-EGFP knock-in heterozygous
mice were used for the production of ESC-derived chi-
meras’ or Sall1 knock-out heterozygous mice were used
for the production of iPSC-derived chimeras.® They were
crossed with C57BL/6 or BDF1 strain mice. In the Salll
mutant-EGFP  knock-in heterozygous or homozygous
mouse, EGFP fluorescence was limited to Sall1-express-
ing cells. All experiments were performed in accordance
with the animal care and use guidelines of the Institute of
Medical Science at the University of Tokyo. '

Culture of Embryonic Stem Cells/iPSCs

Undifferentiated mouse ‘embryonic stem cells (ESCs:
EB3-DsRed) were maintained on gelatin-coated dishes
without feeder cells in Glasgow's modified Eagle’'s me-
dium (GMEM; Sigma-Aldrich, St. Louis, MO) supple-
mented with 10% fetal bovine serum (FBS; Nichirei Bio-
science, Tokyo, Japan), 0.1 mmol/lL 2-mercaptoethanol
(Invitrogen, San Diego, CA), 0.1 mmol/L nonessential amino
acids (Invitrogen), 1 mmol/L sodium pyruvate (Invitrogen),
1% L-Glutamine Penicillin Streptomycin (Sigma-Aldrich),
and 1000 U/mL of leukemia inhibitory factor (LIF; Millipore,
Bedford, MA). The EB3-DsRed cells, gifts from Dr. Hitoshi
Niwa (CDB RIKEN), were derived from EB3 ES celis and
carried the DsRed.T4 gene under the control of the CAG
expression unit. The EB3 cells were a subline derived from
E14tg2a ES celis® and were generated by targeted integra-
tion of the Oct-3/4-IRES-BSD-pA vector into the Oct3/4
aliele.®

Undifferentiated induced pluripotent stem cells (iPSCs:
GT3.2) from mice were maintained on mitomycin-C—treated

mouse embryonic fibroblast (MEF) cells in Dulbecco's mod-
ified Eagle’s medium (DMEM,; Invitrogen) supplemented
with 15% knockout serum replacement (KSR; Invitrogen),
0.1 mmol/L 2-mercaptoethanol, 0.1 mmol/L nonessential
amino acids, 1T mmol/L HEPES buffer solution (Invitrogen),
1% L-Glutamine Penicillin Streptomycin, and 1000 U/mL of
LIF. The GT3.2 cells were generated from tail-tip fibroblasts
of a male GFP transgenic mouse, kindly provided by Dr.
Masaru Okabe (Osaka University) by the introduction of
three factors (Kif4, Sox2, Oct3/4) in retroviral vectors. Vi-
ruses were prepared as described.™® That GT3.2 cells ubig-
uitously express EGFP under the control of the CAG expres-
sion unit had been established.®

Embryo Manipulation

Preparation of Salll heterozygous intercrossing embryos
was performed as described." In brief, eight cell/morula-
stage embryos were collected in M2 medium (Millipore)
from the oviducts and uteri of 2.5-day postcoital (dpc) Sall7
heterozygous mice. These embryos were transferred into
KSOM-AA medium (Millipore) droplets and cultured for 24
hours until development to the blastocyst stage.

For micromanipulation of the embryos, blastocysts
were transferred into M2 medium droplets and the ESCs/
iPSCs were trypsinized and suspended in the culture
medium droplets. For each blastocyst, after careful dril-
ling of the zona pellucida and trophectoderm under mi-
croscopy using a piezo-driven micromanipulator (Prime
Tech, Tokyo, Japan), 10 to 15 ESCs/iPSCs were intro-
duced into the blastocyst cavity near the inner cell mass.
DsRed-marked ESCs were injected into blastocysts ob-
tained by intercrossing of Salf1 ES™" mice; EGFP-
marked iPSCs were injected into blastocysts obtained by
intercrossing of Sall7*/~ mice. After injection, the em-
bryos were cultured in KSOM-AA medium for 1 to 2 hours
and were thereafter transferred into the uteri of 2.5-dpc
pseudopregnant recipient ICR mice.

Flow Cytometry and Genotyping Analysis of
ESC-Derived Chimeras

To identify the genotypes of neonatal Sall7-EGFP knock-in
mice, EGFP-positive cells from the brain and kidney
were sorted by fluorescence-activated cell sorting and
genotyped by genomic PCR. The analysis and sorting
were performed by Mo-flo (Beckman Coulter, Fullerton,
CA) or using a FACS Vantage SE system (BD Bioscience
Pharmingen, Franklin Lakes, NJ). DNA was extracted
from collected cells using a QlAamp DNA Mini Kit (Qia-
gen, Germantown, MD) and was used to confirm mouse
genotypes. The PCR primers used for the amplification of
the wild-type Sall7 allele and the mutated allele were as
follows: 5-AGCTAAAGCTGCCAGAGTGC-3', 5'-CAACT-
TGCGATTGCCATAAA-8’, and 5-GCGTTGGCTAC-
CCGTGATAT-3’ (288 bp for the wild-type Sall7 allele and
350 bp for the mutated allele).” Nested PCR primers were
as follows: 5-AGAATGTCGCCCGAGGTTG-3/, 5'-TA-
CAGCAAGCTAGGAGCAC-3', and 5'- AAGAGCTTG-
GCGGCGAATG-3' (237 bp for the wild-type SallT allele
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and 302 bp for the mutated allele). PCR amplification was
performed as described elsewhere.®”

Genotyping of iIPSC-Derived Chimeras Using a
Single EGFP-KSL Cell-Derived Colony or
Splenocytes

To identify the genotypes of neonatal mice among the
SallT knock-out mice, single hematopoietic stem cells
(HSCs) were assayed. Bone marrow cells were obtained
from neonatal mice and suspended in PBS containing 3%
FCS. Cells were stained with phycoerythrin (PE)-conju-
gated anti-Sca-1 monoclonal antibody (mAb; BD Biosci-
ence Pharmingen), allophycocyanin (APC)-conjugated
anti-c-Kit mAb, and a bioctinylated anti-lineage antibody
cocktail containing anti-Gr-1, anti-Mac-1, anti-B220, anti-
CD4, anti-CD8, and anti-Ter-119 mAbs (e-Bioscience,
Kyoto, Japan). The biotinylated antibodies were devel-
oped with APC-Cy7-conjugated streptavidin (SA: e-Bio-
science). Single EGFP-negative KSL cells were collected
in individual wells of round-bottomed, 96-well plates and
cultured 10 to 14 days under conditions like those de-
scribed,® but with one modification (erythropoietin was
included in the culture medium instead of G-CSF, IL-6,
and IL-11). EGFP-negative splenocytes were also pre-
pared from the same mice and were collected by Mo-flo.
DNA was extracted from colony-forming cells derived
from single EGFP-KSL cells or splenocytes. The PCR
primers used to amplify the neomycin-resistance (neo”)
gene inserted in the Sall7 locus were: neo” locus, forward
5-AAGGGACTGGCTGCTATTGG-3' and reverse 5'-
ATATCACGGGTAGCCAACGC-3' (420 bp); Salll wild-
type locus, forward 5'-GTACACGTTTCTCCTCAGGAC-3’
and reverse 5'- TCTCCAGTGTGAGTTCTCTCG-3 (200 bp).6
PCR amplification was performed as described above.

Histological Analysis

Kidneys were fixed with 4% paraformaldehyde and em-
bedded in paraffin or, for frozen sections, in Optimal
Cutting Temperature compound (Sakura Finetek, Japan).
Paraffin sections were deparaffinized with xylene and
hydrated with graded ethanols. A microwave oven was
used for antigen retrieval. Paraffin sections were stained
with hematoxylin and eosin (H&E) or periodic acid—
methenamine silver (PAM) for light microscopy. Frozen
sections were stained immunohistochemically. Briefly,
each section was incubated with primary antibody over-
night at 4°C and with secondary antibody for 1 hour at
room temperature. Primary antibodies were anti-EGFP
polyclonal antibody (pAb) for EGFP signal amplification
(rabbit 1gG, 1:500 dilution; Invitrogen), anti-DsRed pAb
(rabbit 1gG, 1:50 dilution; Clontech Laboratories, Moun-
tain View, CA), anti-platelet endothelial cell adhesion mol-
ecule~1 (Pecam1) (mAb; rat IgG, 1:100 dilution; BD Bio-
science Pharmingen), anti-aquaporin 1 (Agp1) (pAb;
rabbit 1gG, 1:200 dilution; Chemicon International, Te-
mecula, CA), anti-Liv2 (mAb; rat IgG, 1:200 dilution; Med-
ical & Biological Laboratories, Nagoya, Japan), and anti-
neuron class H B-tubulin (Tuj1) (mAb; rabbit IgG, 1:100
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dilution; Covance, Emeryville, CA). Rhodamine- and bio-
tin-labeled Dolichos biflorus agglutinin (DBA)-lectin, Lotus
tetragonolobus (LT)-lectin, and peanut agglutinin (PNA)-
lectin (Vector Laboratories, Burlingame, CA) staining was
also performed. The secondary antibodies and fluores-
cence-conjugated streptavidin used for immunofiuores-
cence studies were as follows: Alexa488-conjugated,
Alexab46-conjugated, and AlexaB47-conjugated goat anti-
rabbit IgG (Invitrogen), Alexab46-conjugated and Alexab47-
conjugated goat anti-rat IgG (Invitrogen), and Alexa546-con-
jugated and Alexab47-conjugated streptavidin (Invitrogen).
After treatment with the appropriate antibodies, the sec-
tions were mounted with Vectashield mounting medium
(Vector Laboratories) containing DAPI for nuclear
staining and were observed by fluorescence micros-
copy or confocal laser scanning microscopy.

For ultrastructural analysis of glomeruli, chimeric kid-
neys were cut into tissue blocks (approximately 0.5 mm®)
and immersed in 2.5% phosphate-buffered glutaralde-
hyde overnight at 4°C. The tissue blocks were postfixed
in 1% osmium tetroxide for 2 hours at 4°C, dehydrated in
graded ethanols, and embedded in epoxy resin (Poly/
Bed 812 Embedding Media, Polysciences, Warrington,
PA). Ultra-thin sections cut on a Leica Ultracut S micro-
tome (Leica, Vienna, Austria) were stained with urany!
acetate and lead citrate. Sections were observed by
transmission electron microscopy (TEM) at 75kV using a
H-7000 instrument (Hitachi, Tokyo, Japan).

Results

Generation of Kidney from Embryonic Sterm Cells

We conducted blastocyst complementation using ESC
and Sall1EGFP/EGFF blastocysts that would provide a niche
for kidney development. As a result of blastocyst com-
plementation (Figure 1, A and B), kidneys in Safi7*/*
chimeric neonatal mice were red (data not shown). Kid-
neys in Sall7 /£ chimeric mice were yellow, reflecting
a merger of host-derived EGFP-expressing cells and in-
jected DsRed-marked ESC-derived cells, as in whole-
body chimerism (Sall1*/5™ in Figure 1B). On flow cy-
tometry analysis, the brains and kidneys of Salf7+/*
chimeric mice contained EGFP-negative and DsRed-ex-
pressing cells (Figure 2, C and D). The brains and
kidneys of Sall1*/®S"" chimeric mice contained both
EGFP-expressing and DsRed-negative cells and EGFP-
negative and DsRed-expressing cells (Figure 2, E and F).
The genotype of each fraction of sorted cells was con-
firmed by PCR (data not shown). The brains and kidneys
of Sall1+/ESFF mice lacking ESC chimerism contained
EGFP-expressing and DsRed-negative cells (Figure 2, A
and B). The kidneys of Sali7*/5% " mice intrinsically con-
tained a few EGFP-expressing and DsRed-expressing cells
(Figure 2B). In contrast, the kidneys of Sal1EET/ESFP chj-
meric neonatal mice were red throughout, indicating that
the kidneys were entirely composed of DsRed-marked
ESC-derived cells (Sall1ES™™ESFP in Figure 1B), and were
of normal size. The brains of Safl7EST™ESFF chimeric mice
contained both EGFP-expressing and DsRed-negative
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Generation of entirely
P3C-derived kidney

Blastocyst complementation

Phase EGFP DsRed Merge C DsRed
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Figure 1. ESC-derived kidneys generated by blastocyst complementation. Az
Scheme for the experimental design for PSC-derived kidney generation.
Embryos obtained from Sall1 knock-out mice for kidney generation are
injected with ESCs (EB3-DsRed) or iPSCs (GT3.2). Genotyping by PCR is
performed; mice with entirely ESC- or iPSC-derived kidneys are generated. B:
To identify kidneys clearly as being ESC derived or host derived, embryos
obtained from intercrosses of Sall7 EGFP knock-in mice (Sa/l7+/"C™) are
injected with DsRed-marked ESCs. The kidneys of Sal[7°F*ESFP mjce com-
plemented with ESCs are entirely positive for DsRed, indicating their ESC
origin (Sall7°CFP/ESFP 4+ ESCs in B). The kidneys of Sall7* "™ mice com-
plemented with ESCs are positive for both DsRed and EGFP, indicating a
mosaic of both ESC-derived and host-derived cells (Sall1*/5°"™ + ESCs in B).
C: Representative kidney almost entirely composed of DsRed-positive cells.
D: Result of embryo manipulation and the genotype of Sa//7 mutant.

cells and EGFP-negative and DsRed-expressing cells
(Figure 2G). By contrast, the kidney contained EGFP-
negative and DsRed-expressing ESC-derived cells, but
not EGFP-expressing and DsRed-negative host cells
(Figure 2H). In ESC-derived Sall1=e"P/EGFP chimeric kid-
neys, host cells of collecting systems that did not express
Sall1 were included in the EGFP-negative and DsRed-
negative fraction (Figure 2H). These results indicate that
ESC-derived kidney was formed in Sall7ESFF/ECFP mice
by blastocyst complementation. A photograph of isolated
kidneys, ureters, and bladder demonstrates the different
densities of ESC-derived cells; although the kidneys were
derived entirely from ESCs, the ESC contribution to ure-
ters and bladder was minimal (Figure 1C). As expected,
in both Sall1EEFFPEGFP and Sall1 +/547P mice injected with
DsRed-ESCs, ESC-derived cells contributed to all of the
non-kidney tissues of the body, including adrenal gland,
ureter, bladder, muscle, and adipose tissue (data not
shown). The extent of the contribution varied from tissue
to tissue and also from mouse to mouse depending on
the individual degree of chimerism. Retrospective geno-
typing in a small population revealed that mice with

Sall1EGFPIEGER | Sgjl1 +/EGFP and Sall1*/* genotypes were
born with Mendelian frequency (Figure 1D). These mac-
roscopic and flow cytometry results substantiated that
kidney had been formed in Sall1S™EGFP mice via blas-
tocyst complementation. However, no complemented
mouse pup survived to adulthood (Figure 1D). By contrast,
ESC-derived Sall1*/ESFF and Sallf*'* chimeric mice
grew into adulthood (Figure 3, A and B). Moreover, ESC-
derived Sall1+ESFF chimeric mice and Sall1*/* chimeric
mice were fertile (Figure 3C). An ESC-marking gene,

A Brain B Kidney

DsRed.T4 -

&

2 037

E
B FLZ R LR

7,
femp UL Erenp F12

Sall1+/EGFP

O

N V%!
ot i wt !
Bemz FLY:REme FLY )

+ ESCs

Sall1t*

PN Duohed

Sa//1+/EGFP

Sal/{EGFPEGFP
+ ESCs

|

w
rvkzare |

Figure 2. Flow cytometry analysis and genotyping in ESC-derived brains
and kidneys. In Sall7%"C*? mice without ESC-chimerism, the brain and
kidneys (A and B, respectively) contained EGFP-expressing and DsRed-
negative cells. Moreover, the kidneys contained a few EGFP-expressing
and DsRed-expressing cells that showed autofluorescence. In Sall1%/™*
chimeric mice, the brain and kidneys (C and D, respectively) contained
EGFP-negative &DsRed-expressing cells that were derived from ESCs. In
Saitr*’ESTP chimeric mice, the brain and kidneys (E and F, respectively)
contained both EGFP-expressing and DsRed-negative host cells and
EGFP-negative and DsRed-expressing ESC-derived cells. G: In Sal/756™/
scrp chimeric mice, the brain contained both EGFP-expressing and
DsRed-negative host cells and EGFP-negative and DsRed-expressing ESC-
derived cells. H: Kidneys contained EGFP-negative and DsRed-expressing
ESC-derived cells, but not EGFP-expressing and DsRed-negative cells. I:
Genotyping PCR was performed on each fraction of sorted cells, as shown
by boxed areas in G.
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Figure 3. ESC-derived Sal/7+"®“F* chimeric mice in adulthood. A: Kidney,
muscle, and adipose tissue contained various contributions of ESC-derived
cells. B: In ESC-derived chimeric kidneys fragmented with sieve mesh, some
glomeruli and some tubules consisted of both ESC-derived cells and host-
derived cells. C: ESC-derived Sall7+/®S™ chimeric mice were fertile. An
ESC-marking gene, DsRed, was transmitted to progeny whose organs all
exhibited DsRed fluorescence (circle in left panel, square in right panel).

DsRed, was transmitted to progeny whose organs all
exhibited DsRed fluorescence. Figure 4 shows represen-
tative sections (H&E and PAM staining) of ESC-derived
kidneys from pups of complemented Salj7® ™ESFP
hosts. The glomerular capillary loops and basement
membrane showed normal development, with blood
cells in the glomerular capillary lumina (Figure 4, B and
C). The glomerular podocytes and epithelium of Bow-
man’s capsule were distinct, with open periglomerular
urinary spaces (consistent with urine production). That
is, the kidneys of these mice were grossly and histo-
logically normal. Moreover, we examined these kidney
tissues further for contributions of donor ESCs to dif-
ferent kidney lineages. On immunohistochemical study
of kidneys of pups developed from embryos comple-
mented with Safl7EG™P/EGFP biastomeres, the nephron
epithelia (including the condensed mesenchyme, pre-
tubular aggregate, comma-shaped bodies, s-shaped
bodies, glomerular podocytes, Bowman's epithelia,
proximal tubules, and distal tubules) and the renal
stroma (including the cortical stroma and medullary
stroma) consisted entirely of DsRed-positive cells
(podocytes: Figure 4F; proximal tubules: Figure 4G;
other data not shown). By contrast, both DsRed-posi-
tive cells and DsRed-negative cells were seen in col-
lecting ducts (Figure 4H). Therefore, the tissues seen
in this case were of ESC origin, with the exception of
those in collecting-tubule epithelia. These data
strongly indicate that we could generate ESC-derived
kidneys by blastocyst complementation.
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Generation of Kidney from iPSCs

We next addressed whether we could generate kidney
from iPSCs instead of from ESCs. We used blastocysts
derived from another Sall7 knock-out mice, in which EGFP
was not inserted, as injected iPSCs were marked with
EGFP (Figure 1A). As expected, on macroscopy the kid-
neys of Sall7+/~ or Sall1*/* chimeric mice were a mixture
of host-derived cells and EGFP-marked iPSC-derived
cells, as in whole-body chimerism (Sall7 ¥/~ in Figure 5A).
In contrast, the kidneys of Safl7~/= chimeric mice were
almost entirely composed of EGFP-marked iPSC-derived
cells (Sall1~'~ in Figure 5, A and B). These iPSC-derived
kidneys of Sall7 =/~ chimeric mice were grossly normal in
shape and size. As iIPSC-derived kidneys had urine-filled
bladders, those kidneys were inferred to communicate
with ureters and to function well. In previous reports, the
presence of bladders full of urine was shown to reflect
functionality of the renal and urological systems in new-
born mice.®'2 Although we expect that the produced

PNA-Lectin EGFP

F DsRed

LT-Lectin

DAPI DBA-Lectin EGFP

Figure 4. Histology and immunofluorescence of ESC-derived kidneys at the
neonatal stage. A: Normal morphology in sections of kidney from Sall7°°™
scrp chimera. Mature glomeruli (G) were found. B and C: Glomeruli were
normal in appearance in the Sa//75ST*ESFP chimeric kidney. D and E:
Glomerular features were normal in a wild-type 129/0la strain from which
ESCs had been established. H&E staining: A, B, and D; PAM staining: C, E,
and F-H: Sections were stained with varjous lectins and anti-DsRed antibody;
DAPI was used for nuclear counterstaining. F: PNA-lectin-positive glomerular
podocytes were ¥ DsRed positive and EGFP negative. G: LT-lectin-positive
proximal tubular epithelium was DsRed positive and EGFP negative. Most of
the LT-lectin—negative tubular epithelia, including that of the distal tubules,
were also DsRed-positive and EGFP-negative. H: DBA-lectin—positive col-
lecting tubule epithelia were composed of both DsRed-positive ESC-derived
cells and DsRed-negative host cells. Scale bar = 50 pm.
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Figare 5. iPSC-derived kidneys generated by blastocyst complementation.
Az iPSC-derived kidneys at the neonatal stage. In Sa/l7™'~ mice comple-
mented with iPSCs, the kidneys were normal in gross appearance and almost
entirely positive for EGFP, indicating that they were of iPSC origin (left
panels). The bladders of these mice were filled with urine. The kidneys in
Sall7*'™ mice complemented with iPSCs were only partially positive for
EGFP, indicating the presence of a mosaic of both iPSC-derived and host-
derived cells (middle panels). The absence of kidneys is shown in a
non-chimeric Sall7~/~ mouse at the same developmental stage (right
panels). B: A representative kidney is almost entirely composed of EGFP-
expressing cells. All of the non-kidney organs were mosaics of cells exhib-
iting fluorescence and of cells failing to fluoresce. C: Detection of Sall7
mutant genotyping using genomic DNA extracted from colony-forming cells
derived after single-cell sorting of EGFP-KSL cells from neonatal or postnatal
bone marrow. D: Results of embryo manipulation and genotyping of Sal/7
mutant. E: In one Sa/l77/" mouse complemented with iPSCs, the left kidney
was hydronephrotic.

urine in newborns is more dilute than that in adults, we
were unable to measure its osmolarity because of tech-
nical problems. As expected, in both Sall?™'~ and
Sall1*'~ mice injected with EGFP-iPSCs, iPSC-derived
cells contributed to all of the non-kidney tissues of the
body, including adrenal gland, ureter, bladder, muscle,
and adipose tissue (data not shown). The extent of the
contribution varied from tissue to tissue and also from
mouse to mouse depending on the individual degree of
chimerism. Single HSC colony assays yielded material for
genotyping PCR (Figure 5C). Retrospective genotyping
revealed that mice with Salji7*/*, Sall1*'~, and Sall1 ™/~
genotypes were born with Mendelian frequency (Figure
5D). In all Sall7 ™'~ mice examined, regardless of donor
chimerism in other tissues such as peripheral blood
(range, 29.1% to 92%), kidneys formed bilaterally. In one
mouse, one iPSC-derived kidney was normal and the
other was hydronephrotic (Figure 5E). Whether this out-
come was due to incomplete iPSC complementation or to
other causes (eg, abnormally functioning iPSC-derived
cells, Sall1™'~ status) remains unclear. These gross find-
ings suggest that iPSC-derived kidneys developed in
Salft '~ mice as a result of blastocyst complementation.

Next, we assessed histological findings in iPSC-de-
rived kidneys. Figure 6 illustrates representative sections
(H&E and PAM staining) of the kidney in pups of com-
plemented Sall’ ™'~ and Sall1™/~ host blastocysts. On
light microscopy of tissues from complemented Sall1 ~/~
mice, like those from complemented Sall7™'~ mice, the
architecture of renal cortex and medulla was normal (Fig-
ure B6A). On immunofluorescence microscopy at low
magnification, almost all tissues exciuding DB-lectin-
positive ureteric buds were EGFP positive. For signal
amplification, we assessed the fluorescence of a chro-
mophore coupled with anti-EGFP antibody. The glomer-
ular capillary loops and basement membrane had formed
normally, with blood cells in the glomerular capillary lu-
mina (Figure 6B). The glomerular corpuscles were dis-
tinct, with open periglomerular urinary spaces consistent
with urine production. On ultrastructural study, the glo-
merular three-layer architecture in  complemented
Sall1='~ mice was normal, with epithelial foot processes,
basement membrane, and fenestrated capillary-loop en-
dothelium (Figure 6C). At high magnification, slit dia-
phragms were seen (Figure 6D). The kidneys of these
mice were grossly and histologically normal. These re-
sults clearly indicate that blastocyst complementation
could generate both ESC- and iPSC-derived kidneys.

Polyclonal Origin of Single Glomerulus or
Nephron in Mouse Chimeras

To buttress our conclusion that donor iPSCs contributed
to different kidney lineages, we analyzed and compared
immunohistochemical profiles. In this process, we inci-
dentally confirmed a developmental phenomenon of chi-
meric mice. Immunohistochemical study of kidney in
pups of Sall1 ™+~ or Sall1** iPSC-derived chimeras found
tissues of metanephric mesenchymal lineage, including
glomerular podocytes in every glomerulus, to contain
both EGFP-positive cells and EGFP-negative cells (Fig-
ure 6A, Figure 7A-D). Throughout nephrogenesis, the
nephron progenitors and epithelia of metanephric mes-
enchymal lineage (ie, including the condensed mesen-
chyme, pretubular aggregate, comma-shaped bodies,
s-shaped bodies, mature glomeruli, proximal and distal
tubules) were similar. Among glomeruli, 28 had mixed
EGFP-positive and EGFP-negative podocytes, two had
only EGFP-positive podocytes, and one had only EGFP-
negative podocytes. Moreover, other metanephric mes-
enchymal components (including the epithelia of Bow-
man’s capsule and of the proximal and distal tubules)
also showed a mixture of EGFP-expressing and non-
EGFP-expressing cells (Figure 7D). In summary, individ-
ual metanephric mesenchymal components were com-
posed of cells of polyclonal origin in mouse chimeras.

Immunohistochemical Analysis of iIPSC-Derived
Kidneys
We examined these kidney tissues further for contribu-

tions of donor iPSCs to different cell lineages. On im-
munohistochemical study of kidneys in pups from com-
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Figure 6. Histology of iPSC-derived kidneys at the
neonatal stage. A: Normal morphology in sections of
kidney from Sa//77~ chimera. Distribution of iPSC-
derived cells in sections of iPSC-derived kidney from
Sall1™/~ and Sall1*’~ hosts. Upper panels: Paraf-
fin sections stained with H&E. Lower panels: Fro-
zen sections stained for DBA-lectin and EGFP. Most
of the nephron epithelia were of iPSC origin, but this
was not the case for the DBA-lectin~positive ureteric
bud epithelia. The cortical stroma was of iPSC origin
(asterisk). Scale bar = 100 wm. B: Glomeruli were
normal in appearance in Sa/l77'" and Sall1*/~ chi-
meric kidneys. Sections were stained with H&E or
with PAM technique. Scale bar = 50 wm. C: Trans-
mission electron micrograph of glomerulus in iPSC-
derived kidney. The triple-layer architecture of the
glomerular capillary in complemented Sal/1™'~
mice was normal, showing epithelial foot processes,
basement membrane, and fenestrated capillary-loop
endothelium. Original magnification, X6000. D:
High-power view of boxed region in C. Foot pro-
cesses and slit diaphragms (arrows) exhibit normal
development. Original magnification, X20,000.

O DBA-Lectin/EGFP

plemented Sall7™/~ host blastocysts, the cells of
metanephric mesenchymal lineage (including the con-
densed mesenchyme, pretubular aggregate, comma-
shaped bodies, s-shaped bodies, mature glomerull,
proximal and distal tubules) were of iPSC origin, with the
exception of the collecting duct epithelium (Figure BA,
Figure 7E-G). Most of the renal stroma (including the
cortical stroma, medullary stroma, and kidney capsule) was
of iPSC origin (Figure 8A, Figure 8A-C). This was to be

EGFP/DBA-Lectin

expected, as the collecting ducts and ureters are originally
derived from the ureteric bud; that is, development of these
structures did not occur under the direct influence of Sall7.

The cortical stroma (A), in which nephron epithelia lie,
medullary stroma (B), and Liv2-expressing kidney capsule
(C) were replaced by EGFP-positive iPSC-derived cells.
With respect to vascular systems, all of the endothelia of
vascular elements (including the arteries, arterioles, glo-
merular endothelia, peritubular capillaries, and venules)

PNA-Lectin

EGFP/DBA-Lectin

LT-Leclin

Figure 7. Immunofluorescence-microscopy studies of tissues of metanephric mesenchymal lineages in iPSC-derived kidneys at the neonatal stage. Polyclonal
origin of a single glomerulus or tubule in mouse chimeras (using iPSC-derived kidney of Sa//7™/~ chimeras). A and B: Immunofluorescence in the iPSC-derived
kidney of SallZ*/~ chimeras. Metanephric mesenchymal lineages including condensed mesenchyme (dashed line in A), and comma-shaped bodies (dashed
line in B) were mosaics of both iPSC- and host-derived cells. C: In the s-shaped body stage of the Sa//1%/~ chimeric kidney, a glomerular crevice with
Pecaml-positive endothelial cells was seen. Presumptive glomerular podocytes (white arrow), Bowman’s epithelia (yellow arrow), and the upper portion of
the s-shaped body (arrowhead) were mosaics of both iPSC- and host-derived cells. D: In the mature glomerulus of Saf/7+/~ chimeric kidney, glomerular podocytes
were hybrids of both EGFP-positive cells (arrowheads) and EGFP-negative cells (arrows). Scale bar = 50 um. Immunofluorescence, iPSC-complemented Sall1™"™
kidney (E-G). E: PNA-lectin—positive glomerular podocytes were totally composed of EGFP-positive iPSCs. F: LT-lectin-positive proximal tubular epithelia were of iPSC
origin. G: In the medulla of the iPSC-complemented Sal/7~/~ kidney, tubular epithelia of Aqpl-positive thin limbs of loops of Henle were of iPSC origin. Scale bars: 50
wm (A-D); 25 um (E); 100 um (F and G).
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Figure 8. Immunofluorescence-microscopy studies of stromal components
and vasculature in iPSC-complemented Sal/7™'~ kidneys at the neonatal
stage. A: Most of the cortical stroma (asterisk) in which nephron epithelia lie
was replaced by EGFP-positive iPSC-derived cells. B: The medullary stroma
(asterisk) was of iPSC origin. C: Liv2-expressing kidney capsule, a layer of
epithelial cells (arrows) cloaking the cortical surface, was of iPSC origin. D:
Tujl-expressing nerves around vessels in iPSC-derived kidney were not
composed of iPSCs. E: Pecaml-expressing endothelium of glomerulus (ar-
row) and of interlobular artery (arrowhead) was chimeric, as shown by
EGFP fluorescence. F: The Pecaml-expressing endothelium of segmental
renal artery (A) and vein (V) was chimeric for EGFP. G: Pecaml-expressing
endothelium of glomerulus, arteriole (white arrowhead), and peritubular
capillary (white arrows) was chimeric for EGFP. Glomerular podocytes
(yellow arrows) and Bowman’s capsule epithelium (yellow arrowheads)
were composed of EGFP-positive iPSC-derived cells. The glomerular mesan-
gium (asterisk) was also of iPSC origin. H: In a section paralle] to material
shown in E, glomerular mesangium (asterisk) was of iPSC origin. Leiomyo-
cytes (arrows) of interlobular artery were chimeric for EGFP. Scale bar = 50
.

showed chimeric organization (Figure 8E-H). The glomeru-
lar mesangium, but not the leiomyocytes of vessel walls,
was of iPSC origin (Figure 8, G and H). In addition, nearly all
juxtavascular or perivascular nerves were not of iPSC origin
(Figure 8D). These results indicate that in all mice, although

iPSCs supplied all kidney cell lineages, collecting duct ep-
ithelia and kidney stromal elements such as vessels and
nerves were composites of host- and iPSC-derived cells.

Discussion

We have taken an innovative approach, that of blastocyst
complementation, to organ regeneration and have dem-
onstrated that this technique can be used to generate
donor PSCs~derived functional kidney. If an empty de-
velopmental niche for an organ is provided (as with the
Pdx1~/~ mouse and the pancreatic niche®), PSCs-de-
rived cellular progeny can occupy that niche and devel-
opmentally produce a solid organ in the vacant space.
Several groups have used the same technique to study
development of thymic epithelia’® and compensation for
cardiac defects, ' to determine clonal origins in yolk sac
hematopoiesis and germ cell development,'®'® or to de-
fine developmental organ sizes of liver and pancreas.’”
Here, we applied this technique to the generation of
kidneys.

Our present findings demonstrated that epithelial cel-
lular lineages originating from the metanephric mesen-
chyme were entirely replaced by the progeny of injected
PSCs in Sall7 ™'~ chimeric mice (Figure 4, Figure 7). Sall1
is expressed in the metanephric mesenchyme-derived
structures in the developing kidney, and is essential not
only for the initial interactions between the mesen-
chyme and the ureteric buds but also for the growth
and development of the metanephric mesenchyme af-
ter those interactions. Indeed, in vifro assays indicated
that the Sall1-expressing cell population in the meta-
nephric mesenchyme contains multipotent nephron pro-
genitors, and that colony formation after plating was im-
paired in EGFP-positive cells from Sall15SFP/EEFP mouse
kidneys. ™ During nephrogenesis in the setting of blasto-
cyst complementation, host embryo-derived cells in
Sall1-deficient mice could not compete with injected nor-
mal ESC- or iPSC-derived cells. In addition, all renal
stromal elements (ie, cortical stroma, medullary stroma,
and kidney capsule) were composed of PSC-derived
cells, suggesting that these tissues’ development also
depends on Sall7 expression. It is worth noting that glo-
merular mesangial cells, but not leiomyocytes of vessel
walls, were entirely composed of PSC-derived cells, al-
though the cellular phenotype of mesangial cells report-
edly resembles that of vascular leiomyocytes.*® Our data
therefore strongly indicate that Sall7 exerts cell-autono-
mous functions in various lineages, including that of the
metanephric mesenchyme, and that Sall7 mutant mice
could be useful as harboring a developmental niche in
which to regenerate the major parts of the kidney by
blastocyst complementation.

We consider that the mechanism for the rescue of
tissues of renal stromal lineage including the renal cap-
sule was related to cell-autonomous function during or-
gan development. Sall1 expression is reported not only in
metanephric mesenchyme but also in FoxdT-expressing
stromal components, although in the latter Sall7 expres-
sion is relatively weak.'® Our finding that the stroma is

— 373 —



also replaced by PSC descendants may suggest that
Sall1 is also required for this lineage cell-autonomously,
although lineage-specific Sall7 deletion would be needed
to test this hypothesis.

By contrast, collecting ducts derived from ureteric
buds, microvascular endothelial cells including the glo-
merular endothelia, and leiomyocytes were not entirely
composed of PSC-derived cells (Figure 8). These find-
ings are consistent with the fact that Sall7 is not ex-
pressed in the renal lineages mentioned above at kidney
development. Therefore mutant mice lacking these lin-
eages should be combined with Sall7 knock-out mice if
kidneys wholly composed of PSC descendants are to be
generated.

In this study, none of the mouse pups with comple-
mented kidneys survived to adulthood. Some chimeric
mouse models with unexpectedly lethal phenotypes have
been reported.2%2" This suggests that chimerism does
not always rescue mice from embryonic lethality, perhaps
partly due to the insufficient multipotency of ESCs or to
low proportional chimerism. Sall7 ™'~ mice not only exhib-
ited renal agenesis but also nursed poorly, as inferred
from the absence of intragastric milk visible through the
abdominal wall. This was also true for blastocyst-com-
plemented Safl7 ™"~ pups. Because Sall1 is expressed in
the brain, it may mediate the development of nerve path-
ways necessary for suckling function. Four Sall family
genes were previously identified, Sall7 to Sall4, and were
demonstrated to act synergetically as transcription fac-
tors.2222 Therefore, each Sall family is possible to resem-
ble in cellular function, and the phenotypes of the mutant
mice may be similar each other. Among them, Sall7 ex-
pression co-localizes with other Sall family expression, at
sites such as the brain, kidney, limb buds, and heart.
Indeed, Sall3 mutant mice show anatomical defects in the
brain,?* permitting the inference that Sall7-deficient mice,
without such defects, may have neurological functional
abnormalities. Moreover, suckling ability can be ad-
versely affected by other causes, including seeking the
nipple, recognizing the nipple, orally grasping the nipple,
sucking, and transport of oral contents to the back of the
mouth, with swallowing. As expected, in PSC-injected
Sall1~'= mice, both PSC-derived cells and host cells
contributed to all non-kidney tissues. Therefore, neuro-
muscular and endocrine organs necessary for proper
suckling were composites of both cell types, and physi-
ological function may have been imperfectly recovered in
these organs despite PSC-derived complementation.
This perhaps illustrates an important aspect of blastocyst
complementation, in that exogenous PSC-derived cells
may not compensate for cell-intrinsic developmental de-
fects that are not occasioned by cell loss. Alternatively,
chimerism achieved by exogenous cells may not be suf-
ficient to compensate fully for Safl7 deficiency at some
sites, and functional defects caused by Sall7 deficiency
may persist. Because of the lack of progression to
adulthood, it was not possible to observe functioning of
PSC-derived kidneys in adult mice. However, the ob-
servation of urine accumulation in the bladders of neo-
natal Sall7~/~ mice derived from iPSC-complemented
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blastocysts strongly suggests that iPSC-derived kid-
neys were functional.

Previously we had successfully generated rat pan-
creas in mouse by injecting rat iPSCs into Pdx7 ™/~ mouse
embryos.® In this study, we also injected rat iPSCs into
Sall1™'~ mouse blastocysts; however, to date, we have
not been able to generate rat kidneys in mice (unpub-
lished observations). If the key molecules in mice in-
volved in the interactions of the mesenchyme and the
ureteric buds do not cross-react with those in rats, to
vault this hurdle it would be necessary to generate a host
mouse strain lacking all of the lineages that contribute to
the kidney.

In summary, we successfully generated kidneys from
PSCs via blastocyst complementation. This accomplish-
ment may open doors to insights into the cellular and
molecular mechanisms of kidney development.
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The question of whether a single hematopoietic stem cell (HSC)
gives rise to all of the B-cell subsets [B-1a, B-1b, B-2, and marginal
zone (MZ) B cells] in the mouse has been discussed for many years
without resolution. Studies here finally demonstrate that individ-
ual HSCs sorted from aduli bone marrow and transferred io
lethally irradiated recipients clearly give rise to B-2, MZ B, and B-
1b, but does not deiectably reconstitute B-1a cells. These findings
place B-2, MZ, and B-1b in a single adult developmental lineage
and place B-1a in a separate lineage derived from HSCs that are
rare or missing in adulis. We discuss these findings with respect to
known developmental heterogeneity in other HSC-derived lym-
phoid, myeloid, and erythroid lineages, and how HSC develop-
mental heterogeneity conforms to the layered model of the
evolution of the immune system that we proposed some years
ago. In addition, of importance to contemporary medicine, we
consider the implications that HSC developmental heterogeneity
may have for selecting HSC sources for human transplantation.

he hematopoietic stem cell (HSC) derived from adult bone

marrow (BM) is commonly thought to have multilineage
potential, meaning that the HSC is considered capable of
reconstituting all lymphoid, myeloid, and erythroid lineages of
the immune system (1, 2). Indeed, HSCs from BM readily re-
plenish B, T, myeloid, and erythroid cells in irradiated recipients
(3, 4). However, more detailed examination of the reconstituted
B cells derived from HSCs taken at different times during de-
velopment reveals differences in reconstitution efficiency for the
four currently recognized murine B-cell subsets, [i.e., B-1a, B-1b,
B-2, and marginal zone B (MZ)] (5-7).

Transferring adult BM into lethally irradiated recipients
readily reconstitutes B-2 and MZ, which represent the majority
of the B cells in spleen and other lymphoid organs but only
poorly reconstitute B-1 cells in the same recipients. In contrast,
transferring neonatal BM, liver, or spleen to similar irradiated
recipients fully reconstitutes B-1 (B-1a and B-1b), B-2, and MZ.
Thus, at least with respect to B cells, the multilineage potential
of the HSC population in adults is more limited than the mul-
tilineage potential of the HSC population in neonates (5, 7-12).
These differences in B-cell reconstitution capabilities of adult
versus neonatal BM underlie the idea that B-1 and B-2 belong to
distinct developmental lineages derived from distinct HSCs (13).

Recent studies by Dorshkind and colleagues (5) confirm and
extend the earlier findings. By sorting and transferring highly
enriched HSC populations from adult BM and neonatal sources,
these investigators demonstrate that the HSC population sorted
from adult BM principally reconstitutes B-2 and B-1b and only
poorly reconstitutes B-1a (5). In contrast, B-1a cells are relatively
well reconstituted by transfers of HSC populations sorted from
“neonatal” BM (2.5 wk of age), although the sorted cells still
predominantly reconstitute B-2 and B-1b (5). These findings
demonstrate clearly that the commitment to give rise to develop
into B-1a occurs at or before the HSC development and that BM
HSC populations collectively lose the potential to give rise to B-
la as the animal ages.
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Importantly, however, because the Dorshkind studies are
based on transfers of sorted HSC populations (roughly 1,000
sorted cells per recipient), they are not informative with respect
to the potential of individual HSCs in the transferred population
to give rise to each of the B-cell subsets (B-1a, B-1b, B-2, and
MZ). In studies here, we close this gap by definitively demon-
strating that individual HSCs sorted from adult BM fully re-
constitute B-2, MZ, and some B-1b but do not reconstitute B-1a.
These findings place B-2, MZ, and at least some B-1b in a single
adult developmental lineage and place B-1a in a separate lineage
derived from HSCs that are rare or missing in adults.

We discuss these findings with respect to known developmental
heterogeneity in other HSC-derived lymphoid and myeloid line-
ages in the mouse (14, 15) and how/whether HSC developmental
heterogeneity conforms to the layered model of the evolution of
the immune system that we proposed some years ago (13, 16). In
addition, of importance to contemporary medicine, we consider
the implications HSC developmental heterogeneity for selecting
HSC sources for human transplantation.

Results

Adult Bone Marrow Transfers Poorly Reconstitute B-1a in Irradiated
Recipients. Multiple studies show that B-1 cells, which represent
the majority of the B cells in the peritoneal cavity (PerC), are
only poorly reconstituted by adult bone marrow transfers that
readily reconstitute B-2 cells in the PerC and elsewhere in irra-
diated recipients (7, 8, 10-12). However, B-1 are readily recon-
stituted by transfers of mature B-1 from adult PerC to the same
irradiated recipients. Similarly, we show here that B-1 are poorly
reconstituted by transfers of 3 x 10° adult BALB/c (IgH® allo-
type) BM cells to sublethally irradiated (3.25 Gy) RAG1™" re-
cipient mice (Fig. 1). Cotransfer of 3 x 10° adult PerC cells from
CB.17 (IgH" allotype) congenic mice reconstitutes only B-1 in
the same animals (Fig. 1).

At the B-cell subset level, adult BM (IgH") transfers re-
constitute B-2 and a small percentage of B-1b (CD5™ B-1) but
only very few B-1a (CD5* B-1). The extent of this minimal B-1a
and B-1b reconstitution decreases with the number of BM cells
transferred, more so for B-1a than B-1b (Table 1). Thus, B-1a
reconstitution falls below detectability at 2 x 10° transferred BM
cells, whereas this number of transferred BM still reconstitutes
B-1b (CD5™ B-1) to a reasonable extent (Table 1). These findings
are consistent with distinctive origins for B-1a and B-2 and raise
questions about the developmental relationship between B-la
and B-1b. Studies that follow address these issues.
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Fig. 1. Reconstitution of recipient peritoneal cavity (PerC) B cells after co-
transfer of bulk bone marrow (BM) and PerC. Donor cells (3 x 10% BALB/c BM
and 3 x 10° CB.17 PerC) were injected i.v. to sublethally irradiated RAG1™"~
recipients. Two months after transfer, B-cell reconstitution was analyzed in
recipient PerC as shown. Donor BM (IgM?) cells readily reconstituted B-2
(Igb™, 1gM'®) and B-1b (IgD'°, IgM", CD57) in PerC of recipient mice. In
contrast, donor PerC (IgMP) celis mainly reconstituted B-1a (igD', Igh", and
CD5*) and B-1b.

Single HSCs Sorted from Adult BM and Transferred to Lethally
Irradiated Recipients Provide Long-Term Reconstitution of All
Hematopoietic Cells. For these studies, we FACS sorted and
transferred a single HSC obtained from adult BM of transgenic
mice expressing Kusabira Orange (KuO™), a readily detectable
fluorescent marker, and identified as Lin~ cells that express
cKit™, Sca-1*, CD150" but not CD34 (17) (Fig. 24). Each in-
dividual HSC was transferred i.v. to lethally irradiated mice along
with 2 x 10° “competitor” congenic BM cells. Mice were bled
monthly to check for the level of chimerism, i.e., percentage of
immune cells derived from the single HSC (KuO™) versus per-
centage of immune cells derived from the competitor congenic
BM. Preliminary analysis demonstrated significant hematopoietic

Table 1. The extent of B-1 (B-1a and B-1b) reconstitution
changes with the number of donor bone marrow (BM) transfers

PerC B-1 cells derived from
donor BM cells, %

Amount of donor BM B-1a B-1b
3 x 10° total cells 12-20 80-88
2 x 10° total cells 2-5 95-98
Single HSC 0.2-1 99-99.8

B-1a (CD5* B-1) reconstitution fails below detectability at 2 x 10° trans-
ferred BM cells, whereas B-1b (CD5™ B-1) are still reasonably reconstituted.

Ghosn et al.

reconstitution (i.e., multilineage reconstitution) in 17/80 recipi-
ents of sorted HSC. Here, we examined the five recipients that
had the highest chimerism in the B-cell compartment (10-80% of
total B cells in blood derived from sorted KuO™* HSCs).

Despite the difference in its ability to reconstitute B-1a versus
B-2 (Results), the individually transferred HSCs studied here
were fully multipotent, at least by the current definition of
multipotency, ie., they stably reconstituted platelets, eryth-
rocytes, myeloid cells, T cells, and B cells in all recipient mice.
These reconstituted hematopoietic cells were still readily de-
tectable when the mice were killed and the organs harvested at
30 wk posttransfer.

Individual HSCs Sorted from Adult BM Give Rise to B-2 and B-1b, but
Not to B-1a: Reconstitution in Recipient PerC. Transfers of individual
HSCs to irradiated recipients are well known to reconstitute B-2
cells, which typically predominate in spleen and peripheral blood
and are commonly taken as a measure of B-cell reconstitution
(4). We similarly find that B-2 cells are readily reconstituted by
transfers of single HSCs from adult bone marrow to irradiated
recipients and that B-1b are reconstituted to about half-normal
level (Fig. 2B). However, even 30 wk after transplantation, in-
dividual HSCs sorted and transferred from adult bone marrow
do not replenish the B-la compartment in the otherwise fully
reconstituted recipients (Fig. 2B).

This selective B-1a developmental failure cannot be explained
by a lack of support for B-1a development in the adult recipient
environment. Earlier transfer studies have clearly shown that B-
la cells are readily reconstituted when early progenitors (fetal
liver, neonatal spleen, and BM) are transferred to adult recipi-
ents (11). Moreover, Dorshkind et al. (5) have shown directly
that bulk-sorted and transferred neonatal HSCs readily re-
constitute B-1a cells in adult recipients. These and other similar
findings demonstrate clearly that the adult environment readily
supports development of B-la. Therefore, the failure of the
HSCs in our study to give rise to B-la demonstrates that adult
BM contains HSCs that are restricted developmentally to giving
rise only to B-2 and some B-1b.

Of course, adult BM may also contain HSCs capable of giving
rise to all B-cell subsets, including B-1a. Indeed, Dorshkind and
colleagues obtained some B-la reconstitution when they trans-
ferred 500-1,000 sorted HSCs from adult BM to irradiated
recipients (5). In any event, because we failed to obtain B-1a in
5/5 HSC recipients, the data we present here (Fig. 2B) clearly
demonstrate that a sizable proportion of HSCs in adult BM
cannot reconstitute B-1a.

Surprisingly, given the close historical and notational re-
lationship between B-1a and B-1b (9, 11), we find that all of the
individually sorted and transferred adult HSCs replenish a sub-
stantial proportion of the B-1b compartment (Fig. 2B). Thus, we
additionally conclude that adult HSCs are committed to give rise
to B-2 and a proportion of B-1b cells.

Individual HSCs Sorted from Adult BM Give Rise to Follicular (B-2) and
MZ B Cells, but Not B-1a: Reconstitution in Recipient Spleen. Con-
sistent with data for PerC reconstitutions presented above, in-
dividually sorted adult BM-derived HSCs do not reconstitute
detectable numbers of B-1a cells (B220'°, CD5™) in spleen (Fig.
3). As expected, these HSCs efficiently reconstitute splenic fol-
licular B-2 (IgD™ and IgM™) cells and MZ (CD21™) B cells.
Moreover, the percentage of CD21% MZ cells among total B
cells derived from the sorted HSCs is similar to that found in the
spleen of control animals.

Discussion

We have shown that individual HSCs, FACS sorted from adult
BM and transferred to lethally irradiated recipients, give rise to
B-2, MZ B, and B-1b cells but do not give rise to B-1a. These
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Fig. 2. Reconstitution of recipient peritoneal cavity (PerC) B cells after single HSC transfer. Individual HSCs were isolated from adult (9 wk) bone marrow (BM)
of KuO* mice and injected i.v. to lethally irradiated C57BL/6 recipients. (A) HSC in adult BM was identified as Lin™, cKit*, Sca-1*, CD150%, and CD34™°. (B)

Recipient PerC was analyzed 27 wk after single HSC (KuO*) transfer. Total

HSC-derived B cells in recipient PerC were identified by CD19* and KuO™* and

analyzed for surface expression level of CD5 and B220. Sorted and transferred individual KuO* HSC failed to reconstitute B-1a (CD5Y, B220'°, and CD19") but
readily reconstituted B-2 (CD5, B220", and CD19'°) and some B-1b (CD5~, B220"°, and CD19").

findings confirm the longstanding hypothesis that B-1a and B-2
originate from distinct progenitors in adults and hence belong to
distinct developmental lineages (6, 7, 10, 11, 18-24). Further,
these findings unexpectedly place a proportion of B-1b and MZ
in the same developmental lineage as B-2.

Laying the groundwork for these findings, Dorshkind et al. (5)
have shown that 500-1,000 bulk-sorted HSCs from adult BM
principally reconstitute B-2 in lethally irradiated recipients. In
addition, small but detectable numbers of B-1a (roughly 6% of
total B in PerC) were reconstituted by the 500~1,000 bulk-sorted
BM cells that were transferred (5). In our studies, transfers of in-
dividual HSCs also fully reconstituted B-2. However, these
transfers failed to detectably reconstitute B-1a (only a few scat-
tered “dots” constituting at best 0.2-1% of total B in PerC were
visible in FACS analyses) (Figs. 2B and 3). The difference can be
explained if rare HSCs capable of giving rise to B-1a were present
in the HSC bulk sorted from adult BM in the previous study.

Dorshkind et al. have already shown that B-1a are clearly, albeit
not fully, reconstituted by HSC bulk sorted from 2.5-wk-old neo-
natal BM (5). Thus, it is reasonable to expect that a small number
of neonatal HSCs are present among sorted adult HSC pop-
ulations. These HSCs could either reconstitute both B-1a and B-2
(plus MZ and B-1b) or they could be committed to reconstitute
only B-1a. There is no data at present to decide between these
alternatives. In any event, the current data collectively demon-
strate that a high proportion (most or all) adult HSCs are com-
mitted to reconstitute only B-2, MZ, and some B-1b.

5396 | www.pnas.org/cgi/doi/10.1073/pnas.1121632109

Fetal liver and neonatal (2 d-2 wk) spleen, of course, have
long been known to fully reconstitute B-1 and all other B-cell
subsets in irradiated recipients (11). As in intact animals, the
number of B-1a is greater than B-2 and B-1b (B-1a > B-2 > B-
1b) in PerC in these recipients. In contrast, B-2 > B-1b > B-lain
PerC in recipients of the HSC populations sorted and transferred
from 2.5 wk BM, although B-la reconstitution by the sorted
neonatal cells is still substantially greater than B-1a reconstituted
from HSC bulk sorted from adult BM (5). Thus, either HSCs
gradually losé their ability to reconstitute B-1a as animals age or
the HSCs in adults never had this ability, i.e., they are de-
velopmentally distinct from the HSCs that predominate during
fetal and neonatal life (6, 13, 21). Again, there are no data
available to distinguish these possibilities. See Table 2 for
a comprehensive description of B-cell reconstitution potential of
several in vivo cell transfer studies (2, 5, 11, 22-26).

In any event, the differences in B-cell development potential
between neonatal and adult HSCs indicate that evolution has
crafted a developmental strategy for differentially populating the
B-cell compartment to gradually enrich it for functionally rele-
vant B cells as the animal ages (13, 16). This strategy would
appear to extend to all hematopoietic lineages in the mouse.
Differences between fetal and adult erythrocytes are well known.
Further, early work from the Weissman and Allison laboratories
defined a “first wave” of T-cell development, which occurs during
fetal life and principally generates y8 T cells and later wave(s)
that generate the ap T cells that ultimately predominate in adult
life (27). In this construction, B-1a would be located alongside y8
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