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SUMMARY

Hematopoietic stem cell (HSC) transplantation repre-
sents a curative treatment for various hematological
disorders. However, delayed reconstitution of innate
and adaptive immunity often causes fatal complica-
tions. HSC maintenance and lineage differentiation
are supported by stromal niches, and we now find
that bone marrow stroma cells (BMSCs) are severely
and permanently damaged by the pre-conditioning
irradiation required for efficient HSC transplantation.
Using mouse models, we show that stromal insuffi-
ciency limits the number of donor-derived HSCs
and B lymphopoiesis. Intra-bone transplantation of
primary, but not cultured, BMSCs quantitatively re-
constitutes stroma function in vivo, which is
mediated by a multipotent NT5E* (CD73)* ENG™
(CD105)~ LYBA* (SCA1)" BMSC subpopulation.
BMSC co-transplantation doubles the number of
functional, donor-derived HSCs and significantly re-
duces clinically relevant side effects associated
with HSC transplantation including neutropenia and
humoral immunodeficiency. These data demonstrate
the potential of stroma recovery to improve HSC
transplantation.

INTRODUCTION

Approximately 50,000 hematopoietic stem cell transplantations
(HSC-T) are performed every year in order to treat patients
with hematopoietic malignancy, aplastic anemia, and primary
immunodeficiency (Majhail et al., 2012). Successful engraftment
by exogenous HSCs requires a competitive advantage over
endogenous HSCs, which is achieved by eliminating host
marrow cells by combinations of chemotherapeutics and irradi-
ation. The use of peripheral blood stem cells (PBSC), better
prophylaxis against infection, refined immunosuppressive thera-
pies to control graft-versus-host disease (GvHD), and reduced
intensity conditioning (RIC) regimen with lower toxicities have
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improved overall survival over the last 2 decades (Majhail
et al., 2012). Notwithstanding, HSC-T still entails significant risks
for patients: the overall survival probability for adult leukemia pa-
tients who receive allo-HSCT is only about 50% (Anasetti et al.,
2012), which increases to 85% for the following 10 years if pa-
tients survive the critical first 2 years (Wingard et al., 2011). About
half of patient’s deaths are due to leukemic relapse, while 15%
are caused by either GvHD or infections. Post-transplant pa-
tients suffer from myelosuppression for several weeks and dete-
riorated adaptive immunity increasing the risk of opportunistic
infections (Storek et al., 2008). Even in the absence of GvHD,
most patients require about 1 year for adequate reconstitution
of the adaptive immune system. Donor-derived adaptive
immunity is typically poor, since post-transplant, homeostatic
expansion of T cells restricts clonal diversity and limits T cell-
dependent B cell responses (Norlin et al., 2008). Humoral immu-
nity is further reduced due to insufficient B lymphopoiesis
characterized by a lack of B cell precursors (Storek et al.,
2008). B cell deficiency can be compensated by intravenous
immunoglobulin replacement therapy, which, however, often
produces side effects. Therefore, approaches increasing post-
transplantation myelopoiesis and B lymphopoiesis may alleviate
HSC-T related complications such as life-threatening infections.

Hematopoietic stem cells have the capacity to self-renew and
to generate all differentiated cell types present in the blood.
Among the cell populations present in the bone marrow (BM),
HSCs are uniquely able to stably engraft the BM of a recipient
and to expand and provide long-term multi-lineage hematopoie-
sis. A number of studies have demonstrated improved outcome
of HSC-T with increased doses of CD34" stem and progenitor
cells indicating that their expansion capability may be limited
(Pulsipher et al., 2009). In animal experiments, the number of
donor HSCs after transplantation does not exceed around
10% of that present in controls even when excess amounts of
HSCs are transplanted (Iscove and Nawa, 1997). This may
explain the impaired hematopoiesis with respect to lineage pro-
genitors in the BM in human patients, which is still observed
several years post-HSC-T (Domenech et al., 1995). In the BM,
HSCs are found in specialized stromal niches, which support
HSC self-renewal and multipotency (Acar et al., 2015). However,
sustained and quantitative engraftment by donor HSCs requires
pre-conditioning using irradiation or chemotherapeutics (Tomita
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et al., 1994), which ablates most of the hematopoietic system of
the host. Without pre-conditioning, donor chimerism remains
very low (Bhattacharya et al., 2009), indicating competition be-
tween donor and host HSCs for available niches. The niche sup-
ports HSCs by providing factors such as CXCL12 and Kit-ligand
(or Stem Cell factor) and facilitates expansion without exhaus-
tion. Given the proximity of dormant and cycling HSCs and
committed progenitors within the BM, it is thought that the
different hematopoietic populations are supported by distinct
types of specialized niches (Ding and Morrison, 2013): e.g., arte-
riolar and sinusoidal niches that preferentially associate with
either quiescent or proliferating HSCs, respectively (Itkin et al.,
2016; Kunisaki et al., 2013). Understanding the biology of these
niches may provide valuable therapeutic opportunities to
improve hematopoiesis after transplantation or to correct he-
matopoietic disorders. For example, osteoblastic niches were
shown to support B lymphopoiesis in the bone marrow (Wu
et al., 2008).

Here, we find that pre-conditioning for HSC-T using total body
irradiation (TBI) permanently incapacitates the BM stroma. This
defect can be rescued by intra-bone transplantation of freshly
isolated CD73* CD105~ SCA1* multipotent bone marrow stro-
mal stem cells but not using cultured cells. Indeed, the co-trans-
plantation of HSCs with primary bone marrow stromal cells
(BMSCs) markedly improves the expansion of donor-derived
HSCs in irradiated hosts and reduces side effects of HSC-T
such as neutropenia or B lymphocytopenia.

RESULTS

Irradiation Damages Stromal Niches in the Bone Marrow

Since irradiation damages DNA and thus targets proliferating
cells, we used the colony-forming units fibroblasts (CFU-F)
assay to estimate the content of proliferation-competent BM
stromal cells after TBI at a dose (2 x 4.5 Gy, 4 hr apart) routinely
used to pre-condition mice for HSC transplantation. Total bone
marrow cells were isolated by first flushing the red marrow cavity
(marrow suspension) and combining this preparation with cells
isolated by crushing and treating the marrow-free bones with
collagenase (endosteal and metaphysis fraction; Figure S1A).
The latter preparation contained over 99% of CFU-F activity
within the bone (Figure S1B). In contrast to controls, which
gave rise to around 2,000 CFU-F per femur, irradiated mice
showed an over 98% reduction of CFU-F activity 1 day after irra-
diation (Figure 1A). In order to determine whether TBI resulted in
transient or permanent loss of CFU-F activity, we rescued hema-
topoiesis in irradiated mice by HSC-T (via systemic delivery by
tail vein injection). Surprisingly, the CFU-F activity did not
recover after 4 weeks and only marginally increased to 7% of
controls after 4 months indicating that upon irradiation the
stroma had permanently lost its ability to expand ex vivo. In
agreement with these data, bone marrow stromal cells (BMSCs)
isolated from irradiated, GFP* donors by magnetic activated cell
sorting (MACS) to remove CD45", CD11b*, LY76 (Ter119)*, and
CD31* (hematopoietic and endothelial lineage) cells (Figure S1C)
did not engraft GFP™ recipients, while BMSCs from non-irradi-
ated GFP* donors were readily detected 5 days after transplan-
tation (Figure 1B). Further, stroma-derived factors and markers
of stromal differentiation (Kit/, Vcam1, Angpt1, Spp1, Adipoq,
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Sp7) were severely reduced in BMSCs isolated 4 weeks after
irradiation (and HSC-T) as compared to controls (Figure 1C).
Together this indicates that the pre-conditioning, which is typi-
cally used for HSC engraftment leads to a severe and long-
term defect of the BM stroma.

Importantly, the reduction in CFU-F activity is paralleled by a
reduction of HSC numbers after transplantation. Transplanting
5 x 10E6 bone marrow cells (containing ~300 HSCs) into an irra-
diated mouse (which equals 2.5 x 10E8 BM cells per kilogram
body weight and corresponds to the dose typically used in pa-
tients: 2-11 x 10E8 BM cells per kilogram body weight with
about 1% of CD34" hematopoietic stem and progenitor cells;
Sezer et al., 2000) failed to restore the number of HSCs present
in non-irradiated control mice. While one femur of an irradiated
recipient contained around 1,200 donor-derived HSCs (Lin~
SCA1* KIT* [LSK] CD150" CD48") after 4 weeks and 1,500
donor-derived HSCs after 12 weeks, around 8,400 HSCs were
present in the femur of non-irradiated, non-transplanted control
mice (Figures 1D and S1D). Together, these data reveal that
pre-conditioning by irradiation permanently damages the BM
stroma, which shows only insufficient, spontaneous recovery.
The residual stroma may be ineffective at supporting HSC
reconstitution.

We next addressed whether HSC engraftment could be
improved by restoring the BM stroma. To test whether stromal
cells were recruited to irradiation-damaged stromal niches in
the bone via the circulation, we irradiated a single femur while
protecting the remainder of the body with a lead mask. As ex-
pected, the exposed femur lost over 95% of its stromal progen-
itors within 5 days after irradiation. Interestingly, CFU-F activity
only recovered to about 20% of the control levels after 4 weeks
(Figure 1E). This suggested inefficient mobilization and recruit-
ment of stromal cells via the circulation.

We thus performed rescue experiments with BMSCs by direct
intra-bone transplantation instead of systemic delivery. Using
cells obtained from BMSCs cultures (cBMSCs) expanded
in vitro for 2 weeks did not improve the abundance of HSCs (Fig-
ure 1D). Together, these data reveal that pre-conditioning by irra-
diation permanently damages the BM stroma, which shows only
insufficient, spontaneous recovery. The residual stroma may be
ineffective at supporting HSC reconstitution.

Co-transplantation of Primary BMSCs Improves HSC
Engraftment

We next tested whether the co-transplantation of primary
BMSCs into both femurs enhanced the efficiency of HSC-T (Fig-
ure 2A). To track transplanted cells, we used HSCs from mice
ubiquitously expressing GFP (ACTIN-GFP). However, since
GFP triggered cell rejection in wild-type hosts (Figures S2A
and S2B), we used recipient mice expressing GFP in the
pancreas under the control of the rat insulin promoter, which
did not reject GFP-expressing cells (Figure S2C). Intra-bone
engraftment of primary BMSCs was further improved using
Rho-associated protein kinase (ROCK) inhibitor Y-27632
(Figure S2D), which possibly prevents anoikis of cells (Watanabe
et al., 2007). The co-transplantation of primary BMSCs had a
significant effect on the abundance of Lin~ SCA1*" KIT* (LSK)
cells (Figure 2B) and increased the frequency and absolute
number of HSCs (LSK CD48~ CD150*) and of LT-HSCs (LSK
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Figure 1. Stromal Niches in the BM Are Damaged by Irradiation

(A) Total colonies in CFU-F assays per femur after TBI (2 x 4.5 Gy) and HSC-T
(except for day 1) as measured 1 day, 3 weeks, or 4 months after irradiation
(n = 4 each; one-way ANOVA,; error bars show SD; age-matched FVB animals
were used as controls).

(B) Engraftment of MACS-enriched BM stromal cells extracted from either
untreated control or irradiated GFP* donors was intra-femorally transplanted
into irradiated GFP~ hosts. Frequency of Lin™ GFP* stromal cells as analyzed
by flow cytometry after 5 days (n = 6, data pooled from two independent ex-
periments; Mann-Whitney test).

CD48 CD150*" CD34") 4 weeks post-transplantation (Figures 2C
and 2D). Competitive, long-term (16 weeks) reconstitution as-
says in secondary recipients confirmed expansion of functional
HSCs in hosts co-transplanted with primary BMSCs and HSCs
as compared to classical HSC-T alone (Figures 2E, 2F, and
S2E-S2G). Chimerism at 16 weeks was more than doubled,
and donor-derived contribution to the granulocytic (Gr1* CD3~
B220") lineage increased over 3-fold by co-transplantation with
primary BMSCs and HSCs.

In contrast to primary BMSCs, HSC abundance remained low
when the co-transplanted cells were obtained from BMSC cul-
tures (cBMSCs) expanded in vitro for 2 weeks (Figure 2H; these
data are displayed as fold change in comparison to HSC-T alone).
If anything, cBMSCs decreased HSC and LT-HSC numbers and
promoted the differentiation of common lymphoid progenitors
(CLPs), which is in line with a lymphoid bias in patients receiving
cultured BMSCs together with HSC-T (Ball et al., 2007). This may
be due to altered expression of key regulators of HSC mainte-
nance in primary as compared to cultured BMSCs. Indeed,
Spp1 (OSTEOPONTIN), which limits the size of the HSC pool
(Stier et al., 2005), is strongly upregulated (300-fold) upon
in vitro culture. This may blunt the effect of enhanced Kitl expres-
sion (30-fold) in cBMSCs (Figure 2I; Cxcl12 was not significantly
altered, data not shown). Failure of the in-vitro-expanded
cBMSCs to expand HSCs was confirmed by secondary reconsti-
tution assays (Figures 2E, 2F, and S2E-S2G). Thus, only primary
BMSCs significantly expanded the abundance of functional
HSCs in irradiated recipients, indicating that deficient stromal
support induced by TBI limited the number of HSCs.

The beneficial effects of BMSC transplantation could be due to
local or systemic effects. Restricting co-transplantation to only
one femur allowed a direct comparison of HSC numbers in
contralateral bones. We first ensured that donor-derived
(GFP*) stromal cells transplanted into one femur were only very
inefficiently recruited to the contralateral femur (Figure 3A).
LT-HSCs were significantly more abundant in the primary
BMSC-transplanted femur (Figure 3B). Interestingly, an in-
creased number of HSCs and LT-HSCs was also observed
when primary BMSCs were transplanted 4 weeks after the initial
HSC-T (Figures 3C and 3D), indicating that HSCs dynamically re-
sponded to the presence of BMSCs and expanded as a function
of available niche support. Competitive reconstitution assays in

(C) RT-gPCR for niche and lineage differentiation factors expressed in stromal
cells from untreated controls and mice 4 weeks post-irradiation/trans-
plantation (data pooled from four independent experiments; unpaired para-
metric t test). Stromal cells were directly isolated from the endosteal and
metaphysis fraction of the femur by MACS-depletion of hematopoietic and
endothelial lineages. Spp7 codes for OSTEOPONTIN and Sp7 codes for
OSTERIX (n = 4, unpaired parametric t test).

(D) Quantification of HSCs (Lin~ SCA1* KIT* CD150* CD48") per femur in age-
matched controls, chimeric mice (4 and 12 weeks after TBl and HSC-T), and
chimeric mice co-transplanted with 50,000 BM stromal cells isolated by
2 weeks of in vitro expansion (4 weeks after TBI and transplantations; n = 5
each; unpaired parametric t test).

(E) Total colonies in CFU-F assays per femur after local irradiation (2 x 4.5 Gy)
of one femur in comparison to the contralateral, non-irradiated femur (rest of
the body protected by a lead mask) as measured 1 day, 5 days, and 4 weeks
after irradiation (n = 4 each, paired parametric t test; error bars show SD).
See also Figure S1.
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Figure 2. Reconstitution of HSCs Is Improved by BMSC Co-transplantation

(A) Schematic overview of the experiment: following TBI, mice were transplanted with GFP* BM containing HSCs with or without GFP~ MACS-enriched BMSCs.

After 4 weeks, 2.5 million GFP* hematopoietic cells were isolated, mixed with an equal amount of GFP~ hematopoietic competitor cells, and transplanted into

secondary hosts. The relative contribution of GFP* HSCs to hematopoietic lineages was analyzed 16 weeks later. The symbols listed apply to (B)—(E) and (G).

(B) Frequency of Lin™ SCA1™" c-kit* (LSK) was compared between recipients receiving standard HSC-T after TBI or co-transplantation of BMSCs (n = 26-27,

pooled from five independent experiments; unpaired parametric t test).

(C and D) Frequency (C) or absolute numbers of HSCs (measured as Lin” SCA1* c-kit* CD150* CD48") and long-term HSCs (LT-HSC; measured as Lin~ SCA1*

c-kit" CD150" CD48™ CD34") per femur (D) in recipients receiving TBI plus HSC-T with or without BMSCs (n = 26-27; unpaired parametric t test).

(E and F) Analysis of peripheral blood cells of secondary recipients transplanted with 1:1 mixtures of GFP~ and GFP* hematopoietic cells (isolated from primary

recipients after HSC-T with or without co-transplantation of primary BMSCs, or co-transplantation of 2 week in-vitro-cultured BM stroma [cBMSCs]). Flow
(legend continued on next page)
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secondary recipients confirmed the increased abundance of
HSCs upon delayed BMSC transplantation; however, due to
the limited sample size the data did not reach statistical signifi-
cance (data not shown). We conclude that BMSCs have a limited
ability to systemically support hematopoiesis or to be mobilized.
Primary BMSCs can dynamically expand the abundance of
HSCs, indicating that the size and/or quality of HSC niches can
be restored and modulated even post-HSC-T by providing exog-
enous stromal cells.

Co-transplantation of BMSCs Reduces Clinically
Relevant Side Effects of HSC-T

Post-transplantation patients suffer from neutropenia and weak
adaptive immunity, which increases the risk of opportunistic in-
fections and poses major clinical problems. We thus evaluated
whether BMSC co-transplantation (GFP* cells into both femurs)
as compared to classical HSC-T reduced some of these side ef-
fects. As expected, severe leukopenia (leukocyte levels less than
10% of controls) was observed in the peripheral blood 7 days

transplantation). Thrombocytopenia or

anemia is not observed upon HSC-T in
mice and was not affected by co-transplantation (data not
shown). Mature B cells were decreased 3-fold 4 weeks after
HSC-T compared to non-irradiated and non-transplanted con-
trols. Co-transplantation of BMSCs slightly increased mature
B cells; however, this was not statistically significant (p < 0.07)
(Figure 4D). Several early B cell developmental stages, including
proB cells and fraction B and C’ of preB cell development, were
significantly increased when BMSCs were combined with
HSC-T (Figures 4E-4J and S3A). Inefficient B lymphopoiesis in
mice transplanted only with HSCs may be due to stromal dam-
age and reduced production of stroma-derived factors known
to support B cell development such as interleukin-6 (IL-6), IL-7,
or insulin growth factor (IGF)-1 (Figure 4K; Yu et al., 2016).
Consistent with improved B lymphopoises, splenic transitional
B cells were significantly increased by BMSC co-transplantation
(Figures 4L and S3B-S3G). Functionally, BMSC co-transplanta-
tion resulted in increased antigen-specific immunoglobulin M
(IgM) production in response to immunization with the T cell-in-
dependent hapten tri-nitrophenyl (TNP; Figure 4M). These data

cytometry was performed at 4, 8, and 16 weeks to measure the fold change of overall chimerism (E) and the fold change within the granulocytic lineage (F) (Gr1*
B220~ CD3") when comparing HSC-T without BMSCs or HSC-T with BMSC co-transplantation (n = 14 for HSC-T and HSCT-T with BMSCs, n = 5 for HSC-T and

HSC-T with cBMSCs; unpaired parametric t test; error bars show SD).

(G) Colony-forming units spleen (CFU-S) measured 12 days after secondary transplantation of BM isolated from primary recipients treated with TBI/HSC-T with or

without co-transplantation with BMSCs (n = 9 each; unpaired parametric t test).

(H) Fold change in the frequency of HSCs, LT- HSCs, and CLPs upon co-transplantation with either primary BMSCs or cBMSCs. The results are shown relative to
controls, which were performed with the identical BM preparations but without co-transplanted stroma (n = 9 for primary and n = 5 for cBMSCs; t test and

correction for multiple comparisons).

(I) RT-gPCR for Kitl and Spp1 expression in primary BMSCs or cBMSCs (n = 3-4; unpaired parametric t test).

See also Figure S2.
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Figure 4. Accelerated Recovery of Clinical Parameters and B Lymphopoiesis by BMSC Co-transplantation
(A-C) White blood cell (A), neutrophil (B), and lymphocyte (C) counts in peripheral blood 7 and 14 days after TBI/HSC-T (2.5 x 10° BM cells) with or without BMSC
co-transplantation (5 x 10%). Diagrams show mean value (+SD, n = 4) as compared to controls prior TBI/HSC-T (depicted as broken line [mean] and gray box
[SD])). The analyses include only mice with successful BMSC engraftment (four of five) (i.e., >20 donor-derived CFU-F at time of sacrifice, which is above the
baseline after TBI) (data are from one experiment and representative of two independent experiments; unpaired one-way ANOVA non parametric, Turkey
correction for multiple comparisons). The symbols for the different experimental mice apply to all figures.
(D-J) Quantification of BM B lymphopoiesis of untreated, age-matched wild-type mice and after TBI/HSC-T without or with BMSC co-transplantation (plots are
representative, n = 4 or 7 mice per group in two independent experiments; unpaired parametric t test). (D) CD3 CD8a Gr1-IgM*B220"9" mature B cells,
(E) CD3"CD8a Gr17IlgM"B220"" ProB cells (F) CD3"CD8a"Gr1-IgM*B220™ immature B cells, (G) CD3"CD8a Gr1 IgM-B220™CD43™CD24 BP1~ Fraction A,
(legend continued on next page)
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indicate that new strategies, which improve stromal recovery or
limit stromal damage, may provide clinical benefit to HSC-T
patients.

Phenotype of Engrafting BMSCs

We next used known surface markers of mesenchymal stroma
cells (CD73, CD105, SCA1, CD140a, CD44), to define the
engrafting BMSC population. Five days after irradiation and
BMSC transplantation, engrafted cells were predominantly
CD73" SCA1" CD140a* cells, while CD44 was intermediate,
and CD105 expression was absent (Figures 5A and 5B). The
CD73* CD105~ SCA1* population is rare (around 3%) in BMSCs
(Figures 5C and S4B). When the analysis was performed 9 weeks
after irradiation, the transplanted cells were still all CD73*
and CD140a intermediate; however, CD105 expression was
increased, and SCA1 expression was strongly decreased (Fig-
ure 5D). This indicates an initial selection for a rare, engrafting
BMSC sub-population upon transplantation, followed by the
re-generation of phenotypes present in the initial BMSC
population.

We used the CFU-F assay to determine the number of clono-
genic cells in different BMSC sub-populations. CFU-F activity
was confined to the CD73* population (Figure 5E), which
accounts for around 60% of all BMSCs (Figure 5A). Further,
CFU-F activity was enriched in the CD1057, the CD44™, and the
SCA1* populations. The marker CD140a (PDGFR) did not corre-
late with CFU-F activity. By extending this analysis to marker
combinations within the CD73* subpopulation (Figure 5F), the
highest CFU-F activity was found among CD73* CD105™ cells,
which was in perfect agreement with the phenotype selected
in vivo (Figure 5A).

Since numerous studies of BM stromal cells are based on in-
vitro-expanded cells, we evaluated the expression of the above
markers after 2 weeks of in vitro culture starting from purified
BMSC subpopulations (Figure S4A). The expression or the
absence of CD73 remained stable. Similarly, expression of
CD105 was hardly altered upon in vitro culture and only minor
fractions (10%-20%) of CD105-defined cells changed their
phenotype. In contrast, CD44, CD140a, and SCA1 expression
was dynamic whereby negative cells gained marker expression
in vitro while the majority of CD140a* cells lost this marker during
culture (Figure S4A). Strikingly, the CD73* CD105~ SCA1* popu-
lation, which had the capacity to engraft, was lost upon in vitro
expansion (Figure S4B). These findings highlight significant
phenotypic changes of BMSCs during in vitro culture, which
may explain why these cultured cells fail to support HSC function
following irradiation and transplantation.

The beneficial effects of BMSC transplantation could be due to
transient modulation of the BM microenvironment or to a long-

term engraftment of progenitor cells, which reconstitute stromal
niches in the BM. We therefore analyzed the long-term mainte-
nance and fate of transplanted BMSCs in vivo. We combined
HSC-T with intra-bone delivery of GFP* BMSCs and measured
stromal chimerism in the bone by assessing CFU-F activity (Fig-
ure S4C). Four weeks after irradiation/transplantation, stromal
progenitors were mainly donor-derived in 66% of animals
(n = 15) and even at 6 and 9 weeks half of the animals (n = 16
and 2, respectively) had over 50% of their CFU-F activity derived
from GFP* donor cells (Figure 5G). At 3 months, the frequency of
donor-derived CD73* CD105~ SCA1™* cells within the recipient
BM stroma still reached around 50% of the level found in in
age-matched controls (Figure 5H). Furthermore, their differenti-
ated progeny were frequently observed at 12 and 16 weeks
(see below). We next determined whether the transplanted stro-
mal progenitor cells expanded in vivo. Since transplantation se-
lects for the CD73* CD105~ SCA1* phenotype, we compared the
CFU-F within this input population to that re-isolated from the fe-
mur 4-9 weeks after transplantation. This revealed that the en-
grafting BMSC progenitor cells expanded around 6-fold in vivo
(n = 28; Figure 5I). Together, this suggested that only a rare
CD73* CD105~ SCA1* population within the BMSCs engrafted,
self-renewed, and produced heterogeneous stromal progeny.

Comparison of Engrafting BMSCs with Other Stromal
Populations

In order to molecularly characterize the engrafting stromal cells
defined herein and to compare them to known stromal stem
and progenitor populations, we performed gene expression
analysis of freshly isolated Lin” CD73* CD105™ and Lin~ CD73*
CD105* BMSC populations using Affymetrix MoGeneST1.0 ar-
rays (Figure 6A). Published stromal cell types functionally
contributing to HSC niches include NESTIN™ and leptin receptor
(LEPR)* skeletal stem cells (8SCs), SP7* (OSTERIX") osteo-
progenitors, CXCL12" reticular cells, GFAP* non-myelinating
Schwann cells, and sinusoidal endothelial cells. Some of these
niche cell populations are thought to derive from SSCs. Conse-
quently, we compared the gene expression data from engrafting
BMSCs to available microarray data of the above stromal sub-
sets and to data from SSCs isolated using lineage reporter
transgenes (Ebf2-creERT and Grem1-creERT combined with
Rosa26-YFP). In order to reduce the complexity of the data,
we merged replicates into single profile representatives of the
analyzed population and performed hierarchical clustering after
correcting for batch effects. This revealed that stromal cells in
the bone can be divided into two major branches with few sub-
clusters. SSCs isolated based on Grem1 and Ebf2 transgenes
clustered closely (Figure 6A). These cells reportedly show full
chondrocyte and osteoblast differentiation potential and EBF2*

(H) CD3°CD8a Gr17lgM B220™CD43™CD24*BP1~ Fraction B, (I) CD3"CD8a Gr1-IigM B220™CD43™CD24'°*BP1* Fraction C, and (J) CD3 CD8a"

Gr17lgM~B220™CD43™CD24M"BP1* Fraction C’.

(K) RT-gPCR for B cell lineage differentiation factors expressed in BMSCs from age-matched controls and chimeric mice 4 weeks post-TBI/HSC-T (data pooled

from four independent experiments; unpaired parametric t test).

(L) Abundance of (IgM*/IgD*)Gr1"CD11b™B220*CD19*CD93* transitional B cells in the spleen of animals treated as described above (representative of two

independent experiments with n = 4 or 7 per group; unpaired parametric t test).

(M) Control mice or mice 8 weeks after HSC-T with or without BMSC co-transplantation were immunized with TNP-Ficoll and the change in anti-TNP-specific IgM
levels pre- and post-immunization (11 days) was measured by ELISA (three independent experiments with n = 14 for control, n = 18 for HSC-T and n = 20 for

HSC-T + BMSC animals; unpaired parametric t test).
See also Figure S3.
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Figure 5. Phenotypic and Functional Characterization of BMSCs

(A-D) Primary Lin~ GFP* stroma cells were analyzed by flow cytometry for the expression of the indicated cell surface markers. Following transplantation into
irradiated recipient mice, engrafted Lin~ GFP* stroma cells were re-analyzed 5 days (A and B) or 9 weeks later (D). Representative plots from three independent
experiments.

(legend continued on next page)
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cells were found in close proximity to HSCs. A second, closely
related sub-cluster of this branch included the CD73* CD105~
cells together with pre-BCSPs (bone cartilage and stromal pro-
genitors) and BCSP cells (Figure 6A), two populations with
multi-lineage potential producing diverse stromal subsets
(Chan et al., 2015). In the second major branch, CD73*
CD105" clustered with more differentiated populations shown
to participate in HSC niches (6C3 = BP-1) and niches for
committed hematopoietic lineages (Figure 6A). Interestingly,
gene ontology (GO) term enrichment revealed upregulation of
genes implicated in endochondral ossification and chondrocyte
differentiation in the CD73* CD105~ population, which is in line
with their similarity to BCSPs (Figure 6B). Further, CD73*
CD105™ cells expressed genes involved in cholesterol biosyn-
thesis, which affects HSC proliferation and mobilization
(Westerterp et al., 2012). On the other hand, the CD73"*
CD105" population expressed genes implicated in B cell differ-
entiation (Figure 6C), which is reportedly osteoblast driven (Zhu
et al., 2007). Altogether, these analyses indicated that Lin~
CD73* CD105™ cells resembled SSCs and stromal progenitors
shown to support HSC homeostasis.

Multipotency of Engrafting BMSC Progenitors

Multi-lineage differentiation potential has been described in clo-
nogenic BM stromal cells and has been linked to stem cell activ-
ity in that lineage (Pittenger et al., 1999). We therefore used
in vitro functional differentiation assays to determine whether
the BMSC subpopulations we had identified exerted multi-line-
age differentiation capacity. We evaluated four Lin~ CD73"*
BMSC subpopulations (CD73*, CD105"~, and SCA1*") corre-
sponding to the phenotypes we had observed either shortly after
transplantation or after in vivo expansion. Single, flow-sorted
cells were plated and clonally expanded for 2 weeks. Cells
were then split to assess osteogenic, chondrogenic, and adipo-
genic lineage differentiation potential (Figure 6D; CD73* CD105*
SCA1™ cells were excluded since they did not expand). We found
that tripotent osteogenesis, chondrogenesis, and adipogenesis
differentiation potential was most evident in the CD73* CD105~
SCA1* population (Figure 6D). We next addressed the in vivo
differentiation potential of transplanted GFP* BMSCs using
immunofluorescence and -histochemistry. Twelve weeks after
transplantation, engrafted GFP* cells were located in the meta-
physis region of the bone and had in part differentiated into
chondrocytes and OSTERIX* osteoprogenitors (Figures S5A
and S5B). Occasionally, GFP* cells were observed in the cortical
bone, and immunostaining identified them as RUNX2" osteo-
blasts (Figure S5C). On the other hand, differentiation into oil
red O" adipocytes was very rare (Figure S5D). Thus, transplanted

GFP* BMSCs exerted multi-lineage differentiation potential
in vivo.

Finally, we assessed the engraftment potential of purified
BMSC sub-populations. Lin” CD73* cells differentially express-
ing CD105 and SCA1 were isolated by fluorescence-activated
cell sorting (FACS) from GFP* donors and 200 cells were trans-
planted (intra-femural) into irradiated Insulin-GFP recipients
together with GFP™ rescue BM (intra-venous) to ensure hemato-
poietic reconstitution. After 9 weeks, stromal cells were re-iso-
lated to characterize GFP* cells (Figure 6E). Robust engraftment
was observed using CD73* CD105~ SCA1* BMSCs (100% of ex-
periments, n = 4), while the CD73* CD105* SCA1* population en-
grafted only occasionally (25% of experiments, n = 4), and the
two remaining populations did not engraft. Cells re-isolated
from CD73* CD105* SCA1* grafts never expanded in vitro,
which precluded the analysis of their multi-lineage differentiation
potential. In contrast, single cells re-isolated from CD73* CD105~
SCA1™ grafts expanded in vitro demonstrating their self-renewal
potential. In addition, clonal progeny were multipotent as they re-
tained the capacity to differentiate into osteoblast, chondrocyte,
and adipocyte lineage cells (Figure S5E; frequency of tripotent
clones 67%, n = 4). We concluded that the Lin™ CD73* CD105~
SCA1* BMSC sub-population exerted stem-like activity, i.e.,
had the capacity to engraft, clonally expand, and maintain
multi-lineage differentiation potential in vivo.

Engrafted BMSCs Localize Close to HSCs and Increase
the Number of HSC Clusters In Vivo

Support of HSC function in the BM relies on local tissue microen-
vironments/niches composed of mesenchymal stroma and
endothelial cells (Méndez-Ferrer et al., 2015). We therefore
aimed at analyzing the localization of engrafted GFP* BMSCs
relative to HSCs 16 weeks post-transplantation. We distin-
guished GFP* SCA1* progenitor stromal cells, which have
engraftment and multi-lineage differentiation capacity (Figure 6),
and their GFP* SCA1~ progeny, which account for around 90%
of stromal cells 16 weeks post-transplantation. Since trans-
planted HSCs and SCA1* stromal cells are very rare (0.01%,
and 0.1%,, respectively), we recorded the localization of cells in
the entire bone cavity at high resolution. We utilized 3D whole-
mount imaging by light-sheet microscopy of decalcified and
cleared femurs that were labeled with fluorescent-conjugated
antibodies (Figure 7A). Engrafted BMSCs (GFP*) were abun-
dantly present both at the metaphysis and cortical region. Clus-
ters of Lin” CD150* CD48~ CD41~ HSCs were in close proximity
to GFP* SCA1* stromal cells (Figure 7B). In order to quantify
these results, we performed automated detection, segmenta-
tion, and classification of cells using LoG detectors, B-spline

(E and F) Different stromal sub-populations were purified based on the expression of the indicated markers and evaluated by CFU-F assays. The diagram shows
the enrichment (or loss) of CFU-F activity in comparison to Lin~ BM stroma for single markers (E) and relative to CD73* stroma for marker combinations (F) (n = 3;

error bars show SD).

(G and H) TBI/HSC-T was combined with co-transplantation of MACS-enriched GFP* BMSCs. After 4-9 weeks, the expansion capacity of transplanted stromal
progenitors was measured by CFU-F assays (n = 15, 16, and 2 for 4, 6, and 9 weeks, respectively) (G). The engraftment was considered successful if the majority
of the resulting colonies was GFP*. Three months after transplantation, the frequency of CD73* CD105~ SCA1* BMSCs within the BM stroma was measured by
flow cytometry (H) and compared to age-matched, non-irradiated, non-transplanted controls (n = 5 each, unpaired parametric t test; error bars show SD).

(1) The number of CFU-F colonies produced from primary CD73* CD105~ SCA1* cells (CFU-F™) was compared to that deriving from these cells 4-9 weeks after
transplantation (CFU-F°"). This provides a measure for the in vivo expansion of stromal progenitor cells (n = 28).

See also Figure S4.
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Figure 6. Transcriptome Analysis of Primary CD73"CD105" Stromal Cells and Their Relation to Known BMSC Populations

(A) Clustering of different stromal populations in the bone marrow based on mRNA expression analysis in order to compare the primary CD73* CD105~ BM stroma
population to known stromal isolates. HEC, hepatic leukemia factor-expressing cells; BLSP, B cell ymphocyte stromal progenitor; BCSP, bone, cartilage stromal
progenitor as defined (Chan et al., 2015).

(B and C) Gene set enrichment analysis for genes upregulated in CD73* CD105™ (B) or CD73* CD105" (C) BMSCs revealed significant overlap with the indicated
gene ontology (GO) terms. The dotted line shows the background level of enrichment obtained by random gene selection.

(D) Clonally expanded single cells were subjected to in vitro differentiation into osteogenic (white), chondrogenic (blue) and adipogenic (red) cells. Pictures depict
representative examples of successful and failed differentiation. Scale bars, 100 um. The Venn diagrams on the right illustrate the percentage of clones with tri-
(yellow), bi-potent (pink or light blue), or single differentiation activity (white, red, and blue) in the indicated subpopulations of BMSCs (36, 8, or 19 clones were

analyzed).
(E) Flow cytometry for CD73 and GFP among Lin~ stromal cells 9 weeks after TBI/HSC-T plus co-transplantation with the indicated Lin~ GFP* CD73" sub-

populations. Robust engraftment was observed only from CD73* SCA1* CD105™ cells.
See also Figure S5.

snakes, and Gaussian mixture models, which allowed resolving  GFP™ (22,188 cells total) stromal cells (Figure 7D). We used inho-
variations in size, shape, and marker intensity of the different mogeneous multi-type pair correlation to calculate the likelihood
celltypes (Figures 7C and S6A). When we compared the distance  that two cell types have a certain distance taking into account
between SCA1* or SCA1™ stromal cells and the nearest HSCs  their respective abundance. This showed that SCA1* (but not
(2,356 cells total), we observed a mean distance of 25 um for  SCA1") stromal progenitors localized closer to HSCs than pre-
SCA1* GFP* (2,296 cells total) compared to 83 um for SCA1~  dicted by a random Gaussian distribution (Figures 7E and S6B).
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Figure 7. Engrafted GFP* BMSCs Localize Close to HSCs and Increase the Number of HSC Clusters In Vivo
(A) Whole-mount immunofluorescence of a bone 16 weeks post-transplantation recorded by light-sheet imaging. Engrafted BMSC are shown in green (GFP), the
lineage cocktail (Lin) (CD4, CD8, CD11b, CD19, Ter119, Gr-1, CD48, CD41) in cyan, SCA1 in white, CD150 in red, and nuclei in blue. Combination of channels for

GFP* BMSCs and HSCs are shown as insets. Scale bars, 1 mm.

(B) Immunofluorescence imaging showing a cluster of five HSCs (Lin in cyan, CD150 in magenta, nuclei in blue) and transplanted GFP* SCA1* BMSC (GFP in

green, SCA1 in red, nuclei in blue). Scale bar, 10 um.

(legend continued on next page)
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Clusters of HSCs have been suggested to reflect the existence
of local niches supporting HSC self-renewal (Wang et al., 2013).
Closely spaced HSCs (four and more HSCs within 40 um from
each other as detected by density-based spatial clustering
with Dbscan) were predominantly observed in the vicinity (less
than 40 pm, which is the 25™ percentile of all distances between
all GFP* SCA1* cells and all HSCs) of SCA1* stromal progeni-
tors, but were rare at larger distance (above 200 um, the 75™
percentile of all distances; Figure 7F). Of note, more than half
of all HSCs were part of such clusters, and nearly all SCA1™* stro-
mal progenitors were found in these clusters (Figure S6C). In
summary, these data supported the concept that co-trans-
planted stromal progenitors acted locally to support HSC
function and expansion. After irradiation/HSC-T, transplanted
SCA1* stromal progenitors localized close to HSCs in line with
previous results in the undisturbed bone marrow and were found
in niches containing clusters of several HSCs suggestive of short
distance, productive interactions between these cell types.

DISCUSSION

Here, we show TBI, which is used to eliminate the host hemato-
poietic system before HSC-T, severely damages the BM stroma.
This constrained HSC maintenance, limited the quantity of HSC,
which successfully engrafted and/or expanded, and delayed the
recovery of innate and adaptive immunity. Specifically, multipo-
tent BM stroma progenitor cells were lost and failed to recover
spontaneously. Their levels stayed below 10% for at least
4 months post-TBI as compared to age-matched untreated con-
trols. Importantly, we found that this deficiency could be
corrected by the transplantation of primary BMSCs, which signif-
icantly ameliorated the abundance of donor HSCs in irradiated
recipients and improved neutropenia and B lymphopoiesis.
This indicated that stromal niches represent an important limiting
factor for the efficient reconstitution of the hematopoietic sys-
tem. The stroma does not appear to play arole for the initial hom-
ing of HSC after transplantation, since intra-bone injection and
intravenous administration of HSC resulted in similar hematopoi-
etic reconstitution and chimerism (van Os et al., 2010). Rather,
the stroma seems to be essential for efficient HSC expansion
and maintenance.

B cells mediate humoral immunity important to restrict infec-
tions and are involved in controling GvHD. High levels of
donor-derived pro-B cells are associated with a significantly
decreased incidence of acute GvHD (Michonneau et al., 2009).
Likewise, B-cell-derived IL-10 may inhibit the expansion of allor-
eactive T cells and thus protect from acute GVHD (Rowe et al.,
2006). B lymphopoiesis is chiefly supported by osteoblasts

(Zhu et al., 2007; Yu et al., 2016) indicating that irradiation
induced stromal damage may extend to osteoblasts and thus
the skeletal system. This may explain the observation that
bone loss and fractures are frequent events for childhood leuke-
mia patients receiving HSC-T (Mostoufi-Moab et al., 2012).

Unfortunately, the ability of BMSCs to support hematopoiesis
was rapidly lost when these cells were cultured in vitro. This may
be due to a failure of cultured stromal cells to engraft as already
described by earlier reports (Rombouts and Ploemacher, 2003).
However, as we show now, even direct transplantation of
cultured BMSCs by intrafemoral injection did not enhance HSC
expansion suggesting additional defects. The massive upregula-
tion of SPP1, a factor known to limit HSC expansion (Stier et al.,
2005), that we observed in cultured BMSCs may explain this
defect. Rather than supporting HSC, transplantation of cultured
BMSCs increased common lymphoid progenitors, which is in
line with clinical reports showing that in-vitro-expanded BMSCs
elevate lymphocyte numbers (Ball et al., 2007). It remains to be
seen why these cultured cells supported disease propagating
cells while they failed to support normal HSC.

Importantly, freshly isolated, primary BMSCs engrafted long-
term and improved hematopoietic reconstitution. The engrafting,
CD73* CD105~ SCA1* BMSC sub-population accounted for less
than 3% of all BMSCs. For direct application, these cells are
therefore too rare. Future analyses of these cells in vivo and
ex vivo may help to define alternative expansion conditions,
which better preserve the stem and progenitor functions of these
cells. As a first step in this direction, we generated gene expres-
sion profiles of BMSC progenitors, which will be an important
tool for guiding this optimization process. If successful, this
may also be useful to expand cord-blood-derived HSCs in vitro.

When comparing the different assays to evaluate BM stroma
progenitor phenotype and function, we noticed that a combina-
tion of distinct approaches was required to assess the full poten-
tial of stromal cells. For example, the CFU-F assay yields
colonies from putative progenitors as well as from apparently
more differentiated cell types indicating that “clonal expansion”
capacity is not sufficient to characterize this type of stem cells.
Similarly, differentiation assays are only informative if performed
using clonally expanded, single cells. This is not only a pre-requi-
site to confirm multi-lineage differentiation potential but is also
instrumental for measuring small differences in the differentiation
capacity of related subpopulations. Finally, transplantation
studies in vivo are essential to confirm stem cell behavior. For
example, while all sub-populations (divided based on CD105
and SCA1) within the Lin™ CD73* subset generated colonies in
the CFU-F assay, only one of these sub-populations had the ca-
pacity to engraft. Thus only a combination of functional assays

(C) Laplacian of Gaussian (LoG) detector for the segmentation of nuclei (top row, 7AAD channel in grayscale with overlapping nuclei in magenta) and B-spline
snake segmentation (bottom row, CD150 channel in grayscale with overlapping nuclei in magenta and sdROI in green) as exemplified for a Z-projection of one

stack. Scale bar, 30 pm.

(D) Distance between GFP* SCA1* (top) or GFP* SCA1~ (bottom) BMSCs to the nearest Lin” SCA1* CD150* HSCs. Dotted lines mark the most frequent distance
between HSCs and GFP* cells. Each color represents data derived from an individual mouse (n = 3).

(E) Statistical analysis for spatial dependence between point patterns with inhomogeneous density. Ripley correction was used to for anatomic boundaries. Each
color represents data derived from an individual mouse (n = 3); dotted black lines represent complete spatial randomness.

(F) Number of HSC clusters in proximity (below 40 um) or distant (above 200 um) to GFP* SCA1* BMSC. Only clusters with at least four HSC within a neighborhood
radius lower than 40 um were considered. The left panel illustrates the clustering algorithm DBscan (n = 3; error bars show SD).

See also Figure S6.
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allowed the definition of a set of markers (Lin- CD73* CD105~
SCA1*) to quantitatively isolate BM stromal cells exhibiting all
properties associated with stem and progenitor capacity.
CD105 had been reported previously as a marker of skeletal
lineage commitment during limb development and was shown
to increase during transition from SSCs to BCSPs (Chan et al.,
2015). We found the CD73* CD105~ SCA1* population to be en-
riched for multipotency at the clonal level in vitro but were not
able to detect significant adipogenic contribution of this popula-
tion in vivo, in line with other reports (Worthley et al., 2015).
Nevertheless, this population showed robust engraftment, medi-
ated long-term stromal reconstitution and supported HSC func-
tion. Cells lacking both SCA1 and CD105 were unable to engraft
in vivo. A previous study already showed loss of SCA1 within the
endosteal osteoblastic compartment (Nakamura et al., 2010) in
agreement with preferential Sca1 expression by progenitor cells.
Other phenotypes used to describe BMSCs include CD140a*
SCA1*, and such cells showed osteogenic, adipogenic, chon-
drogenic, and endothelial potential in vitro (Morikawa et al.,
2009). However, the experimental design of this study did not
exclude cells positive for the endothelial marker CD31, which
may explain the observed contribution to the endothelial lineage.
We have observed that the majority of BMSCs are CD140a nega-
tive, in agreement with another recent study (Li et al., 2014).
When CD140a* SCA1* SSCs were injected intravenously (i.v.)
(retro-orbital), homing to the BM was observed only occasion-
ally, and quantification was not possible (Morikawa et al.,
2009). When we performed systemic delivery of BMSCs via intra-
venous injection, we observed massive trapping of cells in the
lung with only very few cells homing to the BM (data not shown).
We now provide a method to study the function of BM stroma
stem and progenitor cells and their progeny in their normal envi-
ronment, which will help to better define their lineage relations,
properties, and how they contribute to hematopoiesis. Impor-
tantly, transplanted BMSCs co-localize to niches containing
clusters of HSCs indicating that the expansion of HSCs following
irradiation/transplantation may be due to local interactions be-
tween stromal progenitors and HSCs. The exact nature of these
interactions is an open question, which will require additional
work. The proximity of HSC and BMSC clusters was in good
agreement with previous reports on the distance between
SSCs and HSCs (Méndez-Ferrer et al., 2010; Kunisaki et al.,
2013). This previous examination was done under steady-state
conditions, which suggests that transplantation of BMSCs into
the irradiated BM is able to re-establish similar niche structures.
Unexpectedly, we observed that HSC numbers still increased
when transplantation of BMSCs was delayed. This raises the
possibility to correct stromal defects in HSC-T patients with
insufficient hematopoietic function. Unfortunately, we find that
endogenous mobilization of BM stromal cells is very inefficient,
and that BMSCs delivered systemically did not engraft into the
bone marrow. Alternative routes of administration such as
injections into the iliac and subclavian arteries or the sternum
could be evaluated for such patients. Independently, currently
used pre-conditioning regimens should be evaluated to identify
treatments which best preserve the endogenous stroma.
For example, we have observed that reduced intensity
conditioning produced less BM stroma damage than TBI in the
mouse. Indeed, treatment with cyclophosphamide or cytarabine

reduced CFU-F activity by 40% and 25%, respectively, as
compared to 95% with TBI (data not shown). This suggests
that faster recovery from neutropenia, which has been observed
in some RIC regimen, could be due to reduced stromal damage.
Current clinical trials using BM stroma transplantation often
failed to show benefits, which may be related to differences in
cell preparation, expansion, route of administration, and pre-
conditioning. We expect that the improved experimental designs
established herein will facilitate defining better ways for the ther-
apeutic application of BM stroma in HSC transplantation.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Biotin anti-mouse CD45 antibody BiolLegend AB_312968
Biotin anti-mouse CD31 antibody BioLegend AB_312910
Biotin anti-mouse TER-119/Erythroid Cells antibody BioLegend AB_313704
Biotin anti-mouse/human CD11b antibody BioLegend AB_312786
Biotin anti-mouse CD4 antibody BioLegend AB_312710
Alexa Fluor(R) 700 anti-mouse CD19 antibody BiolLegend AB_493734
PerCP anti-mouse Ly-6G/Ly-6C (Gr-1) antibody BioLegend AB_893560
PerCP anti-mouse CD3a antibody BioLegend AB_893319
PerCP anti-mouse CD8a antibody BioLegend AB_893427
Alexa Fluor(R) 700 anti-mouse/human CD45R/B220 antibody BioLegend AB_493716
Brilliant Violet 605(TM) anti-mouse IgM antibody BioLegend AB_2563358
BV421 anti-mouse CD43 (S7) BD Biosciences AB_2665409
PE anti-mouse Ly-51 antibody BioLegend AB_313364
PE/Cy7 anti-mouse CD24 antibody BioLegend AB_756047
Brilliant Violet 711(TM) anti-mouse IgD antibody BioLegend AB_2563342
Brilliant Violet 605(TM) anti-mouse IgM antibody BioLegend AB_2563358
Biotin anti-mouse Ly-6G/Ly-6C (Gr-1) antibody BioLegend AB_313368
Streptavidin-TexasRed Thermo Fisher S6370

APC anti-mouse CD19 antibody BioLegend AB_313646
PE/Cy7 anti-mouse CD23 antibody BioLegend AB_2103037
Anti-Mouse CD21/CD35 eFluor 450 Thermo Fisher Scientific AB_2016634
PE anti-mouse CD93 (AA4.1, early B lineage) antibody BioLegend AB_1967094
PE anti-mouse CD34 antibody BioLegend AB_2629647
APC/Cy7 anti-mouse CD117 (c-kit) antibody BioLegend AB_1626280
PE/Cy7 anti-mouse Ly-6A/E (Sca-1) antibody BioLegend AB_493597
CD48 Monoclonal Antibody (HM48-1), eFluor 450, Thermo Fisher Scientific AB_11150972
eBioscience

APC anti-mouse CD150 (SLAM) antibody BiolLegend AB_493461
PE anti-mouse/human CD45R/B220 antibody BiolLegend AB_312992
APC anti-mouse CD3 antibody BioLegend AB_2561455
PE anti-mouse/human CD44 antibody BiolLegend AB_312958
PE anti-mouse CD73 antibody BioLegend AB_2154094
APC anti-mouse CD105 Antibody BiolLegend AB_2277915
APC anti-mouse CD140a antibody BiolLegend AB_2043969
Biotin anti-mouse CD41 antibody BioLegend AB_2572133
TruStain fcX(TM) (anti-mouse CD16/32) antibody BioLegend AB_1574973
Purified Mouse IgM, « Isotype Control BD Biosciences AB_2665411
Anti-Mouse IgM-Alkaline Phosphatase antibody produced Sigma AB_258472
in goat

RUNX2 Antibody Novus AB_11017079
Goat anti-GFP Abcam AB_305643
Sp7 / Osterix antibody Abcam AB_2194492
Chemicals, Peptides, and Recombinant Proteins

TNP-AECM-Ficoll Biosearch Technologies F-1300-10
TNP-Ovalbumin Biosearch Technologies T-5051-10

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
4-Nitrophenyl phosphate disodium salt hexahydrate Sigma N2765
Y-27632 dihydrochloride Sigma Y0503
Collagenase for general use, Type | Sigma C0130
Human TGF beta-3 Recombinant Protein GIBCO RP-8600
L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate Sigma A8960
Dexamethasone-Water Soluble Sigma D2915
Alcian Blue 8GX Sigma A5268
L-Proline Sigma P0380
Insulin solution human Sigma 19278
3-isobutyl-1-methylxanthine Sigma 15879

Oil red O Sigma 00625
B-Glycerol phosphate disodium salt pentahydrate Sigma 50020
Alizarin Red S Sigma A5533

Silver Nitrate Sigma 209139
Crystal violet Sigma CO0775
Anti-Biotin MicroBeads Miltenyi Biotec 130-090-485
Deposited Data

Expression profiling data of BMSC This paper GEO: GSE79091
Molecular characterization of prospectively isolated Qian et al., 2013 GEO: GSE51608

multipotent mesenchymal progenitors provides new insight

into the cellular identity of mesenchymal stem cells in mouse

bone marrow. Mol Cell Biol 2013 Feb;33(4):661-77.

CXCL12 in early mesenchymal progenitors is required for Greenbaum et al., 2013 GEO: GSE43613

hematopoietic stem-cell maintenance. Nature 2013 Mar
14;495(7440):227-30

Mesenchymal and hematopoietic stem cells form a unique Méndez-Ferrer et al., 2010 GEO: GSE21941
bone marrow niche. Nature 2010 Aug 12;466(7308):829-34
Gremlin 1 identifies a skeletal stem cell with bone, Worthley et al., 2015 GEO: GSE57729

cartilage, and reticular stromal potential. Cell 2015 Jan
15;160(1-2):269-84

Endothelial and perivascular cells maintain hematopoietic Ding et al., 2012 GEO: GSE33158
stem cells. Nature 2012 Jan 25;481(7382):457-62.
Identification and specification of the mouse skeletal Chan et al., 2015 GEO: GSE64447

stem cell. Cell 2015 Jan 15;160(1-2):285-98.

Experimental Models: Organisms/Strains

Tg(Ins1-EGFP)1Hara MG RRID:MGI:3704927

C57BL/6-Tg(CAG-EGFP)10sb/J MGl RRID:IMSR_JAX:003291

Oligonucleotides

please see Table S1 This paper NA

Software and Algorithms

Fast parametric active contour for segmenting nearly R. Delgado-Gonzalo, M. Unser http://bigwww.epfl.ch/algorithms/

elliptic objects esnake/

Aroma Framework analysis Henrik Bengtsson http://aroma-project.org/

Other

Image analysis J-P Abbuehl https://github.com/jpabbuehl/
SSC_lightsheetAnalysis

Microarray meta-analysis J-P Abbuehl https://github.com/jpabbuehl/

SSC_arrayAnalysis
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Joerg
Huelsken (joerg.huelsken@epfl.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We used Insulin-GFP (C57BI6.Cg-Tg(Ins1-EGFP)1Hara/QtngJ) and beta-actin-GFP (AGFP; BydJ.B6-Tg(CAG-EGFP)10sb/J) mice
which were backcrossed for 15 generations into the FVB background. Animals were housed in barrier units where users must decon-
taminate, change for single use overalls and shoes, and wear head caps, masks and gloves. All material (cages, bedding and water
bottles) was washed with an acidic detergent and autoclaved before entering the facility. Animals were housed in ventilated IVC
cages from Tecniplast which were over-pressurized relative to the housing rooms which were again over-pressurized compared
to the outside. Climate was controlled at 21°C with a 12h light/dark cycle. Manipulation of animals is done within sterile laminar flows,
and in-between cages gloves are disinfected with Virkon S. Animals were monitored daily by caretakers, researchers and expert vet-
erinarians. The used bedding was Aspen Tapvei, diet was 3242 (irradiated) from Provimi-Kliba and water was acidified (pH between
2.5 to 3) on a Prominent CH system resin column; food and water was provided ad libitum. Nesting material and cardboard tunnels
were provided and animals were grouped with up to 5 animals of the same sex in one cage. General health monitoring of the colony
was performed quarterly according to FELASA recommendations (serology, parasitology, bacteriology) with further tests for Noro-
virus, Helicobacter, Parvovirus, and Minute Virus.

All animal experiments were approved by the cantonal veterinary office and were conducted under federal guidelines for the use
and care of laboratory animals. Before starting any experiment, each animal was attributed a new anonymous ID without any
attached experimental details. In all experiments, groups were always set with sex-matched and age-matched animals. Allocation
to experimental groups was randomized between littermates and cages without altering animal location; order of treatments and
assessments was per cage. Adverse events in health monitoring of animals required sacrifice and exclusion from analysis. Genotyp-
ing was repeated after sacrifice of the animals and when not confirmed led to exclusion of the respective animal. All experiments were
performed during daytime. Additional detail regarding individual animal experiments is provided in the STAR Methods.

METHOD DETAILS

Pre-conditioning irradiation
For all irradiation procedures unless specified differently, animals were irradiated at 9 Gy (2% 4.5 Gy split-dose 4 hr apart) the day
before starting the experiment and maintained with Bactrim and Dafalgan in the drinking water ad libitum for 2 weeks.

Extraction of BM-stromal cells

6-8 week old male FVB mice were sacrificed by CO, and their femurs were cleaned from muscles and crushed gently in a mortar to
release bone marrow cells. BM cells in suspensions were collected and filtered with a 45 um strainer (BD Falcon) and resuspended in
2% FBS. For extraction of cells from bone matrix, the bone pieces were washed in PBS and incubated at RT for 5 min in 3% colla-
genase/PBS (Sigma-Aldrich). The pieces were further chopped into ~2 mm fragments and both supernatants and fragments were
transferred with 5 mL of Collagenase solution into a 50 mL tube. The tubes were incubated in a shaker at 37°C for 45 min. Once di-
gested, the bones fragments were resuspended with cold 5% FBS (PAA) and filtered through a 100 um strainer (BD Falcon). Spleens
were dissected from the abdominal cavity and filtered through a 40-pum nylon strainer to obtain a single-cell suspension.

MACS-enrichment of stromal cells

BM-stromal cells isolated from the bone matrix were labeled with CD45-biotin, CD31-biotin, CD11b-biotin and Ter119-biotin in 2%
FBS for 30 min on ice. After washing, cells were resuspended into MACS Buffer (PBS, 0.5% BSA, 2mM EDTA) and incubated with
anti-biotin microbeads (Miltenyi Biotec). After 20 min at 4°C, the sample was rinsed and resuspended at 108 cells/ml. The purification
was done by the AutoMACS Pro (Miltenyi Biotec).

BM-stroma cell culture

The culture medium consisted of high-glucose DMEM (Invitrogen), 9% fetal bovine serum (Brunschwig), 9% horse serum (Hyclone)
and 1% penicillin/streptomycin (Invitrogen). Cells were plated on normal cell culture dishes (TPP), and cultured at 37°C and 7% CO..
The medium was changed 3 times per week and cells were harvested after 14 days of culture.

CFU-S Assay

For each transplanted mouse, two sex-matched Actin-GFP mice were irradiated at 5Gy and 24 hr later injected with 60000 BM cells.
12 days later, spleens were fixed in Tellyesniczky solution (70% Ethanol, 5% Formalin, 5% Glacial acetic acid in water) for 2 hr at 4°C
and colonies were counted with a stereomicroscope. The average number of duplicates was calculated for each tested BM sample.
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CFU-F assay

The CFU-F assay was performed by plating 20’000 cells (from unfractionated BM-stromal cell preparation) and 2’000 cells (from
MACS-enriched BM-stromal cell preparation) in a 10 cm dish plate. After 14 days, the wells were washed once with PBS and
then stained with 0.5% crystal violet solution (Sigma) for 5 min at RT. After washing, colonies with more than 50 spindle-shaped cells
per colony were counted and the CFU-F frequency was calculated by dividing the number of colonies by the number of cells initially
plated.

Clonal expansion of BMSC

FACS-enriched BMSC were plated at 0,7 cell/well in collagen-coated (HBSS, 100 ug/ml BSA, 20 mM HEPES pH®6.5, 1% Vitrogen100
collagen (CellTrix) and filtered at 0,2 um) 96 well plates and expanded in a hypoxic incubator at 1% 0, in BM-stromal cell medium
supplemented with 5 mM N-Acetylcysteine. After 1 week, proliferating clones were transferred into collagen-coated 6 well plates
and expanded for another week. At 80% confluence, clones were resuspended, counted and tested for their differentiation potential.
Differentiation potential of clones for each population that could at least differentiate into one mesenchymal lineage was represented
in Venn Diagram Plotter (Pan-Omics)

Bone marrow and BM stroma transplantation

For bone marrow transplantations, cells prepared from bone marrow suspensions were passed through a 40 um cell strainer, resus-
pended at 50 million cells per ml in HBSS and 5 million cells were injected intravenously per mouse. For this, animals were pre-
warmed with an infra- red lamp and injected in the tail vein with cells suspended in a volume of 100 uL using a 1ml Insulin-G Syringe.
For BMSC transplantations, cells were suspended in a minimal volume of HBSS supplemented with 10 uM Y-27632 (Sigma) and
10000 cells were injected in a volume of 3 uL using a Hamilton syringe 700RN through the patellar surface into the femur of mice
anesthetized with 10mg/kg xylazine and 100mg/kg ketamine. For FAC-sorted stromal population, 200 cells were injected intrafemor-
ally. After operation, the same volume was plated to determine retrospectively the CFU-F amount injected.

For all experiments except for the quantification of HSC expansion, GFP* stromal cell cells were derived from Actin-GFP donors
and rescuing GFP™ hematopoietic BM cells from Insulin-GFP donors. In contrast for quantification of HSC expansion, GFP™ stromal
cells were derived from Insulin-GFP donors and GFP* hematopoietic BM cells from Actin-GFP donors. In all experiments Insulin-GFP
recipients were used. Four weeks later, cells from both femurs were isolated by flushing the bone marrow and by collagenase treat-
ment of the bone fragments, combined, counted and directly stained for flow cytometry analysis. For all comparative experiments,
mice were age- and sex-matched.

Multilineage reconstitution assay

2.5 million GFP* BM cells for each tested sample were mixed with 2.5 million GFP~ BM competitor cells from insulin-GFP donors. For
all transplants within an experimental series the same GFP~ competitor material was used. Insulin-GFP recipients were irradiated at
9 Gy (single dose) 24h before injection and their blood (after red blood cell lysis) was analyzed by flow cytometry after 4, 8 and
16 weeks for CD3, B220 and Gr-1. Lineage reconstitution was monitored within the GFP* population for acquisition of combinations
of various lineage-specific markers.

Hapten immunization and ELISA

Control or HSC/HSC+BMSC transplanted mice were immunized i.p. with 10pg TNP-AECM-Ficoll (Biosearch Technologies) in endo-
toxin-free PBS (Invitrogen) and IgM antibodies specific for TNP were measured in pre- and post-immune (11 days) serum. For ELISA,
1.5ug of TNP-Ova (Biosearch Technologies) was immobilized in MaxiSorp 96 well plates (Thermo Scientific), rabbit a-mouse IgM
secondary antibody coupled to alkaline phosphatase (Sigma, diluted 1:10000) and 4-Nitrophenyl phosphate disodium salt hexahy-
drate was used for detection and purified mouse IgM (Becton Dickinson G155-228) served as a standard.

Osteogenic differentiation

5’000 FACS-enriched BMSC were plated on a 6 well plate (TPP) and expanded for 5 days before differentiation. Osteogenesis
medium was used for 21 days with 3 medium changes weekly. It is composed of high-glucose DMEM (Invitrogen), 10% FBS
(PAA), 1% P/S (Invitrogen), 10 mM B-glycerol phosphate (Sigma), 50 ng/mL ascorbic acid-2-phosphate (Sigma) and 10 nM dexa-
methasone (Sigma). Osteoblast staining was performed with the Von Kossa method and Alizarin Red S.

Adipogenic differentiation

5’000 FACS-enriched BMSC were plated on a 6 well plate (TPP) and expanded for 5 days before differentiation. Adipogenesis
medium was used for 21 days with 3 medium changes weekly. It is composed of high-glucose DMEM (Invitrogen), 10% FBS
(PAA), 1% P/S (Invitrogen), 20 ng/mL insulin (Sigma), 100 nM dexamethasone (Sigma), 0.5 uM 3-isobutyl-1-methylxanthine (Sigma,
15879-250M@G) and 100 uM indomethacin (Sigma). Adipocytes were fixed in 4% PFA for 1 hr, washed in 60% isopropanol and stained
with Oil Red O (2 mg/ml in 60% isopropanol) for 20 min at room temperature.
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Chondrogenic differentiation

10000 FACS-enriched BMSC were resuspended in 10 pl of chondrogenic medium and transferred into individual wells of a 24 well
plate. Following 3 hr for attachment, additional medium was added to cover the well. Medium was changed every 3 days for 3 weeks.
The medium is composed of high-glucose DMEM (Invitrogen), 1% ITS plus premix (Becton Dickinson), 20 ng/mL recombinant
TGF-B3 (GIBCO), 40 ng/mL proline (Sigma), 50 ung/mL ascorbic acid-2-phosphate (Sigma) and 100 nM dexamethasone (Sigma).
Chondrocyte staining was done with Alcian blue (10 mg/ml Alcian Blue 8-GX in 0.1 N HCI pH1) overnight followed by a brief wash
with 6M Guanidine hydrochloride.

RNA extraction and Real-time RT-PCR

RNA was prepared using a miniRNA kit (QIAGEN) with on-column DNA digestion (QIAGEN). Complementary DNAs were generated
using oligo-dT(V) priming and quantitative PCR was performed in triplicates in a StepOnePlus thermocycler (Applied Biosystems)
using the Power SYBR green PCR Master Mix (Applied Biosystems). The selected housekeeping gene is Tubulin Tubb2c. Amplified
transcripts were validated by agarose gel electrophoresis after restriction enzyme digestion. Raw data were analyzed according to
the deltaC(T) method.

Immunohistochemistry and immunocytochemistry

Femurs were fixed at 4°C in 4% PFA overnight, decalcified for three days in 0.5 mM EDTA in PBS and washed extensively in distilled
water prior to cryo-freezing. Cryosections were permeabilized with 0.1% Triton in PBS for 15 min. After washing in PBS, blocking was
done with 3% BSA, 10% FBS in PBS for 30 min. Antibodies were prepared in 1% BSA/PBS and sections were stained overnight at
4°C. Secondary antibodies staining were performed for 1 hr at 4°C. Nuclei were stained with 10 uM DAPI for 10 min and slides were
mounted with PBS/Glycerol. Antibodies are goat anti-GFP (Lifetechnologies),rabbit anti-RUNX2 (Novus) and rabbit anti-OSTERIX
(Abcam). Fluorescent pictures were acquired with Leica DM5500B. Histological Staining of cartilage was performed after acquisition
of the immunohistochemistry result using Alcian Blue 8GX for 25 min, rinsing in distilled water and counterstaining with 0.1% Nuclear
fast red for 5 min. Overlapping regions were merged in Imaged. Similarly, adipocytes were detected by washing with 60% isopro-
panol for 5 min, staining with Oil Red O (60% in Isopropanol) for 5 min and counter-staining with DAPI.

Gene expression profiling

All processing and analysis was performed with R bioconductor. Purified CD45™ Ter119~ CD73* CD105™ and CD45™ Ter119™ CD73"*
CD105" cells were sorted in triplicate and RNA was hybridized on Affymetrix Mouse gene 1.0 ST array. Raw data was processed by
Aroma and Limma package with RMA background correction and the quantile normalization method. The data is available at GEO.
For cross-study comparisons, we used the following datasets: Ebf2 GEO: GSE51608; Cxc/12 GEO: GSE43613; Nes GEO:
GSE21941; Grem1 GEO: GSE57729; Kitl GEO: GSE33158; BSCP and lineages GEO: GSE64447. Raw CEL files were downloaded
from GEO PubMed, processed by the R package Aroma and corrected for inter-studies effects by Combat in the SVA package in R.
Replicates were merged into a representative profile by leaving out the least correlated one and averaging the remaining replicates.
Hierarchical clustering was calculated based on Euclidean distance in R with the dendextend package. Gene annotations were
based on Ensembl Biomart v82. Gene ontology enrichment was conducted with the topGO R package and genes differentially ex-
pressed with an adjusted p value below 0.05 were used for analysis with the Weight01 method using Kolmogorov-Smirnov statistics.

FACS

For BM stroma enrichment, biotin conjugated antibodies used for lineage depletion are Ter119 (Biolegend), CD31 (Mel, Biolegend),
CD45 (30F11, Biolegend) and CD11b (M1/70, Biolegend). For HSC analysis, biotin conjugated antibodies for used lineage depletion
are Ter119, CD31, CD11b, CD4 (RM4-5, Biolegend), CD8 (53-6.7, Biolegend), CD19 (6D5, Biolegend), and Gr-1 (RB6-8C5, Bio-
legend). For B cell analysis in the bone marrow, antibodies used are Gr1 (RB6-85C, Biolegend), CD3 (145-2C11, Biolegend),
CD8a (53-6.7, Biolegend), CD43 (S7, BDbiosciences), IgM (RMM-1, Biolegend), IgD (11-26c.2a, Biolegend), BP-1 (6C3, Biolegend),
CD24 (M1/69, Biolegend) and B220 (RA3-6B2, eBioscience). For B cells analysis in the spleen, antibodies used are Gr1 (RB6-85C,
Biolegend), CD11b (M1/70, Biolegend), CD19 (eBio1D3, eBioscience), CD21 (eBio4E3, eBioscience), CD23 (B3B4, eBioscience),
CD93 (AA4.1, Biolegend), B220 (RA3-6B2, eBioscience), IgM (RMM-1, Biolegend) and IgD (11-26c.2a, Biolegend). Other antibodies
used are CD3 (17A2, Biolegend), B220 (RA3-6B2, eBioscience), CD34 (RAM34, Biolegend), CD44 (Pgp-1, Biolegend), CD48
(HM48-1, Biolegend), CD73 (Ty/11.8, Biolegend), CD105 (MJ7618, Ebioscience), CD140a (APA5, Biolegend), CD150 (TC15-
12F122, Biolegend), CD117 (2B8, eBioScience), SCA1 (D7, Biolegend). TruStain FcX (Biolegend) was used to block Fc receptors.
Streptavidin-Pacific Blue (Invitrogen) and Streptavidin-TexasRed (LifeTechnologies) were used as indirect labeling reagents for bio-
tinylated antibodies. Dead cell exclusion was performed with DAPI. Flow cytometry was done on Cyan, LSR2 and FACS on BD FACS
Aria ll.

Light-sheet imaging of cleared bone samples

Mice were injected intraperitoneally with heparin (5 Ul per g body weight) and intra-cardially perfused with PBS to remove blood.
Femurs were extracted and fixed in PFA 4% for 24 hr at 4°C. Samples were decalcified in 10% EDTA-PBS, changed twice per
day, for 4 days at 4°C. Femurs were then embedded in 5% low-melting agarose (Sigma) and the full BM cavity was exposed by
vibratome-cutting (Leica VTS1200). Samples were blocked with TruStain FcX (Biolegend) in staining buffer (0.2% Gelatin,
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2% Saponin, 0.02% Sodium Azide in PBS) for 2 days at 4°C. After washing in PBS, samples were incubated with biotin-conjugated
CD4,CD8, CD11b, CD19, Ter119, Gr-1, CD48, CD41 (MWReg30, Biolegend) for the lineage cocktail (shown in cyan), PE-conjugated
SCAT1 (shown in white or red) and CD150-APC (shown in magenta; all Biolegend) in staining buffer for 2 days at 4°C. After washing in
PBS, samples were incubated with Streptavidin-eFluor450 (Ebioscience) and 7-AAD (shown in blue; Sigma) for 1 day at 4°C. Samples
were washed three times in PBS, 1 hr each and femurs were cleared according to SeeDB (Ke et al., 2013). After clearing, samples
were mounted in agarose, placed in a chamber filled with clearing solution and imaged by a Z.1. Light-sheet microscope (Zeiss). Per
sample, 50 image stacks with 600 slices each were obtained by tiled acquisition in 5 channels.

QUANTIFICATION AND STATISTICAL ANALYSIS

FCS files were first quality assessed in R with the FlowQ package and analyzed with the FlowCore package. Processing and data
analysis of image stacks of the light-sheet microscopy analysis was performed in Fiji and Python. First, correction of chromatic offset
was performed by calculating geometrical translation to align background intensities of orthogonal views in all channels. Then, nu-
clear spot detection was performed in the 7-AAD nuclear channel using a LoG Detector (Jagaman et al., 2008). Spot centroids were
used as seeds for segmentation in each channel using B-spline snakes for the slice at the centroid Z-position (Delgado-Gonzalo and
Unser, 2013). The Snake-derived region of interest (sdROI) was used to calculate the median intensity if the area was between 20 and
150 um? and the centroid of the sdROI is not more than 10 um away from its associated nuclear spot. Otherwise a circular ROI of
50 um? was used for intensity estimation. Registration was performed in Python with the Iterative Closest Point Algorithm of nuclear
spots in adjacent views. Prior data analysis, outliers were removed by gating anatomic boundaries of the bone using Geographic
Information System Shapely. Normalization of fluorescence across stacks was performed by standardizing mean fluorescence in-
tensity (MFI) of each channel according to the MFI of nucleus intensity. For classification of cells, statistical analysis was performed
for each set of markers by modeling intensities according to a Gaussian mixture distribution using SciKit (Pedregosa et al., 2011).
Distances between HSC and stromal populations were computed using the k-nearest neighbors’ algorithm (SciPy, Python, Jones
et al., 2001). Density-based spatial clustering of HSC was performed with Dbscan, considering more than 4 cells per cluster within
40 um (SciKit, Python). Statistical analysis of spatial point patterns was estimated with the inhomogeneous multitype pair correlation
function with Ripley correction (Spatstats R package; Baddeley and Turner, 2005).

DATA AND SOFTWARE AVAILABILITY
The primary data of the gene expression profiling analysis reported in the paper have been submitted to GEO and are available under
GEO: GSE79091. The corresponding code we generated for analysis is available here: https://github.com/jpabbuehl/

SSC_microarrayAnalysis. The imaging data of bone marrow after HSC plus BMSC co-transplantation are available upon request.
The code we generated to analyze this imaging data is available here: https://github.com/jpabbuehl/SSC_lightsheetAnalysis.

Cell Stem Cell 21, 241-255.e1-€6, August 3, 2017 €6

CellPress



https://github.com/jpabbuehl/SSC_microarrayAnalysis
https://github.com/jpabbuehl/SSC_microarrayAnalysis
https://github.com/jpabbuehl/SSC_lightsheetAnalysis

	Long-Term Engraftment of Primary Bone Marrow Stromal Cells Repairs Niche Damage and Improves Hematopoietic Stem Cell Transp ...
	Introduction
	Results
	Irradiation Damages Stromal Niches in the Bone Marrow
	Co-transplantation of Primary BMSCs Improves HSC Engraftment
	Co-transplantation of BMSCs Reduces Clinically Relevant Side Effects of HSC-T
	Phenotype of Engrafting BMSCs
	Comparison of Engrafting BMSCs with Other Stromal Populations
	Multipotency of Engrafting BMSC Progenitors
	Engrafted BMSCs Localize Close to HSCs and Increase the Number of HSC Clusters In Vivo

	Discussion
	Supplemental Information
	Author Contributions
	Acknowledgments
	References
	STAR★Methods
	Key Resources Table
	Contact for Reagent and Resource Sharing
	Experimental Model and Subject Details
	Method Details
	Pre-conditioning irradiation
	Extraction of BM-stromal cells
	MACS-enrichment of stromal cells
	BM-stroma cell culture
	CFU-S Assay
	CFU-F assay
	Clonal expansion of BMSC
	Bone marrow and BM stroma transplantation
	Multilineage reconstitution assay
	Hapten immunization and ELISA
	Osteogenic differentiation
	Adipogenic differentiation
	Chondrogenic differentiation
	RNA extraction and Real-time RT-PCR
	Immunohistochemistry and immunocytochemistry
	Gene expression profiling
	FACS
	Light-sheet imaging of cleared bone samples

	Quantification and Statistical Analysis
	Data and Software Availability



