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HEMATOPOIESIS AND STEM CELLS

Phenotypically identical hemopoietic stem cells isolated from different regions of
bone marrow have different biologic potential

Jochen Grassinger,'2 David N. Haylock,?2 Brenda Williams,® Gemma H. Olsen,?® and Susan K. Nilsson23

'Australian Stem Cell Centre, Clayton, Australia; 2Department of Anatomy and Developmental Cell Biology, Monash University, Clayton, Australia; and 3SCSIRO
Materials Science and Engineering (CMSE), Commonwealth Scientific and Industrial Research Organisation (CSIRO), Clayton, Australia

Hemopoietic stem cells (HSCs) reside
within a specified area of the bone mar-
row (BM) cavity called a “niche” that
modulates HSC quiescence, prolifera-
tion, differentiation, and migration. Our
previous studies have identified the en-
dosteal BM region as the site for the HSC
niche and demonstrated that hemopoi-
etic stem and progenitor populations
(HSPCs, LSK) isolated from different BM
regions exhibit significantly different he-
mopoietic potential. In this study, we have

analyzed subpopulations of LSK cells iso-
lated from different regions of the BM and
showed that CD1507*CD48-LSK HSCs
within the endosteal BM region have supe-
rior proliferative capacity and homing effi-
ciency compared with CD1507"CD48-LSK
HSCs isolated from the central BM. Fur-
thermore, we show, for the first time, that
a subset of CD1507CD48*LSK progenitor
cells, previously defined as B-lymphoid
primed hemopoietic cells, are capable of
multilineage reconstitution, however, only

when isolated from the endosteal region.
In addition, we provide evidence for an
unrecognized role of CD48 in HSC hom-
ing. Together, our data provide strong
evidence that highly purified HSCs show
functional differences depending on their
origin within the BM and that the most
primitive HSCs reside within the en-
dosteal BM region. (Blood. 2010;116(17):
3185-3196)

Introduction

Definitive hemopoiesis in adult mammals is restricted to bone
marrow (BM) where specialized microenvironments attract circu-
lating hemopoietic stem cells (HSCs) during embryogenesis and in
adults. The HSC niche is composed of extracellular matrix
proteins, growth factors, chemokines, and cells.!

The hierarchy of HSCs has been extensively studied using
animal models analyzing the reconstitution ability of phenotypi-
cally distinct subsets after transplantation. Hemopoietic stem and
progenitor populations (HSPCs) can be defined as: long-term (LT)
HSCs with multilineage engraftment potential and unlimited
population self-renewal potential; short-term (ST) HSCs with
transient multilineage reconstitution potential and multipotent
progenitors that do not self-renew but give rise to myeloid and
lymphoid cells.? Multiparametric cell sorting allows selective
enrichment of HSPC subpopulations to be tested in limiting
dilution or single-cell transplantations. Early experiments sug-
gested lineage-negative (Lin~) BM expressing c-kit and Sca (LSK)
are enriched for HSPCs.? LSK represent approximately 0.05% of
nucleated BM, containing progenitors and LT-HSC, not expressing
CD34 or CD135.4° Transplantations with HSCs, further fraction-
ated with SLAM markers, demonstrated that 1 in 2.2 single-sorted
CD150"CD41/48 Lin~ cells are LT-HSCs.®

Despite defining the phenotype of LT-HSCs, the exact location
of these cells within BM remains contentious. Extensive data from
multiple laboratories, including ours, suggest the endosteal region
plays a key role in regulating hemopoiesis and the HSC pool.”-?!

We recently demonstrated endosteal HSPCs have superior
hemopoietic potential compared with central HSPCs.?? Therefore,
we hypothesize that endosteal LT-HSCs (LSKCDI150*CD41/

48~Lin~) will also exhibit different biologic properties compared
with their central counterparts.

In this study, we functionally characterized subpopulations
within the HSPC pool isolated from these locations. Herein, we
show that proliferation in vitro, and homing efficiency and spatial
distribution after transplantation, is dependent on the location from
which cells were isolated. We provide data highlighting the
importance of CD48 in cell homing, and using competitive
transplantation assays show that endosteal CD1507CD48*LSK
(endCD150"CD48*LSK) contain a subset of HSCs with previ-
ously unrecognized multilineage long-term repopulation potential.

Methods
Mice

C57BL/6 (C57) and PTPRCA mice were bred at Monash Animal Services
(Monash University, Clayton, Australia). Red fluorescent protein (RFP)
mice were provided by Professor Patrick Tam (Children’s Medical Re-
search Institute, Sydney, Australia). Mice were 6 to 8 weeks old and
sex-matched for experiments. Irradiation was done in a split dose (5.25 Gy
each) 6 hours apart, 24 hours before transplantation. A total of 2 X 10°
unlabeled irradiated (15 Gy) C57 BM was used as carrier cells for every
recipient. All experiments were approved by Monash Animal Services
ethics committee.

Hemopoietic cell isolation

Populations of HSCs/HPCs were isolated as previously described.!® Briefly,
femurs, tibia, and iliac crests were excised, the epiphyseal and metaphyseal
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regions removed as previously described,® and bones flushed to isolate
central BM. Flushed bones and epiphyseal and metaphyseal ends were
pooled, ground using a mortar and pestle, and endosteal cells collected.
Bone fragments were digested with collagenase I (3 mg/mL) and dispase II
(4 mg/mL) at 37°C in an orbital shaker. The fragments were washed to
isolate residual endosteal cells and both endosteal fractions pooled.
Materials are available as a kit (SCR051; Millipore). Mononuclear cells
were enriched using density centrifugation (Nycoprep; Axis-Shield) accord-
ing to the manufacturer’s instructions and labeled with a cocktail of
anti-mouse antibodies: B220 (CD45R), Mac-1 (CD11b), GR-1 (Ly-6G),
and Ter119 (BD Biosciences PharMingen). Lin~ cells were obtained using
anti—rat Dynal beads (Invitrogen) according to the manufacturer’s instruc-
tions and cells stained for flow cytometry. Peripheral blood (PB) was
collected by retro-orbital puncture. Red blood cells were lysed using
ammonium chloride.

Flow cytometry

Flow cytometric analysis was performed using an LSR II (BD Biosciences),
as previously described.'® Cells were immunolabeled with a lineage
cocktail (CD3, CD4, CD8, CD41, Ter-119, Gr-1, Mac-1, and B220) and
anti—Sca-1-PECy7, anti-CD150—phycoerythrin, anti-CD48-Pacific Blue,
and anti—c-kit-allophycocyanin antibodies. For BM and PB, typically
5% 10° and 1 to 3 X 10° events, respectively, were analyzed at approxi-
mately 10 000 events per second. Cells were sorted at approximately
8000 events per second and reanalyzed for purity on a Cytopeia Influx as
previously described.!® Antibody combinations were chosen to minimize
emission spectra overlap (supplemental Tables 1-2, available on the Blood
Web site; see the Supplemental Materials link at the top of the online
article).

CFDA-SE and SNARF staining

Cells were stained with 5-(and 6-)carboxyfluorescein diacetate succinimi-
dyl ester (CFDA-SE) or seminaphtorhodafluor-1-carboxylic acid acetate
succinimidyl ester (SNARF; Invitrogen) at a final concentration of 0.5uM
and 1M, respectively, as previously described.?* Briefly, populations were
stained in phosphate-buffered saline (PBS) supplemented with 0.5% bovine
serum albumin at 37°C. After 10 minutes, staining was quenched with
ice-cold PBS 20% Se, the cells washed twice with PBS 2% Se, and staining
confirmed using fluorescence microscopy.

Proliferation assay

Fifty cells were sorted into each of 5 replicate wells of a 96-well flat bottom
culture plate into serum-free Iscove modified Dulbecco medium (Invitro-
gen) supplemented with mouse stem cell factor (SCF; Millipore), human
FLT-3 ligand (FL), and human interleukin-6 (IL-6) and IL-11 (all Pepro-
Tech) as previously described.?? After 6 days, cells were harvested, counted,
and stained with antibodies to Sca, c-kit, B220, Gr-1, and Mac-1 for flow
cytometric analysis.

Homing and spatial distribution assay

The homing efficiency and spatial distribution of endosteal or central,
CFDA-SE" or SNARF', LSK or CD150"CD48"/~LSK cotransplanted
with carrier cells into ablated or nonablated recipients was determined.
Approximately 1 to 3 X 10* CDI150"CD48 LSK, 1 to 5 X 103
CD150"CD48"LSK, and 1 to 5 X 10* LSK were injected. Endosteal
CFSE™" and central SNARF-17 (or vice versa) cells were transplanted into
the same recipients to exclude injection-related variability. After 15 hours,
1 iliac artery was ligated after laparotomy and the leg removed. BM was
isolated by grinding and digestion of bone fragments with collagenase and
dispase without prior flushing, as described in “Hemopoietic cell isolation.”
The white blood cell number was determined (Sysmex) and used as the
denominator for subsequent statistical analysis. Flow cytometry was used
for analysis of SNARF-1" and CFSE™ cells. To ensure 50 to 100 positive
events, 1 to 2.5 X 107 cells were analyzed within the white blood cell gate.
The homing efficiency was expressed as the percentage of injected cells
assuming 1 femur, tibia, and iliac bone represents 15% of total BM mass.'8
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The second leg was perfused with 4% paraformaldehyde at physiologic
pressure through the caudal aorta, the femur excised and decalcified using
10% ethylenediamine tetraacetic acid (Sigma-Aldrich). Sections were cut
and analyzed for spatial distribution as previously described.?*

Functional selection of LT-HSC and limiting
dilution reconstitution

Endosteal LSK from 10 RFP donors were transplanted into a single
nonablated C57 recipient. After 5 hours, the recipient endosteal BM was
harvested as described in “Hemopoietic cell isolation” and donor RFP LSK
within the endosteal region reisolated. Endosteal homed RFP* LSK were
transplanted in a limiting dilution assay (3, 10, 30, and 100 cells) into
irradiated secondary C57 recipients. In a second series of experiments,
endosteal LSK were transplanted in limiting dilution (30, 100, 300, and
1000 cells per group) into irradiated C57 recipients.

For all transplantations, PB reconstitution was assessed after 6, 12, and
20 weeks and BM after 20 weeks. Cells were stained with anti—-Gr-1—
fluorescein isothiocyanate (FITC), anti-Mac-1-FITC, anti-B220-FITC,
anti-B220-Pacific Blue, anti-CD3—Pacific Blue antibodies or anti—-Gr-1—
FITC, anti-Mac-1-FITC, and anti-B220—phycoerythrin antibodies. Mice
with donor lymphoid and myeloid reconstituted were designated as
multilineage. The frequency of multilineage donor contribution was
calculated using L-Calc (StemCell Technologies).

Competitive limiting dilution reconstitution assay

In additional experiments, the multilineage reconstitution potential of
endosteal and central CD1507CD48~LSK and CD150"CD48*LSK sub-
populations was assessed using competitive limiting dilution transplanta-
tions (20, 100, 200, and 500 PTPRCA CD150"CD48*LSK isolated from
each region competed with 200 [transplantation 1] or 150 [transplantation
2] RFP CD150"CD48 LSK isolated from the same BM region) into
irradiated secondary C57 recipients.

In other experiments, the hemopoietic potential of endCD150"CD48*LSK
and central CD150"CD487LSK (centCD150"CD48*LSK) was assessed
using limiting dilution transplantations (30, 100, 300, and 1000 RFP
endCD150"CD48*LSK competed with 300 PTPRCA centCD150*CD48"LSK)
into irradiated secondary C57 recipients.

For all transplantations, PB reconstitution was assessed after 6, 12, and
20 weeks and BM after 20 weeks, as described in the previous subsection.
Cells were stained with antibodies to CD45.1-allophycocyanin (PTPRCA
donor), CD45.2-PeCy5.5 (RFP donor and host), B220—Pacific Blue and
B220-FITC (B cells), CD3-Pacific Blue (T cells), Gr-1-FITC, and Mac-1-
FITC (myeloid).

Cell-cycle analysis

Sorted endCD1507CD48"LSK and centCD150*CD48 LSK were fixed
and permeabilized by dropping them into 70% ethanol. Consequently, cells
were washed twice with PBS and stained with 1 mg/mL propidium iodide
(Invitrogen) and 200 pg/mL RNAse A (QIAGEN) for 30 minutes at 37°C.
Cells were immediately analyzed by flow cytometry for DNA staining using
an LSR II.

Statistical analysis and data presentation

Flow cytometric analysis was performed using FlowJo software Version
9.1. Where appropriate, a Student ¢ test or an analysis of variance in
conjunction with a Newman-Keuls test was used to determine statistical
significance.

Results

LT-HSC (CD150*CD48-LSK) incidence is equivalent in
endosteal and central BM

Our previous studies demonstrate that C57 endosteal LSK exhibit
superior hemopoietic function and potential compared with their
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Figure 1. Distribution and cell-cycle state of endosteal and central CD150*CD48-LSK. WBM stained with anti-Sca-1, c-kit, CD150, and CD48. Dot plots show a
representative analysis of CD150 and CD48 expression on endosteal (eLSK) and central (cLSK) BM (both gated for R7). Values are the mean += SEM (5 animals). Histograms

show a representative analysis of endosteal (R2) and central (R3) CD150*CD48-LSK
mean of 3 individual experiments = SEM.

central counterparts.?? Specifically, significantly increased multilin-
eage engraftment was detected when endosteal LSK were com-
peted with central LSK in long-term limiting dilution transplanta-
tions. However, it is well known that LSK are a heterogeneous pool
of LT-HSCs, ST-HSCs, and multipotent progenitors and the
increased frequency of repopulating cells in endosteal BM could
simply be the result of a higher incidence of LT-HSCs. Using our
newly developed harvesting method, specifically isolating en-
dosteal and central fractions, we analyzed the incidence of en-
dosteal and central LSK and CD1507"CD48 LSK. To ensure an
accurate discrimination of LT-HSCs, we included Sca and c-kit
selection and hierarchically backgated Lin"CD1507CD48~ cells
(supplemental Figure 1).

Using this gating strategy, we demonstrated that the inci-
dence is not significantly different in the 2 regions (Figure 1).
Specifically, 0.2% * 0.02% and 0.002% = 0.0004% of en-
dosteal and central BM are LSK (R1) and CD150*CD48 LSK
(R2 and R3, respectively). Assuming that 1 femur, tibia, and
iliac bone represents approximately 15% of total nucleated
cells'® and the endosteal and central white blood cell numbers
are 116 =4 X 10° and 385 = 28 X 10°, respectively, then
25 =5 X 10%and 86 = 18 X 10> CD150*CD48 LSK reside in
the endosteal and central BM, respectively (n = 5). Importantly,
these data demonstrate that simply flushing bones results in a
significant proportion (~ 25%) of LT-HSCs being discarded.
The prime aim of our subsequent studies was to compare the
characteristics and hemopoietic potential of LSK subpopula-
tions isolated from these BM regions.

stained with propidium iodide to determine the proportion of cycling cells. Data are the

No differences in cell-cycle status were detected between
endosteal and central LT-HSCs

Steady-state LT-HSCs are quiescent,? and data from our laboratory
and others suggest that endosteal HSCs are subject to a number of
potent negative regulators, such as ANG-1 and osteopontin.'!-!* To
determine whether a higher number of centCD150"CD48 LSK are
in cell cycle compared with endCD1507CD48 LSK, we per-
formed cell cycle analysis using DNA staining. Interestingly, there
was no significant difference in the proportion of endosteal or
central CD150*CD48 LSK in S/Gy/M phase (12% and 9%,
P = .71, Figure 1).

Endosteal HSCs exhibit higher in vitro proliferative potential
while retaining their primitive phenotype

To gain more insight into the biologic properties of endosteal
and central LT-HSCs with identical CD150CD48LSK pheno-
types, a series of in vitro and in vivo experiments were
conducted.

Initially, endosteal and central CDI150*CD48 LSK and
CD150*CD48*LSK were sorted (Figure 2A) and cultured in
serum-free medium supplemented with SCF, FL, IL-6, and IL-11
for 6 days to compare proliferation and differentiation. The
majority of CDI150"CD48 LSK progeny were dispersed and
homogeneous in morphology, whereas in contrast,
CD150"CD48*LSK progeny formed clusters and contained
megakaryocyte-progenitor-like cells (supplemental Figure 2).
Furthermore, these morphologic differences between the
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CDI150"CD48"LSK and CD150"CD48*LSK progeny were con-
sistent for both endosteal and central cells (data not shown).

The total number of progeny derived from endCDI150%
CD48~LSK was significantly higher (2.5-fold) than that gener-
ated from centCD150"CD48"LSK (10 = 1 X 103 and
4 =1 X 103 cells, respectively, P < .05; Figure 2B). In addi-
tion, flow cytometric analysis demonstrated that
CD150*CD48 LSK generated significantly more progeny with
a primitive phenotype compared with CD150*CD48*LSK (Fig-
ure 2B-C), with the latter producing increased numbers of cells
expressing Gr-1/Mac-1 and B220. CD150*CD48"LSK isolated
from both regions produced increased numbers of progeny

expressing B220, suggesting the presence of lymphoid
progenitors.

To test this hypothesis, IL-7Ra (CD127) expression, a cell surface
marker on common lymphoid progenitors,”® was analyzed (Figure 2D).
A significantly higher proportion of central LSK expressed CD127
compared with endosteal LSK (2.1% and 1.4%, respectively; P < .05).
However, no CD127 expression was detected on CD48 LSK, and the
majority of CDI127" cells were CD150~. Of note, only 1.6% of
endosteal and 3.0% of central CD150*CD48"LSK expressed CD127.
These data suggest the presence of a lymphoid primed progenitor cell
within the CD150*CD48*LSK population but not in the CD48~LSK
population.
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Figure 3. Homing and spatial distribution of LSK A B endosteal central
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CD1507CD48-LSK harvested from endosteal BM have the
highest homing efficiency

Because of the previously described differences in LSK cell
engraftment?> and the proliferative potential of LSK subpop-
ulations in vitro, as described in the previous subsection between
cells isolated from endosteal and central BM, we hypothesized that
endCD150*CD48 LSK may have greater hemopoietic potential in
vivo. As the engraftment potential of transplanted cells is depen-
dent on their ability to home to the BM, we analyzed the homing
efficiency of fluorescently labeled CD150*CD48~LSK (Figure 3A
red sort region) and LSK that do not have the phenotype
CD150*CD48~ (Figure 3A blue sort region). Both phenotypes
were isolated from endosteal and central BM and each phenotype
cotransplanted in a 15-hour homing assay into nonablated recipi-
ents (Figure 3B). Of note, more endCDI50"CD48 LSK
(28% = 2%) homed compared with their central counterparts
(19% = 2%, P < .01). Interestingly, the remaining LSK that were
not CD1507CD48~ had significantly reduced homing efficiency
(9% = 2% and 7% = 1% for endosteal and central BM, respec-
tively) compared with total LSK (21% *= 1% and 17% = 1%,
respectively; P < .05).

Endosteal and central CD150*CD48-LSK lodge preferentially
within their region of origin

We recently showed that 5 hours after transplantation more than 70% of
LSK isolated from the endosteum lodge within endosteal BM, and this
did not significantly change up to 15 hours.?>** To determine whether
CDI150"CD48 LSK also lodge within their region of origin, we
analyzed their spatial distribution 15 hours after transplantation. As
shown in Figure 3C-D, 60% = 1% of endCD150"CD48 LSK prefer-

entially lodged within endosteal BM (compared with an expected 25%
for random distribution?*). In contrast, a significantly lower percentage
of centCD1507CD48 LSK (33% % 0%; P <.05) lodged within
endosteal BM.

LT-HSCs can be functionally selected by their ability to home to
the endosteal niche

Based on endosteal LT-HSCs having increased homing efficiency
together with our previous observations that endosteal LSK have
higher engraftment ability and lodge back within endosteal BM
within 5 hours, we hypothesized that these functional abilities can
be used as a means of selecting LT-HSCs. Endosteal LSK were
transplanted into a single nonablated recipient. After 5 hours,
endosteally homed donor LSK were reisolated and transplanted
into lethally ablated secondary recipients in a limiting dilution
transplantation assay (Figure 4A). The frequency of LT-HSCs was
determined by analyzing PB for donor-derived CD3, B220, and
Gr-1/Mac-17 cells after 20 weeks and calculated as 1 per 12 (95%
confidence interval 1 in 6 to 1 in 23, Figure 4B). This multilineage
engraftment frequency is significantly higher than that of endosteal
LSK transplanted in a limiting dilution transplantation assay
without prior functional enrichment (frequency 1:259, 95% confi-
dence interval 1 in 175 to 1 in 381, n = 4). Our data demonstrate,
for the first time, that LT-HSCs preferentially migrate to the
endosteum within 5 hours after transplantation, and this provides a
valuable tool for their selection.

Blocking CD48 significantly reduces LSK homing efficiency

As described in “CD1507CD48~ LSK harvested from endosteal
BM have the highest homing efficiency,” LSK that are not
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Figure 4. Functional selection of HSCs. (A) RFP* endosteal LSK were transplanted into 1 nonablated recipient. After 5 hours, LSK homed to endosteal BM were reisolated
and transplanted into ablated secondary recipients in a limiting dilution assay. (B) Limiting dilution analysis of 2 experiments. Each symbol represents a group of mice

transplanted with 3, 10, 30, or 100 cells.

CD150*CD48~ (Figure 3A blue sort region) have significantly
reduced homing efficiency compared with total LSK (Figure 3B).
To understand this unexpected paradox, we analyzed the role of
CD41 and CD48 in homing. Flow cytometric analysis of the
expression of CD41 and CD48 on endosteal and central LSK
demonstrated that the majority of cells expressed CD48 (~ 86%),
few express CD41 (~ 7%), and more than 90% of CD41* cells
also expressed CD48 (Figure 5A). There were no differences in the
expression levels of the 2 surface proteins on endosteal or central
LSK (data not shown).

Analysis of the homing efficiency of LSK labeled with antibod-
ies to, but not sorted on, the basis of CD48 or CD41 was performed
by cotransplanting endosteal and central populations. As seen in
Figure 5B, no change in homing in the presence of CD41 antibody
was detected. However, cells labeled with anti-CD48 (HM48.1
clone, widely used in studies describing CD48" cells) had a
significant decrease in homing efficiency compared with unstained
LSK (8% % 3% and 21% = 2%, P < .005; and 8% * 4% and
17% = 1%, P < .05 for endosteal and central LSK, respectively).
In contrast, the use of an alternate CD48 antibody (OX-78 clone)
demonstrated no significant change in the homing ability of
transplanted CD48 labeled cells compared with unlabeled LSK
regardless of the BM region from which they were isolated
(P > .05). These data suggest that CD48 is important in LSK
homing after transplantation and that antibodies used for positive
selection influence their functional properties.

Importantly, even when the OX-78 CD48 antibody clone was
used, endCD150"CD48 LSK exhibited the highest homing effi-
ciency of all LSK subpopulations (data not shown). In contrast,
centCD150*CD48LSK had no homing advantage, compared with
total central LSK (Figure 3B).

As long-term engraftment studies involve transplantations into
ablated recipients, the homing efficiency of LSK with and without
prior staining with CD48 (HM48.1 clone) was also compared
15 hours after transplantation into irradiated recipients. Similarly to
transplantations into nonablated recipients, significantly less LSK
homed to BM after labeling with CD48 (HM48.1) compared with
unstained LSK (6% * 2% and 16% * 2% and 7% * 2% and
16% = 1% for endosteal and central LSK, respectively; P < .005;
Figure 5C). This strongly suggests that a specific interaction

between CD48 and endothelial cells is still required for homing
after ablation.

As blocking CD48 significantly reduced homing efficiency, we
analyzed whether blocking CD48 also altered trans-marrow migra-
tion and lodgment. CD48-labeled and unlabeled LSK were trans-
planted into ablated and nonablated recipients and their spatial
distribution in BM analyzed 15 hours after transplantation. After a
transplantation of endosteal and central LSK into nonablated
recipients, 65% = 2% and 51% = 12%, respectively, were located
in endosteal BM (Figure 5D), previously defined as 12 cell
diameters from the bone/BM interface.?’ Pretransplantation irradia-
tion of recipients resulted in a significant increase in the percentage
of endosteal and central LSK (84% = 5% and 88% = 7%, respec-
tively) lodging within endosteal BM (Figure 5E, P < .05). No
significant differences (P > .05) in spatial distribution were de-
tected when CD48-labeled LSK were transplanted into nonablated
or ablated recipients (Figure 5D and Figure SE, respectively). This
suggests that, although CD48 may be important for cells homing to
BM, it is not critical for trans-marrow migration and lodgment.

Based on our observation that CD48 is involved in HSPC
homing, we conducted a series of in vivo experiments to further
characterize the hemopoietic potential of CD48*/~ HSPCs.

Endosteal and central CD150*CD48*LSK have lower
engraftment potential than CD150*CD48-LSK

The in vivo hemopoietic potential of CD1507CD487LSK and
CD150*CD48~LSK was compared using competitive transplanta-
tions of endosteal and central BM. Previous reports suggest that
CD48" BM is devoid of multilineage engraftment potential.®?8
However, these studies used function blocking CD48 antibody,
which decreases homing efficiency 3-fold (Figures 3B, 5B). As a
consequence, we hypothesize that the frequency of repopulating
cells within CD48*LSK homing to BM when selected using this
antibody would be too low for detection. Using nonblocking CD48
antibody (OX-78 clone), 200 or 150 RFP CD150*CD48 LSK
were competed with 500, 200, 100, or 20 PTPRCA
CD150"CD48*LSK, with both phenotypes isolated from either
endosteal or central BM (Figure 6A). Overall survival was more
than 85% for all recipients (Figure 6B). Analysis of recipient PB
nucleated cells (PBNCs) after 5 weeks revealed more than 40%
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Figure 5. Role of CD48 in HSPC homing. (A) Representative analysis of CD41 (R2) and CD48 (R3) expression on endosteal and central LSK. Black represents isotype
control; red, endosteal LSK; and blue, central LSK. (B) Unstained endosteal and central LSK were cotransplanted with endosteal and central LSK, labeled with CD48 (HM48.1
clone), CD48 (OX-78 clone), or CD41 antibody but not sorted on the basis of their expression, and the homing efficiency analyzed 15 hours after transplantation into nonablated
and (C) ablated recipients. (D) Spatial distribution of LSK or LSK stained with CD48 (HM48.1) 15 hours after transplantation into nonablated and ablated (E) recipients.
(B-C) Dot graphs: Each dot represents an individual recipient; line represents the mean. (D-E) Bar graphs: At least 50 cells from 6 sections from 3 individual recipients were

analyzed. Data are mean = SEM.

donor contribution from either end or centCD150*CD48 LSK.
After 20 weeks, the proportion of donor PBNCs from
CD150*CD48 LSK increased to 87% (range, 78%-96% and
67%-94% from endosteal and central BM, respectively; Figure
6C-D). In contrast, the contribution of either end or
centCD150"CD48*LSK progeny was very low, with an average of
3% donor PBNCs detected 5 weeks after a cotransplantation of
500 CD150*CD48*LSK with 200 CD150"CD48 LSK, and this
decreased after 20 weeks (Figure 6C-D).

Analysis of the proportion of donor myeloid and lymphoid cells (Fig-
ure 6E-F) demonstrated that 5 weeks after transplanting
CD150"CD48LSK, the majority of donor PBNCs were Gr-1/Mac-1*

(range, 20%-89% and 37%-94% for endosteal and central BM, respec-
tively). This contribution decreased to 6% to 38% and 3% to 22%
20 weeks after transplantation. The percentage of B220" PB cells
increased over time from 27% and 23% (range, 3%-71% and 2%-52%)
after 5 weeks to 57% and 53% (range, 35%-66% and 25%-76%) after
20 weeks for endosteal and central donor cells, respectively. The same
trend was evident for CD37 cells.

In contrast, the progeny of CD150"CD48*LSK had a different
and highly variable lineage distribution compared with the progeny
of CD150"CD48 LSK (Figure 6G-H). Five weeks after a transplan-
tation of 500 CD150"CD48*LSK, 51% and 43% (range, 10%-80%
and 27%-92% for endosteal and central origin, respectively) were
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Figure 6. Endosteal and central CD150*CD48~LSK reconstitute and out-compete CD150*CD48+LSK. (A) Endosteal and central CD150*CD48~LSK were transplanted
in a competitive limiting dilution assay with CD150*CD48*LSK from the same BM region. (B) Survival of lethally irradiated recipients. (C) Graph shows percentage of BM
reconstitution from CD150*CD48+/~LSK from endosteal and (D) central BM. (E) Plot shows lymphoid and myeloid progeny of endosteal and (F) central CD150+CD48-LSK.
Both transplanted cell populations show physiologic multilineage reconstitution after 20 weeks. (G) Plot shows lymphoid and myeloid progeny of endosteal and (H) central
CD150"CD48*LSK. Each dot represents individual recipients from 2 independent transplantations.
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Figure 7. Endosteal, but not central, CD150*CD48*LSK have multilineage engraftment potential. (A) Endosteal and central CD150"CD48*LSK were transplanted in a
competitive limiting dilution assay. (B) Survival of lethally irradiated recipients. (C) Graph shows percentage of progeny of endosteal (®) and central (O) CD150"CD48*LSK.
(D) Graph shows lymphoid and myeloid progeny of endosteal CD150"CD48"LSK: > 1:300 endosteal CD150*CD48*LSK show physiologic multilineage reconstitution.
(E) Graph shows lymphoid (red and purple circles) and myeloid (green circles) progeny of central CD150*CD48*LSK: Central CD150*CD48*LSK exhibit low levels of

lymphoid but are devoid of myeloid progeny. Each dot represents individual recipients.

B2207" (Figure 6E-F). The numbers of Gr-1/Mac-1* cells were also
lower (average of 14% and 23%; range, 2%-52% and 1%-80% for
endosteal and central donor BM, respectively). After 20 weeks, the
number of Gr-1/Mac-17 cells further decreased (< 5%), and nearly
all progeny of transplanted CD150*CD48*LSK in the PB were
lymphoid.

A subset of endosteal CD150*CD48*LSK have multilineage
reconstitution potential

The low levels of engraftment observed with CD150"CD48+*LSK
after competitive transplantations with CD150"CD48 LSK
could either be the result of this phenotype lacking multilineage
reconstitution potential or the cells being out-competed.
Therefore, we performed limiting dilution transplantations
competing 1000, 300, 100, or 30 endCD150"CD48"LSK with
300 centCD150"CD48*LSK (Figure 7A). A total of 80% of

transplantation recipients receiving more than or equal to
300 endosteal cells survived 20 weeks after transplantation (Figure
7B). After 5 weeks, PB analysis demonstrated that 76% and 68%
(range, 68%-82% and 24%-87%) PBNCs were the progeny of
1000 and 300 transplanted endCD150"CD48LSK, respectively,
increasing to 86% and 85% (range, 82%-90% and 77%-88%)
after 20 weeks (Figure 7C). The -contribution of
300 centCD150*CD48*LSK was always less than 2%, suggesting
that these cells, phenotypically identical for CD150CD48LSK,
have significantly reduced reconstitution potential compared with
their endosteal counterparts.

Analysis of the progeny of 1000 and 300 transplanted
endCD150*CD48*LSK showed that 38% and 33% (range, 14%-
54% and 16%-85%) were myeloid (Gr-1/Mac-1") and 48% and
57% (range, 34%-75% and 8%-74%) were lymphoid (B220%),
respectively, after 5 weeks (Figure 7D), suggesting a higher
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percentage of short-term lymphoid engrafting cells compared with
CD150*CD48 LSK (Figure 6E).

However, mice transplanted with endCD150*CD48"LSK
showed a similar proportion of both myeloid and lymphoid cells in
the PB to those transplanted with endCD150"CD48 LSK after
20 weeks (Figures 6E, 7D). The calculation of long-term multilin-
eage reconstituting cells within the CD150"CD48*LSK fraction
was based on the Poisson distribution using the program L-Calc
and was 1 in 289. This frequency, however, is significantly lower
than for CD1507CD48LSK cells.®

In contrast, after 20 weeks, centCD150"CD48*LSK contribu-
tion was less than 1% (Figure 7C), and more than 70% of these
cells were lymphoid (Figure 7E). Together with in vitro prolifera-
tion data (Figure 2B), this suggests that centCD150"CD48*LSK
contain cells capable of lymphoid, but not myeloid, reconstitution
potential.

Collectively, the data demonstrate that HSPC location corre-
lates with and potentially predicts functional properties, suggesting
that extrinsic regulatory processes within endosteal BM determines
hemopoietic potential.

Discussion

The existence of a HSC niche was proposed 30 years ago,” but
only recent advances in phenotypic HSC purification and improved
visualization techniques have enabled thorough assessment of the
localization of HSCs within BM. To date, few data describe
differences in function of HSPCs isolated from different hemopoi-
etic microenvironments. Recently, however, we provided evidence
that endosteal HSPCs have increased in vivo hemopoietic recon-
stituting potential compared with central HSPCs.?? In this study,
we extend these findings, demonstrating that HSCs,
CD150*CD48 LSK, have considerably different biologic proper-
ties depending on their BM region of origin.

Hemopoietic reconstitution occurs when infused HSCs home
and engraft within BM, a process involving 4 steps: adhesion to
vascular endothelium, trans-endothelial migration, trans-marrow
migration, and lodgment in the HSC niche. HSCs express many
cell adhesion molecules (CAMs) and chemokine receptors, en-
abling them to specifically home to their niche during engraft-
ment.’® Although the analysis of reconstitution potential of defined
HSC subpopulations is the gold standard for assessing hemopoietic
potential, careful analysis of the components of engraftment and
specifically the efficiency of homing is often overlooked. Our
studies and those of others demonstrate that altered CAM expres-
sion or function influences homing efficiency. For example,
blocking or up-regulating oyf3; integrin on HSCs significantly
reduces or increases homing efficiency, respectively.3!32 Most
importantly, changes in homing affect the observed frequency of
engrafting cells (multilineage LT-HSCs) in limiting dilution trans-
plantations. This suggests that endosteal HSCs have as yet undeter-
mined differences in CAM expression and or function to their
central counterparts, enabling them to home more efficiently.

Our study highlights the novel role of CD48 in HSPC homing.
CD48 is a GPI-linked cell surface molecule expressed by leuko-
cytes and known to be involved in T-cell proliferation and
activation.>> CD48 binds homophilically and to other members of
its receptor family, including CD2, CD244, and CDSS8. Spatial
distribution analysis of CD48*LSK after transplantation did not
show cells actively trans-endothelially migrating, suggesting re-
duced adhesion to the endothelial wall. Although we cannot
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exclude complement activation and lysis of HM48.1-labeled LSK,
there is no evidence in the literature suggesting this as a mecha-
nism. In addition, previous studies demonstrate that blocking
CD244 binding to CD48 with HM48.1 antibody interrupts T and
NK cell interactions,* further demonstrating this antibody as
function blocking.

The significance of CD48 on HSPCs was described by Kiel
et al® and Kim et al?® who showed that transplanting CD48* whole
bone marrow (WBM) results in only lymphoid progenitor engraft-
ment. In addition, CD48* and CD48*CD135 LSK transplanta-
tions showed no detectable multilineage engraftment. CD48 expres-
sion was suggested to be exclusive to colony-forming progenitors,
not HSC or multipotent progenitors. These studies were conducted
using BM isolated by traditional flushing techniques and are in
accord with our results using centCD150"CD48"LSK. However,
as endCD150% CD48"LSK would not have been assessed, the
long-term multilineage reconstituting cells we have now identified
within this region with this phenotype would not have previously
been detected.

In addition, the studies described herein used the HM48.1
antibody clone to isolate CD48* HSPCs and conclude that these
cells are not capable of long-term multilineage engraftment.
Critically, our data demonstrate that less than 10% of endosteal or
centCD1507CD48"LSK home to BM when selected using this
clone. This is in distinct contrast to using the OX-78 CD48
antibody clone, which has no impact on cell homing. These data
highlight the importance of assessing homing efficiency as part of
reconstitution potential analysis. In this case, failure to recognize
that selecting CD48" HSPCs using the HM48.1 antibody clone
would have resulted in less than 50% and less than 30% of the
normal level of homing for this phenotype isolated from central and
endosteal BM, respectively. Consequently, the reconstitution poten-
tial of these cells would have been vastly underestimated or not
detected.

Only 1 previous study used the OX78 CD48 clone for isolating
CD48" BM and assessing their reconstitution ability after transplan-
tation.’> However, the BM isolation method was not described and
did not separately assess endosteal and central BM. In addition,
HSPCs were phenotypically defined as Lin"CD150*CD48" with-
out including Sca and c-Kit, representing a very heterogeneous
population, of which only a minority of cells would be
CDI150*CD48*LSK. As a consequence, it is unlikely that the
endCD150*CD48*LSK with long-term multilineage reconstitu-
tion potential described in our study would be evident in their
readout. Our study did not detect multilineage reconstitution from
transplanted centCD1507CD487LSK but did demonstrate lym-
phoid potential.

The in vivo lymphoid commitment of centCD150"CD48 LSK
was mirrored in our in vitro experiments. After stimulation with a
combination of early acting cytokines,3® a significantly lower
proliferative response was evident in centCD150"CD48LSK, and
most nascent Scatc-Kit™ cells were generated from
endCD150*CD48 LSK. This suggests that CD150"CD48 LSK
in close proximity to bone are more sensitive to early acting
cytokines or are intrinsically different from central
CD150*CD48 LSK. In addition, CD150"CD48*LSK generated
significantly more B220* progeny, an outcome to be expected for a
cell subpopulation enriched for lymphoid committed progenitors.

Studies with common lymphoid and myeloid progenitors de-
fined as Lin~Sca-1'"c-kit®IL-7Ra* and Lin~Sca~c-kit*IL-7Ra™
confirm IL-7Ra expression as a marker for B-cell development.2
In this study, we demonstrate (Figure 2D) that IL-7Ra is not
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expressed on CDI150*CD48LSK, whereas a subset of
CD150*CD48"LSK express IL7Ra and cells of this phenotype
isolated from central BM express twice as much IL-7Ra than their
endosteal counterparts. This suggests that a subset of
CD150*CD48*LSK is primed for lymphoid differentiation even
while expressing high levels of c-kit. The stimulation of IL-7Ra*
CD150"CD48*LSK with IL-11, FL, and SCF in culture is in
accord with previously described effects of these cytokines on
B-cell development.?’

Furthermore, we show that approximately 25% of total
CD150*CD48 LSK are located in endosteal BM and can be
isolated using a previously published method involving grinding
and digestion of flushed bones.?> This HSC isolation method is
critical, as traditional BM collection methods of flushing alone
result in endosteal HSCs being discarded. Moreover, endosteal
HSCs have significantly higher hemopoietic potential compared
with their central counterparts.

In conclusion, we show that endCD150*CD48-LSK exhibit
considerably different biologic properties to their phenotypically
identical central BM counterparts, suggesting that they are only
truly phenotypically identical in relation to their expression of
CD150CD48LSK. EndCD150*CD48 LSK show higher prolifera-
tive potential in vitro and an increased homing efficiency in vivo. In
addition, we demonstrate that a subset of endCD150TCD48 LSK
have a previously unrecognized long-term multilineage reconstitu-
tion potential, provided a nonfunction blocking antibody is used for
their isolation. Overall, our data suggest a hierarchical relationship
of HSPC subsets with identical CD150CD48LSK phenotypic
characteristics isolated from different BM regions. These biologic
differences could be attributed to combinations of intrinsic differ-
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ences as well as unique extrinsic cues conferred by their microenvi-
ronment of origin. Transcriptional and proteomic profiling studies
of these 2 functionally distinct populations are currently being
performed within our laboratory to identify and characterize these
differences.
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