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Summary

A population of mesenchymal stem cells, termed CXC chemokine ligand
(CXCL)12-abundant reticular (CAR) cells or leptin receptor-expressing
cells, are the major cellular component of niches for haematopoietic stem
cells (HSCs) in murine bone marrow. CAR cells are characterized by sev-
eral salient features, including much higher expression of CXCL12, stem
cell factor (SCF), forkhead box Cl1 (FOXCl) and early B-cell factor 3
(EBF3), which are essential for HSC maintenance, than other cells. How-
ever, the human counterpart of CAR cells has not been fully described.
Here, we show the presence of cells expressing much higher CXCL12 than
other cells in human adult bone marrow using a flow cytometry-based
in situ technique that enables high-throughput detection of mRNA at sin-
gle-cell resolution. Most CXCLI2" cells expressed high levels of SCF,
FOXC1 and EBF3 and had the potential to differentiate into adipocytes
and osteoblasts. Histologically, the nuclei of CXCL12™ cells were identified
and quantified by EBF3 expression in fixed marrow sections. CXCL12™
cells sorted from residual bone marrow aspirates of chronic myeloid leu-
kaemia patients expressed reduced levels of CXCL12, SCF, FOXC1 and
EBF3 in correlation with increased leukaemic burden. Together, we identi-
fied the human counterpart of CAR cells, enabling the evaluation of their
alterations in various haematological disorders by flow cytometric and his-
tological analyses.
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Introduction

Most blood cells, including immune cells and leukaemic cells,
are generated from haematopoietic stem cells (HSCs) in bone
marrow. HSCs are in contact with and maintained by special
microenvironments, known as niches, which provide HSCs
with critical cytokines, in bone marrow."™* The identity of
HSC niches has been a subject of longstanding debate, but
recent studies have demonstrated that a population of bone
marrow-specific mesenchymal stem cells, termed CXC chemo-
kine ligand (CXCL)12-abundant reticular (CAR) cells, which
overlap strongly with leptin receptor-expressing (Lepr’) cells,
are the major component of HSC niches in murine bone mar-
row.”® CAR cells have been shown to be specialized mes-
enchymal stem cells characterized by several salient features,
including much higher expression of LEPR and HSC niche fac-
tors, such as CXCL12, stem cell factor (SCF), and the tran-
scription factors forkhead box Cl1 (FOXC1) and early B-cell
factor 3 (EBF3), which are essential for the maintenance of
HSCs, than other types of cells.””*!°

Alterations of haematopoietic niches might serve as poten-
tial diagnostic markers, reliable therapeutic targets and pow-
erful prognostic predictors of haematological disorders.'' '*
Thus, the specific markers that distinguish mesenchymal
stromal cells from other bone marrow cells in humans have
been well studied.'>* They are prospectively identified based
on the lack of expression of haematopoietic and endothelial
markers along with positive expression for CD271 or CD146
in human adult bone marrow.> %! However, the human
counterpart of CAR cells has not been fully described.

Here, we show the presence of non-haematopoietic cells
which have salient features of CAR cells, including much
higher expression of HSC niche factors CXCL12, SCF,
FOXC1 and EBF3 than other types of cells, in human adult
bone marrow. Histologically, the nuclei of CXCL12" cells
were identified for the first time using anti-EBF3 antibodies
in fixed marrow sections. Furthermore, we showed that
CXCL12" cells from chronic-phase chronic myeloid leukae-
mia (CP-CML) patients expressed reduced levels of HSC
niche factors in correlation with increased leukaemic burden.

Materials and methods

Human samples

Bone marrow from femurs or vertebrae and synovial tissues
were harvested from patients who underwent orthopaedic sur-
gery. Bone marrow aspirates and biopsies were obtained from
patients who underwent bone marrow examination (Table SI).
Informed consent was obtained from all participants. This
study adhered to the tenets of the Declaration of Helsinki, was
approved by the institutional review board of Osaka University
Hospital and six related hospitals (HANDAI Clinical Blood
Club), and was performed according to the guidelines of the
ethical committee of Osaka University Hospital.

Flow cytometry

Crushed bone marrow fragments from femurs or vertebrae, bone
marrow aspirates and dissected synovial tissues were digested with
collagenase type I (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA), and the enzymatically dissociated cells were incubated
with red blood cell lysis buffer and then stained with fluo-
rochrome-conjugated antibodies. The following monoclonal anti-
bodies were purchased from BD Biosciences (Franklin Lakes, NJ,
USA), BioLegend (San Diego, CA, USA) or eBioscience (Thermo
Fisher Scientific), unless otherwise indicated: anti-CD31 (WM59),
anti-CD34 (581), anti-CD45 (HI30), anti-CD56 (NCAM16.2),
anti-CD71 (CY1G4, OKT9), anti-CD140a (oR1), anti-CD146
(P1H12), anti-CD235a (HIR2), anti-CD271 (ME20.4), anti-LEPR
(52263; R&D Systems, Bio-Techne, Minneapolis, MN, USA) and
anti-podoplanin  (PDPN; NZ-1.3). CXCL12M/LEPR* cells,
osteoblastic cells and bone marrow endothelial cells (ECs) were
defined as  LEPR'CD45 CD235a CD71 CD31~ cells,
LEPR CD56'CD45 CD235a CD71 CD31~  cells,”>  and
CD45~CD235a~CD71-CD31°CD34"  cells,***®
Synovial mesenchymal cells were isolated as
CD457CD235a~CD71~CD317CD146~ PDPN" cells.”® Dead cells
were excluded by staining with propidium iodide. All flow cyto-

respectively.

metric experiments were performed using a BD FACS Aria ITu
(BD Biosciences).

Primeflow RNA assay

In situ hybridization to detect the mRNAs encoding human
CXCL12, SCF, FOXC1 and EBF3 with flow cytometry was
performed using probes and reagents supplied with the Pri-
meFlow RNA Assay kit (Thermo Fisher Scientific), according
to the manufacturer’s instructions. Briefly, bone marrow cells
stained with antibodies targeting the cell surface markers
were fixed with the first fixation buffer for 30 min at 4°C,
and then washed with RNA permeabilization buffer. Subse-
quently, the cells were fixed with the second fixation buffer
for 60 min at room temperature, and then incubated with
target-specific and control probes at 40°C for 2 h. The
probes were amplified and labelled, and cells were subse-
quently analyzed by flow cytometry. Target probes used were
as follows: CXCL12 (VA1-11035, VA4-3082401), SCF (VA1l-
12982), FOXC1 (VA1-12673) and EBF3 (VA1-3015971).
Probes for B-actin (VA1-10351, VA4-10293) were used as
positive controls to check that cells were permeabilized and
probes hybridized and amplified.

qRT-PCR analysis

Relative mRNA expression was analyzed by a quantitative
real-time (qRT)-polymerase chain reaction (PCR) analysis
performed with the StepOnePlus System (Applied Biosys-
tems, Thermo Fisher Scientific; TOYOBO, Osaka, Japan) and
THUNDERBIRD SYBR qPCR Mix (TOYOBO). Total RNA
was isolated from sorted or cultured cells using Isogen
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(Nippon Gene, Tokyo, Japan), and ¢cDNA was synthesized
using SuperScript VILO Master Mix (Invitrogen, Thermo
Fisher Scientific), according to the manufacturers’ instruc-
tions. The expression level of each mRNA was normalized to
that of the GAPDH mRNA in each sample. The primers used
for PCR are listed in Table SII.

In vitro differentiation assay

Sorted CXCLI12"/LEPR™ cells, LEPR CD56" osteoblastic cells
and synovial fibroblasts were plated at a density of 1-5 x 10?
cells/em® and were maintained in mesenchymal stem cell
(MSC) expansion medium (130-104-182; Miltenyi Biotec,
Bergisch Gladbach, Germany) supplemented with 1% peni-
cillin/streptomycin (Nacalai Tesque, Kyoto, Japan) at 37°C in
a humidified atmosphere with 5% CO,. For adipogenic dif-
ferentiation, primary cultured cells were changed to Adipo-
Diff medium (Miltenyi Biotec) when they reached 80%
confluency. After 21 days of differentiation, the cells were
washed, fixed in 4% paraformaldehyde and stained with Oil
Red O to evaluate lipid droplets. To assess osteogenic differ-
entiation, primary cultured cells at 80% confluency were
maintained in OsteoDiff medium (Miltenyi Biotec) for
21 days, fixed with 4% paraformaldehyde and stained with
Alizarin Red to detect calcium deposits. To induce chondro-
genic differentiation, cell pellets prepared from 2-5 x 10°
cells by centrifugation were cultured in ChondroDiff medium
(Miltenyi Biotec). After 25 days, the pellets were fixed with
4% paraformaldehyde, embedded in Optimal Cutting Tem-
perature medium (Sakura Finetek, Osaka, Japan) and sec-
tioned. Cryosections were stained with Alcian blue (Fuji Film
Wako Pure Chemical, Osaka, Japan).

For differentiation assays of single-CXCL12"/LEPR -cell-
derived clones, sorted CXCLI12"/LEPR" cells were seeded into 96-
well plates at a density of three cells per well and were cultured in
MSC expansion medium. Colonies were counted at day 7 to
exclude the wells with more than one colony from further analy-
sis. When confluent, the cells were differentiated toward the adi-
pogenic or osteogenic lineage as described above.

CFU-F assay

Colony-forming unit—fibroblast (CFU-F) assays were per-
formed as described previously.'® Sorted cells were plated at
a density of 3-12 cells/cm* in o-MEM (Gibco) supplemented
with 20% fetal calf serum (FCS) and 1% penicillin/strepto-
mycin. The cultures were incubated at 37°C in a humidified
atmosphere with 5% CO,. Colonies were counted after
14 days of culture.

Co-culture of cord blood CD34" cells with CXCL12"/
LEPR" cells

Sorted human CXCLI2"/LEPR" cells were seeded at a den-
sity of 1.5 x 10% cells/cm® into 96-well plates and were

Human CXCL12-Abundant Reticular Cells

cultured in MSC expansion medium for 10 days. Then med-
ium was removed, and 5 000 human cord blood CD34" cells
(RIKEN BRC, Tsukuba, Japan) were co-cultured with or
without the adherent CXCLI12"/LEPR" cells in StemSpan
Serum-Free Expansion Medium (StemCell Technologies,
Vancouver, BC, Canada) supplemented with 25 ng/ml of
recombinant human SCF (Fuji Film Wako Pure Chemical),
thrombopoietin (TPO; Fuji Film Wako Pure Chemical) and
fms-related receptor tyrosine kinase 3 ligand (FLT3L; Fuji
Film Wako Pure Chemical), and 1% penicillin/streptomycin
at 37°C with 5% CO,. After one week of co-culture, cells
were harvested and the numbers of CD34" cells were counted
using flow cytometry.

Immunohistochemistry

Human bone marrow samples were fixed in 10% neutral
buffered formalin, decalcified with EDTA and embedded in
paraffin. Sections (6 um) were generated via Kawamoto’s
film method (Section-Lab, Hiroshima, Japan) and used for
immunohistochemical analysis. In brief, after deparaffiniza-
tion and hydration, sections were boiled in citrate buffer (pH
6-0), incubated with blocking buffer (X0909, DAKO, Agilent,
Santa Clara, CA, USA), and then stained with a primary
antibody, followed by incubation with horseradish peroxidase
(HRP)-conjugated secondary antibodies. For detection, tyra-
mide signal amplification (Tyramide SuperBoost Kit, Thermo
Fisher Scientific) was used according to the manufacturer’s
instructions. For multiplex staining with primary antibodies
from the same species, the primary and secondary antibodies
bound to the sections were stripped using citrate buffer (pH
6-0) in a microwave before staining with another primary
antibody. Primary antibodies used were as follows: mouse
anti-CD31 (JC70A, DAKO), rabbit anti-CD56 (MRQ-42, Cell
Marque, Rocklin, CA, USA), rabbit anti-CD271
(HPA004765, Sigma-Aldrich, St. Louis, MO, USA), rabbit
anti-EBF3 (ab207705, Abcam, Cambridge, UK) and mouse
anti- runt-related transcription factor 2 (RUNX2) (8GS5,
MBL International, Woburn, MA, USA). The nuclei of cells
were stained with 4’,6-diamidino-2-phenylindole (DAPI) dye.
Confocal tiled Z-stack images were acquired using a Zeiss
LSM 510 META microscope equipped with a Plan-Apochro-
mat 20x/0-8 objective and a Plan-Apochromat 63x/1-4 oil
objective, and analyzed using Zeiss ZEN (Carl Zeiss, Oberko-
chen, Germany) and Bitplane Imaris 8.3.1 (Bitplane, Zurich,
Switzerland) software.

RNAscope in situ hybridization combined with
immunohistochemistry

Sections of formalin-fixed, paraffin-embedded decalcified
bone marrow biopsies (5 pm) were processed for RNA
in situ hybridization and immunohistochemistry using the
RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced
Cell Diagnostics, Newark, CA, USA) with the Opal dyes
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(PerkinElmer, Waltham, MA, USA) according to the manu-
facturer’s instructions.”” RNAscope probes used were as fol-
lows: CXCL12 (4422991-C2) and LEPR (410381). Antibodies
used were as follows: rabbit anti-EBF3 (ab207705; Abcam),
rabbit anti-von Willebrand factor (VWF) (D8L8G, Cell Sig-
naling Technology, Danvers, MA, USA) and HRP-conjugated
goat anti-rabbit IgG (Thermo Fisher Scientific). The nuclei
of cells were labelled with DAPI dye. Confocal tiled Z-stack
images were acquired using a Zeiss LSM880 microscope and
a Plan-Apochromat 63x/1-4 oil objective, and analyzed using
Zeiss ZEN software.

Results

A population of non-haematopoietic cells express
markedly high levels of CXCLI2 as well as SCF, FOXCI
and EBF3 in human adult bone marrow

We evaluated the expression levels of the mRNAs encoding
SCF (KITLG), FOXC1 and EBF3 in each bone marrow cell
using a flow cytometry-based in situ technique capable of
simultaneous detection of mRNAs and proteins within mil-
lions of cells at single-cell resolution. We identified a popula-
tion of non-haematopoietic cells expressing much higher
levels of the CXCL12 mRNA than other bone marrow cells
in human adult bone marrow (Fig 1A; Figure S1). These
CXCL12M cells expressed high levels of LEPR, and LEPR"
non-haematopoietic cells expressed markedly high levels of
the CXCL12 mRNA (Fig 1A), indicating that CXCL12" cells
overlap strongly with LEPR" non-haematopoietic cells in
human bone marrow, as reported for murine CAR cells.” In
addition, CXCLI12M cells uniformly expressed the KITLG,
FOXCI and EBF3 mRNAs (Fig 1B). By contrast, the CXCLI12
mRNA was absent or present at very low levels in CD56"
osteoblastic cells”® and in bone marrow CD317CD34"
ECs***® (Fig 1C; Figure S2A).

qRT-PCR analysis revealed that CXCL12" cells that were
sorted based on LEPR expression (CXCLI2"/LEPR" cells)
expressed much higher levels of the CXCL12, KITLG, FOXCI
and EBF3 mRNAs than osteoblastic cells, bone marrow ECs
and synovial mesenchymal cells (Fig 1D; Figure S2B). The
expression levels of the CXCLI2, KITLG, FOXCI and EBF3
mRNAs were similar in CXCL12"/LEPR" cells from femurs,
vertebrae and iliac crests (Figure S3A). In addition, donor
age did not influence the expression levels of the CXCLI2,
KITLG, FOXCI and EBF3 mRNAs in CXCL12"/LEPR" cells
(Figure S3B).

Human adult bone marrow CXCL12"'/LEPR" cells are
adipo-osteogenic progenitors with haematopoiesis-
supporting abilities

It was reported previously that the cell surface proteins
CD56, CD271, CD140a and CD146 are expressed by a subset
of mesenchymal progenitors in human adult bone

marrow.'”'®?%2 A flow cytometric analysis showed that
CXCLI12"/LEPR" cells did not express CD56 (Fig 2A). Both
CXCLI12"M/LEPR" cells and LEPR™CD56" osteoblastic cells
had high expression levels of CD271 and low expression
levels of CD140a, whereas synovial mesenchymal cells had
low expression levels of CD271 and high expression levels of
CD140a (Fig 2A). CXCL12M/LEPR" cells were heterogenous
for CD146 (Fig 2A).

We assessed the CFU-F activities of subpopulations of
CD457CD235a CD71 CD31" cells in human adult bone
marrow; 13% of CXCL12"/LEPR' cells and 9% of
LEPR™CD56" osteoblastic cells formed CFU-Fs (Fig 2B).
CXCLI2"/LEPR" cells but not LEPR CD56" osteoblastic
cells exhibited differentiation potentials toward adipogenic,
osteogenic and chondrogenic lineages (Fig 2C). qRT-PCR
analysis showed that the expression levels of lineage-associ-
ated markers gradually increased in CXCLI2"/LEPR" cells
cultured in adipogenic, osteogenic and chondrogenic media
(Fig 2D). We analyzed the differentiation potential of indi-
vidual CXCLI2"/LEPR" cells, and showed that 70% and
90% of the primary cultured single-CXCL12™/LEPR"-cell-
derived clones differentiated into adipogenic and osteogenic
lineages respectively (Fig 2E), suggesting that most
CXCLI12"/LEPR" cells are adipo-osteogenic bipotential pro-
genitors. In contrast, numbers of cells obtained from single-
CXCL12"/LEPR -cell-derived clones were not enough to
evaluate the chondrogenic differentiation potential.

Subsequently, we assessed the haematopoiesis-supporting
capacity of CXCLI2"/LEPR" cells and LEPR CD56"
osteoblastic cells. For this, we cultured cord blood CD34"
cells with CXCL12"/LEPR" cells or LEPR CD56" osteoblastic
cells in serum-free media containing SCF, TPO and FLT3L.
CXCLI12"/LEPR" cells enhanced the proliferation of CD34"
haematopoietic stem and progenitor cells more effectively
than LEPR”CD56" osteoblastic cells (Fig 2F).

CXCL12™ cells are identified by EBF3 staining in
human adult marrow sections

We tried to identify CXCL12" cells in fixed human bone
marrow sections using an antibody against EBF3, and
found that EBF3" cells were scattered throughout bone
marrow (Fig 3A). All EBF3" cells stained positively with an
antibody against CD271 (Fig 3B). Conversely, almost all
DAPI" nuclei of CD271" cells were positive for EBF3 in
the marrow cavity (Fig 3C). EBF3"CD271" cells had several
long processes that formed a reticular network (Fig 3B), as
reported for murine CAR cells.” CD56'CD271" cells were
bone-lining osteoblastic cells positive for RUNX2 (Fig-
ure S4A). EBF3 was not expressed in bone-lining osteoblas-
tic cells (Figure S4B) or morphologically identifiable CD31"
ECs (Figure S5). To examine the CXCLI2 and LEPR
mRNA expression in EBF3" cells, we performed in situ
hybridization of the CXCLI2 and LEPR mRNAs combined
with immunohistochemistry for EBF3 in human bone
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Fig 1. A population of non-haematopoietic cells express much higher levels of CXCL12, SCF, FOXCI and EBF3 that other cells in human adult
bone marrow. (A-C) Expression of the CXCLI12 (A, C), KITLG (B), FOXCI (B) and EBF3 (B) mRNAs in human adult bone marrow cells as
determined by flow cytometry using the PrimeFlow RNA Assay kit. A population of non-haematopoietic cells expressed markedly high levels of
the CXCLI12 mRNA, and these CXCL12" cells expressed high levels of LEPR (A, upper). LEPR" non-haematopoietic cells expressed markedly high
levels of the CXCLI2 mRNA (A, lower). CXCL12"! cells uniformly expressed the KITLG, FOXCI and EBF3 mRNAs (B). The CXCL12 mRNA was
absent or present at very low levels in CD56" osteoblastic cells and bone marrow CD31°CD34" ECs (c). The blue histograms represent the target-
specific probes or antibodies, and the gray histograms represent background fluorescence (A-C). (D) Relative expression levels of the CXCLI2,
KITLG, FOXCI and EBF3 mRNAs in CXCL12"/LEPR" cells (n = 42), osteoblastic cells (n = 14) and endothelial cells (ECs) (1 = 3) isolated from
human adult bone marrow, as well as human adult synovial mesenchymal cells (n = 8), as determined by quantitative real-time (qRT)-poly-
merase chain reaction (PCR). Data represent mean £ SD (D). Two-tailed Student’s t tests were used to assess statistical significance (D;
**p < 0.01).

marrow sections. EBF3" cells strongly overlapped with cells
expressing the CXCLI2Z mRNA and cells expressing the
LEPR mRNA (Fig 3D). In situ hybridization of the CXCLI12
and LEPR mRNAs combined with immunohistochemistry
of the pan-EC marker VWF?® revealed that CXCL12" cells
from ECs and approximately 46% of
CXCL12" cells were in contact with ECs of vascular
sinuses (Fig 3E).

were distinct

CXCLI12"/LEPR" cells from CP-CML patients express
reduced levels of CXCL12, SCF, FOXCI and EBF3 in
correlation with increased leukaemic burden

Finally, we focused on CP-CML because a deeper under-
standing of niche-dependent regulation of leukaemic stem
cells is required to eradicate the disease.'"'*** We were able

to sort thousands of human CXCLI2M/LEPR" cells from
residual clinical bone marrow aspiration samples by flow
cytometry. A qRT-PCR analysis revealed that CXCL12"/
LEPR" cells from newly diagnosed CP-CML patients
expressed significantly lower levels of the CXCLI12, KITLG,
FOXCI and EBF3 mRNAs than those from control patients
(Fig 4A). Notably, the expression levels of the CXCLI2,
KITLG, FOXCI and EBF3 mRNAs in CXCLI2™/LEPR" cells
from newly diagnosed CP-CML patients were negatively
correlated with the peripheral blood white blood cell
(WBC) counts (Fig 4B). The expression levels of the
CXCL12, KITLG, FOXCI and EBF3 mRNAs in CXCL12"/
LEPR" cells from CP-CML patients were restored to normal
levels when they achieved complete cytogenetic response
(CCyR) wupon tyrosine kinase inhibitor (TKI) therapy
(Fig 4A). These data are consistent with existing murine
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Fig 2. Human adult bone marrow CXCL12"/LEPR" cells are adipo-osteogenic progenitors with haematopoiesis-supporting abilities. (A) Expres-
sion of CD271, CD140a and CD146 in CXCLI12"/LEPR" cells and osteoblastic cells from human adult bone marrow, as well as synovial mes-
enchymal cells, as determined by flow cytometry. (B) The colony-forming unit—fibroblast (CFU-F) frequencies of CXCLI2"/LEPR™ cells
(n=15), LEPR CD56" osteoblastic cells (7 =9) and LEPRCD56  «cells (n=8) within the human adult bone marrow
CD457CD235a” CD71 CD31™ population, as well as synovial mesenchymal cells (n = 8). (C) The differentiation potentials of CXCL12"/LEPR*
cells, LEPR CD56" osteoblastic cells and synovial mesenchymal cells towards adipogenic (Oil Red O"), osteogenic (Alizarin Red”) and chondro-
genic (Alcian blue”) lineages. Scale bar, 100 pm. (D) Relative expression levels of the mRNAs encoding lineage-associated markers in CXCL12"/
LEPR" cells cultured in adipogenic, osteogenic, chondrogenic media, as determined by quantitative real-time (qRT)-polymerase chain reaction
(PCR; 1 = 4-6). (E) The percentages of Oil Red O" (left) or Alizarin Red" (right) single—CXCL12hi/LEPR+—cell—derived clones cultured in adi-
pogenic (Adipo) or osteogenic (Osteo) medium respectively (n = 3). (F) The numbers of CD34" haematopoietic cells after one week of co-culture
with CXCL12"/LEPR" cells (n = 13) or LEPR CD56" osteoblastic cells (1 = 5) in serum-free media containing stem cell factor (SCF), throm-
bopoietin (TPO) and FMS-like tyrosine kinase 3 ligand (FLT3L). Data represent mean £ SD (B, D, E and F). Two-tailed Student’s ¢ tests were

used to assess statistical significance (B, D, E and F; *, P < 0-05; **, P < 0-01).

data, showing that the expression of CXCL12 in whole bone
marrow cells was reduced in CML model mice.”® Flow cyto-
metric analysis and histological analysis revealed that the
frequency of CXCLI2"/LEPR" cells and the density of
EBF3" cells were not significantly different between control
patients and patients with myeloproliferative neoplasms
(MPNs) (Figure S6).

Discussion

In this study, we identified a population of non-haematopoi-
etic cells expressing much higher levels of CXCL12, which is
involved in HSC behaviour in both mouse and human,*"*?
than other bone marrow cells in human adult bone marrow.
Most CXCL12M cells expressed high levels of SCF, FOXCl1
and EBF3 and had the potential to differentiate toward adi-
pogenic and osteogenic lineages. These results strongly sug-
gest that CXCL12™ cells are the human counterpart of CAR
cells. Prior studies revealed that CD271" cells expressed the
CXCLI2 mRNA in human bone marrow; however, it
remained unclear whether CD271" cells expressed much
higher levels of key HSC niche factors, including CXCL12,
SCF, FOXC1 and EBF3, than other bone marrow cells.”>*?
Thus, this study has substantially advanced our understand-
ing of human haematopoietic microenvironments.

Using flow cytometry, we were able to sort thousands of
human CXCLI2" cells from residual clinical bone marrow
aspiration samples based on LEPR expression. Although
CD271 has been used as a marker for bone marrow MSCs in
flow cytometric analysis,"®** CD271" cells contain osteoblas-
tic cells as well as CXCL12" cells. Since the MPN develop-
ment might cause expansion of osteoblastic cells in bone
marrow,>* it is important to discriminate CXCL12M cells
from osteoblastic cells by flow cytometry for the analysis of
human CXCLI2™ cells in various haematological disorders.
These advances will aid the analysis of human CXCL12™ cells
in various haematological disorders.'" "

In addition, we histologically identified EBF3" cells in
fixed human bone marrow sections. Previously, immunohis-
tochemistry with an anti-CD271 antibody was the only way
to identify mesenchymal stromal cells in fixed human bone
marrow sections;’® however, it was difficult to quantify the

number and the density of CD271" cells in bone marrow
because an anti-CD271 antibody did not stain the nuclei of
CD271" cells. We found that the nuclei of CXCL12" cells
were identified based on EBF3 expression in marrow sections
by in situ hybridization of the CXCLI2 and LEPR mRNAs
combined with immunohistochemistry for EBF3. These find-
ings make it possible for us to easily quantify the number
and the density of human CAR cells in fixed bone marrow
sections from healthy donors and patients with various
haematological disorders.

We found that human CXCL12" cells showed reduced
expression levels of the mRNAs encoding CXCL12 and SCF
as well as FOXCI and EBF3 in correlation with increased
leukaemic burden, suggesting that CAR cells from CP-CML
patients have the reduced ability to support normal HSCs.
Furthermore, the expression levels of these HSC niche factors
in CXCL12" cells from CP-CML patients were restored to
normal levels when they achieved CCyR upon TKI therapy.
These results suggest that TKIs depleted leukaemic cells
which affected CXCL12M cells in CP-CML patients. However,
considering that the platelet-derived growth factor (PDGF)—
PDGFRa axis affects CAR cells,®® TKIs might have direct
effects on PDGFR signalling in CXCL12™ cells in CP-CML
patients.

In summary, we identified the human counterpart of
CAR cells and found that CAR cells from CP-CML
patients expressed reduced levels of HSC niche factors in
correlation with increased leukaemic burden. This work
enables the evaluation of human HSC niches by flow cyto-
metric and histological analyses. Future studies of human
CAR cells as well as ECs and osteoblasts in bone marrow
aspiration samples and bone marrow sections from patients
with various haematological disorders would be important
to know how alterations of bone marrow microenviron-
ments serve as potential diagnostic markers, reliable thera-
peutic targets and powerful prognostic predictors of
haematological disorders.
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cells (white arrows) were positive for EBF3 in the marrow cavity. (D) Combined in situ hybridization of the CXCLI12 and LEPR mRNAs and
immunohistochemistry for EBF3 in human adult bone marrow. (E) Combined in situ hybridization of the CXCLI2 and LEPR mRNAs and
immunohistochemistry for von Willebrand factor (VWF) in human adult bone marrow. Cells expressing CXCL12 (white arrow) in contact with
endothelial cells (ECs) of vascular sinuses (S) were shown. Scale bar: (A) 100 pm; (B) 10 um; (C) 10 pm; (D) 10 pm; (E) 10 pm.

Promotion of Science [19K08814 (MI), 19K16585 (MK), Mitsubishi Tanabe Pharma Corporation (MK). The authors
19K08837 (TS) and 18H03998 (TN)] and Project MEET would like to thank patients and families for participating in
from Osaka University Graduate School of Medicine and the study, J. Ishikawa, S. Kosugi, H. Mitsui, M. Kawakami,
666 © 2021 The Authors. British Journal of Haematology published by British Society for

Haematology and John Wiley & Sons Ltd.. British Journal of Haematology, 2021, 193, 659-668



Human CXCL12-Abundant Reticular Cells

(A) CXCL12 KITLG FOXC1 EBF3
*% * *
g 200 8 15
.g 6 . e
6 s

0 1504 . 10 . e
x 44 - . 0 3 5
o 100, : 4 I : :
% 5 , ™ 1 % 5 *
o 501 : %j 2 .
4 L : : . 2 |

0 0 0 0

[l Control | PV ET CP-CML |l CP-CML in CCyR
(B) CXCL12 KITLG FOXC1 EBF3
g 100 Re=078 ° R =076 Re=053 ° R2 = 0-55
B P <001 pP<001 .|+,  P<005 : P <005
o 1 S <
S 3
q-) 30 .
o 1 " i
2 03 o, :
I ' 1 .
Q
o
10 01 0-3
10 100 1,000 10 100 1,000 10 100 1,000 10 100 1,000

WBC in peripheral blood (x1,000/ul)
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Fig S6. The frequency and the density of CXCL12" cells

were similar in bone marrow from control patients and

patients with myeloproliferative neoplasms (MPNs).
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