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Abstract

Two gray y-irradiation is a widely employed basic module for total body irradiation (TBI) in allogeneic hematopoietic cell
transplantation (HCT). The effects of y-irradiation on hematopoietic and immune cells have been well investigated, but its
effects on the bone marrow microenvironment (BMM) are unknown. Given the crucial contribution of mesenchymal/stromal
stem cells (MSCs) in the BMM to hematopoiesis and osteogenesis, we investigated whether y-irradiation affects the hallmark
characteristics of human bone marrow-derived MSCs (BM-MSCs). Expansion of 2 Gy y-irradiated BM-MSCs was delayed
but eventually recovered. Colony formation and osteogenic, adipogenic, and chondrogenic differentiation capabilities of
these cells were extensively suppressed. Irradiation of BM-MSCs did not affect the expansion of CD34 4+ hematopoietic
stem and progenitor cells or production of CD11b + mature myeloid cells in co-cultures. However, it reduced production of
CD19 + B-cells, as well as expression of CXCL12 and interleukin-7, which are essential for B-cell lymphopoiesis, in 2 Gy
y-irradiated BM-MSCs. Collectively, colony formation, osteogenic differentiation, and B-cell lymphopoiesis-supportive
capabilities of y-irradiated BM-MSCs were reduced. These effects may predispose survivors receiving HCT with TBI to
defective bone formation and a perturbed humoral immune response.
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Introduction

Total body irradiation (TBI) has been applied as a condition-
ing regimen in allogeneic hematopoietic cell transplanta-
tion (HCT). Early research of bone marrow transplantation
demonstrated that splitting TBI into multiple smaller doses
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reduces toxicity and improves outcomes in comparison with
delivering a single large dose [1, 2]. In standard myeloab-
lative conditioning, six fractions of 2 Gy/fraction are usu-
ally applied in the cyclophosphamide-TBI 12 Gy regimen
[3]. One or two fractions of 2 Gy/fraction are applied in
the fludarabine-TBI 2 or 4 Gy reduced-intensity condi-
tioning regimen [4]. Accordingly, 2 Gy y-irradiation is a
widely employed basic module for TBI in the current clini-
cal setting.

HCT has greatly contributed to the growing number of
patients who have been cured of their original diseases.
However, complications such as immune suppression,
osteoporosis, and lung injury are important clinical issues
in survivors who have undergone HCT [5]. Several factors,
including the type of graft source, the presence of chronic
graft-versus-host disease, and the use of TBI, are associated
with these complications [6]. Whereas it is well-recognized
that y-irradiation in TBI allows donor hematopoietic cells to
engraft in bone marrow by eliminating malignant cells and
affecting immune cells, the effects of y-irradiation on the
bone marrow microenvironment (BMM) have been poorly
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investigated. In the BMM, mesenchymal stromal/stem cells
(MSCs) contribute not only to regulation of hematopoiesis
and the immune response but also to bone homeostasis [7].
Previous studies demonstrated the effects of y-irradiation on
bone marrow-derived MSCs (BM-MSCs) [8, 9]. These stud-
ies examined doses as low as 0.1 Gy emitted from natural
sources such as minerals in the ground, or doses > 30 Gy
emitted from man-made sources such as x-rays, which are
used for medical examination and depletion of nucleated
cells from blood products before transfusion [10]. Such low-/
high-dose irradiation is not employed for medical treatment.
The differentiation- and hematopoiesis-supportive character-
istics of human BM-MSCs immediately after y-irradiation at
the reduced dose of 2.5 Gy were recently demonstrated [11].
However, the characteristics of these cells in the acute phase
might not necessarily reflect their phenotypes at steady state
in the late phase. This study explored the impact of widely
employed 2 Gy y-irradiation on the expansion, differentia-
tion, colony formation, and hematopoiesis-related charac-
teristics of human BM-MSCs in the post-acute phase by
comparing these cells with human BM-MSCs exposed to 4
or 12 Gy y-irradiation.

Materials and methods
Antibodies

A phycoerythrin-conjugated mouse antibody against
human CD34 and a fluorescein isothiocyanate-conjugated
mouse antibody against CD45 were purchased from BD
Pharmingen (San Diego, CA). Phycoerythrin-conjugated
mouse antibodies against human CD19 and CD11b were
purchased from eBioscience/Thermo Fisher Scientific (San
Diego, CA). A mouse antibody against runt-related tran-
scription factor 2 (Runx2), and rabbit antibodies against
alkaline phosphatase (ALP) and fatty acid-binding protein
4 (FABP4), were purchased from Abcam (Cambridge, UK).
Rabbit antibodies against osteocalcin (OCN) and peroxi-
some proliferator-activated receptor y (PPARY) were pur-
chased from Millipore/Merck Millipore (Burlington, MA)
and Cell Signaling Technology (Danvers, MA), respectively.
A rabbit antibody against B-actin and a mouse antibody
against GAPDH were purchased from Sigma-Aldrich (St.
Louis, MO) and Chemicon/Merck Millipore (Burlington,
MA), respectively.

Isolation of human BM-MSCs

Bone marrow of multiple healthy adults aged 21-44 years
(#4362, #4615, and #4641) was purchased from AllCells
(Emeryville, CA). Human BM-MSCs were isolated from
bone marrow according to our previously published methods
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[12, 13]. In brief, a single-cell suspension of 1 X 10° bone
marrow mononuclear cells was seeded into a 15 cm culture
dish. Adherent cells were cultured in advanced-minimal
essential medium (Invitrogen/Thermo Fisher Scientific,
Waltham, MA) supplemented with 5% fetal bovine serum
(Invitrogen/Thermo Fisher Scientific), 100 uM ascorbic acid
(Wako Pure Chemicals Industries, Osaka, Japan), 2 mM
L-glutamine, 100 U/mL penicillin, and 100 ug/mL strepto-
mycin (all from Gibco/Thermo Fisher Scientific, Waltham,
MA). Primary cultures were passaged to disperse colony-
forming cells (passage 1). Cells at passage 3 were used as
BM-MSC:s in this study. Before experiments, flow cytomet-
ric analysis was performed to confirm that these cells ful-
filled the criteria for human MSCs [14].

Expansion and differentiation assays of y-irradiated
BM-MSCs

For the expansion assay, BM-MSCs (0.5 x 10°) were pre-
pared in a 10 cm cell culture dish. On the next day, these
cells were exposed to 0, 2, 4, or 12 Gy y-irradiation
(Cesium-137) at a rate of 0.8 Gy/min using a Gammacell
Irradiator (Best Theratronics, Ontario, Canada; day 0). The
media were changed twice per week. The viable cell number
was determined on days 7, 14, 21, and 28 by trypan blue dye
staining until cells were almost confluent. The in vitro adi-
pogenic, chondrogenic, and osteogenic differentiation assays
were performed according to our published procedures [12,
15]. Expression of adipogenesis-associated molecules and
lipid deposition in y-irradiated BM-MSCs were evaluated
after 2 weeks of culture by immunoblotting analysis and
Oil Red O staining, respectively. Cartilage matrix deposi-
tion was evaluated after 4 weeks of culture by Alcian blue
staining. Expression of osteogenesis-associated molecules
and mineralization in y-irradiated BM-MSCs were evalu-
ated after 2 weeks of culture by immunoblotting analysis
and Alizarin Red S staining, respectively.

Co-culture of human CD34"* cells with y-irradiated
human BM-MSCs

Human CD34™ cells were isolated from umbilical cord blood
using anti-CD34 immunomagnetic microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany). The purity of the
enriched CD34™" cell population was confirmed by flow
cytometric analysis using a phycoerythrin-conjugated anti-
body against human CD34. For the CD34" cell expansion
assay, human BM-MSCs were seeded into a 24-well culture
plate at a density of 2 x 10* cells/well. On the next day, the
cells were y-irradiated at 0, 2, 4, or 12 Gy. After a further
2 days, CD34* cells (1.5 10* cells/well) were applied onto
the y-irradiated BM-MSCs. After 10 days of co-culture,
the numbers of CD34" and CD11b* cells among expanded
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hematopoietic cells were examined by flow cytometric anal-
ysis as previously described [15, 16]. For the B-cell produc-
tion assay, CD34™ cells were co-cultured with y-irradiated
BM-MSCs in the presence of 10 ng/mL stem cell factor
(SCF) (Wako Pure Chemicals Industries) and 5 ng/mL fms-
related tyrosine kinase 3 (Wako Pure Chemicals Industries)
as previously described [17]. Half the media was changed
twice per week. After 28 days of co-culture, the number of
CD19" cells among the expanded hematopoietic cells was
examined by flow cytometric analysis. The study protocol
was approved by the ethics committee of Kyoto University.

Colony-forming unit fibroblast assay

A total of 1x 10° bone marrow mononuclear cells was
seeded into a 10 cm culture dish and cultured for 10-14 days.
Then, adherent cells were washed twice with phosphate-
buffered saline, fixed with 2% paraformaldehyde, and stained
with 0.1% toluidine blue O. Aggregates containing > 50 cells
were counted as a colony.

Immunoblot analysis

Cell lysates were boiled in sodium dodecyl sulfate sample
buffer, separated by sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis, and transferred to polyvinylidene
difluoride membranes. Primary antibodies against adipo-
genic markers (PPARy and FABP4), osteogenic markers
(Runx2, ALP, and OCN), and loading controls (B-actin and
GAPDH) were used. Immunoreactive proteins were detected
using horseradish peroxidase-conjugated anti-mouse or anti-
rabbit immunoglobulin G (GE Healthcare, Little Chalfont,
UK) and visualized using enhanced chemiluminescence or
enhanced chemiluminescence prime kits (GE Healthcare).

Quantitative real-time PCR

Total RNA was extracted from y-irradiated BM-MSCs using
a QIAamp RNA Blood Mini Kit (Qiagen Japan, Tokyo,
Japan). cDNA was prepared using a PrimeScript RT rea-
gent kit (Perfect Real-Time; Takara Bio Inc., Shiga, Japan).
Real-time PCR was performed using the StepOnePlus real-
time PCR system (Applied Biosystems, Carlsbad, CA) and
a Universal ProbeLibrary (Roche Applied Science, Upper
Bavaria, Germany). Gene expression levels were normal-
ized to the mRNA level of GAPDH. All samples were
analyzed in duplicate. The following primer sets and uni-
versal probes were used: CXCL12, ccaaactgtgcccttcagat
(5'-3' forward primer), tggctgttgtgcttacttgttt (5'-3" reverse
primer), and Universal Probe #80; interleukin (IL)-7, aatg-
gtcagcatcgatcaatta (5'-3' forward primer), aattcattattcag-
gcaattgctac (5'-3' reverse primer), and Universal Probe #56;
stem cell factor, gcgctgectttecttatg (5'-3' forward primer),

ccttcagttttgacgagagga (5'-3' reverse primer), and Universal
Probe #68; and GAPDH, agccacatcgctcagacac (5'-3" for-
ward primer), gcccaatacgaccaaatcc (5'-3" reverse primer),
and Universal Probe #60.

Statistical analysis

The unpaired Student’s t-test was used for analysis unless
otherwise indicated. Data in bar graphs indicate the
mean + standard deviation (SD). Statistical significance
is expressed as follows: *, p <0.05; **, p<0.01; n.s., not
significant.

Results

Expansion of human BM-MSCs is delayed
but eventually recovers after exposure to 2 Gy
y-irradiation

Human bone marrow mononuclear cells exposed to 2 Gy
y-irradiation formed fewer colonies than non-irradiated cells
in the colony-forming unit fibroblast assay (mean value, 16.3
versus 6.6). y-Irradiation at 4 Gy or higher suppressed col-
ony formation to an even greater extent (Fig. 1a). We next
examined whether 2 Gy y-irradiation affected the expansion
of human BM-MSCs. Non-irradiated (i.e., 0 Gy) BM-MSCs
expanded and reached confluency within 2 weeks (Fig. 1b,
black line). Meanwhile, 2 Gy y-irradiation suppressed the
expansion of BM-MSCs at around day 7, but expansion
recovered thereafter, and cells reached confluency at day
28 (Fig. 1b, blue line). Additionally, 4 Gy y-irradiation sup-
pressed the expansion of BM-MSCs, and 12 Gy y-irradiation
prevented cell expansion during all 28 days of culture
(Fig. 1b, orange and red lines). These results indicated that
y-irradiation suppressed the expansion of human BM-MSCs
in a dose-dependent manner, but expansion recovered after
2 Gy y-irradiation.

Two gray y-irradiation impairs the osteogenic,
adipogenic, and chondrogenic differentiation
capabilities of human BM-MSCs

We next examined whether y-irradiation affected the multi-
differentiation capability of human BM-MSCs. These cells
were y-irradiated at 2, 4, or 12 Gy, cultured for 28 days, and
then differentiated into adipogenic, chondrogenic, or osteo-
genic cells in vitro. Upon culture under adipo-inductive con-
ditions, the number of lipid-laden cells assessed by Oil Red
O staining, and expression of PPARy and FABP4 assessed
by immunoblot analysis, were lower among y-irradiated
BM-MSCs than among non-irradiated BM-MSCs (Fig. 2a,
b). Alcian blue staining demonstrated that y-irradiated
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Fig. 1 Colony formation and
expansion of y-irradiated human
BM-MSCs. a Colony-forming a

unit fibroblast assay after

y-irradiation. Representative

images are shown. Blue arrows

indicate colonies of BM-MSCs.

b BM-MSCs were prepared in

a 10-cm cell culture dish. On

the next day, these cells were

exposed to 2 Gy y-irradiation.

The viable cell number was

counted 7, 14, 21, and 28 days b
after y-irradiation by trypan 1
blue dye staining (blue line).
The black, orange, and red lines
indicate the viable number

of BM-MSCs exposed to 0
(non-irradiated), 4, and 12 Gy
y-irradiation, respectively. The
data are shown as mean + SD of
three lots of BM-MSCs
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BM-MSCs exhibited decreased cartilage matrix deposi-
tion under chondro-inductive conditions (Fig. 2¢). Thus,
y-irradiation at 2 Gy or higher impaired the adipogenic and
chondrogenic differentiation capabilities of BM-MSCs.
With regard to the osteogenic differentiation capabil-
ity, Alizarin Red S staining demonstrated that mineraliza-
tion of 2 Gy y-irradiated BM-MSCs was lower than that
of non-irradiated BM-MSCs (Fig. 2d, left panels). Miner-
alization of BM-MSCs exposed to y-irradiation at 4 Gy or
higher seemed to be enhanced, with deposition of aggre-
gate-like large minerals (Fig. 2d, right panels). This stain-
ing pattern was particularly apparent in cultures of 12 Gy
y-irradiated BM-MSCs. To further examine osteogenesis
of y-irradiated BM-MSCs, osteogenesis-related molecules
were detected by immunoblot analysis. Expression of
GAPDH, a loading control, was comparable between non-
irradiated (0 Gy), 2 Gy y-irradiated, and 4 Gy y-irradiated
BM-MSCs (Fig. 2e). The expression level of Runx2 relative
to that of GAPDH was 1.0, 0.85, and 0.65 in non-irradiated
(0 Gy), 2 Gy y-irradiated, and 4 Gy y-irradiated BM-MSCs,
respectively. Similarly, the expression level of ALP rela-
tive to that of GAPDH was 1.0, 0.36, and 0.30, respectively.
The expression levels of Runx2 and ALP and the loading
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control GAPDH were low in 12 Gy y-irradiated BM-MSCs
and, therefore, it was difficult to quantitatively compare
them between 12 Gy y-irradiated BM-MSCs and non-
irradiated (0 Gy), 2 Gy y-irradiated, and 4 Gy y-irradiated
BM-MSCs (Fig. 2e). Expression of OCN was high in 12 Gy
y-irradiated BM-MSCs (Fig. 2e). These results indicated that
y-irradiation at 2 Gy or higher altered the osteogenic differ-
entiation capability of human BM-MSCs.

CD34* cell-derived B-cell production is reduced
in co-cultures with y-irradiated BM-MSCs

To examine whether y-irradiation affects the capability
of human BM-MSCs to support the expansion of human
hematopoietic stem and progenitor cells (HSPCs), we co-
cultured CD34* cells with BM-MSCs that had been exposed
to 0 (non-irradiated), 2, 4, or 12 Gy y-irradiation. The num-
ber of CD34" cells was comparable between the co-cultures
(Fig. 3a). Similarly, the number of CD11b* cells did not
significantly differ between the co-cultures (Fig. 3b). We
further examined the effects of y-irradiation on the capabil-
ity of BM-MSC:s to support B-cell production. The num-
ber of CD19" cells was significantly lower in co-cultures
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a

Fig.2 Multi-differentiation capabilities of y-irradiated human BM-
MSCs. a, b In vitro adipogenic differentiation of BM-MSCs exposed
to 0 (non-irradiated), 2, 4, or 12 Gy y-irradiation. a Oil Red O stain-
ing of y-irradiated BM-MSCs cultured in adipogenesis-inducing con-
ditions. Representative images are shown. Yellow arrows indicate
lipid deposits in cells. Scale bars=200 pm. b Immunoblot analysis
examining the expression of PPARy and FABP4 in y-irradiated BM-
MSC:s cultured in adipogenesis-inducing conditions. f-actin was used
as a loading control. ¢ In vitro chondrogenic differentiation of BM-
MSCs exposed to O (non-irradiated), 2, 4, or 12 Gy y-irradiation.
Alcian blue staining with Nuclear fast red counterstaining of

b 0Gy 2Gy 4Gy

ooans B

12 Gy

GAPDH e amme e=m o«

y-irradiated BM-MSCs cultured in chondrogenesis-inducing condi-
tions. Representative images are shown. Black dotted circles indi-
cate the areas of cartilage matrix deposition that were stained blue.
Scale bars=50 pm. d, e In vitro osteogenic differentiation of BM-
MSCs exposed to 0 (non-irradiated), 2, 4, or 12 Gy y-irradiation. d
Alizarin Red S staining of y-irradiated BM-MSCs cultured in osteo-
genesis-inducing conditions. Representative images are shown. Cal-
cium deposits, indicative of mineralization, were stained red. Scale
bars=200 pm. e Immunoblot analysis examining the expression of
Runx2, ALP, and OCN in y-irradiated BM-MSCs cultured in osteo-
genesis-inducing conditions. GAPDH was used as a loading control
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Fig.3 Effects of y-irradiation
on the production of hemat-
opoietic cells and expression

of hematopoiesis-associated
soluble factors in human BM-
MSCs. a, b Purified human
CD34* cells were co-cultured
with BM-MSCs that had been
exposed to 0 (non-irradiated),
2,4, or 12 Gy y-irradiation.
The numbers of CD34% and
CD11b" cells in the expan-
sion cultures were assessed by
flow cytometric analysis. The
data are shown as mean + SD
of three lots of BM-MSCs. ¢,

d Production of B-cells from
CD34" HSPCs. Purified human
CD34* cells were co-cultured
with BM-MSCs that had been
exposed to 0 (non-irradiated),
2,4, or 12 Gy y-irradiation in
B-cell-inducing conditions.
The number of CD19% cells in
the differentiation cultures was
assessed by flow cytometric
analysis. **, p <0.05. Rep-
resentative counter plots are
shown in d. e-i Quantitative
real-time PCR of expression of
the hematopoiesis-associated
soluble factors CXCL12, IL-7,
and SCF in BM-MSC:s at 7 days
(e—g), 2 weeks (left panels of
h, i), or 3 weeks (right panels
of h, i) after exposure to 0
(non-irradiated), 2, 4, or 12 Gy
y-irradiation. j-1 Expression

of CXCL12, IL-7, and SCF in
BM-MSCs from healthy donors
(C) and three cases receiving
TBI. The data are shown as
mean + SD of three lots of BM-
MSCs. ** p<0.01; *, p<0.05;
n.s., not significant
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with BM-MSCs that had been y-irradiated at 2 Gy or higher
than in co-cultures with non-irradiated BM-MSCs (Fig. 3c,
d). Collectively, expansion of CD34* HSPCs and produc-
tion of CD11b* mature myeloid cells were unaffected by
y-irradiation of BM-MSCs even at 12 Gy, whereas produc-
tion of CD19" B-cells from CD34" cells was reduced by
y-irradiation of BM-MSCs even at 2 Gy.

Hematopoiesis-related cytokine expression
in y-irradiated BM-MSCs

y-Irradiation of BM-MSCs perturbed production of CD19*
cells from CD34% cells in co-cultures; therefore, we inves-
tigated whether it affected the expression of B-cell hemat-
opoiesis-associated cytokines/chemokines in BM-MSCs.
mRNA expression of CXCL12 and IL-7 was significantly
lower in BM-MSCs at 7 days after y-irradiation, irrespec-
tive of the dose than in non-irradiated BM-MSCs (Fig. 3e,
f). Expression of CXCL12 and IL-7 was also downregulated
in BM-MSCs at 2 and 3 weeks after y-irradiation (Fig. 3h,
1). SCF expression in BM-MSCs at 7 days after y-irradiation
did not significantly differ between the y-irradiation condi-
tions (Fig. 3g). We further examined the expression of these
molecules in BM-MSCs derived from three cases receiv-
ing 2 Gy-based TBI in allogeneic HCT. Consistent with
the investigation of in vitro y-irradiated human BM-MSCs,
expression of CXCL12 was significantly reduced in two of
these three cases, and expression of IL-7 was significantly
reduced in all three cases (Fig. 3j, k). Expression of SCF
was unaffected in all cases (Fig. 31). This implied that the
impaired B-cell production was associated with the reduced
expression of CXCL12 and IL-7 in BM-MSCs.

Discussion

The primary aim of this study was to examine the impact of
2 Gy y-irradiation employed for TBI in HCT on the hallmark
characteristics of human BM-MSCs. The analyses focused
on the expansion, multi-differentiation, colony formation,
and hematopoiesis-supportive capabilities of cultured
y-irradiated human BM-MSCs. We showed that expansion of
BM-MSCs was delayed but eventually recovered after expo-
sure to 2 Gy y-irradiation, while the osteogenic, adipogenic,
and chondrogenic differentiation capabilities of these cells
were extensively suppressed. In addition, 2 Gy y-irradiation
suppressed colony formation. Whereas the exposure of BM-
MSCs to 2 Gy y-irradiation did not affect the expansion of
CD34" HSPCs or production of CD11b* mature myeloid
cells in co-cultures, it did reduce the production of CD19*
B-cells. These results suggest that y-irradiation affected
some characteristics of human BM-MSCs, while others
were unaffected. Ionizing radiation damages DNA directly

and indirectly. DNA is damaged following a single exposure
to radiation of even 0.1 Gy [18-20], and 2 Gy y-irradiation
induces about 3,000 DNA breaks per cell [21]. The DNA
damage response begins within several minutes after the
occurrence of DNA damage [22]. Approximately 70,000
lesions, which can arise due to oxidative damage during
metabolism or base hydrolysis, are estimated to occur in
each human cell per day [23]. DNA damage induced by 2 Gy
y-irradiation may be partially repaired in human BM-MSCs.
Variation in susceptibility to y-irradiation might account for
the differences in its impact on the hallmark characteristics
of BM-MSCs. Our results are consistent with a previous
study by Preciado et al. with regard to adipogenic differen-
tiation and Runx2 expression, but inconsistent with regard
to viability, mineralization, and CXCL12 expression [11].
We speculate that these inconsistencies are due to differ-
ences in the assay systems and/or cells used. Preciado et al.
used BM-MSCs immediately after y-irradiation, while we
used BM-MSCs at 7-28 days after y-irradiation. We further
described the effects of reduced-dose y-irradiation on the
hematopoiesis-supportive characteristics of BM-MSCs, and
reported the previously undescribed findings that production
of CD34% HSPCs and CD11b" mature myeloid cells was
unaffected and production of CD19" B-cells from CD34*
cells was reduced in co-cultures.

The rationale for this study is that patients receiving TBI in
HCT develop multiple complications including bone defects
(osteoporosis) and suppression of the humoral immune
response, and that BM-MSCs contribute to the regulation of
bone generation and hematopoiesis [5, 7]. As expected, both
the osteogenic differentiation capability of 2 Gy y-irradiated
BM-MSCs and the production of CD19* B-cells from CD34*
HSPCs in co-cultures with 2 Gy y-irradiated BM-MSCs were
reduced. Importantly, this reduced B-cell production occurred
concomitantly with decreased expression of CXCL12 and
IL-7, which are essential for B-cell lymphopoiesis, in 2 Gy
y-irradiated BM-MSCs [24, 25]. The reductions in B-cell pro-
duction and CXCL12/IL-7 expression were not exacerbated
when BM-MSCs were y-irradiated at 4 Gy or higher, suggest-
ing that the B-cell-supportive characteristics of human BM-
MSC:s are highly susceptible to y-irradiation. The osteogenic
differentiation capability of 12 Gy y-irradiated BM-MSCs
was particularly enhanced; Alizarin Red S staining showed
strong mineralization and immunoblot analysis showed strong
OCN expression in these cells, respectively. OCN is a marker
of mature osteoblasts [26]. BM-MSCs exposed to high-dose
y-irradiation may have been skewed toward osteogenic dif-
ferentiation with loss of their expansion and colony-forming
capabilities. Runx2 promotes early osteogenic differentiation
and inhibits late osteogenic differentiation, while ALP is an
early osteoblast differentiation marker [27, 28]. Differentiated
osteogenic cells eventually undergo apoptosis, and y-irradiated
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BM-MSCs of insufficient quality does not support normal
bone homeostasis.

In contrast to the reduction in CD19* B-cells, the num-
bers of CD34* and CD11b™ cells were not decreased in co-
cultures with 2 Gy y-irradiated BM-MSCs. The numbers of
these cells in co-cultures with BM-MSCs y-irradiated at 4 Gy
or higher were comparable to those in co-cultures with non-
irradiated BM-MSCs. These results do not contradict the clini-
cal observation that neutrophil engraftment occurs after infu-
sion of donor HSPCs in both reduced-intensity conditioning
and myeloablative conditioning with 12 Gy TBI [29, 30]. The
findings may be explained by the maintenance of SCF expres-
sion in y-irradiated BM-MSCs, and the myeloid bias resulting
from reduced responsiveness to IL-7 [31]. Another possibil-
ity is that expansion of CD34* HSPCs is not strictly depend-
ent on BM-MSC:s, or that various factors such as fms-related
tyrosine kinase 3 ligand expressed in BM-MSCs cooperatively
support the generation of these cells. It is important to over-
come impaired T-cell function in patients receiving HCT [32].
MSC:s exist in the human thymus as well as in BM; however,
their contribution to early T-cell development is limited com-
pared with that of thymic epithelial cells [32-35]. In contrast
to the well-known regulatory role of BM-MSCs in peripheral
T-cell differentiation when exogenously infused, the effect of
reduced-dose y-irradiation on T-cell production from CD34*
HSPCs may be limited.

In conclusion, 2 Gy y-irradiation affected a broad spectrum
of characteristics of human BM-MSCs. The reduced colony
formation, osteogenic differentiation, and B-cell lymphopoie-
sis-supportive capabilities of these cells may predispose sur-
vivors receiving HCT with TBI to impaired bone formation
and a perturbed humoral immune response. Further studies
are needed to elucidate the contribution of human BM-MSCs
to the pathophysiology of multiple complications in such
patients.
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