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supplemented with 10% fetal bovine serum (FBS; lot No.
5-1064; BioSolutions International, Melboumne, Australia)
at 37 °C under 5% CO,. Every 4 or 5 days, the culture
medium containing nonadherent cells was removed and
fresh medium was added to the flasks, During the culture,
BM adherent cells began to proliferate and reached
confluence 2-3 weeks later.

Flow cytometry

Monkey BM adherent cells were washed twice with 0.02%
ethylene diamine tetraacetic acid (EDTA)-PBS and the
adherent cells were detached from the flasks using trypsin—
EDTA treatment. The thus-prepared cells were stained with
fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-
conjugated monoclonal antibodies (mAbs) against nonhu-
man primate CD4, CDS8, CDI1b, CD14, CD29, CD31,
CD34, CD45, CD56, and CD62L (BD Biosciences, San
Jose, CA, USA). Fresh BMCs were also stained with these
mAbs. The stained cells were analyzed using a FACScan
(Becton Dickinson, Mountain View, CA, USA).

Purification of monkey HSCs

Low-density (LD) BMCs (p < 1.077) were purified
from fresh or frozen monkey BMCs by discontinuous
density gradient centrifugation using Ficoll-Paque™
PLUS (#17-1440-02; GE Healthcare Bio-Science,
Uppsala, Sweden; http://www.pnu.com). The LD cells
were incubated with mAb (mouse immunoglobulin G
(1gG) class) cocktails against nonhuman primate lineage
markers (CD3, CD9, CDIIb, CD14, CDI16, and CD20)
and then incubated twice with sheep antimouse IgG-
conjugated immunobeads (#110.31; Dynal Inc., Oslo,
Norway; http://www.dynal.no) with gentle agitation at a
3:1 bead-to-cell ratio. The immunobead-rosetted cells
were removed using a magnetic particle concentrator.
The remaining nonrosetted cells (lineage-negative cells)
were considered as partially purified HSCs and used for
culture on the BM adherent layer.

In some experiments, the partially purified HSCs
were double-stained with PE-labeled anti-nonhuman
primate CD34 mAb (#550619; BD Biosciences) and
FITC-labeled antihuman CD56 mAb (cross-reactive with
homologous monkey epitope, #0562; Exalpha, Water-
town, MA, USA) and then analyzed using a FACScan.
CD347/56" and CD347/56 populations included in a
“blast” gate were sorted from the double-stained cells
using EPICS ALTRA (Beckman Coulter, Inc., Fullerton,
CA, USA), The sorted cells were morphologically ana-
lyzed by staining with May-Giemsa reagents and also
functionally analyzed by clonal cell culture using methyl-
cellulose assay.

Long-term culture of monkey HSCs

Monkey BMCs were passed through a cell strainer (70 um
mesh size, #REF352350; BD Falcon, Bedford, MA, USA)
and divided into passed cells and nonpassed cells. The
nonpassed cells were composed of small tissue fragments
of BM and small bone pieces and therefore contained a
higher percentage of adherent cells than the passed cells.
These nonpassed cells were cultured in order to acquire the
BM adherent cells, whereas the passed cells were frozen
and stored in liquid nitrogen until BM adherent cell layers
were formed.

The nonpassed cells were cultured in flasks (125 cm?,
#35-3136; BD Falcon) containing IMDM Gibco supple-
mented with 10% FBS (lot No. 5-1064, BioSolutions
International), and a confluent adherent cell layer was
formed 3 weeks later. The adherent cells were trypsinized,
collected, and then subcultured in flasks (25 em?; 10° cells
per flask). When the BM adherent cells had become
subconfluent 2-3 days later, partially purified HSCs that
were obtained from the frozen cell strainer-passed cells of
the same monkey were inoculated on the BM adherent layer
(5 % 10° cells per flask; triplicate). The cells were cultured in
IMDM supplemented with 10% FBS (lot No. 5-1064) and a
low concentration of human cytokines (IL-3, TPO, and FLT-
3 ligand: 2 ng/ml, SCF: 9 ng/ml). TPO and SCF were kindly
donated by the Kirin Brewery Co. Lid. (Tokyo, Japan).
Every week, half of the culture medium in the flasks
(containing nonadherent cells) was removed and fresh
medium was added to the flasks. The numbers of non-
adherent cells per flask were counted and the nonadherent
cells were then used for methylcellulose assays.

Methylcellulose assays

The colony-forming ability of the nonadherent cells
obtained from the long-term culture was assessed using
methylcellulose assays. Appropriate numbers of these cells
were plated in 12-well plates (#3815-012; Iwaki, Chiba,
Japan) in a volume of | ml of MethoCult GF H4434
(StemCell Technologies Inc., Vancouver, British Columbia,
Canada), consisting of optimal concentrations of human
cytokines (SCF, EPO, IL-3, GM-CSF, and G-CSF), 30%
FBS. 1% bovine serum albumin, 2 mM L-glutamine,
100 pM 2-mercaptoethanol, and 0.9% methylcellulose
(triplicate). The plates were incubated for 14 days at 37 °C
under 5% CO,, and the numbers of colonies were counted
under an inverted microscope.

Whole BMCs, LD cells, and lineage-negative cells were
also examined using methylcellulose assays to determine
their ability to generate colonies. In addition, we investi-
gated the colony formation of the sorted CD34/56" and
CD34'/56 cells.
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Addition of anti-CD56 antibody in HSC proliferation
assay system

To obtain BM adherent cells, cell strainer-nonpassed BMCs
were cultured in flasks as described above. The BM
adherent cells were trypsinized, collected, and cultured at
a concentration of 3,000 cells per well in 96-well plates
(#3595; Comning, Inc., NY, USA). When the BM adherent
cells had become subconfluent, the partially purified HSCs
prepared from the frozen BMCs of the same monkey were
inoculated on the BM adherent layer (10* cells per well).
The cells were cultured in IMDM supplemented with 10%
FBS (lot No. 5-1064) and human cytokines (IL-3, TPO, and
FLT-3 ligand: 2 ng/ml, SCF 9 ng/ml). In some wells,
antihuman CD36 mAb (mouse IgG class, cross-reactive
with homologous monkey epitope, #0561, Exalpha) was
added at a concentration of 0.5 or 1 pg/ml. As a control,
isotype-matched normal mouse IgG (#349040; BD Bio-
sciences) was added at the same concentrations. Five wells
were prepared for each condition. These cells were cultured
for 12 days, after which *H-thymidine (*H-TdR) was
introduced into each well. After 24 h, the cells were
harvested and the incorporation of *H-TdR was measured.

Induction of monkey BM adherent cells to adipocytes
and osteoblasts

Osteogenic differentiation was induced in the subcon-
fluent BM adherent cells by incubating them in an
osteogenic medium: IMDM containing 10% FBS (lot No.
A01120-494, PAA Laboratories GmbH, Linz, Austria),
0.] uM dexamethasone, 0.2 mM L-ascorbic acid, and
10 mM f-glycerophosphate. The medium was changed every
2 or 3 days. Osteogenic differentiation was assessed by von
Kossa staining 4 weeks after the initial osteogenic induction.
To induce adipogenic differentiation, the subconfluent
BM adherent cells were incubated with an adipogenic
medium: IMDM containing 10% FBS (lot No. A01120-
494), 1 uM dexamethasone, 5 pg/ml human insulin, and
4.5 mg/ml pD-glucose. The medium was changed every 3 or
4 days. Adipogenic differentiation was assessed by oil red
O staining 5 weeks after the initial adipogenic induction.

Histological examinations

Monkey BM tissues were fixed with 10% neutral formalin.
The sections (4 pm) were prepared and stained with anti-
CD56 mAb. Briefly, the sections were deparaffinized with
xylene and methanol and incubated with 3% hydrogen
peroxide in methanol for 10 min to block the reactivity of
endogenous peroxidase. They were washed in PBS and
incubated with protein blocking agent (484360, Thermo
Electron Corporation, Pittsburgh, PA, USA) for 5 min and
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then incubated with mouse antihuman CD56 mAb (cross-
reactive with homologous monkey epitope, clone: 1B6,
#413331, Nichirei Bioscience Inc., Tokyo, Japan) for | h.
After being washed with PBS, they were incubated with
peroxidase-labeled goat antimouse immunoglobulin poly-
clonal Ab (Dako Cytomation EnVision kiHRP, Dako
Cytomation, Glostrup, Denmark) at room temperature for
30 min. They were visualized using metal-enhanced 3,3"-
diaminobenzidine.

Statistics

Statistical differences were analyzed by Student two-
tailed r test. Each experiment was carried out three or more
times. Reproducible results were obtained, and therefore
representative data are shown in the figures.

Results
Immunophenotypic analyses of monkey BM adherent cells

Monkey BMCs were collected from cynomolgus monkeys
by the perfusion method. After a 2- to 3-week culture, BM
adherent cells showing uniform fibroblastic morphology
were obtained (Fig. 1a). Surface markers of freshly isolated
BMCs and the culture-expanded BM adherent cells were
assessed by flow cytometry. Although the fresh BMCs
contained only a few CD56-positive cells, almost all the
BM adherent cells were stained positively with anti-CD56
mAb (Fig. 1b). The BM adherent cells were negative for
lymphoid markers (CD4 and CDS, data not shown), an
endothelial cell maker (CD31, data not shown), and
hemopoietic cell markers (CDI1b, CDI4, CD34, and
CD45; Fig. Ic) but highly positive for CD29 and weakly
positive for CD62L (Fig. 1b); CD29 and CD62L are the
representative cell adhesion molecules expressed on hemo-
poietic cells, BM stromal cells, and MSCs. The negative
staining for CD11b, CDI4, and CD31 indicated that the
BM adherent cells did not contain macrophages, dendritic
cells, or endothelial cells. It is generally accepted that CD73
and CDI105 are representative markers of human MSCs.
However, the mAbs reacting with monkey CD73 and
CD105 homologs are not commercially available and we
could not therefore confirm the expression of CD73 and
CD105 molecules on the monkey BM adherent cells in the
present study.

Expression of CD56 on monkey HSC-enriched population
Next, we attempted to analyze whether the CD56 molecule

is also expressed on the HSC-enriched population. When
whole BMCs were double-stained with anti-CD34 and anti-
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Fig. 1 Phenotypic analysis of
monkey BM adherent cells.

a Morphology of BM adherent
cells. Monkey BMCs obtained
by the perfusion method were
cultured in flasks containing
10% FBS-IMDM, and spindle-
shaped adherent cells were
obtained 3 weeks later (x100),
b Companson of surface phe-
notypes between fresh BMCs
and BM adherent cells. Freshly
isolated BMCs and culture-
expanded BM adherent cells
were stamed with a panel of
mAbs reacting with hematolym-
phoid markers and cell adhesion
molecules, and their phenotypes
were analyzed using a
FACScan. The green lines indi-
cate the cells stamed with 1s0- b
type-matched control Abs.
Representative staining pattens
of five independent experiments
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CD356 mAbs, only 2% were double-positive cells (Fig. 2a).
We took the CD34 /56" cells (8.8%) to be NK cells, a
variety of T cell populations, and some stromal cells. After
the enrichment of the HSCs, the percentage of CD347/56"
cells increased to 9.1% in the lineage-negative population.
When the cells in the “blast” window on the SSC/FSC dot
plot profile were analyzed, the percentage of CD347/56°
cells further increased and reached 20,6%. The CD34 /56
cells and CD347/56  cells in the “blast” gate were sorted
and stained with May—Giemsa reagents (Fig. 2b). When the
CD347/56" cells were spun onto the cytospin slides for the
May-Giemsa staining, marked cell aggregations were
observed, but this was not the case with the CD347/56™
cells. Both the CD34"/56" and CD347/56 cells showed

large nuclei with narrow cytoplasms, indicating that these
cells have the characteristics of HSCs, although the CD34"/
56" cells are slightly larger in size, As expected, the CD34"/
56" and CD347/56  cells had the ability to differentiate into
erythroid and myeloid lineage cells in the clonal hemopoietic
colony assay using MethoCult GF H4434; burst-forming
unit erythroid (BFU-E), colony-forming unit granulocyte
(CFU-G), colony-forming umit-macrophage (CFU-M), and
colony-forming unit granulocyte-macrophage (CFU-GM)
were detected. There was no significant difference between
the two populations in the cellularity of the clonal
hemopoietic colonies and in the number of the colonies
(Fig. 2c). None of the most primitive colony-forming cells,
colony-forming unit granulocyte—erythroid—macrophage—
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Fig. 2 Expression of CD56
molecule in monkey HSCs.
a Increase of CD56" cells in
HSC-ennched population. When
whole BMCs were double-
stained with anti-CD34 and
CDS56 mAbs, only a few CD34"/
56 cells were detected.
However, the percentages of the
double-positive cells increased
to 9.1% in the HSC-enriched
population (lineage-negative
cells) and a further increase in
the percentages was observed
in the “blast™ gated population
of the SSC/FSC profile. Repre-
sentative staining patterns of
five independent experiments. b
Morphology of CD347/56 cells
and CD34"/56"cells. The
CD34%/56 cells and the CD34"/
56" cells included in the “blast”
window were sorted and then
stained with May-Giemsa
gents. Both populations ex-
press a phenotype of HSCs
(=1,000). ¢ Number of hemo-
poietic colony-forming cells in
various cell populations. Whole
BMCs, LD cells, lineage-
negative cells, CD34" cells, the
CD347/56 cells, and the
CD34%/56" cells were incubated
in methylcellulose containing
optimal concentrations of
human cytokines (MethoCult
GF H4434) to obtain the number
of hemopoietic colony-forming
cells (triplicate). Mean+5SD of
five independent experiments
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megakaryocytes were detected in either the CD34'/56" or
CD347/56  populations, since the MethoCult formulation,
which we used in the present study, was designed for the
induction of optimal colony formations for human BMCs.

Long-term hemopoiesis-supporting ability of monkey
BM adherent cells

We have previously shown that major histocompatibility
complex (MHC) restriction exists between HSCs and BM
stromal cells in the murine hemopoietic system; purified
HSCs can proliferate and differentiate to a higher extent in
MHC-compatible stromal cells than in MHC-incompatible
environments [18-20]. Therefore, in the present study,
monkey partially purified HSCs were cultured on a BM
stromal cell layer derived from the same monkey, and the
hemopoiesis-supporting ability of the BM adherent cells
was examined. Monkey BMCs were divided into cell
strainer-passed cells and nonpassed cells. The nonpassed
cells were cultured in order to obtain a BM adherent cell
layer, whereas the passed cells were stored in liquid
nitrogen until a BM adherent cell layer was formed.
Partially purified HSCs were prepared from the frozen
BMCs and cocultured with the BM adherent layer. As a
control, the HSCs were cultured in the absence of the BM
adherent layer.

When the HSCs were cocultured with the BM
adherent cells, marked proliferation of the HSCs was
observed from the first week and the hemopoiesis was
maintained at higher levels for up to 3 weeks of culture
(Fig. 3a). The nonadherent cells recovered from the
culture flasks at 1 to 3 weeks of culture contained
immature and mature hemopoietic cells of all lineages:
myelocytes, erythroblasts, granulocytes, macrophages,
and megakaryocytes (data not shown). On the other
hand, the nonadherent cells recovered at and after
4 weeks of culture contained mainly granulocytes and
macrophages (data not shown). The nonadherent cells
were then assessed for their ability to form clonal
hemopoietic colonies using MethoCult. As shown in
Fig. 3b, high colony formation was observed in the
nonadherent cells recovered at 2 to 3 weeks of culture,
These colonies were mainly composed of granulocytes
and/or macrophages (CFU-G, CFU-M, and CFU-GM),
and a few erythroblasts (BFU-E) were detected. In
contrast, no increase in the number of nonadherent cells
was observed in the control culture without the BM
adherent cells, and the cell number reached the baseline
at 2 weeks of culture (Fig. 3a). These data show that
the BM adherent cells have the capacity to support the
hemopoiesis of HSCs at least for 6 weeks, whereas the
proliferation and differentiation of HSCs cannot be
induced without the BM adherent layer.
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Fig. 3 Long-term hemopoiesis-supporting ability of monkey BM
adherent cells. a Number of nonadt cells obtained from long-
term culture, Partially purified HSCs were cultured in the presence or
absence of BM adl cells (triplicate), and the number of
nonadherent cells was counted every week. Mean+SD of three flasks.
*P<0.005, **P<0.0001 significantly different from the control
(without BM adherent cells). Representative data of five independent
experiments. b Number of hemopoietic colony-forming cells in
nonadherent cells recovered from culture flask. The nonadherent cells
recovered from the long-term culture were evaluated for their colony-
forming ability using methylcellulose assay (MethoCult GF H4434;
triplicate). Mean£SD of three wells. *P<0.0001, **P<0.005 signif-
icantly different from the control (without BM adherent cells).
Representative data of three independent experiments

Inhibitory effects of anti-CD36 antibody
against proliferation of monkey HSCs

CD56 molecules were expressed on both HSCs and BM
adherent—stromal cells (Figs. 1b and 2a) and the monkey BM
adherent cells showed an ability to support hemopoiesis
(Fig. 3). These findings suggest that the CD56 molecules
play an important role in hemopoiesis in monkeys. There-
fore, we next examined whether anti-CD56 mAb inhibits the
proliferation of HSCs on the BM adherent cells when added
to the coculture system of the partially purified HSCs and the
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Fig. 4 Inhibitory effect of anti-CD56 mAb on monkey HSC
proliferation. Partially purified HSCs were cultured on the BM
adherent layer in the presence or absence of anti-CD56 mAb (five
wells per sample). As a control, the same concentration of isotype-
matched mouse normal IgG was added to the culture. Mean+SD of
five wells. Representative data of three independent experiments

Fig. 5 Detection of CD56-
positive stromal and hemopoiet-
ic cells in monkey BM tissues.
BM sections were stained with
anti-CD56 mAb and CD56-
positive stromal cells were
detected in many places. Imma-
ture hemopoietic cells, but not
mature ones, were also posi-
tively stained with the mAb. The
adhesion of the CD56-positive
stromal cells and the CD356-
positive immature hemopoietic
cells was observed (x1,000).
Representative data of six inde-
pendent experiments
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BM adherent cells. With the addition of anti-CD56 mAb, the
number of cells adhering to the BM adherent cell layer
decreased significantly (data not shown). As shown in Fig. 4,
a marked decrease in the uptake of *H-TdR was seen in the
wells with the anti-CD56 mAb, whereas no decrease was
observed in the wells with isotype-matched control Ab. The
proliferation of the HSCs was inhibited in a dose-dependent
manner, as shown in experiment 2 in Fig. 4.

Detection of CD56-positive cells in monkey BM sections

We examined whether BMCs expressing CD56 molecules
indeed exist in monkey BM tissues. The BM sections were
immunostained with anti-CD56 mAb, and the cells show-
ing stromal-cell-like features (characteristic nuclei with
clear nucleolus and abundant cytoplasms) were stained
positively with the anti-CD56 mAb. Some immature
hematopoietic cells were also stained with the mAb. In
addition, tight adhesions between the CD56-positive hemo-
poietic cells and the CDS56-positive stromal cells were
observed in some places (Fig. 5).

Differentiation ability of monkey BM adherent cells
into osteoblasts and adipocytes

BM adherent cells were examined to see whether they have
any characteristics of MSCs; we investigated their ability to
differentiate into osteoblasts and adipocytes. BM adherent
cells were cultured in the inductive medium into osteoblasts
and adipocytes for 4 and 5 weeks and then stained with von
Kossa and oil red O reagents, respectively. As shown in
Fig. 6, calcium deposits were detected by the von Kossa
staining, and intracellular lipid droplets were also detected
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Fig. 6 Differentiation capacity d
of monkey BM adherent cells.
The BM adherent cells were
induced to differentiate into
adipocytes and osteoblasts. Oil
red O staining and von Kossa
staining confirmed their differ-
entiations (*1,000). Representa-
tive data of three independent
experiments

by the oil red O staining, indicating that the cells do have
the potential to differentiate into osteoblasts and adipocytes.

Discussion

Studies of the hemopoietic system of nonhuman primates
have provided important information for understanding the
mechanisms of human hemopoiesis [21, 22]. Recently, Lee
et al. [23] demonstrated that BM adherent cells, prepared
from the BMCs of fetal rhesus monkeys, had a high
proliferative potential and had an ability to differentiate
towards adipogenic, chondrogenic, and osteogenic lineages,
indicating that the BM adherent cells have characteristics of
MSCs. They also cultured adult BMCs collected by the
conventional aspiration method from the iliac crest and
obtained BM adherent cells, although the differentiation
capacity of the adult BM adherent cells was not evaluated.
In addition, Devine et al. have isolated BM adherent cells
by culturing baboon BMCs obtained by the aspiration
method, and the cells were shown to be MSCs; the cells
were capable of differentiating along adipogenic and
osteogenic lineages. When lethally irradiated baboons were
administered the autologous (gene-marked) MSCs in
conjunction with autologous HSCs by the intravenous
route, the engraftment of the HSCs was facilitated, and
the transgene was detected in the posttransplant BM
biopsies [24). These reports clearly demonstrate that cell
populations that can be considered as MSCs exist in BMCs of
nonhuman primates, as in humans and mice. We have
previously shown that BMCs collected by the perfusion
method contain a significantly higher number of hemopoietic
colony-forming cells than those collected by the aspiration
method [16, 17] since peripheral blood contamination was
reduced to the minimum level in the perfusion method.
There was a tendency for the number of colony-forming unit
fibroblast (CFU-F) to be higher in the BMCs collected by the
aspiration method than in those by the perfusion method,

Oil Red O Staining

although the differences were not significant [17]. Thus, the
perfusion method, which requires only two holes for the
insertion of syringes in the bones and can be used to collect a
sufficient number of BMCs with just one or two perfusions,
provides a safe and convenient tool for harvesting BMCs
that contain a high number of HSCs and CFU-F.

The present study clearly shows that CD56 is expressed
on both BM adherent cells and HSCs (Figs. |b and 2a) and
that their interactions through the CD56 molecules are
important for hemopoiesis because the proliferation of
HSCs was suppressed markedly by the addition of anti-
CD56 mAb (Fig. 4). As shown in Fig. 2¢, the CD347/56"
cells generated a comparable number of hemopoietic
colonies to the CD347/56” cells in the methylcellulose
assay and also showed the morphology of HSCs (Fig. 2b),
indicating that the CD34"/56" cells represent a population
of HSCs but not artifacts produced by the HSC purification
process. Our previous reports [7, 8] have shown that CD356
is expressed on mouse BM adherent cells as well as a
stromal cell line (FMS/PA6-P) established from fetal
mouse BMCs and contributes greatly to the supporting
capacity of these stromal cells. However, we could not
detect the expression of CD36 on highly purified mouse
HSC populations, such as Lin Sca-1', Lin CD34 ",
Lin"CD38 7, or Lin"c-kit®"* cells [7]. Therefore, it is
conceivable that the CD56 molecules on mouse BM stromal
cells might interact with HSCs through heterophilic bindings.
Indeed, there are many reports showing that CD356 binds to
heparan sulfate proteoglycan (extracellular matrix molecule)
[25] and fibroblast growth factor receptors [26] in murine
and chicken neural systems, although the biological signifi-
cances of the heterophilic bindings have not yet been fully
elucidated. The homophilic bindings of CD56 molecules are
known to induce cell-to-cell tight adhesions because zipper-
like CD56 complexes are generated by multiple cis- and
trans-homophilic bindings of CD56. In this study, we
provide evidence that CD56 molecules are also expressed
on HSC-enriched populations in the monkey hemopoietic
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system, indicating that HSCs can interact with BM stromal
cells by homophilic bindings, in addition to heterophilic
bindings. Such homophilic interactions would induce the
tight adhesions between HSCs and stromal cells and, as a
result, stable cellular adhesions and long-lasting cellular
interactions would be achieved.

From the present results in monkeys, it can be speculated
that CD56 is also expressed on human BM stromal cells
(MSCs) and contributes to human hemopoiesis. Indeed, our
preliminary study showed that 67% of commercially available
human MSCs were positive for CD56. Thus, CD56 might be
used as a new marker for MSCs in mice, monkeys, and
humans. Moreover, BM stromal cells expressing CD56
molecules were detected in human BM sections by immuno-
histochemical staining. We also found that CD347/56" cells
were contained in an HSC-enriched population of human
cord blood cells at the percentage of 3~6% (manuscript in
preparation). There is a possibility that human BMCs contain
a higher amount of CD347/56" cells than human cord blood
cells, although we have not assessed this yet.

Several adhesion molecules are known to regulate the
interactions between hemopoietic stem-progenitor cells and
BM stromal cells; for example, B-catenin—-N-cadherin, integ-
rin-VCAM, and p,integrin-osteopontin interactions [27].
The present results indicate the important role of CD36 in the
hemopoietic system, but they do not rule out the contribution
of other adhesion molecules. We have very recently found that
HSCs from MRL/lpr mice (autoimmune-prone mice) exhibit
enhanced adhesion to the FMS/PA6-P stromal cell line,
established in our laboratory [8], in vitro after the onset of
autoimmune diseases: this is attributed to the increased
expression of CD356 on the HSCs, but no increase was found
in other adhesion molecules such as CD44, CD62L, VLA,
and VCAM-1. The proliferation of HSCs on the FMS/PA6-P
cells was significantly suppressed by the addition of anti-
CD56 mAb, suggesting that the interaction between HSCs
and stromal cells through CD56 molecules plays a major role
in the abnormal proliferation (no MHC restriction) of HSCs in
MRL/lpr mice [28].

More work is required before one can say that CD56
molecules contribute to hemopoiesis 1o a higher extent than
other adhesion molecules. However, our previous [7, 8, 28]
and present studies provide new understandings of the
regulation mechanisms of hemopoiesis through CD56
molecules. To fully understand the physiological signifi-
cance of CD56, we are now investigating the functional
role of CD56 molecules in the monkey BM adherent cells
and human MSCs.
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Prevention of graft-versus-host disease by intrabone marrow
injection of donor T cells: involvement of bone marrow stromal cells
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We have developed a new and effective method for bone marrow transplan-
tation (BMT): bone marrow cells (BMCs) are injected directly into the bone
marrow (BM) cavity of recipient mice. The intrabone marrow injection of
BMCs (IBM-BMT) greatly facilitates the engraftment of donor-derived cells,
and IBM-BMT can attenuate graft-versus-host reaction (GVHR), in contrast
to conventional intravenous BMT (i.v.-BMT). Here, we examine the mecha-
nisms underlying the inhibitory effects of IBM-BMT on GVHR using animal
models where GVHR is elicited. Recipient mice (C57B1/6) were irradiated
and splenic T cells (as donor lymphocyte infusion: DLI) from major histo-
compatibility complex-disparate donors (BALB/c) were injected directly into
the BM cavity (IBM-DLI) or injected intravenously (i.v.-DLI) along with
IBM-BMT. The BM stromal cells (BMSCs) from these recipients were col-
lected and related cytokines were examined. The recipient mice that had been
treated with IBM-BMT +i.v.-DLI showed severe graft-versus-host disease
(GVHD), in contrast to those treated with IBM-BMT + IBM-DLL The sup-
pressive activity of BMSCs in this GVHD model was determined. The cul-
tured BMSCs from the recipients treated with IBM-BMT + IBM-DLI
suppressed the proliferation of responder T cells remarkably when compared
with those from the recipients of IBM-BMT + i.v.-DLI in mixed leucocyte
reaction, Furthermore, the level of transforming growth factor-f and hepato-
cyte growth factor in cultured BMSCs from IBM-BMT + IBM-DLI increased
significantly when compared with those from the recipients of IBM-BMT + i.
v.-DLI. Thus, the prevention of GVHD observed in the recipients of IBM-
BMT + IBM-DL1 was attributable to the increased production of
immunosuppressive cytokines from BMSCs after interaction with host reac-
tive T cells (in DLI).
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We have recently developed intrabone marrow (IBM)-

Introduction BMT, in which bone marrow cells (BMCs) are injected

Allogeneic bone marrow transplantation (BMT) has been
used as a potentially curative therapy for patients with a wide
variety of diseases, including haematological disorders, con-
genital immunodeficiencies, metabolic disorders, autoim-
mune diseases and solid tumours [1-6]. However, there
are several problems to be resolved in allogeneic BMT. One
of the important issues is how to control graft-versus-host
disease (GVHD), which remains a major cause of post-
transplantation morbidity and mortality.

directly into the bone marrow (BM) cavity [7]. We have
found that [BM-BMT allows us not only to use low-dose
irradiation as a preconditioning regimen [7,8] but also to
suppress GVHD [9], as IBM-BMT can efficiently recruit
donor-derived stromal cells [including mesenchymal stem
cells (MSCs)] that can support donor-derived haemopoietic
stem cells [1,9-12].

It is noted that IBM-BMT can be used to prevent GVHD,
even when intensive donor lymphocyte infusion (DLI) is
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carried out [9]. We attempted to inject allogeneic T cells as
DLI into the BM cavity (IBM-DLI) or intravenously (iv.-
DLI) with IBM-BMT. The prolongation of survival rate and
reduction of GVHD were observed clearly in the recipients
treated with IBM-BMT + IBM-DLI, but not in those with
IBM-BMT + i.v.-DLI [13]. These findings prompted us to
examine the regulatory function of BM stromal cells
(BMSCs) after interaction with T cells that had been injected
into the BM cavity. Evidence has been accumulated that
BMSCs play a critical role in the regulation of haemopoiesis
by promoting cell-to-cell interactions and constitutively
secreting immunoregulatory soluble factors [14-23]. In fact,
BMSCs suppress the proliferation of allogeneic T cells
in a major histocompatibility complex (MHC)-independent
manner [24-31].

In the present study, we examine the suppressive activity
of BMSCs that had been in contact with T cells in vivo, and
evaluate the effect of T cell polarization and several factors
produced by BMSCs.

Materials and methods

Mice

C57BL/6 (B6, H-2%), BALB/c (H-2') mice were purchased
from Shimizu Laboratory Supplies (Kyoto, Japan). C57BL/6
mice at the age of 7-9 weeks were used as recipients, and
BALB/c mice at the age of 7-9 weeks were used as donors.
All mice were kept in our animal facilities under specific
pathogen-free conditions. All animal procedures were
performed in accordance with protocols approved by
the Animal Experimentation Committee, Kansai Medical
University.

Irradiation

C57BL/6 mice were irradiated at 8:5 Gy (1:0 Gy/min) from a
(s source (Gammacell 40 Exactor, Nordion, International
Inc., Ottawa, Ontario, Canada) | day before the BMT.

Bone marrow transplantation and donor lymphocyte
infusion

Bone marrow cells were flushed from the femoral and tibial
bones of the BALB/c mice, and then suspended in RPMI-
1640. The BMCs were then filtered through a 70-pm nylon
mesh (Becton Dickinson Labware, Franklin Lakes, NJ, USA)
to remove debris, washed and adjusted to 1-5 x 10° cells/ml
in RPMI-1640. The BMCs, thus prepared, were injected
directly into the BM cavity as described previously [7].
Rriefly, the region from the inguen to the knee joint was
shaved and a 5-mm incision was made on the thigh. The
knee was flexed to 90 degrees and the proximal side of the
tibia was drawn to the anterior. A 26-gauge needle was
inserted into the joint surface of the tibia through the patel-

lar tendon and then inserted into the BM cavity, Using a
microsyringe (10 pl; Hamilton Co., Reno, NV, USA) con-
taining the donor BMCs (1-5x 10" cells/ml), the donor
BMCs were injected from the said bone holes into the BM
cavity of the left tibia (107 cells/7 pl/tibia) (IBM-BMT). In
some groups, BMCs were injected intravenously.

T cells were purified from the spleens by positive selection
by a MACS® system using CD4 and CDBat microbeads
{Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) after
depletion of red blood cells, or by an EPICS ALTRA flow
cytometer (Coulter, Hialeah, FL, USA) after staining with
fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-
conjugated anti-CD4/CD8 monoclonal antibodies (mAbs)
(BD Pharmingen, San Diego, CA, USA).

Splenic T cells were injected into the BM cavity of the
right tibia (107 cells/7 pl/tibia: intrabone marrow T cell
injection as DLI; IBM-DLI) or injected intravenously (i.v.-
DLI; 107 cells/0-5 ml) into the recipient mice along with the
IBM-BMT. Recipients treated with [BM-BMT alone
(without DLI) served as negative controls (termed NO-DLI)
[131.

Preparation of freshly isolated BMSCs

Three days after the DLI, BMCs were flushed from the right
tibial bones of the recipient mice, and non-haemopoietic
MSC-enriched cells (defined as CD45/CD106" cells) were
sorted immediately by an EPICS ALTRA flow cytometer
(Coulter, Hialeah, FL, USA) after staining with FITC- or
PE-conjugated anti-CD45/CD106 mAbs (BD Pharmingen,
San Diego, CA, USA). Freshly isolated non-haemopoietic
BMSCs-enriched populations, sorted as CD457/CD106’
cells, were prepared from the recipients of IBM-
BMT + [BM-DLI, IBM-BMT + i.v.-DLI, or IBM-BMT alone
(NO-DLI). Haemopoietic BMC-enriched populations,
sorted as CD45°/CD106 cells, were also prepared from the
recipients and used as controls.

Preparation of cultured BMSCs

Bone marrow cells from the right tibia, into which T cells had
been injected as DLI, were collected from the recipients of
IBM-BMT + IBM-DLI, IBM-BMT + i.v.-DLI or IBM-BMT
alone (without DLI) 3 days after treatment, and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal calf serum (FCS). Two days later, non-adherent cells
were removed. Adherent cells were detached using trypsin-
ethylenediamine tetraacetic acid, and passaged when 80%
confluence was reached and then replated. After 2 weeks
(short-term culture) or 3 months (long-term culture) the
cultures were discontinued, and BMSCs were harvested and
used for further experiments, including mixed leucocyte
reaction (MLR) and real-time reverse transcription—
polymerase chain reaction (RT-PCR) assay. The culture-
expanded BMSCs from the recipients of IBM-BMT +
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IBM-DLI, IBM-BMT +iv.-DLI or IBM-BMT alone
(without DLI) were stained with FITC-amti-CD45 and
PE-anti-CD106 mAbs and analysed by a fluorescence acti-
vated cell sorter (FACScan) (BD Pharmingen).

Mixed leucocyte reaction

Various numbers of freshly prepared (defined as CD457/
CD106" BM cells) or cultured BMSCs from the recipients
of IBM-BMT + IBM-DLI, IBM-BMT + i.v.V-DLI or IBM-
BMT alone (without DLI) were added to the culture of
one-way MLR (4-day culture) where 2x 10° responder
CD4' T cells from BALB/c mice were stimulated with 12 Gy
irradiated stimulator spleen cells (2% 10° cells) from B6
mice in a 96-well flat-bottomed plate in a total volume of
0-2ml. CD45'/CD106  haemopoietic cells or whole BMCs
served as controls for BMSCs added to the culture. The cul-
tures were pulsed with 0-5 pCi of [*"H]-TdR for the last 16
h of the culture period.

Activation of T cells with concanavalin A

Splenic T cells (2% 10° cells) from BALB/c mice were cul-
tured with 2:5 ug/ml of concanavalin A (ConA) for 4 days.
Activated T cells, thus prepared, were used as a positive
control in real-time RT-PCR assay and enzyme-linked
immunosorbent assay (ELISA) to detect cytokines.

Flow cytometric analyses of intracellular cytokines

CD4-enriched T cells from BALB/c mice were cultured with
irradiated stimulator spleen cells from B6 mice with cultured
BMSCs from the recipients of IBM-BMT + IBM-DLI, IBM-
BMT + i.v.-DLI or IBM-BMT alone (without DLI) in round-
bottomed plates (RPMI-1640) with 10% FCS. Cells were
harvested 6 days later and stained with biotin-conjugated
anti-H-2K*  (visualized by  streptavidin-peridinin
chlorophyll-Cy5-5) and FITC-anti-CD4 mAb (BD Pharmin-
gen) to detect responder (donor) CD4 T cells. The cells were
next fixed and permeabilized with Cutofix/Cytoperm solu-
tuon™ (BD Pharmingen). Intracellular cytokines were
detected after the staining of cells with PE-anti-interleukin
(IL)-2, -interferon (IFN)-y or -IL-4 using an Intracellular
Cytokine Staining Kit® (BD Pharmingen). Cells stained
with isotype control cocktail (BD Pharmingen) served as a
control. The stained cells were analysed by a FACScan®
(Becton Dickinson Co,, Mountain View, CA, USA).

Real-time RT-PCR assay

Cytokine messages of BMS5Cs were determined by real-
time RT-PCR. We prepared some primers for transforming
growth factor (TGF)-B (forward: TTTCGATTCAGCGCT
CACTGCTCTTGTGAC, reverse: ATGTTGGACAACTGCT

Prevention of GVHD by intrabone marrow injection of donor T cells

CCACCTTGGGCTTGC), hepatocyte growth factor (HGF)
(forward: AAGAGTGGCATCAAGTGCCAG, reverse; CTG
GATTGCTTGTGAAACACC), IL-2 (forward: TGGAGCA
GCTGTTGATGGAC, reverse: CAATTCTGTGGCCTGCTT
GG), TL-4 (forward: ACAGGAGAAGGGACGCCAT, reverse:
GAAGCCCTACAGACGAGCTCA), IL-10 (forward: GGTT
GCCAAGCCTTATCGGA, reverse: ACCTGCTCCACTGC
CTTGCT) and [L-15 (forward: CATCCATCTCGTGCTAC
TTGTGTT, reverse: CATCTATCCAGTTGGCCTCTGTTT)
(Nisshinbo, Chiba, Japan).

Real-time RT-PCR was conducted on a DNA engine
Opticon2 System (M] Japan Ltd, Tokyo, Japan) by using
SYBR Green I as a double-stranded DNA-specific binding
dye and continuous fluorescence monitoring, The cycling
conditions consisted of a denaturation step for 10 min at
95°C, 40 cycles of denaturation (94°C for 15 s), annealing
(60°C for 30 s) and extension (72°C for 30 s). After amplifi-
cation, melting curve analysis was performed with denatur-
ation at 95°C, then continuous fluorescence measurement
from 65°C to 95°C at 0-1°C/s. All reactions were run at least
in duplicate, and included control wells without cDNA.

Detection of cytokines in MSC culture supernatant

Mesenchymal stem cell culture supernatants were collected
2 weeks later, and the amounts of IL-2, IL-4, IFN-y and
TGF- were determined by ELISA kits.

Statistical analyses

Non-parametric analyses (Mann-Whitney U-test and log-
rank test) were performed using StatView software (Abacus
Concepts, Berkley, CA, USA). Values of P < 0-05 were con-
sidered statistically significant.

Results

In vitro immunosuppressive effects of BMSCs on
T cell proliferation

Three days after DLI, BMCs were collected from the recipi-
ents, and non-haemopoietic BMCs (defined as CD457/
CD106" cells) were isolated immediately as shown in Fig. la.
The average number of these sorted cells per mouse were as
follows. CD45/CD106" cells from the recipients of IBM-
BMT + IBM-DLI: 31 033 % 2450 cells (four mice), CD457/
CD106" cells from the recipients of IBM-BMT + i.v.-DLI:
29850 = 2728 cells (four mice), CD45/CDI106" cells
from the recipients of IBM-BMT alone (without DLI):
36 630 = 5244 cells (four mice). There were no statistical
differences among these groups regarding the yields of
CD457/CD106" cells. The sorted CD45/CD106" cells from
these recipients were added to the culture of one-way MLR.
As shown in Fig. 2, all the CD457/CD106" cells isolated from
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Fig. 1. Flow cytometric profiles of freshly isolated and cultured bone
marrow stromal cells (BMSCs). (a) Non-haemopoietic mesenchymal
stem cell-enriched cells, defined as CD45/CD106" cells, were sorted
immediately (gate 1) from the recipient of intrabone marrow-bone
marrow transplantation (IBM-BMT) + [BM-doner lymphocyte
infusion {DLI) after the staining of cells with Aluorescein
isothiocyanate (FITC)-anti-CD45 and phycoerythrin (PE)-anti-106
maonoclonal antibodies (mAbs). The dot-plot profile of
CD457/CD106" cells from the recipients of IBM-BMT + intravenous
(i.v.)-DLI or IBM-BMT alone (without DLI) was similar 1o (a),
Haemopoietic bone marrow cell-enriched populations, sorted

as CD45"/CD106" cells (gate 2), were also prepared from the

recipi and used as ¢ Is. (b) Cul | BMSCs (for 2 weeks)
obtained originally from the right tibia of the recipients of
[BM-BMT + 1BM-DLI were stained with FITC-anti-CD45 and
PE-anti-106 mAbs, and analysed by a fluoresence activated cell sorter
scan. The dot-plot profile of cultured BMSCs from the recipients of
IBM-BMT 4 i.v.-DLI or IBM-BMT alone (without DLI) was similar
to (b).

the BM of TBM-DLI, i.v.-DLI and IBM-BMT alone (without
DLI) suppressed MLR only slightly, but not significantly (not
statistically significant among three groups). This is the case
when haemopoietic CD45'/CD106  cells or whole BMCs
were added to the culture. Thus, non-haemopoietic BMCs
freshly isolated from the site of IBM-DLI could not signifi-
cantly suppress T cell proliferation in MLR. This might be
due to the heterogencity of non-haemopoictic BMCs. There-
fore, we next examined the inhibitory effect of cultured
BMSCs after IBM-DLI.

Three days after DLI, BMCs were collected from the
recipients, and cultured in DMEM with 10% FCS for
2 weeks, as shown in Materials and methods. The phenotypes
of BMSCs, thus prepared, were negative for CD45 and CD34,
but positive for CD90 and CD106 (Fig. 1b). These BMSCs
were added to the culture of MLR to examine their suppres-
sive effects.

As shown in Fig. 3a and b, the BMSCs prepared from the
recipients treated with IBM-BMT + IBM-DLI significantly
suppressed MLR in a dose-dependent fashion when com-
pared with those from the recipients treated with 1BM-
BMT + iv.-DLL It is surprising that the BMSCs from the
recipients of IBM-BMT + IBM-DLI still showed a suppres-
sive effect on T cell proliferation even after long-term culture
(3 months) when compared with those prepared from the

recipients of IBM-BMT + i.v.-DLI (Fig. 3c), suggesting that
the suppressive effects of BMSCs on the BM (IBM-DLI) are

long-lasting.

The frequency of IFN-y- and IL-4-producing T cells
after coculture with BMSCs

To examine the effects of BMSCs on T cell polarization,
CD4-enriched T cells from donor BALB/¢ mice were cultured
with irradiated stimulator spleen cells from B6 mice and
BMSCs cultured from the recipients of IBM-BMT + IBM-

= No BMSCs
C—No DLI
&z IV DU
=3 |BM DLI

)

£

« 30

o

2

e

5 20

$

g 10

]

! | | “
@f,c? & & e\ e\ a\ e a\ 5
,\ \ o

¢ o

\ '\ \dﬂ \

P & P
Cells added to the culture

Fig. 2. Effect of freshly isolated Imne marrow stromal cells (BM5Cs)
on T cell proliferation. Non-h hymal stem
cell-enriched cells, defined as CD{’"JCDI 06" cells, were sorted
immediately (gate 1) from the recipient of intrabone marrow-boae
marrow transplantation (IBM-BMT) + IBM-donor lymphocyte
infusion (DLI), IBM-BMT + intravenous (i.v.)-DLI or IBM-BMT
alone (without DLI) after the staining of cells with fluorescein
isothiocyanate-anti-CD45 and phycoerythrin-anti-10* monoclonal
antibodies (mAbs). Haemopoietic cells in the bone marrow (BM),
defined as CD45'/CD106" cells, were also obtained by a cell sort (gate
2). Graded numbers of CD45/CDI06" BMSCs (3 x 10°=6 x 10),
CD45°/CD106™ haemopoietic cells (1 x 10°) or whole BM cells

{1 10°=3 x 10') were added to the culture of one-way mixed
leucocyte reaction where 2% 10° responder CD4'T cells from BALB/c
mice were stimulated with 12 Gy irradiated stimulator spleen cells
(22 10° cells) from Bé mice in a 96-well flat-bottomed plate in a
total volume of 0-2 ml and cultured for 96 h. The cultures were
pulsed with 0-5 pCi of ["H]-TdR for the last 16 h of the culture
period. This figure shows the representative result of three
cxperiments. The data are expressed as mean counts per

minute * standard deviation of three mice {separately cultured
BMSCs obtained from the recipient)
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Cultured

DL, IBM-BMT + i.v.-DLI, or IBM-BMT alone (without
DLI). The development of T helper 1 (Th1) or Th2 cells was
defined by intracellular staining of [FN-y or [L-4. The fre-
quency of IL-4-producing cells was slightly but significantly
higher in the culture with BMSCs from IBM-BMT + IBM-
DLI than in that with BMSCs from IBM-BMT + i.v.-DLI
(Fig. 4a and b versus 4c and summarized in 4g). Conversely,
the percentage of IFN-y-producing cells was lower in the
culture with BMSCs from IBM-BMT + IBM-DLI than in
that with BMSCs from IBM-BMT + i.v.-DLI (Fig. 4d and ¢
versus 4f, and summarized in 4g). Furthermore, this is the
case when intracellular IL-2 was examined (data not shown).
Thus, the polarization of Th2 cells is facilitated strongly after
co-culture with the BMSCs from the recipients of IBM-
BMT + IBM-DLI, while Th1 cells are induced dominantly by
co-culture with the BMSCs from the recipients of IBM-
BMT + i.v.-DLI. These findings suggest strongly that T cells
injected into the BM cavity can modulate the function of
BMSCs after their interaction.

© 2008 Britsh Socety for Immunology, Clinical and Expenmental immunology, 152: 153-162

BMSCs(10*) added

Bone marrow stromal cells produce immunoregulatory
cytokines: TGF-f and HGF

Previous reports have shown that BMSCs can modify T cell
functions by soluble factors [ 18,19]. Therefore, we attempted
to identify molecules involved in the immune modulation by
BMSCs. First, we determined the levels for 11-2, IT1-10, IFN-y
and TGF- in the culture supernatant of BMSCs using an
ELISA. The culture supernatants of enriched T cells stimu-
lated with ConA served as a control. As shown in Table I,
IL-2, IL-10 or IFN-Y were not detected in the culture super-
natants of BMSCs from the recipients of IBM-BMT + IBM-
DLI, IBM-BMT + i.v-DLI or IBM-BMT alone (without
DLI), while a significant amount of TGF-§ was detected in
the culture supernatants of BMSCs from the recipients of
IBM-BMT + IBM-DLI, but not in those from the recipients
of IBM-BMT + i.v.-DLI or IBM-BMT alone (without DLI).
These results indicate that TGF-f§ secreted from the BMSCs
obtained from the recipients of IBM-BMT + IBM-DLI
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Fig. 4. Interaction of bone marrow stromal cells (BMSCs) with T cells and induction of T helper 2 cells. CD4"* cell-enriched T cells from BALB/c
mice were cultured with irradiated stimulator spleen cells from B6 and BMSCs cultured from the recipients of intrabone marrow-bone marrow
transplantation (IBM-BMT) + IBM-donor lymphocyte infusion (DLI), IBM-BMT + intravenous (i.v.)-DLI or IBM-BMT alone (without DLI} in 4
round-bottomed plate (RPMI-1640) with 10% fetal calf serum. Cells were harvested 6 days later and stained with biotin-conjugated anti-H-2K"
(visualized by streptavidin—peridinin chlorophyll-Cy5-5) and fluorescein isothiocyanate-anti-CD4 monoclonal antibody (mAb) to detect responder
(donor) CD4 T cells. The cells were next fixed and permeabilized and intracellular cytokines were detected afier the staining of cells with
phycoerythrin-anti-interleukin (IL}-4 and -interferon (IFN)-y mAbs. Representative dot-plot profiles of CDA*/1L-4" cells (a, b, <) or CD4*/IFN-Y
cells (d, ¢, 1 are shown, co-cultured with BMSCs from the recipients of IBM-BMT alone (without DLI) (a, d), IBM-BMT # i.v.-DLI (b, ¢), or
[BM-BMT + IBM-DLI (c, f). Cells in dot-plot profiles were gated positively as H-2K* responder cells. Cells stained with isotype control cocktail
served as a control. (g) Representative result of three experiments, Columns represent mean percentage of IFN-y or [L-4 bearing cells = standard
deviation of three mice (separately cultured BMSCs obtained from the recipient). Symbols in the boxes represent origins of cultured BMSCs,
*Suatistically significant when compared with intracellular cytokines performed in the groups (P < 0-05).
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Table 1. Measurement of cytokines.

No DLI" i.v.-DLI IBM-DLI T cells with ConA*
1L-2 (pg/ml) 0 0 0 o 873= 155
TEN-Y {ps}ml] 1] o o 1418-2 = 3694
1L-10 (pg/ml) 1] 0 1] 1114:6 = 103-1
TGF- (ng/ml) 0 0-27 = 04 42=x24 06 =05

'Bone marrow stromal cell (BMSC) culture supernatants from the recpients of intrabone marrow-bone marrow transplantation (1BM-
BMT) + IBM-donor lymphocyte infusion (DLI), IBM-BMT + intravenous (i.v.)-DLL or IBM-BMT alone (without DLI) were collected 2 weeks laver.
The cell supernatants were analysed for the amount of interleukin (IL)-2, IL-4, interferon (IFN)-y and trandforming growth factor (TGF)-B by
enzyme-linked immunosorbent assay. *Splenic T cells from BALB/c mice were activated with concanavalin A (ConA) and used as a positive control.

might be one of the candidates for attenuation of GVHD in
our model system.

It has been reported that HGF also inhibits T cell prolif-
eration or activation [18,19], Therefore, we next determined
in the culture supernatants of BMSCs whether the levels of
HGF in BMSCs increased after IBM-BMT + IBM-DLI. We
measured HGF (and also TGF-B) in the message level by a
quantitative real-time RT-PCR because no ELISA kit is
available to detect murine HGF. As shown in Fig. 5a (HGF)
and 5b (TGF-p), the relative levels of both HGF and TGF-p
were significantly higher in the BMSCs from the recipients of
IBM-BMT + IBM-DLI than in those from the recipients of
IBM-BMT +iv.-DLI or IBM-BMT alone (without DLI).
Furthermore, as summarized in Table 2, we did not detect
substantial levels of IL-2, [L-4 or IL-15 mRNA in BMSCs
from the recipients of IBM-BMT + IBM-DLI, IBM-BMT +

Fig. 5, Production of transforming growth
factor (TGF)-B and hepatocyte growth factor
(HGF) in bone marrow stromal cells (BMSCs).
Culture expanded BMSCs from the recipients
of intrabone marrow-bone marrow
transplantation (IBM-BMT) + [BM-donor
lymphocyte infusion (DLI),

1BM-BMT + intravenous (i.v.)-DLI or
IBM-BMT alone (without DLI) were used for
analysis of cytokine messages by real-time PCR.
After DNase [ treatment, cDNA was
synthesized, amplified using HGF or TGF-§

TGF-B

Relative mRNA level

iv.-DLI or IBM-BMT alone (without DLI). However, it is
noted that a slight but significant level of IL-10 message
was detected only in the BMSCs from recipients of
IBM-BMT + IBM-DLI, but not in those from recipients of
IBM-BMT +i.v.-DLI or IBM-BMT alone (without DLI).
Therefore, T cells injected directly into the BM cavity can
induce the production of suppressive cytokines from
BMSCs, and BMSCs might exert their inhibitory effect on T
cell activation or proliferation via HGF and/or TGF-p.

Discussion

Transplantation biology has been one of the major advances
in medicine during the last few decades. BMT, in particular,
can cure a variety of malignancies by exploiting graft-versus-
tumour effects exerted by the lymphocytes. In this proce-
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primer, and visualized with SYBR Green by
real-time reverse Iranscriplion—polymerase
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Table 2. Analyses of cytokine messages by real-time reverse transcniption—polymerase chain reaction (RT-PCR).
No DLI' iv.-DLI IBM-DLI
IL-2 047 = 03§ 031 = 02 047 = 03
L4 0 0 0025 = 0-03 12772 + 3574
IL-10 0 0 27x 23 95 D00 = 16 000
IL-15 0 0 0 n.d.

'Culture expanded bone marrow stromal cells (BMSCs) from the recipients of intrabone marrow-bone marrow transplantation (IBM-
BMT) + IBM-donor lymphocyte infusion (DLI), TBM-BMT + intravenous (i.v.)-DL], or IBM-BMT alone (without DLI) were used for analysis of
cytokine messages by real-time RT-PCR. After DNase | treatment, cDNA was synthesized, amplified using interleukin (IL}-2, IL-4, IL-10 or IL-15
primer, and visualized with SYBR Green by real-time RT-PCR. *Splenic T cells from BALB/c mice were activated with concanavilin A (ConA} and used
as a positive control.
$Relative intensities of soluble factors were calculated on the basis of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. Numbers in the
table represent mean intensities of cytokines £ standard deviation of three mice (separately cultured BMSCs obtained from the recipient). We

T cells with ConA’
851 =61

Cytokines examined

performed two separate experiments, n.d., not done.

dure, one of the major problems to be solved is GVHD. We
have developed recently a new protocol for BMT: IBM-BMT
can induce persistent allogeneic donor-specific tolerance
without the use of immunosuppressants after the treatment,
even when the radiation doses are reduced to sublethal levels,
Therefore, we have aimed to develop a new strategy for the
successful engraftment of donor-derived haematolymphoid
cells without developing GVHD even in the presence of T
cells in the donor inoculum. We have found that GVHD
could be alleviated when BMCs containing T cells were
inoculated into the BM cavity [9]. We compared the severity
of GVHD induced by the intravenous injection of T cells
(i.v.-DLI) with that induced by the IBM injection of T cells
(IBM-DLI). Acute GVHD was observed in recipients treated
with IBM-BMT + i.v.-DLI, while reduced GVHD was seen in
those treated with IBM-BMT +IBM-DLI. However, the
mechanisms underlying this inhibition still remain unre-
solved and therefore we focused on the function of BMSCs,
because T cells can interact with BMSCs in the BM cavity
after the IBM-DLL. The ability of MSCs to interact with
immune cells and to modulate their response has important
implications in the transplantation biology. We have carried
out experiments in which the sorted CD45/CD106" cells
from the recipients of IBM-BMT + IBM-DLI, IBM-BMT + i,
v.-DLI or IBM-BMT alone (without DLI) were added to the
culture of one-way MLR. The inhibitory ability of non-
haemopoietic BMCs to activated T cells was insufficient
(Fig. 2). However, cultured BMSCs from the recipients of
IBM-BMT + IBM-DLI, IBM-BMT +iv.-DLI and IBM-
BMT alone (without DLI) showed an immunosuppressive
effect in MLR in a dose-dependent fashion (Fig. 3). Further-
more, of interest and of importance is that the cultured
BMSCs from the recipients of IBM-BMT + IBM-DLI sup-
pressed MLR strongly even in small numbers (10°=3 x 10)
when compared with BMSCs from the recipients of IBM-
BMT +i.v.-DLL

Furthermore, the conversion of Thl cells (defined by
intracellular staining of IFN-y) was clearly inhibited while
the polarization of Th2 cells (defined by intracellular stain-
ing of IL-4) was facilitated by BMSCs from the recipients

treated with IBM-DLI. In contrast to this, BMSCs from the
recipients of i.v.-DL1 prompted the polarization of Thi cells
(Fig. 4). These data suggest that BMSCs from the recipients
of IBM-BMT + IBM-DLI interact with naive T cells to
convert Th2 cells, which might be beneficial for GVHD
management.

Several recent reports have described how BMSCs
produce soluble factors, including TGF-f and HGF, which
regulate T cell proliferation [18,21,22,32]. In our present
study, BMSCs from the recipients of IBM-BMT + IBM-DLI
produced significantly higher amounts of HGF and TGF-p
than those from the recipients of IBM-BMT + i.v.-DLI and
IBM-BMT alone (without DLI) (Fig. 5 and Table 1).

Collectively, our findings indicate clearly that BMSCs can
interact with T cells that have been injected into the BM
cavity as IBM-DLI, and that the fanction(s) of BMSCs might
somehow be modulated by this interaction to produce
inhibitory cytokines and to possess the ability to convert Th0
cells to Th2 cells, but not to Th1 cells. It should be noted that
the modulated features of BMSCs were maintained for at
least 6 weeks, thus leading to the reduction of GvH
responses. We have shown, in our GVHD model, that IBM-
DLI (in vivo injection of donor T cells into the BM cavity)
(but not iv.-DLI) can attenuate GVHD. Therefore, our
present study provides the basic information that IBM-BMT
is an excellent strategy to engraft donor cells efficiently along
with attenuation of GVHD, even when some quantities of T
cells are contaminated in BMC preparations. Thus, IBM-
BMT can control GVHD easily.

T cells can recognize MHC determinants on BMSCs
in vivo, and the BMSC recognized by T cells can modulate
their functions. Therefore, we are now investigating subcel-
lular processes after the T-BMSC interaction and identifying
molecules, other than MHC, to be essential for this
interaction.
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Analysis of Tolerance Induction Using Triple Chimeric
Mice: Major Histocompatibility Complex-Disparate
Thymus, Hemopoietic Cells, and Microenvironment

Wenhao Cut, Naoki Hosaka, Takashi Miyake, Xiaoli Wang, Kequan Guo, Yunze Cui, Qiang Li,
Changye Song, Wei Feng, Qing Li, Takashi Takaki, Teruhisa Nishida, Muneo Inaba, and Susumu Ikehara

Background. Although bone marrow transplantation (BMT) has become a valuable strategy for the treatment of
various intractable diseases in recent years, success rates remain low in elderly patients because of low thymic function,
We have previously shown that fetal thymus transplantation (TT) with BMT is effective for elderly recipients in mice.
Methods. We performed fully major histocompatibility complex (MHC)-mismatched fetal TT from Bé (H-2") mice
plus allogeneic BMT from C3H/HeN (H-2¥) mice by intra-bone marrow-BMT (IBM-BMT) using congenitally athy-
mic nude (nu/nu) BALB/c (H-2%), or BALB/c adult-thymectomized recipients to obtain triple chimeras. We next
carried out the IBM-BMT+TT using senescence-accelerated mouse P1 strain (SAMP1) to examine whether this
method would be applicable to aging mice.

Results. Triple chimeric mice survived for a long period with sufficient T-cell functions comparable to the mice treated
with BMT plus MHC-matched TT, whereas those without TT survived for a short period with insufficient T-cell
reconstitution. Almost all the hematolymphoid cells were derived from donor bone marrow cells. Interestingly, they
showed tolerance to all three types of MHC determinants with donor-derived thymic dendritic cells in TT. Triple
chimeric SAMPI also survived for long periods with T-cell functions restored in contrast to non-TT SAMP] recipients.
Conclusion. These findings suggest that third party combined TT with allogeneic IBM-BMT may be more advanta-
geous for elderly recipients with low thymic function, than IBM-BMT alone (without TT).

Keywords: Thymus transplantation, MHC, IBM-BMT.

(Transplantation 2008;85: 1151-1158)

In recent years, allogeneic bone marrow transplantation
(BMT) has proven to be effective in the treatment of hemato-
logic disorders (including leukemia, lymphoma, aplastic ane-
mia) and congenital immunodeficiencies (1). Using various
animal models, we have found that allogeneic BMT can be used
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to treat autoimmune diseases such as insulin-dependent diabe-
tes mellitus, a certain type of non—insulin-dependent diabetes
mellitus, systemic lupus erythematosus, rheumatoid arthritis,
chronic pancreatitis, and chronic glomerulonephritis, and also
be applicable to solid cancers and organ transplantation (2-9).
These results suggest that BMT is likely to become a powerful
tool in the treatment of a wide range of diseases.

However, BMT has some problems. The success rate of
allogeneic BMT is very low in elderly patients (10-12), who
run the high risk of complications, including interstitial
pneumonitis, graft-versus-host disease (GVHD), systemic
infections, and relapses of primary disease. One reason is
markedly reduced thymic functions because of involution,
leading to insufficient or erratic T-cell development ( 13-15). We
have previously demonstrated that fetal thymus transplantation
(TT) with BMT from the same donor is effective in survival,
reconstitution, and treatment of autoimmune diseases in aged
mice (16). However, the thymus cannot always be obtained from
the same young donor in BMT, and the induction of tolerance
has not yet been studied in detail for TT.

We have recently developed intra-bone marrow
(IBM)-BMT, in which bone marrow cells (BMCs) are directly
injected into the BM cavity (17). This method allows us not
only to use low-dose irradiation as a preconditioning regimen
but also to effectively suppress GVHD (18): IBM-BMT pro-
motes efficient proliferation of BMCs in the microenviron-
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