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Introduction

Summary

Although allogeneic bone marrow transplantation (BMT) plus donor lym-
phocyte infusion (DLI) is performed for solid tumours to enhance graft-ver-
sus-tumour (GVT) effects, a graft-versus-host reaction (GVHR) is also
elicited. We carried out intra-bone marrow-bone marrow transplantation
(IBM-BMT) plus adult thymus transplantation (ATT) from the same donor
to supply alloreactive T cells continually. Normal mice treated with IBM-
BMT + ATT survived for a long time with high donor-derived thymopoiesis
and mild GVHR. The percentage of CD4* FoxP3" regulatory T cells in the
spleen of the mice treated with IBM-BMT + ATT was lower than in normal
B6 mice or mice treated with IBM-BMT alone, but higher than in mice trea-
ted with IBM-BMT + DLI; the mice treated with IBM-BMT + DLI showed
severe GVHR. In tumour-bearing mice, tumour growth was more strongly
inhibited by IBM-BMT + ATT than by IBM-BMT alone. Mice treated with
IBM-BMT + a high dose of DLI also showed tumour regression comparable
to that of mice treated with IBM-BMT + ATT but died early of GVHD. By
contrast, mice treated with IBM-BMT + a low dose of DLI showed longer
survival but less tumour regression than the mice treated with IBM-
BMT + ATT. Histologically, significant numbers of CD8" T cells were
found to have infiltrated the tumour in the mice treated with IBM-
BMT + ATT. The number of terminal deoxynucleotidyl transferase-medi-
ated dUTP-biotin nick end-labelling (TUNEL)-positive apoptotic tumour
cells also significantly increased in the mice treated with IBM-BMT + ATT.
Allogeneic IBM-BMT + ATT thus can induce high thymopoiesis, preserving
strong GVT effects without severe GVHR.

Keywords: graft-versus-host; graft-versus-tumour; intra-bone marrow—
bone marrow transplantation; regulatory T cells; thymopoiesis; thymus
transplantation

orders, congenital immunodeficiencies, metabolic disor-
ders, autoimmune diseases, and solid tumours.'”

Allogeneic bone marrow transplantation (BMT) has been
used as a potentially curative therapy for patients with a
wide variety of diseases, including haematological dis-

However, BMT alone is not wholly effective against
tumours, which tend to recur, particularly in the absence
of T cells.” To enhance graft-versus-leukemia (GVL) or

Abbreviations: ATT, adult thymus transplantation; BM, bone marrow; BMC, bone marrow cell; BMT, bone marrow
transplantation; DLI, donor lymphocyte infusion; FITC, fluorescein isothiocyanate; FoxP3, forkhead-box transcription factor p3;
GVHD, graft-versus-host disease; GVT, graft-versus-tumour; HE, haematoxylin and eosin; HPF, high-power field; IBM-BMT,
intra-bone marrow—bone marrow transplantation; IEN, interferon; IL, interleukin; IV-BMT, intravenous bone marrow
transplantation; MHC, major histocompatibility complex; MLR, mixed lymphocyte reaction; MSC, mesenchymal stem cell; PE,
phycoerythrin; TREC, T-cell receptor rearrangement excision circle; Treg, regulatory T cell; TT, thymus transplantation; TUNEL,
terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labelling.

552

© 2008 Blackwell Publishing Ltd, Immunology, 126, 552-564



graft-versus-tumour (GVT) effects, donor lymphocyte
infusion (DLI) is often performed following allogeneic
BMT.2'® Although DLI can produce remission of leuke-
mia'! or the regression of solid tumours, GVL and GVT
effects unfortunately seem to be closely associated with
graft-versus-host disease (GVHD), which remains a major
cause of post-transplantation morbidity and mortality,'>™"
New cellular-based methods are thus desired.

We have developed various new BMT methods. To sup-
ply recipients with major histocompatibility complex
(MHC)-matched bone marrow (BM) stromal cells, we pre-
viously performed BMT plus bone grafts from the same
donor.® For aging hosts with thymic involution, we per-
formed thymus grafts with BMT." To induce extramedul-
lary haematopoiesis in the liver, we injected bone marrow
cells (BMCs) from the portal vein.'s Finally, we have
recently developed intra-bone marrow (IBM)-BMT, in
which BMCs are directly injected into the BM cavity."”

We have found that IBM-BMT not only allows us to
use low-dose irradiation as a pre-conditioning regimen'’
but also helps to suppress GVHD,'® as this IBM-BMT
method can efficiently recruit donor-derived stromal cells
[including mesenchymal stem cells (MSCs)], which can
support donor-derived haemopoietic stem cells.""**! In
addition, it has recently been shown, even in humans,
that stromal cells or MSCs suppress GVHD.**?*

The thymus is an organ in which T cells can be
induced to differentiate from precursor T cells. In addi-
tion, to maintain homeostasis during events such as auto-
immune disease, infection, graft rejection and the growth
of malignant tumours, the thymus itself regulates the pro-
duction, proliferation and function of T cells not only by
producing cytokines and hormones such as interleukin
(IL)-4, IL-5 and IL-7, stem cell factor, thymopoietin and
thymic stromal lymphopoietin,”*® but also by inducing
functional subsets of T cells, including CD4* CD25" fork-
head-box transcription factor p3 (FoxP3)" regulatory T
cells (Treg), CD4* CD25~ FoxP3™ effector T cells and
CD8* T cells.”’” Recently, Tregs have also been shown to
preserve GVT effects while inhibiting GVH reactions
(GVHRs).***

We have previously reported that fetal thymus trans-
plantation in conjunction with allogeneic BMT from
the same donor is successful for aged hosts who show
low T-cell function.'” In addition, we have also recently
found that allogeneic BMT plus adult thymus trans-
plantation (ATT) can be used to treat autoimmune
diseases in chimeric-resistant MRL/Mp-Ipr/Ipr (MRL/
Ipr) mice.® Interestingly, although T-cell functions were
well restored or enhanced, concomitant GVHD was not
observed. Thymus transplantation may thus represent
an attractive method for improving T-cell functions.’"*?
However, thymus transplantation has only been clinically
applied to patients with DiGeorge syndrome or human
immunodeficiency virus infection who show hypoplasia
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of the thymus.”»* Its effectiveness in the treatment of
other intractable diseases, including cancers, has not been
examined in any detail.

In the present study, we attempt to carry out allogeneic
IBM-BMT + ATT from the same donor for cancer ther-
apy to recruit naive allogeneic T cells continuously
in vivo. We found that the high thymopoiesis induces
strong GVT effects without inducing severe GVHR.

Materials and methods

Mice

Male C57BL/6 (B6:H-2") and female BALB/c (H-2%) mice
were obtained from Shimizu Laboratory Supplies (Kyoto,
Japan). All mice were kept in our animal facilities under
specific pathogen-free conditions. B6 mice were used as
donors and BALB/c mice were used as recipients at the
age of 6-8 weeks. All protocols for these animal experi-
ments were approved under the Guideline for Animal
Experimentation, Kansai Medical University.

Cell lines

Meth-A cells (H-Zd) are derived from methylcholanthrene-
induced sarcoma in BALB/c mice. The cells were kindly
provided by Dr Junko Yoshida of Kanazawa Medical
School (Kanazawa, Japan). Cells were maintained in RPMI-
1640 medium supplemented with 10% fetal calf serum with
antibiotics.

Inoculation of tumour cells

One day before inoculation of tumour cells, recipients
(BALB/c mice) underwent total body irradiation (3 Gy)
using a '*’Cs irradiator (Gammacell 40 Exactor; MDS
Nordion International, Ottawa, Ontario, Canada). The
next day, 2x 10° Meth-A cells were subcutaneously
inoculated into the right flank of the mice. We also
examined the influence of 3-Gy irradiation in the mice
before IBM-BMT. The lymphocytes recovered well after
2 weeks, which is the time required to grow the tumour
sufficiently for IBM-BMT (described below). Therefore,
the influence of irradiation was minimal.

BMT and thymus transplantation (TT)

Recipient 6- to 8-week-old BALB/c mice were irradiated
(4-5 Gy x 2, at a 4-hr interval) using the *’Cs irradiator
1 day before BMT. Bone marrow cells were flushed from
the shafts of the femurs and tibias of donor 6- to 8-week-
old B6 mice and single-cell suspensions were prepared. B6
BMCs (2 x 107) were directly injected into the BM cavity
of the tibia, as previously described for the IBM-BMT
method.'”” Simultaneously, a quarter of each of the
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removed thymic lobes from the same donor B6 mice was
grafted under the renal capsule of the left kidney, or trans-
planted splenocytes {1 x 10 or 3 x 10°) from the same
donor were injected intravenously into some mice as DLL
As thymic function is significantly age-dependent, we used
young thymus grafts from the same donor 6- to 8-week-old
B6 mice. We previously carried out TT in the muscle
(intramuscle) of the thigh.” Although this is an effective
method, grafting under the renal capsule is preferable
because of the higher success rate. Therefore, we carried
out TT under the renal capsule in the present study.

Histology

A histological study was performed on the liver, intestine
and grafted tumour obtained from recipients 3 weeks after
BMT. Tissues were fixed in 10% formaldehyde and embed-
ded in paraffin. Serial tissue sections (4 pm thick) were
prepared and stained using haematoxylin and eosin (HE).
The degree of GVHD was evaluated using a semiquantita-
tive scoring system for abnormalities known to be associ-
ated with GVHD, as previously described.”®*¢ In the
scoring system, for each parameter, 0 denotes normal, 0-5
focal and rare, 1 focal and mild, 2 diffuse and mild, 3 dif-
fuse and moderate, and 4 diffuse and severe in GVHD. The
maximum score for the liver was thus 40, and for the small
intestine it was 28. We examined five to seven slides of tis-
sue samples measuring > 10 X 5 mm from different sites of
each organ in five or six mice from each group. The average
scores were compared between the respective groups.

Analyses of tumour-cell apoptosis

Apoptosis of tumour cells was measured with the in situ
terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end-labelling (TUNEL) method, using an
in situ Apoptosis Detection Kit (Takara, Shiga, Japan), as
previously described.”” Tumour cells with TUNEL-posi-
tive nuclei were interpreted as displaying apoptotic
changes. Positively stained cells were counted in 10 high-
power fields (HPFs; x400) in a blinded manner by two
researchers, and the average was calculated as the number
of apoptotic cells per HPF.*® We examined five slides of
tissue samples measuring > 5 X 5 mm from different sites
of the tumours in five mice from each group. The average
scores were compared between groups.

Immunohistochemistry

Tumour tissues were embedded in Tissue-Tek optimal
cutting temperature (OCT) compound (Sakura Finetek,
Tokyo, Japan) and stored at —40°. Cryosections (4 pm
thick) were air-dried and fixed with acetone for 10 min.
Specimens were treated using 0-5% bovine serum albu-
min in Tris-buffered saline (TBS) for 10 min, and then
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stained with biotin-conjugated H-2Kb or H-2Kd mono-
clonal antibodies (mAbs) and phycoerythrin (PE)-conju-
gated rat anti-mouse CD45, or with fluorescein
isothiocyanate (FITC)-conjugated rat anti-mouse CD8 or
CD4 mAbs (Pharmingen, San Diego, CA) for 1 hr. The
reaction of avidin—FITC was followed by H-2 staining.
Expressions were evaluated by confocal microscopy using
an LSM 510 META microscope (Carl Zeiss, Minneapolis,
MN). Numbers of positive cells per HPF were calculated
using the same methods as those described above.

Analyses of surface marker antigens and intracellular
FoxP3 and cytokines by flow cytometry and numbers
of lymphocytes

Surface markers on lymphocytes from peripheral blood
and the spleen were analysed with three-colour fluores-
cence staining using a FACScan system (Becton Dickin-
son, Franklin Lakes, NJ). FITC-conjugated anti-H-2K®
(Pharmingen) was used to determine chimerism. Phyco-
erythrin- or biotin-conjugated CD4 or CD8 (Pharmingen)
was used to analyse lymphocyte subsets. Avidin-Cy5
(Dako, Kyoto, Japan) was used as the third colour in the
avidin/biotin system. The percentage of T cells was evalu-
ated by determining the per cent of CD4" plus CD8* T
cells. Intracytoplasmic FoxP3 staining was performed
using an FITC-anti mouse/rat FoxP3 staining set (eBio-
science, San Diego, CA). The procedure was performed in
accordance with the instructions of the manufacturer.
Intracellular cytokines [IL-2, IL-4, IL-10, and interferon
(IFN)-y] were detected using an Intracellular Cytokine
Staining Kit (Pharmingen). The procedure was also per-
formed in accordance with the instructions of the manu-
facturer. The numbers of lymphocytes in the peripheral
blood were calculated as the total numbers of white blood
cells measured by SF-3000 with the SFVU-1 unit (Sysmex,
Kobe, Japan). The numbers of T cells were calculated by
the percentages of T cells.

Relative evaluation of T-cell receptor excision circle

The T-cell receptor rearrangement excision circle (TREC)
was evaluated using real-time polymerase chain reaction
(PCR), as previously described.”® The method was modi-
fied in some parts for relative evaluation. A standard curve
was obtained using thymocytes from donor B6 mice. A
total of 1'x 107 thymocytes were stored at —~80°. These cells
were then lysed by incubation at 55° for 1 hr in 25 ul of
100 pg/ml proteinase K (TaKaRa, Tokyo, Japan) in 10 mm
Tris. The sample was assayed at 5 pl per PCR reaction. In
the samples, T cells enriched (purity > 98%) from 1 x 107
splenocytes using magnetic beads with anti-mouse CD45R,
CD11b and Gr-1 Abs (BD Pharmingen) were used for
assays. Cells were lysed with 25 pl of 100 pg/ml proteinase
K (TaKaRa) in 10 mm Tris. For DNA purification, 5-pl
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aliquots of the resulting samples were used. DNA was
obtained from standard and experimental samples using a
Puregene Cell and Tissue DNA purification kit (Gentra
Systems, Minneapolis, MN). Real-time quantitative PCR
was performed with standard thymocyte DNAs (diluted to
1/10, 1/100, 1/1000 and 1/10 000) and samples from
chimeric mice containing 0-5 um forward (CAT TGC CTT
TGA ACC AAG CTG) and reverse (TTA TGC ACA GGG
TGC AGG TG) primers of the T-cell receptor (TCR) a/d
locus gene, 0-3 uM fluorescent probe (FAM-CAG GGC
AGG TTT TTG TAA AGG-QSY) and iQ Supermix (Bio-
Rad, Hercules, CA). Amplifications were performed in
duplicate on a DNA Engine OPTICON2 (M] Research,
Waltham, MA) and analysed using associated opTiICON
MONITOR2 software (M] Research). PCR conditions were
95° for 3 min followed by 50 cycles at 95° for 30 seconds
and 63° for 30 seconds. A standard curve for TREC was
obtained using serially diluted DNA samples from thymo-
cytes of B6 mice, and the relative quantity of TREC in the
spleen from chimeric mice was determined. Every assay
was performed at least twice to confirm the results.

Mixed lymphocyte reaction

T cells that had been enriched (to a purity > 98%) using
magnetic beads (Invitrogen, Carlsbad, CA) with anti-
mouse CD45R, CD11b and Gr-1 (Pharmingen) were used
for responders. The enriched T cells were incubated with
2 x 10° splenocytes irradiated at 15 Gy from various strains
of mice including donor (B6) mice, recipient (BALB/c)
mice, and third-party (C3H) mice as stimulators for 96 hr.
Twenty millilitres of 0-5 pCi [*H]thymidine (*H-TdR; New
England Nuclear, Cambridge, MA) was introduced during
the last 18 hr of the culture period. The incorporation of
*H-TdR was measured using Microbeta TriLux (Perkin-
Elmer, Wellesley, MA). The stimulator index for the mixed
Iymphocyte reaction (MLR) was calculated as the average
of *H-TdR incorporation (stimulator in medium)/*H-TdR
incorporation (medium) in triplicate wells.

Statistical analyses

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

Results

Effects of IBM-BMT + ATT on survival rate, body
weight, chimerism and T-cell count in peripheral
blood

First, we carried out conventional intravenous (IV)-BMT
(intravenous injection of marrow cells) using low-dose
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irradiation (4-5Gy x 2) and radio-sensitive BALB/c mice
as recipients. However, most of the (B6—BALB/c) chime-
ric mice (produced by IV-BMT) died of infection result-
ing from graft failure. Some chimeric mice survived
but no donor-derived cells could be found. We therefore
carried out IBM-BMT, as we know that IBM-BMT allows
us to use low-dose irradiation, as previously
described,'7:!840:4!

We examined the effects of IBM-BMT + ATT on sur-
vival rate, weight, chimerism and T-cell count in the
peripheral blood (Fig. 1a). BALB/c mice reconstituted
with B6 BMCs by IBM-BMT with or without B6 ATT
survived for a long time (> 100 days) and there was no
significant difference in weight between mice with and
without ATT. Regarding chimerism, all mice, regardless
of ATT, showed approximately 100% donor-derived chi-
merism by 2 weeks after BMT. The number of lympho-
cytes increased to the same extent with and without ATT.
Interestingly, both the percentages of T cells and the cell
counts of T cells in the peripheral blood from the mice
treated with IBM-BMT + ATT were significantly higher
than in the mice treated with IBM-BMT alone. T-cell
counts in the mice treated with IBM-BMT + ATT were
about 1-5-fold higher than in the mice treated with IBM-
BMT alone, and the counts remained elevated for up to
8 weeks after BMT.

Analyses of thymopoiesis induced by IBM-
BMT + ATT

Next, we investigated thymopoiesis in the mice treated
with IBM-BMT + ATT (Fig. 1b). Histologically, the
transplanted thymus showed a normal appearance with
both cortex and medullary constructions under the
renal capsule 3 months after transplantation. Almost
normal thymocyte differentiation was seen in
CD4~ CD$™, CD4" CD8", CD4" CD8™ and CD4~ CD8"
cells. In the spleen, although total cell counts did not
differ between 3 weeks and 3 months after BMT, the
numbers of both CD4 and CD8 T cells in the mice
treated with IBM-BMT + ATT were significantly higher
than in the mice treated with IBM-BMT alone 3 weeks
after BMT. A significant number of T-cell subsets by
IBM-BMT + ATT also increased 3 months after treat-
ment (data not shown). Conversely, the number of
B220" B cells was significantly lower in the mice treated
with IBM-BMT + ATT than in the mice treated with
IBM-BMT alone. The lymphocyte subset in the lymph
nodes showed a similar tendency (data not shown).
However, as it is unclear whether the high number of
T cells was a result of peripheral proliferation or
production by the transplanted thymus, we performed
TREC analyses using real-time PCR on the spleens of
chimeric mice. The relative quantity of TREC in the
spleen cells of the mice treated with IBM-BMT + ATT
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Figure 1. Effect of intra-bone marrow-bone marrow transplantation (IBM-BMT) + adult thymus transplantation (ATT) on survival rate, body
weight, chimerism, percentage of T cells in peripheral blood and thymopoiesis. Lethally irradiated BALB/c mice underwent transplantation with
2 x 107 B6 bone marrow cells (BMCs) by IBM-BMT with or without ATT from the same donor. (a) The survival rate (upper left), body weight
(upper middle), and percentages and numbers of donor-type H-2K** cells (upper left and lower left) and T cells (lower middle and right) in the
peripheral blood are shown. The percentages and numbers of T cells in mice treated with IBM-BMT + ATT were significantly higher than in mice
treated with IBM-BMT alone, whereas there were no differences in survival rate, body weight and chimerism. IBM-BMT alone, n = 5;
IBM-BMT + ATT, n = 6. Data are shown as mean * standard deviation (SD). *P < 0-05 compared with IBM-BMT alone at the same time.
(b) Histology of the thymus, fluorescence-activated cell sorter (FACS) profiles for CD4 and CD8 double-staining in thymocytes and the number of
cells, T-cell receptor rearrangement excision circle (TREC) analyses and percentages of CD4 and CD8 T and B cells in the spleen. Thymus tissue
was engrafted, and cortical (arrow) and medullary (dotted arrow) areas displayed fine construction [haematoxylin and eosin (HE) staining, X400,
upper left] with sufficient CD4 and CD8 subsets in thymocytes 3 months after transplantation (upper middle). Numbers of spleen cells (upper
right) and relative TRECs in spleen cells (lower right) were determined 3 weeks and 3 months after transplantation. Percentages of CD4 and CD8
T cells and B220 B cells 3 weeks after transplantation in the spleen are shown (lower left and middle). Numbers of both CD4 and CD8 T cells and
relative TRECs in mice treated with IBM-BMT + ATT were significantly higher than in mice treated with IBM-BMT alone, whereas the number of
spleen cells was no different. IBM-BMT alone, n = 5; IBM-BMT + ATT, n = 5. Data are shown as mean * SD. *P < 0:05; **P < 0.01.

was significantly greater than in the mice treated with IBM-BMT alone. These results indicate that the increase
IBM-BMT alone, both 3 weeks and 3 months after in T-cell numbers induced by IBM-BMT + ATT was
BMT. In addition, TREC at 3 months was higher than attributable to continuous production by the trans-

that at 3 weeks after IBM-BMT + ATT but not after planted thymus.
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Induction of mild GVHR by IBM-BMT + ATT

If the increase in the number of T cells after allogeneic
IBM-BMT + ATT is the result of ATT, GVHR should
occur. In the analysis of donor-derived lymphocytes, we
found a small number of donor-derived H-2K®* CD45"
cells, but no host-derived H-2K%* CD45" cells in the
small intestine and liver from mice treated with IBM-
BMT + ATT (Fig. 2a). Histologically, a small number of
lymphocytes infiltrated the portal area of the liver

GVT effect of IBM-BMT + ATT

(Fig. 2a) and the mucosa of the small intestine
(Fig. 2b) with some fibrosis in the mice treated with
IBM-BMT + ATT, indicating the development of mild
GVHD. However, the degree of GVHD was much less
than that in the group treated with IBM-BMT plus
1 x 107 B6 spleen cell injection (DLI), which induced
severe GVHD with mortality by 3 weeks after the trans-
plantation.*’ The mice treated with IBM-BMT alone
showed no pathological findings. We also investigated
the specific responses for MHC determinants in MLR
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Figure 2. Analyses of donor-derived lymphocytes, histology and mixed lymphocyte reaction (MLR) for graft-versus-host disease (GVHD) induced
by intra-bone marrow-bone marrow transplantation (IBM-BMT) + adult thymus transplantation (ATT). Lethally irradiated BALB/c mice under-
went transplantation with 2 X 10”7 B6 bone marrow cells (BMCs) by IBM-BMT with or without ATT, or injection of 1 X 107 spleen cells from the
same donor. At 3 weeks after transplantation, donor-derived lymphocytes (H-2K”* CD45") and host-derived lymphocytes (H-2K** CD45") in the
mice treated with IBM-BMT + ATT (a) and histology (b) in the small intestine (upper) and the liver (lower) were analysed. Donor-derived
lymphocytes (H-2K** CD45" cells), but not host-derived lymphocytes (H-2KY* CD45" cells), were observed in the small intestine from the mice
treated with IBM-BMT + ATT (arrows) (x1000) (a). H-2K** CD45™ cells may be epithelial cells in the intestine. (b) Representative histology is
shown [left; haematoxylin and eosin (HE) staining; x200]: lymphocytes infiltrate the mucosa of the small intestine with fibrosis and the portal area
of the liver as GVHD (arrows) in mice with IBM-BMT + ATT or 1 x 107 spleen cell injection [donor lymphocyte infusion (DLI)] from the same
donor. However, the degree of GVHD in mice treated with IBM-BMT + ATT was significantly lower than in mice treated with IBM-BMT + DLI
(right; pathology scores). Few or no specific pathological findings were observed in mice treated with IBM-BMT alone or untreated host BALB/c
mice, and the degree of GVHD in these mice was significantly lower than in the case of IBM-BMT + ATT or DLL IBM-BMT alone, n = 5;
IBM-BMT + ATT, n = 5; IBM-BMT + DLI, n = 5; untreated donor B6 spleen cells, n = 5. Data are shown as mean + standard deviation (SD).
*P < 0-01, **P < 0-0005. (c) MLRs in splenocytes are shown for mice treated with IBM-BMT, IBM-BMT + ATT or IBM-BMT + DLI or BALB/c
mice. The stimulatory index was calculated as the average [*H]thymidine (*H-TdR) incorporation of triplicate samples of responding cells with
either mitogen or stimulating cells/’H-TdR incorporation of responding cells in medium alone. *P < 0-05; P < 0-01 compared with B6 and C3H
stimulators and the BALB/c stimulator in mice treated with IBM-BMT + ATT.
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assays. The MLR showed a slight response to host (BALB/ the mice treated with IBM-BMT + ATT than in the mice

¢ mice) in the mice treated with IBM-BMT + ATT, but treated with IBM-BMT alone. In contrast, the number of
not in the mice treated with IBM-BMT alone (Fig. 2¢). these cells in the mice treated with IBM-BMT + DLI was,
However, the level was significantly lower than that in the as a result of GVHD, significantly lower than in the mice
mice treated with IBM-BMT + DLI. All the mice showed treated with IBM-BMT alone. Interestingly, although the
comparable responses to the third party (C3H). numbers of both CD4" FoxP3" Tregs and CD4" FoxP3~

effector T cells were low in the mice treated with IBM-
BMT alone (Fig. 3a,b), the percentages of Tregs in total

Induction of Tregs by IBM-BMT + ATT CD4" T cells of the spleen were comparable to those in

To explore the mechanism underlying GVHD, we next the untreated donor B6 spleen (Fig. 3c). In contrast,
analysed CD4" FoxP3" Tregs and CD4" FoxP3™ T effec- although numbers of both CD4" FoxP3" Tregs and
tor cells. We first analysed the number of CD4 T cells in CD4" FoxP3™ effector T cells increased in the spleen of
the spleen (Fig. 3a). Three weeks after the transplantation, mice treated with IBM-BMT + ATT, the number of effec-
there was a significantly greater number of these cells in tor T cells increased to a greater extent. However, the
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Figure 3. Number of CD4 T cells and percentages of CD4" FoxP3" regulatory T cells (Tregs) and CD4" FoxP3™ effector cells induced by intra-
bone marrow-bone marrow transplantation (IBM-BMT) + adult thymus transplantation (ATT). Lethally irradiated BALB/c mice underwent trans-
plantation with 2 x 107 B6 bone marrow cells (BMCs) by IBM-BMT with or without ATT, or injection of 1 X 107 spleen cells [donor lymphocyte
infusion (DLI)] from the same donor. At 3 weeks after transplantation, the numbers of CD4 T cells (a), CD4" FoxP3" Tregs and CD4" FoxP3™
effector cells (b) were analysed in spleen cells. Representative fluorescence-activated cell sorter (FACS) profiles for CD4" FoxP3" Tregs and
CD4" FoxP3™ effector cells in the spleen (b) and the analysis for the percentage of Treg cells in CD4* cells (c) are shown: the number of CD4 T
cells in the mice treated with IBM-BMT + ATT was significantly higher than in those treated with IBM-BMT alone 3 weeks after transplantation.
In addition, the cell number in the mice treated with IBM-BMT + DLI was significantly reduced compared with that in the mice treated with
IBM-BMT alone or plus ATT (a). The percentage of CD4" FoxP3* Tregs in the mice treated with IBM-BMT alone and B6 mice (donor) was
significantly higher than in the mice treated with IBM-BMT + ATT or DLL In the latter, the percentage of cells in those treated with
IBM-BMT + ATT was significantly higher than in those treated with IBM-BMT + DLI (b). IBM-BMT alone, n = 6; IBM-BMT + ATT, n = 6;
IBM-BMT + DLI, n = 5; untreated donor B6 spleen cells, n = 5. Data are shown as mean * standard deviation (SD). *P < 0-05; **P < 0-005.
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number of Tregs markedly decreased in the spleen of
mice treated with IBM-BMT + DLI. As a result, the
percentages of Tregs in total CD4" T cells in the IBM-
BMT + DLI groups were significantly lower than in the
IBM-BMT group and in untreited donor B6 mice
(Fig. 3¢). In contrast, the percentage of Tregs in total
CD4" T cells in the mice treated with IBM-BMT + ATT
was still significantly higher than in the mice treated with
IBM-BMT + DLI. There was thus a negative correlation
between the Tregs in total CD4" T cells and the degree of
GVHD.

GVT effects of IBM-BMT + ATT

Next, we examined GVT effects in the mice treated with
IBM-BMT + ATT. Meth-A sarcoma cells were subcutane-
ously inoculated into BALB/c mice, and IBM-BMT was
performed when tumours had reached 5 mm in diameter.
Interestingly, IBM-BMT + ATT significantly inhibited
tumour growth, compared with non-treatment and
IBM-BMT alone, after 14 days (Fig. 4a,b). Moreover, all
mice that had a high dose of DLI (1 X 107 of spleen cells)
died within 21 days from severe GVHD even with a
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strong GVT effect comparable to that of IBM-
BMT + ATT. In contrast, the mice with a low dose of
DLI (3 x 10° of spleen cells) survived for a long time, but
showed weaker GVT effects than those treated with IBM-
BMT + ATT.

Mechanisms underlying tumour regression induced
by IBM-BMT + ATT

We analysed the mechanisms of tumour regression.
Although the tumour-bearing mice treated with IBM-
BMT with or without ATT clearly displayed donor-
derived chimerism in both CD4 and CD8 T cells in the
spleen (Fig. 5a), the percentages of both subsets in the
mice treated with IBM-BMT + ATT were higher than
those in the mice treated with IBM-BMT alone. Histo-
logically, in contrast to the infiltration of a few lympho-
cytes in the tumours of the mice treated with IBM-BMT
alone, numerous lymphocytes had infiltrated the tumours
in the mice treated with IBM-BMT + ATT (Fig. 5b;
HE staining). The cells were H-2K"* CD45" (not
H-2K%* CD45%), indicating that they were donor-derived
lymphocytes (Fig. 5¢). The analyses of T-cell subsets in

Figure 4. Graft-versus-tumour (GVT) effect induced by intra-bone
marrow-bone marrow transplantation (IBM-BMT) with or without
adult thymus transplantation (ATT). Lethally irradiated BALB/c mice
with Meth-A sarcoma underwent transplantation with 2 x 107 B6
bone marrow cells (BMCs) by IBM-BMT with or without ATT or
spleen cell injection [donor lymphocyte infusion (DLI)] from the
same donor. (a) Representative findings for tumours (arrows) in
non-treated mice, or in mice treated with IBM-BMT with or without
ATT 28 days after BMT. (b) The time-course of tumour growth after
transplantation in mice following IBM-BMT with or without ATT or
DLIs (high dose, 1 X 107; low dose, 3 x 10° B6 spleen cells) or non-
treatment, The mice treated with IBM-BMT + ATT showed signifi-
cant tumour regression, in contrast to the non-treated mice and the
mice treated with IBM-BMT or IBM-BMT + a low DLI. The mice
treated with IBM-BMT + a high DLI showed similar results, but they
died early as a result of GVHD. IBM-BMT alone, n =8 IBM-
BMT + ATT, n = 12; IBM-BMT + a high DLI, n = 8; IBM-BMT + a
low DLI, n=10; non-treatment, n=7. Data are shown as
mean + standard deviation (SD). *P < 0-05 compared with IBM-
BMT + a low dose of DLI, IBM-BMT + a high dose of DLI and
IBM-BMT + ATT; **P < 0-05 compared with IBM-BMT, IBM-
BMT + a low dose of DLI, IBM-BMT + a high dose of DLI and
IBM-BMT + ATT; ***P < 0-05 compared with IBM-BMT, IBM-
BMT + a low dose of DLI and IBM-BMT + ATT. *P < 0-05 com-
pared with IBM-BMT + a low dose of DLI, IBM-BMT + a high
dose of DLI and IBM-BMT + ATT; **P < 0.05 compared with
IBM-BMT + ATT; ***P < 0-05 compared with IBM-BMT + a low
dose of DLI and IBM-BMT + ATT. P < 005 compared with
IBM-BMT + ATT; %P < 0.05 compared with IBM-BMT + ATT.
TP < 0-05 for short survival time in IBM-BMT + a high dose of DLI
compared with other groups.
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Figure 5. Analysis of donor-derived T-cell subsets in the spleen and infiltrated T-cell subsets in tumours following intra-bone marrow-bone mar-
row transplantation (IBM-BMT) with or without adult thymus transplantation (ATT). Lethally irradiated BALB/c mice with Meth-A sarcoma
underwent transplantation with 2 x 107 B6 bone marrow cells (BMCs) by IBM-BMT with or without ATT from the same donor. Tumours were
removed 4 weeks after transplantation. (a) Fluorescence-activated cell sorter {FACS) profile for donor-derived H-2K*" and CD8 or CD4 T cells
in the spleen. Elevated numbers of both CD4 and CD8 T cells were found in the mice treated with IBM-BMT + ATT compared with those trea-
ted with IBM-BMT alone. (b) Representative findings for tumour cells with haematoxylin and eosin (HE) staining (upper) and the terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labelling (TUNEL) method (lower) following IBM-BMT with or without ATT
(x800). Numerous lymphocytes had infiltrated the tumours in the mice treated with IBM-BMT + ATT compared with those treated with
IBM-BMT alone (arrowhead). Donor-derived lymphocytes (H-2K"* CD45%) and host-derived lymphocytes (H-2K** CD45") in tumours from
the mice treated with IBM-BMT + ATT were examined (x1000) (c¢). Donor-derived Iymphocytes (H-2K" CD45" cells), but not host-derived
lymphocytes (H-2K** CD45" cells), were observed in the tumour from the mice treated with IBM-BMT + ATT (arrows). H-2K"™ CD45™ cells
may be tumour cells. (d) Comparison of the CD4 and CD8 T-cell subsets in tumours by IBM-BMT with or without ATT. Both subsets in the
mice treated with IBM-BMT + ATT were significantly higher than those in the mice treated with IBM-BMT, and predominantly CD8 T cells
infiltrated the tumour compared with CD8 T cells in those treated with IBM-BMT + ATT. IBM-BMT + ATT, n = 5; IBM-BMT alone, n = 5.
Data are shown as mean + standard deviation (SD). *P < 0-05; **P < 0-01.

the tumour revealed that numbers of both CD4 and CD8
T cells were significantly higher in the mice treated with
IBM-BMT + ATT than in the mice treated with IBM-
BMT alone (Fig. 5d). Interestingly, CD8 T cells predomi-
nantly infiltrated the tumours in the mice treated with
IBM-BMT + ATT.

(Fig. 6a). The production of IFN-y was higher in the
mice treated with IBM-BMT + ATT than in the mice
treated with IBM-BMT alone. The non-treated mice
showed the lowest level of IFN-y. Although IL-2 was
slightly elevated in these mice, no significant difference
was observed. IL-4 and IL-10 production was very low
compared with IFN-y and IL-2. Finally, we performed
TUNEL staining for the detection of apoptotic cells in the
tumour. The positive cell counts were much higher in the
mice treated with IBM-BMT + ATT than in the mice

Cytokine production and apoptosis in tumours from
mice treated with IBM-BMT + ATT

We next investigated cytokine production in spleen cells
from tumour-bearing non-treated mice and tumour-bear-
ing mice treated with IBM-BMT with or without ATT
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treated with IBM-BMT alone (Fig. 6b,c). The non-treated
mice showed few apoptotic cells in the tumour (data not
shown).
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Discussion

In the present study, we have demonstrated that allo-
geneic IBM-BMT + ATT successfully induces high thy-
mopoiesis. Although this treatment induced mild
GVHR, survival rate, weight and donor-derived chime-
rism did not differ from those in mice that received

© 2008 Blackwell Publishing Ltd, Immunology, 126, 552-564
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Figure 6. Analysis of cytokine production and apoptotic cells in
tumours following intra-bone marrow-bone marrow transplantation
(IBM-BMT) with or without adult thymus transplantation (ATT).
(a) Spleen cells were intracytoplasmically stained with phycoerythrin-
anti-interleukin (IL)-2, IL-4, 1L-10 or interferon (IFN)-y monoclonal
antibodies (mAbs) to determine the per cent of IL-2-, IL-4- or
IL-10-producing cells. Non-treatment, n =4; IBM-BMT alone,
n=4; IBM-BMT + ATT, n=4. *P <0.05 compared with non-
treatment; **P < 0-05 compared with non-treatment and IBM-BMT
alone. (b) Representative findings for tumour cells with terminal de-
oxynucleotidyl transferase-mediated dUTP-biotin nick end-labelling
(TUNEL) staining (x400). TUNEL-positive tumour cells were
observed (arrows). Numbers of TUNEL" cells after treatment with
IBM-BMT with and without ATT were compared. Numbers of
TUNEL-positive tumour cells were significantly elevated in the mice
treated with IBM-BMT + ATT in comparison with those treated
with IBM-BMT. IBM-BMT + ATT, n = 5; IBM-BMT alone, n = 5.
Data are shown as mean * standard deviation (SD). *P < 0-01.

allogeneic IBM-BMT alone. Interestingly, when IBM-
BMT + ATT was performed in tumour-bearing mice,
tumour growth was significantly inhibited, compared
with non-treatment or IBM-BMT alone. IBM-BMT +
DLI did not produce a longer survival time than IBM-
BMT + ATT. The donor-derived CD8 T cells markedly
infiltrated the tumour after IBM-BMT + ATT, and the
tumour cells underwent apoptosis as a result of lym-
phocyte infiltration with elevation of IFN-y. These find-
ings strongly indicate that IBM-BMT + ATT induces
high thymopoiesis, thereby eliciting strong GVT effects
with mild GVHR.

We first examined the effects of IBM-BMT + ATT on
normal mice. The transplanted thymus showed a normal
structure under the renal capsule and normal thymocyte
differentiation. Although the number of spleen cells did
not differ between the mice treated with IBM-BMT alone
and the mice treated with IBM-BMT + ATT, the numbers
of both CD4 and CD8 T-cell subsets were significantly
higher with ATT than without ATT. In addition, the
number of TRECs in the mice treated with IBM-
BMT + ATT was significantly higher than in the mice
treated with IBM-BMT alone, with the number increasing
over time. These results indicate the successful induction
of high and continuous thymopoiesis by IBM-
BMT + ATT, and that most T cells are derived from TT.

As some T cells were produced by the transplanted
allogeneic thymus in the mice treated with IBM-
BMT + ATT, the cells should display anti-host activity, as
seen in GVHR. However, in contrast to IBM-BMT + DLI,
which induces severe GVHD with rapid mortality,*' IBM-
BMT + ATT elicits only mild GVHD.

We next attempted to explain the present data by the
frequency of Tregs, detected as FoxP3" cells in CD4™ T
cells; this frequency was slightly lower in the recipients of
IBM-BMT + ATT than in the recipients of IBM-BMT
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alone or in control B6 mice, but significantly higher
than in the mice treated with IBM-BMT + DLIL The low
number of CD4 T cells in mice treated with IBM-
BMT + DLI may result from the progression of GVHD.
Much evidence has recently accumulated that Tregs are
involved in the regulation of GVHD in mice,*** and
that, in humans, the reduced frequency of Tregs is also
observed in patients with chronic GVHD and is nega-
tively correlated with its severity.** This was the case in
the present study, in which severe GVHD was observed in
recipients with few Tregs after IBM-BMT + DLI, while
only mild GVHD was observed in recipients possessing
relatively high numbers of Tregs in the spleen after IBM-
BMT + ATT. IBM-BMT alone produced no GVHD and a
high proportion of Tregs, comparable to that in non-trea-
ted mice. These findings strongly suggest the participation
of Tregs in the inhibition or negative regulation of
GVHD.

Next, we investigated GVT effects associated with IBM-
BMT + ATT. Interestingly, the growth of Meth-A
tumours was most significantly inhibited by IBM-
BMT + ATT, compared with non-treatment. IBM-BMT
alone also produced significant regression, compared with
non-treatment. This may be partially attributable to the
effects of irradiation. In addition, IBM-BMT plus a high
dose of DLI also induced strong tumour regression, but
death from severe GVHD, whereas IBM-BMT plus a low
dose of DLI elicited less tumour regression but mild
GVHD with a long survival time. In histological analysis,
IBM-BMT + ATT produced marked lymphocyte infiltra-
tion inside the tumour involving significant high numbers
of donor-derived CD8 T cells compared with IBM-BMT
alone. In addition, IFN-y, which is a T helper type 1
(Thl) cytokine, also showed significantly high production
in the mice with IBM-BMT + ATT, compared with the
non-treated mice and the mice treated with IBM-BMT
alone. Because IFN-y itself has a GVT effect, it may not
only promote an immune response with GVH effects, but
also facilitate tumour regression. The mice treated with
IBM-BMT alone also showed higher IFN-y production
than did the non-treated mice, suggesting that not only
irradiation but also IFN-y may play a role in tumour
regression in these mice, too. As a result, the tumour cells
also displayed significantly increased apoptosis. Although
other tumour cell lines should be examined, these find-
ings indicate that IBM-BMT + ATT induces strong GVT
effects with donor cytotoxic CD8" T lymphocytes against
the tumour.

In the MLR analyses, T cells showed a low anti-host
response in the mice treated with IBM-BMT + ATT. As
the mice treated with IBM-BMT alone showed no
response to host cells, the difference is probably derived
from ATT. Notably, the anti-host response was lower
than in the mice treated with IBM-BMT + DLL In addi-
tion, there was a positive correlation with the degree of
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GVHD and a negative correlation with the percentage of
Tregs.

We could thus induce GVT effects without inducing
severe GVHD by treatment with allogeneic IBM-
BMT + ATT. Although the details of the mechanisms are
still unknown, there are a number of possibilities. One is
that Tregs also function to create the GVT effect in recipi-
ents treated with IBM-BMT + ATT, as it has been reported
that Tregs suppress GVHR induced by CD4 T cells, but do
not reduce GVT effects induced by CD8 T cells;***® Tregs
suppress the peripheral proliferation of CD8 T cells but do
not inhibit cytotoxic T lymphocyte (CTL) activity. Thus,
the intermediate proportion of CD4' FoxP3* Tregs
induced by IBM-BMT + ATT can only achieve incomplete
— but continuous — inhibition of GVHR but can maintain
CTL activity, which leads to strong GVT effects. The other
possibility, from the viewpoint of effector T-cell develop-
ment, is that, in the case of IBM-BMT + DL, the mature T
cells with allo-MHC reactivity that were present easily
induced severe GVHD. In the case of IBM-BMT + ATT,
the reactivity of allo-specific T cells derived from the
grafted thymus might be insufficient as a result of incom-
plete repertoire formation, as the thymic dendritic cells in
the engrafted B6 thymus may present BALB/c-derived mol-
ecules (including their MHC) in negative selection during
thymopoiesis. However, tumour-specific antigens are diffi-
cult to detect in the transplanted thymus because the
tumour itself is located far from the thymus. As a result,
the small number of allo-specific T cells (but not Tregs)
may have proliferated peripherally and led to the low ratio
of Tregs in CD4 T cells. To confirm these findings, further
studies are required of the expression of CD4, CD8 and
Foxp3 staining in GVHD and GVT sites. In addition, direct
transfer and/or deletion experiments using Tregs should be
carried out.

The continuous supplementation of T cells from the
allogeneic ATT may induce mild GVHD and strong GVT
effects with well-balanced effector and regulatory T cells.
Alternatively, the transplanted thymus itself may regulate
homeostasis of the cells. Thymus transplantation thus ini-
tially appears to be a simple method, but may prove to be
an effective approach in that it supplies the organ in which
T cells are differentiated, produced and functionally regu-
lated. The method may be adequate to cure slow progres-
sive diseases such as cancers, whereas the direct transfer of
T cells, including Tregs, may be adequate for acute diseases
such as infection and in the case of acute rejection.

Overall, we have found that allogeneic IBM-BMT + ATT
induces high thymopoiesis with a mild GVH reaction and
elicits strong GVT effects. Although it may clinically be
difficult to obtain adequate thymus ethically and techni-
cally (with problems including donor age), grafts could
be obtained from patients with congenital heart diseases
or from aborted fetuses, as previously utilized.” In this
respect, we have recently found that, even if the thymus
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donor is different from the donor of BMCs, the effect is
comparable to that seen with transplantation from the
same donor using triple chimeric mice.*® In addition, a
method of regenerating the thymus has also been devel-
oped dramatically.” We thus believe that IBM-
BMT + ATT could become a viable strategy for the treat-
ment of malignant tumours in humans.
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CONTEMPORARY CHALLENGES IN AUTOIMMUNITY

A New Bone Marrow Transplantation Method
for Stem Cell Disorders

Susumu Ikehara

First Department of Pathology, Transplantation Center, Regeneration Research Center for
Intractable Diseases, Center for Cancer Therapy, Kansai Medical University,
Moriguchi Gity, Japan

Using animal models for autoimmune diseases, we have previously shown that allo-
geneic bone marrow transplantation (BMT) can be used to treat autoimmune diseases
and that autoirnmune diseases are hemopoietic stem cell (HSC) disorders. We have re-
cently developed a new BMT method. The method consists of a perfusion method (PM)
plus intrabone marrow (IBM)-BMT. The PM, in comparison with conventional aspira-
tion, can minimize the contamination of BMCs with T cells from peripheral blood, and
consequently no graft-versus-host disease develops. Because bone marrow cells col-
lected by the PM contain not only HSCs but also mesenchymal stem cells (MSCs), the
injection of both cells directly into the bone marrow cavity facilitates the engraftment
of donor hemopoietic cells. Using this new method, we show that most age-associated
diseases, such as osteoporosis and emphysema, are MSC disorders and, on the basis of
this evidence, propose a new concept of stem cell disorders, including HSC and MSC dis-
orders. We believe that the advent of IBM-BMT and our proposed concept herald a revo-
lution in the field of transplantation (BMT and organ transplantation) and regeneration
medicine,

Key words: bone marrow transplantation; stem cell disorder; hemopoietic stem cell;
mesenchymal stem cell; perfusion method; intrabone marrow; autoimmune disease;

osteoporosis; emphysema

Introduction

In 1985, we found that allogeneic bone mar-
row transplantation (BMT) (but not autolo-
gous BMT) could be used to prevent and treat
autoimmune diseases in autoimmune-prone
mice.!'? In addition, we succeeded in inducing
autoimmune diseases in normal mice by the
transplantation of T’ cell-depleted bone mar-
row cells (BMGs) or partially purified hemopoi-
etic stem cells (HSCs) from autoimmune-prone
mice to normal mice.>*

Based on these findings, we have proposed
that autoimmune diseases originate from de-
fects in HSCs® 7 and have also found that ab-

Address for correspondence: Professor Susumu Tkehara, MD, PhD,
First Department of Pathology, Kansai Medical University, 10-15
Fumizono-cho, Moriguchi City, Osaka 570-83506, Japan. Voice: 81-6-
6993-9429; fax: 81-6-6994-8283. ikehara@takii.kmu.ac jp

normal HSCs of autoimmune-prone mice are
more resilient than normal HSCs;*%? abnor-
mal HSCs can proliferate even in allogeneic
microenvironments, while normal HSCs can
proliferate in collaboration with major his-
tocompatibility complex (MHC)-compatible
stromal cells (mesenchymal stem cells; MSCs)
but not MHC-incompatible MSCs.

From these findings, we realized that, in the
case of BMT across MHC barriers, we would
have to transplant both donor-derived HSCs
and MSCs to ensure that the donor-derived
normal HSCs grow and survive in the allo-
geneic environments.

Recently we discovered that the injection
of whole BMCs directly into the bone cav-
ity (intrabone marrow-BMT; IBM-BMT) pro-
vides distinct advantages, as IBM-BMT can ef-
ficiently recruit not only donor-derived HSCs
but also MSCs. We here review our data

Contemporary Challenges in Autoimmunity: Ann. N.Y. Acad. Sci. 1173: 774-780 (2009).
doi: 10.1111/).1749-6632.2009.04644.x © 2009 New York Academy of Sciences.
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regarding IBM-BMT plus the perfusion
method (PM), which is capable of efficiently
collecting MSCis, and also propose a novel con-
cept of stem cell disorders (SCDs).

Strategies for Recruitment of Donor
Stromal Cells

Using radiosensitive and chimeric-resistant
MRL/lpr mice, we have found that the recruit-
ment of donor stromal cells is essential for suc-
cessful allogeneic BMT, as described above. We
have found that three methods are effective in
replacing recipient stromal cells with donor-
derived stromal cells: (1) conventional intra-
venous BMT (IV-BMT) plus bone grafts;'*!!
(2) BMT from the portal vein (PV-BMT),'? be-
cause tolerance can be easily induced when
the antigen is portal venously injected into the
liver; and finally (3) IBM-BMT.!* IBM-BMT
was found to be most effective as IBM-BMT
allows us to use a mild conditioning regimen (5
Gy x 2), as shown in Figure 1. We therefore
used IBM-BMT instead of the conventional I'V-
BMT for the following experiments.

IBM-BMT for Organ Transplantation

We previously found that the combination
of organ allografts and conventional IV-BM'T
from the same donors prevents the rejection of
organ allografts, " and we, therefore, attempted
to apply IBM-BMT to organ allografts. IBM-
BMT was the most effective strategy because
the radiation dose could be reduced to 4.0
Gy x 2 in mouse skin allografts."”” In addi-
tion, we found that IBM-BMT is applicable
to allografts of other organs and tissues, such as
pancreas islet'® and leg transplantion,'’ lung, '8
and heart!? in rats.

IBM-BMT for Regeneration Therapy

As our experiments showed that donor stro-
mal cells could be effectively recruited by IBM-
BMT, we next attempted to prevent osteoporo-
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Figure 1. Treatment of autoimmune diseases in
MRL/lpr mice by infrabone marrow-bone marrow
transplantation (IBM-BMT) (5 Gy x 2). IBM-BMT can
be used to treat autoimmune diseases in MRL/lpr

mice even when the radiation dose is reduced to 5
Gy x 2.

sis in senescence-accelerated mouse pront 6
(SAMP6) mice. The SAMP6 mouse (a sub-
strain of senescence-accelerated mice) spon-
taneously develops osteoporosis early in life
and is therefore a useful model for examining
the mechanisms underlying osteoporosis. After
IBM-BMT, the hematolymphoid system was
completely reconstituted with donor-type cells.
Thus-treated SAMP6 mice showed marked in-
creases in trabecular bone, even at 12 months
of age (Fig. 2), and the bone mineral density
(BMD) remained similar to that of normal B6
mice. Bone marrow stromal cells in IBM-BMT-
treated SAMP6 mice were replaced by donor
stromal cells.?’ Thus, we succeeded in prevent-
ing osteoporosis in SAMP6 mice by IBM-BMT,
which can recruit not only donor HSCs but also
MSCs.

We have also recently succeeded in curing
osteoporosis in mice by IBM-BMT (Fig. 2).%!
We, therefore, believe that IBM-BMT could
well become a powerful strategy in regenera-
tion therapy.
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Figure 2. The lumbar spinal vertebral body of the nontreated senescence-accelerated mouse (SAM) at
2 months (A), 12 months (B), and 24 months (€] after birth. Significant loss of trabecular bone and cortical
bone thickness was observed at 12 months of age or older. SAM treated with IBM-BMT from Bé mice
[B6—SAM] showed an increase in trabecular bone at 12 months of age (8 months after the treatment) (D).

We next examined whether senile osteoporo-
sis 1s attributable to SCDs. One month after
IBM-BMT from SAM to B6 mice [SAM— B6],
the hematolymphoid cells had been completely
reconstituted by donor-derived cells, and bone
marrow stromal cells that could differentiate
into osteocytes were also found to be of donor
origin. In addition, the recipient C57BL/6
mice showed the features of osteoporosis in the
trabecular bone at 12 months of age. Decreases
in BMD and increases in urinary deoxypyridi-
noline were also observed.?? These findings in-
dicate that not only hemopoietic cells but also
bone marrow stromal cells in the [SAM—B6]
mice are replaced by SAM cells as a result
of IBM-BMT. The findings also suggest that
the development of senile osteoporosis might
be attributable to SCDs, probably MSC disor-
ders because IV-BMT from SAM to B6 could
not induce osteoporosis; the stromal cells of the

[SAM— B6] mice treated with IV-BMT were
host derived.

We have also found that IBM-BMT can be
used to treat emphysema in Tsk mice and that
the emphysema in these mice can be trans-
ferred to normal mice by IBM-BMT. This sug-
gests that emphysema in Tsk mice originates
from defects in stem cells in the bone mar-
row.” Thus, IBM-BMT can efficiently recon-
stitute recipients with both donor-derived nor-
mal HSCs and MSCs, which can differentiate
into all cells, including hepatocytes,?* epithe-
lial cells,?® nerve cells,?® and retinal cells.?” The
use of this method, therefore, might become a
valuable strategy not only for the treatment of
intractable diseases, such as autoimmune dis-
eases, but also in regeneration therapy for in-
jured organs and tissues, such as myocardial
infarction, cerebral infarction, and Alzheimer’s
disease.
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Figure 3. Conventional BMT for allogeneic BMT. Conventional BMT is carried out using
an aspiration method followed by the intravenous injection of BMCs (IV-BMT).

Conventional BMT versus Novel
BMT

Conventional BMT is carried out as follows:
bone marrow needles are inserted into the il-
iac bones more than 100 times and the BMCs
are collected by the aspiration method (AM)
(Fig. 3). As a result, contamination with periph-
eral blood (particularly T cells) is inevitable.
When these collected cells are intravenously in-
jected, most cells become trapped in the lung
and only a few cells migrate into the bone mar-
row (Fig. 3).

To apply our new BMT methods to humans,
we established, using cynomolgus monkeys, a
perfusion method (PM), which minimizes the
contamination of BMCs with T cells. As shown
in Figure 4, two needles are inserted into a long
bone, such as the humerus, femur, or tibia. The
end of the extension tube is connected to a
needle, and the other end is placed in a sy-
ringe containing 0.5 mL heparin. The other
needle is connected to a syringe containing
30 mL of saline, and the saline is then pushed
gently from the syringe into the medullary
cavity to flush out the bone marrow (BM).
The saline containing the BM fluid is then
collected.

There is significantly less contamination with
T cells when using the PM (<10%) than
with the conventional AM (>20%). Therefore,
T cell depletion is unnecessary with the PM,
and whole BMCs can be used. However, in the
case of conventional AM, T cell depletion 1s
necessary, and the loss of some important cells,
such as MSCs during the process of T cell de-
pletion, is inevitable. Furthermore, the number
and progenitor activities of the cells harvested
using the PM are greater than when using the
conventional AM. %829

We have also found that the PM is applicable
to the iliac bones as well as the long bones not
only in monkeys but also in humans.

A New Concept of Stem Cell
Disorders

Finally, I would like to present a new con-
cept of SCDs after a minor modification of my
previous proposal.”'> As shown in Figure 5,
various types of stem cells exist. In the bone
marrow, HSCs, MSCs, and organ-specific stem
cells (OSSCs) should be differentiated from em-
bryonic stem (ES)-like cells. We have recently
found that ES-like cells are present in the bone
marrow of even human adults.*
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Figure 5. A novel concept of stem cell disorders.

HSC disorders are recognized as falling into
the following categories: (1) aplasia of HSCs
(aplastic anemia), (2) monoclonal or oligo-
clonal abnormal HSG proliferative syndromes
(leukemias and myelodysplastic syndrome), and
(3) polyclonal abnormal HSC proliferative syn-
dromes (autoimmune diseases),3!+%2

On the other hand, there are mesenchy-
mal stem cell disorders, which include age-
associated diseases, such as osteoporosis?? and
emphysema.?? It has also been proposed
that autoimmune mechanisms are involved in
the development of atherosclerosis® > and
Alzheimer’s disease.?

Recently the existence of OSSCs or tissue-
committed stem cells has been proposed,??37
and we would also like to propose that carci-
nosarcoma (in the liver, lung, and kidney) is a re-
sult of the malignant transformation of OSSCs,
From the findings to date, it is conceivable that
all the body’s cells originate in the bone marrow
and that all diseases might therefore originate
from defects in the bone marrow. One paper
already suggests that gastric cancer originates
from bone marrow-derived cells.*®

Because most intractable diseases are not
only HSC disorders but also MSC disorders,
we believe that the use of our new BMT
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methods (PM + IBM-BMT), which can effi-
ciently collect both HSCs and MSCs and trans-
plant both, will become a valuable strategy for
the treatment of various intractable diseases.

In conclusion, this discovery is, in many re-
spects, an “Egg of Columbus.” The combina-
tion of PM + IBM-BMT is a simple solution
that seems obvious in retrospect. It is also a so-
lution that heralds a revolution in the field of
transplantation (BMT and organ transplanta-
tion) and regeneration therapy.

Acknowledgments

I thank Mr. Hilary Eastwick-Field and
Ms. K. Ando for their help in the preparation
of the manuscript. These studies were mainly
supported by the 21st Century Center of Ex-
cellence (COE) program of the Ministry of
Education, Culture, Sports, Science and Tech-
nology, Japan. These studies were also sup-
ported by a grant from Haiteku Research Cen-
ter of the Ministry of Education, Health and
Labour Sciences Research Grants, a grant from
the Science Frontier program of the Ministry
of Education, Culture, Sports, Science and
Technology, and a grant from the Department
of Transplantation for Regeneration Therapy
(sponsored by Otsuka Pharmaceutical Com-
pany, Ltd.), a grant from Molecular Medical
Science Institute, Otsuka Pharmaceutical Co.,
Ltd., and a grant from Japan Immunoresearch
Laboratories Co., Ltd.

Conflicts of Interest

The author declares no conflicts of interest.

References

1. Ikehara, S., R.A. Good, T. Nakamura, ef al. 1985.

Rationale for bone marrow transplantation in the
treatment of autoimmune diseases. Proc. Natl. Acad.
Sci. USA 82: 2483-2487.

2. Ikehara, S., H. Ohtsuki, R.A. Good, et al. 1985. Pre-

vention of type I diabetes in nonobese diabetic mice

10.

1.

12.

13.

14.

779

by allogeneic bone marrow transplantation. Proc. Natl.

Acad. Ser. USA 82: 7743-7747.

. Ikehara, S., M. Kawamura, F. Takao, ¢ al. 1990.

Organ-specific and systemic autoimmune diseases
originate from defects in hematopoietic stem cells.

Proc. Natl. Acad. Sci. USA 87: 8341-8344.

. Kawamura, M., H. Hisha, Y. Li, e/ al. 1997. Distinct

qualitative differences between normal and abnor-
mal hemopoietic stem cells in vivo and in vitro. Stem

Cells 152 56-62.

. Ikehara, S. 1997. Autoimmune diseases as “stem cell

disorders.” Acta Histochem. Cytochem. 30 3—12.

. Ikehara, S. 1998. Autoimmune diseases as stem cell

disorders: Normal stem cell transplant for their treat-

ment. Int. 7. Mol. Med. 1: 5-16.

. Ikehara, S. 2003. State-of-the-Art review. A new con-

cept of stem cell disorders and their new therapy.
. Hematother. Stem Cell Res. 122 643-653.

. Hashimoto, E, K. Sugiura, K. Inoue, ¢t al. 1997. Ma-

jor histocompatibility complex restriction between
hematopoietic stem cells and stromal cells in vivo.

Blood 89: 49-54.

. Sugiura, K., H. Hisha, J. Ishikawa, et af. 2001. Ma-

jor histocompatibility complex restriction between
hematopoietic stem cells and stromal cells in vitro.
Stem Cells 19: 46-58.

Ikehara, S., M., Inaba, S. Ishida, et al. 1991. Rationale
for transplantation of both allogeneic bone marrow
and stromal cells in the treatment of autoimmune
diseases. In New Strategies in Bone Marrow Transplanta-
tion. UCLA Symposia on Molecular and Cellular Biology,
New Sertes, Vol. 137. R.E. Champlin & R.P. Gale,
Eds.: 251-257. Wiley-Liss, Inc. New York, Chich-
ester, Brisbane, Toronto, Singapore.

Ishida, T., M. Inaba, H. Hisha, et a/. 1994. Re-
quirement of donor-derived stromal cells in the bone
marrow for successful allogeneic bone marrow trans-
plantation: complete prevention of recurrence of au-
toimmune diseases in MRL/MP-lpr/Ipr mice by
transplantation of bone marrow plus bones (stromal
cells) from the same donor. F Immunol. 152: 3119—
3127.

Kushida, T., M. Inaba, K. Takeuchi, e al. 2000.
Treatment of intractable autoimmune diseases in
MRL/Ipr mice using a new strategy for allogeneic
bone marrow transplantation. Blood 95: 1862-1868.
Kushida, T., M. Inaba, H. Hisha, ef al. 2001. Intra-
bone marrow injection of allogeneic bone marrow
cells: A powerful new strategy for treatment of in-
tractable autoimmune diseases in MRL/lpr mice.
Blood 97: 3292-3299.

Nakamura, T, R.A. Good, S. Inoue, ¢ a/. Success-
ful liver allografts in mice by combination with allo-
geneic bone marrow transplantation. Proc. Natl, Acad.

Sci. USA 83: 4529-4532.



