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Effects of Allogeneic Hematopoietic Stem Cell Transplantation
Plus Thymus Transplantation on Malignant Tumors:
Comparison Between Fetal, Newborn, and Adult Mice

Yuming Zhang,'*" Naoki Hosaka,™* Yunze Cui®* Ming Shi2 and Susumu Ikehara®

We have recently shown that allogeneic intrabone marrow-bone marrow transplantation + adult thymus trans-
plantation (TT) is effective for hosts with malignant tumors. However, since thymic and hematopoietic cell
functions differ with age, the most effective age for such intervention needed to be determined. We performed
hematopoietic stem cell transplantation (HSCT) using the intrabone marrow method with or without TT from
fetal, newborn, and adult B6 mice (H-2°) into BALB/c mice (H-29) bearing Meth-A sarcoma (H-24). The mice
treated with all types of HSCT + TT showed more pronounced regression and longer survival than those treated
with HSCT alone in all age groups. Those treated with HSCT + TT showed increased numbers of CD4" and CD8"
T cells but decreased numbers of Gr-1/Mac-1 myeloid suppressor cells and decreased percentages of FoxP3 cells in
CDA4A™ T cells, compared with those treated with HSCT alone. In all mice, those treated with fetal liver cell (as fetal
HSCs) transplantation + fetal TT or with newborn liver cell (as newborn HSCs) transplantation (NLT) + newborn
TT (NTT) showed the most regression, and the latter showed the longest survival. The number of Gr-1/Mac-1 cells
was the lowest, whereas the percentage of CD62L~CD44" effector memory T cells and the production of interferon
¥ (IFN-y) were highest in the mice treated with NLT + NTT. These findings indicate that, at any age, HSCT + TT is
more effective against cancer than HSCT alone and that NLT + NTT is most effective.

Introduction

LLOGENEIC BONE MARROW transplantation (BMT) has
been used to treat not only leukemias, immuno-
deficiencies, and autoimmune diseases but also solid malignant
tumors [1,2], as the graft versus tumor effect induced by its
alloreactivity can be anticipated in the case of malignant tu-
mors. Although donor lymphocyte infusion is used for this
purpose [3,4], graft versus host disease (GVHD), which is one of
the major lethal side effects of allogeneic BMT, may occur [5,6].
We have recently developed a new BMT method, in-
trabone marrow (IBM)-BMT, in which bone marrow cells
(BMCs) are directly injected into the bone marrow cavity [7].
IBM-BMT results in a reduced incidence of GVHD and
greater engraftment of donor cells, including mesenchymal
stem cells, than the conventional intravenous method [8,9].
We have also developed a BMT method in conjunction
with thymus transplantation (TT). The combination of BMT
and TT is effective in restoring donor-derived T cell function
in aged, chimeric-resistant, tumor-bearing, supralethally
irradiated, and low-dose irradiated mice and also in mice

injected with a small number of BMCs [10-13]. We have
further demonstrated that IBM-BMT +TT is effective for
tumor regression and long-term survival [14,15].

However, hematopoietic cell and thymic functions differ
with age. The proliferative activity of T cells from the fetal
and newborn thymus is much higher than in those from
adults [16,17], whereas the level of cytokine production in-
creases with age [18]. In this regard, we have recently found
that supralethally irradiated mice are rescued by [newborn
liver cell transplantation (NLT)+newborn TT (NTT)] more
efficiently than by [BMT +adult TT (ATT)] or [fetal liver cell
transplantation (FLT) +fetal TT (FTT)] [12]. In the present
study, we investigated the most effective donor age for
[hematopoietic stem cell transplantation (HSCT)+ TT] for
tumor-bearing hosts.

Materials and Methods
Mice

Female 6- to 8-week-old, newborn (<48 h after birth), and
fetal day-16 C57BL/6 (B6) (H-2°) and BALB/c (H-2%) mice
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were obtained from Shimizu Laboratory Supplies and
maintained until use in our animal facilities under specific
pathogen-free conditions. All protocols for these animal ex-
periments were performed in accordance with the Guidelines
for Animal Experimentation, Kansai Medical University,
and received approval from the Committee of Animal
Experiments.

Cell lines

Meth A cells (H-2%) were derived from methylcholan-
threne-induced sarcomas in BALB/c mice [14]. Cells were
maintained in RPMI 1640 medium supplemented with 10%
fetal calf serum with antibiotics.

Inoculation of tumor cells

One day before the inoculation of tumor cells, the recipi-
ents (BALB/c mice) underwent total-body irradiation (3 Gy)
using a *’Cs irradiator (Gammacell 40 Exactor; MDS Nor-
dion International). The next day, 2x10° Meth A cells were
subcutaneously inoculated into the right flank of these mice.

HSCT and TT

Recipient BALB/c mice with tumors were irradiated
(8 Gy) using the'®Cs irradiator 1 day before HSCT. The next
day, these mice were injected with 1x10” B6 HSCs using the
IBM-BMT method. Briefly, single-cell suspensions (1x107)
were directly injected into the bone marrow cavity of the
tibia [7]. BMCs were collected from the femurs and tibias of
6- to 8-week-old B6 mice. Newborn and fetal livers were
obtained from the mice. Single-cell suspensions as newborn
liver cells and fetal liver cells were prepared for use of H5Cs
[10]. For TT, AT, NT, and FT tissues were obtained from mice
of the above ages. One quarter of the AT, or one NT or one
FT, were simultaneously transplanted under the renal cap-
sule in some recipients with HSCT. TT alone was also per-
formed in other mice.

Histology

Histological studies were performed in the liver, intestine
(for evaluation of GVHD), and engrafted thymus from the
recipients 4 weeks after the BMT. The tissues were fixed in
10% formaldehyde and embedded in paraffin. Serial tissue
sections (4pm thick) were prepared and stained using
hematoxylin and eosin.

Analysis of surface marker antigens
and intracellular FoxP3 and cytokines
by flow cytometry

Surface markers on lymphocytes from the spleen were
analyzed by 3-color fluorescence staining using a FACScan
system (BD Pharmingen, Franklin Lakes, NJ). Fluorescein
isothiocyanate (FITC)-conjugated anti-H-2K® (BD Pharmin-
gen) mAbs and phycoerythrin (PE)-conjugated anti-H-2K*
mAbs were used to determine chimerism. FITC, PE, or biotin-
conjugated CD4, CD8, B220, Gr-1, CDllb, CD44, or CD62L
(BD Pharmingen) were used to analyze spleen cell subsets.
Avidin-PE-Cy5 (Dako) was used as the third color in the
avidin/biotin system. Intracytoplasmic FoxP3 staining was
performed using an eBioscience FITC-anti mouse/rat FoxP3
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staining set in accordance with the manufacturer’s instruc-
tions (eBioscience, San Diego, CA). Intracellular cytokines
[interleukin 2 (IL-2), IL-4, IL-10, IL-17, interferon y (IFN-y), and
tumor necrosis factor] were detected using an Intracellular
Cytokine Staining Kit in accordance with the manufacturer’s
instructions (Becton Dickinson).

Mitogen responses

To analyze lymphocyte function, mitogen responses were
examined in chimeric mice 2 months after the transplantation.
For mitogen response, a total of 2x10° splenocytes collected
from chimeric mice and nontreated B6 and BALB/c mice as
responders were plated in 96-well flat-bottomed plates (Corn-
ing Glass Works, Corning, NY) containing 200 pL. of RPMI1640
medium (Nissui Seiyaku, Tokyo, Japan) supplemented with
2 pL of glutamine (Wako Pure Chemicals, Osaka, Japan), pen-
icillin (100 U/mL), streptomycin (100 pg/mL), and 10% heat-
inactivated fetal calf serum. For mitogen responses, responder
cells were incubated with 2.5 pg/mL of concanavalin A (ConA)
(Calbiochem, San Diego, CA) or 25 pg/mL of lipopolysaccha-
ride (LPS) (Difco Laboratories, Sparks, MI) for 48 or 72h.
During the last 18 h of the culture period, 20 mL of 0.5 uCi°H-
thymidine (H-TdR; New England Nuclear) was introduced.
Incorporation of >H-TdR was measured using Microbeta Tri-
Lux (PerkinElmer, Waltham, MA). The stimulation index was
calculated as the average of *H-TdR incorporation in triplicate
samples of responding cells with mitogen/*H-TdR incorpora-
tion of responding cells in medium alone.

Statistical analyses

Nonparametric analyses (Mann-Whitney U-test and log
rank-test) were performed using StatView software (Abacus
Concepts). Values of P <0.05 were considered statistically
significant.

Results
Chimerism and tumor size

To examine the effects of HSCT + TT from various ages in
tumor-bearing hosts, we performed BMT (rn =8), BMT + ATT
(n=10), NLT (n=10), NLT+NTIT (n=8), FLT (n=10), or
FLT+FIT (n=8) in mice-bearing Meth-A sarcomas mea-
suring >0.5c’. All mice treated with HSCT showed donor
BMC-derived chimerism (data not shown). In analyses of
tumor size, all of the mice treated with HSCT showed sig-
nificant tumor regression compared with the nontreated
controls (n=9) (Fig. 1A, B). Interestingly, the tumors were
significantly smaller in the mice treated with HSCT +TT
than in those treated with HSCT alone in all age groups (Fig.
1B). The mice treated with either NLT + NTT or FLT 4+ FIT
showed the greatest degree of tumor regression (Fig. 1A).

Survival period

We also examined the survival period (Fig. 1C). As ex-
pected, nontreated control mice bearing tumors showed the
shortest survival period. Similar to tumor size, survival in
the mice treated with HSCT+TT was significantly pro-
longed compared with those treated with HSCT alone in all
age groups. However, in contrast to tumor size, mice treated
with NLT + NTT showed the longest survival, followed by
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FIG. 1. Tumor size and sur-
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those treated with FLT +FTT, and then those treated with
BMT + ATT. All the mice treated with TT alone from any age
died within 3 weeks after transplantation.

Analyses of TT

We next analyzed the thymus of the mice treated with
HSCT 4+ TT from various ages 4 weeks after transplantation.

BMT+ATT NLT+NTT

- Data 0SS
=]

The size was smallest in ATT, followed by NTT, but largest
in FTT (Fig. 2). Histologically, although both the cortex and
medular areas were clearly shown, the ratio of cortex/
medulla in TT was also smallest in ATT, followed by NTT,
but largest in FTT. In analyses of thymocyte subsets, the
highest percentage of CD4" or CD8" single-positive thy-
mocytes was observed in ATT, followed by NTT, but lowest
in FTT. Conversely, the percentages of CD4" and CDS8"

FIG. 2. Macroscopic and his-
tological findings and FACS
profiles of thymocytes in the
transplanted  thymus from
tumor-bearing mice treated
with HSCT and TT from vari-
ous ages. Histological findings
(upper panels, HE staining) and
the FACS profiles of CD4" and
CD8™ cells in thymocytes (lower

45.6

CD8

10°  10%

panels) from the transplanted
thymus in tumor-bearing mice
treated with BMT + ATT,
NLT+NTT, or FLT+FTIT
(Iower panels). Plain arrows, cor-
tex; dotted arrows, medulla.
Representative data from 4 ex-
periments are shown.
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double-positive and CD4™ and CD8” double-negative thy-
mocytes were lowest in ATT, followed by NTT, but highest
in FTT.

Analyses of lymphocyte subsets

We investigated donor-derived lymphocyte subsets in
the spleen 4 weeks after transplantation in the mice treated
with HSCT and 3 weeks in the nontreated controls due to
early death. The number of CD4" T cells significantly in-
creased in the mice treated with HSCT + TT compared with
those treated with HSCT alone at all ages (Fig. 3A). The
numbers were highest in the mice treated with either
NLT +NTT or FLT + FTIT and were comparable to those of
normal B6 mice. Those treated with BMT showed the low-
est, although the analysis day was different from that of
nontreated control. The results of CD8" T cells were similar
to those of CD4" T cells except that, at all ages, they were
lower than those of normal B6 mice.

The percentage of FoxP3" cells in CD4* T cells, which
reflects the immunosuppressive activity [19], was the highest
in the nontreated controls (Fig. 3B). The percentage of cells
significantly decreased in the mice treated with HSCT +TT
compared with those treated with HSCT alone in all age
groups. However, the percentage was not different between
the ages, and the level in the mice treated with HSCT +TT
was comparable to that in normal B6 mice.

FIG. 3. Numbers of cells in
the spleen from tumor-bearing

>
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The number of Gr-1/Mac-1 myeloid suppressor cells,
which are induced in hosts bearing cancer and inhibit im-
mune function [20,21], was highest in nontreated control
mice (Fig. 3D). It significantly decreased in the mice treated
with HSCT +TT compared with those treated with HSCT
alone, in all age groups. Interestingly, the mice treated with
FLT or FLT + FTT showed the highest number of cells among
the groups for HSCT or HSCT + TT. As expected, normal B6
mice showed only a few of these cells.

Analyses of proportions of effector, central memory,
and naive T cells

T cells can be functionally divided into CD62L"CD44~
naive T cells and CD62L"CD44" central memory (CM) and
CD62L7CD44" effector memory (EM) cells from prestimu-
lation to terminal differentiation [22,23]. We, therefore, ex-
amined the proportion of these cells in both CD4 and CD8
subsets of T cells (Fig 4). The nontreated control mice showed
a significant elevation of EM T cell number but a reduced
number of CM T cells in both subsets compared with B6
mice. Interestingly, the mice treated with HSCT +TT also
showed significant elevation of EM T cells but a reduction of
CM T cells, compared with those treated with HSCT alone.
Among all mice, those treated with NLT +NTT showed the
highest % of EM T cells and the lowest % of CM T cells in
both subsets.

mice treated with HSCT and
TT from various ages. Num-
bers of CD4" T cells (A), per-
centage of FoxP3" cells in
CD4* T cells (B), numbers of
CD8" T cells (C), and Gr-1/
CD11b cells (D) in the spleen
were evaluated in tumor-
bearing mice treated with
BMT, BMT+ATT, NLT,
NLT+NTT, FLT, or FLT+
FTT, nontreated controls, or

No. of CD4* T cells (X105)

O

%. of FoxP3* cells in CD4* T cells [

B6 mice. The experiments
were performed 4 weeks after
transplantation in the mice
treated with HSCT and 3
weeks in the nontreated con-
trols because of early death.
*P < 0.05. *P<0.05 compared
with nontreated control, BMT,
BMT+ ATT, NLT, or FLT.
#P<0.03 compared with
BMT. 5P < 0.05 compared with
nontreated control, BMT,
BMT+ATT, NLT, NLT+
NTT, FLT, FLT +FTT, or B6
mice. 5P <0.05 compared

No. of CD8* T cells (X108)

No. of Gr-1/Mac-1cells in SP (X107) T

with BMT + ATT, NLT + NTT, FLT ++ FTT, or B6 mice. TP < 0.02 compared with nontreated control, BMT, BMT + ATT, NLT,
NLT + NTT, FLT, or FLT + FTT. "1P < 0.05 compared with BMT, BMT + ATT, NLT, NLT + NTT, or FLT. 197P < 0.05 compared
with BMT, or NLT. "P < 0.05 compared with BMT, BMT + ATT, NLT, NLT -+ NTT, FLT, FLT + FTT, or B6 mice. P < 0.05
compared with BMT, BMT + ATT, NLT, NLT +NTT, FLT +FTT, or B6 mice. """P < 0.05 compared with BMT + ATT, NLT
NTT, or B6 mice. TP <0.05 compared with B6 mice. Nontreated (n=4), BMT (n=4), BMT + ATT (n=4), NLT (n=5),
NLT +NTT (n=4), FLT (n=5), FLT + FIT (n =4), B6 mice (n =4). Data are shown as means =+ SD.
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(n=4),BMT + ATT (n =4), NLT (n =5), NLT + NTT (n =4), FLT (n =5), FLT + FIT (n = 4), and B6 mice (1 = 4). Data are shown

as means =+ SD.

Analyses of lymphocyte function
and cytokine production

Finally, we examined lymphocyte function by monitoring
mitogen response (ConA for T cells and LPS for B cells) and
cytokine production. The mice treated with HSCT+TT
showed a significantly elevated response to ConA but not
LPS, compared with those treated with HSCT alone and
with the nontreated controls, although the levels did not
reach those of normal B6 mice (Fig. 5A). The stimulator
index in mice treated with either FLT +FTT or NLT +NTT
was significantly higher than in those treated with BMT +
ATT.

The mice treated with HSCT +TT showed significantly
elevated production of IL-2 and IFN-y compared with those
treated with HSCT alone (Fig. 5B). However, the produc-
tion of IL-2 did not significantly differ between those
treated with HSCT+TT in all age groups, and the levels
were comparable to that in normal B6 mice. In contrast, the
production of IFN-y was highest in the mice treated with
NLT+NTT, and the levels were comparable to that in
normal B6 mice. IL-4, IL-10, IL-17, and tumor necrosis
factor levels were almost undetectable and did not correlate
with any clinical findings (survival and tumor regression).
The above results are summarized in Table 1. Those treated
with NLT + NTT showed the highest T cell numbers and
functions.

Discussion

In the present study, we have examined the effects of al-
logeneic HSCT+TT from various ages on tumor-bearing
hosts. Although the mice treated with all types of HSCT + TT
showed more tumor regression with prolonged survival
compared with those treated with HSCT alone, those treated
with NLT-+NTT or FLT +FTT showed the best regression.
The mice treated with NLT + NTT showed a longer survival
period than those treated with FLT+FIT. Those treated
with all types of HSCT + TT showed higher numbers of both
CD4" and CD8* T cells and percentage of EM cells and a
lower number of Gr-1" /CDI1b" myeloid suppressor cells and
percentage of FoxP3"/CD4 T cells than those treated with
HSCT alone. Interestingly, those treated with NLT + NTT
showed the highest T cell numbers and lowest suppressor
cell numbers. These findings indicated that HSCT+TT is
effective for hosts with cancer and that the combination of
NLT + NTT is best at all ages.

Although the mice treated with HSCT+TT showed
greater tumor regression with more prolonged survival than
those treated with HSCT alone, these results differed ac-
cording to ages. In all age groups, FLT +FTT or NLT +NTT
showed the best results, and the latter showed the longest
survival period. Since there were no differences with HSCT
alone in any age group, the transplanted thymus may also
play an important role. Although the liver stem cells may
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influence the results in FLT and/or NLT compared with
BMT, the transplanted thymus plays a critical role in the
further effects with the elevated T cell function.

We, therefore, analyzed the transplanted thymus. Inter-
estingly, although ATT grafts showed some atrophic features
after transplantation, FIT grafts showed marked growth,
and NTT grafts showed intermediate growth. Similarly,
CD4" and CD8" subsets in the thymocytes of ATT grafts
shifted to being relatively mature, whereas those in FTT

grafts shifted to being relatively immature, and those in NTT
grafts were intermediate. These findings suggested that their
characteristics of age-related proliferative activity and ma-
turity may also reflect the transplanted thymus. This may
also influence the number, pheno type and function of
splenic T cells, as discussed later.

We next analyzed lymphocyte subsets in the spleen from
all chimeric mice. The numbers of both CD4" and CD8" T
cells significantly increased in the mice treated with HSCT

TABLE 1. SUMMARY OF DATA IN ALL GrROUPS®

Factors BMT BMT + ATT NLT NLT +NTT FLT FLT +FTT
CD4 T cells l - - 1 == 1
CDS8 T cells l — - 1 1 ™
% of FoxP3 in CD4 T cells 1 1 ! 1l ! H
Gr-1/Mac-1 Ui W ) W ! )
% of EM CD4 T cells . 1 — " - i
% of EM CD8 T cells 1 7 1 1 1 I
ConA - 1 - I - 11
IL-2 - 1 - 1 - i
IEN-y - 1 — 11 - i

*Compared with nontreated controls. —, no change;f, mild increase, 17, moderate increase; 111, strong increase; |, mild decrease; ||,

moderate decrease; |||, strong decrease.

ATT, adult thymus transplantation; BMT, bone marrow transplantation; ConA, concanavalin A; EM, effector memory; FLT, fetal liver cell
transplantation; FTT, fetal thymus transplantation; IFN-y, interferon y; IL-2, interleukin 2; NLT, newborn liver cell transplantation; NTT,

newborn thymus transplantation.
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TT, compared with those treated with HSCT alone. The mice
treated with FLT +FTT or NLT +NTT showed the highest
numbers, suggesting that these T cells may play an impor-
tant role in prolonging survival and tumor regression. The
elevated T cell number may be related to the high prolifer-
ative activity of NT or FT. The percentage of FoxP3™ cells in
CD4" T cells significantly decreased in the mice treated with
HSCT +TT, compared with those treated with HSCT alone,
and the levels were almost the same in all age groups. These
findings indicated that FoxP3~CD4" effector cells are domi-
nantly supplied from TT grafts compared with FoxP3*CD4*
regulatory T cells in the allo-environment [14]. However, the
level was no less than that in normal mice. Since the low
level of regulatory T cells was strongly associated with the
induction of GVHD [19,24], the relatively elevated levels in
the mice treated with HSCT + TT may lead to the prevention
or inhibition of GVHD but not of graft versus tumor [25].
Therefore, we did not observe any obvious findings of
GVHD in any of the mice treated with HSCT -+ TT in this
study, although some GVHD and a related loss of
FoxP3"CD4" regulatory T cells were found in the intensive
regimen of a previous study [14].

We have also found that the number of Gr-1/CD11b
myeloid suppressor cells is also significantly reduced in mice
treated with HSCT +TT compared with those treated with
HSCT alone, as previously reported [15]. This may also
contribute, at least in part, to the longer survival in the for-
mer group compared with the latter. However, the mice
treated with FLT or FLT+FTT showed the highest cell
numbers of myeloid suppressor cells in the HSCT or
HSCT + TT groups. Since the tumor burden was the same in
both NLT 4+ NTT and FLT + FTT [26] and it induces the cells,
the greater number of myeloid suppressor cells in fetal liver
cells should be responsible for the difference in survival.

The percentages of EM T cells, which were derived from
CM cells with terminal differentiation and had the strongest
immune activity [22,23], increased in all mice with tumors, in
contrast to those without tumors. In addition, the mice
treated with HSCT 4 TT also showed a higher percentage of
EM cells than those with HSCT alone. Therefore, the eleva-
tion of cell numbers may also be partially induced from TT.
Interestingly, the percentage of EM cells was highest in
NLT +NTT in both CD4 and CD8 T cell subsets. Although
the detailed mechanism remains unknown, the T cells from
NTT were more proliferative than ATT and more functional
than FTT, and this may have led to the high expansion ac-
tivity of these cells.

The mice treated with HSCT +TT showed significantly
greater T cell function (ConA response) than those treated
with HSCT alone or the nontreated controls. The mice trea-
ted with either FLT +FTT or NLT 4+ NTT showed the great-
est ConA response. However, it should be noted that IFN-y
production in those treated with NLT+NTT was highest
among all the mice in the present study. This may have been
because of the low numbers of Gr-1/Mac-1 cells and/or high
numbers of EM T cells, in which IFN-y is produced at the
highest levels in these mice [18,22].

Thus, the results of the present study indicated that ad-
ditional TT is effective in HSCT from all ages in tumor-
bearing hosts and that the combination of NLT + NTT shows
the greatest effect. This may have led to the highest T cell
function with high levels of IFN-y production in these mice.
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Although the detailed mechanism is still unknown and
needs further study, the thymocytes from the day-16 FT
showed a high proliferative activity with little T cell receptor
expression, whereas those from the AT showed a low pro-
liferative activity with steady T cell receptor expression [27].
Those from NT may have an intermediate character, a rela-
tive high proliferative activity with specific responses, lead-
ing to a favorable effect for the tumor regression and
prolonged survival.

Although ethically and technically it may be difficult to
obtain newborn human thymus tissue from various donor
ages, such tissue could be obtained from patients with con-
genital heart disease or from aborted fetuses, as previously
discussed [28,29]. In addition, we have very recently found
that third-party FT can be used to induce tolerance, although
itis limited in hosts with low thymic function [30]; otherwise,
the grafted thymus should be rejected. In addition, a method
of regenerating the thymus has also been developed [31-34].
These findings suggest that HSCT + TT will become a viable
strategy for the treatment of malignant tumors in humans.
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Combination of Intra-Bone Marrow—Bone Marrow
Transplantation and Subcutaneous Donor Splenocyte
Injection Diminishes Risk of Graft-Versus-Host Disease

and Enhances Survival Rate

Ming Shi,"" Yasushi Adachi?®* Yunze Cui* Ming Li Zhexiong Lian?® Yuming Zhang?
Seiji Yanai? Chieko Shima,? Yuichiro Imai? and Susumu Ikehara’

The combination of allogeneic bone marrow transplantation (allo-BMT) and donor lymphocyte infusion (DLI) is
a useful method for establishing donor chimerism and preventing a relapse of leukemia/lymphoma. However,
there is a risk of inducing uncontrollable fatal graft-versus-host disease (GVHD). In fact, allo-BMT plus intra-
venous (IV)-DLI using donor splenocytes induces fatal GVHD in recipient mice. In this study, we examined the
effects of the combination of intra-bone marrow (IBM)-BMT and the subcutaneous injection of donor splenocytes
(SC-DLI) on the allo-BMT system. Recipient BALB/c mice were conditioned by sublethal irradiation (5 Gy),
followed by IBM-BMT plus IV-DLI or SC-DLI in C57BL/6 mice. The IV-DLI group showed better engraftment of
donor hemopoietic cells than the control group (without DLI) but showed fatal GVHD. The SC-DLI group,
however, showed good reconstitution and mild GVHD. These results suggest that the combination of SC-DLI

and IBM-BMT promotes the reconstitution of hemopoiesis and helps reduce the risk of GVHD.

Introduction

BONE MARROW TRANSPLANTATION (BMT) was initially de-
veloped as a cure for certain diseases of the hematopoietic
system such as aplastic anemia, leukemia, and im-
munodeficiencies [1-3]. Since then, BMT has been widely
used for the treatment of autoimmune diseases, solid malig-
nant tumors, multiple myelomas, myelodysplastic syndrome,
and so on [4-9]. Allogenic-BMT (allo-BMT) is becoming more
common owing to the discovery of more effective immuno-
suppressants, more powerful antibiotics, antithymocyte
globulin, and fractionated irradiation [10-12]. Recently, we
developed a new and powerful BMT method: intra-bone
marrow (IBM)-BMT [13]. In this method, donor bone marrow
cells (BMCs) are directly injected into the recipient’s bone
marrow (BM). A much greater number of donor hemopoietic
stem cells and mesenchymal stem cells can therefore be in-
oculated into the recipient BM than by conventional intrave-
nous BMT (IV-BMT). This results in rapid reconstitution of
donor hemopoietic cells and permits a reduction in radiation
doses as a pretreatment for BMT [14-16].

Donor lymphocyte infusion (DLI) is often used after allo-
BMT to prevent disease relapse in the setting of T-cell-
depleted BMT or nonmyeloablative conditioning regimens. It
is also a combined method to convert mixed chimerism
to full donor chimerism [17,18]. Donor T cells injected in-
travenously during DLI are activated in the host’s lymphoid
tissues, which then migrate to the target tissues of graft-
versus-host disease (GVHD) and then mediate the GVHD.
DLI which is used as the combined conditioning therapy for
BMT, helps to reduce relapse rates. However, DLI-induced
GVHD is always associated with an increase in therapy-
related morbidity because of its uncontrollable and fatal
characteristics [19-26]. A key challenge for DLI is to balance
the positive and negative effects of donor T cells in order to
optimize the outcome.

In mice, allo-BMT plus IV-DLI using donor splenocytes
can induce fatal GVHD due to the donor T-cell infiltration
and proliferation in the GVHD target tissues such as the
liver, spleen, intestine, and skin [27]. In this study, we ex-
amined the localizable effects of donor T cells (splenocytes)
by subcutaneous injection (SC) of donor splenocytes in the
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allo-BMT system using a preconditioning regimen (sublethal
irradiation). Compared with IV-DLI plus IBM-BMT, the
SC-DLI plus IBM-BMT group showed good reconstitution
and only mild GVHD. The survival rate in the SC-DLI group
was much higher than in the IV-DLI group. These results
suggest that the combination of SC-DLI and IBM-BMT pro-
motes reconstitution of hemopoiesis and helps to reduce the
risk of fatal GVHD.

Materials and Methods
Mice

C57BL/6 mice (B6) and BALB/c were purchased from
Shimizu Laboratory Supplies (Shizuoka, Japan). All the
mice were maintained in a pathogen-free room, and 8-10-
week-old male mice were used in the present studies. The
university’s committee for animal research approved all
experiments.

Reagents

The antibodies used in this study were as follows: fluo-
rescein isothiocyanate (FITC)-labeled anti-mouse H-2® Ab,
phycoerythrin (PE)-labeled anti-mouse H-2¢ Ab, peridinin
chlorophyll protein (PerCP)-Cy5.5-labeled anti-mouse CD45
Ab, and anti-mouse CD3 Ab (BD Pharmingen, San Diego,
CA). Lysing buffer (BD Pharmingen) was used for the lysis of
erythrocytes. Collagenase type IV, used for hepatocyte iso-
lation, was purchased from Sigma (Sigma-Aldrich, St. Louis,
MO).

Whole-body irradiation of recipient mice

Gamma-irradiation was delivered by a Gammacell 40
Exactor (MDS Nordion, Kanata, ON, Canada) with two
17Cs sources. Recipient mice were irradiated with 6, 5, or 4
Gy, the day before BMT.

IBM-BMT

BMCs were flushed from the medullary cavities of the
femurs and tibias of donor mice with phosphate-buffered
saline (PBS). After gentle dissociation, the BMC suspension
was filtered through a 70-pm nylon mesh (Becton Dickinson
Labware, Franklin Lakes, NJ). The BMC suspension was then
centrifuged and the supernatant was aspirated. The BMCs

Donor: C57BL/6

BMCs

FIG. 1. Experiment protocol.
The days of irradiation, BMT,
and DLI are shown. The ob-
served days of T-cell infiltra-
tion, reconstitution, and the
analyses of histopathological
scoring are also shown. BMT,
bone marrow transplantation;
DLI, donor lymphocyte infu-
sion.

1BM-BMT,

splenocytes
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were adjusted to 3x10° per mL. The thus-prepared BMCs
(3x107) were injected directly into the tibial cavity of the
recipient mice via the intra-bone marrow route (IBM-BMT)
the day after irradiation, as previously described [13]. Briefly,
the mice were anesthetized and the area from the inguinal
region to the knee joint was shaved. The tibia was gently
drilled with a 26-G needle through the patellar tendon into
the BM cavity. The BMCs (3x10”/10 uL) were then injected
into the BM cavity using a microsyringe (50 puL; Ito, Fuji,
Shizuoka, Japan).

Donor lymphocyte infusion

Spleens were removed from donor B6 mice and then
minced with scissors. Single cells were prepared by milling
in steel mesh, followed by filtering through a 70-um nylon
mesh in PBS containing 2% fetal calf serum. After centrifu-
gation, the pellets were suspended in 1xlysis buffer and kept
for 15min at room temperature for the lysis of erythrocytes.
The erythrocyte-depleted splenocytes were adjusted to
5x107/02mL (2.5x10° per mL) in PBS and were then in-
jected intravenously into the tail vein in the IV-DLI group or
subcutaneously in the back in the SC-DLI group. Figure 1
shows the experiment protocol, including the days for
treatment.

GVHD analysis and scoring

The recipients were monitored daily for survival, and
every 5 days for body weight changes and clinical signs of
GVHD after BMT. The clinical scoring was based on 6 pa-
rameters: weight loss, posture, activity, fur texture, skin in-
tegrity, and diarrhea. A severity scale of 0 to 2 was used for
each parameter, with a maximum score of 12 (Table 1).
Clinical signs early after transplantation due to radiation
toxicity were not considered as the appearance of GVHD
[28,29].

The carcasses of the recipients that had died or had been
sacrificed at 3 months after BMT were kept in 10% formalin.
Tissues from GVHD target organs (liver, intestine, and skin)
were embedded in paraffin, sectioned, and stained with he-
matoxylin and eosin. Slides were observed using an Olym-
pus BX41 light microscope (Olympus, Tokyo, Japan) with a
UPlanFL N 20x/0.50 objective. An Olympus DP-25 color
camera using DP2-BSW software was used to acquire the
images.

Reconstitution Histopathological

T cell infiltration analyses scoring
analyses —t— p L .
6Gy X e
5Gy 4Gy Died B Sacrificed
1/
IV-DLI
Day 5 Day 17 Day30 Day ? 3 months

Day O
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TasLe 1. CLINICAL SIGNS AND SCORING OF GVHD

Parameters Scale 0 Scale 1 Scale 2

Weight loss ~10% 10%—-25% ~25%

Posture Normal Hunching noted only at rest Severe hunching impairs movement

Activity Normal Mildly to moderately decreased Stationary unless stimulated

Fur texture Normal Mild to moderate ruffling Severe ruffling/poor grooming

Skin integrity Normal Scaling of non-hair-bearing skin Obvious areas of denuded skin

Diarrhea Normal Bits of residual perianal fecal material

A mass of residual perianal fecal material

The clinical signs of GVHD (based on 6 parameters: weight loss, posture, activity, fur texture, skin integrity, and diarrhea) were scored
every 5 days after bone marrow transplantation. A severity scale of 0 to 2 was used for each parameter, with a maximum score of 12. GVHD,

graft-versus-host disease.

Histopathological analysis was performed “single blind”
by scoring the changes in the skin (dermal/epidermal lym-
phocyte infiltration, dyskeratotic epidermal keratinocytes,
and epidermal thickening), the intestine (crypt regeneration,
apoptosis in crypt epithelial cells, crypt loss, surface colo-
nocyte attenuation, inflammatory cell infiltration in lamina
propria, mucosal ulceration, and thickening of mucosa), and
the liver (bile duct injury manifested by nuclear hyperchro-
masia, nuclear crowding, infiltrating lymphocytes, and cy-
toplasmic vacuolation and liver inflammation due to the
infiltration of lymphocytes, neutrophils, and eosinophils).
A severity scale from 0 to 4 was used, with a maximum score
of 12 (Table 2) [29,30].

Analyses of donor cells in recipient peripheral blood,
spleen, or liver by FACS

To detect the reconstitution of the recipients, the periph-
eral blood (PB) of the recipient mice was collected 17 days or
1 month after BMT. The PB was stained with FITC-labeled
anti-H-2" Ab, PE-labeled anti-mouse H-24 Ab, and PerCP-
Cyb5.5-labeled anti-CD45 Ab. The erythrocytes were then
lysed using lysing buffer. The stained cells were analyzed
using FACScan (BD Biosciences, San Jose, CA). Leukocytes
were first gated by CD45" cells, which were estimated as
nuclear cells. The percentage of donor leukocytes was esti-
mated as H-2°"/CD45" cells.

To detect donor-derived T cells infiltrating the GVHD
target tissues at 5 days after BMT, mononuclear cells (MNCs)
from the recipient’s spleen and liver were collected as fol-
lows: 0.5 mg/mL collagenase type IV solution was prepared
by PBS dilution, and then after euthanasia, 2mL collagenase
solution was injected intraportally in the recipient mice. The
spleen and liver were surgically excised and a single-cell
suspension was prepared. The spleen and liver MNCs were
then isolated by Lymphoprep (AXIS-SHIELD PoC AS, Oslo,
Norway). The MNCs were stained with FITC-labeled anti-H-
2® Ab, PE-labeled anti-mouse H-2¢ Ab, and PerCP-Cy5.5-
labeled anti-CD3 Ab. The percentage of donor T cells was
analyzed by FACScan estimated as H-2"*/CD3™ cells.

Statistical analysis

Survival data were analyzed using the Kaplan-Meier
method in the Stat Mate software. Other results are re-
presented as means + standard deviation (SD). The Student’s
t-test was used to determine any statistical significance. A P
value of <0.05 was considered to be a significant difference.

Results
No GVHD occurs in the BMT-only group

Previous studies have shown that, in contrast to humans
and other primates, no or only mild GVHD is observed in the

TasLE 2. HistoraTHOLOGICAL GVHD ScorING

Organ Parameters Scale 0

Scale 0.5

Scale 1 Scale 2 Scale 3 Scale 4

Skin Dermal/epidermal lymphocyte
infiltration, dyskeratotic
epidermal keratinocytes,
and epidermal thickening

Intestine Crypt regeneration, apoptosis in
crypt epithelial cells, crypt loss,
surface colonocyte attenuation,
inflammatory cell infiltration in
lamina propria, mucosal ulceration,
and thickening of mucosa

Bile duct injury, infiltrating
lymphocytes, and cytoplasmic
vacuolation and liver inflammation

Liver

Normal Focal and Focal and Diffuse and Diffuse and Diffuse and

rare mild mild moderate severe

Histopathological GVHD scoring was performed based on the changes in 3 GVHD target organs: the skin, intestine, and liver. A severity

scale of 0 to 4 was used for each organ, with a maximum score of 12.
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case of allo-BMT without DLI in the murine setting [31-33].
To confirm this, BMCs from B6 mice were transplanted into
sublethally irradiated (6, 5, or 4 Gy) BALB/c recipients by
IBM-BMT (control group). All the control groups (6, 5, or 4
Gy) survived until 90 days after BMT (Fig. 2). No severe
complications, such as fatal GVHD, occurred in the BMT-
only control group according to clinical observations (Fig. 4)
and histopathological evaluation (Fig. 5).
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FIG. 2. IV-DLI shortens the survival but SC-DLI does not.

Recipient (BALB/c) mice were irradiated at 6 Gy (A), 5 Gy
(B) or 4 Gy (C) on day —1. Bone marrow cells (3x10%) from
donors (B6) were injected by intra-bone marrow-BMT with
or without 5x10” splenocytes DLI on day 0. The splenocytes
were injected intravenously into the tail vein in the IV-DLI
group or subcutaneously in the back side in the SC-DLI
group. n > 10. IV, intravenous; SC, subcutaneous.
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The SC-DLI group shows lower mortality
than the IV-DLI group

The PB and spleen are commonly used as the source of
lymphocytes for DLL In the present study, we carried out
DLI using the erythrocyte-depleted splenocytes (5x10” per
mouse). After BMT, the recipients were monitored daily for
survival. For the 6 Gy irradiated mice, all the mice in the IV-
DLI group died within 32 days after BMT (Fig. 2), whereas
all the mice in the SC-DLI group survived until 90 days after
BMT. Similarly, high mortality rates were also observed in
the IV-DLI group for 5 or 4 Gy irradiated recipients. To our
surprise, the 5 Gy IV-DLI group showed significantly im-
proved survival compared with the 4 Gy IV-DLI group. In
contrast to the high mortality caused by IV-DLI, the SC-DLI
groups (6, 5, or 4 Gy) showed a 100% survival rate, as seen in
the control groups (Fig. 2).

Better reconstitution of donor hemopoietic cells
is observed in both the IV-DLI and SC-DLI groups
than the control group (without DLI)

Next, we examined the reconstitution degree of the re-
cipients with donor-type cells in the PB of the recipient mice
after BMT. In the experiment with preconditioning with 6 Gy
irradiation, the PB was collected from the surviving recipient
mice to analyze the chimerism at 1 month after BMT. All the
recipients of IBM-BMT, either combined with DLI or not,
showed nearly complete donor-type (H-2%) hematopoietic
cells (Fig. 3A). Moreover, there was no significant difference
between the control group and the SC-DLI group: the mean
and SDs of the percentages of donor hematopoietic cells were
92.4% +3.7% and 95.3% £ 3.1%, respectively (Fig. 3D). We
therefore reduced the radiation dose to 5 Gy. With 5 Gy,
reconstitution was examined earlier (on day 17). Donor-type
hematopoietic cells were detected in 4 of 10 control group
recipients, 10 of 10 IV-DLI group recipients, and 9 of 11 SC-
DLI group recipients (Fig. 3B). Statistically significantly
higher percentages of reconstitution with donor cells were
observed in the SC-DLI group than in the control group, and
there was no significant difference between the IV-DLI and
SC-DLI groups (Fig. 3E). Moreover, better reconstitution was
confirmed by long-term (not transient) chimerism (data not
shown). When the radiation dose was reduced to 4 Gy,
neither the control group nor the SC-DLI group could re-
constitute the recipients with donor BMCs. The two survi-
vors in the IV-DLI group showed donor-type hematopoietic
cells but these mice died soon (Fig. 3C, E).

Serious GVHD is observed in the IV-DLI group

After BMT, clinical signs of GVHD in the recipients (in-
cluding weight loss, posture, activity, fur texture, skin in-
tegrity, and diarrhea) were assessed every 5 days and the
score was calculated. In the 6 Gy IV-DLI group, all the re-
cipient mice showed hunchback; several showed loss of
weight, inaction, ruffled fur texture, and slight diarrhea on
day 15. The signs of GVHD became progressively more se-
rious: angular, severe hunching, stationary unless stimu-
lated, severe ruffling, obvious areas of denuded skin, and
severe diarrhea. The clinical score reached a peak on day 30:
7.33 £0.58. No obvious signs of GVHD appeared in the other
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two groups: 0.2540.87 (control group) and 0.50 £0.71 (SC-
DLI group) (Fig. 4A). In the 5 Gy experiment, the clinical
scores in the control group, IV-DLI group, and SC-DLI group
were 0.1040.31, 6.44+2.60, and 0.81+0.30, respectively,
according to observations on day 30. The mice in the IV-DLI
group retained the tendency to develop serious GVHD
during the period from day 30 to day 70. The other two
groups displayed mild GVHD (Fig. 4B).

In the 4 Gy experiment, the IV-DLI group displayed
moderate but not severe GVHD, [although the recipient mice
survived short-term (they died between days 16 and 37)].
Pathological diagnosis after autopsy indicated that infection
due to graft failure (not GVHD) was the cause of death (data
not shown).The clinical score was 4.00 (only two mice sur-
vived) on day 30 (Fig. 4C). It is not surprising that no GVHD
was observed in either the control group or the SC-DLI
group due to a failure of reconstitution.

GVHD is main cause of death in the IV-DLI group

We next examined the histopathological changes in the
liver, skin, and intestine from randomly selected recipient
mice that had died in the IV-DLI group or were sacrificed at

3 months after BMT in the control group and the SC-DLI
group (four mice per group). The severity of histopatholog-
ical GVHD nearly paralleled the clinical signs. In the IV-DLI
group, either 6- or 5-Gy-irradiated recipients showed lym-
phocyte infiltration in the bile duct, epidermal thickening,
and dermal lymphocyte infiltration, occasional crypt apo-
ptosis, and mild inflammation in the intestine (Fig. 5A, C).
The pathological scores in the IV-DLI group in the 6 and 5
Gy experiments were 5.75 + 0.43 and 5.67 £ 0.47, respectively
(Fig. 5B, D). In the control group and the SC-DLI group, no
or only mild lesions were found in the GVHD target tissues,
even in the skin at the site of the injection of splenocytes. The
pathological scores in these two groups were also signifi-
cantly lower than in the IV-DLI group in either radiation
dose experiment. These data indicated that GVHD was the
main cause of death in the IV-DLI group and that DLI via the
SC route could diminish the risk of fatal GVHD.

SC-DLI reduces donor T-cell infiltration into GVHD
target tissues

Previous studies reported that donor T cells reached a
peak on day 5 after expansion and infiltration into target



764
A (6Gy)
12
104 m Control
—O— IV-DLI
- A SC-DLI

Clinical Score
(e}
i

O-‘ & """‘i"""?’:‘-—‘—“fx
0 5 10 15 20 25 30
Days after BMT
B (5Gy)
12-
10+ = Control
—O—IV-DLI

s] -4 scDU

Clinical Score
[}
;

deodaditiiiidadd

0 10 20 30 4

S
[6; 38
o
o
o
~
o

Days after BMT
C 4ay)
12-
104 m  Control
{ —o—IV-DLI
o 8| -4 scDU
[e]
)
% 6
Rs}
=
o 4 l l/o
2 5/
0® -irv———izi————i——--n----n

0 5 10 15 20
Days after BMT
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weight loss, posture, activity, fur texture, skin integrity, and
diarrhea. n > 10. GVHD, graft-versus-host disease.

organs and tissues [27,31]. Li and colleagues claimed that the
anti-CD3 treatment as precondition reduced donor T-cell
infiltration of GVHD target tissues and prevented GVHD
[32]. These results indicate that GVHD may be reduced by
infiltration block. Moreover, the results of GVHD could

SHI ET AL.

be predicted by the analysis of donor T-cell infiltration to
specific tissues. First, the spleens of the recipients were
weighed on day 5. The means and SDs in the control group,
IV-DLI group, and SC-DLI group were 50.2545.19,
93.00 £15.19, and 46.67 4 5.69 mg, respectively. The spleens
in the IV-DLI group were significantly heavier than in the
other two groups (Fig. 6A). We also compared the percent-
age of donor T cells in the recipient spleen and liver at 5 days
after BMT. The percentages of donor T cells in the spleen and
liver of the recipients in the IV-DLI group were much higher
than in the control group and the SC-DLI group (Fig. 6B, C).
These results suggest that the splenocytes administered by
SC inhibited donor T-cell migration into the GVHD target
tissues more effectively than those injected by the conven-
tional IV method.

Discussion

In the present study, we have shown that IV-DLI enhances
the dominance of donor hematopoiesis but induces uncon-
trollable GVHD, followed by death due to infection. On the
other hand, SC-DLI enhances the dominance of donor he-
matopoiesis and induces mild GVHD, which is controllable.

Adoptive immunotherapy with DLI has provided one of
the most effective methods after allo-BMT as a treatment
and prophylaxis of relapse in the setting of a non-
myeloablative conditioning regimen. DLI is also carried out
as a combined method with BMT to convert mixed chime-
rism to full donor chimerism [17,18,26]. However, the do-
nor T cells administered via the conventional IV route are
associated with a major immune-mediated complication,
namely GVHD. And the most severe form of GVHD has a
high risk of transplant-related mortality [19,21-23,25]. Here
we have demonstrated that, when a large dose of donor
splenocytes (5x107 per mouse) is used as IV-DLI with IBM-
BMT, the dominance of the donor hematopoiesis is ob-
tained, but high mortality is induced at different irradiation
doses. On the other hand, SC-DLI could enhance the
dominance of the donor hematopoiesis and induce mild
GVHD, which is controllable.

In the SC-DLI group, we did not find severe infiltration of
lymphocytes in the main GVHD target organs, such as the
liver, skin, and intestine, even at the site of injection in the
skin, but we did find the mild infiltration of cells in the or-
gans. As we found very few T cells in the organs in the
control group, the T cells infiltrating the organs in the SC-
DLI or IV-DLI group should be the injected donor T cells.
Thus, the difference in the severity of the GVHD depended
on the injection route of donor spleen cells. It has been re-
ported that the injected T cells go into the spleen, proliferate
there, and then migrate into the target organs of GVHD [33].
Therefore, the severity of GVHD could be predicted by the
number of donor T cells in the recipient spleen at several
days after DLI In our experiment, we found a much greater
number of donor T cells in the spleen in the IV-DLI group
than in the SC-DLI or control group. In the IV-DLI group,
severe GVHD was observed clinically and pathologically.
Namely, many lymphocytes infiltrated the target organs,
such as the skin, liver, and intestine. However, there were
only a few lymphocytes in the target organs in the control
group and the SC-DLI group, even at the site of injection in
the skin. As shown in previous reports [27,31], the mice
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in the control or SC-DLI group, which had few donor T cells
in the spleen and liver, showed no or only mild GVHD.
These results suggest that the subcutaneous injection of do-
nor T cells may disturb the infiltration of the T cells.

In the conventional IV infusion method, all the spleno-
cytes enter blood circulation within a short time. These donor
splenocytes will then migrate to lymphoid tissues within
hours after the injection. And the initial location of the donor
splenocytes in the peripheral lymph nodes is not dependent
on recipient conditioning or allogeneic disparity [34,35]. The
donor allogeneic T cells expand in an explosive manner in
lymphoid tissues within 2-3 days, followed by homing and
reexpanding in the GVHD target organs [27,34,35]. As a re-
sult, the explosively expanded donor T cells in the GVHD
target organs induce serious GVHD.

In the SC-DLI group, we also confirmed that donor T cells
played an important role in the reconstitution (data not
shown); after T-cell depletion, the donor splenocytes lost the
ability to reconstitute hematopoiesis with donor-derived
cells. In murine allo-BMT, it is well known that donor CD8"
and CD4" T cells are activated by major histocompatibility
complex (MHC) I and MHC II antigen-presenting cells (APCs)
(both host- and donor-derived) separately and mediate
GVHD in two different ways. The host-derived APCs play a
more important role in initiating GVHD than donor APCs
[36]. Langerhans cells, a subtype of dendritic cells found only
in the skin-draining lymph nodes, show high surface levels of
MHC I [37]. Therefore, in the SC-DLI group, only the CD4"
population of T cells can be effectively activated by the
Langerhans cells, and the degree of the GVHD is reduced. On
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the other hand, as we know, subcutaneous injection is widely
used as a long-acting depot injection method, and the skin,
which is a physical obstacle, can localize the large number of
donor splenocytes (5x107/0.2mL) in a not-so-small area
(about 7 cm?®, measured after injection). The speed at which
donor T cells migrate into the recipient’s lymphoid tissues is
limited by the physical obstacle. Therefore, the downstream
of the GVHD process will be slowed down. However, donor
T cells appear to migrate in a long-lasting way and the de-
velopment of GVHD is thus at a low-enough level to be
controllable. Moreover, the subpopulation of donor T cells
and the mechanisms underlying the reduction of GVHD in
the SC-DLI group should be further investigated.

In this experiment, we have shown that SC-DLI can ac-
celerate the replacement of recipient cells and reduce the
severity of GVHD. Therefore, SC-DLI is more controllable
than IV-DLI in allo-BMT and should thus be an easy and safe
method for performing allo-BMT.

Acknowledgments

The authors thank Ms. Y. Tokuyama and Ms. A. Kitajima
for their expert technical assistance and also Mr. Hilary
Eastwick-Field and Ms. K. Ando for the preparation of this
manuscript. Grant support: a grant from The 21st Century
COE Program of the Ministry of Education, Culture, Sports,
Science, and Technology, the Department of Transplanta-
tion for Regeneration Therapy (Sponsored by Otsuka Phar-
maceutical Company, Ltd.), Molecular Medical Science
Institute, Otsuka Pharmaceutical Co., Ltd., Japan Im-
munoresearch Laboratories Co., Ltd (JIMRO), and Scientific
research (C) 18590388.

Author Disclosure Statement

No competing financial interests exist.

References

1. Bach FH, RJ Albertini, P Joo, JL Anderson and MM Bortin.
(1968). Bone-marrow transplantation in a patient with the
Wiskott-Aldrich syndrome. Lancet 2:1364-1366.

2. Thomas ED, CD Buckner, RA Clift, A Fefer, FL Johnson, PE
Neiman, GE Sale, JE Sanders, JW Singer, H Shulman, R Storb
and PL Weiden. (1979). Marrow transplantation for acute
nonlymphoblastic leukemia in first remission. N Engl ] Med
301:597-599.

3. Fischer A, C Griscelli, W Friedrich, B Kubanek, R Levinsky,
G Morgan, J Vossen, G Wagemaker and P Landais. (1986).
Bone-marrow transplantation for immunodeficiencies and
osteopetrosis: European survey, 1968-1985. Lancet 2:1080-
1084.

4. Friedrich W. (1996). Bone marrow transplantation in im-
munodeficiency diseases. Ann Med 28:115-119.

5. Eibl B, H Schwaighofer, D Nachbaur, C Marth, A Géachter, R
Knapp, G Bock, C Gassner, L Schiller, F Petersen and D
Niederwieser. (1996). Evidence for a graft-versus-tumor ef-
fect in a patient treated with marrow ablative chemotherapy
and allogeneic bone marrow transplantation for breast can-
cer. Blood 88:1501-1508.

6. Burt RK, AE Traynor, R Pope, J Schroeder, B Cohen, KH
Karlin, L Lobeck, C Goolsby, P Rowlings, FA Davis, D Ste-



