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Abstract Thymic function decreases in line with tumor
progression in patients with cancer, resulting in immunode-
Wciency and a poor prognosis. In the present study, we
attempted to restore thymic function by BALB/c (H-2d)
syngeneic (Syn), or B6 (H-2b) allogeneic (Allo) bone mar-
row transplantation (BMT) using intra-bone marrow–bone
marrow transplantation (IBM–BMT) plus Syn-, Allo- or
C3H (H-2k) 3rd-party fetal thymus transplantation (TT).
Although the BALB/c mice with advanced tumors (Meth-A
sarcoma; H-2d, >4 cm2) treated with either Syn- or Allo-
BMT alone showed a slight improvement in survival com-
pared with non-treated controls, the mice treated with
BMT + TT showed a longer survival. The mice treated with
Allo-BMT + Allo-TT or 3rd-party TT showed the longest
survival. Interestingly, although there was no diVerence in
main tumor size among the BMT groups, lung metastasis
was signiWcantly inhibited by Allo-BMT + Allo-TT or 3rd-
party TT. Numbers of CD4+ and CD8+ T cells, Con A
response, and IFN-� production increased signiWcantly,
whereas number of Gr-1+/CD11b+ myeloid suppressor cells
and the percentage of FoxP3+ cells in CD4+ T cells signiW-
cantly decreased in these mice. Furthermore, there was a
positive correlation between survival days and the number
of T cells or T cell function, while there was a negative cor-

relation between survival days and lung metastasis, the
number of Gr-1+/CD11b+ cells, or the percentage of
FoxP3+ cells. These results suggest that BMT + TT, partic-
ularly Allo-BMT + Allo-TT or 3rd-party TT, is most eVec-
tive in prolonging survival as a result of the restoration of
T cell function in hosts with advanced tumors.

Keywords Advanced cancer · Bone marrow 
transplantation · Thymus transplantation · Metastasis · 
Regulatory T cell · Myeloid suppressor cell

Abbreviations
BMT Bone marrow transplantation
IBM–BMT Intra-bone marrow–bone marrow 

transplantation
TT Thymus transplantation
BMC Bone marrow cell
MHC Major histocompatibility complex

Introduction

Patients with malignant tumors show reduced immune
function, which strongly inXuences prognosis [1–3]. A
number of mechanisms for the reduction of immune func-
tion have been postulated. One is that the thymus is, as a
result of the tumor progression, involved in the maturation
block of thymocytes, which leads to a reduction in the num-
ber and function of T cells [4–7]. The other is that the num-
ber of Gr-1+ CD11b+ myeloid suppressor cells increases
[8], which results in inhibited T cell signaling with tumor
growth factor (TGF)-� and IL-13 [9, 10]. In addition, recent
studies have shown that regulatory T cells, which express
CD4+FoxP3+ and inhibit T cell function, play a crucial role in
the development of autoimmune disease and graft-versus-host
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disease (GVHD) [11, 12]. The number of regulatory T cells
increases in patients with cancer, and the cells inhibit anti-
tumor immunity [13, 14]. These cellular factors have been
suggested to play important roles in the immune suppres-
sion of patients with cancer.

In humans, auto or allogeneic BMT or peripheral blood
stem cell transplantation (PBSCT) are used to treat malig-
nant tumors. Auto BMT or PBSCT is applied to recover
hematopoiesis after intensive chemo- or irradiation therapy
[15], whereas Allo BMT or PBSCT are used to replace host
cells with donor cells to induce the graft-versus-tumor
(GVT) eVect, although the very harmful GVHD is elicited
if the eVect is too strong [16, 17]. We have recently devel-
oped a new BMT method, intra-bone marrow–bone marrow
transplantation (IBM–BMT), in which BMCs are injected
directly into the bone marrow cavity [18]. IBM–BMT
results in a reduced incidence of GVHD and greater
engraftment of donor cells, including mesenchymal stem
cells (MSC), than the conventional intravenous (iv) method
[19, 20].

Very recently, we have developed a BMT method in
conjunction with thymus transplantation (TT). The combi-
nation of BMT plus TT is eVective in restoring donor-
derived T cell function even in aged mice, chimeric-resis-
tant mice, tumor-bearing mice, supralethally irradiated
mice, and low-dose irradiated mice, and in mice injected
with low numbers of BMCs [21–25]. However, TT has
only been applied clinically in patients with DiGeorge syn-
drome or HIV infection who show hypoplasia of the thy-
mus [26, 27]. The eVects of BMT plus TT have not been
examined in cases of advanced cancer in relation to the
involution of the thymus.

In the present study, we examined Syn or Allo IBM–
BMT plus fetal TT (IBM–BMT + TT) in mice with
advanced malignant tumors. We also used 3rd-party TT, in
which the major histocompatibility complex (MHC) type of
the thymus was diVerent from the MHC types of the donor
BMCs and of the recipient (microenvironment) [28]. We
did this because it is diYcult to obtain such immature thy-
mus from the BMC donor. From the results of this study,
we propose that IBM–BMT + TT could become a powerful
strategy for the treatment of patients with advanced tumors.

Materials and methods

Mice

Eight-week-old female BALB/c (H-2d) and C57BL/6 (B6)
(H-2b) mice and fetal (day-16) BALB/c, B6, and C3H
(H-2k) mice were purchased from Shimizu Experimental
Animal Laboratory (Shizuoka, Japan), and maintained until
use in our animal facilities under speciWc pathogen-free

conditions. All animal research was reviewed and approved
by the Animal Experimentation Committee of Kansai Med-
ical University.

Cell lines

Meth-A cells (H-2d) were derived from methylcholan-
threne-induced sarcoma in BALB/c mice, as previously
used [23]. The cells were kindly provided by Dr. Junko
Yoshida of Kanazawa Medical School (Kanazawa, Japan)
from the Cell Research Center for Biomedical Research,
Institute of Development, Aging and Cancer, Tohoku
University (Sendai, Japan). The cells were maintained in
RPMI1640 medium supplemented with 10% fetal calf
serum with antibiotics.

Inoculation of tumor cells

One day before the transplantation of tumor cells, the recip-
ients (BALB/c mice) underwent total body irradiation
(3 Gy) using a 137Cs irradiator (Gammacell 40 Exactor;
MDS Nordion International, Ottawa, ON, Canada). The
next day, 2 £ 106 Meth-A cells were inoculated subcutane-
ously into the right Xank of the mice.

IBM–BMT and TT

When the tumor had reached >4 cm2 in size (about 3 weeks
after transplanting the cells), the tumor-bearing BALB/c
mice were lethally irradiated (7 Gy) using a 137Cs irradiator
(Gammacell 40 Exactor; MDS Nordion International) 1 day
before IBM–BMT. BMCs were Xushed from the shafts of
donor femora and tibiae, and single-cell suspensions were
prepared. Next, 1 £ 107 BMCs were injected directly into
the bone marrow cavity of the recipient’s tibia, as described
previously for the IBM–BMT method [18]. BrieXy, the
knee was Xexed to 90° and the proximal side of the tibia
was drawn to the anterior. A 26-gauge needle was inserted
into the joint surface of the tibia through the patellar tendon
and then inserted into the bone cavity. Simultaneously, a
fetal day-16 thymus was grafted under the renal capsule of
the left kidney in some mice. We also treated tumor-bear-
ing mice with irradiation only.

Experimental groups

Group 1 consisted of BALB/c mice with advanced tumors
(>4 cm2) without treatment as controls (Non-treated)
(Table 1). Group 2 consisted of lethally-irradiated BALB/c
mice with advanced tumors transplanted with BMCs from
syngeneic BALB/c mice by IBM–BMT (Syn-BMT).
Groups 3 and 4 consisted of mice from Group 1 plus
TT from syngeneic BALB/c or allogeneic B6 mice
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(Syn-BMT + Syn-TT and Syn-BMT + Allo-TT, respec-
tively). The lethally irradiated BALB/c mice with advanced
tumors transplanted with BMCs from allogeneic B6 by
IBM–BMT mice comprised Group 5 (Allo-BMT). The
mice in Groups 6 and 7 consisted of Group 5 plus TT from
allogeneic B6 or 3rd-party C3H mice (Allo-BMT + Allo-
TT and Allo-BMT + 3rd-party TT, respectively).

Histological studies

Several organs, including the small intestine, lung, liver,
kidney, and transplanted thymus, were removed from the
chimeric mice, Wxed in 10% formalin for 48 h, and embed-
ded in paraYn according to standard procedures. Sections
of 4 �m thickness were stained using hematoxylin and
eosin (HE). The average numbers of metastatic nodules
(100£ magniWcation) were calculated from ten blind Welds
from every Wve sections of both left and right lungs.

Analyses of mitogen responses

To analyze lymphocyte function, mitogen responses were
examined as described previously [28]. The stimulation
index (SI) was calculated as the average 3H-TdR incorpora-
tion of triplicate samples of responding cells with mitogen/
3H-TdR incorporation of responding cells in medium alone.

Analyses of surface markers and intracellular FoxP3 
expression and cytokine production by Xow cytometry

Surface markers on lymphocytes in the spleen were ana-
lyzed under three-color Xuorescence staining using a FAC-
Scan system (BD Pharmingen, Franklin Lakes, NJ, USA).
Fluorescein isothiocyanate (FITC)-conjugated or phycoery-
thrin (PE) anti-H-2Kb, anti-H-2Kd, and anti-H-2Kk antibod-
ies (BD Pharmingen) were used to determine chimerism.
FITC, PE or biotin-conjugated CD4, CD8, B220 (BD

Pharmingen), were used to analyze lymphocyte subsets.
Avidin-PE-Cy5 (Dako, Kyoto, Japan) was used as the third
color in the avidin/biotin system. Intracytoplasmic FoxP3
staining was performed using an FITC-anti mouse/rat
FoxP3 staining set (eBioscience, San Diego, CA, USA).
The procedure was performed in accordance with the man-
ufacturer’s instructions. Intracellular cytokines (IL-2, IL-4,
IL-10, IFN-� and TNF) were detected using an Intracellular
Cytokine Staining Kit (BD Pharmingen) in accordance with
the manufacturer’s instructions.

Statistical analyses

Non-parametric analyses (Mann–Whitney U test and log-
rank test) and simple regression were performed using Stat-
View software (Abacus Concepts, Berkley, CA, USA).
Values of P < 0.05 were considered statistically signiWcant.

Results

Chimerism and survival rates

To examine the eVects of thymic function on hosts with
advanced tumors, we performed Syn- or Allo-BMT with or
without Syn-, Allo-, or 3rd-party TT in mice with Meth-A
sarcomas measuring >4 cm2 (Table 1). In humans, due to
the diYculty in performing the combination of Allo-
BMT + Allo-TT from the same donor, we also carried out
the Allo-BMT + 3rd-party TT, as we described previously
[28].

H-2 typing showed full donor chimerism in all groups
treated with BMT even in the mice treated with Allo-
BMT + 3rd-party TT (Table 1), suggesting that BMT was
successfully carried out. With regard to survival, all of the
non-treated control mice died within 20 days due to the
growth of tumors, and all the mice treated with irradiation

Table 1 Experimental groups and their chimerism

The categorizing of each group is described in “Materials and methods”
a Chimerism was determined in spleen cells of the mice in the non-treatment group (group 1, n = 4) 2–3 weeks after the tumor reached >4 cm2 in
size and in the mice in the BMT groups (groups 2–7, n = 4–6) 4–5 weeks after transplantation

Groups Description n Transplantation Chimerisma

BMCs Thymus H-2Kb H-2Kd H-2Kk

1 Non-treated 8 (–) (–) 0.1 § 0.1 99.8 § 0.2 ND

2 Syn-BMT 11 BALB/c (–) 0.2 § 0.1 97.8 § 0.2 ND

3 Syn-BMT + Syn-TT 11 BALB/c BALB/c 0.7 § 0.3 98.2 § 0.3 ND

4 Syn-BMT + Allo-TT 13 BALB/c B6 0.5 § 0.5 99.5 § 0.2 ND

5 Allo-BMT 13 B6 (–) 98.8 § 0.2 0.2 § 0.2 ND

6 Allo-BMT + Allo-TT 12 B6 B6 99.6 § 0.5 0.2 § 0.3 ND

7 Allo-BMT + 3rd party-TT 12 B6 C3H 96.7 § 0.7 0.7 § 0.5 0.9 § 0.7
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alone died within 12 days as a result of hematopoietic
failure (Fig. 1a). The mice treated with Syn-BMT or
Allo-BMT showed a slight improvement in survival rates,
compared with the non-treated control, although the mice
treated with Allo-BMT fared far better than the mice
treated with Syn-BMT. Interestingly, the mice treated with
BMT (Syn or Allo) + TT (Syn or Allo) showed signiW-
cantly prolonged survival rates in comparison with the mice
treated with Syn- or Allo-BMT alone. In these combina-
tions, the mice treated with Allo-BMT + Allo-TT showed
signiWcantly longer survival than those treated with Syn-
BMT + Syn-TT or Syn-BMT + Allo-TT. The survival rate
of the mice treated with Syn-BMT + Allo-TT was compara-
ble to the mice treated with Syn-BMT + Syn-TT. Notably,
the mice treated with Allo-BMT + 3rd-party TT also showed
a comparable survival rate to the mice treated with Allo-
BMT + Allo-TT (Fig. 1a). At autopsy, GVHD was seen only
minimally in the mice from all groups (data not shown).

Primary tumor size and lung metastasis

Mice in the non-treated control group showed signiWcantly
greater tumor growth than mice in the other seven groups
(Fig. 1b). The tumor grew very slowly in all the other seven
groups, and there were no signiWcant diVerences between
the groups.

Next, we examined lung metastasis of the tumors. We
conWrmed that there was no lung metastasis in the mice
with tumors before BMT. The mice in the non-treated con-
trol group showed many metastatic tumor nodules 2–
3 weeks after reaching a tumor size of >4 cm2 (Fig. 2a, b).
Although the day of analysis (4–5 weeks after transplantation)

was diVerent from the mice in the non-treated control group
because of their early death, the mice treated with Syn-BMT
showed the greatest numbers of metastatic tumor nodules in
all the groups. This strong metastasis was due to the immuno-
suppressive eVect of irradiation. The mice treated with
Syn-BMT + Syn-TT and Syn-BMT + Allo-TT showed no
signiWcant diVerence in the number of metastatic tumors com-
pared with those in the non-treated control group. However,
the mice treated with Allo-BMT showed a signiWcant inhi-
bition of metastasis compared with non-treated controls.
Furthermore, the mice treated with Allo-BMT + Allo-TT or
Allo-BMT + 3rd-party TT showed the lowest rates of
metastasis.

Host thymus and implanted thymus

We next examined the host and implanted thymus in mice
with advanced tumors. The host thymus in mice in the non-
treated control group showed marked involution (reduction
in size), compared with the thymus from BALB/c mice
without tumors (Fig. 3). In addition, the subsets of thymo-
cytes were abnormally regulated in the mice with tumors:
the percentage of CD4+CD8+ double-positive thymocytes
markedly decreased, whereas the percentages of CD4+CD8¡,
CD4¡CD8+, and CD4¡CD8¡ thymocytes increased. The
donor-type MHC class I expression of H-2K region in the
thymocytes of the mice with tumors increased due to rela-
tive maturation of thymocytes, compared with the BALB/c
mice without tumors. Although the day of analysis was
diVerent from the mice in the non-treated control group
because of their early death, the mice treated with either
Syn-BMT (data not shown) or Allo-BMT alone showed

Fig. 1 Survival rate and tumor size in mice with advanced tumors
treated with BMT + TT. Survival rate (a) and tumor size (b) in the
mice with advanced tumors are shown. The treatments for the mice are
described in Table 1. *P < 0.05 compared with the non-treated
controls, the mice treated with irradiation only, Syn-BMT, Syn-
BMT + Syn-TT, Syn-BMT + Allo-TT, and Allo-BMT. **P < 0.01
compared with the non-treated controls, the mice treated with irradia-
tion only, Syn-BMT, and Allo-BMT. ***P < 0.05 compared with the
non-treated controls, the mice treated with irradiation only, and Syn-

BMT. ****P < 0.005 compared with the non-treated controls and the
mice treated with irradiation only. *****P < 0.005 compared with
the mice treated with irradiation only. #P < 0.0001 compared with
mice treated with irradiation only, Syn-BMT, Syn-BMT + Syn-TT,
Syn-BMT + Allo-TT, Allo-BMT, Allo-BMT + Allo-TT, and Allo-
BMT + 3rd-party TT. Non-treated (n = 8), Irradiation only (n = 5),
Syn-BMT (n = 11), Syn-BMT + Syn-TT (n = 11), Syn-BMT + Allo-
TT (n = 13), Allo-BMT (n = 13), Allo-BMT + Allo-TT (n = 12), and
Allo-BMT + 3rd-party TT (n = 10)
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similar results. Interestingly, although the host thymus
showed involution in the mice treated with Allo-BMT +
Allo-TT, the transplanted thymus grew and engrafted well.
The thymocyte subsets of the transplanted thymus were
similar to those of normal control mice. The mice treated
with Allo-BMT + 3rd-party TT showed results comparable
to those of the mice treated with Allo-BMT + Allo-TT
(data not shown).

Lymphocyte subsets

We next investigated lymphocyte subsets in the spleens
from mice with advanced tumors. The number of CD4+ T
cells in the mice in the non-treated control group was
signiWcantly reduced, compared with BALB/c mice
2–3 weeks after reaching a tumor size of >4 cm2 (Fig. 4a).
Although the day of analysis was diVerent from the mice in
the non-treated control group because of their early
death, BALB/c mice treated with Syn-BMT or Allo-
BMT showed further reductions in the number of CD4+

T cells, compared with the non-treated control. How-
ever, the numbers were signiWcantly elevated in mice
treated with Syn-BMT + Syn-TT, Syn-BMT + Allo-
TT, Allo-BMT + Allo-TT and Allo-BMT + 3rd-party
TT, compared with the mice treated with Syn-BMT or

Allo-BMT alone or non-treated controls. However, the
number of CD4+ T cells was still lower than that in BALB/
c mice.

We next investigated CD4+FoxP3+Treg cells (Fig. 4b).
The highest percentage of FoxP3+Treg cells in CD4+

T cells was observed in the non-treated control group,
followed by the mice treated with Syn-BMT, Syn-
BMT + Syn-TT, Syn-BMT + Allo-TT, and Allo-BMT, and
the lowest percentages were observed in the mice treated
with Allo-BMT + Allo-TT or Allo-BMT + 3rd-party TT.
However, the percentages in all groups were signiWcantly
higher than that in BALB/c mice. The results regarding
CD8+ T cells were similar to those of CD4+ T cells
(Fig. 4c). The numbers of B cells in the mice treated with
Syn-BMT or Allo-BMT were lowest (data not shown). The
number of Gr-1+/CD11b+ myeloid suppressor cells, which
increases with tumor progression, was highest in the non-
treated control group (Fig. 4d). Interestingly, the mice
treated with Allo-BMT + Allo-TT or Allo-BMT + 3rd-
party TT showed the lowest numbers of these cells. The
cell numbers were lower in the mice treated with Syn-
BMT + Syn-TT, Syn-BMT + Allo-TT or Allo-BMT than in
the mice treated with Syn-BMT alone. However, the levels
were higher in all of these groups than in normal BALB/c
mice.

Fig. 2 Lung metastasis in mice with advanced tumors treated with
BMT + TT. Lung metastasis in the mice with advanced tumors is
shown. Autopsy and analysis for the metastasis were performed in the
non-treated mice 2–3 weeks after the tumor reached a size of >4 cm2

because of early death and in Syn-BMT, Syn-BMT + Syn-TT,
Syn-BMT + Allo-TT, Allo-BMT, Allo-BMT + Allo-TT, and Allo-
BMT + 3rd-party TT groups 4–5 weeks after BMT. Representative
histological Wndings of lung metastasis in mice with advanced tumors
are shown (a). The non-treated controls showed a number of metastatic
tumor nodules (arrows) (upper right £100 and lower left £400),
whereas no tumor was found in the BALB/c mice (upper left £100).

Those treated with Allo-BMT + Allo-TT showed only a few nodules
(arrow) (lower right £100). The results are summarized in b.
*P < 0.02 compared with non-treated controls, Syn-BMT + Syn-TT,
Syn-BMT + Allo-TT, Allo-BMT, Allo-BMT + Allo-TT, and Allo-
BMT + 3rd-party TT. **P < 0.02 compared with Allo-BMT + Allo-TT,
and Allo-BMT + 3rd-party TT. ***P < 0.02 compared with non-
treated controls and Syn-BMT. Non-treated (n = 5), Syn-BMT (n = 4),
Syn-BMT + Syn-TT (n = 4), Syn-BMT + Allo-TT (n = 4), Allo-BMT
(n = 5), Allo-BMT + Allo-TT (n = 4), and Allo-BMT + 3rd-party TT
(n = 6). Data are shown as mean § SD
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Mitogen responses and cytokine production

We next analyzed the lymphocyte function of the spleen
cells. Con A responsiveness was low in the non-treated
control group and in the mice treated with either Syn-BMT
or Allo-BMT alone (Fig. 5a). However, it increased signiW-
cantly in mice treated with either BMT (Syn or Allo) + TT
(Syn, Allo, or 3rd-party), although the level did not reach
that of the BALB/c mice. LPS responsiveness showed no
signiWcant diVerences between any of the groups.

In the analysis of cytokine production (Fig. 5b), the level
of IL-2 was signiWcantly elevated in the mice treated with
Allo-BMT + Allo-TT or Allo-BMT + 3rd-party TT, although
the level was still lower than that of BALB/c mice. In con-
trast, IFN-� was signiWcantly elevated in the mice treated
with Syn-BMT + Syn-TT, Syn-BMT + Allo-TT, Allo-
BMT, Allo-BMT + Allo-TT or Allo-BMT + 3rd-party TT
compared with non-treated control group or those treated
with Syn-BMT. The levels were the same as those in
BALB/c mice. The levels of the other cytokines (IL-4,
IL-10, and TNF) were very low in all the groups in this
experiment.

Factors correlated to survival

Finally, we examined the correlations between the above
factors and survival rates in all the groups (Table 2). There
were positive correlations between the median survival
days and the numbers of CD4+ and CD8+ T cells, the Con A
response, or the IFN-� production, whereas there were neg-
ative correlations between the survival days and the lung
metastasis, the numbers of Gr-1+/CD11b+ cells, or the per-
centage of FoxP3+ cells in CD4+ T cells. These factors were
also correlated with each other (data not shown).

There was no correlation between survival rates and the
size of the main tumor, the numbers of B220+ B cells, the
LPS response, and the IL-2-, IL-4-, IL-10-, or TNF-produc-
tion.

Discussion

In the present study, we examined the eVects of BMT (Syn or
Allo) + TT (Syn, Allo or 3rd-party) in mice with advanced
tumors. The mice treated with BMT + TT showed better

Fig. 3 Findings related to host and transplanted thymus, CD4/CD8
subsets, and MHC expression in thymocytes from mice with advanced
tumors treated with BMT + TT. The macroscopic Wndings (upper
panel thymus in yellow circle), FACS proWle (middle panel), and
MHC class I (H-2K) expression (lower panel) in thymocytes from
the host and transplanted thymus in BALB/c mice, non-treated
controls with advanced tumors, and those treated with Allo-BMT and

Allo-BMT + TT are shown. Autopsy and analysis were performed at
the same time as those in Fig. 2. H-2K expression thick line, BMC type
(H-2Kd in BALB/c and non-treated controls, H-2Kb in Allo-BMT
and Allo-BMT + Allo-TT), thin line, negative control or host type
(H-2Kb in BALB/c and non-treated controls, H-2Kd in Allo-BMT and
Allo-BMT + Allo-TT). Representative data of 3 or 4 experiments are
shown
123
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survival rates than the mice treated with BMT only. Interest-
ingly, the mice treated with Allo-BMT + Allo-TT or Allo-
BMT + 3rd-party TT showed the longest survival rates. In
addition, lung metastasis was signiWcantly inhibited in these
mice. T cell number, T cell function, and IFN-� production
signiWcantly increased, whereas the number of Gr-1+/
CD11b+ cells and the percentage of FoxP3+ cells in CD4+ T
cells signiWcantly decreased in these mice, compared with
the other groups. These results suggest that BMT + TT, and
particularly “Allo-BMT + Allo-TT” or “Allo-BMT + 3rd-
party TT”, is most eVective for hosts with advanced tumors
in prolonging survival by restoring T cell function.

First, we have shown that TT plays an important role in
BMT for the long-term survival of hosts with advanced
cancer (Fig. 1a). A signiWcant inhibition of lung metastasis
was observed by Allo-BMT + Allo-TT or 3rd-party TT;
there was a negative correlation between metastasis and
survival (Fig. 2a, b; Table 2). In contrast, the gradual
growth of the main tumor may be the result of the irradia-
tion, because there was no signiWcant diVerence in size
between the mice treated with BMT and those treated with
irradiation only, although it should be noted that the duration

Fig. 4 The numbers of the cells in spleen from the mice with advanced
tumors treated with BMT + TT. The numbers of CD4+ T cells (a), %
of FoxP3+ cells in CD4+ T cells (b), the numbers of CD8+ T cells (c)
and Gr-1/CD11b cells (d) in the spleen were evaluated in each group.
Analyses were performed at the same time as those in Fig. 2. a versus
b, c, and d: P < 0.03; b versus c and d: P < 0.02; c versus d: P < 0.02;
e versus f, g, and h: P < 0.02; f versus g and h: P < 0.03; g versus h:

P < 0.03; i versus j and k: P < 0.02; j versus k: P < 0.03; l versus m, n,
o, p and q: P < 0.02; m versus o, p, and q: P < 0.03; n or o versus p and
q: P < 0.03; p versus q: P < 0.03. Non-treated (n = 5), Syn-BMT
(n = 4), Syn-BMT + Syn-TT (n = 4), Syn-BMT + Allo-TT (n = 4),
Allo-BMT (n = 5), Allo-BMT + Allo-TT (n = 4), and Allo-
BMT + 3rd-party TT (n = 4). Data are shown as mean § SD
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Table 2 Analysis of correlations with survival period in mice with
advanced cancer

NS not signiWcant

* P values were calculated for median survival period by simple
regression in seven groups
# A negative correlation was observed

Factors P value*

Main tumor NS

Lung metastasis 0.048#

CD4+ T cells 0.045

CD8+ T cells 0.004

B220+ B cells NS

Gr-1 +/CD11b + cells 0.004#

% of FoxP3/CD4 T cells 0.018#

Con A 0.010

LPS NS

IL-2 NS

IL-4 NS

IL-10 NS

IFN-� 0.011

TNF NS
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of observation in the latter was cut short by the hematopoi-
etic failure. These Wndings suggest that the inhibition of
metastasis is one of the mechanisms promoting survival.

In addition, it should be noted that GVHD was not
particularly obvious in the “Allo-BMT + Allo-TT” or
“Allo-BMT + 3rd-party TT” mice. This may be due to the
relatively high proportion of FoxP3+ regulatory T cells,
which inhibit GVHD but preserve the GVT eVect [29], and/
or the induction of tolerance by BMC-derived and trans-
planted thymus-derived thymic DCs [28]. Furthermore, the
IBM–BMT method itself suppresses GVHD [20]. Thus, the
contribution of GVHD to survival may be minimal.

Next, we showed that the thymus in mice with advanced
tumors shows marked involution with or without BMT
(Fig. 2). In the thymocyte subsets, the number of
CD4+CD8+ thymocytes decreased, whereas that of
CD4¡CD8¡, CD4+CD8¡, or CD4¡CD8+ thymocytes
increased, as previously described [4, 5]. In contrast, the
transplanted thymus grew large, showing almost normal
subsets in donor-derived thymocytes, although the host thy-
mus showed involution. The high expression of class I of
H-2K region, which is low in most normal thymocytes [30],
also supports the hypothesis that there is a dysregulation of
thymocytes with the relative maturation of those thymo-
cytes. These Wndings indicate that the transplanted thymus
(but not the host thymus) can grow even in the presence of
advanced tumors. Although the mechanism is unknown, the
high proliferative activity of the transplanted thymus seems
to overcome the immunosuppressed status.

We next examined lymphocyte subsets and T cell func-
tion in the spleens of mice with advanced tumors. The num-
bers of both CD4+ T and CD8+ T cells were signiWcantly
higher in the mice treated with either “Allo-BMT + TT” or
“Syn-BMT + TT” than in the non-treated controls or in the
mice treated with either Allo-BMT or Syn-BMT alone,
although these numbers were still lower than those of nor-
mal BALB/c mice (Fig. 4a, c). The elevated T cell counts
were probably from the result of the TT [23], and there was
a positive correlation with survival (Table 2), suggesting
that T cells may play a signiWcant role in prolonging sur-
vival by preventing infection and tumor growth.

We further investigated the FoxP3+CD4+ regulatory T
cells. The percentage of FoxP3+ cells among CD4+ T cells,
which reXects the suppressor activity directly by the ratio of
regulatory/eVector T cells, was highest in the non-treated
control group and lowest in the mice treated with Allo-
BMT + Allo-TT or 3rd-party TT (Fig. 4b). Since a reduc-
tion in the percentage of FoxP3+ cells in CD4+ regulatory T
cells enhances GVT activity [31, 32], the strong inhibition
of metastasis in these mice may reXect this. It should be
noted that the percentage of FoxP3+ cells among CD4+ T
cells in these mice was still higher than that in normal
BALB/c mice, suggesting that apparent GVHD could not

be elicited by these cells, since GVHD is evident with a
lower percentage than normal of these cells [23].

The mice treated with “Allo-BMT + Allo-TT” or “Allo-
BMT + 3rd-party TT” showed the lowest number of Gr-1+/
CD11b+ myeloid suppressor cells (Fig. 4d), indicating that
the reduction of these cells may also facilitate GVT activ-
ity. As the myeloid suppressor cells can be induced by
tumor exosomes [33], the inhibition of metastasis by GVT
seems to be due to the reduction in the number of these
cells. There was a negative correlation between the survival
and not only the number of myeloid suppressor cells but
also the percentage of FoxP3+ in CD4+ T cells (Table 2). In
addition, there was a very strong correlation between the
numbers of myeloid cells and the percentage of FoxP3+

cells among CD4+ T cells (P = 0.0032). In this respect,
Gr-1+/CD11b+ myeloid suppressor cells may induce
FoxP3+CD4+ regulatory T cells, as previously reported
[34, 35].

We have also found that the mice treated with
BMT + TT show a signiWcantly higher Con A response
than the mice treated with BMT alone, although the
response was still lower than that in normal BALB/c mice
(Fig. 5). In the analyses of cytokine production, there was a
positive correlation between the survival and the level of
IFN-� (but not IL-2 production), suggesting that the level of
IFN-� may be more related to prolonged survival than that
of IL-2.

Based on these results, it is evident that the elevated
number of T cells and improved function resulting from TT
play a crucial role in prolonging the survival of hosts with
advanced cancers. Although T cell number and function did
not reach normal levels, several other factors, such as regu-
latory T cells and myeloid suppressor cells, were synchro-
nously suppressed.

Although, for both technical and ethical reasons (includ-
ing donor age), it may be clinically diYcult to obtain ade-
quate thymic tissue, it is conceivable that grafts could be
obtained from patients with congenital heart diseases or
from aborted fetuses, as described previously [26, 27]. The
combinations of Syn-BMT + Allo-TT or Allo-BMT + 3rd-
party TT might then be practical in a clinical setting. Here,
the allo-BMT + 3rd-party TT have shown tolerance to all
three MHC determinants [28], suggesting a beneWt for
transplantation of other organs from the two MHC-dispa-
rate donors. Alternatively, a method of regenerating the
thymus has also been developed [36, 37]. Thus, regenerated
thymus could be expected to use all combinations in future.

In summary, we have shown that BMT + TT can pro-
long survival in hosts with advanced tumors by restoring T
cell function. Although our model may be diVerent from the
varied immunogenic cancers in humans, the elevation of T
cell function itself will be eVective for the many complica-
tions induced by cancer. We think that BMT + TT could
123
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become a viable strategy for the treatment of advanced
cancer in humans.
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