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RECONSTITUTION OF THE IMMUNE SYSTEM AFTER MURINE 
ALLOGENEIC UMBILICAL CORD BLOOD TRANSPLANTATION

Hideaki Sato1），Masashi Sato2），Makie Chiba2），Kyoko Ito1） and Koichi Ito1, 3）

Abstract　The ability of murine allogeneic umbilical cord blood cells （UCBCs） to reconstitute the immune system 
was investigated. UCBCs obtained from fetuses of C57BL/6 （B6; H-2b） mice, which were transgenic for green 
fluorescent protein （GFP）, were transplanted into RAG2 （-/-） BALB/c mice （H-2d）. After transplantation, flow 
cytometric analysis revealed successful reconstitution of phenotypically mature GFP-positive immune cells of donor 
origin, including T cells, B cells, monocytes, and granulocytes in the peripheral blood of the recipient mice. Analysis 
of functional maturation of lymphocytes revealed that 2,4,6-trinitrophenyl-keyhole limpet hemocyanin （TNP-KLH）
-immunized UCBC-transplanted recipients produced both TNP-specific IgM and IgG antibodies. These results 
indicated that the recipient mice were capable of mounting antibody responses to T-dependent antigens; further, Ig 
class switching from IgM to IgG confi rmed that both B cells and CD4+ helper T cells derived from allogeneic UCBCs 
were immunologically competent. Furthermore, mice transplanted with allogeneic UCBCs accepted skin grafts from 
both B6 and BALB/c mice. However, these chimeric mice completely rejected skin grafts from third party C3H/
HeJ （H-2k） mice, indicating the presence of functional CD8+ killer T cells as well as CD4+ helper T cells. In terms 
of potential clinical application, our results indicate that allogeneic UCBC transplantation can enable recovery of the 
normal immune system in recipients. 
 Hirosaki Med．J.　61：35―45，2010
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原　著

マウス同種異系臍帯血移植による免疫系の再構築

佐　藤　英　明1）　　佐　藤　　　雅2）　　千　葉　真希枝2）

伊　藤　京　子1）　　伊　藤　巧　一1, 3）

抄録　本研究では，組織適合性抗原（MHC）不適合の臍帯血移植により構築される免疫系細胞の成熟とその機能を検証し
た．致死線量照射 RAG2 欠損 BALB/c マウスに，GFP 遺伝子導入 C57BL/6 マウス胎児の臍帯血を移植した．移植後，
レシピエントマウスの免疫系は，そのすべてがドナー由来の緑色蛍光を示すT細胞，B細胞，単球および顆粒球で構築
されていた．さらにこのキメラマウスは，TNP-KLH 免疫に対し，特異的 IgM およびIgG で応答した．この結果は，ドナー
由来B細胞の正常な抗体産生能だけでなく，Ig クラススイッチに必要なT-B相互作用の存在も裏付けている．またキメ
ラマウスは，第三者の C3H/HeJ の移植皮膚片を拒絶したことから，ドナー由来キラーT細胞とヘルパーT細胞の相互
作用を伴う正常な機能が示された．以上の結果は，MHC 不適合臍帯血移植で構築される免疫系の正常な機能的成熟性
を示唆する．
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INTRODUCTION
　 Umbilical cord blood cell （UCBC） transplan-
tation has been applied as a strategy for the 
treatment of various hematological diseases1-3）. 
UCBC transplantation has several advantages 
over bone marrow cell （BMC） transplantation, 
including the much larger size of the available 
donor pool, the rich proportion of hematopoietic 
progenitor cells4）, the low content of mature 
T cells that might cause a graft-versus-host 
reaction5,6）, and the low risk of cytomegalovirus 
transmission7）. In clinical situations, a perfect 
major histocompatibi l ity complex （MHC） 
matching cannot be expected in UCBC trans-
plantat ion, which is based essentia l ly on 
unrelated donor-recipient combinations. Although 
the low content of mature T cells allows the use 
of even MHC-mismatched UCBCs6,8）, the extent 
to which lymphocytes derived from MHC-
mismatched UCBC transplantation recover their 
immune function remains unclear because of the 
lack of convenient animal models. In humans, 
the analysis of the differentiation capacity of 
allogeneic UCBCs has been limited to clinical 
observation after transplantation in patients1-3）. 
　 To resolve this issue, we evaluated the 
functional maturation of lymphocytes derived 
from UCBC-hematopoietic stem cell （HSC） in 
a fully MHC-mismatched combination by using 
a murine model for UCBC transplantation 
developed in a previous study9）. For comparison, 
a l logeneic BMC transplantat ion was a lso 
performed. In the present study, immunological 
competence of allogeneic UCBC-derived T and 
B lymphocytes was investigated with in vivo 
antigenic stimulation. The aim of the clinical 
application of allogenic UCBC transplantation 
is to not only expand the donor pool but also 
provide rapid treatment without the need for 
MHC-matching in patients.

MATERIALS and METHODS
Animals
　 Female C57BL/6 （B6; H-2b）, BALB/c （H-2d） 
and C3H/HeJ （C3H; H-2k） mice were purchased 
from CLEA Japan Inc. , C57BL/6-TgN （act-
EGFP） OsbY01 （green fl uorescent protein ［GFP］ 
transgenic mice on a B6 （H-2b） background10） 
that were denoted as GFP.B6 in this study） and 
RAG2-knockout BALB/c mice （T cell- and B cell-
defi cient mice on a BALB/c （H-2d） background 
that were denoted as RAG2 （-/-） BALB/c in 
this study） were provided by Dr. Masaru Okabe 

（Osaka University） and Dr. Michio Shimamura 
（Mitsubishi Kagaku Institute of Life Sciences）, 
respectively. Mice were maintained in a specifi c 
pathogen-free facility at Hirosaki University. 
The experiment was approved by the Animal 
Research Committee of Hirosaki University and 
performed in accordance with the Guidelines for 
Animal Experimentation, Hirosaki University. 

Staining reagents
　 Biotinylated lineage-specif ic monoclonal 
antibodies against CD3e （T cells）, CD45R/
B220 （B cells）, CD11b （monocytes）, Ly-6G and 
Ly-6C （granulocytes）, and TER119 （erythroid 
cells） were purchased as Mouse Lineage Panel 

（BD Biosciences, CA, USA）. Phycoerythrin 
（PE）-labeled anti-CD4, PE-labeled anti-CD45R/
B220, PerCP-Cy5.5 -labeled anti-CD8, PerCP-
Cy5.5-labeled anti-IgM antibodies and PE-labeled 
streptavidin were also purchased from BD 
Biosciences. Unlabeled anti-CD4 （GK1.5）, anti-CD8 

（83-12-5）, and anti-FcγRII/III （2.4G2） antibodies 
were purifi ed from hybridoma culture supernatant 
in our laboratory. To prepare anti-asialo GM1 
antiserum, rabbits were intracutaneously injected 
with asialoganglioside GM1 isolated from bovine 
brain11） （Sigma-Aldrich Co., MO, USA）.

Preparation of UCBCs and BMCs
　 UCBCs were collected from （GFP.B6 × B6） 
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F1 fetuses at 18.5 days of gestation as described 
previously12）. BMCs were collected from the 
femur and pelvic bones of （GFP.B6 × B6） F1 
adults. Both UCBCs and BMCs were obtained 
from （GFP.B6 × B6） F1 fetuses and adults, 
because the strong fl uorescence emitted by GFP 
homozygous cells was not detected with GFP 
negative cells in the same plotting fi eld on fl ow 
cytometry. Thereafter, mature T cells in UCBC 
and BMC populations were depleted by the 
induction of complement-dependent cytotoxicity 
with anti-CD4 （GK1.5） and anti-CD8 （83-12-5） 
monoclonal antibodies13,14）. 

Transplantation
　 To deplete natural killer （NK） cells, which 
interfere with the engraftment of HSCs15）, RAG2 

（-/-） BALB/c recipients were intraperitoneally 
administered 50 μl of rabbit anti-asialo GM1 
antiserum prepared in our laboratory 1 day before 
transplantation. On the next day, the recipients 
were lethally irradiated with 8 Gy using an 
X-ray irradiator  （MBR-1505R2; Hitachi Medico 
Co., Tokyo, Japan） with a filter （Cu: 0.5 mm, 
Al: 2 mm）. Thereafter, UCBCs or BMCs were 
transplanted from a tail vein of the irradiated 
mice at high dose （1 × 106 cells）, medium dose 

（0.5 × 106 cells）, or low dose （0.1 × 106 cells）. 

Flow cytometric analysis
　 Cells were stained in and washed with ice-
cold phosphate-buffered saline （PBS） solution 
containing 0.5 % bovine serum albumin （BSA; 
Sigma-Aldrich Co., MO, USA） and 0.1 % sodium 
azide. Before staining, all the cells were treated 
with anti-FcγRII/III （2.4G2） antibody. To confi rm 
the profiles of UCBCs and BMCs used for 
transplantation, cells with or without treatment 
for T-cell depletion were stained with biotinylated 
antibodies against lineage markers, including 
CD3e （T cells）, CD45R/B220 （B cells）, CD11b 

（monocytes）, Ly-6G and Ly-6C （granulocytes）, 
and TER119 （erythroid cells）, followed by PE-

labeled streptavidin. After transplantation, the 
engrafted cells in the peripheral blood of the 
RAG2 （-/-） BALB/c recipients were also analyzed 
using the above staining reagents except for 
biotinylated anti-TER119 antibody. In addition, 
the developmental process of lymphocytes in the 
recipients was examined by staining thymocytes 
with PE-labeled anti-CD4 and PerCP-Cy5.5-labeled 
anti-CD8 antibodies and BMCs with PE-labeled 
anti-CD45R/B220 and PerCP-Cy5.5-labeled anti-
IgM antibodies. Subsequently, the stained cells 
were washed and analyzed on an EPICS XL fl ow 
cytometer using EXPO32 software （Beckman 
Coulter Inc., CA, USA）.

Immunization and enzyme-linked immunosorbent 
assay 
　 More than 16 weeks after transplantation, 
the chimeric RAG2 （-/-） BALB/c mice were 
immunized with 2 biweekly intraperitoneal 
injections of 100 μg 2,4,6-trinitrophenyl-keyhole 
l impet hemocyanin （TNP-KLH; Biosearch 
Technologies Inc. , CA, USA）, initially with 
complete Freund’s adjuvant and the second time 
without the adjuvant. These immunized mice were 
bled from the tail vein 2 weeks after the second 
immunization. Anti-TNP antibody production 
was examined by performing an enzyme-linked 
immunosorbent assay （ELISA） with TNP-BSA-
coated 96-well plates. TNP-BSA conjugates were 
also purchased from Biosearch Technologies 
Inc. Serial 2-fold dilutions of sera were added to 
the TNP-BSA-coated plates, and bound TNP-
specif ic IgM and IgG were detected using 
horseradish peroxidase （HRP）-conjugated rabbit 
anti-mouse IgM and anti-mouse IgG antibodies 

（Zymed Laboratories, CA, USA）, respectively, 
followed by the addition of O-phenylenediamine 
dihydrochloride. Optical density （OD） was 
measured at 490 nm.

Skin grafting
　 For skin grafting, dermis was harvested from 
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the tail of BALB/c, B6 and C3H mice and placed 
on the shaved back of the chimeric RAG2 （-/-） 
BALB/c mice that had survived for more than 
16 weeks after transplantation. These grafts 
were protected by immediately wrapping them 
with a bandage. After 7 days, the bandage was 
removed to allow observation. Rejection time 
was calculated as the number of days until 
complete detachment of the grafted skin.

Statistical analysis
　 Statistical diff erences were determined using 
the log rank test or Tukey’s test. Diff erences at p 
< 0.05 were considered signifi cant.

RESULTS
Profi le of UCBCs and BMCs used for transplantation
　 To deplete mature T cells, UCBCs and BMCs 
were subjected to complement-dependent cytotoxi-
city by using anti-CD4 and anti-CD8 antibodies. 
Subsequently, the treated and untreated cells 
were separately stained with biotinylated 
antibodies against lineage markers, including 
CD3e （T cells）, CD45R/B220 （B cells）, CD11b 

（monocytes）, Ly-6G and Ly-6C （granulocytes）, 
and TER119 （erythroid cells）, followed by 
PE-labeled streptavidin. The percentages of 
cells of each lineage were determined by flow 
cytometric analysis （Table 1）. Lineage-negative 
cells represented those cells that could not be 
detected with the panel of lineage antibodies. 
Values are expressed as the % mean ± standard 
deviation （SD） of 3 independent experiments. 

UCBC population did not contain mature T cells 
（before T-cell depletion, 0.9 ± 0.4; after T-cell 
depletion, 0.8 ± 0.4）. The percentage of T cells 
among BMCs decreased to a level similar to 
that among UCBCs after T-cell depletion （before 
T-cell depletion, 3.8 ± 1.7; after T-cell depletion, 
0.8 ± 0.2）. However, even after T cell depletion, 
the UCBC population contained approximately 
4 times as many lineage-negative cells as in the 
BMC population  （among UCBCs, 26.9 ± 1.3; 
among BMCs, 7.3 ± 3.0）, indicating that UCBC 
population was rich in hematopoietic progenitor 
cells. T cell-depleted UCBCs and BMCs with the 
above phenotypic profi les were transplanted into 
allogeneic recipients.  

Survival rate after transplantation
　 RAG2 （-/-） BALB/c recipients were lethally 
irradiated with 8 Gy and then given a transplant 
containing a high dose （1 × 106 cells）, medium 
dose （0.5 × 106 cells） or low dose （0.1 × 106 
cells） of UCBCs or BMCs obtained from （GFP.
B6 × B6） F1 fetuses or adults, respectively. 
There were 5 recipients in each dose group. 
All the recipients transplanted with a low dose 
of UCBCs died within 2 weeks after trans-
plantation, as did 5 control mice that had been 
irradiated but not given a transplant （Figure 
1A）. In contrast, the recipients transplanted with 
a low dose of BMCs achieved a high survival 
rate of 40 % with significant differences until 
16 weeks after transplantation （Figure 1B）. 
However, no signifi cant diff erence was observed 

Table 1　Profi le of donor cells used for transplantation
　 BMC UCBC
　 T-cell depletion

% Before After Before After
Lineage- cells 5.8 ± 2.4 7.3 ± 3.0 23.2 ± 1.3 26.9 ± 1.3
CD3e+ 3.8 ± 1.7 0.8 ± 0.2 0.9 ± 0.4 0.8 ± 0.4
CD45R/B220+ 25.4 ± 6.3 25.0 ± 10.6 10.2 ± 2.9 10.4 ± 2.7
CD11b+ 65.5 ± 3.8 67.6 ± 7.6 64.1 ± 4.8 61.4 ± 4.1
Ly-6G & Ly-6C+ 50.1 ± 3.8 47.2 ± 9.5 31.8 ± 2.1 31.9 ± 1.5
TER119+ 2.5 ± 0.5 0.4 ± 0 11.6 ± 2.3 9.7 ± 4.7
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in the survival rate between UCBC- and BMC-
transplanted recipients in the medium-dose or 
high-dose group. Essentially, the survival rate 
was proportional to the number of transplanted 
cells in both UCBC- and BMC-transplanted 
recipients. The relatively slow engraftment of 
UCBCs compared with that of BMCs has been 
suggested as a drawback of UCBC transplan-
tation. This tendency was also observed in 
this study because lower survival rates were 
achieved in recipients that had received a low 
dose of UCBCs than in those that had received a 
low dose of BMCs, as described above. However, 
the lower survival rate in UCBC-transplanted 
recipients was recovered when larger number of 
UCBCs were transplanted; this suggests that the 
difference in the recovery of the hematopoietic 
system between UCBC- and BMC-transplanted 
recipients is attributable to the number of HSCs 
in the transplanted cell population16） and not to 
the nature of HSCs. Collectively, these results 
suggest that UCBC-HSCs and BMC-HSCs are 
essentially similar with respect to their capacity 
for self-renewal and their ability to diff erentiate 
into cells of all hematopoietic lineages, even in an 
allogeneic environment. 

Reconstitution of the hematopoietic system
　 RAG2 （-/-） BALB/c mice that had been 
irradiated with 8 Gy and received a medium 
dose （0.5 × 106） of UCBCs or BMCs derived 
from （GFP.B6 × B6） F1 mice were analyzed 16 
weeks after transplantation （Figure 2）. Engrafted 
cells were detected in the peripheral blood of the 
recipient mice on flow cytometric analysis that 
was performed using the biotinylated lineage-
specif ic antibodies, followed by PE-labeled 
streptavidin. The analysis revealed that the 
transplanted UCBCs and BMCs had developed 
into T cells, B cells, monocytes, and granulocytes 
in allogeneic recipients. Each cell lineage consisted 
of more than 95 % GFP-positive cells, indicating 
that these phenotypically mature cells developed 
from donor-derived HSCs. Similar results were 
obtained for recipients that received other doses 
of UCBCs or BMCs （data not shown）.

Development of T cells in the thymus and B cells in 
the bone marrow
　 The development of T and B cells in lymphoid 
organs was also examined. The thymus and 
bone marrow were harvested from the chimeric 

Figure 1　Eff ect of cell dose on survival after transplantation.  Survival curves for the recipients receiving UCBCs （A） or 
BMCs （B） of high dose （1.0 × 106 cells, n=5）, medium dose （0.5 × 106 cells, n=5）, and low dose （0.1 × 106 cells, 
n=5） up to 16 weeks after transplantation. The negative control group was comprised of 9 X-ray-irradiated RAG2

（-/-）BALB/c mice without any transplantation. Statistical diff erences were determined using the log rank test. 
Survival rate of the low dose UCBC group signifi cantly diff ered from that of the low dose BMC group （p < 0.05）.
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RAG2 （-/-） BALB/c mice that survived for more 
than 16 weeks after transplantation of allogeneic 
UCBCs or BMCs （Figure 3）. Double staining 
with anti-CD4 and anti-CD8 antibodies revealed 

that GFP-positive thymocytes in the recipient 
mice consisted of all the 4 populations, namely 
double negative, double positive, CD4 and CD8 
single-positive populations, observed in normal 

Figure 2　Reconstitution of the hematopoietic system in allogenic recipients by transplantation of donor cells.  At 16 
weeks after transplantation, peripheral blood cells of the RAG2（-/-）BALB/c recipients were analyzed using fl ow 
cytometry with biotinylated antibodies against CD3e （T cells）, CD45R/B220 （B cells）, CD11b （monocytes）, and 
Ly-6G and Ly-6C （granulocytes）, followed by the addition of streptavidin-PE. Representative data of UCBC-
transplanted （upper 4 panels） or BMC-transplanted recipients （lower 4 panels） shows that reconstituted-T cells, 
B cells, monocytes, and granulocytes were GFP positive cells of donor origin. 

Figure 3　Development of T cells and B cells in lymphoid organs.   Both the thymus and bone marrow were harvested from 
the recipients of transplanted UCBCs and BMCs at 16 weeks after transplantation and stained with PE-labeled anti-
CD4 and PerCP-Cy5.5-labeled anti-CD8 antibodies against T lineage cells, and with PE-labeled anti-CD45R/B220 and 
PerCP-Cy5.5-labeled anti-IgM antibodies against B lineage cells. The development of T cells in the thymus （upper 3 
panels） and B cells in the bone marrow （lower 3 panels） in a representative recipient of transplanted UCBCs and 
BMCs was similar to that in a normal B6 mouse.
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B6 mice. This confi rmed the normal intrathymic 
development of T lineage cells derived from 
UCBC-HSCs and BMC-HSCs of the donors 

（Figure 3, upper 3 panels）. In addition, 2 distinct 
populations of B lineage cells17）, pro/pre B cells 

（CD45R/B220+IgM-） and newly matured B 
cells （CD45R/B220+IgM+）, were detected using 
flow cytometry. This finding indicated that the 
normal development of UCBC- and BMC-derived 
B lineage cells occurred in the bone marrow 
of the recipients. （Figure 3, lower 3 panels）. 
Similar results were observed in other recipients 

（data not shown）. These results suggest that 
lymphocytes derived from UCBC-HSCs as well 
as those derived from BMC-HSCs can undergo 
normal maturation in the lymphoid organs, 
even after transplantation between fully MHC-
mismatched individuals. Next, functional analysis 
of the lymphocytes that had developed in the 
chimeric mice was performed. 

Function of UCBC-derived B cells 
　 The most important aspect of this study was 
to determine whether allogeneic UCBC-derived 
lymphocytes attain functional maturity. First, 
the functional maturity of allogeneic UCBC- 
or BMC-derived B cells in RAG2 （-/-） BALB/
c mice was examined by the intraperitoneal 
injections of TNP-KLH, a T-dependent antigen. 
The production of antibodies against TNP was 
determined using ELISA of serum samples 
obtained 2 weeks after the last immunization. 
In the absence of contaminating host-derived 
B cells （Figure 2）, both IgM and IgG antibody 
responses to TNP were successfully induced in 
both UCBC and BMC chimeric mice （Figure 4）. 
Needless to say, the production of TNP-specifi c 
antibody was not induced in the nonchimeric 
RAG2 （-/-） BALB/c mice. These results indicate 
that in recipient mice, the reconstituted B cells 
derived from allogeneic donor HSCs are capable 
of inducing antibody responses to T-dependent 
antigens such as TNP-KLH. Further, Ig class 

Figure 4　B cell function in UCBC-transplanted recipients.  Over 16 weeks after allogeneic UCBC or BMC transplantation, the 
chimeric RAG2（-/-）BALB/c mice were immunized with TNP-KLH twice. Two weeks after the last immunization, 
TNP-specifi c IgM （A） and IgG （B） antibody titers in serial 2-fold dilutions of serum samples were determined using 
ELISA. The mean OD values at 490 nm obtained for 7 mice in each group were plotted. IgM and IgG antibody 
responses to TNP were successfully induced in both UCBC and BMC chimeric mice. These results that indicate the 
ability of recipients to induce antibody responses to T-dependent antigen such as TNP-KLH and undergo Ig class 
switching confi rmed that both B cells and helper T cells derived from allogeneic UCBCs were immunologically 
competent. Both of the chimeric mice showed higher titers of TNP-specifi c IgM and inversely lower titers of TNP-
specifi c IgG than those observed in normal BALB/c mice, indicating that Ig class switching from IgM to IgG was 
delayed in both of the chimeric mice. 
†p < 0.05, ‡p < 0.01 by Tukey’s test; normal BALB/c mice versus UCBC chimeric mice.
*p < 0.05, **p < 0.01 by Tukey’s test; normal BALB/c mice versus BMC chimeric mice.
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switching from IgM to IgG confi rmed that both 
helper T cells and B cells derived from allogeneic 
UCBCs were immunologically competent. For 
antibody production, several events should 
be accomplished during the T-B interaction18）, 
including antigen-presentation by activated B 
cells and recognition of the presented antigen by 
T cells, and the consequent induction of CD40/
CD40L interaction and cytokine production. 
However, we found that TNP-specifi c IgM titers 
were signifi cantly higher and TNP-specifi c IgG 
titers were signifi cantly lower in the UCBC and 
BMC chiemeric mice than in normal BALB/c 
mice in serial 2-fold dilutions of serum samples, 
indicating that Ig class switching from IgM to 
IgG in response to TNP was delayed in these 
chimeric mice when compared to that in normal 
BALB/c mice. 

Function of UCBC-derived T cells 
　 To investigate the functional competence of 
allogeneic UCBC- or BMC-derived T cells, the 
chimeric RAG2 （-/-） BALB/c mice were grafted 

the skin from BALB/c, B6, and C3H mice. Both 
of the chimeric mice accepted the skin graft from 
BALB/c and B6 as autoantigens, but rejected to 
that from C3H mice as a third-party alloantigen 
in the absence of contaminating host-derived T 
cells. This fi nding indicates the presence of donor-
derived functional CD8+ killer T cells and CD4+ 
helper T cells that activated killer T cells via 
interleukin-2 secretion and the ability of both 
T cells to differentiate between self and nonself 
antigens （Figure 5A）. In both of the chimeric 
RAG2 （-/-） BALB/c mice, the T cell function was 
restricted by MHCs from both BALB/c and B6 
mice. In addition, the rejection time for skin grafts 
from C3H mice was compared among 6 UCBC, 
5 BMC chimeric mice and 7 normal BALB/c 
mice （Figure 5B）. Although both of the chimeric 
mice completely rejected the allogeneic C3H skin 
graft, their rejection time was signifi cantly longer 
than that of normal BALB/c mice. No signifi cant 
differences were observed between UCBC and 
BMC chimeric mice with regard to the rejection 
time for C3H skin grafts. 

Figure 5　T cell function in UCBC-transplanted recipients.  Over 16 weeks after allogenic UCBC or BMC transplantation, a 
piece of skin harvested from the tail of BALB/c and B6 or C3H mice was simultaneously grafted on the shaved 
back of the chimeric RAG2（-/-）BALB/c mice. （A） Representative photographs showed that the skin graft from 
C3H mice was rejected as a third-party alloantigen on day 11; however, the skin graft from BALB/c and B6 
mice was accepted as an autoantigen on day 60 by UCBC and BMC chimeric mice. This indicates that T cells 
reconstituted from allogeneic UCBCs were functionally competent. （B） The time taken for the rejection of the 
C3H skin graft was compared among 6 UCBC chimeric, 5 BMC chimeric mice, and 7 normal BALB/c mice. 
Although both of the chimeric mice completely rejected the skin graft from C3H mice, the time taken for the 
rejection of the skin graft was signifi cantly longer than that taken by normal BALB/c mice. The time taken for 
the rejection of the C3H skin graft did not signifi cantly diff er between UCBC and BMC chimeric mice.
*p < 0.05, **p < 0.01 by log rank test; normal BALB/c mice versus UCBC or BMC chimeric mice.



43Functional maturity of UCBC-Derived Lymphocytes

DISCUSSION
　 In our experiment, cell lineages derived from 
HSCs were clearly identified as GFP-positive 
cells in the recipients. In addition, RAG2 （-/-） 
BALB/c mice were used as allogeneic recipients 
because the examination of whole body immune 
response of UCBC-derived T and B cells was not 
informative in the co-existence of the BALB/c 

（host type） bone marrow-derived T and B cells. 
HSCs among GFP-positive allogeneic UCBCs 
differentiated into phenotypically mature T 
cells, B cells, monocytes, and granulocytes in 
RAG2 （-/-） BALB/c mice. In addition, normal 
development of the GFP-positive T and B 
lineages was observed in the thymus and bone 
marrow, respectively. Furthermore, in RAG2 （-/-） 
BALB/c mice, the reconstituted B cells derived 
from UCBCs of B6 mice mounted specif ic 
antibody responses to T-dependent antigen 
and exhibited Ig class switching in the absence 
of host-derived T and B cells. This finding 
confirmed that both B cells and helper T cells 
derived from UCBCs were as immunologically 
competent as those derived from BMCs. T and 
B cell interaction is essential for these events. 
Further, rejection of the allogeneic skin graft 
by both of the chimeric mice indicates the 
functional maturity of both CD8+ killer and CD4+ 
helper T cells derived from UCBC-HSCs and 
BMC-HSCs.
　 In an allogeneic environment, low-dose UCBC 
transplantation could not rescue the X-ray-
irradiated recipients. However, transplantation 
with medium or high dose of UCBCs achieved 
a high survival rate comparable to that with 
BMCs. This observation possibly corresponds 
to that of previous studies suggesting the 
different numbers of potent HSCs in UCBCs 

（1 cell per 4 × 104 UCBCs）9） and in BMCs （1 
cell per 2.5 × 104 BMCs）12） that contribute to 
long-term engraftment. In addition, allogeneic 
UCBC transplantation showed survival rates 

comparable to syngeneic UCBC transplantation 
［（GFP.B6 × B6） F1 > RAG2 （-/-） B6］ at 3 
different doses （data not shown）. Collectively, 
our results indicate that UCBC-HSCs have 
potential to reconstitute the hematopoietic 
system equal to BMC-HSCs even in an allogeneic 
environment. 
　 Although our results indicate that T and 
B cells derived from allogeneic UCBCs are 
immunologically competent, the responsiveness 
of reconstituted lymphocytes in both of the 
chimeric mice was signifi cantly lower than that 
in normal mice, as indicated by a delayed Ig 
class switching in B cells （Figure 4） and T cell-
induced skin graft rejection （Figure 5B）. Chen 
et al.19） have reported delayed hematopoietic 
engraftment and impaired immune reconstitution 
in normal BALB/c mice that received allogeneic 
UCBCs harvested from B6 fetuses. This fi nding 
is possibly attributable to decreased numbers 
of reconstituted peripheral T, B, and splenic 
dendritic cells. However, we detected no decrease 
in the number of reconstituted immune cells in 
UCBC-transplanted recipients, which indicates 
the presence of other defects in the immune 
system （data not shown）. Talvensaari et al.20） 
suggested that UCBC transplantation leads to a 
broad T-cell repertoire diversity and a favorable 
long term immune reconstitution in patients. At 
present, we are examining the detailed functions 
of reconstituted T and B cells in UCBC- and 
BMC-transplanted recipients by using an in vitro 
assay.  
　 Because the quantity of individual cord 
blood samples is limited, the use of pooled cord 
blood might be required in clinical practice. 
In mixed UCBC transplantation21, 22）, MHC 
restriction can be more complex. As shown in 
Figure 5A, the chimeric RAG2 （-/-） BALB/
c mice reconstituted with UCBCs harvested 
from B6 mice accepted skin grafts from B6 and 
BALB/c mice. In these recipients, the repertoire 
of T and B cell receptors were composed by 
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antigen-presenting cells from both BALB/
c and B6 mice. Thus, in such cases, a clear 
understanding of the mechanisms underlying 
MHC restriction is necessary. Problems related 
to MHC incompatibility can be solved only by in 
vivo experiments. We expect that murine UCBC 
transplantation will facilitate the exploration of 
these issues in future studies. 
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