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ORIGINAL ARTICLE
IN VIVO FUNCTIONAL ADAPTIVE IMMUNE RESPONSES IN MICE
SUBJECTED TO ALLOGENEIC UMBILICAL CORD BLOOD CELL
TRANSPLANTATION

Hiroshi Maeda", Hideaki Sato""?, Mika Araya®, Kyoko Ito"”, Ken-ichiro Terui”,
Eiki Tsushima”, Manabu Nakano" and Koichi Ito"

Abstract Using a murine model, we investigated whether allogeneic umbilical cord blood cell (UCBC)
transplantation facilitates immune reconstitution with functional maturity in comparison with bone marrow cell
(BMC) transplantation. UCBCs and BMCs prepared from green fluorescent protein (GFP)-transgenic C57BL/6 (H-
2") mice were transferred into BALB/c (H-2") mice that had been subjected to lethal total body X-ray irradiation.
Although UCBC-transplanted mice showed poorer survival than BMC-transplanted mice for the same number of
transplanted cells, increasing the number of transplanted UCBCs improved survival with an increase of donor-
derived GFP* cell engraftment. Flow cytometric analysis revealed development of GFP* immune cells of donor
origin, including T cells, B cells, monocytes, and granulocytes, in the peripheral blood of both sets of recipient mice.
Furthermore, the functional maturity of T and B cells involved in adaptive immunity following allogeneic UCBC-
and BMC-transplantation was assessed in T- and B-deficient RAG2” BALB/c mice. Both sets of recipients showed
complete rejection of third-party C3H (H-2%) skin grafts and antibody responses to the T cell-dependent antigen,
24,6-trinitrophenyl-keyhole limpet hemocyanin, with immunoglobulin class switching. These results suggest that
UCBCs have essentially the same ability as BMCs to reconstitute a functional adaptive immune system, even in an

allogeneic environment.
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Introduction

For hematopoietic stem cell (HSC) trans-
plantation with both self-renewal capacity
and multipotentiality for treatment of various
hematological diseases, bone marrow cell (BMC)
transplantation has been mainly employed.
Since human cord blood is known to contain
HSCs with the same abilities as bone marrow,
an increasing number of clinical trials have
demonstrated the usefulness of cord blood as a

source of HSCs for treatment of hematopoiesis-
abnormalities’™. Umbilical cord blood cell
(UCBC) transplantation has several advantages
over BMC transplantation, including a much
larger available donor pool, a rich proportion of
hematopoietic progenitor cells”, a low risk of
cytomegalovirus infection”, and a low content
of mature T cells that would cause graft-versus-
host disease (GVHD)®”.

In clinical situations, perfect human leukocyte
antigen (HLA) matching cannot be expected in
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UCBC transplantation, which is based essentially
on non-related donor-recipient combinations.
Although the lower content of mature T cells
allows the use of even HLA-mismatched UCBC"
8 it is questionable whether HLA-mismatched
UCBC transplantation can achieve complete
recovery of immune function in such clinical
cases. So far, analyses of the hematopoietic
system after UCBC transplantation have been
limited to postoperative clinical observations”

29 1010 and xenogeneic in vivo

, invitro studies
experiments'® 9 To obtain more substantive
information on the adaptive immune functions
of allogeneic UCBC-derived T and B cells in
the whole body, verification using an animal
experimental system is mandatory. Such studies
are essential for ensuring the safety and efficacy
of allogeneic UCBC transplantation.

Recently, our group have established a murine
UCBC transplantation system utilizing green
fluorescent protein (GFP)-transgenic UCBC and
demonstrated the development of functional T
and B cells in vitro and in vivo after syngeneic
UCBC transplantation'™ "
issue of allogeneic transplantation, fully major

', To resolve the

histocompatibility complex (MHC)-mismatched
UCBC transplantation was performed using the
same murine model system. In order to reflect the
hematopoietic performance of HSCs in recipients,
T-cell depleted UCBCs and BMCs were used as a
transplant source, and additionally natural killer
(NK) cells that cause host-versus-graft disease
in the recipient were depleted before allogeneic
transplantation. UCBCs differentiated into GFP"
blood cells of all lineages, such as T cells, B cells,
monocytes, and granulocytes, even in allogenic
recipients. In comparison with BMC-HSCs, slow/
low engraftment of UCBC-HSCs was noteworthy,
particularly in allogeneic recipients relative to
syngeneic recipients. The newly developed
allogeneic GFP" T and B cells showed functional
maturity as evidenced by third-party skin graft
rejection and antibody production, respectively,

in T cell- and B cell-deficient RAG2-knockout
BALB/c recipient mice, indicating reconstitution
of a functional hematopoietic system by alloge-
neic UCBC transplantation.

Materials and Methods

Animals

Eight-week-old female C57BL6 (B6; H-2"),
BALB/c (H-29), and C3H/HeN (C3H; H-2") mice
were purchased from CLEA Japan Inc. (Tokyo).
B6-TgN (act-EGFP) OsbYO0l (green fluorescent
protein transgenic mice on a B6 background,
H-2" referred to as GFP"'B6 in this study)'?
and RAG2-knockout BALB/c (T cell- and B
cell-deficient mice on a BALB/c background,
H-2% referred to as RAG27 BALB/c in this
study) were kindly provided by Dr. Masaru
Okabe (Osaka University) and Dr. Nobukata
Shinohara (Kitasato University), respectively.
Mice were maintained in a specific pathogen-free
facility at Hirosaki University. The experimental
procedure was approved by the Animal Research
Committee of Hirosaki University and all animal
experiments were conducted in accordance with
the Committee guidelines.

Culture medium

High-glucose Dulbecco’s Modified Eagle
Medium (DMEM) (Sigma-Aldrich) supplemented
with 5% heat-inactivated fetal bovine serum, 200
mM non-essential amino acids, 10 mM HEPES
buffer (pH 7.2), penicillin/streptomycin (100
units/ml), and 2 mM extra L-glutamine was used
for preparation of UCBCs and BMCs. Assays of
cellular response were performed in RPMI1640
(Sigma-Aldrich) containing 10% heat-inactivated
fetal bovine serum, 10 mM HEPES buffer (pH
7.2), penicillin/streptomycin (100 units/ml), 2 mM
extra L-glutamine and 50 UM 2-mercaptoethanol.

Preparation of UCBCs and BMCs
UCBCs were collected from (GFP**B6
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male x B6 female) F1 fetuses, as described
previouslym. Briefly, at 185 days after overnight
mating, uteri were removed from pregnant
females immediately following sacrifice, and
fetuses with the umbilical cord and placenta
were prepared in ice-cold phosphate-buffered
saline (PBS). The umbilical cord connected to
the fetus and placenta was then cut in warmed
complete DMEM containing 100 IU/ml heparin
at 37 °C, and blood was allowed to flow out
completely from the fetus. BMCs were obtained
from the femurs and pelvic bones of (GFP""B6
male X B6 female) F1 adults. Red blood cells
(RBCs) present in UCBCs and BMCs were
removed with RBC lysis buffer (0.85% NH,CI,
pH 7.2). Then, mature T cells present in the
UCBCs and BMCs were depleted by induction
of complement-dependent cytotoxicity with anti-
CD4 (GK1.5) and anti-CD8 (83-12-5) monoclonal
antibodies in complete DMEM as described
previously'”. These anti-CD4 and -CD8 an-
tibodies were purified from the cell culture
supernatant of hybridoma cells GK1.5 and 83-12-
5, respectively, in our laboratory.

Transplantation

To deplete NK cells in allogeneic recipients,
both normal BALB/c and RAG2" BALB/c
recipients were intraperitoneally administered
an anti-asialo GM1 antiserum obtained by
inoculation of asialo GM1 (Sigma-Aldrich)
into a JW rabbit (Oriental Yeast) one day
before transplantation. On the following day,
the recipients were subjected to lethal total-
body irradiation using an MBR-1505R2 X-ray
irradiator (Hitachi Medico Co.) with a filter
(Cu: 05 mm, Al: 2 mm), followed immediately
by transplantation of the prepared T-cell-
depleted B6 GFP'UCBCs (1.0 x 10° or 25 X
10° / recipient) or B6 GFP'BMCs (1.0 x 10°
/ recipient) via a tail vein. Normal B6 mice
untreated with the anti-asialo GM1 serum also
received transplants using the same protocol as

syngeneic recipients.

Colony assay

Five independent samples of UCBCs and BMCs
before T-cell depletion were plated separately at
2 x 10"/dish in 1 mL of methylcellulose-based
medium containing recombinant human (rh)
insulin (10 pg/mL), rh transferrin (200 pg/mL),
rh IL-6 (10 ng/mL), rh erythropoietin (EPO) (3
U/mL), recombinant mouse (rm) stem cell factor
(SCF) (50 ng/mL), and rm IL-3 (10 ng/mL) as
growth factors (StemCell Technologies; #03434)
in 35-mm culture dishes and cultured at 37 °C in
a 5% CO, atmosphere. On day 12, the numbers
of hematopoietic colonies were identified as the
numbers of colony-forming units (CFUs) by

counting under a microscope.

Flow cytometric analysis

Cells were stained in, and washed with, ice-
cold PBS solution containing 0.25% bovine
serum albumin and 0.05% sodium azide. Before
staining, all cells were blocked with anti-
murine FcyRII/III antibody prepared from
2.4G2 hybridomas. For staining, biotinylated
lineage-specific antibodies (anti-CD3e for T
cells, anti-CD45/B220 for B cells, anti-CD11b
for monocytes, anti-Ly-6G and Ly-6C for granu-
locytes, and anti-TER119 for erythrocytes)
followed by PE-labeled streptavidin were
purchased from BD Biosciences. After washing,
the stained cells were analyzed on a Cytomics
FC500 flow cytometer using the CXP software
package ver.2 (Beckman Coulter).

Skin grafting

Dermis for skin grafting was harvested from
the tails of anesthetized BALB/c, B6 and C3H
mice and placed on the shaved backs of RAG2™""
BALB/c recipients that had survived for 16
weeks after UCBC or BMC transplantation. The
grafts were protected immediately by wrapping
them with a bandage. After 7 days, the bandage



Immune Reconstitution By Allo-UCBC Transplantation 165

was removed carefully to allow observation.
Rejection time was determined as the day on
which the grafted skin became completely
detached.

Cytotoxic T lymphocyte (CTL) assay

Splenocytes were obtained from UCBC- or
BMC-transplanted RAG2" BALB/c recipients
after C3H skin graft rejection. The cells (3
X 10°) were stimulated with mitomycin-C-
treated C3H splenocytes (2 X 10°) in 2 ml of
complete RPMI1640 per well of 24-well culture
plates at 37 °C in a 5% CO, atmosphere. On
day 6, the effector cells were cultured with 3
X 10° *'Cr-labeled concanavalin A-blasted C3H
splenocytes as target cells in 200 pl of complete
RPMI1640 per well of 96-well round-bottomed
plates for 4 h at 37 °C in a 5% CO, atmosphere.
The supernatant was then harvested, and the
radioactivity was measured using a gamma
counter (Aloka, ARC-380). Specific lysis was
calculated as: percentage specific lysis = 100 X
[(experimental release - spontaneous release)
/ (maximum release - spontaneous release)].
Spontaneous release or maximum release was
defined as the mean count per minute (cpm)
released from 3 x 10° labeled cells incubated
in medium alone or in medium containing 1%
Nonidet-P40, respectively.

Immunization and antibody detection

At 16 weeks after UCBC and BMC trans-
plantation, the RAG2"BALB/c recipients were
immunized with 2 biweekly intraperitoneal in-
jections of 100 pg of 24.6-trinitrophenyl-keyhole
limpet hemocyanin (TNP-KLH), initially with
complete Freund’'s adjuvant and the second
time without the adjuvant. The immunized
mice were bled from the tail vein 2 weeks after
the second immunization. Anti-TNP antibody
production was measured by an enzyme-linked
immunosorbent assay (ELISA) on TNP-bovine
serum albumin (BSA)-coated 96-well plates.

Both TNP-KLH and TNP-BSA conjugates were
purchased from Biosearch Technilogies. Two-
fold serial serum dilutions were added to TNP-
BSA-coated plates, and bound TNP-specific
immunoglobulins (Igs) were detected using
horseradish peroxidase (HRP)-conjugated rabbit
anti-mouse IgM, I1gGl, IgG2a, 1gG2b, and IgG3
antibodies (Invitrogen), followed by addition of
O-phenylenediamine dihydrochloride. The color
development was stopped by adding 1N H,SO,
solution, and the level of antibody production in
sera was expressed in terms of optical density
(OD) units at 490 nm.

Results
Characterization of UCBCs and BMCs as a hema-

topoietic stem cell source

Phenotypic analysis of UCBC and BMC before
and after T-cell depletion was performed by
cell staining with biotinylated antibodies against
CD3e (T cells), CD45R/B220 (B cells), CD11b
(monocytes), Ly-6G and Ly-6C (granulocytes),
and TER119 (erythrocytes), followed by PE-
labeled streptavidin. The percentages of cells
of each lineage were determined by flow
cytometry (Table 1). Essentially, UCBCs did not
include mature T cells (before T-cell depletion:
06 = 0.1%:; after T-cell depletion: 0.5 = 0.2%).
The percentage of T cells among BMCs de-
creased to a level similar that of UCBCs after
T-cell depletion (before T-cell depletion: 3.4
+ 0.2%; after T-cell depletion: 0.5 = 0.0%). In
addition, relative to BMCs, UCBCs contained
approximately 6 times as many lineage-negative
cells after T-cell depletion with a mixture of
lineage antibodies (UCBCs: 32.8 + 4.6%; BMCs:
58 = 0.1%). In spite of the presence of many
immature cells among UCBCs, colony assay
demonstrated a significantly lower number
of CFUs among UCBCs relative to BMCs,
indicating a low frequency of hematopoietic
stem and progenitor cells (HSPCs) in the UCBC
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Table 1 Phenotypic profile of UCBCs and BMCs used for transplantation

UCBC BMC
T-cell depletion
Before After Before After
Lineage cells 249 £32 % 328 46 % 62 04 % 58 £ 0.1 %
T cells 06 = 0.1 05 = 0.2 34 =02 05 =00
B cells 6.1 £ 16 81 =09 239 = 04 220 = 1.6
Macrophages 29.8 = 49 275 + 1.8 16.2 = 3.5 145 = 1.3
Granulocytes 389 = 35 326 = 47 50.7 = 3.2 58.1 = 0.7
Erythlocytes 70 = 07 4.8 = 0.9 04 =01 02 =00
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Figure 1

Methylcellulose colony assay. To identify the number of CFUs in 2 x 10" UCBCs and BMCs

before T-cell depletion, colony assay was performed in methylcellulose-based medium containing
human or mouse recombinant growth factors (insulin, transferrin, SCF, IL-3, IL-6, and EPO).
The number of CFUs in UCBCs and BMCs were identified as the number of resulting colonies.
Bar graphs show mean number of CFUs *= SD in each of five independent samples of UCBCs
and BMCs. **p <0.01 by Student’s t test; UCBCs versus BMCs.

population (Figure 1).

Survival rate after UCBC and BMC transplantation

Recipients were lethally irradiated and
then subjected to transplantation with T-cell-
depleted UCBCs or BMCs obtained from GEFP
transgenic B6 mice. As a control, mice that
had been irradiated but not given a transplant
were prepared. In syngeneic transplantation
(UCBCs or BMCs from GFP.B6 > B6), although
the survival rate for UCBC transplantation was
slightly lower than that for BMC transplantation,
both sets of recipients maintained a high sur-
vival rate up to 16 weeks after transplantation
(80% for UCBCs; n=10, 100% for BMCs; n=10)
(Figure 2, left). In allogeneic transplantation

(UCBCs or BMCs from GFP.B6 > BALB/c),
survival was greatly reduced in the UCBC
recipients relative to the BMC recipients for the
same number of transplanted cells (1 X 10°)
(13.3% for UCBCs; n=15, 86.7% for BMCs; n=15);
however, increasing the number of transplanted
UCBCs (25 x 10°) improved survival to a level
comparable to that of the BMC-transplanted
mice (77.8%; n=9) (Figure 2, right). This
suggested that the difference in hematopoietic
system recovery was attributable to the number
of HSCs in the transplanted cell population.
Notably, BMCs showed a high survival rate in
both syngeneic and allogeneic transplants.

Engraftment of donor HSC-derived GFP” cells
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Figure 2 Survival rate after transplantation. Recipients (B6 and BALB/c) were lethally irradiated and
then received a transplant of UCBCs or BMCs, which had been depleted of mature T cells,
obtained from GFP-transgenic B6 donors. The survival curves for recipients of (a) syngeneic
(UCBCs or BMCs from GFP. B6 > B6) and (b) allogeneic (UCBCs or BMCs from GFP. B6 >
BALB/c) transplants were plotted for up to 120 days after transplantation.

*p <0.01 by log-rank test; UCBC (1.0 x 10°) versus BMC (1.0 x 10°).
*p <001 by log-rank test; UCBC (1.0 x 10°) versus UCBC (25 x 10°).

The development of GFP" donor cells was
evaluated by flow cytometry every 4 weeks in
the peripheral blood of recipients that survived
for up to 16 weeks after transplantation (Table
2). The non-GFP" cell population represents
that derived from the host. In syngeneic
UCBC and BMC transplantation that showed
a higher survival rate in Figure 2 (left),
engraftment of GFP' cells was saturated at
12 weeks after transplantation. At 16 weeks
after transplantation, UCBCs showed a similar
high GFP" cell engraftment in the recipients in
comparison with BMCs (UCBCs, 79.3 = 11.1%:
BMCs, 91.8 += 3.1%). In allogeneic transplanta-
tion, as well as syngeneic transplantation, BMCs
achieved high levels of GFP" cell engraftment
in the peripheral blood of all recipients by 4
weeks (79.0 = 10.6%) after transplantation,
and were maintained for up to 16 weeks (87.8
+ 7.9%), indicating that the survival of the
recipients in Figure 2 (right) was dependent
on the development of donor-derived GFP*

cells. At the same number of transplanted

cells (1 x 10°, UCBCs were unable to induce
GFP" cell engraftment for up to 16 weeks after
transplantation in all two surviving recipients.
However, an increase in the number of trans-
planted UCBCs (2.5 % 10° resulted in GFP*
cell engraftment in 4 (#1, #2, #3, and #6) of 7
recipients, with an associated increase in survival
rate. The percentage GFP' cell engraftment
in the four recipients was 78.0 = 15.3% at 16
weeks after transplantation. These results
suggested that the low engraftment of donor
cells in allogeneic UCBC transplantation was
improved to a degree by increasing the number
of transplanted cells.

Reconstitution of immune cells

Reconstitution of immune cells in the GFP”
cell population at 16 weeks after transplantation
was detected by flow cytometry with lineage-
specific antibodies (Figure 3). Recipients
with no GFP" cell engraftment were excluded
from the study. Although the total numbers
of reconstituted immune cells were relatively
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Table 2 Engraftment of donor HSC-derived GFP" cells in peripheral blood of recipients

% GFP" cell
weeks after transplantation

Recipient no. 4 8 12 16
) NT 57.0 674 72.8
#2 NT 86.6 88.4 89.6
#3 NT 876 82.7 84.0
Syn UCBC Tx #4 NT 81.4 84.1 81.6
(1.0 x 10° cells) #5 NT 66.1 65.5 62.4
#6 NT 82.7 885 88.6
#9 NT 86.9 86.8 89.9
R NT 584 585 653
mean + SD NT 758 + 131 777 = 121 793 = 11.1
#1 795 870 879 85.8
#2 497 88.3 92.0 936
#3 870 917 93.8 94.2
#4 86.6 91.3 92.7 937
Syn BMC Tx #5 87.2 89.2 93.8 94.8
(10 x 10° cells) #6 73.8 794 934 934
#7 804 90.1 90.9 93.0
#8 674 82.6 89.4 91.2
#9 79.3 85.0 90.6 90.8
om0 66 886 893 872
mean + SD 767 + 114 873 =39 9l4 + 21 918 + 31
Allo UCBC Tx M 00 00 01
(L0 X 10° cells)  vomvrmmmmmemsss T 0 o T e
mean + SD NT 0.0 = 0.0 0.0 = 0.0 0.0 = 0.0
#1 585 716 761 55.3
#2 16 18.3 76.4 82.2
#3 67.2 80.3 85.0 874
élg’ Ecllgf?cgﬁ‘s) #5 NT 0.0 0.1 0.0
: #6 791 86.5 876 86.9
#8 64.8 0.1 0.0 0.0
,,,,,,,,,,,,,,,,,, #9820 0L 00 00
mean + SD 589 + 204 367 + 408 465 + 436 445 + 430
#1 795 92.9 82.3 92.0
#2 497 761 877 68.2
#4 86.6 86.1 93.8 85.2
#5 87.2 88.2 873 914
#6 738 90.3 91.3 92.4
#7 80.4 89.0 91.2 936
(figOXB%%CTeﬁS) #8 674 90.1 92.1 92.6
#10 76.6 90.5 88.4 92.1
#11 86.0 85.5 92.2 82.1
#12 85.1 84.9 91.8 776
#13 84.8 89.4 92.1 86.3
#14 84.8 89.0 92.3 93.2
#15 847 90.2 93.9 95.2

mean = SD 79.0 = 10.6 879 = 4.2 90.5 = 3.3 878 = 79

lower for UCBCs relative to BMCs in both individuals receiving any type of transplant,
syngeneic and allogeneic transplantation, the suggesting that UCBC-HSCs and BMC-HSCs
transplanted UCBCs and BMCs developed into have the potential to differentiate into all types
T cells, B cells, monocytes, and granulocytes of major immune cells, even in an allogeneic

with similarly reconstituted proportions in environment.



Immune Reconstitution By Allo-UCBC Transplantation 169

Syn UCBC Syn BMC Allo UCBC Allo BMC
1.0 x 108 1.0 x 108 2.5 x 108 1.0 x 108
30000
[ Granulocyte
25000 Macrophage
— (1B cell
= M Tcell
= 20000 ce
©
8 15000
(T
o
$ 10000 -
IS
>
Z 5000 -
0 u

Recipient no.

Figure 3 Immune reconstitution. Peripheral blood cells of recipients at 16 weeks after transplantation were
analyzed by flow cytometry using biotin-labeled antibodies against lineage markers (CD3e for T cells,
CD45R/B220 for B cells, CD11b for monocytes, Ly-6G and Ly-6C for granulocytes), followed by addition
of streptavidin-PE. In addition, nucleated cells in peripheral blood were stained with Turk solution and
counted under a microscope. The proportions of each lineage among the GFP" cells were calculated on

the basis of cell counting.

Development of T and B cells in RAG2BALB/c
recipients after allogeneic transplantation

To evaluate the functional maturity of newly
developed T and B cells responsible for adaptive
immunity induced by allogeneic transplantation,
B6 GFP'UCBC- or GFP'BMC-transplanted
RAG2/ BALB/c recipients were prepared for
study. At 16 weeks after transplantation, GFP"
T and B cells were observed in the peripheral
blood of both sets of recipients (Figure 4).
These T- and B-developed RAG2" BALB/c
chimeric recipients were used for the functional
studies described below.

Function of allogeneic UCBC-derived adaptive
immunity

To examine the functional maturity of
allogeneic UCBC- or BMC-derived adaptive
immunity, chimeric RAG2" BALB/c recipients

were engrafted with skin from BALB/c, B6,
and C3H mice. Both sets of chimeric recipients
rejected the third-party skin graft from C3H
mice (Figure 5A), whereas the skin grafts from
BALB/c and B6 mice were accepted (data
not shown) in the absence of host-derived T
cells. Although the rejection time for UCBC
chimeric recipients was slightly longer than
that for BMC chimeric recipients and normal
BALB/c mice, the UCBC recipients completely
eliminated the third-party C3H grafts within
13 days, indicating reconstitution of allogeneic
UCBC-derived functional CD8" killer T cells and
CD4" helper T cells that activated the killer T
cells via interleukin-2 (IL-2) secretion and the
ability of both types of T cells to discriminate
between self and non-self antigens in vivo.
Furthermore, using the chromium release assay,
the in vitro cytolytic activity of CD8" T-cells
against C3H-splenocytes was also examined
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Figure 4 Development of T and B cells in RAG2" BALB/c recipients after allogeneic UCBC and BMC
transplantation. At 16 weeks after transplantation, newly developed T and B cells in the recipients
were detected by flow cytometry. Peripheral blood cells were stained with biotin-labeled antibodies
against CD3e (for T cells) or CD45R/B220 (for B cells), followed by addition of streptavidin-PE.
Similar results were observed in each of other 2 chimeric recipients.
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Figure 5 Functional maturity of T cells developing after allogeneic transplantation. (A) The T-cell response to skin
grafts was examined in allogeneic UCBC (A)- or BMC ()-transplanted chimeric RAG2” BALB/c recipients.
Dermis for skin grafting was harvested from the tails of BALB/c, B6, and C3H mice, and placed on the shaved
backs of chimeric recipients that had survived for more than 16 weeks after transplantation. Both chimeric
recipients completely rejected the third-party skin graft from C3H as well as normal BALB/c mice ([]). (B)
In vitro cytolytic activity of splenic T-cells in skin-grafted UCBC (2)- and BMC ({>)-chimeras against C3H-
splenocytes was evaluated by the *Cr-release assay at the indicated E/T ratios. Normal BALB/c mice ([])

were used as a control. The results are expressed
group.

as the mean percentages of specific lysis = SD in each

*p <0.05 by Tukey’s test; UCBC versus normal BALB/c¢ mice.
*p <0.05 by Tukey's test; BMC versus normal BALB/c mice.

using splenocytes obtained from UCBC- and
BMC-chimeric and normal BALB/c mice that
had rejected C3H-skin (Figure 5B). The activity
of UCBC and BMC chimeras was significantly
lower than that of normal BALB/c mice, but

reduction of the activity did not markedly
impact on the C3H skin graft rejection time, as
shown in Figure 5A. Thus, T cells reconstituted
as a result of allogeneic UCBC transplantation
are immunologically competent in vivo for the
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Figure 6 Functional maturity of B cells developing after allogeneic transplantation. More than 16 weeks after
allogeneic UCBC or BMC transplantation, the chimeric RAG2" BALB/c recipients were immunized
intraperitoneally with TNP-KLH, and TNP-specific IgM and IgG (IgGl, IgG2a, IgG2b, and 1gG3)
antibody titers in serial 2-fold dilutions of serum samples were determined using ELISA. The values
were expressed as mean OD = SD at 490 nm in each group.

*p <0.05 by Tukey-Kramer test; UCBC versus normal BALB/c mice.

recognition and elimination of non-self antigens.

Another important function of adaptive
immunity is antibody production. Therefore,
the functional maturity of allogeneic UCBC-
and BMC-derived B cells in chimeric RAG2™""
BALB/c recipients was investigated by
intraperitoneal injection of TNP-KLH, a T-cell-
dependent antigen (Figure 6). In the absence
of host-derived B cells, specific IgM and IgG

(IgGl and IgG2b) antibody responses to TNP
were successfully induced in both chimeric
recipients and control BALB/c mice at a level
similar to the magnitude and spectrum of the
Ig classes, whereas TNP-specific antibody
responses were not detected in the non-chimeric
RAG2 " BALB/c mice used as negative controls.
These findings suggested that B cells derived
from UCBC-HSCs in allogeneic RAG2 BALB/
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¢ recipients had normal ability to produce TNP-
specific antibodies, similar to those derived from
BMC-HSCs. Furthermore, Ig class switching
from IgM to IgG strongly confirmed that
interaction between helper T cells and B cells
was complete, because Ig class switching should
be accomplished by helper T cell-mediated
activation of B cells through CD40/CD40 ligand
(CD40L) interaction'® ' and cytokines. All of
these immune functions were active in the UCBC
chimeric recipients.

Discussion

UCBCs are now widely used instead of
BMCs for treatment of hematopoietic diseases.
However, information on reconstitution of
immunological competence by allogeneic UCBC
transplantation has been limited to clinical

129 and in vitro and xenogeneic

10-13

observations
in vivo experiments ', The immune system
that develops in such a chimeric environment
is thought to form through competitive MHC
restriction, due to the co-existence of two types
of MHC-mismatched selection system derived
from the donor and the host in the chimera.
Thus, it is questionable whether the immune
system reconstituted in such a complex situation
would be functional. This issue can be resolved
only by invivo studies of recipients. Our group
have previously established a murine model of
GFP'UCBC transplantation and demonstrated
successful reconstitution of the hematopoietic
system in a syngeneic setting'* . In the present
study, we used this murine model system to
evaluate the degree of hematopoietic recovery
following allogeneic UCBC transplantation.

By using T cell-depleted UCBCs and BMCs,
both types of syngeneic transplantation achieved
a high survival rate at 120 days after transplan-
tation (Figure 2, left). In this case, the observed
difference in the CFU count did not greatly
reflect the survival rate. In contrast, the survival

rate following allogeneic transplantation was
significantly reduced for UCBCs relative to
BMCs when 1 x 10° cells were transplanted
(Figure 2, right), whereas an increase in
the number of transplanted UCBCs (25 X
10°) improved the survival rate to a degree
comparable with that for BMCs, indicating that
the number of transplanted cells was a factor
for successful allogeneic UCBC transplantation.
This result probably reflects those of previous
studies suggesting differences in the numbers
of potent HSCs among UCBCs (1 cell per 4
x 101" and BMCs (1 cell per 25 x 10"
' that contribute to long-term engraftment.
Controversially, one study using a similar
murine model has suggested that there was
no correlation between the increase in the
number of transplanted allogeneic UCBCs and
improvement of survival®”.

As shown in Table 2, total lineages derived
from HSCs of donor origin were clearly
discriminated as GFP" cells in the peripheral
blood of recipients. As reflected in the survival
rate, similar high engraftment of GFP™ cells
after syngeneic transplantation occurred for
both UCBCs and BMCs until 16 weeks after
transplantation. In contrast, no engraftment of
GFP" cells of donor HSC origin was induced
in 2 surviving recipients of 1 x 10° allogeneic
UCBCs, indicating that the recipient's own HSCs
had facilitated recovery of the hematopoietic
system. However, transplantation using 2.5 X
10° UCBCs achieved GFP" cell engraftment
in more than half of the surviving recipients.
Although it is not known whether a further
increase in the number of transplanted UCBCs
would lead to high GFP" cell engraftment
in allogeneic recipients, reconstitution of the
hematopoietic system by the recipient's own
HSCs would mean recurrence of a hematopoietic
disease such as leukemia in a clinical situation.
Successful reconstitution of the hematopoietic
system following allogeneic UCBC transplantation
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is an issue that needs to be considered in
order to make this form of transplantation
reliable. Unlike BMC-HSCs, UCBC-HSCs
showed especially low engraftment in allogeneic
recipients. This suggests that UCBC-HSCs are
more easily eliminated than BMC-HSCs by the
radiation-resistant host immune system. BMCs
may contain the components needed to protect
HSCs from the immune system. In fact, a recent
study has suggested that co-transplantation of
mesenchymal stem cells expanded from BMCs
led to enhanced hematopoietic recovery in

2V Furthermore,

allogeneic UCBC transplantation
Blanc et al. have proposed the use of myeloid-
derived suppressor cells as a therapeutic tool
for improving the efficacy of allogeneic HSC
transplantation® #. With the exception of these
engraftment issues, GFP" cells that developed
in allogeneic recipients contained mature T
cells, B cells, monocytes, and granulocytes after
both UCBC and BMC transplantation, indicating
normal in vivo development of HSCs in an
allogeneic environment (Figure 3).

Allogeneic UCBC transplantation has al-
ready been performed clinically for various
hematopoietic diseases. In this situation, the
most important issue is to assess the in vivo
functional maturity of the reconstituted T
and B cells involved in adaptive immunity
after transplantation. For this purpose, T- and
B-deficient RAG2” BALB/c mice were used as
allogeneic recipients because examination of
the in vivo immune response of UCBC-derived
T and B cells is not informative when host
(recipient) BMC-derived T and B cells are also
present. Both UCBC and BMC chimeric RAG2™"
BALB/c recipients strictly rejected third-
party skin grafts from C3H mice (Figure 5A),
but accepted skin grafts from B6 and BALB/c
mice (data not shown). These results indicate
that the repertoire of T cell receptors (TCRs)
was formed through double negative selection
by MHC molecules from both B6 and BALB/

¢ mice in these chimeric recipients, and that
their narrowed TCR repertoire depleted by the
double MHC selection might have caused low
cytolytic activity against in vitro C3H targets in
comparison with normal mice (Figure 5B). This
hypothesis has been supported by Chen et al?,
However, the low cytolytic activity was not
correlated with any serious delay in rejection
of C3H skin grafts in vivo in both chimeras
(Figure 5A), indicating the immunocompetence
of the reconstituted killer T cells throughout
the whole body. This functional reconstitution
also includes IL-2 production from helper
T cells involved in killer T cell activation®”.
On the other hand, TNP-KLH immunization
successfully induced antigen-specific antibody
responses in both sets of chimeric recipients.
The magnitude and the spectrum of Ig classes
of the antibodies produced were quite similar
among both chimeras and normal mice (Figure
6). Production of antibody against TNP-KLH is
T-cell-dependent, and Ig class switching requires
interaction between helper T cells and B cells.
This cellular interaction includes presentation
of antigen by activated B cells to helper T cells,
recognition of the presented antigen by helper
T cells, and helper T-cell-mediated activation
of B cells by CD40/CD40L interaction® ' and
cytokine production. Immunologically, I1gG
production by class switching contributes to
innate immunity through opsonization25>. These
observations indicate that reconstituted T cells
and B cells are not only functionally competent,
but also that their cellular interaction is effective
in RAG2" BALB/c recipients.

Overall, our present results suggest that
UCBC-HSCs and BMC-HSCs have essentially
the same ability to differentiate into cells of all
hematopoietic lineages with mature immunological
function, even in an allogeneic environment,
indicating the effectiveness of allogeneic UCBC
transplantation for hematopoietic reconstitution.
Further work will be required in order to achieve
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higher engraftment of HSCs after allogeneic
UCBC transplantation to establish a more
practical treatment strategy using this murine
model.
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