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11.4.1. Leukapheresis schedule

One or two mononuclear cell-leukapheresis collections will be required and determined
according to the unadjusted body weight of the recipient (Table 3). PBSC will be collected using
the Fenwal CS-3000. COBE Spectra or comparable automated cell separator according to
established procedures. The apheresis facility must have a written procedure(s) for the collection
of peripheral blood stem cells by leukapheresis.

It is expected that routine leukapheresis procedures under this protocol will only occur on
Monday through Friday. The available schedules for leukapheresis are displayed in Table 4 for
all recipient weights.

Each PBSC product. each day of collection. should have a minimum final volume of 200 mL
after removal of a maximum of 5 mL for testing. For some blood cell separators, additional
autologous plasma will need to be collected and added to the PBSC product at the end of the
procedure. Mononuclear cell apheresis collections are generally performed using citrate:whole
blood ratios of 1:12 to 1:13. Using these ratios. the ACD-A:plasma ratio in the final product
should be 1:6 to 1:8.

The use of heparin to reduce ACD-A requirements during leukapheresis is allowed. but at low
ratios there is an increased rate of clotting in the product. Therefore. if a citrate:whole blood ratio
of less than 1:13 is used. then 15 mL of ACD-A should be added to the component bag
immediately after the procedure is completed to prevent the product from clotting.
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Long-Term Donor-Specific Tolerance in Rat Cardiac
Allografts by Intrabone Marrow Injection of Donor
Bone Marrow Cells
Kequan Guo,"? Muneo Inaba,">* Ming Li," Jun An,” Wenhao Cui," Changye Song," Jianfeng Wang,'

Yunze Cui,’ Yutaku Sakaguchi,' Masanobu Tsuda,' Mariko Omae," Yugo Ando," Qing Li," Xiaoli Wang,"
Wei Feng,' and Susumu Ikehara">*°

Background, Donor-specific central tolerance in cardiac allograft can be induced by hematopoietic chimerism via
conventional intravenous bone marrow transplantation (IV-BMT). However, there are problems with IV-BMT, such
as the risk of graft failure and of the toxicity from conditioning regimens.

Methods. A new method for heart transplantation is presented. This method consists of administration of fludarabine
phosphate (50 mg/kg) and fractionated low-dose irradiation (3.5 GyX2 or 4.0 GyX2), followed by intrabone marrow
injection of whole bone marrow cells (IBM-BMT) plus heterotopic heart transplantation.

Results. Cardiac allografts with IBM-BMT were accepted and survived long-term (>10 months) showing neither acute
rejection nor chronic rejection including cardiac allograft vasculopathy by such conditioning regimens. In contrast,
cardiac allografts with conventional IV-BMT were rejected within 1 month after the treatment with irradiation of 3.5
GyX2 or within 3 months after the treatment with irradiation of 4.0 GyX2. Macrochimerism (>70%) was favorably
established and stably maintained by IBM-BMT but not IV-BMT. Low levels of transient mixed chimerism (<7%)
were induced by IV-BMT with fludarabine plus 4.0 GyX2, but the chimerism was lost within 1 month after the
treatment.

Conclusions. These findings indicate that IBM-BMT is a feasible strategy for the induction of persistent donor-specific
tolerance, enables the use of reduced radiation doses as conditioning regimens, and obviates the need for immunosuppressants.

Keywords: Tolerance induction, Heart transplantation, Intrabone marrow injection, Bone marrow transplantation,

(Transplantation 2008;85: 93-101)

D espite recent advances in immunosuppressive agents,
chronic rejection and side effects associated with the life-
long usage of nonspecific immunosuppressants remain a bar-
rier to successful clinical solid organ transplantation (I).
Mixed hematopoietic chimerism has proven its efficacy in the
induction of persistent. tolerance in' rodents, large animals
(including nonhuman primates) and receritly a few renal pa-
tients by conventional intravenious (IV) bone marrow trans-
plantation (BMT) (2—4). However, obstacles that hinder the
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clinical application of BMT as a feasible strategy for inducing
tolerance in a clinical setting include the toxicity of condi-
tioning regimens, the risk of graft failure, and the problem of
graft-versus-host disease (GVHD) (5).

Recent studies in animal models have therefore aimed
at minimizing conditioning and optimizing selective immu-
nosuppression. Included in these approaches is the use of
nonmyeloablative conditioning regimens, T-cell depletion,
donor lymphocyte infusion, and blockade of stimulatory and
costimulatory pathways (6-9). We have recently found that
the injection of donor bone marrow cells (BMCs) directly into
the bone marrow cavity (intrabone marrow BMT [IBM-BMT])
induces persistent donor-specific tolerance in mice even if the
radiation doses are reduced to'sublethal levels (10). IBM-BMT
also enharnices the rapid recovery or reconstitution of the hema-
tolymphoid system (including bone marrow: stromal cells) of
donor origin, resulting in'the complete amelioration of autoim-
mune diseases in MRL/lpr mice, in which conventional IV-BMT
had been unsuccessful (10). It is of interest that the recipients
treated with IBM-BMT have no clinical ot" histopathological
signs of GVHD or graft failure (10, 11): In addition, we have more
recently extended this new approach tothe induction of toler-
ance in the’ transplantation of the leg (12); lung (13), and
pancreatic islets (14) in rats. Therefore, the new BMT method
(IBM-BMT) seens to have significant advantages in achieving
successful allogeneic organ transplantation.

It has been reported that fludarabine eliminates normal
and malignant mononuclear cells'in animals and humans
through the inhibition of DNA synthesis. It has also been
shown to have cytotoxic effects on lymphoid cells (15), par-
ticularly T cells (16). Furthermore; the prior injection of flu-
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darabine has proven to facilitate the establishment of high
levels of hematopoietic chimerism with low doses of irradia-
tion, as shown in our previous leg (12) and pancreatic islet
transplantation (14). In view of both its selective lympholytic
activity (especially to eliminate donor-reactive T cells in the
recipients) and relatively mild side-effect profile (17), we have
used this immunosuppressive agent as a part of our nonmy-
eloablative conditioning regimens.

In the present study, we report that the combination of the
injection of fludarabine, low-dose fractionated irradiation, and
IBM-BMT provides a feasible clinical strategy for inducing per-
manent tolerance without using any immunosuppressants.

MATERIALS AND METHODS

Animals

Brown Norway (BN: RT1™), Fischer 344 (F344: RT1)),
and PVG (PVG: RT1°) rats were purchased from SLC (Shi-
zuoka, Japan) and maintained until use in our animal facili-
ties under specific pathogen-free conditions. BN rats at the
age of 8—10 weeks were used as recipients, and F344 rats at the
age of 8-10 weeks were used as donors for the transplanta-
tions of the heart, skin, and BMCs. PVG rats were used as
third party stimulators in mixed leukocyte reactions (MLRs).
All animal research was reviewed and approved by the Animal
Experimentation Commiittee, Kansai Medical University.

Heterotopic Heart Transplantation

Heterotopic heart transplantation was performed, as
described by Tomita Y (18). Briefly, after induction of anes-
thesia with intraperitoneal injection of sodium pentobarbital,
vascularized heart transplantation was performed hetero-
topically into the right cervical portion of recipients using a
microsurgical cuff technique. Donor hearts were procured
and stored in a cold saline bath: The donor brachiocephalic
artery and main pulmonary artery were anastomosed with
the recipient right common carotid artery and right external
jugular vein, respectively. Allograft survival was assessed by
daily palpation: Graft rejection was defined as complete ces-
sation of spontaneous ventricular contraction.

Experimental Protocol foxr BMT

BN rats were injected intravenously with 50 mg/kg of
fludarabine phosphate; followed by fractionated whole body
irradiation (3.5 GyX2 to 5.0 GyX2) by '?’Cs (Gammacell 40
Exactor; Nordion International Inc, Ontario; Canada) 1 day
before the bone marrow and heart transplantation (day =1).
As described previously (11), BMCs (3X107 or 10X10’
cells/60 uL) obtained: from the femurs and tibias of donor
F344 rats were injected intravenously (IV-BMT). or directly
into the bone marrow cavity (IBM-BMT) of the left tibia of
the recipient BN rats on day 0, and the cardiac allografts from
F344 rats were implanted simultaneously. In terms of the
IBM-BMT technique, the knee was flexed to 90 degrees 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 teridon and then inserted into the bone cavity.

Analyses for Cell Surface Antigens
Spleen cells, peripheral blood mononuclear cells
(PBMNCs), and BMCs from the recipient rats were stained

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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with fluorescein isothiocyanate (FITC)-conjugated rat
antiRT1! monoclonal antibody (mAb; PharMingen, San
Diego, CA) to identify the donor-derived cells, and puri-
fied mouse antiRT1™ mAb (Serotec Ltd., Oxford, United
Kingdom) followed by phycoerythrin (PE)-conjugated goat
antimouse immunoglobulin G (Serotec Ltd.) to identify the re-
cipient-derived cells. Donor-derived cells bearing a lineage-spe-
cific phenotype were also analyzed by FITC-antiRT1' mAb plus
PE-conjugated mAb against CD45R (B220) (PharMingen),
CD4, CD8, or CD11b (Caltag Laboratories, Burlingame, CA).
The stained cells were analyzed by a FACScan (Becton Dickinson
& Co., Mountain View, CA).

Mixed Leukocyte Reactions

MLRs were performed as described previously (13).
Briefly, the responder spleen cells (2X 10%) were cultured with
2X10” irradiated (12 Gy) stimulator spleen cells from F344,
BN, and PVG rats for 72 hr and pulsed with 0.5 uCi of [*H]-
thymidine for the last 16 hr of the culturing period.

Skin Transplantation

Full-thickness F344 donor or PVG third-party skin
grafts of 2X3 cm were prepared and transplanted with 6-0
Prolene on the dorsolateral thorax of BN recipient rats. Grafts
were secured with sutures and covered with sterile gauze and
an elastic protective tape. The first inspection was carried out
on the seventh day, followed by daily inspections for 3 weeks.
The graft rejection was defined as the complete loss of viable
epidermal graft tissue when more than 50% of the graft be-
came raised, necrotic, or covered by eschar.

Histological Studies

Fresh heart necropsy tissue was fixed in 10% formalin
for 48-hr-and embeddeéd in paraffin according to standard
procedures. Three-micrometer-thick sections were stained
with' hematoxylin ‘and eosin: (H-E), Elastica-van Gieson’s
(EvG); and Masson’s trichrome (MT). Antie-smooth muscle
actin (@-SMA) mAb (DAKO A/S, Denmark) was used for
immunohistochemical-staining. - Furthermore; the frozen
specimens were also prepared for fluorescent staining using
FITC-conjugated rat antiRT1' mAb (PharMingen) and puri-
fied OX-62: mAb; reactive to rat dendritic cells (DCs) and
integrin o5 chain (PharMingen); followed by PE-conjugated
goat antimouse immunoglobulin G (Serotec Ltd.) to identify
the donor-derived DCs in the recipient thymus by a confocal
laser scanning microscope (LSM-GB200; Olympus, Tokyo,
Japan). To detérmine GvHD, the liver, intestine, and skin
were also histologically examined after H-E staining.

Statistical Analysis

Statistical analysis of the survival rate of the cardiac
allografts was performed using a log-rank test. A P value of
<(0.05 was considered statistically significant using Stu-
dent’s f test.

RESULTS

Establishment of Hematopoietic Chimerism
aftex IBM-BMT

We first determined not only the number of donor
BMC:s (for injection) but also the conditioning regimens for



