








WBI and costimulatory blockade has been proven sufficient to pro-
duce reliable levels of chimerism in an allogeneic model (8). For
comparison, we assessed the toxicity of our busulfan-based pro-
tocol (23 107 BALB/c TDBM (6.7 3 108 BM cells/kg), 500mg
costimulation blockade 0, 2, 4, 6, and 20 mg/kg busulfan day21;
n 5 5) and an irradiation-based protocol (23 107 donor BM cells,
450mg anti-CD40L at day 0, 500mg CTLA4-Ig at day 2, and 3 Gy
irradiation at day 0;n 5 5). As shown in Fig. 2, both protocols are
minimally myelosuppressive (white cell count nadir: irradiation-
based protocol, day 13, 2.863 103/mm3; busulfan-based protocol,
day 13, 4.043 103/mm3). Furthermore, greater than 200 animals
have been treated with our busulfan-based regimen with only one
death (resulting from anesthesia). These results demonstrate that
titratable, high-level chimerism can be achieved safely in the ab-
sence ofg irradiation.

Costimulation blockade/busulfan regimen corrects
hemoglobinopathies and promotes transplant tolerance

Next, we tested the effects of the tolerance protocol in experimen-
tal hemoglobinopathy and skin transplantation models. Although
previous protocols have achieved transplant tolerance and mixed
chimerism in the absence of recipient conditioning using supra-
physiologic doses of T cell-replete BM (5.3–6.63 109 BM cells/
kg), the levels of chimerism were modest (4–12%) (9, 10). In the
setting of hemoglobinopathies, red cell chimerism in this range
may be insufficient to correct the pathophysiology of disease.
Therefore, we assessed the degree to which our chimerism induc-
tion protocol could promote replacement of the red cell compart-
ment in the Hbbth2 murine model ofb thalassemia (20). Thisb
thalassemia model, created by an insertional disruption of the
mouse adultb major globin gene, results in perinatal death of
homozygotes, whereas heterozygotes survive but display a pheno-
type similar to humanb thalassemia intermedia, characterized by
shortened RBC survival, anemia, and reticulocytosis. For this ex-
periment, b thalassemic heterozygote recipients (H-2b) were
treated with a tolerizing dose of BALB/c TDBM (day 0), costimu-
lation blockade (days 0, 2, 4, and 6), busulfan (20 mg/kg, day 5),
and an engrafting dose (6.63 108 BM cells/kg) of BALB/c TDBM
(day 6). Control recipients received costimulation blockade and
TDBM without busulfan. Assessments of leukocyte and red cell
chimerism, hemoglobin levels (Hb), and reticulocyte counts were
performed before protocol induction, and at 2 wk, 4 wk, and
monthly following transplantation. As in the previous experiments

using B6 recipients, leukocyte chimerism (24.2%6 3) developed
only in recipients treated with costimulation blockade, and TDBM
and busulfan, not in recipients receiving costimulation blockade
and TDBM alone (data not shown). Furthermore, near complete
replacement of the pathologic Hbb band by the functional BALB/c
major Hbb allele was observed in the chimeric recipients, but not
in the control group (Fig. 3A). Importantly, reticulocyte counts
(Fig. 3B) and Hb (data not shown) in the chimeric, thalassemic
mice normalized, indicating that the pathologic phenotype of the
disorder had been eliminated.

FIGURE 2. Toxicity studies. Effects on peripheral C57BL/6 WBCs (3
103/mm3) in response to treatment with busulfan (20 mg/kg day21),
TDBM (BALB/c), and costimulation blockade (f) were compared with
changes induced by 3 Gy irradiation (day 0), BM (BALB/c), and costimu-
lation blockade (450mg MR1 on day 0 and 500mg CTLA4-Ig on day 2)
(Œ). Similar results were obtained in two experiments.

FIGURE 3. A, Total replacement of the red cell compartment is feasi-
ble. Shown is a cellulose acetate gel displaying murine hemoglobin com-
ponents.Lane 1,Untreated thalassemic Hb (minor and single bands) and
donor (lane 2) (BALB/c, minor and major bands).Lanes 3and4, Thalas-
semic animals (.150 days) that received busulfan on day 5 (20 mg/kg),
allogeneic TDBM (23 107 i.v. BALB/c, days 0 and 6), and costimulation
blockade (500mg i.p. days 0, 2, 4, and 6). The abnormal thalassemic Hb
is almost completely replaced by normal BALB/c hemoglobin.Lanes 5and
6, Hb from thalassemic animals that were treated with BM and costimu-
lation blockade, but without busulfan. It is clearly evident that the only Hb
present is recipient derived. Similar results were obtained in three exper-
iments.B, Reticulocytosis is normalized in chimeric thalassemic animals.
Before protocol induction, percentage of reticulocytes in thalassemic pe-
ripheral blood was 12.0% in animals not receiving busulfan (F,n 5 3) and
13.7% (f, n 5 3) in animals treated with busulfan. By day 120 after
protocol induction, those animals treated with busulfan had normalized
their reticulocytosis (4.2%), whereas nonchimeric animals maintained ab-
normally high levels of reticulocytes in their peripheral blood (10.1%). The
gray bar represents normal reticulocyte counts in wild-type B6 animals
(n 5 10). Similar results were obtained in two experiments. Error bars
represent SEM.
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Another desired consequence of stable mixed hemopoietic chi-
merism is the induction of donor-specific tolerance. To test
whether the costimulation blockade/busulfan-based protocol could
induce tolerance to solid organ allografts placed at the outset of the
protocol, we used an immunologically rigorous (BALB/c to B6)
skin graft model. B6 mice received T cell-depleted BALB/c BM,
costimulation blockade, and busulfan (20 mg/kg) as described
above. In addition, a BALB/c skin graft was placed on day 0.
Control groups (no treatment, TDBM, costimulation blockade, or
busulfan) all promptly rejected BALB/c allografts (Fig. 4A). Re-
cipients receiving TDBM and costimulation blockade without
busulfan showed greatly prolonged survival (Fig. 4A), but ulti-
mately rejected their allografts. In contrast, animals receiving
busulfan, TDBM and costimulation blockade accepted their skin
grafts for.460 days without evidence of rejection (Fig. 4A, p ,
0.008). Similar results were obtained in the reciprocal strain com-
bination (data not shown). Importantly, the concomitant placement
of donor tissue did not prevent the development of hemopoietic
chimerism. In addition to the skin graft model, we have also
achieved similar results in pancreatic islet and heterotopic heart
allograft models (N. Shirasugi, A. B. Adams, M. M. Durham, T. C.
Pearson, and C. P. Larsen, manuscript in preparation).

Next, we rechallenged the skin-grafted animals;100 days after
the original transplant with donor (BALB/c) and third-party (C3H/
HeJ) skin grafts. Control animals promptly rejected both BALB/c
and C3H/HeJ skin grafts median survival time (MST)5 10 and 12
days, respectively, data not shown). Administration of TDBM and
blockade of costimulatory pathways without the induction of
mixed chimerism (i.e., the group receiving anti-CD40L mAb,
CTLA4-Ig, and TDBM but no busulfan) significantly prolonged
primary allograft survival but did not promote lasting tolerance
(original graft MST5 107 days; donor-specific regraft MST5 8
days, Fig. 4A). In contrast, mice that received busulfan, TDBM,
and costimulation blockade became high-level chimeras, uni-
formly accepted the second donor-specific BALB/c skin grafts
(MST . 350 days, Fig. 4B), and promptly rejected C3H/HeJ grafts
(MST 5 10 days, Fig. 4B). Importantly, the original BALB/c skin
grafts and the chimeric state were unperturbed following place-
ment of a second skin graft (Fig. 4A). In addition, we have
achieved robust tolerance and stable chimerism using a single dose
of 2 3 107 TDBM cells on the day of skin transplantation with a
single dose of busulfan 24, 12, or 6 h before TDBM infusion (data
not shown).

Donor BM and costimulation blockade transiently eliminates
anti-donor T cell responses but mixed chimerism is required for
sustained unresponsiveness

To examine the tolerant state, we explored the ability of treated
and control mice to generate anti-donor T cell cytolytic (CTL) and
IFN-g (ELISPOT) responses after challenge with a donor skin
graft both at early (day 10) and late (.100 days) time points.
Splenic T cells were prepared from B6 recipients of BALB/c skin
graft that received TDBM and costimulation blockade, TDBM and
busulfan, TDBM and costimulation blockade with busulfan, no
treatment, or from naive B6 animals. Untreated B6 mice generated
both large numbers of IFN-g-producing cells (Fig. 5A) and strong
CTL responses (Fig. 5B) 10 days after skin grafting. During the
induction period (at day 10) both the generation of IFN-g-produc-
ing cells and CTL responses were inhibited in all groups receiving
costimulation blockade and essentially abrogated in animals re-
ceiving costimulation blockade and BM (with or without busulfan;
Fig. 5, A andB). However, at later time points (.100 days), an-
imals treated with TDBM and costimulation blockade without
busulfan generated significant numbers of donor-reactive IFN-g-

FIGURE 4. Administration of costimulation blockade, (CB) TDBM,
and busulfan promotes indefinite survival of skin allografts and the devel-
opment of donor-specific tolerance in fully allogeneic recipients.A, B6
(H-2b) recipients of BALB/c skin grafts received costimulation blockade,
BM, busulfan (F,n 5 7); costimulation blockade, busulfan (M,n 5 3);
BM, costimulation blockade (f,n 5 7); BM, busulfan (‚,n 5 3); or no
treatment (L,n 5 3). All animals (B6) received a fully allogeneic skin
graft (BALB/c, H-2d) on day 0. Control groups (no treatment; BM, busul-
fan; or costimulation blockade, busulfan) promptly rejected the BALB/c
skin graft. One hundred days after protocol initiation animals were rechal-
lenged with a second donor (BALB/c, H-2d) and third party (C3H, H-2k)
skin grafts. At 100 days, primary skin graft survival in BM, costimulation
blockade group (f,n 5 7) was 86%, whereas animals receiving costimu-
lation blockade, BM, busulfan (F,n 5 7) enjoyed 100% acceptance. Fol-
lowing placement of second donor skin graft, animals receiving BM and
costimulation blockade without busulfan quickly rejected both the primary
and secondary donor skin graft (MST5 7 days). By contrast, primary skin
grafts placed on animals treated with costimulation blockade, BM, and
busulfan survived indefinitely (.460 days) even following regrafting with
a second donor-specific skin graft (Fvs f, p 5 0.001).B, Chimeric ani-
mals quickly rejected the third party skin graft (E, MST5 10 days),
whereas the secondary donor grafts went on to 100% survival for over 350
days (F,p 5 0.001 compared with control). Similar results have been
achieved in three additional experiments.
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producing cells and anti-donor CTL activity after rechallenge with
a second donor skin graft; in contrast, those treated with TDBM,
costimulation blockade, and busulfan failed to mount any anti-
donor CTL activity or IFN-g response (Fig. 5,A and C). Both
groups mounted similar anti-third party (C3H, H-2k) responses
(data not shown). These results indicate that the initial, transient
hyporesponsiveness to donor Ag established by TDBM in the pres-
ence of costimulation blockade wanes over time, possibly due to
the emergence of new thymic emigrants or to the decay of regu-
latory T cell function. In support of the latter hypothesis, animals
treated with costimulation blockade, TDBM, and busulfan dem-
onstrate significant levels of donor-derived class II-bearing cells
(CD11c1, I-Ad1) in the thymus, whereas animals receiving only
donor cells and costimulation blockade failed to show thymic en-
graftment (data not shown).

Recipient CD41 T cells are required for the development of
chimerism and tolerance but not for maintenance

Previous reports have indicated that long-term survival induced by
CD40/CD40L blockade and donor-specific transfusion requires the
participation of CD41 T cells (18). However, it not is known
whether protocols that induce tolerance via the establishment of
mixed chimerism also require CD41 T cells. To explore this ques-
tion, we depleted recipients of CD41 T cells in vivo with an anti-
CD4 mAb, before and during tolerance induction. In the absence

FIGURE 5. Mechanisms of tolerance in chimeric animals.A, Ability to
generate donor-specific IFN-g-producing T cells at late time points remains
impaired only in the tolerant, chimeric group. The frequency of donor-
specific IFN-g-producing T cells in the groups at 10 days (z,n 5 3) and
.100 days (f,n 5 3) after initial skin grafts were compared. Untreated
animals generated large numbers of IFN-g-producing cells at both time
points. For all groups receiving costimulation blockade, production of
IFN-g in response to donor Ag was inhibited at day 10. However, at later
time points (.100 days), animals treated with TDBM and costimulation
blockade without busulfan generated significant numbers of donor-reactive
IFN-g-producing cells after rechallenge with a second donor skin graft,
whereas those treated with TDBM, costimulation blockade, and busulfan
failed to mount any anti-donor IFN-g response. Similar results were ob-
tained in three experiments.B, CTL response at day 10 demonstrates in-
hibited anti-donor cytotoxic activity in all groups receiving costimulation
blockade and BM. Ten days after receiving a BALB/c skin graft, untreated
animals (Œ,n 5 3) responded with substantial ex vivo CTL activity,
whereas animals that received BM and costimulation blockade (with or
without busulfan,F, n 5 3 andM, n 5 3, respectively) were unable to
generate CTLs to donor at the same time point. Similar results were ob-
tained in three experiments.C, At a later time point, secondary donor skin
grafts were placed (100 days after initial skin grafting and induction of
tolerance protocol). Animals treated with costimulation blockade and BM
(f, without busulfan) show significantly increased ex vivo CTL activity in
response to donor cells as compared with the group treated with costimu-
lation blockade, BM, and busulfan (F), which again failed to generate an
ex vivo CTL response to donor cells. Both groups generated equivalent
CTL responses to third party stimulus (C3H, H-2k, data not shown). Sim-
ilar results have been observed in two additional experiments.D, Dominant
regulation is not an important mechanism of tolerance maintenance. B6
SCID animals were reconstituted with enriched T cell preparations from
naive B6 animals, tolerant recipients, or a mix of the two populations at the
same time that they received donor or third party skin grafts. Naive T cells
rejected donor (f) and third party (E) grafts (MST5 10 and12 days,
respectively). Likewise, when naive T cells were mixed with the tolerant T
cells (Œ), rejection of the BALB/c skin grafts occurred in control time
(MST 5 12 days). However, animals reconstituted with chimeric T cells
accepted BALB/c skin grafts (F) for.100 days while rejecting third party
allografts (M, MST5 12 days). Error bars represent SEM. Similar results
were obtained in two experiments.
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of CD41 cells, animals treated with donor BM, 20 mg/kg busulfan,
and costimulation blockade (as above) uniformly failed to become
chimeric, implying an essential role for CD41 cells during chi-
merism induction (skin graft MST5 29 days,n 5 7, data not
shown). To investigate whether CD41 cells were also necessary
for tolerance/chimerism maintenance we depleted long-term chi-
meras (.300 days post transplant) of CD41 cells as above. In
contrast to the induction phase, where CD41 cells play a pivotal
role, depletion of CD41 T cells during the maintenance phase did
not perturb either skin graft survival or the chimeric state (data not
shown). Because there is strong evidence that dominant regulatory
mechanisms may play a crucial role in tolerance maintenance in
other models, we also performed adoptive transfer experiments to
test for evidence of regulation (21). We adoptively transferred T
cells from tolerant-chimeric mice, naive B6 mice, or mixtures of
tolerant and naive T cells into C57BL/6 SCID mice (B6 SCID)
receiving both BALB/c and C3H skin grafts. At;150 days after
therapy institution (last BM on day 6 and last costimulation block-
ade on day 28), T cells were prepared from the spleens of mice that
had been rendered specifically tolerant to BALB/c skin grafts (but
rejected third party) with our protocol. Next, B6 SCID mice re-
ceived 53 106 transferred T cells from chimeric-tolerant animals
(TDBM, costimulation blockade, busulfan), cells from tolerant an-
imals mixed with 53 106 T cells from naive B6 mice, or only cells
from naive B6 mice. T cells from naive animals quickly rejected
donor and third party grafts (MST5 10 and 12 days, respectively;
Fig. 5D). In contrast, 100% of animals receiving T cells from
tolerant animals accepted BALB/c skin grafts (.300 days) while
rejecting third party allografts (MST5 12 days; Fig. 5D). How-
ever, when naive T cells were mixed with the tolerant T cells,
prompt rejection of the BALB/c skin grafts was observed (MST5
12 days). These data confirm that T cells from animals receiving
our protocol of TDBM, busulfan, and costimulation blockade are
robustly and specifically tolerant to the marrow donor and suggest
that although regulatory mechanisms may play an important role
during tolerance induction, they are unlikely to be the major mech-
anism by which tolerance is maintained in this model. However,
given the requirement for CD41 T cells during the tolerance in-
duction period, additional experiments focusing on the role of
CD41 CD251 regulatory cells are clearly warranted.

Clonal deletion of alloreactive T cells is the primary mechanism
for tolerance maintenance

BALB/c mice delete Vb11- and Vb5-bearing T cells, whereas B6
mice do not express I-E and use Vb11 on;4–5% of CD41 T cells
and Vb5.1/2 on;2–3% of CD41 T cells (22, 23). As anticipated,
control groups (costimulation blockade or TDBM or busulfan
alone) failed to delete donor-reactive Vb111 or Vb51CD41 T
cells (Fig. 6). In contrast, recipients of BALB/c TDBM, busulfan,
and costimulation blockade therapy developed near complete de-
letion of CD41Vb111 and CD41Vb51 T cells by day 60. The
percentage of Vb8-bearing CD41T cells, which are expressed on
;15–20% of BALB/c and B6 CD41T cells, was similar in all
groups, indicating that the T cell deletion was donor specific in
nature (Fig. 6).

As the mouse mammary tumor virus system serves as a surro-
gate marker for alloreactivity, we used an in vivo alloproliferation
(GVHD) assay to directly test for the presence of residual allo-
reactivity (24). T cells from chimeric (TDBM, costimulation
blockade, busulfan), nonchimeric (TDBM, costimulation block-
ade), and naive animals were harvested from spleens and mesen-
teric lymph nodes (T cells harvested from experimental animals
.100 days after transplant). After labeling with 10mM CFSE, T

cells were transferred into recipient mice (BALB/c or C3H) pre-
viously supralethally irradiated (1800 rad). After 72 h, splenocytes
were harvested and analyzed via flow cytometry. Although CD41

and CD81 T cells from both the naive and nonchimeric groups
underwent extensive cell division in response to BALB/c hosts, T
cells from the tolerant mice generated no anti-donor proliferative

FIGURE 6. A, The CD41 T cells of a representative animal within the
control group (BM, costimulation blockade (CB) gray bars,n 5 5) had
Vb111 and Vb5.1/21 levels consistent with wild-type B6 levels (f, 4–5%
and 2–3%, respectively). CD41 T cells from recipients of TDBM, costimu-
lation blockade, and busulfan therapy (z,n 5 5) ceased to use Vb11 and
Vb 5.1/2, similar to the donor (M, BALB/c). Vb deletion is shown to be
specific as the use of Vb8.1/21 by CD41 T cells remained comparable in all
groups. Similar results have been observed in.100 mice from multiple ex-
periments. Error bars represent SEM.B, T cells were examined for their pro-
liferative capacity against donor and third party using an in vivo alloprolifera-
tion model with CFSE-labeled T cells from treated and naive animals. The
concentration of CFSE within the cell decreases by 50% after each division.
Labeled T cells from naive and treated (TDBM, costimulation blockade, and
busulfan or TDBM and costimulation blockade) animals were adoptively
transferred into lethally irradiated (1800 rad) BALB/c (donor) mice. Histo-
grams of representative animals demonstrate that CD81 T cells from recipients
treated with TDBM and costimulation blockade (without busulfan) undergo
maximal division (up to 8), comparable to naive B6 T cells in the presence of
donor tissues. However, tolerant animals show no proliferation to donor but a
normal proliferative response to third party (C3H, H-2k). Comparable results
have been observed in two additional experiments.
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response (Fig. 5D). However, strong proliferative responses to
third party (C3H) were similar in all groups (Fig. 5D). Taken to-
gether with repertoire analysis, the absence of CD41 or CD81 T
cells capable of cellular division in this GVHD model provides
further evidence that the tolerant state achieved with this protocol
results in near complete elimination of the donor-specific T cells.

Discussion
The development of clinically applicable strategies to induce a
state of mixed hemopoietic chimerism for the treatment of genetic
hemologic diseases and to induce a state of specific immunological
tolerance to organ allografts has received increasing attention over
the past several years. The pioneering work of Sachs and col-
leagues (4, 5, 25) clearly established the therapeutic potential of
hemopoietic chimerism to induce tolerance in adult animal models
(18–20). Subsequently, Sykes and colleagues have developed pro-
gressively less myelosuppressive protocols using either peripheral
T cell depletion with thymic irradiation or costimulation blockade
and 3 Gy WBI (a minimally myelosuppressive dose) to promote
engraftment of TDBM (7, 8). Although progress continues to be
made with these approaches, concerns regarding the potential for
overimmunosuppression, loss of memory (may occur with nonse-
lective peripheral T cell depletion), and/or the enhanced risk of
malignancy with WBI may limit these approaches.

Within the past year, it has been reported that administration of
supraphysiological doses of non-TDBM obviates the need for pre-
transplant conditioning (9–10). In these protocols, administration of
very large numbers of donor BM cells (6.73 109 BM cells/kg), under
the protection of costimulation blockade, produces durable hemopoi-
etic chimerism and induces a robust state of deletional donor-specific
transplantation tolerance. Although these “mega”-dose BM ap-
proaches are appealing in that they avoid the associated toxicity of
preconditioning, there are also issues that must be addressed and/or
overcome to allow for their clinical application. For example, these
protocols rely upon the use of unseparated BM cells. Specifically, T
cells were not removed from the preparations. Although leaving T
cells in the preparation may enhance HSC engraftment, the risk of
potentially lethal GVHD is proportional to the T cell mass in the BM
inoculum. Although the percentage of T cells in the BM is relatively
low, the mega-doses of BM required for these protocols transfers
vastly more T cells than the current methods used in clinical BM
transplantation. A second concern centers on the level of chimerism
achieved with these methods. Even though the initial application of
hemopoietic chimerism may focus on the induction of transplantation
tolerance, the impact of a safe, reliable chimerism induction strategy
might have a greater impact on the treatment of genetic hemoglobi-
nopathies (e.g., sickle cell anemia and the thalassemias). Unfortu-
nately, the levels of chimerism achieved using these mega-dose BM
strategies were relatively low (4–12%) and may prove to be insuffi-
cient not only to provide functional RBCs but also to reduce the num-
ber of pathogenic defective red cells. Finally, the absolute numbers of
BM cells required to achieve the relatively modest levels of chimer-
ism observed in these studies may be clinically impractical in many
settings. In these experiments, BM from multiple (2–3) donor mice
was required to transplant a single recipient. Although peripheral stem
cell mobilization in living donors may circumvent this problem, the
time constraints and complexity of cadaveric donation would, at
present, appear to preclude the application of this approach for the
transplantation of multiple organs from a single cadaveric donor.

Although there are many practical issues that must be addressed for
tolerance induction to become a clinical reality, we believe there are
three critical conceptual features that must be considered in the design
of any tolerance induction strategy. First, the strategy must provide a

means to control the existing population of donor-specific T cells in
the periphery. Second, it must provide a method to control donor-
specific T cells that may be generated in the future. Finally, the reg-
imen must protect the allograft from irreversible immunologic injury
during tolerance induction and maintenance.

We have shown that the combination of busulfan, TDBM, and
costimulation blockade promotes hemopoietic chimerism and robust
transplantation tolerance in mouse models of transplantation and ge-
netic hemoglobinopathies. Furthermore, the doses of busulfan re-
quired are well tolerated, minimally myelosuppressive, and permit
titratable, high-level chimerism. Like other successful macrochimer-
ism induction protocols, we have observed a robust state of donor-
specific tolerance to secondary skin grafts and specific deletion of
superantigen-specific (CD41Vb111 and Vb51) T cells that are nor-
mally deleted in the donor strain. Using new technology, we have
provided evidence of robust tolerance of both CD41 and CD81 al-
loreactive T cells by showing a complete lack of donor-specific re-
sponsiveness in vivo using the CSFE model and cytokine ELISPOT
assays after rechallenge with skin grafts. In particular with the ELIS-
POT assay, we show that although administration of BM and co-
stimulation blockade produces prolonged hyporesponsiveness in the
absence of chimerism, the donor-reactive IFN-g-producing T cells
re-emerge by day 100. We have also shown that this minimally my-
elosuppressive mixed chimerism protocol is able to restore normal red
cell parameters in a murine model ofb thalassemia. These data sug-
gest that this method for induction of hemopoietic chimerism and
transplantation tolerance may potentially be useful in several clinical
disease states where traditional BM transplantation is currently pre-
cluded including solid organ transplantation and hemologic diseases.
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