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Abstract
Background—Mixed chimerism is an effective approach for tolerance induction in
transplantation. Strategies to achieve mixed chimerism with relatively low toxicity have
significantly expanded the clinical use of chimerism.

Methods—Allogeneic bone marrow transplants were performed between B6 (H2b) and BALB/c
(H2d) mice. Recipient B6 mice were nonmyeloablatively conditioned with anti-αβ-TCR, anti-
CD154, or rapamycin alone or in different combinations. 15 × 106 BALB/c bone marrow cells
were transplanted after varying doses of cGy of total body irradiation.

Results—Pretreatment of recipients with anti-CD154 and rapamycin with or without T-cell
lymphodepletion reduced the TBI requirement to 100 cGy for establishing stable mixed
chimerism. The mixed chimeras accepted donor islet allografts long term. Lymphocytes from
mixed chimeras did not respond to host or donor antigens, yet were reactive to MHC-disparate
third-party alloantigens, demonstrating functional donor-specific T-cell tolerance. No antibodies
against donor and host were detected in mixed chimeras, suggesting humoral tolerance. Mixed
chimeras showed no cytotoxicity to donor cells, but a similar rapid killing rate for MHC-disparate
third-party B10.BR cells compared with T-cell-deficient and wildtype controls in in vivo
cytotoxicity assays, suggesting donor-specific tolerance in the innate immune cells was achieved
in mixed chimeras.
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Conclusions—Mixed chimeras prepared with very low intensity nonmyeloablative conditioning
exhibit systemic tolerance in innate immunity as well as tolerance in adaptive T- and B-cell
immune responses.
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Introduction
Donor-specific transplantation tolerance remains an elusive goal in transplantation. Mixed
hematopoietic chimerism generated from bone marrow transplantation (BMT) provides a
powerful means to induce donor-specific tolerance to solid organ grafts (1). As a result the
toxicities associated with anti-rejection drugs, including opportunistic infection (2),
increased frequency of malignancies (3), and end-organ toxicity (4,5) can be avoided.

Mixed chimerism can be achieved in immunologically competent recipients through
nonmyeloablative conditioning that does not completely eradicate the host immune system.
Mixed chimerism is associated with superior immunocompetence compared to MHC-
mismatched fully allogeneic chimerism prepared in mice with ablative conditioning (6-8)
due to the presence of recipient-derived antigen presenting cells. Historically, T-cell
tolerance in mixed chimeras has been well studied in vivo and in vitro. Although donor
antigens are continuously presented in mixed chimeras, the recipients do not generate anti-
donor antibody. These data indicate that B-cell tolerance is also achieved (9,10). NK-cell
tolerance in vivo to both donor and host antigens has been shown in fully MHC-
mismatched, mixed allogeneic chimeras prepared with a nonmyeloablative regimen (11).
Once mixed chimerism is achieved in the rat to mouse species combination, both adaptive
(T- and B-cell) and NK-cell tolerance is also observed (12-15). However, other than NK-cell
tolerance, general innate immune tolerance in mixed chimeras has not been addressed.

In the present studies, pretreatment of the recipient with anti-CD154 (CD40 ligand) and
rapamycin with or without anti-αβ-TCR could reduce the minimum total body irradiation
(TBI) requirement to 100cGy for establishing mixed chimerism. We further demonstrated
the systemic tolerance of adaptive (T- and B-cell) and innate immunity in these mixed
chimeras.

Results
Host pretreatment with anti-αβ-TCR, anti-CD154, and rapamycin lowers the minimum TBI
required for engraftment

Anti-αβ-TCR mAb (TCR) was used to deplete αβ-TCR+ T-cells in vivo; anti-CD154 mAb
(MR1) to block CD40:CD154 co-stimulatory pathway; and rapamycin (Rapa) to block late-
stage T-cell activation by inhibiting IL-2 responsiveness. To determine the optimal
combinations of these conditioning agents, recipient B6 mice were conditioned with anti-
αβ-TCR, anti-CD154, and rapamycin alone, or in different combinations, plus 300cGy TBI
(Table 1). With 300cGy TBI, engraftment did not occur with conditioning of anti-αβ-TCR
alone, anti-CD154 alone, or rapamycin alone. Only 40% of animals engrafted when
conditioned with TCR/Rapa. In contrast, 100% of animals preconditioned with TCR/MR1/
Rapa and MR1/Rapa engrafted, respectively.

A dose-titration of TBI was performed to determine the minimal TBI requirement in those 2
groups with 100% engraftment at 300cGy TBI (Fig. 1A and B). With TCR/MR1/Rapa,
100% engraftment was achieved with either 300cGy or 200cGy TBI, with donor chimerism
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22.0±7.9% or 17.7±8.1%, respectively. When T-cell lymphodepletion was omitted,
conditioning with MR1/Rapa also resulted in 100% engraftment in recipients received
300cGy or 200cGy TBI, with donor chimerism 20.5±5.6% and 7.4±3.2%, respectively.
57.1% or 60.0% of mice engrafted with 100cGy TBI when treated with TCR/MR1/Rapa or
MR1/Rapa. No engraftment was observed in the absence of TBI in all groups. The
engraftment was durable for up to 6 months (Fig. 1C) and multilineage including T-cells, B-
cells, NK-cells, dendritic cells (DC), macrophages, and neutrophils (Table 2).

Chimeras induced through minimal conditioning demonstrate islet and skin graft tolerance
The chimeras for islet transplantation were from all groups 2-5 months after BMT. Donor
chimerism ranged between 28.4% to 1.6% (Fig. 1D). The mixed chimeras accepted donor
BALB/c grafts up to 3 months. 66.7% of non-chimeras also accepted donor islet grafts long
term. Islet grafts were rapidly rejected by naïve controls (MST: 12.7±4.8 days). After
nephrectomy in chimeras that had accepted their islet allografts, mice became diabetic in 2
days, demonstrating that the source of insulin was from the transplanted islets.

Skin grafts were performed on chimeras to assess tolerance in vivo (Fig. 1E). Chimeras
received skin grafts from donor-specific (BALB/c) and third-party (B10.BR) strains 3-5
months after BMT. Third-party grafts were promptly rejected. In chimeras, the majority of
donor-specific skin grafts were rejected chronically within 100 days as expected due to the
skin-specific antigens in BALB/c strain (16,17). To avoid chronic rejection due to skin-
specific antigens (8), B10.D2 (H-2d) skin grafts were used. The B10.D2 skin grafts were
accepted in 6 of 9 chimeric mice. The non-chimeras rejected donor BALB/c skin grafts
(MST=13±5.0 days) with a time course similar to that of third-party grafts in chimeras. The
MST for B10.D2 skin grafts in chimeras was significantly prolonged compared to the
BALB/c skin grafts (P = 0.019).

T-cells from chimeras are functionally tolerant in in vivo mixed lymphocyte reactions
(MLR)

Chimeric T-cells were not reactive to donor BALB/c alloantigens (Fig. 2A). T-cells from
non-chimeras exhibited strong reactivity to donor. T-cells from both chimeric and non-
chimeric mice showed strong proliferation to B10.BR third-party alloantigens. These data
suggest that donor-specific tolerance is achieved in T-cells from chimeras.

The donor-specific tolerance in mixed chimeras was also demonstrated in the generation of
CD44high/CD62Llow/- effector CD8+ T-cells in response to skin grafting (Fig. 2B). The
CD8+ effector population was significantly increased in chimeras that received third-party
skin compared with chimeras that were transplanted with donor-specific skin (8.8±2.6% vs.
4.0±1.2% respectively; P = 0.0009). The CD8+ effector T-cell level in chimeras that rejected
third-party skin grafts was comparable to the level of CD8+ effector T-cells in naïve
recipients that rejected donor BALB/c skin grafts (P = 0.08). These data suggest that the
effector T-cells are third-party antigen-specific and are not generated in response to donor
bone marrow cells (BMC) or acute rejection of donor-specific skin grafts.

Partial clonal deletion of donor-reactive TCR-Vβ subsets occurs in chimeras
The superantigen I-E is expressed in BALB/c mice but not in B6 mice, resulting in deletion
of Vβ5.1/2+ and Vβ11+ T-cells only in BALB/c mice. Recipient B6 CD8 cells from
chimeras with 200 or 300cGy TBI showed significantly more expression of Vβ5.1/2 (P <
0.0001) compared with naïve BALB/c mice and significantly less expression of Vβ5.1/2 (P
< 0.0005) compared with naïve B6 mice, indicating partial deletion. No deletion was
observed in chimeras prepared with 100cGy TBI. Recipient CD4 T-cells from chimeras
conditioned with 300cGy TBI showed the same relative Vβ expression as BALB/c mice,
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indicating that Vβ5.1/2+ and Vβ11+ subfamilies of CD4+ T-cells had been deleted
completely (Fig. 2C). The levels of Vβ5.1/2+ and Vβ11+ CD4 T-cells in chimeras with
200cGy TBI were significantly higher (P < 0.05) than those in chimeras with 300cGy TBI
but significantly less than naïve B6 (P < 0.0005). With 100cGy TBI, Vβ11 but not Vβ5
expression in mice was significantly lower (P < 0.05) than in naïve B6 mice. This negative
selection was specific, as Vβ6 and Vβ8.1/2 subsets were not deleted.

Peripheral regulation does not appear to be required for the maintenance of chimerism
and induction of tolerance in chimeras

Because incomplete Vβ deletion occurred in the current study, the role of regulatory T-cells
(Treg) in maintenance of tolerance was studied in our model by depleting CD4+ T-cells to
break the tolerance as this should result in the depletion of CD4+/CD25+ Treg at the same
time. Anti-mouse CD4 mAb was used to deplete the CD4+ T-cells in chimeras, chimeras
with islet tolerance, or non-chimeras with islet tolerance (Table 3). Three days after anti-
CD4 mAb injection, >90% CD4+ T-cells were depleted. After anti-CD4 mAb treatment, all
the chimeric mice showed durable and stable donor chimerism during the follow-up period.
All the mice tolerant to their islets, including chimeras and non-chimeras, maintained
normal levels of blood glucose except one non-chimeric mouse with islet acceptance. The
blood glucose level in this mouse was >200 mg/dl at 28 days after mAb treatment. These
data suggest that regulatory mechanisms of Treg do play a major role in maintenance of
tolerance in our current model.

Evidence for humoral tolerance
Anti-donor antibody was present in mice at 4 weeks after receiving donor BMC without
conditioning, with titers of mean fluorescence intensity (MFI) 197.6±111.8. However, anti-
donor antibodies were not detected in either chimeric or non-chimeric mice that received
conditioning and BMC infusion at 4 weeks as the MFI was 2.8±0.36 and 3.0±0.25 (Fig. 2D),
respectively. There was no significant difference (P > 0.05) between these chimeras, non-
chimeras, and naïve B6 mice (MFI: 3.2±0.26). Moreover, the humoral tolerance observed in
chimeras was robust as no anti-donor antibodies were generated after donor-specific skin
grafting, even in those mice that exhibited chronic rejection of donor skin.

Evidence for systemic donor-specific tolerance of innate immunity
In in vivo cytotoxicity assays (Fig. 2E), The elimination rate of donor BALB/c cells tested 1
day after cell infusion in TCR β/δ-/- mice was 83.2±6.3%. This was similar to the cytotoxic
rate in wildtype B6 controls (79.8±9.7%; P > 0.05), indicating that acute rejection in
wildtype mice was not T-cell-mediated. As T-cell activation requires at least 3 days after
exposure to antigen, the effectors mediating donor cell rejection must be innate cells. Mixed
chimeras showed 16.4±8.7% cytotoxicity to donor cells, which was not significantly
different from the killing rate to syngeneic controls in the chimeras (9.9±0.8%; P >0.05).
Cytotoxicity in mixed chimeras to third-party B10.BR cells was similar to that in wildtype
B6 (P >0.05). These data suggest that innate immune tolerance is achieved in mixed
chimeras.

Discussion
Hematopoietic stem cell (HSC) transplantation leading to allogeneic chimerism has been
proposed as one approach for the induction of transplantation tolerance. Implementation of
HSC transplantation has been limited by the side effects associated with myelotoxic
conditioning required to establish engraftment. As a result, we and others previously found
that the host-versus-graft barrier is the dominant one to control by conditioning rather than
preparing vacant “niches” (18-23). This critical paradigm shift allowed the development of
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reduced-intensity immune-based conditioning approaches to establish chimerism. Recently,
we reported in a mouse model that targeting of host CD8+ and αβ-TCR+ T-cells
significantly reduced the minimum dose of TBI required for engraftment (9,21). However, at
this threshold conditioning we observed a dichotomy between donor chimerism and
tolerance, only animals with donor T-cell production were durably chimeric and tolerant to
donor skins. The addition of cyclophosphamide to T-cell depletion-based conditioning
allows donor T-cell engraftment and long-term donor-specific tolerance (9,21). In our
current study, we found that pretreatment of recipients with anti-CD154 and rapamycin with
or without T-cell depletion can reduce the TBI requirement to 100cGy for establishing
mixed chimerism. The synergistic effect of anti-CD154 and Rapamycin observed in our
current study to promote allogeneic BMC engraftment may be due to their overlapping
inhibitory functions on the adaptive immune response. This conditioning strategy can
replace cyclophosphamide in BMT to make the conditioning less toxic and also avoid the
dissociation of donor chimerism and tolerance due to the lack of donor T-cell engraftment.
These results may have direct clinical application for tolerance protocols.

When bone marrow is transplanted in a nonmyeloablatively conditioned recipient, the
pluripotent hematopoietic stem cells engraft and co-exist with recipient stem cells to give
rise to all hematopoietic lineages in the recipient. A hybrid immune system is established in
mixed chimeras. The mutual tolerance in this hybrid immune system must be systemic as
suggested by stable and durable coexistence of genetically different donor and recipient
hematopoietic components in mixed chimerism. T- and B-cell tolerance in mixed chimerism
has been well studied. The role for innate immune tolerance in mixed chimerism needs to be
further examined.

The mechanism of T-cell tolerance has been well established through central deletional
mechanisms in mouse studies, in which the allo-activated T-cells are deleted by negative
selection in the thymus (21,24,24). Mixed allogeneic chimerism provides the absolute
paradigm for robust bidirectional deletional tolerance. The presence of the autologous bone
marrow provides the host-type of antigen presenting cells essential for full
immunocompetence while the allogeneic marrow provides a persistent source of antigen for
induction and maintenance of donor-specific tolerance by deletion (25,26). Functional
donor-specific T-cell tolerance has been shown in in vivo MLR as lymphocytes from mixed
chimeras specifically did not respond to host and donor antigens. The robustness of T-cell
tolerance has been demonstrated in mixed chimeras in response to secondary donor antigen
challenge from the skin graft. The chimeras did not generate CD44high/CD62Llow/- Teff cells
in response to donor skin but did in response to third-party skin grafts.

Interestingly, we observed a direct correlation between the robustness of deletion of Vβ5
and Vβ11 and degree of conditioning and chimerism in our current study. The Vβ clonal
deletion only partially occurred in these chimeric mice, especially in CD8+ T-cell lineage,
suggesting other mechanisms in maintaining long-term tolerance. Several other mechanisms
by which BMC induce antigen-specific tolerance have been proposed, including anergy
(27,28), ignorance, and peripheral regulation via Treg (29,30). CD4+/CD25+ Treg have been
shown to be capable of inducing and maintaining transplantation tolerance (31-34).
Depletion of CD4+ T-cells resulting in CD4+/CD25+ Treg depletion did not break the
tolerance either to islets or donor BMC. Our present data suggest that peripheral regulatory
mechanisms of Treg may not play a major role in our current nonmyeloablative conditioning
BMT model. Our findings are consistent with reports that peripheral regulatory mechanisms
are not sufficient to contribute to induction of tolerance in mixed chimeras (25,26,35,36).
However, the majority of non-chimeras also accepted donor islets but the T-cells from these
animals exhibited strong alloreactivity to donor antigens. Central deletional mechanisms are
not applicable as no alloreactive Vβ deletion is observed. The possible peripheral
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mechanism for acceptance of less immunogenic islet grafts in non-chimeras may involve
immunomodulation by donor bone marrow cell infusion and conditioning regimens used in
BMT. Similar graft acceptance was recently reported in human recipients of renal allografts
plus BMC. Although chimerism was present at very low levels for ≤ 3 weeks, subjects were
successfully weaned from immunosuppression (37). The intrinsic mechanisms for this
immunomodulation need further investigation.

In current study, evidence for humoral tolerance in mixed chimeras is supported by the fact
that there are no detectable antibodies against donor and host. The mechanism is most likely
through T-cell-dependent B-cell-immune response (38-40). As activated T-cells are deleted
by negative selection in mixed chimeras, there are no donor-specific antigen activated T-
cells in the periphery to interact with B-cells. B-cell activation uniquely requires interaction
with activated helper CD4+ T-cells. Therefore, long-term humoral immune tolerance can be
achieved in mixed chimeras. Central T-cell tolerance in mixed chimeras and the consequent
absence of T-cell help results in B-cell unresponsiveness. The explanation for the absence of
anti-donor Ab in non-chimeric mice is due to the conditioning used at BMT, especially the
use of anti-CD154 (40,41). CD154 has been demonstrated to be the critical pathway in B-
cell activation (42). Alternatively, clonal deletion in vivo of B-cells has been reported as a
mechanism for B-cell tolerance (43,44). This mechanism of alloreactive B-cell deletion also
applies in solid organ and bone marrow transplantation for humoral tolerance (45,46).

The immune system has evolved to mount immune responses against foreign antigens. The
first line of defense is the innate immune response. Until now, most research has focused on
T- and B-cell responses and tolerance to transplanted grafts. Little is known about innate
immune cell tolerance in mixed chimeras. If innate cell tolerance does not develop in mixed
chimeras, this could result in loss of donor chimerism with time. The long-lasting and stable
mixed chimerism observed in our study provides strong evidence of mutual tolerance of
donor and host immune system. The T-cell-independent mechanism of early allogeneic
BMC rejection was clearly demonstrated in the results showing the similar cytotoxicity
between T-cell-deficient and wildtype B6 mice. Thus the effectors mediating BMC rejection
at this early time would be innate immune cells: macrophages, neutrophils, or NK-cells.
Therefore, the similar cytotoxicity to donor cells and to syngeneic cells and significant
cytotoxicity to third-party cells in mixed chimeras suggest donor-specific innate immune
tolerance is achieved in mixed chimeras. The donor and host-derived NK-cells in mixed
allogeneic chimerism have been shown to be tolerant of both the donor and the recipient in
allogeneic and xenogeneic settings (11,15,47). To our knowledge, this is the first
experimental evidence of general innate immune tolerance other than only NK-cell tolerance
induced in mixed chimeras.

In conclusion, mixed chimeras prepared with our current, very reduced intensity
nonmyeloablative conditioning exhibit systemic donor-specific immune tolerance for innate
immunity as well as adaptive T- and B-cell-immune responses. The achievement of donor-
specific immune tolerance in mixed chimerism, a state of specific unresponsiveness to the
donor graft, has the potential to overcome the current major limitations to progress in organ
transplantation, including late graft loss, organ shortages and the toxicities of chronic
nonspecific immunosuppressive therapy.

Materials and Methods
Animals

Male C57BL/6 (B6; H-2b), BALB/c (H-2d), and B10.BR (H-2k), B10.D2 (H-2d), B6.129P2-
Tcrbtm1MomTcrdtm1Mom/J (TCRβ/δ-/-, B6 background) mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). Animals were housed in the barrier facility at the
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Institute for Cellular Therapeutics and cared for according to National Institutes of Health
guidelines.

Chimera preparation
Recipient B6 mice were conditioned with 300-100cGy total body irradiation (TBI) (γ cell
40; Nordion, Ontario, Canada). B6 mice were pre-treated i.p. with anti-αβ-TCR (H57-597,
generated in our laboratory), anti-CD154 (BioXcell, Lebanon, NH) and rapamycin (LC
Laboratories, Woburn, MA) alone or in combination. 15×106 untreated BALB/c BMC were
transplanted 4-6 h after TBI.

Flow cytometric analysis of TCR Vβ families
Peripheral blood (80-100μl) from unmanipulated control mice and mixed chimeras was
stained with anti-Vβ 5.1/2-FITC, Vβ 6-FITC, Vβ 8.1/2-FITC or Vβ 11-FITC vs. anti-host
H-2Kb-PE, anti-CD8-PerCP, and anti-CD4-APC (all from PharMingen, San Diego, CA) for
30 min at 4°C. The host lymphoid gate was used in the current study to analyze host Vβ
clonal deletion.

Islet transplantation
Recipients were rendered diabetic with streptozocin (200mg/kg ip; Upjohn, Kalamazoo,
MI). Mice with a positive blood glucose test (>200mg/dl) at least 3 consecutive days were
used as recipients. Each animal received approximately 500-600 mouse islets transplanted
beneath the left renal capsule. Blood glucose was monitored daily for the first 2 weeks and
weekly thereafter. Rejection was considered if positive results were at 3 consecutive days.

Flow cytometric cross-match (FCXM) assay
0.5×106 splenocytes from naive BALB/c mice were incubated with 5μl of sera for 30 min.
The cells were washed and incubated with FITC-conjugated polyclonal goat anti-mouse Ig
(Immunology Consultants Laboratory, Inc., Newberg, OR), followed by a third incubation
with PE-conjugated anti-CD4 plus -CD8 (PharMingen). Levels of circulating alloantibodies
were determined by FACSCalibur (BD Biosciences, Mountain View, CA), gating on the
CD4+ plus CD8+ T-cell fraction.

Statistical analysis
Data are presented as Average ± Standard Deviation (SD). Two tailed Student’s t-test (two
sample assuming unequal variances) was used to evaluate statistical differences. The
difference between groups was considered to be significant when P < 0.05.
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SD standard Deviation
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Figure 1. Immune-based nonmyeloablative conditioning reduces TBI requirement to minimum
and induces tolerance to islet and skin graft
Allogeneic bone marrow transplants were performed between MHC plus minor antigen-
disparate C57BL/6 (H2b) and BALB/c (H2d) mice. Recipients were treated with anti-αβ-
TCR mAb (30μl/mouse, day -3), anti-CD154 mAb (0.5mg/mouse, day 0 and +3), or
rapamycin (3mg/kg, day 0 to +4) alone or in combination. Recipient mice were transplanted
with 15 × 106 allogeneic BALB/c donor marrow cells 4-6 hours following TBI. Animals
were analyzed for engraftment by flow cytometric analysis monthly after BMT up to 6
months. Peripheral blood was stained with antibodies specific for MHC Class I antigens of
donor (anti-H-2Kd-PE) and recipient (anti-H-2Kb FITC) for 30 minutes. The analysis was
carried out on a FACSCalibur (Becton Dickinson Mountain View, CA). n = number of
animals in each experiment. This figure shows the frequency of engraftment at 1 month after
BMT (A), level of chimerism in animals that engrafted (percentage of donor cells in PBL) at
1 month (B), and kinetics of engraftment for up to 6 months after BMT (C) as assessed by
PBL typing. The results are the summary of 6 experiments. Transplantation tolerance in
mixed chimeras was assessed with islet or skin allograft transplantation 2-5 months after
BMT. Non-chimeras and naïve B6 recipients served as controls. In islet transplantation (D),
recipients were rendered diabetic through treatment with streptozocin. Each animal received
approximately 500-600 mouse islets transplanted beneath the left renal capsule. Rejection
was considered to have occurred when the blood glucose levels were > 200 mg/dl for 3
consecutive days. Nephrectomy was performed in long-term acceptors (>120 days) to
remove kidney with transplanted islet. In skin transplantation (E), each chimeric animal
received skin grafts from donor-specific (BALB/c) and third-party (B10.BR, H-2k) and the
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grafts were then monitored up to 200 days. One control group of chimeras received B10.D2
(H-2d) skin grafts, which had same MHC background as donor BALB/c.
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Figure 2. Donor-specific T-cell, humoral, and innate immune tolerance in mixed chimeras
Chimeras (BALB/c → B6) were evaluated for donor-specific T-cell tolerance with in vivo
MLR (A). Twenty million carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled
splenocytes from chimeras, non-chimeras or naïve B6 were injected i.v. into irradiated
(1000cGy) stimulators of donor BALB/c, recipient B6, or third-party B10.BR mice. At day
3, the spleens were harvested and stained with anti-mouse CD8 PerCP and anti-CD4-APC.
CFSE intensities were analyzed in CD4+ or CD8+ cells. The proliferating T-cells lost half
CFSE fluorescence intensity sequentially with each division. The proliferation resulted in
cell events towards downstream divisions. Data from one representative experiment of 3 are
shown. Each chimeric animal received skin grafts from donor-specific (BALB/c) and third-
party (B10.BR, H-2k) Donor-specific tolerance was further evaluated with effector/memory
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T-cell expression in chimeras received donor or donor/third-party skin grafts (B). Mixed
chimeras received either donor BALB/c or both BALB/c and third-party skin grafts.
Recipient PB was collected at day 14 after skin transplantation and cells were stained with
anti-CD44-FITC, anti-CD62L-PE, anti-CD4-PerCP, and anti-CD8-APC. Percentages of
CD8+/CD44high/CD62Llow/-effector/memory T-cells were measured in CD8+ T-cell gate.
For clonal deletion of activated T-cells, expression of Vβ5.1/2, Vβ6, Vβ8.1/2, and Vβ11 in
unmanipulated hosts (B6), unmanipulated donors (BALB/c), experimental animals with
different levels of donor chimerism from groups of 0 to 300cGy TBI were measured by
FACS analysis (C). Relative expression represents the percentage of Vβ-positive cells
within the CD8+ or CD4+ T-cell subsets of the host (H2Kb) lymphogate in peripheral blood.
Data from 3 experiments are depicted as mean ± SD. Vβ-TCR expression in either
experimental group was compared with that in B6 mice using two tailed t-test. Significant P
values are indicated above the respective data bars (* P ≤ 0.0005 and ψ P ≤ 0.05). Humoral
tolerance in mixed chimeras was studied with FCXM assay (D). Sera were collected from
chimeric or non-chimeric mice 1, 3 and 6 months after BMT. Sera from mice receive BMC
infusion only and naïve served as controls. Anti-donor antibodies were detected by FCXM
assay. One half-million splenocytes from naive BALB/c mice were incubated with 10 μl of
sera for 30 minutes. Cells were washed and incubated with FITC-conjugated polyclonal goat
anti-mouse Ig, followed by third incubation with PE-conjugated anti-mouse CD4 plus CD8.
Gating was carried out on the CD4+ and CD8+ T-cell fraction, and reported as mean
fluorescence intensity (MFI). Innate immune tolerance in mixed chimeras was analyzed
using in vivo cytotoxicity assays (E). Single splenocyte suspensions were prepared. Target
(BALB/c) and internal control (B6) splenocytes (100 × 106/mL in PBS) were incubated with
4.0 μM or 0.2 μM CFSE, respectively, at room temperature for 10 minutes. Fetal bovine
serum was added to quench the reaction. Cells were mixed in a 1:1 ratio and resuspended in
PBS, and 20 × 106 cells from each were injected intravenously to chimeras, non-chimeras,
T-cell deficient mice (TCRβ/δ-/-), and naïve B6 mice. Chimeras received target and internal
control cells both from B6 was served as one of controls. Peripheral blood was collected 18
hours after cell infusion. Peripheral-blood lymphocytes were analyzed for CFSE expression.
The percentage of killing was determined by calculating the ratio of target to internal control
cells.
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Table 1

Percent engrafted in mice pretreated with indicated agents or combinations and irradiated with 300 cGya

Group n % Engraftmentb (1 month)

Anti-αβ-TCR 5 0

Anti-CD154 5 0

Rapa 5 0

Anti-αβ-TCR, Rapa 5 40

Anti-αβ-TCR, Anti-CD154, Rapa 7 100

Anti-CD154, Rapa 7 100

a
Recipient B6 mice were pretreated with the indicated agents or combinations of these agents peri-BMT. On day 0, they were transplanted with 15

× 106 untreated BMC from BALB/c donors 4-6 h after conditioning with 300 cGy of TBI. Animals were tested for chimerism by flow cytometric
analysis one month after BMT.

b
Percentage of animals that engrafted with ≥ 1% donor cells in PBL. Results are a summary of 5 experiments.
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