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REVIEW

Transplantation tolerance and
mixed chimerism: at the frontier

of clinical application

Abstract Although the persistence
of donor-type hematopoietic cells in
low numbers (microchimerism) is
well established in some transplant
recipients, its relevance for graft ac-
ceptance is still a matter of debate.
On the other hand, clonal deletion
of donor-specific alloreactive cells
associated with mixed chimerism
(macrochimerism) has reliably pro-
duced long-term graft tolerance in
pre-clinical models. So far, the cy-
toablative conditioning regimens
required to achieve mixed chimer-
ism have hampered the clinical de-
velopment of such protocols. Here,

we discuss recent observations sug-
gesting that the deliberate induction
of hematopoietic cell chimerism
might become a feasible strategy to
achieve transplantation tolerance in
clinics.
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Introduction

Organ transplantation is a routine clinical procedure for
patients with end-stage organ failure. However, despite
standardization of surgical techniques and continuous
refinements in anti-rejection therapies, long-term re-
sults of transplantation have not significantly improved
during the last two decades [12]. While successfully pre-
venting acute rejection episodes, current immunosup-
pressive treatments are unable to control chronic rejec-
tion, which is the primary cause of long-term graft loss
[27]. In addition, they cause a global immunodeficiency
predisposing to severe infections and malignancies [7].
Therefore, transplantation tolerance defined as survival
of the allograft in the absence of any immunosuppres-
sion remains a major goal to achieve for transplant phy-
sicians and immunologists.

Since the pioneer demonstration by Medawar and
coworkers of neonatal tolerance induced in mice by in-
jection of allogenic spleen cells [4], a number of experi-
mental studies have confirmed that the establishment

of hematopoietic chimerism, defined as the coexistence
of host and donor cells, may contribute to the induction
of transplantation tolerance. Isolated clinical observa-
tions of tolerance in patients treated for malignant dis-
ease with myeloablation and bone marrow infusion,
and subsequently grafted with an organ from the same
donor, is a principle proof supporting this approach [14,
17, 35]. Until now however, the toxicity of the host con-
ditioning regimen required for bone marrow engraft-
ment as well as the risk of inducing graft-versus-host dis-
ease, prohibited the application of this strategy in rou-
tine clinical protocols for patients with non-malignant
diseases. Recent developments in the field of hematolo-
gy, namely the definition of less toxic ablative treat-
ments and the better understanding of the hematopoiet-
ic reconstitution taking place after bone marrow trans-
plantation, open the possibility to introduce this concept
to the clinics. Indeed, an expert panel gathered by the
National Institutes of Health recently made recommen-
dations for the design, conduct, and monitoring of clini-
cal protocols to achieve transplantation tolerance [33].



It is therefore timely to review possible strategies for the
induction of transplantation tolerance in the clinics.

Multiple pathways to transplantation tolerance

The induction and maintenance of transplantation toler-
ance may depend on two non-mutually exclusive path-
ways. The first is the clonal deletion of alloreactive T
cells in the graft’s recipient. In this form of deletional
tolerance, also defined as central tolerance, stable en-
graftment of donor cells in the host hematopoietic sites
(macrochimerism) induces the elimination of donor-
specific T cells during their differentiation [31]. This
process of negative selection is identical to the intra-thy-
mic clonal deletion of self-reactive T cells during onto-
geny. The second pathway of tolerance, peripheral toler-
ance, consists in the inactivation in the periphery of the
alloreactive T cells causing damages to the graft. The
mechanisms involved in the latter pathway include im-
munological ignorance, unresponsiveness (anergy), or
immunodeviation with preferential production of sup-
pressive cytokines such as interleukin-10.

The relationship between the persistence of low
numbers of donor cells at sites distant from the graft
(microchimerism}) and graft acceptance has been exten-
sively studied following the initial observations of
Starzl’s group in liver and kidney recipients [39, 40]. Af-
ter the demonstration that microchimerism might per-
sist in patients with long-term graft acceptance, it was
suggested that donor leukocytes in the recipient might
induce peripheral tolerance as non- professional anti-
gen-presenting cells, such as T cells, B cells or immature
dendritic cells could anergize T cells recognizing them
[44]. In addition, certain donor cells might exert a veto
activity resulting in inactivation of anti-donor cytotoxic
T cells [37, 43]. In many models, this form of tolerance
has been shown to depend on an unstable balance be-
tween microchimerism and anti-donor immunity. As a
matter of fact, the elimination of donor leukocytes may
correlate with graft rejection [11, 26]. However, the clin-
ical relevance of microchimerism is still a matter of de-
bate, and from the data published until now it appears
to represent rather a consequence than a cause of long-
term graft survival. Indeed, acute graft rejection may oc-
cur in patients with stable microchimerism, [15, 36] and
in this setting the disappearance of microchimerism af-
ter graft removal suggests that it merely reflects a con-
stant release of donor cells from the graft [37].

Based on experimental observations by Wood and
Monaco [51], several groups evaluated clinical protocols
of combined donor bone marrow cell infusion and organ
transplantation in conjunction with classical immuno-
suppression, e.g. without preconditioning the recipient
with myelotoxic agents. In liver transplant recipients,
such a protocol resulted in enhanced graft survival [32].

However, true tolerance was not achieved as immuno-
suppressive therapy was maintained and in vitro studies
suggested non-specific immunosuppression [25].

On the other hand, it might well be that peripheral
tolerance does not require hematopoietic chimerism.
The observations recently reported by Kirk etal. in
nonhuman primates indeed indicate that long-term ac-
ceptance of renal allografts can be achieved by a short
course of anti-CD154 (CD40 ligand) monoclonal anti-
body early after transplantation. However, monkeys
treated with this protocol still developed anti-donor an-
tibodies as well as lymphocyte infiltrates in the graft
[18]. Ome can therefore assume that such strategies
might ultimately result in chronic rejection as in the
case of protocols promoting Th2-type responses [20].

Mixed chimerism and central tolerance

Because of the limitations of peripheral tolerization, the
mostreliable path to long-term transplantation tolerance
appears to be the induction of mixed chimerism leading
to central deletion of alloreactive T cells. This approach
was investigated in animal models in which immuno/my-
eloablative preparation of the recipient followed by bone
marrow transplantation (BMT) resulted in stable mixed
chimerism in which large numbers of donor-type he-
matopoietic cells coexist with recipient-type cells. With
this type of strategy, tolerance could be achieved in the
most stringent models of tissue transplantation, i.e. fully
MHC-mismatched skin graft in mice [41] or xenotrans-
plantation in large animals (reviewed in [1]).
Myelo/immunoablative conditioning of the recipient
has long been considered necessary to allow long-term
engraftment of donor pluripotent hematopoietic stem
cells resulting in stable macrochimerism, although Cob-
bold and Waldmann already established a model of
mixed chimerism under a non-myeloablative regimen
in 1986 [6]. The cytoreductive regimens target two com-
partments in the host: [1] the pool of the pre-existing al-
loreactive peripheral T cells, in order to prevent rejec-
tion of donor cells, and [2] the bone marrow, to create
“space” in order to facilitate the implantation of donor
stem cells. To reach these objectives, the conditioning
regimen before bone marrow cell infusion usually asso-
ciates depleting or non-depleting anti-T cell antibodies,
whole body irradiation (WBI) and/or thymic irradia-
tion. The absolute necessity of thymic irradiation re-
mains questionable in the perspective of clinical appli-
cation, especially for adult recipients [22]. It is usually
argued that alloantigens directly presented within the
thymus are most effective in inducing negative selection
of developing T cells [5]. Indeed, the absence of thymic
chimerism in mice allow donor-reactive T cells to be ex-
ported in the periphery and eventually to induce graft
rejection [45]. In some experimental conditions howev-



er, thymic irradiation can be replaced by repeated injec-
tions of anti T cell antibodies ( reviewed in [48]).

The constant effort to reduce the toxicity of prepara-
tive regimens also leads to a tendancy to minimize or
avoid whole body irradiation before marrow grafting.
This has recently been achieved in a pig model of trans-
plantation by Sachs and co-workers using a combination
of non-lethal WBI, thymic irradiation and anti-T cell
monoclonal antibody [16]. Moreover, the need for WBI
could even be overcome in this model by the injection
of very high cell numbers (reviewed in [28, 30, 41]). Thy-
mic irradiation is still required in this type of non-my-
elosuppressive regimen.

Complementing host conditioning, reagents blocking
T cell costimulatory pathways may help to reduce the re-
quirement for WBI, thymic irradiation or T-cell deplet-
ing antibodies. Indeed, recent observations in mice dem-
onstrated that the adjunction of CTLA4-Ig and anti-
CD40 ligand (CD154) antibody in the preparative regi-
men permitted avoiding thymic irradiation or T cell de-
pletion before bone marrow grafting for the induction
of long-lasting mixed chimerism and transplantation tol-
erance [24, 47, 49]. As a matter of fact, costimulatory
blocking agents administered simultaneously with the
allogenic tissue could specifically target peripheral anti-
donor T cells and induce their functional deletion, leav-
ing the opportunity for donor bone marrow cells to mi-
grate to the thymus and establish central chimerism and
subsequent deletional tolerance. Indeed, the infusion of
a high dose of allogenic marrow cells followed by the ad-
ministration of anti-CD154 and anti-T cell antibody was
recently shown in mice to resuit in long lasting mixed
chimerism and associated transplantation tolerance [50].

On the basis of these recent experimental develop-
ments, clinical protocols with an acceptable level of
toxicity can now be considered. Indeed, Sykes et al. re-
ported in patients with refractory lymphoma the suc-
cessful induction of mixed chimerism after infusion of
HLA-mismatched bone marrow cells using a condition-
ing regimen based on cyclophosphamide, anti-lympho-
cyte globulins and thymic irradiation [42]. In the context
of solid organ transplantation, the same group reports a
case of successful induction of tolerance to a kidney
graft in a patient with a multiple myeloma, using a pro-
tocol based on cyclophosphamide, anti-thymocyte glob-
ulins and thymic irradiation before combined bone mar-
row and renal transplantation [38].

One critical issue for the design of clinical protocols
to achieve mixed chimerism is the nature of the donor
cells to infuse. Ideally, the donor inoculum should estab-
lish stable macrochimerism and provide precursors for
immune reconstitution without mediating graft-versus-
host (GVH) disease. These imperatives could be contra-
dictory, as the cells responsible for the GVH overlap
with those favoring cell engraftment and restoring im-
munocompetence. Indeed, T cells favor engraftment

but some of them endowed with alloreactive potential
are the GVH effectors. Studies investigating the infu-
sion of purified allogeneic donor CD34* pluripotent
stem cells suggest that they may present some selective
advantage for long-term engraftment [3, 21]. Moreover,
they appear to be endowed with veto activities [30]. We
verified that the infusion of CD34* cells purified from
the bone marrow of cadaveric donors is feasible and
safe in kidney transplant recipients, although long-term
chimerism was not achieved in the absence of a condi-
tioning regimen [8]. One can therefore anticipate that
the successful induction of mixed chimerism will criti-
cally depend both on the conditioning of the recipient
and on the balance between the numbers of donor
CD34~ stem cells and donor T cells infused.

Immune reconstitution after stem cell transplantation

Since transplant tolerance should be specific for donor
alloantigens, it is essential to consider the reconstitution
of the immune system after the induction of mixed chi-
merism. As a matter of fact, studies in bone marrow
transplant recipients indicate that the conditioning regi-
men may induce a state of immunodeficiency, which
might be prolonged even after withdrawal of immuno-
suppressive drugs [2]. In the first months after immuno/
myeloablation, T cell reconstitution preferentially con-
cerns the CD8* T cell subpopulation, leading to an in-
version of the CD4*/CD8* ratio [29, 46]. Within the
CD4* T cell compartment, regenerating cells first show
a predominance of memory-type (CD45RO") over na-
ive (CD45RA™) cells [23]. The origin of these memory
cells depends on the type of bone marrow transplant,
In the absence of T cell depletion, they are almost exclu-
sively of donor origin while, after T cell-depleted bone
marrow transplantation, they expand from recipient pe-
ripheral cells that survive the conditioning regimen [34].
In addition to their limited capacity to recognize foreign
antigens, repopulating T cells may present intrinsic
functional defects including low proliferative responses,
reduced cytotoxic potential, and abnormal cytokine
profile [2]. However, in the setting of autologous stem
cell transplantation for severe autoimmune disease, we
observed a recovery of T cell repertoire and function
within one year, without disease recurrence [10].

The factors involved in T cell reconstitution after im-
munoablation were thoroughly reviewed in a recent ar-
ticle [13]. One critical factor is the age of the patient, as
the thymic function declines with time [23]. The identifi-
cation of a specific molecular marker of early thymic mi-
grants (TREC) allowed confirmation of this fact but
also established that a substantial thymic output persists
in adults [9]. Experimental studies suggest that cyto-
kines and/or hormones could stimulate the regeneration
of thymic tissue in adults (reviewed in {13]). Although



the efficiency and safety of such treatments in humans
remain to be established, such methods of treatment of-
fer interesting perspectives to accelerate immune recon-
stitution after induction of mixed chimerism.

Conclusion

The advances made in experimental models have
brought the induction of mixed chimerism very close to
the frontier of clinical application, and further refine-
ments in preparative regimens will probably make an
acceptable level of toxicity possible. At this point, a crit-
ical question should be considered: Which patients
should be selected for this type of protocol, in view of
the current results achieved with classical immunosup-

pression? Although the NIH expert panel suggests initi-
ating these procedures in kidney or pancreatic islet
transplantation [33], we feel, for several reasons that liv-
er recipients may also be appropriate candidates. First,
the inherent capacity of the liver to produce stem cells
may facilitate the establishment of mixed chimerism.
Moreover dendritic cell progenitors originating from
the liver may promote the deletion/inactivation of do-
nor-specific T cells [44]. Finally, in the absence of any re-
liable in vitro test for the induction of tolerance, the ulti-
mate demonstration of operational tolerance will de-
pend on immunosuppression withdrawal. The relative
resistance of the liver graft to acute rejection and its
ability to recover rapidly from anti-rejection treatment
should allow this type of challenge more easily.

References

1. Auchincloss H, Sachs DH (1998) Xe- 9. Doueck DC, Mc Farland RD, Keiser 16. Huang CA, Fuchimoto Y, Scheier-Dol-
nogeneic transplantation. Ann Rev Im- PH, Gage EA, Massey JM, Haynes BF, berg R, Murphy MC, Neville DM, Sa-
munol 16: 433-470 Polis MA, Haase AT, Feinberg MB, chs DH (2000) Stable mixed chimerism

2. Autran B, Malphettes M, Dhedin N, Sullivan JL, Jamieson, BD, Zack JA, and tolerance using a nonmyeloablative
Gorochov G, Leblond V, Debre P Picker LJ, Koup RA (1998) Changes in preparative regimen in a large-animal
(1997) Studies of T cell reconstitution thymic function with age and during the model. J Clin Invest 105: 173-181
after hematopoietic stem cell trans- treatment of HIV infection. Nature 396:  17. Jacobsen N, Taaning E, Ladefoged J,
plant. Hematol Cell Ther 39: 252-256 690-695 Kristensen JK, Pedersen FK (1994)

3. Bensinger W1, Buckner CD, Shannon- 10. Durez P, Toungouz M, Lambermont M, Tolerance to an HLA-B,DR disparate
Dorcy K, Rowley S, Appelbaum FR, Goldman M (1998) Remission and im- kidney allograft after bone-marrow
Benyunes M, Clift R, Martin P, Demirer mune reconstitution after T-cell-deplet- transplantation from same donor. Lan-
T, Storb R, Lee M, Schiller G (1996) ed stem-cell transplantation for rheu- cet 1: 800
Transplantation of allogeneic matoid arthritis. Lancet 352: 881 18. Kirk AD, Burkly LC, Batty DS, Baum-
CD34 + peripheral blood stem cells in 11. Ehl S, Aichele P, Ramseier H, Barchet gartner RE, Berning JD, Buchanan K,
patients with advanced hematologic W, Hombach J, Pircher H, Hengartner Fechner JH, Germond RL, Kampen
malignancy. Blood 88: 41324138 H, Zinkernagel RM (1998) Antigen RL, Patterson NB, Swanson SJ, Tadaki,

4. Billingham RE, Brent L, Medawar PB persistence and time point of T cell to- DK, TenHoor CN, White L, Knechtle
(1953) Actively acquired tolerance of lerization determine the efficacy of to- SJ, Harlan DM (1999) Treatment with
foreign cells. Nature 172: 603-605 lerization protocols for prevention of humanized monoclonal antibody

5. Brocker T (1997) Survival of mature skin graft rejection. Nat Med 4: against CD154 prevents acute allograft
CD4 T lymphocytes is dependent on 1015-1019 rejection in nonhuman primates. Nat
major histocompatibility complex class  12. Gjertson DW (1991) Survival trends in Med 5: 686-693
II-expressing dendritic cells. J Exp Med long-term first cadaver-donor kidney 19. Knobler HY, Sagher U, Peled IJ, Wex-
186: 1223-1232 transplants. In: Terasaki P (ed) Clinical ler MR, Steiner D, Rubinstein N,

6. Cobbold SP, Martin G, Qin S, Wald- Transplantion. UCLA Tissue Typing Weshler Z, Or R, Slavin S (1985) Toler-
mann H (1986) Monoclonal antibodies Laboratory, Los Angeles, CA ance to donor-type skin in the recipient
to promote marrow engraftment and 13. Greenberg PD, Riddell SR (1999) De- of a bone marrow allograft. Transplan-
graft tolerance. Nature 323: 164-166 ficient cellular immunity-Finding and tation 40: 223-225

7. Dantal J, Hourmant M, Cantarovich D, fixing the defects. Science 282: 546-551  20. Le Moine A, Flamand V, Demoor FX,
Giral M, Blancho G, Dreno B, Soulillou  14. Helg C, Chapuis B, Bolle JF, Morel P, Noél JC, Surquin M, Kiss R, Nahori
JP (1998) Effect of long-term immuno- Salomon D, Roux E, Antonioli V, MA, Pretolani M, Goldman M, Abra-
suppression in kidney-graft recipients Jeannet M, Leski M (1994) Renal mowicz D (1999) Critical roles for IL-4,
on cancer incidence:randomised com- transplantation without immunosup- IL-5, and eosinophils in chronic skin al-
parison of two cyclosporine regimens. pression in a host with tolerance in- lograft rejection. J Clin Invest
Lancet 351: 623-628 duced by allogeneic bone marrow 103 :1659-1667

8. De Pauw L, Abramowicz D, Donckier transplantation. Transplantation 58: 21. Link H, Arseniev L, Bahre O, Kadar
V, Kornreich A, Destree M, Demoor F, 1420-1422 JG, Diedrich H, Poliwoda (1996)
Andrien M, Lambermont M, Goldman  15. Hisanaga M, Hundrieser J, Boker K, Transplantation of allogeneic

M (1998) Isolation and infusion of do-
nor CD34 + bone marrow cells in ca-
daver kidney transplantation. Nephrol
Dial Transplant 1: 34-36

Uthoff K, Raddatz G, Wahlers T,
Wonigeit K, Pichlmayr R, Schlitt HY
(1996) Transplantation 61: 4045

CD34 + blood cells. Blood 87:
49034909



22. Mackall CL, Fleisher TA, Brown MR,
Andrich MP, Chen CC, Feuerstein IM,
Horowitz ME, Magrath IT, Shad AT,
Steinberg SM (1995) Age, thymopoie-
sis, and CD4 + T-lymphocyte regenera-
tion after intensive chemotherapy.

N Engl J Med 332: 143-149

Mackall CL, Hakim FT, Gress RE
(1997) T- regeneration:all repertoires
are not created equal. Immunol Today
18: 245-251

Markees TG, Phillips NE, Gordon EJ,
Noelle RJ, Shultz LD, Mordes JP, Gre-
iner DL, Rossini AA (1998) Long-term
survival of skin allografts induced by
donor splenocytes and anti-CD154 an-
tibody in thymectomized mice requires
CD4( + ) Tcells, interferon-gamma,
and CTLAA4. J Clin Invest 101:
2446-2455

Mathew JM, Carreno M, Fuller L, Ri-
cordi C, Esquenazi V, Miller J (1997)
Modulatory effects of human donor
bone marrow cells on allogeneic im-
mune responses. Transplantation 63:
689-692

26. Murase N, Starzl TE, Tanabe M, Fuji-
saki S, Miyazawa H, Ye Q, Delaney CP,
Fung JJ, Demetris AJ (1995) Variable
chimerism, graft-versus-host disease,
and tolerance after different kinds of
cell and whole organ transplantation
from Lewis to brown Norway rats.
Transplantation 60: 158-171

Naimark DMJ, Cole E (1994) Determi-
nants of long-term renal allograft sur-
vival. Transpl Rev 8: 93-113

Nikolic B, Sykes M (1997) Bone mar-
row chimerism and transplantation tol-
erance. Curr Opin Immunol 9: 634-640
Ottinger HD, Beelen DW, Scheulen B,
Schaefer UW, Grosse-Wilde H (1996)
Improved immune reconstitution after
allotransplantation of peripheral blood
stem cells instead of bone marrow.
Blood 88: 2775-2779

Reisner Y, Martelli MF (1999) Stem cell
escalation enables HLA-disparate
haematopoietic transplants in leukae-
mia patients. Immunol Today 20:
343-347

Remuzzi G (1998) Cellular basis of
long-term organ transplant accep-
tance:pivotal role of intrathymic clonal
deletion and thymic dependence of
bone marrow microchimerism-associat-
ed tolerance. Am J Kidney Dis 31:
197-212

23.

24.

25.

27.

28.

29.

30.

31.

32.

33.

34,

3s.

36.

37.

38.

39.

40.

41.

Ricordi C, Karatzas T, Nery J, Webb M,
Selvaggi G, Fernandez L, Khan FA,
Ruiz P, Schiff E, Olson L, Fernandez H,
Bean J, Esquenazi V, Miller J, Tzakis
AG (1997) High-dose donor bone mar-
row infusions to enhance allograft sur-
vival:The effect of timing. Transplanta-
tion 63: 7-11

Rose SM, Blustein N, Rotrosen D
(1998) Recommendations of the expert
panel on ethical issues in clinical trials
of transplant tolerance. National Insti-
tute of Allergy and Infectious Diseases
of the National Institutes of

Health. Transplantation 66: 1123-1125
Roux E, Helg C, Dumont-Girard F,
Chapuis B, Jeannet M, Roosnek E
(1996) Analysis of T cell repopulation
after allogeneic BMT'significant differ-
ences between recipients of T cell-de-
pleted and unmanipulated grafts. Blood
87: 3984-3992

Sayegh MH, Fine NA, Smith JL., Ren-
nke HG, Milford EL, Tilney N1 (1991)
Immunologic tolerance to renal allo-
grafts after bone marrow transplants
from the same donors. Ann Int Med
114: 954-955

Schiitt HI, Hundrieser J, Burckhardt R,
Pichlmayr R (1994) Donor-type micro-
chimerism associated with graft rejec-
tion eight years after liver transplanta-
tion. N Engl J Med 330: 646647

Schlitt HY (1997) Is microchimerism
needed for allograft tolerance? Trans-
plant Proc 29: 82-84

Spitzer TR, Delmonico F, Tolkoff-Ru-
bin N, McAfee S, Sackstein R, Saidman
S, Colby C, Sykes M, Sachs DH, Cosimi
AB (1999) Combined histocompatibili-
ty leukocyte antigen-matched donor
bone marrow and renal transplantation
for multiple myeloma with end stage
renal disease:the induction of allograft
tolerance through mixed lymphohema-
topoietic chimerism. Transplantation
68: 480484

Starzl TE, Demetris AJ, Murase N, Il-
dstad S, Ricordi C, Trucco M (1992)
Cell migration, chimerism, and graft
acceptance. Lancet 339: 1579-1582
Starzl TE, Demetris AJ, Trucco M,
Murase N, Ricordi C, Ildstad S, Ramos
H, Todo S, Tzakis A, Fung JJ, Nalesnik
M, Zeevi A, Rudert WA, Kocova M
(1993) Cell migration and chimerism
after whole-organ transplantation:the
basis of graft acceptance. Hepatology
17:1127-1152

Sykes M, Szot GL, Swenson K, Pearson
DA (1997) Induction of high levels of
allogeneic hematopoietic reconstitution
and donor-specific tolerance without
myelosuppressive conditioning. Nat
Med 3: 783-787

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Sykes M, Preffer F, McAfee S, Saidman
SL, Weymouth D, Andrews DM, Colby
C, Sackstein R, Sachs DH, Spitzer TR
(1999) Mixed lymphohaemopoietic chi-
merism and graft-versus-lymphoma ef-
fects after non-myeloablative therapy
and HLA-mismatched bone-marrow
transplantation. Lancet 353: 1755-1759
Thomas JM, Verbanac KM, Carver FM,
Kasten-Jolly J, Haisch CE, Gross U,
Smith JP (1994) Veto cells in transplan-
tation tolerance. Clin Transplant 8:
195-203

Thomson, AW, Lina L (1999) Are den-
dritic cells the key to liver transplant
tolerance? Immunol Today 20: 27-32
Tomita Y, Khan A, Sykes M (1994)
Role of intrathymic clonal deletion and
peripheral anergy in transplantation
tolerance induced by bone marrow
transplantation in mice conditioned
with a nonmyeloablative regimen.

J Immunol 153: 1087-1098

Villers D, Milpied N, Gachet J, Davo-
drau F, Hallet MM, Bonneville M, Vie
H (1994) Alteration of T cell repertoire
after BMT. Bone Marrow Transplant
13:19-26

Wekerle T, Sayegh MH, Hill J, Zhao Y,
Chandraker A, Swenson KG, Zhao G,
Sykes M (1998) Extrathymic T cell de-
letion and allogeneic stem cell engraft-
ment induced with costimulatory
blockade is followed by central T cell
tolerance. J Exp Med 187: 2037-2044
Wekerle T, Sykes M (1999) Mixed chi-
merism as an approach for the induc-
tion of transplantation tolerance.
Transplantation 68: 459-467

Wekerle T, Sayegh MH, Ito H, Hill J,
Chandraker A, Pearson DA, Swenson
KG, Zhao G, Sykes M (1999) Anti-
CD154 or CTLA4Ig obviates the need
for thymic irradiation in a non-my-
eloablative conditioning regimen for
the induction of mixed hematopoietic
chimerism and tolerance. Transplanta-
tion 68: 1348-1355

Wekerle T, Kurtz J, Ito H, Ronquillo
JV, Dong V, Zhao G, Shaffer J, Sayegh
MH, Sykes M (2000) Allogeneic bone
marrow transplantation with co-stimu-
latory blockade induces macrochimer-
ism and tolerance without cytoreduc-
tive host treatment. Nat Med 6: 464-469
Wood ML, Monaco AP, Gozzo JJ, Lie-
geois A (1971) Use of homozygous al-
logeneic bone marrow for induction of
tolerance with ALS. Dose and timing.
Transplant Proc 3: 676-679





