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Dendritic Cell Therapy for Tolerance Induction to Stem Cell Transplants
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School of Biochemistry and Molecular Biology, Australian National University, Canberra ACT 0200, Australia

Abstract: With rapid progress in identification of a variety of adult stem cells, there is an urgent need for basic
studies on immunomodulatory protocols relevant to stem cell transplantation. There are new possibilities for
immunomodulation invoking the function of dendritic cells (DC) in the induction of tolerance. This paper
addresses the application of DC immunotherapy for establishing and maintaining peripheral tolerance to stem
cell or tissue allografts. While recent approaches target immature DC and their role in peripheral tolerance,
many questions can be raised about the tolerogenic properties of those cells and the clinical feasibility of their
use. Procedures published to date for preparation of DC differ significantly in terms of the source of cells and
methods for culture and expansion of immature, apparently tolerogenic DC. With evidence for tolerogenicity
associated with all classes or lineages of DC, the hypothesis is advanced that the tolerogenicity of DC is
determined during hematopoiesis and may be best established by immunotherapy using DC progenitors. It is
expected that peripheral tolerance and central or thymic-based tolerance may complement each other as two
essential mechanisms for transplantation tolerance since different clinical situations may invoke the need for
different procedures for tolerance induction.
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INTRODUCTION depend on the state of maturation of DC and is manifest
either as deletion or anergy of T cells, or by the development
of regulatory T cells [9]. The important unanswered
questions, however, are which DC are tolerogenic and which
signals dictate DC differentiation into the tolerogenic versus
immunogenic state.

Dendritic cells (DC) are generally recognised for their
capacity to endocytose antigen, activate T cells and induce
an immune response. DC present in peripheral tissues are
resting, immature cells. Upon exposure to pathogens or
inflammatory mediators these cells mature and become
activated into an immunogenic state characterised by
upregulated expression of major histocompatibility complex
[MHC] molecules and costimulators like CD80 and CD86.
This activates DC into a state ready for T cell activation.
However, under steady-state conditions, in the absence of
microbial stimulation, DC play another important role in
tolerance [1, 2]. In the steady-state, peripheral DC, or DC
precursors in blood are immature cells which continuously
endocytose environmental antigens. They traffick antigen to
secondary lymphoid organs for presentation to T cells [3].
This process maintains peripheral tolerance by the
inactivation of autoreactive T cells.

PLASTICITY IN DC HEMATOPOIESIS

For those in the field, the study of DC development and
the definition of lineage relationships between
phenotypically distinct DC subsets has been more difficult
than anticipated. The reason for this now appears to relate to
plasticity in DC development, uncharacteristic of other
hematopoietic lineages [10]. Theories on the myeloid or
lymphoid lineage relationship between DC subsets have
been disputed and corrected over time [11]. Both in vivo and
in vitro  studies now confirm that under steady-state or non-
inflammatory conditions, there are two main classes of
immature DC resident in peripheral lymphoid tissues of
humans and mice: conventional and plasmacytoid DC. The
‘conventional’ DC in mice have also been defined as
myeloid-like CD11c+CD11b+CD8α- DC and lymphoid-like
CD11c+CD11b-CD8α+ DC. Both mice and humans also
contain the plasmacytoid [p] precursor DC which expresses
CD8α upon activation in mice [12], along with lymphoid
markers like pTα and early D-J rearrangement at the IgH
locus [13]. Monocyte-derived DC represent a very different
type of DC, developing in vivo under inflammatory
conditions. DC development is dependent on cytokines like
GM-CSF and TNF-α which drive cells from blood into
lymph nodes for antigen presentation [14].

Lymph nodes and spleen also contain endogenous
immature DC which exist in close proximity to large
numbers of naïve T cells and are well placed to induce rapid
inactivation of autoreactive T cells for tolerance induction.
The majority of DC in spleen are immature, endogenous DC
which endocytose bloodborne antigens and participate in the
establishment of tolerance by T cell inactivation [4].
Apoptotic cells represent a major source of self antigen [5].
Cells dying due to normal tissue turnover are taken up by
resting DC and presentation of these antigens to T cells by
DC in the steady state represents a critical process for
maintenance of peripheral tolerance [6, 7]. DC which
endocytose apoptotic cells do not become activated [8]. The
outcome of T cell stimulation by steady-state DC appears to

In vivo reconstitution studies in mice have confirmed that
both conventional DC and p-DC derive from the Flt3+

subset of both common lymphoid and common myeloid
progenitors [15, 16]. They can all be derived by in vitro
culture of Flt3+ bone marrow [BM] cells using cocktails of
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growth factors containing Flt3L [17, 18]. It appears that DC
development mediated by Flt3L can occur via multiple
pathways from Flt3+ BM precursors, although Flt3L is not
specific for DC, and can stimulate expansion of other
hematopoietic lineages [19]. Differences between mice and
humans in the number and type of DC subsets could relate
to differences in the developmental potential of lymphoid
and myeloid progenitors in the two species. In vivo evidence
in support of plasticity in DC development was obtained
after LCMV infection of mice which resulted in
transdifferentiation of p-DC into myeloid-like DC [20]. In
these mice, plasticity was first detected as an increase in the
number of myeloid DC over p-DC following LCMV
infection. Subsequently p-DC derived from infected BM
were shown to differentiate into myeloid-like DC upon in
vitro culture with Flt3L [20]. In the least, these two DC
subsets must share an immediate common precursor
responsive to Flt3L. A model for DC development
involving plasticity could incorporate the characteristic
downregulation of gene expression in stem cells at lineage
commitment. Such a model would account for multiple
pathways for development triggered by environmental
stimuli leading to a range of DC-like cell subsets with a
range of either lymphoid or myeloid characteristics. This
could also account for differences between subsets present in
humans and mice.

on the state of activation of cells. Activation of otherwise
mature or maturing DC by infection or inflammation can
change their function from tolerogenicity to
immunogenicity.

While it now appears that all DC types can function in
both tolerance and immunity, an unresolved issue is whether
the different types of DC like myeloid, lymphoid-like or p-
DC have greater capacity to become tolerogenic or
immunogenic. It is not yet clear which signals are needed to
induce tolerogenic versus immunogenic DC, and how these
relate to the development and maturation of different
lineages of DC. One model is that the body needs a separate
lineage of tolerising DC, and that it would not be feasible
for the same cells to be involved in immunogenicity
following environmental activation [8, 31]. The argument
against this model is that a tolerogenic lineage would be an
easy target for pathogens to induce tolerance to their own
antigens [31]. The question then is how the same immature
or maturing DC can adopt different states of function. In the
absence of infection or ‘danger’, immature DC could induce
anergy or apoptosis of T cells, while DC in more mature
states could induce regulatory T cells [2, 30]. Exposure to
‘danger’ would lead to alternative maturation and
development of immunogenic DC which can activate T
cells. Different maturation signals are known to target
regulators of MHC expression. More immature DC express
low surface levels of MHC-II antigens due to sequestration
into late enodosomal/lysosomal MHC-II-rich compartments
and rapid recycling of cell surface antigen by endocytosis
[24, 32, 33]. Immunogenic DC adopt high sustaining cell
surface expression of MHC antigens consistent with high
antigen presenting capacity. One expectation is that for
tolerogenic DC, maturation is associated with short temporal
expression of MHC on the cell surface to avoid presentation
of both self and non-self antigens [29].

No further committed murine DC progenitor has been
identified beyond the Flt3+ subset in BM, although some
evidence points to a lineage of DC distinct from ‘Flt3L-
induced’ cells. McKenna et al. [21] showed that Flt3-/- mice
still maintain a population of functional DC in lymphoid
organs. Others have predicted a population of Flt3-

CD11c+MHC-II- DC in blood and spleen suggesting a
separate lineage of DC refractory to Flt3L stimulation [16,
22]. In this lab, spleen has been shown to be a source of DC
progenitors which can be maintained in long-term cultures of
splenic stromal cells which do not express Flt3L but which
support production of immature myeloid-like DC [23-25].
This work raises the possibility that a more committed
progenitor of myeloid DC is maintained in spleen.
Consistent with this hypothesis is evidence that spleen
contains a majority of endogenous, immature DC [4],
thought to be involved in the maintenance of peripheral
tolerance [2]. The characteristics of a DC progenitor
population in spleen are yet to be established.

IMPORTANCE OF PERIPHERAL TOLERANCE IN
TRANSPLANTATION

The process of T cell development in the thymus
incorporates effective deletion of self-reactive T cells, but the
process leading to central tolerance is not always complete.
Many T cells reactive to a self-peptide are known to escape
clonal deletion in the thymus and to enter the periphery [34].
These T cells include low-affinity autoreactive T cells, T
cells specific for self antigens not presented in the thymus,
and T cells specific for environmental antigens found in the
respiratory tract or intestines [35, 36]. Peripheral tolerance is
now known to be critical for immune homeostasis and
prevention of antoimmune disease, and there is increasing
evidence for regulatory cells which maintain this. These
include the well-defined regulatory CD4+CD25+ T cells [2]
and more recently, subsets of regulatory DC [37, 38]. A role
for regulatory T cells in transplant tolerance is well
documented. It has also been proposed that regulatory T
cells can modulate DC hematopoiesis to induce higher
numbers of immature or regulatory DC to sustain the
tolerant state [39]. There is also evidence that peripheral
tolerance can be mediated by clonal deletion which could
represent a more effective long-term solution for tissue
transplantation [40].

A RANGE OF DC TYPES CAN INDUCE TOLERANCE

The immature DC is generally described as an antigen
capturing cell, highly endocytic, with low expression of
MHC and costimulatory molecules, and weak ability to
activate T cells. The commonly accepted model is that
immature DC are tolerogenic and mature DC are
immunogenic [26, 27]. However, this model does not
consider the lineage or type of DC with these distinct
functions. It now appears however that some level of
maturation is needed for development of tolerogenic capacity
[5, 28]. Several reports now demonstrate partial maturation
of DC for tolerance mediated by induction of T regulatory
cells [27, 29]. An alternative model is that some level of DC
activation is required for T cell activation [30]. The function
of DC as tolerogenic versus immunogenic could then depend
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With increased prospects for isolation and use of adult
stem cells like hematopoietic stem cells [HSC] or
mesenchymal stem cells in cell therapy, there is increased
need to establish effective protocols for transplantation
tolerance. Allogeneic mesenchymal stem cells or HSC are
immunogenic and are subject to rejection by an
immunocompetent host. Alloantigen presentation to T
lymphocytes by both donor and recipient type DC can
induce acute rejection after tissue transplantation. While
immunosuppressive drugs like cyclosporin A are very
effective in early graft survival, chronic rejection leading to
late loss of grafts is a complication which could be avoided
by induction of tolerance to donor tissues. Although
autografts will always be the preferred regimen, the
feasibility of using allografts has improved with
development of hematopoietic cell therapies given prior to
tissue transplantation [41, 42]. In this case, transplantation
success depends on reprogramming the immune system
during development of a hematopoietic chimera to ensure
survival of the allograft.

adoptive transfer. HSC chimeric mice can demonstrate
donor-specific tolerance for life [46]. Purified HSC can
reconstitute lethally irradiated allogeneic mice without
producing GVHD although high numbers of cells are needed
and success rates are not 100% [47]. Effective protocols for
transplantation can therefore involve prior infusions of HSC
to facilitate tolerance to a subsequent tissue graft from the
same donor given 4-6 weeks later [48]. Successful
engraftment of HSC is dependent on other BM cells, and
CD8α+ DC have been identified as candidates in mice [49].
More recently, plasmacytoid precursor DC were also
identified as facilitating cells for HSC engraftment [50]. The
need for DC to facilitate HSC engraftment emphasises the
important role for peripheral tolerance mechanisms in
successful allografting. However, it is possible that a range
of DC types which are tolerogenic can facilitate grafting.

Tolerogenic DC are now a recognised target for
prevention of tissue or cell rejection. Apparently ‘immature’
DC derived from BM cultured with low doses of GM-CSF
have been shown to prolong allograft survival [51]. Another
common approach has been to induce an apparent tolerogenic
state amongst blood monocyte-derived DC using cytokines
and blockers of signalling pathways to inhibit DC
differentiation and to induce non-stimulatory DC which
cannot activate T cells [52, 53]. While this may have some
effectiveness as a therapeutic approach, the procedure is
fraught with many unknowns and appears to be more
reflective of downregulation of immunity than development
of ‘tolerance’ per se. For example, these procedures can
involve use of pharmacological agents like IL-10, TGF-β,
VGEF, asprin, vitamin D3 and immunosuppressive drugs
like dexamethasone, cyclosporin A and rapamycin to inhibit
DC maturation [2, 54]. Another more specific approach is to
induce formation of immature recipient type DC deficient in
costimulatory molecules. In one case, this involved in vitro
propagation of DC using cytokines followed by treatment
with oligodeoxyribonucleotides specific for NF-kappaB to
inhibit DC differentiation and induce unresponsiveness in T
cells. After donor antigen pulsing and reinfusion, these DC
preparations can delay the onset of allograft rejection [53].

Possible ways to induce tolerance include transplantation
of allogeneic donor type HSC to produce chimerism ahead
of allografting, the infusion of donor type DC to induce
‘operational’ or peripheral tolerance by either deletion or
suppression of T cell function, and the induction of
suppressor or regulatory T cells which is also dependent on
DC. Host conditioning prior to grafting is also an important
consideration in the success of transplantation. Variations on
this can include sublethal and partial total body irradiation,
thymic irradiation, removal of T cells with drugs or anti-
lymphocyte antibodies, as well as costimulatory blockade.
Each of these procedures target functional alloreactive T cells
and create hematopoietic ‘space’ allowing stem cell
migration into developmental niches. Myeloablative
conditioning is a toxic, life-threatening procedure making it
difficult to achieve allochimerism. The production of mixed
chimeras by transplantation of both donor and host
hematopoietic cells through various non-myeloablative
treatments is an alternative approach which can be successful
[41]. The opportunity also exists to infuse host type DC, or
DC progenitors, which have either been pulsed with donor
type cell lysates or transfected with donor type MHC
antigens for induction of tolerance to allografts. Another
more ambitious model is transplantation of allogeneic
embryonic stem [ES] cells which could act as a source of
HSC for reprogramming the immune system for donor
tolerance as well as providing a source of stem cells for
tissue replacement. While this is an interesting possibility,
it is one which will require extensive investigation to
establish feasibility [43, 44].

With rapid advancement in stem cell identification with a
view to transplantation therapy, there is an urgent need for
development of immunomodulatory protocols to facilitate
allogeneic cell engraftment. With respect to immunotherapy
involving tolerogenic DC, there remain many issues over the
best approach and clinical feasibility. There is a question
over which DC subset represents an appropriate tolerogenic
DC, and whether its function is maintained following
adoptive transfer. Procedures published to date for isolation
of cell subsets and culture of immature DC in vitro using
cytokines, can in fact, activate DC leading to loss of
immature characteristics and tolerogenic potential. It may
not be possible to isolate immature DC ex vivo  such that
they can maintain their tolerogenic capacity following
adoptive transfer. Since tolerogenicity appears to be
associated with all classes and lineages of DC, it appears to
reflect a DC property determined during hematopoiesis. It
may therefore be necessary to consider the need for DC
progenitors and to develop ways to characterise and isolate
these cells. They could then be used in immunomodulation
therapy prior to stem cell transplantation.

TOLEROGENIC DC IN PRECLINICAL MODELS OF
ALLOGRAFT TRANSPLANTATION

The usefulness of inbred mouse strains as preclinical
models for allografting has been demonstrated extensively. It
is essential to prevent graft-versus-host disease [GVHD] and
this depends on an absence of T cells in the graft. In contrast
to non-hematopoietic grafts, engraftment with HSC can lead
to development of a new immune system tolerant of both
donor and host cells [45-47]. Purified stem cell populations
also contain no T cells which can induce GVHD upon
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DEFINING A CLINICALLY RELEVANT SOURCE
OF DC PROGENITORS

[14] Randolph GJ, Inaba K, Robbiani DF, Steinman RM, Muller WA.
Differentiation of phagocytic monocytes into lymph node
dendritic cells in vivo. Immunity 1999; 11: 753-61.

[15] D'Amico A, Wu L. The early progenitors of mouse dendritic cells
and plasmacytoid predendritic cells are within the bone marrow
hemopoietic precursors expressing Flt3. J Exp Med 2003; 198:
293-303.

To date there has been no report of long-term donor-
specific tolerance induced by transplantation of only donor-
derived DC. This reflects an inability to define a committed
progenitor of the DC lineage which can colonise the host
and produce progeny DC. A test of this approach would
involve transplantation of candidate cells into an allogeneic
host with a view to induction of ‘DC chimerism’ for
development of long-term tolerance to alloantigen. The
tolerance induced is expected to be peripheral but could also
involve central tolerance depending on the ability of DC
progenitors to seed the thymus along with other lymphoid
compartments. Long-term chimerism may depend on
deletional tolerance both in the periphery and in the thymus
[41]. Cell therapy for tolerance induction should precede
transplantation of allograft tissue. However, this is only
possible when there is a live donor. Another approach could
also involve cell therapy using host DC progenitors
engineered to express MHC antigens of the donor cell type.

[16] Karsunky H, Merad M, Cozzio A, Weissman IL, Manz MG. Flt3
ligand regulates dendritic cell development from Flt3+ lymphoid
and myeloid-committed progenitors to Flt3+ dendritic cells in vivo .
J Exp Med 2003; 198: 305-13.

[17] Karsunky H, Merad M, Mende I, Manz MG, Engleman EG,
Weissman IL. Developmental origin of interferon-alpha-
producing dendritic cells from hematopoietic precursors. Exp
Hematol 2005; 33: 173-81.

[18] Brasel K., De Smedt T, Smith JL, Maliszewski CR. Generation of
murine dendritic cells from flt3-ligand-supplemented bone
marrow cultures. Blood 2000; 96: 3029-39.

[19] Brasel K, McKenna HJ, Morrissey PJ, et al. Hematologic effects
of flt3 ligand in vivo in mice. Blood 1996; 88: 2004-12.

[20] Zuniga EI, McGavern DB, Pruneda-Paz JL, Teng C, Oldstone
MB. Bone marrow plasmacytoid dendritic cells can differentiate
into myeloid dendritic cells upon virus infection. Nat Immunol
2004; 5: 1227-34.

[21] McKenna HJ, Stocking KL, Miller RE, et al. Mice lacking flt3
ligand have deficient hematopoiesis affecting hematopoietic
progenitor cells, dendritic cells, and natural killer cells. Blood
2000; 95: 3489-97.

ACKNOWLEDGEMENTS [22] del Hoyo GM, Martin P, Vargas HH, Ruiz S, Arias CF, Ardavin C.
Characterization of a common precursor population for dendritic
cells. Nature 2002; 415: 1043-7.This work was supported by funding from the National

Health and Medical Research Council of Australia. [23] O'Neill HC, Wilson HL, Quah B, Abbey JL, Despars G, Ni K.
Dendritic cell development in long-term spleen stromal cultures.
Stem Cells 2004; 22: 475-86.

REFERENCES
[24] Quah B, Ni K, O'Neill HC. In vitro hematopoiesis produces a

distinct class of immature dendritic cells from spleen progenitors
with limited T cell stimulation capacity. Int Immunol 2004; 16:
567-77.[1] Belz GT, Heath WR, Carbone FR. The role of dendritic cell

subsets in selection between tolerance and immunity. Immunol
Cell Biol 2002; 80: 463-8.

[25] Despars G, Ni K, Bouchard A, O'Neill TJ, O'Neill HC. Molecular
definition of an in vitro niche for dendritic cell development. Exp
Hematol 2004; 32: 1182-93.[2] Groux H, Fournier N, Cottrez F. Role of dendritic cells in the

generation of regulatory T cells. Semin Immunol 2004; 16: 99-
106.

[26] Melief CJ. Mini-review: Regulation of cytotoxic T lymphocyte
responses by dendritic cells: peaceful coexistence of cross-
priming and direct priming? Eur J Immunol 2003; 33: 2645-54.[3] Scheinecker C, McHugh R, Shevach EM, Germain RN.

Constitutive presentation of a natural tissue autoantigen
exclusively by dendritic cells in the draining lymph node. J Exp
Med 2002; 196: 1079-90.

[27] Mahnke K, Schmitt E, Bonifaz L, Enk AH, Jonuleit H. Immature,
but not inactive: the tolerogenic function of immature dendritic
cells. Immunol Cell Biol 2002; 80: 477-83.

[4] Wilson NS, El-Sukkari D, Belz GT, et al. Most lymphoid organ
dendritic cell types are phenotypically and functionally immature.
Blood 2003; 102: 2187-94.

[28] Albert ML, Jegathesan M, Darnell RB. Dendritic cell maturation
is required for the cross-tolerization of CD8+ T cells. Nat
Immunol 2001; 2: 1010-7.

[5] Liu K, Iyoda T, Saternus M, Kimura Y, Inaba K, Steinman RM.
Immune tolerance after delivery of dying cells to dendritic cells in
situ. J Exp Med 2002; 196: 1091-7.

[29] Lutz MB, Schuler G. Immature, semi-mature and fully mature
dendritic cells: which signals induce tolerance or immunity?
Trends Immunol 2002; 23: 445-9.

[6] Mahnke K, Knop J, Enk AH. Induction of tolerogenic DCs: 'you
are what you eat'. Trends Immunol 2003; 24: 646-51.

[30] Tan JK, O'Neill HC. Maturation requirements for dendritic cells in
T cell stimulation leading to tolerance versus immunity. J Leukoc
Biol 2005; 78: 319-24.[7] Steinman RM, Turley S, Mellman I, Inaba K. The induction of

tolerance by dendritic cells that have captured apoptotic cells. J
Exp Med 2000; 191: 411-6.

[31] Usharauli D. Dendritic cells and the immunity/tolerance decision.
Med Hypotheses 2005; 64: 112-3.

[8] Banchereau J, Paczesny S, Blanco P, et al. Dendritic cells:
controllers of the immune system and a new promise for
immunotherapy. Ann N Y Acad Sci 2003; 987: 180-7.

[32] Chow A, Toomre D, Garrett W, Mellman I. Dendritic cell
maturation triggers retrograde MHC class II transport from
lysosomes to the plasma membrane. Nature 2002; 418: 988-94.

[9] Gad M, Claesson MH, Pedersen AE. Dendritic cells in peripheral
tolerance and immunity. Apmis 2003; 111: 766-75.

[33] El-Sukkari D, Wilson NS, Hakansson K, et al. The protease
inhibitor cystatin C is differentially expressed among dendritic cell
populations, but does not control antigen presentation. J Immunol
2003; 171: 5003-11.

[10] O'Garra A, Trinchieri G. Are dendritic cells afraid of
commitment? Nat Immunol 2004; 5: 1206-8.

[11] Naik S, Vremec D, Wu L, O'Keeffe M, Shortman K. CD8alpha+
mouse spleen dendritic cells do not originate from the CD8alpha-
dendritic cell subset. Blood 2003; 102: 601-4.

[34] Bouneaud C, Kourilsky P, Bousso P. Impact of negative selection
on the T cell repertoire reactive to a self-peptide: a large fraction
of T cell clones escapes clonal deletion. Immunity 2000; 13: 829-
40.[12] O'Keeffe M, Hochrein H, Vremec D, et al. 2002. Mouse

plasmacytoid cells: long-lived cells, heterogeneous in surface
phenotype and function, that differentiate into CD8[+] dendritic
cells only after microbial stimulus. J Exp Med 2002; 196: 1307-19.

[35] Jung S. Good, bad and beautiful--the role of dendritic cells in
autoimmunity. Autoimmun Rev 2004; 3: 54-60.

[36] Walker LS, Abbas AK. The enemy within: keeping self-reactive
T cells at bay in the periphery. Nat Rev Immunol 2002; 2: 11-9.[13] Corcoran L, Ferrero I, Vremec D, et al. The lymphoid past of

mouse plasmacytoid cells and thymic dendritic cells. J Immunol
2003; 170: 4926-32.

[37] Svensson M, Maroof A, Ato M, Kaye PM. Stromal cells direct
local differentiation of regulatory dendritic cells. Immunity 2004;
21: 805-16.



Dendritic Cell Therapy for Tolerance Current Stem Cell Research & Therapy, 2006, Vol. 1, No. 1    125

[38] Zhang MH, Tang H, Guo ZH, et al. Splenic stroma drives mature
dendritic cells to differentiate into regulatory dendritic cells. Nat
Immunol 2004; 5: 1124-33.

alloantigens and can mediate positive and negative T cell
selection. Proc Natl Acad Sci USA 2000; 97: 9555-60.

[47] Uchida N, Tsukamoto A, He D, Friera AM, Scollay R, Weissman
IL. High doses of purified stem cells cause early hematopoietic
recovery in syngeneic and allogeneic hosts. J Clin Invest 1998;
101: 961-6.

[39] Mim W-P, Zhou D, Ichim TE, et al. Inhibitory feedback loop
between tolerogenic dendritic cells and regulatory T cells in
transplant tolerance. J Immunol 2003; 170: 1304-12.

[40] Bonifaz L, Bonnyay D, Mahnke K, Rivera M, Nussenzweig MC,
Steinman RM. Efficient targeting of protein antigen to the
dendritic cell receptor DEC-205 in the steady state leads to
antigen presentation on major histocompatibility complex class I
products and peripheral CD8+ T cell tolerance. J Exp Med 2002;
196: 1627-38.

[48] Gandy KL, Weissman IL. Tolerance of allogeneic heart grafts in
mice simultaneously reconstituted with purified allogeneic
hematopoietic stem cells. Transplantation 1998; 65: 295-304.

[49] Gandy KL, Domen J, Aguila H, Weissman IL. CD8+TCR+ and
CD8+TCR- cells in whole bone marrow facilitate the engraftment
of hematopoietic stem cells across allogeneic barriers. Immunity
1999; 11: 579-90.[41] Sykes M. Mixed chimerism and transplant tolerance. Immunity

2001; 14: 417-24. [50] Fugier-Vivier IJ, Rezzoug F, Huang Y, et al. Plasmacytoid
precursor dendritic cells facilitate allogeneic hematopoietic stem
cell engraftment. J Exp Med 2005; 201: 373-83.

[42] Toungouz M, Donckier V, Goldman M. Tolerance induction in
clinical transplantation: the pending questions. Transplantation
2003; 75: 58S-60S. [51] Lutz MB, Suri RM, Niimi M, et al. Immature dendritic cells

generated with low doses of GM-CSF in the absence of IL-4 are
maturation resistant and prolong allograft survival in vivo. Eur J
Immunol 2000; 30: 1813-22.

[43] Wobus AM, Boheler KR. Embryonic stem cells: prospects for
developmental biology and cell therapy. Physiol Rev 2005; 85:
635-78.

[44] Fairchild PJ, Cartland S, Nolan KF, Waldmann H. Embryonic stem
cells and the challenge of transplantation tolerance. Trends
Immunol 2004; 25: 465-70.

[52] Thompson AG, O'Sullivan BJ, Beamish H, Thomas R. T cells
signaled by NF-kappa B- dendritic cells are sensitized not anergic
to subsequent activation. J Immunol 2004; 173: 1671-80.

[45] Shizuru JA, Jerabek L, Edwards CT, Weissman IL.
Transplantation of purified hematopoietic stem cells: requirements
for overcoming the barriers of allogeneic engraftment. Biol Blood
Marrow Transplant 1996; 2: 3-14.

[53] Tiao MM, Lu L, Tao R, Wang L, Fung JJ, Qian S. Prolongation of
cardiac allograft survival by systemic administration of immature
recipient dendritic cells deficient in NF-kappaB activity. Ann Surg
2005; 241: 497-505.

[46] Shizuru JA, Weissman IL, Kernoff R, Masek M, Scheffold YC.
Purified hematopoietic stem cell grafts induce tolerance to

Received: July 29, 2005 Revised: September 06, 2005 Accepted: September 13, 2005


