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Abstract
Bone marrow transplantation (BMT) is a potentially curative treatment for patients with leukemia
and lymphoma. Tumor eradication is promoted by the anti-tumor activity of donor T cells
contained in the transplant; however, donor T cells also mediate the serious side effect of graft-
versus-host disease (GVHD). Separation of GVHD from graft anti-tumor activity is an important
goal of research in improving transplant outcome. One approach is to take advantage of the
immunomodulatory activity of regulatory NKT cells and CD4+ CD25+ Treg of host and/or donor
origin. Both host and donor NKT cells and donor Treg are able to prevent GVHD in murine
models. In this review, we summarize the mechanisms of NKT cell- and Treg-mediated protection
against GVHD in mice while maintaining graft anti-tumor activity. In addition, we also examine
the interactions between NKT cells and Treg in the context of BMT, and integrate the data from
murine experimental models with the observations made in humans.
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Introduction
Currently, bone marrow transplantation (BMT) in humans is used predominantly for the
treatment of cancers of the hematopoietic and immune systems including leukemia,
lymphoma, and myeloma [1–5]. BMT's major advantage over other treatment modalities is
that it can be curative; however, these benefits are complicated by serious and potentially
lethal side effects, such as immunodeficiency and graft-versus-host disease (GVHD). All
patients require “conditioning” to prevent the host immune cells from rejecting the donor-
cell transplant, and to facilitate engraftment of donor hematopoietic progenitor cells in the
host BM. Previously, conditioning of patients prior to transplant involved intensive
myeloablative irradiation and/or chemotherapy to kill tumor cells. In the past decade,
nonmyeloablative conditioning has been increasingly used as the conditioning regimen of
choice for allogeneic transplantation, especially in older individuals (>55 years old), who are
the most frequently diagnosed group with leukemia and lymphoma [6–8]. In the case of
nonmyeloablative conditioning, tumor killing depends on the anti-tumor activity of the
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immune cells in the allogeneic transplant rather than on the tumor killing capacity of the
conditioning regimen [9,10]. The reduced intensity of nonmyeloablative conditioning
reduces transplant-related morbidity and mortality especially in elderly patients. In
allogeneic transplantation, T cells within the graft make the predominant contribution to
graft-versus-tumor (GVT) activity, especially in the large majority of patients who receive
T-cell-replete grafts from HLA-matched donors [3]. In contrast, in patients given HLA-
mismatched transplants (matched at only one HLA haplotype between donor and recipient),
it appears that both graft T cells and NK cells play important roles in anti-tumor activity
[11].

A major toxicity associated with BMT is GVHD, an attack by the allogeneic nonregulatory
effector (also termed “conventional”) CD4+ and CD8+ T cells in the graft against recipient
target organs including the skin, intestines, and liver [12]. Aggressive depletion of T cells in
the allogeneic graft can markedly reduce the incidence of acute GVHD; however, this is not
without costs. Depleting T cells from the graft has several drawbacks, including delayed
immune reconstitution [13], poorer donor-cell engraftment [14], as well as reducing the
GVT effect of allo-BMT [14]. Accordingly, the goals of many preclinical and clinical
studies of BMT have been to keep donor T cells in the graft to maintain anti-tumor and anti-
microbial activity, and facilitate stable engraftment of the donor cells, while attempting to
reduce donor T-cell-mediated acute and chronic GVHD [15,16]. After BMT, the host
immune and hematopoietic cells are replaced by donor cells that have engrafted resulting in
the establishment of chimerism that is either a mixture of host and donor cells (mixed
chimerism) or only the donor cells (complete chimerism). Complete chimerism, i.e.
eradication of all host hematolymphoid cells including tumor cells, via graft anti-tumor
activity and complete donor-cell replacement of the hematopoietic and immune systems can
result in a cure. Increasing the number of donor T cells in the transplant facilitates complete
chimerism, and decreasing the number can result in graft rejection [14,15]. One approach to
the separation of GVHD and anti-tumor activity is to harness the regulatory properties of T
cells, including that exerted by NKT cells and CD4+CD25+ Treg, to reduce GVHD while
preserving graft anti-tumor activity, anti-infection protection, and engraftment facilitation
[17–19]. This review summarizes the way in which both host and donor NKT cells and
CD4+CD25+ Treg contribute to the separation of GVHD and GVT activity in both
preclinical and clinical models of allogeneic BMT.

Donor NKT cells can prevent GVHD
NKT cells are a small subset of innate immune cells that recognize the antigen presenting
molecule CD1d instead of MHC class I or II [20,21]. The majority of NKT cells express a
TCR with an invariant TCR α-chain (Vα14 in mice and Vα24 in humans) that mediates
NKT-cell recognition of specific glycolipid ligands within the context of CD1d [20–23].
Both endogenous and exogenous glycolipids are recognized [21]. Type I NKT cells express
the invariant TCR, and the smaller subset of type II NKT cells express a noninvariant TCR
that also recognizes CD1d [22,23]. After activation, NKT cells can produce both Th1
cytokines such as IFN-γ and Th2 cytokines such as IL-4 [21]; the balance between Th1 and
Th2 cytokine secretion by NKT cells is dependent on NKT cell interactions with APC, the
nature of the activating ligands, the cytokine milieu (pro-inflammatory promoting Th1
polarization; and anti-inflammatory promoting Th2 polarization). NKT-cell polarization can
also be altered by a variety of immunomodulatory treatments including in vivo or ex vivo
irradiation [21,24]. Due to NKT cells’ unique capacity for rapid and early production of
cytokines, polarization of NKT cells can in turn alter polarization of the cytokine profile of
conventional T cells exposed to their cognate ligands [20–23], thus serving to rapidly shift a
coordinated immune cascade in a pro-inflammatory or anti-inflammatory direction. NKT
cells are particularly resistant to apoptosis, including irradiation-induced apoptosis via the
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p53/Bcl-2 pathway, due to their high levels of expression of anti-apoptotic proteins
including Bcl-2 [25]. The mouse liver and the BM are the tissues that have the highest
fraction of NKT cells among total T cells [20–23,26]. NKT cells in all peripheral lymphoid
tissues contain both CD4+ and CD4–CD8– subsets, and the BM contains an additional CD8+

NKT-cell subset [20–23,26,27].

Initially, it was thought that all T-cell subsets in the BMT contributed to GVHD; however,
examination of purified subsets showed that the CD4–CD8– T cells inhibited GVHD [28].
Given that almost all CD4–CD8– T cells in the BM were NKT cells, the marrow NKT cells
were studied for their ability to inhibit GVHD after allotransplantation in murine models
[18]. These studies first compared the ability of sorted CD4+ and CD8+ T cells obtained
from the peripheral blood versus those from BM of donor C57BL/6 (H-2b) mice to induce
acute GVHD in lethally irradiated MHC-mismatched BALB/c (H-2d) hosts co-injected with
stringently T-cell-depleted C57BL/6 marrow cells [18]. The peripheral blood T cells were at
least 30-fold more potent than the marrow T cells on a per cell basis as judged by mortality
of the hosts during a 100-day observation period. In fact, no significant mortality was
induced by the sorted donor marrow T cells in the dose range tested; however, depletion of
NKT cells from the sorted marrow T cells or use of sorted marrow T cells from IL-4–/–

donors resulted in lethal GVHD [18]. Sorted donor IL-4–/– NKT cells that secreted high
levels of IFN-γ without IL-4 (“unopposed IFN-γ”) exacerbated histopathological changes of
GVHD and overall GVHD mortality when added back to donor marrow T cells depleted of
NKT cells. The add-back of WT NKT cells ameliorated GVHD [18]. The experimental
results showed that NKT cells potently suppress acute lethal GVHD in an IL-4-dependent
manner and that the GVHD-inhibitory CD4–CD8– T-cells (“natural suppressor” cells) are
NKT cells [17,26,29,30]. The results also showed that CD4+ or CD8+ T cells that secrete a
Th1-polarized cytokine profile (e.g. IFN-γ and IL-2, but not IL-4) induce GVHD. In
contrast, conventional donor T cells that secrete a Th2-type profile (e.g. IL-4 but not IFN-γ
or IL-2) are weak inducers of GVHD [31–33].

Donor Treg can prevent GVHD
Human Treg isolated from peripheral blood have been shown to suppress alloresponses in
the MLR [34,35], and several previous reports have indicated a role for murine Treg in
tolerance induction to alloantigens [36]. It is therefore not surprising that the role of Treg in
protection against GVHD has been studied extensively. Taylor et al. [37] showed in an
allogeneic BMT model that depletion of CD25+ cells from the donor CD4+ T-cell
population completely abrogated ex vivo tolerization to host alloantigens and resulted in loss
of protection against GVHD. The same model was used to investigate the capacity of
naturally occurring, unmanipulated, CD4+CD25+ T cells to suppress or prevent GVHD after
allogeneic transplantation [38]. The C57BL/6→BALB/c transplantation model
demonstrated that un-manipulated donor-type Treg induced significant protection from
GVHD lethality when co-transferred with CD4+CD25– conventional effector T cells, which
otherwise induce uniform lethal GVHD [38]. Over 90% of BALB/c recipients given a high
dose of 4.5 × 105 sorted C57BL/6-derived CD4+CD25– T cells were rescued from lethal
GVHD by co-injecting the animals with an equal number of freshly isolated CD4+CD25+ T
cells from the C57BL/6 donors. Given that as few as 0.25 × 105 CD4+CD25– T cells,
transplanted together with 1.5 × 106 T-cell-depleted BM cells, caused severe GVHD and
death of half of the animals within 70 days, the data demonstrate the potent GVHD
regulatory capacity of donor Treg after myeloablative allotransplantation [38].

GVHD after allogeneic transplantation is characterized by donor leukocyte infiltrates in the
skin, gut, and liver [38,39]. Recruitment, activation, and expansion of mature donor T cells
at these sites is regarded as one of the key processes during the initiation phase of GVHD,
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which leads to severe tissue damage, multi-organ failure and potentially death of the
transplant recipient [39]. The presence of both CD4+CD25- T cells and CD4+CD25+ donor
T cells in GVHD target tissues (gut and liver) 5 days after their co-transfer into lethally
irradiated hosts was observed in mice “rescued” from GVHD [38]. This indicates that
CD4+CD25+ T cells co-migrate with CD4+CD25– T cells to target organs of GVHD and
then restrict the local expansion and/or tissue damaging proinflammatory activity of the
CD4+CD25– T cells at these sites [38]. CD4+CD25+ T cells have been shown to regulate the
expansion of CD4+CD25– T cells after co-transfer into lymphocyte-deficient mice, Treg can
proliferate at sites of their alloregulation without loss of their suppressive function [40,41].

Although Treg maintain their allosuppressor function against CD4+CD25– T cells in vitro in
the presence of anti-IL-10 Ab [34], in vivo studies using transfer of Treg from IL-10–/– mice
together with WT effector CD4+CD25– T cells into lethally irradiated allogeneic recipients
resulted in significantly reduced protection from GVHD as compared with that found after
co-transfer of WT Treg [38]. This and other data [40,41] support both a likely cell-contact-
dependent mechanism of allo-suppressor activity of Treg in vitro, and the noncontact-
dependent mechanisms such as the secretion of the suppressive cytokine, IL-10, in vivo.

Donor Treg can separate acute GVHD and the GVT effect
As mentioned in the Introduction, a key requirement of successful BMT is maintaining anti-
tumor effects while protecting against GVHD (i.e. separating GVHD from GVT). Complete
protection from lethal GVHD has been observed after transplantation of C57BL/6 Treg and
CD4+CD25– effector T cells at a 1:1 ratio into lethally irradiated BALB/c animals, while
lower ratios of CD4+CD25+ Treg to CD4+CD25– conventional T cells did not protect from
GVHD [38]. This 1:1 ratio was also then evaluated for the impact of Treg on effector T cell-
associated GVT effect while maintaining protection from GVHD. Donor CD4+CD25+ Treg
induced a profound suppression of the expansion of effector T cells in secondary lymphoid
organs and GVHD target tissues at this ratio, which was associated with lower serum levels
of key GVHD-inducing inflammatory cytokines, such as IFN-γ and TNF-α [19]. Taken
together, these findings verify that two major predictors of lethal GVHD are suppressed
after co-transplantation of Treg, namely excessive donor T-cell proliferation and the
development of a pro-inflammatory cytokine milieu.

In two independent BALB/c-derived tumor models (the leukemia line A20, which infiltrates
the BM; and BCL1, which primarily invades liver and spleen), it has been demonstrated that
donor Treg do not interfere with the GVT activity of conventional effector T cells after
allotransplantation. Treg permitted the elimination of tumors resulting in long-term survival
of tumor-bearing recipients [19]. In addition, Treg did not abrogate the ability of allo-
stimulated CD8+ T cells to kill tumor cells in vitro [19]. While the mechanisms by which
Treg allow for GVT activity and also protect against acute GVHD are not entirely clear, the
experimental results indicate that Treg do not inhibit the direct cytolytic function of CD8+ T
cells that mediate tumor killing [19]. In contrast, prevention of GVHD by Treg is likely to
be mediated by blockade of CD8+ T-cell expansion; expansion coupled-with
proinflammatory cytokine secretion appears to be more important in the development of
GVHD than direct cytolysis.

In contrast, Treg block expansion of cytolytic CD8+ T cells after BMT, which is important
in preventing GVHD, as expansion coupled with pro-inflammatory cytokine secretion
appears to be more important in the development of GVHD than direct cytolysis.
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Conditioning with TLI and anti-T-cell Ab can prevent GVHD: Host NKT-cell
dependence

Although regulatory donor T cells including NKT cells and Treg can inhibit GVHD, it is
also possible that host Treg that persist after conditioning for BMT can inhibit GVHD. This
is more likely to be the case after nonmyeloablative conditioning regimens that do not
thoroughly deplete host immune and hematopoietic cells. Given that the nonmyeloablative
regimen of total lymphoid irradiation (TLI) had been reported to protect hosts from GVHD
as compared with total body irradiation (TBI), several studies were performed to search for
residual host T cells with regulatory properties after TLI [42].

The TLI regimen of multiple fractionated doses of irradiation targeted to the lymph nodes,
spleen, and thymus was used initially in humans as a successful treatment for Hodgkin's
disease [43]. Inbred mice and rats, and outbred dogs conditioned with TLI before allogeneic
BMT were protected from acute GVHD even with high doses of infused donor T cells
[44,45]. BALB/c (host strain) spleen cells after TLI treatment were reported to adoptively
transfer resistance to GVHD in TBI-conditioned BALB/c hosts injected with C57BL/6
donor splenic T cells [46,47]. Furthermore, spleen cells assayed immediately after TLI were
found to secrete high levels of IL-4 and low levels of IFN-γ after in vitro activation with
anti-CD3 mAb compared with normal spleen cells [48,49]. Thus, a change in the
composition of T cells and their cytokine profile after TLI was theorized to contribute to
protection against GVHD [47–49].

Given the potent ability of NKT cells to bias the immune response and NKT cells’ relative
resistance to irradiation-induced apoptosis, the role of NKT cells in GVHD protection after
TLI was investigated. Immunofluorescent staining and multicolor analysis of the spleen
cells in C57BL/6 and BALB/c mice showed a progressive increase in the percentage of
NKT cells as the number of TLI doses increased [47,49]. After 17 treatments, the proportion
of NKT cells rose from ~1% in unirradiated controls to ~60–70% among the residual T
cells. Addition of anti-thymocyte serum (ATS) or anti-thymocyte globulin (ATG) to the
irradiation regimen resulted in a further increase in the percentage of NKT cells to > 90% of
all TCRαβ+ cells [47].

The marked change in the T-cell subset composition was explained by the profound
depletion of non-NKT cells as compared with NKT cells due to the relative radio-resistance
of NKT cells [24]. The sorted NKT cells in the spleen after TLI secreted considerably higher
levels of IL-4 after in vitro activation compared with the sorted NKT cells from untreated
mice. Given that the protection against GVHD was associated with the increase in the
percentage of NKT cells and increased IL-4 secretion in BALB/c hosts, the severity of
GVHD was determined in WT, NKT cell-deficient CD1d–/–, and IL-4–/– hosts conditioned
with TLI/ATS and given allotransplants of BM and PBMC [47,49,50]. The survival of the
WT hosts was significantly improved compared with that of CD1d–/– or IL-4–/– hosts,
indicating that host CD1d-reactive NKT cells that secrete IL-4 contribute to protection
against GVHD as compared with WT T cells [47,49]. Sorted T cells from IL-4–/– mice given
TLI failed to inhibit GVHD and worsened the survival of BALB/c hosts [47,49].
Cumulatively, these experiments demonstrate the IL-4-dependent GVHD-suppressive
capacity of both host and donor-type regulatory NKT cells on donor GVHD-effector T cells
after allotransplantation.
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Conditioning with TLI and anti-T-cell Ab can separate GVHD and the GVT
effect

Further studies demonstrated that BALB/c mice given nonmyeloablative conditioning with
TLI/ATS followed by BM and splenocyte transplants from C57BL/6 donors are protected
not only against acute GVHD, but also against the progressive growth of the BCL1
lymphoma [51]. High doses of splenocytes (60 × 106) and BM cells (50 × 106) were infused
in order to maximize donor chimerism and GVT activity. Using this regimen, almost all WT
BALB/c hosts conditioned with TLI/ATS became more than 80% donor-type chimeras in all
cell lineages tested (T cells, B cells, monocytes, and granulocytes) in the peripheral blood
when assayed at days 28 and 100 after transplantation [51].

TLI/ATS conditioning protected BALB/c hosts from acute lethal GVHD even with a very
high dose of 60 × 106 spleen cells (a source of donor effector T cells for GVHD induction)
as compared with conditioning with a single dose of TBI or TBI/ATS [51]. Protection was
dependent on residual host invariant NKT (iNKT) cells expressing the Vα14Jα18 invariant
TCR [52], as demonstrated by Ja18–/– BALB/c hosts that lack the invariant Vα14Jα18
TCRα-chain expressing iNKT cells succumbing to acute GVHD after TLI/ATS and
allogeneic BMT [51]. Graft anti-tumor activity was clearly demonstrated by the survival of
hosts given TLI/ATS followed by allogeneic BMT, compared with the uniform tumor
progression in WT hosts given the TLI/ATS conditioning regimen and BCL1 lymphoma
without transplants. Progressive tumor growth was also seen after the transplantation of BM
and spleen cells from CD8–/– or perforin–/– donors, indicating that donor peripheral CD8+ T
cells expressing the perforin cytolytic molecule were required for killing and clearance of
the BCL1 tumor cells [51]. These studies further demonstrated in vivo that a transplant-
conditioning regimen (TLI/ATS), which enriches for host iNKT cells, does not inhibit the
GVT effect of donor allo-reactive T cells against a potent hematolymphoid malignancy.
Furthermore, the results indicate that iNKT cells do not suppress GVT activtiy.

Interactions between host NKT cells and donor Treg protect from GVHD
Donor CD4+CD25+ Treg are required for protection against GVHD after TLI/ATS
conditioning, because all WT hosts given CD4+CD25+ T cells or total CD4+ T-cell-depleted
grafts developed lethal GVHD after transplantation [53]. Addition of purified Treg to
CD4–/– donor BMT into TLI/ATS-conditioned hosts restored protection against GVHD
colon injury at day 6 [53]. An important influence of host NKT cells and host IL-4 on the
accumulation of donor Treg in the TLI/ATS-conditioned host spleen 6 days after
transplantation was observed. Donor Treg division and accumulation were markedly
reduced in IL-4–/– or NKT cell-deficient Jα18–/– hosts compared with WT hosts [53].
Injection of WT BALB/c NKT cells markedly increased donor Treg division and
accumulation in both Jα18–/– and IL-4–/– hosts. The ability of NKT cells to restore Treg
division was dependent on their production of IL-4, because IL-4–/– NKT cells failed to
significantly increase Treg expansion [53]. NKT cells from irradiated mice develop a Th2
bias via unknown direct or indirect mechanisms, with increased IL-4 secretion after
activation [47–49]. In control experiments, two other key cytokines secreted by host NKT
cells, IFN-γ and IL-10, were not required for either donor Treg expansion or protection
against early GVHD colitis after TLI/ATS and allogeneic BMT [53]. It is of interest that
expanded donor Treg in GVHD-protected transplanted WT hosts secreted significantly
higher levels of IL-10 than Treg from untreated donor mice [53].

Notably, injection of BALB/c NKT cells into iNKT-deficient Jα18–/– hosts reduced the
donor CD8+ T-cell accumulation in the colon only if CD4+CD25+ T cells were present in
the donor cell inoculum [53]. In addition, donor Treg were able to significantly reduce the
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accumulation of donor CD8+ T cells in the host colon at day 6, even when conventional
donor effector CD4+CD25– T cells were absent from the donor graft. Treg reduced
accumulation of both CD4+ and CD8+ T cells in the colon, although the reduction was more
dramatic with donor CD8+ T cells. Reduction of CD4+ and CD8+ T-cell accumulation was
associated with reduced colon injury. This effect could potentially be explained by the
potent IL-10-secreting capacity of the in vivo expanded Treg. The results in the GVHD
model are consistent with those in the autoimmune colitis model in which Treg inhibit
inflammation in an IL-10-dependent manner [54]. Cumulatively, these studies [55,56], as
well as others not detailed here due to space limitations, demonstrate that iNKT cells can
induce expansion of Treg through either IL-4- or IL-2-dependent mechanism.

Clinical studies of prevention of GVHD after conditioning with TLI and anti-
T-cell Ab

In the clinical realm, acute GVHD remains a major clinical problem after both
myeloablative and nonmyeloablative BMT, with 20–65% of patients developing severe
(≥grade II) acute GVHD in multi-center trials [57,58]. Mortality due to severe acute GVHD
accounts for approximately 50% of nonrelapse deaths.

A novel alternative approach to prevent acute GVHD in allogeneic BMT is to manipulate
the immune system to take advantage of T cells with regulatory properties. As discussed,
given that both iNKT cells and CD4+CD25+ Treg have been reported to inhibit acute GVHD
in rodents [18,19,38,47], the conditioning regimen of TLI and anti-T-cell Ab, which alters
the host/donor T-cell function and balance, was adapted for the treatment of humans with
hematolymphoid malignancies [8,59].

The overall incidence of severe acute GVHD in patients given TLI/ATG was markedly
lower than that reported in studies of nonmyeloablative conditioning with TBI,
chemotherapeutic agents, or both [7,57,58,60–66]. This reduction is especially noteworthy
because 45% of patients were at high risk for severe GVHD because they received
transplants from unrelated donors. In the previous studies, the incidence of acute GVHD
grades II-IV was more than 50% in recipients of unrelated donor transplants [7,58,64–66],
whereas the TLI/ATG regimen demonstrated overall incidence of acute GVHD this grades
II-IV of under 5%; however, about a third of patients given TLI/ATG developed chronic
GVHD, a form of GVHD that is associated with the GVT effect [67]. The majority of
patients with lymphoid malignant diseases who entered the TLI/ATG study in partial
remission developed complete remission after transplantation including patients who had
clearing of the tumor outside the TLI radiation field [8,59].

Post-BMT, a marked increase in the production of IL-4 by donor CD4+ T cells in the
transplant recipients was observed, as compared with IL-4 production by CD4+ T cells in the
normal control subjects [59]. These donor CD4+ T cells also showed a marked reduction in
their proliferative response to third-party alloantigenic stimulation in the MLR [59]. Donor
CD4+ T cells from patients who underwent conditioning with TBI, rather than TLI/ATG
showed neither an increased production of IL-4 nor a reduced proliferative response in the
MLR. TLI/ATG resulted in an alteration of host T-cell subsets such that the ratio of host
iNKT to conventional T cells significantly increased at the completion of TLI/ATG
administration. In particular, the reduction of non-NKT cells was 200-fold, and the reduction
of iNKT cells was ninefold. TLI/ATG conditioning was well tolerated and associated with
low rates of nonrelapse mortality, irrespective of whether the graft was from a related or
unrelated donor [8,59]. Immunosuppressive medications were withdrawn from the majority
of patients one year after transplantation, as no such medication was required for the control
of chronic GVHD.
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Concluding remarks
Figure 1 shows the interactions between the Treg, NKT, and conventional T cells that
promote the separation of the undesirable development of GVHD from the desirable
immune functions of donor T cells after conditioning of laboratory animals and humans with
TLI and anti-T-cell Ab for transplantation. The conditioning regimen changes the balance of
host T-cell subsets to favor NKT cells over the host naïve conventional T cells [25]; the
latter cells being the major mediators of graft rejection [25]. The altered balance
immediately after conditioning is mainly due to differences in resistance to apoptosis
induced by irradiation, which is mediated by the p53/Bcl-2 apoptotic pathway [24,25]. The
increased expression of anti-apoptotic proteins by the regulatory as compared with the
conventional naïve T-cell subsets accounts for the differences [24,25]. The changed balance
allows for the host NKT cells to prevent GVHD by interacting with the donor Treg and
donor conventional T cells (Fig. 1). The irradiated host NKT cells develop a Th2 bias that
results in the increased expression of IL-4, which causes the donor conventional T cells to
develop a Th2 bias that has been shown to ameliorate GVHD [32,33]. In addition, the host
NKT-cell production of IL-4 promotes the expansion of donor Treg (Fig. 1) [53]. Donor
Treg secrete IL-10 and suppress the GVHD capacity of conventional donor T cells by
reducing the conventional T cells’ capacity to expand and accumulate in the target tissues of
GVHD, including the large and small intestines, and by reducing their capacity to produce
proinflammatory Th1 cytokines [53]. Treg do not prevent the donor CD8+ T cells from
differentiating into cytolytic cells, which can kill tumor cells via direct lysis and maintain
GVT activity [19]. The differential effects of Treg on the different functions of the
conventional donor T cells result in the suppression of GVHD and the preservation of graft
anti-tumor activity.

In conclusion, both NKT cells and CD4+CD25+ Treg of host and donor origin can regulate
allo-immunity after BMT. The cells interact with each other in complex ways to prevent
GVHD and graft rejection that require further elucidation. Treg can thus be harnessed to
suppress undesirable allo-immune responses while maintaining desirable allo-responses. The
application of Treg manipulation in the context of allogeneic BMT for the treatment of
human hematolymphoid cancer is an important new direction in the field. Potency of Treg
after human BMT is likely to be dependent on the maintenance of Treg's ability to migrate
to appropriate sites via receptors such as CD62L and CCR5, and on their ability to expand
via homeostatic proliferation and alloactivation as shown in preclinical studies [68–71].
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Abbreviations

ATG anti-thymocyte globulin

ATS anti-thymocyte serum

BMT BM transplantation

GVHD graft-versus-host disease

GVT graft-versus-tumor

iNKT invariant NKT

TBI total body irradiation
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TLI total lymphoid irradiation
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Figure 1.
Immune and hematopoietic cell interactions after BMT in mice conditioned with TLI and
ATG. Conventional host CD4+ and CD8+ T cells are more profoundly depleted than host
NKT cells by the conditioning regimen. The balance of T-cell subsets is changed to favor
the NKT cells, which develop a Th2 bias after conditioning. After transplantation of donor
hematopoietic and immune cells, the host NKT cells can be activated by interactions with
CD1d on APC of host or donor origin. IL-4 produced by the host NKT cells polarizes donor
conventional T cells to a Th2 pattern that ameliorates GVHD. In addition, host NKT cell
production of IL-4 promotes expansion of donor Treg and polarizes them toward production
of IL-10. The latter cells further suppress the ability of the donor conventional T cells to
induce GVHD. Although the expansion and production of inflammatory cytokines by donor
conventional T cells is suppressed, their ability to kill host tumor cells via direct cytolysis,
and to promote engraftment of donor hematopoietic stem cells is maintained. Dotted lines
distinguish host and donor cell contributions to these interactions.
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