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Abstract
Distinct lymphocyte populations have been identified that either promote or impede the
establishment of chimerism and tolerance through allogeneic bone marrow transplantation (BMT).
NKT cells have pleiotropic regulatory properties capable of either augmenting or downmodulating
various immune responses. We investigated here whether NKT cells affect outcome in mixed
chimerism models employing fully mismatched non-myeloablative BMT with costimulation
blockade (CB). The absence of NKT cells had no detectable effect on chimerism or skin graft
tolerance after conditioning with 3Gy total body irradiation (TBI), and a limited positive effect
with 1Gy TBI. Stimulation of NKT cells with alpha-galactosylceramide (alpha-gal) at the time of
BMT prevented chimerism and tolerance. Activation of recipient (as opposed to donor) NKT cells
was necessary and sufficient for the alpha-gal effect. The detrimental effect of NKT activation was
also observed in the absence of T cells after conditioning with in vivo T cell depletion (TCD).
NKT cells triggered rejection of BM via NK cells as chimerism and tolerance were not abrogated
when NKT cells were stimulated in the absence of both NK cells and T cells. Thus, activation of
NKT cells at the time of BMT overcomes the effects of CB, inhibiting the establishment of
chimerism and tolerance.

Keywords
mixed chimerism; tolerance; costimulation blockade; NKT cells

Address correspondence to: Thomas Wekerle, MD; Department of Surgery, Vienna General Hospital, Waehringer Guertel 18; 1090
Vienna, Austria, Phone: +43 1 40400 5621; Fax: +43 1 40400 6872, Thomas.Wekerle@meduniwien.ac.at.
AUTHOR CONTRIBUTION
P-N.N. designed and performed research, analyzed and interpreted data, wrote manuscript
C.K. performed research
S.B. performed research
N.P. performed research
Z.K. performed research
I.P. performed research
U.B. performed research
M.T. provided knock-out mice and scientific input
F.M. helped performing research
T.W. designed research, analyzed and interpreted data, wrote manuscript
Z.K.’s current address: Division of Biotechnology, University of Rijeka, Trg Brace Mazuranica 10, 51000 Rijeka, Croatia

Europe PMC Funders Group
Author Manuscript
Transpl Int. Author manuscript; available in PMC 2011 May 01.

Published in final edited form as:
Transpl Int. 2010 November ; 23(11): 1179–1189. doi:10.1111/j.1432-2277.2010.01120.x.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



INTRODUCTION
Mixed chimerism established through transplantation of donor BM is an experimental
strategy for achieving donor-specific transplantation tolerance whose clinical potential has
recently been underscored by results from clinical pilot series (1-3). Previous mixed
chimerism protocols relied on the complete and non-specific elimination of the recipient’s T
cell repertoire before or at the time allogeneic BMT (e.g. through in vivo T cell depletion)
(4-7). The introduction of costimulation blockers as part of non-myeloablative BMT has
obviated the need for global recipient TCD (8-11). The mechanisms of tolerance induction
in these CB-based protocols are distinct from TCD-based regimens, in particular by
involving a more important role for regulatory mechanisms (12;13). More recently, recipient
conditioning has been further minimized in CB-based models (14-16). Under limiting
conditioning, the remaining immune barrier becomes a critical factor impeding engraftment,
as a substantial fraction of transplanted BM is still rejected in vivo (17). Notably, several
publications have reported that NK cells impede BM engraftment under such conditions
(17;18). These studies, however, did not investigate in detail the role of NKT cells.

NKT cells are required for tolerance induction in a cyclophosphamide-based mixed
chimerism model (without CB) employing an MHC-matched, minor antigen-mismatched
donor-recipient combination (19). Likewise, NKT cells were critically involved in the
induction of chimerism and tolerance following conditioning with TCD plus fractionated
lymphoid irradiation (6) and had a protective effect against GVHD in this system (20). By
contrast, activation of NKT cells with alpha-gal in another, TBI-based, model exacerbated
GVHD (21). The potential role of NKT cells and the effects of NKT activation in CB-based
mixed chimerism, however, remain to be defined.

NKT cells have potent and diverse regulatory functions capable of both enhancing and
abrogating immune responses (22). Both endogenous and exogenous ligands activating NKT
cells have been identified (23-26). NKT cells play an important role in models of
autoimmune disease, tumor surveillance and transplantation tolerance (22). Their specific
stimulation with the synthetic glycolipid α-galactosylceramide (alpha-gal) can either
promote or abrogate immune tolerance depending on the specific model. Alpha-gal induces
a massive production of cytokines by NKT cells activating cells of the innate und adaptive
immune system. Activation of NKT cells by alpha-gal prevents the onset and recurrence of
autoimmune type I diabetes (27) and of experimental autoimmune encephalomyelitis (28),
leads to an augmented antitumor response (29), but also causes disease aggravation in
arthritis (30) and atherosclerosis models (31).

With regard to organ and tissue transplantation, recipients deficient in NKT cells are
resistant to the graft-prolonging effect of anti-B7 mAbs in an allogeneic murine heart
transplant model (32) and also resistant to the tolerizing effect of anti-CD4 in a rat xeno-islet
model (33). An important role of NKT cells for long-term survival of corneal allografts (34)
and the spontaneous acceptance of liver grafts (35) has also been reported. On the other
hand, NKT cells contribute to the rejection of murine islet allografts (36) and augment the
alloresponse in vitro (37). Thus, NKT cells are capable of promoting tolerance and rejection
of grafts, respectively, depending on the specifics of the model investigated (38;39).

In the present study we found that the lack of NKT cells has little effect on the induction of
chimerism and tolerance after fully mismatched non-myeloablative BMT with CB, but that
the deliberate activation of NKT cells, in contrast, prevents BM engraftment and skin graft
tolerance despite CB. This detrimental effect of NKT stimulation is dependent on NK cells
but not on T cells.
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MATERIALS & METHODS
Animals

Female Balb/c (H-2d), C57BL/6 (B6: H-2b) and C3H/N (H-2k) mice were purchased from
the Charles River Laboratories (Sulzfeld, Germany). All mice were kept under specific
pathogen-free conditions. NKT knock-out mice (Jα281−/−) on C57BL/6 background and
Balb/c background (designated in this manuscript as B6.NKT-KO and Balb/c.NKT-KO,
respectively) were generated and provided by Dr. M. Taniguchi (40) and further bred at the
Institute for Biomedical Research, Vienna. Absence of Jα281−/− was verified by PCR in
breeding pairs. All experiments were approved by the local review board of the Medical
University of Vienna and were performed in accordance with national and international
guidelines of laboratory animal care.

BMT protocol
Wild-type or NKT knock-out B6 hosts received a non-myeloablative dose (1 or 3 Gy, as
indicated; 0.9Gy/min, day −1) of TBI approx. 24 hours prior to being injected with
15-20×106 unseparated bone marrow cells (BMC) harvested from the tibiae, femurs, humeri
and pelvis of female wild-type or NKT knock-out Balb/c donors (6 to 12 weeks old), as
indicated. Cells were diluted in cold BM media (medium 199 [Sigma, Vienna, Austria]) and
were injected in a volume of 0.5 or 1 ml into the tail vein of recipient mice on day 0. In
addition recipients were treated with a hamster anti-mouse CD154 (CD40L) mAb (MR1,
1mg injected i.p. on day 0), purchased from BioXCell (New Hampshire, USA), and with
human CTLA4Ig (abatacept, 0.5 mg injected i.p. on day 2), generously provided by Bristol-
Myers, Squibb Pharmaceuticals (Princeton, NJ), as described previously (12;16;41). In the
protocol based on in vivo TCD mice received the same regimen of TBI and BMC with the
addition of depleting doses of anti-CD4 mAb (GK1.5, 1.8mg on days −5 and −1) and anti-
CD8 mAb (2.43, 1.4mg on days −5 and −1) injected i.p. (5) (purchased from BioXCell).

Additional reagents & in vivo treatments
A synthetic form of alpha-GalCer, KRN7000 was kindly provided by Kirin Brewery Co Ltd
(Gunma, Japan). 5μg/mouse of alpha-GalCer or an appropriate amount of control vehicle
(polysorbate), both diluted in sterile saline was injected i.p. on days −1, +2, +7, +14 and +21
(early treatment) or days +70 and +77 (late treatment), as indicated. Anti-asialo GM1
(Rabbit) was purchased from Waco Chemicals GmbH (Neuss, Germany). In indicated
groups 50μl were injected i.p. on days 0, +4, +8 and +12 (42). Anti-NK1.1 (PK136,
BioXCell) was injected i.p. in the indicated groups on days −1, +2, +5, and +8 (0.5mg/
mouse/d).

Flow cytometric analysis
Two-color flow cytometric analysis was used to distinguish donor and host cells of
particular lineages by staining with fluorescin isothiocyanite-conjugated antibodies against
CD4, CD8, B220, MAC1, and biotinylated antibody against H-2Dd (34-2-12, developed
with phycoerythrin streptavidin) and isotype controls. To analyze the expression of Vβ
subunits, staining was performed with fluorescin isothiocyanite antibodies against Vβ8.1/2,
Vβ11, and Vβ5.1/2 (or isotype control) and phycoerythrin-conjugated antibodies against
CD4 (all antibodies from Becton Dickinson, San Diego, CA). Propidium iodide staining was
used to exclude dead cells. The percentage of donor cells was calculated by subtracting
control staining from quadrants containing donor and host cells expressing a particular
lineage marker, and by dividing the net percentage of donor cells by total net percentage of
donor plus host cells of that lineage. Mice were considered chimeric if they showed at least
2% donor cells within the myeloid lineage and within at least one lymphoid lineage (12;16).
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An Epics XL_MCL flow cytometer (Beckman Coulter, Fullerton, CA) was used for
acquisition and EXPO32 ADC Software (Applied Cytometry Systems, Sheffield, United
Kingdom) was used for analysis of flow cytometric data.

Skin grafting
Full thickness tail skin from Balb/c mice (donor-specific) and fully mismatched C3H mice
(third-party) was grafted 4-10 weeks after BMT. Grafts were considered rejected when less
than 10% of the graft remained viable.

Statistics
The chi-square test was used for comparing rates of chimerism and skin graft acceptance
between groups. Skin graft survival was calculated according to the Kaplan-Meier product
limit method and was compared between groups with the log-rank test. A 2-tailed Student t
test was used for comparing Vβ deletion between groups. A p-value less than 0.05 was
considered to be statistically significant.

RESULTS
Absence of NKT cells has limited impact on chimerism and tolerance after non-
myeloablative BMT

To investigate the role of NKT cells in tolerance induction through mixed chimerism, we
used NKT cell-deficient mice (J281α−/−) as recipient and/or donor in an established non-
myeloablative BMT protocol (and in a TCD-based protocol as a control regimen). B6 hosts
(WT or NKT-KO) received 3 Gy total body irradiation (TBI, d-1) and 15-20×106 fully
allogeneic Balb/c BMC (WT or NKT-KO). Groups of mice (n= 4-8 per group) were
conditioned in addition with either CB (1mg anti-CD154 mAb d0, 0.5mg CTLA4Ig d+2)
(16) or in vivo TCD (1.8mg/d anti-CD4 and 1.4mg/d anti-CD8 mAb on days −5 and −1) (5).

Conditioning with CB and 3 Gy TBI led to high levels of multi-lineage chimerism
irrespective of the recipient and/or the donor lacking NKT cells. Rates and levels of
chimerism were comparable among all four groups (WT→WT: 8/12 chimeric (a success
rate similar to previous experience with this protocol (12;16)); WT→KO: 5/6; KO→WT:
6/6; KO→KO: 5/6, p= n.s.) (Figure 1 A-D). Chimerism levels among chimeras remained
mostly stable for the duration of the observation period (~4 months) in all groups suggesting
successful engraftment of donor hematopoietic stem cells. To evaluate whether tolerance
was achieved, donor and 3rd party (C3H) skin was transplanted four to ten weeks after BMT.
Chimeric mice accepted donor grafts for more than 120 days (Table 1). 3rd-party grafts were
promptly rejected, indicating that tolerance was donor-specific.

Likewise, mice conditioned with TCD and 3 Gy TBI developed similar rates of early
chimerism whether NKT cells were present or not (WT→WT 4/5 early chimeras; KO→KO
5/5 chimeras, Figure 1, E-F). Rates of donor skin graft acceptance were also comparable
within the first weeks after BMT (4/5 vs. 5/5). (Three mice in the control group and one in
the KO group died of non-treatment related causes during follow-up, precluding conclusions
on long-term chimerism).

Next, we evaluated if the absence of NKT cells has a positive effect on BM engraftment and
tolerance induction under limiting recipient conditioning (1Gy TBI with CB) (16) (Figure 1
G-H). The absence of NKT cells led to the induction of early multi-lineage chimerism with
this otherwise unsuccessful conditioning protocol (5/6 chimeric KO→KO vs. 0/8
WT→WT, p<0.01). Chimeric mice of the KO→KO showed substantial levels of multi-
lineage chimerism in all tested lineages (CD4 6.6%; CD8 3.9%; B cells 2.1%; myeloid cells
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10.0%, 17 weeks post-BMT). Late after BMT, a difference between groups was no longer
detectable. Donor skin graft survival was significantly prolonged in the KO group (MST
>100 days vs 13 days in the WT group; p= 0.003 [log rank test]; 3rd party grafts were
rapidly rejected in both groups) (Figure 2). Thus, employing limiting recipient conditioning
with low dose TBI, the lack of NKT has a transient positive effect on early BM engraftment
associated with improved donor skin graft survival.

From these experiments we conclude that the presence of NKT cells has no essential role in
promoting or inhibiting the induction of mixed chimerism and skin graft tolerance after non-
myeloablative recipient conditioning (3 Gy TBI) involving CB and has a limited beneficial
role after recipient conditioning with 1 Gy.

Stimulation of NKT cells prevents induction of chimerism and tolerance
Next, we tested whether active stimulation of NKT cells affects chimerism and tolerance.
Groups of mice (n= 4-8) were treated with alpha-galactosylceramide (alpha-gal) during the
immediate post-BMT period (five doses of 5μg alpha-gal or vehicle i.p. on days −1, +2, +7,
+14, +21, as described by (27)). Alpha-gal is a synthetic glycosphingolipid originally
isolated from marine sponges which specifically activates NKT cells (43).

First NKT cells were activated with alpha-gal at the time of BMT in WT mice conditioned
with CB and 3 or 1 Gy TBI, respectively. An additional group received vehicle only. Using
limiting conditioning with 1 Gy TBI, we observed no (beneficial) effect of alpha-gal
treatment on chimerism and tolerance (0/8 chimeric with alpha-Gal vs. 0/8 without, data not
shown). Notably, alpha-Gal prevented BM engraftment (0/8 chimeric) (Figure 3A) and
tolerance induction after 3 Gy TBI (Table 2). All mice receiving the vehicle developed
chimerism and long-term donor skin graft survival. Hence, NKT activation leads to
costimulation blockade-resistant BM rejection. To evaluate whether donor and/or recipient
NKT cells are responsible for the detrimental effect of alpha-gal treatment after non-
myeloablative BMT with 3 Gy TBI we administered alpha-gal after BMT with CB
employing donor or recipient NKT KO mice (n= 5). All NKT KO recipients transplanted
with WT BM became chimeric despite alpha-gal treatment (5/5, Figure 3B) and did not
reject their donor skin grafts (MST >120 days) (Table 2). In contrast, NKT KO BM failed to
engraft in WT recipients stimulated with alpha-Gal (0/5) (Figure 3C). Thus stimulation of
recipient NKT cells is critical and sufficient for preventing BM engraftment.

Next, we stimulated NKT cells in WT BMT recipients conditioned with high doses of in
vivo T cell depleting mAbs (n= 5, 3 Gy). In vivo TCD was virtually complete as assessed by
flow cytometry (Figure 4). None of the BMT recipients became chimeric after alpha-gal
treatment and all mice rapidly rejected their donor skin grafts (Figure 3D, Table 2). Thus,
activation of NKT cells by alpha-gal abrogates BM engraftment also after in vivo TCD,
indicating that recipient T cells are not required to mediate this effect. Besides, these data
demonstrate that the detrimental effect of alpha-gal is not limited to abolishing the effect of
CB.

Taken together, these results reveal that stimulation of recipient NKT cells with alpha-gal
prevents BM engraftment and tolerance induction in non-myeloablative BMT regimens
employing either CB or in vivo TCD.

Stimulation of NKT cells does not break maintenance of established chimerism and
tolerance

Mechanisms responsible for the induction of tolerance early after CB-based BMT differ
substantially from those for the maintenance of tolerance late after BMT (12). We thus
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investigated the effect of alpha-gal when administered several months after BMT and CB (3
Gy TBI) to mice with stable levels of mixed chimerism and viable donor skin grafts.
Administration of two doses of alpha-gal (5μg i.p. at days +70 and +77 after BMT) to
established chimeras (n= 6) did not cause a detectable decline in chimerism levels (Figure
3E) and had no effect on skin graft survival (Table 2). Thus activation of NKT cells at a late
time point – when established tolerance is maintained primarily through central deletion in
this model (12) – does not break tolerance.

Absence of NKT cells does not interfere with deletion of donor reactive T cells
Deletion of donor reactive T cells was shown to be a critical mechanism during the early
period of tolerance induction immediately after non-myeloablative BMT with CB (8;12;16).
We therefore evaluated the deletion of donor reactive T cells by following Vβ11+ and
Vβ5+CD4+ cells that recognize endogenous superantigens presented by donor but not
recipient MHC and that serve as a surrogate population of donor-reactive T cells (8;16).
Deletion correlated with chimerism, as observed previously (8;16). Deletion of donor-
reactive T cells was also observed in NKT KO recipients (KO→KO, 3 Gy TBI, CB)(e.g.
2.67% Vβ11+ CD4 vs. 3.93% for naïve B6, p<0.01, 3 weeks post-BMT, data not shown).
Thus, the lack of recipient NKT cells has no obvious influence on the deletion of donor-
reactive T cells.

Abrogation of BM engraftment through stimulation of NKT cells is mediated by NK cells
NKT cells mediate their numerous effects through several mechanisms. Direct cytotoxic
effects of NKT cells have been described (44). Importantly, however, activation of NKT
cells leads to massive production and secretion of several cytokines (especially IFN-γ and
IL-4) which then activate different effector cell populations, in particular T cells (45) and
NK cells (46). Our results with alpha-gal treatment in T cell-depleted recipients (described
above) demonstrate that the detrimental effect of NKT stimulation at the time of BMT
occurs also in the absence of recipient T cells, and thus rule out T cells as the critical cell
population mediating BM rejection. To investigate whether stimulation of NKT cells
prevents chimerism and tolerance via activation of NK cells, we administered alpha-gal to
recipients depleted of NK cells and T cells (TCD + anti-asialo GM1 on days 0, 4, 8, 12, 3
Gy TBI). Anti-asialo GM1 has been shown to deplete NK but not NKT cells (47;48). As
control alpha-gal was given to recipients depleted of both NK and NKT cells (CB+anti-
NK1.1 mAb, 3 Gy).

Mice depleted of NK and NKT cells and treated with alpha-gal developed stable chimerism
for the length of follow-up (4/4) and accepted donor skin long-term (MST >120 days)
(Figure 5A and Table 2). Thus, as expected alpha-gal has no effect on outcome in the
absence of NKT cells (and NK cells). Mice depleted of NK cells and T cells (but not NKT
cells) and treated with alpha-gal also developed chimerism and tolerance (5/5 chimeric;
MST >120 days; Figure 5B and Table 2). These data provide evidence that BM rejection
through NKT stimulation is not mediated directly by NKT cells themselves, nor by T cells,
but is mediated indirectly by activation of NK cells.

NK cells have been previously shown to inhibit BM engraftment under limiting conditioning
(17;18). To dissect the possible contribution of indirect NK activation via NKT to this
effect, we investigated the effect of NK depletion in the absence of NKT cells. NKT-KO
recipients of NKT-KO donor BM were depleted of NK cells under limiting conditioning
(1Gy TBI, CB plus anti-NK1.1). Additional NK depletion did not have a detectable effect on
early chimerism rates (6/7 with anti-NK1.1 vs. 5/6 without, p=n.s.) and early chimerism
levels in NKT deficient mice (compared to KO → KO, Figure 5D). There was a clear trend
towards improved chimerism late after BMT (6/7 with anti-NK1.1 vs. 2/6 without, p=n.s.).
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Thus, the beneficial effect of NK depletion on BM engraftment is somewhat diminished but
apparently not completely abolished in the absence of NKT cells.

DISCUSSION
The presented investigations reveal that pharmacological NKT cell activation at the time of
fully mismatched BMT (but not late after BMT) overcomes the pro-tolerogenic effects of
CB, abrogating chimerism and tolerance. Thus, we have identified NKT cells as a hurdle
impeding tolerance induction through CB-based mixed chimerism.

Mixed chimerism is an appealing tolerance strategy, but the myelosuppressive recipient
conditioning necessary to allow engraftment of MHC-mismatched BM is a major
impediment preventing widespread use of such protocols (1;49). As a consequence, a lot of
effort has been put into the development of experimental BMT regimens devoid of such
prohibiting toxicities, with most of the recent strategies relying on the use of costimulation
blockers. In the course of such research, cell populations whose elimination promotes BM
engraftment and tolerance induction have been identified, such as CD8 cells (50) and NK
cells (18). We found here that NKT cells are an additional, so far unrecognized, population
that impedes establishment of mixed chimerism. Activation of recipient – but not donor –
NKT cells at the time of BMT completely abrogated chimerism and tolerance despite CB.
Thus, NKT activation is an additional mechanism by which CB-resistant rejection can be
triggered.

NK cells are critically required for the detrimental effect of NKT cell activation in the BMT
models investigated herein as NK depletion abrogated the negative consequences of alpha-
gal administration. The important role of NK cells in resisting engraftment of allogeneic BM
has been recognized for a long time (51), and has also been demonstrated in CB-based BMT
models (17;18). Our results suggest that NKT cell activation can be the upstream event that
is in part responsible for triggering NK activation and rejection in this setting.

NKT activation several months post-BMT did not break tolerance, suggesting that NKT cell
activation interferes with non-deletional mechanisms of tolerance induction which are
critical in the early induction phase in this BMT model but not in the late phase when
tolerance is mainly maintained through deletional mechanisms (12). The mere presence of
NKT cells – without deliberate activation – had no detectable effect under more pronounced
conditioning with 3 Gy TBI but somewhat impeded early BM engraftment under limiting
conditioning with 1 Gy TBI. Under such reduced intensity conditioning subtle immune
barriers become more clearly visible and critical (16). Conceivably, NKT cells become
activated in this setting through the BMT regimen, possibly as a consequence of irradiation-
induced tissue damage.

Little is known about the state of activation of NKT cells in organ or BM transplant
recipients (38;39). Tissue damage, e.g. induced through irradiation, ischemia-reperfusion or
T cell-mediated acute rejection, can lead to NKT cell activation through endogenous
ligands, such as the lysosomal glycosphingolipid iGb3 (23). Of particular relevance to
transplantation, NKT cells are known to be activated through numerous pathogens,
including CMV (24) and certain bacterial strains (25;26). Thus, the tolerance-abrogating
effect of certain infections at the time of transplant could in part be mediated through NKT
cell activation (52). Thus, endogenous and exogenous ligands relevant to the transplant
setting trigger NKT activation and are thus of concern in patients receiving a BMT-based
tolerance regimen.

A markedly different role of NKT cells was found in another murine mixed chimerism
model. Iwai et al reported that the absence of NKT cells in the recipient prevented induction
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of skin graft tolerance in a cyclophosphamide-based protocol (19). This well-studied model
– in which donor splenocytes are administered to naïve recipients two days before
cyclophosphamide is given – differs in several aspects from the two systems reported upon
in our present study. Most importantly it works only across minor histocompatibility
barriers, but not across MHC barriers, whereas our models use fully allogeneic donor –
recipient combinations (crossing full MHC plus multiple minor antigen barriers).
Consequently, the tolerance mechanisms also differ fundamentally between these models.
The results of Iwai et al suggest that NKT cells play a more important role in tolerance
induction towards minor antigens (at least in their specific experimental setting), whereas
our results indicate that in fully mismatched models employing either TCD or CB NKT cells
are not critically required. As the deliberate stimulation of NKT cells has not been
investigated in the cyclophosphamide-based model, it is unclear whether NKT activation
would be detrimental in this minor mismatch system.

The effects of immunosuppressive drugs on NKT cell activation remain largely undefined,
with limited data suggesting the cyclosporine has an inhibitory effect on murine NKT cells
(53). As NKT cells share a significant number of surface molecules with T cells and NK
cells, it appears likely that they are targets of polyclonal anti-T cell globulin preparations
(ATG), but it is unclear how effective their depletion/inactivation might be (54). Hence,
therapeutics that have a an inhibitory effect on NKT cell activation in the clinical setting still
need to be defined.

In conclusion, our studies have identified a relevant role for NKT cells in influencing the
outcome of CB-based BMT protocols for the induction of mixed chimerism and tolerance
with activation of NKT cells at the time of BMT abrogating BM engraftment. Thus, the
control of NKT cells deserves attention when reduced intensity conditioning protocols are
developed for the induction of mixed chimerism and tolerance.
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alpha-gal alpha-galactosylceramide

BM bone marrow

BMC bone marrow cells

BMT bone marrow transplantation

CB costimulation blockade

KO knock-out

TBI total body irradiation

TCD in vivo T cell depletion

WT wild-type
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Figure 1. Absence of NKT cells has limited impact on chimerism and tolerance after non-
myeloablative BMT
Groups of B6 WT and NKT KO mice received TBI (3 Gy or 1 Gy, as indicated) and
15-20×106 Balb/c BMC (either from WT or KO). In addition either costimulation blockade
(anti-CD154 mAb and CTLA4Ig) or in vivo TCD (anti-CD4 and anti-CD8) was
administered. (A-D) Groups received 3 Gy TBI and costimulation blockade; (A) WT→WT;
(B) WT→KO, (C) KO→WT; (D) KO→KO. (E-F) Groups received 3 Gy TBI and in vivo
T cell depletion; (E) WT→WT; (F) KO→KO. (G-H) Groups received 1 Gy TBI and
costimulation blockade; (G) WT→WT; (H) KO→KO. Following non-myeloablative
conditioning with 3 Gy TBI and either costimulation blockade (A-D) or TCD (E-F), rates
and levels of chimerism were similar whether or not recipients and/or donors lacked NKT
cells. Under limiting conditioning with 1 Gy TBI (and costimulation blockade), the absence
of NKT cells in donor and recipient promoted early chimerism, while WT mice failed to
develop chimerism (G-H). Note: in the group depicted in panel E three mice died before the
end of follow-up, the remaining two lost their chimerism. Mean percentages of net donor
chimerism among CD4+ cells (◆), CD8+ cells (○), B cells (▲) and monocytes/
granulocytes (□) are shown, as measured by FCM; rates of chimeras are depicted for the
indicated time points (also in figures 3 and 5).
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Figure 2. Donor skin graft survival is significantly prolonged in the absence of NKT cells
Groups of mice received 1 Gy TBI with costimulation blockade and were grafted with donor
and third party skin; donor skin graft survival for WT→WT (■ solid line; n= 8); donor skin
graft survival for KO→KO (● slashed line; n= 6). Absence of NKT cells was associated
with significantly prolonged survival of donor skin (p= 0.004 by log-rank test). Percent graft
survival is shown for third-party (△ dotted line; pooled data from both groups; n= 14) and
donor skin as estimated by the Kaplan-Meier product limit method.
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Figure 3. Stimulation of NKT cells prevents induction but not maintenance of chimerism and
tolerance
Groups of BMT recipients received 3 Gy TBI with costimulation blockade (A-C, E) or in
vivo T cell depletion (D), and in addition were treated with alpha-gal at the time of BMT
(5μg i.p. on days −1, +2, +7, +14, +21) (A-D) or several months after BMT (5μg i.p. alpha-
gal on days +70 and +77 post-BMT) (E). (A) WT→WT + CB + alpha-gal; (B) WT→KO +
CB + alpha-gal; (C) KO→WT + CB + alpha-gal; (D) WT→WT + TCD + alpha-gal; (E)
WT→WT + CB + late alpha-gal. After non-myeloablative TBI and CB, alpha-gal treatment
at the time of BMT abrogated chimerism in recipients having NKT cells (A,C), but not in
recipients deficient in NKT cells (B), indicating that the activation of recipient NKT cells is
critical and sufficient for preventing BM engraftment. BM engraftment was also abrogated
in recipients lacking T cells (D), suggesting that T cells are not required for BM rejection
triggered by NKT cell activation. Late administration of alpha-gal did not affect chimerism
(E).
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Figure 4. CD4 and CD8 T cells after in vivo T cell depletion
Donor and recipient CD4 and CD8 cells were analyzed by FCM two weeks post-BMT in
mice conditioned with (B) or without (A) in vivo T cell depletion. Treatment with anti-CD4
mAb (GK1.5, 1.8mg on days −5 and −1) and anti-CD8 mAb (GK2.43, 1.4mg on days −5
and −1) led to virtual complete absence of donor and recipient CD4 and CD8 T cells. Data
from representative mice are shown.
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Figure 5. Abrogation of BM engraftment through stimulation of NKT cells is mediated by NK
cells
Groups of mice were treated with anti-NK1.1 (depleting NK and NKT cells) plus alpha-gal
(A), or in vivo TCD plus anti-asiolo GM1 (depleting NK cells) (B) (3 Gy TBI with
costimulation blockade). One group of NKT KO mice received NKT KO BMC and was
treated with CB plus anti-NK1.1 (D) (1 Gy TBI). In panel (C), chimerism is shown for mice
receiving the same protocol as mice in (D), except that they were not treated with anti-
NK1.1. Panel (C) is identical with figure 1 H and is shown here again for reasons of better
clarity.
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