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CD1 proteins constitute a distinct lineage of antigen-presenting
molecules specialized for the presentation of lipid antigens to T
cells. In contrast to the extensive sequence polymorphism charac-
teristic of classical MHC molecules, CD1 proteins exhibit limited
sequence diversity. Here, we describe the identification and char-
acterization of CD1d alleles in wild-derived mouse strains. We
demonstrate that polymorphisms in CD1d affect the presentation
of endogenous and exogenous ligands to CD1d-restricted T cells,
including type I (V�14i) and type II (non-V�14i) natural killer T
(NKT) cells. Using congenic mice, we found CD1d polymorphisms
affect the thymic selection of type I NKT cells and induce allogeneic
T cell responses. Collectively, results from these studies demon-
strate a role for polymorphisms in influencing the development
and function of CD1d-restricted T cells.

T cell activation � T cell development

In conjunction with MHC class I and class II molecules, CD1
proteins constitute a distinct, third lineage of antigen-

presenting molecules (1). CD1 molecules have been described in
a variety of mammals and were recently described in chickens,
increasing significantly the age of CD1 in vertebrate immunity
(2, 3). The CD1 gene family was originally defined in humans and
consists of 5 genes designated CD1A–E. The 5 CD1 proteins can
be divided into 3 groups (4). Group 1 (CD1a, CD1b, and CD1c)
and group 2 (CD1d) CD1 sample intracellular compartments
and traffic to the cell surface to present lipid antigens to T cells.
In contrast, CD1e, the sole member of group 3 CD1, functions
as a chaperone intracellularly and does not traffic to the cell
surface (5). Mice have a simple CD1 system that consists of 2
highly homologous genes (CD1D1 and CD1D2) that exhibit
sequence similarity to hCD1D.

The majority of CD1d-restricted T cells are type I natural
killer T (NKT) cells that express an invariant V�14-J�18 T cell
antigen receptor (TCR) � chain preferentially paired with a
V�8.2, V�7, or V�2 (6). A homologous T cell population that
expresses an invariant V�24-J�18 TCR� chain is also present in
humans (7). Murine type I NKT cells are either CD4� or
CD4�CD8� double-negative (DN), and exhibit an activated/
memory phenotype. Stimulation of type I NKT cells results in the
rapid production of cytokines, including IFN-� and IL-4. Al-
though a number of endogenous and pathogen-derived ligands
capable of activating type I NKT cells have been described (8),
the prototypical ligand remains �-galactosylceramide (�-
GalCer) that was originally isolated from the marine sponge
Agelas mauritianus (9). �-GalCer-CD1d tetramers can be used to
specifically identify type I NKT cells in mice and humans (10).

In addition to type I NKT cells, other CD1d-restricted T cell
populations have been described (11). CD1d-restricted NKT
cells that do not express the V�14i TCR� chain are classified as
type II NKT cells (12). Type II NKT cells do not bind �-GalCer-
CD1d tetramers, and their phenotype can be quite heteroge-
neous, including CD4�, CD8�, or DN NKT cells. Similar to type
I NKT cells, type II NKT cells are capable of rapid production
of both IFN-� and IL-4 and may perform important regulatory

functions (13, 14). Recent reports have described roles for type
II NKT cells in tumor immunity (15), microbial infection (16),
and experimental autoimmune encephalomyelitis (17). Lipid
antigens recognized by type II NKT cells may be distinct from
those that stimulate type I NKT cells, because type II NKT cell
activation does not require CD1d trafficking through endosomes
(18, 19).

A hallmark feature of classical MHC class I and II proteins is
the extensive polymorphism in residues that constitute the
peptide-binding groove. Allelic variation among MHC mole-
cules is the basis for differential peptide binding, thymic reper-
toire bias, and allograft rejection (20, 21). In contrast, CD1d1 is
nonpolymorphic among inbred strains of mice (22). We report
here the identification and characterization of CD1d alleles from
wild-derived strains of mice, including Mus castaneus and Mus
spretus. Using congenic mice, we demonstrate that polymor-
phisms in CD1d affect the selection of type I NKT cells.
Additionally, CD1d polymorphisms affect the presentation of
endogenous and exogenous antigens and the subsequent activa-
tion of type I and type II NKT cells.

Results
Identification and Characterization of Murine CD1d Alleles. To search
for CD1d polymorphisms, we studied the CD1d repertoire in
wild-derived mouse strains. Southern blot analysis of genomic
DNA isolated from WT C57BL/6 (M. musculus) and wild-
derived strains of mice using a CD1-specific probe revealed that
restriction fragment length polymorphisms (RFLPs) could be
readily detected among B6, Mus castaneus, and M. spretus,
whereas no RFLP was observed between B6 and Mus molossinus
(Fig. 1A).

To examine the wild-derived CD1d repertoire in more detail,
we cloned and sequenced CD1D1 genes from both M. castaneus
and M. spretus and assigned the allelic forms of CD1d1 to be
CD1dCAS and CD1dSPE, respectively, to distinguish them from
CD1dWT. We focused our study on CD1d1 because CD1d2 does
not play a significant role in the development of type I NKT cells
despite low levels of expression in the thymus of WT mice (23).
Compared with CD1dWT, the extracellular domains of CD1dCAS

contained 3 amino acid substitutions and 1 deletion, whereas 7
amino acid substitutions were found in CD1dSPE (Fig. 1B). Six of
the 7 amino acid substitutions between CD1dSPE and CD1dWT
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are located in the �1 and �2 domains of CD1d (Fig. 1C), which
may affect ligand binding and/or CD1d/TCR interactions.

CD1d Polymorphisms Affect the Development of Type I NKT Cells in
B6.CD1dSPE Congenic Mice. As both of the amino acid changes
identified in the �1�2 domains of CD1dCAS were present in
CD1dSPE (Fig. 1B), we focused on studying the effects of the
polymorphisms in the CD1dSPE allele. To examine the effects of
the CD1dSPE polymorphisms on the development and function
of CD1d-restricted T cells, we generated CD1d congenic mice on
the B6 background: B6-SPE-CD1dSPE (B6.CD1dSPE). We first
examined the type I NKT cell compartment in B6.CD1dSPE mice
by using �-GalCer-CD1d tetramers. We detected a statistically
significant decrease in the proportion of type I NKT cells in the
thymus and liver of B6.CD1dSPE mice compared with WT (Fig.
2 A and B). Similar differences were observed when NKT cells
were identified by using the traditional mAb combination of
anti-TCR� and anti-NK1.1 (Fig. S1). Although there was a trend
toward a lower proportion of type I NKT cells in the spleen of
B6.CD1dSPE mice, this difference was not statistically significant
within the sample set analyzed (Fig. 2 A). These results highlight
a defect in the selection of type I NKT cells in the thymus of
B6.CD1dSPE mice. Because comparable levels of CD1d were
detected on thymocytes isolated from B6 and B6.CD1SPE mice,

the reduced proportion of type I NKT cells in B6.CD1dSPE is
unlikely caused by differential CD1d expression (Fig. 2C).

CD1d Polymorphisms Affect the Activation of Type I NKT Cells. Several
of the polymorphisms identified in CD1dSPE are located in the
antigen-binding pocket, raising the possibility that these allelic
variations may affect antigen presentation by CD1d and its
recognition by NKT cells. To address this issue, we examined the
ability of bone marrow-derived dendritic cells (BMDC) from
WT and B6.CD1dSPE mice to present exogenous antigens to type
I NKT cells. Three different exogenous antigens were tested,
including �-GalCer, PBS-30 (�-glucuronosylceramide), and
PBS-59 (�-galacturonosylceramide), synthetic versions of Sphin-
gomonas cell wall glycosylceramides that activate type I NKT
cells in the context of CD1d (24–26). For each of the exogenous
antigens tested, the production of IFN-� and IL-4 by type I NKT
cells after stimulation with antigen-pulsed B6.CD1dSPE BMDC
was significantly reduced compared with WT BMDC (Fig. 3A).
Analysis of type I NKT cell activation by WT and B6.CD1dSPE

BMDC pulsed with titrating concentrations of �-GalCer re-
vealed lower levels of cytokine production in response to
B6.CD1dSPE BMDC at all concentrations tested (Fig. 3B). The
dose–response curve suggests that polymorphisms in CD1dSPE

affect interactions with the type I NKT TCR. Indeed, the
decreases in cytokine production are unlikely caused by aberrant
CD1d expression, because CD1d levels at the cell surface were
comparable between WT and B6.CD1dSPE BMDC (Fig. 3C).
Furthermore, these results are unlikely to be caused by global
antigen presentation defects in B6.CD1dSPE BMDC because the
activation of OT-II splenocytes by WT and B6.CD1dSPE BMDC
pulsed with OVA323–339 peptide was comparable. Taken to-
gether, these results suggest that polymorphisms in CD1d affect
the presentation and recognition of exogenous glycolipid anti-
gens and the subsequent activation of type I NKT cells.

CD1d Polymorphisms Affect Type II NKT Cell Function. Allogeneic
MHC molecules have been demonstrated to be potent immu-
nogens for a variety of MHC-restricted T cells (27). To deter-
mine whether the polymorphisms in CD1dSPE induce allogeneic
responses, tail skin from either B6.CD1dSPE mice or WT litter-
mates was grafted onto B6 recipient mice. As shown in Fig. 4A,
all skin grafts from B6.CD1dSPE mice were rapidly rejected,
whereas control WT grafts survived for at least 2 months. In an
effort to characterize allogeneic T cells elicited by B6.CD1dSPE

skin grafts, splenocytes from B6 recipients were isolated and
either analyzed directly ex vivo or maintained in culture by
weekly restimulation with irradiated B6.CD1dSPE splenocytes.
For the ex vivo analysis, B6 recipient splenocytes were stimulated
with B6.CD1dSPE or WT BMDC in the absence or presence of

Fig. 1. Identification and characterization of CD1d alleles. (A) Genomic DNA from M. spretus (S), M. castaneus (C), M. molossinus (M), and B6 (B) mice were
digested with the indicated restriction enzymes and analyzed in a Southern blot using a CD1-specific probe. (B) The location of polymorphic residues present
in CD1dCAS and CD1dSPE. (C) A ribbon diagram of the �1�2 domain of CD1dWT in complex with �-GalCer highlighting polymorphic residues identified in the
CD1dSPE. Image was constructed based on the structure of murine CD1d/PBS-25 (35) superimposed with �-GalCer from the structure of human CD1d/�-GalCer
(36) by using the PyMOL Molecular Graphics System (www.pymol.org). The polymorphism at position 1 is not included because it is absent from the coordinates
used to generate this image.

Fig. 2. Polymorphisms in CD1d affect type I NKT cell development. (A)
Single-cell suspensions from the indicated organs were stained with anti-TCR�

and CD1d-�GalCer tetramer and analyzed by FACS. (B) Bar graphs depict
mean � SD for the proportion of type I NKT cells in WT (thymus n � 15; liver
n � 12) and B6.CD1dSPE (thymus n � 16; liver n � 13) mice in the indicated
organs. Statistically significant differences: *, P � 0.05; **, P � 0.01. (C)
Representative histograms of CD1d expression on thymocytes of WT and
B6.CD1dSPE mice. Thymocytes were stained with either a control mAb (open)
or anti-CD1d (filled) and analyzed by flow cytometry.
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blocking mAb to MHC class I, class II, or CD1d. Splenocyte
activation was assessed by IFN-� production in ELISPOT assays.
Splenocytes produced IFN-� in response to stimulation with
B6.CD1dSPE BMDC, but not WT BMDC, indicating this re-
sponse was allospecific (Fig. 4B). The allogeneic response is
likely composed of both CD1d-restricted and conventional T
cells, because blocking mAbs specific for CD1d, MHC class I, or
MHC class II all significantly decreased the number of IFN-�-
producing cells (Fig. 4B).

Two T cell lines, designated 996 and 980, were established
from B6 recipients of B6.CD1dSPE skin grafts. Line 996 exhibits
preferential cytolytic activity against the CD1dSPE allele com-
pared with CD1dWT (Fig. 4C). The recognition of CD1dSPE-
expressing targets by line 996 was CD1d-restricted, because
cytolytic activity could be inhibited by mAb to CD1d (Fig. 4C).
Additionally, when RMAS-CD1d transfectants were used as
targets line 996 exhibited preferential killing activity against
CD1dSPE-expressing transfectants compared with CD1dWT (Fig.
4C). These data suggest that line 996 recognized CD1dSPE as an
intact molecule and not as a CD1dSPE-derived peptides pre-

sented by conventional MHC molecules. Similarly, line 980
produced more IFN-� in response to stimulation by B6.CD1dSPE

splenocytes compared with WT splenocytes (Fig. 4D). Produc-
tion of IFN-� by line 980 was also CD1d-restricted, because
IFN-� production decreased in the presence of mAb to CD1d
(Fig. 4D). Flow cytometric and RT-PCR analysis revealed that
these 2 cell lines do not express NK cell receptors or V�14-J�18
message. Taken together, these results suggest that CD1d poly-
morphisms affect the function of type II NKT cells.

Contribution of Individual CD1dSPE Polymorphisms to the Activation of
CD1d-Restricted NKT Cells. To determine the contribution of
individual CD1d polymorphisms to the altered activation of
CD1d-restricted T cells, we generated a panel of CD1d mutants
incorporating one or a combination of the polymorphisms
identified in CD1dSPE. These CD1d mutants were transfected
into RMAS cells (Fig. 5A), which were then used to stimulate a
panel of CD1d-restricted T cells. Four of 6 type I NKT cell
hybridomas tested produced less IL-2 in response to stimulation
with the RMAS-CD1dSPE compared with RMAS-CD1dWT (Fig.
5B), whereas the other 2 hybridomas did not show significant
differences in the recognition of CD1dWT and CD1dSPE.
DN3.A4 (V�8.2/J�2.1) and N57–2C12 (V�14/J�1.2) were more
sensitive to allelic differences in CD1d compared with DN32.D3
(V�8.2/J�2.4) and N38–2C12 (V�8.2/J�2.5), suggesting that
CDR2� and CDR3� regions may be able to modulate the TCR
affinity of type I NKT cells to CD1d/glycolipid complexes.
Interestingly, all type I NKT cells tested were sensitive to changes
at residue 170, because mutation resulted in either a significant
decrease (DN32.D3, DN3.A4, and N57–2C12) or increase (N38–
2C12) in IL-2 production compared with CD1dWT (Fig. 5B).
Changes at residue 162 diminished the reactivity of 3 hybrid-
omas, except DN32.D3. The effect of the remaining polymorphic
residues varied more, depending on the cell tested.

We then evaluated the effects of the individual CD1d poly-
morphisms on the type II NKT cells (Fig. 5C). Interestingly,
VII68.1 exhibited preferential recognition of CD1dSPE com-
pared with CD1dWT. We found that mutation of CD1dWT at
residue 118 alone was sufficient to impart recognition by VII68.1
to levels comparable with CD1SPE. The CD1dSPE-specific T cell
line 996 exhibited enhanced cytolytic activity against several
mutants compared with CD1dWT transfectants (Fig. 5C). Finally,
similar to type I NKT cells, 24�� cytotoxic T lymphocyte (CTL)
exhibited greater reactivity to CD1dWT compared with CD1dSPE.
Type II NKT cells were particularly sensitive to changes at
residue 162 as mutation at this position resulted in either
enhanced (VII68.1 and 996) or reduced (24��) reactivity com-
pared with CD1dWT. Taken together, results from these exper-
iments reveal critical roles for specific residues in CD1d-
mediated T cell activation.

Discussion
Limited polymorphism is a hallmark feature of MHC class Ib and
class I-like genes (28). In the various inbred strains of mice
commonly used in immunological studies, CD1d1 is nonpoly-
morphic. However, by studying CD1D of wild-derived strains of
mice, we identified additional CD1D1 alleles from M. castaneus
and M. spretus. DNA sequence analysis revealed that the allelic
differences of CD1D genes are much lower than those in MHC
class Ia genes, suggesting strong conservation within CD1D
genes. The divergence among CD1d alleles is comparable with
that seen in MHC class Ib molecules that perform specialized
immune functions, including TL, M3, and Qa-1 (29–31).

Polymorphism in MHC class Ia proteins is found selectively
concentrated in the peptide-binding regions of the �1 and �2
domains where it affects the spectrum and conformation of
MHC-bound peptides (32). Previous reports (33, 34) used visual
inspection or computer modeling to identify specific residues in

Fig. 3. Impaired type I NKT cell activation by exogenous glycolipid antigens
presented by B6.CD1dSPE BMDC. (A) Purified type I NKT cells were stimulated
with WT or B6.CD1dSPE BMDC pulsed with the antigen indicated. The amount
of IFN-� and IL-4 was quantitated by ELISA. Bar graphs depict mean values
from duplicate wells. The data shown are representative of 2 independent
experiments. (B) Line graph depicts IFN-� and IL-4 production by V�14-
transgenic TCR� knockout splenocytes in response to WT and B6.CD1dSPE

BMDC pulsed with titrating concentrations of �-GalCer. Data shown are
representative of 3 independent experiments. (C) Histograms depict CD1d
expression on WT and B6.CD1dSPE BMDC used in the assay. BMDC were stained
with mAb to CD11c and a control mAb (open) or mAb to CD1d (filled) and
analyzed by flow cytometry.
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the CD1d antigen-binding groove that are important for the
presentation of �-GalCer to type I NKT cells. Interestingly, none
of the residues studied previously were polymorphic in CD1dSPE

or CD1dCAS. The majority of substitutions between CD1dSPE

and CD1dWT are located in the �1�2 domains (Fig. 1C), which
may affect ligand binding and antigen presentation. Consistent
with this finding, CD1d-restricted T cells exhibited differential
reactivity against transfectants expressing either CD1dWT or
CD1dSPE. Although incorporation of CD1dSPE polymorphisms
appears to decrease the reactivity of type I NKT cells, reactivity
by type II NKT cells was either enhanced or reduced. The
differential effect of CD1d polymorphisms on type II NKT cells
may be caused by the more diverse TCR V� repertoire of type
II NKT cells. Several type I NKT cell hybridomas used in this
study express the same V� chain (i.e., V�8.2). However, they
responded differently to some CD1d mutants, suggesting the
involvement of CDR3� in the recognition of CD1d/glycolipid
complexes. The crystal structure of CD1dWT reveals that the
amino acid side chains of loop residues 45 and 93 point away
from the antigen-binding groove and unlikely affect antigen

binding, but they might affect T cell recognition (35–37). Res-
idue 118, which is located in the �-sheet and points into the F�
pocket, may interact with the acyl chain of lipid antigens.
Residue 162 is located in the �2 helix with its side chain pointed
up. Substitution of Met to Thr may gain hydrogen-bond inter-
action with the carbonyl group of residue 158, which may
influence the ligand binding/presentation. Interestingly, we
found that changes at residue 162 alone were sufficient to impart
preferential recognition of type II NKT cells to a specific CD1
allele. Mutation of position 162 also affected the reactivity of
several type I NKT cell hybridomas. Residue 170 is located in �2
helix and forms hydrophobic interactions with Phe-171 and
Leu-58 and may be involved in maintaining the hydrophobic
environment of the A� pocket. Indeed, we found that the
reactivity of both type I and type II NKT cells was significantly
affected by mutation of residue 170. A crystal structure of a
human NKT TCR bound to �-GalCer/human CD1d identified
regions of interaction in the CD1d �1�2 domains (38). Although
none of the polymorphisms in the CD1dSPE allele would predict
to be involved in direct binding with the NKT TCR, they are in
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Fig. 4. Preferential recognition of the CD1dSPE allele by type II NKT cells. (A) Tail skins from B6.CD1dSPE mice and control littermates were grafted onto B6 mice.
Rejection was defined by complete necrosis of the skin graft. (B) Splenocytes from graft recipients were stimulated with either B6.CD1dSPE or WT BMDC in the
absence or presence of blocking mAb to MHC class I, class II, or CD1d. The activation of splenocytes was measured by IFN-� production in ELISPOT assays. Results
shown are representative of 3 independent experiments. (C) The specificity of T cell line 996 was evaluated in a 51Cr release assay. (Upper) ConA blasts from mice
indicated were used as targets in the absence or presence of anti-CD1d. (Lower) RMAS cells or RMAS transfectants expressing either CD1dWT or CD1dSPE were
used as targets. Bar graphs depict percentage specific lysis at a 10:1 effector-to-target (E/T) cell ratio. Data shown are representative of 3 independent
experiments. (D) The specificity of T cell line 980 was evaluated by measuring IFN-� production after stimulation with irradiated splenocytes from WT and
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Fig. 5. Effect of individual CD1d polymorphisms on T cell activation. (A) Histograms depict CD1d expression by various RMAS transfectants. Cells were stained
with a control mAb (open) or mAb to CD1d (filled) and analyzed by flow cytometry. (B) Bar graphs depict mean � SD of fold change in IL-2 production by type
I NKT cell hybridomas after stimulation with a panel of RMAS-CD1d transfectants pulsed with �-GalCer (100 ng/mL). IL-2 production by each hybridoma in
response to CD1dSPE and specific mutants was normalized to the CD1dWT allele. Bar graphs depict mean � SD of fold change in IL-2 production obtained from
3 independent experiments. (C) Bar graphs depict mean � SD of fold change in IL-2 production or percentage-specific lysis of the indicated RMAS-CD1d
transfectants by type II NKT cells. E/T ratios are 1:1 and 60:1 for 996 and 24 CTL, respectively. Statistically significant differences: *, P � 0.05; **, P � 0.01; ***,
P � 0.001.
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close proximity to the CD1d/NKT TCR contact zone. Our study
suggests that subtle changes of these residues might induce
allosteric changes by communicating with the networks of res-
idues in the lipid-binding groove to modulate ligand presentation
to the TCR (Fig. S2) (39).

The highly-conserved nature of CD1d and the type I NKT
TCR suggests there is strong evolutionary pressure to maintain
an efficient interaction between CD1d� APCs and type I NKT
cells. Indeed, recognition of CD1d by type I NKT cells is
maintained even across species barriers (40). Consistent with this
finding, we found that the CD1dSPE allele was able to mediate
type I NKT cell development in congenic B6.CD1dSPE mice.
However, the proportions of type I NKT cells in B6.CD1dSPE

mice were significantly lower than WT. These differences were
more pronounced in the thymus than in the periphery. It is
possible that lower affinity for the CD1dSPE allele might result
in less effective positive selection of developing type I NKT cells.
This notion is supported by the lower reactivity of type I NKT
cell hybridomas to CD1dSPE compared with CD1dWT-expressing
cells. Similarly, type I NKT cells from B6.CD1dSPE mice also
exhibited higher reactivity to DC expressing CD1dWT compared
with B6.CD1dSPE DC (Fig. S3). Interestingly, B6.CD1dSPE mice
showed modest, but statistically significant, increases in the
proportion of CD4� type I NKT cell subsets in all organs tested
compared with WT, suggesting interaction with this coreceptor
may influence the overall avidity of the type I NKT cell TCR for
CD1d. Type I NKT cells have been shown to develop in mice
expressing transgenic human CD1d, which exhibits higher affin-
ity for the TCR of murine type I NKT cells than mouse CD1d
(41). Type I NKT cells in these mice are almost exclusively V�8�,
suggesting differences in affinity may influence the TCR rep-
ertoire of type I NKT cells. However, we did not detect signif-
icant differences in TCR V� usage by type I NKT cells between
WT and B6.CD1dSPE mice. In addition, we cloned and se-
quenced the V�14-J�18 message from B6.CD1dSPE mice and
found that type I NKT cells in these mice express the same V�-J�
junctions as WT type I NKT cells. Although the function of type
I NKT cells in B6.CD1dSPE mice is not impaired, decreased type
I NKT cell number in B6.CD1dSPE mice resulted in lower levels
of serum IFN-� production and less pronounced expansion of
type I NKT cells in B6.CD1dSPE mice compared with B6 mice,
after administration of �-GalCer-pulsed BMDC (Fig. S4). These
results suggest that CD1d polymorphisms may affect the ther-
apeutic efficacy of �-GalCer.

All type II NKT cells described to date are autoreactive as they
recognize endogenous lipids such as phospholipids and sulfatide
in the context of CD1dWT (17, 42). One of the more interesting
findings of this work is the allele-specific recognition of
CD1dSPE. T cell lines derived from B6 recipients of CD1dSPE skin
grafts were CD8� and demonstrated CD1dSPE-specific cytolytic
activity and IFN-� production. To determine whether CD1dWT

could also be recognized as an alloantigen, we immunized
B6.CD1dSPE mice with WT DC and were able to generate a T
cell line from immunized B6.CD1dSPE mice that exhibited
preferential recognition of CD1dWT, suggesting that it, too, can
serve as an alloantigen (Fig. S5). These results may have
implications for clinical settings in which T cell alloreactivity is
of significant interest, including graft-versus-host disease and
allogeneic hematopoietic stem cell transplantation (27, 43).

Single-nucleotide polymorphisms have been identified in all 5
human CD1 genes (44). For CD1b and CD1c these mutations are
silent, whereas substitutions in CD1a, CD1d, and CD1e result in
amino acid replacements (44). Although the functional signifi-
cance of human group 1 CD1 polymorphisms remains unknown,
polymorphisms in CD1e were recently reported to affect lipid
antigen presentation (45). Results from our studies should serve
as the impetus to continue to study polymorphisms in human

CD1 proteins, because these changes have the potential to
influence the repertoire and function of CD1-restricted T cells.

Materials and Methods
Mice. Congenic B6.CD1dSPE was established by backcrossing an interspecific
consomic strain, which carries a single introgressed M. spretus chromosome 3
in the B6 background, with B6 mice for an additional 10 generations. During
backcrosses, animals were selected for the presence of specific CD1 allele by
Southern blot analysis of EcoRI-digested genomic DNA with a probe for the
CD1 exon 4 region as described (46). All animal work was approved by the
Institutional Animal Care and Use Committee.

Cloning, Mutagenesis of CD1d1 cDNA, and Generation of RMAS-CD1d Transfec-
tants. CD1d1 cDNA from M. spretus and M. castaneus were obtained by
RT-PCR with primers specific to exon 1 and exon 4 of CD1d as described (23).
The PCR products were cloned into pCRScript, and DNA samples were se-
quenced. For mutagenesis studies, the full-length CD1d1 cDNA from B6 was
subcloned into the pBluescript KS� vector, and mutagenesis was conducted
by using the QuikChange site-directed mutagenesis kit (Stratagene). The
mutant CD1d1 fragments were sequenced and cloned into the pSR-Neo
expression vector and transfected into RMAS cells.

Abs, CD1d Tetramers, and Flow Cytometry. The following Abs were purchased
from BD PharMingen: anti-TCR�, anti-CD4, anti-NK1.1, anti-CD8, and hamster
anti-TNP. The CD1d-specific mAbs 3H3 and 5C6 and the generation of �-Gal-
Cer-CD1d tetramers have been described (10, 47). Thymocytes, splenocytes,
and hepatic lymphocytes were isolated and stained as described (48). After
staining, cells were washed and analyzed by flow cytometry using a FACS-
Canto and analyzed with FlowJo software.

Activation and Analysis of Cytokine Production from Type I NKT Cells and
CD1d-Restricted Hybridomas. Type I NKT cells were enriched from the spleno-
cytes of V�14-transgenic TCR��/� mice by incubating cells with M5114-FITC
and B220-FITC, followed by depletion of FITC-labeled cells using anti-FITC
microbeads and magnetic columns. BMDC were generated, MACS-purified,
and pulsed with various glycolipid antigens as described (48). Antigen-pulsed
BMDC were incubated with enriched NKT cells for 48 h, and the levels of IL-4
and IFN-� in supernatants were quantitated by ELISA. To determine the effect
of amino acid substitutions on NKT cell activation, CD1d-restricted T cell
hybridomas were cocultured with various RMAS-CD1d transfectants. After
24 h, IL-2 production was quantitated by ELISA.

Skin Grafting. Female B6.CD1dSPE and control littermates (CD1dWT) were used
as donors. Full-thickness skin sections (�1 � 1 cm) were harvested from donor
tails and grafted onto the dorsal side of female B6 mice. Bandages were
removed on day 7 posttransplant, and grafts were monitored for 55 days for
evidence of rejection. Rejection was defined as complete necrosis of the skin
graft.

ELISPOT Assays. Multiscreen-IP plates were coated with anti-IFN-�, washed,
and blocked with RPMI medium10. Splenocytes from B6 recipients of
B6.CD1dSPE skin grafts were cultured with BMDC from either B6 or B6.CD1dSPE

mice in the absence or presence of mAb for MHC class Ia (B22 and Y3), MHC
class II (M5114), or CD1d (3H3). Plates were incubated for 18 h, and IFN-�-
producing cells were quantitated with an ImmunoSpot reader.

Generation of CD1dSPE-Specific T Cell Lines. WT recipients of B6.CD1dSPE skin
grafts were killed, and single cell suspensions were prepared from lymph
nodes and spleens. Suspensions were cultured with irradiated B6.CD1dSPE

splenocytes in RPMI medium 10 containing blocking mAbs specific for MHC
class I and class II. One week later, cultures were restimulated with B6.CD1dSPE

splenocytes and maintained in supplemented Mischell Dutton media with IL-2
supplement.

CTL Assays. Targets (1 � 106) were labeled with 50 �Ci [51Cr] sodium chromate
for 1 h at 37 °C. Targets were cultured with effectors for 4 h at 37 °C. The
percentage of specific lysis was calculated as (experimental release � spon-
taneous release)/(maximal release � spontaneous release) � 100. For Ab
blocking studies, the killing activity of T cell lines against various targets was
assayed in the presence of 25% of supernatant containing specific mAbs. Con
A blasts were prepared by stimulating splenocytes with ConA (2.5 �g/mL) for
72 h in RPMI medium 10.
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Statistical Analysis. Mean values were compared by using unpaired Student’s
t tests. All statistical analyses were performed with the PRISM program
(GraphPad).
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