
Oligoclonality and innate-like features in the TCR
repertoire of type II NKT cells reactive to a
β-linked self-glycolipid
Philomena Arrenberg, Ramesh Halder, Yang Dai, Igor Maricic, and Vipin Kumar1

Torrey Pines Institute for Molecular Studies, San Diego, CA 92121

Edited* by Howard M. Grey, La Jolla Institute for Allergy and Immunology, San Diego, CA, and approved May 11, 2010 (received for review January 16, 2010)

TCR-mediated recognition of β-linked self-glycolipids bound toCD1d
is poorly understood. Here, we have characterized the TCR reper-
toire of a CD1d-restricted type II NKT cell subset reactive to sulfatide
involved in the regulation of autoimmunity and antitumor immu-
nity. The sulfatide/CD1d-tetramer+ cells isolated from naïve mice
show an oligoclonal TCR repertoire with predominant usage of
the Vα3/Vα1-Jα7/Jα9 and Vβ8.1/Vβ3.1-Jβ2.7 gene segments. The
CDR3 regions of both the α- and β-chains are encoded by either
germline or nongermline gene segments of limited lengths contain-
ing several conserved residues. Presence of dominant clonotypes
with limited TCR gene usage for both TCR α- and β-chains in type
II NKT cells reflects specific antigen recognition not found in the type
I NKT cells but similar to the MHC-restricted T cells. Although poten-
tial CD1d-binding tyrosine residues in the CDR2β region are con-
served between most type I and type II NKT TCRs, CDR 1α and 3α
regions differ significantly between the two subsets. Collectively,
the TCR repertoire of sulfatide-reactive type II NKT cells exhibits
features of both antigen-specific conventional T cells and innate-like
cells, and these findings provide important clues to the recognition
of β-linked glycolipids by CD1d-restricted T cells in general.
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Antigen recognition of peptides presented by the classical
polymorphic major histocompatibility complex (MHC) class

Ia or class IImolecules to TCRs has been extensively analyzed both
structurally and functionally. Generally, the complementarity-
determining region (CDR) loops CDR1 and CDR2 interact with
the MHC portion of the MHC–antigen complex, whereas it is the
CDR3 region that contacts the peptide antigen, with some excep-
tions (1). Lipid antigens are recognized by TCRs when presented
by the β2-microglobulin-associatedMHC-likemolecule CD1.CD1
molecules are monomorphic and can be classified into three
groups: group 1 comprisesCD1a, CD1b, andCD1c, group 2CD1d,
and group 3CD1e (2). CD1d is highly conserved among the species
and is involved in presenting lipids, glycolipids, and lipoproteins
of self or foreign origin to natural killer T (NKT) cells (reviewed
in refs. 3–5).
CD1d-restricted NKT cells can be categorized into two groups:

type I and type II. Type I NKT cells use a TCR α-chain encoded by
the Vα14-Jα18 and a β-chain predominantly using Vβ8.2, Vβ7, or
Vβ2 gene segments in mice (3–5). These cells are strongly reactive
with the marine sponge-derived glycolipid α-galactosyl ceramide
(αGalCer) and can recognize bacterial-derived lipids or a self-
glycolipid, isoglobotrihexosyl ceramide (iGb3) (6–8). Recently,
crystallographic and alanine mutagenesis analyses have examined
type I NKT TCR interactions with the αGalCer/CD1d complex
(9–13). Unlike the TCR interaction with peptide/MHC complexes,
crucial residues for this interaction are mainly located in the
CDR2β loop contacting the CD1d molecule, in the CDR3α loop
contacting both glycolipid antigen and the CD1d molecule, and
in the CDR1α loop contacting solely the α-linked galactose moiety
of the antigen (1, 9–13).
Type II NKT cells are thought to use diverse TCRs (3, 14, 15).

A detailed analysis of the TCR repertoire of type II NKT cell

subsets has not been carried out. Earlier studies of non-Vα14,
CD1d-reactive T cell hybrids in MHC class II-deficient mice
revealed a predominant Vβ8 and Vα3.2/Vα8 gene segment usage
with diverse CDR3 regions (16).We have identified amajor subset
of type II NKT cells reactive to the self-glycolipid 3′-sulfated ga-
lactosyl ceramide, sulfatide (17, 18). The crystal structure of a
sulfatide/murine CD1d complex shows how the β-linked galactose
head group of sulfatide projects out and away from the binding
pocket of CD1d, resulting in a conformational change associated
with greater exposure of CD1d residues (19) compared with the
conformation of an α-linked galactose in the αGalCer/CD1d
complex. It is noteworthy that β-linked glycolipids are more pre-
valent among mammals and type II NKT cells are also abundant
in humans (20–23). How β-linked self-glycolipids bound to the
CD1d molecules are recognized by TCRs remains unknown. This
study examines in detail theTCRVgene repertoire of amajor type
II NKT cell subset reactive to a β-linked glycolipid, sulfatide, in-
volved in a novel immunoregulatory pathway controlling autoim-
munity and antitumor immunity (24, 25).
Here, we show that sulfatide-reactive type II NKT cells isolated

from naïve, unprimed animals have an oligoclonal TCR reper-
toire with predominant usage of Vα3/Vα1-Jα7/Jα9 and Vβ8.1/
Vβ3.1-Jβ2.7 gene segments. CDR3 regions of both the TCR α-
and β-chains are encoded by germline or nongermline sequences
and have defined lengths containing several conserved residues.
Thus, features of both innate-like cells and antigen-specific con-
ventional T cells are present in the type II NKT cells. This study
has implications for how TCRs discriminate between β-linked
and α-linked glycolipids, and for recognition of self-glycolipids by
TCRs in general.

Results
Sulfatide/CD1d-Tetramer+ Cells Use Predominantly TCRVβ8.1/Vβ3.1 and
Jβ2.7 Gene Segments with Dominant Clonotypes of Restricted CDR3
Lengths. To determine the TCR Vβ repertoire of sulfatide-
reactive type II NKT cells, liver mononuclear cells (MNCs) were
stained with sulfatide/CD1d-tetramers and a broad spectrum of
anti-TCR Vβ chain antibodies (Fig. 1B). Jα18−/− mice were used
to exclude contamination from type I NKT cells. Because of the
very low frequency of type II NKT cells in spleen and thymus, the
analysis of tetramer+ cells was restricted to the liver. As noted
earlier in ref. 17, ∼35% of sulfatide/CD1d-tetramer+ cells are
NK1.1+, and most of them do not express the early activation
marker CD69 (Fig. 1A). As shown in Fig. 1B, tetramer+ cells
predominantly stained with anti-Vβ8 (33%) and anti-Vβ3 (24%)
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mAbs. Absence of staining with anti-Vβ8.3 mAb alone suggested
tetramer+ cells to be Vβ8.1+ or/and Vβ8.2+.
Sulfatide/CD1d-tetramer+ cells were sorted from liver MNCs

pooled from 10 mice (>90% purity) and examined for antigen re-
activity and TCR V gene analysis. Sorted cells proliferated and
secreted IFN-γ upon in vitro culture with dendritic cells pulsed
with sulfatide, but not with αGalCer or mono-GM1 (an irrelevant
glycolipid) or without stimulation (Fig. S1). However, modest re-
sponse of tetramer-sorted cells to sulfatide may suggest their highly
unstable nature or their inherent ability to respond poorly. Next,
the RT-PCR analysis of the sorted tetramer+ cells showed pre-
dominant expression ofVβ8.1, but not Vβ8.2, andminor expression
of Vβ3.1/Vβ7 gene segments (Fig. 1B). As control, sorted sulfatide/
CD1d-tetramer-negative cells from Jα18−/− mice, as well as total
liver MNCs and splenocytes from WT mice, showed broad ex-
pression of the different Vβ genes (Fig. 1B). For comparison, RT-
PCR was also performed on NK1.1+ TCRβ+ cells from Jα18−/−
and CD1d−/− mice not selected for sulfatide reactivity. This pop-
ulation included CD1d-independent NKT and other NK1.1+
T cells. As expected these NK1.1+ T cells are poly-reactive and
accordingly express a broad spectrum of Vβ chains, including
equivalent levels of Vβ8.1, Vβ8.2, and Vβ8.3. Collectively, FACS
andRT-PCR data showed the predominant expression of the TCR
Vβ8.1/Vβ3.1 chains by sulfatide/CD1d-tetramer+ cells. The dif-
ference between the RT-PCR and FACS data for the Vβ3 may
be related to the suboptimal efficiency of the PCR amplification.
Next, spectratyping analysis was carried out to further examine

the CDR3β regions of sulfatide/CD1d-tetramer+ cells. Initial Cβ
run-off reactions showed significant expansions for only Vβ8.1,
Vβ3.1, and Vβ7 genes, but not for Vβ8.2. As control, typical
Gaussian distributions of CDR3 lengths were seen for all Vβ-Cβ
products from sorted tetramer-negative cells and from total
splenocytes. Following Jβ run-off reactions with 12 different Jβ
primers, significant expansions were found only for Vβ8.1-Jβ2.7
and Vβ3.1-Jβ2.7 products, as shown in Fig. 2. No significant
expansions were detected for any other Jβ gene segment. Pre-
dominant CDR3 lengths of 6, 7, and 8 aa were found for the
Vβ8.1-Jβ2.7 and of 7 and 9 aa for the Vβ3.1-Jβ2.7 products, re-
vealing few dominant clonotypes of restricted CDR3β lengths.
As control, tetramer-negative cells and total splenocytes showed
no specific expansions for any Jβ run-off product examined, in-
cluding Vβ8.1, Vβ3.1, and Vβ7 (Fig. 2).

To further analyze the respective CDR3β regions in sulfatide/
CD1d-tetramer+ cells, Vβ-Cβ PCR products were cloned and se-
quenced. Of 63Vβ8.1+ clone sequences, 50.8%were redundant—
i.e., the nucleotide sequences were shared by more than one clone
(Table 1)—whereas another 12.7% were redundant at the amino
acid level. Most sequences (41.3%) used Jβ2.7, whereas the
remaining sequences showed diverse Jβ gene segment usage
(Table 1). Interestingly, none of the Vβ3.1+ clone sequences were
redundant, and 18.2% used the Jβ2.7 gene segment (Table 1).
Consistent with spectratyping results, Vβ8.1-Jβ2.7 sequences
showed predominant CDR3 lengths of 6, 7, and 8 aa, and Vβ3.1-
Jβ2.7 sequences were of 7 and 9 aa (Table 1). Collectively, se-
quencing and spectratyping analyses showed predominant usage
of Vβ8.1/Vβ3.1 and Jβ2.7 gene segments with restricted CDR3
lengths by sulfatide/CD1d-tetramer+ cells.

Predominant Use of TCR Vα3/Vα1 and Jα7/Jα9 Gene Segments and
Limited CDR3 Lengths by Sulfatide/CD1d-Tetramer+ Cells. To exam-
ine the TCR Vα repertoire, sulfatide/CD1d-tetramer+ cells were
stained with anti-Vα3 antibody and analyzed by flow cytometry.
Fig. 1B shows that a majority (∼70%) of the tetramer+ cells are
Vα3+. Because Abs against most Vα chains are not available,
sorted tetramer+ cells were subjected toRT-PCR analysis using all
Vα primers (Vα1A-Vα20) and Cα primer. As shown in Fig. 1B,
tetramer+ cells expressed predominantly Vα3, Vα1, and Vα7 and
showed minimal expression of the Vα2, Vα5, Vα10, Vα14, and
Vα18 gene segments (Fig. 1B and Fig. S2). Notably, sequencing
analysis yielded no functional sequence for Vα7 or Vα14. As
control, tetramer-negative cells and total liver lymphocytes showed
a broad expression of all Vα gene segments (Fig. 1B and Fig. S2).
To further investigate the TCR Vα gene usage, spectratyping

analysis was carried out. As depicted in Fig. 2, significant ex-
pansions were found for the Vα3-Cα and Vα1-Cα products: two
dominant Vα3 clonotypes with CDR3 lengths of 8 and 9 aa and
one single predominant Vα1 clonotype with a CDR3 length of 8
aa were detected. In contrast, control populations (tetramer-
negative cells and total liver lymphocytes) showed Gaussian
distributions for these gene segments (Fig. 2).
Sequencing analysis (Table 2) confirmed predominant usage

of Vα3 and Vα1 gene segments. Table 2 shows that most tetra-
mer+ cells use the Jα7 (≥50% of Vα3 and Vα1) or Jα9 (>46% of
Vα1 and >7% of Vα3) gene segments. Another 25% of the Vα3

Fig. 1. Preferential use of TCR Vβ8.1/Vβ3.1 and Vα3/Vα1 gene segments by
sulfatide-reactive type II NKT cells. (A) Flow cytometric profiles of liver MNCs
from Jα18−/− mice following staining with PE-labeled sulfatide/CD1d-tetra-
mer (Sulf/CD1d) or unloaded tetramer (PBS/CD1d) and FITC-labeled anti-
TCRβ, anti-NK1.1, or anti-CD69. (B Upper Left) Bar graphs depicting the
percentage of staining of sulfatide/CD1d-tetramer+ cells with different anti-
Vβ mAbs. Percentage was calculated in relation to total tetramer+ cells after
subtracting background with unloaded tetramer. (B Upper Right) Tricolor
flow cytometric analysis of liver MNCs following staining with PE-labeled
unloaded (PBS) or sulfatide-loaded tetramers, PE-Cy5-labeled anti-TCRβ, and
FITC-labeled anti-TCR Vα3. Numbers within boxes indicate the percentage of
positive cells in total lymphocytes. (B Lower) Gel images showing RT-PCR
products of indicated Vβ (Left) or Vα (Right) chains expressed by sorted
tetramer+ cells or unsorted liver lymphocytes. A 50- or 100-bp DNA ladder
was used. Data are representative of two to four individual experiments.

Fig. 2. Spectratyping analysis of TCR Vβ-Jβ and Vα-Cα products reveals a few
dominant clonotypes of limited CDR3 lengths in sulfatide-reactive type II
NKT cells. RNA was extracted from sorted tetramer+ cells (Sulf/CD1d+), tet-
ramer-negative cells (Sulf/CD1d-), and unsorted liver lymphocytes and sple-
nocytes for Vα and Vβ, respectively. (Left) Vβ-Cβ PCR products subjected to Jβ
run-off extension reactions, and significant spectratyping profiles of Vβ8.1-
Jβ2.7 and Vβ3.1-Jβ2.7. (Right) Vα-Cα PCR products were subjected to Cα run-
off extension reactions, and significant spectratyping profiles of Vα3-Cα and
Vα1-Cα are shown. CDR3 lengths are depicted below. For comparison of
profiles heights are shown in relation to a reference peak (10 aa for Vβ8.1, 8
aa for Vβ3.1, 12 aa for Vα3, and 11 aa for Vα1).
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sequences used the Jα12 gene segment. The sequences were
highly redundant (>97%), with all Vα1 and > 96% of Vα3 nu-
cleotide sequences being shared by different clones. In accord

with spectratyping analysis (Fig. 2), sequencing analysis also
detected predominant CDR3α lengths of 8 and 9 aa (Table 2; for
Vα3, 53.6% CDR3 length of 8 aa, 35.7% of 9 aa; for Vα1, 84.6%
CDR3 length of 8 aa). Collectively these results show a highly
oligoclonal TCR Vα repertoire with predominant usage of Vα1/
Vα3 and Jα7/Jα9 gene segments and limited CDR3α lengths for
sulfatide/CD1d-tetramer+ cells.

CDR3β and CDR3α Regions of Sulfatide-Reactive Type II NKT Cells
Contain Conserved Motifs and Are Encoded by Both Germline and
Nongermline Sequences. To examine whether CDR3β and
CDR3α regions are encoded by germline or N-additions, DNA
sequences were compared with germline matrices (IMGT). We
found that CDR3 regions of Vβ8.1, Vβ3.1, and Vα3 are encoded
by both germline and nongermline: the proportion of germline
sequences was 12.7% for Vβ8.1, 27.3% for Vβ3.1, and 14.3% for
Vα3. However, all Vα1 CDR3 regions were encoded by N-
additions. CDR3 regions of the most prevalent Vβ8.1-Jβ2.7 and
Vα3-Jα7 chains encoded by germline or by N-additions are
shown in Fig. S3.
CDR3 regions were examined for conserved amino acid resi-

dues. A basic amino acid residue, either lysine or arginine, was
found at the end of all CDR3α regions, four residues upstream of
the GXG motif (Fig. 3A and Table 2). Additionally, all Vα1
sequences had another basic amino acid residue at position 93 or
94. Most Vα3 sequences displayed the neutral residues serine
and alanine at these positions. In vast majority of CDR3β
regions, an acidic amino acid (aspartic or glutamic acid) was
present at the end, 4–5 residues upstream of the GXG motif
(Fig. 3A and Table 1). Furthermore, a serine residue was pre-
dominantly (>66%) found at position 94 (Fig. 3A and Table 1).
Whereas most Vβ8.1 sequences (50.8%) coded for another
acidic amino acid at position 95, most Vβ3.1 sequences (72.7%)
encoded the neutral residue leucine (Fig. 3A and Table 1).
These conserved CDR3 residues on TCR α- and β-chain of

tetramer+ cells originate either from germline or from rearranged
N-additions. Thus, S93 in Vα3 sequences is always, and L95 in
Vβ3.1 sequences in >87%, encoded by V gene germline alone. In
contrast, all R/K 93/94 residues among Vα1 sequences are enco-
ded by N-additions. The residues D95 in Vβ8.1 and A94 in Vα3
sequences are encoded either by germline (69% and 43%, re-
spectively) or by N-additions (31% and 57%, respectively).

Whereas CDR2β Residues Are Conserved, CDR3α and CDR1α Regions
Are Highly Diverse Between Type I and Type II NKT Cells. Because
recent studies suggested the importance of CDR1α, CDR3α, and
CDR2β residues of the invariant TCR in the recognition of gly-
colipid bound to CD1d (1, 9, 10, 12), we compared these regions

Table 1. TCR Vβ-Dβ-Jβ gene usage by sulfatide-reactive type II
NKT cells

Vβ aa
seq. N-Dβ-N Jβ aa seq. Jβ

Redun-
dancy

CDR3
length

Vβ 8.1 clone #
1, 6, 8, 102, 120 CAS SLGGAR EQYFGPG Jβ2.7 5 8
76, 78, 85, 96, 112 CAS YD SYEQYFGPG Jβ2.7 5 6
44, 114 CAS SDGTGG YEQYFGPG Jβ2.7 2 9
101, 118 CAS SDG SYEQYFGPG Jβ2.7 2 7
3, 45 CAS SVTGG YEQYFGPG Jβ2.7 2 8
19 CAS SVTGG YEQYFGPG Jβ2.7 1 8
22 CAS SED SYEQYFGPG Jβ2.7 1 7
60 CAS RDRGH EQYFGPG Jβ2.7 1 7
62 CAS SDAGT EQYFGPG Jβ2.7 1 7
66 CAS TPGQ EKQYFGPG Jβ2.7 1 7
89 CAS SGTGGL SYEQYFGPG Jβ2.7 1 10
99 CAS SDRWGV YEQYFGPG Jβ2.7 1 9
105 CAS SDRWGV YEQYFGPG Jβ2.7 1 9
113 CAS SRLGG YEQYFGPG Jβ2.7 1 8
115 CAS SGDWGGG EQYFGPG Jβ2.7 1 9
12, 79, 83 CAS ENRGY TEVFFGKG Jβ1.1 3 8
58, 107 CAS SDVQK NTEVFFGKG Jβ1.1 2 9
61 CAS SDAQGA NTEVFFGKG Jβ1.1 1 10
77 CAS SES NTEVFFGKG Jβ1.1 1 7
95 CAS RPDSA NTEVFFGKG Jβ1.1 1 9
17, 51 CAS RTGG YAEQFFGPG Jβ2.1 2 8
9 CAS SDMAK NYAEQFFGPG Jβ2.1 1 10
10 CAS SEGTGG YAEQFFGPG Jβ2.1 1 10
41 CAS RDWGV YAEQFFGPG Jβ2.1 1 9
91, 117 CAS SARA GNTLYFGEG Jβ1.3 2 8
124 CAS SARA GNTLYFGEG Jβ1.3 1 8
7 CAS SEGG SGNTLYFGEG Jβ1.3 1 9
84, 92, 132 CAS RMGGD SNERLFFGHG Jβ1.4 3 10
106 CAS SDVWA SNERLFFGHG Jβ1.4 1 10
81, 126 CAS RPGQG YNSPLYFAAG Jβ1.6 2 10
74 CAS SDRTGG SYNSPLYFAAG Jβ1.6 1 12
75 CAS SDAS SYNSPLYFAAG Jβ1.6 1 10
5, 86 CAS TDWGGAV SAETLYFGSG Jβ2.3 2 1
63 CAS TGRD SAETLYFGSG Jβ2.3 1 9
88 CAS SVSWGS SQNTLYFGAG Jβ2.4 1 11
90 CAS SDGP SQNTLYFGAG Jβ2.4 1 9
100 CAS SDSAG QNTLYFGAG Jβ2.4 1 9
122 CAS SDSPGTGG NTLYFGAG Jβ2.4 1 11
123 CAS KTGK DTQYFGPG Jβ2.5 1 7
128 CAS SDNR NQDTQYFGPG Jβ2.5 1 9
111 CAS SGTGG NTGQLYFGEG Jβ2.2 1 10
131 CAS SDARGSD TGQLYFGEG Jβ2.2 1 11
130 CAS PQGA NSDYTFGSG Jβ1.2 1 8

Vβ 3.1 clone #
15 CAS SLNA NTEVFFGKG Jβ1.1 1 8
18 CAS SLYY TEVFFGKG Jβ1.1 1 7
25 CAS SPGTG NTEVFFGKG Jβ1.1 1 9
1 CAS SLWG NYAEQFFGPG Jβ2.1 1 9
10 CAS SLMGAD YAEQFFGPG Jβ2.1 1 10
13 CAS SRWGG YAEQFFGPG Jβ2.1 1 9
2 CAS SLNWGG YEQYFGPG Jβ2.7 1 9
19 CAS SLIFD EQYFGPG Jβ2.7 1 7
16 CAS SLHS QDTQYFGPG Jβ2.5 1 8
21 CAS SLG NQDTQYFGPG Jβ2.5 1 8
6 CAS RRTGR NTGQLYFGEG Jβ2.2 1 10

RNA extracted from sorted tetramer+ cells was subjected to RT-PCR, and
Vβ-Cβ PCR products were cloned and sequenced. Sixty-three sequences were
obtained from 133 Vβ8.1 clones and 11 sequences from 25 Vβ3.1 clones.
Redundancy signifies identical nucleotide sequences found among the re-
spective clones.

Table 2. TCR Vα-Jα gene use by sulfatide-reactive type II NKT
cells

Vα aa
seq. N-Jα Jα aa seq. Jα

Redun-
dancy

CDR3
length

Vα 3 clone #
3, 7, 23, 34 YFCAV SA YSNNRLTLGKG Jα7 4 8
15, 22, 28, 35 YFCAV SMG YSNNRLTLGKG Jα7 4 9
6, 10, 14 YFCAV V YSNNRLTLGKG Jα7 3 7
21, 30, 33 YFCAA SMP YSNNRLTLGKG Jα7 3 9
2, 8, 9, 13, 17, 20 YFCAV GA TGGYKVVFGSG Jα12 6 8
19 YFCAV SIR TGGYKVVFGSG Jα12 1 9
12, 18, 27 YFCAV NP GGNYKPTFGKG Jα6 3 8
36, 47 YFCAV SAGG MGYKLTFGTG Jα9 2 9
1, 11 YFCAV SAP GYNKLTFGKG Jα11 2 8

Vα 1 clone #
3, 6, 13, 21, 25 YLCAV RE YSNNRLTLGKG Jα7 5 8
14, 19 YLCAV KA SNNRLTLGKG Jα7 2 7
1, 4, 5, 16, 17, 22 YLCAV SK NMGYKLTFGTG Jα9 6 8

RNA extracted from sorted tetramer+ cells was subjected to RT-PCR, and
Vα-Cα PCR products were cloned and sequenced. 28/50 (Vα3), 13/25 (Vα1), 3/
50 (Vα2), 0/25 (Vα7), and 0/25 (Vα14) were functional sequences. Redundancy
signifies identical nucleotide sequences found among the respective clones.
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between sulfatide-reactive type II NKT cells and type I NKT cells
(Fig. 3B). In the CDR2β regions, the crucial tyrosine residues, at
position 48 and 50, were found to be conserved among most Vβ8+
type I and type II NKT cells (Fig. 3B). In contrast, these residues
were found in neither Vβ3.1 chains, used by type II NKT cells
(Fig. 3B), nor Vβ2 chains, used by type I NKT cells. On the other
hand, there appears to be a bias between the two NKT cell sub-
sets in the CDR2β region: At position 53, Vβ8.1 and Vβ3.1 chains
carry a negatively charged residue, aspartic acid or glutamic acid
(Fig. 3B), whereas Vβ8.2, Vβ8.3, and Vβ2 chains hold a neutral
glycine residue. The CDR1α and CDR3α regions showed signif-
icant differences between type I and type II NKT cells (Fig. 3B).
Interestingly, among type II NKT cell TCRs, a number of residues
were conserved regardless of Vα3 or Vα1: at positions 27–29, SAT
and SASmotives for most Vα3 and Vα1, respectively, were found,
and at position 31, a tyrosine residue was found.

Sulfatide/CD1d-Tetramer+ Cells Are Increased in Mice Deficient in
Sulfoglycolipids. To determine whether absence of the self-glyco-
lipid influences frequency of type II NKT cells, liver MNCs from
mice deficient in ceramide galactosyl sulfotransferase (CST−/−

mice) were analyzed. CST−/− mice lack all sulfoglycolipids in-
cluding sulfatide (26), because the CST enzyme is involved in the
synthesis through addition of a sulfate group to galactosyl ceram-
ide. FACS analysis showed a significant increase in the number
of sulfatide/CD1d-tetramer+ cells in livers of CST−/−mice in com-
parisonwith their littermates (Fig. 4). These data suggest that other
CD1d-binding self-glycolipids might be sufficient for the thymic
selection of sulfatide-reactive type II NKT cells.

Discussion
This study characterizes the TCR V gene repertoire of a major
CD1d-restricted type IINKTcell subset recognizing a β-linked self-
glycolipid, sulfatide. Sulfatide-reactive NKT cells are oligoclonal
and use predominantly the TCR Vα3/Vα1-Jα7/Jα9 and Vβ8.1/
Vβ3.1-Jβ2.7 gene segments with few dominant clonotypes of re-
stricted CDR3 lengths and conserved amino acid residues. CDR3
regions of both TCR α- and β-chains are encoded by germline
sequences or germline sequences with N-additions. Collectively,

our data emphasize this type II NKT cell subset displays both in-
nate-like features and characteristics of antigen-specific conven-
tional MHC-restricted T cells.
TheoligoclonalTCRVgeneusageby sulfatide/CD1d-tetramer+

cells isolated from naïve or unprimed animals is quite significant.
Consistently, only a low expression of CD69 is found onmost of the
tetramer+ cells (Fig. 1A), similar to other Vα3.2/Vβ9+ type IINKT
cells (27, 28). It is remarkable that in the absence of any external
immunization with the antigen, spectratyping (Fig. 2) and se-
quencing analysis (Tables 1 and 2) indicate the presence of domi-
nant clonotypes of limited CDR3 lengths in this NKT subset.
Because tetramers are loaded with bovine brain-derived sulfatide
consisting of several molecular species only differing in the CD1d-
binding domain (19), the TCR V-J gene usage is likely to be over-
lapping amongTCRs reactive to individual sulfatides. Two findings
are consistent: (i) cells stained with tetramers loaded with an
immunodominant synthetic cis-tetracosenoyl sulfatide also are
predominantly Vβ8+, Vα3+, and Vβ3+ (Fig. S4); and (ii) antigen
fine specificity of a sulfatide-reactive hybridoma, Hy19.3, showed
that it is only strongly reactive to lyso-sulfatide (17, 18, 29) and
utilizes the TCR Vα1-Jα26 and Vβ16-Jβ2.1 gene segments with
similar CDR1α, CDR3α, and CDR2β sequences to the TCRs of
sulfatide/CD1d-tetramer+ cells (Fig. S5). Further analysis of in-
dividual T cell hybridomas is required to clarify this issue.
Only some but not all type II NKT cells recognize sulfatide and

accordingly should be reactive to other lipid antigens and should
use distinct TCR repertoires. Consistent with this idea, a number
of CD1d-reactive T cell hybrids isolated from MHC class II-de-
ficient mice (15, 16, 28) are Vα3+, Vα8+, and Vα4+ and do not
show any reactivity to sulfatide (17, 18). Accordingly, none of them
expressed the TCR Vα-Jα and Vβ-Jβ gene segments pre-
dominantly used by sulfatide/CD1d-tetramer+ cells. These data
suggest that the TCR repertoire of this type II NKT cell subset also
has key features similar to that of the conventionalMHC-restricted
self-protein-reactive T cells and can distinguish different lipids.
Several observations suggest the antigen specificity as well as

selection of certain conserved amino acid residues among the
TCRs of sulfatide-reactive type II NKT cells. (i) Distinct TCR
clones with different DNA sequences in the CDR3β region encode
for the same conserved amino acids [Vβ8.1 clones 3, 45 vs. 19,
Vβ8.1 clone 99 vs. 105, and Vβ8.1 clones 91, 117 vs. 124 (Table 1)].
(ii) Conserved amino acid residues in the CDR3 regions can be
generated by germline DNA sequences or by N-additions—for
example, D95 in Vβ8.1 and A94 in Vα3 are encoded by N-
additions in 31% and 57%, respectively. (iii) Conserved basic
amino acids at position 93 or 94 of Vα1 are all encoded by
N-additions. (iv) A predominant usage of the Jβ2.7 gene segment,
restricted lengths, and several conserved residues suggest a key
role of theCDR3β region in recognition of sulfatide, similar to that
in conventional MHC-restricted T cells. Conserved residues se-
lected in different CDR regions of the TCRs are likely to play an
important role in binding to sulfatide/CD1d complex.
Sulfatide-reactive type II NKT cells also display several features

of innate-like lymphocytes.These cells expressNKcellmarkers and
secrete cytokines rapidly upon stimulation with their self-lipid li-
gand (17, 25). TheTCRα- and β-chains of type IINKTareencoded
by germline gene segments, and some of the conserved CDR3 re-
gion residues (e.g., S93 in Vα3) are only generated by the germline
sequences. Despite the sharing of some of these features, there are

Fig. 3. Analysis of CDR region amino acid sequences. (A) Conserved CDR3
amino acid residues (purple) and their frequency (%) among the TCR Vβ8.1,
Vβ3.1, Vα3, or Vα1 chains. (B) Comparison of the CDR2β, CDR3α, and CDR1α
regions between the type I and type II NKT cells. The type I and type II NKT
TCR amino acid sequences are depicted in top and bottom rows, respectively.
Conserved residues between type I and II are shown in green, whereas those
among type II TCRs are depicted in purple. The underlined residues are
crucial in binding to the αGalCer/CD1d complex (10).

Fig. 4. Increased numbers of sulfatide-reactive type II NKT cells are present
in sulfoglycolipid-deficient mice. (Left and Center) Flow cytometric profiles
of liver MNCs from CST−/− or CST+/− mice following staining with sulfatide-
loaded or unloaded (PBS) tetramers and anti-TCRβ. Numbers within boxes
indicate the percentage of positive cells in total lymphocytes. Data are
representative of three individual experiments. (Right) Bar graphs summa-
rizing absolute numbers of sulfatide/CD1d-tetramer+ cells in CST−/− vs. CST+/−

mice (n = 3 per group). *, P < 0.05.
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important differences among type II and type INKT cells orMR-1-
restricted mucosal-associated invariant Vα19-Jα33+ T (MAIT)
cells (3, 30, 31). For example, the latter subsets have an activated/
memory phenotype, and their TCRs are comprised of an invariant
α-chain. Accordingly, CDR3α regions of type I NKT and MAIT
cells are75–88%encodedbygermlinegene segments,whereasonly
∼14% are in the case of type II NKT cells. In contrast, 13–27% of
CDR3β regions among type II NKT cells, but none among type
I NKT or MAIT cells, are germline-encoded. Furthermore,
CDR3β regions in type II NKT cells show a predominant usage of
the Jβ2.7 gene segment, restricted lengths, and conserved residues
not found in type I NKT or MAIT cells (3–5, 30–32). The TCR
repertoire of type II NKT cells is highly oligoclonal with respect to
both the TCR α- and the β-chains, whereas it is primarily restricted
to the α-chain for type I NKT and MAIT cells.
Recent structural studies have suggested the involvement of

crucial residues within the CDR2β, CDR1α, and CDR3α loops
of the semi-invariant TCR in recognition of the αGalCer/CD1d
complex (9–12). It is notable that two conserved residues (48Y
and 50Y) in the CDR2β loop of the type I NKT TCR that
contact the CD1d molecule (9–12) are also present in the Vβ8.1
TCRs of type II NKT cells (Fig. 3B). Consistent with the idea
that other CDR2β region residues in the Vβ2 and Vβ7 type I
NKT TCRs (11, 13) can also bind to CD1d, these tyrosine res-
idues are not present in the Vβ3.1 TCRs of the type II NKT cells.
It is noteworthy that all Vβ8.1 and Vβ3.1 TCRs of type II NKT
cells carry a negatively charged residue at position 53 in the
CDR2β region, whereas a neutral glycine residue is present in
most TCRs of type I NKT cells (Fig. 3B). It will be interesting to
examine whether residue 53 may play a key role in recognition of
the sulfatide/CD1d complex. In contrast to the CDR2β region,
CDR3α as well as CDR1α regions between the type I vs. type II
subsets are quite different in almost every residue. However,
CDR1α regions among TCRs of the type II NKT cells are very
similar and comprise abundant hydroxyl groups. Because this
region of the invariant TCR contacts solely the galactose moiety
(9–11), it is possible that these hydroxyl groups bind to the hy-
drophilic sulfated galactose. A conserved CDR3β region among
TCRs of type II NKT cells is likely to be involved in the recog-
nition of the sulfatide/CD1d complex, consistent with the recent
studies of invariant TCRs (11, 13). The β-linkage of galactose
and the presence of a negatively charged sulfate group in sul-
fatide indicates that the sulfatide/CD1d complex is likely to have
a different conformation from αGalCer/CD1d for TCR recog-
nition (19) and may reflect differences in recognition of the
β-linked vs. the α-linked glycolipids.
Several studies on experimental models of autoimmune diseases,

parasitic diseases, and antitumor immunity suggest that type I and
type II NKT cells play opposite or cross-regulating roles (24, 25, 33,
34). Thus, sulfatide-reactive type II NKT cells suppress antitumor
immunity in several tumor models, whereas type I NKT cells pro-
mote immune responses against cancer (24, 35). Furthermore,
sulfatide-mediated activation of type II NKT cells protects animals
from experimental autoimmunity including EAE and Con A-in-
duced hepatitis, models for multiple sclerosis and liver injury, re-
spectively (17, 25). Earlier data (17) showed that sulfatide-reactive
type II NKT cells infiltrate into the CNS during EAE. Because tis-
sues are enriched in different sulfatides, tissue-infiltrating type II
NKT cells may display distinct TCR repertoires during disease.
Whether and how the TCR repertoire of self-glycolipid-

reactive CD1d-restricted T cells is influenced by the presence or
absence of the respective glycolipid is not yet clear. Some of the
complicating factors in these studies are related to the presence of
minute quantities of glycolipids, alternate synthesis pathways, and
ability to detect low levels of lipids that can potentially influence
thymic selection. Nevertheless, except for the earlier report re-
lated to the complete absence of type INKT cells in iGb3-deficient
mice (7), other studies have demonstrated normal levels of NKT
cells in the self-glycolipid–deficient animals (36, 37). We have
consistently found an increased number of sulfatide-reactive type
II NKT cells in mice lacking sulfatide: CST−/−mice deficient in all
sulfolipids andCGT−/−mice devoid of all galactolipids (17). These
data suggest that self-ligands other than sulfatide and iGb3 can
potentially select type II and type I NKT cells, respectively, in the
thymus similar to that for conventional MHC-restricted T cells

(38). Furthermore, sulfatides may be involved in the negative se-
lection of sulfatide-reactive type II NKT cells.
Studies presented here describe the nature of the TCR rep-

ertoire of a major self-glycolipid-reactive type II NKT cell subset
involved in the regulation of autoimmune diseases and in sup-
pression of antitumor responses. The findings provide a molec-
ular tool for tracking these cells under physiological conditions in
vivo and have implications for the recognition of β-linked gly-
colipids by T cells in general. In this regard, a detailed knowledge
of glycolipid–CD1d–TCR interactions conserved from mice to
humans may help in the development of HLA-independent
immunotherapeutics for T cell-mediated inflammatory diseases.

Material and Methods
Animals. C57BL/6 mice were purchased from The Jackson Laboratory. CD1d−/−

and Jα18−/− BL/6 mice were originally generated by Van Kaer and Taniguchi
(6), respectively. C57BL/6-CST−/− mice were acquired from K. Honke (Osaka
University, Japan). All mice were bred and maintained in specific pathogen-
free conditions. Treatment of animals was in compliance with federal and
institutional guidelines and approved by the Torrey Pines Institute for Mo-
lecular Studies Animal Care and Use Committee.

Lipids and Tetramers. Purified bovine myelin-derived sulfatide (>90% pure)
was purchased from Matreya, mono-GM1 was from Sigma, and synthetic
α-GalCer was provided by Y. Koezuka (Kirin Brewery Co.). All lipids were
dissolved in vehicle (0.5% Tween-20 and 0.9% NaCl solution) and diluted in
PBS. PE-labeled murine CD1d tetramers were generated using a baculovirus
expression system as described in ref. 17.

Cell Isolation, Sorting, and Flow Cytometry. MNCs were isolated from murine
livers, using Percoll gradient as described in ref. 25. For cell sorting, liver
MNCs were collected from a total of 40 Jα18−/− mice (10 per sort). After
blocking, cells were stained with sulfatide/mCD-tetramer-PE and anti-TCRβ-
FITC, resuspended in basic sorting buffer [PBS containing 1 mM EDTA, 25
mM Hepes (pH 7.0), and 1% FCS, filtered], and sorted on a BD FACSAria
instrument (at The Scripps Research Institute). For FACS analysis, after
blocking with anti-mouse FcR-γ (BD Pharmingen), MNCs were stained with
CD1d-tetramers or indicated mAbs (BD Pharmingen or eBioscience) and
analyzed on a FACSCalibur instrument using CellQuest software (version
4.0.2; BD).

Coculture Assay. CD11c+ DCs were isolated from spleens of Jα18−/− mice,
using CD11c MicroBeads (Miltenyi Biotec) as described in ref. 25. Splenocytes
from CD1d−/− mice served as filler cells. Sorted sulfatide/CD1d-tetramer+ cells
(16,000 cells per well) were cultured with 20,000 DCs per well and filler cells
(400,000 cells per well), and incubated with sulfatide (20 μg/mL), αGalCer (10
ng/mL), or monoGM-1 (20 μg/mL), or without antigen. IFN-γ levels in
supernatants by ELISA (17, 39) and [3H]thymidine incorporation was assessed
after 48 and 72 h, respectively (17, 39).

RT-PCR and DNA Sequencing. RNA was extracted using the RNeasy Mini Kit
(Qiagen) from two different sorts from Jα18−/− mice and from unsorted
hepatic MNCs or splenocytes from BL/6 mice. Following reverse transcription,
equal amounts of cDNA were subjected to PCR using TCR Vβ-Cβ and Vα-Cα
primers (40, 41). Purified PCR products (Qiagen) were ligated into pCR 2.1-
TOPO TA cloning vector (Invitrogen). Purified plasmid DNA was sequenced
(Retrogen), and sequences were analyzed using DNA Strider 1.2 software.
The CDR3 region DNA sequences were compared with germline matrices
from the IMGT databank, and amino acid sequences were deduced from the
respective alleles in the IMGT databank.

Spectratyping Analysis. TCRCDR3 lengthspectratypinganalysiswasperformed
asdescribed in ref. 42. For TCRCDR3αanalysis, cDNAwasamplifiedaccordingly
with respective Vα primers and Cαa primer (41). Respective Vβ-Cβ and Vα-Cα
PCR products were subjected to run-off extension reactions with fluorescei-
nated Cβ5 (5′-FAMCTTGGGTGGAGTCACATTTCTC-3′) or Cαb primers (5′-FAM-
ACACAGCAGGTTCTGGGTTC-3′) and different fluoresceinated Jβ primers (40).
PCR products were separated on the basis of their length on automated ABI
PRISM 3100 genetic analyzer, and CDR3 lengths were calculated.

Statistics. Data are expressed as mean ± SD for each group. Statistical dif-
ferences between groups were evaluated by unpaired, two-tailed Student’s
t test using GraphPad Prism 4.03 software. Values of P < 0.05 were consid-
ered statistically significant.
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