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Natural killer T cell antigen receptors (NKT TCRs) recognize lipid-
based antigens (Ags) presented by CD1d. Although the TCR
a-chain is invariant, NKT TCR V§ exhibits greater diversity, with
one (VB11) and three (VB8, VB7, and VB2) VB chains in humans and
mice, respectively. With the exception of the V2 NKT TCR, NKT
TCRs possess canonical tyrosine residues within complementarity
determining region (CDR) 2§ that are critical for CD1d binding.
Thus, how Vg2 NKT TCR docks with CD1d-Ag was unclear. Despite
the absence of the CDR2g-encoded tyrosine residues, we show
that the VB2 NKT TCR engaged CD1d-Ag in a similar manner and
with a comparable affinity and energetic footprint to the manner
observed for the V8.2 and VA7 NKT TCRs. Accordingly, the
germline-encoded regions of the TCR B-chain do not exclusively
dictate the innate NKT TCR-CD1d-Ag docking mode. Nevertheless,
clear fine specificity differences for the CD1d-Ag existed between
the VB2 NKT TCR and the V8.2 and V7 NKT TCRs, with the V2
NKT TCR exhibiting greater sensitivity to modifications to the gly-
colipid Ag. Furthermore, within the VB2 NKT TCR-CD1d-aGalCer
complex, the CDR2p loop mediated fewer contacts with CD1d,
whereas the CDR1$ and CDR3p loops contacted CD1d to a much
greater extent compared with most V11, V8.2, and V7 NKT TCRs.
Accordingly, there is a greater interplay between the germline- and
nongermline-encoded loops within the TCR $-chain of the V2 NKT
TCR that enables CD1d-Ag ligation.

T cell repertoire | conserved docking

atural killer T (NKT) cells are lipid antigen (Ag) -reactive,

CD1d -restricted T cells present in mice and humans (1).
These cells influence the outcome in a broad range of diseases,
including microbial immunity, tumor immunity, autoimmunity,
and allergy (2-4). Type I NKT cells (herein referred to as NKT
cells) are defined by an invariant NKT cell antigen receptor
(TCR) a-chain (Val4-Jal8 in mice and Va24-Jal8 in humans)
and specifically recognize a-galactosylceramide (a-GalCer) and
related analogs of this glycolipid (reviewed in ref. 1). a-GalCer is
the most extensively studied glycolipid Ag for activating NKT
cells and is widely used experimentally and in translational
studies as a potent NKT cell agonist (5).

NKT cells are stimulated by an array of lipid-based Ag
(reviewed in refs. 3, 5, and 6), including bacteria-derived lipid Ag
(7-10) and self-glycolipid Ag (11). Notably, with the exception of
a-GalCer, most other glycolipid Ags seem to be differentially
recognized by subsets of NKT cells (9, 12). The presence of an
invariant NKT TCR a-chain suggests that the TCR f-chain,
which includes the hypervariable complementarity determining
region (CDR) 3p loop, determines thresholds of Ag reactivity
(12-14). Interestingly, mouse NKT cells frequently use three
VB genes (VB8, VP7, and VB2) and thus, possess a more diverse
TCR-Vp repertoire than human NKT cells, which mostly
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express VB11. Mouse VB2 NKT TCRs represent ~5-10% of
the NKT cell repertoire, although the basis of V2 NKT TCR
use is unclear.

The crystal structures of human V11 and mouse V8.2 and
VpB7 NKT TCRs in complex with CD1d-a-GalCer have provided
insight into the basis of NKT recognition and some clues into the
role of differential VP usage (14-16). Furthermore, the struc-
tures of NKT TCRs in complex with a-GalCer analogs as well as
a-galactosyldiacylglycerol, the self-Ag phosphatidyl inositol, and
some f-linked Ags have been determined (17-23). In all NKT
TCR-CD1d-Ag complexes determined to date, a conserved, til-
ted, and parallel docking mode with respect to the CD1d Ag-
binding cleft was observed. Within this common framework, the
NKT TCR a-chain dominated the interaction (14, 15, 17, 18, 20,
22, 24). The binding of the human V11 and the mouse V8.2
and Vp7 chains was largely attributable to the CDR2p-mediated
contacts with CD1d. In particular, within the Vp11 and V(8.2
NKT TCRs, two canonical tyrosine residues (Tyr 483 and Tyr
50p) made a conserved set of interactions with the «l-helix of
CD1d. The VB7 NKT TCR also possessed one of these tyrosine
residues (Tyr 50p) and recognized CD1d in a homologous
fashion to the V11 and V8.2 NKT TCRs (14). V11, V8.2,
and VB7 NKT TCR mutagenesis experiments highlighted the
importance of the CDRla, CDR3a, and CDR2p loops in
interacting with CD1d (13-15, 25-27). Although the CDR3p
loop can play little, if any, role in NKT TCR-CD1d-a-GalCer
binding (14, 15), CDR3p diversity can contribute to CD1d—A§
recognition. For example, CDR3p influences binding of V6
NKT TCRs (13), and a greater role for the CDR3p loop seems to
be important for autoreactivity (12, 19, 21, 22).

Given the variability in the Vp repertoire of NKT cells, it could
be considered that the invariant TCR a-chain dictates the con-
served NKT TCR-CD1d docking mode. Such considerations have
resonances with TCR-peptide-MHC (pMHC) recognition, where
the CDR2p loop of Vp8.2-containing TCRs is considered to
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define the basis for MHC bias for this slice of the T cell reper-
toire (28-30). In the context of what determines CDI1d re-
striction, we recently showed the existence of a population of
semi-invariant NKT cells that expresses a canonical Val0-Ja50
TCR a-chain paired with either VB8 or V7, which are also
a-GalCer-reactive (23). Nevertheless, this Val0 NKT TCR
adopted the same docking mode to CD1d-Ag as the method
observed for Type I NKT cells (23). Given that a similar TCR
pB-chain bias was observed for these Val0 NKT cells, this finding
suggests a dominant role for the TCR p-chain in determining the
conserved docking mode exhibited by NKT cells. However,
mouse VB2 NKT TCRs lack both of the key contact residues
(Tyr 48p and Tyr 50p) that underpin mouse V8.2 and human
Vp11 NKT TCR binding. Additionally, rat NKT cells also pos-
sess a divergent CDR2p sequence (31) and only function with
syngeneic rat CD1d as a restriction element, suggesting that the
CDR2p loop plays a critical role in the specificity of the in-
teraction. Thus, a priori, it is unclear whether the Vp2* NKT
TCR will bind in an analogous way and with similar affinities to
VP11, V8.2, and VB7 NKT TCRs. It was also unclear whether
the fine specificity requirements of the VB2 NKT TCR would be
distinct from the V8.2 and V7 NKT TCRs. Thus, we examined
the structural and functional basis of VB2-mediated NKT TCR
recognition.

Results

VB2 NKT TCR Affinity Measurements. To address the role of V2 use
in mouse NKT cells, we expressed and refolded soluble mouse
Val4Jal8-VP2, ValdJal8-Vp8.2, and Val4Jal8-VP7 NKT
TCRs and compared their affinity for CD1d-a-GalCer and four
a-GalCer analogs (Fig. 1 and Table S1). The a-GalCer analogs
differed in the composition of the glycosyl head group (3',4"-
deoxy-a-GalCer, 4',4”-deoxy-a-GalCer, and glucosylceramide
(a-GlcCer) and the sphingosine chain (OCH; truncated from
C18 to C9) (32-34). Accordingly, these modifications of the
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Fig. 1. VB2 NKT TCR affinity measurements. Sensorgrams illustrate binding
of graded concentrations of Va14-VB2* (column 1; 1.3-0.016 pM for a-GalCer
and 9.3-0.002 uM for other ligands), Va14-V87* (column 2; 56-0.015 uM), and
Va14-Vp8.2* (column 3; 2.1-0.004 uM for a-GalCer and 35-0.009 uM for other
ligands) soluble NKT TCRs to CD1d-a-GalCer, CD1d-a-GlcCer, CD1d-3',4"-de-
oxy a-GalCer, CD1d-4',4"-deoxy a-GalCer, and CD1d-OCH after subtraction
from a control (CD1d-endogenous) flow cell. Saturation plots (column 4)
show equilibrium binding. The dissociation constant (Kp) derived by equi-
librium analysis, association rate (k,; M~"s7"), and half-life (t,5,) is shown for
each interaction. The data shown is from one experiment and is represen-
tative of three separate experiments for CD1d-a-GalCer and CD1d-a-GlcCer
and two separate experiments for the other ligands.
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glycolipid Ag enabled us to address their impact on Vp2-medi-
ated NKT TCR recognition.

The affinity of the V2 NKT TCR for CD1d-a-GalCer as
determined by surface plasmon resonance (SPR) was 50 +
10 nM compared with values of 60 + 10 nM for V8.2 and 280 +
30 nM for VB7 NKT TCR, similar to the values published pre-
viously (Fig. 1 and Table S1) (14). This indicated that, despite
lacking the two key Tyr motifs within the CDR2f loop, this
particular Vp2-containing TCR retained a high affinity for
CD1d-Ag, suggesting that some VB2 NKT TCRs need not nec-
essarily exhibit a lower affinity for CD1d-Ag than V7 and V8.2
NKT TCRs. The high affinity of the Vp2 TCR-CD1d-a-GalCer
interaction was primarily because of a prolonged half-life (36 + 3 s)
compared with V8.2 (24 + 2 s) and VB7 (6.8 +£ 0.2 s) NKT TCRs
(Fig. 1). Modifications at the 3’-OH (3’,4"-deoxy-a-GalCer)
moiety of the glycosyl headgroup reduced VB2 and V7 NKT
TCR affinity dramatically, whereas Vp8.2 NKT TCR was less
affected (fourfold reduction). Additionally, modifications to
the 4’-OH (a-GlcCer and 4',4”-deoxy-a-GalCer) moiety had a
greater impact for all NKT TCRs. The a-GalCer analog with
a truncated sphingosine chain (OCH) impacted most notably on
VB2 and VB7 NKT TCRs (K4 > 6 pM), whereas in comparison, it
had a smaller impact on the V8.2 interaction (310 + 50 nM)
(Fig. 1) (18). Collectively, these results indicate that, although
the affinity of the VB2 NKT TCR interaction for CD1d-a-GalCer
is comparable with the affinity of VB8.2 NKT TCRs, both Vp2
and VB7 NKT TCRs are more sensitive to structural modifi-
cations of the glycolipid Ag.

Structure of the VB2 NKT TCR-CD1d-a-GalCer Complex. To gain ad-
ditional insight into VB2 NKT TCR-mediated recognition of
CD1d-Ag, we formed and crystallized the complex with CD1d-
a-GalCer. The structure of the Val4Jal8-Vp2 NKT TCR-CD1d-
a-GalCer complex was subsequently determined at 3.1 A resolu-
tion to an Ry, and Ry, of 21.7% and 26.8%, respectively (Table
S2). The initial experimental phases clearly showed unbiased
electron density for the a-GalCer (Fig. S1).

The VB2 NKT TCR adopted a parallel docking mode above
the F' pocket of the CD1d-a-GalCer binding cleft and thus,
adopted a docking topology similar to the topology previously
observed (14, 15, 17, 18) with the Vf11, Vp8.2, and VB7 NKT
TCRs (Fig. 2 A-C). However, there was a slight difference in the
Va-V juxtapositioning between the three mouse NKT TCRs
(~8-14° rotation between the Vp8.2 vs. VB2 and VB7 vs. VB2
complexes, respectively) (Fig. 2D). The VB2 NKT TCR con-
tacted CD1d, spanning residues 72-87 and 145-152 of the ol-
and a2-helices, respectively (Table S3). The buried surface area
on ligation was ~920 A2, a value higher than the corresponding
V8.2 and VB7 NKT TCR-CD1d-a-GalCer complexes (buried
surface area ~ 760-860 A?). The higher buried surface area was
attributable to the increased interactions made by the TCR V2
chain contacting CD1d and more specifically, the CDR3p loop
(Fig. 2 E-G). Within the invariant NKT TCR a-chain, which
contributed 58% of the buried surface arca, the CDRIlax
and CDR3a loops contacted CD1d-a-GalCer and were observed
to be very similar to the loops previously described for the
V8.2 and VA7 NKT TCR-CD1d-a-GalCer complex structures.
Namely, in the VB2 complex, the CDR3a loop dominated the
interactions by contributing 43% of buried surface area, whereas
CDRI1a contributed 15% of buried surface area. The CDR3a
interactions mediated by Asp94a, Arg95q, and Argl03a were
electrostatic in nature but also included some van der Waals
(vdw) -mediated contacts by Gly9%6a, Ser97a, Leu99a, and
Gly100a (Fig. 34 and Table S3). The mode of Vp2 NKT TCR
docking enabled the CDR1a loop to contact CD1d, which was
observed recently in Vp8.2 NKT TCR-CD1d-a-GalDAG and
CD1d-a-GalCer analog structures, further showing the role of
CDRI1w in mediating interactions not only with the Ag but also
with CD1d (17, 18).

The galactose head group of a-GalCer protruded out of the
binding cleft and made contact solely with the CDRla and
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CDR3a loops of the VB2 NKT TCR, similar to the action ob-
served for the V8.2 and VB7 NKT TCR-CD1d-a-GalCer com-
plexes (14, 18) (Fig. 3B and Table S3). Namely, Asn30a H-
bonded to the 3’-OH and 4’-OH of the galactose head group and
along with Pro28a, made various vdw interactions involving C-1
to C-4 carbons of the sugar moiety. Within the CDR3ua loop,
Gly96a H-bonds with the 2’-OH of galactose and Arg95« and
Gly96a made vdw interactions with the galactose head group, and
additionally, Arg95a made vdw contacts with the 3’-OH of the
sphingosine chain.

The TCR B-chain of VB2 shares 28% and 27% sequence
identity with VB8.2 and Vp7, respectively, which is notably less
than the 54% sequence identity shared by V8.2 and V7 (Fig.
S2). As such, sequence differences in the TCR B-chain resulted
in altered contacts between the V2, Vp8.2, and Vp7 TCRs
(Table S3) (14). The TCR p-chain of VB2 contributed 42% of the
buried surface area, with the CDR1p, CDR2f, and CDR3 loops
comprising 4%, 23%, and 14% of buried surface area, re-
spectively. Although no CDR18-CD1d interactions were present
in the VB8.2 complex, they were observed in the VB7 and V2
ternary complexes. Within the VB2 complex, the CDRI1§ inter-
actions are dominated by Trp 328, which made vdw contacts with
Met87 and Vall49 of the al- and o2-helices of CDI1d, re-
spectively (Fig. 3C), whereas in the V7 NKT TCR (14), Glu 30p
salt-bridged to Lys148 from CD1d (Fig. 3D).

When comparing the Vp8.2 and Vp7 NKT TCR complex
structures, sequence differences in the TCR B-chain altered the
Ag-binding interface and indirectly impacted contacts made by
the invariant a-chain at the tip of the CDR3a loop (14). Similar
perturbations were also observed at the Val4-Jal8-VB2 inter-
face. Namely, Argl03a of the CDR3« loop from the VB2 NKT
TCR occupied an intermediate position with respect to Argl03a
in the V8.2 and Vp7 NKT TCRs (Fig. 3E). This finding was at-
tributable to the presence of Trp46p in the VB2 chain that made
extensive vdw interactions with Arg103a, thus allowing it to retain

Va14Vp8.2-CD1d-aGalCer

Va14Vp2-CD1d-aGalCer

/}{

the polar interactions with Glu83, which was observed in the
V8.2 TCR. This variation at the interface, combined with altered
Va-Vp juxtapositioning, resulted in slight changes in the inter-
actions made by the invariant TCR a-chain of the V2 NKT TCR,
specifically Arg95a, Ser97«, and Leu99a compared with the V8.2
and V7 NKT TCR complex structures (Fig. 3E and Table S3).

The CDR3p loop-mediated interactions with residues from
the a2-helix of CD1d, namely Asp97p, salt-bridged to Lys148
as well as made vdw interactions with Vall49 and Alal52, the
latter of which also interacted with His98p (Fig. 3C and Table
S3). These CDR3p interactions were notably more extensive
compared with the Vp11, VB7, and Vp8.2 NKT TCR-CD1d-
a-GalCer complexes (14, 15), where minimal and no contacts
were observed with CD1d, respectively. The site of the CDR3p-
mediated contacts with CD1d was analogous to the interactions
made by the CDR3p loop of an autoreactive Va14 NKT TCR as
well as a Val4Vp8.2 NKT TCR that exhibits relatively high af-
finity for a range of CD1d-Ags (17, 19-22).

The interactions made by germline-encoded residues Tyr 48
in Vp8.2 NKT TCR and Tyr 50 in both VB8.2 and Vp7 NKT
TCRs are energetically important for the NKT TCR-CD1dAg
interaction (13, 14, 25). The VB2 NKT TCR, however, does not
possess these tyrosine residues in the CDR2f loop, and the
buried surface area contribution of the Vp2 CDR2p loop (23%
buried surface area) was slightly lower compared with the V8.2
and V7 counterparts (26% and 27%, respectively). Within the
VB2 NKT TCR CDR2B, Arg51f8 and Glu57p mediated inter-
actions with CD1d. Namely, the side chain of Arg51p made vdw
contacts with Leu145, whereas Glu 578 salt-bridged to Lys86 and
Arg21 of the al helix of CD1d (Fig. 3C and Table S3). Thus,
although the CDR2f loop of the VB2 NKT TCR docked in
a similar location to that of V8.2 and the V37 NKT TCRs, the
interatomic contacts at the respective CDR2p-CD1d interfaces
were markedly different (Fig. 3 C—F and Table S3). Thus, despite
the lack of the canonical tyrosine residues in the CDR2f loop,

Vo14VR7-CD1d-0GalCer D
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Fig. 2. Structure of mouse NKT TCRs in complex with mouse CD 1d-aGalCer. (A) Va14VB2 NKT TCR-CD1d-a-GalCer. Magenta, a-GalCer; gray, CD1d heterodimer;
cyan, Va14; pink, VB2; purple, CDR1q; yellow, CDR3q; teal, CDR1p; ruby, CDR2; orange, CDR3p. (B) Va14V8.2 NKT TCR-CD 1d-a-GalCer (14) [Protein Data Bank (PDB)
reference ID 3HE6]. Green, Vp8.2. a-GalCer, CD1d, Va14, and CDR loops color coding asin A. (C) Va14VB7 NKT TCR-CD 1d-a-GalCer (14) (PDB reference ID 3HE7). Dark
blue, VB7; a-GalCer, CD1d, Va14, and CDR loops color coding as in A. (D) Superposition of VB2, V8.2, and V7 NKT TCR-CD 1d-a-GalCer. Color coding asin A to C. (E)
Footprint of Va14VpB2 on the surface of CD1d-a-GalCer. a-GalCer is shown in spheres. (F) Footprint of Va14Vp8.2 on the surface of CD1d-a-GalCer. (G) Footprint of
Va14Vp7 on the surface of CD1d-a-GalCer. E to G color coding is the same as in A.
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the VB2 NKT TCR docked in a conserved manner similar to the
manner of the VB11, V8.2, and VB7 NKT TCRs.

Mutagenesis at the VB2 NKT TCR-CD1d-«a-GalCer Interface. Next, we
aimed to establish the VP2 and CD1d residues that were ener-
getically important in the interaction. The structure of the V2
NKT TCR-CD1d-a-GalCer complex allowed us to undertake
precise structural correlates of the alanine-scanning mutagenesis
study previously conducted (13). Namely, the marked effect of
the Tyr30pAla VB2 NKT TCR mutant in interacting with CD1d-
a-GalCer was indirect, because Tyr30p does not contact CD1d-
a-GalCer, and its mutation to Ala would impact on the confor-
mation of the CDR1p loop. The marked effect of the Trp32pAla
mutant underscored the importance of this residue in mediating
contacts, although because the aromatic ring of Trp 32p packed
against Arg5S1p of CDR2p and the CDR3a loop, the Trp32pAla
mutation may also affect the structure of the local environment.
Within the CDR2 loop, no mutation abrogated VB2 NKT TCR-
CD1d-a-GalCer recognition, which contrasted the central role of
this CDR2p loop in the V11, V8.2, and V7 NKT TCR-me-
diated interaction (13, 14, 27). Arg51pAla and Glu57BAla had
the greatest impact on the affinity (~50% and 80% reduction,
respectively) (13), which was consistent with their role in con-
tacting CD1d. Interestingly, the AspS5pAla mutation improved
the affinity of the interaction, indicating that this polar-based
residue at the periphery of the interface does not contribute
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Fig. 3. Va14Vp2 NKT TCR-mediated interactions with mouse CD1d and
a-GalCer. (A) Va14Vp2 NKT TCR CDR1a- and CDR3a-mediated contacts with
CD1d and (B) a-GalCer. Gray, CD1d; purple, CDR1«; yellow, CDR3a. (C)
Va14Vp2 NKT TCR CDR1p-, CDR2p-, and CDR3p-mediated contacts with CD1d.
Gray, CD1d; teal, CDR1p; ruby, CDR2p; orange, CDR3p. (D) Va14Vp7 NKT TCR
CDR1g- and CDR2p-mediated contacts with CD1d. CD1d, CDR1pB, and CDR2f
color coding as in C. (E) Superposition of VB2, Vp8.2, and V7 NKT TCR-CD1d-
a-GalCer complexes. Blue, VB2 complex; pink, Vp8.2 complex; yellow, Vp7
complex. (F) Va14Vp8.2 NKT TCR CDR2B-mediated interaction with CD1d. CD1d
and CDR2p color coding as in C. H-bond or salt bridge interactions are shown in
black dashed lines, and some vdw interactions are shown in red dashed lines.
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energetically to the complexation. Similar heteroclytic effects
have been observed in TCR-pMHC complexes (35, 36) and also,
the Vp7 NKT TCR-CD1d-a-GalCer interaction (14), and our
findings also highlight the suboptimal nature of the V2 CDR2f
loop in contacting CD1d.

To further evaluate the individual role of residues within the
Vp2 NKT TCR-CD1d interface, we mutated the CD1d contact
residues, namely Arg21, Lys86, Met87, Leul45, Lys148, Val149,
and Alal52. These single-site alanine (or glycine for Alal52)
mutants were found to exhibit very similar biophysical proper-
ties and yields compared with WT CD1d, suggesting that the
mutations did not affect the conformation of CD1d. We gen-
erated CD1d-a-GalCer tetramers and measured the affinity of
each mutant for thymus-derived V8.2, VB7, and VP2 NKT cells
(Fig. 4). For all of the mutants tested, none completely abro-
gated binding to the NKT cells. The pattern of reactivity against
these mutants was approximately similar across all of the V8.2,
VP7, and VP2 NKT cells, indicating an equal energetic contri-
bution of these CD1d residues in interacting with the NKT
TCRs. For example, the Vall49Ala mutant had the most
marked effect on VB2, VA7, and V8.2 NKT TCR interaction,
a residue that interacts with the CDR1p, CDR3p, and CDR3«
loop of the VB2 NKT TCR, whereas for the V8.2 and VA7 NKT
TCRs, Val149 exclusively contacted the CDR3« loop; therefore,
the effect of this mutation is attributable to disruption of the
interactions mediated through the invariant TCR a-chain (Table
S3). Additionally, Lys86Ala had a most marked effect for the
VB2 NKT cells. The impact of the Lys86Ala is attributable to
disrupting the salt bridge to Glu57p in the V2 NKT TCR, which
was consistent with this TCR residue being energetically impor-
tant (13, 14). Although this Glu57p-Lys86 salt bridge interaction
is also present in the Vp8.2 NKT TCR-CD1d-a-GalCer complex
(Glu56p-Lys86) and a vdw interaction occurs between Ser5S6f-
Lys86 in the VA7 complex, the Lys86Ala mutant did not appre-
ciably impact on V7 NKT TCR and only moderately impacted
on Vp8.2 NKT TCR-mediated recognition. This finding indi-
cates that the Lys86-mediated contact in the VB8.2 or V7 NKT
TCR-CD1d-a-GalCer complexes is less energetically important.
Collectively, our data suggest that the CDR2f loop of the V2
NKT TCR is less optimally configured to interact with CD1d
compared with the V8.2 and VB7 NKT TCR.

Antigen Recognition by VB2* NKT Cells with Diverse CDR3f Loops.
Given the extensive role of the V2 NKT TCR CDR38 loop in
mediating interactions with CD1d, we next determined how well
the isolated VB2 NKT TCR (with only one CDR3p sequence

used in our molecular studies was representative of the V2

NKT cell population and to what extent CDR3p diversity con-
tributed to CD1d-Ag recognition. To address this question, we
used a CD1d tetramer dilution assay to compare the staining
intensity of freshly isolated NK1.1"CD3* NKT cells (with vari-
able CDR3p use) to compare staining of VB2 cells with Vp8*
and VP7* cells for the range of glycolipid Ags tested in our SPR
studies (Fig. S3). With this approach, the vast majority of cells
are NKT cells (as seen using the a-GalCer-loaded CD1d tetra-
mer), although a small percentage failed to stain with this tet-
ramer, which would correspond with non-NKT cells that are
known to fall within the NK1.1*CD3™" population (4). Whereas
similar staining of VB2, VB8, and VB7 NKT cells was achieved
for a-GalCer (C26), a-GalCer (C20:2), and a-GlcCer (C20:2),
we observed reduced staining for 3'4”-deoxy a-GalCer and 4',4"-
deoxy a-GalCer and very low staining for OCH for Vp2* NKT
cells, which was depicted by lower median fluorescence intensity
in Fig. S34 and also, tetramer dilution analysis in Fig. S3B.
Interestingly, for each of 3’,4”-deoxy a-GalCer, 4',4"-deoxy
a-GalCer, and OCH, the staining intensity of V2" NKT cells
ranged from very low to high (Fig. S34), which is consistent with
a more prominent role for the hypervariable CDR3p loop in V2
NKT TCR-mediated Ag recognition. Also, V7" NKT cells
stained less brightly than VB8 NKT cells when CD1d tetramer
was loaded with OCH, consistent with our earlier observation that

Patel et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109066108/-/DCSupplemental/pnas.201109066SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109066108/-/DCSupplemental/pnas.201109066SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109066108/-/DCSupplemental/pnas.201109066SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109066108/-/DCSupplemental/pnas.201109066SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109066108/-/DCSupplemental/pnas.201109066SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1109066108/-/DCSupplemental/pnas.201109066SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1109066108

L T

/

1\

=y

VP7* NKT cells were underrepresented when OCH was used to
drive NKT cell proliferation in vitro (18). Collectively, our tet-
ramer dilution studies, in agreement with our SPR data, support
the notion that VB2 NKT TCRs are less tolerant to modifications
in the glycolipid Ag than VB8™ and Vp7* NKT cells.

To further examine the role of CDR3p diversity in Vp2* NKT
TCR binding to CD1d-Ag, we next established the importance of
the residues within this loop. To assess this importance, we used
retroviruses to generate a CDR3p library encoding V2 chains in
which four positions at the tip of the CDR3p loop were ran-
domized. The library was estimated to encode ~15,000 different
sequences, and retroviruses were used to transduce a Val4-
expressing TCRp-negative hybridoma, which was previously de-
scribed (19, 26). Transduced cells were sorted for TCRp expres-
sion and stained with the CD1d-a-GalCer tetramer. Hybridomas
expressing a V6 chain or V8.2 chain with the DO.11.10 CDR3p
sequence were used as negative and positive controls of the
staining, respectively. Approximately 20% of the CDR3p seque-
nces in the context of VB2-expressing TCRs interacted with tet-
ramer (Fig. S44), indicating that only a fraction of the CDR3p
sequences are compatible with CD1d-a-GalCer recognition, which
is in marked contrast to the lack of dependency of the CDR3p
loop in V8.2 and VB7 NKT TCR-mediated interactions with
CD1d-a-GalCer (13). To determine the nature of the CDR3p
responsible for this reactivity, CD1d-a-GalCer tetramer positive
and negative cells from the Vp2* TCR library were sorted (Fig.
S4B). mRNA was extracted from each population, and after
cDNA synthesis, the V2 TCRs were amplified by PCR using
appropriate primers, cloned into the retroviral vector, and se-
quenced. In addition, each VP2 TCR was expressed separately
with the invariant Val4 chain into the SKC hybridoma and
stained with CD1d-a-GalCer tetramer. Multiple diverse CDR3p
sequences in the VP2 chain, with no particular motif being fa-
vored, could bind the CD1d-a-GalCer tetramer [mean fluores-
cence intensity (MFI) > 600] when paired with the canonical
Val4 NKT TCR chain (Table S4). The lack of the requirement of
a CDR3p motif within the VB2 NKT TCR engendering CD1d-
a-GalCer reactivity is in contrast to the CDR3 motif required for
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Fig. 4. Impact of CD1d mutants on NKT TCR binding. Mouse CD1d-a-GalCer
tetramers (WT or mutants) were assessed for their ability to bind Vp2*, Vp7*,
and Vp8.1/8.2*-enriched thymic NKT cells. CD3*NK1.1* VB* cells were exam-
ined for mean fluorescence intensity (MFI) of mCD1d/x-GalCer tetramer.
Data are shown as a percentage of WT and are from three independent
experiments with each experiment represented by a symbol.
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V8.2 NKT TCR-mediated autoreactivity (19). Taken together,
these results verify the findings from our structural data, showing
that, in stark contrast to V8.2 and VB7 NKT TCRs, for V2 NKT
TCRs there is a greater dependency of the CDR3p loop in me-
diating interactions with CD1d-a-GalCer.

Discussion

Structures of NKT TCRs have been determined in complex with
CD1d bound to various Ags (14, 15, 17-22). Despite the vari-
ability among the glycolipid Ags and a diverse but limited NKT
TCR VP repertoire, a conserved docking mode has been
observed. A fundamental question arises from these observa-
tions: what drives this innate style NKT TCR-CD1d docking
mode? Previous structural and mutational studies have suggested
that the conserved docking topology could arise from either the
Ja18-encoded region and/or the germline-encoded CDR2p loop
of the NKT TCR (13, 14, 26, 27). Within the human Vp11 NKT
TCR and the mouse V8.2 and V7 NKT TCRs, tyrosine resi-
dues encoded within their respective CDR2p loops make a series
of energetically important and conserved contacts with CD1d.
Thus, it was uncertain whether the V2 NKT TCR would adopt
the consensus NKT TCR-CD1d-Ag docking topology. Our
structural data on the VB2 NKT TCR-CD1d-a-GalCer complex
indicate that the tyrosine residues within the CDR2f-encoded
loop do not play an exclusive role in determining the conserved
docking mode. Consequently, our data suggest that the Vo chain
and specifically, the Jal8-encoded loop, which contacts CD1d
and the Ag, drive the pattern recognition receptor properties of
the NKT TCR (26). However, recent studies have also identified
a population of a-GalCer-reactive semi-invariant NKT cells in
which the TCR a-chain is comprised of the Va10-Ja50 genes and
the TCR p-chain is largely restricted to the VB8 and V7 genes
(23). Despite the markedly different sequences of the Ja18- and
Ja50-encoded gene segments, the Val0-Ja50 NKT TCR docked
onto CD1d-Ag in a very similar manner to the docking of the
Val4-Jal8 NKT TCR-CD1d-Ag complexes. Thus, although
varied gene use of afpTCRs results in a wide variety of TCR-
pMHC docking modes (6, 37), differing gene use by NKT TCRs
converges to arrive at the same solution to bind the mono-
morphic CD1d. Why this occurrence happens is unclear, but it
illustrates a fundamental difference between peptide MHC- and
lipid CD1d-mediated immunity. In this context, it will be in-
teresting to establish how other TCRs, such as the TCRs
expressed by Type II NKT cells, which differ from Type I NKT
cells in Va and Vp use, dock onto CD1d (16).

Within this common docking framework, fine specificity dif-
ferences between the VB8.2, VB7, and VB2 NKT TCRs are
apparent. For example, although the VB8.2 NKT TCR showed a
greater dependency on the 4'-OH position of a-GalCer com-
pared with the 3’-OH moiety (18), the affinity of the V2 NKT
TCR interaction was dramatically reduced by either modifica-
tion. Moreover, the OCH analog, with a truncated sphingosine
chain, impacted markedly on VB2 and Vp7 NKT TCR recogni-
tion, whereas the V(8.2 NKT TCR was less affected. These
observations are consistent with the NKT TCR being able to
sense modifications within the F’ pocket through an induced fit
mechanism (17, 18, 38) but also highlight that the VB2 and V7
NKT TCRs are less tolerant to such perturbations, possibly as
a result of the latter two NKT TCRs possessing nonoptimal
CDR2p sequences for CD1d engagement. Nevertheless, the af-
finity of the Vf8.2, VB7, and VP2 NKT TCRs for CD1d-
a-GalCer were quite comparable, with an affinity hierarchy of
VB8.2 ~ VB2 > Vp7, indicating that the VB2 NKT TCRs need
not necessarily be of lower affinity compared with the V37 and
V8.2 NKT TCRs. The high affinity of the VB2 NKT TCR was
most likely attributable to the compensatory role of the CDR3p
loop, which made a clear contribution to the NKT TCR-CD1d
interface. In line with this work, it has emerged that the CDR3p
loop can also significantly enhance the binding affinity of V8
and human V11 NKT TCRs, thus contributing to NKT TCR
autoreactivity against self-lipid antigens presented by CD1d (12,
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19-22). Thus, in this regard, the CDR3p and CDR2f loops
collaborate to enable functional recognition of CD1d-Ag (13).
Furthermore, many randomized CDR3p residues failed to sup-
port staining by CD1d-a-GalCer, whereas freshly isolated NKT
cells with diverse CDR3p were all stained by this reagent; this
finding suggests that permissive CDR3p loops are selected in the
thymus during the process of NKT cell development. Although
no particular motif was favored for CDR3p loop recognition,
analysis of the mouse NKT ternary complexes solved to date that
involve a role for the CDR3p loop (17, 19-23) suggests a focal
point within CD1d, comprising residues Lys148, Val149, and
Alal52, underpins recognition by this loop, regardless of CDR3
amino acid sequence.

Accordingly, our studies have indicated that NKT TCRs dock
onto CD1d in a conserved manner, regardless of TCR f-chain
use. Regarding VB2 NKT cells, these interactions are heavily
influenced by CDR3p diversity and interactions between this
loop and CD1d. Taken together, although the invariant TCR
a-chain exerts a major influence in facilitating CD1d-Ag recog-
nition, TCR p-chain diversity fine tunes and modulates the NKT
cell response.

Materials and Methods

Cloning and Expression of Genes Encoding the Mouse V2 NKT TCRs. RNA was
extracted from NKT-expressing mouse thymocytes (purified by flow cytometric
sorting of thymocytes stained with CD1d-a-GalCer tetramers) and reverse-
transcribed. cDNAs encoding the mouse Va14 and VB2 NKT TCR chains were
amplified by PCR and cloned into P-GEM Easy (Promega). We were unable to
refold the intact ectodomains of murine NKT TCRs and instead used the human
constant domains of the NKT TCR to aid in refolding, which was described
previously (14). The C-terminal sequences were PEDTFFPSPENDGGGCK for the
a-chain and AEAWGRADQDRGGGCD for the B-chain, similar to the sequences
previously described (39).
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Va14 and VB2 NKT TCR chains were expressed in BL21 Escherichia coli, and
inclusion body protein was prepared, refolded, and purified essentially as
previously described. The functional integrity of the NKT TCRs was confirmed
by gel filtration and gel shift experiments.

Cloning and Expression of mCD1d, Mutagenesis, and Loading of CD1d-Ag.
Cloning and expression of mCD1d, mutagenesis, and loading of CD1d-Ag are
described in S/ Materials and Methods.

Flow Cytometry. Flow cytometry is described in S/ Materials and Methods.

Surface Plasmon Resonance Measurements and Analysis. The interaction
between soluble NKT TCR and the CD1d-Ag complexes was analyzed by SPR
with a Bio-Rad ProteOn XPR36 instrument essentially as described previously
(14). Briefly, 50-300 response units of biotinylated CD1d-Ag were coupled to
a streptavidin-coated GLC sensor chip (Bio-Rad), and soluble TCRs were serially
diluted and simultaneously injected for 1-3 min at 30 pL/min over test and
control (CD1d-endogenous) surfaces. The interactions were analyzed with
ProteOn Manager version 2.1 (Bio-Rad) and Scrubber 2.0a software (Prot ver-
sion; BioLogic Software). Steady state K values were derived at equilibrium,
and association rate (k,) and half-life (t1,,) were derived using a 1:1 Langmuir
kinetic binding model.

CDR3p Libraries. CDR3p libraries are described in SI Materials and Methods.
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