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Background: Antibodies that recognize glycolipids presented by the antigen-presenting molecule CD1d are useful tools in

studying natural killer T cell biology.

Results: The CD1d-a-galactosylceramide specific antibody L363 has TCR-like binding properties.
Conclusion: Glycolipid-reactive antibodies are more antigen-specific than the TCR of iNKT cells.
Significance: This is the first crystal structure of a glycolipid-reactive TCR-like antibody.

Natural killer T (NKT) cells express a semi-invariant Va14 T
cell receptor (TCR) and recognize structurally diverse antigens
presented by the antigen-presenting molecule CD1d that range
from phosphoglycerolipids to a- and 3-anomeric glycosphingo-
lipids, as well as microbial a-glycosyl diacylglycerolipids.
Recently developed antibodies that are specific for the complex
of the prototypical invariant NKT (iNKT) cell antigen aGalCer
(KRN7000) bound to mouse CD1d have become valuable tools
in elucidating the mechanism of antigen loading and presenta-
tion. Here, we report the 3.1 A resolution crystal structure of the
Fab of one of these antibodies, L363, bound to mCD1d com-
plexed with the aGalCer analog C20:2, revealing that L363 is an
iNKT TCR-like antibody that binds CD1d-presented aGalCer
in a manner similar to the TCR. The structure reveals that L363
depends on both the L and H chains for binding to the glycolip-
id-mCD1d complex, although only the L chain is involved in
contacts with the glycolipid antigen. The H chain of L363 fea-
tures residue Trp-104, which mimics the TCR CDR3« residue
Leu-99, which is crucial for CD1d binding. We characterized the
antigen-specificity of L363 toward several different glycolipids,
demonstrating that whereas the TCR can induce structural
changes in both antigen and CD1d to recognize disparate lipid
antigens, the antibody L363 can only induce the F’ roof forma-
tion in CD1d but fails to reorient the glycolipid headgroup nec-
essary for binding. In summary, L363 is a powerful tool to study
mechanism of iNKT cell activation for structural analogs of
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KRN7000, and our study can aid in the design of antibodies with
altered antigen specificity.

Type I or semi-invariant natural killer T (iNKT)? cells are a
population of T lymphocytes that express both markers of nat-
ural killer cells and T cells. Because iNKT cells rapidly produce
cytokines after antigen encounter (within 2—4 h), they have
been termed innate-like immune cells, or cells that bridge the
innate and adaptive immune system (1). iNKT cells express a
semi-invariant a3 T cell receptor (T'CR) that recognizes glyco-
lipid antigens (Ag) presented by the nonclassical MHC class
I-like molecule CD1d (2). NKT cells are characterized by
expression of a conserved TCR « chain rearrangement
(Val4Ja18 in mouse and Va24J«18 in humans) that pairs pre-
dominantly with the TCR  chain V8.2 (and to a lesser extend
VB7 and Vb2), whereas in humans the most common combi-
nation is Va24V11 (1, 3). The prototypical antigen a-galacto-
sylceramide (aGalCer, KRN7000) has been identified in a
screen for anti-B16 melanoma compounds and is extensively
studied as a potent iNKT Ag because of its robust and rapid
activation of iNKT cells leading to the production of both pro
(Th1) and anti-inflammatory (Th2) cytokines (4). Because of
the opposing effects of Thl and Th2 cytokines, synthetic
KRN7000 analogs have been developed to skew the cytokine
response to either a Th1- or Th2-biased phenotype, which in
turn is more promising in controlling the disease progression in
various animal models. For example, the glycolipids OCH, PBS-
25, and C20:2 were found to induce Th2-biased cytokine pro-
duction (5-7), which is beneficial for the control of Th1-driven
autoimmune diseases, whereas a-C-GalCer and NU-aGalCer
were found to stimulate Th1-biased cytokine production, lead-
ing to superior antitumor response compared with KRN7000,
likely through increased transactivation of natural killer cells (8,
9). The mechanism leading to the induction of Thl- or Th2-
biased responses by changing the glycolipid antigen structure is

3 The abbreviations used are: iNKT, invariant natural killer T; TCR, T cell recep-
tor; Ag, antigen; APC, antigen-presenting cell.
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currently under intense investigation and takes advantage of a
series of recently developed mCD1d-KRN7000 specific anti-
bodies. The antibodies have been raised against mCD1d-
KRN7000 complexes and do not bind to unloaded mCD1d or
mCD1d that has been loaded with the self-antigen iGb3 (7). The
antibodies also recognize many structural analogs of KRN7000,
including OCH and a-C-GalCer, which makes them valuable
tools to study differences in presentation of Th1 and Th2 bias-
ing antigens. One particular antibody, L363, has since been suc-
cessfully used by several labs to analyze CD1d-glycolipid stabil-
ity (8, 10), the localization of CD1d-glycolipid complexes inside
APCs by confocal microscopy (11), or the association of CD1d-
bound Th1-biasing antigens in lipid rafts (12).

To account for its specificity for both the antigen-presenting
molecule mCD1d and the glycolipid of interest, the complex-
specific L363 antibody must bind to both mCD1d and the gly-
colipid, similar to the structurally related iNKT TCR, which it
thus mimics. The crystal structures of CD1d with bound
aGalCer, as well as in complex with the Va14V38.2 TCR and
Val4VB7 TCR of mouse iNKT cells, have been determined and
illustrated the general binding of glycolipids to mCD1d, as well
as a conserved docking mode of the TCR onto the mCD1d
molecule (13, 14). aGalCer is bound to CD1d with its ceramide
lipid backbone inserted in the deep and hydrophobic binding
groove (composed of the two main pockets A" and F’) of CD1d,
with the phytosphingosine chain inserted in the F’ pocket and
the fatty acid chain in the A’ pocket. The NKT TCR docks
parallel to the CD1d-binding cleft with TCR « being the only
chain interacting with the lipid Ag, whereas TCR aand S chains
form conserved contacts with CD1 residues, mainly through
CDR3a, CDR2, and CDR3 (13, 15). Although the iNKT TCR
can also bind to structurally distinct microbial Ags, such as
a-glycuronosylceramides (GalA-GSL) from Sphingomonas
(17), a-galactosyl-diacylglycerols (BbGL-2c) from Borrelia
burgdorferi (18), and a-glucosyl-diacylglycerols (Glc-DAG-s2)
from Streptococcus pneumoniae (19), the recognition of those
glycolipids by the L363 antibody has not been addressed yet.

To elucidate the structural basis for the recognition of
aGalCer by L363, as well as the antigen specificity of L363, we
determined the binding kinetics of the Fab portion to different
glycolipids, as well as determined the crystal structure of L363
Fab-mCD1d-C20:2-aGalCer complex to a resolution of 3.1A.

EXPERIMENTAL PROCEDURES

Glycolipid Ags—Synthesis of NU-aGalCer, C20:2-aGalCer,
GalA-GSL, BbGL-2c¢, and Glc-DAG-s2 has been reported pre-
viously (7, 19-22). KRN7000 was kindly provided by Kyowa
Hakko Kirin (Japan). Bovine brain sulfatides were purchased
from Avanti Polar Lipids Inc. OCH and a-C-GalCer were
obtained from the National Institutes of Health tetramer core
facility.

Cell Line and Cell Culture—The L363 expressing hybridoma
cell line and iNKT hybridoma cell lines were maintained in
RPMI 1640 medium (Invitrogen) supplemented with 10 mm
HEPES, pH 7.5, 1% L-glutamine, 1% nonessential amino acids,
1% sodium pyruvate, 55 um 2-mercaptoethanol, 20 ug/ml gen-
tamicin (Invitrogen), and 10% heat-inactivated FCS. The cell
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lines were maintained in an incubator with a humidified atmo-
sphere containing 5% CO, at 37 °C.

Antibody Production and Purification—For milligram scale
mAb production, hybridomas were gradually adapted to cul-
ture in protein-free hybridoma medium (PFHM-IL; Invitrogen),
supplemented as indicated above. Cells from two T175 tissue
culture flasks were transferred into one 2.8-liter roller bottle,
filled up to 1.5 liters with supplemented PFHM-II. Roller bot-
tles were equilibrated with CO, by placing in the 37 °C + 5%
CO, incubator with the lid loosened for 0.5-1 h and then grown
with closed lid in 37 °C room while rolling for ~2 weeks or until
the medium turned yellow. The cells were spun down (1000 X
g for 6 min), and supernatant was filtered (0.22 wm) and con-
centrated to 300 ml using a tangential flow through filtration
unit (Millipore; Pellicon 2) while exchanging buffer to PBS. IgG
was collected from supernatant using affinity chromatography
using a 5-ml HiTrap Protein G column (GE Healthcare). IgG
was eluted from the column with 0.1 M glycine, pH 2.6, whereas
0.7-ml fractions were collected in 1.5-ml test tubes containing
0.3 ml of 1 M Tris, pH 8.5, for neutralization. IgG-containing
fractions were pooled, and buffer was exchanged against PBS
using centrifugal filtration devices (Amicon Ultra; Millipore).
Final yield of purified IgG was 10 mg/liters of hybridoma
culture.

Cloning and Sequencing of L363 VH and VL Genes—Total
RNA was isolated from 5 X 10° hybridoma cells using the
RNeasy Mini kit (Qiagen) according to the manufacturer’s
instructions. First strand cDNA synthesis of 5'-rapid amplifica-
tion of cDNA ends was done according to the protocol based on
Clontech SMART-RACE using the Clontech cDNA amplifica-
tion kit and the Invitrogen SuperScript II reverse transcriptase
at 42 °C for 50 min in a 20-pul reaction volume containing: 500
ng of total RNA, 0.6 um 5'-rapid amplification of cDNA ends
CDS Primer A, 0.6 um SMART II A oligonucleotide, 1X RT
buffer (20 mm Tris-HCI, pH 8.4, 50 mm KCl), 5 mm MgCl,, 0.01
M DTT, and 4 units of RNase out recombinant RNase inhibitor.
After the reverse transcriptase reaction was complete and
c¢DNA was generated from the RNA, standard PCR (second
strand reaction) was performed in a 50.5-ul final volume. For
the PCR, 48 ul of PCR mix containing 1X PCR buffer, 1.5 mm
MgCl,, 0.2 mm dNTP,1 um Universal Primer A mix (sense
primers, supplied in Clontech kit), 1 um gene-specific (constant
heavy and light chain genes) antisense primer, and 1.5 units of
high fidelity Taqg DNA polymerase were added to 2.5 ul of
c¢DNA (from the first strand reaction). The VH gene was ampli-
fied with 5'-GGT CAA GGT CAC TGG CTC AGG GAA ATA
AC-3' antisense primer, whereas the light chain variable region
(VL) gene was amplified with 5'-GTC GTT CAC TGC CAT
CAATCT TCC ACT TG-3' antisense primer. The cycling pro-
file used for the PCR was: denaturation at 94 °C for 30 s, anneal-
ing at 60 °C for 30 s, and extension at 72 °C for 3 min. At the end
of the 30 cycles, a 10-min incubation at 72 °C was done to com-
plete elongation. The resulting PCR products were cloned into
the pGEM-T easy vector (Promega) for sequencing. The V gene
rearrangement was determined as IGKV13-84*01 (light chain)
and IGHV9 -4*02 (heavy chain) using the IMGT server (23). A
schematic representation of the variable domains including
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sequence alignment of the CDR is illustrated in supplemental
Fig. S1.

Fab Digestion and Purification—Purified L363 mAb (mouse
IgG2a) at 1 mg/ml in 100 mm Tris, pH 7.0, was incubated with
1% (w/w) activated papain (P3125; Sigma) and for 3h at 37 °Cin
digestion buffer. Papain was activated by incubating 20.80 ul of
papain with 100 ul of 10X papain buffer (1 M NaOAc, pH 5.5, 12
mM EDTA) and 100 ul of cysteine (12.2 mg/ml) for 15 min at
37 °C. The papain digestion was stopped by adding 20 mm iodo-
acetamide. Digestion mix was concentrated and adjusted to 3 M
NaCl, 1.5 m glycine, pH 8.9, for subsequent protein A purifica-
tion to remove undigested IgG and Fc. The protein A flow-
through containing Fab was dialyzed against 20 mm NaOAc, pH
5.5, overnight and purified to homogeneity by cation exchange
chromatography using MonoS (GE Healthcare). Final yield of
pure Fab was 0.27 mg/1 mg of IgG.

Mouse CD1d/2m Expression and Purification—The expres-
sion and purification methods of fully glycosylated mouse
CD1d/B2m heterodimer proteins using the baculovirus expres-
sion system were reported previously (8, 24, 25). Mouse CD1d
mutants were generated using site-directed mutagenesis or
kindly provided by Dr. Kronenberg (La Jolla Institute for
Allergy & Immunology).

Glycolipid Loading and Ternary Complex Formation—
Mouse CD1d was loaded overnight with 3—6 molar excess of
C20:2-aGalCer (1 mg/ml in Me,SO). Purified mCD1d-C20:2-
aGalCer was incubated with equimolar amount of 1L363 Fab for
1 h at room temperature. L363-C20:2-aGalCer-mCD1d ter-
nary complex was isolated and separated from individual com-
ponents by size exclusion chromatography using Superdex
$200 HR16/60 (supplemental Fig. S2) and further concentrated
to 6 mg/ml in 10 mm HEPES, pH 7.5, 30 mm NaCl for subse-
quent crystallization.

Crystallization and Structure Determination—Crystals of
L363-C20:2-aGalCer-mCD1d complexes were grown at 4 °C
by sitting drop vapor diffusion while mixing 0.5 ul of protein
with 0.5 pl of precipitant (4% Tacsimate, pH 7.0, 12% PEG
3350). The crystals were flash-cooled at 100 K in mother liquor
containing 20% glycerol. The diffraction data were collected at
the Stanford Synchrotron Radiation Laboratory Beamline 7-1
and processed with the iMosflm software (26). The L363-
C20:2-aGalCer-mCD1d crystal belongs to space group P6,
with cell parameters a = 234.948 A; b = 234.948 A; ¢ = 99.172
A. The asymmetric unit contains two 1.363-C20:2-aGalCer-
mCD1d molecule with an estimated solvent content of 68.87%.
The crystal structure was determined by molecular replace-
ment using MOLREDP as part of the CCP4 suite (27, 28). Protein
coordinates from the mCD1d-iGb3 structure (Protein Data
Bank code 2Q7Y) (29) and a model of the L363 Fab obtained
with the Swiss-Model server (30) (template obtained from Pro-
tein Data Bank structure 2BDN) (31) were used as the search
models for mCD1d and the L363 Fab, respectively. After the
MR solution was obtained containing both mCD1d and Fab,
the model was rebuilt into o,-weighted 2F, — F_and F, — F.
difference electron density maps using the program COOT
(32). The final refinement steps were performed using the TLS
procedure in REFMAC (33) with five anisotropic domains
(al-a2 domain of CD1d, including carbohydrates and lipid,
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a3-domain, B2m, variable and constant domains of Fab). The
L363-C20:2-aGalCer-mCD1d structure was refined to 3.1 A to
R ys and Ry, values of 20.2% and 23.0%, respectively. The
quality of the model was examined with the program Molpro-
bity (34). The data collection and refinement statistics are pre-
sented in Table 1.

Surface Plasmon Resonance Studies—The interaction be-
tween L363 mAb and the CD1d-glycolipid complexes was ana-
lyzed by surface plasmon resonance (SPR) with a Biacore 3000
(GE Healthcare) instrument according to the methods
described previously (20). Briefly, recombinant mCD1d pro-
tein containing a birA tag (LHHILDAQKMVWNHR) was
first expressed, biotinylated, and purified according to the
methods published before (24, 25). Biotinylated mCD1d was
loaded with glycolipids overnight, and =400 RU of mCD1d-
glycolipid complex were immobilized on a streptavidin sen-
sor chip (GE Healthcare). A series of increasing concentra-
tions (0.004-32 um) of the L363 in duplicate were passed
over the mCD1d-glycolipid complex at 25 °C with a flow rate
of 30 ul/min. To control for glycolipid-independent back-
ground binding, unloaded mCD1d molecules were immobi-
lized on flow channel 1 of the sensor chip, and the binding
response of L363 Fab to flow channel 1 was subtracted from
the other flow channels. The experiments were performed at
least twice, and kinetic parameters were calculated using a
simple Langmuir 1:1 model in the BIA evaluation software
version 4.1.

Fab Docking Models—The details for Fab docking models are
available in the supplemental materials.

Coated Plate ELISA Assay—The interactions between L363
and KRN7000 complexes with wild type or mutant forms of
mCD1d were measured by an antigen-presenting ELISA assay.
Briefly, 1-ug quantities of soluble wild type or mutant mCD1d
were coated in a 96-well flat-bottomed plate at 4 °C overnight.
The plates were blocked by PBS and 10% FBS for 1 h and
washed, and KRN7000 was added to each well to final concen-
trations of 0.5 and 2.0 ug/ml and incubated for 24 h at 37 °C.
After washing, L363 mAD (4.8 mg/ml) at 1:1000 dilution was
added to each well and incubated 1 h at room temperature. The
plates were then washed and incubated with HRP-conjugated
goat anti-mouse antibody secondary (Jackson Immuno-
Research Laboratories, Inc.) at 1:5000 dilution for an additional
hour. Color was developed by 3,3',5,5'-tetramethylbenzidine
two-component microwell peroxidase substrate kit (KPL Inc.),
and plates were read at 450-nm wavelength.

APC Free Antigen Presenting Assay—APC free antigen pre-
senting assay for stimulation of mouse iNKT cell hybridoma by
soluble mCD1d was carried out following published protocols
(17, 18). IL-2 release in the APC free antigen-presenting assay
was measured after 16 h of culture in a sandwich ELISA accord-
ing to standard protocol.

Model Building—The models illustrating L363 Fab binding
to GalA-GSL or its inability to bind BbGL-2c as well as Glc-
DAG-s2 were prepared by superimposing the a1 and 2 helixes
of mCD1d of the L363-C20:2-aGalCer-mCD1d complex struc-
ture with that of the mCD1d-GalA-GSL structure (Protein
Data Bank code 2FIK) (35), the mCD1d-BbGL-2c structure
(Protein Data Bank code 3ILQ) (20), and the mCD1d-
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GIcDAG-s2 structure (Protein Data Bank code 3T1F) (19),
respectively.

RESULTS

L363 Antigen Specificity and Binding Kinetics—The antibody
L363 was originally raised against the prototypical form of
aGalCer (KRN7000, containing a C26:0 fatty acid) bound to
mCD1d. Not surprisingly, the antibody also recognizes vari-
ous structural analogs of KRN7000, including OCH and
C20:2 (36), but the extent of chemical modifications toler-
ated by L363 has not been fully assessed. Using SPR, we show
that L363 is able to bind to the glycolipids KRN7000,
C20:2-aGalCer, NU-aGalCer, OCH, a-C-GalCer, as well as
the bacterial antigen GalA-GSL from Sphingomonas spp.,
whereas in contrast to the TCR, other microbial glycolipids
that are based on a diacylglycerol backbone rather than a
ceramide backbone are not recognized (e.g. B. burgdorferi
BbGL-2c and S. pneumoniae GlcDAG-s2) (Fig. 1). The affin-
ity of the purified Fab of L363 has an almost identical equi-
librium binding constant toward mCD1d-KRN7000 com-
plexes, comparable with the Va14VB8.2 TCR (CDR3p:
CASGDEGYTQYF) of iNKT cells (K, = 10 nm versus 11 nm
from Ref. 20), with both a 7-fold faster association rate (9.1 X
10° M ' s~ versus 1.3 X 10° M~ * s~V and a 5.5-fold faster
dissociation rate (7.9 X 10 ?s™ ' versus 1.45 X 10 >s~ ' (Fig.
1). The binding kinetic to C20:2-aGalCer is very similar to
that of KRN7000, indicating that the modification of the
fatty acid moiety does not result in a different binding mode
of the glycolipid to mCD1d. The KRN7000 analogs OCH,
NU-aGalCer, and a-C-GalCer are bound with weaker affin-
ities, similar to the binding kinetics by the Va14V38.2 TCR
(8, 20, 37). However, L363 associated faster than both
Val4VB8.2 and Val4VB7 TCR and dissociated faster than
Val4VB8.2 TCR but much slower than Va14VB7 TCR, indi-
cating that the Va14V38.2 TCR has an optimal binding sur-
face for the mCD1d-KRN7000 complex and the highest
stability (illustrated by the slowest dissociation rate). Inter-
estingly, whereas the TCR is also able to bind various self and
microbial antigens, such as iGb3, GalA-GSL, BbGl-2¢, and
GlcDAG-s2 (14, 19, 20, 38), L363 only binds to the sphin-
gomonas antigen GalA-GSL with an affinity of K, = 2.21 *
0.82 uMm (Fig. 1). The restricted antigen selectivity observed
for L363 raises the question as to what the structural basis for
the binding specificity is compared with the more promiscu-
ous TCR.

L363 Fab-C20:2-aGalCer-mCDI1d Crystal Structure—To
address the question of why L363 only recognizes some of the
iNKT cell antigens, we have determined the crystal structure of
the L363-C20:2-aGalCer-mCD1d complex to 3.1 A resolution
(supplemental Table S1 and Fig. 2). Two highly similar
Fab-C20:2-aGalCer-mCD1d complexes occupy the asymmet-
ric unit, and unless specified, the analysis presented here
focuses on one representative complex (chains A-B and H-L).
Well ordered electron density was observed at the interface
between Fab and mCD1d after molecular replacement, allow-
ing for confident model building and accurate interpretation of
the contacts at the binding interface, despite the relatively low
resolution (Fig. 2). The C20:0-aGalCer glycolipid is bound with
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its lipid backbone in a deep and hydrophobic groove formed
between the two anti-parallel a-helices that sit above a eight-
stranded B-sheet platform. The two main pockets A" and F’
each occupy one alkyl chain, with the sphingosine inserted in
the F’ pocket and the C20:2 acyl chain accommodated in the A’
pocket. The a-galactosyl headgroup is presented at the opening
of the binding groove for interaction with both polar CD1d
residues, as well as the Fab. The Fab sits above the CD1d bind-
ing groove, contacting both the glycolipid as well as CD1d,
thereby having specificity for both antigen and antigen-pre-
senting molecule, similar to the TCR of iNKT cells. The Fab
light chain is situated above the antigen, whereas the H chain
sits above mCD1d, at the C-terminal end of the a1-helix.

TCR-like Footprint of L363—Compared with the mCD1d-
KRN700-TCR structure, the L363 Fab binds overall highly sim-
ilar to the iNKT TCR in the mCD1d-KRN7000-TCR complex.
The Fab binds in a parallel docking orientation and offset to the
C-terminal half of the a1-helix; however, L363 Fab is not tilted
as much compared with both Va14VB8.2 and Va14VB7 TCR
(Fig. 3A). The general L363 footprint on mCD1d is also rela-
tively conserved with the TCRs, despite the fact that the indi-
vidual CDR loops 0of L363 (L1-3 and H1-3) do not superimpose
well with that of the TCR (1-3« and 1-33). However, the gen-
eral binding mode of the L363 Fab and iNKT cell TCR is similar,
with the L363 L chain following the TCR « chain and the L363
H chain matching the TCRf chain. Both L3 and H3 loops of
L363 diverge the most from the TCR CDR3« and 38 (Fig. 3B).
Most of the mCD1d contact residues are shared by L363 Fab
and mTCRs (Val-72, Ser-76, Arg-79, Asp-80, Glu-83, Leu-84,
Leu-150, Val-149, Ala-152, Leu-145, and Lys-148), whereas a
few mCD1d residues differ between L363 (Val-75 and Gly-155),
Val4VB8.2 TCR (Lys-86, Met-87, and Asp-153), as well as the
Val4VB7 TCR (Arg-21, Lys-86, Met-87, and Asp-153) (supple-
mental Table S2). The similar footprint also correlates well with
the calculated buried surface areas of the Fab/TCR-glycolipid-
mCD1d complexes (Table 1). All of the three complexes have
similar total buried surface areas, with similar contributions
from both Fab or TCR, as well as mCD1d. However, although
the TCR footprint on CD1d-KRN7000 is dominated by the
invariant Val4 chain (61— 80% of total buried surface area), the
L363 footprint is equally contributed by both the H and L
chains (54 and 46%, respectively; Table 1). As expected, the
most surface area is buried between Fab or TCR and mCD1d
(676 —716 A?), whereas the surface buried between Fab or TCR
and the glycolipid antigen is considerably lower (146 -163 A?)
yet determines specificity (see below).

Antigen Recognition and Specificity—Similar to the TCR, all
the contacts between L363 Fab and the glycolipid antigen are
formed by one chain, VL, which mimics the TCR Va domain.
The L2 residue Gly-50 forms two potential H-bonds with the
3"-OH and 4"-OH of the galactose, similar to TCR CDR1« res-
idue Asn-30, whereas L1 residue Arg-32 contacts the 3-OH of
the ceramide backbone (Fig. 4). Because the backbone oxygen
of Gly-50 is slightly shifted toward the A’ pocket of CD1d, in
contrast to the Asn-30 side chain of the TCR, binding of L363 to
C20:2 results in a slight tilt of the galactose toward the CD1d-
binding groove (Fig. 4). A major difference between L363 and
TCR is that the TCR CDR3« contacts both galactose and lipid
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FIGURE 1.Binding of L363 Fab to different glycolipids as assessed by SPR. A, sensorgrams of L363 Fab binding to mCD1d bound iNKT cell antigens. B, steady
state analysis of Fab binding to Nu-aGalCer, a-C-GalCer, and GalA-GSL loaded mCD1d. The affinities derived by equilibrium analysis (K, .,) were equivalent to
those derived by kinetic analysis. C, overview of kinetic data. L363 Fab binds to KRN7000 and its analogs (OCH, Nu-aGalCer, and a-C-GalCer) with affinities
comparable with the Va14V38.2 TCR, whereas L363 binding to GalA-GSL is much weaker (K, = 2.21 um). No L363 binding was detected for the microbial

diacylglycerol antigens BbGL-2c and Glc-DAG-s2 or the self-antigen iGb3. n.c, not calculated; n.d., not detected.

backbone, whereas for L363 Fab, L1 exclusively contacts the
lipid, whereas L2 only contacts the galactose. Additionally, the
Fab and mTCRs not only share many contact residues with
mCD1d (Val-72, Ser-76, Arg-79, Asp-80, Glu-83, Leu-84, Leu-
150, Val-149, Ala-152, Leu-145, and Lys-148 highlighted in

JANUARY 6, 2012+VOLUME 287 +NUMBER 2

green in Fig. 3B) but also form similar numbers of H-bonds
including H-bonds to the same residues (Ser-76, Glu-83, and
Asp-80 in Fig. 5A). Three of the four contact points on the
glycolipid are conserved between the TCR and L363 and form
the basis for antigen selectivity; however, L363 recognition of
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aGalCer appears less stringent because it lacks the contact with
the 2”-OH of galactose that is recognized by the TCR (CDR3q,
Gly-96). Thus, the conserved contacts of L363 with the antigen
determine the specificity of Fab in recognizing aGalCer and
many of its structural analogs. The similar binding footprint
also enables the recognition of 6”-galactose-modified KRN7000
analogs because those modifications are generally not con-
tacted by the Fab, similar to the TCR and are facing toward the
A’ pocket, whereas 1363 is centered above the F’' pocket of
mCD1d (Fig. 3).

FIGURE 2. Structure of the L363-C20:2-aGalCer-mCD1d complex. A, over-
all structure of the ternary complex illustrates the TCR-like docking mode
above the a1 and a2 helixes of mCD1d. L363 light chain (VL and CL) is shown
in green, and heavy chain (VH and CH) is shown in yellow; C20:2-aGalCer is
shown as yellow sticks; nCD1d heavy chain and B2m are in gray. B, final 2F , —
F. electron density map for the glycolipid C20:2-aGalCer in a side (left panel)
and top view (right panel). C, stereo view of electron density around CDR loops
(L1-3and H1-3).The 2F, — F_map s contoured at T o-and shown as blue mesh
for C20:2-aGalCer and gray mesh for L363. Several mCD1d residues interact-
ing with the glycolipid are depicted.

L363 also binds to the Sphingomonas glycolipid GalA-GSL
but not to the borrelial glycolipid BbGl-2c or the streptococcal
antigen GlcDAG-s2. Our modeling studies indicate that L363
can simply dock onto the mCD1d-GalA-GSL complex, because
GalA-GSL and aGalCer are presented very similarly by CD1d
(supplemental Fig. S3A). However, BbGl-2¢ and GlcDAG-s2
are both tilted and would clash with L363 residue Arg-32 of L1.
Because the TCR can reorient both BbGl-2c and GIcDAG-s2 to
allow for the conserved TCR footprint (25, 39), failure of L363
binding to either BbGI-2c or GIcDAG-s2 indicates that the Fab
does not have the ability to induce such structural changes in
the microbial antigens, which is a prerequisite for binding to
CD1d. Thus, although 1363 and TCR share a similar footprint
above CD1d and the glycolipid, the recognition logic differs
slightly, with L2 mimicking CDR1« and L1 partially mimicking
CDR3a.

Importance of the H Chain in CDI1d Binding—The TCR res-
idue Leu-99 of CDR3w is critical in binding to the F' roof of
mCD1d (25, 40), because mutation to alanine results in loss of
NKT cell activation (41). In the L363 Fab structure, this residue
is replaced by Trp-104 of H3, because it forms similar contacts
with the F’ roof forming CD1d residues Leu-84, Val-149, and
Leu-150 (Fig. 5, B and C). Interestingly, in L363, Trp-104 is not
located on the light chain that recognizes the ligand but on the
heavy chain, reflecting the increased contribution of the H
chain in the overall Fab footprint (Table 1). This is in contrast to
the TCR, where Leu-99 is on the invariant TCR « chain that
also recognizes the antigen. Therefore, for L363 both the L and
H chains are selected for efficiently binding to the CD1d-glyco-
lipid complex, whereas for iNKT cells the TCR  chain is more
interchangeable and mostly important for modulating the over-
all binding affinity (25, 40, 42).

In particular, TCR CDR3a residue Leu-99 and Fab VH CDR3
residue Trp-104 interacts closely with the hydrophobic resi-
dues Leu-84, Val-149, and Leu-150, and this hydrophobic inter-
action stabilizes the F’ roof above the F’ pocket on mCD1d, as

FIGURE 3. Comparison of the antibody and TCR footprints. A, superposition of the ternary aGalCer-mCD1d complexes with bound L363 Fab (green),
Va14VB8.2 (Protein Data Bank ID 3ARF, orange), and Va14V37 (Protein Data Bank ID 3HE7, magenta) illustrates a binding orientation between L363 and TCRs.
B, the CDR loops of L363 (L1-3 and H1-3 in green) do not overlay well with those of the two TCRs (left panel, COR1-3a and 1-33, colored as in A) but result in
a similar overall footprint. L363 footprint is colored by individual CDR loops (top right panel). Green, L1; magenta, L2; blue, L3; orange, H1; yellow, H3. The lower
panels depict shared footprint with the TCR (cyan), L363-only contacts (orange), and TCR-only contacts (light blue).
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TABLE 1
Comparison of Fab/TCR-mCD1d-glycolipid contacts

Individual buried surface areas
within the ternary complexes

(buried surface area in A?) L363-C20:2-aGalCer-mCD1d

Val4VB8.2TCR-C20:2-aGalCer-mCD1d”

Va14Vp7TCR KRN7000-mCD1d”

mCD1d 710.3 676.3
Glycolipid 163.4 148.8
mCD1d-glycolipid 873.7 825.1
Fab VL/TCR Va 406 659
Fab VH/TCR VB 467.7 166.1
Total combined surfaces 1612.8 1598.7
Sc value (protein atoms only) 0.764 0.707

716.1
146.7
862.8
526.7
336.1
1754.3
0.614

“ The values are calculated from Protein Data bank code 3ARF (37) using PISA (50) and the CCP4 program SC (16).
? The values are calculated from Protein Data bank code 3HE7 (13) using PISA (50) and the CCP4 program SC (16).

* &

FIGURE 4. L363 contacts the ligand with different recognition logic. Similar to the TCRs, L363 interacts with C20:2-aGalCer solely through one chain, VL
(mimicking TCR Va chain). Three conserved H-bonds are formed by L363 Fab and the TCR with C20:2-aGalCer. A, L363 binding of C20:2-aGalCer.L363 VL chain
in green, C20:2-aGalCer in yellow. B, Va14V38.2 TCR binding of C20:2-aGalCer (Protein Data Bank ID 3ARF), TCR Va chain in cyan, and C20:2-aGalCer in green.

: _;

e

FIGURE 5.L363 binding to mCD1d. A, L363 forms similar numbers of H-bonds including H-bonds to the same residues (Ser-76, Glu-83, and Asp-80) compared
with mTCR. B, superimposing the structures of the L363-C20:2-aGalCer-mCD1d and Va14V38.2 TCR-C20:2-aGalCer-mCD1d complexes indicate that Trp-106
(W106) and Trp-104 (W104) of L363 H3 mimic residues Gly-96 (G96) and Leu-99 (L99) of TCR CDR3« loop, because they form similar contacts with mCD1d
residues above the F' pocket. Cyan, TCR Va chain; yellow, L363 Fab VH chain; gray, mCD1d. C, Fab CDR3 VH residue Trp-104 and TCR CDR3« residue Leu-99
interact closely with the hydrophobic residues Leu-84, Val-149, and Leu-150, which form the F’ roof.

well as the overall binding of TCR/L363 Fab to the mCD1d-
C20:2-aGalCer complex.

In addition, although Gly-96 of mTCR forms one H-bond
with Ala-152, L363 binds to the hydrophobic part of Ala-152
through van der Waals interaction using Trp-106 of H3. As a
result, the Fab uses two aromatic residues on the H chain (Trp-
104 and Trp-106) to mimic important contact of the TCR«
chain (Gly-96« and Leu-99«).

TCR-like Binding Properties of L363 Fab—Next we compared
the binding of L363 to CDIld-aGalCer with functional
responses of three different iNKT cell hybridomas, expressing
either V8.2 (1.2 and 2C12) or VB10 (1.4) (Fig. 6). Wild type
and several different mutant forms of mCD1d were used in this
analysis. Mutations were introduced around the opening to the

JANUARY 6, 2012+VOLUME 287 +NUMBER 2

CD1d-binding groove, because both TCR and antibody bind
directly above the groove, and we expected similar binding of
the L363 antibody based on the crystal structure. Although the
pattern of responses by iNKT cells (reflecting TCR avidity) and
the binding of TCR-like antibody L363 was mostly similar, anti-
body binding appeared slightly more susceptible to mutations
involved in the F’ roof formation of mCD1d (L84F, V149L, and
L150V). The L84F mutation reflects the human residue at that
position, and binding was reduced by 60% for the antibody,
whereas responses of the iNKT hybridomas were reduced by
only ~25-30%. In addition, the G155W mutation, which is also
a mutation to the equivalent human amino acid, abrogated
antibody binding, as expected by the failure of the antibody to
bind to human CD1d-KRN7000 complexes (36), while having
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FIGURE 6.L363 Fab binds similarly to mCD1d and CD1d mutants loaded with KRN7000 compared with NKT hybridoma cells. A coated plate ELISA assay
was used to measure L363 binding, and an APC-free NKT cell stimulation assay was used to assess TCR recognition based on IL-2 secretion. Similar patterns of
recognition were observed of various CD1d mutants by both L363 Fab and iNKT cells hybridomas expressing TCRs containing V38.2 (2C12 and 1.2) or V310
(1.4). With the exception of the G155W mutation of mCD1d that blocks the binding of L363 Fab, the observed binding pattern correlates with the shared
footprint illustrated in Fig. 3. The data represent the means = range of two independent experiments.

little effect on TCR-mediated responses, which was consistent
with the previously documented cross-species reactivity of
iNKT cells (43). As such, the antibody is specific for the mouse
CD1d protein-glycolipid complex against which it was raised,
whereas the TCR is more promiscuous in that it can also bind to
human CD1d molecules presenting iNKT cell antigens.

DISCUSSION

Antibodies with TCR-like binding properties exist for all
MHC molecules that present antigens to T cells, including
MHC class I (44—-47), MHC class II (48), as well as CD1d (36,
49), and are widely used to study or modulate T cell function by
specifically blocking antigen-mediated TCR activation. High
affinity antibodies that exhibit superior binding affinity are
especially useful to block T cell activation and as such have
therapeutic potential in various T cell-mediated diseases (46).

In this study, we have determined the crystal structure of the
Fab L363 bound to the complex of mouse CD1d presenting the
KRN7000 glycolipid analog C20:2. The L363 Fab binds to
mCD1d in a parallel orientation and centered above the F’
pocket, similar to the TCR of iNKT cells (8, 13, 25, 37). The
TCR-like binding properties are also reflected in a similar rec-
ognition of C20:2-aGalCer, where most of the specific polar
interactions with the presented galactose epitope and the lipid
backbone are conserved. The conserved antigen recognition
explains the exquisite specificity of L363 for KRN7000 and its
structural analogs, whereas microbial iNKT cell antigens that
are presented differently than KRN7000 by mCD1d are not rec-
ognized. It thus appears that L363, in contrast to the TCR, does
not have ability to reorient the glycolipid headgroup of iNKT
cell antigen to allow for CD1d binding if they are not presented
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nearly identical to KRN7000. The antibody therefore binds
with a lock and key mechanism, which is also reflected in the
higher protein shape complementarity (shape complementar-
ity = 0.76, whereas 1 is a perfect fit of two protein surfaces and
0 is no fit), as well as in the higher Fab association rate, com-
pared with the TCR, which still associates very rapidly, yet
7-fold slower. Because the equilibrium binding affinity of L363
and TCR toward CD1d-aGalCer are nearly identical (K, =
~10 nm), the antibody also dissociates ~7-fold faster from
CD1d compared with the TCR (20). This is in agreement with
the formation of only three of four polar contacts with
C20:2-aGalCer, and possibly less stable interaction with CD1d,
to which the Fab binds overall with a similar yet not identical
footprint onto CD1d. However, the antibody likely retained the
ability to induce the F’ roof formation in CD1d, indicated by its
ability to bind to the ligand GalA-GSL, which does not have a
preformed F’ roof when bound to CD1d (25, 35). In compari-
son, the F’ roof of CD1d is always formed upon TCR binding
and believed to be a key component in determining the stability
of the ternary complexes (39). In analogy, we postulate that the
F’ roof is also formed upon binding of the TCR like antibody
L363. The most notable difference between L363 and the TCR
lies in the recognition logic of the CD1d-KRN7000 or
CD1d-C20:2-aGalCer complex. Although the invariant TCR
a-chain both makes crucial contacts with KRN7000 and the
F’ roof of CD1d, the equivalent L chain of the antibody pre-
dominantly determines specificity for the antigen, whereas
the H chain interacts with the F’ roof of CD1d, especially
with the residue Trp-104, which mimics the TCR CDR3«
residue Leu-99. In conclusion, the structural, biochemical,
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and biophysical data presented here reveal the TCR-like
properties and specificity of L363 in recognition of mCD1d
bound KRN7000, as well as closely related Ags, and reveal
the structural basis as well as the limits of L363 to be used as
a tool to study glycolipid antigen presentation and iNKT cell
function.
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