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Invariant natural killer T cells recognize glycolipids
from pathogenic Gram-positive bacteria

Yuki Kinjo!->13, Petr Illarionov*!?, José Luis Velal-!3, Bo Peil, Enrico Girardi%, Xiangming Li’,

Yali Li%, Masakazu Imamura®, Yukihiro Kaneko?, Akiko Okawara?, Yoshitsugu Miyazaki?,

Anaximandro Gémez-Velasco’, Paul Rogers®, Samira Dahesh®, Satoshi Uchiyama®, Archana Khurana!,
Kazuyoshi Kawahara!?, Hasan Yesilkaya!l, Peter W Andrew!!, Chi-Huey Wong®, Kazuyoshi Kawakami'?,
Victor Nizet®, Gurdyal S Besra3, Moriya Tsuji®, Dirk M Zajonc* & Mitchell Kronenberg!

Natural killer T cells (NKT cells) recognize glycolipid antigens presented by CD1d. These cells express an evolutionarily
conserved, invariant T cell antigen receptor (TCR), but the forces that drive TCR conservation have remained uncertain. Here

we show that NKT cells recognized diacylglycerol-containing glycolipids from Streptococcus pneumoniae, the leading cause of
community-acquired pneumonia, and group B Streptococcus, which causes neonatal sepsis and meningitis. Furthermore, CD1d-
dependent responses by NKT cells were required for activation and host protection. The glycolipid response was dependent on
vaccenic acid, which is present in low concentrations in mammalian cells. Our results show how microbial lipids position the
sugar for recognition by the invariant TCR and, most notably, extend the range of microbes recognized by this conserved TCR to

several clinically important bacteria.

Natural killer T cells (NKT cells) fascinate immunologists because
they have several unique features!=>. For example, NKT cells are
responsive to glycolipids presented by CD1d, a nonpolymorphic
major histocompatibility complex class I-like antigen-presenting
molecule, in contrast to conventional T cells, which recognize pep-
tide antigens. Furthermore, instead of the diverse antigen receptors
expressed by most T cell populations, most NKT cells express an
invariant T cell antigen receptor (TCR) ¢-chain formed by oi-chain
variable region 14-0i-chain joining region 18 (V ,14-],18) rearrange-
ment in mice and V24-J 18 rearrangement in humans. Therefore,
mouse NKT cells that express an invariant V,14 TCR are called V ,14i
NKT cells’ and their human counterparts are called V;24i NKT cells’
and this population is collectively called INKT cells. Additionally,
rodent and primate iNKT cells recognize the same antigens, and there
is interspecies cross-reactivity®. This unusual degree of conservation
of antigen recognition suggests that this specificity has a particularly
important function.

Many reports have shown that iNKT cells participate in the
response to microbial pathogens™>>7, In some such cases, iNKT
cells were probably responding not to a microbial glycolipid but
instead were probably activated by inflammatory cytokines acting

alone® and/or with self antigens presented by CD1d%7*, In con-
trast, two types of bacteria, Sphingomonas species'®!! and Borrelia
burgdorferi'?, have been shown to have glycolipid antigens for the
iNKT cell TCR. Helicobacter pylori is also reported to have such
antigens!, although we have not confirmed reactivity with syn-
thetic or purified material (J.L.V,, A.K. and M.K,, data not shown).
Despite that discrepancy, none of these microbes cause lethal dis-
eases and therefore it is unlikely that they are major drivers for the
conservation of the iINKT cell TCR specificity throughout much of
mammalian evolution.

Because of the conservation noted above, we reasoned that the
iNKT cell TCR would recognize antigens of certain highly patho-
genic bacteria. Worldwide, the most lethal bacterial pathogen is

Streptococcus prneumoniae, an agent of pneumonia, bloodstream

infection and meningitis in children and the elderly, now estimated
to cause 11% of all deaths in children from 1 month to 5 years of age!*.
Notably, V,14i NKT cell-deficient J,18-deficient mice challenged
with S. pneumoniae have considerable impairment in bacterial clear-
ance from the lung and much lower survival’®, The mechanism is
related in part to interferon-y (IFN-y) derived from V ,14i NKT cells,
which facilitates bacterial clearance by stimulating tumor necrosis
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16 h earlier with synthetic glycosphingolipid antigen from Sphingomonas

bacteria (GSL) or injected with a-GalCer (a-GC). (f) Bacterial burden in fungs of mice treated with anti-CD1d or isatype-matched control antibody
(immunoglobulin G), assessed 3 d after infection with S. pneumoniae. Each symbol represents an individual mouse. CFU, colony-forming units.
*P < 0.05 (Mann-Whitney test). Data are representative of at least two experiments with similar results (a-d; mean and s.d. in d) or two independent
experiments (e; mean and s.d. of triplicate wells) or are from two independent experiments (f).

factor and production of the chemokine CXCL2 (MIP-2), leading to
enhanced recruitment of neutrophils to the lung!®,

Here we demonstrate CD1d-dependent activation of V,14i NKT
cells in vivo after infection with S. pneumoniae, which indicates anti-
gen-dependent activation of these cells. Furthermore, we identify
the unique structures of glycolipids from S. pneumonige and another
Gram-positive pathogen, group B Streptococcus, which were recog-
nized by the iNKT cell TCR. Our data demonstrate a requirement in
these glycolipid antigens for a fatty acid that is infrequent in mam-
malian cells. Additionally, we determine the unique binding mode
of these antigens to mouse CD1d by solving the crystal structure
of the antigen-CD1d complex. We propose that the iNKT cell TCR
is a particularly useful and conserved specificity in part because it
recognizes glycolipids from important pathogens that cause invasive,
rapid and potentially lethal infections.

RESULTS

V,14i NKT cells produce IFN-y after infection

The protective effect of V,14i NKT cells after infection with
S. pneumoniae is dependent on the ability of mononuclear cells to
produce IFN-v!6, but several cell types can produce IFN-y, and its
production by activated V ,14i NKT cells has not been demonstrated
directly. We therefore determined if V,14i NKT cells synthesize
cytokines after intratracheal infection of mice with S. pneumoniae.
At 13 h after infection with S. pneumoniae, we stained lung mononu-
clear cells with CD1d tetramers loaded with «-galactosylceramide
(0t-GalCer), which specifically detect iNKT cells, then analyzed
the stained cells for intracellular cytokines immediately after isola-
tion, without restimulation or treatment with brefeldin A. A sub-
stantial frequency of V141 NKT cells in the lungs had intracellular
IFN-y or interleukin 17 (IL-17) at 13 h after infection (Fig. 1a and
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Supplementary Fig. 1a). We also detected intracellular IFN-y in
V14i NKT cells in the spleen at 6 h after intravenous infection with
S. pneumoniae (Fig. 1b and Supplementary Fig. 1b), although under
these circumstances intracellular IL-17 was not detectable (data not
shown). Similarly, we also detected intracellular IFN-yin V,14i NKT
cells in the liver after systemic infection (data not shown).

V14i NKT cells can be activated by cytokines, particularly IL-12,
even in the absence of antigen presentation by CD1d and engagement
of the TCR®%17, Therefore, we sought evidence that a TCR-dependent
response was contributing to the activation of the V,14i NKT cells after
infection. To achieve this, we injected a blocking antibody to CD1d
(anti-CD1d) into infected mice. The frequency of IFN-y* tetramer-
positive cells was much lower after blockade of CD1d (Fig. 1¢,d and
Supplementary Fig. 1c), which indicated involvement of TCR recogni-
tion in the activation of the V;14i NKT cells in vivo in the early phases
of S. pneumoniae infection. To confirm the idea that an antigen that
engages the V,,14i NKT cell TCR is formed after infection, we puri-
fied CD11c* cells from spleen of S. pneumoniae-infected mice. We
then analyzed these antigen-presenting cells (APCs) for their ability to
activate V,,14i NKT cell hybridomas for IL-2 release, a response that is
dependent only on TCR engagement. Although V14 NKT cell hybrid-
omas were not responsive to IL-12 or lipopolysaccharide (data not
shown), we found that APCs stimulated the release of IL-2 from V,14i
NKT cell hybridomas and that they were as effective as APCs preloaded
with synthetic glycosphingolipid (GSL) antigen from Sphingomonas
bacteria (Fig. 1e). To determine if CD1d-dependent activation of V, 14i
NKT cells also has a role in clearance of bacteria, we treated mice with
monoclonal antibody (mAb) to CD1d or isotype-matched control
antibody and infected the mice intratracheally with S. pneumoniae,
then counted bacteria in the lungs at 3 d after infection. Injection of
mADb to CD1d resulted in significantly more bacterial colonies (Fig. 1£).
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In sum, these data suggest that infection of DCs with S. pneumoniae
in vivo leads to the generation of an antigen that can stimulate the TCR
of V,,14i NKT cells and that antigen recognition is important in the
clearance of S. pneumoniae.

V,14i NKT cell hybridomas respond to bacterial sonicates
Because iNKT cells can be activated by either self or foreign anti-
gens?, we determined if S. prneumoniae contain compounds that
can stimulate the iNKT cell TCR. We prepared sonicates from a
S. pneumoniae clinical isolate whose clearance is impaired in V14i
NKT cell-deficient mice!. We incubated those bacterial sonicates
in microwell plates coated with soluble mouse CD1d molecules. We
observed dose-dependent IL-2 responses to the S. pneumoniae soni-
cates with two V,14i NKT cell hybridomas with different V;38.2 rear-
rangements (Fig. 2a and Supplementary Fig. 2a) and found that the
response was inhibited by mAb to CD1d (Supplementary Fig. 2b).
A CD1d-reactive hybridoma that does not bear the V14 TCR and
does not recognize o-GalCer!8 did not respond to either bacterial
sonicate (Supplementary Fig. 2c).

We compared those S. pneumoniae sonicates with ones prepared
from several other bacteria, including important Gram-positive
pathogens such as group A Streptococcus, which is estimated to cause
over 500 million cases of pharyngitis and 600,000 invasive infections
annually worldwide!®, and group B Streptococcus, the leading cause
of life-threatening bacterial infections such as sepsis and meningitis
in newborn humans??. When tested in the CD1d-coated-plate assay,
sonicates of group A Streptococcus and group B Streptococcus also
reproducibly induced the release of IL-2 from V ,14i NKT cell hybrid-
omas. The Gram-negative bacteria Escherichia coli and Salmonella
typhimurium are widely believed not to have glycolipid antigens for
iNKT cells'"»'7, and they produced much weaker responses, although
in some assays E. coli sonicates produced completely negative results
(Fig. 2a and data not shown). On the basis of these results, we cannot
exclude the possibility that there is a weak antigen in S. typhimurium
and perhaps in E. coli as well, but these sonicates did have less stimu-
latory activity.

Structure of microbial glycolipids

We prepared crude lipid extracts from a panel of Gram-positive strains
of clinical origin, including S. pneumoniae strains of serotypes 3, 12
and 17, a group B Streptococcus serotype IA strain, and a strain of the

968

Figure 2 Structure of S. pneumoniae glycolipids. (a) Enzyme-linked
immunosorbent assay of I1L-2 in supernatants of V,14/ NKT cell hybridoma
1.2 assessed in an APC-free assay of PBS alone, E. coli (E-coli),

S. typhimurium (Salm), group A Streptococcus (GAS), group B
Streptococcus (GBS), S. pneumoniae (SPN) or a-GalCer (0-GC; 5 ng/well).
The sonicate volumes 0.01, 0.1 and 1 (key) are equivalent to 1 x 108,

1x 107 and 1 x 108 bacteria per well, respectively. (b) Structure of S.
pneumoniae glycolipids SPN-Glc-DAG (left) and SPN-Gal-Glc-DAG (right).
(¢) Electrospray-ionization mass spectrometry analysis of SPN-Glc-DAG (left)
and SPN-Gal-Glc-DAG (right); fatty acid composition is in parentheses. m/z,
mass/charge. Data are representative of two experiments (a; mean and
s.e.m. of triplicate wells) or three experiments (c).

Gram-positive zoonotic pathogen Streptococcus suis. We fractioned
lipids from these bacteria as described?! and analyzed them by electro-
spray mass spectrometry, one- and two-dimensional nuclear magnetic
resonance and gas chromatography-mass spectrometry (additional
analysis details, Supplementary Figs. 3-7). We detected two main
fractions of S. pneumoniae glycolipids. One had a single glucose sugar
o.-linked to diacylglycerol (DAG; 1,2-di-O-acyl-(ai-glucopyranosyl)-
(1—3)-glycerol) (called ‘SPN-Glc-DAG’ here; Fig. 2b). The second
fraction was identical except it had a disaccharide moiety attached
to the DAG, with galactose (Gal) ct1 -2 linked to the glucose sugar,
resulting in (¢i-galactopyranosyl)-(1—2)-(a-glucopyranosyl)-(1—3)-
glycerol) (called ‘SPN-Gal-Gle-DAG’ here; Fig. 2b). Analysis of SPN-
Glc-DAG by electrospray mass spectrometry identified two main
fatty acids: hexadecanoic acid (Cy¢,) and octadecenoic acid (Cyq.;
Fig. 2¢). We confirmed that composition by gas chromatography-
mass spectrometry analysis of fatty acid methyl esters (data not
shown). We found the same fatty acids in disaccharide-containing
SPN-Gal-Glc-DAG, but this glycolipid also had a substantial amount
of tetradecanoic acid (C,4). Notably, we identified the structure
of the octadecenoic acid as cis-vaccenic (octadecen-11-oic acid or
C,5.1(n-7)), which has an unsaturated bond between the carbons at
positions 11 and 12 (Supplementary Fig. 5a). Oleic acid, the more
common Cg fatty acid in mammalian cells??, also present in the
Borrelia DAG antigen, has a cis unsaturated bond between the carbons
at positions 9 and 10 (Cyg,,(n-9)). The group B Streptococcus DAG
glycolipids did not differ from those obtained from S. pneumoniae,
including the presence of vaccenic acid. One of the main glycolipids
purified had an o-linked glucose monosaccharide (called ‘GBS-Gle-
DAG here). As in S. pneumoniae, the other main chemical species
had a disaccharide, but with two glucose sugars (Glc ot1—2 Glc); we
call this compound (o.-glucopyranosyl)-(1—2)-(o.-glucopyranosyl)-
(1—-3)-glycerol) (called ‘GBS-Glc-Gle-DAG’ here). Finally, the DAG
glycolipid from S. suis had a monosaccharide with o-linked mannose.
It is noteworthy that glucosylated DAG glycolipids are not found only
in pathogens. We also analyzed the glycolipid content of a Gram-posi-
tive commensal organism, Lactobacillus casei, which had similar DAG
glycolipids with o-linked glucose (data not shown).

Microbial glycolipids stimulate V14 NKT cell hybridomas

To determine if the purified glycolipids were able to stimulate iNKT
cells, we cultured V,14i NKT cell hybridomas with A20 mouse
B lymphoma cells transfected to express CD1d. CD1d* cells incubated
with SPN-Glc-DAG or SPN-Gal-Glc-DAG induced CD1d-dependent
release of IL-2 from the hybridomas (Fig. 3a and Supplementary
Fig. 8a). To confirm that the purified S. pneumoniae glycolipids stim-
ulated the invariant TCR of V,14i NKT cells, we also tested them in
the CD1d-coated-plate assay. S. pneumoniae glycolipids stimulated the
release of IL-2 from all four V,14i NKT cell hybridomas tested when
added to CD1d-coated plates (Fig. 3b, Supplementary Fig. 8b and data
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Figure 3 Microbial glycolipids stimulate V,14/ NKT cells in vitro.

(a) Release of IL-2 from cells of the V,14/ NKT cell hybridoma 1.2 cultured
with A20 cells (A20) or A20 cells transfected to express mouse CD1d
(A20-CD1d), pulsed for 20 h with buffer containing Tween 20 (vehicle),
Sphingomonas GalA-GSL, SPN-Glc-DAG or SPN-Gal-Glc-DAG at various
concentrations (horizontal axis; in ug/ml). (b) Release of [L-2 from

cells of V,14i NKT cell hybridoma 1.2 cultured for 20 h in mouse
CD1d-coated wells with SPN-Glc-DAG, SPN-Gal-Glc-DAG or BbGL-lic

at various concentrations (key). (c) Release of IL-2 from cells of the
non-V,14-expressing but CD1d-reactive hybridoma 19 in wells coated with
CD1d, cultured with Tween 20 (vehicle) alone, SPN-Glc-DAG, SPN-Gal-
Glc-DAG or BbGL-llc (2,000 ngfwell) or self antigen presented by A20
cells transfected to express mouse CD1d. ND, not detected. (d) Release of
IL-2 from cells of the V 14/ NKT hybridoma 1.2 cultured with A20 cells,
transfected to express mouse CD1d and pulsed with buffer containing
Tween 20 (vehicle), Sphingomonas GalA-GSL, SPN-Glc-DAG (Glc), SPN-
Gal-Glc-DAG (Gal-Glc), GBS-Gic-DAG (Gic) or GBS-Glc-Glc-DAG (Gle-Glc)
at various concentrations (key). Data are representative of at least three
(a,b,d) or two {c) experiments {mean and s.e.m. of triplicate wells).

not shown). In the coated-plate assay, the disaccharide-containing
SPN-Gal-Glc-DAG stimulated weaker responses (Fig. 3b). On the
basis of published work?3, we predicted these compounds might
require lysosomal processing to generate a stimulatory monosac-
charide antigen. The diminished responses to SPN-Gal-Glc-DAG
were consistent with our prediction, and the residual response could
have been due to contaminating monosaccharide. In agreement
with the results obtained with the whole bacterial sonicates, none
of these purified glycolipids stimulated two CD1d-reactive but non-
V,14i NKT cell hybridomas (Fig. 3c and data not shown), which
demonstrated specific activation of T cells expressing the invariant
TCR. Furthermore, GBS-Glc-DAG, GBS-Glc-Gle-DAG and the com-
mensal-derived Glc-DAG of L. casei also stimulated V,14i NKT cell
hybridomas when cultured with CD1d* A20 cells pulsed with these
compounds (Fig. 3d and Supplementary Fig. 9a,b).

It has been shown that GSL antigens containing o-linked glucose
and galactose are antigenic, whereas those containing o-linked man-
nose are not?*, The DAG lipid from S. suis containing o.-linked man-
nose was not antigenic (Supplementary Fig. 9¢). These data on DAG
antigens suggest that the recognition of a-linked sugars in the DAG
bacterial antigens is similar to the well-characterized recognition of
the a-linked carbohydrates in GSLs. Consistent with that, elucidation
of the trimolecular structures of the invariant TCR bound to com-
plexes of mouse CD1d with a Sphingomonas GSL or a Borrelia DAG
antigen indicates a similar binding mode for the TCR?>,

Glycolipids stimulate V,14i NKT cells in vivo

We determined if purified S. pneumoniae glycolipids were able to
stimulate V ,14i NKT cells in vivo. We pulsed bone marrow-derived
dendritic cells (DCs) with SPN-Glc-DAG, the disaccharide SPN-Gal-
Glc-DAG or a synthetic version of the natural Sphingomonas galac-
turonic acid-containing GSL (GalA-GSL)!° and transferred the cells
into C57BL/6 mice; 14 h later, we analyzed activation of V,14i NKT
cells in liver and spleen. As a positive control, we transferred DCs
pulsed with ai-GalCer, the highly potent synthetic GSL antigen similar
to the Sphingomonas antigens'®1!. We analyzed cells that stained with
0.-GalCer-loaded CD1d tetramers for their expression of activation
markers by flow cytometry. The expression of CD25 and CD69 on
CD1d tetramer-positive cells was higher in mice treated with DCs
pulsed with SPN-Glc-DAG than in mice treated with vehicle-pulsed
DCs (Fig. 4a and Supplementary Fig. 10a). SPN-Gal-Glc-DAG also
induced higher expression of CD25 and CD69, although to a lesser
extent (Fig. 4a and Supplementary Fig. 10a). SPN-Glc-DAG induced
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intracellular expression of IFN-yby most V,14i NKT cells when they
were analyzed immediately after isolation, equivalent to that induced
by a-GalCer (Fig. 4b), which indicated that most V14i NKT cells
responded to this antigen. We note that to obtain an optimal response,
we incubated the DCs with more SPN-Glc-DAG than o.-GalCer. We
also observed intracellular IL-4 and tumor necrosis factor in activated
liver V,14i NKT cells, albeit on a smaller percentage of cells, but
we did not detect IL-17 (Supplementary Fig. 10b,c). We observed
lower cytokine responses in response to the disaccharide compound
(Fig. 4b), in agreement with the lower induction of expression of
activation markers. Purified glycolipid from group B Streptococcus
induced a similar response in vivo (Fig. 4c and Supplementary
Fig. 11), reflective of its essentially identical structure.

Activation of iINKT cells can be achieved in the absence of foreign
glycolipid antigens by endogenous antigen(s) presented by CD1d and/
or by inflammatory cytokines, such as IL-12, which are produced by
APCs stimulated with Toll-like receptor (TLR) ligands®17. At a rela-
tively early time (4 h after the transfer of SPN-Glc-DAG-pulsed DCs
into mice), many of the cytokine-producing V ,14i NKT cells were posi-
tive for both intracellular IFN-yand IL-4 (Supplementary Fig. 12a,b)
when analyzed immediately after isolation. This is consistent with
TCR-mediated activation of these cells because IL-4 production has
not been observed in V14i NKT cells stimulated only indirectly by
inflammatory cytokines such as IL-12 (refs. 8,17). To confirm that TLR-
mediated activation of APCs is not required for the activation of V14
NKT cells induced by S. pneumoniae glycolipids, we pulsed DCs from
TLR signaling-defective (Myd88~/~Trif 1P2/IP$2) mice with SPN-Glc-
DAG or SPN-Gal-Glc-DAG and transferred the DCs into Myd88~/~
mice or wild-type mice, then stained V141 NKT cells for intracellular
cytokines. DCs from Myd88~/~ Trif 'Ps2/ILPsZ mice were able to stimulate
equal production of IFN-yand IL-4 by V14 NKT cells from recipient
Myd88~~ mice or wild-type mice (Fig. 4d and Supplementary Fig. 13),
Furthermore, the magnitude of the response to TLR signaling-defective
DCs was similar to the response obtained when both donor DCs and
recipient mice were wild-type. Consistent with that, IL-12-deficient
DCs that had been pulsed with SPN-Glc-DAG also were still able to
induce cytokines from V14 NKT cells when transferred into IL-12-
deficient mice (Fig. 4e and Supplementary Fig. 14a,b). Therefore, the
in vivo activation of V;14i NKT cells by the purified glycolipids was
due to TCR-dependent activation by microbial glycolipid antigens and
did not require activation of the innate immune response and IL-12.
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Figure 4 In vivo stimulation of V,14/ NKT cells by purified glycolipids. (a,b)

Expression of CD25 (a) and intracellular IFN-y and IL-4 (b) by tetramer-

positive V147 NKT cells (liver mononuclear cells) obtained from mice 14 h after transfer of DCs pulsed with o-GalCer (0.1 ug/ml), Sphingomonas
GalA-GSL (10 pg/ml), SPN-Glc-DAG (20 pg/ml), SPN-Gal-Glc-DAG (20 pg/ml) or vehicle alone. (c) Expression of intracellular IFN-y and IL-4 by tetramer-
positive liver mononuclear cells obtained from mice 14 h after transfer of DCs pulsed with vehicle, SPN-Glc-DAG, GBS-Glc-DAG or GBS-Glc-Glc-DAG

(20 pg/ml). (d) Intracellular expression of IFN-y and [L-4 by liver mononuclear cells (positive for CD1d tetramer loaded with a-GalCer) obtained from
wild-type or Myd88" mice 14 h after transfer of Myd88-/-Trif-ps2/Lps2 DCs pulsed with vehicle, SPN-Gal-Glc-DAG (20 ug/ml), SPN-Glc-DAG (20 pg/ml)
or a-GalCer (0.1 pg/mi). (e) Expression of intracellufar IFN-y and IL-4 by tetramer-positive liver mononuclear cells obtained from IL-12p35-deficient
mice 4 h after transfer of wild-type or IL-12p35-deficient (IL-12-KO) DCs pulsed with vehicle, SPN-Glc-DAG (20 pg/ml) or a-GalCer (0.1 pg/ml). NT, not
tested. Data are representative of at least two independent experiments with similar results (n = 3 mice per group, except n= 2 mice for a-GalCer in d).

Although activation of V,14i NKT cells by glycolipid-pulsed APCs
did not depend on IL-12, activation after S. pneumoniae infection did.
In agreement with published work®, the induction of CD69 expression
on V,14i NKT cells was the same in wild-type and IL-12-deficient
mice after infection with S. pneumoniae; however, IFN-y production by
V ,14i NKT cells was much lower in mice deficient in the p35 subunit
of IL-12 (Supplementary Fig. 15).

Stimulation of /INKT cells by synthetic Glc-DAG antigens

We tested synthetic compounds to verify the identity of the purified
material that activated iNKT cells. We synthesized versions of SPN-Glc-
DAG containing vaccenic acid in the sn-1 position (Glc-DAG-s1) or the
sn-2 position (Gle-DAG-s2), which reflects the structure of the natural
antigen, or in both positions (Glc-DAG-s3), with hexadecanoic acid
in the remaining position for Glc-DAG-s1 and Glc-DAG-s2 (Table 1).
To further assess the importance of vaccenic acid, we also tested two
compounds with a Cy g, oleic acid. In the hybridoma-stimulation assay
with APCs transfected to express CD1d, the synthetic version of the
naturally occurring antigen, Glc-DAG-s2, was the only compound
that induced considerable release of IL-2 (Supplementary Fig. 16a).
Compounds with vaccenic acid in the sn-1 position or linked to both
the sn-1 and su-2 glycerol positions were ineffective, as were com-
pounds with oleic acid. To test the response of V,14i NKT cells in vivo,
we loaded bone marrow DCs with each of the synthetic compounds
and injected them into mice, then analyzed cells from the recipient
mice immediately after isolation, as with the purified material. In this
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in vivo stimulation assay, we observed a degree of selectivity similar to
of the hybridoma assay noted above (Supplementary Fig. 16a). Only
Glc-DAG-s2 induced surface upregulation of the activation markers
CD25 (Fig. 5a) and CD69 (Supplementary Fig. 16b) and intracellular
cytokines (Fig. 5b and Supplementary Fig. 16¢).

In agreement with the results indicating that the purified glycolipid
did not activate the innate immune system, synthetic Glc-DAG-s2
did not stimulate bone marrow-derived dendritic cells to increase
their surface expression of CD1d and costimulatory molecules,
including CD40 and CD80, whereas lipopolysaccharide induced the
upregulation of these molecules (Supplementary Fig. 17a). Also,
APCs pulsed with Glc-DAG-s2 did not increase the autoreactivity
of a CD1d-reactive hybridoma that does not express the invariant
TCR (Supplementary Fig. 17b). Furthermore, as with the purified
compounds, cytokine release was not dependent on secretion of
IL-12, which confirmed the requirement for TCR-dependent activa-
tion (data not shown). Lipopolysaccharide did cause slightly more
reactivity of the hybridoma lacking the invariant TCR (Supplementary
Fig. 17b), although it did not do so for a V,14i NKT cell hybridoma.
We attribute this result to augmented CD1d expression, although
more synthesis of the self antigen for this cell is also possible.

Mouse and human iNKT cells tend to recognize the same glycolip-
ids presented by CD1d%%67, although differences in the requirement
for particular fatty acids in the B. burgdorferi DAG antigens have
been reported!®26. We therefore tested several human V,24i NKT cell
lines, which had been expanded with oi-GalCer and IL-2, for reactivity
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Table 1 Fatty acids in synthetic variants of Glc-DAG

Glycoplipid Ry (sn-1) Ry (sn-2)
Glc-DAG-s1 Ciaa(n-7) Ciao
Glc-DAG-s2 Cie0 Ciga(n-7)
Glc-DAG-s3 C18;1(H-7) 018:1(!’1-7)
Glc-DAG-s4 018:1(”'9) C15:0
Glc-DAG-s5 Ciso0 C1g.1(n-9)

to the purified and synthetic Glc-DAG glycolipids. V24 NKT cells
secreted IFN-y when cultured with the purified material and, like
mouse V14 NKT cells, they responded selectively to Glc-DAG-s2
(with vaccenic acid in the sn-2 position; Fig. 5¢). We obtained similar
results with four other V,24i NKT cell lines (data not shown) and for
the release of IL-4 (Supplementary Fig. 18).

The CD1d-binding mode of S. pneumoniae glycolipid
Although the o-glucosyl ceramide isomer of o-GalCer differs
from a-GalCer only by the orientation of the 4’ OH group of the
hexose sugar, it is a weaker antigen??, with approximately 10% of the
affinity for the TCR?7:28, Despite that, glucose-containing antigens
such as Glc-DAG-s2 were approximately as potent as the galactose-
containing B. burgdorferi DAG antigen BbGL-IIc, working slightly
better on CD1d-coated plates (Fig. 3 and Supplementary Fig. 8b)
but slightly more weakly with APCs (Supplementary Figs. 9b
and 16a). A compound containing an o-linked glucose sugar was not
antigenic, however, when linked to the same fatty acids as those in
the galactose-containing B. burgdorferi antigen, with Cg,, oleic acid
in the sn-1 position and C, palmitic acid in sn-2 (Glc-DAG-s4;
Fig. 5 and Supplementary Figs. 16 and 18). Furthermore, a galactose
containing DAG antigens with the same S. prneumoniae fatty acids
was a less potent stimulator of iNKT cells (data not shown). Our
data therefore indicate an intricate interaction between the lipid and
sugar, with stringent requirements for both in determining antigenic
potency, at least for the DAG-containing glycolipid antigens.

Given the requirements for a glucose sugar and an unusual fatty
acid, to understand the basis for the activity of Glc-DAG-s2, we deter-
mined the crystal structure of the complex of Glc-DAG-s2 with mouse
CD1d at a resolution of 1.7A (Fig. 6 and Supplementary Table 1). The
data showed that the uncommon vaccenic acid at the sn-2 position of
Glc-DAG-s2 was bound in the A’ pocket of mouse CD1d, encircling

the A” pole in a clockwise orientation. This was in contrast to most
other CD1d-glycolipid structures, which have a counterclockwise ori-
entation of a hydrophobic chain in the A’ pocket?®30. The sn-1 linked
palmitic acid was bound in the F’ pocket while leaving the sn-3 linked
o-anomeric glucose exposed for recognition by T cells (Fig. 6a,b).
The opposite binding orientation, with the sn-1 and sn-2 chains in
the A”and F pockets, respectively, was not supported by the electron
density in the region of the glycerol moiety and the polar head group
(Fig. 6a). However, we observed poor electron density at the end of
the sn-1 chain, most probably the result of the various conformations
the acyl chain can adopt in this portion of the F’ pocket, as described
for several other mouse CD1d ligands*®. The binding mode of Glc-
DAG-s2, probably influenced by the position of the cis-unsaturation
of the vaccenic acid, differed from the binding of the other known
bacterial DAG antigen, BbGL-IIc of B. burgdorferi, which has the
sn-2 fatty acid in the F’ pocket and the sn-1 Cyg, oleic acid wound in
a counterclockwise direction in the A’ pocket?®.

Notably, the position of the glucose head group in Glec-DAG-
s2 mouse CD1d complexes was different from the position of the
galactose in the complexes of o-GalCer with mouse CD1d (Fig. 6c),
although it did resemble the position of the galactose in BbGL-Ilc.
Key contacts between Asp153 and the 2’-OH and 3’-OH groups of
the galactose of a-GalCer were not conserved but, similar to the struc-
ture of other DAG antigens, instead the sugar of Glc-DAG-s2 was
slightly more upright in the binding groove and farther from Asp153
(Fig. 6¢), probably positioned in this way as a result of its different lipid
backbone. A 60° counterclockwise rotation of the glucose relative to
the position of ot-GalCer, when viewed from above the carbohydrate,
brought the 2 OH of the glucose in proximity to Arg79, where it formed
the only hydrogen-bond interaction directly with a mouse CD1d amino
acid. A further H,O-mediated hydrogen bond was formed between the
6’ OH of glucose and the backbone oxygen of the sn-2-linked fatty acid
with Thr159 of mouse CD1d. Overall, these few interactions between
the glucose and mouse CD1d gave rise to only a weak electron den-
sity for the glucose head group, which suggested a more flexible and
dynamic binding for Glc-DAG-s2. Furthermore, from the perspective
of the TCR, the glucose moiety was shifted away from Asp153 and
toward the o-helix amino acid Arg79, sitting more to the center of the
binding groove and similar to the structure of BbGL-IIc, in contrast
to the binding of o-GalCer to mouse CD1d, in which the galactose

was in more intimate contact with Asp153 of

a b the o2 helix (Fig. 6¢c-f). The position of the
oGO Glo-DAG-sT Glo-DAG-S2 hexose sugar should be more unfavorable for
__________ Gle-DAG-s5 4 | 0.3 {70 0.3 138
-DAG-s4
::fgig-gAg-; Figure 5 Stringent requirement for vaccenic
SloDACs2 acid in the stimulation of INKT cells.
o “ Veh ol W » o0 (a,b) Expression of CD25 (a) and intracellular
10° ot Tl "ot ot Glo-DAG.e3 Olo-DAGoE IFN-y and IL-4 (b) by tetramer-positive liver
cD25 > o7 53 T o5 mononuclear cells obtained from mice (n=3
per group) 14 h after transfer of DCs pulsed
C 125, 008  Glycolipid with a-GalCer (0.1 pg/ml), synthetic variants of
B40  (ug/mi) : Glc-DAG (Glc-DAG-s1 through Glc-DAG-s5
ﬂﬂ' E 08 12 (fatty acid composition, Table 1); 20 pg/ml)
£ GloDAG.S5 50 or vehicle. (c) Secretion of IFN-y by human
> 10* 159 5 =3 V241 NKT cell lines (n = 5) cultured for 24 h
= 10° with human Hela cells transfected to express
£ e CD1d, in the presence of vehicle alone, purified
- \ glycolipids (Glc-DAG and Gal-Glc-DAG),
E 10 o7 o5 synthetic glycolipids (Glc-DAG-s1 through
° ; y Glc-DAG-s5) or o-GalCer. Data are representative

IL-4

10
10° 10' 10%10°% 10*

> of two independent experiments with similar
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results (a,b) or two experiments (c; mean and
s.d. of triplicate wells).
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a GlcDAG-s2

Figure 6 Crystal structure of the mouse CD1d-Glc-DAG-s2
complex. (a) Conformation of Glc-DAG-s2 in the binding groove.
Side view with the 0.2 helix removed for clarity and the 2F, -
electron density for the ligand (1o) presented as a blue mesh.
Green indicates the unsaturation of vaccenic acid. (b) Top view
of CD1d with the Glc-DAG-s2 ligand in yellow (sugar removed for
clarity) and the corresponding 2F, — F, electron density in blue;
additional, unmodeled electron density (F, ~ F, map at 3¢ in
green) is visible at the bottom of the A’ pocket. (c¢,d) Hydrogen-
bond network between CD1d and the ligands Glc-DAG-s2 (yellow)
and o~GalCer (green; Protein Data Bank accession code, 1Z5L; ¢)
or Glc-DAG-s2 (yellow) and BbGL-Ilc (cyan; Protein Data Bank
accession code, 3ILQ; d). Dashed lines indicate potential
hydrogen baonds: blue, Glc-DAG-s2; green, a-GalCer; cyan,
BbGL-llc. (e,f) Top view onto the molecular surface of the CD1d

Gle-DAG-s2 Gle-DAG-s2

oQ

200
150

100 .

0 5101520
Mouse

CD1d (uM)

w
o
-

Mouse CD1d~Glc-DAG-s2
binding (RU})

T T T T T T T T T 1
4] 100 200 300 400
Time (s)

binding pocket, including its electrostatic potentials: yellow, Glc-DAG-s2 ligand; green, a—GaICer (e); cyan, BbGL-llc (f). (g) Binding response of mouse
CD1d~Glc-DAG-s2 to immobilized V,14V8.2 TCR, measured by surface plasmon resonance and presented as response units (RU). Inset, binding of
increasing concentrations (0.3125—20 uM) of the CD1d-DAG antigen complex.

the TCR for structures with a galactose sugar in «-linkage to the same
S. pneumoniae DAG lipid, in which case the 4° OH in the axial position
would be tilted even more from the optimal position.

Avid binding of TCRs to S. pneumoniae complexes with CD1d
Surface plasmon resonance binding studies with a refolded V14i
NKT cell TCR supported the idea that the glucose sugar for this class
of antigens gives rise to a relatively strong antigenic response similar
to that of the Borrelia antigens with galactose sugars. The equilibrium
dissociation constant for Glc-DAG-s2 was 4.4 + 0.4 uM (mean %
s.d.), which was slightly better than that of the galactose-containing
BbGL-IIc (6.2 pM)?S. Binding to the TCR was slower (association
rate constant, 1,380 = 60 M~!s™!1), and the dissociation was also much
slower (dissociation rate constant, 0.00605 % 0.0003 s~!) than the
binding and dissociation of BbGL-IIc (Fig. 6g). We conclude that
the unique hydrophobic chains of the S. pneumoniae antigens con-
tribute to the TCR epitope, despite being buried in the CD1d groove,
because the orientation of lipid binding to the two pockets of mouse
CD1d defines the position of the exposed sugar. Additionally, the
altered orientation of the sugar probably permits glucose-containing
antigens to be ‘preferred’ over galactose, unlike the use of either GSL
antigens with ceramide lipids or the B. burgdorferi DAG antigens
with C,g.; oleic acids.

DISCUSSION

Here we have shown that the TCR expressed by mouse and human
iNKT cells recognized unique glycolipid antigens from S. pneumoniae
and group B Streptococcus, which are among the most serious and
widespread bacterial pathogens. Notably, the iNKT cell response to
these glycolipids was conserved in humans. Published work has dem-
onstrated that V,14i NKT cells are important for host protection!?,
and we have now demonstrated that V,14i NKT cells produced IFN-y
and IL-17 rapidly in vivo in the lung after infection with S. pneumoniae.
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This in vivo cytokine synthesis was diminished by treatment with mAb
to CD1d, and APCs from infected mice activated V,14i NKT cell
hybridomas to produce IL-2, a response that required TCR engage-
ment. Together these results suggest that INKT cells produce cytokines
in vivo after infection with S. pneumoniae because of recognition ofan
antigen (or antigens) presented by CD1d. Additionally, in agreement
with the greater susceptibility of Jo18-deficient mice!® and CD1d-
deficient mice® to infection with S. pneumoniae, treatment with mAb
to CD1d resulted in a greater S. pneumoniae colony count in the lung.
Therefore, these data suggest that not only is cytokine production by
V,,14i NKT cells in vivo dependent on TCR engagement but the host-
protective effects of V,14i NKT cell activation are as well.

We cannot exclude the possibility, however, that some of the CD1d-
dependent in vivo activation of iNKT cells was due to self antigens
presented by CD1d. A published study has provided evidence sug-
gesting that the predominant response of V ,14i NKT cells to bacterial
infection, including infection with S. pneumoniae, is stimulated by
IL-12 from activated APCs, leading to the secretion of IFN-ybut not
of IL-4 by the V,,14i NKT cells’. Microbes known to have antigens
and those probably lacking an antigen produce similar responses.
This has led to the suggestion that antigen-independent or self anti-
gen—-dependent responses are probably dominant over responses
to foreign antigen. IL-12 also can act in synergy with responses to
relatively weak foreign antigens, and the TCR affinity for the DAG
antigens is in the low micromolar range, whereas for o-GalCer it is in
the low nanomolar range?®. We also found that the in vivo response
to S. pneumoniae was dominated by IFN-y, although we detected
IL-17 synthesis by lung V ,14i NKT cells, which probably reflected the
greater presence of V,14i NKT cells committed to IL-17 production
there3!. This is potentially important, given the reported role for IL-17
in the host response to S. pneumoniae32.

It should be possible to distinguish the relative contributions of self
and foreign antigens to the activation of V,14i NKT cells by removing
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the expression of either. However, the structures of the predominant
self antigens remain controversial, and some published results sug-
gest that they may be diverse33. On the microbial side, the results
of targeted mutagenesis of the S. pneumoniae gene encoding the
enzyme that links the glucose sugar to DAG suggest that inactiva-
tion of this gene is a lethal mutation. Similarly, group B Streptococcus
strains with mutated genes encoding molecules involved in the syn-
thesis of unsaturated fatty acids required supplementation with more
than one type of fatty acid for their growth, which also apparently
allowed the formation of antigens (J.L.V,, $.D., S.U. and V.N., data not
shown). Therefore, although we cannot unambiguously distinguish
the contributions of self and microbial antigens to the CD1d-mediated
activation of V14 iNKT cells in vivo, it is likely that the antigens
defined here, which had micromolar affinity for the invariant TCR
once bound to CD1d, do make a contribution to the production of
cytokines by V,14i NKT cells.

Published studies have identified glycosylated DAG antigens in
S. pneumoniae®?!, although the complete structures and their anti-
genic activity have not been determined®. The bacterial DAG lipid
antigens we have defined here had an unusual sun-2-linked fatty acid.
Because the aliphatic hydrocarbon chains were buried in the groove,
their structure might be expected to be largely irrelevant in deter-
mining antigenic potency. However, our data have demonstrated
that not only did the exposed sugar contribute to activation but also
the microbial lipid made a critical contribution. We found that the
position of a single unsaturated bond in vaccenic acid linked to the
sn-2 position of the glycerol was an important feature for defining
the potency of these glucose-containing antigens. Notably, vaccenic
acid is uncommon in mammalian cells?2. The carbohydrate portion,
linked to the sn-3 position of DAG, is also of interest. It is either a
glucose monosaccharide or a disaccharide with glucose linked to the
DAG moiety. It was unexpected that glucose was favored as the sugar
linked to DAG rather than galactose because this was not true in the
context of other glycolipid antigens. We propose that because of the
presence of vaccenic acid positioning the DAG antigen, SPN-Glc-
DAG-s2 is presented by mouse CD1d in a position more tilted up
away from CD1d and toward the TCR, so that the initial interaction
of the TCR with a galactose-containing antigen, which contains an
axial 4 OH, may be disfavored. This is consistent with the slower
TCR association we found for binding to Glc-DAG-s2 complexes
with CD1d. It is likely, however, that after binding the antigen-CD1d
complex, the TCR would flatten the orientation of the Glc-DAG-s2
sugar to maintain the conserved binding mode found for other anti-
gens?%2833 Regardless of the mechanism of antigen recognition, our
work has established that there are interactions among the lipid, sugar
and CD1d in forming an epitope, with stringent requirements for both
the lipid and sugar structures. These stringent requirements suggest
that a microbe could avoid activation of iNKT cells through subtle
changes in the biosynthesis of either glycolipid component.

The ability of the INKT cell TCR to recognize diverse antigens in a
conserved manner has been referred to as ‘pattern recognition4, The
original idea of pattern recognition referred to a microbe-associated
molecular pattern, which is a structural feature of fundamental impor-
tance to microbes that is not found in the responding mammalian
host3%, We propose that the invariant TCR expressed by iNKT cells rec-
ognizes a previously unknown type of microbe-associated molecular
pattern defined by a hexose sugar oi-linked to a lipid, usually one with
two hydrophobic tails, such as in ceramide or DAG. Furthermore, the
abundance of these antigens, and the likely requirement for microbial
viability, demonstrate their fundamental importance, similar to that
of other microbe-associated molecular patterns.

NATURE IMMUNOLOGY VOLUME 12 NUMBER 10 OCTOBER 2011

In summary, we have reported here that the invariant TCR expressed
by iINKT cells recognized glycolipids from clinically important patho-
gens with worldwide distributions that cause invasive diseases with high
lethality in the absence of antibiotic therapy. The specificity of these
responses was conserved in mice and humans, and in mice, the CD1d-
presented antigens were required for the activation of V,14i NKT cells
and host protection. Therefore, we propose that the invariant V,, TCR is
a particularly useful one and is evolutionarily conserved, in part because
of its ability to recognize a set of widely distributed glycolipids that are
an essential part of many microbes, including pathogens.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureimmunology/.

Accession codes. Protein Data Bank: mouse CD1d-Glc-DAG-s2
structure, 3T1FE.

Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS

Reagents. Granulocyte-macrophage colony-stimulating factor and oi-GalCer
were provided by Kyowa Hakko Kirin. Sphingomonas GalA-GSL and B. burgdorferi
BbGL-IIc were synthesized as described'23. Antibodies for staining included
anti-CD19 (1D3), anti-CD25 (3C7), anti-CD44 (IM7), anti-CD69 (H1.2F3)
and anti-TCRf (H57-597; all from BD Biosciences); anti-IFN-y (XMG1.2; BD
Biosciences and BioLegend); ratimmunoglobulin G1 x-chain isotype-matched
control antibody (R3-34 (BD Biosciences) and RTK2071 (BioLegend)); anti-
tumor necrosis factor (MP6-XT22; eBioscience); anti-IL-17a (TC11-18H10.1;
BioLegend); and anti-IL-4 (BVD4-1D11; Invitrogen).

Mice. C57BL/6 mice and IL-12p35-deficient mice on the C57BL/6 background
were from the Jackson Laboratory. Myd88~/~ mice?” and Myd88/~Trif Lps2/Lps2
mice?8 on the C57BL/6 background were gifts from S. Akira (Osaka University)
and Bruce Beutler (Scripps Research Institute), respectively. All mice were housed
under specific pathogen-free conditions and experiments were approved by the
Institutional Animal Care and Use Committee of the La Jolla Institute of Allergy &
Immunology and the National Institute of Infectious Diseases, Japan.

Bacterial strains. For preparation of sonicates for immune assays, bacterial
strains S. pneumoniae URF918 (clinical isolate, serotype 3)13, S. pneumoniae
D39, group B Streptococcus COH, group A Streptococcus M1, S. typhimurium
and E. coli MC-1061 were used. Bacterial sonicates were generated by the
addition of 70% ethanol, followed by washing of the bacteria three times with
PBS, then resuspension in PBS at a concentration equivalent to 1 x 10° colony-
forming units per ml before use. For preparation and analysis of glycolipids,
bacterial strains S. pneumoniae R6 (ref. 39), group B Streptococcus A909 (from
M. Antony), group B Streptococcus (701346; NCIMB), S. suis (702644; NCIMB),
two group B Streptococcus clinical strains belonging to signature types 12 and
17,and L. casei (393; American Type Culture Collection) were used. For gly-
colipid analysis, bacteria were grown at 37 °C in brain-heart-infusion broth
(Oxoid) or on agar (Oxoid) supplemented with 5% (vol/vol) defibrinated horse
blood. L. casei were grown for 16 h at 37 °C in MRS broth (Oxoid).

8. pneumoniae infection. S. pneumonige URF918 cultured in Todd-Hewitt broth
(BD) at 37 °C in an incubator at 5% CO, were collected at a mid-log phase and
then washed twice in PBS. For induction of pulmonary infection, mice were
anesthetized with isoflurane and restrained on a small board. Mice were inocu-
lated with S. pneumoniae (1 x 106 to 1 x 107 colony-forming units in a volume
of 50 pl per mouse) by insertion of a 24-gauge catheter into the trachea. For
induction of systemic infection, S. pneumoniae (1 x 107 colony-forming units)
were injected intravenously into mice. For blockade of CD1d, mice were treated
intraperitoneally with 200 p1g anti-CD1d (1B1; BD Biosciences and eBioscience)
or rat immunoglobulin G2b isotype-matched control antibody (EB149; 10H5;
eBioscience) 6-24 h before and just before infection. At 6 h (spleen) or 13 h
(lung), lung mononuclear cells or spleen cells were collected as reported!>40,
and CD19™ cells positive for the o-GalCer-loaded CD1d tetramer were analyzed
immediately after isolation for intracellular cytokines without restimulation or
pretreatment with brefeldin. For measurement of the lung bacterial burden, tis-
sues were collected at day 3 after infection and were homogenized in PBS by being
‘teased’ with a stainless steel mesh. Homogenates were inoculated in a volume of
100 pl on 5% (vol/vol) sheep blood Mueller-Hinton agar plates and cultured for
18 h, followed by colony counting. For isolation of CD11c* cells, spleens were
collected at 16-18 h after infection with S. pneumoniae or injection of GalA-GSL
(20 pg) or a-GalCer (1 pg), and CD11* cells were purified from spleen cells with
an EasySep Mouse CD11c Positive Selection Kit according to the company’s
instructions (StemCell Technologies). CD11c* cells (1 x 10°) were cultured for
16-18 h with CD1d-reactive hybridomas (5 x 10% cells), and IL-2 in supernatants
was measured by enzyme-linked immunosorbent assay (BD Bioscience).

Lipid extraction and purification from bacteria. For lipid purification, bac-
teria were grown to late exponential phase and were collected by centrifugation

doi:10.1038/ni.2096

at 1,800g for 15 min. Lipids were extracted from washed cells and purified as
described?!. Lipid extracts were assessed by thin-layer chromatography on alu-
minum-backed plates of silica gel 60 Fs4 (5554; Merck), with CHCl,;, CH;0H
and H,O (65:25:4 (vol/vol/vol)). Glycolipids were visualized by spraying of the
plates with o-naphthol-sulfuric acid, followed by gentle charring of plates.
Other types of lipids were visualized by spraying of the plates with 5% (vol/vol)
ethanolic molybdophosphoric acid followed by charring, or by spraying of the
plates with a Dittmer and Lester reagent specific for phospholipids. L. casei
lipids were fractionated on a column of DEAE-cellulose. The chloroform-
methanol fraction (2:1 (vol/vol)) was collected and concentrated.

Cell-free antigen-presentation assay. CD1d-reactive hybridomas have been
described!®!2. T cell hybridomas on CD1d-coated plates were stimulated
according to published protocols!®!%40, Bacterial sonicates or compounds
were incubated for 24 h in microwells coated with 1.0 pg mouse CD1d. After
being washed, 5 x 10% to 1 x 10° V,,14i NKT cell hybridoma cells or control
cells were cultured in the plates for 16~20 h, and IL-2 in the supernatant was
measured by enzyme-linked immunosorbent assay (BD Pharmingen).

In vivo responses to microbial glycolipids and flow cytometry. Activation-
marker expression and intracellular cytokine production by cells positive
for the o-GalCer-CD1d tetramer were analyzed according to published
protocolsi®. Mouse DCs were prepared by culture of bone marrow progeni-
tor cells for 7 d with mouse granulocyte-macrophage colony-stimulating
factor. Mouse DCs were incubated for 24 h with S. preumoniae glycolipids
(20 pg/ml), group B Streptococcus glycolipids (20 pg/ml), GalA-GSL
(10 ng/ml) or o-GalCer (0.1 pug/ml). After being washed with PBS, glycolipid-
pulsed DCs (5 x 10°) were injected intravenously into mice. Liver mononu-
clear cells positive for the oi-GalCer-CD1d tetramer were analyzed (without
further treatment) 4 h or 14 h later for activation markers and intracellular
cytokines. Cells were analyzed with a FACSCalibur or LSR II (BD Bioscience)
and FlowJo software.

V,24i NKT cell response. Human V24i NKT cell lines were generated
with modifications to a published protocol!®, V,24i* T cells were isolated
from LeukoPak cells with magnetic beads (Miltenyi Biotec) coupled to
mAb to V24 (6B11; eBioscience), and were cultured for 10 d with irradi-
ated autologous immature DCs (3,000 rads) in the presence of o-GalCer
(100 ng/ml) and human recombinant IL-2 (10 IU/ml; R&D Systems).
After a second stimulation with «-GalCer-pulsed irradiated autologous
immature DCs, cell lines were 95% V24, V247 NKT cells (3 x 10%) were
cultured with 3 x 10 irradiated HeLa cells (3 x 10% 10,000 rads) trans-
fected to express human CD1d, in the presence of glycolipids. IFN-y or IL-4
in supernatants was measured by enzyme-linked immunosorbent assay
(eBioscience) after 24 h.

Additional methods. Information on nuclear magnetic resonance analysis,
fatty acid analysis, double-bond localization, mass spectrometric analysis,
and mouse CD1d-Glc-DAG-s2 crystallization and structure determination
is available in the Supplementary Results, Supplementary Methods and
Supplementary References.
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Introduction

Invariant NKT cells (NKT) are an evolutionarily conserved
population of T lymphocytes able to respond to lipid antigens
when presented by CDIld, a non-classical MHC class I-like
molecule [1].

Antigen recognition by iNKT cells is mediated by a semi-
invariant af T cell receptor (TCR) formed by a conserved Val4-
Jo18 rearrangement (Vo24-Val8 in humans), and a limited panel
of pairing B chains (VB8.2, VB7, VB2 in mouse; VB11 in humans).
The number of antigens recognized by these cells has increased in
the last few years, following the discovery of a-galactosylceramide
(0-GalCer), the prototypical iNKT antigen [2]. Although the
nature of the predominant self-antigens recognized by iNKT cells
still remains controversial, important progress has been made in

@ PLoS Biology | www.plosbiology.org

describing the microbial antigens recognized by this cell type.
Glycosphingolipids from  Sphingomonas spp. and diacylglycerol
(DAG) ligands from Borelia burgdorferi, the causative agent of
Lyme disease, were identified to stimulate INKT cells in a CD1d/
TCR-dependent manner [3-7]. As Sphingomonas spp. and B.
burgdorferi are not responsible for widespread or lethal diseases, we
considered it possible that more pathogenic organisms also express
iNKT antigens, which would account for the highly conserved
nature of the CDId-INKT TCR interaction. Indeed, recent
studies identified the structures of DAG compounds from the
highly pathogenic Streptococcus pneumoniae (S. pneumoniae) and Group B
streptococcus (GBS), which were able to stimulate iNKT cells [8]. In
vitro and in vivo assays demonstrated surprisingly strict require-
ments for these antigens in activating iNKT cells. The most potent
S. pneumoniae antigen, Glc-DAG-s2, is characterized by having a sn-
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3 linked glucose, a sn-1 linked palmitic acid (C16:0), and most
importantly, the presence of cis-vaccenic acid (C18:1, n-7) in
position sn-2 of the glycerol moiety. This uncommon fatty acid was
required for significant activity, since the positional isomer with a
vaccenic acid in position sn-1 failed to elicit a strong activation, as
did the homologous compounds containing an oleic acid (C18:1,
n-9). Moreover, the same antigen showed the ability to stimulate
both mouse and human iNKT cells, unlike the previously
characterized DAG antigens from B. burgdorfer: [6]. Interestingly,
previous studies showed that glucose-containing glycolipids are
relatively weaker antigens compared to the one containing
galactose or galacturonic acid [2,3,9,10], while the glucose isomer
of the B. burgdorferi glycolipid 2¢ (BbGL-2c) is not antigenic at all
[6]. It is therefore surprising that the glucose-containing S§.
pneumoniae Glc-DAG-s2 is such a potent antigen in eliciting INKT
cell responses.

In order to determine the molecular basis for the stringent
structural requirements for recognition of the S. pneumoniae antigen
Glc-DAG-s2, and to further analyze the mechanism of the mouse
CD1d (mCD1d)-iINKT TCR complex formation, we determined
the structure of the mCD1d-Glc-DAG-s2-iINKT TCR complex by
X-ray crystallography and we analyzed the role of the F' roof in
the formation and stability of mCDI1d-INKT TCR complexes.
Our data show how the combination of cis-vaccenic acid and
glucose is required for the formation of novel protein-antigen
contacts, resulting in the relatively strong affinity of this ligand for
the iNKT TCR.

Results

mCD1d-Glc-DAG-s2-TCR Structure

Previous biophysical analysis of the kinetics of interaction of the
mCD1d-Gle-DAG-52 complex with the iNKT TCR revealed a
TCR interaction with a low micromolar affinity [8]. Overall, Gle-
DAG-s2 complexes with mouse CDI1d are characterized by a
comparable but slightly higher affinity for the iINKT TCR
compared to those containing the other known bacterial DAG
antigen BbGL-2¢ (Ap of 4.4 and 6.2 uM, respectively), consistent

“@B). PLoS Biology | www.plosbiology.org
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with the similar antigenic potencies of these compounds [8,11].
However, complexes containing Glc-DAG-s2 have significantly
different binding kinetics compared to those containing BbGL-2c,
with Glc-DAG-s2 showing considerably slower association and
dissociation rates. In order to investigate the molecular basis for
this different kinetic behavior and the role of the unique structural
features of this ligand in determining its antigenicity, we
determined the crystal structure of the mCD1d-Gle-DAG-s2-
iNKT TCR complex at 2.7 A resolution (Figure 1, Table 1).
The structure shows the conserved “‘parallel" docking mode of
the iNKT TCR on the CD1d-ligand complex (FigurelA) [12-14].
As a consequence of this unique binding mode, the TCR o chain
mediates the majority of the contacts with the CD1d-Glc-DAG-s2
complex, with additional contacts with CD1d provided by the
CDR2f, CDR3B, and, to a lesser extent, the CDR1f loops (Table
S1). Well-defined, unbiased density was present for the ligand,
superior to what has been observed for the mCD1d-Gle-DAG-s2
complex in absence of the TCR [8], suggesting that the ligand
adopts a more rigid and ordered conformation upon TCR binding
(Figure 1B, Figure S1). Similar to the antigens previously
characterized, the TCR CDRIlo and CDR3o loops exclusively
mediate contacts between the TCR and the antigen (Figure 2A).
In particular, the TCR recognizes the 2'-OH and 3'-OH positions
of the hexose ring via H bonds with Gly96 and Asn30 on the o
chain, highlighting the importance of these two hydroxyl groups
on the antigen in the formation of the complex. However, due to
the presence of a glucose on Glc-DAG-s2, the 4’ hydroxyl group is
no longer able to interact with Asn30 on the a chain, in contrast to
other galactose-containing glycolipids. Previous studies showed
that the contacts between the ligand and the iNKT dominate the
initial association phase of the interaction [9]. The loss of an H
bond at the ligand-TCR interface, although not sufficient to

A

GicDAG-s2

L |
B T
& g0t

Figure 1. Structure of the mCD1d-Glc-DAG-s2-TCR complex. (A)
Cartoon representation of the mCD1d-Glc-DAG-s2-TCR trimolecular
complex with the CD1d/B2m protein in grey, and the TCR « and B
chains in cyan and orange, respectively. The Glc-DAG-s2 antigen is
shown as yellow sticks, tucked at the interface between CD1d and the
TCR. (B) Side-view of the antigen-binding groove in the mCD1d-Glc-
DAG-52-TCR complex with the DAG antigen shown in sticks and the «2
helix removed for clarity. The 2Fo—Fc electron density map is
contoured at 1o and shown as a blue mesh around the glycolipid
ligand. Several mCD1d residues interacting with the lipid are depicted.
(C) Chemical structure of the Glc-DAG-s2 antigen with vaccenic acid in
the sn-2 position.

doi:10.1371/journal.pbio.1001189.g001
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abolish the binding of the iNKT TCR to the mCD1d-Gle-DAG-
s2 complex, is therefore likely to decrease the association rate.

Table 1. Data collection and refinement.

Statistics mCD1d-Glc-DAG-s2-TCR Induced Fit of the Glycolipid upon TCR Binding

When the structures of the mCD1d-Gle-DAG-s2 complex in the
presence or absence of the TCR are compared, important
conformational changes are observed for the ligand (Figure 2B).
Consistent with what was observed for the mCD1d-Glc-DAG-s2
structure in the absence of the TCR [8], the sn-2 vaccenic acid is
. ‘ bound in the A’ pocket while the sn-1 palmitic acid occupies the F’
ﬁeéoluﬁon range (A) [outer shell] 44.5-2.70 [2.85-2.70] j pocket. However, while in the absence of the TCR the vaccenic acid
encircles the A’ pole in a clockwise manner, the opposite orientation
is preferred in the ternary complex, although residual density also
suggests some equilibrium between the two orientations. Moreover,
upon TCR ligation, the glucose moiety is shifted by about 30
degrees clockwise around its glycosidic bond to assume a position at
the center of the binding groove as observed for other TCR-bound
glycolipid antigens (Figure 2B). Similar to what has been described
for BbGL-2c, this conformational change requires the breaking of
several contacts with CD1d and the formation of new hydrogen
bonds with the o2 helix of CDId and the TCR o chain. In
particular, a hydrogen bond with Arg79 on the ol helix is lost while
new polar contacts are formed with Aspl53 and Thr156 on the o2
helix upon TCR binding, resulting in a final orientation conserved
among o-linked sugars [13-15]. As proposed for BbGL-2c, these
conformational changes likely contribute to the slower association
rate of the TCR when binding DAG microbial antigen-mCD1d
complexes compared to sphingolipid-containing antigens [14].
However, the presence of glucose on Glc-DAG-s2 results in an
additional H bond between the antigen and the backbone of the o2
helix of CD1d, involving the carbonyl group of glycine 155 (3.2 A,
Figure 2B). Because this contact stabilizes a favorable binding
conformation of the antigen in the binding groove, it is likely that
this feature is contributing to the slower complex dissociation
observed for this ligand compared to BbGL-2c, as the TCR has to
invest less energy to lock the glucose into place. Moreover,
comparison of the mCD1d-TCR molecular contacts in the two
DAG antigens ternary complexes revealed a slightly optimized
interface for Gle-DAG-s2 compared to BbGL-2¢ (involving in
particular additional salt bridges between CDR3a and CDR2fB
residues with mCD1d; Table S1; [14]), which could have a further
stabilizing effect on the dissociation rate of the ternary complex.

 collection

Space group 222,

1, 190.7, 1509

13.5 [53.0]

155 [61.2]

0.203/0.257

Figure 2. Binding of Glc-DAG-s2 to mCD1d and the TCR. (A) Contacts between Glc-DAG-52 and the iNKT TCR. The conserved hydrogen bonds,
involving key residues on CDR1a and CDR3a of the TCR, are shown as dashed blue lines. Gic-DAG-s2, yellow; mCD1d heavy chain, grey; TCR o chain,
cyan; TCR B chain, orange. Top (B) view of the mCD1d interactions with Glc-DAG-s2 in the presence (grey, Glc-DAG-s2 in yellow) or absence (dark
grey, Gle-DAG-s2 in cyan) of the TCR. Hydrogen bond interactions between mCD1d residues and the polar moieties of Glc-DAG-s2 are indicated with
blue dashed lines for the ternary complex and cyan for the mCD1d-Glc-DAG-s2 complex.

doi:10.1371/journal.pbio.1001189.g002
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Interplay between the Sugar and Lipid for Determining
Antigenicity

When the structures of the ternary complexes of the DAG
antigens Glc-DAG-s2 and BbGIL~2c are compared (Figure 3), it is
interesting to note how the unsaturations present on the respective
vaccenic and oleic acids are localized in the same portion of the
mCDI1d A’ pocket, suggesting a preference for this region of the
groove for binding unsaturated alkyl chains. Consistent with this, it
was previously noted that the presence of unsaturations improved
the stability of the mCD1d-glycolipid complex, possibly due to the
kink introduced in the alkyl chain by the unsaturated bonds, which
could nicely sit at the bottom of the channel connecting the A’
pocket with the protein surface [16,17]. Assuming that an
unsaturated fatty acid would preferentially bind in the A’ pocket,
in the positional isomer of Glc-DAG-s2 having the vaccenic acid at
the sn-1 position, this would result in a reversed orientation of the
glycerol backbone in the binding groove. The reversed glycerol
orientation would cause an unfavorable positioning of the glucose
head, therefore explaining the lack of antigenic activity for this
compound [8].

A superposition of the mCDI1d-Glc-DAG-s2 and mCDI1d-
BbGL-2c complexes in presence of the TCR shows how the two
hexose groups are oriented slightly differently at the opening of the
binding groove (Figure 3A). The lack of activity of the Glc-DAG-
s2 analog containing an oleic acid in place of vaccenic acid
suggests that the vaccenic acid is required for a more favorable
orientation of the exposed glucose, possibly enhancing the ability
of the glucose moiety to contact Glyl55 and therefore positioning
it in a more stable fashion in the correct orientation for TCR
recognition. Galactose and glucose differ only with regard to the
orientation of the 4’ hydroxyl on the hexose sugar ring, with the
axial orientation for galactose and the equatorial orientation, i.e.,
closer to the plane of the ring, for glucose. Despite the structural
similarity of the two sugars, intriguingly, the galactose-containing
version of the S. pneumonice DAG glycolipid antigen with a sn-2
vaccenic acid, called Gal-DAG-s2, was not able to activate mouse
iNKT cell hybridomas (Figure 4). A drastically reduced response
was also observed for the Gal-DAG-sl ligand. This indicates that
the presence of vaccenic acid in the A’ pocket of the mCDI1d
binding groove does not automatically confer antigenicity. When
the stereochemistry of the 4’ carbon is inverted, converting the
glucose of Glc-DAG-s2 into galactose, it becomes clear that the 4'-
OH group will be too distant (4.3 A, Figure S2) to engage Asn30
on the CDR 30t loop, while at the same time losing the contact with
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Gly155 on the o2 helix of mCD1d. Even if a further reorientation
of the galactose sugar by the iNKT TCR were possible, this would
require an additional energetic toll, suggesting a rationale for the
reduced activity of the Gal-DAG-s2 compound. It is therefore
evident that the combination of the uncommon vaccenic acid and
the glucose sugar, which is relatively weak in the context of other
DAG antigens and glycosphingolipids, is required for the optimal
positioning of the Glc-DAG-s2 antigen in the mCD1d binding
groove for TCR recognition.

The mCD1d F' Roof Affects Recognition by the iNKT TCR

The structures of the iNKT cell TCR in complex with different
mCD1d-microbial antigens complexes showed how the iINKT
TCR is able to induce conformational changes in both the ligand
and mCDI1d upon complex formation [14]. In particular, the
insertion of amino acid Leu99¢, located on the CDR 30t loop of the
iNKT TCR, between residues Leu84, Vall49, and Leul50 above
the F' pocket of mCD1d, resulted in several new van der Waals
(VdW) contacts and the formation of a hydrophobic surface above
the pocket (F’ roof). Consistent with this, a comparison of mCD1d-
Glc-DAG-s2 structures before and after TCR binding reveals that
the F' roof also is formed for this antigen upon TCR binding
(Figure 5A).

In order to understand and validate the role of the F’' roof in the
formation of a more stable CD1d-Glc-DAG-s2-TCR complex, we
mutated selected residues involved in the formation of the roof and
characterized the ability of the mutated mCDId proteins to
stimulate iNKT cell hybridomas. As a complete removal of the F’
roof would likely result in an abrogation of binding, as
demonstrated by the loss of function mutation of L99a in the
TCR to alanine [18], we chose mutations of the relevant position
in mCD1d that would maintain the hydrophobic nature of their
side chains, in order to perturb the F’ roof area without making a
too drastic change. We therefore used site-directed mutagenesis to
generate the following mCDId substitutions: Leu84Val,
Leu84Phe, the latter mimicking the human homolog, Vall49Leu
and Leul50Val, together with two control mutants, Met69Ala and
Metl62Ala from the area above the A' pocket (Figure 5A).
Interestingly, we obtained drastically reduced expression yields for
the Leu84Val mutant, and this construct was not tested further.
The iNKT cell hybridomas Hy2C12 (bearing the Val4V(38.2
TCR used in our structural studies), Hyl.2 (also Va14VB8.2), and
Hyl.4 (expressing a less common Vol4VB10 TCR) were tested
for their ability to respond to mCD1d-glycolipid complexes in an

Figure 3. Binding of Glc-DAG-s2 and BbGL-2c to mCD1d. Top (A) and side (B) view of the mCD1d interactions in the presence of the TCR. Glc-
DAG-s2 is shown in yellow and BbGL-2c in blue and thin lines with the respective CD1d structure in grey and blue. The novel hydrogen bond formed
between G155 on the o2 helix and the 4'-OH of Glc-DAG-s2 is indicated with a blue dashed line with its distance expressed in A. The unsaturations in
the alkyl chains are shown in green and sit in a similar region of the A’ pocket.

doi:10.1371/journal.pbio.1001189.g003
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doi:10.1371/journal.pbio.1001189.g004
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Figure 5. Antigen presentation by F’ roof mutants. (A) Surface of the mCD1d-Glc-DAG-s2 structure in the presence (grey, Glc-DAG-s2 in yellow)
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hybridomas Hy2C12, Hy1.2, Hy1.4. As a measure of direct iNKT cell activation IL-2 was measured in the culture supernatant by ELISA. Each bar shows
mean + SD from duplicate wells and is representative of two independent experiments.

doi:10.1371/journal.pbio.1001189.g005
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antigen presenting cell-free assay using mCD1d-coated plates. IL-
2 secretion provided a measure of TCR stimulation. We
stimulated the cells with either Glc-DAG-s2 or o-GalCer, the
prototypical iNKT cell antigen that induces a preformed F’ roof
on mCD1d [19]. When loaded with Gle-DAG-s2 or o-GalCer, all
the mutants showed a reduced ability to stimulate the hybridoma
(Figure 5). In particular, the mutants Leu84Phe and Vall49Leu
abrogated INKT cell activation, while a slightly reduced activity
was observed with the Leul50Val mutant.

As the reduced response could be the consequence of impaired
loading of these antigens on mCDI1d, we measured the loading
efficiency of o-GalCer on each mutant by surface plasmon
resonance (SPR) using a monoclonal antibody (L363 [20])
specifically reactive to complexes of mCD1d with a-GalCer and
analogs (Figure 5B). Although the Leu84Phe and Met62Ala
mutants showed lower levels of antigen loading compared to wild
type mCD1d, loading on the mutated mCD1d proteins was never
below 65% of the wild type control, and does not appear to
correlate directly with the ability of the mutated proteins to
stimulate the INKT cell hybridoma. Although the lack of an
antibody able to recognize the mCD1d-Gle-DAG-s2 complex did
not allow us to assess the loading of this antigen onto the mCD1d
mutants, we believe it is unlikely that the two ligands have radically
different loading efficiencies, suggesting a critical role of the area
above the ¥’ pocket in the TCR interaction with mCD1d/Gle-
DAG-s2 and mCD1d/a-GalCer.

Mutation of F' Roof Residues Affects Preferentially the
Stability of the mCD1d-iINKT TCR Complex

We previously hypothesized that the formation of the F' roof on
CD1d affects the stability of the CD1d interaction with the iNK'T
TCR [14]. To validate this hypothesis we measured the effect of
the ¥’ roof mutants on the binding kinetics of the mCD1d-iINKT
TCR complex (Figure 6). Because of the relatively weak
antigenicity of Gle-DAG-s2 compared to o-GalCer, the latter
was chosen for SPR analysis. A comparison of the affinities shows
how all the F’ roof mutants have weaker affinities for the iNKT
TCR, Leu84Phe being the weakest with a ~4-fold reduction
compared to the wild type protein (Figure 6) while the two control
mutants showed affinities and kinetics similar to the wild type
protein. Strikingly, the differences in affinities between mCD1d F’
roof variants derive mainly from faster dissociation rates for the
mutant complexes, while the association rates are minimally
affected by perturbation of the F' roof. Mutation of residues
Vall49 and L150 appear less disruptive than mutation of Leu84,
as the LeuB4Phe has the fastest dissociation rate. Taken together,
these data suggest that the F' roof is critical in determining the
dissociation rate and therefore the stability of the mCD1d-TCR
complex.

Discussion

Activation of iNKT cells can result as a consequence of TCR-
independent, IL12-dependent signals and/or through the recog-
nition of self and foreign antigens by its semi-invariant TCR, with
the latter mechanism playing an important role in modulating the
overall response [21]. The recent discovery that highly pathogenic
Gram-positive bacteria express antigens recognized by both mouse
and human iNKT cells [8] therefore opens important perspectives
for the development of therapeutic agents against pneumonia and
meningitis, while also suggesting a potential rationale for the
conserved features of the CD1d-TCR interaction among different
mammalian species.
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doi:10.1371/journal.pbio.1001189.g006

Surprisingly, the S. pneumoniae Glc-DAG-s2 antigen presents
unusual chemical features in both its lipidic and polar portions
when compared to the previously characterized INKT cell
microbial antigens from Sphingomonas spp. or Bowelia burgdorfert.
Instead of the a-galactose or o-galacturonic acid found on these
antigens, and on the prototypical antigen a-GalCer, the otherwise
weaker d-glucose is found in S. pneumoniae as well as in another
gram-positive pathogen, GBS. Furthermore, the sugar is a-linked
to a DAG backbone containing on position sz-2 the uncommon
cis-vaccenic acid. Despite containing a glucose sugar, Glc-DAG-s2
was at least as active as the Borrelia BbGL-2c lipid in activating a
mouse iNKT cell hybridoma and it showed similar antigenic
potency in vivo (Figure 4B; [8]). Interestingly, we show here and in
the previous studies that these unusual features are required
together for the glycosylated DAG lipid to have any measurable
antigenic potency. These stringent requirements were correlated
with unusual binding kinetics compared to the B. burgdorferi DAG
antigens, characterized by slow association and slow dissociation
rates of the mCD1d-ligand complex to the iNKT TCR [8]. The
structure of the mCD1d-Gle-DAG-s2-TCR complex presented
here, together with the other studies we have carried out, allow us
to understand the stringent chemical requirements, as well as the
distinct TCR binding kinetics, in the recognition of the DAG
antigens from these highly pathogenic bacteria.
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As for the other DAG antigen, BbGL-2c, the iNKT TCR is able
to induce conformational changes on both the Gle-DAG-s2 ligand
and mCD1d (Figures 2 and 5A), which result in a conserved
binding mode, as well as a weaker affinity, typical of the DAG
antigens compared to their glycosphingolipid counterparts [14,22].
However, due to the presence of glucose, with a different
conformation of its 4" hydroxyl group compared to galactose, a
hydrogen bond with the CDR1a of the TCR is lost, while a new
contact with Gly155 on the 42 helix of CD1d is formed. While this
alteration does not translate to an overall change in TCR affinity
at equilibrium, it has profound effects on the kinetics of binding of
the antigen complex with mCDI1d by the iINKT cell TCR.
Previous studies showed that contacts between the ligand and the
TCR dominate the initial association phase, while protein-protein
(and ligand-protein) contacts affect the stability of the complex [9].
Therefore, the loss of a contact with the & chain of the TCR can
account for the slower TCR association rate exhibited by this
ligand. Interestingly, the iNKT TCR appears to be especially
sensitive to the conformation of the 4'-OH group, with glucose-
containing antigens showing generally reduced potency (in terms
of cytokine release by iINKT cells) [9,10] and preferential
proliferation of VB7+ cells [10] compared to o-GalCer. Further-
more, the consequent locking of the glucose head in the favorable
position following TCR engagement, described here for Gle-
DAG-s2, likely contributes to a slower dissociation. These novel
contacts rely on the presence of both the vaccenic acid and
glucose, as the variants with an oleic acid in place of the vaccenic
acid, or a galactose replacing the glucose, are considerably less
active. Consistent with this, a model of Gal-DAG-s2 suggests that
the presence of an axial 4’ hydroxyl would be located in an
unfavorable position for recognition by the iNKT TCR (Figure
S2). Moreover, the antigenicity of the ligand requires vaccenic acid
to be in the sn-2 position of the ligand in order to orient correctly
the glucose for recognition by the TCR. Interestingly, these
structural requirements do not appear to be influenced by the
variable CDR3p loop, as three different hybridomas responded to
Glc-DAG-s2 at comparable levels (Figure 5C).

" Gle-DAG-s2 also stimulates human iNKT cells [8] but is not
clear whether the same stringent requirements observed in mouse
are conserved in the human CDId-TCR interaction as no
structural information is available on the modality of recognition
of DAG antigens by the human iINKT TCR. Clearly, more work
has to be done to illuminate the structural basis of microbial DAG
recognition by human iNKT cells.

Consistent with a model in which the TCR contacts first the
ligand and subsequently CD1d, our mutational data also show that
the protein-protein interface above the F' pocket is critical for the
interaction, and specifically, that this region determines the
dissociation rate, and therefore the stability, of the mCDI1d-
TCR complex (Figure 6). Interestingly, the mechanism of antigen
recognition by the iNKT TCR appears to be radically different to
what has been observed for MHC-TCR interactions, where the
TCR first contacts residues on the antigen presenting molecule
and only a later stage contacts the antigen itself [23].

The extensive amount of structural and biochemical informa-
tion recently collected on the interaction between CD1d and the
iNKT TCR is consistent with the idea of the iNKT TCR as a
pattern recognition receptor [10,12-14,18]. While the S. pneumo-
nige antigen follows the typical pattern of an a-linked sugar to a
diacyl backbone, the data presented here show clearly that, within
this pattern, stringent requirements are still in place. In particular,
the Gle-DAG-s2 ligand exemplifies the case of a relatively weak
hexose and an uncommon alkyl chain synergistically contributing
to the potency of an iNKT antigen.
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Materials and Methods

Protein Expression and Purification

The expression and purification methods of fully glycosylated
mouse CD1d/B2m heterodimer proteins were reported previously
[11]. Mouse TCR refolding was performed according to
previously reported protocols [14] with minor modifications. 64
mg of o chain and 96 mg of B chain inclusion bodies were mixed
together and added drop wise to 1 L refolding buffer (50 mM
Tris-HCl, 0.4 M L-arginine, 35 M urea, 2 mM EDTA, 5 mM
reduced glutathione, 0.5 mM oxidized glutathione, 0.2 mM
PMSF, pH 8.0 at RT) two times. The refolding mix was dialyzed
twice against 18 L dialysis buffer 1 (10 mM Tris-HCL, 0.1 M
urea, pH 8.0) for 16 h and then once against 18 L of 10 mM Tris-
HCl pH 8.0 for 24 h. The refolded TCR proteins were purified by
MonoQ 5/50 GL (GE Healthcare) using a linear NaCl gradient
(0-300 mM NaCl) followed by size exclusion chromatography
using a Superdex S200 10/300 GL (GE Healthcare) in 50 mM
Hepes pH 7.5, 150 mM NaCl.

Glycolipid Loading and Ternary Complex Formation

The synthetic DAG ligand Glc-DAG-s2 was synthesized as
previously reported [8] and dissolved at 4 mg/ml in DMSO.
mCD1d was incubated overnight with 3-6 molar excess of Gle-
DAG-s2 in presence of 0.05% Tween-20 and 100 mM Tris-Cl
pH 7.0. Glc-DAG-s2 loaded CD1d was purified by size exclusion
chromatography first and then incubated with equimolar amount
of TCR for 30 min without further purification. The complex was
concentrated to 4.8 mg/ml for crystallization.

Crystallization and Structure Determination

Crystals of mCD1d-Glc-DAG-s2-TCR complexes were grown
at 22.3°C by sitting drop vapor diffusion while mixing 0.5 pl
protein with 0.5 pl precipitate (17% polyethylene glycol 3350, 8%
v/v Tacsimate pH 5.0). Crystals were flash-cooled at 100 K in
mother liquor containing 20% glycerol. Diffraction data were
collected at the Stanford Synchrotron Radiation Laboratory
(SSRL) beamline 7.1 and processed with the iMosflm software
[24]. The mCDI1d-Glc-DAG-s2-TCR crystal belongs to space
group €222, with cell parameters ¢=78.1 &; 5=190.7 A; ¢=
150.9 A. The asymmetric unit contains one mCD1d-glycolipid-
TCR molecule with an estimated solvent content of 55.0%. The
structures were determined by molecular replacement using
MOLREP as part of the CCP4 suite [25,26] using the protein
coordinates from the mCD1d-iGb3 structure (PDB code 2Q7Y)
[27], followed by the Val4VB8.2 TCR [14] (from PDB code
308X as the search model. When a MR solution containing both
mCDl1d and TCR was obtained, the model was rebuilt into G-
weighted 2F~F, and F—F, difference electron density maps using
the program COOT [28]. Maximum-likelihood restrained
refinement coupled with TLS refinement was performed in
REFMAC [29] with five anisotropic domains (a1-02 domain of
CD14d, including carbohydrates and glycolipid, a3-domain, 32m,
variable domains and constant domains of the TCR). The quality
of the model was evaluated with the program Molprobity [30] and
the validation tools available in COOT. Shake-omit maps were
generated by removing the ligand from the structure and
randomly perturbating the coordinates, occupancy, and B-factor
of each atom by 0.2 A, 0.05 units, and 20 A%, respectively, with
the software Moleman2 [31]. The resulting structure was then
refined with the software REFMAC as described earlier. Data
collection and refinement statistics are presented in Table 1.
Coordinates and structure factors have been deposited in the
Protein Data Bank under accession code 3TA3.
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