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CD1 molecules are specialized in presenting lipids to T lympho-
cytes, but identification and isolation of CD1-restricted lipid-
specific T cells has been hampered by the lack of reliable and
sensitive techniques. We here report the construction of CD1d-
glycolipid tetramers from fully denatured human CD1d molecules
by using the technique of oxidative refolding chromatography. We
demonstrate that chaperone- and foldase-assisted refolding of
denatured CD1d molecules and B-microglobulin in the presence of
synthetic lipids is a rapid method for the generation of functional
and specific CD1d tetramers, which unlike previously published
protocols ensures isolation of CD1d tetramers loaded with a single
lipid species. The use of human CD1d-a-galactosylceramide tet-
ramers for ex vivo staining of peripheral blood lymphocytes and
intrahepatic T cells from patients with viral liver cirrhosis allowed
for the first time simultaneous analysis of frequency and specificity
of natural killer T cells in human clinical samples. Application of this
protocol to other members of the CD1 family will provide powerful
tools to investigate lipid-specific T cell immune responses in health
and in disease.

D1 molecules are nonpolymorphic transmembrane proteins

that associate with ,-microglobulin (8,m) and present lipid
and glycolipid antigens to T lymphocytes (1). Based on amino
acid sequence homology, the five members of the human CD1
family have been assigned to either group 1, which comprises
CDl1a, -b, -c, and -e molecules, or group 2, which consists of the
CD1d molecule (2-6).

Group 1 CD1 molecules are not expressed in mice and rats,
whereas CD1d molecules are highly conserved in all mammalian
species studied thus far (1). In humans, group 1 CD1 molecules
have been shown to present bacterial and mycobacterial lipids to
T cells expressing a wide range of T cell receptors (TCR) (1, 7).
In contrast, very little is known about the natural ligand(s) of
CD1d recognized by T cells; to date, the only human T cell subset
restricted by CD1d molecules has been shown to be specific for
a-anomeric galactosyl- and glucosylceramides (8-10), glyco-
lipids that are not found in mammals or bacteria. Because this
subset of T cells shares some markers with natural killer (NK)
cells [i.e., expression of CD161 in humans (11, 12) and NK1.1 in
mice (13, 14)], they have been named NKT cells. Although
natural ligand(s) recognized by NKT cells are not known, it is
likely that they recognize a single ligand, because NKT cells
express a highly conserved TCR, which in humans corresponds
to the gene products Va 24JaQ and V11 and in mice corre-
sponds to Va 14Ja281, which pairs with diverse B8 chains (8-10,
15). The capacity to secrete large amounts of IL-4 and IFN-vy
after TCR engagement (16-18) and their presence across species
suggest that NKT cells may play an important role in the immune
response. Recent studies suggest that NKT cells are involved in
type 1 diabetes mellitus (19) and viral hepatitis (20) and have
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shown that NKT cells play an important role in tumor immunity
(21-23).

The ability to characterize the specificity of CD1d-restricted
NKT cells in ex vivo assays is of paramount importance in
understanding their physiological relevance and harnessing their
effector functions for clinical purposes. Development of ex vivo
assays for establishing the specificity of CD1d-restricted cells
would aid the identification of the natural ligands of these cells
and hence contribute to the understanding of the physiological
role of CD1d-restricted T cells in health and disease.

The use of soluble tetrameric class I HLA-peptide complexes
(“tetramers”) for the identification of antigen-specific CTL has
shown that these reagents allow rapid and accurate analysis of
human cytotoxic T lymphocyte (CTL) responses (24-26). The
tetramer technology has been applied recently to the monitoring
of CD1d-restricted T lymphocytes. Murine and human CD1d-
B>m monomers purified from Drosophila expression systems
have been used successfully to generate murine CD1d tetramers
and human CD1d dimers, which were capable of staining NKT
cells ex vivo (27, 28) after exogenous loading with a-galactosyl-
ceramide (GalCer). However, because binding of lipid ligands to
CD1 monomers is known to be very stable (27), it is likely that
a proportion of insect cell-derived CD1d monomers are loaded
with ligands acquired during their intracellular refolding and
secretion from insect cells. Indeed, analysis of the crystal struc-
ture of Drosophila-derived mouse CD1d molecules has revealed
the presence of an electron density in the binding groove of
CD1d molecules, which is consistent with the presence of
high-affinity ligand(s) occupying the groove of CD1d molecules
(29). The presence of “contaminant” hydrophobic ligands in
CD1d monomers secreted by insect cells may affect the effi-
ciency of CD1d loading with exogenous ligands negatively and
compromise their ability to identify low-frequency NKT cells in
ex vivo assays. This reasoning led us to pursue in vitro-refolding
approaches by using recombinant denatured CD1d protein
purified from bacterial inclusion bodies, which ensure genera-
tion of CD1d tetramers loaded with a single lipid species.

Here we describe the successful use of the technique of in vitro
oxidative refolding chromatography (30, 31) to engineer human
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CD1d-B,m-glycolipid tetramers from fully denatured and re-
duced recombinant CD1d proteins. This technique combines the
benefits of the GroEL minichaperone, which prevents hydro-
phobic interactions of early folding intermediates with disul-
phide and prolyl isomerases, which catalyze native disulphide
bond formation and proline isomerization, respectively.

Materials and Methods

Generation of Tetramers. Purified CD1d heavy chain and B;m were
synthesized by using a prokaryotic expression system (pET,
Novagen). Both recombinant proteins CD1d and B,m were
expressed in the Escherichia coli strain BL21 and purified from
inclusion bodies as described (25). Oxidative refolding chroma-
tography was applied for in vitro refolding of CD1d—£,m com-
plexes in the presence of either a-GalCer (Kirin Brewery,
Gunma, Japan), a-Mannosylceramide (Kirin Brewery), pB-Gal-
Cer (Fluka) or ganglioside GM1 (G-7641 Sigma—Aldrich) lipid
ligands, following a protocol previously described (30-32). Sol-
uble protein fractions were concentrated to a volume of 3 ml and
biotinylated directly as described (25). Biotinylated monomeric
CD1d-B,m-glycolipid complexes were separated from soluble
protein aggregates and free biotin by AKTA FPLC size-
exclusion chromatography by using a Superdex 75 h 10/30 gel
filtration column (Amersham Pharmacia) and conjugated to
Streptavidin-PE (Sigma-Aldrich).

Cell Line. a-GalCer-specific NKT lines were generated from
peripheral blood mononuclear cells (PBMC) of healthy donors
as described (15). On day 20, CD1d-B,m-a-GalCer tetramer/
CD4 double-positive cells were sorted, by using VANTAGE
FACS sorter, and in vitro expanded in the presence of rIL-2 and
a-GalCer.

Patient Samples. Heparinized whole blood was obtained from
seven patients (patients 1-7) with active hepatitis C virus (HCV)
infection during routine follow up visits and also from four
healthy donors. Human liver specimens were obtained from four
patients with end-stage liver failure caused by chronic inflam-
matory liver disease of various etiologies: patients 8—10, HCV;,
patient 11, HCV plus Hepatitis B virus (HBV). Informed
consent was obtained from all individuals.

Mice. 8om~/~ mice were deficient for murine MHC class I
molecules [B,m(—/—) D(b—/—)] and transgenic for a chimeric
HLA-A*0201/D(b) molecule covalently bound to the human
Bm [HHD(+/+)] (33).

Cell Preparation and Tetramer Staining. Intrahepatic mononuclear
cells were separated from the patient liver tissue specimens by
cutting tissue specimens into small pieces using a scalpel, fol-
lowed by incubation at 37°C for 4 h in complete medium
containing 0.5 mg/ml type I'V collagenase (Sigma-Aldrich) and
0.02 mg/ml DNase (Roche Molecular Biochemicals). The di-
gested tissue was passed through a 100-um metal-mesh filter,
washed twice, layered over Ficoll/Hypaque gradients, and cen-
trifuged at 400 X g at room temperature for 20 min. PBMC, NKT
lines, and intrahepatic lymphocytes were incubated with CD1d
tetramers for 20 min at 37°C. After one wash with warm PBS/1%
FCS, samples were stained with monoclonal antibodies on ice.
Propidium iodide was added immediately before FACS analysis
to gate out dead cells.

Results

Refolding of CD1d with Glycolipid Ligands. Analysis of CD1d, B.m,
and a-GalCer containing refolding mix by FPLC size-exclusion
chromatography revealed a UV-light absorption profile at 280
nm similar to the profiles obtained after refolding of HLA class
1/B.m/peptide. Monomeric CD1d-B,m-a-GalCer complexes
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Fig. 1. Purification of refolded CD1d-B,m monomers loaded with a-GalCer.
FPLCand UV-light absorption profile at 280 nm wave length of a refolding mix
containing CD1d and Bm in the presence of «-GalCer. The arrow indicates the
CD1d-B2m monomeric complexes. (Inset) SDS/PAGE analysis of proteins
eluted between 155 and 170 ml, which demonstrates the presence of two
proteins of 33 and 12 kDa, corresponding to unglycosylated CD1d and B,m,
respectively.

eluted as a defined peak at the expected size of 45 kDa (Fig. 1).
The same protocol was used successfully to refold denatured
CD1d and B,m in the presence of B-GalCer, a-Mannosylceram-
ide, and ganglioside GM1 (data not shown). SDS/PAGE anal-
ysis of material eluted between 155 and 170 ml demonstrates the
purity of monomeric CD1d-B,m complexes. Tetrameric human
CD1d-B,m—a-GalCer complexes then were tested for their
ability to bind to Va24/VB11-positive cells.

Specific Staining of Human NKT Cells by CD1d-«-GalCer Tetramers. To
test the specificity of the CD1d-a-GalCer tetramers, we gener-
ated T cell lines enriched in TCR Va24/VB11 double-positive
cells by in vitro stimulation of PBMC from healthy donors with
a-GalCer. Enzyme-linked immunospot analysis demonstrated
their ability to secrete IFN-y and IL-4 after addition of a-GalCer
but not B-GalCer and a-Mannosylceramide, hence confirming
specificity of NKT cell lines for a-GalCer (data not shown). Fig.
2 shows staining of a representative PBMC culture stimulated
with a-GalCer, in which 44% of T cells coexpressed Va24 and
VB11 TCR chains (Fig. 2a). Staining of the same cell culture with
CD1d-a-GalCer tetramer, anti-Va24 antibody, and anti-CD3
antibody revealed an identical frequency of CD1d-a-GalCer
tetramer™/Va24™ T cells (Fig. 2b), consistent with the ability of
CD1d-a-GalCer tetramers to stain Va24*/VB11* T cells. Fur-
ther experiments confirmed the specificity of binding of the
CD1d/a-GalCer tetramers (Fig. 2 c—). Va24¥/VB11* cells
were not stained by CD1d tetramers loaded with B-GalCer (Fig.
2c), and preincubation of the same cells with unlabeled anti-
V24 and -VB11 antibodies impaired binding of CDld-a-
GalCer tetramer (Fig. 2d), hence demonstrating that CD1d-a-
GalCer tetramers bind to the Va24*/VB11" TCR. HLA A02*01
(A2) -restricted T cell clones with specificity for the influenza A
matrix protein epitope 58—66 (34) were not stained by CD1d-
a-GalCer tetramers, although they were stained efficiently by an
A2-matrix 58-66 tetramer (data not shown). Specificity of the
CD1d-a-GalCer tetramers was confirmed further by demon-
strating the ability of CD1d-a-GalCer tetramer to enrich cul-
tures for the presence of Va24"/VB11" T cells (Fig. 2e).
Together these results demonstrate that human CD1ld-a-
GalCer tetramers generated from fully denatured and reduced
CD1d molecules by oxidative refolding chromatography can be
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Fig. 2. Specificity of CD1d-a-GalCer tetramers. (a—-d) Va24*/VB11* T cells
were expanded after stimulation of PBMC with a-GalCer and were stained
with CD1d tetramers and antibodies shown in the figure. Cells in d were
incubated first with unlabeled anti-Va24 and anti-VB11 antibodies and
subsequently stained with FITC-conjugated anti-Va24 antibody and CD1d-a-
GalCer tetramers. All density plots were gated on the CD3* propidium iodide™
cells. (e) CD4" CD1d-a-GalCer tetramer™ cells were sorted from an in vitro-
expanded a-GalCer-stimulated T cell line containing 0.59% positive cells.
Enrichment for NKT cells was confirmed by using anti-Va24 and -VB11 anti-
bodies after two rounds of stimulation.

used specifically to detect human CD1d-a-GalCer-specific T
cells.

Staining of Murine NKT Cells by Human CD1d-«-GalCer Tetramers.
Murine NKT cells have been shown to kill human CDI1d-
expressing target cells pulsed with a-GalCer efficiently (11, 35,
36). Moreover, insect cell-derived human CD1d dimers have
been reported to stain mouse a-GalCer-specific NKT cells (28).
We tested the ability of CD1d-a-GalCer tetramers to stain
mouse NKT cells. Human CD1d tetramers were capable of
staining NKT cells in the spleen (Fig. 3), thymus, and liver (data
not shown) of wild-type C57BL/6 mice but not in B;m-knockout
mice (Fig. 3c). Lack of staining of NKT cells in wild-type
C57BL/6 mice with B-GalCer tetramers confirmed the speci-
ficity of murine NKT cells for a-GalCer (Fig. 3d).

Ex Vivo Tetramer Staining of Circulating and Intrahepatic NKT Cells in
Patients with Viral Hepatitis and Liver Cirrhosis. Ex vivo staining of
PBMC from viral hepatitis patients with CD1d-a-GalCer tet-
ramers showed frequencies ranging from 0.06 to 2.3% (Fig. 4 and
Table 1). Similar frequencies were obtained whether anti-Va24
or -CD3 antibodies were added together with CD1d-a-GalCer
tetramers (Fig. 4). The frequency of NKT cells, as defined by the
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Fig.3. Staining of mouse NK1.1 cells by human CD1d-a-GalCer tetramers. (a
and ¢) Splenocytes from wild-type C57BL/6 mice and B;m~/~ mice were
stained with human CD1d-a-GalCer tetramers and antibodies specific to CD3
and NK1.1. (b) Cells in histogram plot were gated on the CD3* CD1d-a-
GalCer* tetramer* cell population shown in a. Dashed line shows staining
with a control antibody, and the continuous line shows staining with anti-
NK1.1 (d) As a negative control, splenocytes from wild-type C57BL/6 mice
were stained with CD1d-3-GalCer tetramers and anti-CD3 antibody.

percentage of Va24*/VB11* cells, was very similar to the
frequency of CD1d-a-GalCer tetramer*CD3™ cells, hence de-
fining in an ex vivo assay the antigen specificity and restriction
element of circulating Va24*/VB11+ cells.

Recent studies have shown that lymphocytes infiltrating liver
parenchyma in response to viral hepatitis are enriched in Va24+
T cells (20). These results suggest that NKT cells may play a role
in the immune response against hepatitis virus. Consistent with
this hypothesis, it has been shown that injection of a-GalCer into

A B
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Fig.4. Detection of CD1d-a-GalCer-specific T cells in peripheral blood from
patients with HCV. Aliquots from each blood sample were stained with
CD1d-a-GalCer tetramer and anti-Va24 antibody (A), CD1d-a-GalCer tet-
ramer and anti-CD3 antibody (B), or anti-Va24 and -VB11 antibodies (C).
Percentages of double-positive cells (circled regions) are indicated on each
density plot. Top row corresponds to patient 1, and the bottom row corre-
sponds to patient 5.
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Table 1. Frequency of NKT cells in PBMC from HCV-infected
patients

Table 2. Frequency of intrahepatic NKT cells in patients with
end-stage viral-induced liver cirrhosis

CD3+ Va24+ Va24+ CD3+ Va24+ Va24+
Patient CD1d/aGalCer-tet* CD1d/aGalCer-tet* VB11+ Patient CD1d/aGalCer-tet* CD1d/aGalCer-tet* VB11+
P1 0.06 0.06 0.06 P8 0.03 ND 0.03
P2 0.18 0.20 0.22 P9 0.30 0.29 0.30
P3 0.24 0.24 0.26 P10 0.04 ND 0.06
P4 0.06 0.08 0.08 P11 0.34 0.35 0.34
P> 2.25 2.30 2.21 Percentages of double-positive cells are shown. Patients’ diagnoses are

u -| 1TV wn. I I

P6 0.60 0.64 0.66 described in Materials and Methods. ND, not determined.
P7 0.1 0.10 0.09
HD1 0.08 0.07 0.08
HD2 0.09 0.08 0.09 stained by either CD1d tetramers loaded with ganglioside GM1
HD3 ND ND 0.50

Percentages of double-positive cells are shown. P1-7, HCV patients; HD1-3,
healthy donors; ND, not determined.

HBV-transgenic mice abolished virus replication (37). To assess
whether CD1d-a-GalCer tetramers can be used to monitor the
ex vivo frequency and phenotype of Va24/VB11 NKT cells in
liver samples, staining of intrahepatic T lymphocytes was carried
out from four patients with viral hepatitis-induced cirrhosis (Fig.
5 and Table 2). Intrahepatic T lymphocytes from patients with
viral hepatitis-induced cirrhosis had detectable Va24/VB11-
positive T cells with frequencies ranging from 0.03 up to 0.34%.
Fig. 5 shows staining of intrahepatic T lymphocytes from two
patients (P9 and P11) with the highest frequency of Va24*/
VB11*-positive T cells. Aliquots of the same intrahepatic T
lymphocyte samples were stained with CD1d-a-GalCer tetram-
ers and anti-CD3 antibody (Fig. 5). These results showed fre-
quencies of double-positive cells (i.e., CD1d-a-GalCer "—CD3%)
matching the frequencies determined by Va24- and VpB11-
specific antibodies (Fig. 5 4 and B). Further experiments were
carried out to characterize the Va24*/VB11" population better
and to confirm the specificity of binding of CD1d-a-GalCer
tetramers to intrahepatic T lymphocytes. Analysis of samples
from patients 9 and 11 confirmed the presence of a distinct
CD1d-a-GalCer tetramer*/Va24™* population, which was not

A B

TCRY a24

a-GalCer/CD1d-tet ——

CD3 TCR Vp11

Fig. 5. Staining of intrahepatic lymphocytes in patients with HCV and HBV
infection. Samples from patients (P9, top row; P11, bottom row) were stained
with CD1d-a-GalCer tetramers and anti-CD3 antibody (A) or anti-Va24 and
-VB11 antibodies (B). Percentages of CD1d-a-GalCer tetramer®/CD3" and
Va24*/VB117* cells are shown.
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tetramers or HLA-A23 tetramers (data not shown). Phenotypic
analysis of the intrahepatic Va24/VB11* cells was consistent
with an activated phenotype as defined by expression of CD45R0
and CD69 molecules (data not shown).

Discussion

In this report we have shown that oxidative refolding chroma-
tography is an effective and rapid protocol for the construction
of CD1d-tetrameric complexes loaded with a single lipid species.
We demonstrated that human CD1d-a-GalCer tetramers are
highly sensitive and specific staining reagents that can be used for
ex vivo monitoring of NKT cells in humans and mice. Refolding
of denatured CD1d molecules ensures that a high proportion of
CD1d-B,m complexes is loaded with a single lipid species, hence
minimizing the presence of monomeric CD1d molecules loaded
with endogenous lipids derived from CD1d-secreting cells.

Standard refolding techniques, used for the refolding of HLA
class I molecules, and detergent-assisted refolding methods were
unsuccessful for the refolding of CD1d-B,m-glycolipid com-
plexes. It is possible that these difficulties were partly caused by
the high hydrophobicity of CD1d molecules and its ligand(s) and
possibly by the presence of an unpaired cysteine at position 12
in the a1l domain of CD1 molecules. In Fig. 1 we showed that
oxidative refolding chromatography of denatured CD1d mole-
cules allowed these problems to be overcome and yielded
monomeric CD1d-B,m-a-GalCer in amounts sufficient for
further purification and tetramer generation. We extended the
application of this refolding protocol to other glycolipids
and were capable of generating CD1d tetramers loaded with
B-GalCer, a-Mannosylceramide, and GMI1. It remains to be
established whether assembly of CD1d molecules with B,m
requires the presence of lipid ligands or whether, similar to CD1a
and CD1b molecules (32), assembly of CD1d—B,m complexes is
ligand independent.

The specificity of tetramer binding to Va24/Vp11-positive T
cells was confirmed by several experiments. First, we showed that
preincubation of NKT cells with unlabeled anti-Va24 and -V11
antibodies prevented their staining by CD1d-a-GalCer tetra-
mers (Fig. 2d). Second, CD1d-tetrameric complexes loaded with
either B-GalCer (Fig. 2c) or GM1 (data not shown) failed to
stain Va24*/VB11+ T cells. Furthermore, no cells were stained
by CD1d-a-GalCer tetramers in B,m-knockout mice, which
lacked surface expression of folded CD1d molecules (Fig. 3c).
These results demonstrate the specificity of binding of CD1d-
a-GalCer tetramers to NKT cells and show that glycosylation of
CD1d molecules is not required to stabilize the interaction
between E. coli-derived human CD1d-a-GalCer tetramers and
NKTs TCR in both humans and mice.

By using CD1d tetramers we were able to characterize in ex
vivo assays CD1d-restricted a-GalCer-specific T cell responses in
liver and peripheral blood of patients with viral hepatitis.
Staining of human samples with CD1d-«a-GalCer tetramers
rather than Va24/VB11 antibodies defined both frequency
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and specificity of NKT cells, hence establishing restriction and
specificity of Va24*/VB11* cells. The frequency of Va24*/
VB11* cells closely matched the frequency of CD1d-a-GalCer
tetramer®/CD3* T cells in all patients’ samples (Figs. 4 and 5;
Tables 1 and 2) and in vitro-expanded NKT lines (Fig. 2).
Moreover, similar frequencies were obtained by double staining
patients’ samples and NKT lines with CD1d-a-GalCer tetramers
and Va24-specific antibodies (Figs. 2, 4, and 5; Tables 1 and 2).

Frequency of NKT cells in patients’ PBMC was in the same
range as observed in healthy controls, with the only exception of
patient 5 (Fig. 4; Table 1), in whom we found 2.3% of NKT cells.
The significance of this striking elevation of NKT cells in patient
5’s PBMC is unclear. However, it is unlikely that the enhanced
frequency of NKT cells in patient 5 may be accounted for by
HCV infection, because other HCV-infected patients had a
lower frequency of NKT cells (Table 1). Tetramer staining of
liver samples confirmed the specificity of intrahepatic Va24/
VB11-positive cells for CD1d-a-GalCer complexes (Fig. 5) as
frequency of Va24/VB11-positive cells closely matched the
frequency of CD1d-a-GalCer tetramer-positive/CD3-positive T
cells.
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