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PrPC Allects Gene Expression Profile ROS
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Supplementary Figure. Upregulation of interferon- -responsive genes following transient overex-
pression of exogenous penes in human neuronal progenitor ells in culture. To identify the penes
whase expression is controlicd by tramsicnt overexpression of PrivCin human neural cells. the vee-
1or pEFS/ERTIPIPC-VS or pEFSFRT CAT-V'E was transfected by Lipolectamine 2000 reagent in
human newroml progenitor (NIF) eelts Total cellular RNA (3 prador protein (80 ) was isolated
at 48 bafter transfection from NP eells exposed to Lipofectamine 2000 reagent alone (lane 1),
transfected with the Pr? expression vector (lane 2), or transfected with the CAT CXpression veclor
{lane 3). Then. it was processed for Northern blot analysis (panels a I) or Western blot analysis
(pancls g, ), The pancls a bindicale (a) PP mRNAL (b)Y GAPD mRNA on the identical blot
ol (a) (e) interferon (1PN )-induced protein with tetratricopeptide repeats 1 (JFFTT) mRNA: (J)
GAPD mMRNA on the identical blot of (o) (¢) IFN-stimulated gene 15 (GFP2YmRNA (T} GAPD
MRNA on the identical blot of (¢): (2) V32 and (h) HISP60 on the identical blot of (2). The RNA
size marker and molecular weight marker are shown on the left in panclsa h.

a non-transgene-specific manner. The strong IFN response hampered an identifica-
tion of the genes regulated in the vector-transfected NP cells, which were not affected
by a direct or indircct involvement of the IFN-signaling pathway. In contrast, N-
responsive genes were not upregulated in P1and C1 (data not shown),

DISCUSSION

A recent study showed that the cytoplasmic accumulation’ of PrPC induces the
sclective newrodegencration in the cerebellum, although it remains unknown why
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Supplementary Table. Interferon-responsive genes upregulated in human neuronal progenitor cells
following transicnt overexpression of PrPC

FICCYSYFHCy3)  Gene

Nao. ratico symbol . Giene name Ulnigene now
1 : 48.49 IFIT Interferon-induced protein with Hs20315
telratricopeptide repeats |
2 45.32 GIr2 Interferon alpha-inducible protein. TIs 458485
interferon-stimulated gene 15
3 27.03 {Frrz Interferon-induced protein with ’ s 169274
tetratricopeptide repeats 2
4 24.36 44 Interferon-induced protein 44 82316
h 18.54 MXi Myxovirus resistance ), interferon-inducible Hs 430836
protein p78
6 1292 rcrt ‘Transcription factor Linterferon production 11371279
regulatory lactor
7 12.47 irrs Interferon-induced protein with He 181874
tetratricopeplide repeats 4
b 9.88 MIDAS Melanoma differentiation associaled 1 389539
profein-8
9 9.72 GIrs Interferon alpha-inducible protein (11°-6-16} - 11287721
10 7.53 STATY Signal transducer and activator of Hs21486
transeription |
i 6.03 FETEME  Interferon induced transmembrane protein | s 458414
(9-2T) '
12 831 OAS! 27 5-Oligoadenylate synthetase | Hs 442936
13 472 PRKR Interferon-inducible double stranded RNA F15 439523
dependent protein Kinase
14 441 NMI N-myu and STAT interactor T 54483
15 390 2™ Beta-2-microplobulin 1= 485106
16 80 1FITS Interferon-induced protein with 118252839
tetratricopeplide repeats S
17 378 HIA-C Major histocompatibility complex, class 1.0 127485
] KNS IS Interferon-induced protein 35 1 50842
19 3.6] anr Transporter 1. ATP-binding cassette. Hs 352008
sublamily B
20 340 ISGI3¢G - Interferon-stimulated transeription factor 3. Hs 1706
famma
21 3306 H1LA-F Major histocompatibility complex, class LT 1411958
22 328 UspPis Ubiquitin specific protease 18 538200
n RA ) OAST. 2°-5"-Oligoadenylate synthetase-like JIs 118633
24 3.05 HLA-B  Major histocompatibility complex. class L3 1177961

Note. To identily the gencs whose expression is controlied by transicot aoverexpression of Pri*Cin human
neural cells. the veetor pEFSERTPIPCNS or pEFSATRIICAT-V S was transfected by Lipofectamine 2000
reagent in human nearonal progenitor (NP} ectls RNA was isofated at 48 h after transfection and then
processed for microarray analysis, The gene expression profile was compared on a 17803 ofigonucleatide
microarray between Pri’Cexpression vector-transfeated NP cells (¢CRNA labeled with CyS) and NP cells
exposed 1o Lipofectamine 2000 reagent alone (¢RNA Tabeled with Cy3). Among 100 penes uprepulated
in PrC expression vector-transfected NIP gells. 24 genes cateporived into known inerferon-responsive
penes are listed.

cerebellar neurons are selectively affected (Ma ef of., 2002). The cytosolic PrPC is
usually degraded rapidly in proteasomes under physiological conditions, raising, the
possibility that an excessive amount of PrPC in the cell inhibits the proteasome ac-
tivity, resulting in accumulation of neurotoxic non-PrPC proteins (Ma ef ol 2002;
baitel ef of., 2002). However, this possibility could not well explain the selective in-
volvement of cerebellar neurons. In the present study, microarray analysis suggested
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PrP’C Affects Gene Expression Profile 807

that stable accumulation of PrPC in the cell caused aberrant regulation of various
gencs important for specific neuronal function. This represeats a possible mechanism
underlying PrPC-mediated selective neurodepeneration.

Doppel is a GPl-anchored glycoprotein enriched in testis with partial homol-
ogy to PrPC, encoded by the PRND gene located downstream of the PRNP gene
(Moore er af., 1999). Interestingly, transgenic mice overexpressing Doppel on the
PrP 7 Ziir-I background exhibited cercbellar ataxia caused by the selective de-
generation of cerebellar granular and Purkinje neurons (Moore ef af., 2001). ‘The
introduction of a wild-type PrP transgene rescued the ataxic phenotype in these
mice (Moore ef al., 2001). Both PrPC and Doppel bind to undefined ligands cx-
pressed on cerebellar granule cells (Legname ef al., 2002). These observations suppest
an existence of the molecular interaction between PrPC: and Doppel in cerchellar
neurons. However, the present study showed that PT eells did not express Doppel
mRNA, excluding an active role of Doppel in aberrant gene regulation obscrved
in P1.

We have established P1 cell line by the site-specific recombination technique.
Although at present, the cell lines applicable 1o the Flp-In system are limited to
HEK293, Jurkat, CV1, CHO, BHK, and NIH313, a great advantage of this system
exists that the (ransgene is always integrated in a single defined FRT site of the
genome in a Flp recombinase-dependent manner. This approach minimizes the op-
portunity for random integration of the transgene in the genome that potentially
induces aberrant gene regulation. Furthermore, the use of stable cell lines excluded
the detection of the genes on the microarray regulated only transiently by the trans-
fection procedure. It is worthy to note that transient overexpression of PrPC and
CAT genes by transfection of the plasmid vectors robustly activated the [N system
in NP cells, leading to the global upregulation of 11'N-responsive genes, ‘This is al-
tributable to the activation of 1FN-inducible double-stranded (ds) RNA-dependent
protein kinase (PRKR) by dsRNA transcribed from the plasmid vector transiently
in the transfected cells (Sledz ef al., 2003). In contrast, [I'N-responsive genes were
notinduced in the stable cell lines PT and C1.

‘The present study showed that P1 cells expressed PrPC not only on the cell sur-
face but also in the ¢ytoplasm. ‘The GPl-anchored membranc-bound form is likely
10 be the mature PriC protein processed after VS Lag is cleaved, while the cyto-
plasmic form possesses the tag fused in its C-terminus. Although it is unusual for
a cell to have a protein in two distinct subcellular locations, a recent study using
high-resolution -electron microscopy showed that a defined population of neurons
expressed PrPCin the cytoplasm as well as on the plasma membrane (Mironov ef al.,
2003). The cytoplasmic accumulation of PrPC might affect transcriptional regula-
tion by sequestering a battery of molecular chaperone proteins (Dimchef! er .,
2003). However, the levels of PPP2R2B, CDR34, and SFRPI expression in C1 was
similar to those of I'1. These observations suggest that aberrant gene regulation in
P1 cells does not simply reflect an epiphenomenon due (o nonspecific consump-
tion of cellular molecular chaperones or due to overexpression of the transgenes
or V5 tag. Caveolae are a vesicular invagination of plasma membranes enriched
in cholesterol and sphingolipid supported by polymerized caveolins, and they pro-
vide a scalfold for gathering a range of signaling molecules (Okamoto ef al., 1998).

—121 -



808 Satoh and Yamamura

The caveolae-like domains (CLI3) are the principal site where PrPC is converted -
into PrPSc (Vey ef «l., 1996). The massive accumulation of GPl-anchored PrPCin
CLD, acting as a structural hindrance, might disrupt the caveolac-dependent sig-
nal transduction, leading to aberrant expression of the genes essential for neuronal
function.

Among 33 genes diflerentially expressed between P1and 191 cells, 21 were up-
regulated and 12 were downregulatedin P1. They were categorized into the following
three groups in view of their involvement in developmental and degencrative pro-
cesses of neurons,

Group 1: The Genes Involved in Neuronal and Glial Functions

Lighteen genes are categorized into those involved in ncuronal and glhial func-
tions. Among them, both PPP2R28B and CPDR34 genes upregulated in P1 are closely
associated with development of human neurodegencrative discascs affecting the
cerebellum. Protein phosphatase 2A (PP2A) is a Ser/Thr phosphatase composed
of a heterotrimeric complex of one structural A subunit, one variable regulatory B
subunit, and one catalytic Csubunit, The PPP2R2B gene encodes a brain-specificreg-
ulatory B subunit termed PRSS/BS. PP2A plays a role in regulation of cellcycle pro-
gression, morphogenesis, malignant translormation, and apoptosis (Millward ef al.,
1999). The inhibition of PP2A activity stimulates hyperphosphorylation ol 1au, sug-
gesting its role in neurodegenerative processes in Alzheimer’s discase (Sontag et al.,
1999). The expression of PR55/B3 is confined to neurons including Purkinje cells in
the cerebellum (Schmidt ef al., 2002). Importantly, an expanded CAG trinuclcotide
repeat is identified in the PPP2ZR21 gene in the patients with autosomal dominant
spinocerebellar ataxia type 12 (SCA12) (Fujigasaki et al., 2003; Holmes ef al., 1999),
‘These observations sugeest that altered PP2A function causes cerebellar neurode-
generation. :

Anti-Yo autoantibody reacts with a 34-kDa protein (CDR1) encoded by the
CDR34 gene and a 62-kDa protein termed CDR62 (CDR2), both of which are ex-
pressed intensely in the cytoplasm of cerebellar Purkinje cells. "This antibody is jden-
tilicd in the scrum of the patients with parancoplastic cerebellar degeneration (PCD)
associated with breast and ovarian cancers (Chen er ol., 1990). PCD is pathologically
characterized by an extensive loss of cerebellar Purkinje cells. CDRY has a tandem
hexapeptide repeal structure responsible for its high immunogenicity (Chen et al.,
1990). ‘These observations suggest that an autoimmune response directed o CDR
antigens in PCD paticnts disturbs some functions important for survival of Purkinje
cells. : - :
~The contactin 1 (CNTN/) gene upregulated in P1 encodes a neuronal cell ad-
hesion molecule that belongs to.the immunoglobulin (1) superlamily. Contagtin-1
is composed of six (2 g domains and four fibronectin type 1 (I'N-HT) repeats by
which it interacts with heterotrophic ligands. The CNTNI-knockout mice show a se-
vere ataxic phenotype associated with a defect in the guidance of granule cell axons
and dendritic projections in the cerebellum (Berglund ef al., 1999). Since N-CAM
interacts with PrPC via two consecutive N-1TT domains (Schmitt-Ulms ef al., 2001},
it is possible that confactin 1 binds 1o PrPC via IN-1T repeats in cerebellar neurons.
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Other genes upregulated in P1 are also involved in regulation of neuonal and
glial functions. The islet-1 transcription factor (IS1.1) gene encodes a LIM home-
odomain transcription factor. The IS1./-deficient mice do not generate motor neu-
rons, suggesting a role of Islet-1 in differentiation of motor neurons (Pfafl ef al.,
1996). The glioblastoma amplilied sequence ((GBAS) gene encodes a substrate for
tyrosine kinase. It is often co-amplified with the £ZGFR gene in glioblastoma (Wang
et al.,1998). The secretory granule, neuroendocrine protein 1 (SGNET) gene encodes
an acidic protein expressed exclusively in neuroendocrine cells with its location in
sceretory granules (Mbikay ef «f., 2001). 1t acts as a chaperone specific for propro-
Lein convertase-2, a prohormonce/proncuropeptide-processing enzyme. The galectin
T(LGALST) gene encodes a member of the beta-galactoside-binding protein family
involved in cellcell and cell-matrix interactions. Galectin-1 enhances the migratory
capacity of tumor astrocyles by modulating the actin organization (Camby ef al.,
2002). The endotherin receptor type B (EDNREB) genc encodes a G protein-coupled
receptor (GPCR) for endothelin polypeptides 1511, T2, and 113, The mutations in
the EDNRB gene are responsible for congenital aganglionic megacolon and pigment
abnormalitics in mice and rats and Hirschsprung’s discase in human, suggesting
its role m development of myenteric ganglion neurons and epidermal melanocytes
{(Hosoda er al., 1994). 1t is worthy to note that PrPC is expressed abundantly in the
human enteric neurons and glia cells (Shmakov ef al., 2000) and KDNREB [orms a
complex with caveolin-1 (Yamaguchi er al., 2003). The protein kinase (/111) gene
encodes a member of the small heat shock protein family expressed in the brain with
an a-crystallin domain (Benndorf er o/, 2001),

Some genes upregulated in P1oare potentially involved in the pathological
process ol prion discases. The potassium channel, inwardly rectifying, sublamily I,
member 8 (KCNJS) gene encodes an ATP-sensitive inward rectilier K' channel
(Inagaki ef al., 1995). The amount of Ca?' -activated K' current was greatly reduced
in Purkinje cells of Prl” /- mice (11erms et af., 2001). The gamma-glutamyl transpep-
tidase (GGTT) pene encodes an enzyme that catalyzes the transfer of the glutamy!
moiety of glutathione to amino acids and dipeptide acceptors, thereby regulating
production ol reactive oxypen species (ROS). PrPC plays a role in protection of
the cells against oxidative stress by elevating antioxidant enzyme activities and glu-
tathione levels (Rachidi e of., 2003). ‘The macrophage scavenger receptor type 1
subunit (MSRT) gene encodes a macrophages/microglia-specific receptor for endo-
cytosis of modilied low-density lipoproteins (Matsumoto er al., 1990), Microglia are
markedly activated in the prion discase brain (Perry ef af., 2002). 'Ihe angiotensin
receptor 1 (AGTRI) gene encodes the type 1 receptor for angiotensin 1, a GPCR
with a caveolin-binding-like motif (Leclere ef al., 2002).

Several genes downregulated in P1 cells play a role in neuronal function. ‘The
secreted Irizzled-related protein 1 (SFRPT) gene encodes a dominant negative recep-
tor for the Wnt family proteins that regulates differentiation of neurons and neural
crest eells (inch ef al., 1997). The gene upstream of NRAS (UNR) genc encodes a
RNA-binding protein expressed in neuronal cell lines in which itinteracts with an in-
ternal ribosome entry site of apoptotic protease-activating factor 1 (Apal-1) mRNA
(Mitcheller of., 2001). The bone morphogenic protein 2A (BMP2A) gene encodes a
TGE B superfamily cytokine which acts on neural progenitor cells to induce astrocyles
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(Nakashima et al., 1999). The G protein-coupled receptor 51 {GPR51) gene encodes
the GABAg receptor 2 (GABARR2), a GPCR predominantly expressed in neurons.

JABARR2 regulates the long-term potentiation in Purkinje cells (Kawaguchi and
Hirano, 2002). Hippocampal ncurons of Prl> /' mice show impaired GABAcrgic
synaptic transmission (Collinge er al., 1994). The members of the semaphorin gene
family act as a repulsive axonal guidance signal during brain development. Semal?
is expressed in neural progenitor cells, and the complete deletion of Senal’ genc is
responsible for the Cri-du-chat syndrome characterized by severe mental retardation
and developmental delay (Simmons ef al., 1998).

Group 2: The Genes Involved in Extracellular Matrix Protein Production

[ive genes dysregulated in P1 cells are categorized into those involved in pro-
duction of extracellular matrix (1:CM) proteins. ‘The laminin, alpha-2 (LAMAZ2)
gene encodes the alpha-2 subunit of laminin-2. The mutations in the LAMAZ gene
cause congenital merosin-deficient muscular dystrophy in which the brain is also
affected (Tezak ef af., 2003). Importantly, the laminin receptor combined with hep-
aran sulphatc proteogtycans (11SPGs) serves as the cell-surface receptor for PrPC
(Hundt ef a/., 2001). The microfibril-associated glycoprotein 2 (MFAP2) gene en-
codes a structural component of microfibrils that plays a role in tissue remodeling.
The lumican (.UM) gene encodes a keratan sulfate glycoprotein which regulates the
assembly of collagens into higher order fibrils. Mice lacking Jumican and libromod-
ulin show a phenotype similar to Ehlers-Danlos syndrome. The collagen, type 111,
alpha-1 (COL3AI) gene encodes a fibrillar collagen. The mutations in the COL3AS
gene are also associated with Ehlers-Danlos syndrome. The keratin-assoctated pro-
tein 19.1 (KRATAP19-1) gene encodes a hair keratin-associated protein family mem-
ber involved in hair follicke morphogencesis. These observations suggest that accumu-
lation of PrPCin the cell modulates the homeostasis of ECM proteins,

Group 3: The Genes Involved in the Complement Cascade

Linally, two genes upregulated in P1eells were found to be located in the comple-
ment cascade. ‘The complement component 3 inactivator (f/F) gene encodes a serine
protease which cleaves the o chains of C3b and C4b, involved in both the classical
and alternative pathways. The complement component 1, 1 subcomponent (C/R)
gene encodes Clr, a serine protease that activates itsell by the autolytic process,
followed by activation of Cls, a second serine protease responsible for proteolysis
of C2 and C4 by the Clrsg complex (Lacroix ef af., 2001). Importantly, increasing
evidence indicated that the complement system is involved in the pathological pro-
cess of prion discases. Either depletion of C3 by treatment with cobra venom factor
or disruption of the Clq gene could delay the onset of scrapie in mice following pe-
ripheral inoculation (Mabbott ef al., 2001). 'The CD21/CD35 complement receptor
expressed on follicular dendritic cells plays a primary role in the initial trapping of
prions (Klein ¢f al., 2001).

In conclusion, accumulation of PrPCin the cell caused aberrant regulation of the
genes important for specilic neuronal and glial functions, the homeostasis of ECM
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proteins, and the activation of complement cascade. These observations provide us
an insight into the mechanisms underlying PreC-mediated neurodegeneration and
(he pathological process of prion discascs.
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A form of a-galactosylceramide, KRN7000, activates CD1d-re-
stricted Val4-invariant (Va14i) natural killer (NX) T cells and
initiates multiple downstream immune reactions. We report that
substituting the (26:0 N-acyl chain of KRN7000 with shorter,
unsaturated fatty acids medifies the outcome of Vatdi NKT cell
activation. One analogue containing a diunsaturated €20 fatty acid
(€C20:2} potently induced a T helper type 2-biased cytokine re-
sponse, with diminished IFN-y production and reduced Va14i NKT
cell expansion. C20:2 also exhibited less stringent requirements for
loading onte CD1d than KRN7000, suggesting a mechanism for the
immunomodulatory properties of this lipid. The differential cellular
response elicited by this class of Va14i NKT cell agonists may prove
to be useful in immunotherapeutic applications.

cytokines | inflammation | autcimmunity | immunoregulation

N atural killer (NK) T cells were defined originally as lym-
phocytes coexpressing T cell receptors (TCRs) and C-type
lectin receptors characteristic of NK cells. A major subset of
NKT cells recognizes the MIC class I-like molecule D 1d by
using TCRs composed of an invariant TCR-« chain (mouse
Veal4Jal8, human Va24-Ja18) paired with TCR-8 chains with
markedly skewed VB usage (1). These CD1d-restricted Vald-
invariant (Val4i) NKT cells are highly conserved in phenotype
and function between mice and humans (2). Valdi NKT cells
influence various immune responses and play an important role
in regulating autoimmunity (3, 4). One example is the nonobese
diabetic mouse. When compared with normal mice, nonobese
diabetic mice have fewer Val4i NKT cells, which are defective
in their capacity to produce antiinflammatory cviokines like I1.-4
(3. 6). Deficiencies in NKT cells have also been observed in
humans with various autoimmune diseases (7, 8). ‘

Va14i NKT cells have been manipuolated 1o prevent or treat
autoimmune disease, mostly through the use of KRN7000, a
synthetic a-galactosvlceramide {a-GalCer, Fig. 14) that binds to
the hydrophobic groove of CD1d and then activates Val4i NKT
cells by means of TCR recognition (9). KRN7000 treatment of
nonobese diabetic mice blocks development of T helper (Ty)
type 1-mediated autoimmune. destruction of pancreatic islet
Bells, thus delaying or preventing disease (10-12). There has
been considerable intercst in methods that would allow a more
selective activation of these cells. In particular, the ability to
trigger IL-4 production without eliciting strong IFN-v or other
preinflammatory cytokines may reinforce the immunoregula-
tory functions of Valdi NK'T cells. This effect is detected after
Valdi NKT cell activation with a glycolipid designated OCH,
which is an a-GalCer analogue thal is structurally distinet from
KRN7000 in having a substantially shorter sphingosine chain and
functionally by its preferential induction of I.-4 secretion
(13, 14).

In this study, we investigated responses to a-GalCer analogues
prodluced by alteration of the length and extent of unsaturation

WwWw.phas.org <gi. doi 10.1073 'pnas.0407488102

of their N-acyl substituents. Such modifications altered the

- outcome of Va14i NKT cell activation and, in some cases, led 1o

a Tu2-biased and potentially antiinflammatory cytokine re-
sponse. This change in the NKT cell response was likely the result
of an alteration of downstream steps in the cascade of events
triggered by Va14i NKT cell activation, including the reduction
of secondary activation of IFN-y-producing NK cells. These
findings point to aclass of Va14i NKT cell agonists that may have
superior properties for the treaiment of autoimmune and in-
flammatory diseases.

Materials and Methods

Mice and Cell Lines, C57BL/6 mice (8- to 15-wk-old females) were
obtained either from The Jackson Laboratory or Taconic Farms.
CD1d™"" mice were provided by M. Exley and S. Balk (Beth
Israel-Deaconess Medical Center, Harvard Medical School,
Boston) (15). Va14i NKT cell-deficient Ja18 '~ mice were a gift
from M. Taniguchi and T. Nakayama (Chiba University, Chiba,
Japan) (16). Both knockout mice were in the C57BL/6 back-
ground. Animals were kept in specific pathogen-free housing.
The protocols that we used were in accordance with approved
institutional guidelines.

Mouse CDld-transfected RMA-S cells (RMA-S.mCD1d)
were provided by S. Behar (Brigham and Women's Hospital,
Harvard Medical School) (17). WT or cytoplasmic tail-deleted
CD1d-transfected A20 cells and the Valdi NKT hybridoma
DN3A4-1.2 were provided by M. Kronenberg (La Jolta Institute
for Allergy and Immunology, La Jolla, CA) (18, 19). Hybridoma
DN32D3 was a gift from A. Bendelac (University of Chicago,
Chicago) (1). Cells were cultured in RPMI medium 1640
{GIBCO) supplemented with 104 heat-inactivated FCS (Gem-
ini Biological Products, Calabasas, CA)/10 mM Hepes/2 mM
L-glutamine /0.1 mM nonessential amino acids/55 uM 2-mer-
captoethanol/100 units/m] penicillin/100 ug/ml streptomvein
(GIBCO) in a 37°C humidified incubator with 5¢7 CO-.

Glycolipids, BFF1508-84 was synthesized by Biomira (Edmonton,
Canada). OCH [(2S. 3S, 4R)-1-0-(a-p-galactopyranosyl)-N-
tetracosanoyl-2 amino-1,3,4-nonanetriol] was synthesized as de-
scribed (13). An overview of the methods for synthesis of
KRN7000 [(25, 35, 4R)-1-O-(a-D-galactopyranosyl)-N-hexaco-
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Fig. 1. Induction of a Tu2-polatized cytokine response by an unsaturated

analogue of a-GalCer. {A) Glycolipid structures. (8) [*HIthymidine incorpora-
tion and supernatant IL-4 and IFN-v levels in 72-h splenocyte cultures with
graded amounts of glycolipid. Means from triplicate cultures are showny; SEMs
were typically < 10% of the mean. (C) Serum IL-4 and IFN-ylevels (at 2 and 20 h}
of C57BL.'6 mice injected i.p. with 4.8 or 24 nmol of glycolipid. KRN7000 was
the enly glycolipid that induced significant IFN-y levels at 20 h (%, P <~ 0.05,
Kruskall-Wallis test, Dunn’s posttest). Means * 5D of two or three mice per
group are shown,

sanoyi-2-amino-1,3.4-0ctadecanetriol] and other N-acyl ana-
logues used in this study is shown in Fig. 7, which is published as
supporling information on the PNAS web site. Lipids were
dissolved in chloroform/methano! (2:1 ratio) and stored at
—20°C. Aligquots from this stock were dried and reconstituted to
either 100 uM in DMSO for in vitro work or to 500 uM in 0.5%
Tween-20 in PBS for in vive studies.

In Vitro Stimulations. Bulk splenocyles were plated at 300,000 cells
per well in 96-well flat-bottom tissue culture plates with glyco-
lipid diluted in 200 ul of medium. After 48 or 72 h at 37°C, 150
wl of supernatant was removed for cytokine measurements, and
0.5 pCi (1 Ci = 37 GBq) [*H]thymidine per well (specific activity
2 Ci/mmol; PerkinElmer) was added for an 18-h pulse. Prolil-
eration was estimated by harvesting cells onto 96-well filter mats
and counting B-scintillations with a 1450 Microbeta Trilux
(Wallac, Gaithersburg, MD; PerkinElmer).

Supernatant levels of 1L-2, 114, TL-12p70, and IFN-y were
measured by ELISA using capture and biotinylated detection
antibody pairs (BD PhatMingen) and streptavidin—horseradish
peroxidase (Zymed) with TMB-Turbo substrate (Pierce) or
streptavidin-alkaline phosphatase (Zymed) with 4-nitrophenyl
phosphate substrate (Sigma). IL-2 standard was obtained from
R & D Systems; 1.4, IL-12p70 and TFN-y were obtained from
PeproTech (Rocky Hill, NI).

Hybridoma Stimulations. CD1d~ RMA-S or A20 cells (50,000 cells
in 100 pl per well) were pulsed with graded doses of glycolipid
for 6 h at 37°C. After three washes in PBS, Valdi NKT
hybridoma cells {30,000 cells in 100 ul) were added for 12 h.
Supernatant IL-2 was assayed by ELISA. Altematively, CD1d-
transfected cells (RMA-S.mCD1d) were lightly fixed either
before or after exposure to antigen (20). Cells were washed twice

_in PBS and then fixed in 0.05% glutaraldehyde (grade I, Sigma)

in PBS for 30 s at room temperature. Fixative was quenched by
addition of 0.2 M L-lysine (pH 7.4) for 2 min, [ollowed by two
washes with medium before addition of responders.

For cell-free presentation, recombinant mouse CD1d (1
pg/ml in PBS) purified from a baculovirus expression system

33834 | www.pnas.org.<gi’doi, 10,1073 pnas.0407488102

(21) was adhered 1o tissue culture plates for 1 h at 37°C. After
the washing off of unbound protein, glycolipids were then added
at varying concentrations for 1 b at 37°C. Lipids were added in
a 150 mM NaCl/10 mM sodium phosphate buffer (pH 7) with
or without 0.025%; Triton X-100. Wells were washed before
addition of hybridoma cells.

In Vivo Studies. Mice were given i.p. injections of 4.8 nmol of
glveolipid in 0.2 ml of PBS plus 0.025% Twecn-20 or vehicle
alone. Sera were collected and tested for 1L-4, IL-12p70, and
IFN-y, as described above. Alternatively, mice were killed at
various times for FACS analysis.

Flow Cytometry. Splenocyies or thymocytes were isolated and
used without further purification. Nonspecific staining was
blocked by using FACS buffer (0.1% BSA/0.05% NaNy in PBS)
with 10 ug/ml rat anti-mouse CD16/32 (2.4G2; The American
Type Culture Collection). Cells (=10F) were stained with phy-
coervthrin or allophveocyanin-conjugated glycolipid/mouse
CD1d tetramers (21) for 30-90 min at room lemperature and
then with fluorescently labeled antibodies {from Caltag, South
San Francisco, CA, or PharMingen) for 30 min at 4°C. Data were
acquired on either a FACSCalibur or LSR-II flow cylometer
{Becton Dickenson) and analyzed by using WINMDI 2.8 (Scripps
Rescarch Institute, La Jolla, CA). For some experiments, dead
cells were excluded by using propidium iodide (Sigma) or
4’ 6-diamidino-2-phenvlindole (Roche).

FACS-based cytokine secretion assays (Miltenyi Biotee, Au-
bum, CA) were used to quantitatively detect single-cell produc-
tion of 1L-4 or IFN-vy. Splenocytes were aseptically collected
from mice that were previously injected i.p. with glycolipid
analogues and not subjected to further stimulation. When ap-
plicable, 10% cefls were prestained with labeled tetramer for 30
min al room temperature and then washed in PBS plus 0.1%
BSA. Cells were then stained with the cytekine catch reagent
according to the manulacturer's instructions, foliowed by incu-
bation with rotation in 2 ml of medium at 37°C for 45 min. Cells
were then washed, stained with Tluorescently labeled antibodies
1o cell-surface antigens, phycoerythrin-conjugated anti-IFN-yor
1L, and propidium jodide, as described above.

Results

TuZ-Skewing Properties of an a-GalCer Analogue. During screening
of a panel of synthetic glvcosyl ceramides, we identified a
compound that showed Ty2-skewing of the cylokine profile
generated by Val4i NKT cell activation. Glycolipid BF1508-84
differed structurally from both OCH and KRN7000 by having a
shortened, unsaturated fatty-acid chain (C20:4 arachidonate)
and a double bond in place of the 4-hydroxy in the sphingosine
base (Fig. 14). Despite these modifications, BF1508-84 activated
proliferation and cytokine secretion by mouse splenocytes (Fig.
1B). These responses were Va14i NKT cell-dependent, as dem-
onstrated by their absence in both CD1d™*" and J&18~ mice
(data not shown). Maximal proliferation and IL-4 levels were
comparable with those obtained with KRN7000 and OCH,
although a higher concentration of BFI1508-84 was required to
reach similar responses. Interestingly, IFN-v secretion stimu-
lated by BFF1508-84, even at higher tested concentrations, did not
reach the levels seen with KRN7000. This profile of cytokine
responses suggested that BF1508-84 can elicit a Tu2-biased
Valdi NKT cell-dependent cytokine production, similar to
OCH (13).

We measured serum cylokine levels at various times after a
single injection of either KRN7000 or BF1508-84 into C57BL./6
mice. Our studies confirm published reports that a single i.p.
injection of KRN7000 leads to a rapid 2-h peak of serum IL-4
(Fig. 1C and data not shown). IHowever, IFN-y levels were
relatively low at 2 h but rose to a plateau at 12-24h (13, 22). With

Yuetal

—130 —



»
. R4
L e = B KRNTDOO
core 5 ...0 ez
€ A €200
Rs= r* O OCH
KRN7DOD °T'\WW\~\NVW
C24:0 Fy 81 1 10 100 1000
cz00 °T\/W\vav nM
C201rans O*M’W
C20°Y eis W C
C20:2 QY\I\JVWN KRNTG00
C20:4 °.r\rvw\. 240
L) PR c200
cans o C20:1 trans.
C“’z T"MNJWV c201 cis
C10.2
CIo4
v o c10 s
Ko W\&\f\fwwv ci1gz
OCH
BF1508-84
azito] < 0601
o 01 1 10
UEDy nM *
Fig. 2.  Recognition of a panel of unsaturated analogues of KRN7000 by a

canonical Val14i NKT hybridoma. {A) Analogue structures. (8) Dose—response
curves showing IL-2 production by hybridoma DN3A4-1.2 after stimulation
with RMA-5.mCD1d cells pulsed with various doses of glycolipid. Maximal IL-2
concentrations in each assay were designated as 100%. Four-parameter lo-
gistic equation dose—response curves are shown; the dotted line denotes the
half-maximal dose. (C) Relative potencies of the analogue panel in Va14i NKT
cell recognition, plotted as the reciprocal of the effective dose required to
elicit a half-maximal response (1 EDsg). Similar results were obtained by using
another Vo 14i NKT hybridoma, DN32D3.

BF1508-84, production of IL-4 at 2 h was preserved, whereas
IFN-y was barely detectable at 20 h (Fig. 1C). This pattern was
identical 10 that reported for OCH (13, 22) and was not due (o
the lower potency of BF1508-84 because a 3-fold greater dose
did not change the Ty2-biased cytokine profile (Fig. 10).

Systematic Variation of Fatty-Acyl Unsaturation in a-GalCer. The
cytokine response to BF1508-84 suggested thal altering the
fatty-acid length and unsaturation of e-GalCer could provide an
effective strategy for creating Val4i NKT cell activators with
modified functiona] properties. We used a synthetic approach
(Fig. 7, and G.S.B. and P.A L, unpublished data) to generate
lipids in which 20-carbon acyl chains with varving degrees of
unsaturation were coupled onto the a-galactosylated sphin-
gosine core structure (Fig. 24). These compounds were first
screened for the ability to activale a canonical Vald-Jal8/
VE8.27, CDId-restricted NKT celi hybridoma cocultured with
CD1d* antigen-presenting cells. Hybridoma DN3A4-1.2 recog-
nized alt C20 analogues of a-GalCer with various potencies when
presented by CDld-transfected RMA-S cells, and it failed to
recognize an azido-substituted analogue lacking a fatty-acid
chain (Fig. 2 B and (). As reported (9), mere shortening of the
fatty-acid chain affected Vald4i NKT cell recognition, and
reduction of saturated fatty-acid length from C26 1o C20 was
associated with a =-2 log decrease in potency. However, insertion
of double bonds into the €20 acvl chain augmented stimulatory
activity. One lipid in particular, with unsaturations at carbons 11
and 14 (C20:2), was more potent than other analogues in the
panel. This increase in potency seemed to be a direct result of the
two double bonds, because an independently synthesized ana-
logue with a slightly shorter diunsaturated acyl chain (C18:2)
showed a potency similar to that of C20:2 (Fig. 2C).

We also studied in virro splenocyte cylokine polarization
resulting from Var14i NKT cell stimulation by each lipid in the
panel. Supernatant IL-4, IFN-v, and I1L-2 levels were measured
over a wide range of glycolipid concentrations. All C20 variants
induced IL-4 production comparable with that of KRN7000 (Fig,
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fig. 3. Tu2-skewing of in vitro and in vivo cytokine responses ta C20:2. {4)

Dose—response curves reporting 48 h iL-4, IFN-v, or IL-2 production, and cell
profiferation of splenocytes in response to KRN7000, €20:2, and OCH. Means
of duplicate cultures are shown; SEM were < 10% of the means. (8) Cytokine
and proliferation measurements on splenocytes exposed to a submaximal
dose (3.2 nM) of the panel of o-GalCer analogues shown in Fig. 2. Mean + SEM
fromduplicate cultures shown. (C)Serum iL-4 and IFN-+ levels in mice given 4.8
nmol of KRN7000, £20:2, or OCH. Mean = $D of two or three mice are shown.
Vehicle-treated mice had cytokine levels below limits of detection, The results
shown are representative of two or more experiments.

3 A and B, and data not shown). However, IFN-vy levels for all
but one C20 analogue {C20:1 cis) were markedly reduced to
one-fourth of the maximal levels observed with KRN7000 and
the closely related C24:0 analogue, or less. In addition, C20: 1-cis,
C20:2, and C18:2 were unique in this class of compounds in
inducing strong IL-2 production and cellular proliferation sim-
ilar to that seen with KRN7000 and C24:0 yet with much lower
IFN-vy induction. This in vitro Ty2-bias was also evident in 1ho.
Mice given C20:2 and C20:4 showed systemic cytokine produc-
tion that resembled stimulation by OCH or BF1508-84. Thus, a
rapid burst of serum T1.-4 was observed without the delayed and
sustained production of IFN-y typical of KRN7000 (Fig. 3C and
data not shown). No significant difference between the glyco-
lipids was seen in serum IL-12p70 levels at 6 h after treatment
(data not shown).

Identification of Cytokine-Producing Cells in Vivo. Previous reports
(23-25) established that Valdi NKT cells are a predominant
source of IL-4 and IFN-y in the early {2 h) response to KRN7000
and that by 6 h after injection these cells become progressively
undetectable because of receptor down-modulation, whereas
secondarily activated NK cells begin to actively produce IFN-v.
Gating on either a-GalCer-loaded CD1d tetramer* or NK1.1*
T cells, we ohserved similar strong cytokine secretion for hoth
IL-4 (data not shown) and IFN-y in Vo 14i NKT cells at 2 h after
injection of KRN7000 or C20:2 (Fig. 4.4 and B). We concluded
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Fig. 4. Sequelae of KRN7000 and €20:2-induced Vu14i NKT cell activation.
{4) Vi 14i NKT cell {tetramer* D3¢, NK cell (NK1.1* CD3: ), and NK1.1° T
cell {NK1.17t D3, identification by FACS in splenocytes from mice given
KRN7000, C20:2, or vehicle i.p. 2 h earlier, Lymphocytes gated as negative for
B220 and propidium iodide are shown, {8} Histogram profiles for [FN-vsecre-
tion of splenic Val14i NKT, NK1.1° T, or NK cells from mice 2 or 24 h after
treatment with glycolipid. IFN-v-staining in C24:0-stimulated samples was
identical to that of KRN7000-stimulated samples. (C) CD69 levels of splenic NK
cells {gated as D3« NK1.1*} or B cells (CD3: " NK1.17 8220° yat12,24,0rd8h
after injection of glycolipid. (D) Splenic Va14i NKT cell (B220" CD3:™ tet-
ramer~) frequency, measured as either percentages of T cells or as total NKT
cell number, in mice 1, 2, or 3 days after glycolipid administration. The results
shown are representative of three independent experiments.

that cytokine polarization observed after C20:2 administration
was not due to differences in the initial Ve14i NKT cell response
but, rather, reflected altered downstream events such as the
relatively late IFN-y production by activated NK cells,

Secreted cytokine staining confirmed that in both KRN7000-
and C20:2-treated mice, NK cells were IFN-y* at 6-12 h after
treatment (26, 27). However, whereas splenic NK cells from mice
that received either KRN7000 or the closely related C24:0
analogue strongly produced TFN-y as late as 24 h after initial
activation, NK cells from C20:2-treated mice showed substan-
tially reduced staining (Fig. 4B). Together, these results pointed
to a less sustained secondary IFN-y production by NK cells
(rather than a change in the injtial cytokine response of Valdi
NKT cells) as the major [actor responsible for the Ty2 bias of the
systemic cytokine response to €20:2.

Sequelae of V14l NKT Cell Activation by C20:2. Secondary activa-
tion of bystander B and NK cells after KRN7000 administration
has been studied by using expression of the activation marker
CD69 (26, 28-30). We followed CD69 expression of splenic NK
and B cell populations for several hours after KRN7000 or C20:2
administration. Both populations began to up-regulate CD69 at
4-6 h after injection (data not shown). Paradoxically, C20:2
induced slightly higher CD69 levels on both cell populations up
until 12 h, although this trend was reversed from 24 h onwards,
suggesting an earlier up-regulation yet faster subsequent down-
regulation of the marker (Fig. 4C). NK c¢ell forward scatter
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Fig.5. Recognition of KRN7000, C24:0, and C20:2 by the same population of
Va14i NKT cells. {4) Costaining of CS7BL/6 splenocytes or thymocytes with
allophycocyanin-conjugated CO1d tetramers assembled with C24:0, and phy-
coerythrin-labsled CD1d tetramers assembled with various analogues. (8)
Thymocytes were stained with €24:0, C20:2, KRN7000, or vehicle-lcaded CD1d
tatramers=phyccerythrin, and with antibodies to 8220, CD3r, V37, V(8.1:8.2,
or NK1.1. Dot plots show gating for tetramer® T cells, after exclusion of B
{ymphocytes, and dead cells, (C) TCR V1 and NK1.1 phenotype of tetramer*
€Dt thymacytes, Analogous results were obtained with splenocytes. The
results shown are representative of three or more experiments.

likewise remained higher in KRN7000-treated mice at days 1-3
compared with C20:2-treated mice (data not shown).

1t is established that Va14i NKT cells expand beyond homeo-
static levels 2 or 3 days afler KRN7000 stimulation (24, 25). In
our study, a 3- to 5-fold expansion in splenic Val4i NKT cell
pumber occurred in KRN7000-treated mice at day 3 after
injection. Interestingly, after in vivo administration of C20:2,
only a minimal transient expansion was abserved on day 2, with
no expansion of the Va14i NKT cell population thereafter, even
as late as day 5 (Fig. 4D and data not shown). Together, our
findings indicated pronounced alterations in the late sequelae of
Val4i NKT cell activation with the C20:2 analogue compared
with KRN7000.

Recognition of KRN7000 and C20:2 by Identical Cell Populations.
CD1d complexes containing the a-GalCer analogue OCH have
been shown to have significantly reduced avidity for TCRs of
Valdi NKT cells compared with binding of KRN7000-loaded
complexes (31). This finding suggests the possibility that the
Tu2-biased response of C20:2 could be a result of preferential
stimulation of Valdi NKT cell subsets with TCRs of higher
affinity for lipid-loaded CD1d. In fact, phenotypically defined
subsets of murine and human NKT cells have been described that
show a bias toward increased production of IL-4 relative to
IFN-y upon stimulation (32-36). However, by costaining of
splenic and thymic Val4i NKT cells by using CI1d tetramers
loaded with different lipids, we demonstrated that identical
populations recognized C24:0, C20:2, and KRN7000 (Fig. 54).

‘Single staining with these reagents revealed no difference in VB

usage or NKLI status of cells reactive with the different
analogue tetramers (Fig. 3 B and C). Interestingly, C20:2-loaded
tetramers stained NKT cells more strongly than tetramers loaded
with KRN7000, reflecting a slightly higher affinity of the C20:2-
CD1d complex to the Valdi TCR (J.5.1. and 5.A.P., unpublished
results). Together, these findings demonstrated that the altered
cytokine response to €20:2 cannot be the result of preferential
activation of a subset of Valdi NKT cells,
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Fig.6. Differential requirements for CD1d loading with KRN7000 and €20:2.

IL-2 response of hybridoma DN3A4-1.2 to glyeolipid presentation in three in
vitro CD1d presentation systems: platebound CD1d loaded with varying
amounts of KRNT000 or C20:2 in the presence or absence of the detergent
Triton X-100 (4}, RMA-5.CD1d cells pulsed with glycolipid before or after
glutaraldehyde fixation (8), or WT or cytoplasmic tail-deleted (TD) CD1d-
transfected A20 cells, loaded with either KRN7000 or €20:2 (¢).

Loading Requirements of a-GalCer Analogues onto €D1d. To find an
alternative explanation for the Ty;2-biased response to C20:2, we
studicd requirements for handling of different forms of a-Gal-
Cerby antigen-presenting cells. We employed a cell-free system
in which platebound mouse CDI1d was loaded with doses of
KRN7000 or C20:2 in the presence or absence of the detergent
Triton X-100 (37). By using 1L-2 production by DN3A4-1.2 as
a readout for glycolipid loading of CD 14, we observed a marked
dependence on detergent for loading of KRN7000 but not for
C20:2 (Fig. 64). This result suggested a significant difference in
requirement for cofactors, such as acidic pH or lipid transfer
proteins, that facilitate lipid loading onto CD1d in endosomes
(38-41). We assessed this hypothesis further by using glutaral-
dehyde fixation of CD 1d* antigen-presenting cells, which blocks
antigen uptake and recycling of CD1d between endosomes and
the plasma membrane. Val4i NKT cell recognition of KRN7000
was markedly reduced if lipid loading was done after fixation of
RMA-5.mCD1d cells, whereas recognition of C20:2 was unim-
paired (Fig. 68).

Similar conclusions were drawn from experiments by using
A20 cells transfected with either WT or cytoplasmic tail-deleted
CDId (Fig. 6C). The tail-deleted CD1d mutant lacks the intra-
cellular tyrosine-based sorting motif required for intemalization
and endosomal localization of CD1d (19). As was the case with
RMA-S.mCDId, WT CDIld-transfected A20 cells presented
KRN7000 more potently than C20:2. However, the tail-deleted
mutant presented C20:2 with at least 20-fold greater efficiency
than KRN7000. Together, these results point to the conclusion
that the Tp2-skewing C20:2 analogue had substantially less
dependence on endosomal loading for presentation by CD1d
when compared with compounds that produced a more mixed
response with strong IFN-y production, such as KRN7000,

Discussion

This study details in vitro and in vive consequences of activation
of Val4i NKT cells with C20:2, a diunsaturated N-acyl substi-
tuted analogue of the prototypical a-GalCer, KRN7000. The
Tu2 cytokine bias observed with C20:2 is not unique: OCH and
other shortened fully saturated lipids have been shown to have
this effect (13, 42). C20:2 differs from these other compounds in
two potentially important respects. First, the in vifro poteney of
C20:2 for stimulation of certain Val4i NKT cell functions (e.z.,
proliferation and secretion of 11-4 and IL-2) approaches that of
KRN7000, whereas OCH appears to be a much weaker Va14
NKT cell agonist. Second, staining with C20:2-loaded CD1d

Yu etal

tetramers, as opposed to OCH, is undiminished compared with
KRN7000. This finding would suggest thal, as a therapeutic
agent, C20:2 will be recognized by the identical global Veldi
NKT cell population (as KRN7000 is) and not limited to
higher-affinity NKT cell subsets, as suggested for OCH (31},

A recent study showed that one mechanism by which OCH
may induce a Ty2-biased cytokine response involves changes in
IFN-y production by Va14i NKT cells themselves. Oki et al. (43)
reported that the transcription factor gene c-Rel, a member of
the NF-«B family of transcriptional regulators that is a crucial
component of IFN-y production, is inducibly transcribed in
KRN7000-stimulated but not OCH-stimulated Val4i NKT cells.
Although we have not assessed ¢-Ref induction or other factors
involved in IFN-y production in response to C20:2, our findings
did not suggest that early IFN-y production by Va14i NKT cells
was different after activation with C20:2 versus KRN7000. Both
lipids induced identical single-cell IFN-vy staining in Va14i NKT
cells and serum IFN-vy levels at 2 b after injection. However, in
contrast to the apparent similarity in Valdi NKT cells, NK cell
IFN-y production was significantly reduced and less sustained
after in vivo administration of C20:2 compared with KRN7000.
Hence, failure of C20:2 to fully activale downstream events
leading fo optimal NK cell secondary stimulation by activated
Val4i NKT cells appears to be the most likely mechanism by
which C2(:2 induces reduced IFN-y and an apparent Ty2-biased
systemic response.

C20:2 administration resulted also in a more rapid but less
sustained CD6Y up-regulation in NK and B cells, as well as a lack
of a substantial Val4i NKT cell expansion. These findings were
surprising, given that TCR down-modulation observed on Ve 14i
NKT cells within the first few hours after C20:2 stimulation was
similar to or greater than that induced by KRN7000 (Fig. 4.4 and
data not shown), indicating strong TCR signaling in response to
the analogue. These features of the response to C2(:2 may be a
further reflection of the failure of C20:2 ta induce a full range
of downstream events after Valdi NKT cell activation, including
the production of eytokines or other factors required o suppont
the expansion of Valdi NKT cells.

What mechanism can then be invoked 1o account for the
altered cytokine response to C20:2 and other N-acyl varjants of
KRNT7000? One intriguing possibility is provided by our analysis
of requirements for presentation of C20:2 compared with
KRN7000, which revealed marked differences between these
glvcolipids in their need for endosomal loading onto CDId.
CD1d and other CDI1 proteins undergo transport into the
endocytic pathway, leading to intracellular loading with lipid
antigens and subsequent recycling to the cell surface (39). The
importance of endosomal loading for KRN7000 most likely
reflects the impact of factors in these compartments that facil-
itate the insertion of lipids info the CD1d ligand-binding groove.
These factors include the acidic pH of the endosomal environ-
ment, as well as lipid transport proteins, such as saposins and
GM2 activator protein (38, 40, 41). Our findings indicate that
C20:2 can efficiently load onto CDId in the absence of these
endosomal cofactors. Consequently, we speculate that C20:2
may be strongly presented by any cell type that expresses surface
CD1d, regardless of its ability to efficiently endocylose lipids
from the extracellular space. This more widespread presentation
could lead to a more pronounced presentation of C20:2 by
nonprofessional antigen-presenting cell types compared with
KRN7000. Because many cell types express CD1d, including all
hematopoictic lineages and various types of epithelia (44-48),
presentation of C20:2 by nonprofessional antigen-presenting
cells may explain the more rapid trans-activation of bystander
cells observed with C20:2. An alternative hypothesis is that the
endosomal loading requirements of KRN7000 result in its pref-
erential localization into CD1d molecules contained in mem-
brane lipid rafts, whereas the permissive loading properties of
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C20:2 would result in a more uniform glycolipid distribution
across the cell membrane. Bvidence of lipid raft localization of
CDI1d and raft influence on the Ty-bias of MHC class II-
restricted CD4* T cells lend support to this model (49, 50).
Fither scenario would be expected to result in decreased delivery
of costimulatory signals associated with professional antigen-
presenting cells (¢.g., dendritic cells) and, thus, lead to quanti-
tative and qualitative differences in the outcome of Val4i NKT
cell stimulation. Consistent with both models, Veel4i NKT cell
activation with KRN7000 in vitro in the presence of costimula-
tory blockade (anti-CD86) can polarize cytokine production to
a Ty2 profile (22).

We have shown that structurally modified forms of a-GalCer
with alterations in their N-acyl substituents can be designed to
generate potent immunomodulators that stimulate qualitatively
altered responses from Val4i NKT cells. Qur results confirm
and extend several basic observations and principles established
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Generation of Va14 NKT cells in vitro from
hematopoietic precursors residing in bone marrow
and peripheral blood

Michio Shimamura', Kumi Kobayashi', Hiroko Watanabe’, Yi-Ying Huang', Naoki
Okamoto', Osamu Kanie?, Hiroshi Goji' and Masumi Kobayashi'

! Developmental Immunclogy Unit, Mitsubishi Kagaku Institute of Life Sclences, Tokyo, Japan
? Glycotechnology Unit, Mitsubishi Kagaku Institute of Life Sclences, Tokyo, Japan

We previously reported the generation of Va14 invariant TCR* (Va14i) NK1.1* natural killer T
(NKT) cells in the cytokine-activated suspension culture of murine fetal liver cells. In this
study, we attempted to apply this finding to the induction of Va14i NKT cell differentiation in
the culture of hematopoietic precursors residing in bone marrow or peripheral blood. Prefer-
ential generation of NKT cells was found in the culture of Thy-1*-depleted bone marrow cells
in the presence of culture supernatant from Con A-stimulated spleen T cells and a combina-
tion of recombinant IL-3, IL-4, IL-7 and GM-CSF. NKT cell development from peripheral
blocd hematopoietic precursors was induced when they were cultured on stromal cell
monolayers prepared from Thy-1*-depleted bone marrow or fetal liver cells, suggesting that
certain environments derived from hematopoietic organs are required for the induction of
NKT cells from precursors in vitro. A significant fraction of NKT cells generated in the culture
were positive for staining with CD1-a-galactosylceramide tetramer, indicating that Va4
NKT cells were the major subset among the NKT cells. The present methods for obtaining
NKT celts in the culture of bone marrow or peripheral blood cells are applicable to the treat-
ment of patients suffering from diseases with numerical and functional disorders of NKT

cells.

Key words: NKT cell / Val4 / a-GalCer / CD1 tetramer / Development

1 Introduction

Natural killer T (NKT) cells are defined as lymphocytes
bearing both the common NK cell marker NK1.1, a mem-
ber of the NKR-P1 gene family, and the TCR-CD3 com-
plex [1, 2]. NKT cells are heterogeneous in terms of TCR
structure, CD1d-reactivity, and CD4/8 co-receptor
expression [1-3]. The invariant Va14-Ja18 (Ja281) TCR®,
CD1d-restricted CD4* or CD48~ NKT cell (Valdi NKT
cell} is the most commeon in hormal mice.

The developmental origin of NKT cells is controversial.

Recent studies revealed the presence of thymic precur-
sors of the Va14i NKT cell lineage [4-6], indicating a thy-

[DOI 10.1002/€ji.200324579)

Abbreviations: NKT cell: NK1.1* natural killer T cell Vetdi
Val4 invariant TCR-expressing Con A sup: Culture super-
natant from Con A-stimulated T cells a-GalCer: a-
Galactosylceramide (CD1-a-GalCer),;: Tetramer of the
CD1-a-GalCer complex MNC: Mononuclear cell HPRT: 5°-
Hypoxanthine phosphoribosyltransferase
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mic otigin of the Va14i subset. Our previous study dem-
onstrated the generation of Vatldi NKT cells in a
cytokine-activated suspension culture of fetal fiver cells
[7]. The junctional sequences between Val4 and Jais
were those producible without modification by terminal
deoxyribonucleotidyl transferase, and were consistent
with those of NKT cells rarely found in athymic mice,
thus suggesting the presence of a minor extrathymic dif-
ferentiation pathway for the generation of Va14i NKT
cells from fetal liver precursors [8].

NKT cells are implicated in the control of autoimmunity,
resistance to tumors and protection against infection,
and their dysfunction in diseases including autoimmune
diseases [9, 10] and cancer [11] has been reported,
Thus, from a clinical point of view, it is of great impor-
tance to develop methods for producing functional NKT
cells from self hematopoietic precursors.

Based on previously established culture systems to
induce NKT cell differentiation from fetal liver precursors,
attempts were made in the present study to develop cul-
ture systems for the generation of Ve14i NKT cells from
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