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FiG. 10. Effects of inhibitors on MIF-induced phosphorylation
of PKC and MAPK. Phosphorylation of PKCo/AII and MAPK in der-
mal fibroblasts induced by MIF was examined in the presence of various
inhibitors against PKC and tyrosine kinases. a, MIF-induced PKC
phosphorylation was measured at 60 min in the presence or absence of
tyrosine kinase inhibitors, PP2, genistein, and herbimycin A, Western
blot analysis of the cell lysates (40 ug) was carried out using a phospho-
PKCo/£11 antibody. Lane 1, control; lane 2, MIF 100 ng/ml: lane 3, MIF
100 ng/ml + PP2 10 uM; lane 4, MIF 100 ng/ml + genistein 100 uM; lane
&, MIF 100 ng/ml + herbimycin A 10 uM. Western blot analysis for
B-actin is shown as a control. b, MIF-induced MAPK phosphorylation
was evaluated at 60 min in the presence or absence of tyrosine kinase
inhibitors {genistein, herbimycin A}, and PKC inhibiter GF109203X.
Lare I, control; lzne 2, MIF 100 ng/ml; lare 3, MIF 100 ng/m] +
genistein 100 uM; lane 4, MIF 100 ng/ml + herbimycin A 10 pM; lane &,
MIF 100 ng/m] +GF109203X 10 uM. Western blot analysis for g-actin is
shown as a control.

ation of PKC and MAPK induced by MIF (100 ng/ml) for 60
min. We found that the MIF-induced increase in the phospho-
rylation of PKC and MAPK was suppressed by transfection of
CSK plasmid, whereas CSK™ plasmid had no significant effect
(Fig. 11).

DNA Binding Activity of AP-1 in Response to MIF—By using
the AP-1 consensus oligonucleotide, the DNA binding activities
of AP-1 were examined after MIF stimulation (100 ng/ml). The
DNA binding activities of AP-1 were significantly up-regulated
for up to 120 min. The binding activity was significantly down-
regulated with the addition of an excessive amount of non-
labeled AP-1 oligonucleotide (100-fold) (Fig. 12).

DISCUSSION

The effects of sunlight have fascinated researchers for de-
cades because nearly every living organism on earth is likely to
be exposed to sunlight, including its ultraviclet (UV) fraction it.
Ameng sunlight’s detrimental long term effects is skin photo-
aging, which is a well-documented consequence of exposure to
UVA and UVB radiation. Photoaged skin is biochemically char-
acterized by a predominance of abnormal elastic fibers in the
dermis and by a dramatic decrease in distinct collagen types.
MMPs are crucial factors involved in the connective tissue
remodeling accompanying ultraviolet radiation-induced skin
damage.

MIF functions as a pleiotropic cytokine by participating in
inflammation and immune responses. MIF was originally dis-
covered as a lymphekine involved in delayed hypersensitivity
and various macrophage functions, including phagocytosis,
spreading, and cell growth activity (22-24). MIF was recently
reevaluated as a proinflammatory cytokine and pituitary-de-
rived hormone that potentiates endotoxemia (25). This protein
is ubiquitously expressed in various organs, including the skin,
brain, and kidney (27-33). In the skin, MIF is expressed in the
epidermis, particularly in the basal layer (15).

Premature aging of the skin secondary to chronic exposure to
UV radiation is primarily due to qualitative and quantitative
changes in the dermal extracellular matrix, resulting in in-
creased fragility, reduced recoil capacity, blister formation, and
impaired wound healing. Interstitial collagens, the major
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FiG. 11. Effects of CSK and CSK~ on MIF-induced phosphoryl.
ation of PEKC and MAPK. Phosphorylation of PKCo/811 and MAPK in
dermal fibroblasts by MIF for 60 min was examined by transfection of
CSK and CSK™ plasmid. Western blot analysis of the cell lysates (40 pg)
wag carried out using phospho-PKCo/gII and phosphoMAPK antibod-
ies. Lane 1, control; lane 2, MIF 100 ng/ml;, lare 3, MIF 100 ng/ml
+CSK", lare 4, MIF 100 ng/ml+ CSK. We performed Western blot
analysis for 8-actin as a control.
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Fi6. 12. EMSA of AP-1 binding activity by MIF stimulation.
Dermal fibroblasts were stimulated with MIF (100 ng/m]) at the indi-
cated times. Nuclear extracts were prepared, and the AP-1 DNA-bind-
ing activity was analyzed by EMSA. Lane I, free probe labeled AP-1
binding oligonucleotide without nuclear extracts; lzne 2, MIF at 0 min;
lane 3, MIF at 60 min; lane 4, MIF at 120 min; lane &, cold AP-1
oligonucleotide (100-fold excess).

structural components of the dermis, have been found to be
particularly diminished in actinically damaged skin. Although
there is a direct role for human dermal fibroblasts and an
indirect participation of epidermal keratinocytes in MMP-1
production after UVB irradiation, UVA irradiation is known to
reach the reticular dermis, rendering fibroblasts possible tar-
gets. Recent studies have shown that UV irradiation signifi-
cantly affects the coordinated regulation of various MMPs and
TIMPs (2). The expression of MMPs is regulated at a transcrip-
tional level by various cytokines and other mediators in both a
positive and negative manner under certain physiological con-
ditions. Moreover, the enzyme activities of MMPs are post-
transcriptionally controlled by activation of latent proenzymes
as well as by interactions with their specific inhibitors, referred
to as TIMPs.

It has been reported that the biosynthesis of MMP-1 is up-
regulated by 12-O-tetradecanoylphorbol-13-acetate (TPA), cy-
tokines, and growth factors such as [L-1, TNF-a, [L-6, epider-
mal growth factor, and platelet-derived growth factor, in a
variety of cells, including fibroblasts. In contrast, transforming
growth factor-B, retinoic acid, and dexamethasone down-regu-
late MMP-1 (34). We have recently demonstrated that MIF
expression is significantly up-regulated by growth factors such
as TGF-B and PDGF (35). These findings indicate that the
mRNA of metalloproteinases may be precisely regulated
through a complex mechanism that includes both growth fac-
tors and cytokines. UVA frradiation of human dermal fibro-
blasts was found to elicit an increase in specific quantities of
mRNA and the bicactivities of the cytokines IL-1o and IL-18; it
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then induced interrelated IL-1 autocrine feedback loops, ulti-
mately leading to tissue degradation in photoaging. Singlet
oxygen is an early intermediate in the signaling pathway of
IL-1-mediating UVA induction of interstitial collagenase. IL-1a
and I1-18 may, at least in part, cause the imbalance between
MMPs and TIMPs. For example, there have been reports that
the generation of singlet oxygen and other reactive oxygen
species precedes the induction of I1-1 (36).

We have here demonstrated that UVA stimulation leads to a
significant increase in specific MIF mRNA and protein levels in
human dermal fibroblasts. This remarkable inerease in MIF
occurred by UVA irradiation at intensities above 2 Jiem®. We
also found that IL-1e and IL-18 up-regulate MIF (data not
shown). Furthermore, it was found that MIF has the potential
to stimlate IL-18 production. Constitutive collagenase synthe-
sis has been reported to be regulated by an IL-18 autocrine
mechanism (36). In this study, we demonstrated that anti-MIF
neutralizing antibody suppresses the expression of MMP-1 in-
duced by UVA. It is therefore possible that UVA irradiation
may stimulate MIF production by an autocrine loop of both
MIF and IL-1. MIF upregulates MMP-1 mRNA as well as
protein levels and MMP-1 activity by zymography in dermal
fibroblasts. In contrast, TIMP-1 is slightly up-regulated by
MIF.

In the present study, we also demonstrated that protein
expression of MMP-13 is significantly decreased compared with
the levels in control WT-mice after UVA irradiation (10 J/em®).
In the rodent, regulation of MMP-13 most likely plays an im-
portant role in extracellular matrix degradation. These results
indicate that MIP-deficient skin especially fibroblasts produce
less MMP-13 after UVA irradiation. We therefore hypothesize
that MIF participates in the production of MMP-13 and is a
significant factor in the degradation of the extracelfular matrix
in the dermis.

The molecular mechanisms of UV-induced MMPs have yet to
be defined. UV-induced expression of pre-inflammatory cyto-
kines such as IL-18 and TNF-a may also in part account for the
expression of MMPs. IL-1p-induced expression of MMP-1 is
mediated by transactivation of the EGF receptor and through
an ERK pathway in human keratinocytes. Collagenase synthe-
sis by fibroblasts and keratinocytes involves the PKC second-
messenger system, and corticosteroids have been shown to
suppress its synthesis at the level of gene transcription. Long-
wavelength UV light (UVA, 320-400 nm) stimulates the syn-
thesis of interstitial collagenase and increases PKC activity in
human skin fibreblasts in vitre. Ultraviolet irradiation acti-
vates growth factor and cytokine receptors on keratinocytes
and dermal cells, resulting in downstream signal transduction
through an activation of MAP kinase pathways. These signal-
ing pathways converge in the nucleus of cells to induce e-Jun,
which heterodimerizes with the constitutively expressed c-Fos

to form activated complexes of the transcription factor AP-1.In -

the dermis and epidermis, AP-1 induces the expression of the
matrix metalloproteinases, such as collagenase, 92-kDa gela-
tinase, and stromelysin, which degrade collagen and other pro-
teins that comprise the dermal extracellular matrix. It has
been reported that MIF induces MMP-1 via tyrosine kinase-,
PKC-, and AP-1-dependent pathways in synovial fibroblasts in
patients with rheumatoid arthritis (34). Consistent with this
finding, we showed that the DNA binding activity of AP-1 was
up-regutated by MIF stimulation. Furthermore, a JNK inhibi-
tor blocks the activation of e~Jun and has no effect on p38 and
MAPK activities (37, 38). In the present study, we observed a
reduction in the MMP-1 mRNA level using a specific JNK
inhibitor. Therefore, it is conceivable that activation of e-Jun
plays an important role in the signal transduction pathway of

MIF Mediates MMP-1 Expression by UVA

MIF-induced MMP-1 expression.

Furthermore, we demonstrated that protein kinase C, raf,
and MAPK were phosphorylated, but p38 was not phesphoryl-
ated in the same manner. Activation of PKC is one of the
earliest events in the cascade leading to a variety of cellular
responses. There are multiple PKC isoforms, including classi-
cal PKCs (e, £1, BI1, and v), which bind calcium, diacylglycerol
(DAG) and phospholipids; novel PKCs (8, €, v, and #), which are
regulated by DAG and phospholipids; and atypical PKCs: { and
A, which lack calcium- or DAG-binding domains, Human der-
mal fibroblasts are known to express ¢, 8, € and { isoforms of
PKC. Among them, PKCa is thought to be the dominant iso-
form in the fibroblasts (26). By MIF stimulation, we showed the
phosphorylation of PKCo/gII and & occurred, but not that of
PKC#/A, suggesting that activation of PKCa or 8 can play an
important role in MIF signal transduction. CSK has been re-
ported to phosphorylate the carboxyl tyrosine residues of Src

- family tyrosine kinases and inhibit their functions (17). Using

CSK and a kinase-negative mutant of CSK (CSK™) in addition
to chemical inhibitors, phosphorylation of PKC and MAPK by
MIF stimulation was suppressed by CSK, genistein, and her-
bimycin A. These facts strongly suggest that PXC and MAPK
activation depends on activation of Sre family tyrosine kinases,

In conclusion, MIF was found to be up-regulated by UVA
irradiation in association with IL-1 in human dermal fibro-
blasts. Upon MIF stimulation, PKC, Raf, and MAPX can be
activated in dermal fibroblasts, and up-regulation of the DNA-
binding activity of AP-1 might also take place. Clinically, it has
been reported that MIF is closely related to the exacerbation of
a variety of diseases, including autoimmune diseases, allergic
disease, and carcinogenesis. Hence, this newly identified mech-
anism may contribute to our understanding of photo-induced
dermat connective tissue damage, which results in photeaging.
These findings are promising for the potential of MIF inhibitors
for therapeutic use in patients with severe photodamage re-
lated disorders.
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Fas ligand- (Fasl) mediated apoptosls Is an Important element of
tissue-specific ongan damage. We have developed blologically active
small exocyclic peptide mimetks that disable apoptotic functions of
Fas. The most effactivea mimetic binds to both its receptor and FasL
with comparable affinity, /n vitro, the most effective antagonist
blocked Fast-induced cytotoxicity completely and specifically. In vivo,
the antagonistic mimetic also prevented Concanavilin A {Con A}
induced hepatitis, a CD4+ T cell-mediated animal model of liver injury.
Although current approaches prevent Fas receptor signaling by ex-
cluding FasL binding to Fas, the small molecule mimetics reported
here disable Fas by promoting a defective Fas—FasL receptor complex.
This event desensitizes Fasl-mediated apoptosls by Inhibiting extra-
cellular signal regulated kinase activity and up-regulating NF-=8.

Inhibitor | rational drug design

as (CDY5/APO-1) and its specific ligand [Fas ligand (FasL)/

CD95L)] are members of the tumor necrosis factor receptor
(TNFR) and TNF families of proteins, respectively (1). The inter-
action between Fas and FasL triggers a cascade of subcellular
events that results in a definable cell death process in Fas-expressing
targets. Fas is a 45-kDa type I membrane protein expressed
constitutively in various tissues, including spleen, lymph nodes, liver,
lung, kidney, and ovary (2). FasL is a 40-kDa type II membrane
protein, and its expression is predominantly restricted to lymphoid
otgans and perhaps certain immune-privileged tissues (3). In hu-
mans, FasL can induce cytolysis of Fas-expressing cells, as either a
membrane-bound or a 17-kDa soluble form, which is released
through metalloproteinase-mediated proteolytic shedding (4, 5).
The FasL/Fas system has been implicated in the control of immune
response and inflammation and response to infection, neoplasia,
and death of parenchymal cells in several organs (1, 6, 7). Defects
of the FasL/Fas system can limit lymphocyte apoptosis and lead to
lymphoproliferation and autoimmunity (8).

Concanavilin A (Con A) induced hepatitis is an experimental
murine model of human autoimmune hepatitis (9). T cell activation
plays a crucial role in the process of Con A-induced hepatitis (9, 10).
Hepatic injury seems to be induced by several different mechanisms
involving Fas-FasL. (11-13), the perforin-granzyme system (14),
IFN-v (12), and TNF-a-mediated cytotoxicity (10, 15-18). Hepatic
damage depends primarily on the Fas-FasL system, because FasL-
defective gld/gld mice or Fas-defective [pr/Ipr mice are resistant to
liver injury induced by Con A treatment (12, 13).

Macromolecules such as monoclonal anti-FasL antibody and
recombinant soluble Fas protein are potential candidate antago-
nists for clinical studies (19, 20).

Peptidomimetics that are constructed to resemble secondary
structural features of the targeted protein represent an approach to
overcome some of the limitations of macromolecules and can mimic
inhibitory features of large molecules such as antibody (21) and
soluble receptors (21, 22).

We found that a potent small molecular species we have devel-
oped is specific to Fas and may lead to the formation of defective
receptor ensembles. The molecular and biological features suggest

www . pnas.org/egi/doi /10.1073 /pnas. 0401597101

that the previously undescribed mimetics may have therapentic
applications in disease states mediated by Fas.

Experimental Protocol

Materials. Human recombinant TNF-a was obtained from Roche
Diagnostics. Flag-tagged soluble human Fas ligand (FasL-Flag) and
human Fas extra cellular domain-IgGFc fusion protein (Fas-Fc)
were purchased from Kamiya Biomedical (Seattle). Human recom-
binant TNFR (type 1} extracellular domain-IgGFc fusion protein
was obtained from R & D Systems. Anti-Flag-horseradish perox-
idase antibody, hydrogen peroxide solution, 3, 3', 5 ,5'-
tetramethylbenzidine, and Con A were from Sigma.

Cell Line. American Type Culture Collection Jurkat cells were
grown in RPMI medium 1640 supplemented with 109 heat inac-
tivated FCS/L-glutamine (2 mM)/penicillin (100 units/m!)/
streptomycin (100 pg/ml) at 37°C in a humidified 5% CO,
atmosphere. :

Mice. Eight-week-old C57BL/6 (B6) mice were purchased from
CLEA Japan (Tokyo). All mice used were maintained under
specific pathogen-free conditions in our animal facility.

Molecular Modeling. Computer modeling and structural analysis
were performed by using both QUANTA and INSIGHT (Molecular
Simulations, San Diego). The molecular mode! of the human
Fas-FasL complex was built by using the crystal structure of the
TNFR and the molecular model of Fas (23) as described (24).

Peptide Synthesis and Cyclization. Peptides were synthesized and
purified by the Chemistry Laboratory of the University of Penn-
sylvania. The peptides containing intemal cysteine residues were
refolded, oxidized, and purified as desctibed (22).

Solid-Phase Ligand-Binding Assay. Binding of Flag-tagged soluble
FasL and peptide to Fas was determined by using the standard
solid-phase binding assay by using ELISA (25). Briefly, the Fas-Fc
fusion protein (250 ng/ml) was immobilized onto a 96-well ELISA
plate (Costar). After blocking and subsequent washing, Flag-tagged
soluble FasL, (100 ng/mt) peptide was added to the Fas-Fc for 2 h.
The plate was washed and incubated with anti-FLAG(M2) for 1-h
washes, and horseradish peroxidase antibody was added for 1 h.
Finally, the plate was washed, and the enzyme reaction was started.
Absorbance at 450 nm was measured with an ELISA reader.

Biosensor Analysis. All experiments were carried out on a Bl Acore -

3000 instrument (Biacore, Uppsala, Sweden) as described (26).

Abbraviations: FasL, Fas ligand; ERX, extracellular regulated kinase; JNK, c-jun N-terminal
kinase; TNF, turner nacrosis factor; TNFR, THF receptor,
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Fig.1. Klentification of FasL inhibitor. (4) Molecular model and 3D structure of the critical binding site in the Fast—Fascomplex. Molecular interaction analyses
between Fasl and Fas identified the major sites of interaction that are shown; monomeric Fas {gray), dimeric FasL {green and viclet), Xp1 {yellowish green), Kp2
{pink}, Kp3 (blue), Kpd (turguosise), and Kp? {red). (B} Inhibition of FasL binding to the Fas receptor by exocyclic peptidemimetics in a binding assay. inhibition
activities of several mimetics fram different regions were compared at 300 nM each peptide and 20 nM scluble Fas receptor. Inhibition (%) by several doses of
peptides was calculated and plotted. The results represent the means and standard deviations derived from three independent experiments. {C) Inhibition of
FasL-induced cytolysis in Jurkat cells by the antagonistic peptides. Incorporation of [*H]thymidine obtained with culture medium alone and with 30ng/ml of Fast
was used asreference for 100% and 0% survival, respectively. Survival (%) obtained over several doses of peptides is plotted. The results represent the arithmetic

mean cpm of triplicate cultures.

Approximately 1,500 resonance units of FasL-Flag, Fas-Fc, TNF-«
or TNFRI-Fc were immobilized on research-grade CM35 sensor
chips (Biacore) by using standard N-ethyl-N-dimethylaminopropyl
carbodiimide/N-hydroxysuccinimide coupling. Surface plasmon
resonance measurements were carried out at a flow rate of 20
shmin~L, Data were analyzed with BIA EVALUATION 3,0 software
(Biacore).

Cytotoxicity Assay. Twenty microliters of Jurkat cells at 1 X 10°
cells/ml was plated in 96-well U-bottom plates. FasL-Flag (120
ng/ml in culture medium) was preincubated with an equal volume
of peptide sample in PBS for 1 h at 37°C, and 20 pl of mixture was
added to each well. After an incubation period of 24 h, each culture
was pulsed with 1 puCi (1 Ci = 37 GBq) of thymidine for 24 h before
harvesting on glass fiber filters. Incorporation of the radioactive
label was measured by liquid scintillation counting (Wallac, Turku,
Finland) and expressed as the arithmetic mean cpm of triplicate
cultures,

Flow Cytometry Assay for Apoptosis. Apoptotic cells were detected
by annexin V-FITC binding to phosphatidylserine expressed on the
cell membrane in the early phase of apoptosis by using a commer-
cial kit purchased from Roche as described by Vermes et al. (27).
Briefly, 1 X 10% Jurkat cells were cultured with FasL-Flag (250
ng/ml) in the presence or absence of the peptide sample for 3 h. The
cells were then washed and resuspended for 10 min in buffer
containing calcium, FITC-conjugated annexin V, and propidium
iodide (PI). Cells were anatyzed by FACScan {Becton Dickinson).
Early apoptotic cells were expressed as percentage of cells positive
for annexin V and negative for PL

Western Blotting. Downstream molecules involved in Fas signaling
during apoptosis were examined. Jurkat cells {1 X 10%/well) were
cultured in six-well plates for 12 h, treated with or without 1 mM
Kp7-6for 2 h, and then treated with FasL at 100 ng/m] for indicated
periods. Cells were then washed with chilled PBS and treated with
lysis buffer. Cell lysates (15-30 pg) were separated by 12% SDS/
PAGE, electroblotted onto nitrocellulose membranes (Osmonics,
Westborough, MA), and probed with antiphospho-1xBa, anti-

6600 | www.pnas.org/cgi/doi/10.1073/pnas.0401597101

IxBa, antiphospho extracellular regulated kinase (ERK)1/2, anti-
ERK2Z, and anti-B-actin Abs (Cell Signaling Technology, Beverly,
MA). The membranes were then developed by using the enhanced
chemiluminescence system{Amersham Pharmacia Bicsciences).

Administration of Con A and Measurement of Serum Transaminase
Activity, Hepatic damage was induced by injection of a single dose
of 0.5 mg of Con A dissolved in pyrogen-free saline and adminis-
tered to mice via the tail vein. Anti-FasL. monoclonal antibody
[MFL-4 (28)] or Fas mimetic peptide (Kp7-6 or Kp1-1) was diluted
with pyrogen-free saline and injected in a single dose i.p. 30 min
before Con A.

Blood samples were collected from mice at 12 h after Con A
injection, and the serum was taken by centrifugation. Serum
activities of alanine aminotransferase and aspartate aminotrans-
ferase were measured by Lippi-Guidi’s method (Iatrozyme TA-
LQ, Dia-Iatron, Tokyo) (29).

Statistical Analysis. Results are expressed as mean = SE and
analyzed by Student’s ¢ test or ANOV A where appropriate. Post hoc
comparisons were performed by using the Scheffé test. A 95%
confidence interval was used to define statistical significance.

Results

Molecular Model of Fas Receptor Complex. Fas, a member of the TNF
superfamnily, shares significant structural homology with the TNFR.
The structure of the TNFR contains distinct “cystine-knot” repeat-
ing subdomains (30). Loop structures in the first three domains as
well as B turns in proteins are considered to mediate roles in
molecular recognition and binding (31). To develop a cystine-
knot peptide mimetic, we identified critical sites of protein—pro-
tein interaction that might be disrupted or influenced by small
molecules.

We developed a molecular model of the Fas and FasL complex
(Fig. 14) by using the crystal structure of the TNFR complex as well
as other published models (23, 32). The overall features of the
receptor-ligand interaction were noted to be very similar to that of
the TNFR-ligand complex (22). Fas-FasL. contact sites predicted by
the molecular model are consistent with other mutation analysis
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Table 1. Sequences of exocydic peptidomimetics derived
from Fas

Fas receptor Exocydic peptidomimetic

Kp

119 CNSTVC 124 Kp1-1 YONSTVCY

Kp2

77 DKAHFSSKC 85 Kp2-2 YCDKAEHFCY

Kp3

103 CTRTQ 107 Kp3-2 YCNTRTQNTCY

Kp4

69 CQEGKEY 75 Kpd-2 YCQEKEYLCY
Kp4-3 YCQERKEYCY

Kp?

91 CDEGHGL 97 Kp7-2 YCDEGHLLY
Kp7-3 YCDEGLCY
Kp7-4 YCDEGYFLY
Kp7-5 YCDEGEYCY
Kp7-6 YCDEHFCY
Kp?-7 YCDEHGLCY
Kp?-8 YCDEHGQCY
Kp7-9 YCDEKFCY
Kp7-10 YCDEQFCY

Peptidomimetics were cyclized and constrained with cysteine disulfide
bridges.

data (33). Our Fas-FasL structural model suggested five critical
surfaces by which FasL can bind to its receptor compared to three
sites identified in the TNFR (22). The amino acids in the loops
Kp1-7 adopt well defined conformations (i.¢., statistically allowed
conformations) as judged by Ramachandran plots (34) and profile
analyses (35).

Several peptide analogs were designed from the identified rele-
vant loop structures. Each mimetic was optimized for its ability to
mimic the binding conformation of the loop and for its ring size,
which we have determined to be critical to reduce the inherent
flexibility of mimetics. A set of mimetics that were selected for
biological assay is shown in Table 1.

Inhibition of FasL Binding to the Receptor by Mimetics. The inhibition
of FasL-Flag binding (100 ng/ml) to the Fas-F¢ fusion protein
immobilized onto plastic plates was then used to evaluate one aspect
of mimetic activity. First-generation mimetics (Kpl-1, -2-2, -3-2,
-42, and -7-2) were designed from different deduced binding sites
of Fas to FasL and screened by using a binding inhibition assay (Fig.
1B). The results indicated that the Kp7 loop is a suitable surface for
the design of mimetics as a template. We have reengineered and
designed second and later generations of exocyclic peptides derived
from the Kp7 loop surface. By analysis of the interaction site

A
5 60
® 50
2w
% 20 ! 100:M
E 50:M
a ———
0 12.50M
A0 v v T T T
400 ¢ 100 200 300 400 500 600

time (s)

between FasL and Fas, the acidic residues (Asp and Glu) in the Kp7
loop appear to represent the most relevant residues involved in the
interaction. Modification of other residues of Kp7 led to some
improvement of inhibitory activities as seen with the Kp7 series
(Fig. 1B).

Binding Affinity and Specificity of Mimetics, The Kp7 peptide analogs
were expected to bind FasL and inhibit the interaction of FasL and
Fas. To investigate the kinetics of binding of Kp7-6, the exocyclic
species that mediated the best inhibitory activity to FasL, we
performed surface plasmon resonance (BlAcore) analysis, FasL-
Flag was immobilized onto a sensor chip and various concentrations
of Kp7-6 were passed over the surface. The koo and ko rate
constants were estimated to be 68.5 M~ 1s~! and 7.65 x 1074571,
respectively, and a Ky value of 11.2 uM was obtained from the ratio
of the dissociation/association rate constants (Fig. 24). Interest-
ingly, Kp7-6 also bound to immobilized Fas (Fig. 25). The ko and
kg rate constants were estimated to be 24.1 M~1s~! and 3.18 X
10~*s1, respectively, and the Ky of value 13.2 uM. Kp7-6 bound
neither to the TNFR nor to TNF-a, suggesting that the mimetic is
specific to FasL and interacts with the Fas receptor assembly.

tnhibition of FasL-Induced Cytotoxicity by Mimetics. To evaluate the
effect of mimetics on Fas-mediated cytotoxicity, FasL-sensitive
Jurkat cells were stimulated with the soluble FasL-Flag fusion
protein in the presence or absence of various concentrations of
mimetics. Generally, the inhibitory effects of mimetics on Fas-
mediated cytotoxicity were consistent with the results of the Fasl-
binding inhibition (Fig. 1B). As shown in Fig. 34, Kp7-6 showed a
dose-dependent inhibitory activity, and at high doses, Kp7-6 pro-
tected >90% cells from Fas-mediated cytotoxicity. Kp7-10 also
showed a dose-dependent inhibition (Fig. 1C). The cyclic peptides
did not mediate any cytotoxicity for Jurkat cells in the range of
concentration tested (data not shown). Neither Kp7-6 nor Kp7-10
used in combination with members of the Kp4 mimetics showed any
significant synergy, suggesting that inhibition of the Kp7-binding
site by itself is sufficient to antagonize FasL activity (data not
shown).

tnhibition of Fasl-Induced Apoptosis by Mimetics. To evaluate
whether the designed mimetics can inhibit Fasl-induced apoptosis,
we analyzed phosphatidylserine (PS) externalization on the cell
membrane by using annexin V. During the early apoptotic process,
the cell membrane remains intact (as opposed to necrosis), and
translocation of PS to the outer leaflet of the plasma membrane is
a common feature of apoptosis that can be quantitatively measured
using annexin V-FITC binding (27). Jurkat cells treated with
Fasl-Flag (200 ng/ml) for 3 h showed a marked increase in PS
exposure compared with untreated cells (Fig. 3). The increase in
Jurkat cell cytolysis was prevented by Kp7-6 in a dose-dépendent
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Fig.2. Biosensor an'a!ysis of mimetic binding to immobilized FasL. The sensorgram showsthe relative response in resonance units after background subtraction
vs. time in seconds, The association phase injection time was 300 s followed by dissociation in buffer. (A} Sensorgrams showing the kinding of Kp?-6to FasL at
Kp?7-6 concentrations indicated in the graph. (8) Sensorgrarns showing the interaction of Kp7-6 with Fas, Fast, and TNF-o.
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Fig. 3. Inhibition of FasL-induced apoptosis in furkat cells by the antagonistic peptide. Jurkat cells were treated with 250 ng/ml of FasL in the presence or
absence of Kp7-6 for 3 h and stained with FITCconjugated annexin V and propidium iodide, Ten thousand cells were analyzed in each condition. The number

above each bar indicates the percentage of apoptotic {annexin-v+} cells,

manner (Fig. 1C). These results show that Kp7-6 specifically
protected FasL-induced cell lysis.

Modulation of NF-«B and ERK Activities by Mimetics. To evaluate how
the designed mimetics alter FasL-mediated apoptosis, we analyzed
IxBea, ERK, and c-jun N-terminal kinase {JNK} activation in Jurkat
cells during the treatment of FasL. As showa in Fig. 4, Kp7-6
induced the phosphorylation of IxBa by 5 min in the presence of
FasL. FasL alone did not activate IxBa significantly. These results

“indicate that Kp7-6 can cause activation of NF-«B, a constituent in
a process that leads to inhibition of FasL-induced apoptosis.
However, the IxBa effect was transient. We also noted that FasL.
leads to phosphorylation of ERK (by 5-30 min). ERK activation is
thought to correlate with cell sensitivity to killing signals (36). We
noted that ERK phospherylation was significantly inhibited by
Kp7-6, suggesting that the mimetic “desensitized” cells from death
signals. These combined activities, namely phosphorylation of I«Ba
and reduction of ERK phosphorylation, are unexpected and rep-
resent a mechanistic approach to modulate apoptosis that follows
receptor modulation.

The unexpected combination of enhanced survival signals
{IxBa) and decreased apoptotic signals (inhibition of ERK phos-
phorylation} indicates that creating disabled receptor ensembles is
a previously undescribed therapeutic approach. The JNK pathway
was also examined, and no alteration in the activation signal either
with or without pretreatment of Kp7-6 (data not shown) was seen,
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Fig. 4.
mitogen-activated protein kinase kinase P42/44 in Jurkat cells by Kp7-6.
lurkat cells were pretreated with Kp7-6 for 2 h and then treated with 100
ng/ml of FasL at the indicated time course, The cells were lysed and analyzed
by Western blotting. The expression of phospho-IkBa, 1kBa, phospho-F42/44,
and ERK-2 was analyzed. The expression of p-actin was analyzed as loading
controf, Kp7-6 at 1 mM clearly enhanced phosphorylation of 1kBa in the
presence of FasL at 5 min and significantly inhibited phosphorylation of
Erk1/2 at 5-30 min, compared with the treatment of FasL alone.
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Activation of the downstream NF-«<B pathway and irhibition of

indicating that JNK activation was not relevant for desensitization
of cells.

Protection of Mice Against Con A-Induced Liver Injury by the Antag-
onistic Fas Mimetic Peptide. Next we investigated the in vivo effects
of the mimetic, Kp7-6. FasL-induced apoptosis is one of the primary
and dominant pathways by which liver cells undergo apoptosis
under various conditions such as viral infection, drug toxicity, and
other lesions (8, 15, 37). Several studies have found that blocking
Fas signaling by either RNA interference or oligonucleotides limits
the extent of liver damage (38, 39). We chose to investigate the
antagonistic effect of Kp7-6 in vive using the Con A-induced
hepatitis model. C57BL/6 mice were pretreated i.p. with anti-FasL
monoclonal antibody, Fas mimetic peptides, or saline. Thirty min-
utes later, animals were challenged i.v. with Con A or saline. The
induction of liver damage and inflammatory hepatitis was evaluated
by measuring the activities of two transaminases (alanine amino-
transferase and aspartate aminotransferase) in the serum 12 h after
Con A treatment. As shown in Fig. 5, the activities of both
transaminase were reduced in Kp7-6-pretreated mice, indicating
Kp7-6 blocked Fas-mediated hepatic injury in vive. On the other
hand, Kp1-1, a control mimetic, did not block hepatic injury

Discussion

Dysregulation of Fas has been implicated in several pathological
conditions including cancer, autoimmunity, angiogenesis, and or-
gan damage (19, 40). Fas has been shown to possess dual functions,
namely modulation of apoptosis and proliferation (41). Thus,
altering Fas regulation in a unilateral manner either by using
genetic ablation or preventing FasL signals (by antibody or soluble
receptors that exclude ligand binding to the receptor) may result in
different outcomes than achieved by creating a dysfunctional Fas
receptor complex. Here we have shown that rationally designed
small molecules that form disabled receptor ensembles regulate
Fas/FasL-mediated apoptotic function in a more novel manner
than simply preventing ligand-receptor interactions,

A molecular model of Fas revealed that overall folding and
interaction patterns with FasL are similar to those seen with the
TNFR-TNF-f8 complex (32). In our earlier work, we found that the
third domain of TNFR was critical for TNF-« to bind to its cognate
receptor (22). Peptide mimetics derived from different regions of
Fas indicated that the loop (Kp7) in the second domain was most
critical (Fig. 1.4 and B). Thus our results suggest that membrane
proximal domains of TNF super family receptors may be critical for
receptor-ligand stabilization and essential for signaling. This is also
in agreement with our structural cbservations of the erbB receptor
family (which are also type II receptors) where the membrane
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Fig.5. Protection of mice against Con A-induced liver injury by the antagonistic Fas mimetic peptide. C57BL/6 mice were injected with 0.5 mg of Con A insaline
or saline only as negative contrals i.v, Anti-FasL monoclonal antibody (MFL-4, 0.5 mg/mouse} or Fas mimetic peptide {Kp?-6 or Kp1-1, 3 mg per mouse} in saline
was injected i.p. 30 min before Con A. Blood samples were obtained 12 h after Con A injection, and serum alanine aminotransferase and aspartate
aminotransferase levels were measured. », P < 0,0001 vs, control; ==, P < 0.01 vs. Con A-treated mice.

proximal domain, which shares structura! homology to the TNFR,
is critical for signaling (42). Thus, we propose that an antibody or
small molecule that binds to membrane proximal domains will have
more pronounced effects on signaling aspects of the receptor
system.

The K of the Kp7-6-FasL interaction was of less affinity than
that noted for Fas-FasL interactions (43). Although Kp7-6 isaweak
binding spedies, it is able to alter Fas functions in vifre and in vivo.
The dissociation rate (ku) of Kp7-6 was similar to an antigen—
antibody interaction, which suggests that Kp7-6 forms a stable
receptor complex (26). The kq value is considered a critical
indicator in the development of therapeutics with biological activity
(44, 45) and generally correlates with potent biclogical effects (46).
These chservations help explain the observed biological activity of
Kp7-6.

Kp7-6isselective to the Fas receptor complex. Selectivity of small
molecules binding to large receptor complexes is difficult to achieve
due to the limited surface area available for the small molecule to
interact with its receptor. Selectivity is notable for Kp7-6, because
several members of the superfamily share significant homology. To
assess the specificity of this interaction, Fas, FasL, and TNF-a were
immobilized onto a sensor chip. Kp7-6 bound to FasL but not to
TNF-a, which indicates Kp7-6 binds to FasL. specifically (Fig. 2B).
On the other hand, Kp7-6 bound not only to FasL but also to Fas
(Fig. 2B), yet Kp7-6 did not bind to the closely related TNFRs.
These observations are reminiscent of features of the soluble
TNFRI (p55), which has been shown to form antiparallel ho-
modimeric complexes in the absence of ligand (30). Our results in
this study suggest that soluble Fas may also form such antiparallel
dimers, and the Kp7 loop may be involved in dimer formation. Thus
these results suggest that Kp7-6 is selective to Fas and may function
like a minisoluble Fas receptor.

Small molecules such as Kp7-6 may disable Fas by a different
mechanism from the macromolecular anti-Fas antibodies. Unlike
anti-Fas macromolecular species that have been shown to limit Con
A-induced hepatitis, Kp7-6 is a small molecule, not large enough to
preclude the interaction of FasL with Fas. This raises the possibility
that Kp7-6 acts by promoting a defective signaling complex. The
Kp7-6 mimetic, described above, is derived from the Fas receptor
and has the propensity to bind to both the receptor and its ligand
with comparable affinity. This suggests that Kp7-6 could either bind
to Fas and prevent FasL from forming a stable complex with the
receptor or bind to both FasL and Fas and form a defective
signaling complex. A proposed scheme is shown in Fig. 6.

Furthermore, Fas/FasL-induced apoptosis follows two major
pathways: (i) an intrinsic pathway, often referred to as a caspase-
dependent mitochondrial pathway (47, 48); and (if) an extrinsic
pathway that is caspase independent and involves NF-«B and JNK
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(40). A secondary signaling process, the ERK pathway, has been
shown to be proapoptotic or to act as an attenuator of apoptosis (36,
49). Our studies revealed that the FasL-Kp7-6 complex weakly
stimulated NF-xB but suppressed ERK activation. Kp7-6 had no
effect on the JNK activation state, Activation of NF-«B is closely
linked to regulation of antiapoptotic molecules (41, 50, 51). Thus,
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Fig. 8. Proposed mechanism by which Kp7-6 desensitize Fas/Fasl proapo-
ptotis signals. Fas-FasL-mediated apoptosis follows two major pathways : (7}
intrinsic and {if) extrinsic. Key apoptotic signal regulators (NF-«B, JNK, and
ERK} in the pathways {Left} and the signal modification obtained by Kp?-6
(Right) are shown. Kp7-6 binding to either FasL or Fas or both creates a
defective receptor complex ensemble. As a consequence, NF-x8 is activated,
but ERK activation is inhibited. The combined modulation of these two key
regulator leads to “desensitization’ of cells to apoptosis. The INK pathway
remains unaltered,
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weak activation of NF-«B is consistent with the antiapoptotic events
observed. In several studies, activation of JNK has been shown to
be not relevant for apoptotic signals (49, 52), and indeed JNK
activation was unaltered by the FasL-Kp7-6 complex, indicating
that JNK may play an insignificant role in Fas-mediated signals in
this system.

The FasL-Kp7-6 complex inhibited ERK activation. In general,
activation of ERK is considered an indicator of cell proliferation
(53-55). However, under some circumstances, depending on the
cell type and the level of Fas expression, activation of ERK plays a
secondary role: to sensitize cells to FasL-induced apoptosis (36, 49,
56). Thus, in the context of Fas/FasL receptor signaling, disabling
ERK by the FasL-Kp7-6 complex may be considered a “FasL
desensitization” stimulus. Kp7-6 thus desensitizes or attenuates
FasL-mediated apoptosis. By creating a defective complex, Kp7-6
protects cells from Fasl -induced apoptosis by a complex pattern of
signals, the concurrence of which has not been greatly appreciated.

The specific mechanism by which apoptotic receptors such as Fas
and TNFR1 (p55) mediate Con A-induced hepatitis is not fully
understood. Genetic studies using Fas-deficient lpr/lpr mice indi-
cate mechanisms other than that mediated by the Fas-FasL system
also involved in this process (12, 16). Nevertheless, inhibition of Fas
has some benefidal effect in limiting liver damage. Thus, Fas is a
primary drug target against liver injury, and several approaches
have been reported including gene therapy (57), interference RNA
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(39), and monoclonal antibody (11). Kp7-6 represents a previously
unreported small molecule that can effectively disable Fas receptor
function in vitro and that limits liver injury in vive comparable to the
effects of the anti-Fas monoclonal antibody.

Kp7-6 is a rationally fashioned peptide mimetic that demon-
strates specific anti-FasL activity in vitro and in vivo. Signaling
studies show that Kp7-6 is able to protect cells from Fas-mediated
apoptosis by promoting NF-xB activity and by inhibiting ERK
activity. Our work suggests that small molecular drugs can be
developed to modulate cell surface receptors using a novel ap-
proach that in essence creates spacers between functional receptor
proteins and creates dysfunctional receptor complexes. We believe
the development of small molecules that are specific for other
members of the TNFR family may represent a general way of
studying functional aspects of receptor subdomains that will facil-
itate the rational development of therapeutics.
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Abstract

Sarcoldosis Is a systemic disorder assoclated with granuloma characterized by an abnormal
Twi-type cytokine production and accumulation of T,1 CD4 T celis in the granuloma lesions,
suggesting an importance of T, 1 responses in sarcoidosis. However, the pathogonesis of
sarcoldosis remains to be solved. Here, we Investigated the nature of V24 NKT calls with
immunocreguiatory functions in sarcoidosis. Patients with non-remitting sarcoldosis displayed a
decrease In the number of V24 NKT cells In peripheral blood, but an accumulation of these cells
in granulomatous lesions. When stimulated with the spacific glycolipid ligand,
a-galactosyiceramide, peripheral blood V,24 NKT cells from patients with non-remitting disease
produced significantly less IFN-y than those from healthy volunteers, but normal levels of IL-4. The
reduced IFN-y production was observed only in V.24 NKT cells and not conventional CD4 T cells,
but was normal In patients with remitiing diseass, suggesting that non-remitting sarcoldosls
involves an insutficient IFN-y production of V,24 NKT colis which is well correlated with disesse
activity. Thus, these results suggest that V.24 NKT cells play a crucial role In the diseass status of

sarcoidosls.

Introduction

NKT cells constitute a unique tymphocyte subpopulation
characterized by expression of NK cell markers, and an
imvariant antigen receptor encoded by V14 and J,281 gene
segments in mice (1) and V,24 and J,Q gene segments in
humans (2,3). Activated V14 NKT and V,24 NKT cells
produce both IFN-y and 1L-4 (4-6}, for which an imbalance
has previously been found to be associated with disease.
Va14 NKT cells exert regulatory activity which protects agalnst
development of autoimmune diseases such as Type 1
diabetes in NOD mice (7,8) and maintains transplantation
tolerance (9,10). V14 NKT cells have also been reported to
protect agalnst microblal infections and subsequent host

responses as in the granuloma formation of Mycobacterium
tuberculosis infection (11).

Sarceidosis is a systemic disorder characterized by its
pathological halimark, the non-caseating granutoma (12). Its
presentation varies from an asymptomnatic stage with abnor-
mal findings on chest radiography to a progressive stage with
multi-organ failure; the iliness appears as both a self-limiting
and a chronic progressive form, the latter showing episodic
recrudescence and remission. Although the precise patho-
genesis of sarcoidosis remains unclear, it is thought 1o involve
an exaggerated cellular immune response against urknown
antigens leading to granuloma formation In genetically pre-
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216 Dysfunction of NKT cells in sarceldosis

Table 1. Characteristics of the sarcoidosis patients and
nomal controls

Remitting Non-remiting  Normal controls

Total number 1] 13 22
Age(mean = 80) 368+ 89 412=*122 325=75
Gender

male 17 +] 16

fernale 13 7 ]
Stage of disease

I 13 4 -

I 16 7 -

1] 1 2 -

disposed hosts (13). Several reports have indicated elevated
levels of Ty 1-type cytokines, such as IFN-y, in bronchoalveolar
tavage fluld (BALF) of sarcoidosis patients (14) and an
accumuiation of To1 CD4 T cells in the granuloma lestons
{15,18), suggesting an importance of Ty1 response in the
pathogenesis of sarcoidosis and the elimination of unknown
sarcoldosis pathogens.

In this report, we examined the functicn of V24 NKT cells in
patients with remitting and nen-remitting sarcoidosis. We used
mouse V14 NKT cells instead of relying on limited numbers of
human V.24 NKT cells to measure antigen-presenting abllity
and performed single-cell RT-PCR to detect cytokine produc-
tion. The results suggest that, in contrast to previous reports,
decrsased numbers of V,24 NKT cells and their abnormally
low production of IFN-y are well associated with disease status
in sarcoldosis.

Methods

Study popuiation and ethical considerations

The diagnoses of pulmonary sarcoidosis were established in
all patients based on clinical criteria with confimnation of non-
caseating granulomas on tissue biopsies (17). The character-
istics of the sarcoidosis patients and normal controls are
shown in Table 1. These patients had no histories of using
steroids or other antkinflammatory drugs at the time of
sampling. Staging of sarcoidosis was defined as the criteria
determired in the Consensus Conference (18). The classifi-
cation of patients was defined as follows. Remitting patients:
abnormal findings on chest radiography have disappeared,
improved or are stable over -3 months of observation. Non-
remitting patients: abnormal findings fluctuate or worsen. The
disease status in individual patients was defined as foltows.
Stable status: abnormal findings on chest radiography have
disappeared, improved or are stable over ~3 months of
observation. Active status: abnormal findings fluctuate or
worsen. Some muscular sarcoidosis patierts were also
examined for detecting NKT cell accumulation in the lesions
{Fig. 5}. All subjects gave consent after being inforrned about
the nature and purpose of the study, Locat ethics committes
appraval was obtained,

Cell preparation

Peripheral blood and BALF samples were collected from each
patient on the same day and within & morths of disease onset,
and monenuclear cells prepared as described (19).

Flow cytometric analysis

Mononuclear cells were stained with FITC-conjugated anti-
TCR V.24 mAb (C15; Coutter-lmmunctech, Miami, FL),
phycoenythrin (PE}-conjugated anti-TCR Vp11 mAb (C21;
Coulter-immunotech) and CyChrome-conjugated anti-CD3
mAL (UCTH1; PharMingen, San Diego, CA) as described
previously (19). For intracellular staining, non-adherent per-
ipheral blood mononuclear cells (PBMC) were stimulated with
12-phorbol 13-myristats acetate (PMA) and ionomygin for 4 h
as described (20). Then, the cells were permeabilized and
stained with CyChrome-conjugated anti-CD4 mAb {RPA-T4),
FITC-conjugated anti-IFN-y {45.83) and PE-conjugated anti-
IL-4 mAb {804-8) (all from PharMingen). Lymphocytes were
gated by forward and side scatter. Live lymphocytes were
analyzed on an Epics-XL-MCL (Beckman Couter, Hizleah,
FL}.

Evalustion of a-galaciosylceramide {a-GalCer)-presenting
ability of antigen-presenting cell (APC)

MACS-enriched CD3~ human PBMC were incubated with -
GalCer (100 ng/ml; Kirin Brewery, Gunma, Japan} or its
vehicle as described previously (18) and used as APC.
Irradiated o-GalCer-pulsed APC (5 X 105) were co-cuitured
with 2 x 105 spleen cells from RAG KON, 14Tgv8Tg mice
(21} for 60 h. The proliferative responses of the mouse V14
NKT celts were evaluated by thymidine incorporation in the last
12 h. The stimulation index was calculated from the following
formula: (c.p.m. of the a-GalCer-treated group)f(c.p.m. of the
vehicle-treated group).

Detection of V.24 TCR and IFN-y mRNA by single-cell
RT-PCR

The detection of V,,24 and IFN-y transcripts in the plate-bound
anti-CD3-stimutated and sorted V,,24*Va11* cells was per-
formed with single-cell RT-PCR as previously described (22).
PCR primer pairs used were as follows: TCR V.24 (5-CAAA-
GTCGAACGGAAGATATAC-3) and TCR C, (5-CCTCATG-
TCTAGCACAGTTTT-37, and IFN-y(5-GAGCCARATTGTCTC-
CTTITACTT-¥, 5-GTAGGCAGGACAACCATTACTGGG-39).
PCR was carried out at 94°C for 30 s, 55°C for 30 s and
72°C for 1 min for 40 cycles for TCR V.24, IFN-yand IL-4, or 25
cyclos for GAPDH on a Takara PCR Thermal Cycler SP (Takara
Shuzo, Shiga, Japan). An aliquot (1 plj of the first-round PCR
preduct was used for the second-round PCR with following
primers: TCR V,24 (5-ATGCAGACACAAAGCAAAGCAAA-
GCTC-3) and TCR C,, (5-GGCAGACAGACTTGTCACTGGA-
3}, and IFN-y (5"-ATGACCAGAGCATCCAAAAGAGTG-3, 5-
CGCTICCCTGTTITAGCTGCTGGRC-37.

Quantification of IFN-y and IL-4 produced by V.24 NKT
celis.

The transcriptional levels of IFN-y, IL-4 and GAPDH of cultured
Va24*Vp11+ NKT cells were assessed by semiquantitative RT-
PCR. PBMC were cultured with recombinant human IL-2 (50 L/
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ml, Immunace; Shionegi, Osaka, Japan) and a-GalCer (10 ng/
ml) for 7 days. V,24*Vp11* double-positive cells were sorted
on a FACS Vantage. Cells (10%) were suspendad in 200 pl of
complete medium in a 96-well round-botiom plate and
stimulated with PMA {10 ng/ml; Sigma, St Louis, MO} and
ionomycin (1 pM: Calbiochem, San Diego, CA) for 4 h. RNA
extraction and reverse transcription were performed as
described previously (23). cDNA samples was subjected to
PCR using the foliowing primers: IFN-y, 5-AGTTATATC-
TIGGCTTITICA-3’, 5-ACCGAATAATTAGTCAGCTT-3" IL-4,
§-CTTCCCCCTCTGTTCTTCCT-3, &5-TICCTGTCGAGCCGT-
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TTCAG-3" or GAPDH, 5-CCATGGGGAAGGTGAAGGT-3, 5
ATGACCCTIITGGCTCCCC-3. A 30-cycle reaction was
performed for IFN-y and !L-4, and a 25-cycle reaction for
GAPDH. For obtaining standardization curves, cDNAs of serial
3-fold dilutions {corresponding to 1.4~8000 copies of cDNA}
were subjected to PCR with primers listed above. PCR
products were hybridized with a [%P]dCTP-labeled probe
and the intensity of each band quantified by densitometry
(Fujtx BAS2500; Fujiflim 1&I1, Tokyo, Japan). Copy numbars of
IFN-y, 1L-4 ang GAFDH in each sample were estimated with
the standard curves.

Analysis of V.24 NKT cells in granulorma lesions

RNA extraction was performed with anterior scalene muscle
lymph nodes of seven putmonary sarcoidosis patients, hilar
tymph nodes of four lung carcer patients, skeletal muscle of
five muscular sarcoidosis and PBMC from three nomal
controls. RNA extracted from the skeletal muscle of nomat
controls was purchased from Clontach (K4008-1; Palo Alto,
CA), Synthesized cDNA samples were subjected to PCR with
following primers: TCR V,24-J,Q. 5-GGGAGAGGTCCTG-
TTTCC-3’, 5-CCTCTTCCAAAGTATAGCCTCCCCAG-3": TCR
C.. 5-GAACCCTGACCCTGCCGTGTA-Y, 5-CACTTTCAGG-
AGGAGGATTCG -3'. The primer pairs for ifN-y and IL-4 are
described above. A 30-cycle reaction was performed for TCR
V,24~J),Q ard a 20-cycle reaction for TCR C,. Quantification
of gene transcripts was performed as described above.

Statistical analysis

All data were expressed as the mean = SD. Statistical
analyses were performed using Student's Hest. P < 0.05
was considered as statistically significant.

Results

Decreased IFN-y production of Va24 NKT celis in non-
remitting, but not remitting, sarcoidosis

V.24 NKT cells are known to produce abundant cytokines that
regulate varicus immune responses. We therefore looked for
functional defacts in cytokine production of V24 NKT cells in

Fig 1. Dacreased IFN-y production of V24 NKT celis in non-
remitting sarcoidosis. (A and B) The levels of IFN-y (A) and IL-4 (B)
ranscripts in V24 NKT cells induced by PMA and ionomycin werg
axamined by semi-quantitative RT-PCR analysis, The copy numbers
for 1FN-y and L4 were estimated using standard curves gererated
in each assay and normalized with copy numbers of GAPDH. Mean
vatues of remiting (R, n = 7) and non-remiting {NH, n = 8)
sarcoidosis patients and normal controls (Cont., n = 8) are shown
with SD; tP < 0.05, ‘*differences are not significant. (C)
Represemtative standard curves generated for IFN-y, iL-4 and
GAPDH. Seral dilutions of the standard DNA ternplate were
amplified and hybridized with a specific [3PJdCTP probe.
Radioactivity was expressed as intensity and plotted against
tempilate concentrations. [D) The IFN-yproducing potential of frashly
prepared V24 NKT cells upon CD3-gtimulation for 6 h. Freshly
prepared PBMC were stimulated with immobilized ant-CD3 mAb
and V,24*Vy11* double-positive cells sorted in a 96-well plate at a
single cell per well. V24 TCR and IFN-y mRNA were detected by
single-cell RT-PCR. Mean values of the percentages of IFN-y-
producing cells in remitting (R, n = 9) and non-remitting sarcoidosis
patierts (MA, n = 7) are shown with SD; 1P < 0.05.
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Fig. 2. Normal production of IFN-y and IL-4 in CD4 T cells from sarcoidosis patients. Non-adherent PEBMC were stimulated with PMA and
ionomycin for 4 h, and intracellular cytokine staining (IFN-y1L-4) carried out using anti-CD4 staining. The percentages of IFN-1 (A}, IL-4- (B)
and {(JFN-y + IL-4)-producing (C) CD4 T cells in remitting (R, n = 10) and ner+emitting (NR, n = 11) sarcoidasis patients and normal contrals
(Cont., n = 10) were determined. Mean values with SO are shown: *differences are not significant.
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Fig. 3. Fraquency of V24 NKT cells in the peripheral blood of sareoidosis patients. {A-C) Percentagas of Ve24+Vp11+ NKT calls in paripheral
bload ymphocytes (PBL) (A), the absolute numbers of V,24-Vp11~ NKT cells per 1 ml of PBMC (B) and percentages of CD3* T cells in PEMC
(C) from remitting (R, nt = 20) and non-remitting (NR, # = 10} sarcoidosis patiants and normal cantrols (Cont.. n = 17) were assessed, and
mean values with SD arg showry; 1P < 0.05, “differences are not significant. (D and E) Percentages of V,24*V311* NKT cells {I3) and CD3*
T cells (E) in PEMC from patients with stable and active sarcoidosis (n = 8). (F) Proportion of Vo24*Wy11¢ NKT cells in lymphecytes in both
PBMC and BALF determined in six patients.
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Fig. 4. Evaluanon of a-GalCer antigen-presenting ability of patient -

APC. Murine V,14 NKT cells wers cultured with iradiated CD3-
human APC pulsed with a-GalCer or control vehicla. The 2H uptake
of responder NKT cells was measured and the stimulation index
calculated. Mean values of remitiing (R, 7 = 6€) and non-remitting
{NR, n = 5) sarcoidosis and normal controls (Cont., i = 6} ara shown
with SD; “differences are not significant.

sarcoidosis. Becauss of limited numbers of V,24 NKT cells in
patient samples (see below), we performed a sensitive
analysis, semi-quantitative RT-PCR after selective expansion
of V24 NKT cells In vitro. PBMC were cultured with IL-2 and -
GalCer {4) to increase Vg24 NKT cell numbers, and then
FACS-sorted V,24*Vp11* double-positive calls were stimu-
lated with PMA and ionomycin to induce potential cytokine
production, PCR products of seriat ditution of control and
experimental samples were hybridized with a [*P]dCTP
probe, and the intensity of each band quantified by a
densitometer. Copy numbers of IFN-y, IL-4 end GAPDH of
experimental samples were estimated by the standard curves
obtained in each experiment {Fig. 1C). The levels of IFN-y
mRNA of V,24 NKT cells were revealed to be significantly
reduced Iin patients with non-remitting sarcoidosis compared
to those with remiiting disease and control samples (Fig. 1A).
However, no significant reduction was cbserved in the levels
of IL-4 mRNA among the three groups (Fig. 1B), suggesting a
selective dysfunction In T,1 cytoking (i.e. IFN-y) production of
V24 NKT cells in pationts with non-remitting sarcoidosis.

In order to further investigate whether the dysfunction of
IFN-y production is a specific event in V24 NKT cells of non-
remitting patients, we performed a single-cell RT-PCR analy-
sis. Non-adherent PBMC were stimulated with immobilized
anti-CD3 mAb and then V,24*Vp11*+ double-positive cells
sorted in a 96-well plate at a single cell per well. Then, V.24
PCR-positive wells were further assayed for IFN-y gene
expression by another RT-PCR. The percentages of IFN-y
producing cells among V24 NKT cells In patients with non-
remitting and remitting sarcoldosis are shown (Fig. 1D). This
single-cell-leval analysis demonstrated a significant decrease
in the number of IFN-yproducing V.24 NKT cells in non-
remitting sarcoidosls patients as compared to that in remitting
patients {Fig. 1D). These results indicata that V424 NKT cells in

Dystunction of NKT cells in sarcoldosis 219

non-remitting, but not in remitling, sarcoidosis patients have a
decreased potential to produce [FN-y,

We then investigated cytokine production in conventional
CD4 T cells. In contrast to the dysfunction of V,24 NKT cels,
CD4 T cells demonstrated normal production of IFN-y andfor
IL-4 in the three groups as demonstrated by an intracellular
cytokine staining (Fig. 2). Indeed, no significant difference was
detected in the proportion of IFN-y- (Fig. 24), IL-4- (Fig. 2B).
anrd IFN-y1L-4 double-producing cells (Fig. 2C). The results
indicate that cytokine production by CD4 T cells is entirely
normal and that the decreased IFN-y production is therefore
specific for V24 NKT cells in non-remitting sarcoidosis.

Reduced number of Va24 NKT coils in non-remitting
sarcoidosis

We also examined the overall number of ¥,24 NKT cells and
CD3* cel's in PBMC of patients with remitting and non-
remitting sarcoidosis. The proportion of V24 NKT cells in the
CD3* population was significantly reduced in patients with
non-remitting sarcoidosis compared with that of remitting
sarcoidosis and normal controls (Fig. 3A). The absolute
number of V24 NKT cells was also significantly reduced in
non-remitting patients {Fig. 3B). In contrast, the percentage of
CD3* T cells of non-remitting sarcoldosis is not significanty
differert from that of remitting sarccidosis and normal controls
{Fig. 3C}. Thus, the reduction of V.24 NKT cell numbers seems
to be most prominent in patients with non-remitting sarcoi-
dosis. When paying attention to the disease progress in
individual patients, the levels of V,24 NKT cell numbers were
lowsar at the active stage compared to that in the stable stage
in alt cases (Fig. 3D). However, CD3* T cell numbers were
unchanged in most cases regardless of the disease status
(Fig. 3E). When V.24 NKT cell numbers in PBMC were
cormpared with those In BALF of six patients with remitting or
non-remitting sarcoidosis, there was a significant correlation in
their numbers in PBMC and BALF in all excepl one patient
{Fig. 3F}). The results indicate that V24 NKT cell numbers in
PBMC are at a similar level to that in the lung.

Nommal APC function in non-remitting sarcoidosis patients

Since the V.24 NKT cell number in patients with non-remitting
sarcoidesis was significantly reduced, it is important to
investigate whether the reduction is due to a functional defect
in either APC or V.24 NKT cells. We thus examined the CD1d-
dependent antigen-presenting ability of patlent's APC using ¢-
GalCer as a surrcgate antigen. CD3- PBMC were incubated
with a-GalCer or control vehicle, irradiated and used as APC.
To avoid the influence of variability of V24 NKT cell numbers
in individual patients, we used mouse V,14 NKT cells as
responders against patient's APC (18). We found no signifi-
cant difference cbserved among the three groups in the ability
of patient’s APC to stimu'ate mouse V14 NKT cells, indicating
that these were functioning normally (Fig. 4).

Accumulation of V.24 NKT cells in granuloma lesion of
sarcoidosis

We assessed an accumulation of V24 NKT cells within the
granulomas of sarcoldesis by measuring the copy numbers of
Vo24-J,Q and C, gere transcripts by semi-quantitative RT-
PCR. We first compared anrterior scalene muscle lymph nodes
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of pulmonary sarcoidosis patients with hilar ymph nodes of  lung cancer (Fig. 5A). We also found the proportion of V24
lung cancer patierts as a control sample. The proportion of  NKT cells in skeletal muscle granulomas of muscular
Va24 NKT cells (V424-),Q) among total T cells (C,) was  sarcoidosis patients to be extremely high compared to nomal
significantly higher in lymph nodes of sarcoldosis thanthoseof  control tissues (Fig. 58). These data suggest that sarcoidosis
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Fig. 5. Accumulation of V.24 NKT cells in granuloma lesions of sarcoldosis. (A) RNA extraction and cDNA synthesis were performed using
lymphy node samples from sarcofdosis and lung cancer patients. cONA was subjected o PCR with specific primers for TCR Va24-J.Q and
TCR Co. PCR products were hybridized with [<P]dCTP-labsled probes. Copy numbers of rearranged V,24-J,Q DNA compared 1o C, in the
lymph nodes of pulmaonary sarcoidosis (8, n = 7: three males, four females, mean age 53.0 = 8.7 years) and lung cancer (LG, rt = 4: lour
samples with no metastasis confrmed; one male, three females, mean age 58.8 = 14.2 years) pationts are shown with SD; 1P < 0.05. {B8)
Copy numbers of rearranged V24-J.Q DNA compared 1o total G, in skeletal muscle granulomas of muscular sarcoidosis patients (S, n = 5:
two males, threa faemales, mean age 48.8 = 11.8 years) and nosmal control {commercially availzble, Cont., n = 1) ara shewn. (C) and (D) IFN-y
(C) and IL-4 {C} expression in lymph node samples from sarcoidosis and lung cancer patients shown in {A):; TP < 0.05, *differences are not
significant. (E and F) IFN-y (E) and IL-4 (F) expression in skeletal muscls granulomas of musculas sarcoidosis patients shown in (B). Because
only one control sample (a commercial skeletal muscle sample} was used, no statistical study was performed.
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involves an accumulation of V,,24 NKT cells in granulomatous
lesions.

Cytokine expression in granuloma lesion of sarcoidosis

We assessed cytokine expression in the granuloma of
sarcoidosis by semi-quantitative RT-PCR. The same samples
as Fig. 5(A and B) were used. As shown in Fig. 5(C and D}, the
expression of IFN-vis significantly higher in sarcoldosis lymph
node granulomas compared 10 that of lung cancer. As for IL-4,
no significant difference was detected. Figure S(E and F)
shows the results with skeletal muscle granulomas of muscular
sarcoidosis. A similar increase in IFN-y expression was
detected as compared to normal muscle samples. These
results suggest that a substantial amount of IFN-y expression
exists in sarcoidosis granulomas. Since ~100 times more T
cells existed in the lymph node granutoma and double the
numbers in the muscle graruloma (see Fig. SA and B, ratios)
compared to V.24 NKT cells, the source of IFN-y would be
from Tn1-typs T cells as reported (14-16). It is not known about
the contribution of V24 NKT cells to the detected amounts of
IFN-v.

Discusalon

Despite the uncertainty regarding etiology, much evidence
supports the notion that sarcoidosis involves a severe
immunologic dysfunction (12,24). Although V.24 NKT cells
are known to produce large amounts of cytokines and control
Tn1/Th2 responses, there have been few reporfts on thelr role in
the pathogenesis of sarcoidosis in humans. Onthe other hand,
in a murine study, granuloma formation induced by a
phosphatidyl inositolmannoside fraction of M tuberculosis
was Impaired in V14 NKT cell-deficient {J,2817-} mice (11).
suggesting that V,14 NKT cells play a primary role in the
granulomatous responses. Moreover, dysfunction of NKT cells
leads to development of autoimmune diseases, such as Type
1 diabetes in NOD mice or experimental encephatemyelitis in
mice (25,26). We thus hypothesized that human V,24 NKT
cells contribute to the medulation of disease progression and
the formation of non-caseating granulomas in sarcoidosis.
Here, we found a reduction in both V.24 NKT cell number and
{FN-y production in the PBMC of non-remitting, but not
remitting, sarcoldosis patients. These results strongly suggest
a role for V,24 NKT cells in the disease progression of
sarcoidesis.

The factors that initiate sarcoidosis or modulate its progres-
sion have remained unknown. Similarty, it remains impossible
to predict whether patients will develop an indolent self-
limiting illness or progress to sevara tissue destruction.
Saveral pieces of evidenca suggest that sarcoidosis Is
initiated by exposure of genetically susceptible hosts to
inhaled environmental agents. Both infectious and non-infec-
tious agents, ranging from simple metals to infectious organ-
isms, have been Implicated (17). In this context, it has recently
been reported that Gram-positive anerobic bacteria,
Fropionibacterium acnes and Propionibacterium granuiosurn,
are probable anrtigens triggering granuloma formation in
sarcoidosis (13).

Elovated expression of Tpi-type cytokines in BALF of
sarcoidosis patients and an accumulaticn of CD4 T cells in

Dysfunction of NKT cells In sarcoidosis 221

granuloma lesions have been reported, suggesting the
involvemment of T, 1 CD4 T cells in discase pathogenesis (14-
16). However, our study revealed that conventional CD4 T
cells in the peripheral blocd of sarcoldosis patierts produced
norma! (or relatively larger) amounts of IFN-y compared to
those from normal controls (Fig. 2). Thus, the decreased IFN-y
production seemed to be a specific feature of V24 NKT cells
in non-remitting sarcoldosis. Furthermore, the normal levels of
IFN-y production seen in V,24 NKT cells from remitting
patients {Fig. 1), together with the accumulation of these
cells in granuloma lesions, suggest that IFN-y production by
Va24 NKT cells may control the disease activity. Because IFN-
‘t produced by NKT cells substantially affects the total T 1/T52
response (27), the dysfunction of V,24 NKT cells In non-
remitting patients might Iead to an insufficient T,1 response,
resulting in the non-remitting state of the disease.

Mempel et af, have reported an absence of V,,24 NKT cells
in cutanecus lesions of sarcoidosis (28). In contrast, our
experiments showed a signif cant accumulation of V.24 NKT
cells in the granuloma lesions of pulmonary and muscular
sarcoidosis (Fig. 5). The reason for the discrepancy is
unknown, Dut it may be due to the difference in the stage of
sarcoidosis and tissues sampled or the sensitivity of detection
of V24 NKT cells. In this regard, we have recentty found that
activation of V514 NKT cells rapidly induces a down-regulation
of their V14 receptor expression (Harada et al,, submitted).
Thus, it is possible that repeated exposure 1o unkrown
pathogens triggers V.24 NKT cells in sarcoidosis patients to
down-regutate thelr receptor expression. The down-ragulated
V24 receptor of NKT cells can be detected by PCR, but not by
staining with antibody. The use of antibodies or an o-GalCer/f
CD1d tetramer may therefore fail to detect the existence of
V.24 NKT cells.

In any event, the reduced number of V24 NXT cells and
their IFN-y production appear to be involved in the disease
progression of sarcoidosis. A practical benelit of these
ohservations is that analysis of V.24 NKT cell number and
function in sarcoldosis may be useful In evaluating disease
prognosis. The present findirgs implicate a new therapeutic
strategy for sarcoidosis, such as an activation of V,24 NKT
cells with a glycolipid ligard or adoptive transfer of expanded
Va24 NKT cells, Further clinical studies are needed to clarify
these possibifities.
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Abstract

NKT cells expressing the Invariant Vat4 antigen receptor constitute a novel lymphocyte
subpopulation with Immunoregufatory functions. Stimulation via their Invarlant Vai4 receptor with
anti-CD3 or a ligand, a-galactosylceramide (a-GalCer), triggers activation of V14 NKT cells,
resutting In a rapld cytokine production such as IFN-y and IL-4. Soon after thelr receptor activation,
Vai14 NKT cells disappeared as Judged by staining with CD1d tetramer loaded with a-GalCer {o-
QalCer/CD1d tetramer), which has been befleved 10 be due to apoptotic cell death. Here we show
that such a disappearance was largely attributed to down-reguiation of the Va4 receptor. In fact,
Vat4 NKT cells waere relatively resistant to apoptosis compared to the conventional T cells as
evidenced by less staining with Annexin-Y, a limited DNA fragmentation, and thelr preferential
expression of anti-apoptotic genes such as NAIP and MyD118. Furthermore, they did not becomes
telerant, and maintained thelr proliferative capacity and cytokine production even after thelr
receptor down-regulation. These as yet unrecognized facets of Va14 NKT celis are discussed In

relation to thelr regulatory functions.

Introduction

Effector T cells are activated and proliferate to initiate immune
responses upon antigen stimulation, whereas in certain
rilisux, they become anergic or doomed to die by apoptosis
{1-3). In contrast, regulatory T cells, such as CD4+*CD25* cells
that mediate immunosuppressive functions, have been shown
1o be relatively reslstant to apoptosis induced by TCR stimu-
lation (4). Moreover, stimulation of a co-receplor molecule,
CTLA-4, elicits negative signals and results in the suppression
of effector T cell functions, while it leads to the activation of
CD4+CD25+requlatory T cells (2,5,6). These unique features of
effector and regulatory cells can be explained by cell-type-
specific outcomes in response ta extracellutar stimuli, such as
TCR engagement and/or cytokines.

Va14 NKT cells, another type of immunoregulatory cell,
possess solely an invariant Vo14 antigen receptor, encoded
by V14 and Ju281 gene segments, that is reactive to a
glycolipid antigen, a-galactesylceramide (o-GalCer), pre-
sented by CDi1d (7-10). Vald NKT cells play crucial
immunoreguiatory roles in a variety of immune responses, .
including protection from autcimmune disease development,
maintenance of transplantation tolerance and immunological
survelllance for tumors [reviewed in {11)]. However, Iittle is
known about the molecular events operating in activated Ve 14
NKT cells and about the destiny of Va14 NKT cells upon
stimulation. Understanding the comportment of V14 NKT
cells after activation will help to elucidate the mechanisms
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through which V14 NKT cells exert regulalory functions in the
immune system.

Inthis report we show that V14 NKT cell activation results in
the rapld down-regulation of the Va14 receptor. Subsequently,
Va14 NKT cells becone undetectable by flow cytemetry with
u-GalCer/CD1d tetramer staining. Activated Vet 14 NKT cells
remain quiescent for a while, but eventually proliferate and
continue to produce cytokines. Furthermore, these cells show
a rasistance to apoptosis induced by TCR stimulation relative
to conventional T cells. These data Indicate that Va14 NKT
cells neither become anergic nor are eradicated by apoptosis
upon activation.

Msathods

Mice

Eight- to 10-week-old female C57BL/6 mice were from SLC
(Hamamatsu, Japan}. C57BL/6 Ly-5.1 congenic mice were
from Jackson Laboratory (Bar Harbor, ME). All mice were
maintained under specific pathogen-free conditions in our
anirmal facility; they were treated in accerdance with guide-
lines for animal care at Chiba University.

Reagents and antibodies

o-GalCer as previously described (10) was kindly provided by
Kirin Brewery (Takasaki, Japan). The following mAb were
purchased from BD PharMingen (San Diego, CA). anti-CD16/
32 (2.4G2) and anti-CD3 (2C11), FITCconjugated ant-TCRB
(H57-597) and anti-NK1.1 {PK136), and biotin-conjugated
anti-TCRB (H57-597), Ly-5.1 (A20) and Ly-5.2 (104). Anti-FITC
microbeads were purchased from Miltenyi Bictec (Auburn,
CA). Phycoerythrinlabeled «-GalCer/CD1d tetramer was
prepared in our laboratory using a baculovirus expression
system kindly provided by Dr M. Kronenberg (La Jolla
Institute, La Jolla, CA). Cells were cuttured in complele RPMI
1640 medium supplemented with 10% FCS, 2 mM
L-glutaming, 100 Uml penicilin, 100 pg/ml streptomycin and
55 uM 2-mercaptoethana] (Invitrogen, Carlsbad, CA).

Preparation of dendritic ceils (DC) and liver mononuciear
cells

Mouse splenic DC were prepared as described previously
(10). Total liver cells ware suspended in a 33% Percoll solution
{Pharmacia, Uppsala, Sweden) containing heparin (100 U/ml)
and centrifuged at 1000 g for 15 min at room lemperature.,
Pellets were used as liver mononuclear cells for subsequent
studies after lysing red blood cells.

Stirulation with a-GalCer or e-GalCer-DC

For in vivo stimulation, 100 pg/kg of a-GalCer was Lp. injected
itto mice. For in vitro stimulation, DC were pulsed with 100 ng/
ml of e-GalCer or vehicle alone for 24 h, After extensive
washing, pulsed DC (10 x 107 cellsfwell) were added to
stimulate spleen cells (0.2 x 108 cellsivell) cultured in 96-welt
plates,

Flow cytornetric analysis and cefl sorting

Single-cell suspensions were prepared in PBS supplemented
with 2% FCS and 0.05% sodium azide, pre-incubated with

anti-CD18/CD32 mAb to prevent non-specific pinding via Fc¢
receptor interactions, and incubated with the appropriate mAD
on ice for 30 min, Flow cytometric analysis and cell sorting
were performed with Coulter Epics XL or Epics Elite cell sorters
(Beckman Coulter, Palo Alto CA). Purity of sorted cells was
estimated to be >98%.

Cell labeling with carboxyfluorescein diacetate succinimidyl
ester (CFSE)

Electronically sorted Va14 NKT cells from Ly-5.2 mice liver
(10 x 108} were incubated with 1 pM CFSE (Molecular Probes,
Eugene, OR)} in PBS for 8 min at room temperature. Labeling
was stopped by the addition of FCS at equal volume. Labeled
cells were washed extensively with medium prior to addition of
Ly-5.1* spleen cells pulsed with a-GalCer or vehicle.

Cytoking concenlration measurement by ELISA

Two hundred thousand fresh spleen cells, or spleen cells
incubated with a-GalCer-DC for the indicated time periods,
were co-cuttured for an additional 72 h with «-GalCer-DC or
vehicle-DC. At the end of the incubation period, cutture
supematants were collected and the concentration of IFN-y
and IL-4 was measured using an ELISA kits (BD PharMingen).

Quantification of genomic DNA by PCR

Genomic DNA was extracted from ¢ells using the QiaAmp
DNA blood kit (Qiagen, Hilden, Germarny). The amount of
amplicons generated during PCR was monitored using the
iCycler IQ Detection System (Bio-Rad, Hercules, CA), This
method is based on the 5 to 3° nuclease activity of Tag
polymerase, which allows the release of a flucrescent reporter
during the PCR. The sequences of the primers and Tagman
probes used in this study were as follows: Val14: 5-TGG-
GAGATACTCAGCAACTCTGG-3; Ja281: 5-CAGGTATGAC-
AATCAGCTGAGTCC-3;TCR Ca exon | forward: §-CAGAA-
CCCAGAACCTGCTGT-3"; TCR Ca exon | reverse: 5'-TAGG-
TGGUGTTGGTCTCTTT-3; Vai4 probe FAM: §'-FAM-CACC-
CTGCTGGATGACACTGCCAC-TAMRA-3"; and TCR Ca exon
I-probe FAM: 5-FAM-CTCCCAAATCAATGTGCCGAAAAC-
CA-TAMRA-3.

Apoplosis detection assays

Electronically puritied T (TCRE*NK1.1+) and a-GalCer/CD1d
tetramer-reactive Va4 NKT cells (TCRB*NK1.1+) from liver
moenonuclear cells were stimulated with plate-bound anti-CD3
mADb {10 pg/mf) for the indicated periods of time. Cells were
subsequently stained with FITC-labeled Annexin-V (BD
PharMingen} and analyzed with a flow cytometer. DNA
fragmentation during apoptosis was monitored using the Cell
Death Detection ELISA Plus kit (Roche, Mannheim, Germany).

DNA microarray analysis

Total RNA was prepared from electronically sorted hepatic T
and o-GalCer/CD1d tetramer-reactive Vo4 NKT cells stimu-
lated with plate-bound anti-CD3 mAb {13 pg/mi) for 2 h, cDNA
was synthesized according to the manufacturer's instructions
end fabeled antisense RNA was prepared by in vitro tran-
scription using T7 RNA polymerase (MessageAmp aRNA Kit;
Ambion, Austin, TX}. Mouse Apoptosis Expression Arrays (R &
D Systems, Minneapolls, MN} were used ta interrogate the
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Fig. 1. Kinetics of Val4 NKT cells from different organs after
stimulation with a-GalCer in vivo. Mice were injected with o-GalCer
(100 pg/kg). After differant periods of time, spleen, thymus, liver and
bone marrow wera removed, and the cells stained with ant-TCAB
and a-GalCer/CD1d tetramer. Absolule numbers of Val4 NKT cells
were calculated from tha flow cytometric data, Mean values from
three independent mice are indicated.

axpression of murine apoptosis-related genes. Radicactive
signals wera detected with FLA 8000 and the quantitative
analysis was perfarmed with Image-Gage software (Fuiji Fitm,
Tokyo, Japan).

RT-PCR

¢DNA was synthesized from RNA used in DNA microarray
analysis with oligo-dT primer. The following primer sets were
used for the RT-PCR: NAIP, 5-TCATGACTGTGCTTGCTTCC-
3" and 5-CCAGTGGGAACGAACAGTTT-3; MyD118, 5-CTC-
CTGGTCACGAACTGTCA-Y and 5-GGGTAGGGTAGCCTTT-
GAGG-3" IL-1B, 5-GCCCATCCTCTGTGACTCAT-3" and 5'-
AGGCCACAGGTATITIGTCG-3; HPRT, 5-AGCGTCGTGA-
TTAGCGATG-3" and 5-CTTTTATGTCCCCCGTTGAC-3". The
number of PCR cycles to detect the above transcripts was as
follows: 28 cycles for HPRT, 35 cycles for NAIP, and 37 cycles
for MyD118 and IL-1. PCR products were visuallzed by
ethidium bromide staining and subjected to DNA sequencing
te verify authenticity.

Results

Down-reguiation of the invanant Va 14 receptors upon
activation

To monitor the behavior of V14 NKT cells upon receptor
activation, a-GalCer was injocted I.p. Into C57BL/& mice, and
the number of Vo 14 NKT cells in the spleen, liver, bone marrow
and thymus was examined (Fig. 1). V14 NKT cells detected
by o-GalCer/CD1d tetramer represerted ~1% of the total
spleen cells prior 1o a-GalCer adminlistration (Fig. 2A, day 0},
However, the injection of a-GalCer mads Vald NKT cells
virtually undetectable within 24 h (Figs 1 and 2A, ¢f day 0 and
1, 1.1-0.1%). t was not until day 3 that Ve 14 NKT cells robustly
reappeared, occupying up to 6.2% of spleen cells. Afterday 4,
the number and proportion of Vatl4 NKT cells gradually
declined, and reached normal levels by day 14 (Figs 1 and
2A). Such a homeostasis of Vai14 NKT cells after a-GalCer
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Fig. 2. Comporiment of Va14 NKT cells upon a-GalCer stimulation,
{A} Kinatics of disappearance and repopulation of Va14 NKT calls
after a-GalCer stimulation i vivo. Spleen cells from C57BLA mice
before and after administration of a-GalCer (100 pg/kg) were
analyzed by flow cytometry at the indicated time, The percentage of
Vald NKT ceils, defined as TCR and a-GalCer/CD1d tetramer-
reactive cells, is indicated. Representative data from trea
independent experiments are shown. (B) Kinetics of cell
disappearance and repopulation of Va14 NKT cells atter a-GalCer
stimulation in vitro, Spleen cells from C57BL/E mice were co-culured
with a-GalCer-DC for the indicated periods of time in vitro, V14
NKT cells were idertifiet as described in (A). Representative data
from thres indepandent experiments are shown.

stimulation /i vivo was also cbserved in other organs such as
liver and bore marrow, but not in the thymus (Fig. 1).
Challenging spleen cells with e-GalCer-pulsed DC
{a-GalCer-DC) in vitro resulted in a similar behavior of V14
NKT cells (Fig. 2B}, whilst vehicle-pulsed DC (vehicle-DC) had
no effect (data not shown). The apparent disappearance of
V14 NKT cells in vitro occurred within 120 min after the
addition of a-GalCer-DC (see Supplementary data avallable at
International immuncicgy online). Thus, the receptor-medi-
ated disappearance of Vald NKT cells was cbserved in a
manner dependent on an antigen in vivo and in vitro,

To preclude the possibility that the invariant V14 receptor
was occupied by a-GalCer on DC and thereby could not be
detected by a-GalCes/CD1d tetramer, V14 NKT cells were
stimulated with plate-bound anti-CD3 mAb and subjected to
the same experiments. it turned out that anti-CD3 mAb
stimulation alse  culminated In  similar  results (see
Supplementary data). These data indicate that the apparent
disappearance of Vald4 NKT cells was not caused by
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