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Abstract. Natural killer T (NKT) cells, which comprise a minor population of T cells in primary and seco� ndary
l

�
ymphoid organs, possess phenotypic characteristics of both NK and T cells. NKT cells respond to various
e	 xternal stimuli by an early burst of cytokines, including IL-4 and IFN-γ
 . Thus, a key immunoregulatory role has
b

�
een attributed to them. Autoimmune diseases, especially type I diabetes (TID), may be caused b

�
y dysregulation of

t
�
he immune system, which leads to hyporesponsiveness of regulatory T helper 2 (Th2) cells and promotion of
a
 utoimmune Th1 cells. Furthermore, several lines of evidence exist to support the notion that

�
 an NKT cell deficiency

in individuals at risk of TID may be causal to TID. As a result, targeting NKT cells using immunotherapeutic agents
m� ay prove beneficial in the prevention or recurrence of TID. Indeed, our data demonstrate that

�
 stimulation of NKT

c� ells with a specific ligand prevents the onset and recurrence of TID in nonobese diabetic (NOD) mice.

Key words: immunoregulation; autoimmunity; type I diabetes; α-galacto� sylceramide.

I
�
ntroduction

The role of natural killer T (NKT) cells in the in-
d

�
uction and regulation of immune responses has been

t
�
he focus of many investigations. Due to their peculiar

immunoregulatory characteristics, these cells may be
a
  potential target for novel immunotherapeuthic inter-
v� entions aimed at the prevention or treatment of infec-
t

�
ious disease, cancer and autoimmune disease. The

m� ain focus of this review is the role of NKT cells in
a
 utoimmune type I diabetes (TID).

Phenotypic Characteristics and Development 
o� f NKT Cells

N
�

KT cells were first discovered during the charac-
t

�
erization of KLH-specific mouse suppressor T cell hy-

b
�
ridomas4

�
7, which were found to express an invariant

T cell receptor (TCR)α chain consisting of the Vα14-
-Jα281 gene segments25. Subsequently, a subset of CD4–

C
�

D8– thymocytes was identified as having a bias in their
TCRβ gene usage, as they frequently used the Vβ8 fol-
lowed by Vβ7

�
 and Vβ2 gene segments18. Further charac-

t
�
erization of the phenotypic markers of these cells re-
v� ealed the expression of various NK cell-related surface
markers, including NK1.12. Therefore, the term NKT cell
w� as coined to delineate a cell population with both T and
N

�
K cell surface phenotypic characteristics. NKT cells may

b
�
e detected in primary (thymus) and secondary (spleen)

l
�
ymphoid organs, and are abundant in the liver and bone
marrow. Cells with similar phenotypic characteristics
h

�
ave also been described in humans, preferentially

u� sing the invariant Vα2
�
4-JαQ

�
 TCR gene segments42.

Phenotypic markers expressed on the surface of
N

�
KT cells closely resemble those presented on acti-
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v� ated T cells, such as CD122 (IL-2Rβ)
�
, CD44 and

C
�

D696
�
. The majority of NK1.1+ T cells are either CD4+

o� r CD4–C
�

D8–. Although CD8+ NK1.1+ T cells were
r eported to be undetectable, recent evidence, using
a
  pan-NK cell marker (DX5), suggests the presence of
C

�
D8+ NKT cells23, 44. The splenic DX5+TCRαβ+ sub-

p! opulation may differ from the conventional Vα14-Jα2
�
81

TCRαβ+ T cells, since transgenic expression of CD8 on
T cells inhibits the development of Vα14-Jα281+ NKT
c� ells3

"
5.

The fetal development of Vα14 NKT cells starts at
d

�
ay 9 of gestation in mice, before the fetal thymus is

f
#
ormed, and their development can occur independently

o� f the yolk sac3
"

8. NKT cells appear to pass through
a
  CD4+C

�
D8+ double positive stage, as evidenced by the

p! resence of a precursor cell population in day 12 fetal
t

�
hymic cultures that differentiates into NK1.1+$ C

�
D4+$ C

�
D8+$

T cells3
"
. The number of NKT cells is very low at birth;

subsequently, they accumulate in various tissues, in-
c� luding primary and secondary lymphoid organs, and
b

�
ecome most abundant in liver and bone marrow. The

d
�
ependence of NKT cell development on the thymus is

p! resently unclear. Some NKT cell subpopulations ap-
p! ear to be thymus-dependent, whereas other subpopu-
l

�
ations may develop extra-thymically, e.g. in the liver3

"
6.

The origin of NKT cells is controversial, as it is not
k

%
nown whether NKT cells are derived from a unique,

c� ommitted precursor cell or a subset of conventional
T cells which, during some stages of their normal de-
v� elopment, branch off to become NKT cells. Neverthe-
l

�
ess, it is evident that these cells comprise a unique
subset of T cells whose development is differentially
r egulated from mainstream T cells. This notion is sup-
p! orted by the observation that deletion of the Vα14
g& ene segment, which is involved in the formation of
t

�
he NKT invariant TCR, selectively depletes the forma-
t

�
ion of NKT cells, but all other T cells remain virtually
intact5

'
0.

N
(

KT-CD1 Interactions

Although natural ligands of NKT cells are not well
c� haracterized, NKT cell restriction to the CD1 mole-
c� ule, whose structure resembles that of the major his-
t

�
ocompatibility complex class I (MHC-I), is well estab-

lished. Unlike expression patterns of MHC-I, the CD1
m� olecule is primarily expressed on hematopoetic cells
such as B cells, macrophages and dendritic cells. The
d

�
evelopment of NKT cells is CD1-dependent, as the

number of NKT cells is markedly reduced in CD1 gene

k
%
nock-out mice3

"
9. The absent NKT cells in CD1–/– mice

a
 re those that preferentially use the invariant Vα14-
-Jα281 TCR, whereas another subpopulation of NKT
c� ells may develop in the absence of CD1, which pos-
sesses a diverse TCR repertoire as well as phenotypic
c� haracteristics of naive T cells. The former population
i

)
s predominantly present in the thymus and liver and

t
�
he latter population is present in the spleen and bone

marrow16. The CD1 crystallography findings indicate
t

�
he p! resence of a deep, narrow and hydrophobic antigen-

-binding groove in this molecule, which can accommo-
d

�
ate lipid antigens6

�
3. The natural ligand of CD1-restircted

N
�

KT cells appears to be a glycophosphatidylinositol
(GPI)27. Recently, a glycolipid, α-galactosylceramide
(AGC), was identified by Kirin Brewery (Japan) from
m� arine sponges as a potential anti-cancer compound.
Further investigations determined that this compound is
a
  ligand for both human and mouse NKT cells7

*
, 31.

P
+

resentation of AGC by the CD1 molecule is transpor-
t

�
er-associated protein (TAP)-independent and NKT

c� ells respond vigorously to this compound by prolife-
r ation, expression of activation molecules, increase in
t

�
heir cytotoxic activity and secretion of various cyto-

kines3
"

1.

F
,

unction of NKT Cells

U
-

pon stimulation, NKT cells exert various func-
t

�
ions, ranging from cytotoxic activity to cytokine pro-

d
�
uction. These cells have a unique property that en-

a
 bles them to produce large amounts of cytokines upon
p! rimary stimulation. For instance, production of a mix-
t

�
ure of T helper 1 (Th1) and Th2 cytokines is detect-
a
 ble in splenocytes harvested from mice treated in vivo
w� ith an anti-CD3 mAb 90 min earlier, and the respon-
sible cell population has the phenotypic characteristics
o� f NKT cells6

�
2. More recently, the CD1-restricted NKT

c� ell response to AGC was shown to be phylogenetically
c� onserved, as human and mouse CD1 molecules can
b

�
ind to AGC and activate NKT cells from both

species7
*
. NKT cells respond after interaction with CD1-

-bearing dendritic cells loaded with AGC. This interac-
t

�
ion requires cell-cell contact through CD40-CD40L3

"
3.

Secretion of Th1 or Th2 type cytokines appears to be
d

�
ifferentially regulated by the number of in vivo doses

o� f treatment with AGC. While a single in vivo dose of
AGC encourages expression of IFN-γ
  and other char-
a
 cteristics of a Th1 response12, a multiple-dose regime
w� ill promote a Th2 response9

.
. It is noteworthy that,

a
 lthough NKT cells are primarily triggered by AGC,
b

�
ystander cells, including NK, CD8, CD4 and B cells,
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m� ay also become non-specifically activated as a conse-
q0 uence of NKT cell activity11, 34. The peculiar property
o� f NKT cells, which enables them to produce large
a
 mounts of Th1- and Th2-type cytokines very early
a
 fter stimulation, renders them ideal candidates for the
regulation of an immune response.

Effector activity

D
1

ue to the wide range of activities, NKT cells may
p! lay effector or regulatory roles in different immuno-
logical settings. AGC-activated human NKT cells con-
f

#
er anti-tumor activity via an elevated perforin-depend-

e	 nt cytotoxicity3
"

2. Similarly, mouse NKT cells
a
 ctivated with AGC-pulsed dendritic cells inhibit the
m� etastasis of experimental melanoma5

'
4. NKT cells may

a
 lso have effector functions in response to various pa-
t

�
hogenic microorganisms, e.g. resistance to infection

w� ith Toxoplasma gondii14 and P
2

lasmodium yoelli4
�

1.
Thus, it is tempting to speculate that NKT cells are
i

)
ntimately involved in providing the first layer of host

i
)
mmunity against invading pathogens. However, para-

d
�
oxically, inhibition of CD1-NKT interaction in Lis-

t3 eria monocytogenes-infected mice reduced the ex-
p! ression of TGF-β2

�
 and, as a result, the survival of

t
�
hese mice was significantly increased48. This suggests

a
  regulatory function for NKT cells under certain cir-

c� umstances in the course of a bacterial infection. NKT
c� ells may also possess other effector functions during
t

�
he development of concanavalin A-induced hepatitis28,

a
 bortion in mice26 and hyperacute graft-versus-host-dis-
e	 ase (GVHD) in humans4

�
9.

R
4

egulatory activity

The role of NKT cells in the regulation of an im-
m� une response has received much attention (Fig. 1).
Initially, two Vα14-Jα281 TCRαβ+$  KLH-specific
T cell hybridomas were described that could each se-
c� rete a soluble suppressor factor. The suppressor factor
from one hybridoma induced the other hybridoma (“ in-
d

�
ucible acceptor suppressor” ) to exert its KLH-specific

f
#
unctions25, 47. More recently, DNP-specific T sup-

p! ressor hybridomas were identified, one of which has
a
  TCR Vα14-Jα281 rearrangement. These hybridomas
a
 lso produce a soluble suppressor factor, which may be
a
  soluble TCR4. However, these soluble suppressor fac-
t

�
ors could also be cytokines, such as TGF-β, IL-4 and

I
5
L-10, or other immunomodulators that enhance one

t
�
ype of immune response and suppress another type. In

fact, early investigations pointed to the crucial role of
N

�
KT cells in triggering Th2 type responses6

�
1. Despite

t
�
hese findings, several groups have argued that NKT

c� ells have a dispensable role in the development of

F
6

ig. 1. Model of NKT activation and function. NKT cells are stimulated by CD1-bearing antigen-presenti
7
ng cells (APC) that are loaded

w8 ith AGC. NKT cells receive stimulatory signals from APC (via IL-12) and, in return, stimulate them by secretion of IFN-γ9 . Upon
s: timulation, NKT cells exert effector (e.g. cytotoxicity via Fas-FasL and perforin pathways)

;
 and immunoregulatory (e.g. secretion of

c< ytokines: IL-4, TGF-β
=

 and IFN-γ9 ) functions. The early burst of cytokine secretion by NKT cells may be critical in the differentiation of
Th0 cells to Th1 or Th2 cells. B cells and NK cells may also become activated by NKT cells
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a
  Th2 response8. The degree of NKT cell involvement
in the development of a Th2 versus a Th1 response
likely depends on the particular immunological setting.
F

>
or example, NKT cells potentiate a Th1 response by

mediating IL-12-induced IFN-γ
  production3
"

0. Dendritic
c� ells are stimulated by ligand-activated NKT cells through
a
  direct CD40-CD40L interaction that increases their
p! roduction of IL-123

"
3. Subsequently, the secreted IL-12

induces NKT cells to increase their surface expression
o� f IL-12R as well as production of IFN-γ
 3

"
3. The AGC-

-induced IL-12 production is inhibited in Vα14-Jα281
knock-out mice, which selectively lack NKT cells, or
b

�
y in vivo administration of an anti-CD40L mAb5

'
1.

Thus, an intimate interaction between NKT cells and
a
 ntigen-presenting cells (APCs) is critical for the devel-
o� pment of a Th1 or a Th2 response.

Several additional immunomodulatory roles of NKT
c� ells have been reported. During allogeneic GVHD,
N

�
KT cells can ameliorate disease6

�
4. In this model, con-

v� entional T cells (TCRαβ+C
�

D4+ or TCRαβ+ CD8+)
�

d
�
erived from bone marrow or blood elicit acute GVHD,

w� hereas NK1.1+C
�

D4+, NK1.1+C
�

D8+ or NK1.1+C
�

D4–

C
�

D8– T cells suppress GVHD. Suppression of disease
b

�
y NK1.1+ T cells is dependent on expression of IL-4,

a
 s NK1.1+$  T cells from IL-4–/– mice lose their modula-
t

�
ory activity6

�
4. Paradoxically, in a hyperacute case of

h
�
uman allogeneic GVHD, the frequency of NKT cells

in peripheral blood was very high and this result impli-
c� ated their effector role in this response4

�
9. An immuno-

modulatory role of NKT cells in immune privilege was
r ecently described in an elegant study involving
a
  model of anterior chamber-associated immune devia-
t

�
ion (ACAID)45. Induction of regulatory T cells in the

spleen, which inhibit proliferation or the effector func-
t

�
ions of CD4+$ , may initiate ACAID. However, induc-

t
�
ion of ACAID is severely perturbed in strains of mice,

i
)
ncluding SJL/J and β2

�
m knock-out mice, which have

d
�
evelopmental and functional deficits in their NKT cell

p! opulation45. Further investigations proved more con-
c� lusively that ACAID is dependent on CD1 expression,
a
 s evidenced by the absence of ACAID in CD1–/– mice
a
 nd by an in vivo blockade of CD1-NKT interaction
u� sing anti-CD1 antibodies4

�
5.

O
?

ther immunoregulatory functions of NKT cells
m� ay involve the induction of tolerance. In the trinit-
robenzensulfonic acid (TNBS)-induced model of colitis
in mice, NK1.1+ liver-associated lymphocytes were
found to be important in the induction of oral tolerance
a
 gainst the development of colitis5

'
5. Tolerized mice had

significantly higher serum concentrations of IL-4 and
T

@
GF-β1, while the serum concentration of IFN-γ
  was

significantly reduced5
'
5. Furthermore, intra-graft NKT

c� ells may be important in the induction of tolerance in
recipients of hepatic allografts40.

N
(

KT Cells and Autoimmunity

A
A

 potential role for NKT cells in the regulation of
a
 utoimmunity was initially recognized in SJL mice that
a
 re susceptible to experimental allergic encephalomy-
e	 litis (EAE), a Th1-mediated disease. SJL mice are
d

�
eficient in their Th2-mediated responses, and their

N
�

KT cells are significantly reduced in number and
f

#
unction (TCR-stimulated rapid burst in cytokine pro-

d
�
uction) in various tissues6

�
0. A functional deficit in

N
�

KT cells, especially in the production of IL-4 and
o� ther regulatory cytokines, in autoimmune disease-
p! rone mouse strains can lead to a dominant pathogenic
a
 utoreactive Th1 response. NKT cells have also been
i

)
mplicated in the regulation of susceptibility to autoim-

mune disease in humans. Patients with systemic scle-
r osis have a reduced frequency of peripheral blood NKT
(Vα2

�
4-JαQ

� +)
�
 cells46. Similarly, the number of NKT cells

in the peripheral blood of patients with rheumatoid arth-
ritis is reported to be significantly decreased5

'
9.

N
B

KT cells and type I diabetes

T
@

he strongest evidence in support of a role for NKT
c� ells in the regulation of autoimmunity stems from
studies of TID in humans5

'
7 and nonobese diabetic

(NOD) mice2
C

1. NOD mice spontaneously develop
a
  form of TID that shares many genetic, immunologic
a
 nd pathologic features with the human disease13. Pan-
c� reatic islet β cell destruction is mediated by infiltrating
T cells, and both CD4+$  and CD8+$  T cells are required
for the development of TID. Although islet β cell-de-
struction and the onset of TID is attributed to the
p! resence of autoimmune CD4+ Th1 effector cells29, an
i

)
mportant role for CD8+ T cells in islet β cell destruc-

t
�
ion has also been identified15, 58.

An intricate balance between autoimmune destruc-
t

�
ive T cells and immunoregulatory T cells regulates the
d

�
evelopment of TID13. A concensus opinion suggests

t
�
hat the conversion from a non-destructive insulitis to
d

�
estructive insulitis involves a disruption of the balance

b
�
etween destructive Th1 and regulatory Th2 autoim-

mune cells. Non-destructive insulitis is associated with
higher pancreatic levels of IL-4, whereas destructive
i

)
nsulitis is associated with a higher intra-pancreatic
c� oncentration of IFN-γ
 19. We have observed deficien-
c� ies in NOD T cells that may be causal to the occur-
rence of TID, including T cell proliferative hypore-
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sponsiveness following TCR stimulation6
�
5 and reduced

IL-4 and IL-2 production upon T cell activation43.
Stimulation with IL-4 fully restores proliferative hy-
p! oresponsiveness and a normal level of IL-4 produc-
t

�
ion by NOD T cells, and treatment of prediabetic NOD
mice in vivo with IL-4 prevents insulitis and onset of
T

@
ID4

�
3. In addition, young, 2-week-old, NOD mice

t
�
reated with IL-4 for 10 weeks show a reduced in-
c� idence of TID, which is attributed to the prevention of
T

@
h1 autoreactive T cells from entering the pancreas as

w� ell as the promotion of regulatory Th2 cell activity in
t

�
he thymus, spleen and pancreatic islets10. Taken

t
�
ogether, these findings support the notion that immu-

noregulatory CD4+ Th2 cells mediate protection of
N

�
OD mice from TID13. Thus, it is conceivable that the

p! roliferative hyporesponsiveness of regulatory Th2 cells
p! romotes a dominant Th1 environment in the pancreas
t

�
hat leads to the breakdown of peripheral self tolerance.

C
�

o-stimulatory pathways, such as those mediated by
C

�
D28-B7 interactions, may also contribute to NOD

T
@

 cell hyporesponsiveness and, consequently, to the
l

�
oss of tolerance and onset of TID. Indeed, administra-

t
�
ion of an activating anti-CD28 mAb to young NOD

mice of 2–4 weeks of age restores IL-2 and IL-4 secre-
t

�
ion of thymic and splenic T cells and also completely
p! rotects them from TID1. These results and those high-
l

�
ighted above further support the idea that immune dys-

regulation is a prinicipal causal factor of autoimmune
TID. Accordingly, correction of this state of immune
d

�
ysregulation by an immunomodulatory agent that eli-

c� its minimal in vivo adverse effects offers a promising
a
 pproach to prevent occurrence of TID in high risk
subjects and to inhibit recurrence of TID in patients
receiving islet transplants.

N
�

KT cells provide a potentially interesting target
for such an immunomodulator(s). As previously dis-
c� ussed, the critical role of NKT cells in the develop-
ment of several Th2 responses is widely accepted9

.
, 61.

I
5
nterestingly, there exist age-dependent deficiencies in

t
�
he number and function of NKT cells in NOD mice

a
 nd human TID patients. In NOD mice between 3 and
5

D
 weeks of age, the proportion of NKT-like thymocytes

i
)
s reduced and TCR cross-linking-induced IL-4 produc-

t
�
ion is significantly impaired21. Note that these quanti-

t
�
ative and qualitative deficiencies first appear at an age

t
�
hat represents an important checkpoint in the progres-

sion to TID, i.e. immediately prior to the development
o� f insulitis in 3- to 4-week-old mice. Subsequently,
t

�
hese deficiencies become virtually undetectable in 12-to
15-week-old NOD mice.

D
1

eficient IL-4 production by NOD NKT-like thy-
mocytes can be corrected by stimulation with IL-72

C
2,

r aising the possibility that the developmental deficiency
o� f NOD NKT thymocytes might be related to an insuf-
ficient availability of IL-7. The finding that the devel-
o� pment of NKT-like thymocytes in the NOD thymus is
impaired was later confirmed by GODFREY et al.2

C
0, who

a
 lso noted that transfer of thymocytes enriched for
C

�
D4–C

�
D8– TCRαβ+$  cells (i.e. NKT cells) into young

N
�

OD recipients prevents TID5
'
. The protection con-

ferred by these thymic NKT cells is mediated by IL-4
a
 nd IL-10, as neutralization of these cytokines abro-
g& ates the protective effects of NKT cells2

C
3. Analyses of

d
�
ifferent lines of transgenic NOD mice that express

v� ariable levels of the TCR Vα14-Jα2
�
81 chain have also

c� onfirmed a pivotal role for NKT cells in protection
f

#
rom TID3

"
7. The most protection from TID was

a
 chieved in the mouse line that possessed the greatest
number of NKT cells, highest level of IL-4 secretion
b

�
y NKT cells induced by TCR stimulation, and best

c� apacity to transfer protection with splenic T cells. We
have shown that NKT cells in the thymus and spleen of
N

�
OD mice secrete normal amounts of IFN-γ
 , but are defi-

c� ient in IL-4 production in response to in vitro stimulation
w� ith AGC4

�
4. In contrast, TCR- or IL-12-stimulated NOD

N
�

KT cells were previously reported to be severely defi-
c� ient in IFN-γ
 , but not IL-4 production17. In the latter
studies, purified NOD NKT cells supplemented with IL-7
nE ot only did not prevent TID, but rather accelerated the
o� nset of TID17. Further experimentation is required to
resolve these apparent discrepancies.

A role for NKT cells in the pathogenesis of human
T

@
ID was recently reported5

'
7. In studies of a group of

t
�
win/triplet sets discordant for TID, the diabetic siblings

h
�
ad a lower frequency of CD4–C

�
D8–T

@
CRVα14JαQ

� +

N
�

KT cells in their peripheral blood in comparison with
t

�
heir non-diabetic non-progressor siblings. More im-

p! ortantly, CD4–C
�

D8–V
F

α14JαQ
� + T cell clones from

t
�
hese discordant sets differed appreciably in their pro-

d
�
uction of IL-4 and IFN-γ
 . Whereas all clones from

d
�
iabetic siblings only produced IFN-γ
 , 76 of 79 clones

d
�
erived from at risk non-progressor siblings simulta-

neously produced IL-4 and IFN-γ
 . Thus, it is conceiv-
a
 ble that correction of quantitative and qualitative defi-
c� iencies of NKT cells in individuals at risk for TID may
p! revent occurrence of the disease. Alternatively, the
u� p-regulation of NKT cell number and function may
p! revent/reduce the recurrent autoimmune destructive
response and, as a result, prolong islet graft survival in
newly transplanted diabetic patients.

Since AGC is a ligand for CD1-restricted mouse
N

�
KT cells and is a potent stimulator of these cells, we

i
)
nvestigated whether treatment of NOD mice in vivo

w� ith AGC protects against TID. Our results indicate

S
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t
�
hat female NOD mice are significantly protected

a
 gainst the onset of cyclophosphamide (CY)-induced
TID when treated with AGC on days 0, 2, 4, 6 and
8 relative to the time of CY challenge44. Moreover,
w� hen female NOD mice are treated with AGC at 10,
11 and 14 weeks of age, the spontaneous development
o� f TID is delayed by 4–5 weeks and the incidence is
reduced by 50%. A more comprehensive treatment
regime beginning at 4 weeks of age also affords partial
p! rotection and a significant delay in disease onset. Our
d

�
ata indicate that these different modes of AGC-in-

d
�
uced protection from TID in NOD mice are mediated

b
�
y the activation of NKT cells.

W
G

e have also explored whether AGC can modulate
t

�
he onset of a recurrent autoimmune destructive re-
sponse in overtly diabetic NOD recipients of syngeneic
p! ancreatic islet transplants. In this model, engraftment
is normal and euglycemia is restored for about 7–10
d

�
ays post-transplantation, following which grafts

g& enerally fail owing to a recurrent autoimmune re-
sponse. More recently, prolongation of pancreatic
d

�
uodenal graft survival in non-recurrent spontaneous

d
�
iabetic BB rats was associated with the proliferation

o� f donor-derived NKT cells in hepatic and splenic tis-
sues5

'
3 and higher serum levels of IL-45

'
2. We have ob-

t
�
ained evidence in support of the hypothesis that stimu-

l
�
ation of NKT cells by AGC prolong islet graft survival

b
�
y down-modulation of the recurrent autoimmune re-

sponse. Our data demonstrate that multiple doses of
AGC administered pre- and post-transplantation in re-
c� ipients prolong islet graft survival in newly diabetic
N

�
OD mice from the typical 7 days to as long as 22

w� eeks44. Ongoing studies will determine whether NKT
c� ells play a direct or indirect role in enhanced islet graft
survival and homeostasis.

Conclusions

Failure of immune regulation in NOD mice or
human subjects at risk of TID, which stems from defi-
c� ient T cell-mediated regulation, and Th2 anergy may
b

�
e causal to the onset of autoimmune TID and, conceiv-

a
 bly, correction of this immune dysregulation may pro-
t

�
ect at risk individuals against TID. Indeed, we have

shown that cytokine-based (IL-4) and mAb-based (anti-
-CD28) immunotherapies can protect NOD mice from
TID. NKT cells, which are quantitatively and qualita-
t

�
ively deficient in diabetes-prone NOD mice and hu-

mans, provide an excellent target for future immu-
nE otherapeutic approaches aimed at the prevention or
reversal of human TID. Since these cells play a major

r ole in the early induction of Th1 and Th2 immune
responses, appropriate activation of NKT cells, e.g. to-
w� ards a Th2 response, may correct immune dysregula-
t

�
ion and prevent the pathogenesis of TID. The newly

d
�
iscovered specific ligand for NKT cells, AGC, has

a
 lready been tested in phase I clinical anti-cancer trials
a
 nd its lack of toxicity has been confirmed5

'
6. Thus, it

seems feasible to use this compound to protect individ-
u� als who are genetically and environmentally at risk for
T

@
ID. Alternatively, this immunomodulator may be used

in diabetic patients that have received an islet transplan-
t

�
ation to protect them from the recurrence of TID.

Acknowledgment. This work was supported by grants from the
Juvenile Diabetes Foundation International (JDFI) and an MRC of
Canada/JDFI Diabetes Centre of Excellence. S. Sharif is the reci-
pient of a Canadian Diabetes Association Post-doctoral Fellowship.

References 
 1. AR

H
REAZA G. A., CA

I
MERON M. J., JA

I
RAMILLO A., GI

J
LL B. M.,

HARDY D., LAUPLAND K. B., RAPOPORT M. J., ZU
K

CKER P.,
C
L

HAKRABARTI S., CHENSUE S. W., QIN H. Y., SINGH B. and
D
M

E
N

LOVITCH T. L. (1997): Neonatal activation of CD28 signal-
i
7
ng overcomes T cell anergy and prevents autoimmune diabetes

b
O
y an IL-4-dependent mechanism. J. Clin. Invest., 100,�  2243–

2253.
 2. BA

I
LLAS Z. K. and RA

I
SMUSSEN W. (1990): NK1.1+$  thymocytes.

Adult murine CD4–, CD8– thymocytes contain an NK1.1+,
C
L

D3+, CD5hi, CD44hi, TCR-Vβ
=

 8+ subset. J. Immunol., 145,
1039–1045.

 3. BA
I

LLAS Z. K., RA
I

SMUSSEN W. L., AL
P

BER C. A. and SA
I

NDOR M.
(
Q
1997): Ontogeny of thymic NK1.1+ cells. J. Immunol., 159,

1774–1881.
 4. BARBO J. V., MC

R C
L

O
S

RMACK J. E., MO
S

ORHEAD J. W. and FAIR-

C
R

HILD R. L. (1995): Reconstitution of TCR αT  chain expression
i
7
n deletion mutants restores dinitrophenyl-specific/class

I
U
 MHC-restricted suppressor molecule production. J. Immunol.,

154, 1551–1559.
 5. BAXTER A. G., KINDER S. J., HAMMOND K. J., SC

R
OLLAY R. and

G
V

O
S

DFREY D. I. (1997): Association between αT βTCR+$ CD4–

C
L

D8– T cell deficiency and IDDM in NOD/Lt mice. Diabetes,
4
�

6,�  572–582.
 6. BENDELAC A., RIVERA M. N., PARK S. H. and RO

S
ARK J. H.

(
Q
1997): Mouse CD1-specific NK1 T cells: development, speci-

ficity, and function. Annu. Rev. Immunol., 15, 535–562.
 7. BR

H
OSSAY L., CH

W
IODA M., BU

K
RDIN N., KO

S
EZUKA Y., CA

I
SORATI

G
V

., DELLABONA P. and KRONENBERG M. (1998): CD1d-medi-
aX ted recognition of an αT -galactosylceramide by natural killer
T cells is highly conserved through mammalian evolution.
J
Y
. Exp. Med., 188,�  1521–1528.

 8. BROWN D. R., FO
S

WELL D. J., CO
S

RRY D. B., WYNN T. A., MO
S

S-

KOWITZ N. H., CHEEVER A. W., LO
S

CKSLEY R. M. and REINER

S
/

. L. (1996): β
=

2
Z
-Microglobulin-dependent NK1.1+$  T cells are

not essential for T helper cell 2 immune responses. J. Exp.
M
�

ed., 1
[

84,�  1295–1304.
 9. BU

K
RDIN N., BROSSAY L. and KRONENBERG M. (1999): Immuni-

S28 S
/

. Sharif and T. L. Delovitch: Biology and Function of NKT Cells



zation with αT -galactosylceramide polarizes CD1-reactive NK
T cells towards Th2 cytokine synthesis. Eur. J. Immunol., 29,�
2014–2025.

10. CAMERON M. J., ARREAZA G. A., ZU
K

CKER P., CHENSUE S. W.,
STRIETER R. M., CHAKRABARTI S. and DELOVITCH T. L.
(1997): IL-4 prevents insulitis and insulin-dependent diabetes
mellitus in nonobese diabetic mice by potentiation of regulatory
T helper-2 cell function. J. Immunol., 159, 4686–4692.

11. CARNAUD C., LEE D., DO
S

NNARS O., PARK S. H., BEAVIS A.,
KO

S
EZUKA Y. and BE

N
NDELAC A. (1999): Cutting edge: Cross-

-talk between cells of the innate immune system: NKT cells
rapidly activate NK cells. J. Immunol., 163,�  4647–4650.

12. CU
K

I J., WATANABE N., KAWANO T., YAMASHITA M., KAMATA

T., SH
W

IMIZU C., KI
J
MURA M., SH

W
IMIZU E., KO

S
IKE J., KO

S
SEKI H.,

TANAKA Y., TANIGUCHI M. and NAKAYAMA T. (1999): Inhibi-
tion of T helper cell type 2 cell differentiation and immunoglo-
bulin E response by ligand-activated VαT 14 natural killer
T cells. J. Exp. Med., 190,�  783–792.

13. DE
N

LOVITCH T. L. and SI
J
NGH B. (1997): The nonobese diabetic

mouse as a model of autoimmune diabetes: immune dysregula-
tion gets the NOD. Immunity, 7,�  727–738.

14. DENKERS E. Y., SC
R

HARTON-KERSTEN T., BARBIERI S., CASPAR

P. and SH
W

ER A. (1996): A role for CD4+$  NK1.1+$  T lympho-
cytes as major histocompatibility complex class II independent
helper cells in the generation of CD8+ effector function against
intracellular infection. J. Exp. Med., 184, 131–139.

15. DI
J L

\
O

S
RENZO T. P., GR

H
ASER R. T., ON

]
O T., CH

W
RISTIANSON G. J.,

CHAPMAN H. D., RO
S

OPENIAN D. C., NATHENSON S. G. and SER-

R
H

EZE D. V. (1998): Major histocompatibility complex class
I-restricted T cells are required for all but the end stages of
diabetes development in nonobese diabetic mice and use a pre-
valent T cell receptor αT  chain gene rearrangement. Proc. Natl.
Acad. Sci. USA, 9

^
5, 12538–12543.

16. EBERL G., LEES R., SMILEY S. T., TANIGUCHI M., GRUSBY M. J.
and MACDO

S
NALD H. R. (1999): Tissue-specific segregation of

CD1d-dependent and CD1d-independent NK T cells. J. Immu-
nol., 162,�  6410–6419.

17. FA
I

LCONE M., YE
N

UNG B., TU
K

CKER L., RO
S

DRIGUEZ E. and SA
I

R-

V
_

ETNICK N. (1999): A defect in interleukin 12-induced activa-
tion and interferon γ9  secretion of peripheral natural killer T cells
in nonobese diabetic mice suggests new pathogenic mechan-
isms for insulin-dependent diabetes mellitus. J. Exp. Med., 190,�
963–972.

18. FO
S

WLKES B. J., KRUISBEEK A. M., TO
S

N-THAT H., WESTON M. A.,
CO

S
LIGAN J. E., SC

R
HWARTZ R. H. and PA

I
RDOLL D. M. (1987):

A novel population of T cell receptor αT β-bearing thymocytes
which predominantly expresses a single V β

=
 gene family. Na-

ture, 3
`

29, 251–254.
19. FO

S
X C. J. and DA

I
NSKA J. S. (1997): IL-4 expression at the

onset of islet inflammation predicts nondestructive insulitis in
nonobese diabetic mice. J. Immunol., 158, 2414–2424.

20. GO
S

DFREY D. I., KINDER S. J., SILVERA P. and BAXTER A. G.
(1997): Flow cytometric study of T cell development in NOD
mice reveals a deficiency in αT βTCR+C

L
DR–CD8– thymocytes.

J. Autoimmun., 10, 279–285.
21. GO

S
MBERT J. M., HERBELIN A., TANCREDE-BO

S
HIN E., DY M.,

CARNAUD C. and BACH J. F. (1996): Early quantitative and
functional deficiency of NK1+$ -like thymocytes in the NOD
mouse. Eur. J. Immunol., 26, 2989–2998.

22. GO
S

MBERT J. M., TANCREDE-BO
S

HIN E., HAMEG A., LEITE-DE-
-MO

S
RAES M. C., VICARI A., BACH J. F. and HERBELIN A.

(
Q
1996): IL-7 reverses NK1+$  T cell-defective IL-4 production

in the non-obese diabetic mouse. Int. Immunol., 8, 1751–
1758.

23. HAMMOND K. J., PELIKAN S. B., CROWE N. Y., RANDLE-BAR-

RETT E., NAKAYAMA T., TANIGUCHI M., SMYTH M. J., V
_

AN

D
M

R
H

IEL I. R., SC
R

OLLAY R., BA
I

XTER A. G., GO
S

DFREY D. I.
(
Q
1999): NKT cells are phenotypically and functionally diverse.

Eur. J. Immunol., 29, 3768–3781.
24. HAMMOND K. J. L., PO

S
ULTON L. D., PALMISANO L. J., SIL-

V
_

EIRA P. A., GO
S

DFREY D. I. and BA
I

XTER A. G. (1998): αT /
a
β

=
-T

c< ell receptor (TCR)+C
L

D4–C
L

D8– (NKT) thymocytes prevent in-
s: ulin-dependent diabetes mellitus in nonobese diabetic (NOD)/Lt
mice by the influence of interleukin (IL)-4 and/or IL-10. J. Exp.
M
�

ed., 1
[

87, 1047–1056.
25. IMAI K., KANNO M., KIMOTO H., SHIGEMOTO K., YAMAMOTO

S
/

. and TA
I

NIGUCHI M. (1986): Sequence and expression of tran-
s: cripts of the T cell antigen receptor αT  chain gene in a func-
t
b
ional, antigen-specific suppressor-T cell hybridoma. Proc.

N
c

atl. Acad. Sci. USA, 83,�  8708–8712.
26. ITO K., KARASAWA M., KAWANO T., AKASAKA T., KO

S
SEKI H.,

AKUTSU Y., KO
S

NDO E., SEKIYA S., SEKIKAWA K., HARADA M.,
YAMASHITA M., NAKAYAMA T. and TANIGUCHI M. (2000): In-
vd olvement of decidual VαT 14 NKT cells in abortion. Proc. Natl.
Acad. Sci. USA, 97, 740–744.

27. JO
S

YCE S., WO
S

ODS A. S., YE
N

WDELL J. W., BE
N

NNINK J. R., DE
N

S
/

ILVA A. D., BO
S

ESTEANU A., BALK S. P., CO
S

TTER R. J. and
B
e

R
H

UTKIEWICZ R. R. (1998): Natural ligand of mouse CD1d1:
c< ellular glycosylphosphatidylinositol. Science, 279, 1541–
1544.

28. KANEKO B. Y., HARADA M., KAWANO T., YAMASHITA M., SHI-

BATA Y., GEJYO F., NAKAYAMA T. and TANIGUCHI M. (2000):
A
�

ugmentation of VαT 14 NKT cell-mediated cytotoxicity by in-
t
b
erleukin 4 in an autocrine mechanism resulting in the develop-
ment of concanavalin A-induced hepatitis. J. Exp. Med., 191,
105–114.

29. KA
I

TZ J. D., BE
N

NOIST C. and MA
I

THIS D. (1995): T helper cell
s: ubsets in insulin-dependent diabetes. Science, 268,�  1185–
1188.

30. KAWAMURA T., TAKEDA K., MENDIRATTA S. K., KAWAMURA H.,
V
f

A
I

N KA
I

ER L., YA
I

GITA H., AB
g

O T. and OK
h

UMURA K. (1998):
C
L

ritical role of NK1+ T cells in IL-12-induced immune respon-
s: es in vivo.i  J. Immunol., 1

[
60, 16–19.

31. KAWANO T., CU
K

I J., KO
S

EZUKA Y., TO
S

URA I., KANEKO Y., MO
S

-

TOKI K., UENO H., NAKAGAWA R., SATO H., KO
S

NDO E., KO
S

SEKI

H
�

. and TA
I

NIGUCHI M. (1997): CD1d-restricted and TCR-medi-
aX ted activation of VαT 14 NKT cells by glycosylceramides.
S
/

cience, 278, 1626–1629.
32. KAWANO T., NAKAYAMA T., KAMADA N., KANEKO Y., HA-

R
H

ADA M., OG
j

URA N., AK
h

UTSU Y., MO
S

TOHASHI S., IIJ ZASA T.,
EN

]
DO H., FU

K
JISAWA T., SHINKAI H. and TANIGUCHI M. (1999):

A
�

ntitumor cytotoxicity mediated by ligand-activated human
V
f

αT 24 NKT cells. Cancer Res., 59, 5102–5105.
33. KI

J
TAMURA H., IWk AKABE K., YA

I
HATA T., NI

J
SHIMURA S., OH

W
TA

A., OHMI Y., SATO M., TAKEDA K., OKUMURA K., VAN KAER

L
\

., KA
I

WANO T., TA
I

NIGUCHI M. and NI
J
SHIMURA T. (1999): The

natural killer T (NKT) cell ligand αT -galactosylceramide demon-
s: trates its immunopotentiating effect by inducing interleukin
(
Q
IL)-12 production by dendritic cells and IL-12 receptor ex-

pl ression on NKT cells. J. Exp. Med., 1
[

89, 1121–1128.
34. KITAMURA H., OHTA A., SEKIMOTO M., SATO M., IW

k
AKABE K.,

N
c

AKUI M., YAHATA T., MENG H., KO
S

DA T., NISHIMURA S.,

S
/

. Sharif and T. L. Delovitch: Biology and Function of NKT Cells S29



KA
I

WANO T., TA
I

NIGUCHI M. and NI
J
SHIMURA T. (2000): αT -Ga-

lactosylceramide induces early B cell activation through IL-4
production by NKT cells. Cell. Immunol., 199, 37–42.

3
m
5. LANTZ O. and BENDELAC A. (1994): An invariant T cell recep-

tor αT  chain is used by a unique subset of major histocompati-
bility complex class I-specific CD4+$  and CD4–8

n – T cells in
mice and humans. J. Exp. Med., 180, 1097–1106.

3
m
6. LEGENDRE V., BO

S
YER C., GU

K
ERDER S., ARNOLD B., HAMMER-

LING G. and SC
R

HMITT-VERHULST A. M. (1999): Selection of
phenotypically distinct NK1.1+$  T cells upon antigen expression
in the thymus or in the liver. Eur. J. Immunol., 29, 2330–2343.

3
m
7. LE

N
HUEN A., LA

I
NTZ O., BE

N
AUDOIN L., LA

I
LOUX V., CA

I
RNAUD C.,

BENDELAC A., BACH J. F. and MO
S

NTEIRO R. C. (1998): Over-
expression of natural killer T cells protects VαT 14-JαT 2

Z
81 trans-

genic nonobese diabetic mice against diabetes. J. Exp. Med.,
188,�  1831–1839.

3
m
8. MAKINO Y., KANNO R., KO

S
SEKI H. and TANIGUCHI M. (1996):

Development of VαT 4+ NK T cells in the early stages of em-
bryogenesis. Proc. Natl. Acad. Sci. USA, 9

^
3, 6516–6520.

3
m
9. MENDIRATTA S. K., MARTIN W. D., HO

S
NG S., BO

S
ESTEANU A.,

JO
S

YCE S. and VAN KAER L. (1997): CD1d1 mutant mice are
deficient in natural T cells that promptly produce IL-4. Im-
munity, 6

o
, 469–477.

40. OHKAWA A., ITO T., YU
K

MIBA T., MAEDA A., TO
S

RI M., SAWAI

T., KI
J
YOMOTO T., AK

h
AMARU Y. and MA

I
TSUDA H. (1999): Im-

munological characteristics of intragraft NKR-P1+$  TCR αβT +$

T (NKT) cells in rat hepatic allografts. Transplant. Proc., 31,�
2699–2700.

4
p
1. PI

J
ED S., RO

S
LAND J., LO

S
UISE A., VO

S
EGTLE D., SO

S
ULARD V.,

MAZIER D. and CAZENAVE P. A. (2000): Liver CD4–CD8–

NK1.1+ TCR αβT  intermediate cells increase during experimen-
tal malaria infection and are able to exhibit inhibitory activity
against the parasite liver stage i

q
n vitro. J. Immunol., 164,�  1463–

1469.
42. PO

S
RCELLI S., YO

S
CKEY C. E., BRENNER M. B. and BALK S. P.

(1993): Analysis of T cell antigen receptor (TCR) expression by
human peripheral blood CD4–8

n –αT /
a
β

=
 T cells demonstrates pref-

erential use of several V β
=

 genes and an invariant TCR αT  chain.
J. Exp. Med., 178, 1–16.

4
p
3. RA

I
POPORT M. J., JA

I
RAMILLO A., ZI

J
PRIS D., LA

I
ZARUS A. H.,

SERREZE D. V., LEITER E. H., CYOPICK P., DANSKA J. S. and
DE

N
LOVITCH T. L. (1993): Interleukin 4 reverses T cell prolif-

erative unresponsiveness and prevents the onset of diabetes in
nonobese diabetic mice. J. Exp. Med., 178,�  87–99.

4
p
4. SH

W
ARIF S., AR

H
REAZA G. A., ZU

K
CKER P. and DE

N
LOVTICH T. L.

(2000): αT -Galactosylceramide prevents the incidence and recur-
rence of diabetes in the NOD mouse model (manuscript submitted).

45. SO
S

NODA K. H., EXLEY M., SN
]

APPER S., BALK S. P. and STEIN-
-ST

r
REILEIN J. (1999): CD1-reactive natural killer T cells are re-

quired for development of systemic tolerance through an im-
mune-privileged site. J. Exp. Med., 190,�  1215–1226.

46. SU
K

MIDA T., SAKAMOTO A., MU
K

RATA H., MAKINO Y., TAKAHA-

S
s

HI H
�

., YO
S

SHIDA S., NI
J
SHIOKA K., IWk AMOTO I. and TA

I
NIGUCHI M.

(1995): Selective reduction of T cells bearing invariant VαT 24-
-JαT Q antigen receptor in patients with systemic sclerosis.
J. Exp. Med., 182, 1163–1168.

47. SU
K

MIDA T., TAKEI I. and TANIGUCHI M. (1984): Activation of
acceptor-suppressor hybridoma with antigen-specific sup-
pressor T cell factor of two-chain type: requirement of the
antigen- and the I-J-restricting specificity. J. Immunol., 133,�
1131–1136.

48. SZ
t

ALAY G., LA
I

DEL C. H., BL
P

UM C., BR
H

OSSAY L., KR
H

ONENBERG M.
aX nd KAUFMANN S. H. (1999): Cutting edge: anti-CD1 monoclo-
nu al antibody treatment reverses the production patterns of TGF-
β

=
 2 and Th1 cytokines and ameliorates listeriosis in mice. J. Im-

munol., 162, 6955–6958.
49. TA

I
NAKA Y., KA

I
MI M., OG

j
AWA S., MA

I
CHIDA U., TA

I
KAHASHI T.,

IC
R

HIKAWA M., YU
K

JI K., IZUTSU K., AS
s

AI T., KANDA Y., HO
S

NDA

H., MITANI K., CHIBA S., HIRAI H., YAZAKI Y., SASAKI M.,
S
/

ASAKI K., MINEISHI S., TO
S

URA I., KAWANO T., AKUTSU Y.,
N
c

A
I

KAYAMA T., OC
R

HIAI T. and TA
I

NIGUCHI M. (2000): Hypera-
c< ute graft-versus-host disease and NKT cells. Am. J. Hematol.,
6
o

3,�  60–61.
50. TANIGUCHI M., KO

S
SEKI H., TO

S
KUHISA T., MASUDA K., SATO

H
�

., KO
S

NDO E., KA
I

WANO T., CU
K

I J., PE
N

RKES A., KO
S

YASU S. and
MAKINO Y. (1996): Essential requirement of an invariant VαT  14
T
v

 cell antigen receptor expression in the development of natural
killer T cells. Proc. Natl. Acad. Sci. USA, 93, 11025–11028.

51. TO
S

MURA M., YU
K  W. G., AHN H. J., YAMASHITA M., YANG

Y
w

. F., ON
]

O S., HA
I

MAOKA T., KA
I

WANO T., TA
I

NIGUCHI M.,
KO

S
EZUKA Y. and FU

K
JIWARA H. (1999): A novel function of

V
f

αT 14+$ C
L

D4+$ NKT cells: stimulation of IL-12 production by
aX ntigen-presenting cells in the innate immune system. J. Immu-
nu ol., 1

[
63, 93–101.

52. TO
S

RI M., ITO T., YU
K

MIBA T., OHKAWA A., MAEDA A., SAWAI T.,
K
x

I
J
YOMOTO T., AK

h
AMARU Y., MI

J
YASAKA M., KI

J
YONO H., MA

I
T-

S
s

UDA H., NO
S

ZAWA M. and SHIRAKURA R. (1999): IL-4 pl roduc-
t
b
ion in IDDM-nonrecurrent pancreas-transplanted BB rats with
d
y
onor-derived NKR–P1+TCR αβT + (NKT) cells, but not in

I
U
DDM-recurrent BB rats. Transplant. Proc., 31, 1940–1941.

53. TO
S

RI M., ITO T., YU
K

MIBA T., OKAWA A., MAEDA A., SAWAI T.,
KIYOMOTO T., AKAMARU Y., MIYASAKA M., KIYONO H., MAT-

S
s

UDA H., NO
S

ZAWA M. and SH
W

IRAKURA R. (1999): Proliferation
oz f donor-derived NKR-P1+TCR αβT + (NKT) cells in the nonre-
c< urrent spontaneous diabetic BB rats transplanted with pancre-
aX ticoduodenal grafts of Wistar-Furth donors. Transplant. Proc.,
3
`

1,�  2741–2742.
54. TO

S
URA I., KAWANO T., AKUTSU Y., NAKAYAMA T., OC

R
HIAI

T
v

. and TA
I

NIGUCHI M. (1999): Cutting edge: inhibition of ex-
pl erimental tumor metastasis by dendritic cells pulsed with
αT -galactosylceramide. J. Immunol., 1

[
63, 2387–2391.

55. TROP S., SAMSONOV D., GO
S

TSMAN I., ALPER R., DIMENT J. and
I
U
L

P
AN Y. (1999): Liver-associated lymphocytes expressing

N
c

K1.1 are essential for oral immune tolerance induction in
aX  murine model. Hepatology, 29,�  746–755.

56. VA
I

N DER VL
P

IET H. J., NI
J
SHI N., KO

S
EZUKA Y., PE

N
YRAT M. A.,

V
_

ON BL
P

OMBERG B. M., VA
I

N DE
N

N EE
N

RTWEGH A. J., PI
J
NEDO H. M.,

G
V

IACCONE G. and SC
R

HEPER R. J. (1999): Effects of αT -galacto-
s: ylceramide (KRN7000), interleukin 12 and interleukin 7 on
pl henotype and cytokine profile of human VαT 24+$  Vβ

=
11+$

T cells. Immunology, 98,�  557–563.
57. WI

J
LSON S. B., KE

N
NT S. C., PA

I
TTON K. T., OR

H
BAN T., JA

I
CKSON

R. A., EXLEY M., PO
S

RCELLI S., SC
R

HATZ D. A., ATKINSON M. A.,
B
e

A
I

LK S. P., ST
r

ROMINGER J. L. and HA
I

FLER D. A. (1998): Ex-
t
b
reme Th1 bias of invariant VαT 24JαT Q T cells in type

1 diabetes. Nature, 391,�  177–181.
58. WO

S
NG F. S., KARTTUNEN J., DU

K
MONT C., WEN L., VISINTIN I.,

PILIP I. M., SHASTRI N., PAMER E. G. and JANEWAY C. A. J{ R.
(
Q
1999): Identification of an MHC class I-restricted autoantigen

i
7
n type 1 diabetes by screening an organ-specific cDNA library.

N
c

at. Med., 5, 1026–1031.
59. YANAGIHARA Y., SHIOZAWA K., TAKAI M., KYOGOKU M. and

S30 S
/

. Sharif and T. L. Delovitch: Biology and Function of NKT Cells



SH
W

IOZAWA S. (1999): Natural killer (NK) T cells are signifi-
cantly decreased in the peripheral blood of patients with rheu-
matoid arthritis (RA). Clin. Exp. Immunol., 1

[
18, 131–136.

6
|
0. YO

S
SHIMOTO T., BENDELAC A., HU

K -LI J. and PAUL W. E.
(1995): Defective IgE production by SJL mice is linked to the
absence of CD4+$ , NK1.1+$  T cells that promptly produce inter-
leukin 4. Proc. Natl. Acad. Sci. USA, 92, 11931–11934.

6
|
1. YO

S
SHIMOTO T., BENDELAC A., WATSON C., HU

K -LI J. and PAUL

W. E. (1995): Role of NK1.1+ T cells in a Th2 response and in
immunoglobulin E production. Science, 2

}
70,�  1845–1847.

6
|
2. YO

S
SHIMOTO T. and PAUL W. E. (1994): CD4+, NK1.1+ T cells

promptly produce interleukin 4 in response to i
q
n vivo challenge

with anti-CD3. J. Exp. Med., 179, 1285–1295.
6
|
3. ZE

N
NG Z., CA

I
STANO A. R., SE

N
GELKE B. W., ST

r
URA E. A., PE

N
TER-

S
s

ON P. A. and WILSON I. A. (1997): Crystal structure of mouse

C
L

D1: An MHC-like fold with a large hydrophobic binding
g~ roove. Science, 277, 339–345.

64. ZE
N

NG D., LE
N

WIS D., DE
N

JBAKHSH-JO
S

NES S., LA
I

N F., GA
I

RCIA-
-OJ

{
EDA M., SIBLEY R. and STROBER S. (1999): Bone marrow

N
c

K1.1(–) and NK1.1(+) T cells reciprocally regulate acute graft
vd ersus host disease. J. Exp. Med., 1

[
89, 1073–1081.

65. ZIPRIS D., LAZARUS A. H., CROW A. R., HADZIJA M. and
DELOVITCH T. L. (1991): Defective thymic T cell activation by
c< oncanavalin A and anti-CD3 in autoimmune nonobese
d
y
iabetic mice. Evidence for thymic T cell anergy that correlates

w8 ith the onset of insulitis. J. Immunol., 146, 3763–3771.

Received in March 2000
Accepted in May 2000

S
/

. Sharif and T. L. Delovitch: Biology and Function of NKT Cells S31


