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■ Abstract

Mediated Antigen Presentation provided an opportunity for
researchers in the field of NKT cell biology to discuss their
latest results, many of which have direct relevance to understanding the etiology and pathogenesis of diabetes.

NKT cells play a major role in regulating the vigor and
character of a broad range of immune responses. Defects in
NKT cell numbers and function have been associated with
type 1 diabetes, especially in the NOD mouse model. The
3rd International Workshop on NKT Cells and CD1-
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Previous NKT Cell/CD1 Workshops

are presented - sometimes generating much controversy.
The second workshop was held at Woods Hole,
Massachusetts, in 2002 and was particularly characterized by emerging data on lipid antigen processing, and
CD1 assembly and trafficking. A source of especially
vigorous debate at the workshop was the lack of concordance between the clinical data of Brian Wilson
(Massachusetts General Hospital, Boston, USA) and
those of Albert Bendelac (University of Chicago,
USA), regarding the putative association between
NKT cell defects and type 1 diabetes.

T

he workshops on NKT cells and CD1-mediated
antigen presentation are the brainchild of Mitchell
Kronenberg, from the La Jolla Institute for Allergy and
Immunology in San Diego. The first meeting was held
in San Diego in 1999, and set the general format for all
three held to date: three or four days of talks covering
structure/function issues of CD1-mediated antigen
presentation, the ontogeny and characterization of
NKT cell subsets, their physiological roles and involvement in tumors, infections and autoimmune disease. The workshops are fairly small, with 100-150
registrants, and provide ample opportunity for discussion and the establishment of collaborative interactions. Largely due to the sponsorship of Kirin Brewery,
many speakers have received generous contributions to
their travel and accommodation costs. This has played
a critical role in ensuring that a broad range of views

www.The-RDS.org

Background: NKT cells in Type 1 Diabetes
NKT cells are an important immunoregulatory
lymphocyte population that express surface markers of
both NK cells, such as NK1.1 and members of the
Ly49 family, and conventional T-cells, such as the
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TCR. The best characterized subset is the invariant (i)
NKT cells, which express an invariant alpha TCR
chain, Vα14Jα18 in mice and Vα24Jα18 in humans,
and show preferential use of the Vβ8.2, Vβ7 and Vβ2
chain in mice and the Vβ11 chain in humans [1]. They
recognize a glycolipid antigen presented in the context
of the β2 microglobulin associated, MHC class I-like
molecule, CD1d. These cells are uniformly reactive to
the marine sponge-derived glycolipid α-Galactosyl
Ceramide (α-GalCer). In mice there are two major
subsets based on surface expression of CD4; the
CD4+CD8- subset and the CD4-CD8- double negative
(DN) subset. These subsets also exist in humans, together with a minor CD8+ population that seems to be
absent from mice. NKT cells are capable of rapidly
producing a large amount of cytokines, such as IFN-γ
and IL-4, and are thought to regulate the character and
magnitude of immune responses [1]. There are also
other NKT cells present in mice that are CD1ddependent but are not α-GalCer reactive (Type II
NKT cells), and NKT-like cells that are CD1dindependent.
Invariant NKT cells appear to play a critical role in
modulating the vigor and character of immune responses to pathogens, tumors and self antigens. Of
particular interest is their role in the etiology and
pathogenesis of type 1 diabetes. An association between defects in NKT cells and diabetes was first identified in NOD/Lt mice, which have lower numbers of
NKT cells in the thymus, liver and peripheral lymphoid organs than other strains [2]. The development
by Mitch Kronenberg and others of CD1d/αGalCer
tetramers specific for all iNKT cells [3, 4], has enabled
precise enumeration of this defect [5, 6]. In addition to
numerical deficiencies, NKT cells from NOD mice
produce relatively less IL-4, on a per cell basis, than
non-autoimmune prone strains [6].
The association of reduced numbers of NKT cells
with susceptibility to diabetes has been confirmed by:
1. Adoptive transfer of DN thymocytes enriched for
NKT cells approximately 40x [7]; 2. Transgenic overexpression of the Vα14Jα18 T cell receptor to increase
the proportion of NKT cells amongst thymic emigrants [8]; 3. Expansion of NKT cell numbers by administration of α-GalCer [9-13]; and 4. Elimination of
NKT cells by targeted deletion of CD1d on the NOD
strain background [14, 15].
The association between NKT cell deficiencies in
NOD mice and type 1 diabetes prompted an investigation into the numbers of Vα24Jα18+ T-cells in diabetes
discordant twins. Initial studies identified a deficiency
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in both the number of NKT cells and their IL-4 production in human diabetic patients similar to that observed in NOD mice [16, 17]. In contrast to this, other
groups found no difference in either NKT cell number
or cytokine production between diabetic patients and
healthy controls [18, 19]. Differences in the methods
used to identify NKT cells and stimulation protocols
make it difficult to compare the results. A third confounding factor in these studies is the necessity to
analyze peripheral blood lymphocytes, rather than
lymphocytes isolated from lymphoid organs, as is possible with mouse studies. Berzins et al. revisited the
issue in NOD mice by examining NKT cell numbers
in the peripheral blood by tetramer staining [20]. As in
humans, the numbers in all mouse strains were very
low, and there were no differences between diabetesprone and diabetes-resistant strains.

Location and Facilities of the Third Workshop
The third workshop was a Boden Research Conference and was held from September 8-13, 2004 on
Heron Island, Australia. It received generous support
from Kirin Brewery and the Australian Academy of
Science as well as contributions from Becton Dickinson and Commonwealth Serum Laboratories. Heron
Island lies on the Tropic of Capricorn (23 degrees
south of the Equator), 72 kilometers off the coast
from Gladstone, central Queensland (about 534 kilometers north of Brisbane). It is a coral cay on the
Great Barrier Reef and is one of the premier dive sites
in the world. Many registrants took advantage of the
recreation periods to try their hands at snorkeling or
SCUBA diving around the island. The coral was in
good condition, little affected by an episode of coral
bleaching two years earlier, and the aquatic fauna were
abundant. Large numbers of parrot fish, batfish and
butterfly fish were seen, and sightings of note included
a school of manta ray circling a coral pinnacle, large
turtles and several 2m white tipped reef sharks. The
food was excellent, and a particular highlight of the
meeting was the seafood banquet, which included local
shell fish and crustaceans.

News from the Workshop
In our opinion, the most exciting work presented at
the workshop was that of Albert Bendelac on the natural ligand of NKT cells. Albert based his work on his
observation that targeted mutant mice lacking the beta
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subunit of lysosomal beta-hexosaminidase (a model of
the lysosomal storage disease termed Sandhoff disease
[21]) do not have NKT cells. A genetic dissection of
the glycosphingolipid biosynthetic pathway in question
identified the isoglobolipid isoglobotrihexosylceramide
(iGb3) as a candidate. Like α-GalCer, iGb3 stimulates
the vast majority of iNKT cells to produce both IL-4
and IFN-γ when presented in the context of CD1d.
Although it appears to have an approximately threefold lower affinity compared to α-GalCer, iGb3/CD1d
tetramers did not work - presumably due to difficulties
in loading the isoglobolipid into the pre-assembled
CD1 molecules.
A number of speakers presented data on immune
responses to structural analogs of α-GalCer, most of
which were synthesized by Prof. Gurdyal Besra at the
University of Birmingham, UK. One reasonably wellcharacterized derivative is OCH ((2S,3S,4R)-1-O-(-Dgalactopyranosyl)-N-tetracosanoyl-2-amino-1,3,4-nonanetriol), a compound which can suppress experimental autoimmune encephalomyelitis (a model of multiple
sclerosis [22]) and collagen-induced arthritis [23]. Although stimulation of iNKT cells with OCH results in
brisk IL-4 production, it elicits relatively less IFN-γ
than α-GalCer. Despite this, the lack of a report of
efficacy in NOD mice raises the possibility that OCH
does not prevent diabetes. Steven Porcelli (Albert Einstein College of Medicine, New York, USA) has tested
a panel of derivatives based on modification of an
azido ceramide precursor by covalent linkage of varying lipid tails. A number of C20 compounds were
clearly superior to α-GalCer as they did not require
endosomal loading for presentation, were therefore
likely to be presented by non-professional antigen
presenting cells and as a consequence not stimulate the
production of IFN-γ. Steven reported that a number
of these were more effective at preventing diabetes
than α-GalCer. Moriya Tsuji (Aaron Diamond AIDS
Research Centre, New York, USA) described a synthetic C-glycoside analog, α-C-Galactosyl Ceramide,
which induces an enhanced IFN-γ response in mice,
providing a 1000-fold more potent anti-malarial activity and a 100-fold more potent anti-tumor activity than
α-GalCer.
Stuart Berzins (University of Melbourne, Australia)
presented a talk comparing the developmental pathway
of iNKT cells in humans with that developed by Dale
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Godfrey’s laboratory in studies of mice [24]. Dr. Berzins obtained, through collaborating pediatric surgeons,
paired samples of thymus and peripheral blood from
infants (< 3 years of age) undergoing cardiac surgery.
Proportions of human iNKT cells expressing CD161
(termed NK1.1 in mice) in the blood were twice those
seen in the thymus, consistent with its status as a
maturation marker. Similarly, as in mice, the majority
of thymic iNKT cells were CD4-positive, while the
DN population largely arose after thymic export.
Agnes Lehuen (INSERM, Paris, France) reported
the results of a careful in vivo analysis of the requirements of protection from diabetes mediated by NKT
cells in an adoptive transfer model. Relative to control
strains, recipient mice expressing a Vα14Jα18 T cell
receptor (see above) were relatively resistant to induction of diabetes by the adoptive transfer of naïve CD4
T-cells from BDC2.5 transgenic mice, which bear a T
cell receptor from a diabetogenic CD4 T cell clone [25,
26]. In the Vα14Jα18 transgenic recipients, the BDC2.5
T-cells divided less and produced less IL-2 and IFN-γ
than in control strains. In a separate approach, she
cleared NKT cells from a NK1.1-expressing NOD line
using a NK1.1-specific monoclonal antibody (PK136)
and co-transferred both NKT cells from Vα14Jα18
transgenic mice and BDC2.5 diabetogenic T-cells from
BDC2.5 transgenic mice. Surprisingly, protection occurred in the absence of IL-4, IL-10, IL-13 and TGFβ,
and even when both T cell donor and recipient carried
a targeted gene deletion of CD1d. In vitro studies suggested that cell/cell contact was required for protection. These studies suggest that cell surface receptors
other than the TCR play critical roles in mediating
activation and initiation of effector functions of NKT
cells. Obvious candidates are the NK cell receptors.
The next workshop will be organized by Robson
MacDonald (Ludwig Institute, Switzerland), Paolo
Dellabona (H San Raffaele Scientific Institute, Milan,
Italy) and Gennaro De Libero (Basel University Hospital, Switzerland) and held on Ile des Embiez, seasports resort, off Le Brusc in the south of France in
2006.
Acknowledgments: AGB and MAJ are supported by
the Australian National Health and Medical Research
Council. JMF is a recipient of an Australian postgraduate award.
Van Kaer L. NKT cells: what's in a name? Nat Rev Immunol
2004. 4:231-237.
2. Baxter AG, Kinder SJ, Hammond KJ, Scollay R, Godfrey

Rev Diabetic Stud (2004) 1:141-144

144

3.

4.
5.

6.

7.

8.

9.

10.

11.

12.

13.

The Review of Diabetic Studies
Vol. 1· No. 3· 2004

DI. Association between alphabetaTCR+CD4-CD8- T-cell deficiency and IDDM in NOD/Lt mice. Diabetes 1997. 46:572582.
Matsuda JL, Naidenko OV, Gapin L, Nakayama T,
Taniguchi M, Wang CR, Koezuka Y, Kronenberg M.
Tracking the response of natural killer T-cells to a glycolipid
antigen using CD1d tetramers. J Exp Med 2000. 192:741-754.
Benlagha K, Weiss A, Beavis A, Teyton L, Bendelac A. In
vivo identification of glycolipid antigen-specific T-cells using
fluorescent CD1d tetramers. J Exp Med 2000. 191:1895-1903.
Hammond KJ, Pellicci DG, Poulton LD, Naidenko OV,
Scalzo AA, Baxter AG, Godfrey DI. CD1d-restricted NKT
cells: an interstrain comparison. J Immunol 2001. 167(3):11641173.
Poulton LD, Smyth MJ, Hawke CG, Silveira P, Shepherd
D, Naidenko OV, Godfrey DI, Baxter AG. Cytometric and
functional analyses of NK and NKT cell deficiencies in NOD
mice. Int Immunol 2001. 13:887-896.
Hammond KJ, Poulton LD, Palmisano LJ, Silveira PA,
Godfrey DI, Baxter AG. Alpha/beta-T cell receptor
(TCR)+CD4-CD8- (NKT) thymocytes prevent insulindependent diabetes mellitus in non-obese diabetic (NOD)/Lt
mice by the influence of interleukin (IL)-4 and/or IL-10. J Exp
Med 1998. 187:1047-1056.
Lehuen A, Lantz O, Beaudoin L, Laloux V, Carnaud C,
Bendelac A, Bach JF, Monteiro RC. Overexpression of
natural killer T-cells protects Valpha14- Jalpha281 transgenic
non-obese diabetic mice against diabetes. J Exp Med 1998.
188:1831-1839.
Hong S, Wilson MT, Serizawa I, Wu L, Singh N,
Naidenko OV, Miura T, Haba T, Scherer DC, Wei J,
Kronenberg M, Koezuka Y, Van Kaer L. The natural killer
T-cell ligand alpha-galactosyl ceramide prevents autoimmune
diabetes in non-obese diabetic mice. Nat Med 2001. 7:10521056.
Sharif S, Arreaza GA, Zucker P, Mi QS, Sondhi J,
Naidenko OV, Kronenberg M, Koezuka Y, Delovitch TL,
Gombert JM, et al. Activation of natural killer T-cells by alpha-galactosyl ceramide treatment prevents the onset and recurrence of autoimmune type 1 diabetes. Nat Med 2001.
7:1057-1062.
Wilson MT, Johansson C, Olivares-Villagomez D, Singh
AK, Stanic AK, Wang CR, Joyce S, Wick MJ, Van Kaer L.
The response of natural killer T cells to glycolipid antigens is
characterized by surface receptor down-modulation and expansion. Proc Natl Acad Sci U S A 2003. 100:10913-10918.
Crowe NY, Uldrich AP, Kyparissoudis K, Hammond KJ,
Hayakawa Y, Sidobre S, Keating R, Kronenberg M, Smyth
MJ, Godfrey DI. Glycolipid antigen drives rapid expansion
and sustained cytokine production by NK T cells. J Immunol
2003. 171:4020-4027.
Rogers PR, Matsumoto A, Naidenko O, Kronenberg M,
Mikayama T, Kato S. Expansion of human Valpha24+ NKT

Rev Diabetic Stud (2004) 1:141-144

14.
15.

16.

17.

18.
19.
20.

21.

22.
23.

24.

25.
26.

Type 1Diabetes and NKT Cells

cells by repeated stimulation with KRN7000. J Immunol Methods
2004. 285:197-214.
Wang B, Geng YB, Wang CR. CD1-restricted NK T-cells
protect non-obese diabetic mice from developing diabetes. J
Exp Med 2001. 194:313-320.
Shi FD, Flodstrom M, Balasa B, Kim SH, Van Gunst K,
Strominger JL, Wilson SB, Sarvetnick N. Germ line deletion of the CD1 locus exacerbates diabetes in the NOD
mouse. Proc Natl Acad Sci U S A 2001. 98:6777-6782.
Wilson SB, Kent SC, Patton KT, Orban T, Jackson RA,
Exley M, Porcelli S, Schatz DA, Atkinson MA, Balk SP,
Strominger JL, Hafler DA. Extreme Th1 bias of invariant
Valpha24JalphaQ T-cells in type 1 diabetes. Nature 1998.
391(6663):177-181.
Kukreja A, Cost G, Marker J, Zhang C, Sun Z, Lin-Su K,
Ten S, Sanz M, Exley M, Wilson B, Porcelli S, Maclaren
N. Multiple immunoregulatory defects in type-1 diabetes. J Clin
Invest 2002. 109:131-140.
Lee PT, Putnam A, Benlagha K, Teyton L, Gottlieb PA,
Bendelac A. Testing the NKT cell hypothesis of human
IDDM pathogenesis. J Clin Invest 2002. 110:793-800.
Poulton LD, Baxter AG. Clinical application of NKT cell
assays to the prediction of type 1 diabetes. Diabetes Metab Res
Rev 2001. 17:429-435.
Berzins SP, Kyparissoudis K, Pellicci DG, Hammond KJ,
Sidobre S, Baxter A, Smyth MJ, Kronenberg M, Godfrey
DI. Systemic NKT cell deficiency in NOD mice is not detected in peripheral blood: implications for human studies. Immunol Cell Biol 2004. 82:247-252.
Phaneuf D, Wakamatsu N, Huang JQ, Borowski A, Peterson AC, Fortunato SR, Ritter G, Igdoura SA, Morales
CR, Benoit G, et al. Dramatically different phenotypes in
mouse models of human Tay-Sachs and Sandhoff diseases.
Hum Mol Genet 1996. 5:1-14.
Miyamoto K, Miyake S, Yamamura T. A synthetic glycolipid prevents autoimmune encephalomyelitis by inducing TH2
bias of natural killer T-cells. Nature 2001. 413:531-534.
Chiba A, Oki S, Miyamoto K, Hashimoto H, Yamamura
T, Miyake S. Suppression of collagen-induced arthritis by
natural killer T cell activation with OCH, a sphingosinetruncated analog of alpha-galactosyl ceramide. Arthritis Rheum
2004. 50:305-313.
Pellicci DG, Hammond KJ, Uldrich AP, Baxter AG,
Smyth MJ, Godfrey DI. A natural killer T (NKT) cell developmental pathway involving a thymus-dependent NK1.1(-)
CD4(+) CD1d-dependent precursor stage. J Exp Med 2002.
195(7):835-844.
Haskins K, McDuffie M. Acceleration of diabetes in young
NOD mice with a CD4+ islet-specific T cell clone. Science 1990.
249:1433-1436.
Katz JD, Wang B, Haskins K, Benoist C, Mathis D. Following a diabetogenic T cell from genesis through pathogenesis. Cell 1993. 74(6):1089-1100.

Copyright © by the SBDR

