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Summary

Because invariant natural killer T (iNK T) cells link innate and adaptive
immunity, the structure-dependent design of iNK T cell agonists may have
therapeutic value as vaccines for many indications, including autoimmune
disease. Previously, we showed that treatment of non-obese diabetic (NOD)
mice with the iNK T cell activating prototypic glycolipid a-galactosylceramide
(a-GalCer) protects them from type 1 diabetes (T1D). However, a-GalCer is a
strong agonist that can hyperactivate iNK T cells, elicit several side effects and
has shown only limited success in clinical trials. Here, we used a structure-
guided design approach to identify an iNK T cell agonist that optimally pro-
tects from T1D with minimal side effects. Analyses of the kinetics and function
of a panel of synthetic a-GalCer fatty acyl chain derivatives (C8:0-C16:0) were
performed in NOD mice. C16:0 elicited the highest protection from insulitis
and T1D, which was associated with a higher frequency and survival of iNK T
cells and enhanced activity of tolerogenic dendritic cells (DCs) in draining
pancreatic lymph nodes (PLN), inability to transactivate NK cells and a more
rapid kinetics of induction and recovery of iNK T cells from anergy. We
conclude that the length and structure of the acyl chain of a-GalCer regulates
the level of protection against T1D in mice, and propose that the extent of this
protection depends on the relative capacity of the acyl chain to accommodate
an endogenous spacer lipid of appropriate length and structure. Thus, our
findings with the a-GalCer C16:0 derivative suggest strongly that it be consid-
ered as a lead glycolipid candidate in clinical trials of T1D.
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Introduction

Invariant natural killer T (iNK T) cells comprise a non-
conventional subset of T cells that express a canonical invari-
ant T cell receptor (TCR)-a-chain encoded by Va14-Ja18 in
mice, which together with a limited repertoire of TCR-b
chains (Vb2, Vb7, Vb8·2) mediates their recognition of gly-
colipid antigens presented by CD1d molecules on antigen-
presenting cells (APCs) [1–3]. Because iNK T cells regulate
immune responses, deficiencies in iNK T cells may yield
adverse effects in the host and elicit immune dysregulation
and disease onset. For example, numerical and functional
deficiencies in iNK T cells develop in islets during progres-
sion to autoimmune type 1 diabetes (T1D) in NOD mice
[3–8]. Although this result is debatable in human patients
with T1D [9–11], iNK T cell activation with a suitable

agonist may conceivably have therapeutic value for individu-
als at risk for T1D.

After activation with the prototypic a-galactosylceramide
C26:0 (a-GalCer) glycosphingolipid agonist, iNK T cells
produce T helper type 1 (Th1)- and Th2-type cytokines
that promote cell-mediated immunity or induce immune
tolerance, respectively. We and others have reported
[4–7] that treatment of NOD mice with a multi-dose (MD)
protocol of a-GalCer protects them from T1D in an inter-
leukin (IL)-4-dependent manner that augments the recruit-
ment of tolerogenic dendritic cells (DCs) to the draining
pancreatic lymph nodes (PLN) [12]. These tolerogenic DCs
can suppress effector T cells responsible for islet b cell
death, and also stimulate Th2 and regulatory T cells (Treg)
cells to suppress immune responses and protect against
T1D [4–7,13–17].
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a-GalCer is not only safe, tolerated and not hepatotoxic in
humans, but also has beneficial effects in protection from
autoimmune diseases [18] and cancer [19–22]. Nevertheless,
the therapeutic use of a-GalCer has remained questionable
because, in mice, a-GalCer can elicit adverse side effects
including hepatocyte damage [23], exacerbation of athero-
sclerosis [24], increased rate of spontaneous abortion [25]
and enhanced allergic responses [26]. After an initial
response to a-GalCer, activated iNK T cells become anergic
and respond poorly upon restimulation [27]. While anergic
iNK T cells can induce tolerogenic DCs that mediate protec-
tion from T1D, chronic administration of a-GalCer triggers
a long-lasting anergy accompanied by significantly reduced
iNK T cell frequencies in the PLN. Thus, the potential long-
term therapeutic use of a-GalCer raises several concerns
[18].

To circumvent complications associated with a-GalCer
therapy, several a-GalCer derivatives have been synthesized
in attempts to elicit immune responses that protect from T1D
without adverse side effects. When either side chain of
a-GalCer is shortened, the rate of lipid dissociation from
human CD1d is increased, indicating that the length of the
sphingosine chain influences the threshold of iNK T cell acti-
vation [28]. Additionally, the glycolipid OCH, which has
shorter fatty acyl and sphingosine side chains than a-GalCer,
selectively stimulates iNK T cells to produce fewer Th1 and
more Th2 cytokines than a-GalCer [29]. The extent of unsat-
uration in the acyl chain also determines the strength and
duration of iNK T cell activation and protection from T1D, as
evidenced by our demonstration that the C20:2 Th2-biased
N-acyl variant of a-GalCer protects from T1D [30–32].

In the current study, we used a structure-guided approach
to design a more optimal iNK T cell agonist(s) for the pre-
vention of T1D [33] by the characterization of a panel of
synthetic a-GalCer derivatives that differ incrementally by
only two carbon atoms in their acyl chain length (C8:0,
C10:0, C12:0, C14:0 and C16:0). The longer (C14:0, C16:0)
acyl chain derivatives provided significantly greater protec-
tion of NOD mice from T1D than the shorter (�C12:00)
derivatives. Compared to a-GalCer, C16:0 not only stimu-
lated higher protection from insulitis and T1D but also elic-
ited an increased iNK T cell frequency and enhanced activity
of tolerogenic DCs in the PLN. The latter responses were not
observed for C8:0. These analyses reveal that the acyl chain
length of a-GalCer regulates protection from T1D and
provide further insight into the structural design and
mechanism of action required for an a-GalCer-based
agonist to protect optimally against T1D.

Materials and methods

Mice

NOD/Del, NOD.CD1d–/– and C57BL/6 mice were bred in
house or purchased from The Jackson Laboratory (Bar

Harbor, ME, USA). The incidence of T1D among the female
NOD mice in our colony is �80% by 30 weeks of age. All
mice were maintained in a specific pathogen-free facility in
the Animal Care and Veterinary Services at the University of
Western Ontario according to the Canadian Council for
Animal Care guidelines.

Monitoring for diabetes

Mice were monitored beginning at 10 weeks of age for hyper-
glycaemia, as described [32].

Glycolipids and antibodies

KRN7000 (a-GalCer, C26:0/C18:0) and its fatty acyl chain
derivatives (C8:0-C16:0) were synthesized, solubilized at
1 mg/ml in dimethylsulphoxide (DMSO) and stored as
aliquots at -20°C until use [34]. The control vehicle was
2% DMSO in phosphate-buffered saline (PBS). Allophyco-
cyanin (APC)-conjugated PBS-57-loaded and -unloaded
CD1d tetramers for staining mouse iNK T cells were
provided by the NIH Tetramer Core Facility (Emory
University, Atlanta, GA, USA) [32]. Fluorescein isothiocy-
anate (FITC)-conjugated anti-TCR-b (H57-597), anti-
B220 (RA3-6B2), anti-Pan NK cells (DX5), anti-Siglec
H (eBio440c), anti-CD11c (N418), anti-CD4 (GK1·5),
anti-CD8 (53–6·7) anti-CD3e (eBio500A2); phycoery-
thrin (PE)-conjugated anti-CD69 (H1·2F3), anti-I-Ad

(AMS-32·1), anti-CD86 (Gl-1), anti-CD80 (16-10A1), anti-
CD40L (MR1), anti-IL-4 (11B11), anti-interferon (IFN)-g
(XMG1·2), anti-IL-12 (C17·8), anti-IL-10 (JES5-16E3),
anti-CD11b (M1/70), anti-immunoglobulin (Ig)G2b
(eB149/1OH5); peridinin chlorophyll (PerCP)-conjugated
anti-CD8a (53–2·1), anti-CD4 (RM4-5), anti-CD3e (145-
2C11); purified CD16/32 (93), and APC-conjugated anti-
CD11c (N418), anti-CD8 (53–6·7) and IgG (eBio299Arm)
monoclonal antibodies (mAbs) were purchased from eBio-
sciences (San Diego, CA, USA) or BD Biosciences (Missis-
sauga, ON, Canada).

In vivo treatment with glycolipid

Mice were injected intraperitoneally (i.p.) with glycolipid
(4 mg/dose) using a single dose or MD treatment (every
other day for 3 weeks) [32].

Cell isolation and flow cytometry

Splenic and PLN lymphocyte suspensions were prepared
[32] and cells (1 ¥ 106) were incubated with Fc-block
(CD16/32, eBiosciences) for 15 min before staining (30 min,
4°C) with fluorescent mAbs diluted in buffer [PBS + 2% fetal
bovine serum (FBS) + 0·1% sodium azide]. Cells were then
washed and fixed in 2% paraformaldehyde. Flow cytometry
was performed using FACSCalibur and CellQuest software
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(BD Biosciences) or FACSCanto II and FACSDiva software.
Analyses were conducted using FlowJo software (Treestar,
Ashland, OR, USA). Intracellular cytokine (IL-4, IFN-g,
IL-12) staining was performed using a BD Cytofix/Cytoperm
buffer set (BD Biosciences) [32].

In vitro analysis of cell proliferation and
cytokine secretion

Spleen- and PLN-derived lymphocytes (5 ¥ 105 cells for
proliferation analysis, 5 ¥ 106 cells for cytokine analysis)
were cultured (72 h, 37°C) in triplicate with glycolipid
(100 ng/ml) or vehicle. To assay proliferation, cells were
pulsed with [3H]-thymidine (1 mCi/well, Perkin Elmer) for
the last 18 h of culture and harvested, and incorporated
radioactivity was quantitated using a 1450 Microbeta scin-
tillation counter (Perkin Elmer, Woodbridge, ON, Canada).
All cultures were maintained in RPMI-1640 medium
supplemented with 10% heat-inactivated FBS (Hyclone,
Scarborough, ON, Canada), 1 mm sodium pyruvate, 10 mm
HEPES, 100 U/ml penicillin, 100 mg/ml streptomycin,
2 mm l-glutamine and 0·05 mm 2-mercaptoethanol (ME)
(Invitrogen Life Technologies, Burlington, ON, Canada). A
standard sandwich enzyme-linked immunosorbent assay
(ELISA) was performed to analyse mouse cytokines in
culture supernatants using paired antibody kits for IL-4,
IL-10, IL-2 and IFN-g (BD Biosciences). Streptavidin–
horseradish peroxidase (HRP) conjugate and develop-
ment solution for BD OptiEIA Reagent Set A (BD Bio-
sciences) were used for signal detection. Plates were read at
a dual wavelength of 450/570 nm using a Benchmark
Microplate Reader (Bio-Rad Laboratories, Mississauga, ON,
Canada).

Histological analysis

Pancreata were fixed (24 h in 10% neutral buffered forma-
lin), transferred to 70% ethanol for an additional 24 h,
embedded in paraffin, sectioned (5–6 mm/section) and
placed on microscope slides by the Molecular Pathology
Facility (Robarts Research Institute). Tissue sections were
stained with haematoxylin and eosin. Scoring was performed
blindly by examining � 50 pancreatic islets per mouse from
three different sections [32]. Islets were graded as: (0)
normal islet; (1) < 25% (peri-insulitis); (2) 25–50% infiltra-
tion (mild insulitis); and (3) > 50% islet infiltration (severe
insulitis).

Statistical analysis

Results are expressed as mean � standard error of the
mean (s.e.m.). Statistical analyses were performed using
the Student’s t-test or log-rank test (for T1D incid-
ence) (Prism version 4·0; GraphPad, San Diego, CA, USA).

Differences were considered statistically significant at P
values � 0·05.

Results

Length of the a-GalCer fatty acyl chain correlates with
the efficiency of iNK T cell-mediated protection from
T1D and insulitis

a-GalCer and its synthetic fatty acyl chain derivatives
(Fig. 1a) were assayed after MD treatment for protection of
NOD mice from T1D and insulitis. While > 90% of vehicle-
treated mice developed T1D by 30 weeks of age, only ~40%
of a-GalCer-treated mice were diabetic at this age (Fig. 1b),
as reported [4,5,32]. The highest incidence and most rapid
onset of T1D (100% at 27 weeks of age) occurred in C8:0-
treated mice (Fig. 1b). C10:0 and C12:0 treatments resulted
in an intermediate (50–60%) incidence of T1D. For C14:0
and C16:0, the onset was delayed (21 and 25 weeks of age,
respectively) and the incidence of T1D was reduced (40%
and 10%, respectively). Treatment with a-GalCer or C16:0,
but not C8:0, protected NOD mice from destructive insulitis
at 15 weeks of age (Fig. 1c,d). Thus, among the a-GalCer
derivatives tested, C16:0 yielded the greatest protection from
insulitis and T1D.

a-GalCer derivatives differ in their stimulation
of iNK T cell proliferation and cytokine secretion
in vitro

The acyl side chain length dictates the Th-bias of an
iNK T cell response in BALB/c and C57BL/6 (B6) mice [34].
To confirm this finding and extend it to NOD mice, we
tested whether our a-GalCer derivatives stimulate BALB/c,
B6, NOD and NOD.CD1d–/– spleen- and PLN-derived
lymphocytes for proliferation and cytokine secretion. Pro-
liferation and cytokine production were not detected for
NOD.CD1d–/– splenocytes, demonstrating the CD1d depen-
dency and role of iNK T cells in these responses (Fig. 2a,b).
NOD lymphocyte proliferative responses were much weaker
than those of BALB/c and B6 lymphocytes (Fig. 2a). The
latter result is due probably to the decreased number and
function of iNK T cells in the spleen of NOD mice relative
to that in the spleen of BALB/c and B6 mice [35]. As NOD
splenocytes yielded greater proliferative responses than
PLN-derived lymphocytes, subsequent in vitro studies
were conducted using NOD splenocytes. In all four mouse
strains, C16:0 and C14:0 stimulated the lowest proliferative
responses, while equivalent responses were obtained with
C10:0, C8:0 and a-GalCer. For NOD splenocytes, C16:0
stimulated a much lower response than did C8:0 or
a-GalCer (P � 0·05).

To determine whether the acyl chain length influences
the Th bias of an a-GalCer derivative, levels of secreted
IL-4, IL-10 and IFN-g were assayed after stimulation of

Optimal iNK T cell agonist for T1D

123© 2011 The Authors
Clinical and Experimental Immunology © 2011 British Society for Immunology, Clinical and Experimental Immunology, 166: 121–133



splenocytes (Fig. 2b). IL-10 was analysed as it is an anti-
inflammatory cytokine that mediates immunosuppression,
and we wished to identify an a-GalCer derivative that is
anti-inflammatory and immunosuppressive. This reasoning
is consistent with several reports showing that IL-10, when
expressed in the pancreas, mediates elevated Treg activity
and protection from T1D [36]. Th1- or Th2-biased cytok-
ine profiles were defined by comparison to the a-GalCer-
stimulated response. For BALB/c splenocytes, the C14:0,
C16:0 and a-GalCer responses were equivalent, whereas the
C8:0 and C10:0 responses were Th2-biased, with C8:0
being the most Th2-biased. B6 splenocytes yielded a Th2-
biased response to each derivative, with C8:0 and C10:0
generating the highest Th2 responses. Similarly, the four
derivatives elicited Th2-biased responses for NOD spleno-
cytes, with the C8:0 response being the most Th2-biased.
With the exception of CD1d–/– mice, the cytokine responses
of splenocytes from the other mouse strains became more

Th2-biased as the acyl chain length decreased. Normally, an
in vivo shift of this nature is associated with protection
from T1D in NOD mice [12,37]. Importantly, the observa-
tions that C8:0 is the most Th2-biased iNK T cell agonist
in vitro and that it does not protect against T1D in vivo
suggest that an in vitro Th2-biased response after a single
stimulation is not an accurate biomarker for the predictive
capacity of a given glycolipid to protect from T1D in NOD
mice.

C16:0 and C8:0 do not promote iNK T cell expansion
and differentially stimulate the early activation and
cytokine production of iNK T cells in vivo

As C8:0 and C16:0 elicited the greatest difference in their
incidence of T1D, severity of insulitis, lymphocyte prolifera-
tion and Th-bias, we reasoned that restriction of our addi-
tional functional analyses to these derivatives in NOD mice
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Fig. 1. Glycolipid-induced protection against the spontaneous development of Type 1 diabetes (T1D). (a) Structure of a-galactosylceramide

(a-GC) and its derivatives. The a-GC fatty acyl and sphingosyl side chains are shown. The carbon length of the fatty acyl chain of a-GC and each

derivative is indicated in parentheses. Data in (b,c) are from one of two reproducible experiments. (b) Female non-obese diabetic (NOD) mice

(n = 10, 6–8-week-old) were injected intraperitoneally using a multi-dose (MD) protocol in which mice were injected every other day for 3 weeks

with 4 mg of glycolipid or vehicle. The mice were monitored for hyperglycaemia by measurement of blood glucose levels (BGL) twice weekly. Mice

were considered diabetic when they had two consecutive BGL readings above 11·1 mmol/l. An asterisk (*) indicates significant reduction in

incidence of T1D compared to vehicle control (P � 0·05) calculated using a log-rank test. §Significant reduction compared to a-GalCer. (c)

Histological analysis of pancreas. Female NOD mice (n = 5, 3–5-week-old) were treated with glycolipid using an MD protocol, killed at 15 weeks of

age, and their pancreas were placed in cassettes and incubated at room temperature in neutral buffered formalin (10%, v/v) for 24 h. Tissues were

transferred to 70% ethanol for an additional 24 h, then paraffin-embedded, sectioned and stained with haematoxylin and eosin (H&E). Each slide

was analysed (in a blinded manner) and islet infiltration was scored using the following scale: 0 = no infiltration, 1 = < 25% infiltration, 2 = 25–50%

infiltration and 3 = severe (> 50%) infiltration. Asterisks indicate a value significantly greater than vehicle control and C8:0 treatment group

(P � 0·05). (d) Example of a typical pancreatic islet obtained from a mouse in each treatment group described in Fig. 1c, magnified ¥400.
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would be more informative about the properties of an iNK T
cell agonist required to maximally protect from T1D. Only
a-GalCer stimulated NOD iNK T cell expansion in vivo in
the spleen and PLN, with the peak expansion (five- to
sixfold > vehicle control) evident at 72 h in both tissues
(Fig. 3a,b). To examine whether C16:0 and C8:0 modulate
iNK T cell activation in vivo, CD69 expression induced by
these derivatives on iNK T cells was assayed. a-GalCer, C16:0
and C8:0 each up-regulated (P < 0·05) CD69 expression on
NOD splenic iNK T cells, and the same was true for
a-GalCer- and C8:0-, but not C16:0-stimulated PLN iNK T
cells (Fig. 4a). The percentage of CD69+ iNK T cells stimu-
lated by C16:0 was two- to threefold less than that stimulated
by a-GalCer or C8:0. While exposure to a-GalCer and C8:0
in vivo rapidly (by 2 h) activated a high percentage of iNK T
cells producing intracellular IFN-g (Fig. 4b), a significantly
lower percentage (P < 0·05) of intracellular IFN-g-producing
iNK T cells was stimulated by C16:0. In contrast, intracellu-
lar IL-4 production in iNK T cells was activated significantly
in vivo by a-GalCer but neither C16:0 nor C8:0. Thus, C16:0-
induced protection from T1D does not appear to be medi-
ated by the in vivo stimulation of the early activation,
expansion or polarization of iNK T cells to a Th2-type
response.

C16:0- and C8:0-activated iNK T cells are reduced in
their ability to transactivate leucocytes

a-GalCer-stimulated iNK T cells secrete cytokines that may
transactivate the responses of other bystander immune cells
[18,38]. These cytokines promote IFN-g secretion by NK
cells, antibody production by B cells and T cell activation
upon interaction with APCs. To determine whether C16:0
and C8:0 stimulate lymphocyte transactivation responses
differentially, we quantified the level of CD69 expression
on NOD NK, B and T cells at 6 h post-injection. Only
a-GalCer-stimulated iNK T cells transactivated these
various responses in the spleen and PLN (Fig. 5). While C8:0
stimulated significant NK cell activation in the PLN but not
the spleen, C16:0 did not activate NK cells appreciably in
either of these tissues. These findings suggest that, compared
to a-GalCer, the decreased capacity of C16:0 to transactivate
NK cells is associated with its ability to stimulate increased
protection of NOD mice against T1D. This reasoning is com-
patible with reports that upon activation, NK cells secrete
significant amounts of IFN-g, which can elicit islet beta cell
destruction and the onset of T1D [39]. Conversely, inhibi-
tion of NK cell activity affords protection from T1D. Thus,
our observation that C16:0 stimulates less transactivation of

Fig. 2. Glycolipid activation of splenocytes

and lymphocytes from various mouse strains.

Data from one of three independent and
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NK cells (Fig. 5) and IFN-g secretion (Fig. 4b) in the PLN
than either a-GalCer or C8:0 may explain partially why
C16:0 yields more efficient protection from T1D.

C16:0 modulates the function of DC subsets

Cytokines produced by a-GalCer-stimulated iNK T cells
can regulate the phenotype and function of interacting
APCs [3,40,41]. We therefore investigated the effect of
treatment of NOD mice with a-GalCer, C16:0 or C8:0 on
cytokine production by various DC subsets. At 6 h and 24 h
post-treatment, a-GalCer and C8:0, but not C16:0, stimu-
lated significant production of IL-12 in CD8a+ myeloid
DCs (mDCs) (Fig. 6a, upper panels). In contrast, an
increase in IL-10 production was noted for a-GalCer-,
C16:0- and C8:0-stimulated CD8a+ mDCs at 6 h but not
24 h post-treatment (Fig. 6a, lower panels). As IL-12 pro-
duction by DCs stimulates IFN-g secretion by iNK T cells,
these data suggest that the diminished production of IL-12
by proinflammatory CD8a+ mDCs elicited by C16:0 rela-
tive to C8:0 may mediate the greater protection from T1D
obtained with C16:0. Further support for this notion is
provided by our finding that treatment with a-GalCer and
C16:0, but not C8:0, significantly (P � 0·05) reduces the
frequency of CD8a+ mDCs in the PLN (Fig. 6b). Impor-
tantly, our results that C16:0 elicits much lower levels of
both IL-12 and IFN-g production than a-GalCer may

explain partly why C16:0 is considerably more protective
from T1D than a-GalCer.

C16:0-activated iNK T cells enter into and recover from
anergy more rapidly than do C8:0-activated iNK T cells

Glycolipid-activated iNK T cells become anergic and respond
poorly upon restimulation [27]. However, if iNK T cells
remain anergic for a long duration, this may impair their
survival and activity [18]. To investigate whether C16:0 and
C8:0 differ in their induced kinetics of entry into and recovery
of iNK T cells from anergy, iNK T cells from NOD mice
treated previously (MD) with a-GalCer, C16:0 or C8:0 were
restimulated in vitro following 1, 3, 7 or 28 days of rest and
assayed for their proliferative and cytokine secretion (IL-2,
IFN-g) responses. At 1 day post-treatment, iNK T cells from
C16:0-treated mice were hyporesponsive to restimulation,
whereas the amount of IL-2 secreted by iNK T cells from
C8:0- and a-GalCer-treated mice was equivalent to that
secreted by iNK T cells from vehicle-treated mice (Fig. 7a).
Similar results were observed for the cell proliferation and
IFN-g responses (our unpublished observations). While
iNK T cells from C16:0- and a-GalCer-treated mice were
both anergic at 3 days post-treatment, iNK T cells from
C16:0- but not a-GalCer-treated mice recovered from anergy
by 7 days post-treatment. a-GalCer experienced iNK T cells
did not recover from anergy until 28 days post-treatment.
Note that C8:0-treated iNK T cells were not anergic at any
time post-treatment. Thus, iNK T cells activated by C16:0
enter into and exit from anergy more rapidly than iNK T cells
stimulated with a-GalCer or C8:0.Accordingly, the kinetics of
induction of and recovery from anergy of iNK T cells may be
an important factor that controls the ability of a given sphin-
goglycolipid agonist to protect against T1D.

C16:0 and C8:0 regulate iNK T cell survival
differentially in different tissues

Although MD treatment with certain glycolipids protects
NOD mice from T1D, the iNK T cell frequency in the spleen
of these mice can be reduced significantly, due possibly to
activation-induced cell death (AICD) [18,31]. To test the
therapeutic value of a glycolipid drug in humans at risk for
T1D, it is essential that the treatment regimen does not com-
promise the immune responses of an individual. Because
several immune responses are triggered by glycolipid-
primed iNK T cells [3], long-term depletion of these cells
may have adverse effects and lead to increased risk of
infection. As anergic iNK T cells are more susceptible to
AICD than non-anergic iNK T cells [27], we investigated
whether the faster recovery from iNK T cell anergy observed
after MD administration with C16:0 compared to C8:0 and
a-GalCer results in less AICD and greater survival of iNK T
cells. At 24 h, 72 h and 1 week post-treatment, the frequen-
cies of iNK T cells in the spleen and PLN activated by C16:0,
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C8:0 or a-GalCer were determined by flow cytometry and
compared to those observed after treatment with vehicle. At
all time-points, the frequency of iNK T cells in the spleen of
C16:0-treated mice was significantly greater than that
detected in the spleens from C8:0- and a-GalCer-treated
mice (Fig. 7b, upper panels). Similarly, the absolute numbers
of iNK T cells in the spleen of C16:0-treated mice were sig-
nificantly greater at the three time-points analysed than that
detected in the spleens from vehicle-treated mice (Table 1).
Technical problems precluded a similar analysis of the
numbers of iNK T cells in the PLN. Conversely, treatment
with C8:0 but not C16:0 or a-GalCer reduced (P � 0·05) the
iNK T cell frequency in the PLN (Fig. 7b, lower panels).
Thus, the C16:0-induced increase in iNK T cell survival in

the spleen and C8:0-induced decrease in iNK T cell survival
in the PLN correlate well with disease outcome, as C16:0 but
not C8:0 protects from T1D.

Discussion

Structure-guided design of novel iNK T cell agonists is an
approach with significant clinical potential for the treatment
of several diseases, including infectious diseases, cancer and
autoimmune diseases [33]. Based on recent structure–
function analyses of novel synthetic glycolipid agonists with
modifications in their polar head and/or lipid tails, several
properties of such agonists have been defined. While the
desirable properties include enhanced adjuvant activity for
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antigen-specific responses, differential (Th1- or Th2-bias)
cytokine production by iNK T cells and preferential presen-
tation by selected APCs (DCs and B cells), the undesirable
properties include cytokine-induced inflammation, target
cell lysis by iNK T cells and long-term iNK T cell anergy
upon repeated agonist administration [42–48]. Here, we
adopted this structure-guided approach to the systematic
design of an optimal iNK T cell agonist(s) for protection
against T1D. Our results obtained in the NOD mouse model

of T1D demonstrate that, of the panel of five (C8:0–C16:)
acyl chain derivatives of a-GalCer analysed, C16:0 elicited
the highest protection from insulitis and T1D, increased
iNK T cell survival and frequency in the PLN stimulated the
reduced production of IL-12 by proinflammatory CD8a+

mDCs in the PLN, and more rapid kinetics of entry into and
recovery of iNK T cells from anergy. These findings demon-
strate further that structural modification of the length of
the acyl chain of a-GalCer is critical for the design of an

Fig. 5. Analysis of lymphocyte transactivation.

Female non-obese diabetic (NOD) mice (n = 5,

3–6-week-old) were injected intraperitoneally

with glycolipid (4 mg) or vehicle control, killed

6 h later and spleens and pancreatic lymph

nodes (PLN) were harvested. The presence of

the early activation marker CD69 on the surface

of B, T and natural killer (NK) cells was

analysed by flow cytometry. Each bar represents

the mean � standard error of the mean of each

treatment group. Representative data from one

of two independent and reproducible

experiments are shown. Asterisks (*) indicate

statistical significance (P � 0·05) greater than

vehicle control values.
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iNK T agonist that optimally protects from T1D, and that
C16:0 may fulfil the properties of such an agonist.

Shortening the length of either lipid chain in a-GalCer
increases the rate of lipid dissociation from CD1d and the
stability of glycolipid binding to CD1d [28]. In this study, we
show that the length of the acyl chain also influences the
strength of initial activation and subsequent downstream
responses of iNK T cells. Both C16:0 and C8:0 stimulate
splenic iNK T cell proliferation and cytokine secretion in
vitro, with C16:0 being a less potent activator of iNK T cells
than C8:0. Moreover, these two derivatives differ in their

ability to expand the iNK T cell population and transactivate
bystander cells in vivo.

The difference between the ability of C8:0 to stimulate the
proliferation and expansion of iNK T cells in vitro (Fig. 2),
but not in vivo (Fig. 3), may be attributable to the differential
binding of a C8:0/CD1d complex to lyso-phosphatidyl
choline (LPC) in vitro and in vivo. Recent reports suggest
that LPC, an 18-carbon-long glycolipid (structure is C18:1),
is a major spacer lipid in the A′ pocket of CD1d [49,50]. Due
to size and conformation constraints, LPC would be
expected to bind in the A′ pocket of a C8:0/CD1d complex
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Fig. 7. (a) Kinetics of invariant natural killer T (iNK T) cell entry into and exit from anergy varies with different glycolipids. Female non-obese

diabetic (NOD) mice (n = 5, 3–5-week-old) were injected intraperitoneally every other day for 3 weeks with 4 mg glycolipid or vehicle, and were

then rested for 1, 3, 7 or 28 days. At each time-point, the mice were killed and spleens were harvested. Splenocytes (5 ¥ 106 cells) free of erythrocytes

were restimulated in vitro with the same glycolipid (100 ng/ml) used in vivo or vehicle control for 72 h at 37°C. The amount of interleukin (IL)-2 in

the supernatant was determined by enzyme-linked immunosorbent assay. The amount of IL-2 secreted for a-galactosylceramide (a-GalCer) or its

derivative was converted into a percentage of the amount of IL-2 secreted in the vehicle in vivo/glycolipid in vitro control treatment. Asterisks (*)

indicates values significantly lower than vehicle control (P � 0·05). Data are from one of two reproducible experiments. (b) Frequency of iNK T

cells varies after multi-dose treatment with different glycolipids. Female NOD mice (n = 5, 3–5-week-old) were treated every other day for 3 weeks

with glycolipid (4 mg) or vehicle, and were then rested for 24 h, 72 h or 1 week. At this time, spleens and pancreatic lymph nodes (PLN) were

harvested and placed into single-cell suspension free of erythrocytes. Cells were stained with anti-CD3-peridinin chlorophyll (PerCP) and

phosphate-buffered saline (PBS)-57-loaded CD1d-tetramer to analyse the frequency of iNK T cells. An asterisk (*) indicates statistical significance

(P � 0·05) less than vehicle control values. §Values significantly greater than C8:0 values; ‡values significantly greater than a-GalCer values. Data

are from one of three reproducible experiments.
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but not C16:0/CD1d complex (see below). A complex such
as C8:0/LPC/CD1d may have a short half-life, inhibit antigen
presentation and block certain iNK T cell responses, as pro-
posed recently [50]. Although LPC is present at high con-
centration in blood and other fluids during chronic
inflammation in vivo, this is unlikely to be the case in the
serum (10% inactivated FBS) of iNK T/APC cell cultures
maintained for a short term (72 h) in vitro. Thus, the pres-
ence of C8:0/LPC/CD1d complexes on APCs in vivo and the
relatively low concentration (or absence) of LPC from C8:0/
LPC/CD1d complexes on APCs in short-term in-vitro cul-
tures may explain why C8:0 stimulates significantly more
proliferation of iNK T cells in vitro than in vivo.

Our results regarding C16:0- and C8:0-induced iNK T cell
activation in vitro support those of Goff et al. [34], who
identified an inverse correlation between the length of an
acyl chain and the IL-4 : IFN-g ratio of cytokines secreted
by iNK T cells in vitro. We confirmed their findings and
extended them to include activated NOD iNK T cells. Inter-
estingly, even though C8:0 yielded the most Th2-biased
cytokine response of all the glycolipids tested, it did not
protect NOD mice from T1D using our MD protocol. This
result may arise from the presence of C8:0/LPC/CD1d com-
plexes on APCs, as discussed above. Thus, it is critical that

the selection of a synthetic glycolipid(s) for the in vivo treat-
ment of T1D in humans be based on functional analyses of
human iNK T cells stimulated by this glycolipid(s) in vivo.
Recent technology involving adoptive cell transfer coupled
with multi-photon microscopy was developed to identify the
target site of iNK T cell activation and function in vivo in
mice [45]. The application of such technology to humans
may prove valuable in future studies.

Anergy induction in iNK T cells may be important for
protection against T1D because anergic iNK T cells can
stimulate DCs to become tolerogenic, and thereby avoid the
chronic production of inflammatory cytokines and host
target cell damage. However, anergic iNK T cells are also
more susceptible to apoptosis [18,27]. Thus, an optimal gly-
colipid for the treatment of T1D should elicit short-term
iNK T cell anergy, i.e. for a time long enough to induce
tolerogenic DCs but not too long as to result in iNK T cell
depletion. We found that NOD splenic iNK T cells from
C16:0-treated mice enter into and recover from anergy more
rapidly than a-GalCer. This faster recovery may enable these
iNK T cells to mediate subsequent immune responses to
pathogens – an important consideration for human clinical
trials with iNK T agonists. Our finding that C8:0-treated
iNK T cells do not become anergic supports our conclusion
reached using the C20:2 N-acyl variant of a-GalCer that
iNK T cell anergy is an important contributor to glycolipid-
mediated protection against T1D [51].

Interaction between the inhibitory signalling molecule
programmed death-1 (PD-1) and its programmed death
ligand-1 (PD-L1) is crucial for the induction and main-
tenance of iNK T cell anergy [52–54]. While a-GalCer
up-regulates PD-1 and PD-L1 expression on iNK T cells in
the spleen and PLN [51], we do not know whether C16:0 and
C8:0 yield similar or different iNK T responses. If C16:0, but
not C8:0, up-regulates PD-1 and PD-L1 expression on NOD
iNK T cells, this might explain why C16:0 and a-GalCer, but
not C8:0, induces iNK T cell anergy. Note that while anergic
iNK T cells induce tolerogenic DCs that mediate protection
from T1D, chronic administration of a-GalCer also results
in long-lasting anergy accompanied by significantly reduced
iNK T cell frequencies, which has raised concerns about its
long-term therapeutic use. Importantly, we showed in this
report that C16:0-stimulated iNK T cells recover from
anergy more rapidly than a-GalCer-stimulated iNK T cells.
Thus, C16:0 may be a more promising candidate than
a-GalCer for the therapy of T1D in humans.

Tolerogenic DCs induced by anergic iNK T cells are char-
acterized phenotypically by their decreased IL-12 and
increased IL-10 secretion responses [15]. We reasoned, there-
fore, that our finding that mDCs from C16:0-treated mice
possess this tolerogenic DC phenotype (Fig. 6a) may be
informative about the mechanism of action of C16:0 in pro-
tection from T1D. Based on our data and those in the litera-
ture reviewed in Lehuen et al. [55], C16:0 may induce
tolerogenic mDCs in the PLN that can suppress autoreactive

Table 1. Kinetic analysis of number of iNK T cells in the spleen at

various times after multi-dose treatment with glycolipid.

Day post-MLD

(glycolipid)

Total cells

(¥10-6)

iNK T cells

(¥10-6)

a-GalCer

1 121·2 � 20·3 0·6 � 0·2

3 96·8 � 24·2 0·3 � 0·1*

7 78·2 � 11·9 0·2 � 0·0*

C16:0

1 122·5 � 10·8 0·5 � 0·1

3 94·8 � 26·0 0·6 � 0·0

7 109 � 12·2 0·5 � 0·0

C8:0

1 109·0 � 12·2 0·2 � 0·1*

3 134·9 � 22·0 0·2 � 0·1*

7 57·0 � 21·3 0·1 � 0·0*

Vehicle

1 120·9 � 20·5 0·4 � 0·1

3 75·9 � 12·0 0·7 � 0·1

7 64·1 � 22·7 0·5 � 0·1

Female non-obese diabetic (NOD) mice (n = 5, 3–5-week-old) were

treated every other day for 3 weeks with glycolipid (4 mg) or vehicle, and

were then rested for 1 day, 3 days or 7 days. Absolute numbers of iNK T

cells in the spleen were calculated by multiplying the percentages of

iNK T cells obtained by flow cytometry (Fig. 7b) by the total lympho-

cyte counts per spleen from individual mice. Data are presented as the

mean � standard deviation for each group of five mice analysed. For

each mouse, a minimum of 2 ¥ 105 gated lymphocytes and 2 ¥ 104

iNK T cells were enumerated by flow cytometry. An asterisk (*) indicates

statistical significance (P � 0·05) less than vehicle control values.

a-GalCer: a-galactosylceramide; MLD, multi-low dose.
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T cells responsible for islet beta cell death and also generate
Th2 and Treg cell responses that aid in protection against
T1D. Indeed, we discovered that the rapid recovery of C16:0-
treated iNK T cells from anergy correlated with the stimula-
tion of immunosuppressive CD8a+ mDCs to produce a
significant amount of intracellular IL-10 but not IL-12
(Fig. 7). Furthermore, MD treatment with a-GalCer and
C16:0, but not C8:0, reduced the frequency of these CD8a+

mDCs in the PLN. The ability of C16:0-stimulated iNK T
cells to modulate CD8a+ mDC function and frequency
agrees with reports that activated iNK T cells can enhance
antigen-specific immune responses by impairing the sup-
pressive activity of mDCs [48,51]. Thus, our data strengthen
the notion that iNK T cells can regulate self-tolerance by
influencing the state of activation of DCs. If influenced by an
appropriate iNK T agonist, such as C16:0, this would lead to
efficient protection from T1D. Further experimentation is
required to test this possibility in humans with T1D and/or
at high risk for developing T1D.

It is also noteworthy that iNK T cells can inhibit NK cell
cytotoxic activity and tumour metastasis in the liver by the
production of IL-10 [56]. Thus, IL-10 production by iNK T
cells may protect from T1D and tumour metastasis by block-
ing NK cell cytolysis of target islet beta cells in the pancreas
and tumour cells in the liver, respectively. This result further
emphasizes the important role that IL-10 may play in pro-
tection from T1D.

Structural analyses of glycolipid/CD1d/TCR complexes
demonstrate that a spacer lipid buried deep in the A′ pocket
of CD1d can stabilize this pocket when the acyl chain is not
long enough to occupy the entire channel [44,57,58]. As this
spacer lipid may be displaced from the pocket by a glycolipid,
its identification may be important for the design of an
optimal iNK T cell agonist that contains a shortened acyl
chain and protects from disease, as in the case of C16:0 for
T1D. A candidate spacer lipid is LPC (structure is C18:1), a
relatively abundant glycolipid in mammalian cells [49] that
accumulates at high concentration in blood and other fluids
during chronic inflammation [59] and activates human
iNK T cells [50]. Hence, the presence of LPC (18 carbons) in
the A′ pocket of CD1d, and the ability of this pocket to
accommodate an acyl chain with �26 carbons, may explain
why C14:0 and C16:0 are more protective from T1D than
C8:0. Whereas C8:0 may accommodate LPC in the A′ pocket,
a-GalCer (C26:0), C16:0, C14:0, C12:0 and C10:0 are
expected to displace LPC from pocket. Given that high con-
centrations of CD1d-bound LPC have a short half-life, do
not activate iNK T cells and inhibit antigen presentation, it
has been suggested that increased binding of LPC by CD1d
may block certain iNK T cell responses [50]. Thus, C8:0/
CD1d/LPC complexes may diminish the relative capacity of
iNK T cells to protect from T1D. Further structural analyses
of C16:0/CD1d/TCR and C8:0/CD1d/TCR complexes
derived from mammalian cells and the characterization of
the spacer lipid in these complexes are required to explain

how the fatty acyl chain length of a glycosphingolipid can
regulate protection against T1D.

In summary, our data suggest that the relative strength of
activation of iNK T cells by an agonist may not be the critical
factor that determines protection from T1D. Rather, the
length, structure and conformational constraints of the acyl
chain of a glycolipid agonist, and its ability to accommodate,
or not, an endogenous spacer lipid (e.g. lyso-PC) in the A′
pocket of CD1d, are more important for the regulation of
protection against T1D. Thus, the distinguishing parameters
of an optimal agonist for protection from T1D, as elicited by
C16:0 but not C8:0, include the increased iNK T cell survival
and frequency in the PLN, reduced production of IL-12
and increased production of IL-10 by CD8a+ mDCs in the
PLN, and more rapid kinetics of entry into and recovery of
iNK T cells from anergy.
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