Dissociation of NKT Stimulation, Cytokine
Induction, and NK Activation In Vivo by the
Use of Distinct TCR-Binding Ceramides
This information is current as
of June 16, 2019.

John R. Ortaldo, Howard A. Young, Robin T.
Winkler-Pickett, Earl W. Bere, Jr., William J. Murphy and
Robert H. Wiltrout
J Immunol 2004; 172:943-953; ;
doi: 10.4049/jimmunol.172.2.943
http://www.jimmunol.org/content/172/2/943

This article cites 26 articles, 14 of which you can access for free at:
http://www.jimmunol.org/content/172/2/943.full#ref-list-1

Why The JI? Submit online.
• Rapid Reviews! 30 days* from submission to initial decision
• No Triage! Every submission reviewed by practicing scientists
• Fast Publication! 4 weeks from acceptance to publication
*average

Subscription
Permissions
Email Alerts

Information about subscribing to The Journal of Immunology is online at:
http://jimmunol.org/subscription
Submit copyright permission requests at:
http://www.aai.org/About/Publications/JI/copyright.html
Receive free email-alerts when new articles cite this article. Sign up at:
http://jimmunol.org/alerts

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc.,
1451 Rockville Pike, Suite 650, Rockville, MD 20852
Copyright © 2004 by The American Association of
Immunologists All rights reserved.
Print ISSN: 0022-1767 Online ISSN: 1550-6606.

Downloaded from http://www.jimmunol.org/ by guest on June 16, 2019

References

The Journal of Immunology

Dissociation of NKT Stimulation, Cytokine Induction, and NK
Activation In Vivo by the Use of Distinct TCR-Binding
Ceramides1
John R. Ortaldo,2* Howard A. Young,* Robin T. Winkler-Pickett,* Earl W. Bere, Jr.,*
William J. Murphy,† and Robert H. Wiltrout*

N

atural killer T cells represent a small lymphocyte subpopulation that has important immunoregulatory functions (1). NKT cells are characterized by their coexpression of the NK receptor NKR-P1A (CD161) and a TCR. However,
the NKT subpopulation exhibits considerable heterogeneity in
both phenotypic characteristics and functions (1, 2). Specifically,
Kronenberg and Gapin (1) have recently categorized NKT cells
into several distinct subsets based on their TCR repertoire, expression of Ag-presenting coreceptor molecules, and their anatomical
compartmentalization in the host. Type I NKT cells exhibit a rearrangement of the V␣14-J␣18 variable region of the TCR and are
either CD4⫹ or CD4⫺, CD8⫺. The responsiveness of these NKT
cells is CD1d restricted, and these cells are primarily located in the
thymus, liver, spleen, and bone marrow (1). The reactivity of this
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subset appears restricted to ␣-galactosylceramide (␣GalCer)3 (1,
3) and represents a major component of the overall NKT cell population. This NKT subset coexpresses Ly49 receptors that are also
found on NK cells (2). A second category of NKT cells is CD1d
autoreactive and coexpresses a more distinctive TCR expression
pattern (V␣3.2-J␣9/V␣8, V␣8) than type I (1). Although these
NKT cells are CD1d autoreactive, they are not truly polyclonal.
Like type I NKT cells, they are CD4⫹ or CD4⫺, CD8⫺ and express predominately NK1.1. However they differ from type I NKT
cells in both their location in vivo (liver) and the fact that they are
nonreactive with ␣GalCer (1). A third subset of NKT cells is not
CD1d dependent, has a diverse TCR expression, and can be either
CD4⫹, CD8⫹ or CD4⫺, CD8⫺. The Ag reactivity of this third
subset is not known, and their in vivo distribution is similar to that
of type I NKT cells. A fourth subset of NKT cells is defined by
their expression of ␣2-integrin (CD49B), which is recognized by
the NK-reactive Ab, DX5. This NKT population has little overlap
with the type I subset and may have a very specialized role in the
immune response (1).
Mouse studies have demonstrated that NKT cells can regulate
autoimmune responses (4 –11) and can reverse some types of immune dysregulation (12–16). A better understanding of the characteristics and functions of NKT cells may provide new insights
into treatment of autoimmune diseases, as well as novel strategies
to increase reactivity against cancer and AIDS. In this context,
many studies of NKT cells have centered on the functions of CD1restricted, V␣14-J␣18 or V␣3, 2-J␣9/V␣8, V␤8-expressing NKT
cell subsets that represent a majority of spleen-, liver-, and bone

Abbreviations used in this paper: ␣GalCer, ␣-galactosylceramide; ␤GalCer,
␤-galactosylceramide; mCD1d, murine CD1d; FasL, Fas ligand.
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NKT and NK cells are important immune regulatory cells. The only efficient means to selectively stimulate NKT cells in vivo is
␣-galactosylceramide (␣GalCer). However, ␣GalCer effectively stimulates and then diminishes the number of detectable NKT
cells. It also exhibits a potent, indirect ability to activate NK cells. We have now discovered another ceramide compound, ␤-galactosylceramide (␤GalCer) (C12), that efficiently diminishes the number of detectable mouse NKT cells in vivo without inducing
significant cytokine expression or activation of NK cells. Binding studies using CD1d tetramers loaded with ␤GalCer (C12)
demonstrated significant but lower intensity binding to NKT cells when compared with ␣GalCer, but both ceramides were equally
efficient in reducing the number of NKT cells. However, ␤GalCer (C12), in contrast to ␣GalCer, failed to increase NK cell size,
number, and cytolytic activity. Also in contrast to ␣GalCer, ␤GalCer (C12) is a poor inducer of IFN-␥, TNF-␣, GM-CSF, and IL-4
gene expression. These qualitative differences in NKT perturbation/NK activation have important implications for delineating the
unique in vivo roles of NKT vs NK cells. Thus, ␣GalCer (which triggers NKT cells and activates NK cells) efficiently increases the
resistance to allogeneic bone marrow transplantation while ␤GalCer (C12) (which triggers NKT cells but does not activate NK
cells) fails to enhance bone marrow graft rejection. Our results show ␤GalCer (C12) can effectively discriminate between NKTand NK-mediated responses in vivo. These results indicate the use of different TCR-binding ceramides can provide a unique
approach for understanding the intricate immunoregulatory contributions of these two cell types. The Journal of Immunology,
2004, 172: 943–953.
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Materials and Methods

Cytokine measurement
IFN-␥ and chemokine proteins were measured in culture supernatants or
mouse serum using ELISA kits (R&D Systems, Minneapolis, MN) as previously described (2). Cell stimulations were performed at concentrations
of 1–5 ⫻ 106 cells/ml, and variation within assays was always ⬍5 pg/ml.
In some experiments, B cell lines (A20 and A20/CD1d generously provided by M. Kronenberg, La Jolla Institute, San Diego, CA) were pretreated with various reagents for 30 min at 37°C, washed and mixed with
sorted populations of NK or NKT cells (⬎98% pure), and supernatants
were collected for analysis after 24 h of culture.

RNase protection assay
Multiprobe RNase protection assays were performed using the mck-1 or
mck-5 probe sets (BD PharMingen). Total cellular RNA was extracted
using TRIzol (Life Technologies, Gaithersburg, MD), and 1–5 g of total
mRNA was hybridized with a [33P]UTP-labeled RNA probe (1 ⫻ 106
cpm/sample) prepared according to the manufacturers directions (BD
PharMingen) using the BD PharMingen RiboQuant in vitro transcription
kit. Following hybridization, the samples were treated with RNase A and
T1 according to the procedure provided by BD PharMingen. The RNase
was inactivated and precipitated using a solution containing 200 l of
Ambion (Austin, TX) RNase inactivation reagent, 50 l of ethanol, 5 g
of yeast tRNA, and 1 l of Ambion GycoBlue coprecipitate per RNA
sample. The samples were mixed well, incubated at ⫺70°C for 15 min, and
centrifuged at 14,000 rpm for 15 min at room temperature. The pellets were
then suspended in 3 l of BD PharMingen sample buffer and subjected to
PAGE as recommended by the manufacturer (BD PharMingen).

Mice
Mice were obtained from the Animal Production Area, National Cancer
Institute-Frederick and used between 6 and 12 wk of age.

Cytotoxicity assay
NK cytotoxicity was evaluated against the prototype NK target Yac-1 in a
standard 4-h 51Cr release assay as previously described (2).

Ceramide reagents
Various reagents including D-glucosyl-␤1-1⬘ ceramide (C8), D-galactosyl␤1-1⬘ ceramide (C8), D-glucosyl-␤1-1⬘ ceramide (C12), and D-galactosyl␤1-1⬘ ceramide (C12) were purchased from AvantiLipids (Alabaster, AL).
␣GalCer (KRN7000) was graciously provided by Kirin Brewery (Tokyo,
Japan). The ceramide reagents were first dissolved in DMSO, then diluted
in PBS containing 0.5% Tween 20. Control diluent or PBS was used as a
control for all studies.

NK cell isolation
NK cells were isolated from the livers or spleens of C57BL/6 (B6) mice
and grown for 7–10 days in 1000 IU/ml rIL-2 (Hoffman-LaRoche, Nutley,
NJ) as previously described (2). Liver-associated NK cells were isolated
from IL-2-treated mice as previously described (2). Liver-associated mononuclear cells (35–70% CD3⫺, NK1.1⫹) were used immediately after isolation or after IL-2 expansion.

Proteose peptone method
As previously described (18), mice were injected i.p. with 1 ml of 3%
proteose peptone (BD Biosciences, Sparks, MD). After 4 days, the peritoneal exudate cells were removed from the abdominal cavity using a needle and syringe. These cells were washed with PBS and used in the assay.

Flow cytometry reagents and Abs
NK1.1-PE (or allophycocyanin), DX-5-PE and CD3-PerCP (BD PharMingen, San Jose, CA), as well as CD69-FITC, were used for flow cytometric analysis as previously described (2). Intracellular detection of cytoplasmic IFN-␥ was performed using kits purchased from BD PharMingen
and used as per the manufacturer’s instructions. Annexin V staining was used
to evaluate early events in apoptosis (BD PharMingen).

Bone marrow transplantation
The efficiency of reconstitution after bone marrow transplantation was
evaluated using a new label-tracking procedure (19) that uses CFSE (Molecular Probes, Eugene, OR)-labeled bone marrow cells that can be evaluated in vivo after 1– 4 days. Briefly, 10 ⫻ 106 CFSE-labeled bone marrow
cells (20) were injected into irradiated recipient mice (C57BL/6, 900 rad;
BALB/c, 800 rad). The spleens were then evaluated by flow cytometry for
the total number of labeled cells in treated or untreated autologous vs
allogeneic transplant groups. Mice were evaluated individually, and the
mean and SD for each group was calculated.

Tetrameric GalCer-CD1d complexes
Tetramers of wild-type CD1d molecules were produced as described by
Matsuda et al. (21). CD1d molecules were biotinylated and prepared by the
National Institutes of Health tetramer facility. The production and biotinylation of murine CD1d (mCD1d) protocol was as previously reported
(21). mCD1d was coexpressed with ␤2-microglobulin in insect cells (High
5) using a baculovirus expression system. The monomer was purified from
media by concentration on a tangible filter device followed by standard
nickle-agarose separation. The correct fractions were combined and exchanged twice in biotinylation buffer. The biotinylation reaction was conducted overnight at 25°C. Biotinylated mCD1d was separated from biotin
and ATP on a S300 gel filtration column. Biotinylated CD1d molecules
were then incubated overnight at room temperature with a 3-fold molar
excess of ␣ or ␤GalCer (solubilized in 0.5% Tween 20, 0.9% sodium
chloride, hereafter called vehicle) or with an equal amount of vehicle alone.
CD1d monomers were then tetramerized using a 1:4 molar ratio of allophycocyanin-conjugated streptavidin (BD PharMingen).

Tetramer staining
Flow cytometry analysis and lymphocyte sorting
Cells were stained as previously described (2) and analyzed on a FACSort
or LSR System flow cytometer (BD Biosciences, San Jose, CA). Cells were
directly stained using FITC-, PE-, PerCP-, and allophycocyanin-labeled
primary Abs. Sorting experiments were performed on a MoFlo cell sorter
(DAKO/Cytomation, Ft. Collins, CO) to isolate NK and NKT cells using
NK1.1-PE and CD3biotin-SA.Tricolor (Caltag Laboratories, Burlingame,
CA) as the defining immunological markers.

All staining and washes were performed in a buffer consisting of 2% FCS,
0.075% sodium bicarbonate, and 0.1% sodium azide in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO), as previous described (21). Cells
were stained for 3 h at room temperature, then stained with subset Abs,
washed two times, and fixed in 1% paraformaldehyde (Sigma-Aldrich) in
PBS. The intensity of fluorescence on hybridoma cells was determined by
flow cytometry analysis using a FACSort flow cytometer (BD
Biosciences).
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marrow-associated NKT cells (1, 3). The determination of NKTmediated biological activities has been largely dependent on the
ability of ␣GalCer to selectively target and perturb these cells and
thereby relate their apparent presence or absence to many facets of
immune regulation. In this regard, administration of ␣GalCer in
vivo has been reported to rapidly deplete NKT cells through a
TCR-dependent apoptotic process (17). However, during this process ␣GalCer triggers production of IFN-␥ from NKT cells and
also activates NK cells that are often found in the spleen and liver.
This secondary activation of NK cells can have confusing implications for delineating the role of NKT cells in various disease
states and immune responses, because the activation of colocated
NK cells could account for changes in biological activities that
accompany loss of NKT cell detection. Thus, it is quite difficult to
differentiate the baseline contribution of NKT cells to various immune responses from NKT-dependent or -independent amplification of other leukocyte responses.
In this study, we have shown that ␤GalCer (C12) can be efficiently presented on CD1d and rapidly reduces the number of detectable NKT cells in vivo without inducing production of IFN-␥,
activation of NK-mediated lysis, or NK-dependent rejection of
bone marrow grafts.

␤GalCer SELECTIVELY DEPLETES NKT CELLS

The Journal of Immunology

Results

Dose-dependent NKT depletion and NK activation by ␣GalCer

rapid and persistent activation of NK cells as defined by multiple
parameters.
Because NK activation closely follows the stimulation of NKT
cells, it is important to demonstrate whether these events are directly related. In a subsequent study in SCID mice that lack NKT
cells, this unique leukocyte subset was shown to be critical for the
initiation of NK cell activation by ␣GalCer (Fig. 2). Administration of ␣GalCer to SCID mice failed to increase NK cell size or
cytolytic activity, whereas expected increases in both NK cell size
and lytic functions were seen in control C57BL/6 mice. Other parameters of NK cell activation as shown in Fig. 1 were also not
observed in SCID mice (data not shown). These results strongly
implicate activation of NKT cells as a prerequisite for subsequent
NK cell activation after administration of ␣GalCer.

␣GalCer-induced NKT cell depletion and NK activation is not
dependent on TH1 cytokines, perforin, or Fas ligand (FasL)
Because the decrease in NKT cell detection induced by ␣GalCer is
accompanied by a rapid burst of IFN-␥ production and NK activation,
we speculated that TH1 cytokines could be critical regulatory factors
in these effects. Furthermore, because NKT cells rapidly become undetectable after ␣GalCer administration, we speculated that the Fas or

FIGURE 1. Mice were given varying doses 10 (E), 1 (Œ), or 0.1 (F) of ␣GalCer or diluents (‚), and their liver lymphocytes were evaluated for cell
functions at various times (days). All points represent pooled cells from three to five mice per group. A, NK activity measured by 51Cr release from YAC-1
expressed in lytic units. B, NK cells based on flow cytometry forward scatter measurements. C measures CD69 expression on NK cells (NK1.1⫹, CD3⫺).
D, Liver NK cell numbers. E, NKT cells numbers. F, The relative percentage NK cells in liver. G, The relative percentage NKT (NK1.1⫹, CD3⫹) cells
in liver. H, Total leukocyte number in liver. I, Serum IFN-␥ levels in serum. All experiments represent a pool of three to five mice.
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To ultimately compare and contrast the immune-stimulating effects of
different ceramide compounds, a series of in vivo studies was performed to define the direct effects of ␣GalCer on NKT cells, as well
as subsequent indirect effects on NK cells (Fig. 1). A rapid activation
of NK cells was noted as defined by increased NK-mediated lysis
(Fig. 1A), increased size of NK cells (Fig. 1B), increased expression
of the CD69 activation Ag (Fig. 1C), increased total number (Fig.
1D), and percentage (Fig. 1F) of NK cells. As expected (1), administration of several doses of ␣GalCer resulted in a rapid decrease in
the number (Fig. 1E) and percentage (Fig. 1G) of detectable NKT
cells. The highest doses of ␣GalCer caused a 2- to 10-fold increase in
total liver cellularity (Fig. 1H) and a rapid and potent increase in the
amounts of IFN-␥ in the serum that persisted for up to 48 h (Fig. 1I).
Interestingly, a wide range of doses of ␣GalCer resulted in potent and
sustained (⬎ 7 days) activation of NK cells (lytic function, Fig. 1A)
and increase in NK cell numbers and frequency (Fig. 1, D and F).
Although these effects were dose dependent, doses as low as 0.1 g/
mouse resulted in significantly increased activities. These findings
clearly show that in vivo administration of ␣GalCer results in a rapid
decrease in a major NKT subset from the liver that coincides with a
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perforin pathways might contribute to this effect. Table I evaluates a
series of ␣GalCer treatments in selected gene disruption mice. However, the ability of ␣GalCer to reduce the number of detectable NKT
cells and activate NK cells were largely retained in mice with dys-

regulated TH1 cytokine, TNF superfamily, and perforin genes. Some
mutant or knockout mice, such as FasL (gld) and CD40L (⫺/⫺), had
low baseline percentages of NKT cells, but an additional loss of
⬎50% of these cells was observed after ␣GalCer treatment. Similarly,

Table I. Summary of ␣GalCer effects on liver subsets and functiona

Expt. 1
NT
␣Gal
NT
␣Gal
NT
␣Gal
Expt. 2
NT
␣Gal
NT
␣Gal
NT
␣Gal
Expt. 3
NT
␣Gal
NT
␣Gal
Expt. 4
NT
␣Gal
NT
␣Gal
NT
␣Gal
NT
␣Gal
a

24
24
24

24
24
24

24
24

Cells Mouse
(⫻106)

%
NK

%
NKT

%T

NK Size
(MCF)

NK Lysis

No. of NK
(⫻105)

No. of NKT
(⫻105)

No. of T
(⫻106)

3.60
4.40
15.40
9.00
2.90
3.40

6.5
10.6
2.3
4.4
7.2
9.6

16.5
1.9
3.0
1.3
13.2
2.1

34.6
33.2
54.0
62.1
36.0
44.0

292
349
325
355
289
337

38.5
743.0
60.3
329.0
⬍1
⬍1

2.3
4.7
3.5
3.9
2.1
3.3

6.0
0.8
4.5
1.2
3.8
0.7

1.2
1.5
8.3
5.6
1.0
1.5

B6
B6
TNF
TNF
MIP
MIP

3.00
4.10
3.50
8.20
1.90
3.10

6.9
11.9
7.7
4.6
11.1
4.6

28.6
1.3
26.8
0.9
13.0
0.4

29.6
41.2
29.1
46.0
26.0
32.8

272
319
275
325
274
338

36.0
340.0
82.0
473.0
24.1
662.2

2.1
4.9
2.7
3.8
2.1
1.4

8.6
0.5
9.4
0.7
2.5
0.1

0.9
1.7
1.0
3.8
0.5
1.0

B6
B6
GLD (FasL)
GLD (FasL)

2.70
2.70
2.30
9.00

5.2
9.5
3.8
4.5

23.1
4.5
7.1
3.2

31.0
40.3
44.5
65.1

276
316
280
320

25.9
714.8
29.1
99.2

1.4
2.6
0.9
4.1

6.2
1.2
1.6
2.9

0.8
1.1
1.0
5.9

B6
B6
GKO
GKO
IL-12p40
IL-12p40
CD40L
CD40L

3.45
2.40
1.67
3.70
2.80
4.00
1.80
3.66

8.0
15.8
5.6
14.1
6.9
7.5
5.0
6.3

23.0
4.0
20.0
6.5
13.0
3.8
7.3
1.7

32.1
37.2
29.3
44.0
25.6
27.9
31.5
45.5

214
266
207
268
222
280
211
272

55.0
830.4
11.9
249.8
16.8
245.0
53.7
662.8

2.8
3.8
0.9
5.2
1.9
3.0
0.9
2.3

7.9
1.0
3.3
2.4
3.6
1.5
1.3
0.6

1.1
0.9
0.5
1.6
0.7
1.1
0.6
1.7

B6
B6
GLD (FasL)
GLD (FasL)
PFP
PFP

Data from liver at 24 h after administration of 1 g of ␣GalCer.
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FIGURE 2. C57BL/6 or C57BL/6 SCID mice were analyzed for the ability of 1 g/ml ␣GalCer to increase NK cell size (left) or NK activity (right).
Cytotoxicity (and SD) results are shown in line chart with lytic unit values indicated in the legend.
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Table II. Comparison of ceramides in their ability to deplete NKT cells and activate NK cellsa
Treatment

Dose (g/mouse)

% NK

% NKT

NK Size

NK CD69

NK Lysis Units

NT
␣Gal
␤Gal (C8)
␤Gal (C8)
␤Gal (C12)
␤Gal (C12)
␤Gluc (C8)
␤Gluc (C8)
␤Gluc (C12)
␤Gluc (C12)

0.1
10
1
10
1
10
1
10
1

5.2
10.1
5.8
7.3
9.6
11.2
4.3
5.3
5.1
4.1

25.1
8.9
24.5
23.4
8.2
11.7
19.2
25.0
21.8
23.3

237
281
246
233
245
235
244
242
242
244

59
80
57
44
45
41
61
62
58
62

107
1715
133
129
417
198
48
22
43
44

a
Bolded values indicate significant increases ( p ⬍0.05), as compared to the negative control, induced by treatments. Similar
results were obtained for all treatments in at least two additional experiments.

Dissociation between NKT depletion and NK augmentation by
␤GalCer (C12)
The results described above re-emphasize the coordinate induction
of two quite different ␣GalCer-induced regulatory events in key
innate immune parameters, a reduction in the number of detectable
NKT cells and the activation of NK cells. This data set demonstrates the potency of ␣GalCer for stimulating innate immune
functions, but also illustrates the difficulties in using ␣GalCer to
discriminate the roles of these two cell types in various biological
effects in vivo.
Therefore, we speculated that perhaps other ceramide compounds might retain the ability to bind to CD1d on B cells and
monocytes, but differ qualitatively from ␣GalCer in their ability to
directly deliver signals to NKT cells and indirectly activate NK
cells. Therefore, studies were performed to evaluate if ceramides
could be identified that would specifically stimulate NKT cells
without causing downstream activation events (e.g., NK activation
and IFN-␥ production). The data presented in Table II show that
␤GalCer (C12) potently reduces detectable NKT cells, while other
ceramide compounds including ␤GalCer (C8), ␤-GlucCer (C12),
and ␤-GlucCer (C8) demonstrated no biological activity when
compared with the diluent control. As shown in both Table II and
Fig. 3, administration of ␤GalCer (C12) resulted in a similar reduction in detectable NKT cells as seen for ␣GalCer (Fig. 3D), but
without the broad bystander NK activation obtained after administration of ␣GalCer, as illustrated by a lack of increased percentage, lysis, and CD69 expression (Fig. 3, A–C, respectively). High
doses of ␤GalCer (C12) were used to ensure that maximal depletion and/or potential activation would be detected. Overall, it is
clear that ␤GalCer (C12) can very effectively reduce the number of
detectable NKT cells, and this effect can be mediated in the ab-

sence of the NKT-dependent bystander NK activation that occurs
after administration of ␣GalCer.

␤GalCer (C12) reduces the number of detectable NKT cells in
the absence of TH1 and TH2 cytokine induction
Because previous studies (1, 3, 22, 23), as well as our own results
(Table I, Fig. 2), have demonstrated that ␣GalCer activation and
subsequent reduction in detectable NKT cells results in strong
IFN-␥ production, we evaluated the abilities of ␣GalCer vs ␤GalCer (C12) to induce cytokine production in vivo in C57BL/6 mice.
Cytokine gene expression for IL-4, IL-13, or IFN-␥ was evaluated
in both liver and spleen 1, 2, or 4 h after administration of ␣GalCer
and ␤GalCer (C12). As shown in Fig. 4, only ␣GalCer induced
IL-4, IL-13 (data not shown), or IFN-␥. Interestingly, the ability of
␣GalCer to increase gene expression at 2 h and/or 4 h was demonstrated in both the liver, which contains large numbers of NKT
cells (15–30% of all lymphocytes), as well as in the spleen, which
generally contains only 1–3% NKT cells. Thus, although both
␣GalCer and ␤GalCer (C12) reduce NKT cell detection, only
␣GalCer induces cytokine gene expression in spleen and liver.
These results were extended by further studies where the ability of
␣GalCer and ␤GalCer (C12) to induce cytokine proteins in the
serum was studied. The results shown in Fig. 5 demonstrate that
␣GalCer potently increases serum levels of IFN-␥ and GM-CSF
(Fig. 5A) and IL-4 and TNF-␣ (Fig. 5B) at 1, 2, or 4 h after treatment, whereas ␤GalCer (C12) did not induce appreciable amounts
of these cytokines. The rapid induction of cytokine genes and proteins by ␣GalCer suggests that these effects must be closely linked
to the binding and activation of ␣GalCer to the TCR of NKT cells.
However, the failure of ␤GalCer (C12) to induce cytokine gene
expression while effectively reducing the number of detectable
NKT cells contrasts sharply with the effects of ␣GalCer. This apparent dichotomy of activities for these two ceramides suggests on
one hand a similar pathway for binding to and stimulating NKT
cells, but in contrast a downstream divergence in signaling for
cytokine gene expression. To investigate these questions, studies
were performed to compare the abilities of ␣GalCer vs ␤GalCer
(C12) to induce annexin V binding to NKT cells as an early measure of apoptosis induction. The results shown in Fig. 5C demonstrate that both ␣GalCer and ␤GalCer (C12) rapidly reduce the
number of NKT cells (by ⬃50% within 1.5 h) also induce a rapid
increase in annexin V binding on NKT but not NK cells (Fig. 5D).
The simultaneous induction of both annexin V expression and loss
of NKT detection for both ␣GalCer and ␤GalCer (C12) suggests a
similar molecular mechanism for these effects by both agents. Examination of NK cell numbers over this time period demonstrated
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NK bystander activation as assessed by NK lysis, increased size, and
up-regulation of CD69 was observed in all knockout mice (as expected perforin (PFP) mice lacked NK-mediated lysis). Interestingly,
dysregulation of the FasL gene in gld mice impaired the ability of
␣GalCer to substantially increase both NK cell number and function,
suggesting a possible role for the Fas signaling pathway in the NK
activation effect. It should be noted that 24 h is a relatively early time
point for evaluation of these cellular increases, which are generally
maximal at 3–5 days after ␣GalCer administration, so additional studies will be needed to see if the FasL-dependent effect is due to a
qualitative change in the response or to an altered kinetics of response.
Perhaps of most interest was the observation that IFN-␥ knockout
mice demonstrate efficient NK bystander activation, showing that
IFN-␥ was not required for most of the bystander effects, and suggesting that the activation of NK cells may not be directly linked to
the burst of IFN-␥ that occurs coincident with NKT cell stimulation.
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no increase in annexin V expression for either ␣GalCer or ␤GalCer (C12). Thus, ␤GalCer (C12) can be used to dissociate NKactivating events from the process of NKT apoptosis and disappearance, suggesting that the quality of the signals induced by
␤GalCer (C12) and ␣GalCer binding to the TCR differ.
CD1d-dependent binding of ␣GalCer and ␤GalCer (C12) to
NKT cells
Because the ␣GalCer resulted in such a rapid and pronounced increase of NK cell activation and cytokine induction whereas ␤GalCer
(C12) failed to induce this potent stimulation, we evaluated the
relative efficiency of binding of both ceramides to NKT cells.
The results of a typical binding study are shown in Fig. 6. CD1d

FIGURE 4. Mice (C57BL/6) were injected with
␣GalCer or ␤GalCer (C12), and spleen or liver cells
were collected at indicated times. Cells were evaluated for mRNA expression using multiprobe RPA
analysis. Data is presented as relative changes based
on densitometry of expression levels in untreated
mice. All values have been corrected based on control RPA (L32) expression (not shown).

tetramers were either loaded with ␣GalCer or ␤GalCer (C12)
and their binding to NKT-enriched liver lymphocytes was studied. Fig. 6A reveals the strong binding of ␣GalCer-loaded CD1d
to NKT cells (Fig. 6A, lower left), and this was not observed
with either NK cells or NK1.1⫺ T cells. NKT cells evaluated
with CD1d tetramers without either ␣GalCer or ␤GalCer loading failed to demonstrate any significant binding (data not
shown). Fig. 6B shows binding with ␤GalCer (C12)-loaded tetramers where a similar percentage of NKT cells bound the
CD1d, albeit at lower intensity, while both NK and NK1.1⫺ T
cells failed to demonstrate this binding (Fig. 6A and data not
shown). When NKT subsets were evaluated, both CD4 and CD8
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FIGURE 3. NK cell percentage (A), NK cytolytic activity in lytic units at 20% (B), CD69 expression on NK cells (C), and percentage of NKT cells (D)
are evaluated compared with control (control-diluent; u), ␣GalCer at 24 h f or 48 h o, 1 g/mouse, or ␤GalCer (C12) at 24 h (E) or 48 h (F) at the
indicated doses. Data representation of at least three experiments.
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subsets bound ␣GalCer with a strong intensity (Fig. 6B, left),
while ␤GalCer (C12) binding to CD4⫹ NKT cells was also
similar to its binding to CD8⫹ cells (Fig. 6B, right). Overall,
these results demonstrate strong binding of ␣GalCer on both
CD4 and CD8 NKT cells (Fig. 6B, left) with weaker or but
quantitatively similar percentages for ␤GalCer (Fig. 6B, right).
The data shows that ⬃9% and ⬃10% of CD4⫹ and CD8⫹ cells,
respectively, bind ␣GalCer- and ␤GalCer-loaded tetramers in
fresh liver leukocyte populations. When NKT subsets were
evaluated, both CD4 and CD8 subsets bound ␣GalCer with a
strong intensity (Fig. 6, C and D), while ␤GalCer (C12) binding
to CD4⫹ NKT cells was significantly stronger than it was to
CD8⫹ cells (see Fig. 9D). Binding of unloaded tetramers was
used as a control in Fig. 9, C and D. Similar experiments were
performed with NKT cells that had been flow cytometrically
sorted and cultured for 3– 4 days in IL-2 (data not shown).
These results demonstrated a similar intensity difference in
binding of ␣GalCer and ␤GalCer (C12) to highly purified NKT
cells and a lack of binding of ␣GalCer to either NK or T cells.
To more directly investigate the relative abilities of ␣GalCer or
␤GalCer (C12) to directly interact with the TCR of NKT cells in
C57BL/6 mice, we used an in vitro assay system in which control A20
cells or A20 cells transfected with CD1d were used to present ␣GalCer or ␤GalCer (C12) to isolated NKT vs NK cells (negative control).
Cultures containing these enriched subsets of NK or NKT cells and
A20 cells were stimulated with ␣GalCer or ␤GalCer (C12) for 24 h,
and supernatants were evaluated for cytokine release (Fig. 7). IFN-␥,
GM-CSF, and IL-4 production was strongly induced from NKT cells

by ␣GalCer, but not ␤GalCer (C12), only when CD1d-transfected
A20 cells were used. Only low levels of cytokine production were
observed when transfected A20 cells were treated with ␤GalCer
(C12) or when NK cells were stimulated with either ␣GalCer or
␤GalCer (C12). These results clearly show that presentation of ␣GalCer by CD1d is required for cytokine induction, while ␤GalCer (C12)
is either not efficiently presented to NKT cells by CD1d or the quality
of the signal is insufficient to induce cytokine production.
Additional studies were also done in BALB/c mice to evaluate the
abilities of ␣GalCer and ␤GalCer to activate NKT cells with ceramide
presented by autologous peritoneal monocytes. Fig. 8 shows a representative experiment where liver lymphocytes (32% NKT) were
mixed 1:1 with protease-peptone-induced peritoneal exudate cells after loading for 1 h at 37°C with varying doses of ␣GalCer and ␤GalCer (C12). Similar to the results with the CD1d-transfected cell line,
␣GalCer rapidly induced activation and production of TNF-␣, IFN-␥,
IL-4, and IL-13, while ␤GalCer induced only low levels of TNF-␣
and no IFN-␥, IL-4, and IL-13. Both ␣GalCer and ␤GalCer (C12)
were able to induce IL-5 from liver lymphocytes. Overall, these results show that the biological effects of ␤GalCer (C12) differ dramatically from those of ␣GalCer in the context of CD1d and macrophagemediated presentation to NK cells.

␤GalCer (C12) depletes NKT cells, but fails to induce rejection
of allogeneic bone marrow
The accumulated results above demonstrate that ␤GalCer (C12) is
efficiently recognized by NKT cells but does not effectively activate
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FIGURE 5. Levels of serum cytokines were evaluated by quantitative ELISA and shown in A (IFN-␥ (‚, Œ) and GM-CSF (E, F)) and B (IL-4 (‚, Œ)
and TNF-␣ ‚, Œ)) at various times after treatment with 1 g of ␣GalCer (open symbols) or 10 g of ␤GalCer (filled symbols) (C12). C, Percentage in
vivo for the NKT (E, F) or NK (‚, Œ) populations after treatment ␣GalCer (open symbols) or ␤GalCer (C12) (filled symbols). D, The in vivo expression
of annexin V on NKT (E, F) or NK (‚, Œ) cells after treatment with ␣GalCer (open symbols) or ␤GalCer (filled symbols) (C12). Data representative of
at least three experiments.
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NK cells. This conclusion implies that ␤GalCer (C12) should not
effectively induce cytokines or NK-dependent biological effects in
vivo at doses that effectively reduce the number of detectable NKT
cells.
Because one of the most sensitive measures of NK activity in
vivo is their ability to reject bone marrow, allogeneic transfer of
C57BL/6 [H-2b] marrow into BALB/c [H-2d] mice was used as a
model to confirm that ␤GalCer (C12) was unable to induce NKmediated functions in vivo. BALB/c mice are known to exhibit
only relatively weak bone marrow rejection, and thus this model
can easily detect even a small amount of NK cell activation. The
transfer of C57BL/6 bone marrow cells into allogeneic BALB/c
mice was ⬎50% rejected by day 3 (Fig. 9A). As expected, this
event was shown to be NK mediated because prior depletion of
NK cells using anti-asGM1 rabbit serum in the BALB/c recipient
mice (which lack NK1.1 expression) reduces the degree of allogeneic graft rejection. The treatment of mice with ␣GalCer, which
results in NK activation, further enhanced the rejection of the donor cells to ⬃90%. In contrast, treatment with ␤GalCer (C12) did

not significantly enhance basal rejection. To determine whether
clear dose-dependent differences could be established for these two
agents, additional studies were performed. Results from these studies clearly demonstrated that ␣GalCer doses from 0.1 to 0.01 g/
mouse retained NK activating abilities (Fig. 9B), while ␤GalCer
(C12) doses from 1 to 10 g/mouse failed to induce any in vitro
NK activation. The data shown in Fig. 9C confirm that both ceramides had the expected ability to reduce the detection of NKT
cells at 24 h. Previous studies suggested that even doses of ␤GalCer (C12) ⱖ10 g resulted in NKT depletion with minimal effects
on NK cells. Figure 9D shows two experiments where several
doses of ␣GalCer and ␤GalCer (C12) were evaluated for enhancement of marrow rejection. Whereas ␣GalCer can potently activate
marrow rejection at a dose as low as 0.1 g/mouse, ␤GalCer (C12)
at a dose of 10 g, which is effective at reducing the number of
NKT cells, had no enhancing effect on bone marrow graft rejection. Interestingly, a very high dose of ␤GalCer (20 g), which
also had no appreciable NK enhancing effects (Fig. 3), did have
some ability to enhance rejection of bone marrow cells suggesting
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FIGURE 6. Liver-derived lymphocytes were isolated and fractionated on Percoll gradients, and CD1d tetramer binding was evaluated using four-color
flow cytometry. A shows the expression of ␣GalCer-loaded tetramers on liver subsets as gated in the upper right panel using NK1.1-PE and CD3-cychrome.
Binding of ⬃9% of liver CD4⫹ NKT cells (lower left), which constituted 6.9% of total NKT cells, was observed. In contrast, no binding to NK cells (upper
left) nor NK1-negative T cells (lower right) was observed. B compares the binding of ␣GalCer- and ␤GalCer-loaded tetramers to NKT cells that were gated
similarly to A (cells were stained with NK1.1-PE, CD3-cychrome, and CD1d-tetramers loaded with ceramide and with either CD4-FITC or CD8-FITC).
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that at very high doses ␤GalCer (C12) can either induce enough
augmentation of NK activity (see Table II) to mediate some effects
in vivo or induce some biological effects through a non-NK-mediated mechanism. However, it is clear that in all studies a dose of

10 g of ␤GalCer can be used in vivo to effectively reduce detectable NKT cells without appreciable NK-activating effects as
assessed by NK number, activation stage, cytolytic activity, or
very sensitive NK-dependent functions in vitro.

FIGURE 8. Purified liver lymphocyte cells were evaluated for in vitro production of cytokines after treatment of peritoneal macrophages with various
doses (1.0, 0.5, and 0.1 g/ml) of either ␣GalCer or ␤GalCer (C12). A (TNF-␣), B (IFN-␥), C (IL-5), D (IL-4), E (IL-13), and F, (IL-12) show production
of different cytokines after 6 h (or 24 h; data not shown) of coculture.
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FIGURE 7. Highly purified NK (B) or NKT (A, C, and D) cells from C57BL/6 mice were evaluated for in vitro production of cytokines after treatment
with A20 or A20/CD1d with various doses of either ␣GalCer or ␤GalCer. A and B, IFN-␥ production in NKT and NK cells, respectively. C, IL-4; D,
GM-CSF. Data representative of at least three experiments. SE of cytokine assays is ⬍5%.
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Overall, these results confirm that ␤GalCer (C12) does directly
bind to NKT cells, but that differences in the intensity and subset
affinity of this binding may contribute to its dramatically different
in vitro and in vivo biological effects.

Discussion
NKT and NK cells are two critically important components of the
innate immune system. These leukocyte subsets have distinct and
complementary functions for therapeutic responses against microbes and tumors, and for some inappropriate responses to autoantigens (1, 3). To date, it has been difficult to clearly delineate
the individual contributions of these subsets in these various disease states and to identify the precise mechanism by which they
mediate diverse biological effects in vivo. In the current study, we
have developed a new approach to dissociate direct effects on the
NKT compartment from NK activation. This approach shows that
both ␣GalCer and another somewhat different ceramide, ␤GalCer
(C12), can efficiently increase apoptosis and decrease detection in
vivo of a major subset of NKT cells that are reactive with ceramide-specific TCR components. However, unlike ␣GalCer, which
also potently activates bystander NK cells and induces a storm of
cytokines (IL-4, IFN-␥, GM-CSF, and TNF-␣), doses of ␤GalCer
(C12) that directly impact NKT cells fail to induce NK activation
or cytokine production. Thus, ␤GalCer is a novel tool for efficiently perturbing functional NKT cells in vivo without additional,
indirect host immune activation. The mechanistic basis for reduced

NKT detection by ␣GalCer is not completely understood, although
this effect does require interaction with the TCR (1, 3), which in
turn results in some process that induces apoptosis in at least some
cells (5, 17, 24, 25). It is also possible that at least some stimulated
NKT cells might endocytose their NK1.1 and TCR as part of a
process that results in apoptosis or that simply renders the cells
nondetectable. This conclusion is consistent with recent report (26,
27) that endocytosis of NK1.1 on NKT cells follows finding of
␣GalCer. The studies by van Kaer (26) also indicated a rapid loss
of detection and subsequent return of NKT cells after a 5-g dose
in vivo, a result that differs somewhat from results in our in vivo
treatment regimen, where a more gradual return to “the norm” after
6 –7 days (Fig. 1) was seen. Our studies have shown that both
␣GalCer and ␤GalCer (C12) induced a loss of detectable NKT
cells and an increase in NKT cell apoptosis in the liver within 4 – 6
h. In contrast, in vitro stimulation studies showed that CD1d presentation of ␤GalCer does not result in the stimulation of NKT
cells for direct or indirect production of cytokines, suggesting 1)
qualitative differences in the signals induced in NKT cells by
␣GalCer vs ␤GalCer (C12) and 2) qualitative differences in the
processes of apoptosis and cytokine production after stimulation of
NKT cells through the TCR. In addition, CD1d tetramer binding
was observed with both ␣GalCer and ␤GalCer, but a much weaker
binding and different NKT subset affinity was seen with the ␤GalCer-loaded tetramers. Interestingly, weak binding of Ag to the
TCR during thymic development is well established as an anergy/
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FIGURE 9. In vivo rejection of allogeneic bone marrow cells was examined in a model where C57BL/6 mice were used as bone marrow donors and
BALB/c mice were used as recipients. A, The effect of pretreatment of mice with asGM1 (day ⫺2) or ␣GalCer or ␤GalCer (day ⫺3) before administration
of 10 ⫻ 106 autologous or allogeneic bone marrow cells. Recipient mice were irradiated with either 800 rad (BALB/c) or 900 rad (C57BL/6). The in vitro
effects are depicted in B (NK activity) and C (percent NKT cells) for mice treated with varying doses of ␣GalCer or ␤GalCer. D, Several experiments that
examine the dose-dependent effects of ␣GalCer (E) and ␤GalCer (F) on marrow transfer. Solid and shaded bars represent control marrow transfer in
autologous (B6-B6) or allogeneic (B6-BALB/c) models and with asGM1 treatment. Data representative of at least three experiments.
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death signal. Similar processes may be involved with ␤GalCer
(C12) binding to peripheral NKT cells that trigger their loss of
detection without potent downstream gene activation. Thus, the
use of ␣GalCer vs ␤GalCer (C12) may provide a novel approach
for studying the biological functions of NKT and NK populations,
and perhaps NKT subsets, in vivo.
Although NKT cells represent a diverse population of lymphocytes, a great deal of information has been accumulated relating specifically to the immunological functions of the V␣14 and V␣24 NKT
cell subsets. These cells have been identified as potent cytokine producers, and their appropriately controlled manipulation could be critical for initiating and sustaining immune responses against cancer or
infectious diseases, or for modifying immunopathological responses.
In this context, Hammond and Godfrey (7) recently summarized the
implications of NKT cell function in diabetes, autoimmunity, sclerosis, systemic lupus erythematosus, rheumatoid arthritis, and Sjogren’s
syndrome. The contributions of NKT cells to various types of beneficial and deleterious immune responses may be through production
of cytokines and/or modification of the function of other cells such as
NK cells. This NKT-NK interaction represents important cross-talk
between various components of the innate immune system, and subtle
disruptions of this cross-talk may have important qualitative or quantitative implications for the generation and persistence of adaptive
immune responses. For example, nonobese diabetic mice have a deficiency in NKT and NK cell numbers and function and develop diabetes (4, 6, 8, 9, 11, 12, 15). The administration of ␣GalCer protects
nonobese diabetic mice from development of diabetes, but the mechanism for this effect is unclear, because presentation of ␣GalCer in the
context of CD1d directly activates NKT cells, and also indirectly
stimulates NK cells. In the experimental autoimmune encephalomyelitis and multiple sclerosis models, SJL mice have a deficiency in
NKT cells, but a recent report (28) has demonstrated that both 129/J
and SJL mice also have NK signaling deficiencies in their activating
Ly49 receptors that result in reduced cytokine production. Recent
studies have shown that treatment of mice with ␣GalCer protects mice
from experimental autoimmune encephalomyelitis (13, 14, 16). As
shown in the present study, both ␣GalCer and ␤GalCer (C12) can
reduce the number of detectable NKT cells, and thus any in vivo
differences in their biological effects could be due to factors or bystander activation of NK cells that are stimulated only by ␣GalCer. A
practical demonstration of the differential capabilities of these
uniquely acting ceramides is illustrated in our studies by their disparate effects on bone marrow graft rejection.
The results of our studies with ␤GalCer (C12) suggest that this
agent provides a unique approach for delineating key roles of NKT
cells in settings where their presence is specifically required for
some therapeutic or disease-causing effect. Conversely, in settings
where NK cells play a unique role, the induction of beneficial
effects by ␣GalCer (which activates NK cells) and the failure to
induce such effects with ␤GalCer (which does not activate NK
cells) would provide new insights into the roles of this cell subset
in innate and adaptive immune responses.
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