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�-Galactosylceramide (�-GalCer), a glycolipid that stimulates nat-
ural killer T (NKT) cells to produce both T helper (Th)1 and Th2
cytokines, has shown antitumor effects in mice but failed in clinical
trials. We evaluated 16 analogs of �-GalCer for their CD1-mediated
T cell receptor (TCR) activation of naı̈ve human NKT cells and their
anticancer efficacy. In vitro, glycolipids containing an aromatic ring
in their acyl tail or sphingosine tail were more effective than
�-GalCer in inducing Th1 cytokines/chemokines, TCR activation,
and human NKT cell expansion. None of these glycolipids could
directly stimulate human dendritic cell maturation, except for a
glycolipid with an aromatic ring on the sphingosine tail. Here, we
show that glycolipids activated the TCR of NKT cells with phos-
phorylation of CD3�, ERK1/2, or CREB, which correlated with their
induction of Th1 cytokines. Notably, the extent of NKT cell activa-
tion when glycolipid was presented by antigen-presenting cells
was greater than when glycolipid was presented by non-antigen-
presenting cells. In vivo, in mice bearing breast or lung cancers, the
glycolipids that induced more Th1-biased cytokines and CD8/CD4 T
cells displayed significantly greater anticancer potency than �-Gal-
Cer. These findings indicate that �-GalCer analogs can be designed
to favor Th1-biased immunity, with greater anticancer efficacy and
other immune-enhancing activities than �-GalCer itself.

antigen presentation � CD1 � �-galactosylceramide

Natural killer T (NKT) cells represent a subset of T lymphocytes
that share receptors with both conventional T cells and NK

cells (1, 2). A major fraction of the NKT cells that expresses a
semiinvariant T cell receptor (TCR) (V�24-J�18 in humans and
V�14-J�18 in mice) together with NK cell markers, NK1.1
(NKR-P1 or CD161c), is designated as the invariant NKT (iNKT)
cell fraction. Several studies (2–4) have demonstrated that NKT
cells specifically recognize the glycolipid �-galactosylceramide (�-
GalCer) and that recognition requires that the glycolipid be pre-
sented by CD1d (2, 3). In vitro stimulation of mouse spleen cells by
�-GalCer led to proliferation of NKT cells and production of both
IFN-� and IL-4. Murine studies have shown that cells can be rapidly
activated by immature dendritic cells (iDCs) bearing �-GalCer and
that the activated iNKT cells can in turn induce full maturation of
DCs (5, 6). Although these observations indicate that cooperative
interaction between iNKT cells and DCs is associated with DC
maturation, to our knowledge no study has yet explored the direct
effect of glycolipids on iDCs.

The production of Th1 cytokines is thought to correlate with
antitumor, antiviral/antibacterial, and adjuvant activities, whereas
Th2 cytokine production is thought to subdue autoimmune diseases
(7–9). Treatment of mice with �-GalCer has been shown to
suppress tumor metastasis to liver, lung, and lymph nodes (10–13).
In two phase I clinical trials in patients with advanced cancers who
were injected with �-GalCer (14) or �-GalCer-loaded iDCs (15), a
distinct activation of the immune system was observed in those
patients who had a detectable V�24�V�11� NKT cell number
prior to treatment (14). Although there was no durable tumor
regression, stable disease was noted in several patients, without any

toxicity (14–17), and some patients even showed a transient reduc-
tion of serum tumor markers or tumor size (15). The lack of
significant anticancer activity of �-GalCer in several clinical trials
may be due to the effect of IFN-� counteracted by IL-4, resulting
in no net benefit (14–17). Therefore, it may be desirable to identify
compounds that preferentially induce Th1 cytokine responses
(18, 19).

Several natural and synthetic analogs of �-GalCer have been
investigated for their effects on NKT cell activation (20–25), and the
results suggest that modification of the lipid chain in the �-GalCer
structure might favor Th1 response. Recently, a series of structure-
based synthetic �-GalCer analogs were developed by our groups
and shown to induce human NKT cells to selectively release IL-4 or
IFN-� in vitro (26–30). In the present study, we examined in detail
the capacity of glycolipid analogs to induce the activation and
expansion of NKT cells and the maturation of DCs in vitro. We also
studied the anticancer activities of these analogs in vivo, with special
focus on Th1/Th2 cytokine induction and changes in the immune
effector cell subpopulation.

Results
Cytokine Secretion Profile of NKT Cells Upon Stimulation with Glyco-
lipids. To identify glycolipids that elicit preferential Th1-biased
responses among 16 analogs of �-GalCer (C1), we first examined
the capacity of these analogs to induce 17 cytokines and five
chemokines in human CD161�CD3� NKT cells when presented
by DCs. These glycolipid analogs were categorized, on the basis of
their structure, into four groups (Fig. 1A). Aromatic compounds
from groups III and IV, especially C11, C16, and C13, induced a
significantly greater secretion of IFN-� than did the parent com-
pound, C1, whereas all analogs elicited slightly less IL-4 than did C1
[see supporting information (SI) Fig. 6A]. When expressed as the
IFN/IL-4 ratio (Fig. 1B), compounds C9, C12, C13, C14, and all
group III compounds were more Th1-biased, whereas C1, C3, C4,
C5, C8, and C17 were Th2-biased (Fig. 1B). A similar trend was
noted when other Th1 (IL-2, IL-12) and Th2 (IL-6, IL-10) cytokines
were analyzed (SI Fig. 6B). The induction of 17 cytokines and five
chemokines is shown in SI Table 1. Some glycolipids showed a
greater induction in chemokines than did C1; for example, C13
elicited a striking increase in chemokines such as MIP-1�, MCP-1,
and IL-8. Aromatic compounds C10, C11, and C16 displayed a
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greater induction of IL-3, granulocyte/macrophage colony-
stimulating factor (GM-CSF), and IL-15. To our knowledge, the
induction of chemokines (RANTES, IL-8, MCP-1) and several
cytokines (IL-3, IL-15) in human NKT cells by glycolipids has not
been previously reported.

Aromatic Glycolipids Are More Effective in Expanding Human NKT
Cells in Vitro. To examine the effects of glycolipids on NK or iNKT
cell expansion, we first isolated CD56� cells from peripheral blood
mononuclear cells as a mixture of naive NK (CD56�/CD3�) and
NKT (CD56�/CD3�) cells. On day 9 after exposure to glycolipids
presented by DCs, the expansion/survival of NK and NKT cells and
of a subpopulation of NKT cells, iNKT cells (CD161�/V�24�/
CD56�/CD3�), was determined by flow cytometry. As shown in
Fig. 2 and SI Fig. 7, a significant increase in iNKT cells over control
was noted upon stimulation with C1, C2, C8, C9, C10, C11, C12,
C15, and C16. Among these analogs, several aromatic compounds
from group III, especially C11, C15, and C16, were more effective
than C1. The total number of NKT cells followed a similar pattern
of increase as iNKT cells (data not shown); however, glycolipids did
not display significant impact on the NK cell number (data not
shown).

Promotion of Maturation of Monocyte-Derived DCs in Vitro by Gly-
colipids. It is unclear whether the maturation of DCs in vivo occurs
directly, from the effect of �-GalCer on iDCs, or indirectly as a
result of the interaction of NKT cells with iDCs. Thus, we evaluated
the ability of these glycolipid analogs to promote the maturation of
human DCs from iDCs in vitro by measuring the expression of DC
maturation markers CD40, CD54, CD80, CD83, CD86, CD209,
and HLA-DR (MHC II molecule) using flow cytometry. C13 is the
only glycolipid shown to significantly increase the expression levels
of CD40, CD80, CD83, CD86, and HLA-DR; no significant
changes were seen in other markers (Fig. 3A and SI Fig. 8A).
Interestingly, incubation with C13 also led to elongation of DCs,
along with dendrite extension (SI Fig. 8B).

Aromatic Compounds Induce CD1d-Dependent TCR Activation of Naı̈ve
Human NKT Cells. To demonstrate the activation of TCR on naı̈ve
NKT (CD161�CD3�) cells by glycolipids, we examined the in-

duction of phospho-CD3� (phosphotyrosine), ERK/MAP kinase
1/2 (Thr-185/Tyr-187), and CREB (Ser-133). To discern whether
TCR activation is CD1d-dependent, we compared the effects of
glycolipids presented by HeLa-CD1d, overexpressing human
CD1d, and control HeLa cells. We also compared the capacity of
HeLa-CD1d [nonprofessional antigen-presenting cells (APCs)]
and iDCs (professional APCs) in presenting these glycolipids to
NKT cells. As shown in Fig. 3B, compounds C1, C11, C13, and C17
increased CD3� phosphorylation by 7.3-, 10-, 7.3-, and 5.9-fold over
control (1% DMSO), respectively, when presented by HeLa-CD1d
cells and 10.8-, 21.3-, 17.3-, and 12-fold, respectively, when pre-
sented by DCs (Fig. 3B). For ERK1/2 phosphorylation, compounds
C1, C11, C13, and C17 induced 6.6-, 14.6-, 6.6-, and 3.3-fold
increase, respectively, with HeLa-CD1d cells and 30-, 48.3-, 35-, and
18.6-fold increase, respectively, with DCs. Induction of CREB
phosphorylation was even more striking. Compounds C1, C11, C13,
and C17 induced 32-, 117-, 41-, and 20-fold expression, respectively,
when presented by HeLa-CD1d cells and 68-, 204-, 158-, and 49-fold
increase, respectively, when presented by DCs. This study demon-

Fig. 2. The studied glycolipids promote the in vitro expansion of human iNKT
cells. Human CD56� cells (2 � 106; NK/NKT mixtures) were cultured with 4 �
105 autologous immature DCs pulsed with the indicated glycolipid at 3 �g/ml
on day 2 for 18 h. The percentage of CD161�/Va24TCR� cells in the NK/NKT
mixtures was gated by flow cytometry on day 9, and the total number of Va24i
NKT cells is shown. Assays were performed in triplicate, and data are presented
as mean � SD. Similar results were obtained in three independent experi-
ments. *, P � 0.05, compared with DMSO; #, P � 0.05, compared with C1.

Fig. 1. Structures of �-GalCer analogs and their effect on Th1/Th2 cytokine production by human NKT cells. (A) Structure of �-GalCer and 16 synthetic glycolipid
analogs, which were divided into four groups: bacterial origin (I), modification with sulfonation (II), phenol-alkyl chain analogs (III), and phytosphingosine
truncated analogs (IV). To assess Th1/Th2 cytokine production by human NKT cells, human CD161�/CD3� NKT cells (1 � 105) were cultured with 5 � 104

autologous immature CD14� DCs pulsed with the indicated glycolipid antigens at 10 �g/ml for 18 h. Cytokines in the supernatants were measured with the
Luminex 100 system in accordance with the assay protocol. (B Left) Purity of human CD161�/CD3� NKT cells. (Right) Ratio of IFN-� over IL-4, normalized DMSO
control. Assays were performed in triplicate, and data are given as mean � SD.
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strated TCR activation by �-GalCer and its analogs and compared
the extent of NKT cell activation upon presentation of glycolipid by
APCs and non-APCs. Overall, compounds C11 and C13 appeared
to be stronger in TCR activation than compounds C1 and C17,
which was consistent with their greater induction of Th1 cytokines.
For these four glycolipids, TCR was activated more potently when
they were presented by DCs than by HeLa-CD1d cells, especially
with C13. Conversely, none of these compounds showed any effect
on phosphorylation of CD3�, ERK1/2, or CREB in NKT cells when
cocultured with control HeLa cells. In addition, none of these
compounds have any effect on the phosphorylation of Syk, a protein
kinase known to play a role in B cell receptor signaling but not in
the TCR pathway (Fig. 3B). These findings suggest that aromatic
compounds induce a strong TCR activation in a CD1d-dependent
manner and that the extent of activation is greatly enhanced when
presented by professional APCs as compared with nonprofes-
sional APCs.

Cytokine/Chemokine Production in Response to Glycolipids Adminis-
tered Intravenously in Vivo. To evaluate the induction of cytokine/
chemokine in vivo, �-GalCer and seven of its analogs were injected
i.v. into BALB/c mice (see SI Materials and Methods). SI Fig. 9A
shows the serum level of IFN-� at 2 and 18 h after injection. C1
induced the highest level of IFN-� secretion at 18 h, followed by C9
and C16; the remaining glycolipids were much less potent. SI Fig.
9B shows the level of IL-4 after injections of glycolipids. �-GalCer
was again superior to other compounds in stimulating the secretion
of IL-4, which peaked at 2 h and returned to baseline by 18 h. The
level of IL-4 was followed by compounds C13, C11, and C16. When
the data were expressed as the IFN-�/IL-4 ratio, all of the tested
glycolipids elicited less Th2 response than �-GalCer at 2 h, and all
compounds induced Th1-bias responses at 18 h (SI Fig. 9C). Along
with IFN-� and IL-4, other cytokines and chemokines also in-
creased significantly in sera in response to these studied glycolipids.
These cytokines/chemokines included IL-2, IL-6, KC, IL-10, IL-12,
IL-13, GM-CSF, TNF�, RANTES, MCP-1, and MIP-1, which are
summarized in SI Table 2. Several glycolipids elicited more Th1-
biased cytokines and chemokines than C1. For example, aromatic
compounds C11, C13, and C16 induced striking rises in IL-2, IL-12,

MIP-1�, and MCP-1, and C14 displayed the highest induction of
IL-3, IL-12p40, and GM-CSF among all the compounds we studied.

In Vivo Effects of Glycolipids on Splenic Immune Effector Cells. Next,
we analyzed the populations of immune cells in the spleens of
BALB/c mice 72 h after injection with 1 of 10 glycolipids repre-
sentative of groups I–IV. As shown in Fig. 4A, after i.v. adminis-
tration all compounds induced significant expansion in splenocytes,
with C9, C13, and C16 showing greater potency than C1.

The cell-expanding/activation capacity of each compound for
DC, NK, NKT, B, CD4 T, and CD8 T cells is shown in Fig. 4 B–D
and SI Fig. 10. All 10 glycolipids elicited increases in DC, NK, NKT,
and B cell numbers and activated CD8/CD4 ratios. Aromatic
compounds C12, C13, and C16 induced significantly greater rises in
total and mature DCs than did �-GalCer (Fig. 4B). C9, C12, C13,
and C16 displayed the best capacity for expansion/activation of NK
and NKT cells (Fig. 4 C and D). C2, C9, C10, C11, and C16
displayed a greater capacity for expansion/activation of B cells than
did �-GalCer (SI Fig. 10A). Among the T cell subpopulations, all
analogs tested induced a rise in CD8/CD4 ratio, with C11, C13, C14,
and C16 being more potent than �-GalCer (SI Fig. 10B).

Assessment of Anticancer Efficacy of Glycolipids. To determine the
anticancer efficacy of these glycolipids, we studied mouse models of
metastatic lung cancer by using the TC1 cell line and a s.c. tumor
model of breast cancer by using the 4T1 cell line in syngeneic
immunocompetent mice (C57BL/6 and BALB/c, respectively) (see
SI Materials and Methods). SI Fig. 11A shows the results of a
representative experiment with reduced number of tumor nodules
on the lung surface of mice treated with C11, which exhibited the
best Th1-biased cytokine secretion profile in vitro. The effects of i.v.
administration of 16 glycolipids from groups I–IV and �-GalCer on
the survival of TC1 tumor-bearing mice are shown in Fig. 5A.
Significant prolongation of survival and reduced weight loss were
observed with all compounds except C4, C6, C7, C8, and C17 (Fig.
5A). Moreover, eight glycolipids (C3, C10, C11, C12, C13, C14, C15,
and C16) showed significantly greater anticancer efficacy than C1.
Next, we tested the antitumor efficacy of these eight glycolipids and
�-GalCer administered i.v. in mice bearing 4T1 breast cancer. The
reduced tumor size in mice 16 days after treatment with C11 is
shown in SI Fig. 11B, as an example. All eight compounds were able

Fig. 3. The studied glycolipids promote maturation of
humanmonocyte-derivedDCsandCD1d-dependentTCR
activationofhumanNKTcells. ImmaturehumanDCs (2�
106) were incubated with 3 �g/ml of indicated glycolipids
or vehicle for 48 h. (A) Expression levels (mean fluores-
cence intensity) of surface CD40, CD80, CD86, CD83, and
HLA-DR on DCs. (B) Activation of TCR on NKT cells. HeLa,
HeLa-CD1d (Top), or autologous iDCs were loaded with
compounds C1, C11, C13, and C17 at 10 �g/ml, or DMSO,
for 2 h and then added to 3 � 105 naı̈ve CD161�/CD3�
NKT cells. After 5–10 min stimulation, the cells were
washed with PBS and lysed with Beadlyte cell signaling
universal assay buffer. The intracellular levels of phos-
pho-CD3� (phosphotyrosine) (Middle Left), phospho-
ERK1/2 (Thr-185/Tyr-187) (Middle Right), phospho-Syk
(phosphotyrosine) (Bottom Left), and phospho-CREB
(Ser-133) (Bottom Right), and phospho-Syk (phospho-
tyrosine) were measured with the Luminex 100 system
and expressed as median fluorescence intensity, which
was normalized to the amount of total input protein. *,
P � 0.05, compared with DMSO; #, P � 0.05, compared
with C1.
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to suppress tumor growth and prolong survival as compared with
control, and C11, C13, C14, and C16 were significantly more
effective than �-GalCer (Fig. 5B and data not shown).

Discussion
The ligands for CD1d, such as �-GalCer and its analog C-�-GalCer,
have been shown to protect against tumors by activating NKT cells
(10–13). The primary aim of the present study was to assess the
immune-modulating capacity and anticancer efficacy of a series of
�-GalCer analogs, some of which had been designed to better fit the
CD1d groove, based on computer modeling. Previously, com-
pounds C2, C3, and C9 were shown to induce IL-2 from mouse
NKT cells and IL-4 and IFN-� from human V�24i NKT cells in vitro
(27–30). A recent study (26) has demonstrated that group III
compounds, including C10, C11, and C16, are more potent than
�-GalCer in inducing IFN-� and IL-4 in vitro. The present study not
only confirmed the in vitro induction of IFN-� and IL-4 but also
examined the profiles of 20 additional Th1/Th2 cytokines and
chemokines released from human NKT cells, as well as their
production in mice after in vivo administration of glycolipids. In
addition, five compounds (C4, C12, C13, C14, and C15) were
evaluated for their in vitro and in vivo immune-modulating effects.
All except C4 induced more Th1-biased immunity than did �-Gal-
Cer, especially C13 (derived from OCH) and C14 (from Sphin-
gomonas bacterial glycolipid).

We found that presentation of glycolipids to human NKT cells in
vitro led to an increase in Th1 cytokines (IFN-�, IL-1�, IL-2, IL-3,
IL-12, IL-15, and TNF-�) and Th2 (IL-4, IL-6, IL-10, and IL-13)
and in chemokines (RANTES, MIP-1�, MCP-1,and IL-8) and
GM-CSF. In general, aromatic compounds exhibited more potent
effects on human NKT cells than did �-GalCer, likely because of
their higher affinity to CD1d (26). In the murine system, i.v.
administration of �-GalCer induced higher levels of IFN-� and IL-4
in sera over other glycolipids. However, based on the ratio of IFN-�/
IL-4, these studied compounds elicited more Th1-biased responses
than did �-GalCer at 2 h and remained so up to 18 h. The types of
cytokines/chemokines induced by glycolipids in mouse were con-
sistent with those in human NKT cells. This suggested that NKT cell
activation was probably the main effector contributing to the rapidly

elevated cytokine/chemokine responses to these glycolipids in
mouse. Chemokines control leukocyte trafficking during ho-
meostasis and inflammation and provide the necessary link be-
tween innate and adaptive immunity. Although the expression of
chemokine receptors on human V�24-invariant NKT cells has been
reported (31, 32), little information is available on the production
of chemokines by NKT cells in response to glycolipid. In this study,
we documented the induction of chemokines by glycolipids in both
human and mouse systems, suggesting that certain �-GalCer ana-
logs can influence a wide range of immune responses by inducing
chemokines in addition to cytokines.

In this study, we also found that several glycolipids, especially
group III compounds, were more potent than �-GalCer in expand-
ing human iNKT cells. Because decreased numbers of iNKT cells
in human peripheral blood mononuclear cells have been docu-
mented in patients with malignancies (33–35), expansion and
activation of such patients’ iNKT cells with group III compounds
may be therapeutically beneficial (34, 35).

Previous studies (36) have demonstrated the ability of �-GalCer
and �-C-GalCer to facilitate the maturation of both splenic and
hepatic DCs in mice. Similarly, our data showed that all tested
glycolipids induced mouse splenic DC maturation in vivo and that
several of them were more potent than �-GalCer. It is noteworthy
that, in vitro, C13 was able to directly augment the expression of
costimulatory molecules such as CD40, CD86, CD80, HLA-DR,
and CD83 on human DCs, along with dendrite elongation. Such
direct effect is unique because �-GalCer, �-C-GalCer, and all the
other glycolipid molecules examined in this study had no direct
impact on DC maturation and likely acted indirectly through the
feedback effect of NKT cells on DC (36, 37). As reported by Fujii
et al. (5), �-GalCer could not stimulate DCs in the absence of NKT
cells, which is consistent with our data (Fig. 3A, bar 2). Conversely,
the mechanism of direct activation of DCs by C13 remains enig-
matic. It is possible that in addition to CD1d, C13 may interact with
other CD1 molecules (such as CD1 a, b, and c) or with other
receptors (such as toll-like receptors or lectin on DCs), which in turn
trigger the DC maturation process. Whether such interactions
occur awaits further investigation.

Fig. 4. Expansion and activation of murine spleno-
cytes after injection of glycolipids. Spleens from BALB/c
mice (n � 4 per group) were harvested 72 h after i.v.
injection of glycolipids. The spleens of mice injected
with 100 �l of 1% DMSO appear grossly normal. There
is no significant difference in subpopulation of spleno-
cytes between normal untreated and DMSO-treated
mice. (A) Total number of nucleated cells and spleen
size. (B–D) Population of innate immune cells including
mature DCs (CD11C�/CD80�/CD86�) (B), activated NK
cells (U5A2-13Ag�/CD3�/CD69�) (C), and activated
NKT cells (U5A2-13Ag�/CD3�/CD69�) (D). Assays
were performed in duplicate, and data are shown as
mean � SD. *, P � 0.05, compared with DMSO; #, P �
0.05, compared with C1.
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We showed that glycolipids could activate TCR signaling path-
ways in human NKT cells with phosphorylation of CD3�, ERK1/2,
or CREB. Our finding of higher levels of phosphorylated CD3�,

ERK1/2, and CREB induced by C11 than by �-GalCer and OCH
(C17) is consistent with the notion that stronger binding of glyco-
lipid to CD1d induces a greater stimulation of TCR on NKT cells
(26). It may also account for a more Th1-biased cytokine profile
triggered by C11 as compared with �-GalCer, because ERK1/2 and
CREB activations have been reported to play a role in the induction
of many Th1 cytokines, such as IL-12 and IFN-� (38–41). It is
notable that C13 also triggers significant activation of TCR, pre-
sumably as a consequence of the unique ability of C13 to enhance
expression of costimulatory molecules on DC.

Previous studies have shown that the secretion of Th1/Th2
cytokines/chemokines from NKT cells by glycolipid triggered acti-
vation of various types of immune cells. For example, �-GalCer
induces IFN-� and up-regulates CD40L on NKT cells (42), which
stimulates the maturation of iDCs and the production of IL-12 from
DCs (37). IFN-� and IL-12 can also activate NK cells and T cells,
whereas Th2 cytokines activate B cells (7–9). Thus, the observed
activation/expansion of NK, DC, T, and B cells by several glyco-
lipids, including �-GalCer, may be attributed to their capacity to
activate NKT cells to produce Th1/Th2 cytokines.

It has been shown (1, 7–9) that the production of Th1 cytokines/
chemokines, especially IFN-�, IL-2, IL-12, MIP-�, MCP-1, and
TNF-�, and their resulting activation of NK, NKT, and cytotoxic T
cells, contributes to antitumor activity. Our findings of more potent
antitumor activity for those glycolipid analogs displaying a better
Th1-biased response than does �-GalCer with respect to these
cytokine/chemokine inductions (SI Table 2) and immune cell
activation (SI Fig 10B) are consistent with this notion. Although the
exact mechanism by which these glycolipids induced more Th1-
biased cytokines remains to be elucidated, it is noteworthy that a
recent report (26) has shown that the aromatic compounds elicit
more potent activation of human NKT cells than �-GalCer, likely
because of their higher affinity to CD1d. This affinity may underlie
our observation that these compounds could elicit stronger TCR
activation in human NKT cells with phosphorylation of signalsomes
sitting upstream of multiple cytokines /chemokines.

Our in vivo study demonstrated that the studied glycolipids were
effective in inducing serum cytokines and splenocyte proliferation
and in activating DC, NK, and NKT cells, as well as adaptive
immune responses. Moreover, our in vivo studies of murine lung
and breast cancer models demonstrated that those compounds that
elicited higher Th1 cytokines in human NKT cells in vitro tended to
exhibit more potent anticancer activity. It is noteworthy that,
previously, melanoma was the mouse tumor model most commonly
used for demonstrating the anticancer efficacy of glycolipids such
as �-GalCer and C-�-GalCer (11, 12, 22, 36, 42), perhaps because
of the known susceptibility of melanoma to immune modulation. In
this study, we chose to use more rigorous tumor models such as lung
and breast cancers, which are not as responsive to immune manip-
ulation. Thus, it is quite remarkable that among 16 glycolipids
evaluated, four compounds (C11, C13, C14, and C16) were shown
to be more effective than �-GalCer in both cancer models.

Materials and Methods
Glycolipid Analogs of �-GalCer and Cell Lines. �-GalCer (C1) and its
16 analogs were synthesized and purified by column chromatogra-
phy, as we have described recently (26–30). These glycolipids were
separated into four groups on the basis of their chemical structures,
as shown in Fig. 1A. Group I: C2, C3, and C14 are of bacterial
origin. Group II: C4, C5, and C9 contain sulfur modification of
O-linkage to ceramide (C4) or a sulfate group at 3�-OH of the
galactose moiety (C5 and C9). Group III: C6, C7, C8, C10, C11,
C15, and C16 are modified with an aromatic ring in their acyl tail.
Group IV: C12, C13, and C17 contain truncated phytosphingosine.

All of the glycolipids were originally dissolved in 100% DMSO
at a concentration of 1–2 mg/ml. For in vivo experiments, all
compounds were diluted to 20 �g/ml in saline just before injection
of 100 �l of diluted glycolipid or 100 �l of 1% DMSO into mice.
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Fig. 5. Most of the studied glycolipids can prolong survival of mice bearing lung
cancer or breast cancer, and several are more potent than �-GalCer. (A) C57BL/6
mice (n�5pergroup)were inoculated i.v.withmouse lungcancercells,TC-1,and
thentreated i.v.withvariousglycolipidsof choice (2 �gpermouse)orvehicle (100
�l of 1% DMSO) twice per week for 4 weeks. Shown are the Kaplan–Meier
survival curves (Left) and changes in body weight (Right) of mice bearing lung
cancer. The control is the mice without tumor inoculation. Results are shown
according to glycolipid groups I–IV. Statistical analysis of survival ratio compared
with control or C1 (in parentheses) yielded the following: C1: P � 0.027, C2: P �
0.019 (0.253), C3: P � 0.004 (0.025), and C14: P � 0.002 (0.002) from group I; C4:
P � 0.804 (0.055), C5: P � 0.019 (0.140), and C9: P � 0.008 (0.106) from group II;
C7: P � 0.118 (0.789), C8: P � 0.657 (0.057), C10: P � 0.009 (0.027), C11: P � 0.002
(0.002), C15: P � 0.002 (0.002), and C16: P � 0.002 (0.002) from group III; and C12:
P � 0.018 (0.018), C13: P � 0.018 (0.012), and C17: P � 0.459 (0.070) from group
IV. (B) BALB/c mice (n � 6) were inoculated s.c. with mouse breast cancer cells,
4T-1. Three days after tumor inoculation, the mice were treated i.v. with the
indicated glycolipids or vehicle twice per week for 4 weeks. The tumor volume
was recorded every 3 days for 1 month, and survival was monitored for up to 54
days. Shown are the survival ratio curves (Left) and tumor growth (Right) of mice
after i.v. administration of the indicated glycolipids or vehicle. *, P � 0.05 and **,
P � 0.001, compared with DMSO; #, P � 0.05, compared with C1.
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HeLa and its CD1d transfect, HeLa-CD1d (43), were kindly
provided by Mitchell Kronenberg (La Jolla Institute for Allergy and
Immunology, La Jolla, CA).

Isolation and Generation of Human NK Cell Lines and Immature
Monocyte-Derived DCs. The generation of �-GalCer-pulsed human
NKT cell lines was done according to the methods of Fujio et al.
(26), and these cells were used to assess cytokine response to the
studied glycolipids (see Fig. 1). iDCs were derived from CD14�
cells in leukopaks after a 2-day incubation with 300 units/ml
GM-CSF and 100 units/ml IL-4 (R & D Systems, Minneapolis,
MN). After irradiation (3,000 rad), the iDCs were cultured together
with autologous CD161� cells in the presence of 100 ng/ml
�-GalCer and 10 units/ml IL-2 for 10 days. After repeating this
stimulation, NK cell lines were generated and shown to express
CD161�/CD3�/V�24iTCR� (99% purity). To generate imma-
ture human monocyte-derived DCs, CD14� cells in leukopaks
were cultured in the presence of 300 units/ml GM-CSF and 100
units/ml IL-4 (R & D Systems) for 6 days. These DCs had an
immature phenotype (CD14-CD80�CD86�CD83weak HLA-
DR�) and exhibited higher CD1d expression than mature DCs.
The iDCs were pulsed with various glycolipids at 3 �g/ml, and their
phenotype and morphology were examined 48 h later.

The naı̈ve NKT cells (CD161�/CD3�) used for TCR activation
experiments (see Fig. 3B) were isolated by using indirectly conju-
gated anti-CD161 multisort microbeads and were further separated
by anti-CD3 microbeads (Miltenyi Biotec, Auburn, CA). The
isolated cells were incubated in the presence of 100 units/ml IL-2 (R
& D Systems) and replenished with fresh medium every 3 days.

In Vitro Expansion of iNKT Cells. Human CD56� cells (NK/NKT
mixtures) used for iNKT cell expansion experiments (see Fig. 2)
were isolated from human leukopaks by using anti-CD56 mi-
crobeads (Miltenyi Biotec). Human CD56� cells (NK/NKT mix-
tures) were cultured with 4 � 105 autologous immature CD14�

DCs pulsed with the indicated glycolipids at 3 �g/ml or 0.3%
DMSO on day 2 for 18 h. On day 3, the suspension cells were
transferred to a new dish, cultured in the presence of 100 units/ml
IL-2 (R & D Systems), and replenished with fresh medium every
3 days. The population of CD161�/Va24TCR� cells in the NK/
NKT mixtures was gated by flow cytometry on day 9, and the total
number of Va24i NKT cells were counted.

In Vitro Human NKT Cell Cytokine Secretion Assay. V�24i human
NKT cells (1 � 105) were cocultured with 5 � 104 irradiated
immature CD14� DCs in the presence of the glycolipid compounds
at 10 �g/ml in a 96-well flat-bottom plate. Cytokines/chemokines in
the supernatant collected at 18 h were quantified with the Beadlyte
human 22-plex multicytokine detection system (catalog no. 48-011;
Upstate/Millipore, Billerica, MA) and determined by a Luminex
100 system (Luminex, Austin, TX) (44).

Human NKT Cell TCR Activation. HeLa, HeLa-CD1d, or autologous
iDCs were incubated on 24-well plate with compounds C1, C11,
C13, and C17 at 10 �g/ml or with DMSO for 2 h, and then 3 � 105

naı̈ve CD161�/CD3� NKT cells were added. After 5–10 min
stimulation, cells in suspension were transferred to tubes, washed
with PBS, and lysed with Beadlyte cell signaling universal lysis
buffer (Upstate/Millipore) at 4°C. The concentrations of phospho-
CD3� (phosphotyrosine), phospho-ERK1/2 (Thr-185/Tyr-187),
phospho-CREB (Ser-133), and phospho-Syk (phosphotyrosine) in
lysates were assessed with the Beadlyte phosphoprotein detection
system (catalog no. 48-690; Upstate/Millipore) in accordance with
the assay protocol (45) and were determined by a Luminex 100
system (Luminex). The value was normalized with the amount of
total input protein.

We thank the faculties of the vivarium at the National Defense Medical
Center and of the Institute of Cellular and Organismic Biology, Aca-
demia Sinica, for technical assistance.
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