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CD1d-restricted T cells contribute to tumor protection, but their
precise roles remain unclear. Here we show that tumor cells
engineered to secrete granulocyte-macrophage colony-stimulat-
ing factor induce the expansion of CD1d-restricted T cells through
a mechanism that involves CD1d and macrophage inflammatory
protein 2 expression by CD8a~, CD11c* dendritic cells (DCs). The
antitumor immunity stimulated by vaccination with irradiated,
granulocyte-macrophage colony-stimulating factor-secreting tu-
mor cells was abrogated in CD1d- and Ja281-deficient mice, re-
vealing a critical role for CD1d-restricted T cells in this response. The
loss of antitumor immunity was associated with impaired tumor-
induced T helper 2 cytokine production, although IFN-y secretion
and cytotoxicity were preserved. DCs from immunized CD1d-
deficient mice showed compromised maturation and function.
Together, these results delineate a role for CD1d-restricted T
cell-DC cross talk in the shaping of antitumor immunity.

D161" Val4Ja281 invariant (iNKT) cells are involved in a

wide variety of immune responses because of their expres-
sion of diverse cytokines, chemokines, and surface molecules (1).
Val4Ja281 T cells and their human CD161" Va24JaQ T cell
counterparts are activated specifically by a glycolipid antigen
(2-4) presented by the nonpolymorphic class Ib molecule CD1d
(5, 6). Several studies indicate that Va14J«a281 T cells participate
in tumor protection. Experiments using either antibody-
mediated depletion or Val4Ja281-deficient mice have shown
that these NKT cells play important roles in the antitumor effects
stimulated by low doses of IL-12 (7-11). Moreover, Val4Ja281
T cells are also required for protection against tumor develop-
ment induced by chemical carcinogens (12, 13). The antitumor
functions of CD1d-restricted T cells are augmented by «-galac-
tosylceramide, an activating glycolipid antigen presented by
CD1d, through a mechanism that involves dendritic cell (DC)
production of IL-12 (14-16). The antitumor activities of
Val4Ja281 T cells include perforin-dependent NK-like cytotox-
icity, IFN-y production, and the stimulation of CD8" T lym-
phocytes (2, 17).

The recognition that DCs play decisive roles in the priming of
antigen-specific responses has led to the design of numerous
protocols exploiting these cells for the induction of antitumor
immunity (18). Either the ex vivo manipulation of DCs or the in
vivo administration of DC-activating cytokines can enhance
tumor rejection in model systems (19, 20). In this context, we
have demonstrated that vaccination with irradiated tumor cells
engineered to secrete granulocyte—macrophage colony-
stimulating factor (GM-CSF) stimulates potent, specific, and
long-lasting antitumor immunity in multiple murine tumor mod-
els (21). Although both GM-CSF and FIt3 ligand (FL) induced
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the marked expansion of DCs, vaccination with irradiated,
GM-CSF-secreting tumor cells generated more potent antitu-
mor immunity than vaccination with irradiated, FL-secreting
tumor cells (22). The superior efficacy of the GM-CSF-based
vaccine was associated with high-level CD1d expression on
CD8a ™, CD11c* DCs.

While DCs are required for the efficient priming of antigen-
specific lymphocyte responses, T cells in turn contribute to DC
maturation (23, 24). In this regard, we and others recently
showed that both human and murine CD1d-restricted NKT cells
express multiple cytokines, chemokines, and surface proteins
that are involved in the maturation of myeloid-type DCs (25, 26).
This finding, together with the high level of CD1d expression on
GM-CSF-stimulated DCs, motivated us to characterize DC
function and the generation of antitumor immunity in CD1d-
deficient mice. The experiments presented here reveal a role for
CD1d-restricted T cell-DC cross talk in the shaping of antitumor
immunity.

Methods

Mice. Eight- to 12-week-old female C57BL/6 mice were pur-
chased from Taconic Farms. The CD1d null allele, generated in
a 129 X C57BL/6 founder (27, 28), was backcrossed seven
generations into the C57BL/6 strain. Homozygous CD1d-
deficient mice were obtained from littermate pairings and used
to generate heterozygote CD1d-deficient and WT controls.
Ja281-deficient mice on a C57BL/6 background have been
described (2, 7). All mouse experiments were approved and
conducted under Institutional Animal Care and Use Committee
guidelines.

Tumor Models. B16-F10 melanoma cells (syngeneic to C57BL/6
mice) were maintained in DMEM containing 10% (vol/vol) FCS
and penicillin/streptomycin. GM-CSF-secreting B16 cells were
generated as described (22). For the vaccination experiments,
mice were immunized s.c. on the abdominal wall with 5 X 10°
irradiated (35 Gy), GM-CSF-secreting B16 cells and challenged
7 days later with 1 X 10° live, WT B16 cells injected s.c. on the
back. Animals were considered tumor free if they did not
develop tumors during 60 days of observation. For fluorescence-
activated cell sorting (FACS) experiments mice were challenged
with live B16 melanomas engineered to secrete either GM-CSF

Abbreviations: DC, dendritic cell; GM-CSF, granulocyte-macrophage colony-stimulating
factor; FL, FIt3 ligand; FACS, fluorescence-activated cell sorting; TCR, T cell receptor; MIP-2,
macrophage inflammatory protein 2; MLR, mixed leukocyte reaction; Th, T helper.
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or FL, and tumors were allowed to grow to 1.5-2 cm in diameter
(10-14 days). Splenocytes were then harvested and stained with
the appropriate antibodies for FACS analysis or cell sorting.

FACS Analysis. Fluorescent staining of splenocyte populations
(depleted of erythrocytes with ammonium chloride) was
performed by using FITC-, phycoerythrin-, or CyChrome-
conjugated mAbs to T cell receptor (TCR), CD3, CDllc,
CDl11b, 1-Ab, CD8a, CD1d, CD4, CD161, CD80, and CD86
obtained from PharMingen. Stained cells were analyzed on a
FACScan cytometer (Becton Dickinson), and cell sorting
was performed by using a MoFlo cytometer (Cytomation,
Fort Collins, NJ). MHC class II staining was performed with the
mAb Y3P.

Northern Blots. Total RNA was prepared from 99% pure sorted
DC subsets by using Qiagen (Chatsworth, CA) RNeasy Kkits.
Equal amounts of total RNA were electrophoresed, transferred
to nitrocellulose membranes, and probed with 3?P-labeled mac-
rophage inflammatory protein 2 (MIP-2) cDNA. Equivalent
loading of RNA was confirmed by ethidium bromide staining of
the gel and reprobing with 3?P-labeled GAPDH.

Analysis of Invariant Va14J«281 TCR Frequency. Total RNA was
isolated from spleens of individual mice by using TRIzol
(GIBCO/BRL) according to the manufacturer’s recommenda-
tions. First-strand cDNA synthesis was performed by using
oligo(dT) as a primer for reverse transcription of 2 ug of total
RNA in a 50-ul reaction mixture using Moloney murine leuke-
mia virus-reverse transcriptase (Life Technologies/GIBCO/
BRL, Gaithersburg, MD). Quantitative analysis of Va14Ja281 T
cell frequency was done by using multiplex RT-PCR by com-
paring the intensity of the TCRa-chain CDR3 band with the
invariant NKT cell-specific band, as described (29-31).

Cellular Assays. Mixed leukocyte reactions (MLRs) were per-
formed as described (22). For peptide presentation experiments,
mice were inoculated s.c. on the back with 1 X 10° live,
GM-CSF-secreting B16 cells, and their spleens were harvested
when tumors reached 1.5-2 cm. CD11c™ DCs were isolated by
using MACS CD11c Microbeads (Miltenyi Biotec, Auburn, CA)
as per the manufacturer’s specifications. For mixed lymphocyte
experiments, the purified DCs (3 X 103 per well) were cocultured
in sextuplicate in 96-well Falcon 3077 U-bottom plates contain-
ing responder cells (5 X 10* per well) from each strain of mouse,
and proliferation was determined by 3H-thymidine incorpora-
tion at the end of 5 days. Antigen-specific IL-2 secretion was
performed by using bead-purified DCs (3 X 10° per well)
cocultured in sextuplicate in 96-well Falcon 3077 U-bottom
plates with 2 X 10* cells of either the I-Ab:Ea52-68-specific
hybridoma 1H3.1 or TCR transfectant H30 (32, 33) with or
without increasing doses of Ea52-68 peptide (Dana-Farber
Cancer Institute Molecular Biology Core Facility). IL-2 secre-
tion was measured after 48 h by using the OptEIA mouse IL-2
ELISA kit from PharMingen as per the manufacturer’s specifi-
cations. The 1H3.1 and H30 clones were kind gifts of Charles
Janeway, Jr. (Yale University, New Haven, CT).

Cytokine Assays. Tumor-induced cytokine production was mea-
sured as described (22). Briefly, splenocytes were harvested 7 or
8 days after vaccination with irradiated, GM-CSF-secreting B16
cells, depleted of erythrocytes, and cultured (1 X 10° cells) with
irradiated (100 Gy) B16 cells (1 X 10°) in 2 ml of complete
medium supplemented with 10 units/ml IL-2. Supernatants were
harvested after 5 days and assayed for GM-CSF, IL-5, IL-10,
IL-13, and INF-y by ELISA using the appropriate mAbs [En-
dogen (Woburn, MA), PharMingen, and R & D Systems].
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Fig. 1. Vaccination with irradiated, GM-CSF-secreting B16 melanoma cells is
abrogated in CD1d-deficient mice. (A) Female C57BL/6 WT, CD1d-, or Ja281-
deficient mice were immunized with irradiated, GM-CSF-secreting B16 cells
and challenged 1 week later with WT B16 cells. Vaccination with irradiated,
WT B16 tumor cells failed to elicit protective immunity in any strain, and CD1d
was not expressed on WT or transduced melanomas (data not shown). (B)
Splenocytes isolated from vaccinated CD1d- or Ja281-deficient mice secreted
significantly less (P < 0.05 Mann-Whitney test) IL-13, IL-5, IL-10, and GM-CSF,
but equivalent amounts of IFN-y, compared with splenocytes isolated from
vaccinated WT mice. (C) CD1d-deficient mice show intact anti-B16 melanoma
cytotoxicity. Splenocytes were harvested after vaccination and cultured in
vitro for 5 days with irradiated B16 cells; >'Cr assays were performed against
B16 targets.

Cytotoxicity. Splenocytes were harvested 7-10 days after vacci-
nation with irradiated, GM-CSF-secreting B16 cells, depleted of
erythrocytes, and cultured (1 X 10° cells) with irradiated (100
Gy) B16 cells (1 X 10%) in 2 ml of complete medium supple-
mented with 10 units/ml IL-2. A total of 2 X 10° IFN-y-treated
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Fig. 2. Myeloid-type DCs recruited by GM-CSF express CD1d and MIP-2. (A)
Expression of CD1d on DCs expanded by GM-CSF or FL. The intensity of CD1d
on CD8a™ and CD8a~ DCs was determined by first gating on CD11c™ MHCclass
II" DCs (Left) and then displaying CD1d versus CD8a staining (Right). A
representative FACS from one of five experiments with similar findings is
shown. (B) CD1d is expressed at significantly higher levels (x, P < 0.01, n = 5)
on CD8a~ DCs induced by GM-CSF treatment compared with CD8a~ DCs
induced by FL treatment. (C) The relative frequency of invariant Va14Ja281
TCRa-chain transcripts in the spleens of mice challenged with GM-CSF- or
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B16 targets were labeled with 100 wCi of 3'Cr for 2 h and plated
at 103 cells per well in U-bottom 96-well plates. Effector cells
were added in quadruplicate at varying effector-to-target ratios.
SICr activity in supernatants taken 4 h later was measured in a
gamma counter (Packard). Maximal and spontaneous lysis was
determined by the addition of 4% Triton X-100 or media to the
targets. The percentage of specific >'Cr release was calculated as
100 X (sample count — background count)/(maximal count —
background count).

Statistics. A two-tailed Fisher’s exact test was used for experi-
ments examining tumor development after vaccination with
cytokine-secreting tumor cells. All other comparisons were
made with a Mann-Whitney test.

Results

iNKT Cells Are Required for GM-CSF-Secreting Tumor Cell Vaccines. To
examine the functional importance of CD1d in antitumor im-
munity and DC activation, we introduced a CD1d null allele onto
the C57BL/6 background. Homozygous CD1d- or Ja281-
deficient mice and their WT littermates were vaccinated with
irradiated, GM-CSF-secreting B16 melanoma cells and chal-
lenged 1 week later with WT B16 cells. Whereas vaccinated WT
mice efficiently rejected WT tumor challenge, as reported (21),
vaccinated CD1d- (P < 0.01) and Jo281-deficient (P < 0.01)
mice failed to generate protective immunity, with nearly
all mutant animals developing tumors at the challenge site
(Fig. 14).

To delineate the basis for the compromised vaccination in
CD1d-deficient mice, the development of antitumor effectors
was characterized. Because immunization with irradiated, GM-
CSF-secreting tumor cells stimulated a broad T helper (Th) 1
and Th2 cytokine response (22, 34), splenocytes from vaccinated
mice were harvested and their production of cytokines after
coculture with irradiated, WT B16 cells was measured. Although
CD1d- and Ja281-deficient mice and WT controls generated
equivalent levels of IFN-vy, iNKT cell-deficient animals gener-
ated reduced levels of IL-5, IL-10, IL-13, and GM-CSF (Fig. 1B).
IL-4 was not detected in any of the cultures (data not shown).
The attenuated production of Th2 cytokines by iNKT cell-
deficient mice was unexpected, as previous studies failed to
reveal compromised Th2 responses (35-37). Consistent with the
unaltered production of IFN-y, however, vaccinated CD1d-
deficient mice generated antitumor cytotoxic responses that
were equivalent to WT littermates (Fig. 1C).

CD8«a~, CD11c* DCs Stimulated by GM-CSF Express CD1d and MIP-2.
The impaired Th2 cytokine production in vaccinated iNKT
cell-deficient mice was similar to the response we previously
observed in WT mice vaccinated with irradiated, FL-secreting
tumor cells (22). This earlier work also revealed that FL-
stimulated DCs showed heterogeneous CD1d expression in
contrast to the uniform, high-level CD1d expression on GM-
CSF-stimulated DCs. Together, these findings suggested that
GM-CSF and FL might differ in their abilities to activate
CD1d-restricted T cells.

To explore this idea further, live B16 cells secreting either

FL-secreting tumor cells was determined by quantitative CDR3 spectratyping.
One 2-fold dilution for equivalent amounts of total TCR3-chain was assayed, and
samples are shown next to serial dilutions of cDNA from the CD 1d-restricted iNKT
hybridoma DN32.d3 (8). (D) FACS analysis for CD161* T cells in the spleens of mice
with GM-CSF-secreting B16 cells are compared with mice with FL-secreting B16
cells (¥, P < 0.01, n = 5). (E) Northern blot analysis of MIP-2 mRNA in DC subsets
induced by FL or GM-CSF. Splenocytes were first sorted for CD11c* and MHC class
Il bright, and then as CD8a* or CD8« . Total RNA isolated from sorted cells was
probed with 32P-labeled MIP-2 or GAPDH cDNA.

Gillessen et al.
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Fig. 3. DCs from CD1d-deficient mice are functionally impaired. (A) GM-

CSF-secreting B16 melanomas recruit myeloid-type DCs that express signifi-
cantly less cell surface MHC class Il. WT, CD1d-heterozygous, and CD1d-
deficient C57BL/6 mice were inoculated with live, GM-CSF-secreting B16 cells,
and the expression of MHC class Il on splenic myeloid-type DCs was determined
14 days later (P < 0.01 comparing CD1d~/~, n = 11 vs. CD1d*/~, n = 6, or
CD1d**, n = 11). (B) MLRs induced by DCs are impaired in CD1d-deficient
mice. Splenic DCs were isolated from mice injected with live, GM-CSF-secreting
tumor cells and used to stimulate in vitro MLRs with splenocytes from SIL,
SWR, PL/J, P/J, C3H, and B10.BR donors. Shown is a representative example
from one of four experiments with identical patterns for MLR responses. (C)
Presentation of peptide antigen to either the I-Ab:Ea52-68-specific hybrid-
oma 1H3.1 or TCR transfectant H30 (32, 33) by DCs isolated from CD1d-
deficient mice is impaired when compared with DCs isolated from WT mice.
The data presented are representative of three experiments.
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GM-CSF or FL were injected into WT mice, and their spleens
were harvested after 2 weeks. As reported, the inoculation of
either tumor line resulted in the marked expansion of CD11c*
DCs (22). However, GM-CSF-secreting tumor cells stimulated
exclusively CD8a~, CD11c* DCs, whereas FL-secreting tumor
cells stimulated a mixture of CD8«a~, CD11c*, CD8«a™, and
CDl11c* DCs (Fig. 2 A and B). Although the CD8«~, CD11c*
DCs induced by GM-CSF expressed CD1d, only the CD8a*,
CD11c* DCs induced by FL expressed CD1d, consistent with
other experiments involving the injection of recombinant FL
protein (38).

Although both GM-CSF and FL elicited the expansion of DCs
expressing CD1d, only GM-CSF stimulated an increase in the
frequency of splenic Va14Ja281 iNKT cells, as measured by both
PCR and flow cytometry (Fig. 2 C and D). Because DCs produce
specific chemokines during their maturation and migration (39),
we investigated whether MIP-2, a chemokine recently reported
to be important for the recruitment of CD1d-restricted iNKT
cells (40), was differentially associated with DC subsets induced
by GM-CSF or FL. RNA was thus isolated from sorted DC
populations and MIP-2 expression assessed by Northern blot
analysis. MIP-2 transcripts were found only in the CD8a™,
CDl11c* DCs induced by GM-CSF (Fig. 2E).

CD8a~, CD11c* DC Maturation and Function Are Impaired in CD1d-
Deficient Mice. Because CD1d-restricted iNKT cells express a
panel of gene products important for the recruitment and
activation of myeloid-type DCs (25, 26), the question of whether
CD1d-restricted T cells contribute to DC activation in this tumor
vaccination model was examined. A hallmark of DC maturation,
a process required for the maximal stimulation of T cells, is an
increase in cell surface MHC class II expression (41). FACS
analysis of splenocytes harvested 14 days after injection of live,
GM-CSF-secreting B16 cells showed comparable numbers of
CD8a~, CD11c* DCsin WT and CD1d-deficient mice (data not
shown). However, MHC class II levels were significantly de-
creased on the DCs derived from CDI1d-deficient mice when
compared with WT or heterozygous controls (Fig. 34).

To determine whether the diminished MHC class II expres-
sion could be associated with impaired antigen-presenting cell
function, DCs were harvested from CD1d-deficient mice and
WT controls after injection of GM-CSF-secreting B16 tumor
cells, and their ability to promote T cell responses in vitro was
evaluated. Consistent with the observed MHC class II low
surface phenotype, CD8a~, CD11c* DCs isolated from CD1d-
deficient mice were less efficient stimulators in MLRs than DCs
from WT animals (Fig. 3B). Although MLRs are thought to
depend on DC initiation of alloreactivity (41, 42), it is important
to note that DCs from CD1d-deficient mice cannot stimulate
iNKT cells in the responding population. Thus, a loss of iNKT
cell-derived cytokines may also contribute to the diminished
proliferative responses in these assays.

To assess the ability of CD8«~, CD11c* DCs to function in an
antigen-specific fashion, their ability to present the Ea52-68
peptide to the I-AP-restricted hybridoma 1H3.1 and TCR trans-
fectant H30 was examined (32, 33). Consistent with the results
of the MLR, CD8«a~, CDllct DCs isolated from CDI1d-
deficient mice were less efficient than WT controls in activating
the Ea52-68-restricted hybridoma and transfectants (Fig. 3C).

Discussion

These investigations were undertaken in an effort to learn more
about the roles of CD1d-restricted T cells in tumor immunity.
Previous work illustrated that invariant NKT cells may inhibit
chemical carcinogenesis and contribute to the therapeutic ac-
tions of IL-12 and a-galactosylceramide (7-9, 12-16). However,
other studies suggested that CD1d-restricted T cells may atten-
uate tumor protection (43). These contrasting findings might
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reflect differential regulation of iNKT cell activities. Because
DCs modulate iNKT cell functions (25, 26, 44—-46), we examined
in CD1d- and Ja281-deficient mice the generation of tumor
immunity in response to GM-CSF-secreting melanoma cells.
This immunization strategy stimulates the recruitment and
maturation of myeloid-type DCs (22), rendering the system
informative for exploring potential DC-iNKT cell interactions
in vivo.

Our experiments demonstrate that CD1d-restricted T cells are
required for tumor protection and optimal Th2 cytokine pro-
duction as a consequence of GM-CSF-based cancer vaccines.
Whereas invariant iNKT cells secrete IFN-y and manifest NK-
like cytotoxicity after IL-12 or a-galactosylceramide adminis-
tration (14-16, 47), CD1d- and Ja281-deficient mice immunized
with GM-CSF-secreting tumors developed comparable levels of
IFN-y and cytotoxicity as WT controls. These findings are
consistent with previous reports showing that iNKT cells are a
major source of IL-4 early after immune challenge (48). The
association of impaired Th2 responses with compromised tumor
rejection further suggests that tumor-associated cytotoxicity and
IFN-vy secretion (49) may not be sufficient for maximal tumor
immunity. Although preliminary studies indicate that host-
derived GM-CSF or IL-5 individually are not required for
efficient tumor protection (N.M. and G.D., unpublished data),
we speculate that the coordinated loss of GM-CSF, IL-5, IL-10,
and IL-13 contributes to the diminished tumor immunity. Other
investigations also implicate important roles for Th2 cytokines in
GM-CSF-based vaccines (50), and the adoptive transfer of Th2
cells can mediate tumor destruction (51). Nonetheless, the
effects of Th2 cytokines may depend on specific characteristics
of the tumor model, as iNKT cell-derived IL-13 inhibited
immunity against a viral-associated neoplasm (43).

Because the impaired Th2 responses of vaccinated iNKT
cell-deficient mice were similar to those previously observed in
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