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was quantified by reverse transcription PCR. NKT cells 
were identified by CD1d-α-GC-tetramer staining. In 
WT mice, tumor growth delay was achieved by cisplatin 
(Cis), and this effect was improved in combination with 
α-GC, but α-GC alone had little effect. Cancer cell pro-
liferation during chemotherapy was significantly inhib-
ited by α-GC, while cancer cell death was significantly 
upregulated. α-GC following chemotherapy resulted in 
NKT cell expansion and an increase of interferon-γ pro-
duction in the draining lymph node, blood and spleen. 
Gene expression of immune-associated cytokines 
was upregulated. Strikingly, the percentage of induc-
ible T cell co-stimulator+CD4 T cells, Th17/Tc17 cells 
increased in splenocytes. In CD1d KO mice, however, 
Cis alone was less effective and Cis + α-GC provided no 
additional benefit over Cis alone. α-GC alone had mini-
mal effect in both mice. NKT activation between cycles 
of chemotherapy could improve the outcome of meso-
thelioma treatment.

Keywords Mesothelioma · Chemotherapy · α-GC · NKT 
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Abbreviations
α-GC  α-GalCer, alpha-galactocysylceramide
APC  Antigen-presenting cell
Cis  Cisplatin
DC  Dendritic cell
ICOS  Inducible T cell co-stimulator
IFN  Interferon
KO  Knockout
MPM  Malignant pleural mesothelioma
NKT  Natural killer T cell
sc  Subcutaneously
WT  Wild type

Abstract We studied the impact of natural killer T 
(NKT) cell activation by alpha-galactocysylceramide 
(α-GalCer, α-GC) on cancer cell repopulation during 
chemotherapy in murine mesothelioma. The number of 
NKT cells was found to be increased during the devel-
opment of murine mesothelioma. NKT cells specifi-
cally recognize α-GC through CD1d resulting in their 
activation and expansion. Tumor-bearing mice were 
treated with chemotherapy once weekly, and α-GC was 
followed after each cycle of chemotherapy. Anti-tumor 
effect was evaluated on wild-type (WT) and CD1d 
knockout (CD1dKO) mice. Cancer cell proliferation and 
apoptosis were evaluated by Ki67 and TUNEL immuno-
histochemistry. CD4+ and CD8+ T cell proportion and 
activation in tumor, spleen, draining lymph node and 
peripheral blood were determined by flow cytometry, 
and gene expression of activated T cell-related cytokines 
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Introduction

Two major issues of chemotherapy include systemic toxic-
ity and drug resistance. Considerable evidence shows that 
cancer cell repopulation during the intervals of chemother-
apy has been considered a neglected factor leading to drug 
resistance [1–3]. Anti-tumor effect can be improved if this 
process could be effectively inhibited. Previous studies of 
ours and others demonstrated that specific inhibitors and 
immunoenhancing agents can inhibit cancer cell repopu-
lation in a variety of cancers in animal models [4–6]. This 
concept has been applied to malignant pleural mesothe-
lioma (MPM), which is a rare but aggressive cancer with 
poor prognosis. It has been associated with long-term expo-
sure to asbestos. The incidence keeps going up even though 
asbestos has been banned due to the long latency period 
after exposure [7]. The first-line chemotherapy is composed 
of cisplatin (Cis) and pemetrexed (alimta), and has shown 
clinical benefits with a prolonged median survival time of 
about 3 months [8]. Trimodality therapy with chemotherapy 
followed by radical surgery and adjuvant high-dose hemith-
oracic radiation has shown encouraging results for patients 
with N0 disease [9]. Unfortunately, the efficacy of current 
multimodality treatments is limited to selected patients with 
early stage disease and patients with advanced stage disease 
have limited therapeutic options. Therefore, more effective 
systemic therapies may offer significant improvement in 
survival for some MPM patients [10].

Immunotherapy provides hope for cancer patients. Pre-
vious studies demonstrated that the number of invariant 
natural killer T cells (iNKT, NKT) increased during the 
development of cancers including murine mesothelioma 
[11, 12]. A clinical trial indicated that NKT cells increase 
following the injection of α-galactosylceramide (α-GalCer, 
α-GC)-loaded dendritic cells (DCs) [13]. NKT cells spe-
cifically recognize the α-GC pulsed by DC through CD1d 
resulting in their activation and expansion [14]. NKT cell 
activation involves uptake of glycolipid antigen α-GC 
by antigen-presenting cells (APC) and presentation to 
NKT cells in CD1d–antigen complexes, resulting in rapid 
expression of proinflammatory cytokines by iNKT cells 
[15]. Cross talk between DC and NKT induces CD40L 
upregulation on DCs, their maturation and IL-12 produc-
tion [16]. IL-12 activates NK and NKT cells to produce 
interferon-γ (IFN-γ) and modulate bystander activity of 
innate NK cells and adaptive CD8+ T cells [17, 18]. Mature 
DCs along with activated NKT cells can enhance helper T 
cell and B cell responses [19]. NKT cells can be mediated 
through cognate antigenic interactions by CD1d-expressing 
B cells [20]. NKT cell activation is able to mediate both 
cellular and humoral immune responses.

As a result, the high-affinity CD1d antigen α-GC analog 
activates a cascade of anti-tumor effector cells, and clinical 

studies have already shown promising results [14, 21, 22]. 
We study the impact of NKT cell activation by α-GC on 
cancer cell repopulation between cycles of chemotherapy 
in murine mesothelioma model and expect to translate this 
approach into MPM patients.

Materials and methods

Murine mesothelioma cells and animal model

Murine malignant mesothelioma cell line AB12, derived 
from an asbestos-induced tumor in Balb/c mice, has been 
described before [6, 13]. AB12 cells were cultured and 
maintained in RPMI 1640 medium supplemented with 
10 % fetal bovine serum and 1 % penicillin and strepto-
mycin. The cultures were maintained at 37 °C in an atmos-
phere containing 5 % CO2. AB12 cells (2 × 106) were 
injected subcutaneously (sc) into the right flank of female 
BALB/c mice which were provided by The Jackson Labo-
ratory (Bar Harbor, Maine).

The CD1d knockout (CD1dKO) mice were also pro-
vided by Jackson Laboratory. The strain was generated 
from C.129S2-Cd1tmGru/J. Genotyping of CD1d wild-
type (WT) and knockout mice was confirmed.

All procedures followed the animal care regulations of 
University Health Network after approval by the Research 
Ethic Board.

Genotyping of the CD1d KO mice

Genotyping was performed to confirm that the expression 
of CD1d gene was deleted, and WT Balb/c mice were used 
as controls. DNA was extracted from the ear tissue of mice 
with NaOH extraction method. NaOH (50 mM) was added 
to the ear sample and briefly vortexed. After incubation 
at 95 °C for 5 min, Tris–HCl (1 M, pH = 8.0) was added 
to neutralize the lysis solution. PCR was then carried out 
following the protocol. PCR product was separated by gel 
electrophoresis on a 1.5 % agarose gel.

Treatment of tumor-bearing mice with α-GC 
between cycles of chemotherapy

Wild-type mice were randomly divided into four groups 
as follows when tumor size reached 5 mm in diameter: (1) 
no treatment (NoRx); (2) NKT activation by α-GC alone, 
100 µl of α-GC (20 µg/ml PBS, approximately 100 µg/kg 
body weight) was injected ip once weekly for three doses, 
i.e., on day 5, 12 and 19 after tumor cell injection. α-GC 
was purchased from Enzo Life Sciences (Farmingdale, 
NY). The first day of tumor cell injection was referred to 
as day 0; (3) Cis alone, 5 mg/kg body weight was injected 
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intravenously (iv) through the tail vein once weekly for 
three doses, i.e., on day 4, 11 and 18 after tumor cell injec-
tion. Chemotherapy treatment with Cis was initiated on day 
5 after tumor cell injection; (4) combination therapy, α-GC 
was given one day after each dose of Cis (Cis + α-GC), 
following the same schedule as in groups 2 and 3.

Tumor-bearing CD1d KO mice (KO) were included as 
controls of WT mice. The groups and treatment schedule 
remain the same as WT mice, in order to evaluate the effect 
on tumor growth in the WT versus CD1dKO mice.

Tumor size was measured twice weekly by a caliper, and 
tumor volume was estimated by a formula: V = ab2π/6, 
where a and b represent the longest and shortest maximal 
perpendicular diameters, respectively [23].

In vitro cytotoxicity of glycolipid α-GC on AB12 cells

Cultured AB12 cells (2 × 106/5 ml flask) were exposed to 
a series of doses of α-GC 0, 100, 250, 500, 1,000, 5,000 
and 10,000 ng/ml or Cis 10, 100, 500, 1,000, 5,000 and 
10,000 ng/ml for 24 h. All cells were collected and washed 
in PBS twice. Annexin V or propidium iodide (PI; BD Bio-
sciences, Mississauga, ON) 1 µl of each was added to the 
tubes for staining according to the instructions provided by 
manufacturer. Cellular apoptosis and death was determined 
by flow cytometry.

Immunohistochemical staining of Ki67 and TUNEL 
for evaluation of cancer cell proliferation and apoptosis

When animals were killed 7 days after completion of the 
last dose of treatment, tumor tissues were removed and 
snap frozen immediately in liquid nitrogen, and then trans-
ferred to dry ice and kept at −80 °C until frozen sectioning 
was performed. Frozen sections were fixed in cold ethanol. 
Endogenous peroxidases, avidin and biotin were blocked 
using 1 % hydrogen peroxide and the Avidin/Biotin block-
ing kit (Dako, Carpinteria, CA). Sections were stained with 
a primary monoclonal antibody (1:50) against Ki67, and 
secondary antibody linked to streptavidin-HRP (Dako). For 
TUNEL staining, sections incubated in TdT reaction mix-
ture for 1 h at 37 °C in a humidified chamber. After rins-
ing with stop wash buffer, sections were incubated with 
streptavidin-HRP in PBS for 15 min at room temperature. 
After washing in PBS, DAB (3, 3-diaminobenzidine) was 
added to serve as a peroxidase substrate (125 μl/section) 
and slides were counterstained with hematoxylin to visu-
alize nuclei. Sections were then dehydrated and mounted 
with DPX (Ultramount, Scot Scientific).

Immunostained sections were quantified by using 
Aperio ImageScope digital scanner and Aperio Image-
Scope Viewer software version 9.0 (Vista, CA) under 200 
magnification. Tumor cell repopulation was quantified as 

the proportion of Ki67 or TUNEL positive nuclear areas 
divided by total nuclear areas [6].

Cell preparation and analysis by flow cytometry

T cell subsets including CD4, CD8 and NKT and their acti-
vation were determined by flow cytometry. On day 7 after 
completing treatment, spleens and draining lymph nodes 
were removed from tumor-bearing mice and placed into 
ice-cold RPMI1640 medium containing 1 % FBS. The axil-
lary lymph nodes from the tumor side were called draining 
lymph nodes. Peripheral blood was drawn from the heart 
of mice that were immediately euthanized by inhalation of 
CO2. Homogenized spleen and lymph node were passed 
through the cell strainer to achieve single cells. ACK lysis 
buffer (Invitrogen, Carlsbad, CA) was added and allowed 
to react for at least 15 min at reverse transcription (RT) 
to lyse red blood cells. For intracellular cytokine staining, 
splenocytes 2 × 106 cells/well in 200 µl of RPMI-1640 
complete medium were stimulated for 5 h in 96-well plates 
with 25 ng/ml phorbol myristate acetate (PMA, Sigma) 
and 500 ng/ml ionomycin (Cell Signalling Technology, 
Inc, Danvers, MA) in the presence of 10 μg/ml Brefeldin 
A (Cell Signalling) at 37 °C 5 % CO2. After washing thrice 
with staining buffer, appropriate dilutions (1:50 ~ 100) of 
Abs or isotype controls were added to each tube, 15 min 
at RT in the dark. Staining of surface markers including 
CD3, CD4, CD8 and ICOS was washed thrice with stain-
ing buffer and resuspended in 1 % paraformaldehyde/PBS 
(v/v) (Sigma). After fixation with 1 % paraformaldehyde at 
4 °C overnight, cells were permeabilized for intracellular 
staining of IFN-γ, perforin and granzyme B and fixed with 
200 µl permeabilization/fixation solution (eBioscience), 
and then washed twice with permeabilization buffer. Anti-
mouse antibodies against IFN-γ (1:30), perforin (1:50) and 
granzyme B (1:50) were added and maintained at RT for 
20 min in the dark.

Single cell suspensions were stained with monoclonal 
antibodies conjugated with different fluorescent dyes, CD3 
(clone: 17A2)-PE-Cy5, CD4 (clone: RM4-5)-FITC, CD8β 
(clone: H35-17.2)-APC, ICOS (clone: 7E.17G9)-PE, IFN-
γ (clone: XMG1.2)-PE, perforin (clone: eBioOMAK-D)-
FITC and granzyme B (clone:16G6)-PE. NKT cells were 
recognized by CD1d-α-GC-PE tetramer staining (ProIm-
mune Inc, Oxford, UK).

Cultured AB12 cells were checked to see whether CD1d 
expression was detectable, since AB12 cells were chal-
lenged into the KO mice. Anti-mouse CD1d (clone: 1B1)-
PE antibody was used 1:100 (eBiosciences).

All antibodies and isotypes were purchased from eBio-
science or BioLegend (San Diego, CA). All cells from the 
same group were pooled together as one sample for run-
ning the flow cytometry. Becton–Dickinson LSR II Flow 
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Cytometer (San Jose, CA) and FACSDiva™ software were 
used for data acquisition ™, and FlowJo™ software was 
used for analysis.

RNA extraction and real-time reverse transcription PCR 
(RT-PCR)

Total RNA was extracted from tumor and spleen using TRi-
zol Reagent (Invitrogen), and RNeasy MinElute Cleanup 
kit (QIAGEN, Valencia, CA) enabled cleanup of RNA. 
cDNA was synthesized with High-Capacity cDNA Reverse 
Transcription kits (ABI, Foster City, CA) on a PTC-100™ 
Programmable Thermal controller (MJ research Inc, Gaith-
ersburg, MD) following the manufacturer’s protocols. 
Regular PCR was carried out to establish RT-PCR stand-
ards of all target genes including CD3, CD4, CD8, ICOS, 
IL-2, IFN-γ, granzyme B and perforin, and housekeeping 
gene GAPDH. DNA fragments were obtained from regular 
PCR on a PTC-100™ Programmable Thermal controller. 
Regular PCR was performed by 10× High Fidelity PCR 
Buffer, Platinum® Taq polymerase High Fidelity, 50 mM 
MgSO4, 10 mM dNTP Mix (Invitrogen). A SYBR GREEN 
real-time PCR was performed on ABI PRISM 7900HT sys-
tem. PCR was composed of Power SYBR® GREEN PCR 
2× Master Mix (ABI), 200 nM primer and 2 μl 500 ng/μl 
cDNA × 40 cycles. Primers of all target genes and house-
keeping gene were designed by using ABI Prism® Primer 
Express™ software version 2.0.

ELISA

When animals were killed 7 days after completion of 
last dose of treatment, the spleens from mice of differ-
ent groups were removed and splenocytes were prepared 
as stated before. Co-culture of splenocytes (5 × 106 per 
well) and AB12 cells (5 × 105 per well) was performed 
in a 24-well plate with supplementation of IL-2 10 ng/
ml in 1 ml of RPMI-1640 complete medium; 24 h later, 
0.5 ml of supernatant from each well was collected to 
determine IFN-γ produced by T cells using ELISA kit 
(eBioscience).

Statistical analysis

All data are presented as the mean ± SEM. The multiple 
comparisons of cytokine gene expression, T cell subsets, 
Ki67 and TUNEL proportion of positive nuclear areas 
among groups were analyzed by using GraphPad Prism 5 
statistical software (La Jolla, CA) with one-way ANOVA 
and Bonferroni’s post-test. For two group comparison, 
paired t test with two-tailed P values was performed. A 
value of P < 0.05 was considered significantly different for 
all comparisons. *P < 0.05; **P < 0.01; ***P < 0.001.

Results

The anti-tumor effect induced by NKT cells is 
CD1d-restricted in mice

In CD1d WT Balb/c mice, tumor growth delay was 
achieved by Cis alone, and this effect was dramatically 
improved by combination with α-GC following each cycle 
of chemotherapy, but α-GC alone had little effect (Fig. 1a). 
Tumor sizes in volume were compared with pre-treatment 
at 1, 2 and 3 weeks after the first dose of Cis treatment 
(Fig. 1b). Tumor growth was significantly inhibited by α-
GC between cycles of Cis treatments (Fig. 1c). A represent-
ative experiment was shown on day 21 after tumor chal-
lenge (Supplementary Fig. 1).

Genotyping of the CD1d KO mice was performed to 
confirm that the expression of cd1d gene was not detect-
able (Supplementary Fig. 2A). Lack of NKT cells in the 
spleen or peripheral blood of CD1d KO mice was deter-
mined by flow cytometry with α-GC-tetramer staining 
(Supplementary Fig. 2B). Furthermore, after AB12 cells 
were challenged into the KO mice, cultured AB12 cells 
were checked and no CD1d expression was detected (Sup-
plementary Fig. 2C).

Comparing tumor growth in CD1d WT versus KO mice, 
tumor progression in untreated mice was faster in CD1d 
KO than in the WT mice beyond 11 days after tumor chal-
lenge. The administration of α-GC during the intervals of 
chemotherapy was not effective in CD1d KO mice com-
pared to WT mice, and chemotherapy alone appeared to 
work better in WT mice than in KO mice (Fig. 2a, b). Over-
all, there was no significant difference between Cis alone 
and Cis + α-GC in KO mice (Fig. 2c). α-GC alone had lit-
tle effect on tumor growth in either KO or WT mice in this 
model. 

In vitro cytotoxicity of α-GC on cultured AB12 cells

α-GC, known as an immunoenhancing agent, had no cyto-
toxicity observed even though the concentrations reached 
doses as high as 10 µg/ml. Cis, used as positive control, 
displayed cytotoxicity to AB12 cells in a dose-dependent 
manner. Doses higher than 1 µg/ml resulted in significant 
increase of early apoptotic cells (Annexin V+/PI−) and 
dead or necrotic cells (Annexin V+/PI+), while viable and 
non-necrotic cells (double negative) decreased (Supplemen-
tary Fig. 3).

The impact of α-GC on cancer cell proliferation 
and apoptosis during the intervals of chemotherapy

Cancer cell proliferation and apoptosis were quantified by 
Ki67 and TUNEL nuclear staining, respectively (Fig. 3a). 
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The proportion of positive nuclear area occupied by Ki67 
or TUNEL divided by total nuclear area was referred to 
as Ki67 or TUNEL labeling index. Cancer cell repopula-
tion (Ki67) was significantly inhibited by α-GC when 
given weekly after each cycle of Cis; on the contrary, can-
cer cell apoptosis increased significantly when compared 
to Cis alone, and the untreated tumor had lowest TUNEL 
labeling index. Chemotherapy alone resulted in significant 
inhibition of tumor cell proliferation and rise of apoptosis. 
α-GC alone had little effect on tumor cell proliferation, 
but appeared to have some effect on tumor cell apoptosis 
(Fig. 3b, c).

Enhancement of anti-tumor immune responses induced 
by NKT cell activation

ELISA results indicated that administration of α-GC fol-
lowing each cycle of chemotherapy resulted in a signifi-
cant increase in IFN-γ produced by splenocytes indepen-
dently of the administration of Cis. Granzyme B tended 

to increase in mice receiving Cis and α-GC, but the dif-
ference did not reach significance. Immunosuppressive 
cytokines such as TGF-β were not different between 
groups, and IL-10 tended to decrease in mice receiving 
Cis and α-GC but the difference did not reach significance 
(Fig. 4a).

Gene profile of the immune-associated cytokines and 
cytolytic enzymes determined by RT-PCR showed that 
the gene expression of the immune-associated cytokines 
(IFN-γ and ICOS) was significantly upregulated in mice 
receiving Cis and α-GC. Cytolytic enzymes (granzyme B 
and perforin) tended to be upregulated after chemotherapy 
and α-GC in spleen but did not reach significance (Fig. 4b). 
IL-12 expression in the spleen was also remarkably upregu-
lated after treatment with α-GC and Cis (Fig. 4c). On the 
other hand, gene expression of the immunosuppressive 
molecules such as IL-10 in spleen and TGF-β in spleen or 
tumor did not change. IFN-γ, granzyme B, ICOS and IL-17 
significantly increased in the tumor after treatment combin-
ing Cis + α-GC (Fig. 4d).

Fig. 1  Anti-tumor effect induced by NKT cell activator α-GalCer (α-
GC) combined with chemotherapy in murine mesothelioma AB12. 
a Tumor growth on individual mouse after treatment with cisplatin 
(Cis) 5 mg/kg, iv, once weekly for three doses, α-GC 100 µg/kg, 
ip, once weekly for three doses, and α-GC following each cycle of 
cisplatin (Cis + α-GC), untreated tumor-bearing mice were used as 

controls (NoRx). Treatment was initiated on day 5 after tumor cell 
injection. The first day of tumor challenge was referred to as day 0; 
this experiment was repeated three times; b comparisons of tumor 
volumes at weekly time points after treatment; c treatment schema as 
indicated in the text
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Activation of T cell subsets induced by α-GC was 
observed in the group of combination treatment with 
Cis + α-GC. Compared with Cis alone and α-GC alone, 
the number of NKT cells (CD1d–α-GC-tetramer+CD3+) 
increased in the peripheral blood and tumor of WT mice in 
the combination group with Cis + α-GC (Fig. 5a). In con-
trast, the number of NKT cells showed little difference in 
spleen and draining lymph nodes (data not shown). There 
were more IFN-γ-producing cytotoxic CD8 T cells after 
5 h culture of lymphocytes with supplementation of IL-2, 
especially from the peripheral blood and the draining lymph 
nodes of mice treated with Cis + α-GC (Fig. 5b). The num-
ber of NKT cells in tumor and blood increased dramatically 
after treatment with Cis alone and in combination with α-
GC. We found that the proportion of NKT cells is approxi-
mately 6 % in WT tumor-bearing mice whereas it was much 
lower in CD1dKO mice. These could possibly be type I 
NKT cells after Cis, since both types are CD1d-restricted.

The number of activated conventional cytotoxic CD8 T 
cells and helper CD4 T cells both increased in the spleen 
of mice treated with Cis + α-GC, compared with Cis alone 
(Fig. 5c). Interestingly, the proportion of IL-17-producing 
CD8 T cells (Tc17) and CD4 T cells (Th17) rose in the 
splenocytes of WT mice treated with combination of Cis 
and α-GC rather than in KO mice (Fig. 5d).

Discussion

Mesothelioma treatment remains challenging even though 
various novel approaches have been developed. Cancer 
immunotherapy has shown promising results when com-
bined with conventional therapies [24–26]. The present 
study demonstrated for the first time that NKT cell acti-
vation by glycolipid analog α-GC resulted in significant 
inhibition of cancer cell repopulation between cycles of 

Fig. 2  Comparisons of tumor growth in CD1dWT and KO mice 
after treatment. The growth curves of tumors in CD1d WT mice ver-
sus KO mice plotted as a function over time after sc implantation (a, 
b). Statistical analysis was done between the groups of Cis alone and 
Cis combined with α-GC (Cis + α-GC) in WT vs KO mice (c). The 

experiment was repeated at least twice, n> or =15 animals/group. 
*P < 0.05; **P < 0.01; ***P < 0.001; *WT Cis + α-GC vs WT Cis. 
Hash symbol WT Cis + α-GC vs KO Cis; WT Cis vs KO Cis. Dollar 
symbol WT Cis + α-GC vs KO Cis + α-GC; WT Cis vs KO Cis + α-
GC
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chemotherapy. Several clinical trials using α-GC are cur-
rently ongoing for different types of cancers worldwide [21, 
27–29]. However, there have been limited studies on α-GC 
in pre-clinical models or in patients with mesothelioma. 
Our results suggest that α-GC given during the intervals 
of Cis treatments can improve the efficacy of chemother-
apy through an enhanced activation of the immune system 
against the tumor. α-GC could therefore be expected to 
achieve clinical benefits if it could be combined with con-
ventional chemotherapy for MPM patients in the future.

It has been well identified that the glycolipid α-GC 
analog α-GC is able to activate NKT cells through CD1d 
molecule expressed on APC. However, the mechanisms of 
α-GC on other subsets of lymphocytes or cell types remain 
not fully understood. First of all, it is necessary to know 
whether α-GC had direct cytotoxicity on tumor cells. Our 
in vitro data indicated that AB12 cells after exposure to this 
agent up to 2,000 ng/ml did not induce cell apoptosis or 
death. As expected, when Cis concentration reached levels 
as high as 1,000 ng/ml, AB12 cells became apoptotic and 

Fig. 3  Effect on cancer cell proliferation and apoptosis induced by 
α-GC between cycles of chemotherapy. Treatment was initiated when 
tumor size reached approximately 5 mm in diameter, about 5 days 
after tumor cell injection. a Histology of tumors: H&E (top panel); 
Ki67 immunostaining (mid panel); TUNEL immunostaining (bottom 

panel), ×200; b, c Proportions of Ki67 and TUNEL were quantified 
by the positive nuclear areas occupied by proliferating or apoptotic 
cells divided by total nuclear areas, respectively. This experiment was 
repeated twice. *P < 0.05; **P < 0.01; ***P < 0.001
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died, demonstrating that the effect of α-GC on cancer cells 
was to enhance the immunity against tumor rather than 
through non-specific cytotoxicity.

In this study, we found that α-GC following chemo-
therapy worked more efficiently on tumor growth in WT 
mice than in KO mice, indicating that α-GC activity is 
highly CD1d-restricted. Interestingly, chemotherapy alone 
appeared to work better in WT mice than KO mice as well, 
implicating that NKT cell activation might take place fol-
lowing chemotherapy and this effect might be partly CD1d-
dependent. As shown before, NKT cells kill target cells 
either through direct cytotoxicity by producing cytolytic 
enzymes such as granzyme B and perforin, or through 
indirect cytotoxicity by producing type I cytokines such 

as IFN-γ to activate helper T and cytotoxic effector T cells 
[30]. IFN-γ is also able to activate NK cells leading to lysis 
of tumor cells, and NK cells themselves also produce some 
amount of IFN-γ [31]. Evidence showed that in a Colon26 
adenocarcinoma murine model, not only NKT cells but 
also liver-associated NK cells play an important role in the 
anti-tumor activity induced by α-GC [32]. The effect of α-
GC on NK cells need to be investigated in this model.

Since previous experiments demonstrated that liver NKT 
cells provided the most anti-tumor effector functions [33], 
we evaluated NKT cell infiltration into the tumor after 
treatment with Cis and α-GC. Although the percentage was 
quite small, the proportion of tumor-infiltrating NKT cells 
increased dramatically in the Cis + α-GC-treated group, 

Fig. 4  Cytokine profile and the expression of the immune-associated 
genes. a Cytokine production from the splenocytes of mice untreated 
(NoRx), and treated with α-GC, Cis, and Cis + α-GC was determined 
by ELISA. When animals were killed 7 days after completion of last 
dose of treatment, the spleens from mice of different groups were 
removed and splenocytes were prepared as stated before. Co-culture 
of splenocytes (5 × 106 per well) and AB12 cells (5 × 105 per well) 
was performed in a 24-well plate with supplementation of IL-2 10 ng/
ml in 1 ml of RPMI-1640 complete medium. 24 h later, 0.5 ml of 
supernatant from each well was collected to determine cytokine pro-

duction. This experiment was repeated twice; b the expression of the 
immune-associated genes and cytolytic enzymes in the spleen were 
quantified by reverse transcription PCR; c TGF-β expression in both 
spleen and tumors, and IL-12 and IL-10 expressions in spleens were 
quantified as well; d gene expression of cytokines IFN-γ, granzyme 
B, IL-17 and ICOS in tumor tissues of WT mice was quantified by 
RT-PCR. When animals were killed 7 days after completion of last 
dose of treatment, tumor tissues were collected for RNA extraction as 
stated in Methods. This experiment was repeated once
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compared with other groups (Fig. 5), suggesting that accu-
mulation of NKT cells in tumor microenvironment may 
play an important role in anti-tumor immunity.

Gene expression of cytokine TGF-β did not change sig-
nificantly after NKT cell activation, suggesting that α-GC-
induced immune response may not be modulated through 
TGF-β pathway, since TGF-β is known as an immunosup-
pressive cytokine by inhibiting DC maturation and induc-
ing T cell dysfunction [34, 35].

The number of Th17 and Tc17 cells increased in WT 
mice after treatment with α-GC during chemotherapy, but 
did not change in CD1dKO mice. The effect of Th17/Tc17 

subsets is not fully characterized so far, yet some studies 
have reported that Th17 cells are a highly plastic population 
and promote cytotoxic T cell activation in tumor immunity 
[36–38]. IFN-γ played a critical role by creating a microen-
vironment to promote Tc17-mediated anti-tumor immunity 
which was independent of the direct effects of IFN-γ on the 
tumor [39]. Further studies need to be conducted to clarify 
the association of Th17/Tc17 and NKT cell activation in 
this model.

Both RT-PCR and flow cytometry results showed that 
the inducible co-stimulator ICOS had high levels of expres-
sion on T cells in tumor and lymphatic organs. ICOS 

Fig. 5  Determination of NKT cells in tumor, peripheral blood 
and lymphoid tissues. The number of NKT cells was identified by 
α-GalCer-tetramer and CD3 double positive cells in peripheral blood 
(top panel) and in tumor (bottom panel) (a); and IFN-γ produced by 
CD8 T cells in peripheral blood, draining lymph node and spleen of 
mice treated with chemotherapy alone versus chemotherapy followed 
by NKT cell activation with α-GC (b). When animals were killed 

7 days after completion of the last dose of Cis, the spleens from mice 
of different groups were removed and splenocytes were prepared as 
stated in Methods. For intracellular staining, splenocytes were stimu-
lated with 25 ng/ml PMA, 500 ng/ml ionomycin and 10 μg/ml BFA 
for 5 h at 37 °C 5 % CO2. ICOS expression (c) and IL-17 intracellular 
staining in CD4 and CD8 T cells in the spleen was compared in WT 
versus KO mice (d). This experiment was repeated once
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and its ligand interaction activate T cells that are primed 
under Th17 polarizing conditions and convert into IFN-γ-
producing effector cells [40]. Expression of ICOS on Th1 
and Tc1 cells could partly explain why α-GC enhanced the 
anti-tumor immunity by activating NKT cells and cytotoxic 
effector T cells. Based on the cytokine release, CD4+ T 
cells were predominantly Th1. However, activated helper T 
cells might also include some Th2 cells since anti-inflam-
matory cytokines such as IL-10 is also upregulated. As 
shown before, upon recognition of α-GC/CD1d complex, 
NKT cells rapidly release large amounts of a broad range 
of cytokines including pro-inflammatory Th1 cytokines, 
such as IFN-γ and TNF-α, and anti-inflammatory Th2 
cytokines, such as IL-10. Our RT-PCR results indicated that 
the gene expression of IFN-γ, TNF-α and IL-10 was upreg-
ulated in tumor and spleen after treatment with Cis + α-GC 
compared with Cis alone, α-GC alone or untreated group 
(Fig. 4).

IL-12 has been shown to induce anti-tumor immunity 
against malignant mesothelioma [41, 42]. Effect on tumor 
growth occurred when IL-12 was released within the tumor 
by co-administration of IL-12 gene transfected mesothe-
lioma cells. This effect was dependent on the involvement 
of both CD4 and CD8 T cells but not NK cells [41]. The 
upregulation of IL-12 gene expression in tumor might be 
associated with the anti-tumor effect induced by NKT cell 

activation in our model (Fig. 4). It has been well studied 
that α-GC analogs stimulated production of cytokines IFN-
γ and IL-12, and its therapeutic activity required the pres-
ence of IL-12 [43]. IFN-γ produced by activated iNKT 
cells after in vitro stimulation or infection was overwhelm-
ingly dependent on toll-like receptor-driven IL-12 [44].

In conclusion, the anti-tumor immunity induced by NKT 
cell activation might trigger a series of immune signal cas-
cade and orchestrate the immune responses against tumor. 
As shown in Fig. 1, α-GC alone had little effect, and Cis 
alone had some anti-tumor effect. However, strikingly, α-
GC in combination with Cis had synergistic effect against 
tumor growth without increasing systemic toxicity. NKT 
cells may play a critical role in shaping both innate and 
adaptive immune responses against cancer [45]. The func-
tional roles of NKT cells in tumor microenvironment rely 
on multiple factors, including cytokines, T cell subsets and 
the APC with which NKT cells interact. The contribution 
of these factors is likely to be context dependent (Fig. 6) 
[46]. Therefore, profound understanding of NKT cell biol-
ogy and the working mechanisms will be helpful to target 
NKT cells successfully for cancer immunotherapy.
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