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Abstract

Esophageal and gastric cancers collectively cause over 1.1 million deaths annually and only 20-30% of patients respond
favorably to current therapies. Cellular therapies using invariant natural killer T (iNKT) cells are showing promise for
patients with other cancers; therefore, we investigated if these cells are altered in esophageal and gastric cancer patients.
Flow cytometric analysis of peripheral blood from 139 patients revealed that iNKT cells are depleted from patients with
esophageal and gastric adenocarcinoma and esophageal squamous cell carcinoma, both before and after treatment. Inter-
rogation of the KMPIlot database of transcriptomic data from 876 gastric cancer patients revealed that low CD1d expression
is associated with poor prognosis. These observations suggest that therapies that boost CD1d expression and iNKT cell
responses may benefit these patients. However, we found that chemotherapies used for esophageal and gastric cancers have
adverse effects on iNKT cells in vitro. Cisplatin caused a significant reduction of CD1d expression by esophageal tumor
cell lines. Cisplatin, 5-fluorouracil and carboplatin induced dose-dependent apoptosis in primary lines of iNKT cells and
inhibited CD1d-dependent interferon-y production and cytolytic degranulation by viable iNKT cells. Interestingly, cisplatin
increased granzyme B and perforin production and decreased the production of the granzyme B inhibitor PI9, which protects
cytotoxic cells from self-damage by granzyme B. Thus, cisplatin-induced apoptosis of iNKT cells may be mediated in part
by altering granzyme B and PI9 expression. Our data suggest that iNKT cell-based immunotherapies may benefit patients
with gastrointestinal cancers, but may be negatively affected by chemotherapies used for these cancers.
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SCC, reflecting the rise in obesity, gastro-esophageal reflux
disease and Barrett’s esophagus [2, 3]. Treatment for upper
gastrointestinal cancers normally involves a combination
of surgery, chemotherapy and radiotherapy. The most com-
mon chemotherapy drugs used to treat EC and GAC are
cisplatin, 5-fluoruoracil (5-FU), carboplatin and paclitaxel
[4]. Only ~30% of EC patients and ~25% of GAC patients
respond to treatment leading to dismal 5-year survival rates
of 15-25% of EC patients and 25-35% of GAC patients [4,
5]. Clearly, new treatments for EC and GAC are required.

Invariant natural killer T (iNKT) cells are a subset of
cytotoxic T cells with potent antitumor activities. They are
characterized by the expression of semi-invariant T-cell
receptors (TCR), which recognize glycolipid antigens pre-
sented by the major histocompatibility complex (MHC)
class I-like molecule CD1d [6, 7]. iNKT cells recognise a
number of self and microbial glycolipids, but most studies
have used the xenogeneic glycolipid a-galactosylceramide
(a-GalCer) [6, 7]. iNKT cells can also be activated by
ligation of cytokine receptors and an array of stimulatory,
costimulatory and inhibitory receptors found on natural
killer (NK) cells. Upon activation, iNKT cells kill target
cells by secreting granzyme B and perforin, which induce
apoptosis of tumor cells by caspase-dependent pathways [8].
iNKT cell activation also results in the rapid secretion of
a diverse array of T cell-polarizing cytokines, leading to
activation and regulation of other immune cells including
NK cells, dendritic cells (DC), macrophages, neutrophils, T
cells and B cells. The cytokine profiles of iNKT cells define
multiple functional subsets, which include tumor-promoting
as well as tumor-killing effectors [6, 7].

Cellular immunotherapies involving the ex vivo expan-
sion and activation of autologous immune cells and infusion
back into patients are showing promise for cancer treatment.
So far, clinical trials have used a-GalCer, a-GalCer-pulsed
autologous DC, or autologous iNKT cells expanded ex vivo
using a-GalCer or anti-CD3 antibody in the presence of
IL-2 [9-13]. However, in all studies, the clinical efficacies
were modest. It is possible that the iNKT cell-based immu-
notherapies in humans demonstrated poor efficacy because
of advanced disease, or because their cellular immune
responses are impaired by previous or ongoing use of con-
ventional cytotoxic chemotherapies or radiotherapies. In the
present study, we have evaluated the utility of iNKT cell-
based immunotherapies for gastrointestinal cancers if used in
combination with first-line chemotherapies by assessing how
cisplatin, 5-FU, paclitaxel and carboplatin affect iNKT cell
functions. This study provides new insights into the potential
use of NKT cell-based immunotherapies for GAC, EAC and
SCC at a time when immunotherapies are revolutionizing
cancer treatment.
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Materials and methods
Subjects

Whole blood samples were obtained from 139 patients
with EAC, SCC or GAC (114 male; mean age 66) undergo-
ing surgery at St. James’s Hospital, Dublin, Ireland. Pre-
treatment blood was taken at diagnosis and post treatment
blood was taken on the day of surgery, which was typically
3 months after diagnosis and 6-8 weeks after cessation of
treatment. The demographics of the patients are shown in
Table 1. Blood samples were also obtained from 17 healthy
donors (10 male; mean age 63).

Antibodies and flow cytometry

Fluorochrome-conjugated monoclonal antibodies (mAb)
specific for human CD3, Va24Jal8 TCR (clone 6B11),
perforin, granzyme B, CD19, CD14, CD1d, (BioLegend)
CD45, CD107a, (BD Bioscience), IFN-y, IL-4 (Miltenyi
Biotec), PI9 (Invitrogen) and the dyes annexin V (Santa
Cruz Biotechnologies and BD Bioscience), propidium iodide
(PI; Invitrogen) and carboxyfluorescein succinimidyl ester
(CFSE; Thermo Fisher) were used. 100 pl of whole blood or
0.1-0.5x 10° of expanded iNKT cells or OE33 cells (EAC
cells) was stained with mAbs for 15 min. Red blood cells
(in whole blood samples) were lysed with BD lysis buffer.
Cells were acquired on a FACSCanto II flow cytometer (BD

Table 1 Demographic information on the patients

Cancer type OAC (n=80) SCC (n=28) GAC (n=31)
Age (years) 64.5 (43-96) 64.2 (46-80)  68.4 (49-87)
Sex 91.3% male 64.3% male 74.2% male
Treatment?

Chemotherapy 34 patients 7 patients 18 patients

Chemoradiation 21 patients 13 patients -

Other 25 patients 8 patients 13 patients
Tumor regression

grading (TRG)®

1 3 5 1

2 3 1 3

3 15 2 4

4 9 1 5

5 6 1 4
Mean body mass 26.9+4.6 24.6+4.1 27.7+3.9

index (BMI) at
diagnosis®

4QOther, surgery alone or palliative treatment

"TRG, tumor regression grading. TRG for 40 patients was not avail-
able

“BMI, body mass index. BMI for 27 patients was not available
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Bioscience) and analysed using FlowJo Version 10 (Tree
Star) software.

Analysis of associations between CD1d mRNA
expression and overall survival of gastric cancer
patients

To determine if CD1d mRNA expression in cancer sam-
ples is associated with patient survival, we interrogated the
KMPIlot database of gastric cancer patient groups [14]. In
this database, multiple independent transcriptomic datasets,
generated using Affymetrix Human Genome Arrays, are
merged and can be interrogated to compare outcomes asso-
ciated with expression levels of mRNA coding for prognos-
tic biomarker candidates. 876 gastric cancer patients were
divided into high- and low-CD1d mRNA expression groups,
with the best performing threshold being used as the final
cut-off in a univariate Cox regression analysis. Basic uni-
variate analysis was performed to assess overall survival in
gastric cancer patients of all stages.

Chemotherapy drugs

The commonly used chemotherapy drugs for upper gastro-
intestinal cancer, cisplatin, 5-FU, carboplatin and paclitaxel
were purchased from Sigma-Aldrich. Stocks were made fol-
lowing the manufacturer’s instructions. Cisplatin was recon-
stituted in 0.15 M sodium chloride to a stock concentration
of 3.3 mM. 5-FU was reconstituted in dimethylsulfoxide
(DMSO) at 100 mM. Paclitaxel was reconstituted in DMSO
at 10 mM. Carboplatin was resuspended in distilled water
at 100 mM.

Analysis of CD1d expression

Peripheral blood mononuclear cells (PBMC) were iso-
lated by density gradient centrifugation over Lymphoprep
(Stemcell Technologies). Cells were treated with medium
alone and various concentrations of cisplatin, 5-FU, car-
boplatin and paclitaxel. CD1d expression by B cells
(CD19*CD3~ cells), monocytes (CD14* cells) and the EAC
cell line OE33 was analysed by flow cytometry.

Generation of iNKT cell lines

Primary lines of iNKT cells were generated as described
previously [15]. Briefly, PBMC were prepared from buffy
coat packs provided by the Irish Blood Transfusion Service.
iNKT cells were enriched by magnetic bead separation using
anti-iNKT Microbeads (Miltenyi Biotec), followed by label-
ling with mAbs specific for CD3 and the Va24Ja18 TCR and
sorting the CD3*Va24Ja18* cells using a MoFlo™ XDP
Cell Sorter (Beckman Coulter). Since iNKT cells generally

account for <0.1% of PBMC, the magnetic bead pre-enrich-
ment step was necessary to obtain sufficient iNKT cell fre-
quencies for sorting. Sorted iNKT cells were expanded by
culturing 1,000 cells in iNKT cell medium [15] and stimu-
lation with a-GalCer (100 ng/ml). Cells were incubated in
the presence of 25 Gy irradiated allogeneic feeder PBMC
prepared from two donors. Medium was replaced with fresh
iNKT cell medium containing 250 U/ml IL-2 (Miltenyi
Biotec) after 24 h. Cells were expanded for a minimum of
2 weeks before use. The purities of iNKT cells were >98%
as determined by flow cytometry.

MTT cell viability assay

iNKT cell viability was measured by the 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Cells were cultured in serum-depleted medium (0.5% FCS)
overnight. Cells were treated with different concentrations of
chemotherapy drugs for 24 and 48 h. MTT (Sigma-Aldrich)
was added to each well for 3—4 h until purple formazan crys-
tals were taken up by the cells. Crystals were dissolved with
DMSO and absorbance was read at 595 nm on a VersaMax
microplate reader (Molecular Devices) and analysed using
SoftMax Pro software.

Cell death analysis

Toxicity of chemotherapy drugs against cultured iNKT cells
and OE33 cells was tested by flow cytometry using the apop-
totic marker annexin V and marker of necrosis propidium
iodide (PI). Cells were cultured overnight in serum-depleted
medium. Cells were treated with different concentrations of
the drugs. Cells were washed with binding buffer (10 mM
HEPES, 150 mM NaCl, 2.5 mM CaCl,, pH 7.4), stained
with annexin V antibody and washed with binding buffer.
Immediately before flow cytometry acquisition, PI was
added.

CD1d-dependent activation of iNKT cells

Expanded iNKT cells were stimulated in vitro for 4 h using
mock-transfected or CD1d-transfected HeLa cells or CIR
cells (denoted HeLLa-mock, HeLLa-CD1d, C1R-mock and
C1R-CD1d cells) pulsed with a-GalCer [16]. HeLa and C1R
cells were cultured in complete DMEM and RPMI media,
respectively [16].

HeLa-mock or HeLa-CD1d cells were cultured in
96-well flat bottom microtitre plates and pulsed with
100 ng/mL a-GalCer. After 18 h, the medium was replaced
with iNKT cell medium containing equal numbers of
iNKT cells and anti-CD107a mAb. 1 X monensin (Biole-
gend) was added after 1 h to prevent re-internalization
of CD107a. Following 3 h incubation, cells were stained
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with a Fixable Viability Dye followed by mAbs specific
for CD3 and Va24Ja18 and analysed by flow cytometry.

Measurement of intracellular cytokine, perforin
and granzyme B production

0.1 x 10® iNKT cells were stimulated for 4 h with CD1d-
transfected HeLa cells, previously pulsed with 100 ng/mL
a-GalCer, in the presence of monensin to prevent cytokine
release from the cells. Cells were then stained with Fix-
able Viability Dye, followed by mAb specific for cell sur-
face CD3 and Va24Jal18. Cells were then fixed with 4%
paraformaldehyde, permeabilized with 0.2% saponin and
stained with antibodies specific for IFN-y and IL-4, or
granzyme B and perforin and analysed by flow cytometry.

Total cytotoxicity and apoptosis detection

iNKT cell cytotoxicity was tested by Total Cytotoxicity
and Apoptosis Detection Kit purchased from Immuno-
chemistry Technologies and analysis by flow cytometry.
CI1R-CD1d or C1R-mock target cells were pulsed with
a-GalCer, as described above, stained with CFSE and cul-
tured with three different ratios of iNKT cells (1X, 10X,
25X) for 5 h at 37 °C. Cells were stained with annexin
V to identify apoptotic cells and 7-aminoactinomycin D
(7-AAD) to detect dead cells and analysed by flow cytom-
etry. Cells treated with 4 pg/ml camptothecin for 5 h
served as apoptosis-positive control, whereas cells treated
at 56 °C for 6 min were necrosis-positive controls. Target
cells were identified with CFSE. Percentage of specific
lysis was calculated using the formula:

% specific lysis

_ %(dead) target cells — % spontaneous(dead) target cells % 100%.

100 — %spontaneous(dead)targetcells

Immunofluorescence analysis

Immunofluorescence analysis of granzyme B was per-
formed by blocking non-specific binding of antibodies
to iNKT cells using BSA, labelling them with anti-CD45
mAb, fixing them with 4% paraformaldehyde, permea-
bilizing them with 0.2% saponin and staining with an
anti-granzyme B mAb. iNKT cells were attached to poly-
L-lysine-coated slides (Sigma-Aldrich) using a Cyto-
spin. ProLong™ Gold Antifade Mountant with DAPI
(Thermo Fisher Scientific) was added, and the slides
were left to cure overnight. Images were taken with Lion-
heart FX Automated Microscope, at 10X magnification
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and fluorescence intensity was measured using Imagel
software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
Version 6.0. p values between groups were obtained using
the unpaired Mann—Whitney U test or paired ¢ test. p values
of <0.05 (*), p<0.01(**) and p < 0.001 (***) were consid-
ered statistically significant.

Results

Circulating iNKT cell frequencies are diminished
in patients with upper gastrointestinal cancers,
compared to healthy controls

The frequencies of iNKT cells, as percentages of total T
cells, in peripheral blood from 139 patients with EAC, SCC
or GAC were analysed by staining whole blood samples with
mAbs specific for CD3, CD45 and Va24Jal8 and analy-
sis by flow cytometry (Fig. 1a). The median frequencies of
iNKT cells were significantly lower in blood samples from
patients with EAC, SCC and GAC compared to healthy
controls (p <0.01, 0.05 and 0.05, respectively; Fig. 1b). No
significant differences were observed in the proportions of
iNKT cells between patients with EAC, SCC or GAC. The
median frequencies of iNKT cells were found to be similar
in pre-treatment and post-treatment blood of patients with
EAC, SCC and GAC (Fig. 1c). When the patients were
stratified according to treatment, no significant differences
in iNKT cell frequencies were observed after chemotherapy
or chemoradiation treatment (data not shown). iNKT cell
frequencies did not correlate with tumor regression grade,
determined pathologically by the extent of residual tumor
post treatment, and were similar in male and female patients
(data not shown).

Higher intratumoral CD1d expression correlates
with improved survival in gastric cancer

CD1d mRNA expression in tumors from datasets on 8§76
gastric cancer patients was analysed using the KMPlot data-
base [14]. Univariate analysis of mRNA expression deter-
mined that high expression of CD1d (found in 650 patients)
is associated with significantly improved overall survival
compared with those who had low levels of CD1d mRNA
expression (n=226; p=0.021, Fig. 2a). However, after
120 days, the overall survival of patients in the two groups
is similar, thus precluding the use of CD1d expression as a
prognostic biomarker. No information on CD1d expression
was available for esophageal cancer.
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Fig. 1 Frequencies of iNKT cells in peripheral blood from patients
with OAC, SCC and GAC. Whole blood from healthy controls and
patients with EAC, SCC and GAC was stained with mAb specific for
the Va24Jal8 TCR, CD3 and CD45. a Representative flow cytom-
etry dot plot showing CD3 and Va24Jal18 TCR expression by circu-
lating CD45™ cells from a patient with EAC. b Scatterplot showing
mean (+SEM) frequencies of iNKT cells, as percentages of T cells,
from healthy donors (n=17) and patients with EAC (n=280), SCC

Cisplatin treatment reduces cell-surface CD1d
expression by esophageal cancer cells

We next assessed the effect of chemotherapy treatment on
CD1d expression by B cells and monocytes within PBMC
from five healthy donors, and esophageal cancer cells (OE33
cells). Treatment with cisplatin resulted in a dose-dependent
downregulation of CD1d in OE33 cells (Fig. 2b). No sig-
nificant differences were observed in the mean fluorescence
intensity (MFI) of CD1d in treated B cells (Fig. 2¢) or mono-
cytes (Fig. 2d) compared to untreated control samples. No
significant differences were observed in CD1d expression

(n=28) and GAC (n=31). ¢ Scatterplots showing circulating iNKT
cell frequencies in pre-treatment and post-treatment patients with
EAC (n=39, 24), SCC (n=21, 9) and GAC (n=21, 15). The right-
hand panel shows iNKT frequencies in pre-treatment and post-treat-
ment blood from matched patients with EAC (n=11), SCC (n=2)
and GAC (n=5). iNKT cell frequencies in different groups are com-
pared using the Mann—Whitney U test)

in OE33 cells, B cells and monocytes after treatment with
5-FU, carboplatin or paclitaxel (data not shown).

Chemotherapies induce apoptosis in human iNKT
cells in vitro

We next determined the effects of the drugs used for the
treatment of upper gastrointestinal cancer on iNKT cell
survival. iNKT cell lines were sorted from human blood
and expanded in the presence of a-GalCer, IL-2 and irradi-
ated feeders. Expanded iNKT cell lines or OE33 cells were
cultured in the absence or presence of cisplatin, 5-FU, car-
boplatin or paclitaxel for 24 or 48 h and cell viability was
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Fig.2 High expression of CDI1d in gastric cancer is associated with
improved overall survival but CD1d expression by OAC cells is
decreased by cisplatin treatment. a Kaplan—Meier plot analysis of
CD1d mRNA expression in 876 patients with gastric cancer demon-
strating that high expression of CD1d mRNA is associated with sig-
nificantly better overall survival (p=0.021). HR, hazard ratio. These
data were generated using KMPlot. b-d The effect of cisplatin on
CD1d expression by OE33 OAC cells, B cells and monocytes from

measured by the MTT assay to obtain the ICs, of the drugs.
The ICj5 of cisplatin for iNKT cells was 42.6 pM, for 5-FU
was 243.3 pM, for carboplatin was 62.1 pM and for pacli-
taxel was 54.7 pM. We did not measure the ICs, of the drugs
for conventional T cells, so these results may not be specific
to iNKT cells, but may be a general T-cell effect. Toxic-
ity was also examined by staining the cells for annexin V
and PI and analysis by flow cytometry (Fig. 3a). Apoptosis
of iNKT cells was observed after 24 h and 48 h treatment
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five healthy donors. PBMCs or OE33 cells were treated with 0, 10
and 100 pM cisplatin for 24 and 48 h. Cells were stained for mAbs
specific for CD1d, CD19, CD3 and CD14. CD1d expression was ana-
lysed by flow cytometry. Graphs show mean (+ SEM) MFI of CDI1d
after 24 or 48 h treatment with cisplatin on OE33 cells (b), B cells
(CD19*CD37; ¢ and monocytes (CD14%; d). CD1d expression by
treated and untreated samples were compared using the paired ¢ test

with cisplatin (Fig. 3b). 5-FU (Fig. 3c), carboplatin (Fig. 3d)
and paclitaxel (Fig. 3e) did not significantly increase iNKT
apoptosis after 24 h, but 100 uM 5-FU and 10 uM carbopl-
atin caused significant apoptosis of iNKT cells after 48 h.
Significant increases in OE33 cell death was observed with
the four drugs at 24 h and 48 h.
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«Fig. 4 Cisplatin, 5-FU, paclitaxel but not carboplatin inhibit cytol-
ytic degranulation, whereas cisplatin only inhibits IFN-y production
by viable iNKT cells in vitro. Lines of expanded iNKT cells were
cultured for 24 or 48 h with medium alone or cisplatin, 5-FU, carbo-
platin or paclitaxel. Cells were then co-cultured for 4 h with CD1d-
transfected HeLa cells, previously pulsed with a-GalCer. Cells were
then stained with mAbs specific for cell-surface CD3, CD45 and
Va24Jal8, intracellular IFN-y and IL-4, and CD107a and analysed
by flow cytometry (a). b—i Graphs show mean (+ SEM) percentages
of viable iNKT cells that produced IFN-y and CD107a after 24 and
48 h treatment with cisplatin (b, f), 5-FU (¢, g), carboplatin (d, h)
and paclitaxel (e, i). To test direct killing by iNKT cells after treat-
ment, iNKT cells were treated for 48 h with medium, 10 uM cisplatin
or 50 pM carboplatin and then co-cultured for 5 h with CD1d-trans-
fected C1R target cells, previously pulsed with a-GalCer. Target cells
were stained with CFSE, apoptotic cells were positive for Annexin V
and dead cells for 7-AAD by flow cytometry. Graph showing mean
(+SEM) percentages of specific lysis of CDld-transfected CIRs
by iNKT cells (j). Results are means of 5 independent experiments
(*p<0.05, **p<0.01, using the paired ¢ test compared to stimulated
with a-GalCer)

Chemotherapies significantly reduce IFN-y
production and cytolytic degranulation by viable
iNKT cells

The above experiments indicate that cisplatin, 5-FU, car-
boplatin and paclitaxel induce apoptosis in a proportion of
iNKT cells. We next investigated if these drugs affected
the functions of the remaining viable iNKT cells. Lines of
iNKT cells were treated with medium alone, cisplatin (10 or
100 pM), 5-FU (10 or 100 pM), carboplatin (10 or 50 pM)
or paclitaxel (5 or 50 pM) for 24 and 48 h. These concentra-
tions span the range of plasma concentrations of the drugs
found in patients, measured in a number of publications,
which vary according to dose and time after administration.
The cells were then co-cultured for 4 h with CD1d-trans-
fected HeLa cells or CIR cells that were previously pulsed
with 100 ng/mL a-GalCer. The proportions of viable iNKT
cells producing intracellular IFN-y, IL-4 and expressing cell-
surface CD107a were quantified by flow cytometry (Fig. 4a).
CD1d-transfected HeLa cells pulsed with a-GalCer induced
significant IFN-y expression by iNKT cells. After 24 and
48 h treatment with 100 uM cisplatin, we observed a sig-
nificant inhibition of IFN-y expression by stimulated via-
ble iNKT cells (Fig. 4b). No significant decrease in IFN-y
expression by viable iNKT cells was observed following
5-FU (Fig. 4c), carboplatin (Fig. 4d) or paclitaxel (Fig. 4e)
treatment when compared with untreated iNKT cells. IL-4
was not altered after treatment (data not shown). The ability
of cisplatin to inhibit IFN-y production by iNKT cells could
be an unwanted side effect of this drug.

iNKT cells upregulated the cytolytic degranulation
marker CD107a after stimulation with a-GalCer (Fig. 4f).
Expression of CD107a by viable iNKT cells was reduced
to unstimulated levels after treatment with 100 uM cisplatin

(Fig. 4f). 100 pM 5-FU (Fig. 4g) and paclitaxel (Fig. 41)
significantly reduced CD107a expression by viable iNKT
cells after 24 h (5 and 50 pM) and 48 h (50 pM). Treatment
with carboplatin did not alter CD107a expression (Fig. 4h).

To check that cytolytic degranulation, as evidenced by
CD107a induction, is associated with target cell death, we
also examined direct killing of C1R-CD1d cells by iNKT
cells after treatment with the platinum analogues cisplatin
and carboplatin. a-GalCer primed C1R-CD1d cells for kill-
ing by iNKT cells at E:T ratios of 25:1, 10:1 and 1:1. Addi-
tion of 10 uM of cisplatin or 50 pM carboplatin did not
significantly affect the percentages of target cells that were
specifically lysed when compared to the untreated control
(Fig. 4j), suggesting that cytotoxic function of the cells is
still intact.

Granzyme B and perforin production by iNKT
cells is increased following cisplatin, but not 5-FU,
carboplatin or paclitaxel treatment

Expanded iNKT cell lines were treated with medium alone,
cisplatin (10 or 100 pM), 5-FU (10 or 100 pM), carboplatin
(10 or 50 pM), or paclitaxel (5 or 50 pM) for 24 or 48 h, and
co-cultured for 4 h with equal numbers of CD1d-transfected
HelLa cells, previously loaded with medium alone or 100 ng/
mL a-GalCer. The proportions of iNKT cells producing
granzyme B (Fig. 5a) and perforin (Fig. 5b) were quanti-
fied by flow cytometry. Up to 40% of iNKT cells produced
granzyme B and 35% expressed perforin in the presence
of CD1d-transfected HeLa cells pulsed with a-GalCer. Fol-
lowing treatment with 100 uM cisplatin, viable iNKT cells
exhibited a significant increase of granzyme B (Fig. 5¢) and
perforin (Fig. 5d) when stimulated with a-GalCer pulsed
CD1d-transfected HeLa cells. This was confirmed for gran-
zyme B by immunofluorescence analysis. Granzyme B fluo-
rescence intensity in iNKT cells increased after 24 h treat-
ment with 100 pM cisplatin (p =0.0569 when compared
with a-GalCer stimulation, Fig. 5f). No significant difference
in granzyme B or perforin production by activated iNKT
cells was observed when treated with 5-FU, carboplatin and
paclitaxel (data not shown). We then investigated if cispl-
atin treatment results in a reduction in the expression of PI9
(also known as serpin 9), an intracellular serine protease
inhibitor that protects NK and iNKT cells from self-damage
by granzyme B [17] (Fig. 5g). While 10 uM cisplatin did
not affect PI-9 expression by iNKT cells, 100 uM cisplatin
significantly reduced the frequency (Fig. Sh) and intensity
(Fig. SI) of PI-9 expression. Interrogation of the KMPlotter
database of 876 patients with gastric cancer [14] indicated
that low PI-9 gene expression is also with poor survival
(»=0.02). Upregulation of perforin and granzyme B and
downregulation of PI-9 by cisplatin, leading to granzyme
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Fig.5 Cisplatin increases granzyme B and perforin production by via-
ble iNKT cells in vitro. Lines of expanded iNKT cells were cultured for
24 or 48 h with medium alone or 0—~100 pM cisplatin, 5-FU, 0-50 pM
carboplatin or 0-50 pM paclitaxel. Cells were co-cultured with CD1d-
transfected HeLa cells, previously pulsed with a-GalCer. Cells were
then stained with mAb specific for granzyme B, perforin, CD3, CD45
and 6B11 and analysed by flow cytometry (a, b). Graphs showing
mean (+SEM) percentages of viable iNKT cells from 5 donors produc-
ing granzyme B (c), perforin (d) after 24 or 48 h treatment with cispl-
atin. Cells were treated for 24 h and stained for immunofluorescence
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Cisplatin (uM)

Cisplatin (uM)

microscopy. Representative immunofluorescence images, blue: nuclei,
green: CD45, red: granzyme B (e). Graph showing fluorescence inten-
sity of granzyme B on iNKT cells after 24 h treatment with cisplatin
(f). iNKT cell lines were treated with two doses of cisplatin and stained
for PI9, and analysed by flow cytometry (g). h Graphs showing mean
(=SEM) percentages of viable iNKT cells expressing PI9 (n=5). i
Graph showing mean (+SEM) MFI of PI9 after treatment with cispl-
atin (i). (*p <0.05, **p <0.01, using the paired ¢ test)
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B-mediated apoptosis of iNKT cells, may be a mechanism
by which cisplatin kills iNKT cells.

Discussion

CD1d-restricted iNKT cells promote anti-tumor immunity in
mice and humans by directly killing tumor cells and by con-
tact-dependent and/or cytokine-mediated interactions with
other cells of the immune system [6, 7]. However, iNKT
cells are depleted and/or functionally impaired in patients
with many different malignancies, including rectal, breast,
renal, prostate and lung cancers, malignant melanoma and
chronic lymphocytic leukaemia [15, 18-21]. Furthermore,
some tumor cells including breast [22], cervical [23], lung
[15] and chronic lymphocytic leukemia cells [21] can evade
immunosurveillance by iNKT cells by downregulating
their expression of CD1d. Several clinical trials in cancer
patients are attempting to boost iNKT cell numbers and
their anti-tumor activities. Therapeutic strategies includ-
ing intravenous injections of a-GalCer, administration of
autologous dendritic cells pulsed with a-GalCer, and/or
transfer of ex vivo expanded and activated iNKT cells, have
shown enhanced anti-tumor activity at the tumor site and at
sites of metastasis but only moderate disease stabilisation
or reduction in tumor mass [9-13]. Additionally, treatments
that induce CD1d expression by tumor cells are being tested
in vitro [15, 21]. While cellular therapies involving iNKT
cells show great promise for cancer patients, further optimi-
sation is required to achieve clinical benefits.

In the present study, we investigated if iNKT cells and/or
CD1d expression are deficient in patients with upper gastro-
intestinal cancers. By enumerating iNKT cells in peripheral
blood from 139 patients using flow cytometry, we found
that circulating iNKT cell frequencies were significantly
lower in patients with EAC, SSC and GAC compared to
age- and sex-matched healthy control subjects. Since tumor
tissue from these patients was not available for our study, we
interrogated the KMPlot database from transcriptomic data-
sets on 876 GAC patients and found that low CD1d expres-
sion is associated with significantly lower overall survival.
Therefore, it is likely that patients with upper gastrointestinal
cancers exhibit depletions of iNKT cells as well as downreg-
ulated CD1d expression on tumor cells, which would allow
them to avoid killing by iNKT cells. Cellular expression of
CD1d is likely to be influenced by the intracellular repertoire
of glycolipid ligands which may change in response to tumor
transformation.

Our observation that iNKT cells are depleted from the cir-
culation of OAC, SSC and GAC patients suggests that iINKT
cell-based immunotherapies may benefit these patients. A
question remains as to why clinical trials involving iNKT
cells have not shown the efficacies seen in mice. While

inherent differences between murine and human iNKT cells
exist, including numbers, tissue distribution, antigens rec-
ognised and functions [16, 18, 20], we hypothesised that the
failure of human clinical trials involving iNKT cells may be
because iNKT cell function is being compromised by the
chemotherapeutic regimens administrated to patients. The
most common chemotherapy drugs used for EC and GAC
are cisplatin, 5-FU, carboplatin and paclitaxel [4]. Cisplatin
and carboplatin are platinum analogues that bind to purine
bases in the DNA, interfering with DNA repair mechanisms,
causing cell apoptosis [24]. 5-FU interferes with the synthe-
sis of DNA by inhibiting thymidylate synthase [25]. Pacli-
taxel causes the polymerization and further stabilization of
microtubules, leading to a cell cycle arrest in G2/M phase,
inhibiting normal mitosis of the cells [26]. It is likely that the
toxic effects that these drugs have on tumor cells will also
have negative effects on iNKT cells.

Several studies have shown that cisplatin, 5-FU and pacli-
taxel can increase MHC class I expression on mouse and
human tumor cells [27, 28]. However, their effects on the
expression of CD1d are still largely unknown. We tested
the effect of chemotherapy drugs on CD1d expression on
immune and tumor cells. No effect was observed on CD1d
expression on B cells or monocytes; however, cisplatin
caused a dose-dependent downregulation of CD1d on the
OAC cell line OE33. Therefore, it is possible that cisplatin
causes the downregulation of CD1d on esophageal tumor
cells in vivo. Future studies are required to determine if this
drug will similarly affect primary esophageal tumor cells or
other tumor cells and to ascertain if the use of cisplatin as
first line chemotherapy would compromise the efficacy of
iNKT based immunotherapies.

Conflicting results have been reported about the effect of
chemotherapies on the anti-tumor effector cells of immune
system. While some report that 5-FU impairs NK cell func-
tions, others have shown higher numbers of infiltrating cyto-
toxic T cells and NK cells with enhanced cytotoxicity in
breast cancer patients [29, 30]. Other studies showed that
paclitaxel inhibits human NK cell-mediated killing without
affecting its viability, but NK cells are not affected by carbo-
platin and 5-FU [31]. Cisplatin has been shown to enhance
the ability of NK cells to suppress hepatocellular carcinoma
[32], lung cancer [33] and uterine endometrial cancer [34],
and enhances T cells in a murine model of melanoma [35].
Fallarini et al. [36] found that iNKT cell treatment enhanced
cisplatin-induced osteosacoma cell death in a dose-depend-
ent manner.

We describe here, a direct effect of chemotherapy on
iNKT cell viability and function. While treatment of OAC,
SSC and GAC with these chemotherapies did not lead
to significant changes in circulating iNKT cell numbers
in vivo, we observed a significant induction of apoptosis
of expanded iNKT cells in a dose-dependent manner in
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the presence of cisplatin, 5-FU and carboplatin in vitro.
Furthermore, examination of the remaining viable cells
indicated that treatment with cisplatin, but not the other
drugs, inhibited IFN-y production in response to stimula-
tion with glycolipid presented by CD1d. We saw no inhibi-
tion of IL-4 production by cisplatin, suggesting that this
drug may lower the ratios of Th1/Th2 cytokines produced
by iNKT cells, which might result in the inhibition of the
antitumor response.

iNKT cells can directly kill a number of tumor cells
in vitro and in vivo via the targeted release of the apoptosis-
inducing mediators granzyme B and perforin [6-8]. Conven-
tional chemotherapies have been reported to increase sensi-
tivity to granzyme B and perforin-mediated cell death [37].
We report here that cisplatin, 5-FU and paclitaxel inhibited
a-GalCer-induced externalization to the iNKT cell surface
of the lysosomal marker CD107a, suggesting that these
drugs block cytolytic degranulation by iNKT cells. However,
cisplatin had no effect on the ability of iNKT cells to kill
a-GalCer-pulsed HeLa-CD1d cells. Interestingly, using fluo-
rescence microscopy and flow cytometry, we observed an
increase in granzyme B and perforin production in response
to cisplatin treatment in vitro. We also found that high doses
of cisplatin caused a reduction of PI9 expression by iNKT
cells and a complete absence of this inhibitor in a subset of
iNKT cells. PI9 is a serine protease inhibitor that protects
iNKT cells from self-damage by granzyme B [17]. This sug-
gests that the apoptosis of iNKT cells, seen in response to
cisplatin treatment, is due in part to their inability to protect
themselves from self-damage by granzyme B. Future studies
are required to determine if the upregulation of granzyme B
and downregulation of PI9 occurs in the same cells, which
would add further support for this mechanism of action of
cisplatin. The absence of PI9 is associated with poor out-
comes in patients with NK/T-cell lymphoma [38]. We find
here using the KMPlotter database of 876 gastric cancer
patients that low PI-9 gene expression is also with poor sur-
vival (p=0.02).

In conclusion, we have shown that iNKT cell numbers
are lower in the circulation of patients with EAC, SCC
and GAC compared to matched healthy donors and CD1d
expression is reduced in patients who have poorer survival
rates. These observations suggest that iNKT cells do indeed
play a role in immunosurveillance for upper gastrointesti-
nal cancers and that immunotherapies involving iNKT cells
may benefit patients. Circulating iNKT cell numbers did not
change in response to treatment with cisplatin, 5-FU, car-
boplatin or paclitaxel; however, exposure of iNKT cells to
these drugs in vitro can negatively affect iNKT cell viabil-
ity and the functional outcomes of stimulating these cells
with a-GalCer, the ligand used to stimulate iNKT cells in
most clinical trials. Thus, the effects of current or previ-
ous chemotherapeutic treatment for EAC, SSC and GAC
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should be considered when developing iNKT cell-based
immunotherapies.
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