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Abstract

Background Cancer immunotherapy with NKT cells is a
potential new treatment strategy for advanced head and
neck cancer. NKT cell therapy is promising due to its
unique anti-tumor activity and higher degree of safety com-
pared to current therapies. Radiotherapy is indispensable as
a standard treatment for advanced head and neck cancer. To
elucidate the possibility of using NKT cells as an adjuvant
immunotherapy with radiotherapy, we examined the effect
of radiotherapy on NKT cells in patients with head and
neck cancer.

Methods The number, IFN-y production and proliferation
capacity of NKT cells were analyzed before and after
50 Gy radiation therapy in 12 patients with stage IV head
and neck squamous cell carcinoma. The cytotoxic activity
of NKT cells was examined in vitro.
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Results  The number of NKT cells in the blood varied widely
between patients. After radiation therapy, the population of
CD3 T cells decreased significantly, while the NKT cell popu-
lation remained stable. The number of NKT cells was the same
after radiation therapy as before. IFN-y production from NKT
cells collected just after radiotherapy was impaired after stimu-
lation with exogenous ligand, but the proliferative responses of
these NKT cells was enhanced in comparison to those col-
lected before radiation therapy. Furthermore, the proliferated
NKT cells displayed a significant level of anti-tumor activity.
Conclusion NKT cells are relatively resistant to radiation
and might therefore be suitable for adjuvant immunother-
apy to eradicate remnant cancer cells in patients who have
undergone radiation therapy.
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Abbreviations
a-GalCer o-Galactosylceramide

APCs Antigen presenting cells

CTCAE Common terminology criteria for adverse events

DCs Dendritic cells

E/T Effector cell/target cell

GM-CSF Granulocyte macrophage colony stimulating
factor

mAbs Monoclonal antibodies

NK Natural killer

NKT Natural killer T

Introduction

The management of head and neck cancer generally
involves the combined modalities of chemotherapy, radio-
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therapy and surgery [1]. In recent years, cisplatin-based
chemotherapy together with radiotherapy has been widely
used for the treatment of advanced head and neck cancer to
preserve speech and swallowing abilities. Moreover, this
combination therapy is used in the postoperative setting for
patients at high risk for recurrence [2—4]. However, the
prognoses of these patients are still poor [5, 6]. The devel-
opment of new treatment strategies is essential for improv-
ing the prognoses and the quality of life (QOL) of patients
with head and neck cancer.

Immunotherapy has emerged as a safe and promising
approach in cancer therapy and has been demonstrated to
induce significant immunological responses and beneficial
clinical effects in patients with a variety of cancers [7, 8].
Immunotherapy is expected to become a common adjuvant
for cancer therapy; however, its efficacy still needs to be
improved. Although cytotoxic T cells play an important
role in conventional immunotherapy, they are very sensi-
tive to radiotherapy [9, 10]. Radiotherapy is indispensable
for advanced cancers, particularly head and neck squamous
cell carcinoma (HNSCC).

Natural killer T (NKT) cells are an unique lymphocyte
subpopulation characterized by the co-expression of T cell
and natural killer (NK) receptors [11-13]. Human NKT
cells express the invariant Va24JoQ paired with the V11
antigen receptor and are activated by the specific glycolipid
antigen o-galactosylceramide (¢-GalCer) in a CD1d-depen-
dent manner [14]. CD1d is an HLA class 1b antigen-priming
molecule that does not exhibit any allelic polymorphism.
After activation, humanVa24NKT cells display a strong
anti-tumor activity against various malignant tumors both
in vivo and in vitro [15, 16] and produce high levels of
cytokines such as IFN-y, thereby activating other anti-
tumor effector cells. Decreased numbers of Va24NKT cells
in human peripheral blood mononuclear cells (PBMCs)
have been observed in patients with malignant diseases,
including head and neck cancer [17].

To elucidate the effect of irradiation on NKT cells, we
examined the number and function of NKT cells from head
and neck cancer patients who received radiation therapy.

Patients and methods
Patients

Patients less than 80 years of age with a histological diag-
nosis of stage IV squamous cell carcinoma at the pharyn-
geal site without any previous treatments were enrolled
from January to December 2005. Further inclusion criteria
included: a performance status of 0 or 1 and a negative
response to HIV, hepatitis C virus, hepatitis B surface anti-
gen; normal renal, hepatic and hematopoietic functions; the
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absence of active inflammatory disease or active autoim-
mune disease; and concurrent corticosteroid therapy.
A total of 12 patients and 14 healthy subjects were included
in the study as age- and gender-matched control subjects.
The study received prior approval from the Ethics Commit-
tee of Chiba University. Written informed consent was
obtained from each participant.

Radiation therapy

The patients received equalized fractionated radiotherapy
of 4 MV X-rays from a linear accelerator at a dose of 2 Gy
once daily. The entire neck was irradiated with a minimal
dose of 50 Gy. The irradiation field included the entire
neck, and the area in each patient ranged from 306 to
409 cm?. Chemotherapy was not administered. Peripheral
blood was obtained before and after radiation therapy, and
the number and activity of both the T cells and NKT cells
were evaluated.

The number of CD3-positive T cells and NKT cells

From each subject, 50 ml of peripheral blood was collected
before and after the radiation series. The lymphocytes were
isolated with density-gradient centrifugation (Lympho sep-
aration medium; MP Biomedicals, OH, USA) and subse-
quently frozen in a Cell Banker (Nihon Zenyaku, Japan) at
—80°C until the analysis was performed.

The numbers of CD3-positive T cells and NKT cells were
assayed by a flow cytometer and at least 500,000 lympho-
cyte gate events were counted (FACSCalibur BD biosci-
ences). NKT cells were defined as positive for Va24 (C15;
Immunotech, Marseilles, France), V11 (C21; Immunotech)
and CD3 (UCTHI; BD Biosciences PharMingen).

The following monoclonal antibodies (mAbs) were
used: fluorescein isothiocyanate (FITC)-labeled anti-TCR
Va24 mAb (C15; Immunotech, Marseilles, France), phyco-
erythrin (PE)-labeled anti-TCR V11 mAb (C21; Immuno-
tech), anti-CD56 mAb (B159; BD Biosciences) and
allophycocyanin (APC)-labeled anti-CD3 mAb (UCTHI,;
BD Biosciences). Isotype-matched control mAbs were used
as negative controls in the flow cytometry analyses.

Proliferative activity of NKT cells

Fifty milliliters of peripheral blood was collected from each
subject before and after the radiation series. The PBMCs
were immediately separated by the Ficoll-Hypaque tech-
nique and stored in liquid nitrogen for later analyses.
The number of NKT cells was calculated prior to use by
flow cytometry as described above. The PBMCs were
cultured in AIM-V medium containing 100 U IL-2 and
100 ng/ml «-GalCer, at 37°C in 5% CO, for 7 days. This
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cell expansion method was identical to the method used in
our clinical trial [18]. On the seventh day of culture, the
number of NKT cells was assayed in the same manner.
Thereafter, the degree of cell expansion was calculated.

IFN-y production from NKT cells

Monocytes were isolated from the patient PBMCs and cul-
tured with GM-CSF (1,600 U/ml) and IL-4 (1,000 U/ml)
for 7 days to allow differentiation into immature dendritic
cells. On the seventh day of culture, the cells were pulsed
with o-GalCer (100 ng/ml) and then cultured for 6 h with
PBMC:s from the same cancer patients. A single-cell ELI-
SPOT assay was used to detect IFN-y-producing cells in
PBMC:s. Frozen PBMCs collected at each time point (0 and
50 Gy) were thawed and cultured for 6 h or 7 days. The cul-
tured cells (5 x 10 per well) were washed and transferred
to 96-well filtration plates (Millipore, Danvers, MA, USA)
coated with an anti-IFN-y capture antibody (Mabtech AB,
Stockholm, Sweden) for 16 h. Stimulation was achieved by
the addition of 100 ng/ml aGalCer or vehicle as described
previously [18-20]. Concanavalin A was used as a positive
control. A biotinylated antihuman IFN-y antibody (Mab-
tech AB) was added. Two hours later, spots were detected
with an avidin—biotin—peroxidase complex (Mabtech AB)
and aminoethylcarbazole solution. Spot forming cells
(SFCs) were objectively quantified using an ImmunoScan
computer system and the ImmunoSpot software program
(CTL, Cleveland, OH, USA).

Cytotoxic assay with NKT cells

K562 and U937 cells were used for a cytotoxicity assay and
labeled overnight at 37°C in 5% CO, with 300 pCi sodium
S1Cr-chromate (Amersham).

PBMC:s obtained before and after radiotherapy were cul-
tured in AIM-V with 100 U IL-2 and 100 ng/ml «-GalCer
for 7 days. Thereafter, NKT cells were purified with the
MACS system (MACS, Miltenyi Biotec, Bergisch Glad-
bach, Germany) using a Va24 antibody. The NKT cells
were used as effector cells. Each well of the 96-well micro-
titer plate received target cells, the indicated proportions of
effector cells and the appropriate medium at a total volume
of 200 pl. The microplates were centrifuged for 1 min at
600x g and incubated for 4 h at 37°C. After additional cen-
trifugation, 100 pl aliquots of the supernatants were
assayed for radioactivity. The fraction of the total radioac-
tivity released was calculated and the results were averaged
from triplicate values.

The percentage of specific >'Cr release was calculated
from the following formula: % of specific lysis = (sample
cpm — spontaneous cpm) x 100/(maximum cpm-—sponta-
neous cpm). Spontaneous cpm was calculated from the

supernatant of the target cells alone, and the maximum
release was obtained by adding 1 M HCI to the target cells.
The data are expressed as the mean value of the triplicate
cultures + standard deviations.

Statistical analysis

The Mann—Whitney U test was performed to compare the
NKT cell count between the control subjects and the
patients. The Wilcoxon signed rank test was used for
paired comparisons of each value before and after irradia-
tion treatment. Statistical analyses were performed using
the GraphPad Prism software program, Version 4. P val-
ues of less than 0.05 were considered to be statistically
significant.

Results
Patient profiles

The profiles of the patients are shown in Table 1. The
patient ages ranged from 55 to 78 years of age, and the
primary tumors were localized to mesopharyngeal and
hypopharyngeal sites. Neck lymph node metastases were
observed in all cases (Table 1). The pharyngeal tumors
arose near the regional cervical lymph nodes, and the irradi-
ation field and/or the area of the primary lesion and regional
lymph nodes overlapped.

NKT cells in peripheral blood
We also evaluated 14 age- and gender-matched healthy

control subjects. The number of NKT cells in the circulat-
ing peripheral blood of non-treated SCC patients was not

Table 1 Patients’ profile

Case Age/gender  Primary lesion  Stage Total
dose (Gy)
Case001 59/male Mesopharynx T4N2b 50
Case002 67/male Hypophrynx T3N2b 60
Case003 72/male Hypopharynx T2N3 60
Case004 66/male Mesopharynx T2N2b 60
Case005 58/male Hypopharynx T2N2b 70
Case006  56/male Hypopharynx T2N2b 70
Case007 73/male Mesopharynx T4N3 60
Case008  66/male Mesopharynx TIN3 72
Case009 76/male Hypopharynx T3N2b 70
Case010  58/male Hypopharynx T4N2b 60
CaseOl11 69/male Hypopharynx T4N2b 52
Case012  55/male Mesopharynx T3N2b 60
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significantly different from that of the healthy control sub-
jects (Fig. 1). NKT cells were detected in the peripheral
blood from all examined cases, although the number repre-
sented less than 0.2% of all lymphocytes and varied widely
between cases.

Influence of therapeutic irradiation on circulating T cells
and NKT cells

Consistent with other previous reports, the number of
CD3-positive T cells was found to decrease as irradiation
progressed [21]. At the time that the total dose of 50 Gy
was attained, a remarkable decrease in the number of
CD3-positive T cells was observed in each patient
(Fig. 2a). However, the number of NKT cells (which were
defined as Va24- and Vf311-positive cells) was not affected
by radiation (Fig. 2b).

Proliferation of NKT cells in response
to «-GalCer and IL-2

PBMCs (3 x 10°/well) from cancer patients were cultured
for 7 days with «-GalCer and IL-2. The expansion capacity
of NKT cells in cancer patients in response to ¢-GalCer and
IL-2 after irradiation was similar to that before irradiation
(Fig. 3). The mean cell number of three wells is indicated.
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Fig. 1 NKT cells in the peripheral blood of healthy control subjects
and patients before radiotherapy. No significant differences were
observed in the number of NKT cells between the patients and the
control subjects
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Fig. 2 a The number of CD3-positive T cells is shown. The number of
T cells was significantly decreased after irradiation. b The number of
NKT cells is shown. NKT cells did not decrease significantly in number
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Fig. 3 The expansion capacity of NKT cells in cancer patients in
response to a-GalCer and IL-2 is shown. NKT cells collected after and
before radiation therapy proliferated

Cytokine activity of NKT cells

Although the number of NKT cells did not decrease after
irradiation, the IFN-y-producing cells reflecting a-GalCer-
pulsed DCs decreased significantly (Fig. 4a). However,
after culturing for 7 days in AIM-V medium containing
100 U IL-2 and 100 ng/ml «-GalCer, which was the same
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Fig. 4 a The IFN-y spots induced by a-GalCer-pulsed DCs from fresh
isolated PBMCs are shown. These spots decreased significantly after
radiation therapy compared with those before therapy. b After culture
for 7 days with a-GalCer and IL-2, the IFN-y spots reflected by «-Gal-
Cer-pulsed DCs are shown. Those spots were significantly increased
after radiation therapy

technique as in our clinical setting [19], a significant num-
ber of IFNy-producing cells were observed in the cultured
cells collected after radiation therapy. The IFN-y activity in
the cells collected after radiation therapy was higher than in
those before radiation therapy (Fig. 4b).

Cytotoxic activity of NKT cells

The cytotoxic activity of the NKT cells toward the target
K562 and U937 cells is shown in Fig. 5. PBMCs were
obtained before and after radiotherapy, and NKT cells were
purified by magnetic bead selection. The cytotoxic activity
of NKT cells collected after irradiation was equal to that
prior to irradiation in the same patient.

Discussion

In the present study, the number of circulating NKT cells
did not decrease in patients with pharyngeal cancer in
comparison to age- and gender-matched healthy controls.
Other studies have reported a decrease in the number of
NKT cells in patients with advanced cancer, including
those with head and neck carcinoma [22]. The patients
recruited in the present study were not at an advanced can-
cer stage, and the NKT cell number varied among individ-
uals, thus suggesting a reason for the decrease in the NKT
cell number.

The effect of the therapeutic irradiation on NKT cells
and T cells was evaluated in patients with pharyngeal can-
cer, and the irradiation region in all the cases was similar.
The number of CD3-positive T cells isolated from the
patients was markedly decreased after radiation with a total
dose of 50 Gy to the head and neck area; however, NKT
cells were relatively resistant to radiation and did not
decrease in number.

Fig. 5 The cytotoxic activity of » 100 K562 U937 100 K562 U937
NKT cells is shown. The target I %
cells were K562 and U937. The © f
E:T ratios were 16:1, 8:1, 4:1, § 5
2:1 and 1:1. Effector cells from & 5’-)_
pre-radiation and post-radiation R Case 1 L Case 4
are represented by open circles 0° 6 8 4 2 1 16 8 4 2 1 0 6 8 4 2 1 16
and closed boxes, respectively
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The radioresistant activity of NKT cells has been previ-
ously reported. In a mouse model, NKT cells were found to
be more resistant to in vivo irradiation than other blood
lymphocytes, including T cells and B cells [23]. Another
study demonstrated that the number of NKT cells, but not
the number of ordinary T cells, in patients with a prior irra-
diation history was similar to that of patients with no irradi-
ation history in several types of cancer [24]. However, a
detailed comparison in the same patients before and after
irradiation has not yet been conducted.

The mechanisms involved in NKT cell radioresistance
are poorly understood. It is well known that T cells are very
sensitive to irradiation in the clinical setting. Irradiation
induces cell death by causing direct damage to DNA and
altering the intracellular signaling pathways. The high pro-
duction of reactive oxygen species in mitochondrial DNA
following irradiation might be the origin of the hyper-radi-
osensensitivity of T cells [21]. NKT cells may also respond
differently to free radicals induced by irradiation. Further
investigations are therefore necessary to elucidate the
difference between the radioresistance of NKT cells and
ordinary T cells.

NKT cells produce many cytokines, including IFN-y and
IL-4, as well as GM-CSF, TNF« and IL-2, -3, -5, -6, -9, -10,
-13, -17 and -22 [25]. After co-culture with a-GalCer, NKT
cells proliferate and differentiate into massive IFN-y-pro-
ducing NKT or massive IL-4 producing cells [26]. The
former has anti-tumor properties, whereas the latter sup-
presses anti-tumor responses. It is very difficult to control
such a large number of cytokines, but IFN-y and IL-4 have
been controlled to some extent in recent studies. The inter-
action of DC and NKT cells may influence IFN-y or IL-4
production by NKT cells. Interleukin-12 production by
DCs upregulates IFN-y production by NKT cells [27, 28].
The CD40-CD40L interaction also regulates IFN-y and
IL-4 production of NKT cells [29]. These reports help
explain tumor protection via NKT and urge the develop-
ment of the DC-NKT axis to provide innate and adaptive
immunity to human cancers.

Although the function of NKT cells, as measured by the
capacity for IFN-y production, was impaired after radio-
therapy, the intact proliferative capacity of NKT cells was
observed after stimulation with «-GalCer-pulsed DCs and
was comparable to that of cells obtained before radiother-
apy. These proliferated NKT cells exhibited significant
cytotoxic activities toward the target tumor cells. These
results suggest that even after radiotherapy, NKT cells are
well-tolerated and demonstrate normal levels of prolifera-
tion by a-GalCer-pulsed DCs. Moreover, these cells display
potent killing activity against remnant cancer tissue. The
effective anti-tumor activity of activated NKT cells in vivo
could therefore be expected with the administration of
a-GalCer-pulsed DCs to head and neck cancer patients.
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Head and neck cancer occurs in more than a half million
patients worldwide each year [30]. The management of
head and neck cancer generally involves the combined
modalities of chemotherapy, radiotherapy and surgery.
However, even after these combined therapies, relapses and
distant metastasis occur at a high frequency, and the 5-year
survival rate has been reported to be less than 40% [31-33].
Therefore, a new treatment strategy must be developed to
improve the survival and QOL of patients with advanced
head and neck cancer.

We recently conducted a phase-one study evaluating the
safety and efficacy of the administration of «-GalCer-
pulsed antigen presenting cells (APCs) to the nasal mucosa
of nine patients with either unresectable or recurrent head
and neck cancer [19].

In addition, we performed a phase-one study of the
administration of in vitro-expanded natural killer T cells
and o-GalCer-pulsed antigen presenting cells to the tumor-
feeding arteries and the nasal submucosal of eight patients
with either unresectable or recurrent head and neck cancer.
We observed that there were beneficial clinical effects asso-
ciated with the use of this treatment strategy for advanced
HNSCC [20].

Although there were only limited effects with regard to
the reduction of the unresectable tumors, no adverse events
exceeding CTCAE grade 2 were observed and significant
anti-tumor activity was detected. These results suggest that
NKT immunotherapy for the treatment of head and neck
cancer might be useful for destroying both small remnant
cancer tissue and micro-metastases.

Radiotherapy is indispensable for many cases of
advanced head and neck cancer. In this study, we demon-
strated that NKT cells are relatively resistant to radiation
therapy. Even after a total radiation dose of 50 Gy, a high
degree of proliferation was induced in NKT cells following
stimulation with a-GalCer-pulsed DCs. The beneficial cyto-
toxic effects of this type of therapy are therefore highly
anticipated. NKT cells might be suitable as an effective
adjuvant immunotherapy to eradicate remnant and micro-
metastatic cancer cells just after radiotherapy. Further
investigation of immunotherapy utilizing NKT cells should
therefore be conducted to fully elucidate the clinical
efficacy of this treatment modality.
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