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Allogeneic DCG Promote Lung NK Cell Activation and
Antitumor Effect After Invariant NKT Cell Activation

HIROSHI HASEGAWA!, KIMIHIRO YAMASHITA'!, DAI OTUBO!, SHIN-ICHIRO FUJII?,
TAKASHI KAMIGAKI!, DAISUKE KURODA! and YOSHIHIRO KAKEJI!

'Department of Surgery, Division of Gastrointestinal Surgery,
Kobe University Graduate School of Medicine, Kobe, Japan;
2Laboratory for Immunotherapy, RIKEN Center for integrative Medical Science (IMS-RCAI), Yokohama, Japan

Abstract. Aim: We aimed to investigate whether allogeneic
dendritic cells pulsed with alpha-galactosylceramide (DCG)
treatment induces activation of Natural Killer T (NKT) cells.
Materials and Methods: C57BL/6 and BALB/c mice were
injected with syngeneic and allogeneic DCG. We then
examined NK and NKT cell activity in the lung and spleen
and antitumor effect in various lung tumor metastatic
models. Results: While splenic NKT activity was suppressed
after allogeneic DCG treatment, allogeneic DCG treatment
induced similar antitumor effect as well as lung NKT and NK
cell activity compared to syngeneic DCG treatment.
Furthermore, allogeneic DCG treatment prolonged survival
in BI6F10, LLC, Pan02, MethA, and CT26 tumor models in
two strains of mice. Conclusion: This allogeneic DCG
treatment could be substituted for syngeneic DCG treatment.
The results obtained in the present study suggest that
allogeneic DCG treatment may provide a new approach in
cancer immunotherapy with NKT cells.

Invariant Natural Killer T (NKT) cells constitute a unique
population of T-cells with immunomodulatory properties that
link innate and adaptive immune responses and play a role in
immunity to infection, autoimmunity, atherosclerosis, allergy,
airway hyperreactivity, and tumor rejection (1, 2). Numerous
endogenous or exogenous ligands of the NKT cell T-Cell
Receptor have been  characterized, with alpha-
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galactosylceramide (aGalCer) being a well-studied exogenous
ligand. Natural aGalCer is isolated from the marine sponge
Agelas mauritianus, and its synthetic analog KRN7000 has
demonstrated tumor growth inhibitory effects in mice
subcutaneously inoculated with B16 melanoma cells (3), as well
as in mice with liver metastases inoculated via the spleen, and in
those with lung metastases inoculated via the tail vein (4, 5).

Dendritic cells pulsed with aGalCer (DCG) produce a
CD1d-aGalCer complex. While administration of both free
aGalCer and DCG induces in vitro tumor cytolytic activity
(4), each of these treatments induces NKT cells with different
properties: free aGalCer induces long-term NKT cell anergy
(defined as unresponsiveness to subsequent stimuli), while
DCG induces a prolonged Interferon (IFN)-y-producing NKT
cell response (6).

In this study, we examined allogeneic DCG treatment in
the well-established intravenous injection model of B16
melanoma lung metastasis since a previous study
demonstrated that subcutaneous injection of allogeneic DC
induced stronger NK activation than did syngeneic DC (7).
For a better understanding of the mechanism of allogeneic
DCG treatment, we examined mice with both C57BL/6 and
BALB/c background and evaluated the survival time for
animals carrying different types of tumors.

Materials and Methods

Mice and cell lines. Pathogen-free C57BL/6 and BALB/c female
mice, six to eight weeks old, were purchased from CLEA Japan
(Tokyo, Japan). The mice were maintained under specific-pathogen-
free conditions and studied in compliance with institutional guidelines
of Kobe University (Approval number: P090113). The B16F10, 4T1,
and CT26 cell lines were obtained from American Type Culture
Collection (Manassas, VA , USA). The LLC cell line was from
RIKEN Cell Bank (Ibaraki, Japan). MethA was from the Cell
Resource Center, Biomedical Research Institute of Development,
Aging and Cancer, Tohoku University (Miyagi, Japan). Pan02 was
kindly provided by Dr David C. Linehan (Washington University
School of Medicine, United States of America).
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Reagents. Anti-asialo ganglio-N-tetraosylceramide (GM1) rabbit
serum Lipopolysaccharide (LPS), and Granulocyte Macrophage
colony-stimulating Factor (GM-CSF) were purchased from Wako
Pure Chemicals (Osaka, Japan), a-GalCer (KRN7000) from
Funakoshi (Tokyo, Japan), and chromium-51 (51Cr) from MP
Biomedicals (Tokyo, Japan).

Antibodies and flow cytometry. The following monoclonal antibodies
(mAbs) were purchased from BD Biosciences (San Diego, CA, USA):
anti-mouse Cluster of Differentiation (CD) 3e, Natural Killer (NK) 1.1,
and IFN-y. Anti-mouse CD1d—aGalCer tetramer was purchased from
Proimmune Limited (Oxford, UK). Flow cytometric data were acquired
with a FACS Calibur (Becton Dickinson, San Jose, CA, USA) or
MofloXDP (Beckman Coulter, Fullerton, CA, USA) instrument, and
analyzed using Flowjo software (Tree Star, Ashland, OR, USA).

Cell preparation. Bone marrow-derived DCG were generated in the
presence of GM-CSF, LPS, and aGalCer as described previously
(6). For cell sorting, pooled lung cells from three to four naive or
DCG-immunized mice were stained with anti-NK1.1
allophycocyanin and anti-CD3e Fluorescein isothiocyanate (FITC)
mAb for 30 min at 4°C and sorted by a Moflo XDP at 4°C. For in
vitro depletion of NK1.1+ or CD3e* cells, pooled lung cells were
stained with anti-NK1.1 Phycoerythrin (PE) or CD3e PE mAb, and
NK1.1+ or CD3e* cells were removed using anti-PE magnetic beads
(Milltenyi Biotec, Bergisch Gladbach, Germany). For in vivo
depletion of NK cells, mice were treated with 50 ul anti-asialo-GM1
1 d before injection of Phosphate buffered saline (PBS) or DCG.

Cytokine production. Samples of 4x105 spleen and lung cells from
naive Wild type (WT) and DCG-immunized mice were cultured in
200 pl RPMI-1640 medium containing 10% Fetal bovine serum
(FBS) in 96-round-bottom-well plates with or without 100 ng
aGalCer/ml for 16 h. The supernatants were collected, and IFN-y
production was measured using a CBA assay kit (BD Biosciences).
Cytokine assays. The serum concentrations of IFN-y and Interleukin
(IL) -12p70 were measured using CBA assay kits. For intracellular
cytokine staining of NK or NKT cells, splenocytes were incubated
in GolgiPlug (BD Bioscience) for 2 h, and incubated with anti-
NK1.1-Allophycocyanin (APC) and CD3e-FITC mAb. After the cell
surface was labeled with mAb, cells were permeabilized in Cytofix-
Cytoperm Plus (BD Bioscience) and stained with anti-IFN-y PE.

SICr release assays. B16F10 target cells were labeled with S1Cr for
1 h at 37°C, washed three times and incubated in triplicate with
effector cells at the E/T ratio 5, 10, 20, and 40. After a 5 h
incubation, 3!Cr release into the supernatants was assayed with a
scintillation counter (7). The percent specific lysis was calculated
as: [(experimental release—spontaneous release)/(maximum
release—spontaneous release)] x100.

Statistical analysis. Differences were analyzed using the Student’s t-
test and log-rank test. A value of p<0.05 was considered statistically
significant.

Results

Syngeneic and allogeneic DCG treatment induced similar
survival benefits in BI6OF10 lung metastases models. We
studied survival as a function of syngeneic DCG dosage.
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Mice were challenged with 5x10° B16F10 melanoma cells
and then received PBS, 3><104, 3><105, or 3x10° syngeneic
DCG. The maximum syngeneic DCG dose that could be
studied was 3x10° DCG, because 1x107 DCG induced
sudden death in 10-20% of mice due to lung thrombosis. The
survival curves showed that the antitumor effect of syngeneic
DCG treatment was dose-dependent (Figure 1A). We studied
survival as a function of allogeneic DCG dosage and survival
curves showed that the antitumor effect of allogeneic DCG
treatment was also dose-dependent (data not shown). We
then decided to use 3x10° syngeneic and allogeneic DCG.

Next, we compared the survival benefit of syngeneic DCG
and allogeneic DCG treatment and the contribution of NK
cells. Mice were i.v. injected with B16F10 melanoma cells,
and i.p. injected with anti-asialo GM1 or rabbit serum for
NK depletion or control, respectively, one day later, and then
given PBS, syngeneic DCG or allogeneic DCG by i.v. three
days later. The antitumor effect of allogeneic DCG was
similar to that of syngeneic DCG in both rabbit serum- and
anti-asialo GM1-treated mice (Figure 1B).

Both syngeneic and allogeneic DCG elicited similar in vivo
IFN-y production and IFN-y-producing ability in lung. We
studied in vivo responses to allogeneic DCG. The serum
concentrations of IFN-y and IL-12p70 (Figure 2A) and IFN-
v expression in NK and NKT cells (Figure 2B) were not
significantly different between syngeneic and allogeneic
DCG-treated animals. Although IFN-y expression by spleen
cells from mice treated with allogeneic DCG was less than
that from mice immunized with syngeneic DCG, IFN-y
production by lung cells from mice treated with allogeneic
DCG was similar to that from mice treated with syngeneic
DCG (Figure 2C).

Next, we investigated NKT and NK cell expansion in
spleen and lungs. C57BL/6 mice were immunized with PBS,
syngeneic DCG, or allogeneic DCG, and three days later the
lungs and spleen were analyzed by cell count and
determination of percentage of NKT and NK cells. Both
syngeneic and allogeneic DCG induced similar NKT cell
expansion in spleen and lungs (Figure 2D).

Allogeneic and syngeneic DCG induced similar in vitro
cytolytic activity in which NK cells played a pivotal role
against B16 melanoma cells. We measured tumor cytolytic
activity in spleen and lungs. The lung cells from DCG-
treated mice had higher cytolytic activity than did spleen
cells at high E/T cell ratios (Figure 3A); consequently, we
used lung cells for cytolytic activity assays. To characterize
the main effector cells of in vitro cytolytic activity against
B16 melanoma cells, pooled lung cells from PBS- or DCG-
treated mice were sorted into NK1.1*CD3e~, NK1.1-CD3e",
and CD3e*t cells, and their cytolytic activities were
measured. Only NK1.1*CD3e~ cells from DCG-treated mice
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Figure 1. Antitumor effect of allogeneic dendritic cells pulsed with alpha-galactosylceramide (DCG) treatment in murine B16 lung metastatic model.
A: C57BL/6 mice were i.v. injected with 5x10° BI6F 10 melanoma cells, and three days later they were i.v. injected with Phosphate buffered saline
(PBS) (n=6), 3x10* DCG (n=12), 3x10° DCG (n=12), or 3x10° DCG (n=9). Survival was dose-dependent: *p<0.05 for 3x106 DCG compared to
the other DCG doses (log-rank test). B: C57BL/6 mice were i.v. injected with 7x105 B16F 10 melanoma cells. Two days after tumor inoculation,
rabbit serum or anti-asialo ganglio-N-tetraosylceramide (GM1) was i.p. injected. Three days after tumor inoculation, PBS, syngeneic DCG, or

allogeneic DCG was i.v. injected, and survival was monitored.

had evident cytolytic activity compared to cells from PBS-
treated mice (Figure 3B). To confirm that NK cells were
responsible for the observed cytolytic activity, NK1.17 cells
were depleted in vitro by a magnetic bead system (Figure
3C), and NK cells were depleted in vivo by treatment with
anti-asialo GM1 (Figure 3D). After in vitro depletion of
NK1.1% cells, the cytolytic activity of the NK1.1*-depleted
lung cells from DCG-treated mice was reduced. After in vivo
depletion of NK cells, the cytolytic activity of lung cells
from NK-depleted mice was also suppressed. The tumor
cytolytic ability of lung cells from C57BL/6 mice after
allogeneic DCG treatment was similar to that after syngeneic
DCQG treatment (Figure 3E and F).

Allogeneic DCG treatment prolonged survival in various
tumor models in two strains of mice. CS7TBL/6 mice were i.v.
injected with Pan02 pancreas adenocarcinoma cells or LLC
lung adenocarcinoma cells and then given i.v. PBS, syngeneic
DCG, or allogeneic DCG three days later (Figure 4A). In
addition, BALB/c mice were i.v. injected with MethA
sarcoma cells, 4T1 breast adenocarcinoma cells, or CT26
colon adenocarcinoma cells and then treated by i.v. with PBS,
syngeneic DCG, or allogeneic DCG three days later (Figure
4B). Neither syngeneic nor allogeneic DCG prolonged
survival in 4T1 tumor models. Allogeneic DCG treatment
conferred significantly better survival than did PBS treatment
in LLC, Pan02, MethA, and CT26 tumor models (p<0.01).
Allogeneic DCG treatment led to significantly better survival

than did syngeneic DCG treatment in CT26 tumor models
(p<0.01). These findings suggest that in both C57BL/6 and
BALB/c mice, allogeneic DCG treatment improved survival
in various tumor models except the 4T1 tumor model.

Discussion

In this study, we compared syngeneic and allogeneic DCG
treatment. Although activation of NK cells is not the only
resistance mechanism after DCG treatment, NK cells play a
pivotal role in in vivo tumor rejection after aGalCer and
DCG treatment (6). We carried-out an IFN-y-producing
assay (Figure 2D) to measure the function of NKT cells, and
killing assay to measure the function of NK cells (Figure 3).
We hypothesized that allogeneic DCG treatment would
induce a more potent antitumor effect than syngeneic DCG
treatment. However, allogeneic DCG treatment induced
similar in vivo lung NK cell and NKT cell function compared
to syngeneic DCG treatment.

‘We measured the IFN-y-producing ability and tumor cytolytic
activity by using mouse lung cells to evaluate prevention of lung
metastasis by NKT cell activation more precisely. We adopted
lung cells in the analysis because we thought that there might be
tumor-inhibitory activity in the lungs, according to the i.v. tumor
inoculation models. Therefore, we investigated the properties of
lung cells after NKT cell activation. To our surprise, lung cells
exhibited different properties in cell expansion, IFN-y-producing
ability, and tumor cytolytic activity compared to spleen cells.
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Figure 2. Allogeneic DCG activates lung Natural Killer T (NKT) cells. A: C57BL/6 mice were i.v. injected with syngeneic Dendritic Cells (DC),
allogeneic DC, syngeneic DCG, or allogeneic DCG, and the serum concentrations of Interferon (IFN)-y and Interleukin (IL)-12p70 were measured
6, 12, 24, and 48 h later. Each data point is the mean+SD of the measurements from two mice. B: This experiment was carried-out as in A, but the
spleens were analyzed for IFN-y production in NK1.1*CD3e~ Natural Killer (NK) cells and NK1.1*CD3et NKT cells 10 h after treatment. C:
C57BL/6 and BALB/c mice were i.v. injected with syngeneic DCG or allogeneic DCG, and two days later, 4x 103 spleen and lung cells were cultured
in 200 ul with or without 100 ng alpha-galactosylceramide (aGalCer)/ml for 16 h. The IFN-y concentration in each medium was then measured.
Each data point is the mean=SD of triplicate cultures. Syngeneic DCG treatment induced more IFN-y prediction in spleen cells than did allogeneic
DCG treatment (*p<0.05). D: C57BL/6 mice were i.v. injected with syngeneic or allogeneic DCG and three days later, the lungs and spleen were
analyzed for NKT and NK cell count and percentages. Each data point is the mean+SD of measurements from four mice.

NKT cell expansion and cytolytic activity was more evident in To determine the antitumor effect of allogeneic DCG
lungs than in spleen after NKT cell activation. Interestingly, both ~ treatment, we investigated six tumor models. Neither
syngeneic and allogeneic DCG elicited similar lung NKT IFN-  syngeneic nor allogeneic DCG prolonged survival in 4T1
v-producing ability, while splenic NKT cell function was tumor models because intravenously-injected 4T1 tumor
suppressed after allogeneic DCG treatment compared to  cells metastasize to brain (8). In five tumor models, the
syngeneic DCG treatment (Figure 2D). efficacy of allogeneic DCG treatment was almost equivalent
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Figure 3. Lung Natural Killer (NK) cells were main effector cells of in vitro cytolytic activity against BI6F10 melanoma cells, and allogeneic
dendritic cells pulsed with alpha-galactosylceramide (DCG) treatment induced sufficient cytolytic activity. A: C57BL/6 mice were i.v. injected with
syngeneic DCG and assayed for cytotoxicity two days later by incubating the spleen or lung cells with 51Cr-labeled target BI6F10 cells for 5 h at
the indicated Effector/Target ratios and then measuring 3! Cr-release. B: This experiment was carried-out as in A, but the effector lung cells were
sorted into (i) NK1.1*CD3e~, (ii) NK1.1-CD3e~, and (iii) CD3e* cells by a cell-sorter and assayed for cytotoxicity two days after i.v. injections. C;
C57BL/6 mice were i.v. injected with Phosphate buffered saline (PBS) or DCG, and two days later lung NKI.1% and CD3e* cells were depleted in
vitro by a magnetic bead system and assayed for cytotoxicity. D: C57BL/6 mice were i.p. injected with rabbit serum or anti-asialo ganglio-N-
tetraosylceramide (GM-1) for in vivo depletion of NK cells, and one day later they were injected with PBS or DCG. The lung cells were assayed for
cytotoxicity one day later. Each data point is the mean of triplicate experiments. The in vivo depletion of NK1.1*CD3e~ NK cells was verified by flow
cytometry analyses (left). E: This experiment was carried-out as in A, but C57BL/6 mice were i.v. injected with PBS, syngeneic DCG, or allogeneic
DCG, and two days later lung cells were assayed for cytolytic activity. F: This experiment was as in E, but 1, 2, 4, 8, 12, and 16 days after treatment,
lung cells were assayed for cytolytic activity at an E/T ratio of 100.

to that of syngeneic DCG treatment, and in the CT26 tumor
model, allogeneic DCG treatment led to significantly better
survival than did syngeneic DCG treatment. Although further
research is required to understand the efficacy of allogeneic
DCQG, to the best of our knowledge, this is the first time that

the efficacy of allogeneic DCG treatment has been studied.
A phase I clinical trial using aGalCer (9) and phase I-1I
studies using antigen-presenting cells pulsed with aGalCer
(10-13) have been carried-out. It has been reported that it is
difficult to generate a sufficient number of dendritic cells
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Figure 4. Antitumor effect of allogeneic dendritic cells pulsed with alpha-galactosylceramide (DCG) treatment in various murine tumor i.v. injection
models. A: C57BL/6 mice were i.v. injected with 5x103 LLC cells or Pan02 cells. At three days after tumor inoculation, Phosphate buffered saline
(PBS), syngeneic DCG, or allogeneic DCG was i.v. injected, and survival was monitored. B: This experiment was carried-out as in A, but BALB/c
mice were i.v. injected with MethA cells, 4T1 cells, or CT26 cells. Survival was greater with allogeneic DCG treatment than with PBS (**p<0.01),
and greater with syngeneic DCG than with PBS (¥*p<0.05) (log-rank test).

from human CD34+ and CD14+ progenitors in patients
with cancer (14-15). In practice, insufficient quality and
quantity of syngeneic dendritic cells might restrict the
clinical use of DCG treatment, because a sufficient number
of functional dendritic cells were needed in order to
produce an acceptable antitumor effect in this murine
model, as we showed. We can expect that allogeneic cells
might provide a stable supply of high quality cells from
healthy donors; we therefore hope that allogeneic DCG
treatment can provide a new approach in cancer
immunotherapy with NKT cells.
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