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Interleukin (IL)-4 promotes T helper type 2-biased natural killer
T (NKT) cell expansion, which is regulated by NKT cell-derived
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Introduction

Summary

CD1d-restricted natural killer T (NKT) cells can rapidly produce T helper
type 1 (Th1) and Th2 cytokines and also play regulatory or pathological
roles in immune responses. NKT cells are able to expand when cultured
with a-galactosylceramide (a-GalCer) and interleukin (IL)-2 in a CD1d-
restricted manner. However, the expansion ratio of human NKT cells is
variable from sample to sample. In this study, we sought to determine
what factor or factors are responsible for efficient in vitro expansion of
NKT cells from various inbred mouse strains. Although the proportion of
NKT cells in the spleen was nearly identical in each mouse strain, the
growth rates of NKT cells cultured in vitro with a-GalCer and 1L-2 were
highly variable. NKT cells from the B6C3F1 and BDF1 mouse strains
expanded more than 20-fold after 4 days in culture, In contrast, NKT
cells from the strain C3H/HeN did not proliferate at all. We found that
cell expansion efficiency correlated with the level of 1L-4 detectable in the
supernatant after culture. Furthermore, we found that exogenous IL-4
augmented NKT cell proliferation early in the culture period, whereas
interferon (IFN)-y tended to inhibit NKT cell proliferation. Thus, the
ratio of production of IL-4 and IFN-y was important for NKT cell expan-
sion but the absolute levels of these cytokines did not affect expansion.
This finding suggests that effective expansion of NKT cells requires
Th2-biased culture conditions.

Keywords: natural killer T cell; interleukin-4; interferon-y; glycolipid

disease. NKT cells are cytotoxic to various tumour cell
lines via Fas-ligand-, tumour necrosis factor-related

Mouse natural killer T (NKT) cells were initially identi-
fied as a T-cell subset that expresses NK cell receptors
such as NKI-1, CD94 and Ly49.'* The majority of NKT
cells have the invariant T-cell receptor (TCR) a-chain
rearrangement Vuld-Jal8 and recognize antigens pre-
sented by CD1d, a non-classical major histocompatibility
complex (MHC) class | molecule.™® NKT cells are contin-
uously sensitized by endogenous antigens so that they
display an effector-memory phenotype (such as cpe2L™™
CD44"#"57 and rapidly produce large amounts of
T helper type 1 (Th1) and Th2 cytokines when stimulated
with lipid antigens such as a-galactosylceramide (o-Gal-
Cer) in a CDIld-dependent manner.”® NKT cells are
regarded as immunoregulatory because of their cytokine
profile. Moreover, NKT cells are thought to play an
important role in response to infectious agents and in
pathological responses such as allergies or autoimmune

apoptosis-inducing ligand (TRAIL)- and/or perforin-
dependent pathways,”"* and play a role in tumour sur-
veillance."* NKT cells activated by interleukin (IL)-12 or
a-GalCer sequentially activate natural killer (NK) cells by
producing interferon (IFN)-y and induce antitumour
immune responses. This in turn inhibits tumour metasta-
sis and can suppress solid tumour growth. In some stud-
ies, it has been suggested that this ability helps to induce
tumour antigen-specific CD8 T cells, thercby making
an additional contribution to the immune response to
Cﬂl'll:ef.“

In humans, counterparts of mouse NKT cells have also
been found to be responsive to a-GalCer, which induces
them to secrete IL-4 and IFN-y. In addition, they have
been shown to be cytotoxic to tumour cells via two
different mechanisms, a CDI1d-dependent and a CDI1d-
independent mechanism.'® Human NKT cells have the
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potential to induce antitumour responses in  vivo.
However, in patients with malignancies,''” NKT cells are
reduced in number and activity, and in vivo activation by
u-GalCer leads to transient activation and long-term
unresponsiveness of NKT cells.'"™'” For that reason, adap-
tive transfer of in vitro expanded and/or activated NKT
cells is expected to induce effective antitumour responses.

To date, several combinations of cytokines with a-Gal-
Cer have been reponed to expand NKT cells isolated
from peripheral mononuclear cells. However, NKT cells
present a diverse range of expansion ratios even among
healthy individuals.”**' Although a previous study sug-
gested that differences in NKT cell proliferation are asso-
ciated with the age of the donor.™ there is still much that
remains to be determined concerning additional factors
that influence NKT cell proliferation.

In this study, we used inbred mouse strains as an experi-
mental system in which to reveal factors that affect variation
in proliferation rates among individuals. Previously, we
found that in vitro expanded NKT cells from C57BL/6 mice
retained an effector-memory-like phenotype and retained
the ability to produce cytokines.™ In addition, we found
that there was a marked difference in the NKT cell expan-
sion ratio among various mouse strains and that the differ-
ences were closely related to the bias in production of Thi
or Th2 cytokines by NKT cells. Finally, we report that a rela-
tively low rate of proliferation can be enhanced by the addi-
tion of 1L-4, which creates Th2-biased culture conditions.

Materials and methods

Mice

Female C57BL/6N, BALB/cA, C3H/HeN, DBA/2N
(C57BL/6 x DBA/2)F, (BDF1), (C57BL/6 x C3H/HeN)F,
(B6C3F1), and SJL/] mice were purchased from Charles
River Japan (Kanagawa, Japan). All mice, which were main-
tained in our animal facilities, were 8—11 weeks of age at
the time of the experiment. All animal protocols for this
study were reviewed and approved by the committee for

ethics of animal experimentation at the National Cancer
Center of Japan prior to the beginning of the study.

Moneclonal antibodies and reagents

Anti-IL-4 (clone 11B11) and anti-IFN-y (clone R4-6A2)
monoclonal antigen-neutralizing antibodies (mAbs) were
obtained from the supernatant of a hybridoma culture
maintained in serum-free medium in a CELLine CL-1000
flask (BD Biosciences, San Jose, CA) and purified by Protein
G Sepharose (GE Healthcare Amersham Biosciences AB,
Uppsala, Sweden) affinity column chromatography. Anti-
CD16/32 (clone 2-4G2) was obtained from a hybridoma
supernatant. Fluorescein isothiocyanate (FITC)-conjugated
anti-CD3 (clone 145-2C11), allophycocyanin (APC)-conju-

IL-4 promotes NKT cell expansion

gated anti-IL-4 (11B11), anti-IFN-y (XMG1-2), and a rat
immunoglobulin G1 (lgG1) isotype control (clone R3-34)
and Golgi Stop™' were obtained from BD Biosciences.
a-Galactosylceramide (2-GalCer) was kindly provided by
the Pharmaceutical Research Laboratory, KIRIN Brewery
Co. Ltd (Gunma, Japan). The phycoerythrin (PE)-conju-
gated CD1d/a-GalCer tetramer was prepared using a bacu-
lovirus expression system as previously described.** Human
recombinant IL-2 (rIL-2) was kindly provided by Takeda
Chemical Industries Lid (Osaka, Japan). Mouse riL-4 was
obtained from PeproTech EC Ltd (London, UK).

Flow cytometry

NKT cells were detected by multicolour flow cytometry as
previously described.”® Briefly, cells were preincubated
with anti-CD16/32 mAb to block non-specific FeRy bind-
ing and then stained with FITC-conjugated anti-CD3 and
PE-conjugated CD1d/a-GalCer tetramer. Dead cells were
excluded by propidium iodide staining and electronic gat-
ing. For detection of intracellular cytokines, cells were
stimulated for 3 hr with phorbol 12-myristate 13-acetate
(PMA) (25 ng/ml) and ionomycin (1 pg/ml), with the last
1 hr of stimulation in the presence of Golgi block, in a
37° 5% CO, incubator, and then washed and incubated
with anti-CD16/32 mAb, followed by incubation with
FITC-conjugated anti-CD3 and PE-conjugated CDId/
a-GalCer tetramer. Cells were then permeabilized using
Cytofix/Cytoperm (BD Biosciences) and IL-4 or IFN-y was
detected using APC-conjugated mAbs. Cells were analysed
by flow cytometry (FACSCalibur; BD Biosciences).

NKT cell proliferation assay

Preparation of splenic mononuclear cells and in viro
expansion of NKT cells were performed as previously
described.”’ Briefly, spleens of each mouse strain were
macerated aseptically and pushed through a nylon mesh
to obtain single-cell suspensions, and erythrocytes were
lysed in ammonium chloride buffer. Mononuclear cells
{1 % 10° cellsyml) were cultured with 2-GalCer (50 ng/ml)
and riL-2 (100 IU/ml) in RPMI-1640 culture medium
(Sigma-Aldrich, St. Louis, MO) supplemented with 8%
fetal calf serum (JRH Biosciences, Lenexa, KS), 2-mercapto-
cthanol (5% 107* M) 100 U/ml penicillin and 100 pg/ml
streptomycin for 4 days in a 37°, 5% CO; incubator. After
4 days in culture, the absolute number of living cells was
counted using a microscope after staining of cells with
0-2% trypan blue, and the relative percentages of NKT
cells were determined by flow cytometry.

Cytokine production

The cell culture supernatant was collected after 24 hr or
4 days in culture and stored at —20°. The concentrations
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of IL-4 and IFN-y were determined by enzyme-linked
immunosorbent assay (ELISA) (OptEIA ELISA set; BD
Biosciences).

Results

#-GalCer-induced expansion of NKT cells from
various mouse strains

Mouse NKT cells show a similar variation in expansion
ratios to that observed for human NKT cells. We found
that the expansion ratios were different for different
mouse strains (Fig. 1). Before culture, spleen cell suspen-
sions contained a small percentage (0-8-1:5%) and a
small number (7-18 x 10* cells/ml) of NKT cells in each
mouse strain. As shown in Fig. 1, culture of spleen cells
with 2-GalCer and 1L-2 induced expansion of NKT cells,
except for C3H/HeN mice. After 4 days of culture, NKT
cells constituted 6-4—40-7% of cells in the culture and had
expanded 7-25-fold in BALB/c, C57BL/6, DBA/2, B6C3F1
and BDF1 mice. The CD1d-restricted TCR a-chain Vald
dominantly associates with the high-affinity TCR B-chain
VP8-2, or the lower affinity chain VP8-3, VB7 or Vfi2,
and a genetic defect in VP8 is reportedly the cause of the
low responsiveness of NKT cells. We next asked if the
TCR-P status of NKT cells had an effect on expansion.
However, we found no significant differences among the
six strains that were tested, and selective proliferation did
not occur (data not shown).

NKT cell proliferation ratio correlates with amount
of 1L-4 in supernatant from a 4-day culture

Previously, a high concentration of IL-4 and IFN-y in
supernatant from a 4-day culture was observed.”” Firstly,
we measure amounts of 1L-4 and IFN-y in the culture
supernatant,

An increase in the number of NKT cells was positively
correlated with the production of IL-4 in the 4-day cul-
ture (Fig. 2a). However, high levels of IFN-y were
observed in all of the mouse strains, independent of an
increase in either NKT cell number or 1L-4 production.
Almost all CD8 T cells acquired the ability to produce
IFN-y when activated indirectly via NKT cells by a-Gal-
Cer (data not shown), so it appears that, in C3H/HeN
mice, NKT cells do not proliferate. Instead, it seems rea-
sonable that a large amount of IFN-y might be produced
by the activated NK cells and CD8 T cells.***

A previous study reported cytokine secretion of NKT
cells prior to their proliferation.”” Thus, we harvested
culture supernatants at 24 hr, before NKT cell expan-
sion,”” to determine the status of cytokine production at
this early stage, which is the stage at which NKT cells ini-
tially respond to culture and initiate production of IL-4.
This initial response positively correlated with NKT cell
expansion to some degree, although the response was
weaker than that observed for cells in culture for 4 days.
It is notable that IL-4 production by C3IH/HeN was more
robust than that observed for C57BL/6, and IFN-y
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Figure 1. Expansion of natural killer T (NKT) cells in vitro. (a) Mouse spleen cells (1 x 10" cellsfml) were cultured with 50 ng/ml a-galactosyl
ceramide (2-GalCer) and 100 U/ml interleukin (IL)-2 for 4 days. Cells were stained with anti-CD3 monoclonal amibody (mAb) and CDId/
a-GalCer tetramer and analysed by flow cytometry, The percentage of NKT cells was determined for both fresh {upper row) and cultured (lower
row) cells. Representative results from replicate experiments are shown. (b} The fold increase in NKT cells after culture was calculated based on
living cell counts and the percentage of NKT cells in the total cell population. Data are shown as mean # standard error of the mean (n = 9 for
C3H/HeN, BALB/c and C57BL/6; n = 4 for DBA/2, B6CIFI and BDF1).
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Figure 2. Production of interieukin (IL)-4 and interferon (IFN)-y
in expansion cell culture supernatams. Mouse spleen cells
{1 % 10" cellsiml) were cultured with 50 ng/ml a-galactosylceramide
(- GalCer) and 100 U/ml IL-2 for 4 days. Supernatants were collected
after 24 hr (b} or 4 days (a). The levels of IFN-y and 1L-4 in the super-
natants were determined by enzyme-linked immunosorbent assay
(ELISA ), Data are shown as mean £ standard errof of the mean (n = 9
for CAH/HeN, BALB/c and C57BL/6; n = 4 for DBAJ2, B6C3FI and
BDFI).

production of C3H/HeN mice was much higher than that
of other strains (Fig. 2b). These observations lead us 1o
speculate that IL-4 and IFN-y produced by NKT cells
work as promoting and suppressing factors, respectively,
during NKT cell proliferation.

NKT cell proliferation partially depends on IL-4
and is enhanced by Th2 cytokines

We next examined the influence of 11.-4 on NKT cell prolif-
eration in vitro, Proliferation of these cells was accelerated
by addition of 1L-4 at the start of the culture period, an
effect that could be partially suppressed by neutralization
of IL-4 (Fig. 3). In the C3H/HeN strain, where prolifera-
tion of NKT cells was not robust, a more significant induc-
tion of proliferation by 1L-4 was observed (Fig 4). In
addition, neutralization of IFN-y using antibodies did not
significantly change the proportion of NKT cells in the total
cell population. However, this did appear to up-regulate
the total number of living cells and lead to a concomitant
increase in the total number of NKT cells (Fig. 4b). Only
NKT cells can produce 1L-4 when cultured with 2-GalCer
and 1L-2,*" so IL-4 must act as an autocrine growth factor
in the expansion of NKT cells in this context.

The proportion of intracellular TFN-y high positive
NKT cells is reduced by addition of 1L-4

Exogenous IL-4 promoted NKT cell expansion in C3H/
HeN mice, as shown in Figs 3 and 4. We next examined

IL-4 promates NKT cell expansion

Figure 3, Expansion of natural killer T (NKT) cells in the presence or
absence of interleukin (1L}-4. (a) Spleen cells (1 x 10" cells/ml) were
cultured with 50 ng/ml a-galactosylceramide (a-GalCer) and 100 Ufm]
IL-2 for 4 days with 1L-4 (10 ng/ml} or anti-1L-4 monodonal antibody
(mAb) (I mg/ml). The percentages of NKT cells are shown. Data are
representative of replicate experiments. (b) The relative increase was
based on absolute numbers of NKT cells and was compared with
control expansion culture. Data are shown as mean * standard
deviation for five independent experimenmts A paired two-tailed
Student’s r-test was used for statistical analysis (*P < 0:05; **P < 0-01),
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Figure 4. Expansion of natural killer T (NKT) cells from C3H/HeN
strain mice in conditions that favour production of T helper type 2
(Th2)-biased cytokines. (a) Spleen cells (1 x 10" celliml) were cul-
tured with 50 ng/ml a-galactosylceramide (a-GalCer) and 100 U/ml
interleukin (IL)-2 and with IL-4 (10 ng/ml) and/or anti-interferon
[IFN}-y monoclonal antibody (mAb) (1 mg/ml) for 4 days. The per-
centages of NKT cells are shown. Data are representative of replicate
experiments. (b) The relative increase was based on absolute num-
bers of NKT cells and was compared with the control expansion cul-
ture. Data are shown as mean * standard deviation for seven
independent experiments. A paired two-tailled Student’s t-test was
used for statistical analysis (*FP < 001 ),
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Figure 5. Cytokine production profile of natural killer T (NKT) cells

treated with interleukin (IL)-4. Intracellular cytokine staining for interferon

(IFN)-7 and IL-4 in NKT cells that were fresh (upper), cultured (middle), or cultured with additional 1L-4 (lower) is shown. The cells were stim-
ulated with phorbol 12-myristate 13-acetate (PMA) and jonomycin for 3 hr, stained with anti-CD3 monodlonal antibody (mAb), CDId/a-galacto-

sylceramide (a-GalCer) tetramer and anti-IFN-y, anti-IL-4, or an

isotype control mAb, and then detected and sorted via flow cytometry.

Histogram panels for CD1d/a-GalCer-tetramer’ CD3" cells are shown, Closed histograms indicate isotype controls. The percentage of total
positive and high positive cells are indicated in the histograms, Data are representative of replicate expeniments,

whether NKT cells cultured in Th2 conditions produced
IFN-y and IL-4. After 4 days of culture with a-GalCer
and IL-2, intracellular IFN-y- and IL-4-positive NKT cells
were observed in both strains of mice. However, the pro-
portion of intracellular IFN-y high positive NKT cells was
reduced when the cells were cultured with additional 1L-4
(Fig. 5). In contrast to IFN-y, the proportion of IL-4-
positive NKT cells did not differ between cultures with
and without 1L-4, Therefore, NKT cells expanding as a
result of induction with additional 1L-4 displayed a polar-
ized Th2 phenotype.

NKT cell expansion is accelerated by Th2-biased
cytokine conditions

The SJL/] mouse strain is defective in cytokine produc-
tion by NKT cells, as a consequence of a loss of high-
affinity TCR to CDId, which results from a deletion of
the TCR VP8 subfamily genomic loci***® The propor-
tion of NKT cells in the spleens of these mice was
lower than that observed for other strains (Fig. 6a), and
IFN-y and 1L-4 production after a-GalCer stimulation
was also lower than that observed for other strains
tested in this study (data not shown). NKT cells from
SJ1/] mice proliferated even in the absence of additional
IL-4, as was observed for NKT cells from C57BL/6
mice. Moreover, similar to findings for NKT cells from
C3H/HeN mice, the NKT cell proliferation effect could
be enhanced by addition of IL-4 and further enhanced
by addition of IL-4 combined with neutralization of
IFN-y (Fig. 6b).

(a) nzy.[:‘
Balore = T
Ko (i IL-4
-

+
Control IL-4  IgG control Antl-IFN-y anti-IFN-y

— CONAaGC- 1ot rames s—gs

£y % -
After EI
¢/ [ | a0
- N . Y L
co3 »
(b} 10
£
£ s
2
=]
&
L4 : - + - - +
1gG : - = . = S
ant-IFN-yAb: - - =+ *

Figure 6. Expansion of natural killer T (NKT) cells from SJL/J mice
in vitro, (a) Spleen cells (1 = 10° cells/ml) were cultured with 50 ng/
ml a-galactosylceramide (2-GalCer) and 100 Ufml interleukin (IL)-2
for 4 days with IL-4 (10 ng/ml) andlor anti-interferon (IFN)-y
monoclonal antibody (mAb) (1 mg/ml). The percentages of NKT
cells are shown. Data are representative of replicate experiments.
(b) The relative increase was based on absolute numbers of NKT
cells and was compared with the control expansion culture. Data are
shown as the mean of three wells + standard deviation. Similar
results were obtained in two independent experiments.

Discussion

In a previous study in which we induced expansion of
NKT cells collected from human peripheral blood, we
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observed wide variation in the efficiency of NKT cell
expansion.”’ Similarly, when mouse NKT cells were
induced to proliferate using similar methods in the pres-
ent study, the ratios of expanding cell types were dis-
tinctly different in cells obtained from different mouse
strains (Fig. 1). This suggests that genetic background
influences or controls the difference in proliferation effi-
ciency observed in humans and mice. However, we
could not rule out the alternative possibility that the
effect was a result of bipolar expansion of the cells,
rather than originating from genetic variation in one or
a few loa.

In this study, we have shown that the amount of I1-4
n the culture supernatant was related to the efficiency of
NKT cell expansion induced by a-GalCer and IL-2. Previ-
ous studics revealed that addition of exogenous IL-2, IL-7
and IL-15 was able to augment NKT cell expansion by
a-GalCer.**™ Similarly, in the present study we found
that exogenous IL-2 augmented 2-GalCer-induced NKT
cell expansion in various mouse strains, with the excep-
tion of C3H/HeN mice. Moreover, addition of exogenous
1L-4 promoted a-GalCer-induced NKT cell expansion in
spleen cells from C3H/HeN mice. It has been shown
that only NKT cells have the ability to produce IL-4 in
this culture. IL-4 might therefore be an autocrine or
paracrine growth factor in a-GalCer-induced NKT cell
expansion.

NKT cells, NK cells and some T cells when cultured with
a-GalCer and IL-2 produce 1FN-v.** In contrast to IL-4,
the amount of IFN-y did not correlate with the efficiency
of NKT cell expansion. Furthermore, we found that NKT
cell proliferation in C3H/HeN mice was slightly increased
by neutralization of IFN-y in the culture, These results
suggest that IFN-y partially inhibits NKT cell expansion by
2-GalCer. Interestingly, we found an inverse correlation
between the IFN-y:IL-4 ratio in the culture supernatant
after 24 hr of culture and the efficiency of NKT cell prolif-
eration (data not shown). Although higher amounts of
IL-4 were detected in the culture of cells from C3H/HeN
mice than in the culture of cells from C57BL/6 mice after
24 hr of culture, 3-GalCer stimulated spleen cells from
C3H/Ne mice produced higher amounts of IFN-y and
exhibited the highest IFN-y:IL-4 ratio of all mouse strains
tested. These results may explain the failure of NKT cell
expansion in spleen cells from C3H/HeN mice.

The balance between the production of IFN-y and
the production of IL-4 by NKT cells is influenced by
microenvironmental factors such as cytokines and anti-
gen-presenting cells.?™ ™ IL-7 and IL-12 selectively
enhance IL-4 production by NKT cells.***  Antigen-
presenting cells such as «-GalCer-pulsed B cells selec-
tively elicit weak IL-4 but not IFN-y production from
NKT cells,*” There is a high IFN-y:IL-4 ratio in cultures
of spleen cells from C3H/HeN mice, which is caused by
splenic NKT cells (A. lizuka et al, unpublished data)

IL-4 promates NKT cell expansion

Mareover, it has been reported that the balance of IFN-
7:IL-4 production by NKT cells is developmentally con-
trolled ***° At immature stages, NKT cells predominantly
produce IL-4, whereas IFN-y secretion increases during
the course of development.*® Moreover, immature NKT
cells have the ability to proliferate as compared with
mature NKT cells.,” Therefore, NKT cells in the spleen
of C3H/HeN mice may be more mature than those of
C57BL/6 mice, or contain only a few immature NKT
cells. We that the failure of proliferation and the
high IFN-y:IL-4 cytokine production ratio of NKT cells
in the spleen of C3H/HeN mice were attributable to their
maturation stage.

Although IL-4 has opposite cffects to IFN-y and sup-
presses the Thl immune response, IL-4 induces prolifera-
tion of human 1L-13* NK cells" and CD8" T cells."? We
found that Th2 culture conditions (in the presence of 1L-4
and anti-IFN-y mAb) facilitated NKT cell expansion
induced by a-GalCer and 1L-2 even in C3H/HeN and SJL/
| mice. 1L-4 also induces IFN-y production by NK and
NKT cells in vivo."’ However, the proportion of IFN-y-
positive. but not IL-4-positive, NKT cells decreased when
cells were cultured in the presence of IL-4. As in human
immature IL-13* NK cells,"' 1L-4 may induce expansion
of developmentally immature NKT cells which have a
Th2-biased phenotype.

NKT cell maturation is controlled by the transcription
factor T-bet.*** Terminally differentiated NKT cells
acquire a strong ability to produce IFN-y and elicit cyto-
toxicity. " Assuming that expanded Th2-biased NKT cells
after culture with a-GalCer, 1L-2 and IL-4 are immature
cells, it will be possible to induce terminally differentiated
Thi-biased NKT cells for Thl cell immunotherapy, such
as cancer cell therapy.

Acknowledgements

We thank the Pharmaceutical Research Laboratory, Kirin
Brewery Co., Ltd (Gunma, Japan) for providing a-GalCer.
This work was supported in part by a grant-in-aid for the
Third-Term Comprehensive 10-Year Strategy for Cancer
Control and for Cancer Research from the Ministry of
Health, Labour and Welfare of Japan.

References

| Ballas ZK, Rasmussen W. NKLI" thymocytes. Adult murine
CD4", CD¥" thymocytes contain an NKI.1°, CD3*, CDs",
CD44™, TCR-VP 8" subset. | Immunol 1990; 145:1039—45,

2 Godfrey DI, Hammond KJ, Poulton LD, Smyth M], Baxter AG.

NKT celle facts, functions and fallacies. Temmmunol Today 2000;

2157383,

Making Y, Koseki H, Adachi Y, Akasaka T, Tsuchida K, Tanigu-

chi M. Extrathymic differentiation of a T cell bearing invariam

Vald Ja281 TCR. Int Rev Imimunod 1994; 11:3146,

w

© 2007 The Authors Journal compilation © 2007 Blackwell Publishing Ltd, immunology, 123, 100107 105



A

ra

106

lizuka et al.

Gapin L, Matsuda |L, Surh CD, Kronenberg M. NKT cells derive
from double-positive thymocytes that are positively selected by
CD1d. Nat Irmunol 2001; 2:971-8.

Mattner |, Debord KL, Ismail N ef el Exogenous and endo-
genous glycolipid antigens activate NKT cells during microbial
infections. Nature 2005; 434:525-9.

Nishimura T, Santa K, Yahata T er al. Involvement of IL-4-pro-
ducing VB 8.2° CIM" CD62L™ CIM5RE™ T cells in non-MHC
gene-controlled predisposition toward skewing into T helper
type-2 immunity in BALB/c mice. | Immnol 1997; 158:5698-
706.

van Der Vliet H), Nishi N, de Grugl TD, von Blomberg BM, van
den Eertwegh Al, Pinedo HM, Giaccone G, Scheper R]. Human
natural killer T cells acquire a memory-activated phenotype
before birth. Blood 2000; 95:2440-2.

Godfrey DI, Kronenberg M. Going both ways: immune regula-
tion wia CDIid-dependent NKT cells. | Clin Invest 2004
114:1379-88.

Arase H, Arase N, Kobayashi Y, Nishi Y, Yonchara S, Onoe
K. Cytotoxicity of fresh NKI1.1° T cell receptor «/p” thymocytes
against a CD4"8" thymocyte population associated with intact
Fas antigen expression on the target. | Exp Med 1994; 180:423-
3

Nieda M, Nicol A, Koezuka Y et al. TRAIL expression by acti-
vated human CD4"Va24NKT cells induces in vitro and in vivo
poptosis of cells. Blood 2001;
97:2067-74.

Nicol A, Nieda M, Koezuka Y, Porcelli §, Suzuki K, Tadokoro
K, Durrant 5, Juji T. Human invanant Va24® natural killer
T cells activated by a-galactosylceramide (KRN7000) have
cytotoxic anti-tumour activity through mechanisms  distinct
from T cells and natural killer cells. Jmmunology 2000; 99:229-
M.

Mattarollo SR, Kenna T, Nieda M, Nicol Al. Chemaotherapy pre-
treatment sensitizes solid tumor-denved cell lines to Va24™ NKT
cell-mediated cyrotoxicity. Int | Cancer 2006; 119:630-7,

Smyth M), Thia KY, Street SE et al. Differential tumor surveil-
lance by natural killer (NK) and NKT cells. | Exp Med 2000;
191:661-8.

Seino K, Motohashi S, Fujisawa T, Nakayama T, Taniguchi M.
MNatural killer T cell-mediated i I and
their clinical applications. Cancer Sci 2006; 97:807-12,

Metelitsa LS, Naidenko OV, Kant A, Wu HW, Laza MJ, Perussia
B, Kronenberg M, Seeger RC. Human NKT cells mediate antitu-
mor cytotoxicity directly by recognizing targer cell CDId with
bound ligand or indirectly by producing IL-2 to activate NK
cells, | Immunael 2001; 167:3114-22,

Giaccone G, Punt C), Ando Y et al. A phase | study of the natu-
ral killer T-cell higand a-galaciosylceramide (KRN7000) in
patients with solid tumors. Clin Cancer Res 2002; 8:3702-9.
Shimizu K, Hidaka M, Kadowaki N e al. Evaluation of the
function of human invariant NKT cells from cancer patients
using  alpha-galactosylceramide-loaded murine dendritic cells
I Immunol 2006; 177:3484-92.

Parekh VV, Wilson MT, Olivares-Villagomez D, Singh AK, Wu
L, Wang CR, Joyce S, Van Kaer L. Glycolipid antigen induces
long-term natural killer T cell anergy in mice. | Clin Invest 2005;
115:2572-83.

Ishikawa A, Motohashi 5, Ishikawa E et al A phase | study of
a-galactosylceramide (KRN7000)-pulsed dendnitic cells in pati-

loid Teuk

acute

20

2l

22

23

24

25

26

27

28

29

3

33

ents with advanced and recurrent non-small cell lung cancer.
Clin Cancer Res 2005; 11:1910-7.

van der Viiet Hl, Molling TW, Nishi N er al. Polanization of
Va24® VHI1® natural killer T cells of healthy volunteers and
cancer patients using 2-galactosylceramide-loaded and environ-
mentally instructed dendntic cells. Cancer Res 2003 63:4101-
6,
Harada Y, Imataki O, Heike Y et al. Expansion of a-galactosyl-
ceramide-stimulated Va24™ NKT cells cultured in the absence of
animal materials. | Immunother 2005; 28:314-21.

Kadowaki N, Antonenko §, Ho §, Rissoan MC, Soumelis V,
Porcelli SA, Lanier LL, Liu Y]. Distinet cytokine profiles of
neonatal natural killer T cells after expansion with subsets of
dendritic cells. | Exp Med 2001; 193:1221-6.

Ikarashi Y, lizuka A, Heike Y, Yoshida M, Takaue Y, Wakasug
H. Cytokine production and migration of in vitro-expanded
NKLI™ invariant Val4 natural killer T (Valdi NKT) cells using
a-galactosylceramide and IL-2. Immunol Lett 2005; 101:160-7.
Matsuda JL, Naidenko OV, Gapin L, Nakayama T, Taniguchi M,
Wang CR, Koezxuka Y, Kronenberg M, Tracking the response
of natural killer T cells to a glycolipid antigen using CDId
tetramers. | Exp Med 2000 192:741-54.

Smyth M], Crowe NY, Pellicci DG, Kyparissoudis K, Kelly 1M,
Takeda K, Yagita H, Godfrey DI. Sequential production of inter-
feron-gamma by NKI1.1' T cells and natural killer cells is essen-
tial for the antimetastatic effect of a-galactosylceramide. Blood
2002; 99:1259-66,

Kambayashi T, Assarsson E, Lukacher AE, Ljunggren HG, Jensen
PE. Memory CD8™ T cells provide an early source of IFN-y.
I Immunol 2003; 170:2399-408,

Eberl G, MacDonald HR. Rapid death and regeneration of NKT
cells in anti-CD3e- or 1L-12-treated mice: a major role for bone
marrow in NKT cell homeostasis. Immunity 1998; 9:345-53,
Serizawa 1, Koezuka ¥, Amao H, Saito TR, Takahashi KW.
Functional natural killer T cells in experimental mouse strains,
including NKL1™ strains, Exp Arin 2000; 49:171-80.

Beutner U, Launois P, Ohteki T, Louis JA, MacDonald HR.
Natural killer-like T cells develop in SJL mice despite genetically
distinct defects in NK1.1 expression and in inducible interleu-
kin-4 production. Eur | Immunol 1997; 27:928-34.
Asada-Mikami R, Heike Y, Harada Y et al. Increased expansion
of Va24" T cells derived from G-CSF-mobilized peripheral
blood stem cells as ¢ d to peripheral blood lear
cells foll ide stimulation. Cancer Sd 2003;
94:383-8.

Imataki O, Heike Y, Ishida T, Takaue Y, Tkarashi Y, Yoshida M,
Wakasugi H, Kakizoe T. Efficient ex vivo expansion of Va24®
NET cells derived from G-CSF-mobilized blood cells. | Immun-
other 2006; 29:320-7.

Brossay 1, Chioda M, Burdin N, Koezuka Y, Casorati G, Della-
bona P, Kronenberg M. CDid-mediated recognition of an
a-galactosylceramide by natural killer T cells is highly con-
served through mammalian evolution. | Exp Med 1998
188:1521-8.

Nishi N. van der Vliet H], Koezuka Y, von Blomberg BM, Sche-
per R], Pinedo HM, Giaccone G. Synergistic effect of KRN7000
with interleukin-15, -7, and -2 on the expansion of human
Va 24"V 1" T cells in vitro. Hum Immmnod 20007 60:357-65,
van der Vet HJ, Nishi N, Koezuka Y er al. Potent expansion of
killer T

¥

ing a-galactosylc

human  natural cells  using  2-galactosyleeramide

5 2007 The Authors Journal compilation © 2007 Blackwell Publishing Ltd, Immunology, 123, 100-107



35

39

© 2007 The Authors Journal compilation © 2007 Blackwell Publishing Ltd, immunology, 123, 100-107

(KRN7000)-loaded monocyte-derived dendritic cells, cultured in
the presence of IL-7 and IL-15, ] Immunol Meth 2001; 247:61-72.
Hameg A, Gouarin C, Gombert JM, Hong S, Van Kaer 1, Bach
IF, Herbelin A, IL-7 up-regulates 1L4 prod by splenic
NKLI® and NKILI® MHC class 1-like/CDI-dependent CD4"
T cells. T Immunol 1999 162:7067-74.

Zhu R, Dlaus,d\ﬂnpl.M et al. The Pro-Thl cyrokine IL-12

h IL4 p by i NKT cells relevance for
T cell-mediated h iis. | I { 2007; 178:5435-42.
Bezbradica IS.Smm: AK, Matsuki N er al. Distinet roles of den-

dritic cells and B cells in ValdJal8 natural T cell activation in
vivo, | Immunol 2005, 174:4696-705,
Minami K, Yanagawa Y, Iwabuchi K, Shinohara N, Harabayashi

42

43

IL-4 promotes NKT cell expansion
way lving a thy dependent NK1.1°CD4™ CDI1d-depen-
dent precursor stage. | Exp Med 2002 195:835—44.

Laza M], Perussia B Final steps of | killer cell

a model for type 1-type 2 differentiation? Nat Immunel 2001,
2917-24.

Ueda N, Kuki H, Kamimura D e al. CDId-restricted NKT cell
activation enhanced homeostatic proliferation of CD8" T cells
in & manner dependent on IL-4. Int Immunal 2006 18:1397-
404,

Morris SC, Orekh T, Mead M], Heid SM, Yang |,
Finkelman FD. IL4 induces n vivo production of IFN-y by NK
and NKT cells. | Immunol 2006; 176:5299-305.

T d MJ, Wer AS, M da JL Sal R, Farm-

T. Nonomura K, Onoe K. Negative feedback rephlm of
T helper type | (Thi)Th2 cytokine balance via dendritic cell
and natural killer T cell interactions. Blood 2005; 106:1685-93,
Benlagha K, Kyin T, Beavis A, Teyton L, Bendelac A. A thymic
precursor to the NK T cell lineage. Science 2002; 296:553-5.
Pellicci DG, Hammond K], Uldnch AP, Baxter AG, Smyth M],
Godfrey DI. A natural killer T (NKT) cell developmental path-

45

ham Pl Biron CA, Gapin L, Glimcher LH. T-bet regulates the
and h is of NK and Valdi NKT
cells. Immunity 2004; 20:477-94.

Matsuda JL. Zhang Q. Ndonye R. Richardson SK, Howell AR,
Gapin L. T-bet concomitantly controls migration, survival, and
effector functions during the development of Valdi NKT cells
Blood 2006; 107:2797-805.

Los ol i

107



18:46 28 September 2008

[Tmataki, 0.1 At:

Downl oaded By:

Intarnationsl Society for Collular Tharapy o

[SCT————<

Cytotherapy (2008) Vol 10, No, §, 497-506

informa

healthcare

Insufficient ex vivo expansion of Va24 ™" natural
killer T cells in malignant lymphoma patients
related to the suppressed expression of CD1d

molecules on CD14 ™" cells
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and Y Takaue’
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Background

Va24™ watural killer T (NK'T) cell is a buman counterpart of mice
I'z14™" NKT cell that bas a regulatory role for innate and acquired
patential antitumar actrvity. The efficient expansion of NKT edls 15
an obstade to the clinical applicarion of Va24™ NKT cdis for

immunatherapy.

Methods

We used mononuclear cels (MNC) obtained from the peripheral bood
(PB) of normal bealtly donor (HD) and malignant lympboma (ML)
patients befare and after granulocyte colony-stimulaning factor (G-
CSE) treatment. MNC were cultured for 12 days with 2~
galacrogylceramide (100 ng/mL) and mterlewkm-2 (IL-2; 100 U/
ml.).

Results

The fold expausion of Va24 Y NKT cells was bigher in HD than in
ML patients (208 versus 0.00), despite comparabie numbers of V24
NKT cells before culmure. G-CSF administration enbanced the

predominance of Va24 Y ONKT cell fold expansion i HD campared
with MI. patients (1935 versus 1.95). After treatment with G-CSF,
the expression of CD1d molecules was up-regulated in CDI14" cells
from HD but not ML patients. The fold expansion of Va24™® NKT
cells and CD1d expression on CD14" cdls was strongly corrdared in
both HD and ML patients (v° = 0.84). However, replacement of a
patient’s CDI4™ cdls with HD cells did not increase the efficacy of
Va24™ NKT cdl expansion.

Discussion

G-CSH-mobilized PB from ML patients bas inhibatory ebaracreristics
for Va24™ NKT cdl expansion as w result of bath manocyres and
Va2d™ NKT cdls. Multiple procedures would be needed for the
expansion of patients V224" NKT eelle

Keywords
CDId, x-galactosylceramide, granulocyte colony-stimularing factor,

malignane fympboma, narural killer T eells

Introduction

Va24* natural killer T (NKT) cells are the human
counterpart of murine Val4® NKT cells. Human NKT
cells express a CD1d-restricted, invariant T-cell recepror
(TCR) chain, the Va24-]a) a-chain, which is preferen-
tially coupled with VB11 chains; human NKT cells share

some common immunobiologic characteristics with mur-

ine NKT cells [1]. NKT cells recogmze and respond 1o
glycolipid antigen (Ag) presented by the CD1d molecule
and produce large amounts of cyrokines, such as interferon
(IFN)-y and interleukin (IL)-4, which exert strong
cyrotoxicity for various cancer cells and regulate auto-
immunity, respectively [2,3]. The production of these

cytokines has a critical and crucial role for inital immune
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responses and rumor rejection directly or indirectly via
dendritic cells (DC), activated T cells and narural killer
(NK) cells [4].

NKT cells are reactive to the non-classical class 1 Ag-
presenting molecule CD1d and they recognize glycolipid
Ag [2,5]. The CDId family of MHC-unlinked class Tb
malecules is conserved through mammalian species [6,7].
The CD1d molecule is necessary for immune responses to
several microbial infections in mice [8]. With regard to
wmor immunology, two major subpopulations of NKT
cells, CD1d-restricted and CDld-unrestricted, have been
identified; CD1d-restricted NKT cells are mainly involved
in mmor immunity but limle is known abour the
charactenistics of CDId-unrestricted NKT cells [9).
What is known is that no NKT cells develop in the
absence of CD1d [10].

a-Galactosylceramide (x-GalCer) is a specific ligand for
human Va24* NKT cells and murine Val4* NKT cells
[2]. Both types of NKT cells are activated by a-GalCer
presented by CD1d. Because CD1d is a class 1 molecule
expressed mainly on Ag-presenting cells (APC), such as
DC, macrophages and B cells, it is speculated that NKT
cells interact primarily with APC [5,11]. After simulation
with a-GalCer, Va24* NKT cells exhibit CD1d-depen-
dent cytotoxicity against various types of tumor cells
[11,12]. In contrast, some researchers report that Va24™*
NKT cells are cytotoxic against CD1d-negative cells; this
observation suggests that ®-GalCer is not essential for
CDid-independent cytotoxicity. Thus it is possible that
Vaz4® NKT cells involved in tumor immunity are
activated through the recognition of the a-GalCer—
CD1d complex, although the CDid molecule is not
necessary in some killing stages.

We are awtempting to use NKT cells for adaprive
immunotherapy [11,13]. However, the extremely low
frequency of Va24' NKT cells in human peripheral
blood (PB) [2,14,15], which is even lower in cancer
patients than in healthy individuals [12,16,17], is an
obstacle for their clinical application. To overcome this
problem, the establishment of an effective in vitro expan-
sion system for Va24* NKT cells by stimulation with a-
GalCer has been explored by several research groups,
including ours. Previously, we observed thar Va24* NKT
cells could be expanded effectively from human granulo-
cyte colony-stimulating factor (G-CSF)-mobilized PB
cells upon stmulation with a-GalCer and IL-2 (18], and
we established an efficient non-fetal bovine serum (FBS)

expansion system for Va24® NKT cells to remove the
potential risks relared with FBS [19). Consequently, we
reported the essential effect of CDI47 cells for ex vio
expansion of human NKT cells [20]. In the present report,
we show that one mechanism of reduced expansion of
Va24* NKT cells in mononuclear cells (MNC) obtained
from malignant lymphoma (ML) patients is the suppressed
expression of the CD1d molecule on CD14* cells, and we
discuss the important roles of the CD1d molecule on
monocytes in the ex vwo expansion of human NKT cells

Methods

Cells and plasma derived from healthy donors
and ML patients

This study was approved by the National Cancer Center
Instirutional Review Board and written informed consent
was obtained from the healthy donor (HD) volunteers and
ML panents. PB and apheresis products were obtained
from normal healthy individuals who donated PB stem
cells for allogeneic transplants and from consecurive
patients (from July 2004 to December 2004) with ML
who would undergo autologous stem cell transplantation.
In using apheresis products, leftover blood was used for
healthy and autologous donors. Before and after G-CSF
mobilization (pre- and post-G-CSF), the samples were
manipulated immediately, and the cell fraction and plasma
were separated by centrifugation at 3000 r.pm. for 15 min.
Plasma samples from both the PB and apheresis products
were heat-inactivated immediately after separation and
stored at —B0°C before use. MNC were isolared from PB
and apheresis products by Ficoll-Hypaque (Immuno-
Biological Laboratories, Gunma, Japan) density-gradient
centrifugarion.

G-CSF procedure for apheresis donors

Apheresis was indicated for HD whose related patients
needed PB stem cell transplantation or parients who would
receive autologous stem cell transplantation after high-
dose chemotherapy. This indication was determined by the
clinical team of the stem cell transplantation unit in our
hospital (National Cancer Center). G-CSF was adminis-
tered subcutaneously at a dose of 300 pg/m” divided twice
aday for 3 days just before the apheresis procedure. On the
morning of the apheresis day, addinonal G-CSF was
administered.
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Cell-surface Ag analysis

We used mouse anti-human monoclonal antibodies (MAbD)
conjugated with fluorescein isothiocyanare (FITC), phy-
coerythrin (PE), allophycocyanin (APC) or peridinium
chlorophyll (PerCP). CD3-PE, CD4-PerCP, CD8-PLE,
CD14-FITC, CD19-PE and CD1d-PE MAb were pur-
chased from BD Biosciences (Mounrain View, CA, USA).
Va24-FITC, Va24-PE and VP11-PE MAb were pur-
chased from BD Pharmingen (San Diego, CA, USA).
Lineage cockrail 1 (lin 1; CD3, CD14, CD16, CD19, CD20
and CD56)-FITC MAb were purchased from BD Im-
munacytometry Systems (San Jose, CA, USA). For cell-
surface Ag staining, cells were incubated with MAb for 30
min on ice. After staining, cells were washed twice and
resuspended in phosphate-buffered saline (PBS). Propi-
dium iodide (Sigma-Aldrich, St Louis, MO, USA) staining
preceded all experiments in order to remove dead cells.
Data were acquired by flow cytomerry (FACSCalibur; BD
Biosciences) and analyzed using CellQuest software (BD
Biosciences). A measurement of CDId intensity in fresh
CD14" cells was performed.

CD14™" cell separation

Apheresis cells were collected from the bag and stained
with CD14-FITC for 20 min on ice and washed twice with
5 mm EDTA=PBS. After being incubated with ano-FITC
microbeads (Miltenyl Biorec, Gladbach, Germany),
CD14% cells were sorted by a magneric cell separation
system (Super MACS; Miltenyl Biotec), according to the
manufacrurer’s protocol. After separaton, the purity of
isolated CD14% cells was determined to be >95% by
flow cytometry, and low purity (less than 95%) samples
were discarded. Both the CD14" and CD14~ fractions

were used for cross-culture experiments.

Expansion of Va24 " NKT cells

MNC were cultured in 6-well culture plates (Costar,
Corning, NY, USA; product 3335) or culture flasks (Costar;
product 3815) at 1.0 10° cells/mL in media supplemen-
ted with 100 ng/mL 2-GalCer (Kirin Brewery Co,, Tokyo,

Japan) and 100 U/mL recombinant human (rh) 1L-2 (R &

D Systems, Minneapolis, MN, USA) for 9-12 days. The
incubation environment was maintained ar 37°C and
contained 20% O, and 5% CO, Cells were cultured in
AIM-V (Life Technologies, Rockville, MD, USA) supple-
mented with 5% autologous plasma. Fresh 1L-2 was added
every 3 days during culture to maintain its acrivity. After

12 days of culrure, incubated cells were collected from
flasks or plates and washed with PBS three times;
differential markers were then analyzed by FACSCalibur
(BD Biosciences). In the present report, vazat vpnrt
double-positive cells are defined as human NKT cells and
denored as Va24* NKT cells.

Effect of CD14™ cells on Va24* NKT cell
expansion

To evaluate the contribution of repeated CDI47 cell
supplements to Va24' NKT cell expansion, we added
CD14% cells to the CD14 ™ fraction on day 0, 3, 6 or 9, or
every 3 days. CD14™ cells were collected from MNC by
MACS (described below), The collecred CDI14% cells
(4.0 ¥ 107 cells) were added to the CD14" -depleted
fraction (CDI14~ fracton). We also tested several
CD14~ cell/CDI4™" cell ratios to evaluate the CDI4™
contribution to NKT cell proliferation.

Va24™ NKT cell expansion in co-culture with
alternative CD14% cells

To determine whether CD14 " cells derived from HD
with G-CSF mobilization sustained the expansion efficacy
for the panents’ Va24* NKT cells, we mixed G-CSF-
mobilized HD CD14 ™" cells and patient CD14 ™ cells. A
mixture of G-CSF-mobilized patient CD14™" cells and
HD CDI14~ cells was also tested. We compared the
efficacy of the fold expansion under the following condi-
tions: (1) a CD14™ fraction with a CD14 " fraction both
from HD; (2) aCD14 " fraction from a HD with a CD14~
fraction from an ML patien; (3) a CD14™ fraction from an
ML patient with a CD14" fraction from a HD; and (4) a
CD14 " fraction with a CD14 "~ fraction both from ML
After 12 days of culrure with 2-GalCer and 1L-2, the
expansion of Va24* NKT cells was quantified.

Statistic analysis

The two-tailed Student’s r-test was used to compare
groups with dependent samples. P-values <005 were
considered statistically significant.

Results

Impaired expansion of Va24* NKT cells in ML
patients

The group of HD consisted of six men and four women
(median age 28 years, range 24 —42). The group of ML
patients consisted of three men and three women who had
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Table 1. Patients’ charactenstics for their clinical status and course. Six consecutive apheresis patients for autologous stem

cell transplantation were included in this study

UNP  age sex histology
#1 36 M FL

#2 54 M FL

#i 42 M FL

#4 63 M FL

#s H F FL

#o 51 F DLBCL

ongoig therapy length of ime in CR (months)

EPOCH
ESHAP
EPOCH
EPOCH
EPOCH
ESHAP

wﬂ-wsw—

, male; iew e B- e regimen conisting mpm
..' f H hr : DLBCL, &ij large B-cell EPOCH ML l-:
i e, cyclopbarpbamide and doxorubicin, ar is ESHAF consisting of eroporide. mevlrylprodwi solone, bigh-dose cytarabine and cisp

non-Hodgkin's lymphoma (median age 48 years; range 36—
63) and were in a second complete remission (CR).
Patients’ characteristics are summarized in Table 1. The
frequency of Va24' NKT cells in PB was comparable in

a  Frequency of Va24® cells in
peripheral blood (before G-CSF)

%
0.020
.
0.015 2
‘ -
0.010 >
-
-
0.005 .
: '
-
0.000

Healthy donors  Malignant lymphoma
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HD and ML patients before (Figure 1a,c) and after (Figure
1bd) G-CSF administration. The fold expansion of cell
number before G-CSF treatment was 208 in the HD group
bur only 1.00 in the ML patents, with a sraristical
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Figure 1. Impaired expansion of Va24™ NKT cells in ML patients. The frequency of Va24™ V117 NKT cells in PB was equivalent in HD
(i = 10) and ML patients (n = 6) (a) before and (8) affer G-CSF adwinistration. Hawever, the Va24™ NKT cells from rhe ML patients bad a
significantly lower fold expansion compared with the cdls from HD both () before (0.00 versus 208) and (d) after G-CSF treatment (1.95 versus
1935). P < 0.05. P-valuer were determined by using the Student’s v-rest,
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significance of P=0.005 (Figure 1c); however, the differ-
ence between the two groups after G-CSF treatment was
more (1935 and 1.95, respectively), with a staristical
significance of P=0,036 (Figure 1d). The fold expansion
was calculated as the ratio of the absolute number of
Va24t NKT cells before and after culrure (Figure 1cd)
[20].

Augmentation of CD1d expression on CD14™
cells by G-CSF mobilization

The proportion of CD14™* cells in PB was not significantly
different between the HD and the ML patients; however, a
higher proporrion of monocytes was observed in HD
compared with ML patents after G-CSF stimulation
(60% versus 43%, respectively). In a steady state (without
G-CSF mobilization), the expression of CD1d molecules
on CD14™" cells, CD20" cells, CD56% CD3 ™ cells and

CD3" CD4" cells in PB was low for both the HD and the
ML partients. After in vivo administration of G-CSF in HD,
the expression of CD1d molecules was up-regulated in
CD14" cells (monocytes) and CD20* cells (B lympho-
cytes) (Figure 2a) but not in other cells, including CD56 ¥
CD3 " cells (NK cells) and CD3* CD4% cells (CD4" T
lymphocytes). However, in the ML panents the up-
regulation of CD1d molecules was not detected in any
population of mobilized PB cells (Figure 2b).

Correlation of the effective expansion of Va24™
VP11 NKT cells and CD1d expression on
CD14* cells

We analyzed the relationship berween the expansion
efficacy of Va24™ NKT cells and CD1d expression on
CDI14" cells in 16 samples derived from HD (n=10) and
ML patients (#=06). We analyzed G-CSF-mobilized

a 1.03 | 20.64
Ly " 50.08 | 28.25
g
28 U
1d i 5"
S 0’ 102 T 10 Cl‘-’,om .";1 : o TR T
Isotype control cD14%cell
% %
0.10 | 048 1.19 | 0.08
8 9344 | 5.98 49.24 | 49.49
t.
TOq
8
) 100 : 0% 10 10? i v - 10°
NK cell (CD56137) B cell (CD20*19%) CDA4 T cell (CD3%4Y)

Figure 2. Induction of CD1d molecules on CDI4™ cdlls afrer G-CSF mobilization. () After G-CSF trearment in HD, the expression of the CD1d
molecule was up-regulated in CD14" cells and CD20™ cells but nor in other cells induding CDS6 t €D cdls and CD3Y CD47 cellr. () In
ML patients, the up-regulation of CD1d molecules was not observed tn any subpopulation of mokilized PB cells. The proportion of CD14d-pasitive
CDI4" cells was up-regulated 1o 25,88% in HD, while no apparent up-regulation was observed in ML patients (from 2.79%), The ratio of CD1d
positrvicy 9.27 times (25.88/2.79). The numbers in cach dot plor panel indicate the quadrant proportional status (%5) of the gared cdis.
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Figure 2 ( Continued)

samples and found a strong correlation berween these two
factors in HD (# = 0.84) but not in ML patients (Figure 3).
These differences were not observed in MNC before G-
CSF mobilization because the expression of CD1d on HD
CD14 " cells was similar to that of cells from ML patients
(data not shown).

Extended survival of CD14™ cells in the culture
process of patients’” MNC

The kinerics of cell populations from 10 HD and six ML
patients were evaluated. The initial absolute number of
CDid-positive CD14" cells was lower in ML parients
than HD bur the CD14* cells derived from ML parienrs
survived longer than HD (Figure 4a). The percentage of
CD1d-positive CD14" cells in the total CDI14% cells
before culture was 25.25 +1050% and 140 +1.56% in
HD and ML patients, respectively. As presented in Figure
4b, the proportion of CD14™* cells from ML patients was
maintained at higher levels in culture medium than

CD14% cells from HD.

Stimulation by CD14 7 cells rescued the NKT cell
expansion in accordance with the intensity of
CD1d expression

To test the influence of repeated stimulation by CD14*
cells, we added CD14 ™ cells ro the culrure system every 3
days or on day 0, 3, 6 or 9. In the case of HD, with an
expression frequency of the CDId molecule on CD14*
cells of 25.00%, the repeated addition of CD14" cells
promored the expansion of Va24™ NKT cells (Figure 5a).
However, in ML panents, with an expression frequency of
the CD1d molecule on CD14™ cells of 1.96%, repeated
initiation of CD14™ cells suppressed the expansion of
V24t NKT cells (Figure Sb). These results were
confirmed in four cases from each population.

CD14" cells derived from HD did not augment
the expansion of Va24™ NKT cells from an ML

patient

It is possible that the low level of CD1d expression on
CD14" cells from ML patients was the origin of
suppressed NKT expansion. If so, the replacement of
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Figure 3. Correlation berween the expansion of Va24® Vg1*
NKT cells and the expression of CD1d on CD147 cdlls. We analyzed
the association berween the fold expansion of Va24® VBT NKT
cells and CDId expression on CD14™ cells in 16 samples (10 HD
and six ML patients) after G-CSF administration. There was a
strong correlation between these two factors both in HD and ML
patients (v* = 0.84).

patient CDI14% cells with CD14 ™ cells from a HD, which
have an increased intensity of CD1d presentation, might
restore the expansion of the ML parient’s Va24* NKT
cells. However, as shown in Figure 6, replacement of a
patient’s CD14 ™" cells with an alternarive donor's CD14*
cells did not exert effective proliferation recovery of
V24t NKT cells (Figure 6). On the other hand, the
replacement of a donor’s CD14" cells with a parient's
CD14" cells cavsed an increased expansion compared
with the reversed condition, but it was not statistically
significant (Figure 6). The intensity of CD1d expression
onCD14™ cells used in this experiment was 25.88% for
HD and 2.79% in ML patients.
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Discussion

We have previously reported that G-CSF treatment can
enhance the expansion of Va24* NKT cells in volunteer
donors [18,19]. Based on these results, we are attempting
to develop a protocol for the adaptive transfer of culrured
NKT cells from the PB MNC of a G-CSF-mobilized HD
to a patient. The incidence of Va24™* NKT cells in cancer
patients is suppressed compared with the healthy state
[12,16,21]. Our results showed that the expansion cap-
ability of Va24™* NK'T cells isolated from the MNC of G-
CS5F-mobilized ML padents could not be restored,
although the reason remains unclear. The frequency of
Va24* NKT cells in ML patients was not significantly
suppressed, bur the expansion of Va24™ NKT cells was
severely disturbed in ML patients compared with HD.
These results suggest thar the number of Va24® NKT
cells in a patient’s PB is almost the same as that of a normal
donor, but the patient’s Va24™® NKT cells have lost the
potential to expand in response to aGalCer stimulation
after G-CSF stimulation. Based on our results, one of the
causes of this difference appears to be the intensity of
CD1d expression. The expression of CD1d molecules on
CD14™ monocytes was augmented after G-CSF mobiliza-
tion in HD but not in ML patients, This intensity of CD1d
might be affected by G-CSF and other inhibitory factors in
cancer-bearing host cells such as transforming growth
factor (TGF)-B [22]. The Va24* NKT cell expansion
efficiency strongly correlated with the intensity of CD1d
expression (¥ = 0.82). Xu et al [23] suggested the expres-
sion of CD1d was essential for the development of NK'T
cells, and Smyth er al. [4] reported that in tumor immunity

b
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60 :
40 : \ <
20 I

N
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Figure 4. Prolouged survival of patients' CD14" cells in the culture process We assessed the cell culture subpopulation kinetics of cells from 10
HD (CDId expression 25.25 4 10.50%) and six ML patients (CDId expression 1,40 % 1.56%). The CDI4™ cells survived longer in ML
patients than in HD both in (a) absolute number and (b) proportion of CDI4™ cdlls. The error bars indicate the srandard deviati
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Figure 5. Repeared stimulation of CD14” cdls led to reversed results
m accordance with the 1 ity of CDId expression. CDI147 cdls
were added to the enlture system every 3 days or on day 0, 3, 6 or 9.
The repeated addition of CDI4* cells (CD1d expression 25.00%)
promoted the expansion of Va24™ V1Y NKT cdls from bealthy
subjects. However, the repeated initiation of CDI4" cdlr (CD1d
expression 1.96%) from ML patients suppressed the expansion of
Va4t VBN NKT edls. This result is representarive of four
confirmed cases.

the recognition of self-ligand CD1d in the presence of IL-
12 was crucial for the activation of NKT cells These
reports suggest that CD1d plays various non-redundant
roles in the selection, differentiation, expansion and
activation of NK'T cells

Cross-culture of CD14-positive and -negative calls
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Figure 6, CDI14"7 cdls derived from HD did not augment the
expansion of V224" NKT edls from an ML parient. Replacement of
a patient’s CDI14" cdle with a HD's CD14* cells (CD1d expression
25.88%) did not promote effective proliferation recovery of Va24*
NKT cells Conversely, replacement of a donor's CDI14* cells wirh a
patient’s C. D147 cdls (CD1d expression 2.79%) caused an increased
expansion, bur it war not stanstically sigmficant (n=+ four
independent experiments were performed).

Because CD14 ™" cells are essential for the expansion of
Va24* NKT cells [18], while CD20" cells are not [20],
we supposed that CD1d expression on CD14™ cells, not
CD20* cells, contributes to Va24* NKT cell expansion.
We also confirmed that the depletion of B cells did not
influence the expansion of Va24* NKT cells (data not
shown). Interestingly, the monocytes from ML panents
survived in the culture medium longer than monocytes
from HD during ex vivo culture and, unexpectedly, those
monocytes suppressed the expansion of Va24* NKT cells
from HD. The patients’ monocytes showed low expression
levels of the CD1d molecule. This reduced expression
level might be one reason for the long survival of partient
monocytes in the culture medium, resulting in the low
expansion efficacy of Va24™ NKT cells i vitro. Our
results showed longer survival of patient monocytes and
suggested thar the surviving monocytes disturbed Va24*
NKT cell expansion. We have not yer identified the
mechanisms by which patients' monocytes disturb the
Va24* NKT cell expansion.

Focusing on the Va24* NKT cell by itself, it was
suggested that the suppression of Vaz4* NKT cell
expansion in ML patients after G-CSF treatment is the
result of the diminished potentality of Va24 * NKT cells,
because CD14* cells derived from HD did not retain the
efficacy of Va24™ NKT cell expansion in ML parients. It
has been reported that the lost potentiality of Va24™
NKT cells might vary among different malignancies [21],
and research to evaluate the CD1d expression and Va24™*
NKT cell expansion in other types of cancer is important.
In the present study, we used MNC collected from ML
patients. In our preliminary experiments, MNC obtained
from colon cancer and renal cell carcinoma panents
showed the expansion of Va24™® NKT cells, although
the expansion capacities were lower than those of healthy
volunteers. Crough er al [21] reported the same observa-
tion, and these results suggest thar the degree of deteriora-
tion in Va24® NKT cell expansion is different in various
types of cancers. This observation suggests thar Va24™*
NKT cell expansion is poor in patients with hematologic
malignancies, such as ML. We also know rthat the
expression of CD1d molecules on CD14 ™% cells from solid
tumors is suppressed, as is the expansion efficacy of
Va24™ NKT cells (data not shown). These results indicate
that the suppressed expression of CDI1d is a significant
reason for the insufficient expansion of NKT cells in
patients with hematologic rumors or solid tumors. The
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immunologic background of solid rumor patents was
genencally normal. If the diminished expansion of
Va24* NKT cells in solid rumors is the result of CD1d
inhibition on CD14™" cells, CD14™ cells obtained from
HD could provide complete recovery of the Va24* NKT
cell expansion in solid cancer patients; the addition of
‘good' CD14 7 cells could be a simple way to overcome the
poor expansion of Va24+ NKT cells from cancer patients.

There are several reports suggesting that the suppressive
factors in Va24™ NKT cell expansion in cancer patients
are multiple and complicared. Other inhibitory factors,
such as various cytokines [24-27], cellular factors [28] and
further signaling pathways [29], should be revealed for
efficient expansion. Although our data are insufficient to
develop an effective Va24™* NKT cell expansion system
for adaprive immunotherapy in cancer patients, our
findings are informative for allografi-based NKT cell
therapy.
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Allo-SCT using reduced-intensity conditioning against advanced pancreatic
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Pancreatic cancer is a frequent cause of cancer-related
mortality and has an extremely poor prognosis. To
evaluate the efficacy of allogeneic hematopoietic SCT
with reduced-intensity conditioning (RICT) against pan-
creatic cancer, we analyzed the clinical data of 22
paticnts. After a fludarabine-based conditioning regimen
followed by the infusion of PBSCs, all but two achieved
engraftment. Complete, partial and minor response was
observed in 1, 2 and 2 patients, respectively, with an
overall response rate of 23%. Median survival was only
139 days and the major cause of death was tumor
progression. Poor performance status before RICT and a
lower number of infused CD34-positive cells were
associated with shorter survival after RICT. Patients
who developed chronic GVHD tended to survive longer
than those who did not. These findings support the
investigation of a novel treatment strategy to enhance
the immunological effect against pancreatic cancer.

Bone Marrow Transplantation (2008) 42, 99-103;

doi:10.1038/bmt.2008.94; published online 7 April 2008
Keywords: reduced-intensity conditioning; SCT; mini-
transplantation; pancreatic cancer; graft-versus-tumor effect

Introduction

Allogeneic hematopoietic SCT is an established treatment
for a variety of hematological disorders. However, its
application has been limited to young patients because of
various complications including regimen-related toxicities,
GVHD, infection and so on. Therefore, SCT with reduced-
intensity conditioning (RICT) has been investigated for use
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in older or clinically infirm patients. The antitumor effect of
this therapeutic approach depends not only on the
antineoplastic agents and/or irradiation in the conditioning
regimen, but also on the immunological graft-versus-tumor
effect after RICT." Although RICT has not been clearly
shown to have a clinical advantage over conventional
chemotherapy, some studies have suggested that RICT
may be beneficial in elderly patients with hematological
malignancies.’

Since the late 1990s, several studies of RICT against
advanced solid tumors have been performed 1o harness the
graft-versus-tumor effect.” A clinical tumor response after
RICT was observed in several solid tumors, especially in
renal cell cancer and breast cancer.' * Pancreatic cancer is
the fifth most common cause of cancer-related mortality in
Japan and the United States, and carries an extremely poor
prognosis. The median duration of survival in advanced
pancreatic cancer is less than 6 months, even when
patients are treated with gemcitabine.” The combination
of gemcitabine with the other chemotherapeutic agents
failed to significantly improve survival.® '® Furthermore,
although the combination of gemcitabine and erlotinib,
a molecular targeting agent against epidermal growth
factor receptor, significantly prolonged survival, the
difference in median survival was only 2 weeks.!! Because
of this poor prognosis by chemotherapy, treatment
strategies to enhance immunological effects against pan-
creatic cancer have been investigated. One of these is a
vaccination targeting tumor-specific antigens such as
CA19-9 and CEA." Another strategy is RICT to harness
a strong allogeneic immunological antitumor effect. The
first successful application of RICT against pancreatic
cancer was reported in 2001."" Several other reports
have suggested the existence of an immunological graft-
versus-tumor effect against pancreatic cancer, but the
number of patients in each report was too small to draw
any meaningful conclusion.'** Therefore, we collected the
clinical results of RICT against pancreatic cancer
from transplantation centers in Japan, in which a
prospective clinical trial of RICT against pancreatic cancer
had been performed.



