
Rapid and reliable generation of invariant natural killer T-cell lines
in vitro

Introduction

Invariant natural killer T cells (iNKT cells) are a subset of

T cells that recognize lipid antigens presented by the

CD1d molecule.1–3 iNKT cells express an invariant T-cell

receptor a (TCR-a) chain (Va14-Ja18 in mouse and

Va24-Ja18 in human) paired with TCR-b chains which

are mostly restricted to Vb8, Vb7 and Vb2 in mouse and

Vb11 in human. Even resting iNKT cells show a recently

activated or memory phenotype and respond very rapidly

upon stimulation. The evidence that iNKT cells from

germ-free mice and human cord blood express activated/

memory markers suggests that iNKT cells are already

partially activated by autoantigens in vivo. When iNKT

cells are activated by TCR stimulation with anti-CD3

antibodies, the pharmacological agent a-galactosylcera-

mide (aGalCer) or microbial lipid antigens, they produce

large amounts of cytokines including interferon (IFN)-c
and interleukin (IL)-4 and up-regulate CD40 ligand

(CD40L).1–4 iNKT cell activation has a large impact on

both innate and adaptive lymphocytes. For instance,

iNKT cells can regulate major histocompatibility complex

(MHC)-restricted T-cell polarization, dendritic cell (DC)

maturation, and B-cell production of antibody.1–3 iNKT

cell activation induces neutrophil recruitment, NK cell

cytotoxicity and IFN-c production.

iNKT cells can be activated by distinct lipid antigens

from microbes, including a-galactosyldiacylglycerol from
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Summary

Several tools have proved useful in the study of invariant natural killer T

(iNKT) cells, including CD1d-deficient mice, Ja281-deficient mice, syn-

thetic lipid antigens and antigen-loaded CD1d tetramers. However, the

generation and examination of long-term primary murine iNKT cell lines

in vitro has been challenging. Here, we show the rapid generation of iNKT

cell lines from splenic iNKT cells of Va14 T-cell receptor (TCR) trans-

genic (Tg) mice. These purified iNKT cells were stimulated by bone

marrow-derived dendritic cells (BMDCs) loaded with a-galactosylceramide

(aGalCer) and cultured with interleukin (IL)-2 and IL-7. iNKT cells pro-

liferated dramatically, and the cell number exhibited a 100-fold increase

within 2 weeks and a 105-fold increase in 8 weeks after repeated stimula-

tion with aGalCer. The iNKT cell lines consisted of iNKT cells expressing

Vb chains including Vb8.1/8.2, Vb14, Vb10, Vb6 and Vb7, and responded

to stimulation with aGalCer presented both by BMDCs and by plate-

bound CD1d. In addition, the iNKT cell lines produced interferon

(IFN)-c when activated by lipopolysaccharide (LPS) or CpG oligo-

deoxynucleotide (ODN)-stimulated BMDCs. Further, we show that iNKT

cell lines produced cytokines in response to microbial antigens. In

summary, high-yield iNKT cell lines were generated very rapidly and

robustly expanded, and these iNKT cells responded to both TCR and

cytokine stimulation in vitro. Given the desire to study primary iNKT

cells for many purposes, these iNKT cell lines should provide an impor-

tant tool for the study of iNKT cell subsets, antigen and TCR specificity,

activation, inactivation and effector functions.

Abbreviations: BMDC, bone marrow-derived dendritic cell; LPS, lipopolysaccharide; TLR, Toll-like receptor; aGalCer,
a-galactosylceramide.
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Borrelia species and a-glucuronosylceramide from

Sphingomonas species.5–8 In addition, iNKT cells are

also activated by cytokines produced by antigen-present-

ing cells (APCs) following stimulation by Toll-like

receptor (TLR) agonists, such as lipopolysaccharide

(LPS) and CpG olygodeoxynucleotide (ODN).9–12 IL-12

secreted by LPS-stimulated APCs induced iNKT cell

IFN-c production by enhancing NKT cell autoreactivity.

The combination of IL-12 and IL-18 was shown to be

sufficient for iNKT cell activation without APCs in an

in vitro system.10 More recently, DCs stimulated with

the TLR9 agonist CpG ODN were demonstrated to

activate iNKT cells by producing type I interferons and

to generate more stimulatory self-lipid antigens in the

APC.11

iNKT cells are known to be involved in various types

of immune responses, including infection, autoimmunity

and tumour rejection. For instance, the activation of

iNKT cells has been reported in mice infected with

Cryptococcus neoformans, Leishmania major, Mycobacte-

rium bovis bacillus Calmette–Guérin, Salmonella,

Sphingomonas, and Ehrlichia.5,9,13–17 iNKT cells are

critical for the control of infection with Streptococcus

pneumoniae, Borrelia burgdorferi and Tripanosoma cruzi

as well as methylcholanthrene-induced tumours.18–23

iNKT cells may also contribute to pathology in animal

models of airway hyperreactivity, inflammatory arthritis,

oxazalone-induced colitis, and atherosclerosis.24–29 In

spite of many studies demonstrating iNKT cell involve-

ment in immune responses, little is known about

microbial iNKT cell antigens except for recently discov-

ered lipid antigens such as a-glucuronosylceramide from

Sphingomonas and a-galactosyldiacylglycerol from

B. burgdorferi.5–8

Several tools have proved useful in the study of iNKT

cells, including CD1d-deficient mice, Ja281-deficient

mice, and antigen-loaded CD1d tetramers. However, the

generation of primary mouse iNKT cell lines and clones

has proved difficult, limiting in vitro studies to freshly

isolated cells or to the use of iNKT cell hybridoma

tumour cell lines. Reliable long-term primary iNKT cell

lines would provide reagents essential to the study of

the activation, inactivation and effector functions of

iNKT cells. Here, we developed a method of rapid gen-

eration of iNKT cell lines from splenic iNKT cells of

Va14 TCR transgenic (Tg) mice. These cell lines con-

sisted of iNKT cells expressing representative TCR-Vb,

including Vb8, Vb14, Vb10, Vb6 and Vb7. The iNKT

cell lines had the capacity to produce various kinds of

cytokines upon stimulation with aGalCer presented by

bone marrow-derived dendritic cells (BMDCs) or by

plate-bound CD1d in an antigen-presenting cell-free sys-

tem. In addition, we demonstrate that they could be

activated either by lipid antigens or by cytokine-driven

mechanisms.

Materials and methods

Mice

Va14-Ja281 transgenic (Tg) mice were provided by Dr

Albert Bendelac.30 CD1d)/) mice were provided by Dr Mark

Exley.31 C57BL6J mice were purchased from The Jackson

Laboratory (Bar Harbor, ME). All animal studies were

approved by the Dana-Faber Cancer Institute Office for the

Protection of Research Subjects. The animals were housed

in a specific pathogen-free animal facility. Bone marrow of

MyD88)/) C57BL6 mice was provided by Dr Koichi

Kobayashi (Dana-Farber Cancer Institute, Boston, MA).

Antigen-presenting cells

BMDCs were grown from bone marrow progenitors for

6 days in the presence of granulocyte–monocyte colony-

stimulating factor (GM-CSF; 10 ng/ml) and IL-4 (1 ng/ml)

(R&D Systems, Minneapolis, MN) in complete RPMI med-

ium (RPMI supplemented with L-glutamine and penicillin/

streptomycin; Life Technologies, Carlsbad, CA) containing

10% fetal bovine serum (FBS; HyClone Laboratories, Logan,

UT). aGalCer (100 ng/ml) was added to the media on day

6, and aGalCer-pulsed BMDCs were harvested on day 7.

Isolation of iNKT cells from Va14Tg mouse spleens

A single-cell suspension of splenocytes from Va14 Tg mice

was obtained by pressing spleens through a 70-lm cell

strainer. Cells were treated with erythrocyte lysis buffer. T

cells were selected negatively using the Pan T Isolation Kit

following the manufacturer’s protocol (Miltenyi Biotec,

Auburn, CA). T cells were labelled with APC-conjugated

CD1d tetramer loaded with PBS-57 lipid antigen (National

Institutes of Health Tetramer Core Facility, Atlanta, GA)

and iNKT cells were sorted using anti-APC beads (Miltenyi

Biotec). The purity of iNKT cells was higher than 95%.

In vitro expansion of iNKT cells

2 · 106 iNKT cells were cultured with 2 · 105 irradiated

BMDCs pulsed with aGalCer per well in 24-well plates in

complete RPMI medium containing 10% FBS. Three to

four days later, IL-2 (10 U/ml) (R&D Systems) and IL-7

(10 ng/ml) (PeproTech, Rocky Hill, NJ) were added to

the media. iNKT cells were stimulated with irradiated

aGalCer-pulsed BMDCs every 2–3 weeks.

Flow cytometry

Cells were incubated with anti-CD16/32 to avoid

non-specific staining, and then stained with CD1d/PBS-57

tetramer conjugated with allophycocyanin (National

Institutes of Health Tetramer Core Facility) and the
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following antibodies: anti-CD3, anti-CD4, anti-CD8, anti-

CD19, anti-CD25, anti-CD28, anti-CD69, anti-CD44,

anti-CD132, anti-CD212, anti-DX5, anti-NK1.1, anti-Vb2,

anti-Vb6, anti-Vb7, anti-Vb8, anti-Vb8.1/8.2, anti-Vb10,

anti-Vb12, anti-Vb14 (BD Biosciences, San Jose, CA),

anti-IL-18Ra/IL-1RR5 (R&D Systems), anti-CD25, anti-

CD122 and anti-CD127 (eBioscience, San Diego, CA).

Samples were analysed with FACS Canto (Becton Dickin-

son, Franklin Lakes, NJ) and FLOWJO software was used to

analyse the data (Tree Star Inc., Ashland, OR). PBS-57 is

an analogue of aGalCer, and CD1d/PBS-57 tetramers

have been shown to stain NKT cells comparably to

CD1d/aGalCer tetramers. NKT cells were identified as

CD3positive CD1d/PBS-57 tetramerpositive cells.

iNKT cell stimulation with BMDCs

iNKT cells (1 · 105) were cultured with BMDCs (1 · 105)

or MyD88)/) BMDCs (1 · 105) in 96-well flat- or U-bot-

tomed plates (Costar, Lowell, MA) in complete RPMI

medium. Antigens or LPS (Sigma-Aldrich, St Louis, MO)

or CpG ODN 1826 (Invitrogen, Carlsbad, CA) were added

and cultured for 16–24 hr. The levels of IFN-c, IL-2, IL-4,

IL-13 and IL-17 in the culture supernatants were measured

by standard sandwich enzyme-linked immunosorbent assay

(ELISA) using purified and biotinylated monoclonal anti-

body (mAb) pairs and standard from BD Biosciences (IFN-c,

IL-2 and IL-4) and R&D Systems (IL-13 and IL-17).

mCD1d fusion protein iNKT cell stimulation assay

Mouse CD1d-Fc b2-microglobuin fusion protein was pre-

pared as described previously.32 Ninety-six-well flat plates

(Costar) were incubated with fusion protein (0�4 lg/well)

in phosphate-buffered saline (PBS) for 2 hr and aGalCer

was added at a molar ratio of 40 : 1 of antigen to fusion

protein. After overnight incubation at 37�, plates were

washed twice with PBS and once with culture medium.

Cells were added to each well at a density of 5 · 105 cells

per well and incubated at 37� for 16–24 hr.

Results

Rapid generation of murine iNKT cell lines

Upon TCR stimulation, iNKT cells become activated very

rapidly in vivo, produce cytokines and proliferate. Within

a few hours after TCR stimulation with aGalCer, activated

iNKT cells down-modulate their TCR and become

undetectable by aCD3mAb or CD1d tetramer.33–35 How-

ever, iNKT cells then proliferate and undergo significant

expansion for 2–3 days and re-express TCR on the cell sur-

face. After the expansion phase, most iNKT cells undergo

cell death, and remaining NKT cells are anergic to re-stim-

ulation with aGalCer for several weeks.15,36–38 This may

be one of the reasons why iNKT cells are difficult to main-

tain in culture. Therefore, we set out to generate murine

iNKT cell lines from purified iNKT cells instead of whole

splenocytes. iNKT cells were sorted from spleen cells of

Va14 TCR Tg mice to obtain larger numbers of cells.

2 · 106 iNKT cells were co-cultured with 2 · 105 irradi-

ated BMDCs loaded with aGalCer (100 ng/ml). Three to

five days later, when iNKT cells started to actively proliferate,

murine IL-2 (mIL-2) (10 IU/ml) and mIL-7 (10 ng/ml)

were added to the culture medium. iNKT cells were re-

stimulated with aGalCer-loaded BMDCs every 2–3 weeks,

and cell numbers were counted at the time-points indi-

cated in Fig. 1(a). iNKT cells expanded dramatically, and

42 days after the primary stimulation, cell number showed

a 1�9 · 105-fold increase (Fig. 1a). To evaluate the purity

of expanded cells, we stained cells for aCD3 and CD1d/

PBS-57 tetramer (hereafter referred to as CD1d tetramer).

iNKT cells down-modulate their TCR on the cell sur-

face after aGalCer stimulation, and the proportion of

CD3positive CD1d tetramerpositive cells was rather low

5 days after stimulation (82%). However, at day 14 post

aGalCer-BMDC stimulation, 94% of cells were positive

for CD3 and CD1d tetramer. We further studied cells

maintained for 8 weeks in culture, and found that 98% of

cells were positive for CD3 and CD1d tetramer (Fig. 1b),

indicating that high-yield iNKT cell lines were generated.

Vb usage of iNKT cell lines

The Vb usage of murine iNKT cells is known to be pre-

dominantly restricted to Vb8.1/8.2, Vb7 and Vb2. It has

been reported that about 1–2% of iNKT cells express

Vb6, Vb10 and Vb14 in C57BL6 mice.39,40 To investigate

whether iNKT cell lines consist of cells with various TCR-

Vb or iNKT cells with a specific TCR-Vb expanded, we

stained iNKT cell lines with mAbs against several TCR-

Vb chains. We found that all iNKT cell lines consist of

various Vb but are biased towards Vb8, Vb14, Vb10, Vb6

and Vb7 (Fig. 1c and Table 1). The percentages of

Vb14+, Vb6+, Vb7+ and Vb2+ cells among iNKT cells in

the spleens of Va14Tg mice were about 1–2%. The per-

centages of Vb6+, Vb7+ and Vb2+ cells of iNKT cell lines

showed a 2- to 5-fold increase compared with those of

Va14Tg spleen iNKT cells (Fig. 1c and Table 1), and the

average frequency of Vb14+ cells in iNKT cell lines

showed a 40-fold increase following culture (Table 1).

iNKT cell lines produce cytokines following aGalCer
stimulation

One of the unique characteristics of iNKT cells is their

capacity to secrete various cytokines rapidly upon TCR

engagement. We asked whether these iNKT cell lines are

able to produce cytokines upon stimulation with aGalCer.

iNKT cell lines were rested at least 2 weeks after stimula-
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tion with aGalCer-loaded BMDCs, and cells were washed

and re-suspended with complete RPMI medium without

cytokines. iNKT cells and BMDCs were incubated with or

without aGalCer for 16–24 hr at 37�, and the culture

supernatants were used for ELISA to evaluate cytokine pro-

duction by iNKT cell lines. iNKT cell lines produced large

amounts of cytokines, including IFN-c, IL-2, IL-4 and IL-

13, upon aGalCer stimulation (Fig. 2a). IFN-c production

by iNKT cell lines was CD1d dependent as aGalCer-stimu-

lated CD1d)/) BMDCs failed to secrete any cytokines

(Fig. 2b). Some NKT cell lines secreted IL-13 upon co-cul-

ture with BMDCs without aGalCer stimulation (Fig. 2a).

However, they did not produce IL-13 when incubated with

CD1d)/) BMDCs (data not shown). This finding is consis-

tent with previous reports that human NKT cells produce

IL-13 and GM-CSF by responding to autoantigens.41
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Figure 1. Rapid generation of murine invariant natural killer T (iNKT) cell lines in vitro. iNKT cells were purified from spleens of Va14 trans-

genic (Tg) mice. 2 · 106 iNKT cells were co-cultured with 2 · 105 bone marrow dendritic cells (BMDCs) loaded with a-galactosylceramide

(aGalCer) (100 ng/ml). Three to five days later, m (murine) IL-2 (10 U/ml) and mIL-7 (10 ng/ml) were added to the culture medium, and cells

were stimulated with aGalCer-BMDCs every 2–3 weeks. (a) Fold increase in cell numbers of four independent cell lines (AC6, AC8, AC9 and

AC10) at the indicated time-points. (b) Anti-CD3e-fluorescein isothiocyanate (FITC) and CD1d tetramer-allophycocyanin staining of an iNKT

cell line at 8 weeks post in vitro culture. Results are representative of two separate experiments. (c) Vb usage of iNKT cell lines. iNKT cell lines

(AC3, AC4, AC6, AC7, AC8, AC9 and AC10) were stained with a panel of anti-Vb monoclonal antibodies (mAbs). Frequencies of iNKT cells

with indicated Vb chains are expressed as percentages in the 100% stacked column chart. Each column represents the percentage of iNKT cells

with the indicated Vb chains contributing to the total iNKT cells.

Table 1. Vb usage of spleen Invariant natural killer T (iNKT) cells and iNKT cell lines

Vb8.1/8.2 Vb14 Vb10 Vb6 Vb7 Vb2 Vb12

Spleen iNKT cell 34�3 ± 3�7 0�8 ± 0�9 2�0 ± 0�8 0�8 ± 0�4 1�9 ± 0�3 0�2 ± 0�0 1�1 ± 0�5
iNKT cell line 32�8 ± 9�5 32�6 ± 23�8* 3�7 ± 1�9 3�4 ± 1�3* 3�8 ± 1�4* 1�0 ± 0�4* 0�6 ± 0�2

Splenocytes of Va14Tg mice were stained with anti-CD19 monoclonal antibody (mAb), anti-CD3e mAb, CD1d-tetramer and each anti-Vb mAb.

iNKT cells were identified as CD19negative CD3positive CD1d-tetramer positive cells. iNKT cell lines were stained with a panel of anti-Vb mAbs. The

frequencies of cells expressing the indicated Vb chains among iNKT cells are expressed as an average percentage ± standard deviation. n = 3–7

per group.

*< 0�05, Welche’s t-test.
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IL-17 is a proinflammatory cytokine that is known to

be largely secreted by a newly identified T-cell subset,

Th17 cells. Recently, several groups reported that iNKT

cells also produce IL-17 upon stimulation.42–44 Therefore,

we investigated whether iNKT cell lines secrete IL-17. We

found that three out of six iNKT cell lines produced

IL-17 in response to aGalCer stimulation (Fig. 2a, data

not shown).

iNKT cell lines become activated by aGalCer and
secrete cytokines in an APC-free system

It is well recognized that iNKT cells are autoreactive and

produce cytokines responding to APCs without exo-

genous antigens. In addition, cytokines produced by APCs

stimulated with TLR agonists have also been shown to

activate iNKT cells in the absence of foreign antigens.

Therefore, we utilized an antigen presentation APC-free

system recombinant CD1d to confirm the antigen speci-

ficity of the iNKT cell response. We asked whether iNKT

cells can be fully activated by CD1d loaded with aGalCer

without APCs. iNKT cell lines were incubated with plate-

bound, recombinant, murine CD1d fusion protein loaded

or unloaded with aGalCer. The culture supernatants were

collected after 16–24 hr of incubation for analysis of the

cytokine concentration. iNKT cell lines did not produce

any cytokines when incubated with unloaded CD1d

fusion protein, whereas iNKT cells secreted cytokines
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Figure 2. Invariant natural killer T (iNKT) cell

lines produce cytokines after a-galactosylcera-

mide (aGalCer) stimulation. iNKT cell lines

(AC6, AC8 and AC10) stimulated with aGal-

Cer more than 2 weeks earlier were washed

and re-suspended with complete RPMI med-

ium without cytokines. (a) 1 · 105 iNKT cells

were incubated with 1 · 105 bone marrow

dendritic cells (BMDCs) and aGalCer (100 ng/

ml). Supernatants were collected and cytokine

production was measured by enzyme-linked

immunosorbent assay (ELISA). (b) 1 · 105

iNKT cells were incubated with 1 · 105 wild-

type (WT) BMDCs or CD1d)/) BMDCs and

aGalCer. The interferon (IFN)-c content in

culture supernatants was determined by ELISA.

Results are representative of two separate

experiments.
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including IFN-c, IL-2, IL-4 and IL-13 upon stimu-

lation with CD1d fusion protein loaded with aGalCer

(Fig. 3).

Expression of surface molecules on iNKT cell lines

Many iNKT cells express natural killer markers, includ-

ing NK1.1 and DX5.45–47 We found that, although 70%

of iNKT cell lines were positive for DX5, NK1.1 was

negative on all iNKT cell lines (Fig. 4a). aGalCer-acti-

vated iNKT cells down-modulate NK1.1 from the cell

surface and this NK1.1 down-modulation lasts for sev-

eral weeks. iNKT cell lines were stimulated with aGal-

Cer-loaded BMDCs every 2–3 weeks; accordingly it was

very likely that the majority of the cultivated iNKT

cells were negative for NK1.1 as a result of TCR stimu-

lation.

Most murine iNKT cells are CD4 positive and the

remaining iNKT cells are double-negative (DN) in the

periphery. The freshly isolated iNKT cells from Va14Tg

spleens were CD4+ (30%) or DN (data not shown).

However, the proportions of CD4+ iNKT cells decreased at

day 5 post aGalCer-BMDC stimulation (from 31�9 ±

0�61% to 5�8 ± 3�34%). The level of CD4+ iNKT cells at day

14 remained the same as the level at day 5, and most of the

iNKT cells were DN by day 14 (Fig. 4a). It has been shown

that, among iNKT cells, CD4negative NK1.1negative cells

produce IL-17.42–44 However, the proportion of CD4negative

iNKT cells did not correlate with the IL-17-producing abil-

ity of the iNKT cell lines examined here (data not shown).

Next, we sought to determine the surface expression of

receptors of cytokines such as IL-2, IL-12 and IL-18.

iNKT cell lines were positive for the IL-2 receptor a and

b chains, indicating they are in an active state (Fig. 4a).

Further iNKT cell lines also expressed IL-12 and IL-18

receptors, suggesting their potential ability to respond to

these cytokines (Fig. 4a).

iNKT cell lines can also be activated by a cytokine-
driven mechanism

Cytokines produced by APCs stimulated with TLR agonists

have been shown to activate NKT cells without exogenous

antigens.5,9–11 Therefore, we asked whether in vitro cul-

tured iNKT cell lines can produce cytokines when activated

by DCs stimulated by a TLR agonist in the absence of

exogenously added antigens. iNKT cells and BMDCs were

cultured with or without LPS and IFN-c production in the

culture supernatants was assessed by ELISA. iNKT cell lines

cultured with wild-type (WT) BMDCs produced IFN-c
upon aGalCer or LPS stimulation (Fig. 4b). Although

iNKT cell lines produced IFN-c upon stimulation with

aGalCer presented by MyD88)/) BMDCs, MyD88)/

) BMDCs failed to activate iNKT cell lines following LPS
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Figure 3. Invariant natural killer T (iNKT) cell

lines become activated and secrete cytokines in

response to a-galactosylceramide (aGalCer) in

an APC-free system. iNKT cell lines (AC6,

AC8 and AC10) stimulated with aGalCer more

than 2 weeks earlier were washed and re-sus-

pended with complete RPMI medium without

cytokines. 1 · 105 iNKT cells were incubated

in the presence of plate-bound, recombinant

CD1d-Fc fusion protein loaded with aGalCer

or mock loaded with dimethyl sulphoxide

(DMSO). Supernatants were collected and

cytokine production was measured by enzyme-

linked immunosorbent assay (ELISA). Results

are representative of two separate experiments.
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stimulation (Fig. 4b). Further, iNKT cell lines were acti-

vated and produced IFN-c when cultured with BMDCs

stimulated when cultured with CpG ODN, whereas iNKT

cell lines did not produce IFN-c by CpG ODN-stimulated

MyD88)/) BMDCs (Fig. 4c). These results indicate that

iNKT cell lines can be activated by TLR agonist-stimulated

BMDCs in a MyD88-dependent manner.

iNKT cell lines respond to a microbial antigens and
produce cytokines

iNKT cells have been shown to be activated by glycolipid

antigens from Sphingomonas bacterial species and B. burg-

dorferi. To assess whether the iNKT cell lines also recog-

nize bacterial antigens and produce cytokines in vitro,

iNKT cell lines were cultured with BMDCs and the glyco-

lipid antigen glycosphingolipid (GSL)-1, and cytokine

production in the culture supernatants was analysed by

ELISA. iNKT cells did not respond to CD1d)/) BMDCs

containing GSL-1 but responded to BMDCs cultured with

GSL-1, and produced IFN-c and IL-4 in an antigen dose-

dependent manner (Fig. 5).

Together, these studies show that in vitro primary iNKT

cell lines display characteristics of activation, specificity

and cytokine production that are consistent with those

expected for in vivo activated iNKT cells.
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Figure 4. Invariant natural killer T (iNKT) cell

lines express cytokine receptors and become

activated via a cytokine-driven mechanism.

(a) Expression of surface molecules on iNKT

cells. iNKT cell lines were stained with

anti-CD3e-fluorescein isothiocyanate (FITC),

CD1d-tetramer-allophycocyanin, and a panel of

surface molecules. Expression of CD4, CD8,

DX5, NK1.1, CD25, CD122, CD212 and inter-

leukin (IL)-18R was determined on CD3-posi-

tive CD1d-tetramer-positive NKT cells. The

open histograms indicate staining with each

monoclonal antibody (mAb) and the grey

histograms represent the isotype controls.

Results are representative of two separate exper-

iments. (b) iNKT cell line activation by lipo-

polysaccharide (LPS)-stimulated bone marrow

dendritic cells (BMDCs) is CD1d and MyD88

dependent. 1 · 105 NKT cells were incubated

with LPS (10 lg/ml) or a-galactosylceramide

(aGalCer; 10 ng/ml) in the presence of 1 · 105

wild-type (WT) BMDCs, CD1d)/) BMDCs, or

MyD88)/) BMDCs. Supernatants were collected

and interferon (IFN)-c production was deter-

mined by enzyme-linked immunosorbent assay

(ELISA). (c) CD1d- and MyD88-dependent

iNKT cell line activation by CpG oligodeoxynu-

cleotide (ODN). 1 · 105 NKT cells were incu-

bated with CpG ODN (125 ng/ml) in the

presence of 1 · 105 WT BMDCs, CD1d)/)

BMDCs or MyD88)/) BMDCs. IFN-c produc-

tion in supernatants was measured by ELISA.

Results are representative of two separate exper-

iments.
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Discussion

It is possible to expand murine iNKT cells in vitro for a

short time, but generation of durable iNKT cell lines is

known to be difficult, as evidenced in the literature, as

only two papers have reported that murine iNKT cells

cultured for several weeks responded to aGalCer re-

stimulation.48,49 In this report, we have demonstrated

that high-yield murine iNKT cell lines can be generated

within a few weeks by stimulating iNKT cells of Va14Tg

mice. iNKT cell lines were functional and responded to

aGalCer and GSL-1 presented by BMDCs. We also

showed that iNKT cell lines are able to produce cyto-

kines when stimulated with aGalCer presented with

recombinant, immobilized CD1d in an APC-free system.

In addition, iNKT cell lines were activated by LPS or

CpG ODN-stimulated BMDCs. Together, these results

suggest that these iNKT cell lines will be a powerful

tool for antigen identification and functional studies of

iNKT cells.

Vb usage of murine iNKT cells is known to be

restricted to selected Vb chains. It has been demonstrated

that, without foreign antigens, APCs weakly stimulated

iNKT cells that expressed Vb2, Vb7 and Vb8.1/8.2. How-

ever, aGalCer-pulsed APCs activated iNKT cells with a

broader set of Vb, including Vb2, Vb6, Vb7, Vb8, Vb9,

Vb10 and Vb14.40 Consistent with this finding, all iNKT

cell lines generated expressed multiple Vb chains which

were biased to Vb8, Vb14, Vb10, Vb6 and Vb7. Molling

et al.49 generated iNKT cell lines expressing Vb7 or Vb8.2

from spleen T cells of wild-type C57BL6 mice. In their

protocol, T cells were stimulated with an aGalCer-loaded

DC line, which expresses a low level of CD1d on the cell

surface, and IL-7 was added to the culture media 1 week

later. These specific conditions might be responsible for

the generation of iNKT cell lines with dominant use of a

single Vb chain. We noted that the proportion of

Vb14+ iNKT cells in iNKT cell lines was higher than that

in freshly isolated iNKT cells. We found that more

Vb14+ iNKT cells expressed IL-2 receptors than other

Vb14) iNKT cells at 2 weeks post stimulation with aGal-

Cer-pulsed BMDCs (CD25+ CD122+ cells, Vb14+ iNKT

cells: 17�65 ± 1�7%; Vb14) iNKT cells: 9�53 ± 3�2%). This

suggests that Vb14+ NKT cells remain in an active state

and sensitive to IL-2 after aGalCer stimulation, which

probably accounts for their expansion in vitro. This rela-

tive abundance of Vb14 iNKT cells may provide a good

opportunity to study their distinct nature.

Although iNKT cells are reactive to the same antigen,

aGalCer, they nevertheless display clonal diversity based

on their Vb usage. Previously, we have shown that some

but not all aGalCer-reactive iNKT cell hybridomas also

respond to certain phospholipid antigens.32 It has been

reported that CD1d tetramers loaded with synthetic

Sphingomonas glycosphingolipid stained 25–50% of aGal-

Cer-CD1d tetramerpositive cells, and there was a higher

percentage of Vb8.2-containing TCRs than Vb7 TCRs

among these glycosphingolipid-CD1d tetramerpositive

cells.5,6 Vb8.2 has been shown to have higher binding

avidity to CD1d:aGalCer than Vb7.50 As iNKT cell lines
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Figure 5. Invariant natural killer T (iNKT) cell

lines respond to a microbial antigen and pro-

duce cytokines. 1 · 105 NKT cells were incu-

bated with the indicated concentrations of

glycosphingolipid (GSL)-1 or a-galactosylcera-

mide (aGalCer; 10 ng/ml) in the presence of

1 · 105 wild-type (WT) BMDCs or CD1d)/)

BMDCs. Supernatants were collected to deter-

mine interferon (IFN)-c and interleukin (IL)-4

production by enzyme-linked immunosorbent

assay (ELISA). Results are representative of

two separate experiments.
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contain several Vb chains which are preferentially used by

iNKT cells, they will be useful for characterization of

iNKT cells with each Vb chain.

We found that the proportions of CD4+ iNKT cells

decreased after culture and most cells were DN. Human

CD4+ iNKT cells were reported to express more IL-7 recep-

tor and respond to IL-7, and CD4) iNKT cells proliferate

to IL-15 stimulation by expressing more IL-15 receptor.51

Murine CD4+ and CD4) iNKT cells may also have different

cytokine requirements. It was also suggested that murine

iNKT cells may lose surface expression of CD4 during

culture, as, although only murine CD4+ NK1.1+ Ly49)

thymocytes proliferated upon aGalCer stimulation, 30% of

the cells were CD4+ when aGalCer-responsive cell lines

were generated from thymocytes in the presence of IL-15.48

Therefore, in our culture condition, CD4) iNKT cells may

preferentially respond to IL-2 and IL-7 or iNKT cells may

down-modulate CD4 during culture.

In summary, we developed a method to generate high-

yield murine iNKT cells as long-term in vitro cultivated

cell lines. These iNKT cell lines consist of cells with vari-

ous Vb chains. They are activated by stimulation both

with antigen and with cytokines produced by TLR-stimu-

lated APCs. These iNKT cell lines should prove useful in

the identification of self and foreign antigens for iNKT

cells as well as in studies of iNKT cell activation, inactiva-

tion and effector functions.
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