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Runt-related transcription factor 3 is involved in the altered
phenotype and function in ThPok-deficient invariant
natural killer T cells

Xia Liu, Shengxia Yin, Wenqiang Cao, Wei Fan, Lei Yu, Li Yin, Lie Wang and Jianli Wang

The interplay between the CD4-lineage transcription factor ThPok and the CD8-lineage transcription factor, runt-related

transcription factor 3 (Runx3), in T-cell development has been extensively documented. However, little is known about

the roles of these transcription factors in invariant natural killer T (iNKT) cell development. CD1d-restricted iNKT cells

are committed to the CD41CD82 and CD42CD82 sublineages, which respond to antigen stimulation with rapid and

potent release of T helper (Th) 1 and Th2 cytokines. However, previous reports have demonstrated a new population of

CD81 NKT cells in ThPok-deficient mice. In the current study, we sought to determine whether Runx3 was involved in the

re-expression of CD8 and function of iNKT cells in the absence of ThPok. We used mice lacking Runx3, ThPok or both and

verified that Runx3 was partially responsible for the appearance of CD81 iNKT cells in ThPok knockout mice.

Additionally, Runx3 participated in the immune response mediated by iNKT cells in a model of

a-galactosylceramide-induced acute hepatitis. These results indicate that Runx3 is crucial for the phenotypic and

functional changes observed in ThPok-deficient iNKT cells.
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INTRODUCTION

Natural killer T (NKT) cells are an innate-like T-cell lineage

possessing both NK cell surface markers (NK1.1 in B6 mice)

and the canonical T-cell receptor a (TCRa) chain (Va14–Ja18

in mice and V24–J18 in humans) coupled to specific Vb chains

(Vb8, Vb7 and Vb2 in mice and Vb11 in humans). These

receptors are responsible for the interaction of NKT cells with

CD1d molecules expressed on CD41CD81 double-positive

(DP) thymocytes.1 NKT cells are classified into type I (defined

as invariant (iNKT) or classical NKT cells) and type II based on

the antigens recognized by each and their TCR repertoires.2

Our study focused on type I NKT cells (hereafter referred to

as iNKT cells). iNKT cells recognize the glycosphingolipid anti-

gen a-galactosylceramide (a-GalCer) and a-GalCer loading

with the tetrameric form of CD1d is often used to define the

iNKT cell subset because of the high affinity of CD1d for the

iNKT cell TCR.3 Although iNKT cells originate from

CD41CD81 (DP) thymocytes4 and are selected by MHC class

I-like CD1d molecules, they comprise functionally distinct

CD41 and CD42CD82 double-negative (DN) subsets, unlike

conventional T cells. Although iNKT cells lack CD8 expression

in mice,5,6 several studies have documented the presence of

CD81 NKT cells in humans,7–9 and this population has a dis-

tinct cytokine profile, exhibits cytotoxicity against tumors and

influences immune balance.9–11 It has been demonstrated that

activated iNKT cells are capable of rapidly releasing high

amounts of T helper 1 (Th1) cytokines, such as IFN-c, TNF-

a and IL-6, and Th2 cytokines, such as IL-4, when stimulated

by antigen. Thus, iNKT cells act as a bridge between innate and

adaptive immune responses. In addition, a population of IL-

17-producing NKT cells has been identified; these cells have

been found to produce IL-17 upon activation, thereby promot-

ing autoimmune disease.12–14 More recently, several investiga-

tors have proposed three iNKT sublineages based on thymic

development and distinct functions.14–18 These sublineages

include NKT1 cells, which have high expression of the T-box
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transcription factor T-bet (Th1-like iNKT cells) and secrete

large amounts of IFN-c upon stimulation; NKT2 cells highly

express GATA-binding protein 3 (GATA-3) (Th2-like iNKT

cells) and produce IL-4 upon stimulation, whereas NKT-17

cells (Th17-like iNKT cells) express high levels of retinoic acid

receptor-related orphan receptor-ct (RORct) and produce IL-

17 under activated conditions.17 The above description raises

the possibility that the function of specific iNKT cell subli-

neages may be determined by transcriptional programs.19

During iNKT cell development, several transcription factors

are involved in regulating phenotype and function, including a

BTB-ZF promyelocyticzinc finger transcription regulator, which

is specifically expressed in iNKT cells. Promyelocyticzinc finger

transcription regulator may control the development of iNKT

cells, as mice lacking it exhibit an ,90% decrease in the

number of thymic iNKT cells, and the iNKT cells presents

how a defect in secretion of Th1 and Th2 cytokines upon

stimulation.20,21 Studies have demonstrated that the zinc-

finger transcription factor, ThPok (also called ZBTB7B or

cKrox), drives CD4 expression on MHC class II-restricted T

cells22,23 by inhibiting the Runx1- and Runx3-mediated down-

regulation of CD4 in ab T cells.24 Interestingly, subsequent

research revealed that ThPok-deficient iNKT cells were unable

to express CD4, and a subset of CD81 NKT cells was instead

detected.25,26 Apart from its influence on phenotype, ThPok is

also required for the effector function of iNKT cells, as ThPok

deficiency markedly diminished IL-4 levels and to a lesser

extent, IFN-c levels, upon exposure to aGalCer26 compared

with wild-type (WT) mice. In addition, ThPok negatively reg-

ulates NKT-17 cells by repressing the Th17 signature regulator,

RORct, and the subsequent secretion of IL-17.27 Studies have

indicated that ThPok prevents Runx3-mediated CD81 lineage

differentiation in conventional T cells.28 Reciprocally, Runx1

and Runx3 are associated with the development and matura-

tion of CD81 thymocytes, as they suppress CD4 expression in

T cells at different stages.29,30 Several studies have revealed that

Runx3 is required for the expression of CD8 in mature CD81 T

cells by silencing CD4 expression because mice with con-

ditional knockout of Runx3 have a significant reduction in

CD81 cells.31,32 Furthermore, Runx3 functions to skew naive

CD41 T cells toward the Th1 lineage, and Runx3 and T-bet

interact to enhance the expression of IFN-c and silence IL-4 in

Th1-type cells.33 Moreover, Runx1 and Runx3 are both

involved in IL-17 production by T regulatory cells.34 Studies

in mice have confirmed that in the absence of ThPok, CD41

NKT cells completely disappear and a new population of CD81

NKT cells emerges; thus, we sought to determine whether

Runx1 and Runx3 are involved in the development of CD81

iNKT cells in ThPok-deficient mice and whether they play a

part in the response of iNKT cells to antigen stimulation.

Because iNKT cells are almost completely abolished in the

absence of Runx1,4 and little is known about the role of

Runx3 in iNKT cells, we hypothesized that Runx3 might be

responsible for the re-expression of CD8 on ThPok-deficient

iNKT cells. To address this hypothesis, we investigated the

phenotype and function of iNKT cells in mice lacking Runx3

or both ThPok and Runx3.

MATERIALS AND METHODS

Ethics statement

The animal experiments were conducted in accordance with

Zhejiang University institutional guidelines, and the study was

approved by the Ethics Committee of Zhejiang University.

Euthanasia of mice was performed by carbon dioxide inhala-

tion, which limits fear, anxiety and pain.

Mice

CD4-cre transgenic and ThPokF/F mice were generously provided

by Dr Rémy Bosselut (National Institutes of Health, Bethesda,

MD), and Runx3F/F mice were purchased from Jackson

Laboratories (Bar Harbor, ME, USA). Runx3-ThPok double

knockout (DKO) mice were generated by backcrossing for more

than nine generations onto the B6 background. Genotyping of

tail-biopsy DNA by PCR and phenotyping by flow cytometry of

blood samples were then performed to identify the correct geno-

type. All mice used in the study were between 6 and 8 weeks of age

and were maintained in the Experimental Animal Center of

Zhejiang University under specific pathogen-free conditions.

Flow cytometry

aGalCer (KRN7000) was provided by Funakoshi Co., Ltd, Japan,

and a PBS57-loaded and unloaded (control) mouse PE-conju-

gated CD1d tetramer and isotype control were obtained from the

NIH Tetramer Core Facility, USA. Single-cell suspensions of

mouse thymus and spleen were prepared, washed with PBS

and stained with fluorescently labeled antibodies. Hepatic lym-

phocytes were isolated using a previously described protocol with

minor modifications.35 Briefly, mice were euthanized by intra-

peritoneal injection with pentobarbital sodium, and the liver was

perfused with PBS via the portal vein until it became pale. The

liver was then removed and gently pressed through a 200-gauge

stainless steel mesh into PBS containing 2% FCS (Gibco,

Carlsbad, CA, USA). After the cell suspension was washed in

RPMI 1640 medium (31800; Gibco) and centrifuged at 800g

for 5 min, the cell pellet was resuspended and overlaid with

15 ml of a 33% isotonic Percoll solution (17-0891-01; GE

Healthcare, Pittsburgh, PA, USA) followed by centrifugation

for 30 min at 800g at room temperature. After treatment with

erythrocyte lysis buffer for 5 min at room temperature, liver

mononuclear cells (MNCs) were counted and analyzed by flow

cytometry on a FACSAria (BD Biosciences, San Jose, CA, USA).

The antibodies used for staining included the following: anti-

TCR (clone H57-597), anti-NK1.1 (clone PK136), anti-CD4

(clone RM4-5), anti-CD8 (clone 53-6.7), anti-CD8b (clone

H35-17.2), anti-CD44 (clone IM7), anti-CD69 (clone H1.2F3),

anti-CD122 (clone TM-b1), anti-CD62L (cloneMEL-14) and

anti-CD16/32 (clone93) (eBioscience, San Diego, CA, USA).

Anti-Ly6C (clone HK1.4) was from Biolegend, San Diego, CA,

USA (USA). All antibodies were used according to the manufac-

turer’s instructions. Data were analyzed using FlowJo software

(Treestar, San Diego, CA, USA).
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iNKT cell sorting

To sort iNKT cells, mouse thymocytes were labeled with the

PE-conjugated CD1d-PBS57 tetramer and then enriched using

anti-PE microbeads with LS columns following the manufac-

turer’s protocol (Miltenyi Biotec, Auburn, CA, USA). Enriched

NKT cells from 5–8 mice were pooled and further sorted on a

FACSAria (BD Biosciences, San Jose, CA, USA). A purity

.95% was obtained.

Quantitative RT-PCR

After sorting iNKT cells, total RNA was extracted using the

Trizol reagent (Cat. No. 15596026; Invitrogen, Carlsbad, CA,

USA), cDNA was synthesized from 500 ng of total RNA using

the Prime Script reverse transcriptase (Cat. No. DRR063A;

Takara, SHG, Japan) and PCR was performed on an ABI

Prism 7500 analyzer (Applied Biosystems, Carlsbad, CA, USA)

using SYBR Premix ExTaq (Cat. No. DRR041A; Takara). All

gene expression levels were normalized to mouse b-actin

expression. The sequences of the primers were as follows:

ThPok: 59-GTCTGCGGCGTCCGCTTC-39 (forward) and

59-CGGTCCCCGGTGTGCAG-39 (reverse); Runx1: 59-GAG-

CGGCTCAGTGAATTGGA-39 (forward) and 59-GAAATGG-

GTGTCGCTGGGTG-39 (reverse); Runx3: 59-TTCCTCTGCT-

CCGTGCTGC-39 (forward) and 59-TGACAGCGGAAGCGT-

TGCG-39 (reverse); GATA-3: 59-CCTACCGGGTTCGGATG-

TAA-39 (forward) and 59-AGCCTTCGCTTGGGCTTGAT-39

(reverse); b-actin: 59-CGTTGACATCCGTAAAGACC-39 (for-

ward) and 59-AACAGTCCGCCTAGAAGCAC-39 (reverse).

Model of acute hepatitis and serum alanine amino

transferase (ALT) assay

To induce iNKT cell-driven acute liver injury, mice were admi-

nistered a single-tail vein injection of aGalCer (100 mg/kg body

weight dissolved in 5.6% sucrose, 0.75% L-histidine and 0.5%

Tween-20) or ConA (10 mg/kg body weight diluted in sterile

PBS, approximately 200 ml/mouse). Control mice were adminis-

tered an equivalent volume of vehicle containing pyrogen-free

PBS. Twenty-four hours after challenge, mice were euthanized

and blood samples were collected by cardiac puncture. Sera were

obtained by centrifugation at 800g for 10 min and ALT (the gold

standard for evaluation of liver damage36,37) levels were detected

using an ALT kit from Shanghai Rongsheng Biotech Co.

(Shanghai, China). The ALT values are presented as IU/l.

Histological analysis

To determine the degree of injury 24 h after aGalCer challenge,

the liver was fixed in 4% paraformaldehyde and embedded in

paraffin. Sections (4-mm) were cut and stained with hematoxy-

lin and eosin.

ELISA

For in vivo cytokine detection, serum IFN-c, TNF-a, IL-4, IL-6

and IL-17 were measured by ELISA using Ready-Set-Gokits

(eBioscience, San Diego, CA, USA) according to the manufac-

turer’s instructions. For in vitro assays, iNKT cells sorted

from thymocytes were stimulated overnight with plate-bound

anti-CD3 (1 mg/ml) in 96-well plates (13105 cells/well) with

DMEM (C0006; Gibco, Carlsbad, CA, USA) supplemented

with 2 mM glutamine, 100 units/ml penicillin, 100 mg/ml

streptomycin sulfate and 10% heat-inactivated FBS (Gibco,

Carlsbad, CA, USA) at 37 uC under 5% CO2. The supernatants

were then collected for cytokine determination at the indicated

time points. All assays were performed in triplicate.

Construction of the ThPok-overexpressing adenovirus

vector and rescue experiments

A recombinant vector encoding Mus musculus ThPok was gen-

erated using PCR and subcloned into the PCDNA3 vector with

bilaterally inserted restriction endonucleases (EcoRI and

NotI). The clonal product was identified by sequencing and

sent to Shanghai Bioeasy Biotechnology Co., Ltd (Shanghai,

China) for packaging into adenoviruses using the pAd-Easy1

system. Following the manufacturer’s protocol, titers of the

ThPok adenovirus (Ad-ThPok) reached 7.6831011 infectious

units (IFU)/ml. The GFP control adenovirus (Ad-GFP) had a

titer of 1.231012 IFU)/ml. In rescue experiments, ThPok-defi-

cient mice were challenged with Ad-ThPok or Ad-GFP 3 days

prior to aGalCer injection, and blood samples were collected

for ALT determination.

Cell stimulation in vitro and intracellular staining of IL-17A

Liver mononuclear cells were prepared as previously described.

For stimulation experiments, cell suspensions at 33106 cells/

ml were stimulated with 100 nM PMA, 100 nM ionomycin and

Golgi-Stop (BD Biosciences, San Jose, CA, USA) and cultured

at 37 uC for 3 h in RPMI 1640 medium supplemented with 10%

FBS and 50 mM b-mercaptoethanol. After stimulation, the cells

were washed, stained for surface markers and then fixed and

stained intracellularly with an Clone eBio17B7 (eBioscience,

San Diego, CA, USA) or clone eBM2a antibody.

Statistical analysis

All statistical analyses were performed using GraphPad Prism

(GraphPad Software, San Diego, CA, USA) and SPSS 20, and

data were expressed as the mean6s.e.m. Comparisons between

groups were performed using Student’s t-test or the Mann–

Whitney test, and comparisons among more than two groups

were conducted using the Kruskal–Wallis method. Significant

differences were considered at P,0.05.

RESULTS

Altered T-cell phenotype in CD4-cre1Runx3F/F, CD4-

cre1ThPokF/F and CD4-cre1Runx3F/FThPokF/F mice

The conventional T-cell fate model has indicated that ThPok is

barely detectable in CD81 T cells,22,38 and Runx3 expression in

turn is decreased in CD41 T cells.39,40 However, our real-time

PCR analyses revealed that Runx3 and ThPok were both

expressed in the CD41 and DN subsets of iNKT cells, whereas

a low abundance of Runx1 mRNA was detected (Figure 1a).

These results are consistent with previous studies.25,41,42

Although published results have shown a subset of CD81

NKT cells arising in ThPok-deficient mice,25 results of real-time
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Figure 1 Altered T-cell phenotype in CD4-cre1Runx3F/F, CD4-cre1ThPokF/F and CD4-cre1Runx3F/FThPokF/F mice. (a) We sorted thymic iNKT cells
from WT mice into CD41 and DN subsets and extracted total RNA to measure the expression levels of ThPok, Runx3 and Runx1 by quantitative real-
time PCR. Transcript levels were normalized to the transcript levels of b-actin in each sample. Results are shown as the mean6standard deviation,
and data are representative of at least three independent experiments. (b) Determination of mRNA levels of ThPok, Runx3 and Runx1 in sorted thymic
iNKT cells from ThPok-deficient and WT mice by flow cytometry and RT-PCR. Results are shown as the mean6standard deviation, and data are
representative of three independent experiments. ***P,0.001. (c) Thymocytes from Runx3-deficient, ThPok-deficient, DKO and WT mice were
prepared as previously described and analyzed by multicolor flow cytometry. The WT mice are shown as the control; the top row indicates the thymic
T-cell phenotype by CD4 versus CD8; in the second row, cells were gated on TCRb1HSAlow T cells, indicating a population of mature T cells in the
thymus. Numbers indicate the percentage of the indicated cell population. Data are representative of more than five independent experiments. (d)
Flow cytometric analysis of thymocytes from Runx3-deficient, Thpok-deficient, DKO and age-matched litter mate control mice. The first line shows
iNKT cells defined as the aGalCer-CD1d tetramer1TCRb1 population. Numbers represent the percentage of iNKT cells. The second line depicts the
staining of CD1d tetramer1TCRb1 iNKT cells for NK1.1 and CD44. The latter markers were used to determine the three maturation stages of iNKT
cells in the thymus. Data are representative of at least eight independent experiments. aGalCer, a-galactosylceramide; DKO, double knockout; DN,
double-negative; iNKT, invariant natural killer T; Runx3, runt-related transcription factor 3; TCR, T-cell receptor; WT, wild-type.
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PCR analyses in the current study showed no notable increase in

Runx1 orRunx3 levels in iNKT cells in the absence of ThPok

(Figure 1b). This finding prompted us to consider the role of

Runx3 in iNKT cells, as several studies have noted that Runx3

activates CD8 expression by binding to the Cd4 silencer and the

Cd8 locus, whereas ThPok functions to keep the loci apart.43,44

To further determine whether the induction of CD8 requires

Runx3 as noted previously,45 we generated mice lacking both

Runx3 and ThPok (hereafter referred to as DKO mice) or mice

lacking each gene separately using CD4-cre transgenic mice.

First, we characterized the T-cell phenotype of these mice.

Knockout of Runx3 alone resulted in fewer CD81 T cells in

the thymus and a small cluster of CD41CD81 DP thymocytes

(Figure 1c). In contrast, in ThPok-deficient mice, CD41 T cells

were almost completely absent in TCRb1HSAlow thymocytes,

and instead, as previously reported, CD81 T cells were mainly

observed.46 Conditional inactivation of both Runx3 and ThPok

in DKO mice resulted in the appearance of a population of

mature CD41 T cells and CD41CD81 DP T cells in the thymus,

similar to results obtained with Lck-cre1CbfbF/FThPokF/F mice.28

In the periphery, similar alterations in mature T-cell subsets in

the absence of Runx3 or ThPok or both were observed, and the

alterations were more pronounced than those observed in the

thymus (Supplementary Figure 1a). Due to these changes in T-

cell development, we further explored whether the iNKT cells in

these mice were also affected. We first assessed the percentages

and absolute numbers of iNKT cells in the thymus, spleen and

liver, and found that the Runx3-deficient mice had basal percen-

tages and absolute numbers of iNKT cells almost identical to

littermate controls (Supplementary Figure 1b). In ThPok-defi-

cient mice, we found a higher percentage of aGalCer1TCR1

iNKT cells as previously reported41 (Figure 1d), whereas the

absolute numbers of iNKT cells did not differ between these mice

(Supplementary Figure 1b). Assessment of NKT cell develop-

ment revealed that in all three knockout strains, fewer of the

most mature stage 3 NKT cells (CD441NK1.11) were detected,

mainly owing to reduced NK1.1 expression (Figure 1d). These

results indicate that the survival and development of thymus-

derived NKT cells were not greatly affected by the absence of

Runx3 or ThPok or both.

Characterization of iNKT cells in Runx3-deficient, ThPok-

deficient and DKO mice

Our results confirmed that the thymic iNKT cells re-expressed

CD8 in the absence of ThPok as previously reported,25 whereas

in the Runx3-deficient mice, the phenotype of thymic iNKT cells

was almost identical to WT controls except for an increased ratio

of CD41/DN cells (Figure 2a and b). As expected, we found that

the numbers of CD8-expressing iNKT cells from DKO mice

diminished by almost half compared with those in ThPok-defi-

cient mice. The analysis also showed that numbers of both

CD8aa and CD8ab iNKT cells declined by the same amount

(Figure 2a and c). In addition, mean fluorescence intensity

(MFI) results showed that the decrease in CD81 iNKT cells

was mainly a result of the downregulation of CD8a (Figure 2c)

in the DKO mice. We subsequently explored the phenotype of

peripheral iNKT cells (spleen and liver) and found that it

resembled the phenotype of iNKT cells in the thymus; the per-

centages and absolute numbers were equivalent among the mice

(data not shown). Examination of the iNKT cell phenotype in

the Runx3-deficient mice showed no disparity in the ratio of

CD41/DN cells with that of WT mice, unlike that found in

the thymus. Compared with the ThPok-deficient iNKT cells,

the numbers of CD81 NKT cells from both the spleen and liver

were consistently decreased by ,20% in DKO mice (Figure 2d).

In addition, analysis of absolute number and MFI showed that

in the liver, the decrease in numbers of CD81 iNKT cells was

mainly due to the CD8ab iNKT cells (Supplementary Figure 2).

However, although there was a prominent reduction in CD8

expression, the DKO mice still displayed a proportion of

CD81 NKT cells. The latter result may be due to the functional

redundancy of Runx1 analogous to that in conventional T

cells.32,47 Thus, the data indicate that Runx3 is partially respons-

ible for the expression of CD8 in ThPok-defective iNKT cells.

Assessment of hepatic injury in Runx3-deficient, ThPok-

deficient and DKO mice

To determine whether Runx3 and ThPok expression was affec-

ted by NKT cell activation, we used the classical acute hepatic

injury model. To induce hepatic injury, C57BL/6 mice were

given an intravenous injection of 40 mg/kg aGalCer (a highly

active agonist that specifically activates NKT cells5,48). We

found that the mRNA expression of both Runx3 and ThPok

mRNA was increased in the liver 1 h after aGalCer injection

(Figure 3a). Twenty-four hours after the aGalCer injection,

WT and Runx3-deficient mice exhibited a significant increase

in ALT, whereas ThPok-deficient and DKO mice showed little

ALT increase, suggesting protection from hepatic injury

(Figure 3b). Consistent with the ALT results, analysis of liver

histology showed severe hepatic necrosis in Runx3-deficient

and WT mice 24 h after aGalCer administration, whereas the

livers of ThPok-deficient and DKO mice had little damage

(Figure 3c). Further, we used a ConA-induced liver injury

model and obtained the same results (Supplementary Figure

3a). Thus, Runx3 does not contribute to the liver injury

induced by aGalCer and ConA, as liver damage was barely

detectable in mice lacking ThPok or both ThPok and Runx3.

Cytokine defects in DKO mice in vivo and in vitro
Liver injury is exacerbated by high levels of Th1 (IFN-c) and

Th2 (IL-4) cytokines, as well as IL-6, IL-17 and TNF-a secreted

by iNKT cells after immunization with aGalCer. We therefore

examined the expression levels of several cytokines by ELISA in

blood samples to determine whether the absence of Runx3 or

ThPok or both affected the cytokine profile of iNKT cells. The

results showed that after in vivo aGalCer stimulation for 2 h,

the induction of IFN-c, TNF-a and IL-6 was comparable

among Runx3-deficient, Thpok-deficient and WT mice.

However, DKO mice exhibited a notable reduction in cytokine

levels, indicating that the iNKT secretion of IFN-c, TNF-a and

IL-6 during the early stage of in vivo aGalCer activation is

mediated by both ThPok and Runx3 (Figure 4a). We found
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Figure 2 Characterization of iNKT cells in Runx3-deficient, ThPok-deficient and DKO mice. (a) aGalCer CD1d1TCRb1 iNKT cells from the
indicated mice were identified from the total thymocyte population and then stained with CD4 versus CD8 to differentiate subsets as shown in
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DN iNKT cells in the thymi of Runx3-deficient and WT mice were calculated from six separate experiments. Each plot represents an individual
mouse. P values were determined by a paired, two-tailed Student’s t-test, and statistically significant differences are marked (*P,0.05, **P,0.01,
***P,0.001). (c) The bar graphs show the MFI of CD8a molecules (left) in ThPok-deficient and DKO mice. The absolute numbers of CD8aa1 or
CD8ab1 iNKT cells from ThPok-deficient (filled bars) and DKO (open bars) mice (n58) are shown in succession (right). Error bars indicate s.e.m.
and significance is indicated (*P,0.05, **P,0.01, ***P,0.001). Results are representative of eight independent experiments. (d) Flow cyto-
metric analysis of peripheral iNKT cells in the indicated mice. The upper panels display CD4 and CD8 expression in iNKT cells gated on aGalCer-
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cell; Runx3, runt-related transcription factor 3; TCR, T-cell receptor; WT, wild-type.
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that the Runx3-deficient mice displayed elevated IL-4 levels

similar to WT mice, but in ThPok-deficient mice, there was a

dramatic reduction, which was expected based on an earlier

report;26 reduced IL-4 was also found in DKO mice.

Conversely, as ThPok negatively regulates NKT-17 cells,27 IL-

17A levels in ThPok-deficient mice was significantly higher

than those observed in Runx3-deficient and WT mice. iNKT

cells from DKO mice also secreted substantial amounts of IL-

17A, but the levels were less than those secreted by iNKT cells

from ThPok-deficient mice (Figure 4a). In experiments assessing

intracellular levels of IL-17A in liver MNCs, both the DN and

CD81 subpopulations of iNKT cells in ThPok-deficient mice

were able to produce IL-17A upon stimulation, and these sub-

sets were also able to produce IL-17A in DKO mice, indicating

that IL-17A expression was not affected in the CD81 subpopu-

lation of iNKT cells (Figure 4d). Of note, we then measured

serum cytokines 24 h after intravenous aGalCer injection, as

elevation of the Th1 cytokine IFN-c is delayed after aGalCer

treatment. We found that IFN-c levels were similar between

Runx3-deficient and WT mice and were higher than those

observed at 2 h post-injection. However, the ThPok-deficient

and DKO mice had much lower IFN-c levels than the other two

groups (Figure 4b). These mice also demonstrated reduced

TNF-a and IL-6 production compared with Runx3-deficient

and WT mice, whereas IL-4 and IL-17A were undetectable (data

not shown). To directly and specifically explore the ability of

iNKT cells to produce cytokines in Runx3-deficient, Thpok-

deficient and DKO mice, and to rule out the possibility of

defects in the microenvironment of iNKT cells, thymic iNKT

cells were purified from 5–7 mice/group and the sorted iNKT

cells were activated with anti-CD3 for 2 or 24 h. We consistently

found that after stimulation for 2 h, the expression of IFN-c in

iNKT cells from Runx3-deficient, Thpok-deficient mice did not

differ from iNKT cells from WT mice, but a decrease in IFN-c

was observed in iNKT cell supernatants from DKO mice com-

pared with iNKT cell supernatants from ThPok-deficient mice

(Figure 4c). However, after stimulation for 24 h, the iNKT cells

from Runx3-deficient mice secreted high amounts of IFN-c
similar to iNKT cells from WT mice, but relatively low levels

were measured in iNKT cells from ThPok-deficient and DKO

mice (Figure 4c). Results assessing in vitro IL-4 secretion were

similar to results of the in vivo assays, namely, markedly reduced

IL-4 levels were observed in iNKT cells from ThPok-deficient

mice both at 2 and 24 h. However, it was noteworthy that iNKT

cells from DKO mice produced more IL-4 than iNKT cells from

ThPok-deficient mice, although the levels were lower than those

produced by iNKT cells from Runx3-deficient and WT mice.

The recovered IL-4 production in DKO mice was expected

because several studies have reported an inhibitory effect of

Runx3 on IL-4 expression in T cells,33,49 suggesting a similar

mechanism of action of Runx3 in iNKT cells. In accord with

the findings of IL-17A secretion in response to aGalCer in vivo,

the in vitro experiments indicated that ThPok disruption led

to significantly higher expression of IL-17A by thymus-derived

iNKT cells upon stimulation compared with iNKT cells from

Runx3-deficient and WT control mice, whereas the sorted iNKT

cells from DKO mice secreted less IL-17A than the iNKT cells

from ThPok-deficient mice (Figure 4c). The latter result could

be due to the enhancing effect of Runx3 on the expression of IL-

17A, similar to that observed in certain subsets of T cells.50,51

The above data confirmed that, in the absence of Runx3, cyto-

kine production was not markedly altered in vivo and in vitro,

whereas in the absence of both Runx3 and ThPok, the cytokine

profile of iNKT cells was affected, indicating that Runx3 is

involved in the function of iNKT cells in ThPok-deficient mice.

Activated and memory phenotype of iNKT cells differs

among Runx3-deficient, ThPok-deficient, DKO and

littermate control mice

Next, to clarify the mechanism of the functional diversity of

iNKT cells among the three strains of conditional knockout

mice, we first examined two crucial surface markers expressed

on iNKT cell subsets: CD69, which identifies activated and

memory iNKT cells, and CD62L, which identifies naive iNKT

cells.35,52 The data revealed no marked difference in CD69 and

CD62L expression on liver iNKT cells from Runx3-deficient

and WT mice; however, iNKT cells from ThPok-deficient mice

expressed a lower level of CD69 and a higher level of CD62L

than control iNKT cells (Figure 5a). The iNKT cells in DKO

mice appeared much more immature than iNKT cells in

ThPok-deficient mice. Moreover, MFI analysis of the DN

and CD81 iNKT cell subsets showed a decrease in CD69

expression and an increase inCD62L expression in iNKT cells

from DKO mice compared with iNKT cells from ThPok-defi-

cient mice (Figure 5b). The reduced expression of the activa-

tion marker and increased expression of the naive marker in

iNKT cells from DKO mice are notable, as they may account for

the differential cytokine profile exhibited by iNKT cells.

Because the transcription factors, T-bet, GATA-3 and

RORct, are associated with the production of the cytokines

described above, we further assessed whether the defective

cytokine profile in DKO mice compared with ThPok-deficient

mice after aGalCer challenge was related to the expression of

these transcription factors. We sorted iNKT cells from the

thymi of Runx3-deficient, Thpok-deficient, DKO and litter-

mate control mice and assessed the mRNA expression of the

signature transcription factors. T-bet is known to regulate the

expression of the Th1 cytokine, IFN-c, by directly binding to

the promoter and enhancer regions of the gene.53,54 We found

that T-bet expression in Runx3-deficient mice was similar to

that of WT mice, but in Thpok-deficient and DKO mice, T-bet

expression was diminished (Figure 5c). This result may explain

the impaired level of IFN-c observed in iNKT cells from

ThPok-deficient and DKO mice 24 h after aGalCer injection.

Moreover, because enhanced IFN-c production in T cells

requires the cooperation of T-bet and Runx3,33 the DKO mice

showed decreased IFN-c expression early after aGalCer chal-

lenge. In addition, we assessed the levels of the Th2 cytokine-

regulating transcription factor, GATA-3, in purified iNKT cells

and found no difference between Runx3-deficient, Thpok-

deficient, DKO and WT controls (Figure 5c). This finding
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indicated that GATA-3 was not responsible for the absence of

IL-4 production in iNKT cells in ThPok-deficient and DKO

mice, suggesting that other transcription factors may be

involved. We also found that the expression of the NKT17

regulator, RORct, corresponded to the secretion of IL-17A

after aGalCer challenge. That is, ThPok-deficient mice had very

high levels of RORct, and the levels were lower in DKO mice

(Figure 5c). Taken together, these data indicate that in mice

lacking both Runx3 and ThPok, the cytokine profile of

aGalCer-challenged iNKT cells is likely associated with the

expression of the transcription factors, T-bet and RORct.

DISCUSSION

Although a considerable number of studies have investigated

the interplay between Runx3 and ThPok in T-cell lineage com-

mitment, very little is known about their roles in iNKT cell

development and function. We used Runx3-deficient and

ThPok-deficient as well as Runx3/ThPok double-deficient

mice to demonstrate that the phenotype of mouse iNKT

cells was similar between Runx3-deficient and WT mice, and

cells from these mice contained CD4 single-positive and

CD42CD82 DN sublineages. In the absence of ThPok, the

mice completely lost the CD41 iNKT cells, but harbored a

group of CD81 NKT cells as reported previously.25,41 When

both Runx3 and ThPok were absent, the numbers of CD81

iNKT cells in the thymus, spleen and liver were decreased,

indicating that Runx3 plays an integral role in the appearance

of CD81 iNKT cells in ThPok-deficient mice. At the same time,

a population of CD81iNKT cells remained, probably due to

compensation by Runx1 as occurs in T cells.32 Additionally, we

found that Runx1 was equally expressed in ThPok-deficient

and DKO mice.

Three iNKT developmental stages have been defined based

on CD44 and NK1.1 expression in the thymus. These stages

range from the most immature stage 1 (CD44lowNK1.12), dif-

ferentiating through stage 2 (CD44highNK1.12) to stage 3

(CD44highNK1.11) and representing the gradual maturation

of iNKT cells.55 We found that the absence of ThPok affected

the development of iNKT cells, as the expression of NK1.1 was

diminished as iNKT cells gradually matured in stage 3

(CD441NK1.11). The Runx3-deficient mice had decreased

NK1.1 levels similar to those observed in ThPok-deficient mice.

Of particular interest, in the DKO mice, we found equally

reduced expression of NK1.1 rather than an additive effect.

This finding may be interpreted as follows: the absence of

ThPok led to reduced NK1.1 expression by affecting the mat-

uration of iNKT cells, whereas Runx3 only influenced the sur-

face expression of NK1.1 because the phenotype and function

of iNKT cells in Runx3-deficient mice were similar to those of

WT mice.

Despite several studies confirming that ThPok contributes to

the maintenance of CD41 iNKT cells and that deletion of

ThPok impairs the function of iNKT cells, few studies have

been performed to explore the function of ThPok in liver

injury. Thus, we established two widely used liver injury mod-

els in Runx3-deficient, Thpok-deficient and DKO mice.

Twenty-four hours after aGalCer/ConA injection, the

ThPok-deficient and DKO mice had no detectable liver injury.

Combined with the results that iNKT cells from ThPok-defi-

cient and DKO mice showed significantly increased IL-17A

production after stimulation, the data likely reflect the fact that

ThPok biases iNKT development towards a population of

iNKT–IL-17-producing cells in the thymus.16,27 As these cells

produce less IFN-c and IL-4,17 the influence of ThPok on liver

damage may be indirect, as the damage may be a result of

altered iNKT cell development in the thymus. We also used

the recombinant adenovirus system to overexpress ThPok in

ThPok-deficient mice 3 days prior to injection of aGalCer or

vehicle. Twenty-four hours after challenge, we assessed serum

ALT levels and found that, compared with empty vector or

mock-injected ThPok-deficient mice, the forced expression

of ThPok resulted in elevated ALT levels. These results indi-

cated that the adenovirus-mediated ectopic expression of

ThPok was able to significantly rescue its function in response

to aGalCer (Supplementary Figure 3b).

Experiments assessing the function of iNKT cells in ThPok-

deficient and DKO mice revealed that peripheral iNKT cells

from both strains acquired a naive-like phenotype: i.e., dimin-

ished CD69 and increased CD62L expression. At early times

after stimulation in both in vivo and in vitro studies, the Th1-

type cytokine profile of iNKT cells did not differ between

ThPok-deficient and WT mice, but the iNKT cells from DKO

mice had markedlyreduced expression of IFN-c, TNF-a and IL-

6, indicating that Runx3 is involved in the altered function of

iNKT cells in ThPok-deficient mice. However, we found no

such difference either in vivo or in vitro between ThPok-defi-

cient and DKO mice at longer periods after stimulation. In

addition, because IL-17A production is generally dependent

on the transcription factor, RORct,56 and an earlier study

demonstrated increased RORct and IL-17A expression in

ThPok-deficient mice, we assessed RORct and IL-17A express-

ion in DKO mice. The results indicated that expression of both

was lower in DKO than in ThPok-deficient mice, a finding

that may be explained by the function of Runx3 on RORct

expression to a certain extent. The study of CD81 NKT cells

is also important because a population of CD81 NKT cells

exists in human. The functional potential of subsets of human

NKT cells has been well studied, and they have been reported to

play vital roles in autoimmune diseases, such as type 1 diabetes

and several types of cancer.57–59 Our results provide an explana-

tion for the emergence of CD81 iNKT cells in ThPok-deficient

mice and suggest an indirect correlation between Runx3 and the

function of iNKT cells using DKO mice. However, the precise

mechanisms by which Runx3 and ThPok influence the subsets

and functions of iNKT cells in mice remain to be elucidated. It

would be of particular interest to determine whether the other

Runx family members, including Runx1, participate in the

expression of CD8 on iNKT cells and their function.
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