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Summary

The binding of NKG2D to its ligands strengthens the cross-talk between

natural killer (NK) cells and dendritic cells, particularly at early stages,

before the initiation of the adaptive immune response. We found that ret-

inoic acid early transcript-1e (RAE-1e), one of the ligands of NKG2D, was

persistently expressed on antigen-presenting cells in a transgenic mouse

model (pCD86-RAE-1e). By contrast, NKG2D expression on NK cells,

NKG2D-dependent cytotoxicity and tumour rejection, and dextran

sodium sulphate-induced colitis were all down-regulated in this mouse

model. The down-regulation of NKG2D on NK cells was reversed by stim-

ulation with poly (I:C). The ectopic expression of RAE-1e on dendritic

cells maintained NKG2D expression levels and stimulated the activity of

NK cells ex vivo, but the higher frequency of CD4+ NKG2D+ T cells in

transgenic mice led to the down-regulation of NKG2D on NK cells in

vivo. Hence, high levels of RAE-1e expression on antigen-presenting cells

would be expected to induce the down-regulation of NK cell activation by

a regulatory T-cell subset.

Keywords: natural killer; NKG2D; regulation; retinoic acid early tran-

script-1; transgenic mouse.

Introduction

Innate and adaptive immunity are coordinated in protec-

tive immune responses. The cross-talk between dendritic

cells (DCs) and natural killer (NK) cells has an impact

not only on the innate immune response, but also on the

initiation, development and outcome of the acquired

immune response.1,2 The DCs activate resting NK cells by

direct cell-to-cell contact (e.g. NKG2D ligand–NKG2D,
CD70–CD28, CD48–2B43,4), and the secretion of cyto-

kines [e.g. interferon-a (IFN-a), tumour necrosis factor-a
(TNF-a), interleukin-12 (IL-12), IL-15, IL-18], and they

increase anti-tumour immunity by triggering NK cell

functions.5,6 Natural killer cells can promote DC matura-

tion by producing IFN-c or TNF-a, and they can kill

immature DCs through signals mediated by NKp30 or

TRAIL.7,8

MHC class I-related chain A or B (MICA/B) and

human cytomegalovirus UL16-binding proteins (ULBP1–
6) are ligands of human NKG2D, which transduces acti-

vating signals in NK cells.9,10 Mouse NKG2D ligands

include retinoic acid early induced transcript-1 (RAE-1a,
-b, -c, -d, -e), H60 and murine ULBP-like transcript 1

(MULT-1).11–13 MICA/B antigens are expressed predomi-

nantly on the gastrointestinal epithelium, tumour cells,

some virus-infected cells and other stressed cells. Mono-

cytes and immature DCs display low-level MICA expres-

sion, but some infections, such as Mycobacterium

tuberculosis14 and influenza virus infections,15 and some

cytokines (e.g. TNF-a, IL-15) and lipopolysaccharide up-

regulate MICA expression in DCs and macrophages.16,17

The ectopic expression of MICA on cancer cells pro-

motes NK cell activation ex vivo, but sustained

MICA expression on either cancer cells or normal cells

down-regulates NKG2D expression on NK cells and

CD8+ T cells, as demonstrated in both H2-Kb : MICA18

and b-actin : Rae-1e transgenic mice.19 In addition, solu-

ble MICA shedding from cancer cells also induces

NKG2D down-regulation.20,21 The persistent binding of

NKG2D to its ligands inhibits NKG2D binding to

DAP10, but also decreases the activation of downstream

signal molecules.22 We generated a mouse transgenic for

the RAE-1e gene under control of the CD86 promoter, to

investigate the effects on NKD2D expression and NK cell

function of the persistent expression of high levels of

RAE-1 on DCs. RAE-1e was strongly expressed on DCs, B
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cells and macrophages in these transgenic mice. NKG2D

expression on NK cells was down-regulated to a moderate

level and CD4+ NKG2D+ T cells were induced to mediate

regulatory functions through the production of

transforming growth factor-b (TGF-b) in CD86-RAE-1e
mice.

Materials and methods

DNA construct and the generation of CD86-RAE-1
transgenic mice

The promoter of the mouse CD86 gene (1�3 kb) was

amplified with primers (forward: 5′-CCGACTAGTTAGA
AGCTAGAGGAGTCAAGGAT-3′; reverse: 5′-CGCAAGCT
TGTCTGG TTGTTCAAGTCCGT-3′) based on the CD86

promoter sequences in GenBank (GI: 56406302) flanked

with SpeI and HindIII sites. The promoter region of the

pcDNA3.1 (+) vector was replaced with CD86 promoter

gene sequences. RAE-1e cDNA (supplied by Lewis L La-

nier; University of California, San Francisco, CA) was

inserted into CD86-pcDNA3.1 (+), between the KpnI and

NotI sites.

The transgene vector was digested with SpeI and DraIII,

and the resulting 2�6-kb fragment including the CD86-

RAE-1 transgene and the bovine growth hormone poly-

adenylation signal was isolated, for microinjection into

the pronuclei of one-cell embryos from C57BL/6 mice.

Neonatal mice were bred and maintained under specific

pathogen-free conditions in the animal model research

centre of Nanjing University.

For the screening of founder mice, tail DNA was iso-

lated by the SDS–proteinase K method. Founders were

genotyped by PCR, with specific primers spanning the

CD86-MICA transgene. The oligonucleotide 5′-TAG-
CAAGTCAATTTCCGCATAC-3′ was used as a forward

primer, and 5′-TTCCCAGGTGGCACTAGG-3′ was used

as a reverse primer. Founder mice were crossed with nor-

mal C57BL/6 mice; littermates in the progeny were then

crossed to generate homozygous mice. We finally

obtained three homozygous lines, lines 48, 1 and 17,

which we used for subsequent studies.

Analysis of RAE-1e expression by Western blotting

About 2 mg of liver tissues were chopped and ground in

tissue lysis buffer (Dakewei, Shenzhen, China). The result-

ing whole-cell lysates were centrifuged and separated by

electrophoresis in 1-mm-thick 5–12% Tris–glycine gels.

The bands obtained were then transferred to PVDF mem-

branes. The PVDF membranes were blocked by incuba-

tion with 5% (weight/volume) non-fat dry milk powder

in Tris-buffered saline (TBS). Anti-RAE-1 monoclonal

antibody (mAb) (AF1136; R&D Systems, Minneapolis,

MN) was diluted 1/500 in TBST (TBS-Tween) buffer

supplemented with 2 mg/ml BSA and incubated with the

membrane for 2 hr at 37°. The PVDF membranes were

then incubated with horseradish peroxidase-conjugated

rabbit anti-goat IgG or goat anti-rabbit IgG (1/3000 in

TBST; Invitrogen, Carlsbad, CA) for 1 hr. Membranes

were thoroughly washed in TBST, and immunoreactive

bands were visualized by incubation with a chemilumi-

nescence reagent (Dakewei).

RT-PCR analysis

Natural killer cells were isolated, by sorting CD3� NK1.1+

cells from the spleen of transgenic or wild-type mice by

flow cytometry. RNA was extracted from NK cells and

transcribed as previously described (TaKaRa, Otsu, Shiga,

Japan). The primer sequences used for NKG2D-L and

NKG2D-S amplification were 5′-CAGGAAGCAGAGGCA
GATTATCTC-3′ (5′NKG2D-L) and 5′-TCCCTTCTCTGC
TCAGAG-3′ (5′NKG2D-S). The common 3′ NKG2D pri-

mer was 5′-TTACACCGCCCTTTTCATGCAGATG-3′.
The other primers used were: DAP10 forward (5′-ATGGA
CCCCCCAGGCTACCTC-3′) and DAP10 reverse (5′-TCA
GCCTCTGCCAGGCATGTT-3′); DAP12 forward (5′-ACT
TTCCCAAGATGCGAC-3′) and DAP12 reverse (5′-GTA
CCCTGTGGATCTGTA-3′); b-actin forward (5′-TAC-
CACTGGCATCGTGATGGACT-3′) and b-actin reverse

(5′-TCCTTCTGCATCCTGCGGCAAT-3′).

Splenocyte isolation and stimulation

The spleen was isolated and homogenized. Splenocytes

were then obtained by passing the homogenate through a

filter with 40-lm pores (BD Biosciences, San Jose, CA).

For the sorting of B, CD4+ T and CD11c+ cells, we used

magnetic beads coated with antibodies against CD19, CD4

and CD11c, respectively (Miltenyi Biotec, Bergisch Glad-

bach, Germany). CD4+ NKG2D+ T cells, CD4+ NKG2D� T

cells and NK1.1+ CD3� cells were obtained by flow

cytometry sorting (BD FACSAria). Spleen DCs were iso-

lated on the basis of their binding to magnetic beads

bearing the anti-CD11c antibody. They were cultured

with NK cells in a 1 : 2 ratio. CD4+ NKG2D+ T cells and

CD4+ NKG2D� T cells were also mixed with NK cells at

a ratio of 1 : 2 and incubated overnight.

Antibodies and flow cytometry

The antibodies for flow cytometry were obtained from

Biolegend (San Diego, CA) or eBioscience (San Diego,

CA). We used antibodies against CD3 (17A2), CD8

(53.67), CD4 (GK1.5), NK1.1 (PK136), CD49b (DX5),

CD19 (6D5), Gr-1 (RB6-8C5), CD11c (N418), CD11b

(M1/70), CD69 (LG.3A10), NKG2D (CX5), CD107a

(1D4B), IFN-c (XMG1.2), 2B4 (458.1), NKp46 (29A1.4),

NKG2A (16A11), TGF-b (TW7-16B4), Ly49D (4E5),
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Ly49H (3D10) and KLRG1 (2F1). Neutralized TGF-b
antibody (1D11), RAE-1e mAb (205001) and recombi-

nant NKG2D-immunoglobulin were obtained from R&D

Systems. Alexa 488-conjugated anti-human IgG was

obtained from Invitrogen. All cells were blocked by incu-

bation with mouse serum and then incubated with anti-

bodies at 4° for 30 min. They were then washed and

analysed by flow cytometry with CELLQUEST (BD FACSCal-

ibur) or FACS DIVA (BD FACSAria software).

Immunofluorescence staining

Mouse tissues were embedded in optimal cutting tem-

perature compound and snap-frozen in liquid nitrogen

for the cutting of cryostat sections. The sections were

fixed in 4% paraformaldehyde or cold acetone, blocked

by incubation with donkey serum and stained by incuba-

tion with goat anti-mouse RAE-1e antibody (AF1136;

R&D Systems) and rat anti-mouse I-A/I-E antibody (M5/

114.15.2) at 4° overnight. The sections were then washed

in PBS and incubated with Alexa 546-labelled donkey

anti-goat secondary antibody and Alexa 488-labelled don-

key anti-rat antibody at room temperature for 60 min.

The sections were thoroughly washed in PBS and covered

with 30 ll of mounting medium containing DAPI (Vec-

tor Laboratories, Burlingame, CA). Fluorescence was

detected with an Eclipse E600 microscope (Nikon).

NK cell degranulation and cytotoxicity

For the detection of NK cell degranulation, we added

fluorochrome-conjugated anti-CD107a mAb or isotype

control antibody when the effectors were mixed with tar-

get cells. After 2 hr of co-incubation, we added monensin

(GolgiStop; BD Biosciences) at a dilution of 1 : 100 and

incubated the mixture for another 2 hr. Surface staining

was performed by incubating cells with anti-CD3 and

anti-NK1.1 antibodies for 30 min on ice, and splenocytes

were analysed by flow cytometry. NK cells were co-cul-

tured with YAC-1 cells for 4 hr and cytotoxicity was esti-

mated in the lactate dehydrogenase release assay,

according to the manufacturer’s protocol.

Intracellular staining

Interferon-c production was assessed with an intracellu-

lar staining kit (eBioscience). In brief, splenocytes were

cultured with PMA/ionomycin, Ba/F3 cells or Ba/F3-RAE

cells, in the presence of brefeldin A, for 4 hr at 37°. The
NK cells were then stained by incubation with phycoery-

thrin-conjugated anti-CD3, Alexa-647-conjugated anti-

NK1.1 antibodies, for 30 min at 4°. Cells were then

fixed, permeabilized, stained with FITC-labelled anti-

IFN-c mAb or isotype antibody and analysed by flow

cytometry.

In vivo cytotoxicity

In vivo cytotoxicity assays were carried out as follows. For

target cell preparations, erythrocytes were removed from

spleen suspensions by osmotic lysis, and the remaining

cells were then washed and labelled with CFSE (5 lM; In-
vitrogen) for cells from transgenic mice, or with PKH26

(2 lM; Sigma, St Louis, MO) for cells from control mice.

For intravenous injection, we mixed approximately equal

numbers of cells from each population and inoculated

each mouse with 1 9 107 cells in 100 ml of PBS. Twelve

hours after the injection, we analysed spleen cell suspen-

sions by flow cytometry, to determine the ratio of cells

displaying CFSE and PKH26 fluorescence. For specific

lysis, we used the following formulae: ratio = (percentage

PKH26/percentage CFSE); and percentage specific

lysis = [1 � (ratio of injected mix/recovery ratio)] 9

100. For NK cell activation in vivo, we injected 100 lg
poly (I:C) (Sigma) intraperitoneally into the mice 12 hr

before the experiments.

Enzyme-linked immunosorbent assays

Serum soluble RAE-1 concentration was determined

with a sandwich ELISA kit from R&D Systems. In brief,

we added 50 ll of serum to the plates, which we had

previously coated with RAE-1 antibody by incubation

for 1 hr at 37°. We then washed the plates with PBS

and added another horseradish peroxidase-labelled anti-

body. The plates were thoroughly washed with PBS,

and substrate and stop solution were then added sepa-

rately, in that order. We then determined the absor-

bance at 450 nm (A450) and determined the

concentration of RAE-1 in the serum from a standard

curve. Serum anti-RAE-1 antibody was measured by an

indirect ELISA method. In brief, we coated plastic wells

with recombinant mouse RAE-1e (2 lg; R&D Systems)

by incubation at 4° overnight. We then added a serum

sample to each well. The plates were washed with PBS

and horseradish peroxidase-labelled goat anti-mouse IgG

was added. The plates were then thoroughly washed

and substrate was added. We determined the A450 value

after adding stop solution to the wells.

Mouse models

B16BL6 or B16BL6-RAE cells (n = 6, 2 9 106 cells) were

implanted subcutaneously into the back of both CD86-

RAE transgenic mice and control mice. Tumour area was

determined by measuring the dimensions of the tumour

with digital calipers and then calculating the area from

the following formula: A = length 9 width. Colitis was

induced by the administration of dextran sodium sul-

phate (DSS; 2�5% weight/volume; molecular weight

36 000–50 000; MP Biomedicals, Santa Ana, CA) in the
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drinking water for 7 days (n = 5). Body weight was

recorded daily.

Statistical analysis

Differences between groups were analysed with Student’s

t-test. Values of P < 0�05 were considered significant

(GraphPad, GraphPad Software, Inc., La Jolla, CA).

Results

Generation and identification of CD86-RAE-1e
transgenic mice

A transgene fragment containing the coding sequence of

RAE-1e and the CD86 promoter (Fig. 1a) was introduced

into the germline of C57BL/6 mice. Offspring displaying

high levels of RAE-1 expression in liver tissues were

selected (Fig. 1b), and three transgenic lines (lines 48, 1,

17) were established by repeated backcrossing with

C57BL/6 mice. All CD86-RAE-1e mice appeared healthy,

with no overt signs of autoimmunity or infertility. No

significant differences were found between CD86-RAE-1e
mice and wild-type mice, in the frequencies of CD4+ T

cells, CD8+ T cells and NK lymphocytes in the spleen

(Fig. 2a and see Supplementary material, Fig. S1).

Most CD11c+, CD11b+, Gr+ and CD19+ cells from

CD86-RAE-1e mice strongly expressed RAE-1e, whereas

CD3+ and NK1.1+ cells did not express RAE-1e (Fig. 1c).

I-A/I-E+ cells in the thymus, intestine and liver also dis-

played high levels of RAE-1 expression in transgenic mice.

As expected, RAE-1 was expressed on epithelial cells in

the intestine, but not on the epithelial cells of the liver,

lung and kidney of wild-type or transgenic mice. I-A/I-E+

cells in the lung and kidney of transgenic mice did not

express RAE-1 either, indicating that CD86 promoter

activity was weak in the DCs and macrophages of these

organs in physiological conditions (Fig. 1d).

We checked that RAE-1e expression was regulated by the

CD86 promoter, by analysing the effect of inflammatory
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Figure 1. Generation and identification of CD86-RAE transgenic mice. The CD86-RAE-1e transgene encompassing the CD86 promoter, the reti-

noic acid early transcript-1e (RAE-1e) coding sequence, and the bovine growth hormone polyadenylation signal (2�6-kb) (a). Founder mice iden-

tified by PCR were further screened by Western blotting. Top, RAE-1e expression was detected in liver tissues F0-1, -12, -17, -48, -40 mice.

Bottom, a-tubulin blot (b). RAE-1e expression on spleen lymphocytes, as identified by flow cytometry. Grey area: isotype control; dotted line:

control mice; solid line: CD86-RAEe mice (c). Immunofluorescence histology of the thymus, intestine, liver, lung and kidney stained with anti-I-

A/I-E antibody (green) and anti-RAE-1 antibody (red) and counterstained with DAPI. Similar patterns were obtained for the mice of lines 48, 1

and 17. The photographs shown are from a line 48 mouse, and were taken at a magnification of 9 200 (d). Changes in RAE-1e expression on

myeloid cells and lymphocytes in response to overnight stimulation with poly (I:C) ex vivo (50 ng/ml) (e) and in vivo (100 lg) (f). Grey area:

before stimulation; red line: after stimulation. The figures in black and red show the results before and after stimulation, respectively.
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conditions on RAE-1 expression. RAE-1 expression was

evaluated on spleen-derived myeloid cells and lympho-

cytes before and after poly (I:C) stimulation. Myeloid

cells (CD11c+, CD11b+, Gr-1+ cells) from both transgenic

and wild-type mice displayed a sharp increase in RAE-1e
expression following ex vivo poly (I:C) stimulation. Lym-

phocytes (CD19+, CD3+, NK1.1+ cells) from transgenic

mice displayed a small increase in RAE-1e expression,

whereas B and NK cells from control mice showed no

significant change in RAE-1e expression. RAE-1e expres-

sion on the T cells of control mice also increased slightly,

as CD86 could be induced on T cells (Fig. 1e). When

transgenic mice and control mice were stimulated with

poly (I:C) in vivo the lymphocytes of transgenic mice

displayed a slight increase in RAE-1e expression, whereas

no significant change in expression level was observed on

the lymphocytes of control mice. RAE-1e expression on

the myeloid cells of control mice increased to moderate
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Figure 1. (Continued).
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levels following poly (I:C) stimulation in vivo, whereas no

significant change was observed for the myeloid cells of

transgenic mice (Fig. 1f).

Down-regulation of NKG2D on the NK cells in
CD86-RAE-1e mice

We analysed NKG2D expression on NK cells and CD8+ T

cells in more detail. The proportion of NK cells expressing

NKG2D was about 50% in CD86-RAE-1e mice, whereas

that in wild-type mice was close to 100% (Fig. 2a). In con-

trast, the proportion of CD8+ T cells expressing NKG2D

did not differ significantly between wild-type and trans-

genic mice (see Supplementary material, Fig. S2). We also

analysed the levels of transcripts for NKG2D-L, NKG2D-S,

DAP10 and DAP12 in NK cells from transgenic and control

mice. Transcript levels for NKG2DL, NKG2DS, DAP10 and

DAP12 were all moderately lower in transgenic mice than

in control mice (Fig. 2b).

The NK cell cytotoxicity to YAC-1 cells was also lower

in transgenic mice than in control mice (Fig. 2c). YAC-1

cells express multiple ligands for NK cell activation. We

therefore evaluated NK cell degranulation in response to

stimulation with Ba/F3 cells negative for the NKG2D

ligand and with stably transfected Ba/F3-RAE cells.23 We

found that fewer NK cells from transgenic mice than

from control mice entered a state of degranulation in

response to stimulation with Ba/F3-RAE cells, whereas no

significant difference in degranulation was observed

between wild-type and control mice following stimulation
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Figure 2. Weak NKG2D-dependent function of natural killer (NK) cells in CD86-RAE-1e mice. NKG2D expression on freshly isolated NK cells,

gated on CD3� NK1.1+ cells (a). Transcript levels for NKG2D-L, NKG2D-S, DAP10, and DAP12 in NK cells from wild-type and transgenic mice

(b). Killing activities were assessed by both CD107a staining and the lactate dehydrogenase release assay (c). After the incubation of NK cells with

Ba/F3-RAE or Ba/F3 cells, CD107a expression on NK cells was assessed by flow cytometry (d). Splenocytes from transgenic mice or wild-type

mice were stained with CFSE and PKH-26, respectively, mixed in equal proportions and injected intravenously into recipient mice. After 12 hr,

fluorescence ratios were determined for the cells recovered from spleens, by flow cytometry (e). Interferon-c (IFN-c) production by NK cells from

transgenic mice and wild-type mice stimulated with PMA/ionomycin, Ba/F3 or Ba/F3-RAE cells. Results are expressed as means � SD. Asterisks

indicate P < 0�05 (f).
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with Ba/F3 cells (Fig. 2d). Hence, the NK cells of trans-

genic mice had lower levels of NKG2D expression and

NKG2D-dependent cytotoxicity.

We also analysed NK cell cytotoxicity to RAE-1+ target

cells in vivo. Splenocytes from transgenic mice or wild-type

mice were stained with CFSE and PKH-26 respectively, and

a mixture of equivalent numbers of the two types of cells

was injected intravenously into mice. Twelve hours later we

recovered spleen cells and calculated fluorescence ratios, to

determine cytotoxicity. Before injection, splenocytes from

transgenic mice were shown to be more susceptible to

attack by IL-2-activated NK cells than those from wild-type

mice, and this killing was blocked by NKG2D-immuno-

globulin protein (see Supplementary material, Fig. S3).

RAE-1-targeted natural cytotoxicity in CD86-RAE-1e mice

was significantly lower than that in wild-type mice

(Fig. 2e). The IFN-c production of NK cells from CD86-

RAE-1e mice was not significantly affected by stimulation

with PMA/ionomycin, but decreased in response to Ba/F3-

RAE cell stimulation (Fig. 2f).

Impaired NKG2D-dependent NK cell function in
CD86-RAE-1e mice

We then investigated whether the down-regulation of

NKG2D on NK cells in CD86-RAE-1e mice was a result

of their particular microenvironment. Splenocytes from

wild-type mice were stained with CFSE and used for

adoptive transfer into transgenic or wild-type mice. NK

cells transferred into CD86-RAE-1e mice displayed a

decrease in NKG2D expression to levels similar to those

on the recipient cells, whereas NK cells transferred into

wild-type mice retained their original level of NKG2D

expression (Fig. 3a). In addition, CD86-RAE-1e mice dis-

played lower levels of immune surveillance against the

tumour formed by B16-RAE cells, whereas no significant

difference was observed for the surveillance of growth for

B16 cells (Fig. 3b,c).

Dendritic cells in the intestines of transgenic mice

strongly expressed RAE-1. We therefore investigated the

local immunological contribution of this expression. The

experimental disease-inducing DSS-colitis protocol was

performed in both transgenic and wild-type mice.24 The

onset of colitis occurred much later in DSS-treated

CD86-RAE-1e mice than in DSS-treated wild-type

C57BL/6 mice (Fig. 3d). We also analysed the expression

of certain receptors, such as NKp46, NKG2A, 2B4,

Ly49D, Ly49H and KLRG1, on NK cells. Transgenic mice

had lower frequencies of 2B4+, Ly49D+ and Ly49H+ NK

cells than wild-type mice, but higher frequencies of

KLRG1+ NK cells, whereas no difference in the frequen-

cies of NKp46+ NK cells or NKG2A+ NK cells was found
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between transgenic and wild-type mice (Fig. 3e). The

phenotypes of NK cells in transgenic mice indicated that

NK cell function was down-regulated by both NKG2D-

dependent and NKG2D-independent mechanisms.

NKG2D down-regulation in CD86-RAE-1e mice can
be reversed by poly (I:C) stimulation

We investigated the reversibility of NKG2D down-regula-

tion on NK cells in CD86-RAE-1e mice, by assessing phe-

notypic and functional changes to NK cells following

stimulation with poly (I:C) ex vivo and in vivo. The cyto-

toxicity of NK cells to YAC-1 cells in transgenic mice was

restored to a level similar to that of NK cells in wild-type

mice, by poly (I:C) stimulation ex vivo (Fig. 4a). Mean-

while, no significant difference was found between trans-

genic and wild-type mice in terms of the increase in the

killing of Ba/F3-RAE or Ba/F3 cells by NK cells following

poly (I:C) treatment (Fig. 4b). With poly (I:C) stimula-

tion, NKG2D and 2B4 expression on the NK cells of

transgenic mice increase to wild-type levels (Fig. 4c). If

CD86-RAE-1e and wild-type mice received peritoneal

injections of poly (I:C) 12 hr before the experiment, NK

cell cytotoxicity to RAE-1+ targets was similar in CD86-

RAE-1e mice and wild-type mice in vivo (Fig. 4d). Hence,

NKG2D down-regulation and the resulting cytotoxicity in

transgenic mice were reversed by poly (I:C) stimulation.

Sustained RAE-1e expression on DCs activates NK
cells ex vivo

We investigated whether the down-regulation of NKG2D

expression on NK cells in transgenic mice was a direct

result of the high level of RAE-1e expression on DCs.

Spleen DCs were isolated from transgenic mice or wild-

type mice, with magnetic beads coated with an antibody

against CD11c, and co-cultured with normal NK cells at

a ratio of 1 : 2 ex vivo. Both DCs from wild-type mice

and DCs-RAE from transgenic mice promoted NK cell

activation after an incubation period of 12 hr. Stimula-

tion with DCs-RAE resulted in slightly stronger activation

than stimulation with DCs. However, the incubation of

DCs-RAE with NK cells for 5 days did not lead to a

decrease in NK cell function of a magnitude similar to

that observed for CD107a+ NK cells co-cultured with

YAC-1, Ba/F3 or Ba/F3-RAE cells. In addition, IFN-c pro-

duction changed in a similar manner following stimula-

tion with DCs and DCs-RAE (Fig. 5a).

We also investigated the changes in NKG2D, 2B4,

CD69, NKp46 and NKG2A expression on NK cells in

response to stimulation with DCs or DCs-RAE. Like the

cytotoxicity of NK cells, the expression of NKG2D and

2B4 remained at a high level following DCs-RAE stimula-

tion for 5 days (Fig. 5b), or even 10 days (see Supple-

mentary material, Fig. S4). CD69 expression on NK cells

was maximal after co-culture with DCs for 5 days. How-

ever, NKp46 expression on NK cells remained at a high

level after stimulation with DCs or DCs-RAE for 12 hr,

but decreased significantly after 5 days of co-culture.

NKG2A expression decreased significantly after as little as

12 hr of co-culture (Fig. 5c). As IL-15 is a key cytokine

for the maintenance of NK cell phenotype and function,

the down-regulation of NKp46 and NKG2A may be asso-

ciated with a shortage of IL-15 in the culture system.

Serum from CD86-RAE-1e mice does not induce
NKG2D down-regulation

We investigated the reasons for NKG2D down-regulation

on NK cells in CD86-RAE-e transgenic mice, by checking

the concentration in the serum of soluble RAE-1, which

has been reported to down-regulate NKG2D expression

on NK cells. Soluble RAE-1 concentrations in sera were

similar for CD86-RAE-1e transgenic mice and wild-type

mice (Fig. 6a), confirming that the GPI-anchored RAE-1

molecule was not cleaved by proteolysis.25 We found no

differences in the levels of serum antibodies against RAE-

1 between the two groups of mice (Fig. 6b).26 The incu-

bation of NK cells with sera from transgenic mice or

wild-type mice did not induce NKG2D down-regulation

(Fig. 6c). We therefore conclude that the NKG2D down-

regulation on NK cells could not be attributed to serum

from the CD86-RAE-1e mouse.

CD4+ NKG2D+ T cells contribute to NKG2D down-
regulation on NK cells

It has been reported that a subset of CD4+ T cells

expresses NKG2D and down-regulates the activity of

bystander cells, such as CD4+ NKG2D� T cells and CD8+

Figure 3. The adoptive transfer of normal natural killer (NK) cells into CD86-RAE-1e mice decreased NKG2D expression. Splenocytes from

wild-type mice were stained with CFSE and intravenously injected into transgenic mice or wild-type mice. Fluorescent cells were recovered after

12 hr. Frequencies of CD3� NK1.1+ NKG2D+ cells in donor mice were analysed before and after injection, and the frequencies of spleen

CD3� NK1.1+ NKG2D+ cells in recipient mice were also determined (a). B16BL6-RAE (b) or B16BL6 cells (c) (2 9 106) were injected subcuta-

neously into the back of the animal (n = 6). Tumour area was determined daily. CD86-RAE-1e mice and wild-type mice (n = 5) were supplied

with drinking water containing 2�5% dextran sodium sulphate (DSS). Body weight was measured daily (d). Expression levels of NKp46, NKG2A,

2B4, Ly49D, Ly49H and KLRG1 on NK cells, identified by gating on CD3� NK1.1+ cells (e). Results are expressed as means � SD. Asterisks

indicate P < 0�05. Each experiment was carried out three times.
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T cells, via soluble and membrane FasL, and through the

secretion of IL-10 and TGF-b.27,28 Furthermore, TGF-b
has been shown to play an important role in down-regu-

lating NKG2D expression on NK cells.29 We determined

the frequency of spleen CD4+ NKG2D+ T cells in both

groups of mice. The spleens of CD86-RAE-1e mice

contained about twice as many CD4+ NKG2D+ T cells as

the spleens of wild-type mice (Fig. 7a). Higher levels of

TGF-b production were observed in CD4+ NKG2D+ T

cells, but not in CD4+ NKG2D� T cells (Fig. 7b). We

then co-cultured normal NK cells with CD4+ NKG2D� T

cells or CD4+ NKG2D+ T cells from transgenic mice, or
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Figure 4. Poly (I:C) stimulation restored

NKG2D expression and NKG2D-dependent

functions. Natural killer (NK) cell degranula-

tion on incubation with YAC-1 cells was

detected before and after poly (I:C) stimula-

tion (Left). The killing of YAC-1 cells was

assessed by the lactate dehydrogenase release

method (Right) (a). NK cells co-cultured with

Ba/F3-RAE (left) or Ba/F3 cells (right), at a

ratio of 3 : 1, for 4 hr, then stained with

CD107a antibody, and analysed by flow cytom-

etry (b). NKG2D (left) and 2B4 (right) expres-

sion on NK cells before and after poly (I:C)

stimulation (c). Both groups of mice had

received intraperitoneal injections of poly (I:C)

(100 lg) 12 hr before the experiment. We then

injected equal numbers of splenocytes (CFSE)

from transgenic mice and splenocytes (PKH-

26) from wild-type mice into these mice. After

12 hr, fluorescent cells were recovered from

the spleen and fluorescence ratios were deter-

mined by flow cytometry to calculate cytotox-

icity. Results are expressed as means � SD.

Asterisks indicate P < 0�05 (d).
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Figure 5. Sustained retinoic acid early transcript (RAE) expression on dendritic cell-activated natural killer (NK) cells ex vivo. CD107a expression

and interferon-c (IFN-c) production were assessed for freshly isolated NK cells and after stimulation with dendritic cells from a wild-type mouse

or a CD86-RAE-1e mouse, at a ratio of 1 : 2, for 12 hr or 5 days (a). NKG2D, 2B4 (b), CD69, NKp46, NKG2A (c) expression on NK cells stim-

ulated with dendritic cells at a ratio of 1 : 3 for 12 hr, as measured by flow cytometry, with gating on CD3� NK1.1+ cells.
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with CD4+ NKG2D+ T cells in the presence of anti-TGF-

b antibody. NKG2D expression was found to be down-

regulated when NK cells were co-cultured with

CD4+ NKG2D+ T cells. Anti-TGF-b antibody blocked the

down-regulation of NKG2D on NK cells (Fig. 7c). Finally,

the CD4+ NKG2D+ T cells did not express Foxp3

(Fig. 7d), indicating a difference between these regulatory

T-cell subsets and conventional CD4+ CD25+ Foxp3+ T

cells.

Discussion

In this study, we generated a transgenic mouse in which

RAE-1e was constitutively expressed on antigen-presenting

cells, to investigate changes in NK cell function in vivo. The

RAE-1 a1/a2 domain displays sequence similarity to

MICA/B ectodomains. Hence, the changes induced by

RAE-1 binding to mouse NKG2D may be functionally

equivalent to those induced by MICA/B binding to human

NKG2D.29 The persistent expression of RAE-1e on DCs,

macrophages and B cells in CD86-RAE-1e transgenic mice

resulted in levels of NKG2D expression that were slightly

lower than those in control mice, with a correspondingly

lower level of NKG2D-mediated cytotoxicity to NKG2D

ligand-positive tumour cells. The tumour rejection medi-

ated by NK cells was also weaker in the transgenic mice,

and DSS-induced colitis was delayed. With poly (I:C) stim-

ulation, it was possible to restore NKG2D expression on

NK cells to normal levels. The high level of expression of

RAE-1 on DCs kept NKG2D expression levels high and

stimulated NK cell activity ex vivo, but the high frequency

of CD4+ NKG2D+ T cells in transgenic mice led to a

down-regulation of NKG2D expression on NK cells in vivo.

Hence, high levels of RAE-1 expression on DCs or other

antigen-presenting cells in vivo induce the generation of a

new subset of T cells, to down-regulate NKG2D-dependent

NK cell function.

The mechanisms of NKG2D down-regulation on NK

cells involve persistent ligand-binding or effects of TGF-b.
Sustained NKG2D ligand expression on normal or

tumour cells, or soluble NKG2D ligands,21 may induce

the down-regulation of NKG2D expression on NK cells.

Such down-regulation has been demonstrated in H-2Kb-

MICA transgenic mice18 and b-actin-RAE-1e transgenic

mice, and the inducible expression of RAE-1e on normal

epithelium has been reported for involucrin : Rae-1e
mice.19 No down-regulation of NKG2D expression was

observed in an RAE-1e transgenic mouse in which the

transgene was under the control of the rat insulin pro-

moter, in which RAE-1e expression was restricted to the

b-islet cells of the pancreas, possibly as the result of low

levels of contact between spleen NK cells and the islets.30

Moreover, significant NKG2D down-regulation was also

observed when NK cells were exposed to RMA-H60 for

72 hr ex vivo.20,31

The ligand-induced down-regulation of NKG2D is

associated with post-translational mechanisms, whereas

TGF-b, which has also been shown to down-regulate
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Figure 6. Serum from CD86-RAE-1e mice did not induce NKG2D down-regulation. The concentration of soluble retinoic acid early transcript

(RAE) in the serum was determined with a sandwich ELISA kit (a). Serum levels of antibodies against RAE-1 were determined in an indirect
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type or transgenic mouse. NK cells were isolated by gating on CD3� NK1.1+ cells (c). The experiment was carried out twice.
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NKG2D, is associated with transcriptional mecha-

nisms.29,32 NOD mice33 and H-2Kb-MICA transgenic

mice display low levels of NKG2D expression in NK cells

and weak NKG2D-dependent function, but with no

impairment of transcription for NKG2D and DAP10. Sus-

tained exposure of NK cells to RMA-60 cells in vitro20,31

has no effect on the transcription of NKG2DL, NKG2DS,

DAP10 or DAP12, but results in lower levels of the corre-

sponding proteins. In addition, in b-actin-RAE-1e trans-

genic mice and in conditions of sustained ex vivo

exposure of NK cells to RMA-60, the expression of other

receptors, such as Ly49D and Ly49H is maintained, with

no impairment of the antiviral functions of these recep-

tors.25,34 We conclude that NKG2D down-regulation is

mediated principally by TGF-b in CD86-RAE-1e trans-

genic mice. First, the levels of transcripts for NKG2DL,

NKG2DS, DAP10 and DAP12 in NK cells were moder-

ately lower than those in control mice (Fig. 2b). Second,

the Ly49D and Ly49H activating receptors were down-

regulated, whereas KLRG1, which down-regulates NK cell

cytotoxicity, was up-regulated. Third, TGF-b not only

down-regulates NKG2D expression, but also decreases

2B4 expression on NK cells.35

NKG2D expression can be up-regulated by IL-2 or

poly (I:C) stimulation.36,37 The stimulation of NK cells

from CD86-RAE-1e transgenic mice with poly (I:C) ex

vivo led to an increase in NKG2D expression and

NKG2D-dependent cytotoxicity to levels similar to those

in control mice. However, NKG2D expression on NK

cells did not reach wild-type levels in H-2Kb-MICA trans-

genic mice or b-actin-RAE-1e transgenic mice. The mag-

nitude of NKG2D down-regulation in CD86-RAE-1e
transgenic mice was smaller than that in H-2Kb-MICA

transgenic mice or b-actin-RAE-1e transgenic mice.

Serum from CD86-RAE-1e transgenic mice did not

induce NKG2D down-regulation. We can therefore rule

out an effect of high levels of TGF-b in the serum of

transgenic mice. The high frequency of CD4+ NKG2D+ T

cells with regulatory function in CD86-RAE-1e transgenic

mice suggested that the induction of CD4+ NKG2D+ T
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Figure 7. CD4+ NKG2D+ T cells contributed to the down-regulation of NKG2D on natural killer (NK) cells. Frequencies and absolute numbers

of CD4+ NKG2D+ T cells in the spleen were compared between CD86-RAE-1e mice and wild-type mice (a). Transforming growth factor-b
(TGF-b) was detected by flow cytometry, with intracellular staining and gating on CD4+ NKG2D� T cells and CD4+ NKG2D+ T cells (b).

NKG2D expression on CD3� NK1.1+ cells was determined following the co-culture of normal NK cells, in a 1 : 1 ratio, with CD4+ NKG2D� T

cells, CD4+ NKG2D+ T cells, or CD4+ NKG2D+ T cells in the presence of anti-TGF-b antibody, for 24 hr (c). CD4+ NKG2D+ T cells did not

express Foxp3, as shown by flow cytometry (d). Asterisks indicate that P < 0�05. The experiment was carried out three times.
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cells was associated with RAE-1 on DCs, B cells and mac-

rophages. A high frequency of human CD4+ NKG2D+ T

cells has been found in patients bearing MICA-positive

tumours28 and in patients with juvenile-onset lupus.27

These CD4+ NKG2D+ T cells can be induced by co-stim-

ulation with CD3 antibody and soluble MICA protein or

with autologous B cells from lupus patients ex vivo. In

CD86-RAE-1e transgenic mice, there are two key elements

for CD4+ NKG2D+ T-cell induction: MHC II molecules

and RAE-1e. The co-culture of CD4+ NKG2D� T cells

from normal mice with B cells from transgenic mice led

to the induction of CD4+ NKG2D� T cells expressing

NKG2D (data not shown). Human CD4+ NKG2D+ T

cells down-regulate the activities of conventional

CD4+ NKG2D� T cells and CD8+ T cells through mem-

brane and soluble FasL, IL-10 and TGF-b. We are cur-

rently carrying out detailed analyses of the phenotype and

activity of murine CD4+ NKG2D+ T cells.

Some CD4+ NKG2D+ T cells mediate inflammatory

function by secreting IFN-c and TNF-a in rheumatoid

arthritis38 and cytomegalovirus infection,39 or by secreting

IL-17 in Crohn’s disease.40,41 These inflammatory T-cell

subsets are induced by IL-15 or TNF-a. NKG2D antibody

may have therapeutic effects in colitis induced by the

adoptive transfer of CD4+ CD25� T cells.42 We now need

to identify other cell markers or typical transcriptional

factors for distinguishing between regulatory or inflam-

matory CD4+ NKG2D+ T cells. We also suggest that reg-

ulatory CD4+ NKG2D+ T cells and CD4+ CD25+ Foxp3+

Treg cells43,44 are different regulatory T-cell subsets,

because the CD4+ NKG2D+ T cells studied here were

Foxp3-negative (Fig. 7d).

The CD86-RAE-1e transgenic mouse can provide

insight into at least one pathogenic mechanism. As DCs

express NKG2D ligand in some pathological conditions,

CD4+ NKG2D+ T cells may be induced to mediate

immune evasion. Dendritic cells displayed an increase in

NKG2D ligand expression in response to stimulation with

poly (I:C) (Fig. 1e,f); a similar increase has also been

observed in response to stimulation with IL-15 or TNF-a
and in some viral or bacterial infections.14–17 MICA was

constitutively expressed on monocyte-derived DCs in

healthy individuals and colorectal cancer patients (data

not shown). The induction of a regulatory T-cell subset

may be necessary in some inflammatory situations in the

body, because high levels of RAE-1 expression on DCs

are likely to activate NK cells. The acute up-regulation of

RAE-1 in the epidermis has also been shown to activate

tissue-resident T-cell receptor-cd+ intraepithelial T cells,

mediating tissue immune surveillance of cancer45 and

atopy.46 In this case, inflammation-associated disease

would occur if the activation got out of control.

In conclusion, we confirm here that high levels of

RAE-1e expression on DCs activate NK cells ex vivo, but

show that sustained RAE-1e expression on antigen-pre-

senting cells in vivo may down-regulate NKG2D expres-

sion on NK cells by inducing regulatory CD4+ NKG2D+

T cells. The sustained expression of MICA acts as a regu-

latory element via several pathways in vivo, such as the

down-regulation of NKG2D expression on NK cells,18,19

the inhibition of NKG2D ligation with DAP10 or

DAP12,22 and the induction of regulatory CD4+ NKG2D+

T lymphocytes28 or T-cell receptor-ab CD4 CD8aa dou-

ble-positive intraepithelial lymphocytes.47
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Figure S1. CD4+ T and CD8+ T-cell frequencies do not
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wild-type mice.

Figure S2. Frequencies of CD8+ NKG2D+ T cells in

CD86-RAE-1e transgenic mice and control mice, as deter-
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Figure S3. The splenocytes of CD86-RAE-1e mice were

more sensitive to killing by interleukin-2-activated natural

killer cells, which was blocked by incubation with
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Figure S4. No significant down-regulation of NKG2D
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