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TRAIL identifies immature natural killer cells in newborn mice and adult
mouse liver
Kazuyoshi Takeda, Erika Cretney, Yoshihiro Hayakawa, Tsuyoshi Ota, Hisaya Akiba, Kouetsu Ogasawara, Hideo Yagita,
Katsuyuki Kinoshita, Ko Okumura, and Mark J. Smyth

Tumor necrosis factor (TNF)–related apopto-
sis-inducing ligand (TRAIL) is a key effector
molecule expressed by natural killer (NK)
cells and has been shown to prevent tumor
initiation, growth, and metastasis. Here we
demonstrate thatTRAILis thedominantcyto-
toxic effector molecule expressed by NK
cells in fetal mice. On birth and with age, NK
cells develop full functional capacity, includ-
ing the ability to secrete interferon � (IFN-�)
and interleukin 13 (IL-13) and mediate per-
forin- and Fas ligand-mediated cytotoxicity.

However, interestingly, a phenotypically im-
mature TRAIL� NK cell subpopulation is re-
tained in the liver of adult mice, and its
retention is dependent on IFN-� but not de-
pendent on host IL-12, IL-18, or endogenous
host pathogens. Adoptive transfer of either
adult liver or neonatal TRAIL� NK cells re-
sulted in the appearance of TRAIL� NK cells
with a mature phenotype, suggesting that
these TRAIL� NK cells were indeed a precur-
sor. Although inducers of IFN-� stimulated
TRAIL expression on mature NK cells, our

data indicatedthatconstitutiveTRAILexpres-
sion was a hallmark of immature cytotoxic
NK cells. This study is the first to describe
the concomitant maturation of NK cell effec-
tor function with surface phenotype in vivo
and implies an important defense role for NK
cell TRAIL in the developing immune system.
(Blood. 2005;105:2082-2089)

© 2005 by The American Society of Hematology

Introduction

Tumor necrosis factor (TNF)–related apoptosis-inducing ligand
(TRAIL) is a type 2 transmembrane protein belonging to the TNF
family, which preferentially induces apoptotic cell death in a wide
variety of tumor cells but not in most normal cells.1,2 We recently
reported that a subpopulation of natural killer (NK) cells in adult
mouse liver constitutively expressed TRAIL in an interferon �
(IFN-�)–dependent manner.3 These liver NK cells were partially
responsible for the natural antimetastatic function against TRAIL-
sensitive tumor cells.3,4 We have also demonstrated that IFN-�–
mediated TRAIL induction on NK cells plays a substantial role in
the IFN-�–dependent antimetastatic effects of IL-12 and �-galacto-
sylceramide (�-GalCer).5 Given that both NK cells and IFN-� have
been implicated in natural protection against primary tumor
development,6,7 TRAIL may be in part responsible for the NK
cell-mediated and IFN-�–dependent mechanisms of tumor surveil-
lance in the adult.8,9

Despite a recent expansion in our knowledge concerning NK cell
receptors,10,11 the in vivo development of mouse NK cell effector
function is still poorly defined. It has been suggested that a CD122�

NK1.1�DX5� population contains the early NK cell-committed precur-
sor,12 but subsequent developmental stages, including the acquisition of
cytotoxic molecules and cytokine-producing function, are not well
understood.13 The presence of a high frequency of phenotypically
immature NK cells in the mouse liver was shown in a recent report.14 In

addition, the selective expression of TRAIL on immature human NK
cells was reported using in vitro culture.15 In this study, we report the
first analysis of the development of NK cell effector function from fetal
to adult life. We have discovered that TRAIL� NK cells are phenotypi-
cally immature NK cells, which are predominant in fetal and neonatal
mice, and are functionally distinct from the mature NK cell subset in
adult mice. TRAIL is expressed at the earliest stages of NK cell
development and in the fetus appears the predominant effector pathway.
A coincident expression of NK cell receptors occurs in young mice as
the NK cell repertoire acquires additional effector functions. Some
phenotypically immature TRAIL� NK cells specifically remain in the
adult liver, affording the adult continued TRAIL-mediated surveillance
capacity in the liver.

Materials and methods

Mice

C57BL/6 (B6) and BALB/c mice were obtained from Charles River Japan
(Yokohama, Japan) and The Walter and Eliza Hall Institute of Medical
Research (Melbourne, Australia). RAG-2–deficient (RAG-2�/�), TRAIL-
deficient (TRAIL�/�), IFN-�–deficient (IFN-� �/�), IL-12–deficient (IL-12�/�),
and IL-12– and IL-18–deficient (IL-12�/�IL-18�/�) B6 mice and perforin-
deficient (perforin�/�), TRAIL-deficient (TRAIL�/�), and perforin and
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TRAIL–deficient (perforin�/�TRAIL�/�) BALB/c mice were derived as
described previously.4,5,16,17 129/J mice were obtained from Japan SLC
(Hamamatsu, Japan). All mice were maintained under specific pathogen-
free conditions and used in accordance with the institutional guidelines of
Juntendo University and Peter MacCallum Cancer Centre. Germ-free
BALB/c mice were kindly provided by Yakult Central Institute for
Microbiological Research (Tokyo, Japan). To obtain timed pregnant mice,
mice were mated for 15 hours and the fetuses were removed at fetal day 17
(plug date � day 0). Some mice were treated with 2 �g �-GalCer (Kirin
Brewery, Gumma, Japan) 3 days before the analyses.

Flow cytometric analysis

Mononuclear cells (MNCs) were prepared from the spleen, liver, and bone
marrow as described.3,5 To avoid the nonspecific binding of monoclonal
antibodies (mAbs) to Fc�R, antimouse CD16/32 (2.4G2) mAb (BD
PharMingen, San Diego, CA) was added to the mAb mixture. Surface
phenotype of B6-derived NK cells (gated on NK1.1� CD3� cells) was
analyzed by 4-color immunofluorescence on a FACSCaliber (BD Bio-
science, San Jose, CA). Cells were stained with fluorescein isothiocyanate
(FITC)–, phycoerythrin (PE)–, peridinin chlorophyll protein-cyanin 5.5
(PerCP-Cy5.5)–, or allophycocyanin (APC)–conjugated antimouse NK1.1
mAb (PK136) and FITC-, Cy-Chrome–, or APC-conjugated antimouse
CD3 mAb (145-2C11) as previously described.3,5 In addition, cells were
incubated with FITC- or biotin-conjugated antimouse CD11b mAb (M1/
70), PE-conjugated antimouse pan NK cells mAb (DX5), FITC- or
biotin-conjugated antimouse CD94 mAb (18d3), PE- or biotin-conjugated
anti-mouse TRAIL mAb (N2B2), FITC-conjugated anti-mouse Ly49 mAbs
(antimouse Ly49A B6 [A1], antimouse Ly49C and I mAb [5E6], antimouse
Ly49D mAb [4E5], antimouse Ly49G2 mAb [4D11], antimouse Ly49I
mAb [YL1-90]), PE- or biotin-conjugated anti-NKG2D (CX5), and/or
isotype-matched control mAbs (G155-178, MOPC-31C, R35-95, A95-1,
R4-22, A19-3, G235-2356, and Ha4/8), streptavidin-PE, streptavidin-Cy-
Chrome, and streptavidin-APC. Antibodies and staining reagents were
purchased from eBioscience (San Diego, CA), except for PerCP-Cy5.5- or
Cy-Chrome–conjugated antibodies, anti-Ly49 mAbs, isotype-matched con-
trol mAbs, and streptavidin-Cy-Chrome (BD PharMingen).

Cell preparation and in vitro stimulation

Freshly isolated hepatic and splenic MNCs derived from wild-type or
RAG-2�/� B6 mice were stained with biotin-conjugated anti-NK1.1 mAb,
and NK1.1� cells were enriched by autoMACS using streptavidin mi-
crobeads (Miltenyi Biotec, Bergisch Glabach, Germany) according to the
manufacturer’s instructions. Enriched NK1.1� cells were stained with
PE-conjugated anti-TRAIL mAb and Cy-Chrome–conjugated antimouse
CD3 mAb or PE-conjugated anti-DX5 mAb, FITC-conjugated anti-Ly49
mAbs, and Cy-Chrome–conjugated antimouse CD3 mAb, then purified
(98%-99%) NK cell subpopulations were obtained by cell sorting on a
FACS Vantage (BD Bioscience). Purified NK cells and TRAIL� or
TRAIL� NK cells were cultured in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, and 25
mM NaHCO3 in humidified 5% CO2 at 37°C as previously described.18 NK
cells (105) were stimulated with immobilized anti-NK1.1 mAb (PK136; 10
�g/mL; BD PharMingen), isotype-matched control immunoglobulin (10
�g/mL; BD PharMingen), IL-12 (100 ng/mL; BD PharMingen), IL-4 (100
ng/mL; BD PharMingen), or IL-18 (200 ng/mL; MBL, Nagoya, Japan) in
the presence of IL-2 (2 ng/mL; BD PharMingen), or phorbol myristate
acetate (PMA; 50 ng/mL; Sigma Chemical, St Louis, MO) and ionomycin
(500 ng/mL; Sigma Chemical) on 96-well flat-bottom culture plate (Costar,
Cambridge, MA). Cell-free supernatants were harvested 24 hours later. The
mAbs in phosphate-buffered saline (PBS) were immobilized on culture
plate by overnight incubation at 4°C.

ELISA

IFN-� or IL-13 levels in the culture supernatant were evaluated by using a
mouse IFN-�–specific enzyme-linked immunosorbent assay (ELISA) kit
(OptEIA; BD PharMingen) or IL-13–specific ELISA kit (Quantikine M;

R&D Systems, Minneapolis, MN) according to the manufacturer’s
instructions.

Cytotoxicity assay

Cytotoxic activity of NK1.1� cells was assessed against TRAIL- and Fas
ligand (FasL)–sensitive L929 cells or FasL-sensitive, but TRAIL-resistant,
YAC-1s cells by a standard 4- to 6-hour 51Cr-release assay as previously
described.3,5 In some experiments, the indicated NK1.1� NK cell subpopu-
lations were purified from liver or spleen MNCs of wild-type or RAG-2�/�

B6 mice by pre-enrichment using an autoMACS and cell sorting with FACS
Vantage as described (see “Cell preparation and in vitro stimulation” and
“Flow cytometric analysis”). In some experiments, the cytotoxicity assay
was performed in the presence of antimouse FasL (MFL-3) mAb (10
�g/mL), antimouse TRAIL (N2B2) mAb (10 �g/mL; eBioscience), and/or
concanamycin A (CMA; 50 nM; Wako Pure Chemicals, Osaka, Japan).
Specific cytotoxicity was calculated as previously described.18

Experimental metastasis of Renca tumor

Adult (6-8 weeks old) and young (2-2.5 weeks old) BALB/c mice were
inoculated with 5 � 104 or 1 � 104 TRAIL-sensitive renal carcinoma
Renca tumor cells intraspinally or intravenously for liver or lung metastasis,
respectively.5 The mice were killed on day 14 after tumor inoculation, and
metastatic nodules on the lungs and liver were counted under a dissecting
microscope (Olympus, Tokyo, Japan).

Adoptive transfer

TRAIL� NK1� or TRAIL� NK1� cells were isolated from the livers of
6-week-old RAG-2�/� B6 mice or the liver and spleen of newborn
RAG-2�/� B6 mice by sorting after the staining with FITC-conjugated
anti-NK1.1 mAb and PE-conjugated anti-TRAIL mAb. Purity of the sorted
cells was always more than 97%. The isolated cells (4 � 105) were then
intravenously injected into 129/J (NK1.1�H-2b) mice that had been
sublethally irradiated (400 rad). After 7, 10, or 14 days, MNCs from the
spleen and liver of the recipient mice were subjected to flow cytometric
analysis for donor-derived NK1.1�CD3� cells.

Statistical analysis

Data were analyzed using a 2-tailed Student t test. P � .05 was considered
significant.

Results

Phenotype and function of TRAIL-expressing liver NK cells
in adult mice

We have previously reported that adult (over 6 weeks old) liver NK
cells contained a TRAIL� subpopulation, which contributed to
antitumor surveillance in vivo.3 However, the origin, surface
phenotype, and effector functions of these hepatic NK cells had not
been fully explored. Here, using flow cytometry and functional
analysis we have further characterized this adult (8-12 weeks old)
liver TRAIL� NK cell subpopulation (Figure 1). In all experiments
using B6 mice, NK cells were first identified by their CD3�NK1.1�

phenotype and then expression of other cell surface antigens was
analyzed. Clearly, DX5dimLy-49� NK cells were characterized as
TRAIL� CD11bdim, whereas DX5high NK cells were TRAIL�

CD11bhigh (Figure 1A), and TRAIL-mediated cytotoxicity was only
demonstrated by DX5dimLy49� NK cells, but not DX5high or Ly49�

NK cells (data not shown). Whereas hepatic NK cells were
equivalently CD94high or CD94dim, DX5dimLy-49� TRAIL� NK
cells were predominantly CD94high (88.4% 	 9.6%; Figure 1A). A
high level of NKG2A/C/E expression was similarly predominant in
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TRAIL� NK cells (data not shown). Similar results were obtained
using B6 RAG-2�/� mice (data not shown).

Consistent with the selective distribution of TRAIL� NK cells
in the liver (Figure 1B), DX5dim NK cells and CD11bdimLy49� NK
cells were found in the liver, but rarely in the spleen. The NK cell
population in the bone marrow, which contains few TRAIL� NK
cells, was also distinguishable from that in the liver and spleen,
with DX5dim NK cells rare and approximately half of the CD11bdim

NK cells expressing Ly49. In addition, the level of CD11b
expressed on Ly49�CD11bdim NK cells was relatively higher than
that on liver TRAIL� Ly49�CD11bdim NK cells. Similar results
were obtained using B6 RAG-2�/� mice (data not shown). These
results indicated a distinct distribution of NK cell subpopulations in
the liver, spleen, and bone marrow and further that the TRAIL� NK
cell subpopulation in the adult liver was DX5dimCD11bdim

Ly49�CD94-NKG2high.
We next analyzed the cytotoxic activity of TRAIL� or TRAIL�

NK cells in adult (8-12 weeks old) liver against TRAIL-resistant,
perforin- and FasL-sensitive YAC-1s cells. The sorted TRAIL� NK
cells were DX5dimCD11bdimLy49�CD94-NKG2high as determined
by flow cytometry (data not shown). Both TRAIL� and TRAIL�

NK cells demonstrated perforin- and FasL-dependent cytotoxicity,
which was completely abrogated by a combination of perforin
inhibitor, CMA, and anti-FasL neutralizing mAb (Figure 1C). Both
TRAIL� and TRAIL� NK cells expressed NKG2D, which was
reported to contribute to their cytotoxicity against YAC-1s (data not
shown).19 Thus, TRAIL� NK cells were able to exert both perforin-
and FasL-dependent cytotoxicity as well as TRAIL-dependent
cytotoxicity.

Unsorted whole liver NK cells, sorted TRAIL� NK cells, and
sorted TRAIL� NK cells, prepared from adult mice (8-12 weeks
old), all produced IFN-� when activated by PMA and ionomycin
(Figure 1D). However, levels of IFN-� production by TRAIL�

NK cells were significantly lower than levels produced by total
NK cells or TRAIL� NK cells when these populations were
stimulated with a combination of IL-2 and IL-12 or IL-2 and
IL-18. As previously described,20 IL-13 production was induced
in total NK cells when stimulated by either PMA and ionomycin
or IL-2 and IL-18; however, TRAIL� NK cells were compara-
tively poor secretors of IL-13. Combinations of IL-2 with IL-4

or immobilized anti-NK1.1 mAb were less effective in trigger-
ing IFN-� and IL-13 secretion.

TRAIL� NK cells predominate in fetal and neonatal mice

Given that TRAIL� adult liver NK cells expressed a surface
phenotype previously described as “immature,”13,14 we examined
whether such NK cells were prevalent earlier in the development of
the immune system. We found that the proportions of TRAIL� NK
cells in the liver of young mice (3-4 weeks of age; Figure 2A) were
increased compared to adult mice (
 6 weeks of age; Figure 1B),
and the proportion of TRAIL� NK cells in the liver and spleen
decreased with age in both B6 wild-type and B6 RAG-2�/� mice
(data not shown). In particular, the majority of NK cells in both the
liver and spleen of fetal and neonatal mice expressed TRAIL,
whereas a distinctly TRAIL� population was observed in young
and adult mice. It was previously suggested that fetal NK cells do
not express Ly49s (with exception for Ly-49E), but do express high
levels of CD94/NKG2.21-24 Therefore, we further analyzed the
surface phenotype of NK cells of RAG-2�/� mice from fetal age to
3 to 4 weeks of age (Figure 2B). The majority of fetal liver NK cells
were TRAILdimDX5dimCD11bdimLy49�CD94highNKG2Ddim popula-
tion. At birth, TRAIL� DX5dimCD11bdimLy49�CD94highNKG2Dhigh

cells began to appear. Within the first 2 weeks of life, TRAIL�

DX5highCD11bhighLy49�CD94dim NK cells also began to appear
and proportions increased into adult life. The changes in DX5,
CD11b, Ly49, CD94, and NKG2D expression on spleen NK cells
were comparable to those observed on liver NK cells. However,
significantly fewer DX5dim NK cells expressed TRAIL in the
spleen, and they rapidly disappeared after birth with the appearance
of DX5highCD11bhighCD94dim TRAIL� NK cells. Similar results
were obtained using B6 wild-type mice (data not shown).

Fetal NK cells predominantly use the TRAIL effector molecule

We next analyzed the cytotoxic capacity of liver and spleen NK
cells isolated from fetal and neonatal B6 RAG-2�/� mice against
perforin-, TRAIL- , FasL-, and NK cell-sensitive L929 target cells
(Figure 3A). Fetal liver and spleen NK cells predominantly exerted
TRAIL-dependent cytotoxicity as demonstrated by neutralization
by anti-TRAIL mAb. Hepatic NK cells from neonatal mice exerted

Figure 1. Characterization of TRAIL� adult liver NK cells.
(A) Expression of TRAIL, CD11b, CD94 on DX5high and
DX5dimLy49� liver NK cell subpopulations. Thick lines indi-
cate the staining with respective mAb, and thin lines indicate
the staining with isotype-matched control immunoglobulin.
(B) Expression of TRAIL and the indicated molecules was
analyzed on NK1.1�CD3� NK cells freshly isolated from the
liver, spleen, and bone marrow of wild-type B6 mice. Thick
lines indicate the staining with anti-TRAIL mAb, and thin lines
indicate the staining with isotype-matched control immuno-
globulin. Quadrant gates for DX5, CD94, and CD11b were
set between high- and dim-expressing cells. The numbers
represent the percentages of cells in each quadrant. Data are
representative of 3 independent experiments. (C) Cytotoxic
activity of whole, TRAIL�, or TRAIL� NK cells was tested
againstTRAIL-resistant, perforin- and FasL-sensitiveYAC-1s
target cells in the presence of control immunoglobulin (�),
anti-FasL–neutralizing mAb (‚), CMA (ƒ), or anti-FasL–
neutralizing mAb and CMA (�). Data are represented as the
mean 	 SD of triplicate samples. Similar results were
obtained from 3 independent experiments. (D) IFN-� and
IL-13 production by whole, TRAIL�, or TRAIL� NK cells. NK
cell populations were incubated with various stimuli as
indicated. � represents IFN-� and f represents IL-13. Data
are represented as the mean 	 SD of triplicate culture
samples. Similar results were obtained from 3 independent
experiments.
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TRAIL-, FasL-, and perforin-dependent cytotoxicity, whereas
splenic NK cells from neonatal mice demonstrated TRAIL- and
perforin-dependent cytotoxicity, but negligible FasL-dependent
cytotoxicity. Notably, the cytotoxic activity of spleen NK cells was
significantly lower than that of hepatic NK cells in both fetal and
neonatal mice. Similarly, fetal and spleen NK cells also mediated
reduced cytotoxicity against YAC-1s target cells (data not shown).
We then analyzed the cytokine production by liver and spleen NK
cells from fetal and neonatal mice stimulated with PMA and
ionomycin (Figure 3B). Fetal NK cells did not produce significant
amounts of IFN-� or IL-13 following stimulation; however,
neonatal NK cells produced IFN-� and some IL-13. Similar
profiles of cytotoxic activity and cytokine production were also
observed using NK cells from B6 wild-type mice (data not shown).
Thus, these results suggested that fetal NK cells predominantly
displayed TRAIL effector function; however, on NK cell develop-
ment and NK cell receptor acquisition, NK cells developed
perforin- and FasL-dependent cytotoxicity and the capacity to
produce IFN-� and IL-13.

We have reported that TRAIL expressed on an adult hepatic NK
cell subpopulation plays a partial role suppressing tumor metasta-
ses in the liver.3-5 Here, we compared the relative importance of
TRAIL and perforin effector pathways in controlling tumor metas-
tasis to the lungs and livers of young (14-17 days old) and adult
mice (6-8 weeks old). Consistent with our previous report,5 in adult
mice, the number of lung metastases was significantly increased in
perforin�/� mice, but not TRAIL�/� mice, whereas the number of
hepatic metastases was significantly increased in both perforin�/�

mice and TRAIL�/� mice (Figure 3C). However, in young mice,
suppression of lung metastases was additionally TRAIL-dependent
and clearance of liver metastases was entirely TRAIL-dependent.
These data further supported a functional dependence of NK cells
on the TRAIL effector pathway in the developing immune system.

Development of TRAIL� NK cells from neonatal and adult
TRAIL� NK cells in vivo

Our data suggested that TRAIL� adult liver NK cells represented a
phenotypically immature DX5dimCD11bdimLy49�CD94-NKG2high

Figure 2. Phenotype of TRAIL� NK cells in fetal and
neonatal mice. (A) TRAIL expression on hepatic and
splenic NK cells from wild-type B6 mice at various ages.
Thick lines indicate the staining with anti-TRAIL mAb,
and thin lines indicate the staining with isotype-matched
control immunoglobulin. The numbers indicate the
mean 	 SD of 5 mice. (B) MNCs were freshly isolated
from the liver and spleen of RAG-2�/� B6 mice at the
indicated ages, and expression of the indicated mol-
ecules was analyzed on NK1.1�CD3� NK cells. Quad-
rant gates for DX5, CD11b, and CD94 were set between
high- and dim-expressing cells. The numbers represent
the percentages of cells in each quadrant. Data are
representative of 3 independent experiments.

Figure 3. Function of TRAIL� NK cells in fetal and neonatal mice. (A) Cytotoxic activity
of hepatic and splenic NK cells isolated from fetal and neonatal RAG-2�/� mice was tested
against TRAIL-, FasL-, and perforin-sensitive L929 target cells in the presence of control
immunoglobulin (�), anti-TRAIL–neutralizing mAb (E), anti-FasL–neutralizing mAb (‚),
CMA (ƒ), or anti-TRAIL–neutralizing mAb, anti-FasL–neutralizing mAb, and CMA (�).
Data are represented as the mean 	 SD of triplicate samples. Similar results were obtained
from 3 independent experiments. (B) IFN-� and IL-13 production by fetal and neonatal NK
cells. Isolated NK cell populations were incubated with PMA and ionomycin. � represents
IFN-� and f represents IL-13. Data are represented as the mean 	 SD of triplicate culture
samples. Similar results were obtained from 3 independent experiments. (C) Preferential
TRAIL-dependent tumor surveillance in young mice. Data are represented as the mean 	
SD of 5 mice. Relative times increase in metastases compared to wild-type mice are
indicated in parentheses. Similar results were obtained from 2 independent experiments.
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NK cell subpopulation that fails to persist in spleen. Further it was
possible that TRAIL� NK cells in the adult liver might be capable
of developing into mature TRAIL� NK cells. To address these
issues, we performed adoptive transfer experiments with purified
TRAIL� and TRAIL� NK cell populations that were isolated to
98% to 99% purity from adult and neonatal livers and neonatal
spleen of RAG-2�/� mice (Figure 4). Ten days after transfer
into sublethally irradiated 129/J mice (which do not express
the NK1.1 alloantigen), the transfer of adult hepatic TRAIL�

NK1.1� NK cells resulted in an increase in both TRAIL�

DX5dimCD11bdimLy49�NK1.1� NK cells and TRAIL�

DX5highCD11bhighNK1.1� NK cells in the liver, similar to the
transfer of neonatal spleen or liver TRAIL� NK1.1� NK cells. In
the spleen, the transfer of adult hepatic TRAIL� NK1.1� NK cells
or neonatal liver or spleen TRAIL� NK1.1� NK cells predomi-
nantly resulted in an increase in TRAIL� DX5highNK1.1� cells. By
contrast, the transfer of adult TRAIL� NK cells or neonatal liver or
spleen TRAIL� NK cells only led to the appearance of TRAIL�

DX5highCD11bhighNK1.1� NK cells in both liver and spleen. Ly49
was most highly expressed on NK1.1� cells in the recipient mice
injected with adult liver TRAIL� NK cells compared to the transfer
of neonatal spleen or liver TRAIL� NK cells, which might indicate
that TRAIL� NK cells are also developing into more mature NK
cells and adult TRAIL� NK cells are more mature than neonatal
TRAIL� NK cells. Similar results were obtained at 7 or 14 days
after adoptive transfer, although the number of TRAIL� NK cells
in mice receiving TRAIL� NK cells was less at 7 days compared to

14 days after adoptive transfer (data not shown). A comparable
number of donor-derived NK cells were found in the correspond-
ing tissues of recipient mice after transfer of either adult or
neonatal liver NK cells, suggesting that there was no preferen-
tial expansion or survival of either population. These results
clearly indicated that TRAIL� NK cells in adult liver are the
precursors of TRAIL� NK cells.

Requirements for maintenance of TRAIL� adult liver NK cells

We wished to establish what factors were key for the maintenance
of TRAIL� adult liver NK cells. To firstly evaluate the importance
of TRAIL in NK cell differentiation, we analyzed NK cell subsets
in the liver of TRAIL�/� mice (Figure 5A). Although hepatic NK
cells of TRAIL�/� mice did not express TRAIL, they contained
similar proportions of DX5dim or CD11bdim Ly49� NK cells,
corresponding to TRAIL� NK cells in the liver of wild-type mice
(Figure 1A). Similar numbers of hepatic NK cells were obtained
from TRAIL�/� and wild-type mice (data not shown). As previ-
ously reported,4 NK cells isolated from TRAIL�/� mice demon-
strated perforin- and FasL- dependent cytotoxicity as well as IFN-�
production, similar to NK cells from wild-type mice (data not
shown). These results indicated normal NK cell differentiation and
homeostasis in TRAIL�/� mice.

To evaluate whether cytokines regulated TRAIL expression on
liver NK cells, we analyzed TRAIL expression on NK cell subsets
in the livers of adult IFN-��/�, IL-12�/�, and IL-12�/�IL-18�/�

Figure 4. TRAIL� NK cells develop from TRAIL� NK
cells. TRAIL� or TRAIL� NK cells were isolated from
adult liver or neonatal liver and spleen of RAG-2�/� B6
mice (NK1.1�, H-2b) and adoptively transferred into
sublethally irradiated 129/J mice (NK1.1�, H-2b). On day
10, liver and spleen MNCs of the recipient mice were
isolated and stained for the indicated molecules. TRAIL,
DX5, CD11b, and Ly49 expression was analyzed on the
gated NK1.1�CD3� cells. Quadrant gates for DX5 and
CD11b were set between high- and dim-expressing cells.
Data are representative of 3 independent experiments.
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mice (Figure 5A). Similar numbers of hepatic NK cells were
obtained from IFN-��/�, IL-12�/�, IL-12�/�IL-18�/�, and wild-
type mice (data not shown). Hepatic NK cells from IFN-��/� mice
contained significantly decreased proportions of TRAIL� NK cells,
which was consistent with the finding that DX5dim TRAIL� or
CD11bdimLy49� NK cells were significantly decreased in IFN-��/�

mice. TRAIL� DX5dim and CD11bdimLy49� hepatic NK cells were
resident in the liver of IL-12�/� or IL-12�/�IL-18�/� mice simi-
larly to wild-type mice. This pattern was also observed when
comparing hepatic NK cells isolated from 2- to 4-week-old mice
(data not shown).

Because the constitutive TRAIL expression was unique to
hepatic NK cells, we examined whether endogenous bacterial
components might regulate TRAIL expression using germ-free
mice (Figure 5B). Similar numbers of hepatic NK cells were
obtained from BALB/c germ-free mice and control mice (data not
shown). Hepatic NK cells from BALB/c mice were divided into 2
populations, DX5high NK cells and DX5dim NK cells. TRAIL
expression was restricted to the DX5dim hepatic NK cell population

in either conventional or germ-free mice, and these NK cells were
identified as a CD11bdimLy49� subpopulation. Taken together,
TRAIL expression was not critical for the development of NK
cells, and TRAIL expression was partly dependent on IFN-�, but
not dependent on endogenous IL-12, IL-18, or bacterial components.

IFN-� also induces TRAIL expression on mature NK cells

We have previously reported that the administration of IFN-�–
inducing agents, such as the invariant NKT cell-specific ligand,
�-GalCer, or IL-12, induced TRAIL expression on spleen NK cells
in vivo.5 Our present finding of TRAIL on DX5dimCD11bdimLy49�

immature phenotype NK cells in normal liver suggested a possibil-
ity that IFN-� might induce the emergence of TRAIL� immature
NK cells in the spleen rather than expression of TRAIL on mature
NK cells. Therefore, we analyzed the phenotype of NK cells
freshly isolated from wild-type mice 3 days after �-GalCer
treatment (2 �g/mouse). TRAIL� NK cells were increased in the
liver of �-GalCer–treated mice compared to untreated or vehicle-
treated B6 mice (Figure 6). TRAIL expression was still observed
on DX5dim, CD11bdim, or Ly49� NK cells isolated from the liver of
�-GalCer–treated mice similar to those isolated from control mice.
Substantial proportions of DX5high, CD11bhigh, or Ly49� NK cells
also expressed TRAIL in the liver of �-GalCer–treated mice.
TRAIL expression was also clearly induced on spleen NK cells by
�-GalCer treatment, and the majority of TRAIL� spleen NK cells
were DX5high, CD11bhigh, or Ly49� NK cells. Notably, TRAIL�

DX5dim, CD11bdim, or Ly49� NK cells also emerged in the spleen
after �-GalCer injection. Thus, the phenotype of spleen NK cells
was quite similar to those of hepatic NK cells after �-GalCer
injection. Similar results were obtained in IL-12–treated or IFN-�–
treated wild-type and RAG-2�/� B6 mice (data not shown). These
results indicated that exogenous administration of IFN-� or IFN-�–
inducing agents induced TRAIL expression on mature NK cells as
well as the expansion and/or immigration of TRAIL-expressing
immature NK cells in the liver and spleen.

Figure 6. TRAIL� NK cell subpopulations in the liver and spleen of mice
injected with �-GalCer. Hepatic and splenic MNCs were freshly isolated 3 days after
�-GalCer treatment of wild-type B6 mice. Expression of TRAIL and the indicated cell
surface molecules was analyzed on NK1.1�CD3� NK cells. Open histograms
indicate the staining with anti-TRAIL mAb and filled histograms indicate the staining
with isotype-matched control immunoglobulin. The numbers indicate the mean 	 SD
of TRAIL� cells from 5 mice. Quadrant gates for DX5, CD11b, and CD94 were set
between high- and dim-expressing cells. The numbers represent percentages of cells
in each quadrant. Data are representative of 3 independent experiments.

Figure 5. Partial IFN-�–dependent maintenance of TRAIL� adult liver NK cells.
(A) Hepatic MNCs were freshly isolated from wild-type or the indicated gene-targeted
B6 mice, and expression of TRAIL, DX5, Ly49, and CD11b was analyzed on
NK1.1�CD3� NK cells. Thick histograms indicate the staining with anti-TRAIL mAb
and thin histograms indicate the staining with isotype-matched control immunoglobu-
lin. The numbers represent the mean 	 SD of TRAIL� cells from 5 mice. Quadrant
gates for DX5 and CD11b were set between high- and dim-expressing cells. The
numbers represent percentages of cells in each quadrant. Data are representative of
3 independent experiments. (B) Constitutive TRAIL expression on hepatic immature
phenotype NK cells in germ-free mice. Hepatic MNCs were freshly isolated from
conventional or germ-free BALB/c mice, and expression of TRAIL, CD11b, and Ly49
was analyzed on DX5highCD3� and DX5dimCD3� NK cells. Thick histograms indicate
the staining with respective mAb and thin histograms indicate the staining with
isotype-matched control immunoglobulin. Data are representative of 3 independent
experiments.
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Discussion

In this study, we have demonstrated that the predominant
DX5dimCD11bdimLy49�CD94-NKG2� NK cell population that
exists in fetal and neonatal mice uses TRAIL as an effector
molecule and persists in adult mouse liver. Fetal NK cells
demonstrated TRAIL-dependent cytotoxic activity only, and acqui-
sition of other cytotoxic effector molecules (perforin- and FasL-)
and cytokines (IFN-� and IL-13) was concomitant with NK cell
receptor acquisition and NK cell maturation. Consequently, anti-
tumor surveillance in infant mice, as opposed to adult mice, was
largely dependent on TRAIL-mediated apoptosis rather than per-
forin-mediated killing. Whereas both newborn and adult liver
TRAIL� NK cells developed into TRAIL� NK cells, TRAIL
expression itself did not appear to play a critical role in NK cell
development. Moreover, TRAIL� NK cells were significantly
reduced in IFN-��/� mice, but not IL-12�/�, IL-12�/�IL-18�/�, or
germ-free mice, suggesting an important role for IFN-� in maintain-
ing TRAIL expression and immature liver NK cells.

We have shown that TRAIL is a distinctive functional marker to
define a unique stage of NK cell differentiation. It has been
previously reported that the DX5dimCD11bdim Ly49�CD94-
NKG2� immature NK cell population developed from the bone
marrow (acquiring CD94-NKG2 and Ly49), and that fetal NK cells
of the Ly-49�CD94/NKG2� phenotype were functionally distinct
from those observed in adult mice.12-14,21-26 These cells have long
been suspected to be functionally immature and thus unable to
cause self-tissue damage despite their lack of Ly49 molecules.27 It
has been suggested that NK cells rely mainly on inhibitory
receptors specific for nonclassical major histocompatibility com-
plex (MHC) class I molecules (eg, Qa-1) to maintain self-tolerance
during the first few weeks of life.21-23 Therefore, the high-level
expression of CD94-NKG2A might negatively regulate TRAIL�

NK cells to prevent antiself-tissue cytotoxicity in vivo. A critical
role for such negative regulation of immature NK cell-mediated
cytotoxicity was also suggested by a previous report that human
immature perforin- and granzyme B-positive NK cells did not lyse
target cells although they conjugated with target cells.15 However,
our study would suggest that another level of regulation of
self-tissue damage might be the availability of effector pathways. It
has been reported that TRAIL induces apoptotic cell death in a
wide variety of transformed cells, but not in most normal cells,1,2

and that TRAIL plays a substantial role not only in tumor
surveillance but also in elimination of infected cells in vivo.9 Thus,
TRAIL may be the preferred effector molecule pathway for
potentially self-reactive NK cells when they still lack many MHC
class I-binding inhibitory receptors (eg, Ly-49).

Our present results are consistent with a previous report that
showed that an immature DX5dimCD11bdimLy49�CD94-NKG2�

NK cell population predominantly resided in the liver of adult
mice.14 Since it was shown that hepatic CD11bdim NK cells were
less cytotoxic and did not produce IFN-� after poly-IC treatment,14

TRAIL� IFN-�–producing NK cells might increase their CD11b
expression level after responding to IFN-�/�. Moreover, these
TRAIL� NK cells might express a low level of IL-18 receptor
because these NK cells produced significantly lower levels of
IFN-� and IL-13 in response to IL-18. The distinct expression of
cytokines receptors, chemokine receptors, and/or adhesion mol-
ecules on TRAIL� NK cell subpopulation may enable their
retention in the liver because both cytokines and chemokines
critically contribute to NK cell development.26 Alternatively, the

microenvironment of the liver might be suitable for the mainte-
nance of TRAIL� NK cells, because it has been suggested that
accessory stromal cells supported NK cell differentiation by
engaging NK cell receptors or cytokines.26,28-30 The specific
retention of TRAIL� immature NK cells in the adult liver appears
to be advantageous in allowing the elimination of transformed
cells. Whether the retention of these NK cells also plays additional
roles in adult host defense against liver specific pathogens or in
tolerance responses to food and other antigens arriving from the gut
via portal vein remains to be established. Further characterization
of hepatic TRAIL� NK cells in adult and neonatal mice may reveal
additional key molecules in NK cell development, maintenance,
and distribution in vivo.

TRAIL expression on liver NK cells was reduced in IFN-��/�

mice, but not in IL-12�/�, IL-18�/� (data not shown), IL-12�/�IL-
18�/�, or germ-free mice. In addition, �-GalCer treatment not only
induced TRAIL expression on DX5highCD11bhighLy49� mature NK
cells, but also increased immature TRAIL� NK cells in the spleen;
thus, IFN-� might be important for TRAIL expression on NK cells
during all developmental stages. However, a substantial TRAIL�

NK cell population was still resident in the liver of IFN-��/� mice,
suggesting that some molecules other than IFN-� were also
involved in regulating TRAIL expression on immature NK cells.
Our preliminary assessment of IFN receptor 1–deficient mice
suggested that IFN-�/� was not solely critical for TRAIL expres-
sion (data not shown). However, a combination of type I and II
IFNs may be required because TRAIL can be induced on mouse
NK cells by IFN-�/� or poly-IC.31 We could not detect specific
expression of TRAIL on DX5dimCD11bdimLy49�CD94-NKG2�

NK cell populations developing in vitro with IL-15 from the bone
marrow of RAG-2�/� mice (data not shown). Further experiments
addressing mechanisms for the selective TRAIL expression on
immature NK cells might reveal the critical factor for NK cell
development.

The cytotoxic activity of NK cells was dramatically increased after
the birth. Up-regulation of effector molecules in NK cells would be one
important alteration and indeed TRAIL expression was higher on
neonatal NK cells than on fetal NK cells. Similar to in vitro studies with
human NK cells,15 our present data clearly demonstrated that during
mouse NK cell development, TRAIL was the effector molecule that was
acquired first. Moreover, increased expression of activating NK cell
receptors may also play a critical role because increased NKG2D
expression on newborn NK cells was concurrently observed. This
increased NKG2D expression on NK cells in newborn mice might be
due to loss of NKG2D ligand expression because a high expression of
NKG2D ligands has been reported in fetal mice.32 Down-regulation of
NKG2D expression on NK cells and impaired perforin-dependent
cytotoxicity may occur in fetal mice when NKG2D ligands are
expressed, in a similar mechanism as previously reported for adult
nonobese diabetic (NOD) mice.33

Previous reports suggested that mouse NK cells might differentiate in
a manner similar to human NK cells,12,26 and a NK1-NK2 paradigm was
proposed for both human and mouse NK cells.34,35 It was proposed that
immature human NK cells produced IL-13 but not IFN-�, and thus were
defined as type 2 NK cells expressing TRAIL.15,36-38 Differentiation to an
intermediate stage of human NK cells (defined as type 0) led to both IL-13
and IFN-� production and the expression of TRAIL, FasL, and perforin.36

Therefore, TRAIL-expressing mouse hepatic NK cells might correspond
to human type 0 intermediate NK cells, and fetal TRAIL� NK cells might
correspond to human immature NK cells, because they principally exert
TRAIL-dependent cytotoxicity and display no IFN-� production. Consis-
tent with this notion, TRAIL� hepatic NK cells produced IFN-� and to a
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lesser extent IL-13 in responding to PMA and ionomycin. Further
experiments addressing the mechanisms by which TRAIL is selectively
expressed on immature and intermediate NK cells and similar analysis of
human hepatic NK cells might better correlate the process of NK cell
development between these species.
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