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Introduction

CD4" CD25" regulatory T (Treg) cells have been identi-

Summary

Natural killer (NK) cells have the ability to control dendritic cell (DC)-
mediated T cell responses. However, the precise mechanisms by which
NK receptor-mediated regulation of NK cells determines the magnitude
and direction of DC-mediated T cell responses remain unclear. In the
present study, we applied an in vitro co-culture system to examine the
impact of NK cells cultured with hepatic cells on DC induction of regula-
tory T cells. We found that interaction of NK cells and non-transformed
hepatocytes (which express HLA-E) via the NKG2A inhibitory receptor
resulted in priming of DCs to induce CD4" CD25™ T cells with regulatory
properties. NKG2A triggering led to characteristic changes of the cytokine
milieu of co-cultured cells; an increase in the transforming growth factor
(TGF)-B involved in the generation of this specific type of DC, and a
decrease in the tumour necrosis factor-o. capable of antagonizing the
effect of TGF-PB. The regulatory cells induced by NK cell-primed DCs
exert their suppressive actions through a negative costimulator pro-
grammed death-1 (PD-1) mediated pathway, which differs from freshly
isolated CD4" CD25" T cells. These findings provide new insight into the
role of NK receptor signals in the DC-mediated induction of regulatory
T cells.
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roles of PD-1 in CD4" CD25" Treg cell functions remain
elusive.
The mechanisms by which CD4" CD25" Treg cells are
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fied as the main suppressors of immune responses.
Although the mechanisms by which CD4" CD25" Treg
cells exert their suppressive actions have not been fully
elucidated, negative costimulatory signals via cytotoxic T
lymphocyte antigen-4 (CTLA-4) or inducible costimulator
(ICOS)-mediated signals, have been suggested to play a
key role in the activation of CD4" CD25" Treg cells.”
Programmed death-1 (PD-1), another molecule identified
as a negative costimulatory receptor, has also serves as a
negative regulator for effector immune responses.® Recent
reports have demonstrated that PD-1 is expressed in
CD4" CD25" Treg cells, suggesting its potential roles in
the regulation of T cell tolerance.” However, the precise

generated have been extensively investigated. Dendritic
cells (DCs), the sentinels between innate and adaptive
immunity, have recently emerged as candidate cells
involved in the differentiation and/or activation of
CD4* CD25% Treg cells.'” Various kinds of factors
have been identified as involved in DC induction of
CD4" CD25" Treg cells. Mouse immature DC promotes
the differentiation of CD4" CD25" Treg cells through the
DEC 205-mediated targeting of self-antigen in the steady
state.'®'! The immune regulatory cytokines interleukin
(IL)-10/transforming growth factor (TGF)-B have also
been reported to play important roles in DC generation
and activation of CD4* CD25" Treg cells."*™"*

Abbreviations: CTLA-4, cytotoxic T lymphocyte antigen-4; DC, dendritic cell; ELISA, enzyme-linked immunosorbent assay;
GITR, glucocorticoid-induced TNF receptor; HCV, hepatitis C virus; HLA, human leucocyte antigen; NH, human non-
transformed hepatocyte; NK, natural killer; PD-1, programmed death-1; PDL-1, programmed death ligand 1; PBMC, peripheral

blood mononuclear cell; Treg, regulatory T.
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Several lines of evidence have revealed that natural
killer (NK) cell-mediated innate immunity regulates DC
functions to determine the direction and magnitude of
adaptive T cell immunity.">™*® It has also been established
that NK cell function is regulated by positive and negative
signals through their receptor and ligand interactions."’
We previously reported that, upon exposure to non-
transformed hepatocytes (NHs), IL-2-primed NK cells
negatively regulated DC functions, which appeared
to be dependent on NKG2A inhibitory signals during co-
culture of NK cells and NHs. Immunosuppressive cyto-
kines such as IL-10 and TGF-f, but not direct NK-DC
contact, were responsible for this action.”® However, it
remains unclear whether these NK/hepatocyte co-cultures
can also influence the induction as well as activation of
CD4" CD25" Treg cells.

In the present study, we investigated whether DCs sti-
mulated with the co-culture supernatant of IL-2-prestim-
ulated NK cells and NHs can modulate Treg cell
functions. We found that TGF-f produced from NK cell/
hepatocyte co-culture via NKG2A activation is responsible
for modulating DCs to induce and maintain regulatory
phenotypes and functions of CD4" CD25" Treg cells.
Furthermore, the generated CD4" CD25" Treg cells sup-
pressed T cell activation via interaction between PD-1
and programmed death ligand 1 (PDL-1). These findings
represent new evidence that NK receptor-mediated modu-
lation of NK cells may dictate DC-induced adaptive
immunity toward an immunogenic or tolerogenic status
via induction of Treg cells.

Materials and methods

Antibodies

Anti-NKG2A monoclonal antibody (mAb) (Z199), PC5-
labelled CD25 mAb or isotype-matched control IgGl and
IgG2a mAb were purchased from Beckmann-Coulter
(Fullerton, CA). Anti-IL-10, anti-TGF-B, anti-CTLA-4,
anti-GITR (glucocorticoid-induced TNF receptor) and
anti-PD-1 polyclonal Abs were purchased from R & D
Systems (Minneapolis, MN) and phycoerythrin (PE)-
labelled mAb CTLA-4 from BD Biosciences (San Jose,
CA). Anti-HLA-E mAb 3D12 was kindly provided by Dr
E. Geraghty (Fred Hutchinson Cancer Research Institute,
Seattle, WA) and used as reported previously.?! Anti-MIC
mAb 6D4, anti-ULBP1 mAb 3F1 and anti-ULBP2 mAb
DH1 were kindly provided by Drs T. Spies and V. Groh
(Fred Hutchinson Cancer Research Institute) and used as
reported previously.*

Human hepatic cells
Human non-transformed hepatocytes (NHs) derived from

mixed heterogeneous donors were purchased from the
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Applied Cell Biology Research Institute (Kirkland, WA)
and cultured in CS-C complete medium according to the
manufacturer’s instructions.

Isolation of peripheral blood lymphocyte populations

Resting NK cells (CD56" CD3"), naive CD4" T cells
(CD45RA" RO™) or CD8" T cells were isolated from per-
ipheral blood mononuclear cells (PBMCs) with a positive
cell isolation kit according to the manufacturer’s pro-
tocol (Miltenyi Biotec, Bergisch Gladbach, Germany).
CD4" CD25" T cells were further separated from naive
CD4" T cells using anti-CD25 microbeads (Miltenyi
Biotech). Their purity was >90% by flow cytometry.
Informed consent was obtained from all blood donors.

Generation of monocyte-derived DC

Monocytes were isolated by plastic adherence from
PBMCs and cultured in RPMI-1640 supplemented with
granulocyte—macrophage colony stimulating factor (GM-
CSF) (PeproTech, London, UK) and IL-4 (PeproTech).
At day 6, they were stimulated with or without the
co-culture supernatant of NK cells and hepatic cells. At
day 7, non-adherent cells were harvested and used as des-
cribed below.

Stimulation of DCs by co-culture supernatants
of NK cells and hepatic cells

Freshly isolated NK cells were cultured with or without
IL-2 for 24 hr. IL-2-prestimulated or non-stimulated NK
cells were seeded in 24-well plates and then co-cultured
for 24 hr with NHs (1 x 10° cells/well), respectively.
Monocyte-derived DCs were cultured for 24 hr with 1 ml
of the co-culture supernatant of IL-2-prestimulated NK
cells and NHs (NH/IL-2 NK-primed DC). In some
experiments, anti-NKG2A mAb (Z199) or isotype-
matched control Ab was added during the co-cultures
of NK cells and hepatic cells. Z199 mAb was previously
confirmed to block the NKG2A-mediated signal.”> In
some experiments, the supernatant of NK/hepatic cell co-
cultures was also treated with anti-IL-10 or anti-TGF-f3
neutralizing Ab and used for DC stimulation for 24 hr.
In some experiments, tumour necrosis factor (TNF)-o,
TGF-B or both were used for DC stimulation for 24 hr.

Isolation of CD4" CD25" T cells

DCs (1 x 10°) were stimulated for 24 hr with the super-
natant obtained from the co-cultured medium. After
washing three times, DCs were cultured with allogeneic
CD4" T cells for 48 hr; CD4" CD25" fractions were isola-
ted from DC and CD4" co-culture and subjected to fur-
ther analysis. CD4" CD25" fractions were also isolated
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from PBMCs and cultured with 1 pg/ml plate-bound
anti-CD3 mAb (UCHT1; Beckmann-Coulter) for 24 hr to
efficiently induce their suppressive properties as described
previously.” These cells are referred to as natural
CD4" CD25" T cells.

Flow cytometry

The expression of NK inhibitory ligands (human leuco-
cyte antigen, HLA, class I, HLA-E) was examined on NHs
by using w6/32 or 3D12, respectively. MIC, ULBP1 or
ULBP2 expression on hepatocytes was also evaluated by
mAb 6D4, 3F1 or DHI, respectively. For CD4" CD25" T
cell staining, the cells were costained with PC5-labelled
CD25 mAb with PE-labelled mAb of CTLA-4, GITR or
PD-1 polyclonal Ab. The cells were analysed by flow
cytometry using a fluorescence-activated cell sorter
(FACScan) system, and data analysis was performed using
CELLQUEST software.

Measurements of cytokine production in culture
supernatant

The culture supernatants of interferon (IFN)-y, TNF-a,
IL-10 and TGF-P were examined using enzyme-linked
immunosorbent assay (ELISA) kits according to the man-
ufacturers’ instructions (IFN-y, TNF-a and IL-10, Endo-
gen, Tokyo, Japan; TGF-B, R & D Systems).

Analysis of Foxp3 mRNA expression

Polymerase chain reaction (PCR) analysis was performed
to determine Foxp3 mRNA expression of CD4" T cells
using a commercial PCR panel according to the manufac-
turer’s instructions (Gibco BRL, Rockville, MD). The fol-
lowing primers were used: 5-CCCACTTACAGGCACT
CCTC-3' (forward) and 5-CTTCTCCTTCTCCAGCAC
CA-3' (reverse).** Amplification was carried out for 35
cycles of 20 seconds at 95°, 20 seconds at 58 °© and
30 seconds at 72°. As a control for the integrity of
mRNA, primers specific for GAPDH (glyceraldehyde
3-phosphate dehydrogenase) were used as follows:
5'-GCCACCCAGAAGACTGTGGATGGC-3' (forward) and
5'-CATGTAGGCCATGAGGTCCACCAC-3’ (reverse). The
PCR products were analysed by ethidium bromide-stained
1-5% agarose gel electrophoresis.

Analysis of CD4" CD25" T cell suppressor functions

DCs (5 x 10*/well) were cultured with allogeneic CD4"
T cells (5 % 10°/well) for 48 hr, after which CD4* CD25"
T cells were isolated from the co-cultured cells.
CD4" CD25™ T cells were freshly isolated from the same
donors and activated with 1 pg/ml plate-bound anti-
CD3 mAb in the presence or absence of autologous
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CD4" CD25" T cells for 48 hr. The ability of CD4"
CD25" T cells to suppress proliferation and IFN-y pro-
duction of activated CD4" CD25™ T cells was determined
by [*H]thymidine incorporation and ELISA assay, res-
pectively. To further examine the mechanisms of CD4"
CD25" T cell suppressive actions, neutralizing Ab of
IL-10 or TGF-B, anti-CTLA-4, anti-GITR or anti-PD-1
was added at the beginning of CD4" CD25" T cell and
CD4" CD25™ T cell co-cultures.

Statistical analysis

Comparisons between groups were analysed by #-test with
Welch’s correction or aNova for experiments with more
than two subgroups. Differences were considered signifi-
cant when the P-value was <0-05.

Results

IL-2-primed NK cells upon exposure to
NH-modulated DCs on the induction of regulatory
CD4" CD25" T cells

Natural CD4" CD25" T cells from human peripheral
blood lymphocytes (PBLs) expressed CTLA-4 and GITR,
both of which have been identified as regulatory mark-
ers,>* but did not express PD-1 (Fig. la). To examine
whether DCs can modulate the expression of these regula-
tory markers on CD4" CD25" T cells, we stimulated
monocyte-derived DCs for 24 hr, either by the culture
supernatant of IL-2-stimulated NK cells (IL-2 NK) or by
the co-culture supernatant of NH/IL-2 NK. After washing,
the resulting DCs were cultured for 48 hr with CD4" T
cells isolated from allogeneic donors. CD4" CD25" T cells
were isolated from the DC and CD4" T cell co-culture
and subjected to analysis for regulatory markers. The
expression levels of CTLA-4 and GITR decreased on
CD4" CD25" T cells after stimulation of IL-2 NK-primed
DCs (Fig. 1b). By contrast, CD4" CD25" T cells stimula-
ted with NH/IL-2 NK-primed DCs remained positive for
CTLA-4 and GITR on their surface. Of note is the finding
that PD-1 was induced on these cells, showing their
phenotypic properties to differ from natural CD4" CD25"*
T cells (Fig. 1b, c). The induction of PD-1 on CD4"
CD25" T cells was further confirmed when IL-2NK/
NH-primed DCs from different donors were used as
stimulators (Fig. 1d). The supernatant of NH without
NK cells had little effect on phenotypic changes of
CD4" CD25" T cells by DCs (data not shown).

The forkhead transcription factor Foxp3 has been
recently identified as a master gene for defining Treg
cells.”® We therefore performed reverse transcription-PCR
(RT-PCR) analysis of CD4" T cells to evaluate the mRNA
expression of Foxp3. Foxp3 expression was detected in
natural CD4" CD25" T cells. When CD4" T cells were
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Figure 1. Human non-transformed hepatocyte (NH) modulation of activated natural killer (NK) cells endows dendritic cells (DCs) with the
ability to induce CD4" CD25" regulatory T cells. (a) Freshly isolated CD4" CD25" T cells were cultured in the presence of plate-bound anti-CD3
antibody (Ab) for 24 hr, and then subjected to flow cytometry to examine their expression of cytotoxic T lymphocyte antigen-4 (CTLA-4), gluco-
corticoid-induced TNF receptor (GITR) and programmed death-1 (PD-1) (closed histograms). Open histograms represent the staining of control
Ab. Numbers on the upper right indicate the mean fluorescence intensity (MFI) of each type of stained cells. (b) NK cells were preactivated with
50 ng/ml interleukin (IL)-2, and co-cultured in the absence (IL-2 NK) or presence (IL-2 NK/NH) of NHs at a ratio of 1: 1 for 24 hr. DCs
(1 x 10°) were stimulated for 24 hr with the supernatant obtained from the co-cultured medium. After washing three times, DCs were cultured
with allogeneic CD4" T cells for 48 hr. CD4" CD25" fractions were isolated from the DC/CD4" T co-culture and subjected to flow cytometry for
expression of CTLA-4, GITR or PD-1 (closed histograms). Open histograms show isotype control staining. Numbers on the upper right indicate
the MFI of each type of stained cell. (c) All experiments in (a) and (b) were performed three times and the composite results with statistical ana-
lysis are shown as the MFI of the staining cells. *P < 0-05 vs. responses of IL-2 NK/NH group. The experiment was performed with a different
set of donors and similar results were obtained. (d) PD-1 expression on CD4" CD25" T cells stimulated with allogeneic DCs from three different
donors, shown as the MFL (e) CD4" CD25" T cells were prepared as described above. The mRNA expression of Foxp3 and GAPDH (glyceralde-
hyde 3-phosphate dehydrogenase) was examined by reverse transcription-polymerase chain reaction (RT-PCR). (f) CD4" CD25" fractions were
isolated from DC/CD4" T cell co-cultures. Different numbers of these CD4" CD25" T cells were co-cultured with freshly isolated autologous
CD4" CD25™ T cells (1 x 10°/well) in the presence of plate-bound anti-CD3 Ab (CD4" CD25%/CD4" CD257). The anti-CD3 Ab-activated
CD4" CD25™ T cells alone were used as a positive control (CD4* CD257). IFN-y was measured for each supernatant obtained after 48 hr of
co-culture by enzyme-linked immunosorbent assay. *P < 0-05.
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stimulated with IL-2 NK-primed DCs for 24 hr, Foxp3
was not expressed on CD4" CD25" T cells. By contrast,
they dominantly transcribed Foxp3 at levels comparable
with those of natural CD4" CD25" T cells when stimu-
lated with NH/IL-2 NK-primed DCs (Fig. le). Taken
together, CD4" CD25" T cells, when stimulated by NH/
IL-2 NK-primed DCs, maintained regulatory phenotypes
such as CTLA-4, GITR and Foxp3, and properties distinct
from those of natural CD4" CD25" Treg cells in terms of
PD-1 expression.

CD4" CD25" T cells on stimulation of NH/IL-2
NK-primed DC suppressed effector cell functions

We next analysed the functions of CD4" CD25" T cells
stimulated by NH/IL-2 NK-primed DC. CD4" CD25" T
cells were co-cultured for 72 hr with CD4" CD25™ T cells
freshly isolated from the same donors. During the co-
cultures, CD4" CD25™ T cells were stimulated with plate-
bound anti-CD3 Ab. The CD4" CD25" T cells induced
by NH/IL-2 NK-primed DCs dose-dependently sup-
pressed the proliferation of co-cultured cells, whereas
those induced by IL-2 NK-primed DC did not (data not
shown). CD4" CD25" T cells induced by NH/IL-2 NK-
primed DCs also dose-dependently inhibited IFN-y pro-
duction of the co-cultured cells, by contrast with those
induced by IL-2 NK-primed DCs (Fig. 1f). The suppres-
sive activities of these CD4" CD25" Treg cells were sim-
ilar to those of natural CD4" CD25" Treg cells (data not
shown). These results demonstrate that CD4* CD25" T
cells induced by NH/IL-2 NK-primed DCs exert suppres-
sive actions to effector cell functions, consistent with
their expression of regulatory markers. Taken together,
these results indicated that NK cell modulation of DCs
leads to the CD4" CD25" Treg cell-mediated suppre-
ssion of effector cell responses when NK cells encounter
hepatocytes.

NKG2A signal of NK cells is responsible for the
modulation of DCs to activate CD4* CD25" Treg
cells

We examined the expression of various ligands for NK
cell receptors on NHs. NHs expressed HLA-E, the ligand
of NKG2A, but did not express NKG2D receptor ligands,
MIC and ULBPI1-2 (Fig. 2a). Given our previous findings
that NHs negatively regulated IL-2 NK-mediated modula-
tion of DC functions through the interaction of the
NKG2A inhibitory receptor and its ligand HLA-E,** we
evaluated the role of these receptor signals in the induc-
tion of CD4" CD25" Treg cells by DCs. When anti-
NKG2A Ab was added during the co-culture of NH and
IL-2 NK and DCs were stimulated with the resultant
supernatant, the expression of CTLA-4, GITR and PD-1
was diminished on CD4" CD25" T cells (Fig. 2b, c).

© 2006 Blackwell Publishing Ltd, Immunology, 120, 73-82
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NKG2A blockade also suppressed PD-1 expression on
CD4" CD25" T cells stimulated with IL-2NK/NH-primed
DCs from three different donors (Fig. 2d). The anti-
NKG2A neutralizing Ab treatment also abrogated Foxp3
expression in CD4" CD25" Treg cells (Fig. 2e). Moreover,
the blockade of NKG2A signals during NH and IL-2 NK
co-cultures resulted in inhibition of the DC ability to
induce CD4" CD25" T cells with regulatory functions;
these CD4" CD25" T cells did not suppress proliferation
or IFN-y production (Fig. 2f and data not shown) of
CD4" CD25™ T cells. Altogether, the activation of NKG2A
inhibitory signals during NK cell and hepatocyte interac-
tion was required for the DC induction of CD4" CD25"
T cells with regulatory phenotypes and functions.

Change of cytokine milieu, triggered by NKG2A
signals, plays a critical role in DC-mediated induction
of CD4" CD25" Treg cells

TNF-a has been well known as a critical factor for NK
cell-mediated maturation of DCs.?” By contrast, IL-10
and TGF-B are known to act as suppressive factors of
effector immune responses, and their roles in modulating
DCs for Treg cell induction has recently been valid-
ated.'”'* These findings led us to evaluate the change
in cytokine production patterns in NH and IL-2 NK co-
cultures in the presence or absence of anti-NKG2A Ab.
ELISA data showed that the production of IFN-y and
TNF-a from NH and IL-2 NK co-cultures were substan-
tially increased in the presence of anti-NKG2A Ab. By
contrast, the addition of NKG2A masking Ab during the
co-culture resulted in the marked reduction of IL-10 and
TGEF-B from co-cultured cells (Fig. 3a).

We next examined whether these changes of cytokine
profiles were responsible for the DC induction of the
CD4" CD25" Treg cells. For this purpose, the NH and
IL-2 NK co-culture supernatant was treated with neutral-
izing Ab of IL-10 or TGF-f before DC stimulation,
and suppressive activity was evaluated by analysing
CD4" CD25" T cells obtained from CD4" and DC mix-
tures. The neutralization of IL-10 did not reverse the
suppressive actions of CD4" CD25" Treg cells, but the
blockade of TGF-B led to reversal of CD4" CD25" Treg
cell activities (Fig. 3b).

We directly examined the effect of TGF-f on the
modulation of DC ability to induce CD4* CD25" Treg
cells. TGF-B endowed DCs with the ability to induce
CD4" CD25" Treg cells. TNF-o inhibited TGF-B-medi-
ated DC induction of CD4" CD25" Treg cells (Fig. 3c).
By contrast, IFN-y had little effect on the modulation of
DC by TGF-B (data not shown). Taken together, these
results strongly suggest that increased TGF-B and
decreased TNF-a production, the change of cytokine pro-
files mediated by the NKG2A signals, are involved in
DC-mediated CD4" CD25" Treg cell induction.
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Figure 2. NKG2A signals of natural killer (NK) cells are required for the dendritic cell (DC) induction of CD4" CD25" T cells with the regulatory
phenotype. (a) Surface expression of the ligands of NKG2A (HLA-E) as well as NKG2D (MIC, ULBP1 and ULBP2) in human non-transformed
hepatocytes (NHs) were assessed by flow cytometry (closed histograms). Open histograms show isotype control staining. (b, c) Interleukin
(IL)-2-preactivated NK cells were co-cultured with NHs in the presence of 30 pg/ml of anti-NKG2A neutralizing antibody (Ab) (anti-NKG2A) or
control IgG. DCs (1 x 10°) were then stimulated with the supernatant obtained from the co-cultured medium for 24 hr. After washing three times,
DCs were cultured with allogeneic CD4" T cells for 48 hr. CD4" CD25" cells isolated from the co-culture were subjected to FCM for their surface
expression of cytotoxic T lymphocyte antigen-4 (CTLA-4), glucocorticoid-induced TNF receptor (GITR) and programmed death-1 (PD-1) (closed
histograms). Open histograms show isotype control staining. Numbers on the upper right indicate the mean fluorescence intensity (MFI) of each
type of stained cell. All experiments were performed three times. Representative data (b) and composite results with statistical analysis (c) are
shown as the MFI of the staining cells. *P < 0-05 vs. responses of IgG group. The experiment was performed in different set of donors and similar
results were obtained. (d) The inhibitory effect of anti-NKG2A Ab on PD-1 expression of CD4" CD25" T cells stimulated with allogeneic DCs
from three different donors. Data are shown as MFL (e) CD4" CD25" T cells were stimulated and purified as described above. The mRNA expres-
sion of Foxp3 and GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was examined by reverse transcription-polymerase chain reaction
(RT-PCR. (f) CD4" CD25" T cells (1 x 10°/well) isolated from DC and CD4" T cell co-cultures were cultured with freshly isolated autologous
CD4" CD25™ T cells at a ratio of 1: 1 in the presence of plate-bound anti-CD3 Ab (CD25%/CD257). The anti-CD3 Ab-activated CD4" CD25~
T cells alone were used as a positive control (CD257). Interferon (IFN)-y was measured for each supernatant obtained after 48 hr of co-culture by
enzyme-linked immunosorbent assay (ELISA). *P < 0-05. All experiments were performed three times; representative results are shown.

PD-1, recently identified as a negative costimulatory
receptor of the B-7 family, is expressed in CD4" CD25"*
Treg cells, indicating that PD-1-mediated negative signals
may be involved in the regulatory functions of
CD4" CD25" Treg cells.” Thus, we evaluated the involve-

Suppressive actions of CD4" CD25"* Treg cells,
induced by NH/IL-2 NK-primed DCs, depends on
PD-1-mediated negative costimulatory signals

The suppressive activities of CD4" CD25" Treg cells

reportedly depend on various kinds of mediators, such as
CTLA-4, IL-10 and/or TGF-f, but the exact mechanisms
of the actions have not been fully elucidated."®'*'*
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ment of these molecules in the suppressive activities of
CD4" CD25" Treg cells. For this purpose, the blocking
Ab of CTLA-4, GITR, PD-1, TGF-B or IL-10 was added
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Figure 3. Change of cytokine production pattern of natural killer (NK) cells through NKG2A signals is responsible for the dendritic cell (DC)
induction of CD4" CD25" Treg cells. (a) NK cells prestimulated with interleukin (IL)-2 were cultured with human non-transformed hepatocytes
(NHs) in the presence of masking antibodies (Abs) of NKG2A (IL-2 NK/NH + anti-NKG2A) or isotype control IgG (IL-2 NK/NH + IgG) for
24 hr. *P < 0-05. (b) IL-2 activated NK cells were co-cultured with NHs (IL-2 NK/NH). DCs (1 x 10°) were stimulated with the culture superna-
tant in the presence of anti-IL-10, anti-transforming growth factor (TGF)-P neutralizing Ab or control IgG for 24 hr. DCs were washed thor-
oughly and co-cultured with allogeneic CD4" T cells for 48 hr. Next, the isolated CD4" CD25" T cells (1 x 10°/well) were co-cultured with
autologous CD4" CD25 T cells in the presence of plate-bound anti-CD3 Ab at a ratio of 1 :
supernatant was examined by enzyme-linked immunosorbent assay. *P < 0-05 vs. responses of anti-CD3 Ab-stimulated CD4" CD25™ T cells.
(c) DCs (1 x 10%) were stimulated with 50 ng/ml TNF-o, 100 ng/ml TGEF-B or both for 24 hr. After thorough washing, they were co-cultured
with allogeneic CD4" T cells for 48 hr. CD4™ CD25" T cells (1 x 10°/well) were isolated from the DC and CD4" co-cultures and cultured with

1. Interferon (IFN)-y production from the culture

freshly isolated autologous CD4* CD25™ T cells at a ratio of 1 :

1 in the presence of plate-bound anti-CD3 Ab. IFN-y production was examined

as described above. *P < 0-05 vs. responses of anti-CD3 Ab-stimulated CD4* CD25™ T cells.

during co-cultures of CD4" CD25%/CD4" CD25™ T cells
in the presence of anti-CD3 Ab. In case of natural
CD4" CD25" T cells, their suppressive action was parti-
ally reversed on addition of anti-CTLA-4 Ab. By contrast,
they preserved their suppressive capacity even in the pres-
ence of the blocking Ab of GITR, PD-1, TGF-f or IL-10
(Fig. 4a). When CD4" CD25" Treg cells induced by NH/
IL-2 NK-primed DCs were used instead of natural
CD4" CD25" T cells, their suppressive activity was mark-
edly reduced on addition of the blocking Ab of PD-1 but
not CTLA-4, IL-10, TGF-B or GITR (Fig. 4a). The regula-
tory functions of these Treg cells were required for direct
cell-to-cell contact because separation of CD4" CD25*
Treg cells and CD4" CD25™ T cells in transwell chambers
virtually abolished their suppressive effects (data not
shown). We also confirmed the presence of PDL-1

© 2006 Blackwell Publishing Ltd, Immunology, 120, 73-82

expression on CD4" CD25™ T cells when they were activa-
ted with anti-CD3 Ab (Fig. 4b), suggesting that effec-
tor cells themselves induce suppressive activities of
CD4" CD25" Treg cells. Taken together, these results fur-
ther reinforced the hypothesis that CD4" CD25" Treg
cells induced by NH/IL-2 NK-primed DCs were different
from natural CD4" CD25" Treg cells in their PD-1-
dependent suppressive functions.

Discussion

Recent studies have revealed that activated NK cells posi-
tively regulate DC activation and maturation either
through direct contact via NK cell receptors (NKp30,
NKG2D, etc.) or in co-ordination with various kinds of
cytokines (IFN-y, TNF-q, etc.).">'® However, the issue of
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Figure 4. CD4" CD25" Treg cells induced by interleukin (IL)-2 natural killer (NK)/human non-transformed hepatocytes (NH)-treated dendritic
cell (DC) suppressed T cell activation through programmed death-1 (PD-1)/programmed death ligand-1 (PDL-1) interactions. (a) DCs (1 x 10°)
were stimulated with the IL-2 NK/NH supernatant for 24 hr, and then cultured with allogeneic CD4" T cells for 48 hr. CD4" CD25" frac-
tions were isolated from the DC/CD4" T cell mixtures. Freshly isolated CD4* CD25" T cells (natural CD25") or CD4" CD25" T cells induced by
NK/NH-primed DCs (induced CD25") were co-cultured with freshly isolated autologous CD4" CD25 T cells at a ratio of 1 : 1 upon stimulation
of plate-bound anti-CD3 antibody (Ab). Anti-CTLA-4 (cytotoxic T lymphocyte antigen-4) Ab, anti-GITR (glucocorticoid-induced TNF receptor)
Ab, anti-PD-1 Ab, anti-IL-10 Ab, anti-TGF-B Ab or isotype control IgG (20 pg/ml for each) were incubated during CD4* CD25"/CD4" CD25 T
cell co-cultures. Interferon (IFN)-y was measured for each supernatant obtained after 72 hr of co-culture by enzyme-linked immunosorbent
assay. *P < 0-05 vs. responses of anti-CD3 Ab-stimulated CD4" CD25~ T cells. (b) Freshly isolated CD4* CD25™ T cells were incubated with
(anti-CD3) or without (-) plate-bound anti-CD3 Ab for 24 hr. PDL-1 expression was assessed by flow cytometry (closed histograms). Open

histograms show isotype control staining.

whether NK cells are involved in DC-mediated Treg cell
induction has not been resolved. In the present study, we
report that the expression of regulatory markers and
functions was markedly decreased on CD4" CD25" T cells
upon exposure to IL-2 NK-primed DCs. By contrast, the
interaction of activated NK cells and NH through the
NKG2A inhibitory receptor led to DC induction of
CD4" CD25" T cells with regulatory properties. Further-
more, NKG2A-mediated increase in TGF-f as well as
decrease in TNF-o in an NH and NK cell mixture contri-
buted to DC induction of CD4" CD25" Treg cells. This is
consistent with previous reports showing that TGF-f
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plays a role in generating the specific DC that activates
CD4" CD25" Treg cells.'™"' The findings that TNF-a
suppressed TGF-B-mediated priming of DCs to induce
Treg cells also extended the previously identified role of
TNF-a as a positive regulator of DC activation. In line
with our findings, previous reports showed that impair-
ment of CD4" CD25" Treg cell activities restored their
suppressive functions after blocking TNF-o signals in
non-obese diabetic (NOD) mice or in patients with
Crohn’s disease.”®* To our knowledge, the present study
is the first description of modulation of NK cells and
human hepatocytes through NKG2A-mediated inhibitory
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signals that profoundly affect DC functions towards
CD4" CD25" Treg cells. Because NK cell functions are
regulated by the balance between inhibitory and activating
signals, any future clarification of the role of other NK
inhibitory and activating receptors in DC modulation and
Treg cell activation will be of great interest.

The cross-presentation of self-antigens by major histo-
compatibility complex (MHC) class II pathways consti-
tutes an important step towards generating and/or
expanding peripheral Treg cells.”® However, we initially
settled our experimental design by using DCs and Treg
cells from different donors, and DCs encountered CD4"
T cells in an ‘antigen-free’ condition. Therefore, Treg cells
induced by NK/NH-primed DCs are generated independ-
ently of MHC class II-mediated self-antigen recognition.
These results give rise to the possibility that the cross-talk
of NK cells, DCs and hepatocytes represents an alternative
pathway in the generation and expansion of peripheral
Treg cells. However, it should be noted that these results
may not apply to all donors because of the complexity of
the allogeneic system and the relatively few donors tested.

PD-1-mediated suppressive activities were characteristic
for CD4" CD25" Treg cells generated by NH/IL-2 NK-
primed DCs. By contrast, natural CD4" CD25" Treg cells
exerted their suppressive function, at least in part, in a
CTLA-4-dependent fashion. Recent reports have clarified
the existence of two subtypes of Treg cells: natural and
inducible CD4" CD25" Treg cells. Inducible Treg cells
exert suppressive activities by using molecular mecha-
nisms distinct from those of natural regulatory cells.”
Our findings further identify the novel pathways by which
inducible CD4" CD25" Treg cell activities triggered by
NKG2A inhibitory signals are dependent on PD-1-medi-
ated negative costimulation. A recent report identified the
interaction of B7 on effector T cells with costimulatory
molecules CD28/CTLA-4 on CD4" CD25" Treg cells as
molecular mechanisms of their suppressor activity.”?
Thus, it is possible that reverse signalling of PDL-1 on
effector cells may also be crucial for the negative costimu-
lator-mediated suppressive action of CD4" CD25" Treg
cells. In the present study, we did not address the mecha-
nisms by which NH/IL-2 NK-primed DCs induce
CD4" CD25" Treg cells with PD-1-dependent suppressive
functions. Further study will be needed to clarify this
issue.

We previously showed that NKG2A is expressed at
higher levels from NK cells isolated from peripheral blood
in patients with chronic hepatitis C virus (HCV) infection
than from those in healthy donors.** HCV frequently per-
sists in humans, at least in part, due to inefficient induc-
tion of NK activity as well as specific T cell responses.”>
The small percentage of patients who spontaneously clear
the virus and recover from chronic hepatitis C mount vig-
orous HCV-specific CD4" and CD8" T cell responses.*®*”
Research has described an increased frequency of CD4"

© 2006 Blackwell Publishing Ltd, Immunology, 120, 73-82

NK receptor in DC induction of Treg cells

CD25" T cells in the blood of patients with persistent
HCV infection compared with those who have spontan-
eously cleared HCV.”®* Our current findings raise the
interesting possibility that increased NKG2A expression
on NK cells may lead to DC-mediated induction of Treg
cells, leading to the inhibition of adaptive responses to
HCV and failure to eliminate this virus. Indeed,
CD4" CD25" T cells induced by HCV-NK/Hep3B hepa-
toma cell-primed DCs expressed and suppressed effector
T cell functions at greater levels than those induced by
N-NK/Hep3B-primed DCs (our unpublished data). Inter-
estingly, a recent study identified PD-1-mediated signals
as a critical pathway to induce anergic CD8" T cells and
impair antiviral CTL responses in chronic viral infec-
tion.” In this regard, the therapeutic modification of
the PD-1 pathway may synergistically augment antiviral
immunity by suppressing Treg activity and recovering
CTL responses. It is important to establish whether the
PD-1 pathway in liver lymphocytes may be operable
in vivo and play a critical role in suppression of virus-spe-
cific immunity in HCV infection.

In conclusion, we have demonstrated that interaction of
NK cells and hepatic cells via NKG2A leads to DC induc-
tion of CD4" CD25" T cells with PD-1-dependent regula-
tory activities. These findings also imply that NK receptor
signals of NK cells may dictate DC-mediated adaptive
immune responses towards tolerogenic or immuno-
genic status via induction of Treg cells.
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