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WT mice (1.5-fold), even though the serum ALT level in
the ND-fed KO mice was modestly higher than that in the
ND-fed WT mice. :

We next conducted histological analyses of liver sec-
tions from the mice. H&E staining revealed that the livers
from KO mice fed the HFD possessed not only steatotic
areas but also scattered inflammatory foci composed of
gathering nonparenchymal cells (Fig. 2b). Although
inflammatory foci were also observed in the livers from
KO mice fed the ND, a larger number of foci could clearly
be seen in KO mice fed the HFD than in KO mice fed the
ND (Fig. 2c). In contrast, WT mice fed the HFD, as well as
those given the ND, showed few inflammatory foci. Taken
together, these results indicated that the HFD augmented
liver inflammation in KO mice but not in WT mice.

The HFD enhanced hepatic inflammation-related gene
expression in the absence of iNKT cells

To understand the underlying mechanisms of the hepatic
inflammation induced by the HFD in the absence of iNKT
cells, we first examined the levels of several cytokines and
chemokines in the livers from mice at week 5 after they had
been started on the diets. Real-time RT-PCR analyses
revealed that the messenger RNA expression of tumor
necrosis factor (TNF)-o, IFN-y, IL-10, chemokine (C-C
motif) ligand (CCL) 2 and 4, and chemokine (C-X-C
motif) ligand (CXCL) 9 and 10 were remarkably upregu-
lated by the HFD, compared with the ND, in KO but not in
WT mice (Fig. 3), although these values in KO mice fed the
ND were modestly higher than those in WT mice fed the
ND. In contrast, the messenger RNA expression of IL-4, -5,
and -13 did not show any detectable levels in the livers from
both WT and KO mice fed either the ND or HFD.

The HFD altered the proportions of subpopulations
in liver mononuclear cells from KO mice,
but not in those from WT mice

We next examined the phenotype of mononuclear cells in
livers from mice at week 5 of feeding. Flow cytometric
analyses demonstrated that the proportion of CD4+
TCRS+ CDA4 T cells was lower in KO mice fed the ND than
in WT mice fed the ND (Fig. 4a), which might have
resulted from a lack of iNKT cells partly composed of
CD4+ cells [5]. The proportion of CD49b+ TCRfS— NK
cells or CD8+ TCRf+ CDS8 T cells was higher in KO mice
fed the ND than in WT mice fed the ND. The HFD did not
lead to any significant changes in the proportion of hepatic
CD4 T,CD8 T, NK, or iNKT cells in WT mice. In contrast,
the HFD induced significant increases in the proportion of
hepatic CD4 T cells and CD8 T cells, but not of NK cells, in
KO mice. We then examined the distribution of these cells

1251
TNF-o IFN-y
30 . 30 .
fond o
8 8
£ 20 £ 20
3 3
kel o
2 2
T 10 T 10
£ £
0 - 0
ND HFD _ ND HFD ND HFD  ND HFD
WT KO WT KO
IL-10 IL-4, -5, -13
20 e 15
o 3
é 10 2
) 2 s
S 5 2
. § § § 8§
ND HFD  ND HED ND HFD  ND HFD
WT KO WT KO
CCL2 CCl4
40 15 *
S a0 s
S g 10
€ 20 2
k] 2 s
£ 10 £
0 i 0
ND HFD  ND HFD ND HED  ND HFD
WT KO WT KO
CXCL9 CXCL10
80 . 40 . ¥
S w0 S 30
Q [$]
g g
2 40 220
T B
€ 20 £ 10
O NDHFD _ ND HFD O"NDHFD _ ND HFD
WT KO WT KO

Fig. 3 Inflammatory cytokine and chemokine gene expression in the
liver. Liver tissues were obtained from wild-type (WT) and Jul18-
deficient (KO) mice fed either a normal diet (ND) or a high-fat diet
(HFD) for 5 weeks. Liver RNA levels of the indicated genes and
beta-actin as a control were analyzed using real-time reverse
transcription polymerase chain reaction (RT-PCR). Data are shown
as the fold increase of HFD-fed WT, ND-fed KO, or HFD-fed KO
compared with ND-fed WT mice, with means & SEM from five mice
in each group. Data are representative of more than four independent
experiments. TNF-¢ Tumor necrosis factor alpha, IFN-y interferon
gamma, /L interleukin, CCL chemokine (C—C motif) ligand, CXCL
chemokine (C-X~C motif) ligand. §, not detected. *P < 0.05 versus
KO fed ND

in the liver. Immunohistochemical examination revealed
that CD4+ cells and CD8+- cells formed foci surrounding
hepatocytes in the livers of KO mice (Fig. 4b), which partly
corresporided to the inflammatory foci observed in the
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Fig. 4 Involvement of CD4 T and/or CD8 T cells in liver inflam-
mation. Livers were obtained from wild-type (WT) and J«18-deficient
(KO) mice fed either a normal diet (ND) or a high-fat diet (HFD) for
5 weeks. a Prepared mononuclear cells from the livers were stained
with cell markers indicated in “Materials and methods”. Proportions
of the indicated cell population were analyzed by flow cytometry.
Data shown are means = SEM from five mice in each group. Data are
representative of more than four independent experiments. §, not
detected. *P < 0.05 versus KO fed ND. b Liver sections were
analyzed by immunohistochemical staining for CD4- or CD8-positive
cells. Representative images are shown (x200)

H&E-stained liver sections of KO mice. WT mice fed either
the ND or HFD did not display such foci consisting of
stained cells in the livers. Collectively, these results sug-
gested that CD4 T and/or CD8 T cells played a role in the
HFD-enhanced liver inflammation in KO mice.

The HFD led to the development of liver fibrosis
in the absence of iNKT cells

Persistent hepatic inflammation causes fibrotic changes in
the liver [25]. To investigate whether inflammation with
steatosis due to the HFD in KO mice would induce fibrosis
in the liver, we fed the ND or HFD to WT and KO mice for
a longer period of 15 weeks. H&E staining and Oil-red-O
staining showed that KO mice fed the HFD possessed the
inflammatory foci, together with lipid retention in the liver,
at week 15, as well as showing these findings at week S,
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Fig. 5 Liver fibrosis following inflammation in the absence of iNKT
cells. Livers were obtained from wild-type (WT) and Jo18-deficient
(KO) mice fed either a normal diet (ND) or 2 high-fat diet (HFD) for
15 weeks. a Liver tissues were stained with Sirius-Red to assess liver
fibrosis. Representative images are shown (x200). b The stained
areas were evaluated in five different fields per section. Data shown
are means = SEM from five mice in each group. Data are represen-
tative of more than two independent experiments. *P < 0.05 versus
KO fed ND

and that WT mice fed the HFD showed lipid retention, but
few inflammatory foci, in the liver at week 15 (data not
shown), Sirius-Red staining revealed clear fibrosis in the
livers from KO mice fed the HFD and also in the livers
from KO mice fed the ND, but to a much lesser extent
(Fig. 5a). In contrast, the staining showed no obvious
fibrosis in the livers from WT mice fed the HFD or in those
given the ND. Quantitative analyses to evaluate the stained
areas also showed that the HFD-fed KO mice possessed
significantly greater areas-of hepatic fibrosis than the ND-
fed KO mice, while WT mice fed either the ND or HFD
had few fibrotic areas (Fig. 5b). Taken together, these
results indicated that the HFD led to the development of
liver fibrosis accompanied by steatohepatitis in KO mice.

Discussion

An increasing amount of evidence suggests that iINKT cells
play a role in immune responses in the liver [12], although
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‘the exact implication of that role is controversial. iNKT
cells, for instance, have been reported to play a critical role
in animal models of liver injury induced by concanavalin
A, a-galactosylceramide, or salmonella infection [26-28],
suggesting a proinflammatory role of these cells. On the
other hand, iNKT cells have been very recently implicated
in the suppression of liver damage in a mouse model of
cholestasis [29], suggesting an anti-inflammatory role of
these cells. The present study, using iNKT cell-deficient
mice fed an HFD, demonstrated that the HFD led to the
development of steatohepatitis with fibrosis in the absence
of INKT cells, while the HFD led to steatosis but not ste-
atohepatitis in the presence of these cells. This suggests
that iINKT cells play a critical role in suppressing the
development of inflammation and fibrosis in the steatotic
liver.

Our real-time RT-PCR analyses demonstrated that
CCL2, CCL4, CXCL9, and CXCLI10 were remarkably
upregulated by the HFD in KO mice but not in WT mice
(Fig. 3). CCL2 or CCL4 has the ability to attract pre-
dominantly Thl cells via chemokine (C-C motif) receptor
2 or 5, respectively. CXCL9 and CXCLI10 also attract
predominantly Thl cells via chemokine (C-X-C motif)
receptor 3 [30, 31]. Indeed, Thl cytokines such as TNF-«
and IFN-y were remarkably upregulated by the HFD in KO
mice but not in WT mice. Although IL-10, which is one of
the anti-inflammatory cytokines, was also upregulated by
the HFD in KO mice but not in WT mice, the upregulation
of IL-10 may have counteracted the upregulation of the
proinflammatory Thl cytokines TNF-a and IFN-y. Our
flow cytometric analyses and immunohistochemical anal-
yses showed that the proportions of CD4 T and CD8 T cells
were increased (Fig. 4a) and that these cells also accu-
mulated to form foci (Fig. 4b) in the livers of KO mice fed
the HFD. Bigorgne et al. [32] reported that HFD-induced
obesity in leptin-deficient ob/ob mice rendered hepatic
mononuclear cells, particularly CD4 T and CD8 T cells,
sensitive to chemokines such as CXCL12 and CXCL13,
which attract T cells, suggesting an important role of
chemokines in liver inflammation with steatosis. Although
the sources of the chemokines upregulated in our model
were not clear, these chemokines presumably play an
important role in the infiltration of proinflammatory cells in
the liver of the KO mice fed the HFD. iNKT cells suppress
the production of these chemokines directly or indirectly;
thus, they may prevent steatohepatitis induced by an HFD.

The liver can be anatomically exposed to gut-derived
contents, such as food antigens and bacterial products, via
the portal vein [33, 34]. Once these entities flow into the
liver, they can activate a variety of cells in the liver, which
may be associated with certain types of liver disease [33,
34]. Gut-derived food-antigens can activate T cells [33] and
gut-derived bacterial products can stimulate all resident
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cells in the liver, such as hepatocytes, Kupffer cells, stellate
cells, and dendritic cells, via toll-like receptors [33-36].
Moreover, fat itself, particularly saturated fatty acids,
stimulates an immune response in the liver [37,-38]. On the
other hand, the liver is an immune-tolerogenic organ, in
which immune-suppressive cells may play a critical role to

. keep this organ immunologically silent [33]. The present

study demonstrated that liver inflammation was greatly
exacerbated—where CD4 T and/or CD8 T cells infiltrated
to form foci surrounding damaged hepatocytes—by an HFD
in the absence of iNKT cells. This suggests a suppressive
role of iNKT cells in the development of liver inflammation
with steatosis. Thus, iNKT cells may play an important role
in keeping the liver immunologically silent, and the absence
of iNKT cells together with steatosis may elicit a break of
hepatic immune tolerance, resulting in the activation of
CD4 T and/or CD8 T cells to provoke liver inflammation.
Consistent with this speculation is the observation that the
absence of iINKT cells, even without steatosis, caused
modest liver inflammation.

In conclusion, iNKT cells suppress liver inflammation
progressing to fibrosis that is exacerbated by HFD-induced
steatosis, thus contributing to the maintenance of immune
homeostasis in the liver. This study has shed some light on
iNKT cells as immunoregulatory cells and their key role in
the pathogenesis of NAFLD.
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Background & Aims: Natural killer (NK) cells play an important
role in the immune response against virus infection. Interferon
(IEN)-ot, an essential component in therapy against hepatitis C
virus (HCV) infection, regulates NK cell function. However, it
remains obscure how chronic HCV infection (CHC) modifies intra-
cellular IFN-o signaling in NK cells. We investigated IFN-o signal-
ing in NK cells in patients with CHC.

Methods: Peripheral blood mononuclear cells were obtained
from patients with CHC and healthy subjects (HS) as controls.
Results: The expression level of signal transducer and activator of

transcription (STAT) 1, a key molecule of IFN-a signaling, was

clearly higher in NK cells from the CHC patients than in those
from HS. The phosphorylation level of STAT1 with IFN-« stimula-
tion was significantly greater in NK cells from the CHC patients
than in those from the HS, while that of STAT4 was significantly
less. These phosphorylation levels of STAT1 and STAT4 positively
and negatively correlated with the STAT1 level in NK cells,
‘respectively. The [FN-o induced messenger RNA level of the sup-
pressor of cytokine signaling 1, which is a downstream gene of
phosphorylated-STAT1, was clearly greater in NK cells from the
CHC patients than in those from the HS, while that of IFN-y,
which is a downstream gene of phosphorylated-STAT4, was
clearly lower.

Conclusions: These results indicate altered IFN-o signaling in NK
cells in CHC patients, suggesting that this alteration is associated
with the persistence of HCV infection and resistance to IFN-o
therapy.
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activator of transcription.
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Introduction

Natural killer (NK) cells play an important role in innate immune
responses against a variety of viral infections by directly killing
infected cells with cytotoxic molecules such as perforin and gran-
zyme [1]. The cells also have a great ability to secrete a key cyto-
kine, interferon (IFN)-y, which activates subsequent adaptive
immune, responses as well as inhibits viral replication {1,2].
Another major component in innate immune responses during
viral infections is IFN-o, which is the most abundant cytokine
released during viral infections [3]. In addition to its anti-viral
effects, IFN-o activates NK cells to induce IFN-y production via
activation of the signal transducer and activator of transcription
(STAT) 4, as well as its cytotoxic ability via activation of STAT1
[4-7].

Hepatitis C virus (HCV) causes persistent infection in more
than 70% of infected patients. Whereas some of the patients show
a carrier-like state, most develop chronic liver diseases, including
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma,
which is why HCV infection is a worldwide health problem [8].
The administration of IFN-o is a well-established anti-viral ther-
apy for HCV infection. More than 90% of patients with acute HCV
infection respond to IFN-o based therapy, while only around 50%
of patients with chronic HCV infection (CHC) do {9-12], suggest-
ing a mechanism by which persistent HCV infection leads to
resistance to [FN-o based therapy. NK cell number has been dem-
onstrated to decrease in patients with CHC, while it is controver-
sial whether NK cell functions are impaired in patients with CHC
[13-15]. It thus remains unclear whether perturbation of NK cells
is involved in the persistence of CHC as well as resistance to the
therapy [13-15].

In the present study, we investigated how chronic HCV infec-
tion modifies intracellular IFN-a signaling in NK cells. The
expression level of total STAT1, a key molecule of IFN-o signaling,
was clearly higher in NK cells from patients with CHC than in
those from healthy subjects (HS). Phosphorylation of STATT,
resulting in induction of the suppressor of cytokine signaling
(SOCS) 1 messenger RNA (mRNA) expression in response to
IFN-at was clearly greater in NK cells from the CHC patients than
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in those from the HS. On the other hand, the phosphorylation of
STAT4, resulting in induction of IFN-y mRNA expression in
response to [FN-o, was clearly less in NK cells from the CHC
patients than in those from the HS. NK cell degranulation was sig-
nificantly enhanced in response to IFN-o in the HS, but not in the
CHC patients. These findings suggest altered IFN-g signaling in
NK cells in patients with CHC. The alteration of IFN-u signaling
might be associated with the persistence of chronic HCV infection
and resistance to IFN-a therapy.

Materials and methods
Subjects

Twenty-six patients with CHC (HCV RNA genotype 1) and 26 healthy volunteers
were enrolled in this study. The profile of these subjects is shown in the Supple-
mentary data and Supplementary Table 1. The study was approved by the ethical
committee of Osaka University Hospital.

Isolation of peripheral blood monenuclear cell (PBMC) populations

PBMCs were isolated from fresh heparinized peripheral blood by Ficoll-Hypaque
density gradient centrifugation as described [16].

In vitro stimulation of cells

Prepared cells were unstimulated or stimulated with either natural human IFN-¢,
recombinant human IFN-y or recombinant human interleukin (IL)-12. The details
are provided in the Supplementary data.

Cell lysates and Western blot analysis

Prepared cells were lysed as described [17]. A 25 pg sample of protein was sep-
arated on 10% SDS polyacrylamide gels and transferred onto PVDF membrane.
Monoclonal anti-STAT1 antibody (1/Stat1) was purchased from BD Biosciences
(San Jose, CA, USA). Polyclonal anti-B-actin antibody from Abcam (Cambridge,
MA, USA) was used as the loading control. Detection of immunolabeled proteins
was performed as described [17].

Flow cytometric analysis

The staining of prepared cells was performed as described [16,18]. Briefly, cells
were stained with fluorescein isothiocyanate-conjugated anti-CD3 (UCHT1) and
biotin-conjugated anti-CD56 antibody (B159), fixed and permeabilized with Cyto-
-fix/Cytoperm (BD Biosciences) and cold pure methanol, and then stained with
phycoerythrin-conjugated anti-phosphorylated-STAT (pSTAT) 4 (pY693) (38/p-
Stat4) and Alexa Fluor® 647-conjugated anti-pSTAT1 (pY701) antibody (4a), or
phycoerythrin-conjugated anti-STAT1 (1/Statl) antibody alone, or the corre-
sponding isotype control, followed by staining with peridinin chlorophyll pro-
tein-conjugated streptavidin (BD Biosciences). All antibodies were purchased
from BD Biosciences. The stained cells were analyzed with a FACScan {Becton
Dickinson, Mountain View, CA, USA), and the data were processed using the Flow-
" Jo program (Tree Star Inc., Ashland, OR, USA).

NK cell enrichment from PBMCs

To obtain pure populations of CD56™ CD3~ NK cells from PBMCs, NK cells were
negatively isolated by magnetic cell sorting with a human NK cell isolation kit
(Miltenyi Biotec, Gladbach, Germany). The purity of the isolated population was
confirmed using FACS analysis and was more than 90%.

RNA isolation and analysis

Total RNA isolation and the real-time reverse transcription polymerase chain
reaction (RT-PCR) analysis are presented in detail in the Supplementary data,
Supplementary Fig. 1, and Supplementary Table 2.
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NK cell degranulation assay

NK cell degranulation was assessed as described [19], with minor modifications.
Details and representative data are provided in the Supplementary data and Sup-
plementary Fig, 2.

Statistical analysis

The statistical significance of differences between the patient and control groups
or that of changes due to IFN-o stimulation in the NK cell degranulation assay
was determined by applying unpaired or paired Student's t-test, respectively.
Correlations were assessed using the Pearson product-moment correlation coef-
ficient. The statistical significance was defined as p < 0.05.

Results

NK cells from CHC patients showed a higher level of STATI expression
than those from HS

Murine NK cells have been reported to exhibit a lower level of
STAT1 expression than non-NK cells [17,18]. Also, the increase
of STAT1 expression level in murine NK cells has been observed
in viral infection [18]. We examined whether similar findings
could be observed for human NK cells. Western blot analyses
revealed that human NK cells from representative HS have a
clearly lower level of STAT1 expression than non-NK cells
(Fig. 1A). We then examined whether chronic HCV infection
affected the STAT1 expression level in NK cells. It was clearly
higher in NK cells from the CHC patients than in those from the
HS (Fig. 1B).

We next examined STAT1 expression level within individual
cells by flow cytometry. Consistent with the results of Western
blot analyses, flow cytometric analyses demonstrated that NK
cells from a representative healthy subject had a lower level of
STAT1 expression than non-NK cells such as T cells or natural
killer T (NKT) cells (Fig. 2A). NK cells from a representative CHC

~ patient displayed a clearly higher level of STAT1 expression than

A HS 1 HS 2
NK Non-NK NK Non-NK
STAT1
B-actin
B
STAT1
B-actin

Fig. 1. STAT1 expression in NK cells from patients with chronic HCV infection.
STAT1 protein levels were evaluated by Western blot analyses with B-actin
measurement as a loading control. PBMCs were obtained from patients with
chronic HCV infection (CHC) and healthy subjects (HS). NK cells and non-NK cells
were purified from those cells. (A) STAT1 protein levels in NK cells and non-NK
cells from two representative HS are shown. (B) STAT1 protein levels in NK celis
from three other representative HS and three representative patients are shown.
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Fig. 2. STAT1 expression level in NK, T or NKT cells from patients with chronic
HCV infection. STAT1 protein level was evaluated by flow cytometry, electron-
ically gating on CD56* CD3~ NK cells, CD56~ CD3* T cells, and CD56* CD3" NXT
cells. PBMCs were derived from patients with chronic HCV infection (CHC) and
healthy subjects (HS). (A) Representative histograms from a patient and an HS are
shown. Dotted lines show staining with the isotype control. Solid lines with
shaded areas show staining with the antibody. Numbers are percentages of
positive cells (positive cell rate) determined based on the isotype control staining,
(B) Comparison of STAT1 expression level between the patients with CHC (n=11)
and HS (n = 11) are shown as positive cell rates. Each circle represents data for an
individual. Horizontal bars represent means. *p <0.005 vs. HS.

those from the healthy subject. Fig. 2B summarizes the profile of
the intracellular STAT1 expression level of NK, T, and NKT cells.
The intracellular STAT1 expression level of NK cells from the
CHC patients was significantly higher than that from the HS,
while that of T cells or NKT cells did not show any significant
difference.

' Altered activation of STAT1/4 occurred in response to IFN-o in NK
cells from CHC patients

Activation of STAT1/4 in response to IFN-a in murine NK cells has
been reported to shift from pSTAT4 dominant to pSTAT1 domi-
nant as the intracellular STAT1 expression level increases [18].
This led us to examine the activation of STAT1/4 in response to
IFN-o in human NK cells using samples from CHC patients and
HS. Although IFN-a can phosphorylate both STAT1 and STAT4,
IFN-y can phosphorylate STAT1 and [L-12 can phosphorylate
STAT4 in NK cells [1,7]. We examined the phosphorylation level
of STAT1/4 in response to IFN-o, compared with IFN-y or IL-12,
in NK cells from the subjects by flow cytometry. It was found that
[FN-ot phosphorylated STAT1 more strongly in NK cells from the
representative CHC patient than in those from the representative

HS, while [FN-y did not (Fig. 3A). On the other hand, IFN-o phos-
phorylated STAT4 more weakly in NK cells from the CHC patient
than in those from the HS, while IL-12 did not. Fig. 3B summa-
rizes the profile of STAT1/4 phosphorylation level in NK cells in
response to [FN-o, [FN-y or IL-12. IFN-o, but not IFN-y, phosphor-
ylated STAT1 significantly more strongly in NK cells from the CHC
patients than in those from the HS. IFN-«, but not IL-12, phos-
phorylated STAT4 significantly more weakly in NK cells from
the CHC patients than in those from the HS. These results sug-
gested altered signaling of IFN-a, but not of IFN-y or of I[L-12,
in NK cells of patients with CHC.

We then examined the relationship between STAT1 expres-
sion level and STAT1/4 phosphorylation level in response to
IFN-a in NK cells from the CHC patients. The phosphorylation
level of STAT1 in response to IFN-o correlated significantly and
positively with the STAT1 expression level in NK cells
(R? =0.67, p < 0.003), while that of STAT4 correlated significantly
and negatively (R?=0.49, p<0.02) (Fig. 4). These results sug-
gested that, as in murine NK cells, the activation of STAT1/4 in
response to IFN-o in human NK cells shifts from a preference
for pSTAT4 to one for pSTAT1 as intracellular STAT1 expression
level increases.

Altered induction of interferdn stimulated gene (ISG) expression
occurred in response to IFN-o. in NK cells

We examined how the altered activation of STAT1/4 in response
to IFN-o in NK cells affected the induction of downstream gene
expression. Real-time RT-PCR analyses revealed that the induc-
tion level of SOCST mRNA expression with IFN-a stimulation,
which is a downstream gene of pSTAT1, was clearly greater in
NK cells isolated from the CHC patients than in those from the
HS, and that the induction level of IFN-y mRNA expression with
IFN-o stimulation, which is a downstream gene of pSTAT4, was
clearly lower (Fig. 5). On the other hand, the mRNA induction
level of perforin or granzyme B, which is a cytotoxic molecule
induced . by [FN-o via pSTAT1, was not greater but modestly
lower, suggesting negative regulation by the large induction of
SOCS1, which is a negative regulator of the pSTAT1 pathway [20].

Altered activation of NK cells occurred in response to I[FN-o

To examine how the altered IFN-« signaling in NK cells affected
the activation of NK cells in response to IFN-o, we evaluated
the NK cell degranulation ability in response to IFN-a. NK cell
degranulation assay showed that CD107a expression, as a marker
of degranulation, in the presence of K562 cells was significantly
up-regulated in response to [FN-a in NK cells from HS, but not
in those from CHC patients (Fig. 6), suggesting altered NK cell
activation in response to [FN-o in CHC patients.

Discussion

Both IFN-a and [FN-y have been observed in sera from patients
with CHC [21,22]. Their production may be induced by a host
response to HCV within the liver, which would make these [FNs
detectable in the systemic circulation of patients with CHC. The
present study has shown that NK cells from patients with CHC
display higher levels of STAT1 expression compared to those from
HS (Fig. 1B and Fig. 2). STAT1 itself is one of the ISGs, whose
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Fig. 3. Altered activation of STAT1/4 in response to IFN-o, but not to IFN-y or IL-12 in NK cells from patients with chronic HCV infection. pSTAT1 and pSTAT4 protejn
levels were evaluated by flow cytometry with isotype control staining, PBMCs were derived from patients with chronic HCV infection (CHC) and healthy subjects (HS). (A)
Prepared PBMCs were unstimulated or stimulated with natural IFN-o, IFN-y or IL-12 for 90 min in vitro, and then collected. pSTAT1 and pSTAT4 protein levels were
evaluated by flow cytometry, electronically gating on CD56" CD3~ NK cells. Representative histograms of a patient and an HS are shown. Dotted lines show staining of
stimulated cells with isotype control. Thick lines show staining of unstimulated cells with the antibody. Thin lines with shaded areas show staining of stimulated cells with
the antibody. Positive cell rates were determined based on the staining with isotype controls. Numbers are increased positive cell rates which were determined by
subtracting the positive cell rate of unstimulated cells from those of stimulated cells. (B) Comparison of pSTAT1/4 level in response to IFN-o, IFN-y or IL-12 between the
patients with CHC (n = 11) and the HS (n = 11) are shown as increased pSTAT1/4 positive cell rate. Each circle represents individual data. Horizontal bars represent means.

*p <0.001 vs. HS.

expression is up-regulated by IFN-o or IFN-y [23,24]. It is thus
possible that the higher level of STAT1 in NK cells from the
CHC patients was up-regulated by IFN-o and/or IFN-y induced
by a chronic host response to HCV.

Our real-time RT-PCR analyses showed that the induction
level of SOCST mRNA in response to IFN-o0 was significantly
greater in NK cells from the CHC patients than in those from
the HS (Fig. 5). This finding is consistent with the observation
that the phosphorylation level of STAT1 in response to IFN-a

Journal of Hepatology 2010 vol. 53 | 424-430

was significantly stronger in NK cells from the CHC patients
than in those from the HS (Fig. 3), because SOCS1 is a down-
stream gene of pSTAT1 [20]. On the other hand, SOCS1 is an
inducible negative regulator which inhibits further activation
of the pSTAT1 pathway [20]. It is therefore possible that this
greater up-regulation of SOCS1 owing to the greater level of
STAT1 phosphorylation in response to [FN-o finally results in a
weaker response to IFN-o, that is, a weaker induction of ISGs
via the pSTAT1 pathway. Indeed, an increase of the STAT1 level,
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which is itself a downstream gene of pSTAT1, by [FN-o based
therapy, correlated negatively in vivo with the basal STAT1
expression level before therapy (Miyagi et al. unpublished
data). The higher basal STAT1 expression causes a greater level
of STAT1 phosphorylation in response to [FN-a, which is fol-
lowed by a greater level of SOCS1 induction and then might
result in a lower increase of STAT1 level. Since perforin and
granzyme B are also ISGs from the pSTAT1 pathway [6,25], it
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Fig. 5. Induction of ISGs in NK cells in response to IFN-u in vitro. NK cells were
purified from PBMCs derived from patients with chronic HCV infection (CHC) and
healthy subjects (HS). Isolated NK cells were untreated or treated with natural
IFN-o in vitro for 3 h, and then collected. The collected cell RNA level of the
indicated genes and B-actin as a control were analyzed by real-time RT-PCR. Data
are shown as the fold increase of treated cells compared with untreated cells,
with means # standard error of the mean from five subjects in each group.
*p <0.05 vs. HS.

is reasonable that the mRNA induction of perforin and gran-
zyme B in response to IFN-o in NK cells from the CHC patients
was not significantly greater but modestly lower than those
from the HS (Fig. 5). Indeed, the enhancement of degranulation
by IFN-o, that is, the increase of CD107a expression, in the
presence of K562 cells in response to IFN-o, was significant in
NK cells from the HS, but not in those from the CHC patients
(Fig. 6).
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Fig. 6. Increase of NK cell degranulation by IFN-« stimulation. PBMCs derived
from patients with chronic HCV infection (CHC) and healthy subjects (HS) were
treated with or without IFN-o in the presence of K562 cells. The CD107a
expression of NK cells were evaluated by flow cytometry, electronically gating on
(D56 CD3~ NK cells. Data are shown as the frequency of CD107a-positive NK
cells treated with or without IFN-o. Each circle represents individual data.
*p <0.05.
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Patients who were clear of HCV due to IFN-a based therapy
exhibited a significant increase in NK cell numbers and activity
in the peripheral blood as well as in the liver compared to those
who were not able to become clear of the virus [26-28]. IFN-y
produced from NK cells have been reported to suppress HCV rep-
lication in vitro [29]. [EN-y from NK cells is also considered to
activate the subsequent adaptive immune response during virus
infection as well as inhibit viral replication [1,2,7]. These findings
suggest the involvement of NK cells with IFN~y in the response to
IFN-o based therapy. The present study showed that the level of
STAT4 phosphorylation in response to IFN-o in NK cells corre-
lated negatively with the intracellular STAT1 level in NK cells
(Fig. 4), and that IFN-vy induction, which is one of the downstream
genes of pSTAT4, was clearly weaker in NK cells from the patients
with CHC than in those from the HS (Fig. 5). The lower activation
in CHC patients of the pSTAT4-to-IFN-y pathway in response to
IFN-o in NK cells compared to those from the HS might be one
of the mechanisms which make CHC patients resistant to [FN-a
based therapy.

Ahlenstiel et al. have recently reported that chronic expo-
sure to HCV-induced [FN-o caused NK cells to become function-
ally polarized towards a cytotoxic phenotype, but that lacked an
increase in IFN-y production [30]. Moreover, Oliviero et al.
showed that NK cells from CHC patients were of a predomi-
nantly activating phenotype, and that these phenotypic changes
were associated with enhanced cytotoxic activity and defective
[FN-y production [31]. These reports would be associated with
our finding that NK cells from the CHC patients displayed a
high level of STAT1 expression. Cytotoxic molecules such as
perforin and granzyme, as well as STAT1, belong to the ISGs
[6,25]. A high level of STAT1 in NK cells in the CHC patients
might correspond to a high level of cytotoxic molecules in NK
cells resulting in enhanced cytotoxic activity at the basal level.
Indeed, the CD107a expression at basal level in NK cells from
the CHC patients seemed to be modestly higher than that in
NK cells from the HS (Fig. 6), although NK cells from the CHC
patients did not significantly increase the CD107a expression
in response to IFN-o.. On the other hand, our present study
showed that STAT1 expression level in NK cells correlated neg-
atively with the activation of STAT4 to produce IFN-y in
response to IFN-a in NK cells. A high level of STAT1 in NK cells
would also cause defective IFN-y production in the NK cells of
patients with CHC.

Recent studies have revealed that the higher level of ISGs in
hepatocytes as well as in PBMCs before IFN-a based therapy is
associated with resistance to this therapy [32~33]. The present
study demonstrated that NK cells from CHC patients displayed
higher levels of STAT1, which is one of the ISGs, compared with
those from HS (Fig. 2). Those who had a higher STAT1 level in
NK cells showed less STAT4 phosphorylation and more STAT1
phosphorylation in response to IFN-o, resulting in less IFN-y
induction and more SOCS1 induction. Thus, it is possible that
those who have a higher STAT1 level in NK cells would display
less response to IFN-o based therapy. Our preliminary data with
a small number of patients treated with IFN-a based therapy
revealed a tendency for those who had a higher STAT1 level in
NK cells to not respond well to the therapy in the context of
HCV clearance by week 8 after initiation of therapy (Supplemen-
tary Fig. 3).

In the present study, we found that the expression level of
total STAT1, a key molecule of I[FN-o signaling, was clearly higher
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in NK cells from the patients with CHC than in those from the HS.
The phosphorylation levels of STAT1 and STAT4 with IFN-o stim-
ulation were altered in NK cells from the CHC patients, compared
with those from the HS. The induction of IFN-y mRNA expression
with IFN-o! stimulation, which is one of the downstream genes of
pSTAT4, was clearly weaker in isolated NK cells from the CHC
patients than in those from the HS. The induction of SOCS1 mRNA
expression, which is one of the downstream genes of pSTAT1, was
clearly stronger. The enhancement of NK cell degranulation, the
increase of CD107a expression, in response to [FN-a was signifi-
cant in the HS, but not in the CHC patients. These results indicate
that IFN-o signaling in NK cells is altered in CHC patients, sug-
gesting that this alteration of IFN-o signaling is associated with
the persistence of chronic HCV infection and resistance to IFN-o
therapy. The basal total STAT1 level in NK cells might enable
the prediction of the outcome of IFN-o therapy against HCV
infection, and thus could serve as a molecular target for more
effective IFN-o based therapy.

Conflict of interests

The authors who have taken part in this study declare that they
do not have anything to disclose regarding funding or conflict
of interest with respect to this manuscript.

Acknowledgements

This work was supported by Grants-in-aid for Scientific Research
(to T. Takehara and T. Miyagi) and Global Centers of Excellence
Program (to T. Miyagi) from the Ministry of Education, Culture,
Sports, Science and Technology of Japan.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jhep.2010.03.018.

References

[1] Biron CA, Nguyen KB, Pien GC, Cousens LP, Salazar-Mather TP. Natural killer
cells in antiviral defense: function and regulation by innate cytokines. Annu
Rev Immunol 1999;17:189-220.

[2] Farrar MA, Schreiber RD. The molecular cell biology of interferon-gamma
and its receptor. Annu Rev Immunol 1993;11:571-611.

[3] Garcia-Sastre A, Biron CA. Type 1 interferons and the virus-host relation-
ship: a lesson in détente. Science 2006;312:879-882.

[4] Cho SS, Bacon CM, Sudarshan C, Rees RC, Finbloom D, Pine R, et al. Activation
of STAT4 by IL-12 and IFN-alpha: evidence for the involvement of ligand-
induced tyrosine and serine phosphorylation. ] Immuno! 1996;157:
4781-4789.

[5] Matikainen S, Paananen A, Miettinen M, Kurimoto M, Timonen T, Julkunen I,
et al. [FN-alpha and IL-18 synergistically enhance IFN-gamma production in
human NK cells: differential regulation of Stat4 activation and IFN-gamma
gene expression by IFN-alpha and IL-12. Eur ] Immunol 2001;31:2236-2245.

[6] Liang S, Wei H, Sun R, Tian Z. IFNalpha regulates NK cell cytotoxicity through
STAT1 pathway. Cytokine 2003;23:190-199.

[7] Lee SH, Miyagi T, Biron CA. Keeping NK cells in highly regulated antiviral
warfare. Trends Immunol 2007;28:252-259.

[8] Liang TJ, Rehermann B, Seeff LB, Hoofnagle JH. Pathogenesis, natural history,
treatment, and prevention of hepatitis C. Ann Intern Med 2000;132:
296-305.

429




Research Article

{9] Kamal SM, Fouly AE, Kamel RR, Hockenjos B, Al Tawil A, Khalifa KE, et al.
Peginterferon alfa-2b therapy in acute hepatitis C: impact of onset of therapy
on sustained virologic response. Gastroenterology 2006;130:632-638.

{10] Manns MP, McHutchison ]G, Gordon SC, Rustgi VK, Shiffman M, Reindollar R,
et al. Peginterferon alfa-2b plus ribavirin compared with interferon alfa-2b
plus ribavirin for initial treatment of chronic hepatitis C: a randomised trial.
Lancet 2001;358:958-965. )

[11] Fried MW, Shiffman ML, Reddy KR, Smith C, Marinos G, Gongales FL], et al.
Peginterferon alfa-2a plus ribavirin for chronic hepatitis C virus infection. N
Engl ] Med 2002;347:975-982.

[12] Santantonio T, Fasano M, Sinisi E, Guastadisegni A, Casalino C, Mazzola M,
et al. Efficacy of a 24-week course of PEG-interferon alpha-2b monotherapy
in patients with acute hepatitis C after failure of spontaneous clearance. J
Hepatol 2005;42:329-333.

[13] Takehara T, Hayashi N. Natural killer cells in hepatitis C virus infection: from
innate immunity to adaptive immunity. Clin Gastroentérol Hepatol
2005;3:578-S81. .

[14] Golden-Mason L, Rosen HR. Natural killer cells: primary target for hepatitis C
virus immune evasion strategies? Liver Transpl 2006;12:363-372.

[15] Szabo G, Chang S, Dolganiuc A. Altered innate immunity in chronic hepatitis
C infection: cause or effect? Hepatology 2007;46:1279-1290.

[16} Jinushi M, Takehara T, Tatsumi T, Kanto T, Miyagi T, Suzuki T, et al. Negative
regulation of NK cell activities by inhibitory receptor CD94/NKG2A leads to
altered NK cell-induced modulation of dendritic cell functions in chronic
hepatitis C virus infection. } Immunol 2004;173:6072-6081.

[17] Takehara T, Uemura A, Tatsumi T, Suzuki T, Kimura R, Shiotani A, et al.
Natural killer cell-mediated ablation of metastatic liver tumors by hydro-
dynamic injection of IFNalpha gene to mice. Int ] Cancer 2007;120:
1252-1260.

[18] Miyagi T, Gil MP, Wang X, Louten J, Chu WM, Biron CA. High basal STAT4
balanced by STAT1 induction to contro! type 1 'interferon effects in natural
killer cells. ] Exp Med 2007;204:2383-2396.

[19] Alter G, Malenfant JM, Altfeld M. CD107a as a functional marker for the
identification of natural killer cell activity. } Immunol Methods 2004;294:
15-22.

[20] Alexander WS, Hilton DJ. The role of suppressors of cytokine signaling
(SOCS) proteins in regulation of the immune response. Annu Rev Immunol
2004;22:503-529.

{21] Pfeffer LM, Madey MA, Riely CA, Fleckenstein JF. The induction of type I
interferon production in hepatitis C-infected patients. ] Interferon Cytokine
Res 2009;29:299-306.

[22] Dolganiuc A, Norkina O, Kodys K, Catalano D, Bakis G, Marshall C, et al. Viral
and host factors induce macrophage activation and loss of toll-like receptor
tolerance in chronic HCV infection. Gastroenterology 2007;133:1627-1636.

[23] Der SD, Zhou A, Williams BR, Silverman RH. I[dentification of genes
differentially regulated by interferon alpha, beta, or gamma using oligonu-
cleotide arrays. Proc Natl Acad Sci USA 1998;95:15623-15628.

[24] Ji X, Cheung R, Cooper S, Li Q, Greenberg HB, He XS. Interferon alfa regulated
gene expression in patients initiating interferon treatment for chronic
hepatitis C. Hepatology 2003;37:610-621.

{25] Zimmerer JM, Lesinski GB, Kondadasula SV, Karpa VI, Lehman A, Ray-
chaudhury A, et al. IFN-alpha-induced signal transduction, gene expression,
and antitumor activity of immune effector cells are negatively regulated by
suppressor of cytokine signaling proteins. ] Immunol 2007;178:4832-4845,

[26] Bonavita MS, Franco A, Paroli M, Santilio I, Benvenuto R, De Petrillo G, et al.
Normalization of depressed natural killer activity after interferon-alpha
therapy is associated with a low frequency of relapse in patients with
chronic hepatitis C. Int J Tissue React 1993;15:11-16.

{27} Appasamy R, Bryant J, Hassanein T, Van Thiel DH, Whiteside TL. Effects of
therapy with interferon-alpha on peripheral blood lymphocyte subsets and
NK activity in patients with chronic hepatitis C. Clin Immunol Immunopa-
thol 1994;73:350-357.

[28] Yamagiwa S, Matsuda Y, Ichida T, Honda Y, Takamura M, Sugahara S, et al.
Sustained response to interferon-alpha plus ribavirin therapy for chronic
hepatitis C is closely associated with increased dynamism of intrahepatic
natural killer and natural killer T cells. Hepatol Res 2008;38:664-672.

[29] Wang SH, Huang CX, Ye L, Wang X, Song L, Wang Y], et al. Natural killer cells
suppress full cycle HCV infection of human hepatocytes. J Viral Hepat
2008;15:855-864.

[30] Ahlenstiel G, Titerence RH, Koh C, Edlich B, Feld ]}, Rotman Y, et al. Natural
killer cells are polarized toward cytotoxicity in chronic hepatitis C in an
interferon-alfa-dependent manner. Gastroenterology 2010;138:325-335.

[31] Oliviero B, Varchetta S, Paudice E, Michelone G, Zaramella M, Mavilio D, et al.
Natural killer cell functional dichotomy in chronic hepatitis B and chronic
hepatitis C virus infections. Gastroenterology 2009;137:1151-1160.

[32] Feld J], Nanda S, Huang Y, Chen W, Cam M, Pusek SN, et al. Hepatic gene
expression during treatment with peginterferon and ribavirin: identifying
molecular pathways for treatment response. Hepatology 2007;46:
1548-1563.

[33] Sarasin-Filipowicz M, Oakeley EJ, Duong FH, Christen V, Terracciano L,
Filipowicz W, et al. Interferon signaling and treatment outcome in chronic
hepatitis C. Proc Natl Acad Sci USA 2008;105:7034-7039.

430 Journal of Hepatology 2010 vol. 53 | 424-430

609



kB¢ is essential for natural killer cell activation in

response to IL-12 and IL-18

Tohru Miyake®P<, Takashi Satoh®®, Hiroki Kato®, Kazufumi Matsushita®®, Yutaro Kumagal"’ 2, Alexis Vandenbon®,
Tohru Tani, Tatsushl Muta®, Shlzuo Akira®®1, and Osamu Takeuchi®?

3Laboratory of Host Defense, “Laboratory of Systems Immunology, WPI immunology Frontier Research Center, and "Research Institute for Microbial Diseases,
Osaka University, Osaka 565-0871, Japan; “Department of Surgery, Shiga University of Medical Science, Seta-tsukinowacho, Shiga 520-2192, Japan; and
®Laboratory of Cell Recognition and Response, Graduate School of Life Sciences, Tohoku University, Sendai 980-8578, Japan

Contributed by Shizuo Akira, September 1, 2010 (sent for review August 20, 2010)

kB¢, encoded by Nfibiz, is a nuclear IkB-like protein harboring
ankyrin repeats. IxB¢ has been shown to regulate 1L-6 production
in macrophages and Th17 development in T cells. However, the
role of IxB¢ in natural killer (NK) celis has not be understood. In the
present study, we found that the expression of kB¢ was rapidly
induced in response to IL-18 in NK cells, but not in T cells. Analysis
of Nfkbiz~'~ mice revealed that IkB was essential for the produc-
tion of IFN-y production and cytotoxic activity in NK cells in re-
sponse to IL-12 and/or IL-18 stimulation. IL-12/IL-18-mediated
gene induction was profoundly impaired in Nfkbiz'~ NK cells.
Whereas the phosphorylation of STAT4 was normally induced by
IL-12 stimulation, STAT4 was not recruited to the Ifng gene regions
in Nfkbiz™'~ NK cells. Acetylation of histone 3 K9 on Ifng regions
was also abrogated in Nfkbiz ™'~ NK cells. IkB was recruited on the
proximal promoter region of the Ifng gene, and overexpression of
B¢ together with IL-12 activated the /fng promoter. Furthermore,
Nfkbiz™'~ mice were highly susceptible to mouse MCMV infection.
Taken together, these results demonstrate that IxB¢ is essential for
the activation of NK cells and antiviral host defense responses.

IFN-y | transcription | virus infection | STAT4

Antiviral host defense is mediated by coordinated action of
multiple cell types, such as innate immune cells, T cells, and
natural killer (NK) cells (1, 2). In response to virus infection, NK
cells induce apoptosis of infected cells by expressing perforins
and granzymes and produce high amounts of IFN-y (3-5). Var-
ious cytokines are important for activating NK cells to produce
IFN-y and increasing their cytotoxic activity. Type I IFNs pro-
duced from innate immune cells as well as cytokines such as IL-2,
11-12, 11.-15, IL-18, and IL-21 are critical for NK-cell activation.
Furthermore, NK-cell receptors harboring immunoreceptor ty-
rosine-based activation motifs (ITAMs) or those interacting with
ITAM-containing adaptor proteins induce cytolytic activity and
IFN-y production (4). For instance, antibody-coated target cells
are recognized by FcgRIII, which mediates antibody-dependent
cellular cytotoxicity and IFN-y production.

The expression of the Ifng gene is one of the hallmarks of NK-
cell activation. Because Ifng is also highly expressed in T helper 1
(Th1) cells, the mechanisms of the Ifng promoter activation has
been extensively studied in Thl cells and NK cells (6, 7). Stim-
ulation of NK cells with IL-12 and IL-18 leads to production of
IFN-y as well as elevation of cytotoxic activity (8, 9). It has been
shown that sequence elements conserved among species (also
known as conserved noncoding sequences, CNSs) present up to
100 kb from the transcription start site (TSS) of Ifng are involved
in controlling the expression of IFN-y (7, 10-12). Various tran-
scription factors are recruited to the CNS of Ifng. IL-12 induces
phosphorylation and nuclear translocation of STAT4, which is
recruited to the cis-regulatory region of Ifng (7, 13, 14). IFN-y-
inducible T-box transcription factor (T-bet) is critical for in-
ducing Ifng by controlling histone acetylation in Th1 cells (11, 15,
16). T-bet is also required for the development of NK cells (17).
In T cells, T-bet-dependent chromatin remodeling of the Ifng
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locus induces recruitment of the NF-xB p65 subunit to Ifng cis-
elements (12).

IL-18 is structurally related to IL-1f and known to work to-
gether with IL-12 to activate Th1 cells to produce IFN-y (18).
However, IL-18 does not induce Thl development by itself, un-
like IL-12. Recent reports show that IL-18 is involved in the
differentiation of Th2 cells and Th17 cells in murine experi-
mental models, in addition to Thl (18, 19). Although IL-18 is
reported to activate AP-1 via MAP kinases to express Ifng (20),
the mechanism of how IL-18 potentiates IFN-y production in
NK cells is yet to be clarified. ‘

IkBC, also known as INAP or MAIL, is a nuclear factor be-
longing to the Bcl-3 family, which contains a nuclear localization
domain in the N terminus and C-terminal ankylin repeats (21).
IkBE is encoded by the ‘Nfkbiz gene, and the expression of Nfkbiz
is rapidly induced in response to various Toll-like receptor
(TLR)/IL-1 receptor (IL~1R) stimuli in macrophages (22). The
expressed IxkB{ interacts with NF-xB p50 subunit and positively
regulates expression of a set of genes including I6, Il12b, Csf2,
Defb2, Lcen2, and so on (22, 23). In addition to NF-kB binding
sequences, flanking C/EBP-binding sites are also important for
IxB¢-mediated control of transcription (23). Furthermore, a re-
cent study shows that I¥B( is required for chromatin remodelling
downstream of TLR stimuli (24). Recently, it was shown that T
cells lacking IxB{ showed severe defects in development of Th17
cells, and IxB{ regulates IL-17 expression by cooperating with
Rorgt (25). On the other hand, a report showed that overex-
pression of IkB( induced Ifng in a cell line, although the mecha-
nism was not understood (26). Nevertheless, it is unclear whether
IkBC plays any role in the activation of NK cells.

In the present study, we found that IkB{ was required for the
activation of NK cells in response to IL-12 and IL-18, IL-12/IL-
18-mediated gene expression including Ifng was profoundly im-
paired in kabzz' ~ NK cells. IxB{ was recruited to the proximal
promoter region of Ifng and able to transactwate the Ifng to-
gether with IL-12. Furthermore, Nfkbiz™"~ mice were highly sus-
ceptible to infection with mouse CMV (MCMV), a model virus
known to be cleared by NK cells. Taken together, IxB( plays an
essential role in the activation of NK cells by triggering dynamic
transcription factor recruitment and chromatin remodeling.

Results
kB¢ Expression Is Induced in Response to IL-18 in NK Cells. To in-

vestigate whether IxB{ plays a role in controlling cells other than
macrophages, we first examined the expression levels of kBt in
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NK cells and T cells. We prepared splenic NK, and naive T cells.
Then, T cells were cultured in the presence of either IL-12, anti-
IL-4 Ab, and anti-CD?3 to develop Thl cells or of IL-4, anti-IL-
12, and anti-CD3 to develop Th2 cells. Quantitative-PCR (Q-
PCR) analysis using RNAs prepared from these cells revealed
that NK cells expressed the IxB{ gene higher than naive T cells
(Fig. 14). Polarization to Thl or Th2 cells did not increase the
expression of Nfkbiz. The expression of IxB{ was highly induced
in response to IL-12 and IL-18 stimulation in NK cells (Fig. 14).
Next, we examined kinetics of the IxkB{ expression in NK cells in
response to IL-12, IL-18, or both. IkB{ expression was induced at
1 h after stimulation with IL-18 alone or after costimulation with
1L-12 and IL-18, and gradually decreased by 8 h after stimulation
(Fig. 1B). In contrast, IL-12 alone slowly increased Nfkbiz about
twofold at 8 h after stimulation. On the other hand, Ifng ex-
pression was increased in response to both IL-12 and IL-18, but
not to either cytokine alone, and the expression peaked at 4 h
after stimulation in NK cells (Fig. 1B). These results demon-
strate that IxB{ expression is higher in NK cells than in T cells,
and that this is an early induced gene in response to IL-18
stimulation in NK cells.

1BC Is Critical for Activation of NK Cells in Response to IL-12 and IL-
18. The expression of IkB¢ in NK cells prompted us to investigate
a functional role of IkB{ in NK cells by using IxBt-deficient
(Nfkbiz™'~) mice. Stimulation of Nfkbiz*'~ splenic NK cells with
IL-12, or costimulation with IL-12 and IL-18, induced pro-
duction of IFN-y (Fig. 24). In contract, IFN-y production was
severely impaired in Nfkbiz '~ NK cells in response to IL-12, and
I1.-12 together with IL-18. These results indicated that IxB{ is
indispensable for IFN-y production in response to IL-12 and IL-
18. Production of IFN-y in response to culture with immobilized
IgG1 was comparable in wild-type NK cells (Fig. 24), indicating
that signaling pathways from FcgRIII to induce Ifng expression is
not affected in the absence of IxkB{. We then analyzed cytotoxic
activity of NK cells to IL-12 and IL-18 stimulation by a standard
S1Cr release assay against YACT target cells. Cytotoxic activity of
NK cells stimulated with IL-12 alone or costimulated with IL-12
and IL-18 was reduced in Nfkbiz™/~ mice (Fig. 2B). 1L-18 alone
failed to increase cytotoxic activity even in wild-type NK cells
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Fig. 1. Expression of xB{ in NK cells in response to IL-12 and iL-18 stimu-
lation. (A) The expression of kBt in naive T, Th1, Th2 cells, and NK cells in
response to IL-12 and IL-18. (B) NK cells were stimulated with [L-12 and/or IL-
18 for the indicated periods, and the expression levels of kB¢ and IFN-y were
determined by Q-PCR analysis. Data represent means + SD of triplicates.
Similar results were obtained in three independent experiments.
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Fig. 2. Role of IxBg in the activation of NK cells in response to IL-12 and IL-18
stimulation. (A) Splenic NK cells from Nfkbiz*'~ and Nfkbiz™'~ mice were
stimulated with 1 ng/mL IL-12, 10 ng/mL IL-18, and a combination of IL-12 and
IL-18 or the cells were cultured on the plates coated with IgG1 for 24 h. The
concentrations of IFN-y in the culture supernatant were measured by ELISA.
Data represent means + SD. Similar results ‘were obtained in three in-
dependent experiments. (B) IL-2-induced splenic NK cells were cultivated with
1L-12 together with or without [L-18 for 4 h. NK-cell cytotoxicities against YAC-
1 cells were measured by a 5'Cr release assay at different E:T ratios. The per-
centages of specific cell lysis are indicated. Data represent the mean + SD of
duplicate measurements. The data shown are representative of two in-
dependent experiments. (C) Splenic NK cells from Nfkbiz**~ and Nfkbiz™'~ mice
were stimulated with IL-12 and IL-18 for 24 h, and total RNA was subjected to
microarray analysis using Affymetrix mouse genome 430 2.0 microarray chips.
The data were normalized by robust multichip analysis (RMA), and genes up-
regulated more than twofold in wild-type NK cells after stimulation were
selected. The genes were hierarchically clustered as follows: The expression
values for each gene were standardized as average = 0 and SD = 1. Complete
linkage method was then applied using absolute value of Pearson correlation
as distance. The resulted heatmap, dendrogram, and a color key are shown. A
blue line in the color key indicates the frequency distribution colors in the
heatmap. For the gene lists shown in this figure, see Dataset S1.

(data not shown). These results demonstrate that IxBg is critical
for activation of NK cells in response to IL-12 and IL-18.

kB¢ Is Dispensable for NK-Cell Development. We next analyzed
the differentiation of splenic NK cells in Nfkbiz™'~ mice. It is
known that NK-cell progenitors initially express CD122 (IL15R),
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CD127 (IL7R), and c-kit (27). Upon maturation, NK cells down-
regulate CD127 and c-kit. The DX5*CD3~ NK-cell population
in spleen was comparable between Nfkbiz*'~ and Nfkbiz™"~ mice
(Fig. S1). Furthermore, CD122 was highly expressed, and c-kit
and CD127 expressions were comparably suppressed both in
wild-type and Nfkbiz™'~ splenic NK cells (Fig. S1). Collectively,
IxBC is dispensable for controlling differentiation of NK cells.

Profound Impairment in Gene Expression in Nfkbiz™'~ NK Cells in
Response to IL-12 and IL-18 Stimulation. Next we examined the
role of IxB{ in IL-12 and IL-18-mediated gene expression in NK
cells. Wild-type and Nfkbiz™'~ NK cells were stimulated with IL-
12 and I1.-18 for 24 h, and gene expression profile was assessed
by microarray analysis. In response to stimulation with IL-12 and
IL-18, 96 genes were up-regulated more than twofold in wild-
type NK cells. We then hierarchically clustered genes induced by
IL-12 and IL-18 and found that they are roughly classified into
those completely (58 genes) or partially (38 genes) dependent on
IxkB (Fig. 2C) (Dataset S1). Genes completely dependent on
IxB{ include Ifng, 1122, Ccr5, and 1118r1. These data demonstrate
that IxBC is critical for IL-12 and IL-18-mediated gene expres-
sion in NK cells.

kB¢ Promotes STAT4 Accessibility in IFN-y Genes in Response to IL-12
and IL-18 in NK Cells. IL-12 activates Janus kinases (JAKSs) that
phosphorylate STAT4 (14). STAT4 is localized in the cytoplasm
in the resting cells, and phosphorylated STAT4 translocates to
the nucleus for the transcriptional activation. Treatment with IL-
12 greatly increased NK cells stained with anti-phospho-STAT4
(p-STAT4), and the levels of p-STAT4 positive cells were com-
parable between Nfkbiz*'~ and Nfkbiz™'~ mice (Fig. 34). Further-
more, nuclear translocation of STAT4 was comparably induced
in Nfkbiz*"~ and Nfkbiz™'~ NK cells in response to stimulation
with 1L-12 and IL-18 (Fig. 3B), indicating that IxB{ was dis-
pensable for phosphorylation and nuclear translocation of
STAT4. We then examined recruitment of STAT4 to Ifng CNSs
by chromatin immunoprecipitation (ChIP) coupled with Q-PCR
(ChIP-Q-PCR) analysis. We found that STAT4 was widely
recruited to CNSs (-33 kb, —22 kb, —6 kb, intron 1a, +10 kb,
+20 kb, and +30 kb from the TSS) of Ifng in response to IL-12
and IL-18 stimulation in wild-type NK cells (Fig. 44). In con-
trast, STAT4 recruitment to the Ifng conserved elements was
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Fig. 3. Nuclear translocation of STAT4 in NK cells in the absence of IxBt. (4)
Splenic NK cells were stimulated with IL-12 for 30 min. Phosophorylation of
STAT4 was then determined by intracellular staining of cells with anti-
phospho-STAT4 Ab followed by flow cytometry. (B) NK cells were stimulated
with 1L-12 and IL-18 for 1 h. Cytoplasmic (CP) and nuclear (NE) proteins were
prepared and immunoblotted using anti STAT4 Ab and anti-JNK as a control.
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severely impaired in Nfkbiz™'~ NK cells through the CNS (Fig.
44). These results suggested that IxB{ promotes STAT4 acces-
sibility to the CNS of Ifng gene in stimulated NK cells.

IxB; Is Required for Change in Histone 3 Lysine 9 Acetylation in
Response to IL-12 and IL-18 in NK Cells. It has been shown that
histones of the Ifng loci were hyperacetylated even in the absence
of stimulation in NK cells, compared with T cells (10). We
performed ChIP analysis with anti-acetyl histone 3 lysine 9
(H3K9) antibody to assess H3K9 acetylation in Ifng CNS. The
analysis revealed that intron regions of Ifng were hyperacetylated
even without stimulation in wild-type and Nfkbiz™~ NK cells
(Fig. 4B). Whereas H3K9 acetylation levels at the —6-kb region
of Ifng were up-regulated in response to IL-12 and IL-18 in wild-
type NK cells, Nfkbiz~~ NK cells failed to induce H3K9 acety-
lation (Fig. 4B). These results suggest that IxkB is required for
change in H3K9 acetylation on Ifrng loci in response to IL-12 and
11-18 stimulation.

IxB¢ Is Recruited to the /fng Proximal Promoter Region. To examine
the recruitment of IxB{ to the Ifng promoter, we examined ChIP
analysis using anti-IxB{ antibody. In contrast to STAT4 recruit-
ment or H3K9 acetylation, IxB¢, was not recruited to the —6-kb
region of Ifng locus in NK cells in response to IL-12 and IL-18
(Fig. 54). In contrast, IxB¢ was recruited to the proximal pro-
moter region (—0.2 kb from the TSS) of Ifng (Fig. 54). IkB{
failed to associate with other CNSs such as —22 kb and intron la
(data not shown). On the other hand, STAT4 was not recruited
to the proximal Ifng promoter (data not shown). To investigate
whether IxB{ directly regulates [fng through binding to the
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Fig. 4. Requirement of IkBf in the recruitment of STAT4 and acetylation of
H3K9 in NK cells in response to IL-12 and IL-18. Chromatin was isolated from
wild-type and Nfkbiz™~ NK cells stimulated with 1L-12 and 1L-18 for 4 h;
recruitment of STAT4 (A) and acetylation of H3K9 (B) to indicated /fng gene
regions was determined by ChiP-QPCR analysis. The data are representative
of two independent experiments.

Miyake et al.



PN AN

Fold induction
)
o w5 H 8§
Foid induction
[
AR

S

o3

P
f

]

w12 - F -+
+L-18

0
i-12 -+
+L-18

+

kB binding (relative unit)
e o I
[y o &
l E '
7
I8¢ binding (relative unit)
° °© o
o £ 0 w
'
o
N

o-ikB{Ab  Controllg o-KB{ Ab  Controllg

0 01 05 1 + - + -+
k8L {ug) med 112 iL-18

Fig. 5. Regulation of /fng proximal promoter region by IkB¢ in NK cells. (A)
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transfection. (C) EL4 cells were cotransfected with the /fng promoter re-
porter construct and IxBg, followed by stimulation with IL-12 or IL-18. The
luciferase activity was measured 18 h after stimulation.

proximal promoter region, we expressed a reporter construct
with the human Ifng promoter region (—3.6 kb to +70 k) linked
to the luciferase gene, together with IkBC in EL4 cells. As shown
in Fig. 5B, overexpression of IxkB{ enhanced luciferase reporter
activity in a dose-dependent manner. Furthermore, stimulation
with IL-12, but not IL-18, synergistically activated the Ifng pro-

" moter with overexpression of IxkB{ (Fig. 5C), suggesting that

IxB{, expression facilitates IL-12~-mediated Ifng promoter acti-
vation. These observations suggest that the recruitment of IxB{
to the proximal promoter region is responsible for the tran-
scriptional activation of Ifng.

Essential Role of IkB¢ in Host Defense Against MCMV Infection. It is
known that NK cells play an important role in host defense
against MCMYV infection (1, 5, 28). MCMV-induced activation
of innate immune cells such as dendritic cells (DCs) induces the
production of type I IFNs as well as IL-12, leading to activation
of NK cells to produce IFN-y To examine the role of IkB{ in
activating NK cells in vivo in response to virus infection, we m-
trapentoneally inoculated MCMV into wild-type and kabzz‘ -
mice. MCMV-induced productlon of IL—12p40 but not IFN-a, in
the sera was partially impaired in Nfkbiz™~ mice compared with
wild-type mice (Fig. 64), suggesting that IxB{ plays a role in ex-
pressing IL-12p40 in innate immune cells in response to MCMV.
In contrast, the productlon of IFN-y in the sera was completely
abrogated in Nfkbiz™'~ mice (Fig. 64). Furthermore, flow cyto-
metric analysis revealed that the expressmn of IFN-y in splemc
NK cells was severely impaired in MCMV-infected kabzz“
mice (Fig. 68), although NK-cell cytotoxicity was not altered in
Nfkbiz ™"~ NK cells (data not shown). Although all wxld -type mice
and 80% of the Nfkbiz*/~ mice survived, Nfkbiz™~ mice were
highly susceptible and more than 80% of the Nfkbiz~'~ mice died
within 6 d after MCMYV infection (Fig. 6C). Taken together, IxB
is essential for host defense against MCMYV infection by inducing
IFN-y production from NK cells.

Discussion

In the present study, we examined the role of IkB{ in NK cells
and found that this nuclear protein is essential for inducing a set
of genes including Ifig in response to IL-12 and IL-18. IxB{ was
rapidly induced in response to IL-18 in NK cells, although the

Miyake et al.

A = 18 700
30 16 600
= = £
é 20 K 400
£ g8 Ee
3 o 3
=10 o & 200
i oa
0 o . A
g Y ARl i .,f\'
i ‘\f ;0\1« o “\1* o
R S N
B Uninfected MCMV-infected
Nfkbiz- Nfkbiz*- Nikbiz'-
03 33
un
x
o
IFN-y i
C wo
8
£
260 &~ Nfkbiz**
E ~e— Nfkbiz*-
% 40 —o- Nfkbiz-
3
20
o .
0 2 4 6 8 10 12 14

Time after MCMV infection (d)

Fig. 6. Essential role of IkBZ in host defense against MCMV infection. (A)
Wild-type and Nfkbiz™~ mice (n = 3-5) were intraperitoneally infected with
1x 10° pfu MCMV, and the concentrations of IFN-a, IFN-y, and IL-12p40 in the
sera 36 h after infection were measured by ELISA. (B) The expression of IFN-y
in splenic NK cells prepared from Nfkbiz""~ and Nfkbiz™”~ mice 36 h after
MCMYV infection was determined by intracellular staining of cells with anti-
IFN-y Ab followed by flow cytometry. (C) Nfkbiz*"* (n = 5), Nfkbiz*'~ (n = 5),
and Nfkbiz™'~ (n = 6) mice were intraperitoneally infected with MCMV, and
the survival of mice was monitored daily. The data are representative of two
independent infection experiments.

expression level was kept low in Thl cells. 11-18 is a cytokine
that is able to activate NK cells together with 1L-12, although
the precise mechanisms of the action of IL-18 has not been
understood well (18). IL-18R triggers intracellular signaling
pathways leading to the activation of NF-xB and MAP kinases
(29). We have previously shown that IxB( is a TLR/IL-1R~
inducible gene in macrophages (22). Given that IL-18R and
TLR/IL-1R share MyD88 as an adaptor molecule for the sig-
naling, it is not surprising that IL-18 also induces IxB{ ex-
pression. IL-18 is known to augment IFN-y production, when
costimulated with IL-12.

IL-12 induces phosphorylation and nuclear translocation of
STAT4, which is recruited to cis-regulatory regions of several
genes including Ifng (6, 7). It has been shown that sequence
elements conserved among species present up to 100 kb from the
transcription start site of Ifng are involved in controlling the
expression of Ifng (12). These distal elements may loop toward
the Ifng gene for regulating its transcription (6, 7). Whereas the
H3K9 acetylation as well as recruitment of STAT4 to distal
conserved regions of Ifng was abrogated in Nfkbiz™'~ NK cells,
IxB{ was recruited to a proximal promoter region of Ifng, but not
to distal sequences. These results imply that initial recruitment of

PNAS | October 12,2010 | vol. 107 | no.41 | 17683

613




IxB({ to the proximal region is required for further chromatin
remodelling and efficient STAT4 binding. A report showed that
IxB{ inhibits STAT3-mediated signaling by direct interaction
(30). However, given that STAT4 and IxBt are recruited to dif-
ferent conserved elements on the Ifng promoter, it seems rea-
sonable to assume that IxB{ and STAT4 do not control the Ifng
expression by physically interacting with each other.

IxB{ interacts with NF-«Bp50 in macrophages, and the
ankyrin repeats of this protein were required for synergistically
increasing transcriptional activity (22). Furthermore, IxB{ is
.reported to be involved in histone modifications on the Lcn2
promoter in LPS-stimulated macrophages (24). A previous re-
port shows that NF-xkBp50—deficient mice showed increased, but
not decreased, IFN-y production in response to IL-12 and IL-18
stimulation in NK cells (31). Further, no clear NF-xB binding
sequence was found in the proximal promoter region of Ifng.
Thus, it is unlikely that NF-xBp50-IxB¢ interaction plays a piv-
otal role in controlling IFN-y production in NK cells. In Th17
cells, IxkB{ was suggested to directly control IL-17 expression by
recruiting to the /17 promoter regions (25). However, clear IxB{
responsive elements were not found in the proximal region of
Ifng. Thus, it is possible that IxBC is directly recruited to Ifng
promoter, although further studies are required to address the
mechanism of Ifng transactivation by IKBZ_,

In contrast to the critical role of IxB{ in NK-cell activation in
response to IL-12 and IL-18, Nfkbiz™'~ Thl cells developed in
the presence of IL-12 and IL-18 did not show a defect in pro-
ducing IFN-y in response to antigen-receptor stimulation (25). In
contrast, IxB¢ is involved in the development of Th-17 cells (25).
We found that IL-18 stimulation failed to up-regulate IxB( ex-
pression in T cells. Although NK cells produced IFN-y by stim-
ulation with I1-12 and IL-18, Th1 cells require T-cell receptor
(TCR) stimulation in addition to culture with these cytokines. In
addition to the difference in IxkB{ expression levels in NK cells
and T cells, differential requirement of antigen-receptor signal-
ing in producmg IFN-y may explam the role of IxB{ in NK cells
but not in Th1 cells.

Although IxB¢ was essential for IFN-y productxon in response
to IL-12 and IL-18 stimulation, kabtz NK cells produced
IFN-y normally in response to culture with IgG1, which is known
to activate NK cells via FcgRII1a. In contrast to IL-12 and IL-18,
FcgRIII activates the intracellular signaling via recruiting ITAM-
motif containing adaptors activating Syk tyrosine kinase and
ZAP-70 (32). Subsequently, phospholipase C (PLC)-y is acti-
vated to induce Ca** influx, MAP kinase activation, and NF-xB
activation. The FcgRIII and TCR largely share the signaling
molecules, and future studies are required for identifying the
mechanisms of how activating FcgRIII and TCR induce pro-
duction of IFN-y independent of IxBC.

NK cells are important for the elimination of MCMYV (1, 5).
Type 1 IFNs and IL-12 produced from DC subsets such as
plasmacytoid DC and CD8a™ DC are important for the NK-cell
cytotoxic activity and production of IFN-y, respectlvely 3, 4).
Whereas MCMV-mediated production of IFN-« in the sera was
normal, IL—12p40 levels were decreased in Nfkbiz™~ mice. Be-
cause IxBC is required for the production of IL-6 and IL-12p40 in
response to TLR ligands in macrophages (22), impaired pro-
duction of IL-12p40 in kabzz mice is likely due to the defect
in TLR-mediated MCMYV recognition. Although type I IFNs are
known to activate NK cells in response to virus infection, it has
been shown that IFN-y production to MCMYV infection was not
decreased even in the absence of type I IFN production or IFNR
signaling. On the other hand, we did not find a defect in MCMV-
induced NK-cell cytotoxicity in Nfkbiz™'~ mice. Because NK-cell
cytotoxicity to MCMV infection was reported to be IL-12-in-
dependent, normal actxva'uon of NK-cell cytotoxicity to MCMV
infection in Nfkbiz™'~ mice suggests that IxB{ is not involved in
the type I IFN signaling.

17684 | www.pnas.org/cgi/doi/10.1073/pnas. 1012977107
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In summary, our data demonstrate that IxB( is essential for
NK-cell activation in response to IL-12 and IL-18 stimulation by
inducing various genes including IFN-y. Furthermore, induction
of IkB( is one of the important host defense mechanisms against
virus infection via NK cells. Given that IxBt looks to control
different set of gemes in a cell-type specific manner, further
studies will clarify the mechamsms of IxkB{ in controlling
gene expression.

Materials and Methods

Mice, Cells, and Reagents. Nfkbiz™”~ (22) and littermate control mice were
used at 6-16 wk of age."Mouse experiments were conducted in accordance
with institutional guidelines of animal care and use committees. Splenic NK
cells were enriched via MACS separation. with DX5 MicroBeads (Miltenyi
Biotec). YAC-1 cells were as described previously (33). EL4 cells were
obtained from ATCC (TIB-39). IL-12 and IL-2 were purchased from R&D Sys-
tems. Biotinylated rabbit anti-mouse IgG1 was purchased from Zymed. ELISA
kits for IFN-y and IL-12p40 were purchased from R&D Systems. {L-18 and
ELISA kit for IFNa were purchased from PBL.

Q-PCR. Total RNA was isolated using TRIzol (Invitrogen) and reverse tran-
scription was performed with ReverTra Ace (Toyobo) according to the
manufacturer’s instructions. For Q-PCR, ¢cDNA fragments were amplified by
real-time PCR Master Mix (Toyobo), Fluorescence from the tagman probe for
each cytokine was detected by a 7500 real-time PCR system (Applied Bio-
systems). To determine the relative induction of cytokine mRNA in response
to various stimuli, the mRNA expression level of each gene was normalized
to the expression level of 185 rRNA.

Cytotoxicity Assay. Splenic NK cells were cultured with IL-2 (2,000 U/mL) for
7 d. IL-2~induced NK cells were stimulated with IL-12 (0.1 ng/mL) and IL-18
(1 ng/mL) for 4 h. The *'Cr-labeled YAC-1 cells (1 x 10* cells/well) were cul-
tured with indicated numbers of NK cells. After 4-h incubation, the super-
natant was harvested and the 5'Cr radioactivity of supernatants were

‘measured as described previously (33).

Intracellular Staining of STAT4. Antibodies for flow cytometry were purchased
from BD or eBioscience. Splenocytes were stimulated with IL-12 (2 ng/mL) for
30 min and were fixed immediately with PhosFlow Lyse/Fix buffer (8D) for 10
min. Cells were washed once with PBS and stained with DX5-PE and CD3e-
APC. Cells were then permeabilized by BD PhosFlow Perm Buffer Il and
incubated for 25 min on ice. Cells were washed with BD Pharmingen Stain
Buffer and stained with Phospho-STAT4-FITC at room temperature for 30 min
in the dark. Cells were washed and acquired on a FACS Calibur flow cytometer
(BD) and analyzed using Flowlo (Tree Star).

Immunoblot Analysis. NK cells were lysed in a buffer containing 0.1% Nonidet-
P40, 10 mM KCl, 10 mM Hepes-KOH (pH 7.8), 0.1 mM EDTA and a protease
inhibitor mixture (Roche). Cell lysates were centrifuged at 5,000 rpm for 5
min, and the supernatant was harvested as cytoplasmic proteins, Pellets were -
lysed in a buffer containing 5 mM MgCl,, 420 mM KCl, 50 mM Hepes-KOH
(pH 7.8), 0.1 mM EDTA and 20% glycerol for 30 min on ice. The lysates were
centrifuged at 18,500 x g for 15 min, and the supernatant was harvested as
nuclear proteins. Cell lysates were dissolved by SDS/PAGE and transferred
onto a polyvinylidene difluoride membrane. The membrane was blotted
with the specific antibodies to indicated proteins.

Chromatin Immunoprecipitation (ChiP). ChIP was performed by using a chip
assay kit (Millipore). NK cells were stimulated with IL-12 (20 ng/mL) and iL-18
(100 ng/mL) for 4 h and were fixed with 1% formaldehyde for 10 min or 10 mM
DMA for 20 min. Cells were thenwashed and resuspended in SDS buffer. Lysates
were sonicated to obtain DNA fragments with a peak in size between 200 and
1,000 bp. Lysates precleared with protein A agarose/salmon sperm DNA were
incubated with antibodiesagainst STAT4 (Santa Cruz) or H3K9 (Abcam)and kB,
(kindly provided by Drs. Kayama and Takeda, Osaka University, Suita, Japan),
and immunoprecipitated at 4 °C overnight. The immune complexes were
absorbed with beads. Beads were washed with low salt buffer, high salt
buffer, LiCl wash buffer, and in TE buffer. Immune complexes were extracted
with elution buffer (1% SDS 100 mM NaHCOs, 10 mM DTT) and cross links were
reversed by incubation overnight at 65 °C. After proteinase K treatment for
1 h, DNA was then purified via ethanol precipitation. The purified DNA was
used in gPCR to assess the presence of target sequences. Quantitative RT-PCR
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was performed with Thunderbird gPCR Mix (Toyobo) in an Applied Biosystem
7300. Primers used for amplifying Ifng loci were shown previously (10, 34).

Reporter Assay. EL4 cells were transfected with either an empty vector or the
kB¢ vector, human /fng reporter plasmid containing the firefly luciferase
gene (1 ug) (Addgene plasmid 17598) (35) and 50 ng of pRL-TK (Promega) by
using DMRIE-C reagent (Invitrogen). EL4 cells were incubated in the presence
of IL-12 (2 ng/mL) and iL-18 (10 ng/mL) for 18 h after transfection. Luciferase
activities were measured with a Dual-Luciferase. reporter assay system
(Promega).

Microarray. Splenic NK cells were stimulated with IL-12 (1 ng/mL) and 1L-18
(10 ng/mL) for 24 h. Then, total RNA was extracted with TRIzol (Invitrogen
Life Technologies) and further purified using an RNeasy kit (Qiagen). Biotin-
labeled ¢cDNA was synthesized from 100 ng of total RNA using the Ovation
Biotin RNA amplification and labeling system (Nugen) according to the
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manufacturer's protocol. Hybridization, staining, washing, and scanning of
Affymetrix mouse Genome 430 2.0 microarray chips were conducted accord-
ing to the manufacturer’s instructions. Data analysis was performed using R.
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The Jmjd3-Irf4 axis regulates M2 macrophage
polarization and host responses against

helminth infection

Takashi Satoh!>8, Osamu Takeuchil-?8, Alexis Vandenbon3, Koubun Yasuda?, Yoshiaki Tanaka5,
Yutaro Kumagail*?, Tohru Miyake!2, Kazufumi Matsushita'?, Toshihike Okazakil, Tatsuya Saitoh!:2,
Kiri Honma®, Toshifumi Matsuyama®, Katsuyuki Yui®, Tohru Tsujimura’, Daron M Standley?,

Kenji Nakanishi?, Kenta Nakai® & Shizuo Akiral»?

Polarization of macrophages to M1 or M2 cells is important for mounting responses against bacterial and helminth infections,
respectively. Jumonji domain containing-3 (Jmjd3), a histone 3 Lys27 (H3K27) demethylase, has been implicated in the
activation of macrophages. Here we show that Jmjd3 is essential for M2 macrophage polarization in response to helminth
infection and chitin, though Jmjd3 is dispensable for M1 responses. Furthermore, Jmjd3 (also known as Kdmé6b) is essential for
proper bone marrow macrophage differentiation, and this function depends on demethylase activity of Jmjd3. Jmjd3 deficiency
affected trimethylation of H3K27 in only a limited number of genes. Among them, we identified /rf4 as encoding a key
transcription factor that controls M2 macrophage polarization. Collectively, these results show that Jmjd3-mediated H3K27
demethylation is crucial for regulating M2 macrophage development leading to anti-helminth host responses.

Innate immune cells such as macrophages sense the presence of
microbial infection through pattern-recognition receptors and mount
anti-microbial responses'~3. The Toll-like receptor (TLR) family is
one of the best-characterized PRR families recognizing various patho-
gens such as bacteria, viruses, protozoa and fungi. TLRs are crucial
in evoking innate immune responses to infection by various patho-
gens, leading to production of inflammatory mediators, including
proinflammatory cytokines, chemokines and interferons.
Macrophages are functionally polarized into M1 and M2 cells in
response to infection with microorganisms and host mediators®>.
M1 macrophages produce large amounts of nitric oxide by express-
ing inducible nitric oxide synthase (iNOS) and tumor necrosis factor
(TNF), and are essential for clearing bacterial, viral and fungal infec-
tions®, Other macrophages, called alternatively activated macrophages
or M2 macrophages, have an important role in responses to parasite
infection, tissue remodeling, angiogenesis and tumor progression. M2
macrophages are characterized by their high expression of arginase-1
(Argl), chitinase-like Ym1 (Chi3I3), found in inflammatory zone-1
(Fizz1, also called Retnla) mannose receptor (Mrcl encoding MR,
also known as CD206), and chemokines such as CCL17 and CCL24
(refs. 7-11). The PRR system responsible for the recognition of
helminth infection and M2 polarization has yet to be identified.

Cytokines and growth factors have been implicated in the
reprogramming of M1 and M2 macrophages. Whereas interferon-y
(IFN-7y), produced by activated T cells and TLR ligands, induces M1
macrophage generation, stimulation of macrophages with interleukin-4
(IL-4) or IL-13 induces M2-type macrophages*°. In addition, immune
complexes, IL-10 and glucocorticoid or secosteroid hormones are also
known to generate M2 macrophages. Among growth factors, treatment
of bone marrow cells with granulocyte-macrophage colony-stimulating
factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF)
leads to generation of M1 and M2 cells, respectively'?-1>.

TLRs trigger intracellular signaling pathways, inducing activa-
tion of a set of transcription factors, such as NF-«xB, AP-1, C/EBPR,
PU.1 and interferon-regulatory factors (IRFs)!16. These transcrip-
tion factors cooperatively upregulate the expression of multiple genes
such as proinflammatory cytokines, leading to M1 macrophage polar-
ization. Proteins induced by TLR signaling are known to modulate
inflammatory responses. IxB{, an IxB family member, positively
regulates certain genes such as II6 by interacting with NF-xBp50 or
inducing histone modification!”1%, whereas ATF3 negatively regulates
expression'®. In contrast, transcription factors such as STAT6 and
peroxisome proliferator-activated receptor-y (PPARY) are involved
in polarization of M2 macrophages>2°.
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Figure 1 Jmjd3 is dispensable for induction of M1 macrophage polarization. (a-d) ELISAs 2 400 820
: ; ; ; y : i 82 80 :
showing production of TNF (a,c) and |L-6 (b,d) in resident PECs (a,b) or thioglycollate-elicited 52200 52 10
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4

Jmjd3-'- chimeras either untreated (resident M), 3 d after treatment with thioglycollate
(TEM), or 24 or 48 h after intraperitoneal infection with L. monocytogenes. Boxes and

Time after infection (h) Time after infection (h)

numbers indicate percentage of F4/80*CD11b* cells in total PECs. (f) Numbers of F4/80+*CD1 1b* macrophages in PECs harvested from WT

or Jmjd3~"- chimeras either untreated, 3 d after thioglycollate treatment or 24 or 48 h after intraperitoneal infection with L. monocytogenes.

(g) ELISAs showing concentrations of TNF, IL-6, {FN-y and I1L-12p40 in the sera of WT or Jmjd3-/~ chimeras infected with L. monocytogenes.
(h) Quantitative PCR analysis showing expression of TNF, 1L-6, IL-12p40 and iNOS mRNAs (relative to 18S rRNA) in PECs in mice infected with
L. monocytogenes. Results are representative of four (c—f) or two (a,b,g,h) independent experiments (error bars indicate s.d.).

In addition to regulation by transcription factors, epigenetic regu-
lation is essential for controlling proper gene expression!. Histone
modifications, particularly at the N-terminal tails, and dynamic
chromatin remodeling have been shown to be important for control-
ling sets of genes. In the case of histone modification, trimethyla-
tion of H3K4 is associated with active gene transcription, whereas
trimethylation of H3K9, H3K27 and H4K20 is linked to silencing of
gene expression'®21:22, The methylation of H3K27 is mediated by the
Polycomb repressive complex-2 (PRC2), composed of Ezh2, Suzl2
and Eed (ref. 23). Proteins harboring a Jumonji-C (JmjC) domain,
such as Jmjd3, Utx and Uty, are known to act as H3K27 demethy-
lases, catalyzing the conversion of H3K27me3 (trimethylated) to
H3K27mel (monomethylated)24-26,

It has been reported that the expression of Jmjd3 is induced in
macrophages by TLR stimuli in an NF-kB-dependent fashion?®,
Jmjd3 has also been identified as an early TLR-inducible gene in
mouse macrophages by microarray analysis?’. H3K27 trimethyla-
tion is implicated in the silencing of gene expression, and it has been
shown that Jmjd3 is recruited to transcription start sites (TSSs) that
have abundant RNA polymerase II and H3K4me3 (ref. 28). Tmjd3
is reported to fine-tune macrophage activation by controlling Bmp2
and Hox expression?6. Furthermore, Jmjd3 has been linked to the
control of development through the regulation of Hox, and to onco-
genesis through promotion of the expression of Ink4a?0, Here
we report the role of Jmjd3 in vivo in controlling M2 macrophage
polarization and identify Irf4 as a Jmjd3 target gene crucial for the
regulation of macrophages.

RESULTS

Generation of Jmjd3~'- mice

To investigate the functional roles of Jmjd3 in immune responses
in vivo, we generated Jmjd3~/~ mice (Supplementary Fig. la,b).
Reverse-transcription PCR analysis showed that the expression

NATURE IMMUNOLOGY VOLUME 11 NUMBER10 OCTOBER 2010

of Jmjd3 was abrogated in Jmjd3~/~ mouse embryonic fibroblasts
(Supplementary Fig. 1c). Jmjd3~~ mice died perinatally, and
adult Jmjd3~'~ mice were not obtained (Supplementary Fig. 2a).
Histological examination revealed that alveolar cell walls were thick-
ened with tissues, and almost no air space was observed in lungs
of Jmjd3~'~ neonates (Supplementary Fig. 2b), suggesting that the
postnatal lethal phenotype of Jmjd3~/~ mice is due to premature devel-
opment of lung tissues. To analyze the role of Jmjd3 in hematopoi-
etic cells, we obtained fetal liver cells from Jmjd3~/~ E15.5 embryos
and established bone marrow-chimeric mice. Flow cytometry-
revealed that populations of T cells, B cells, conventional dendritic
cells, plasmacytoid dendritic cells, natural killer cells, neutrophils,
F4/80*CD11b* macrophages and Ly6CMCD11b* inflammatory
monocytes in the spleen were similar between wild-type and Jmjd3~/~
chimeras (Supplementary Fig. 3). Proliferative responses of splenic
T and B cells to mitogens and antigen receptor stimuli were also
not altered (Supplementary Fig. 4). Furthermore, Jmjd3~/~ splenic
T cells differentiated into either type 1 or type 2 helper T cells (Ty1
and Ty2) produced normal amounts of IFN-y or IL-4, respectively
(Supplementary Fig. 5). These results indicate that T cells lacking
Jmjd3 are capable of differentiating into Ty;1 and Ty2 cells in response
to cytokines.

Jmjd3 is dispensable for M1 macrophages

As Jmjd3 is a TLR-inducible gene in macrophages, we first exam-
ined cytokine production of peritoneally resident and thioglycollate-
elicited peritoneal exudate cells (PECs) in response to TLR ligands
including lipopeptide (Pam;CSK,, a TLR2 ligand), lipopolysaccha-
ride (LPS, a TLR4 ligand), imidazoquinoline analog (R-848,a TLR7
ligand) and oligonucleotide with a CpG motif (CpG-DNA, a TLR9
ligand). Production of TNF and IL-6 in response to TLR ligands did
not differ between wild-type and Jmjd3~/ tissue-resident macro-
phages and thioglycollate-elicited PECs (Fig. la-d). PECs elicited
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Figure 2 Crucial role of Jmjd3 in M2 macrophage polarization in response to chitin administration. (a,b) Expression of CD11b and either F4/80 (a) or
Siglec-F (b) in PECs harvested from wild-type (WT) or Jm/jd3-*~ chimeric mice 2 d after peritoneal injection with chitin. Quadrants and numbers in a
indicate percentage of cells in each gate (F4/80+CD11b*, F4/80*CD11b~, F4/80-CD11b* and F4/80-CD11b"); circles and numbers in b indicate
percentage of Siglec-F* eosinophils in total PECs. (c,d) Numbers of F4/80+CD11b* macrophages (c) or Siglec-F* eosinophils (d) in PECs harvested
from WT or Jmjd3-" chimeric mice 2 d after peritoneal injection with chitin. (e) Cell types within PEC population from chitin-treated mice, stained

with Diff-Quick in cytospin centrifuges. Mo, macrophages; EO, eosinophils..

(f) Surface MR expression on peritoneal F4/80*CD11b* macrophages from

chitin-treated mice. Graph shows MR expression on macrophages on horizontal axis. (g) Quantitative PCR showing expression of Argl, Yml, Fizzl, MR
and iINOS mRNAs (relative to 185 rRNA). Total RNA was prepared from PECs 48 h after administration of chitin. *P < 0.05; **P < 0.01 (two-tailed
Student’s t-test). Results are representative of five (a-d), two (e) or three (f,g) independent experiments (error bars indicate s.d.).

by peptone treatment of wild-type or Jmjd3™/~ chimeras also pro-
duced similar amounts of TNF and IL-6 in response to TLR ligand
stimulation (Supplementary Fig. 6a). Flow cytometry revealed
that the proportions of F4/80*CD11b*Grl~ cells among resident
and thioglycollate-elicited PECs did not differ between wild-type
and Jmjd3~/~ chimeras (Fig. le and Supplementary Fig. 7). The
total number of peritoneally resident macrophages, thioglycollate-
elicited macrophages and peptone-elicited macrophages was
not changed in Jmjd3~/~ chimeras (Fig. 1f and Supplementary
Fig. 6b). We then examined the role of Jmjd3 in M1 macrophage
polarization in response to Listeria monocytogenes infection. When
L. monocytogenes was inoculated intraperitoneally, production of
proinflammatory cytokines in the sera was similar in wild-type and
Jmjd3~/~ chimeras (Fig. 1g). F4/80*CD11b*Grl* macrophages,
F4/80"CD11b*Gr1M neutrophils, and F4/80-CD11bi*B220* and
F4/80"CD11b"B220* B cells were examined in PECs prepared
from L. monocytogenes—infected mice (Supplementary Fig. 8). The
number of macrophages recruited to the peritoneal cavity was similar
in wild-type and Jmjd3~/~ chimeras (Fig. le.f). Furthermore, the
expression of genes encoding TNE IL-6, IL-12p40 and iNOS in PECs
were similarly upregulated (Fig. 1h). Collectively, these data suggest
that Jmjd3 is not involved in the generation and recruitment of M1
macrophages in response to inflammatory reagents and bacterial
infection in vivo.

Jmjd3 is needed for M2 polarization to chitin

Chitin is a polymerized sugar and a structural component of
helminths, arthropods and fungi®!. It has been shown that chitin
administration recruits macrophages with the M2 phenotype to
the site of administration, which are important for subsequent
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recruitment of eosinophils®?33, Indeed, we found that intraperito-
neal administration of chitin recruited F4/807CD11b* macrophages
(Fig. 2a), Siglec-F*CCR3*CD4" eosinophils and CD11bi"B220*
B cells to the peritoneal cavity after 48 h in wild-type mice (Fig. 2b
and Supplementary Fig. 9). Whereas the number of chitin-elicited
F4/80*CD11b* macrophages was similar between wild-type and
Imjd3" = chimeras (Fig. 2c), the recruitment of eosinophils was
severely impaired in Jmjd3~'~ chimeras (Fig. 2b-e). Furthermore,
the expression of MR on chitin-elicited macrophages was severely
impaired in Jmjd3~/~ chimeras (Fig. 2f). Chitin-elicited macrophages,
but not eosinophils or B cells, expressed high levels of mRNA encod-
ing Argl, Yml, Fizzl and MR, the hallmarks of M2 macrophages
(Supplementary Fig. 10). The expression of genes encoding Argl,
Ym1, Fizz1l and MR was considerably lower in chitin-induced PECs
obtained from Jmjd3~/~ chimeras compared with wild-type controls,
whereas expression of the gene encoding iNOS, associated with M1
macrophages, was not altered (Fig. 2g). Of note, the numbers of
eosinophils circulating in the blood were similar in wild-type and
Jmjd3~/~ chimeric mice, suggesting that eosinophil development was
not impaired by Jmjd3 deficiency (data not shown). Together, these
results suggest Jmjd3 is necessary for M2 macrophage polarization
in response to chitin administration.

Role of Jmjd3 in helminth infection

Next we investigated whether Jmjd3 contributes to the responses
against helminth infection in vivo. We used the Nippostrongylus
brasiliensis infection model, which induces a strong type 2 immune
response in the lung. Bronchoalveolar lavage (BAL) staining 5 and 13 d
after infection revealed that macrophages were similarly recruited to
the lung in wild-type and Jmjd3~/~ bone marrow chimeras (Fig. 3a,b).
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