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Interferon-� (IFN-�) production by natural
killer (NK) cells and cytotoxic lympho-
cytes is a key component of innate and
adaptive immune responses. Because in-
hibitor of �B-� (I�B�), a Toll-like receptor
(TLR)/interleukin-1 receptor (IL-1R) induc-
ible transcription factor, regulates IFN-�
production in KG-1 cells, we tested I�B�’s
role in the classic lymphocyte pathway of
IL-12/IL-18–induced IFN-�. Upon stimula-
tion with IL-12/IL-18, monocyte-depleted
human peripheral blood lymphocytes

expressed the 79-kDa form of I�B� and
released IFN-�. CD56� NK cells were
shown to be the I�B�-producing lympho-
cyte subpopulation, which also released
abundant IFN-� in response to IL-12/IL-18.
Importantly, I�B� was undetectable in
CD56� lymphocytes where IFN-� release
was 10-fold lower. In addition, small inter-
fering RNA knockdown of I�B� sup-
pressed IFN-� expression in CD56� cells.
The association of I�B� with the IFN-�
promoter was documented by chromatin

immunoprecipitation. IFN-� promoter ac-
tivity from I�B� overexpression was con-
firmed by luciferase reporter assay. Fi-
nally, I�B� coprecipitated with p65 and
p50 NF-�B in NK cells in response to
IL-12/IL-18, suggesting that I�B�’s effects
on IFN-� promoter activity are coregu-
lated by NF-�B. These results suggest
that I�B� functions as an important regu-
lator of IFN-� in human NK cells, further
expanding the class of I�B�-modulated
genes. (Blood. 2011;117(10):2855-2863)

Introduction

Interferon-� (IFN-�) is a classic TH1 cytokine whose immunomodu-
latory functions are critical for innate and adaptive immune
responses. Its functions include: up-regulation of antigen presenta-
tion1-3; classic activation of the macrophage4-6; development of
cellular immunity against viral and bacterial infections by promot-
ing the differentiation of naive CD4 T cells into Th1 effectors3;
enhancement of lymphocyte recruitment and their prolonged
activation in the tissues7,8; and regulation of cell functions, such as
B cell-mediated immunoglobulin production and class switching
and natural killer (NK) cell activity.4,9,10 In humans, unregulated
IFN-� production and signaling are associated with increased
susceptibility to mycobacterial and Salmonella infections, autoim-
mune and autoinflammatory diseases such as inflammatory bowel
disease, multiple sclerosis, and diabetes mellitus.3 IFN-� has also
been implicated in preventing tumorigenesis.11,12 Thus, understand-
ing the mechanisms that regulate IFN-� production is of crucial
importance for therapeutic development in various disease states.

Inhibitor of �B-� (I�B�), or molecule possessing ankyrin
repeats induced by lipopolysaccharide (MAIL), is a primary
response gene that is strongly induced on Toll-like receptor
(TLR)/interleukin-1 receptor (IL-1R) activation of monocytes and
macrophages.13-16 It is a homolog of the I�B family of proteins and
harbors multiple ankyrin repeat sequences at its carboxy-terminus
that are responsible for binding to nuclear factor-�B (NF-�B).17

The amino-terminal end encodes a nuclear localization sequence
and a transcriptional activation domain.14 Along with lipopolysac-
charide and IL-1�, other TLR ligands such as peptidoglycan,
bacterial and mycoplasmal lipopeptides, flagellin, CpG oligonucle-
otides, ligands for TLR 2, 5, 7, and 9, and cytokines such as IL-18
and IL-17 also induce the expression of I�B�.18-20 The role of I�B�

as a transcriptional regulator of secondary response genes induced
on TLR activation is well established. I�B� mediates its transcrip-
tional regulation by specifically interacting with NF-�B and
thereby regulating NF-�B-mediated transcription of secondary
response genes.14,21 I�B� has been shown to regulate the expression
of proinflammatory cytokines, such as IL-6, IL-12 (p40), IL-18,
granulocyte-macrophage colony-stimulating factor, and granulo-
cyte colony-stimulating factor as well as the antimicrobial peptides,
neutrophil gelatinase-associated lipocalin, and human �-defensin
2.18,19,22,23

Recent data from our group suggest that synergy exists between
the proinflammatory cytokines of the IL-1 family (IL-1� and
IL-18) and tumor necrosis factor-� (TNF-�) for IFN-� production
in the human acute myeloid leukemic KG-1 cell line.24 Although
the IL-1 and TNF-� receptors belong to different families, their
signaling pathways use similar molecules leading to the activation
of NF-�B and mitogen-activated protein kinases. I�B� was identi-
fied as the common gene product downstream of these receptors
that is crucial for this synergy.20

Of human lymphocytes, NK cells and T cells are the predomi-
nant producers of IFN-� on stimulation with IL-12 and IL-18.3,25,26

Although I�B� is involved in IFN-� production in the KG-1 cell
line, its function in the regulation of lymphocyte IFN-� has not
been previously evaluated. Here we dissect the role of I�B� as a
regulator of IFN-� in response to IL-12 and IL-18 in human
lymphocytes. We identify NK cells as the population of lympho-
cytes that express I�B� in response to IL-12 and IL-18 and provide
evidence to support the role of I�B� as a transcriptional regulator of
IFN-� in these cells.
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Methods

Reagents and antibodies

CD14 and CD56 beads were purchased from Miltenyi Biotec. The
following reagents were obtained from the following sources: RPMI 1640
(Cellgro), fetal bovine serum (Atlanta Biologicals), penicillin-streptomycin
(Invitrogen), and Dulbecco modified Eagle medium high glucose (Invitro-
gen). Recombinant human IL-12 and IL-2 were purchased from R&D
Systems. Recombinant human IL-18 was purchased from MBL Interna-
tional. The following antibodies were obtained from the indicated sources:
I�B� (Millipore), actin (monoclonal clone C4; MP Biomedicals), and p50
and p65 NF-�B (Santa Cruz Biotechnology). Rabbit antiserum against I�B�
was generated in our laboratory using recombinant protein expressed in
Escherichia coli as previously described.16

Plasmids

Of the different isoforms of I�B�, the long isoform I�B�-L, was cloned in
pCDNA 3.1 Myc/His-B (Invitrogen) as previously described.16 The 3.6-kb
Ifng promoter construct was a kind gift from Dr Howard A. Young (National
Cancer Institute, National Institutes of Health, Frederick, MD) and was
reported previously.27

Cell culture

Human peripheral blood mononuclear cells (PBMCs) were isolated by
Histopaque density gradient centrifugation from fresh source leukocytes
from the American Red Cross. Lymphocytes were isolated after CD14�

selection. NK cells were isolated from PBMCs by CD56� (Miltenyi Biotec)
magnetic selection as directed by the manufacturer. Lymphocytes (5 � 106/
mL) and NK cells (2 � 106/mL) were plated in RPMI 1640 supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin. Lymphocytes
and NK cells were stimulated with IL-12 (10 ng/mL), IL-18 (10 ng/mL),
and IL-2 (100 U/mL) for the times indicated. HEK 293 cells stably
transfected with TLR4/IL-1R/MD-2 were grown in Dulbecco modified
Eagle medium (high glucose) supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin.

Quantitative PCR

Lymphocytes and NK cells were stimulated for the times indicated, and
total RNA was extracted using Trizol (Invitrogen) following the manufactur-
er’s protocol. Total RNA (0.25-1 	g) was converted to cDNA using
Thermoscript reverse transcriptase (Invitrogen). This cDNA was used as a
template for the quantitative polymerase chain reaction (PCR) using the
SYBR Green method.28 Primers specific for I�B�, IFN-�, IL-8, and I�B�
were used for analyzing mRNA expression. Gene expression was normal-
ized to 2 housekeeping genes: GAPDH and CAP-1. Primer sequences are
available on request. Values are expressed as relative copy numbers.

Preparation of cell lysates and immunoblotting

Cells were lysed using lysis buffer (50mM Tris-HCl, pH 8.0, 125mM NaCl,
10mM ethylenediaminetetraacetic acid, 10mM NaF, 10mM sodium pyro-
phosphate, 1% Triton X-100) in the presence of a protease inhibitor cocktail
mixture (Sigma-Aldrich), 10mM methoxysuccinyl-Ala-Ala-Pro-Val-
chloromethyl ketone, 1mM phenylmethylsulfonyl fluoride (Sigma-
Aldrich), and 3mM sodium orthovanadate. Cell extracts were incubated on
ice for 15 minutes and then centrifuged at 16 000g for 10 minutes. Total
protein was estimated using Lowry assay (Bio-Rad), and an equal protein
(10-20 	g) was loaded per lane of NuPAGE 7% Tris-acetate gel (Invitro-
gen). The separated proteins were transferred onto polyvinylidene difluo-
ride membranes, which were blocked with 10% nonfat milk. Blocked
membranes were blotted overnight at 4°C with appropriate primary
antibody followed by secondary antibody and visualization by enhanced
chemiluminescence (GE Healthcare).

Nuclear cytosol isolation

The nuclear cytosol isolation for cellular localization assay was performed
as described in the Supplemental data (available on the Blood Web site; see
the Supplemental Materials link at the top of the online article). The nuclear
cytosol isolation for the immunoprecipitation was performed using the
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Electron)
according to the manufacturer’s protocol.

siRNA

NK cells (3 � 106) were nucleofected with 30nM control or I�B� small
interfering RNA (siRNA) (sequence UGAUGGACCUGCUUGCAAA;
Dharmacon RNA Technologies, Thermo Electron) using a nucleofector kit
(Lonza Switzerland). After nucleofection, the cells were resuspended in
RPMI 1640 supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. The nucleofected cells were plated in 12-well plates at a
density of 1.5 � 106/mL. After 18 hours, the cells were stimulated with
IL-12 (10 ng/mL) and IL-18 (10 ng/mL) for an additional 6 hours and
24 hours. Cell supernatants and lysates were harvested and used for
immunoblotting, quantitative PCR, and enzyme-linked immunosorbent
assay (ELISA).

ChIP

Chromatin immunoprecipitation (ChIP) was performed as described in the
Supplemental data. The following primers spanning the different NF-�B
sites on the IFN-� promoter were designed: 5
-CCCCTGGGAATATTCTC-
TACACTGTATTTCAAGG-3
 and 5
-GCCCAGTAGAAATACAATA-
CAAGCCACACAGG-3
 for the �B and C3-1P sites in the �786 to
�763-bp region, 5
-AGAGTCAACATTTTACCAGGGCGAAGTGGG-3

and 5
-GTTTCCTTTAGACTCCTTGGGTCCTTTGACG-3
 for the C3-3P
site in the �278 to �268-bp region, 5
-GCATCTCTGATAGGCTGT-
CATCTCTTGTAGGC-3
 and 5
-CCTTGACTATCACAACTGAAT-
GAGTTCCCACC-3
 for the C3 1st intron site in the 459- to 470-bp region.

Luciferase reporter assay

HEK293 TLR4/IL-1R/MD-2 cells (2.5 � 106) were resuspended in 500 	L
Dulbecco modified Eagle medium (high glucose) media. Ifng promoter
(with the �B, C3-1P, C3-3P sites; see Figure 5B) in a pGL3 vector
(Promega) and I�B�-L in a pCDNA3.1 vector (Invitrogen) or the pCDNA3.1
empty vector were cotransfected into HEK293 TLR4/IL-1R/MD-2 cells by
Lipofectamine 2000 with Plus Reagent (Invitrogen) according to the
manufacturer’s protocol. A total of 1 	g of each plasmid was used for
transfection. The pGL3 basic reporter vector was used as a control for basal
promoter activity. The cotransfected Renilla luciferase vector pRL-TK
(Promega) served as an internal control for transfection efficiency. Cells
were harvested 48 hours after transfection and assessed for luciferase
activity using the dual-luciferase reporter assay system (Promega). All
assays were done in triplicate. The activity of the pGL3 basic reporter
vector alone was subtracted from that of the vector with the Ifng promoter.
All values were normalized for transfection efficiency against Renilla
luciferase expression.

Immunoprecipitation

NK cells (20 � 106) were stimulated with IL-12 (10 ng/mL) and IL-18
(10 ng/mL) for 6 hours. Cells were lysed in RIPA lysis buffer (50mM
Tris-HCl, pH 7.5, 1% sodium deoxycholate, 1mM ethylenediaminetet-
raacetic acid, 1mM NaF, 150mM NaCl, 1% Nonidet P-40) in the presence
of a protease inhibitor cocktail mixture (Sigma-Aldrich), 1mM phenylmeth-
ylsulfonyl fluoride, 10mM methoxysuccinyl-Ala-Ala-Pro-Val-chlorom-
ethyl ketone, and 3mM sodium orthovanadate. Protein normalized cell
lysates were immunoprecipitated using anti-I�B� or anti-p65 (NF-�B)
antibody overnight at 4°C. The immunoprecipitated samples were incu-
bated with protein A-Sepharose (Invitrogen) beads for 2 hours at 4°C. The
immunoprecipitates were recovered after centrifugation 16 000g for
5 minutes and were washed 3 times with RIPA buffer. The proteins were
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eluted with 2 times sodium dodecyl sulfate–polyacrylamide gel electropho-
resis sample buffer at 95°C for 10 minutes, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and immunoblotted with the
respective antibodies. The immunoprecipitation from the nuclear-cytosol
isolates was performed using the Pierce crosslink IP kit (Thermo Electron)
according to the manufacturer’s protocol.

ELISA

ELISA for IFN-� was purchased from eBioscience. ELISA for IL-8 and
TNF-�, which have been previously described,29 was developed in our
laboratory.

Statistical analysis

Values are expressed either as mean � SEM or mean � SD. Standard t test
was used for all comparisons. Significance was defined as P � .05.

Results

I�B� expression in human lymphocytes

To examine the expression of I�B� in human lymphocytes,
CD14-depleted peripheral blood mononuclear cells were treated
with IL-12 and/or IL-18 for 6 hours and 24 hours. On cytokine
stimulation, freshly isolated lymphocytes predominantly expressed
the I�B�-L protein isoform (79 kDa) as assessed by immunoblot-
ting with the I�B� specific antibody (Figure 1A). Although I�B�-L
protein expression was induced at 6 hours in response to IL-18,
expression of I�B�-L was further increased with the combination
of IL-12 and IL-18. However, at 24 hours, sustained expression of
I�B�-L protein required the IL-12/IL-18 combination.

Unlike I�B� protein, I�B� mRNA was expressed in the
unstimulated cells (Figure 1B). Moreover, stimulation with IL-12
did not change the I�B� mRNA expression in these cells over
24 hours. In contrast to IL-12, 6 hours of IL-18 stimulation resulted

in a small increase in the expression of I�B� mRNA. The
combination of IL-12/IL-18 enhanced I�B� mRNA expression
almost 2-fold compared with the control (P � .05). In agreement
with the literature documenting the short half-life of I�B� mRNA,30

expression levels were back to basal at 24 hours, regardless of the
stimulus.

IFN-� expression in human lymphocytes

The expression of IFN-� in human lymphocytes paralleled the
I�B� response but in a delayed fashion (Figure 1C-D). Although
IFN-� mRNA was increased at 6 hours, the major protein response
was most notable at 24 hours. Taken together, these results
demonstrate that I�B� mRNA and I�B�-L protein are expressed in
human lymphocytes in response to IL-12 and IL-18, a potent
costimulus for IFN-� expression in these cells.3 Thus, we hypoth-
esized that I�B� may function as a regulator of IFN-� expression in
response to IL-12 and IL-18.

I�B� expression and cellular localization in CD56� human
NK cells

To identify the subpopulation of lymphocytes that express I�B� in
response to IL-12 and IL-18, CD56� NK cells and CD56�

lymphocytes were analyzed for I�B� expression. We identified
CD56� NK cells as the predominant I�B�-L protein expressing
population in response to IL-12 and IL-18 (Figure 2; Table 1).
CD56� NK cells were stimulated with IL-12 and/or IL-18 for
3 hours, 6 hours, and 24 hours. By 3 hours, freshly isolated CD56�

NK cells expressed I�B�-L protein (79 kDa) in response to IL-18
alone, but only the combined IL-12/IL-18 stimulus maintained
stable I�B�-L protein at 24 hours (Figure 3A top panel). Impor-
tantly, IFN-� release by CD56� NK cells correlated with I�B�-L
protein expression induced by the combination of IL-12 and IL-18
(Figure 3A middle panel). Gene expression analysis suggested that,
unlike the I�B� protein, I�B� mRNA is expressed in freshly
isolated CD56� NK cells (Figure 3B top panel). This baseline
expression was enhanced in response to IL-18 and the combination
stimulus of IL-12/IL-18, with highest expression at 3 hours and
6 hours. IFN-� mRNA expression steadily increased over time
(3-24 hours; Figure 3B middle panel) after the induction of I�B�
mRNA and protein. This observation is supportive of the role of
I�B� as a regulator of IFN-� in human NK cells.

In an attempt to evaluate the possible mechanisms of synergy,
we tested the roles of TNF-� and IL-2, which have been previously
studied for mediating IFN-� production.3,24,31,32 We tested the

Figure 2. I�B� expression in CD56� and CD56� cells. Human lymphocytes were
isolated from PBMCs after CD14 depletion followed by positive selection for CD56�

cells. Cells were stimulated (5 � 106 cells) with recombinant IL-12 and IL-18
(10 ng/mL each) for 6 hours and 24 hours. Protein normalized cell lysates were
immunoblotted for I�B� and actin. Results are representative of 2 independent
experiments. *Nonspecific band (I�B� blot), which confirms equal protein loading as
the actin expression is very high.

Figure 1. I�B� and IFN-� expression in human lymphocytes. Human lymphocytes
were assessed for the expression of I�B� and IFN-� in response to recombinant IL-12
and IL-18 (10 ng/mL each) at 6 and 24 hours. (A) Time course of I�B� protein
expression in human lymphocytes by immunoblot compared with lipopolysaccharide-
stimulated monocyte lysate (Control). (B) I�B� mRNA expression in human lympho-
cytes assessed by quantitative PCR. (C) IFN-� release from human lymphocytes in
response to IL-12 and IL-18 was determined by ELISA. (D) IFN-� mRNA expression
in human lymphocytes. The immunoblot is representative of 3 independent experi-
ments. Bar values represent mean � SEM for 3 to 5 experiments. **P � .05 vs
controls. RCN indicates relative copy number.
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possibility of self-mediated synergy by endogenously produced
TNF-� for I�B� and IFN-� production in human NK cells on IL-12
and IL-18 stimulation. TNF-� release by NK cells (supplemental
Figure 1) in response to the different stimuli was insignificant at
3 hours and 6 hours. However, at 24 hours, there was a 3-fold
change in the TNF-� production in response to the combination
stimulus of IL-12 and IL-18, thereby suggesting that autocrine
TNF-� production might further enhance the expression of I�B�-L
and IFN-� in human NK cells at 24 hours.

We also analyzed the effect of IL-2 on I�B� expression and thus
IFN-� production in response to stimulation by IL-12 and IL-18
(supplemental Figure 2). The IL-2-treated cells express higher
levels of I�B�-L in response to IL-18 or the combined stimulus of
IL-12/IL-18, compared with the control group of cells. However,
the stimulation with IL-2 plus IL-12 has no effect on I�B�-L expression.
In addition, the IL-2-treated cells express 2.5-fold higher levels of
IFN-� in response to the combination stimulus of IL-12 and IL-18,
compared with the control group of cells. These observations
support a role for I�B� in IFN-� production by human NK cells.

To determine the cellular localization of I�B�, we fractionated
human NK cells into cytosolic and nuclear fractions. On stimula-
tion with the combination stimulus of IL-12 and IL-18, we observe
that I�B�-L protein is predominantly nuclear (Figure 4). The
nuclear localization corroborates previous finding in other human
and mouse models.16,33 Over time, there is no significant change in
the nuclear expression of I�B�-L, which is consistent with gene
and protein expression in whole cell lysates in response to the
combination stimulus of IL-12 and IL-18. Surprisingly, low levels
of I�B�-L are also found in the cytosol of human NK cells.
Cytosolic I�B� has been previously reported in B cells and
macrophages.34

Down-regulation of I�B�-L impairs IFN-� expression in human
NK cells

To evaluate the significance of I�B� as a regulator of IFN-�, I�B�
expression was suppressed by nucleofection of freshly isolated
CD56� NK cells with small interfering RNA targeting I�B�
(siI�B�). The siI�B�-treated NK cells expressed lower levels of
I�B�-L protein compared with the siControl-treated cells after
stimulation with IL-12 and IL-18 (Figure 5A). Of note, the mRNA
expression of I�B� was not affected by the siRNA treatment (data
not shown), suggesting that the siRNA suppressed I�B�-L protein
translation. Importantly, the siI�B�-treated cells released signifi-
cantly lower levels of IFN-� in response to treatment with IL-12
and IL-18 at 6 hours (P � .005) and 24 hours (P � .05) compared
with controls. Expression of I�B� and IL-8 protein was not
affected by the siRNA treatment, which demonstrated specificity of
the siI�B� effect.

To evaluate the effect of I�B� knockdown on IFN-� gene
expression, IFN-�, IL-8, and I�B� mRNA levels were measured by

Table 1. IFN-� and IL-8 release by the CD56� and CD56� lymphocytes

Stimulation

CD56�/CD14� CD56�/CD14�

6 hours 24 hours 6 hours 24 hours

IFN-� IL-8 IFN-� IL-8 IFN-� IL-8 IFN-� IL-8

IL-12 0.94 � 0.81 0.14 � 0.02 0.07 � 0.04 0.13 � 0.01 1.52 � 0.49 0.34 � 0.02 0.21 � 0.09 0.34 � 0.05

IL-18 0.01 � 0.02 0.14 � 0.03 ND 0.52 � 0.47 0.44 � 0.08 0.36 � 0.07 0.15 � 0.06 0.47 � 0.09

IL-12 � IL-18 3.29 � 3.04 0.12 � 0.01 126 � 58.4 7.92 � 5.38 0.33 � 0.09 0.30 � 0.11 11.3 � 3.82 0.46 � 0.07

The relative ability of the CD56�/CD14� and the CD56�/CD14� subpopulations of lymphocytes to express IFN-� and IL-8 was measured by ELISA. Human lymphocytes
were isolated from PBMCs after CD14 depletion, and 5 � 106 cells were stimulated with rIL-12 (10 ng/mL) and rIL-18 (10 ng/mL) for 6 hours and 24 hours. The cell
supernatants were analyzed for IFN-� and IL-8 release. Values are mean � SD for 2 experiments.

ND indicates not detected.

Figure 3. I�B� and IFN-� expression in human NK cells. I�B� and IFN-�
expression was evaluated in CD56� selected human NK cells over time in
response to recombinant IL-12 and IL-18 (10 ng/mL each). (A) Time course of I�B�,
IFN-�, and IL-8 protein expression for IL-12 and IL-18 stimuli in human NK cells
(2 � 106 cells/mL) as assessed by immunoblot of cell lysates for I�B� and ELISA of
supernatants for IFN-� and IL-8. (B) Time course of I�B�, IFN-�, and IL-8 mRNA
expression in human NK cell by quantitative PCR. Immunoblot is representative of
3 independent experiments and bar graphs represent the mean � SEM for 3
experiments. Values in the undetectable range have been assigned a random
insignificant number and plotted in the graph. Vertical lines have been inserted to
indicate a repositioned gel lane. RCN indicates relative copy number.

Figure 4. Cellular localization of I�B� in human NK cells. The cellular localization
of I�B� expression was evaluated in CD56� human NK cells stimulated with
recombinant IL-12 and IL-18 (10 ng/mL each) over time. The cellular lysates were
fractionated into the nucleus and the cytosol separately. The cell lysates were
immunoblotted for I�B�, lamin B1 (nuclear marker), and LDH (cytosolic marker–
lactate dehydrogenase). The immunoblot is representative of 3 independent experi-
ments. *Nonspecific band. **Nonspecific band.
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quantitative PCR (Figure 5B). Knockdown of I�B� induced a
1.5-fold and 2.5-fold reduction in the expression of IFN-� mRNA
at 6 hours and 24 hours, respectively (P � .05). In contrast to
IFN-�, I�B� and IL-8 mRNA expression was not affected by
siI�B�. Together, these results suggest that I�B� regulates IFN-�
expression in human NK cells.

I�B� binds to the IFN-� promoter in response to IL-12 and IL-18

I�B� has been shown to mediate its functions by associating with
NF-�B at the NF-�B binding sites on the promoters of the
secondary response target genes.21,35 Four different NF-�B binding
sites have been described on the IFNG locus: �B, C3-1P, C3-3P,
and C3 1st intron (Figure 6A top panel).36,37 We evaluated whether
I�B� associates with these NF-�B sites in response to IL-12 and
IL-18 by ChIP (Figure 6A bottom panel). Untreated, freshly
isolated NK cells display 10- to 20-fold enrichment in I�B�
association with the IFN-� promoter. However, on treatment with
IL-12 and IL-18, this fold enrichment was 5-fold higher at the
C3-3P (�278 to �268 bp) site compared with the control (P � .05).
In contrast, the recruitment of I�B� to the �B and C3-1P sites
(�786 to �763 bp) did not change dramatically on treatment with
IL-12 and IL-18 compared with controls. In addition, the fold
enrichment of I�B� associating with the C3-1st intron site showed
no difference in response to IL-12 and IL-18. This result suggests
that low levels of I�B� are initially associated with the IFN-�
promoter and that treatment with IL-12 and IL-18 markedly
enhances this association at the C3-3P site. This finding suggests
that the C3-3P site is responsible for the I�B�-mediated regulation
of IFN-� production in human NK cells.

I�B�-L increases IFN-� promoter activity

To understand the mechanism of I�B� in regulating IFN-�
expression, we used an IFN-� promoter, luciferase reporter assay
(Figure 6B top panel). HEK 293/TLR4/IL-1R/MD-2 cells were
transfected with a 3.6-kb IFN-� promoter construct (IFN-� Luc;
Figure 6B bottom panel) alone or in combination with I�B�-L
pCDNA3.1 or control pCDNA3.1 vector. The IFN-� promoter
construct had a basal level of luciferase expression, and this was
unaffected by the cotransfection of the control pCDNA3.1 vector.
However, on coexpression of I�B�-L, there was a 2.5-fold increase
in the luciferase expression compared with the control vector
(P � .05). Thus, the activating effect of I�B� on the IFN-�
promoter in HEK 293/TLR4/IL-1R/MD-2 cells supports the role of
I�B� as a transcriptional regulator of IFN-� expression.

I�B�-L regulates IFN-� expression by binding to NF-�B

It has been previously reported that I�B� regulates NF-�B-
mediated control of gene expression for several genes.17,33 To
evaluate the role of NF-�B in I�B�-mediated regulation of IFN-�,
CD56� NK cells were stimulated with IL-12 and IL-18 for 6 hours
and analyzed for I�B� binding to p65 and p50 subunits of NF-�B.
As shown in Figure 7A, I�B�-L coimmunoprecipitated with the
p65 NF-�B subunit in human NK cells in response to IL-12 and
IL-18. In addition, the p50 NF-�B subunit also coimmunoprecipi-
tated with I�B�-L in human NK cells on stimulation with IL-12 and
IL-18 (Figure 7B).

To evaluate whether the binding of I�B� to NF-�B occurs in the
cytosol or the nucleus, we separated the nuclear and cytosolic

Figure 5. Effect of siRNA-mediated knockdown of I�B� in human NK cells. To assess the role of I�B� in IFN-� production, human NK cells were nucleofected with siRNA
targeting I�B� (30nM) or siControl (30nM). After nucleofection, the cells were stimulated with recombinant IL-12 and IL-18 (10 ng/mL each). (A) Protein expression for I�B� and
IFN-�. I�B�, actin, and IL-8 are also shown as controls. (B) Gene expression profiles for IFN-�, I�B�, and IL-8 in I�B� knockdown cells. The immunoblot is representative of
7 independent experiments. Bar values represent the mean � SEM for 5 to 7 experiments. *Values in the nondetectable range. **P � .05 vs controls. ***P � .005 vs controls.
RCN indicates relative copy number.
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fractions of control and IL-12–/IL-18–stimulated human NK cells.
These different fractions were analyzed for I�B� binding to the p65
and p50 subunits of NF-�B (Figure 7C). The p65 subunit of NF-�B
is expressed in the cytosol of the control untreated cells, and it
translocates to the nucleus on stimulation with IL-12/IL-18. Unlike
the p65 subunit of NF-�B, the p50 subunit is expressed in the
cytosol and the nucleus of control as well as IL-12–/IL-18–
stimulated NK cells. Although I�B� expression is predominantly
nuclear, there is a small cytosolic fraction expressed on IL-12/
IL-18 stimulation in human NK cells. However, on treatment with
IL-12/IL-18, the association of I�B� with the p50 and p65 subunit
of NF-�B occurs only in the nucleus, suggesting that, although both
sets of proteins are expressed in the cytosol, they do not interact
with each other until they translocate to the nucleus. These results
suggest that the observed I�B�-mediated regulation of IFN-� is
NF-�B dependent.

Discussion

I�B� is an inducible homolog of the I�B family of proteins, which
exists as 2 major splice variants I�B�-L and I�B�-S, which regulate
NF-�B-dependent gene expression.17 Unlike other members of the
I�B family, which inhibit NF-�B activation by binding to the
Rel-homology domain of NF-�B through their C-terminal ankyrin
repeat sequences, I�B� has been shown to up-regulate the expres-
sion of secondary response genes, including IL-6, neutrophil
gelatinase-associated lipocalin, and human �-defensin 2.16,19,23

The ability of TLR ligands and IL-1� to induce I�B� expression
has been previously demonstrated.15,18 We recently reported the
first direct evidence that IL-18 induces I�B� expression in the acute
monocytic leukemic cell KG-1.20 This effect probably results from

IL-1� and IL-18 sharing similar signaling pathways downstream of
the IL-1R and IL-18R, leading to the activation of NF-�B and
mitogen-activated protein kinases. Although TNF-� activates both
NF-�B as well as mitogen-activated protein kinases, it fails to
induce the expression of I�B�, thus emphasizing the importance of
MyD88 (adaptor protein in the TLR pathway) in the induction of
I�B�.35 Recently, we have demonstrated that IL-1� and IL-18
synergize with TNF-� for I�B� expression and that this synergy is
responsible for IFN-� production in KG-1 cells.20,24 IFN-� is a
classic TH1 cytokine, whose wide range of functions regulates both
innate and adaptive immune responses. Lymphocytes, predomi-
nantly consisting of subpopulations of NK/NKT cells and T cells,
are the predominant producers of IFN-�.3 IL-12 and IL-18 classi-
cally activate IFN-� production in NK cells and T cells.3,26 Several
transcription factors have been shown to be involved in the
transcription of Ifng gene in NK cells and T cells. These include
members of the NF-�B, AP-1, and the STAT family.3,38

In this report, we demonstrate that I�B� is expressed in human
peripheral blood-derived NK cells in response to the combination
stimulus of IL-12 and IL-18. Of note, at the protein level, I�B�-L is
the predominantly expressed isoform in NK cells. This preferential
expression of the I�B�-L over I�B�-S is consistent with previous
publications in murine and human cells and our own findings in
human monocytes.16,34 To our knowledge, this is the first evidence
of I�B� expression in human NK cells. However, after our
manuscript received its initial review, a similar finding in murine
NK cells was submitted and published.39 As described here in
humans, this work demonstrates the role of I�B� in IFN-�
production in murine NK cells in response to IL-12 and IL-18.
Importantly, the murine work documents the significant role that
I�B� plays in host defense against murine cytomegalovirus
infections.39

Figure 6. I�B� associates with the IFN-� promoter and activates luciferase expression in human NK cells. The binding of I�B� to the IFN-� promoter was studied by ChIP
in human NK cells. I�B�’s function in promoting IFNG gene expression was studied in a luciferase reporter assay in HEK 293 cells stably transfected with TLR4/IL-1R/MD-2.
(A) Top: Diagrammatic representation of 4 NF-�B binding sites (�B, C3-1P, C3-3P, and C3 1st intron as reported37) present on the IFN-� promoter. Bottom: The effect of
IL-12/IL-18 stimulation on the relative enrichment of I�B� association with the 4 NF-�B sites as determined by ChIP. (B) Top: Diagrammatic representation of the IFN-�
luciferase reporter construct used in the luciferase reporter assay. Bottom: The ability of I�B�-L to induce expression of the IFN-� luciferase reporter. Values are mean � SEM
for 3 independent experiments. **P � .05 vs controls. RLU indicates relative luciferase units.
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Surprisingly, we noted that freshly isolated NK cells expressed
I�B� mRNA but not I�B� protein. This absence of transcription to
translation coupling was different from the direct coupling that we
and others have previously noted between I�B� mRNA and protein
in monocytes.16,34 This NK cell discrepancy between mRNA and
I�B� protein translation suggested that, at least in NK cells, a
second stimulus is needed to stabilize the mRNA, promote I�B�
translation, or stabilize the protein product. Because the addition of
IL-18 alone was able to induce I�B� protein, it is reasonable to
suggest that IL-18 may stabilize the message of I�B�, as has been
shown for lipopolysaccharide and IL-1�.30 However, because there
was baseline I�B� mRNA in NK cells without protein, additional
functions of IL-18, such as effects on translation and protein
stability, should also be considered. We are in the process of
investigating these questions.

Having identified CD56� NK cells as the major population of
nonmonocytic peripheral blood cells that express I�B�, it is
important to put our observation into context with what has been
noted in this regard. For example, we failed to observe I�B� protein
expression in the CD56� human lymphocytes. However, Okamoto
et al40 observed significant I�B� protein expression in murine
helper T-cell subset TH17 cells, which should be present in our
CD56� population. We also failed to observe I�B�-L expression in
the CD3� lymphocytes, which include the NKT as well as the
T-cell subtypes (data not shown). This discrepancy may result from
the CD56�/CD3� cells being a mixed population of cells with
limited numbers of subsets, such as the TH17 cells. In addition, our

focused attention on the IL-12/IL-18 pathway as inducers of I�B�
expression might also be a reason for this discrepancy. It is well
established that the CD56� and CD3� lymphocytes express IFN-�
in response to IL-12 and IL-18.3,41 However, the expression of
IFN-� was 10-fold lower in the CD56� lymphocytes compared
with the CD56� lymphocytes (Table 1). Thus, future studies are
aimed at understanding the role of I�B� as the key mediator for the
differential IFN-� production between these subgroups of
lymphocytes.

In the CD56� NK cells, IL-12 and IL-18 synergize for I�B�-L
protein expression at 6 hours and 24 hours, and the protein
translocates to the nucleus. This mechanism of synergy could be
explained by the observation that IL-12 up-regulates the expression
of IL-18R subunits, thereby leading to enhanced signaling by the
IL-18R.42,43 Alternatively, the microenvironment of inflammation
is a mix of cytokines secreted by the different cells. Thus we tested
other possible factors, such as IFN-�, TNF-�, and IL-2, which
could explain the synergy. Positive feedback signaling mediated by
IFN-� could explain the observed synergy between IL-12 and
IL-18 because IFN-� has been shown to function through the
adaptor molecule MyD88 leading to the up-regulation of proinflam-
matory genes.44 However, we did not detect I�B�-L protein
expression in NK cells in the presence of IFN-� stimulation alone
(data not shown). NK cells are known producers of immunoregula-
tory cytokines as TNF-�, which have been studied for synergy with
IL-12 toward IFN-� production.31,32 Analysis of IL-12–/IL-18–
stimulated human NK cells suggests a possible role for TNF-� in

Figure 7. I�B� coimmunoprecipitates with NF-�B specifically in the nucleus of human NK cells. (A) To assess the ability of I�B� to bind to NF-�B, human NK cells were
stimulated with recombinant IL-12 and IL-18 (10 ng/mL each) for 6 hours. The cell lysates were immunoprecipitated with the indicated antibodies overnight at 4°C. The
immunoprecipitated lysates were immunoblotted with respective antibodies as indicated in the figure. (A) I�B� binding to the p65 NF-�B subunit. (B) I�B� binding to the p50
NF-�B subunit. (C) Binding of I�B� to NF-�B specifically in the nucleus. Arrowhead represents p50 NF-�B subunit; and arrow, immunoglobulin heavy chain. *(Black) I�B�-L
band. *(White) Nonspecific smudge mark on the Western blot. Results are representative of 3 independent experiments. Lamin B1, nuclear marker. LDH indicates lactate
dehydrogenase (cytosolic marker).
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the persistent expression of I�B� at 24 hours. This persistent
expression of I�B�-L in human NK cells is unlike its expression in
CD14� monocytes. This later kinetic supports I�B�’s function as a
regulator of the secondary response gene IFN-�, whose expression
in NK cells is best observed at later time points ( 6 hours). This is
in contrast to the I�B�-mediated expression of IL-6, which is
expressed earlier than IFN-�. Similarly, IL-2 has also been long
known to promote NK-cell growth, differentiation, cytolytic activ-
ity, and IFN-� production.3 IL-2 treatment in conjunction with
IL-12/IL-18 suggests that IL-2 may have a role in regulating I�B�
expression either by increasing the expression of IL-12R subunits
or STAT4, thereby leading to increased signaling by IL-12 and
IL-18 and thus increased IFN-� production in human NK cells as
suggested previously.45

In human NK cells, I�B� expression precedes the expression
and production of IFN-�. This relationship suggests that I�B�
regulates IFN-� in human NK cells. Importantly, this connection
was further supported by the siRNA-mediated knockdown of I�B�
in human NK cells. Knockdown of I�B� decreased expression and
production of IFN-� in response to IL-12 and IL-18, compared
with cells treated with siControl. Furthermore, ChIP experiments
demonstrated that I�B� associates with the IFN-� promoter. This
finding strongly supports the role of I�B� as a regulator of IFN-�
production in human NK cells and concurs with I�B�’s recognized
role as a transcriptional regulator of secondary response genes.35 Of
note, our ChIP studies suggest that a small amount of I�B� may be
associated with the IFN-� promoter in resting NK cells. Although
this baseline I�B� protein was not confirmed by immunoblots, it
cannot be ruled out because of the higher sensitivity of the ChIP
analysis compared with immunoblotting. Of course, stimulation
with IL-12 and IL-18 may increase I�B� expression and hence its
increased recruitment to the IFN-� promoter. Nevertheless, the
baseline presence of I�B� protein on the IFN-� promoter raises the
distinct possibility that I�B�’s function may be additionally
controlled posttranslationally as is well known for I�B�.46 Future
studies are also directed at understanding the possibility of
posttranslational regulation of I�B�.

Our reporter assays demonstrated that I�B�-L is an activator of
luciferase expression under the IFN-� promoter in HEK 293/TLR4/
IL-1R/MD-2 cells. Because I�B�-L is the predominantly expressed
isoform in human NK cells, this suggests that the long form of I�B�
is the transcriptional regulator of IFN-� expression in human NK
cells in response to IL-12 and IL-18. Together with the ChIP
experiments, these findings suggest that I�B� associates with the
IFN-� promoter and activates transcription. The absence of IFN-�
expression in I�B� bound resting NK cells suggests that in the
absence of stimulation, I�B� fails to undergo an essential posttrans-
lational modification that enables it to function as a transcriptional
regulator. Alternatively, IL-12/IL-18 stimulation may induce cofac-
tors that cooperate with I�B� to regulate transcription at the IFN-�
promoter in human NK cells.

I�B� has been extensively investigated as a regulator of
NF-�B-mediated responses.19,47-49 Of the 4 NF-�B sites (�B,

C3-1P, C3-3P, and C3 1st intron) identified by Sica et al36 on the
IFN-� promoter, I�B� association is maximized at the C3-3P site
(�278 to �268 bp). This site was identified as a binding site for the
Rel-homology domain-containing proteins and has been shown to
be composed of the p50 and p65 subunits of NF-�B.36 It has also
been demonstrated to be a site for interaction between NF-�B and
members of the NFAT family of proteins.36 The possible role of
I�B� interacting with NFAT proteins is yet to be investigated.

Immunoprecipitation experiments demonstrated the binding of
I�B� to the p50 and p65 NF-�B subunits in human NK cells in
response to IL-12 and IL-18. We have also evidenced this binding
to be strictly nuclear. This supports the role of an I�B�-p50-p65
complex in binding to the IFN-� promoter, thus regulating
transcription. It is thought that I�B� facilitates the recruitment of
p50-p65 heterodimers, thereby activating gene transcription on the
secondary response genes.21,50 This is in agreement with our
observation of increased I�B� association with the IFN-� promoter
and its physical interaction with both p50 and p65, on IL-12 and
IL-18 stimulation in human NK cells.

In conclusion, our findings indicate that I�B� positively regu-
lates IFN-� expression in human NK cells in response to IL-12 and
IL-18. Furthermore, this study documents the role of I�B� as an
important component of NF-�B-mediated IFN-� expression, high-
lighting the role of I�B� as global regulator of NF-�B-mediated
responses.
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