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Natural killer (NK) cell sense virally in-
fected cells and tumor cells through mul-
tiple cell surface receptors. Many NK cell–
activating receptors signal through
immunoreceptor tyrosine–based activa-
tion motif (ITAM)–containing adapters,
which trigger both cytotoxicy and secre-
tion of interferon-gamma (IFN-�). Within
the ITAM pathway, distinct signaling inter-
mediates are variably involved in cytotox-
icity and/or IFN-� secretion. In this study,
we have evaluated the role of protein

kinase C-� (PKC-�) in NK-cell secretion of
lytic mediators and IFN-�. We found that
engagement of NK-cell receptors that sig-
nal through ITAMs results in prompt acti-
vation of PKC-�. Analyses of NK cells
from PKC-�–deficient mice indicated that
PKC-� is absolutely required for ITAM-
mediated IFN-� secretion, whereas it has
no marked influence on the release of
cytolytic mediators. Moreover, we found
that PKC-� deficiency preferentially im-
pairs sustained extracellular-regulated ki-

nase signaling as well as activation of
c-Jun N-terminal kinase and the transcrip-
tion factors AP-1 and NFAT but does not
affect activation of NF-�B. These results
indicate that NK cell–activating receptors
require PKC-� to generate sustained intra-
cellular signals that reach the nucleus
and promote transcriptional activation,
ultimately inducing IFN-� production.
(Blood. 2008;112:4109-4116)

Introduction

Natural killer (NK) cells are armed with an array of activating
receptors that trigger exocytosis of cytolytic granules and
production of cytokines. Many of these receptors, such as
NKRP1C, CD16, Ly49D, and Ly49H, deliver intracellular
activating signals by associating with the transmembrane adap-
tors CD3�, FcR�, or DAP12 that contain a cytoplasmic immuno-
receptor tyrosine-based activation motif (ITAM).1-4 Tyrosine
residues located within these conserved ITAM sequences be-
come phosphorylated by Src family kinases after ligation with
cognate ligand or after antibody-mediated cross-linking. In turn,
these ITAM-based adaptors recruit the protein tyrosine kinases
Syk and ZAP70 and the transmembrane adaptor proteins LAT
and LAT2 (also called NTAL and LAB),5 resulting in recruit-
ment and activation of downstream effector molecules, includ-
ing phosphoinositide 3-kinase (PI3K),6-8 the phospholipases
PLC�1 and PLC�2,9-12 the guanosine triphosphate-guanosine
diphosphate exchange factors Vav2 and Vav3,13 and the MAP
kinase extracellular-regulated kinase (ERK).14 NK cell–
activating receptors that signal through ITAM-containing adapt-
ers trigger both cytotoxicy and secretion of interferon-gamma
(IFN-�). Not all NK cell–activating receptors possess this
potential; the NKG2D receptor associates instead with the
adaptor protein DAP10, which contains a cytoplasmic YINM
motif that directly recruits PI3K and the Grb2-Vav1 complex
rather than Syk or Zap70.2,15-18 This DAP10-dependent pathway
alone, which is sufficient for inducing cytotoxocity, is inefficient
for triggering cytokine production.19

Within the NK-cell ITAM-based pathway, signaling intermedi-
ates are differentially involved in cytotoxicity and IFN-� secretion.

PLC�2, the predominant isoform of PLC� in murine NK cells, is
required for both cytotoxicity and IFN-� secretion,9,11 whereas the
Vav isoforms are essential only for cytotoxicity.13,20 In contrast,
CD45, a protein tyrosine phosphatase that regulates Src family
kinases, is required for IFN-� secretion but not cytotoxicity.21,22

The p110� catalytic subunit of PI3K is also primarily required for
IFN-� secretion.23 In this study, we have evaluated the involvement
of protein kinase C-� (PKC-�) in NK-cell secretion of lytic
mediators and IFN-�. PKC-� is a member of the novel PKCs
family that is primarily expressed in T cells, muscle cells, and
platelets.24 We hypothesized that PKC-� could function as a
signaling intermediate downstream of NK cell–activating receptors
because of its well-documented role in the ITAM pathway of the
T-cell receptor (TCR). In particular, PKC-� in T cells is required for
secretion of interleukin-2 (IL-2), proliferation, and differentiation
of CD4� T cells into IFN-�–secreting Th1 cells.24-27 In T cells,
activation and recruitment of PKC-� to the TCR complex require
diacylglycerol (DAG), which is generated by PLC�1 through the
hydrolysis of the phosphoinositides PI4,5P2.28 In addition, several
signaling intermediates contribute to PKC-� activation as well,
such as Vav1, PI3K,29,30 SLP76,31 and the protein kinase PDK1.32,33

In turn, PKC-� phosphorylates CARMA1,34 resulting in formation
of a complex with Bcl-10 and MALT1 that activates the transcrip-
tion factor NF-�B.28 In this regard, PKC-�–deficient T cells have
been shown to exhibit a major defect in the activation of NF-�B
and AP-1.25 In contrast, T cells from another PKC-�–deficient
mouse demonstrated a preferential defect in NFAT activation.26

Thus, in T cells, PKC-� appears to be essential for linking TCR and
ITAM signaling to the activation of NF-�B, AP-1, and NFAT.35
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Consistent with a potential role of PKC-� in NK-cell receptor
signaling, NK cells lacking PLC�2, which is responsible for
generating DAG from PIP2 in murine NK cells, are incapable of
cytolysis and IFN-� secretion in response to receptor engage-
ment.9-11 Moreover, NK cells lacking PKC-� downstream effectors,
Bcl-10, CARMA1, or MALT1,36-38 exhibit a defect of IFN-�
secretion and NF-�B activation, although cytotoxicity in these cells
is normal. Here we report that NK cells express PKC-� and that
engagement of NK-cell receptors that signal through ITAMs results
in prompt PKC-� activation. Analyses of NK cells from PKC-�–
deficient mice indicate that PKC-� is required for ITAM-mediated
IFN-� secretion, whereas it has no marked influence on the release
of cytolytic mediators. Moreover, we report that PKC-� deficiency
preferentially impairs sustained ERK activation as well as c-Jun
N-terminal kinase (JNK), c-Jun, AP-1, and NFAT activation,
whereas NF-�B activation is substantially intact. Thus, in NK cells,
the ITAM pathway relies on PKC-� to generate strong and
sustained signals that induce transcriptional activation and IFN-�
production.

Methods

Mice

PKC-��/� mice25 were backcrossed onto the C57BL/6 background until
approximately 80% of the genome was C57BL/6 homozygous as deter-
mined by simple sequence length polymorphism (SSLP) analysis. All
animal studies were approved by the Washington University Animal
Studies Committee.

Cytotoxicity assays

Cytotoxicity against RMA-S, YAC-1, Baf/3, and EL-4 target cells was
performed by standard chromium release assay using NK cells purified with
DX5 microbeads (Miltenyi Biotec, Auburn, CA). NK cells were used either
directly ex vivo or cultured in recombinant (r) IL-2 (1000 U/mL) for 8 to 10
days, as previously described.39

IFN-� measurements

To measure intracellular content of IFN-�, 107 total fresh splenocytes were
stimulated in 12-well plates coated with 20 �g/mL purified anti-NK1.1
(PK136; eBioscience, San Diego, CA) or anti-Ly49D (4E5; BD Bio-
sciences PharMingen, San Diego, CA), either in the absence or in the
presence of suboptimal concentrations of IL-12 (0.1 ng/mL) (BD Bio-
sciences PharMingen) and IL-18 (1 ng/mL) (PeproTech, Rocky Hill, NJ).
Alternatively, splenocytes were stimulated with optimal doses of IL-12
(1 ng/mL) and IL-18 (10 ng/mL) or with phorbol myristate acetate (PMA)
(50 ng/mL) and ionomycin (0.5 �g/mL). After 2 hours, monensin (2 �M)
was added to block cytokine export. After 4 additional hours of culture,
cells were collected and Fc receptors were blocked with monoclonal
antibody 2.4G2. Cells were first cell surface labeled with anti-CD3–
fluorescein isothiocyanate, anti-CD19–fluorescein isothiocyanate, and ei-
ther anti-DX5–R-phycoerythrin (when stimulated with anti-NK1.1) or
anti-NK1.1–R-phycoerythrin (when stimulated with IL-12 and IL-18).
Cells were then fixed, permeabilized, and counterstained with anti–IFN-�–
allophycocyanin (APC) (BD Biosciences PharMingen). To measure IFN-�
released in culture supernatants, NK cells were isolated with DX5
microbeads, cultured in IL-2 for 5 days, and then plated into 96-well plates
coated with anti-NK1.1, anti-Ly49D, and anti-NKG2D (A10; BD Bio-
sciences PharMingen) (50 �g/mL). Supernatants were collected after
15 hours and IFN-� released was measured by cytometric bead arrays
according to the manufacturer’s instructions (BD CBA Mouse Inflamma-
tion Kit; BD Biosciences PharMingen). In addition, total splenocytes or
DX5-purified NK cells were cultured for 7 to 10 days in IL-15 (R&D
Systems, Minneapolis, MN) or in IL-2, respectively; 5 � 104 cells were

plated into 96-well plates and stimulated for 24 hours with different doses
of IL-12 and/or IL-18. IFN-� released in culture supernatants was measured
by enzyme-linked immunosorbent assay (ELISA) (BD Biosciences
PharMingen).

Real-time polymerase chain reaction

After 4-hour stimulation with PMA/ionomycin, RNA was prepared from
IL-2–cultured NK cells using the RNeasy Mini Kit (QIAGEN, Valencia,
CA); 2 �g of each RNA sample was reverse transcribed to cDNA in a total
volume of 20 �L, using the SuperScript first-strand synthesis system for
real-time polymerase chain reaction (RT-PCR) (Invitrogen, Carlsbad, CA).
cDNA was amplified using gene-specific primers for IFN-� (5	-
ACAATGAACGCTACACACTGCAT and 5	-TGGCAGTAACAGCCA-
GAAACA) and hypoxanthine-guanine phosphoribosyl transferase (5	-
GCAGTACAGCCCCAAAAT and 5	-AACAAAGTCTGGCCTGT-
ATCCAA). Reactions were set up using a iQ SYBR Green Supermix
(Bio-Rad, Hercules, CA). Samples were run on duplicate using a Bio-Rad
I-Cycler. Relative quantification of target mRNA expression was calculated
and normalized to the expression of hypoxanthine-guanine phosphoribosyl
transferase.

Immunoblot

Wild-type (WT) and PKC-��/� NK cells were cultured 5 to 8 days in rIL-2
(1000 U/mL). YAC-1 cells were fixed with 0.05% glutaraldehyde and then
mixed with NK cells (1 � 106/sample) at an effector-to-target ratio 3:1. For
NK1.1 stimulation, NK cells were preincubated with monoclonal antibody
2.4G2 to block Fc receptors, washed, and then plated on anti-NK1.1–coated
wells at 37°C for different time points. In some experiments, NK cells were
stimulated with PMA (50 ng/mL) and ionomycin (0.5 �g/mL) for the
indicated times. Proteins from cell lysates were separated by standard
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by
immunoblotting with antibodies specific for I�B-
, phosphorylated p38,
ERK1/2 (Thr202/Tyr204), JNK, c-Fos, PKC (all from Cell Signaling
Technology, Danvers, MA), and NFAT-1 Ser54 (BioSource International,
Camarillo, CA). Antiactin, ERK, and PKC-� antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA).

Electrophoretic mobility shift assay

Equal amounts of nuclear extracts (5 �g) prepared by Nuclear Extraction-
Protein Extraction Reagent Kit (NE-PER; Pierce Chemical, Rockford, IL)
were incubated with IRDye700-labeled DNA probes (LI-COR) for NFAT or
AP-1.25 Protein-DNA complexes were resolved on 5% acrylamide gels and
imaged with an Odyssey infrared imaging system (LI-COR).

Murine cytomegalovirus infections

Age-matched WT and PKC-��/� mice were infected intraperitoneal with
5 � 105 pfu of murine cytomegalovirus (MCMV). Viral titers were
measured in the spleens and livers 3 days after infection as previously
described.9 Intracellular IFN-� content was measured 36 hours and
60 hours after infection by fluorescence-activated cell sorter (FACS)
analysis of splenocytes, gating on NK1.1�CD3�CD19� NK cells.

Results

Conjugation with target cells and cross-linking of
ITAM-containing receptors activates PKC-� in murine NK cells

PKC-� is primarily expressed in T cells, muscle cells, and platelets.
To assess the expression of PKC-� in murine NK cells, we purified
NK1.1�CD3� NK cells from splenocytes, cultured them in IL-2,
and performed immunoblot analysis with an anti–PKC-� antibody.
In parallel, we analyzed lysates of human NK cells, CD8� T cells,
and the T-cell leukemia line Jurkat. Murine NK cells expressed
high levels of PKC-�, as did human NK cells, CD8� T cells, and
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Jurkat T cells (Figure 1A). We next asked whether the engagement
of NK-activating receptors activates PKC-�. To this end, NK cells
were cultured with IL-2 for 7 days and stimulated with plate-bound
anti-NK1.1 antibody, which cross-links NKRP1C (NKRP1CB6).
Immunoblot analysis of stimulated NK cells with an antibody
specific for the phosphorylated form of PKC-� revealed overt
PKC-� activation (Figure 1B). Likewise, conjugation of NK cells
with YAC-1 cells, which express the NKG2D ligands Rae1 and
murine UL16-binding protein-like transcript 1 (MULT1), induced
PKC-� activation (Figure 1B). Interestingly, anti-NK1.1 cross-
linking induced a more extended PKC-� activation than target cell
conjugation, probably because the plate-bound antibody engages
the activating receptor more stably. From these findings, we
conclude that the engagement of activating NK-cell receptors
triggers PKC-� activation.

PKC-� is dispensable for NK cell–mediated cytotoxicity

To investigate the role of PKC-� in NK cell–mediated effector
functions, we analyzed PKC-��/� mice25 backcrossed onto the
C57BL/6 background. Relative to controls, spleens from PKC-�–
deficient animals contained normal numbers of NK cells. More-
over, NK cells from these mice exhibited normal cell surface
receptor repertoires, indicating that PKC-� deficiency does not
affect NK-cell development (data not shown). We next assessed the
cytolytic capacity of freshly isolated (Figure 2A) and IL-2–cultured
(Figure 2B-D) PKC-�–deficient NK cells against a broad array of
target cells. Target cells included YAC-1 cells and RMA-S cells
transfected with Rae-1� (RMAS–Rae-1�), which engages NKG2D,
Baf/3 cells transfected with the Chinese Hamster class I molecule
Hm1-C4, which engages Ly49D, and Baf/3 cells transfected with
the MCMV class I–like molecule m157, which engages Ly49H.
The lytic capacity of PKC-��/� NK cells was comparable with WT
NK cells against all target cells (Figure 2A-C). To investigate the
role of PKC-� in the NK cell–mediated killing of antibody-coated
target cells (antibody-dependent cellular cytotoxicity) as mediated
via CD16, we tested cytotoxicity against EL-4 cells coated with
anti-Thy1.2 antibody. The absence of PKC-� only slightly affected
the lysis of anti-Thy1.2–coated EL-4 cells compared with WT NK
cells (Figure 2D). We conclude that PKC-� does not play a major
role in NK cell–mediated cytotoxicity.

PKC-� is required for ITAM-induced IFN-� production

NK cells secrete IFN-� in response to 2 types of stimuli: target cell
ligands or antibodies engaging activating receptors; and cytokines,
such as IL-12 and IL-18 secreted by DC and macrophages. To
investigate the role of PKC-� in IFN-� production, we stimulated
splenocytes with plate-bound anti-NK1.1 or anti-Ly49D and mea-
sured IFN-� production by intracellular staining (Figure 3A).
Moreover, because stimulation through NK1.1 (NKRP1CB6) and
Ly49D alone induces limited amounts of IFN-�, these stimulations
were also performed in the presence of suboptimal concentrations
of IL-12 and IL-18, which considerably amplify NK1.1- and
Ly49D-induced IFN-� production.40 In both types of stimulations,
PKC-��/� NK cells showed marked reduction of IFN-� secretion
compared with WT NK cells (Figure 3B). Because IL-2 has been
previously shown to enhance the effector functions of NK cells,41

we tested whether culture of NK cells with IL-2 could compensate
for the loss of PKC-�, reconstituting NK-cell capacity to secrete
IFN-�. NK cells from WT and PKC-��/� mice were cultured in
IL-2, stimulated for 15 hours with plate-coated anti-NK1.1,
anti-Ly49D, and anti-NKG2D, and then tested for cytokine produc-
tion by cytometric bead array. Despite culture in IL-2, IFN-�
production was completely abrogated in PKC-��/� NK cells
(Figure 3C). Tumor necrosis factor-
 (TNF-
) production was
equally impaired in the absence of PKC-� (Figure 3C), consistent
with a broad role of PKC-� in ITAM-induced cytokine secretion.
Thus, IL-2 activation does not compensate for loss of PKC-�.

Lastly, we stimulated WT and PKC-��/� NK cells with
ionomycin and PMA, which induce calcium mobilization and
activate all PKC, respectively. IFN-� production was severely
impaired in PKC-��/� NK cells compared with WT NK cells also
in this context, although not completely abolished (Figure 3D).
Because PMA/ionomycin activates all PKC isoforms, this result
demonstrates that PKC-� is the predominant PKC isoform respon-
sible for the ITAM pathway to IFN-� in NK cells, although other
PKC isoforms may contribute to a minimal degree.

IL-12-/IL-18–induced IFN-� secretion is PKC-�–independent

To address the impact of PKC-� in IL-12- and/or IL-18–induced
IFN-� secretion, WT and PKC-��/� splenocytes were stimulated
with different doses of IL-12, IL-18, or IL-12 and IL-18 in
combination. IL-12 and IL-18 together elicited IFN-� secretion
more efficiently than IL-12 alone, whereas IL-18 alone had no
effect (Figure 4A). Importantly, PKC-��/� NK cells did not
show any difference in IFN-� secretion compared with WT NK
cells (Figure 4A). Similar results were obtained using purified
NK cells cultured in IL-2 rather than total splenocytes (Figure
4B). Thus, we conclude that PKC-� plays a pivotal role in NK-
cell production of IFN-� when elicited by activating receptors
but not by IL-12 and IL-18.

In contrast to our results, Page et al have recently proposed that
NK cells require PKC-� to secrete IFN-� in response to high
concentrations of IL-12.42 In their study, Page et al stimulated total
splenocytes that had been cultured in IL-15 for 1 week to expand
NK cells. Because we stimulated freshly isolated splenocytes
(Figure 4A) or purified NK cells (Figure 4B), we investigated
whether the discrepancy between the 2 studies could reflect the
different protocols used for stimulation of NK cells. We cultured
total WT and PKC-� splenocytes in IL-15 for 7 to 10 days,
stimulated them with IL-12 and/or IL-18 and measured production
of IFN-� by ELISA and cytometric bead arrays (CBA). Stimulation
of splenocytes with IL-12 or IL-18 produced little IFN-� (Figure

Figure 1. Cross-linking NK cell–activating receptors induces PKC-� activation.
(A) Equal amounts of protein from purified murine and human NK-cell lysates were
loaded and then immunoblotted with anti–PKC-� antibody. Lysates from Jurkat and
CD8� T cells were used as positive controls. (B) PKC-��/� and WT NK cells were
expanded in IL-2 and then stimulated with plate-bound anti-NK1.1 (left panel) or
conjugated with fixed YAC-1 cells (right panel). Cells were lysed and analyzed by
immunoblotting with anti–phospho-PKC-� and anti–total ERK1/2 antibodies. One
experiment of 3 is represented.

NK CELLS REQUIRE PKC-� FOR IFN-� SECRETION 4111BLOOD, 15 NOVEMBER 2008 � VOLUME 112, NUMBER 10

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/112/10/4109/1481403/zh802208004109.pdf by guest on 25 M

ay 2024



4C). In contrast, splenocytes stimulated with IL-12 and IL-18
secreted abundant IFN-� in a PKC-�–independent fashion (Figure
4C). These results corroborate our conclusion that cytokine-
induced NK-cell secretion of IFN-� is PKC-�–independent, whether
NK cells are directly stimulated ex vivo or after in vitro expansion
with IL-2 or IL-15.

PKC-�–mediated signals activate AP-1 and NFAT1

To address whether PKC-� is essential for transcriptional
regulation of IFN-�, we measured IFN-� mRNA by RT-PCR in
WT and PKC-��/� NK cells stimulated for 3 hours with
PMA/ionomycin (Figure 5A). IFN-� mRNA induction was
markedly reduced in PKC-��/� NK cells compared with WT NK

cells. Next, we investigated which transcription factors act
downstream of PKC-�. PKC-� has been previously shown to
promote IL-2 production in thymocytes and mature T cells by
activating both NF-�B and NFAT1.25,26 Canonical NF-�B
activation requires phosphorylation and degradation of I�B
proteins by the I�B kinase complex, which results in activation
and nuclear translocation of NF-�B dimers p65/p50 or c-Rel/
p50.28 Stimulation of WT and PKC-��/� NK cells with PMA/
ionomycin demonstrated that lack of PKC-� has no effect on
I�B
 degradation (Figure 5B). We obtained the same result in
response to NK1.1 ligation (data not shown). Thus, PKC-�-
mediated signals appear to have no impact on NF-�B activation
in NK cells.

Figure 2. Lack of PKC-� does not affect NK cell–mediated cytotoxicity. Ex vivo (A) and IL-2–cultured NK cells from PKC-��/� and WT (B-D) mice were evaluated for
cytotoxicity against YAC-1 cells (A,B), RMA-S parental cells, and RMA-S cells transfected with the NKG2D ligand Rae-1� (B), to assess NKG2D/DAP10/DAP12-independent
and -dependent pathways, respectively. Cytotoxicity was measured by standard chromium release assay. IL-2–cultured WT and PKC-��/� NK cells were tested against
parental Baf/3 cells and Baf/3 cells transfected with Hm1-C4 and m157 to assess Ly49D and Ly49H-transduced signals, respectively (C), and against anti-Thy1.2–coated EL-4
cells to assess CD16-mediated killing (antibody-dependent cellular cytotoxicity) (D).
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We extended our investigation to other signaling pathways.
PMA/ionomycin stimulation induced potent phosphorylation of
ERK, p38, and JNK in WT NK cells. PKC-� deficiency resulted in
reduced ERK and JNK phosphorylation but had no effect on p38
phosphorylation (Figure 5B). Notably, impaired ERK phosphoryla-
tion was detected in PKC-�–deficient NK cells only at late time
points after stimulation, indicating that PKC-� is required for
sustained ERK signaling. Moreover, PKC-� deficiency also re-
sulted in reduced phosphorylation of c-Jun, the downstream
substrate of JNK. Because Jun is a component of the transcription
factor AP-1, we asked whether lack of PKC-� affects AP-1
activation. In electrophoretic mobility shift assay (EMSA), we
noted a significant decrease in AP-1 activation in PKC-��/� versus
WT NK-cell lysates (Figure 5C). To determine whether PKC-� is
required for NFAT activation, we stimulated WT and PKC-��/�

NK cells with PMA/ionomycin and measured phosphorylation of
NFAT1 on residue Ser54, which has been shown to positively
regulate NFAT activation.43 Interestingly, phospho-Ser54 was re-
duced in the absence of PKC-� (Figure 5B). Moreover, analysis of
nuclear extracts in EMSA demonstrated that NFAT DNA binding
activity is reduced in PKC-��/� compared with WT NK cells
stimulated with PMA/ionomycin (Figure 5C). Altogether, these
results indicate that PKC-� promotes IFN-� transcription in NK
cells, most probably through ERK, JNK, AP-1, and NFAT signaling
pathways.

Control of early infection by murine cytomegalovirus in vivo is
PKC-�–independent

NK cells control MCMV infection by killing MCMV-infected cells
and secreting IFN-�, which activates both innate and adaptive

immune responses. Whereas the first mechanism is predominant in
the spleen, the second preferentially occurs in the liver.44 To
investigate the impact of PKC-�–dependent IFN-� secretion on the
ability of NK cells to control MCMV infection, we infected WT
and PKC-��/� mice with MCMV, harvested spleens and livers
3 days after infection, and measured viral titers. WT and PKC-��/�

mice demonstrated no significant difference in viral titers obtained
from the spleens, but also in the liver (Figure 6A). Moreover, WT
and PKC-��/� NK cells analyzed ex vivo 36 hours and 60 hours
after MCMV infection exhibited similar amounts of intracellular
IFN-� (Figure 6B). These results indicate that PKC-�–mediated
IFN-� production is not required to control acute MCMV infection.

Discussion

In this study, we have identified a novel function of PKC-� in NK
cells. Our results demonstrate that activating NK-cell receptors that
signal through ITAM-containing adapters activate PKC-� and that,
for this class of receptors, PKC-� is essential for induction of IFN-�
and TNF-
. Thus, there is a clear parallel between T cells and NK
cells in that both TCR-induced and NK-cell receptor–induced
cytokine secretion require PKC-�. Although a recent study pro-
posed that PKC-� is required for IFN-� secretion in response to
high concentrations of IL-12,42 we found that IFN-� production
induced by IL-12 only or by IL-12 in combination with IL-18 is
entirely PKC-�–independent. Thus, NK cells use redundant, non-
overlapping signaling pathways for IFN-� secretion. This result,
together with the observation that PKC-� is dispensable for
NK-cell release of cytolytic granules, explains why deficiency of

Figure 3. PKC-� is required for ITAM-dependent IFN-� secretion. PKC-��/� and WT splenocytes were stimulated ex vivo with plastic-coated anti-NK1.1 and anti-Ly49D
either in the absence (A) or in the presence (B) of suboptimal concentrations of IL-12 and IL-18. Intracellular IFN-� content was measured by FACS, gating on
DX5�CD3�CD19� NK cells. (C) IL-2–cultured PKC-��/� and WT NK cells were stimulated with plastic-coated anti-NK1.1, anti-NKG2D, and anti-Ly49D. After 16 hours of
stimulation, cell culture supernatants were assayed by cytometric beads array for IFN-� and TNF-
 production. (D) PKC-��/� and WT splenocytes were stimulated ex vivo with
PMA (50 ng/mL) and ionomycin (5 �g/mL). IFN-� production was measured in NK1.1�CD3�CD19� NK cells by intracellular staining. Results are representative of at least
6 independent experiments.
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PKC-� has no significant impact on the ability of NK cells to
control early MCMV infection.

We observed that lack of PKC-� impacts IFN-� secretion but not
cytotoxicity. Interestingly, previous studies have shown that NK cells
lacking the protein tyrosine phosphatase CD45 are also incapable of
IFN-� secretion yet retain full cytotoxic function.21,22 The parallels
between PKC-� and CD45-deficient NK cells extend further in that both
have defects in ERK and JNK signaling, whereas p38 activation
remains intact. It has been proposed that CD45 is important for
generating strong and sustained ITAM signals that are necessary to
induce transcriptional activation of the IFN-� gene at the nuclear level.
Our results indicate that PKC-� may be the crucial intermediate that
amplifies and sustains ITAM signals, enabling prolonged ERK and JNK
phosphorylation and consequently DNA-binding activity of AP-1 and
NFAT.As for the signaling intermediates that link ITAMs with PKC-� in
NK cells, it is well established that all members of the novel PKC
family, including PKC-�, require DAG for activation. DAG is generated
by PLC� through enzymatic cleavage of PIP2, and PLC�2 is the main
PLC� isoform in NK cells. Given this, PLC�2 is the most probable
candidate linking ITAMs with PKC-�. Indeed, it has been shown that
activating receptors are incapable of inducing IFN-� in PLC�2-deficient
NK cells,9-11 as they are in PKC-�–deficient NK cells.

Our results show that PKC-� promotes IFN-� production at the
transcriptional level, although a supplementary posttranscriptional
influence cannot be excluded. To identify which factors may
mediate PKC-�–mediated transcriptional activation of the IFN-�
gene, we investigated several candidates. In T cells, PKC-� has
been shown to phosphorylate CARMA-1, which is then recruited to
form a complex with Bcl-10 and MALT-1, leading to activation of
NF-�B.34 Moreover, PKC-� has also been shown to link TCR
signaling with activation of NFAT and AP-1.25,26 In concert, these
nuclear factors activate transcription of cytokine genes. In NK
cells, we found that PKC-� deficiency impaired NFAT1 and AP-1,
whereas NF-�B activation was preserved. Lack of PKC-� severely
compromised the binding of AP-1 to DNA, which may in turn
contribute to the defect in IFN-� transcription. In this regard, it has
been shown that AP-1 binds to the proximal regulatory element of
the IFN-� promoter in T cells, thereby playing a crucial role in
IFN-� gene expression.45,46 PKC-� may induce AP-1 activation
through the JNK and its downstream transcription factor c-Jun,
which is a component of AP-1. Consistent with this idea, we
observed reduced activation of JNK and c-jun in PKC-�–deficient
NK cells. Moreover, activation of ERK is also reduced in PKC-�–
deficient NK cells, which may further impair AP-1 activation.47,48

Figure 4. Cytokine-induced IFN-� production is PKC-�–independent. (A) PKC-��/� and WT splenocytes were stimulated ex vivo with the indicated doses of IL-12 and/or
IL-18. Intracellular IFN-� content was measured by FACS, gating on NK1.1�CD3�CD19� NK cells. (B) IL-2–cultured PKC-��/� and WT NK cells were stimulated with the
indicated doses of IL-12, IL-18, or IL-12 and IL-18 for 24 hours. IFN-� released in cell culture supernatants was determined by CBA or ELISA. IFN-� concentrations are
indicated in picograms per milliliter (IL-12, IL-18) or nanograms per milliliter (IL-12 � lL-18). (C) Splenocytes from PKC-��/� and WT mice were cultured for 1 week in IL-15 and
then stimulated for 24 hours with the indicated doses of IL-12, IL-18, or IL-12 and IL-18. IFN-� released in cell culture supernatants was determined by CBA or ELISA. IFN-�
concentrations are indicated in picograms per milliliter (IL-12, IL-18) or nanograms per milliliter (IL-12 � lL-18).
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PKC-�–deficient NK cells also had defect in NFAT1 phosphor-
ylation on residue Ser54, which mediates NFAT1 activation.43 In
addition, the capacity of NFAT to bind DNA was reduced in
PKC-�–deficient NK cells. It is possible that lack of PKC-� affects
Ca2� mobilization, as has been previously observed in T cells,26,49

thus impairing NFAT activation. The previous demonstration that
NFAT binds the IFN-� promoter in 2 sites46 and that active NFAT1
is required for IFN-� production in CD4� T cells50,51 is consistent
with our data implying that PKC-�–dependent NFAT activation is
essential for NK-cell transcription of the IFN-� gene. Indeed,
FK506, a known inhibitor of the NFAT pathway, blocks both
human and murine NK-cell production of IFN-�.52

Recently, 3 groups independently demonstrated that Bcl-10 and
CARMA1 are required for IFN-� production and NF-�B activation in

NK cells.36-38Although PKC-� is an upstream activator of the CARMA1/
Bcl-10/MALT1 complex and, moreover, is necessary for NK-cell
secretion of IFN-� just like Bcl10 and CARMA1, PKC-� deficiency had
no impact on NF-�B activation as measured by degradation of I�B
.
This result challenges the model of a linear PKC-�–CARMA1/Bcl10/
MALT1–NF-�B pathway for IFN-� secretion, at least in NK cells, and
suggests that PKC-� and the CARMA1/Bcl-10/MALT1 complex may
control IFN-� transcription through distinct factors, NFAT, AP-1, and
NF-�B, all of which contribute to IFN-� gene transcription.
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Figure 5. PKC-� is required for NFAT and AP-1 activation. (A) IL-2–cultured
PKC-��/� and WT NK cells were stimulated with PMA (50 ng/mL) and ionomycin
(0.5 �g/mL), and transcription of IFN-� was analyzed by RT-PCR. (B) IL-2–cultured
PKC-��/� and WT NK cells were stimulated with PMA (50 ng/mL) and ionomycin
(0.5 �g/mL). Cells were lysed and then analyzed by immunoblotting with anti-I�B
,
anti–phospho-p38, ERK, JNK, c-Fos, and NFAT1-Ser54.As a loading control, membranes
were probed with anti-actin antibody. (C) IL-2–cultured PKC-��/� and WT NK cells were
stimulated as in panel B, and then nuclear extracts were analyzed by EMSA using probes
containing NFAT or AP-1 binding sites. Results are representative of 3 independent
experiments.

Figure 6. Early control of MCMV infection is PKC-�–independent. (A) Age-
matched WT and PKC-��/� mice were infected intraperitoneally with 5 � 105 pfu of
MCMV. Three days after infection, spleen and liver viral loads were determined by
plaque assay. Results are representative of 3 independent experiments. (B) Age-
matched WT and PKC-��/� mice were infected intraperitoneally with 5 � 105 pfu of
MCMV. At 36 hours and 60 hours after infection, splenocytes were analyzed ex vivo
for intracellular IFN-� content by FACS, gating on NK1.1�CD3�CD19� NK cells.

NK CELLS REQUIRE PKC-� FOR IFN-� SECRETION 4115BLOOD, 15 NOVEMBER 2008 � VOLUME 112, NUMBER 10

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/112/10/4109/1481403/zh802208004109.pdf by guest on 25 M

ay 2024



References

1. Vivier E, Nunes JA, Vely F. Natural killer cell sig-
naling pathways. Science. 2004;306:1517-1519.

2. Lanier LL. Natural killer cell receptor signaling.
Curr Opin Immunol. 2003;15:308-314.

3. Colucci F, Di Santo JP, Leibson PJ. Natural killer
cell activation in mice and men: different triggers
for similar weapons? Nat Immunol. 2002;3:807-
813.

4. McVicar DW, Burshtyn DN. Intracellular signaling
by the killer immunoglobulin-like receptors and
Ly49. Sci STKE. 2001;75:RE1.

5. Chiesa S, Mingueneau M, Fuseri N, et al. Multi-
plicity and plasticity of natural killer cell signaling
pathways. Blood. 2006;107:2364-2372.

6. Jiang K, Zhong B, Gilvary DL, et al. Pivotal role of
phosphoinositide-3 kinase in regulation of cyto-
toxicity in natural killer cells. Nat Immunol. 2000;
1:419-425.

7. Jiang K, Zhong B, Gilvary DL, et al. Syk regula-
tion of phosphoinositide 3-kinase-dependent NK
cell function. J Immunol. 2002;168:3155-3164.

8. Bonnema JD, Karnitz LM, Schoon RA, Abraham
RT, Leibson PJ. Fc receptor stimulation of phos-
phatidylinositol 3-kinase in natural killer cells is
associated with protein kinase C-independent
granule release and cell-mediated cytotoxicity. J
Exp Med. 1994;180:1427-1435.

9. Tassi I, Presti R, Kim S, Yokoyama WM, Gilfillan
S, Colonna M. Phospholipase C-gamma 2 is a
critical signaling mediator for murine NK cell-acti-
vating receptors. J Immunol. 2005;175:749-754.

10. Caraux A, Kim N, Bell SE, et al. Phospholipase
C-gamma2 is essential for NK cell cytotoxicity
and innate immunity to malignant and virally in-
fected cells. Blood. 2006;107:994-1002.

11. Regunathan J, Chen Y, Kutlesa S, et al. Differen-
tial and nonredundant roles of phospholipase
Cgamma2 and phospholipase Cgamma1 in the
terminal maturation of NK cells. J Immunol. 2006;
177:5365-5376.

12. Upshaw JL, Schoon RA, Dick CJ, Billadeau DD,
Leibson PJ. The isoforms of phospholipase C-
gamma are differentially used by distinct human
NK activating receptors. J Immunol. 2005;175:
213-218.

13. Cella M, Fujikawa K, Tassi I, et al. Differential re-
quirements for Vav proteins in DAP10- and ITAM-
mediated NK cell cytotoxicity. J Exp Med. 2004;
200:817-823.

14. Trotta R, Puorro KA, Paroli M, et al. Dependence
of both spontaneous and antibody-dependent,
granule exocytosis-mediated NK cell cytotoxicity
on extracellular signal-regulated kinases. J Im-
munol. 1998;161:6648-6656.

15. Upshaw JL, Arneson LN, Schoon RA, Dick CJ,
Billadeau DD, Leibson PJ. NKG2D-mediated sig-
naling requires a DAP10-bound Grb2-Vav1 inter-
mediate and phosphatidylinositol-3-kinase in hu-
man natural killer cells. Nat Immunol. 2006;7:524-
532.

16. Billadeau DD, Upshaw JL, Schoon RA, Dick CJ,
Leibson PJ. NKG2D-DAP10 triggers human NK
cell-mediated killing via a Syk-independent regu-
latory pathway. Nat Immunol. 2003;4:557-564.

17. Graham DB, Cella M, Giurisato E, et al. Vav1
controls DAP10-mediated natural cytotoxicity by
regulating actin and microtubule dynamics. J Im-
munol. 2006;177:2349-2355.

18. Giurisato E, Cella M, Takai T, et al. Phosphatidyl-
inositol 3-kinase activation is required to form the
NKG2D immunological synapse. Mol Cell Biol.
2007;27:8583-8599.

19. Zompi S, Hamerman JA, Ogasawara K, et al.
NKG2D triggers cytotoxicity in mouse NK cells
lacking DAP12 or Syk family kinases. Nat Immu-
nol. 2003;4:565-572.

20. Colucci F, Rosmaraki E, Bregenholt S, et al.
Functional dichotomy in natural killer cell signal-
ing: Vav1-dependent and -independent mecha-
nisms. J Exp Med. 2001;193:1413-1424.

21. Huntington ND, Xu Y, Nutt SL, Tarlinton DM. A
requirement for CD45 distinguishes Ly49D-medi-
ated cytokine and chemokine production from
killing in primary natural killer cells. J Exp Med.
2005;201:1421-1433.

22. Hesslein DG, Takaki R, Hermiston ML, Weiss A,
Lanier LL. Dysregulation of signaling pathways in
CD45-deficient NK cells leads to differentially
regulated cytotoxicity and cytokine production.
Proc Natl Acad Sci U S A. 2006;103:7012-7017.

23. Tassi I, Cella M, Gilfillan S, et al. p110gamma and
p110delta phosphoinositide 3-kinase signaling
pathways synergize to control development and
functions of murine NK cells. Immunity. 2007;27:
214-227.

24. Hayashi K, Altman A. Protein kinase C theta
(PKCtheta): a key player in T cell life and death.
Pharmacol Res. 2007;55:537-544.

25. Sun Z, Arendt CW, Ellmeier W, et al. PKC-theta is
required for TCR-induced NF-kappaB activation
in mature but not immature T lymphocytes. Na-
ture. 2000;404:402-407.

26. Pfeifhofer C, Kofler K, Gruber T, et al. Protein ki-
nase C theta affects Ca2� mobilization and
NFAT cell activation in primary mouse T cells. J
Exp Med. 2003;197:1525-1535.

27. Bi K, Tanaka Y, Coudronniere N, et al. Antigen-
induced translocation of PKC-theta to membrane
rafts is required for T cell activation. Nat Immunol.
2001;2:556-563.

28. Schulze-Luehrmann J, Ghosh S. Antigen-recep-
tor signaling to nuclear factor kappa B. Immunity.
2006;25:701-715.

29. Villalba M, Bi K, Hu J, et al. Translocation of
PKC[theta] in T cells is mediated by a nonconven-
tional, PI3-K- and Vav-dependent pathway, but
does not absolutely require phospholipase C.
J Cell Biol. 2002;157:253-263.

30. Villalba M, Coudronniere N, Deckert M, Teixeiro
E, Mas P, Altman A. A novel functional interaction
between Vav and PKCtheta is required for TCR-
induced T cell activation. Immunity. 2000;12:151-
160.

31. Dienz O, Moller A, Strecker A, et al. Src homology
2 domain-containing leukocyte phosphoprotein of
76 kDa and phospholipase C gamma 1 are re-
quired for NF-kappa B activation and lipid raft re-
cruitment of protein kinase C theta induced by T
cell costimulation. J Immunol. 2003;170:365-372.

32. Toker A, Newton AC. Cellular signaling: pivoting
around PDK-1. Cell. 2000;103:185-188.

33. Lee KY, D’Acquisto F, Hayden MS, Shim JH,
Ghosh S. PDK1 nucleates T cell receptor-induced
signaling complex for NF-kappaB activation. Sci-
ence. 2005;308:114-118.

34. Matsumoto R, Wang D, Blonska M, et al. Phos-
phorylation of CARMA1 plays a critical role in T
cell receptor-mediated NF-kappaB activation. Im-
munity. 2005;23:575-585.

35. Arendt CW, Albrecht B, Soos TJ, Littman DR.
Protein kinase C-theta: signaling from the center
of the T-cell synapse. Curr Opin Immunol. 2002;
14:323-330.

36. Hara H, Ishihara C, Takeuchi A, et al. Cell type-

specific regulation of ITAM-mediated NF-kappa B
activation by adaptors CARMA1 and CARD9.
J Immunol. 2008;181:918-930.

37. Gross O, Grupp C, Steinberg C, et al. Multiple
ITAM-coupled NK cell receptors engage the
Bcl10/Malt1 complex via Carma1 for NF-�B and
MAPK activation to selectively control cytokine
production. Blood. 2008;112:2421-2428.

38. Malarkannan S, Regunathan J, Chu H, et al.
Bcl10 plays a divergent role in NK cell-mediated
cytotoxicity and cytokine generation. J Immunol.
2007;179:3752-3762.

39. Gilfillan S, Ho EL, Cella M, Yokoyama WM,
Colonna M. NKG2D recruits two distinct adapters
to trigger NK cell activation and costimulation.
Nat Immunol. 2002;3:1150-1155.

40. Ortaldo JR, Winkler-Pickett R, Wigginton J, et al.
Regulation of ITAM-positive receptors: role of
IL-12 and IL-18. Blood. 2006;107:1468-1475.

41. Fehniger TA, Cai SF, Cao X, et al. Acquisition of
murine NK cell cytotoxicity requires the transla-
tion of a pre-existing pool of granzyme B and per-
forin mRNAs. Immunity. 2007;26:798-811.

42. Page KM, Chaudhary D, Goldman SJ, Kasaian
MT. Natural killer cells from protein kinase C
theta�/� mice stimulated with interleukin-12 are
deficient in production of interferon-gamma.
J Leukoc Biol. 2008;83:1267-1276.

43. Okamura H, Aramburu J, Garcia-Rodriguez C, et
al. Concerted dephosphorylation of the transcrip-
tion factor NFAT1 induces a conformational
switch that regulates transcriptional activity. Mol
Cell. 2000;6:539-550.

44. Tay CH, Welsh RM. Distinct organ-dependent
mechanisms for the control of murine cytomega-
lovirus infection by natural killer cells. J Virol.
1997;71:267-275.

45. Penix LA, Sweetser MT, Weaver WM, Hoeffler JP,
Kerppola TK, Wilson CB. The proximal regulatory
element of the interferon-gamma promoter medi-
ates selective expression in T cells. J Biol Chem.
1996;271:31964-31972.

46. Sweetser MT, Hoey T, Sun YL, Weaver WM,
Price GA, Wilson CB. The roles of nuclear factor
of activated T cells and ying-yang 1 in activation-
induced expression of the interferon-gamma pro-
moter in T cells. J Biol Chem. 1998;273:34775-
34783.

47. Karin M. The regulation of AP-1 activity by mito-
gen-activated protein kinases. Philos Trans R
Soc Lond B Biol Sci. 1996;351:127-134.

48. Whitmarsh AJ, Davis RJ. Transcription factor
AP-1 regulation by mitogen-activated protein ki-
nase signal transduction pathways. J Mol Med.
1996;74:589-607.

49. Altman A, Kaminski S, Busuttil V, et al. Positive
feedback regulation of PLCgamma1/Ca(2�) sig-
naling by PKCtheta in restimulated T cells via a
Tec kinase-dependent pathway. Eur J Immunol.
2004;34:2001-2011.

50. Kiani A, Garcia-Cozar FJ, Habermann I, et al.
Regulation of interferon-gamma gene expression
by nuclear factor of activated T cells. Blood. 2001;
98:1480-1488.

51. Peng SL, Gerth AJ, Ranger AM, Glimcher LH.
NFATc1 and NFATc2 together control both T and
B cell activation and differentiation. Immunity.
2001;14:13-20.

52. Aramburu J, Azzoni L, Rao A, Perussia B. Activa-
tion and expression of the nuclear factors of acti-
vated T cells, NFATp and NFATc, in human natu-
ral killer cells: regulation on CD16 ligand binding.
J Exp Med. 1995;182:801-810.

4116 TASSI et al BLOOD, 15 NOVEMBER 2008 � VOLUME 112, NUMBER 10

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/112/10/4109/1481403/zh802208004109.pdf by guest on 25 M

ay 2024


