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We have previously shown that the development of a major histocompatibility complex class I (MHC-I)-deficient
tumor was favored in protein kinase C-u knockout (PKC-u¡/¡) mice compared to that occurring in wild-type mice. This
phenomenon was associated with scarce recruitment of natural killer (NK) cells to the tumor site, as well as impaired NK
cell activation and reduced cytotoxicity ex vivo. Poly-inosinic:cytidylic acid (poly I:C) treatment activated PKC-u in NK
cells depending on the presence of a soluble factor produced by a different splenocyte subset. In the present work, we
sought to analyze whether interleukin-15 (IL-15) and/or interferon-a (IFNa) mediate PKC-u-dependent antitumor NK cell
function. We found that IL-15 improves NK cell viability, granzyme B expression, degranulation capacity and interferon-
g (IFNg/ secretion independently of PKC-u. In contrast, we found that IFNa improves the degranulation capability of NK
cells against target cancer cells in a PKC-u-dependent fashion both ex vivo and in vivo. Furthermore, IFNa induces PKC-u
auto-phosphorylation in NK cells, in a signal transduction pathway involving both phosphatidylinositol-3-kinase (PI3K)
and phospholipase-C (PLC) activation. PKC-u dependence was further implicated in IFNa-induced transcriptional
upregulation of chemokine (C-X-C motif) ligand 10 (CXCL10), a signal transducer and activator of transcription-1 (STAT-
1)-dependent target of IFNa. The absence of PKC-u did not affect IFNa-induced STAT-1 Tyr701 phosphorylation but
affected the increase in STAT-1 phosphorylation on Ser727, attenuating CXCL10 secretion. This connection between
IFNa and PKC-u in NK cells may be exploited in NK cell-based tumor immunotherapy.

Introduction

The serine threonine specific protein kinase C-u (PKC-u) was
initially isolated and characterized as a PKC isoenzyme expressed in
T cells.1 In this context, PKC-u signal transduction downstream of
the T cell receptor (TCR) triggers key transcription factors essential
for T-cell activation such as activating protein-1 (AP-1, also known
as JUN ), nuclear factor of k-light chain polypeptide gene enhancer
in B cells (NF-kB) and nuclear factor of activated T cells (NF-
AT).2-6 However, PKC-u expression is not exclusive to T cells.7

The cancer immunosurveillance hypothesis proposes that the
immune system detects and eliminates neoplastic cells undergoing
malignant transformation and that the adaptive immune system is

able to maintain small cancer lesions in an equilibrium, i.e.,
in a growth constricted state.8-12 PKC-u is essential for this
immune function at least in the control of leukemia as evinced by
prior findings demonstrating that PKC-u-deficient mice exhibit
increased lymphoproliferative disease incidence and onset.13 This
response presumably involved cytotoxic T lymphocyte (CTL)
function, considering that these leukemic cancer cells express
major histocompatibility complex class I (MHC-I).

Cells of the innate immune system, including gd T cells, natural
killer (NK) cells and natural killer T (NKT) cells, can also mediate
anticancer immune responses. Specifically, NK cells play an impor-
tant role in tumor immunosurveillance,14-16 as they have been
observed to control the progression of MHC-I-deficient tumors via
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perforin/granzyme- and FasL-mediated cytotoxicity.17-19 Interest-
ingly, we have previously shown that PKC-u is required for FasL-
expression in T cells, although not for CTL degranulation.20,21

Since most cancer cells down-regulate MHC-I expression to escape
the CTL-mediated cytotoxicity22 it is important to evaluate further
the role of NK cells in mediating antitumor immunity.

We have previously shown that development of a MHC-I-
deficient tumor (RMA-S) is favored in PKC-u¡/¡ mice as
compared to that occurring in wild-type (wt) mice.23,24 This patho-
physiological condition was found to be associated with a deficient
recruitment of NK cells to the tumor site in PKC-u¡/¡mice, corre-
lating with impaired activation of recruited NK cells. Furthermore,
in vitro testing showed that NK cells isolated from PKC-u¡/¡ mice
exhibited reduced cytotoxicity against leukemic RMA-S cells after
poly-inosinic:cytidiylic acid (poly I:C) treatment ex vivo.23 We also
observed that poly I:C treatment increased the relative expression
levels and the activation status of PKC-u in NK cells, both in vivo
and in vitro. In the latter scenario, the presence of the complete sple-
nocyte immune population was apparently needed, suggesting that
the effect is presumably partially mediated by macrophages and/or
dendritic cells.23 Our finding is in accord with previous studies
demonstrating a NK cell-dependent increase in anticancer activity
of NK cells responding to poly I:C stimulation.25 PKC-u activation
in this context is presumably mediated by soluble factor(s), which
could be cytokine(s) secreted by macrophages and (or) dendritic
cells (DCs) that are known to activate NK cells.24 Thus, we have set
out to define factors mediating NK activation and tumoricidal
activity through PKC-u. Since it has been previously reported that
interleukin-12 (IL-12) signal transduction is affected in NK cells
derived from PKC-u¡/¡mice,26 this cytokine was tested first. Inter-
leukin-15 (IL-15) was also included in the mentioned studies, since
it is important in regulating NK cell function and survival,27,28 and
for efficient antitumor NK cell activity.29 Indeed, we reported that
both, IL-12 and IL-15 activated PKC-u in NK cells, with IL-15
being more potent at inducing PKC-u phosphorylation. More
importantly, in a mixed splenocyte culture stimulated ex vivo with
poly I:C, neutralizing antibodies against IL-15 substantially
reduced NK cell PKC-u phosphorylation, whereas IL-12 antibody
blockade was ineffective.23 Therefore, IL-15 appeared to be the
most feasible candidate to mediate PKC-u-dependent antitumor
NK cell immune function.24 In the present study, we initially set
out to test this possibility, testing IL-15 in regards to PKC-u activa-
tion status and NK cell immunophenotypes. Contrary to our
expectations, our results implicate interferon-a (IFNa/ as the prin-
cipal cytokine that signals through PKC-u inNK cells and, as a con-
sequence of downstream trancriptional changes, is primarily
responsible for PKC-u-dependent NK cell anticancer immunity.

Results

PKC-u in IFNa and IL-15 effect on survival and immune
function of NK cells

Our previous studies suggested that IL-15 could be the main
cytokine responsible for the PKC-u-dependent antitumor function
of NK cells.23 In order to evaluate the necessity for PKC-

u-mediated signal transduction in a particular NK cell biological
process, we comparatively analyzed IFNa and IL-15 responses in
NK cells derived from PKC-u¡/¡ versus wt animals. As shown in
Fig. 1A, using an Annexin V externalization assay, we found that
IL-15 is crucial for NK cell survival as although the majority
(»70%) of isolated murine NK cells were Annexin V positive
within the first 24 h in culture, this programmed cell death was
almost completely abolished by inclusion of IL-15 in the cultures.
However, this effect was found to be independent of PKC-u, since
it was equally achieved in NK cells from wt or PKC¡u¡/¡ mice.
IFNa also seemed to improve survival, although less efficiently
than IL-15 and also in a PKC-u-independent manner. IL-15 also
induced interferon-g (IFNg) production in purified NK cells in a
PKC-u independent fashion, whereas IFNa had no effect
(Fig. 1B).

As shown in Fig. 1C, IL-15 improved NK cell degranulation
when co-cultured with YAC-1 target cells as measured by an
increase in the percentage of NK cells expressing CD107a, but this
effect was again PKC-u-independent. In sharp contrast, IFNa
increased degranulation against YAC-1 cells to a higher magnitude,
and this was entirely dependent upon PKC-u expression, since this
immunity-related biological process was abolished in NK cells
from PKC-u¡/¡ mice (Fig. 1C). Furthermore, although both IL-
15 and IFNa modestly increased granzyme B expression in NK
cells from wt mice over the already high basal expression level char-
acteristic of spleen NK cells,23 this increase was dependent on
PKC-u only in the case of IFNa (Fig. 1D). In sum, these experi-
ments show that although IL-15 is important to maintain NK cell
viability and in the induction of IFNg secretion, these immune
functions were independent of PKC-u. On the other hand, our
findings are the first to provide evidence that the increase in NK cell
cytotoxic potential induced by IFNa is dependent on PKC-u, with
implications in the antitumor function of these molecules.

IFNa-mediated NK cell activation in vivo depends
on PKC-u

We next set out to determine the physiological dependence of
IFNa-induced increase of NK cell cytotoxic potential by stimu-
lating NK cells with IFNa in vivo. To this end, we injected
10,000 IU of IFNa intraperitoneally into wt or PKC-u¡/¡ mice
and, 24 h later, obtained purified peritoneal or splenic NK cells,
and assayed NK cell degranulation (as measured by expression of
107a) against YAC-1 cells and the percentage of NK cells express-
ing granzyme B. We found that injection of IFNa increased the
cytotoxic potential of peritoneal or splenic NK cells against
YAC-1 cells (Fig. 2A). This effect was significantly (p-value
<0.05) reduced in peritoneal NK cells obtained from PKC-u¡/¡

mice, confirming the in vitro result and implicating PKC-u¡/¡ as
a key mediator of NK cell immune responses to IFNa. However,
despite our findings using NK cells from the peritoneum, no sig-
nificant difference was observed using splenic NK cells. In vivo
injection of IFNa also resulted in a net increase in the expression
of granzyme B, especially in peritoneal NK cells (Fig. 2B), but
this effect was independent of PKC-u expression, since granzyme
B was observed in a similar fraction of NK cells derived from
PKC-u¡/¡ mice.
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IFNa activates PKC-u in
NK cells through a PI3K-
and PLC-dependent pathway

As shown in Fig. 3A, IFNa
treatment of splenic NK cells
from wt mice induced a rapid,
efficient and sustained auto-
phosphorylation of PKC-u on
Ser676, thus indicating enzy-
matic activation of the kinase. In
contrast, the protein expression
level of PKC-u was not affected
(Fig. 3A).

We next sought to identify the
signal transduction pathway that
connects IFNa to PKC-u. Inter-
estingly, PKC-u is the only T-cell
expressed PKC isoform that is
activated through a PI3K-depen-
dent pathway triggered by TCR
ligation.30 Although the main
signaling pathway elicited by
cytokine receptors is mediated by
Janus kinases (JAKs) and signal
transducer and activator of tran-
scription (STATs), cytokines
such as IFNa, IL-2 and IL-15
also activate the phosphatidylino-
sitol-3-kinase (PI3K) pathway in
B and T cells.31-34 IFNa is also
known to activate phospholi-
pase-C (PLC) signaling cas-
cades.35 Hence, we tested the
ability of wortmannin, a PI3K
inhibitor, and U73122, a PLC
inhibitor, or rapamycin, a mam-
malian target of rapamycin
(mTOR) inhibitor, to attenuate
PKC-u activation induced by
IFNa in NK cells. As shown in
Fig. 3B, both wortmannin and
U73122 abrogated the increase
in PKC-u auto phosphorylation induced by IFNa in NK cells,
while rapamycin only partially inhibited this process.

The induction of some IFNa¡target genes in NK cells is
PKC-u-dependent

We next set out to analyze if transcription of IFNa-responsive
genes was affected in NK cells from PKC-u¡/¡ mice. We used
quantitative reverse transcription polymerase chain reaction (qRT-
PCR) to assay the transcriptional levels of interferon-regulatory fac-
tor 9 (IRF-9) and interferon-stimulated 15 kDa protein (ISG15), 2
IFNa-responsive genes that have been previously reported to be
dependent upon PKC-u signaling in T cells,36 as well as the
mRNA levels of (C-X-C motif) ligand 10 (CXCL10), a candidate
IFNa-responsive gene dependent on STAT1.37 We used

interferon-g (IFNg) as a control gene that is not affected by IFNa
in NK cells. As shown in Fig. 4A, IFNa treatment significantly
increased the transcription of IRF9 in NK cells obtained from
either wt or heterozygotic PKC-uC/¡ mice, but not in those puri-
fied from PKC-u¡/¡ mice. ISG15 transcription was significantly
increased in NK cells from all 3 genetic backgrounds, although to a
different extent (Fig. 4A). Finally, CXCL10 transcript levels were
substantially increased in NK cells from wt mice, reduced in heter-
ozygotic PKC-uC/¡ mice, and abolished in NK cells from PKC-
u¡/¡ mice (Fig. 4A). On the contrary, we did not detect a signifi-
cant increase in the transcription of IFNg in response to treatment
with IFNa, demonstrating specificity in transcriptional responses.
Fig. 4B shows the increase in the ratio of gene expression of each
experimental transcript relative to the transcript levels of Rab

Figure 1. Dependence on PKC-u for IL-15 and IFNa-induced NK cell survival and immune function. (A–D) Natu-
ral killer (NK) cells derived from C57BL6 mice null for protein kinase C-u (PKC-u¡/¡) vs. wild-type animals (PKC-
uC/C) were functionally characterized for responses to interleukin 15 (IL-15) and interferon-a (IFNa). NK cells
were isolated by magnetic cell separation (MACS) technology and cultured in complete medium at 2 £ 106

cells/mL in the absence (¡) or in the presence of the indicated concentrations of IL-15 or IFNa for 24 h. After-
wards, cells were labeled with an anti-NK1.1 mAb labeled with phycoerythrin (PE) to restrict the cytofluorimet-
ric analysis to NK cells. (A) Cell death was determined by surface staining with Annexin-V labeled with
fluorescein isothiocyanate (FITC) and flow cytometry. (B and C) After 24 h cytokine stimulation, NK cells were
incubated with YAC-1 cells at a 1:1 ratio during 6h in the presence of monensin and the production of inter-
feron-g (IFNg) (B) and degranulation (C) was tested by flow cytometry. IFNg was detected by intracellular stain-
ing with a specific anti-IFNg antibody labeled with FITC and degranulation was determined by analysis of
CD107a surface expression using an anti-CD107a antibody labeled with FITC. (D) The content of granzyme B
was analyzed by permeabilization and intracellular staining with a specific anti-granzyme B antibody detected
using an FITC-conjugated secondary and flow cytometry. Data are the mean § SD of 2 independent experi-
ments performed in triplicate; statistical analyses were performed by Student’s t test: *P < 0.05; **P< 0.02.
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interacting lysosomal protein-like 1 (RILPL1, also known as
RLP1), a stable and abundant mRNA, upon IFNa treatment in
the same experiments. The IFNa¡dependent increase in the ratio
was moderate for IRF9 and equal in NK cells obtained from either
wt or heterozygotic PKC-uC/¡ mice, but decreased by more than
50% in NK cells from PKC-u¡/¡ mice, although this difference
was not statistically significant (P-value>0.05). In comparison, the
relative increase in the transcript levels of ISG15 was higher than
that of IRF9, an increase significantly inhibited in NK cells derived
from either PKC-uC/¡ or PKC-u¡/¡ mice. Finally, the highest
magnitude of IFNa-induced transcriptional increase corresponded
to CXCL10, a molecular phenotype significantly inhibited in NK
cells from either PKC-uC/¡ and PKC-u¡/¡ mice. The fact that
IRF9 gene expression was not affected in NK cells from PKC-
uC/¡, whereas ISG15 andCXCL10mRNA levels were significantly
affected by PKC-u deficiency, suggests a dosage effect at promoters,
some of which require full activation of the transcription factors
involved. Our data confirmed that IFNa-mediated IRF9 and

ISG15 expression is dependent
upon PKC-u in NK cells, as previ-
ously reported in T cells.36 How-
ever, our data showing a
dependency on PKC-u for the
IFNa-mediated induction of
CXCL10 gene expression are new
and intriguing.

Reduced IFNa-induced
STAT-1 phosphorylation in
Ser727 and CXCL10 secretion
in NK cells derived from PKC-
u¡/¡ mice

Our observation that IFNa
stimulated CXCL10 transcription
is impaired in NK cells from
PKC-u¡/¡ mice suggested that
PKC-u is involved in STAT1 sig-
naling. IFNa readily induced
STAT1 phosphorylation at
Tyr701 in NK cells obtained from
the spleens of wild-type mice.
However, the phospho-STAT1
level was only slightly reduced in
splenic NK cells derived from
PKC-u¡/¡ mice. Considering that
STAT1 phosphorylation depends
on the direct action of JAK1,38

PKC-u presumably affects the
STAT1 pathway downstream of
JAK1-mediated tyrosine phos-
phorylation. Although tyrosine
phosphorylation is indispensable
for the transcriptional activity of
STAT1, complete transcriptional
capacity has been ascribed to addi-
tional phosphorylation events,

including serine phosphorylation. For example, in macrophages,
upon IFNg treatment, PKC-a has been shown to phosphorylate
STAT1 on Ser727, generating a fully functional STAT1 at the
transcription level.39 Furthermore, PKC-d, a close homolog of
PKC-u, has been shown to be able to associate with STAT1 and
mediate IFNg-induced STAT1 phosphorylation in a promyelo-
cytic cell line.40 Interestingly, rotlerin, the PKC-d inhibitor used
in that study, also inhibits PKC-u:20,21 Hence, we next tested
whether IFNa treatment increased STAT-1 phosphorylation on
Ser727 in NK cells. As shown in Fig. 6, 30 min of exposure to
IFNa increased STAT1 phosphorylation on Ser727 in NK cells
from wt mice. In contrast, NK cells from PKC-u¡/¡ mice
showed basal Ser727 phosphorylation that did not increase upon
IFNa treatment (Fig. 6).

Finally, considering that IFNa induced transcription of
CXCL10 through PKC-u in NK cells, we next sought to ascertain
the PKC-u¡dependent effects of IFNa on CXCL10 protein lev-
els. We found that IFNa induced a significant increase in

Figure 2. Dependence on PKC-u for IFNa-induced NK cell immune function in vivo. (A and B) Protein kinase
C-u knockout (PKC-u¡/¡) or wild-type (PKC-uC/C) C57BL/6 mice were injected intraperitoneally with 10,000
IU/mL of interferon-a (IFNa) or the same volume of PBS. After 24 h, mice were sacrificed, and natural killer
(NK) cells were magnetically isolated by MACS technology either from total spleen cells or cells derived from
flushing the peritoneum. NK cells were functionally characterized following a 6 h stimulation with YAC-1 tar-
get cells at a 1:1 ratio, immunofluorescence staining and cytofluorimetric analysis. (A) The degranulation
potential of isolated NK cells against YAC-1 cells was estimated using a fluorophore-conjugated anti-CD107a
antibody and flow cytometry. (B) The granzyme B content of YAC-1 stimulated NK cells was estimated via
immunofluorescence staining and flow cytometry. Data are the mean § SD of assaying NK cells derived
from 3 different mice in each experimental condition; statistical analyses were performed by Student’s t test;
*P < 0.05; ***P < 0.01; ns: difference not statistically significant.
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CXCL10 secretion by NK cells,
which was statistically decreased
in NK cells derived from PKC-
u¡/¡ mice (Fig. 7). Taken
together, these data elucidate a
new signal transduction pathway
in NK cells, connecting IFNa
signaling with STAT-1-regulated
genes through PKC-u enzymatic
activity.

Discussion

Our previous studies have
shown that PKC-u is essential for
the antitumor function of NK
cells.23 We also previously
showed that PKC-u activation in
this context is mediated by solu-
ble factor(s), probably cytokines
secreted by macrophages and (or)
DCs that are known to activate
NK cells.23,24 Thus, we prospec-
tively evaluated whether IL-12 or
IL-15 could be among the key
cytokines activating PKC-u sig-
naling cascades. In this prior
study, we found that although
both IL-12 and IL-15 efficiently
activated PKC-u in NK cells,
only neutralizing antibodies to
IL-15 reduced PKC-u auto-phos-
phorylation induced in vitro by poly I:C in the context of a mixed
splenocyte population.23 In the present study, we initially tested
the possibility that IL-15 could be the main cytokine controlling
these responses. Although we confirmed our prior data indicating
that IL-15 is essential for NK cell survival and for the secretion of
IFNg, we report here that these functions are actually PKC-u
independent.

Unexpectedly, we have found that the main DC-derived cyto-
kine whose signaling is dependent upon the presence of PKC-u in
NK cells, and further is most likely responsible for PKC-u-depen-
dent NK-cell mediated antitumor activity is rather IFNa. This
interpretation is consistent with the increased sensitivity of
IFNAR¡/¡ or PKC-u¡/¡mice to the development of NK cell-sen-
sitive tumors.23,41 We have shown that IFNa achieves this
immune function by fostering at least 3 different responses in NK
cells in a PKC-u-dependent manner, including: i) augmenting the
degranulation capacity of NK cells; ii) contributing to the increase
in granzyme B expression in activated NK cells; and iii) inducing
CXCL10 secretion from activated NK cells.

The augmentation of the degranulation capacity of NK
cells was demonstrated by treating isolated splenic NK cells
in vitro with IFNa, or alternatively, by activating NK cells in
vivo by injecting IFNa, followed by assaying their

degranulation responses to YAC-1 cells. In either scenario,
IFNa effects were strictly dependent upon PKC-u, since NK
cells from PKC-u¡/¡ mice did not increase their basal
degranulation potential. In the case of the in vivo activation,
this was only observed in peritoneal NK cells, probably
reflecting the basal activated phenotype of splenic NK cells,
especially against YAC-1 cells, target cells that are extremely
sensitive to NK cell cytolysis.17,23

It has been previously reported that PKC-u clusters at the NK
cell immunological synapse, potentially amplifying effector
responses, and possibly regulating NK cell degranulation.42

However, in this study the inhibition of degranulation was only
partial in NK cells from PKC-u¡/¡ mice as compared with wild
type mice (41.8% vs. 64.5%), and there were no effects observed
on the cytotoxicity against YAC-1 or BaF3 cells transfected with
KAR ligands. However, IFNg secretion was affected,42 as has
been previously described.43

Our group,21 and others,44,45 have demonstrated that PKC-u
is dispensable for degranulation induced by the TCR in mature
cytotoxic T lymphocyte (CTL) clones and primary T cells,
and further, that degranulation is not affected in CTLs from
PKC-u¡/¡ mice. However, the induction of FasL expression in
these cells is strictly dependent on PKC-u.20,21,30

Figure 3. IFNa-induced PKC-u activation in NK cells. (A) Natural killer (NK) cells were magnetically isolated by
MACS technology from spleens of wild-type (wt) C57BL/6 mice and cultured in complete medium at 2 £ 106

cells/mL in the absence (¡) or presence (C) of the indicated concentrations of interferon-a (IFNa) for 30 min
(left panel), or in the presence of 100 IU/mL of IFNa for the indicated periods of time (right panel). (B and C)
Isolated NK cells from wt C57BL/6 mouse spleens were pre-incubated for 30 min in the absence (control) or in
the presence of either 10 mM U73122 or 100 nM of wortmannin or rapamycin, as indicated. Afterwards, 100
IU/mL of IFNa were added (C) or not (¡) and cells were incubated in the presence of the indicated inhibitors
for an additional 30 min. (B) PKC-u phosphorylation in Ser676 determined by immunoblot. Total PKC-u and/or
b-actin expression was determined in parallel by immunoblot as loading controls. (C) The phospho-PKC-
u/b-actin ratios were determined by densitometry and results expressed as the increase in this ratio. Data
shown are the mean§ SD of at least 2 different experiments for each condition.
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We have shown previously that basal NK cell degranulation or
cytotoxicity against YAC-1 cells was not affected using freshly
isolated splenic NK cells from PKC-u¡/¡ mice,23 in agreement
with previous reports.43 However, YAC-1 cells are extremely sen-
sitive to NK cells and unable to generate tumors in either synge-
neic wt or PKC-u¡/¡ mice. On the other hand, degranulation or
cytotoxicity against RMA-S cells has been shown to be reduced
in NK cells obtained from PKC-u¡/¡ mice, in agreement with
the increased tumorigenic potential of RMA-S cells in these
knockout mice.23 Moreover, in this system, splenic NK cells

must be previously activated by poly I:C to demonstrate cytotox-
icity or degranulation potential against RMA-S cells, in contrast
to unprimed NK cell activity against YAC-1 cells. Altogether,
these data suggest that PKC-u is a necessary constituent of in
vivo activation of the degranulation potential of NK cells
responding to poly I:C, or alternatively, endogenous tumor dan-
ger signals. Further, PKC-u does not appear to be essential to the
degranulation process itself, although it could amplify this
response, as previously suggested.42 The present data also suggest
that one of the PKC-u dependent mechanisms by which poly I:C
or danger signals activate NK cells in vivo is via the secretion of
IFNa by DC or macrophages.24

Granzyme B is the archetypical effector molecule of CTL and
NK cells.46 Granzyme B mRNA is abundant in NK cells and
cytokine stimulation such as that meted by IL-15 and IFNa
affects a net increase in protein content,47 a response indepen-
dently confirmed here. Furthermore, we also found that
the intracellular content of granzyme B was lower in IFNa¡
activated NK cells derived from PKC-u¡/¡ mice than from those
of wt mice. In vitro, IFNa action is restricted to NK cells, and in
this case the increase in granzyme B is PKC-u-dependent.

Figure 4. PKC-u-dependent transcriptional changes in NK cells induced
by IFNa. (A and B) Spleens of wild-type (wt), protein kinase C-u null het-
erozygotes (PKC-uC/¡) or knockout (PKC-u¡/¡) C57BL/6 mice were used
to magnetically (MACS) isolate 10 £ 106 natural killer (NK) cells. NK cells
from each group were cultured in complete medium for 90 min with or
without 100 IU/mL of IFNa, as indicated. RNA was extracted, reverse tran-
scribed and cDNAs amplified via real time qPCR. (A) mRNA expression
level of interferon-g (IFNG) interferon regulatory factor 9 (IRF-9), ISG15
ubiquitin-like modifier (ISG15) or chemokine (C-X-C motif) ligand 10
(CXCL10) as a ratio of the reference RLP1 mRNA level used for standardi-
zation. (B) qPCR results from (A) shown as the increase in the ratio of the
indicated mRNA level expressed in control cells (untreated) versus cells
treated with IFNa. Results are the mean § SD of duplicate determina-
tions in 2 independent experiments; statistical analyses were performed
by Student’s t test; *P < 0.05; **P< 0.02; ***P < 0.01; ns: difference not
statistically significant.

Figure 5. IFNa-induced STAT1 phosphorylation at Tyr701 in NK cells is
independent of PKC-u. (A and B) Natural killer (NK) cells were isolated by
MACS technology from spleens of wild type (PKC-uC/C) or protein kinase
C-u (PKC-u¡/¡) knockout C57BL/6 mice and cultured in complete
medium at 2 £ 106 cells/mL in the absence or presence of the indicated
concentrations of interferon-a (IFNa) for 30 min. Reactions were stopped
in the cold, cells lysed, protein extracts prepared and signal transducer
and activator of transcription-1 (STAT1) phosphorylation at residue
Tyr701 determined by phospho-STAT1 (P-STAT1) specific immunoblot:
b-actin expression was determined in parallel as loading control. (B) The
phospho-STAT1/b-actin ratios of the experiment shown in (A) were
determined by densitometry and represented as a bar diagram. Data
shown are representative of 2 independent experiments.
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These differences are not observed in vivo, in which IFNa
injection readily induced an increase in granzyme B expression,
especially in peritoneal NK cells, irrespective of PKC-u status.
This indicates that in vivo, other cellular and molecular mecha-
nisms independent of PKC-u contribute to the observed increase
in granzyme B expression. IFNa could induce the secretion of sev-
eral other cytokines from other cell populations that induce gran-
zyme B expression in NK cells in a PKC-u-independent fashion.
Indeed, it has been demonstrated that Type I IFN induces IL-15
secretion from activated DCs, and that DCs, through cross-pre-
sentation and IL-15 signaling, can thus induce NK cell priming.48

CXCL10 is a chemokine involved in NK cell recruitment to
inflamed tissues and sites of tumor development.49-51 In fact, it
has recently been demonstrated that the efficacy of adenovirus-
engineered dendritic cells as a cancer vaccine correlates with their
ability to secrete CXCL10 and CXCL8 and to efficiently recruit
antitumor NK cells.51 CXCL10 secretion has been, so far, pri-
marily attributed to DCs and monocytes/macrophages.50,51 Our
data indicate that NK cells also secrete CXCL10 upon IFNa
treatment, albeit at a lower concentrations than DCs and macro-
phages. Furthermore, in a recent transcriptomic analysis we
found that NK cell activation by target cells in the presence of
whole peripheral blood mononuclear cells (PBMCs) induces the
expression of CXCL10, as well as its receptor CXCR3, suggesting
the presence of an autocrine migration loop occurring during NK
cell activation.52 The results obtained here suggest that IFNa
produced by DC and macrophages/monocytes present in the
PBMC population is contributing at least to the upregulation of
this chemokine in NK cells. Previously, we demonstrated that
recruitment of NK cells to the tumor site was impaired in PKC-
u¡/¡ mice, thus contributing to their increased sensitivity to
tumor development. Hence, this defective response could be
partly explained by the defective upregulation of CXCL10 by
NK cells that we have uncovered here.

This observation has shed light on a new NK cell signal-trans-
duction pathway connecting the IFNa receptor and PKC-u acti-
vation, and further encompassed both PI3K and PLC activities,
similar to that observed in T cells and reported by Srivastava et al.
36 PKC-u is the only T cell expressed PKC isoform known to be
activated through a PI3K-dependent pathway after TCR liga-
tion.30 However, in T cells PLC does not seem to play a primary
role in PKC-u activation by TCR ligation.30 Therefore, unlike the
route in T cells, it appears as though in IFNa-activated NK cells,
both pathways should be activated to guarantee an efficient PKC-
u activation. The partial effect of the mTOR inhibitor rapamycin
could be explained since this pathway is downstream of PI3K.
These data are also in accord with PLC and PI3K activation in
response to IFNa in other cellular contexts as well.34,35

Although the impaired transcription of ISG15 and IRF9 in
PKC-u deficient NK cells responding to IFNa is concordant
with prior observations in the context of T cells.36 However,
the dependence on PKC-u of IFN-a-mediated CXCL10 tran-
scription and secretion is novel. CXCL10 is a archetypical
STAT1-dependent IFN-responsive gene.37 In agreement with
observations in T cells,36 the main post-translational modifica-
tion responsible for the activation of the transcriptional activity

Figure 6. IFNa-mediated STAT-1 phosphorylation on Ser727 is partially
dependent upon PKC-u in NK cells. (A and B) Natural killer (NK) cells
were isolated by MACS technology from spleens of wt (PKC-uC/C) or pro-
tein kinase C-u knockout (PKC-u¡/¡) C57BL/6 mice and cultured in com-
plete medium at 2 £ 106 cells/mL in the absence (¡) or in the presence
(C) of 100 IU/mL of IFNa for 30 min. (A) Reactions were stopped in the
cold, cells lysed, protein extracts prepared and STAT1 phosphorylation in
Ser727 determined by immunoblot. b-actin expression was determined
in parallel by immunoblot as loading control. (B) The phospho-STAT1/
b-actin ratios were determined by densitometry and results expressed
as the increase in this ratio between control cells and cells treated with
IFNa in each case. Data shown are the mean § SD of at least 2 different
experiments for each condition.

Figure 7. IFNa-induced CXCL10 secretion from NK cells is dependent on
PKC-u. Natural killer (NK) cells were isolated by MACS technology from
spleens of wild type (PKC-uC/C) or protein kinase C-u knockout (PKC-
u¡/¡) C57BL/6 mice and cultured in complete medium at 5 £ 106 cells/
mL in the absence (control) or in the presence (CIFNa) of 100 IU/mL of
IFNa for 8 h. After this time, cell culture supernatants were collected and
the presence of CXCL10 detected using an ELISA kit. Data are the mean
§ SD of 3 different determinations made in duplicate; statistical analyses
were performed by Student’s t test; *P <0 .05; ***P <0 .01; ns: difference
not statistically significant.
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of STAT1, specifically JAK1-mediated phosphorylation at
Tyr701, is intact in NK cells arising in PKC-u¡/¡ mice. Never-
theless, our data show a partially defective IFNa-mediated phos-
phorylation of STAT1 at Ser727, an alternative regulatory site in
these cells. This post-translational modification may be a
required signal transduction event for efficient CXCL10 tran-
scription and secretion.

Recently, it has been reported that the main kinase mediating
STAT1 Ser727 phosphorylation in macrophages and murine
embryonic fibroblasts (MEFs) is cyclin-dependent kinase 8
(CDK8).53 CDK8 has been implicated as a STAT1 Ser727 phos-
phorylating enzyme in NK cells as well,54 although in this case
the enzymatic activity seems rather related with the presence of a
basal level of Ser727 STAT1 phosphorylation. With these obser-
vations in mind, the basal phosphorylation status of STAT1 in
freshly isolated NK cells from both wt and PKC-u¡/¡ mice
reported here is likely attributable to CDK8.

We further found that this phosphorylation increases in NK
cells from wt but not from PKC-u¡/¡ mice treated with IFNa.
NK cells from mice expressing a mutant STAT1 recalcitrant to
phosphorylation in Ser727 have been previously shown to exhibit
higher cytotoxicity and granzyme B expression.54 Considering
that granzyme B expression has been shown to be regulated by a
post-transcriptional mechanism in NK cells,47 this effect of
mutant STAT1 may relate to an unknown, non-transcriptional
role of STAT1. In MEFs expressing mutant STAT1 and stimu-
lated with IFNg the transcription of CXCL10 is augmented
rather than diminished.53 Our data have been obtained in NK
cells stimulated with IFNa, and the situation is quite distinct,
since CDK8-mediated basal STAT1 phosphorylation is present,
and the role of PKC-u seems rather to enhance Ser727 phosphor-
ylation, resulting in an increase in CXCL10 gene transcription. It
is likely that phosphorylation on STAT1 Ser727 induces differ-
ent responses in specific cellular contexts.

In summary, the present study uncovers the connection
between IFNa and PKC-u in NK cells and point to IFNa and
PKC-u-dependent signaling pathways as crucial regulators of NK
cell function that can be exploited in NK cell-based tumor
immunotherapy.

Materials and Methods

Mice
PKC-u¡/¡ mice in the C57/BL6 background were a generous

gift from Dr. D. Littman 6 and were housed under the same con-
ditions as the C57/BL6 parental (wt) mice. All experiments
involving animals were performed according to the guidelines
and regulations of the Center National de la Recherche Scientifi-
que, France. Authors have official degrees for performing animal
experimentation delivered by corresponding authorities in Spain
or France, respectively.

Tumor cell lines
YAC-1 is a Moloney murine leukemia virus-induced lym-

phoma of the H-2Kb haplotype that lacks MHC-I expression

and is sensitive to lysis by NK cells.55 Cell lines were cultured in
RPMI-1640 medium supplemented with 10% heat-inactivated
fetal calf serum (FCS), Glutamax and antibiotics (complete
medium).

In vitro analysis of the effect of IFN-a and IL-15
on functional parameters in isolated NK cells

NK cells were isolated from the spleens of C57/BL6 wt or
PKC-u¡/¡ mice by magnetic cell separation (MACS) technol-
ogy, using magnetic beads coated with anti-CD49b monoclo-
nal antibody (mAb), as indicated previously.23 NK cells were
cultured in complete medium. Briefly, NK cells were isolated
by positive selection using LS columns and anti-CD49b mag-
netic microbeads (Myltenyi Biotec, Madrid) from spleens of
wild-type and PKC-u¡/¡ C57BL/6 mice. Isolated NK cells
were cultured for 24 h in this complete medium, supple-
mented with or without different concentrations of IL-15 or
IFNa, both from Myltenyi Biotec, Madrid. Then, several
functional assays were performed via marker staining and cyto-
fluorimetric analyses using a FACScan (BD Biosciences,
Madrid) flow cytometer as follows:

i. Viability was determined by trypan blue staining and label-
ing with fluorescein isothiocyanate (FITC) conjugated
Annexin-V and flow cytometry.

ii. IFNg expression was determined by intracellular staining
with an anti-IFNg rat monoclonal antibody (mAb) conju-
gated to FITC (BD, Madrid), as previously indicated.56 In
brief, NK cells were mixed at 1:1 ratio for 6 h with activat-
ing YAC-1 cells in the presence of monensin (GolgiStop
reagent) to inhibit vesicular trafficking, thereby attenuating
IFNg secretion and favoring its intracellular accumulation.
At the end of the incubation, cells were washed, fixed with
1% paraformaldehyde in PBS and permeabilized using a
solution of 0.1% saponin in PBS with 5% FCS. The last
solution contained the anti-IFNg-FITC and also a mouse
anti-NK1.1 mAb labeled with phycoerythrin (PE; BD,
Madrid), both at a 1/1000 dilution and cells were incubated
for 1 h at room temperature. IFNg staining was analyzed
by flow cytometry via gating within the NK1.1C

population.
iii. Degranulation was analyzed following a similar protocol as

indicated for IFN-g secretion, using also YAC-1 cells as
stimulus for NK cells, by analyzing CD107a externalization
using a FITC-labeled anti-CD107a rat mAb, as indicated
in.23 Briefly, purified NK cells were incubated with target
cells at a 1:1 ratio during 5 hours in the presence of Golgi-
Stop (BD Biosciences, Madrid) and FITC-conjugated anti-
CD107a mAb (BD Biosciences, Madrid). Then, cells were
labeled with PE-conjugated anti-NK1.1 and analyzed via
flow cytometry.

iv. The intracellular expression of the cytotoxic effector gran-
zyme B was analyzed using staining with a specific non-com-
mercial rabbit polyclonal antibody on permeabilized NK
cells, as we previously described.23,57
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Effect of IFNa on NK cell activation in vivo
For in vivo characterization of responses, 10,000 IU of IFNa

per mouse were injected in wt or PKC-u¡/¡ mice and immune
cells were obtained 24 h later from dissociated spleen cell prepa-
rations or flushed from their peritoneum, essentially as previously
described.23 The NK cells were then purified by MACS technol-
ogy, as indicated above. Next, their intracellular expression of
granzyme B, and their degranulation potential stimulated by
YAC-1 cells was analyzed as indicated above.

Analysis of PKC-u activation in NK cells induced by IFNa
NK cells were isolated from the spleens of wt mice and treated

during various times (10 to 120 min) with different doses of
IFNa (100 to 1000 IU/mL). The auto phosphorylation of PKC-
u on Ser676 and its level of expression was analyzed by immuno-
blot using a rabbit pAb (Upstate/Millipore, Madrid) and a mouse
mAb (BD, Madrid), respectively. Anti-b-actin antibody (Sigma,
Madrid) was used in immunoblots as loading controls. Anti-
b-actin reprobing on the same unstrapped membrane in which
phospho-PKC-u had been analyzed was used as a preferred load-
ing control, since stripping of the anti-phospho-PKC¡u anti-
body resulted in protein loss, and anti-PKC-u blotting in a
separate membrane of a parallel set of samples gave sometimes
inconsistent results. The effect of several enzymatic inhibitors on
the auto-phosphorylation of PKC-u at Ser676 following treat-
ment with 100 IU/mL IFNa for 30 min was also analyzed by
preincubating isolated NK cells with the indicated inhibitors for
30 min prior to adding IFNa. These included the PLC inhibitor
U73122 (Calbiochem/Merck, Madrid) at 10 mM, the PI3K
inhibitor wortmannin (Sigma, Madrid), and the mTOR inhibi-
tor rapamycin (Sigma, Madrid), both at 100 nM. The phospho-
PKC-u/b-actin ratio in each sample was determined using the
ImageJ software.

RNA isolation and qRT-PCR of IFNa-responsive genes
ISG15 and IRF9 mRNA levels were assayed as controls as

these have previously been described to be PKC-u-dependent
genes, at least in T cells 36; CXCL10 was tested as a prototype of
a STAT1-dependent, IFN-responsive gene 37; and IFNG was
tested as a control gene, not affected by IFNa, at least in NK
cells.

Ribonucleic acid (RNA) isolation was performed and reverse
transcribed as previously described.58 cDNAs (cDNAs) were ampli-
fied using the SyberGreen polymerase chain reaction (PCR) Master
Mix from Invitrogen. Amplification products were detected by
Real Time qPCR using the light cycler 480 (Roche), according to
manufacturer specifications. Reactions were carried out for 5 min
at 95�C followed by 40 cycles of: 30 sec at 95�C, 30 sec at 64�C
and 30 sec at 72�C. qRT-PCR data was analyzed using the Light
Cycler 480 Software release 1.5 (Roche), according to the manufac-
turer specifications. The housekeeping gene b¡actin was used to
first normalize the mRNA expression levels. RLP13A (RLP1) was
then used as a standard reference mRNA and relative mRNA levels
were calculated according to this standard. Primers were designed
and selected using the Primer3 (v. 0.4.0) program and were the
following:

IFNg: Forward, 50-GCTCTGAGACAATGAACGCTAC -30,
IFNg: Reverse, 50-TCTTCCACATCTATGCCACTTG -30

CXCL10: Forward, 50-CCCACGTGTTGAGATCATTG-30,
CXCL10: Reverse, 50-TCCATCACAGCACCGGG-30,
IRF9: Forward, 50- CGC TGC TGC TCA CCT TCA T -30,
IRF9 : Reverse, 50-GGC TGT GCA CCT GGG TCT TA -30

ISG15: Forward, 50-GATTTCCTGGTGTCCGTGAC-30

ISG15: Reverse, 50-CTAGCATCACTGTGCTGCTG-30

b-actin: Forward, 50-GAGGGAAATCGTGCGTGACA-3
b-actin: Reverse, 50-AATAGTGATGACCTGGCCGT-3
RLP13A: Forward, 50-GGTCCTCAAGACCAACGGACTC-30

RPL13A: Reverse, 50-GTGCGCTGTCAGCTCTCTAATG-30

Analysis of STAT1 phosphorylation induced by IFNa
in NK cells

STAT1 phosphorylation in Tyr701 38 or Ser727 39 was ana-
lyzed in control NK cells or in cells treated with IFNa from wt
or PKC-u¡/¡ mice by immunoblot using anti-STAT1 phospho-
specific rabbit pAbs (Cell Signaling, Barcelona). Anti-b-actin
reprobing on the same membrane in which phospho-STAT1 was
analyzed has been used as a preferred loading control, since strip-
ping of the anti-phospho-STAT1 antibodies resulted in protein
loss, and anti-STAT1 blotting in a separate membrane of a paral-
lel set of samples sometimes yielded inconsistent results. In addi-
tion, IFNa treatment for short times did not affect to the total
STAT1 content (data not shown). The phospho-STAT1/b-actin
ratio in each sample was determined using the ImageJ software.

Analysis of CXCL10 secretion stimulated by IFNa
in NK cells

CXCL10 secretion was determined by analyzing the superna-
tants of purified NK cells incubated for 8 h in complete medium
in the presence or absence of 100 IU/mL IFNa. CXCL10 con-
centrations in the supernatants were measured using a specific
quantitative ELISA kit (R&D systems, Abingdon, UK).

Statistical analysis
Results are shown as the average § SD and statistical signifi-

cance was evaluated using the Student’s t test. Differences were
not considered significant if P-values were �0.05.
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