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Abstract
It is well established that the nuclear factor-κB (NF-κB) family of transcription factors participates
in the regulation of many aspects of innate and adaptive immunity. The majority of these reports
have focused on the role of NF-κB in accessory cell and T or B cell function, but less is known about
the role of NF-κB in NK cells. However, several studies have demonstrated that these transcription
factors are required for NK cell production of IFN-γ and proliferation. The studies presented here
examine the role of two NF-κB members, c-Rel and p50, in NK cell function. In vitro data revealed
that in the absence of c-Rel, NK cells have a defect in their ability to secrete IFN-c, but remain
unaffected in their capacity to proliferate. In contrast, p50-/- NK cells have enhanced proliferative
and IFN-γ responses compared with wild-type NK cells. The latter findings suggest a role for p50
as a negative regulator of NK cell production of IFN-γ and chromatin immunoprecipitation assays
demonstrated the association of p50 with the IFN-γ promoter of resting NK cells. Consistent with
the in vitro studies, in vivo studies with NF-κB gene-deficient mice infected with Toxoplasma gondii
revealed that the absence of p50 leads to enhanced NK cell proliferation and production of IFN-γ.
Together, these studies define distinct roles for c-Rel and p50 in the function of NK cells.
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Introduction
NK cells are part of the innate arm of the immune system and play a prominent role in tumor
surveillance (1,2) as well as resistance to many bacterial, viral and parasitic organisms (3-5).
While one of the primary activities of NK cells is cytolysis of appropriate targets, these cells
also produce cytokines that have important functions in immunity. In particular, the ability of
NK cells to produce IFN-γ provides an innate mechanism of resistance to a variety of
intracellular pathogens prior to the development of adaptive T cell responses. In addition, it

Correspondence to: C. A. Hunter; E-mail: chunter@phl.vet.upenn.edu.

NIH Public Access
Author Manuscript
Int Immunol. Author manuscript; available in PMC 2007 February 16.

Published in final edited form as:
Int Immunol. 2006 April ; 18(4): 505–513.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



has been proposed that the early production of IFN-γ by NK cells can influence subsequent T
cell responses (6). As a consequence of these activities, NK cells represent an important bridge
between innate and adaptive immunity.

Although NK and T cells represent the major sources of IFN-γ, most of our understanding
about the events that regulate the production of this cytokine comes from work on T cells.
These studies have led to the identification of a number of transcription factors, including T-
box factors, signal transducers and activators of transcription (STAT) proteins and nuclear
factor-κB (NF-κB) family members involved in T cell production of IFN-γ (7-10). However,
these transcription factors are also expressed in NK cells, and regulate the ability of these cells
to produce IFN-γ. For example, the ability of IL-12 to activate STAT4 is an important event
that leads to T and NK cell IFN-γ production (9,11). Similarly, T-bet, which is known to
promote Th1 cell differentiation, is required for sustained NK cell production of IFN-γ (7,
12). However, there are T-bet- and STAT4-independent pathways that contribute to the
production of IFN-γ in T and NK cells (13,14). One such pathway is provided by the cytokines
IL-1, IL-18 and tumornecrosis factor-α (TNF-α) which activate NF-κB (15-18), and which
when used in combination with IL-12 enhance NK and T cell functions, including the
production of IFN-γ (19-21).

The correlation of NF-κB signaling with a number of cytokine-mediated pathways that promote
NK cell activity and cytokine production, provided the impetus to define the role of these
transcription factors in NK cell function. The NF-κB family contains five members, NF-κB1
(p50), NF-κB2 (p52), RelA, RelB and c-Rel, that are evolutionarily conserved and which play
an important role in many aspects of innate and adaptive immunity (22,23). Most studies thus
far have focused on the role of NF-κB in accessory, B and T cell function; fewer have examined
the role of this transcription family in NK cells. However, there are reports that indicate an
important role for NF-κB in NK cell activity. Initial studies showed that pharmacological
inhibitors of NF-κB reduced spontaneous NK cytotoxicity (24). Subsequent in vitro studies
revealed that for NK cells, a number of different signaling pathways including stimulation
through CD40L and receptors for IL-2 and IL-18 lead to NF-κB activation and subsequent
increases in perforin and IFN-c production, as well as enhanced cytotoxicity (25-28). It has
also been reported that the ligation of toll-like receptor 2 (TLR2) or TLR3 on NK cells initiates
NF-κB signaling and IFN-γ production (29,30). Moreover, NK cell expression of a dominant
negative form of IκBα, a global inhibitor of NF-κB, reduces their ability to become activated
and produce IFN-γ during infection with the intracellular parasite, Toxoplasma gondii (31).
However, while global inhibition of NF-γB clearly decreases NK activity, there are few
examples that have addressed the role of individual family members in NK cell function. The
studies presented here define a role for c-Rel in promoting the optimal production of IFN-γ by
NK cells, and indicate that p50 is a negative regulator of proliferation and IFN-γ production.

Methods
Mice, parasites and tissue culture

Mice.—c-Rel KO and p50 KO mice on a C57Bl/6 background were bred and housed within
microisolator caging units at the University Laboratory Animal Resource facilities at the
University of Pennsylvania (32,33). Mice were bred as homozygous knockouts for each strain.
Wild-type (Wt) C57Bl/6 mice were used as age- and sex-matched controls in all experiments.

Parasites.—For in vivo experiments, female mice were inoculated intra-peritoneally with 20
cysts of the Me-49 strain of T. gondii which had been prepared from the brains of chronically
infected CBA/CaJ mice.
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Lymphokine-activated killer cells.—Wt lymphokine-activated killer (LAK) cells were
derived from the bone marrow of female RAG KO mice on a C57Bl/6 background plated with
4 × 104 U ml-1 of rhuIL-2 (Chiron, Emeryville, CA, USA) for 7 days before harvesting for cell
culture. LAK cells from KO mice and Wt controls were generated by purifying NK cells from
splenocytes before being cultured in vitro in complete RPMI with 4 × 104 U ml-1 IL-2 for 7
days to generate and expand a LAK cell population. While highly purified populations of LAK
cells could be obtained from the spleens of Wt mice, this was not the case with spleens from
c-Rel or NF-κB1 KO mice. The basis for this observation remains unclear to us, but precluded
the analysis of NF-κB complexes in the KO NK cells.

Detection of IFN-γ (in vitro and ex vivo)
Spleens were harvested and dissociated into single-cell suspensions in complete RPMI 1640
(Life Technologies, Gaithersburg, MD, USA) supplemented with 10% FCS (HyClone
Laboratories, Logan, UT, USA), 2% HEPES, 50 lM 2-mercaptoethanol, 0.1 mM non-essential
amino acids, 10 U ml-1 penicillin, and 0.1 mg ml-1 streptomycin (Life Technologies).
Erythrocytes were depleted using 0.83% ammonium chloride, and cells were washed in
complete RPMI 1640 before further analysis. Ex vivo cultures were stimulated with 50 ng
ml-1 phorbol myristate acetate (PMA) and 500 ng ml-1 ionomycin in the presence of brefeldin
A (10 μl ml-1), for 4 h, before harvesting and staining for flow cytometric analysis of IFN-γ
expression. All samples were analyzed using a FACSCalibur flow cytometer (BD Biosciences)
and data were analyzed using FlowJo software (Tree Star, San Carlos, CA, USA).

Culture conditions.—Prior to use, LAK cell cultures were rested for 3 h (rested LAK) after
plating at 4 × 105 cells per well in a final volume of 200 ll. In vitro cultures of rested LAK cells
were left untreated or were stimulated with 1000 U ml -1 of rhuIL-2 plus 10 ng ml -1 rmuIL-12
(Genzyme, Cambridge, MA, USA) or 10 ng ml-1 IL-18 (BD PharMingen, San Diego, CA,
USA), and incubated at 37°C in 5% CO2 for 4 h. Cells were then harvested and surface stained
with fluorochrome conjugated antibodies (BD Pharmingen) against CD3 and NK1.1 before
intracellular staining for IFN-γ as previously described (31).

Proliferation assays (carboxyfluorescein succinimidyl ester and 5′-bromo-2′-deoxyuridine)
In vitro proliferative capacity. Naive splenocytes from all strains were isolated and labeled
with 2.5 lM carboxyfluorescein succinimidyl ester (CFSE) before plating at a concentration of
4 × 105 cells per well, in triplicate in a final volume of 200 ll. Cells were cultured with 0-1000
U ml -1 of rhuIL-2 and incubated for 4 days at 37°C in 5% CO2. Cells were harvested and
surface stained as above for flow cytometric collection and analysis of proliferation.

In vivo proliferation.—Days 1 and 2 after intra-peritoneal infection with T. gondii, mice
were injected intra-peritoneally with 0.2 ml 5′-bromo-2′-deoxyuridine (BrdU) (Sigma-Aldrich,
St. Louis, MO, USA) at 4 mg ml -1 stock concentration. Peritoneal exudate cells (PECs) and
splenocytes were isolated from infected mice and uninfected controls. Surface staining was
done as described above before fixation with 4% PFA (Sigma) overnight. Cells were then re-
suspended in 0.2 ml of 1% PFA/0.05% Tween-20 (Sigma) in PBS and incubated for 30 min
at room temperature (RT), followed by 30 min at 4°C. Cells were centrifuged and re-suspended
in 1 ml DNase solution [0.15 M NaCl, 4.2 mM MgCl2, 150 K units ml -1 DNase I(Sigma)] and
incubated at RT for 30 min. Cells were centrifuged and supernatant expelled before staining
with anti-BrdU or isotype control (PharMingen) and incubated a final 30 min at RT, prior to
washing 23 in FACS buffer and analysis by flow cytometry.
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Western blots
Rested LAK cells were cultured in media alone or combinations of IL-2, IL-12 and IL-18 as
described previously. Cells were then harvested, and nuclear and cytoplasmic extracts were
isolated as previously described (34). Nuclear extracts were resolved on a 10% SDS/PAGE
gel and then transferred to a nitrocellulose membrane (BioRad, Hercules, CA, USA) using a
Trans-Blot Semi-Dry cell (BioRad) according to the manufacturer’s instructions.
Nitrocellulose filters were then incubated with wash buffer (25 mM Tris, pH 7.5, 500 mM
NaCl, 0.1% (vol/vol) Tween-20) containing 5% milk protein overnight at 4°C to block non-
specific protein binding. Primary antibodies against p50 (sc-114), c-Rel (sc-70) or p65 (sc-372-
G) (all from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) were diluted 1:1000 in
wash buffer containing 0.5% milk protein and applied to the filter for 2 h at RT. Following
washing, the blots were incubated with HRP-conjugated anti-rabbit IgG or anti-goat IgG
(Pierce, Rockford, IL, USA) (diluted 1:5000 in wash buffer containing 0.5% milk protein) for
45 min at RT. Bands were visualized by the enhanced chemilumines-cence system (Amersham
Pharmacia Biotech, Piscataway, NJ, USA).

Electorphoretic mobility shift assays
LAK cells were generated as above and rested prior to in vitro stimulation. Cells (5 × 106) were
stimulated for 1 or 3 h either individually or in combination with IL-2, IL-12 and IL-18. Nuclear
and cytoplasmic extracts were isolated as previously described and frozen at -80°C until used
in electorphoretic mobility shift assays (EMSAs). In brief, double-stranded
oligodeoxynucleotides corresponding to the palindromic jB site (5′-GGGAATTCCC-3′) were
labeled by filling the overlapping ends with the Klenow fragment of DNA polymerase I and
[32P]dCTP. Following removal of unincorporated nucleotides, labeled oligonucleotide (50 000
counts per minute) was incubated with 6 lg protein extracts and 2 lg poly(dI-dC) in buffer
containing 20 mM HEPES (pH 7.9), 100 mM NaCl, 5 mM MgCl2, 1mM dithiothreitol, 0.7
mM phenylmethylsulphonylfluoride and 17% glycerol in a final volume of 22 ll for 15 min at
20°C. Supershift analysis was performed by pre-incubating samples with antibodies to p50, c-
Rel or p65 (Santa Cruz) prior to incubation with labeled oligonucleotide. Complexes were
separated on 5.5% polyacrylamide gels run on 0.25% Tris-borate-EDTA buffer, dried and
exposed to Kodak film at -80°C.

Chromatin immunoprecipitation assays
For each condition, 2 × 106 LAK cells were rested for 3-4 h prior to stimulation with cytokines
for 1 h. Histones were then cross-linked by adding formaldehyde (Fisher Scientific, Pittsburgh,
PA, USA) at 1% of total volume directly to the cells and incubating for 10 min at 37°C.
Chromatin immunoprecipitation (ChIP) assays were performed according to the
manufacturer’s kit protocol (Upstate, Charlottesville, VA, USA). Briefly, cells were washed
in ice-cold PBS containing the inhibitors aprotinin, leupeptin and NPGB (all from Sigma) and
pelleted before a brief incubation in SDS lysis buffer (Upstate) plus inhibitors and sonication
to fragment DNA. Precipitation of DNA was performed using antibodies for p50 (Santa Cruz)
or rabbit IgG as a control (Upstate) and eluted before histone-DNA cross-linkages were
reversed by heating at 65°C for 4 h. Finally, DNA was recovered by phenol/chloroform
extraction and PCR was performed using primers specific to exon 4 of the IFN-c promoter
region as previously described (35); sense: 5′-CGT AAT CCC GAG GAG CCT TC-3′;
antisense: 5′-CTT TCA ATG ACT GTG CCG TGG-3′.
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Results
Translocation and activation of NF-jB after cytokine stimulation of NK cells

The stimulation of resting or activated NK cells with combinations of cytokines such as IL-2
+ IL-12 or IL-18 + IL-12 leads to proliferation and the production of IFN-γ by these cells. To
characterize which NF-κB family members are associated with these events, resting LAK cells
were incubated with these stimuli and nuclear extracts prepared at different times after
stimulation to assess overall levels of nuclear NF-κB and the levels of DNA-binding activity
in these samples. Western blots revealed the presence of low levels of p50, p65 and c-Rel in
the nucleus of resting LAK cells, however, after stimulation with either IL-2 or IL-12 alone or
the combination of IL-2 + IL-12 or IL-12 + IL-18 for 3 h there was an accumulation of these
transcription factors in the nucleus (Fig. 1A). In contrast, only a slight increase in nuclear
localization of c-Rel was found when rested LAK cells were stimulated with IL-18 alone (Fig.
1A). When EMSAs were performed to measure DNA-binding capacity, significant levels of
activated NF-κB were observed in resting LAK cells, and supershifts revealed that the
predominant family member that bound DNA was p50 (Fig. 1B). As expected, there was a
significant increase in the amount of activated NF-κB in the nucleus of cytokine-stimulated
cells, however, supershifts of these samples revealed that p50 and c-Rel made up the majority
of the activated dimers especially when stimulated with IL-2 + IL-12 (Fig. 1B). Supershifts
for p65 showed that while there was some p65 present in activated dimers in response to IL-12
+ IL-18, this NF-jB family member was not present in significant levels after stimulation with
IL-2 + IL-12. Together, these data suggest that p50 homodimers were the primary source of
activated NF-κB in unstimulated cells, whereas c-Rel was specifically activated in response to
these stimuli.

Role of c-Rel and p50 in NK cell proliferation
Given the prominent activity of p50 and c-Rel in response to different combinations of
cytokines, studies were performed to assess the role of these factors in NK cell function. Since
stimulation of NK cells with IL-2 leads to activation of NF-κB (26,36,37) and proliferation of
NK cells (38), experiments were performed to determine how the absence of c-Rel or p50
affected NK cell proliferation in vitro. Whole splenocytes from either Wt or gene knockout
mice were labeled with CFSE and cultured with cytokine in vitro for 4 days before analyzing
NK cell proliferation by FACS. In the absence of stimulation, no proliferation was observed
in any of the groups. However, in response to IL-2, both Wt and c-Rel/NK cells underwent
multiple rounds of division compared with media controls, while NK cells deficient in p50
were hyperproliferative at every concentration of IL-2 tested (Fig. 2A and data not shown).
Further analysis revealed that the percentage of cells responding to stimulation was similar for
Wt or c-Rel -/- NK cells and was ∼20% at the lowest concentration of IL-2 tested (Fig. 2B).
Consistent with these data, the overall proliferative capacity for Wt and c-Rel -/- NK cells was
also similar, averaging ∼10 daughters per responding cell in both groups. In contrast, over 40%
of p50 -/- NK cells responded to low concentrations of IL-2 and progressed through
significantly more rounds of division than Wt or c-Rel-deficient cells (Fig. 2A and B).
However, at higher concentrations of IL-2, there was little difference in responder frequency.
Nevertheless, a comparison of the number of progeny revealed that a significantly higher
average number of daughters per responding cell was achieved in the p50-deficient group at
all concentrations of IL-2 tested (Fig. 2C). Together, these data reveal that c-Rel is not required
for NK cell proliferation, but the absence of p50 leads to heightened sensitivity of NK cells to
IL-2 and an increased proliferative capacity.

Production and regulation of IFN-γ by c-Rel and p50
Although the studies above address the role of p50 and c-Rel in NK cell proliferation, these
cells are also a prominent source of IFN-c. To directly address if c-Rel and p50 are involved
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in NK cell production of this cytokine, Wt, c-Rel -/- or p50 -/- LAK cells were stimulated with
IL-2 + IL-12, and FACS analysis used to assess the levels of intracellular IFN-c. In the absence
of stimulation,<2% of cells were positive for IFN-γ. After 4 h of stimulation, the percentage
of IFN-c+ cells from the different strains showed distinct patterns. Whereas 23% of NK cells
from Wt mice were positive for IFN-γ, there was a marked reduction in the percentage of c-
Rel-deficient NK cells that were IFN-γ+. In contrast, the absence of p50 resulted in a significant
increase in the frequency of IFN-γ+ cells as well as an increased mean fluorescence intensity
(MFI) after 4 h, with an average MFI in Wt cells of 113 compared with a MFI of 145 for p50
-/- NK cells (Fig. 3A). Similar effects were also observed after stimulation with other cytokine
combinations (Fig. 3B and data not shown). Together, these studies indicate that in NK cells
c-Rel promotes, whereas p50 antagonizes the production of IFN-γ.

Recent studies show that in contrast to naive T cells, the IFN-γ promoter in NK cells exists in
a constitutively ‘open’ configuration that would allow the rapid production of IFN-γ (39-41).
Since p50 homodimers can act as inhibitors of gene transcription (42) and p50 is readily
detected in the nucleus of resting LAK cells (see Fig. 1), one possible explanation for the
increase in IFN-γ production in p50 -/- NK cells is that p50 is constitutively associated with
the IFN-γ promoter in NK cells. Histone acetylation in exon 4 of the IFN-γ gene was previously
associated with IFN-γ production in T and NK cells (35,39), and binding sites for NF-κB have
been previously described in this and other areas of the IFN-κ promoter in T cells (10,43).
Therefore, ChIP assays were performed to determine if p50 was associated with this region of
the IFN-γ promoter in resting NK cells. These studies revealed that in resting LAK cells p50
is readily associated with this region, whereas after stimulation with IL-2 + IL-12 there was a
marked reduction in the levels detected by PCR (Fig. 3C). Interestingly, we did not detect c-
Rel binding to the region of the promoter which has been previously shown to enhance
transcription of IFN-γ in human T cells (10) (data not shown). Together with the functional
data in Fig. 3(A) and studies in other experimental systems (44), these findings support the
hypothesis that in NK cells p50 acts as a constitutive repressor at the IFN-γ locus.

NK cell function in the absence of c-Rel or p50 during infection
The in vitro studies described above indicate distinct roles for c-Rel and p50 in the regulation
of NK cell proliferation and production of IFN-γ. In order to determine whether this was
relevant to an in vivo situation, Wt and KO mice were infected with the parasite T. gondii, a
potent inducer of NK cell proliferation and IFN-γ production (45,46), and the responses of
these cells were evaluated. To assess NK cell proliferation in vivo, mice were injected with
the thymidine analog BrdU during challenge, and spleens and PECs were harvested day 3 post-
infection and FACS was used to asses the levels of BrdU incorporation. In naive mice, NK
cells exhibited a low level of homeostatic proliferation (Fig. 4), similar to previously published
observations (47). However, p50 -/- NK cells from uninfected mice had elevated basal levels
of BrdU incorporation compared with Wt and c-Rel -/- NK cells (Fig. 4C). Challenge with T.
gondii led to an overall increase in levels of BrdU incorporation by splenic NK cells in all
strains of mice examined (Fig. 4A and C) and similar levels of proliferation were observed for
Wt and c-Rel -/- NK cells. Nevertheless, the highest levels of infection-induced BrdU
incorporation were observed with p50 -/- NK cells (Fig. 4B and D). These findings were
consistent with the in vitro studies, in which p50-deficient NK cells stimulated with IL-2
exhibited increased proliferative capacity (Fig. 2).

In order to compare the ability of NK cells to produce IFN-γ following infection in the absence
of c-Rel or p50, splenocytes from uninfected and infected mice were cultured directly ex vivo
with PMA and ionomycin in the presence of brefeldin A for 4 h before analyzing by FACS.
In the absence of ex vivo stimulation there was no detectable IFN-c, however, stimulation with
PMA and ionomycin led to the visualization of intracellular IFN-c in NK cell populations. In
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naive mice, when overall percentages of IFN-γ+ NK cells were compared, no significant
differences were observed between the three strains (Fig. 5). After infection, there was a trend
towards an increase in the percentage of IFN-γ+ NK cells in Wt and p50 KO mice and lowest
levels were seen with c-Rel-deficient mice. However, these differences did not reach statistical
significance in any of the strains tested. Nevertheless, when the infection-induced expansion
of these cells was taken into account, there was typically a 2- to 4-fold increase in the total
numbers of IFN-γ+ NK cells (data not shown).

Discussion
The generic activation of NF-jB is now a hallmark of many innate immune responses, but based
on structural similarity and expression patterns it was initially thought that a significant amount
of redundancy existed within this family. Recently, a number of studies have helped to define
specific roles for individual NF-κB members in innate immunity (22,48-51). However, few
studies have directly assessed the role of these transcription factors in NK cells. The studies
presented here indicate a role for c-Rel in the optimal production of IFN-γ by NK cells, and
this is consistent with previous studies that identified a role for c-Rel in T cell production of
this cytokine (52-54). However, the fact that c-Rel -/- NK cells were still capable of significant
production of IFN-γ in vitro indicates the presence of c-Rel-independent pathways that can
promote IFN-γ production. Moreover, it is important to recognize that following challenge of
c-Rel -/- mice with T. gondii, there was no obvious defect in NK cell production of IFN-γ. This
effect may be a function of the use of PMA and ionomycin, a stimulus for IFN-γ production
that bypasses receptor-mediated processes. Another possible explanation is that this infection
generates an environment that is characterized by high levels of multiple cytokines and co-
stimulatory molecules (TNF, IL-1, IL-2, IL-12, IL-15, IL-18, CD80, CD86, B7RP-1) that
enhance NK cell production of IFN-γ and the availability of these multiple stimuli may override
a requirement for c-Rel. In addition, other transcription factors such as RelB, STAT4, T-bet
and Eomes that are implicated in the ability of NK cells to produce IFN-c may be sufficient
for normal NK responses in this inflammatory environment. Nevertheless, the finding that c-
Rel can regulate NK cell production of IFN-γ highlights a role for c-Rel in the innate events
associated with resistance to multiple intracellular pathogens, in addition to its important role
in accessory cell production of IL-12 explored in previous reports (49,50,55).

The finding that the absence of p50 led to increased production of IFN-c was a surprise in part
because p50 -/- thymocytes have been shown to be defective in their ability to produce IFN-γ
(56) and the absence of p50 does not lead to increased T cell production of this cytokine. We
have also identified an important intrinsic role for p50 in promoting T cell production of IFN-
γ in response to infection with T. gondii (S. Shapira and C. A. Hunter, unpublished
observations). Taken together, these data indicate distinct roles for p50 in the production of
IFN-γ in closely related immune cells. While there are many possible explanations for these
findings, recent reports have highlighted that the rapid response of NK cells to infection, that
precede adaptive T cell-mediated immunity, is associated with the presence of constitutively
modified chromatin that allows for the proliferation-independent up-regulation of activating
receptors (57), cytokine transcription (39,40) and perforin expression (58). This level of
‘readiness’ implies that there must be a degree of regulation required to keep NK cells quiescent
until needed, as well as to down-regulate these responses, that is distinct from cells of the
adaptive response. The association of p50 with the IFN-γ promoter in resting NK cells
implicates this NF-κB family member in the direct regulation of cytokine transcription and
suggests that NK cells, but not T cells, are regulated at the level of transcription by inhibitory
complexes, such as p50 homodimers. This idea is consistent with previous work in which p50
homodimers associated with DNA were found in complexes with HDAC, an inhibitor of DNA
acetylation (44). In addition, more recent work with macrophages suggests that p50
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homodimers may promote BCL-3 induction and association with HDAC as a possible
mechanism for transcriptional inhibition (59).

The studies presented here also indicate that p50 plays an important role in the regulation of
proliferation at two levels. First, the response threshold for activation is lowered as reflected
in the higher constitutive level of homeostatic proliferation, and the increased responder
frequency in p50 -/- NK cells after stimulation with low levels of IL-2. The second effect
observed in the p50 -/- increased NK cells is the proliferative capacity, or number of progeny,
derived from each responding cell. At present, the basis for these effects is unclear, but one
possible explanation is provided by studies which established that the ability of IL-2 to activate
STAT5 is necessary for cell cycle progression in T cells (60) and that at some level NF-κB
signaling is required for this effect (37). Therefore, it is possible that the increased proliferation
in p50-deficient NK cells is due to enhanced STAT5 activity in the absence of p50 homodimers.
However, it is difficult to determine from these data if this enhanced expansion is simply due
to a decreased threshold to initiate proliferation, or is accompanied by an increased rate of
division or alterations in survival and future studies are required to address this issue.

Lastly, it is interesting to note that the decreased NK activity observed after global inhibition
of NF-κB or in the absence of c-Rel or RelB is consistent with the phenotype of patients that
have mutations in NF-κB essential modulator (NEMO), a molecule with a central role in the
activation of NF-κB. This primary immune defect is associated with impaired NK cell
cytotoxicity, a phenotype which correlates with increased susceptibility to certain viral
pathogens (36) and these patients highlight the important role of NF-κB in the activation of
NK cells. In contrast, there is no clear evidence that a lack of p50 activity is associated with
immune hyperactivity in humandisease. However, the same patients with defects in NEMO
also develop colitis (61) and a single nucleotide polymorphism in p50 is associated with human
colitis (62). Moreover mice deficient in p50 have an increased susceptibility to infection
induced colitis (63-65). Together these findings suggest a prominent role for the inhibitory
effects of p50 in immune homeostasis and additional studies will be required to assess whether
this impacts on immune-mediated disease in humans.
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Fig. 1.
Activated NF-jB dimers translocate into the nucleus of activated NK cells. LAK cells were
stimulated in vitro with media alone (1); IL-2 (2); IL-12 (3); IL-18 (4); IL-2 + IL-12 (5); or
IL-12 + IL-18 (6) for 1and 3 h and nuclear extracts were prepared as described in Methods.
These samples were used in western blots for p50, c-Rel and p65, as well as the cytoplasmic
protein MEK-1 to verify purity of extracts (A) or EMSAs (B) that included supershifts for p50,
c-Rel and p65.
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Fig. 2.
Proliferation of Wt and p50- and c-Rel-deficient NK cells. Splenocytes from Wt or KO mice
were labeled with CFSE and stimulated in vitro with IL-2 for 4 days and then used for FACS
analysis to identify proliferating NK cells. Representative histograms of live, CD3, NK1.1+
cells (A) of stimulated (bold line) or media controls (shaded); line graph of combined responder
frequency (B) and proliferative capacity (C). All differences in values between Wt and p50 are
statistically significant except for responder frequency at 400 U ml -1 IL-2.
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Fig. 3.
Production of IFN-c by NK cells. Dot plots of LAK cells generated from Wt, p50 or c-Rel KO
mice were rested and then re-stimulated in vitro for 4 h (A) and scatter plots of the percentage
of IFN-c+ cells after stimulation with IL-2 + IL-12 and IL-12 + IL-18 or media alone in
individual mice for all experiments; *P = 0.04, **P = 0.003 (B). LAK cells generated from Wt,
mice were rested for 3 h before incubation with media alone (M) or IL-2 + IL-12 (S) for 1 h
in vitro (C). PCR of DNA derived from a ChIP assay representing total DNA (In) and DNA
precipitated using either an antibody for p50 (IP) or rabbit IgG (Ig) and using primers specific
to the exon 4 region of the IFN-c promoter.
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Fig. 4.
Assessment of in vivo proliferation of NK cells in response to infection. NK cells derived from
the spleens (A and C) and peritoneal exudate cells (B and D) of Wt and KO mice harvested on
day 3 post-infection with Toxoplasma gondii, to analyze incorporation of BrdU. Percentages
represent percentage of live, CD3 NK cells positive for BrdU. Contour plots showing one
representative sample from each (A and B) and scatter plots showing values for individual
mice from all experiments (C and D). *, ** denote average values which are significantly
different with a P-value <0.005.
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Fig. 5.
IFN-c production of NK cells after infection with Toxoplasma gondii. Scatter diagram showing
the percentage of IFN-c+ splenic NK cells from Wt and KO mice directly ex vivo, day 3 after
infection. Values represent percentages of live CD3, NK1.1+ cells that were IFN-γ+. UN =
uninfected controls and INF = infected with T. gondii.
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