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Abstract

Natural Killer (NK) cells can recognize target cells such as virus infected and tumor cells through
integration of activation and inhibitory receptors. Recognition by NK cells can lead to direct lysis
of the target cell and production of the signature cytokine IFNy. Yet it is unclear whether
stimulation through activation receptors alone is sufficient for IFN-y production. Here, we show
that NK activation receptor-engagement requires additional signals for optimal IFN~y production,
which could be provided by IFNB or IL-12. Stimulation of murine NK cells with soluble
antibodies directed against NK1.1, Ly49H, Ly49D, or NKp46 required additional stimulation with
cytokines, indicating that a range of activation receptors with distinct adaptor molecules require
additional stimulation for IFN+y production. The requirement for multiple signals extends to
stimulation with primary m157-Tg target cells, which triggers the activation receptor Ly49H,
suggesting that NK cells do require multiple signals for IFN+y production in the context of target
cell recognition. Using gPCR and RNA flow cytometry, we found that cytokines, not activating
ligands, act on NK cells to express /fng transcripts. Ly49H engagement is required for IFNy
translational initiation. Results using inhibitors suggest that the Proteasome-Ubiquitin-IKK-TPL2-
MNKZ1 axis was required during activation receptor engagement. Thus, this study indicates that
activation receptor-dependent IFNy production is regulated on the transcriptional and translational
levels.

Introduction

Natural killer (NK) cells recognize and attack target cells, including cancer and pathogen-
infected cells, through a combination of activation and inhibitory receptor-ligand
interactions. Upon recognition of a target cell through such interactions NK cells can
directly induce lysis of the target, but also produces the signature cytokine IFN-y. Activation
receptor dependent IFN-y production is frequently studied to assess NK cell functionality
(1). NK cells can produce IFN+y in response to cytokines as well, in particular IL-12 in
combination with 1L-18 results in strong IFNy production (2). Yet, unclear is whether these
pathways intersect.

Production of IFN+y by NK cells has been shown to contribute to viral control and tumor
rejection. For example, NK cells are the main source of IFN+y during early stages of MCMV
infection (3). This IFN-y produced early during infection contributes to MCMV clearance,
particularly in the liver (4). A susceptibility locus on mouse chromosome 10 is associated
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with impaired MCMV control and decreased NK IFN-y production, whereas IFN-y produced
by T cells is unaffected (5), providing genetic evidence suggesting NK cell-produced IFN-y
is critical for viral control. IFN-y production during MCMYV infection requires IL-12 and
depends on STAT4 (3, 6). In addition, IL-18 synergizes with IL-12 to induce IFNy during
infection (7). Thus, in the context of MCMYV infection the role for cytokines inducing NK
cell IFNvy is well established. NK cell IFNy production has been shown to control
metastasis formation of B16 melanoma sub-line (8), implicating a role for NK cell IFNvy in
controlling tumors as well.

It is well established that ligation of activation receptors trigger NK cells to produce IFNy,
but there is a body of evidence suggesting that stimulation through an activation receptor
alone is insufficient for optimal IFN-y production. Stimulation of mouse NK cells with plate-
bound antibodies against activation receptors such NK1.1 or Ly49H triggers IFN+y
production (9-11). In contrast, stimulation with soluble antibodies does not induce IFN-y,
whereas soluble anti-Ly49D has been reported to induce phosphorylation of SLP76 and
ERK (12). This indicates that soluble antibody is capable to induce NK cell activation but
not IFN-y production. Plate-bound anti-NKG2D dependent NK cell GM-CSF production
requires signaling through CD16 (13), suggesting that plate-bound antibody may also trigger
Fc receptors. Moreover, antibodies against different receptors synergize for human NK cell
IFNy and TNFa production when coated on the same beads (14) and a combination of
activation receptor ligands and adhesion molecules is required on insect target cells to
induce IFNy by freshly isolated human NK cells (15). Overexpression of activation ligands
on certain cell lines induces IFNy by resting mouse NK cells, including over-expression of
m157 and NKG2D ligands (5, 16, 17). In addition, NK cells stimulated with murine
cytomegalovirus (MCMV)-infected macrophages produce IFNy in a Ly49H-dependent
manner (17). However, transfer of wildtype NK cells into a naive host constitutively
expressing the Ly49H ligand m157 as a transgene (m157-Tg) did not result in IFNy
production but rather caused NK cell hypo-responsiveness within 24 hours (18, 19),
indicating that additional signals may be required for activation receptor-dependent IFNy
production.

Here we show that activation receptor-mediated IFNy production by NK cells indeed
requires additional signals which can be provided by cytokines such as IL-12 and IFNB. We
found that cytokine signaling induces transcription of /fng mRNA, whereas Ly49H signaling
resulted in translation of /fng mRNA. Furthermore, efficient IFN-y production required a
specific order of these stimuli. Taken together, this study provides a molecular basis for the
requirements of NK activation receptor-induced IFN-y production.

Materials and Methods

Mice

C57BL/6 (and congenic CD45.1 C57BL/6) mice were purchased from Charles River
Laboratories. IL-12RB2~~ and RAG1~~ mice were purchased from Jackson Laboratory.
DAP12 KI mice were kindly provided by E. Vivier (CNRS-INSERM-Universite de la
Mediterranee, France). DAP10~/~ mice were kindly provided by M. Colonna. IFNAR1 ™/~
were backcrossed on C57BL/6 background as described previously (20). m157-Tg and
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Ly49H-deficient B6.BxD8 mice were generated and maintained in-house in accordance with
institutional ethical guidelines.

Reagents and cell preparation

Fluorescent-labeled antibodies used were anti-NK1.1 (clone PK136), anti-NKp46 (29A1.4),
anti-CD3 (145-2C11), anti-CD19 (eBiol1D3), anti-CD45.1 (A20), anti-CD45.2(104), anti-
Eomes (Danllmag), anti-TNFa (MP6-XT22), and anti-IFNy (XMG1.2), all from Thermo
Fisher Scientific. Fluorescent-labeled anti-CD49a (Ha31/8) was purchased form BD
Biosciences. Biotinylated anti-Ly49H (3D10) was produced in-house. MG-132(Cell
Signaling 2094S), Actinomycin D (Sigma A9415), Cycloheximide (Sigma C7698),
CGP-57380 (Sigma C0993), ISRIB (Sigma SML0843), Pyr-41 (Sigma N2915),
BMS-345541 (Sigma B9935), Tpl2 kinase inhibitor (Santa Cruz sc-204351), PD90859
(Sigma P215) were used at the indicated concentrations. Where indicated, NK cells were
enriched to a purity >90% NK1.1+CD3-CD19- cells, verified by flow cytometry for each
experiment, from RAG1~/~ splenocytes using CD49b microbeads with LS columns
(Miltenyi Biotec) or from C57BL/6 mice using EasySep Mouse NK cell isolation kit
(StemCell Technologies) according to manufacturer’s instructions. m157-Tg or WT murine
embryonic fibroblasts (MEFs) were isolated from day 11.5-13.5 embryos.

In vitro stimulation assays

Freshly isolated splenocytes and liver single cell suspensions were prepared as previously
described (21). For antibody stimulations, splenocytes were stimulated with 4pg/ml
precoated or soluble antibody against NK1.1 (PK136), Ly49H (3D10), Ly49D (4E4) that
were produced in-house, or NKp46 (29A1.4) purchased from Biolegend. IFNB (800 U/ml;
PBL Assay Science) and/or 1L-12p70 (25 ng/ml; Peprotech) were added where indicated.
For co-culture experiments, splenocytes were co-cultured with congenic CD45.% or CFSE-
labeled m157-Tg or littermate control splenocytes at a 1:1 ratio in the presence of 100-200
U/ml IEN or 10-20 ng/ml IL-12p70 where indicated. For experiments with MEFs,
splenocytes or purified NK cells were co-cultured with m157-Tg or C57BL/6 MEFs at a
30:1 or a 1:1 ratio respectively. Monensin (Thermo Fisher Scientific) was added after 1 hour
and the culture was stopped 5-8 hours hereafter. Samples were subsequently stained with
fixable viability dye (Thermo Fisher Scientific), followed by surface staining in 2.4G2
hybridoma supernatant with directly conjugated or biotinylated antibodies that were revealed
by streptavidin-PE (BD Biosciences). Samples were then fixed and stained intracellularly
using the Cytofix/Cytoperm kit (BD Biosciences) or FOXP3/transcription factor staining
buffer set (Thermo Scientific) for Eomes staining according to manufacturer’s instructions.
Samples were acquired using FACSCanto (BD Biosciences) and analyzed using FlowJo
software (Treestar). Where indicated, representative sample files were combined after
acquisition in concatenated files for visualization purposes. Concatenated files were gated
for NK cells, Sample ID versus IFNy is shown in the generated composite plot. NK cells
were defined as Viability"NK1.1*CD3"CD19" or Viability"NKp46*CD3-CD19" and gating
for IFNy were based on unstimulated controls. For RNA flow experiments, splenocytes
were stimulated with MEFs, and after antibody staining, they were hybridized with /fng or
control scrambled probe using the prime flow kit (Thermo Fisher Scientific) according to
manufacturer’s instructions.
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Quantitative PCR

RNA was isolated from purified NK cells after indicated stimulation using Trizol (Thermo
Fisher Scientific). Contaminating DNA was removed using Turbo DNAse, and cDNA was
synthesized using Superscript 111 (Thermo Fisher Scientific). Quantification was performed
for /fng (Mm.PT.58.30096391; Integrated DNA Technologies) and Gapadh
(Mm99999915 g1; Thermo Fisher Scientific) against plasmid standard curves using
TAQman universal master mix Il on a StepOnePlus real time PCR system (Thermo Fisher
Scientific).

Western blot

Stimulated purified NK cells were lysed in RIPA lysis and extraction buffer in the presence
of protease and phosphatase inhibitors (Thermo Fisher Scientific). Lysates were denatured in
Laemmli sample buffer and resolved by SDS-PAGE. Proteins were transferred to PVDF
membranes and probed with antibodies specific for Erk%z (137F5), phospho-ErkY2 (Thr202/
Tyr204; #9102), NF-KB p65 (D14E12), phospho-NF-KB p65 (Ser536) (93H1), or p-Actin
(#4967), which were purchased from Cell Signaling Technology.

Statistical analysis

Statistically significant differences were determined with unpaired, two-tailed Student’s t-
tests using Prism (Graphpad). Error bars in figures represent SD and p-values from duplicate
or triplicate samples as indicated. All experiments shown are representatives from 2 or more
independent experiments.

Results

NK cell activation receptor-dependent IFNy production requires multiple signals

NK cells produce IFNvy in response to stimulation with immobilized plate-bound antibodies
against activation receptors such as anti-NK1.1, antiLy49H, anti-Ly49D and anti-NKp46, as
shown in composite plots of concatenated representative samples (Figure 1). However,
stimulation with soluble antibody alone did not result in significant IFN~y production,
suggesting that additional signals are required for IFN-y production. We investigated a
potential role for cytokines on activation receptor-mediated IFN-y production, which we and
others have previously described to be important for NK cell cytolytic functions during viral
infections (6, 20, 22). Stimulation of wildtype (WT) NK cells alone with IL12 and/or IFNB
resulted in low percentages of NK cells producing IFNvy (Figure 1). Strikingly, stimulation
of NK cells with soluble anti-NK1.1 in combination with IL12 and IFNP synergized to
induce strong IFN+y production, reaching levels similar to plate-bound antibody (Figure 1A,
C). To investigate whether the requirement for multiple signals was applicable to other
activation receptors that signal through adaptor molecules other than associated with NK1.1
(FcRy), we analyzed the response to anti-Ly49H (DAP10/12), anti-Ly49D (DAP10/12), and
anti-NKp46 (FcRy/CD3(). Soluble anti-Ly49H, anti-Ly49D, and anti-NKp46 also induced
optimal IFNy production in the presence of IL-12 and IFN, suggesting that these receptors
have similar requirements. In summary, these results indicate that a wide range of NK
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activation receptors, signaling through distinct adapter molecules, require synergistic
stimulation with cytokines for full IFN-y production.

To explore whether the synergy between activation receptor and cytokine stimulation
extends to innate lymphoid cells (ILC), we analyzed liver ILC1 for IFNy and TNFa
production in response to anti-NKZ1.1 under the conditions described above (sFigure 1).
ILC1 produced high levels of IFNy and TNFa in response to plate-bound anti-NK1.1. In
contrast to cNK cells ILC1 produced moderate amounts of IFN+y in response to IL-12 alone,
which was elevated to some extent by the addition of soluble anti-NK1.1. Taken together,
ILC1 cytokine production likely requires distinct mechanisms as compared to cNK cells.

NK cell IFNy production through stimulation with ligand-expressing cells requires
additional signals

In order to investigate the requirements for activation receptor dependent IFNy production
in the context of activation receptor engagement by ligand rather than antibody cross-
linking, we turned to an /n vitro model that we previously published (20). Briefly, we
stimulated NK cells among freshly isolated splenocytes with freshly isolated m157-Tg or
wild type (WT) splenocytes in the presence or absence of cytokines. While Ly49H* NK
cells produce IFN+y in response to MCMV-infected cells, upon recognition of m157 (17, 18),
here we observed that Ly49H* NK cells produced only low levels of IFN+y in response to
m157-Tg splenocytes alone in vitro (Figure 2A). These data suggest that in the context of
activation receptor engagement by ligand, additional signals are required as well. Indeed, co-
culture of NK cells and m157-Tg splenocytes with IFNf or IL-12 induced substantial levels
of IFN+y while stimulation of WT NK cells alone with IFNB or IL-12 did not (Figure 2A).

To explore whether this cytokine requirement applied to other activation receptors, such as
NKG2D, we analyzed NK cell IFN-y production in coculture experiments with SV40-
immortalized MEF expressing the NKG2D ligand, Rael8 (sFigure 2A). Similar to m157-Tg
stimulation, NK cells produced more IFNy upon exposure to Rael18-expressing target cells
with IFNP or IL-12. These results strongly suggest that activation receptor engagement by
ligand alone is insufficient for optimal IFN-y production and additional signals such as
cytokines are required.

To determine if cytokine stimulation acted directly on NK cells, we used mixed cultures
involving NK cells deficient in cytokine receptors. When IFNAR-deficient splenocytes were
mixed with IFNAR-sufficient m157-Tg or WT splenocytes, IFNAR-deficient NK cells were
unable to respond to IFN-I and m157-Tg stimulation but still produced IFN-y in response to
IL-12 and m157-Tg targets, indicating that IFNp acts cell-intrinsically on NK cells (Figure
2B). Conversely, IL-12R-deficient NK cells were unable to respond to IL-12 and IL-12R
sufficient m157-Tg splenocytes but did respond to IFNB and m157-Tg targets (Figure 2C),
indicating that 1L-12 acts directly on NK cells as well. Furthermore, stimulation of purified
NK cells with m157-Tg MEF and cytokines was capable of inducing IFN-y, providing
further evidence that these cytokines act directly on NK cells (sFigure 2B).

Interestingly, most IFNy was produced by Ly49H* NK cells with lower levels of Ly49H
(Figure 2A), suggesting that these cells had directly engaged m157 which modulated Ly49H

J Immunol. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Piersma et al.

Page 6

expression, as previously described (20). To confirm the involvement of Ly49H, we analyzed
NK cells from B6.BxD8 mice that selectively lacked Ly49H expression and found that
m157-Tg target cells were unable to stimulate IFN+y production even with IFN-1 or IL12
(Figure 2D). Since Ly49H has been reported to signal through the signaling adapters DAP10
and DAP12 (11, 23), we investigated which of these molecules was required for Ly49H-
dependent IFNy production by analyzing NK cells deficient in either of these molecules
(Figure 2E). DAP10-deficient NK cells were fully capable of producing IFNvy, whereas
DAP12-deficient NK cells were unable to produce IFNvy. These data show that signaling
through DAP12 but not DAP10 is required for Ly49H-dependent IFNy production.

Cytokine signals are required before Ly49H stimulation for optimal IFNy production

To determine whether cytokine and activation receptor signals were needed simultaneously,
we separated cytokine and activation receptor stimulation (Figure 3A). Upon stimulation of
NK cells first with cytokine for 3 hours then without cytokine for a 1-hour rest followed by
m157-Tg MEF co-culture, we observed IFNvy production similar to stimulation with both
cytokines and m157-Tg MEFs throughout the assay (Figure 3B, C). However, when the
stimuli were reversed and NK cells were first stimulated with m157-Tg MEF and cytokines
second, we did not observe IFN+y production by Ly49H* NK cells (Figure 3D). These
experiments indicate that NK cells do not have to receive cytokine and activation receptor
signals simultaneously, but the order by which they receive these signals is important.

IFNy production requires transcription during cytokine exposure while translation is
required during Ly49H engagement

We assessed the contributions of transcription and translation during cytokine and m157-Tg
exposure were assessed (Figure 4A, B). We blocked with either the transcriptional inhibitor
actinomycin D (AD) or protein synthesis inhibitor cycloheximide (CHX) during each stage.
AD exposure during initial cytokine stimulation blocked IFN-y production almost
completely, while Ly49H* NK cells were still able to produce IFNy when AD was added
only during subsequent m157-Tg MEF stimulation (Figure 4B). In contrast, CHX during
initial cytokine stimulation did not block IFN-y production while it completely blocked
IFNy production during subsequent m157-Tg stimulation. Taken together, these data
suggest that cytokine stimulation induces /fng transcription, while m157-Tg stimulation
induces translation.

To confirm that cytokine stimulation induces /fng transcription, we analyzed purified NK
cells in response to cytokine and m157-Tg MEF stimulation. Stimulation using purified NK
cells resulted in similar IFNy production as compared to the splenocyte cultures (sFigure
2B). In response to IFNP or IL-12, /fng transcripts were increased ~100-fold whereas
stimulation with m157-Tg MEF alone did not induce increased /fng transcript levels in
purified NK cells (Figure 4C). The combination of cytokine and m157-Tg MEF resulted in
similar /fng transcripts as with cytokine alone. We used flow cytometry to visualize /fng
mRNA versus IFNy protein following stimulation with both cytokines and m157-Tg on a
single cell level (Figure 4D). Consistent with our quantitative PCR data, we found that 1L-12
alone but not m157-Tg MEF alone stimulated /fng transcription. The combination of 1L-12
and m157-Tg MEF did not result in increased /fng transcript levels compared to 1L-12
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alone, but NK cells with high /fng transcript levels produced more IFN-y protein. Incubation
with IL-12 and IL-18, which resulted in high /fng transcript and simultaneous IFN-y protein
levels, is shown as a positive control. Thus, cytokine stimulation but not Ly49H activation
induces /fng transcription.

To validate the contribution of IFN-y translation during m157-Tg stimulation, we blocked
initiation of translation with inhibitors for 2 potential initiation pathways, i.e., the MNK1-
inhibitor CGP57380 for the elF4 complex and ISRIB for the elF2 complex. CGP57380
addition during m157-Tg target stimulation prevented IFN-y production in a dose-dependent
manner, whereas ISRIB did not (Figure 4E). Neither inhibitor affected NK cell viability at
the concentrations used (data not shown). These results suggest that Ly49H-activation
initiates IFNy translation and that the elF4 but not the elF2 complex is required. Together,
the data presented here indicate that IFNB or IL-12 induce /fng transcription, whereas
activation receptor stimulation acts post-transcriptionally to induce IFN-y protein production.

Ly49H-dependent IFNy requires the Proteasome-Ubiquitin-IKK-TPL2 axis

To determine whether IFN-y is produced in response to cytokine stimulation but rapidly
degraded by the proteasome, we blocked the proteasome (Figure 5A). Addition of MG-132
during cytokine stimulation did not alter IFN+y induced upon secondary stimulation with WT
MEF, suggesting that IFN~y is not continuously degraded by the proteasome during initial
cytokine stimulation. Unexpectedly, we observed decreased IFNy upon MG-132 treatment
during subsequent m157-Tg stimulation, indicating that proteasomal degradation was
instead required for IFN-y production at the time of Ly49H activation.

To investigate how proteasomal degradation could be required for IFNy production we
utilized a panel of established inhibitors to examine ubiquitin-dependent signaling pathways
requiring the proteasome. To determine involvement of the ubiquitin pathway, we blocked
the E1 ubiquitin ligase with Pyr-41 and observed dose-dependent decrease in IFNy
production, suggesting that that ubiquitination is required (Figure 5B). We analyzed if the
IKK complex was involved with BMS-345541 that inhibited IFN-y production in a dose-
dependent manner (Figure 5C). Stimulation of NK cells with m157-Tg cells resulted in
modest p65 phosphorylation at early timepoints, suggesting that IFNy production may be
independent of canonical NFKB (sFigure 2C). The IKK complex has also been implicated in
post-transcriptional regulation of TNFa-production by macrophages through activation of
TPL2 (24, 25). To investigate whether IFN+y production by NK cells could be similarly
regulated, we inhibited TPL2 and detected decreased IFN-y production in a dose-dependent
manner, suggesting that Ly49H-signaling through TPL2 is required for IFNy production
(Figure 5D). ERK has been reported to act downstream of TPL2 as well as in a number of
immune receptor signaling pathways, indeed we detected NK cell ERK phosphorylation in
response to m157-Tg MEF stimulation (Figure 5E). Additionally, blockade of ERK with
PD90859 inhibited IFNy production (Figure 5F). Finally, we analyzed whether this pathway
potentially is involved in other means of NK cell stimulation. TPL2 inhibition during
stimulation with plate-bound antibodies against NK1.1, Ly49H, Ly49D, and NKp46 resulted
in a virtually complete reduction in IFN+y production (Figure 5G and sFigure 2D).
Intriguingly, inhibition of TPL2 during stimulation with combination of IL-12 and IL-18 did

J Immunol. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Piersma et al. Page 8
not result in reduction in IFN+y, even at lower stimulatory cytokine concentrations (sFigure
2E), indicating that it is independent of the TPL2-axis and that the TPL2 inhibitor is not
toxic at the concentrations used. Taken together, these data suggest that NK cell IFNy
induced specifically through activation receptors requires the Proteasome-Ubiquitin-IKK-
TPL2-ERK axis.

Discussion

While we previously described that dual signaling is required for full NK cytolytic function
during MCMV infection (20), herein we uncovered a distinct role for activation receptor-
dependent IFN-y production that is regulated at the transcriptional and translational levels.
The data presented here support the following model (sFigure 3): Stimulation of NK cells
with IFN-1 and IL-12 induces /fng transcription. Subsequently, a second signal through an
activation receptor initiates translation of /fng mRNA into protein. In the case of the DAP12-
dependent activation receptor Ly49H, signaling requires the Ubiquitin-IKK-TPL2-MNK1-
elF4 axis to induce IFNy protein. This pathway likely plays a role downstream of other
activation receptors as well, as inhibition of TPL2 blocked IFN+y production in response to
anti-NK1.1, anti-Ly49H, and anti-NKp46. Intriguingly, IFN-y in response to IL-12 in
combination with IL-18 was not dependent on TPL-2, suggesting that a distinct pathway is
involved as compared to activation receptor stimulation.

In this study we found that primary m157-Tg splenocytes and MEFs alone were unable to
stimulate robust NK cell IFN+y production. In contrast, cell lines overexpressing m157, such
as BAF-m157, are capable of inducing NK cell IFNy (5, 16, 17). We observed similar
expression levels of m157 in m157-Tg MEF and BAF-m157, indicating in both situations
the ligand levels are similar. The cell lines overexpressing m157 potentially express
additional NK ligands or soluble factors that may bypass the requirement for a second
signal. To avoid contributions of such factors, we used primary m157-Tg cells that are the
same as WT cells except for transgenic expression of m157.

Resting NK cells have increased /fng transcript levels compared to naive T cells as reported
in Yeti mice that have the /fng 3’ UTR replaced by YFP (26). The data presented here
suggest that these levels are not enough for optimal activation receptor-dependent IFN-y
production. We observed approximately a 100-fold increase in /fng transcript levels upon
treatment with IL-12 or IFNB, which allowed for IFN-y protein expression upon engagement
of Ly49H. Of note, the combination of IL-12 and IL-18 resulted in even higher /fng
transcript levels, presumably partially or completely bypassing the need for activation
receptor engagement as shown here. NK cells that are previously exposed to MCMV-
infection also have increased /fng transcripts compared to naive NK cells as reported in Yeti
mice (27), suggesting that target cell recognition by activation receptors without cytokine
exposure may be enough for these NK cells to produce IFNvy.

We observed increased IFN+y production upon MG-132 treatment during cytokine
stimulation that is followed by m157-Tg stimulation (Figure 5A). Jak2 and STAT4 are
downstream of the 1L-12 receptor, both these molecules have been described to be degraded
by the proteasome as part of negative regulation (28, 29). Thus, blocking the proteasome
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during cytokine stimulation may potentially lead to sustained cytokine signaling and
increased /fng transcription, which may explain the increase in IFNy production observed
upon MG-132 treatment during cytokine stimulation.

IFNy production is known to be regulated at the transcriptional and post-transcriptional
levels. Transcription is regulated through a number of transcription factors including T-bet
and Eomes as well as microRNAs and long non-coding RNAs. The untranslated regions
(UTR) have been implicated in post-transcriptional control of IFN+y. The human /fng5’UTR
contains a pseudoknot that inhibits elF2-dependent translation through PKR (30). We found
arole for elF4 and not elF2 for NK cell IFNy production, suggesting that the observed
IFNy is independent of the pseudoknot. However, deletion of the /fng 3’ UTR increased
IFNy-producing NK and T cells treated with IL-12 (31), indicating that the /fng3’ UTR
may play another important role in post-transcriptional control of IFNy production. The
ARE-binding protein ZFP36L2 has recently been identified to bind to the /fng3’ UTRin T
cells, thereby repressing its translation (32). Our data are consistent with a translational
repressor that is released upon activation receptor signaling and perhaps ZFP36L2 may
regulate NK IFNvy production as well. Yet unclear is how receptor activation signals would
relieve ZFP36L2 from its putative repression of IFNy translation.

We observed increased IFN<y production upon CHX treatment during cytokine stimulation
followed by m157-Tg stimulation (Figure 4B), CHX treatment potentially resulted in
decreased levels of molecules that negatively regulate IFN-y production under normal
conditions. For example, blocking protein production of ZFP36L2, suppressor of cytokine
signaling (SOCS1), and/or downstream regulatory element antagonist modulator (DREAM)
(33) may cause or contribute to increased IFN+y production upon CHX treatment during
cytokine stimulation.

TPL-2 has been shown to be involved in post-transcriptional control of TNFa. production
(24). TPL-2 can be activated by IKB-dependent ubiquitination and degradation of p105 (25).
Our data using established inhibitors blocking the proteasome, E1 ubiquitin ligase, IKK, and
TPL-2 suggest that this pathway may also be involved in Ly49H-dependent IFN-y
production. Although inhibitors were used here to outline the Proteasome-Ubiquitin-1KK-
TPL2 axis, these pathways have been well established in other systems where inhibitors
have been validated. However, follow-up studies with mice (conditionally) deficient in key
players will be required to confirm these findings. TPL2-deficient CD4* T cells are defective
in producing IFNy and controlling 7oxoplasma gondii (34), suggesting that IFNy may be
regulated by TPL2 in a similar fashion to TNFa..

In conclusion, we uncovered a stepwise initiation process of NK cell IFN+y transcription
versus translation by cytokines and activation receptors as well as by proteasome
degradation. These pathways are likely to be subject to regulation at multiple points,
potentially allowing for specific IFNy production during pathogenic infections and tumor
surveillance while preventing autoimmunity and immunopathology.
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Key Points
Natural Killer activation receptor-dependent IFN-y requires additional signals
Cytokine, but not activation receptor stimulation induces /fng transcription

Activation receptor ligation stimulates IFNy translation through TPL2
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Figure 1. Soluble antibodies directed against activation receptors are capable of inducing NK cell
IFN+y in the presence of IFNP or IL-12.

Splenocytes from WT mice were stimulated in the presence of soluble or plate-bound
antibody and the indicated cytokines. NKp46+ NK cells (A-B) or NK1.1+ NK cells (C-D)
were analyzed for IFN+y production. Combined FACS plots of concatenated representative
samples are shown in (A, C) and quantification of duplicates is shown in (B,D).
Representative experiment of 3 independent experiments is shown. The *-symbols indicate
statistical comparison to same condition without antibody, the #-symbols indicate
comparison to soluble antibody only within the same group. #### or ****p<0.0001, ### or
***p<0.001, ## or **p<0.01, # or *p<0.05, ns= not significant.
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Figure 2. Ly49H-dependent IFN+y production requires cell-intrinsic cytokine and DAP12 but not
DAP10 signaling.

(A) Splenocytes from CD45.2 WT mice were mixed with CD45.% congenic m157-Tg or
WT splenocytes at a 1:1 ratio in the presence of the indicated cytokines. IFN-y production by
the CD45.2+ NK cells is shown. (B-E) CD45.2+ Splenocytes deficient for the indicated
gene were mixed with congenic CD45.%+ m157Tg or control splenocytes that were not
deficient for the indicated genes. Representative experiment of 17 (A), 3 (B), and 2 (C)
independent experiments performed in duplicate is shown. ***p<0.001, **p<0.01, *p<0.05,
ns= not significant.
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Figure 3: Cytokine and activation receptor stimulation is not required simultaneously, but
cytokine exposure is needed before activation receptor triggering.

(A) Experimental setup; and (B) IFN-y production after simultaneous stimulation with
cytokine and m157-Tg MEF. (C) IFNy production after pretreatment with cytokine and
subsequent stimulation with m157-Tg MEF. (D) IFN-y production after pretreatment with
m157-Tg MEF and subsequent stimulation with cytokines. Samples were analyzed as in
Figure 2. Representative experiment of 4 independent experiments performed in duplicate is
shown. ***p<0.001, **p<0.01, *p<0.05, ns= not significant.
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Figure 4: 1L-12 and IFNP induce Ifng mRNA whereas signaling through Ly49H initiates IFN+y
translation.

(A) Experimental setup. (B) Splenocytes were pretreated with 1L-12, hereafter the cells were
washed and incubated with m157-Tg MEF in the presence of monensin. During IL-12
(cytokine) or m157-Tg stimulation transcription-inhibitor actinomycin D (AD; 2.5 pg/ml),
or translation-inhibitor cycloheximide (CHX; 5 ug/ml) was added. (C) Splenic NK cells
were purified by negative selection. 6 hours after stimulation with cytokines and/or m157-Tg
MEF RNA was isolated from NK cells. /fng transcripts were quantified using TAQman
gPCR and normalized to Gapadh expression. (D) Purified NK cells were stimulated with
IL12 and/or m157-Tg MEF for 6 hours and stained for IFNvy protein and /fng mRNA using
primeflow RNA assay. (E) Splenocytes were pretreated with IL-12, hereafter the cells were
washed and stimulated with m157-Tg MEF in the presence of monensin and MNK-1/elF4
inhibitor CGP-57380 or elF2 inhibitor ISRIB at the indicated concentration. Representative
experiment of 3 independent experiments is shown and each was performed in duplicate (B,
E) or triplicate (C). ***p<0.001, **p<0.01, *p<0.05, ns= not significant.
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Figure 5: Ly49H signaling requires the Proteasome-Ubiquitin-IKK-TPL2-ERK axis to induce
IFNy.

(A) }/l-\s in Figure 4AB, splenocytes were pretreated with IL-12, hereafter the cells were
washed and incubated with m157-Tg MEF in the presence of monensin. During I1L-12
(cytokine) or m157-Tg stimulation, the proteasome inhibitor MG-132 (10uM) was added.
(B-D,F) as in Figure 4E, splenocytes were pretreated with IL-12, thereafter the cells were
washed and stimulated with m157-Tg MEF, in the presence of monensin and E1 inhibitor
Pyr-41 (B), IKK-complex inhibitor BMS-345541(C), TPL2 inhibitor (D), or ERK-inhibitor
PD90859 (F) at the indicated concentrations. (E) Purified NK cells were pre-stimulated with
IL-12, after which the NK cells were stimulated with m157-Tg MEF for the indicated time.
ERK and phospho-ERK levels were analyzed by western blot. (G) Splenocytes were
stimulated with indicated plate-bound antibody or IL-12 (12.5 ng/ml) and IL-18 (5 ng/ml) in
the presence or absence of 9 pM TPL2 inhibitor. Percent of IFN+y producing NK cells were
normalized to the condition without inhibitor. Representative experiments of 2 (A, D, E, G)
or 3 (B, C, F) independent experiments are shown and were performed in duplicate (A, B, C,
F, G) or triplicate (D). **p<0.01, *p<0.05, ns= not significant.
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