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Abstract

Natural Killer (NK) cells are lymphocytes with an important role in anti-tumour responses. NK
cells bridge the innate and adaptive arms of the immune system; they are primed for immediate
anti-tumour function but can also have prolonged actions alongside the adaptive T cell response.
However, the key signals and cellular processes that are required for extended NK cell responses
are not fully known. Herein we show that murine NK cell interaction with tumour cells induces the
expression of CD25, the high affinity IL2 receptor, rendering these NK cells highly sensitive to the
T cell-derived cytokine IL2. In response to I1L2, CD25M9" NK cells show robust increases in
metabolic signalling pathways (mTORCZ1, cMyc), nutrient transporter expression (CD71, CD98),
cellular growth and in NK cell effector functions (IFN-y, granzyme B). Specific ligation of an
individual activating NK cell receptor, NK1.1, showed similar increases in CD25 expression and
IL2-induced responses. NK cell receptor ligation and IL2 collaborate to induce mTORC1/cMyc
signalling leading to high rates of glycolysis and oxidative phosphorylation (OXPHOS) and
prolonged NK cell survival. Disrupting mTORC1 and cMyc signalling in CD25M3" tumour
interacting NK cells prevents IL2-induced cell growth and function and compromises NK cell
viability. This study reveals that tumour cell interactions and T cell-derived IL2 cooperate to
promote robust and prolonged NK cell anti-tumour metabolic responses.

This is an open access article distributed under the terms and conditions of Creative Commons Attribution 4.0 International License.
“Correspondence: David K. Finlay, finlayd@tcd.ie.

Author contributions

DKF, CMG and NKM designed the study. NKM, CC, AMC, ELS, PGF performed the experiments and analysed the data. DKF wrote
the original draft of the manuscript. DKF, CMG and NKM reviewed and edited the manuscript. DKF and CMG supervised the
research.

Conflicts of Interests

The authors declare that they have no conflicts of interest.


https://creativecommons.org/licenses/by/4.0/

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Kedia-Mehta et al.

Keywords

Page 2

natural Killer cell; metabolism; NK1.1; tumour; cancer; receptor; IL2; CD25; mTORC1; cMyc;
glycolysis; OXPHOS; Slc7a5

Introduction

Natural Killer (NK) cells play an important role in our immune response against cancer.
They can recognise transformed tumour cells and directly kill them through various
mechanisms including the directed release of cytotoxic granules. NK cells also produce the
cytokine Interferon iy (IFNvy) that can directly kill tumour cells as well as serving to
communicate to other immune cells, thus orchestrating the immune response. As part of the
innate immune system NK cells have an inherent ability to Kill target cells without prior
sensitisation; NK cells have a range of receptors that can distinguish between normal cells
and transformed cells. Additionally, the cytotoxic activity of NK cells can be further induced
by signals including cytokines such as the adaptive cytokine Interleukin 2 (1L2), which is
primarily released by activated T cells [1-3]. Therefore, NK cells have an important role in
the anti-tumour response that bridges the innate and adaptive arms of the immune system.

Recent discoveries have identified cellular metabolism as an integral factor in the control of
cytokine-induced NK cells responses. Any perturbation that impacts upon NK cell
metabolism impairs the effector function of these cytokine-stimulated NK cells including
IFNy production and tumour cell cytotoxicity [4-9]. Cytokine-induced NK cell metabolism
and effector responses have also been shown to be dysfunctional in the context of diseases
such as obesity and cancer [10-12]. The immediate capacity of NK cells to produce IFNy
and kill target cells in response to activating receptor ligation is not associated with
increased cellular metabolism [13]. However, it is not clear whether prolonged NK cell
responses to tumour cells and activating ligands require increased metabolism in order to
support NK cells’ energy and biosynthetic demands. Also, while it is known that NK cells
can operate alongside antitumour T cells responses [14,15], how the signals received from
tumour cell interactions (NK receptor ligands) and T cell derived signals (IL2) cooperate
with respect to NK cell metabolic and functional responses is not known.

This study has investigated how tumour interactions and the ligation of the activating NK
cell receptor NK1.1 impact upon NK cell metabolism and NK cell effector outputs. NK cell
interactions with tumour cells or specific NK cell receptor ligation results in the expression
of the high affinity 1L2 receptor CD25. These induced CD25M3" NK cells can respond to
IL2, leading to increased NK cell metabolism, function and survival. This study shows how
innate and adaptive stimuli delivered through target cell interactions and the T cell-derived
cytokine IL2, respectively, integrate to promote robust and prolonged NK cell metabolic and
functional responses.
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Results

CD25 Expression on Tumour-Interacting NK Cells Is Required for Increased Metabolism in
Response to IL2 Cytokine

NK cells and T cells are both important for anti-tumour responses. To understand how
stimuli from tumour cells and IL2 from local T cells might affect NK cells responses, we
explored NK cell responses when co-cultured with tumour cells in the presence or absence
of exogenously supplied IL2. During initial experiments splenic NK cells were cultured for
6 days in low dose 1L15, a cytokine required for Dendritic cell-mediated NK cell priming /n
vivo [16-18] (called “cultured NK cells” hereafter), purified by magnetic bead cell sorting
prior to being co-cultured with B16 melanoma cells for 18 h. Interactions with B16 tumour
cells resulted in the expression of high levels of CD25, the high affinity IL2 receptor subunit,
on a proportion of NK cells (Figure 1a,b). Increased CD25 expression was also observed
when NK cells were cultured with other murine tumour cells including YAC-1 cells (T cell
lymphoma) CT26 cells (colon carcinoma) and LLC cells (Lewis Lung carcinoma) cells,
though to differing degrees (Figure 1c, Supplementary Figure S1a). Similarly, culturing NK
cells with RMA lymphoma cells that are sensitive to NK cells killing (RMA-S cells) resulted
in CD25 expression on the NK cells. In contrast, culturing NK cells with RMA lymphoma
cells that are insensitive to NK cells killing (parental RMA cells) did not (Figure 1d,
Supplementary Figure S1b). While CD25 is often considered a marker of activated T cells,
this is not always the case for NK cells. For instance, NK cells are robustly activated by high
dose IL-15 (100 ng/mL) but this cytokine does not induce the expression on CD25
(Supplementary Figure S1c). In fact, in terms of cytokines that activate NK cells, it is
primarily I1L12 that induces the expression of CD25 expression in murine NK cells even
though 1L12 does not potently activate NK cells alone [1,5].

We next explored how the expression of CD25 affected the way NK cells responded to the T
cell cytokine IL2. Following 18 h co-culture with B16 cells, IL2 was added for a further 18 h
and the NK cells initially analysed for IFN7y production. It was clear that the CD25Migh
expressing NK cells, but not the CD25)4,, NK cells, produced IFNvy in the presence of 1L2
(Figure 1e,f). Tumour interacting NK cells did not produce IFNvy in the absence of I1L2
(Figure 1e,f). Similarly, NK cells cultured in the absence of tumour cells for 18 h and then
provided IL.2 for 18 h did not produce IFN+y (Figure 1e). These CD25M9" NK cells were not
a particular subset; all three of the main NK cell subsets were present (CD27* CD11b™,
CD27* CD11b*, CD11b* CD27") (Supplementary Figure S1d). To further understand the
impact of CD25 expression and 1L.2 on NK cell metabolism and function, CD25M9" and
CD254y NK cells from B16-NK cell co-cultures were compared (Figure 1g, left panel). In
the presence of IL2, CD25M9" NK cells produced large amounts of IFN+y and had
substantially higher expression of the cytotoxic granule component granzyme B compared to
CD25;0, NK cells (Figure 1g,h). CD25M39" NK cells were also larger than CD25)4,, NK
cells, suggesting increased cellular growth (Figure 1i). Indeed, there was increased
expression of the metabolic regulator cMyc and increased expression of the cMyc target
gene CD71, the transferrin receptor, in CD25M9" NK cells compared to the CD25)4,,
counterparts (Figure 1i,j). mTORC1 is another metabolic regulator that is known to be
important in the regulation of NK cell metabolism and function [5,19]. The levels of
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mTORC1 signalling, measured by the phosphorylation of S6 ribosomal protein, were also
elevated in CD25"9" NK cells compared to CD25),,, NK cells (Figure 1i,j). However, there
was not a general increase in protein expression on CD25M9" NK cell; CD25)4,, and
CD25N9" NK cells expressed equivalent levels of the NK cell receptors NK1.1 and NKp46
(Supplementary Figure Si1e). To confirm that the CD25M9" NK cells have increased levels of
metabolism we used a metabolic uptake assay looking at the amount of fluorescently
labelled transferrin taken up by these NK cells. CD25M39" NK cells had substantially
increased levels of transferrin compared to CD25)4,, NK cells (Figure 1j,k).

These results suggested that tumour interactions would allow NK cells to respond to 1L2
produced locally by T cells. To test this premise NK cells were co-cultured with B16 tumour
cells and also either naive T cells or T cells activated with anti-CD3 and anti-CD28
(Supplementary Figure S2). T cells were added at a 1:1 ratio to the NK cells. CD25;q,, NK
cells behaved equivalently in the presence of naive or activated T cells (Figure 2a). In
contrast, CD25M9" NK cells were larger and expressed increased levels CD71 in the
presence of activated T cells compared to naive T cells (Figure 2b). The expression of the
surface receptor NKp46 was unchanged (Figure 2c). Additionally, CD25M9" NK cells
cultured with activated T cells produced more IFNvy and expressed higher levels of
granzyme B compared CD25M9" NK cells cultured with naive T cells or no T cells (Figure
2d,e). The fact that only CD25M9" NK cells showed evidence of enhanced metabolism and
function suggested that the factor produced by the activated T cells, but not naive T cells, to
mediate these effects is the cytokine IL2.

Taken together, these data support a model whereby NK cell-tumour interactions facilitated
the upregulation of CD25 expression allowing NK cells to respond to T cell-derived IL2,
which induced metabolic signalling pathways, cellular growth and robust NK cell effector
function.

NK1.1 Receptor Ligation Facilitates IL2-Dependent Metabolic Reprogramming

To further study these metabolic responses we focused on a model system and investigated
how the archetypal NK cell activating receptor, NK1.1, integrates with IL2 signalling to
regulate NK cell metabolic pathways and promote robust effector responses. Previous
research showed that short-term ligation of the NK1.1 activating receptor induces IFNy
production from NK cells without engaging any changes in cellular metabolism [13]. Here
we investigated NK cell metabolism following activation of the NK1.1 receptor for 18 h in
comparison to NK cells stimulated with IL2 plus IL12 cytokine. As described previously,
IL2/IL12 stimulated NK cells engaged a robust metabolic response with increased rates of
OXPHOS and maximal respiratory capacity (Figure 3a)[5]. NK1.1 stimulated NK cells also
showed increased rates of OXPHOS, though these rates were significantly less than those of
IL2/IL12 stimulated NK cells (Figure 3a). Similarly, while both IL2/IL12 and NK1.1
stimulated NK cells had increased rates of glycolysis and glycolytic capacity, metabolic
rates were significantly less in NK1.1-stimulated NK cells compared to IL2/IL12 stimulated
NK cells (Figure 3b).

As was observed for NK cells co-cultured with B16 tumour cells, NK1.1 stimulated NK
cells increased the expression of CD25, suggesting that these cells would be more
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responsive to IL2 cytokine (Figure 3c). Indeed, NK1.1 plus IL2-stimulated NK cells had
substantially high rates of glycolysis and OXPHOS compared to NK cells stimulated with
either IL2 or NK1.1 alone (Figure 3d—g). NK cells stimulated with NK1.1 plus IL2 also had
the highest expression of nutrient transporters including the transferrin receptor, CD71, and
CD98, a component of the system L amino acid transporter (Figure 3h,i, Supplementary
Figure S3). Therefore, NK1.1 sensitises NK cells for robust IL2-dependent metabolic
responses.

These heightened metabolic responses in NK1.1 plus IL2 stimulated NK cells paralleled NK
cells functional responses. NK cells stimulated with IL2 alone did not produce IFNy, while
a small proportion of NK cells stimulated with NK1.1 alone produced a small amount of
IFN7y. In contrast, the majority of NK cells stimulated with NK1.1 plus IL2 produced high
levels of IFNy cytokine (Figure 4a,b), as seen in a previous study [20]. Similarly, while
there was increased expression of granzyme B in NK cells stimulated with NK1.1 alone, NK
cells stimulated with NK1.1 plus IL2 had significantly higher expression of this cytotoxic
protein (Figure 4c,d). Heightened cellular metabolism was essential for these elevated NK
cell effector function as limiting the flux through glycolysis using the glycolytic inhibitors 2-
deoxyglucose or oxalate, and limiting OXPHQOS using hanomolar concentrations of
oligomycin, impaired NK cell IFN+y production and granzyme B expression (Figure 4e—g,
Supplementary Figure S4).

As experiments were performed on NK cell primed with low dose IL15 cytokine we
considered whether priming is important for NK cell receptor-induced expression of CD25.
NK cells were purified from splenocytes directly ex vivo and stimulated with anti-NK1.1
(unprimed) or alternatively NK cells were primed for 24 h with low dose IL15 (10 ng/mL)
before purification and stimulation. NK1.1 stimulation induced a substantial increase in
CD25 expression in primed but not unprimed splenic NK cells (Figure 4h). Therefore, as
with other aspects of NK cell biology, the data demonstrates that priming of NK cells is
required for NK cell receptor-mediated induction of CD25 expression.

MTORC1 and cMyc Are Required for NK1.1 Plus IL2-Induced Responses

NKZ1.1 plus IL2 stimulated NK cells have elevated mTORC1 signalling relative to NK cells
stimulated with NK1.1 or IL2 alone (Figure 5a,b). mTORC1 signalling was measured by
immunoblot analysis of the phosphorylation of the mTORCL1 substrate p70 S6-kinae (S6K)
on threonine 389 and serine 421/4 and the downstream S6K target S6 ribosomal protein (S6)
on serine 235/6 (Figure 5a). Similar changes in S6 phosphorylation were observed using
flow cytometry (Figure 5b). mTORCL1 signalling was required for elevated NK cell
metabolism, as NK cells showed impaired metabolism in response to NK1.1 plus IL2 when
mTORC1 was inhibited using rapamycin. Rapamycin treated NK cells had reduced rates of
glycolysis and OXPHOS and reduced expression of nutrient receptors such as CD71 and
CD98 (Figure 5c—e, Supplementary Figure S5). cMyc protein expression was also measured
by flow cytometry and found to be highest in NK1.1 plus IL2 stimulated NK cells when
compared to those stimulated with IL2 or NK1.1 alone (Figure 6a). Therefore, we deleted
the cMyc gene in NK cells using cMycf1oX Tamox-Cre mice (Myc-KO), as described
previously [7]. This transgenic system efficiently deletes cMyc as confirmed by the loss of
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cMyc mRNA and CD71 expression, a cMyc target gene (Figure 6b,c, Supplementary Figure
S5). cMyc-KO NK cells had substantially reduced rates of glycolysis and OXPHOS when
stimulated with NK1.1 plus IL2 (Figure 6d,e).

mTORC1 and cMyc-controlled metabolism is important for NK1.1 plus IL2 induced NK
cell effector function. Rapamcyin treatment resulted in the inhibition of IFNy production
and granzyme B expression in NK1.1 plus IL2 stimulated NK cells (Figure 7a—d). Amino
acid uptake through the system L amino acid transporter Slc7a5 is required to sustain
mMTORC1 activity and cMyc expression [7]. An inhibitor of Slc7a5 mediated amino acid
transport, 2-amino-2-norbornanecarboxylic acid (BCH) also inhibited NK1.1 plus IL2
induced IFN+y production and granzyme B expression. (Figure 7e-h).

MTORC1 and cMyc-Dependent Metabolism Sustains the Function and Viability of Tumour
Interacting NK Cells

The data show that NK1.1 stimulated NK cells induce modest changes in cellular
metabolism over the course of 18 h. However, these cells do not survive for prolonged
periods and the majority of NK cells are dead after 48 h stimulation (Figure 8a). Indeed,
NKZ1.1 stimulated NK cells have been described to undergo activation induced cell death
previously [21]. However, the addition of IL2 not only enhances NK cell metabolism and
function, it also promotes cell survival allowing NK1.1-stimulated NK cells to function for
extended durations (Figure 8a). Therefore, we next considered whether IL2-induced
metabolism is important for the effector function and survival of NK cells interacting with
tumour cells. NK cells were co-cultured with B16 melanoma cells for 18 h and then with
IL2 in the presence or absence of rapamycin for a further 18 h. As expected, rapamycin
treatment inhibited mTORC1 signalling in the CD25M9" NK cells, as shown by the
reduction in pS6 levels (Figure 8b). This led to reduced IFN+y production and granzyme B
expression compared to untreated controls (Figure 8b,c). Myc-KO and Myc-WT NK cells
were cultured with B16 melanoma cells for 18 h in the presence of IL2. While CD25
expression was induced in both Myc-KO and Myc-WT NK cells, CD25"9" Myc-KO NK
cells were substantially smaller in size (Figure 8d,e). In addition, CD25M9" Myc-KO NK
cells had reduced CD71 and granzyme B expression (Figure 8f,g). Experiments were also
carried out using BCH, which inhibits Slc7a5-mediated amino acid transport. BCH treated
NK cells had reduced levels of both mTORC1 signalling and reduced cMyc protein
expression (Figure 8h, Supplementary Figure S6a), which was associated with reduced
IFNy production and granzyme B expression (Supplementary Figure S6b,c). While
inhibition of mMTORC1 alone with rapamycin had no effect on NK cell viability, inhibition of
both mTORC1 and cMyc signalling following BCH treatment resulted in a dramatic
decrease in NK cell viability (Figure 8i).

Taken together, the data show that activating receptor mediated stimulation of NK cells leads
to the induction of CD25 expression, facilitating IL2-dependent increases in NK cell
metabolism that are required for robust NK cell effector function and prolonged NK cell
survival.
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Discussion

As part of the innate immune system NK cells are primed for immediate cytokine
production, such as IFN+y, and one NK cell can kill multiple targets before eventually
becoming anergic or undergoing apoptosis [22—24]. However, it is now clear that NK cells
can also have long-term roles and can function alongside the adaptive immune response [25—
27]. While cytokine-induced activation has been shown to facilitate prolonged NK cells
responses [1,2,5], less is known about the role of activating NK cell receptors such as NK1.1
in bridging innate and adaptive immunity.

This study reveals the co-operation of receptor ligation and IL2 cytokine signalling in terms
of changes in NK cell metabolism. This data provides mechanistic insight into previous
studies that explored receptor and cytokine stimulated NK cell responses. For instance, 1L.2
was shown to be necessary for NK1.1 induced proliferation and IL2-activated NK cells
stimulated through NK1.1 had increased cytotoxicity toward tumour target cells [28,29].
Another study showed that increased IL2 availability following the depletion of Tregs led to
increased NK cell dependent tumour cell killing [30]. However, the mechanisms
underpinning this co-operation between receptor ligation and IL2 were not clear. This study
demonstrates for the first time that NK cells stimulated either via NK1.1 receptor ligation or
through tumour interactions express high levels of CD25, the high affinity IL2 receptor
subunit, and provides evidence that this makes NK cells more responsive to IL2 cytokine.
Indeed, the co-operation of IL2 with other cytokines has previously been shown to be due to
the ability of cytokines such as IL12, IL18 and I1L15 to induce CD25 expression on NK cells
[1,2,5]. A recent study has also shown that ligation of the Fc receptor CD16 on NK cells can
also promote the expression of CD25 [31]. Our data now show that the key activating NK
cell receptor NK1.1 also induces the expression of CD25 on NK cells. Taken together, this
argues that the induction of CD25 on NK cells is a common mechanism to increase the
sensitivity of NK cells to the adaptive cytokine IL2.

It is interesting that only a proportion of NK cells up-regulated CD25 when co-cultured with
tumour B16 melanoma cells, which is in contrast to uniform upregulation of this receptor in
NK cells activated through the NK1.1 receptor. Increasing the ratio of tumour cells to NK
cells resulted in increased frequency of CD25 expression on NK cells. These data suggest
that the activating ligands may be limiting on these melanoma tumour cells. In addition, NK
cells co-cultured with different tumour cells showed different patterns of CD25 expression,
highlighting the variability amongst cancers and their interactions with NK cells. The data
clearly showed that CD25M9" NK cells have heightened metabolic and functional responses
to IL2 produced by local T cells compared to CD25,,, counterparts in the same co-culture.
This IL2 cytokine promotes signalling through mTORC1 and cMyc pathways in these
CD25M9N NK cells. In activated T cells, it has been also been shown that elevated cMyc
signalling is a feature of CD25M 9N expressing T cells [32]. Similarly, studies in human NK
cells have shown that CD25 expression correlates with target cell-induced cytokine
secretion, highlighting an important role for IL2 signalling [33]. There has been substantial
interest in exploring the use of IL2 in cancer immunotherapies, which have been hampered
by side effects including the expansion of Tregs [34—36]. More recently, efforts have been
made to generate mutant forms of IL2 like “super-2” and 1L2Cx that make the IL2 cytokine
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CD25-independent, thus avoiding the unwanted expansion of Tregs [35,37,38]. These
mutant IL2 cytokines may also provide beneficial effects for NK cell responses as they
would be predicted to promote robust metabolic and functional responses in all NK cells
whether CD25N9" or CD25/0W,

Numerous studies now support a key role for mTORC1 and cMyc signalling, activated by
IL2 and IL15 cytokines, in shaping NK cell metabolism to support NK cell effector function
[5,7,19,39,40]. However, other signalling pathways may contribute in response to other
cytokines; recently IL18 was shown to promote mTORC1-independent metabolic and
functional responses in murine NK cells [41]. Meanwhile, other cyokines, such as 1L12
support the metabolic actions of IL2 through the induction of CD25 expression [1,5,7]. In
this study, we now show that the ligation of activating receptors also supports IL2-mediated
reponses in NK cells through inducing CD25 expression. In this context, IL2 is also critical
in supporting NK cell longevity by counteracting activation-induced cell death. It is well
established that the ligation of NK cell activating receptors can cause activation-induced cell
death [21,23,24,42]. At the same time, IL2 is known to increase NK cell longevity and
enhance serial killing by NK cells and this involves the induction of the anti-apoptotic
protein Bcl2 through the activation of STAT5 [39,43-45]. Herein, we show that IL2-induced
metabolism through mTORC1 and cMyc are important for the survival of receptor activated
NK cells, leading to prolonged NK cell responses. In addition to functional exhaustion, NK
cells from solid tumours have been demonstrated to display poor persistence and short life
span [46,47]. There are multiple conditions within the tumour microenvironment that will
contribute to this NK cell dysfunction, including low concentrations of glucose and also low
levels of IL2. As tumour infiltrating T cells are often anergic and express immune-
checkpoints such as PD-1 and CTLA-4 [48], there will be a paucity of T cell-derived I1L2
that will impact upon tumour infiltrating NK cells. There is now evidence that NK cells
contribute to the therapeutic effect of checkpoint inhibitor therapies as some tumour
infiltrating NK cells can express PD-1, but it is tempting to speculate that increased T cell
production of IL2 within the tumour also makes an important contribution to this effect [49].
Taken together, the data suggests that the co-operation of signals from activating receptors
and IL2 are crucial for modulating NK cell metabolism to facilitate the induction of robust
and prolonged anti-tumour NK cell responses.

The advent of new “off-the-shelf” NK cell based cancer immunotherapies opens new
possibilities for the manipulation of NK cells so that they are better equipped in a solid
tumour microenvironment. Technologies like production of CAR-NK cells, NK92-CAR-NK
and induced pluripotent stem cells (iPSC) make it possible to over-express molecules that
could enhance NK cell metabolic responses in a nutrient deprived area [50]. Indeed, the
greatest hurdle in treating solid cancer remains overcoming the hostile conditions within the
tumour microenvironments. Understanding NK cell metabolism in greater detail will pave
the way towards strategies that target metabolic signalling and pathways for improved
immunotherapies, using the “natural killers” to their full potential.
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Materials and Methods

Mice

Cell Culture

C57BL/6J mice were puchased from Harlan (Bicester, UK) or were bred in-house. Mice
with loxP sites inserted flanking exon 2 of the Myc gene (B6.129S6-Myc™2FWa/Mmjax),
were from The Jackson Laboratory. Transgenic mice expressing a tamoxifen inducible cre-
recombinase (Gt(ROSA)26Sor < tm2(cre/ERT2) Brn/Cnrm) were obtained from the
European Mouse Mutant Archive (EMMA). All mice were bred and maintained in
compliance with EU and the Health Products Regulatory Authority regulations with the
approval of the University of Dublin’s ethical review board (AE19136/P033 awarded
02/04/2015).

Cells were cultured in RPMI media +L-glutamine (Invitrogen, California, USA)
supplemented with 10% heat-inactivated FCS (Labtech International, East Sussex, UK) 50
UM B-Mercaptoethanol (Sigma, Arklow, Ireland), 1% penicillin/streptomycin (Invitrogen,
Waltham, California, USA/Biosciences, Dublin, Ireland). For NK cell culture, splenocytes
were isolated from the murine spleen and cultured in IL-15 (10 ng/mL or 12.5 ng/mL,
Peprotech, London, UK or NIH, USA; in RPMI media, Biosciences, Dublin, Ireland) for 4
days. On day 4, the cells were supplemented with 1L-15 (10 ng/mL or 12.5 ng/mL
Peprotech/NIH) and cultured for a further 2 days. Where indicated, splenocytes isolated
from cMyc™~ (cMycoX/flox y Tamox-cre) or WT (cMycWT/WT x Tamox-cre) mice were
cultured for 4 days in 1L-15 (10-12.5 ng/mL, Peprotech, London, UK/NIH, USA,; in RPMI
media, Biosciences, Dublin, Ireland) in the presence of 4-hydroxytamoxifen (0.6 pM,
Sigma, Arklow, Ireland) to induce cre recombinase mediated excision of the floxed cMyc
exon. 4-Hydroxytamoxifen (0.6 UM, Sigma, Arklow, Ireland) was re-added on day 4 when
cultures were fed with IL-15 (10 or 12.5 ng/mL, Peprotech, London, UK/NIH, USA).

On day 6, cells were stimulated for 18 h with aNK1.1 plate-bound cross-linking antibody
(10 pg/mL, PK136, BD Biosciences, SanDiego, USA) in the presence of either IL15 (5-7.5
ng/mL) or IL2 (20 ng/mL, NCI preclinical repository); or IL2 (20 ng/mL) alone; or IL2 (20
ng/mL) and I1L12 (10 ng/mL, Miltenyi Biotech, Bergisch Gladbach, Germany).
Unstimulated controls were supplemented with low dose IL15 (5-7.5 ng/mL). For B16 co-
culture experiments, 6 day cultured NK cells were purified and co-cultured for 18 h with or
without B16 melanoma cells in the E:T ratio of 2:1 supplemented with low dose IL15 (7.5
ng/mL) and were cultured for a further 18 h in media containing IL15 (7.5 ng/mL) or IL-2
(20 ng/mL) in the presence or absence of Rapamycin (20 nM, Fisher, Hampton, New
Hampshire, USA) or BCH (25 mM, Sigma, Arklow, Ireland). For B16:NK:T co-cultures, 6
day cultured NK cells were purified and co-cultured with or without B16 melanoma cells in
the E:T ratio of 1:2 supplemented with low dose IL15 (7.5 ng/mL). Naive T cells or T cells
that were activated for 24 h were then added to the NK:B16 co-cultures in an NK:T ratio of
1:1. The co-cultures were allowed to incubate for 18 h prior to FACS analysis. For T cell
activation, lymph nodes were extracted from B6 mice and were processed and purified with
a-CD3 purification kit (Mojosort, Biolegend, San Diego, USA) T cells were then cultured at
a concentration of 5 x 108 in IL7 (5 ng/mL, Naive, R&D, Abingdon, UK) or activated with
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a-CD3 (1 pg/mL, BD, San Diego, USA) and a-CD28 (2 ug/mL, BD, San Diego, USA) for
24 h before being co-cultured with NK cells and B16 cells. In Myc KO co-culture
experiments, 6 day cultured Myc KO and WT NK cells were co-cultured with B16
melanoma cells in the presence of IL2 in the E:T ratio of 1:1. Where indicated, NK cells
were purified by magnetic-activated cell sorting (MACS) using the NK cell isolation kit or
the EasySep™ Mouse NK cell isolation kit (Miltenyi Biotech, Bergisch Gladbach, Germany
and Stemcell technologies Vancouver, Canada, respectively) from the culture on day 6.

For B16 co-culture experiments, 6 day cultured NK cells were co-cultured for 18 h with or
without B16 melanoma cells in the E:T ratio of 2:1 supplemented with low dose IL15(7.5
ng/mL) and were cultured for a further 18 h in media containing IL2 (20 ng/mL) or IL15
(7.5 ng/mL).

B16, YAC-1, RMA and RMA-S cell lines were purchased from the American Type Culture
Collection (Manassas, Virginia, USA).

B16 melanoma cells, CT26 and Lewis lung carcinoma cells were grown in DMEM
GlutaMax (Biosciences, Dublin, Ireland) medium supplemented with 10% FCS (Labtech
International, East Sussex, UK) and 1%Penicillin/Streptomycin (Biosciences, Dublin,
Ireland). The cells were passaged when they reached 80% confluency.

YAC-1 RMA and RMA-S cell were cultured in RPMI medium (Biosciences, Dublin,
Ireland) containing L-glutamine, supplemented with 10% FCS (Labtech International, East
Sussex, UK) and 1% Penicillin/Streptomycin (Biosciences, Dublin, Ireland) The cells were
cultured at 0.2-0.4 x 108/mL and were passaged every 2 days before they reached a
concentration of 3 x 106/mL.

For glycolytic inhibition, 6 day cultured NK cells (or 3 day cultured NK cells where
indicated) were stimulated with a-NKZ1.1 cross-linking antibody (10 pg/mL) plus IL2 (20
ng/mL) in the presence or absence of 2-deoxyglucose, 2DG (1 mM, Sigma, Arklow, Ireland)
or Oxalate (2 mM, Sigma, Arklow, Ireland) for 18 h. For OXPHOS inhibition, 6 day
cultured NK cells were stimulated with a-NK1.1 cross-linking antibody (10 pg/mL, BD,
San Diego, USA) plus IL2 (20 ng/mL) in the presence or absence of Oligomycin (4 nM,
Sigma, Arklow, Ireland) for 18 h. For mTORC1 inhibition, 6 day cultured NK cells were
stimulated with a NK1.1 cross-linking antibody (10 pg/mL) plus IL2 (20 ng/mL) in the
presence or absence of Rapamycin (20 nM, Fisher, Hampton, New Hampshire, USA) for 18
h. Functional responses were measured by flow cytometry following stimulation. For
SLC7ADS inhibition experiments, the concentration of amino acids in RPMI was diluted two
fold using HBSS (Invitrogen, Waltham, California, USA) in the presence or absence of 2-
amino-2-norbornanecarboxylic acid (BCH, 25 mM Sigma, Arklow, Ireland).

Flow Cytometry

Cells were incubated for 10 min at 4 °C with Fc blocking antibody CD16/CD32 (2.4G2) and
subsequently stained for 20 min at 4 °C with saturating concentrations of fluorphore
conjugated antibodies. Antibodies used were as follows: NK1.1-eFluor 450 (PK136),
NK1.1-BV421 (PK136), NKp46-PerCP eFluor 710 (29A1.4), CD3-FITC (145-2C11),
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TCRB-APC (H57-597), CD25-APC-Cy7 (PC61), CD71-PE (C2), CD71-BV510 (C2) IFNy-
APC (XMGL1.2), Granzyme B-PE-Cy7 (NGZB), CD98-PE (RL388), pS6(D57.2.2E), cMyc-
PE (D84C12), purchased from eBiosciences, San Diego, California, USA, Cell signaling,
Danvers, Massachusetts, USA, Biolegend, SanDiego, USA and BD Biosciences, San Diego,
USA. Live lymphocytes were gated according to their forward scatter (FSC-A) and side
scatter; single cells according to their FSC-W and FSC-A, NK cells were identified as
NK1.1*, NKp46* and CD3~ or TCRB™. For intracellular staining, the cells were incubated
for 4 h with the protein transport inhibitor GolgiPlug™ (BD Biosciences, San Diego, USA).
For fixation and permeabilization of the cells, the Cytofix/Cytoperm kit from BD
Biosciences was used according to manufacturer’s instructions. Data were acquired on a
FACS Canto, (Becton Dickinson, Franklin Lakes, New Jersey, USA) and analysed using
FlowJo software (TreeStar, Ashland, USA)

For viability studies, 3 day cultured NK cells were activated with indicated stimuli for 24, 48
and 72 h and stained with Live/dead™ fixable Aqua stain (Invitrogen, Waltham, California,
USA) according to the manufacturer’s instruction. Viability was analysed as percentage of
NK cells negative for Live/dead™ Aqua stain.

For pS6 staining, stimulated NK cells were fixed with cytofix/cytoperm before being stained
for pS6 antibody (D57.2.2E) (unconjugated, Cell signalling, Danvers, Massachusetts, USA).
After 30 min incubation, the cells were washed, and stained for extracellular antibodies,
along with a secondary antibody for pS6 (PE, donkey anti-rabbit, Jackson Immunoresearch,
Cambridgeshire, UK).

For cMyc staining, stimulated NK cells were transferred to 96 well plate, stained for
extracellular markers and incubated for 20 min. Following the incubation, the cells were
washed with FACS buffer and were incubated in FACS buffer containing 0.2% Tween-20
and 0.5% PFA (Sigma, Arklow, Ireland) for a minimum of 2 h at RT in dark. The cells were
thoroughly washed with the standard FACS buffer (20% RPMI in PBS), and were stained for
cMyc using PE conjugated cMyc antibody- (D84C12, Cell signalling, Danvers,
Massachusetts, USA) for 1 h at RT.

For Transferrin uptake, NK cells were washed in serum free RPMI supplemented with 0.5%
BSA, and then incubated in serum free RPMI supplemented with 5% BSA for 1 h at 37 °C.
After incubation, cells were then with or without 5 pg/mL of Transferrin conjugated with
Alexa Fluor 647 (Invitrogen, Waltham, California, USA) for 10 min at 37 °C or 4 °C. Cells
were transferred to ice and washed first with PBS supplemented with 150 mM NaCl and 20
mM citric acid, pH 5 and then with ice cold RPMI + 0.5% BSA before analysis by flow
cytometry.

Seahorse Metabolic Flux Analyzer

For real-time analysis of the extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) of purified and expanded NK cells cultured under various
conditions, a Seahorse XF-24 Analyzer, or a Seahorse XFe-96 Analyzer Seahorse (Agilent
Technologies, Santa Clara, CA, USA) was used. In brief, 500,000 to 750,000 MACS
purified, expanded NK cells were added to a 24-well XF Cell Culture Microplate, 200,000
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MACS purified NK cells to a 96-well XFe Cell Culture Microplate (Agilent Technologies,
Santa Clara, CA, USA). All cell culture plates were treated with Cell-Tak™ (BD
Pharmingen, San Diego, USA) to ensure that the NK cells adhere to the plate. Sequential
measurements of ECAR and OCR following addition of the inhibitors (Sigma, Arklow,
Ireland) oligomycin (2 uM), FCCP (1 uM), rotenone (100 nM) plus antimycin A (4 uM),
and 2-deoxyglucose (2DG, 30 mM) allowed for the calculation of basal glycolysis,
glycolytic capacity, basal mitochondrial respiration, and maximal mitochondrial respiration.

Western Blot Analysis

For western blot analysis, cells were harvested, washed twice with ice-cold PBS and lysed at
1 x 107/mL in lysis buffer containing 50 mM Tris Cl pH 6.7, 2% SDS, 10% glycerol, 0.05%
Bromphenol Blue, 1 UM DTT, phosphatase- and protease inhibitors. Samples were
denatured at 95 °C for 10 min, separated by SDS-PAGE and transferred to a PVDF
membrane. Blots were probed with antibodies recognizing phosphorylated-$65235/6
(D57.2.2E), phospho-S6K 1389 (108D2), phosphor-S6K T421/5424 (Cell Signaling
Technologies, Danvers, Massachusetts, USA) S6(C-8), S6K(C-18) (Santa Cruz
Biotechnology, Dallas, Texas, USA).

Quantitative Real Time PCR

Primers

Cultured NK cells were purified using MACS purification EasySep™ Mouse NK cell
isolation kit (Stemcell technologies, Vancouver, Canada), prior to stimulation. RNA was
isolated using the RNeasy RNA purification mini kit (QIAGEN, Hilden, Germany),
according to manufacturer’s protocol. From purified RNA, cDNA was synthesized using the
reverse-transcriptase kit gScript cDNA synthesis kit (Quanta Biosciences, Beverly, MA,
USA). Real time PCR was performed in triplicates in a 96-well plate using iQ SYBR Green-
based detection on an ABI 7900HT fast gPCR machine. For the analysis of mMRNA levels the
derived values were normalized to the average of values obtained from the mMRNA analysis
of 3 different house-keeping genes- RPLP0O, GAPDH, and HPRT.

Rplpoforward: 5 -CATGTCGCTCCGAGGGAAG-3’
RplpOreverse: 5'-CAGCAGCTGGCACCTTATTG-3’
cMyc forward: 5'-GCGTTGGAAACCCCGACAG-3’
cMycreverse: 5'-CTTCCAGATATCCTCACTGGGC-3’
Gapah forward: 5'-CATGGCCTTCCGTGTTCCTA-3’
Gapdhreverse: 5'-CCTGCTTCACCACCTTCTTGAT-3’
Hprtforward: 5'-TGATCAGTCAACGGGGGACA-3’

Hprtreverse: 5'-TTCGAGAGGTCCTTTTCACCA-3’
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Statistical Analysis

GraphPad Prism 6.00 (GraphPad Software, www.graphpad.com) was used for statistical
analysis. A one-way ANOVA with the Tukey post hoc test was used for multiple
comparisons. Students #test was used when there were only 2 data sets for comparison. For
comparison of relative values, a one-sample #test was usesd to calculate P values with the
theoretical mean set to 1.00. A p-value < 0.05 was considered as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tumour interactions induce €D25M9N NK cells with heightened metabolism and
effector function.

(a—d) Cultured NK cells (6 days in IL15 10 ng/mL) were purified and then co-cultured with
or without B16 melanoma cells at an E:T ratio of 2:1 (a), with B16 melanoma cells at an E: T
ratio of 4:1, 2:1 or 1:2 (b), with or without YAC-1, CT26 and LLC tumour cells at an E:T
ratio of 1:4 (c), or with or without RMA/RMA-S cells at an E:T ratio of 1:4 (d) for 18 h
before analysis of CD25 expression by flow cytometry. (e-k) Cultured NK cells (6 days in
IL15 10 ng/mL) were purified and then co-cultured with B16 melanoma cells for 18 h at an
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E:T ratio of 2:1, washed and put back into culture with I1L15 (7.5 ng/mL) with or without
IL2 (20 ng/mL) for 18 h before analysis by flow cytometry. (e) IFNy production by
CD25high and CD25"89 NK cells cultured in IL2 alone, with B16 cells or with B16 cells plus
IL2. (f) IFN7y production in CD25M9" NK cells cultured with B16 + IL2. (g,h) Analysis of
NK cells cultured with B16 cells + IL2 comparing CD25"9" and CD25M9 NK cells (g, left
panel) for effector functions, IFN-y production and granzyme (Gnzb) B expression. (i,j)
Analysis of cell size (FSC), cMyc and CD71 expression, and levels of phosphorylated S6
ribosomal protein (pS6) in CD25M9" and CD25"¢9 NK cells from B16 cells + L2 co-
cultures. (k,I) Rates of fluorescent transferrin uptake were measured in CD25M 3" and
CD25M9 NK cells from B16 cells + I1L2 co-cultures. Data is representative (a,c,d,e,g,i,k) or
mean £ SEM (b,f,h,j,I) of 3-5 independent experiments. Data was analyzed using a paired
students #test. (* p< 0.05, ** p< 0.01, *** p<0.001).
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Figure 2. Activated T cells support increased metabolism and function of cD25M9N tumour
interacting NK cells.

Cultured NK cells (6 days in IL15 10 ng/mL) were purified and then co-cultured with B16
melanoma cells and purified T cells at NK:T:B16 ratio of 1:1:2. The T cells were either
naive or aCD3/aCD28-activated T cells. The NK cells were analysed by flow cytometry for
cell size and CD71 (a,b), NKp46 expression (c) IFNy production and Gnzb expression
(a,d,e) in CD25!°W and CD25M9" NK cells as indicated. Data is representative (a—e) or mean
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+ SEM (b-e) of 4 independent experiments. Data was analyzed using a paired students #
test. (* p<0.05, *** p<0.001, ns non-significant).
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Figure 3. NK1.1 activating receptor ligation facilitates IL2-mediated metabolic responses in NK

cells.

Cultured NK cells (6 days in 1L15 10 ng/mL) were purified and stimulated with a plate
bound a-NKZ1.1 antibody (10 pg/mL) in media supplemented with low dose IL15 (5 ng/mL)
+ IL2 (20 ng/mL) as indicated, with IL2 (20 ng/mL) plus 1L12 (10 ng/mL) or left
unstimulated (IL15 - 5 ng/mL). Cells were analysed for rates of glycolysis (a,f,g) and
OXPHOS (b,d,e) using the seahorse extracellular flux analyser or by flow cytometry for the
expression of CD25 (c), CD71 (h) or CD98 (i). Data is representative (a—d,f) or mean £
SEM (a,b,e, g-i) of 4-5 independent experiments. Data was analyzed using a one way
ANOVA and tukey post test (* p< 0.05, ** p<0.01, *** p< 0.001, ns non-significant).
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Figure 4. NK1.1 activating receptor ligation plus IL2 facilitates robust NK cell effector function.
Cultured NK cells (6 days in 1L15 10 ng/mL) were stimulated with a plate bound a-NK1.1

antibody (10 pg/mL) in media supplemented with low dose IL15 (5 ng/mL) + IL2 (20
ng/mL) as indicated, or left unstimulated (IL15; 5 ng/mL). Inhibitors of glycolysis, 2-
deoxyglucose (2DG, 1 mM) or oxalate (2 mM), or OXPHQOS, oligomycin (4 nM) were
added as indicated. Cells were analysed by flow cytometry for the production of IFNy
(a,b,e—g) and the expression of granzyme B (c-e,g). (h,i) NK cells were purified directly ex
vivo from murine splenocytes and stimulated with plate bound a-NK1.1 antibody
(unprimed). Alternatively splenocytes were maintained for 18 h in IL15 (10 ng/mL) prior to
NK cell purification and stimulation with plate bound a-NK1.1 antibody (primed). Cells
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were analysed for CD25 expression by flow cytometry. Data is representative (a,c,h) or
mean + SEM (b,d—g,i) of 3-5 independent experiments. Data was analyzed using a one way
ANOVA and tukey post test (* p< 0.05, ** p< 0.01, *** p< 0.001, ns non-significant).
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Figure 5. mTORC1 is required for NK1.1 plus IL2-induced NK cell metabolism.
(a—e) Cultured NK cells (6 days in IL15 10 ng/mL) were purified and stimulated with a plate

bound a-NKZ1.1 antibody (10 pg/mL) in media supplemented with low dose IL15 (5 ng/mL)
+ IL2 (20 ng/mL) % rapamycin (20 nM) as indicated, or left unstimulated (IL15; 5 ng/mL).
Cells were analysed by immunaoblot analysis (a), by flow cytometry for levels of
phosphorylated S6 ribosomal protein (pS6) (b), or the expression of CD71 and CD98 (e).
Alternatively, rates of OXPHQOS (c) or glycolysis (d) were measured using the seahorse
extracellular flux analyser. Data is representative (a—e) or mean + SEM (b—d) of 5-6
independent experiments. Data was analyzed using a one way ANOVA and tukey post test
(b), a paired students #test (c,d) (* p< 0.05, ** p< 0.01).
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Figure 6. cMyc is required for NK1.1 plus IL2-induced NK cell metabolism.
(a—e) Cultured (6 days in IL15 10 ng/mL) from cMyc/fl Tamox-Cre and cMyc"Wt Tamox-

Cre were treated with tamoxifen (0.6 uM) and were purified and stimulated with a plate
bound a-NK1.1 antibody (10 pg/mL) plus IL2 (20 ng/mL) for 18 h. Cells were analysed by
flow cytometry for cMyc and CD71 expression (a,c) or by quantitative rtPCR for cMyc
MRNA expression (b). Alternatively, rates of OXPHOS (d) or glycolysis (e) were measured
using the seahorse extracellular flux analyser. Data is representative (a,c,d,e) or mean +
SEM (a,b,d,e) of 3 independent experiments. Data was analyzed using a students #test (a) or
a one sample ~test against a theoretical value of 1 (b,d,e) (* p<0.05, ** p<0.01).
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Figure 7. mTORC1 and cMyc are required for NK1.1 plus IL2-induced NK cell effector
functions.

(a—h) Cultured NK cells (6 days in IL15 10 ng/mL) were stimulated with a plate bound a-
NK1.1 antibody (10 pg/mL) plus IL2 (20 ng/mL) + rapamycin (20 nM) (a,d) or +BCH (25
mM) (e-h) as indicated. Cells were analysed by flow cytometry for the production of IFNy
(a,b,e,f) or granzyme B expression (c,d,g,h). Data is representative (a,c,e,g) or mean £ SEM
(b,d,f,h) of 3-6 independent experiments. Data was analyzed using a paired students #-test
(* p<0.05, ** p< 0.01, *** p< 0.001).
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Figure 8. mTORC1/cMyc promote the function and survival of tumour interacting cD25M9h Nk
cells.

(a) Cultured NK cells (3 days in IL15 10 ng/mL) were purified and stimulated with a plate
bound a-NK1.1 antibody (10 pg/mL) + IL2 (20 ng/mL) for 24—72 h and analysed by flow
cytometry for cell viability. (b—c) Cultured NK cells (6 days in 1L15 10 ng/mL) were
purified and then co-cultured with B16 melanoma cells or for 18 h, washed and put back
into culture with IL2 (20 ng/mL) + rapamycin for 24 h before analysis of CD25M9" NK cells
by flow cytometry for phosphorylated S6 ribosomal protein (pS6), IFN-y production and
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granzyme B expression. (d-g) Cultured (6 days in 1L15 10 ng/mL) from cMyc™/fl Tamox-
Cre and cMyc"WY"Wt Tamox-Cre were treated with tamoxifen (0.6 pM) and then co-cultured
with B16 melanoma cells with IL2 (20 ng/mL) for 18 h before analysis by flow cytometry
for cell size and the expression of CD25, cell size, CD71, granzyme B and granzyme B
mRNA by rtPCR (g). (h,i) Cultured NK cells (6 days in IL15 10 ng/mL) were purified and
then co-cultured with B16 melanoma cells or for 18 h, washed and put back into culture with
IL2 (20 ng/mL) £ BCH (25 mM), + rapamycin (20 nM) as indicated for 24 h before analysis
of CD25M9" NK cells by flow cytometry for phosphorylated S6 ribosomal protein (pS6),
cMyc and cell viability. Data is representative (b,e,f,g,h,i) or mean = SEM (a,c,d,f,g,i) of 3—
5 independent experiments. Data was analyzed using a one way ANOVA with a tukey post
test or a paired students #test. (** p< 0.01, *** p<0.001).
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