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Abstract

Natural Killers(NK) cells have long beerconsideredan importantpart of the anttumour

immune response due to their potent cytolytic ayikinesecreting abilitiesTo date,a clear
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demonstration of the role NK cells play in human cancer is lackingthend are still very few
examples of therags that efficiently exploibr enhanceéhe spontaneous ability of NK cells to
destroy autologus cancer cellsGiven theparadigmshift towardscancer immunotherapgver
thepast decadehere isarenewedpush tounderstand howK cell homeostasis and functiane
regulated in.erder ttherapeutically harness thesglsto treat canceiThis review will highlight
recent advancements in our understanding of how growth factors impact on NK cell
developmentgdifferentiation, survival and function with an emphasishaw these pathways

may influence"NK cell activity in the tumour microenvimant and control of cancer metastasis.
IL-15 setsthedboundaries of NK cell homeostasisin health and disease

NK cells are derived from bone marrow progenitors and require the Inhibitor oftiiing
protein 2 (ID2) for developmerit®. Shortly following expression dtib2 (encoding 1D2) in NK
progenitors, the 15 receptor complex is expressed and both13R3/y and Idb2 are
maintained=at*high levels during NK cell differentiatior. Loss of ID2 function in NK cells
significantly impairs their responsiveness tellk most likely via upregulation of genes targets
of ID2 binding proteins (E2A, E2 and HEB). As a consequence, NK cells are rapidly lost from
peripheraltiSsues of micelfowing conditional deletion ofdb2 2.

NK cél homeostasis is tightly controlled through an array of siggaaisducing receptors that
recognise_soluble factors as well as -setface ligands. Interleukid5 (IL-15) is the most
crucial cytokine,for permitting the development of NK cells from their boaerow progenitors.

As a solubleseytokine, or ‘trafresented’ in association with415Ru 8, IL-15 triggers thdlL -

15 receptor complex (HL5RB/y encoded byl2rb andll2rg) to changeconformationand expose
docking _sites _necessary forethsubsequent JAK/STAT sighalg cascade(Figure 2). The
potency ofsthiszsignihg pathway on the activation and proliferation of NK cells necessitates its
strict contrelin‘order to maintain homeostatiadtion of this cell population.

The majer*way inwhich this control is exerted is through the restriction ofli_expression.
Many stromalvand haematopoietic cell types possess significant levels of-isetianscript,
though tight postranscriptional regulation results in very low-15 protein levks in steady
state healthy condition$ Following infection or other inflammaty stimuli such as tumour
formation, I-:15 can be rapidly translatetf*?. However, the fact that ah_-15-mediated
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accumulation of NK cells has never been reported in response to a bioloptaignt
inflammatory stimulus highlights the constant scarcity and control exerted losecytokine.

The need for such tight control has been demonstrated by the dramatic immunopathology and
NK cell expansion seen in mice bearing arlB transgene under a ubiquitous promoteit
appears thereforg¢hat the dynamic range of 415 expressioiin vivo has been primarily set to
maintain aprecise number of NK cells, but also playsecondary role during inflammation by
promoting transient local NK cell activation.

IL-15 levels*within a cancer may therefore be one of the major determinants of loaalINK
activity and, by extension, patient outcome. Indeed, highSlexpression isissociated with
significantly better prognosis for melanoma (our unpublished data) as well as colorectal cancer
patients, suggesting that the amtmour immune response (including T cells) is improved in the
presence of IE15 ' The obvious caveats to such studies are that transcript levels do not
necessarily reflect protein levels, and that differences in local expressiorl8RbLstrongly

influence he biological activity of 1:15*°,

IL-15 controlsNK cell homeostasis via quality and quantity of STAT5 oligomers

STATS issnécessary for appropriate-115 signalling

The signal transducer and activator of transcription (STAT) family of promongprises 7
members; STAT1, 2, 3, 4A55B and 6,and are found as inactive dimers in t&#l cytoplasm.

In NK cells;"STAT5A and 5B play a central role in transducing thé3Llsignal Fdlowing the
ligation of the"IL-15R3/y complex a cascade of reciprocal phosphorylation occurs resulting in
the recruitment of JAK1 and JAK3 and the phosphorylation of both the receptor and JAK
proteins?’s Phosphotyrosine residues the 1.-15RB/y complex then provide docking sitésr
STAT5, enabling its JAKmediated phosphorylation, conformational switahd nuclear
translocatiorf*(Figure 2).

Recent work fom the O’Shea group further detailed the critical role eflBkinduced STAT5
target gene expression in NK cells by deleting three of theSath (Satba andSat5b) alleles

22 This report confirmed thdominant role of STAT5B in maintaining peripheral NK cells as
Sat5a’ Sat5h”" mice possessed significantly more NK cells tigat5a’ Sat5h” mice and
revealed thaBtat5a’* Sat5b” NK cells had a clear reduction BCL2, IFN-y and FBet encoded
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by STAT5target geneBcl2, Ifng andTbx21 ?* (Figure 2). Although some NK cells were able to
develop in mice possessing only diat5 allele, the population displayed anmature (CD11b
KLRG1) phenotype suggesting that their reduced sensitivity td5ILcouldn’t permit
appropriate maturatiomlthough the study didat look at whether a stronger-15 signal €.9.
injecting 1L-15,into these mutant mice) coydrtly compensate fdat5a haploinsufficiency in
Sat5b” mice (by activating a greater proportion of the Stat5a pdblis clear that NK cell

homeostasiss absolutely dependent upon sufficient Stats gene expression.

STATS has a dynamic array of binding partners that is tuned by the extent of the IL-15 signalling

The expression of STAT5 target genes varies greatly depending atrehgth of the IL15
signal Figure 1). Using CHIRseq, Villarino et al. found that only about a quarter of the STAT5
binding peaks abserved invitro IL-15 stimulated NK cells were also present in NK cells under
homeostatic_conditions (fresex vivo NK cells). The authors also demonstrated that this
homeostatic STAT5 CHHBeq ‘fingerprint’ can be rapidly altered after15 stimulation- after
only 2 hours=af IL15 exposure, around 50% more STAG&uNd genes could be detected in
freshly-isolated’NK ells (Figure 1). This clearly indicates that the level of-1I5 in vivo is far
below thatwhich is able to causenaximaltranscriptional respons&hough the authors did not
perform_ similar analysis on NK cells that had been purified and deprived1d tbr 2 hours, it
would be interesting to see whethgthdrawal fromhomeostatic levels of HL5 resulted in such
dynamic changes i8TAT5-bound genes.

One reason“that the kinetics of STAirediated gene expressiaould differ between
homeostatic.angxperimental IL15 concentrations is the induction of negative regulators of the
pathway. Indeed, the negative regulator oflB signallingand emblematic STATS5 target gene
Cish (cytokineinduced SHzontaining proteinf® was not bound to STAT5 under homeostatic
conditions,but_presented with numerous, interSEATS5 ChIRseq peaks after acute -5
exposure NK_cell{Figure 1)*2. This is consistent with our earlier work where we failed to
detect any.altérations in gene expressiomxivivo Cish” NK cells compared t&ish”* NK
cells, however we detected over 1000 differentially expressed genes followirey |aelf
stimulationin vitro %,

Under homeostatic conditions STAT5 clearly binds its targets to varying degvéh Cish
being among the lesser preferr&édom a biological standpoint, it is tempting to speculate that
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this mechanism has evolved to ‘smootht’ the fuctuations of the IL15 signalin vivo; asCish
is not inducedn vivo, it may allow this homeostatit -15 signalto persist within the cell as it

traverses theelatively IL-15-poor regions of the body.

STATS proteinsform dimersand tetramers thdtave distinct affinities for the STATS5 binding

motif

The molecularmechanism byhich STAT5 shows a range of affinities for its target genes has
been an area“of great interest. Central to this understanding has been the disab\BPATS
can bind its teget gene in dimeric or tetrameric foriho address the contribution of STAT5
dimers versusstetramers in NK cell biology, Warren Leonard’s group generatgdrudations

in theSat5genes prevaing STATS tetramer formation.

These STATHeint mutantdouble knockin (DKI) mice appeared healthy and STATS protein
expression was normal. However, DKI mice presented with a fé&ld reduction in peripheral
NK cells due to a specific reduction in mature (CDMK cells?®. Reducedexpression of the
STATS targetBcl2 in DKI NK cells was proposed to account for the systemic reduction in
mature NKvcellsas this subset is highly dependentRBuoh2 and also less responsive to-1b
given lower.surface expression of-BRB % 2> 2’ Similarly, matureKLRG1" NK cells epress
lower levels of the STATS targelra, Bcl2 andSocs2 and cycle slower compared to immature
NK cells 2. The alsence of any defect in 415 dependent NK cell progenitors (NKP) and
immature NK cells in the bone marrow of DKI miesuggests that the higher expression of the
IL-15 receptoricomplex and increased intrinsic sensitivity #d3lby these populations induces
adequate BATS5 dimer target gene expression for developméherefore the preferential loss
of matureNK cells irthe DKI mice is consistent with the known variation in-1I5 sensitivity as
NK cells develop and mature.

Unsurprisingly;=DKI NK cells underwent extensive apoptosis when cultursdiioptimal IL-

15 concentrationdHowever, when cultured in high levels of15 thesurvival and proliferation
characteristic®f DKI NK cells were similar to WT NK cellgespite the fact th&CL2 protein
levels could*never be fully restored. In combination with STATS5 &aé data that revealed that
Bcl2 was preferentially bound by STATS tetram&tshese data clearly demonstrate that STAT5
dimers cannot alone induce the maximal expression of certain ¢gnges Although the lack of

STATS tetramer formation can be overriddenvitro with high concentrations of HL5, thein
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vivo homeostasis of NK cells depends upon STATS tetramer formettidnve sufficientBcl2
expression.

In contrast to this defechiBcl2 expression, it was found that the expressioMadfl, which is
absolutely and continuously required for NK cell surviveds normal in DKI NK cellgFigure

2). Thus, Meld, in contrast toBcl2, is likely to be predaninantly bound by STAT5 dimers.
ConverselyCish, which has very little bound STAT5 and mRNA expression under homeostatic
conditions®™was strongly induced following L5 stimulation only in NK cells capable of
forming STAT5 tetrameré’. The importancef a particularL-15 induced gene to overall NK
cell homeostasis therefoeppears talirectly correlatewith its responsiveness to 415 through

its preferencesfor STAT5 dimers or tetramers. The most crucial genes sudallsre
sufficientlyiinduced by the minimal STAT5 dimers present under homeostatic cond@enss
such asBcl2 that arenecessaryor the maintenance of a mature NK cell pool require STAT5
tetramers for optimal expression, but can be partly compensated for by STATS diduersdi

by the low\levels of IE15in vivo (as evidenced by the fact that mice specifically laciBd@ in

NK cells havewa greateeduction in NK cell numbers than DKI mice). And finally, genes such
as Cish thatare“only required to dampen the ogtimulation of NK cells are only induced by

STATS tetramers as a result of high concentrations -dfaL

Perturbing NK cell homeostasis for cancer treatment - targeting negative regulator s of NK

cdll function

Given the ‘absolute depdency of NK cells on the H15 for their survival and function, this
pathway represents one of the pricaandidatesor the therapeutic manipulation of N¢€lls for
cancer treatment” ' ?®4 The simplest way in which this has been achieved has been the
administration.of recombinant human-15 to cancer patient$hese trials have observed some
promising antitumour effects but also resulted eonsiderable toxicitylue to the concomitant
expansion.of T cells and cytokine release syndromesueMer, the potent ability of HL5 to
expand cytoetexic lymphocytes has meant that there is still considerable industtynamnem
improving IL-15 therapies to overcome systemic toxicities associated withdogg =15

administratiort>.
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One way thathe systemic toxicity of I£15 administration has been avoidedhsrough the
development ofcellular therapis which use IE15 a keycomponentof the expansion and
activation culturemedium Trials with ex vivo expanded alloand autologous NK cells have
proven to_be well tolerated and result in some improvedleumtaemia responsé& However,
efficacy of_these adoptive NK cell therapiis yet to be proveim larger clinical trials, and
ultimately ‘costsmust be reduced before sudheatmentsbecome part of mainstream cancer
treatment

Rather thanattempting to directly activate thelB_pathwayin vivo, a safer and more tolerable
approachimay be to target the intrinsic negative regulators of NK cell functiae dhthe most
potent NK.cellssuppressive mechanisms are discussed below.

CIS

Cytokineinducible SH2containing protein (CIS) is a member tbfe suppressor of cytokine
signalling (SOCS) family of proteins. Unlike many other SOCS family membecg, lacking
CIS do netghave any overt phenotymbnormalities and was therefore consideladjely
redundant.n ‘NK cells exposed to high concentratoof IL-15, Cish is one of the most rapidly
induced and_highly expressed genes and functions to rapidly dampen-1Besignal Cish
expressionrwas shown to be maximally induced-&th®urs postL-15 stimulationin vitro and
regulates IE15 signalling by binding to phosphorylated JAK1, and inhibiting JAK1 activity via
ubiquitination and proteasomal degradation and through inhibition of JAK1 kinase atfivity
(Figure 2)sAswa resultCish™ NK cells have more intense and prolonged JAK1 and STAT5
activation that«results in incised proliferation and effector function. Howeveespite this
importantfunction, therawvas little impact on the NK cell homeostasi<its-deficient mice?”.

Given Cish” mice demonstrate significant resistance to NK-dependent tumour growth and
metastasis (B16F10 melanoma, EO771 triple negative breast cancer, LWT1-rBiRa&mt
melanoma, RM1 prostate carcinoma is likely that IL-15 is increasedin these tumour
microenvirenmentgo levels that induseCish and in turn limits NK cell functionlndeed, we
have observed that CIS expression is higher in NK cells isolated form primary EO@@drs$
than NK cells isolated from the n@amourbearing contralateral mammary gland (unpublished
data).Similarly, we have detected higher levels of STAf&bget gene productSranzymeB and

IFN-y in NK cells from tumour bearinGish” mice compared to controls.
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The role for CIS in NK cells therefore appears to be mainly that of a ‘safety net’ to prevent the
excest’e NK cell activation. However, because systemielB. levels are invariably low and
only increased in localised sites of inflammationS @icts to limit the antumour function of

NK cells where it is needed mo$he striking increase in effector function seen in-@éficient

NK cells, together with lack of pathology in Gt&ficient mice, highlights CIS as a highly
attractive target for cancer immunotherapy.

IL-18& IL=TR8

IL-18is aimember of the HL family of cytokinesand has been studied in detail in regard to its

ability to augment NK cell proliferation and effector function however, its role in NK cell
homeostasis is less well describéd-18 is produced as an inacti precursor that requires
cleavage by caspadeinto its active form. Furthermore, -18 activity is balanced by the
presencelL-18 binding protein(IL-18BP) which is constitutively presenin excess and
sequesters. free 18 due to its higkaffinity for the free cytokiné’. AlthoughIL-18 receptor
complex ig=highly expressed at all stages of NK cell developntengftect of Il-18 alone on
NK cell activationis typically weak.In combination,IL-18 can further enhance-lL5 induced
NK cell proliferation ®, whereasand IL-18 synergizes strongly with 412 to drive NK cell
effector functions, particularly=N-y production®® “° Recently,118bp™ mice were reported to
have an accumulation of immature (CD13}band reduction in mature KLRGINK cells *,
wheread|18" mice displayed a normal NK cell maturation, consistent aitlearlierreport*2.
This datassuggesthat the steadystate levelsof IL-18 are not sufficienimpact onNK cell
homeostasisiue theexcessof IL-18BP, howeveran increase ifL-18 via loss of [L18BP
appears to impact on NK cell differentiation

IL-1R8 has asingle IgG domainand is thought toact as a negative regulator of
interleukind-receptor family members (ILRs) and ttike receptors (TLRsJ® and act as a
decoy receptofor IL-18 *". A recent highkprofile report has shed light on the role of1R8 in
NK cell homeostasis and aitimour responsedlolgora et. al. reportechigh IL-1R8 expression
by NK cells'ecempared to other immune cellgh expression increased duriniifferentiatian.
111r8" mice were generated and presented with a clear skéwidl cell maturatiortowardsa
more matur&kKLRG1" NK cellsin peripheral organ¥'’. This NK cell phenotype contrasts that of
the 1118bp™ mice which is hard to reconcile since batli8bp”™ and111r8”" NK cells would
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presumably be exposed to higher levels ofl8.in vivo. I11r8" NK cells displayed hyper
responsivenes® IL-18 in vitro with higher levels of intracellular IFM and Granzyme Eand
more phosphoS6 and phosphdRAK4 compared to control NK cellShese data suggest that
IL-1R8 might contribute to NK cell differentiation aract as a negative regulator of-18
mediated\Kseell activationin vivo.

Although 14r8”" mice showed an accumulation of mature NK cells that are classleally
cytotoxic than‘immature NK cells, it is difficult to predict whetheritt@eased IL18 sesitivity
could compensate or even enhance their NK cell function. However, consistent witlyplee
responsiveness to 418, NK cells fromll1r8” mice displayed asuperior anttumour effector
function. ThisFincluded|1r8” mice being better able to resist (in comparison to WT mice) the
onsetand metastasisf a DEN-induced liver cancer modeheintravenous transfer of an MCA
fibroscaroma cedlor intrasplenic injection of MC38 colorectal carcinoma cell line.

NK cell frequencywas elevatedn the liver ofl11r8” mice with a higherproportion of
liver-resident.NK cells expressingN-y suggestinglevated 1:18 inthe DENinduced tumour
microenvirenment. In contrast, subcutaneous MCA fibrosarcoma grew at the saine|fafy
as control micésupportinga preferential role for NK cells in controlling metastafSisTaken
together, these data suggest that likel5, IL-18 levels produced byumours or infiltrating
immunesceélls could impact overall survival and recurrence free survival in certain cdncers.
line with thig IL-18 is used immultiple in vitro NK cell cultivation protocols for adoptive NK

cell therapies.anbas been found to pmwtethe persistence arattivity of donorNK cells“.

TGFB andadenosine

Transforming growth factor beta (TG is a cytokine that signals by phosphorylation of
SMAD2/3"as.downstream through a heteromeric complex form@@ibypRIl and TGFBRI.

This signallinghas been extengly studied in cancer cells fds potential to induce epithelial to
mesenchymaltransition (EMT), promoting tumour cell differentiation, survinggration, and
metastasi§ to distant orgafisin immune cells, thisignallingpathway has been revealed as an
epigenetic modifier that directly contribstéo the differentiation and regulation of several
immune cell subsets, such as macroph&ydseg cells®, Th17 cells®, dendritic cés **.

Unlike the cell types just mentionetetconditional deletion of TGBRII in NK cells was

shown not affect their development, maturation or homeostasis. However, when expression is
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upregulatedTGFf plays a major role in suppressing th& OR metabolic pathway in NK cells
and suppresses their ability to kill tumour céfisitro andin vivo °2 In additionwe and others
also observed thalevatedT GF3 signallingacts as to program NK celldifferentiation by
upregulating features of Innate Lymph@ell (ILC)1-like subsets (e.g. TRAIL and CD49a)
whilst simultaneously downregulating genes that distinguish NK cells (e.gegoihis TGH3
mediated conversion of NK cells to ILClke cells sgnificantly abrogatedheir capacity to
respond in cancer and infectih® Taken together, TGB- plays aminorrole inNK cell
homeostasishut accumulation of TGB-at sites of infection/tumour formation is able to
suppress NK.cell function througliversemechanisms.

Interestingly/ Cortez and colleagues also described that thislik€dlifferentiation during
MCMV virus is also accompanied by expression of the surface ectoenzymes CD39 and CD73,
which subsequently hydrolyzestracellular ATP to adenosing Although the role of CD39

and CD73sinrthese ILClike cells during MCMV infection is still to be deciphered, these
pathwayshave'been extensively studied and targeted in immunotherapy. The tumour
microenvironment takes advantage of the immunosuppressive effects of adenosine and it’s
receptor ADORA2A (A2AR) in immune cells such as NK cellsA2AR was previously shown
to reduce NKeeell cytotoxic functions and capacity to control metastases uponia€edmading

* Moretfécentlyour group also deomstrated that a lack of A2AR expression skaliscell
maturationtoward a more mature phenotype under normal conditiom&erefore, there appears
to be a rolerfortonic adenosisgnallingin the homeostasis of the NK cell population, but

increased(levels of adenosine in thmour microenvironment potently suppresses their function.

The discovery thahe STATS target CIS as well 45-1R8 TGFf3 and adenosine all function to
inhibit NK -eell-activity in either steadgtate or in the tumour microenvironment reded
severalnew membersto the NK cell checkpoint familyThe clinical observatiorthat solid
tumours are often richly infiltrated with T cells but poorly infiltrated with NK cells sugdleats
tumoursrhave evolved several mechanisms to prevent NK cell infiltrationmatation and
effector function.The quest now it understand the dominant pathways\éf cell suppression
in varioustumou types to design a range of noveérapeutidnhibitors to complement current

NK cell immunotherapy approaches to carfcer
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Figure 1. SFAT5-dependent control of NK cells. STAT5 ChiPseq datgenerated irf> was
analysed for STATS5 binding to the indicated genes in reséxgiyo) and activated (high H15

invitro) NK cells. The upper panel shows examples of STAarget geas essential falK cell
homeostasigMcll, Bcl2, 1d2, STAT5b) and lineage defining\crl) and as such are maintained

at a near=maximal level in healthy mice. The bottom panel shows examples of genes critical for
NK cell effector function Rrfl, Gzmb) and genes that limit immune respons€sst{, Socsl,

Socs3) and as such are potently induced by a local increase-irb Itoncentrations such as

during inflammation/cancer/infections.

Figure 2. IL-15tunes NK cdll function through various STAT5 species. IL-15 transduces its
signal throughsthe H15R3/y complex byactivating a classical JAK/STAT signalling cascade.
STATS issthesmost crucial STAT family member for NK cell function and horassstThe two
STATS isoforms exist in homoor heteredimeric form, which can in turn coalesce to form
tetramers. Both STATS isoforms play nmdundant roles imaintainingNK cell fitness and
function; the presence of only STAT5a is incongruous with NK cell function as evilbpce
dramatic-loss of NK cells istat5a’ Sat5b” mice. STAT5b is the minimum essential isoform
required for the development and maintenance of NK cells, th&ugba’ Sat5b”™ mice still
have fewer NK cells than WT mic@ptimal NK cell function also requires STAT5 tetramer

formation as mice that caohform STATS5 tetramers present with dddd reduction of NK cells.
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The degree to which STAT5 dimers and tetramers are utilised in vivo also depends on the
strength of the IE15 signal, with &evated level®f IL-15 resulting in greater tetramer formation

and the expression of negatikegulators proteins such as CIS.
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