1' frontiers
in Immunology

ORIGINAL RESEARCH
published: 11 September 2019
doi: 10.3389/ mmu.2019.02180

OPEN ACCESS

Edited by:
Roberta Castriconi,
University of Genoa, Italy

Reviewed by:
Giuseppe Sciume,
Sapienza University of Rome, Italy
Paolo Carrega,
University of Messina, Italy

*Correspondence:
Victoria Male
v.male@imperial.ac.uk

Specialty section:
This article was submitted to
NK and Innate Lymphoid Cell Biology,
a section of the journal
Frontiers in Immunology

Received: 24 June 2019
Accepted: 29 August 2019
Published: 11 September 2019

Citation:

Cuff AO, Sillito F, Dertschnig S, Hall A,
Luong TV, Chakraverty R and Male V
(2019) The Obese Liver Environment
Mediates Conversion of NK Cells to a
Less Cytotoxic ILC1-Like Phenotype.

Front. Immunol. 10:2180.

doi: 10.3389/ mmu.2019.02180

Check for
updates

The Obese Liver Environment
Mediates Conversion of NK Cells to a
Less Cytotoxic ILC1-Like Phenotype

Antonia O. Cuff !, Francesca Sillito 2, Simone Dertschnig 2, Andrew Hall 3, Tu Vinh Luong 3,
Ronjon Chakraverty 2 and Victoria Male *

* Department of Surgery and Cancer, Imperial College London,dndon, United Kingdom, ? Institute of Immunity and
Transplantation, University College London, London, Urétl Kingdom, ? Institute for Liver and Digestive Health, Royal Free
Hospital and University College London, London, United Kgdom

The liver contains both NK cells and their less cytotoxic ratives, ILC1. Here,
we investigate the role of NK cells and ILC1 in the obesity-a®ciated condition,
non-alcoholic fatty liver disease (NAFLD). In the livers dfice suffering from NAFLD,
NK cells are less able to degranulate, express lower levelsf gerforin and are less
able to kill cancerous target cells than those from healthyrdmals. This is associated
with a decreased ability to kill cancer celldn vivo. On the other hand, we nd that
perforin-de cient mice suffer from less severe NAFLD, suggsting that this reduction
in NK cell cytotoxicity may be protective in the obese liveglbeit at the cost of increased
susceptibility to cancer. The decrease in cytotoxicity is ssociated with a shift toward a
transcriptional pro le characteristic of ILC1, increasedxpression of the ILC1-associated
proteins CD200R1 and CD49a, and an altered metabolic pro lemimicking that of ILC1.
We show that the conversion of NK cells to this less cytotoxigphenotype is at least
partially mediated by TGB, which is expressed at high levels in the obese liver. Fingll
we show that reduced cytotoxicity is also a feature of NK cedlin the livers of human
NAFLD patients.

Keywords: NK cells, ILC1, obesity, NAFLD, immunometabolism, TG Fb

INTRODUCTION

Natural killer (NK) cells are innate lymphoid cells that regoze and kill virally infected and
cancerous cells. In mice, NK cells were long de ned as Lieasgative NK14. However, it
has recently come to light that, in tissues, cells de ned iis tivay contain at least two distinct
populations: circulating, or conventional, NK cells that &B49a CD49H° and tissue-resident
NK-like cells that are CD4$2CD49b (1). These have been called either tissue-resident NK cells
or innate lymphoid cells, type 1 (ILC1): here, we call them ILEL A population of cells that

is in many ways equivalent to mouse tissue-resident CB48K cells is also present among
CD3 CD56 cells in human livers and has been proposed to be ILC-like obé#sés of its parallels
with mouse ILC1 8). However, CD56 cells that display one of the proposed phenotypes for
human ILC1 @) have also been reported in human lives).(For this reason, here we refer to
the equivalent cells in humans by the descriptive term lireident NK cells. The nding that
Lin NK1.1€ cells in mouse and CD3CD56" cells in human livers are in fact heterogeneous
populations means that it is now necessary to re-examine thesrof these cells, distinguishing
between NK and ILC1 or resident subpopulations.
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Non-alcoholic fatty liver disease (NAFLD) is a spectrum(Supplementary Figures 1D, and increased circulating
of disease, usually associated with obesity, in which sXe¢s alanine transaminase (ALT), which is an indicator of liver
builds up in the liver. Simple steatosis can progress to a chrondamage $upplementary Figure 1
in ammatory condition known as non-alcoholic steatohepi We did not observe any dierence in NK cell (de ned as
(NASH). This in turn progresses to brosis and ultimately Lineage-negative NKISTD49a CD49) or ILC1 (de ned as
cirrhosis, which increases the risk of developing hepatoeellu Lineage-negative NKICTD49& CD49b ) frequencies in the
carcinoma. NASH patients have been reported to have increasegdleens or livers of obese compared to lean niégure 1A) but
numbers of CD3CD56°CD57% cells, which are likely to NK cellsisolated from the livers of mice that had been kepttan t
represent circulating NK cells, in their liver$)( although a obesogenic diet for 12 weeks degranulated less than those fr
more recent study was unable to replicate this ndind.(The the livers of their lean littermated-{gure 1B). This was also the
expression of NK cell-activating ligands is also increasetthé case for NK cells isolated from spleens, although the reducti
livers of NASH patients. Recent ndings on NK cell dysfunctionwas smaller (a di erence in the medians of 4.3% in splenic
in obesity -11) and the metabolic activities of NK cellsZ, 13)  NK cells, compared to 10.0% in liver NK celisgure 1B). We
have led to increased interest in a potential role for NK ciells observed no di erence in the degranulation of liver ILC1 betm
NAFLD pathogenesis but the eld is still in its infancy, noalt  lean and obese mice. We also found a signi cant reduction in
because most previous studies did not distinguish between N#ie expression of perforin by NK cells in the livers of obese
cells and ILC1 or liver-resident NK cell$4). mice, that we did not detect in splenic NK celEdure 10). This

NK cells can limit brosis in liver diseases of various ebigies  suggests that NK cells from the livers of obese mice are lesth |
by controlling the activity of hepatic stellate celis5(16). Ina  able to degranulate and less able to Kill target cells thaseho
mouse study in which a NASH-like disease was induced usingom their lean littermates. We did not observe any di ererine
a methionine and choline de cient diet, IFiNproduction by the expression of granzyme Bigure 1D) although this may be
NKp46° NK cells and ILC1 protected against diseas8.(On  accounted for by the low levels at which this protein is exprdss
the other hand, NK cells seem to promote obesity, with NK cellin unstimulated mouse NK cell£().
de cient mice gaining less weight in response to obesogeris d The reduced ability of NK cells in obese mice to degranulate
(18-20) and displaying less fat accumulation and in ammation suggests that their ability to kill cancerous target celld wi
in their livers 21). There is also evidence that NK cells canbe impaired. To determine whether this was the case, and to
be harmful in chronic in ammatory liver disease, where theyexamine the relative defects in NK cell killing in the spleend an
contribute to pathology by killing hepatocyte®( 23). In support  livers of obese compared to lean mice, we sorted NK cells from
of this being the case in NASH, mice lacking either TRAIL (arthe two organs and assessed their ability to kill YAC-1 cenee
apoptosis-inducing TNF family ligand expressed by NK cellsjarget cellsn vitro. NK cells from both the spleens and livers of
or its receptor are partially protected against obesity-daset  obese mice were less able to kill YAC-1 cells than those frein th
NASH (24, 25). lean littermates, although the defect in killing was onlynsicant

Here, we investigate the activity of NK cells in a mouse modefat p < 0.05) in NK cells isolated from the liveFigure 1B).
of NASH and in the livers of NAFLD patients. We report that NK Similar to our observations of degranulation, the reductio
cells in the livers of obese mice are less able to degraraate target cell killing was greater in NK cells isolated fromig/ghan
kill cancerous target cells than those from lean mice, a phygr® those isolated from spleens (a di erence in the medians of 2.7%
that extends to a reduced vivo ability to kill cancer cells. This in splenic NK cells, compared to 10.1% in liver NK cells).
decrease in cytotoxicity is associated with a shift towartL&1- To determine whether this a ects target cell killing vivo,
like phenotype, which seems to be at least partially mediated e next injected mice intravenously with equal numbers of
high levels of TGB produced in the obese liver. Finally, we show uorescently-labeled RMA/s cells (which are MHC class I-
that in humans, as in mice, NK cells from obese livers aredbles  negative NK targets) and RMA cells (which are not NK targets
to degranulate and kill. and act as a recovery controbg). We collected spleens from the

recipient mice and determined the number of cells remaining in
each population by ow cytometry. The lean mice had eliminated

RESULTS the RMA/s cells with approximately 40% e ciency. In contrast,
NK Cells in the Livers of Obese Mice Are Et;?gsgefg mice had eliminated them with only 5% e ciency

Less Cytotoxic Than Those in the Livers of

Lean Mice

To investigate the activity of NK cells and ILC1 in the liver P€rforin-Mediated Cytotoxicity Promotes

during obesity-associated liver disease, we examinedpteerss  Fibrosis in NAFLD

and livers of mice that were kept for up to 24 weeks on a higlClearly, the diminished ability of NK cells to kill target celts i
fat and sugar diet46). As previously reported, mice on the obese animals is likely to limit cancer surveillance. Haavev
diet became obeseS(@pplementary Figure 1A, accumulated since we observed the largest reductions in both degraioulat
fat in their livers Supplementary Figure 1B and displayed and cytotoxicity in NK cells isolated from the liver, and s@nthe
dysregulated glucose homeostastsigplementary Figure 1§ reduction in perforin expression seemed to particularly a e¢t N
Mice also displayed histological evidence of NAFLDcells in the liver, we sought to de ne the likely e ect of these
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FIGURE 1 | NK cells in the livers of obese mice are less cytotoxic than tise in lean mice.(A) Immune cells were isolated from mouse livers. NK cells were édti ed
by scatter, and as live CD4% Lineage-negative NK1.££ CD49bC cells. ILC1 were identi ed as live CD4§ Lineage-negative NK1.£ CD49aC cells. The frequency of
NK cells and ILC1 as a percentage of live CcD45 cells in the spleens and livers of lean and obese mice is showm D 12 mice per group, medians and IQRs are
shown. (B) Intrahepatic leukocytes were cultured for 4 h in the presencef anti-CD107a and Brefeldin A. Representative CD107a staing of NK cells from a lean (left,
blue) and an obese (right, red) mouse and summary data are shm. (C) Representative perforin staining in liver NK from a lean (igl trace) and an obese (red trace)
mouse. MFI of perforin in splenic NK, liver NK, and liver ILCloin lean and obese mice are shown(D) Representative granzyme B staining in liver NK from a lean
(blue trace) and an obese (red trace) mouse. Gray traces regsent internal negative controls. MFI of granzyme B in splénNK, liver NK, and liver ILC1 from lean and
obese mice are shown.(E) NK cells were sorted from the spleens and livers of lean and @se mice and cultured with the cancerous NK cell target line AC-1. YAC-1
death at 24 h is shown. (F) CTV-labeled RMA/S (NK cell targets) CTB-labeled RMA (recawecontrol) cells were mixed in a 1:1 ratio and intravenousipjected into
lean or obese mice. Representative input cells (leftmost,l&ck) and recovered cells from lean (center, blue) and obegeightmost, red) mice are shown. The
RMAJ/S:RMA ratio in recovered splenocytes, normalized to ing ratio, is shown. For panels(B—F), n D 6 mice per group; signi cance was determined using Mann
Whitney U-Tests; medians and IQRs are shown.

changes in NAFLD. Given that TRAIL-mediated cytotoxicitywe observed in the obese liver. We hypothesized that perforin-
exacerbates NAFLD2¢, 25), we speculated that there might be mediated killing is harmful in the liver during obesity, arlat
some advantage to the reduced perforin-mediated cytotiyxici the reduction in NK cell degranulation, perforin expressiorda
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cytotoxicity could therefore be protective. In this case waeild
expect mice lacking perforin to su er less severe liver dis@ase
obesity. We therefore determined the extent of liver damiage

NK cells and ILC1 express the transcription factor Tbet at
roughly similar levels, although they rely on it to di erenttents
(33-37). Consistent with this, we did not detect any change in

wild type and perforin-de cient mice that had been kept on the the expression of Tbet in NK cells of the livers of lean compared
obesogenic diet for 24 weeks. This later timepoint was choseén obese miceupplementary Figure 2¢. On the other hand,

so that we could compare the development of brosis, which ighe transcription factor Eomes is expressed only by NK cells
not usually pronounced at 12 weeks in this model, between thand speci es the NK cell lineag8g). We observed decreased

two genotypes.
There was no dierence in weight gainFigure 2A),
hepatomegalyKigure 2B), or glucose homeostasiBigure 20

expression of Eomes in NK cells in the livers of obese compared
to lean mice Figure 3D). We also examined the expression of the
ILC1-associated integrin CD49a and found a small but sigaint

between the wild type and perforin knockout mice. Thereforejncrease in its expression by NK cells in the livers of obese

unlike mice that completely lack NK cells, perforin-de cient
mice gain weight and alter their glucose homeostasis silyila

to wild type mice (8-20). This suggests that any di erences we

compared to lean animald={gure 3B, consistent with a shift
towards an ILC1-like phenotype.

observe in liver pathology are unlikely to occur as a result oONK Cells in the Livers of Obese Mice Have

less severe metabolic dysregulation in these mice. We \odxser
a signi cantly lower histopathological score in the perforin
de cient mice than the wild type controlsF{gures 2D,B and
decreased circulating ALT, although this was not signitan
at p < 0.05 fFigure 2F. Fibrosis, determined by Picrosirius
red staining, was signi cantly lower in perforin-de cient ice
(Figures 2D,Q and real time PCR for markers of brosis
revealed that the livers of the perforin-de cient mice exmed
less Acta2 (a smooth muscle actinfFigure 2H) and Collal
(collagen type | alpha 1Figure 2I) than those of controls,
although the di erence was only signi cant at< 0.05 forActa2

NK Cells in the Livers of Obese Mice
Display a Transcriptional Pro le
Characteristic of ILC1

an Altered Metabolic Pro le
Gene Ontology analysis on this relatively short list of
di erentially expressed transcriptsFigure 3A) revealed that
only one pathway was signi cantly overrepresented in the NK
cells of obese mice, compared to lean littermates, and thés wa
Triglyceride catabolic processeef 3.65 10 3). We therefore
examined the cells for signs of altered immunometabolism.
Scatter has been used as an indicator of metabolic alteration
in NK cells 39) and we found that side scatter increased in NK
cells from the livers of obese mic€igure 4A). NK cells use
mTOR for nutrient sensing and it also has an important role in
immune regulation 40). The phosphorylation of ribosomal S6
protein (pS6) is used as an indicator of mMTORCL1 signaling and
we found that pS6 was increased in NK cells freshly isolated fro
the livers of obese compared to lean mi€ggre 4B). Notably,
in both these cases, the metabolic alterations that we obdenv

We next sought to de ne the mechanism by which the redUCtIonthe NK cells served to make them more ILC1-like, similar to ou

in NK cell cytotoxicity occurs. To achieve this, we analyZesl t
transcriptomes of NK cells and ILC1 in the livers of lean an

obese mice by RNASeq. Raw RNAseq data and di erentially
expressed gene lists are available from the National Ceoter f
Biotechnology Information Gene Expression Omnibus under

ndings at the transcriptional level. We also observed an @ase
n the expression of the glucose transporter Gluigyre 40.

TGFb in the Obese Liver Limits NK Cell

accession no. GSE122828; https://www.ncbi.nim.nih.g@av/g Degranulation and Alters Their Metabolic

query/acc.cgi?acc=GSE122828.
Only one gene, Malatl, was signi cantly (BC2, pygj < 0.05)

Pro le
The conversion of NK cells to a less cytotoxic ILC1-like

underexpressed in NK cells from obese mice compared to thogenotype has previously been reported in a number of situations

from their lean littermates, whereas 20 genes were signitlga

and in all these cases, TBRvas a key cytokine driving the

overexpressed. Of these 20 genes, 18 were also overexpressewersion {1-43). We therefore hypothesized that TGN

in ILC1 compared to NK cellsRigure 3A; genes characteristic

the obese liver might be mediating the reduction in cytotoxi

of ILC1 are marked with an asterisk). We particularly notedability and the acquisition of ILC1-like features that wesebved.
that transcripts encoding the inhibitory receptors CD200R1;Tgfbltranscript was increased in the livers of obese compared

LAG3, and CD101, all of which are involved in limiting immune
pathology in in ammatory disease$#-32) were increased in

to lean mice Figure 5A) and we also observed increased TGF
protein in conditioned medium from obese compared to lean

NK cells from obese mice compared to lean, as well as itivers (Figure 5B) and in the plasma of obese mideigure 50.

ILC1 compared to NK cells. We conrmed the increase in

expression at the protein level for CD200Rigure 3B) and

NK cells move freely between the periphery and the izg}.(
In order to de ne how the prole of NK cells might alter as

LAG3 (Figure 30). We also considered the possibility that athey enter the liver, and how this might di er depending on the

decrease in activating receptor expression could accourthéor
decreased NK cell activity in obese mice, but we did not ng an
di erence in NKG2D (Supplementary Figure 2A and NKp46
(Supplementary Figure 2B levels between NK cells from lean
and obese mice.

NAFLD status of the liver, we isolated splenic NK cells fronmlea
animals and cultured them for 24 h in conditioned medium from
either lean or obese mouse livers. We observed that theyadili
NK cells to degranulate was impaired following culture in sbe
compared to lean, liver conditioned medium, and we were also
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FIGURE 2 | Perforin-mediated killing promotes brosis in NAFLD(A) Growth curves for wild type and perforin knockout mice on theobesogenic diet. (B) Liver
weights for wild type and perforin knockout mice after 24 weks on the obesogenic diet.(C) Plasma glucose levels(D) Representative H&E and Picrosirius red
staining in a wild type and a perforin knockout mouse(E) Histological score in wild type and perforin knockout mouséivers, after 24 weeks on the obesogenic diet.
(F) Plasma ALT levels(G) Picrosirius red positive area in representative histolagal elds. (H,I) Acta2 and Collal mRNA in livers of wild type and perforin kndout
mice, after 24 weeks on the obesogenic dietn D 8 mice per group; signi cance was determined using Mann Whitey U-Tests; medians and IQRs are shown.

able to recapitulate this phenotype by culturing the NK cells in  Consistent with previous reportst®), NK cells cultured for
recombinant TGBL1 (Figure 5D). Furthermore, the addition of 5 days in TGB1 upregulated ILC1-associated molecules such
an anti-pan TGP antibody to the cultures partially rescued the as CD49a Figure 5§ and CD200R1 Kigure 5H). However,
ability of the NK cells to degranulate following culture twvitbese we did not observe this phenomenon in NK cells cultured
liver conditioned medium Figure 5B, suggesting that TG~ for only 24h in TGHkl and we were unable to keep
in the obese liver limits the ability of NK cells to degrartela NK cells alive in liver conditioned medium for 5 days.
We also examined pS6 expression as an indicator of mTORTherefore, we were unable to directly assess the ability of
signaling. Consistent with previous reports, NK cells cudtdir liver conditioned medium to convert NK cells to ILC1.
with TGFbl displayed reduced pS64), as did NK cells cultured Our ndings that the obese liver contains high levels of
in obese liver conditioned mediunt{gure 50, suggesting that TGFbl and that TGl can convert NK cells to an ILC1-

TGFb in the obese liver can also a ect the metabolic pro le oflike phenotype does, however, suggest that this could occur
NK cells. in vivo.
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FIGURE 3 | NK cells in the livers of obese mice acquire an ILC1-like transiptional pro le. (A) NK cells and ILC1 were sorted from the livers of lean and obese ite
and examined by RNASeq. Genes that were differentially exg@ssed by > 2-fold, with padj < 0.05, in NK cells of lean vs. obese mice are shown. Genes thatra also
differentially expressed in ILC1 compared to NKX2-fold, with padj < 0.05) are marked with an asterisk(B,C) Protein expression of the inhibitory receptors CD200R1
(B) and LAG3(C) in NK cells and ILC1 of lean (blue) compared to obese (red) mic6&ray traces represent FMO controls(D) Expression of Eomes in NK cells and
ILC1 of lean (blue) compared to obese (red) mice. Gray tracespresent internal negative controls(E) Expression of CD49a in Lineage-negative NK14 CD49b®
cells (NK) and Lineage-negative NK14 CD49b cells (ILC1) of lean (blue) compared to obese (red) mice. Grayaces represent FMO controls.n D 6 mice per group;
signi cance was determined using Mann WhitneyJ-Tests; medians and IQRs are shown.

NK Cells in the Livers of NAFLD Patients the ability of NK cells [de ned as CD3CD56 Thet' Eome¥;
(42); Figure 6A] to degranulate was inversely correlated with

Are Less Cytotoxic Than Those From
disease severityFigures 6B-D. In seven samples where we

Healthy Controls AN
Our observations in mice prompted us to ask whether NKvere also able to sort the NK cells and assess their ability to
kill the classical human NK cell target line K562, we found

cells in the livers of NAFLD and NASH patients are also

less able to degranulate than those from healthy controle. wdecreased killing by NK cells from NAFLD livers compared to
isolated intrahepatic leukocytes from seven healthy livets healthy controls, although we were not able to collect efoug
livers with simple steatosis (livers that showed steatosis bdata points to robustly assess the statistical signi cancthisf

no in ammation) and six livers displaying various levels ofrelationship Figure 6B. Interestingly, we found that the ability
in ammation and brosis in addition to steatosis. We found of liver-resident NK cells to degranulate was also inversely
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isolated NK cells and ILC1 from lean (blue) and obese (red) reicn D 12 mice per group (A), six mice per group(B) and seven mice per group(C); signi cance was
determined using Mann WhitneyU-Tests; medians and IQRs are shown.

correlated with disease severity, although less signtlgghan in the blood, but in this study we looked at how NK cells

that of circulating NK cells Kigure 6F). However, in contrast in the liver change during obesity and the impact that this
to the situation for circulating NK cells, we did not observemay have not only on cancer immunosurveillance, but also on
decreased cytotoxicity in liver-resident NK cells from NAF NAFLD pathogenesis.

patients, compared to healthy controlBigure 6G. This is in We found that in obesity NK cells in the livers of both humans

line with our previous observation that degranulation is notand mice are less able to degranulate and Kkill target cells Thi
particularly correlated with cytotoxicity in human liveesident is consistent with reports that NK cells taken from the blood of

NK cells ¢1). obese humans3¢10, 44) or the spleens of obese mick() are
less cytotoxic than those taken from their lean counterpadis.
DISCUSSION the other hand, one recent study did not nd a reduction in NK

cell degranulation in the blood of NAFLD patients compared to
It is becoming increasingly apparent that NK cells arecontrols (7). This study also found no association between NK
dysfunctional in obesity and that this could be one mechanis cell phenotype in the liver and NAFLD severity, although it did
that accounts for the well-established link between opesitd  not examine degranulation or cytotoxicity. In the light ofio
cancer §-11). These studies have largely focused on NK cell®idings in mice, that the obesity-associated defect in NKI ce
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FIGURE 5 | TGP in obese mouse livers limits NK cell degranulation and altetheir metabolic pro le. (A) Tgfb1 mRNA in the livers of lean and obese mice,
normalized so that mean Tgfb1 transcript expression in thevers of lean miceD 1. (B,C) TGFbl in lean and obese liver conditioned mediun{B) and lean and obese
(Continued)
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FIGURE 5 | mouse plasma(C) measured by ELISAn D 8 mice per group (A,C) and six conditioned media per group(B); signi cance was determined using Mann
Whitney U-Tests; medians and IQRs are shown(D) Splenic NK cells were cultured for 24 h in medium alone, leanrambese liver conditioned medium, or 10 ng/ml
TGHol. For the last 4 h of culture, CD107a antibody and Brefeldin Avere added to media.n D 6 culture conditions per group; signi cance was determined $ing
Mann WhitneyU-Tests with Holm's correction for multiple comparisons; meians and IQRs are shown (E) Splenic NK cells were cultured as described ifD), with the
addition of 10mg/ml anti-TGFb antibody or isotype control.n D 6 culture conditions per group; signi cance was determined sing a Wilcoxon signed ranks test,
where each pair is obese liver conditioned medium from the sae mouse, with anti-TGM antibody or isotype control. Degranulation in NK cells culred in lean liver
conditioned medium with isotype control are shown for compaison, but were not statistically tested(F) Splenic NK cells were cultured for 24 h in medium alone, lean
or obese liver conditioned medium, or 10 ng/ml TGB1, before staining for pS6.n D 6 culture conditions per group; signi cance was determined @ing Mann Whitney
U-Tests with Holm's correction for multiple comparisons; melians and IQRs are shown(G,H) Splenic NK cells were cultured for 5 d in 10 ng/ml TGBF1. CD49a (G)
and CD200R (H) staining before and after culture are shown. For this smallataset, no statistical testing was carried out.

degranulation and killing is more marked in the liver thaneth notably in the tumor microenvironment, this is associatethw
periphery, one possibility is that a defect in NK cytotoxicityes a decrease in cytotoxicity similar to our ndings in the olees
exist in this cohort but, as we report here, it is necessarpott| liver (41-43). NK to ILC1 conversion in all these situations is
in the liver to nd it. mediated by TGB. Further, TGBis known to alter the metabolic

We further show that the NK cells of obese mice are lespro le of NK cells and limit their cytotoxicity 8, 13). Therefore,
able to kill cancerous target celis vivo. It has recently been we postulated that NK cell acquisition of an ILC1-like phenotype
reported that NK cells that have been cultured in fatty acidsn the obese liver might be mediated by TGGFTGFo levels
before being adoptively transferred into a B16 melanomaibga were higher in obese than lean livers, consistent with previous
host are less able to control the cancer than control NK cellgeports in both mice and humangl¢-48). Conditioned medium
Obese mice are also less able to control B16 metastasei#ian tfrom obese livers limited the ability of NK cells to degrartala
lean counterparts, a phenotype that was associated with redducmirroring the phenotype observed in the obese liver, and this
NK cell in ltration into metastatic foci (0. Our nding that e ect was TGb-dependent. We also assessed the e ect of liver
obese mice are less able to control RMA/S cells con rms thesmnditioned medium on mTORC1 signaling, as determined by
ndings using a second type of cancerous target. pS6 levels, and again observed obese liver conditioned mediu

This reduction in NK cell cytotoxicity in obesity is detrim&al ~ mimicking the e ect of TG (12).
to tumor immunosurveillance, but one key question is whethe  Interestingly, we observed reduced pS6 levels on short term
it is helpful or harmful in the context of NAFLD. We observed culture with either obese liver conditioned medium or TGBut
greater reductions in degranulation, perforin expressiond a increased pS6 levels in the livers of mice that had been kejbison t
cytotoxicity in the liver than in the spleen. Further, TRAIL- obesogenic diet for 6 months. It has previously been suggieste
mediated cytotoxicity is known to promote pathogenesis inthat there may be di erences in the kinetics of altered mTORC1
NAFLD (24, 25. Therefore, we postulated that the decreassignaling in short-term vs. longer-term T®Fexposure, and this
in degranulation and perforin-mediated cytotoxicity thatew may be at play herel@). In support of this idea, the short- and
observed in the obese liver might protect against liver disea long-term e ects of obesity on NK cell metabolism are known to
In support of this idea, perforin-de cient mice su ered from Ies di er: in a pediatric cohort, obesity was associated with sesed
severe NAFLD. Since these animals lack perforin globally, wglutl and pS6 expressior®)( whereas in adults, obesity was
cannot say with certainty that the protection is not mediatedassociated with decreased 2-NBDG uptake (a proxy for glucose
at least in part by defective T cell cytotoxicity. Indeed if,uptake) and pS6 expressiofdj. It is also likely to be the case
as we suggest, the liver is acting to protect itself againghat other factors present in the obese liver, for example high
immunopathology, it is likely that T cell cytotoxicity willsd be levels of fatty acids, a ect NK cell cytotoxicity and metabolism
reduced. Nevertheless, the protection from liver diseaaewle (10), and the e ects of these may interact with T@&mpossibly in
nd in the absence of perforin does suggest that the defect im manner which changes over time. This could also explain our
NK cell degranulation we observe in the obese liver may act tobservation that obese liver conditioned medium depresdés N
protect it. cell pS6 expression more than Tis&one.

We found the genes di erentially expressed between NK cells In this study, we have shown that NK cells in the liver display
from lean vs. obese livers to be strikingly similar to thdsgttare  a less cytotoxic ILC1-like phenotype in the context of obesity
di erentially expressed between NK cells and ILC1, sugggstinand that this is likely to be at least partially T&mediated.

NK cell conversion to an ILC1-like phenotype in the obese liverOur nding that perforin-mediated killing is harmful in NAFLD

In support of this idea, we found the ILCl-associated proteinsuggests that this reduction in NK cell cytotoxicity is prdiee
CD200R1 45, LAGS, and CD49a increased in NK cells fromin the liver, albeit at the cost of increased susceptibibtgancer.
obese livers, and expression of the NK cell lineage-de nind\s well as mediating conversion of NK cells to ILC11-43),
transcription factor Eomes decreased. NK cells in the lidérs TGHb also alters NK cell metabolism and cytotoxicigy (3). It
obese mice also displayed an altered metabolic pro le, whiah w has recently been suggested that NK cell metabolism could be
somewhat like that of ILC1. targeted to prevent cancet(). In the light of recent ndings

There are a number of situations in which NK cells arethat NK cells are less cytotoxic in obesity and that this iast
converted to resident or ILC1-like cells and in some of thesepartially mediated by metabolic changes-10, 44), it might be
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FIGURE 6 | NK cells in the livers of NAFLD patients are less cytotoxic dn those from healthy controls(A) Immune cells were isolated from human livers. NK cells
were identi ed by scatter, and as live CD4% CD56C CD3  Thet" Eomes® cells. Liver-resident NK cells (I'NK) were identi ed as livéD45¢ CD56C CD3  Thet®
(Continued)
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FIGURE 6 | Eomed cells. (B,C) Intrahepatic leukocytes were cultured for 4 h in the presencef anti-CD107a and Brefeldin A. Representative CD107a staing of NK
cells from a healthy(B) and a NAFLD(C) liver is shown.(D) Inverse correlation between NK cell degranulation and hiskogical score in human livers. H, healthy; SS,
simple steatosis; NAS, NASH Activity Score; C, cirrhosis.i§ni cance was determined using Spearman's Rank Correlatio. (E) CD56C CD3 CD16C CXCR6 NK
cells were sorted from healthyrf D 4) and NAFLD K D 3) livers and cultured for 4 h with the human NK target cell, K&. At the end of culture, target cell death was
assessed using AnnexinV staining(F) Inverse correlation between liver-resident NK cell degramation and histological score in human livers. Signi cance as
determined using Spearman’s Rank Correlation(G) CD56C CD3 CXCRE© liver-resident NK cells were sorted from healthyn(D 4) and NAFLD § D 3) livers and
cultured for 4 h with the human NK target cell, K562. At the enaf culture, target cell death was assessed using AnnexinV aining. For(E,G), medians are shown. For
these small datasets, no statistical testing was carried du

tempting to consider using such treatments as a way to break tHymphocytes were isolated using an adaptation of the method
well-established link between cancer and obegif).(However, from Cu and Male (51). Briey, nely minced liver tissue
the implication that reduced NK cell cytotoxicity may protect was collected in RPMI 1640 medium (Life Technologies brand;
the liver during obesity sounds a note of caution about sucifhermo Fisher Scienti ¢, Hudson, NH) and passed through
approaches, which may result in adverse e ects in the livela 70mm cell strainer. The suspension was spun down (500
Indeed, NK cell-derived ILC1-like cells play a role in tissejgair g, 4C, 10min) and the pellet resuspended in RPMI 1640
(42) so the possibility that the ILC1-like cells we see emergingiedium. The cell suspension was layered over 24% Optiprep
from NK cells in the obese liver may even have a reparative e e¢Sigma-Aldrich) and centrifuged without braking (700g, RT,

is worthy of further investigation. 20 min). The interface layer was taken and washed in HBSS
without C&® Mg%® (Lonza, distributed by VWR, Lutterworth,
UK) supplemented with 0.25% bovine serum albumin (Sigma-
MATERIALS AND METHODS Aldrich, Hammerhill, U.K) and 0.001% DNase | (Roche,
Human Liver Biopsies distributed by Sigma-Aldrich).

Liver biopsies were taken from livers that were destined for Animal husbandry and experimental procedures were
transplantation, but that were discarded because of longnwar performed according to UK Home O ce regulations and
ischemic time, vascular abnormalities, or tumors elsewtiar institute guidelines, under project license 70/8530.

the patient 6 D 7), or because they displayed signs of NAFLD

or NASH on histopathologic examinatiom(D 10). Biopsies In vivo NK Cytotoxicity Assays

were also taken from livers explanted during transplantatiolRMA and RMA/s thymoma cells (cultured in Iscove's
for NASH (n D 2). Intrahepatic leukocytes were isolated agnodi ed Dulbecco's medium supplemented with 10% FCS;
previously described(). Briey, liver tissue was nely minced Life Technologies) were labeled with Cell Trace Blue or Cell
using scalpels, passed through afif-strainer, and the collected Trace Violet, respectively, according to the manufacturer's
cells were layered onto Ficoll (GE Healthcare, Amershaninstructions (Thermo Fisher Scienti c). 1@ells of each cell type
U.K), centrifuged (400 g, 20 min, 20C, light braking), and were injected intravenously into control or obese miceefA# h,
the interface was taken and washed twice with PBS (750 recipients were sacri ced by direct cervical dislocation dhel

g, 15min, 20C). Ethical approval for use of human liver spleens were examined for uorescent target cells.

samples was obtained through the Royal Free Hospital Biobank

(National Health Service Research Ethics Committee approvidx vivo NK Cell ACtiVity Assays

no. 11/WA/0077, study no. 9455). For degranulation assays using mouse NK cells, total intrahepat
_ leukocytes or splenocytes were cultured for 4h at’ 10
Mice cells/mL in RPMI 1640 medium supplemented with 10% FCS,

Female C57BL/6J (bred in house) or Prfl mice (Charles 25mM HEPES, 1mM sodium pyruvate, BM 2-ME, MEM
River; RRID:MGI:5576721) were randomized at weaning ontaonessential amino acids, penicillin, and streptomycin (afé
standard chow (RM1) or a highly palatable obesogenic di€fechnologies brand; Thermo Fisher Scienti ¢, Waltham, MA,
consisting of 22.6% fat, 23.0% protein, and 40.2% carbotg/drdJSA). Brefeldin A (Ing/mL; Sigma-Aldrich) and anti-CD107a
(w/w); diet code 824018—"45% AFE fat” Special Dietary Sesyic (1:100, eBioscience, San Diego, CA) were added to all comslit
Essex, UK), supplemented with sweetened condensed milor cytotoxicity assays, 15,000 sorted NK cells were cudlture
(Nestle)ad libitum (26). with 75,000 YAC-1 target cells in 108 RPMI supplemented
After 12 or 24 weeks on the diet, mice were sacri ced by direcas before for 24h. Cell death was measured using an LDH
cervical dislocation. Blood was collected by cardiac puecand  cytotoxicity assay (Abcam, Cambridge, U.K.), accordinght® t
centrifuged at 10,000 g for 10 min at room temperature to manufacturer's instructions. Readings were normalizedvieen
isolate serum for ALT and glucose measurement and pieces tife medium only (0% cell death) and lysis bu er (100% cell
liverwere xedin 10% neutral bu ered formalin, xed, sectied, death) controls.
and stained with H& E or Picrosirius red. Sections were kdidd Degranulation and cytotoxicity assays with human NK
and scored by a hepatopathologist, using the Brunt-Kleinecells were carried out as previously describéd).(Briey,
NASH activity score [NAS;50)]. Spleens were collected and freshly isolated intrahepatic lymphocytes were cultured£ér
splenocytes isolated as previously describ&l). (Intrahepatic  with Brefeldin A (10mg/ml; Sigma-Aldrich), Monensin (21M;
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TABLE 1 | Details of antibodies used in the study.

Antibody Clone Fluorophore Dil Host animal Manufacturer Cata log # RRID
Anti-human CD3 SK7 APC-eFluor 780 1/200 Mouse eBioscience 40036-42 AB_10717514
Anti-human CD45 HI30 PE 1/100 Mouse eBioscience 12-0459 AB_184374
Anti-human CD56 NCAM16.2 Brilliant Violet 510 1/200 Mouse BBiosciences 563041 AB_2732786
Anti-human CD107 eBioH4A3 PerCP-eFluor 710 1/100 Mouse eBcience 46-1079-42 AB_2573706
Anti-human Eomes WD1928 PE-eFluor 610 1/100 Mouse eBiosciere 61-4877-42 AB_2574616
Anti-human/mouse Thet eBio4B10 PE-Cy7 1/100 Mouse eBiosciece 25-5825-82 AB_11042699
Anti-mouse CD3 17A2 FITC 1/200 Rat Biolegend 100203 AB_312660
Anti-mouse CD3 17A2 PerCP-Cy5.5 1/200 Rat Biolegend 100218 B_1595492
Anti-mouse CD8& 53-6.7 FITC 1/200 Rat Biolegend 100705 AB_312744
Anti-mouse CD8& 53-6.7 PerCP-Cy5.5 1/200 Rat Biolegend 100734 AB_2075238
Anti-mouse CD19 6D5 FITC 1/200 Rat Biolegend 115505 AB_313640
Anti-mouse CD19 6D5 PerCP-Cy5.5 1/200 Rat Biolegend 115534 B_2072925
Anti-mouse CD45 30-F11 Brilliant Violet 510 1/200 Rat Biolegnd 103137 AB_2561392
Anti-mouse/rat CD49a Ha31/8 Alexa Fluor 647 1/100 Armenian haipster BD Biosciences 562113 AB_11153312
Anti-mouse/rat CD49a Ha31/8 BUV 395 1/200 Armenian hampster BIBiosciences 740262 AB_2740005
Anti-mouse CD49b DX5 PerCP-eFluor 710 1/200 Rat eBioscience 46-5971 AB_11149865
Anti-mouse CD49b DX5 PE-eFluor 610 1/200 Rat eBioscience 65971-80 AB_2574645
Anti-mouse CD107a 1D4B PE-Cy7 1/100 Rat Biolegend 121620 AB2562147
Anti-mouse CD200R1 0OX-110 PE 1/50 Rat BioLegend 123907 AB_2p4081
Anti-mouse Eomes Danllmag PE-Cy7 1/100 Rat eBioscience 25875 AB_2573453
Anti-mouse/rat/human Glutl EPR3915 Alexa Fluor 647 1/100 Rabib abcam ab195020 AB_2783877
Anti-mouse Gr-1 RB6-8C5 FITC 1/200 Rat Biolegend 108405 AB_33370
Anti-mouse Gr-1 RB6-8C5 PerCP-Cy5.5 1/200 Rat Biolegend 10828 AB_893558
Anti-mouse Lag3 C9B7W PE/Dazzle 594 1/100 Rat Biolegend 12522 AB_2572081
Anti-mouse NK1.1 PK136 APC-eFluor 780 1/100 Mouse eBiosciece 47-5941 AB_10853969
Anti-mouse Perforin S16009B PE 1/50 Rat Biolegend 154405 AB2721640
Anti-mouse pS6 D57.2.2E APC 1/50 Rabbit Cell Signaling 4858 B 916156

Sigma-Aldrich), and 5ng/ml PerCP—eFluor 710-conjugated=low Cytometry
anti-human CD107a (clone eBioH4A3; eBioscience). CeDetails of antibodies used in the study are givenTable 1
surface staining was performed at the end of the assayhe lineage cocktail for mouse cells consisted of CD3, £;D8
For cytotoxicity assays, sorted cells were cultured witttZK5 CD19, and Grl. Dead cells were excluded using xable viability
for 4h at a 1:1 ratio in 50m of RPMI 1640 medium dye eFluor 450 (eBioscience) G 15min). Surface staining
supplemented as above. At the end of the assay, target ceths carried out in PBS supplemented with 1% FCSC(4
death was assessed using Annexin V-FITC (BD Biosciencds) ah5 min). Intracellular staining was carried out using Human
propidium iodide. FoxP3 Buer (BD Biosciences, Oxford, UK), except for pS6
staining, which was carried out using Cyto x/cytoperm (BD
Biosciences). Data were acquired on an LSRFortessa Il (BD
Biosciences) and analyzed using FlowJo v.X.0.7 (Tree Star,

Cell Culture Experiments Ashland, OR, USA). Sorting was carried out on an Aria
Liver conditioned medium was produced by culturing 500 mg(BD Biosciences).

of nely minced liver tissue in serum-free M199 medium

(Gibco brand, Thermo Fisher Scienti c) for 48 h. The medium

was cleared of debris by being passed through ari0 Real Time PCR

strainer and by centrifugation at 500 g for 5min at Liver sections were dissected directly into RNAlater and RNA
4 C. Splenic NK cells were cultured for 24h in RPMIwas extracted using an RNeasy Lipid Tissue Mini kit (both from
supplemented as before mixed 3:1 with liver conditionedQiagen, Manchester, U.K.). cDNA was made using a Transcriptor
medium or unconditioned M199 medium. TGR (10ng/mL, First Strand cDNA Synthesis kit (Roche, Welwyn Garden City,
PeproTech, Rocky Hill, NJ), anti-mouse TBEOMg/mL, clone U.K.) and real-time PCR was performed using TagMan (Applied
1D11 R&D Systems, Minneapolis, MN) or isotype controlBiosystems, Warrington, U.K.) primer/probe sets recognizing
antibody (10mg/mL, clone 11711 R&D Systems) were addedHprtl (Mm00446968 m1), Acta2 (Mm01546133_m1), Collal
as indicated. (MmO00801666_g1), and Tgfbl (Mm01178820_m1).
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RNASeq patients/participants provided their written informed conseat
Total RNA was extracted from sorted cells using an RNeagyarticipate in this study. The animal study was reviewed and
Micro kit (Qiagen) and libraries were prepared from 2 approved by UK Home O ce Project License 70/8530.

ng of total RNA using the NEBNext low input kit (New

England Biolabs, Hitchen, U.K.). Libraries were assessed f
correct size distribution on the Agilent 2200 TapeStatiord an &UTHOR CONTRIBUTIONS

q!Ja”“ ed F’y ,QUbit DNA High Sensitivity assay (Thgrmo VM designed the study and secured funding. AC, FS, SD, AH,
Fisher Scientic) before being pooled at an equimolary) 54 vM carried out experiments. AC and VM acquired data

conce_ntratlon. Samples were s_equenced on a Next_Seq 5% wrote the manuscript. RC and VM analyzed data. All authors
(llumina, Essex, U.K). Dierential expression analysis WaSaad and approved the manuscript

carried out using SARTools5p), Itering at padj <0.05
and FC> 2.

TGFbl1 ELISA

Total TGH1 protein concentrations in plasma and liver This work was funded by Royal Society/Wellcome Trust Sir
conditioned medium were determined using a mouseHenry Dale Fellowship WT105677 to VM.

TGF-betal DuoSet ELISA (R&D Systems), according to the

manufacturer's instructions. ACKNOWLEDGMENTS

FUNDING

Statistics This manuscript has been released as a preprint at bioRgv (
The data was analyzed and found not to be normally distributed

Signi cance was therefore determined using non-parametri PPLEMENTARY MATERIAL
tests: Mann WhitneyU-Tests (for unpaired data), Wilcoxon SuU

signed rank tests (for paired data) or Spearman's tests (fofne Supplementary Material for this article can be found
correlations) as indicated in the gure legendsvalues< 0.05 gpline at: https:/www.frontiersin.org/articles/10.388nmu.

are reported. Bars represent medians and interquartile r8iNg€2019.02180/full#supplementary-material

individual data points are also plotted. Supplementary Figure 1| Mice fed an obesogenic diet develop fatty liver

disease. (A) Growth curves for mice fed an obesogenic diet (red) or standd

DATA AVAILABILITY chow (blue).(B) Liver weights at 3 i D 12 mice/group) or 6 months i D 8 mice in

the lean and seven mice in the obese group)C) Plasma glucose levelsr{ D 8

Raw RNASeq data and di erentially expressed genes are aeailafjj"® P 9% except for obese at 6 months wheren D 7 mice). (D) H&E and

f the National Center for Biotechnolo Information Gen icrosirius red staining in representative livers after 3onths on the obesogenic or
rom ] | ] gy standard diet. (E) Histological scores i D 12 mice per group at 3 months, eight

Expression Omnibus under accession no. GSE122828; httpSéhn mice at 6 months and seven obese mice at 6 months)F) Plasma ALT levels

www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSEIR282Il (D 12 mice per group at 3 months, eight lean mice at 6 months and seen

other data is available at doi: 10.17605/OSF.I0/7H4NJ. obese mice at 6 months). Signi cance was determined using Man Whitney
U-Tests; medians and IQRs are shown.
ETH |CS STATEM ENT Supplementary Figure 2| No difference in NKG2D, NKp46, or Thet expression

in NK cells from lean vs. obese mice. NKG2[A), NKp46 (B), and Tbet staining

Th di . Vi h .. . C) of freshly isolated NK cells and ILC1 from lean (blue) and obegred) mice.
e studies Invo ving uman part|C|pants were reviewe ray traces represent internal negative controléA—C). n D 6 mice per group;

and approved by National Health Service Research Ethi%@nicancewasdetermined using Mann WhitneyU-Tests; medians and IQRs
Committee approval no. 11/WA/0077, study no. 9455. There shown.
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