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Abstract

:

Simple Summary


Oesophagogastric adenocarcinomas (OAC) are cancers of the food pipe and stomach which have a strong link with obesity. Natural killer (NK) cells are assassins of the immune system and are crucial for eliminating cancer. We have shown previously that NK cells are pulled into fat in OAC patients by a signalling protein called fractalkine (CX3CL1). Once in fat, NK cells die or are profoundly altered. This diminishes their ability to kill the tumour. We report that exposure to fat can reduce movement of NK cells towards the tumour. However, if a drug called a CX3CR1 antagonist is used to antagonise the receptor for fractalkine, we can restore NK cell movement towards the tumour. When we activate NK cells with a protein called IL-15, fractalkine can reduce its effect on NK cells. This provides further evidence for using CX3CR1 antagonists to reduce NK cell migration to fat and boost NK cell movement to the tumour.




Abstract


Oesophagogastric adenocarcinomas (OAC) are obesity-associated malignancies, underpinned by severe immune dysregulation. We have previously shown that natural killer (NK) cells preferentially migrate to OAC omentum, where they undergo phenotypic and functional alterations and apoptosis. Furthermore, we have identified the CX3CR1:fractalkine (CX3CL1) pathway as pivotal in their recruitment to omentum. Here, we elucidate whether exposure to the soluble microenvironment of OAC omentum, and in particular fractalkine and IL-15 affects NK cell homing capacity towards oesophageal tumour. Our data uncover diminished NK cell migration towards OAC tumour tissue conditioned media (TCM) following exposure to omental adipose tissue conditioned media (ACM) and reveal that this migration can be rescued with CX3CR1 antagonist E6130. Furthermore, we show that fractalkine has opposing effects on NK cell migration towards TCM, when used alone or in combination with IL-15 and uncover its inhibitory effects on IL-15-mediated stimulation of death receptor ligand expression. Interestingly, treatment with fractalkine and/or IL-15 do not significantly affect NK cell adhesion to MAdCAM-1, despite changes they elicit to the expression of integrin α4β7. This study provides further evidence that CX3CR1 antagonism has therapeutic utility in rescuing NK cells from the deleterious effects of the omentum and fractalkine in OAC, thus limiting their dysfunction.
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1. Introduction


Oesophagogastric adenocarcinomas (OAC) are a group of obesity-associated malignancies which encompass oesophageal, gastric and gastro-oesophageal junctional adenocarcinomas. OAC is underpinned by severe immune dysregulation and inflammation [1,2,3]. The 5-year survival rates for oesophageal adenocarcinoma and gastric adenocarcinoma of 20% and 32%, respectively, are largely due to poor treatment response rates of less than 30%, meaning new therapeutic options are urgently required for a growing group of cancer patients [4,5,6,7,8].



The innate lymphocytes natural killer (NK) cells possess both cytotoxic and cytokine producing capabilities and play a key role in tumour immunosurveillance [9,10]. As such, NK cells are of great interest in the realm of cell-based immunotherapy. In the setting of OAC, our group have reported the enhanced recruitment of NK cells to the chemotactic cues from visceral adipose tissue (VAT), the largest depot of which is the omentum [11]. We have also reported that soluble factors within OAC omentum drive phenotypical and functional changes and induce apoptosis of NK cells [11,12]. Current immunotherapies available for OAC have an efficacy of less than 25%, probably due to the cold immunosuppressive tumour microenvironment which does not facilitate immunotherapy-mediated reinvigoration of the immune infiltrate of the tumour [13,14]. We propose that the misguided immune cell migration to OAC omentum compromises anti-tumour immunity and thus poses a significant challenge for immunotherapeutic efficacy in these patients.



Chemokines function as mediators of immune cell migration and inflammation, and have also been implicated as promotors of cancer metastasis, thus placing them as potential targets in an immunotherapeutic context [15,16]. Fractalkine (CX3CL1) is a multi-functional inflammatory chemokine which is abundant in the OAC omentum [17]. It has an established role in macrophage- and CD8+ T cell-mediated adipose tissue inflammation [17,18,19,20]. Fractalkine is unique in that it functions both in transmembrane and soluble forms and has been implicated in roles beyond immune cell migration including immune cell survival, cancer metastasis and chronic inflammation [21]. We have identified fractalkine as a key driver of erroneous NK and CD8+ T cell migration to the omentum in OAC and established its key role in shaping both the phenotype and function of NK cells [12,17]. As such, targeting the fractalkine: CX3CR1 pathway with therapeutic intent to reposition crucial T and NK cells from omentum to tumour is of great interest in OAC. However it is prudent to further explore the effects that fractalkine exerts on NK cell phenotype and function in OAC and unearth the biological consequences of targeting this pathway for therapeutic purposes.



IL-15 is an important NK cell cytokine and has generated considerable interest in the realm of cancer immunotherapy as an alternative to IL-2 [22]. Whilst IL-2 and IL-15 overlap in several key functions, including supporting the proliferation and activation of NK cells, IL-2 can support the persistence of regulatory T cells (Tregs), which is an undesirable feature in the context of anti-tumour immunity [23,24]. Here, we explore the impact of the OAC omentum microenvironment on NK cell migration to tumour in OAC and examine its influence on NK cell phenotype and function. As OAC omentum is a fractalkine- and IL-15-enriched tissue, we extend these studies to further investigate the role of fractalkine and IL-15 in this milieu.



For the first time, our data demonstrate fractalkine-mediated endocytosis of CX3CR1 in NK cells. Short term exposure to this chemokine is followed by recycling of CX3CR1 to the surface when NK cells are transferred to a fractalkine-free environment. Importantly, we report that exposure to the soluble factors of the omentum of OAC patients dampens NK cell migration towards the soluble chemotactic cues of OAC tumour. Furthermore, pre-treatment with a CX3CR1 antagonist can overcome this conditioning by the omental microenvironment and restore NK cell migration towards OAC tumour. Our data also reveal that exposure to soluble fractalkine significantly dampens IL-15-mediated stimulation of death receptor ligand and integrin expression on NK cells. Our novel study provides further evidence supporting the therapeutic utility of CX3CR1 antagonism to prevent NK cell trafficking to omentum and to limit the deleterious effects of fractalkine in viscerally obese OAC patients.




2. Materials and Methods


2.1. Patient Demographics


Blood, omentum and tumour tissues were collected from a total of 28 patients at time of surgical resection from patients attending the National Oesophageal and Gastric Centre at St James’s Hospital, Dublin. The group consisted of nine patients with confirmed oesophageal adenocarcinoma, 14 patients with oesophago-gastric junctional adenocarcinoma and five patients with gastric adenocarcinoma (Table 1). The group consisted of 20 males and eight females, representative of the predominance of OAC in males, with an average age 64 years. The mean BMI at the time of surgery was 29 kg/m2, making 85% of our cohort overweight or obese. The mean CT-defined VFA was 144 cm2. Neo-adjuvant chemoradiotherapy (CRT) was administered to 68% of patients.



The work was performed in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans. Patients provided informed consent for sample and data acquisition, and the study received full ethical approval from the St. James’s Hospital Ethics Review Board. Patient samples were pseudonymised to protect the privacy rights of the patients.




2.2. Sample Preparation


Blood, omental adipose tissue samples and tumour biopsies were collected during surgical resection. Five grams of omental adipose tissue was enzymatically digested with collagenase type II for 20 min to obtain the stromal vascular fraction (SVF) as previously described [25]. Tumour biopsies were enzymatically digested with collagenase type IV as previously described [26]. Adipose tissue conditioned media (ACM) and tumour tissue conditioned media (TCM) were prepared as previously described [12,27]. ACM derived from obese OAC patients was used in experiments to recapitulate the obese omental microenvironment as that is the predominant phenotype in OAC.




2.3. Patient Sample Phenotyping


Whole blood, SVF from omentum and intratumoural immune cells were stained with CD56-FITC-Viobright (Miltenyi Biotec, Bergisch Gladbach, Germany), L-selectin-BV510, CD3-APC-Cy7, Integrin β7-Pe-Cy5, α4-Pe-Cy7, TRAIL-APC, FasL-BV421 (Biolegend, San Diego, CA, USA). Red blood cells were lysed using BD Lysing Solution (BD Biosciences, Franklin Lakes, NJ, USA) as per manufacturer’s instructions. NK cells were quantified as CD56+CD3- cells within the lymphocyte gate. Cells were acquired using the CANTO II (BD Biosciences) flow cytometer and analysed using FlowJo software (BD Biosciences).




2.4. CX3CR1 Endocytosis following Treatment with Recombinant Fractalkine


PBMC were isolated from non-cancer controls by density gradient centrifugation and seeded at a density of 1 × 106 cells/mL RPMI supplemented with 10% foetal bovine serum (FBS) and 1% penicillin-streptomycin (cRPMI). To determine whether CX3CR1 was internalised via endocytosis following treatment with recombinant fractalkine, cells were treated with 30 ng/mL of recombinant fractalkine (Biolegend) alone or in the presence 80 µM of the dynamin inhibitor Dynasore (Sigma Aldrich, St. Louis, MO, USA) or cold treatment at 4 °C. Cells were stained for flow cytometric analysis with CD56-FITC-Viobright, CX3CR1-PE (Miltenyi Biotec) and CD3-APC-Cy7 (Biolegend). Cells were acquired using the CANTO II (BD Biosciences) flow cytometer and analysed using FlowJo software (BD Biosciences).




2.5. CX3CR1 Recycling following Treatment with Recombinant Fractalkine


PBMC were isolated from non-cancer controls by density gradient centrifugation and seeded at a density of 1 × 106 cells/mL cRPMI. PBMC were treated with 100 ng/mL of recombinant fractalkine for 2 or 24 h (Peprotech, Cranbury, NJ, USA), subsequently washed and resuspended in fresh cRPMI for 24 and 48 h. Cells were stained for flow cytometric analysis with CD56-FITC-Viobright, CX3CR1-PE (Miltenyi Biotec, Bergisch Gladbach, Germany) and CD3-APC-Cy7 (Biolegend). Cells were acquired using the CANTO II (BD Biosciences) flow cytometer and analysed using FlowJo software (BD Biosciences).




2.6. Phenotyping NK Cells following Fractalkine and IL-15 Treatment


PBMC were isolated from non-cancer controls by density gradient centrifugation and seeded at a density of 1 × 106 cells/mL cRPMI. Cells were treated with 30 ng/mL of recombinant fractalkine (Biolegend) and/or 100 ng/mL of recombinant IL-15 (Immunotools, Friesoythe, Germany) for 2 or 24 h. Cells were stained with CD56-FITC-Viobright (Miltenyi Biotec), L-selectin-BV510, CD3-APC-Cy7, Integrin β7-Pe-Cy5, α4-Pe-Cy7, TRAIL-APC, FasL-BV421 (Biolegend). Samples were acquired using the CANTO II (BD Biosciences) flow cytometer and analysed using FlowJo software (BD Biosciences).




2.7. OAC Patient-Derived Adipose Conditioned Media Treatment


PBMC were isolated from non-cancer controls by density gradient centrifugation and seeded at a density of 1 × 106 cells/mL cRPMI. Cells were cultured with OAC patient- derived ACM for 2 and 24 h or M199. Cells were stained with CD56-FITC-Viobright (Miltenyi Biotec), L-selectin-BV510, CD3-APC-Cy7, Integrin β7-Pe-Cy5, α4-Pe-Cy7 (Biolegend). Samples were acquired using the CANTO II (BD Biosciences) flow cytometer and analysed using FlowJo software (BD Biosciences).




2.8. NK Cell Adhesion Assay


Adhesion assay protocol was adapted from Strazza et al. [28]. Non-cancer control primary NK cells were isolated from PBMC by magnetic cell sorting using human NK cell isolation kit (Stemcell, Vancouver, British Columbia, Canada) according to manufacturer’s instructions. NK cells were resuspended at a density of 1 × 105/100µL of NK MACS media (Miltenyi Biotec) supplemented with 100 IU IL-2 (Peprotech) and treated with 100 ng IL-15 (Immunotools) and/or 100 ng/mL fractalkine (Peprotech) for 2 and 24 h. NK cells were also treated with OAC patient-derived TCM or ACM for 2 and 24 h with and without pre-treatment with 5 nM CX3CR1 antagonist E6130 (MedChemExpress, Monmouth Junction, NJ, USA) for 1 h prior to exposure to ACM. A 96 well plate was coated with goat-anti-human IgG (Fc specific) in PBS and incubated overnight at 4 °C. Plates were subsequently coated with 2.5 µg/mL MAdCAM-1 (R&D, Minneapolis, MN, USA) for 1 h at 37 °C. NK cells were stained with CFSE and allowed to adhere for 20 min at 37 °C. Unbound cells were washed away. Unwashed wells were used as controls. The percentage of adherent cells was determined by a fluorescent plate reader and calculated as follows:


     Avg   intensity   in   well     Avg   intensity   in   unwashed   well       ×      100  1   












2.9. NK Cell Chemotaxis Assay


PBMC were isolated from non-cancer controls by density gradient centrifugation and resuspended in RPMI and treated with 100 ng fractalkine (Peprotech) and/or 100 ng IL-15 (Immunotools) for 2 or 24 h. Alternatively cells were treated with ACM for 2 or 24 h with and without pre-treatment with 5 nM of CX3CR1 antagonist E6130 (MedChemExpress) for 1 h before exposure to ACM. Cells were subsequently added at a density of 0.2 × 106 cells/100 µL RPMI to a 5 µm pore Transwell filter system (Corning Inc, Corning, NY, USA) with TCM added in the lower chamber. M199 was used as a negative control and M199 supplemented with 20% FBS was used as a positive control. This system was incubated for 2 h at 37 °C, 5% CO2. Cells were collected from the lower chamber and stained for flow cytometric analysis with CD56-FITC-Viobright (Miltenyi Biotec) and CD3-APC-Cy7 (Biolegend). CountBright beads (ThermoFisher, Waltham, MA, United States) were used to enumerate the migrated CD56+CD3- NK cells. Cells were acquired using the CANTO II (BD Biosciences) flow cytometer and analysed using FlowJo software (BD Biosciences).




2.10. Statistical Analysis


Statistical analysis was carried out using GraphPad Prism Version 8 (GraphPad Software, San Diego, CA, USA). Differences between groups were analysed using one-way ANOVA with Bonferroni post-hoc test or paired t-test where appropriate. p < 0.05 was considered significant.





3. Results


3.1. Fractalkine Mediates the Endocytosis of CX3CR1


To ascertain whether our previously reported fractalkine-mediated decreases in CX3CR1 expression by NK cells were due to receptor endocytosis, PBMC were treated with fractalkine along with the dynamin inhibitor dynasore or cold treatment at 4 °C (n = 9) [17]. Our data revealed significantly higher frequencies of CX3CR1+ NK cells following fractalkine treatment in combination with dynasore, or at 4 °C, compared to 2 hfractalkine treatment alone, suggesting reduced CX3CR1 expression is due to endocytosis; 2 h vs. dynasore (13.38% vs 47.36%, p = 0.0089), 2 h vs. cold treatment (13.38% vs 52.38%, p = 0.0099) (Figure 1A,B). It is of note that there is a loss of the CD56BRIGHT population following treatment with fractalkine in combination with dynasore or at 4 °C. Our data strongly suggest that this is a result of the experimental conditions and not a fractalkine-mediated loss of CD56 expression. To ascertain whether removal to a fractalkine-free environment would restore CX3CR1 expression, NK cells were treated with fractalkine for 2 or 24 h and subsequently re-suspended in fractalkine-free media for 24 and 48 h. Following 2 h fractalkine treatment, subsequent resuspension in fractalkine-free media for 48 h significantly increased the frequencies of CX3CR1+ NK cells; 2 h vs. +48 h (35.9% vs. 57.1% p = 0.0070) (Figure 1C). There are however significantly less CX3CR1+ NK cells following 24 and 48 h removal to a fractalkine free environment and cells left untreated, suggesting the frequency CX3CR1+ is not fully restored; untreated vs. +24 h (95% vs. 32%, p = 0.0022), untreated vs. +48 h (90.9% vs. 57.1%, p = 0.0010). There were no significant differences in the frequency of CX3CR1+ NK cells treated for 24 h and those treated for 24 h and subsequently removed to a fractalkine free environment for 24 or 48 h. Furthermore, following 24 h fractalkine treatment and subsequent culture in a fractalkine-free environment for 24 and 48 h the frequencies of CX3CR1+ NK cells remained significantly lower than cells left untreated; untreated vs. +24 h (86% vs. 35.76%, p < 0.0001) untreated vs. +48 h (86% vs. 49.7%, p = 0.0004) (Figure 1D).




3.2. Exposure to ACM Significantly Reduces NK Cell Migration towards OAC Patient-Derived TCM


To elucidate the effects of the omental microenvironment on NK cell chemotaxis towards tumour, NK cells were exposed to obese OAC patient ACM with and without pre-treatment with CX3CR1 antagonist E6130. NK cell migration towards TCM was significantly reduced following exposure to ACM for 2 (n = 3) and 24 (n = 4) h; Untreated vs. 2 h (1 vs. 0.5026, p = 0.0229), untreated vs. 24 h (1 vs. 0.4019, p = 0.0185) (Figure 2A). Pre-treatment with a CX3CR1 antagonist for one hour prior to ACM exposure for 24 h significantly restored migration towards TCM compared to ACM alone (n = 3); 24 h ACM vs. 24 h ACM and CX3CR1 antagonist (0.4019 vs. 0.9345, p = 0.0114) (Figure 2B,C).




3.3. IL-15 Antagonises Fractalkine-Mediated Decreases in NK Cell Migration towards the Chemotactic Signals of OAC Tumour


To elucidate the effects of fractalkine on NK cell migration, PBMC were treated with fractalkine for 2 or 24 h and migration towards TCM was measured with a transwell chemotaxis assay. Treatment with fractalkine for 24 h mediated a significant decrease in the migration of NK cell towards TCM compared to cells left untreated; untreated vs. 24 h fractalkine (1 vs. 0.63, p = 0.02) (Figure 3). Treatment with the well described NK cell activator IL-15 for 2 and 24 h significantly increased migration towards TCM; untreated vs. 2 h IL-15 (1 vs. 1.623, p = 0.0146), untreated vs. 24 h IL-15 (1 vs. 1.29, p = 0.0434) (Figure 3). Interestingly, treatment with both fractalkine and IL-15 for 2 and 24 h significantly increased migration towards TCM; untreated vs. 2 h IL-15 and fractalkine (1 vs. 2.41, p = 0.0166), untreated vs. 24 h IL-15 and fractalkine (1 vs. 2.47, p = 0.02). Furthermore, migration towards TCM was significantly increased following treatment with Fractalkine and IL-15 compared to fractalkine alone at 2 and 24 h; 2 h Fractalkine vs. Fractalkine and IL-15 (0.84 vs. 2.41, p = 0.0071), 24 h Fractalkine vs. Fractalkine and IL-15 (0.63 vs. 2.47, p = 0.0311) (Figure 3).




3.4. Fractalkine Antagonises IL-15-Mediated Increases in Adhesion Molecule Expression


To ascertain whether dysregulated NK cell migration was accompanied by altered adhesion in OAC, we first profiled integrin and adhesion molecule expression on NK cells from OAC patient-derived blood, omentum and tumour. There were significantly higher frequencies of NK cells expressing the gut-homing integrins α4 and β7 in the omentum (n = 17) and tumour (n = 9), compared to the circulation (n = 19); blood vs. omentum (11% vs. 19.6%, p = 0.0155), blood vs. tumour (11% vs. 42.6%, p < 0.0001). Similarly, there were significantly higher frequencies within the tumour of OAC patients, compared to the omentum; omentum vs. tumour (19.6% vs. 42.6%, p < 0.0001) (Figure 4A). There were significantly lower frequencies of NK cells expressing the adhesion molecule L-selectin in the omentum (n = 17) and tumour (n = 7) of OAC patients, compared to the circulation (n = 18); blood vs. omentum (54.43% vs. 21.24%, p < 0.0001), blood vs. tumour (54.43% vs.23.02%, p = 0.0012) (Figure 4E).



To examine the impact of obesity status on NK cell adhesion molecule expression, OAC patients were stratified into obese (n = 8–9) and non-obese (n = 4) by VFA. There were significantly lower frequencies of α4+β7+ NK cells in the circulation and omentum of obese OAC patients, compared to their non-obese counterparts; blood non-obese vs. obese (20.05% vs. 8.99%, p = 0.0188), omentum non-obese vs. obese (24.83% vs. 14.19%, p = 0.0169) (Figure 4B).



We next sought to determine whether soluble factors in the omentum alter NK cell adhesion in addition to migration. Blood-derived NK cells were treated with ACM for 2 or 24 h and then examined for integrin and adhesion molecule expression. There were significantly higher frequencies of the NK cells expressing the gut-homing integrins α4 and β7 following treatment with OAC ACM for 24 h compared to cells treated with M199 or ACM for 2 h; M199 vs. 24 h (27.98% vs. 43.7%, p = 0.04), 2 h vs. 24 h (24% vs. 43.7%, p = 0.03) (Figure 4c). There were no changes in the frequencies of cells expressing L-selectin following culture in ACM (Figure 4G).



Finally, blood-derived NK cells were treated with fractalkine and/or IL-15 for 2 or 24 h and then examined for integrin and adhesion molecule expression. Fractalkine alone had no effect on α4, β7 or L-selectin expression (Figure 4D,H). There were significantly higher frequencies of α4+β7+ NK cells following treatment with IL-15 for 2 and 24 h (n = 6) compared to cells left untreated (n = 14); untreated vs. 2 h (9.567% vs. 31.92%, p = 0.0001), untreated vs. 24 h (9.567% vs. 39.00%, p < 0.0001). Interestingly, there were significantly higher frequencies of α4+β7+ following stimulation with IL-15 compared with fractalkine alone for 2 and 24 h; 2 h IL-15 vs. fractalkine (31.92% vs. 4.6%, p < 0.0001), 24 h IL-15 vs. fractalkine (39% vs. 5.05%, p < 0.0001). Similarly, there were significantly higher frequencies of α4+β7+ NK cells following treatment with IL-15 compared with fractalkine and IL-15 at 2 and 24 h; 2 h IL-15 vs. fractalkine and IL-15 (31.92% vs. 8.78%, p = 0.0130), 24 h IL-15 vs. fractalkine and IL-15 (39% vs. 9.81%, p = 0.0008) (Figure 4D). There were significantly higher frequencies of L-selectin+ NK cells following treatment with IL-15 for 24 h (n = 3), compared to cells left untreated (n = 11); untreated vs. 24 h IL-15 (40.39% vs. 79.7%, p = 0.0420). However, there are no significant increases following treatment with fractalkine and IL-15, suggesting again that fractalkine antagonises IL-15-induced increases in L-selectin expression (Figure 4H).




3.5. The OAC Omental Microenvironment Significantly Decreases NK Cell Adhesion to MAdCAM-1


The effect of fractalkine and OAC patient-derived ACM on NK cell adhesion to MAdCAM-1 was determined via an adhesion assay. MAdCAM-1 is a gut-homing adhesion molecule known to play a key role in the trafficking of lymphocytes into inflamed tissues [29,30]. NK cell adhesion to MAdCAM-1 was significantly decreased following exposure to ACM for 2 (n = 5) and 24 h (n = 4) compared to cells left untreated; untreated vs 2 h ACM (1 vs. 0.89, p= 0.0215), untreated vs 24 h ACM (1 vs. 0.95, p = 0.05) (Figure 5A). There were no differences in NK cell adhesion when pre-treated with a CX3CR1 antagonist prior to exposure to ACM compared to cells not pre-treated (Figure 5B). NK cell adhesion to MAdCAM-1 was significantly increased following exposure to TCM for 24 h (n = 3) compared to cells left untreated; untreated vs 24 h TCM (1 vs. 1.07, p = 0.0021) (Figure 5A). There were no significant differences in adhesion following treatment with fractalkine, IL-15 or a combination of both (all n = 6) (Figure 5C).




3.6. Fractalkine Significantly Reduces IL-15-Mediated Stimulation of Death Receptor Ligand Expression by NK Cells


We next sought to profile death receptor ligand expression on NK cells from OAC patient blood, omentum and tumour. Death receptors are perforin and granzyme independent methods of NK cell cytotoxicity [31]. There were significantly higher frequencies of FasL+ NK cells in the tumour (n = 9) of OAC patients, compared to the circulation (n = 17) and omentum (n = 14); circulation vs. tumour (4.014% vs. 41.15%, p < 0.0001), omentum vs. tumour (11.44% vs. 41.15%, p = 0.0007) (Figure 6A). Similarly, there were significantly higher frequencies of TRAIL+ NK cells in the tumour (n = 9) of OAC patients, compared to the circulation (n = 17) and omentum (n = 17); circulation vs. tumour (7.143%vs. 22.32%, p = 0.0134), omentum vs. tumour (6.007% vs. 22.32%, p = 0.0075) (Figure 6E).



Interestingly, when patients were stratified into obese (n = 7) and non-obese (n = 4) cohorts by VFA, there were significantly lower frequencies of FasL+ NK cells in the circulation of the obese cohort compared to their non-obese counterparts; non-obese vs. obese (10.44% vs. 0.7943%, p = 0.0003) (Figure 6B). Similarly, there were significantly lower frequencies of TRAIL+ NK cells in the circulation of obese (n = 8) OAC patients compared to their non-obese (n = 4) counterparts; non-obese vs. obese (14.88% vs. 1.31%, p = 0.0044) (Figure 6F). Furthermore, in the omentum there were significantly lower frequencies of TRAIL+ NK cells in the omentum of obese (n = 9) OAC patients compared to their non-obese (n = 4) counterparts; non-obese vs. obese (5.563% vs. 2.769%, p = 0.0461) (Figure 6F).



The percentage frequencies of TRAIL+ and FasL+ NK cells were analysed following treatment with fractalkine and/or IL-15. There were significantly higher frequencies of NK cells expressing FasL following stimulation with IL-15 for 2 (n = 4) and 24 h (n = 3) compared to untreated cells (n = 11); untreated vs. 2 h (2.857% vs. 83.15%, p < 0.0001), untreated vs. 24 h (2.857% vs. 89.50%, p < 0.0001) (Figure 6B). Similar higher frequencies of TRAIL+ cells were observed following stimulation with IL-15 for 2 (n = 7) and 24 h (n = 6) compared to untreated cells (n = 11); untreated vs. 2 h (4.31% vs. 34.57%, p < 0.0001), untreated vs. 24 h (4.310% vs. 45.27%, p < 0.0001). Furthermore, there were significantly lower frequencies of FasL+ NK cells following treatment with fractalkine and IL-15 (n = 5) compared to cells treated with IL-15 alone (n = 6) for 2 and 24 h; 2 h IL-15 vs. fractalkine and IL-15 (83.15% vs. 42.09%, p= 0.0015), 24 h IL-15 vs. fractalkine and IL-15 (89.5% vs. 40.95%, p= 0.0009). Similarly, there were significantly lower frequencies of TRAIL+ NK cells following treatment with fractalkine and IL-15 (n = 5) compared to cells treated with IL-15 alone (n = 6) for 24 h; 24 h IL-15 vs. fractalkine and IL-15 (45% vs. 13%, p < 0.0001) (Figure 6B).



To ascertain whether the expression levels of TRAIL and FasL on NK cells were altered by fractalkine and/or IL-15, the median fluorescence intensity (MFI) of their surface expression was analysed following treatment with fractalkine and/or IL-15. The MFI of FasL was significantly higher following stimulation with IL-15 for 2 and 24 h compared to untreated cells; untreated vs. 2 h (219 vs. 1334, p = 0.0008), untreated vs. 24 h (219 vs. 1715, p < 0.0001). Similarly, the MFI of TRAIL was significantly higher following stimulation with IL-15 for 2 and 24 h compared to untreated cells; untreated vs. 2 h (71.7 vs. 404, p = 0.0002), untreated vs. 24 h (71.7 vs. 695, p < 0.0001). Furthermore, the MFI of FasL was significantly lower following treatment with fractalkine and IL-15 compared to cells treated with IL-15 alone for 2 and 24 h; 2 h IL-15 vs. fractalkine and IL-15 (1334 vs. 415, p = 0.0475), 24 h IL-15 vs. fractalkine and IL-15 (1715 vs. 378, p = 0.0351). Similarly, the MFI of TRAIL was significantly lower following treatment with fractalkine and IL-15 compared to cells treated with IL-15 alone for 2 and 24 h; 2 h IL-15 vs. fractalkine and IL-15 (404 vs. 79, p = 0.0103), 24 h IL-15 vs. fractalkine and IL-15 (695 vs. 63, p < 0.0001) (Figure 6C).





4. Discussion


Novel immunotherapeutic approaches, including those which utilise NK cells, are required to reinvigorate anti-tumour immunity and improve survival rates for OAC patients [4,5,6,7,8]. We propose that novel chemokine-based therapies which harness NK cell chemotactic pathways to boost migration to the solid OAC tumour may provide a means of augmenting anti-tumour immunity in OAC. Our group has reported the active recruitment of NK cells to OAC omentum and the alteration of NK cell viability, phenotype and function by soluble mediators within this microenvironment [11]. Furthermore we have identified the CX3CR1 ligand fractalkine as a key driver of NK cell migration to soluble factors in the OAC omentum, but not tumour, presenting CX3CR1 antagonism as an attractive therapeutic approach to impede erroneous NK cell recruitment to the omentum and concurrently, maximise their availability to traffic to the tumour in obese cancer patients [12].



Previous work by our group established fractalkine’s abundance within the omentum of OAC patients and demonstrated its capacity to significantly reduce the frequency of CX3CR1+ NK and CD8+ T cells in this compartment [12,17]. Here we report that this reduction is due to fractalkine-mediated endocytosis of CX3CR1 on the surface of NK cells. This is in line with previous work by our group which reported fractalkine-mediated endocytosis of CX3CR1 on the surface of CD8+ T cells [17]. Interestingly, and in contrast with results reported in relation to CD8+ T cells, short term treatment with fractalkine followed by subsequent removal to a fractalkine-free environment for 24 and 48 h allows for recycling of the receptor to the surface [17]. However, a longer 24 h treatment appears to impede this recycling. This suggests that the effects of fractalkine on NK cells is somewhat reversible and that preventing their long term exposure to high levels of fractalkine within the OAC omentum may allow for recycling of the receptor and restoration of the CX3CR1HIGH NK cell phenotype [11]. In turn this may prevent the conversion of NK cell phenotype towards a CD27+ cytokine producing profile, which we propose is detrimental for anti-tumour immunity in OAC, and facilitate the maintenance of the cytotoxic CD27- NK cell population [12].



Crucially and for the first time, we have uncovered that exposure to the soluble environment of the obese OAC omentum significantly reduces migration of NK cells towards OAC patient-derived TCM. This provides further evidence of the plethora of detrimental effects of visceral obesity on NK cell phenotype and function in OAC and provides further evidence that halting NK cell migration to the omentum is key to maximising their availability to infiltrate the tumour in OAC patients [11,12]. Importantly, pre-treatment with a CX3CR1 antagonist helps rescue NK cell chemotaxis towards TCM. This provides further evidence that fractalkine is a master regulator of NK cell migration, phenotype and function in OAC [12]. Furthermore, it adds merit to targeting the CX3CR1 pathway with therapeutic intent in OAC patients. It is well established that the infiltration of the solid tumour by NK cells is associated with improved prognosis, and as such, therapeutically boosting NK cell migration to OAC tumours is a desirable concept [32,33]. We have previously reported an abundance of CX3CR1HIGH NK cells in the circulation of OAC patients, indicating their amenability to systemic administration of a CX3CR1 antagonist [12].



The cytokine IL-15 is being extensively explored in the setting of NK cell-based immunotherapies as it induces the proliferation and activation of NK cells [22,34]. Furthermore, IL-15 is a known promoter of NK cell migratory responses [35]. Since NK cells are exposed to both IL-15 and fractalkine in the omentum of OAC patients, we elucidated the effects of fractalkine on IL-15 stimulation of NK cell migration towards TCM. Interestingly, exposure to fractalkine for 24 h significantly decreases migration towards TCM, while as expected IL-15 enhances chemotaxis towards TCM. Importantly, the combination of IL-15 and fractalkine increases NK cell chemotaxis towards TCM. This further suggests IL-15 is a potent inducer of NK cell chemotaxis and can overcome fractalkine-mediated decreases in NK cell migration towards OAC tumours [35]. Moreover, it suggests that fractalkine and IL-15 synergise to promote NK cell migration and indicates that these two alone are not the soluble factors in OAC omentum which impede NK cell migration towards tumour in our ex vivo assays. This further supports our proposal to prevent circulating NK cells from migrating to the omentum and being exposed to the omental microenvironment, via the use of a CX3CR1 antagonist [12]. The adoptive transfer of immune cells, including NK cells, has had limited success in the setting of solid tumours and we have proposed that antagonism of specific chemokine receptors may prevent recruitment to the omentum and allow for homing of NK cells to the tumour in OAC [12,36]. As such, combination therapies including adoptive transfer of immune cells combined with antagonism of chemokine receptors to prevent migration towards the omentum could benefit from the addition of cytokines such as IL-15, which may serve to boost chemotaxis towards the tumour whilst also supporting and enhancing NK cell proliferation and cytotoxicity [22,34,35,37].



Since ACM obstructs NK cell migration towards tumour, we next sought to determine whether NK cells in OAC exhibit altered adhesion characteristics and if ACM promotes retention of NK cells within this tissue. Previous work by our group has reported altered adhesive capacities of CD8+ T cells following exposure to fractalkine, suggesting fractalkine may mediate cell retention in the omentum [17]. Firstly, we profiled the frequencies of NK cells expressing these adhesion molecules in our three compartments of interest, the blood, the omentum and the tumour. Here, we report significantly higher frequencies of NK cells expressing the gut-homing integrin α4β7 in the omentum and tumour of OAC patients, compared to the circulation. This is in line with previous work which has shown low levels of α4β7 expression of circulating NK cells [38]. α4β7 plays a key role in intestinal homing through its interactions with MAdCAM-1 [29,30]. MAdCAM-1 is expressed on the Peyer’s patches and mesenteric lymph nodes, along with the lamina propria of the intestines and its expression can be induced by TNF-α [39]. Importantly, the highly vascularised omentum contains vessels which express MAdCAM-1 and thus α4β7 is involved in migration of immune cells in to the omentum [30,40,41,42]. Increases in MAdCAM-1 expression have been reported in diseases underpinned by severe inflammation including inflammatory bowel disease, diabetes and cholangitis [30,43]. As such, the interactions between MAdCAM-1 and α4β7 are believed to play a critical role in facilitating the entry of lymphocytes into chronically inflamed tissue. As OAC is underpinned by inflammation, this suggests the increases in α4β7 expressing cells may be mediated by increased expression of MAdCAM-1 facilitating entry in to the inflamed omentum and tumour [44]. In support of our findings, exposure to OAC patient-derived ACM significantly increased the expression of α4β7 on NK cells, demonstrating that the omentum may be playing a role in shaping adhesion molecule expression in OAC.



To further explore the effects of fractalkine and IL-15 on NK cell migration and adhesion, the frequencies of cells expressing the adhesion molecules L-selectin and α4β7 were analysed. Interestingly, whilst IL-15 significantly increased the frequencies of cells expressing L-selectin and α4β7, simultaneous exposure to fractalkine undermines these effects, suggesting that fractalkine antagonises the stimulatory effects of IL-15 in relation to enhanced adhesion molecule expression. Previous work has shown short term stimulation with IL-15 increases L-selectin expression on NK cells, while a recent report has shown longer term stimulation can decrease L-selectin expression which can stifle NK cell expansion [45,46].



The highest proportion of L-selectin+ NK cells were identified in the circulation of OAC patients. L-selectin mediates the initial rolling step within the adhesion cascade and binds to MAdCAM-1 [47,48]. L-selectin is indispensable in the recruitment of NK cells to the tumour and the lymph nodes, allowing for NK cell tumour immunosurveillance [49,50]. Furthermore, L-selectin expression is indicative of a multi-functional NK cell with potent effector functions [51]. Our group has previously reported high levels of soluble L-selectin in the ACM of OAC patients, suggesting it may be shed by immune cells within this tissue and may influence immune cell retention within the omentum [17]. This suggests omental MAdCAM-1 may recruit L-selectin-expressing NK cells into the VAT and allow for their subsequent shedding of the ligand in this environment, thus contributing to the significantly lower frequencies seen within the omentum. Furthermore, we have previously identified a population of L-selectin+CX3CR1+ NK cells in the circulation of OAC patients, which we propose would be amenable to CX3CR1 antagonism and thus spared from recruitment to the omentum and subsequent loss of L-selectin expression [12].



Given the bias of gut-homing integrin expression in compartments of tumour and omentum, we next examined the adhesion of NK cells following exposure to these microenvironments. Adhesion to MAdCAM-1 was significantly increased following treatment with OAC patient-derived TCM. Adhesion is integral to the successful infiltration of lymphocytes into the solid tumour, with so called “cold” tumours often displaying disordered adhesion molecule expression on tumour vessels, thus leading to poorer infiltration [52]. This suggests the OAC tumour microenvironment leads to enhanced adhesion, which may facilitate the successful infiltration of immune cells into the solid tumour once they reach this site. In contrast, adhesion to MAdCAM-1 was mildly but significantly lessened following exposure to the ACM suggesting that this is not as important for adhesion within the omentum. Interestingly, pre-treatment with a CX3CR1 antagonist did not dampen this, suggesting that while antagonism can rescue ACM mediated alternations in NK cell migration, it cannot alter the adhesive capacity of NK cells.



In light of changes in α4β7 and L-selectin expression on NK cells observed following IL-15 treatment, we next wanted to determine whether treatment with fractalkine and IL-15 can alter NK cell adhesion to the ligand of α4β7 and L-selectin, MAdCAM-1. However, no differences in NK cell adhesion to MAdCAM-1 were observed following treatment with fractalkine, IL-15 or both. IL-15 is known to induce NK cell adhesion to endothelial cells, however these results suggest adhesion to MAdCAM-1 is not impacted [35].



Our data show that exposure to soluble factors in the OAC omental microenvironment, namely fractalkine, can significantly obstruct passage of NK cells to the tumour. This places more emphasis on finding a therapeutic means to prevent NK cell trafficking to the omentum in obesity-associated cancer and our data suggest that CX3CR1 antagonism provides the solution. We next sought to examine whether exposure to the omental secreted factors compromised the killing potential of NK cells via modulation of their death receptor ligands. Death receptor ligands such as TRAIL and FasL provide an alternative mode for NK cell cytotoxicity [31,53,54]. TRAIL is expressed at low levels on circulating NK cells but can be induced by cytokine stimulation [55]. FasL, the cognate ligand of Fas is expressed on cytotoxic effector cells, such as NK cells [56]. Our data show that the frequencies of TRAIL and FasL-expressing NK cells are significantly higher within the tumour of OAC patients, compared to the blood and omentum, indicating that once NK cells infiltrate the tumour microenvironment (TME), they are not inhibited from eliciting their killing activities. These data suggest that therapeutically boosting NK cell infiltration of OAC tumour may lead to enhanced killing. Overall, this suggests that the OAC TME is not completely immunosuppressive and that NK cells which successfully infiltrate the OAC tumour may have cytotoxic potential. Interestingly, there were significantly lower frequencies of TRAIL+ and FasL+ NK cells in the circulation of obese OAC patients compared to their non-obese counterparts. This is indicative of the often dysfunctional state of NK cells in obesity and is in agreement with a previous report which showed diminished TRAIL and CD107a expression on circulating NK cells from obese patients [57,58,59]. Importantly, treatment with fractalkine impedes IL-15-stimulated NK cell expression of TRAIL and FasL and presents further rationale to target this pathway via CX3CR1 antagonism. Overall these data suggest that entry into the fractalkine-rich omentum may not only compromise subsequent migration to the tumour but also attenuate the cytotoxic capacity of NK cells.




5. Conclusions


Here, we report the endocytosis of CX3CR1 on the surface of NK cells is reversible following short-term exposure to fractalkine suggesting that NK cell phenotype can be rescued in OAC (Figure 7). Crucially, we report for the first time that exposure to the soluble mediators of the OAC omentum significantly dampens NK cell migration towards OAC patient tumour providing further rationale to limit their recruitment to the VAT. Importantly, pre-treatment with a CX3CR1 antagonist can help rescue this migration, further indicating the central role that fractalkine plays in NK cell phenotype, function and migration in obesity-associated cancer. Furthermore, exposure to soluble fractalkine can dampen IL-15-mediated stimulatory effects on NK cell cytotoxicity markers and gut-homing integrins. Overall, this study presents further evidence that CX3CR1 antagonism holds therapeutic potential to rescue NK cells from fractalkine-mediated recruitment and subsequent alterations in omentum. In addition, our data provide novel insights into the utility of combining CX3CR1 antagonism with IL-15 to boost NK cell tumour-homing and tumour-killing in OAC patients.
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Figure 1. Fractalkine mediates endocytosis of CX3CR1 in NK cells. (A) Bar chart showing the frequencies of CX3CR1+ NK cells as a percentage of total NK cells following no treatment (NT), treatment with 30 ng/mL of recombinant fractalkine for 2 h alone, in combination with 80 µM of dynamin inhibitor Dynasore or at 4 °C. (B) Representative dot plots showing peripheral blood derived CX3CR1+ NK cells previously gated on total lymphocytes following no treatment (NT) or treatment with fractalkine for 2 h alone, at 4 °C or in combination with dynasore. (C) Bar chart showing the frequencies of CX3CR1+ NK cells as a percentage of total NK cells following no treatment (NT), treatment with fractalkine for 2 h (white) and following removal to a fractalkine-free environment for 24 h (grey) or 48 h (check). (D) Bar chart showing the frequencies of CX3CR1+ NK cells as a percentage of total NK cells following no treatment (NT), treatment with fractalkine for 24 h (white) and following removal to a fractalkine free environment for 24 h (grey) or 48 h (check). One way ANOVA, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 2. Soluble mediators in OAC patient-derived omentum significantly impede NK cell migration towards OAC tumour, which can be restored by CX3CR1 antagonist E6130. (A) Bar chart showing the fold-change migration of NK cells to OAC patient-derived tumour conditioned media (TCM) relative to no treatment (NT) or treatment with adipose conditioned media (+ACM) for 2 h or 24 h (n = 3–4). (B) Bar chart showing the fold-change migration of NK cells to OAC patient-derived tumour conditioned media (TCM) relative to no treatment, following treatment with adipose conditioned media (ACM) for 2 h or 24 h with and without pre-treatment with 5 nM CX3CR1 antagonist (+E6130) (n = 3–4). (C) Schematic of NK cell chemotaxis towards TCM. NK cells are pre-treated with CX3CR1 antagonist E6130 for 1 h prior to culture in ACM or left untreated. Cells are then cultured in OAC patient-derived ACM for 2 or 24 h. NK cell migration towards TCM is then measured in a transwell assay for 2 h. ACM exposure significantly decreases NK cell migration towards TCM, while pre-treatment significantly increases NK cell migration towards TCM. Paired t-test, * p < 0.05. 
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Figure 3. Fractalkine-induced impedance of NK cell migration to OAC tumour-derived conditioned media can be overcome by IL-15. Bar chart showing the fold-change migration of NK cells to OAC patient-derived TCM following no treatment, treatment with 100 ng/mL of fractalkine and/or IL-15 (n = 3–6). Paired t test, * p < 0.05, ** p < 0.01. 
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Figure 4. Fractalkine attenuates IL-15 induced expression of gut-homing integrins α4β7. (A) Dot plot showing the frequencies of α4+β7+ NK cells as a percentage of total NK cells in OAC patient derived blood (n = 18), omentum (n = 17) and tumour (n = 9). (B) Dot plot showing the frequencies of α4+β7+ NK cells as a percentage of total NK cells in OAC patient derived blood divided in to obese (n = 8-9) and non-obese (n = 4) by VFA in blood (left) and omentum (right). (C) Bar chart showing the frequencies of α4+β7+ NK cells following treatment with M199 or OAC patient derived adipose conditioned media for 2 and 24 h. (D) Bar chart showing the frequencies of α4+β7+ NK cells following no treatment (untreated) or treatment with 30 ng/mL fractalkine and/or 100 ng/mL IL-15 for 2 or 24 h (n = 3–14). (E) Dot plot showing the frequencies of L-selectin+ NK cells as a percentage of total NK cells in OAC patient derived blood (n = 18), omentum (n = 17) and tumour (n = 8). (F) Dot plot showing the frequencies of L-selectin+ NK cells as a percentage of total NK cells in OAC patient derived blood divided in to obese (n = 9) and non-obese (n = 4) by VFA in blood (left) and omentum (right). (G) Bar chart showing the frequencies of L-selectin+ NK cells following treatment with M199 or OAC patient derived adipose conditioned media for 2 and 24 h. (H) Bar chart showing the frequencies of L-selectin+ NK cells following no treatment (untreated) or treatment with 30 ng/mL fractalkine and/or 100 ng/mL IL-15 for 2 or 24 h (n = 3–14). One way ANOVA or t-test as appropriate, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 5. ACM slightly but significantly reduces NK cell adhesion to gut-homing adhesion molecule MAdCAM-1 whilst TCM significant increases it. (A) Bar chart showing the fold-change adhesion of NK cells to MAdCAM-1 following no treatment (NT), treatment with adipose conditioned media (ACM) or tumour conditioned media (TCM) for 2 or 24 h (n = 3–6). (B) Bar chart showing the fold-change adhesion of NK cells to MAdCAM-1 following treatment with adipose conditioned media (ACM) for 2 or 24 h with and without 1 h pre-treatment with 5 nM CX3CR1 antagonist E6130 (n = 3–6). (C) Bar chart showing the fold-change adhesion of NK cells to MAdCAM-1 following no treatment (NT), or treatment with 100 ng/mL of fractalkine and/or IL-15 (n = 3–6). Paired t-test, * p < 0.05, ** p < 0.01. 
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Figure 6. Death receptor ligand expressing NK cells are abundant in the OAC tumour and fractalkine antagonises the stimulatory effects of IL-15 on their expression. (A) Dot plot showing the frequencies of FasL + NK cells as a percentage of total NK cells in OAC patient derived blood (n = 14), omentum (n = 17) and tumour (n = 8). (B) Dot plot showing the frequencies of FasL+ NK cells as a percentage of total NK cells in OAC patient derived blood divided in to obese and non-obese by VFA in blood (left) and omentum (right). (C) Bar chart showing the frequencies of FasL+ NK cells as a percentage of total NK cells following no treatment (untreated), treatment with 30 ng/mL fractalkine and/or 100 ng/mL IL-15 for 2 and 24 h. (D) Bar chart showing the MFI of FasL+ expressing NK following no treatment (untreated), treatment with 30 ng/mL fractalkine and/or 100 ng/mL IL-15 for 2 and 24 h. (E) Dot plot showing the frequencies of TRAIL+ NK cells as a percentage of total NK cells in OAC patient derived blood (n = 20), omentum (n = 17) and tumour (n = 9). (F) Dot plot showing the frequencies of TRAIL+ NK cells as a percentage of total NK cells in OAC patient derived blood divided in to obese and non-obese by VFA in blood (left) and omentum (right). (G) Bar chart showing the frequencies of TRAIL+ NK cells as a percentage of total NK cells following no treatment (untreated), treatment with 30 ng/mL fractalkine and/or 100 ng/mL IL-15 for 2 and 24 h. (H) Bar chart showing the MFI of TRAIL expressing NK cells following no treatment (untreated), treatment with 30 ng/mL fractalkine and/or 100 ng/mL IL-15 for 2 and 24 h. One way ANOVA or t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 7. NK cell fate following exposure to fractalkine. Circulating NK cells are exposed to fractalkine. After 2 h of exposure there is reversible endocytosis of CX3CR1. When NK cells are stimulated with IL-15, fractalkine diminishes IL-15-mediated increases in α4β7 and FasL expression. After 24 h of exposure endocytosis of CX3CR1 is sustained. Migration towards TCM is decreased. Furthermore, IL-15-mediated increases in α4β7, TRAIL and FasL expression are dampened by fractalkine. 
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Table 1. Patient Demographics.
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	Age (years)
	64



	Sex ratio (M:F)
	20:8



	Diagnosis (no. patients)
	



	OAC
	9



	OGJ
	14



	Gastric
	5



	Tumour Stage a (no. patients)
	



	T0
	3



	T1
	6



	T2
	7



	T3
	6



	T4
	5



	Nodal Status b (no. patients)
	



	Positive
	12



	Negative
	13



	Mean BMI (kg/m2)
	29



	BMI c (no. patients)
	



	Underweight (BMI < 19.9)
	0



	Normal Weight (BMI 20–24.9)
	4



	Overweight (BMI 25–29.9)
	12



	Obese (BMI > 30)
	11



	Mean VFA (cm2) d
	144



	Viscerally Obese by VFA e
	60%



	Received Neoadjuvant CRT
	68%







a Tumour stage was unavailable for one patient. b Nodal status was unavailable for one patient. c BMI was unavailable for one patient. d VFA was unavailable for 10 patients. e Obese visceral fat area (VFA) > 160 cm2 for men and >80 cm2 for women (Doyle et al. 2013).
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