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Fractalkine Elicits Chemotactic, Phenotypic, and Functional
Effects on CX3CR17CD27~ NK Cells in Obesity-Associated
Cancer

Eimear Mylod,* Ashanty M. Melo,*' Noel E. Donlon,""*’1 Maria Davern,*
Anshul Bhardwaj,i John V. Reynolds,Jr Joanne Lysaght,** and Melissa J. Conroy**

Esophagogastric adenocarcinomas (EAC) are obesity-associated malignancies underpinned by severe immune dysregulation and
inflammation. Our previous work indicates that NK cells migrate to EAC omentum, where they undergo phenotypic and
functional alterations and apoptosis. In this study, we investigate whether such erroneous chemotaxis to omentum is paralleled by
compromised NK cell infiltration of EAC patient tumor and examine the role of the inflammatory chemokine fractalkine in
shaping the NK cell-mediated response. Our data show diminished NK cell frequencies in EAC tumor compared with those in the
circulation and reveal that intratumoral NK cell frequencies decline as visceral obesity increases in EAC patients. Our in vitro
findings demonstrate that antagonism of fractalkine receptor CX3CRI1 significantly reduces NK cell migration to EAC
patient—derived, omental adipose tissue—conditioned media, but not toward tumor-conditioned media. These data suggest
fractalkine is a key driver of NK cell chemotaxis to omentum but has a lesser role in NK cell homing to tumor in EAC. We
propose that this may offer a novel therapeutic strategy to limit NK cell depletion in the omentum of obese EAC patients, and our
data suggest the optimal timing for CX3CR1 antagonism is after neoadjuvant chemoradiotherapy. Our functional studies
demonstrate that fractalkine induces the conversion from CX3CR1°CD27~ to CX3CR1~CD27" NK cells and increases their IFN-
v and TNF-« production, indicative of its role in shaping the dominant NK cell phenotype in EAC omentum. This study uncovers
crucial and potentially druggable pathways underpinning NK cell dysfunction in obesity-associated cancer and provides

compelling insights into fractalkine’s diverse biological functions.

ues to contribute to the increased prevalence of noncommu-
nicable disease, such as diabetes and cancer (1). Esophageal,
gastric, and gastroesophageal junctional adenocarcinomas fall under
the umbrella of esophagogastric adenocarcinomas (EAC), a group
of obesity-associated and inflammation-driven malignancies (2, 3).
The dismal five-year survival rates for esophageal adenocarcinoma
and gastric adenocarcinoma of 20 and 32%, respectively, are largely
due to poor treatment response rates of <30% (4—8).
NK cells are innate effector lymphocytes with potent cytokine-pro-

T he global obesity epidemic, now termed “globesity,” contin-

ducing and cytotoxic capabilities and play a key role in tumor immuno-
surveillance (9, 10). Our group has previously reported active
recruitment of immune cells, including NK cells, to the soluble chemo-
tactic cues from visceral adipose tissue (VAT), namely the omentum in
EAC patients (11, 12). Furthermore, we have shown that soluble factors
in EAC omentum induce NK cell functional changes and apoptosis,
thus reducing their potential to elicit effective antitumor immunity (12).
Consequentially, low infiltrations of NK cells have been reported in
esophageal and gastric tumors and are associated with a poorer
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prognosis in these patients (13, 14). Alterations in NK cell frequency
and attenuation of their effector function are well documented in obesity
and obesity-associated cancer (12, 15-21). We propose that diminished
NK cell frequency and function contributes to extensive immune dysre-
gulation and compromised antitumor immunity in EAC. Therefore,
such patients are likely to benefit from immunotherapeutic approaches
that can halt the erroneous migration of NK cells to the omentum while
restoring their numbers and promoting their infiltration of tumor.

The multifaceted functionality of chemokines as regulators of cell
migration and mediators of inflammation has piqued an interest in
their immunotherapeutic potential (22). In obesity, a loss of adipose
tissue homeostasis is coupled with dysregulated chemokine produc-
tion and release from the omentum, leading to the recruitment of
inflammatory immune cells, which rapidly accumulate and contrib-
ute to obesity-associated inflammation (23).

A role for the inflammatory chemokine fractalkine (CX3CL1) in
macrophage-mediated inflammation in adipose tissue has been estab-
lished in obesity (24). In EAC, our group has shown that T cells are
recruited to the omentum by proinflammatory chemokines, where
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they contribute to pathological obesity-associated inflammation (11,
25, 26). Importantly, we have identified that fractalkine governs
cytotoxic CD8™ T cell migration to omentum in EAC and mediates
subsequent phenotypic alterations to these potent antitumor cells,
potentially at the expense of effective cytotoxic T cell-mediated anti-
tumor immunity (11). In this study, we have examined the role of frac-
talkine as a modulator of NK cell migration and phenotype to explore
whether this pathway can be exploited with therapeutic intent to boost
NK cell infiltration of EAC tumors.

We report that NK cell frequencies are diminished in both EAC
tumor and omentum, compared with the blood, with lowest intratu-
moral frequencies observed in the most viscerally obese patients.
Furthermore, NK cell migration toward chemotactic cues in EAC
omentum, but not tumor, can be significantly reduced by antagoniz-
ing the fractalkine receptor CX3CRI1. Importantly, this approach
could be used to increase the availability of NK cells for migration
toward alternative chemotactic signals in EAC tumor (27). In addi-
tion, we have identified that fractalkine induces a conversion from
CX3CR17CD27~ to a CX3CR1-CD27" phenotype in NK cells,
which is representative of the dominant NK cell phenotype in EAC
omentum and is well established as the less cytolytic and predomi-
nantly cytokine-producing population (28-30). Interestingly, our
data demonstrate that fractalkine also increases IFN-y and TNF-a
production by NK cells, indicative of its role in shaping their
functional profile and reaffirming its important role as a regulator of
cytotoxic lymphocyte function. We propose that fractalkine is a key
regulator of NK cells in EAC and suggest that CX3CR1 antagonism
has potential to overcome a key challenge in obesity-associated can-
cer by preventing NK cell trafficking to omentum and limiting their
dysfunction in viscerally obese EAC patients.

Materials and Methods

Patient demographics

A total of 71 patients attending the National Esophageal and Gastric Centre at St.
James’s Hospital, Dublin, Ireland, were enrolled in this study from 2017 to 2020.
Treatment-naive blood and tumor tissues were collected from 15 patients. Blood,
omentum, and tumor tissues were collected from 60 patients following neoadju-
vant chemoradiotherapy (CRT) at time of surgical resection. Body mass index
(BMI), visceral fat area (VFA), and anthropometric variables were measured, as
described previously (Table I) (31, 32). The group consisted of 55 males and 16
females, representative of the predominance of EAC in males, with an average
age of 63.5 y. The mean BMI at the time of surgery was 29.7 kg/m?, making
77% overweight or obese, and the mean VFA by computed tomography scan
was 127.8 cm”. Neoadjuvant CRT was administered to 73% of patients.

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

Sample preparation

Blood, omental adipose tissue samples, and tumor biopsies were collected dur-
ing surgical resection. PBMC were prepared by density gradient centrifugation.
Omental adipose tissue samples (5 g) were enzymatically digested with collage-
nase type II to obtain the stromal vascular fraction as previously described with
a shorter collagenase treatment time of 20 min, optimized to prevent the loss of
NK cell surface receptor expression (12, 32). Tumor biopsies were enzymati-
cally digested with collagenase type IV as previously described with a shorter
collagenase treatment time of 20 min (33). Adipose tissue—conditioned media
(ACM) was prepared as previously described (32), and tumor tissue—condi-
tioned media (TCM) was prepared by culturing the tumor biopsy in 1 ml of
M199 medium supplemented with 1% gentamicin at 37°C, 5% CO, for 24 h.

Quantification of CX3CRI" NK cells in EAC blood, omentum, and

tumor

Treatment-naive and posttreatment whole-blood and intratumoral immune
cells and posttreatment stromal vascular fraction from omentum were stained
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Table I.  Patient demographic table

Age (y) 63.5
Sex ratio (M/F) 55:16
Diagnosis (no. of patients)

EAC 39

EGJ 12

Gastric 20
Tumor stage” (no. of patients)

TO 7

TI 16

T2 9

T3 22

T4 9
Nodal status” (no. of patients)

Positive 27

Negative 30
Mean BMI (kg/m?)° 29.7
BMI (no. of patients)

Underweight (BMI <19.9) 1

Normal weight (BMI 20-24.9) 13

Overweight (BMI 25-29.9) 27

Obese (BMI >30) 22
Mean VFA (cm?) 127.8
Viscerally obese by VFA? 40.9%
Received neoadjuvant CRT® 73%

“Tumor staging could not be determined for eight patients.

’Nodal status could not be determined for 14 patients.

“BMI could not be determined for eight patients.

9Obese VFA >160 cm? for men and >80 cm? for women (31). Calculated for
a total of 66 patients.

°Of the patients, 4.2% received chemotherapy only.

EG]J, gastroesophageal junctional adenocarcinoma; F, female; M, male.

with CD56-FITC-VioBright, CD3-PE-Cy7, CX3CRI-PE, CD27-PE-Vio-
Green (Miltenyi Biotec), ICAM-1-allophycocyanin, L-selectin-BV510,
CD3-PerCp-Cy5.5, CD27-AmCyan, CX3CR1-BV650 (BioLegend), CD3-
PE-cFluor 610, L-selectin—AF700 (BD Biosciences), and CD27-allophyco-
cyanin—eFluor 780 (eBioscience). Staining with annexin V-FITC, CD3-allo-
phycocyanin-Cy7 (BioLegend), and CDS56-allophycocyanin (Miltenyi
Biotec) was carried out to detect apoptotic NK cells. RBCs were lysed using
BD Lysing Solution (BD Biosciences) as per the manufacturer’s instructions.
NK cells were quantified as CD56*"CD3 ™ cells within the lymphocyte gate.
CX3CR1" NK cells were quantified as a proportion of CD56"CD3 " lym-
phocytes. Cells were acquired using the CyAn ADP (Beckman Coulter),
CANTO 1II (BD Biosciences), or LSR Fortessa (BD Biosciences) flow
cytometer and analyzed using FlowJo software (Tree Star).

NK cell chemotaxis assays

PBMC were isolated from noncancer blood by density gradient centrifuga-
tion, resuspended in RPMI 1640 medium, and treated with 80 pM of
CX3CRI antagonist AZD8798 (Axon MedChem) for 1 h. Cells were subse-
quently added at a density of 0.2 x 10° cells/100 pl RPMI 1640 medium to
a 5-um pore Transwell filter system (Corning) with ACM or TCM added in
the lower chamber. M199 alone 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% CO,. Cells were collected from the lower
chamber and stained for flow cytometric analysis with CD56-FITC-Vio-
Bright and CD3-PE-Cy7 (Miltenyi Biotec). CountBright beads (Thermo
Fisher Scientific) were used to enumerate the migrated CD56"CD3~ NK
cells. Cells were acquired using the CyAn ADP (Beckman Coulter) flow
cytometer and analyzed using FlowJo software (Tree Star).

CX3CRI1 surface expression by NK cells following recombinant
fractalkine treatment

PBMC were isolated from noncancer controls by density gradient centrifuga-
tion and seeded at a density of 1 x 10° cells/ml RPMI 1640 medium supple-
mented with 10% FBS and 1% penicillin—streptomycin. Cells were treated
with 30 ng/ml recombinant fractalkine (BioLegend), which is the mean con-
centration of fractalkine in EAC omentum, for 2 or 24 h. Cells were stained
with CD56-FITC-VioBright, CX3CRI-PE (Miltenyi Biotec), L-selec-
tin—-BV510, ICAM-1-allophycocyanin, CD3-allophycocyanin-Cy7, and
CD27-BV510 (BioLegend) and acquired using the CANTO II (BD Bioscien-
ces) flow cytometer and analyzed using FlowJo software (Tree Star).
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Cytokine profiling of NK cell following recombinant fractalkine
treatment

PBMC were isolated from noncancer controls by density gradient centrifuga-
tion and seeded at a density of 1 x 10° cells/ml RPMI 1640 medium supple-
mented with 10% FBS and 1% penicillin—streptomycin. Cells were treated
with 30 ng/ml recombinant fractalkine (BioLegend) for 2 or 24 h. Cells were
subsequently stimulated with 30 ng/ml IL-12 and 100 ng/ml IL-15 (Immuno-
Tools) for a total of 18 h. After 15 h of stimulation, 10 pg/ml brefeldin A
(Sigma-Aldrich) was added. Surface staining for CD56-FITC-VioBright,
CX3CRI1-PE (Miltenyi Biotech), and CD3-allophycocyanin-Cy7 (BioLe-
gend) was performed. Subsequent intracellular staining for TNF-
a—allophycocyanin, IL-10-BV421, and IFN-y—BV510 (BioLegend) was
performed using FIX&PERM Cell Fixation and Permeabilization Kit (Nor-
dic-MUBIo). Cells were acquired using the CANTO II (BD Biosciences)
flow cytometer and analyzed using FlowJo software (Tree Star).

NK cell degranulation assay

PBMC were isolated from noncancer controls by density gradient centrifuga-
tion and seeded at a density of 1 x 10° cells/ml RPMI 1640 medium supple-
mented with 10% FBS and 1% penicillin—streptomycin. Cells were treated
with 30 ng/ml recombinant fractalkine (BioLegend) for 2 or 24 h. Cells were
subsequently stimulated with 30 ng/ml IL-12 and 100 ng/ml IL-15 (Immuno-
Tools) for a total of 18 h. After 14 h of stimulation, CD107a-PE-Cy7 (BioL-
egend) was added for 1 h, followed by addition of 10 pg/ml brefeldin A
(Sigma-Aldrich) for the remaining 3 h. Surface staining for CD56-FITC-Vio-
Bright, CX3CRI1-PE (Miltenyi Biotech), and CD3-allophycocyanin-Cy7
(BioLegend) was performed. Cells were acquired using the CANTO II (BD
Biosciences) flow cytometer and analyzed using FlowlJo software (Tree
Star).

NK cell cytotoxicity assay

Noncancer control primary NK cells were isolated from PBMC by magnetic
cell sorting using human NK cell isolation kit (STEMCELL Technologies)
according to the manufacturer’s instructions. NK cells were treated with 30
ng/ml recombinant fractalkine (BioLegend) and stimulated with 100 U IL-2
(PeproTech) for 24 h. NK cell cytotoxicity was quantified with the Cell-
Mediated Cytotoxicity Assay (ImmunoChemistry Technologies). Briefly,
K562 target cells were stained with CFSE. NK cells were cocultured with
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FRACTALKINE ELICITS DIVERSE EFFECTS ON NK CELLS

stained K562 cells for 4 h. SR-FLICA and 7-aminoactinomycin D were used
to quantify apoptotic and dead cells, respectively. Cells were acquired using
the CANTO II (BD Biosciences) flow cytometer and analyzed using FlowJo
software (Tree Star).

Statistical analysis

Statistical analysis was carried out using GraphPad Prism, version 8 (Graph-
Pad Software). Differences between groups were analyzed using one-way
ANOVA with Bonferroni post hoc test or paired ¢ test when appropriate. A
p value <0.05 was considered significant.

Results
Significantly lower frequencies of NK cells in the omentum and
tumor compared with those in the blood of EAC patients

To ascertain the distribution of NK cells, the frequencies of
CD3567CD3 ™ cells were quantified as a percentage of the total lym-
phocyte population in the blood (» = 21), omentum (n = 25), and
tumor (n = 11) of EAC patients (Fig. 1). Our data identified signifi-
cantly lower frequencies of NK cells in EAC omentum and tumor
compared with those in the blood: blood versus omentum (7.89 ver-
sus 4.13%, p = 0.0252) and blood versus tumor (7.89 versus 2.1%,
p = 0.0046) (Fig. 1A). Whereas intratumoral NK cell frequencies
were the lowest of all compartments examined, there were no signif-
icant differences between NK cell frequencies in the omentum and
tumor of EAC patients: omentum versus tumor (4.13 versus 2.1%,
p = 0.7147) (Fig. 1A).

We next sought to determine the association between obesity and
the frequency of NK cells in the tumor of EAC patients. There was a
significant negative correlation between VFA and total NK cell fre-
quency within the tumor of EAC patients (r = —0.73, p = 0.03,n =
9) (Fig. 1C). This suggests that frequencies of intratumoral NK cells
decrease as visceral obesity increases in EAC. Interestingly, when
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Significantly lower frequencies of NK cells in the omentum and tumor of EAC patients compared with those in blood. (A) Scatterplot showing

the frequencies of CD56"CD3~ (NK) cells as a percentage of total lymphocytes in the blood (n = 21), omentum (r = 25), and tumor (n = 11) of EAC
patients. (B) Representative dot plots of NK cells (CD56"CD3~ lymphocytes) in blood, omentum, and tumor of EAC patients. (C) Line graph showing
inverse correlation between VFA and the frequencies of intratumoral NK cells as a percentage of total lymphocytes in nine EAC patients. (D) Bar chart show-
ing the fold change frequency of annexin V¥ (AnV™) NK cells in the circulation and omentum of EAC patients. Mean + SEM. *p < 0.05, *¥p < 0.01 by

one-way ANOVA or paired  test.
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correlated with BMI, the association between obesity status and NK
cell frequency in the tumor was not observed (data not shown).

To determine the extent of NK cell apoptosis within the omentum
of EAC patients, the frequencies of annexin V© NK cells were
quantified in fresh samples of EAC patient blood and omentum.
The frequencies of apoptotic NK cells within EAC omentum were
substantially higher than within the circulation, supporting our
hypothesis of the VAT as a tissue microenvironment that is more
conducive to NK cell apoptosis (Fig. 1D).

CX3CRI antagonism significantly reduces NK cell migration to
chemotactic signals in EAC omentum, but not tumor

Our group have previously reported that NK cells are actively
recruited to chemotactic cues in the omentum of EAC patients (12).
In this article, we propose that targeting NK cell migration to EAC
omentum may prevent their depletion in this compartment and serve
to restore cytotoxic NK cell frequencies, ultimately augmenting
antitumor immunity in EAC patients. Because EAC omentum is a
fractalkine-rich environment, we hypothesized that targeting this
chemokine pathway using an antagonist against the fractalkine
receptor CX3CR1 would reduce NK cell migration (11).

To assess this in vitro, NK cell migration toward ACM, generated
from the omentum of EAC patients, was measured following treat-
ment with 80 wM of the CX3CR1 antagonist AZD8798 (n = 6)
(Fig. 2A). M199 was used as a negative control, whereas M199 sup-
plemented with 20% FBS was used as a positive control. NK cell
migration toward the positive control was significantly higher com-
pared with the negative control, demonstrating the functionality of
our chemotaxis model: M199 versus M199 + FBS (1 versus 6.332,
p = 0.0204) (Fig. 2A) and M199 versus M199 + FBS (1 versus
3.495, p = 0.0344) (Fig. 2B). Furthermore, migration toward ACM
was significantly higher compared with M199 negative control:
M199 versus ACM (1 versus 2.205, p = 0.0271).

Following treatment with AZD8798, the fold change in NK cell
chemotaxis toward ACM was significantly reduced compared with
NK cells treated with vehicle control alone: ACM versus AZD8798
(2.205 versus 1.182, p = 0.0055) (Fig. 2A). To ensure that
CX3CR1 antagonism would not compromise crucial NK cell migra-
tion toward the chemotactic cues of the tumor, NK cell migration
toward EAC TCM was also measured following treatment with
AZD879. CX3CRI antagonism had no significant effect on NK cell
migration toward TCM: TCM versus AZD8798 (1.466 versus
1.011, p = 0.5861) (Fig. 2B).
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Significantly lower frequencies of CX3CRI™" NK cells in the
omentum and tumor compared with those in the blood of EAC
patients

To confirm that EAC patient—derived NK cells express the target of
AZD8798, CX3CRI1 surface expression by NK cells was quantified
in EAC patient—derived blood (» = 27), omentum (n = 33), and
tumor (n = 7). There were significantly higher frequencies of
CX3CR1" NK cells in the blood of EAC patients compared with
the omentum and tumor: blood versus omentum (76.3 versus
29.7%, p < 0.0001) and blood versus tumor (76.3 versus 8.89%,
p < 0.0001) (Fig. 3A). There were no significant differences
between CX3CR1" NK cell frequencies in the omentum and tumor
of EAC patients (29.7 versus 8.89%, p = 0.1016) (Fig. 3A).

Fractalkine mediates changes in CX3CRI surface expression on NK
cells

We have previously reported that high levels of fractalkine in the
omentum of EAC patients can induce endocytosis of CX3CR1 by
CD8" T cells, leading to lower frequencies of omental CD8" T
cells expressing the surface receptor (11). We have also shown that
such internalization is exclusive to T cells expressing high levels of
the receptor, whereas CD4" T cells were not susceptible to the
effects of fractalkine (11). In this study, we hypothesized that the
fractalkine-rich omentum similarly recruits NK cells with high
CX3CRI1 expression from the circulation and subsequently induces
a reduction in their CX3CR1 surface expression.

To demonstrate this, peripheral blood NK cells from noncancer
donors were treated with 30 ng/ml recombinant fractalkine for 2 or
24 h to simulate the physiological levels of fractalkine in EAC
omentum (Fig. 4) (11). A significant reduction in the frequency of
CX3CRI1" NK cells was observed following 2- and 24-h treatments
with fractalkine, compared with that in untreated controls (n = 3):
untreated versus 2 h (89.73 versus 6.24%, p = 0.0108) and
untreated versus 24 h (89.73 versus 2.1%, p = 0.0271) (Fig. 4A).

Fractalkine increases CD27 surface expression by NK cells

Fractalkine is diverse in function and biological effects, from a
mediator of inflammation to a promoter of tumor cell metastasis
(24, 34). Therefore, before therapeutically targeting this pathway, it
is important to examine the biological effects of this chemokine in
the context of NK cells in inflammation-driven cancer. We have
previously reported that fractalkine increases L-selectin expression
on CD8™ T cells, and this may have effects on their lymph node
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FIGURE 2. CX3CRI antagonism significantly reduces NK cell chemotaxis to secreted factors from EAC omentum. (A) Bar charts showing the fold
change migration of NK cells to M199 negative control (n = 10), M199 + FBS positive control (n = 6), and pretreated with vehicle control DMSO (n =
10) or 80 wM of CX3CRI1 antagonist AZD8798 (n = 6) to EAC patient—derived ACM. (B) Bar charts showing the fold change migration of NK cells to
M199 negative control (n = 6), M199 + FBS positive control (» = 3), and pretreated with vehicle control DMSO (n = 6) or 80 M of CX3CRI1 antagonist
AZD8798 to EAC patient—derived tumor TCM (n = 3). Mean + SEM. *p < 0.05, **p < 0.01 by paired ¢ test.
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homing capabilities in EAC, with ramifications for their antitumor
capabilities (11). To determine whether fractalkine mediates pheno-
typic alterations in NK cells, peripheral blood—derived NK cells
were treated with 30 ng/ml recombinant fractalkine for 2 or 24 h
(n = 3), and percentage frequencies of CD27", L-selectin®, and
ICAM-1" NK cells were quantified (Fig. 5). Following 24 h of cul-
ture in fractalkine, significantly higher proportions of CD27* NK
cells were observed: untreated versus 24 h (2.64 versus 6.17%, p =
0.0061) (Fig. 5A, 5B). We next examined whether these significant
changes mirrored the CD27 expression levels of NK cells in the
fractalkine-rich environment of omentum in a total of 13 EAC
patients. Indeed, there are significantly more CD27" NK cells in
EAC omentum compared with the circulation or compared with
tumor: omentum versus blood (40.93 versus 2.83%, p = 0.0037)
and omentum versus tumor (40.93 versus 3.35%, p = 0.0105) (Fig.
5C). Analysis of coexpression of CX3CR1 and CD27 within our
cohort reveals that most NK cells in the circulation are
CX3CR1*CD27~, which have been established as the most mature
and cytotoxic NK cell subset (Fig. 5D) (28, 30, 35). Moreover, our
data reveal that there are significantly more CX3CR1YCD27" in
the circulation of EAC patients, compared with omentum and
tumor: blood versus omentum (82.4 versus 22.9% p < 0.0001) and
blood versus tumor (82.4 versus 12.2%, p < 0.0001) (Fig. 5D).
Unlike CD8" T cells, fractalkine treatment did not alter L-selec-
tin or ICAM-1 surface expression by NK cells (Fig. SA, 5B) (11).
Frequencies of NK cells expressing the cell adhesion molecule L-
selectin are significantly higher in the circulation, compared with the
tumor: blood versus tumor (32.22 versus 6.49%, p = 0.0179) (Fig.
5C). Profiling of CX3CRI1 and L-selectin coexpression in our cohort
suggest circulating NK cells are predominantly CX3CR1™ (Fig.
3A), with a proportion coexpressing both CX3CR1 and L-selectin,
indicative of an effector population of NK cells (Fig. 5E) (36-38).
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FIGURE 3. Significantly lower frequencies of CX3CR1" NK cells in the
omentum and tumor of EAC patients compared with those in blood. (A)
Bar chart showing the frequencies of CX3CR1" NK cells as a percentage
of total NK cells in the blood (n = 27), omentum (n = 33), and tumor
(n = 7) of EAC patients. (B) Representative dot plots showing gating of
CX3CR1" NK cells previously gated on the total lymphocyte population in
the blood, omentum, and tumor of EAC patients. Percentage frequencies
shown are those of CX3CR1™ NK cells as percentage of total NK cells.
Mean + SEM. *#**p < 0.0001 by one-way ANOVA.

FRACTALKINE ELICITS DIVERSE EFFECTS ON NK CELLS

Fractalkine significantly increases the production of IFN-y and
TNF-a by NK cells

As fractalkine induces a conversion from a CX3CR17CD27" to a
CX3CR1-CD27* phenotype in NK cells, the effects of recombi-
nant fractalkine treatment on IFN-y, TNF-a, and IL-10 production
were examined after 2 and 24 h (n = 6). To demonstrate that frac-
talkine induces the conversion in NK cell phenotype, the CX3CR1
and CD27 surface expression were first examined. There were sig-
nificantly lower frequencies of CX3CR1" NK cells following treat-
ment with fractalkine: untreated versus 24 h (85.5 versus 34.45%,
p = 0.0021) (Fig. 6A). Similarly, there were significantly higher fre-
quencies of CD27" NK cells following treatment with fractalkine:
untreated versus 24 h (5.34 versus 9.03%, p = 0.0174) (Fig. 6B).
Following 24 h of treatment with fractalkine, significantly higher
proportions of NK cells producing the proinflammatory cytokines
IFN-y and TNF-a were observed: untreated versus 24 h (IFN-y:
19.27 versus 42.77%, p = 0.0479; TNF-a: 28.05 versus 39.75%,
p = 0.0253) (Fig. 6C, 6D). This suggests a role for fractalkine in
shaping not only the phenotype of NK cells but also their functional
profile.

Fractalkine does not alter the cytotoxic effector function of NK cells

To ascertain whether the changes reported in CD27 expression trans-
lated into alterations in the cytotoxicity of NK cells, their degranula-
tion potential was assessed, and their cytotoxicity was quantified using
K562 cells following treatment with fractalkine for 24 h. Fractalkine-
mediated decreases in CX3CR1 and increases in CD27 surface
expression were first confirmed. There were no significant differences
in the frequencies of cells expressing the degranulation marker
CD107a following 2 and 24 h of treatment with fractalkine (n = 6)

A *
| |
*
100+
_»
20
86
X
2
+m
3
2%
>
oR
)
=
L
Untreated 2 Hour 24 Hour
B Untreated 2 Hour 24 Hour
o' 88.8% | 1.15% |3 0.14%
w'y 0 f% 0t o
cD56 |, S o]
od W nj - -
CX3CR1

FIGURE 4. Fractalkine significantly reduces CX3CR1 surface expression
by NK cells. (A) Bar chart showing the frequencies of CX3CR1" NK cells
as a percentage of total NK cells following no treatment (Untreated) or
treatment with 30 ng/ml recombinant fractalkine for 2 or 24 h (n = 3). (B)
Representative dot plots showing peripheral blood—derived CX3CR1™ NK
cells previously gated on total lymphocytes following Untreated or treat-
ment with 30 ng/ml recombinant fractalkine for 2 or 24 h. Percentage fre-
quencies shown are those of CX3CR1" NK cells as percentage of total NK
cells. Mean + SEM. *p < 0.05 by one-way ANOVA.

%20z Ae ¥z uo Jesn ulgng ebejj0D Ayuu L Aq ypd-28600021/£9€061 L/00Z L /¥/20Z/4Pd-8jone/ounwwif/Bi0"1ee s|euinolj/:dpy wol pepeojumoq



The Journal of Immunology 1205

A - B Untreated 2 Hour 24 Hour G P .
9  —— | —_—
= 2
-] 0o
3 S 69 22
ox o X 404
xZ - £2
Z 3 ad ol
~ 8 NE
8% 8% 204
;‘-g 52 24 a% =
@ »
] s
T od o
Untreated 2 Hour 24 Hour Blood Omentum Tumour
20+ __ 50
@ w
(] 4
w2 »3
% 8 154 3 & 40
O Ox
xZ X Z g
L= CD56 2
o iZa
=% = « 204
5 2%
S s g2 ]
™4 a ® E]
0 o
Untreated 2 Hour 24 Hour Blood ‘Omentum Tumour
80 . 504 *
Ly 5 0, 5. 0, 5. ne 1
22 o . 67% | v 67.8% | 1 659% 23 o
o . . o
1;50 10 o it ) 0¥ o ¥ X
zZz 25 ¥ ZZ 3
B ; H ]
% £ a0 e 0 0 _5 s si
2% o iR | o ol & £% —
@ 3 207 wid 0] 0] 22 104
_—é a T T T Ty ey T Ty § 8
i o ! o w0 o [ =
0- 0
Untreated 2 Hour 24 Hour L-Selecti Blood Omentum Tumour
~-=>eleclin
ok
D — — _  E,
it Rk Cytotoxic | ™1 88.3% S 40 24.3%
) 1 i 1 S
§ g population | > § % & T Effector population
< 3 w0 1 28w T £
EZ e CX3CR1] , | e CX3CR1|
= 3 2 .
53 ! R
ST i 5 o d
€% e
Qo . g8 e -t
Qs . @
3 é 5
Blood Omentum Tumour cD27 = Blood Omentum  Tumour L-selectin

FIGURE 5. Significantly higher CD27 expression on NK cells following treatment with recombinant fractalkine and in the fractalkine-rich environ-
ment of omentum in EAC patients. (A) Bar chart showing the frequencies of CD27" (top), ICAM-1" (middle), and L-selectin™ NK cells (bottom) as a
percentage of total NK cells in healthy donor—derived PBMC following no treatment (Untreated) or following treatment with 30 ng/ml fractalkine for
2 or 24 h (n = 3). (B) Representative dot plots showing CD27" (top), ICAM-1" (middle), and L-selectin® NK cells (bottom) previously gated on total
lymphocytes in healthy donor—derived PBMC following Untreated or following treatment with 30 ng/ml fractalkine for 2 or 24 h. Percentage frequen-
cies shown on dot plots are those of CD27%, ICAM-17, and L-selectin™ NK cells as percentage of total NK cells, respectively. (C) Bar chart showing
the frequencies of CD27" (top), ICAM-1" (middle), and L-selectin® NK cells (bottom) as a percentage of total NK cells in the blood, omentum, and
tumor of EAC patients. CD27: blood n = 10, omentum n = 13, tumor n = 7. ICAM-1: blood n = 4, omentum n = 5, tumor n = 4. L-selectin: blood
n = 8, omentum n = 5, tumor n = 6. (D) Left, Bar chart showing the frequencies of CX3CR17CD27~ NK cells in EAC patient blood (# = 7), omen-
tum (n = 7), and tumor (n = 6). (D) Right, Representative dot plot showing CX3CR1*CD27~ NK cells (cytotoxic population) in EAC patient blood.
(E) Left, Bar chart showing frequencies of CX3CR1 " L-selectin® NK cells in EAC patient blood (n = 6), omentum (n = 4), and tumor (n = 9).
(E) Right, Representative dot plot showing population of effector CX3CR1 " L-selectin™ NK cells in EAC patient blood. Mean + SEM. *p < 0.05,
**p < 0.01, ****p < 0.0001 by one-way ANOVA.

(Fig. 7A). Similarly, whereas there were significant levels of NK were significantly higher in EAC patients following CRT; treatment
cell-mediated killing of K562 cells, there were no significant differ- naive versus post-CRT (44.5 versus 69.9%, p = 0.0085) (Fig. 8B).
ences in the level of K562 cell death between untreated NK cells or
fractalkine-treated NK cells (» = 5) (Fig. 7B).

Discussion
Frequencies of circulating CX3CRI™ NK cells are highest following Novel immunotherapeutic approaches are urgently required to
CRT in EAC patients improve the dismal outcomes for EAC patients (4—8). We have pre-
To elucidate the optimal time point at which to target CX3CR1™" viously reported the active recruitment of cytotoxic immune cells to
NK cell migration to omentum with systemic CX3CR1 antagonism, the chemotactic cues of the omentum in EAC, and we propose that
we quantified total and CX3CR1" NK cell frequencies in the blood such misguided immune cell migration compromises antitumor
and tumor of a total of 12 treatment-naive EAC patients and a total immunity and poses a significant challenge for immunotherapeutic
of 36 EAC patients at a time point following neoadjuvant CRT. efficacy in these patients (11, 12). Furthermore, we have reported

Our data revealed significantly higher frequencies of circulating that NK cell phenotype, function, and viability is altered by soluble
NK cells in EAC patients following neoadjuvant CRT: treatment mediators in the microenvironment of EAC omentum, potentially
naive versus post-CRT (1.2 versus 7.89%, p = 0.0001) (Fig. 8A). reducing their ability to elicit effective antitumor immunity (12). To
Interestingly, no significant differences were observed in the frequen- this end, we propose that harnessing NK cell responses and migra-
cies of intratumoral NK cells between treatment-naive EAC patients tory pathways in EAC provides a means of augmenting antitumor
and those who received CRT (Fig. 8A). In parallel with total fre- immunity. This in vitro study used CX3CR1 antagonism to examine
quencies of NK cells, frequencies of circulating CX3CR1* NK cells whether the CX3CR1 ligand fractalkine is a key NK cell
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FIGURE 6. Fractalkine-mediated enhancement of proinflammatory cytokine production by NK cells. (A) Bar chart showing the frequency of CX3CR1" NK cells
following no treatment (Untreated) or treatment with 30 ng/ml recombinant fractalkine for 24 h (n = 5). (B) Bar chart showing the frequency of CD27 " NK cells follow-
ing no treatment or treatment with 30 ng/ml recombinant fractalkine for 24 h (n = 3). Left, Bar chart showing the frequencies of (C) IFN-y*, (D) TNF-a*, and (E) IL-
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plots showing peripheral blood—derived (left) IFN-y*, (middle) TNF-a*, and (right) IL-10" NK cells previously gated on total lymphocytes. (G) Schematic showing

the fate of NK cells in EAC. NK cells are recruited to the omentum in EAC by fractalkine. Exposure to fractalkine for 2 h significantly decreases the frequency of

CX3CR1" NK cells and significantly increases the frequency of CD27" NK cells. Following exposure to fractalkine for 24 h, there are significantly lower frequencies
of CX3CR1™" and significantly higher frequencies of CD27*, IFN-y", and TNF-a* NK cells. Mean + SEM. *p < 0.05, **p < 0.01 by paired ¢ test or one-way
ANOVA.
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chemoattract in EAC patient—derived omental tissue and tumor tis-
sue. In doing so, we aimed to identify a potential target for reducing
NK cell chemotaxis to soluble factors in EAC patient—derived
omentum.

It is well established that NK cell infiltration of solid tumors is
associated with a better prognosis, and as such, therapeutically
boosting NK cell migration to EAC tumors is a desirable concept
(13, 14). Our data demonstrate that NK cell frequencies are lower in
EAC tumor tissue compared with the other compartments examined
and moreover that such frequencies decrease as visceral obesity
increases. Because lower intratumoral frequencies of NK cells have
been associated with poorer prognosis in esophageal and gastric can-
cer, we propose that modest NK cell tumor infiltrates in the most
viscerally obese EAC patients are indicative of less-effective NK
cell-mediated antitumor immune responses in this cohort (13, 14).
The diminished numbers of NK cells in EAC omentum are in line
with our group’s previous findings, which demonstrated that soluble
factors within the omental microenvironment induce NK cell apo-
ptosis and reduce the frequencies of cytotoxicity receptor—bearing
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populations of NKp46™ and NKp30™ NK cells, thus contributing to
the lower frequency of NKp46" NK cells observed in EAC omen-
tum (12). In the current study, our data provide further supporting
evidence by revealing substantially higher levels of apoptosis in NK
cells derived from EAC patient omentum, compared with blood.
Crucially, our data reveal a negative correlation between VFA and
intratumoral NK cell frequencies, suggesting NK cell infiltration of
tumor decreases as visceral obesity increases in EAC patients, and
we propose that this is due, at least in part, to migration to and apo-
ptosis within the omentum (12). This correlation is not observed
with BMI, thus emphasizing the importance of visceral adiposity as
a pathological entity compared with overall adiposity and supporting
the classification of visceral obesity as most detrimental for human
health (31).

A role for the multifunctional inflammatory chemokine fractalkine
in macrophage-mediated inflammation in obese adipose tissue and
in CD8" T cell recruitment to and alteration in the omentum in
EAC has been established (11, 24, 34, 39). As such, we proposed
that fractalkine may also govern the erroneous migration of NK
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FIGURE 8. Frequencies of circulating CX3CR1" NK cells are significantly higher following neoadjuvant CRT in EAC patients. (A) Bar chart showing
percentages of total NK cells in treatment-naive EAC patient (black) and post-CRT EAC patient (pattern) blood (treatment naive, n = 12; post-CRT, n =
21) and tumor (treatment naive, n = 7; post-CRT, n = 10). (B) Bar chart showing CX3CR1" NK cells in treatment-naive EAC patient (black) and post-CRT
EAC patient (pattern) blood (treatment naive, n = 12; post-CRT, n = 36) and tumor (treatment naive, n = 7; post-CRT, n = 6). Mean + SEM. *p < 0.05,

#xp < 0.01, #¥%p < 0.001, ¥*¥%p < 0.0001 by one-way ANOVA.
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cells to the omentum in EAC. To our knowledge, this is the first
report that CX3CR1 antagonism can significantly reduce the recruit-
ment of NK cells to the chemotactic signals of EAC omentum, but,
importantly, not tumor. This was somewhat expected, as we have
previously shown that the CX3CRI1 ligand is one of the most abun-
dant chemokines in EAC omentum, but not in the tumor (11, 27).

Expression of CX3CR1 on noncancer NK cells is well docu-
mented (30, 40, 41). Our data reveal that NK cells in the circulation
of EAC patients express abundant levels of CX3CRI1. This indicates
high susceptibility to systemic administration of CX3CR1 antago-
nist, which may facilitate the therapeutic maintenance of NK cell
numbers in EAC by preventing their migration to and demise within
the omentum, ultimately increasing their availability to potentially
migrate to alternative signals in EAC tumor, namely MIP-1a,, MIP-
3a, and RANTES (27). These data are in line with our group’s pre-
vious report that demonstrated that the highest frequencies of
CX3CR1™" cytotoxic CD8* T cells were present in EAC patient
blood (11). CX3CRI1 antagonism may prevent the loss of multiple
cytotoxic lymphocyte subsets in the visceral fat of EAC patients and
in other obesity-associated cancers in which immunotherapy efficacy
is compromised (2, 11, 12, 25). CX3CR1 antagonism also holds
therapeutic potential for use in combination with other immuno-
therapies to prevent NK cell recruitment to the omentum and, in
doing so, maximize their availability to potentially infiltrate the
tumor in obese cancer patients. For instance, adoptive transfer of
immune cells has had limited success for solid malignancies, and
the efficacy of such treatments could be enhanced using chemokine-
targeted therapies to improve tumor homing (42). With regard to
patient-derived NK cell therapies, it has been established that the
cytotoxic CD56%™ NK cell subset expresses the highest levels of
CX3CR1, making prevention of their accumulation and demise in
the omentum of paramount importance for effective antitumor
immunity in obese cancer patients (40, 41). Additionally, the exp-
ression of CX3CRI1 has been confirmed on the Food and Drug
Administration—approved NK cell line NK-92, indicating their sus-
ceptibility to CX3CR1 antagonism and suitability as a potential
combination immunotherapy for EAC and other obesity-associated
malignancies (43, 44).

We have previously reported that high levels of fractalkine in the
omentum of EAC patients can induce endocytosis of CX3CR1 by
CD8" T cells, leading to lower frequencies of omental CD8" T
cells expressing the receptor on their surface, and that such internali-
zation is exclusive to T cells expressing high levels of the receptor,
whereas CD4" T cells were not susceptible to the effects of fractal-
kine (11). In this study, we report significant decreases in CX3CR1
expression on NK cells following exposure to fractalkine, strongly
supporting the hypothesis that fractalkine contributes to the lower
surface expression of CX3CR1 on omental NK cells in EAC and
reaffirming that fractalkine recruits and regulates cells that are high
expressers of CX3CR1 (11). Fractalkine-mediated reduction of
CX3CR1 surface expression by these key antitumor immune cells is
further indication of its broader effects on cytotoxic lymphocytes in
cancer (11).

CD27 has emerged as an alternative marker of NK cell matura-
tion and function (28, 35). CD27" NK cells have distinct functional
profiles akin to the CD56°"€"" subset, producing high levels of IFN-
v and TNF-a (28, 35). Like T cells, a loss of CD27 expression on
NK cells marks the differentiation toward an effector cell phenotype
akin to the CD56%™ subset that possesses potent cytotoxic effector
functions and contains high levels of granzyme B and perforin (28,
35, 45). Previous reports have suggested that the majority of circu-
lating NK cells are CD27~, with CD27" NK cells enriched within
the secondary lymphoid organs, which include omentum (28, 35,
46). In congruence with these reports, we have identified an

FRACTALKINE ELICITS DIVERSE EFFECTS ON NK CELLS

abundance of the cytokine-producing CD27* NK cell subset within
the omentum of EAC patients, compared with the circulation and
tumor. These data are also in line with our group’s previous reports
of a shift to a less-cytotoxic NK cell profile within the omental
microenvironment (12). Furthermore, our data demonstrated that
fractalkine treatment significantly increased the frequencies of
CD27" NK cells, strongly suggesting that this chemokine is contrib-
uting to the CX3CR1-CD27" phenotype within EAC omentum.
Interestingly, this fractalkine-induced increase in CD27 was not
accompanied by any alterations in NK cell cytotoxicity.

To ascertain whether the fractalkine-mediated alterations in CD27
expression mirrored alterations in the cytokine-producing capabilities
of NK cells, we examined the production of IFN-y, TNF-a, and IL-
10 following exposure to fractalkine. Interestingly, fractalkine signif-
icantly increased the production of proinflammatory cytokines by
NK cells. These data are in line with previous reports by our group
that described an abundance of IFN-y— and TNF-a—producing NK
cells within the EAC omentum and identify fractalkine as a key
mediator in shaping the functional capacities of NK cells within the
omentum (12). In a murine model of obesity, high-fat diet increases
IFN-y production by NK cells and mediates proinflammatory mac-
rophage accumulation within the VAT (47). This suggests fractal-
kine may be contributing to the abundance of IFN-y—producing
cells and thus the chronic inflammation characteristic of obesity
within the VAT.

A previous study reporting expression analysis of CD27 and
CX3CR1 on NK cells shows a sequential decrease in CD27 expres-
sion as NK cells mature, suggesting the most mature, cytotoxic NK
cells are CX3CR17CD27~ (28, 30, 35). Our data demonstrate that
such CX3CR17CD27~ NK cells are most prevalent within the cir-
culation of EAC patients but are not infiltrating the EAC tumor in
the same abundance. In fact, our data indicate that these cells are
homing to the fractalkine-rich omentum via the fractalkine/CX3CR1
pathway. Whereas our previous studies demonstrate that many NK
cells undergo apoptosis in the omental microenvironment, the data
presented in this study strongly indicate that the surviving fraction
are converted to a CX3CR17CD27" cytokine-producing NK cell
population and that fractalkine is a mediator of this conversion. We
propose that preventing recruitment of such CX3CR1*CD27~ NK
cells to omentum via CX3CR1 antagonism is a promising approach
to prevent NK cell loss in EAC omentum and increase their avail-
ability to migrate toward alternative chemokines in EAC tumor and
ultimately enhance NK cell-mediated antitumor immunity (27).

L-selectin® NK cells have been reported to represent a polyfunc-
tional NK cell subset that possesses full effector functions and an
enhanced ability to proliferate (37). A central role for L-selectin in
the recruitment of NK cells to both tumor and lymph node and in
identifying NK cells with potent effector functions has also been
established, suggesting that the migration of L-selectin™ NK cells to
tumor would be advantageous (36—38). In this study, we have iden-
tified that L-selectin® NK cells are significantly less abundant in
EAC tumor, compared with blood. Because we have identified that
a large proportion of these cells coexpress CX3CR1, we propose
that the previously described L-selectin"CX3CR1" effector popula-
tion in EAC blood may be amenable to CX3CR1 antagonism, thus
providing more compelling evidence to use this strategy to prevent
migration of potent effector NK cells to omentum and provide an
opportunity for them to home to the chemotactic cues of EAC tumor
(27, 30).

For the successful use of novel immunotherapies, it is crucial to
identify the optimal timing for administration of these immunothera-
pies in combination with first-line treatments such as CRT. To effec-
tively target patient-derived NK cells with systemic CX3CRI1
antagonism, the treatment would ideally be administered when
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frequencies of circulating total and CX3CR1" NK cells are highest.
In this article, we report the optimal timing for combining CX3CR1
antagonism with first-line treatments in EAC patients is following
neoadjuvant CRT. Such a sequence of treatments would target NK
cell migration when circulating numbers of total and CX3CR1" NK
cells are highest and when the potential is greatest for reducing
CX3CR1" NK cell migration to omentum and freeing them to
migrate to alternative signals in tumor.

To our knowledge, this study has uncovered new biological func-
tions of the proinflammatory adipochemokine fractalkine, identifying
it as a regulator of NK cell migration, phenotype, and cytokine pro-
duction in EAC. Our data provide crucial insights into the fate of
NK cells in obesity-associated cancer and identify CX3CR1 antago-
nism as a potential strategy for preventing their erroneous recruit-
ment to omentum to therapeutically limit immune dysfunction in
viscerally obese EAC patients.
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