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Heightened metabolic
responses in NK cells from
patients with neuroblastoma
suggests increased potential
for immunotherapy

Karen Slattery1, Megan Breheny1, Elena Woods1,
Sinead Keating1, Kiva Brennan1, Caroline Rooney2,
Sindhu Augustine2, Aishling Ryan2, Cormac Owens2

and Clair M. Gardiner1*

1School of Biochemistry and Immunology, Trinity Biomedical Sciences Institute, Trinity College,
Dublin, Ireland, 2Department of Oncology, Children’s Health Ireland at Crumlin, Dublin, Ireland
High risk neuroblastoma is responsible for 15% of deaths in pediatric cancer

patients. The introduction of anti-GD2 immunotherapy has significantly

improved outcomes but there is still only approximately a 50% 5 year event-

free-survival for these children and improvements in treatments are urgently

required. Anti-GD2 immunotherapy uses the patients’ own immune system to

kill cancer cells. In particular, Natural Killer (NK) cells kill antibody coated tumor

cells by a process called antibody dependent cellular cytotoxicity (ADCC).

However, our previous work has highlighted metabolic exhaustion of NK cells

in circulating blood of adult cancer patients, identifying this as a potential

therapeutic target. In this study, we investigated circulating NK cells in patients

newly diagnosed with neuroblastoma. We found evidence of activation of NK

cells in vivo by the cancer itself. While some evidence of NK cell dysfunction

was observed in terms of IFNg production, most results indicated that the NK

cell compartment remained relatively intact. In fact, some aspects of metabolic

and functional activities were actually increased in patients compared to

controls. Glycolytic responses, which we show are crucial for ADCC, were

actually enhanced in patients and CD16, the NK cell receptor that mediates

ADCC, was also expressed at high levels in some patients. Overall, the data

suggest that patient NK cells could be harvested at diagnosis for subsequent

beneficial autologous use during immunotherapy. Enhancing glycolytic

capacity of cell therapies could also be a strategic goal of future cell

therapies for patients with neuroblastoma and indeed other cancers.

KEYWORDS

neuroblastoma, natural killer (NK), metabolism, immunotherapy, circulating, cancer,

pediatric, mitochondria
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fonc.2022.1004871/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1004871/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1004871/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1004871/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1004871/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.1004871&domain=pdf&date_stamp=2022-10-07
mailto:clair.gardiner@tcd.ie
https://doi.org/10.3389/fonc.2022.1004871
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.1004871
https://www.frontiersin.org/journals/oncology


Slattery et al. 10.3389/fonc.2022.1004871
Introduction

Neuroblastoma is the most common extracranial tumor in

children and accounts for approximately 15% of childhood cancer

deaths (1, 2). It is classified into low, medium and high risk

neuroblastoma based on various clinical and molecular criteria,

and while the former groups respond well to treatment, high-risk

neuroblastoma remains a significant clinical challenge (3, 4). The

introduction of anti-GD2 antibody immunotherapy in 2010,

which preferentially identifies tumor cells for immune killing,

was the most recent major breakthrough and increased 2 year

event free survival (EFS) from 46% to 66% for this cohort (5), with

a five year EFS of 56.6% most recently reported (5, 6). Despite this

impressive improvement, the figures remain bleak and there is an

urgent need to develop new treatment options for these patients.

Unfortunately, most new or improved cancer therapies are

developed for adult cancers, in part because they are more

common and have an obvious commercial potential for

pharmaceutical companies (7). Protocols for children are

generally adapted from the adult situation despite the fact that

pediatric cancers are often very different in terms of molecular

origins, mutational burden, and are usually associated with cell

developmental or differentiation origins rather than lifestyle

factors (2, 8). This is particularly relevant in neuroblastoma as it

is a cancer uniquely found in children. Furthermore, in an era of

cancer immunotherapy successes, it is important to develop and

tailor specific immunotherapies for the target audience. While

neuroblastoma has already demonstrated the potential to respond

to immunotherapy, future impact is likely to come from an

understanding of pediatric immunology and how to optimally

deploy immunotherapy in this vulnerable cohort.

Natural Killer (NK) cells are immune cells that can kill cancer

cells (9). In addition to preventing cancer by immunosurveillance,

autologous NK cells are used therapeutically in a number of

different cancers including high risk neuroblastoma. In addition to

direct cytotoxicity, NK cells kill therapeutically by a process

termed antibody dependent cellular cytotoxicity (ADCC) (10).

Here, NK cells recognize anti-GD2 coated neuroblastoma cells

and kill them using a suite of cytotoxic molecules including

granzyme B and perforin (11). In recent years, it has become

clear that cellular metabolism is deeply interlinked with immune

cell function (12). Particular immune cells adopt particular

metabolic configurations that support their specialized activities.

Ourselves and others have shown that while resting NK cells tend

to use oxidative phosphorylation (oxphos) for glucose

metabolism, both glycolysis and oxphos metabolic pathways are

upregulated in NK cells in response to cytokine stimulation (13).

These metabolic changes are important for optimized effector

functions of NK cells.

It is also known that while the immune system, and

particularly NK, cells are important in protecting us from

cancer, immune cell functions become impaired as cancer
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develops (14, 15). NK cell exhaustion has been reported in

many cancer types and development of specific NK cell

checkpoint inhibitors is an active field of research (16–18).

This exhaustion is a barrier to optimal deployment of NK cell

immunotherapy. We have previously reported impaired NK cell

functional defects in a cohort of women with metastatic breast

cancer (19). Circulating NK cells from patients were

characterized by severe metabolic dysregulation with many

mitochondrial changes including high mitochondrial mass,

high levels of mitochondrial ROS (mtROS), punctate fissed

mitochondrial organization and an inability to engage in

oxphos in response to stimulation. This largely older cohort of

metastatic patients are on the severe end of the cancer spectrum

and such a profound phenotype was not surprising. Indeed, even

healthy adults have accumulated cellular damage through a

lifetime of experiences (20, 21). Given the potential impact of

aging, co-morbidities and immunological exposures, we

hypothesized that ‘younger’ NK cells from pediatric cancer

patients might be metabolically more plastic than those from

adults and that differences might be informative in terms of

tailoring immunotherapy for pediatric patients. We therefore

undertook an investigation into the metabolic fitness of

circulating NK cells in children recently diagnosed with

neuroblastoma prior to any medical intervention.
Materials and methods

Subjects and ethics

Blood samples were obtained from normal healthy adult

donors (age and sex not recorded for ethical reasons), healthy

pediatric donors (undergoing elective surgical procedures,

n=9) and treatment-naïve, newly diagnosed neuroblastoma

patients (n=6). Sex, average age and age ranges are in

Table 1. Blood was collected in EDTA coated tubes. The

Trinity College Faculty of Science, Technology, Engineering

and Maths Research Ethics Committee provided ethics for

analysis of healthy adult donor blood. All healthy adult donors

for this study provided written consent. The ethics committee

of Children’s Health Ireland at Crumlin (formerly Our Lady’s

Children’s Hospital) approved the study on healthy pediatric

donors and neuroblastoma patients, and parents/guardians

provided written consent.
Cell culture

Peripheral blood mononuclear cells (PBMC) were isolated

by Lymphoprep (Axis-Shield) gradient on the same day blood

sample was drawn, and experiments were carried out on the

freshly isolated PBMC. For seahorse analysis and confocal
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microscopy, NK cells were purified using either the MoJoSort

human NK cell isolation kit (BioLegend) or the EasySep Human

NK Cell Isolation Negative Selection Kit (StemCell) according to

the manufacturer’s instructions. NK cells were routinely 85-95%

pure. Unless stated otherwise, 5×106 cells/mL PBMC or purified

NK cells were incubated at 37°C for 18 hours in RPMI 1640

GlutaMAX medium (Life Technologies/Invitrogen)

supplemented with 10% fetal calf serum (FCS), 1% penicillin/

streptomycin (Invitrogen). Cells were stimulated with

interleukin (IL)2 (500 IU/mL; National Cancer Institute) or

IL12 (30 ng/mL; Miltenyi Biotec) and IL15 (100 ng/mL;

National Cancer Institute). Where indicated, cells were treated

with 2DG (2.5mM, Sigma), oligomycin (40nM, Sigma), isotype

control (IgG2a, k, 2.5mg/ml) or anti-GD2 antibody (Clone

14.G2a, 2.5mg/ml).
Flow cytometry analysis

Cells were stained surface for 20 min at 4°C with saturating

concentrations of titered Abs, fixed and permeabilized and then

stained intracellularly for 20 min at 4°C with saturating

concentrations of titered Abs: CD56 (HCD56/NCAM16.2),

CD3 (SK7/UCHT1), granzyme B (GB11), IFNg (B27), CD71

(M-A172), CD69 (L78), CD98 (UM7F8), S6 ribosomal protein

phosphorylated on serine 235/6 (pS6), and eukaryotic

translation initiation factor 4E-binding protein 1 (4E-BP1)

phosphorylated on Thr37/46 (236B4, Cell Signalling

Technology). A viability dye was included in every panel

(LIVE/DEAD Near-IR, Bio Sciences). The gating strategy is

shown in Supplementary Figure 1A and a full list of antibodies

in Supplementary Figure 1B. Samples were analyzed on a BD

Canto or BD Fortessa flow cytometer.
Mitochondrial flow cytometry analysis

Mitochondrial membrane potential (MMP) was measured

by staining cells for 20 min with tetramethylrhodamine methyl

ester (TMRM, 100 nM—Thermo Fisher), oligomycin (2 μM)

and carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone

(FCCP, 2 μM) were used as positive and negative controls,

respectively (Supplementary Figure 1C). Mitochondrial mass
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was measured via staining of cells for 20 min MitoTracker

Green (100nM—Thermo Fisher). Adenosine triphosphate

(ATP) synthase analysis was performed by detecting the

expression of the ATP5B subunit of the (3D5, Abcam) via

intracellular flow cytometry staining. Mitochondrial

superoxide levels were measured via staining of cells for 15

min with MitoSOX (Thermo Fisher). Rotenone (20 μM) was

used as a positive control (Supplementary Figure 1D).
Kynurenine uptake assay

PBMCwere surfaced stained with NK cell markers. Cells were

washed and resuspended in 100ul Kynurenine (200mM, made up

in HBSS). Leucine (5mM) and BCH (10mM) were added as

negative controls (Supplementary Figure 1E). Tubes were made

up to 400ul with HBSS and put in a water bath at 37°C for 4

minutes. 4% PFA was used to fix cells at room temperature for 15

minutes in the dark. Cells were then washed twice with FACS

buffer and analyzed via flow cytometry.
Seahorse analysis

Determination of oxygen consumption rate (OCR)

representing oxphos or extracellular acidification rate (ECAR)

indicating glycolysis was detected by XFp extracellular flux

analyzer (Agilent Technologies). NK cells were stimulated for

18 hours with IL2. In order to adhere NK cells to the bottom of

the seahorse plate, cell plates were coated with Cell-Tak (6 μg/

mL). The Cell-Tak was diluted in sodium bicarbonate (0.1M)

with 0.15% (v/v) NaOH (1M) and added to the bottom of each

well (25 μl). It was left at room temperature (RT) for a minimum

of 20 min, removed from the plate and each well was washed two

times with sterile ddH2O. NK cells were washed two times in

GlutaMAX seahorse media supplemented with glucose (1M),

adjusted to pH 7.4. NK cells were added to each well (2.5×105

cells, 180 μl), while seahorse media were used in the blank wells.

The cell plate was centrifuged at 200g for 3 min with no brake,

and then placed in a non-CO2 incubator for 30 min prior to

metabolic analysis. During the assay, the following inhibitors

were added in order—oligomycin (2 μM), FCCP (0.5 μM),

rotenone (100 nM)+antimycin A (4 μM) and 2-DG (30 mM).
Confocal imaging of mitochondrial
morphology

Purified NK cells (8×105 cells and >90% purity) were stained

using Mitospy CMX Ros (250 nM, Biolegend) for 30 min at 37°C

and fixed in 2% paraformaldehyde (PFA, Sigma) for 15 min at

RT, prior to nuclear staining with 4’ ,6-diamidino-2-

phenylindole, dihydrochloride (DAPI, 300 nM, Thermo
TABLE 1 Summary of patients and participants.

Neuroblastoma Pediatric controls
Numbers n=6 n=9

Female/male 4/2 7/2

Average age (years) 3.1 7.7

Age range (years) 1.2-15 3-15
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Fischer Scientific) for 5 min at room temperature. NK cells were

mounted using Mowiol (Sigma) and imaged on a Leica SP8

inverted motorized microscope equipped with a ×63/1.4 N.A. oil

objective and 405 nm diode and Leica white laser lines. Z-stacks

at 0.2 μm increments were captured using an HyD detector in

conjunction with Leica LAS X acquisition software.
ADCC and degranulation assays

Kelly target cells represent high-risk neuroblastoma cells

which express high levels of the GD2 antigen. Kelly cells were

washed thoroughly out of media twice using warm PBS at 300g

for 4 minutes. The cells were counted and resuspended at

3x106cells/ml + 20mM Calcein AM dye and incubated at 37°C

for 30 minutes. Labelled Kelly cells were thoroughly washed in

wash buffer (20%FCS in PBS) 3 times. The cells were

resuspended at 0.3x106 cells/ml and allowed to rest for 1 hour

at 37°C.

PBMC were counted, washed and plated in a 96 well plates

according to the E:T ratios in triplicate (10:1, 5:1 and 1:1). Kelly

cells were coated with either isotype control (IgG2a, k) or anti-
GD2 antibody (Clone 14.G2a, 2.5mg/ml). Kelly cells were seeded

into a 96 well plate with PBMC. Kelly cells were also plated on

their own without PBMC, to measure spontaneous release of

Calcein AM. Additionally, Kelly cells alone were plated in the

presence of 8ul of 10% TritonX to measure maximum release of

Calcein AM. Cells were incubated for 4 hours at 37°C. For

metabolic analyses, oligomycin (40nM) or 2DG (2.5mM) was

added for the duration of the incubation.

To incorporate the degranulation assay, Golgi stop (BD

Pharmingen, 1/400) and anti-CD107a (LAMP1, 1.2ul) is

added to the wells.

At the end of the assay, cells were spun down and 75ml of
supernatant was aspirated and transferred to a black 96 well

plate. The fluorescence of Calcein AM in the supernatant was

measured using the following setting of a Spectra Max

spectrophotometer: Excitation: 485nm, Auto cut off-10nm,

Emission: 525nm, Plate type: Costar 96well plate black,

Flashes: 6, Gain: Auto. Triplicate values were averaged and the

percentage killing was calculated using the following equation:

Fluorescence reading – Spon tan eous releaseð Þ � 100
Maximum release − Spon tan eous releaseð Þ

When continuing with the degranulation assay, cells of the

highest ratio were stained for NK cell surface markers and fixed,

and analyzed by flow cytometry.
Statistical analysis

All data was analyzed using GraphPad Prism 8 software.

Data was determined to be parametric or not using the
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D’Agostino-Pearson normality test. Data was then analyzed

using the student-t test when two data sets were being

compared, or the one/two-way ANOVA test when more than

two data sets were being compared. If no statistic is shown, the

results were non-significant.
Results

NK cells in patients with neuroblastoma
have an activated phenotype in vivo

Patients with neuroblastoma had a significantly lower

frequency of NK cells compared to healthy adult controls

(Figure 1). In our study, we also included a pediatric control

group to challenge the current immunotherapy development

pathways that assume pediatric and adult immune systems are

equivalent. Healthy pediatric controls had an average NK cell

frequency between the two other comparator groups, and there

was no statistically significant difference between neuroblastoma

patients and pediatric controls (Figures 1A, B).

At its simplest, circulating NK cells are characterized by two

main subsets. These are reviewed in depth elsewhere but in brief,

CD56dim cells account for approximately 90% of peripheral NK

cells, they usually co-express CD16 and constitutively express

cytotoxic molecules for killing target cells. In contrast, the minor

subset of CD56bright cells, expresses CD56 at higher levels and

produces large amounts of IFNg upon cytokine activation (22,

23). Analysis of these functional subsets showed a skewed

distribution with a significantly higher frequency of CD56bright

NK cells (and corresponding decrease in CD56dim cells) in

patients with neuroblastoma (median of 6.6%, 8.5% and 20%

for CD56bright NK cells from healthy adults, healthy children and

NB patients respectively), compared with either control cohort

(Figure 1B). Using CD69 as a marker of activation in circulating

NK cells, CD56dim cells in neuroblastoma patients were more

activated, reflecting in vivo activation by the cancer milieu

(Figures 1C, D). Given that CD16 is a key receptor for

mediating therapeutic ADCC, we measured CD16 expression

on NK cells and found that while healthy pediatric controls had

roughly similar patterns of expression to that found on adult NK

cells (22), unstimulated NK cells from patients with

neuroblastoma had a skewed pattern with a much higher

frequency of CD16 co-expression on CD56bright cells

(Figure 1E). Intriguingly, the data also demonstrated that NK

cells from four of 5 patients co-expressed CD16 receptor at very

high levels on CD56bright cells, while two of these 5 patients also

expressed CD16 at high levels on CD56dim cells compared to

pediatric controls (Figure 1F and Supplementary Figure 2).

Given that there was some evidence of in vivo activation of

NK cells in patients with neuroblastoma, we investigated for

increased cell signalling, focusing on mTORC1 as it is a key

regulator of NK cell function and metabolism. A higher
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G H

A

FIGURE 1

NK cells from NB patients are activated and express high levels of CD16. PBMC were isolated from fresh blood of healthy adult donors, healthy
pediatric donors and NB patients. (A, B) PBMC were stained for CD56 and CD3 directly ex vivo and analyzed by flow cytometry to identify the
frequency of NK cells (CD56+ CD3−) and the CD56bright and CD56dim subsets. (C–H) PBMC were stained for CD69, CD16 and pS6 analyzed by
flow cytometry. Dots represent individual donors and horizontal bars show the mean. (H) Dots represent the mean and error bars show the
SEM. N=3–40. Samples were compared using the Two-way ANOVA test or Student’s t-test, *p<0.05, **p<0.01.
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frequency of CD56dim cells from neuroblastoma patients were

positive for phosphorylated ribosomal protein 6 (pS6), a readout

of mTORC1 activity, ex vivo (Figure 1G). The frequency of NK

cells positive for phosphorylated 4EBP1, an alternative

mTORC1 target, were lower but followed similar trends

(Supplementary Figure 3). Indeed NK cells from healthy adults

and children clustered together, and separate from children with

neuroblastoma, when both mTORC1 readouts were plotted

against each other (Figure 1H). Thus, there is a higher

frequency of CD56br ight NK cells in patients with

neuroblastoma compared with control groups with some

patients having higher frequency and expression levels of

CD16, which is required for ADCC. Furthermore, circulating

NK cells in the patients showed evidence of cell activation

in vivo.
NK cells from patients with
neuroblastoma have a specific defect in
IFNg production but enhanced granzyme
B expression

To maintain immune homeostasis and prevent detrimental

immune responses, immune cells require signals for activation.

Therefore, the ability of NK cells to respond to cytokines to

engage functional responses was investigated. While only a low

frequency of unstimulated NK cells from healthy adults

expressed the early activation antigen CD69, this increased

significantly in response to IL2 overnight, and even more in

response to IL12/15 stimulation for both CD56bright and

CD56dim subsets, as expected (Figures 2A, B). Healthy

pediatric control NK cells upregulated CD69 in response to

IL2 but not IL12/15. In contrast, circulating NK cells from

patients with neuroblastoma had a high frequency of NK cells

activated by IL2/15, with IL2 induced CD69 upregulation

notably lower. Similar trends within all three comparator

groups were found for both CD56bright and CD56dim subsets

(Figures 2A, B).

We next assessed IFNg and granzyme B as key effector

function molecules of NK cells. Patients with neuroblastoma

failed to produce IFNg under conditions that robustly

produced IFNg by NK cells from healthy pediatric or adult

controls. In fact, the deficit in patients was even more

pronounced when compared to pediatric controls, as the

frequency of CD56dim cells making IFNg in healthy pediatric

cells was significantly higher than their adult counterparts

(Figures 2C, D).

In terms of cytotoxicity potential, we assessed granzyme B

as a key component of the cytotoxic granule machinery.

While CD56dim NK cells constitutively express granzyme B,

cytokines can upregulate it and indeed, induce granzyme B

expression in the CD56bright subset (see Supplementary

Figure 4 for representative adult histograms and Figure 2G
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for individual adult data points). IL12/15 more robustly

upregulated granzyme B expression in CD56dim adult NK

cells compared with IL2, and this was more striking for

CD56bright cells. However, analysis of the other cohorts

groups revealed several striking results: NK cells from

healthy pediatric controls had similar IL2 upregulation of

granzyme B compared to adults but appeared to have lower

IL12/15 induced responses. Unexpectedly, CD56bright NK

cells from children with neuroblastoma dramatically

upregulated granzyme B expression in response to cytokine

with an average of 6-fold and 9-fold increase for IL2 and

IL12/15 respectively (Figures 2E–G). Thus, in marked

contrast to IL12/15 failure to induce IFNg production, NK

cells from patients with neuroblastoma robustly upregulated

granzyme B in response to cytokine. Thus, patients retained

key cytotoxic molecules required to kill cancer cells and were

primed in vivo for further upregulation.
NK cells from patients with
neuroblastoma are primed and
demonstrate enhanced metabolic
engagement

Immune cells use a range of nutrients including glucose

and amino acids to fuel their metabolic activities (24–26).

Given that we have previously shown that cellular metabolism

is important for NK cell functions and that it is profoundly

dysregulated in exhausted NK cells from metastatic breast

cancer patients, we investigated for evidence of NK cell

dysregulation in children with neuroblastoma. SLC7A5

(LAT1) associates with CD98 for uptake of large neutral

amino acids into cells (27). In response to IL12/15

stimulation, NK cells from neuroblastoma patients

significantly upregulated CD98 expression and uptake

activity through SLC7A5 in CD56bright cells compared to

pediatric controls which unexpectedly, did not upregulate

either expression or activity of this nutrient receptor

(Figures 3A–D). A similar trend for CD71, the transferrin

receptor, was seen in CD56bright cells but there was variation

in pediatric controls, and differences did not reach statistical

significance (Figure 3E). Consistent throughout nutrient

receptor expression and uptake experiments was that NK

cells from neuroblastoma patients more resembled NK cells

of healthy adults than healthy pediatric controls.

NK cells are known to upregulate glycolysis in response to

cytokine and although these experiments were very difficult

given the smaller blood volume allowed by our ethics, we were

able to measure rates of glycolysis in response to IL2 in 3

patients with neuroblastoma and 3 pediatric controls (see

Supplementary Figure 5 for additional healthy pediatric

seahorse data). The data show that while extracellular

acidification rates (ECAR) were relatively low, IL2 induced
frontiersin.org
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higher glycolytic flux in NK cells from patients with

neuroblastoma compared to healthy children (see Figures 3F,

G). This was further supported by mTORC1 signalling data

with robust phosphorylation of S6 ribosomal protein (pS6) in
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NK cells from children with neuroblastoma compared to

pediatric controls after cytokine stimulation (Figure 3H).

Using p4EBP1 as a second downstream readout of mTORC1

activity, similar trends were observed (see Supplementary
B

C D

E F

G

A

FIGURE 2

Cytokines induce high levels of Granzyme B in NK cells from NB patients. PBMC were isolated from fresh blood of healthy adult donors, healthy
pediatric donors and NB patients. Cells were stimulated with IL2 (500 IU/mL) or IL12 (30 ng/mL) and IL15 (100 ng/mL) at 37°C for 18 hours
where indicated. (A–G) Cells were stained for CD69, IFNg and granzyme B (GzB) and analyzed by flow cytometry. (C, E, F) Figures are
representative of pooled data. Dots represent individual donors and horizontal bars show the mean, N=3-20. Samples were compared using the
Two-way ANOVA test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 6). In summary, NK cells from healthy pediatric donors

only poorly upregulated nutrient uptake and glycolysis in

response to cytokine. In contrast, NK cells from patients with

neuroblastoma strongly engaged these responses, to a level
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similar to circulating NK cells of healthy adult donors.

Furthermore, patient NK cells had an enhanced engagement

of glycolysis in response to cytokine suggesting again that they

are primed in vivo.
B

C D E

F G

H

A

FIGURE 3

NK cells from NB patients have heightened metabolic responses and are glycolytic. PBMC were isolated from fresh blood of healthy adult
donors, healthy pediatric donors and NB patients. Cells were stimulated with IL2 (500 IU/mL) or IL12 (30 ng/mL) and IL15 (100 ng/mL) at 37°C
for 18 hours where indicated. (A, B) Cells were stained for CD98 and analyzed by flow cytometry. (C, D) Cells were incubated with kynurenine
(200mM) and analysed by flow cytometry. Representative histograms are shown in (C) and dots represent individual donors and horizontal bars
show the mean in (D). (E) Cells were stained for CD71 and analyzed by flow cytometry. (F, G) Seahorse analysis of purified NK cells from healthy
pediatric donors and NB patients was performed on the XFp extracellular flux analyzer. (H) Cells were stained for pS6 and analyzed by flow
cytometry. Dots represent individual donors and horizontal bars show the mean, N=3-15. Samples were compared using the Two-way ANOVA
test or Student’s t-test, *p<0.05, **p<0.01.
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Mitochondrial dysregulation is a feature
of circulating NK cells in patients with
neuroblastoma

Previous work showed highly dysregulated mitochondrial

metabolism in circulating NK cells from adult cancer patients

(19). Given the importance of mitochondria in a range of

metabolic processes and pathways, including oxphos, we

investigated mitochondrial health and activity in our patient

cohorts. We first measured mtROS directly ex vivo as high levels

can indicate mitochondrial stress. NK cells from healthy

children had virtually no mtROS while healthy adults had

consistently higher levels (Figure 4B). However, the children

with neuroblastoma had levels of mtROS in circulating NK cells
Frontiers in Oncology 09
that were dramatically higher than either control cohort

(Figures 4A, B). Mitochondrial mass levels, indicating

mitochondrial abundance per cell, were more variable but data

suggested that this may be higher for patients with

neuroblastoma and worth further investigation (Figure 4C).

Mitochondrial membrane potential (MMP) is required to

drive ATP synthase and when MMP was normalized for

mitochondrial mass, it was noted that while circulating NK

cells from each adult donor had similar and consistent MMP

levels, there was a lot of variability in pediatric controls and

neuroblastoma patients (Figure 4D). Induction of metabolic

machinery such as ATP5B, a component of ATP synthase

complex, was induced by cytokines in adult NK cells with

relatively low/no response in NK cells from healthy pediatric
B C

D E

F

A

FIGURE 4

NK cells from NB patients display early signs of mitochondrial dysfunction. PBMC were isolated from fresh blood of healthy adult donors,
healthy pediatric donors and NB patients. Cells were stimulated with IL2 (500 IU/mL) or IL12 (30 ng/mL) and IL15 (100 ng/mL) at 37°C for 18
hours, where indicated. (A, B) Ex vivo PBMC were stained with MitoSOX (1.5 µM) and analyzed by flow cytometry. (C) Ex vivo PBMC were stained
with MitoTracker Green (100nM) and analyzed by flow cytometry. (D) Ex vivo PBMC were stained with TMRM (100nM) and MitoTracker Green
(100uM), and analyzed by flow cytometry. (E, F) Cells were stained for ATP5B and analyzed by flow cytometry. Samples were compared using
the Two-way ANOVA test. ns, not significant; * P<0.05.
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controls. In contrast, there was a significant increase in ATP5B

protein expression in patients with neuroblastoma compared

with the pediatric controls (Figures 4E, F). The increase in

ATP5B was also more dramatic in CD56bright cells. Given the

increase in ATP5B, we measured oxphos (oxygen consumption

rates or OCR) by extracellular metabolic flux analysis after 18h

stimulation. Pediatric controls defined the basal and max

respiration rates for NK cells stimulated with IL2. Two of the

three neuroblastoma patients did not increase OCR levels above

those of controls (Figures 5A, B). Combining with the glycolysis
Frontiers in Oncology 10
data, it can be seen that NK cells from healthy children rely

primarily on oxphos but this changes in children with

neuroblastoma towards a greater use of glycolysis in these NK

cells (Figure 5C). Finally, we were able to do confocal analysis of

NK cells from one patient with neuroblastoma; these NK cells

had very punctate, fissed mitochondrial organization similar to

that previously reported for our cohort of metastatic breast

cancer patients (Figure 5D) (19). Overall, there are signs of

emerging mitochondrial dysfunction in NK cells of patients

with neuroblastoma.
B C

D

A

FIGURE 5

Increased dependence on glycolysis in circulating NK cells from patients with neuroblastoma. (A–C) Seahorse analysis of purified NK cells from
healthy pediatric donors and NB patients was performed on the XFp extracellular flux analyzer. Dots represent individual donors and horizontal
bars show the mean, N=3-14. Samples were compared using the Two-way ANOVA test or Student’s t-test. (D) Representative confocal images
of purified NK cells analyzed directly ex vivo from a representative healthy donor and a patient with neuroblastoma (N=1) and stained with
MitoSpy CMX Ros (250nM) for 30 min at 37°C and DAPI (300nM). Images shown are the Maximum Intensity projection of Z-stacks taking at
0.2mm increments. Red= Mitospy CMX Ros, Blue= DAPI. Scale bar=5mm.
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Glycolysis and not oxphos is required to
fuel ADCC by NK cells

Given the importance of immunotherapy for high-risk

neuroblastoma, we investigated if anti-GD2 engagement

impacts on NK cell metabolism and the relative contribution

of different metabolic pathways to support ADCC activity by NK

cells. We first developed an ADCC assay in which healthy donor

NK cells kill high-risk neuroblastoma tumor cells in an anti-GD2

dependent manner (Figures 6A, B). We explored the potential to

increase NK cell killing capacity against neuroblastoma cells

using a range of cytokine combinations over short and long term

cultures. Under all of the conditions examined, in vitro culturing

of NK cells prior to the ADCC assay did not increase tumor cell

killing to the levels seen with ex vivo NK cells (approx. 40% and

60% killing for cultured and ex vivo NK cells respectively, see

Supplementary Figure 7).

Engagement with anti-GD2 coated neuroblastoma cells

upregulated CD98 and CD71 expression, and mTORC1

activity in NK cells compared to the isotype control

(Figure 6C). Using oligomycin and 2-DG to inhibit oxphos

and glycolytic pathways respectively in NK cells for the

duration of the assay, we observed that glycolysis is the

primary pathway required for NK cell killing by ADCC

(Figures 6D–F). Glycolysis was also required for NK cell

degranulation as 2DG strongly inhibited CD107a expression

(Figure 6G). Finally, while anti-GD2 engagement induced robust

activation of mTORC1 activity in NK cells, this required

glycolysis and was almost fully abolished by 2DG (Figure 6H).

Therefore, glycolysis is key to supporting both NK cell activation

of mTORC1, and ADCC against neuroblastoma target cells.
Discussion

Our results clearly show that glycolysis, and not oxphos, is

required for efficient ADCC mediated by NK cells with

inhibition of glycolysis impacting both ADCC and NK cell

degranulation. In an era where metabolic pathways are being

targeted to improve autologous and allogeneic cell therapies for

cancer, these results are important as they highlight the

particular relevance of discrete pathways for distinct effector

functions. While targeting oxphos has been touted as a key goal

for promoting mitochondrial health and longevity of therapeutic

cells (28), a more balanced approach may be required where

ADCC is a key component of the immunotherapy. This is

particularly relevant as the selective expression of tumor

associated antigens that originally facilitated development of

therapeutic antibodies for lymphoma, HER2+ breast cancer and

neuroblastoma, are the ideal targets for next generation CAR-T

and CAR-NK therapies where both direct recognition and

ADCC could synergise for optimal outcome. While cytokine
Frontiers in Oncology 11
stimulation did not increase ADCC above levels seen directly ex

vivo (see Figure 6B and Supplementary Figure 7), culturing of

NK cells in cytokines can alter the metabolic and functional

characteristics of the cells e.g. we have previously shown that NK

cell metabolism becomes mTORC1 dependent after a five days

of stimulation with IL2 (29). For short term autologous cultures,

protecting or indeed promoting glycolysis in NK cells might be

beneficial for patients with neuroblastoma with further work

required to confirm optimal conditions for longer term

expanded autologous or possible adjuvant allogenic cell

therapies. The impact of therapeutic antibodies directly on NK

cell activity also warrants further investigation as we have some

evidence that anti-GD2 engagement upregulates nutrient

receptors (CD98 and CD71) and mTORC1 activity

(Figure 6C) on NK cells.

One striking outcome of the data is that in many of the

experiments, NK cells from children with neuroblastoma were

more similar to those healthy normal adults that pediatric

healthy controls. This highlights the importance of pediatric

controls, even if not perfectly age matched, as comparisons with

adult controls can lead to inappropriate conclusions e.g. cytokine

upregulation of nutrient receptors CD71 and CD98 on NK cells

suggests that neuroblastoma patients are ‘normal’ but

comparison with the pediatric controls reveals that the these

responses are actually heightened in patients. Amongst the

similar responses in patients and healthy adults were in vivo

activation (CD69 expression), mTORC1 activation and

metabolic readouts including CD98 expression and ATP5B

responses. It is known that inflammation is associated with

aging and predisposes to a range of diseases including cancer

(20, 21, 30). Our results showed that NK cells from healthy

adults have a clear low level of activation/inflammation

compared to healthy children, exemplified by the mtROS

levels which are higher in NK cells from every adult while the

healthy children have virtually no mtROS. Activation of NK cells

in children with neuroblastoma presumably reflected in vivo

systemic immune activation by the cancer as no patient had

received medical interventions at time of analysis. There was a

clear increase in the relative frequency of CD56bright NK cells in

neuroblastoma patients. Under homeostatic healthy conditions,

CD56bright cells are generally CD16 negative and tend to be

associated with IFNg production rather than cytotoxicity (23).

While CD56bright cells have the potential to differentiate towards

CD56dim cells (31, 32), it is also known that peripheral blood

CD56dim cells can upregulate CD56 expression when activated

(33–35). In fact, unusual NK cell subsets have previously been

reported for a number of disease states (36). The CD56bright cells

in our neuroblastoma patients were characterized by high CD16

expression and high levels of granzyme B and their origin

requires further investigation. Interestingly, transcriptional

profiling within neuroblastoma tumors recently found

enriched numbers of CD56dim cells in medium- and high-risk
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FIGURE 6

Glycolysis is required for NK cell aGD2-mediated killing of NB tumor cells. (A) Schematic of the setup of the ADCC assay. (B) Freshly isolated
PBMC were cultured with Calcein AM-stained Kelly neuroblastoma cells at varying effector to target ratios (E:T) and incubated for 4 hrs at 37°C.
(C) At the end of the assay, PBMC were stained for CD98, CD71 and pS6 analyzed by flow cytometry. (D) Oligomycin (40nM) and 2DG (2.5mM)
was added for the 4 hour incubation. Golgi stop and anti-CD107a was added to measure degranulation. (E, F) Pooled data for the impact of
oligomycin and 2DG on NK cells killing. (G) At the end of the assay, PBMC were stained for NK cell markers and pS6 and analyzed by flow
cytometry. N=5-6. Samples were compared using the Two-way ANOVA test or Student’s t-test, *p<0.05, ****p<0.0001.
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neuroblastoma, with a strong correlation of activated NK cells

with survival in the overall patient cohort (20).

Patients with high-risk neuroblastoma undergo an intensive

treatment regimen including chemotherapy, surgery, autologous

stem cell transplant (ASCT), radiation, immunotherapy and

isotretinoin treatment in that order (3, 37). By the time

patients receive immunotherapy, their NK cells have been fully

ablated and NK cells post-ASCT are generally immature (38)

and have an altered cytotoxic phenotype in terms of subset

distribution (39). Our data suggest that, prior to any

intervention, NK cells in patients with neuroblastoma may be

primed by the cancer itself for effective ADCC. In particular, NK

cells in our patient cohort were primed to engage in glycolysis,

the particular metabolic pathway required to facilitate this

immune function. This could potentially be used for clinical

advantage in terms of deploying immunotherapy. Rather than

depending on NK cells to regenerate post ASCT, autologous

circulating NK cells could be harvested soon after diagnosis for

storage and/or expansion for downstream immunotherapy; this

could be performed independent of autologous stem cell harvest

for immune reconstitution. This relatively simple change to the

current protocol has the potential for a significant clinical benefit

for patients.

Mitochondria are key to many cellular processes in NK cells

including energy production and are required for the synthesis

of cytotoxic machinery and effector molecules (40, 41). We have

previously reported that mitochondria in circulating NK cells

from patients with metastatic cancer are severely dysregulated

(19). They have high mitochondrial mass with fissed structures,

high mtROS and are unable to engage in efficient glycolysis or

oxphos in response to cytokine stimulation, as NK cells from

healthy donors do. This pediatric cancer cohort revealed a more

intermediate mitochondrial phenotype. Indeed, glycolytic flux

was efficiently engaged in NK cells from neuroblastoma patients

with unexpectedly higher basal glycolysis and glycolytic capacity

in response to IL2 compared to pediatric controls. This supports

the in vivo activation and priming of NK cells in the

neuroblastoma patients in response to cancer. ATP5B levels

were also induced to higher levels in the patient NK cells which

suggested that these cells might also engage in high rates of

oxphos. However, this was not the case and two of three patients

had rates of basal and maximum respiration that were

comparable to the controls. OCR/ECAR ratio analysis showed

a clear shift towards a preferential use of glycolysis by patient NK

cells. Thus, while NK cells in children with neuroblastoma are

primed in vivo for enhanced glycolysis, there is evidence of

emerging mitochondrial dysfunction in the cells with higher

mitochondrial mass, extremely high levels of mtROS and

punctate mitochondria in the one patient it was possible to

analyze (see Figures 5 and 6); however, this dysregulation does

not yet translate into impaired oxphos engagement. Thus, there

may be a hierarchal loss of metabolic responses in NK cells of

patients with cancer which are likely to impact on functional
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responses. Indeed, there was already a clear dysregulation of

IFNg production while some cytotoxicity machinery was

maintained. It is interesting to speculate whether NK cell

dysregulation progression patterns are disease specific. For

instance, children with obesity also have dysregulated NK cells

but in contrast to our cohort, they have reduced cytotoxicity,

normal IFNg production, normal mitochondrial mass and

increased basal ECAR (42). Dysregulated features in common

with our cohort included expansion of CD56bright cells, high

basal mTORC1 activity, elevated rates of glycolysis and high

levels of mtROS. These data suggests that there may be early

common signatures of NK cells in complex pro-inflammatory

disease environments in children. This is worth further

investigation in terms of specific mechanisms with a view to

early, common immune protection interventions.

In summary, the data support that NK cells from patients

with neuroblastoma have positive potential for autologous

immunotherapy due to their maintenance of key metabolic

and functional features that support glycolysis and

cytotoxicity, cornerstones of current ADCC therapy. There

may also be merit in harvesting autologous primed NK cells

prior to cytotoxic chemotherapy with the potential to boost

them genetically prior to reinfusion in an adjuvant therapeutic

setting. Indeed, it is possible that autologous cellular

immunotherapy is likely to be more successful and easier to

achieve than in adult patients with ‘younger’ NK cells more

resistant to immune exhaustion.
Limitations of the paper

Due to rare nature of neuroblastoma (just 6 samples

available from our affiliate hospital in Dublin in the last 3

years) and due to the ethical and logistical issues associated

with taking blood from healthy children, our sample sizes in

this study are lower than what we would ideally prefer. It will

be prudent in the future to validate these finding with larger

sample cohorts. Furthermore, Glutamax seahorse media was

used for seahorse experiments but these findings should

also be confirmed using seahorse media with normal

glutamine added.
Data availability statement

All data relevant to the study are included in the article or

uploaded as supplementary information.
Ethics statement

The Trinity College Faculty of Science, Technology,

Engineering and Maths Research Ethics Committee provided
frontiersin.org

https://doi.org/10.3389/fonc.2022.1004871
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Slattery et al. 10.3389/fonc.2022.1004871
ethics for analysis of healthy adult donor blood. All healthy adult

donors for this study provided written consent. The ethics

committee of Children’s Health Ireland at Crumlin (formerly

Our Lady’s Children’s Hospital) approved the study on healthy

paediatric donors and neuroblastoma patients, and parents/

guardians provided written consent.
Author contributions

KS did most of the work in terms of sample preparation,

experimental procedures, data analysis, preparing figures,

writing and editing of the manuscript. MB, EW, SK, and KB

helped prepare and perform experiments on some of the

samples. CR, SA, and AR recruited patients and pediatric

healthy donors, looked after ethics and provided clinical

information. CO coordinated the clinical contribution and was

responsible for patient recruitment and recruitment of healthy

donors, ethics applications, clinical information, reading and

writing of the manuscript. CG conceived and designed the

study, analysed the data, wrote the paper and revised paper.

All authors contributed to the article and approved the

submitted version.
Funding

Funding for this work was provided by the National

Children’s Research Centre, Crumlin, Dublin 12, Ireland

(Grant ref A/18/5).
Frontiers in Oncology 14
Acknowledgments

We would like to acknowledge all the patients, their parents

and carers, and of course the healthy controls who have given so

generously to help this study. We also thank the phlebotomists

and nursing staff for their support.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fonc.2022.1004871/full#supplementary-material
References
1. Maris JM. Recent advances in neuroblastoma. N Engl J Med (2010) 362
(23):2202–11. doi: 10.1056/NEJMra0804577

2. Anderson J, Majzner RG, Sondel PM. Immunotherapy of neuroblastoma:
Facts and hopes. Clin Cancer Res (2022) 28:3196–206. doi: 10.1158/1078-
0432.CCR-21-1356

3. Chung C, Boterberg T, Lucas J, Panoff J, Valteau-Couanet D, Hero B, et al.
Neuroblastoma. Pediatr Blood Cancer (2021) 68 Suppl 2:e28473. doi: 10.1002/
pbc.28473

4. Pinto NR, Applebaum MA, Volchenboum SL, Matthay KK, London WB,
Ambros PF, et al. Advances in risk classification and treatment strategies for
neuroblastoma. J Clin Oncol (2015) 33(27):3008–17. doi: 10.1200/
JCO.2014.59.4648

5. Yu AL, Gilman AL, Ozkaynak MF, London WB, Kreissman SG, Chen HX, et al.
Anti-GD2 antibody with GM-CSF, interleukin-2, and isotretinoin for neuroblastoma. N
Engl J Med (2010) 363(14):1324–34. doi: 10.1056/NEJMoa0911123

6. Yu AL, Gilman AL, Ozkaynak MF, Naranjo A, Diccianni MB, Gan J, et al.
Long-term follow-up of a phase III study of ch14.18 (Dinutuximab) + cytokine
immunotherapy in children with high-risk neuroblastoma: COG study ANBL0032.
Clin Cancer Res (2021) 27(8):2179–89. doi: 10.1158/1078-0432.CCR-20-3909

7. Hutzen B, Ghonime M, Lee J, Mardis ER, Wang R, Lee DA, et al.
Immunotherapeutic challenges for pediatric cancers. Mol Ther Oncol (2019)
15:38–48. doi: 10.1016/j.omto.2019.08.005

8. Pfister SM, Reyes-Mugica M, Chan JKC, Hasle H, Lazar AJ, Rossi S, et al. A
summary of the inaugural WHO classification of pediatric tumors: Transitioning
from the optical into the molecular era. Cancer Discovery (2021) 12:331–55. doi:
10.1158/2159-8290.CD-21-1094

9. Marcus A, Gowen BG, Thompson TW, Iannello A, Ardolino M, Deng W,
et al. Recognition of tumors by the innate immune system and natural killer cells.
Adv Immunol (2014) 122:91–128. doi: 10.1016/B978-0-12-800267-4.00003-1

10. Wang W, Erbe AK, Hank JA, Morris ZS, Sondel PM. NK cell-mediated
antibody-dependent cellular cytotoxicity in cancer immunotherapy. Front
Immunol (2015) 6:368. doi: 10.3389/fimmu.2015.00368

11. Zeng Y, Fest S, Kunert R, Katinger H, Pistoia V, Michon J, et al. Anti-
neuroblastoma effect of ch14.18 antibody produced in CHO cells is mediated by NK-
cells in mice. Mol Immunol (2005) 42(11):1311–9. doi: 10.1016/j.molimm.2004.12.018

12. Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation and
quiescence. Immunity (2013) 38(4):633–43. doi: 10.1016/j.immuni.2013.04.005

13. Keppel MP, Saucier N, Mah AY, Vogel TP, Cooper MA. Activation-specific
metabolic requirements for NK cell IFN-gamma production. J Immunol (2015) 194
(4):1954–62. doi: 10.4049/jimmunol.1402099

14. Gonzalez H, Hagerling C, Werb Z. Roles of the immune system in cancer:
from tumor initiation to metastatic progression. Genes Dev (2018) 32(19-20):1267–
84. doi: 10.1101/gad.314617.118

15. Mantovani A. Cancer: Inflaming metastasis. Nature (2009) 457(7225):36–7.
doi: 10.1038/457036b

16. Poggi A, Zocchi MR. Natural killer cells and immune-checkpoint inhibitor
therapy: Current knowledge and new challenges. Mol Ther Oncol (2022) 24:26–42.
doi: 10.1016/j.omto.2021.11.016
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2022.1004871/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.1004871/full#supplementary-material
https://doi.org/10.1056/NEJMra0804577
https://doi.org/10.1158/1078-0432.CCR-21-1356
https://doi.org/10.1158/1078-0432.CCR-21-1356
https://doi.org/10.1002/pbc.28473
https://doi.org/10.1002/pbc.28473
https://doi.org/10.1200/JCO.2014.59.4648
https://doi.org/10.1200/JCO.2014.59.4648
https://doi.org/10.1056/NEJMoa0911123
https://doi.org/10.1158/1078-0432.CCR-20-3909
https://doi.org/10.1016/j.omto.2019.08.005
https://doi.org/10.1158/2159-8290.CD-21-1094
https://doi.org/10.1016/B978-0-12-800267-4.00003-1
https://doi.org/10.3389/fimmu.2015.00368
https://doi.org/10.1016/j.molimm.2004.12.018
https://doi.org/10.1016/j.immuni.2013.04.005
https://doi.org/10.4049/jimmunol.1402099
https://doi.org/10.1101/gad.314617.118
https://doi.org/10.1038/457036b
https://doi.org/10.1016/j.omto.2021.11.016
https://doi.org/10.3389/fonc.2022.1004871
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Slattery et al. 10.3389/fonc.2022.1004871
17. Guillerey C, Huntington ND, Smyth MJ. Targeting natural killer cells in
cancer immunotherapy. Nat Immunol (2016) 17(9):1025–36. doi: 10.1038/ni.3518

18. Bi J, Tian Z. NK cell exhaustion. Front Immunol (2017) 8:760. doi: 10.3389/
fimmu.2017.00760

19. Slattery K, Woods E, Zaiatz-Bittencourt V, Marks S, Chew S, Conroy M,
et al. TGFbeta drives NK cell metabolic dysfunction in human metastatic breast
cancer. J Immunother Cancer (2021) 9(2). doi: 10.1136/jitc-2020-002044

20. Franceschi C, Campisi J. Chronic inflammation (Inflammaging) and its
potential contribution to age-associated diseases. J Gerontol: Ser A (2014) 69
(Suppl_1):S4–9. doi: 10.1093/gerona/glu057

21. Chung HY, Kim DH, Lee EK, Chung KW, Chung S, Lee B, et al. Redefining
chronic inflammation in aging and age-related diseases: Proposal of the
senoinflammation concept. Aging Dis (2019) 10(2):367–82. doi: 10.14336/
AD.2018.0324

22. Cooper MA, Fehniger TA, Caligiuri MA. The biology of human natural
killer-cell subsets. Trends Immunol (2001) 22(11):633–40. doi: 10.1016/S1471-4906
(01)02060-9

23. Freud AG, Mundy-Bosse BL, Yu J, Caligiuri MA. The broad spectrum of
human natural killer cell diversity. Immunity (2017) 47(5):820–33. doi: 10.1016/
j.immuni.2017.10.008

24. Littwitz-Salomon E, Moreira D, Frost JN, Choi C, Liou KT, Ahern DK, et al.
Metabolic requirements of NK cells during the acute response against retroviral
infection. Nat Commun (2021) 12(1):5376. doi: 10.1038/s41467-021-25715-z

25. Zhao S, Peralta RM, Avina-Ochoa N, Delgoffe GM, Kaech SM. Metabolic
regulation of T cells in the tumor microenvironment by nutrient availability and
diet. Semin Immunol (2021) 52:101485. doi: 10.1016/j.smim.2021.101485

26. Walls J, Sinclair L, Finlay D. Nutrient sensing, signal transduction and
immune responses. Semin Immunol (2016) 28(5):396–407. doi: 10.1016/
j.smim.2016.09.001

27. Sinclair LV, Neyens D, Ramsay G, Taylor PM, Cantrell DA. Single cell
analysis of kynurenine and system l amino acid transport in T cells. Nat Commun
(2018) 9(1):1981. doi: 10.1038/s41467-018-04366-7

28. Buck MD, O’Sullivan D, Pearce EL. T Cell metabolism drives immunity.
J Exp Med (2015) 212(9):1345–60. doi: 10.1084/jem.20151159

29. Zaiatz-Bittencourt V, Finlay DK, Gardiner CM. Canonical TGF-beta
signaling pathway represses human NK cell metabolism. J Immunol (2018) 200
(12):3934–41. doi: 10.4049/jimmunol.1701461

30. Leonardi GC, Accardi G, Monastero R, Nicoletti F, Libra M. Ageing: from
inflammation to cancer. Immun Ageing (2018) 15(1). doi: 10.1186/s12979-017-
0112-5
Frontiers in Oncology 15
31. Chan A, Hong DL, Atzberger A, Kollnberger S, Filer AD, Buckley CD, et al.
CD56bright human NK cells differentiate into CD56dim cells: role of contact with
peripheral fibroblasts. J Immunol (2007) 179(1):89–94. doi: 10.4049/
jimmunol.179.1.89

32. Romagnani C, Juelke K, Falco M, Morandi B, D’Agostino A, Costa R, et al.
CD56brightCD16- killer ig-like receptor- NK cells display longer telomeres and
acquire features of CD56dim NK cells upon activation. J Immunol (2007) 178
(8):4947–55. doi: 10.4049/jimmunol.178.8.4947

33. Van Acker HH, Capsomidis A, Smits EL, Van Tendeloo VF. CD56 in the
immune system: More than a marker for cytotoxicity? Front Immunol (2017) 8:892.
doi: 10.3389/fimmu.2017.00892

34. Loza MJ, Perussia B. The IL-12 signature: NK cell terminal CD56+high stage
and effector functions. J Immunol (2004) 172(1):88–96. doi: 10.4049/
jimmunol.172.1.88

35. Bontkes HJ, Kramer D, Ruizendaal JJ, Meijer CJ, Hooijberg E. Tumor
associated antigen and interleukin-12 mRNA transfected dendritic cells enhance
effector function of natural killer cells and antigen specific T-cells. Clin Immunol
(2008) 127(3):375–84. doi: 10.1016/j.clim.2008.02.001

36. Poli A, Michel T, Theresine M, Andres E, Hentges F, Zimmer J. CD56bright
natural killer (NK) cells: an important NK cell subset. Immunology (2009) 126
(4):458–65. doi: 10.1111/j.1365-2567.2008.03027.x

37. Smith V, Foster J. High-risk neuroblastoma treatment review. Children
(Basel) (2018) 5(9):114. doi: 10.3390/children5090114

38. Nassin ML, Nicolaou E, Gurbuxani S, Cohn SL, Cunningham JM, LaBelle
JL. Immune reconstitution following autologous stem cell transplantation in
patients with high-risk neuroblastoma at the time of immunotherapy. Biol Blood
Marrow Transpl (2018) 24(3):452–9. doi: 10.1016/j.bbmt.2017.11.012

39. Szanto CL, Cornel AM, Tamminga SM, Delemarre EM, de Koning CCH,
van den Beemt D, et al. Immune monitoring during therapy reveals activitory and
regulatory immune responses in high-risk neuroblastoma. Cancers (Basel) (2021)
13(9):2096. doi: 10.3390/cancers13092096

40. Gardiner CM. NK cell metabolism. J Leukoc Biol (2019) 105(6):1235–42.
doi: 10.1002/JLB.MR0718-260R

41. Surace L, Doisne JM, Escoll P, Marie S, Dardalhon V, Croft C, et al.
Polarized mitochondria as guardians of NK cell fitness. Blood Adv (2021) 5(1):26–
38. doi: 10.1182/bloodadvances.2020003458

42. Tobin LM, Mavinkurve M, Carolan E, Kinlen D, O’Brien EC, Little MA,
et al. NK cells in childhood obesity are activated, metabolically stressed, and
functionally deficient. JCI Insight (2017) 2(24):e94939. doi: 10.1172/jci.insight.
94939
frontiersin.org

https://doi.org/10.1038/ni.3518
https://doi.org/10.3389/fimmu.2017.00760
https://doi.org/10.3389/fimmu.2017.00760
https://doi.org/10.1136/jitc-2020-002044
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.14336/AD.2018.0324
https://doi.org/10.14336/AD.2018.0324
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1016/j.immuni.2017.10.008
https://doi.org/10.1016/j.immuni.2017.10.008
https://doi.org/10.1038/s41467-021-25715-z
https://doi.org/10.1016/j.smim.2021.101485
https://doi.org/10.1016/j.smim.2016.09.001
https://doi.org/10.1016/j.smim.2016.09.001
https://doi.org/10.1038/s41467-018-04366-7
https://doi.org/10.1084/jem.20151159
https://doi.org/10.4049/jimmunol.1701461
https://doi.org/10.1186/s12979-017-0112-5
https://doi.org/10.1186/s12979-017-0112-5
https://doi.org/10.4049/jimmunol.179.1.89
https://doi.org/10.4049/jimmunol.179.1.89
https://doi.org/10.4049/jimmunol.178.8.4947
https://doi.org/10.3389/fimmu.2017.00892
https://doi.org/10.4049/jimmunol.172.1.88
https://doi.org/10.4049/jimmunol.172.1.88
https://doi.org/10.1016/j.clim.2008.02.001
https://doi.org/10.1111/j.1365-2567.2008.03027.x
https://doi.org/10.3390/children5090114
https://doi.org/10.1016/j.bbmt.2017.11.012
https://doi.org/10.3390/cancers13092096
https://doi.org/10.1002/JLB.MR0718-260R
https://doi.org/10.1182/bloodadvances.2020003458
https://doi.org/10.1172/jci.insight.94939
https://doi.org/10.1172/jci.insight.94939
https://doi.org/10.3389/fonc.2022.1004871
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Heightened metabolic responses in NK cells from patients with neuroblastoma suggests increased potential for immunotherapy
	Introduction
	Materials and methods
	Subjects and ethics
	Cell culture
	Flow cytometry analysis
	Mitochondrial flow cytometry analysis
	Kynurenine uptake assay
	Seahorse analysis
	Confocal imaging of mitochondrial morphology
	ADCC and degranulation assays
	Statistical analysis

	Results
	NK cells in patients with neuroblastoma have an activated phenotype in vivo
	NK cells from patients with neuroblastoma have a specific defect in IFN&gamma; production but enhanced granzyme B expression
	NK cells from patients with neuroblastoma are primed and demonstrate enhanced metabolic engagement
	Mitochondrial dysregulation is a feature of circulating NK cells in patients with neuroblastoma
	Glycolysis and not oxphos is required to fuel ADCC by NK cells

	Discussion
	Limitations of the paper

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


