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Abstract

Background and Aims: Inflammatory bowel diseases [IBD], comprising Crohn’s disease [CD] and
ulcerative colitis [UC], are chronic conditions characterized by severe dysregulation of innate and
adaptive immunity resulting in the destruction of the intestinal mucosa. Natural killer [NK] cells
play a pivotal role in the dynamic interaction between the innate and adaptive immune response.
There is an increasing appreciation for the key role immunometabolism plays in the regulation
of NK cell function, yet little remains known about the metabolic profile, cytokine secretion, and
killing capacity of human NK cells during active IBD.

Methods: Peripheral blood mononuclear cells were isolated from peripheral blood of patients with
moderate to severely active IBD and healthy controls. NK cells were stained with a combination
of cell surface receptors, intracellular cytokines, and proteins and analyzed by flow cytometry. For
measurements of NK cell cytotoxicity, the calcein-AM release assay was performed.The metabolic
profile was analyzed by an extracellular flux analyzer.

Results: NK cells from IBD patients produce large quantities of pro-inflammatory cytokines, IL-17A
and TNF-a ex vivo, but have limited killing capability. Furthermore, patient NK cells have reduced
mitochondrial mass and oxidative phosphorylation. mTORC1, an important cell and metabolic
regulator, demonstrated limited activity in both freshly isolated cells and cytokine-stimulated cells.
Conclusions: Our results demonstrate that circulating NK cells of IBD patients have an unbalanced
metabolic profile, with faulty mitochondria and reduced capacity to kill. These aberrations in NK cell
metabolism may contribute to defective killing and thus the secondary infections and increased
risk of cancer observed in IBD patients.
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1. Introduction

Inflammatory bowel diseases [IBD], comprising Crohn’s disease
[CD] and ulcerative colitis [UC], are chronic inflammatory dis-
orders of the gastrointestinal tract. The incidence and prevalence
of IBD across the world have shown consistent increases in recent

decades.! Symptoms of IBD include pain, cramps, bloating, recur-
rent or bloody diarrhea, weight loss, and extreme tiredness.? There is
currently no cure for CD or UC.2 Treatment aims to relieve and pre-
vent symptoms from returning, and includes specific diets, lifestyle
changes, medication, and surgery.? Yet, it is not clear what drives
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the immune dysregulation underpinning IBD pathogenesis. While
generally thought to involve the combination of intestinal micro-
biota and genetic susceptibility, we still do not fully understand the
mechanisms behind the dysregulation of pro- and anti-inflammatory
cytokines.?

Natural killer [NK] cells are an essential component of anti-
cancer and anti-viral immunity.** More recently, a role for NK cells
in the fight against bacterial and fungal infection has also been dem-
onstrated.® NK cells have immunomodulatory properties in vivo
during chronic inflammation and autoimmunity.**!° Their capacity
for secreting pro-inflammatory cytokines such as TNF-a and IFN-y
mean NK cells are important drivers for the polarization and ac-
tivation of other immune cells during inflammation.” Peripheral
blood NK cells obtained from IBD patients have impaired killing
capability and differential expression of killer cell immunoglobulin-
like receptors [KIRs]."-" Interestingly, the NK cell phenotype dif-
fers with location: gut-resident NK cells produce IFN-y but are less
cytotoxic and express lower levels of CD16 compared to cells in
the peripheral blood.”!* Understanding how NK cells behave in the
peripheral blood of IBD patients is important not only in terms of
understanding cell defects in the course of disease, but may also in-
form new therapeutic approaches for these patients.!

Human peripheral blood NK cells can be functionally divided
into two subsets based on the level of surface expression of CD56
[CD56%™ and CDS6™e cells].'® Approximately 90% of human
NK cells are accounted for by CD56¢™ cells.'* CD564™ cells are
strongly cytotoxic and express high levels of CD16. CD56 % cells
account for the remaining 10% of human NK cells in peripheral
blood; these cells weakly express CD16, but express many cyto-
kine receptors [e.g. [L2-R, IL-15-R, IL-12-R, IL-18-R, IL-21-R],
and produce large quantities of cytokines and chemokines upon
stimulation.!® Recently, it has been shown that these two NK cell
populations can be distinguished by their metabolic profile.!>!
Cell metabolism is not only important for ATP production, an es-
sential energy molecule for cell function, but has also been im-
plicated as a fine-tune regulator of NK cell effector functions.!”
After cytokine stimulation [e.g. IL-12 plus IL-15], CD56%™ NK
cells exhibit minimal metabolic activity as they are poised to kill
target cells with high basal levels of cytotoxic granules, whereas
cytokine stimulation promotes glucose uptake by CDS56brisht NK
cells and increased mammalian target of rapamycin 1 [mMTORC1]
activity, an important protein kinase that upregulates NK cell me-
tabolism.'” This metabolic adaptation is necessary for CDS56ish
cells to produce large quantities of [IFN-y.!” In other inflammatory
diseases, such as rheumatoid arthritis and obesity, alterations in
immunometabolism correlate with changes in immune cell pheno-
type and function.' The metabolic profile of NK cells isolated
from IBD patients during a flare is currently unknown, but it may
be possible to manipulate this, offering a new avenue for thera-
peutic intervention.

In the present study, we investigated the phenotype, function,
and metabolic status of NK cells isolated from peripheral blood of
patients with active IBD and compared this with those of healthy
controls. Our data show that patient NK cells have impaired cyto-
toxicity response, increased expression of IL-17 and TNF-a, and di-
minished cell metabolism compared to those obtained from healthy
controls. Cytokine stimulation of NK cells of IBD patients results
in reduced activation of mMTORC1 and impaired IFN-y production.
We demonstrate that these NK cells have defective mitochondrial
fitness, suggesting a link between metabolism and NK cell defects
in IBD patients.

2. Methods

2.1. Patients
Patients with biopsy-proven CD or UC and healthy controls were
recruited from a single tertiary referral center at the Centre for
Colorectal Disease [CCD], St Vincent’s University Hospital [SVUH].
Patients attending for routine clinical review with evidence of clin-
ical disease activity were invited to participate [z = 53]. In addition,
control samples were obtained from patients and volunteers without
IBD (=47, mean age 37 years [range 25-67], 55% female and
45% male). Informed consent was obtained from all participants
and the protocol was approved by the local research and ethics com-
mittee at SVUH. Active disease was defined using a validated clinical
scoring system (Partial Mayo Score [PMS] > 3] [in UC]J; or Harvey
Bradshaw Index [HBI] > 5] [in CD]) or evidence of disease activity
on recent stool [fecal calprotectin] or endoscopic evaluation. Disease
distribution and clinical characteristics are outlined in Table 1. The
majority of CD patients had an ileal or colonic disease location as
defined by the Montreal classification. The majority of UC patients
had left-sided or total colon [pancolitis] involvement of the disease.
Mean HBI and PMS was 5 in both groups, indicating patients with
active clinical disease. Fecal calprotectin was significantly elevated in
both CD and UC groups with median levels of 605 and 1000 pg/g,
respectively [normal < 15 pg/g].

The demographic and clinical characteristics of the analyzed pa-
tients are described in Table 1.

2.2. Cell isolation and cell culture
In total, 30 mL of blood was drawn into lithium-heparin tubes

[BD Bioscience] and peripheral blood mononuclear cells [PBMCs]

Table 1. Characteristics of patients included in the study

Characteristics CD UC/IBD-U
Number of patients n=27 n =26 [IBD-U = 2]
Age at assessment, years 39 [18-63] 30.5 [18-81]
[median, range]

Sex [M/F] 15/12 15/11
Disease extent?

L1 12

L2 4

L3 10

L4 4

Perianal N

Proctitis 2

Left sided 11
Pancolitis 13

HBI score, mean + SD 4.74 [£2.4]

PMS score, mean = SD 4.8 [+1.85]
Therapy [#]

5-ASA 2 13

Steroids 3 8

Biologics 16 13
Immunomodulators 3 6

Prior IBD surgery 10 1

Smoker 6 1 [+3 EX]

605 [38-1000] 1000 [18-1118]

Fecal calprotectin

[FCP], pg/g, median [IQR]

HBI, Harvey Bradshaw Index; PMS, Partial Mayo Score; 5-ASA,
S-aminosalicylic acid; IQR, interquartile range.

*Montreal classification of CD [L1: ileal, L2: colonic, L3: ileocolonic, L4:
upper gastrointestinal]
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were isolated by density gradient centrifugation using Lymphoprep
[Axis-Shield]. For Seahorse extracellular flux experiments, NK
cells were purified using the EasySep Human NK Cell Isolation Kit
[STEMCELL Technologies] as per the manufacturer’s instructions.
Cell viability was assessed by trypan blue exclusion. For overnight
cell stimulation experiments, 2 x 10¢ cellssmL. PBMCs were incu-
bated at 37°C for 18 h in RPMI 1640 Glutamax medium [Gibco,
Invitrogen| supplemented with 10% fetal calf serum and 1% peni-
cillin/streptomycin [Invitrogen]| and stimulated with IL-12 [30 ng/
mL] and IL-15 [100 ng/mL] [Miltenyi Biotec].

2.3. Cytotoxicity assay

For measurements of NK cell cytotoxicity, the calcein-AM release
assay was performed as previously described with minor changes.”
K562 target cells were stained with Calcein-AM [10 pM; BD
Pharmingen] at 37°C in 5% CO, for 30 min. Calcein-AM-stained
cells were thoroughly washed to remove excess dye. PBMCs and
stained K562 cells were co-cultured in triplicate at an effector-to-
target ratio [E:T] of 10:1 and 5:1. For maximum release [positive
control], stained target cells were lysed with 10% Triton-X solution.
Cells were incubated for 2 h at 37°C in 5% CO,. After the incuba-
tion period, the cell plate was gently centrifuged, and supernatant
was carefully aspirated and placed into a black 96-well plate, and
calcein-AM fluorescence was measured by a FLUOstar OPTIMA
Microplate Reader [BMG LABTECH]. When NK cells lyse target
cells, the fluorescent dye is released into the supernatant. Therefore,
fluorescence is proportional to the target cell killing calculated as
follows:

( x— Spontaneous release) x 100
(Maximum  release — Spontenous release)

2.4. Flow cytometry

For surface staining, cells were washed and stained for 20 min at 4°C
with saturating concentrations of the following antibodies: CD56
[REA196, NCAM 16.2], CD3 [SK7], CD71 [M-A172]; TRAIL
[REA1113]; and NKG2D [1D11], 2B4 [C1.7], CD94 [REA113],
NKp46 [9E2], NKp30 [P30-15], NKp44 [REA1163] [Miltenyi
Biotech, BD Pharmingen or Biolegend]. For intracellular staining,
stimulated cells were incubated for 3 h with the protein-transport
inhibitor Brefeldin A [Biolegend] prior to staining. For fixation
and permeabilization of the cells, the Cytofix/Cytoperm kit from
BD Pharmingen was used according to the manufacturer’s instruc-
tions. After fixation, cells were washed and stained for 30 min with
IFN-y [B27], Granzyme B [REA226], IL-17 [BL168], or TNF-a.
[Mab11] antibody. For the phospho-S6 ribosomal protein staining,
freshly isolated PBMCs were washed in FACS buffer and stained for
20 min for surface staining [CD56 and CD3]. After being washed
again, cells were fixed and permeabilized. Cells were incubated with
anti-phospho-S6 ribosomal protein Ser 235/236 [Cell Signaling
Technologies] for 30 min at 4°C. Live cells were gated according
to their forward scatter area [FSC-A] and side scatter area [SSC-
Al; single cells were gated according to their forward scatter width
[FSC-W] and FSC-A; and NK cells were identified as CD56* CD3-
cells. Samples were acquired via a FACS Canto II [Becton Dickinson]
and analyzed by Flow]Jo software [TreeStar].

2.5. Metabolism analysis

Measurement of cellular bioenergetics [respiratory activity| was per-
formed using the Seahorse extracellular flux analyzer [Agilent]. The
metabolic profiles of freshly isolated NK cells from IBD patients and

controls were assessed using the XFp Seahorse analyzer. In brief,
3 x 10° purified NK cells were allowed to adhere to an eight-well XF
cell culture microplate [Seahorse Biosciences] coated with Cell-Tak
[Corning]. Sequential measurements of oxygen consumption rate
[OCR, representative of OXPHOS] and extracellular acidification
rate [ECAR, representative of glycolysis] were made after the add-
ition of the inhibitors oligomycin [2 pM, ATP synthase blocker, used
to measure ATP turnover and to determine proton leak], carbonyl
cyanide-4-[trifluoromethoxy] phenylhydrazone [FCCP, 0.5 pM, a
mitochondria uncoupler, which allows calculation of the maximum
respiratory capacity], rotenone [100 nM, inhibitor of mitochondrial
complex I] plus antimycin A [4 uM, inhibitor of mitochondrial com-
plex III] were used to measure non-mitochondrial respiration and
2-deoxyglucose [2DG, 30 mM, a glycolysis inhibitor, which provides
a baseline ECAR measurement]. This allowed calculation of basal
mitochondrial respiration, maximal mitochondrial respiration, ATP
synthesis, basal glycolysis, glycolytic capacity, and OCR/ECAR ratio.

2.6. Mitochondria mass and mitochondria

membrane potential

Mitochondrial mass was measured via staining of cells for 30 min
with MitoTracker Green [100 nM; ThermoFisher] and mito-
chondria membrane potential analysis was performed by staining
cells with TMRM [tetramethylrhodamine, methyl ester, 0.1 pM;
ThermoFisher] for 30 min. After washing, cells were stained with
surface markers [CD56 and CD3] and live-dead aqua dye was used
to exclude dead cells [ThermoFisher].

2.7. Statistical analysis

GraphPad Prism 8.00 [GraphPad Software] was used for statistical
analysis. Unpaired, non-parametric data were compared using the
Mann-Whitney test. Two-way ANOVA with multiple comparisons
was performed when more than two data sets were being compared.

3. Results

3.1. NKcells from IBD patients have impaired

killing capability and abnormal phenotype

We analyzed the percentage of CD56"%#" and CD56™ NK cells in
the peripheral blood of IBD patients and healthy controls. We did
not observe a significant difference in CD56™#" cells [mean 7.4%
control vs 6.02% patient, p = 0.2] or CD56%™ cells [mean 88.98%
control vs 90.57% patient, p = 0.3] [Supplementary Figure 1A]. To
determine NK cell killing efficiency, we challenged NK cells from pa-
tients and healthy controls against the K562 cell line. We found that
NK cells obtained from IBD patients have defects in cellular cytotox-
icity, as they were unable to kill K562 cells at two different effector
to target cell ratios [Figure 1A]. This is in line with previous reports
by others.'-** However, we found no significant difference in levels
of granzyme B expressed by NK cells when comparing IBD patients
to controls [Figure 1B].

NK cells are an important source of IFN-y.#52122 We observed
no difference in basal levels of IFN-y production [data not shown]
when we compared NK cells isolated from IBD patients and con-
trols. To determine if NK cells from IBD patients have defects in the
production of IFN-y in response to stimulation, cells obtained from
patients and controls were incubated overnight in the presence of
IL-12 and IL-15. This cytokine stimulus induced IFN-y expression
by NK cells isolated from both patients and controls. However, we
noted that CD56"s NK cells of IBD patients produced significantly


http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab014#supplementary-data

NK Cell Metabolism in Inflammatory Bowel Disease 1319

A 5:1 10:1 B CDS6 Bright  CDS56 Dim
100 7 100 - — a6 9 | —
= .
X
L — [ ]
@
g 2 P T . -
S s0f B3 S 50 H = Lo
X X s 9] = ¥
° ° O L s [+
T T T T < T T T T
Control Patient Control Patient Control Patient Control Patient
@ Unstim
C W IL-12/1L-15
CDS56 Bright CD56 Bright i CD56 Di
100 T1g) 3 g 100 CD56 Dim 3 im
. E .. 80 3
x x 2
z > Lo >
+ E * 40 &
® = = - =1
=] 20 5 -
S . ) = z
Control Patient Control Patient Control Patient Control Patient
D CDS56 Bright CD56 Dim E CDS56 Bright CD56 Dim
600 - 1 8001 1
- - .
> . - 2 6001 . 1 .
T 400 : Z : =
==t . - . Lol = o % o
= : . = = 400 _i R B3 ==
Z 200 T = 7 = : == :
o w - 2001 A ; 1 H .
Control  Patient Control  Patient Control  Patient Control Patient
CDS56 Bright CD56 Dim CDS56 Bright CD56 Dim
25 1 B 1 251 B -
| |
20 A1 . g 201 , X
- 15 1 . Z 151 : 1
= . : = : :
10 1 T ] * 101 _I_ .
c;‘: + . = 10 .
o TS R R 51 g o
P oA P R = BN WP
Control  Patient Control  Patient Control  Patient Control Patient
F CDS56 Bright CD56 Dim
25 - _
20 . 1
= .
A 15 1 - 1
U -
+ 10 4 . % 1 —
EN : : .
° : . ;#O-v nmn
Control  Patient Control  Patient

Figure 1. NK cells from IBD patients have cytotoxic defects and altered phenotype. [A] Different effector to target [E:T] ratios of freshly isolated PBMCs from
IBD patients and controls were incubated with K562 cells stained with Calcein-AM. Cytotoxicity was detected by quantification of fluorescence released in the
media. Left: E:T ratio of 5:1; right: E:T ratio of 10:1 [n = 4-6]. [B] Flow-cytometry analysis of the production of granzyme B (mean fluorescence intensity [MFI])
of freshly isolated CD56"¢" cells and CD56™ cells from patients and controls [n=12-16]. [C] Frequency and expression [MFI] of IFN-y on CD56"ris" cells [left
panel] or CD56¢™ cells [right panel] from patients and controls left unstimulated or stimulated for 18 h with IL-12 plus IL-15 cytokine combination [n = 14]. [D]
Expression [MFI] of IL-17A [upper panel] and frequency [lower panel] of CD56 " and CD56¢™ cells of patients and controls [n=17]. [E] Expression [MFI] of
TNF-a [upper panel] and frequency [lower panel] of CD56" and CD56™ cells of patients and controls [n = 11]. [F] Frequency of CD71 expression on CD56"e"
cells and CD569™ cells of patients and controls [n=13]. Bars show the average value + SEM. Samples were compared using a Student t test or two-way ANOVA
as appropriate. *p < 0.05, **p < 0.01, ***p < 0.001.
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lower levels of IFN-y compared to those of healthy controls [Figure
1C; Supplementary Figure 1B].

Next, we investigated if NK cell expression of the pro-
inflammatory cytokines IL-17A and TNF-a differs between patients
and controls as both have been implicated in the pathogenesis of
IBD.?® IBD patient NK cells [both CD56#" and CD56™] had sig-
nificantly increased expression of both IL-17A and TNF-a [Figure
1D, EJ.

We further evaluated the phenotype of NK cells freshly isolated
from peripheral blood of IBD patients. NK cells possess various sur-
face receptors that activate or inhibit NK cell function and cyto-
toxicity. A balance between these receptors is required to maintain
NK cell tolerance toward normal cells. We found that the frequency
and/or expression of many surface receptors related to activation of
NK cell function such as TRAIL, NKG2D, 2B4 [CD244], NKp46,
NKp30, NKp44, or inhibition-like CD94 were similar when we
compared the patients and controls in our cohort [Supplementary
Figure 2A-G].

Anemia is a common extraintestinal manifestation of IBD pa-
tients and lymphocytes require iron uptake for their immune cell
functions.”*?> We therefore analyzed the expression of CD71, the
transferrin receptor which is highly expressed on activated NK
cells.'”?¢ Interestingly, we found that both CD56>" and CDS56™
cells from patients have increased basal expression of CD71 com-
pared to controls [Figure 1F].

Collectively, these findings show that IBD patient NK cells have
reduced cytotoxicity and a dysregulated pattern of cytokine secre-
tion, reduced IFN-y production, but elevated TNF-a and IL-17A.
CD71 in NK cells is regulated by mTORC1,'” so we hypothesized
that NK cells from IBD patients may have disrupted metabolic
signaling.

3.2. NK cells from IBD patients have dysregulated
mTORC1 activity

The protein kinase mMTORC1 is required for optimal NK cell cytotox-
icity and cytokine production.!”???7 Given the defects we observed in
patient NK cells [Figure 1], we investigated mMTORC1 activity in these
cells by measuring phosphorylation of S6 protein [pS6], a down-
stream target of mMTORCT1 signaling. Figure 2 shows that freshly iso-
lated NK cells from IBD patients have significantly elevated basal
levels of mTORCI1 activity compared to those of healthy controls.
pS6 levels were significantly elevated in both CD56¢™ and CDS56brisht
cells of IBD patients [Figure 2A, B]. Following overnight culture in
the presence of IL-12 and IL-15, healthy control CD56" e NK cells
had significantly upregulated levels of pS6 compared to patient cells
[Figure 2C left panel]. Though IBD CD56%™ NK cells have elevated
basal pS6 levels, this was not further augmented following in vitro
cytokine stimulation [Figure 2C right panel]. Our data showing dif-
ferences in IBD patients and controls in NK cell expression of pS6
suggest that NK cells from IBD patients have aberrant mTORC1
activity and altered responses to cytokine stimulation.

3.3. NKcells from IBD patients have defective
metabolism

We have demonstrated that NK cells isolated from IBD patients
have impaired killing, dysregulated cytokine production, and altered
mTORCT1 activity. Therefore, we investigated whether peripheral
blood NK cells from IBD patients have a different metabolic profile
compared to healthy controls. To investigate metabolic changes, NK
cells were freshly purified from PBMCs and glucose metabolism was
assessed before or after injections of oligomycin, FCCP, antimycin
A, and 2-DG, which are specific inhibitors of mitochondria function
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Figure 2. Impaired mTORC1 activity in NK cells from IBD patients. Freshly
isolated PBMCs were analysed for pS6 levels by intracellular flow cytometry
staining. [A,B] Representative histogram [A] and collective data [B] are shown
for NK cells stratified into CD56"¢" and CD56%™ cells [n = 15]. [C] PBMCs were
stimulated for 18 h with IL-12 plus IL-15 or left unstimulated. Cells were then
analyzed for pS6 levels by intracellular flow cytometry staining. NK cells
were stratified into CD56¢" [right panel] and CD564™ cells [left panel]. Bars
show the average value + SEM. Samples were compared using a Student t
test or two-way ANOVA as appropriate. *p < 0.05, **p < 0.01, ***p < 0.001.

or glycolysis. Our data show that NK cells from IBD patients have
a significant decrease in OXPHOS [basal respiration] and no sig-
nificant changes in maximal respiration when compared to controls
[Figure 3A, C, D]. Limited respiration correlated with diminished
ATP production under basal conditions [Figure 3E]. No significant
differences in basal glycolysis and glycolytic capacity were observed
[Figure 3B, E, G]. In addition to the defects observed in OXPHOS,
our data indicate that IBD NK cells have an altered balance be-
tween OXPHOS and the glycolysis pathways [Figure 3H]. Together,
these metabolic analyses suggest that NK cells from IBD patients
rely mostly on glycolysis rather than mitochondrial respiration,
indicating a distinct NK cell bioenergetic program in IBD.

3.4. Defective mitochondria activity in NK cells

from patients with IBD

As NK cells from IBD patients displayed significant defects in
OXPHOS, we further investigated the properties of mitochondria
in CD56M and CDS56%™ NK cells from these patients. In line with
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Figure 3. NK cells from IBD patients have an abnormal metabolic profile. PBMCs were freshly isolated from IBD patients [two patients with CD, one patient with
UC and one patient with IBD-unclassified] or controls, and NK cells were purified. Detailed metabolic analysis was performed using the Seahorse extracellular
flux analyzer. [A,B] Representative traces for the oxygen consumption rate [OCR] and extracellular acidification rate [ECAR]. [C-H] Pooled data for OXPHOS
[C], maximal respiration [D], ATP production [E], glycolysis [F], glycolytic capacity [G], and OCR and ECAR ratio [H] [n = 4]. Bars show the average value + SEM.

Samples were compared using a Student t test. *p < 0.05.

the defects in OXPHOS, freshly isolated NK cells from IBD patients
show decreased mitochondrial mass [as indicated by MitoTracker
Green staining; Figure 4A], while no significant differences were
observed in mitochondrial membrane potential [as indicated by
TMRM staining; Figure 4B]. Overnight culture of NK cells with
IL-12 and IL-15 revealed important differences in mitochondrial
mass and membrane potential between IBD patients and controls.
CDS56bishe NK  cells significantly upregulate their mitochondria
mass and polarization compared to CD56¢™ NK cells [Figure 4C,
D]. When we compared the changes in the properties of mitochon-
dria between NK cells from patients and controls, we observed that
CDS56"ish NK cells from IBD patients have impaired upregulation of
mitochondria mass and membrane potential in response to cytokine
stimulation [Figure 4C, D]. Together, these data indicate significant
defects in the mitochondria of patient-derived NK cells, which have
reduced mass and do not alter their membrane potential in response

to cytokine signals.

4. Discussion

NK cells are key immune cells in the fight against infection and
cancer. They can directly kill pathogens as well as modulate the in-
nate and adaptive immune response.'> The exact role of NK cells in
the pathogenesis of IBD is not clear. In the inflamed gut tissue of IBD
patients, NK cells are normally described as innate lymphoid cells
[ILCs] and are recognized as inflammation promoters with a distinct
phenotype and cell lineage origin compared to the NK cells found in
peripheral blood or other solid organs.”*?® In the present study, we
focus on investigating metabolic and phenotypic alterations of circu-
lating NK cells, also termed conventional NK cells.™

We now understand that immunity and metabolism are inex-
tricably linked. Referred to as immunometabolism, this growing
scientific field aims to investigate changes in metabolic pathways
associated with specific cell behaviors and how these changes can
be targeted to regulate immune cell function and potentially treat
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Figure 4. Mitochondria from NK cells of IBD patients have inadequate mitochondria activity. Freshly isolated PBMCs from patients and healthy donors were
stained with MitoTracker Green [100 nM] and TMIRM [100 nM] for 30 min and analysed by flow cytometry. [A] Representative histogram [left panel] and pooled
data of NK cells stratified into CD569" and CD56™ cells stained with MitoTracker Green [n = 11]. [B] Representative histogram [left panel] and pooled data of
NK cells stratified into CD56¢" and CD56%™ cells stained with TMIRM [n = 10]. [C,D] PBMCs were stimulated for 18 h with IL-12 plus IL-15 or left unstimulated.
Cells were then analyzed for mitochondria activity by flow cytometry staining. [C] NK cells were stratified into CD569" [right panel] and CD564™ cells [left panel]
and MitoTracker Green intensity was detected [n = 12]. [D] NK cells were stratified into CD56" 9" [right panel] and CD56™ cells [left panel] and the expression of
TMRM was determined [n = 8]. Bars show the average value + SEM. Samples were compared using a Student t test or two-way ANOVA as appropriate. *p < 0.05,

*%p<0.01, ***p < 0.001.

a variety of diseases.'® Our study, which clearly demonstrates de-
fects in NK cell immunometabolism in IBD patients, highlights the
urgent need to further explore metabolic defects of different cell
types in IBD patients to clarify if this may be a future therapeutic
avenue. For instance, methotrexate, which is sometimes used to treat
CD, limits immune cell function through regulation of cell metab-
olism signaling and nucleotide synthesis.'® Drugs limiting immune
cell metabolism may be beneficial to control a flare, but persistent
metabolic inhibition may favor secondary infections or even cancer
development.”

In our study, we investigated the two main NK cell subpopulations
found in the peripheral blood of humans: CD56#" and CDS564™
cells.” Our aim was to investigate NK cells in the circulation of IBD
patients with active disease based on HBI/PMS score values and to
detect cytotoxic, phenotypic, and metabolic alterations. Peripheral
blood-derived NK cells of IBD patients have defective cytotoxicity
effector function.!?%% To kill K562 cells, NK cells require direct
contact, microtubule-organizing center [MTOC] formation, and

proper lysosome polarization.’* In line with previous studies on
freshly isolated cells, we observed that cells from the peripheral
blood of IBD patients were unable to kill K562 cells when compared
to controls, despite expressing normal levels of granzyme B.!-203 We
also observed significant defects in mitochondria function and ATP
production in patient-derived NK cells which could be related to de-
fective killing, as mitochondria clustering and microtubule network
relocation together with MTOC towards the immune synapse are
required for effective target cell killing.?!33-3

We found that peripheral blood NK cells isolated from IBD
patients had elevated basal expression of the transferrin receptor
CD71 and increased IL-17 and TNF-o. production but diminished
IFN-y expression after cytokine stimulation. Reduced IFN-y pro-
duction but increased expression of other pro-inflammatory cyto-
kines supports the hypothesis that these cells are receiving signals,
probably factors circulating in the serum of patients, supporting NK
cell dysregulation.!! We focus on IFN-y production by NK cells in
response to a combination of IL-12/IL-15, cytokines derived from
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innate immune cells which are normally used to activate human NK
cells in vitro. Studies exploring IFN-y production by NK cells iso-
lated from IBD patients with different cytokines have reported dif-
ferent results. Liu et al. demonstrated that IL-21R-positive NK cells
were significantly increased in the peripheral blood of IBD patients
and produce high levels of IFN-y and TNF-a after IL-21 stimula-
tion.’ Although IL-21 and IL-15 share the (3 chain of the IL-15
receptor, IL-21 phosphorylates different signaling pathways and pro-
motes an increase in NK cell IFN-y production whereas, in contrast
to IL-15, it has no impact on NK cell viability.’” The impact of IL-21
on NK cell metabolism is not clear, and IL-21 also has a complex
role in promoting and regulating intestinal inflammation that should
be investigated and tackled with care.’®* It would be necessary to
further investigate the impact of different cytokines on metabolism
and function of NK cells from IBD patients to support the discovery
of novel targets to limit NK cell pro-inflammatory cytokine produc-
tion in IBD. 134041

Efficient NK cell metabolism is necessary to meet the biosynthetic
and energetic demands associated with large amounts of IFN-y pro-
duction upon activation=.*'-* However, in our hands, patient-derived
NK cells have reduced mitochondria mass and limited production
of IFN-y. This finding agrees with previous data indicating that
OXPHOS is important for NK cell IFN-y production.'” Limited
production of IFN-y by circulating NK cells is associated with in-
creased cancer and infection risk, both of which are observed in IBD
patients.$4445

Molecular evidence of metabolic defects in NK cells and other
lymphocytes isolated from IBD patients is lacking. Because of the
large amounts of NK cells necessary for the metabolic analysis,
precluding the stratification of CD56>sh and CD56¢™ NK cells, the
present results portray an overall change in NK cell metabolism.
Our results demonstrate that NK cells from IBD patients together
with their defective function also have abnormal metabolism.* To
complement the metabolic data, analyses of mitochondria mass and
mitochondria polarization were performed. We found that NK cells
from IBD patients rely on glycolysis while enduring limited mito-
chondria function. Freshly isolated patient NK cells demonstrated
reduced mitochondrial mass. Upon cytokine stimulation, patient NK
cells were incapable of increasing mitochondrial mass and polarizing
adequately like control NK cells. An important observation in our
data regarding the basic biology of NK cells was the difference in
mitochondria behavior between CD56" ! and CD564™ cells after
cytokine stimulation. Mitochondria from CD356™e" cells preferen-
tially upregulated mitochondrial mass and polarization in response
to cytokines when compared with CD564™ cells. These data are fur-
ther supported by the knowledge that CD56"s cells are more meta-
bolically active than CD564™ cells.!”

Our data resemble, in some ways, the defects observed in NK
cells and other lymphocytes during chronic inflammatory disease
such as cancer, obesity and rheumatoid arthritis~.2%?>4-% In these
chronic diseases, NK cells are metabolically exhausted, and have
aberrant mTORCI1 signaling and impaired mitochondrial plasticity.
These NK cell defects correlate with susceptibility to infection and
reduced anti-tumor activity.*®

mTORCT activity is regulated by growth factors, cellular en-
ergy, and stress.’! Cytokine stimulation upregulates human NK cell
mTORCT1 activity, which is important for effector functions.!” Our
data indicate that both CD56"s" and CD56%™ cells from IBD pa-
tients have elevated basal levels of mMTORC1 activity, as determined
by measuring phosphorylation of S6 protein. To further investigate

defects on mTORC1 signaling, patient and control NK cells were
stimulated overnight with cytokines. Our data revealed that pSé6
levels were reduced in NK cells from IBD patients. Patient CD 56k
cells were unable to upregulate pS6 at the same magnitude as control
CDS56bishe cells. Furthermore, after overnight incubation with IL-12/
IL-15, patient CD564™ cells still expressed higher levels of mMTORC1
activity compared to controls. This aberrant mTORC1 activity is
also observed in NK cells isolated from cancer patients and individ-
uals with obesity. The precise reason for this is unknown, but one
possible explanation is that accumulation of lipids in NK cells in-
hibits mMTORCT1 signaling.?"*> mTORCT1 is known to regulate mito-
chondria function through control of translation and transcription
of different metabolic genes such as PGC-1a, an important regulator
of mitochondrial biogenesis and OXPHOS.’' PGC-1a is important
for optimal NK cell effector functions and its expression may be al-
tered in NK cells of IBD patients.’?

Our cohort included patients with active CD or UC who were
receiving different medications, enabling an overall view of NK cell
phenotype in IBD. Further investigation on the functional role of NK
cells in IBD is necessary. NK cells from IBD patients with microbial
dysbiosis and increased viral loads should also beinvestigated based
on the importance of these cells in the elimination of pathogens.”*?
A larger cohort of CD and UC patients is essential to identify po-
tential differences between NK cells of these two conditions that
differ not only genetically but also in their inflammatory responses.’
Additionally, differences in the phenotype of NK cells isolated from
treatment-naive patients vs patients receiving a specific treatment will
also give valuable information about the role of NK cells in IBD.'>%*

Although we observed no difference in NKG2D expression
by NK cells isolated from the peripheral blood of IBD patients
[Supplementary Figure 2B], an IBD treatment using anti-human
NKG2D antibody is promising. Allez ez al. observed significant pa-
tient improvement after week 12 of anti-NKG2D antibody treatment
without significant adverse events.”> NKG2D is expressed by both
T cells and innate lymphoid cells. NKG2D* lymphocytes located
in the inflamed gut correlate with inflammation, but most of these
NKG2D-expressing cells seem to be CD8* T cells.’® Investigations
of NK cells in tissue have shown NKG2D expression to be highly
variable, although some interesting correlations were found. For in-
stance, increased expression of NKG2D by NK cells correlated to
C-reactive protein.*® A deeper understanding of NK cell biology in
IBD may help progress the NKG2D antibody and other NK cell-
targeted therapies into the clinic.

In conclusion, we have demonstrated phenotypic and metabolic
defects of NK cells isolated from the peripheral blood of IBD patients
with active disease. Identifying novel ways to stratify ILCs from con-
ventional NK cells in IBD research will support understanding of IBD
pathogenesis and potential development of personalized therapies.*
Further understanding of the role of NK cells in IBD may yield new
interventions to limit inflammation and problematic consequences in
patients receiving long-term immunomodulatory treatments.’’
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