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Adoptive transfer of allogeneic NK cells holds great promise for cancer immunotherapy. There is a variety of protocols to expand

NK cells in vitro, most of which are based on stimulation with cytokines alone or in combination with feeder cells. Although IL-15 is

essential for NK cell homeostasis in vivo, it is commonly used at supraphysiological levels to induce NK cell proliferation in vitro. As

a result, adoptive transfer of such IL-15–addicted NK cells is associated with cellular stress because of sudden cytokine withdrawal.

In this article, we describe a dose-dependent addiction to IL-15 during in vitro expansion of human NK cells, leading to caspase-3

activation and profound cell death upon IL-15 withdrawal. NK cell addiction to IL-15 was tightly linked to the BCL-2/BIM ratio,

which rapidly dropped during IL-15 withdrawal. Furthermore, we observed a proliferation-dependent induction of BIM short, a

highly proapoptotic splice variant of BIM in IL-15–activated NK cells. These findings shed new light on the molecular mechanisms

involved in NK cell apoptosis following cytokine withdrawal and may guide future NK cell priming strategies in a cell therapy

setting. The Journal of Immunology, 2019, 202: 736–746.

N
atural killer cells are commonly referred to as innate
lymphocytes that display strong cytolytic potential in
the absence of prior sensitization (1). However, the ac-

quisition of functional potential is dependent on exposure to ho-
meostatic cytokines, as illustrated by the priming of naive NK
cells through transpresentation of IL-15 by dendritic cells (2, 3).
Cytokine stimulation rapidly induces enhanced effector function
in NK cells (4–6), suggesting that all NK cells have an intrinsic
ability to reach a cytolytic phenotype given sufficient stimulation.
This holds true even from the early stages of differentiation in the
complete absence of both positive and negative receptor input (7).
The most important homeostatic cytokine during NK cell devel-
opment and for survival in the periphery is IL-15 (8–10). IL-15
induces robust NK cell proliferation, NK cell differentiation,

upregulation of granzyme B, and increases effector responses,
including cytokine production and degranulation (5, 7, 11, 12).
The multifaceted role that IL-15 plays in NK cell homeostasis,

activation, and differentiation has been linked to the induction of

different downstream pathways dependent on the cytokine con-

centration (13). Whereas low doses of IL-15 induced the STAT5
pathway, ensuring development and survival, high doses induced

the mammalian target of rapamycin (mTOR). mTOR activation

increased the cell’s metabolic activity, switching from primarily

using oxidative phosphorylation to glycolysis, a process termed
metabolic reprogramming (14). This switch in energy source ap-

pears necessary to maintain effector potential.
In the clinical setting, cytokines are used to prime NK cells for

adoptive cell therapy to enhance cytolytic potential and to ensure

sufficient numbers through the induction of proliferation. Supra-
physiological levels of various cytokines, including IL-2, IL-15,

IL-12, IL-18, and combinations thereof, are often used during

in vitro expansion (15). However, because of severe side effects,

these high doses of cytokines cannot be administrated to patients

to further support expansion in vivo (16–19). Consequently, NK
cells experience a strong reduction in cytokine concentration upon

adoptive transfer, which can severely affect their functional po-

tential, survival, and long-term engraftment (20). Although we

largely lack immunobiological correlates of good outcomes in NK
cell trials, a common denominator for success appears to be

in vivo persistence and expansion of donor-derived NK cells (21).

In high-risk or refractory acute myeloid leukemia patients treated

with IL-2–activated, haploidentical NK cells, persistence and ex-

pansion of donor NK cells were associated with higher rates of
complete remission and increased progression-free survival (22,

23). Furthermore, in refractory non-Hodgkin lymphoma patients,

the response to adoptive NK cell therapy has been linked to levels

of endogenous IL-15 at the day of NK cell infusion (19). The need

for in vivo expansion of adoptively transferred NK cells highlights
the importance of understanding the mechanisms regulating NK

cell homeostasis and the cell fate after sudden deprivation of high

cytokine concentrations.
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Recently, Mao et al. (20) reported that NK cells primed with a
short pulse of IL-15 were better at surviving and sustaining cytolytic
activity upon cytokine withdrawal compared with IL-2–primed NK
cells. IL-15 has been shown to enhance NK cell survival through the
complex interaction of BCL-2 family members (24). Indeed, the
improved survival in IL-15–primed NK cells compared with those
primed with IL-2 was linked to STAT5-dependent upregulation of
BCL-2, whereas the sustained cytolytic activity upon cytokine
withdrawal was attributed to enhanced mTOR signaling upon IL-15
priming. However, it remains unclear how prolonged exposure to
IL-15 and induction of proliferation influence the expression and
dynamic balance of pro- and antiapoptotic molecules in discrete NK
cell subsets. The BCL-2 family members can be divided into three
groups, the antiapoptotic, proapoptotic effector, and BH3-only
proteins, which, together, effectively control the intrinsic apopto-
sis pathway. The antiapoptotic BCL-2 family members (MCL-1,
A1, BCL-XL, and BCL-2 itself) inhibit apoptosis by binding pro-
apoptotic proteins, like the BH3-only proteins BIM, NOXA, or
PUMA (25). These proapoptotic BH3-only proteins can either di-
rectly or indirectly (by reducing the availability of antiapoptotic
proteins) activate the proapoptotic effector proteins BAX and BAK
(26). Once these two major players of the intrinsic apoptosis
pathway are activated, they oligomerize and permeabilize the outer
mitochondrial membrane, leading to the release of cytochrome c
into the cytoplasm and subsequently to the activation of executor
caspases (27).
In this study, we investigated the dynamic regulation of pro-

and antiapoptotic molecules during IL-15–induced proliferation/
activation and subsequent withdrawal. Our data reveal a dose-
dependent addiction to IL-15 that correlated with the degree of
proliferation achieved during the in vitro expansion phase. This
addiction resulted in increased susceptibility to apoptosis upon
sudden IL-15 withdrawal and correlated with an altered expres-
sion of anti- and proapoptotic BCL-2 family members. In partic-
ular, we found that the highly proapoptotic BIM short (BIM S)
splice variant accumulated in NK cells exposed to high concen-
trations of IL-15, suggesting a mechanism by which these cells are
prone to rapid apoptosis. These results shed new light on the
molecular mechanism of cytokine addiction in human NK cells
following IL-15–driven expansion.

Materials and Methods
Reagents and cell lines

Abs were purchased for CD57 FITC/PE, streptavidin BV785, BCL-2
AF647, TIM-3 BV785 from BioLegend; for CD178 FITC from Thermo
Fisher Scientific; for CD3 V500, CD14 V500, CD19 V500, anti-IgM
BV650, CD253 biotin, PD1 APC, MCL-1 purified from BD Bioscience;
for CD56 ECD from Beckman Coulter; for CD57 functional grade purified
from eBioscience; for BIMAF647 and BCL-XLAF647 fromCell Signaling
Technologies; and for NKG2A PE-Vio770, KIR2D biotin, and KIR3DL1/2
biotin from Miltenyi Biotec. The MCL-1–purified Ab was labeled with an
AF647 Antibody Labeling Kit from Life Technologies accordingly to the
kit’s instructions. The BCL-2 family member inhibitor ABT-199 was
purchased from Santa Cruz Biotechnology and the MCL-1 inhibitor
S63845 from Selleckchem (28). Pacific Orange and Pacific Blue succini-
midyl ester were bought from Thermo Fisher Scientific. K562 cell line
from American Type Culture Collection was cultured in RPMI 1640 media
with antibiotics (penicillin/streptomycin; Sigma-Aldrich) and 10% heat-
inactivated FCS (Sigma-Aldrich) at 37˚C.

NK cell isolation and culture

Buffy coats from random healthy blood donors were purchased from the
Oslo University Hospital Blood Bank with donor informed consent. Using
density gravity centrifugation (Lymphoprep; Axis-Shield Diagnostics) and
fretted spin tubes (SepMate; Stemcell Technologies), PBMCs were iso-
lated and used for NK cell isolation. NK cells were isolated from PBMCs
using an NK Cell Isolation Kit and an autoMACS Pro Separator (Miltenyi

Biotec). Freshly isolated NK cells were labeled with the CellTrace Violet
or CFSE dye for cell proliferation analysis according to the kit’s instruc-
tions (Molecular Probes). CTV/CFSE-labeled NK cells were cultured
in RMPI 1640 media (Sigma-Aldrich) with antibiotics (penicillin/
streptomycin; Sigma-Aldrich) and 10% human, heat-inactivated AB se-
rum (Trina Bioreactives) plus 10 or 1 ng/ml IL-15 (Miltenyi Biotec) for 6 d
at 37˚C. On days 2 and 4, the medium was replaced with fresh medium and
IL-15. After 6 d, cells were harvested, washed, and counted. Cells were
either used for analysis or incubated further for up to 48 h in medium with
or without the prior IL-15 dose at 37˚C.

Flow cytometry staining

Freshly isolated or IL-15–treated NK cells were stained in staining buffer
(PBS plus 2% FCS plus 2 mM EDTA) with various Ab combinations and a
dead-cell marker (LIVE/DEAD Fixable Near-IR or Aqua Dead Cell Stain
Kit; Life Technologies). Cells were fixed afterward in 2–4% paraformal-
dehyde and either directly analyzed at a LSR II flow cytometer instrument
(Becton Dickinson) or stained for intracellular proteins after per-
meabilization with 100% methanol at 220˚C.

Data were analyzed using the FlowJo V10.0.8 software (Tree Star). The
gating strategy is illustrated in Supplemental Fig. 1A, 1B.

Confocal microscopy staining and analysis

IL-15–treated NK cells were attached to a coverslip labeled with Cell-Tak
Cell and Tissue Adhesive (Corning) and fixed using 4% paraformaldehyde
with 0.2% saponin (Sigma-Aldrich). The cells were stained in a confocal
microscopy-staining buffer (PBS plus 2% FCS plus 0.2% saponin) with
either anti–IL-15Ra (APC; BioLegend) or a nontarget Ab (anti-mouse IgG
Alexa Fluor 647; Invitrogen). ProLong Gold Antifade mounting media
containing DAPI nuclear stain (Invitrogen) was used to mount the cells on
slides. Imaging was done on a Zeiss LSM 710 confocal microscope, and
ImageJ was used for quantification of signal intensities.

Barcoding and BCL-2 family member staining

To improved staining quality of intracellular proteins and to reduce the
amount of Abs used, differently treated NK cells were labeled after
methanol permeabilization with a unique dilution combination of the two
dyes Pacific Blue and Pacific Orange (Life Technologies). Afterwards, cells
were collected together and stained for various surface markers and in-
tracellular BCL-2 family member proteins. An example of the gating
strategy for IL-15–treated NK cells, which have been stained with BCL-2,
is illustrated in Supplemental Fig. 1C. To compare the expression intensity
of BCL-2 family members between different NK cell donors across mul-
tiple experiments, the mean fluorescence intensity values were normalized
to NK cells isolated from a reference donor included in each fluorescent
barcoding experiment.

Analyzing NK cell proliferation

To analyze the increase in NK cell numbers upon IL-15 treatment, their
numbers were measured at the start of the IL-15 treatment and after 6 d.
Flow-Count Fluorospheres (Beckman Coulter) or CountBright Absolute
Counting Beads (Thermo Fisher Scientific) were used to calculate the NK
cell numbers per microliter and a ratio between the NK cell numbers on day
6 and at the start of the IL-15 treatment was calculated. The analysis for fold
change in NK cell numbers upon continuous IL-15 treatment after 6 d or
IL-15 withdrawal was done accordingly.

To analyze the degree of cell proliferation during the 6-d IL-15 treatment,
CTV/CFSE dilution was measured on day 6 by flow cytometry. Afterwards,
the replication index (fold expansion over culture time of proliferating cells;

RI ¼ +i
1Ni

+i
1

Ni
2i

, with i = generation number, and Ni = number of events in

generation i) was calculated (29).
Analysis of viable NK cells upon treatment with BCL-2 family member

inhibitors was done by culturing IL-15–treated NK cells for an additional
48 h with or without IL-15 in the presence or absence of 10 mM ABT-199
or 1 mM S63845. NK cell viability was evaluated using a dead-cell marker
(LIVE/DEAD Fixable Dead Cell Stain Kit; Life Technologies).

Measuring caspase-3 activity

NK cells were cultured for a duration of 6 d with 10 or 1 ng/ml IL-15,
followed by a varying period of continued culture (up to 48 h) with or
without the prior IL-15 dose. One hour before the end of the culture, the
caspase-3 inhibitor DEVD-FMK conjugated to FITC (Caspase-3 Active
FITC Staining Kit; Abcam) was added to the culture to label cells with
active caspase-3 activity. Cells were harvested and stained for NK cell
surface marker and analyzed by flow cytometry.
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Western blotting

NK cells were harvested, washed twice with ice-cold PBS and lysed in
50–100 ml radioimmunoprecipitation assay buffer plus protease/phosphatase
inhibitors (Thermo Fisher Scientific) for 15’ on ice and then stored at280˚C.
Protein lysates were thawed, and the protein concentration was evaluated
using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Pro-
tein lysates were cooked at 90˚C for 59 with NuPAGE LDS Sample
Buffer (Thermo Fisher Scientific). Ten micrograms protein were loaded
onto a NuPAGE Novex Bis-Tris 12% Mini Gel (Life Technologies) and
run for 45–60’ at 150 V. Afterwards, a wet blotting transfer was done
onto a 0.2 mm PVDF membrane (Life Technologies) for 90’ at 4˚C and
100 V. The membrane was blocked for 1 h in TBST buffer (13 TBS plus
0.1% Tween 20) plus 5% BSA and incubated with the BIM Ab (clone:
C34C5, 1:1000; Cell Signaling Technologies) overnight. Next day, the
membrane was washed 33 with TBST buffer and incubated for 1 h at room
temperature with an anti-rabbit HRPAb (1:3000; Dako). The membrane was
washed three times with TBST buffer, visualized with a Pierce ECLWestern
Blotting Substrate (Thermo Fisher Scientific) at a ChemiDoc machine (Bio-
Rad Laboratories) and acquired with the ImageQuant software. The staining
for actin B was done accordingly. The analysis was performed using ImageJ
(National Institutes of Health).

Peggy Sue instrument

To analyze BCL-2 family members in sorted NK cells, capillary electro-
phoresis and immunodetection of proteins were performed in the Simple
Western system Peggy Sue using the 2–40-kDa-sized separation kit. Cells
were lysed in radioimmunoprecipitation assay buffer plus protease/
phosphatase inhibitors (Thermo Fisher Scientific) for 15’ on ice and
stored at 280˚C. Protein lysates were thawed, and the protein concentra-
tion was evaluated using a Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). For each sample, 0.2 mg/ml protein lysates were used. Primary
Abs were diluted 1:50, and ready-made secondary Abs were used from
ProteinSimple. Protein lysates and reagents were pipetted into a 384-well
plate, centrifuged at 2000 3 g for 59, and put into the Peggy Sue machine.
Experimental setup and data analysis were done using the Compass
Software (ProteinSimple).

RNA sequencing

Freshly isolated NK cells and 5-d IL-15–stimulated NK cells were sorted
into three subsets (NKG2A+KIR2CD572, NKG2A2KIR+CD572, and
NKG2A2KIR+CD57+CD38low/NKG2C+) using a FACSAria (BD Biosci-
ence) at 4˚C. Day 5 cells were further sorted into proliferating cells
(generation 1) using CellTrace Violet staining. RNA was isolated, and the
library was prepared using the Illumina NeoPrep Library Prep System.
NextSeq (Illumina) (single read, 75 bp) was used for sequencing, and
Bowtie (version 2.0.5.0) and TopHat (version 2.0.6) were used to carry out
the read alignment. Cufflinks (version 2.1.1) was used to estimate the
transcript abundance. Values from the individual subsets (fragments per
kilobase of transcript per million mapped reads) were pooled for a global
analysis comparing baseline (day 0) to proliferating (day 5). The log2 fold
change and adjusted p value were used for visualization in the volcano
plot.

Statistical analysis

For the comparison of single matched groups or populations, a Wilcoxon
test was used. AWilcoxon signed rank test was performed when calculating
the statistical significance of a given median to a hypothetical value. For
comparing multiple matched groups with each other, a one- or two-way
ANOVA test was done. Statistical significance values are as follows:
*p , 0.05, **p , 0.01, ***p , 0.001, and ****p , 0.0001. Analysis was
performed using the GraphPad Prism software.

Results
Experimental model to study IL-15–induced addiction at the
subset level in primary NK cells

To study the molecular consequences of cytokine-induced addiction
and withdrawal, primary human NK cells were stimulated with either
high- (10 ng/ml) or low-dose (1 ng/ml) IL-15 for 6 d in vitro. After 6 d,
NK cell numbers increased significantly in high-dose IL-15–treated
cells (Fig. 1A), reflected in a stronger CTV dilution and higher
replication index than those treated with low-dose IL-15 (Fig. 1B,
1C). Notably, IL-15 stimulation was associated with upregulation of

IL-15Ra, which is crucial for efficient transpresentation of IL-15
(Fig. 1D–F) (30). NK cells can be divided into various subsets
based on their expression of NKG2A, KIRs, and CD57, which define
their level of differentiation (6). Although treatment with both con-
centrations of IL-15 increased the fraction of NKG2A+ NK cells and
decreased the fraction of the more differentiated CD57+ NK cells, this
effect was more pronounced in high-dose IL-15–treated NK cells.
Furthermore, high-dose IL-15 treatment resulted in a dramatic
increase in the NKG2A+KIR+CD572 subset fraction (Fig. 1G).
Together, these initial experiments established a platform for studying
the effect of cytokine withdrawal in discrete NK cell subsets based on
their degree of prior activation.

Proliferation- and subset-dependent susceptibility
to IL-15 withdrawal

To monitor the effect of IL-15 withdrawal after NK cell expansion,
isolated NK cells were pretreated for 6 d with high- or low-dose
IL-15. Subsequently, cells were harvested and put into culture
again for 48 h with either the same IL-15 concentration as before or
with IL-15 being completely withdrawn (Fig. 2A). The effect of
continued IL-15 treatment versus IL-15 withdrawal was investi-
gated by calculating the fold change in NK cell numbers before and
after the additional 48-h incubation period for each treatment
condition. As expected, continued IL-15 treatment for 48 h resulted
in increased NK cell numbers, which were significantly higher if
cells were treated with high-dose, compared with low-dose, IL-15.
In contrast, NK cell numbers decreased in a dose-dependent manner
48 h after cytokine withdrawal (Fig. 2B). Furthermore, we observed
a significant correlation between the decrease in NK cell numbers
upon IL-15 withdrawal and the replication index after the initial 6 d
of IL-15 stimulation (Fig. 2C). During these conditions, we also
found a weak expression of the exhaustion markers PD1 and TIM-3,
which correlated with IL-15 dose and decreased during cytokine
withdrawal (Supplemental Fig. 2A, 2B).
Next, we addressed whether NK cell differentiation influenced the

susceptibility to IL-15 withdrawal. To this end, we analyzed the relative
change in NK cell numbers of four discrete NK cell subsets at various
stages of differentiation following cytokine stimulation andwithdrawal.
In line with their differential intrinsic potential for proliferation (6), the
decrease in NK cell numbers following cytokine deprivation was more
pronounced in NKG2A+KIR+CD572 and NKG2A+KIR2CD572

than in more differentiated NKG2A2KIR+CD572/+ NK cells
(Fig. 2D). In summary, these data reveal a subset-dependent sus-
ceptibility to IL-15 withdrawal linked to their relative proliferative
capacity.

IL-15 withdrawal leads to induction of apoptosis in rapidly
cycling cells

Next, we examined if the observed loss in NK cell numbers was
due to an increased rate of apoptosis. We treated NK cells for 6 d
with high-dose IL-15 and analyzed the activation of caspase-3
during the subsequent additional 48-h incubation period in the
presence and absence of IL-15. Caspase-3 induction was evident
after 48 h after cytokine withdrawal (Fig. 3A), which is why we
chose to perform all further analyses at this time point. Whereas
withdrawal of IL-15 from NK cells pretreated with 10 ng/ml of
IL-15 resulted in a significant increase in caspase-3 activation
after 48 h, no withdrawal-induced caspase-3 activation was ob-
served in NK cells pretreated with 1 ng/ml of IL-15 (Fig. 3B).
Stratification of caspase-3 activation by distinguishing between
slowly (zero to one cell division) and rapidly (two or more
cell divisions) cycling NK cells (Fig. 3C) revealed a more
pronounced caspase-3 activation in rapidly cycling NK cells
(Fig. 3D).
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FIGURE 1. Experimental model to study IL-15–induced addiction at the subset level in primary NK cells. (A) Fold increase in cell numbers of freshly

isolated NK cells between the start (day 0) and after 6 d of high- (10 ng/ml) or low-dose (1 ng/ml) IL-15 treatment (n $ 6). (B) Representative histogram

of the CTV dilution in NK cells treated for 6 d with high- or low-dose IL-15. (C) Replication index (fold expansion of dividing cells) was calculated based

on the NK cell numbers and their CTV dilution after 6 d of high- versus low-dose IL-15 treatment (n = 14). (D–F) Expression of IL-15Ra by NK cells after

6 d of high- versus low-dose IL-15 treatment was analyzed by flow cytometry (D) or confocal microscopy (E). Summary of mean IL-15Ra expression

per cell (n = 20) (F). (G) Pie charts of the distribution of different NK cell subsets based on their expression of NKG2A, KIR, and CD57 after isolation

from peripheral blood and after 6 d of high- versus low-dose IL-15 treatment. Significance was calculated using a Wilcoxon test. *p , 0.05, ***p , 0.001,

****p , 0.0001.
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Dose-depending upregulation of BCL-2 family members upon
IL-15 treatment

To get an unbiased view on pro- and antiapoptotic networks fol-
lowing stimulation of NK cells with IL-15, we performed RNA

sequencing analysis on NK cells at baseline and after 5 d of IL-15

stimulation (Fig. 4A). The most prominent upregulation was ob-

served for BIRC5, a member of the inhibitor of apoptosis (IAP)

family. Alongside its antiapoptotic characteristics, BIRC5 is

mainly involved in the regulation of cell proliferation during

chromosomal/microtubule attachment, spindle assembly check-

point, and cytokinesis (31). Among the most significantly upreg-

ulated genes observed was BAX, a core member of the intrinsic

apoptosis pathway and direct target of BIM (27). However, BCL2,

which inhibits the apoptosis pathway at the level of BAX, was also

significantly upregulated, potentially balancing the proapoptotic

axis through BIM/BAX (Fig. 4A, Table I).
Phenotypic assessment of the surface expression of the death

domain ligands FasL and TRAIL revealed a small dose- and

proliferation-dependent upregulation that was abolished following

cytokine withdrawal in NK cells pretreated with high-dose IL-15

(Supplemental Fig. 3A–C). Overall, expression of FasL and
TRAIL was low during conditions of cytokine withdrawal and did
not appear to contribute significantly to the phenotype.
Next, we analyzed the protein expression of antiapoptotic BCL-2,

MCL-1, and BCL-XL aswell as proapoptotic BIM in primary human
NK cells after 6 d of IL-15 treatment. Upon IL-15 treatment, NK
cells upregulated all three antiapoptotic proteins, but also BIM
(Fig. 4B). All four BCL-2 family members were significantly more
upregulated in cells treated with high-dose IL-15 compared with
low-dose IL-15. Interestingly, whereas MCL-1, BCL-XL, and BIM
expression increased with the number of cell divisions, BCL-2
expression was highest in slowly or nondividing NK cells after
incubation with high-dose IL-15 (Fig. 4C, 4D). Next, we incubated
low- and high-dose IL-15 pretreated NK cells for 48 h without
IL-15 in the presence of a BCL-2 inhibitor (ABT-199) and a highly
selective MCL-1 inhibitor (S63845) (Fig. 4E) (28). Whereas BCL-2
inhibition led to a profound negative influence on NK cell survival
following withdrawal of 1 ng/ml IL-15, MCL-1 inhibition had a
marginal effect in line with the low expression of MCL-1 in slowly
cycling NK cells (Fig. 4E). In contrast, both BCL-2 and MCL-1
appeared to be critical for NK cell survival following stimulation in

FIGURE 2. Proliferation- and subset-dependent susceptibility to IL-15 withdrawal. (A) Illustration of experimental setup to study effects of IL-15

stimulation and withdrawal in primary NK cells. NK cells were isolated from healthy donors and cultured with high- (10 ng/ml) or low-dose (1 ng/ml)

IL-15 for 6 d. Cells were then harvested, washed, counted, and put back into culture with (full line) or without (dashed line) the prior IL-15 dose for an

additional 48 h. (B) NK cells were treated for 6 d with high- (10 ng/ml) or low-dose (1 ng/ml) IL-15, harvested, and put into fresh media with (+) or without

(2) the prior IL-15 dose for 48 h. Fold change in NK cell numbers after the additional 48 h treatment (6 IL-15) compared with numbers on day 6 (n = 15).

Significance was calculated using a Wilcoxon signed rank test (stars alone), whereas a Wilcoxon test was used (stars above line) to calculate the significance

between samples pretreated with high- or low-dose IL-15. (C) A correlation between the decrease in NK cell numbers upon 48 h of IL-15 withdrawal and

their replication index (fold expansion of dividing cells) after 6 d of high- (10 ng/ml) or low-dose (1 ng/ml) IL-15 treatment was calculated (n = 14).

Correlation between fold change of NK cell numbers and their replication index was calculated using a Spearman rank test. (D) The fold decrease in

NK cell numbers after 48 h of IL-15 withdrawal was calculated for four discrete NK cell subsets, which had undergone prior treatment of high-dose IL-15

for 6 d (n = 14). Significance of the fold change of NK cell numbers between different NK cell subsets was calculated using a Friedman test. **p , 0.01,

***p , 0.001, ****p , 0.0001.
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10 ng/ml of IL-15 and subsequent withdrawal. These data indicate a
crucial role for both BCL-2 and MCL-1 in protecting NK cells
during IL-15 withdrawal and suggest that this protection is more
fragile in cells that have undergone multiple rounds of cell division.

Altered BCL-2/BIM ratio following IL-15 withdrawal

Based on the observation that IL-15 induced a profound and dose-
dependent upregulation of both pro- and antiapoptotic proteins, we
addressed whether the susceptibility to IL-15 withdrawal in pro-
liferating NK cells was linked to a selective decrease in anti-
apoptotic proteins. We found that the expression of all three
antiapoptotic proteins decreased following 48 h of culture in the
absence of IL-15 (Fig. 5A). The effect was more pronounced in
NK cells pretreated with high-dose IL-15. Intriguingly, the ex-
pression of proapoptotic BIM also decreased 48 h after IL-15
withdrawal, although not as prominent as BCL-2, leading to al-
tered BCL-2/BIM ratios (Fig. 5B). The balance between anti- and
proapoptotic proteins is critical for the induction of apoptosis (32).
We found that the BCL-2/BIM ratio was significantly lower in
rapidly dividing NK cells upon IL-15 stimulation and decreased
further upon IL-15 withdrawal, dropping to levels below those in
resting NK cells (Fig. 5C). Thus, the altered balance between
BCL-2 and BIM in highly proliferating NK cells may contribute to
the NK cell death observed after cytokine withdrawal.

Treatment with high-dose IL-15 induces the expression of the
BIM S splice variant

Although the BCL-2/BIM ratio in proliferating NK cells decreased
to levels below baseline, the effect of IL-15 withdrawal was rather
subtle (Fig. 5C). Therefore, we next investigated the potential role
of different BIM splice variants in the enhanced susceptibility of
highly activated NK cells to apoptosis. There are at least 18 known
BIM splice variants with various potential to induce apoptosis, of
which BIM extra long, BIM long, and BIM S are the major ones
(33). In particular, BIM S has been shown to be more potent in
inducing apoptosis (34). Treatment with IL-15 led to an increase
in all three BIM splice variants over 6 d, with BIM S demon-
strating the strongest upregulation, in particular in NK cells ex-
posed to higher concentrations of IL-15 (Fig. 6A, 6B). To further
evaluate the influence of proliferation, we monitored the three
splice variants in FACS-sorted proliferating and nonproliferating
NK cells after 4 d of IL-15 stimulation using the Peggy Sue in-
strument for protein analysis of small sample volumes (35). We
found that proliferating NK cells had a higher expression of the
BIM S variant than nonproliferating NK cells (Fig. 6C). In con-
trast, no clear differences were observed for the other two BIM
variants when stratifying for the degree of proliferation. Corrob-
orating the flow cytometry data in Fig. 4C, we found that BCL-2
expression was lower in proliferating than in nonproliferating NK

FIGURE 3. IL-15 withdrawal leads to induction of apoptosis in rapidly cycling cells. (A) NK cells were pretreated with high-dose IL-15 for 6 d,

harvested, and then cultured for up to 48 h with or without high-dose IL-15. At the indicated time points, NK cells were analyzed for the percentage of

active caspase-3 positive cells (n = 8). (B) NK cells were treated for 6 d with high- (10 ng/ml) or low-dose (1 ng/ml) IL-15, harvested, and incubated for

additional 48 h with (continued) or without (withdrawn) the prior IL-15 dose. At the end of the 48-h treatment, the percentage of active caspase-3–positive

NK cells was measured (n = 8). (C) Representative histogram of the CTV dilution in NK cells treated for 6 d with high- (10 ng/ml) or low-dose (1 ng/ml)

IL-15. A gate was created around slowly (zero to one cell division) and rapidly cycling cells (two or more cell divisions). (D) NK cells were treated for 6 d

with high- (10 ng/ml) or low-dose (1 ng/ml) IL-15 and incubated for additional 48 h without IL-15. The percentage of active Caspase-3–positive cells was

evaluated for rapidly and slowly cycling NK cells (n = 8). Significance was calculated using a Wilcoxon test. *p , 0.05, **p , 0.01.
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FIGURE 4. Dose-depending upregulation of BCL-2 family members upon IL-15 treatment. (A) Global RNA-sequencing analysis comparing baseline to

proliferating NK cells after 5 d of IL-15 stimulation. Selected anti- and proapoptotic genes that were significantly differentially expressed (cutoff .1.5) are

highlighted in blue or red, respectively (n = 3). (B–D) NK cells were treated for 6 d with high- (10 ng/ml) or low-dose (1 ng/ml) IL-15 and the fold increase

of the expression of different anti- (BCL-2, MCL-1, and BCL-XL) and proapoptotic (BIM) proteins between day 6 and the beginning of the IL-15 treatment

were plotted. The fold increase was calculated for bulk NK cells and for dividing NK cells treated with high- or low-dose IL-15 (n = 7). Significance was

calculated using a Wilcoxon test. (E) NK cells were treated for 6 d with high- (left) and low-dose (right) IL-15 and, afterward, incubated with or without

IL-15 for additional 48 h in the presence of a BCL-2 (ABT-199) or a MCL-1 inhibitor (S63845). Shown are the percentage of viable NK cells at the end of

the experiment (n = 6 donors from one representative experiment). The percentage of viable NK cells during continued IL-15 treatment (high- or low-dose)

was set to 100% as a control, and the percentage of viable NK cells for the other treatment condition was calculated in relation to it. Significance was

calculated using a Wilcoxon test. *p , 0.05.
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cells when treated with high-dose IL-15 (Fig. 6C). We then fol-
lowed the expression of the splice variants during IL-15 with-
drawal and found that BIM S levels remained high for 24 h before
dropping to marginal levels (Fig. 6D, Supplemental Fig. 4). This
was paralleled with the amount of BCL-2, roughly halving by 24 h,
mirroring the flow cytometry data in Fig. 5A. Together, these data
suggest that the unique sensitivity of proliferating NK cells to
apoptosis is linked to a selective accumulation of the toxic BIM S
splice variant together with diminishing levels of BCL-2.

Discussion
Understanding how cytokine-priming influences NK cell homeo-
stasis in vivo and in vitro is essential for the development of NK
cell–based immunotherapies. The transfer of highly activated
in vitro expanded NK cells into a lymphopenic, preconditioned
host represents a critical phase because of the sudden change in
cytokine concentration. The degree to which the transfer itself
leads to loss of function and cell death of donor-derived NK cells
is likely to depend on many factors. This includes the length and
extent of prior activation, the combination of cytokines used, and
the application/implementation of supportive systemic cytokine
treatment regimes in the patient. In this study, we established a
robust platform to study the fate of discrete NK cell subsets fol-
lowing abrupt withdrawal of IL-15, mimicking a scenario in which
IL-15–activated and –expanded NK cells are transferred into a
patient.
During the course of viral infections, murine NK cells undergo

expansion, followed by a contraction phase due to reduction in
cytokine levels when the infection resolves. Members of the BCL-2
family play a crucial role in regulating the fate of immune cells

Table I. List of differentially expressed genes

Proapoptotic Antiapoptotic

Upregulated Downregulated Upregulated Downregulated

AATK ACIN1 AATF BIRC2
AEN APC AKT1 BIRC3
AIFM1 ATM API5 BIRC6
AIFM2 BBC3 AVEN MCL1
BAK1 BCL10 BCL2 NAIP
BAX BMF BCL2A1 PTK2
BCL2L12 CASP8 BCL2L1 SATB1
BID CSRNP2 BFAR XIAP
BNIP3 FASLG BIRC5
BNIP3L MADD CIAPIN1
CASP1 NAIF1 PDCD10
CASP2 PTCH1 PEA15
CASP3 SNX1 TRIAP1
CASP6 TAOK1
CASP7 TGFB1
CIDEB
CLSPN
CYCS
DNML1
FADD
FAS
PERP
PMAIP1
PYCARD
SIVA1
STK17B
STK24
TNF
TNFRSF10A
TNFSF10
TP53

List of pro- and antiapoptotic genes significantly differentially regulated (cutoff
.1.5) between baseline and proliferating IL-15–stimulated NK cells.

FIGURE 5. Altered BCL-2/BIM ratio following IL-15 withdrawal. (A) NK

cells were treated for 6 d with high- (10 ng/ml) or low-dose (1 ng/ml) IL-15 and

then incubated for additional 48 h without IL-15. The fold decrease of the

expression of different anti- (BCL-2, MCL-1, and BCL-XL) and proapoptotic

(BIM) proteins after 48 h compared with the beginning of IL-15 withdrawal was

plotted for bulk NK cells (n = 7). Significance was calculated using a Wilcoxon

test. (B and C) The BCL-2/BIM ratio was calculated for freshly isolated NK

cells (dotted line) and for NK cells after 6 d of high- (10 ng/ml) or low-dose

(1 ng/ml) IL-15 treatment or after 48 h of IL-15 withdrawal. Results were

plotted for bulk (B) and for rapidly versus slowly cycling (C) NK cells (n = 7).

Significance of the increase or decrease of the BCL-2/BIM ratio compared with

resting NK cells (B and C), was calculated using a Wilcoxon signed rank test

(stars alone), whereas differences within the ratio between differently treated

NK cells was calculated using a Friedman test. *p , 0.05, ***p , 0.001.
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during this process (36). We observed a dose-dependent and
subset-specific upregulation of pro- and antiapoptotic BCL-2
family members during IL-15 stimulation, followed by a down-
regulation upon IL-15 withdrawal. These results corroborate
previous reports in human (37) and murine NK cells (24), dem-
onstrating that IL-15 stimulation upregulates antiapoptotic pro-
teins such as BCL-2 and MCL-1 in NK cells. In addition, we show
that IL-15 withdrawal results in a decrease of BCL-2 and MCL-1

in primary human NK cells, which has, so far, only been described
in murine NK cells (24). In human NK cells, upregulation of
BCL-2 during a short stimulation with IL-15 was dependent on
STAT5, but not mTOR, and was linked to improved survival upon
cytokine withdrawal in vitro and in vivo (20). In murine T cells, it
has been reported that long-term surviving effector CD8+ T cells
had higher antiapoptotic Bcl-2 protein levels compared with their
short-lived counterparts, along with higher levels of proapoptotic

FIGURE 6. Treatment with high-dose

IL-15 induces the expression of the BIM

S splice variant. (A) A representative

Western blot analysis for the expression

of BIM splice variants in freshly isolated

NK cells (day 0) and NK cell treated for

2, 4, or 6 d with high- (10 ng/ml) or low-

dose (1 ng/ml) IL-15. Actin was used as a

loading control. (B) NK cells were

treated with high- (10 ng/ml) or low-dose

(1 ng/ml) IL-15 for 6 d and the fold

increase of the expression of different

BIM splice variants after 6 d of IL-15

treatment compared with resting NK

cells was evaluated (n = 6). Signi-

ficance between NK cells treated with

high- (10 ng/ml) or low-dose (1 ng/ml)

IL-15 for 6 d in the expression of the dif-

ferent BIM splice variants was calculated

using a Wilcoxon test. (C) NK cells were

treated with high-dose IL-15 for 4 d,

FACS-sorted based on their CFSE dilu-

tion into proliferating (at least one prior

cell division) or nonproliferating (no cell

division) NK cells and then analyzed at a

Peggy Sue machine. The fold change be-

tween the expressions of BIM splice var-

iants or BCL-2 in nonproliferating versus

proliferating NK cells was calculated (n =

10). Significance between nonproliferating

and proliferating NK cells for their expres-

sion of BIM splice variants, and BCL-2 was

calculated using Wilcoxon signed rank test.

**p , 0.01, ***p , 0.001. (D) A rep-

resentative Western blot analysis for the

expression of BIM splice variants and

BCL-2 after 0, 24, and 48 h of IL-15

withdrawal in NK cell pretreated with high-

dose (10 ng/ml) IL-15 for 6 d. Actin.
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Bim (38). The increased Bcl-2 protein levels enabled murine ef-
fector CD8+ T cells to tolerate the higher Bim levels. In vivo
administration of IL-7 or IL-15 into C57BL/6 mice infected
with lymphocytic choriomeningitis virus increased Bim protein
levels within effector CD8+ T cells, whereas inhibition of Bcl-2
resulted in decreased Bim levels. These results suggested that Bcl-
2 and Bim expression is coordinated in murine T cells and that the
Bcl-2 protein levels determinate the amount of Bim protein levels
a cell is able to tolerate. Ex vivo stimulation of murine NK cells
with IL-15 was found to downregulate the expression of Bim via
transcriptional repression and increased proteasomal degradation
(24). Upon IL-15 withdrawal, Bim expression increased, leading
to cell death in murine NK cells. Furthermore, several groups
demonstrated that changes in the Bcl-2/Bim ratio can render
murine T and NK cells sensitive to cell death (24, 38, 39). Spe-
cifically, studies in conditional knockout mice suggest that BCL-2
is a nonredundant survival protein for murine NK cells at rest,
whereas MCL-1 is the dominant survival protein during prolifer-
ation (40). The importance of the BCL-2/BIM dynamics is sup-
ported by our findings in primary human NK cells because we
observed a proliferation-dependent loss of BCL-2 during IL-15
withdrawal, resulting in low BCL-2/BIM ratios and increased
NK cell death. Although increased levels of MCL-1 and increased
BCL-2/BIM ratios appear to protect from apoptosis during on-
going proliferation, such highly “addicted” NK cells show a drop
in BCL-2/BIM ratios below the level of resting NK cells after IL-
15 withdrawal. Pharmacological inhibition of MCL-1 and BCL-2
inhibition during low- and high-dose IL-15 stimulation revealed a
prominent role for BCL-2 in slowly proliferating, nonaddicted NK
cells, whereas both BCL-2 and MCL-1 were critical for NK cell
survival under proliferative conditions and withdrawal.
An additional factor contributing to the susceptibility of rapidly

proliferating NK cells to IL-15 withdrawal was their differential
expression of BIM splice isoforms during IL-15 stimulation. The
BIM protein is known to have at least 18 different splice variants with
different abilities to induce apoptosis (33). The activity of the two
variants BIM extra long and long to induce apoptosis is regulated
via phosphorylation at several phosphorylation sites (41). In addi-
tion, both isoforms contain the dynein L chain–binding domain
(DBD), enabling them to be sequestered by dynein on microtubules
(42). In response to apoptotic stimuli, they are released from the
microtubules and become activated. In contrast, the BIM S splice
variant is neither controlled by posttranscriptional phosphorylation
nor by binding to the microtubules. Furthermore, it is able to di-
rectly bind BAX, making it the most potent apoptosis-inducing BIM
isoform (33). In this study, we observed that IL-15 stimulation in
general increased the expression of all three major BIM variants,
whereas high-dose IL-15 preferentially upregulated the highly cy-
totoxic BIM S variant, particularly in cells that had undergone ex-
tensive cell division. One explanation for this phenomenon could be
an increased production of reactive oxygen species (ROS) in pro-
liferating NK cells. It is known that upon murine NK cell expansion
during murine CMV infection, proliferating NK cells accumulate
increased levels of ROS because of the accumulation of depolar-
ized mitochondria. Removal of damaged mitochondria/ROS via
mitophagy was crucial for the survival of NK cells in this model
(43). ROS can influence the expression levels of BCL-2 and BIM.
In T cells, it has been shown that in vivo activation with staphy-
lococcal enterotoxin B leads to decreased Bcl-2 levels in stimulated
T cells and, subsequently, to cell death. Bcl-2 levels could be re-
stored by blocking ROS production using the antioxidant Mn(III)
tetrakis(5,10,15,20-benzoic acid)porphyrin (32). In addition, it is
known that increased ROS levels are able to stimulate BIM ex-
pression via the ROS/JNK/BIM pathway (44).

A recent study described the impact of distinct dose scheduling
of high-dose IL-15 stimulation on NK cells. Continuous treatment
with high-dose IL-15 for 9 d wasmore potent at inducing robust NK
cell proliferation than IL-15 treatment for 9 d with a 3-d lack of
IL-15 (day 4–6). However, intermitting IL-15 treatment resulted in
improved survival and function of NK cells compared with con-
tinuous IL-15 treatment, which was linked to the induction of a
cell cycle arrest genes and reduced mitochondrial respiration be-
cause of mTOR signaling (45). Interestingly, cell cycle arrest
genes, including GADD45 and P53, are known to positively
regulate the expression of BIM, whereas P53 has a negative im-
pact on BCL-2 expression levels (46, 47). In human NK cells,
mTOR signaling is tightly associated with proliferation (A. Pfefferle
and K.-J. Malmberg, unpublished observation). Chronic AKT
signaling, which is a downstream target of mTOR signaling, leads
to downregulation of BCL-2 in T cells (48), which aligns with
the observation of a gradual decline in BCL-2 when cells un-
dergo cell division, as noted in the current study. On the contrary,
mTOR signaling is known to suppress the expression of BIM be-
cause inhibition of mTOR signaling upregulates BIM expression in
various cell types (49, 50). However, deletion of the mTOR1 re-
pressor tuberous sclerosis 1 (Tsc1) resulted in increased mTOR
signaling and NK cell proliferation associated with increased
apoptosis in Tsc12/2 NK cells. Interestingly, whereas BCL-2
levels were similar between wild-type and knockout NK cells,
BIM expression was significantly increased in Tsc12/2 NK cells
(51). The latter data are in line with our observation in primary
human NK cells as we noted a robust increase in BIM levels and,
in particular, of the BIM S splice variant in proliferating NK cells.
Therefore, potential differences in mTOR signaling may explain
the increased susceptibility of high-dose, IL-15–treated NK cells
toward IL-15 withdrawal.
Our results demonstrate the importance of the fine balance

between proapoptotic and survival signals during IL-15–induced
proliferation and withdrawal. It remains elusive how this balance
is controlled during cell proliferation induced by other cytokines,
including IL-2 and IL-21 or combinations thereof. Mao et al. (20)
demonstrated that NK cell priming for 48 h with IL-15 sustains
NK cell survival and cytotoxic activity upon cytokine withdrawal
more effectively than IL-2–primed cells. Moreover, IL-15 stimu-
lation led to a higher metabolic fitness than IL-2 stimulation,
which was linked to stronger mTOR activation upon IL-15 stim-
ulation. Hence, one could speculate that short-term activation of
mTOR may have a positive impact on NK cell survival, function,
and metabolic fitness upon cytokine withdrawal, whereas pro-
longed mTOR signaling may induce the accumulation of cyto-
toxic, proapoptotic BIM, rendering NK cells more susceptible
toward apoptotic stimuli.
In summary, our results reveal a subset- and proliferation-

dependent alteration in BCL-2/BIM ratios with increased levels
of the toxic BIM S splice variant. Together, these changes sensitize
IL-15–addicted NK cells to cytokine withdrawal, leading to apo-
ptosis. These insights may pave the way for gene-editing ap-
proaches aiming to restore BCL-2/BIM ratios or interfering with
BIM S or its downstream targets prior to adoptive transfer to
prolong the in vivo persistence of expanded NK cell products.
Alternatively, it may be possible to rescue the addicted phenotype
by titrating the level of IL-15 before in vivo infusion of the final
cell therapy product.
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50. López-Royuela, N., P. Balsas, P. Galán-Malo, A. Anel, I. Marzo, and J. Naval.
2010. Bim is the key mediator of glucocorticoid-induced apoptosis and of its
potentiation by rapamycin in human myeloma cells. Biochim. Biophys. Acta
1803: 311–322.

51. Yang, M., S. Chen, J. Du, J. He, Y. Wang, Z. Li, G. Liu, W. Peng, X. Zeng, D. Li,
et al. 2016. NK cell development requires Tsc1-dependent negative regulation of
IL-15-triggered mTORC1 activation. Nat. Commun. 7: 12730.

746 PROAPOPTOTIC PROTEINS IN IL-15–ADDICTED NK CELLS

 by guest on July 16, 2020
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 


