bioRxiv preprint doi: https://doi.org/10.1101/392985; this version posted August 17, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

1 Induction of the BIM Short Splice Variant
2 Sendsitizes Proliferating NK Cdls to IL-15
3 Withdrawal

4  Benedikt Jacobs*t, Aline Pfefferlef, Dennis Clement*t, Jodie P. Goodridge*t,
5 Michelle L. Saetersmoen*t, Susanne Lorenzt§, Merete Thune Wiiger*t, Karl-Johan

6  Mamberg*

8  Affiliations

9 *The KG Jebsen Center for Cancer Immunotherapy, Institute of Clinical Medicine,
10  University of Oslo, 0318 Oslo, Norway. tDepartment of Cancer Immunology,
11 Indtitute for Cancer Research, Oslo University Hospital, 0310 Oslo, Norway.
12 iDepartment of Tumor Biology, Norwegian Radium Hospital, Oslo University
13 Hospital, 0310 Oslo, Norway.

14  8Genomics Core Facility, Department of Core Facilities, Norwegian Radium
15 Hospital, Oslo University Hospital, 0310 Oslo, Norway.

16  fCenter for Infectious Medicine, Department of Medicine Huddinge, Karolinska

17  Institutet, 14186 Stockholm, Sweden.

18

19

20  Correspondence

21  Corresponding author: Prof. Karl-Johan Mamberg, k.j.malmberg@medisin.uio.no or

22 kallemamberg@ki.se, phone: +47 45390926

23


https://doi.org/10.1101/392985
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/392985; this version posted August 17, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

24

25 * This work was supported by grants from the Swedish Research Council, the
26  Swedish Children’'s Cancer Society, the Swedish Cancer Society, the Tobias
27  Foundation, the Karolinska Institutet, the Wenner-Gren Foundation, the Norwegian
28 Cancer Society, the Norwegian Research Council, the South-Eastern Norway
29  Regional Health Authority and the KG Jebsen Center for Cancer Immunotherapy. BJ
30 wasfunded by a Mildred Scheel postdoctoral scholarship from the Dr. Mildred Scheel
31 Foundation for Cancer Research of the German Cancer Aid Organization.

32
33
34
35
36
37
38
39
40
41
42
43
44

45


https://doi.org/10.1101/392985
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/392985; this version posted August 17, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

46

47  Abstract

48 Adoptive transfer of allogeneic NK cells holds great promise for cancer
49  immunotherapy. There is a variety of protocols to expand NK cells in vitro, most of
50 which are based on stimulation with cytokines alone or in combination with feeder
51 cells. Although IL-15 is essential for NK cell homeostasis in vivo, it is commonly
52  used a supra-physiological levels to induce NK cell proliferation in vitro. As aresult,
53  adoptive transfer of such IL-15 addicted NK cells is associated with cellular stress due
54  to sudden cytokine withdrawal. Here, we describe a dose-dependent addiction to IL-
55 15 during in vitro expansion, leading to caspase-3 activation and profound cell death
56  upon IL-15 withdrawal. NK cell addiction to IL-15 was tightly linked to the BCL-
57  2/BIM ratio, which rapidly dropped during IL-15 withdrawal. Furthermore, we
58 observed a proliferation-dependent induction of BIM short (BIM S), a highly pro-
59  apoptotic splice variant of BIM, in IL-15 activated NK cells. These findings shed new
60 light on the molecular mechanisms involved in NK cell apoptosis following cytokine

61  withdrawal and may guide future NK cell priming strategies in a cell therapy setting.
62
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70 Introduction

71 Natural killer (NK) cells are commonly referred to as innate lymphocytes that
72  display strong cytolytic potential in the absence of prior sensitization (1). However,
73  the acquisition of functional potential is dependent on exposure to homeostatic
74  cytokines asillustrated by the priming of naive NK cells through trans-presentation of
75 IL-15 by dendritic cells (2, 3). Cytokine stimulation rapidly induces enhanced effector
76  function in NK cells (4-6), suggesting that all NK cells have an intrinsic ability to
77  reach acytolytic phenotype given sufficient stimulation. This holds true even from the
78 early stages of differentiation in the complete absence of both positive and negative
79  receptor input (7). The most important homeostatic cytokine during NK cell
80  development and for survival in the periphery is IL-15 (8-10). IL-15 induces robust
81 NK cell proliferation, NK cell differentiation, up-regulation of granzyme B and
82  increases effector responses, including cytokine production and degranulation (5, 7,
83 11, 12).

84 The multi-faceted role that 1L-15 playsin NK cell homeostasis, activation and
85 differentiation has been linked to the induction of different downstream pathways
86  dependent on the cytokine concentration (13). Whereas low doses of 1L-15 induced
87 the STAT5 pathway, ensuring development and survival, high doses induced the
88 mammalian target of rapamycin (MTOR). mMTOR activation increased the cell’s
89 metabolic activity, switching from primarily utilizing oxidative phosphorylation to
90 glycolysis, a process termed metabolic reprogramming (14). This switch in energy
91  source was necessary to maintain effector potential.

92 In the clinical setting, cytokines are used to prime NK cells for adoptive cell
93 therapy to enhance cytolytic potentia and to ensure sufficient numbers through the

94  induction of proliferation. Supra-physiological levels of various cytokines, including
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95 IL-2, IL-15, IL-12 and IL-18 and combinations thereof, are often used during in vitro
96 expansion (15). However, due to severe side effects, these high doses of cytokines
97  cannot be administrated to patients to further support expansion in vivo (16-19).
98  Consequently, NK cells experience a strong reduction in cytokine concentration upon
99  adoptive transfer, which can severely affect their functional potential, survival and
100  long-term engraftment (20). Although we largely lack immunobiological correlates of
101  good outcomesin NK cell trials, a common denominator for success appears to be in
102  vivo persistence and expansion of donor-derived NK cells (21). In high-risk or
103  refractory acute myeloid leukemia (AML) patients treated with IL-2 activated,
104  haploidentical NK cells, persistence and expansion of donor NK cells were associated
105  with higher rates of complete remission and increased progression-free survival (22,
106  23). Furthermore, in refractory non-Hodgkin-lymphoma patients, the response to
107  adoptive NK cell therapy has been linked to levels of endogenous IL-15 at the day of
108 NK cdl infusion (19). The need for in vivo expansion of adoptively transferred NK
109  cells highlights the importance of understanding the mechanisms regulating NK cell
110 homeostasis and the cell fate after sudden deprivation of high cytokine
111  concentrations.
112 Recently Mao Y. et d., reported that NK cells primed with a short pulse of IL-
113 15 were better at surviving and sustaining cytolytic activity upon cytokine withdrawal
114  compared to IL-2 primed NK cells (20). IL-15 has been shown to enhance NK cell
115  survival through the complex interaction of BCL-2 family members (24). Indeed, the
116  improved survival in IL-15 primed NK cells compared to those primed with IL-2 was
117 linked to STAT5-dependent up-regulation of BCL-2, while the sustained cytolytic
118  activity upon cytokine withdrawal was attributed to enhanced mTOR signaling upon

119  IL-15 priming. However, it remains unclear how prolonged exposure to IL-15 and
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120  induction of proliferation influence the expression and dynamic balance of pro- and
121  antigpoptotic molecules in discrete NK cell subsets. The BCL-2 family members can
122 be divided into 3 groups, the anti-apoptotic, pro-apoptotic effector and BH3-only
123  proteins, which together effectively control the intrinsic apoptosis pathway. The anti-
124  apoptotic BCL-2 family members (MCL-1, A1, BCL-XL and BCL-2 itself) inhibit
125  apoptosis by binding pro-apoptatic proteins, like the BH 3-only proteins BIM, NOXA
126 or PUMA (25). These pro-apoptotic BH3-only proteins can either directly or
127  indirectly (by reducing the availability of anti-apoptotic proteins) activate the pro-
128  apoptotic effector proteins BAX and BAK (26). Once these two major players of the
129 intrinsic apoptosis pathway are activated, they oligomerize and permeabilize the outer
130  mitochondrial membrane leading to the release of cytochrome c into the cytoplasm
131  and subsequently to the activation of executor caspases (27).

132 Here, we investigated the dynamic regulation of pro- and anti-apoptotic
133 molecules during IL-15 induced proliferation/activation and subsequent withdrawal.
134  Our data reveal a dose-dependent addiction to IL-15 that correlated with the degree of
135  proliferation achieved during the in vitro expansion phase. This addiction resulted in
136  increased susceptibility to apoptosis upon sudden IL-15 withdrawa and correlated
137  with an altered expression of anti- and pro-apoptotic BCL-2 family members. In
138 particular, we found that the highly pro-apoptotic BIM short (BIM S) splice variant
139 accumulated in NK cells exposed to high concentrations of IL-15, suggesting a
140  mechanism by which these cells are prone to rapid apoptosis. These results shed new
141 light on the molecular mechanism of cytokine addiction in human NK cells following
142  IL-15 driven expansion.

143
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145 Materialsand Methods

146  Reagentsand cdl lines

147  Antibodies were purchased for CD57 FITC/ PE, Streptavidin BV785, BCL-2 AF647
148  from BioLegend, for CD3 V500, CD14 V500, CD19 V500, anti-lgM BV650, MCL-1
149  purified from BD Bioscience, for CD56 ECD from Beckman Coulter, for CD57
150 functiona grade purified from eBioscience, for BIM AF647, BCL-XL AF647 from
151  Cell Signaling Technologies and for NKG2A PE-Vio770, KIR2D biotin, KIR3DL1/2
152  biotin from Miltenyi Biotec. The MCL-1 purified antibody was labeled with an
153  AF647 antibody labeling kit from Life Technologies accordingly to the kit's
154  ingtructions. The BCL-2 family member inhibitors ABT-199 and ABT-737 were
155  purchased from Santa Cruz BioTechnologies and the MCL-1 inhibitor Maritoclax
156  from Tocris. Pacific Orange and Blue Succinimidyl Ester were bought from Thermo
157  Fisher Scientific. The pan-caspase (Z-VAD-FMK) and caspase-8 (Z-IETD-FMK)
158 inhibitors were purchased from R&D Systems. K562 cell line from ATCC was
159  cultured in RPMI 1640 media with antibiotics (penicillin/streptomycin; Sigma) and

160  10% hest-inactivated fetal calf serum (Sigma) at 37°C.
161
162 NK cdl isolation and culture

163  Buffy coats from random healthy blood donors were purchased from the Oslo
164  University Hospital Blood bank with donor informed consent. Using density gravity
165  centrifugation (Lymphoprep; Axis-Shield) and fretted spin tubes (Sepmate, Stemcell
166  Technologies) peripheral blood mononuclear cells (PBMCs) were isolated and used
167  for NK cell isolation. NK cells were isolated from PBMCs using a NK cell isolation

168 kit and an AUtoMACS Pro Separator (Miltenyi Biotec). Freshly isolated NK cells


https://doi.org/10.1101/392985
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/392985; this version posted August 17, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

169  were labeled with the CellTrace™ Violet or CFSE™ dye for cell proliferation
170  analysis according to the kit's instructions (Molecular Probes). CTV-/CFSE -labeled
171 NK cels were culture in RMPI 1640 media (Sigma) with antibiotics
172 (penicillin/streptomycin; Sigma) and 10% human, heat-inactivated AB serum (Trina
173  Bioreaktives) plus 10 or 1 ng/ml IL-15 (Miltenyi Biotec) for 6 days at 37°C. On day 2
174  and 4 the medium was replaced with fresh medium and 1L-15. After 6 days cells were
175 harvested, washed and counted. Cells were either used for analysis or incubated

176  further for up to 48h in medium with or without the prior I1L-15 dose at 37°C.
177
178  Flow Cytometry staining

179  Freshly isolated or IL-15 treated NK cells were stained in staining buffer (PBS + 2%
180 feta calf serum (FCS) + 2 mM EDTA) with various antibody combinations and a
181  dead-cell marker (LIVE/DEAD® Fixable Near-IR or Aqua Dead cell stain kit; Life
182  Technologies). Cells were fixed afterwards in 2-4% paraformaldehyde (PFA) and
183  either directly analyzed at a LSRII flow cytometer instrument (Becton Dickinson) or

184  stained for intracellular proteins after permeabilization with 100% methanol at —20°C.

185 Datawas analyzed using the FlowJo V10.0.8 software (TreeStar). The gating strategy

186 isillustrated in supplementary figure 1A+B.
187
188  Barcoding and BCL-2 family member staining

189 In order to improved staining quality of intracellular proteins and to reduce the
190 amount of antibodies used, differently treated NK cells were labeled after methanol
191 permeabilization with a unique dilution combination of the two dyes pacific blue and

192  orange (Life Technologies). Afterwards cells were collected together and stained for
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193  various surface markers and intracellular BCL-2 family member proteins. An example
194  of the gating strategy for IL-15 treated NK cells, which have been stained with BCL-2
195 isillustrated in supplementary figure 1C. In order to compare the expression intensity
196 of BCL-2 family members between different NK cell donors across multiple
197  experiments, the MFl values were normalized to NK cells isolated from a reference

198  donor included in each fluorescent barcoding experiment.
199
200  Analyzing NK cell proliferation

201 Toanalyzetheincreasein NK cell numbers upon IL-15 treatment, their numbers were
202 measured at the start of the IL-15 treatment and after 6 days. FlowCount™
203  Fluorospheres (BeckmanCoulter) were used to calculate the NK cell numbers per pl
204 and a ratio between the NK cell numbers on day 6 and at the start of the IL-15
205 treatment was calculated. The analysis for fold change in NK cell numbers upon

206  continuous IL-15 treatment after 6 days or IL-15 withdrawal was done accordingly.

207  To analyze the degree of cell proliferation during the 6 day IL-15 treatment, CTV-
208  /CFSE-dilution was measured on day 6 by flow cytometry. Afterwards the replication

209 index (fold expansion over culture time of proliferating cells, RI = % with i=

12i

210  generation number and N; = number of events in generation i) was calculated (28).
211
212 Measuring Caspase-3 activity

213  NK cells were cultured for a duration of 6 days with 10 or 1 ng/ml 1L-15 followed by
214  avarying period of continued culture (up to 48 hours) with or without the prior IL-15

215 dose. 1 hour before the end of the culture the caspase-3 inhibitor DEVD-FMK
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216  conjugated to FITC (Caspase-3 active FITC staining kit; Abcam) was added to the
217  culture to label cells with active caspase-3 activity. Cells were harvested and stained

218 for NK cell surface marker and analyzed by flow cytometry.
219
220  Western Blotting

221 NK cells were harvested, washed twice with ice-cold PBS and lysed in 50-100 pl
222  RIPA buffer plus protease/phosphatase inhibitors (Thermo Fisher Scientific) for 15’
223 on ice and then stored at -80°C. Protein lysates were thawed and the protein
224  concentration was evaluated using a Pierce BCA protein assay kit (Thermo Fisher
225  Scientific). Protein lysates were cooked at 90°C for 5 with NuPage® LDS sample
226  buffer (Thermo Fisher Scientific). 10 ug protein were loaded onto a NUPAGE®
227  Novex® Bis-Tris 12% MiniGel (Life Technologies) and run for 45-60" at 150 V.
228  Afterwards, a wet blotting transfer was done onto a 0,2 um PVDF membrane (Life
229  Technologies) for 90’ at 4°C and 100 V. The membrane was blocked for 1h in TBST
230  buffer (1x TBS + 0,1% TWEEN 20) plus 5% BSA and incubated with the BIM
231 antibody (Clone: C34C5; 1:1000; Cell Signaling Technologies) overnight. Next day,
232 the membrane was washed 3x with TBST buffer and incubated for 1 h at room
233  temperature with an anti-rabbit HRP antibody (1:3000; Dako). The membrane was
234  washed 3x with TBST buffer, visualized with a Pierce ECL western blotting substrate
235  (Thermo Fisher Scientific) at a Chemidoc machine (BioRad) and acquired with the
236  Image Quant software. The staining for Actin B was done accordingly. The anaysis

237  was performed using ImageJ (NIH).
238

239  Peggy Sue™ instrument
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240 To analyze BCL-2 family members in sorted NK cells, capillary electrophoresis and
241 immunodetection of proteins were performed in the Simple Western system Peggy
242 Sue™ using the 2-40 kDa size separation kit. Cells were lysed in RIPA buffer plus
243  protease/phosphatase inhibitors (Thermo Fisher Scientific) for 15 on ice and stored at
244 -80°C. Protein lysates were thawed and the protein concentration was evaluated using
245 a Pierce BCA protein assay kit (Thermo Fisher Scientific). For each sample 0.2
246  mg/ml protein lysates were used. Primary antibodies were diluted 1:50, and ready-
247 made secondary antibodies were used from Protein Simple. Protein lysates and
248  reagents were pipetted into a 384 well plate, centrifuged at 2000x g for 5’ and put into
249  the Peggy Sue™ machine. Experimental set-up and data analysis were done using the
250  Compass software (Protein Simple).

251
252 RNA sequencing

253  Freshly isolated NK cells and 5 day IL-15 stimulated NK cells were sorted into three
254  subsets (NKG2A'KIR'CD57, NKG2A KIR'CD57, NKG2A
255 KIR'CD57'CD38™/NKG2C") using a FacsAria (BD) a 4°C. Day 5 cells were
256  further sorted into proliferating cells (generation 1) using CellTrace Violet staining.
257 RNA was isolated and the library was prepared using the Illumina NeoPrep Library
258  preparation system. NextSeq(lllumina) (single read, 75base pairs) was used for
259  sequencing and Bowtie (version 2.0.5.0) and Tophat (version 2.0.6) were used to
260 carry out the read alignment. Cufflinks (version 2.1.1) was used to estimate the
261 transcript abundance. FKPM values from the individual subsets were pooled for a
262 globa analysis comparing baseline (day 0) to proliferating (day 5). The log2 fold

263  change and adjusted p value were used for visualization in the volcano plot.

264  Satistical analysis
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265  For the comparison of single matched groups or populations a Wilcoxon test was
266 used. A Wilcoxon signed rank test was performed when calculating the statistical
267 dgnificance of a given median to a hypothetical value. For comparing multiple
268  matched groups with each other, a one- or two-way ANOVA test was done. Statistical
269 dgnificance: ns indicates not significant, * p<0.05; **p<0,01, ***p<0,001,
270  ****p<0,0001. Anaysis was performed using the GraphPad Prism software.

271

272

273

274

275

276

277

278
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280 Results

281  High-dose IL-15 skews NK cells towards a more immatur e phenotype

282  To study the molecular consequences of cytokine-withdrawal, primary human NK
283  cells were stimulated with either high- (10 ng/ml) or low-dose (1 ng/ml) IL-15 for 6
284  daysin vitro. After 6 days, NK cell numbers increased significantly in high-dose IL-
285 15 treated cells (Figure 1A), reflected in a stronger CTV dilution and higher
286  replication index than those treated with low-dose IL-15 (Figure 1B-C). NK cells can
287  be divided into various subsets based on their expression of NKG2A, KIRs and
288 CD57, which define their level of differentiation (6). Although treatment with both
289  concentrations of 1L-15 increased the fraction of NKG2A™ NK cells and decreased the
290 fraction of the more differentiated CD57" NK cells, this effect was more pronounced
291  in high-dose IL-15 treated NK cells. Furthermore, high-dose IL-15 treatment resulted
292 in a dramatic increase in the NKG2A'KIR'CD57 subset fraction (Figure 1D).
293  Together, these initial experiments established a platform for studying the effect of
294  cytokine withdrawal in discrete NK cell subsets based on their degree of prior
295  activation.

296
297  Strongly proliferating NK cells are mor e susceptible to IL-15 withdrawal

298  To monitor the effect of IL-15 withdrawal after NK cell expansion, isolated NK cells
299  were pretreated for 6 days with high- or low-dose IL-15. Subsequently, cells were
300 harvested and put into culture again for 48 h with the ether the same IL-15
301  concentration as before or with IL-15 being completely withdrawn (Figure 2A). The
302 effect of continued IL-15 trestment versus IL-15 withdrawal was investigated by

303 calculating the fold change in NK cell numbers before and after the additional 48 h
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304 incubation period for each treatment condition. As expected, continued IL-15
305 treatment for 48 h resulted in increased NK cell numbers, which were significantly
306  higher if cells were pretreated with high- compared to low-dose IL-15. In contrast,
307 NK cel numbers decreased in a dose-dependent manner 48 h after cytokine
308 withdrawal (Figure 2B). Furthermore, we observed a significant correlation between
309 the decrease in NK cell numbers upon IL-15 withdrawal and the replication index
310  after theinitial 6 days of IL-15 stimulation (Figure 2C).

311 Next, we addressed whether NK cell differentiation influenced the
312  susceptibility to IL-15 withdrawal. To this end, we analyzed the relative change in
313  NK cell numbers of four discrete NK cell subsets at various stages of differentiation,
314 following cytokine stimulation and withdrawal. In line with their differentia intrinsic
315 potentia for proliferation (6), the decrease in NK cell numbers following cytokine-
316  deprivation was more pronounced in NKG2A'KIR'CD57 and NKG2A*KIR' CD57
317  thanin more differentisted NK G2A KIR'CD57"* NK cells (Figure 2D).

318 In summary, these data reveal a subset-dependent susceptibility to IL-15
319 withdrawal linked to their relative proliferative capacity.

320
321  IL-15withdrawal resultsin increased induction of apoptosis

322  Weexamined if the observed lossin NK cell numbers was due to an increased rate of
323  apoptosis. To this end, we treated NK cells for 6 days with high-dose I1L-15 and
324  analyzed the activation of caspase-3 during the subsequent additional 48 h incubation
325 period in the presence and absence of 1L-15. Caspase-3 induction was evident after 43
326  hpost cytokine withdrawal (Figure 3A), which is why we chose to perform all further
327  analyses at this time point. Whereas withdrawal of IL-15 from NK cells pretreated

328  with 10 ng/ml of 1L-15 resulted in a significant increase in caspase-3 activation after
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329 48 h, no withdrawal-induced caspase-3 activation was observed in NK cells pretreated
330 with 1 ng/ml of IL-15 (Figure 3B). Stratification of caspase-3 activation by
331  distinguishing between slowly (generation 0-1) and rapidly (generation 2+) cycling
332 NK cells (Figure 3C) revealed a more pronounced caspase-3 activation in rapidly
333  cycling NK cells (Figure 3D).

334

335  Dose-depending up-regulation of BCL-2 family members upon IL-15 treatment

336 Toget an unbiased view on pro- and anti-apoptotic networks following stimulation of
337 NK cellswith IL-15 we performed RNA sequencing analysis on NK cells at baseline
338 and after 5 days of 1L-15 stimulation (Figure 4A). The most prominent up-regulation
339 was observed for BIRC5, a member of the inhibitor of apoptosis (IAP) family.
340 Alongside its anti-apoptotic characteristics, BIRC5 is mainly involved in the
341 regulation of cell proliferation during chromosomal-microtubule attachment, spindle
342  assembly checkpoint and cytokinesis (29). Among the most significantly up regulated
343  genes observed was BAX, a core member of the intrinsic apoptosis pathway and
344  direct target of BIM (27). However, BCL2, which inhibits the apoptosis pathway at
345 the level of BAX, was aso significantly up regulated, potentialy balancing the pro-
346  apoptotic axis through BIM/BAX (Figure 4A and Supplementary Table 1).

347 Next, we analyzed the protein expression of anti-apoptotic BCL-2, MCL-1
348 and BCL-XL aswell as pro-apoptotic BIM in primary human NK cells after 6 days of
349  IL-15 treatment. Upon IL-15 treatment NK cells up-regulated all three anti-apoptotic
350 proteins, but also BIM (Figure 4B). All four BCL-2 family members were
351 dignificantly more up regulated in cells treated with high-dose I1L-15 compared to
352 low-dose IL-15. Interestingly, whereas MCL-1, BCL-XL and BIM expression

353  increased with the number of cell divisions, BCL-2 expression was highest in slowly
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354  or non-dividing NK cells after incubation with high-dose IL-15 (Figure 4C-D). Next,
355 we incubated high-dose IL-15 pretreated NK cells for 48h without IL-15 in the
356  presence of different concentrations of BCL-2 (ABT-199) and BCL-2/BCI-XL (ABT-
357  737) inhibitors (Figure 4E-G). Whereas BCL-2 inhibition led to a negative influence
358 on NK cell survival during IL-15 withdrawal, MCL-1 inhibition with Maritocax had
359 no effect, even a high concentrations. Notably, as a control, Maritoclax decreased
360 MCL-1 levels and survival in K562 cells (Supplementary Figure 2A-B), but had only
361 modest effects on MCL-1 levelsin NK cells (Supplementary Figure 2C). These data
362 indicate acrucia role for BCL-2 in protecting NK cells during I1L-15 withdrawal and
363  suggest that this protection is more fragile in cells that have undergone multiple
364 roundsof cell division.

365

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

367 Based on the observation that IL-15 induced a profound and dose-dependent up-
368 regulation of both pro- and anti-apoptotic proteins, we addressed whether the
369  susceptibility to IL-15 withdrawal in proliferating NK cells was linked to a selective
370  decrease in anti-apoptotic proteins. We found that the expression of all three anti-
371  apoptotic proteins decreased following 48 h of culture in the absence of 1L-15 (Figure
372  5A). The effect was more pronounced in NK cells pretreated with high-dose 1L-15.
373  Intriguingly, the expression of pro-apoptotic BIM also decreased 48h after IL-15
374  withdrawal, athough not as prominent as BCL-2, leading to atered BCL-2/BIM
375  ratios (Figure 5B). The balance between anti- and pro-apoptotic proteins is critical for
376  theinduction of apoptosis (30). We found that the BCL-2/BIM ratio was significantly
377  lower in rapidly dividing NK cells upon IL-15 stimulation and decreased further upon

378  IL-15 withdrawal, dropping to levels below those in resting NK cells (Figure 5C).
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379  Thus, the altered balance between BCL-2 and BIM in highly proliferating NK cells
380  may contribute to the NK cell death observed after cytokine withdrawal.
381

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

383  Although the ratio BCL-2/BIM ratio in proliferating NK cells decreased to levels
384 below baseline, the effect of IL-15 withdrawal was rather subtle (Figure 5C).
385 Therefore, we next investigated the potentia role of different BIM splice variants in
386 the enhanced susceptibility of highly activated NK cells to apoptosis. There are at
387 least 18 known BIM splice variants with various potential to induce apoptosis, of
388  which BIM extralong (BIM EL), BIM long (BIM L) and BIM Sare the major ones
389  (31). In particular, BIM S has been shown to be more potent in inducing apoptosis
390 (32). Treatment with IL-15 led to an increase in all three BIM splice variants over 6
391 days, with BIM S demonstrating the strongest up-regulation, in particular in NK cells
392  exposed to higher concentrations of IL-15 (Figure 6A-B). To further evaluate the
393 influence of proliferation, we monitored the three splice variants in FACS sorted
394 proliferating and non-proliferating NK cells after 4 days of IL-15 stimulation using
395 the Peggy Sue instrument for protein analysis of small sample volumes (33). We
396 found that proliferating NK cells had a higher expression of the BIM S variant than
397 non-proliferating NK cells (Figure 6C). In contrast, no clear differences were
398 observed for the other two BIM variants when stratifying for the degree of
399 proliferation. Corroborating the flow cytometry data in Figure 4C, we found that
400 BCL-2 expression was lower in proliferating than in non-proliferating NK cells when
401 treated with high-dose IL-15 (Figure 6C). We then followed the expression of the
402  splice variants during IL-15 withdrawal and found that BIM S levels remained high

403 for 24 h before dropping to margina levels (Figure 6D and Supplementary Figure
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3A). This was paraleled with the amount of BCL-2 roughly halving by 24 h,
mirroring the flow cytometry datain Figure 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.
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411 Discussion

412  Understanding how cytokine-priming influences NK cell homeostasis in vivo and in
413  vitroisessentia for the development of NK-cell based immunotherapies. The transfer
414  of highly activated in vitro expanded NK cells into a lymphopenic, pre-conditioned
415 host represents a critical phase due to the sudden change in cytokine concentration.
416  The degree to which the transfer itself leads to loss of function and cell death of
417  donor-derived NK cells is likely to depend on many factors. This includes the length
418 and extent of prior activation, the combination of cytokines used, and the
419  application/implementation of supportive systemic cytokine treatment regimes in the
420  patient. In this study we established a robust platform to study the fate of discrete NK
421  cell subsets following abrupt withdrawal of IL-15, mimicking a scenario where IL-15
422  activated and expanded NK cells are transferred into a patient.

423 During the course of viral infections, murine NK cells undergo expansion
424  followed by a contraction phase due to reduction in cytokine levels when the infection
425 resolves. Members of the BCL-2 family play a crucia role in regulating the fate of
426  immune cells during this process (34). We observed a dose-dependent and subset-
427  specific up-regulation of pro- and anti-apoptotic BCL-2 family members during IL-15
428  dimulation followed by a down-regulation upon IL-15 withdrawal. These results
429  corroborate previous reports in human (35) and murine NK cells (24) demonstrating
430 that IL-15 stimulation up-regulates anti-apoptotic proteins such as BCL-2 and MCL-1
431 in NK cells. In addition, we show that I1L-15 withdrawal results in a decrease of BCL-
432 2 and MCL-1 in primary human NK cells, which has so far only been described in
433  murine NK cells (24). In human NK cells, up-regulation of BCL-2 during a short
434  dimulation with I1L-15 was dependent on STATS5, but not mTOR, and was linked to

435  improved surviva upon cytokine withdrawal in vitro and in vivo (20). In murine T
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436  cells it has been reported that long-term surviving effector CD8" T cells had higher
437  anti-apoptotic Bcl-2 protein levels compared to their short-lived counterparts, along
438  with higher levels of pro-apoptotic Bim (36). The increased Bcl-2 protein levels
439  enabled murine effector CD8" T cells to tolerate the higher Bim levels. In vivo
440  administration of IL-7 or IL-15 into C57BL/6 mice infected with LCMV increased
441  Bim protein levels within effector CD8" T cells, while inhibition of Bcl-2 resulted in
442  decreased Bim levels. These results suggested that Bcl-2 and Bim expression is
443  coordinated in murine T cells and that the Bcl-2 protein levels determinate the amount
444  of Bim protein levels a cell is able to tolerate. Ex vivo stimulation of murine NK cells
445  with IL-15 was found to down-regulate the expression of Bim via transcriptional
446  repression and increased proteasomal degradation (24). Upon IL-15 withdrawal, Bim
447  expression increased, leading to cell death in murine NK cells. Furthermore, several
448  groups demonstrated that changesin the Bcl-2/Bim ratio can render murine T and NK
449  cellssensitive to cell death (24, 36, 37). Specifically, studies in conditional knock-out
450 mice suggest that BCL-2 is a non-redundant survival protein for murine NK cells at
451  rest, whereas MCL-1 is the dominant surviva protein during proliferation (38). The
452  importance of the BCL-2/BIM dynamics is supported by our findings in primary
453  human NK cells, since we observed a proliferation-dependent loss of BCL-2 during
454  IL-15 withdrawal, resulting in low BCL-2/BIM ratios and increased NK cell death.
455  While increased levels of MCL-1 and increased BCL-2/BIM ratios appear to protect
456  from apoptosis during ongoing proliferation, such highly “addicted” NK cells show a
457  drop in BCL-2/BIM ratios below the level of resting NK cells after IL-15 withdrawal.
458  Surprisingly, pharmacological inhibition of MCL-1 with Maritoclax showed minimal
459  effect on survival in our in vitro model whereas BCL-2 inhibition led to a near

460  complete cell death during IL-15 withdrawal.
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461 An additional factor contributing to the susceptibility of rapidly proliferating
462  NK cellsto IL-15 withdrawal was their differential expression of BIM splice isoforms
463  during IL-15 stimulation. The BIM protein is known to have at least 18 different
464  gplice variants with different abilities to induce apoptosis (31). The activity of the two
465 variants BIM EL and L to induce apoptosis is regulated via phosphorylation at several
466  phosphorylation sites (39). In addition, both isoforms contain the dynein light (L)
467 chain-binding domain (DBD), enabling them to be sequestered by dynein on
468 microtubules (40). In response to apoptotic stimuli they are released from the
469  microtubules and become activated. In contrast, the BIM S splice variant is neither
470  controlled by posttranscriptional phosphorylation nor by binding to the microtubules.
471  Furthermore, it is able to directly bind BAX making it the most potent apoptosis
472 inducing BIM isoform (31). Here, we observed that IL-15 stimulation in general
473  increased the expression of all three mgor BIM variants, whereas high-dose 1L-15
474  preferentially up-regulated the highly cytotoxic BIM S variant, particularly in cells
475 that had undergone extensive cell division. One explanation for this phenomenon
476  could be an increased production of reactive oxygen species (ROS) in proliferating
477  NK cells. It is known that upon murine NK cell expansion during MCMYV infection,
478  proliferating NK cells accumulate increased levels of reactive oxidative species
479  (ROS) due to the accumulation of depolarized mitochondria. Removal of damaged
480  mitochondria/ROS via mitophagy was crucial for the survival of NK cells in this
481 model (41). ROS can influence the expression levels of BCL-2 and BIM. In T cells, it
482  has been shown that in vivo activation with staphylococcal enterotoxin B (SEB) leads
483  to decrease Bcl-2 levels in stimulated T cells and subsequently to cell death. Bcl-2
484 levels could be restored by blocking ROS production using the antioxidant

485  Mn(l1htetrakis(5,10,15,20-benzoic acid)porphyrin (MnTBAP) (30). In addition, it is


https://doi.org/10.1101/392985
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/392985; this version posted August 17, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

486  known that increased ROS levels are able to stimulate BIM expression via the ROS-
487  INK-BIM pathway (42).

488 A recent study described the impact of distinct dose scheduling of high-dose
489  IL-15 stimulation on NK cells. Continuous treatment with high-dose IL-15 for 9 days
490  was more potent at inducing robust NK cell proliferation than I1L-15 treatment for 9
491  days with athree-day lack of I1L-15 (day 4-6). However, intermitting IL-15 treatment
492  resulted in improved survival and function of NK cells compared to continuous IL-15
493  treatment, which was linked to the induction of a cell cycle arrest genes and reduced
494  mitochondrial respiration due to mTOR signaling (43). Interestingly, cell cycle arrest
495  genes, including GADD45 and P53 are known to positively regulate the expression of
496 BIM, whereas P53 has a negative impact on BCL-2 expression levels (44, 45). In
497  human NK cells, mTOR signaling is tightly associated with proliferation (Pfefferle et
498  al., unpublished observation). Chronic AKT signaling, which is a downstream target
499  of mTOR signaling, leads to down-regulation of BCL-2 in T cells (46), which aligns
500  with the observation of a gradual decline in BCL-2 when cells undergo cell division,
501 as noted in the present study. On the contrary, mTOR signaling suppresses the
502  expression of BIM, since inhibition of mTOR signaling up-regulates BIM expression
503 invarious cell types (47, 48). This differs from the observation in primary NK cells as
504  we noted arobust increase in BIM levels and in particular of the BIM S splice variant
505 in proliferating NK cells. Therefore, potential differences in mTOR signaling cannot
506  fully explain the increased susceptibility of high-dose IL-15 treated NK cells towards
507  IL-15 withdrawal.

508 In summary, our results reveal a subset and proliferation-dependent alteration
509 in BCL-2/BIM ratios with increased levels of thetoxic BIM S splice variant. Together

510 these changes sensitize IL-15 addicted NK cells to cytokine withdrawal leading to
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511 apoptosis. These insights may pave the way for gene-editing approaches aiming to
512  restore BCL-2/BIM ratios or interfering with BIM S or its downstream targets prior to
513  adoptive transfer to prolong the in vivo persistence of expanded NK cell products.
514  Alternatively, it may be possible to rescue the addicted phenotype by titrating the
515  level of IL-15 before in vivo infusion of the final cell therapy product.

516

517
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711  Figurelegends

712  Figurel

713 A) Thefold increase in cell number of freshly isolated NK cell between the start (day
714  0) and after 6 days of high- (10 ng/ml) or low-dose (1 ng/ml) IL-15 treatment (n > 6).
715  B) Representative histogram of the CTV-dilution in NK cells treated for 6 days with
716  high- or low-dose IL-15.

717  C) Based on the NK cell numbers and their CTV-dilution after 6 days of 1L-15
718  treatment (high- vs. low-dose), a replication index (fold expansion of dividing cells)
719  was calculated for both treatment groups (n = 14).

720 D) Pie charts of the distribution of different NK cell subsets based on their expression
721 of NKG2A, KIR and CD57 after isolation from peripheral blood and after 6 days of
722 high- or low-dose IL-15 treatment.

723  Significance were calculated using a Wilcoxon test (p-values: * <0,05; ***<0,001).
724

725  Figure?2

726 A) lllustration of in vitro NK cell treatment with IL-15 stimulation and withdrawal.
727  NK cells were isolated from healthy donors and cultured with high- (10 ng/ml) or
728  low-dose (1 ng/ml) IL-15 for 6 days. Cells were then harvested, washed, counted and
729  put back into culture with (full line) or without (dashed line) the prior 1L-15 dose for
730 anadditional 48 h.

731 B) NK cells were treated for 6 days with high- (10 ng/ml) or low-dose (1 ng/ml) IL-
732 15, harvested and put into fresh media with (+) or without (-) the prior IL-15 dose for
733 48 h. Fold change in NK cell numbers after the additional 48 h treatment (+/- IL-15)

734  compared to numbers at day 6 (n = 15). Significance was calculated using a Wilcoxon
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735  signed rank test (stars aone), while a Wilcoxon test was used (stars above line) to
736  caculate the significance between samples pretreated with high- or low-dose IL-15.
737 C) A correlation between the decrease in NK cell numbers upon 48 h of IL-15
738  withdrawal and their replication index (fold expansion of dividing cells) after 6 days
739  of high- (10 ng/ml) or low-dose (1 ng/ml) IL-15 treatment was calculated (n = 14).
740  Correlation between fold change of NK cell numbers and their replication index was
741 calculated using aspearman r test.

742 D) The fold decrease in NK cell numbers after 48 h of IL-15 withdrawal was
743  calculated for four discrete NK cell subsets, which had undergone prior treated of
744  high-dose IL-15 for 6 days (n = 14). Significance of the fold change of NK cell
745  numbers between different NK cell subsets was calculated using a Friedman test (p-
746  values: ** <0,01; ***<0,001; ****<0,0001).

747

748 Figure3

749  A) NK cells were pretreated with high-dose IL-15 for 6 days, harvested and then
750  culture for up to 48 h with or without high-dose IL-15. At the indicated time points
751  NK cells were analyzed for the percentage of active caspase-3 positive cells (n = 8).
752  B) NK cells were treated for 6 days with high- (10 ng/ml) or low-dose (1 ng/ml) IL-
753 15, harvested and incubated for additional 48 h with (+) or without (-) the prior IL-15
754  dose. At the end of the 48 h treatment the percentage of active caspase-3 positive NK
755  cells was measured (n = 8).

756  C) Representative histogram of the CTV-dilution in NK cells treated for 6 days with
757  high- (10 ng/ml) or low-dose (1 ng/ml) IL-15. A gate was created around slowly (0-1

758  cell divisons) and rapidly cycling cells (>2 cell divisions).
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759 D) NK cells were treated for 6 days with high- (10) or low-dose (1) IL-15 and
760 incubated for additiona 48 h without IL-15. The percentage of active Caspase-3
761  pogtive cells was evaluated for rapidly and slowly cycling NK cells (n = 8).
762  Significance were calculated using a Wilcoxon test (p-values: *<0,05; **<0,01).

763

764  Figure4

765 A) Global RNA-sequencing analysis comparing baseline to proliferating NK cells
766  after 5 days of IL-15 stimulation. Anti- and pro-apoptotic genes that were
767  dgnificantly differentially expressed (cutoff > 1.5) are highlighted in blue or red,
768  respectively (n=3).

769  B-D) NK cells were treated for 6 days with high- (10 ng/ml) or low-dose (1 ng/ml)
770  1L-15 and the fold increase of the expression of different anti- (BCL-2, MCL-1, BCL-
771  XL) and pro-apoptotic (BIM) proteins between day 6 and the beginning of the IL-15
772  treatment were plotted. The fold increase was calculated for bulk NK cells and for
773  dividing NK cells treated with high- or low-dose IL-15 (n = 7). Significance were
774  calculated using a Wilcoxon test.

775 E-G) NK cells were treated for 6 days with high-dose IL-15 and afterwards incubated
776  without IL-15 for additional 48 h in the presence of different concentrations of a
777 BCL-2 (ABT-199; E), BCL-2/BCL-XL (ABT-737; F) or a MCL-1-inhibitor
778  (Maritoclax; G). The fold decrease in NK cell numbers between 48 h after and before
779  IL-15 withdrawa was evaluated (n = 5). Two experiments were excluded from the
780 analysis due to a missing effect of IL-15 withdrawal within the control samples.
781  Significance of the fold decrease in NK cell numbers upon IL-15 withdrawal in the
782  presence of different inhibitors was calculated between the individua inhibitor

783  concentrations and the control using a Friedman test (p-values: * <0,05; ** <0,01).
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784  Figure5

785 A) NK cells were treated for 6 days with high- (10 ng/ml) or low-dose (1 ng/ml) IL-
786 15 and then incubated for additional 48 h without IL-15. The fold decrease of the
787  expression of different anti- (BCL-2, MCL-1, BCL-XL) and pro-apoptotic (BIM)
788  proteins after 48 h compared to the beginning of IL-15 withdrawal was plotted for
789  bulk NK cells (n = 7). Significance was calculated using a Wilcoxon test.

790 B-C) The BCL-2/BIM ratio was calculated for freshly isolated NK cells (dotted line)
791 and for NK cells after 6 days of high- (10 ng/ml) or low-dose (1 ng/ml) IL-15
792  treatment or after 48 h of IL-15 withdrawal. Results were plotted for bulk (B) and for
793  rapidly vs. slowly cycling (C) NK cells (n = 7). The increase or decrease of the BCL-
794  2/BIM ratio compared to resting NK cells (B-C), was calculated using a Wilcoxon
795 dgned rank test (stars alone), while differences within the ratio between differently
796  treated NK cells was calculated using a Friedman test (stars on line).

797

798 Figure6

799  A) A representative western blot analysis for the expression of BIM splice variants in
800 freshly isolated NK cells (day 0) and NK cell treated for 2, 4 or 6 days with high- (10)
801 orlow-dose (1) IL-15. Actin was used as a loading control.

802 B) NK cells were treated with high- (10 ng/ml) or low-dose (1 ng/ml) IL-15 for 6
803 days and the fold increase of the expression of different BIM splice variants after 6
804  daysof IL-15 treatment compared to resting NK cells was evaluated (n = 6).

805 C) NK cells were treated with high-dose IL-15 for 4 days, FACS-sorted based on
806 their CFSE dilution into proliferating (at least one prior cell divison) or non-

807 proliferating (no cell division) NK cells and then analyzed at a Peggy Sue™ machine.
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808 The fold change between the expressions of BIM splice variants or BCL-2 in non-
809 proliferating vs. proliferating NK cells was calculated (n = 10).

810 D) A representative western blot anaysis for the expression of BIM splice variants
811 and BCL-2 after O, 24 and 48 h of 1L-15 withdrawal in NK cell pretreated with high-
812  dose (10) IL-15 for 6 days. Actin was used as aloading control.

813  Significance between NK cells treated with high- (10 ng/ml) or low-dose (1 ng/ml)
814  IL-15 for 6 days in the expression of the different BIM splice variants was cal cul ated
815 using a Wilcoxon test (B). Significance between non- and proliferating NK cells (C)
816 for their expression of BIM splice variants and BCL-2 was calculated using Wilcoxon
817  signed rank test (p-values. ** <0,01; ***<0,001).

818

819

820
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