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Summary 45 

 46 

Select subsets of immune effector cells have the highest propensity to mediate antitumor 47 

responses. However, procuring these subsets is challenging, and cell-based immunotherapy is 48 

hampered by limited effector cell persistence and lack of on-demand availability. To address 49 

these limitations, we generated a triple gene-edited induced pluripotent stem cell (iPSC). The 50 

clonal iPSC line was engineered to express a high affinity, non-cleavable version of the Fc 51 

receptor CD16a and a membrane-bound IL-15/IL-15R fusion protein. The third edit was 52 

knockout of the ecto-enzyme CD38 that hydrolyzes NAD+. NK cells derived from these 53 

uniformly engineered iPSCs, termed iADAPT, displayed metabolic features and gene expression 54 

profiles mirroring those of cytomegalovirus-induced adaptive NK cells. iADAPT NK cells 55 

persisted in vivo in the absence of exogenous cytokine and elicited superior antitumor activity. 56 

Our findings suggest that unique subsets of the immune system can be modeled through iPSC 57 

technology for effective treatment of patients with advanced cancer. 58 
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Introduction 91 

 92 

CD8+ T cells and natural killer (NK) cells are critical mediators of antitumor immunity. There 93 

have been many efforts to exploit these potent effector cells by either endogenous activation or 94 

adoptive transfer. While chimeric antigen receptor (CAR) T cells demonstrated initial success in 95 

treating acute B lymphoblastic leukemia (Brentjens et al., 2011; Maude et al., 2014), CAR-T cell 96 

efficacy in other malignancies has been less impressive (Hirayama et al., 2019; Schuster et al., 97 

2019; Zou et al., 2018). Moreover, there are limitations to CAR-T cell adoptive therapy 98 

including cytokine release syndrome, neurotoxicity, and graft versus host disease (GvHD) in 99 

allogeneic settings. NK cells have several advantages over T cells as an adoptive cell therapy 100 

product. First, NK cells are safe in the allogeneic setting and do not mediate GvHD, making 101 

them amenable for off-the-shelf administration. The toxicity profile for allogeneic NK cell 102 

adoptive transfer is also favorable. (Miller et al., 2005; Romee et al., 2016). Allogeneic NK cell 103 

adoptive transfer has been tested clinically for the treatment of relapsed, refractory acute myeloid 104 

leukemia (AML). However, a minority of patients achieved a complete remission and rarely 105 

were responses durable, necessitating additional strategies to improve efficacy (Miller et al., 106 

2005).  107 

 108 

We developed a platform for the differentiation and expansion of induced pluripotent stem cell 109 

(iPSC)-derived NK (iNK) cells that resemble peripheral blood NK cells and have desirable 110 

properties over traditional apheresis products (Valamehr et al., 2014; Cichocki et al., 2020). 111 

These cells are cytotoxic against an array of tumor types, maintain robust antitumor function 112 

after cryopreservation, and efficiently recruit T cells in vivo (Cichocki et al., 2020). In addition, 113 
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genetic modifications designed to augment antitumor activity can be introduced with ease. We 114 

demonstrated this previously with the generation of iNK cells expressing a modified version of 115 

CD16a, which is a low-affinity Fc receptor used by NK cells to mediate antibody-dependent 116 

cellular cytotoxicity (ADCC). Upon NK cell activation, CD16a is subject to cleavage by the 117 

metalloprotease ADAM17 leading to reduced ADCC (Romee et al., 2013). We previously 118 

identified the ADAM17 cleavage site within CD16 and created a high-affinity, non-cleavable 119 

version of CD16a (hnCD16) (Jing et al., 2015). Using our single-cell iPSC engineering platform, 120 

hnCD16a was introduced into iPSCs. Through clone selection, the ideal engineered iPSC was 121 

banked to create the starting material for derivation of iNK cells with uniform expression of 122 

hnCD16. Adoptive transfer of hnCD16 iNK cells in combination with rituximab yielded potent 123 

antitumor responses and long-term survival in a mouse xenograft model of lymphoma (Zhu et 124 

al., 2020). 125 

 126 

Having established hnCD16 iNK cells, we sought to introduce additional synthetic modifications 127 

to enhance the efficacy and mimic the adaptive NK cell phenotype. First described as an 128 

expansion of a unique subset of NK cells in cytomegalovirus (CMV) seropositive individuals 129 

(Gumá et al., 2004), adaptive NK cells persist long-term, have enhanced metabolic fitness, 130 

exhibit strong ADCC, and likely mediate potent graft-versus-leukemia effects (Lee et al., 2015; 131 

Schlums et al., 2015; Schlums et al., 2017; Cichocki et al., 2018, Cichocki et al., 2016; Cichocki 132 

et al., 2019). To replicate the adaptive NK cell phenotype, we engineered two additional 133 

attributes: knockout of CD38 and the introduction of a membrane-bound IL-15/IL-15 receptor 134 

fusion (IL-15RF) molecule. Here, we show that knockout of CD38 and overexpression of both 135 

IL-15RF and hnCD16 transgenes imbues iNK cells with augmented innate immune function, 136 
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ADCC, persistence, and metabolic and transcriptional characteristics associated with adaptive 137 

NK cells. We refer to our triple gene-modified iNK cells as iADAPT NK cells. Furthermore, we 138 

demonstrate that iADAPT NK cells persist in vivo in the absence of exogenous cytokines, 139 

exhibit profound antitumor function, and can be combined with daratumumab for efficient 140 

killing of multiple myeloma (MM) and AML cells in both in vitro and in vivo settings. 141 

 142 

 143 

 144 

 145 

 146 

 147 

 148 

 149 

 150 

 151 

 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 
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Results 160 

 161 

Adaptive NK cells from CMV seropositive individuals express low levels of CD38 and are more 162 

resistant to oxidative stress-induced cell death 163 

 164 

 CD38 is an ectoenzyme with NAD+ glycohydrolase and ADP-ribosyl cyclase activity (Graeff et 165 

al., 2006). It was originally identified on activated T cells but is now known to be more broadly 166 

expressed, particularly during inflammation (Reinherz et al., 1980; Shubinsky and Schlesinger, 167 

1997). We assessed surface CD38 levels on major immune subsets present within freshly 168 

isolated peripheral blood using a flow cytometry gating strategy (Figure 1A). CD38 levels were 169 

high on monocytes, CD56bright NK cells, and CD56dim NK cells, whereas CD38 levels were 170 

intermediate on B cells and low on both CD4+ and CD8+ T cells (Figure 1B). With respect to 171 

NAD+ metabolism, CD38 overexpression is associated with CD8+ T cell exhaustion, NAD+ 172 

depletion, and dysfunction in programmed cell death 1 (PD-1) blockade-resistant cancers (Verma 173 

et al., 2019; Chen et al., 2018). An inverse correlation between CD38 and NAD+ dictates long-174 

term antitumor responses by T cells (Chatterjee et al., 2018). Given that adaptive NK cells have 175 

genome-wide epigenetic and transcriptional profiles that skew towards those observed for CD8+ 176 

T cells (Schlums et al., 2015; Lau et al., 2018), we reasoned that adaptive NK cells, like CD8+ T 177 

cells, may express low levels of CD38 at homeostasis. To address this, we examined previously 178 

published RNA-seq data comparing canonical (CD56dimCD57-NKG2C- and 179 

CD56dimCD57+NKG2C-) and adaptive (CD56dimCD57-NKG2C+ and CD56dimCD57+NKG2C+) 180 

NK cell subsets sorted from the peripheral blood of healthy CMV seropositive donors (Cichocki 181 

et al., 2018). We observed significantly lower CD38 expression in adaptive NK cell subsets 182 
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relative to canonical subsets (Figure 1C). This finding was confirmed at the protein level by flow 183 

cytometry. NK cells from CMV seronegative donors displayed high surface levels of CD38 184 

regardless of NKG2C and CD57 expression. In contrast, CD38 levels were markedly reduced on 185 

adaptive NK cell subsets from CMV seropositive individuals (Figure 1D). To determine whether 186 

adaptive NK cells have higher concentrations of intracellular NAD+, we separated NKG2C- and 187 

NKG2C+ NK cells freshly isolated from CMV seropositive individuals by magnetic selection 188 

and quantified NAD+. As anticipated, we observed elevated levels of NAD+ in NKG2C+ NK 189 

cells (Figure 1E).  190 

 191 

Previous studies have shown that CD38 knockout cells are resistant to oxidative stress through 192 

reductions of reactive oxygen species (ROS) levels. (Ge et al., 2010). To determine whether 193 

CD38 levels correlate with resistance to oxidative stress-induced NK cell death, we cultured NK 194 

cells from CMV seropositive donors with or without hydrogen peroxide (H2O2) and assessed 195 

apoptosis and cell death by flow cytometry. Adaptive NK cells were more resistant to cell death 196 

induced by oxidative stress as indicated by increased frequencies of viable cells among these 197 

subsets (Figure 1F). Together, our data demonstrates associations between reduced CD38 198 

expression, elevated NAD+, and protection against oxidative stress in adaptive NK cells. 199 

 200 

CD38KO iNK cells exhibit metabolic traits observed for adaptive NK cells and are resistant to 201 

daratumumab-induced fratricide 202 

 203 

The association between low CD38 expression on adaptive NK cells and resistance to oxidative 204 

stress led us to reason that we could engineer iNK cells for metabolic benefit through knockout 205 
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of CD38 while simultaneously leveraging this genetic modification for avoidance of NK cell 206 

fratricide mediated by the therapeutic anti-CD38 antibody daratumumab. To this end, we 207 

generated a bi-allelic CD38 knockout in iPSCs that had been transduced with hnCD16 (Figure 208 

2A). iPSCs were cultured in a cocktail of small molecules and cytokines to induce differentiation 209 

into CD34+ hematopoietic progenitor cells (HPCs). Enriched CD34+ HPCs were then cultured 210 

under conditions that support NK cell differentiation and expansion using previously published 211 

methods (Zhu et al., 2020; Cichocki et al., 2020). The absence of CD38 expression in iNK cells 212 

was confirmed by Western blot (Figure 2B) and flow cytometry (Figure 2C). In agreement with 213 

our analysis of adaptive NK cells, we found that NAD+, NADH, and ATP levels were 214 

significantly higher in hnCD16/CD38KO iNK cells relative to hnCD16 iNK cells (Figure 2D).  215 

 216 

To determine whether elevated levels of these metabolites were associated with increased 217 

metabolic activity, we performed metabolic flux assays to measure mitochondrial oxidative 218 

phosphorylation and glycolysis. We observed higher oxygen consumption rates (OCR) and 219 

extracellular acidification rates (ECAR) for hnCD16/CD38KO iNK cells relative to hnCD16 220 

iNK cells (Figure 2E), indicative of enhanced metabolic activity. Basal respiration, ATP-linked 221 

respiration, and maximum respiration were all higher for hnCD16/CD38KO iNK cells, and a 222 

statistical trend towards higher spare respiratory capacity was also observed. Additionally, 223 

hnCD16/CD38KO iNK cells exhibited higher rates of glycolysis and a trend toward higher 224 

glycolytic reserve (Figure S1). Of note, we previously reported elevated OCR and ECAR for 225 

adaptive NK cells relative to canonical NK cells (Cichocki et al., 2018). To determine whether 226 

CD38 knockout impacted oxidative stress in iNK cells, hnCD16 iNK cells and 227 

hnCD16/CD38KO iNK cells were cultured in media alone, 50 M H2O2, or 100 M H2O2. Cells 228 
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were then analyzed by flow cytometry using MitoSox dye, which emits fluorescence upon 229 

oxidation by mitochondrial superoxide. Compared to hnCD16 iNK cells, hnCD16/CD38KO iNK 230 

cells exhibited markedly lower mitochondrial superoxide as evidenced by lower frequencies of 231 

MitoSox+ cells at both hydrogen peroxide concentrations tested (Figure 2F). 232 

 233 

Previous studies suggested a role for CD38 in supporting NK cell degranulation and cytokine 234 

release through calcium mobilization (Deaglio et al., 2002; Sconocchia et al., 1999). However, 235 

we found no impact of CD38 knockout in calcium flux assays testing iNK cell responses to 236 

ionomycin or CD16 crosslinking (Figure S2). To investigate the effect of CD38 knockout in 237 

preventing daratumumab-mediated iNK cell fratricide, we performed specific cytotoxicity assays 238 

where non-transduced iNK cells, hnCD16 iNK cells, hnCD16/CD38KO iNK cells, and primary 239 

NK cells were cultured with daratumumab at a range of concentrations between 0 and 30 g/ml. 240 

The addition of daratumumab to primary NK cells and hnCD16 iNK cells resulted in specific 241 

cytotoxicity in a dose-dependent manner. Daratumumab had a minimal effect on non-transduced 242 

iNK cells that express CD16 at lower frequencies. As anticipated, no daratumumab-mediated 243 

cytotoxicity was observed for hnCD16/CD38KO iNK cells (Figure 2G).  244 

 245 

To assess how fratricide impacts MM cell killing, we employed co-culture assays using RPMI-246 

8226 spheroids. RPMI-8226 myeloma cells were added to wells in tissue culture plates and left 247 

to form spheroids. Non-transduced iNK cells, hnCD16 iNK cells, and hnCD16/CD38KO iNK 248 

cells were then added with or without daratumumab. Five days later, wells were harvested, and 249 

the absolute numbers of iNK cells and RPMI-8226 myeloma cells were determined by flow 250 

cytometry. Daratumumab-mediated fratricide was evident in wells containing hnCD16 iNK cells, 251 
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while no fratricide and superior on-target ADCC was observed in wells containing 252 

hnCD16/CD38KO iNK cells (Figure 2H). Together, these data show that knockout of CD38 in 253 

iNK cells results in favorable metabolic alterations mirroring those observed in adaptive NK 254 

cells and protects against daratumumab-mediated fratricide without compromising ADCC.  255 

 256 

CD38 knockout results in elevated levels of metabolites associated with glycolysis and cysteine 257 

metabolism 258 

 259 

To gain a deeper understanding of the metabolic effects associated with CD38 knockout in iNK 260 

cells, we performed a comprehensive evaluation of principle metabolites from expanded 261 

peripheral blood NK cells, hnCD16 iNK cells, and hnCD16/CD38 KO iNK cells using mass 262 

spectrometry. Corroborating our colorimetric assay results, we observed significantly higher 263 

NAD+ levels in hnCD16/CD38KO iNK cells. Two intermediates of the glycolysis pathway, 3-264 

phosphoglycerate and phosphoenolpyruvate were markedly higher in hnCD16/CD38KO iNK 265 

cells (Figure 3A), consistent with the increased rates of glycolysis observed in metabolic flux 266 

assays (Figure 2E). Metabolites selectively enriched in hnCD16/CD38KO iNK cells also 267 

included the amino acids cysteine and homocysteine (Figure 3A), which are components of a 268 

metabolic pathway leading to cysteine-glutathione disulfide (L-CySSG) formation.  269 

 270 

L-CySSG is a prodrug of glutathione that maintains redox homeostasis and cellular antioxidant 271 

levels (Berkeley et al., 2003; Wang and Cynader, 2002). Very high levels of L-CySSG were 272 

observed in hnCD16/CD38KO iNK cells relative to hnCD16 iNK cells and expanded peripheral 273 

blood NK cells (Figure 3A). To determine whether L-CySSG could protect NK cells against 274 
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hydrogen peroxide-induced oxidative stress, we isolated peripheral blood NK cells and cultured 275 

them overnight in media alone or media containing L-CySSG. Cells were then cultured with or 276 

without H2O2 for 1 hour. NK cells pre-incubated with L-CySSG exhibited an ~30% decrease in 277 

mitochondrial superoxide frequencies (Figure 3B). Similar results were observed when these 278 

assays were performed with non-transduced iNK cells (Figure 3C). Together, these data show 279 

that CD38 knockout influences glycolysis and cysteine metabolism. Furthermore, NK cells 280 

lacking CD38 have elevated levels of L-CySSG, which may contribute to their relative resistance 281 

to oxidative stress. 282 

 283 

Expression of a membrane-bound IL-15/IL-15R fusion protein in iNK cells leads to genome-wide 284 

transcriptional alterations that mirror adaptive NK cells 285 

 286 

Interleukin (IL)-15 is required for NK cell survival (Cooper et al., 2002; Ranson et al., 2003). 287 

We reasoned that transgenic expression of an IL-15/IL-15R fusion protein could provide signals 288 

to enhance iNK cell function and persistence. To this end, we transduced hnCD16/CD38KO 289 

iPSCs with a membrane-bound IL-15/IL-15R fusion construct (IL-15RF) and differentiated these 290 

cells along the NK cell lineage to generate hnCD16/CD38KO/IL-15RF iNK cells. We first 291 

performed single cell RNA-seq (scRNA-seq) to compare global gene expression between non-292 

transduced, hnCD16/CD38KO, and hnCD16/CD38KO/IL-15RF iNK cells. As anticipated, given 293 

the clonal nature of iNK cells, all three iNK cell lines clustered tightly with no distinct transcript 294 

clusters observed for any line (Figure S3). However, differential gene expression analyses 295 

showed that several transcripts encoding cytotoxic granule components and signaling molecules 296 
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were elevated in hnCD16/CD38KO iNK cells and further elevated in hnCD16/CD38KO/IL-297 

15RF iNK cells relative to non-transduced iNK cells (Figure S4).  298 

 299 

We also performed Gene Ontology (GO) analyses and found that regulation of immune response, 300 

response to virus, and type 1 interferon signaling pathway were among the top enriched 301 

pathways in both hnCD16/CD38KO and hnCD16/CD38KO/IL-15RF iNK cells. Additionally, 302 

the T cell receptor signaling pathway, adaptive immune response, and T cell activation pathways 303 

were enriched in hnCD16/CD38KO/IL-15RF iNK cells (Figure S4). Motivated by our 304 

observation that adaptive immune response genes were enriched in hnCD16/CD38KO/IL-15RF 305 

iNK cells, we reasoned that these cells may have a broader transcriptional program shared with 306 

adaptive NK cells from CMV seropositive individuals. To explore this further, we generated 307 

violin plots of top differentially expressed genes in hnCD16/CD38KO and 308 

hnCD16/CD38KO/IL-15RF iNK cells relative to non-transduced iNK cells (Figure 4A). The 309 

differences between expression levels of all genes shown were also statistically significant when 310 

comparing hnCD16/CD38KO iNK cells to hnCD16/CD38KO/IL-15RF iNK cells. scRNA-seq 311 

results were validated by both flow cytometry and quantitative RT-PCR (Figure S5). We then 312 

analyzed our previously published RNA-seq data comparing canonical and adaptive NK cell 313 

subsets sorted from the peripheral blood of CMV seropositive donors (Cichocki et al., 2018) to 314 

determine whether there were matching trends (Figure 4B). We found that many genes encoding 315 

proteins that dictate NK cell activation and effector function were highly induced in both 316 

hnCD16/CD38KO/IL-15RF iNK cells and adaptive NK cells. Genes that were both upregulated 317 

and downregulated in hnCD16/CD38KO/IL-15RF iNK cells followed similar patterns in 318 

adaptive NK cells (Figure S6). Given the metabolic and transcriptional similarities between 319 
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hnCD16/CD38KO/IL-15RF iNK cells and adaptive NK cells, we’ve termed these iNK cells 320 

“iADAPT” NK cells.  321 

 322 

iADAPT NK cells exhibit robust serial killing 323 

 324 

To assess iADAPT NK cell serial target killing in the absence of exogenous cytokine, we 325 

performed sequential killing assays using expanded peripheral blood NK cells from 3 donors and 326 

iADAPT NK cells that were thawed from cryopreservation and co-cultured with MM.1R 327 

myeloma cells at various E:T ratios in the presence or absence of daratumumab. After 48 hours 328 

of live cell imaging, non-adherent cells were collected and transferred into wells containing fresh 329 

MM.1R targets for the next 48 hours of live cell imaging. After another 48 hours of live cell 330 

imaging, non-adherent cells were again collected and transferred into wells containing fresh 331 

MM.1R targets. Thus, effector cells were tested in 3 rounds of target cell killing. During round 1 332 

of the assay, both peripheral blood NK cells and iADAPT NK cells exhibited comparable natural 333 

cytotoxicity and daratumumab-mediated ADCC in a dose dependent manner (Figure 5A). 334 

However, in round 2, iADAPT NK cells increased their natural cytotoxicity and ADCC, even at 335 

low E:T ratios, while peripheral blood NK cells from all three donors lost their ability to kill 336 

targets. These trends continued in round 3 of the assay, where only iADAPT iNK cells increased 337 

their cytotoxic function after multiple rounds of killing (Figure 5A). Importantly, iADAPT NK 338 

cells also raised their cytotoxicity index in round 2 and 3 in the absence of daratumumab (Figure 339 

5B).  Similar results were observed in serial killing assays comparing peripheral blood NK cells, 340 

non-transduced iNK cells, and iADAPT NK cells (Figure S7). Together, these data show that 341 

iADAPT NK cells mediate efficient innate cytotoxicity and serial killing. 342 
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 343 

iADAPT NK cells mediate cellular cytotoxicity against primary MM and AML cells when 344 

combined with daratumumab 345 

 346 

CD38 is highly and uniformly expressed on nearly all MM cells (de Weers et al., 2011), and the 347 

first clinical trials conducted with daratumumab as a single agent demonstrated that about 30-348 

50% of patients with relapsed refractory myeloma respond to daratumumab (Usmani et al., 349 

2016). To assess iADAPT NK cell killing of primary MM cells, a bone marrow aspirate was 350 

collected from a relapse, refractory MM patient. Cells in the aspirate were labeled with CellTrace 351 

dye and co-cultured overnight with expanded peripheral blood NK cells, non-transduced iNK 352 

cells, and iADAPT NK cells immediately thawed from cryopreservation at a 2:1 E:T ratio in the 353 

presence or absence of daratumumab. Cytotoxicity against primary MM cells was assessed by 354 

flow cytometry and analysis of the percentages of CellTrace+ cells expressing CD138, a large 355 

glycoprotein that is highly expressed on MM cells (Akhmetzyanova et al., 2020). Of the 356 

conditions tested, we found that iADAPT NK cells in combination with daratumumab led to the 357 

greatest reduction in the CD138+ MM population (Figure 6A).  358 

 359 

CD38 is expressed on AML cells from ~75% of patients, but there is high variability in 360 

expression levels between patients (Williams et al., 2019). One strategy for increasing CD38 361 

levels on AML cells to enhance antibody targeting is treatment with all-trans-retinoic acid 362 

(ATRA), which induces CD38 expression through activation of retinoic acid-alpha receptor 363 

(Drach et al., 1994). To determine whether iADAPT NK cell cytotoxicity against AML could be 364 

enhanced by combinatorial treatment with daratumumab and ATRA, we tested AML cell lines 365 
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and primary AML cells. Culture overnight with ATRA resulted in a dramatic increase in CD38 366 

expression on HL-60 AML cells and a more moderate increase in CD38 expression on primary 367 

AML cells (Figure 6B). HL-60 cells and AML blasts were labeled with CellTrace dye and used 368 

as targets in co-culture assays with expanded peripheral blood NK cells and iADAPT iNK cells 369 

thawed from cryopreservation. The addition of daratumumab alone or in combination with 370 

ATRA did not significantly impact peripheral blood NK cell cytotoxicity against AML cells 371 

from either patient. Additionally, peripheral blood NK cells did not produce interferon (IFN)- in 372 

response to AML targets, likely due to a failure of these cells to recover inflammatory cytokine 373 

production after the freeze/thaw cycle. In contrast, iADAPT NK cells co-cultured with HL-60 374 

cells (Figure 6C) and primary AML cells (Figure 6D) exhibited increased cytotoxicity and IFN- 375 

production, which was further enhanced with the addition of daratumumab. The addition of 376 

ATRA most notably improved killing of HL-60 cells where it induced the most profound 377 

increase in CD38 surface expression resulting in effective elimination by iADAPT NK cells 378 

combined with daratumumab (Figure 6B and 6C). Similar results were observed using the AML 379 

cell line THP-1 (Figure S7). Thus, these data demonstrate the potential of using iADAPT NK 380 

cells alone or in combination with daratumumab and ATRA for the treatment of AML. 381 

 382 

iADAPT NK cells persist in vivo and display robust in vivo antitumor responses against MM and 383 

AML 384 

 385 

Next, we sought to assess the persistence of iADAPT NK cells in vivo. To this end, we 386 

intravenously (i.v.) injected NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice with 1.2x107 expanded 387 

peripheral blood NK cells or iADAPT NK cells thawed from cryopreservation on days 1, 8, and 388 
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15. The cell dose and dosing schedule were chosen to mimic a proposed clinical trial to test the 389 

safety and efficacy of iADAPT NK cells in patients with advanced cancer. Blood draws were 390 

performed weekly, and human CD45+CD56+CD16+ NK cell numbers were quantified by flow 391 

cytometry. Peripheral blood NK cell numbers peaked at approximately 1-3 cells per l and less 392 

than 0.02 percent of the blood population after the final dose and then quickly declined, which 393 

was expected given the lack of cytokine support (Figure 7A, B). In contrast, iADAPT NK cells 394 

peaked at nearly 100 cells per l and greater than 20 percent of the blood population and 395 

persisted at markedly higher levels for 4 weeks after the last injection before declining to low, 396 

but still detectable levels at day 43 (Figure 7A, B).  397 

 398 

To compare the in vivo antitumor activity of iADAPT NK cells to iNK cells without the full 399 

complement of genetic modifications present in iADAPT NK cells, we set up a disseminated 400 

xenogeneic AML model. Human HL-60 cells transduced with the gene encoding firefly 401 

luciferase were injected i.v. into NSG mice that did not receive any exogenous cytokine support 402 

traditionally provided in NK cell xenograft models. Groups of mice then received hnCD16/IL-403 

15RF iNK cells, hnCD16/CD38KO iNK cells or iADAPT NK cells (3 doses of cells 404 

immediately thawed from cryopreservation). Tumor bioluminescence (BLI) was measured 405 

weekly for 4 weeks. While hnCD16/IL-15RF iNK cells and hnCD16/CD38KO iNK cells only 406 

displayed modest control of tumor growth, iADAPT iNK cells mediated strong antitumor effects 407 

without the need for cytokine support (Figure 7C, D).  408 

 409 

To evaluate iADAPT NK cell in vivo antitumor function in combination with daratumumab, we 410 

employed a more aggressive xenogeneic MM model. Human MM.1S cells expressing firefly 411 
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luciferase were injected i.v. into NSG mice. After allowing the tumor to establish, groups of 412 

mice received daratumumab alone, iADAPT NK cells alone (3 doses of cells immediately 413 

thawed from cryopreservation), or daratumumab plus iADAPT NK cells. Tumor BLI was 414 

assessed weekly for 5 weeks (Figure 7E). Consistent with previous studies, daratumumab alone 415 

demonstrated single agent activity in immunodeficient NSG mice (De Weers et al., 2011). As 416 

expected, the administration of iADAPT NK cells alone did not impact tumor progression in this 417 

xenogeneic model. However, the combination of iADAPT NK cells and daratumumab had a 418 

potent antitumor effect, with a 99% reduction in the area under the curve (AUC) calculated from 419 

BLI measurements compared to untreated tumor-bearing mice (3.9x107 vs. 8x1010 photons/sec.) 420 

and an 89% reduction in AUC compared to daratumumab alone (3.9x107 vs. 3.5x108 421 

photons/sec.) (Figure 7F, G). Together, these data show that iADAPT NK cells mediate robust, 422 

durable in vivo antitumor activity without the need for exogenous cytokine support. These cells 423 

represent an effective treatment strategy alone or in combination with daratumumab.  424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 
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 435 

Discussion 436 

 437 

We use the term ‘adaptive’ in reference to the unique subsets of NK cells that arise in response to 438 

CMV. Adaptive NK cells are phenotypically diverse (Schlums et al., 2015; Lee et al., 2015), 439 

have a genome-wide epigenetic profile that parallels cytotoxic effector CD8+ T cells (Schlums et 440 

al., 2015), and are long-lived (Schlums et al., 2017). Functionally, adaptive NK cells excel at 441 

ADCC and IFN- production (Schlums et al., 2015; Lee et al., 2015; Luetke-Eversloh et al., 442 

2014). Metabolically, adaptive NK cells exhibit elevated mitochondrial oxidative 443 

phosphorylation and glycolysis, as well as increased levels of ATP (Cichocki et al., 2018). Given 444 

these unique characteristics, there is interest in the question of whether adaptive NK cells could 445 

be exploited for cancer immunotherapy. Support for this idea comes from studies of immune 446 

reconstitution after allogeneic hematopoietic cell transplant (HCT) where there is an association 447 

between adaptive NK cell expansion in response to CMV reactivation and relapse protection 448 

(Cichocki et al., 2016; Cichocki et al., 2019).  449 

 450 

Here, we describe an iPSC-derived NK cell product termed iADAPT NK with multiple 451 

customized attributes that can be produced in compliance with good manufacturing practices for 452 

off-the-shelf immunotherapy. We show that iADAPT NK cells share metabolic and 453 

transcriptional features with adaptive NK cells. These iNK cells exhibited enhanced serial killing 454 

and in vivo persistence in the absence of exogenous cytokines. The persistence of these iADAPT 455 

NK cells at high levels in peripheral blood for several weeks after adoptive transfer in the 456 

absence of exogenous cytokine is of considerable importance to the use of these cells for 457 
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immunotherapy. Traditionally, infusions of either IL-2 or IL-15 are required to support the 458 

expansion and persistence of adoptively transferred peripheral blood NK cells (Miller et al., 459 

2005; Cooley et al., 2019). However, there can be counterproductive consequences related to the 460 

infusion of these cytokines. IL-2 is a strong mitogen for T regulatory cells that can inhibit NK 461 

cell antitumor efficacy (Bachanova et al., 2014). IL-15 may be preferable given that it does not 462 

expand T regulatory cells, but it activates and expands cytotoxic CD8+ T cells that can mediate 463 

rejection of the NK cell graft (Cooley et al., 2019). The autonomous persistence of 464 

hnCD16/CD38KO/IL-15RF iNK cells in vivo obviates the need for cytokine dosing, which 465 

reduces treatment cost and avoids unwanted immunoregulatory responses.  466 

 467 

iADAPT NK cells can be combined with daratumumab to trigger ADCC and IFN- production 468 

in response to cancer cells lines and patient-derived MM and AML cells. Moreover, induction of 469 

CD38 expression by ATRA could further enhance iADAPT NK cell ADCC against AML cells. 470 

Importantly, our xenogeneic adoptive transfer experiments show that iADAPT NK cells mediate 471 

superior tumor control as a monotherapy relative to iNK cells that do not have the full 472 

complement of genetic modifications. In adoptive transfer experiments with engrafted MM.1S 473 

cells, which are resistant to NK cell natural cytotoxicity, iADAPT NK cells mediated strong in 474 

vivo antitumor function when combined with daratumumab. iADAPT NK cells represent an 475 

attractive off-the-shelf source of cells for multiple cancer immunotherapy indications. Taken 476 

together, the preclinical data presented here supports further testing of iADAPT NK cells in 477 

FDA-approved phase I clinical trials to treat patients with advanced cancer (NCT04614636). 478 

 479 

 480 
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 481 

Limitations of study 482 

 483 

While we were able to clearly demonstrate the negative impact of daratumumab-mediated NK 484 

cell fratricide on cytotoxic function and the mitigation of this effect by CD38 knockout in vitro, 485 

we were unable to definitively confirm the antitumor benefit of eliminating NK cell fratricide 486 

through CD38 knockout in vivo. This may be due to the effectiveness of daratumumab despite its 487 

NK cell depleting activity, which has been reported clinically (Casneuf et al., 2017). 488 

Alternatively, it may be due to limitations of the xenogeneic model. Additionally, high doses of 489 

cryopreserved iNK cells were used in this study to achieve in vivo antitumor efficacy relative to 490 

typical CAR T cell doses. This may be due to the expression of inhibitory receptors on iNK cells. 491 

While this is a potential drawback, we have previously shown that iNK cells exhibit a high level 492 

of proliferation during the differentiation and expansion process resulting in 1x106-fold 493 

expansions (Cichocki et al., 2020). Our scaled-up manufacturing process can generate billions of 494 

cells from a single production run, accommodating multiple dosing for patients enrolled in trials. 495 

The phase I clinical trial will monitor for any potential adverse effects associated with dose 496 

escalation of iNK cells. 497 

  498 

 499 

 500 

 501 

 502 

 503 
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Figure Legends: 550 

 551 

Figure 1. CMV-induced adaptive NK cells downregulate CD38 and are more resistant to 552 

oxidative stress-induced death. Peripheral blood mononuclear cells were isolated from healthy 553 

donors for examination of CD38 surface levels on major immune subsets. (A) Flow cytometry 554 

gating strategy used to identify immune subsets. (B) Representative histogram plots of CD38 555 

surface expression (left) and cumulative data from 4 donors (right). (C) Heat map of CD38 556 

mRNA transcript fold expression values assessed by RNA-seq in the indicated NK cell subsets 557 

sorted from the peripheral blood of 4 healthy CMV seropositive donors. Values are normalized 558 

to the CD56dimCD57-NKG2C- NK cell population. (D) Representative FACS plots of CD57 and 559 

NKG2C on gated CD3-CD56dim NK cells from CMV seronegative and seropositive donors and 560 

histograms of surface CD38 expression on the indicated NK cell subsets (left). Cumulative data 561 

of CD38 mean fluorescence intensity (MFI) on the indicated NK cell subsets from 4 CMV 562 

seronegative and 4 CMV seropositive donors (right). Statistical significance was determined by 563 

one-way ANOVA with multiple comparisons. *p < 0.05 (E) NKG2C- and NKG2C+ NK cells 564 

were isolated by magnetic selection from 3 CMV seropositive donors and assayed for 565 

intracellular concentrations of NAD+. Statistical significance was determined by paired Student’s 566 

t-test. *p < 0.05 (F) Peripheral blood NK cells from 4 CMV seropositive were isolated by 567 

negative selection and cultured in the presence or absence of 50 M H2O2 for overnight followed 568 

by analysis of apoptosis and cell death by flow cytometry. Show are representative FACS plots 569 

of dead cell dye and Annexin V staining for the indicated NK cell subsets (left) and cumulative 570 

data plotting the percentages of viable cells after H2O2 treatment (right). Statistical significance 571 
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was determined by one-way ANOVA with multiple comparisons, and results are from 2 572 

independent experiments. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01 573 

 574 

Figure 2. hnCD16/CD38KO iNK cells exhibit enhanced metabolic fitness and avoid 575 

daratumumab-mediate fratricide. CRISPR-Cas9 was used to knock out CD38 in iPSCs with 576 

transgenic expression of hnCD16. Knockout efficiency was assessed using (A) a T7E1 nuclease 577 

assay, (B) Western blot, and (C) flow cytometry. (D) The concentrations of NAD+ and NADH 578 

were determined in hnCD16 iNK cells and hnCD16/CD38KO iNK cells using a calorimetric 579 

cyclase assay, and ATP concentrations were determined by bioluminescence. Statistical 580 

significance was determined by paired Student’s t-test, and results are from 2 independent 581 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (E) Real time metabolic profiling of hnCD16 582 

iNK cells and hnCD16/CD38KO iNK cells was performed by Seahorse analysis. Shown are the 583 

oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) for 1 of 4 584 

experiments performed. (F) hnCD16 iNK cells and hnCD16/CD38KO iNK cells were cultured in 585 

media alone or the indicated concentrations of H2O2 for 1 hour. Levels of mitochondrial 586 

superoxide were assessed by MitoSox dye fluorescence. Shown are FACS plots for a 587 

representative experiment (left) and cumulative data from 3 independent experiments. Statistical 588 

significance was determined by paired Student’s t-test. *p < 0.05 (G) To evaluate daratumumab-589 

induced fratricide, iNK cells and peripheral blood NK cells were cultured with increasing 590 

concentrations of daratumumab for 3 hours, and viability was assessed by flow cytometry with 591 

staining for 7-AAD and a fixable viability dye. Data is graphed as specific cytotoxicity (% 592 

specific death - % spontaneous death) / (1 - % spontaneous death) x 100. Results were compiled 593 

from 2 independent experiments. (H) In 3D tumor killing assays, RPMI-8826 cells were cultured 594 
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in low binding plates for 2 days to form tumor spheroids. The indicated iNK cells were then 595 

added at a 2:1 ratio with or without daratumumab. After 5 days, cultures were disrupted, and the 596 

remaining viable tumor and iNK cell numbers were quantified by flow cytometry. Results are 597 

representative of 2 independent experiments. Data are represented as mean ± SEM. 598 

 599 

Figure 3. hnCD16/CD38KO iNK cells exhibit elevated concentrations of glycolytic and 600 

antioxidant metabolites. Expanded primary peripheral blood NK cells (n = 7), hnCD16 iNK 601 

cells (n = 3) and hnCD16/CD38KO iNK cells (n = 3) were analyzed by mass spectrometry to 602 

assess concentrations of key metabolites. Select data are represented in heat map (left) and 603 

column form (right). (B) NK cells isolated from peripheral blood by negative selection and (C) 604 

non-transduced iNK cells were cultured overnight in media alone or in media containing 50 M 605 

L-CySSG. Cells were then cultured with or without 50 M H2O2 for 1 hour. Shown are FACS 606 

plots of MitoSox dye fluorescence from a representative experiment (left) and cumulative data 607 

from 2 independent experiments (right). Statistical significance was determined by paired 608 

Student’s t-tests. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01 609 

 610 

Figure 4. hnCD16/CD38KO/IL-15RF iNK cells and CMV-induced adaptive NK cells share 611 

a set of highly upregulated transcripts. (A) Violin plots of genes that were differentially 612 

expressed with statistical significance between hnCD16/CD38KO/IL-15RF iNK cells, 613 

hnCD16/CD38KO iNK cells, and non-transduced iNK cells in scRNA-seq analyses. (B) 614 

Analysis of the same genes in sorted canonical (CD3-CD56dimNKG2C-) and adaptive (CD3-615 

CD56dimNKG2C+) NK cells from 4 donors analyzed by RNA-seq. Statistical significance was 616 

determined by paired Student’s t-test. *p < 0.05, **p < 0.01 617 
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 618 

Figure 5. iADAPT NK cells sustain natural cytotoxicity and ADCC after multiple rounds of 619 

killing. Expanded peripheral blood NK cells from 3 donors and iADAPT NK cells were thawed 620 

and co-cultured with MM.1R myeloma cells transduced with NucLight Red at the indicated E:T 621 

ratios in the presence or absence of daratumumab. (A) Target cell killing was assessed over 48 622 

hours by live cell imaging. The remaining effector cells in all wells were collected and 623 

transferred to wells containing fresh MM.1R cells. Cytotoxicity was assessed for another 48 624 

hours (round 2). The remaining effector cells in all wells were harvested for a second time and 625 

transferred to wells containing fresh MM.1R cells (round 3). Cytotoxicity was assessed by live 626 

imaging for another 48 hours. (B) Calculated cytotoxicity index values for each assay condition 627 

in IncuCyte assays. All data are normalized to MM.1R myeloma cells alone. Results are 628 

representative of 2 independent experiments. 629 

 630 

Figure 6. iADAPT NK cells mediate ADCC and produce IFN- when challenged with 631 

primary MM and AML cells. (A) CD138+ myeloma cells were isolated from a bone marrow 632 

aspiration of a patient with relapsed MM and labeled with CellTrace dye and co-cultured 633 

overnight at a 2:1 E:T ratio with expanded peripheral blood NK cells or iADAPT NK cells that 634 

were thawed from cryopreservation. The percentages of live MM cells, defined as CellTrace+ 635 

and CD138+ were assessed by flow cytometry. (B) Primary AML cells from two patients with > 636 

90% blasts were thawed, labeled with CellTrace dye, and cultured overnight with or without 637 

ATRA. FACS histogram plots showing surface CD38 expression on HL-60 AML cells and 638 

primary, patient-derived AML cells after overnight culture with or without ATRA are shown. 639 

Tumor cells were co-cultured at a 2:1 E:T ratio overnight with expanded peripheral blood NK 640 
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cells or iADAPT NK cells thawed from cryopreservation. The percentages of live (C) HL-60 641 

AML cells and (D) primary, patient-derived AML cells remaining at the end of the co-culture 642 

period was determined by flow cytometry and gating on the viable, CellTrace+ population. 643 

Intracellular IFN- frequencies in expanded NK cells and iADAPT NK cells were also assessed 644 

by flow cytometry. Cumulative data for % specific killing and IFN- production is shown from 645 

primary AML experiments performed with 2 peripheral blood NK cell products and 2 iADAPT 646 

iNK cell products in 2 independent experiments. Statistical significance was determined by one-647 

way ANOVA with multiple comparisons. Data are represented as mean ± SEM. *p < 0.05, **p < 648 

0.01 649 

 650 

Figure 7. iADAPT NK cells mediate robust antitumor function in vivo. (A) To assess 651 

persistence, NSG mice were injected with 1.2x107 expanded peripheral blood NK cells or 652 

iADAPT NK cells thawed from cryopreservation on days 1, 8, and 15. Mice were bled on days 8 653 

(before second NK injection), 15 (before 3rd NK injection), 16, 22, 29, 36, and 43. (B) 654 

peripheral blood NK cells and iADAPT NK cells were identified by flow cytometry as 655 

hCD45+hCD56+hCD16+mCD45- cells. To assess antitumor function, NSG mice were engrafted 656 

with 1.5x106 HL-60 cells transduced with the firefly luciferase gene. After 4 days, groups of 657 

mice (5 mice per group) received no treatment (HL-60 alone), 3 infusions of thawed expanded 658 

peripheral blood NK cells, hnCD16/CD38KO iNK cells, hnCD16/IL-15RF iNK cells, iADAPT 659 

NK cells. Each dose consisted of 1x107 cells, and mice were treated weekly for 3 weeks. 660 

Bioluminescent imaging (BLI) was performed weekly to track tumor burden. Shown are (C) raw 661 

BLIs and (D) quantification of BLI data through day 28. (E) NSG mice were engrafted with 662 

5x105 luciferase-expressing MM.1S cells. After 3 days, groups of mice (4 mice per group) 663 
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received no treatment (MM.1S alone), 3 infusions of daratumumab alone, 3 infusions of 664 

iADAPT NK cells alone, or 3 infusions of iADAPT NK cells in combination with daratumumab. 665 

Each dose consisted of 1x107 cells, and mice were treated weekly for 3 weeks. Bioluminescent 666 

imaging (BLI) was performed weekly to track tumor burden. (F) Quantification of BLI data 667 

through day 35. (G) Area under the curve (AUC) data quantified from BLI imaging. AUC values 668 

were statistically significant for the daratumumab alone and hnCD16/CD38KO/IL-15R fusion 669 

iNK cells + daratumumab groups relative to the MM.1S alone group. Data is representative of 3 670 

independent experiments. P values were determined by one-way ANOVA. Data are represented 671 

as mean ± SD. *p < 0.05, **p < 0.01, ****p < 0.0001 672 

 673 
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STAR Methods 687 

 688 

Resource availability 689 

 690 

Lead contact 691 

 692 

Further information and requests for resources and reagents should be directed to and will be 693 

fulfilled by the Lead Contact, Frank Cichocki (cich0040@umn.edu). 694 

 695 

Materials availability 696 

 697 

The study did not generate new unique reagents. 698 

 699 

Data and code availability 700 

 701 

Raw and processed single cell RNA-seq datasets generated in this study are available through the 702 

Gene Expression Omnibus repository hosted by the National Center for Biotechnology 703 

Information under the accession number GSE168936. 704 

 705 

Experimental model and subject details 706 

 707 

Animals 708 

 709 
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NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ mice (Jackson Laboratories) were housed in the institution’s 710 

Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-711 

accredited animal care facility, which is in a dedicated building on the University of Minnesota 712 

campus. Autoclaved specific pathogen-free cages were in one of two 300 square foot rooms. In 713 

addition to oversight by a board-certified laboratory animal veterinarian, all animal technicians 714 

are rigorously trained and certified. Microbiological, clinical pathological, and necropsy 715 

diagnostic facilities are available on site. Experiments were balanced by sex. All experiments 716 

were reviewed and approved by the University of Minnesota Institutional Animal Care 717 

Committee (IACUC) under the protocol 1907-37257A.  718 

 719 

Cell lines 720 

 721 

MM.1S, MM.1R, RPMI-8226, HL-60, THP-1, K562, and OP9 cell lines were obtained from the 722 

American Tissue Culture Collection (ATCC). All cell lines were cultured in RPMI 1640 723 

(Corning) supplemented with 10% fetal bovine serum (Hyclone) and penicillin/streptomycin. 724 

Cells were kept at low passage and maintained at 37C and 5% CO2 and tested for mycoplasma 725 

by PCR monthly. 726 

 727 

Method details 728 

 729 

iNK cell culture and phenotyping 730 

 731 
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Human iPSC differentiation to iCD34+ cells, differentiation along the NK cell lineage, and 732 

expansion of the NK cell population were performed as previously described (Cichocki et al., 733 

2020, Valamehr et al., 2014; Valamehr et al., 2012; Tsutsui et al., 2011). Briefly, in most cases 734 

iPSCs were differentiated towards the mesoderm and CD34+ hematopoietic progenitor stages in 735 

StemPro34 media (Thermo Fisher) supplemented with BMP4 (Life Technologies), bFGF (Life 736 

Technologies). CD34+ cells were subsequently enriched prior to differentiation into iNK cells. At 737 

the beginning of the iNK cell differentiation culture, iCD34+ cells were plated on OP9 cells in 738 

B0 media (Cichocki et al., 2010) to support NK cell differentiation from hematopoietic 739 

progenitors. After 20-30 days of culture, iNK cells were harvested and co-cultured with 740 

irradiated K562 cells transduced with membrane-bound IL-22 and 4-1BB ligand (4-1BBL) 741 

constructs. In supplemented B0 media for 2-to-4 weeks.  742 

 743 

iADAPT iPSCs were created by CRISPR-mediated targeted integration. The donor plasmid 744 

contained IL-15RF and hnCD16 in a 2A peptide-connected bi-cistronic expression cassette 745 

flanked by two homology arms to facilitate the targeted integration at the CD38 locus. IL-15RF 746 

was constructed by combining IL-15 (GenBank accession # NM_000585) and IL-15 receptor 747 

alpha (GenBank accession # 002189), and hnCD16 was constructed as described previously 748 

(Jing et al., 2015). To generate iADAPT NK cells, AsCpf1 nuclease (Aldevrong), a CD38-749 

targeting gRNA (target sequence: TCCCCGGACACCGGGCTGAAC), and the donor plasmid 750 

were combined with iPSCs and transfected using a Neon electroporation device (Thermo Fisher) 751 

following the manufacturer’s protocol. Once electroporated, cells were plated and clones were 752 

screened by sequencing. Individual clones were selected as iADAPT iPSCs. To generate 753 

hnCD16/CD38KO iPSCs, iPSCs were first transfected with the CD38-targeting gRNA described 754 
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above. iPSC clones were screened by sequencing, and the selected CD38KO clone was 755 

transduced with lentivirus containing hnCD16. To generate hnCD16/IL-15RF iPSCs, iPSCs were 756 

engineered by sequential transduction of lentivirus containing IL-15RF and lentivirus containing 757 

hnCD16, respectively. All engineered iPSCs were maintained in media consisting of 758 

DMEM/F12 (Mediatech), 20% v/v knockout serum replacement (Invitrogen), 1% v/v non-759 

essential amino acids (Mediatech), 2 mM L-glutamine (Mediatech), 100 mM -mercaptoethanol 760 

(Invitrogen), 10 ng/mL bFGF (Invitrogen), and the small molecules PD0325901, CHIR99021, 761 

Thiazovivin, and SB431542 (all Biovision). For single-cell dissociation, iPSCs were washed 762 

once with phosphate buffered saline (Mediatech) and treated with Accutase (Millipore) at 37ºC 763 

followed by pipetting to ensure single cell dissociation. The single-cell suspension was then 764 

processed for continued culture on Matrigel or induced to differentiation into iNK cells. The 765 

efficacy of CD38 knockout was determined using a standard T7 endonuclease assay (New 766 

England Biolabs). The following fluorescently conjugated antibodies were used for phenotypic 767 

analysis of iNK cells by flow cytometry: anti-CD56 (HCD56), anti-CD38 (HIT2), and anti-CD16 768 

(3G8). All antibodies were purchased from BioLegend. Flow cytometry was performed on an 769 

LSR II instrument (BD Biosciences). Flow cytometry data was analyzed with FlowJo software 770 

(v10.7.1) (BD). 771 

 772 

Western blot 773 

 774 

iNK cells were lysed with radioimmunoprecipitation assay (RIPA) buffer containing a protease 775 

inhibitor cocktail (Sigma Aldrich). 10 g of total protein was migrated through a 7.5% 776 

bis/acrylamide gel. Protein was then transferred to PVDF membranes using the iBlot system 777 



 34 

(Invitrogen). Membranes were blocked with 5% albumin or 5% milk and incubated overnight at 778 

4C with antibodies specific for CD38 (14637S; Cell Signaling) and -actin (sc-47778; Santa 779 

Cruz) followed by incubation with a horseradish peroxidase-conjugated secondary antibody (Cell 780 

Signaling). Chemiluminescence was detected with Pico and Femto substrate (Thermo Fisher), 781 

and images were acquired with a BioLite Xe (UVP). 782 

 783 

Calcium flux analysis 784 

 785 

iNK cells were stained with Indo-1 AM (Thermo Fisher) per the manufacturer’s protocol and co-786 

stained with CD56 and a fixable live/dead indicator dye (Invitrogen). For stimulation through 787 

CD16, cells were pre-coated with an anti-CD16 antibody (3G8; BioLegend). Cells were run for 788 

30 seconds on a FACS Fortessa X-30 (BD Biosciences) to obtain baseline measurements of free 789 

and bound calcium by measuring the shift in emission spectra. Then, goat anti-mouse IgG f(ab’)2 790 

(Jackson ImmunoResearch Laboratories) was added as a crosslinking agent, and cells were 791 

immediately returned to the flow cytometer. Data was collected for an additional 4 minutes. For 792 

inonomycin stimulation, non-antibody coated iNK cells were first run unstimulated for 30 793 

seconds followed by addition of ionomycin to achieve a final concentration of 1 M, then run for 794 

an additional 4 minutes. Calcium flux was calculated based on the ratio of free and bound 795 

calcium over time.  796 

 797 

Metabolic assays 798 

 799 
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Seahorse assays were performed according to the manufacturer’s instructions with modifications 800 

to simultaneously analyze glycolysis and oxidative mitochondrial metabolism using the Seahorse 801 

XF Glycolysis Stress Test Kit and the Seahorse XF Cell Mito Stress Kit (Agilent Technologies). 802 

Briefly, iNK cells were washed and resuspended in glucose-free media (Gibco). 1.5x105 cells 803 

were plated per well in triplicate and analyzed with a Seahorse Xfe96 Analyzer (Agilent 804 

Technologies). Glucose, oligomycin, FCCP, sodium pyruvate, rotenone, and antimycin A were 805 

serially injected to measure metabolic function. SRC measurements were calculated as average 806 

maximal OCR values minus average basal OCR values. ATP-linked respiration was calculated 807 

as average basal OCR values minus average post-oligomycin values. Glycolysis was calculated 808 

as average post-glucose ECAR values minus average basal ECAR values. Glycolytic reserve was 809 

calculated as average maximal ECAR values minus post-glucose ECAR values. For ATP 810 

quantification assays, 1x105 iNK cells per well were analyzed using the ATP Bioluminescence 811 

Assay Kit HS II (Sigma Aldrich) and analyzed with an Infinite M200 PRO Luminometer 812 

(Tecan). NAD+ and NADH concentrations were quantified using the NAD/NADH Cell-Based 813 

Assay Kit (Cayman Chemical) as per the manufacturer’s instructions and analyzed with an 814 

Infinite M200 PRO Luminometer. For analyses of oxidative stress, iNK cells were cultured with 815 

hydrogen peroxide (Sigma Aldrich) for 1 hour. Following treatment, cells were cultured in 816 

serum-free media containing 5 mM MitoSox Indicator Dye (Thermo Fisher). Cells were then 817 

washed and counter stained with anti-CD56 antibody and fixable viability dye for flow 818 

cytometry analysis. For mass spectrometry analysis of metabolites, iNK cells and expanded 819 

peripheral blood NK cells were snap frozen in liquid nitrogen and sent to Metabolon (Durham, 820 

NC). 821 

 822 
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iNK cell fratricide assays 823 

 824 

Peripheral blood NK cells and iNK cells were cultured for 3 hours in the presence of 825 

daratumumab (Janssen) at concentrations ranging from 0-30 g/ml. Cells were then stained with 826 

a fluorescently conjugated anti-CD56 antibody, fixable viability dye, and 7-AAD (Thermo 827 

Fisher) for flow cytometry analysis. NK cells were gated based on CD56 expression, and viable 828 

cell percentages were determined based on exclusion of the dead cell dye and 7-AAD staining. 829 

Specific cytotoxicity was calculated as (% specific death - % spontaneous death) / (1- % 830 

spontaneous death) x 100.  831 

 832 

3-dimensional tumor spheroid cytotoxicity assays 833 

 834 

1x104 RPMI-8226 myeloma cells transduced with NucLight Red (Sartorius) were seeded into 835 

96-well ultra-low binding plates (Corning). Cells were cultured for 48-72 hours to allow for 836 

spheroid formation. Next, 4x104 iNK cells were gently added to each well with or without 837 

daratumumab at a final concentration of 10 g/ml, and cells were co-cultured for 5 days. At the 838 

end of the culture, cells in each well were disrupted into a single cell suspension and stained with 839 

a fluorescently conjugated CD56 antibody and fixable viability dye for flow cytometry analysis. 840 

Tumor cells were quantified based on NucLight Red, and iNK cells were quantified based on 841 

CD56 expression. 842 

 843 

RNA-seq and single cell RNA-seq analyses 844 

 845 
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RNA-seq on subsets of canonical and adaptive NK cells from CMV seropositive donors was 846 

performed as previously described (Cichocki et al., 2018). The RNA-seq data can be found under 847 

the GEO accession number GSE117614. For scRNA-seq experiments, iNK cells were washed in 848 

DPBS + 0.04% BSA and submitted to the University of Minnesota Genomics Center (UMGC) 849 

for sample preparation and sequencing. Briefly, we used the Chromium Single Cell 3’ Reagent 850 

Kit (v3 Chemistry) for library preparation (10X Genomics). Libraries were sequenced on a 851 

NovaSeq 6000 (Illumina) with a sequencing depth of at least 5x104 reads per cell. Raw FASTQ 852 

files were processed with CellRanger software v4.0.0 (10X Genomics) for read alignment, 853 

filtering, barcode counting, and unique molecular identifier (UMI) counting. Reads were 854 

simultaneously aligned and mapped to the GRch38 human genome sequence. Low quality cells 855 

were excluded during the initial quality control step by removing cells with fewer than 1,500 856 

gene expressed and cells expressing more than 7,500 genes. Cells with more than 20% 857 

mitochondria-associated genes were also removed. Log-normalization was performed on gene 858 

expression values for each barcode by scaling the total number of transcripts and multiplying by 859 

1x103. Values were log-transformed for further downstream analysis. scRNA-seq data can be 860 

found under the GEO accession number GSE168936. 861 

 862 

Isolation and expansion of peripheral blood NK cells 863 

 864 

De-identified Trima cones were obtained from the Memorial Blood Center (Saint Paul, MN). 865 

Mononuclear cells were isolated by density gradient centrifugation using Ficoll-HiPaq (GE 866 

Healthcare). NK cells were then enriched using EasySep Human NK Cell Enrichment Kits 867 

(StemCell Technologies) per the manufacturer’s instructions. For ex vivo expansion, peripheral 868 
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blood NK cells were co-cultured with irradiated, gene-modified K562 cells for 14 days in B0 869 

media with 250 U/ml IL-2. 870 

 871 

In vitro assays to assess cytotoxicity against AML cell lines, primary AML cells, and primary 872 

MM cells 873 

 874 

Primary AML cells, HL-60 cells, and THP-1 cells were cultured in the presence or absence of 1 875 

M all-trans retinoic acid (Sigma Aldrich) overnight. The following day, targets were removed 876 

from culture, counted, and labeled with CellTrace Violet (Thermo Fisher) per the manufacturer’s 877 

instructions. Labeled targets were then co-cultured with expanded peripheral blood NK cells or 878 

iADAPT NK cells thawed immediately from cryopreservation at a 2:1 E:T ratio in the presence 879 

or absence of daratumumab (10 g/ml) for 5 hours. Cells were then stained for Live/Dead Near 880 

IR (Thermo Fisher) and analyzed by flow cytometry. A fresh bone marrow aspirate was obtained 881 

from a relapsed MM patient, and cells were stained with CellTrace Violet and a fluorescently 882 

conjugated antibody against CD138 (281-2; Biolegend). Bone marrow aspirate cells were then 883 

co-cultured with expanded peripheral blood NK cells, non-transduced iNK cells, or iADAPT 884 

iNK cells in the presence or absence of daratumumab (10 g/ml) overnight. The percentages of 885 

live CD138+ MM cells remaining in each culture was determined by flow cytometry. Percent 886 

specific killing was calculated with the formula (1-[% live tumor cells in the NK cell co-culture 887 

condition/% live tumor cells in the tumor alone condition]) x 100. 888 

 889 

In vivo xenogeneic adoptive transfer experiments 890 

 891 
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For the HL-60 model, 25 six-to-eight-week-old NSG mice were injected i.v. with 1.5x106 892 

luciferase-expressing HL-60 cells. After allowing the tumor to engraft for 4 days, 893 

bioluminescence imaging was performed to quantify tumor burden and balance mice evenly into 894 

5 groups. Groups of mice received either no treatment or 3 i.v. doses (once per week for 3 895 

weeks) of 1x107 expanded peripheral blood NK cells, hnCD16/CD38KO iNK cells, hnCD16/IL-896 

15RF iNK cells or iADAPT NK cells immediately thawed from cryopreservation. 897 

Bioluminescence imaging was performed weekly to monitor tumor progression, and mice were 898 

sacrificed when they showed signs of morbidity. For in vivo experiments with MM.1S cells, six-899 

to-eight-week-old NSG mice were injected i.v. with 5x105 luciferase-expressing MM.1S cells. 900 

After allowing the tumor to engraft for 3 days, bioluminescence imaging was performed to 901 

quantify tumor burden and balance mice evenly into 4 groups. Groups of mice received 902 

daratumumab alone (8 mg/kg), 3 i.v. doses (once per week for 3 weeks) of 1x107 iADAPT NK 903 

cells immediately thawed from cryopreservation, or 3 i.v. doses of iADAPT NK cells in 904 

combination with daratumumab. Bioluminescence imaging was performed weekly to monitor 905 

tumor progression. Imaging was conducted using an IVIS Spectrum, and images were analyzed 906 

using Live Imaging Software (Perkin Elmer). All studies were performed under an approved 907 

protocol by the Institutional Animal Care and Use committee of the University of Minnesota. 908 

 909 

Quantification and statistical analysis 910 

 911 

Statistics for differences in CD38 levels on primary NK cell subsets and the percentages of 912 

viable NK cells after H2O2 challenge were determined by one-way ANOVA with multiple 913 

comparisons. Statistics for differences in NAD+, NADH, and ATP concentrations in NK cell 914 
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subsets and iNK cells were determined by paired Student’s t-test. Statistics for MitoSox dye 915 

fluorescence in NK cells challenged with H2O2 and differences between metabolite levels 916 

between iNK cell lines were determined by paired Student’s t-test. One-way ANOVA with 917 

multiple comparisons was used to determine statistical significance in assays testing iNK cell 918 

and expanded primary NK cell function against tumor cell lines and primary AML cells. 919 

Statistical significance for xenogeneic adoptive transfer experiments were determined by one-920 

way ANOVA with multiple comparisons. All relevant quantifications were analyzed by 921 

GraphPad Prism, and error bars indicate mean ± SEM. Details of “n” values describing the 922 

number of experimental repeats or mice are provided in the figure legends.  923 

 924 
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