o © 0o N o o »~ W

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.05.582637; this version posted March 8, 2024. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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-NC-ND 4.0 International license.

Precision Enhancement of CAR-NK Cells through Non-Viral Engineering

and Highly Multiplexed Base Editing

Minjing Wang!>34, Joshua B. Krueger'>3, Alexandria K. Gilkey">3, Erin M. Stelljes!*3, Mitchell G. Kluesner>*>, Emily J.
Pomeroy'->?, Joseph G. Skeate'->?, Nicholas J. Slipek!->?, Walker S. Lahr!?3, Patricia N. Claudio Vazquez'>**, Yueting Zhao'->3,

Ella J. Eaton'?3#, Kanut Laoharawee'>34, Beau R. Webber'>3, Branden S. Moriarity'>3

1 Department of Pediatrics, University of Minnesota, Minneapolis, MN, USA.

2 Masonic Cancer Center, University of Minnesota, Minneapolis, MN, USA.

3 Center for Genome Engineering, University of Minnesota, Minneapolis, MN, USA.

4 Department of Genetics, Cell Biology and Development, University of Minnesota, Minneapolis, MN, USA.

5 Molecular and Cellular Biology Graduate Program, Fred Hutchinson Cancer Center, Seattle, WA, USA.


https://doi.org/10.1101/2024.03.05.582637
http://creativecommons.org/licenses/by-nc-nd/4.0/

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.05.582637; this version posted March 8, 2024. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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-NC-ND 4.0 International license.

Abstract

Natural killer (NK) cells’ unique ability to kill transformed cells expressing stress ligands or
lacking major histocompatibility complexes (MHC) has prompted their development for
immunotherapy. However, NK cells have demonstrated only moderate responses against cancer
in clinical trials and likely require advanced genome engineering to reach their full potential as a
cancer therapeutic. Multiplex genome editing with CRISPR/Cas9 base editors (BE) has been used
to enhance T cell function and has already entered clinical trials but has not been reported in human
NK cells. Here, we report the first application of BE in primary NK cells to achieve both loss-of-
function and gain-of-function mutations. We observed highly efficient single and multiplex base
editing, resulting in significantly enhanced NK cell function. Next, we combined multiplex BE
with non-viral TcBuster transposon-based integration to generate IL-15 armored CD19 CAR-NK
cells with significantly improved functionality in a highly suppressive model of Burkitt’s
lymphoma both in vitro and in vivo. The use of concomitant non-viral transposon engineering
with multiplex base editing thus represents a highly versatile and efficient platform to generate
CAR-NK products for cell-based immunotherapy and affords the flexibility to tailor multiple gene

edits to maximize the effectiveness of the therapy for the cancer type being treated.


https://doi.org/10.1101/2024.03.05.582637
http://creativecommons.org/licenses/by-nc-nd/4.0/

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.05.582637; this version posted March 8, 2024. 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-NC-ND 4.0 International license.

Introduction

Natural killer (NK) cells have garnered extensive attention in immunotherapy due to their unique
ability to kill transformed cells lacking major histocompatibility complexes (MHC) and antibody
bound target cells through antigen-dependent cellular cytotoxicity (ADCC). From simply infusing
allogeneic donor NK cells for treating hematological malignancies' to adoptive therapy harnessing
NK cells with chimeric antigen receptor (CAR) for a wide range of solid tumors, NK cells have
exhibited many advantages over T cell-based therapy?. Despite promising early outcomes in
clinical studies, rarely have NK cell therapies led to durable complete remission or tumor
clearance®*. Extensive studies have pointed to NK cell dysfunction, exhaustion, and lack of

persistence as major contributing factors to the modest clinical outcomes?.

To date, engineering NK cells to express CAR constructs has relied almost exclusively on viral
transduction with retroviruses®. Although highly efficient at delivering CAR constructs into NK
cells, retrovirus cargo size limits and the risk of insertional oncogenesis present major drawbacks
for clinical applications®. Comparatively, DNA transposon systems are less restricted by cargo size
and afford a more economical and expeditious path to clinical manufacturing of CAR-NK cells’.
Moreover, transposon systems allow for stable gene transfer in NK cells, which has distinct

advantages over other non-viral systems, such as transient mRNA transfection®.

Limited in vivo persistence and durability issues in the absence of cytokine support are major
challenges to effective NK-based immunotherapy®. Notably, NK cell persistence, metabolic

fitness, and functionality have been enhanced through supplementation with exogenous IL-15 or

9-14

IL-2 in vitro and in vivo” ', suggesting gamma chain cytokine support may be a prerequisite to
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successful NK-based immunotherapies®!. To this end, some NK-based clinical trials tested
continuous intravenous infusion (CIV) of IL-15 to maintain NK cell persistence; however, this
costly and toxic approach has driven researchers to develop IL-15 expressing NK cells, i.e.
cytokine armored NK cells'>~!8. In fact, recent preclinical and clinical studies have demonstrated
successful expression of soluble IL-15 (sIL-15) in CAR-NK cells using retroviral engineering,

which led to improved cytotoxicity and persistence in vivo!’?.

Beyond cytokine armoring, we?® and others?>'?* have demonstrated that CRISPR/Cas9 can be
utilized to enhance NK cell function through targeted gene knockout (KO). However, this
approach is not ideal for multiplex gene KO as translocations and other genomic rearrangements
can occur due to simultaneous induction of multiple double strand breaks (DSBs). Due to these
concerns, we previously deployed base editor technology in primary human T cells to enhance
CAR-T cell function through multiplex gene KO?. Base editors consist of a catalytically inactive
Cas9 fused to a deaminase domain for site specific nucleotide base conversion, allowing users to
install gain or loss of function mutations without induction of a DSB or requirement for a DNA
donor molecule’*?°. However, BEs have yet to be deployed for primary NK cell engineering to

achieve similar multiplex base editing.

Here, we report the first highly efficient engineering of NK cells using an adenine base editor
(ABE), ABE8e*, to achieve both loss-of-function and gain-of-function mutations in NK cells to
improve their function. We also explored the upper limit of simultaneous multiplex base editing
and observed no significant reduction in base editing efficiency targeting up to 6 independent loci.

Next, we identified optimal, synergistic multiplex KO combinations and co-delivered a CD19
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CAR and IL-15 armoring using the TcBuster DNA transposon system to develop a non-viral
engineered CAR-NK cell product tailored specifically to overcome a highly suppressive model of
Burkitt’s lymphoma. Our work serves as a proof of concept that precision enhancement of CAR-
NK cells can be achieved using simultaneous multiplex base editing and non-viral transposon-

based engineering to generate CAR-NK therapies tailored for user defined cancer types.
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81  Results
82  Highly efficient single gene KO in primary human NK cells using ABE
83 Base editors (BEs) are capable of highly efficient gene KO without double-stranded break
84  induction through splice site disruption or installations of stop codons?-*'733. We first examined
85  whether single gene KO could be achieved using BE in primary NK cells and evaluated consequent
86  changes in immune function. Given that suppression of inhibitory signals is one of the most
87  common strategies for enhancing NK-based therapy?®, we assembled a panel of targets focusing
88 largely on intracellular and extracellular inhibitory proteins expressed by NK cells (Table 1).
89 Intracellular checkpoints include AHR, a negative regulator of NK cell cytotoxicity when agonists
90 (i.e. kynurenine) are present in the tumor microenvironment (TME)*’, and cytokine-inducible
91  SH2-containing protein (CISH), a negative regulator of IL-15 signaling essential for NK cell
92  development and function®*. On the surface of NK cells, programmed cell death protein 1
93 (PDCDI) and T-cell immunoreceptor with Ig and ITIM domains (7/GIT) are well-defined
94  inhibitory immune checkpoints whose signal blockade has been seen a wide range of clinical
95 applications®®3°, KLRG1, an emerging target in immunotherapy, is an additional inhibitory
96 immune checkpoint with potential clinical relevance*’. Since our previous BE studies found
97 targeting splice-donors (SD) is the most efficient method for gene disruption, we designed sgRNAs
98 targeting a SD in each gene of interest using SpliceR, an in-house-developed online BE sgRNA
99  design and prediction tool*3. Each sgRNA was co-transfected with ABE8e mRNA into feeder-
100 stimulated peripheral blood (PB) NK cells isolated from healthy donors by electroporation. KO
101  efficiency was then assessed at the genomic level through Sanger sequencing and quantification

102  of A to G conversion rates using EditR software (Figure 1a)*!. Specifically, A to G conversion
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103  rates for each targeted gene were as follows: AHR 100% (£ 0%), CISH 99.67% (+ 0.58%), KLRG1
104  65.07% (= 14.86%), TIGIT 100% (+ 0%), PDCD1 86.33% (+ 7.51%). Example sequencing results
105  of each target gene as assessed by EditR are shown in Supplement Figure 1a-e¢*'. Of note, indels
106  were not detectable for any of the target genes in all 3 donors (Supplement Figure 2). Next, we
107  assessed protein level KO of each target gene via western blot (WB) or flow cytometry using
108  donor-matched control NK cells (Figure 1b & Supplement Figure 3a-d). For intracellular
109  proteins, WB analysis showed an average protein reduction of 95.60% (£ 3.88%) for AhR, and
110  99.59% (# 0.71%) for CIS. Flow analysis demonstrated a 96.78% (& 4.41%) reduction of TIGIT
111 surface expression, while KLRG1 showed an average of 65% (+ 14.86%) reduction in protein
112  expression. Note that PD-1 protein loss results are not shown here, as minimal detection of PD-1
113  was achieved in all healthy donors used. This observation is in line with previous studies reporting
114 low detectable expression (<5%) of PD-1 in NK cells of healthy individuals and elevated
115  expression in patients bearing tumors*-°,

116

117  We next assessed whether individual gene KOs translated into the expected functional
118  enhancement of NK cells by designing functional assays specific for each gene target. Starting
119  with the intracellular targets, AHR agonists are known to suppress NK cell cytotoxicity during
120  tumor progression and metastasis®’>!. Thus, we cultured NK cells with an AHR agonist, L-
121 Kynurenine (L-Kyn), for two rounds of 7-day expansion (14 days) before co-culturing them with
122 K562 target cells at various effector to target (E:T) ratios (Figure 1c¢). Our results showed that L-
123  Kyn significantly reduced NK cell killing overall, however, AHR KO NK exhibited significantly

124  higher levels of killing than control NK (Figure 1d & e and Supplement Figure 4a-d). Due to
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125  its role in negative regulation of IL-15 signaling, several groups reported improved functionality
126  of NK cells with CISH KO3**%233_ Here, we co-cultured CISH KO and control NK cells with an
127  aggressive acute myeloid leukemia (AML) cell line, Molm-13, for 48 hours at multiple E:T ratios
128  (Figure 1f). Compared to control NK, CISH KO NK exhibited enhanced cytotoxicity against
129  Molm-13 cells, in line with previous reports (Figure 1g)*43>33,

130

131 Next, we examined the functional impacts of surface checkpoint KOs. TIGIT/CD155 interaction
132  serves as an inhibitory immune checkpoint in NK cells, and other studies have demonstrated
133  enhanced NK cell cytotoxicity with TIGIT KO>*3¢, In line with these reports, BE mediated TIGIT
134 KO NK cells co-cultured with Raji cells engineered to overexpress CD155 (i.e. Raji CD155" cells)
135  for 48 hours at different E:T ratios exhibited significantly higher cytotoxicity against Raji CD155"
136  cells compared to donor-matched control NK cells (Figure 1h, i). Analogous to TIGIT/CD155,
137  the PD-1/PD-L1 axis is another well-known inhibitory immune checkpoint in NK cells®’-%°, BE
138  mediated PDCD1 KO NK cells co-cultured with Raji cells engineered to overexpress express PD-
139 LI (i.e. PD-L1" cells) showed enhanced killing versus control NK cells (Figure 1j, k). Finally, E-
140  cadherin (E-Cad) binding to KLRG1 has been shown to protect tumor cells from cytolysis by NK
141 cells®'. Thus, we co-cultured NK cells with either E-Cad(+) cells (Raji) or E-Cad(-) cells (Jurkat)
142  and performed intracellular cytokine staining (ICS) to assess activation (Figure 11). In contrast to
143  previous reports, we observed no significant differences in CD107a positivity and interferon-
144  gamma (IFN-y) expression between control NK and KLRG1 KO NK against E-Cad(+) or E-Cad(-)
145  target cells (Figure 1m, n). In summary, using ABE8e we were able to achieve highly efficient

146  single gene KO in NK cells, which translated into in vitro functional enhancement against multiple
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147  tumor models, with the exception of KLRGI KO.
148

149  Highly efficient installation of a non-cleavable CD16A mutation in NK cells using ABE

150  Given that BE can target individual nucleotides to alter amino acid codons, we next sought to
151  establish whether ABE could be used to enhance NK cell function through gain-of-function
152  mutations. CD16a is an Fc receptor expressed on the surface of NK cells which mediates antibody-
153  dependent cell-mediated cytotoxicity (ADCC)®. Upon NK cell activation, CD16a undergoes a
154  proteolytic cleavage process by ADAMI17 as a negative feedback mechanism regulating NK cell
155  cytotoxicity (Figure 2a)%. Previous studies have found that a single amino acid substitution
156  (S197P) at the cleavage site of ADAMI17 on CD16a rendered the receptor “non-cleavable”, and
157  expression of the non-cleavable CD16a (ncCD16a) cDNA in NK cells enhanced ADCC%. Here,
158  we sought to install the non-cleavable CD16a (ncCD16a) mutation at the endogenous locus using
159  ABESe as a proof-of-principle of ABE-based gain-of-function engineering in NK cells. To this
160 end, we designed a sgRNA targeting serine197 at the ADAMI17 cleavage site with the goal of
161  replicating the S197P mutation through a single A to G base conversion, altering the mRNA codon
162  from UCA to CCA (Figure 2b). Sequencing results validated our prediction and yielded an
163  average A to G conversion rate of 89% (+ 9.17%, n=3) in NK cells with the highest conversion
164  rate observed at 99% in one donor (Figure 2¢; Supplement Figure Sa). To assess whether the
165 installation of this mutation conferred cleavage resistance, NK cells were stimulated with phorbol
166  12-myristate 13-acetate (PMA) to activate ADAM17 and then assessed for CD16a retention (i.e. %
167  of CD16a detected with PMA treatment versus % of CD16a detected without PMA treatment). As

168  shown in Figure 2d & Supplement Figure 5b, we observed an average of 97.17% (+ 2.45%)
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169  CDl6a retention after PMA treatment in ABE8e engineered NK cells, with the highest retention
170  rate approaching 100%.

171

172  Next, to validate the functionality of our ncCD16a NK cells, we tested their ability to mediate
173  ADCC against Raji cells treated with an anti-hCD20-mAb. We first assessed activation of
174  ncCDl16a NK cells in this assay via ICS for degranulation (CD107a) and cytokine production
175  (TNF-a and IFN-y). Compared to non-engineered NK cells, ncCD16a NK cells demonstrated
176  significantly increased CD107a, IFN-y, and TNF-a expression when co-cultured with cell targets
177  treated with anti-hCD20-mAb, indicating enhanced ADCC-driven activation (measured by Raji
178  versus Raji co-treatment with anti-hCD20-mAb) of ncCD16a NK cells (Figure 2e). Functionally,
179  we assessed NK cytotoxicity via ADCC using an ADCC co-culture killing assay against Raji cells
180  atdifferent E:T ratios. As predicted, ncCD16a NK exhibited significantly enhanced killing of Raji
181  cells compared to control NK cells throughout all E:T ratios tested (Figure 2f). Surprisingly, when
182  co-cultured without anti-hCD20-mAb, ncCD16a NK also demonstrated significantly enhanced
183  killing compared to that of control NK cells (Supplement Figure Sc). Taken together, these data
184  demonstrate that ABE is capable of installing gain-of-function mutations in NK cells at high
185 efficiencies to improve NK cell functionality.

186

187  Highly efficient multiplex base editing in NK cells using ABE.

188  Next generation cellular therapies will likely require a multitude of tailored gene edits to maximize
189 efficiency, particularly when addressing hard to treat solid tumor cancers. Previously, our group

190  has shown multiplex base editing can be used to enhance CAR-T cell function?. Here, we
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191  examined whether the same approach can be applied in developing NK-based cell therapies using
192  ABESe and also attempted to find the upper limits of multiplex base editing. We started with one
193  sgRNA targeting 7/GIT and subsequently added sgRNAs one at a time in the following order:
194 ncCDI16a sgRNA, AHR sgRNA, KLRG1 sgRNA, CISH sgRNA, PDCD1 sgRNA up to a total of
195 6 sgRNAs (Figure 3a). Multiplex editing efficiencies at the genomic level were again assessed
196  via Sanger sequencing of A to G conversions at target sites assessed using EditR. Impressively,
197 we observed no significant loss of editing efficiency at any loci using up to 6 sgRNAs
198  simultaneously (Figure 3b and Supplement Figure 6a-f). Editing efficiencies at protein level,
199  measured by protein loss (for AhR, CISH, KLRG1, TIGIT, and PD-1) or CD16a retention rate
200 after PMA treatment were consistent with genomic base editing levels (Figure 3¢ and
201  Supplement Figure 7a-e). In summary, these data demonstrate that highly efficient multiplex
202  base editing is achievable in NK cells using ABE and the upper limit of simultaneous base edits
203  has not yet been reached in this context.
204

205 Tailored multiplex engineering of NK cells for optimized cytotoxicity against Raji
206  CD155"/PD-L1" cells

207  In order to demonstrate a tailored editing approach for NK based cancer immunotherapy, we next
208  sought to determine an optimal combination of multiplex edits that yields the most potent NK cell
209  cytotoxicity for a chosen tumor model. Two of the most common factors leading to poor prognosis
210  in many cancers are high expression of PD-L1 and CD155%73, To model this, we generated a Raji
211 cell line that over-expresses both checkpoint ligands (i.e. Raji""") (Supplement Figure 8). To

212  determine the optimal multiplex base editing combination, we started with TIGIT (CD155 ligand)
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213 and PDCDI1 (PD-L1 ligand) KO to avoid suppression from CD155 and PD1, respectively. Next,
214 these edits were combined with AHR KO, CISH KO, or both KOs for testing different base editing
215  combinations (Figure 4a). Editing efficiencies showed the average A to G conversions of each
216  target site in all combinations were above 90%, and similar results were observed for average
217  protein loss of all KOs (Figure 4b, c). In order to assess the functional consequences of the various

hi/hi cells at

218  combinations of base edits, we first performed co-culture killing assays with Raji
219  different E:T ratios. We observed that unedited NK cells had the lowest level of killing against
220  Raji""M and there was no significant difference in killing between TIGIT+PDCD1 (TP) KO NK,
221 TIGIT+PDCDI+AHR (TPA) KO NK, and TIGIT+PDCDI1+AHR+CISH (TPAC) KO NK.
222  However, knocking out TIGIT, PDCDI1, and CISH (TPC) demonstrated the highest killing against
223 Raji"M cells compared to all other combinations (Figure 4d-e and Supplement Figure 9a-d).
224  These data demonstrate that TPC KO NK cells have the most robust cytotoxicity against Raji"/hi
225 cells compared to all other multiplex base editing combinations.
226

227  Simultaneous multiplex base editing and non-viral transposon engineering generates highly
228 functional CAR-NK cells

229  Chimeric antigen receptors (CARs) have emerged as one of the most promising tools for enhancing
230  cell-based cancer immunotherapy in the past decade’. To date, delivery of CAR constructs into
231 NK cells has been largely limited to the use of viral vectors’>”’. The cost and extended
232  manufacturing process of viral vectors drives the needs for a faster and more economical

233  alternative method for stable transgene delivery. Thus, to develop an effective non-viral

234  engineered CAR-NK cell product, we designed a TcBuster transposon plasmid encoding a CD19
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235 CAR (Figure Sa; ‘CAR’). In an effort to test whether cytokine armoring of CAR-NKs would
236  enhance persistence and activity, we designed an additional transposon plasmid encoding sIL15
237  (Figure Sa; ‘CARI15’). Notably, IL15 has been shown to be necessary to support NK cell
238  persistence in NOD-scid IL2R gamma-null (NSG) models’®7°. Each transposon contains the MND
239  promoter, 2" generation CD19-targeting CAR, and RQRS8 (Figure 5a). RQRS is a synthetic cell
240  surface receptor with CD34 and CD20 epitopes and was included here for flow cytometry
241  detection and immunomagnetic enrichment of CAR-expressing NK cells®.

242

243  For engineering, NK cells were feeder expanded before co-delivery of CD19 CAR transposon
244 plasmid, TcBuster transposase mRNA, sgRNAs, and ABE8e mRNA through electroporation
245  (Figure 5b). Following a subsequent 7-day NK cell feeder expansion, CD19 CAR integration rate
246  was assessed via flow cytometry before CAR enrichment through RQRS8 immunomagnetic
247  selection (Figure 5¢). CAR integration rates in each group were reasonably efficient in multiple
248  donors (57.4%-81.3% for CAR and 20.1%-39.9% for CAR15) and comparable to previously
249  reported integration rates of CD19 CAR through retroviral transduction”’7. We also assessed the
250 insertion site profile of TcBuster transposons and found that it integrated in coding genes less
251  frequently than lentivirus or retrovirus regardless of construct (Supplement Figure 10a).
252  Additionally, evaluation of the distance between integration events and transcriptional start sites
253  indicated that TcBuster integrated further away from transcriptional start sites when compared to
254 lentivirus and retrovirus (Supplement Figure 10b). CAR enrichment was further performed to
255  ensure CAR-expression across groups was not significantly different, which could confound

256  results comparing across groups. After a third and final feeder-based expansion, CD19 CAR
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257  expression was assessed by flow cytometry (Figure Sc¢) and IL-15 expression was confirmed
258  through ELISA (Supplement Figure 11; CAR15: 220.0 + 5.09 pg/mL, CAR15/TPCKO: 340.9 +
259  20.34 pg/mL). Control groups lacking transposon engineering demonstrated base editing levels
260 comparable to previous results in TPC KO NK cells (Figure 4b), while a 10-25% reduction in
261  base editing efficiency was observed in groups with transposon co-delivery (Figure 5d). However,
262  the average protein reduction of each gene of interest in all KO groups was above 90%, with one
263  outlier NK donor from the CAR15/TPCXO group having lower TIGIT protein reduction (Figure
264  Se).

265

266  The functionality of all engineered NK cell groups was first assessed using co-culture killing

267  assays with Raji"/hi

cells at a range of E:T ratios. We observed no significant differences in killing
268  between CAR and CAR15 groups, but a moderate enhancement of killing by CAR15/TPCX© group
269  compared to CAR/TPCKO NK cells (Figure 5f-g and Supplement Figure 12a-d). TPCX® also
270  improved cytotoxicity of NK cells, with both CAR/TPCX® and CAR15/TPCXO groups exhibiting
271  better killing against Raji"" cells when compared to that of their corresponding CD19 CAR only
272  groups. These data demonstrate that CAR15/TPCKC NK cells exhibited the most significant
273  functionality improvement against Raji"™ targets in vitro.

274

275  Multiplex base edited CD19 CAR-NK cells are highly functional in vivo

276  To test the efficacy of our multiplex base edited CAR-NK cell product in vivo, we used Raji"/hi

277  cells as a highly suppressive xenograft model of Burkitt’s lymphoma. NSG mice were xenografted

278  with 1E5 of Raji" through intravenous injection (I.V.) on day 0, followed by a randomization
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279  into treatment groups of equivalent tumor burden prior to therapy delivery (Supplement Figure
280  13a). Mice receiving therapy were dosed with two rounds of engineered NK cells 14 days apart
281 (day 3 and 17) (Figure 6a). Mouse body weight and bioluminescent imaging (BLI) of tumor
282  burden were monitored weekly until predefined humane endpoints were reached (Figure 6b and
283  Supplement Figure 13b). Bioluminescent imaging results suggested tumor progression was
284  significantly delayed in groups treated with CAR15 NK (n=5) and CAR15/TPCX° NK (n=5)
285 compared to all other groups (Figure 6b, ¢). Mouse tumor burden of these two groups was
286  significantly reduced by day 23, the last imaging time point before mice began to meet endpoint
287  criteria (Figure 6d). The survival of mice receiving CAR15 and CAR15/TPCKX® NK was
288  significantly improved compared to control NK treated animals (median survival in days: CAR15
289  vs Ctrl 63 vs 25, p<0.01; CAR15/TPCKO vs Ctrl 30 vs 25, p<0.05); however, in contrast to the in
290 vitro killing assays, we saw no significant differences between CAR15 NK and CAR15/TPCK®
291  NK (median survival in days: CAR15 vs CAR15/TPCX® 63 vs 30, p=0.5982) (Figure 6¢). Among
292  all 5 mice in the CARI1S5 group, four animals were euthanized due to paralysis and one animal due
293  torapid loss of body weight. Necropsy of the animal with rapid weight loss revealed a significantly
294  enlarged ovary on the left side (Supplement Figure 13c¢). For the CAR15/TPCK® group, one
295 animal survived long term (128 days) before presenting with paralysis, two animals were
296  euthanized due to rapid body weight loss and were found to harbor enlarged ovaries and/or brain
297  tumor masses. Two CAR15/TPCXO treated animals were also euthanized due to rapid body weight
298  loss with no significant tumor burden detected (Figure 6b, Supplement Figure 13c). Histology
299  of ovary and brain tumors indicated a domination of hCD19+ cells with no signs of hCD56+ NK

300 cells (Supplement Figure 13d).
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301

302  Weekly peripheral blood (PB) collection and endpoint PB, bone marrow (BM) and spleen
303  collections were performed to monitor the persistence of NK cells in each treatment group (Figure
304  6f, Supplement Figure 13e, g&h). We observed a significantly higher level of NK cells in blood,
305 BM and spleen at endpoint in CAR15/TPCK® NK group than any other groups (Figure 6f,
306  Supplement Figure 13g, h). Interestingly, the CAR15 group had no detectable NK cells in the
307  BM or spleen and minimal NK cells in PB. (Figure 6f, Supplement Figure 12g, h). The amount
308  of Raji"" cell in BM was also determined at endpoint, where we observed a significantly lower
309 frequency of Raji"" cells in CAR15 NK and CAR15/TPCKO NK groups compared to other groups,
310  yet no significant difference was observed between the two groups (Supplement Figure 12j).
311 Together, we observed a significant improvement in tumor control and overall survival of mice
312  treated with NK cells expressing sIL-15, with the CAR15/TPCX® NK group exhibiting a slightly

313  improved persistence but no survival advantages over CAR15 NK.
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314  Discussion

315  Cellular therapy using CAR-expressing primary effector cells has shown great success in the clinic
316  and resulted in multiple FDA-approved treatments for hematologic malignancies and solid
317  tumors?. These current-generation of FDA-approved CAR therapies largely utilize autologous a /8
318 T cell chassis and viral vector engineering methods, which limits the scope of potential therapy
319  recipients and results in high manufacturing costs and long timelines. A more appealing approach
320 is to utilize a universal cell type, such as primary NK cells, that are engineered using non-viral
321  methods. Further, as the landscape of cancer therapy shifts towards solid tumors, it is increasingly
322  evident that methods such as cytokine armoring and immune checkpoint editing through genome
323  engineering will be required to create more potent and persistent therapies. Since CRISPR/Cas9
324  was co-opted for genome editing over a decade ago, engineering efficiencies in primary immune
325  cells have been significantly improved®:82. It remains, however, that indels and translocations
326  caused by Cas9 induced DSBs could negatively impact cellular function and introduce major
327  safety concerns for CRISPR/Cas9-based therapies®!'®3. In an effort to circumvent this issue, we
328 applied base editing technology to NK cell engineering for the first time and demonstrated NK
329  cells could be multiplex engineered with undetectable rates of insertions or deletions (indels). KO
330  of our selected targets or installation of gain of function edits resulted in increased baseline
331 functionality, which could be combined to further increase performance. We then combined
332  multiplex base editing with non-viral transposon engineering to generate a CAR-NK engineering
333  pipeline for precision enhancement of next generation CAR-NK cell products. These multiplex

334  base-edited CAR-NK cells showed improved functionality in vitro and in vivo against a
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335  challenging model of Burkitt’s lymphoma model and provide compelling pre-clinical evidence for
336  a future NK based CAR therapy option.

337

338  Our initial engineering studies examined whether NK cells were amenable to individual targeted
339  base editing at high-frequency and how these edits impact NK cell function. We began with
340  selecting a variety of targets that play inhibitory but critical roles in NK cell function with an
341  emphasis on clinical relevance. To confirm that successful genetic modifications lead to protein
342  loss and functional enhancements, we validated protein loss and functional improvement as part
343  of the validation process, respectively. Other than KLRG1, all inhibitory target KOs exhibited the
344  predicted functional enhancement. KLRG1 KO NK cells’ failure to demonstrate improved function
345 is in line with some previous studies disrupting KLRGI in NK cells®*. As speculated in those
346  studies, this contradictory finding may be attributed to a relatively low inhibitory potential of
347  KLRGI on NK cell function®+%,

348

349  Our inability to detect PD-1 protein on the surface of NK cells is in line with numerous previous
350 reports and reflects the ongoing controversy of the role of PD-1 in NK cells?®3%8637 For instance,
351  the Moretta group has published multiple studies on this issue and found that NK cells constantly
352  produce PD-1 mRNA and protein, but only rapidly externalize PD-1 protein upon activation by
353  certain stimuli®®. Davis et. al. also reported minimal surface expression of PD-1 in NK cells from
354  healthy individuals®’. Moreover, several previous studies have used functional assays with anti-

355  PD-1 agents to validate PD-1 expression on the NK cell surface, and our results here demonstrating
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356  significant cytotoxicity improvement of PDCDI KO NK cells against PD-L [+ target cells further
357  support the role of PDCD1 in NK cell inhibition by PD-L120-,

358

359  We also demonstrate the ability to install gain-of-function mutations in NK cells using base
360  editing. The rapid downregulation of CD16a as a result of a proteolytic cleavage process upon NK
361  cell activation serves as a negative feedback mechanism for ADCC. In a tumor microenvironment
362 (TME) setting, functional inactivation of tumor associated NK cells reflects a further down-
363 regulation of CDI16a that significantly compromises NK cell cytolytic function against tumor
364  cells®®®. BE installation of a non-cleavable CD16a improved both ADCC mediated killing and
365  cytokine production in NK cells. Notably, this BE mediated approach is likely significantly safer
366 and more physiologically relevant compared to integration of a ncCD16A cDNA expression
367  cassette using viral delivery®. Unexpectedly, we also observed a significant improvement in basal
368  killing of Raji cells with ncCD16A NK cells. We speculate that the constitutive expression of the
369 non-cleavable CD16a may result in low level tonic signaling, contributing to this phenomenon.
370  This phenomenon could further benefit patients with compromised NK cytolytic functions, and a
371 closer look at the downstream mechanisms of this phenomenon is warranted in future studies.
372

373  Moving forward to multiplex editing, we observed no significant reduction of editing efficiencies
374  with up to six co-delivered sgRNAs. Surprisingly, there was an improvement of KLRGI KO
375 efficiency at the multiplex level compared to the single-target experiments. One explanation for
376  this phenomenon is a potential ‘carrier effect’ linked to increasing the total amount of co-delivered

377  sgRNAs. This is similar to previous studies reporting a higher extracellular DNA concentration
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378 leads to a higher amount of DNA delivered to the nucleus®®®!. However, further investigation is
379  required to illuminate the exact mechanisms behind this observation.

380

381  To examine whether multiplex editing resulted in enhanced in vitro function, we developed and

382  utilized an engineered Burkitt’s lymphoma cell line Rajit/hi

as a proof-of-principle model. We
383  hypothesized that the number of inhibitory gene KOs would positively correlate with the
384  improvement of NK cell function, and selected AHR, CISH, TIGIT and PDCD] as candidates.
385 KLRGI was excluded due to its failure to demonstrate functional improvement at single KO level.
386  Contrary to our hypothesis, the TPC KO group demonstrated the most significant improvement in

hi/hi

387  cytotoxicity against Raji"™™ cells. Additionally, the fact that no significant differences in killing

388  were observed among TP, TPA, and TPAC KO groups throughout all E:T ratios is another

389 interesting finding that warrants further investigation. It is possible that Rajih/"

cells produced
390 lower amounts of AhR ligand (kynurenine) than K562, leading to a less pronounced inhibitory
391  effect on NK cells. These findings suggest that the number of inhibitory gene KOs does not always
392  correlate with improved NK cell functionality, and an optimization of the KO combination is likely
393  required for precision enhancement against each unique tumor type of interest.

394

395  Finally, in an effort to test the impacts of multiplex editing on CAR-NK cell function, we co-
396  delivered a CD19 CAR with multiplex base editing using the TcBuster DNA transposon system.
397  Compared to traditional virus-based delivery methods, non-viral transposon systems significantly

398 reduce the manufacturing cost and timelines. Integration efficiencies of CD19 CAR constructs

399  were correlated with its cargo size, and are comparable to that of virus-based delivery methods!®2.
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400  One unexpected finding is the significantly higher CD19 CAR integration rate in the groups with
401  TPC KO. We suspect a similar carrier effect may be contributing to the higher rates; however,
402  further investigation is necessary to define the mechanism behind this observation®®!. Multiple
403 previous studies have reported improved in vivo persistence of CAR-NK cells with sIL-15
404  expression!”1%%3 Here, we adopted this idea in an attempt to improve proliferation and prolong
405 the persistence of NK cell products in vivo by armoring cells with sIL-15. Our animal study clearly
406  demonstrated a strong correlation of IL-15 expression with NK cell persistence in vivo, which
407 translates into a significantly delayed tumor progression and improved overall survival compared
408 to groups without IL-15 expression. For groups treated with NK cells expressing sIL-15, one
409 animal from group CARI1S5 developed a tumor in the ovary, and two animals from group
410  CARI15/TPCKO developed a tumor in the ovary and/or brain. The fact that all these tumors
411  developed in known immune privileged areas serves as indirect evidence of robust tumor clearance
412  in peripheral blood and BM where full immune surveillance is expected®*. The CAR15/TPCKO
413  group’s failure to exhibit an improved survival over CAR15 group is unexpected based on our in
414  vitro results and thus requires closer examination. Among all 5 animals in the CAR15/TPCKO
415  group, two died with relatively low tumor burden but met endpoint criteria of significant decrease
416  of body weight. We initially suspected cytokine release syndrome (CRS) in these mice; however,
417  there was no significant increase in CRS related cytokines in serum at the endpoint (data not
418  shown). A closer look at the weekly NK cell density data revealed a rapid NK cell proliferation
419  after day 25 in 4 out 5 mice in CAR15/TPCX® group, and 3 of those mice died in the following
420  week. We suspect that this dramatic NK cell proliferation, not the absolute number of NK cells,

421  led to the observed toxicity and eventual death in those mice, as the absolute number of NK cells


https://doi.org/10.1101/2024.03.05.582637
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.05.582637; this version posted March 8, 2024. 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-NC-ND 4.0 International license.

422  in CARIS5 group was equal to, if not higher, than that of the CAR15/TPCX® group. Our observation
423 s consistent with a previous study using sIL-15 expressing CAR-NK cells, which also found
424  negative evidence of CRS and attributed the observed systemic toxicity to rapid NK cell
425  proliferation in vivo®. It is worth noting that the only mouse with full tumor clearance was treated
426  with CAR15/TPCKO NK cells, suggesting a potential benefit of CAR15/TPCKO over CAR15
427  treatment. However, further evaluation of the CAR15/TPCK® NK treatment will be required to
428  confirm improved tumor clearance and survival benefit over CAR15 NK treatment.

429

430 In summary, we reported the first application of BE in primary NK cells, with high editing
431  efficiency for both single and multiplex editing. Moreover, with co-delivery of a mult-cistronic
432  CAR construct using a non-viral transposon system, we present a highly flexible, fully non-viral
433  engineering platform that allows precision enhancement of NK-based cell therapy against various
434  types of cancer. With our proof-of-principle model, we have generated a pipeline for developing
435  ahighly customized NK product for any specific type of cancer. Moving forward, we are actively
436  exploring the application of this platform into the frontier of solid tumors, including enhancement
437  of NK cell homing to tumor sites, NK cell resistance to oxidative stress, and more.

438
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439  Methods

440  Production of editing reagents

441  ABES8e plasmid was obtained from Addgene (https://www.addgene.org/138489/) and cloned into
442 a pmRNA vector. ABES8e mRNA was produced by Trilink Biotechnologies. Nanoplasmids for
443 CDI19 CAR were synthesized by Aldevron.

444  Guide RNA design

445  Guide RNAs (sgRNAs) for KO were designed using the base editing splice-site disruption sgRNA
446  design program SpliceR (https://z.umn.edu/splicer). SpliceR is written in the R statistical
447  programming language (v. 3.4.3). Briefly, SpliceR takes a target Ensembl transcript ID, a base
448  editor PAM variant, and a species as an input. Using the exon and intron sequences from Ensembl,
449  the program extracts the region surrounding every splice site based on a user-specified window.
450 The pattern of N20-NGG is then matched to the antisense strand of the extracted sequence.
451  Matched patterns are then scored based on the position of the target motif within the predicted
452  editing window based on previous publications. Subsequently, sgRNAs are scored based on their
453  position within the transcript, where sgRNAs earlier in the transcript receive a higher score.
454  sgRNA for ncCD16a was designed manually to achieve the S197P mutation.

455  Donor NK cell isolation

456  Peripheral blood mononuclear cells (PBMCs) from healthy human donors were obtained by
457  automated leukapheresis (Memorial Blood Centers, Minneapolis, MN). CD56+CD3- NK cells
458  were isolated from the PBMC population using the EasySep Human NK Cell Isolation Kit
459  (STEMCELL Technologies, Cambridge, MA). NK cells were frozen at 2.5¢6 or SE6 cells/mL in

460  CryoStor CS10 (STEMCELL Technologies, Cambridge, MA).
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NK cell culture

NK cells were cultured in CTS AIM VTM (ThermoFisher, Waltham, MA) with 5% CTS Immune
cell SR (ThermoFisher, Waltham, MA), and 100 IU/mL IL-2 (PeproTech, Rocky Hill, NJ). NK
cells were activated by co-culture with X-irradiated (100 Gray) feeder cells (K562 expressing
membrane-bound IL-21 and 41BB-L) at various feeder to NK ratios (2:1 prior to electroporation,
5:1 72 hours after Neon electroporation, or 1:1 immediately after MaxCyte electroporation).

NK cell electroporation

Neon electroporation:

Feeder cell-activated NK cells were washed once with PBS (Ca®" and Mg?" free) and resuspended
at 3E7 cells/mL in electroporation buffer. Protector RNase inhibitor (Sigma Aldrich, St. Louis,
MO) was added to the mixture at a concentration of 0.8 U/uL and incubated for 5 minutes at room
temperature. The cell mixture was added to 1.5ug of ABE8e mRNA and 1 nmol sgRNA on ice.
This mixture was electroporated in a 10 pL tip using the Neon Transfection System
(ThermoFisher, Waltham, MA) under the following conditions: 1825 volts, pulse width of 10 ms,
2 pulses. NK cells were allowed to recover at a density of 1E6 cells/mL in antibiotic-free medium
containing 100 IU/mL IL-2 (PeproTech, Rocky Hill, NJ) for 72 hours at 37°C, before expansion
with feeder cells at a 5:1 feeder to NK ratio.

MaxCyte electroporation:

NK cells reaching 10-fold increase in cell number after feeder cell-expansion were washed once
with electroporation buffer and resuspended at 1.75E8-1.00E9 cells/mL. Protector RNase inhibitor
(Sigma Aldrich, St. Louis, MO) was added to the mixture at a concentration of 0.8 U/uL and

incubated for 5 minutes at room temperature. The cell mixture was added to 4 ug of ABES8e
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mRNA, 5ug sgRNA, 3 ug of transposase mRNA and 5 pg transposon nanoplasmid on ice. This
mixture was electroporated in a R-50x3 assembly using the MaxCyte System (ThermoFisher,
Waltham, MA) under Expanded T Cell 4 protocol. NK cells were allowed to recover at a density
of 1E6 cells/mL in antibiotic-free medium for 1 hour at 37°C, before expansion with feeder cells
ata 1:1 feeder to NK ratio.

Genomic DNA analysis

NK cells were harvested 10 days after electroporation, followed by DNA isolation and PCR
amplification of CRISPR-targeted loci using Phire Tissue Direct PCR Master Mix kit
(ThermoFisher, Waltham, MA). Base editing efficiency was analyzed at the genomic level by
Sanger sequencing of the PCR amplicons, and subsequent analysis of the Sanger sequencing traces
using the web app EditR (baseeditr.com)*!.

Primer and sequence

Primer name Primer Sequence

AHR Exon 2 Splice Donor forward TAC CAT GCATCA TTT CAG TG

AHR Exon 2 Splice Donor reverse TTT CAG AGT AAA GCC AAT CC

CISH Exon 2 Splice Donor forward AAT TAG CTG GGG TAA CCA AT

CISH Exon 2 Splice Donor reverse

CCT TCT AGA CCT CGT CCT TT

TIGIT Exon 1 Splice Donor forward

GTC TGC AAA GTC CTT CAT CT

TIGIT Exon 1 Splice Donor reverse

ATATGG TTT TTG CCA AACTT

KLRGI Exon 4 Splice Donor forward

CCC AAA CAG CAG AAG AATTA

KLRGTI Exon 4 Splice Donor reverse

TAG GAA TCC AAT GTG GAA AG
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PD-1 Exon 1 Splice Donor forward ACC CTC CCT TCA ACCTGA CC
PD-1 Exon 1 Splice Donor reverse AAG CCA CAC AGC TCA GGG TA
CD16A S197P mutation forward TAA AGG ATA TAC GAG ATT AA
CD16A S197P mutation reverse AAC TGG GTA ATT TAT AAC

495  Antibodies and flow cytometry

496  The following antibodies and dyes were used: APC-, FITC-, or BV650-conjugated anti-CD56
497  (clone 5.1H11, BioLegend; clone REA196, Miltenyi Biotec; or clone HCD56, BioLegend), FITC-
498  conjugated anti-CD3 (clone OKT3; BioLegend), PE/Cy7-conjugated anti-PD-1 (clone EH12.2H7;
499 BiolLegend), eFluor 450- or Alexa FluorTM 700-conjugated anti-TIGIT (clone MBSAA43;
500 eBioscience), PE/DazzleTM 594- or FITC-conjugated anti-human CD45 (clone 14C2A07,
501 BioLegend; clone SA231A2, BioLegend), PE/Cy7 anti-human CD16 (clone 3G8, BioLegend),
502 BV421-conjugated anti-human CD45 (clone 2D1; BioLegend), BV605-conjugated anti-mouse
503 CD45 (clone 30-F11; BioLegend), Brilliant violet 421-conjugated anti-IFNy (clone 4S.B3;
504  BioLegend), Alexa FluorTM 700-conjugated anti-TNF-a (clone MADbI11; BioLegend), PE-
505 conjugated anti-CD34 (clone QBEnd-10, Invitrogen), APC-conjugated anti-PD-L1 (clone B7-H1,
506  BioLegend), FITC-conjugated anti-CD155 (clone SKII.4, BioLegend), FITC-conjugated anti-
507 DNAM-I (clone 11A8, BioLegend), Brilliant violet 510-conjugated anti-CD161 (clone HP-3G10,
508 BioLegend), PE/Cyanine7-conjugated anti-Tim3 (clone F38-2E2, BioLegend), APC-conjugated
509 anti-NKG2D (clone 1D11, BiolLegend), PE-conjugated anti-NKG2A (clone S19004C,
510 BioLegend), Alexa FluorTM 700-conjugated anti-NKp46 (clone 9E2, BioLegend), PE/DazzleTM

511  594-conjugated anti-NKp30 (clone P30-15, BioLegend), FITC-conjugated anti-CD107a (clone
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512 H4A3; BD Biosciences), SYTOX Blue dead cell stain (ThermoFisher), Fixable viability dye
513  eFluor 780 (eBioscience). Flow cytometry were performed on a CytoFLEX S flow cytometer
514  (Beckman Coulter) and all data were analyzed using FlowJo version 10.4 software (FlowJo LLC).
515 Immunoblotting assay

516  Proteins were isolated from 1E6 cells in complete RIPA buffer with protease and phosphatase
517  inhibitors (Sigma-Aldrich, St. Louis, MO). Total protein was quantified using the Pierce BCA
518  Protein Assay Kit (ThermoFisher, Waltham, MA) according to the manufacturer’s protocol.
519  3pg/uL of cell lysate was run and analyzed on the Wes platform after being denatured at 95 °C for
520 5 min according to the manufacturer’s protocol (ProteinSimple, San Jose, CA). Primary antibodies
521  against CISH (Cell Signaling #8731), AhR (Cell Signaling #83200) and beta-actin (Cell Signaling
522  #3700) were all used at 1:50 dilutions in kit-supplied buffer and platform-optimized secondary
523  antibodies were purchased from ProteinSimple.

524  NK cell intracellular cytokine staining (ICS) assay

525  Activated NK cells were plated at 1E6 cells/mL in NK cell medium without cytokines. After
526  incubation overnight, the Burkitt’s Lymphoma cell line Raji or T-cell leukemia cell line Jurkat was
527  added at an effector-to-target (E:T) ratio of 1:1. FITC-conjugated anti-CD107a was added to the
528  culture and cells were incubated for 1 hour at 37°C. Brefeldin A and monensin (BD Biosciences,
529  San Jose, CA) were added and cells were incubated for 4 hours. Cells were stained with fixable
530 viability dye, then for extracellular antigens. Cells were fixed and permeabilized using BD
531  Cytofix/Cytoperm (BD Biosciences, San Jose, CA) following manufacturer’s instructions. Cells
532  were then stained for intracellular IFN-y and/or TNF-a and analyzed by flow cytometry.

533 NK cell cytotoxicity assays
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534  Cancer cell lines were seeded into a black round-bottom 96-well plate (5E4 cells per well). NK
535 cells were added to the wells in triplicate at the indicated E:T ratios. Target cells without effectors
536  served as a negative control (spontaneous cell death) and target cells incubated with 1% Triton X-
537 100 served as a positive control (maximum killing). Co-cultures were incubated at 37°C for 48
538  hours. After incubation, D-luciferin (potassium salt; Gold Biotechnology, St. Louis, MO) was
539  added to each well at a final concentration of 25 ug/mL and incubated for 5 minutes with gentle
540  shaking. Luminescence was read in endpoint mode using a BioTek Synergy microplate reader. For
541  in vitro killing assays, percent CAR expression was equalized across groups using matched NK
542  cells (for CD19 CAR only groups) or TPCKC NK cells (for co-delivery groups), before co-culture
543  setup.

544  Antibody-dependent cellular cytotoxicity assay

545  CD20+ Raji cells were pre-treated with anti-hCD20 mAb (InvivoGen, San Diego, CA) at 10
546  pg/mL for 30 min at 37°C, washed with PBS, and seeded into a black round-bottom 96-well plate
547  (5E4 cells per well). NK cells were added to the wells in triplicate at the indicated E:T ratios. Co-
548  cultures were incubated at 37°C for 4 hours. After incubation, D-luciferin (potassium salt; Gold
549  Biotechnology, St. Louis, MO) was added to each well at a final concentration of 25 ug/mL and
550 incubated for 5 minutes with gentle shaking. Luminescence was read in endpoint mode using a
551  BioTek Synergy microplate reader.

552  Transposon integration sequencing
553  Genomic DNA was isolated from engineered CAR-NK cells as previously described®. Briefly,
554  sequencing libraries were prepared from 150 ng genomic DNA quantified by Picogreen (Life

555  Technologies) using the Lotus DNA Library Prep Kit (Integrated DNA Technologies) according
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556  to the manufacturer’s specifications for libraries undergoing target enrichment. Ligations used
557  vendor-supplied “stubby” adapters, with sample-specific 8-bp unique dual indices (UDIs) added
558  during final library amplification. Hybridization capture was performed per manufacturer’s
559  protocol with up to 16 libraries in multiplex (500ng per library) using xGen universal blocking
560  oligos (IDT) and a custom biotinylated xGen oligo probe pool designed to hybridize to the inserted
561  transposon sequence. Given the small probe panel size, hybridizations and temperature-sensitive
562  washes were performed at 63 °C and the total hybridization time was increased from 4 h to 16 h.
563  Captured libraries were then amplified to >2 nM using KAPA HiFi HotStart 2X PCR master mix,
564  quantified by Picogreen, sized on an Agilent TapeStation using the D1000 assay, normalized, and
565  pooled for 150-bp paired-end sequencing on an Illumina NovaSeq* SP flowcell.

566  Transposon integration analysis

567  We analyzed integration site data for TcBuster and compared results to published literature data
568  for integration sites of other transposase and viral systems as previously described®. Specifically,
569  comparison sequencing datasets were generated by outside sources using different experimental
570 methods. Raw reads from comparison datasets were retrieved (Accession IDs: Lentivirus:
571 SAMNI1351981, SAMNI11351982, SAMNI1351983, SAMNI11351984, SAMNO0188192,
572 SAMNO00188193; Sleeping Beauty: SAMNO02870102; and PiggyBac: SAMNO02870101) and
573  computationally mapped and analyzed in the same manner as the in-house generated data using
574  Python (v3.7.10, run on CentOS 7 Linux).

575  Invivo study design
576  Specific pathogen-free female NOD-scid IL2Rgammanull (NSG) mice were purchased from The
577  Jackson Laboratory (RRID:IMSR JAX:005557). Tumor challenge studies were performed using

578  the Raji-luc CD155hi/PD-L1hi cell line. Specifically, mice were implanted with 1E5 Raji cells
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579  resuspended in PBS and delivered in 100 pL via tail vein. Two days post tumor implantation, the
580 mice were randomized into treatment groups (n=5) and received either PBS, non-engineered
581  (control) NK cells, CAR NK cells, CAR15 NK cells, CTPX° NK cells, CAR/CTPX? NK cells, or
582  CARI15/CTPXO NK cells the next day. For each group, all tumor growth was monitored by weekly
583  bioluminescence imaging of mice 5 minutes post IP injection of D-luciferin (100 pL total volume,
584 28 mg/kg) using an IVIS® Spectrum in vivo imaging system followed by ROI analysis of tumor
585 images (Living Image software, version 4.7.3). NK cell persistence in peripheral blood was
586  monitored by weekly submandibular blood collection. Endpoint criteria are either mouse paralysis
587  or>20% weight loss within a week. At endpoint, peripheral blood, spleen, and bone marrow were
588  collected and processed to single cell suspensions through standard mashing and ACK-processing
589 and stained for phenotyping markers. This study was carried out in strict accordance with the
590 recommendations in the Guide for the Care and Use of Laboratory Animals of the National
591 Institutes of Health. The protocol and all procedures were approved by the University of Minnesota
592  Institutional Animal Care and Use Committee (Protocol #2110-39527A). The health of the mice
593  was monitored daily by University of Minnesota veterinary staff.

594  Statistical analysis

595  The Student’s t-test was used to evaluate the significance of differences between the two groups.
596  Differences between three or more groups with one data point were evaluated by a one-way
597  ANOVA test. Differences between three or more groups with multiple data points were evaluated
598 by a two-way ANOVA test. Differences between groups in our in vivo study were evaluated by
599  the Log-rank (Mantel-Cox) test. The level of significance was set at a = 0.05. All statistical

600 analyses were performed using GraphPad Prism 9.2.0.
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1  Table 1 List of genes for KO in NK cells using BE.
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Fig. 1 Highly efficient single gene KO in NK cells using BE. a Editing efficiency at genomic
level quantified by A to G conversion of target base for each gene locus (n=3 independent NK cell
donors). b Editing efficiency at protein level quantified by percentage of protein loss of each gene

(n=3 independent NK cell donors). ¢ Schema of killing assay to assess the functional improvement
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of AHR KO NK cells. d Ability of AHR KO versus Ctrl NK cells (with or without 14 days of L-
Kynurenine pre-treatment) to kill K562 cells at various E:T ratios as measured by luciferase
luminescence assay. Assays run in triplicate in n=2 independent biological NK cell donors. e
Statistical significance (P-value) between each condition of AHR KO functional killing assay at E
to T ratio of 1:2. f Schema of killing assay to assess the functional improvement of CISH KO NK
cells. g Ability of CISH KO versus Ctrl NK cells to kill Molm-13 cells at various E:T ratios as
measured by luciferase luminescence assay. Assays run in triplicate in n=3 independent biological
NK cell donors. h Schema of killing assay to assess the functional improvement of TIGIT KO NK
cells. i Ability of TIGIT KO versus Ctrl NK cells to kill Raji CD155" cells at various E:T ratios
as measured by luciferase luminescence assay. Assays run in triplicate in n=3 independent
biological NK cell donors. j Schema of killing assay to assess the functional improvement of
PDCD1 KO NK cells. k Ability of PDCD1 KO versus Ctrl NK cells to kill Raji PD-L1" cells at
various E:T ratios as measured by luciferase luminescence assay. Assays run in triplicate in n=3
independent biological NK cell donors. 1 Schema of ICS assay to assess the functional
improvement of KLRG1 KO NK cells. m&n Cytokine production (m) and degranulation (n)
ability of KLRG1 KO versus Ctrl NK cells against E-Cad+ Raji cells or E-Cad- Jurkat cells as
measured by percentage of NK cells produce IFNy and CD107a. Assays run in triplicate in n=3
independent biological NK cell donors. Data represented as mean = SD. P-values calculated by

two-way ANOVA test (n.s.P > 0.05, *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001).
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Fig. 2 Highly efficient gain-of-function mutation in NK cells using BE. a Schema of how the
S197P mutation renders NK cells non-cleavable by ADAMI17 and results in enhanced ADCC
cytotoxicity. b Schema of the recreation of SI97P ncCD16a NK cells by a single base modification
by BE. ¢ Editing efficiency at genomic level quantified by A to G conversion of target base for
CDI16A4 (n=3 independent NK cell donors). d Editing efficiency at protein level quantified by
CD16a retention on NK cell surface after PMA treatment (n=3 independent NK cell donors). e
Cytokine production of S197P CD16a versus WT CD16a NK cells against CD20+ Raji cells
during ADCC (E:T ratio: 1:1). Plotted by folds increase of each cytokine with versus without anti-
hCD20 mAb co-treatment. Assays run in duplicate in n=3 independent biological NK cell donors.
f Ability of S197P CD16a versus WT CDI16a NK cells to carry out ADCC against anti-hCD20
mADb treated CD20+ Raji cells at various E:T ratios as measured by luciferase luminescence assay.
Assays run in triplicate in n=3 independent biological NK cell donors. Data represented as mean
+ SD. P-values calculated by two-way ANOVA test (*P <0.05, **P <0.01, ***P <0.001, ****pP

<0.0001)
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Fig. 3 Highly efficient multiplex editing in NK cells using BE. a Schema of multiplex editing
strategy. b Multiplex editing efficiency at genomic level quantified by A to G conversion of target
base for each gene locus (n=2 independent NK cell donors). ¢ Multiplex editing efficiency at

protein level quantified by percentage of protein loss of each gene (n=2 independent NK cell

donors). Data represented as mean = SD.
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Fig. 4 Optimization of multiplex KO to maximize NK functionality against Raji"/", a Schema
of optimization strategy and all possible KO combinations included. b Editing efficiency at
genomic level quantified by A to G conversion of target base for each gene locus (n=3 independent
NK cell donors). ¢ Editing efficiency at protein level quantified by percentage of protein loss of
each gene (n=3 independent NK cell donors). d Ability of each KO combination to kill Raji"h
cells at various E:T ratios as measured by luciferase luminescence assay. Assays run in triplicate
in n=2 independent biological NK cell donors. e Functional killing assay statistical significance
(P-value) between each KO combination at E to T ratio of 1:2 and 1:4. Ctrl: ABE8e mRNA only,

TP: TIGIT and PDCD1 KO, TPA: TIGIT, PDCD1, and AHR KO, TPC: TIGIT, PDCD1, and CISH
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62 KO, TPAC: TIGIT, PDCDI, AHR, and CISH KO. Data represented as mean + SD. P-values
63 calculated by two-way ANOVA test.

64
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Fig. 5 Simultaneous BE and non-viral transposon engineering exhibited enhanced NK
cytotoxicity. a Schema of the designs of CD19 CAR constructs. b Schema of NK cell engineering
timeline for simultaneous sgRNAs and CD19 CAR delivery. ¢ Pre-sorting and post-sorting CAR
integration rate quantified by percentage of RQRS expression on NK cells (n=2 independent NK
cell donors). d Post-sorting editing efficiency at genomic level quantified by A to G conversion of

target base for each gene locus (n=2 independent NK cell donors). e Post-sorting editing efficiency
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at protein level quantified by percentage of protein loss of each gene (n=2 independent NK cell
donors). f In vitro testing of the cytotoxicity of simultaneous BE and TcBuster engineered NK
cells against RajiP™ cells at various E:T ratios as measured by luciferase luminescence assay.
Assays run in triplicate in n=2 independent biological NK cell donors. g Killing assay statistical
significance (P-value) between each condition at E to T ratio of 1:4. Ctrl: ABES8e mRNA and CAR-
expressing nanoplasmid only, CAR: CD19 CAR RQRS8; CAR15: CD19 CAR RQRS IL-15; CTPXO:
CISH, TIGIT, and PDCDI KO; CAR/CTPX?: CD19 CAR RQRS with CISH, TIGIT, and PDCD1
KO; CAR15/CTPXO: CD19 CAR RQRS8 IL-15 with CISH, TIGIT, and PDCDI KO. Data

represented as mean + SD. P-values calculated by two-way ANOVA test.
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Fig. 6 Multiplex edited CD19 CAR-NK cells are highly functional in vive. a Schema of in vivo
study design and timeline. b-¢ Luminance (ROI) of individual tumor burden of mice bearing

i cells following treatment with PBS, Ctrl or engineered NK cells. d Tumor burden of each
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group on day 23, quantified by ROI (photons/sec) of each mouse (n=5). P-values calculated by
one-way ANOVA test (*P <0.05). e Survival curve of each group shown in Kaplan-Meier curve
(n=5). P-values calculated by Mantel-Cox test. Ctrl versus CARI15, **P < 0.01; Ctrl versus
CARI15/CTPKO, *P < (.05. f Numbers of circulating NK cells measured by NK cell number per

uL of peripheral blood at end point. Data represented as mean &+ SD.
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