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77  Summary
78  CRISPR-Cas9 genome editing has enabled advanced T cell therapies, but occasional loss of the
79  targeted chromosome remains a safety concern. To investigate whether Cas9-induced
80 chromosome loss is a universal phenomenon and evaluate its clinical significance, we conducted
81  a systematic analysis in primary human T cells. Arrayed and pooled CRISPR screens revealed
82  that chromosome loss was generalizable across the genome and resulted in partial and entire
83  loss of the chromosome, including in pre-clinical chimeric antigen receptor T cells. T cells with
84  chromosome loss persisted for weeks in culture, implying the potential to interfere with clinical
85  use. A modified cell manufacturing process, employed in our first-in-human clinical trial of Cas9-
86  engineered T cells,” dramatically reduced chromosome loss while largely preserving genome
87  editing efficacy. Expression of p53 correlated with protection from chromosome loss observed in
88  this protocol, suggesting both a mechanism and strategy for T cell engineering that mitigates this
89  genotoxicity in the clinic.
90
91
92
93
94
95
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101
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103 Introduction

104  The precision of CRISPR-Cas9 genome editing is paramount to ensure clinical safety and avoid
105 unintended and permanent genotoxicities. Promiscuous off-target genome editing at unintended
106  sites has been extensively studied®™ and mitigated>® in vitro and in vivo. However, unintended
107  chromosomal abnormalities following on-target genome editing, such as chromosome loss, have
108  not been systematically investigated or prevented. Thus, these potential concerns for genome
109  editing continue to persist, including in the clinic, at an unknown frequency.

110

111 T cells have been extensively engineered using Cas9 to develop potent immunotherapies for

112  cancer’™?®

and autoimmune diseases.'®!" In a previous study, low-level chromosome 14
113 aneuploidy was detected in primary human T cells after Cas9-mediated genome editing of the T
114  cell receptor alpha constant (TRAC) gene using one clinically relevant guide RNA (gRNA)."
115 However, the extent to which chromosome loss occurs at other target sites, the determinants of
116  this phenomenon, the behavior of T cells with Cas9-induced chromosome loss, and the clinical
117  relevance of these findings remain unknown. Along with understanding this phenomenon,
118  strategies to reduce or eliminate chromosome loss as an outcome of genome editing would
119  improve the safety of engineered T cell therapies for patients.

120

121  Here, we analyzed chromosome loss following Cas9-induced genome editing at hundreds of sites
122 across every somatic chromosome in the human genome to determine the frequency,
123 determinants, and consequences of this phenomenon. We found Cas9-induced chromosome loss
124  was a generalizable phenomenon, although it was specific to the chromosome targeted by Cas9,
125  and was prevalent at sites across the genome. T cells with Cas9-induced chromosome loss had
126  afitness and proliferative disadvantage, yet could persist over multiple weeks of ex vivo culture.

127  Surprisingly, chromosome loss also occurred during pre-clinical production of chimeric antigen

128  receptor (CAR) T cells but was minimal or undetectable in Cas9-edited patient T cells from a first-
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129  in-human phase 1 clinical trial. Further experimentation demonstrated that a modified T cell
130  editing protocol employed in our clinical trial increased levels of the DNA damage response
131  protein p53 while decreasing chromosome loss, suggesting a possible mechanism for Cas9-
132 induced chromosome loss and an unexpected strategy to avoid this unintended outcome in
133  patients.

134

135 Results

136  Single-cell RNA sequencing reveals chromosome loss in Cas9-edited T cells

137  The TRAC locus, which encodes the T cell receptor (TCR) responsible for CD4 and CD8 T cell
138  reactivity to peptide-MHC complexes, is of immense interest for genome editing applications in
139 human T cells. For engineered adoptive T cell therapies, where T cells are armed with a
140  transgenic receptor for targeted immunotherapy, disrupting endogenous TCR expression limits
141  graft-versus-host toxicity associated with mispairing of transgenic and endogenous TCRs."
142 Additionally, abrogating the TCR is an important step towards developing allogeneic “off-the-shelf’
143 T cell therapies that could reduce cell manufacturing costs and expand patient accessibility."
144

145  To quantify chromosome loss after genome editing of TRAC, primary human T cells were
146  nucleofected with S. pyogenes Cas9 ribonucleoprotein (RNP) including one of 11 different gRNAs
147  tiled across the first exon of TRAC or a non-targeting gRNA (Fig. 1A). Reduced TCR expression
148  occurred in 60-99% of all cells as measured by flow cytometry (Fig. S1A) and editing at the TRAC
149  locus was observed in 62-97% of all genomic DNA sequencing reads (Fig. S1B), depending on
150  the gRNA. Four days after Cas9 RNP introduction, T cells were subjected to multiplexed single-
151  cell RNA sequencing (scRNA-seq) to detect reduced transcript levels resulting from chromosome
152  loss caused by Cas9-mediated double-strand DNA breaks (DSBs) (Fig. S1C)." Transcriptome-
153  wide analysis using existing computational methods revealed a reduction in gene dosage,

154  specifically on chromosome 14, in cells with a TRAC-targeting gRNA compared to cells with a

Tsuchida et al. 6
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155 non-targeting gRNA (Fig. 1B)."® We further estimated the distribution of breakpoint loci across
156  chromosome 14, finding the highest frequency to be near the known genomic location of our
157  TRAC-targeting gRNAs (Fig. 1C). We observed cells with lower gene dosage originating at the
158  Cas9 target site (partial chromosome loss) as well as cells with lower gene dosage across the
159  entire chromosome (whole chromosome loss) (Fig. 1D). Overall, ~5-20% of T cells exhibited
160  partial or whole loss of chromosome 14 depending on the TRAC-targeting gRNA (Fig. 1E, S1D,
161  S1E, and S1F).

162

163  DNA-based droplet digital PCR is an orthogonal method to detect chromosome loss

164  As an orthogonal approach to detect chromosome loss, we used droplet digital PCR (ddPCR) to
165  directly quantify genomic DNA copy number, eliminating potential interference from transcriptional
166  orepigenetic factors that may affect the scRNA-seq results. Two primer/probe sets were designed
167  to amplify nearby regions of the target gene, one as a control (HEX) and the other spanning the
168 Cas9 gRNA target site (FAM) so that a DSB and chromosome loss would inhibit amplicon
169  generation (Fig. 1F). Three days after Cas9 nucleofection, genomic DNA harvested from TRAC-
170  targeted T cells resulted on average in ~4-22% chromosome loss; these losses were highly
171  reproducible across biological T cell donors (Fig 1G). Importantly, primers and probes in the
172  amplicon spanning the intended Cas9 target site were positioned to avoid binding site disruption
173 by small insertions and deletions (indels), the most common outcome after Cas9 genome editing.
174

175 Based on the observation that Cas9 preferentially remains bound to the non-protospacer adjacent
176  motif (PAM) side of the target DNA after cleavage,'”'® we wondered whether orientation of the
177  PAM relative to the centromere influenced chromosome loss (Fig. S1G). However, we found no
178  significant difference between targets where the PAM was distal or proximal to the centromere,

179  relative to the gRNA spacer sequence (Fig. 1H). Furthermore, the rates of chromosome 14 loss
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180 measured by scRNA-seq or ddPCR did not correlate with the efficacy of TCR disruption or
181  genomic position targeted by different gRNAs (Fig. S1H and S11).

182

183  Target-specific chromosome loss is a general phenomenon following genome editing

184 To determine the generality of chromosome loss after genome editing, we conducted a
185  comprehensive CRISPR screen using a library of 384 unique gRNAs targeting 3-7 genes on every
186  somatic chromosome (92 genes in total) with four unique gRNA sequences targeting each gene
187  (Fig. 2A, S2A, and S2B). CROP-seq was used to track gRNAs delivered to individual cells in our

19,20 and

188  experiment because it avoids the template switching observed with other methods
189  because it has been successfully deployed in primary human T cells.?' Targets relevant to T cell
190  genome engineering were prioritized, such as TRAC,"?*% TRBC," PDCD1," B2M,** IL2RA,®
191 CXCR4,* and CIITA,?® as well as other targets of interest for clinical genome editing such as
192  BCL11A?"% and HBB*?° for the treatment of sickle cell disease, TTR to treat transthyretin
193 amyloidosis,*" HTT to treat Huntington’s disease,* and SERPINA1 to treat alpha-1-antitrypsin
194  deficiency.®

195

196  Using our previously established computational pipeline on the CROP-seq dataset, we
197  determined the breakpoints and gene dosage for 92 different genes targeted by Cas9 (Fig. S1C,
198  S1D, S1E, and S1F). For numerous genes targeted in our screen, we observed significant
199  enrichment for loss of the targeted chromosome in cells with a corresponding gRNA compared to
200 cells with a gRNA targeting a different chromosome (Fig. 2B). Chromosome loss above
201  background levels occurred with 55% (201/364) of all gRNAs, for 89% (82/92) of all genes
202  targeted, and in 100% (22/22) of all chromosomes targeted. Across all gRNAs, 3.25% of targeted
203  cells had detectable whole or partial chromosome loss (Fig. S3A). For cells with a non-targeting

204  gRNA, no detectable chromosome loss was identified on any somatic chromosome. Enrichment

205  for chromosome loss was much higher in chromosomes targeted by Cas9 compared to non-

Tsuchida et al. 8
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206  targeted chromosomes (Fig. 2C), suggesting that this phenomenon is an outcome of target-
207  specific cleavage during Cas9-mediated genome editing.

208

209  We validated this genome-scale chromosome loss by selecting 15 gRNAs from the library and
210  individually nucleofecting them as Cas9 RNPs into T cells. ddPCR was used to measure
211  chromosome loss at various sites in the genome and showed greater levels of chromosome loss
212  at the targeted site compared to non-targeted sites for nearly all gRNAs (Fig. 2D). Additionally,
213  rates of chromosome loss were highly correlated (Spearman’s correlation = 0.59) with those
214  estimated by scRNA-seq (Fig. 2E).

215

216  Further analyses of the CROP-seq screen to investigate the contribution of the Cas9 gRNA
217  sequence revealed no influence by gRNA binding orientation (Fig. S3B), nucleotide sequence
218 (Fig. S3C and S3D), or GC content on chromosome loss (Fig. S3E). The computationally
219  predicted dominant end-joining repair pathway, namely non-homologous end joining (NHEJ) or
220  microhomology-mediated end joining (MMEJ), for each gRNA target also did not show a strong
221  correlation with chromosome loss (Fig. S3F and S3G). However, we did observe a moderate
222  correlation between the distance of each targeted gene from the centromere and the rate of
223 chromosome loss induced (Fig. S3H), with gRNAs targeting closer to the centromere showing
224 higher levels of chromosome loss.

225

226  Chromosome loss accompanies transcriptional signatures of DNA damage response,
227  apoptosis, and quiescence

228 To assess the functional effects of Cas9-induced chromosome loss, we performed differential
229  gene expression analysis between Cas9-edited T cells with or without chromosome loss. We
230 identified genes that were differentially expressed across groups of cells with different

231  chromosomes lost (Fig. 3A and S4A). CD70, for example, was significantly upregulated in every

Tsuchida et al. 9
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232 group of cells with chromosome loss regardless of which chromosome was lost, and MDM2 was
233 significantly upregulated in every group of cells with chromosome loss except those that lost
234  chromosomes 13 or 18. Meanwhile, PHGDH was downregulated in every group of cells with
235  chromosome loss except those that lost chromosomes 6, 10, 18, or 21. The numerous genes that
236  were differentially expressed across cells with various chromosomes lost suggests that these
237  findings are not a result of expression changes from lowered dosage of the target gene, but a
238  general influence of Cas9-induced chromosome loss.

239

240  Previous studies have demonstrated that a single Cas9-induced DSB can lead to p53
241  upregulation.** Consistent with this finding, gene ontology analysis revealed the p53 DNA damage
242  response and general apoptosis pathways were the most significantly overexpressed gene
243 modules in cells with Cas9-induced chromosome loss (Fig. 3B). We also observed an increase in
244 cell cycle markers associated with the GO phase and a decrease in those associated with the S
245  phase for T cells with chromosome loss compared to those without (Fig. 3C, S4B, and S4C),
246  suggesting p53-induced cell cycle arrest. The results of both the differential gene expression
247  analysis and cell cycle analysis indicate reduced fitness in T cells with Cas9-induced chromosome
248  loss.

249

250  We further investigated the relationship between epigenetic markers and chromatin accessibility
251  with Cas9-induced chromosome loss in primary human T cells; however, no significant correlation
252  was found between these epigenetic factors and chromosome loss (Fig. 3D).

253

254 T cells with chromosome loss persist ex vivo but with reduced fitness and proliferation
255  To determine whether T cells with Cas9-induced chromosome loss persist over time, we used
256  ddPCR to measure the extent of chromosome loss at various timepoints during ex vivo culture.

257  We chose timepoints over 2-3 weeks, which is a similar length of ex vivo culture compared to the

Tsuchida et al. 10
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258  manufacturing protocols of clinical trials with Cas9-edited T cells.”” As expected, T cells treated
259  with Cas9 RNP targeting TRAC showed the highest levels of DSBs one day after nucleofection
260  (Fig. 4A), when Cas9 RNP is still present within cells and DNA repair is ongoing.>*>* By day three
261  post-treatment, DSBs plateaued until day 14 with most conditions showing a slight downward
262  trend (Fig. 4A). Since Cas9 RNP-mediated cleavage and DNA repair go to completion within 24
263  hours,*” we posited that DSBs measured at day three and beyond are from unrepaired DSBs
264  which we considered chromosome loss.

265

266  We evaluated the temporal dynamics of chromosome loss over a longer period by repeating the
267  experiment over the course of 21 days using four of the 11 TRAC-targeting gRNAs. Again, levels
268  of chromosome loss showed a slight reduction over the three weeks, with detectable chromosome
269 loss at the last timepoint remaining above that of non-targeting controls (Fig. S4D).

270

271  To test the possibility that targeting a specific gene or chromosome may affect chromosome loss
272  or T cell viability, we repeated the Cas9 nucleofection and genomic DNA ddPCR with 15 gRNAs
273  targeting other genes throughout the genome. Culturing the genome edited T cells for 14 days
274  and measuring chromosome loss at various timepoints throughout, we once again observed a
275  gradual reduction in chromosome loss over time (Fig. 4B). These findings show that chromosome
276 loss in T cells is observable as far out as 2-3 weeks, across multiple targeted genes and
277  chromosomes. However, the gradual decrease in chromosome loss over time suggests a fitness
278  disadvantage for T cells with this genomic aberration.

279

280 We additionally tested whether chromosome loss was associated with a proliferative
281 disadvantage in T cells. TRAC-edited T cells were stained with a cell proliferation dye and cultured
282  for five days. Cells that underwent the highest and lowest amounts of proliferation, based on dye

283  intensity, were sorted and chromosome loss was measured between the two groups.

Tsuchida et al. 11
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284  Chromosome loss in the highest proliferating quartile was identifiable but statistically lower than
285 chromosome loss in the lowest proliferating quartile (Fig. 4C), which suggests that Cas9-induced
286  chromosome loss confers a proliferative disadvantage.

287

288  Gene insertion via homology-directed repair results in chromosome loss

289  Thus far, we have shown that targeted chromosome loss can occur when using Cas9 to disrupt
290 a desired gene, which predominantly occurs through end-joining DNA repair pathways.
291  Tremendous effort has also been invested toward using Cas9 genome editing to correct a
292  mutation or insert a gene by homology-directed repair (HDR). Since end-joining repair and HDR
293  are divergent DNA repair pathways that involve different proteins, undergo different amounts of

8 we wanted to

294  resection of the DSB ends, and occur in different stages of the cell cycle,®
295  determine whether chromosome loss after Cas9-mediated genome editing also occurs during
296 HDR. To explore this, we used Cas9 RNPs with a gRNA targeting CD5 and various
297  oligonucleotide HDR templates to integrate a short hemagglutinin (HA) tag in-frame with CD5.%
298  Successful generation of CD5+/HA+ cells via HDR peaked as high as ~40% three or five after
299  nucleofection (Fig. S5A). We performed ddPCR to quantify chromosome loss rates at both
300 timepoints and observed similar levels of chromosome loss in CD5-targeted cells with an HDR
301 template compared to CD5-targeted cells without an HDR template (Fig. S5B). Additionally, using
302 CD5 and other T cell surface markers, we attempted to use fluorescence-activated cell sorting to
303 enrich for cells without chromosome loss; however, we observed no reduction in chromosome
304 loss (Supplementary Note 1).

305

306  Pre-clinical CAR T cell generation results in chromosome loss

307 While CAR T cells and transgenic TCR T cells are currently manufactured using a retrovirus or

308 lentivirus to semi-randomly integrate the retargeting transgene, researchers have also used Cas9

309 and HDR to precisely insert the transgene within the TRAC locus.??3°% This approach, which
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310 utilizes the native TRAC promoter to control expression of the CAR or retargeted TCR, offers
311  advantages including uniform expression, minimal tonic signaling, and simultaneous disruption of
312  the endogenous TCR. To explore whether chromosome loss occurs when generating pre-clinical
313 CART cells via HDR, we nucleofected primary human T cells with Cas9 complexed with one of
314 two TRAC-targeting gRNAs or a non-targeting gRNA. Just after nucleofection, recombinant
315  adeno-associated virus 6 (AAV6) encoding a 1928 CAR as an HDR template was added to the
316  Tcells (Fig. 5A and 5B).*"*? Both the reduction of TCR expression and the gain of CAR expression
317  were observed in two independent nucleofections; cells from one nucleofection were subjected
318 toscRNA-seq at day four post-manufacturing, while cells from the other were subjected to scCRNA-
319  seq at day seven post-manufacturing. Overall rates of CAR integration via HDR were ~34-69%
320  (Fig. S5C). In all conditions that received a TRAC-targeting gRNA, regardless of day or whether
321 an HDR template was present, we observed an enrichment in chromosome 14 loss compared to
322  conditions with a non-targeting gRNA (Fig. 5C, S5D, and S5E). When chromosome 14 loss
323  enrichment was normalized to editing efficacy, since day four and day seven CAR T cells were
324  engineered independently, we observed a slight decrease in chromosome 14 loss enrichment
325 overtime (Fig. 5D). Together, these data suggest that chromosome loss is a general phenomenon
326  that occurs in Cas9-edited T cells, regardless of the DNA repair pathway involved. Our findings
327  also indicate that cells with chromosome loss are present among pre-clinical, Cas9-edited CAR
328 T cells, highlighting the importance of understanding and mitigating this genotoxicity in the context
329  of engineered T cell therapies.

330

331 Investigation of chromosome loss in Cas9-edited T cells from clinical trial patients

332  Our studies thus far have focused on ex vivo culturing of T cells; it is not yet known how these
333  findings translate in vivo. We conducted a first-in-human phase 1 clinical trial (clinicaltrials.gov,
334 trial NCT03399448) where Cas9 genome edited T cells were administered to patients with

335 advanced, refractory cancer.! Autologous T cells from three cancer patients were collected and
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336 electroporated with three different Cas9 RNPs, simultaneously targeting TRAC, TRBC, and
337 PDCD1. These edited T cells were then transduced with a lentivirus encoding an HLA-A2*0201-
338 restricted TCR specific to a peptide from the NY-ESO1 and LAGE-1 cancer antigens, resulting in
339 engineered T cells (NYCE). NYCE cells were infused back into the patients and were found to be
340  well-tolerated.

341

342  To investigate whether clinical manufacturing of a Cas9-edited adoptive T cell therapy results in
343  levels of chromosome loss similar to those observed in our laboratory studies, we analyzed
344  scRNA-seq data from NYCE cells of two patients at various timepoints throughout the clinical trial.
345  Cells were collected from patient UPN35 prior to infusion and at day 28 post-infusion, while cells
346  from patient UPN39 were collected prior to infusion as well as at days 10 and 113 post-infusion
347  (Fig. 6A). Similar to our laboratory experiments, we inferred gene dosage at each of the target
348  chromosomes (TRAC, Chr14; TRBC, Chr7; PDCD1, Chr2) and looked for partial and whole
349  chromosome loss. Surprisingly, we observed extremely low levels of chromosome loss at the
350 targeted chromosomes, which were not enriched compared to background levels at non-targeted
351 chromosomes (Fig. 6B).

352

353  Order of operations during Cas9 genome editing impacts chromosome loss

354 We wondered whether the discrepancy between the high rates of chromosome loss in our
355 laboratory studies versus the low rates in our clinical trial could be attributed to the engineered T
356  cell manufacturing protocol. In our laboratory studies, we activated and stimulated T cells prior to
357 introducing Cas9 RNP and generating DSBs, while in our clinical trial we introduced Cas9 RNP
358 and generated DSBs prior to activating and stimulating the T cells (Fig. 6C). We therefore
359  performed Cas9 genome editing of TRAC in primary human T cells using our laboratory protocol
360 (activation/stimulation followed by DSBs) and simulating our clinical protocol (DSBs followed by

361  activation/stimulation) in parallel. Across all 11 TRAC-targeting gRNAs, we observed markedly
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362 lower levels of chromosome loss using our clinical protocol compared to our laboratory protocol
363  (Fig. S6A). However, genome editing with the clinical protocol on average resulted in ~14% lower
364 indels compared to the laboratory protocol (Fig. S6B). To control for this difference, we normalized
365 the rate of chromosome loss to the rate of indels generated per gRNA and still observed a
366 statistically significant reduction in chromosome loss with our clinical protocol as compared to our
367 laboratory protocol with 10 out of 11 gRNAs (Fig. 6D).

368

369 Previous studies have shown that p53, a key protein in cell cycle regulation and apoptosis, also
370 regulates T cell activation. Downregulation of p53 is critical for murine T cell proliferation.*®
371  Additionally, p53-mediated apoptosis has been shown as a mechanism for selecting against
372  aneuploid cells.** Therefore, we tested whether differences in manufacturing protocol influenced
373 p53 levels, and how that related to the chromosome loss we observed. Expression of TP53, which
374  encodes p53, was measured via RT-qPCR at different timepoints throughout both T cell genome
375  editing protocols. Similar to what was observed in murine T cells, expression of p53 was lowered
376  in both protocols after human T cell activation/stimulation (Fig. 6E). The mean TP53 expression
377  across five biological donors was >10 times higher immediately prior to Cas9-induced DSBs in
378  our clinical protocol compared to our laboratory protocol (Fig. 6E). Thus, TP53 expression during
379  Cas9-induced DSBs inversely correlated with rates of chromosome loss in T cells between our
380 two protocols. For our clinical protocol, the higher expression of this key DNA damage response
381 factor during Cas9-induced DSBs could select against cells with chromosome loss and explain
382 the dramatically lower rates we observed. Implementation of this modified protocol for Cas9
383 genome editing in T cells represents a simple adjustment that could substantially mitigate
384  chromosome loss in future research and clinical studies.

385

386 Discussion
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387 Inthis study, we comprehensively investigated the frequency and consequences of Cas9-induced
388 chromosome loss in primary human T cells, taking a genome-scale approach to understand what
389 influences this phenomenon and investigating both pre-clinical and clinical T cell therapies.
390 Targeting Cas9 across the TRAC locus, we estimated chromosome loss in ~5-20% of cells
391 depending on the gRNA. We discovered that Cas9-induced chromosome loss was a
392  generalizable phenomenon; chromosome loss was observed across the genome in an average
393  of 3.25% of T cells that were targeted by Cas9. These T cells showed detectable levels of
394  chromosome loss over 2-3 weeks of ex vivo culture, though they displayed a fithess and
395 proliferative disadvantage. These disadvantages could cause cells without chromosome loss to
396 outgrow those with chromosome loss, explaining the gradual reduction in this chromosomal
397  aberration measured over the multi-week culture. Importantly, we still detected chromosome loss
398 in nearly all conditions at our final timepoint, and this 2-3 week timeframe is similar to current
399 clinical adoptive T cell therapy manufacturing protocols."” This suggests that T cells with Cas9-
400 induced chromosome loss could persist throughout ex vivo manufacturing and end up in the final
401  product administered to patients. In addition, continued efforts aim to further shorten the
402  engineered T cell manufacturing process, which has been shown to improve T cell activity and
403  persistence but could result in higher levels of chromosome loss.*

404

405 To date, no study has investigated Cas9-induced chromosome loss in a clinical setting. In order
406 to determine clinical significance, we generated CAR T cells using Cas9-mediated HDR, an
407  approach being used in a growing number of clinical trials,®® and found a significant enrichment
408 in chromosome loss compared to non-targeted cells. We also investigated Cas9-edited T cells of
409 two patients enrolled in a first-in-human phase 1 clinical trial. We previously reported detectable
410 levels of Cas9-induced translocations, another unintended genomic aberration, in these patient T

411  cells, though levels reduced to the limit-of-detection after in vivo circulation." Surprisingly, when
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412  we investigated patients’ T cells for chromosome loss, we saw no enrichment above background
413 levels, marking two of the few cases where we did not find Cas9-induced chromosome loss.

414

415  Comparing the results from our laboratory experiments (where substantial chromosome loss was
416  detected) and the clinical trial (where we did not observe chromosome loss above background
417  levels), there were multiple technical differences in the parameters used for chromosome loss
418  estimation (Supplementary Note 2). We tried to account for these differences by downsampling
419  the CROP-seq screen dataset so that its parameters were similar to the clinical trial dataset, which
420  was sparser in data (Fig. S6C). Even upon downsampling, our estimations of chromosome loss
421 in the CROP-seq screen were comparable to the original complete dataset (Fig. S6D). This
422  supports the conclusion that biological rather than technical reasons explain the dramatic
423  difference in chromosome loss estimation.

424

425  We considered and eliminated multiple factors that might correlate with or potentially explain
426  Cas9-induced chromosome loss including Cas9 binding orientation, gRNA sequence, chromatin
427  accessibility, and targeted gene or chromosome. Instead, we found that introducing Cas9-
428  mediated DSBs prior to T cell activation/stimulation, a protocol used in our clinical trial but not in
429  our laboratory experiments, influenced this phenomenon by significantly diminishing chromosome
430 loss. Itis possible that high levels of transcription in activated T cells during our laboratory protocol
431 may predispose cells to chromosome loss due to genome instability caused by active
432 transcription.*® This effect could also be explained by levels of the DNA damage response protein
433  p53 at the time of DSB generation, since we found TP53 expression and chromosome loss were
434  inversely correlated. Consistent with this hypothesis, a report in immortalized fibroblasts showed
435  knockout of p53 increased Cas9-induced chromosomal truncations.*’ For engineering T cells,
436  using the manufacturing protocol in which cells are activated after delivery of Cas9 could become

437  standard practice to minimize chromosome loss in the manufactured product. This protocol
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438  adjustment does not require novel equipment, modification of Cas9 or its gRNA, or additional
439  cost, meaning it can be easily and immediately integrated into clinical practice.

440

441 Recently, several other Cas9-mediated chromosomal abnormalities such as translocations,” large
442  deletions,*®*° loss of heterozygosity,*® and chromothripsis®' have been reported. Of these, only
443  methods and technologies for limiting translocations have been demonstrated, including serial
444  rather than simultaneous multiplexed genome editing,*? use of Cas12 nucleases,* fusion of Cas9
445  to an exonuclease to limit repeat cleavage,® or utilizing base editors that do not generate DSBs.>®
446  Along with our modified clinical protocol, additional technologies could be developed to similarly
447  mitigate chromosome loss.

448

449  CRISPR-based technologies that do not generate a DSB, such as base editors or epigenome
450 editors, would likely avoid high levels of chromosome loss.**” However, base editing can only
451  modify one or a few nucleotides and epigenetic editing lacks permanence; neither of these
452  technologies are ideal for permanent gene disruption or gene insertion. The use of CRISPR-Cas9
453  genome editing that creates DSBs is still highly advantageous and will continue to expand in
454  clinical use. Therefore, mitigating genomic aberrations from DSBs, such as chromosome loss, will
455 have substantial value to avoid potential genotoxicity in patients. Our comprehensive study
456  suggests that although chromosome loss is a universal consequence of site-specific Cas9
457  genome editing, protocol adjustments and further exploration of underlying mechanisms can
458  minimize its occurrence and impact.

459

460 Limitations of the Study

461  To determine the generalizability of Cas9-induced chromosome loss, we performed a CROP-seq
462  CRISPR screen targeting several genes on each somatic chromosome. The emergence of higher

463  throughput scRNA-seq may allow this study to be expanded to a genome-wide screen in the
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464  future. Additionally, where possible we selected highly active and specific gRNAs from previously
465  reported studies to include in our CROP-seq library. However, since we cannot reliably measure
466  genome editing efficacy in our pooled format, it is possible that gRNAs with low chromosome loss
467  detected simply had low cleavage activity. Finally, sequencing quality and computational gene
468 calling varied between experiments (Supplementary Note 2). Since this could influence our
469  chromosome loss measurements, we primarily displayed relative chromosome loss enrichment,
470 which was normalized to a non-targeting gRNA or untreated sample, rather than absolute
471  chromosome loss.

472

473  Star Methods

474  Cell culture

475  Primary adult peripheral blood mononuclear cells (PBMCs) were obtained as cryopreserved vials
476  from Allcells Inc. CD3+ T cells were isolated from PBMCs using EasySep Human T Cell Isolation
477  Kits (StemCell Technologies) according to the manufacturer’s instructions. Isolated CD3+ T cells
478  were cultured in X-Vivo 15 medium (Lonza) with 5% fetal bovine serum (FBS) (VWR), 50 uM 2-
479  mercaptoethanol, and 10 mM N-acetyl L-cysteine (Sigma-Aldrich). One day post-isolation, CD3+
480 T cells were activated and stimulated with a 1:1 ratio of anti-human CD3/CD28 magnetic
481  Dynabeads (Thermo Fisher) to cells, as well as 5 ng/mL IL-7 (PeproTech), 5 ng/mL IL-15 (R&D
482  Systems), and 300 U/mL IL-2 (PeproTech) for three days. After the initial activation and
483 stimulation, magnetic beads were removed and T cells were cultured in medium with 300 U/mL
484  IL-2. Medium was replaced every other day and T cells were maintained at a density of ~0.5-
485  1x10° cells/mL.

486

487  For CAR T cell experiments, primary adult PBMCs were obtained as Leukopaks (StemCell
488  Technologies) from deidentified healthy donors and cryopreserved in RPMI medium

489  supplemented with 20% human serum and 10% DMSO. T cells were isolated as described before
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490  and cultured in X-Vivo 15 medium supplemented with 5% human serum, 5 ng/mL IL-7 (Miltenyi
491  Biotec), and 5 ng/mL IL-15 (Miltenyi Biotec). Immediately after isolation, T cells were stimulated
492  for two days with anti-human CD3/CD28 magnetic Dynabeads (Thermo Fisher) using a 1:1 bead-
493  to-cell ratio.

494

495  Cas9 ribonucleoprotein nucleofection

496 100 pmol Alt-R crRNA and 100 pmol Alt-R tracrRNA (IDT) were diluted in IDT Duplex Buffer,
497  incubated at 90° C for 5 min, and then slow cooled to room temperature (Supplementary Tables
498 1, 7-8). 50 pmol S. pyogenes Cas9 V3 (IDT) was diluted in RNP buffer (20 mM HEPES, 150 mM
499  NaCl, 10% Glycerol, 1 mM MgClz, pH 7.5). Cas9 and duplexed gRNA (1:2 molar ratio) were
500 incubated at 37° C for 15 min. Primary human T cells were washed once with PBS (-/-) before
501 250,000 cells were resuspended in P3 Buffer (Lonza). 50 pmol Cas9 RNP was added to the cells
502  before nucleofection in a Lonza 4D-Nucleofector with pulse code EH-115. X-Vivo 15 medium with
503 300 U/mL IL-2 was added to the nucleofected cells before a 30 min recovery at 37° C.
504  Nucleofected T cells were plated at a density of ~0.5-1x10° cells/mL in 96-well U-bottom plates.
505

506 TCR flow cytometry

507 T cells were resuspended in Cell Staining Buffer (BioLegend) with Ghost Dye Red 780 (1:1,000,
508 TonboBio) and anti-human TCR o/ Brilliant Violet 421 (1:100, BioLegend). Cells were stained
509 for 30 min at 4° C in the dark. After staining, cells were washed with Cell Staining Buffer and
510 analyzed on a Thermo Fisher Attune NXT Flow Cytometer with an autosampler. Over 20,000-
511 100,000 cells were routinely collected and analyzed with FlowJo.

512

513  Next-generation sequencing of TRAC genome editing
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514  Genomic DNA from T cells was extracted with QuickExtract DNA Extraction Solution (Lucigen)
515 by incubating resuspended cells for 10 minutes at room temperature before heating lysates at 65°
516  C for 20 minutes then 95° C for 20 min. The region of TRAC containing the Cas9 target site was
517  amplified from genomic DNA with Q5 High-Fidelity DNA polymerase (NEB) to add universal
518 adaptors (Supplementary Table 2). Amplicons were cleaned with SPRIselect beads (Beckman
519  Coulter) before a second round of PCR was performed to add unique i5 and i7 lllumina indices to
520 each sample. Subsequent amplicons were cleaned again, and libraries were sequenced on an
521  lllumina iSeq 100 (2x150 bp). FASTQ files were trimmed, merged, and analyzed for indels with
522  CRISPResso2 (crispresso2.pinellolab.org).’® For non-targeting conditions, sequencing from cells
523  receiving Cas9 and a non-targeting gRNA was used as input to check for indels at a given region.
524

525  Single-cell RNA sequencing with MULTI-seq barcoding

526  Four days post-nucleofection, T cells were labeled via MULTI-seq as previously described.'
527  Briefly, a lipid-modified oligonucleotide (LMO) was combined with a unique oligonucleotide
528  barcode (Supplementary Tables 3 and 6) at a 1:1 molar ratio in PBS (-/-). 500,000 cells or fewer
529  were washed twice with PBS (-/-) and then resuspended in PBS (-/-). The LMO/barcode solution
530  was mixed with each cell suspension and incubated on ice for 5 minutes before addition of a co-
531  anchor LMO and incubation on ice for an additional 5 minutes. Cold 1% BSA in PBS (-/-) was
532  added to sequester free LMOs before washing cells twice with cold 1% BSA in PBS (-/-). Uniquely
533  labeled cells were pooled in equal numbers in 1% BSA in PBS (-/-) to a final concentration of
534  ~1,600 cells/mL. 10x Genomics Chromium Next GEM Single Cell 3* Gene Expression Kits (v3.1)
535  were utilized according to the manufacturer’s instructions, with the following modifications. Lanes
536  of a standard Chromium chip were “super loaded” with ~50,000 cells to yield a target cell recovery
537  of ~25,000 cells. During the cDNA amplification, 1 puL of a 2.5 uM MULTI-seq primer (see

538  McGinnis et al.) was added. Supernatant from the cDNA bead cleanup was saved because it
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539  contained the MULTI-seq barcode amplicon. Supernatants were further cleaned by addition of
540  SPRIselect beads and isopropanol with a conventional magnetic bead cleanup protocol. 3.5 ng
541  of each cleaned amplicon was used in a PCR reaction to add sequencing indices; the reactions
542  included KAPA HiFi HotStart ReadyMix (Roche), a unique i5 primer, and a unique RPI i7 primer
543  (Supplementary Table 3). The PCR reactions were cleaned with SPRIselect beads before final
544 library QC. Gene expression and MULTI-seq barcode libraries were pooled 6:1 (molar ratio) and
545  sequenced on an lllumina NovaSeq 600 S1 Flow Cell.

546

547  Single-cell RNA sequencing analysis

548  Cell Ranger (v7.0) was used to process Chromium single cell data. cellranger count was
549  performed with the parameters --r1-length=28 and --r2-length=90. For the first TRAC-targeting
550  experiment the --force-cells parameter was set to 15,000 cells. To demultiplex the different pools
551  of cells using the MULTI-seq barcode, cellranger multi was performed. The results from the
552  different pools were aggregated using cellranger aggr. The results from cellranger were parsed
553  with scanpy and converted to a h5ad file format. The demultiplexed results were added as
554  metadata to the h5ad file.

555

556  For the CROP-seq screen, we counted the number of reads within each cell aligning to each of
557  the gRNAs used in the screen. To determine which cells were targeted by a single, unique gRNA,
558  we tested whether the gRNA with the highest number of reads had significantly more reads than
559 the second highest. Specifically, let c;and c, be the number of reads for the first and second most
560 common gRNAs in a cell, respectively. To test whether c; is significantly greater than c,, we
561 calculated a P-value based on a binomial distribution with parametersn = c¢; + c,and p =
562  0.5(i.e. x~B(c; +¢,0.5)). If the probability of x > c; was smaller than 0.05, the cell was
563  determined to be transduced by a single gRNA.

564
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565  Quantification of chromosome loss from scRNA-seq

566 To assess the dosage of each gene in each cell, inferCNV of the Trinity CTAT project
567  (https://github.com/broadinstitute/infercnv) was executed in R (version 4.1) with default
568  parameters over the h5ad dataset created by cellranger (see previous section) for every scRNA-

569 seq dataset.®

Each cell with a gRNA was labeled as a “treatment” and each cell with a non-
570  targeted gRNA was labeled as a “control.” To successfully run inferCNV for the CROP-seq
571 screen, inferCNV was performed in multiple batches of 30,000 cells.

572

573  The output of inferCNV was the estimated dosage for each gene; according to the software’s
574  specifications, values below 0.95 were considered loss of at least one copy of the gene. inferCNV
575  values for each gene were binarized as <0.95 or > 0.95. Each chromosome in each cell was then
576  searched for the interval between two genes that maximizes the difference between the average
577  binarized inferCNV values on either side of the interval. This interval was the candidate breakage
578  point for a particular chromosome in a cell.

579

580  We used the inferCNV values for all genes on a given chromosome within each cell (with respect
581 to each of the 22 somatic chromosomes) to estimate the loss status of that chromosome.
582  Specifically, we estimated whether there was 1) no chromosome loss, 2) whole chromosome loss,
583  or 3) partial chromosome loss. If at least 70% of a minimum 150 genes to either the left or right
584  of the candidate breakage point were below the 0.95 threshold, but less than 70% of the genes
585 on the other side were below the threshold, the cell was labeled as partial chromosome loss for
586  that chromosome. Otherwise, if at least 70% of all the genes throughout the entire chromosome
587 were below the threshold, the cell was labeled as having whole chromosome loss for that
588 chromosome. If neither were true, the cell was labeled as having no chromosome loss for that
589  chromosome.

590
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591 Downsampling of the CROP-seq screen dataset was performed to assess the dependency of
592  chromosome loss enrichment on the number of genes in the inferCNV output. To do this, 4,000
593  or 1,000 genes contained within the 9,639 gene output of the full CROP-seq inferCNV output
594  were randomly sampled. Our chromosome loss calling pipeline, as described above, was then
595  performed on these downsampled datasets.

596

597  Droplet digital quantitative PCR

598  Genomic DNA was collected from T cells at different times post-nucleofection with QuickExtract
599 DNA Extraction Solution, identical to as described earlier. The ddPCR setup was similar to what
600  has been previously described.” For multiplexed ddPCR, two ~200 bp amplicons for each target
601  gene were designed (Supplementary Tables 4, 7, and 8). Amplicon 1 was located proximal to the
602  centromere and utilized a hexachlorofluorescein-labeled (HEX) oligonucleotide probe (PrimeTime
603 gPCR probes, Zen double quencher, IDT). Amplicon 2 was located ~100-200 bp away from
604 amplicon 1, was distal relative to the centromere, and utilized a 6-fluorescein-labeled (FAM)
605 oligonucleotide probe (PrimeTime qPCR probes, Zen double quencher, IDT). Amplicon 1 served
606  as a control, which should be unaffected by Cas9 genome editing or chromosome loss and would
607  signal whether the gene of interest was in a given droplet. Amplicon 2 spanned the Cas9 target
608 site, with the probe located ~30-60 bp away from the cleavage site. If the target site was not
609  successfully repaired after Cas9 cleavage, amplicon 2 would not be able to be amplified and the
610 FAM probe would be unable to dissociate from its quencher. ddPCR reactions were assembled
611  with ddPCR Supermix for Probes (No dUTP, Bio-Rad), 900 nM of each primer, 250 nM of each
612  probe, and 10-30 ng of genomic DNA. Droplets were formed using a Bio-Rad QX200 Droplet
613  Generator following the manufacturer’s instructions before thermal cycling. The following day,
614 ddPCR droplets were analyzed on a Bio-Rad QX200 Droplet Reader. Data were analyzed with
615 the QX Manager Software (Bio-Rad), and thresholds were set manually based on wells with

616 untreated samples. The percentage of alleles with chromosome loss was calculated based on
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617 droplets that had the target amplicon 1 (HEX+) but were unable to produce the neighboring

618 amplicon 2 (FAM-). The equation utilized is as follows: % Chromosome loss = 100 X (1 — %)

619

620  Genome-scale CROP-seq CRISPR screen design

621 The CROP-seq library was designed to contain multiple gRNAs that target multiple genes on
622  every chromosome. When possible, validated gRNA sequences from previous publications were
623  utilized (Supplementary Table 5). The gRNA library was ordered as an oPool oligo pool (IDT) and
624  Golden Gate cloned into a custom CROP-seq vector that co-expressed GFP. To analyze the
625 library, primers were used to amplify the gRNA spacer from either the plasmid library or genomic
626 DNA library before sequencing on an lllumina iSeq. MAGeCK
627  (https://sourceforge.net/p/mageck/wikilHome/) was used to quantify the representation of each
628 gRNAin the library.*®

629

630 CROP-seq CRISPR screen lentiviral production

631  For lentivirus production, Human Embryonic Kidney 293T (HEK293T) cells were cultured in
632  Dulbecco’s Modified Eagle Medium (Gibco) with 10% FBS and 1% penicillin/streptomycin (Gibco).
633 HEK293Ts were transfected at 70-90% confluency with 10 ung CROP-seq gRNA plasmid, 10 pg
634  Gag-pol expression plasmid (psPax2, gift from Didier Trono, Addgene plasmid #12260), and 1 ug
635 pCMV-VSV-G plasmid (gift from Bob Weinberg, Addgene plasmid #121669) using
636  polyethylenimine (PEI, Polysciences Inc.) at a 3:1 PEl:plasmid ratio. Approximately 6-8 hours
637  after transfection, the medium was aspirated from cells and replaced with Opti-Mem (Gibco).
638  Supernatant containing lentivirus was collected 48 hours after transfection, the medium was
639 replaced, and medium was collected once more after an additional 48 hours. Viral supernatants
640  were filtered through a 0.45 um PES membrane bottle top filter (Thermo Fisher) and then

641  concentrated with Lenti-X Concentrator (Takara) according to the manufacturer’s instructions.
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642  Purified and concentrated lentivirus was used immediately or stored at -80° C. Lentivirus was
643  titered by counting the number of initially transduced cells, adding serial dilutions of lentivirus to
644  primary human T cells, and measuring the percentage of GFP+ cells after three days (only in
645  conditions with <30% GFP+ cells to ensure a majority were single transduction events).

646

647 CROP-seq CRISPR screen

648 For the CROP-seq screen, primary human T cells were isolated and stimulated as stated
649  previously. 24 hours after stimulation, lentivirus was added to the cells at a multiplicity of infection
650  (MOI) of ~0.3. MOI was confirmed via flow cytometry two days later, at day three post-stimulation.
651 Dynabeads were then removed from T cells and Cas9 was nucleofected as stated previously. For
652 the full CROP-seq library experiment, four days post-nucleofection, T cells were subject to
653  fluorescence-activated cell sorting (FACS) on a Sony SH800S cell sorter to enrich for GFP+ cells.
654  Genomic DNA was harvested from a small number of cells, as previously described, to assess
655 the library representation. The rest of the live/GFP+ cells were arbitrarily divided into six pools
656  and subject to MULTI-seq barcoding and 10x Genomics scRNA-seq, as previously described.
657 The CROP-seq gRNA was enriched from the resulting cDNA similar to what has been previously
658  described (Supplementary Table 6).2° Briefly, 25 ng of cDNA was added to eight separate KAPA
659  HiFi HotStart ReadyMix PCR reactions and amplified for 10 cycles with an annealing temperature
660  of 65° C to enrich for the gRNA. Individual PCR reactions were pooled together and cleaned with
661  SPRIselect beads. 8 uL of cleaned PCR1 product was added to a second KAPA HiFi HotStart
662 ReadyMix PCR reaction and amplified for 10 cycles with an annealing temperature of 65° C to
663 add lllumina sequencing adaptors. Gene expression, MULTI-seq barcode, and CROP-seq
664  enrichment libraries were sequenced on an lllumina NovaSeq 600. Multiple iterations of library
665  sequencing were concatenated to achieve the desired sequencing depth.

666
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667  Strand and MMEJ analyses

668 Each gRNA was mapped using the GRCh38 genome assembly. A two-sided Fisher’'s Exact Test
669  was performed to determine whether gRNAs binding distal or proximal to the centromere, relative
670  tothe gRNA spacer sequence, affected chromosome loss. MMEJ analyses were performed using
671  inDelphi (indelphi.giffordlab.mit.edu).®® The cell type was set to K562s and the MMEJ strength
672  was measured for each unique gRNA sequence.

673

674  Differential gene expression analysis

675 To identify genes differentially expressed between cells with and without chromosome loss, we
676  used the memento algorithm with default parameters (capture rate = 0.07).%" We tested each
677  gene for differential expression with respect to each of the 22 somatic chromosomes separately,
678 and only reported genes that were consistently over- or underexpressed across most
679  chromosomes. We further ensured that the differences we observed were specific to the tested
680 gene and were not the result of overall lower or greater levels of gene expression in cells with
681 chromosome loss. To do this we accounted for the total expression of transcripts sharing the
682 same chromosome as the tested gene by including the overall count of all transcripts on that
683 chromosome as a covariate. This covariate was defined with respect to the chromosome
684  containing the gene tested for differential expression and not with respect for the chromosome
685  determining the two compared groups (cells with or without loss of that chromosome). Since
686  memento supports only discrete covariates, we discretized the total transcript count into 10 decile
687  bins.

688

689  We corrected the results of memento for multiple testing using FDR over the combined set of all
690 tested genes over all tested chromosomes. We considered a gene to be statistically significant
691  with respect to a chromosome (i.e. the gene to be over- or underexpressed in cells losing that

692  chromosome) if its corrected P-value was below 0.05. Accordingly, we assigned the significance
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693  status of that gene-chromosome combination to be 1, 0, or -1 if it was significantly overexpressed,
694  not significant, or under expressed, respectively. We then assigned each gene a total score
695  between -22 and 22 by summing the significance status of that gene with respect to each of the
696 22 somatic chromosomes. 613 genes obtained a total score =5 and were considered the top
697  overexpressed genes, while 590 obtained a total score < -5 and were considered the top
698  underexpressed genes.

699

700  We identified pathways enriched among the 613 top overexpressed genes by searching through
701  the pathway terms defined in the KEGG database using the GSEApy Python package.®*%

702

703 Cell cycle analysis

704  Cell cycle states were defined using data and methods as previously described.®*

705

706  Epigenetic analyses

707  Datasets (ENCFF233TCT, ENCFF055FYI, and ENCFF129GAM) corresponding to activated T
708 cells from a male donor (43 years old) were selected from the ENCODE Portal
709  (www.enccodeproject.org).®>%® The presence of open chromatin from ATAC-seq data and the
710  location of epigenetic marks (H3K9me3 and H3K36me3) from ChlP-seq data were determined
711  within a 75 bp window around the GRCh38 coordinates of each gRNA and a P-value <107,
712 according to best practices.®’

713

714 T cell proliferation tracking

715  Afterisolation and stimulation, primary human T cells were nucleofected with Cas9 RNPs identical
716  to what was described earlier. Inmediately after nucleofection recovery, cells were pelleted and

717  resuspended in 5 uM CellTrace Violet (Invitrogen). Cells were incubated in CellTrace Violet for
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718 20 min at 37° C, prior to diluting in 4x volume of complete X-Vivo 15 medium to absorb unbound
719  dye and incubating again for 5 min at 37° C. Cells were pelleted and resuspended in complete X-
720  Vivo 15 with 300 U/mL IL-2. T cells were passaged every other day to refresh medium and
721  maintain a density of ~0.5-1x10° cells/mL. Cells were sorted on a BD FACSAria |l to obtain the
722  approximate bottom and top quartile of cells according to CellTrace Violet signal.

723

724  Cas9-mediated CD5 homology-directed repair

725  HA tag insertion was achieved with either a single-stranded DNA HDR template (ssDNA HDRT),
726  a double-stranded DNA HDR template (dsDNA HDRT), or a single-stranded DNA HDR template
727  with Cas9 target sequences (ssCTS HDRT) (Supplementary Note 3).*° Equimolar HDRT
728  oligonucleotides were diluted in IDT Duplex Buffer, heated to 95° C for 5 minutes, then allowed
729  to slow cool to room temperature. 100 pmol of HDRT was added to Cas9 RNP nucleofections of
730  primary human T cells, identical to as described above. Cells were analyzed on a Thermo Fisher
731  Attune NXT Flow Cytometer with an autosampler, identical to as described above, except with
732 the antibodies anti-human CD5 (UCHT2)-PE (1:100, Invitrogen) and anti-HA (6E2)-AF647 (1:100,
733 Cell Signaling Technology). Over 20,000-100,000 cells were routinely collected and analyzed with
734 FlowdJo.

735

736  Fluorescence-activated cell sorting of CD5, CD81, and CD3E

737  Primary human T cells were nucleofected with Cas9 RNPs targeting CD5 identical to what was
738  described before. Seven days post-nucleofection, cells were stained with anti-human TCR o/
739  Brilliant Violet 421 (BioLegend), anti-human CD5 (UCHT2)-PE (Invitrogen), anti-human CD81
740  (5A6)-FITC (BioLegend), and anti-human CD3E (SK7)-APC (Invitrogen), all at a 1:100 dilution.
741  Cells were sorted on a BD FACSAria Il to isolate different populations (Supplementary Note 1).

742
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743  CAR adeno-associated virus production

744  An AAV transgene plasmid encoding the inverted terminal repeats, a 1928 CAR, a truncated
745  human EGFR (EGFRt) tag, and TRAC homology arms for HDR was used as previously described
746  (Supplementary Note 4).*' The AAV plasmid was packaged into AAV6 by transfection of
747  HEK293T cells together with pHelper and pAAV Rep-Cap plasmids using PEI. The AAVs were
748  purified using iodixanol gradient ultracentrifugation. The titration of the AAV was determined by
749  quantitative PCR on DNasel (NEB) treated and proteinase K (Qiagen) digested AAV samples,
750  using primers against the left homology arm. The quantitative PCR was performed with SsoFast
751  EvaGreen Supermix (Bio-Rad) on a StepOnePlus Real-Time PCR System (Applied Biosystems).
752

753  CAR T cell production

754  gRNAs targeting exon 1 of the TRAC locus (TRAC gRNA 12), the intron preceding the TRAC
755 locus (TRAC gRNA 13), or a non-targeting control gRNA were purchased from Synthego and
756  resuspended in TE buffer (Supplementary Table 9). Cas9 RNP was generated by incubating
757 60 pmol of Cas9 protein with 120 pmol sgRNA. T cells were counted, resuspended in P3 buffer
758  at 2x10° per 20 pL, mixed with 3 uL of RNPs and added to a 96-well nucleofection plate. Cells
759  were electroporated using a Lonza 4D-Nucleofector 96-well unit with the EH-115 protocol and
760  immediately recovered by adding pre-warmed X-Vivo 15 medium without human serum.
761  Recombinant AAV6 encoding the HDR template was added to the culture 30 to 60 min after
762  nucleofection at an MOI of 10°, and incubated with the cells overnight. The day after the
763  nucleofection and transduction, edited cells were resuspended in medium and expanded using
764  standard culture conditions, keeping a density of 10° cells/mL. TCR disruption and CAR HDR
765  efficiency was evaluated by flow cytometry by staining the TCR with anti-TCRo/p (BW242/412)-
766  PE (1:50, Miltenyi) and the CAR with goat anti-mouse IgG (H+L) AlexaFluor 647 Fab (1:100,

767  Jackson ImmunoResearch).
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768

769  CAR T cell scRNA-seq

770  CAR T cells were harvested at two time points after independent nucleofections (day four and
771  day seven post-nucleofection). TotalSeg-A0251-1 anti-human Hashtag reagents (BioLegend)
772  were used to label different cell conditions. For the experiment, 500,000 cells from each condition
773  were labeled with the hash antibodies in Cell Staining Buffer at 4° C for 30 min. After labeling,
774  cells were washed three times with Cell Staining Buffer at 4° C and then resuspended in PBS (-
775  I-) containing 0.04% BSA. Labeled cells were pooled and 50,000 cells were “super loaded” into
776  four lanes (two lanes for day four samples and the other two lanes for day seven samples) of a
777 10X Chromium Single-Cell G Chip. A 10x Genomics Chromium Next GEM Single Cell 3 Gene
778  Expression Kit (v3.1) was utilized according to the manufacturer’'s instructions, and the
779  subsequent library was sequenced on an lllumina NovaSeq 600 S4 Flow Cell.

780

781  Laboratory versus clinical T cell manufacturing

782  For the laboratory protocol, T cells were activated and stimulated identical to what was described
783 earlier. After nucleofection of Cas9 RNP, T cells were cultured in X-Vivo 15 medium with 5 ng/mL
784 IL-7, 5 ng/mL IL-15, and 300 U/mL IL-2.

785

786  For the clinical protocol, we followed a protocol similar to what was used in our phase 1 clinical
787  trial'. After T cell isolation, cells were cultured in X-Vivo 15 medium with 5 ng/mL IL-7 and 5 ng/mL
788  IL-15 for two days. Non-activated T cells were nucleofected with 50 pmol Cas9 RNP using a
789 Lonza 4D-Nucleofector with pulse code EH-115. After nucleofection, cells were incubated in X-
790  Vivo 15 medium with 5 ng/mL IL-7 and 5 ng/mL IL-15 for a 30 min recovery at 37° C. Nucleofected
791 T cells were plated at a density of ~0.5-1x10° cells/mL in 96-well U-bottom plates. Two days after

792  nucleofection, cells were counted and activated/stimulated with a 1:1 ratio of anti-human
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793  CD3/CD28 magnetic Dynabeads to cells, as well as 5 ng/mL IL-7, 5 ng/mL IL-15, and 300 U/mL
794  IL-2 for an additional three days.

795

796 T cell RT-gPCR

797  During the laboratory or clinical T cell manufacturing protocols, 500,000 cells were periodically
798  pelleted and resuspended in TRIzol (Invitrogen). RNA was isolated via phenol-chloroform
799  extraction, precipitated by addition of isopropanol, washed with 75% ethanol, and resuspended
800 in nuclease-free water. Isolated RNA was treated with TURBO DNase (Invitrogen) and
801  SUPERase-In RNase inhibitor (Thermo Fisher) for 30 min at 37° C before addition of DNase
802 Inactivation Reagent according to the manufacturer’s instructions. DNA-free RNA underwent
803  cDNA synthesis using SuperScript Ill Reverse Transcriptase (Invitrogen) and Random Primers
804  (Promega) according to the manufacturer’s instructions. gPCRs were performed with the resulting
805  cDNA using iTaq Universal SYBR Green Supermix (Bio-Rad) on a Bio-Rad CFX96 Real-Time
806  PCR Detection System (Supplementary Table 10). TP53 expression levels were normalized to
807  the expression levels of the housekeeping gene GAPDH, and to timepoint A (where the laboratory
808  and clinical protocols start identically) using the AACt method.

809
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1118  Figure 1: CRISPR-Cas9 genome editing of TRAC results in whole and partial chromosome

1119  loss
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1138

1139  (A) Cas9 gRNA target sites tiled across the first exon of TRAC on chromosome 14.

1140  (B) Gene dosage from transcriptome-wide scRNA-seq of T cells treated with Cas9 and a non-
1141  targeting gRNA (top heatmap) or TRAC-targeting gRNA (bottom heatmap). Each individual row
1142  corresponds to a single cell and each column corresponds to a specific gene and its genomic

1143  position, grouped by chromosome (outlined in black). Red represents increase in gene dosage
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1144  while blue represents decrease in gene dosage. Rows outlined in black represent cells treated
1145  with different TRAC-targeting gRNAs. Blue arrows highlight chromosome 14, where TRAC is
1146 located.

1147  (C) Distribution of computationally predicted chromosome 14 breakpoints in cells predicted to
1148  have a chromosomal loss event. The distribution is an aggregate of 11 different TRAC-targeting
1149  gRNAs (all within ~300 bp) in cells with partial chromosome loss.

1150 (D) Representative single cell chromosome 14 gene dosage plots illustrating a cell with no
1151  chromosome loss (left), whole chromosome loss (middle), or partial chromosome loss (right).
1152  Gene dosage was normalized to non-targeting samples. Gray shaded area (gene dosage of 0.95-
1153  1.05) represents normal gene dosage (2 copies). Blue shaded area (gene dosage of <0.95)
1154  represents reduction in gene dosage (1 copy). Dotted lines represent the centromere, black lines
1155 represent the Cas9 target site, and the red line represents the computationally predicted
1156  breakpoint.

1157  (E) Quantification of whole and partial chromosome 14 loss across all gRNAs from scRNA-seq.
1158  NT indicates non-targeting gRNA.

1159  (F) Schematic of ddPCR assay to measure chromosome loss. The yellow lightning bolt represents
1160  the Cas9 target site. The detection of both HEX and FAM probes indicates no DSB or repaired
1161 DSB (top illustration). The detection of the HEX probe but not the FAM probe indicates an
1162  unresolved DSB that represents chromosome loss (bottom illustration).

1163  (G) Quantification of chromosome loss at the Cas9 target site across all gRNAs from ddPCR (n
1164 = 3, n = 2 biological donors). Numbers next to each point represent the TRAC-targeting gRNA.
1165 NT indicates non-targeting gRNA and represents samples from four different ddPCR amplicons.
1166  Error bars represent the standard deviation from the mean. Dashed line represents linear
1167  regression line of best fit and shaded region represent 95% confidence intervals (Slope = 1.082,

1168 R?=0.9853).
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(H) Comparison of chromosome 14 loss between TRAC-targeting conditions where the PAM is
distal (Centromere-PAM distal) or proximal (Centromere-PAM proximal) to the centromere
relative to the gRNA spacer sequence. Chromosome 14 loss was measured by scRNA-seq (n =
1 biological donor) or ddPCR (n = 3, n = 2 biological donors). P-values are from Welch’s unpaired

t-tests and are from left to right 0.8689 and 0.7338. ns = not significant.
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1195 Figure 2: Genome-scale CRISPR-Cas9 screen reveals target-specific chromosome loss
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1220  (A) Workflow for a CRISPR-Cas9 screen to estimate chromosome loss in T cells. Primary human
1221 T cells were transduced with a CROP-seq lentiviral library expressing one of 384 gRNAs. Cells
1222  were then nucleofected with Cas9 protein, before GFP+ cells (co-expressed on the CROP-seq
1223  gRNA vector) were enriched via fluorescence-activated cell sorting. Enriched cells were subject
1224  to scRNA-seq and downstream analysis.

1225  (B) Quantification of targeted chromosome loss enrichment for each target gene. Each of the 92
1226  bars represents the combination of four unique gRNAs targeting the same gene. Chromosome
1227  loss enrichment was calculated relative to the baseline loss per chromosome in cells containing
1228  a gRNA targeting a different chromosome. Error bars represent 95% confidence intervals.

1229  (C) Chromosomal loss enrichment at each somatic chromosome across all gRNAs. Rows
1230  represent the chromosome targeted by the Cas9 gRNA. Columns represent the chromosome
1231  analyzed for chromosome loss.

1232 (D) Chromosome loss measured by ddPCR at 15 different Cas9 target sites across the genome.
1233  Rows titles indicate the identity of the gRNA used. Column titles indicate the site in the genome
1234  that was analyzed via ddPCR. Heatmap values represent the mean of replicates (n = 3, exceptn
1235 =2 for B2M target column).

1236  (E) Correlation between chromosome loss from 25 gRNAs as measured by scRNA-seq and
1237  ddPCR. Spearman’s correlation = 0.59, **P = 0.0017 (two-tailed).
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1246  Figure 3: Genetic and epigenetic factors influence Cas9-induced chromosome loss
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1261  (A) Heatmap of differentially expressed genes in cells with chromosome loss compared to cells
1262  without chromosome loss. Cells with chromosome loss were divided into 22 groups depending
1263  on which somatic chromosome was lost (rows), and differentially expressed genes were
1264  individually investigated (columns). Upregulated genes are shown in red while downregulated
1265 genes are shown in blue. Genes were given a score of 1 (upregulated), -1 (downregulated), or 0
1266  (no difference) for each chromosome loss group. Summed gene scores across all chromosome
1267  loss groups is shown below; genes with a score >|13| are displayed.

1268 (B) Gene ontology analysis based on differential gene expression. The most significantly

1269  upregulated modules are displayed.

Tsuchida et al. 51


https://doi.org/10.1101/2023.03.22.533709
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.22.533709; this version posted March 22, 2023. 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.

1270  (C) Cell cycle analysis based on expression profiles. The percentage of cells in each cell cycle
1271  phase were quantified for cells with no chromosome loss or cells with chromosome loss.

1272 (D) Influence of epigenetic marks on chromosome loss. The gRNA sequence for cells with or
1273  without chromosome loss was analyzed for localization within = 75 bp of an epigenetic marker
1274  peak. P-values were calculated using a two-sided Fisher's Exact Test and are from left to right
1275  (ATAC) 0.365496, (H3K36me3) 0.789824, and (H3K9me3) 0.305706. ns = not significant.
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Figure 4: Cas9-induced chromosome loss persists for weeks but results in reduced

fitness and proliferation
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(A) ddPCR measurements of chromosome loss at the Cas9 TRAC target site over 14 days. Error
bars represent the standard deviation from the mean (n = 3). Day 3 results were additional used
as the donor 2 (female) results shown in Fig. 1g.

(B) ddPCR measurements of chromosome loss for 15 different gRNAs targeted to sites across
the genome over 14 days. Error bars represent the standard deviation from the mean (n = 3,
except n = 2 for B2M). Day 3 results were additionally used for the diagonal values in the

heatmaps of Fig. 2d.
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(C) Measurement of chromosome loss across T cells of varying proliferative capacity. T cells were
stained with CellTrace Violet (CTV) and cultured for five days before sorting the top and bottom
quartile (top panel). ddPCR was used to measure chromosome loss in lowly proliferative (CTV
high) and highly proliferative (CTV low) populations (bottom panel). NT = non-targeting gRNA.
Non-targeted samples evaluated for chromosome loss at the gRNA 2 or gRNA 8 amplicon were
combined into a single column (n = 3 for each of the two different ddPCR amplicons). P-values

are from Welch’s unpaired t-tests and from left to right are 0.002970, 0.002970, and 0.275572.
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1348  Figure 5: Pre-clinical CAR T cell production via homology-directed repair results in

1349 chromosome loss

A B
1350 TCR KO (indel)
1351 ) oo
TRAV TRAJ 1 2 3 4
TCR KO + CAR HDR
Genomic
1352 outcomes
[ - ’ O
1 353 TCR KO (Chr 14 loss)
1354 00
C D
1355
Day 4 Day 7 ©
[
o
1356 z z° %) .
E £ [ :
§ ° 5 . 2 o .
£, ° o £, ° o £ ° o~ gRNA12/NoAAV HDRT
1357 :’.,,: © O ® 2 E 6] s T o~ gRNA 13/No AAV HDRT
< = % e ° - gRNA 12/AAV HDRT
3 - 4 - p—— g
1358 g ° g ° g 4 B ) -8~ gRNA13/AAV HDRT
E E ° ® 27 -
2 <4 £ °
1359 & 3 3
T T T T 1
TRACgRNA 12 13 12 13 TRACgRNA 12 13 12 13 é 3 4 S 6 7 8
1360 AAVHDRT - - + + AAV HDRT o Days
1361

1362  (A) Strategy to generate CAR T cells via HDR with Cas9. AAV6 encoding a 1928 CAR between
1363  left and right homology arms (LHA and RHA, respectively) serves as a template for HDR after
1364  Cas9 cleavage (yellow lightning bolt) of TRAC.

1365  (B) Three potential genomic outcomes after Cas9 HDR: indels that disrupt TCR expression (top),
1366 insertion of the CAR transgene that simultaneously disrupts TCR expression (middle), and
1367  chromosome loss that disrupts TCR expression (bottom).

1368  (C) Quantification of chromosome 14 loss enrichment across two TRAC-targeting gRNAs with or
1369  without an AAV HDR template from scRNA-seq (n = 2 biological donors). Two separate batches
1370  of CART cells were manufactured, before being subjected to scRNA-seq four or seven days after
1371  generation. Chromosome 14 loss enrichment was calculated relative to T cells treated with Cas9

1372  and a non-targeting gRNA.
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1373 (D) Chromosome 14 loss enrichment over time, normalized to Cas9 editing efficacy (n = 2
1374  biological donors). Editing efficacy was determined by the percentage of TCR negative cells as
1375  measured via flow cytometry (see Extended Data Fig. 13c).
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1398  Figure 6: Clinical CRISPR-Cas9 genome editing protocol in patient T cells mitigates
1399 chromosome loss
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1416  (A) Strategy to investigate chromosome loss in two clinical trial patients with CRISPR-edited T
1417  cells. Two patients with refractory cancer had T cells isolated, nucleofected with TRAC, TRBC,
1418 and PDCD1-targeting Cas9 RNPs, and transduced with a lentivirus encoding an NY-ESO-1 TCR
1419  (NYCE cells). Cells were subjected to scRNA-seq prior to infusion (Day 0) and as well as at
1420  different time points post-infusion (Days 10, 28, and/or 113).
1421  (B) Chromosome loss enrichment on chromosome 14 (TRAC), chromosome 7 (TRBC), or
1422  chromosome 2 (PDCD1) at different timepoints for both patients. Enrichment was calculated
1423  relative to non-targeted chromosomes (all chromosomes but 2, 7, and 14). Day 0 represents
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1424  NYCE cells prior to infusion, while other later timepoints represent NYCE cells that were collected
1425  after circulation in vivo.

1426  (C) Diagram of two different protocols for Cas9 genome editing of primary human T cells. The
1427  laboratory protocol (top) consisted of activating/stimulating cells prior to Cas9 nucleofection, and
1428  was used throughout this study. The clinical protocol (bottom) consisted of nucleofecting cells
1429  with Cas9 prior to activating/stimulating and is representative of our clinical trial.

1430 (D) Relative chromosome loss with 11 different TRAC-targeting gRNAs using the laboratory or
1431  clinical protocol in primary human T cells. Chromosome loss was normalized to the indel efficacy
1432  (see Extended Data Fig. 14b). P-values are from Welch’s unpaired t-tests and from left to right
1433  are 0.008320, 0.111695, 0.000052, 0.000076, 0.000159, 0.000073, 0.000125, 0.000087,
1434 0.000073, 0.000050, and 0.001416.

1435 (E) Fold TP53 mRNA expression during the laboratory or clinical protocols for Cas9 genome
1436  editing of primary human T cells (n = 5 biological donors). Data points are the mean of two
1437  technical replicates. X-axis letters correspond to timepoints in Fig. 6¢. “Cas9 DSBs” represents
1438  the timepoints in the laboratory or clinical protocols where Cas9 was nucleofected into T cells to
1439  generate DSBs.
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1450  Figure S1: CRISPR-Cas9 genome editing results in chromosome loss regardless of guide

1451  RNA orientation or genomic position, related to Figure 1
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1475  (A) TCR disruption from Cas9 genome editing of TRAC. TCR expression was measured via flow
1476  cytometry at 3, 7, and 10 days post-nucleofection. NT indicates non-targeting gRNA.

1477  (B) Indels at the TRAC locus (targeting) from Cas9 genome editing as measured by next-
1478  generation sequencing. Cells treated with a non-targeting gRNA were evaluated for indels at each
1479  of the TRAC target sequences (non-targeting).

1480  (C) UMAP projection of T cells edited with a TRAC-targeting or non-targeting gRNA.

1481 (D) The UMAP projection of T cells within the TRAC editing experiment was overlayed with
1482  estimations of whether the cell had chromosome 14 loss or not (whole or partial chromosome
1483  loss).

1484  (E) Percentage of cells with chromosome 14 loss per cluster (see Fig. S1D).

1485  (F) Quantification of chromosome 14 loss enrichment across 11 different TRAC-targeting gRNAs.
1486  Chromosome 14 loss enrichment was calculated relative to T cells treated with Cas9 and a non-
1487  targeting gRNA.

1488  (G) Schematic of gRNA orientation relative to the centromere. Cas9 targets where the PAM was
1489  proximal to the centromere (red) relative to the target DNA sequence were considered
1490  centromere-PAM proximal (blue), while Cas9 targets where the PAM was distal to the centromere
1491  relative to the target DNA sequence were considered centromere-PAM distal (green).

1492  (H) Comparison of TCR disruption (by flow cytometry or next-generation sequencing) and
1493  chromosome 14 loss as measured by scRNA-seq (top) or ddPCR (bottom).

1494 (1) Chromosome 14 loss by scRNA-seq (combination of whole and partial chromosome 14 loss,
1495  top) or ddPCR (mean of n = 3 replicates, n = 2 biological donors, bottom) for each gRNA based
1496  on target position within the TRAC gene. Gray line indicates the first exon of TRAC (274 bp).
1497
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1501  Figure S2: CROP-seq reveals genome-scale breakpoints and chromosome loss, related
1502  to Figure 2
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1527  (A) Distribution of next-generation sequencing reads for each gRNA in the CROP-seq gRNA
1528 library as a plasmid (left) or once integrated into T cells via lentivirus (right). The mean is shown
1529 as ared line, 5" and 95" quartiles are shown as green lines, and a 4-fold range to either side of
1530  the mean is shown as a pink shaded area.

1531 (B) Correlation between gRNA reads in the plasmid library and cell library. A zoomed in
1532  perspective (blue dashed line, left) is shown in a separate panel (blue dashed line, right). Dashed
1533 gray line represents the linear regression line of best fit (Slope = 1.189, R? = 0.8348).

1534  (C) UMAP projection of T cells from the CROP-seq screen.

1535 (D) The UMAP projection of T cells within the CROP-seq screen was overlayed with estimations
1536  of whether the cell had a targeted chromosome loss or not (whole or partial chromosome loss).
1537  (E) Percentage of cells with targeted chromosome loss per cluster (see Fig. S2C).

1538  (F) Predicted breakpoint location versus intended gRNA target location from the CROP-seq
1539  screen. gRNAs are grouped by targeted chromosome. Chromosomes 18 and 21 are omitted
1540  because no partial chromosome loss was detected. Red data points represent the mean and 95%
1541  confidence interval.
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Figure S3: Influence of genetic context and Cas9 gRNA sequence on chromosome loss,
related to Figure 2
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(A) Partial and whole chromosome loss from the CROP-seq screen. Chromosome loss was
quantified at chromosomes where the gRNA was targeting that specific chromosome (left) or at
chromosomes not targeted by the gRNA (right). Chromosome loss at chromosomes not targeted

by the gRNA was used to calculate baseline noise.
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1578  (B) Influence of gRNA orientation on chromosome loss. gRNAs where the PAM is distal to the
1579  centromere relative to the gRNA target sequence were compared against gRNAs where the PAM
1580 is proximal to the centromere relative to the gRNA target sequence. P-value was calculated using
1581  atwo-sided Fisher's Exact Test and was 0.592413. ns = not significant.

1582  (C) Distribution of nucleotides across each position of the gRNA spacer within the CROP-seq
1583  library. Distribution for all gRNAs (left), gRNAs that resulted in chromosome loss (middle), and
1584  gRNAs that did not result in chromosome loss (right).

1585 (D) Chromosome loss by nucleotide identity across each position of the gRNA spacer within the
1586  library.

1587  (E) Chromosome loss by gRNA spacer sequence GC content. gRNAs were arbitrarily binned by
1588  varying levels of GC content.

1589 (F) Chromosome loss versus computationally predicted MMEJ influence for Cas9 RNP
1590 nucleofection experiments (teal = ddPCR measurements, yellow = scRNA-seq measurements.
1591  Chromosome loss rates are identical to Fig. 2e). ddPCR Spearman’s correlation = 0.40, *P =
1592  0.04 (two-tailed); scRNA-seq Spearman’s correlation = 0.27, P = 0.19 (two-tailed).

1593 (G) Chromosome loss versus computationally predicted MMEJ influence for the CROP-seq
1594  screen experiment. gRNAs with non-zero chromosome loss were plotted. Spearman correlation
1595 =-0.08, P =0.25 (two-tailed).

1596 (H) Chromosome loss by position along the target chromosome. Distance from the centromere
1597  was normalized to the length of the target chromosome. Spearman’s correlation = -0.34, ***P =
1598  0.0009 (two-tailed).
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1604  Figure S4: Cas9-induced chromosome loss is associated with differential gene

1605 expression and a fitness disadvantage, related to Figure 3 and Figure 4
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(A) UMAP projections of T cells within the CROP-seq screen. Gene expression was overlayed
onto the projections for the top 20 genes that were most differentially expressed across cells that
had chromosome loss.

(B) UMAP projection of T cells within the CROP-seq screen overlayed with cell cycle markers
(see Fig. S2C).

(C) Quantification of cell cycle states across the different clusters (see Fig. S2C).

(D) ddPCR measurements of chromosome loss at the Cas9 TRAC target site over 21 days. Error

bars represent the standard deviation from the mean (n = 3).
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Figure S5: CRISPR-Cas9 homology-directed repair results in chromosome loss, related

to Figure 5
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(A) HDR efficacy 3 or 5 days post-nucleofection, determined by measuring CD5+/HA+ T cells via
flow cytometry.

(B) Chromosome loss at the target CD5 locus via ddPCR, 3 or 5 days post-nucleofection.

(C) HDR efficacy determined by measuring TCR-/CAR+ T cells via flow cytometry, four or seven
days post-nucleofection. Two separate nucleofections/transductions were conducted for the

different time points (n = 2 biological donors).
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1682 (D) UMAP projection of CAR T cells generated via Cas9 HDR. Projection is an aggregate of two
1683  biological donors and multiple time points.
1684  (E) Distribution of CAR T cells with chromosome 14 loss across the UMAP projection (whole or
1685  partial chromosome loss).
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1708  Figure S6: Clinical CRISPR-Cas9 genome editing protocol reduces chromosome loss in T
1709 cells, related to Figure 6
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1726  (A) Chromosome loss with 11 different TRAC-targeting gRNAs or a non-targeting gRNA (NT)
1727  using the laboratory or clinical protocol in T cells (n = 3). P-values are from Welch’s unpaired t-
1728  tests and from left to right are 0.010220, 0.004303, 0.000063, 0.000083, 0.000170, 0.000083,
1729  0.000063, 0.000063, 0.000063, 0.000031, 0.000224, and 0.079286.
1730  (B) Indels measured by next-generation sequencing at the TRAC locus by Cas9 genome editing
1731  with the laboratory or clinical protocol.
1732  (C) Downsampling analysis to investigate the influence of total genes on chromosome loss
1733  enrichment. Rows represent the chromosome targeted by Cas9 and its gRNA. Columns represent
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the chromosome analyzed for chromosome loss. Chromosomal loss enrichment for all clinical
trial patients and timepoints was evaluated only when targeting chromosomes 2 (PDCD1), 7
(TRBC), and 14 (TRAC) (yellow arrows, left heatmap). 4,277 total genes were detected in the
clinical trial dataset. The full CROP-seq screen dataset (9,638 genes, second from left) was
downsampled to 4,000 genes (second from right) or 1,000 genes (right) to evaluate the influence
of total genes on chromosomal loss enrichment.

(D) Quantification of whole and partial chromosome loss at chromosomes 2, 7, and 14 from the
CROP-seq screen. Chromosome loss was measured at the specific chromosome targeted by the
Cas9 gRNA (targeted) or at chromosomes not targeted by the Cas9 gRNA (not targeted), from
the full CROP-seq screen dataset (left) or the CROP-seq screen dataset downsampled to mimic

the clinical trial dataset (right).
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