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Abstract

T cell exhaustion limits anti-tumor immunity, but the molecular determinants of this process
remain poorly understood. Using a chronic antigen stimulation assay, we performed genome-
wide CRISPR/Cas9 screens to systematically discover genetic regulators of T cell exhaustion,
which identified an enrichment of epigenetic factors. In vivo CRISPR screens in murine and
human tumor models demonstrated that perturbation of several epigenetic regulators, including
members of the INO80 and BAF chromatin remodeling complexes, improved T cell persistence
in tumors. In vivo paired CRISPR perturbation and single-cell RNA sequencing revealed distinct
transcriptional roles of each complex and that depletion of canonical BAF complex members,
including Arid1a, resulted in the maintenance of an effector program and downregulation of
terminal exhaustion-related genes in tumor-infiltrating T cells. Finally, Arid1a-depletion limited the
global acquisition of chromatin accessibility associated with T cell exhaustion and led to improved
anti-tumor immunity after adoptive cell therapy. In summary, we provide a comprehensive atlas
of the genetic regulators of T cell exhaustion and demonstrate that modulation of the epigenetic
state of T cell exhaustion can improve T cell responses in cancer immunotherapy.


https://doi.org/10.1101/2022.04.20.488974
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.20.488974; this version posted April 21, 2022. 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was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

81 Main Text
82 T cell exhaustion is a process that is driven by chronic T cell receptor (TCR) stimulation
83 and induces the stable expression of inhibitory surface receptors, poor response to tumor
84  antigens, and low cell proliferation and persistence in vivo (Wherry and Kurachi, 2015; Collier et
85 al., 2021). Originally identified in the setting of chronic viral infection (Zajac et al., 1998; Barber et
86 al., 2006), T cell exhaustion is now appreciated to occur in diverse disease settings, including
87  cancer and autoimmune disease (McKinney et al., 2015; McLane et al., 2019). Importantly,
88 studies have demonstrated that T cell exhaustion represents a major barrier for the efficacy of
89  both checkpoint blockade and chimeric antigen receptor T (CAR-T) cell immunotherapies, and
90 that manipulating this process may lead to improved efficacy of T cell responses in cancer
91 (Sakuishi et al., 2010; Long et al., 2015; Fraietta et al., 2018a, 2018b; Ribas and Wolchok, 2018;
92 Lynnetal, 2019; Yost et al., 2019; Weber et al., 2021).
93 Until recently, our understanding of the molecular determinants of this process was limited,
94  and the prevailing view was that T cell exhaustion may largely reflect the aberrant expression of
95 a small set of dysfunctional genes (e.g. PD-1), rather than a unique cell state or differentiation
96 pathway. However, recent genomic studies in murine models of chronic infection and cancer have
97  demonstrated that T cell exhaustion is associated with a broad remodeling of the transcriptional
98 and epigenomic landscape, which is conserved across disease settings (Pauken et al., 2016; Sen
99 et al., 2016; Philip et al., 2017; Pritykin et al., 2021). This unique epigenetic state is primarily
100  driven by chronic antigen and TCR signaling, and results in a stable cellular phenotype that is not
101 changed by anti-PD-1 treatment (Pauken et al., 2016; Pritykin et al., 2021; Schietinger et al.,
102  2016). Indeed, in cancer patients receiving PD-1 blockade, exhausted T cells display a distinct
103  differentiation trajectory and end-stage chromatin profile, compared to functional effector T cells,
104  and clonal tracing of exhausted T cells demonstrated that these cells are limited in their capacity
105 to proliferate and perform effector functions in response to immunotherapy (Yost et al., 2019;
106  Philip et al., 2017; Satpathy et al., 2019).
107 CRISPR/Cas9 screening has emerged as a powerful discovery tool for the molecular
108 determinants of immune cell differentiation and function (Parnas et al., 2015; Shalem et al., 2014;
109  Shifrut et al., 2018; Wang et al., 2014). For example, prior CRISPR/Cas9 screens in T cells have
110  been used to identify transcription factors and metabolic regulators of T cell fate in vivo, as well
111 as therapeutic targets (Chen et al., 2021; Dong et al., 2019; Huang et al., 2021; LaFleur et al.,
112 2019; Wei et al., 2019). However, inherent limitations in scaling these in vivo assays have
113  constrained library diversity of these screens, largely preventing genome-wide analysis and an
114  unbiased discovery of novel regulators of T cell phenotypes. Furthermore, assays that
115  simultaneously screen for multiple functions of T cells—for example, tissue localization,
116  infiltration, and differentiation in tumors—have also made it challenging to interrogate the impact
117  of a particular gene perturbation on a single aspect of T cell function and phenotype, such as
118  exhaustion.
119 Here, we developed an in vitro model of CD8" T cell exhaustion, which recapitulates the
120  epigenomic features of exhaustion that are observed in vivo and is scalable for genome-wide
121 CRISPR/Cas9 screens. Using this model, we provide a systematic and comprehensive view of
122  the genetic regulators of T cell exhaustion and identify dozens of novel factors which have not
123  previously been implicated in this process. Strikingly, these factors are enriched for chromatin
124  remodeling proteins, including subunits of the INO8O0 (inositol requiring mutant 80) nucleosome


https://doi.org/10.1101/2022.04.20.488974
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.20.488974; this version posted April 21, 2022. 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.

125  positioning complex and the SWI/SNF (switch/sucrose non-fermentable) chromatin remodeling
126  complex. In vivo CRISPR screens and T cell transfer experiments revealed that depletion of
127 INO80 and canonical BRG1 or BRM-associated factor (cBAF; SWI/SNF family) complex
128 members—in particular, Arid1a—led to increased persistence of T cells. In vivo Perturb-seq
129 analysis revealed that depletion of these factors resulted in the upregulation of an effector
130 transcriptional program in exhausted T cells and that each complex regulated a distinct set of
131  target genes; depletion of INO8O factors led to the upregulation of metabolic gene expression,
132  while depletion of cBAF factors led to the upregulation of effector molecule gene expression and
133  the downregulation of exhaustion-related genes. ATAC-seq profiling of Arid71a-depleted T cells
134  demonstrated that Arid7a was required for the acquisition of exhaustion-associated chromatin
135 remodeling that occurs during chronic antigen stimulation. Finally, Arid7a-depleted cells exhibited
136  improved tumor control, suggesting that modulation of the epigenetic state of T cell exhaustion
137  via chromatin remodeling factors may be an effective path to improve T cell responses in cancer
138 immunotherapy.

139

140 Results

141 An in vitro chronic stimulation assay recapitulates the epigenetic program of terminal T
142  cell exhaustion.

143 To develop an assay that is amenable to genome-wide CRISPR/Cas9 screening of T cell
144  exhaustion, we adapted our previously described approach, which used anti-CD3 antibodies to
145  enforce clustering of the T cell co-receptor, CD3, and thereby induce chronic TCR signaling in an
146  antigen-independent manner (Figure 1A) (Vardhana et al., 2020). Compared to in vivo assays,
147  this model isolates the core determinant of T cell exhaustion—chronic stimulation through the
148 TCR complex—and removes T cell localization and trafficking effects, as well as
149  immunosuppressive factors in the tumor microenvironment (TME). Importantly, this assay is
150 scalable; we were able to culture upwards of 10 cells, enabling coverage of genome-wide
151  CRISPR sgRNA libraries. Over the course of 8 days of anti-CD3 stimulation (after 2 days of anti-
152  CD3/CD28 activation), we confirmed a progressive upregulation of the inhibitory receptors, PD-1
153 and TIM3, and a growth defect in the chronically-stimulated T cells, compared to cells passaged
154  without further TCR stimulation after initial activation (acute stimulation; p < 0.0001, unpaired t-
155 test; Figure 1B-C, S1A). Chronically stimulated T cells also exhibited defects in the secretion of
156  IFNy and TNFa after restimulation with phorbol myristate acetate and ionomycin, compared to
157  acutely stimulated cells (Figure S1B). Coculture of OT-1 T cells and B16 tumor cells expressing
158 Luciferase and pulsed with the cognate peptide antigen, SIINFEKL, also demonstrated that
159  chronically stimulated cells were impaired in tumor killing in vitro (Figure $1C). Finally, transplant
160  of chronically stimulated OT-1 T cells into mice bearing B16-OVA tumors demonstrated reduced
161  tumor control in vivo, compared to transplant of acutely stimulated T cells (average tumor size 20
162  days after transplant: 1,849.6 mm? (chronic) or 755.0 mm? (acute); p = 0.005, unpaired t-test;
163  Figure S1D).

164 We next asked whether the in vitro exhaustion assay recapitulated epigenetic hallmarks
165  of T cell exhaustion in vivo (Pauken et al., 2016; Sen et al., 2016; Satpathy et al., 2019). We
166  performed the assay for transposase-accessible chromatin with sequencing (ATAC-seq) over the
167  course of chronic stimulation and analyzed global chromatin accessibility profiles. Principal
168 component analysis (PCA) of ATAC-seq profiles showed that PC1 separated naive cells (Day 0)
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169 from all other samples, while PC2 captured a progressive epigenetic differentiation of the T cells
170  during chronic stimulation (Figure 1D). Analysis of individual gene loci, including Pdcd? and
171 Entpd1, demonstrated an increase in accessibility at known exhaustion-specific regulatory
172  elements (Figure 1E) (Miller et al., 2019). We evaluated the global epigenetic similarity of in vitro
173  stimulated cells to reference T cell exhaustion data from tumors and chronic infection (Miller et
174  al., 2019). We defined a “terminal exhaustion peak set” as ATAC-seq peaks that are specifically
175  active in terminally exhausted T cells, compared to progenitor exhausted T cells, and we identified
176 3,537 terminal exhaustion ATAC-seq peaks in the B16 melanoma tumor model and 2,346 peaks
177  in the lymphocytic choriomeningitis virus (LCMV) chronic infection model (Log> FC = 1; FDR <
178  0.05; Figure 1F, S1E). A comparison of terminal exhaustion peak accessibility in each model with
179  the in vitro exhaustion ATAC-seq data demonstrated that the in vitro assay recapitulated global
180  epigenomic changes observed in vivo: 88.6% of ATAC-seq peaks in tumors and 70.1% of ATAC-
181  seq peaks in chronic infection showed a shared increase in accessibility in the in vitro model at
182 Day 10 (FDR =0.05; Figure 1F, S1E). Finally, we analyzed chromatin accessibility at transcription
183  factor (TF) binding sites using chromVAR (Schep et al., 2017), which showed that TF motifs
184  previously associated with terminal exhaustion, including Batf, Fos, Jun, and Nr4da motifs were
185  highly accessible in vitro at day 10. Moreover, we observed progressive loss of accessibility at
186 naive and progenitor exhaustion-associated Lef1 and Tcf7 motifs, early increased accessibility of
187 NF-kB and Nfat motifs, and later increased accessibility of AP-1 and Nr4a motifs, mirroring the
188  progression of TF activity observed in T cell exhaustion in vivo (Figure 1G) (Lynn et al., 2019;
189  Miller et al., 2019; Beltra et al., 2020; Daniel et al., 2021). In summary, these results demonstrate
190 thatthe in vitro T cell exhaustion assay displayed hallmark functional and genomic features of in
191 vivo T cell exhaustion, including expression of inhibitory receptors, impaired proliferation, cytokine
192  secretion, and tumor killing, and global chromatin remodeling of dysfunctional T cell gene loci.
193

194  Genome-wide CRISPR screens identify genetic regulators of T cell exhaustion.

195 We next adapted the in vitro exhaustion assay to be compatible with CRISPR screening
196  (Figure 2A). We isolated CD8" T cells from Rosa26-Cas9 knockin mice, which constitutively
197  express Cas9-P2A-EGFP (Platt et al., 2014). 24 hours after T cell isolation, we transduced
198 Cas9'CD8" T cells with a genome-wide retroviral sgRNA library containing 90,230 sgRNAs
199  (Henriksson et al., 2019). We introduced a 48-hour delay between activation and the onset of
200 chronic stimulation to allow time for efficient gene editing and puromycin selection of transduced
201  cells. To identify genes that specifically modulated fithess in the presence of chronic stimulation,
202  we split the cells into acute (IL-2 only) and chronic (anti-CD3 and IL-2) stimulation conditions on
203 Day 4 and sequenced both pools on Day 10 (Figure 2A). We performed replicate screens and
204  confirmed: (1) transduction of T cells at low multiplicity of infection (MOI) to optimize single sgRNA
205  targeting of cells (replicate 1: 16.9% sgRNA" cells, MOI = 0.18; replicate 2: 29.3% sgRNA" cells,
206  MOI = 0.35; Figure S2A), and (2) T cell exhaustion in this CRISPR-adapted assay by analyzing
207  cell surface phenotype on Day 10 of the chronic culture (Figure S2B). Next, we analyzed the
208 guide representation in each condition: of the 90,230 sgRNAs present in the plasmid library
209 design, >99% were recovered in each acute sample (acute replicate 1: 89,329 (99.0%); acute
210  replicate 2: 89,625 (99.3%); Figure S2C, Table S1). The “chronic” samples demonstrated more
211  evidence of selective pressure, with a wider spread in guide counts and a greater number of
212  guides dropping out of the screen (chronic replicate 1: 75,776 sgRNAs detected (83.9%); chronic
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213  replicate 2: 87,524 sgRNAs detected (97.0%); Figure S2C, Table S1). Comparing the counts
214  observed for each sgRNA in the acute and chronic conditions revealed a positive correlation, as
215  expected, with a small population of sgRNAs dramatically enriched in the chronic condition
216  (Figure S2D).

217 Positive controls for the screen are components of the TCR signaling pathway, since
218  depletion of these factors impairs antigen-driven (or anti-CD3-driven) signaling, and therefore,
219  mitigates exhaustion in this model. Accordingly, we first analyzed the enrichments of the CD3
220  receptor subunits (Cd3e, Cd3d, Cd3g, Cd247; Figure S2D in red) and observed a robust
221 enrichment of guides targeting these genes in both replicates. We next normalized the counts
222  table, computed z-scores for each sgRNA, and merged these sgRNA-level z-scores into a z-score
223  for each gene, as previously described (Flynn et al., 2021). Merging the replicates yielded an
224  overall z-score and ranking for each gene (Figure 2B-C, Table S2). We validated this analysis
225 approach by comparing screen hits obtained from two additional widely adopted CRISPR sgRNA
226  enrichment analytical methods, MAGeCK and casTLE, which showed a high correlation between
227  effect size estimates (casTLE effect size correlation: R = 0.66; MAGeCK log fold change
228  correlation: R = 0.77; Figure S3A-D, Table S2) (Li et al., 2014; Morgens et al., 2016). A
229 comparison of the genes classified as hits using each method revealed that the largest group of
230  hits were shared by all three methods (“hit” corresponds to FDR < 0.05 for our pipeline and
231 MAGeCK or casTLE score > 10; 48 genes; Figure S3B). Finally, we sought to ensure that the
232 identification of screen hits was robust to the choice of reference sgRNAs. The retroviral library
233  pool did not contain a control sgRNA set, so we compared our normalization strategy (relative to
234  all sgRNAs in the pool) to a strategy that utilizes a set of sgRNAs targeting olfactory receptors
235 that are not expressed or predicted to function in T cells (Gilbert et al., 2014). We found that
236  normalizing sgRNA enrichments to the olfactory receptor sgRNA set modestly boosted the
237  statistical power of the screen results but otherwise had a minimal impact on the results (Figure
238 S3E).

239 Enriched genes are those that restrict T cell persistence in the presence of chronic antigen
240 (deletion improves persistence), while depleted genes represent “essential genes” for
241 persistence. In addition to Cd3e, Cd3d, and Cd3g, top ranked genes in the screen included other
242 known components of the TCR signaling pathway, such as Zap70, Lcp2, Lat, and Lck, as well as
243  cell adhesion and integrin-related genes Fermt3, Tin1, Itgav, and ltgb3 (Figure 2B-D). GO Term
244  analysis of the top 100 positive regulators of exhaustion confirmed that the “T cell receptor
245  signaling pathway” term was highly enriched (pag = 5.44 x 10 Figure 2E). Surprisingly, in
246  addition to TCR-related GO terms, the other top terms were related to epigenetics, including
247  “chromatin remodeling” (pag; = 1.74 x 10), “nucleosome disassembly” (pag; = 1.90 x 107%), and
248  “chromatin organization” (pag = 4.14 x 10°; Figure 2E). Indeed, analysis of additional highly
249  enriched genes identified a number of chromatin-related factors, including Arid1a, Smarcc1,
250 Smarcd2, Ino80, Actr8, and Actr5 (Figure 2F, left). Of note, the co-stimulatory and inhibitory
251 receptors Icos, Pdcd1, Ctla4, Cd28, Havcr2, Lag3, and Tigit were not significantly enriched by the
252  screen (Figure 2F, center), perhaps supporting evidence that inhibitory receptor signaling does
253  not directly impact the process of T cell exhaustion or improve the persistence of engineered T
254  cells in humans (Pauken et al., 2016; Weber et al., 2021; Yost et al., 2019; Stadtmauer et al.,
255  2020; Yostetal., 2021; Wei et al., 2017). Among TFs, Irf4, Junb, Eomes, and Batf3 were depleted,
256  while Thx21 and Nr4a3 were modestly enriched, supporting previous demonstrations of their roles
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257 in exhaustion (Figure 2F, center) (Ataide et al., 2020; Chen et al., 2019; Paley et al., 2012; Seo
258 etal., 2021). In contrast, Tox and Tox2, which are critical for the development of exhaustion, were
259  not hits, supporting previous studies demonstrating that deletion of these factors may not improve
260 T cell persistence in vivo, perhaps due to activation-induced cell death (Figure 2F, center) (Alfei
261 etal, 2019; Khan et al., 2019; Scott et al., 2019). Similarly, Jun and Batf were not hits, suggesting
262 that while overexpression of these factors improves T cell persistence, deletion does not (Lynn et
263 al., 2019; Seo et al., 2021).

264 We next used Cytoscape to visualize the protein-protein interaction network of top
265 enriched and depleted genes (Figure S4) (Shannon et al., 2003). This analysis confirmed the
266  highly interconnected and enriched network of factors that directly associate with the TCR
267 complex and downstream signaling components, as well as several other protein complexes and
268 functional categories. These included the INO80 nucleosome positioning complex (hits included
269 Ino80, Ino80b, Actr5, and Actr8), the Set1C/COMPASS complex that regulates histone
270  methylation (hits included Wdr82, Dpy30, and Setd1b), the BAF chromatin remodeling complex
271 (hits included Arid1a, Smarcb1, Smarcd2, Smarca4, and Smarcc1), and the mitotic deacetylase
272  (MIiDAC) complex comprised of Hdac1, Dnttip1, and ElImsan1 (Mondal et al., 2020). Within the
273 BAF complex subunits, Smarcc1, Smarcd2, and Smarcb1 are part of the BAF core, which
274  assembles together with Arid1a, Smarca4 (an ATPase), Actb, and other components to form the
275 BAF complex (Mashtalir et al., 2018). We also observed enrichment of the mRNA-processing
276  CSTF complex (Cstf1, Cstf2, and Cstf3), N®-methyladenosine (m®A) RNA modification-related
277  genes, (Zfp217, Rbm15, and Virma), and several hits related to the endoplasmic reticulum and
278  protein secretion (Spcs2, Spcs3, Sec62, Sec63), lipid biosynthesis (Gpi1, Pigv, Dpm3), and the
279  Mitochondrial Complex V (Aipbb, Atp5d, Atpb5a1).

280 Finally, to understand the expression of these genes in the context of exhausted T cell
281 subsets in vivo, we analyzed their expression patterns in previous single-cell RNA-seq data of
282 exhausted T cells in chronic viral infection (Figure S5A-B) (Raju et al., 2021). This dataset
283 encompasses the key subtypes of progenitor, transitory, and terminally exhausted T cells
284  (Hudson etal., 2019; Zander et al., 2019), and analysis of the top 100 ranked genes demonstrated
285 that all factors are detectably expressed in T cells in chronic viral infection (Figure S5C-D).
286  Moreover, all but two of these genes, Tmem253 and ligh3, were expressed early during
287  exhaustion (98 of the top 100 hits detectably expressed in progenitor exhausted T cells) and
288 remained relatively stable across exhausted subtypes, suggesting that disruption of epigenetic
289 factors and other novel hits may act early during the cellular course of T cell exhaustion, rather
290 than reversing exhaustion after terminal differentiation (Figure S5C). In summary, the in vitro
291 genome-wide CRISPR/Cas9 exhaustion screen provides an unbiased and comprehensive
292  catalog of genetic factors that govern the process of chronic antigen-induced T cell exhaustion
293 and identifies chromatin remodeling factors as potential targets for improving T cell persistence.

294

295  Mini-pool CRISPR screens validate genetic regulators of T cell exhaustion in vitro.

296 To further validate and characterize the top ranked genome-wide screen factors, we
297 created a custom mini-pool of 2,000 sgRNAs, which included sgRNAs that targeted 300 top
298 ranked genes (6 sgRNAs per gene), as well as 100 non-targeting and 100 single-targeting
299  controls (Table S3). We repeated the in vitro stimulation screen and collected acute and chronic
300 samples, as well as input samples on day 4 (Table S4, Figure S6A). We observed high
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301 concordance between biological replicates and therefore merged the replicates to perform three
302 comparisons: (1) chronic vs acute, (2) acute vs input, and (3) chronic vs input (Figure S6B-D,
303 Table S5). The chronic vs acute comparison served as validation of the original genome-wide
304 screen, and we found that, of the 88 genes in the pool that were positive hits in the genome wide
305 screen, 52 (59.1%) were validated in the mini-pool (FDR < 0.05; Figure 2G, S6D). Next, we
306 compared the chronic vs acute gene enrichments to acute vs input enrichments, which measured
307 thefitness advantage or disadvantage of each gene knockdown in acutely stimulated proliferating
308 T cellsin culture (Figure 2H, left). Two hits, Trp53 and Brd1, were enriched in both comparisons,
309 demonstrating that depletion of these factors imparts an overall proliferation advantage to T cells
310 in both acute and chronic stimulation conditions. In contrast, most genes displayed either similar
311 (233/300; 77.7%) or reduced (64/300; 21.3%) enrichments in acute stimulation compared to input,
312  enabling the identification of sgRNAs that specifically improve T cell persistence in the presence
313  of chronic antigen, rather than T cell proliferation in general, and that maintain proliferative
314  capacity after acute stimulation (Similar: -3.5 <z < 3, reduced: z < -3.5, improved: z > 3.5; Figure
315 2H, left, S6E). Finally, we compared chronic vs acute sgRNA enrichments to chronic vs input
316  enrichments to identify sgRNAs that have an overall persistence advantage after chronic antigen
317  stimulation, rather than only a comparative advantage to acute stimulation (Figure 2H, right). In
318  summary, these mini-pool experiments validated hits from the genome-wide CRISPR screen and
319 identified genes which selectively restrict T cell persistence in the setting of chronic antigen
320  stimulation.

321

322 In vivo CRISPR screens identify chromatin remodeling factors that limit T cell persistence
323  in tumors.

324 To characterize the in vivo function of the top genome-wide hits, we next screened the
325  sgRNA mini-pool in two murine tumor models. We used Cas9/0OT-1 T cells, which recognize the
326  ovalbumin-derived peptide antigen, SIINFEKL, to remove functional T cell variability in the screen
327  due to differing TCR specificities. On day 0, we bilaterally injected MC-38 colon adenocarcinoma
328 or B16 melanoma tumors that ectopically expressed ovalbumin into Rag1” mice and isolated
329 CD8" T cells from Cas9/0OT-1 mice. On day 1, we transduced the T cells with the custom sgRNA
330  mini-pool (Figure 3A). We transplanted 1x10° T cells per mouse 6 days after tumor inoculation,
331 harvested the tumors and spleens of mice on day 15, sorted T cells from each organ, and
332  sequenced the bulk sgRNA content in these cells (Figure S7A, Table S4). We computed sgRNA
333  enrichments as described above and merged the results from all mice to create an aggregate
334  tumor LFC z-score and spleen LFC z-score for each gene in each tumor model, relative to the
335  control distribution (Figure 3B-D, Table S5).

336 Once again, we first analyzed sgRNAs targeting the TCR complex and signaling genes.
337 In contrast to the in vitro screen, cells containing TCR complex/signaling sgRNAs should have an
338 impaired ability to recognize antigen and thus be depleted in tumors. Indeed, sgRNAs targeting
339 nearly all of the previously identified TCR and integrin signaling-related hits were depleted in the
340 tumors and spleens (Figure S7B). Similarly, sgRNAs targeting genes in several other functional
341 categories were also depleted in both tumors and spleens, indicating an impairment of
342  proliferation and/or antigen recognition of these knockdowns in vivo (Figure 3B, 3E). Thus, not
343  all categories of genes that improved T cell persistence in vitro improved antigen-dependent
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344  persistence in the TME in vivo, as may be expected due to the multi-factorial process of tumor
345  infiltration and persistence.

346 However, a select group of in vitro hits were highly enriched in tumors and spleens in both
347  tumor models, including Arid1a, Itk, Smarcd2, B4galnt1, Gata3, Gpr137c, Trp53, and Vstm4
348  (Figure 3B-D). Gata3 is a transcription factor which was previously demonstrated to regulate the
349  development of T cell exhaustion, and importantly, deletion of this factor improves T cell function,
350 persistence, and tumor control in vivo (Singer et al., 2016). The remaining hits, to our knowledge,
351  have not been studied in T cell exhaustion or immunotherapy contexts. Visualizing the tumor
352  enrichments of each gene in the context of the Cytoscape network revealed that many of the
353  positive hits in vivo were epigenetic factors, including subunits of two chromatin remodeling
354 complexes, the INO80 complex, (subunits /no80c and Actr5), and the BAF complex (subunits
355 Arid1a, Smarcd2, and Smarcc1; Figure 3E). Other categories were also represented, such as the
356  G-protein coupled receptor, Gpr137c, an enzyme involved in ganglioside biosynthesis, B4gaint1,
357 and the IL-2 inducible T cell kinase, Iltk. We calculated the sgRNA enrichments of the top positive
358 hits compared to input controls and found that each gene knockdown improved T cell
359  accumulation in tumors by up to 3.4-fold. For comparison, T cells lacking Cd3d were depleted
360 6.7-fold and T cells lacking Cd3e were depleted 3.3-fold, demonstrating that targeting the top hits
361  substantially improved T cell persistence in tumors (Figure 3F, S7C). Furthermore, we observed
362 that the persistence advantage of each knockout was similar in the tumor and the spleen, and no
363  perturbation except Trp53 displayed substantially improved fithess in the absence of chronic TCR
364  stimulation (during acute stimulation in vitro), again demonstrating the specificity of the CRISPR
365 screen strategy to identify perturbations that improve T cell persistence only in the setting of
366  chronic antigen stimulation, rather than improving general T cell fitness (Figure 3F-G, S7C).

367

368 Competition assays and SWI/SNF mini-pool screens demonstrate that tuning cBAF activity
369 can enhance T cell persistence.

370 We sought to validate the persistence advantage of Arid71a-sgRNA cells and determine
371  whetherthese cells retained effector function in vivo. We first used a cell competition assay where
372  asingle-targeting control (CTRL1) sgRNA was cloned into a retroviral vector expressing a violet-
373  excited fluorescent protein (VEX), while two Arid1a-sgRNA sgRNAs (Arid1a-1 and Arid1a-2) were
374  cloned into a vector which was identical except for the substitution of a blue fluorescent protein
375 (BFP). The activity of both Arid7a-targeting sgRNAs was confirmed at the DNA and protein level
376 by Sanger sequencing and Western blot (Figure S8A-C). Cells were separately transduced with
377  either vector, selected with puromycin to enrich for transduced cells, and mixed together. The
378  mixed cells were then put into the in vitro chronic stimulation assay (Figure 4A) or the in vivo
379  tumor model (Figure 4B). In vitro and in vivo, Arid1a-sgRNA cells demonstrated significantly
380 enhanced persistence, compared to control cells, confirming the results of the pooled screens
381  (Figure 4A-B; Arid1a-1 to CTRL1 average normalized ratio: in vitro day 10 = 4.03, p = 0.0059; in
382 vivoday 15=2.46, p = 0.033; Arid71a-2 to CTRL1 average normalized ratio: in vitro day 10 = 3.79,
383 p=0.012;invivoday 15 =2.72, p = 0.0088; Welch Two Sample t-test). Moreover, Arid1a-sgRNA
384  cells exhibited lower levels of PD-1 and Tim3 after chronic stimulation in vitro (percentage double
385  positive cells: Arid1a-1 average decrease of 27.7%, p = 0.00099; Arid1a-2 average decrease of
386 10.6%, p = 0.038; Welch Two Sample t-test; Figure 4A). Finally, we evaluated whether the
387  observed enhanced persistence and altered differentiation trajectory of Arid7a-sgRNA cells
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388  resulted in improved anti-tumor responses in vivo. We inoculated Rag1” mice with MC-38 tumors
389 as previously described, and on day 6, transplanted 5x10° Cas9/0T-1 CD8"* T cells transduced
390  with either CTRL1 retrovirus or Arid1a-sgRNA retrovirus and monitored tumor growth (Figure
391  4C). By day 15, transfer of Arid71a-sgRNA cells significantly improved tumor clearance, compared
392  to transfer of control cells (Arid1a-sgRNA vs CTRL1 tumor size, Day 15 p =5 x 108; Welch Two
393 Sample t-test). Importantly, survival of mice receiving Arid1a-sgRNA T cells was extended by
394  66%, compared to mice receiving CTRL1 T cells (Median survival = 25 days (Arid1a-sgRNA), 12
395  days (No Transplant), or 15 days (CTRL1); Arid1a-sgRNA vs CTRL1 p = 1.20 x 10°; Figure 4D).
396 To provide deeper mechanistic insight into the role of BAF complex factors in T cell
397  exhaustion, we designed an additional CRISPR mini-pool screen targeting each of the 29
398  SWI/SNF complex subunit genes in the B16 and MC-38 tumor models (described above) and
399 interpreted these results in the structural context of SWI/SNF complex assembly (Mashtalir et al.,
400 2018) (Table S3). As observed in the prior in vivo screen, the three most significant hits were in
401  the cBAF complex (Arid1a, Smarcc1, and Smarcd2) and notably were in positions of the complex
402 that can be substituted by paralogs in other forms of the complex (Figure 4E-F; Table S6-7)
403 (Mashtalir et al., 2018). In contrast, perturbation of irreplaceable subunits of the BAF core (e.g.
404  Smarcel, Smarcb1) or ATPase module components was deleterious and led to depletion of these
405 sgRNAs. Therefore, we propose a model in which tuning (reducing) the presence of cBAF on
406 chromatin is beneficial for T cell persistence. This concept is supported by prior mechanistic
407  studies demonstrating that ARID1A-deficient tumors exhibit reduced (but not ablated) levels of
408 cBAF complex on chromatin, which results in decreased access of key transcription factors
409 (including AP-1 factors) (Mathur et al., 2017; Xu et al., 2020). In addition to cBAF, we also
410 observed positive enrichments of sgRNAs targeting the PBAF complex member, Arid2, and
411  strong depletion of sgRNAs targeting the ncBAF complex members, Bicral, Bicra, and Brd9
412  (Figure 4E-F; Table S7). In summary, these results demonstrate that perturbation of cBAF
413  complex subunit genes, including Arid1a, can improve T cell persistence and anti-tumor immunity
414  in vivo.

415
416  Perturbation of ARID1A improves T cell persistence in primary human T cells.
417 We asked whether perturbation of cBAF subunits could also improve T cell persistence

418 and reduce exhaustion in primary human T cells. We first sought to replicate the in vitro chronic
419  stimulation assay using human T cells (Figure 5A). We introduced CRISPR-Cas9/sgRNA RNPs
420 targeting ARID1A (two independent sgRNAs) or a control RNP into primary human T cells. We
421  split the cells into acute and chronic cultures, and the chronic condition was stimulated for 6 days
422  with anti-CD3 coated plates (analogous to the mouse assay). In acutely stimulated cultures, we
423  observed no difference between the genotypes for proliferation or viability. However, in chronically
424  stimulated cultures, ARID1A-sgRNA cells proliferated significantly more and maintained higher
425  viability than CTRL T cells (ARID1A-sgRNA vs CTRL1 cells: mean increase of 22.75% viability,
426 p=1.70 x 10°, and mean increase of 5.25-fold expansion, p = 0.013; Figure 5A).

427 We next sought to validate the persistence advantage of ARID1A-sgRNA T cells in vivo
428 and inthe context of other genetic factors that have recently emerged from human T cell functional
429 CRISPR screens (Shifrut et al., 2018). We designed a CRISPR mini-pool for in vivo human T cell
430 experiments, which encompassed 48 sgRNAs targeting 20 genes and included 16 negative
431  control guides (Table S8). We included sgRNAs targeting ARID1A, as well as the inhibitory
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432 receptors, PDCD1, LAG3, and HAVCR2, and other top-ranked genes from our prior screens, such
433 as TMEMZ222, CBLB, TCEB2, and SOCST1 (Shifrut et al., 2018). We performed the screen in the
434  A375 human melanoma xenograft model, which expresses the NY-ESO-1 antigen that can be
435 targeted with the 1G4 TCR. We introduced the cognate 1G4 TCR into primary human T cells from
436 two independent donors on day 1 along with the sgRNAs, and on day 14 transplanted T cells into
437  NOD-SCID-IL2Ry-null (NSG) tumor-bearing mice (Figure 5B). 7 days later, we sorted T cells
438 from the tumors and spleens, sequenced sgRNAs present in each organ, and compared their
439  abundance to input samples prior to transplant. As expected, we did not observe enrichments in
440 control sgRNAs or sgRNAs targeting inhibitory receptors, while we did observe depletion of
441  sgRNAs targeting CD3D (Figure 5C-D). In contrast, and consistent with our results in murine T
442  cells, sgRNAs targeting ARID1A were significantly enriched in tumors compared to input samples
443 in both donors, demonstrating that the function of cBAF in limiting T cell persistence is also
444  conserved in human T cells (7 of 8 ARID1A-sgRNA sgRNAs enriched in tumors versus input;
445  ARID1A-sgRNA versus CTRL LFC p = 0.0010 by Wilcoxon test; Figure 5C-D).

446

447 In vivo Perturb-seq reveals distinct transcriptional effects of chromatin remodeling
448 complexes in TiLs.

449 To understand the molecular mechanisms driving improved T cell function in hits identified
450 by the in vitro and in vivo CRISPR screens, we performed Perturb-seq, which simultaneously
451  captures CRISPR sgRNAs and the transcriptome in single cells (Adamson et al., 2016; Dixit et
452  al.,, 2016; Replogle et al., 2020). We designed a third custom sgRNA pool (micro-pool) targeting
453 the INO80 and BAF complexes. Both complexes are ATP-dependent chromatin remodelers that
454  are essential in many aspects of development (Hargreaves and Crabtree, 2011). For SWI/SNF
455 genes, we targeted Arid1a, Smarcc1, and Smarcd2 (top hits identified in vitro and in vivo), as well
456 as Arid2 and Arid1b, which were enriched in the SWI/SNF-specific mini-pool screen. Of these,
457  Smarcc1 and Smarcd2 are in the BAF core, Arid1a and Arid1b are in the cBAF complex, and
458  Arid2 is present only in the PBAF complex. From the INO80 complex, we selected Actr5 and
459  Ino80c, which were enriched in both the in vitro and in vivo screens. Interestingly, the yeast
460 homologues of Actr5 and Ino80c, Arp5 and les6, have been shown to physically associate with
461  each other, forming a subcomplex independent of the rest of the INO80 complex. The subcomplex
462  can modulate the activity of the rest of the INO80 complex; it interacts with chromatin in an INO80-
463 dependent manner and repositions nucleosomes (particularly the +1 nucleosome) to activate
464  gene transcription, especially at metabolism-related genes (Yao et al., 2016). Finally, we included
465  positive controls, Pdcd? and Gata3, as well as 12 single targeting negative controls for a total of
466 48 sgRNAs targeting 9 genes (Table S3). We performed a similar in vivo T cell protocol as
467  described above for the larger CRISPR screen: we isolated CD8" T cells from Cas9/OT-1 mice,
468 transduced these cells with the sgRNA micro-pool, and then transplanted them into Rag1” mice
469  bearing MC-38 ovalbumin tumors. As in the prior screens, we also collected an input sample
470 (collected on the day of transplantation) to evaluate the persistence phenotype of each sgRNA.
471 Nine days after T cell transplantation, we harvested tumors, isolated TILs, and used direct-capture
472  Perturb-seq to read out sgRNA identity and gene expression profiles simultaneously using the
473  10x Genomics 5’ gene expression platform (Figure 6A) (Replogle et al., 2020). We sequenced
474  cells from seven biological replicate Perturb-seq samples across two independent experiments
475  (Figure S9A-B).
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476 After quality control filtering, we obtained high-quality scRNA-seq profiles from 70,646
477  cells, and scRNA-seq clustering and dimensionality reduction identified 6 clusters (Figure 6B).
478  We determined a high-confidence sgRNA identity for each cell by using z-scores to quantify the
479  enrichment of each sgRNA, relative to other sgRNAs detected in the same cell. Cells were
480 assigned to a particular sgRNA if that sgRNA had a z-score of at least 5, and a z-score at least 2
481 units higher than the next-most prevalent sgRNA. With this strategy, cells with multiple enriched
482  sgRNAs due to retroviral infection doublets, single-cell capture doublets, and/or background reads
483 were removed from further analysis, and 52,607 cells were confidently assigned to a single
484  sgRNA (74.4% of the 70,646 total cells across the two independent experiments; Figure 6C). Cell
485 type clusters expressed varied levels of inhibitory receptors, effector cytokines, and key
486 transcription factors, indicating that they represented a mix of exhausted and effector T cells in
487 the TME (Figure 6D, S9C-D). Cluster 1 cells expressed high levels of KIf2 and S1pr1 (T effector
488 memory; Tem), Cluster 2 expressed high levels of interferon stimulated genes (ISGs) including
489  Mx1 (Tisc), Cluster 3 expressed high levels of Tnfrsf9 (encoding 41BB) and Cd7160 (T-41BB),
490 Cluster 4 expressed high levels of progenitor exhaustion genes including Pdcd1, Tcf7 and Slamf6
491 (TexProg), Cluster 5 expressed the highest levels of inhibitory receptors Pdcd1, Lag3, and Havcr2
492 (TexTerm), and Cluster 6 consisted primary of cycling cells, marked by Mki67 and confirmed by
493 cell cycle analysis (T-Cycling; Figure S9C-D). To further refine the cluster identities, we generated
494  gene signatures from previously published CD8" T cell types present in acute or chronic LCMV
495 infection in vivo (Figure S9E-F) (Daniel et al., 2021). We used the top 100 marker genes for each
496 LCMV T cell cluster to score each single cell in our Perturb-seq dataset according to the average
497  expression of these signature gene sets. Visualizing the enrichment of these LCMV signatures in
498 each cluster demonstrated transcriptional similarity of several clusters to cell types in the
499 reference dataset (Figure 6E). For example, Cluster 1 was enriched for the effector memory-
500 related genes (Tem signature), Cluster 2 was similar to the TexISG signature, and the progenitor
501 and terminally exhausted clusters (Clusters 4 and 5) enriched the corresponding LCMV
502  signatures (Figure 6E).

503 We next performed several sgRNA-level quality controls to assess the reproducibility of
504 effects of independent sgRNAs (Figure 6F-G). We computed gene expression differences
505 between each sgRNA and all other cells in the dataset and confirmed that independent sgRNAs
506 targeting the same gene had highly correlated gene expression changes relative to pairs of
507 sgRNAs targeting different genes, which, as expected, centered around zero (Figure 6F top).
508 We next asked whether this similarity also extended to sgRNAs targeted distinct genes in the
509 same protein complex. We evaluated the correlation of pairs of sgRNAs targeting the same
510 complex, grouping together guides targeting cBAF genes (Arid1a, Arid1b, Smarcc1, and
511 Smarcd?2) and guides targeting INO80 genes (/no80c or Actrb). Strikingly, we found that these
512  sgRNA pairs were also significantly more correlated than all pairs of guides, indicating common
513 transcriptional effects of targeting distinct subunits within the same complex (Figure 6F bottom).
514  We next visualized gene expression correlations of all pairs of sgRNAs together (Figure 6G).
515 Unbiased clustering organized sgRNAs into correlated groups, primarily driven by target gene
516 and target complex identity. Interestingly, Arid2 clustered separately from the rest of the BAF
517  targeted sgRNAs, suggesting distinct roles for the cBAF and PBAF complexes (Figure 6G). We
518 next used the input representation of each sgRNA along with the number of cells detected with
519 each sgRNA to estimate the T cell accumulation advantage between each sgRNA and the set of
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520 single targeting negative controls (Figure 6G). This analysis demonstrated that the majority of
521 sgRNAs enhanced T cell accumulation in the tumor, relative to control sgRNAs, in line with the in
522  vivo screen results. In particular, Arid1a-sgRNA cells were enriched 2.74-fold on average relative
523 to controls, while Pdcd1-sgRNA cells were enriched 2.67-fold on average relative to controls
524  (Figure 6G). Finally, we examined the cell type cluster composition of cells containing each
525 sgRNA (Figure 6G, far right). Notably, all perturbations contained cells from each cluster with
526 relatively similar proportions, suggesting that depletion of each target gene may not impact
527  wholescale changes in cell type compositions or trajectories, but rather modulate gene expression
528 in one or more clusters.

529 To further investigate this possibility, we aggregated cells that contained sgRNAs targeting
530 the same gene and computed differential genes for each perturbation, compared to CTRL1 cells
531 (Figure 7A). Targeting cBAF subunits Arid7a, Smarcd2, or Smarcc1 induced shared global
532 changes in the transcriptional program of T cells, including the upregulation of effector molecules,
533 Gzmb and Ifng, cell surface receptors, Cxcr6 and //7r, and transcription factors, /rf4 and Batf.
534 Meanwhile, Pdcd1, Lag3, and Ccl5 were consistently downregulated by cBAF perturbation
535 (Figure 7A). In contrast, Arid2 perturbation induced a distinct gene expression program, albeit
536  with some similarities, including the downregulation of Pdcd1 and Lag3. Perturbation of Gata3
537 and Pdcd1 induced distinct gene expression changes from either cBAF or Arid2 perturbation; for
538 example, the most upregulated gene after Pdcd1 depletion was Tox, consistent with the proposed
539 impact of PD-1 deletion on accelerating differentiation to terminal exhaustion (Figure 7A). To
540 quantify the aggregate similarity of gene expression changes induced by each perturbation, we
541 correlated all pairs of perturbations and performed clustering to group perturbations that were
542  similar according to this metric (Figure 7B). This analysis quantitatively confirmed our observation
543  that cBAF perturbations, Arid1a, Smarcc1, and Smarcd2, induced similar programs, while INO80
544  perturbations, Ino80c and Actr5, also exhibited highly correlated changes (that are distinct from
545 that induced by cBAF perturbation). In contrast, Pdcd1 and Gata3 perturbations clustered
546  separately, although with moderate correlation to each other. Finally, when gene expression
547  changes were considered for perturbed vs CTRL1 cells within each cluster, we found that each
548  perturbation induces highly concordant changes in gene expression regardless of the T cell
549  subtype (Figure S9G).

550 We aggregated all genes significantly differential between perturbed cells and CTRL1 cells
551 and defined core gene programs perturbed by depletion of the cBAF and INO80 complexes
552  (Figure 7C-E). We found that the upregulated and downregulated gene sets were highly
553  conserved within each complex (Figure 7D-F, S10A), with cBAF perturbation inducing genes
554  such as Batf, Irf4, II7r, and Ccr2, while repressing genes such as Stat3, Nfkb1, Nr4a3, and Eomes.
555  In contrast, INO80 perturbation substantially modulated metabolism related genes (Figure 7E).
556  Projection of genes upregulated by cBAF depletion onto canonical T cell states identified in
557 chronic LCMV infection showed an enrichment in effector T cell genes, while projection of
558 downregulated genes showed an enrichment in terminal exhaustion-related genes (Figure 7G,
559  810B). Finally, we performed GO Term analysis of upregulated gene sets. Genes upregulated in
560 cBAF-deficient T cells enriched terms, including T cell activation, cell adhesion, cytokine
561 production, and T cell proliferation, while genes upregulated in INO80-deficient T cells enriched
562  metabolic terms, including oxidative phosphorylation and aerobic respiration (Figure 7H). In
563  contrast, perturbation of Pdcd? induced cell signaling related terms (Figure 7H). In summary,
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564 these data demonstrate that these subunits of the cBAF and INO80 chromatin remodeling
565 complexes have distinct roles in T cell exhaustion that are largely conserved within the same
566 complex, with cBAF primarily regulating effector- and exhaustion-related genes and INO80
567  regulating metabolism. Furthermore, the transcriptional impact of targeting chromatin remodeling
568 factors are minimally overlapping with the impact of previously known targets, Pdcd? and Gata3,
569  suggesting the potential to synergistically target multiple factors to improve T cell function (Figure
570 7F, S10A).

571

572  Arid1a perturbation limits the acquisition of terminal exhaustion-associated chromatin
573  accessibility.

574 We next asked how perturbation of the cBAF complex via targeting Arid7a impacted the
575 epigenetic landscape of T cell exhaustion. We performed a competition assay as described
576  above, wherein CTRL1 and Arid1a-sgRNA cells were mixed at a defined ratio and subjected to in
577  vitro exhaustion. We used two independent sgRNAs targeting Arid7a in duplicates for a total of
578  four replicate samples. At Day 6 and Day 10, we isolated CTRL1 and Arid1a-sgRNA cells from
579 the same culture and performed ATAC-seq on each population. To analyze these results in the
580 context of our initial assay characterization (Figure 1), we included the profiles of naive (Day 0)
581 and activated (Day 2) WT T cells (Figure 8A). The chromatin state progression in CTRL1 cells
582  proceeded similarly to that observed previously in unperturbed cells; however, Arid1a-sgRNA
583 cells proceeded down a distinct chromatin state trajectory, remaining closer to naive and activated
584  samples than the CTRL1 cells at both time points (Figure 8A).

585 Analysis of dynamic chromatin accessibility changes between Day 6 and 10 revealed
586  striking differences between Arid1a-sgRNA and CTRL1 cells. We categorized regulatory
587 elements as ‘opened’ peaks, which represented those with increased accessibility at Day 10,
588 compared to Day 6, while ‘closed’ peaks represented elements with decreased accessibility at
589 Day 10, compared to Day 6 (pag < 0.05, Log>, FC > 1). Arid1a-sgRNA and CTRL1 T cells
590 demonstrated substantially different chromatin remodeling by comparing these peak sets (Figure
591  8B-C). First, Arid1a-sgRNA cells exhibited a marked decrease in the number of opened peaks,
592 likely representing an impairment of cBAF-depleted cells for opening new regulatory elements
593  (Opened peaks: 1,419 (Arid1a-sgRNA) versus 5,692 (CTRL1); Figure 8B). Second, while Arid1a-
594  sgRNA cells and CTRL1 cells closed chromatin to a similar extent, the majority of these regions
595  were non-overlapping (Closed peaks: 5,126 (Arid1a-sgRNA) versus 4,558 (CTRL1); Figure 8B).
596 Inspecting individual gene loci revealed changes in accessibility in the Pdcd1, Lag3, Entpd1, and
597 Ifng loci, demonstrating several open chromatin sites in CTRL1 cells with substantial loss of
598 accessibility in Arid1a-sgRNA cells (Figure 8D). Analyzing the terminal exhaustion-specific
599 regulatory element set defined in Figure 1, we found that these sites were less accessible in
600 Arid1a-sgRNA cells than in CTRL1 cells at Day 6 and Day 10 (Figure 8E). Finally, we analyzed
601 chromatin accessibility at TF binding sites using chromVAR, which showed that terminal
602 exhaustion-associated TF motifs, including Fos, Jun, and Batf motifs were significantly less
603  accessible in Arid1a-sgRNA cells, compared to CTRL1 cells (Figure 8F). Conversely, several TF
604  motifs associated with effector T cell function, including Ets, KIf, and Irf motifs, showed increased
605 accessibility in Arid7a-sgRNA cells. In summary, these results suggest that depletion of cBAF and
606 Arid1a may improve T cell function by preventing the acquisition of the terminal exhaustion-
607  associated chromatin state.
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608
609 Discussion
610 In this study, we performed genome-wide CRISPR screens in chronically stimulated T

611  cells, which provide a comprehensive atlas of genes that regulate T cell exhaustion. We used a
612 complementary in vitro and in vivo screening strategy: (1) the development of an in vitro
613 exhaustion assay that is compatible with genome-wide CRISPR screening enabled us to
614  massively scale the number of cells, and therefore sgRNA library coverage, compared to prior
615  screens, providing an unbiased and systematic discovery tool, and (2) in vivo follow-up screens
616 identified perturbations that significantly improved T cell persistence in immunotherapy-relevant
617  tumor models. Importantly, this strategy recovered known regulators of exhaustion, including
618  Gata3, which has previously been demonstrated to limit T cell function in mouse and human tumor
619 models (Singer et al.,, 2016). However, these screens also uncovered new genes, with a
620  surprising enrichment of epigenetic factors involved in chromatin and nucleosome remodeling,
621 including the cBAF and INO80 complexes, which limited T cell persistence in many cases to a
622  degree greater than previously identified genes. In vivo Perturb-seq experiments revealed that
623  depletion of cBAF and INO80 complex subunits impacted distinct gene programs; cBAF
624  modulation led to the upregulation of an effector program and downregulation of terminal
625 exhaustion genes, while INO80 modulation primarily impacted gene expression related to
626 metabolic function. Finally, depletion of the cBAF complex subunit Arid7a improved T cell
627  persistence in in vitro and in vivo competition assays and improved anti-tumor immunity after
628  adoptive T cell transfer.

629 Our strategy was to isolate a key determinant of T cell dysfunction in cancer — chronic
630 stimulation through the TCR — from the multifactorial process involving tumor localization,
631 trafficking, and immunosuppressive effects in the TME, which may occur to varying degrees
632 across cancer types. The advantage of this strategy is its specificity; sgRNA abundance is
633 impacted only by a single selection factor, and therefore, we provide a precise conceptual picture
634  of the molecular drivers of T cell exhaustion. For example, T cell inhibitory receptors such as PD-
635 1 and CTLA-4 were not hits in our screen, supporting the growing notion that checkpoint blockade
636  does not work by reversing or preventing the process of T cell exhaustion, but rather by recruiting
637 new functional T cell clones to enter the TME (Yost et al., 2019; Pauken et al., 2016; Spitzer et
638 al.,2017; Yost et al., 2021). However, we wish to acknowledge that this strategy does not account
639 for additional dysfunction pathways in T cells that may be mediated by other external stimuli, for
640 example TGFB-mediated suppression, or specific metabolic or nutrient stressors (Mariathasan et
641 al., 2018; DePeaux and Delgoffe, 2021). Similarly, our follow-up in vivo screen selected for one
642 functional aspect of exhaustion — T cell persistence in tumors — but did not account for additional
643  aspects, such as cytokine secretion, and thus, additional genes identified in the in vitro screen
644  may be uncovered as important regulators of other facets of T cell exhaustion in future studies.
645 The enrichment of chromatin remodeling factors as hits in both in vitro and in vivo screens
646 provides a key complementary message to previous epigenomic profiling studies on T cell
647  exhaustion (Pauken et al., 2016; Sen et al., 2016; Philip et al., 2017; Scott-Browne et al., 2016).
648 Namely, these prior studies demonstrated that exhaustion is mediated by global chromatin
649 remodeling, which maintains a stable dysfunctional cellular phenotype that is not changed by anti-
650 PD-1 treatment. We now demonstrate targeting nucleosome remodeling complexes may be
651  sufficient to prevent the acquisition of features of this exhaustion-associated chromatin state, and
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thereby improve T cell persistence and maintenance of an effector-like state. It is possible that
deletion of these factors may function to ‘dampen’ the downstream epigenetic impact of chronic
TCR signaling and thereby extend the window in which T cells can engage antigens without
accumulating deleterious terminal exhaustion-associated epigenetic changes. Recent studies in
fibroblasts have demonstrated that AP-1 family TFs may have an essential role in signal-
dependent enhancer selection by collaboratively binding to nucleosomal enhancers and recruiting
the BAF complex to establish accessible chromatin (Vierbuchen et al., 2017). Indeed, analysis of
Arid1a-sgRNA T cells revealed a dramatic loss of accessibility at exhaustion-induced AP-1 motif-
containing regulatory elements, suggesting a similar mechanism in T cells. Importantly, in recent
years, the identification of key molecular drivers of T cell exhaustion have been rapidly translated
to develop improved clinical-grade cellular immunotherapies, particularly in the context of solid
tumors, where exhaustion is a major barrier to therapeutic efficacy (Chen et al., 2019; Lynn et al.,
2019; Weber et al., 2021). We envision that future work will build upon these findings to pursue
novel avenues and targets to effectively improve T cell function in the context of cancer
immunotherapy.
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Figure 1: In vitro chronic antigen stimulation assay recapitulates the epigenetic hallmarks
of T cell exhaustion. (A) Diagram of in vitro exhaustion assay. (B) Surface phenotype of CD8"
T cells at day 0 and day 10 of the T cell exhaustion assay, gated on live cells. (C) Expansion of
chronically stimulated and acutely stimulated T cells in vitro. (D) Principal component analysis of
ATAC-seq profiles of CD8" T cells throughout the course of chronic stimulation. (E) ATAC-seq
signal tracks in the Pdcd1 and Entpd1 gene loci at each time point in the in vitro exhaustion assay,
as well as previously published reference ATAC-seq profiles from T cells in tumors or LCMV
(Miller et al., 2019). (F) Heatmap showing ATAC-seq coverage of each peak in the “Terminal
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1084  Exhaustion peak set” for each time point in the in vitro exhaustion assay. Reference data from
1085 TILs is also included. Selected nearest genes are indicated on the right. (G) chromVAR motif
1086  accessibility heatmap for each ATAC-seq sample. Selected motifs are indicated on the right. Top
1087 100 most variable motifs are shown.

1088


https://doi.org/10.1101/2022.04.20.488974
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.20.488974; this version posted April 21, 2022. 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.

1089
1090

1091

Genome-wide LFC z-score

Chronic vs Acute Replicate 2 LFC z-score

N
o

-
(9]

-
o

I
(4]

CD8+
T cells

Day 0 1

Activation

Gene Editing
1

Chronic Stim (IL-2 + aCD3)

2

N

8 10

CO

(l%
Transduce genome-
wide sgRNA pool
®TCR Cdc:ad’
e
@ Chromatin - .. 5
) Fermt.
@ Integrin Cdgg.za’ﬂf elcp2
Inhibitory Actr8 LR
(4] % Itgb3 tgav
Receptor 9y *Caz47
O Other ®) ot *Wdr62
Ino80b o jnogg  Lat

5 *Elmsan1
Hdac1
0
.
*Zfp217 Junb|g 14
-4 0 4 8

Chronic vs Acute Replicate 1 LFC z-score

GO: Biologi

chromatin remodeling
nucleosome disassembly
chromatin organization
cellular metabolic process

integrin—-mediated signaling

chromosome organization

cellular response to stimulus

T cell receptor signaling

cal Process

# Genes
0 20
-
0 2 4 6
-log,(P,)

GO: Cellular Component

SWI/SNF superfamily complex

20

ATPase complex
TCR complex
SWI/SNF complex

cell-cell junction

npBAF compl # Genes
Ino80 complex H
0 25 5 75
>|Og10(padj)
« Cd3d
Cd3e « . 10
Fermt3
Lep2 o
8 * Tin1 3
Ca3g Zap70 ?
ligav® G947 wars2 N
. [S) 0
Actrg, * Lat.SpcsS =
1no80, Lok SecBJ‘F 5
e K Pleg1 as a
Aridfate® = gimsant Sec62 <
Ino80c >
o < Setdib Sec61b o 710
! % Mapk1 3
& Rasgrp1 <
OINr453 Gata3
| zp219 -20
0 10 20 30

Minipool LFC z-score
Figure 2: Genome-wide functional interrogation of T cell exhaustion. (A) Diagram of
genome-wide T cell exhaustion screen. (B) Correlation of replicate screens with selected

\ Acute Stim (IL-2 only)

D

%}

- — > Sequence

%J - — » Sequence

TCR/ Integrin

Signaling
200  ToR All sgRNAs
® Chromatin A
@ Integrin Fermt3 ® Cd3d
150 {| ® Hit Lep2 Lat I
o Cd3g*®
o Other 9% zap70 Cd247 Tl
5 °Tin1
3 tgav Itgav Ml
» 193V ¢ Cipa7 o Spes3 a3
w 100 Wdr82 ***pygtib 9 [ 1
';, oLt Tin1 NI
© . Actr8 Zap70 | ||I I
o ltgh3 ap
50 Inogo  * Lep2 ([N |
d o ® Aridia
Smarca4, Actr5. P ‘Smarcd2 Fermt3 | Il ||||
Psmb7
* smm Stamwﬁ ¢ . Cd3e [
. Smarcb1 2 e
0 Cd3d I
-5 0 5 10 -5 0 5
casTLE Effect LFC z-score
F Chromatin Receptors and TFs Other Hits
NSQRNAS NQRNAS NSQRNAS
Stat5b M Icos [ 1IT] Prkcsh 11
Setd1b Hin Pdcd1 Rer1 mini
Men1 i | Cliad Pdcl I
Trim28 i Cdzs il B3gait4 |11l
Smarca4 [ Il 11 Haver2 warss LI NI
smarcer Il | LagS okt T
kdméa [N | Tigit Cstf1
smarcb1 || |ll TR Irfd | | cstr3
Smarcd2 Il [0 Junb | | Romo1
Ddx6 i LIl Eomes| |vima
pnttip1 LI Il Batf3| | Bagaintt
Actr5 I | 1] Jun| | Mbni1
Arid1a W [l | Tox2| |mtor
Hdac1 (W Nratet | [lL]] Ppat i
Inogob I [I 11 Nrate2 [ Fas 1m
Eimsant |11 Tox I Sec62 | LI 1]
Actb i1 Batf I Eif4g2 11N |
Inogo nmi | mox21 |1l Sec63 |
Actr8 FEEITNT | (2219 [HHIL 11 Sees3 Il IIT 11
Wadrg2 il Nraa3 |1 Pggt1b L1
-5 0 5 -5 0 5 -5 0 5
LFC z-score
Trp53 Fermtfy'
o Cd3d- *Tin1
Brd1 Arid1a F 8 20 TIP3 Zap70 o,
o [o . SPzapro T - 4 Cd3¢ Lep2 52263
| o op8aas o o8 ~Picgl _© Fermt3 o L&t° . Sec61b
ks oCd247° “cdsd 5 Bdgalnt1 Spes3
. S\ Gata3 S z 10 Plcgte, Casp8
s | oW O Actr Sec63 2 o fgk Aridta * Cd2a7
* Setdh - P! . © Wdrs2
Spcs3 Sec61b 2 o \; Vool
TR
*Ino80 5 z /.noBD
fot a2 —10 oActd
0 10 20 30 0 10 20 30

Chronic vs Acute LFC z-score

Chronic vs Acute LFC z-score

@® TCR signaling
@ Integrin signaling

® Chromatin / TF

® TCR signaling

@ Inhibitory Receptor
@ Hit


https://doi.org/10.1101/2022.04.20.488974
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.20.488974; this version posted April 21, 2022. 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.

1092  functional categories of genes colored as indicated. Gene sets were based on GO Terms and
1093  were supplemented with manual annotations. (C) casTLE volcano plot of the Chronic vs Acute
1094  stimulation screen comparison, with top hits labeled. (D) Individual sgRNA z-scores for top hits in
1095  “integrin signaling” or “TCR signaling” functional categories. (E) GO Term analysis of the top 100
1096  positive hits. (F) Individual sgRNA z-scores for genes in different functional categories: chromatin
1097  (left), selected receptors and transcription factors (center), or other (right). Histogram for all guide
1098  z-scores is shown above, and 1,000 randomly selected guides are shown in the background of
1099 each row in grey, for visual reference. (G) Correlation of Acute vs Chronic z-scores in the mini-
1100  pool versus the genome-wide screen. (H) Correlation of the mini-pool Chronic vs Acute z-scores
1101 against Acute vs Input (left) or Chronic vs Input (right). Genes in (G) and (H) are colored by
1102  functional category: TCR signaling (red), integrin signaling (orange), chromatin (blue), or other
1103  (grey). Colored boxes in (H, left) denote enhanced (purple), similar (yellow), or reduced (green)
1104  expansion after acute stimulation.
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1107  Figure 3: Targeted in vivo screening identifies subunits of the INO80 and BAF complexes

1108 that limit T cell persistence. (A) Diagram of in vivo pooled CRISPR screening. (B) Correlation
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1109  of tumor LFC z-scores to spleen LFC z-scores, colored by functional category. (C) Correlation of
1110  in vivo z-score and in vitro z-scores for genes in the CRISPR mini-pool. (D) Correlation of in vivo
1111 MC-38 and B16 tumor z-scores for genes in the CRISPR mini-pool. (E) Cytoscape protein-protein
1112  interaction network colored by z-score in MC-38 tumors. (F) Top: Boxplot of tumor versus input
1113 log fold change for each sgRNA targeting the indicated gene, with the mean control log fold
1114  change subtracted. Bottom: heatmaps showing the sgRNA average of the indicated in vivo or in
1115  vitro screen for the same hits. (G) Individual sgRNA residuals for six top hits showing the Tumor
1116 vs Input comparison (left), Spleen vs Input (center), and in vitro Chronic vs Acute (right).
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1120 Figure 4: SWI/SNF mini-pool CRISPR screens and functional studies demonstrate that
1121  tuning cBAF activity can enhance anti-tumor immunity. (A) /n vitro competition assay of
1122  Arid1a-sgRNA versus CTRL1 T cells. Left: cells were mixed on Day 4 at the indicated ratios and
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1123  passaged in the chronic stimulation assay for 6 days. On Day 10, proliferation relative to CTRL1
1124 T cells and surface phenotype were assessed by flow cytometry. (B) /n vivo competition assay of
1125  Arid1a-sgRNA versus CTRL1 T cells. Cells were mixed on Day 6 (input) and then transplanted
1126  into tumor bearing mice. On Day 15, relative proliferation in the tumor was assessed by flow
1127  cytometry. (C) Tumor sizes for each cohort. Statistical significance was assessed at Day 15. (D)
1128  Arid1a-sgRNA T cells significantly improve survival of tumor-bearing mice. (E) Correlation of
1129  SWI/SNF CRISPR mini-pool tumor enrichments in MC-38 versus B16 tumor models. (F) Cartoons
1130  of the three BAF complexes colored by z-score from SWI/SNF CRISPR mini-pool experiments in
1131 MC-38 tumors. BAF complex cartoons adapted from (Mashtalir et al., 2018). * p < 0.05, ** p <
1132  0.001.
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1136  Figure 5: Conserved function of ARID1A in human T cells in vitro and in vivo. (A)

1137  Proliferation and viability of primary human T cells after electroporation of the indicated RNP.
1138  Left: Acutely stimulated T cells. Right: Chronically stimulated T cells using anti-CD3-coated
1139 plates. Data shown is representative of 3 independent experiments and 3 donors. (B)

1140  Schematic of CRISPR mini-pool screen in primary human CD8" T cells transduced with the NY-
1141 ESO-1-specific TCR, 1G4. (C) Results of the human CRISPR mini-pool screen aggregated by
1142  gene. (D) Results of the human CRISPR mini-pool screen with individual sgRNAs shown as
1143  dots. Genes are ordered from highest to lowest average LFC. Results shown are merged from 2
1144  independent donors and 2 mice per donor.
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1150 Figure 6: In vivo Perturb-seq reveals distinct transcriptional roles of the cBAF and INO80
1151  complexes in TiLs. (A) Diagram of direct-capture Perturb-seq of sorted TILs. (B) scRNA-seq
1152  profiles of TILs colored by cluster assignment. (C) scRNA-seq profiles of cells colored by the
11563  perturbation detected in each cell. Cells where no guide, or multiple guides, were detected are
1154  shown in grey. (D) Expression of selected marker genes in each single cell. (E) Analysis of LCMV
1155  signature gene sets for each cluster. Gene set enrichment scores were calculated for each single
1156  cell, cell values were averaged by cluster and z-scored. (F) Histogram of Pearson correlation of
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1157  gene expression differences of pairs of sgRNAs. Top: Pairs targeting the same gene are shown
1158 in blue, other pairs are shown in gray. Bottom: Pairs targeting the same protein complex are
1159  shown in red, other pairs are shown in gray. Complexes considered in the analysis are cBAF
1160  (Arid1a, Arid1b, Smarcd2, and Smarcc1) and INO80 (/no80c and Actr5). Pairs of sgRNAs that
1161  target the same gene are excluded. (G) Left: Heatmap of the correlation of gene expression
1162  differences of each pair of sgRNAs. Center (from left to right): Representation of each sgRNA in
1163  the pre-transplant sample, cell count of each sgRNA in the Perturb-seq dataset, and estimated
1164  fold change of each sgRNA relative to controls. Right: Proportion of cells in each cluster for each
1165 sgRNA.

1166


https://doi.org/10.1101/2022.04.20.488974
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.20.488974; this version posted April 21, 2022. 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.

1167
1168

1169

Arid1a-sgRNA vs CTRL1

A

Smarcc1-sgRNA vs CTRL1

Smarcd2-sgRNA vs CTRL1 B

432 down 421 up 220 down 185 up 57 down 79 up Fﬁ—ﬁ_—'—‘
S10026 ® 510026 @ 0 510026 0 [] Actr5-sgRNA vs CTRL1
- 200 [] Ino80c-sgRNA vs CTRLA
R B o 150 30 || Arid1b-sgRNA vs CTRL1
& 3 ® Ly6e2 Ponts Gamb Smarcd2-sgRNA vs CTRL1
3 Pdcd1 - Gzmb % 100 G: b 20 S 1-sgRNA vs CTRL1
50 Smarcc1 Tigit o ! . cat 19 °c8 .9 830 Tigit Arid1a-sgRNA vs CTRL1
®1ng 80 00 | 182 8img Arid2-sgRNA vs CTRL1
0 Prf;ﬂ oo * Pacat ke ¥oim Pdod1-sgRNA vs CTRLA
04 0 04 -04 02 02 04 -05 025 0 025 05 Gata3-sgRNA vs CTRL1
Average log,FC Average log,FC Average log,FC O T T ———) log,FC Correlation
o N -038
Arid2-sgRNA vs CTRL1 Gata3-sgRNA vs CTRL1 Pdcd1-sgRNA vs CTRL1 C
w0 85 down 115 up 163 down 861 up 340 down 615 up n7r Ifng
[ 150 tga4© O OPlacg l2ra Gzma
Smco4 Ly6c2
oiftms  F1 i 200) Lree ” Tox | [12rb2 Mx1
Crmp1 4 Kird1 Socs1
30 [¢] E
B Ly6c20 oy o 150 © 2™ |igb7_Soss2 g
d?, Mxd1 © Slamf6 ™~ o Evs ° ga <
> 20 ob © S$100a6 s &P Co Cd9 Nr4a1 Junb [l
g o /OPrie 1001, S li2rg  Cd28 2
- Pded1—g A Cd69 ld2 :
omes Q
10 00,5,006 0 chiad ngdcd1 50{ o Fosb Runx2 g
Lag3 N 3
118" .°. *~Gzmb s
0 Lag3 0 ;
-05 -0.25 -06 -03 0 03 06 -1 -05 0 05 7
Average IongC Average log,FC Average log,FC z
D =
300 271 218 g
8 & 200 =
2} 200 Batf Gzmb  lI7r 17} Stat3 Pdcd1 \ g
& Ift Tnf Ccr2 5 Nfkb1  Eomes Nfatc1 g
© Irf4  Ifng Cxcr6 © 100 Bhlhe40 Nr4a3
Up Genes % 100 Rora 1116 Ctla4| Down Genes ] Zeb2 Lag3 Tcf7 Tnfrsf4
Set Size g Set Size E o Eomes Myb
300 0 0 2 128 7 6 5 200 0 0 715, Tnfrsf9 Tox
[ Smarcd2-sgRNA o I Smarcc1-sgRNA ° T Jak1 A
B Smarcc1-sgRNA ; I P S e A % I ° ! oX a
B Arid1a-sgRNA I ° B Arid1a-sgRNA 2 ° Eomes Itga6
Stat3 Statbb
E e 102 Nfatc1 Bax
8 100 8 90 110ra  Tap1
7] Ndufa6 1] Atp5c1 lkzf2 12rb
s mt-Co1 S Atp5g2 Ikzf3 Socs3
"“3) mt-Co2 '§ 60 Tox Rora Kif3
Up Genes a 50 mt-Nd1 Down Genes @ Tnfrsf4 Batf Kif4
Set Size 2 mt-Nd2 Set Size 2 3 Cox17 cd7 Prf1
= = ~
100 50 0 0 o ;100 50 0 0 4 3 s Ges &
R —— — [ Foxo1 ko
[ Ino80c-sgRNA i o [ Actrs-sgRNA I © /;:go:4 ;;21 %
I Actr5sgRNA o [ 1no80c-sgRNA ° Myb Cxcl10 -
F G Gene Set Pdcd1  Jun T,
=ene et Lag3 Cd86 5
8 200 cBAF down g ;
@ Pdcd1-sgRNA down @
QO
2 INO8O0 up 23
Up Genes § 100 Gata3-sgRNA down -;
5 @
Set Size £ INO80 down 2
300 0 o cBAF up E;;
—_— : Pdcd1-sgRNA up S
u A"‘ﬁzg’;NA Gata3-sgRNA up
[ Gata3-sgRNA '_éé }_E 8 b Enrichment
_ x Z-score
o Pdc:i::RNA = il r—-
LCMV Cluster 150 18 Cd6
H cBAF up genes INO80 up genes Pdcd1-sgRNA up genes S1pr4  Kif2
If1  Stpr1
2 Gzma Cd69 3 v
o 3
A i ivit Q Q 3. 3. 3.
% E) catalytic activity |ng FC % g % § g_) g § § g
Lo NGy respiratory electron cell surface [ | :8(0 ; 3 e & j,' Q 9 3
206 transport chain receptor signaling 02 0 02 %= @ @ A 1 a W » @
° e 2 222%8¢2¢¢2
m T cell proliferati generation of precursor > > 5 f > g g >
cell proliferation metabolites and energy 5 5 028 > >3
9903 3035 5 o
0 10 20 0 4 0 5 10 23382 3F o 9 3
'Iogm padj 'I°g1n pad] ‘Iogm padj N = N - r;_g' 'E [N

Figure 7: cBAF-depleted T cells exhibit enhanced effector gene signatures and reduced
terminal exhaustion. (A) Volcano plots comparing aggregated cells with the indicated
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1170  perturbation versus CTRL1 cells. (B) Pairwise correlations of gene expression differences
1171 induced by each perturbation. (C) Heatmap of all upregulated (up) or downregulated (down)
1172  genes in at least one perturbation, grouped by which perturbation has the strongest effect on
1173  expression. Selected genes in each block are labeled. (D) Comparison of upregulated or
1174  downregulated gene sets by perturbation of cBAF subunits, Arid1a, Smarcd2, or Smarcc1. (E)
1175 Comparison of gene sets up- or downregulated by perturbation of INO80 subunits Actr5, or
1176  Ino80c. (F) Comparison of gene sets upregulated by perturbation of cBAF subunits, INO80
1177  subunits, or Pdcd1, Gata3, or Arid2. (G) Enrichments of upregulated and downregulated gene
1178 sets in LCMV expression data (Daniel et al., 2021). Module scores of each gene set were
1179  computed for each single cell in the LCMV dataset, averaged by cluster, and then z-scored to
1180  obtain the indicated enrichment z-scores. (H) Selected GO Terms of indicated gene sets.
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1183  Figure 8: Arid1a is required for the acquisition of the exhausted T cell chromatin state.
1184  (A) Principal component analysis of ATAC-seq profiles of Arid1a-sgRNA and CTRL1 cells in the
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1185 in vitro exhaustion competition assay. Unperturbed naive and activated samples (Day 0 and 2)
1186  are included for reference. (B) Comparison of ‘opened’ and ‘closed’ ATAC-seq peak sets from
1187  Day 6 to Day 10 for each genotype. (C) Visualization of ‘opened’ and ‘closed’ ATAC-seq peak
1188  sets, with selected nearest genes labeled. (D) ATAC-seq signal tracks of selected gene loci.
1189  Representative replicates are shown for each condition. (E) Heatmap showing ATAC-seq
1190 coverage of each peak in the “Terminal Exhaustion peak set” for Arid1a-sgRNA and CTRLA1
1191  cells at Day 6 and Day 10 in the in vitro exhaustion assay. Reference data from TILs is also
1192 included, as well as reference naive and activated cell profiles. (F) chromVAR motif accessibility
1193  heatmap for Arid7a-sgRNA and CTRL1 ATAC-seq samples. Selected motifs are indicated on
1194  the right. Top 100 most variable motifs are shown.
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Figure S1: Additional characterization of in vitro assay. (A) Surface phenotype of chronically
stimulated T cells throughout the in vitro exhaustion assay. (B) Effector cytokine production of
acutely (left) and chronically (right) stimulated T cells. Cells were restimulated with PMA and
ionomycin 8 days after initial stimulation. (C) Survival of B16 cells after co-culture with acutely or
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1203  chronically stimulated OT-1 T cells. Tumor cells were pulsed with cognate peptide (SIINFEKL).
1204 (D) B16-ovalbumin tumor growth in vivo after adoptive transplant of acutely or chronically
1205 stimulated T cells. (E) Heatmap showing ATAC-seq coverage of each peak in the “Terminal
1206  Exhaustion peak set” for each time point in the in vitro exhaustion assay. Reference data from T
1207  cells in LCMV is also included.
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Figure S2: Quality control data for in vitro genome wide screen. (A) Expression of BFP on
day 2 of the screen. (B) Surface phenotype of cells before gDNA extraction. (C) sgRNA
representation of each sample. (D) sgRNA count correlations (Acute vs Chronic) for each
replicate. CD3 subunits are shown in red, all other sgRNAs in black.
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Figure S3: Comparison of CRISPR analysis strategies. (A) Volcano plots of genome wide
CRISPR screen results using casTLE (left), MAGeCK (center), and our pipeline (right). (B)
Comparison of hit lists for each of the three pipelines. (C) Comparison of LFC difference computed
by our pipeline to the casTLE Effect (left) and MAGeCK LFC (right). (D) Counts table shown for
Rpl13a. (E) Genome wide screen results when z-scores are computed relative to all sgRNAs or
a set of olfactory receptors (Vmnr* genes).


https://doi.org/10.1101/2022.04.20.488974
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.20.488974; this version posted April 21, 2022. 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.

TCR Cell Adhesion /
Signaling Receptors

Chronic vs Acute

<N b g LFC z-score
ANl l . |
\Y/ Aldoa 5 0 10
Gpr137c
N\
Ino80
Complex

Transcri
Fact

Nr4a3

mMRNA processing

A
" Nupl2
e’

Crtc2 Pknox1
@ \ :

Endoplasmic Reticulum

Tmed10

Translation Initiation L .
Lipid biosynthesis
‘ Eif2s3x
éa;, Gpi1 —— Pigv

G protein signaling |

_ B3galt
e @ e
Gnas N
®
1227 @

1228 Figure S4: Cytoscape network representation of top hits. Top positive and negative hits from
1229 the genome-wide screen are shown. Each protein is represented by a node in the cytoscape
1230  network, colored by its z-score in the genome-wide screen. Nodes are connected if there is a high
1231  confidence protein-protein interaction in the string-db database (Szklarczyk et al., 2019).
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1233  Figure S5: LCMV Clone 13 expression analysis of top hits. (A) Cell types identified in
1234  previously published scRNA-seq data (Raju et al., 2021). (B) Expression of Pdcd1, Havcr2, Tcf7,
1235 and Cx3cr1 in single cells. (C) Expression of the gene module containing the top 100 in vitro hits
1236  across clusters. (D) Cytoscape network of top hits colored by average expression across all single
1237  cells.
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1240 Figure S6: Additional data for targeted in vitro screening. (A) sgRNA representation of each
1241  sample in the in vitro mini-pool screen. (B) Correlation of the sgRNA counts of each sample in
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1242  the mini-pool screen. (C) Correlation of the Chronic vs Acute replicate z-scores. (D) Cytoscape
1243 interaction network with genes colored by their z-score in the Chronic vs Acute mini-pool screen.
1244  (E) Cytoscape interaction network with genes colored by their fitness categorization in acute
1245  stimulation.
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1248 Figure S7: Additional data for targeted in vivo screening. (A) sgRNA pool coverage for each
1249  sample in the in vivo mini-pool screen. (B) sgRNA residuals in tumors, spleens, and in vitro mini-
1250 pool Chronic vs Acute for selected genes in the “TCR signaling” and “Integrin signaling”
1251  categories. (C) Boxplot of spleen vs input and acute vs chronic log fold change for each sgRNA
1252  targeting the indicated gene, with the mean control log fold change subtracted.
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1255 Figure S8: Validation of Arid1a-targeting sgRNAs. (A) Sanger sequencing (TIDE) analysis of
1256  editing efficiency of Arid1a sgRNAs. (B) Western blot analysis of protein knockdown for Arid1a
1257  sgRNAs, as well as Arid1b and Smarca4 expression. (C) Quantification of protein knockdown for
1258 each identified isoform of Arid7a (panel C three bands). * p < 0.05, ** p <0.01, *** p <0.001, ****
1259 p <0.0001.
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1260
1261  Figure S9: Additional data on the in vivo Perturb-seq experiment. (A) scRNA-seq profiles of

1262  TILs colored by each independent experiment. (B) scRNA-seq profiles of TILs colored by each
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1263 sample. (C) scRNA-seq profiles of TILs colored by predicted phase of the cell cycle. (D) Additional
1264  marker genes shown for each cluster. (E) Expanded reference LCMV dataset with single cell
1265  profiles colored by LCMV cluster. Data from (Daniel et al., 2021). (F) Expanded LCMV dataset
1266  with single cell profiles colored by LCMV infection (Acute corresponds to Armstrong infection while
1267  Chronic corresponds to Clone 13) and time point (Day 8 or Day 21 post infection). (G) Heatmap
1268  of the correlation of gene expression differences subsetted on each cluster. The indicated gene
1269  knockdown was compared to CTRL1 cells within each cluster. Comparisons with <150 cells in
1270  the comparison groups are excluded due to lack of statistical power.
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1272
1273  Figure S10: Additional data on up- and downregulated gene sets. (A) Comparison of gene

1274  sets downregulated by perturbation of cBAF subunits, INO80 subunits, or Pdcd1-sgRNA, Gata3-
1275  sgRNA, or Arid2-sgRNA. (B) Module scores of the indicated gene sets computed for each cell in
1276  the expanded LCMV reference dataset.
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1278  Materials and Methods

1279  Mice

1280  All mice were procured from JAX. Wild type mice were C57BL/6J mice (JAX: 000664 ). Rosa26-
1281 Cas9 knockin mice were bred in house (JAX: 026179). OT-1 mice (JAX: 003831) were crossed
1282  with Cas9 mice and then bred in house. Rag1” mice were bred in house (JAX: 002216). C57BL/6
1283  scid mice (JAX: 001913) and NSG mice (JAX: 005557) were procured from JAX.

1284

1285  Primary murine T cell isolation and culture

1286  Spleens were collected and mashed through a 70 uM filter. Red blood cells were lysed with ACK
1287 lysis buffer (Gibco) and incubated for 6 mins before washing with PBS. Cells were counted and
1288 then resuspended in MACS buffer (PBS + 0.5% BSA + 2 uM EDTA). CD8 T cells were enriched
1289  using the mouse CD8" T cells isolation kit from Miltenyi (Miltenyi Cat# 130-104-075) and then
1290 resuspended in RPMI with 10% FBS, 1 % Sodium pyruvate, 1% Non-essential amino-acids, 100U
1291 Pen/Strep, 50 nM of B-mercaptoethanol (cCRPMI) and supplemented with 10 ng/ml of mouse IL-
1292 2. Cells were seeded at a concentration of 1 million cells/ml on plates coated with 5 ug/ml of anti-
1293 CD3 and 2 ug/ml of anti-CD28. Cells were kept on activation plates for 48 hours at the beginning
1294  of all experiments. CD8" T cell purity was verified via flow cytometry. Cells were passaged every
1295 two days and maintained at 1 million cells/mL.

1296

1297  Invitro T cell exhaustion assay

1298 Toinduce T cell exhaustion, chronic stimulation was performed using plates coated with anti-CD3
1299 at5ug/mL. Cells were passaged onto a fresh coated plate every two days. Activation and T cell
1300 media are described above.

1301

1302  Measurement of cytokine production

1303 T cells were re-stimulated with phorbol myristate acetate (Sigma, 50 ng/mL) and ionomycin
1304  (Sigma, 500 ng/mL). After 90 minutes, cells were treated with brefeldin A to block cytokine
1305 secretion. Then, 3 hours later, cells were stained for surface markers and simultaneously labeled
1306  with Live/Dead Blue Viability Dye (Thermo Fisher) for 20 min at 4 °C. Cells were washed twice
1307 and fixed overnight using a FoxP3 Fixation/Permeabilization Kit (Thermo Fisher). The following
1308 day, cells were washed and stained for intracellular cytokines at room temperature for 1 hour.
1309 They were then washed three times and analyzed using an LSR Fortessa machine (Beckman
1310 Dickinson). Analysis of mean fluorescence intensity was performed using FlowJo v.10.0. All
1311 experiments were performed at least two independent times. Antibodies used (at 1:100 unless
1312  otherwise noted) were TNF-PE (BioLegend, MP6-XT22, 506306), PD-1-PECy7 (BioLegend,
1313 RMP1-30, 109110) IFN-y-FITC (BioLegend, XMG1.2, 505806), CD4-BV711 (BioLegend, RM4—
1314 5, 100550), and CD8a-BV786 (BioLegend, 53—6.7, 100750).

1315

1316  Growth curves

1317  After activation (described above), T cells were plated in 24-well plates at 5 x 10° cells in 1 mL of
1318 RPMI-1640 medium containing 10% FBS, 2 mM I-glutamine, 5 pM B-ME and 10 ng/mL IL-2, and
1319  with (chronic) or without (acute) plate-bound anti-CD3. Every 2 days for the duration of the
1320 experiment, cells were collected, and cell humber was counted using a Beckmann Coulter
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1321 Counter with a cell volume gate of 75—4,000 femtoliters. Then, 50% of the cells were re-plated in
1322 1 mL of fresh T cell medium. All experiments were performed at least two independent times.
1323

1324  In vitro killing assay

1325 B16 cells expressing a Luciferase reporter were pulsed with SIINFEKL peptide (Invivogen) at the
1326  concentrations noted in Figure S1 for 4 hours at 37C. They were then washed twice and plated
1327 at 4 x 10* cells per well along with 1 x10° OT-1 transgenic T cells that had been acutely or
1328  chronically stimulated for 8 days as previously described. After 24 hours of co-culture, cells were
1329 lysed and luciferase activity was measured using a Luciferase Assay Kit (Promega) as per
1330  manufacturer’s instructions. Luciferase activity was normalized to cells cultured in the absence
1331 of T cells.

1332

1333  Bi6-ovalbumin in vivo tumor models

1334  C57BL/6 scid (Jackson 001913) mice were injected subcutaneously with 2 x 10° B16-OVA cells
1335 ina 1:1 mix of PBS and Matrigel (Corning). 5 days later, 2 x 10 OT-1 T cells that had been acutely
1336  or chronically stimulated as described previously were adoptively transferred to mice via retro-
1337  orbital injection. Mice were monitored daily and were killed for signs of morbidity.

1338

1339  ATAC-seq sample processing and analysis

1340 ATAC-seq was performed using the Omni-ATAC protocol (Corces et al., 2017). Briefly, 50,000
1341  live cells were purified by flow cytometry immediately prior to ATAC-seq. Lysis, nuclei isolation,
1342  and transposition were performed according to the Omni-ATAC protocol. Libraries were prepared
1343  for sequencing and sequenced in 2x75 dual-indexed format on an Illlumina NovaSeq.

1344

1345  Fastq files were trimmed using fastp (Chen et al., 2018) and aligned to the mm10 genome using
1346  hisat2 (Kim et al., 2019, p. 2). Reads were deduplicated and a bed file for each sample containing
1347 filtered, deduplicated ATAC-seq fragments was created. Peaks for each sample were called
1348 individually using MACS2 (Zhang et al., 2008) and then filtered into reproducible peaks based on
1349  peaks present in the majority of replicates for that sample. A union peak set for all samples was
1350 constructed by merging reproducible peaks for each sample into a set of high-confidence non-
1351  overlapping fixed width (500bp) peaks, which was used to create a peak by sample matrix used
1352 in downstream analysis. Differential peaks were determined using DESeq2 (Love et al., 2014, p.
1353  2). Principal component analysis was performed on the peak matrix by first normalizing using
1354  "DESeq2::varianceStabilizingTransformation™ and then “stats::prcomp’. Genome track files were
1355 created by loading the fragments for each sample into R, and exporting bigwig files normalized
1356 by reads in transcription start sites using ‘rtracklayer::export’. Coverage files were visualized
1357  using the Integrative Genomics Viewer. For analysis of previously published ATAC-seq data
1358  (Miller et al., 2019), fastq files were downloaded from accession GSE123236 and re-processed
1359  using our pipeline for consistency. For quantification of overlapping peaks between published
1360 data and in vitro assay data, a union peak set was created encompassing all samples and re-
1361  analyzed.

1362

1363  Genome-wide sgRNA library
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1364  Retroviral Mouse Genome-wide CRISPR Knockout Library was a gift from Sarah Teichmann
1365 (Addgene #104861). The library was amplified via electroporation and confirmed by sequencing.
1366

1367  sgRNA pool design and cloning

1368 The sgRNA mini-pool was designed using our previously developed protocol for cloning into a
1369 lentiviral backbone and then subcloned into retroviral construct pMSCV (Flynn et al., 2021). The
1370 lentiCRISPR-v2 was a gift from Feng Zhang (Addgene plasmid #52961). pMSCV-
1371 U6sgRNA(BbsI)-PGKpuro2ABFP was a gift from Sarah Teichmann (Addgene plasmid #102796).
1372

1373  Briefly, six 20bp variable sgRNA sequences per target gene were obtained from the Broad
1374  Genetic Perturbation Platform (GPP) genome wide designs:
1375 sgRNA_design_10090_GRCm38_SpyoCas9_ CRISPRko_NCBI_20200317.txt.gz, available
1376 online at https://portals.broadinstitute.org/gpp/public/dir?dirpath=sgrna_design. 100 non-
1377  targeting and 100 single-targeting negative control guides designed for the mouse genome, also
1378 from the Broad GPP web portal, were included. A “G” was added to the start of each 20bp
1379  sequence. This 21bp sequence was flanked by BsmBI-v2 enzyme sites and then two nested PCR
1380 handles. Pooled oligos were synthesized by Twist Bioscience. Oligos were amplified by two
1381 rounds of PCR and the lentiCRISPR-v2 backbone was digested overnight with Esp3l. One step
1382  digestion/ligation of amplified oligos into lentiCRISPR-v2 was performed at 37C for 1 hourin a 20
1383  ulL reaction with 1 uL T4 ligase, 1 uL Esp3l, 2 uL T4 ligase buffer, 200 ng digested backbone, and
1384 50 ng amplified insert. Reaction was heat inactivated for 15 minutes at 65C and then 1 uL was
1385  electroporated using 25 uL Lucigen Endura electrocompetent cells and a BioRad MicroPulser
1386  with 0.1 cm gap cuvettes. After 1 hour recovery in SOC, a 1000x dilution was plated onto an agar
1387  plate to confirm library coverage. The remainder was cultured overnight in a 150 mL liquid culture
1388 and then purified by maxiprep. Finally, the pool was subcloned into pMSCV by Gibson Assembly
1389  of the sgRNA variable region amplified via PCR and pMSCV backbone pre-digested with Bbsl.
1390 Electroporation was repeated as described above. Guide representation was confirmed by
1391  sequencing.

1392

1393  The sgRNA SWI/SNF mini-pool and micro-pool for Perturb-seq were designed with 4 guides per
1394  gene, as described above for the mini-pool using the Broad GPP mouse genome-wide designs.
1395 The SWI/SNF mini-pool contained 50 single-targeting controls and Perturb-seq micro-pool
1396 contained 12 single-targeting controls. Two primers were ordered per designed guide, for cloning
1397 via annealing. The pMSCV vector was digested with Bbsl. All primer pairs were annealed
1398 separately. Annealed products were pooled equally, diluted, and then ligated into pMSCV.
1399  Amplification was performed using Stbl3 Chemically Competent cells (ThermoFisher C737303)
1400 and library coverage was confirmed via colony counting and then sequencing.

1401

1402  Retrovirus production and transduction

1403 The pMSCV plasmid was transfected into GP2-293 cells (Takara, RetroPack™ PT67 Cell Line)
1404  or 293T HEK cells at roughly 80% confluency in 15 cm tissue culture plates coated with poly-d-
1405 lysine. Viral supernatant was collected at 48h and 72h post-transfection, filtered via a 0.45 ym
1406 filtration unit (Millipore). Filtered virus was concentrated using the LentiX concentrator (Takara) at



https://doi.org/10.1101/2022.04.20.488974
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.20.488974; this version posted April 21, 2022. 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.

1407 1500 x g for 45 minutes. The concentrated supernatant was subsequently aliquoted, flash frozen,
1408 and stored in —80°C until use.

1409

1410 CD8" T cells were transduced with concentrated retrovirus 24 hours after isolation. 4 ug/mL of
1411 polybrene was added to each well. Plates were sealed and then spun at 1100x g at 32 C for 90
1412  minutes. 24 hours after spinfection (ie, starting on day 2) cells were checked for fluorescence via
1413  flow cytometry and 2 ug/mL puromycin was added to the media.

1414

1415  sgRNA library preparation and sequencing

1416  For samples from in vitro chronic culture, live cells were first isolated via FACS. gDNA was
1417  extracted using a commercially available kit (Zymo Cat# D3025). sgRNA libraries were prepared
1418 for sequencing as previously described (Flynn et al., 2021). Briefly, a standard three-step
1419  amplification protocol was used. First, sgRNAs were amplified off of gDNA using primers specific
1420 to the pMSCV vector for 22 cycles of PCR. 100 uL reactions with up to 4 ug of gDNA per reaction
1421  were used, and the number of reactions was scaled up until all gDNA was used. For sequencing
1422  of plasmid pools, this first PCR was skipped. For the second PCR, a 0-7bp offset was added to
1423  the front of the library using 8 pooled stagger primers to increase the diversity of the library. PCR2
1424  primer target sites were nested inside those of PCR1 to improve the specificity of the product.
1425  Finally, in PCR3, index sequences were added. Libraries were sequenced in dual-indexed 1x75
1426  bp or 1x150 bp format on either an lllumina NextSeq or NovaSeq.

1427

1428  Bulk sgRNA screening data analysis

1429  sgRNA sequencing data was analyzed using our previously published pipelines (Flynn et al.,
1430 2021). Briefly, fastq files were trimmed using “fastp -f 10 --max_len1=50". Trimmed reads were
1431  aligned to a custom fasta file of the relevant pool (either the genome wide pool or the mini-pool)
1432  which was constructed by taking the sgRNA variable sequences and flanking them with the
1433  adjacent sequences in the pMSCV vector backbone. Alignment was performed using hisat2 with
1434  the --no-spliced-alignment option. Bam files were imported into R and converted into counts per
1435 guide using 'Rsamtools::scanBam’. A table of guides per sample was constructed in R and
1436  normalized by multiplying each count by 1e6, dividing by the total counts in that sample, adding
1437 1, and then log2 normalizing. Log fold changes between two conditions (chronic vs acute or tumor
1438 vs input) were computed and then z-scored by subtracting the reference LFC average and
1439  dividing by the reference LFC standard deviation. For genome-wide screens, all guides were used
1440 as the reference and for mini-pool screens the control guides were used as the reference. P-
1441  values were computed from z-scores using the normal distribution and then FDR was computed
1442 by correcting for multiple hypothesis testing using “p.adjust’ in R.

1443

1444 GO Term analysis

1445  For gene categorizations shown in Figure 2B and elsewhere, gene sets were defined as: TCR -
1446 KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY, Chromatin - GOCC_CHROMATIN,
1447  Integrin - GOBP_INTEGRIN_ACTIVATION, Inhibitory receptor -
1448 GOBP_NEGATIVE_REGULATION_OF_LYMPHOCYTE_ACTIVATION. Gene lists were
1449  manually supplemented with the following genes: Chromatin - ZFP219, TBX21, KDM6A,
1450 ELMSAN1, DNTTIP1, SETD1B, TADA2B, ZFP217, EOMES. Integrins - ITGB3, APBB1IP,
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1451 ITGAV. Inhibitory receptors - PDCD1. For the gene set enrichment analysis shown in Figure 2D
1452 and elsewhere, the indicated gene list was uploaded to the online gProfiler tool (available at
1453  https://biit.cs.ut.ee/gprofiler/gost).

1454

1455  Cytoscape interaction network

1456 100 top enriched genes and 20 top depleted genes were imported into Cytoscape (Shannon et
1457  al., 2003). Edges were created by using the stringApp Cytoscape plugin to import known protein-
1458  protein interactions curated from string-db (Szklarczyk et al., 2019). A cutoff of stringdb score =
1459  0.75 was used to filter these protein protein interactions, which represents a conservative cutoff
1460 for identifying only high confidence interactions. Nodes were grouped based on GO Term
1461 analysis, subcellular localization, and/or manual curation. A small number of poorly characterized
1462  and/or disconnected nodes were removed from the visualization.

1463

1464  Tumor inoculation and T cell adoptive transfer for in vivo CRISPR experiments

1465 MC-38 or B16 cells ectopically expressing an mCherry-ovalbumin fusion construct were prepared
1466  for injection by resuspending in a 1:1 mixture of matrigel and PBS. 10° cells per tumor were
1467  injected subcutaneously into the flanks of Rag1” mice (two tumors per mouse). Tumors were
1468 measured every three days. Cas9/OT-1 CD8" T cells were transduced with sgRNA pools or
1469 individual sgRNAs and selected with puromycin for 4 days, as described above. T cells were then
1470 intravenously injected into tumor-bearing mice on day 6. For in vivo competition assays, cells
1471  were mixed immediately prior to injection. 9 days after T cell injection, the spleen and tumors were
1472  harvested from each mouse.

1473

1474  Tissue Processing and Isolation of Tumor Infiltrating Lymphocytes

1475  Tumors were weighed and then minced into small pieces. The tumors were transferred to a
1476  gentleMACS C tube and digested in the protocol-recommended enzyme mix with a gentleMACS
1477  octo dissociator using the soft/medium tumor program. Tumor suspensions were then filtered with
1478 a 70 uM filter and then subject to RBC lysis. Spleens were mashed and filtered through a 70 uM
1479  strainer, then treated with RBC lysis buffer. For bulk sgRNA sequencing and Perturb-seq, T cells
1480 were isolated from the tumors and/or spleens by FACS. Samples were washed twice with MACS
1481 buffer and stained for 30 minutes on ice. CD8" BFP" cells were isolated via flow cytometry.

1482

1483  Competition assay for validation of individual sgRNA proliferation

1484  The pMSCV retroviral vector was modified to replace the BFP-puromycin fusion with a VEX-
1485  puromycin fusion. Individual guides were cloned by annealing pairs of primers, as described
1486 above. The Arid1a-1 sgRNA sequence used was GCAGCTGCGAAGATATCGGG and the
1487  Arid1a-2 sequence used was CAGCAGAACTCGCACGACCA. The CTRL sgRNA sequence used
1488 was CTTACTCGACGAATGAGCCC. Tumor processing was performed as described above for
1489 the in vivo validation.

1490

1491 Validation of Arid1a-targeting sQRNAs

1492  Tracking of indels by decomposition (TIDE): Genomic DNA was isolated from transduced cells
1493 using a commercially available kit (Zymo Cat# D3025). PCR reactions were performed with
1494  primers surrounding the expected edit site and 50 ng of input DNA. PCR conditions were 30
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1495  seconds at 98C, followed by 10 seconds at 98 C, 10 seconds annealing at 60C, 25 seconds at
1496  72C for 35 cycles, then 2 minutes at 72C. The PCR amplicons were purified with a commercially
1497  available Zymo DNA clean up kit and sanger sequenced. Quantification of edits was performed
1498  using the online tool https://tide.nki.nl/.

1499

1500 Western blot: Protein lysates were prepared from mouse T cells transduced with the indicated
1501  sgRNA using a radioimmunoprecipitation assay (RIPA) buffer system (Santa Cruz, sc-24948).
1502  Protein concentrations were quantified using the bicinchoninic Acid (BCA) assay (Pierce,
1503  ThermoFisher 23225). 20 ug of protein per sample was loaded and run on a 4-12% Bis-Tris
1504 PAGE gel (NUPAGE 4-12% Bis-Tris Protein Gel, Invitrogen) and transferred onto a polyvinylidene
1505 fluoride (PVDF) membrane (Immobilon-FL, EMD Millipore). Membranes were blocked with 5%
1506  milk in PBST for 1 h at room temperature (RT) and incubated with primary antibodies against
1507  Arid1a (rabbit, 1:1000, Cell Signaling, 12354S: Lot 4), Arid1b (mouse, 1:1000, Abcam, ab57461:
1508 Lot GR3345290-4), Smarca4 (rabbit, 1:1000, Cell Signaling, 49360S: Lot 3) and Tbp (mouse,
1509  Abcam, ab51841: Lot GR3313213-3) overnight at 4 °C. Membranes were washed three times
1510 with PBST and then incubated with near-infrared fluorophore-conjugated species-specific
1511  secondary antibodies: Goat Anti-Mouse 1gG Polyclonal Antibody (IRDye 680RD, 1:10,000, LI-
1512 COR Biosciences, 926-68070) or Goat Anti-Rabbit IgG Polyclonal Antibody (IRDye 800CW,
1513  1:10,000, LI-COR Biosciences, 926-32211) for 1 hour at RT. Following secondary antibody
1514  application, membranes were washed three times with PBST, and then imaged using a LI-COR
1515  Odyssey CLx imaging system (LI-COR). Protein band intensities were quantified using Image
1516  Studio Lite (LI-COR) with built-in background correction and normalization to Tbp controls.
15617  Statistical analysis comparing Arid1a levels normalized to Tbp was performed using Dunnett's
1518  multiple comparisons test on Prism (v9.2.0).

1519

1520 In vitro experiments in primary human T cells

1521 T cell expansion and viability assays: T cells were activated for 4 days at a 1:3 ratio of T cells to
1522  anti-CD3/28 Dynabeads (Invitrogen). T cell expansion assays were performed with IL-2 in the
1523  culture medium at 10 ng/mL. Cell counts and viability measurements were obtained using the
1524  Cellaca Mx Automated Cell Counter (Nexcelom). Cells were stained with acridine orange and
1525  propidium iodide to assess viability.

1526

1627  Targeted CRISPR gene editing: Ribonucleoprotein (RNP) was preparing using synthetic sgRNA
1528  with 2'-O-methyl phosphorothioate modification (Synthego) diluted in TE buffer at 100 uM. 5 pl
1529  sgRNA was incubated with 2.5 pl Duplex Buffer (IDT) and 2.5 pg Alt-R S.p. Cas9 Nuclease V3
1530  (IDT)for 30 minutes at room temperature. 100 ul reactions were assembled with 10 million T cells,
1531 90 pl P3 buffer (Lonza), and 10 pl RNP. Cell were pulsed with protocol EO115 using the P3
1532  Primary Cell 4D-Nucleofector Kit and 4D Nucleofector System (Lonza). Cells were recovered
15633 immediately with  warm media for 6 hours. Guide sequences: AAVS1-sg1 &'
1534 GGGGCCACUAGGGACAGGAU 3, ARID1A-sgb8 5' CCUGUUGACCAUACCCGCUG 3,
1535 ARID1A-sg60 5' UGUGGCUGCUGCUGAUACGA 3'.

1536

1537  Assessment of targeted CRISPR gene editing: 4-7 days after editing, genomic DNA was extracted
1538  with QuickExtract DNA Extraction Solution (Lucigen) and ~500 bp regions flanking the cut site
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1539  were amplified with Phusion Hot Start Flex 2X Master Mix (New England Biolabs) according to
1540  manufacturer's instructions. Sanger sequencing traces were analyzed by Inference of CRISPR
1541  Editing (ICE).

1542

1543  Pooled CRISPR screen in primary human T cells in vivo

1544  Activated human T cells from two donors were transduced by lentivirus to express the NY-ESO
1545  specific TCR, in parallel to lentiviral transduction of a sgRNA library. 24 hours after transduction,
1546  cells were electroporated with Cas9 Protein, as previously described (Shifrut et al., 2018). After
1547  electroporation, T cells were expanded in complete X-vivo 15 medium and split every two days,
1548  supplementing IL-2 at 50 U/ml. On Day 7, 2 NSG mice per donor were injected subcutaneously
1549  with 1 x 108 A375 cells, as previously described (Roth et al, Cell 2020). 1 x 10® TCR-positive T
1550 cells were transferred to mice 7 days later via retro-orbital injection. Tumors and spleens were
1551 collected 7 days after T cell transfer and processed to single cell suspension, as described
1552  previously (Roth et al., 2020). T cells were sorted by CD45 staining and gDNA was extracted
1553 using commercial kits. Library preparation, next generation sequencing and analysis was
1554  performed as previously described (Shifrut et al., 2018). The guide abundance in the spleen and
1555  tumor of each mouse was used to calculate log fold change of each guide, and MAGeCK scores
1556  were calculated with default parameters.

1557

1558  Direct-capture Perturb-seq

1559  For Perturb-seq experiments, we used direct-capture Perturb-seq because it does not require a
1560 vector with a barcode sequence separate from the sgRNA, or other modifications to standard
1561  sgRNA vectors, and thus was immediately compatible with our retroviral reagents (Replogle et
1562  al., 2020). We adapted the 10x Chromium Next GEM Single Cell V(D)J Reagent Kits v1.1 &’
1563 scRNA with Feature Barcoding reagents and protocol to be compatible with direct capture of
1564  sgRNAs in single cells. Our procedure is conceptually similar to that of Replogle et al and the
1565  modifications to the 10X genomics protocol are summarized here. For Step 1, GEM Generation
1566  and Barcoding, 5 pmol of primer KP_bead _sgRNA_RT was spiked into the reaction, enabling
1567  capture of sgRNAs in droplets and then reverse transcription of sgRNAs. Step 3.2B, Supernatant
1568  Cleanup for Cell Surface Protein Library was performed to isolate the sgRNA library. Finally, 2 uL
1569  of the product of Step 3.2B was amplified and indexed using 3 rounds of PCR. The 250bp library
1570  was purified via agarose gel and sequenced together with the gene expression (GEX) library in
1571  26x91 format, according to 10X protocol guidelines.

1572

1573  Fastq files were processed using the 10X cellranger count pipeline with feature barcode analysis
1574 enabled to process the GEX library and sgRNA library together. The mm10 reference
1575  transcriptome was used for the GEX library. For the sgRNA library, a feature reference
1576  spreadsheet was constructed which contained the variable sequence of each guide (reverse
1577  complemented since it was sequenced as part of read 2), guide ID, and target gene. The filtered
1578  matrices for both "Gene Expression’ and "CRISPR Guide Capture™ were loaded into Seurat for
1579  downstream analysis (Hao et al., 2021). The Seurat "IntegrateData’ utility was used to merge the
1580 samples from the two independent experiments.

1581
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1582  To assign sgRNAs to cells, we computed row z-scores for the "CRISPR Guide Capture’ matrix.
1583 We computed z-scores quantifying how enriched each sgRNA was relative to other sgRNAs
1584  detected in the same cell. We also computed the difference in z-scores between the most-
1585  enriched and second-most enriched sgRNA. Cells which had a maximum sgRNA z-score = 5 and
1586  a z-score difference =2 2 was determined to contain the guide with maximum z-score, while cells
1587  with no sgRNA counts were assigned as “no guide,” and other cells were assigned “multi guide”.
1588  The guide assignhments were added to the Seurat metadata for downstream processing. Seurat
1589  cell cycle scoring was used to predict the cell cycle phase of each single cell. For volcano plot
1590 analysis, significantly differential genes were identified as FDR < 0.05. For comparisons of
1591 different gene sets across perturbations, an addition fold change cutoff was applied of average
1592 log> FC > 0.1 or average log> FC < -0.1. For categorization of shared ‘up’ and ‘down’ gene sets
1593  within the cBAF and INO80 complexes (analysis shown in Figure 7D-E), the union set of
1594  significantly differential genes within each complex was aggregated, and then ‘up’ and ‘down’
1595  genes for each subunit were defined simply as LFC > 0 or LFC < 0. This strategy was chosen to
1596 compare gene sets despite the different amounts of cells collected for each perturbation and
1597  resulting difference in statistical power to reach the FDR < 0.05 threshold. Seurat gene module
1598  scoring was used to convert the LCMV gene sets (consisting of the top 100 marker genes per
1599 LCMV cluster) into a gene module score for each cell in the perturb-seq dataset. Gene module
1600 scoring was also used to convert the upregulated and downregulated gene sets into module
1601  scores for each cell in the expanded LCMV data set, as shown in Figure S10.

1602
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