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Abstract 32 

Chimeric antigen receptor (CAR) T cells are highly effective in hematologic 33 

malignancies. However, loss of CAR T cells can contribute to relapse in a 34 

significant number of patients. These limitations could potentially be overcome by 35 

targeted gene editing to increase CAR T cell persistence. Here, we performed in 36 

vivo loss-of-function CRISPR screens in BCMA-targeting CAR T cells to investigate 37 

genes that influence CAR T cell persistence, function and efficacy in a human 38 

multiple myeloma model. We tracked the expansion and persistence of CRISPR-39 

library edited T cells in vitro and then at early and late timepoints in vivo to track 40 

the performance of gene modified CAR T cells from manufacturing to survival in 41 

tumors. The screens revealed several context-specific regulators of CAR T cell 42 

expansion and persistence. Ablation of RASA2 and SOCS1 enhanced T cell 43 

expansion in vitro, while loss of PTPN2, ZC3H12A, and RC3H1 conferred early 44 

selective growth advantages to CAR T cells in vivo. Strikingly, we identified cyclin-45 

dependent kinase inhibitor 1B (CDKN1B), a cell cycle regulator, as the most 46 

important factor limiting CAR T cell fitness at late timepoints in vivo. CDKN1B 47 

ablation increased BCMA CAR T cell proliferation and effector function in response 48 

to antigen, significantly enhancing tumor clearance and overall survival. Thus, our 49 

findings reveal differing effects of gene-perturbation on CAR T cells over time and 50 

in different selective environments, highlight CDKN1B as a promising target to 51 

generate highly effective CAR T cells for multiple myeloma, and underscore the 52 

importance of in vivo screening as a tool for identifying genes to enhance CAR T 53 

cell function and efficacy. 54 

 55 
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Main 60 

Chimeric antigen receptor (CAR) T cells have changed the landscape of treatment 61 

in hematologic malignancies, including B-cell leukemia, lymphoma, and multiple 62 

myeloma1,2. However, the currently approved CAR T cells are not curative for 63 

patients with relapsed or refractory multiple myeloma, and most patients eventually 64 

progress with disease that maintains expression of the target antigen. Patients 65 

often show a progressive loss of circulating CAR T cells, underscoring the need for 66 

additional research and modifications to enhance long-term CAR T efficacy and 67 

persistence3–5. 68 

There are several genes and signaling pathways that could influence the 69 

persistence and efficacy of CAR T cells. One strategy to identify genetic 70 

modifications that confer increased persistence of CAR T cells is to use pooled 71 

loss-of-function genetic screens with CRISPR-Cas9-mediated genome editing. To 72 

date, genetic screens in T cells have largely been performed in vitro 6–12, where the 73 

selective pressure that is applied to the pool of gene-modified cells consists of 74 

either single or repetitive stimulation with antigen and the identification of cells that 75 

continue to produce cytokines or proliferate. However, in vivo models likely impose 76 

different selective pressures for persistence and fitness of CAR T cells, and might 77 

better reflect the physiological conditions that occur in patients.  78 

Here, we develop and apply an in vivo pooled loss-of-function genetic screen to 79 

identify gene perturbations that can improve the expansion and therapeutic efficacy 80 

of BCMA CAR T cells against multiple myeloma as well as enhance their 81 

functionality and increase persistence. 82 

Longitudinal CRISPR screens in BCMA CAR T cells reveal genes that influence 83 

expansion and persistence in vitro and in vivo  84 

We developed a CRISPR-based CAR T cell screening platform to discover genes 85 

that modify the expansion and persistence of human BCMA CAR T cells targeting 86 

MM.1S, a mouse xenograft model of human myeloma. To enable full recovery of a 87 

screening library in vivo, we designed a CRISPR single guide (sg)RNA library (the 88 

‘Mario’ library) targeting 135 genes with known or proposed functions in T cells, 89 

with 8 sgRNAs targeting each gene to maximize statistical confidence in each gene 90 
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hit (Fig. 1a). We included 100 intergenic sgRNAs as controls for a total library size 91 

of 1,080 sgRNAs (Extended Data Table 1). The Mario sgRNA delivery vector 92 

included a truncated LNGFR reporter (NGFR) and a dual sgRNA cassette in which 93 

the sgRNA library was cloned at position 1, downstream of the human U6 94 

promoter, along with a TCRα constant (TRAC)-targeting sgRNA downstream of the 95 

human H1 promoter on the reverse strand in position 2 (Extended Data Fig. 1a). 96 

Deletion of TRAC enabled the enrichment of successfully genome-edited cells 97 

through magnetic bead-based depletion of CD3+ cells (see Methods). The modular 98 

approach of a separate Mario sgRNA delivery vector enables the flexibility to 99 

evaluate CAR- or target-specific dependencies using a second lentiviral vector 100 

encoding the CAR (Extended Data Fig. 1a). Here, the BCMA CAR vector was 101 

synthesized based on idecabtagene vicleucel13 (containing a 4-1BB costimulatory 102 

domain) and included a truncated CD34 reporter as a transduction marker 103 

(Extended Data Fig. 1a). We optimized the timing and dosing of the MM.1S 104 

myeloma model such that unedited BCMA CAR T cells and edited BCMA Mario-105 

CAR T cells showed equivalent anti-tumor activity, and relapse began 21 days 106 

after CAR T cell transfer (Extended Data Fig. 1b). 107 

Cytokine conditions during ex-vivo T cell product manufacturing have significant 108 

effects on T cell phenotype and proliferation14–18. To understand how in vitro 109 

culture conditions may alter the expansion and persistence of different knockout T 110 

cells in vitro and in vivo, we generated BCMA Mario-CAR T cells cultured in IL-2 or 111 

a combination of IL-7 and IL-15, both of which are commonly used to manufacture 112 

CAR T cells (Fig. 1b). Healthy human T cells from three normal donors were 113 

activated with anti-CD3/CD28 beads, cultured in the specified cytokine(s) 114 

throughout, and transduced with the Mario and CAR lentiviral vectors. A “baseline” 115 

sample of cells was collected 48 hours after lentiviral transduction, as a measure of 116 

library representation in cells prior to genome-editing. Following continued 117 

expansion in cytokines for 4 additional days, T cells were electroporated with Cas9 118 

mRNA, cultured for 48 hours to enable genome editing and reduction in surface 119 

CD3 following editing of the TRAC locus, and subsequently enriched through CD3-120 

negative selection (Fig. 1b and Extended Data Fig. 1c). We used flow cytometry 121 

to characterize the efficiency of CRISPR-editing in BCMA CAR T cells, hereafter 122 

“Mario-CAR T cells,” and determined that the anti-BCMA CAR was expressed on 123 

~41-58% of the CRISPR-edited, CD3-negative T cell population (Extended Data 124 
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Fig. 1d). The CD3-negative enriched T cells were expanded an additional 5 days 125 

in presence of cytokines prior to transfer into mice bearing BCMA-positive MM.1S 126 

myeloma tumors. A sample of cells from each donor was collected at the “End of 127 

Production (EOP)” to assess the effects of gene deletion on in vitro expansion of T 128 

cells (Fig. 1b). To evaluate the effects of genetic perturbations on CAR T cell 129 

expansion and persistence in vivo, mice were sacrificed either 7 (“early in vivo”) or 130 

21 days (“late in vivo”) after CAR-T injection, and cells were isolated and enriched 131 

via NGFR-positive selection from bone marrow (Fig. 1b).  132 

We isolated genomic DNA from the collected in vitro and in vivo samples for PCR 133 

amplification and sequencing of the integrated sgRNAs19. Replicate screens were 134 

conducted using Mario-CAR T cells generated from multiple healthy human 135 

donors. All screens showed excellent replicate correlation and sgRNA recovery, as 136 

both gene-targeting and control sgRNAs formed a normal distribution across all 137 

timepoints and donors, indicating that our sgRNA level representation in the in vivo 138 

screen was sufficient for rigorous hit calling for both enriched and depleted genes 139 

(Extended Data Fig. 1e-g). Additionally, there was a high correlation of enriched 140 

and depleted sgRNAs between donors both in vitro and in vivo (Extended Data 141 

Fig. 1h).  142 

We evaluated the enrichment and depletion of sgRNAs in Mario-CAR T cells 143 

generated through either expansion protocol over time in several contexts: 1) after 144 

11 days of in vitro culture and cytokine-mediated expansion compared to original 145 

library representation in unedited cells (“End of Production vs. baseline”); 2) at 7 146 

days in vivo compared to the day of injection (“Early in vivo vs. End of Production”); 147 

and 3) after 21 days in vivo compared to the day of injection (“Late in vivo vs. End 148 

of Production”) (Fig. 1c, Extended Data Fig. 2a). In EOP Mario-CAR T cells, we 149 

observed strong depletion of sgRNAs targeting known common essential genes 150 

such as DNMT1, PCBP2 and SMARCB1, as well as the key T cell transcriptional 151 

regulator IRF4. We also observed striking enrichment of sgRNAs targeting RASA2 152 

(log-fold change (LFC): 2.89; p<0.0001), consistent with previous reports that 153 

RASA2 ablation enhances T cell proliferation in vitro12, enrichment of sgRNAs 154 

targeting SOCS1, a negative regulator of JAK120,21, and, uniquely in the Mario-155 

CAR T cells generated through IL-2 expansion, depletion of sgRNAs targeting 156 

IL2RA (LFC: -7.23; p<0.0001), consistent with its requirement for IL-2 driven T cell 157 
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proliferation in vitro (Fig. 1c, Extended Data Fig 2a). Collectively, these in vitro 158 

observations indicated that our sgRNA library delivery and CRISPR editing was 159 

robust and could recover known biology. 160 

To understand which genetic modifications specifically enhance T cell persistence 161 

in vivo, we next compared the abundance of sgRNAs at early or late in vivo time 162 

points to the library representation in EOP Mario-CAR. We observed that loss of 163 

the common essential genes NDUFB10 and ELOB led to strong depletion both 164 

early in vivo and late in vivo. In the early in vivo condition, the most highly enriched 165 

sgRNAs targeted PTPN2 (LFC: 2.41; p<0.0001), a negative regulator of JAK/STAT 166 

and TCR signaling (Fig. 1c)22,23. Deletion of the RNA regulatory genes ZC3H12A 167 

(REGNASE-1) and RC3H1 (ROQUIN-1), known to play important roles in T cell 168 

responses24–28, also resulted in enhanced T cell expansion early in vivo (Fig. 1c). 169 

As long-term expansion and persistence is a significant challenge in CAR-T 170 

therapeutic efficacy, we next assessed sgRNA enrichment late in vivo, and 171 

observed that CDKN1B KO T cells were the most abundant compared to cells at 172 

injection (LFC: 3.49; p<0.0001). We also observed a significant enrichment of 173 

sgRNAs targeting either SOCS1 or PTPN2 at the later time point in vivo, 174 

suggesting a long-term beneficial effect of increased JAK/STAT activation, as well 175 

as enrichment of cells lacking TGFBR, a signaling pathway that has been 176 

previously linked to enhanced CAR-T persistence29.  177 

To directly compare gene effects across the life cycle of Mario-CAR T, we 178 

juxtaposed enrichment of sgRNAs targeting the top gene for each of the previous 179 

comparisons and observed that despite strong enrichment at EOP, sgRNAs 180 

targeting RASA2 conferred no benefit to Mario-CAR T expansion in vivo (Fig.1d). 181 

In contrast, sgRNAs targeting PTPN2 were enriched in both in vivo time points 182 

despite no discernible effect during in vitro culture, while sgRNAs targeting 183 

CDKN1B showed modest enrichment during in vitro expansion and the largest 184 

enrichment after 21 days in vivo (Fig. 1d). Although there were some differences in 185 

depleted sgRNAs depending on the cytokines used during in vitro production, 186 

notably IL2RA and DNMT1, the overall depletion and enrichment of sgRNAs were 187 

largely concordant between manufacturing approaches (Fig. 1e). We set out to 188 

more comprehensively characterize patterns of enrichment and depletion of 189 

different guides over time in vitro and in vivo, by examining z-scored guide 190 
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abundance at each time point for each cytokine expansion protocol (Fig. 1f, 191 

Extended Data Figure 2b). As might be expected, the impact of loss of IRF4 or 192 

STAT3, critical mediators of TCR-activated proliferation and differentiation, during 193 

in vitro production led to durably low abundance in vivo. Cells lacking IL2RA 194 

showed reduced survival in vivo regardless of the differential sensitivity to its loss 195 

during in vitro expansion in IL-2 or IL-7/15 (Fig. 1f, Extended Data Figure 2b). 196 

While loss of RASA2 led to enhanced proliferation in vitro, leading to increased 197 

abundance at EOP, these cells exhibited diminished abundance at both time points 198 

in vivo. In contrast, cells lacking PTPN2 or CDKN1B showed a progressive 199 

increase in frequency in vitro and in vivo, regardless of the cytokines used during in 200 

vitro production (Fig. 1f, Extended Data Figure 2b). Collectively, our screening 201 

data revealed that many genes play variable roles regulating CAR T expansion in 202 

vitro and in vivo over time, and suggest that in vitro models may be insufficient for 203 

identification of genes important for in vivo persistence. 204 

Perturb-seq identifies features associated with enhanced persistence in vivo 205 

To understand how various gene deletions affect T cell transcriptional state and 206 

frequency after 21 days in vivo, we selected a subset of the top enriched and 207 

depleted genes from our original screens (CDKN1B, IL2RA, PTPN2, RASA2, 208 

RC3H1, SOCS1, TGFBR2, ZC3H12A, and CD160 as a gene-targeting negative 209 

control) to evaluate by Perturb-seq (Extended Data Table 4). We designed 4 210 

sgRNAs targeting each gene, as well as 16 intergenic control sgRNAs, for a total 211 

library size of 52 sgRNAs. Guide RNAs were cloned into the original screening 212 

vector that included a paired, fixed TRAC sgRNA to enable CD3-negative selection 213 

of CRISPR-edited T cells. Following transduction with the vectors containing the 214 

sgRNA library and the CAR, engineered T cells were enriched by negative 215 

magnetic bead selection and transferred into mice previously engrafted with 216 

MM.1S myeloma (Fig. 2a). After 21 days, mice were euthanized and the modified 217 

CAR-T cells were isolated from the bone marrow by NGFR-positive selection for 218 

analysis by droplet-based scRNAseq (see Methods). Leiden clustering of 18,680 219 

cells generated 11 cell clusters (Fig. 2b). Clustering was primarily driven by 220 

transcripts associated with lineage, cell cycle, and transcriptional states including 221 

exhaustion, effector, and memory (Fig. 2c-e, Extended Data Fig. 2c, Extended 222 

Data Table 5). To link the single cell transcriptional states with gene loss-of-223 
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function, we focused our analysis on a subset of 4,991 cells in which we detected a 224 

single genetic perturbation per cell (obligate pair of gene- and TRAC-targeting 225 

sgRNA). We examined the distribution of detected perturbations across clusters, 226 

compared to cells containing an intergenic control sgRNA and those with no 227 

detected sgRNA (no guide) cells (Fig. 2f and Extended Data Fig. 2d). We 228 

observed that the majority of no guide and intergenic KO cells were represented in 229 

the early effector CD8+, late effector CD8+, and memory-like CD4+ clusters. We 230 

excluded RASA2, CD160, and IL2RA from our analysis due to poor cell recovery 231 

(<100 cells each). Cells lacking PTPN2, RC3H1 and ZC3H12A enriched amongst 232 

proliferating S phase Effector CD8+ and proliferative CD8+ cells (Fig. 2f). CDKN1B 233 

KO T cells were specifically enriched in the proliferative CD8+ cluster, while 234 

TGFBR2 KO cells specifically enriched within the progenitor exhausted cluster 235 

(Fig. 2f). SOCS1 and RC3H1 KO caused an enrichment of proliferative CD4+ T 236 

cells (Fig. 2f). Thus, deletion of genes that promote CAR T cell persistence in vivo 237 

have differing effects on the transcriptional profile of CAR T cells in the tumor 238 

microenvironment.  239 

 240 

We performed gene set enrichment analysis (GSEA) on pseudo-bulk pooled 241 

knockout cells to look more in depth at knockout specific gene signatures 242 

distributed across various clusters compared to unperturbed cells (Fig. 2g and 243 

Extended Data Table 6). PTPN2 KO cells showed an enrichment of the IL2 244 

STAT5 Signaling and IL6 JAK STAT3 gene signatures, consistent with the role of 245 

PTPN2 as a dampener of JAK-STAT signaling. Cells lacking CDKN1B, PTPN2, 246 

RC3H1, SOCS1, or ZC3H12A showed significant enrichment of the hallmark G2M 247 

Checkpoint, E2F Targets, and Mitotic Spindle gene sets, suggesting that loss of 248 

function in these genes was associated with increased cell proliferation.  249 

CDKN1B KO CAR T cells display higher expansion and reduced exhaustion in 250 

in vitro co-culture conditions 251 

To better understand which genetic perturbations will generate CAR T cells with 252 

favorable in vitro expansion and in vivo persistence, we performed deeper 253 

characterization of the function of CAR T cells following deletion of individual 254 

genes. We chose to focus on four genes based on their in vitro and in vivo pooled 255 

screen trajectories and transcriptional profiles. PTPN2 and CDKN1B were selected 256 
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based on their in vivo phenotypes, RASA2 for its robust effect on in vitro 257 

production, and IL2RA for its deleterious effects during in vitro expansion in IL-2.  258 

To simplify T cell production into a single lentiviral vector, we cloned the double 259 

guide cassette into the BCMA CAR vector and included a sgRNA for the chosen 260 

candidate gene or an intergenic control sgRNA (Extended Data Fig. 3a). We 261 

measured the expansion rate of each individual KO CAR T cell product in culture 262 

(Fig. 3a). RASA2, PTPN2, and CDKN1B KO CARs expanded significantly more 263 

compared to the intergenic control T cells during in vitro culture, whereas IL2RA 264 

KO CARs cultured in IL2 expanded significantly less. The expansion of IL2RA KO 265 

T cells could be rescued by culturing in IL-7/15 rather than IL-2. Gene disruption 266 

was confirmed by next-generation sequencing (NGS, Extended Data Fig. 3b) for 267 

CDKN1B, PTPN2, and RASA2; and via flow cytometry for IL2RA (Extended Data 268 

Fig. 3c-d).  269 

To investigate if each individual gene KO influenced in vitro CAR T cell killing 270 

capacity, we performed luciferase-based killing assays at different effector to target 271 

(E:T) ratios using the human myeloma cell line MM.1S (Extended Data Fig. 4a) 272 

and found no significant differences. However, this assay only measured the 273 

response to acute antigen exposure. To better mimic the chronic antigen exposure 274 

CAR T cells experience in vivo, we performed a repetitive stimulation assay in 275 

which CAR T cells were stimulated every 72 hours with irradiated K562 cells, 276 

transduced to express BCMA, at an E:T ratio of 1:1 (Fig. 3b). Ablation of CDKN1B, 277 

PTPN2, or RASA2 preserved cytotoxicity over multiple rounds of stimulation 278 

compared to intergenic KO and IL2RA KO CAR T cells when tested in a 5-day 279 

cytotoxicity assay with RPMI-8226 (effector to target ratio 1:1), which failed to 280 

control the expansion of tumor cells after repeated exposures (Fig. 3c-d). 281 

Collectively, these data demonstrate that loss of CDKN1B, PTPN2, or RASA2 282 

enhances T cell cytotoxicity and prevents T cell dysfunction in vitro during 283 

repetitive antigen encounter.  284 

CDKN1B KO enhances CAR T cell antitumor activity and persistence in vivo 285 

After evaluating the in vitro performance of our knockout CAR T cells, we sought to 286 

further characterize them in vivo. Following engraftment of MM.1S multiple 287 

myeloma, we treated mice with PTPN2, CDKN1B, RASA2, IL2RA, or intergenic 288 
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control BCMA CAR T cells, all cultured in IL-2 during production. Mice that received 289 

CDKN1B KO-BCMA CAR T cells  exhibited prolonged tumor control, while mice 290 

receiving PTPN2 KO T cells showed only transient control of tumor growth, but 291 

later relapsed similar to mice given intergenic KO CAR T cells (Fig 4a). RASA2 292 

deficient CAR T cells had similar in vivo efficacy to intergenic KO CAR T cells 293 

despite enhanced cytotoxicity in vitro, with mice relapsing 28 days after CAR T cell 294 

injection. IL2RA KO T cells showed marked lack of tumor control and reduced 295 

overall survival.  296 

Based on the CDKN1B KO cells enrichment in the late in vivo pooled screen and 297 

their striking improvement in tumor control, we decided to further characterize 298 

CDKN1B KO CAR T cells function in vivo. We generated CKDN1B KO CAR T cells 299 

from an additional human donor, which also displayed improved in vivo tumor 300 

control against MM.1S (Extended Data Fig. 5a). Collectively, mice receiving 301 

CDKN1B KO CAR T cells from either donor had improved overall survival 302 

compared to intergenic control KO CAR T cells (Extended Data Fig. 5b). We 303 

performed a total marrow harvest (femur, tibia, spine) at day 21 after T cell transfer 304 

and stained for CD8 to quantify T cell abundance in the bone marrow. Mice treated 305 

with CDKN1B KO CAR T cells had more CD8+ cells compared to those treated with 306 

intergenic KO CAR T cells (Fig. 4b). These data suggest that loss of CDKN1B 307 

increases CD8+ CAR T cell expansion and/or persistence in vivo. 308 

Next, we validated the therapeutic efficacy of CDKN1B KO CAR T cells using a 309 

different xenograft model of multiple myeloma. Mice were engrafted 310 

subcutaneously with the RPMI-8226 myeloma cell line and treated with BCMA 311 

CAR T cells 14 days later30. CDKN1B KO CAR T cells displayed superior anti-312 

tumor activity as well as increased survival (Fig. 4c).  313 

To better understand how the loss of CDKN1B enhances T cell function we 314 

performed bulk RNAseq on cells isolated from bone marrow 21 days after CAR T 315 

cell transfer using the MM.1S myeloma model (Fig. 4d,e). Differential gene 316 

expression analysis identified many upregulated cell cycle genes in CDKN1B KO 317 

CARs including MCM4, MCM2, TOP2A, and PCNA. The expression of key 318 

regulators of NFκB and AP1 transcriptional activity NFKBIA, JUN, and FOS were 319 

lower in CDKN1B KO CARs. Additionally, CDKN1B KO CARs had lower 320 

expression of the transcription factors ZFP36, NR4A1, and NR4A2. GSEA 321 
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amongst the hallmark gene sets showed that CDKN1B KO T cells were highly 322 

enriched for genes in the E2F Targets, G2M Checkpoint, Mitotic Spindle and MYC 323 

Targets V1, whereas the TNFA Signaling via NFκB signature was more enriched in 324 

intergenic control CARs (Fig. 4f). We performed additional GSEA for genes 325 

differentially expressed amongst effector, memory and exhausted CD8 T cells and 326 

found that CDKN1B KO T cells displayed a relative enrichment of the effector gene 327 

signature and a relative depletion of the memory gene signature (Fig. 4g). These 328 

data suggest that CDKN1B KO CARs have increased proliferation through 329 

enhanced E2F transcriptional activity. This increase in proliferation corresponds 330 

with a reduction in CAR-mediated AP1 and NFκB signaling, potentially insulating 331 

CDKN1B KO cells from chronic antigen exposure. We quantified cell cycle 332 

progression using a cell permeable DNA dye in vitro in the presence of BCMA+ 333 

tumor cells (Extended Data Fig. 5c). Immediately following initial stimulation, 334 

nearly all CDKN1B KO and intergenic control cells were in G2/M phase. After 7 335 

and 14 days, a population of intergenic control cells emerged in G0/G1, while 336 

nearly all CDKN1B KO cells remained in the bright G2/M population. To 337 

understand whether CDKN1B KO T cells had increased resistance to apoptosis or 338 

had undergone malignant transformation, we performed long term culture with and 339 

without IL2 and antigen stimulation. In the absence of antigen and IL2, CDKN1B 340 

KO CAR T cells had higher viability after 1-2 days, but this difference was lost after 341 

7 days of culture with >95% of cells non-viable (Fig. 4h) These data suggest that 342 

deletion of CDKN1B increases BCMA CAR T cell proliferation and function without 343 

conferring any cytokine- or antigen-independent growth. In summary, our study 344 

uses a novel in vitro-in vivo CAR T cell screen to identify important regulators of 345 

CAR T cell expansion and persistence in vivo. We further demonstrate that 346 

CDKN1B KO BCMA CAR T cells have enhanced anti-tumor effects in vivo using 347 

multiple models of human multiple myeloma.  348 

Discussion 349 

Current CAR T cell therapies face intrinsic and extrinsic tumor resistance 350 

mechanisms, severely reducing CAR persistence and, thus, preventing long-term 351 

remission5,31. Rather than ablating one gene at a time, large-scale CRISPR loss of 352 

function genetic screens offer a powerful discovery platform to efficiently reveal 353 

genetic perturbations that enhance CAR T cell function8,10,32. Here, we used pooled 354 
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loss-of-function genetic screens to investigate a library of genes for their influence 355 

on CAR function and persistence in vitro and in vivo, showcasing a new approach 356 

for target discovery in cellular immunotherapy.  357 

Therefore, we identified genetic perturbations in vivo that enhance CAR T cell 358 

expansion and function in vivo. The combined in vitro-in vivo screen allowed us to 359 

identify targets that may specifically alter T cell phenotype in one condition but not 360 

the other. For example, loss of RASA2 led to greatly increased expansion in vitro. 361 

However, RASA2 KO T cells did not score in our screen in vivo and had similar 362 

anti-tumor efficacy to control CARs in vivo. Ablation of PTPN2 showed early 363 

increased activity, in correlation with its strong in vivo screen scoring until day 7, 364 

but did not exhibit increased persistence or enhanced anti-tumor activity in the 365 

models of multiple myeloma that we tested.  366 

Using our in vivo screen, we uncovered CDKN1B as a promising target for 367 

engineering persistent CAR T cells in vivo. Our results suggest that loss 368 

of CDKN1B enhances CAR T proliferation and promotes the expression of effector 369 

genes, leading to prolonged anti-tumor activity in xenograft models of human 370 

multiple myeloma. As previously described, loss of CDKN1B led to an upregulation 371 

of cell proliferation genes and downregulation of cell cycle inhibitors33. Notably, this 372 

increased proliferation did not drive these cells to exhaustion or dysfunction. 373 

BCMA-directed CAR T cells with CDKN1B KO were less exhausted in vitro and 374 

had an increased proportion of CD8+ T cells compared to control BCMA CAR T 375 

cells. We also observed that CDKN1B KO CARs had increased anti-tumor activity 376 

despite chronic antigen exposure in vitro and in vivo. In addition to increased cell 377 

cycle activity, CDKN1B KO CAR T cells had reduced expression of NFκB 378 

transcriptional targets including other members of the AP1 transcription factor 379 

family. Since NFκB and AP1 are activated directly downstream of the 4-1BB CAR, 380 

we hypothesize that rapidly expanding CDKN1B KO CARs may experience less 381 

chronic antigen exposure, which may prevent them from becoming exhausted and 382 

dysfunctional. There have been recent reports of T cell lymphoma occurring after 383 

CAR T cell therapy (one case targeting BCMA34, and one case CD1935). We 384 

examined whether knockout of CDKN1B might lead to T cell transformation and 385 

found that the growth of CDKN1B KO and intergenic KO CAR T cells in the 386 

absence of cytokine and antigen was similar with >95% of cells being non-viable 387 
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after 7 days. Additionally, no genetic alterations of CDKN1B have been observed in 388 

published clinical cases to date. To further protect against secondary malignancy 389 

clinical testing of CRISPR modified CAR T cells could include a drug inducible kill-390 

switch mechanism for patient safety36.  391 

While prior research on cell cycle and its regulator CDKN1B has provided valuable 392 

insights into the molecular mechanisms governing T cell proliferation, 393 

differentiation, and function, their influence on CAR T cells has so far not been 394 

investigated. Here, the top scoring in vivo gene candidate CDKN1B is uncovered 395 

as a promising target for enhanced persistence of BCMA-targeting CAR T 396 

cells. With its ablation, fewer CAR T cells were in a resting state – leading not only 397 

to maintained anti-tumoral activity even after several repetitive stimulations in vitro, 398 

but effectively clearing tumor and avoiding relapse while significantly outperforming 399 

control BCMA CAR T cell products in two different myeloma xenograft models.  400 

One limitation of our study is the relatively small library size (135 genes) that was 401 

chosen to specifically ensure adequate engraftment and recovery of the modified T 402 

cell library in vivo. Additionally, the genes within the library were curated based on 403 

those predicted to play a role in T cell function. Our study provides proof-of-404 

concept that future in vivo T cell screens could be possible with larger sgRNA 405 

libraries targeting additional genes, including those that may not have known 406 

functions in T cell biology.  407 

 408 

In summary, our findings demonstrate that CDKN1B ablation increases the 409 

functional persistence of CAR T cell therapy in multiple myeloma, which may 410 

prolong the duration of long-term remission for patients. Furthermore, our data 411 

suggest that there are key differences in the selective pressures that occur during 412 

antigen stimulation in vitro compared to the chronic antigen exposure and 413 

physiological environment of in vivo mouse models of human cancer.  414 

  415 
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Methods 519 

Study design 520 

This study was designed to identify the loss of genes that enhance persistence and 521 

function of CAR T cells targeting BCMA for the treatment of myeloma. To validate 522 

the targets found in the loss of function in vivo CRISPR screen, in vitro and in vivo 523 

functional assays were performed. 524 

 525 

As a source of T cells, anonymized human blood samples were used with approval 526 

of the Institutional Review Board (IRB) at the Massachusetts General Hospital 527 

(MGH) and declared as ‘non-human subjects research’. Mice used in in vivo 528 

experiments were randomized prior to CAR T cell treatment. All animal work was 529 

performed according to protocols approved by the MGH Institutional Animal Care 530 

and Use Committee (IACUC).  531 

 532 

Mice and cell lines 533 

All in vivo experiments were performed in male and female mice according to MGH 534 

Institutional Animal Care and Use Committee approved protocols. NOD-SCID-γ 535 

chain −/− (NSG) mice were bred under pathogen-free conditions at the MGH 536 

Center for Cancer Research. All mice were maintained in 12:12 h light:dark cycles 537 

at 30–70% humidity and a room temperature of 21.1–24.5 °C. All cell lines (MM.1S, 538 

RPMI-8226, and K562) were obtained from the American Type Culture Collection 539 

and maintained under conditions as outlined by the supplier; cell lines were 540 

routinely tested for mycoplasma contamination (and were negative) and 541 

authenticated by STR profiling in a 3-year cycle. Cancer cell lines used for in vivo 542 

experiments were transduced to express click beetle green (CBG) luciferase and 543 

enhanced GFP (eGFP) followed by sorting on a BD FACSAria II, FACSAria Fusion 544 

or FACSymphony S6 cell sorter to obtain a 100% transduced population.  545 
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 546 

Construction of CARs and double guide cassette 547 

All CAR constructs contained a CD8 hinge and transmembrane domain, 4-1BB 548 

costimulatory domain, and CD3ζ signaling domain. CAR constructs were 549 

synthesized and cloned into second-generation lentiviral vectors under the 550 

regulation of a human EF-1a promoter. BCMA (bb2121) CAR T constructs used for 551 

initial screening experiments and double transduction contained a truncated CD34 552 

gene for evaluating transduction efficiency. A double sgRNA cassette utilizing the 553 

human U6 and H1 promoters was adapted for T cell screening by adding a fixed 554 

TRAC sgRNA and golden-gate cloning compatible BsmbI sites for variable sgRNA 555 

introduction 37.  556 

 557 

The validation CAR T cell constructs also contained a CD8 hinge and 558 

transmembrane domain, 4-1BB costimulatory domain, and CD3ζ signaling domain, 559 

with the fluorescent reporter mCherry for evaluating transduction efficiency. 560 

Additionally, these constructs contained the same double guide cassette human 561 

U6 and H1 promoters with fixed TRAC sgRNA and cloning site for a variable 562 

sgRNA .  563 

 564 

Lentivirus and CAR T cell production 565 

Replication deficient lentivirus was produced by transfecting plasmids into 566 

HEK293T cells, after they were expanded in R10 media (RPMI + Glutamax + 567 

HEPES (ThermoFisher Scientific, Cat-no. 72400047), supplemented with 10% 568 

FBS, penicillin, and streptomycin). Supernatant was collected at 24 and 48 hours 569 

after transfection. Filtered virus was then concentrated by ultracentrifugation on the 570 

ThermoFisher Scientific Sorvall™ WX+ Ultracentrifuge and stored at -80C. 571 

 572 

Human T cells were purified (Stem Cell Technologies, Cat-no. 15061) from 573 

anonymous human healthy donor leukopaks purchased from the Massachusetts 574 

General Hospital blood bank under an Institutional Review Board-exempt protocol. 575 

T cells were isolated using Stem Cell Technologies T cell Rosette Sep Isolation kit. 576 

To generate CAR T cells, bulk human T cells were activated on day -14 using 577 

CD3/CD28 Dynabeads (ThermoFisher Scientific, Cat-no. 40203D) at a 1:3 T 578 
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cell:bead ratio cultured in R10 media and 20 IU of recombinant human IL-2 579 

(Peprotech, Cat-no. 200-02). Cells were transduced with CAR lentivirus at a 580 

multiplicity of infection (MOI) of 5 on day -13 and expanded with media doubling 581 

and IL-2 replacement every 2 days. For production of Mario-CAR T cells, activated 582 

cells were transduced sequentially first with the BCMA CAR and then with Mario 583 

sgRNA library lentivirus (both MOI 5). On day -8 the Dynabeads were removed via 584 

magnetic separation. The next day (day -7) the cells washed 3 times in Opti-Mem. 585 

Up to 5E6 cells were then resuspended in 100 μl Opti-MEM and electroporated 586 

with 10 μg CleanCap™ Cas9 mRNA (TriLink, Cat-no. L-7206). On day -5, CD3 587 

negative selection was performed utilizing the EasySep™ Human APC Positive 588 

Selection Kit II (Stem Cell Technologies, Cat-no. 17661) with CD3 APC antibody 589 

(Biolegend, Anti-Human Clone OKT3, Cat-no. 317318). CAR T cells were 590 

assessed for transduction efficiency via tCD34/APC (BCMA CAR/guide library) or 591 

mCherry (validation) expression on day -4 and stored in liquid nitrogen at the end 592 

of production. For some experiments, T cells were cultured in 10 ng/ml IL7 593 

(Peprotech, Cat-no. 200-07) and 10 ng/ml IL15 (Peprotech, Cat-no. 200-15) 594 

instead of IL2 according to the following scheme: after Dynabead activation, IL-15 595 

(10 ng/ml) and IL-7 (10 ng/ml) is added, followed by addition of IL-15 twice per 596 

week and IL-7 once per week during CAR T cell production. 597 

For production of Mario BCMA CAR T cells used in the CRISPR screens, three 598 

healthy normal donors (ND) were used (ND216, ND99, ND106). For the IL7/15 599 

screen, ND216 and ND106 were used. Validation experiments of the respective 600 

gene knockouts were tested in T cells of two additional healthy donors (ND116, 601 

ND202).  602 

 603 

Individual genetically modified BCMA CAR T cells and control T cells were grown 604 

in a similar manner with the following modifications: cells were transduced once 605 

with the construct of interest, and cells were de-beaded, washed 3 times in Opti-606 

Mem, up to 5 × 106 cells were resuspended in 100 μl Opti-MEM and electroporated 607 

with 10 μg Cas9 mRNA on day -7. Untransduced T (UTD) cells from corresponding 608 

donors were grown at the same time for controls.  609 
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Mario library curation and preparation 610 

The ‘Mario’ sgRNA library targeted 135 genes with known or proposed functions in 611 

mouse or human T cells. 8 guides per gene were designed using the Broad 612 

Institute Genetic Perturbation Platforms CRISPICK tool. The library also included 613 

100 sequences targeting intergenic sites as negative controls. All targeted genes 614 

and sgRNA sequences are included in Extended Data Table 1. 615 

 616 

In vivo loss of function CRISPR screen 617 

NSG mice were injected intravenously with MM.1S tumor cells on day -21 to 618 

engraft. CAR T cells were prepared as described above and injected intravenously 619 

on day 0. Mice were euthanized at either day 7 or day 21, and femur, tibia, and 620 

spine were collected for isolation of marrow infiltrating T cells. From these samples, 621 

Mario-CAR T cells were selected using the EasySep™ Human PE Positive 622 

Selection Kit II (Stem Cell Technologies, Cat-no. 17654) with PE NGFR antibody 623 

(Biolegend, Cat-no. 345106).  624 

 625 

After NGFR positive selection, genomic DNA was isolated using the Qiagen QIAmp 626 

DNA Mini kit (Cat-no. 51304). sgRNA sequences were PCR amplified from 627 

genomic DNA and sequenced on an Illumina MiSeq using MiSeq Reagent Kit v2 628 

50 cycle (Cat-no. MS-102-2001). Samples were processed according to our 629 

previously published “In vivo CRISPR screening protocol”19.  630 

 631 

Selection of gene candidates for validation 632 

Specific guides used to create knockout CAR T cells were the top two scoring 633 

guides from the primary screen:  634 

CDKN1B guide 1 (GGAGAAGCACTGCAGAGACA) and guide 2 635 

(GCAGTGCTTCTCCAAGTCCC), IL2RA guide 1 (TGTGTAGAGCCCTGTATCCC) 636 

and guide 2 (ACTGCAGGGAACCTCCACCA), PTPN2 guide 1 637 

(GCGCTCTGGCACCTTCTCTC) and guide 2 (GCACTACAGTGGATCACCGC), 638 

RASA2 guide 1 (GGGTACGATAAACTTCTTCC) and guide 2 639 

(ATGAATAGTACATACCTATA). 640 
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Knockout confirmation by next-generation sequencing 641 

Genomic DNA was isolated from 1E6 T cells using the QIAamp DNA Mini Kit 642 

(Qiagen, Cat-no. 51304). After PCR, next-generation sequencing was performed 643 

(complete amplicon sequencing) by the Massachusetts General Hospital DNA 644 

Core. 645 

Perturb-seq 646 

The Perturb-seq pool included 4 guides per gene targeting CD160, CDKN1B, 647 

IL2RA, PTPN2, RASA2, RC3H1, SOCS1, TGFBR2, ZC3H12A, and 16 intergenic 648 

control sequences. All sgRNA sequences in the pool are included in Extended 649 

Data Table 4. After NGFR positive selection, we performed droplet based scRNA 650 

seq using the 10x Chromium Next GEM Single Cell 5' Reagent Kit v2 (Dual Index) 651 

with Feature Barcode technology for CRISPR Screening. Sequencing was 652 

performed on an Illumina NovaSeq 6000 instrument. 653 

Bulk-RNA sequencing 654 

T cells were isolated from the spine and femurs of intergenic control KO and 655 

CDKN1B KO BCMA CAR T cell treated animals 21 days after T cell transfer. CAR+ 656 

T cells were sorted on a Sony SH800 Cell Sorter. Following sorting, RNA was 657 

isolated using the Qiagen RNeasy Micro Kit (Cat-no. 74004). Bulk RNA 658 

sequencing libraries were prepared using the NEB Next Ultra II Directional RNA 659 

Library Prep Kit for Illumina (New England Biolabs, Cat-no. E7765) and sequenced 660 

on an Illumina NextSeq 500 instrument. 661 

Flow cytometry 662 

Cells were washed with 2% FBS in PBS, incubated with antibody for 25-30 minutes 663 

at 4 C in the dark, after which they were washed twice again. For some 664 

experiments, DAPI (ThermoFisher Scientific, Cat-No. PI62247) was added to 665 

distinguish live versus dead cells prior to analysis on a BD Fortessa X20. For 666 

antibodies that required secondary staining the procedure was similar: after 667 

primary staining as described above, secondary was added (prior to addition of 668 

DAPI), stained for 20 min at 4 °C in the dark and washed twice. For flow cytometry 669 

analysis, the following antigens were stained using the indicated antibody clones:  670 
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NGFR (Mouse anti-Human, Biolegend, PE Clone ME20.4, Cat-no. 345106), NGFR 671 

(Mouse anti-Human, Biolegend, APC Clone ME20.4, Cat-no. 345108), CD34 672 

(Mouse anti-Human, Biolegend, BV650 Clone 561, Cat-no. 343623), CD3 (Mouse 673 

anti-Human, Biolegend, APC Clone OKT3, Cat-no. 317318), CD3 (Mouse anti-674 

Human, Biolegend, BV421 Clone UCHT1, Cat-no. 562426), CD25 (Mouse anti-675 

Human, Biolegend, APC Clone BC96, Cat-no. 302610), CD3 (Mouse anti-Human, 676 

BD Biosciences, APC-H7 Mouse Anti-Human Clone SK7, Cat-no. 641397). For the 677 

cell cycle analysis, Vybrant™ DyeCycle™ Green Stain (ThermoFisher Scientific, 678 

Cat-no. V35004) was used following the manufacturer's instructions.  679 

Luciferase-based cytotoxicity assays 680 

Assessment of cytotoxicity was performed by a co-culture of CAR T cells with 681 

CBG-expressing tumor cells (MM.1S, RPMI-8226) at the different effector to target 682 

(E:T) ratios (ranging from 10:1 to 1:100) for a time period of approximately 16 683 

hours. A Synergy Neo2 microplate reader by Biotek was used to measure 684 

luciferase activity. Percentage specific lysis was calculated using the following 685 

formula: (target cells-only relative luminescence units (RLU) − total RLU with CAR 686 

T cells)/(target cells-only RLU) × 100%.  687 

Real-time cytotoxicity assay 688 

CD9 antibody (Clone: HI9a, Biolegend, Cat-no. 312102; 4 μl in 1ml PBS) was used 689 

to coat a 48-well plate, which was incubated overnight at 4C. The next day, the  690 

plate was washed three times with PBS. RPMI-8226 tumor cells, expressing CBG-691 

GFP, were seeded and cells were allowed to settle at 37C for 30 minutes. Next, 692 

CAR T Cells were seeded and the plates were placed in a Sartorius Incucyte live 693 

cell imager. All cells were cultured in R10 media, with images taken every 60 694 

minutes. Analysis was performed using the Incucyte live cell imaging software.  695 

Repetitive stimulations 696 

CAR T cells were co-cultured with tumor cells (irradiated BCMA expressing K562) 697 

at a 1:1 ratio (both 2.5E5). After 3 days, CAR T cells were counted by flow-698 

cytometry and then rechallenged with fresh irradiated K562-BCMA cells in the 699 

same 1:1 ratio (2.5E5). This was repeated six times overall (six re-stimulations). 700 
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After two, four, and six re-stimulations, CAR T cells were seeded with RPMI-8226 701 

tumor cells in the real-time cytotoxicity assay (described above) to assay CAR 702 

function after repetitive stimulation. 703 

In vivo validation models 704 

All mouse injections were performed by one animal technician and monitoring was 705 

blinded to expected outcomes. Mouse experiments included at least 3 mice per 706 

group, with the exact numbers used for each experiment specified in the figure 707 

legend. Mice were randomized on day -1, therefore post-tumor injection and one 708 

day prior to treatment. Multiple myeloma MM.1S cells were administered 709 

intravenously with 1E6 cells in 100 μl PBS and engrafted for 21 days prior to 710 

treatment with 2E6 BCMA CAR T cells, also in 100 μl PBS given intravenously. 711 

Mice were monitored for bioluminescent emission biweekly as previously described 712 

and euthanized as per the experimental protocol or when they met pre-specified 713 

endpoints defined by the IACUC. Aura software was used to analyze 714 

bioluminescent images.  715 

Pooled CRISPR Screening analysis 716 

Guide sequences were demultiplexed and quantified using PoolQ v.2.2.0. Barcode 717 

count data was initially processed and quality checked. Samples with a 718 

‘Normalized Match’ value < 10 were excluded from the analysis to ensure data 719 

reliability. The PCR replicate counts were summed together and biological 720 

replicates of mice were averaged together for each condition. The guide counts 721 

data was then normalized to reads per million (RPM) and log2 transformed with a 722 

pseudocount of 1. The guide distribution in the library was visualized as the density 723 

of log2rpm values. Pearson’s correlations were calculated for the library distribution 724 

in one biological replicate versus any other replicate, two averaged replicates 725 

versus any other two, and so on. The mean of all possible combinations was 726 

plotted. Z-score normalization was applied to the log2rpm data for all sgRNAs 727 

using the control sgRNA distribution as the baseline. Natural cubic splines with 4 728 

degrees of freedom were fitted to the zlog2rpm data for each sample-control pair to 729 

calculate residuals. The z-log fold changes (zLFC) were calculated as the 730 

difference between the sample and control zlog2rpm values, while the residuals 731 

(zresid) were calculated as the deviations from the spline fit. Density scatter plots 732 

were produced, where each point represents the zlog2rpm values for a given guide 733 
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in the control (x-axis) and sample (y-axis) where deviations from the spline fit line 734 

represent the residuals used in downstream analysis. Density distribution plots 735 

were generated to visualize the distribution of guide residuals across different 736 

donors and conditions. To further assess donor concordance within each screen, 737 

Pearson correlation values of log2RPM values were calculated. The correlations of 738 

log2rpm and zresid values were additionally visualized using scatter plots. These 739 

analyses confirmed that the donors were concordant. Consequently, further 740 

analysis was conducted using the averaged data from all donors.  741 

Parallel guide abundance plots visualize log2rpm values over time for each guide 742 

associated with selected genes of interest to investigate the performance of each 743 

guide. The zresid values were plotted in a sweissogram, where each guide is 744 

represented as a red line on the distribution of all values in the given comparison. 745 

In the volcano plots, the LFC values for each gene were calculated by averaging 746 

the zresid values of the top performing guides for each condition comparison. Then 747 

the p-values are calculated by using the hypergeometric distribution to assess the 748 

significance of enrichment or depletion of a gene’s signal which are then -log10 749 

transformed. To compare the hits in each screen the zLFC values from each 750 

screen are plotted against each other for a given comparison in a scatter plot.  751 

Perturb-seq analysis 752 

Alignment and count aggregation were performed using CellRanger (v.7.1.0). 753 

Gene expression and sgRNA reads were aligned using cellranger count with 754 

default settings. Gene expression reads were aligned to the “refdata-gex-GRCh38-755 

2020-A” human transcriptome. sgRNA reads were aligned to the library using the 756 

pattern TTCCAGCATAGCTCTTAAAC(BC). Before count aggregation and read 757 

depth normalization, there were an estimated 23,424 cells recovered across 4 758 

replicates of day 21 samples, from one donor. Counts were then aggregated using 759 

cellranger aggr with default settings. Next, a series of quality control checks were 760 

performed using Scanpy (v.1.9.5). Cells with greater than 10% mitochondrial gene 761 

content were removed. Cells with reads less than 2,000 counts and greater than 762 

18,000 counts were removed to ensure the overall read depth per cell is within a 763 

reasonable range. Cells that had less than 1,150 genes were excluded due to poor 764 

gene capture. To remove any remaining doublets, the Scrublet tool was employed 765 
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with an expected doublet rate of 10% and 50 principal components. The resulting 766 

population of cells after standard quality control filters was 18,680 cells.  767 

If at least one sgRNA read is detected in a cell, that cell is assigned as containing 768 

the associated guide accordingly. This resulted in a distribution of guides in cells 769 

where the majority of cells contain 1 guide, and the maximum number of guides in 770 

any given cell is 5. The data was not filtered on CRISPR read counts as there was 771 

poor guide capture and the majority of cells had 1 CRISPR read count.  772 

Principal component analysis (PCA) and nearest neighbor graphs were calculated 773 

on a set of 10,000 highly variable genes using log-transformed gene expression 774 

data to visualize the cells on a UMAP plot. Harmony batch correction was then 775 

used to correct principal component analysis (PCA) embeddings for technical 776 

batch effects between the samples.  777 

The cells were then grouped into 11 clusters using the Leiden algorithm with a 778 

resolution of 0.4. Leiden clusters were classified on the basis of the built-in scanpy 779 

function one-versus-rest differential expression, expression of marker genes of 780 

interest, CD4+ versus CD8+ expression, and cell cycle scoring to determine T cell 781 

subset identity. Cell cycle scoring was calculated using Scanpy with a cell cycle 782 

gene list from a previously published scRNAseq study38. After cells were 783 

phenotyped, we projected the distribution of cells with specific guides across 784 

clusters. This analysis highlighted which guides were more likely to be associated 785 

with certain T-cell subsets. Notably, cells containing the RASA2, IL2RA, and 786 

CD160 guides were excluded from the chi square analysis and further analysis due 787 

to low cell counts (< 100).  788 

For each subset of guide containing cells, irrespective of T-cell identity, a pseudo-789 

bulk expression profile was created by summing the counts of all cells containing a 790 

given guide. This data was then converted into a counts table where genes with 791 

low expression (counts<10) and TCR genes were filtered out. Subsequently, a 792 

differential expression analysis was performed to identify differentially expressed 793 

genes between each guide containing subset and the subset of cells with no guide. 794 

Ranked lists of differentially expressed genes were created using the 795 

log2foldchange values calculated by DeSeq2 (pydeseq2 v.0.4.8). These ranked 796 

lists were passed to GSEA Pre-rank to search for enriched hallmark gene sets 797 

using gseapy (v.1.0.5).  798 
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Bulk RNA-seq Analysis 799 

Reads were adapter- and quality-trimmed using Trimmomatic (v.0.36). Trimmed 800 

reads were quantified by pseudoalignment to GRCh38 using Kallisto (v.0.44.0). 801 

Abundance estimates were then transformed into gene counts using Tximport 802 

(v.1.8.0). Differentially expressed genes were qualified using DESeq2 (v.1.38.3) 803 

and GSEA pre-rank was performed using gseapy (v.1.0.5) to determine enriched 804 

hallmark genesets. From the Human MSigDB v.2023.2.Hs collection, the memory 805 

signature was defined as the overlapping genes between 806 

GSE9650_EFFECTOR_VS_MEMORY_CD8_TCELL_DN and 807 

GSE9650_EXHAUSTED_VS_MEMORY_CD8_TCELL_DN. The effector gene 808 

signature was defined as the overlap between 809 

GSE9650_EFFECTOR_VS_EXHAUSTED_CD8_TCELL_UP and 810 

GSE9650_EFFECTOR_VS_MEMORY_CD8_TCELL_UP. The exhausted 811 

signature was defined as the overlap between 812 

GSE9650_EFFECTOR_VS_EXHAUSTED_CD8_TCELL_DN and 813 

GSE9650_EXHAUSTED_VS_MEMORY_CD8_TCELL_UP. 814 

Statistical methods 815 

Analyses were performed with GraphPad Prism 10 (version 10.2.3). Unless 816 

otherwise stated, data were presented as mean ± SEM and a two-tailed Student’s 817 

t-test or one- or two-way ANOVA tests were used. All tests were two-sided unless 818 

otherwise specified. Significance was considered for p < 0.05 as the following: *p < 819 

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. For experiments with multiple 820 

groups, multiple comparisons corrections were used as indicated in the figure 821 

legends. 822 

 823 

Data availability 824 

Transcriptomic data will be made available through GEO or dbGaP pending 825 

manuscript acceptance. Accession codes will be provided upon acceptance. 826 

 827 

 828 

 829 

  830 
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Critical reagents and materials to this study 831 

Item Company Cat-no. LOT number(s) 
R10 media (RPMI + 
Glutamax + HEPES 

ThermoFisher 
Scientific 72400047 2756251, 2758253, 

2758255 
RosetteSep™ Human 
T Cell Enrichment 
Cocktail 

Stem Cell 
Technologies 15061 1000147025 

CD3/CD28 
Dynabeads 

ThermoFisher 
Scientific 40203D A2-062009B 

recombinant human 
IL-2 Peprotech 200-02 102312 L0423 

recombinant human 
IL-7 Peprotech 200-07 072217-1 

recombinant human 
IL-15 Peprotech 200-15 032224 

CleanCap™ Cas9 
mRNA TriLink L-7206 WOTL67801, 

WOTL86193 
EasySep™ Human 
APC Positive 
Selection Kit II 

Stem Cell 
Technologies 17661 

1000125338, 
1000128911, 
1000041713 

EasySep™ Human 
PE Positive Selection 
Kit II 

Stem Cell 
Technologies 17654 1000139456,10001309

48 

PE NGFR antibody Biolegend 345106 B369401, B360532 
QIAmp DNA Mini Kit Qiagen 51304  
MiSeq Reagent Kit v2 
50 cycle Illumina MS-102-2001  

RNeasy Micro Kit Qiagen 74004  
NEB Next Ultra II 
Directional RNA 
Library Prep Kit for 
Illumina 

New England Biolabs E7765  

MinElute Reaction 
Cleanup kit  Qiagen 28204 175020560 

AMPure XP beads  Beckman 
Coulter/Agencourt A63881 20327600 

KAPA Library 
Quantification Kit 
Illumina® Platforms  

Roche 07960140001 0000141728 

DAPI ThermoFisher 
Scientific PI62247  

NGFR (Mouse anti-
Human, PE Clone 
ME20.4) 

Biolegend 345106 B253836 

NGFR (Mouse anti-
Human, APC Clone 
ME20.4) 

Biolegend 345108 B346755 

CD34 (Mouse anti-
Human, BV650 Clone 
561) 

Biolegend 343623 B374649 

CD3 (Mouse anti-
Human, APC Clone 
OKT3) 

Biolegend 317318 B363504 

CD3 (Mouse anti-
Human, BV421 Clone 
UCHT1) 

Biolegend 562426 2238636 

CD25 (Mouse anti-
Human, APC Clone 
BC96) 

Biolegend 302610 B358307 
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CD3 (Mouse anti-
Human, APC-H7 
Mouse Anti-Human 
Clone SK7 

BD Biosciences 641397 2073737 

Vybrant™ 
DyeCycle™ Green 
Stain 

ThermoFisher 
Scientific V35004 2563681 

CellTrace™ CFSE ThermoFisher 
Scientific C34554 2286861 

CD9 antibody (Clone: 
HI9a) Biolegend 312102 B279344 

 832 

  833 
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Figure 1. In vivo loss-of-function CRISPR screen identifies key regulators of CAR 873 

T cell function 874 

a. Composition of genes targeted in the Mario library based on gene function. b. 875 

Diagram of Mario-CAR T cell production and screen workflow. T cells were activated 876 

with anti-CD3/CD28 microbeads, transduced one day later sequentially with the 877 

BCMA CAR and sgRNA library lentiviruses. A pre-electroporation sample was frozen 878 

down for analysis on day -11 (Baseline), and the remaining cells underwent Cas9 879 

mRNA electroporation (day -7) and CD3 negative selection (day -5). Transduction 880 

efficiencies were assessed on day -4 and 0 at the end of production prior to 881 

cryopreservation. Mario-CAR T cells (2E6 double positive cells) were transferred into 882 

NSG mice bearing MM.1S multiple myeloma. At day 7 (early in vivo) or day 21 (late 883 

in vivo), mice were euthanized and a total marrow harvest was conducted (collecting 884 

femur, tibia, and spine) for isolation of Mario-CAR T cells. Mario-CAR T cells were 885 

produced from n=3 healthy donor T cells in IL-2 (ND216, ND99, ND106) and n=2 of 886 

the same donors for IL7/15 (ND106, ND216). c. Genes ranked by Log2(fold change) 887 

during in vitro manufacturing (end-of-production vs. baseline, left panel) and early in 888 

vivo (day 7 vs. end-of-production, middle panel) or late in vivo (day 21 vs. end-of-889 

production, right panel). Enriched genes are shown in red and depleted genes are 890 

shown in blue with circle size corresponding to –log10 (FDR). n = 3 healthy donor T 891 

cells (ND216, ND99, ND106). d. Frequency histograms of enrichment or depletion of 892 

sgRNAs for RASA2, PTPN2, and CDKN1B, grouped by respective period. n = 3 893 

healthy donor T cells (ND216, ND99, ND106). e. LFC comparison for gene knockout 894 

scoring between Mario-CAR T cells produced in IL-2 vs. IL- 7/IL-15 at individual time 895 

points. n = 3 healthy donor T cells for IL2 (ND216, ND99, ND106) and 2 of the 3 896 

donors for IL7/15 (ND106, ND216). f. Abundance of sgRNAs targeting individual 897 

genes across the entire screen workflow for Mario-CAR T cells produced in IL-2. b 898 

was created with Biorender.com. ND: normal donor. LFC: log fold change 899 
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Figure 2. In vivo Perturb-seq characterization of BCMA CAR T cells  901 

a. Diagram of the perturb-seq workflow. Cells were prepared as described in detail in 902 

Fig. 1b. The perturb-seq library featured a selected fraction of the Mario library genes 903 

(intergenic controls, CD160, CDKN1B, IL2RA, PTPN2, RASA2, RC3H1, SOSC1, 904 

TGBR2, ZC3H12A). Modified CAR T cells (2E6 double positive cells) were 905 

transferred into NSG mice bearing MM.1S multiple myeloma. After 21 days, the CAR 906 

T cells were isolated from bone marrow for droplet-based scRNAseq with sgRNA 907 

capture. Human T cells were from a single healthy donor (ND106) and were isolated 908 

from n=4 individual mice for scRNAseq analysis. b. Uniform manifold approximation 909 

and projection (UMAP) of 18,680 cells and 11 clusters identified among NGFR-910 

enriched BCMA CAR T cells.  c. UMAPs of expression for representative T cell 911 

phenotypic marker genes d. UMAPs of cell cycle score e. UMAPs of T cell 912 

phenotypic gene signatures f. Cell density projections by gene target  g. Hallmark 913 

gene set enrichment analysis (GSEA) of pseudo-bulk pooled PTPN2 KO (left panel) 914 

or CDKN1B KO (right panel) CAR T cells compared to no guide CAR T  cells. 915 
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Figure 3. Knockout of key T cell regulators enhances BCMA CAR T cell 917 

expansion and cytotoxicity in vitro 918 

a. Relative expansion of knockout CAR T cells during production in IL-2. Data 919 

represent one or two technical replicates from CAR T cells generated from two 920 

normal donors (ND116, ND202), measured as their fold expansion (fold change in 921 

CAR+ cells in the culture over time) in vitro following CD3 negative selection. Data 922 

presented as mean +/- SEM. Statistical significance was measured by two-way 923 

ANOVA with Tukey’s multiple comparison test. b. Schematic overview of repetitive 924 

stimulation assay. c. Real-time cytotoxicity assay of CAR T cells (taken from different 925 

restimulation time points (2nd, 4th, and 6th)) co-cultured with irradiated K562-BCMA 926 

target cells at a 1:1 effector:target (E:T) ratio (upper panel), with quantification of total 927 

tumor growth after 118 hours of co-culture (lower panel). Tumor cell growth is shown 928 

as the total green area relative to day 0 (tumor seeding). Data represent technical 929 

replicates from CAR T cells generated from one normal donor (ND116). Statistical 930 

significance was measured by one-way ANOVA with Tukey’s multiple comparison 931 

test. Data presented as mean +/- SEM. b was created with Biorender.com. *p<0.05, 932 

**p < 0.01, and ****p < 0.0001, ns: non significant. 933 
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Figure 4. CDKN1B KO enhances CAR T cell function and persistence against 935 

myeloma 936 

a. MM.1S tumor burden as measured by bioluminescent imaging (BLI) of mice 937 

treated with intergenic control KO, IL2RA KO, PTPN2 KO, RASA2 KO or CDKN1B 938 

KO BCMA CAR T cells. NSG mice were injected intravenously with 1E6 MM.1S 939 

followed by transfer of CAR T cells 21 days later. n=5 mice per group from one 940 

healthy donor (ND116). Data presented as mean +/- SEM. Statistical significance 941 

was measured compared to the intergenic KO CAR T cell treated group at day 77 942 

(CDKN1B KO, PTPN2 KO) or day 49 (IL2RA KO, RASA2 KO) as measured by two-943 

way ANOVA with Tukey’s multiple comparison test. b. CD8 immunohistochemistry 944 

staining of bone marrow from spine at day 21 after CAR T cell transfer (left panel). 945 

Quantification of CD8+ cells per mm2 from 5 independent areas of n=2 mice (right 946 

panel). Data presented as mean +/- SEM with individual data points. Statistical 947 

significance was measured using two-tailed Student’s t-test. c. RPMI-8226 tumor 948 

burden (left panel) and overall survival (right panel) of mice treated with intergenic 949 

control KO or CDKN1B KO BCMA CAR T cells. NSG mice were subcutaneously 950 

injected with 5E6 RPMI-8226 followed by CAR T cell transfer 14 days later. n=5 mice 951 

per group from two healthy donors (ND116, ND202) (10 mice total for each group). 952 

n=3 mice for tumor only group. Tumor volume was tracked by caliper measurements 953 

(mm3). Data presented as mean +/- SEM for tumor burden. For tumor burden, 954 

statistical significance was measured compared to the intergenic KO CAR T cell 955 

treated group at day 42 measured by two-way ANOVA with Tukey’s multiple 956 

comparison test. For overall survival, statistical significance was measured by log-957 

rank (Mantel–Cox test) for Kaplan–Meier curves. d. Volcano plot of bulk RNAseq 958 

from intergenic control KO or CDKN1B KO BCMA CAR T cells isolated from the bone 959 

marrow of mice 21 days after transfer to NSG mice engrafted with MM.1S myeloma. 960 

n=3 mice for intergenic control and n=5 mice for CDKN1B KO (ND116). Select up-961 

regulated genes in CDKN1B KO cells are indicated in red and down-regulated 962 

indicated in blue. e. Heat map showing relative expression of genes within select 963 

hallmark gene sets. Genes contained in a gene set are indicated in red and select 964 

genes labeled below. f. GSEA of intergenic control KO and CDKN1B KO CAR T 965 

cells. FDR for all was <0.0001. g. Heatmap of RNA-seq-derived GSEA for memory, 966 

effector and exhausted CD8+ T cell gene sets comparing intergenic control KO and 967 

CDKN1B KO CAR T cells. h. Intergenic and CDKN1B ko CAR T cells were evaluated 968 
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for 14-day viability, as measured by live/dead staining with DAPI, in the absence of 969 

IL-2 and antigen expressing tumor cells. Statistical significance for individual days 970 

between intergenic control KO and CDKN1B KO CAR T cells was conducted by two-971 

way ANOVA with Tukey’s multiple comparison test. Data presented as mean +/- 972 

SEM.  973 

**p < 0.01, ***p < 0.001, and ****p < 0.0001, ns: non significant. 974 

 975 
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Extended Data Figure 1. In vivo human CAR T cell screening results are 977 

comparable across multiple healthy human donors 978 

a. Construct designs for the 4-1BB BCMA CAR (pCAR) and double-guide cassette 979 

(pGuide) containing the Mario sgRNA library (variable sgRNA). b. Timeline of the 980 

MM.1S stress model with 21 day tumor engraftment and 2E6 CAR treatment. Tumor 981 

growth was tracked by BLI.  Data presented as mean +/- SEM. n=3 mice (tumor only, 982 

Mario library (no CAR)) and n=5 (CAR T, Mario-CAR T) per group from one healthy 983 

donor (ND202). Statistical significance amongst groups at day 35 as measured by 984 

two-way ANOVA with Tukey’s multiple comparison. c. CD3 expression after day -5 985 

CD3 negative enrichment (ND216, ND99, ND106). d. Representative Mario-CAR T 986 

cell staining for CD34 indicating CAR transduced cells and NGFR for sgRNA library 987 

transduced cells from ND216. e. Replicate autocorrelation analysis scatter plots. 988 

Pearson’s correlations are calculated for the library distribution of one animal versus 989 

any other animal, two averaged animals versus any other two, and so on. The mean 990 

of all possible combinations is plotted. f. Quantification of replicate autocorrelation 991 

analysis. Pearson’s correlations are calculated for the library distribution of one 992 

animal versus any other animal, two averaged animals versus any other two, and so 993 

on. The mean of all possible combinations is plotted. g. z-scored abundance 994 

histograms of gene targeting or intergenic control sgRNAs across screening time 995 

points and conditions. h. Donor Pearson correlations across screening time points 996 

and conditions.  997 

ns = non significant. 998 
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Extended Data Figure 2. In vivo screens identify genes that modify CAR T cell 1000 

abundance and transcriptional phenotype    1001 

a. Genes ranked by Log2(fold change) during in vitro manufacturing in IL-7/IL-15 (end-1002 

of-production vs. baseline, left panel) and early in vivo (day 7 vs. end-of-production, 1003 

middle panel) or late in vivo (day 21 vs. end-of-production, right panel). Enriched genes 1004 

are shown in red and depleted genes are shown in blue with circle size corresponding 1005 

to –log10 (FDR). n = 2 healthy donor T cells (ND106, ND216). b. Abundance of 1006 

sgRNAs targeting individual genes across the entire screen workflow for Mario-CAR T 1007 

cells produced in IL-7/IL-15. c. Heatmap showing relative expression of top 1008 

differentially expressed genes amongst clusters of BCMA CAR T cells. d. Proportions 1009 

of each knockout cell type amongst clusters.  1010 

  1011 
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Extended Data Figure 3.  Generation and validation of knockout CAR T cells 1012 

a. Construct design for the 4-1BB BCMA CAR (pCAR) and double-guide cassette 1013 

(pGuide) containing individual gene sgRNAs (variable sgRNA): CDKN1B, IL2RA, 1014 

PTPN2, and RASA2. b. Quantification of insertions/deletions (indels) in sgRNA target 1015 

region by next generation sequencing. Data represents target sgRNA 1 and 2 for 1016 

CDKN1B, PTPN2, and RASA2, respectively; presented as mean +/- SEM. c. IL2RA 1017 

expression by flow cytometry, with IL2RA KO CAR T cells (before 1018 

electroporation/CD3 negative selection and after) compared to UTD and intergenic 1019 

control KO (both IL-2 and IL-7/IL-15-produced, respectively). UTD = untransduced T 1020 

cells. 1021 

 1022 

 1023 

  1024 
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Extended Data Figure 4.  In vitro cytotoxicity of knockout CAR T cells 1025 

a. 16-hour luciferase-based killing assay of knockout CAR T cells co-cultured with 1026 

MM.1S tumor cells, in different effector to target (E:T) ratios (from 10:1 to 1:100). 1027 

Upper panels display comparison of intergenic KO CAR T cells to UTD. Middle and 1028 

lower panels show relative killing of IL2RA KO (IL-2- or IL-7/IL-15-produced; middle 1029 

panel) or CDKN1B KO, PTPN2 KO, and RASA2 KO (lower  panel) compared to 1030 

intergenic KO CAR T cells. Data represent technical replicates from CAR T cells 1031 

generated from two normal donors (ND116, ND202). Data presented as mean +/- 1032 

SEM. Statistical significance was measured by two-way ANOVA with Tukey’s 1033 

multiple comparison test. UTD = untransduced T cells. ***p < 0.001, and ns = non 1034 

significant. 1035 
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Extended Data Figure 5. CDKN1B ablation increases the efficacy of BCMA CAR 1037 

T cells in vivo 1038 

a. MM.1S tumor burden as measured by bioluminescent imaging (BLI) of mice treated 1039 

with intergenic control KO, or CDKN1B KO BCMA CAR T cells. NSG mice were 1040 

injected intravenously with 1E6 MM.1S followed by transfer of CAR T cells 21 days 1041 

later. n=3 mice per group from one healthy donor (ND202). Data presented as mean 1042 

+/- SEM. Statistical significance was measured compared to the intergenic KO CAR T 1043 

cell treated group at day 77 (CDKN1B KO, PTPN2 KO) as measured by two-way 1044 

ANOVA with Tukey’s multiple comparison test. b. Overall survival of mice treated with 1045 

intergenic control KO or CDKN1B KO BCMA CAR T cells. n=13 for tumor only and 1046 

intergenic control KO CAR T cell treated animals and n=16 for CDKN1B KO CAR T 1047 

cell treated animals. Data were combined from multiple experiments using T cells from 1048 

two healthy human donors (ND202, ND116). Statistical significance was measured by 1049 

log-rank (Mantel–Cox test) for Kaplan–Meier curves. c. Comparison of cell cycle 1050 

(G0/G1, S, G2/M) between CDKN1B KO and intergenic control KO CAR T cells. 1051 

Stimulation with irradiated K562-BCMA tumor cells was conducted on day 0 and day 1052 

6, with flow cytometry measurements on day 0 (before stimulation), day 1, day 7, and 1053 

day 14 (schematic overview, left). *p < 0.05, and **p < 0.01. 1054 

 1055 
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Extended Data Tables 1057 

Extended Data Table 1. Mario sgRNA library list of genes and sgRNA 1058 

sequences 1059 

Extended Data Table 2. Results of BCMA Mario-CAR T cell screen using IL-2 1060 

during in vitro production  1061 

Extended Data Table 3. Results of BCMA Mario-CAR T cell screen using IL-7/IL-1062 

15 during in vitro production  1063 

Extended Data Table 4. Perturb-seq sgRNA library list of genes and sgRNA 1064 

sequences 1065 

Extended Data Table 5. Differential genes driving scRNAseq clusters 1066 

Extended Data Table 6. Pseudo-bulk Hallmark GSEA analysis results from 1067 

perturb-seq experiment 1068 

Extended Data Table 7. Differential gene expression analysis comparing 1069 

CDKN1B KO and intergenic KO CAR T cells from bulk RNA sequencing 1070 

Extended Data Table 8. Hallmark GSEA analysis results comparing CDKN1B KO 1071 

and intergenic KO CAR T cells from bulk RNA sequencing 1072 

Extended Data Table 9. GSEA analysis of T cell phenotype gene sets comparing 1073 

CDKN1B KO and intergenic KO CAR T cells from bulk RNA sequencing 1074 
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